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ABSTRACT

Partial denervation of a shared target tissue leads to 'collateral’

sprouting of the remaining'nerve fibres suppiying the same region. The

mechanisms responsfbie for this widespread phenomenon are unknown,
but‘lE_bas general1y been beTieved that products from the degenerating
fibres constitute the sprouting stimulus. ‘ Recently it was shown that
a similar sp}0utiﬁg of ‘intact nerves occurred in the salamander hind-

limb when the Fxbplasmic transpoﬁt in one of the neiqhbouring nerves

~was blocked by colchicine.\ This block did not, however, appear to

interfere with the functioning of the treated nerve. On this evidence
it was proposed that'nerves release factor;lwhich are concerned in the.

regulation of their peripheral fields. The experiments of this thesis

-test this hypothesis further. In_particuIar this study quantitatively

~ examines the organization of the cutaneous mechanoreceptors of the

salamander hindlimb, and the effects of various nerve treatments on
this organization. _

A mechanical prodder of 10-50u tip diameter was used to determine
the*sénsoty threshold of the skin at selected spots. The mechanorecéptors
wen found to be all rapidly-adapting. An analysis of the distribution

Qkéir thresholds across the skin.points to the existence of a single
popu]aiion of mechanosensory endings of similar threshoid which are |

fairly uniformly distributed in the plane of the skin. A simple model,

based on the results, indicates that these receptors have receptive field

sizes of about 50u, and are spaced approximate]leSO-ZOOu'apart. Direct.
i1 . | '\



inspection of data from systematically sur#eyed sk1ﬁ,areas gave findings .
which were consiStené'witﬁ‘theSe-estimates., These quéntitative results
- made it possible to estabTi?h that the~51qck1ng of fast aiOplasmjc )
transporﬁ does not affect the,sensitivify br dfstributioq of therindividua]
meéhanosensory endings of phe treated nerve, Neverthe]éss new sprouts
appeared from the adjaceht nerves, and it‘seemed-tqat'there was a tendency
for these to grow preferentially to the site of the stil]-functioning '_
‘endings of the treated nerve. Most Significantly, after partié] denervétibn
of the skin the numberlof newly sproutéd enﬁfngs quantft&tively matched
‘the number of endings lhst by'nervé séctibnf '
It was concluded thaf there is a control mechanism wﬁich

continucusly_reguIafe the density of the skin innervation. This confro1
Lsystem probably involves the mutual interaction of substances cohfinuous]y
secreted from the target tissue, which cause nerves to sprout, and factors
released from the nerve endings which offset the effects of the growth
stimulus. The nerve field dgn;ity reflects an equilibrium state between

the neural and tissue influences.

-
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SUMMARY N \
1. ‘The major objective of this thesis was.to study the mechanisms

responsible for cd]lateral sprouting of nerves aftef partial denervation.
The particular hypothesis investigated was that nerves are stimulated

to sprout by growth substances released'ffom the target tissue, and

- that Eﬁis'grOWth'stimu]ation is offset by'factors t;anépofteé along

the nerves and réleased from their terminals. Removal of these neural
factors (by nerve section) results in a'risé/of target factors until l

the compensatory sprouting is sufficient to balance them out again.

2. 'The eiperiméntal preparation was. the Q;nsony innervation of the
hindlimb skin in the salamander. The stud} aimed at a quantitative
description of collateral sprouting, and this required the investigation
of the organization of the mechanosensory axonal fields, and of the
'disthibutidn’of the individual mechanoreceptors in the skiﬁ, By
sé}ective}y stimulating points op the skin with a 10u diameter prodder
wﬁi]e simuTtaneousiy recdzaing from the segmen;al nerve trunks it was
possible to activate single sensory units. All units were rapidly

adapting; there appears to be'no slowly adapting mechanorecepfors in

the salamander skin.

3. An occlusion technique involving two separate prodders was used
to map the receptive fields of individual axons. This method did not

require dis;ectigg down the segmental nerves into single units, and

/1



2
so faci]itated the mapping of adjacent axonal fields. Each axon
.. appeared to innervate its own territory of skin with only a I1tt1e
over]ap of  the ne1ghbour1ng fields (1 e. there is a mosaic
organlzatlon), these axona] fields ranged from 0.5 mnz to 4.0 mm2 in
area. S N
4. The distribution of mechanoreceptors in the skin was investigated

by making a randém sur#ey of the sensitiVityﬁof the skin to point
mechenical stimulation. - Points ihfthe highest sensitivity range for
touc were located most often, and points-needing the highest?strength
of stimuli were ]ocated 1east often. When the deta11ed distr1but1on
of sens1t1v1ty of the skin was ana]yzed both by theoretxca] and by
experimental means, the resu]ts\strong]y suggested- that there™T¥. \
in faet only one popu]ation_of‘mechanorecégtors in the skin. These

- receptors are qniforuﬂy distrib_uted' throﬁghbut the skin area and

their thresholds are fairly cdnﬁtant, ranging from 0.5 p/msec to 1.0 p/msec.
~.The receptive fields of these reeeptors were estimated to be 50m in -
radius, and they are_spaced apﬁfoximeteiy'150—200u'apert. These‘yalues
agreed Qith ones based Oﬂ‘ihspection'of the thresho]ds obtained in -

systematic surveys of all spots in selected areas of skin.

5. In previous experiments‘adjacent"herve sprouting wae shown to

occur after blocking fast axoplasmic tranSport in.salamander nerves by
treating the nerves with colchicfne This f1nd1ng prompted the formu]atlon
of the hypothes1s for collateral sprout1ng mentioned above. The |

possibility that the colchicine block caused -a scattered degeneratiob



/

of some terminals of the treated berves was excluded by showing that
the distribution and sensitivity of the mechanosensory endings of
treated nerves was no different from those of control nerves, on the

opposite side of the anfmal. ’

&
6. Another p0551b1]1ty, that colchicine was cau51ng sproutlng by
having a direct action on the target tissue on the treated s1de, was
examined by using radioact1ve colchicine in s1m11ar doses to those
needed for sprouting. The,amghnt of labelled material reaching the
skin was very low and was the same on both sides of the animai. It
was concluded that adjacent nervé\sprouting resulted from the interruption

of-factbrs carried in fast axoplasmic trénsport.in the treated nerves.

4

7. | A quant1tat1ve study was made on the effécts of partial de-
nervation on the sensory innervation of the skin. After partqa]

~ denervation of one nerve to a ;hared skin region, the remaining intact
EanerVes sproqted; the number of new sprouts ﬁuanfitative1y_matched the
zhumber of endings which had degeneratéd; * Furthermore, from analysis of
the sprouting after co]ch1c1ne treatment it appeared that the new
'sprouts grew preférent1a11y to the s1tes of the endings of the treated

/
nerves These findings are also cons1stent w1th the proposed hypothesis.

8. .mAn¢omparison of the response to partial denervation during the
sunﬁer andeinter months indicated fﬁat although colitateral sprouting
readily occurred &uring the summer it seldom happened in the winter.
The protess of nerve regeheration, however, resulting in normal{y

functioning mechanosensory endings, did not appear to be affected by

|



e
. seasonal changes. The significance of this finding in relationship

~ to the prdposed stimulus for coliateral sprduting is discussed.

9. It %s concluded from these experiments that there is a

mechanism in the adult éble to control the deﬁéity of 1ﬁner§a£ion of
nerve fields continuously.A - This control syséem most probably involves
the mutual interactioﬁ of substances released by th;“target tissue,

. which causes nerves to sprout, with factors released from nerves which
offset-the_qffects of the growth substance. Elimination ofithe neural
factors, either by partijal denérvation or by blocking axoplasmic
transport, 1ead§ to a build-yp of the growth substances and therefore

' sprouting of intact nerves. Sprﬁuting étOps Qhen‘tﬁe equilibrium be-

tween neura] factors ald the target substance is restored.



‘1. GENERAL INTRODUCTION

The 'search for changes in individual neurons which may underlie

' learning and memory in man is one of thefmost‘difficult in Neurobiology.

In view of the complexity of ‘this undertaking, many]sc1entists have

pursued relatively s1mp1e models in attempts to demonstrate basic

. mechanisms of neura] behaviour that might be involved in such soph1st-

icated activities of the brain. One approach has_been part1cu1ar1y-

successful. It is the study of the nervous system at a time when a

very large number of new connections are being made, that is, during

early development. Among the many phenomena which such studies reveal

‘is the ability of nerve cells to modify the pattern of their terminal

arborizations by sprouting new branches and reabsorbing old ones. New
connections made as a consequence of sprout1ng would lead to a change -

in neural c1rcu1try, and this could well be a mechan1sm invoived in,

_for examp]e, learning.

The ‘sprouting of nerve branches does not‘bnly‘occur during
primaryideveiopment, when the need.is evident, but also during adult
life. It is very well documented that when pattiaF denervation of a
target-tissue takes p]aee, the .undamaged nerves,sprout ney brenches 
which can tend to restore the original innervation to the territory
(Edds, 1953; Moore, 1974). A widely held explanation for this “denerva-
tion sprouting” 1s that the undamaged axons -are stimulated to sprout
by degeneration products of the sect1oned nerves; the phenomenon could

thus serve as a useful,rgparative mechanism. However, there are in-



‘stances where similar sprouting happens in ‘the adult nervous system
without denervation {Duchen and Strich, 1968; Olson and Malmfors, 19703
Aguilar, Bisby, Cooper and Diamond, 1973) Although in th15 case the
stimu]us which causes sprouting has not been 1dentif1ed, it certa1n1y
cannot be "products of degeneration'. This ra1ses the question as to
Qhether such products of degeneration truly stimulate sprouting at all.

When nerves are sectioned, not on]y'do they degenerate, but“
impulses in them-are blocked, as is the axonal transport of material to -
and from the cell bodies. Conceivably, therefore, the interruption
‘either of the transport system ot of .impulse conduction could be in-
_volved in st1mu1at1ng adjacent nerves to sprout In fact, there ts
good reason to believe that some factor or factors, carried down nerves
by axoplasmic transport, are involved in sprout1ng (Agu11ar, B1sby,
Cooper and Diamond, 1973).

_ The major focus of the inveetigations described in this thesis
is- the further testing of the concept that the initiation of collateral
branch1ng of intact nerves after adjacent ones are cut is a consequence
of the elimination of fast axoplasm1c transport in the sectloned nerves.
Furthermore, by measuring this nerve sprouting quant1tat1ve]y, it was
poseib1e to investigate whether new sprouts groﬁ randomly both in number
and in locatien, or conversely whether they are subject to some control
qechanisms, involving the target tissue, which operate to maihtain a

characteristic density of innervation.



II. HISTORICAL INTRODUCTION

1. Functiona] Significance of Axonal Brenching

~ Although the axons of almost all neurons branch to some degree,
there are only a fEW quantitative studies on the functional sign1f1cance
of axonal branching. A neuron acts as a unit, in that the nerve 1mpu1se
usually invades all branches of the axon,'the extent of axonal branching,
therefore, is one significant measure of the influence a neuron exerts
over {is target. For sensory nerves it measures the proportion of the
'tota1 sensory surface “represented" by a single neuron. In the mammal
the extent of branching in a motoneuron axon 1is g1ven by the rat1o of
the total number of muscle f1bres in a muscle and the number of motor
axons in the nerve that innervates it. The ratio g1ves the s1ze of
the motor unit, the average number of .muscle fibres innervated by each
‘motoneuron, assuming each muscle fi{bre is singly innervated. Lit varies
widely from muscle to muscle in.the body, and appears to reflect the
fUnctionai requirements of that'ﬁdstle. ,By:having relatively feg-motor
unfts of large sizes (approximafely 1,000 muscle fibres each} the
massive leg muscles can_dchieve a restricted but adequate range of
powerful contractions, appropriafe for suppoft and movement of the
animal. The small musc]es of the flnger, however, are contro]]ed with
precision by many axons each of which, however, pranches to innervate
only 5 to 10 muscle fibres (Buchthal, 1958)

A s1milar~corre1at1on between the number of axonal branches and

neurona] function exists in the sensory system and in the centra]
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nervous system. The tips of the fingers, used to'féel and discriminate
textures, have a much higher'density'of sensofy innervati&ﬂ (that is, .
number of axons per uhit aréa of skin) than doeé the skin of the back
(Arthur and Shel.jg_yigsg; Sinclair,. 1967). - Although this con-
sideration does not directly indicate the_degree of branching of
individual axons, it 15 probable ‘that soﬁ;"axons must branch extensively
to "represent" a 1ar§e surface (on the back). In the Centrai Nervoﬁs
Systemqgcus), the imﬁortance of a neuron in a cifcuit may depend largely
oﬁ the number.ofjiarggt neurons it contacts by axonal branching.. The
influence that one nehrqn exe;ts.on an individual target neuron dépeﬁds.-
iﬁ'part, on how many times it branches to make synapff& contacts on it
(Eccles, 1964; Rall, Burke, Smith, Nelson, and Frank; 1967).  (The
location of the synapses is a]so'%hpqrtant.) ) B

._‘ As a generalisation; it wou]diseem'that‘the more branching
there i;,'the more important is the individual neuron, But the less
precise and refined the overall control. When the latter qualities
are required, branching of indiyidual neuron#.is reduced, and more

neurons are harnessed to work cooperatively. Even a modest change in

the branching patterns of these neurons, therefore, could possibly

have an important overall influence.

2. Extermal Influences Modifying Circuitry During Development

Even though the functionai sigﬁificqnce of axonal bran;hing can

be inferréd; it is still unclear what determines its extent and pattern.

_Qne possibility is that this branching is probably. largely specified by the genetic

i



informatjgn within the cells, the expression of which minimizes possible
~errors in :onnections between nerve fe]ls.and their targets. However,
there is evfdence to %ndiéate that external inf1uences'p1ay a?]arge
role in the determination of the ffna] details of a circuit, and probably,'
therefore, in the extent of branch1ng achieved by the 1nd1v1dua1 neurons
in it. Some circu1ts need an appropriate amount of 1ncom1ng sensory -
activity for their continued maintenance (Wiesel, and Hubel, 1963).
Other circuits depehd ?h hormones for the%r successful development
~ and maturation (Gorski, 197]), Still others appear to require some .
unidentified stimulus from their end-organs in order that their function-
al characterfstics can be‘gstéb1ished (Miner, ]§56). A few ekamp]e§ will.
help to make these points clear. |
| a) One preparation which has shown the néed fof sensory input
on the maturation and maintenancé‘of circuitry is the mammaiian vigual
system. Kittens' eyes do not open until aboﬁt ten days after birth, and
therefore in this animal thecelﬁas a Qood opportunity to determine which
of the "adult" characteristics of the visual system are already specified
genetically before b1rth, and to what extent the genetic 1nfbrmat1on can
be mod1fled by visual stimuiation. The experiments of Hubel and Wiesel
on new-born kittens and on adult cats reveafed that approximate]y‘BOZ of
their cortical neurons in botﬁ age:groups.respond‘to an appropriaté
visual stimulus represented in exactly corresponding locat?ons in the
visual fields of their eyes, or to both simu]taneousiy (Huﬁ%l and Wiesel,
19623 Hubel aﬁd Wiesel, 1963). _Many_of\the‘yisua] connections conéerned L
with "binocularity” therefore, appear to be specified before bi}th, and

do not depend on visual experience. However, if one pair of eyelids .

=
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was sutﬁred closed at birth, and reopened only after three months,
visual iﬁputs.tb that éye fai1ed to inf1ue6;e any of the.neurons in the
- visual corfex; even after a year of sdbsequent visual experience
(Wiesel.and Hubel, 1963). From fhese results, and others (Hubel and
Niesel,‘lgss; Wiesel and Hubel, 1965) it can be concluded ﬁhat althougﬁ
- many neural cohnecticns in the visual system of the brain appear to

be present at birth; an apprﬁpriaté‘visua?méxperience is necessary for
their subgequent maEntenancé. | )

b} The rolelof testosterone in initiating the differentiation

~ of hypothalamic neural cifcuitry is a good example of how extra-neuronal
(honnqnaII.influences Ean modify nervous development (Gorski, 1971).

The behaviour of the hypothalamic neurons which control pituftany ré-
lease of gonadotrophic hormone is characteristically differept in the

two sexes. However, a singlie injection 6f testosterone to fEﬁales or
castrafed males within the first few days after birth, resuits in the
masculine pattern of pituitary “drive" (and indeed in malelsexual
behaviour) in the métdﬁe animal. In the absence of the hormone, the
feminine "drive" develops, seemingly entirely under genetic direction,

in rats of both sexes: Although the neurons mediating male sexual
behaviour have not yet been adequately identified, anﬁ the direct effect
of testosterone on them is not understood, the hormone almost éértain]y
fnf1uen§es development of ﬁ}pothalamic circuitry. Presumably, therefore,
it could well éffect the brakching patterns of the processes of the young
neurons “in the hypothalamic ‘gion of the brain, and possibly in other _
areas also. Recently, Ra} man. has reported at a meeting-(although not
yet in pubfished_form) that he finds,,wheﬁ’ekamjning the hypothalamus

e
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o
. with the electron m1croscope, a higher number of non-amygdaloid
synapses on dendritic spines in the pre- optic area in normal female
rats compared to males., Furthermore, castration of maie rats one day
efter birth, increases the number of dendritic spine synapses in the
same area to the'1eve1'found in normal female rats?U However, this does
not occur if the castration is performed later than seven days after.
birth. Furthermore, 1n3ect1on of testosterone 1nt0 fema]e rats during
this same critical period reduces the number of dendr1t1c spine synapses
in therpre-opt1c area of these animals to that of the normal male rat.

c) The experiﬁeﬁts of Miner.(Miner, 1956), and later of Jacob-
son and Baker (Jaeobson and Baker, 1969), indieate that during early
Tife the skin can influence the development of central circuitry. Light
toﬁching of the skin of the frog with a fine brush evokes, specific
10ca]iiing reflexes, in that the animals respond by wipieg_the |
stimulated spot with- the apprdpriate 1imb."Miner questioned how these -
specific ref1exee deVeloped, and:suggested two probab]e.e%p]anations;
either the outgrowihg cutaneous fibres.se]ective]y seek out their proper
(;predestined")ztefminal—sites in the integument, or they grew out .
randoﬁ1y.to tﬁe skih, and acquire& thejt positional specificity after
they make contact with the skin: Ifi-the 1atter'cese*the central reflex
_conneét%;;s would develop on the basis of the 1aterlacquired positional

1nformat10n, and not, as 1n the first explanat1ons, de nova. To test

these,possib1l1ties H1ner perfonned skin rotation in young tadpoles

before the Iimbs had developed, and tested.their cutaneous  localization
reflexes after metamorphosis. She dissected out a large transverse area of

skin, and replaced it with the dorsal-ventral orientation reversed. In

(/'
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this way, the dorsal merves came,to innervate_ventral skin, and vice .
versa. After metamorphosis stimu]at1on of the transp]anted skin
(rotated 180°txgy0ked complete1y misdirected ref1exes. When she now
stimu]ated the belly skin (which was originally dorsq] skin of the tad-
pole) the frogs responded by w1ping their backs; and when she )
stimu1ated their backs {which was or1g1nal1y Helly skin - ?)\they respond-
ed by wiping - their bellies. These results indicate an ability éf a
~ target-tissue to specify at least some of the functional characteristics
of the central circuitry Uhderl}ing these ref1éxes. Again, "it seems
probable that appropriate branching with development of fUnctiéﬁa] 7
-connections must have been 1nduced in the spfna] neurons.

y.

3. Effects of Target Factors on the Growth of a Neuron

P
e e -

It appears, therefore, that afferent activity, hormonal inter-
actions, .and unidentified factérs from the>tar§et tissue, can all modify -
" the development of neural circuitry. It is not clear, however, how .
these modifications are produdBﬂ at the cellular leve] but it seems,

_ very likely that altered neurona] growth and axonal branching are in- g
volved. Particﬂ]arly relevant to the present study is the 1nf1uence that
an end organ can have on nerve growth. In his c]assit papers on tﬁe-
genesis of epithelial 1nnervat1on, Ramon,nyajETxE;;;;:bed a growth
pattern of the sensory nerves that suggested the operation of an im-

~ portant inf1uence from their target-tissues (Ramon y Cajal, 1919). _
He observed that the 1ncoming fibres often grew re]at1ve1y long d1stances

to reach the ep1the11a1 t1ssues, but only after arriving at them did

AY
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the nerves §tart sproutiﬁg coTlateraT branches, each growing to a
" territory devoid af ne;vgs. This_sprouting eventually stopped,iand\

Raﬁoaay Cajal noted the absence both of any vast aneuritfc spaces, and
of any exces;ive collection of zzf;e fibres. He concluded from_thesa
oBservations that there are grox h-promoting influences emanating from
the target tissue, and that these influences ultimately became offset
or neutralized‘in some way by other factors refeased from the nerves
themselves. From Ramon y Cajal's descfiption it appears. that the
pdstu]ated target—t%Ssuelinfluences may be conveniently sgparafed into
two kinds. One attracts the nerve to the target; at tha target, another . -

influence stimulates the nerve to sprout branches.

4. Attractive Influences

~

_ Before discussing the factors tﬁat cause sproufing; the still
controversial attractive powers of the target need brief consideration.
During development it appears that nerve fibres, both in the periphery,
and in the CﬁS, grow re1atfve1y long d%stances, by-passing many other
neurons on the way, to conneét with specific groups of ce]ls..‘Hdw
much of their growth is genegjcaIIy predetermined and how much is
influenced by the{r immediate environment is sti]] largely an unansaer?d
question. Detwiler showed that 11mb ‘buds can attract nerves to grow -’
towards them (Detwiler, 1936). A salamander fore11mb {(normally supp11ed
by nerves arising from the brachial segment of the spinal cord) when
: grafted to the trunk region, attracted trunk nerves to it; a Timb grafted

to the head became exclusively innervated by the cranial nerves. While .
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such experiments suggest that the end-organs can attract nefves to

~ grow to them they do not give any clues as to the nature of the

CEa .

attractivé force.  In Detwil er's experiﬁents thi§ influence appéared
to be 1érge1y unspecific, and cbu]d cause any nerve to grow to the
Timb-bud. Possibly any rapidly—growfng peripheral tissue might, as a
Consequence of the increased metabo]ic'activity, release side-prodqcts',
which have this effect {Speidel, 1941) .

o Aftef the embryoniclstage is over, there are many recorded
instances in thch regenerating nerves grow back pre;isely to their .
original ]ocatioﬁg indicating a épecificity of attraétive inf1uences:u-

. 1
When motor nerves are crushed or cut they tend to regenerate not only

~'to the same muscle that they originally innervated, but to the same

location on each muscle ffbre (Hi1edi;]1960; Frank, Jansen, Lomo

and Westgaard, 1975). Similar evidence exists for the visual system. -

In lower vertebrates there is a very-ordér]ylprojection of the retinal

ganglion fibres from the eye to thé optic tectum in the brain (Gaze,
1970; Jacobson, 1970). Even though the nerve fibres regenerating after
section grow randomly through the scar, after making contacf wfth the
optic tectum théy appear to be capaﬁ]e of sorting themselves out, énd
the original orderly projection is ]argefy restored; .The great ab§1ity'
that these fibres have in finding their way back to their original
10catioﬁ can also be demonstrated by cutting the optic nerve, and
rotating the eye 180° (Attardi and Sperry, 1963). In these cases

examination of the regenerating fibres, both by histological and electro-

- physiological techniques, revealed again that the optic nerves apbeared

“to grow back to thedr precise location in the brain; as a consequénce
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these animals perceived the ou%side ﬁorld upside down, and exhibited
totally misdirected‘vi;up—motor-ref]exes in response to stimqfi in

their visual field. fhese examples demonstrate that the inf]uence
" target ceT1s may have on the growth of regenerating nerves ¢an be qu1te _
-specific, and contrast with the 1imb-bud experiments mentloned above.

Nevertheless, any end-organ infTuence, manifested_either during

embryonic development or duriﬁg the later more selective Stages of nerve
regeeera;ion, might well be effective thropgh one conmmon mechanism acting
at the level of the growing neuron. Among the many'pfoposa1s that have |
been put forward, the two mechanisms that have received general recog—-
nition are (1) contact guiﬁance, proposed by Heies (Weiss, 1955), and

(2) chemotropism, proposed by Ramon y Ceja], and subsequently revita]ized
~ and modified by Sperry (Sperry, 1965) . 'The contact guidance theory
proposes that there are mechanical factors in the immediate environment
which preferentially align the growieg tip of a nerve, and so.faci]itate
its continued extension in a particular direction. This theoey ﬁelps

to explain why regenerating nerves’ succeed in reaching the1r end-organs
more often when directed 1nto a degenerat1ng nerve stump, than if ‘this
precaution was not taken, (a result much appreciated by-neurosurgeons).
The other hypothesis, chemotropism, supposes the existenee of a mutual
»chemOaffinity-between particular chemicals liberated by the target
tissue, and sope features of the nerve tip which "fecognizes" them,

a process which may be not unlike antigen-antibody interactions. The |
continual secretion of these chemice]s, specific for each end-orgen,'/
must create a concentgetion grad%ent which‘is detected by the "recognizing"

elements, and so ensures the guidance of the nerve to the properf]ocation.
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There is good ev1dence that both contact gu1dance and chemotropism

| operate Both mechan1sms 1nvo]ve phys1o chemical interactions between

nerve f1bres and the1r env1ronment but on]y chemotropism offers the

subtle range of spec1f1c1ty requ1red to explain the complexities of

'deve1opment in the nervous system . ' NS

b Co?lateral Sprouting at the Target During Development

\ ‘ The_phenomenon which-is‘more re]eyant to this present thesis,
is that of local nerve sprouting When the growing fibres arrive at the
end organ. ‘As'mentioned above Ramon y. Cajal originally suggested (for
the s1tuat1on obta1ned in pr1mary deve]opment) that the skin, for
examp]e, produces a local stimulus wh1ch causes nerve branching. In

a sen1es of v15ua1 studies. on the terminal branches of living nerves

'grow1ng into the tadpole ta11 during fts prlmary 1nnervat1on Speidel

made observations which supported Ramon Y Ca3a1 's idea (Spe1de1, 1932,

Speidel was able to see that the maJor1ty of the new cutaneous fibres

grew d1rect1y towards the skin, and then continued to! grow as the ta11

grew larger by sending out collateral branches A few aberrant branches

sprouted into the 'deep t1ssues away from the skin, and presumably
because these would be 1nappropr1ate as cutaneous receptors were

apparently subjected to continual remode1ﬁ1ng._ SOme branches growxng

deep 1nto the tissue would: suddenly change their d1rect1on and turn

superficially to establish connections with the skin; others retracted

var;ab]e d1stances to change their direction, then continued to grow

[y
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towards the skié. Sti!] other deeply-growing nerves eventually stopped
and dégenerated complete]y.

