THE SPRCOUTING Cm HiGH-THRESHGLDlCUTANECUS NMERVES AHD'
\ "

ITs ACCELERAT;GN\EY JEURAL ACTIVIQE
. €

.
.

By
(:) BRUCE JANES NIXGN, H. B.Sc.
' \

-

A Thesis Submitted to the Sehool of Graduate Stucies
in Partial Fulfil;ment of the Requirements for the
ree of Doctor of Ph11336£hy
HeMaster University .

March 1983



FUPNT SRR

T M T

ST

R

)

r
»
I
—
S
e "~
L]
-
™
4
-
-
L]
L]
bl
L
" LR ]
’
. -




. et —— o m— T — .
. N .

DOCTCR OF PHILOSQOPHY (1632) VieHASTER UWIVERSIT

) . . .
(Neurosciencas} - Hamilton, tntario .

’

TITLE: J?he.Sprouting of High-Threshold Cutaneous ‘llarves

.

and its Azceleration by Neural Aetivity"~

- AUTHCR: BRUCE JAMES NIXON, H. B.Sc. (University of Western Oftario, London)

1

<
, S o .
:E - SUPERVISOR: Professor Jack Diamond y
P “ | ' ‘ ) ' '. : : | ‘
. N . "
NUMBER OF PAGES; xii, 254 ,
(11)



ABSTRACT
- -
Previous studies have shown that in 'the rat the spFouting of
low-threshold {("touch"-sensitive)-nerves into adjacenﬁ dénervateg skin
can occur only dG?ing a bﬁief “ariticalhperiod" of poét-natal life that .
ends at aboﬁp 20 d of age. .Additionally. for ady segmentai nerve this
sprouting occurred only . in the regioﬁ of‘ that nerve's éensory
d;rmatome.. One ‘objective of my thesis was to examine whether the
sprouting of high-threshold ("pain"-sensitive) cutaqeous'nerves is alse

-

tempdfally and spatially constrained. . .

The presence of high-threshold“nerve endings in skin was detected
behaviourally by pinching-with toothed forceps: normally this éiicits a
Eeflex contraction of an underlying séeletal muaéle. causing visible
skin puckeriég. Denérvated skin fajled to respond:in this way for sthe

first 2-3 weeks aftef nerve section, but then a gradual recovery of the

response occurred spreading from the adjacent innervated reglion of skin

’ [

progressively furpher,into the deprived area. -That this recovery was .

]
due to sprouting was shown by histological examination.of skin, and the’

findings of nerve fibres within the dermis in sensitive but not

‘ . '
insensitive skin. The sprouting occurred in the adult animal; and

proceeded beyond .the dermatome border of a nerve, showing thet intact

high-threshold nerves are not under any obvicus spatial and temporal

constraints. - ’ o

o

During the examination for ihe presence of high-threshold nerve
sprouting I noted that repeaﬁed‘skin“pinching apparently accelerated
4 Y

th return of high-thréshold sensitivity. Tre second main objective of ~

4

the thesis was to examine what this phepomenon depended ‘upon. In

(111) . \ Py
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animals that were repeztedly stimulated physiolégically every 4 4, all

©of the denervated skin became reinnervated by;ﬂf;. compsred to the 40

d or more needed for unstimulated animals. The acceleréiing affect was
< .

mimicked by direct electrical -excitation of the reﬂgining The

. results revealed that jt was the leatency for Qprouting that.
affected; once begun, the rate of sprSuting was.normal. The,effects of
eléctrigal-stimulation of the intact nerve were prevented if TTX was

-épplied S0 as td bloék impulses proceeding cenéfally from the site of
electrical stimulation, but /not if they were only prevented from
5r9e§eding- peripherall{. A/ hypothetical mgchanisﬁ to explain thé

effects of impulse activity in causing acceleration of sprouting is
s )

provided. _ )
» “ v

. (iv)
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BACKGROUND TO THE INVESTIGATION

A) THE PHENOMENON OF NERVE SPROUTING :

When target tissues og nerves are partially, or totally
denervated{ neighbouring intact nerves usually begin to sprout into the
deprived reéions (Weddell; Guttmann and Gutman, 19u1;_Livings£on.-19u7;
Speidel, 1941); these sprouts often attain normal funptioﬁ and thus may

compensate for the lost innervation. The available ebidence largely

supports the view that such sprouting is} triggered by factors
oqigiiiz}ng in the targéﬁ tissge,-end the ner@qs themselveédpave been
hypothesized as g:;uiding a meaqs whereby the local effectiveness or
availabiiity of these proposed sprouting factors 1; somehow neutralized

(Ramon y Cajal, 1919; Aguilar, Bisby, Cooper and Diamond, 1973:

Diamond, Cooper, Turner and Macintyre, 1976). This experimentally ~

- 4

evoked collateral sprouting is Hof'-special interest because of the
possibilities thatjthe mechanisms involved both in® its initiation and
its'rEgulation may relate to those that 6perepe yhéh axonal sbrouting
occurs during the development of the nervous system, and péssibly aven
in the mature organism (Speidel, 1933; 1935a,b; 1941), :

1) Evidence for External Influences Modifying Neuronal Growth During

Development.

Ramon y Cajal (1919) noted that during development, nerves grew

relatively long distances to reach epithelial target tissues and only

*

then would they sprout collaterals, each growing to a’terp;toky deJoid
of nerves; he suggested that the gbvious explénéﬁion was the prbduction
- by the target tissue of nerve sﬁing factors. He provided us with a

detailed description of the nesuronal development -in the corneal

Ft]
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epithelium of chick embryos and proposed that powerful alluring
substances were produced by the aneuritic epithelium whish actad on the
growing nerves. Once the epithelium had become innervated he proposad
that a state of chemical equi{ibrium was‘ reached in which the
epithelium was no longer capable o attracting new nerve sprouts,

: ‘.
Forssman, (1900) coined the term ne rotropism to describe the alluring
effect of aneurogenic end organs f{or 'targets) on growing nerves,
Speidel (1935'b.‘1941) observed the growth of nerves in the dermis of

the tail fin of the living tadpole. He noted that the ingrowing axons

‘branched profusely before some of the terminals made connections with

’

" the skin. Those branches which made contact with the correct target

forﬁed presumably permanent connections as a result of a chemoaffinity

QQtween the pre and postsynaptic sités, He noted that some 6£“bhe

terminals did not make connections with the skin or muscle and that

these "excess" branches were sﬁbsequently eliminatea by autonomy 6r
Withdrawal.

Other evidence in support of the conéept of néurot;opism was

provided by the histological analysis of the innesrvation of the

developing pig's snout (Fitzgerald, 1961). As the pig's snout enlarges’

during growth new epidermal ridges are added. The new epidermal ridges

. are subseqpentlylinpervated by idgrowing neurites until the density of

innervation in'éhé h;w epidermal ridges reaches that of-pﬁé‘older onas,

Since the number of nerves enterihg .the snout remained the same,
W R -

Fitzgerald concluded that the exisﬁing neurites in the older eptderma;

ridges sprouted collaterals 'in response to a Naurotropic ‘substance
[ . ' ’

released fromﬂthe newer anzuritic.epldermal ridges.

/\(—N

y



‘The conclusion d%aun frou‘irthn results described above and below
(Sec A2, U, C)is that a chemical substance is released by the aneuritic
end organs on target cells which attracts zertain nerves towards them;
once the target is aﬁpropriately innervated th% chemotactic substance
is " nsutralized or no longer released_(Ramon y Cajal, 1919; Diémond.
Coope}. Turne;\bﬁd ﬁacintyre. 1976). ;This concept has been extended to
include several other targets including muscle and even other narve

cells (Diamond 1979)

2) Sprouting After Partial Denervation of the Target

a) In Partially Denervated Muscle
L L] I =
Hoffmann (1950) and Edds (1950) showed histologically that

following partigé dene[vation pf skeletal Imuscle in the- rat, tﬁé\\
surviving intramuscular axons sproutad collateral branches‘ which
penztrated into the endoneurial sheaths of degenerating nerve fibres,
passed down to the muscle fibres.and re-innervated the denervated end
plates: The sprsuts arose as ultraterminal processss as early as one
wéek after den;rvation and grew towardS the denervated muscle; thus the
muscl&}ppwer was restored to its predensrvation level within a short
time by the process of extension of the surviving motor uni s (Weiss
and.Edds. 19“6). After partial denervation the process of
re=innsrvation was apparently completed in about one month, sinse after

this period no uninnervated mgscle fibres could be detected.

\
b) The Autonomic Nervous Systam

It has been shown that after partial denervation of target organs
in the autonomic nervous system the rgmafﬁing_intact nerves Will sprout

«\ to innervate the denervated targets. Murray .and ‘Thompson (1957)



"Sectioned the preganglionic roots T1—T3 in the cat which caused ?O: pffﬁ.
the fibres to the superior cervical ganglion to degeneratg; this
inzluded those nerves responsible for pupil dilation.

| One month following the opﬂra ion they stimulated the_
preganglionic nerve 'I'u--'r7 Thes2 nerves do ntt normally cause pgupil
dilation yet one month after section of T -T3 they did =voke dilatiion;
collateral branzhes of the intact preganglionic roots T -TT were also
seen  entering 'the superior cervical ganglion and functionally
innervated the previously denervated muscle,

Sprouting of_'remaining intact nerves has also been shown
histologically and electﬁbphysiologically ‘to tccur after partial
denervation of paraayuﬁathetié ganglion cells in the frog atrial saptum
(Courtneil?nd Roper, 1976; Roper 1976; Roper and Ko, 1978).

.¢) The Central Nervous System (C.N.S.) N

Although not quite so0 easy 'to detect compared ufth the pgripﬁeral
nervous sytem, collateral sprbutigg has alsc- been described in the
C.N.é. Liu and Chambers (1953) chronically isolated one dorsal root on
the left flank of the cat by sectioning s;veral roots cranial and
caudal to it these_ roots were sectioned between their dorsal root
ganglion énd the splnal cord. Six montﬁs.after the isolation procedu?e
they note& that’ thé central arborization of the intact root (detected
by demonstrating degeneration products after acute‘section of the root)
extended two to three spinal séﬁgj:ts‘further tostrally and caudally

than did those’ of the corresponding contralateral root. Comparable

sprouting occurred after partial denervation of the lateral geniculate

nucleus 129/#::;§¥i of the optic tract by sectioning the visusl cortial



~
6
~
*

afferent fibres; the remaining intact retinal projections were shown
(by staining for degeneration pfbductS) to Sprout collaterals into thae
denarvated nuclei (Goodman and Horél 1965). Both of these st&dies wera
based on light microscOpy and it was not until Raisman (1969) used tha
electron microscope to show that collateral Sproutlng 1n.fesponse to
partial denervation could indeed form nsw synaptic connections in the
C.N.S. -After lesioning the fibres in the medial forebrain bundle of
rats, Raisman sﬁowed that the fimbrial fibres sﬁrouted to invéde the

i

septal nuclei and éccupy sites on the c¢ell soma that had been
.
denervated as ,a result of the lesion (Raisman, 1968; Raisman and Field,
1973). Sprouting of intact ﬁippoca al neurons after lesion of 'the
entorhinal cortex was studied electr:j§§s;ologically: the new synapsses
forméd by the remaiﬁing intact nerves became functional between ¢ to 15

days after the lesion (Cotman and Lynch, 1976).

d} Cutaneous Nerves,

Denervation  of a region of skin results in collateral sprouting
from neighbouring nerves. Undoubtably the clearest demonstration of
this phenomenon was provided by Speidel (1933, 1935a, 1947) using the

technique mentioned earlier, of diregct microscopic observation of the

cutaneous nerves in the transparent.'living tadpole tail; he partially

-

denarvated a regiqn of the tail and observed a remaiﬁing intapt nerye
sprout two éollateral branches 3 and Y4 days after denervation., Six
days after denervatlon the two sprouts had given rise to seyeh endings
which supplied part of the denervated zone. The sprouts quickly

restored the innervation paﬁtern back to normal (i.,e., that seen

previous to denervation) in approximately two weeks ‘after denervation.

-

e



Zander and Weddell (1951) partially denervated a portién of the corneal
epithelium in rabbits and using histological methods observed that the

intact axons sprouted collaterals into the denervated regions, Weddell

Guttmann and, Guttmann (1941) and Weddell (1942) observed similar-

evidence of collateral sprouting of sensory nerves in both the adult

rabbit hind limb and ear. Immediately after cutting the sural nerve in

the leg and the greatér auricular nerve in the ear the area of sansory
1

lass could =asily be mappad behaviourally; a pin prick in insensitive

sﬁin would not elicit a reflex withdfawsl Tﬁe areas were mapped on

consecutive days after denervation and it was found that the area of

\_J

insensitivity decreased over the next few weeks Since the originally
Put rves had not besn allowed to regensrate Weddell and his
coIiZZZues'concluded that the surfounding intact nerves had sprouted
branches into the denervated skin. These obsertstions were rurther
investigated histologically by infiltrating the skin with the vital ,dye
methylene blue so that the nerves in the skin could be Sa2en with a
1;ght mlcroscope. Inlareas of skin where sensory testing revealed a
return of sensitivity. nerve fib;es could be &etected while nerves were
not seen in insensitive sking there was good agreement (+ Imm) between
where nerve fibres ended and where behavioural cutansous sensitivity

ceas-d Jackson (1980) repeated the experiments on ths rabbit ear and

leg examining specifically whether the low-threghold touch nerves would

also sprout into denervated skin. He produced areas of denervated skin’

in the same manner as Weddell, and then carefully recorded
electrophysiologically the impulses from the surrounding intast nerves

while lightly brushing the skin. This enabled him to map the area of

]



loss for the toucg Sehsitive nerﬁes. After as many as -sixty-five days
after denervation, he was unable to demonstrate any shrinkage of the
area of skin insensitive to touch. |
Jacgson concluded that in the adult rabbit the low-threshold
mechanosensory nerves did not sprout' inte denervated skin. .In
'.Hed;ell's -experiments, theﬁ nerves thét sprouted were showﬁ by
‘behavigural tgsting to be the high-threshola nociceptive (pin prick
sensitive) ner#e;. The 1inability of low-threshold‘nerves to sgrodt in
- the adult was also demonstrated by Devor, Schonfield, Seltier and Wall
(1979)./they partially denarvated the skin of the adult rat's paw and
revealed after repeated daiiy behavioural testing, that the area of
insensitivity decreased significantly. They Subsoquantly recorded
electrophysiologically impulses ﬂrom the nerves which had sprouted into
the anaesthetic zon= and showed,that\ghe high=-threshold small diameter
myelinated nerves (Group III afferents) were thg. narves that  had
/ sprouted; no low-threﬁhold touch sensitive (Group II afferents) nerves
were- detected in the previously anaesthetic zone, -
Jackson and Diémond (1381) showed that low-threshold narves could
\\\____,,»rﬁxdlndeed sprout oollaterals‘\¢to denerQateq skin in the rat, but only
during  a brief eritical  period postnatallyl It appears that after
twenty days of age the low-threshold nerves are no longer capable of
sprouting new branches in contrast to High-threshold nerves, which seem
‘to retain this ability throughout' life. Diamond and his collaborators
-also -showed electrophysielqgically that intact, hninjured cutaneﬁusl

nerves iIin adult salamﬁnder 3kin_(Amb!stoma) will sprout col;aterals

after a portion of the cutaneous innervation has been eliminated
' : wi



surgiéaily:, the recepti#e fields of' tﬁe remaining intact ner;g;
enlarged (Aguilar, Bisby, Cooper and Diamond, 1973; Diamond, Cooper,
Turner and Macint}re. 1976; Coopar, Scott and Diamond, 19%7; Diamond,
1979) .

3} Sprouting Into Added or Extra Target Tissue.

When supernumary limbs (extra limbs) were grafted onto the

-

thoracic region of the salamander, the fore limb nerves emitted new
nerve flibres uéicﬁ' gfew towards the added l£mbs. {Detwiler, 1936:
Detwiler and van Dyke, 1934)., The newly added limb initiated sprouting
of the intact nerves and appeared to atéract fhe sprouts towards the
denervated 1limb, Aﬁéuro ic iimb bﬁds’ removed from developing .
tadpoles, when transplant;zatl the trunk of the frog tadpole (a region

{
which does not normally supply nerves to the limb) became func;ionally

innervafed by the spinal nerves at the level of the grafts (Héréison.
190#). In this case the'.extra limb appeared to attract "foreign"
nerves to i;xﬁknd these functionally innervated the misplaced 1limb.
The inference is taat during deveiopment the taégét tissue (extra or
misfiaced) will none the leqs attract nérveﬁ'to it which subsaquently

innervate the target.

s .
4) Sprouting After Colthicine Treatment of Adjacent Nerves

Diamond and his collabor;Fbrs. ‘using the hiﬁd I;mb of the‘
salamander, tr ateq the 16th spinal nerve with a ‘concentration of
; colchicine tha:jinﬁerrupted fast axoplasmic transport without killing
~ ‘the nerve fibres ér affecting impulse: conduct}on iﬁ them, The
eﬁtaneous nsrve flelds of the neighbouring--untreated 15th and 17th

spinal nerves, as well as the treated 16th nerve were reexamined
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.'elgct::ophysiological]..y. ona to three weeks later; the 1'5th and 17th
narves nad Sproutéd and l";yp'erinnervated both skin and muscle supplied
by the 16th ner{re. Just as if the 16th nerve had been '-ut (Aguilar et.
al 1973). It has _recently been shown that colchicine treatment of the
'fimbr:.a of the rat hippocampus will induce sprouting of the untreatnd
‘qerves in +the absence of degen=ration (Goldowitz and Cotman, '1980),
: ‘G\;:th.“ Smith, Donati and Albuquerque (1980) treated the fourth lumbar
spinal nerve in the rat with a concentration of colchicine sufficient
to block fast 'axqplasmic transpor't. but otherwise left the nerve
int::—:ct:..‘L Two ;.'eeka later stimulation of the adjacent fi!‘tﬁ'blumbar
spirﬁl nerve resulted in:‘ a _larger than normal isometr'icr tension,
pr'o&ulced by t.he. muscles in the treated leg; hi_:';tologi_cal examination of
the muscles revaaled Ehaﬁt sprouting of the fifth lumbar nerves had
Sccurred resulf‘.ing' in dual'ly 1nnervai:ed muscle fibres in the treated
1imb -but not in the control 1imb, ‘(For' further discussion see Sec.

Ch.

5)° Sprouting in Tissue Culture ..

.To‘_further 1;i\lrest.igate the environmental inf‘luenq_,e of selected
f‘actors on the growth- of"ne'rve's many powerful technique were‘developed;
~ one 'was. tissue‘.culture. Roas G Harr'ison (1907,1910),.the inventor of
tissue o;'ultur:e. realized the ability. of the technique to answer many
developmental questions concerning the nervous system:

If it could be .shown in tissue culture that there is an
attractio'i between growing nerve fibres taken from a certain
&

'part-ot‘ the nervous system and 3 particular-kind of

paripheral cell and between another type of central
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N

nz2uroblast and a diff‘erer;t peripheral cell, then we should
have direct evidence for t;h; existence of thoss more subtle
factors which .seem to be neee‘ssar'y. to account for the
‘defi_nitive ‘establishment of particular nerve connections
(Harrison 1910).
‘ ,
Since 1910 many experimentors have used tisﬁsue cultufe for this
purpose. When sym;}athetic ganglia from chick embrycé are confronted by
many different 't.arget Lissues in culture, preferer;z"-lal out_growth .i'ﬂs'
observed. Sympathetic gangiia were found to grow bref‘erentiallir to th'e
‘!‘ollo-wing t'issues in diminishing order: hdart, kidney, éo.lonl. liver,
skin, skelétal' ‘muscle, ‘spinaZ.L cord (Ebendal ~ and Jacobson, 1977).
Cougnlin (1975) showed that the submandibular ganglia of the fetal
mouse shows virtually no axonal érouth cultl_.tred independently when
'?mpared to the vigorous outgrowth that occurs ‘tm-.'ards a piece of
submandibular <glarid epithelium which is its normal’ target; this
o‘u_t:gr'owtﬁ seems to show some qucif‘icity since a variety of 6ther
embryonic mouse tissues do not initiate outgrowth froﬁ the -ga'z"nglia.
, These results 1ndicate that a substance or substances, produrce.dlrt‘rom
the tar‘get tissues selectively ‘stimulate growth of the’axons towards
'the target's. Th\a possible-specif’icity of these chemostatic‘substances
seeﬁs to be indicated by the results of Coughlin (1976). -

-
B. ' IDENTIFICATION OF THE SPROUTING STIMILUS

il

1) Nerve Growth Factor -

—

Bueker (1948) showed that mouse saréoma implanted into chick:
embryos would result in a 20-40 percent 1n~rease in the size of the

spinal sensory ganglia and the sympathetic ganglia that innervated the
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tumor. After further rigorous study, it was found that a protein
(isolated and named Nerve Growth Factor, N.G.F.) was responsible for
the increase 'in growth; N.G.F. caused an increase in size nf the
ganglia by increasing the mitotic activity and accelerating the
differentiation of the youné neurons (Levi-Montalcini and Hamburger,
1451;'_Levi-Montalcini and - Angeletti, 1968). There exist several
renorts ‘showing that sevenal tissues produce ﬁ.G.F.. incluning
fast-growing me;odermal tissues (Levi-Montalini 1966) which would be
conaistent with the evidence that mesenchyme exerts a strong attraction
on growing axons (Ramon y Cajal, 19281\ To date ¥.G.F, remains tne
only clearly identified trophically acting agent affecting the neurous
system (Varon and Bunge. 1978) . Ebendal, Olson, Seiger and Hedlund
(1980) found, using .,a bioassay, that there.was no detectable amount of
N.G.F. in rat irides immediately after excision. However, if the
irides were cultured for twenty-foun hours, N.G.F. appeared:
denervation of the irides in .gigg evoked the appearance of N.G.F,
within 10 days which would again fall to undetectable amounts after
they were re-innervated. These results indicated that the levels of
N.G.F. 1in a tissue may be regulated by.its innarvation.

- Hy Sai-

2) Prodicts.of degenerating nerves

Haffmanu(1950. 1951) and Hoffmann and Springell (1951) showed that
folloning partial denervation of the muscles of rats, intact axons
'sprouted new processes which re-innervated the muscie fibres. They
‘also showed that an extract of either nasrvous tissue or egg yolk, when

injected into normal nuscle. evoked the outgrowth of new prdcesses from
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motor endplates and nerve fibres. They suggested that the sprouting
-fwhich occurs in partially denervated muscles i3 =voked by the diffusion
of a 1lipid substance from dégenera ﬁg nerve fibres which would
stimulate the surviving axonﬁ to spro Attempts to ident%fy the
active "substance (neurocletin) wer’ not “successful. Further evidence
in Support of Hoffmian's work has bée; provided by Brown, Holland and
Ironton (1978) who deafferented skeletal muscles in. the rat by
sectioning dors;l roots distal to their dorsal root zangklion., This
procedure produced sprouting of the motor nerves in otherwise
undenervated muscle, They suggested that. the sprouting of tﬁe moto?

nerves was in response to a factor released within the muscle by

degenerating nerves,

3) Muscle Activity and the Stimulus to Sprout. .

When normally innervated muscles in mice _are paralysed by
injections of bothlinum toxin, “the intact motor nerves sprout.
‘collaterals (Duchen-and Strich, 1968). This caused ﬁany investigators
to wonder whethér.bhe inactive Quscle fibres could alsc be a source of
a sprahting stimulus (Brown and Ironton, 1977). Further investigation'
showed that if'pértially denerv;tegrsoleua muscles in the mouse were
directly electrically_;;ihulated by implan£ed electrodes, sprouting of
thg_remaining iﬁtact motor nerved normally expect;d. would be prévenééd
(Brown and Holland, 1979). The conzlusion dﬁg;h from the above
) ;experiment was that the denarvated muscle fibfes 1iberated ; sprouting
stimulus and that electricél stimulation of the denervated fibres

prevented the rzlease of the stimulus; Van Herreveld-(1947) had.earlier

suggested that denervated muscle may be" the source of a sprouting
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stimulus,

C. REGULATION OF COLLATERAL SPROUTING

1) Blockage of Axonal Transport and Its Effect on_Sprouting

Ramon y Cajal (1919) was the first to propose a role of the nerve
in the regulation of igs sprouting énd distribution of nerve endinés at
target tissues (See Sec. A1). Evidence in support of a régulatory role
of the nerves was provided by Aguilar et. al. (1?73). T blocked
fast axoplasmic Lransport in intaét ﬁerves in salamander skin (without
kiilingh the nerve or - effecting impulse conduction);‘and found that
;djacent. untreated nerves would sprout into the treated. nerves
territory. It was proposed by Diamond et al. that the target tissue
manufactures a substénce(s) that stimulates intact nerves to Sprout.
and that, the nerves provide a factor(s) which is carried to the nerve

. S . ‘

endings by fast axoﬁal M’c. which in some way neutralize the
effects‘of the growth promoting sﬁbﬁtance. Sprouting ceases whan the

effects of the -nerve factor{(s) balance that of the target. tissue

stimilus, The above hypqthesié could also explain why partial

denervation leads to the sprouting of remaining axons; the reduction at

o

the target tissue of anrﬁﬁ}luence exerted normally by intact narves
\ ,E

. »

would no ‘longer neutralize the production of a sprouting stimulus,

therefore the sprouting stimulus would initiate growth of the remaining

intact nerves. Sprouting of T"extra" endings will continue until th

= N

imbalance between fsprouting stimulus and neutralizing factor is

resolved (Diamond eﬁ,dlt.'1976). Additional evidence in support of

R il

\ -,"" "‘='.1
this hypothesis has béer obtained for mamealian,motor nerves ﬁGuth et

al 1980), and in mammalian brain (GoldowitZ' and Gotman, 1980).

—
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2. Role of the Target Tissue in Regulating Axonal Sprouting.

As mentioned previously the only well characterized sprouting

factor is N.G.F., which 1is produced in #he target tissues of
;

post-ganglionic sympathetic nerve cells (Ebandal et al 1950). “The

provision of such sprouting agents by targets would then enable the

target tissue to regulate the amount of collateral sprouting: once all

t

the Cff;gets have been innesrvated the target would no 101522 produce a
sprouting stimulus, A recent report indicates that the lev

- of N.G.F.

in hargit tissues is influenced in a manner entirely consistent with

the above hypothesis (Ebendal et al., 1980). Added or extra target

tissue or tissue fragments will insrease the sprod%ﬁng of intact narves

in vivo (Bueker, 1948; Levi-Montalcini and Hamburger, 195%; Olson and

Malmfors, 1970).

mechanosensory endings in salamander skin ( and Diamond

1977). When the salamander skin is denervated, ' the Merkel ’ce ‘s

survive and the regenerating nerves grow to the denervated markeg cells
and functionally innervate them (Scott, Cooper and Diamond, 1981). In
partially densrvated salamander skin the remaining intact nerves sprout

new fuhctional endings by an amount that always restores the density of

mechanosensory ending to the level that existed before denervation

(Cooper, Diamdhd and Turner, 1977). It seéms that sprouting within the -

salamander skin ceases when all the availqble Merkel cells have bécome

innervated (those- sprouts which have not found a Merkell cell

- - -

functionally disappear). Herkel cells also act as targets for

low=threshold mecﬁanosensory nerves in. mammalian ‘ skin but -their

N

et e e A
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.effectiveness in initiating sprouting or the ability of the
low-threshold nerves to -sprout to them seems to be limited to a very

- - . .
short critical period after birth (Jackson and Diamond, 1981),

3) Spatial Constraints on Zollateral Spréutigg 7

'\)Hhen the hind limb of the salamandef is partially denefvated. th;
répéining iow-threshold nerves can be shown electrophysiologically to
sprout and invade the denervated skin: tHe sprouting observed in this
case seems to be'spétially constrained (Diamond et al., 1976, Macintyre
and Diamond, 1981). It was found that when a branch of the segmental
nerve N17 was cut along with tha rest of the segmentél nerves in the
Vhind limb, then the remainiﬁg 1ntac%/)ff?—;;91d readily (within 2-3
weeks) sprout and restore normal innervation within the area originally'
'occupied by its own parent segmental nefve. However, it would not‘
invade (at léast for about 8 weeks) the denervated skin originally
subblied by the adjacent nerves, S;milar'findings weré obtained for
sprouting of uammafigﬁ low-threshsld nerves. When a cutanzous branch
of a segmental nerve ,was ‘isolatgd by denervat;ng adjacent nerves in the
rat, the intact low-threshold nerves wbqld sprout oﬁly intp denarvated
skin formerly - innervated by the same segmentﬁl nerve, and not into

areas formerly supplied by adjacent segmental nerves (Jackson and

nd.1981).‘ Thus, there appears to be a spatial constraint 1mposed

on sprouting of certain cutanzous nerves_(thg low-threshold,

mechanosensory ones), or rather, the sprouting nerves seem to prefer to

sprout into some areas of skin rather than others.

.

4)° Temporal Constraints on Collateral Sprouting

The failure of intact motor . peurons to sprout after partial

Ty
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denervation of neonatal skeletal’ muscle has been well documented by

.

. Thompson and Jansen (1977) and Dennis and Harris (1980). These authors

partially denervated muscles at birth in the rat and showed both
histologically and electrophysiologically that the remaining nerves did

not sprout; this differs dramatically to what is seen when adult rat

]

_ skeletal muscle s partially denervated. However, when skin is

partially denervated in the rat, the low-threshold mechanogsensory

nerves will sprout into densrvated areas only during a short critical

L)

/ l . .
< period ending'.ét approximately 20 days after birth; there is no

electrophysiologically detectable sprouting of the low-tﬁreshold narves
in groups of animals older than 20 days (Jackson and Diamond, 1981).
Not only can sprouting of intact 1ow-thresholq,mechanosensgg;'nerves no
longer be evokéq; by adjaéent. denervation after this age, but when
sprouting is igitiated in the rat pup, it ceasss at about 20 days.
However.,‘Devor; 'Schonfetﬂ.i'Seltzef and Wall (1979) have shown
electrophysiologically that éfter partial denarvation of the rat paw,
the remaining intact high-threshold (Group III) afferents can sprout
into adjacent densrvated skin probably throughout the life time of the
animal, I{ appehrs'that along with other cons;ratﬁts on co%léﬁéral
sgrouting of:certain intact nerves there exists a temporal constraint
Huring which a _particular nerve may acquire or’ lose its ability to
sbrout.