Although the studies of Speidel and Ramon y CaJal revea]ed that
such collateral sprout1ng océurs almost ent1re]y at the end-organ, the
suggest1on that 1t is provoked by a st1mu1us from the target-tissue is
onIy_conJecture. .A later study by Fitzgerald on the prjmary inneryation

" of the epidermis df the pig's snout contains more convincing evidence
on this point (Fitzgerald, 1961). 1In this organ the number of dermal
axdns present at birth remains constant,’ but they are éontinua]ly
providing branches which grow pé to the epidermis through the epidermal
.ridges to exist there simp]y.as tree nerve endings. Fitzgerald ob-

* served that_these ending§ increased in progprtion to the increase in
number of epidermal ridges after birth, which strongly suggests that
the ep1derm1s is the source of a st1mu1us for the dermal axons to
sprout collateral branches

/ .
6. Regqulatory Effects of Neurons on End-Organs

If the degree df branching of a neuron has functional stjnificance,
"as mentioned earlier, then the sprouting at the target must Ee'control]ed |
in some way. | It would seem that the amount of the stimulus provided,
and the length of time that it is ava1]ab1e, must be the pr1nc1p]e
determinant. These two factors, (the amount and the duration of st1mu1us)
. could be specified by genetic information within each target éejl.
however, one ottboth could be regulated hy other factors, for example,

P
- something released by growing nerve fibres themselves. It seems un-
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lTikely éhat the dufation of the sprouting stimulus action is specified
genetica]ly; In exper{ments_in wﬁich %he target-tissue‘(for example,

a 1imb)'-was prevehted from receivinj ; nerve supp]y, and then‘after
varying times grafted to a new site where nerves were present, ii was
foﬁnd'that innervafion occurred with the same pattefn and to the same
extent as it would have had if it had developed normlly (Piatt, 1942).
There was no critical period during which fhe target stimulus was
available. |
There is good évidencé that nerves can act as “trophic" requlators

as distinct from fheir roie in regu]ating moment;to;moment'activity of
the target. The maintenance of some §ensory‘structures is under control
of their sensory nerves. If the nerves to the tongue are cut, the taste
buds_disappeaf; then reappear af;er the same nerves have regenerated
( Guth, 1958; Zalewski, 1969). Some lower vertebrates, such as salamanders,
. have a remarkaple tapacity to regenerate severed limbs. This regeneration
hrotess, however, is dependent‘bn nerves, and the Timb-bud stops re-
generating (or this is greatly réduced in rate) if TFS' nerve supply |

is'sectioned (Sinben 1952, 1974 . In some mmnma]s; a muscle that has
| been minéed appears to be cgpable*of regenerating and reforming a com-
plete muscle, but only if 5 nerve supply is available to it (Hsu, 1924).
There is also evidence that neurons iﬁ the central nervous system are
necessary for the‘proper maintegance'of some end-organ structures on-
their target neurons, such asdéndritic'sqines (valverde , 1967).

Although the neural mechanisms involved in these trophic

" requlatory influences qre not understood, tha“two ﬁost likely caqdidates.h

b d ’ .
. /}
are impulse activity (with concomitant transmitter release and effector
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4
cell activity), and trophic substances released from the nerve terminals.

Because some of.these‘trophic‘phenomeha are attributed to seﬁsory nerves,
where the impulse normally travels away from the'innervated tissues and
not towards them,'impulse activity would seem to be an unlikely candidate.
Nevertheless, it cah not -be ruled out completely because antidromic
impulses invade the nerve terminals via axon reflexes. More con--

- clusive evidence thae tends to ;ule out the involvement of impulse
activity in some trophic regulatory ﬁrocesses comes from denervation '
experiments, in which nerves were cut at different distances from the
end-organ (Mi]edi and Slater, 1970). The onset of.denervation changes

wae in faet directly corre]at%d with tﬁe length of - the remaiﬁing nerve
stump attached,xo'the end—oréah; the lehger this length, the longer tﬁe
onset of denervation chanbes. This correlation iékconsistenf with the
idea that trophic substances are available in an axon "pool” and are
released from the tenninais to act on the target tissue. 4The$e resuTts
al1so suggest the possibility that these cﬁeﬁicals are flowing down the
axon, and indeed the rate of their transport can be calculated by dividing
differences in stump length by differences in the’fime of onset of
denervation changes. Parker found fhatlgfter cutting the nerve trunk
supplying the lateral 1ine organs %n the catfish, these organs, which
_extend from the head to the tail along the trunk in these animals,
degenerated in a p%rticu]ar manner. The.ones closest to the eite of
herve section degenerated first, followed by the next most pro;imal ones
and the wave of degeneration traveiled down the trunk at a rate:bf 20-30

mm per day (Parker and Paine, 1931?. Similar experiments on mammalian

skeletal muscle give rates of flow of postulated trophic substances
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of about 360 nﬁlper day (Miledi and S]atef;'1970).

It is now welT'estainshed.that the substances made in the cell
body travel dowp nerves by two’ separate systems; one is by slow {low,
ugua1ly atl1-2 mm per day, the other system is called. fast axop]ésmic
transport, by which some substanﬁes,moie at ahrate up to 500 mm per day
in some mammals (Jeffery and Austin, 1974). The estimated rates for
trophié substanﬁes, as calculated by the method mentiqﬁed above, are
in the range of fast axoplasmic transport. It seems verj 1fke1y,

therefore, that nerves exert their regulatory influences by continually
. - f

}-re]easing'chemicai substances that are made in the cell body and carried

down the axon by fast axoplasmic transport.

I

7. Collateral Sprouting in Adults After Paftia] Denervation

Nerve sprouting occurs not only during primary‘develement, but

* during adult 1ife as well. Recent stddjes on the innervation of skeletal -

muscle indicate that the motor nerve endings are not static, but are

gradually turning over, with new endings continually being.formed as

. others degenerate (Barker and Ip, 1966; Tuffery, 1971). However, the

most effective way to demonstrate the phenomenon of cd]latéral sprouting
of adult nerves is by partiaily.denervating a given target-tissue. When
this is done, the remaining intact nervééasprout branches in what is
usually assumed to be an attémpt to restore the original innervation.
pattern. _This "denervation sprouting" appears to be a widespread
ﬁhenomenon, occurring certé}nly in all vertebrates at any stage of life..e

and in viftual]y all nerves, peripheral and central, somatic and autonomic,
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motor and sensory (Edds, 1953; Murray and Thonpson 1957; Moore, 1924).
Poss1b1y, the clearest demonstrat1on of denervation sprout1ng
was that of Speidel, who. used the techn1ques mentioned earlier, of
direct microscopic observation of cutaneous nerves, in.the transparent
skin of the tadpole tail (Speidel, 1933, 1935, 1941). He observed
-that §/days after sectioning one of these nerves, the axons from a
.nearby region started sprouting collateral branches These new sprouts
were quick to restore the initial_innervation.pattern (about 14 days).
Heddell,lGufmann and Guttman using physiological and histologiea1
techniques, obtained similar evidence of collateral sprouting for the
Sensory nerves to the rabbit hindlimbs (Weddell, Gutmann and Gutman,
-1941).  Immediately, after cutting the sural nerve » Weddell et al.
found that the heel region was totally unresponsive to painful stimuli,
as neasured by_reflex withdrawa].of 1imb on pinching the skin. Using
histdlogical techniques they confirmed that, within one week after
sural-nerve section there was a total absence of normal myelinated
nerves in the skin of -the hee] region, Hdwever, some two weeks after
nerve sect1on the anaesthet1c region began gradually to reduce in size,
and.in one case eventually completely dxsappeared by 20 weeks. Heddel]
et al. interpreted théir~Pesults as being due to collateral sprout1ng of
sensory fibres of the adjacent peroneal and tibial nerves, since it
was impossible in the1r experiments for the sural nerve to have regenerated
in that time. When they subsaquent]y examined the sural area h1sto]og1ca]1y,
they detected many new grow1ng fibres in that reg1on which supported

their 1nterpretat1on.

In a series of experiments on partial denervation of skeletal
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musc]e, Edds, we1ss, Hoffman Van Harreveld and others, quant1tat1ve1y

demonstrated bath h1sto1og1ca11y as well as functaonal]y that motor

nerves were also capable of collateral re-innervation (see review,

- Edds, 1953). Weiss and Edds obtained indirect evidence that collateral

sprouting occurred as ear]} as one week after partial denervation of

the "hindlimb muscles in the rat (by séctioning'the ventral spinal

~root L5} (Weiss and Edds, 1946). They could detect changes in the

response from the adjacent intact nerves to these muscles: maximal
stimulation of neighbouring segmental nerves (L4 and L6)'h0ntributing
to,ﬁhe sciatic plexus éaused a larger tension from the hindlimb .
muscles than occurred ingthe corréspondiﬁg mﬁéclés on the other side
of the'animal; when the same contralateral segmental roots.were
stimulated. Normally, thé two sides are symmetrical in this regard,
so the "control" side represents the expérimenta] side before surgery
was performed. The increase in the tension response continued for six
to eight weeks, until the total tension evoked by stimulating tﬁe
intact roots, L4 and L6, equalled that produced when all three roots,
L4, LS and L6, were sf?%ulatedéﬁggether on thé control side of the

animal. Thjs increase 1in tensign could of course be attributed tg

hypertrophy of the rémaining‘iﬁnervatéd muscle fibres on the experimental

side, and not to sprouting of the intact nerves into the denervated ;

muscles. However, Edds and Hoffman;-wﬁrking independently, used techniques

to stain nerve fibre and hotqr end plates, and ‘showed that sprouting .
of the intact axons had indeed occurred (Edds, 1950;.Hoffman, 1950).
As early as one week after ventral reot section, they could see new

branches sprouting from-intact intramuscular axons, at distances no

—=

/
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further than a millimeter back from their terminals. On an average,
an axon could increase the number of its terminal branches to support
almost ;h}ee times the n#rma] number of end plates.

L]

Sproutinngf jntact autonomic fibres also occurs after ﬁartia]
denervation of their'target tissue. Murray aﬂd Thompson Jshowed that
after secfioning preganglionic roots T1-T3, 90% of the fibres to the
superior cervical ganglion Hégenerated; including the'nerves fespdnsib]e

. for pupil ditation (Mﬁrray and Thompson, 1957). Conéequently, many of
the ganglion cells becamg hypersénsitive to_the_pre-ganglionic trans-
mitter, acetyicho]ine; this hypersensitivity.however, declined affer
one month. At this time stimu]étion of the remafning pre—ganglioﬁic
nerves to the ganglion, T4-T7 (which normally have no influence on the

§ -pupil), now evoked -pupil dilatipn; One explanation for these results - . -

is that the intact fibres had sprouted and made connections with ganglion
cells not previously in;ervated by them. ' Pursuing thisridea with 1ight '
microscopic techniques, Murray énd Thompson_cou]d_detect collateral

branches sprouting from the remaining fibres. However, these studies

could not reveé] whether these actually made new functional connections.

Thig work was confirmed by Guth and Bernstein, who also extended
the fﬁndinés/by allowing the originally interrupted nerves T1-T3 to

reéenerate back to the ganglion {Guth and Bernstein, 1961). It took .

these nerves six months to find their way back to the gangzéoh, and

recover their original-fuﬁc%j?n. It is a surprise that.at the time T]-l

T3 regenerated and rECOVered/function, nerve T4 lost i ewly;gained -

influence over the pupii. No morphological study was performed so\itk\

is unclear whether the endings of T4, which presumably had sprouted, \\\“\\\\\\\\

TTTre——

\‘"""--_\ ’ ' . T : 1‘9},
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persisted but became nqn-functionaﬂ or whether they had regressed.

| Althoudh'not as easy to detect as in the periphery, sprouting
also occurs in the adult mammalian.central nervous-system.—The first
clear demonstﬁitioh of this was the now classic experiments in Liu
and Chambers (L1u anvahamhers, 1958). After.chronically sectioning
all but one of the dorsa{Lroots onthe left side of cats, they showed

by histological techniques that after six months, the sp1na] ramifications

of the remaining root extended further up and down the cord, than did

_the correspond1ng root on the ODDOSTte side. In a comparab]e study,

Goodman and HureT'showedmthat‘retinal projections to the ventral part

_ of the lateral geniculate nucleus; and to the nucleus of the optic

~—

tract:NEthUted after'these.regions were partially denervated by

chronic section of the visual cdtti:E% efferent fibres {Goodman and
Horel, 1966). Both df these pioneering studies were based on light
microscopy, and therefore could not 1ndicate whether new synapses
formed as a resu]t of the collateral sprouting.

¥ Ra1sman, using electron microscopy, showed that collateral
sprouts in respbnse to partial denervation, can indeed form new synaptic
c?nnect1ons in the central nervous system (Raisman, 1969). After lesion

of the med1a1 forebra1n bundle, RT1sman found that the f1mbr1a1 fibres

- to the septal nuclei sprouted to form new synapses on some of the

vacated sites on the cell SomQ: Normally fimbrial endings occur only on

the dendrites of these neurons. Although morphologdca]]y they looked

normal, no test were.perforﬁedrtoLsee tf-these "new-synapseés were functional.

* evarj=similar studies by Gottman and'co-workers-suggest that new-collateral

sprouts in the hippocampus do make functional contacts {Steward, Cottman

How-
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and Lynch, 1973). Some. other studies demonstrating the existence of
collateral sprouting in the CNS are (Bernstein and Bernstein, 1971;

Lund and Lund, 1971; Moq;e, Bjork]und end Stenevi, 19%1). .

8. Collateral Sprouting in Adults Without -Denervation

<

The exact cause of "denervation sprohting is not c]ear Nhen
a nerve is cut-the, distal portion of the axon undergoes Na]]ert;h
degeneration. Aeﬂthe axon begins to fragment, the surrounding Schwann
cells start to p}ofife{ate. and invadfng macrophages from the blood
remove.the cellular debris. On the assumptien that these non-neura]
cellular responses are triggered by products of nerve degenerat1on, it
has long been thought that the st1mu1us for the nearby 1ntact axons
to sprout was of similar origin. Weiss end Tay]or 1nvest1gated the

influence of degenerating nerve fibres by forcing nerves to regenerate

into a Y-shaped arterial sleeve, which had one branch filled with de-

0

generating nerves, end the other brénch left untouched {Weiss and Taylor,
1944). After the nerves hed regenerated through the arterial sleeve,
they found no sfgnificant difference in the namher of regenerating fibres
growing into the debris-filled branch as-compared to the “empty“ one.
These expetiments certainly -did not ‘support the concept of a ehrouttng

_ stimulus from the degenerating nerves. Other atteﬁpts to fnduce‘nerves

to sprout, using “preducts of degeneration™, have_sihilarly fai]ed'(Heise,
1934). This inevitab]y gives rtse to the suspicion that other faetors
may be ‘responsible for.the sprouting obserﬁed after‘partial denervation.
Further'evidence in this dirézttah“Ebhes-from recent experiments that

¢
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report nerve sprout1ng w1thout nerve degeneration, and from ‘the exper1-

ments of this thes1s.

Duchen and Strich investigated the effects of 1nJect1ng sub-

1etha1 gquantities of Botul1num toxin into the gastrocnem1usmusc]es of

mice (Duchen and Strich, 1968). This substance causes paralysis by

preventing the release of acetylcho]ine from the nerve termina]s 'Using

the electron microscope (E.M. ), they observed that the nerve tenn1nals

in. the paralysed muscle looked normal. However, using a s11ver im-

pregnation techn1que to stain nerve fibres, they found that the extensive

’ outgrowth had occurred from the intact intramuscular axons. Interest— f
ingly, these new outgrowths failed to make function%lﬁpontaCf’::ﬂa;‘———ﬂd;—F‘d;r’#

regressed when the paralyzing action of the torih wore off. Similar

findings of sprouting aftgr botulinum toxin poisoning has a]so been
.NJ‘")'}))J .. ;0
reported~by'watson in the sternomastoid muscle of the rat, aga1n with

-
PN L

no evidence for the formation of functional contacts..(Hatson, 1969) .

. o
.a'A‘f"'”"A

In-a study ot the sympathetic innervation of the iris, '0150ﬂ
-and Ma]mfors obtained evidence suggdsting that increases in the size
/ ; of the target tissue would cause these nerves ‘to sprout (UTS#n and
Malmfors, 1970).. They f1rst‘establlshed the pattern of the normal
sympathetic innervatjoﬁ to the iris by using the Falck-Hillarp method
(a technique for histdchemica]]y visualizing catecholamines in adrenergic
nerves). Next they transp]ented a 'piece of iris to the anterior chamber
of the eye, and using the same techniques, demonstrated that the intaet _
sympathetic axons to the host iris sprouted and innervated the transplant.
To exclude the complications of degenerating nerve broduéts; they de-

- nervated the iris.three months before the transplantation. In these
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cases they found that after sprouting had occurred, ‘the dens1ty of
| innérvation in the’ transp]ant was much the same as that for the 1ntact
. host iris.  Olson and Malmfors alse noticed that other t1ssues, such as
intestinal smooth muscle or arterial smooth muscle, had a similar
ability to cause the sympathetic nerves to sprout. However, the
‘dens1ty of innervation.in these other tissues was different from that
of the iris, and seemed rather to resemble the density these tissues
“ have in their normal stater This important study suggests, (1) that
.adult nerves can sprout -under some influence of thentarget tissue, and
{2) this influence varies in effectiveness from one tissue to another.
_ The experiments of Agui]ar, Bisby, Cooper and Diamond (1973)
on the h1nd11mb of the sa]amander, which: this present study extends,
1nd1cate that factors trave111ng down axons in the fast transport

system may regulate nerve sprouting at the level of the target tissue.

They first confirmed earlier work by Stirling on the segmental innervation

of the_saiaﬁéﬁder hindlimb , using physiological methods to measure
touch~recentive fie]ds in the skdn. The 1nnervation by the segmenta]
nerves is perfect]y synnetrica] from one s1de to the other, which allows
one side of the animal to act as the control for the other. As Stirling
had shown, sectioning the thh nerve.on one side causes the two adjacent
'nerves. 15 and 17 to sprout and comp]eter ‘take over the denervated area
(St1r11ng. 1973} . Agu11ar et al. treated the 16th nerve with a dose of
colchrcine that they showed 1nterrupted fast- axoplasm1c transport, wlthout

kil]ing the nerve, or interfering with'electrical impu]se activity. When

the spinal nerve fields were 1nrestigated some 1-3 weeks after colchicine
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tfeatment, the ]Gtﬁ nerve appeared completely normal and indistinguish-
.able from the control side. However, the 15th and 17th nerves appééred
"to'have sprouted just as thougb the 16th nerve had been cut. Since

the only detectable difference in the 16th nerve after colchicine was

. the interruption of fast axoplasmic f}an;port, Aguilar et al. concluded
that factors flowing down nerves by fast transport were involved in the
regulation of ﬁeriphera] nerve sprouting. ‘~ , .

¢ _ -
9. Néw Hypothesis To Explain Why Nerves Sprout Collateral Branches

Aguilar gg_él, pfoposed an hypothesis to éxp]ain all nerve

- ‘sprouting: the target tissue manufactures a substance that stimulates
_nerves to éprout; the nerves however release factor(s) from their
-1§nding§, c&rried there in the fast trdnsport system, which ih some  ﬁ

-way neutralizes or offsets thé effects of the growth-promoting substance.
Sprouting therefore will conéinqe until the effects of the nerve factor(s )~
ba]ancé that of- the target stimulus. 'This_hypOthesis is ‘a more general
form of one suggesﬁed.by Ramon y Cajal to éxp]éiﬁ sbrouting durihg
.primary development, anq in a sense, it represents a negative feedback ..
;_control'system to regulate the'nﬁmber of nerve endings in the target.
'Cléa{ij, this hypdthes%i explains the collateral sprouting of intact

nerves when adjacent ones are cut, since the neutralizing nerve factors

'

' transporteﬁ_down the axons will be eIimiﬂéted in the cut nerves, As
a cdnsequehce the pre-existing balance between these neural factors and
the growth prdmoting substances. from the target is disturbed, resulting

in,a netiincrease in the growth promoting substances. This idcrea;e then causes
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the intact nerves to sprout untll the new nerve terminals can release
enough of the neutra11i}ng factors to restore the or1glna1 equilibrium.
The other examp]es of nerve sprout1ng, in addition to that wh1ch occurs
during pr1mary development or after part1a1 denervatlon, are the sprout1ng
of motor nerves after botulinum poisoning (Duchen anclStr1Ch 1968;
Watson, 1969) and the sproutlng of intact sympathet1c fibres to the iris
after a transplanted iris was placed into the anterior chamber of the
eye (Olson and Maimfors, 19%0). sThese cases can also be interpreted
in terms of the new hypothes1s ’“It is conceivable that in addition to

blocking the re]ease of acety]cholxne, botulinum toxtn would alse prevent

the release of the neutralizing nerve factors,—and as'with partial

denervation or colchicine treatment, the level of'thé target- tiésue -

growth substance would thereby increase, and cause the nerves’ to sprout
S1m11ar1y. the sprouting of the intact sympathet1c nerves into the
transp]anted iris can also be attributed to an increase in the local !
level of growth promot1ng substances. In this case, however, the increase
is not brought about by a decrease in the nerve factors but instead can

be attrlbuted to the additional growth promoting substances from the

transplanted tissue itself.
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IIT. GENERAL STRATEGY OF. THE PRESENT STUDY

: Tpe major objective of thisistudy.is-to examine further the new
hypothesis;to explain ép]]éteral sproufing proposed hf’Agui]ar et al.
- (]975). Theggpgfe two a]ternativé,poss%hilities which could account .
er the.effecégzthey obtained. One is that the colchicine, in addition
to b]ocking fast neuronal transport,'hight-have caused a small amount |
of degeneratibn confined to s;me nerve'terﬁiﬁals within the area of the
treated 16th nerve. Conceivably, th{s.smal1 amount of degeneration could
then act as.g stimﬁlﬁs for the adjatent.hefves'to sproht. Another
_poSsib]e.exp1anétion for thé.observed sproutfng after colchicine is that
the drug had afdireét action on the iaréetltissue which in some
way initiated local nerve sprouting._r

To test‘thése.possibilities, and to gaiﬁ further insight into

the meéﬁhni§ms invalved in éprouting,.it'was‘neéessary first to devisel
a fe]iab1e quantitative technique with which to measure the density of
nerve endings within a nerve field. Tﬁerefﬁfe, a detailed study was
made of the quantitative orgahization ahd density of the mechanosensory
endings in the normal salamander hind-limb-skin. This same technique
was then used to test for terminal degeneration after colchicine
treatment. The resﬁlts indicate that the colchicine was not causing
any such degeneration. The possibility'that sbrouting was a resu\t
of a direct action of colchicine on the target was investigated by

measuring the quantitites of the drug which actually arrive at the

target. The results again are consistent with the new hypothesis.
30



ﬁﬁndl]y, by quantitatively measuring the nerve sprouting in
o response either to partial denervation or to colchicine treatment, some
hints were obtained about the nature of the cdntrol mechanism which

~ operates to regulate nerve fields at the target.

™
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IV. . METHODS

1. -Animals

All experiments were performea on male or female adult salamanders

(Amblystoma tigrinum, see fig. 1)}. - These amphibians normally Tive in

the mid western region of the United‘States (Indiana, Wisconsin) and

were bought from Mid West Rept&]e, a supplierignalndiana. The animals
uSUal]y weighed dnywhere from 20-35 g}ams.and tﬁé head to tail length
ranged from 10-20 cm. Because t ; e salamanders cagld only be bought
during the summer months (May-September) stock supplies of 500 animals
were stored on a farm in Brantford, Ontario during the winter. When

at the University, the animals liﬁed in plastic containers, filled with
moist ‘moss” to simulate their natural environment, anﬂlkept in an environ-
mental.rbom at 15°C and 75% humidity. ‘The feeding and caring of the-

animals was done by a trained technician, using standardized procedures.

2. Surgical Procedures

a) Anaesthesia -

Al]’animalsqﬁgre anaesthetized before ény surgery was
performgd;“ This was accomplished by p]acing'the animals in a container
filled with a.one liter solution of 0.2% MS-222 {ethyl-m-aminobenzoate
methanesul fonate, Sandoz) for 30 minutes. At this timé the animals
showed no movement or reflex responses to mechanical stimu]atfon. such

as pinching the tail. Normally, the animals remained in this state

for appkoximatelyrﬁb-QO min. If an animal showed signs of recovery beforeéf
' 32



Fig. 1:

Amb]ystoma tigrinum

This is a typical
salamander used in th
background shows cm. (

representative of the species of

ese experiments.
numbered) and mm.

‘The scale in the

33
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the surgical proéedures were finished, a cotton pad' soaked in 0.5%

Ms- 222 was applied over the head and thorax reg1on and proved

adequate to re-induce a su1tab1e depth of anaesthe51a Recoveny from

the anaesthet1c seemed to occur without any noticeab]e side effects
b) Decerebration

iﬁ - An incision was made over the occipito-atlantoideal

Joint, the occipito-atlantoideal ligament was exposed.and cut, then the
upper part of the cran1a1 vault was removed A section was performed
at the level of emergence of the TOth cranial nerves, the brain was

removed with forceps and the cran1a1 cavity filled with cotton.

A ]

3. Nerve Section e

First a medio-]atera1 incision was made just in front of the right

¥-

Hium, Then, using.watch makers forceps, a trough was made in the muscle

until nerve 16 was exposed; this was carefully freed from the surrounding

(A-

'connect1ve t¥ssue. The nerve was cut at a distance of about 1 mm from

9. the mid]ine, leaving a distal stump of about 10 mm before'the point where

the 16th nerve joins the plexus formed with the neighboﬁring 15th and 17th
nerves. The centra] stump of the nerve was tied off with 8-0 silk thread
to minimise the chances of its regenerating The wound was closed with

2 or 3 sutures of 6-0 silk threade

4. Colchicine Application to Nerve 16

A few mm length of nerve 16 was carefully exposed as in (3) above,
The trough made by the exposure route through the over]ying muscle to the

nerve trunk was filled with a solution of co]chicine (BDH Ltd.) in
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| amphibian angeﬁ Solution (composition: mM NaCl 111, ch 1.9;5 CaCl
HZO 1.1, 39504. 7 H20 1:6; NaHCO3 2.4). Colchicine concentrations ranged
from-50 mM-100 mM. The control experiments were performed in exéctly the
saoe manner, exoept.thaf/Ringer solution alone was used without the
co]chicino. After exposing the nerves to these solutions for 30 min.,

the trough was washed out thoroughly with Ringer sojution, and the wound

- closed with sutures. < S
) ‘ . . (“'f“".

5. Radiocactive Colchicine and Scintillation Counting

(a) 34-colchicine application to nerve 16 . ~ J,i

The appiication of the 3H-colchicine was'no different

from the usual apptication technique, as described in Methods, Part 4.
To make up the 50 mM solution, 0.08 mg of 3H-co]chicine {NEN, Specific"
activity 5.0 Ci/mM) was added to 9.92 mg of ordinary colchicine (BDH)
and dissolved in 0.5 ml-amphibian Ringer (see Methods PaotiIV, foo
composition).