D. EFFECTS OF IMPULSE ACTIVITY ON THE NEURON

Although never directly demohstrated. the likelihood that impulse

activity in neurons might influence normal axonal sprouting during

development has long been an attractive one' (recent raview by Harris,

——. e dn P -
[EPPEY ¥
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1981). Indeed in the mammalian visual cortex, norml dgvelopmént of
‘binocular colums", primirily an organized array of axonal terminal

el'ds, has been shown to depend upon the relative pattern and quantity
of iﬁputs ;nto the retina of both eyes (Hubel, Wiesel and LeVay, 1977).
We have now found, serendipitously, that the collateéal sprouting of
hiéh-threshold (nociceptive) mechanosensory nerves into densrvated skin
of rats is strikingly éccelerated by relatively modest amounts of narve
excitation (Nixén. Jackson, Diamond, Foerste; and Diamond, 1980;
Diamond, 1982). Aside from its intrinsic interest this result may also
explain the extreme variability in the reported values of the apparent
onset of such nerve sﬁrouﬁing in mammalian skin (Weddell =t ;1.. 1941
Devor et él.. 1979). A. comon feature of these studies is that
functional sprouting was examined by periodic physiological stimulatio&
1.6f the skin. As will be seen repeated stimulation itself can be a

potent determinant of the onset of sprouting of these nerves.

) 4
1) Histological Effects of Impusle Activity
- “\ . - -
‘Electrical stimulation of a motor axon is a convenient - "and
effective method of increasing impulse activity in the neuron. Barr

and Bertram (1951) used the above method to examine the histological

changes due to increased -neural activity. .They electrically stimulated

(20V, 50H2) the hypoglossal nerve in several cats and sacrificed them

- Tabt” different times {(up to 19 days) after stimulation to examine

histologically the mofonauron cell bodies, Thef' Saw an almost
immadiate (12 hours after stimulation) depietion_of nissil substance

followed by an enlargement of the neucleolus; both refturned to normal

after approximately 17 dé}s after stimulation. Barr- and Bertram

retakmrt mam b s T =7
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concluded that these bhanges'in morphol ogy indicaéed that the cell was
uqdergoiﬁg an increase in érotein synthesis as a result of stimulation.
Hyden (1343) describgd similar morphological changes in spinal cord
cells of guinea-pigs following exerciée_to exhaustion, Chromato%ysis
(the dispersion of nissil substance) of cells of the cochlear ganglion
in gqinea-pigs was found by Hamburger and .Hyden (1945) féllowing
éxposure of the animals to loud sounds, Increased neural activity,
produced electri;ally'or physiologicaliyw evokes a morphological change
within the neurons cell body which is an expreasion of in;reased
.metabolic activi@y. When _the ﬁeripheral connection of a nerve is
severed, the cell body also undergoes. chromatolysis in order to
inerease the prodﬁctidn ,°f materialﬁ necessary fér repaié aﬁd
r;generation of tha cut ;eriﬁhéral nerves (kieberman, 1971). TTX slock
of a ﬁeripheral motor nerve will Evoée sprouting of the intact motor

_ s
nerve (Brown and Ironton, 1977) as well as causing the neuron cell
bodieS'to undergo chromatolysis (Czeh, Gallego, Kudo and Kuno, 1979).
During regensaration .aﬁd aprouting the nérve- cell body undergoes
chrgmatolysis anq increaséd metabolic' rate; an intact nerve can Abe
forced to wundergo chromatolysis and increase its mgtabolism by

prolonged electrical stimulation,

2) Metabolic Effect of Impulse Activity

"The information above suggests that °1ectrica1 stimulation of a
nerve will increase the metabolic rate in the nerve and this “was
clearly 'shown to be the case for motonsurons in the cat (Lux, Schubert,
Kreutzberg and Globp:;. 1970). Lux et al intracellularly injected

tritiated'glyciﬁe into individual motonsurons in the cat, some of the
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movtor axons were electrically stimulated for twenty minutes (0.1 msec
pulse width, just suprathreshold) while other control nesurons were
unstimulated. They prepared the spinal cords for autoradiography.
This histolegical procedure removed all of the free amino acids so tfxat
the.‘radioactivi‘ty remaining in the cell soma was taken as ;measure of
the intensity of the labelled amino éci‘d incorporated prédqminantly
into proteins (Droz an; Leblond, 1963). They found t;.hat the
)radio-activity wtas significantly higher in the st‘imlated motonsurons
when compared with the unstimulated on2s and concluded that
‘,incorporati‘on of amino acids and sqbsequent prc;tein metabolism was
enhanced iri stimulated ne.urons. Increased protein synthesis has been

-shown to occur in monkey occipital cor'bex as a result of physiological

stimulation of ths eyes (Singh and Talwar, 1969).

3) VThe effect-of impulse activity on axoplasmic flow.

Lux lret ai. (1970) using the same intracellular injection
techxniques described above, alse measured the amount and ratelof_
movement of radioactivity labelled protein down the axons ::;f‘ spiﬁmlat,ed
and unstim'lat__;ed‘nervea. They found that the amount of radiocactivity
in stimulated axons was considerably higher than- in.unStimuiated ones,
. They suggested that the axons 'of stimulated neurons rnceive more
. proteins than do normal unstimulated onas. the difference being a
qu;_ntitative one. The axons of excited neurc;ns showed two peaks of
radioactivity; t:he‘ slow componznt was moving down the axon at 12mm/day
-.;hj.le the fast componant was moving at llémm/day. In nonstimuiated
cells the .slow and fast cormone_nt;.'s were shown to'travgl at the same

rate as their counterparts 1n stimulated nerves, but the amount of
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radiocactivity being transported was significantly less. No difference
cou-ld be ‘seen in the spead of pr;teiﬁ transpert in the axons aof excit.ed
n2urons, Fast \axopl'asmic transport has besn shown to continue
unchanged when TTX was present ‘to block‘n;embrane excitability (Ochs,

1975). Electrical stimulation at high stimulation ratss (greater than

- 350 Hz) may in fact slow the rate of axoplasmic transpori: (Worth and

Och, 197&).

4) §he Effect of Impulse Activity on Collateral Sprouting of Intact

Nerves

b

' The majority of neurons in the striats cortex (yisual‘cortex) of

the normal adult monkey, and about eighty percent of those. in the adult

-cat are, binocularly driven; that is to say, physiological stinmlation

; of either eye will effect the discharge of these cortical- neurons,

Some of the cell:s are driven predominantly by one éye while the rest
are driven predominantly by the other.. Cells with the same ocular

dominance are arranged in colums alternating with colums of cortical

‘cells dominated by the other eye (Hubel and Wiesel, 1962;1958). ~ The

ocular dominance colums in the rhesus monkey begin to develop at  about
3 weeks before birth and continue to develop postnatélly (Hubel et al.,
1977). Monocu‘lar visual dep;-iv'at;ion ‘of monkeys from birth results in
an increse in width of the cortical ocular dominance columns of the-.'
normal eye and a commensurate decrease in width of the ocular domin‘a.n::e _
colums of thé deprived eye ubel, Yiesel . anc.i' LeVay, '1975’). )
Dtlavelopment of ocular :'quinance;. colums occurs normally in animals.

deprived of visual stimulation in both eyes (Hubel and Wieasal, 1974),

The reduction in ocular dominanze colums that occurs after monocular
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visual deprivatipn during neonatal life has also been found in cats,
(Wiesel and Hubel, 1963b:l1965). Monocular deprivation canm cause the
visual cortex to become permanently F'dc:n‘xu'.na':.ed Ey onz eye only if the
monocular deprivation occurs during a critical pei-iod in early 1life:
deprivation in the adult has no effect (Hubel and Wiesel, 1970).
Neurons in‘the visual cortex appear to require neural activity from
both eyes during postnatal 1life in order for theistriate cortéx to.
develop normlly: Otﬁer non striate visusl sys't,emé such as the lateral
geniculate nucleus aﬁd the superior collic_ulus *also require normal .
visual activity iﬁ order to develop normllyv(Wie.sel and. Hubel, 1953;
Hoffmann and Sherman, 1974;1975). o |

. As mentioned earlier, a TTX block of action potentials in motor
narves ‘cause thesé nerves to sprout collaterals in already fully
innervated musc-l—é (Brown and Ironton, 1977) and TTX-blocked autonomic
Flt;res can sprout 'tc_) form .synapses on denervated heart ganglion celﬂls»
{Roper and Ko, 1978): 't.his iﬁdlcat;s that irxpulsn agtivity along the
'ax.ons is itself not an essential factor nﬂeded for the nerves to
sprout. However, atimlation of the intact nerves'in_partially
':deperv;ted muscles.'of rat will accelerate sprouting of the motor nerves
(Hof‘fn'ann. 1952) Hot'fmann par‘tially denervated muscles in the hind '
limb ot‘\rabs and electrically stimulated the spinal cord rostral to the
lumbar p_lexus or what remained of the sclatic nerve (50-100 Hz 1.5 mA
for ten minutes to . ona hour). He then examined histologically the
prev10usl.y partially dennrvated soleus and gastrocnemius muscle for

evidence of collateral sprouting. He found no difference in the amount

of collateral sprouting ‘of stimlat-d nerves when ¢ompared f.o
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unstimulated on2s three days after denervation: four days after
denervation 23.5 percent of the- electrically stimulated n=rves han
sprouted collaterals as opposed to 8.5 p'er'cent for the control
unstimulated nerves. He also found that direct stimulation of the
sclatic nerve has a greater effect on the rate of collateral sprouting
than stimulation of the spinal cord. Hoffmann suggested that the
electrical stimulation of the nerve rendered it more responsive to a
peripheral sproulting stimulus, possibly by increasing the metabolic

activity in the perikaryon. The process was not followed beyond saven

days after denarvation, but even-at seven days the stimulated ne.rI\res

“had significantly more collateral sprouts than the control onas,

Weddell et al. (19“1)' Weddell (1342); and Devor et al. (1979)
!
analysed the sprouting of higi-threshold cutansous nerves into

denervated skin in rabbits and rats. They measured, using behavioural

- methods, the reduction on anesthetic ar-eazi~ of skin at daily'interwals

after denervation and found that the adjacent intact fibres sprouted to
-,

thnervate .the denervated skin. In all cases ‘the dally behavioural

-

testing evoked 'impulses in the adjacent ,3prouting nerves which would

+

-increase the amount of neural activity in the sprouting nerves, .

Neither - investigation controlled for the increase in neural activity

Therefore the possibility existed that the behavioural testing was

,accelerating the coPlateral sprouting of the high-threshold cutaneous

nerves in a manner similar to that seen after motor nerve stimulation. '

Recently. Greenfield and Devor (1981) have investigated this
pqssibility in the rat hindlimb; they partiaally denarvated the dorsal

and plantar surface of the rat hind limb: in one group of aninlals ‘the

\ o
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al"ea‘ of‘_ anassthztic skin was mapped bei'lavioixrally (using mosquito
forceps) every other day; four other groups were mapped only oncze at 7,
15, 30,-and 45 days after denervation. They found no dif‘fer.ence in the
rate of sprouting of the high-threshold nerves into denervated skin in
animals mapped every se ond day compared to animals mapped only once at
a selected time after denervation. However, they do suggest that since
the rats were moving around their cages during -the"'post' 6perative
period that r.h'er'(e was continuous‘ s=lf-generated mechanicallstin'ulation
of the partially denarvated rat paﬁs and that thiz amount of

stimulation may be sufficient to cause an -increase in neural activity

and a subsequent acceleration of collateral sprouting of the intact

high-threshold nsrves, B \/\r - “
E. PROE!.EMS QF BEHAVIOURAL TESTING OF HIGH-THRESHOLD FIELDS . )

~The first satisfactory delineation of" high-threshold dermt.o'ms.

" (the*area of skin functionally innarvated by one segmental nerve) was

"made by Sherrington (1893, 1898) in acute experimeni:s in the frog, cat

and- macaque monkey. Sherrington used the method of "remining

sensibilkity"™ to isolate the areas of innervation‘ of one segnental

cutansous nerve from the overlapping of adjacent cutansous. nerves, He

sectionad at least two segmental cutansous nerves (proximal to their
D.R.G.'s)'. rostral and caudal to the ons under study to produce” an
insensitive area on either side of the isolated dermatome, and testad

for sensitivity by observing responses to pinching the ‘skin Hith

toothed forceps. Sherrington found the trunk high-—threshold dermatomes

to be serial bands extending between the dorsal and ventral midlines

with a rostro-caudal overlap of approximately one-half,
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Subsequently, behavioural mapping has been used to determine the
characteristic pattern of serial overlapping fields im ve_rtebr)ates.
Using the method of "remaining _sensibility" the ’high—threshold
receptive fields in man (Foerster, 1933), cat (Kuhn, 1953) ox (Amold

and Kitchell, 1957) and sheep (Kirk, i968) have been determined.

1) Effect of Nerve Sections Distal or Proximal to the DIRG. - )
Although the method' of "remaining seasibility" 'had‘ been used”
extenai\;ely to 'map higl'l—';',br"eshol'dk dermatomes it was not .until 1970 that
Xirk and Denny-Brown demonstrated the variability of the technique.
Using the monkey they showed that the extﬂnt of .the cutansous areas
from which reflex response could be elicited was depandent in some way
upon the integrity of the adjacent cutan_eous nerves, .
Thay iaolated a derWy cutting(three adjacent cutaneous
nerves eranial and caudal to the one being. studied If the dermatome -

was isolated by‘section of -the adjacent nerves‘distal to their D.R.G.

its area was approximately twice .as large a the dermatome tHree to

four days after durgical isolation by the more usual method of

~secltionin§ the dorsal roots of‘t.he_ Same 'nerves proximal to their

. + : ~ E ’ - !
ganglia within the dura mater. The area of a dermatome isolated by
sectioning three X adjlacent roots proximl -to their -D.R.G.  would be

f‘urther reduced twenty t‘our hours af‘tnr a ssacond surgical denﬂrvatian

" was-done to section three additional roots (proximl to their D R.G.) .

caudal and cranial to those already cut (Kirk & Denny-Brown. 1970)
_Due to t'.he .short period of time (24 hrs) required to produce thn
change in dernatoml ‘size Kir-k and Denny-Brom’ concluded ‘that the

change was due to a functional alteration within the spinal cord rather -

- . .



26

than an anatomical one. They investigated the possibility that a
cantral inhibitory process was responsible for these changes.

The.above decreasgs in dermatomal size were found not be be dué to
a loss in transmitting peripharal nerve pathQays sincé'in all cases a
subcutangous 1injection of strychnine, a dtug ﬁhich has been found to

abolish spinal inhibition (Bradley and Eccles, 1953), woulﬁ quickly

(within 15 minutes) yet temporarily increase the area of the isolated

dermatome to one that was larger than the original dermatome“isolated

by sectioning three :adjacent nequ; distal to their D.R.G. The effect

*

of dorsal root sectioq.on dermatome size is also present in cats and

rabbits (Kirk, 1974).

To date the mechanigm by which dorsal:root section hés its effect
on the .size of an ‘isolated derm;tome is still wunclear, although
Denny-Brown, Kirk and Yanagisawa (1973}, have further'i;;estigated this_
problem. They suggested that impélses evoked in ner@eé located. in. the

skin outside the isolated dermatome . are functionally "silent" aﬁdﬁ

unable to cause a behavioural re&ponse until a tonic inhibition in the

control nervous system is removed. It is'clear. however, that if oneJi

. is attempting to compare isclated dermatdmes within a group of animals

it is essential that the investigator comparés only'those animals with
- p X R

identical patterns and. methods of denervation.
' S '

™

i
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THE PRINCIPAL AIM AND GENERAL STRATEGY OF THE INVESTIGATION

Ome prinzipal aim of this study was to_define spatial and tempcral

- constraints that operate in the recovery of high-threshold

mechénosensory function in denervated mémmalian skin. This
-

1nvéstigation was prompted in part by results obtained in another

Q

project which was ongoing in the laboratory dealing with the re?svery_
of low—threshold‘mechanésensory function, ?he latter results suggested
thag.low:threshold nzrves do not sprout in the adult mammal Sut parhaps
thq high-threshold nerves would. Because several investigators had

reported that cutancsous nerves (whether they were high or low-threshold

was unknown) readiiy sprout in the mammal, I decided to investigate, in

- the adult rat, whether or not the high-threshold nerves wWould sprout.

Serendipidously a collaborative preliminary investigation suggested tﬁf
possibility that physiological'stinulation of the high-ﬁhre;hbld nerves
could in some \way éccéieraté their sprouting thch. lead me to the ’
second prineipal éim’qf éhi# study; what component of phyaiologicél
stimulation is responéible for th; apparent acceleration of cutansocus
nerve sprouting?

The flrst:necessity was to select a mammalian preparation in which

the high-threshold recgppiye fleld of intact cutaneous nerves could be

.measured, The cutaneous nerves in the rat's back were easily

accessible for experimental manipulation and the distribution of their

low-threshold fields was known. .I had ‘also been investigating a

nociceptive reflex in the rat which was driven specifically by

high-threshold afferents in these cutansous nerves, We hoped that the
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1
high-threshoid .fielc of the cutaneous nerves eould ‘be mapped
behaviourally usin_g the n\ociceptive refiex as a m2asure of cutanaous
high-threshold sensibility. Behavioural techniques for maﬁping
him-thresf’)old fields - had been extenaively. used in the past but had
recently c% under criticism regarding thelr accuracy; this criticism

'cegarding their accuracy would have to be resolved in the rat

preparation.  The cutansous nerves of ths rat were found to satisfy the

-
t

experiment.al requirements, their high-—thr'eshold mnchanosensory
receptive fields could be unambig.nously behavtourally mapped so the
initial task was to map the receptive f‘ields of thase nerves in 'r.h'a rat
back. .

The general strategy adOpted to 1n‘vestigate the sproutlng of
high-%hreshold nsrves Was to isolate in the skin a receptive field of a
selected intact neer‘,by cutt.'ing some or all of the adjacent nerves
then to follow tpis receptiv_e-!‘ield to examine ﬁhe;her ilt' expanded by

sprouting into previously denervated skin. The'behaviour'a'l technique

used measured only .the functional sprouting of the high-threshold

_mechanosensery nerves soy a correlative: histological analysis of

sprouting was also done to provide ,the-'mcrph‘oi’&gical .basis for

P

sproutiné. )
) > L. = ’ L
To investigate whether physiological stimulatiom: would in fact

aczelerate the sprouting of these nerves the intact isolated receptive

?d/:a_s physiologically stimulated and compared to the sprouting
“observad in unstimulated animals. -Or‘x:e.,it. had been-confirmed that
indeed stimulation of the remining intact receptive field did

accelerate 1its sprouting, several mechanical and phar;mcological

-

LX)
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.~ .
strategies were used to investigate the basis of such an influence of
the stimulation. 1In particular, the possibility that the impulse

activity in the nerve was itself responsible.

N

4

te
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METHODS AND MATERIALS .,

I) Animals
All aninpls used in this 1r1vestigation were female Wistar albinc
rats obtainad from Woodlyn Farms, Guelph,. Ontario. -VOn the day of their
initial surgery they weighed 20 +720 gm and were approximatély 60
days old. After their surgery{the animils were housed individually in
flat top cages designad to prevent the rats from lacerating their
.den\ervated back ;kin on the cage tops (Fig. 1), Wood chips were placed
on the floor of t..he cage for bedding; food and water were freely-
available.
2) Anaesthesia \
All surgical proceuﬁ}-es vere performed on animals anaesth.etized by
an intra-abdominal injection of sodium pentobarbi-tal (Somnotol ; -MTC
standard; 45 mg /kg ). - Surgieal aneast!inesia was def‘ined as that level
of anaesthesia adequate to eliminate any ref‘le;t response to a tail
inch. The animal's core tle_mperature was maintained at{. 3T + 1"0{:: this
as achieved by plac'ing a thermistor probe in the animal's rectum al;iéh
monitqred ‘its temperature \and'. via a feedback control unit, regulated
the temperature of ths heating pad on which the animal rested during

surgery. Normally an animal would recover from anaesthesia within six

hours, Those _animls in which infection or self mutilation of the

1

denervated back skin was detectad were removed from the'study. At the
‘end of each "terminal" experiment, (after ths nzcessary skin specimens
weré collected), the animals were killed by cervical dislocation.

3} St::i'gic al Procedures

When ‘the, animal had reached a _sgrgical level of anaesthesia, an
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-area of iry skin (2-3 c¢m wi‘de and 7-A3 cm leng) was shaved on the
right sidMorsal midlina, A surgical incision was made, with 3
scalpel, through the fuli thickness of the skin from the ninth rib to
the fourth lumbar vertebra; th; 1n:isiun was approximately on= cm to
the righ;: of the dor's:all midline. The-skin on the left 'ot‘ the dorsal
midline was retracted laterally to exposu the Dorsal Cutaneous nerve
bundles (DCNs (rig. 2): these nérve bundles emerge from the body wall
‘ H

musculature 1-¥ em from the dorsal-midline and run down the body'wall

on top of the lat.issimus dorsi for approximately 2—3 cm Yefore they

enter. the skin to supply the afferent innervation of the back. The
DCNs each divide into two smaller branches as they emerge from the body

‘wall. The medial branch of DQ¥-T,; (MDQU-T ;) lies above the lateral

branch and innﬂrvates an area of skin between the do-'sal midline and

the lateral dorsal cutaneous nerve field supplied by the 1D~ T (Fig.

13
3., The lateral cutanzous nerves (LCN3) emerge from the. body wall
- musculature 3-8 em lateral to the dorsal ‘m%dline. and run fqr
approximately "1 cm bef‘or; entaring the skin. . "Each ‘DCN includes
afferent nerves from only one seénent of the spinal..curd. i.e. t‘rom'one
dorsal root ganglion' (DRG). The DCNs are easily identified; the .DCN
from splnal cord segneut TII (DCN- ) is accompanied by a large vein,
.anu the BCN from spinal. .segment, L3 (DCN-LB) lies in the Junction
between thé body wall musculat{nre and‘the hindlimb musculature. Omnce

the appropriate DCNs were cut to_ produce\ the desired pattern of

denervation the incision was closed 'ith in ted gut’-\sutures. in

.such a uay ‘that the sutuz_'es were not visible from the exterior (Fig,

. -

4); such internal "blind" sutures were necessaﬁ beca . x{e'rnally
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~exposed on2s were usually chewed by the animal, causing recy%ning of

the wound. After the incision was closed the wound area was rinsed.
with physiological salina, then swabbed with 7032 ethanol to prevent .
infection.

4) Densrvation of Skin

Fa' most of the experiments in this 1nvestigation the DCNs T10 12

'and LI 3 on the left side of the dorsal midline were cut, with fine

scissors below the body wall musculature just medial tc where they
emerge; the lDCN-T13 was also cut clcse to the body wall, and in all
cases I-2 em of the peripheral stumps waa evulsed;_tq prevent’
regeneration of the cut nerves. In addition, on the riéht side the
DCNs-TiO-L3.were cut and evulsed in the same manner., The consequence
of these denervations was effectively to‘produce an isolated "{sland"
of skin, on the left side of the dorsal midliae‘ that was innarvated by

mDCN- 13 and surrounded by a "sea" of denervated skin formerly supplied

by the adjacent DCNs, (Fig. 5).

For the experimental results described in the ResultS\section =

the pattern of denervation was more extﬂnsive' the nerves that were cut

b3
below the body Hall musculature were DCNs TB_TIE' lDCNT13_and L1-L5.

“and in addition the lateral cutaneous nerves (LCNs) T - Lg Wwere also

cut, These nerve, sections resultad in the complete denervation of the
left side of the rat's back, except for a small area of skin (1.5 - 2.0
cm in width) on the left side of the ventral midline, and the area of
137" Cutting the cutaneoue nerves below the body
walk musculature. with evulsion of theie peripheral stumps was found tc

skin supplied by mDON-T

be effective in preventing their subsequent regeneration.
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5) Electrical Stimulation of Intact Cutaneous Nervas

Once the. inftial Qenerﬁation had been befformed to leave aﬁ
isolated islénd of innarvated skin, its nerve supplﬁ. the intact
mDCN-T13. and its 510§d ve;sels were cérefuily dissected f?ée from the
' body wall. A small amount of conqgctive tissue was delibarately not
freed from the nerve in- order %o mininize ihe‘possibility of damaging
ic. The dissected nerve wasAcarefully.lifted up to a point
approximately on; half ¢ timeper from the body wall, and a pieze of
plasti; was placed betwee ;he nerve-bundle énd thg wall., Two platinum
Wwire electrodes were embééded in the plasticrabout oq; quarter of a
centiméter apart, and perpendicular to the intact nerve; the nerve Qas
placed on top of electrodes (Fig. 6). Sﬁecial caré .was taken to
minimize the tension on the‘nervq'during #lectrical stimulation; this
was assisted by having the electrode assembly connected to the isolated
stimilator by two very- flexible thin 1insulated copper wires which
allowed the ‘electrodes to "float" independent of the stimulator, and to -
moﬁev'{reely with the %espiratpry movements —of the rat. "The nerve
bundle and electrodes wer} then covered with petrdleum jelly to prevent
~ them from dfging out. After the narve had.been elec}rically stimilated
the petroieum Jelly was removed'and‘thg nerve was‘carefully lifted from’

the electrodes and replaced to its in situ,lodhtioqf

6) Application of Tetrodotoxin”(TTX) to Intact Cutansous Nerves,

The conpentration of TTX used throughout these studies was 10ug/ml
(31u4) (TTX Sigma Chemical Céﬁﬁl St. Louis Mo. U.S.A.) in physiological
saline. This ¢onzentration has been_showﬁ to blockhimpulég propagation

in a wide variety of mammalian n2rves, insluding tha cat_séiatic nerve,
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without effecting axonal transport {Ochs and Hellingsworth, 19'?1:

McClure, 1972). TIX was applied to one of two locations on the intact
;

nerve, depesnding on ths experiment. For experiments in which T'I')_(‘was

to Ye used to block impulses conducting to the skj;n from thé region of

thel nerve across the stimilating electrodes, a small portion {2-3mm) of

the n2rve was carefully dissected peripheral to the stimu'lating

electrodes and a bath was formed around the" cleanad nérve with

petroleum Jjelly, into which was ‘placed 0.1 ml of the TTX solution.
Whe.n the TTX was to be applied central to the stimflatin'g elect".rbdes in
order to bloek impulses conducting towards the dorsal root ganglio-a
and when it was to be used to block impulses genﬂratnd by physiological
stimulation gf the skin, an incision through the first layer of muscle
Was made about 0.5 .cm medial to the point where the cutan2o0us nerve
emerged. from the -body wall musculature. The incision was extanded
approximately 0.5 cm caudally and rostrally. and’ a flap of muscle
retracted from the body wall, exposing‘the'intact nerve ;s it emeréed
from an innar layer of body wall musculature (Fig. 7). This procedurd
created -a "muscle trough" at. the ‘botto:n of which 'was the intact’
cutaneous ner've..':. Approximately Z-Qmm of + the nerve, wés carefully
dissected clean, them 0.1 ml of the TTX solution was placed in the
muscle trough, . .

To determine whether the- TTX had’ blocked impulse propagation the
periph.eral f‘ield-vot‘ the treatad intact ner.-\'re was p.‘ijrsiologically o
stimul;ted,. Pincﬁing the.ski'n with t;mt!';ed forceps results in a reflex

response only if the impulses are allowed to conduct 4to the central
‘ ,

nervous system (C.N.5.). When the TTX is et‘-i‘ectively blocking these
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impulses the skin pinch fails to evoke a reflex response. Twenty
minutes after TTX was applied to a cuta‘meous nerve’ its skin field was
pin:he_ed. If t.h'e pinch evoked. a reflex r'esponse- then the animal was
retested at 5 minute intervals;: normallly' the TTX blodked the reflex
response to a .skin pinéh within 20-30 min after its application to the
nerve., Omnce tﬁe TTX had blocked -impulse_ conduction in the nerve (as
_determined above), the intact n‘er'.ve. was electrically stimulated or the
skin was pin:’:he'd (d.epending on ' the exper.iment), then the TTX was
immediately removed t‘r;om t;;e bath, and before c;losing the inc¢ision the
narve was ba‘t'hed in s'ever'ai changes of physiological saline. Three to
i‘our hours after phe— removal of the TTX solution'skin pinches evoked
mild ;'ef’lex response, and by 24 Hours these responses Qid not look

- detectably different from normal.

7). Mapping of Lo and High-Threshold Fields

To map tHe _r.;igh-thr'eshold fields of cutansous nerves in the rat a
behavioural ‘"method, simil;r to that first used extensively by
SherTington, was employed. The usua‘l objective was to map the area of

skin. supplied: by the high-threshold fibres of a remsining mDCN-T13.

Previous studies from this lab (Nixon et al., 1981) have 'shc:wn-.-

4

‘that in anaesthetized rats the high-threshold cutaneous nerves of

mDCN‘l‘13 will, when; stimilated, evoke a re(!_‘lex.. con_'t.ractipn Bf the

, 7
cutanzous trunci muscle (CTM), a thin sheet of skeletal muscle that
lies just below, and inserts into, the back and flank skin of‘*t.he rat-..

Thus a ‘. pinzh with toothed forceps o{,, the dorsal skin evokes 2

contraction’ of the underlying CTM. The afferent inputs which drive’

ihis reflex are the nociceptive high-threshold Group III (AY) and”’

T

s
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C-fibres which . run in the DCNS. Lo«;'-threshold touch;sensitive
afferents (Group I;Z or Aﬁ fibres) do not evoke a reflex contraction of
CTM. The motor output to CTM emerge_'s from the brachial plexus and was
essentially unaffected by the surgical manipulation used in these
experiments exc;ept when . it was n2cessary to record directly from ths
motor nerves to CTM. | ‘ o

Rats which had previously been surgically denarvated to produce a
mDCN-T13 "island"' (Heth;dé Sec 4} were anaesthetized at Selected timesg
after denervation, and the skin on the back was shaved. The rats Were
nou‘ready to be behaviourally mapped. A skin fold (2-3 mm long) was
grasped between t_h.g points; of a pair ‘of‘ fine tootheil forceps and
compressed firmly; (Fig. B8a) Hhijlé the presence or absepce of a visible
reflex contracztion of CTM was noted (Fig. 8). —A skin location some 2-3
mn away from the first w.as similarly examined and.in this mannar the
back‘ of the rat was systematically p'inched a_nd the responss to -éach
pinch recorded. A polnt was reached where a skin pinzh would élicit a
response at one spot but not two to three mm further along the skin:
this was taken as the border between sens:itive skin and an ad:jacent
area of ir;sensitive ;-.kin. “

A fine felt tipped ben was used to mark ﬁhe site dn the rat'¥ back
between the spo; whare a pinsh elicited a ret‘léx response and the
a.djacent spot w.'fv:re a pinch f‘a_ileq!. When the back skin had been.
completely map‘p.ed the m,arks i;dicating the border bﬂtw'een insﬁnsitive
and sgnsitive skin, were joined togebhﬂr with a continuous line (Fig.
‘9). To map the arez of sensitive skin supplied only tJy mDCN-T,

13°

"autonomous zona", the {nitial 1ncis£on made to produce t‘e .'nDCN-T13

+ o . )
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island (Methods Sec. 3) was reopened and the intact”mDCN-T13 narve was

cut. The back skin of the rat was again mapped with fine toothed
forceps and the ns2w area of insensitive skin that was formerly supplied

entirely by mDCN- was found.

T13

Finally, the peripheral stum of the cut mDCN-T13 was cleaned and

faised onto platinum électrodes: si gnals frqh the recording ele&trodes

were amplified and displayed on ‘an= occillosc&pe as well as relayed

* through a loud sbeaker. -inpulses Wwere recorded extracellularly from

-

*

the nerve while lightly brushing the skin with a fins bristle which
stimulated the low-threshold touch nerves. In this way the

low-threshold fielqd of the bfeviously intact -mDCON-T was mappéd

13 .

(Jackson, 1980); the borders of this field were also marked on the skin -

with a fine tipped felt pen. By recording several low-threshold fislds
. : . B

of DCNs on both.sides of the dorsal midline the overlap between

adjacent DON fields was determined (Fig. 10). The medial borders of

the medlal branches of the DCNs overlap very little at the dorsal

--ﬁidline. and therefore the medial border of a medial DCN can b2z taken

- to represent the dorsal midline of the rat back (Jsckson, 198Q0); a .line

" drawn along the medial border of the low-threshold receptive field of

mDCN-T13'uas routinely -used to indicate the dorsal midline for further-.

measurements,

J

8) Measuremsnt of Sensitive and Insensitive Skin Areas

After the rat‘ had been behaviourally mepped, and the low and

high-threshold fields of mDCN-T,, had been marked on.the rat's back ‘as
3 ] .
described above, the back skin was returned to its normal position so

:that ihe mzdial border,bf the low~threshold receptive field of mDCﬂ—T13

'
—

.
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was lying aleong %the vetsbral colum of the rat;' this minimized
distortion of the‘receptive fields, A thin acetate sheet was layem-

over the rat's back and the outlines of the areas of sensitive and

: ) . ) -
insensitive skin, and the low 2nd nigh-threshold fields of mDCN-'T13.

were drawn on the acetate sheet, The outlines on the shset were then
traced onto péper as a permanent record for f‘urther.measurmr{ts; A
'straimt.‘ line was drawn on the paper along the medial ‘border ‘of the

mDCN-T,; low-threshold field to indicate the dorsal midline of the
-

rat's back., The receptive field areas of mDC.‘I—T1 and the areas of

3
insensitivity 1lateral to “~the dorsal midline were measured by,

superimposing the acetate shaet on graph paper (m.'ng), and by counting

the number of squares zentained within each area; partially enclosed

squares were counted as half squares,

- 9)- Measurement of the Field "Axes" of 1'11D(It~l-'I‘1‘3

ey

To determne the linear extent to which a high-threshdld :Fm/
border shifted due %to sprouting, the changes 1in the length o two"

selected ’axes of the field were measured, the rostro-caudal and the
r .
dorso-ventral axes (See Fig. 19). It 'was assumed that sprouting in the

rostrol-caudal axis of the high-threshold mDCN-T,. . field was uniform;

13
to determine the extension of just ome border, restral or'”eaudal. the
ma ximum 11ne‘ar distance of the rostro-caudal axisﬂwas divided by two.
The maxim‘am aistance:by which the ventral border of the high threshold
m,DCN'T13 field had moved . was !neasured. directly in the vdirection
pe‘rpendicula—r_ to the dorsal midline.‘ This indicated the distanze that

the ventral border had extended into denervated skin.

10) Histology of Nerves Within Skin
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Nerves in the skin were stained using a silver impregnation.method
(Loots et al., 1979), modified for frozen sections as follows:

The piece of skin fo be examined was "emoved frem the rat and
frozen 1n 1sopentan= (industrial grade) cooled with liquid nitrogen.

-

Thirty micron frozen serial sections were- cut on a cryostat and air
dried onto clean nicroscope slides. than fixed in 10% buffered Formalin
for 3 hr. The slides were then transfenred to 80% ethanol forl hr for
partial dehydration. The slides were then .immersed at room temperature
for 25 min in an impregnation solut;dn' this was made by dissolvihg
0.5g Protaryol-s in 100 ml distilled water, following which were added -
(in order) 0.005 - O 010 g of allantoin, - 1.0 ml of 1% Cu(NO,)

3°2

3 solution and 1-2 drops of 30% H202 The

slides were then rinsed.in deionized water and placed in reducer numbar”

solution, 1.0 ml. of 1% AgNO
1 at room temperature for five minutes, Reducer number 1 consisted of
1 g hydroquinonz and 1t =1 (35%) formalin in 100 ml diéﬁilled'wat»r.ln
The slides were again rinsed in deionized watar and then transferred to
silver—allantoin intensifier solution . for five minutes. The latteﬁ\

. solution was made. by adding 1 g of AgN03 and 0.01 g of allantoin to 100 \

o

ml distilled water, The slides were again placed in reducer numbar 1 ”/)

.

for 10 secogﬂﬁ. and then in a second undsed reducer number 1 for a
further 5 minutes. The slides Qere washad in deionized uater'anﬂ fixed
for 2 min in a solution of 2% sodium thiosulphate. The slides were
| dehydrated in 80% ethanol and two ‘changes of absolute ethénol. then R
cleared in xylene and modnted.

‘ ' To determine the extent of the correlation between a b°haviourally

deteruuned border of a high-threshold field of mDCN-T13 and its
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histologically determdned.border. the followinglproto:ol was followed.
The behavioural borders were mapped and drawn on the rat's back (Method
Sec. 7). A sharp razor blade was drawn along'the behavioural border sc
as to cut through the epidermis and just into the dermis; this inzision
~was later used as a visible indicator of the behaviOunally determined
border- in cross sections of the skin., A piece of skin 1.5 cm long and
1.0 cm wide was removed from the animl in such a nay that the blade

'.
incision ran perpendicular to the long axis of the piece of skin, with

© approximately lone half of the piece of skin, the bshaviourally
'sensitive. ;o ons  side df the incision, -the other half in the -
behaviourally insensitive portion. The objective was to. determin=
histologically where the nerves were in relation to the- behavioural
border (the inecision), The skin was mounted, fro;en and 30.u serial
sections were cut on a cryostat parallel to ‘its long enis- thus
approximately dne half e}‘;he\section was behaviourally sensitive and
the- other half behaviourally insensitive. The sections were processod
and mounted on slidns as described above, and then viewed with. a lightl
microscope (objective 25X, NA 0.60 overall magnification ESOX).:-Hhen a
nerve was found in the dermis (epidermal ones were not rcsolved.by:;his:
technique) the position of the nerve relative to the beshavioural borden

(the nick in the section) was measured and recorded, and also recorded:

_whether the nerve was on the sensitive or insensitive side ot'the

border. The data were plotted as indicated in‘Fié. 15.

11) Electrophysiological Identification of the Presence of

. High-Threshold Fibres in Skin,

-

This methed for identifying the presence of high-~threshold Groub
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I11 (A?\) fibres in skin arose out of the observations that electrical
stimulation of the high-threshold group III afferents (puls.e width 0.05
msec) evokes a motor output to the CTM with a ret‘le:( lat'en.cy'of‘- 10-20.
msec while a much larger voltage, (e.g. 2-3x amplitude) and a pulée
width of about 0.5 msec causeé,v‘ excitation of the C-fibre af ferents,
which evokes a second independent reflex volley to CTM with a latency
of 40-60msec (see Results, Sectiqn D1 and Nixon, Jackson, ‘i‘heriatilt. and

Diém, 1981). Since the Group III afferents evoke a raflex volley

with a different latency than do the C-fibre afferents, an. attempt was

~

made \ to dif‘ﬁfrentiate between the high-threshold afferents in the
sproute 'igh-threshold receptive field of mDCN-—TB. . The results were
used to examirde, electrophysiologically, the p}esence_ or absence.of
high-threshold nsrves in the skin. The rats were anaesthetized, s‘b\aved'

and the motor n2rves to CTM dissected free from the brachial plexus;

‘platinum wire electrodes were used to record the reflex volley evoked

in these nerves by stimulation either of DCNs or of skin ,dir «Iy. For

the latter experiments the dorsal skin was cleaned with aleohol and °
o

- .

conduc.tive.cream was rubbed in. Bipolar platinum electrodes (0.5 cm

apart) -connscted to an isolated stimulator were used to stimilate the °

-

skin directly. After positioning .the-stimgifsbing electrodes, the.

voltage of the stimulating pulse was slowly increased to a maximum

(100V, 1.0msec. pulse width) while recording the latenqy of the evoked

reflex resfmn;e in Q:he.,CTM motor nerves. A latenci of 1‘0-‘20mae:c would

indic'at.e that 'excitation of Group III afferents had occurred, while one

. of llO--GOmsec_1..rr::a.:ld indicate the presence of C-fibre afferents 1in the

skin. _,_Fi_.nally.\the selected DCN was cut, and the skin excitation'

N

o,

-

L‘_

N
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repeated in the middle of the. previously mapped high-threshold field.
The absence- of a reflex volley in the motor output to CTM indicated
that the cut nerve had indeed conveyed the sensory input evoke'd from
the skin by the electrical stimulus. -

12) Statistical Analysis

! All statistical tests comparing si?‘(ifieance between groups were
carried ocut using the Mann-Whitney U-test. An example of the use of

this test {s given in Appendix I." )

To compare the rate of expansion of high-threshold receptive
fields after different {:reatj.ments. a linear regression line was fitted
to =ach group of! data mcco;-ding to the least squares an:;ulysis: the

slopes of various lines were compared using an analysis of variance.

An example of {;his analys\s is given in Appendix II.
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RESULTS

A. THE ANATOMY OF THE "‘UTANEOUS HIGH AND LOW-THRESHOLD FTELDS OF THE
T

RAT'S TRUNX

- 1) __The Cutanzous Nerves

The eequential origirn of the sensory ganglia giving rise to the
pateern of“ afferent innervation of the rat's trunk (unlik.e that of‘the
limbs or head) (see Fig. 10) is clearly preserved anato-nically Each
segmental af‘f‘orent cutput 1is organized into three primary rarni the
dor:s}al. lateral and ventral rami (see Fig. 3). As the rami emerge from
_.the ‘body wall musculature, each divides into two _s:r;aller rami; the
dor'sal ramus becomes the dorsal cutaneo_ue nerve (Ddﬂ); \:'htch divides to
f‘orre the madial branch of the dorsal nerve {(mDQN) and the lat.er:al'

branch (1DCN). Each-DCN innervates skin on tha back from the dorsal

Fl

midline to a region of the fiank approximately one ‘quarter of the total

distance to the ventral midline. The lateral cutansous nerves (LCN3)

innervate the lateral flank skin, d the ventral cutansous nerves thes

remaining, lefgely ventral, skin. 'tomes on each side
thus run t‘rem the dorsal to ventra.l midline, and each one is =omposed
of three i'ecepﬁive fields of the three'Q‘ami of the-same’segnenta],
nerve. When the-.DCNs are exposee for experimentﬁél manipulat.ion their
segments of origin ﬁre easily 1dentif‘ied {Hebel and Stromberg. 1976) ;-

the DCN of "the eleventh thoracic segment (DON-T 11) as it emerges from
t:,he body wall has been found {invariably to be accompanied by a

conspicuously large vein which makes it easilﬂr distinguishable from

other DCNs. Also it has been noted that the DCN of the third lumbar

segment (DCN-L3) runs in the readily-observed groove between the trunk-

v

W Y
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and "the pelvis. Using these landmarks ths rest of the DCNs ean be

reliably identified as they emerge from Ehe body wall, The division of

the DC_Ns into f.heir medial and lateral branches occurs scon after the-

DCNs emerge, and each of these branches'runs independently alorg the

body wall for approximatley two Lo three cm before penetrating into the

overlying skin. The medial branch always runs superficially to the
lateral branch, and- with practice the medial branch can be carefully

pushed aside with a glass rod to expose the lateral.

2) The Low and H-im-Thresﬁold Mechanosensory Fields Compared

Low-threshoeld ‘fields of 'DCNs were routinely mépped
electrophys'iologically (by recording ‘the skin area from which afferent

impulses were evoked by stro‘.éing witga light bristle - ses methods) in

these studies as an important "reference area" for the high-threshold

. L .
mapping; after the 'low-threshold DCN flield borders were drawn on the

back of the rat the medial and lateral branches (the DCN sub-fields) .

were mapped independently. In animals of 180 to 220g, the

low-threshold fields of" the medial and lateral branches of one DON .

overlap one another by 1-4 mm, a value which varies among ségmehtal

levels and among ani'nals. Adjacent DO low-threshold fields also

overlap one’ -another' by 1-5 mm, an amount that also varies amoﬁg

segmental levels and among animals. More caudally the DCNs:-L3 and th

overlap on=s anothér by 4-5 mm, while the smiller more rostral DCN field .

overlap one ‘another to a lesser extent 1-3 mm The 104-threshold
fields ot‘ mDCNs begin at. the dorsal midline and do not cross it;
consequently the medial borders of the right. and left mDCNs do not

significantly overlap with each other, but raf.her the two fields abut

-
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at the dorsal midline (Fig. 10},

Unlike the low-threshold fieids. the mapping of High-thresﬁold
fields 'was done behaviourally, and t;,o do this the DCN field was
"isolated"; this was done by cutting DCNs adjacent to thap selegted for
Ptudy. i,e., by denervating the skin surﬁggpding the telecteq
high-thresho;d-DCN field. The field was then mapped behaviourally by
noting the area of skin that, whén‘pinched. evoked a réflex contraction
of underlying cu;aneous muscle (Fig. B8); the field border; dere drawn
on the animal's back. After the'behavioural map was ccmplgféd_the DCN
wa; gectioned and the low-threshold field of the same nerv; was‘happed
electrophyaiologically (Fig. 9}. The high-threshold field was always
larger than the low-threshold field of the same nerve, extendi;g,some
two tc three mm -beyond the latter 16 all directions (Fig. 5). 1Inm

contrast to the low-threshold receptive field of mDCNs the

high-threshold ones cross the dorsal midline, by two or three mm,

sharing this skin with the corresponding mDCN field on the

contralateral- side of the dorsal midline (Fig. 5).. Since the

‘behavioural technique used to map the high-threshold receptive fields

required the section of adjacent cutansous nerves, ;€ was impossible to

N

"determine the amount of overlap between adjacent high-threshold fields

within_one animl. To galn some idea concerning the ' amount of this
overlap, several different DCNs and their branches were mappad both
behaviourally and, for‘the 16w-threshold fields, elect?dphysiologically
in different animls, ‘and fhe re;ulis combined to Zive a ;tcture of th=

probable pattern of the {nnarvation in the individual rat (Fig. 11).

The consistent finding was that for any DCN the high-threshold
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‘standard denervation

BLL:

receptive field was larger than thz low-~-threshoMd ohe, extending two to
threg -mm ‘beyond ‘ﬂf/ in all directions (Fig.. 11). Since adjacent
low-threshold fields &f DCNs COuld'gg‘accurately dztermined in any ona
animal, and sincg the Migh-threshold field borders extend by ;.kpown
amount beyond those of the low-threshold ones, a predictable map of thse

high~threshold field pattern of the DCNs innervating ths rat back cﬁj

be cdnstructed ig, 11). On the average the region of overlap between

t

~adjacent hi hfeshold fields was some & to 6 mu, indicating that if

oﬁly one DCY was removed there would be virtually no detactable area of
high-threshold insensitivity (although there would be a somewhat less
sensitive region in the area of skin corresponding to the overlap).

B, SPROUTING OF THE mDCNTI3HIGH—THEESHOLD NERVES TINTO ADJACENT

.

DENERVATED SKIN

1) The first experiments were done to detarimine if intaat

high-threshold nerves sprout functional collaterals into adjacent

denervated skin. The technique used in these ipitial experiments ,

measured changes in the total area of insensitive skin left after the

r

\
Methods), and not the expansion of a remining area of sensitive skin

supplied only by the "isclated" . nerve {the latter, more rigorous

method, was however adopted for the later experimerts),

Five groups of animals were surgically denarvated to produce.an

"island™ of innervated skin supplied'.only by the medial branch of-

DCN-T13 (mDCN-T13) (Fig. "5). One group of animls was behaviouraliy
mapped immediately after the sUrgtéal denervation (day zere); this

group (C) provided the control' values aﬁéinst which all other groups

procedufe. l.e., shrinkage of this area (see

~
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. 3
Wwere compared. Ome group of experimental animals (E1) was mapped sight

days after den2rvation, a second group (E2) at sixteen days, a third
(E3) at twenty-four and a fourth (EY) at forty daya after denarvation.

The areas of insensitive skin (m2asured lateral to the dorsal midline),

/
i.e., skin that when pinched failed to =voke a reflex response, was

measured in each animl. A mean reduction in af}ea of insensitive skin

was considerf_*w be the result o'f"intact nerve sprouting into adjacent

denervated skin, since none of tha previously cut nerves were able to

x

*regenerate back to the skin (at least during the periods used in these

studies) after: they had beénh csut, ligated and buried below the body
' wall musculature, The possibility that such a shrinkage ecculd be due
to central changes, e.g.., excitability' of neurons in the reflex pathway
for example, is dealt wit.hr below. 'I'he‘-area of inscn{itive skin
. produced by the surgical deneryation on day zero (Groups C) was 968 +
T2 mm2 S.EM. 'eight da-ys.later (Group E:l.’) the insenﬁiti\rg" area was not
significantly different from this control value (987 + 188 mins SEM. p
>.005) nor was it significantly _differént- at sixteen days (Group E2,

2

883 + 79 mm~ S.EM.; p >‘0'.005)‘. Hoﬁever. by twenty-four days (Group

E3) the insensitive skin area’was significantly reduced, to 626 + 59

i :
m2 S.EM. (p <0.01). ¢inally, forty days after denervation (Group EU)

the remaining insensitive skin was only 67 + u2 n° (S.EM.),

»

significantly less (p <0,001) than the sensitive skin remaining at
twenty-four days after dene;'-vatign (Group E3). The insensitive area is
plott;ed_agatnst t:.he number of days ajf‘.te-r"/{u:gical denarvation in Fig.
12, aIt can be seen that it began to decrea.‘;e only sixteen or more days

" after the densrvation. These results suggest that it took this long

,



T

for the intact high-threshold nerves to sprout functional collaterals
into the insensitive skin (see later)., There thus appﬂared to b° a
latent period for such functional sprouting of at least sixtesn days,

]
Once such sprouting began {sometime after sixteén days and before

‘twenty—fqur days} the rate of reinnesrvation of the deprived skin was

approximately thirty-five mm2 of insensitive skin per day. By forty

-

days there was almost no inssnsitive skin remaining.
1

That the eventual decrease‘in the area of insensitive skin was not
due to reinnervation by regeneration of the previously cut nerves was
shown by recutting the same nerves; this proc°dure caused no changes in

the areas of sensitive or insensitive skin 1n any of the experinental
{

animals,

"

2) Low-Threshold Nerves: Lack of Collatnral Sprouting

It has beeh shown in this labo-atory that the low-threshold nerve

fields (the touch sensitive receptive fields) of the intact DN &b not

—-—

sprout functional collaberals into dennrvated skin in the adult rat

" (Jackson and Diamond 1981). this was confirmed- in ‘the, present

experiment. Using electrophysiological procedgres (see Methods) the

area of the 1oa-threshold m-chanosensory receptive fleld of thﬂ intaﬂt

mDQY=-T was measured, i.e., the area of skin from which action

13 — .
potehtials were initiated in the narve by stroking with 2 fine bristle.

On the.initial day of surgery (Group C, day zéro) this area was-Tzq;:

-~ 2

19 mm~ S.D. and- 40 days after densrvation it ‘had not ~changed -

significantly_121 + 16 mm2 S.D. (Group Ell) (Fig. 13)/’“

3) Ahe There Silent (Non-Functional) High—Threshold Nerve Endings in

,
=

Behaviourally Insensitive Skin°

L

-

-~
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The reason for examininé this question comes principally from a
paper by Kirk and Denny Brown (1370) in which they studied the
high-threshold receptive fields 6} intact cutansous nerves in the
monkey (Macaca mulatta), They isolatsg the intact eiéhth thoracic
nerve by cutting three segmantal cu?anequs nerves rostral, and three
caudal, to it, and then behaviourally mapped (using a reflex respon;e

’
© to a pin prick) its high-threshold receptive field. Next they injz2cted
. . ;
‘tﬁe monkey with a strychnine sulphate solution (0.25 mg/kg), and
fifteen minutes later remapped the high—éhreshold field. They noted a
remrkable change; immediateiy_.after the injeetion ;ﬁe area of
hiéh—théesﬁold sengitivity héd incréased to a value some‘two tg three
times its original size. Their.explanationtfor this was that there
ﬁere cutaneous axons (in the eiﬁhth thoracic nerve) that ingervated the
insénsiti?e skiﬁ( surrounding the first-m2asured high-threshold
receptivé field, but in normal (experimentai) eon;itioning stimﬁlation
of these "sqrround" nerves féiled_tovevoke a feflex response because
'tﬁe effecp§ ‘of their' impulses were inhibited in the cord. However
strychnin=2, which can. abolish §p1nal'inhibition (Bradley and éccles.
1953) caused ‘an “unmésking" of the input in these "silent".nerves;
which were nowvbapable of evoking a reflex response. The possibiiity
that a simila} phenomenon might odcur in ‘the rat was therefore
exaﬁpned.

.

Four rats were anaesthetized, andin each a mDON-T. ., island was
. L

13
_produced- by appropriate denervations; and‘mapged behaviourally; the map
outlines were drawn on the back of each rat, A solution of strychniné

sulphate (1.5 mg/kg) was then inject2d | subcutansously, and the
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high-threshold fields were lremapped. In all 'fo-.:r animals tr;are Was no
difference in the area of these f‘ields‘ at‘ter'- the injection.. and-the
positions of the border between the sensitive and inaensitive skin was
also unchanged. By this criterion therefore, there wWwere no "silent™
high-threshold affererits 4in insensitive skin surrounding the normal

! L]
high-threshold receptive field of mDCN-T analogous to thase in the

i3
monkey,. Hewever, bnt.ter evidnnﬂe in this regafd came from an

1

appropriate morphological examination of the skin (sne bnlow)

S

4) Histological Examination for the Presence of Nerves in Skin

a) PRESENCE OR ABSENCE OF AXONS IN SXIN

The‘. behaviourallmapping techn‘:ique-us‘ed in this study relies both
on the high-threshold nerves possessing normal function (their .ending$
in the skin being excited by the pinch stimulus), and on their evoked
‘impulses being capable of acti\_ral:i_ng_ the appropriate reflex motor
" output f‘rom the CNS. One of the proltuleus f‘of the histological studi;s
now to be described is that norml intact high—thr'eshold ner\‘res might
condeivably' exat.eﬁd some of t‘leir branﬂhas beyong a behaviourally
| det.ﬂrmined high-bhr'es"xold field bo-'der. these “ﬂxtended" high-threshold
.endings -ni.ght be genuinely non-flyxctional or ";ilent". (Mark, 19711).
" IT sueh endin_gs existnd it 'is.possible that they could become
functional for some reason after ot'ner__ ner've,s supplying th2 same skin
region are c_:ut. {Kirk and Denny—Brou_'ri, 1970), thus giving the ‘appearance
. of ﬁaving sprouted .de -novo 1nt.; denervated skin, rather than already
being grgsent and silent. As d_i;cus‘sed in the preceding section. therev
could .bela fringe of .endings around 'a. mzasured field whosa imulsés'
failed to evoke a reflex r-;esponse. Horeov_/ér,' a fringe of

i
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high-threshold cutansous axons (very small myelinated and unmyelinated
nzrves) may extend into insensit'ive skin in such s‘n‘nll vnumbers that
they goul"d be missed du.ring a histolegical examination of insensitive
skin. Despite these .hypcthetlical difficulties the histologica—l
exanﬁ.natidn of skin seemed a'\;orthwhil_e study to make. Such an
examination would be unable to differentiate between high and
low-threshold nerves T\kroposnd histological study, however, w;s
simplified by the assumption that intact low-threshold nerves do no.t
sprout functionally "silent" collaterals into denervatad skin in the.
adult; thi& is unlikely (Jackson, 1980). |

The h'istologi\.al ex;mination of sk;n that was =2specially
interesting was that of behaviourélly insensitive skin, and skin in
ghich'seqsitivity was _Qelievetj' to have been restored by sprouting of
'r;eighbouring inta_ct nerves, In.azdition to "eontrol” skir! taken from
normlly—inné‘rvate’d_ regions, pieces of ingensitive skin were removed
from eight' rats that had b.een surglically densrvated to produce an
rnDCN-‘[‘13 islanq'and Behaviour‘ally mpped either sixteen or twenty-four
days later., -In such animals, the;cuf—oﬂ‘ peripheral axons would have
ha'.d ample time to ’;;ge'nerabn (Ramon y Cajal' 1928; Weéddell, Guttmann -
and Gutmann, 19“1).. The pieces of skin averaged on2 cm square and were
‘taken from an area at least t:ﬁo to thr‘ee mm—outsidn th° border of the
‘behaviourally sensitive skin. The skin’ sampleq were Frozen. silver "’
."stained and viewed ip the light micrpscope as described in-the Hephéds
S"Bc 10. Four pleces of behaviourally sensitive skin were also
processed for histological examination, taken from tha 'same animals;

these * pleces of skin were removed from regions. that had been

.

-
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-

denarvated, andﬂ:‘which would have been insensitive on day zero (this 15
Lknow‘n frqm results describad in Sec. A42), btut by 24 days had beccme
‘behaviourally sensitive, consistent with their ‘having been invaded by
sprouts f;rom neig};bouring intact nerves.

"A normalih ("control") skin is shown in Fig. 144, Clear‘lyr visible
in it are the-silver-stained axons, r?nning in small fascicles in the
dermis, Ho_.aever', thé histological ,exa;ni'naltion ot‘ th2 behavicurally
insensitive ‘skin‘ revealed/c(d such cutaneous axons in either the dermis

. or the epid(eruﬂ.s; navertheless the motor nerve§ toa CTM, _which vw_er?‘not
touchad during the initial ded?rvatiqn. showedlup Well with thd Silver'
st,ain. Clearly visible in ‘;.he dermis of‘si.zch bekhaviourally _in'se’r-isitive
skin 'howevgr were many axon-free "Schwann tubes™ (Fig‘. 14B). These

-

tubes are formed by the Schwann cells which remin and mu'ltiply after

— <
'\. the axons and myelin have degeneratet_! and been phagocytized by
maerophlages {Ramon y Cajal, 1928); The Schwann tubes .appeared tolrlin'
i 'f\\througmut the dermis in Va kind- 5!‘ network; this wouid saem tol
‘correspond to the normal "network" of cutanéo_us nerves (weddel_l _et al
/" 19481), Figure 14B shews a port_:ilo:a of the normal network. l-‘n.the, sk_ir'n

which had become sensiti've tg forcep pinc\hing. hc_wever..'there Were

‘

clearly idgtif‘iable axons in the dérmis. most of which appeared to 1ie

kY

within Schwann tubss (Fig. 14C). The Sprouted axons did mot fill the
Schwz;nh tub2s to the extent seen in normal skin, but what seemed to be
products. of degenarating nerves ';:ere f‘.r,equently seen within them (Fig.'
14C), In the low-threshold f‘ield‘ of the M‘mDCN-TH. in which tl';e
. Schwann tubes were filled with ,éxons (Fig. 144) no appearances

-

suggestive of degenerating nerves or their products were .seen. The

-
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histological results thus revealed that while behaviourally insensil:ive

skin was devoid-of‘ visible axons, skin in which behavioural sensitivity
LY

had bee;m restoﬁed contained numerous axons which were almost all within
what seemed to.corr:espond to_ the Sch;aann tubes seen in the densrvatad
skin at e'elrlier times, - Hmevar. the sprouted nerves obviously did not

_campletely  restore the normal axonal population within the Schwann
tubes although this conclusion s essentially qualitative since axo'i-
counts in skin w;re not made in thase studies.

“The results thus directly support the _ .inrerence—rlf‘rom “the
behavioural evicl’enﬂé that cutangous nerve . Sprouting occ;.lrrﬂd into
denervated skin, and that this was responsible -for the retum of high
threshold machanosnnsory function. A stronger support was provided by
the measurements now to %8 descr‘ibed. : ‘ .

c QUANTITATIVE CORRELATION QF THE SKIN AREA CONTAIN'ENG AXCHS AND THAT

SENSITIVE TO FORCEP PINCHIN"" 'I'HE BORDER DETERMINATION

+ The azcuracy with which the behavioural mapping technique defines
-=the border' of high-threshold f‘ield {s determined primarily by the

amount of skin which is stimulated by the toothed forceps .and was
v

‘estimated to be + I.0 - 1.5 mm (ses DISCUSSION).

\ . The next experiments attempted to assess the correlation between .
< ‘ d

~ ¥ . ]
the-b&{)avlourally and histologically determined high=threshold field

borders:’ Three experimental. animls Wwere used; one had been
behaviourally mapped =ixteen days. after its ini'tial'surgery. a second
had baen physiologically stimlatﬂd with toothed forceps at the ti.rm of

t.he denervations and behavioarally mpped sixteen days later, and the .