(b) Determination of radicactivity in skin

, The animals were anaesthesized and decerebratod as

- described in Methods, Part 2. Dorsal and ventral strips of skio,

6—8 mm wide, and 2 mm long were diosecﬁggﬁfrom both hindlimbs, placedl
on a small white cord. and divided into a proximal and distal poftion.
Each of these samples was then preoared forlliquid scintillation countiog
by processing them through a sample oxidizer (Inter-Technique Oxymat).
The radidactivity 3H20‘was collected, dissolved in scintillation fluid
- .{composition: 700 mi Dioxane,'300 ml Toluene, 20 g. Nophthalene: 94q
2,5-Diphenyloxazote (PPO) and counted for 10 mio. in a Beckman LS 239” o
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%
- Liquid Sc1nt111at10n Counter

6. Dissection for Nerve Recording

“* To dissect the nerves for impulse recording the safamanders -

were firs; anaesthetized with.0.2% MS-222 and decerebrated as described'fn
Methods, Part 2b. The nerves to the hind]imb were usualiy exposed just
after decerebrat1on while the animal was still under the effect of the
anaesthet1c First the overlying skin was removed from segment 14 to

8. Then the underlying muscles of the hip region were removed and ﬁhe
nerve trunks of 15, 16 and 17 were exposed. On both s1des. " The mnscle |
over the 111um was next cut away and the exposed bonewwas cut as close Po
the sp1na1 ‘column as possible, carefu]]y avo1d1ng the cuttlng of the 15£L and’
17th nerves lying beneath. The 111um was pulled away from the body,
. then the femur was cut e1ose to the origin of the limb, and the bone
removed. With fine watchmaker forceps, the nerve trunks were dissected
free of connective t1ssue to the regvon where they branch to form the
limb plexus. These nerves were cut as near to the vertebral co]nmn as
possible and a thread was tied round the central end of the distal stump.

After the spinal nerves were mapped, as in part 8(a), it was

often necessary to dissect free the‘cuianeous femoral posterior nerve
(CFPN), a branch of the sciatic nerve.’ This was done by dissecting out &
the sciatic plexus (Fig. 2) and cutting the extensor nerve, the femoral
nerve, the pudendal nerves, and the main sciatic nerve below the.branch.

of the posterior cutaneous femoral nerve.
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Fig. 2:

' with the CFPN as shown.
- trunk skin, the extensor nerve and other branches of the main

-y, .
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A B
16th - 17th
HEAD JTAIL
ANTERIOR - POSTERIOR
PUDENDAL -
NERVE 164 + 15 FPN ONLY
{area used for
most studies)
area of overlap
EXTENSOR ‘between CFPN and
L MAIN SCIATIC main sciatic

areé of main sciatic
(16P + 17)

The Nerves of the Sciatic Plexus -and its ‘Innervation.

a) Schematic diagram of the sciatic plexus. The 16th nerve
divides into two branches; 16a (anterior joins with the 15th
nerve and 16p (posterior) joins with the 17th.

b} Ihe area .of skin on the dorsal surface of the limb
innervated by each major nerve branch is indicated. The
cutaneous femoris posterior nerve (CFPN) innervates a strip
of skin roughly 5 mm wide on the posterior portion and runs
distally to innervate the posterior one and a half toes. The
'main sciatic.nerve' as described by Francis (1934) overlaps
The pudendal nerve innervates the

sciaticnerve innervate the ventral surface of the Jimb. None
of the latter nerv S_are shown in this figure. ¥
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7. Recording Techniques

Nerve 1mpulses were’ recorded from the entire nerve trunk ‘with

fine platinum electrodes, which served also to raise the nerve trunk from *

" the body wall. When the‘recqrd1ng was for a short time, less than 1 min.

the nerves were lifted into air. For 10nger recording (up to 10 hr) the
nerves were covered with aerated light mineral oil (liquid paraffin).

A1l sdignals from the recording electrode were amplified by a Tektronics

5103 storage ;§c11105c0pe, filtered (L.f. 60 Hz, H.f. 3 KHz), and d]S-

played on the screen with a resolut1on of 10-50 u¥/cm.
The nerve activity was also monitored by feeding the . ;
output from the oscilloscope through a Tloudspeaker. The 056{1105C0D9
was triggered by a WPI pulse generator and the sweep speed was normally P
2-5 msec/an. The apparatns and the animal were connected to a common
grpund. 'Fig.-3 represents a séhematic diagram of Ehe recording set—up;

-

8. Stimulation of Touch Receptors

(a) Nerve fields

To obta1n gross estimates of the-area of 1nnervat10n of

a nerve branch ‘the skin of the hind limb Was stimu]ated by touchlng

11ght1y w1th a fine nylon br1st1e, while recording from the nerve. The
area of skin that gave rise to impulse act1v1ty in the nerve was then
traced out on a representative drawing of the 1imb (see Fig. 2).

an

(b) Mechanical stimulator | A 2%

A more precise method of stimu]at1ng the touch receptors

was' used to make quant1tat1ve measurements of the dens1ty of nerve endings

w1th1n a nerve f1e1d of the size of an axonal recept1ve field, and of the

F
!
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|
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LOUDSPEAKER
}‘ i .
WPI CRO : ﬂ
PULSE - TEKTRONICS 5103 — :
GENERATOR - J__
~ . RECORDING ELECTRODES -
NERVE' .
TRUNK _ -
K C o GROUND ELECTROBE ,
MECHANI CAL ﬁgDQER : :
STIMULATOR
-~ i
LIMB
'Fig. 3: Schematic Diagram of the Eggipment Used in the Mapping of the

Touch Receptwe Flelds.

For the mapping/of gross nerve fields, the skin was stroke?
lightly with a bristle, and the evoked action potentials were
amplified, relayed through a loud speaker, and displayed on a
cathode ray oscilloscope (CRO) :which was set in free run mode.
The WPI pulse generator was used for the ‘investigation of in-
dividual toucﬁ receptors; an electrical pulse was applied to
the mechanical stimulator (piezo electric crystal). The WPI
was also uded to trigger the CRO. The apparatus and preparation

were i:?yﬁdgq to a.common point.
| o

/.
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size of the receptive ffer of a receptor. These measurements were made
with the aid of a mechanical stimulator which was specific&lly designed
“for this purpose. Among the many. points considered iﬁ the design, it
was essential for the stimulator to have the fo]]oﬁing featureé:

(i) The spread of the ﬁechanica] stjmu]u§ Shduld be mini-
mized to achieve a-high degree oflresolution.

(ii) The stimulus should have a fast rate of rise, which
remains eésentia1]y Tinear over the range used. A

(111) The rate of rise should be continucusly variable over
a range from 0-10 u/msec.

(iv)- The stimulator should not be so large as to obstruct
‘the field of view;qurpicular1y’since izﬂwas often necessary to'stimulate :
the skin with two stinulators situated less than 100u apart: The
stimulator was also reQuired to be easily mounted on a manipulator,

| (v) _Finally, the stimulator -should be simple and relatively

easy and inexpensive to construct. |

1

f : The mechanical stimulator used in a]l experiments is shown in -
Fig. 4. The major COmpqnent‘of this stimulator is the pie;o-e]ectrlc )
crystal taken from an Astatic 12-U phonograph cartridge. The crystai
was f1xed at- one end to a perspex holder while the other end was left
free. Nhen a vo]tage is applied across the crystal the crystal "bends
and the free end deflects. This deflectionvwas maﬁnff1ed by g1ueing ‘a |

: 3.5 an long trianguiar éhaped (for rigidity) alyminum section to the

" end of the crystal; the apex of the trianglé was attached to the crystal
~. and a smail hollow rod, to hold the prodder tfip, was glued to the base.

Viscous damping was used to eliminate unwanted vibration due to this
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L damping rod
flag _] e
[ movable vod ‘ { \ crystal |
. ) I

A Photogr;ph of the Mechanical Stimulator used in these

Experiments

Yhe black piezo electric crystal can be seen attached to a
transparent perspex holder, At the free end of the crystal
is a 3.5 cm aluminum'extension. . A flag used for calibrating
the stimulator is attached to a hollow tube at the end of the

extension. At thé other end of this tube is a fine tungsten

tip used to stimulate the skin. Anather long exteénsion is
attached to the perspex holder at one end and runs parallel’

. to the moveable extensio~— . This second extension is used in

¢onjunction with the viscous damping arrangements (sea. text for

_ further details. A schema of the stimulator is”shown in (B).

T

-
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long cantileyer arrangehent A fixed bar was attached to the perspex
body and extended 3.5 cm paratlel to the movab]e extens1on but separated
from it by 1 cm. ‘At ‘the very end the immovable bar was bent, so as to come
within 2 mm of the end of the movable exteneion. This 2 mm gap was
fi1led kitp,siiicbne grease which proved to'befeufficient to damp out
all unwanted movement without significant]y redquhg the rate of rise
Of the stimulator deflections. fhe p;oddee tips used to stimulate _
. the skin were made frum\}ine tungsten wire. one of which was mounted
" in a small atuminum tube which fitted tightly into the hollow rod at the
base of the triangulef a;uminum section attached to the crystal. The
sliding fit between the aluminum tube and the hellow-rod made it easy
to exchange one tungsten tip for another., The tungsten rods were electro-
1yt1ca11y etched to any desired diameter, but the size most frequently
used in these experiments ranged from 101 "~ 100u.

| _Monophasic square wave voltages were applied to the stimulator
from a WPI isopuiser model PC-3. The amplitude of the pulse varied from
f—100 vo]ts.and the pulse.duration varied froe 84400 msec depending on
" the situation. A Tektronics TM503 PGS05 pulse generator was sometimes
used to vary the rate of rise of the stimulator. The whoie prdddef was
} mqyntedjon a Zeiss siiding micromanipulator so that it could be moved
‘eccurate1y in horizontal steps of 25u, parallel to epe skin. The
_-angle of placement of the prodder tip was critica11j atigned to minimize
the lateral movement as the prodder deflected vertical]y. The most
effbctive way “to achieve this was to align fhe stimulator such that the
line from the end of the tungstee tip to the centre of the crystal was

parallel to the plane of the skin (see Fig. 5);

-
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SKIN SURFACE f FULCRUM
e T . 7 .
| MECHANICAL

PRODDER TIP + STIMULATOR

ARC OF MOVEMENT

»— LATERAL -

P

VERTICAL

Fig. 5: Alignment of Stimulator.

This diagram indicates the arc of movement of the prodder
tip when the line joining the prodder tip to the fulcrum of
the stimulator is parailel to the surface of the skin to be
stimulated., This arc maximizes the vertical displacement .

\ and minimfizes the lateral movement of the prodder tip.



The actua]'displecement of the prodder tip was measured with the
aid of a standard photocell, /}n the following manner. Finet the tungsten
“tip was replaced by a small flag assembly of simitar mass. This flag was
then carefully positioned ‘between the emitter light and receiver cell of
the photocell which were critically aligned S0 that a small movement in
the flag perpendicu1ar to the beam resu1ted 1n a vo]tage change from the
receiver cell which was disp]eyed on Tektronics 5103 oscilloscope. The~
photocell was calibrated by moving the flag a known amount and recording
the voltage output. There was a direct linear re1ationship between |
‘ diep]atement and voltage output oyer'the renge used in these experiments

(see Fig. 6). | | . | _ |

Fig. 7 shows various characteristics of the prodder input-output
relationship. Fig. 7 (a) shows a typical output voltage response to an
applied square wave 1nput. It should be noted that the tmme to peak
of the response is 10 msec, and the rate of rise to that peak was '
sufficiently linear for the experiments in this thesis.

Fig. 7 (b) shows 4 different input-output reeponses. These

records 111ustrete that response amp1itudes rise linearly with the applied
' voltage. .In addition the. time to peak of the output appeared to be in-
'dependent of the amplitude of the applied voltage and sa by varying the
. ‘amplitude of the square wave voltage app11ed to the crystal it was P
| possiéle to vary the rate of r1se of applied. displecements on the surface
of the skin. Fig. 8 shows that the relationship between the input
amplitude and the rate of rise of mechanica] movement Was steble for long
periods; the figure shows the 1nput-output re]ationships for the same

prodder tested twice a'week for a month.
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Fig. 6: Calibration of the photocell.

Oifferent known vertical movements were applied across the
photocell while recording the photocell output voltage. One
volt output from the photocell equals 20-25u vertical movement
of the prodder tip. . .



Fig. 7:
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Prodder Movements

The output response of the photocell {which is pro-
portional to the mechanical movements, see Fig. 6) .
1s shown for different-amplitudes of input voltages to .
the crystal. (In this figure, and in figures 9, 10 and

. 18, increasing input voltages and photocell output .

voltages are -shown as downward deflections of the trace.)

- A is a single response to one apptied pulse. B shows

four different responses superimposed. As the voltage
pulse increased, the mechanical displacement {phatocell
output) {ncreased. The vertical scale is 25 volts- for
the applied voltage and 0.25 volts for the photocell
output voltage. '
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Variation in Proddér Movement Characteristics with Time.

a) This graﬁh represents the calibration of the prodder
period. The fnput voltages are p1otted against
the output voltages from the photocell

b) The relationship between the amplitude of the applied
voltage and the rate of rise of the mechanical movement of the
prodder 1s shown. The points for this graph were derived
from figures 6 and 7
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Fig. 9 shows -the output for a stimulus of long duration; the

'diép]acement was maintained for as long as the input was applied. Fig.

10 shows the effect of different rates of rise of the'ihput voltage on

\~\\¥ 

the rate of rise of the mechanical movement.

9. Histological Techniques

(a) Light microscopy

The skin with the underlying nerve was placed 1n a
small flask containing about 5 ml of 3% g]utara]dehyde in 0 2 M cacodylate
buffer {pH 7.3) for 2 hr; the specimen was embedded in Spurr epoxy
resin. 1 to 2u thick transverse sections were cut, stained with 1%
toluidene blue in 1% borax, mounted and covered with a coverslip. gx\\
(b) Electron Microscopy B ,

Nerves .were fixed and embedded a§ above, The u]trﬁthin/
sections were cut using a Reichert microtome with a diamond knife, and
subsequently stained in 25% methanolic uranyl acetate (5 min) followed
by Reynols'. lead citrate (1963) and examined with a Philips 300
electron microséope. The 11ght and electron microscopy were both done
in co11aborat10n with Dr. A. Parducz, my role was primari]y concerned ,
with producing-the specimens. assisting with the subsequent processing, and
with the appropriate guidance, examining the finished slides and photo-
graphs. - - . '
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Relationship between Mechanical Displacement of the Prodder
Iﬁﬁotocei|_outputi and a Maintained Applied Voitage to the

Crystal, . .
The displacement remains fairly steady for as long as the

- voltage is applied (approx. 400 msec). The vertical scale is

25 volts for the input voltage and 0.5 volts for the output
of the photocell. The horizontal scale is 50 msec, At times
greater than that indicated by the arrow, the rate of rise

« of the mechanical pulse {s less than the minimum rate required

to activate the receptors {see Fig. 13).
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Fig. 10:

The Response of the Mechanical Stimulator to Different Rates
of Rise of the Input oitage.

The different rates of rise of the applied input voltage
does not affect the rate of rise of the output movement,
However, the slower rates of rise of the applied voltage do
affect the time of onset of the mechanical movement. The
vertical bar is 50 volts for the tnput voltage and 0.1 volts
for the output of the photocell. The horizontal bar is 2 msec.

\
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V.  DENSITY AND ORGANIZATION OF ‘SKIN INNERVATION
| B

1. Introduction

i

The main objective of this part of the stu?y was to develop a

"-reliab1e method for investigating the density of mechanosensory endings

of a segmenta] nerve in the skin of the sa]amander hindlimb. This was
~ required for the quantitative study on sprotiting wgich 1s the principal
aim of the investigations. : ‘ k2
Theoretical]y the density and organization\of nerve endings
_in the skin cou]d be explored by histological techniques but several
reasons 1nd1cate that an electrophysiological approach would be more
appropriate, Electrophysio]ogical methods were a1ready being used
successfully to map the area of innervation of the segmenta] nerves to
the hindlimb. The only major requirement was a mpre_se]ective and
precise mechanical stimulus. Even Af the approprihte staining techniques
codld have been deve]opéd 1t was suspected that the terminal branches
and the mechanosensory endings would be near or below the 11m1ts of
resolution of the 1ight microscope. and therefore would be detected only
with great difficulty. or not at all. The degree of resolution for the
extracellular nerve recordings (the signal to noise ratio) {s always
adequate to resolve single action potentials from mechanosensory nerve’
trunks 1d this preparation: Furthermore, in this study it was impdrtant
to know which segmentel nerve.a pafticular akon belonged to. This would'
be a difficult task'if a histological approach were used, especia\]y in

the highly pigmented salamander skin, whereas this problem {s easily overcome
52 |
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‘electrophysiologically by recording separately from e§ch_9f thé seg-
mental nerve tfunks. while exciting the axon sélect1§é1y b} way of its -
sensory endings. Finally, the objecfives of the research re]éte to ’
functional characteristics of mechanoreceptors, such as the receptive
field of a sing]e axon, or of an individual tbuch'receptor. and the
determination of whether new sprouts betome‘functfona1. These questions
cannot be answered by histological techhidues a]qné; ideally a combined
approach is needed, involying morphological as well as pﬁysioiogica]
methods .- Such an approach {is currently being déve]oppd in this 1aborator{;.

2.-nResu1ts
(a) The Nerve Field

Most of these studies were performed ona port%on of
skin innervated exclusively by the cutaneous femoris posterior nerve
'(QéPN). The precise area was defined by mapping the-field of innervation
while successively cutting off all other obvious bfanches of the sclatic
nerve-fsee Methods, Part 6). In addition, the branches which were cut
~ were also mapped to define the area df,overiap between these branchgs
and, the CFPN field. The results are ‘'shown in Fig. 2. The advantage of
| the CFPN over most of the other nerves is -that it contains Very few'
‘muscle afferents and therefore-is reﬁative1y fﬁeé\of spontaneous activity
| (see part c, Rage 56).By restricting the 1nyestigation to the area in-
dicated in Fig. 2 , it was also easy to be certain that one was dealing .
with the'tofai”ﬁerve supply to the region. The CFPN is found to be made
up of axons only from the 16th and 17 segmental nerves, and the exact

contribution from each varies from animal to animal.
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(b) Selective activation of individual nerve axons

The first question that arises is can 1nd1vidua1 aans

-be excited by stimulating individual points on the skin, or frequent]y'do
© many axons overlap and supply the same area of skjn. _In an aptempt t0ug
answe? this question, randomrpoints on - the ékin‘werélstimulated-with 10@
-diameter stylus attached to the mechanical‘stimu]ator'faescribed in
Methods, Part ‘8(b)] while extracellular recordings were made from the
segmenta] nervgifrunk (as described in Methods, Part 7) At each point

on the skin the rate of rise of the mechanica] stimu]us was fncreased 1n
steps of 0.1 p/msec to a value that{evokes ‘an action potential every time
that the stimulus wa;lappiiedi(The mechaqorecept?rs respond to a ‘velocity =
stimulus' - see below, ng. 12). Then_ihe,velocﬁ£y¢pf the mechanical
stimulus was increased further until a second stimulus-tied action
potential was evoked, or ﬁntil.the limit of the stimulator was reached,
which/js 10 u/msec. The resu1t$ of over 50 points are summarized_

in Fig. 11. At only 50% of the points tested could 2 axons be excited.

At only 10% of the points tested the difference Befween the stimuli neededf
to evoke the fiTst and secpnd action ﬁotentia]s kaé'Iess than 1 u/mseé.
Differences in stimuli greater than 1 p/msec were well within the
résblution‘of the technique, and only if the difference bétween-two

stimuli was less than 0.2 p/mgec would it have been 1mpossib1e to resolve.
It can be conc]uded then. that 1ndiv1dua] axonal excitation can be readily
resolved by stimulating different points on the sk1n? |quthennore. -the

probable maximum.of 10% “overlap" of axons at single points was not

likely to interfere with the analysis, as will become apparent in the

text to follow. a3 ///;/y,/’
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Fig. M 5p£1va§10n'of Individual Nerve Axops.

At each point on the skin the rata of rise of the mechanical
‘ stimulus was increased in steps of 0.1 u/msec to a value that
S -avoked an action Rotential\every tima that stimulus was applied.
- The velocity of the mechanical stimulus was increased further
until a second stimulus tied action potential was evoked, or
until the limits of the stimulus was reached. Column A re-
prasents the proportion of the.points tested that responded
with only one action potential. - Column B represents the 'pro~
portion of points tasted at which the difference between the
two stimulus needed to evoke the first and saecond spikes was
greater than 1 u/msec. . Column ,C represents points where the
differdnces batween the two stimull was less than 1 u/msec.,

¢ .
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‘(c)'Receptor characteristics

In the section ebove it was shown that 1nd1v1dua1 axons
’ could be excited by stimulating different potnts on the skin with a
{“’certein kind of mechanical deformation._ That is, the test 1nvo1ued only
one type of mechanoreceptor (e‘ye1oc1ty sensitive oneJ. In generel. |
mechangreceptors can be broadly dtvided'tnto_two classes based on their
phystologtcel cheracteristics. One class consists of those receptors .

which discharge only one or accasionally two impulses along their axons

o

during the epp]icction of the sttmuTus. prpy{ded that the\uelocity of
its rise is ebove'a certain critical value, and_they do not fire during
the meinteineﬂ plateau, These are known as "riptd]y-edept1ng" receptors

* (Adrian, 1928). Occesionelly such receptors fire when the stimulus -
is vemoved (an “off“ response) At the ether extreme are mechenoreceptors
‘that often display an erratic rest1ng discherge fn the absence of any

\\\eﬁplied sttmulus. end whose tmpulse frequency is enhcnced by the mechanicol

sttmulus endtcontinues throughout its application. Nhen the stimulus
is withdrawn from those mechanoreceptors which do show a restinpﬂx

| discherge. there 1s often a brief pause in the impulse train which then
soon returns to the resttng value. These are the "slowly-adapting"
receptors. The concept of “repidly-adapting“ and “slowly-edapting“
receptors was first c]eerIy stated by Adrian. Other-clesstficetions
which are now used are “veloctty detectors" “for units that respond
only during the eppltcation of the stimulus. and "dtsplacement detectors“ )
for units which respond to both phastc and'static displecement

(Brown and Iggo, 1967 Burgess and Per]. 1974) . o
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The types of touch receptors present in the CFPN field were
characterized by se]ectively stimulating different points on the skin
. with different types of mechanica]
stimulation. The resu]ts of this study 1ndicete that all the mechano-
receptors in this field appear to be rapidly adapting, as shown in Fig.
12 (a-c). Each record shows the voltage input to the mechanical
. stimulation (Top trace), and the e]ectricel activity of the sensory»
narve to the sk1n (lower trece) There was no response in {a) to'a
subthreshold stimulus. nor was there a resting discherge 1n these re-
ceptors._ In {b) the stimulus Was increased to the “critical' level, and
1t elicited a response to each of 4 stimult. one being clearly delayed .
.behind the other three. The maximum output from the stimulator was used
in (¢) and it was maintained for about 400 msec. Only one action potential
was propagated, and 1t-seemed no-difterent from that evoked by the
thrashold stimulus in (bi Fig. 13 shows that altering the duration of
the applied st1mu1us makes .no difference to the sensory response.
In most cases short duration puISes of 9 msec were used. Al] receptors
investigated geve similar results. endth1s formed the besis for the con-
clusion that al) receptors stimulated with the prodder in this study f

* were rapidiy adapting.

- Several tests indicate thet the action potentiels detected were
{ndeed single units and not compound potentials from a bundle of axons
of similar thresho1e They include:(1) all units were of approximately
the same’height.'(a) stimult Just, below the;crtttcol-leve1 evoked
action potenttels once every two or three times they were appliad; in

“this cese, when the action potential appeared 1t was a constant height
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Action Potentials Evoked by Stimulation of SKin with the
Mechanical Prodder, IR

~ Top trace; ‘the appiied voltage'to,tha crystal (increasing
valtages are shown as downward aflections). Bottom trace;

- extracellular recording from the nerve. A,shows the absence

of response to a sub-threshold stimulus (0.75 w/msec). There
was no spontaneous discharge in these raceptors. B the
stimulus was increased to jJust the critical stimulls (1.5u/msec).

‘Four sweeps of the oscilloscope trace are superimposed, and

show the variation in latency at this stimulus. The delayed

- spike, which occurred 4 msec after the earliest response, .
- Was a common occurrence when the stimulus was just threshold

The time taken for the delayed spike would include a signi-
fﬁcant-increment due to the membrana conditions uniquely as-
sociated with subthreshold activation (Hodgkin and Huxley,
1952}, C response to the maximum output from the stimulator
(3.0 u/msec). There is still only one action potential.
Vertical scale {s 25 volts for the top trace and 50 ny

. for the bottom.

t
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Fig: 13
. |

The Effects o Alterin the Duration of the Mechanical Pulse
on the Response o e louch Receptors.

Top trace; input vb]tage to crystal (increasing voltages
shown as upward deflections in this fiqure as| in Fig. 15,
16, 21 and 22), bottom trace; extracellular recording from
the CFP nerve. A shows short duration pulse of 10 msec
and 1.5 p/msec rate of rise, In B the pulse is maintained
for about 400 msec. From Fig. 9 1t is known that the
mechanical displacement would virtually veach a maximum
rate of rise within approximataly 10 msec; after that time
the displacement would have {ncreased very"slowly for
approximately the next hundred msec of the appiied
voltage. In C the spontaneous activity is shown when
no stimulus is applied. The vertical is 50 volts for the
applied voltage and 20 uvolts for the nerve recording,
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. . |

‘and when it failed there was- no response. (3) the receptors could also
| follow suprathreshold stimuli at high frequéncies. up to 10 Hz. At

these high frequencies. every time the response appeared 1t had a con-
stant height and 1ateocy (fe. the time from the onset of the app}ied

\sp1ge). In those cases when it failed

pulse to the appearance of the
the trace was f]at. | ,

Although there are no s]o 1y edapting mechanoreceptors in any
porc‘of the dorsal skin of the hii&limb a slowly adapting discharge
could be evoked 1n the mixed nefve.by a very large stimulus. This -
result was also obtained when the ovarlying skin was removed, as shown
 1n Fig. 14.° Clearly, the gross stimulus used 1n these circumffances
was exciting receptors assoc1oted with the deepec tissues, presumab1y
muscles and tendons. Such propriccaptors are known to be slowly
aoapting. They were not 1nyestigated in the present study.

P (d) Estimate of length of terminal branches

It should be noted (see Fig. 1) that the 1ncreasing
mg\itude of the stimulus, 111ustrated 1n Fig. 12, caused an 1ncreosed
.rate of rise of the mechanical pulse; it ts this velocity component, ,
| which activates these skin receptors., Fig., 15 chows that'os the velocity

of the displacement increases; the la of the spike decreosos.