13

* third animal was ona  whose intact mDCN-T .had been .electrically
’ . o > . ’ ’
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stimulated on the day of its initial surgery and mappeq sixtzen days
later, - |

The behaviourally determined high-threshold field borders of the
intac? mDCN—T13‘were qyé:; on the back of each (anaestnétized{ Eat,
then a sharp razor blade was drawn along the behévioural bordef w;tﬁ
sufficient pressure to cut througn thevepidermds and extend sligﬁtly .
into the dermis, This incision was 1at;f use& 38 a reference point to
indicate the lo;ation of the behavioural border in cross sections pf
skin, A piece of skin {approximately I.Sem long anﬁ I.,0cem widé) was
.removed from each animal, each piece consisting 6f approximately half
behaviourally sensitive and half insensitiyg skin; with the razor blade
incision runnin% along thg border between éﬁem. The skin w;§ frozen,
sefially sectioned and Ftaihed with silver. '

Each s;ction Was viewed under the light microscope {ohjective 25x,
NA 0.60 overall ngnification 50x), fh= bnhabiourally insensitive
skin was carefully exaudned for the presence of sbainﬂd axons‘ in every
third sectlon the behaviourally sensitive skin was similarly examdnﬂd
Each timp an axon or bundle of axo:i was observed, ts location was
notﬂd {as being in behaviourally Sensitive or insensitive skin) and its -
distance measured in tens of microns from the behaviourally determined.
borde; (the razor blade 1nci§ion). After all the seztions had been.
vieged. the data were plotted as in Fig. 1§§.VC and D on an enlarged
representationlof the pi;ce_of skin -examined., The preseﬁce of a narve
or group of ’nerves in. each viewed section was indicated. by a doﬁ

situated on the appropriate side and distanze from the ineiéion. (See

Fig. 154 legend for a further description 6f the method of
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v
presentation), In =zll three skin samples examined no dxons were ssen
-in ’chl'e behavioure;lly insensitive skin (ie., beyon-'ld the limits of the.
_ t;ehaviourally'_ determined field border (see Fig. 15B, € and D) ; Schwann
tubes were p‘resent, hoWwever, as described above (see Fig. 1HB). Axons
were seen within the Schwann tubes iﬁ the behaviourally detnrmnnd
bordeé region, and in the behaviourally sensitive skin, whizh contained
prominant bundles of axons within Schwann tubes (see Fig. 14A). From
these Eésults ttlt_ejn the histologically definsd border in each of the
7 .
three samples was aﬁproximately coincident with the behaviourally
def;ined border, within the + 1.0mm limitation on this; these results
are consistent ;Jith the conclusio'n that the behavicural techniques used

: ™.
in this study indicate the 'histological border of the intact

high-threshold nsrves with an accuracy of + 1 mm, -

-

D. WYICH FIBRE TYPES SPROUT INTO DENERVATED SXIN IN THE ADULT RAT?
. " L~ S

There are three élasses of sensory nerves to th‘é skin; these are
the' large diameter myelinated fibres (Group II) associated with
low-threshold mechanoreceptors, th: smll-diameter myelin'ated (Group
III) and the ver&;- fine unmyelinated ‘ C-fibres associatad with!
nociception. The ‘. -}flistological . examination was cinadequate to
differentiate between the two classes of fibres of intere.st,.,,the Group
IIT and ;.he‘. C-fibres' associai:ed with high;threshold nociception.® We
do, however, have a methed of distinguishing between the two classes in
-the preSent experiments involving nlectrica‘l stimulation of either the
axons in the nerve, or in the skin,

&

- 1. Eleetrical excitation of’mDQl-TB;

There are two classes of high=threshold afferents which, when
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stimulated, will evoke. a reflex contraction of CTM (Methods Sec. 11);
these are the small-diameter myelinated group IIT (AS) afferents .(2 to
6 u), Vand the much smller unmyelinated GC-fibre afferents (c2u).
Either or both of these groups of nerves méy sp}-out into._adjacent
denarvated skin in the adult rat to give rise ﬁo enlarged
- high-threshold receptive field of nerves, The latencies of thz refley
response to 2xcitation of these two classes of nerves were determined

in the following way: the inta@DGN—T was electrically stimulated

13
and both the compound act;on potential' proceeding centrally in the
th‘JN-'I‘13 and the evoked. reflex output, the efferent vol.ley ;n the. motor-'
nerves to CTM on the ipsilateral side, were‘recor:ded (Fig. 16).
St-ixmlat.ion of mDCN—T13 with small voltages (eg., 0.5 volt square wave
of 0.05msec width) excited the Grou'p IT low-threshold afferent fibres-
(conduection velocity of approximtely 50m/sec) (Fig.. 15A): h.owevei-.
there was rfc; reflex volley in the t;igtor nerves to CTM (Fig'. 164). A

.small increase in the voltaae; up to two to five volts, excited the

Group III (AS) afferent fibres (conduction velocity of approximately

20m/sec) (see Fig. ,16B); this now evoked a reflex excitation of the-

motor nerves to CTM, with a latency of 10-15msec. (Fig. 165).’ A much

larger voltage and pulse width (15 v8lts, 0.5msec pulse width) gxcited

a C-fibre afferent volley (conduction \;elocity of I.9m/sec) and was

associated with a second vutput "in the motor ge'r-ve,s to CTH with

a 'latency of 4o to 60ms
b

18C). This wad a repeatable finding.
It was hoped therefore th2W direc

lectrical stimulation of the skin

would alse allow the differentia batween the refle; output evoked

by activation of the Group III and the C-fibres. If 80, it would then-

-

S —
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'be possible tc determine, by electrical stimulation of the formarly
den=rvated skin into which the high-threshold field had expanded, which
group or groups of-high-threshold narves-had sprouted.

2, Electrical Excitation of the Skin

Three animals with "sproutad" high-threshold receptive fields of
mﬁCN—T13 were examined., The animals were behaviourally mapped and the

high-threshold receptive field of mDCN-T was drawn con the back of

t 13

-each, The low-threshold field of mDCN-T13 was determinzd

hysiologically, but for these studies the mDCN-T1

was kept

3

iﬁ » l.e., it was not cut to improve the signal-to-noise ratie. In

- this way‘impulses-in the cutanzous nerves due to electrical stimulation
of iéhe EEEQV Qoﬁld propdgate to the spinal cord and evoke -reflex
responses, -The low-threshold receptive field (which do=s qot enlarge
inte ad;;tent denervatedaskin in the adult rat, see Fig. 17a) was usad
as a réferénce to allow the determination of the region of skin
contaiging the enlarged portién of the high«threshold field: in normal
animals the high-threshold field does not extend bayond the
low-thresheld ons by more than two to thfee mm (see Sec. A2) so that an

" area of oh}ynhigh-thyeshold senéitiVit; well beyond this, caused by
Sproutiﬁg.bf mD?NfT13 fibres, should be innsrvated only by the sprouted ‘
high=-threshold nerves (see Fig. 15C and D)Z. In order to measure the -
latency of the reflex output from the cord, the evoked impulse activitf?'

~in the motor nerves to CTM was recorded directl}L The skin region that
iqcluded the receptive field of the sprouted high-thrashold nerves %n

mDCN-T1j was shaved, cleaned with 70% ethanol, and conductive cream was

rubbed into the skin. Electrical stimuilation of tha skin in the middle
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‘of the low-threshold field of t.nDCN-T13 was done first, i.e., the region
‘supplied by both high and low-threshold fibres (Fig. 17A and B),

The 1arges£ stimulds voltage used (100Vl pulses of I.0msec pulse
width) evoked only a3 single reflex output in the motor narves to CTM;
its latency was 10.- 15 msec:_no second reflex response was ever seen
chéracteristic of C-fibre echtation. This result thus indicated that
in these experiments the électrical skin stimilus was able to execite
the group III afferents but not the C-fibre oqes.”

Electrical stimulation (90V, pulses of 1.0msec pulse width) of th§
skin in thz sprouted fegion of the‘ intict high-thresheld fleld of
mDCN-T13 (Fig. 17¢C and D) dId avoke a re%lex respbnsg'in thg motor
nerves to CTM; iIs latency was 10 to 15 msec,‘indicétiné that EEE Group
III affgrents fibres had clearly beéh activated. Again; th;-stimulus
failed tov evoke a long latency reflé& response Icharacteristic of
C-fibre excitation. When , the mDCI;{-T13 was cut the . electrical
stimulation of skin fatled to evoke any reflex Ee;ponsc

Since we could not excjte C-fibre endings in normal skin by direct
stimulation. the finding that electrical stlmulation of the skin in th°

sprouted region of the intact high-threshold field of mDCN-T (Fig.

13
17C and D) also failed to evoke a long latenzy Feflex response did not
allow the conclusibn that C-fibres had not sprouted It was certain,
ho&;ver. that at least some of the group III afferents had sprouted
into the adjacent dennrvatad skin.

E. SPATIAL CQASTRATNTS ON _SPROUTING OF THE . INTACT HIGH-THRESHMOLD

NERVES r/ Coe

Although low-threshold mechanosesnsory nerves do not sprout in
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adult rats «(Results Sec. B2), thare does exist a short critical period

. ,
postnatally during which these nerves will sprout 1nto.deperaned sxkin- |
-

(Jackson and Diamond, 1981).. This sprouting in neonatal rats is
spatially confined: the low-thrashold nerves seem to sprout only into
densrvated skin that was formerly part of their "parent™ dermatome. It

1s evident from the results already described in this thesis that the

high-threshold mechanosensory nerves are not similarly constrained

(e.g., Fig. 12). These nerves can- sbrout into denarvated skin of
adjacent dérnatomes. apparently as readily as within their own. In
this then they differ not.only from the low-threshold fibres sprouting

within the critical period mentioned above but also from low-threshold

[
-

mechangsensory fibres in the salamander whose sprouting is similarly

-

confined-to the parent dermatome (Macintyre and Diamond, 1981).

-

1. Spatial Constraints an mDCN-Tll High-Th;eshold'?ield Sprouging

The' following experiments were designed to determﬁng whather the
high-threshold nerﬁes. have . any directional preference in their
sprouting. It waslconceivablg for examﬁle. that'these nerves might
initially sprout ventrally to ‘innerfate the denarvated skin witﬁin'
their dermatome, and only subsequenély sprout int; an ;vailable
adjacent dermatome. If there was no ;uch preference thg sprouting in‘
the rostro<caudal direction would be no’different in in}tial raﬁe from .
Lhat in, the dorso-ventral axis.

¥

In six groups of animls DCNs TB-T12' L1—L5 anJ.lDCN-T13 Wer? cut

(a more extensive densrvation than used hitherto) to produce an intact

»

mDON-T,; island (Fig. 5) and in addition the lateral cutansous nerves
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(LCNs) innervating the flank skin just l‘ateral ana adjacenﬁ to the DQis
were also gut [LCN-'I'8 to L.5 (F‘ig. 18)1. The purpose of the extensive
dena2rvation was to provide the intact mDC."l-'I‘.13 #ith as much denarvated
skin as was experimentally practicable, into which it eould sprout
befare reaching already innervated skin. During the .time of thasge
- experiments (U0 days} the mDCN-T13 was in fact unable t;ully, to
innervate all the denervated skin available to it, i.e

., its field
. naver e_xtendgdfel:lough te abut with already innervated‘ surrounding skin.
‘Groups of a\r\x\imls were behaviourally mapped 3t 0, 16, 20, éS. 30 and #0
days after denarvation, and the maxirmni‘ dorso-ventral and rostro-caudal
"axes"Aof th'.; isolated field _were measured (as in Fig., 19). A
' comparison was thus pos-siblé between the extension of"the int;ct narve
field into densrvated skin within its own "parent" dermatome, énd that
into either of the adjacent denervated .dermtomes‘. The -data are
plottéd in Fig. 20A and. the lines of linear regreasioﬁ com;auted from
the data are plotted in Fig, 20B. A comparison (Ap;-:endix II) of the‘
rate of movement of the rostrc")—caudal border and the dorso-ventral one’
1nﬂicates that there is, no pret‘erred direction of sprouting (P > 0.05);
all tﬁe borders of the iﬁtact high-'threshold field ady;anced 1nto_
dengrvated ¥in at tfre same  rate, Thus there was no apparent
-preferenée o‘t" the intact "high~threshold nerves to spr'o:xt. into the‘ir
parent Fierrnatoms. and it is concluded that there are'.no spatial
constraints on sprouting of the 'intac‘t high-threshold r;érves analagous
to those of the ].Lvi—threshold ones within the neonatal rats (Jackson

and Diamond, 1981), or to those of the low-threshold nerves in the skin

of the salamander (Macintyre and Diamond, 1981},
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‘The next experiments examined for ‘the presence or absence of

2, Spatial Constraints on D(‘.‘l‘i—‘l‘13 High-Threshold Field Sprouting

spatial constraints on the sprouting of an intact entire DOCN, It is
co'x-eivable that the above results for the medial branch depended upen .
sprouting bemg initiated into the parent dermatomal territory and thnn

spilling over 1nto'- the adjacent foreign dermatomal skin, In the new

- experiments only the latter (denervated) skin would be available for
. . .
invasion by axons of the medial branch.

Six groups of animals were densrvated as in E 1 a'bove,' but in

_these animls the lateral branch of D(‘.N-—T13 was left intact along with

the medial branch. Groups of anim‘ls were behaviourally mapped on days
0, 16, 20,-25, 30 and 40 after/d'enervation and the m:dximum
dorso-ventral and rostro-caudal axes ‘of ﬁde field wers measured.  The
border extensions w“ere again compared 3s in EI above. 'fhe data is
plotted in Fig: 21A and the lines of linear rlegressiorlt zomputed from

‘the data are plotted in Fig:; 2¥B. A _compérison (see Appendix II) of

-

the rate‘ of extension ‘of the rostro-caudal border, measured from the
1

medial portion_of the DCN field, and the dorso-ventral border (i.e..--_A;'"-?" ‘ 1

the lateral extension within dermtomal‘skin) indicated that th= -on

high-threshold axons of the whole DCN- T13 did indeed readily sprout _-fﬂ ]
LR PT i
,u-u p
wit'.hin its own denervated . dermatome as well as adjaﬂent denﬂrvatﬂg ‘_ b S
Jo Py
dermatomes and that there was no preferred direction of sprouting (p oot

»

>0.05): all the bor'ders of the intact high-threshold field expanded
' ~into dennrvated skin. at approximtely the same rate. It is therefore

not essnntial for the medial branch of mDCN- TI3 to be pres:ented with

denarvated skin within its own dermatome in order to initiate sprouting
¢ :



of high-threshold narves into adjacent denervateq dermatomes.

3. Sprouting of mDCN-T,.
' 13

This experiment examined the possibility that a field supplied by

vs DCN—T1G High~Threshold Nerve Sprouting
13- -

a given numb2r of axcns would expand more raplidly than a field with a

smaller number, even though tha density of the skin innervation (1n'£he '
r censity

case examined) probably would be the sane. for the larger and the -

smaller fields. If so, an isolated.DCN--T13

medial' and lateral divisions of DCH-T13} should expand into the
surrounding dem2rvated skin at a higher rate than would ‘the medial
subfield, The rafe of increase in areaz, and of, extension of the

rostro-caudal and dorso-ventral axé; of isolated DCN-T fields, were

\ 13
compared with those of isolated medial subfields of the same - segmnent

T13. As shown in Fig, 22A and Appendix TI the rostro-c?udal borders of
both the sprouting DCN—T13‘and mDCN-T13'high-threshold fields extended
into deénervated skin at the same rate (p >0.05). Similarly, the
dorso-ventral borders of both fields.expanded outwards at th2 same rat;
(p >0.05) (Fig. 22B Appendix 'I). These results ‘indicate then that, as

expected, the ‘extension by sprouts into denervated skin was unaffested
. . .

by the size of the remaining innervated field.

The increases in aFeaﬁ of both the spﬁbuting DCN—'I‘!3 and mDCN-T13

are plotted in Fig. 23A‘and the 1lines of linear regression computad
from the data are plotted in Fig. 23B. It is clear that DC\I-T13 and
mDCN-T—13 when §urrouhdgd by denszrvated skin will sprout'and increase

-

the area of their receptive fields significantly different rates (p°

< 0.05); Would be expected Since the rate of change in area is

directly propdrtional to th2 square of the radius of the quasi-ci:s:lar

\

fleld (supplied by the’

o

%7‘
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receptive fields. Since the whole DN field has a ]..ar'ger' intial radius
than its sm‘;ller subfield then it should, as -it does -(Fig. 238),
in'érease its receptive field area faster than its sma'll'er.- subfield aven
though their :a\xes are increasing at the same rate. There is thus ao
detectable diffecence in either the rate or the'direction of sprouting
of the large (whole DCN) or small (mé-diq_l DC;I braneh) nerves into
den2rvated skin,

' - . ) s

. .
F., EFFECTS OF ACTIVITY ON THE SPROUTING RESPONSE OF INTACT

HIGH- TIRESHOLD NERVES

<

1) Observations Pending to the Study

In initial experiments designed to 2xamine the sprouting of intact

high-threshold nerves the strategy was to follow the time course of

sprouting within each animl. Four animals were densrvatad to produce

an :nl)(.'t«l-'l‘13 island in_ each, and seach animl was subsequent ly

behaviourally n?p‘ed every four days, In these early “experiments the

area of remaining insensitive skin was measured every time the animls
. K ‘
were mapped, rather than an area of "isolated" sensitive skin as in the

. i 7
experiments described so far (Fig."_‘i). The area of insensitive skin

was 968 + T2 mm'ZS.E:.M. an theﬂ initial day immediately following
surgery. A'fter a "latent period" of a f‘e'ulf.days the insensitive ar'e‘a
decreased at a roughly uniform rate (Fig, au), Twer;ty-f‘our days after
surgery there was no indensitive skin remining (Fig., 24); by this time
each animal h been mapped on at least five different occasions.
éurprisingly. in another group o( canimals (used for a different

experimental objective).-which had received a similar den;.-r'vation, but
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had not peen further examined uniil sixteen days latér, there was very
little shrinkage of the area of skin ‘insensitive to ,a pinch., The
Speculation arose to whether. the repeated behavioural mapping. could
- itself affeet the fate of sprouting of intact high-threshold nerves,
For this -reason, the strétegy was. altered; grodps of aninalsl weras
mapped only onze, each group at a selected numﬁer of days after
denzrvation, When the amount of renﬁining insensiti@e skin in such a
group sapped at lwenty-four days i3 zompared to that of the rapeatedly
eiamined animals (?ig. 24), it is clear that the areas of insensitive
skin are significantly different (p < 0.001); the animals that had been
mapped only onge had 626 + 59mn> S.E.M. of remaininéﬁinséhsibive skin,
. : %
while those mapped five time;qhad aimost none, ‘It seamed then, that
the testing procedure was somehow responsible f&r apparently
accelerating the rate of sprouting‘of .the high-éhreshold nerves: In
the absence of any inteémediate behavioural testing, the high-thréshold
nerves succeeded in tnnervating all the availablg denervated skin only
by approximately forty days, while with beh;vioural testing every four
dayé the same resﬁlt was achieved in approximately twenty days (Fig.
24). At first sight it appeared that the sprouting was accelerated to
roughly twice thelpaornal value by the repeatad behavioural testing

procedure.

2) Further Rationale for the Proposed Study of Impulse Effects on

SErouting .

In responsé to parg}al den2rvation of the back skin of the adult
rat, remainping intact high-threshold nerves clearly sprout to\}nnervate

the deprived skin., A This was suggested by the expansion of the
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bzhavioural fields, and confirmed by the finding that nzrve fibres

reappear in denervated skin pari gaséu with ﬁhe redevelopment of

sensitivity in it. The behavioural and the morphological data agree

we;l. Low-threshold nerves do nqt sprout, {(at least functionally) into
denervated sk}n in f.he adu_-lt rat (Jackson and Diamond, 1981; Devor.et
al.. 1979). "Eyidence Jthat the .sprouted nerves certainly in'clude'
hiéh—thréshold- onz3 has beeh givep (St.e::. D2). "I‘}ie preﬁent results ara
in  accord with( those ' of Devor et al. {(1379) .who‘demnstrat‘ed
physiologigally that high-thresho]:d cutans2ous nerves sprout into
denarvated gl_aboroué and halry skin iff the adult rat hind paw.. They

utilized the behavioural withdrawsl of ths hind 1imb to a skin pinsh to
détermine the areas of innervation and ﬁenervatton; as well, they
recorde.d impulses in tﬁe intact n‘ar‘ve ‘and demonstrated
. . )
electrophysiologically théE some intgct fiber "had L;nu&ually large
receptive fields, extending into the pre\}iously denarvated skin.
. .~

Devor et al (1379) and Weddell et al. #1941} analysed sprouting of
intact nerves by behaviourally mpping sach animal, somet'imes evary
day, to follow %he ofté'n dally expansion of a remaining intaet nerve
field. That repeated exaﬁdnat;ion of an intact nerve field may al‘fe.ct-
such results haé been indicated by the present findings, whtch.;uggest
that repeated behavioural mapping o_f the inta‘clt high-threshold
rﬁech;nosensory nerves will al;parently acceleraté‘ their sprouf:ing. The
repeated behavioural mapping used in the experiments of Devor et al
{1379 might account for thé rapid rate of sp_rc;uting of the intact
nerves they reported. This will be further discussed later.

Several possible mechﬁnism could be -responsible for an increased ,
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rate of sprouting caused by repeated behavioural testing. Pinching may
release growth factors within the sKin which act oh,the intazt narves,
The pinching may. damige the iﬁtact nzurites within the skin, and cause
them to regensrate rather than sprout; the rate of such regenaration
may lbe falster than the rate of sprouting: 'Final‘ly.upinching within the
intact hi!h-—thr'esh'old narve field uill\increase_the impulse activity in
the axons, and this may somehow acéelerate their rate of sprouting into
adjacent denerva‘ted skin., Increased impulse activity in ;ntact motor
nzrves has been claimed to accelerate the rate of sprouting of these
nerves in partially densrvated muscle (Hoffman, 1952) although this has
never been confirmed.

It seemed clel_-ar that the possibility should be investigated that
impulse activ-i'ty E‘i 8e can cause an acceleration of cutaneous . nerve

sprouting. /

G. AN _INVESTIGATION OJF THE BASIS OF THE: APPARENT ACCELERATION IN

SP ROUTING caum REP EATED BEHAVIOURAL TESTING

1. The Effect of Physiclogical Stimulation on Sprouting of

High-Threshold Nerves

During the behavioural testing procedure sesveral skin pinchas were

made actually within the  receptive field of th2 1isolataed intaet
high-threfipld nerve (the moc:w-r135; the rest of the pinches wers in

_insensitive-skin surrounding the island field, or in the outermost,

:

surrounding, skin (sensitive skin innervated by adjacent uncut

cutanzous n2rves such as DCN-Tg. the 1lateral cutanaous nerves

(LCNs-Tg-Lu) and DCN-Lu).‘ During the repeated behavioural mapping,

over a four day period, the intact’ mDN-T,

.

3 field was estimated as

‘o
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receliving approximtely 135 pinches. These pinchas wers spreac’i out
ovar five behavioural testing procedures. The question arese - what

would be the effect of a similar numbar of pinches of the, field done

-

according to a different regime, in parti&;ul_ar all on the initial day

2 ® ’
of surgery? S .
In these experiments thz effects of physiological stimulation

(skin pinzhing) were examined on the {solated intac’ high-threshold

t

fields of mDCH-T‘I'3 in a group of six suréically densrvated ‘animls,
Af‘ter the animals w-ere suturad, the skin that inzluded the mDQl-_’l‘1-3
field was pin:heé' 135 times; each Binch had a duration of approximately
one second, and the pinches were scattered thf*‘ou@qout the entire area
of* the field., Sixteen days later the érﬁmals wers beha.viourall_y
m-épped. Ir; these and subsequent expe_rimepts areas of the
high-thr:.eshold field :nDCN—T1'3
suppl'ied by this nerve, ratherf than f.he éreas of insensit'ive skin as in

were mesasured, i.e., the sepsitive skin
e

the earlier experiments, ;rhe value obtained (619 + 25;S.E.4.) is
significantly larger (p <0.001), indeed more than double'the area‘.of'
the intact high-threshold field of @W—T
animls mapped sixteen days after. denervation, which had not been
pinched (260 + 19mm25.E.M.). (Fig., 25). Ther'e_wés no doubt that the
skin pinches delivered in ons stimulation regime were little dii‘ferenp
in their effectivenass from these spread out ovér‘ many days;_ This ua:.v.
good, sindce it permitted 2 batter and more practicable approach to

subsequ'e'ht, analysis of the,phenomsnon.

2) Examination of the Effécts of Tetrodotoxin (TTX) Block of the .

13 in a control ,group of

Physiologically  Stimulated mDCN-Tﬁ on___the  Accelerated

“
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Sprouting.
If the physiological stimulation of the intaet high-threshold

field of mDCN—T13 Was causing an accelerated sprouting of the intagt
" narves by increasing the amount o'f neural tivity in them, then the
th

block of such activity- should prevent effect.  The following

experiments were undertaken to examine this poi-nt. .
O group of six rats were denarvatad to proﬁuce an mDCH- ‘1‘13

1
island. The intact mDC - T13 trunk was exposed and carefully cleannd in

ot

the region bnnnath the lattisimus do"si and about 0,1 ml of‘ TTX
solution (10ug/ml in 0 9, saline) was placed on the nerve. for 25 ain
(Methods Sec. 6), at which time a forceps pinch wWithin the field no
-longer elicited a reflex response of any kind. The skin of the intacp-
nerve field was then pinched 135 times, The pinzhes were-dlis'tributed '
randomly throus'nout the whole field. The TTX was then waahe-d away with
0.9%2 saline and the animls _.'uer'e sutdred. The r'.e'f‘lex response to- a
skin pinch within the :uI'JCNI’—TB.i‘i.eld Wwas not c.!:etectab’ly different t‘r:ofn
normal 24 hr later 1ndi'cat}ng thét impulses 'ﬁgre again __travellin'g along
the intact nerve t;c_i _thefc.,ni.s.. and that’ the" effects of TTX had
therefore wprn off, o E ' s

. Thesé animals were beha\iio-urally ma.pped si‘xt“n days after their
initial surgery and thé area of Al;.he intact’. high-threshold receptiw—*
field of mDCN- T13 was me‘ésur‘ed. This area was significantly {p<o 001)T
Smller (311 » ‘25mm25.E.M'.)‘ in I-the animls’ that had received the
’ experimental physiological stimulation during t'1= t.ime that TTX was on

2

t"\e intact ‘nerve t.han in animals without m (619 + 22'nm S.E.M. )'

Horeover the area of ehe fiﬂlds of the animls that had T'I'x on the
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n2rve was not significantiy different (p>.05) from th2 ar=a of the

-

mDC:i—‘I‘13 field in animls that -had not been physiologically stimulatad,

but were simply mpped sixteen days after densrvation .(250 * 19mm1 -"*i
. .

.

SEM.) (Fig. 25).

These results show that impulse propégation in the physioloéically
stimulated nerves was essential for the stimulation to have jts efrecﬁz

that {s to cause an apparent acceleration in their sprouting aand thus
t

it was the increased neural activity caused by the pinching that must

have been responsible for the phnnomenon

H. THE EFFECT OF ELECTRICALLYxEVOKED IMPULSE ACTIVITY ON THE SPROUTIN’

OF INTACT HBIGH~THRESHOLD NERVES,

A more direct and quantitative method of increasing naural
activity in the intact high-threshold nerves of mDCN T 13 Qould be to
electrically stimuléte them directly, Tha‘following experiments wers

-designad to answer the questions: (1) will direct electrical excitation
of these nerves mimic the effects of physiolog\sal a"tivation on their
_ \\\Egrouting into denervated skin? (2) if it does, what {s the- time course

" of the effect?.(3) is there a "dose response" relationship?

1) The Normal Time Course of Sprouting of tha High—Threshold Fibrﬂs.

To determine the time coarse of sprouting of the high-threshold
cutanzous axons in the absenze of experiuentally-applind physiological'
stimilation, it was nﬂcessary to mezasure the fields in separatz groups

of animals at different times after denervation, sinae sequential

= T

behavioural mapping in the same rat caused the apparent acceleration
described above. Eight groups of animals were denarvatad to isolate

their chN--'r‘.l3 fields and .each groﬁp was Mapped once oniy. at a

-

) ]
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selected period aftzr denarvation {day zero, 8, 12, 24, 28, 32, 36 and
Y days). The area of the high-threshold receptive field of meJ-’I‘ 13
was 239 + ‘>3mm S.E.M. on the initial day of surgery (day zero), whien
was not significantly different (p).OS) from the area of the field
sixteen days after denervation (260 * 19m23.7.-'. M.). By twenty-four
days however the area was significantly larger (824 + 37mm S.EM.)
(p<.001). e |

After twenty-four days following denervation the area of the

‘intact high-threshold field increased approximately linearly (Fig. 26)

until, at. forty days all the available dengrvated skin was sensitive;
the area of the high-threshold receptive fleld of mbCi- T 3 ct that time
Wwas 81l¢ * uhmnas .EM. From the graph it ecan be_ seen that normally
there is a latent period of about s‘;’ixteen da.\ys after denervation during

which, the‘.high-threshold nerves .of ml)(:.'\l—‘l'13 do not sprout detectably

into adJacent denervated s-cin. ' : | '

.

'2) The Time Course of Sprouting of the High-Threshold Nerves of

. mDCN- '1‘ " After Electrical Stimilation.

-

Although an inerease in n=2ural activity induced by physlologlcal’

stimulation (skin pinches) clearly seemed to accelerate the sprouting
of the' intact-high-threshold'ner.ve"s into'denervated skin. there was no

practicable deans of‘ measuring the actual amount . ot‘ this activity.
- ‘

‘However, direct electrical stimlation of the iritact nerves Wwill

similarly Ancrease * neural. actiyity. and thus 'should also be .‘able to

accelerate the~sprout1ng -of remaining higl-ghres"xold nerves in\/ .
.

dennrvated skin. ¢ Electrical stiuulation of the intact nsrve, }'mwev..r'.

-~ : ]
s,hould- all,cw a more Quant,it‘:_ativc.approach to..tha relatiorrsh‘ip between
. ,;“.._,__c.c,-c,.AF,,,ﬁ____._._:._._,_,,,,"-.‘_,_,, i ’ . et .._‘_’_.-c_._, ',_...'. L T
e N ) . . Ste

-
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impulse aztivity and sprouting.

An ‘attempt was made to mimiec electrically ths effects of 135
pinches, If each pinch evoked approximately 50 to 100 inpulses in all
the high-threshold mechanosensory axons (Burgess and Perl, 1967), there
would be approximately 12,000 (or fewer) impulses in each axon as a
consequenze of the pinches, It uae decieied therefore, to stirmlat°
the intact nerve electrically 12 000 times (20 Hz for 10 min, with a
pulse width of O.Smsec) on day zero, with a voltage sufficient to
excite -all the high-threshold nerves. THis then was the "standard"
electrical conditioning stimzlus regime. h

Four -groups of animls were sur'gically denervated to produce an
mDCN--T13 island and the  remaining intact nerve was electri.cally
stimilated for 10 min at 20 Hz, i.e., 12,000 times: the animal was. then
sutured. Ome group was behaviourally nﬁpped once on each af days 4, 8,
12 and 16 days after denervatidn. The area of the receptive field of
me.N'--T13 began to increase (Fig. 27) after a "latent pericd" of ab'out

four days, and by sixteeen days the area was %97 * 5‘5m25.€ M., which

i1s significantly larger (p<0.001), in fact almost three times larger,

than the area of“ the receptive At‘ield at slxteen days wi

'Shiml{il\n (260 * 19m ). The 1ate'nt period before which sprouting

s 0
began was reduced from the n‘qtmal of about sixteen days for
7

. 'unstimulated naryes, t'.o four days for the stirmlated nerves; however.

once fhe sprouting began the area of the receptive field increased

linearly. w»t the same Hate 13'0-95) a(did the expan&:ag receptive
leld of unstimulated na2rves «(Appendix II).
: ) : 3 L =

- . ) . N . ) K ' .
-The results indicated thggée electrical stimulation will -shorten
- : ! - ; .

.

—~ -
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the laten_t period bafore sprouting will bzgin, but once the nerves have
began to sprout they do so at a rate independent’ of whether they have
been stimulated or not. ‘

To determinsa 1f there was a "dose-response" razlationship between
electrical stimulation and ’sprouting three additonal groups of
experimental animals were similarly denervateq‘ and electrically
stimilated 'at 20 Hz; one group was stimulated for 5 min (total 6,0.00
stimuli), a 3930.’;(] for 40 min (total of 38€00 stimili) and a third for
30 min (total of 96 .E)OO stimuli). The area of th2 receptive fisld four
days after the electrical stimulation were not significantly differant
(p>0.05) £“or' the two groups stimulated for 40 minutes ‘(244 + 8 mm2
S.E.M.) or 80 minutes (232 + 15 n° S.EM. nor were these values
significantly different than that of the field sizes on the initial day
of surgery (239 * 23mm23.E.M.) (Fig. 28), Evidently, the aaditional
eleci:rical stimilatjon was unable to produce i further detastable
decrease in the latant period before sprouting would commence.

Fi:r those animls of the first group, :_L.e.. those stimulated 6,000
times at 20 Hz, on2 group was behaviourally map_psd on each of days 8,
12 and 16 after denervation. The areaA of the remaining high-thre_.-shold
field eight da}'{s after denervation (22% _tmmas.E.”i.) Wwas not
" significantly different (p>0.05) from the area of the receptive f‘ield’

»

on the initial day of surgery (239 ;Zmzs.E M.), indicating that the
intatt nerves had not yet begun to sprout. Hwever.);ix een days after
the‘denerv.ation and stimulation the area was 567 * 20% which
was significantly larger (p<0.r51) than the area of the recepﬁive field

in a similar group that had not had stimulation (26'0 * 19mm25.E.H.)
4 7 [ ] .
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(Fig. 29). Thus, if the remaining intact nerve is stimilated 6,000

times, then the latent period before sprouting begins is reduced to

eight days from the control value of sixteen days in unstimulatad

animals; always, once the nerves had .begun to sprout, the araa of th /
recept;l.ve field enlarged linearly at a rats independent of whather the

n2rve had bdeen stimulated or not (p>0.05) (Appendix II). The results
n

indicate that there exists a "dose-response™ relationship between

eleétrical stimulation and the onset of sprouting; 10 min of

stimulation at 20 Hz reduced the latant period to four days, but any
additional amount of "st.imlation apparently fails to produce a
detectable decrease in. the 1latent period. In all cases, once the
sprouting had begun the Tate of increase in the size of the receptive
field was the same in stimulated and unstimulated narves, -

I. DO THE IMPULSES EVOXED 3Y ELECTRICAL STIMJLATION OF THE TINTACT

" HIGH-THRESHOLD NERVES HAVE Td TRAVEL PERIPHERALLY, CENTRALLY, OR

BOTH, TO ACCELERATE THEIR SPROUTING?

A

Direct “electrical stimulation of the cutaneous nerves evok
1
impulses which travel peripherally to the nelrites in the skin ahd
centrally to the cell bodies in the do.;'sal root ganglion and to thei

central naurites in the spinal cord, The mechanism responsible for t"re\
W .
accelerat.[ed sprouting could be activated as a consequence of impulses

arriving at any or all of these locations, or by simply baing conducted
along axons. The following experiments were designed'_ to examinz thase

possibilities,

1) Do _the Electrically Evoked Impulses Have to Travel PerigherallMo

Cause the Phenomenon? . - . ,\




it

TY4
+ e

One g.roup of animals was surgically den=rvated t_d produca a
mDCN—T13 island, and the intact mDOI-T13 w23 placed on pla‘;inum‘wire
electrodes for electrical stimulation. -Before the stimuli were
delivered, TTX (10pg/ml) was placed on the nerve at a point peripheral
to the stimulating electro;:ies (Method Sec. 6) to bloek ° impulse
propagation to the skin. Omce impulse pr::pagaticn had been blocked

(Methods Sec., 6) the intget mDN-T__ n2rve was electrically stimulated

13
at 20Hz: over . a !period of 10 min (approximately 12,000 stimuli), then
the animals were sutur:d_ closed. This group of animals was
behaviourally mpped sixteen days later: the area of the intact
high-threshoid field of mDCN-T13 was found to Se T+ 3«';"um2 S.E.M.,
.;Jhich was not significantly different (p>.05) than the area of the
same fleld in animals that had been similarly densrvated and had
received a similar episode of electrical stimulation, but which 4id not
have TTX applied fo the nerve (637 + 55mm2 S.E.M.} (Fig. 30).  Thus
eiectrical stimilation of the intact high-threshold nerves in 'nDCN-T13
will accelerat:e their sprouting even when the evoxed impulses are
pravented from reaching the periphery. This result also indicates that

TTX do2zs not apparently affect i:hé axonal transport of materials needed

for the stimilated nerves to sprout,

N o
2) Do the Impulses Have to Travel Centrally?

"Amother group of animals was surgically denesrvated to produce a

mDCN-T, 5 island and the intact nerve “placed on the stimu

electrodes. In this zroup, TTX was placed on the nerve centr the
stimilating electrodes to block impulse propagation to ,t.hel;dorsal root

ganglion and spinal cord; onze impulse propagation ‘had been blocked
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(Methods Sec 6) the intact nerve was ¢lectrically stimulated at 20Hz
for 10 min and then the animals were sutured closed. Sixteen days
later the animals were behaviourally: mapped and Mge area of the
high-threshold field of mDCN-TB.determined. In this Zroup the area
was 334 «+ 10mm2 S.EM., a value significantly smaller (p<0.001) than
the area of the same field in animals sixtean day.s after denarvation
combined with a similar episode of electl;'ical stimilation, but without )
TTX (697 «+ ’S‘S:nn;2 S.E.M.) (Fig. 30). Thus when-:the TTX was placed"
central to the stiml%ng electrodes, i.e., when impulse propaga.tion

was blocked centrally, the effect of electrical stimilation was

significantly reduced, %o approximafely 15% of that expected For

electrical stimulation without TTX. -
- The possibility that simply placing TTX on the nerve might/’\

accelerate sprouting was examined. A group of animals were Surgically

denzrvated to produce an mDCN-T island and TTX was placed on the

13
intact nerve (as abow.;e) to block impulse propagation, then the animls

were sutured closed,

’ &
Sixtean days later the animals were behaviouraly mapped and the

area of the intact high-threshgld} mD \
2

was determined., The

area (331 + 29mm~ S.E.M.) was nd

electrical stimulation with TTX placed central To EH. stimulating

2

electrodes (334 4+ 10mm” S.E.M.) (Fig. 30). It appegr§ that in orde~

for electrical stimulation to accelerate sprouting Jof high-threshold '
harve.s. the impulses must at least propdga

dorsal root ganglion. The mechanical manipulatiuns/used to place _TTX

ea , -
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on ‘the intact nerve nay accalerate thes sprouting of the high-threshotld.
nerves; this may be due to the manipulations evoking some impulse
~activity in the intact nerves. If the mechaniecal manipula_tion did
initiate an inzreased impul:;e acedgrity in the rﬁDcl-T13 during the
experiment then this increased activity could itself cause a slitht

acceler"abion.of sprouting of the higi-threshold nerves,

J. PRELIMINARY RESULTS CONCERNING THE CHARACTER OF THE EFFECT OF

IMPULSE ACTIVITY ON SPROUTING OF THE HIGH-THRESHOLD CUTANECUS

NERVES

1) Concerning the Time Course of the Decay of tha Effect of Electrical

Stimulation .

The results show that electrical stimilation of the intact

high-t.hre;lh\nerves in rrlDC"\l—T13 on day zero (the 1initial day of

4

surgery) would aczelerate their ‘sprouting into denervated skin, ‘and

that the effect was dose dependent; 12,000 impulses delivered at 20 Hz

accelerated sproyting approximtely twice as much as 5,000 impulses at
the same frequency. It was decided therefore to examine how long the
effects of electrical stimulation lasted, i.e,, what is th2-time course
of the "expected" decay of the :ef‘t‘ect. |

The area of the high-threshold receptivé field of mDQN- sixtaen

T13
.days after denarvation combined with electrical st ation of the
spared nerve for ‘10 min &t 20Hz on day zero (Bke initial day of
surgery) was § * 55mm2 S.EM. In five other animals the intact
mDGIi_-T13 received the same standard-periodjf stiu;:lation either 6, 7
or & dayS prior to the surgical der’;rv\'on required to pro:luce,\a

mD.Ql-T.Ii island, “Sixteen ‘days later the animls were behaviourally
. - ’
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mapped and the area of the high-threshold receptive field of rr}l)(?wl-'[‘13

was determirf_d. The mean value of the area in the(two animls that
were stimulated six days prior to denarvation was SHOm:nE‘; of the one
animl stimlated seven days prior to denervation 67Omm2: and of the
t».jo animls” stimulatad eight days earlier 671.-nm2. All these values
were within one standard deviation of the area of ‘tha nigh-threshold

receptive field of mDCN-T13 in the animals that were examined sixtsen
t

days after combined denervation and electrical stimulaticn on day zero

(697 + 121mm°

S.D.}. It appears then, from these preliminary
observations, that the effects of electrical stimulation do not bagin
to decay significantly for at least eight days, These experiments are

continuing. o .

2) Will Physiological Stimulation of One Half of the Recegtive Field

7 ‘
of the Intact mDC!‘l-T13 Nerve Affect Sprouting of the

-
-

Nm-:timlated Half?

Previous published reports by Devor et al (1379} and Burgess and
Perl {1367) showed electro_physiologicall'y/__t._hat in both the rat and cat,
the receptive fields of single high-thre/shold small diameter myelinated -
axons usu_;ll],/ covem a large portion, if not all, of the recept‘i:e
field of their parent segmental ner\'re{_ If this were true for the
high-threshold nerves in mI_JCN--'I‘13 then physioiogicgl sf:imll_ation of a
portion of its receptive field should increase th:e impulse activity in,
and therefore aecelerate the s'proutinht‘_.. ,nerves that innerv_ate'bot.h
the stimulated and the unftimilated portio-n of the receptive f'ield of
the parent DCN. On the other hand, if the axr;_ns in the stimalated

portion of skin did not 'have.en:!tngs in the unstilm;ated {but st:ill

. - . N . \
- -
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innervated) portion ofr the skin field, thay wguld.not be expectad to
Sprout through the innervated skin inte the denarvatad skin adjaceﬁt to
(i.e., beyond) the innervatad region.I We wondered_ther_ef‘ore. whethar
phys_ic;}logical stimilation of the higﬁ-threshold ending\s within one
region'of'th-;; receptive field of mp(.‘N-T13 would or would not cause them
to display an accele‘rated sprouting into the skin not directly affectad
by the physiologiecal stimulus,

N

Tw;:: anirralé #@erz surgically denervated to ptroduce a .'r:D(?.wl-‘l‘13

island and only the caudal half of this isolatsd high-threshold field -

was ph_ysiologically atimilated (100 f‘orceps_binches). Sixteen days
later' the animls we;"e behaviourally mapped ‘and the high-threshold
receptive field c>£.“r'nDC.'r~l-T13 was. determined. 'Iﬂe rostral bgrder of ths
fleld had sprouted into adjacent den=rvated skin by approximately 7.0
mn, which is significantly different from the sprouti‘ﬁ'ﬁ of ths rostral
border in animals sixteen days after. simple "surround densrvation”
without sﬁimla{tion (00 mm). The caudal border of the high-threshold
receptive fielrd of rnD(.‘.l-T13 (i,e., the border -of ths stimulated region
of skin) had also extended into densrvated skin, by approximately 7.0
mm. It seems then that physiological stimulation of jnly the
l]igh-thréshold endings within the c'audal h;lf of the receptive field of
mDCN-"r13 had led to' the appérent Wation o_t sprouting néi only of
the..stimlated'endlngs in the cay&a}! half but also the unstimilatad
endings (prasumably of the 3ame axons) in the rostral half of the

receptive field,

.

»

P

The probabfe explanation for the above result is that in fact all;

or at least many, of _the high-thrashold nerve t‘ibr_e_s supplyfng tha

r
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receptive fleld c;f mDChl-T13 we.r-e acii;vat.‘_:d: Vthe physiologically
stin‘mlated axons supplying thz caudal half of thz receptive field lwer-e
the .same ones that 1innervatdd the rostral half. Physiological
stimilation of the caudal half increased the impulse .aetivity in all
the_ nigh-threshold nerves 1in mDQﬂ-_'I‘13 and theref&e accelerated the
sprouting“of all-the high-threshold narves equally in al directiions.

-

3} Does Electrical Stimulation, in the Adult Rat, of Low-Threshold

t

("Tm'ch-sensitive") Nerves in mDCM-'I‘1 Evoke Their Sprouting Into

L)

Adjac;nt Denzrvatad Skin?

The present resylts have confirmed the findings of Jackson and
Diamond (19381) whiech showed that 1in ﬂ}_}_ rats, ths intact
lo_w-ﬁhreshold cutansous touch nsrves do not sprout into adjacent
denervated skin (Fig. 13). It seemed worthwhtlc;. however, to examine
the possibility that eléctrical stimulation of intact low—th‘reshold
narves, coupled with denervétion of adjacent skin, would avoke their
sprouting. The experiment was simple, since t'.he identical prozadure
used for the high-threshold nerve's provided the required condition to
make the ?st. . All that remained was t.o examine the reaction of -the
low-threshold ‘nerves in the same animls in which 'accele;-ation of
hiéh-threshold ne;ves- had ozcurred. Iﬁ all animls in which the
isolated. intact nerve had been'sttmi?ged to =avoxe the acceleratad
sprouting of the high=-threshold receptive field, the intact
low—thresho.ld field did not sprout signifieantly (Fig. 31). E];ectrical
stimulation plus denervat'.io‘n thus t‘a_ilgd to evpke-collataral sprox'zting
of the -low-thf'eshold.'.nerves_ even 3t a time hen the high-threshold

. I ,
S nerves h‘:d sprouded aﬁd é?ﬂ_iarged ti‘tsir rzceptive fleld by as mich ;as]

—_ /7

o~
,
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-only small myelinated and unmyelinated cutaneous

DISCUSSION
A, TECHNIQUE
Since in this investigation the presence in skin of high-threshold
cutanzous nerve endings was primarily deternﬁ.“ned behaviaurally, the
resolution of the mapping technique will be considered first.

1) The physiological execitation of high-threshold =utansous norves

and the 'reflex response

" The electrophysiological findings (Results’ Sec, "D1) show that the
reflex response of the C.T.M. in the anaesthetized rat was driven by
‘:hreshold nerve

stimulation (Group TIII or C-fibre); electrical or physiclogical,
stimulation . of the large diameter m'yelinated ‘-('G‘rou-p TI) cubtana0us
low-threshold fibres stimylation was ineffective (Nixon et al., 198m).
The physiological lstiruulus used to map the high-threshold receptive

fields in this study was a skin pinch by toothed forceps: the respodse

to a pinch of the trunk skin was a visible contraction of the C,T.4.

.Y
which could be clearly seen on both the side on which the stimilus was
applied as ‘weli as the contralateral side of the trﬁnk. In partially

denervated trunk skin, the border betweé\: behaviourally sensitive and

¢
' behavio'urally insensitive skin could be easily and cle:’ar}y determined.

‘ P )
The reflex contraction io\f‘ C.T.M. was miintained throughout the period

during which the sipulus was . applied, -usually betweeh two ‘and three
seconds. A pin:h' in a reg;t‘oq of toﬁ.ally deﬁerv'?teq .‘skgn‘l_iould on
ocgasion e}icit‘ a3 twitch of the un_derlfin'g.CTM, h‘owev:e'r,"'bh.i's‘-twit:ch
was not bilataral, nor was it ‘maintained.iﬁi‘:jt:-he stimslus was

-

maintalin'ed. " This rasponse in totally dene}-vgted skin was' ‘cqnsidered to ‘
. ' . : . . . »

¢ T,
H
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be the result of ‘direct machanical excitation of the'uﬁderlyin_g.;rrmscl‘e
fibres and not a ref‘leﬂy evoked réspé_nse. S
In the cat thig similar type of pinsh st.im;lus has been shown .by
eleétrophysiological .technique to be ideally suited for the studyvof‘
high-threﬁhold rt.a'c‘:e.ptive fields of both Group III- 'a-f‘.f‘erents (Burgess
and Perl, 1967) and C-fibre afferents (Iggo, 1960; Iggo, 1977).
Initially, a maintained skin pinch would avoke -a high fraquency
M ;
disr.:harge in both ,C‘/:foup ITT and C-fibre afferents which would rapidly
decrease in frequency, bu_t wc;uld normally stop only whan the pin:rlx was‘
terminated (;ﬁrgéss and Perl, 1967; Iggo, 196;0). Burgess and Perl
demonstrated that repeated stimulation by toothed forceps at a randomly
selected point within the hi.gh ‘thresh'old r.-eceptive field of a’cutansous
nerve would result in a p'rogr'essive decrease in the m,:mber of impulses

in' the stimulated nesrve, so that eventually a skin pinch would not

.

. elicit any impulses imn the nerve; sometimes the high-threshold fibras

{

L

would be n_enderred inexcitable by a single stimilus. During the present

studieg, aftsr the skin had been pinchea. subsequént pinch:es'in the
same place evoked 3 bahavioural response that was visibly redulced or
'there might be no behavigural response at all; .this seems likely to
reflect the same adaptive type of phenomeﬁon as that seeri by Bu'rgess'
and Perl in the cét. If the pinches wereypar%ted by'd{: leagt a five

minute inter\'ral.‘ hawever, a second pinzh in the same place would again
. \ . LD}
. hd R Fa
produce a bshavioural response not visibly different from the initial
AN o . Y B -t ’ -
normal response. In order to attain an accurate indication of th:

innervation status of the skin, the behavioural response to the initial

P

~skin .pinch ﬁam&aysvtha\t_:‘__taken as significant,

- L

. . * )
. L. 1 .
. - .
[ S - r . . .
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2) The Resolotion of .the Mapping Technique .

The accuracy of the behavioural mapping tachnique in r.evealing the
vpresence or absénce of high-threshold mechanosensor‘y"'eutaneous_nerve
endings was studied by correiative behaviour;al and histological
metho;js. The behavioural borders of the high-threshold fields wers
approximately coﬁ:ncident With the histological on2s and both had s~ .
variability of about +1 mm a‘?d thus the overall correlation .was taken
to be not. better than 4+ 1mm This resolution is' simllar to that of ths
physiologicall’y determined receptive f?eld of Group Ii,l' af'ferents (+ -
imm, Burgess and Perl, 1é67) and C-fibre ”at‘ferents (4.- 2mm, Iggo, 1960) ~
n the“-cat. In the rabbit, behaviourally detnrminﬂd bo"ﬂers of‘.
high-tﬁreshold cutanaqus narve t‘inlds have also been feund to bde
approximately coi;cident with, th2 histologically deter'rrﬂ,ned borders
within + lam (Weddell, Guttmnn and Guttmann, 1941). '

Since, \;Jithin the experi‘me;‘lbaL error defined abo.ve. the .,
behévioural response to a skin 'pinch was always uell'-correlatedluif.h
the presence of l;istolog‘i'.ca.:_lly ebservable nerve fibres, any.

L .

physiologically "silent" endings in d?nervateu. and thus behavioura'l],y

. " . » . - . .
insensitive, -skin (i.e. w.endings that did not evoke a3 reflex response
4 N - ' .

when the skin wa.s}pinc:hed),; could not have :e.xtended.much beyond 1 mm

14

- beyond the border of a remaining nerve field. Nhen the flields

[

enlarged they could extend considerably further than this (e g.. 10-12
um) the oorrﬂ&ponden'-e bntween th- boundary observed p"iysiologically
and that found histologically is therefore cansistnnt with the intact
nerves having sprouted into" t‘ormPr-ly behaviourally insensitive skin

q')ﬁ\q&: vendering it sensitive. It is true, nevertheless. that ths .
3 . ‘ " ] _-

S _— . [ »
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histological analysis did not allow the "iisualization of the fine

.

unmyelinated-terminals (< 0.3u diameter); this introduces a‘possiblq-

error since it is uoknown how far_ such terminals might extend beyond

the ‘visible 1large parent dxons, Ehat were observed. Howevar,. as

discussed ‘below, the burden of the evidence, coupled wit.l'i‘t'ne k_nouledge

b

that collataral spr\'outing of intact nerves in other systems 'certain],y

occurs after partiai den2rvation, gives confidence in_the conzlusion ’

. just stated, t : ‘Qﬁ\.
- N\

B. RESULTS ' )
The pri_ncipa']: findings in this study are that intact,

hi gh-threshold, mechanosensory nzrves will Sprout “into adjacent

densrvated skin in the adult rat; there appears to be a latent period
Tof at least sixteen days after denervation before this spmating is

detﬂctable (f‘unctionally or histologically). Increased neural activity

-

in the intact n2rve, however, decreases this latant period

substantially, but has little, or no, effect on the rate of sprouting
- F] . -
once it has begun, =«

s

1}  Sprouting of High-Threshold Nerves 1n.;.he£m_

Unlike low-threshold mechanosensory nerves_ in tl';e rat (Jackson %
Diamnd *1981) which will sprout into dennrvated skin only during a
short. critica], period in early life, tha high-threshold me ~hanosensory
nerves will -sprout into densrvated skin 'in rats of any age‘ (although
very old rats (>2 years) were not studied). Intact 'hiw;threahold
‘nerves in the rabbit le'g CWeddell Gﬁttmnn and Gutt;mann 1941) have

also b2en shown behaviourélly and nﬂuro-histologically to sprout

collaterals into denervated skin, More recently. Devor, Schonfield,
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Seltzer and ' Wall (1i379) have a}so shown .be.haviourally.

electrophysiologicaﬁy and neurchistologically that ?;igh-tnreshold

nerves in the rat paw will sprout collaterals into denervated‘skin;
\}hen sprouting is determined bshaviourally, an apparent fphctionai

» enlargz;.ment of a high-threshold receptive field after adjacent
denarvation may be dqe to the elimination of a to;iic central .
suppression of ne.u@s involved in the betiavioural resp::nse rathsr than

. collateral sprouting of  the ;'emainin'g intact nerves (‘Kirk ~and

Denny-Brown, 1970). ‘This possibiiity was tested: both tha
pharmacological and the neuroﬁisto_logiéal‘ res_u}tb obtained, pr.o'vided_
e\'rfdenrce'_‘that this was not the ca‘le, The expansion o.f“ the
h_igh-threshold rece;:t.ive flelds expanded inio»adjacent densrvated skin
thréret"cre can be. associ‘aﬁed t‘ci collateral Spmu&ﬁg of " the 'remaini'ng
int';apb ﬁerves: ' o ' ‘ - ' _ ‘

. I determined elec;r;physiqlogically that Eir-oup IIT small diameter
myelip;ted fibres were certainly ambng ti'l;ase that had sprou't:'gd into the
denervaﬁ'ed -skin. This was aiso t,l:le case in the experiment's'on the rat
paw done by Devor et al. (1979). It was ngﬁ possible to determine
whether C-fibre afferents had also sproutad, He‘dﬁd‘ell et al, (1341) -~
using a technique described by Weddell._ (1941) showed hiatologically"
using a light microscope lthat 'in the rébbit ear, the majority of the
c_utage-ous‘ nerves thch As_pr'out i-llzto denervatéd skin® were unmyelinated;

' ‘an unambiguous identif:icat.ion of unmyelinated C<fibres is difficult at

“the light microscope level, and to bes at;solutely sure that tha_C-fibres

are sprouting‘ one' would h'a_ve to undertake a difficult electron

microscopic examination.

v




, Beefistein, 1961) and more recently in the central nervous system

- - S ) %6

In the present experiments the high-threshold nerves sprouted into

-
-

the den2rvated skin mainly by advanzing along the Schﬁann tubes
previcusly o?cupieq by qdjacenf nsrves, ,This.finding suggests that
either new spcouts were being -attracted téwards tha denzrvated skin by
the empty Schwann tubes (or by tha products of degenzration with :%ed),
or perhaps that they simply used the reiatively- unimpedéd pathw;ys
of fered by ths now'enpty Scﬁwann tubes, Either of these suggestions is
consistznt with the findings, én{ it certain}y'seems as tho&gh theSé

Schwann tubes were now serving to guide the nsurites to the densrvated

skin. . . ’

The stimulus to sprout ma} derive from defervatad ;argets,. or

target tissue, in the surrounding skin. &It has been suggestasd

{Jackson, 1980; Jackson and Diamond, 1981} that in the salamnder and
rat densrvdted Merkel cells, the éargeta_of certain of the,
lggrthreslold m2chanosensory nerves, rzlease a trophic substanze which
causes * these nérves to sprout, Omce an 'appropriate nerve has
iﬁnervabed the target tissue :if seems to neutralize the trophie
subspance and ‘sprouting stops{'(Ahuilar. ’Bisby; Cooper and Diamond;
1975;'Cooper; Diaménd and’ Tumer, 1977). Finally, collateral sprouting
into denervated gissue has been well documentaed with functiongl,

histological and electrophysiological methods 1in partially densrvated

-
muscle (Edds, '1953) sympathetic ganglia (Langley, 1897; Guth and

(Bernstein and Goodman, 1973).
]
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2) Impulse Activity and Its Et‘fect;'/\on Collateral Sprouting of Intact
~

H igl—Threshcl'd Nerves

The results of this thesis provide evidense tha.t an increase in
the amount of neural ﬁctivity (produced eitner Ehysiologically or
electriecally), within th? high-—thresholdﬂGroup IIT afferant cutansous
nerves in the rat, will agdcelerate their collat”al sprouting into
adjacent denervated skin. This is not "he t‘l.rs\: time that nnura’
activity (evoked alectrically) has been reported to arfect'.collateral

sprouting in mammals; Hoffman (1952) providad hi‘stological evidﬂn-ue

"that electrical stimla..ion of remaining intact motor nerves in

partially densrvated muscles of . rats accelerated their sprouting.

[3

Recently, Maehlen “and Nja - (19382) shcwed elecErophysiolcgically‘ and
morphologically that electrical stimulation of thl.e r'emaining intazt
preganglionie sympathetic nerves acceleracod .theif sprouting in
partially den=rvated post ganglionic neurons in guinﬂa pigs; it wad
essential that transmission l:hro.xgh the ganglion remainnd intact since
ganglionic blocking agents pravented the effect (Maehlen and Nja,
1982) .. . Electrical stimlaf;i'on of the go_rg_-ganglionijﬁ neurons

1

accelerated the sprouting of the remaining intact preganglionic

naucrons, They suggest.ed that the increased activation of tha: post

ganglionic neurons (the targets of the aprouting nerves) znhansze their

ability to receive ths sprouts. However, in partvially denervated

¢ '

mammalian muscle it seems unlikely that an inerease in activity of. the
denarvated target will increase 'its ability to raceivye ssrouti'ng intact

motor nerves since increaseg activity (produckd by direct electrical

stimilation) in partially denervated musele has been shown to inhibit

Y

,.\.c_,,, -
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the sprouting of intact motor nerves (Hoffman, 1952; Brown, Holiand énd-

Irenton, 1980). Furthermore, chronic inactivity (produced' by placing
TIX on the motor nervle) of}‘mscle-fi‘bres in fu1-1y innervatad musoles‘
will evoke sprouting of the intact nerves (Brown and Tronton, 1977).
-In the present study physiological or electrical activation of tha
denarvated target tissue was not tested to see uhat effect it may nava
on t‘1e sprouting of adjacent intact high-threshold nerves, However, it
was shown that increasad neural ac.tivity (produced electrically or -
physioldgioa-lly) in the intact sprouting nerve would accelerate its
sprouting. . It was not essential for the electrically evoked impulses
’t‘o travel to the cutansous targets in order for the e‘].ectrical
: -
stimilation to accelerate the sprouting of tha2 intast nerves, rather,
it was essential for the impulses to travel to the spinal cord: TTX
placed on the nerve between the stimulating elect‘rodes and skin would
not pre_vent the acceleration of sprouting due to inareasad impulse

In both cases mentioned above (mammalian muscle and sympathetic

activity.. !

ganglion) mither provided avidan-e that ghxsiologica stinulatlon

could accelerate nerve sprouting. This study provides the f‘irst

) evidence that physiological stimulation of the intact nerves will

accele'rate their sprouting; currently within the laboratory, other

-

sensory modalities in rat skin are being examined (thermosensitive and
touch sensitive nerves) to see if- physlologioal stimulation of their
endings will selectively accelerate thnir sprouting.

Normally without stimulation the high-threshold nerves would begin '
4/
to sprout into denervated skin after a latent .period of about sixteen

- , :
-

’



days after denervation'; electrical and/or physiological stimuilation of
\the nerves raduced this lﬁt period. Onece the nerves had begun %o

. v .
sprout, however, they did so 3t ths usual rate, i.e., it ssamed not to

-

matter whether they had been stimulated or not.