(Compare to Fig. 10 which shows how t ,meChonicei stimulus 1s affected
by such'changes in rate of rise of the pplied voltage). There are at
leoscpe‘factobs_which affact the loteﬁ of the response: (1) the time
it takes for tha mechanical displacement to reach the cc1t1cn1:volocity. -
(2) the “sectiog-up“ time for impulse fnitiation, (3) the conduction

valocity of tha impulse in the tewminal branches (referred to as tarminal



Fig.?14$ Test for Slowly Adég;idﬁ Réceptors

A very large stimulus (a probe of 10 e flat'surface of

contact) was applied to the surface of the skin covering
the hindlimbs., In A the stimulus is applied to the limb (as - .
indicated by the white bar}. % " In B, the same stimulus
was applied to the 1imb but the overlying skin had been
removed; it evoked a similar pattern of impulses in the.

- CFP nerve. The stimulus was clearly exciting receptors
associated with the deeger tissues, presumably muscle,

. tendons and possibly Joints. Part ¢ is a record of the

- spontaneous activity in the CFPN with the skin removed and

In the absence of an applied stimulus.
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velocity), and (4) the true axonal conduction ve]oé1ty The contribution
‘of some of these components was estimated by recording simultaneously

the latency of one response at different distances along the axon from .
the receptor (see Fig PS). and then plotting the results on a distance
vs. latency graph-as shown tin Fig. 17,

Because of the short length of nerve stump available, it was not
possible to make more‘thqn 2 simultaneous records. The relatively limited .
amount of accuracy involved in measuring the exact distance'bethen the
two racording electrodes, allows this method to serve'oh1y as a\cfude
‘estimate of thé conduction va10c1ty The range was usually found to be

5<10 metres/sec. bused on the s1ope of the straight 11ne (Fig. 7).

- The intercept of the line on the latency axis at O distance, in

ploté such as that of Fig. 17 gives the combined delay due to the other
3 fa;tqrs montidned above., 8y comparihg the rate of rise of the mechanical
movement of the stimulator’ tip (see Fig. 18), for a stinulus which was
Just sub-threshold for evoking nn-uct1oﬁ potential, to tha maximum
posSible‘fate (which was approximately 2 times the formeﬁ valuq) one -
can detect a cbnsﬁant intancy of 2.5-3 msec.“betwaen the app11cat10n of
- the electrical stimulus, and the beginning of a movement (see Fig. 18)
This time roprosehts the lower 1imit of the time required for the -
mechanical stimulus to*reach the critical volocity in order to initiate
an action potential. Aftar subtracting this lag time from the total delay, -
represented by tha Tatency intercept value at 0 distance, the remaindar | P
(3 msac)-rép%osents the total of the “setting dp“ time plus the terminal
conduction ve1oc1ty‘t1ma} The tachniques used'in this {nvestigation
-cnnﬁbt séparata‘those lattar two avonts. Howevar, studfes from other
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Fig. 16: Conduction Velocity

A, B and C each show records of a single action potential -
recorded at two- different positions simultandously along.
the nerve. .~ " On the right are expanded
traces of the portion which include the response,indicated

- by the white bar on the left hand figures. The scatter.

indicates variability in the time for setting up the impulse.
.The difference in"latency batween thgse spikes at the two '
positions was very constant, and-equalled 0.6-0.7 msec
(see Fig. 17). The horizontalbar {s 2 mse¢ for the figures
on the left and 0.5 msec tor the figures on the right. The
vertical bar {s 50 volts for the applied voltage and 20 pvolts
for the nerve recordings. ,
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Flg. 17: Estimatiofide ‘SettinQAUp‘ Time and Terminal Condugtion Time.
' “ ¢« A and B.vefer to the pair of impylses for the different &

| :\-=“¥¢n°rds in Fig. 16. The tiverse of the sloga of the stralght -

8 gisas the. axonal conduction va\ocitﬁ
m/sec < there was little vartation in-the
,velocity for each trage. -The latency #ntercept -for each:
. curve represents the combined delay due to mechanical’ laga
of the qrbddur. ‘setting up' time for.the reteptors and
tanmﬁnn gy

cunduction va\oc1 (ste text). - N
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2 Prodder for Diffenent Luput
:ls'f‘m:‘.l ment.

e i At there 12 a lag of ¢.0-3 msec before
differences can be detected between any of the traces. The

s

"« +>and the bottom trace wag twice that value. (ie. twice the
; raté of Mae&. The verctcal bar SO volts for the fnput
voltage all 0.5 volts for the output of fhe photo cell.

I"

- top trace was Just subthreshold for excitation of the receptors

0
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rapidly adapting mech&noracaptdrs indicate that the lowar.lim;t of the
| sottiﬁ§ up time is 1ikaly to be approximately 2 msec'(eray'und-Sato.
1953 Catton " 1958). This wouldlthan a116w'rough1y. 1 msec for the
conduction along the terminal btgnbhas.'jlf one assumes a va]ho for
conduction velocity in the'unmxolinntod'torminals. then one can calculate
the length of the terminal branch fro@ where 1t leaves the parent axon,
Just below the dafmis. to tho‘sito of the recaptor in the skin which is
probably_ﬁt thé‘baso of the apidannis (discussed balbw). The tormfna\
branches -are unmygTinatad in the skin and roughly 0.5 u in diam@tef

(Parducz, pérsond"& c‘:ommint_ca‘tion). Conduction for unnyelinated axons

of this sizo 13 in the rangs of 0.5+1,0 wsec (Maruhashis Mzugusht

© and Tasaki, 1952). From this, the length of the terminal branches can
be calculated to be roughly §00-1000 um long. This estimate, adnittedly
a crud&,oﬁu. does give an approximato'mensure 6f how far these branches
mehnddr;ihrough the ékin to make connaction wiiﬁ‘tha raceptive potnt. .
-~ te) lorpholosy of the salanander skin o
' ’ _. In several tnstances in the 1{terature ' funciionil\y-
_ tdentified méchnnoSonsory sites have been corb@\nta& with the presence
~ of movphologically distinct structures tn the skin {Quillfams, 1966),
iﬁ'ugs.naturql to ask 1f'£hof& wefe morpholegical structures whidh could
be correlated with the rnptdly \ppting receptors found by physiological
ménns.to be in the salamander skig, If-;uch structures cbu\d be found,
then Bny physialogical aitimat t thédehsityqf'mechunoraceptors in

-

the skin could be conftrmed by an {ndependent morphological study.

F{g. 19 shaws a 1ight microscopic section of the salamander skin -

used tn-thfs Study, prepared as outlined tn Mothads, Part 3(a). The
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outermost Tayer of 3-4 calls makes up the apidarnts which {s roughly 50u
thick.. Immediately below this, a thin band of collagen separatas tho
apidormis from the dugmis. The blood vessels are in tha dermis and $0 are the
gg;*3%ummprominant lafgo sacratory glands whose opening ducts pass righ; through the
| apidermis to enable their contents to be dischargad divectly to the ‘
outside. A larger band of collagen'ftbros separates the dermis from -
the deeper skeletal muscla, and 1£ 1s‘on1y balow this col\ngan\ﬂnyor'
| some 200«300u .down from the skin surface, thut one can detoct an& nderus
tissue with the tight microscope. In the section shown, a bundla of
myalinated axons lies below thn deep sub- darmis collagen luyor. Several
hundred of these sections were axaminud serially, and no- specializ&d f
raceptor calle ~norve ending complex was obsarved: it was presumed that
the mechanoraceptors in those salam ndurs wera free nerve endings, too
smnll to be rosolved with a 1ight microscopa. towevery recent eloctron
microscopic examination of the sktn‘suggasts that there mny be aoma

possible organtzation of the individual sensory endings wh1cL modifius
J

this concluston, . | |
| | Fig. 20 tg an elactron micrograph of the epidermis. fhis sectton

shows 2 or 3 prafites of unm§a11nntad nerve f{bras: n c\dso contact with

a particular cell 1n the eptdermis. This cell is quitr distincb fron tha

\ e

o surrounding cells, and is very stmtlar in appearance to a "Mﬂrkel“
| - call, dascribad by numerous authors-&n spacin\izad mﬁchanosensory | k

qgtructums ospactaily prominent in the mammnl (Smith. 19671 English, 19744 .
“Burgess, English, torch and Stonsaas. 19741 1ggo, 1974) Although this - )
ultrastructural tnvestigatton {s still 1n 1ts early stages, the evidence,

%0 fur suggests that the cutanaous mechnnoreceptprs in the salamandar are

-
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Fig. 20: fn E]actr_on mcrbgnaph of a Port{on of thq‘ép_idnrmis

This figure shows a nerve fibre (M) in close contact with
a Morkel cell (M). These Markel cells are found in the bottom
layer of the epidarmis, Just above the basa) lamina batwean
the epidermis and the darmis. Notice the dark statning granules

in the Merkel cell cytoplasm adjacent 4. the nerve fibres.
.- Scale: -2 em = 1 micron, : *
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| ~ -
in fact Morke1 ca11-norva fibre complexes, and not simply free nerve
“endings. ' h |

Tha exact function of the Merkel cell is unknowh'and although
it has largely been ‘assumed to be implicated in mechano =transduction,
‘thi$ has never been damonstratad Ona could also spaculate that thera
oxists & trophic function of thesa calls; parhaps thay attract growing
nerves to the epidermis (raasons for this suggestion will become cloarar

in the results balow)

3. Axonal Rece t' 3 ds T

It was shown in the procading sections that by salactivo1y
stimulating the skin at different points. ona could activate 1ndividual
axons which supply machanorocoptorQ. Thnsu points all appear to be
rapidly adapting ( possibly thuy are Mgggg_lcol1-axon complexes ),

At thisfpoint in the tnvestigation it seemed possible that a study
of the raceptivo fiolds of individual axons could be used to answnr the
matn questions of this thesis, nnmoly. dbus coichicina causa scattarad
dageneration of andings, and what ts the quantitative natura of nerve
Sprouting? It was roasonod that, {f colchicine was caustng terminal B
degeneration, the {ndividual diongl flelds on_the‘avoraga might bn'
smaller, After sprouting had occurred, the individuat axonal fiaTds of
the sprouted nerves should be larger, and their shapes M1th offer furthar
hints at the underlying mechanisms of fprauting. ‘A study: of axonal
receptive ftu1ds}was-therefore.conductnd. v

- ' 9



77

~ In this study the CFPN f1o1d (see page 36) was used,
In ordor to monitor the total mechanosensory output from this area, the
‘dischargu q]ong both the 16th and 17th nerves was recorded simu1tanaou31y.
The method devised for measuring individual racohtivo ficlds of'axons>d1d
" not require the nerve to be -dissected down to s1hgie sonéory units. Such
a dissoctiun would not have allowed many of the present investigations on
tho donsity and organization of thu innervation, which were only possible
when the ggggl_mochanosonsory output from the skin into the nerve could be
monttored. The tochniqho‘uséd‘to measure tho individual axonal fiolds was
tﬁat of occlusion. which {nvolved the simu]tuhoous use of two sqﬂﬁ;;?h\
stimulators (each ona huv*ng a tip diameter of 10u) to defina the 11m1ts
of the fiold under investigation,
| As will bo discussed 1n more dotail boIow. tho skin has 10ca11:od
spots of vary high sensttivity to muchanica1 stimulation. One of thoso
spots, which was found by a systemutic search, was used as a refarence
potnt over which the referance proddor was positioned. The second‘prpddur
, Was posttioned about 50-100y . from fhd-first. This ‘raving' stimu]ator
s then movad awny from the rofuroncn point in steps of 50u for each
fof 8 diffnrontdiractions. 45° apart (sea Fig. 23). At each new location .
the second prodder was tested to sce if 1t was still in the same axonal -
. flald as the first, This was done by nctivattng the two stimulutors
' sepnrately with n suprnthreshold stimulus (3-4 timas that of the sensit1vn
point); aach proddar evokad an action potential-on its own (excapt in rare )
instances when the gecond ona was a totaily insensitive spot). I¢ one”
“of these action potantials was tn the lSth sagmental nerve, and the other

P
Y
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" 1in the 17th, then the two prodders were clearly in separate axom)

N

flields. Howaver, when both stimulators evoked spikes in the same
sagmental norve (either tha 16th or the 17th) the occlusfon tochnique
’had to:bg used bacause only in a very faw cases could the 1ndiv1dua}
sptkes be distinguished, with certainty, on tha bnsig of thefr size,
-shape and Iatonéy. The occluston technique consists of aétivatidﬁ ona
stimulator a fow msac before the other. When the two stimulators are
,1hsida the same axonal field, the second fails to evoka an 1mpuiso bocausa
the axon excited by the first Is stiil in 1fs refractory puriod. On the
other hand, if the two stinulators are in difforent axonal fields, then
?two action potont1a1s will be racorded. As the socond stimulator is
‘moved prograssivoly awdy from the fixod roforoncu .one in stops of. about
50n , it pagses fairly abruptly (10. over a distance of 50um) from onn
field to the. next. Oftan 2 separate axonal spikes were evoked at the
boundary point betwoen axonal fields by tho second prodder q\bno. one
spike being occluded by use of the roforoncu'proddér 50y, .Beyond this
potnt tho.rovingoproddor avokad only 1 spiko.'which”was not occluded.
These transition points wore recorded for each of the 8 diroctions

. radiating from the ruforonco\point. and the fiold was reconstructad by

Joining them up. By racordtng tho total sensory output. one can easily
map the netghbouring axonal fields, u\though the task ts labortous.:

Figs. 21 and 22 1llustrate this tachniquo; Fin. 21 shows ‘the
uoIoctricnl rocordings obtatned when two stimulators were in the same
field. When each stinulator was nctivated,qlone‘ one action potential
résultddi when tho§ ware excited togaether thera was still onl} one spike,
{ndicating that both pofnts ware supbliad by thie Same axon .

3
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Fig. 22 ghows the results when the prodders were in different axonal
‘flalds, Now tho twe stimulntors whean uctivatad simultanaous1y. gave
'two spikes which. summatad An example of 3 adjacent fields which war

“all in the samo- segmontal nevrve 1s shown in Fig. 23

b) Rosults - _
The preliminary studies which have been made of such
nxonaI fiolds indicate a variation in their stze from 0.5 mm2 to 4 mma.

The tntaresting finding is, howaver, that each individual axon tnnorvates
{ts own territory of skin, and there 1s very little overlap between
axonal fields. That is, the skin is organized ussunt1n11y as a mosaic

. of {ndividual axonal fields. However, many more fields will have to be

mappad to be absolutely dnrtuin of the invariance of this pattorn of
{nnarvation, It should be noted that the ccclusfon tachnique was only
usoful because there wag 50 11ttle overlap botwoen axonal fialds. If "
‘ovdﬁfdp had bﬁun oxtensive this method would have boan mora difficult
- 10 use.

“ly A -
¢) Limitations of axonal fiold studies

| Thuro ara two practical 11m1tutions which enormously
11m1t the extant to which the axonal rocaptiva fields can ba used to
answer the quantitntivo question about whethar colchicine was causing
tarminal degeneratien in the traatod'nérvo. and also to étudy quantitatively
the rasponan of norvos'dfter gprouting. Ona has to do with the varfation
i fleld stze. In genern1 these experimental animais survive. and
rématn in good condition. for npproximnto1y 12 hours after the baginning
of the exporimnnt. with the initial dissaection nnd segmental field mapping
taking about four hours of this. rn the romaining 8 heurs, there rematns

'



.Fig. 211 Two Prodders in tha Same Axonal Fiald

Top tracei the applied vgltago to the crystal. Bottom
tracej extracellular narva racording from CFPN. A shows
an action potential evoked by a stimulus from one proddor,
and B shows an action potanttal avoked by the second prodder,
C shows that when both proddars are activated togother there
Vs sti11 only ona spike. Thorefore the two stimulators are -
. in the samo axenal field. The ralative refractory partod
(Whenthe second stimulus could not evoke a sacond rasponse .
from a single axon) 4n these raceptors can be as long as
saveral hundred msec. , _ S

)
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F19. 22: Two Proddars in Different Fields °

This figure is similar to Fig. 21 except that hare the
-activation of both prodders together (C) evoked two action
potentials which sumated. The {nterval batween the onsgt
- of activation of the second prodder was less than the
| F?‘“t;¥° refractory parfod for these raceptors shown in )

-
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Map of Three Adjacent Axona] F1e1ds in the Same Segmenta]
Nerve, o . ‘

" The d1agram demanstrates the techn1que of mov1ng in e1ght

different directions to map out the area of each field. Not1ce'

that there is- very.little overlap between these fields. In
each case the fixed (reference) prodder was kept at the:

~

" original low threshold. spot (marked R} and the points marked .

X show where the second 'roving' prodder reached the edge of =~ = .
the field (see text). The relatively large field on the left =~ N
required a second.relocation of the reference prodder for its
comp]ete mapping. . ,



on]y enoug time to measure ‘5~ 6 axonal f1e1ds on each s1de of the animal

-

The resu]ts of axona1 fie]d maasurements 1n a few anima]s shows such a

wide var1at1on (8 foid), that even if the average 1ncrease in axonal

. ffie]d 512e was 100% one wou]d need at’ 1east 10 different axona] field
“"measurements from each side of "the animal to shOW\any s1gn1f1cant '
'd1fference Furthermore, if the bas1c hypothes1s (that there are

'1nh1b1tory nerve factors transported down axons which prevent adJacent

axons. from grow1ng 1nto the1r terr1tory) is correct, then. after part1a]

denervat1on or colch1c1ne treatment on]y those axons ne1ghbour1ng an ‘

“affected axonal terr1tory wou]d be expected to sprout, ones surrounded
| by axonaI f1e1ds of the same (untreated) sp1na1 nerve presumab1y cou]d
" not.  This, then would requ1re an even 1arger number of. f1e1ds to be

mapped than f1rst cons1dered necessary on the bas1s of size var1atlon alone.

“In add1t1on ‘to these prob]ems, there is an 1mportant obJect1on

t

'which cannot be answered by axonal . field’ stud1es After co]ch1c1ne:

treatment, 1t 1s conce1vab1e that there 1s degenerat1on at the ends of a-

few terminals (the ‘size of the axonal f1e1d remaining re]at1ve1y unchanged),.

‘ but that this 'dy1ng back does not reach the parent axon Th1s postu]ated

_'degenerat1on could affect just a few end1ngs 1n each axonal field. 1If

~ this happened, then the’ sprout1ng that occurs after co]ch1c1ne treatment
rcould stil1 be-argued as resu]t1ng from "products of degeneratlon" (the

;- class1ca1 hypothes1s for denervat1on sprout1ng) To exam1ne th1s 1mportant

-p0551b111ty, a method of 1nvest1gat1ng the 1nd1v1dua1 receptors in an .,

axona1 field was deve]oped "There is another argument agalnst axona]

"f1e1d studies as a way of answerlng the quant1tat1ve‘guestions of nerVe

sprout1ng When a segmenta] nerve sprouts and 1ncreases=1ts territory



".of innervation, it is assumed that an 1ndividua1'axona1'fiéld wdqu

1 ~and d1str1but1on of 1nd1v1dua1 receptors in an axona] fje]d

. 4,_ Touch Receptors in the Sk1n

" 86

+

en]arge its area by sprout1ng new branches However, it is conce1vab1e

" that an axona1 field could en1arge W1thout there bemng any 1ncrease in

the number of 1nd1v1dua1-end1ngs. In‘th1s case the 1nd1v1dua1 term1nals‘.

- i

"‘wou]d rearrange themse]ves to cover a greater area ‘and the d1stance )
. between ‘each term1na] wou]d then 1ncrease Because of a]] these '

' obJect1ons, and in order to exam1ne the various poss1b111t1es ment1oned N

A"

above, it was necessary to develop a method of 1nvest1gat1ng the number ;.;

a) The critical st1mu]us and 1ts var1atlon

“In study1ng the problem of d1str1but1on of touch receptors

Within an axonal f1e1d, it 1s essent1a1 to know if;all the 1nd1v1dua1

-‘receptors assoc1ated with that axon can be reso1ved even’ though there
'tmay be a- w1de range of sensit1v1t1es among them A deta1led systemat1c j
Jmap of sens1t1V1ty to mechanmca] st1mu1at1on was made of é(;Hno1nt '

in a.complete area w1thin an axona1 f1e}d, in ‘an effort to answer this

~

question" A 50u diameter prodder was moved in steps of 50u along the

sk1n, and at every point the rate’ of rise of the mechan1ca1 st1mu1us

was 1ncreased 1n-steps of 0. 1-u/msec:i unt11‘an act1on potent1a1 was

~ evoked. in one of the two nerves supp1y1ng the reg10n (16th or 17th).

This stimulus’ is referred to as the critical st1mu1us 3.0t represents

¥ the stimuTus Just 1arge enough (that is with JUSt fast enough rate of
"rise) to evoke an action potentia] every time the st1mu1us is app11ed

L Nh11e this cr1t1ca1 stlmulus would also appear to represent the “thresho]d



-t

\

-

‘st1mu1us" for that p01nt on the sk1n, the tenn threshold 1s used with

' a more restricted mean1ng 1ater The accuracy of the measurement of

" the: cr1t1ca1 st1mu1us was est1mated by mak1ng repeated measurements .
-.‘many t1mes at the same po1nt on the sk1n The stimu]ator was placed on’
- a sens1t1ve spot, and the app]ted vo]tage was- gradual]y increased, in

fsuccess1ve steps unt11 a spike was evoked 5 t1mes consecut1ve1y, th1s

va]ue was recorded A few m1nutes later,. the st1mu1ator tip was 11fted

vert1ca11y off the skin and then Towered again, and the cr1t1ca1 st1mu1us
"redetenn1ned as before, Th1s procedure was repeated 10 ttmes at

'..that_same point on'thefsk1n.. This test was performed s

on a few sens1t1ve spots The requts showed that all critical

yody

st1mu1us vatues for any one spet were w1th1n 20% af the mean for that ‘f_

- p01nt and th1s var1at1on is taken to represent the error 1n the

‘measurement of critical st1mulus in these exper1ments -,

The results of the systemat1c survey are represented in F1g 24

'both as a h1stogram g1v1ng the percentage occurrence of any g1ven ange of

st1mu11, and as the correspond1ng cumu]at1ve graph re]at1ng percentage

B of receptors exc1ted to the stimulus ve]ocity ~ In part c of th]S
'.f1gure the exper1menta1 data is- a]so shown in the actua] two d1mens1ona1
.array used to obtatn dit. This study shows that there is a continuous’

'range of sensit1v1t1es w1th1n an axonal f1e1d the maJor1ty of spots are’

in the h1gh senstt1ve range and the rest tend -towards the Iow sens1t1ve '

range. - , S . §

Do these resu]tslmean'that there is.an individuallreceptdr under

. €ach point tested, and that-theserreceptors'have'differing'sensitivities,

RS

' _or'conVersely,'do"the apparent]j higher thresho1d points indicate prodder



Flg. 24 Deta11ed Survey of Cr1t1ca] St1mu11 Hfthin an Axond1 Field.

L

a) A h1stogram of the’ resu]ts giving the percent occurrence

~of given ranges of stimuli. The range of the Tow thresho1d R
group 15 0.57 u/msec - 0.93 u/msec. '

b) The .Same. data is p]otted as the correspond1ng cumulat1ve
graph where each .bin -represents ‘the sum of that bin plus all-
other-bins to the left of it.  This curve relates the percent

of receptors -excited to the stimulus velocity. Sturge's rule

(Daniel 1974) was used as a -'guide for the interval width of

~ the histograms .in A ‘and B as well as all the subsequent histo-

grams in.later figures. The actual interval widths were + °
chosen to take into cons1derat1on both the sensitivity of the
stimulator and the error 1nvo1ved in measurement of cr1t\ca1

"-‘st1mu11 (see text)

“e) Represents the’ actua] values of cr1t1ca1 st1mu]1 found

_for all skin'points in the dimensional array -used experimentally:
.The range of critical stimuli for the low spots (L) medium -~

spots (M) and high spots (H) are shown on the histogram in’
A. Notice that ne1ghbouring every M spot one can locate an L o

_spot
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locat1ons at varylng distances from the receptors wh1ch /re 1ow thresho]d7
(Or is the true s1tuat10n a mlxture of these two extre s?) To answer"P"

:, these questions it is. necessary to cons1der some of tﬁyephys1ca] con-
sequences of mechan1ca11y deforming the sk1n by the éethods used ?n

.‘ -/
. these experlments I '-_ 1'?./// '

i

] (b) The simp]e hypothes1s | . _
| In cons1der1ng the data of the deta11ed survey of f=“
:lmechan1ca1 sensit1v1ty, at every po1nt in a given area wh1ch 1n fact was
within a s1ng1e axona] field, 1t is 1nterest1ng to note that the f1rst |
"bln of the h1stogram 1s the h1ghest -and’ the hexght of the b1ns to the
fr1ght of it fa]]s off 1n an’ approximate]y exponentia] fash1on at -in-
d‘creas1ng stlmulus strengths Th1S shape is what*one would expect 1f
there were only one popu]at1on of the receptors, all of roughly the
: same sens;t1v1ty The stimulus strength of the f1rst bin wou]d 1nd1cate
. the range of sen51t1V1ty of these receptors and 1ts he1ght would. represent] -o
| the frequency w1th wh1ch the prodder Iands on one of, these receptors. v
1' The b1ns represent1ng the h1gher st1mu1us strengths 1nd1cate the frequency‘ B
.'w1th which the prodder Iands to one.side of" the receptors, the strength of
‘-i stimulus needed wou]d depend on exact]y how . far away the prodder was .
from the nearest receptor Add1t1ona1 data in support of ‘this poss1b1e .:'“ N
. mode] of receptor organ1za ion  comes from 1nspect1on of the two' dlmens1ona1

array of. data from this ‘xper1ment (see F1g 24) One notlces that '

ne1ghbour1ng every "me Tum spot" is a "low spot“ ) Thtsisuggests that

: when the prodder was. ocated ‘at the former pos1tions, the 1arger st1mu1us

o }was needed 1n order/ to activate the neighbourmg "Tow spot"

. %'-' . ..‘_



| a]] of fair]y unlfonﬂ sensit1V1ty, sufficiently spaced out for a prodder

: attempts were made to d1scover whether other .axonal. f1e?d§ ha

-9
ﬂ ‘

The s1mp1e hypothesis. then, is that the mechanoreceptors are

1}

of 10u t1p d1ameter to.have a good chance (say 60 70% probab111ty) of

‘ m1ss1ng them 1n any random survey The data upon wh1ch th1s hypothes1s

- is based was . obta1ned from a deta11ed survey of touch receptors w1th1n :

on]y one. axona] f1e1d Before subJect1ng this model to cr1t1ca] test1ng,

character1st1cs As mentioned earlier (1n the discu551on of a

studles , the task of makIng a series of systemat1c surveys w1th1n

dlfferen;-z;;nalﬂj)elds was considered 1mpract1cab1e ‘because 1t was too time

consum1n labour1ous Furthermore, such a study wou]d givefinformation

R about only a few axons in.a seémental.nerve,‘and " as stated. hefore- the: . -

main ob3ect1ve of th1s study was to have a re11ab1e method of measur1ng
the dens1ty of nerve end1ngs w1th1n the entlre segmental ‘nerve f1e1d
Therefore, a method had to be dev1sed that wou]d enable test1ng of the
end1ngs of many d1fferent axons ' | '

(c) D1str1but1on of toUCh receptors in CFPN f1e1d

The method used to samp]e ‘the touch receptors of

many axons w1th1n the CFPN f1e1d was to make a random survey of the

sens1t1v1ty to mechan1ca1 st1mu1at10n withln a 1arge area (approx1mate1y

- 5mm x 3. 5 mm), using the same deV1ces descr1bed in the systemat1c survey.

‘The cr1t1ca1 stimulus' (see page 86) was measured for 75 random po1nts,
each po1nt be1ng located at- 1east 400u away from the preced1ng one ~ The
resu]ts are represented in Flg 25 both as a h1stogram, g1v1ng the per- '
centageslof occurrence of any ranges of st1mu11, and as the correspond1ng

cumu]at1ve graph re]at1ng the percentage of the popu]at1on activated to ‘



Fig.: 26

. threshold group is 0.57 w/msec - 0.93 n/msec. "B, The same resﬁ]ts'

»

Random- Survey. of Critical Stimulj of the Dorsal Skin Covering. .
the HindTimb T AR S - .

A. The results are.plotted as a\histogram giving the percent.
occurrence of any. given range of stijnuii. The range of low - .

are plotted as the corresponding cumulative graph where each

- bin represents the sum of that bin plus all other bins to the.

left of it. Superimposed on this cumulative graph is the

* results of the detailed survey of critical stimuli within an

individual axonal field (Fig. 24) from a different'animal.

- There was no significant different (P > 0.2 based on the -
- Kolmogorov-Smj rnov test) between these two curves.

y oot
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" the st1mu1us ve]oc1ty
It 1s 1nterest1ng to note that the results of ‘this random
survey ]ook very s1m11ar to the results of the systemat1c survey within .
an 1nd1v1dua1 axonal f1e1d (compare F1gs 24-and 25) In fact there
;15 no stat1st1ca1 d1fference (P > 0. 2 based on the KoImogorov-Sm1rnov

\ : B a4
test, see C0nover, 1971) between the resu]ts of these two exper1ments,

wh1ch were carried- out on: the hindlimb sk1n of different an1ma]s This
suggests that the d1str1but1on of receptors or, in terms of the hypothes1s,
the chance of 1and1ng on a. receptor, is the same’ for 1nd1v1dua1 axona]
_ fields- as 1t is for the entire CFPN' f1e]d “For th1s to be acceptable,
| .‘Hhowever, the random survey must be’ genu1ne1y‘representative of the entiref

d1str1but1on of receptors in the CFPN fie]d . ‘_1

(d) Exper1ments to show that the resu]ts of the random surVey
' represent the true: d1str1but1on within the CFPN field

. The fo]low1ng test was made to see 1f the resu]ts

of the 75 po1nt random survey represented the true d1str1but1on of receptors

in the CFPN f1e]d First, a 1arge area of shout 7 mm x 5 mm was surveyed

at- ]50 random pos1t1ons each pos1t1on be1n:Q:§hgh1y 400u from-the pre- h
ced1ng one Then, the sk1n area was subsequently divided up, 1nto N
serveral d1fferent compartments each 1nc1ud1ng 75 points. " The _
lh1stogram and the cumu]at1ve frequency curves were constructed for each
compartment and compared to those of the other compartments and to the
one constructed for a]] 150 points together The results are shown in.
Fig. 26 There is no s1gn1f1cant difference (P > 0.2, based on the

Ko]mogorov—5m1rnov test) between any of these h1stograms or curves, and -

' therefore it can be conc1uded that a 75 point random suryey.1s an

\
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Fig. 26: Invéstigétion of Gross Distribution of Seﬁsitﬁ@e”Spots.

M

. 150 random points-were tested, and the resiylting values
of - crjtical stimuli were grouped by regions, as shown by the
rectangles on the right of figure A. In A the-total 150
points were divided into equal parts in a variety of ways,
each part having 75 points. The various combinations were

- plotted as histograms (see Fig. 24) and compared. In 8

the cumulative curves corresponding to- the extreme values from
.a11 7 histograms in A were constructed. There was no sig-
nificant difference(P > 0.2, by the Kolmogorov-Smirnov test)
between these two curves, . - | - S

]
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aoceptabie'sampie.of the tota]-populationﬁ

(e ) Un1form1ty of d1str1bution

‘ These results indicate that the d1str1but1on of .,
receptors 1s gross]y un1form over the 1ar e drea. described above However;::
: the above test’ does not rule out the pos 1b1l1ty that the receptors | |
occur in clumps, and- that- these clumps are un1formly spaCed (Th1s
_ h1ghltghts one of the problems 1n.d1scuss1ng un1form1ty, one can reduce

ffthe area cons1dered to a va]ue at wh1ch the un1formity must break
r‘.down) _ | ' |

o ‘
' To test the extent to wh1ch the area under cons1derat1on can be
~ reduced wh1]e st11] g1v1ng the resu]t of un1fonn1ty of d1str1but1on of
the receptors, 75 po1nts were samp]ed]GOOpapart and the results vere ‘
compared to those of : 75 po1nts samp1ed w1th1n the same area but spaced _ N
ponly]OOu apart The two h1stograms, together with- the cumu]ative : ;
frequency curves are shown in F1g 27. No s1gn1f1cant d1fferencel
_(P >0. 2 based on the Ko]mogorov Sm1rnov test) ex1sts between them,‘_
_,and it is concluded that the d1str1but1on is unuform over an area of -

at ]east 0.60 mm2 In add1t1on, F1g ‘28 shows that there isno - =
. s1gn1f1cant d1fference (P > 0. 2) between 75 point random surveys in the '
CFPN f1e1d from one s1de of the ! an1ma] to the other, i.e., the b11atera1

°-symmetry of nerve f1e]ds extends~a]so to the exact d1str1but1on of

‘ 1nd1v1dua1 receptors within them



F1g 27 Compar1son of Distribution of Cr1t1ca1 St1mu1us in Sma]] and
: in Large Skin Areas. .

W

The - reau]ts of two 75 po1nt random surveys opge over an -
-area of 55, mm
.as h1stograms

B} The same resu]ts are plotted as the cumulat1ve ‘curves
corresponding to.the histograms in A and, compared as. in Fig,
- 25B. . There.was no s1gn1f1cant d1fference (P > 0 2) between'

the two curves. - . . S . . :

NN . S
o : y

and the oother over an-area of .60 mm are plotted .
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'j Fig. 28: Compar1son of D1str1but10ns of: Cr1t1ca1 St1mu1us from One S1de'

of the An1ma1 to the Other

) The histogram renJesenting a 75 po1nt random survev
" in the CFPN field is sﬁown for both right and’ left. sides

‘B) The same resu]ts are p]otted as the cumu]at1ve curves -
corresponding to the h1stcgrams There is -no significanf
' d1fference between the two" s1des (P > 0 2) (c f. F1g 258)
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The d1str1but1on of receptors in the area of sk1n in wh1ch these
| tests were made refers to the tota1 of the receptors be]ong1ng to both
“the 16th and the 17th nerve components of the CFPN trunk Since the

act1on potent1als evoked by st1mu1at1ng the receptors are recorded
- separate1y from each segmenta] nerve (see Methods Part 7), the- d1s— v
tr1but1on of receptors can be obtained for both the 16th and 17th com-
ponents. . Th1s method of sampling 75 random points in the CFPN area
therefore a]]ows the d1str1but1on of receptors belongtng to each seg-
mental nerve to be measured and so the procedure sat1sf1es the pr1nc1p]e
" objective of th1s chapter Th1s as stated at the onSet, 1s to have a -
rel1ab1e method of measurtng the d15tr1but10n of nerve end1ngs of a’

'-; segmentaI nerve w1th1n the nerve. f1e1d

f) Location of nerve end1ngs :

' It should be mentioned that “random" . in these exper1ments
means that the spac1ng between p01nts was arbxtrart]y chosen to be 400p,
W1thout regard td -any morpho]og1ca1 features such as- the blood vesse]s
or open1ngs of secretory g]ands (see F1g 29) A detal]ed study was made
to 1nvesttgate 1f the’ sk1n was more or: 1ess sens1t1ve when the st1mu]ator
. Was placed over the biood vesse1 or a secretory g]and open1ng After '
surveying roughTy 300 d1fferent p01nts on and off b]ood vessels and _
secretory g]ands, it was conc]uded that these structures were 1n no way )
corre]ated w1th the mechan1ca1 sen51t1vity F1g 19 shows a Cross sect1on~

' through the sk1n, as seen through the 11ght m1croscope The b1ood-vessels{

[Fateg ,_.,__ﬁ"—"—*—.____‘____,_‘_



Photom1crograp of the Sk1n Th, ough the D1ssect1ng Scope.

secretory g]ands can be see

‘the surfac of the skin. -In. B, fatnt outlines of

as dark spots surrdgnded by

The bar is éSOu for A -and ébu for B. The open1ngs of the
blood vesse]s arranged in aﬂ/angrox1mate1y po]ygonal array.

From Fig. 19 it can be noted that these -glands and,blood P
. vessels are/actually in the dermis, four-five. cei;z be]ow

of the es ent1a11y transparent ep1denn1s cells can be

made out.

e
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' and the secretory glands Tie in the denn1s, below a. Tayer of 4-5- ep1denna1
ce]ls, through wh1ch the secretory duct passes to open on to the surface
Nhen focus1ng w1th a d1ssect1ng mlcroscope on . the sk1n (see Fig. 29),

“one sees that these ep1derma1 cells appear transparent and that ‘the blood -

: vessels and the ducts of the g]ands appear qu1te d1st1nct S1nce there L .

oo _; Was no detectab]e d1fference to mechan1ca] sens1t1v1ty when the st1mu1ator e

| »‘ was ‘over a b1ood vesselﬂorﬁa gland duct and -taking account of the Sma11 - : "} -

| size of stimulus: needed to evoke an act1on potent1a1 in the nerve (0 75 u/msec)

_;f o 1t was. suspected that the nerve. end1ngs that are activated by | _

o ‘the’ mechan1ca1 st1m 1ator are 1n th1s top 4-5 ce11 th1ck epidermal 1ayer

S Recent ev1dence from. Dr. Parducz of this 1aboratory 1nd1cates-that there _

// - ‘H. ' are on]y unmyelinated nerves in the sk1n and that in the ep1derm1s the:nerVe f1bers

are a1ways found |

1ose to, or actua]ly in contact with, Merke1 ce]]s

These cells are common]y found in close reTat1onsh1p to nerve end1ngs in :f R
presumed mecha osensory structures elsewhere in the vertebrates (Engl1sh
1974, Burgess and Perl 1974 Iggo 1974). and it can be specu]ated

therefore that the assoclated nerve term1na]s represent the mechano-
sens1t1ve end1ngs here as well The Merke] cells are a]ways observed 3

in the deepest Tayer of the ep1derm15, about 1/2 k) ce11 th1ckness above

the reg1on which contaans the blood vessels and g]ands

g) Testing of hypothes1s to exp1a1n “the d1str1but1on of sens1t1v1ty

Now, pursu1ng th1s study further, 1t is poss1b1e to test
tHe hypothes1s which exp1a1ns the d1str1but10n of sens1t1V1ty to mechan1ca1
st1mu1ation of the receptors in the CFPN area (see page '36). The maJor

assumpt1on of this hypothes1s 15 that when the prodder 1s 1ocated between

' e
. receptors,. h1gher stimuli are required to deform the skin in the -
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' appropr1ate manner so that the nearest receptor (one of a. un1form1y
sensit1ve populat1on) w111 be act1vated . : .‘

It is poss1b1e to app]y a theoret1ca1 treatment wh1ch to some
extent descr1bes how the San will deform around the prodder as the
st1mu1us is 1ncreased The surface of the sk1n may be cons1dered a thin
d1aphragm wh1ch rece1ves mechan1ca] support from the ce]ls underneath '
..it. As a force is app11ed to the surface of the skin, the cells under- |
neath the prodder transmlt the force 1atera11y to the ne1ghbour1ng ce11s a
- 50 that the 10ad becomes d15tr1buted in a rad1a1 manner from the site
where 1t is app11ed (that is, the 1ocat1on of the prodder) Th1s type
© of support is quite’ s1m11ar to that somet1mes encountered in mechan1ca1
eng1neer1ng, referred to as contact or Herz1an stress B whxch descr1be
the stress d1str1but1ons in two adJown1ng obJects, such as whee]s and
rails, ba]]s and bearangs, or mat1ng gear teeth Equat1ons re]at1ng the
| deformat1on of a surface to the app11ed Toad have been worked out for many _
d1fferent contact s1tuat1ons and can be found' 1n most handbooks of
mechan1cal eng1neer1ng (Roark 1965) Fig. 30 shows an example of one
of these contact s1tuat1ons, wh1ch in many respects 1s ana]ogous to the

present s1tuat1on in the skin.

N



P T

Fig. 30: Contatt.Stress Situation Used to Simulate Vertical Displace- -
Co - ment ofﬂthe_Skin During the Prodding Experiments._

" A) *The stress situation{nf ajload apﬁliéd to a‘semi:,'?
infinite.slab -is shown?diqgramatica]]y. The relationship
. between the vertical movement of point Oito‘the.applied load .

=2 Lt d N ) el - u).~ (1)
1 ak -] ) (L+X]) __X'[, ‘\ S 7k 9

~

" The explanation of the symbols bf'tﬁis‘expreSSTOh, and’ the
1imit1ng-conditions of this equation, are discussed in the text.

B)"Equatioh 1 was solved.to give the profile of vertical

. displacement . for two different values of P. The values in .

“equation 1 were chosen such that when the prodder was at rest
on the skin surface, the tip indented the surface of the skin:
by 10u. The vertical displacement uhderngath the prodder {i.e.
when X = 0} -could be estimated from, the ‘calibration curves

. in Fig. 7 and ‘8. The range of movement to activate .the Tow
thresho]d‘receptor is: about 10y and therefore by incredsing

the load by 4 times P. the ‘displacement at X = @ wosld then

. be approximately 40u from the resting level. Inspection of -

-~ the profile of the vertical displacement reveals that when a
4P stimulis i5-used, the vertical displaceiment at a distance ,
“of 100u from the edge of the prodder (X =J100u)-is.approximately

the same as that caused by a P stimulus at the origin, when
X=0, ‘The significance of this finding is discussed in the
text. o o ) L ‘
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. : . The equat1on re]at1ng the app]ied 1oad to the deformat1on of -
.. the material surround1ng the prodder is:
] _op Vo XPW S - WD ) 4P (1 ) - (1)
1% | .'(L'+?v1) Xy TOTE
where = - . 'f- .
. ‘ﬂr] is the deflect1on at po1nt 0]1n F1g 30
P is the ‘applied pressure (p)

P is the app11ed load per unit. length '

L. is the w1dth of the app]1ed Toad - “ '
- “(for the sa]amander skin th1s represents the prodder d1ameter).

Q1is a po1nt on the surface outs1de the area of the app11ed load. _
;}15 the d1stance the po1nt 0 is from the edge of. the applied ]oad 3
B is a po1nt on the surface remote from the app11ed load. '
;ﬁiis the modu]us of e]ast1c1ty ‘ '
u is Po1sson ratio ' .
d is the dlstance that B is from the edge of the app11ed 1oad

~

and LN 1s the natura1 1ogar1th1m
" By so]v1ng th1s equation for d1fferent values of ¥, -0ne can obta1n the ‘
- prof11e of deformat1ons of the surface of - the skin as shown in Fig. 30
| ) _It_may be he]pfu1.1n understand1ng this equat1on‘1f the limiting -
situations are dichsSedTbrief1y° 1} when x‘; 0 (ie- the spot at the’~
very edge of.the prodder) the vert1ca1 defTect1on, " 1s max1mum, (2)
when x = d (the "remote“ bo1nt) the vertical def]ect1on " is m1n1mum,

although not quijte zero because this funct1on is exponent1a1, (3) as L

approaches 0 the deflectaon, r], at p01nt X approaches 0 (In other

Fl
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. wordy the effect on the surroundlng ‘skin becomes neg11g1b1e Th1s
po1nt can . be apprec1ated by Eons1der1ng the case. of app1y1ng a very sharp,
thin p1n to the sktn The p1n would most probab1y penetrate the surface

“_w1thout deform1ng the surround1ng sk1n) (4) as L 1ncreases, S0 does the ‘

- deflect1on r, at'x.

. 2
in this study, the values +E

Justed 'S0 that when no st1mu1us is app11ed the prodder 1ndents the sk1n by -

about 10u The\valoes of the d1mens1ons in the equat1ons are seIected
to equaj-thoSe of theiprodding situation ' S1nce a st1mu1us of - 4 X Tow: receptor
thrésho]d act1vated 80% or maFE“at the total populat1on the so]ut1on
‘to th1s equation was used to compare how much the prof11e of defonnat1on
changes as the st1mu1us 1s 1ncreased by a factor of 4 The so]ut1ons are.
; 7drawn to scaie in. F1g 30. Th1s f1gure demonstrates that, as the st1mu]us '
l-1s 1ncreased 4 fo]d\ the surround1ng sk1n becomes deformed for a dtstance
as much as 80~ 1oou further than it does for the sma11er stimulus..

| Therefore, if the s1tuat1on of prodd1ng the sk1n can be correctly
represented by the theory of contact stresses, then the curves 1n F1g 30
give -an approx1mat1on of how the sk1n defonns as the st1mu1us is 1ncreased
' Us1ng this 1nfonnat1on one-can pred1ct that, 1f the prodder was 80 -100u.

to one side of- the receptor, it wou]d act1vate th1s receptor 1f the

L st1mu1us were 1ncreased by 4 t1mes the va]ue needed to excite the

o receptor when the prodder was‘d1rect1y over it. .This' d1stance is probab]y

,.over-est1mated because the skin recepiors .are rap1d1y adapting and sen51t1ve

to the ve1oc1ty of defonmat1on (see page 56), th1s theoret1ca1 treatment
Oy

on]y cons1ders the steady—state deformat1ons w1thout any regard to the”

(T
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v1sco eTast1c property of the sk1n which would tend to s]ow down the .

‘ rate of defonnatton

h) Test of the theoret1ca] treatment

It was possqble to test the above theoret1ca1
pred1ction 1n a few exper1ments” A receptor 1y1ng near the edge of a i
| se]ected axonal  field was 1ocated then the prodder was moved further '
.-out of the f1e1d and a ]arge st1mu1us was applled in an attempt to -
act1vate the same receptor In. many cases, as in the orie 11]ustrated
in F1g 31, a2 lateral movement of 50u from the 1ow-thresho1d po1nt
requ1red the st1mu1us to be 1ncreased by 4 t1mes to act1vate the samef-
'lreceptor Th1s is in very good agreement w1th the theoret1ca1 treatment
~The. exper1ment is also con51stent with the hypothes1s thattexp1a1ns ‘the .

d1str1but1on of sens1t1v1ty to mechan1ca1 st1mu1at10n w1th1n the CFPN area.

i) §pac1ng of receptors ;
" This hypothes1s assumes that there is. 0n1y one popu]at1on -
of receptors in the sk1n This can be tested-by us1ng the data on the
_ j“d1str1but1on of these receptors (presented ear]1er in th1s chapter) to
: pred1ct the mean spac1ng and recept1ve f1e]d size of the receptors Since
this pred1ct10n wou]d be based on ‘the "one popu1at1on“ 1dea a result
.actuaTTy obta1ned from a deta1]ed systematlc survey of the sk1n, whlch con-‘
formed to a. pred:cted value, wou]d also be good support for the hypothes1s
The results of the 75 point random survey, presented in F1g 25
' 1nd1cate that the prodder landed on a receptor (that is, the first b1n
" of the h1stogram in Fig. 25) in 20% of the tr1a]s S1nce this was a
random survey, it can be conc]uded that 20% of the area samp]ed is

Ih covered by these receptors In add1t10n, the resu]ts of the test on

e e
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CRITICAL STIMULUS = -
- {u/MSECY

0 © 50 100 150 200 250 °
LINEAR MOVEMENT (n) -
‘Fig. 31: The Relationship Between the .Critical Stimulus Needed to Evoke

. an Action Potential and the Distance of the Prodder from as
o SeTécted Low Thresho]d Point On the Skin, ' .

. The 0 point was located by a systematic seéarch and then a

prodder was - moved in a straight Tine in 50u steps. At

each-point the critical stimulus was tested. This- f1gure can

be usefu]ly considered in relation to the systemat1c mapp1ng
‘wh1ch is 111ustrated in Fig. 33. .
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' page 97 1nd1cate that these receptors are un1form1y d1str1buted over the

- surfaces If these receptors are considered ‘to. be in square arrays,

a d1stant A apart .and un1form1y d1str1buted over the surface as

shown in F1g 32, then the fract1on of the square A X A occupied by

'freceptors must be

=7 e-Q.?O'-r S :(2) if -

"fR 1s the rad1us of the f1e]d of the. receptor (assumed to be c1rcu1ar)

‘ It turns out that g d1fferent array of receptors, eg. hexagona] does not'

V

' tgreatly affect the calculated resu]t The sectton above on the prof11e

\

‘of skin deformat1on (see F1g 30) a]so 1nd1cated that a receptor could

3

be act1vated 50p away WIth a st1mu1us of 4 times that wh1ch is needed

E when the prodder is used d1rect1y on top of a receptor (The st1mu]us

o needed to f1re a receptor when the prodder is d1rECt1y over 1t will be

referred to as T, the true “thresho]d" st1mu]us ) Another way of
say1ng thus, is that the. rad1us of the recept1ve f]eld (R) of a receptor '
for aT st1mu1us 1ncreases by 50 | when a AT st1mu1us is used

Referr1ng back to the 75 po1nt random survey (see F1g 25)'one

- fnot1ces that 80% of the surface of the skin is recept1ve to'a 4T st1mu1us

‘st1mu1us is

Accord1ng to the "one popu]ation" hypothes1s, the receptors would still’

"be the same d1stance (A) apart for a 4T st1mu1us, and the only change is

that the recept1ve fqe]d-of the‘receptors-15v1ncreased by 501 . There—

fore the fract1on of the area AxA 1n F1g 32 now recept1ve to a 4T

A l A
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-~ RECEPTIYE-FIELD OF A
LOW THRESHOLD RECEPTOR

AREA OF A X-A OCCUPIED
BY RECEPTOR IS:

174 7R X 4 = =R?
‘R = RECEPTIVE- FIELD RADIUS OF
A RECEPTOR R

"Fig. 32: -Idealized*Model of Receptgrs in the Skin.

‘This schematic diagram shows the receptors in a square ..
tattice: arrangement with the.centres of their circular ) -
receptive fields a distance A apart. The fraction of the square
A x A occupied by the receptive surface is IR

TR

a2
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:Now, by subst1tut1ng equat1on 2 1nto equat1on 3, it is possib]e.to solve.
for the two unknowns A and R . | |
A is, then, 200y » and R is
' Therefore, the pred1cted rad1us of the recept1ve f1er of the receptor, -
assumlng on1y one popu]at1on of receptors, 1s SOu and,these;receptors_‘

, are spaced on-the average 200y apart

J3Y .Egper1menta1-f1nd1ngs for-receptive'tiéTd size of receptorsh-_
© . and their spacing . , :

A few expertments were attempted to prov1de a d1rect

test of the validity of the. above approach On four separate occas1ons .
over 100 points were sampled for the1r sens1t1v1ty to mechan1ca] st1mu1at1on_‘
'1n steps of 50u over a Targe rectangular area of skin. The vaTues of
" the. cr1t1ca]' st1mu1us for each point were marked on a grtd map of the
sk1n From th1s grid- a]l po1nts whose cr1t1ca1 st1muTus was w1th1n
3 the T range (1e high sens1t1ve po1nts) were marked and enc]osed w1th1n

Ta cont1nous 11ne The results are shown in Fig 33. These h1gh1y

' sen51t1ve areas were seen to be grouped 1n roughTy spher1ca1 arrays. _
The1r mean radius was about 50u and they were. separated from each other .

by approx1mate1y 150- 200u .. These admlttedly crude resu]ts are con-

" sistent w1th the predicted values The hypothes1s wh1ch exp]a1ns d1s- .

tr1but1on of receptors is supported by th1s test,
A natura] coro]lary of this hypothes1s s that 1f a 250u
prodder was used to sampTe the skin, every point samp]ed should eover at

least one receptor. Theseuexper1ments.are curréhtiy underway.