‘~

F.‘re?ious studies of sprouting of cutansous nerves in mammals °

(Weddell et al., 1941; Devor et al., 1979) have been carried out by

examining ths enlargement of cutaneous receptive fi218s in an anis
several occasions after- denarvation thus providing continuous

phy;iologicai' stimilation to the sprduting intact nerves (Ehis is
- T
similar to the experimental results in Results Sec. B1):.this could

explain the rapid onseét of sprouting of the cutansous nerves in their

studies since in both studies bhe‘ intact nerves. were 'physiologicélly

stimelated -2very two to three days after adjacent denarvation. Had
)

they not repeatedlly stimulated the cutan=2ous nervas then they ‘my have -

delayed the onset of their sprouting. Even though Devor et al. (1979)

- did frequently “stimulate the: sprouting nerves He did not sea any

sigg' ificant spm‘upiné of them until four diys after denarvation; this
is consistent with the presenﬁ study s-howing that there 1is no
significant spre)utin‘g befare four days after densrvation no matter hc;w
much stimulation has occurred. ‘

Af‘te; a prelimidary abstract of the results presentéd in this
t;lesis __héd been published, Devor and h;s colleamea;-exanﬁned the

possibility that physiological stimulation may indeed accelerate the

cutaneous high-threshold nerve sprouting in their preparation, the 'rat

paw (Greenfield and Devor, 1981). Their conclusion was that in their

preparation added physiological st;mla;ion. above that normally
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receivaed by a rat paw, did not significantly accelerate sprouting.
They realized ot&course. that the émun’;\of sti ation receivad by the

rat while walking cauld in. itsnlf‘ be enough to rnaximally 3ccnlera_t= the

spr‘outing of the high—thr'eshold nerves, Perhaps §ad they partial;y

d=n=rvat=d the rat paw and t,hnn plazed TT{ on th

nﬂrj,t ey .may have b=en able to show that liy blof-rcing the irrpu;sn

remain‘lng ntact ’

e\9 d in_the intact nerve while the rat was walking in its 2age !\'wy
wg:uld have bz2en able to increasﬁ\:‘;e latent pﬂriod bzfore .the narves
began to sprout into denerv/ated skin; this 'arould.also show” that the
a‘munﬁ of stimu;lation received by the s_prouti‘r?g\_ngrves" while the rat
walked aroind its cage was sufficient to maximally azeelerates their
sprofiting. The evidence pr-ovided in this thesis shows that onlyaa
miniml amount of ndural activity (10 =in at 20 Hz) is rﬂquired to
maximlly accnleratn the sprouting of high—threshold nerves. this
amount .ould certainly be achi°v=d by th2 nerves 1nn-rvating the rat 's

paw as the animal moves around in its zage.

Finally. this study provides evidence in.sdppor‘t of a

‘“dose—dependent“ relationship between electrical stimlation 'aqd

+ " collateral sprouting (see discussion below).

3) Possible Mechanisms ' by Which an Incraase in Neural Activity

Accelerates the Observed Collataral Sprouting

The quagtitative findings from this study 1n§iicate that t:;he main
effect .of an incérease {in neural activits; in the remaining
high-threshold narves is'to reduce the latent period 'beflore sprouting
@ these nerves will begin. The TIX results indicate that the

electrically 2voked impulses need to be conducted scentrally, but nb_t.
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peripperally, to the skin in order to accelerate nperve sprouting.
These rosults indicats that eleotrical stimlation has its effect
eithér‘- in the neurons in the dorsal root gangliori. or by a mechanism
involving thc.; central -pr'o_ject:ions to the Qpinai cord; in ‘this stud; it

was npt possible to differentiate between th'é two. A study of the

Ta

literature suggasts at least one mnchanism hy which an inzrease in

neural activity could aconleratﬂ collateg-al sprouting; this is .

presénted below. ~

In order for intact nerves to sprout in r'espons'e to a sprouting

stimulus thefr need necessary membran= lipids and proteins; thsse must

pg’; prgduced in the cell body (Verra,. Grafstein and Ross, 1979) and then

. b'a transported down the axon by axopd.asmic flow to the region ot‘ tha
growing nerve gndings. The bulk of .the oytoskeletal proteins which
have been implicated in the procoss of axonal 3rowth (Yamda. Spooner
.and w‘éssels 1971' Bray, 1973. Bunge, 1973, Heacock and Agranof‘t‘ 1976 ;

' Las‘ﬂk and doffman, 1976) are maJor 1dentif1ed sonstituents of slow
axonal transport (Grof‘sbein, Mchen and. Shelanski, 19-.70"Ho£‘f‘ma-1 and

! : ::"|Laaek 1975)." After eledtrical stimilation (12 ,000 times on day zero)

v, the periphnral nerves in the present study bsgan to sprout after’ four

days. Sinoe the average H4istance f‘rom the ¢ell bodies of, the intact .

£

nerves -to the peripheral neurites is six om, membrana ‘constituents

producéd in the cell body uould have to travel at -appro'ximtoly 150

L3

mu/day to reach tha neurites and provide the materials for groath

$nce slow axoplasmlc t‘low in rat perip‘m‘al nerves is approximtnly 1

mn/day (Hot‘t‘mnn and Lasek, 1975) the membrane components in slow flow
ks i LT

would be unable _to contribute' to the axonal growth noted afterx
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electrical stimulation. Therafore, the effect of elestrical

' stimulation would be _ei'.:her to increase the rate of axoplasmic flow of

the membranz componants produced in the neurah or somehow insreass the
production ot‘ membrans components which 1o“m11y are transportnd by
fast axoplﬂsv{ transport; eithnr of these effects of electrical
stimlatzc:n“c;f: the intact: e‘htaneous nerve would possibly render it more
responsive to the sprouting stimulus. . .

» .

On the other hand we Kknow that electrical stimulation does not

incraase the rate of axoplasmic transport (Lux et al., i979: Worth and _

.

Ochs, - 1976). We are therefore left {n'.th the possibility that

electrical stimulat ion evou(es an’ in"rease in the productign of‘ rr:=-mb"ana
constituents which are produced in the cell body’ (Lux et al. 1970;
Singh and Talwar, 1969) and travel by fast axoplasmtc transport to the
periph=ral neurites,

The t.'ransport»,of tembrans coni:onent.s in fast transport have baen

suggested by Bisby (1378) in r'egener‘ating rat sensory nerves to acadunt

for the early onset of gr-owth after lesions Pate Sken- a'ld 'dillard
(1981) have identified at least two essential memb'an- qorrponents which
travel by fast axoplasmic. branaport in rabbit regemrating narves and

-

finally, Goldo.rirf)./and Cotman (1980b) have shown that the mﬂmbrane

"conponﬂnts necessary for the initial axonal sprouting. of‘ intact fibres

“in the rat brain are provided not by slow axoplasmlc flow; but probably

by fast flow.

RS

As mentioned earlier (Introduction Sec, D2} an increase in n2ural
activity (either physiologiéally or -+ electricaily" produced) will

inzrease the metabolic rate In the cell bodies of the stimulated nerves

. -
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(Barr and Bertram, 1951; Singh and Talwar, 1954; Lux et al., 1570).
Nht all prq&eins manufactured by th2 nzurons show acceleratad synthasis
during axonai growth; it i§ gen2rally coansidered that priority is given
to the production of struktural proteins which are inzorporated into
the cell mambrana= 'and that a réductioh occurs in the synthesis of
proteins associated with syn;ppic transmitter metabolism (Reis and
Ross, 1973:; Cheah and Geffen, 1973). It is most lixely. therefore,
- that the increased nﬁural activity should accelerat° both tha switeh to
the pkoductign of membrans compon=ants, in responsg\to the sproutiﬁg
stimilus, as well as increase the rate of their syntgesis: this zould
reﬁulﬁ in moré membrane couponents being synthesized aﬁd-ﬁréhsported to
the peripheral neurites soonar than would occur if the neryes had not ;.
- been stimulated.

Finally, as mehtionﬂd before; it =zppears that the effeét of
electrical stimulation on the acceleration of sprouting of’ the intact
nerve is dose dependent. Electrical stimulation only shortans the 
latnnt period before whichrsprouting will begin' once the sprouting has
‘begun the nerves sprout at thn same ratn.whethﬂr they are stimulated or
not. This result indicates that the major effect or electrical-
stimulation of the 1ntact narve is to switch the metabolic machinery
from preduéing maintenance probeins to producihg rnnmb"ane conatitunntS'
once the swibch ‘has occurred then the ratn of ﬁ;oduetioﬂ or m2mbrana
constituents is the sam= in both stimula*ed and unstimulated n=rves.
Eleetrical stimulation providﬂs thﬂ-signal to switch

There may be a ®Rreshold level of neural activity needeéd- bafore

: i .
the switceh can occur, Once the amount of neural astivity has surpassed

5
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the ‘thrashold le\}el required the mstabolic prodoction of membran=
constituents will begin., If this were true, then ana ma':( expectf that
eleetrical stimulation for 80 min (95,000 stimuli) would shortan the
latent period even further than that seen at 10 min (12,000 stimyli) of
electrilcal stimilation. ‘Two possible reasons why 80 min do2s not,
shorten the latentbperiod further are discussed below. The first
reason could be that there exlsts another physical limitation which .
Q ‘does not oernﬂ.t th:e latent period to be less than four days. Even at
tne fastest switching _time ‘ii’. .may be _physically impossible to mobilize
the ribosomes, mRNA and amino acids necessary to produce the membran:z

constituents sooner thah four days after el'octrical stimilation. . Ca.,
mot.o-neurons stimulatnd oleotrically For Qg\_ hours first bagin to
show signs of increased metabolism u3 hrs at‘tar stimulation with a ,peak
R‘IA _and protein synthesis occurring at -approximitely U days at‘ter‘
electrical stimlation ¢Barr and Bertram. 1951).

"The second. possible reason I3 that indeed 80 min eleotrgo‘{\'
stimulation. does cause a switch 1n m=tabolism sooner . than does 10 min,

\.

but both amounts of stimulation are above t"xe threshold amount. naedagd

t'.o produce the eff‘eota on mﬂtabolism. The reason that'. we see no'
shortening of the latent period may be that Wwe are unable to resolve

such . a sll dif!‘erenﬂe bﬂ‘cween the latent period after 80 min as
opposed to t‘:at after 10 min of; electrical sti-mlation.

Since no amounb of electrical stimlation will increase the rate

" of axoplamic flow then in all cases the metabolites produced in the

cell body will ‘take the same amount of time .to reach the peripheral

nsurites, This may account for the short la{:'e'noy before_ onset of
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- 5
sprouting Even if the metabolites noeded for axonal growth are

produced 1mm9dtat°1y after electrical stimulation they will have to
travel by axoplasmic flow to the pﬂriph=ra1 q?dings before sprouting of

the intaect dxons 2an begin. The travel time needed (perhaps four days)
for the meta?olic products to reach the peripﬁeral nzurites may accounﬁ_
for the apparent a;solute shortest latency (4 days) befcr;a whiéh
sprouting cannot begin, ’ |

-

\ ’ : [
(4) Which Types of High-Threghold Merves Hava Sprouted? v e

The results of this thesis nave {ndicated that at least the Group "

.III high-thrashold afferent nerves have sgyoutnd into densrvated s<in.

4

This result is consistant with other repats in the- literature
concerning high-thrashold nerve sprouting in the rat (Devof et al,,
1979), rabbit (Weddell et al., 1941) and man (Head: 1920). Devor et al

(1979) were unable to determine electréphysiologically whether the

C~fibres had'sprouted into densrvated.skin in the rat-paw; this may be

due- to the ir sampling bias and therefore th»y were'not able to rule out

the possibility that - the high—threshold C—Fibres sprouted ‘into "

-denervated adult skin. Low-threshold nerves sertainly regennrate artnr

~

narve sgption in adult rats (Diamond % Jackson, 1981) and cat (Burgess
and Horch 1973) yet, are unable te spro into adjacent denervated

skin of adult rats,
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Mann-Whitnay L.!-Test ’ '

All statistical test3 were carried out using the Hann-Whitnay

U-test. This is a simple, non-parametric test design=d for use with

smll samples which can be placed in order with respect to one
-

[

variable. The two sets of data are plotted on a graph, one above the

bbher;‘ Then a value is caleculated which is call the U statistic (Us):

this .value is found on a table which indicates the appropriate p level.

A sample calculation is illustrated below. _ ! '

Area of the high-threshold receptive field of mOCN-T,.. -sixteen days

after denarvation and 13 .

B. Ten minutes

-

electrical . . . . .
stimilation 4 6 5 5 —%
A, Fivelminutes

" electrical . “ stes o 4

stimilation 2 ) v 1 3 1 i

. 400 500 600 700 _ 800 900
[ ' 2 *
area in mn
P

To perform this test, 'a count is made of the number of values in

sample A whiéh are .smaller. (i.e. fo the left) of each value in Sample

-

Mann-whitney statistic (U ) 1s the larger of tha two quantities c, or

{n.n.. - C). In this case,.C.= 28, n.n_ - C = 30 =238 = 2, therefare in

172 A 2

this'examplea?us = 28. On the table for n, = 5., and n, = 6a value of.

v

23 indicates a 0.005 level of significance (see Sckal and Rohlf, 1973).

w "
*

B. , These values are added together to yield a value C. The'

2
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AppendixAII

The rate of sproutfng of the intact high-threshold :.r:Dt::\l-'I'13 arfcf
D(':twl-'l‘13 fields after different amounts of electrical stirmulation was
analysed by comparing the slopes of the lines of linzar regression
which were fitted to the data accorfing te a linear 1lsast 8quares
analysis., The 1lines of 1linear regres 1 wWere calculated for déta

points taken from the curves during the acfual growth phases,

The actual strategy for the comparison of slopes is as follows:

e
i

Comarison of Slopes

Let 's consider the general equétion of a regressié'n line, which is
fitted to a certain set of experimental data. This equation.would be:

y=C°+C X

1
where y is the dep.ehdent‘: and x the independent variable. Co {s the
intercept and ?{gives the slope of the regression line.

, Let's bypothesize' now that another regression line derived from.a
second sst of experi.mntal data is described by:

y = C; +-C; X
_and that one would be intesrested in co:rpa_r"ing the slopes C'I 'and C; of
thé two lines, so as to.cheek 11‘_ they are stmi:t‘icantly different or
not. |
Inserting a dummy variable z, wl_nch would be zero for the first

set and onz for the second, a gen=ral equation .could be obtained, which
would describe both regression lines, This'lgeneral equation would be

of the form:

= ]
y-co+c1x+czz+cal(x z)

(1

(2)

(3)
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Fa the first line, z is zero and (3) is reduced to {1). For the

second line, z 2quals one and (3) gives:
y=C°+C1x+C2+C3x
In the latter case (%), the equation can ‘be written as

y:(c°+c2).+(c1+c3)x

and compared with (2) it gives the followingn

Co = Co > C2
and

I -~

C1 = C1 + C3

()

(5)

(6)

(N

From (7) it can be easily deduced that, if ons wanted to compare

. ]
the slopes {:1 and C1, it would be the same to check whether C3 is

significantly diffe}'ent than zero or not. 1If 03

exactly i:he same as C:. i.e, thz two lines have the same slope.

. Il

is zero, then C1 is

This was appliged-to,.compare the slapes of the following lines of

linear regression: See Appendix II A=G.

L3



Appendix II
A - The increase in the area of th: high-threshold fleld due

compared to DGI—T1

- sprouting of mD('.'N-'l‘13

3

4

s
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Appendix TI . '

Il

. _ . .
B - The increase in the dorso=ventral axis of ths high-threshold field

[ . .
due to sprouting of mD(.‘.‘I—T1 compared to Dt:‘l--T,I

3 3°
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Appendix II

€ - The ingrease in the rostro-caudal aXxis of ths high-threshold field

due to sprouting of mDEN—T1

3‘compared to DCN--T1

3"



I

* 41 4 2 » @

4 & 4 4 4 2

t 4 % & 4 3 92 4 2 3 8

3

avd

39vd

'z Y i ; .
11980 * 16624 " m--n. i 1
62né0" 6143 ° 4
45048 A
- N
’ . *03LNdHOD um.bozzqu IN31J14330) ¥ 41
« : d11N1dd "SI naana.a 107 afwaw

. ' id. gnsg°ci Ygih gt 1
iz mmwm._ safn* Z .
- 24 B1fn" L285°%1 A
L 4250°2¢ wilis*z2 } 4
£35v3 A0 QAYANYLS NV 2118V INYA
HOeTISs38%3% 313d111nw --n»-,n‘».a-u-‘.n--n-_.-. '
t*sir2002% = 3I¥G NOILv3E3) ~ 3HYNON 3114

TETBSTBD  *6T/20/2% : : : _. uazcauh 434ns 30 S.0-d
403003 S¥n T NOILGO***0INIS3Q S3INIYA INISSIH oN) -
AR mah<m Nt m=4-> mxnmm W wn oN3S .
. L T3C No1ido
NOISS3¥93¥ yod4 03033n W3 00%05040 )
A Y
* i J4-<p<o g% _hqmm .
F42)T4*2 HiIIN ﬁuzcmmwgmux .
. L /1RZ0ASY=S3TRYIATA gyssauaay
e NOILOVHIINIY] ’ m;_ mm YA
& _c s.xum 0dR0I
£TANIGLT) n«hzuau“m".» $138v7 3niva .

. 7S1x¥ 30 widn3q* Co .

/SIXY do midiadis ,MJmm 1,2V
oa¥d  wnidIAdy
; *0x803) ¥ ng 6350 usq SNHOYOZ €. 40 WOWIXVH ¥
*3SY0 ¥3d SOY03I% T oOn mmquhmu o3 8301n08d 129 M00ES [TH

. 6-9 A & 7 2-1 X }/(1)03X] 1SI1 ¥ivo

SONVISI 3d34n5 30 S.0= 3HYN NNS ,

: TH61 91 ARVANBIS == (¢ NOISHIA®
S3IN3TIS IVIDOS Wi Y04 IIVNIVJ IWIILSIIVLS - = S 5 d 5 ,
1
) . saainaast ATIANALG H1ASKY3Y

‘TE*65*6D "STLEZD/2u Fd

.



i : ’ *SINIIINA4900 NOISSIAIZ4 OILTIVWHONND IHL 30 XIYLVW 334V ISVA0I 73INVINVA

T4 44t a2 A A4 s e as 2 e awd NOISS 34939

.m.—\Nn \mn

L] z9vd *1L£%65°60 -

,.Na 332
“io- umm

FINI014H02

10~ mn
10-384%5
IVANILN

20HVYIIIN91S

cEmtcas e -

. 2 ERTTERTD! VI L¥vd I1avIayA
mo-=mescecs HOLIVAD3 3HL NI 10N SITEYINYA -cemece——w

- §2550°
[} [TAL IR T mannm-
AMNVILIINGIS 4 3¥YNDS NYIN 40 M

., .
. % 08 * AP e s 4 e d s s e s NOISS I

g 29vd *TE°BS B0 ‘sTsz0s2% .

: Y tes1s20s29" = Aive NOL1¥343)  3HYNON 3714
. 5 T SOMVISE ¥3JNS 30 S.3-¥

w Brgas: BEEQIES'T PORTRASIEN o oSMaSfull:  twvasw)

AT 50928058y 20-3R0 800000 I0-3a55essdzc- i

194 0°s6 3+ 8 do¥md a1s B [} IT8viuva

. *STvA¥IINI FONIGLINOD ONV SIN313131309

RS *NOL1VADT 3H1 HI 3av $318VidvA -1V

2ie50 - MN:mm W8 T0-302102880  EL962414° - (INViSNOD)

mmmmwmm. SN 20-30T65n05he  20-3.6059604 -

gedfi20°-  t0-32i2wr0zse 652205T1°  10-39569£292°- S

£3880+e ummnnwnaﬁ NamMNaL«naNm. T0-3%022952¢" STy
ALIJ11SYI3  3IONVILIINAIS -

TTTeidgtTt TTTTTTRTTTTTC 8 :0¥uI Qis 8 318vI¥TA

Sermmememesmceccoooiee NOILVAOF 3ML N1 SITBVINYA eccceecomce-oceomooen

100 e1ff. Auruevivh #_ 23 HED i

: 43 3x 0E69L 13¥ndS 8

ns %o 3INVINYA 40081 8AT9A0 012l ¥ 37411700

zohpumxm»uw. 1 * o

iv X **T  43EHNN d31S O TIVIuNI (S1318VINVA

¥itens *a30 ‘1S a9.05 1 ISNOUSIH HYIM,

SIXY 40 H10N3T' A " **316VIHVA iNIGHIdID

931% T4 I11 =,1 L I I T P

) 4*51/20/28 = 3AVO.NOJLVINI)  IHVNON . 3764

L3141 0170 H

SIX¥ 40

:._.uzw.—

.-“.".Il‘ll“

odog
<008
0000

Ll

]
0
0

AL ..u;mqnuq\_ dn3aNida0

SOdvIsL ¥3dNS 10 S.I-4

Sy

-,nuso-l.

[y



‘e

e

£2T07°10

3INVITYINGIS 3 .7Iv¥3A0

LI |

4 4 4 & % % 2 £ 4 4 4 A 8

r/ ] 39vd

» « .
i
e paen
DL dusd
39NV
¥ 27aWIS  38VN

LI I T I T T

*IE£°65°6D"

NOISS

*51/20/24

4]

93y FVUdI LT W 8w s v a s 56 23 & 88 @206 d 2 02
1°51/20/29 = 31v0 NOLLVIEZD) IHYNON N4

Y
3
. . - .
13
v .
. 0£692° 01228°* T2 ~ 59101°1 N :
. 9564, " 96hig* 26 - < fozeac
. #9z5L 25028 m £ nsBLfr Lol 3
2 oN3a 30 ¥ILND 03NoH3B _ 03¥AINI
S ¥ 33¥N0S ¥ ¥ INGILINH  IONVILJINSIS s 01 4 Fisvtyva T.odus
3MEVL AYYHHNDS / :
.
. N (.
- S1XV 40 AI%WI A *+318v1ava iN30NI4I0

SOHVISI a3dns 40 S.o-¥

»



Appendix II ' v

D - The increase._due’to sprouting, in the rostro-caudal compared to

- -

" the dorso-ventral axis of the high-threshold field of DG&I—‘!‘B.

.
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Appendix II

E - The inersase, due to sprouting, in the rostro-caudal compared to

the dorsc-ventral axis of the high-threshold fisld of mDCN-T13.
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Appendi x II

F.- T‘he‘increase"i'n area ;)f ’the»hpig'x-threshold i‘ield due to sprouting
; of :ni')C!‘l-'l‘13 after electrical stimulation 6,000 “times {5 min

stimilation) compared to no stimulation..
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Appendix II

G -~ The increase in area of the high—threshold field due;td>sprouting
‘of mDCN-T13 after eleetrical stimulation .12,000 times (19 ain

stimulation) compared to no stimulation.
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Appendix TII . Bt
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Appendix III (a),

The area of remining insensiiivity in animals mapped only onze on

the specified times after their initial surgery .Wwhich produczad an

mDCN—T13 Island.
- .‘
Mapped Zero Days After Denzrvation
A B c D.
. ) ¢
274 [ 250. gms 1066 19
854 ' 233 778 ‘ 140
864 : - 238 969 106 -
1024 - 238 . 854 ) “ -
. 1034 228 _ 1175 -
C- X =968 v+724 88, . .
D- x =129 + 6.6 S.E..

Animals Mapped Eight Days After Denarvation

1A 232 1325 142

Wi g 198 970 ' 130
34 219 875 R kL F ~
48 197 - 780 c o128 ' ’
C = 'x =987.5 + 188.9 S.E.

@
1
x|
u

132.7 + 3.1 S.E.

;Identification i

Area o

A - . -

B - Welght of Animal on the day of | eratéon in Grams
C - Area &f Insensitivity Remaining {A mm 2 )
D - inam”-

ha low-thréshold field of \mDON-T
0,

M\\



y

Animals Maposed Sixteen Days After Densrvation

Arza of the“tow-threshold Field of . mDCN-T,

[
-

in mm

D

144
220
176
145
155
210
225
187

178

222

209
220

190

187
185

A 8 c

1B 211 1034

3B 210 760

4B 200 1063
5B 210 900
6B 196 653
1B . 219 1367
8B 205 899
9B 203 690
.11B 210 630

) _ ) //"

C- x =383.4/%79.8S.E.
D- x =182 « 10 S.%.

» A -
Animals  Mapped Twenty Four Days After Denervation
3874 205 uuo
3884A . 214 871
3924 178 604
393A 174 S4s
3984 180 - AL
‘3954 oo 178 586
C- x =626.6 +59.6 S.E.
D- x =202.1+7.0 S.E.
A - Ident;ific;ation“ﬂ . _
B - Weight of AAnimal on the Day of OperaEion in Grams
C - Areg of Iusensitivty Remaining in mm
D -.

2

129
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Appendix TII (b) - ‘ :
)

The Areas of Remining Insensitivity Sixtean Déys After Densrvation In
Animals Mspped on Days 4, 8, 12 and 16 After Their Initial Surgery

1

A - S

L-249 194 » 61 . )
L-250 205 . 295 .

L-252 203 13 :

L-253 - . 219 . 14

" C- X =95.7 +67.3 S.E. o e /
A - Identification 2 . ‘ : >
B - Weight of animal on the day of operatéon in zrams
C - Area of insensitivity remaining in mm




Appendix TII (c)
-

The area of .the high and low-threshold receptive flalds of
:nDCN--‘I‘13 mapped only once on the specified number of days after

denzrvation which producad an !'nDCN—‘F13 island.

Animals Mappad Zero DayS After Denzrvation

A B ¢ -D £ F
119 2178 160 . 115 ;12 172 Re.
117 221 , 283 - 136 1.9 "
115 226 302 133 2.0 "
181 200 262 156 20 “
180 ° - 198 231 74 S "

"

(9]

1
L=

It

239 + 23 S.E,

MM O®»
'

D--Xx = 146.8 + 9.8 S.E.
E- % =18 +90.12
F- X=20.9+0.06S.E. .
- Identification #
- Welight of Animal on the Day of -Operation in grams 2
- Area of the high-thrashold fisld of mD(N-'I‘13 in ma
Area of the low=threshold field of mD('.’l\l-'l‘1 in.am™ -
—- Maximum Length of the rostro-caudal Axis o? th2 high threshold field

- Ome half the maximum rostro-caudal Axis



MmO O W s

W N = =

Vo -

8 . D
197 - 230 128 1.7 172 RC
232 315 . 142 1.3 "
198 198 130 1.3 "
219 264 131 1.7 "

X = 251 + 25 S.E..

L i
X = 132.7 £ 3.1 S.E.
R ' i L]

X = 1.5 +0.1 S.8, .'

X =0.75 + 0,05 S.t.

Identification # ,

Welght of Animal on the Day of Operation in grams 2

Area of the high-threshold field of mDC.‘.i—'["I in.
Area of the low-threshold field of mDQI-T, 3tn mn” . -
Maximum Length of -the rostro—caudal Axis o? th2 high threshold field
Ore half thé maximum rostro-gaudal Axis ' .
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Animls Mapped Sixteen-Days After Denervation

A B c D E (F
207 190 1226 126 T .13 1/2 RC

203 189 2u6 111 2.0 "

209 ’ 198 ) 319 ; 151 2.0 "

210 " 198 : 300 146 2.0 "

21 . 198 255 130 1.7 "

1.5 "

212 187 . 207 . 116

-

C - X =260.5 + 19,1 S.E.

(w)
i

*|
u

130 + 6.2 S.E.

[y]

i
|
[}

= 1.8 » 0.07 S.E. .

MmO GWw

F- X =20.94+0.038S.E.
= Identification # . o
= Weight of Animal on the day. of operation in grams E .
= Area of the high-threshold field of mJqu-“r13 in :nma I
- Area of the low-thrashold field of‘mDCU-T1 in ma .
- Maximumdiength of the rostro-caudal Axis o} the high threshold field
= One half the Maximum rostro-caudal Axis _ .
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Animals Happed Twenty Four ﬁays Aftar Denervation
213 ©o196 - 399 , 139 .2 172 RC
214 186 u72 To125 2.7 "
215 198 45y 150 . 2.5 "
216 194 327 ‘ 129 2.4 "
217 A 208 549 147 2.8 "
218 _ 703 . 346 131 2.5 n
C - x =428.5.%37 S.E.
) . :
D- x ='I36:o_-ll.1 S.E.
E- X =25 +0.06 S.E.
F- x =1.25 +0.03 S.E, ,
“: Identification # : : 2" .

Weight of Animal on the day of operation in grams P
Area of the high-threshold field of mDQl-T13 in .,
Area of the low-threshold fleld of mDC!‘l-T1 in mm _
Maximum Length of the .rostro-caudal Axis o? the high threshold fi=ld
Ore half the Maximum rostro-caudal Axis ' '

TTMmOQWE e
1

e
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Anifﬁinls Mapped Twenty Eight Days After Denarvation ’
'
B c _ D ‘ ‘ E -F_
189 513 : 168 . 2.7 1/2 RC
197 630 152 3.0 "
180 w51 - 165 2.9 "
200 339 L1311 2.4 "
200 ur6 159 2.6 "
200 502 128 , 3.2 "
X = 485 + 42 S.E.
- S . N ]
X = 150 + 8 S.E.
X = 2.8 +0.12 S.E,

,xl
[}

=14 +0.06

Identification #

Weight of animal on the day of opera'ii_on in 3r';/ﬂ"§'_2\1
Area of the high-threshold field qf‘mDCN-Tp  mg©-
“in mm

Area of the low-threshdld field of mDCN-T13
Identification # : ;
Weight of Animal on the day of operation in grams 5

Area of the high<threshold field of mDGwl—T13 in m3

Area of the low-threshold field of mDCN-T. '°in wm® .

Maximum length of the dorsoZventral axis of the high-threshold field

Ve

Maximum length of th2 rostro—caudal axis of ths high-threshold field .

Oz half the maximum rostro-caudal axis

3
..



HT23
HT33
" HT36
HT18
132
125

OMEBoOOm>
. .
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Animals Mapped Sixtesn Days Aftsr Denarvatisn \

-

B ¢ D E F G
208 TE 214 1.8 2.7 1.5
200 461 207 2.2 2.3 1.25
o193 T 540 . 263 . 2.2 2.8 1.4
. 193 373 , 195, .. - 2.1 2.2 1
. 232 " 2u8 165 1.5 2.0 1.0 .
182 348 226 2.2 1.8 .95
X = %03 + 42 8.8,
X = 212 + 13 S.E.
X = 2.0 +0,11 S.E,
X = 2.3 +0.15 S.E.
X = 1.15 +0.07 S.E.

Idantification # ) .

Weight o’ Animl on the day ot‘/operati_on in grams > .
Area of the high-threshold field of _mDC.‘vl-'-'r13 in mg N
Area of the low-threshold fleld of mDCN-T,. ”in mm“

. (O -
Maximum length of the dorso-ventral axis 33 the high-threshold fiN%i\

Maximum length of the rostro-caudal axis of the high-threshold fiel ;

One half the maximum rostro-cagdal axis

. L



HT11 -

HT6
130
128
HT3

24

OQmMmMmoQOm>
P

137
Animals Mapped Twenty —Says After Denarvation.
(v

B c D E F
197 664 137 2.5 3.
207 426 153 2.5 2.1
196 545 126 2.1 3.
188 .624 T, 193 2.2 3.7
198 : 4g2 - 1M 2.2 2.7
199 355 127 2.1 2.

X =516.3 + 48.7 S.E. .

X =151.1 + 11 S.E. ,

X = 2.26 +9.07 S.2..