AN



F1g 33 Recept1ve F1e1ds of Touch Receptors

Over 100 sk1n 10cat1onswere systemat1ca11y surveyed in

a square of 10 X’ 10. The .distance between successive

points was 50u. ~ After the 100 g¢ritical stimuli were found,

all points whose critical thresholds was within the niean: Iow

threshold range were circled, and neighbouring low points

were enclosed by a line drawn by eye. As-can be seen, the

results of this systematic survey reduced to. localized spots

of roughly 50u in radius with centre to centre distances .

about 150u to 200w apart. ) These locaiized areas of higher

sensitivity to. mechanical/deformation presumably represents = .
' the 1nd1V1dua1 recept1ve f1e1ds of the 1ow thresho]d receptors.
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5. Discussion

In th1s chapter a re11ab1e method wWas- deve]oped for 1nvest1gat1ng

. the: dens1ty of mechanosensory end1ngs of a segmenta] nerve in the sk1n .

of the salamander h1nd11mb Th1s method consists of. mak1ng a random

"survey of the skin, testing the sens1t1v1ty of each po1nt to mechan1ca1
' ‘st1mu1at1on Nhen the,resu]ts of such a study are p]otted as a h1stogram;

--‘show1ng the percentage of occurrence of any-giVen.range of stimu]i, the. .

d1str1but1on 1s skewed ~¢he highest percentage of occurrence 1is ‘_the

1owest st1mu1us strength range and the he1ght of the bins, to the r1ght

‘of it gets _ progress1ve1y shaller at h1gher st1mu1us strengths The -

hypothes1s put forward in thTS chapter to exp1a1n this type of d1str1bu-

t1on is that only one popu]at1on of mechanoreceptors ex1sts in the skin,

'and‘that they_are al] of rough]y the same sensitivity. The st1mu1usu
. strength of the first bin (from the 1eft) inditates the range of<sensi-

*rt1v1ty of these mechanoreceptors and the he1ght of. the f1rst bin wou]d

represent the frequency that the prodder locates one of these: receptors

The b1ns represent1ng higher st1mu11 1nd1cate the frequency that the

: prodder 1ands to one s1de of these receptors, the strength of st1mu1us

needed: depends on- exactly how' far away the prodder is from the nearest

receptor. The ev1dence presented in th1s chapter 1ends good support to

| this hypothesis.
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The morphological'studies"by~Drs Parducz and’ Les]1e in th1s -

1aboratory (persona1 commun1cat10n) also tend to support the hypothes1s

that there is on1y one populat1on of meghanoreceptors in the sk1n

' -(Some of the1r results were discussed in this chapter, page 71 .and page '
' 72). The nerve end1ngs in the ep1derma1 1ayer of the sk1n a1ways ap-
' .;pear to be assoc1ated w1th Merke] ce]]s, ce1]s khown to occur 1n 1dent1—j

;f1ed mechanosensory structures in other preparat1ons (Munger 1965, Sm1th

1967 Iggo and Muir 1969 Burgess Engl1sh Horch and Stensaas 1974)

‘The actua] location of these Merke] ce]]s is a]ways in thefdeepest 1ayer

of. ce]]s 1n the ep1derm1s, Just above the basal 1am1na separat1ng the

' denm1s from the ep1derm1s CIf. the Merkel cells are in fact a component P

of the mechanoreceptors then sen51t1V1ty to ouch for each receptor cou]d

Awe11 be the same in any one an1ma1, since they are approx1mate1y the
‘same depth in the sk1n Furthennore, these Merke] ce]ls appear to be T

' -suff1c1ent1y far apart (as Judged from the:r re]at1ve spars1ty in, ser1a]

EM sect1ons) that 1t is easy to conce1ve of the prodder be1ng 51ted be-
i
tween two Merke] ce]]s and therefore need1ng a higher st1mu]us to act1vate

one of them These morpholog1ca1 stud1es therefore SUpport the phys1o]-ﬁ.d—ef-”"'
. ‘og1ca] resu]ts descr1bed 1n th1s chapter D1rect ev1dence that the Merke]

ceI]s are 1n fact a part of the mechanoreceptors must _come from a comb1ned

morpholog1ca1 and phy51olog1ca1 study on the same skin. _Such‘exper1ments -

are’ current]y underway

Because~there is no-comparable study on the organization of

‘\mechanoreceptors in the sa]amander, it is 1nterest1ng to compare the :

present results to those descr1bed for a c]ose1y related specaes, the

frog, espectal]y since the morphology of the frog skin appears very



' M1zuguch1 and Tasak1 1952 Catton 1958, Rub1n and Syrock1 1936)

B
similar to that of the sa1amander (Parducz personal communication .
-and wh1tear, ]9?4 1975) Both the sk1n of the frog and the skine of .
the sa]amander have rap1d]y adapt ng‘fo‘“ﬁ“receptorsh—and-the_sensorx_ﬁ__‘_l_ﬁ__“_

axons conduct actlon potent1als with s1m11ar ve]oc1t1es (Maruhash1

However, the frog skin’ d1ffers from the sa]amander in that it also cone'w‘ '
_—‘—‘—.—‘—"—-__

tains s1ow1y adapting mechanoreceptors Further d1fferences between

'these two spec1es exist in the’ recept1ve f1e1ds of individual axons

:‘The s1zes of the axona] fields reported for the frog are much ]arger than

. Sy

- those found 1n the sa]amander, (eg i mm2 30”m2 compared t0 0. 5 4.0 LU

- (Adr1an, Catte]] and Hoagland 1931 Maruhash1, M1zuguch1 and Tasah1

"‘1952 L1ndb1um, 1958, VYerveen, 1963) however the st1mu11 used to def1ne

‘the recept1ve f1e1ds in the frog were about 30 t1mes the strength used

In the present exper1ments, presumably the spread of stimulus’ cou]d be

in part respons1b1e for the Targer: s1ze f1e1ds Another deférence be-‘
;tween the axona] f1e1ds in the’ frog and those in the sa]amander is that :Q

in 1 the former the axonal f1e1ds over1ap extens1ve]y, whereas the few

——

f1e1ds measured in the present experrments showed: on]y stight overlap

o Aga1n, th1s cou]d be a funct1on of the size and the spread of the st1mu1us

-used in- the d1fferent experlments On the other hand the non over]apping
f1e1ds in the sa]amander mlght 1nd1cate a genu1ne d1fference between
these two spec1es .

. It can be conc]uded that- a]though the morpho]ogy of the two sk1ns
appears S1m11ar the" funct1ona] organ1zat1on of the 1nnervat1on between |

the frog and the sa]amander has some 1mportant d1fferences It.is.not_'

1



. easy ;o'§uggeét what”advahtages‘the-qne"may have -over the other. A]though~ o

21

:.ih'thebkyla higheffﬁnfofﬁdti0n‘content-is aVai]qb1e.when'fie1ds\over1ap,

this could be offset by the much sma11?r size of the fields in the

sa]amaﬁder, which aliows_' ,Qodd'spatia] resolution of the stimulus.

' Whaf.iS;SQrprising'is the Tack~of 510W1y7adapiing‘rECeptors in the

. salamander.
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VI \MECHANOSENSORY FUNCTION AFIER COLCHICINE TREATMENT OF NERVES
. - /
1. Introduct1on i A G

| Agu11ar (1973) found that 1t Was poss1b1e to treat one

" of the segmenta1 nerves to the sa1amander h1nd11mb w1th a dose of col-
-ch1c1ne that e11m1nated or reduced fast axoplasm1c transport w1thout

' cau51ng not1ceab1e degenerat1on 1n the-treated nerve trunks; or any .

- detectab]e reduct1on in its area of 1nnervat1on, however the adJacent -

| segmental nerves sprouted Just as though the treated nerve had been

:.sect1oned Th1s.study-was 1nterpreted as ev1denge that some factor -:-_'

“(or factors).is carr1ed by fast axop]asm1c transport thCh is 1nVO1ved

-~ .

;1n the regu1at1on of nerve f1e1ds
- There are . at least’ two other p0551b1e exp1anat1ons why the

.nerve_ 1' sprout1ng occurred Qne is that colchicine could have a

dtrect-act1on on the sk1n 1tse1f which’might-in some‘Way evoke.

prtermtna1 sproptihg There is ‘some evidence ,for example to indicate e -

that traumat1z1ng skin can 1ead to nerve sprout1ng (Spe1de] 1941)

The second p0551b111ty 1s that-the colch1c1ne treatment, 1n

s add1t1on to b1ock1ng fast axop1asm1c transport m1ght cause a sma]l

amount of degenerat1on confined to the term1na] region of a few axons

in the treated.nerve This scattered effect might not cause suff101ent

‘dyihg baek' to'affect the main regwon of the'axons in the nerve frunk-

\ :and this- wou]d not have been detected in the morpholog1ca1 and electro—
, phys1o]ogaca1 studtes made by Aguilar et al. (1973) . These authors also

showed that the‘nerves‘treated with co1chicine‘ih the.dQSes that they used

122
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were themse]ves not capable of'sprouting in -response to adjacent nerve

degeneratIOn - NevertheTess a hypothet1ca] 5ma]I amount of termzna]

14'

'degeneratton cou]d be- conce1ved of as a st1mu1us for the adJacent nerves'
to sprout a mechanism therefore in accord w1th the 1ong he]d view that .
;'denervat1on sprout1ng is caused by products of degenerat1ng nerves.

2. .Results

P

a) slstemi"c Action of Colchicine:

i} Test for selective effects in the skin of the treated 11mb.

-The quest1on 15* Does colch1c1ne preferent1a]1y
affect the sk1n of the treated limb, compared w1th that on the oppos1te
, _s1de7 The 1nvest19at1on therefore focused on-the measurement of col-
chicine in the skin 1tse1f 0n1y 1f there was 51gn1f1cant d1fferences :
between the two Timbs coqu the hypothes1s of direct act1on be supported

An1mals were, treated w1th 50.mM - 75 mM rad1oact1ve co]ch1c1ne,

- "R . as descr1bed in the” Methods,
part 5a. Following this treatment; strips of dorsal and ventral. sk1n
.6-8 'mm Wide, were removed from both hindtimbs and d1v1ded 1nto prox1ma1
~and dfstat.ha1ves. The amount of 1abe11ed mater1a1 in the skin was
mea5ured for each‘port1on by ]1qu1d sc1nt111at1on countjng,(see Methods,
Part 5);and expressedfas counts per minute (cpm)-per mmz" _ of skin.
Sixteen anwmals were used 1n a]], and a11 received co1ch1c1ne on the
‘same day Two of them were 1nvestlgated each day, beg1nn1ng on the day’
after treatment, for seven days, two more prov1ded results at 14 days

#fter treatment The resuTts are presented in tab1e I.



o

' fTaB]e 1: Rad1oact1ve Mater1a1 in Skin after Labe]led CoIch1c1ne
T gpp71cat10n to One 16th Nerve.

The cpm minus the background are expressed per mm2

of skin for different animals treated with 3y - colchicine . .

at different times. E is the exper1menta1 s1de - Cis.
.the contra]atera] untreated 51de e
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It is c]ear from these resu]ts that there were no s1gn1f1cant
differences (P >0 2) between amounts of 1abe]1ed mater1a1 in the skin on |
ane side of the animal compared to the other side. | Furthermore there f
is very Tittle dlfference 1n the skin counts for the 1 day an1ma]s com—
pared to the an1ma]s exam1ned 14 days after treatment There 15, however,
a]most a two fo]d var1at1on in the amoupt of rad1oact1v1ty between antmals,‘-

. th1s is not surpr151ng, cons1der1ng the relat1ve1y crude method used

to apply the drog to the” nerves whtch 1nvo1ved no . spec1a] precaut1ons :?\\“s,

restr1ct the co]ch1c1ne only to the nerve Neverthe]ess the resu]ts c1ear1y -

‘show that no preferent1a1 1oca]1zat1on of labelled mater1a1 appeared in

the sk1n of the treated I1mb compared to the untreated one.

3ii] Q_ant1tat1ve ‘estimate.of colch1c1ne 1n the 5k1n

If it 15 assumed that the ]abel]ed mater1a1

actuat]y is a11 co]ch1c1ne, it is poss1b1e to caIculate how much of. 1t

s present in the sk1n As stated 1n~the Methods, Part 5 the radto—-
. act1ve co1ch1c1ne (spec1f1c act1v1ty5C1/mmo1evms d11uted w1th ord1nary t ;{
co]ch1c1ne to give a final spec1f1c actxvxty of 40:nC1/mm01e) The * -
resu]ts shown in Tab]e 1 1nd1cate that there was on the average about
10 cpm/mm of sk1n The counttng eff1c1ency of the techn1que used to
determ1ne the radioactivity was ca1cuTated to be roughly 65% from a quench
correct1on ‘curve and 50 the rad1oact1v1ty could then be expressed in

terms of d1s1ntegrat1ons per m1nute (dpm) The sk1n samples were
| approx1mate1y O 5 mm thick, and s6 the actual amount of rad10act1v1ty-‘

1n the skwn was about 8 dpm/mm3

N

Swnce 11ﬂ51equa1s 2.2 x 10 dpm (Nehr and R1chards, 1967) and

the spec1f1c act1v1ty used in these experiments was 40 mCi/mM, it is
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. possible to ca]cu]ate the amount of co]ch1c1ne (assum1ng a]l the Iabel

.'1s co]ch1c1ne) in a mm3 of sk1n
o T nci = _ 22x109 dpm
Sp. Act . . .40: mC}/mM
1 dpm = . 1 m
" 2.2 % 10° x 40

. As descr1bed above on the average the counts in the sk1n were about
-8 dom ". L Lo S
the amount of colch1c1ne correspond1ng to th1s va]ue_ "

"2.2x10° x 20 e

,wh1ch 1s the quantlty of co]ch1c1ne in 1 mm3 of sk1n From‘the histo—
]ogxca1 sect1ons of the sk1n (see th 19) the average ce]] is est1mated _
'to be approx1mate]y 20u in d1ameter Therefore the tota] number of: ce]]s -
per mm3 of skin would equaI 2.5 x 105 Assum1ng an ‘equal d1str1but1on

.,_g) co1ch1c1ne throughout the sk1n there would be 3x 10 10 mM'c01chicine
per 106 ce]]s | |

- The amount of colchicine needed to arrest ce]] d1v1s1on is 1in the regxon _

- of 6 X, 10 mM/]O cells (TayTor, 1965)

: -It SEems very un]1ke1y therefore that this small amount of co1ch1c1ne wou]d"
" have any effect at a]T on the sk1n ceT]s Even so0, the results 1nd1cate
that there was no greater accumulat1on of coTch1c1ne on the treated side,

re]ative to the other, and that sprout1ng of nerves in one 11mb cannot

‘be attr1butab1e to a dtrect actton on the sk1n of that 11mb



N

b) . Test for functioha]'degeneration after'colchicine-

: By u51ng the techn1ques for ana]ys1ng the d1str1but1on

of 1nd1v1dua1 ‘touch receptors in the sk1n descr1bed 1n Part 111, 1t

_was poss1b1e to 1nvest1gate whether nerves treated with co1ch1c1ne showed '

2
- any funct1ona1 1oss of the touch receptors assoc1ated with it. As was

shown, the. receptors are un1formly d1str1buted in number andcsens1t1v1ty,
'Aand since they are symmetr1ca1 in this regard from one side of the an1ma1

to- the other, the non- operated I1mb can be used as a contro] for the

exper1menta] one. Furthennore, as shown above the amount of co]ch1c1ne._.

which reaches the sk1n is the same on both s1des

The quest1on is: Do the receptors 1n the sk1n of the treated
* 1imb change in number -and/or sens1t1v1ty, compared to those of the control
side? F1g 34 shows the results from three d1fferent an1ma15, each one

"exam1ned at a d1fferent t1me (6,9 and 14 days)-after the 16th nerve of

one - 11mb was treated with 75 mM colch1C1ne In’ each part of the Fig. 34

the d1str1but1on of touch thresho]ds of the receptors of the 16th treated =

. nerve is. compared to that of the control nerve on the other side of the

an1ma1. There 1§ no statistical d1fference‘(E> ofz)based on Konogorov-;-
Smirnov teet) betweeh the‘resu1t§ on one side of the animal to the other.
:Thesefhistoprame cah‘be compared to those ih‘Fig.;BS. In this case 3

different,animals mere'examined‘at different'timeé (5 6 and 7'daye)

 after. the 16th sptnal nerve waS'sectiohed in one‘]imb As for the

co1ch1c1ne exper1ments, the exper1menta1 nerve is compared to its control
on the other side of the animal. It is note-worthy that after 5 days
‘:;‘theredWas.11ttle'or-no functional‘change-in the'tooch receptors of the‘

: sectioned herve. However‘changes in. the distributﬁoh of the critical

128
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Fig. 345.Mechanoéénsofy~thctfon_after Colchicine.

. The sensitivity of the 16th nerve field to mechanical
"stimulation,after the 16th nerve trunk was:treated with
colchicine,was tested for 3 different animals, ‘each one
. . examined at a different time (6, 9 and 14 days) after -
. _ treatment. The distribution of critical stimuli for a-
' .~ 50 point random survey is compired to that of the control
» = 16th nerve field on the other 3ide of the animal. ' There
. "was no significanti: difference}(P > 0.1) between the
results for the two sides. (cff. Fig.:35).
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 Fig. 35:

. from the )
- distripution of critical stimuli for.a 50 point random survey

AMéchandéehsory Function After Nerve Settﬁon '

The sens1t1v1ty of the 16th nerve field to mechan1ca]

" stimulation after 16th nerve section was' tested for three
- different animals, each one examined at 'a different time

(5, 6 ahdde.days) after treatment. The records were made
stal position of the sectioned 16th nerve. The

is compared to that of the control 16th field on the other

- side ‘of:the animal.. There was no'significant difference
{P > 0.2) ‘between the results on the two sides, 5 days after
. nerve section. However, on day 6 there was a significant

reduction (P < 0.005) between the distribution on both s1des
By day 7° on]y very few receptors rema1ned functional in

:the sk1n
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' st1mu1us cou]d be c]ear]y seen on day 6 there were many fewer ]ow :
' thresho1d spots and many more in the h1gher st1mu1us range thereby
“completely chang1ng the - shape of the htstogram from 1ts usual’ skewed
,_d1str1but1on as shown in the contralatera} contro] limb. _By day 7, _
about 80% of the touch receptor population was not detectab]e that s,
”:there was no-response to very 1arge stimuTi app11ed to the . sk1n at these ;:
Ny po1nts It is a]so worth not1ng that the controI h1stograms in these 3 ::‘}
H an1mals are not stat1st1ca]1y dlfferent (P »0.2) from the 6 h1stograms ._ 1“‘
1n Fig. 34 g1V1ng further ev1dence that co]ch1C1ne was not hav1ng a
lgenera11zed system1c effect on mechanosensory function. _-
_ Tﬁe mean d1fference between the number of 1ow thresho]d sk1n
receptors (the f1rst bin to the left on the h1stograms), of the
‘uco1ch;c1ne treated nerve compared to that of the contra]ateraT contro1
l_one for seven an1mals is shown in F1g 36 These results 1nd1cate that
'co1ch1c1ne treated animals. exh1b1t the same side- to s1de varfation as
- :the normal untreated animals, and again . there was no- stat1st1ca1 d1fference F‘\
(P >0, 2 between the groups of animals treated w1th co]ch1c1ne and the
norma1 untreated groups ‘ | | '

»

T e) Co1ch1C1ne toxicity ?

..

In most cases, the dose of colch1c1ne used in these '
exper1ments had no. detectable- effects other than to 1nterfere with’
: neurona] transport rediice the number of m1crotubu1es in the treated '
_nerves, and cause sprout1ng of adJacent ones (Agu11ar et a] 1973)
'However, in one group of an1mals, co]ch1C1ne produced pecu11ar s1de-

effects. *hese sa]amanders were the same species norma]Ty used in these

exper1ments (Amb]ystoma t1gr1num) and were obta1ned from the‘same supp11er

N . ' . o



':Fig._36; Low Threshold. Receﬁkors in Nerves After Co]ch1c1ne Treatment -

In 8 an1ma1s the 16th nerve was treated with 75 100 mM
colchicine for half-an hour, and 6-21 days later the same
nervés were used to test the mechanosensitivity of the’

"t e-\e C appropriate nerve field. There was no significant d1fference

(P > 0.2 } between the frequency of locating a low threshold

'spot belonging to the treated nerve compared to that on the

“Untreated contralateral control nerve..  Furthermore, these
treated animals did not 'differ 51gn1f1cant]y (P > 0 2 )
from the untreated contro] animals.

-
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Apart from the‘inoreased sensitiVity"to colchicine, the oniy other detect-:
*able d1fferences between the two popu1at1ons of an1ma15!was a s11ght :

e
~variation ‘in the skin, p1gmentat1on The p1gment in_ the- tox1c popu]atumigf

was black w1th yel]ow spots whereas the p1gment of the usual group of

‘sa]amanders was dark green WTth ye]]ow spots

The f1rst behavqoura] s1gn of tox1c1ty showed up - 5 6 weeks after
‘coTch1c1ne treatment instead of the norma] wa1k1ng ga1t these an1mals

hexh1b1ted a type of sw1mm1ng movement, as if they were in water,. even

|

"1n the1r norma] 'dry env1ronment' A]though the an1ma1s appeared to

l| ~.

wa]k and behave norma]ly 1n the 1st 4 weeks after treatment exam1nat1on
'revea]ed thatothey were’ very 1nsens1t1ve to touch

When the sensory f1e1ds were mapped as early as. 7 days. after .

treatment by record1ng from the segmentai nerves ‘while st1mu1at1ng the /% .

.

~skin w1th a~f1ne brush, it was d1scovered that the h1nd11mb sk1n ‘was

-

'?rpract1Ca11y v01d of funct1ona1 mechanoreceptors on both s1des of the
'_an1ma1s However, the motor 1nnervat1on ‘as measured by EMG record1ngs
.'from d1fferent musc1e groups wh11e st1mu1at1ng ‘the same segmenta] nerves
-(Agu11ar et al. 1973} appeared qo1te normat.' In a few cases.the fore]1mb
skin was also examined,_and.it showed.similar_defects to those inatherhind-
11mb skin. 'These resu1ts‘sogge3t-a systemic‘action of co]chioine affecting
-~ the skin receptors in a11 11mbs (at least), but- w1thout not1ceab1e
--affects on the musc]es or motor nerves ‘ ) _ _
To test Tf there was an unusua]]y 1ncreased -amount of colch1c1ne
gett1ng into the c1rcu1at10n a group of these animals was treated w1th

50-75 mM 3Hito]ch1c1ne as descr1bed in part a'(see page123), and the

skin i was exam1ned for rad1oact1ve material. Ihe_resu]ts are shown in
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Table 2. -

In comparing the results to those obtained for the animats n

. Part I of th1s section (see Table 1), 1t can be seen ‘that there is more

than a 10 fo]d ‘increase in rad1oactIV1ty per rnm2 of skin at day 1 in the |
an1maIs wh1ch showed tox1c s1de effects Fig. 37 is a graph of rad$o-

act1v1ty 1n the skin p]otted aga1nst the days after treatment for the

two dtfferent groups of an1ma15 It is not clear what b1o]og1ca1

var1at1on can account for th1s d1fference, but it cannot be exp1a1ned

1

on the basis of d1fferences in 51ze or sex, 51nce such d1fferences

' de not ex1st - _' - ' .

It was found that the amount of co]ch1c1ne c1rcu1at1ng system1ca11y

cou]d be reduced by makxng a. sma]] petro]eum Je]]y trough around the nerve,_

S0 that the drug was on]y in contact with the nerve and its surround1ng

t1ssue In a few exper1ments 1nvolv1ng this techn1que, there was

- a reduct1on in the tox1c s1de effects. Howeven no quantttat1ve study

. wWas performed and subsequent sh1pments of sa]amanders ‘were of the

“am

_orxg1na1 kind normally used in this study

1

s
The resu1ts of the 3H co]ch1c1ne exper1ments 1nd1cate that the '
S

small amount of co]ch1c1ne that gets - 1nto the c1rcu]at1on us1ng the

‘Present method of app]1cat1on to the nerve Jdeads to, n even dlstr1but1on

of ]abelTed mater1a1 throughout the skin of the animal. It seems im- o
probab]e, therefore, that the drug can be act1ng“;ieferent1a1]y§on the

skin of the treated s1de to cause nerve sprout1ng Furthennore the. Y

-.; amount of co]ch1c1ne that actua]ly gets 1nto the sk1n is. probably too
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" Table TI;

h—‘

Rad1oact1v1ty In Sk1n of Tox1c Anlmals

»
fUEN

: s
Th1s table is s1m11ar to Table 1. Howeverg the

“animals-used in this study showed toxic side effects

(see text). Notice that:-the cpm/mm? of. animals -

. one day -after treatment are 10 times the values for
"comparable antma] in Tabie I.

. ™~

.
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Fig. 372

Comparison of Radioactive Colchicine in the Skin of

'Toxic'-and 'Non-toxXic' Animals. .

The skin counts for the.fwo‘groups of animals, those

of Tablé I (dots) and those of Table 11 (x's)are.compared‘

at different times after treatment. 1In the non toxic'

- animals (dots) there was a constant level o%\radioactivity .

from day 1 to day 14;. the 'toxic! group (x's)initially had

10 times the level of radioactivity in the skin compared” to s .

the 'non.toxic' group, but the level fell to the level of
the ‘non 'toxic' group by day 15.. .
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:'small to, have 1ts usua] "traumat1c (e. anti-mitotic) effect. on this
‘t1ssue ) - _
I€71s 1nterest1ng that the an1mals wh1ch showed tox1c s1de
- effects had a 10 fold 1ncrease in-the. amount of co]ch1c1ne in the sk1n o
©at, day 1 after treatment -and also had a 1arge loss of funct1ona1 touch
'receptors, without any not1ceab1e effect on the motor term1na15 ‘This’
resu]t 15 very reminiscent of the "v1ncr1st1ne neuropathy" descr1bed
in humans after rece1v1ng that drug in cancer chemotherapy (Dr A: Upton, .
j‘personal commun1cat1on) These pat1ents-suffer a var1ab1e patchy 1oss.\_'
of touch sensat1on., however, the .sensory compound act1dn potent1a1
is norma1 (record1ng in the peripheral nerve trunk), and on]y w1th S
jspec1a1 techn1ques ‘can sl1ght changes be detected for .the- motor 1nnervat1on;
It appears that there may be a d1rect act1on of these ant1-m1tot1c
pozsons on the sensory term1na1 wh1ch in some way 1nterferes w1th 1ts
function, w1thout necessar11y affect1ng the sensory axon 1tse1f -
In th1s connect1on it has been reported that co]ch1c1ne appI1ed
_ 1oca11y to the campan1form sens111a, a spec1a11zed mechanoreceptor in the
:cockroach h1nd]1mb complete1y dlsrupted its mechanotransduct1on pro-
’ pert1es w1thout 1nterfer1ng with the ab111ty of the sensory axon to
conduct impulses (Moran and Varela, ]971) The only detectab]e deference |
the 1nvest1gators cou]d find in these structures was a marked reduct1on |
in the number of m1crotubules seen by E.M, of the sensory end1ng 1tse1f
Perhaps in the present exper1ments co]ch1c1ne acted in a s1m1]ar fash1on i
l\m those an1mals wh1ch showed the toxic side-~ effects, but th1s has not

s

yet been tested



The exper1ments on the funct1on1ng mechanoreceptors of the

‘colch1c1ne treated nerves 1nd1cate that th1s drug was not caus1ng de—
generat1on of the nerve term1na1s, s1nce it is hard1y conce1vab1e that
;th1s would happen w1thout changes in the thresho]d for the1r exc1tat10n
(compare to the resu1ts of-.nerve sect1on) "It seems- therefore that the
sprout1ng after colchicine: treatment [see Agu11ar et al. (1973) and

Part 5 of this - thes1s] can be conf1dent1y attr1buted to the act1on
of the drug in b1ock1ng fast ax0p1a5m1c transport

The resu]ts after nerve section also support th1s hypothes1s

N v

'There was' no detectable change in receptor funct1on f1ve days after .
nerve sect1on, even though sprouting .of adJacent nerves 15 a]ready under-
way by th1s time (see Agu11ar et al. 1973) S1nce the nerve was cut’
about 25 mm from the sensory ‘endings, the degenerat1on occur1ng at 6- 8

: days would suggest that. axop]asm1c transport of some essential mater1a1
‘wou]d be un11ke1y to have E:| rate greater than 3-4 mm per day Th1s upper ;;.
V1m1t (assum1ng no "stock p1ie“ at the end1ngs) is cons1stent w1th the .

‘receptor funct1on be1ng more dependent on a s]ow rather than fast trans-
port,_s1nce the latter,rate can;he as high as 50-60 mm per day in these -(
nerves:(J Fried, lpersonal'conmunication) - The f1nd1ng therefore that

‘no functional 1oss occurred after colch1c1ne is a further 1nd1cat1on
that the 1atter affects fast transport preferent1a11y, and that th1s is

_the cause of’ the adJacent nerve sprout1ng



-VII. -QUANTITATIVE MEASURE OF NERVE SPROUTING

)

‘.-1; Introduct1on

The hypothesis to exp1a1n why nerves sprout for wh1ch these
“exper1ments_ were designed to test,.Droposes_that a st1mu1us from the
' targetftissue acts onlthe nerves to injtiate coIIatera].Sprout%no,'and-
. in addition, that_nervesVsecrete*faotors'which neutralise'the etfects
.of7thisltarget stimutus'in some way. Sprouting is presumed to continue c
unti]la batanee-is reached between'the'effecte'of the target'stimulus
"and those of the neural factors when'these'neural factors-are‘reduced |
d e1ther by co]ch1c1ne treatment or by part1a1 denervat1on, the adJacent .
- nerves’ sprout It 1t is assumed that the nerves secrete the1r-substance-

. @
ffrom the term1na1s that the. transport ve]oc1ty of these substances down

. the axon'1s constant, and that there 1s‘a good "safety!factor" in the.

' sense of abundance of substance - ava11ab1e, then the ba1ance between
-these neural factors and the target st1mu1us shoyld be restored when
othe tota] number of end1ngs-(those not affected by-the exper1menta1
“treatment, plus the new]y sprouted ones) quantwtat1ve1y match the
number of functioning tenn1nals before co]ch1c1ne treatment or part1a1
denervataon Nhen th1s matching is ach1eved sprouting should . ceasel
The need for more neural factor in 1nd1V1dua1‘axons to-supply the 1n;‘_-

'creased number of term1nals could be met by an increase 1n the amount

+per un1t ]ength-of axon. A1ternat1ve1y there’cou]d always be an excess

of factor available at the term1na1 port1ons of the axons, but its -
| *144. |
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“rate’ of re]ease 1s ]1m1ted to the number of nerve end1ngs The

'_methods of measur1ng the dens1ty of nerve endings 1n the sk1n (see

Part I1I) made 1t-poss1b1e to;test certain features of the hypothesis

by determining the number of endings in the\skin‘after Sprouting'

- Another reason why the dens1ty of 1nnervat1on had to be

measured in. th1s study on sprout1ng is that the segmenta1 nerves in’

4the an1mals used for. these exper1ments often did not increase the1r

area of 1nnervat1on after sprout1ng, as was the case in the ear11er

. exper1ments (Agu1lar et al. 1973) In. a]] an1ma]s the maaor nerve to

the I1mh 15 the 16th segmenta] nerve, and the adJacent segmentaI nerves, 1

' "15 and - }4/ partlally innervate. the anterior -and poster1or port1ons of -

. the 11mb respect1ve1y (see F1g 2) over]app1ng with the 16th nerve.

In the an1mals used in the ear11er exper1ments there was almost a]ways
“a reg1on of the dorsal hlnd 11mb skin between the 15th and the 17th nerve

.‘fde]ds wh;ch'was exc]us1ye1xfinnervated by,nerve 16. After colchjcrne

treatment or- partial denervation of the 16th'nerve;“the adjacent'nerves o

.wou1d sprout and extend towards each other to take over the 16th area

However, on]y in'a re]at1ve1y smaII number (about 5%) of the an1mals

used 1n the present exper1ments was there an area wh1ch was 1nnervated

K _exc1u51ve1y by the 16th nerve the 15th and the 17th . f1e1ds»a1most

' a]ways abutted upon each other in the pre- operat1Ve s1tuat1on Hhen

. the ]6th nerve of these an1ma1s was cut or treated w1th co]ch1c1ne, the
‘adJacent nerves sprouted within the1r own terr1tory, but d1d not 1ncrease

“ their area of innervation. This was “true even when two Sp1na1 nerves

'were_cut,‘and‘on1y the 15th or the 17th nerve .remained in_the Timb -

N
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*'(Cooper, Diamond, Mac1ntyre ‘and Turner, ]975) Thfs apparent skin

: 'spec1f1c1ty is being 1nvest1gated at the present time. and will not

const1tute a part of. th1s thesis. -

2 Methods-
As was. shown 1n Part V a quant1tat1ve measure of the den51ty '
'of mechanosensory nerve end1ngs in the sk1n can. be obta1ned by mak1ng
! random survey of ‘the skin to po1nt mechan1ca] st1mu1at1on Nhen the
results. of such a survey are. presented as a h1stogram (see Fig. 25)
_fg1V1ng the percentage of occurrence of any g1ven range of st1mu11 the
| he1ght of the f1rst b1n (from the Teft) 1nd1cates the frequency wi th
wh1ch the prodder Was s1ted on the most sens1t1ve receptors ' These’

. receptors are referred to as the’ Tow threshold receptors The ev1dence

st

to one s1de of a mechanoreceptor a 1arger st1mu1us was needed -The'- S

"Tpresented 1n Part V 1nd1cated that these low threshold receptons are.

the on]y.mechanoreceptors in the sk1n When the prodder was 1ocated

f-2

strength of the st1mu1us is a funot1on of the d1stance the prodder is.
' from a receptor The frequency"w1th which the prodder 1ocat1on was
to one side of a receptor is. 1nd1cated by the bins to.the right.of the
1ow thresho1d b1n 1n the histogram

S1nce most, 1f not alt, the mechanoreceptors in the h1nd11mb
sk1n are the ]ow threshold receptors, sprouting is measured as the
change in the frequency with which the prodder 10cates‘a low threshon
receptor in a random survey before and after an adJacent segmenta]
--nerve is e1ther sectioned or treated w1th colch1c1ne. ( Before refersl',f:

'to the resu]ts obta1ned from the contra]atera] contro] ]1mb which re-



| - 147.

~

‘presents the pre-operat1ve state of the exper1ment, since the d1str1—
but1on of - receptors is b1TateraT]y symmetr1ca1 from one’ ‘side of the
: an1ma] to the other) The frequency w1th,wh1ch the prodder Tocates h
a:]ow threshold receptor is a measure of ‘the density of'these receptors.
; Most of the exper1ments in.this sect1on were performed on the .
:area of skin supp11ed by the CFP nerve (see page 36), s1mu1taneous
- recordings were made from the 16th and ]7th nerve. A few of the ear]ier
stud1es however, were made onh a: more anter1or portlon of the sk1n in-
'nervated exc]us1ve1y by the 15th. and Tﬁth segmentaT nerves (see F1g Z)Nt '
There were ne noticeable. d1fferences in the organ1zat1on of mechano- :
‘receptors between the CFPN- area and the more‘ahter1or area.

3. Results

a) Quant1tat1ve Sprout1ng After CoTch1c1ne Treatment of AdJacent
Nerves . _ . . .

F1g 38 compares the dens1ty of 1nnervat1on in the two

'h1nd11mbs of an an1ma1 after 100 mM co]ch1c1ne was app11ed to the r1ght

';16th nerve for 30 min. (see Methods, Part V). The density of Tow thres- ,i,-.'

- hold receptors for the co]ch1C1ne treated ]Gth nerve is certa1n1y not |
'Tess than that of the contro] nerve, aga1n 1nd1cat1ng that co]ch1c1ne
'1s not cau51ng any funct1ona1 1055 in these receptors (see Part VI).

" [The-small 1ncrease in number falls w1th1n the stat1st1ca1 var1at1on
l(eg compared to Fig. 37) from an1ma1 to an1ma1] However, there is .
»a c]ear increase in the density of Tow threshold receptors in the 15th
‘nerve on the treated s1de, 1nd1cat1ng that th1s nerve had sprouted

Furthenmore@ this ‘increase was_quant1tat1~e, that is-it virtually matched

Y -
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In a sipgle animal the touch receptor density ‘in a
region of skin'shared by the 15th and the 16th nerve was
investigated after the 16th nerve on one side was. treated
. With colchicine. There was no Toss in the population of
., receptors feeding into the treated. 16th nerve, compared to -
_ the control 16th nerve (column A). In this animal . the number.
of touch receptors associated with the 15th nerve was only a
- small. proportion of the total. - However, on the treated side
“the 15th nerve now supplied an extra population of receptors
almost equal to the number associated with the 16th. nerve
(column B}. The third column, C (referred to as coincidence)
indicates the-amount of overlap between the fields of the low
threshold receptors. Over 70%. of the newly-sprouted 15th
nerve endings coincided with the existing 16th nerve endings - -
on the treated side. . ' -

L
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the numper ofrls'receptors‘present‘ The th1rd co]umn, referred to
i-as c01nc1dence _measures the overlap of low-threshold recept1ve f1e1ds
: be1ong1ng to the axons of one segmental nerve w1th those belong1ng
‘to the axons of the adJacent segmenta1 nerve Norma]]y this percentage
s very Tow, in the reg1on of 5% as seen in the th1rd coTumn .of the f n
- . controT s1de Interestingly, 70% of the new ]5th nerve. endlngs co1nc1d-
o ed w1th the ex1st1ng ]6th nerve receptors, suggest1ng that they may
-.Siow preferent1a11ytowards the end1ngs of the colchicine- treated nerve..
In fact, From this data it is p0551b1e to deduce whether the new 15th
*.end1ngs are indeed grow1ng to some preferred 1ocat1on in the sk1n or

mere]y sprout1ng randomly

i) Location’of New Sprouted Endings

From ‘the arguments presented in Part V, it is '

known that the ]ow thresho]d receptors are uniformiy- d1str1buted F1g 32

presents a schemat1c area of sk1n with the receptors spaced un1form1y
w1th1n it. (For conven1ence a squared 1att1ce conflgurat1on was chosen'-
for these receptors because it s1mp]1f1es the fo]]ow1ng ana]ys1s
Other poss1b1e receptor spacing conf1gurat10ns have been tested and
'do not greatIy effect the following arguments ) The d1stance between
: two adJacent receptors is A “and therefore a square A x A on the sk1n
conta1ns the equ1va1ent of one receptor (Th1s square joins 4 receptors,
each occupy1ng‘1/4 m R2 of the square Therefore 4 receptors would
v ' occupy 1rR2 which is equ1va1ent to the area of one receptor ) For

there to be no over1ap :between the receptive field of a new receptor

.w1th an ex1st1ng one, the newly sprouted end1ng must grow close to the
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centre of this square; at any other 1ocat1on the recept1ve f1e]d of the
new end1ngs wou]d overlap to some extent,that: of the ex1st1ng one. The
q‘truth of th1s statement fo]]ows from equat1on 2 Part V, - and the |
results from Fig.. 38.
"th = xaZ o
'; when R is the rad1us of the recept1ve f1e1d of the receptors
A is the mean d1stance between the centres of ad—‘ o
| | _v&{acent receptors - . ;{
and X is-the fraction of the square'A‘x A:which is.
occup1ed by receptors and a]so equa1s the frequency |
| of 1ocat1ng a receptor in a random survey (see
Part V). | |
The results 1n ‘Fig. 38 give the value for the percentage of occurrence E
» of the low threshold receptors, x in the above equat1on, th1s equa]s 35%
_The mean spac1ng A can now be expressed in terms of the effect1ve rad1u5

R and requ1res no further assumpt1ons about s1ze

| From equat1on 3 above ‘

HR. ‘ S ‘-;'.
A approx1mate1y equals 3R. . ST ;
'Therefore the sides of the square in Fig. 32 equa]s 3R, ‘If the ﬁéw 1_;_u
end1ng was Tocated in the middle of this square and did not over]ap
w1th the ex1st1ng receptors, 1t 1s poss1b1e to ca]cu]ate the d1stance
hB from the centre of the field of the new sprout to the centre of
. the cIosest ex1st1ng receptor (see inset be]ow) As can be seen

' above 2B represents the d1agona1 of the square
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- If the new sprouts grew randomhy they wou]d occur in any pos1t10n be—

A

()%= A AP S \’_”ﬁ/- o&j %
el e |
B=21R o N

Th1s means)that when the new sprout was- the farthest jl; it cou]d’he |

'_from the receptors, at the centre of the square, 1ts c1rcumference wouu{

almost. be touching the c1rcumference of the ex1st1ng Tow thresho1d

‘receptor If the - sprout was located anywhere e]se w1th1n the square (;,
Dt would over]ap to some degree w1th one of the ex1st1ng receptors

"~ The rat10 of the actua] area of th1s over]ap to the area of the square

A x A, represé@ts the va]ue for coincidence. If the new sprout grew

- ,preferent1a]1y and exact]y to the ex1st1ng colch1c1ne treated end1ngs ;'

‘there shou]d be 100% co1nc1dence, and the centres of the ‘new sprouts

and that of the EXIStTng endings wou]d always co1nc1de If they grew

- preferent1a11y away from the colch1c1ne-treated end1ngs they would have’

to end up near the centre of the squarﬂ, and there would be no c01nc1dence

-

tween the two extremes B = 0 and B = 2R the average distance between

' the centrés would be B = R and th1s wou]d g1ve a coincidence of ap-

' prox1mate1y 50% (1n fact, when the centres of the new sprout and the

ex1st1ng receptor are a d1stance R apart the area of over]ap of thelr -

'recept1ve f1e1ds is. roughly 45%}. To sdmmar1ze, 0% co1nc1dence between

the new sprouts and the end1ngs of the colchicine treated nerve would

1nd1cate a preferent1a1 exc]us1on of the new endings by the ex1st1hg

| -ones, 45 50% co1nc1dence would suggest that the locatqon of the new

-sprouts was randomly ach1eved “and ]00% c01nc1dence would indicate a

Ve

.

v

-



because 1t const1tutes a much Iarger st1mu1us ) Three other an1ma1s

preferentla] growth to the ]ocatlon of the ex1st1ng end1ngs

In the exper1ments shown in F1g 38 ‘the perceht c01nc1dence

?was 70% wh1ch suggests that the new. end1ngs tended to grow pre—

lfferent1a11y towards the old sites.~ = IR

b) Other Experiments

It is apprec1ated that the preceed1ng ana1y51s

| re1ates to a s1ng]e experiment. Naturaﬂ]y further ones-were attemptéd '

- but no sprout1ng.was detected Four coIch1c1ne-exper1ments were tested

onIy one week after. co]ch1c1ne treatment Unfortunately at th1s stage :

- of the work, 1t was not yet apprec1ated that the receptors took 3

| ‘?'weeks to.mature to the 1eve1 of sens1t1v1ty wh1ch wou]d a1]ow them to

be exc1ted by the range of stimuli used w1th prodder st1muIat1on

- (The bristle. used for crude area mapp1ng of nerve fie]ds~was effect1ve - ,

N 4

were tested dur1ng the wlnter (January and February) and, as w111 be-

_ d1scussed be1ow there is good reason to be11eve,that co]Iateral sprout1ng
Cine these animals wou]d have been un11ke]y because of. seasonal var1at1on

- (sek pagelSD Aga1n, this™ knowledge was not ava1]ab]e when these

" animals were tested S A -

In addition to all of'these considerations; the techrtique of
) .

bath1ng the nerves in co]ch1c1ne naturally resulted in the outermost

axons of the nerve trunks being exposed to the h1ghest concentrat1on,

and the ones in the centre of the trunk to the 1owest It was con-

sidered to be of prime 1mportance not to k111 any axons, and therefore .
/

v;1t was’ 1nev1tab1e that the usua] treatment would presumab]y Ieave axons -

¢ "



Lin the centre of the trunk exposed to re]at1ve1y smal}er concentratTons
' ~~of the drug in factz from pre11m1nary studies on quantitative measure-
| ments of axopTasnﬁc flow it'seems that only 30% of‘the”materiaj carried
in the fast‘transport was b1o¢ked.by the.dose of co]dhitine-used in-
these enperiments Therefore the sprout1ng from adJacent nerves after

~ coichicine treatment wouid on the average, on]y be expected to reach

30% at most of the total that would resu1t from sect1on1ng nerve 16..

' Z-For th]S reason 1t seemed that a better method to 1nvest1gate ‘whether
_the,number of newly sprouted end1ngs wou]d quant1tat1ve1y match the pre-
operatxve number was to studyksprout1ng after part1a1 denervat1on In

this way . 1t would be certa1n that all the "treated" axons wou1d be -

‘affected to the same extent, and this of course woggd be equ1va1ent -

“to tota] b]ock of fast axop1asm1c transport

v

\ c) Quantjtative Sprouting After Partfa1 Denervation

" "Thirtxlanimals were tested:for ouantitative sprouting
gt.Feast three'weeks-after“partial denerVatfon'produced“by.cuttfng the
;'16thrse§mentai nerve. Quantitative sprouting was'investigated by
:measur1ng the. dens1ty of 1ow thresho]d receptors as described- 1n Part
V. Fourteen of these an1mals d1ed during the ‘testing. Th1s unfortunate
-~ occurrence was more frequent at the begxnn1ng of the exper1menta1 series
: but_became_Tess‘frequent.w1th_t1met Two,maaor factors which contributed -
- to.the initial lack offsutcess were poor’diSsection (this improved '\‘
later), and suffocation when the animals were submerged‘in light oil

(see Methods, page 33f. The latter was later overcome by bubbling the
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—011 with oxygen throughout the exper1ment

Of the remaining. 16 animals,- n1ne sprouted as 1nd1cated by
the 1ncreased number of 1ow threshold receptors in. the adJacent nerve
- .after partial denervat1on,.seven did not. (These seven will be dis-

cussed in more detail below.)

-

The resu]ts from the nine anlmals that sprouted are shown .in

Fig. '39 This ftgure shows that a 1arge 1ncrease in the number of

. ~Tow threshold receptors of the 17th nerve occurred after a part1a1

l7~;1n the populatton of the 17 nerve end1ngs On the other hand, the

- 7

~denervation at Teast three weeks ear11er The mean 1ncrease of the '
- operated s1de as compared w1th the oppos1te contro] one- 1s over 100%,
: a]though there is some scatter. The var1at1on in the re1at1ve amount
.’of 16 and 17 axons present in the CFPN probably accounts for most of
th1s scatter In some cases the 16th nerve supp]1ed the maJor1ty of
' endlngs to the area, and the1r e11m1nat1on resulted inh a 1arge increase"
increase in ‘the 1atter was small when the 17th nerve already prov1ded
_ the bulk of the 1nnervat1on of the area pre*operat1ve1y The middle
column in F1g.A39 which expresses the tota],receptor populatton-on the
eiperimental'side of the animal (that is, those belonging to the 17th-
nerve) as a fraction of the total receptor population on the contro] s1de
. of the an1mals (those be]ong1ng to’ both the 16th plus the 17th nerves)
1nd1cates that the number of new sprouts on the experlmental side
qdant1tat1vely made up the number of receptors that had degenerated
after. nerve sect1on. Furthennore there is no s1gn1f1cant dtfference
(P >0.2) between the s1de-to—s1de denSIty of these exper1menta1

. anlmals compared to a group of untreated(contro1 an1ma1s shown 1n



Fig. 39:

‘A

Quantitative Sprouting After Partial Denervation

The percent occurrence of ]1ow‘threshblditfeceptors feeding

‘into the 16th jand 17th nerves from a shared region of skin was

. measured, and/the values compared between right and left 1imbs'.
- CoTumn A.refers to a group of animals in which the .,right 16th

nerve had been sectioned three weeks previously, and shows the
right-left ratio for the number of 17th nerve touch receptor
population only. An increase.in 17th nerve receptors is
clearly seen} Column B shows," for the same group of animals,

-the right-left ratio for the total.receptor population (that

is the 17th on the treated side, the 16th plus the 17th on -

- the control), Column C shows right-left ratios for the tota] °

population of: touch receptors in a control group of animals,
with 16th plls 17th nerves in tact on both sides. There. is.
no. significant difference.(P > 0.2) between column B and
column C, indicating that the increase in 17th‘nerve receptors

on the right $ide of the experimental group had quantitatively
‘made up the loss due to the.16th nerve section (vertical bars

equal S.E.M.). Note; these experiments were done during the
summer months. (c.f. Fig. 40). - - ‘ o -
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"coﬁumn C.

od) Seasona] Var1at1on ‘a.‘ . s - -
| " Returning to the seven an1mals that did not sprout

“in two of. these an1ma1s there was no 16th 1nnervat10n in the CFPN so
this terr1tory was not part1a11y denervated after the 16th segmental
nerve was cut and the denSIty of 1nnervat10n was of course unchanged
as a consequence The results of the rema1n1ng five an1mals are ‘
' presented in Fig. 40, In th1s case, 1t is clear that wh11e there is
no‘difference’hetueen the 17th nerve from side-to-side there is a large
deficttlin the number of'1ow"thresh0]d receptors on the'partia11y de-
nervated side compared to the contrOI These an1mals were examtned
1n the same manner as those that had sprouted "both.. groups conta1ned
an1ma1s from both sexes and there was ho. d1fference in s1ze we1ght
.and presumably age between the an1mals wh1ch had sprouted and those

: that d1d not. (A]though the exact age was.. 1mposs1b1e to determ1ne,

~ bath groups were adu]ts, and using 51ze as a measure of age they appear

- to be the same,age ) Furthermore, there was no corre]at1on between :
‘_ithe amount of observed sprout1ng and the temperature at which these

animals were kept

However, a d1fference did ex1st between the t1me of year when the ::
group that had sprouted and the grOUp that did not, were examlned
Table 3 ltsts the dates of operation and the dates of exam1nat10n for
. edch animal in the two groups. From this'table_it can be seen that
four out of six antma]s operated.ondatter the beginning of Norember, and~

examined before the ‘end 6f February,did,not-sprout. whereas,_seven




~ Fig. 40:: Seasonal Variation in Sprouting,

" The results of partial denervation in the salamander during.
the winter (c.f. Fig. 39). The percent occurrence of the
‘low threshold® receptors feeding into the 16th and 17th"
nerves from a shared region of skin was measured; and the
values compared between right and left limbs (ordinate)..
CoTumn A refers to a group of animals in which the right -
16th nérve had been sectioned three weeks previously;
it shows there was o significant difference between' the
17th touch- receptor population on the two sides; i.e. no
sprouting had occurred, Column B shows, for the same group
of animals, the right-left ratios for the total receptor

- population (that is, 17th on the ‘treated side, 16th plus
- 17th on the control side). There is a clear deficit of
.« receptors on the treated side. Co]umnlgxshowsekight-]eft
ratio for the total population of touch receptolks in the St
control group of animals with the 16th and 17th nerve in
‘tact on both sides. Tt : . ‘ :
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 Table TII:

Seasonal Variation on Collateral Sprouting

The dates bf‘operatioh'(partiaI dénervétion) and

dates of examination are presented for 14 animals.

Notice that of the six operated on after Nov. 1 and

" examined bafore Feb.' 28, four did not sprout after

e

partial denervation. However, 7 of the 8 operated
or examined outside ofithat‘pjme period did sprout.

\ ‘ {
are the anomalous animals



. SPROUTED

16-266 . FEB 25 1974

16-228

© 16-209

| N a6
' - UTABLE III .

1

ANIMALS © OPERATION DATE ~ . - EXAMINATION DATE

16-260 © . . FEB 251974 . - - MAR 25 1974 -

16-241" C T AN181974 . FEB 19 1974

‘16-420% " NOV 261974 . _ - DEC 15 1974 -

16-263 . FEB 25 1974 " MAR 29 1974

APRIL 4 1974,
16-278 | © MAR 20 1974 . ~APREL 23 1974

16-288 MAR 26 1974 - . . -APRIL 26 1974

-

0CT 231973, - S NOV 22 1973

' AUG 20 1974 - - DEC 14 1974

NOT SPROUTED

- 16-262

FEB 25.1974. .+ MAR 13 1974

o1g-242 C9ANI81974 . FEB 271974

4

16434 L NoV28 1973 0 . N 23 1974
e NOV 191973 - JaN 13 1974

16-393 NOY 1 le7a . 'DEC-16 1974
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'out'of the eight;operated or examined outside of that peribd had spy

_that sprouted’ dur1ng the winter season ‘was operated'oh
e

ed, the on]y animal of. th1s -group that did not sprout was opera d on in

'February but exam1ned early in March S1m11ar]y, one of the two animals . *

n November

3~and examined ih'December Presumably, November and rch represent

months between the two extremes and 1%<wou]d be expected that there

wou]d be some scatter dur1ng th1s t1me, if 1ndeed there is a s1gn1f1cant

. d1fference in sprout1ng between the two seasons.

ThTS data then suggests that co]]atera] sprout1ng in the sal-
amander 15 subJected to seasona1 var1at1on, 1t appears not to occur at

11, «or at a cons1derab1y reduced 1eve1 durlng the w1nter months. 'It .

‘shouId be noted that in the w1nter group some‘of‘theplntervals be-

LA

. tween the 1n1t1a1 operat1on.of nerve section _and7subsequentttesting,

were up to 10 tImes longer than the 1nterva] needed to detect sprout1ng

in the sunmer (Agu11ar et a]. 1973) A few exper1ments on nerve re- -

generat1o dur1ng the w1nter per1od 1nd1cated that these nerves w%

1]

perfectly capab1e of regenerat1on and forming funct1ona1 end1ngs after

-be1ng crushed or cut; and this regenerat1on occurred-at rates com-.

) parable to. thOSe during'the summer. Therefore, 1t would appear that

these- two processes, nerve regenerat1on -and co11atera1 sprout1ng,must //

be control]ed in different ways. Presumably the ce]] body prov1des the

~'dr1ve for an axon to regenerate wh1ch is. tr1ggered in an all—or/

;noth1ng manner at the 51te of sect1on The outgrowth/o; co[}atera]

‘ sprouts from 1ntact f1bres is presumably under the 1nf]ueﬁée of the

target tissue, which prov1des the st1mu1us H 1t may/be postu]ated
therefore that th1s perlpheral st1mu1us (1n the. sa]amander) is absent

/ "

4
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~in the winter.

~

]63‘_ -

: 4.: D1scuss1on

a) Sproutwng After Colch1c1ne _

- The’ resu]t that quantitative-sprouting of the adjacent

nerves occurred after co]ch1c1ne treatment at a t1me when there was

" result from only one animal

no funct1ona1 degenerat1on of the mechanoreceptors is direct’ evidence
1n support of the hypothes1s that factors carr1ed by fast . axop]asm1c .

transport are involved in co]1atera1 sprout1ng A1though th1s is the

,.reasons were ment1oned-as-to why the other

seVen_animals-did not show sprouting . Four out of the seven were

o

tested too soon for new sprouts to- haVe funct1ona11y matured .and the
rema1n1ng three weré~tested dur1ng the winter season,. when nerves

- do not usua]]y sprout in the salamander F1na11y, there are problems
w1th the dens1ty measurements in these exper1ments If the new‘sprouts;

were re]at1ve1y sparse, because the fast transport'1n onTy 30% of the

. axons in the treated nerve were probably cbmp]etely blocked by co]ch1c1ne

(see ear11er d1scuss1on of th1s po1nt), then it would be d1ff1cuTt to
. detect them. o S ‘Q o o

”-“b) S1gn1f1cance of Quant1tat1ve Sprouting . -

: The f1nd1ng that after part1a1 denervat1on,the new

sprouts quant1tat1ve1y made .up the or1g1na] dens1ty of 1nnervat1on is-

also cons1stent w1th the hypothes1s that target t1ssue and the nerves

1nteract to regu]ate the dens1ty of the 1nnervat1on of the end organ

It may be presumed that the st1mu1us from the target tissue is produced

|3
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* at a constant rate but that the release of the neura1 factors is .