X =2.8 +0.25 S.E. . | | o

X =14 +0.12 S.E. J

Identification # : - -

Weight of Animal on the day of operation in grams > : .

Area of the high-threshold field of mD’.‘Ji‘I-'I‘13 in ‘mg ™

Area of the low-threshold field of mDCN-T..-in um>

Maximim length of the dorso-ventral axis of ‘the high-threshold fisld
Maximum length of the rostro-caudal axis of the ‘high-threshold fleld -

Ore half the maximum rostro-caudal axis

1.55:
1.05
1.55
1.75
1.35-
1.05.
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HT23
HT26
HT33
HT33
HT43
HT#6

HTS 1

qT50

n
|

»]
1

x|
n

x|
"

|
I

X

)
Animals Mapped Twenty Five Days After Densrvation
B c D E F
210 ¥ 813 192 2.9 3.0
204 871 219 2.8 3.4
205 563 202 2.1 -~ 3.4
195 885 221 2.8 3.6
200 753 197 2.2 3.9
200 5604 188 2.2 3.4
188 520 ° 180 2.0 33
185 438 160 1.7 3.2

688.5 + 50 S.E.

198.8 4 7 S.E.

2.33 + 0.15°S.E..

23.37 + 0.1 S.E.

1.68 +0.05 S.E.

Identificatdion #

Welght of Animl on.the day of operation in grams
 Area of the high-threshold field of mDQN-T 13
’\Ar'ea of the low-threshold field of mbPCN-T._ 1

in 'naz

n mm

133

Haximum length of the dorso-ventral axis o? the high-threshold f‘ield
Maxiuum length of: the rostro-caudal axis of the hi gh-thr;;shold

One half‘ the maxin'.um rostro=-caudal axis

fiald

— —h o o o ek b —a

oMM womlaan

Wi

n
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Animals Mapped Thirty DayS'A.fter Denarvation

A 8 > c D £ F
133 192 ’ 808 220 2.2 3.9
174 180 517 197 2.0 3.5
HT22 188 908 217 2.8 3.8
HT23 193 1159 - 253 3.1 4.5
HTYS 200 848 181 2.5 3.7
HT42 204 620 184 2.1 3.5
HTHY 200 877 1 2.5 4,0
HT27 205 848 17 - 2.6. 3.8
C- x =335.6 +61 S.E. , o o

©

|
®|.
(]

206.6 + 8 S.E.
/

E- X =247 +0.12 S.E.

F- x

3.42 + .08 8B, : 1

6- X =171+ .02.8.5)3',' St

~ - Identificatdon #
= Weight of Animal on the day of operation in grams
= Area of .the high—threshold field of .mDCN-T.I.J; in ‘ag-
Area of the low-threshold field of ruDC:t‘l-'I‘1 in mm~ _
~ Maximum length Qf 'the dorso-ventral axis o?_the high-thresheld field
- ximum length of ¢ rostro-caudal axis of the high-threshold field
r;f:e half the maximim“ostro-caudal axis *

OmMmOUOw >
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HT25
138
136
189
HTS4
HT65
HT67

QMU OE >
§

) 1240
" Animals Mapped Forty ﬁays A"ser Densrvatien : s
B c D E F

200 1403 225 3.1 5.0
205 760. : 190 2.9 2.9
195 1070 - L 3.2 4.0
190 1225 199 - 3.1 4.3
195 8u7 ‘ 116 2.3 3.9
187 891 ©TH 2.5 3.6
200 918 .- . 224 2.6 4.0

X = 1017 + 88 S.E. e

X = 196.1 + 15 S.E.

X = 2.81 40,13 S.£,

X =3.95 +0.24 5.E. .

X = 1,97 +0.11 S,E. I e

‘Identification #

Weight of Animal on the day of opsr
Area of the high-threshald fie mDCN-T.'B in my

Area of the low-threshold GEsld of CH-‘I‘1~ in mm” ,
Maximum length of the -dorso-ventral axis o} the high-threshold field
Maximim length of the rostro-caudal axis of ths high=threshold field .
One half the maximum rostro-caudal .axis : .

tie grams 2. ‘

.‘ ' ' . ,

e

N = D =N

oOomoLLowon

(S IF) Y, |

[P
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Appendix TII {f)
The area of the high and low-threshold fis=lds af DCN-'I‘1,_, mapped
only once on the specified number of days -after denarvation whish - ‘

produced an intact DON-T receptive fiald on the flaﬁk: the rest of

.13
the flank was totally denervated.

Animals Mapped Zero Days After Denervation

S A B . ¢ ' B E F , c¥
158 . 2009 /4 335 2.3 1.5 0.75
157 199 302 3¢1 2.1 1T Q.85
129 : 210 - 330 255 2.6 1.8 0.7
118 221 . 291 ) 252 S 2.1 1.5 0.75
116 205 . 313 250 2.7 1.6 0.8
114 222 452 ©o306 3.0 2.0 1.0
C- ¥.273M013 4245 S.E. .

D- x =283.3 +15 S.E. 4

E- X =246 +0.15 5.E.

F- X

1.61. + 0.08 S.E.

G- X =0.80 +0.04 S.E,

Identification # - - S
Welght of Anipal on the day of operation in grams,
Area of the hig}*)-thj'eshold field ‘of DCN-'I‘13 in ‘11.'5

Area of the low-threshold field of DCH-'I'1 in m : -
-, Maximum length of the dorso-ventral axis gf the higi-threshold field
- Maximum length of the rostro-caudal axis of the high-threshold field
~ Ome half the maximum rostro-caudal axis ‘

]
1

Mmoo >
. ]

-
.
I
v 5 . e
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Animals Mapped Sixteen Days Aftar Denarvation

A B c D E F

HT8 196 463 303 2.3 2.1
HT19 185 ) 798 396 3.1 2.9

163 - 201 588 359 2.8 . 2.2

164 196 ° 672 437 3.0 2.7

HT31 - 200 1027 451 e 3.7 3.0
HT37 191 563 N/A 3.0 2.1

HT24 187 582 332 2.9 2.3

C- X =570.4 +78.3 S.E.

; - L

D - x =379.6_€_2u S.E.

E - % =2.95+0.16 S.E. i - ’
F- X =2MU7 +0.14 S.E. .
G- X =1.23 +0.07 S.E. : o \
A - Identification # ) .
B - Weight of Animal on the day of operation in Zrams
C - Area of the hi'gh-thr'eshol_d field of DCN-TB in m‘,&.
D - Area of the low-threshold field of DCN-Tt in mm . :
E - Maximum length of the dorso-ventral axis 3? the high-thrashold field "
F - MYMaximum length of the rostro-caudal axis of tha high-threshold flald
G T

- One half the maximdm rostro-caudal axis

-
b
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Antmls,.”[épped Twenty Days After Densrvation

L]

A B o D E F G
HT61 195 ‘ 933 318. 3.0 - 3.4 1.7
4164 200 847 390 3.8 2.6 1.3
121 L 196 8390 - 298 3.4 2.7 1.35
HT34 200 10u1 397 3.5 3.7 1.85
HT70 198 1041 293 - 3.2 3.8 1.9
HT71 211 931 : 349 3.8 3.2 1.5.

3 ”~
C- x =943 +35 S.E,
D- X =340 + 19 S.E.
E- X =3.4 +0.12 S.E.
F- x=3.22+02S8E., _
G- X =1,6+0.1S.E. ,
A - 1Identification # : . d .
8 - Weight of Animal on the day of operation in grams, -
C - Area of the high-threshold field orf"D(‘J.*l-‘T13 in ng~ Lo
D - Area of the low-threshold field of DCN--T,I in mm"™ J
£ - Maximum length of the derso-ventral axis gt‘ the high-threshold field :
F = Maximum length of the rostro-caudal axis of the high-thre;hold field
G - One half the maximum rostro-caudal axis . ”

M -

i aagnes
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Animals Mapped Twenty Five Days Aftar Denervation

A B c D E F
HT49 " 200 1187 - 334 3.6 4.0
HTug 180 , 1301 418 3.9 4,2
HTU7 200 - 1137 ‘ 445 3.3 T ou.0
HT32 . 200 1179 ugg 3.9 3.5
qT14 198 778 367 1.4 2.5
HTT2 200 1182 390 3.8 3.1

C - ;:112'7:7!4 S.E. ' S - :

Dx = 415 + 18 S.E.

E- ;:3.5

1+

9.08 S.E.
F- X =352+0.25 S.E.

"X = 1,75 » 0,12 S.E.

RN

Idantification ¢

Weight, of Animl on the day of operation in 3rarrs

- Area of thz high-threshold field of DQI-T,_ in ma : : ’
Area of the low-threshold- field of Dc‘lﬁﬁ in nm : p

Maximum.length of the dorso-ventral ax gf the higﬁ-..hreshold field

Maximum length of the rostro)-caudal axis of th° high-threshold field

One half‘ the maximum —ostro-caudal axis : v

Mmoo aOwm>
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43
139
173
HT20
HTS52
HIT3

QMmoo >
]
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Animals Mapped Thirty. Days After Denervation
B - c D 3 F

201 112 C 299 3.4 4.y
87 . 15586 295 " 3.8, 5.1
184 - 1326 - - 385 3.7 4.2
210 914 4un 3.4 14
200 . 1541 * 534 4.3 b2

3.5 3.

962_ 320

X = 1236 + 118 S.E.
.

= 379 + %0 S.E.
X = 3,7 +0.,12 S.E.
X 24,0 +0.29 S.5.

X =2.0 +0,14 S8,

Identification # : _ o :

Weight of Animal on the day of operatien in grams, ~
Area of the high-threshold field of D(?.\I-‘l‘13 in my :

Area of the .low-threshold fi=1d of DQI-T,, "in ™ L .
Maximum length of the dorso-ventral axis gf the high-thkeshold fisld

- Maximutn length of the rostro-caudal axis of ths high-thrashold field

Ore half the maximum rostro-caudal axis o .

e

——te



HT56
HT58
HT62
HT63
HT69
266

- m
|

QMmoo
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Animals TBpped Farty Days After Den-:-riation

B c D " E F c 3
. 194 1679 480 4.0 4.3 2.4
188 1342° 460 3.4 4.6 2.3
200 121 . 339 3.2 4.4 2.2
200 1050 N377 3.1 3.8 1.9
185 145 - 341 4,2 u.1 2.05
4.0 4.8 2.4

232 - 1498 - . 301

X = 1370 +.92.4 S.E.
X =391.5 + 28,6 S.5, o . - a
w- .
X = 3.65+0.19 SE,
.‘ i .' ! . { .
X = 4.4 +0.16 S.E. B .
X = 2.2 +0,08 S.E.

. ‘ .
Identification .# . < ® o . . ;
Weight of Animal on the day of operation in grans., ‘ . '
Area .of the high-threshold field of DQON-T in mg“‘_ ‘

~Ared of the low-threshold field of DOH-T- 3in mm°

Maximum length of th2 dorso-ventral axts%f‘ tha high-threshold t‘ield‘
Maximum length of the rostro-caudsl axis of the high-threshold field

One half the maximum rostro-cau'dal‘ axis <! . - R /**

-



147

Appendix TII (g) ™

The area of the high and!low-threshold receptive fislds of DC\I-TW
 mapped only feorty days after the animals would have normally heen
denervated but in these animals all the cutan=20us nér-ves Were laft

intact and thesrefor2 they are the control animals for saries ITI(f).

’ ) : ~ .
Animals Mapped Forty Days Aftsr They -‘Would Have Normally Been Denarvated

243

| . . , \
A - B C b . F

242 254 388 31t 2.7 1.7

' 241 4ou 285 2.6 1.6
244 244 JH13 300 2.5 1.8
245 253 373 254 ~ 2.9 1.5
246 246 354 - 301 2.5 1.3
247 266 335 ‘228 2.6 1.4

. »
R .
C - x =380 +11.7 S.E.
D- X =279 + 13 S.E.
E- X =2.56 + 0405 S.E,
.
F- X =1.58 + 0.06 S.E.
. L N -
G- X =0.79 +0.01 S.E, *
K - TIdentifieation # - - ; - o
B - Weight of Anlmal on the day of operation in grams,,
C - Area of the high-threshold field of D('.'N-T13 in my~ o
D - Area of the low-threshold field of DCN—'I‘1 in n” : )
E - Maximum length of the dorso-ventral axis gf‘ the high-threshold field
.F - Maximum length of the rostro-caudal axis of ths high-threshold field

G ~ One half the maximum rostro-caudal axis . '
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Appendix TIT (h)

The area of the high and low-threshold receptive fields of

‘mDCt\I-TB mapped only -once on the specified numdbar-' of days after

denzrvation and five minutes electrical stimulation {6,000 impulses) of

the intact mDC:vl-TT.3 island. ' >
A | B c - D £ F -
290, 136 \ 284 133 19 . 172 RC .
291 17T 19y 127 1.7 " .
292 ©o189 . 201 112 1.7 W .
293 : 130 . 209 : 115 1.7 -
) 294 188 251 - 128 1.9
295 180 * 261 ’ 1258 1.8
’ « el
C = ’ X =

225 + 11.7 S.E.

D- X =123 +3.3 SiE. . S
« =E - X =1.78 +0,08 S.€,
F- X =0.89+0.02 S.E,

. 1
Identification #
Weight of Animal on the day of operation in grams

- ‘Area of the high-threshold field of mDQN-T, in 113 RN . '
- Area of the - low-threshold field of mDCY-T _~in mm . j
- Maximum length of ths rostro-caudal axis o} the high *hreshold ﬁ.old e

One half the maximum rostro-ceudal axis

[P U PP
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230
231
282
283

o OWweE
|
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Animals Mappsd Twelve Days ‘After Denervation

B c D E F
88 uzs 107 2.8 1/2 ke
137 s 133 2.8 n
190 | 343 154 2.1 .
188 - 250 131 - 1.3 n
. 185 32T o 134 2.3 "
X =354.8 + 30.7 S.E.
X =131.8+7.4 88 a C %

X = 2.1 %0.20 S.E.

B

X = 1.05 +0.1 S.E.

11

Identificaticn # = o '
Weight'of Animal on the day of gﬁﬁation in grams
Area of the high-threshold field of mDCN-T.. in ag

Area of the Lowzthreshold field of aDON-T, 1340 mn°

2

+ Maximum length Sf the rdstro-caudal axis o-}- the high-thrashold: field

Ore half the maximum rostro-—caudal.'a_xis



159
160
161
276
277
278

|

x|
"

x|
"

=

X

Id=nt i fication i

(¥

507
153

2.6

1;3_

Animals Mapped Svrxt

an Days Aft'er Densrvation

,B\

3\

211
225
200 .
191
156
193

+ 20 S.E.

+ 3.5 S.E.

‘v

+0.06 S.E.

*+0.03 S.E.,

O

492
584

550

471
488
455

129
144
140
172
191
143

n

Mo
N o

Welght of Animl on the day of opﬂration in grams
Area of the high-threshold fleld of mDCI- T ' in 'n:g

Arza of the low-threshold field of mDCN- ‘I‘

‘Maximum length of the. rostro-caudal axis o} tha. high-—threshold
Oz half the maximum rostro-caudal axis

in ma

\
50/
-
1/2 RC
n
"
n
L
'
r
field

i e e kbt e
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Abpend{} IIT (i)
The area of the 'high and low-threshold receptive’ fiz2lds Qf
mDCN-T13 -mapped only once .on the specifisd numbar of days after
dena2rvation and tenvminutes electrical stimulation (12,009 impulses) of

the intaet mDCH-T13 island.

- Animals Mapped Four'Days After, Denarvation

A B c D E F
198 To192 207 - 127 1.5 1/2 R
195(a) 195 219 155 1.6 "
198 " 186 134 182 1.9 "
199 183 180 119 16 k
_ ) § - <

C- X =2224225.¢.
D- x = 145 + 14 S.E.

E- X =1.7 +0.08 S.E.

'F - x.=0.85+0.04 S.E. - , : ' S ,
- Identification # o ot . - :
- ~Weight of Animal on the day of operation in grams . ‘

" Area of the high-threshold field of mDCN-T13 in my~
= Area of the low-threshold field of mDON-T,_ Yin mm®

- Maximum length of the rostro-caudal axis of the high-threéhold‘fieig
- Ope half the maximum rostro-caudal axis g .

LS
"
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Animals Mapped.Eigt Days After Denervation

A - .8 g D . E F
171 197 680 . 2u5 3.7 172 R
172 193 558 R 2.9 "
202 185 . 396 o139 2.3 "
203 189 b5, <153 .23 i n .
234 182 176" 119 . 1.5 "

1'6 "

235 181 228 C139

C- X =410 + 79 S.E.

D- %= 161 * é? :S.E.

5]
|

=]
T ’

2.4 +0.33 S.E.

F- X'21.2 +0.16 S.8,

A - Identification # ‘ .

B -~ Weight of Animal on the day of operation in grams -

C - Area of th: high-threshold field of mDQI-—TrJ; in ny”

D - “Area of the,low-threshold field of mDQl-'rﬁ in ma”
- E = Maximum length of the rostro-caudal axis of the high-threshold field
F

-, Ome half the maximum rostro-caudal axis




219.

220
223
223
241

U OW >
1

Animils Mapped Twelve Days Aftar Denarvation

'
B ¢ D £ . F
196 540 - 153 2.9 172 RC
180 . 531 150 2.5 "
193 552 1'-”4 3.2 -.v " )
195 a9’ 134 2.2 "
. 175 ,T35 153 4.0 "
X =557 + 51 S.E,
X = 16 + 3 S.E, g
X = 2.9 + .27 S.E, : ‘ .
] -
X = 145 + 0.13 S.E. R .
Identification # . y .

Welght of Animal on the day of operation in Irams
Area of the higa-threshold field of mDQV-T,, in a3~
Area of the low-threshold field of mDON-T 5 in mm”

v .

Maximum length of the rostro-caudal axis of tha higb—threshbld field =~

One half the maximum rostro-caudal axis




154

155 °

162
222
223

Animals Mappad Sixte=n Days After Denarvation
4

B . cC

- 189 703

191 616

< 25 843

186 781

186 543
X =697 + 55 5.2
DX + 13 s.8.

+0.18 S.E.

MmO QW
I

3.7

=1.8 + 0.09 S.E.

>
1

Identification #

Weight of Animl on the day o
Ap€a of the high-threshold fi

D E
205 3.8
164 3.4
179 4.2

* 155 3.9
127 3.2

f operation in grams

eld of mDQN-T,. in 'nrgz

2

Area of the low-threshold field of mDCN-T 1"in am-

Maximum-length of the rostro-caudal axis 33

-‘O‘ne half the maximum rostro-caudal axis -

P

154

1/2 RC

tr

-

2 high-thrashold fisld

i n ot
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. Appendix TII (i)

-

The ares of the high and low-thrashold receptiva fields of
mDCH—T13 mapped MY onde four days after deriervation and the specified

number of" minﬁtes of electrieal stimulation of the intact .-nDG‘wl-»'I‘13

island.

Animls Mappad Four; Days After Forty Minutes of Eleatricai Stimulation (43,000 1mﬁlses) . I
. A B ¢ D g F
221 198 253 17 19 172 RC
224 189 - 253 1574 1.6 "
225 176 - . 220 1318 1.6 n
226 185 252 . 136 N "

. N h- \
o C- ¥ =z2045 +8.15.E. N
. . ll‘ ‘

D- x =135,2 « 8.2 S.E,
E- X = 1.7 +0.07 S.E. o ,
- - : :
F- X =0.85+ 0,03 S.€. )
A - Identification # -
B~ Welgnht of Animl on the day of operation. in grams

* C - Area of the high-threshold field of mDC.'N—'i‘13 in my~ ‘ i
D - Area of the low-threshold field of mD(JI-'l‘1 ~“in mm~ . -
E -~ Maximum length of the rostro-caudal axts o? the high-threshold field
F - Ome half the maximm rostro-caudal axis

PSRRI
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Animals Mapped Four Days After Eighty Minltes of Elsetrical Stimulation (93,902 irpulses)

267
268
269
270

TITRO OQOm e
I

* |

x|
([}

|
it

X

.

-
L3

B c D 5 F
{ - .

193 223 133 1.5 172 RC

189 201 129 13 il

194 222 120 1.6 n

203, 273 181 1.7 "
232 + 15.1 S.E. B X
188 + 12 S.E, .
1.5 + 0.8 S.E.
0.7 +0.8 S.E. oo

Identification #

Weight of Animal on the day of operation in grams
Area of the high-threshold field of mDCH-T._ in 3

2

Area of the low-threshold field of mDCI-T,. in mm |
Maximum length of the rostro-caudal axis of the high-threshold field

Ome

half the maximum réstro-caudal axis

PRSI
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Appendix TIII (k)

The. area of the high and low-threshold receptive fislds of

mDCN'-T13 mapped only once sixtsen days after densrvation which producz

a mDCN-T13 island. In %hese animals TTX and/or vehicle was used in the

specified way in order to block impulses in the intaet narve,

Animals in which TTX was placed on the nsrve to Slosk impulses
then the receptive field of mDN-T. was pinch=d

[j”' one hundred>and thirty—fivgitimes
A B c '_ D E
232 187 38§ . 129 2.3
233 195 218 124 2.0
254 223 346 179 2.3
255 167 . 258 137 2.0
257 183 344 130 2.2
260 136 315 153 1.8

C- X =3114+25S.E,

D- X =142+ 9 S.E.. | e
, , J
E- X =2.1 + .075 S.E, o \“\ .
A - Identification # )
B - Welght of Animl on .the day of operatien in grams !
C = Area of the high-threshold field of mDCH-T13 in ang
g = Area of the low-threshold field of mDCI-T..in ma”

\\\\ - [}

- Maximum length »f the rostro1péug31 axis g} the high-thresthold field
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_Ani:};als in_which vehicle was placed on the nerv‘e than the recaptive
field of mDCH—T,l was_pinched on= hundred and thirty-five times S

Ll

A B c D E
205 198 608 143 3.1
2356 181 590 160 3.2
237 183 541 150 3.3 . :
239 197 164 3.4 . -
259 194 28 196 ° 3.3 /—7L\
261 189 622 173 . 3.3
C- x =519 + 25 S.E" .é
D- X = 164 + 8 S.E,
E- X =3.3 +0.1 S.E.

' ~

A - Identification #
B - Weight of Animal on the day of operation in grams 2
€ - Area of the high-threshold field of m!)CN-T'|3 in 7y~ !
D - Area of the low-threshold field of mDCN-T, " in @™ )
E - Maximum length of the rostro-caudal axis o} th2 high-threshold fiald

-

o Bt .
e
v
w Aka .
-
LA, 1S
.;"\'ﬁ‘ "}‘_

L o .o
- - -
3 f" .3 L

. s Tos
. o .
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Animals in which TTX was placed on the intict narve to Slock impulses

191
200
201
204
205
265

MoOoOm>
i

Lravelling centrally from thz point of electrictal
stimilation (12,000x) of the intact narves

B c D £

198 327 189 1.9 .
212 64 %1 = 2.2

193 "~§§Er"/ 157 1.9

184 U7 - 107" 2.0

181 . 320 1M1 2.1

192 296 167 2.

- 1]

X = 334 + 10 S.E.
X = 150 + 14 5.8,
X = 2.0 +0.05 S.E.

Idgfntif‘ication #
Welght of Alml on the day of operation in grams .
Area of the high-threshold field of mDCN-T.. 4n g

Area. of the low-threshold field of mDCN-T1131n -

Maximum length of the rostro-caudal axis 3 the high-threshold fiel

d
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~

Animals in which TTX was placed on tha intazt nerve to block
. impulses travelling peripharally from the point of
electrical stimulation (12,000x) of thz intact narve

A L B c LD L E
231 196 €35 144 3.3
230 206 843 153 . 3.8
260 ~187 T47 . 180 3.7

" 256 175 - 179 174 4o
258 186 883 174 4.5
262 186 T47 167 4.0
C - X =777 +32 S.E.

D- X =165+5 S.E.

E- X =3.94+0.16 S.E.

A - Identification ¢ . *
B - Weight of Animal on the day of operation in grams

C - Area of the high-threshold field of mD,CN-T13 in m3g

D - Area of the low-threshold fizld of mDCN-T,.  in mm

E

- Maximum length of the r oaugal axts 3% the high-tyreshold field

“\4-f\\\/k? | b ~



192
227
233
271
272
273
274
275

tloOOw X

»|

x|
[1]

X

Animals in which TTY was plazed on th2 intszt nerve

but the n2rve was not stimulated

/189
198
195 .
195
185
193
189
150

331 128.7}%)
.

155

|+

13.9 S.E.

1.96 +9.07 S.E. -~

Identification #

“373
- 422

319
453
251
216
320
295

239
111
134

14y

143
131
166
174

3

+

»

- Weight of Anlml on the day of Opergtion in grams 5
Area of the high-threshold field of mDCN-'I‘13
. Area of the low-threshold fleld of mDCN-T1 in mm .
Maximum length of the rostro-caudal axis o} the high-threshold fiel

in m

'g‘.,
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"Animls in which.vehicle was placed on the intact nerve
but the n2rve was not stimulatzd

A B c D g

234 191 312 125 1.9
285 203 335 128 2.0
K36 205 . 269 146 1.6
237 , 186 256 121 1.9
238 185 293 159 1.9
239 192 316 . 155 1.8
C- X =296 512 s.¢,

D- X =139 +6.7 S.c.

= 1.85" + 0.05 S.E.

m

|
|
'

- Identification # ’ .

- Welght of Animl on the day of operation in grarms
Area of thz higr-threshold field of mDCH-T13 in g~

- Area of the low-threshold fisld of mDAN-T _“in mm~

= Maximum length of tha rostro—caudal axis gf the high-threshold field

mooowx
1

s
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Figure 1

Anim.al Hous‘hg

. The cage tops were made by Mr. C.W. Ikeson and were used vca cover
the rat cages in place of regular' cage tops. ‘Yhen the regular- cagse

tops werz used, the rats wer= continually irritating their dennrvatnd

back i‘{_!f/by rubbing against t.he food trough;. this would cause the

incisions to open. The flat ‘bops preventnd the rats from “rubbing
against them since they were elevated more than' 15 a2m above th° floor
of the cage. The animls wers housed individually, wood chips wera

Placed on the floor; f’ood and water were freely availabl '
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Figure 2 L

The Dorsal Cutancous Nerves a

In this photo of the rat's back the skin has been shaved and an*
inzsision has Yeen mads along the dorsal midlins through the full

thickness of the skin. The dorsal skin on the la2ft side has been

-retracted . ventrally to 2xpose the dorsal cutaneous nzrves and

accompanying blood vessels _35 they exit the body wall musculaturs and

extend Lo Ehe skin, The dorsal ecutan=ous ‘narve f‘rdm segmant T,‘3 is

marked with an arrow as it exits the body wall. Just above th2 11.6 =m
mark is a large vein which alWways accompanies the dorsal cutansous

narve from segmnent Tn; this vein was onz of “the anatomical land marks

a .

used to identify specific dorsal cutan=ous nerves in this study,

.
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The Segmental Origin of the Cutansous Nerves

~

This figure is a, diagramatic repreSeptation "af the ~typieal

anatomical arrangement of the branch2s of a single cutanzous nerve

(i.e., th\e cutanaous nerve frem spinal cord semﬂn-t T,.). The 'spinal

13 -~

nerve dividﬂs scon after the dorsal root ganglion (DR3) to give risa2 to

"a dorsal rhmus which exits the bod&\&l musculature (hatched ar'na) and
' .divides again into thﬂ medial and lateral dorsal cutan=ous nerves \The

"ventral ramis of the spinal nerve divides laterally and ventrally to

Zlve ri;e to the lateral and vent'r:al cutanaous nerves respectively,
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Figure 4

Ingision Repair én Experimental Animals
R T ~r

L

repair’. The top photo’ is of a rat on the initial day™ef surgery; this

b,

animal has just been sutured closed with cat gut suture (A), the

sutures were placed internally and are therefore invisible from the

‘exterior. Internal suturing was nscessary to prev.éni:-the animals from-

\ - 'L
removing the sutures prematurely., The suture line is ihdic;ated (B).

.The bottom photo is of a typical'-suture line along the rat's back (C)

' i/*siiteen days after the'initial- day' of surgery. ' ’ . .

: L

These .two photos indicate the typical time course of in'cisl_.on,
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‘' Tha .stippled‘_araa represents the area of skin f_‘a"mer_l

“Figure § .

. . _ .
“The Result of the Surgical Densrvation to Produce an ﬂDON-T,%land"

*This figure is 2 diagramatic representat{on bf fAn mDCI-T

n d" of innervation (solid 1lin2) surrounded by\ deM2rvatad skin.

innervated

dorsal cutangous nerves 'l‘w--L3 which 'havﬁ now all been cally cut

. ’ - .
bilaterally except for mDQ.I;-T13 on the left side. In.exneriments

»

d2scribed in Results Sec E two additional DQI's rostral to 'l‘9 and

- caudal to L3 and all the LQN's on the left. 51@ wer2 cut to produca a

targer area of d,enervated skin, Typically tha high-threshold field
border (dotted lin2) Jof mDCN-T.lB Would extend beyond that of ths

low-threshold field by 2-3 mm in all directions.

\
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Figure 6 = ‘ .

P

Electrical Stimilation of mQ-T, - -

. - ¥ :
Thesz two plpo’:.ographs are of thaf same rat. The rat has been

surgical;y ?enervated to Produce aﬂ m -T,., islan .“'en'the renninfng
intact mDCN-T13 merve has beean dissecté¢, along-witﬁ 30l mhzctive
tissue.l away from the bgdy wall and placed on the stimlating
electrodes, 4 - {s the thermoStaticélly controlled heat;ng pad used to
kesp the rat at/37°C througiout the experiment.i‘B - 1is the,qissecting
scoge us;d during the disse;thon and stimulation, € - is the

% . ’ ~
stimilating electrode holder. Fins flexible insulated copper wires

—~

lead from the slectrode holder to the rat back, D - is an ineision in

the body‘w 1l musculature. E - is a pisce of clear plastic into whigh
are embadded two platinum wires conn=cted to the inpulated copper

Wwires,
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: \ Figure 7

The Application of TTX to aDQN-T

13

This' photograph is a cl'c,:ase up of the inzision in the body wall
“;musculatura seen Figure 6D. A - is the cutansous narve (mDCN- T13)
§Lx-?!'ii.ch\f'ﬁns along the bottom of th= trough made by the retraction of the

: t-l_-
body wall m.nscular'. B 1,‘{3 a thin piece of cotton pullaed boﬁ'-\ath "‘1=
cutanz0us nerve tp make it more visible for photographic purposes, *'I'he-
trough is filled with a TTX solution until 1'he.'lrrt.\ul&zﬂ:s in the nerve

“have been blocked ) After the expﬂriment is coml\ted the trough:'is

washed several times with a normil saline solution.