?}1m1ted by the number of nerve end1ngs at the target An equilibrium
W111 be reached when the supp]y of the neura] factors has reached a
1eveT wh1ch w111 ba]ance out the effects of the target st1mu1us
‘Nhen this equ111b\\um occurs,sprout1ng ceases hi, we1ss (1937) and -g

_'L1tw11]er(1933)a work1ng w1th transp]anted Timbs in the sa]amander, also

‘observed that the dens1ty of. 1nnervat1or in transplanted Timbs. was norma]

- even though the number of axons suppli/ng_these 11mbs was reduced
-S1m11ar1y, Olsen and Ma]mtors, studying the growth of adu]t adrenerg1c
.nerves, observed that after transp]ant1ng a nerve- free port1on of an

" iris 1nto ‘the anter1or chamber of the eye in rats, co]latera1 sprouts

‘.emerged from the 1ntact sympathet1c nerves and innervated the trans—.
planted port1on of the 1r1s (Olsen and Ma]mfors 1970) Furthermore, the.

_'dens1ty of 1nnervat1on of the transplant after sprout1ng was s1m11ar to
‘the dens1ty of 1nnervat10n of the norma] iris. F1nallya F1tzgera]d
Astudylng the 1nnervat1on of the p1g snout dur1ng deve]opment found that at )
a t1me when the skin was st111 grow1ng and expand1ng the dens1ty of
:1nnervat1on rema1ned constant although the number of axons in the nerve,
‘trunk was unchanged (F1tzgera1d 1961). A11 these observat1ons suggest -
that each target t1ssue 1s capab]e of regu]at1ng 1ts density of in-.

| nervat1pn. A 51m11ar conclus1on was reached by Weiss (He1ss 1955)

c) S1ng1e Receptive- f1e1d En]argement Rather than Co]]ateral
Erout1ng7 ) . , .

It m1ght be argued that these resu]ts of sprout1ng

'.w1th1n the CFPN area could be exp1a1ned by the receptive- fields of a

- receptor becom1ng Targer’ w1thout there be1ng an 1ncrease in the dens1ty
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of receptors. However, consider the experiment in which the frequency with

" which the.prodder Jocated'ISth-nerve receptors ihcreased from lqi to

/
30% after treat1ng the -adjacent 16th nerve w1th co]ch1c1ne or this.

. 1ncrease to be : accounted for by recept1Ve f1e1d enlargements of ‘the

Tow thresho]d receptors the recept1ve f1e1ds of-the 15th. nerve ‘

receptors would therefore need to have grown from an aherage radius of -

o SOu-to‘a rad1us of approximately _' 85u.' The‘receptors are nonna]]y .

pacedV]SOﬁ to 200u apert‘in the skin'(éee Part VI) Therefore-the ex- -

‘-.'pected amount of c01nc1dengg (overlapp1ng of" recept1ve f1e1ds of 15th

receptors) 1n th15 exper1ment should be 0 " However, the resu]ts of .

thjs study 1ndrcated~that.theg§o1nc1dence_was 70%-. _Therefore there

. .must‘be more TSth herve endings Ihis is not sdrprising;‘iﬁ the

animals, where en]argement of the: gross f1e1ds of nerves 15 and 17

: occurred after co]ch1c1ne—treatment of the 16th nerve, -the resu1t could
' not have'been due to-enlargement of 1nd1v1dua1 receptive fields of

'.receptors but requ1res there to be. more receptors

_Nork1ng-w1th motor nerves, Edds = observed that after part1a1

_'denervation of ‘muscle in'the‘rat,the neg'sprouts quant1tat1ve1ylmade

" up the term1na1s wh1th had degenerated GEdds 1950, Edds 1953) Further—:
A_ more the new sprouts grew to the o1d endp]ates presumab]y grow1ng a]ong
'*-the_denervated Schwann tubes Edds 1nterpreted his results to _mean that

‘new sprouts compete for the vacated endp1ates On]y the successfu] ones

N

- ohature;the unsucceésfu] ones regress. It is p0551b1e-that a s1m1]ar

" kind of phenomenon could also exp1a1n the quant1tat1ve sprout1ng in the

¢

‘ present experiments a]though this would seem ‘to- requ1re the ex1stence
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e

’ of some structura] s1tes in. the sensory system anaTogous to the end-.

‘ p]ate lt is 1nterest1ng, in this context that the analysis of the--

sprout1ng after co]ch1c1ne treatment suggests that the.new end1ngs may

grow preferent1a]ly to ‘sites where the te(m1nals of the co]ch1c1ne

"treated nerye endihgs are 1ocated These s1tes cou]d be the Herke]

. ce]ls which have been seen with the e]ectron m1croscopesto be as-

sociated w1th nerVe endlngs in the ep1derm1s Located'w1th1n these

{

. Merkel cells are membrane bound granu1es whose funct1on and chemical

compos1t1on is unknown It is conceivable that the Merke] ce]]s secrete

these granu]es to attract nerves to grow towards them, Burgess and .

h1s co-workers found that- regeneratlng sensory nerves in the sk1n of )

'the cat preferent1aTTy re1nnervated the1r own Merkel toucé)spots . : ~

.(Burgess, Eng]1sh Horch and Stensnas 1974) There 1s a]so eV1dence

from other‘&yeparat1ons suggesting that regenerat1ng nerves grow}to
the1r prev1ous locations (Maturna Lettv1n McCu11och and Pitts 1959
Attard1fand Sperry 1963, Spe1de1, Tgﬁéﬁ "g - Frank Jansen,

Lomo and-Hestgaard 1975; Jansen and N1ch011s 1972}, a]though s1mp1e

- mechan1ca1 guxdance may . often be rgspons1b1e for some of these f1nd1ngs ‘

A]ternat1ve1y the new sprouts m1ght have grown back to the

Tosame, Iocat1on as the eigsting end1ngs-1n the present experlments because

. the on]y p]aces wh1ch wou]d a]l

,of mechan1ca1freasons., As seen in Fi 9

..._,-—-_.\

19, thegsecretory glands occupy &f
a ]arge phrtfenyof the dermxs are fa1r1\>close togeth%%y Perhaps L

gerve fibres to pass through the -



_eIectr1ca1 st1mu1at1on of po1nts on the .skin’ Was tested

'are also electrlcally 1nexc1tab1e Furthennore, 1n these experlments

167 -
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One poss1b111ty wh1ch cannot be unequ1voca1]y excluded from

" these experiments 1s the un}1Re1y one that the increase in low thresho]d ’
rtouch receptors is. not a resu]t of sprout1ng but 1nstead represents the
;act1v1ty of a populat1on of non funct1ona] endings, 'Wh]Ch have become
‘funct1ona1 The on]y dlrect proof aga1nst th1s wou]d come from a -
_comb1ned phys1oTog1ca1 and morphoTog1ca] study, but there 1s some in-

_ ‘d1rect evidence that suggests that th1s propos1t1on is not respons1b1e j‘

for the present resu]ts ~In a few exper1ments the effect Sf d1rect

e results

‘ 1nd1cate that if 1ndeed these nogrfunct1onal endlngs are- present they N

. the riew sprouts took - approx1mate1y 3 weeks to mature Th15 is. gon~,

‘ s1stent W1th other observat1ons on tenn1na1 maturat1on of grow1ng nerves

e

.',(Brown and Iggo 1963 Denn1s and M11ed1 1974) There seems no reason,-
) 'therefore,not to be11eve that new growth was occurr1ng in tbe exper1ments AN
_“The eV1dence quoted in favour of ‘non functxona]f endings was that they
. were capab]e of 'turn1ng on' and functuonIng normally by 2 days after
'part1a1 denervation, i.e. too soon - for nonnalfgrowth to have been

"respons1b1e The quest1on of -whether non funct1on1ng synapses do,in

fact,exist is still very controvers1a1 and 1ndeed experwmégts which. 5.'\

”_have been- reported to.indicate thelr ex1stence (Marotte and Mark 1970&,
_ Marotte and Mark 1970b Mark Marotte and Mark 1972, Mark and Marotte ..
_'1972) cannot‘no: be conflrmed (Scott 1975)

T

-



VIIL. FINAL DISCUSSION

The resu]ts of the present 1nvest1gat1on supports the hypothes1s

: preV1ous1y put forward by Agu11ar et al. (1973) for nerve sprout1ng 1

after part1a] denervat1on. Th1s hypothes1s attr}butes the st1mu1us

for sprout1ng to be growth substances secreted from the target

tissue. - Norma11y the effects of these‘growth substances are. neutra—

]1zed in some way by factors re]eased from nerve end1ngs The observed“
_ sprout1ng after. part1a] denervat1on resu]ts frdm the elimination 1n

: the sect1oned nerve of these -neural factors, ‘thereby allow1ng the

| growth.promot1ng substances to\act on the rema1n1ng 1ntact nerves

‘S1m11ar1y, treating nerves w1th colch1c1ne m1m1cs the effects of part1a]

.denervat1on by b1ock1ng the’ supply of. the neural factors to the nerve

end1ngs and 11kew1se causes the adJacent nerves to.sprout .

| | The resu]ts of the quant1tat1ve study (Part VI) show that the -
present co]ch1c1ne treatment d1d not-cause a loss of mechanosensory
nerve endings. .The sproutlng that resulted cannot therefore be at- | .
trlbuted to products of nerve degenerat1on Nor was 1t a result of a

_,d1rect act1on of colchicine on the skin, which could have somehow

1n1t1ated sprout1ng as a secondary phenomenon It was shown that after

the app11cat1on of 50-75 MM rad1oait1ve co]ch1c1ne to one ]Eth nerve,

the amount of rad1oact1ve materialdin the skin was the same oh both

s1des Assuming - that this rad1o tivity represented undegraded co]ch1c1ne,

and that it was uniformly d1str1buted throughout the cells in the skin, L
-19 :

there‘would be on the average 4° X 10 mo]es -of c01ch1c1ne w1th1n

i . _ o )
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'each'skin ce1i This va1ue 15 rougth 4 t1mes 1ess than the minimum
amount of . 1ntrace11u1ar co1ch1c1ne needed to block ce]] d1V1s1on
[Tay]or 1965) It is conc]uded then, that ne1ther products of nerve
degenerat1on nor a d1rect act1on of co]ch1c1ne on the sk1n are 11ke1y.
“to be respons1b]e for the sprout1ng after coTch1c1ne treatment The e
most p]aus1b1e exp]anatIOn for th1s sprout1ng is the hypothes1s of
Agu11ar et al. {1973) wh1ch Was. descr1bed above. . . |
If th1s hypothes1s 15 correct then it can a]so exp1a1n why
the dens1ty of 1nnervat1on of a target rema1ns fairly constant 1n
‘norma1,adu1t animals; (L1tw111er 1938; Ne1ss 1955; F1tzgera1d 1961;
Olson and Ma1mfors 1970) A constant dens1ty of innervation resu]ts
from the estab]1shment,of a dynam1c equ111br1tm between the cont1nua1
‘release of both \the' sprouttng st1mu1us from the target and the
'|lneutra11z1ng neura1-facto . As a consequence oﬁleach end1ng re]eas1ng
a substance wh1ch 1nh1b1ts further nerve growth 1nfo its 1mmediate
-‘v1c1n1ty,1t wou]d be expected that these endings shou]d be umform]yJ
'.spaced throughout the tar et The present f1nd1ngs on the 1nnervat1on
-of the salamander h1nd11 b sk1n (Part V) also support th1s concepg
In on]y'about 5% of the total area are there overl pp1ng recept1ve§
fielos~of'1ndividUa1 receptors, and_theluast major]ty'of them are"
‘ uniform]y‘distributed_about 150-200u aoart;. dn]& i%:ggnditions Tike
that induced'by co]chicine,'whtchlblocks the transport of the inhibitory'_:
factor to. the nerve term1na]s, do nerue endnngs 1nvade terrxtor1es already

&cupied by existing end1ngs (The colch1c1ne-treated nerves themselves

do not sprout, as shown by Agu11ar_gt_gl: 1973).

2
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The e'1dence of the present thes1s is aga1nst the generaTTy _

- accepted hypo hesis that "products of nerve degenerat1on" act as a -
st1mu1us for dJacent nerve sprout1ng in the adult, S1m1]ar1y the
work of Olsen and Ma]mfors (1970) who showed that a nerve-free p1ece
of - iris tran p]anted 1nto the anter1or .chamber of the,eye evokes
'sprout1ng of host sympathet1c nerVes and the. work of Duchen and
Strich (1968) in which motor axons, wh1ch had been treated w1th doses .
,of botu11num toxin that prevent the re]ease of acety]chol1ne but'do *

- not cause nerve degenerat1or sprouted co]]atera] branches also m111tatef
aga1nst the' products of degenerat1on“ hypothe51s Another examp]e of

'_collateral prout1ng 1n the adult,wh1ch was un11ke1y to have been-

“ stimulated y products of nerve degenerat1on comes from stud1es by
| Yoon on the visual system of the go]df1sh (Yoon 1972) Yoon cut the
lopt1c nerve and separated one part of the tectum from the other with a
d1sso]vab1e barr1er, which prevented the regeneratIng optic’ f1bres from .'
growing ove the ent1re tectum. As a result the ent1re 1nnervat1on from
the eye gre on]y to ‘the haIf'of the tectum to wh1ch 1t had access,
where it f rmed the normal order]y proaect1on but now, 1nterest1ngly,
eppropr1atjly compressed 1n*ST’_) After a few ‘months ‘the barr1er
rdISSO]Ved and the optic f1bres sprouted into: ‘the vacated ha]f of the’
tectum in such a. way as to ma1nta1n the1r same topograph1c order.
‘ Nh11e thes%

exper1ments make 1mportant statements about spec1f1c1ty of

. knervous connect1ons and p]ast1c1ty of the nervous system, 1nsofar as

-1‘?: they re]ate to th15 the51s these results are of spec1a] 1nterest in-

that the nerve sprqut1ng from one ha]f of the tectum to the other

I
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- occurred at a t1me when the’ products of degenerat1on from the
Cy, : ‘
\originaT 1nnervat10n can be presumed to have disappeared (Turner and

3 Slnger 1975). ‘
Fina]]y, the ev%dente from the seasonal stud1es 1n thJS
thes1s, Part VII 1nd1cate that products qf degenerat1on in themse]ves '

“cannot 1n1t1ate\gollatera1 sprout1ng These stud1es how that wh11e
'these saTamander nerves w111 sprout coTTatera] brancth after partial |
denervat1on in the summer.there is a marked reduct1on in their ab111ty
to -do so in the w1nter Wh11e ‘this lack of sprout1ng in the w1nter '
cou]d be due to e1ther the lack of st1mu1us or the 1nab111ty‘of

: nerves to respond to 1t the ability of nerves to regenerate and
estab11sh the or1g1na] 1nnervat1on dur1ng the winter makes 1t 11ke1y

. that it 1s the stimulus to sprout wh1ch is absent Interest1ng]y,;1t
Hwas clear from exam1nat1on of h1stolog1ca] sect10ns of the cut nerves -

. ;_ :“:  that. Wallerian degenerat1on was- occurr1ng 1n both seasons Therefore

| an important quest1on remalns what is the nature of(fh1s proposed

.st1mu1us which causes nerves to sprout? '

One p0551b1]1ty whrch needs cons1derat1on 1s that there is an
ﬁ1nnate dr1ve w1th1n nerve GeTls to atta1n some predeterm1ned size and
field. (that is, the spread and dens1ty of its endlngs) The nerve cell
could normaTTy be prevented from reach1ng its potent1a] 51ze by in-’
h1b1tory faetors reTeased from 1ts own and its ne1ghbour1ng nerve-
end1ngs A reduct1on in these factors wou]d then a]]ow the celI

to enTarge towards its potent1a1 size by sprout1ng, wh1ch woqu

cont1nue e1ther untii the new end1ngs re]eased enough 1nh1b1tory




' factors to prevent further growth or unt11 the ceTI attaIned 1ts

. . }
' o predeterm1ned size.

A]though there is some ev1dence that a feuron can on]y sprout
up. tola part1cu1ar s1ze ‘(Raisman 1975), th1s alone does ot give any
| clues as to whether the st1mu1us to. sprout or1g1nates w1th1n the nerve.
cell or in 1ts outs1de env1ronment “In-fact the ev1dence from _“

this present study (1n part1cu1ar seasonal studies in Part VII) and

- from the work of Olson and Ma]mfors (1970) on the growth of sympathet1c
L& .' nerves in the anterior chamber of the eye, as d1scussed above stroneg
suggests that the st1mu1us for nerves to sprout or1g1nates outs1de the

nerve ce]]

There is good ev1dence for the ex1stence -of one such growth

promot1ng st1mu1us wh1ch -acts spec1f1ca]1y on sympathet1c nerves and

embryon1c sensory ce]]s Th1s substance is referred to as’ nerve growth f?jff//
" PR

factor (or NGF), and is found in the target tissues of post gang]1on1c :

' sympathet1c nerves as we]l as)other reg1ons (Lev1-Mpnta]c1n1 and
Ange]ett1 1968; Za1m1s 1972) . Recent eV1dence 1nd1cates that NGF is
taken up by sympathet1c nerve terminais. and transported in a retrograde_‘p'
“manner to the cell "body (Stocke] and Thoenen 1975) | ‘ .
, Poss1b1y the growth promoting substance from the end -organ _
hypothes1sed in this thes1s and by Agu11ar et al. (1973) cou]d be NGF
wh1ch woqu also be released from the target tlssue and transported
back to the nerve cell body. On thlS bas1s, one could propose an
a]ternat1Ve exp]anat1on to that of Agu11ar et a] to exp1a1n why nerves: J

sprout after part1a1 denervat1on or coIch1c1ne treatment Th1s

- e T




a]ternat1ve proposal does not requfre the’ ex1stence of any 1nh1b1tory -
.neura] factors.” One mereTy postu]ates that growth promoting substances
©are not transported retrograde]y along the cut or co]ch1c1ne treated
. axons, and consequently they: bu11d up at. the t1ssue Ievel and sQ act
~_on. the ne1ghbour1nq 1ntact nerves causing them to’ sprout There .Seems
no reason to suppose that the b]ock1ng of the retrograde transport 1n L
- axons should a]so prevent these nerves 1n tak1ng up substances from

;the per1phery (at 1east for a while) but oné could 1mag1ne (although
' .‘not w1thout d1ff1cu1ty) a stockp111n9 effect at the s1te of co]ch1c1ne

’app11catlon or nerve sect1on which would back up al] the way down the |

axons to its term1na15 The hypothes1s proposed by Agu11ar et al. (1973)5/

‘does however offer an explanat1on for a]] known cases of sprout1ng
(see page 28), while the a]ternat1ve mode] can not adequate]y exp1a1n
* why. nerves sprout after botu11num tox1h DUchen and Str1ch (1968)

' In any case it can be conc1uded that - the st1mulus for 1ntact
;nerves to sprout collaterals 0r1ginates outs1de the cell fpresumab1y
"from the target t1ssue.. This concept has .the. added attract1on of
being con51stent with the probable mechan1sms | wh1ch operate durlng
'_ tissue 1nnervat1on dur1ng pr1mary development (Ramon ¥y Cajal 1919 Speudel
1941 Fitagera]d 1961) First a nerve grows out re]at1ve1y unbranched to
the end organ; - this. dr1ve coqu be genet1ca11y determ1ned [Fhis process
could also apply for nerVe regenerat1on where the drive to/regenerate
presumab]y originates within the ce]l body, but is r1ggered by the o
"process of nerve sect1on, presumably a s1gn 1/%?;;;as from{the cut end
to the ce]] body (Cragg 1970 Hatson 7///a 1),

74; Liebermin 1974).1  When the

T



174

" nerve arr1ves at the end organ, 1t is ,stimulated by 1oca11y manuy-

‘factured substances to sprout col]ateral branches and make connect1ons

(c.f. Ramon y CaJal 1919) -Th1s raises the possibiiity that collatera]'

sproutlng in the adu]t, as observed in the k1nds of exper1ments ment1oned'

. above, and : durlng pr1mary development depend on similar

mechan1sms The 1mp11cat1on here is that such mechanisms may be’ ava11— :

ab]e to 1n1t1ate sprout1hg and regu]ate nerve fields. throughout the

“11fet1me of the an1ma1

: Va]ue of Hypothes1s is Supported by the Evidence of This The51s

The f1nd1ngs of this thes1s 1nd1cate that there is

“a Tontral mechan1sm to- regu1ate the s1ze of nerve f1e1ds wh1ch 1nvo1ves

an 1nteract1on between the effects of growth promot1ng st1mu11 pro-

- dueed by the target t1ssue, and factors brought to the end organ by

fast neurona] tranSport From prel1m1naryobservat1ons in th1s 1aboratory
it 1s known that the block of fast axoplasm1c transport by co1ch1c1ne

wears off 1n<rough1y 45 days, after wh1ch the transportn1n the treated .
nerves presumably resumes. It is not yet known whether the Sprouted

endings regress after the coIchxcine block wears off, but regress1on

‘ as ‘a phenomenon has been. observed’ by many workers 1n d1fferent pre—

par;tions (Spe1de1 1941 Redfern 1970, BaJUSt Lewis and Westerman 1973;

‘TBennett and Pettigrew 1973; Fangboner and Vanable 1974)

Th1s control mechanism shou]d not be thought of only in terms
of the per1phera1 nervous system but cou]d operate equal]y well in the
CNS., Hubel, N1ese1 and_ La Vay found that fo]]ow1ng monocu]ar depr1vat1on

in monkeys dur1ng early 11fe, e1ther by eye remova] or by 1id suture,
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the oort1ca] pro;ect1ons of the 1atera] gen1cu1ate neurons connected

- to the open eye enlarged their terr1tor1es at the expense of the ’f

terr1tor1es assoc1ated w1th the other eye (H1ese1 “HubeT and Le Vay

. '1975) S1nce the terr1tor1es of these proaect1ons are of equal size

at b1rth the changes presumably reflect sprout1ng of - one set of. term1nalsjg

and very - ]1ke]y a regress1on or at 1east cessat1on of,growth of ‘the

./

i other Wiesel, Hube1 and Le Vay also observed that the size of genicu-

"1ate ceIls connected to the depr1ved eye were sma11er than normal. . This

L

_-decrease 1n size could we]] be assoc1ated with reduced neurona] trans- _

port 1n the depr1ved axons, since such a corre]at1on lS suggested by

\

.other observat1ons (Grafste1n Murray ang Ingoi1a 1972). S1nce‘
© ‘neurons with redu§ed neurona1 transport cannot respond as effect1ve]y
- to a. sprout1ng st1mu1us from the target (Aquilar: et aI 1973) as axons

. W1th normal neuronal transport, onTy the normal axon wou]d sprout
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X CONCLUSIONS AND CONJECTURES

| If the1nterpretat1ons of the results of this, the51s are correct
then/there ex1sts even11n adu]t 11fe a mechan1sm which the organism - .
,cou1d ut111se to regu]ate the f]e]ds of 1nd1v1dua1 nerve ce]]s Since
' the size of the f1e1d of a neuron is an 1mportant measure of the 1n-
| f1uence wh1ch it can exert over.its target this’ mechan1sm cou]d pro—
‘v1de a basus for mod1fy1ng the 1nput/output character1st1cs of a neura]
c1rcu1t. U1t1mate1y, such a change could be rea11zed as a change 1n .
::the behaviour of the organ1sm ' L _
The contro] of neural f1e1d s1zes depends upon’ & postulated _
‘mutual interaction of two substances, one emanates from the target and )
- causes nervés to. sprout and enlarge the1r fields, wh11e the. ‘other, s
're]eased from the nerve end1ngs and serves to neutra11ze ‘the effects of
'.‘the target factor SUCh a_mechan1sm cou1d c]ear]y be useful- 1n-certa1n
?.circumstances to help. restore lost 1nnervationﬁsubseguent to nerve'de-
'1generatf0n However, of more 1mportance, this mechanlsm could also be -
used by the animal to br1ng about prolonged funct1ona1 changes 1n be--
. haviour such as occur dur1ng 1earn1ng and . cond1t1on1ng Learn1ng and
" _;cond1t1on1ng are used .in th1s context 1n g general sense, to mean an
~increase in the probab111ty of a spec1f1c output occurr1ng as a consequence
of the repet1t1ve act1vat1on of a g1ven input. Th1s outcome cou]d be
achieved by hav1ng at 1east one neuron of the act1vated circuit 1ncrease '
its effect1veness over its target and one of the most effect1ve means

for a neuron to do th1s would be to. proaect more end1ngs on to the target

176 ﬁ,,
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‘(Eoc1es 1964, Rail 1967) Such a s1tuat1on would be achieved by the

) mechanlsms proposed in this- thes1s However, in order for sprout1ng to

‘be resp6ns1b1e for~ an increase in effect1veness of a neuron in a be-

haV1oura1 sense, there wou]d need to be a ]1nk between the 1ncreased

' 1mpu1se act1v1ty caused by the repet1t1ve app]1cat1on of- the Input and

N sprout1ng There - has been at Ieast one suggest1on in the l1terature

that 1ncreased 1mpuTse act1v1ty in motor nerves can lead to hyper- . -
1nnervat1on of ske1eta1 musc]es in rats (Hoffman 1952), although this

has not. been conf1rmed Chron1c sttmu]atwon exper1ments are current]y ,

: under way in th1s 1aboratory to 1nvest1gate the effects of 1mpulse :

act1v1ty on nerve f1eld ‘sizes in the sa]amander h1nd11mb

If a 11nk between impulse act1v1ty and nerve f1e]d s1zes can
be demonstrated then the most act1ve pathway of two (or more) pro~

3ect1ons shar1ng a target neuron wou]d he expected. to have the greater_

field s1ze, ‘and therefore the greater 1nf]uence over that target. It
\-(t

eworthy that in the exper1ments of N1ese1 Hdbe1 and Le Vay
(1975) ment1oned ear11er, the cort1ca1 proaect1ons from the open eye |
have 1arger field suzes 1n Jayer IV of the cortex than do the. adJacent
‘ones from the c]osed eye. The mechan1sms suggested by the exper1ments'
of th1s thes1s m1ght be 1nvo]ved in phenomena such as th1s, and 1ndeed.

cou]d prov1de a morpho]og1ca1 bas1s for ]earn1ng
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