L 4
.
]
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Figure 8

Behavioural Responses to High-threshold Nerve Stimilation

These two photog%éphs are of the same rat, The botton photpg?aph
1s of a,shaved anzsthetized rat on whose bask skin has been drawn fiva
lin2s perpendicular to the spinal colwm. When tha toothed fPrceps are
used to stimalate an area bf skin innzrvatad by' high-thresholﬁ
cutans=ous narves“ (top‘ photozraph), the cutanzous musclé‘beheath the
: ‘-;kin (tﬁe cutanaous. trunci musecle)} 1is, raflexly activated and the

parallel 1lines are drawn cloger together to produce an nbservable
response. . If the foraep pinch-ﬁs Placed in denervated skin thers will
be no rasponse seen and the parallel lines will remain as thay 5re in

the bottom photograph.

K
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Figure 9

v .
The Behavioural Map of 13 mDm—Tp Island

This is a photog}aph of an animal which has been denervated to

produce an mDQY-T "Island" by cutting DCNs T, -L
: 13, . 10 73

T,.=T,., L.-L" and 1DQN-T, on the 1left side, the animl wes
10 12 1 3 4 b}

on the right sids,

13
behaviourally mpped using toothed f‘orceps; Tha hatched areas are

those areas that ara sensitive to a pinzh, The isla’xd of sensitwity -

C’ - surrounded by insonsi*ive skin is innervated by cutan=ous nerves

rupn_ins in 'nDC*I T13 Ome mDC!I-T13- is cut this is.land becomes

i;nsepsitive to a skin pinch. A - i3 the para-midline inzision throug‘,‘::
which the initiai denerwations are made. B -~ indicat.'_es the
low-threshold touch fi=1d ot‘ le':"I-'I‘13 which begins at tha dorsal-
midline (whit= dashﬂd lina) and runs 1at°ral1y./f = i3 the b‘or_der' of'

the hig’n-threshold field of rnDCN-T13. o '
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- Figure 10

/N

LoW-Threshold Fields of DCQls

This flgure {llustrates the typical banding p2ttzrn of tha
low-threshold fields of segmental dorsal cutansous nerves innsrvating
the rat's back. This map .was made by racording from individual
branches of .each ségmental nsrve while brushing the skin with a fin2
bristle. The diagram 1llu'strates the- typical amount ot‘ﬁoverllap batweszt
branches of the siame segnental nerve as wéll as the amount between
adjacent segmental r':er'ves. A port.i-on of the are:; of skin innervated by.
the lateral -cutaneous nervés‘ is i_llustratéd on the left side by the
hateh region and shows the typical pattern of overlap between them and
the dorsal cutans=ous nerves. The eross within a ecircle indicates 'i‘:he

low-threshold field of mDCN-T, .. y
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Figure 11
High and Low-threshbld Field of DCVNs
In this diagram ':,her hig_)’_l.-threshold, field borders of DGI-T13.

mDG\I—T13, ml)('.'.’sl—T12 and mDCN-L1 (dotted lines) ara superimposad on the
low threshold fields (solid linss) of the rat,'s baek. Tha2

high-threshold fields of mDCY-T., and I..1 have been lightly stippled in.

12

The whole high-threshold field of I')Crwl-T1 was' mapped initially in one

3 -
animal, then the latsral branzh of ths DCON=-T Wwas cut and the medial

13
t‘ield of the same DCN-TB was remppeq {(diagnally hatchad). I\; is
evidant from the diagram, the areas of over:]-.‘ap ameng the high-threshoid
fields of mD(.‘.*l--‘I‘13 and‘its adj.acent fields »ar\e‘éo grea£ that it would
Be very difficult to find insensitive skin on the left side of this
animl if only the medial branzh of"DC.“l-’!'13 were cut, A:f'o_rcep pinch
taroughout most of the denervated ADQN-T,; fl21d would elieit impulses
in cutansous narves in the ovarlapping adjacent DCY fields: for this.
reason it was impossible to behaviour.'a;lly map all the adjacent

ﬁigm-threshold field within one animal, The high-thrasshold fislds wers °

J ° .
mapped in different animals and then combined, "using their

. low—thres}iold fields as a raferenca, }:o give a picturs of th= probabls

pattern of innervation in an individual rat.

«
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Figare 12_

Sprouting of High—Threshold Fields: Area of Tnsensitive Skin Remaining

Each dot represents the area (ﬁean * S.EM.) of insensitive skin

' . - . ’ -

remining in different groups of animls mappad at the‘specified numbar
of days after denarvation. For each group thz denarvation performed on

day zero was done to produce an "island" of sensitive skin innarvated

by mDCN-T13 surrounded by insensitive skin, The area of insensitiva

skin 16 days after denervation was not significantly different p >

0.05) from that on day zero, After day sixteen the area of insansitive
. .
skin decreasesd so that forty days after den2rvation there was almost no

inéensitive skin ramaining.
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Figars 13 B T

Areaa of the Low-Threshold Field of mDC:{-'I‘13 at Differznt Days lM‘ter Densrvation

This bar graph re'present.s the area (mean + S5.D.) of the
low-thresfgld field of mI)C‘.!—'I‘13 in two groups 4f animals mhpped sither
at zerc or forty days after denervation. For both groups the

denarvat ion performed on day zero produced an "Islanld" of innervation
supplied .by mDQ{-T13 surrounded by denervated skin.. The ar-:ea of _the
low-threshold field forty days after denex;vat'ion was not significantly
different (p > 0.05) than the area on daly' zero: th.is; result confirmed®
the earli.er,' results of Jagkson & Diamond (1381) that 19w—-thresh01d

nzrves do not sprout inf.d dengr'vated skin in the adult rat,

£
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Figirs 14

Histclogical Examination of Sensitive Skin, Tnsensitive Skin and Skin

into which High-Thra;hold Sensitivity had Retumed after Denarvation

These three photoéraphs are of thre= piéces of skin from the rat's
back which have bnen impregnated with silver in order o stain the.
cutanzous nerves ‘(see methods). A -1s"a piece of skin from a-normal
control (undenzrvated) rat whose skin 1is Hehaviourally sensitive to 13
forcep pinch{ it shows 1 ﬁypicai bundle of cutaneous he;ve fibres
running in the dermis.,. B - is a plece of insnnsitive skin from’ a rat
that has been denesrvated sixteen days earlier to produce an "Island" of
sensitive skin inn2rvated by Q- T13 surroundead ’by an / araa  of
insensitive sﬁin: khig_photograph of insensitive skin shows a typical .
Schwann tqbé dévoid of any.axons, Therempty Schwann Eﬂ%es Qére seen o
run througﬁout'tﬁé insensitive skin and formed‘a kind of network. C -
is a photograph of a piece of skin which was previously insensitivz on
the day of denﬂrvation but twenty-four days after dEﬂ=rvat£;n had
become behaviourally sensitive to a forcep pin~h . In the photogrnph
one can see a typical Schwann tube as in photograph B but in this casse
there aﬁ? 2 few axons running within the Schwann tubg; this was
tybically found toc be the case for axon;_in.the‘derﬁis of skin which .-
had previou;iy been insensitive 'put W33 now sensitiyél to 2 forcep

pinch.
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Figurs 15

The Corralation Between Behavioural and Histological High~Threshold
= . Field Borders ‘
A - The Techniques
A - represents a diagramtie version of how the pieses of sltin
wera'obtainéd in order té carry out the histoiogical.analysis and
subsequent correlation with the béhaviourally high-thrashold fi;‘ld

@

border. Once the high-threshold fisld border of mOCi-T,, was marked on

-

\ ,
the rat's back a razor blade was 'drawn along the bshavioural fieslq

bqr:der.-léaving 3 small incision’ th}'ou@ the epidermls and ir}_to the

-

darmis, . A piece of sk'in,b_-'as' then ‘CXdised in such.a way that

-approximately half of Ehe skin was sensitive and the other half

insensitive while the 'razor blade incision ran through ths middla, Th=

a

_rat skin was frozen, mo'unted in a ryos;at and 30y sections wera out
perpendicular to the razor ‘blade ineision and finally mounted on the -

'micrdscope slide, Af‘ter the slides had been processed they wers

examined using a 1light microscope (objectivé 25x.-.‘m 0.60, :ovnr-all
magnif‘ication 250x). When a nerve was found in the dermis t.h= position -
of the nerve relative to the razor blade 1ncision (the bﬂhavioural
border) Wwas measured and r”orded. and alsq whether' the nerve was on .
the sensitive or f.nsengftive side of the bbrder. In every sectic_m' tha

area of . insensitive skin and * the behavioural border region was

i_n_vestigated for the presence of axons; the sensitive zraez of skin was

examined in every third section.
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Figara 15

B - Denervation.and Ho_Stimulation

B - isja diagramatic Fepresentation of th2 histological analysis
of a piece of skinlobtained from a rat (#132) sixteen days aftef a
denervétion procedure which produced an "Island" of sensitive 3skin
innervated by'mDCN—T13 su‘rounded by 13 laﬁge area of %hsensitiv? skin.
"0"um represents the razor blade incision which div;ded'seﬁsitiQe from
insensitivé:skin. The error in %the technique used to determine the
behavioural fiald border was judged tO'be + 1mm, Each dot reprasents

a) the presencza of an axon or group of axons in eaﬂh so"ial Seation and

"~ b) their position relative to the razqr -blade incision. The

low-threshold fi=ld border of mDQN~ T 13 is indicated. It can b=z sesh

that sixtezn days after den=rvation. th bnhaviourally detﬂrmin=d
high-thresqold field border is coincident (within experimpn‘a1 arror)
with the histologically determined border and that no axons wers sean

-l
in behaviourally-* insensitive skin.

—
i
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Figure 15

C - benervation with Physiological Stimilation
C - is a diagramtic representation of the histological znalysis
of a piece of skin obtained from a rat (#295) sixtsen days after z
d.e"_nervation pr'locedure which produced an "Island" of sensitive s'-ci;1
inﬁ'sr.vated by mDC:}_I--fI'-?3 surrounded by an 3rl'ea of inlsensitive skin:
f‘bllg‘.&ing the den2rvation on day zero, the 1;<sland of sensitive skin was

physiologically stimulated with toothed forceps 100 times. Again "0"um

represents th2 razor blade incision which nmarked the bezhaviocurally

d2termined "border: the low-thrébhold border s indicated. In this

animl (#296) the high-threhsold o;utaneous; sensitivity "had sxtended
into previously" insensitive ski'n by approximately ll..Sm'n 28 22n be
seen in the diagram, so had the axons extended into‘ pr;e'viously
denz2rvated skin. Again osne can se.e that thz behaviourally detsrmined

border is coincident with the histologically determinzd border..

-
” S
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‘Figure 15

D - Denarvation with Electrieal Stimilation -
D - is a diagramatic representation of the histological analysis
of a pfece of skin obtainsd from a rat (#1159} sixteen aays after a

denervation procedure which'produced an Island of seﬁsitivity 33 In "C®
above; fdllouing the denef-vation thg intact mDGI-T13 nervm
electrically stimulated “for 5 ain (GAOOO- impulses, 15 Volts, -:4'1‘:.171' a
pulse width of 0.5msec) on day zero-. The area of sensitive skin wss
.mapped on day si;teen and a razor blade was drawn along tha behan;i:oural ,
border as in t;hé cases above. Aga'in in i:.his.animl-. as in the animal
"CT", the __ai'ea o'f‘ 'high-threshold' sensitivity had extended 1n§o
previous]'.y'-"‘insensitive skin and, as can be seen from the diagram, so
'éoo haﬁj‘.-'f the -axons axtended ingo previously denarvatad skin: the
b‘-haviéurally definzd border and tha histologically determined border
are’fj-";oi?::i@nt_:. Ths above thrée diagrams pbovide results which are
cp'?;sistent with the conzlusion that the bahavioural techniquesr used in
//éhi_.'.'. study indicate the histological border of the intast

high-threshold nsrves with an asccuracy of 1-. Tmm

|
!
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Figgre 15

Reflex Activation of the Cutans=ous Trunei Muscle by Elactrical

Stimulation of a Cutaneous Nerva

These photographs are of. oscilloscope traces. The top traze in

.each pair show the impulses rescorded in the motor narves inn2rvating

the cutan20us trunei musecle (CTM) r2flexly evoked by electripal’

stimulation of mDCN-T13 of an anaesthetized ra%. Th: bottom trace is

the compound action potential recorded in :nDCN-'I'13 aftar electfical

stimilation of tha napve, Photozraph "A" shows what happens.when'a

stmll voltage (0.5 volts, pulse width of 0.0Smses) is -applied to

mDCN-T13. The change seen in the bottom <“race rapresents thg
depolarization of a group of fibres whose conductioh IV°10city is
approximﬁtely 50m/sec (Group TI fibres): the depolariza*ion of this
group of fibres never =voked 3 reflex vollny in thn mofo* nnrvns to PTM
as indicated by the flat base linz in the upper-trace’of photograph
npn, | . o -

Photograph "B" (i) and (ii) "indicates -what * happens when the

stimulus voltage applied to mDCN--T13 is raised to'f;yé volts; a second
peak appears in the bottom trace which represents the depolariza;iOﬂ af
a group of fibres with a smalléh—diamﬂtnr whosn conduction velo~i*y is

approximtely 29 m/sec (Group III or AS flbrns) Nhen the sescond peak

appears in the compound aztion potentiél-(lower trace)} the first r=flex

volley is recorded from ths motor nerves to CTH The reflex volley

evoked by the nxcitation of Group III ribrﬂs in mDCY- T 13 has a latency.'

of 10-15 msec, ~If on2 varies the stimilus voltage so that.the second

r_).

W
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- peax disappears or ra2appears so the reflex volley will disappear and
reappear. The only differeﬁ:e between the tuwo phopog}aphs is that in

the seéond photograph the swedp speeds have decrsasad,

P
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Photograph "C" . shows what happens when the stimulus voitage is

raised much furtﬁen (15 volts, pulse width of 0.5 msez); a third peak
i3 se2en an' the 1owerglrace ﬁhich'rgpresents.the depﬁlarization of a
' groub of fibras with 2 ccndﬁction velocfty of approxinmatzly 1.9 a/sec
(C—fibras); When the C-fibra péak 2ppears on the compound action

- potential (lower .trac2) a second reflex volley with a latznsy of 40 to

50 m3ec appears in the motor narves to CTM. -
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Figure 17

Reflex Activation of the Cutansous Trunei Muscle by Electriecal

Stimulation of Behaviourally Sensitive Skin

These bhotographs are oscilloscope traces showing - impulses
recorded in ths motor narves inn‘:'rvating the cutaneoué trunci muscls

(CTM) evoxed by electrical stimilation of-skin innearvated by mDC‘l-'I‘13

of an anaesthetized rat (#276). On day :zero the rat Wwas denervated to

producz an "Island of sensitive skin innervatad by ch\l-Tn‘surroundéd

by an area of insensitiva skin, ‘thein.-the \intact nerve (mMDOI-T._ ) was

13
electrically stimulated for 5 min (6000 imulses, 15 'volts. 0.5 msec

pulse width). 'Sixteen days later the rat was behaviourally mapped, the
intac‘c nervé was carefully ‘placed on razording aelectrodes and the
low-tareshold fisld of adCI-T, 43 WS mapped with.a fine bristlel ' he
motor. nzrves to. CTM on the ipsiiateré_l sidé Wwers then 'dislé.ected f‘fefz
and plaéed on recording electrodes, .

Figure 17A is the aotyal map of tha low and high-threshold fie lds
of mDCN-T, .. lcrmlly th° hlgh-thrns"xold fiald does not!ﬂ:ﬁ more

13
than 2-3 mm beyond the low-threshold ,qne but in this case the intact

-'_ner-ve had been stimulatad 'whirch.,caused the nerve to 3sprout into

adjacent denarvated skin, “Points "A"™ and "C" within the high-ﬁhreshold

fleld are therefore in areas into which cutans=ous high-threshold nerves

~had sprouted: electrical stimulatiqn of thesse areas of_‘ skin would
therefore be exciting impulses in only sprouted nerve endings,
The two photographs in Figure 17B are of th2 impulses recorded ‘in

the motor nerves to CTM after olectrical stimulation of tha skin in the
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middle of the low-threshold field (point "B"), - (i) shows the impulse
evoked by a 50 volt stimulus. this ref‘lexly e oked impulses in the
motor nerves to CTM with a latency of approximately 15msec  and

correspond to those evoked by electrical stimulation of Group III

~ -

cutaneous afferent fibres. (i1) shows the’ fmpulses evoked by
stimulation in the same place as (i) ahove but with a higher yoltage
(100 volts) and the sweep spesed of the trace has been reduced to 20-
msec/division: "this was done in order to optimize tha possibil'ityof ’
seeing a second reflex volley due - to .exci:tation of‘ C-fibre aff‘erent__s..
In nooe of the animals studied was I abfe to evoke a secor;d reflex
_volley by eleotrically stimulating the skin. ) \/ 3
Figures 17 'C and D show the reflexly evoked impulses in the motor
- .nerves to CTM evoked by electrical stimulation of skin into which
high—thr'eshold cutaneous nerﬁes had., apaouted‘ Figur'e C are those
impulses evoked by a 90 volt stimulus of‘ the skin at position "A" on
_Figure 17A while those in "D" are the result of elecrtrical stimulation
(90 volts) at position "C" in Figure 17A . No Impulses could be evoked

'f‘rom any of these positions once mDCN—T13 had been cut,

)
b
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; Figure 18 : {\

. {f}

DenervationMPattern for the Experiments Dealing with Spatial Constraints

This is a ?iagramatic representation of the aFea of denervated and
innervated skin on the initial day of surgery for aniwal; in Results
Sec. E. Normally, the area of high-threshold sensitivity innervatéd bf -
mDCN-T13 (crossrhatchéd area}) is surfounded by denervated skin formerly
innervated byTDCNs f10— L3 bilaterally leaviﬁg only mDChi-T13 intact on
tﬁ; left side (area w;Zhin the dotted line). However, for these
experiments DCNs TB' Tg' Lu:ahd L5 were cﬁt bilaterally as well LCNs T

8
-,Ls-cn the left side (diaénally hatched area}. The purpose of this

3
much denervated skin as was experimentqily practicable, 1nto'which it

more extensive denervation was to provide the intact mDCN-T1 with as
[ . . .

A

EA

could sprout before reaching already idhervated skin.

P

F .

-

.
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Figure 19 -

/

Measurement of High-Threshold Field Axis

This diagram demonstrates diagramatically the method used to

measure the rostro-caudal and dorso-ventral areas of the high-threshold

field of an intact nerve, The dorso-ventral axis is measured along a
line perpendicular to the midline and extending to theﬁmoét ventral-

part of the high-threshold field bqrder. The rostro-eauqal axis .is .

measured along a 1line perpendiculé% to. the dorso-veﬁtral axis’ and
extending to the two points which are furthest apart on the
high—threshold border; this value is then divided by one half in order
to obtain the extension, due to sprouting, of one border which then
allowed - us to compare the expension 9f one rostro-caudal border to that

of the ventral border of the high-threshold field.
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of the high-threshold field. of mDCN-T

line "AY (N = 40, correlation coefficient
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Figure 20

The Border Extension Due to Sprootiog‘of mDCN;T13 Fields >
. Figure "A"™ is a graph of the data (meao * S.E.M.) obtained from
measuring the maximum rostro-caudal axis, then dividing.it by one half,
(see Figure 19) "squares" and the maximuo dorso—ventral.aiis "eircles®
in different animals at

13
sglected times after denervation. Tﬁe denervation performed on day

-zZero was the same for each animal and is described in figure.18. The

graph indicates that following denervation both 1ntactlfte1d_borders
begin to eitend into denervated skin which would te expected if the
high~threshold nerves were sprouting within both their parent dermatome
as_well as the adjacent denefvated skin. A comparison was made between
these two groups. to detefmine whether there was  a. preferential
e;tension of either border: i.e., do the sprouting ‘higo-toresbold
nerves prefer to sprout within their parent dermatome or does- it notu:

matter? The star represents the rostro-oaudal border and the. triangle'

lthe dorso-ventral border forty days later after no denervation '»Figure,-

208 are the two lines of linear regression computed from the data in

Figure 20A. The dorso-ventral border da

significantlyi(p (0.05) fiv

0.76, slope = 0.030). The
rostro-caudal data significantly (p <0 05) fit. line "BSEEFN =;"uo.
correlation coefficient = 0.88 slope = o The slopes of these

lines are not significantly different (p >0, 05 Appendix I1}.

a I a

-
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i

- Figure 21

The Border Extension Due to Sprouting of DCN-T.. Fields

13
Figure A is a plot of the data {mean + S5.E.M.) obtained from

measuring the maximum extension of the rostro—caudal (squares) and
dorso—ventral (circles) borders of DCN-T13 high-threshold fields into
adjacent denervated skin (see Figure 19). The animals used for the
date in tﬁis'Figure differ from those in Figure 20: these animals havk
a larger intact high-threshold field Cthe whole DCN-T ;. mDCN-T, plL
1DCN-T13) on day zéro than’ thoee used ’io Figure 20. Again, the
denervation performed on day zero wao the saoe for'each'enimal and is
described in Figure 18 with one excéption, in these animals, lDCN- 13
was left intact, The graph indicates that following denervation of the
. surrdunding skin on day zero, both of the high-thresoold field borders
‘begin to extend (due to sprouting of intact high-threshold nerves) into
the.denervated skin. Again a comparison was made betueen these two
agroups to see whether there was a preferential extension of either
border (Appendix II) Figure 2B are the two lines of linear regrefsion
computed for ,the data in Figure 214, The dorso-ventral data
significantly fb <0 05) fit line A (N = 37, correlation coefficient =
T 0.73 slope =0 033) The rostral-caudal data significantly (p <?~ 5)
fit h;ne "B" (N 37. correlatipn coefficient =.0.87, slope 0.037).
The slopes of these lines are not significantly different (p >0 05 “;

Appendix II), 1__;



NOILVAHINIQ Y314V SAVa

N o : N~ o1 . 0

. . b
: e - A | 2 B . ]
¥ - .

H30HO8 TYHLINIA-OSHOA

ot

SA73d ATOHSIYHL-HOIH

- thi-NDa J0 NOISN3LX3 H3auog -

ov

A

WO



NOLLVAHINIO Y314V SAva
ot i 0z oL

! | !

{v) 430408 IYHINIA-OSHOQ

~sa13id GIOHSIYHL-HOIH E+1:NDQ
+40 NOISN31X3 H3aH0g .

o

ot -



232

Figure 22 -

The Border Extension Due to Sprouting qf ﬁDCN—T{B-vs DCNiT13 Fields'
A - 15 a graph‘éf the liqes of linear regre;;;on representing Fhe
rostro—caudal border extension ‘due to sprouting of high-threshold
nerves into‘denervéted'skiﬁjof the'mDCN;}13 fields (dotted line) and
.;he DCN—T13 fields‘(solid;liné),.”Thelslopes of these lines are not
significantly different (p‘)0,0S Appendix IT). |
' B - is a graph of the lines of linear regres;ion répresenting the

‘dorso-ventral border extension due to sprouting of the intact

high=-threshold nerves into denervated skin of ‘the mDCN~-T fields

. 13
(dotted line) and the. DCN-T,, fields '(solid line). Again, as above,

the slopes of these }inés are not significantly different .(p >0.05

Appendix II).

e
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Figure 23

The Increase in Area Due to Sprouting of Intacb-High-threshold Nerves

of mDCN-T. _ and DCN-T13 Fields
13

—

A - 1s a graph of the area (mean + S,E.M.) oM the high-threshold

‘fields in different groups of animais mapped at the specified times
_after denervations. The denervation procedure. on day zero was more
extensive than n;rmal and' is desecribed in Figure 18. The only
difference between the two groups is that on the initial day of surgery
the DCN T13 "Island" of innervation (that area supplied by the mDCN-T
plus the 1DCN-T]3) was larger than that of the subfield mDCN-T13. ‘A3
is evident from the graph, the "area of the highfthreshold fields
inereased a&;the!intact nerves sprouted into adjaceQ& denervate& skin.

The triangle represents the area (mean + S.E.M.) of ﬂhe
high-threshola'fields or‘DCN-T13 after f, Ety'gays without dgnervation;

the star represents the area (mean + S.EM_).of mDCNanB.after fcrty

;days without denervation.

B - represents the lines of 11near regression computed from the
'ldata in Figure 22A. Each linA significantly fits the data (p <0.05).
7L1ne "A" has a slope of 27.816 and a correlatiog coerficient of 0.876

: (N = 379, Line "B" has a slope of 21 .508 and a correlation coeéj&cient

of 0.844 (N = 38); the slopes of these lines are significantly .

13
13° _ ’

different (p< 0. 05% indicating that the area of DCN—T increases at.a

-faster rate than that of mDCN T

¥

kol

13

“.
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Figure 24

The Effect of Repeated Behavioural Testing op Sprouting of High-Threshold

-

This is a graph of the area (mean + S.EM.).of insensitive skin
remaining at a selected number of days after a denervatlon procedure
was performed to produce an "Island"™ of sensitive 'skin innervated by
mDCN- 13 surrounded by insensitive (denervated) skin (Figure 5).. The
solid circles represent 5 groups of animals which were behaviourally

mapped only once on either of zer'o 8, 16, 24 or IIO days after

denervation. The open squares represent one group of four animals:

mapped every four days after denervation. As can be seen from the

graph the area of remaining insensitive skin decreases more rapidly,

(due to the sprouting of the intact high-threshold nerves into adjaeéb

denervated inae s tive skin) when \'.he animals were repeatedly mapped

.

every four days than when they uere only mapped once. Twenty four days

after denervation when the group mappsd repeatedly had no insensitive .

skin left ‘(open box) the grod;; that was only mapped ence ‘(on day 24,
solid circle) had a significantly larger area of insensitive skin
remaining (626 + 59 mm S E.M. p < 0,001). Apparently the behavioural
testing had accelerated the r;ate“"".ef sprouting ef the'__ _hig;n-t:hreshold

nerves,
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Figure 25

]

The Effect of Physiological Activity on lSpréuting of Higi’x-'i‘hreshold
Nerves. |

These bar graphs represent the- area (mean +  S.E.M.) of .the
high-thre;hold _ field ‘of m'DEI:N-T13 behaviourally mapﬁed .s'ixteen days

4 . after a denervation procédure th;t produced an "Island" Ibf ser;sitive'
skin ‘i_nner\‘rated by mD(:N—T13 surrounded by insensitive aen‘ervated skin
(Figure 5). The control animals' (A) were'sutur_ed':closed ‘and  then
behaviourally mappéd sixteen days later. The anim.;ls in ._grou‘p B »;'er'e

sutured closed and then the high-threshold field innervated by mDCN-T

13
was physiologigally stimulated (forcep pinch) 135 times. The intact
mDCN-T13 was carefully exposed in the animals in group"f nd a.TTX

~solution (10ug/ml in 0.9% saiine) lwas placed on ﬁhe nerve | r 25 ;n‘in at
which‘.time a f‘or‘cep‘pinch with its hig,h—thrre.ihold recgptive field no
longer elicited a' rei‘lex response of any kind: tihé r eept:ive field'was}" _
then pinched 135 times. The inimals in groyy” C were then ;utﬁrea
closéd and '_‘behaviou‘rally mapped sixteen days later. The gr;z‘ph
indicates that physiological stimulation of the intact High-threshold
fieltj of mDCN-T13 will accelerat';e the ~sprouting of the  intact
hj.gh-threshold .nerves; ‘this acceleration of sprouting due to
ph‘ysiplogical stimulation can be stor;ped-rby blocking impulse conduct;ion .

in the intact nerve using TTX.
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Figure 26

The Time Course of Sprout of the-High—Threshold Fibrgs ;n mDCN-?13

This is a graph of the areas (mean * S.EM.) of high—£hreshold‘
fields (mDCN-TTé) mapped .only once in éiéht different groups of animals
at the specified number:bf days after denervation (Fig. 5). The éréph
shows that .there is a latent period of apout sixteen days dafore the
area of the: high-threshdld field begins to increase: once th§
*ﬁighfthfesﬁold nerves have begun to sprout (after day sixteen) the areé
of .the high—thresﬁold field increases linearly until th; previously

denervated skin 1is fully innervafed at approximately forty days after

denervation.

<
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,) Figure 27 J
! [

The Effect of Electrical Stimulation (10 minutes) on Spréuting of tha

High-Threshold Nerves '

-This is a graph of theh“jeas (mean + S.E.M. ) of high-threshold
fields of mDCN-T 13 which were behaviourally mapped at the specified
number of days after surgical denervation (Fig. 5). The intact
mDCN-T18 was électrical}y qtimula%ed 2,000 times (10 min, 20 Hz) on
day zero in -all -the animals in groups A-D then one of the groups éf
animals was mapped once on eithﬂr 4, 8. 12 or 16 dafs after
denervation. The animals in group E were surgically denervated on day
zeroc but not electrically stimulated; these animals - served as the
control and Wwere mapped six;een_@ays later. The graph shows that.the
area of the receptive field in tﬁe stimulated animals began to increase
linearly aftaér a latent period_pf‘about four'qéys and by sixteen days

(Group D) the area was significantly larger (p'<0.001) than the area of
. y €

L4

the receptive field at Bix;:i;,days-withoﬁt stimulation (Group E).
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Figure 28

The' Effect of Electrical Stimulation gh-the Area’ of High-Threshold

Fields Four Days After Denervation

These four bar graphs represent the areas (mean + S.E.M.) of

high-threshold recepigive fields (mDCN-T13) in four different groups of

animals. Groups B, C a?? D were animals . denervated on day zerd to

produce an isoclated mDCN-T 13 "Island" of innervation (Figure 5) then

the intact high-threshold nerve was alectrically st&gulated (20 Hz, 0 .5

msec pulse width) for either 10 minutes (Group B), 40 minutes (Group C)‘

or 80 minsh§§ (Group D). /' The " animals were sutured closed and

behaviourally iappee four days later. The ~animals in group A were

densrvated as above and then behaviourally mapped the same day. The

graph—shows that there is no-q%frerence (p >0.05) between the areas of\\\\ .

the high-threshold fields four days after denorvation and electrieal

stimulatlon either for 30, 4o or 80 minutes;‘-these areas are not

different (p 20.05) than the area of the receptive fleld on day zero -

{(Group A).

R i
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Figure 29 '

The Effect of Electrioel Stimulation (5 minutes) on Sprouting of

High-Threshold Nerves
This 15 a graph of the areas (mean,:.S.E.M.) of high-threshold
-fields of mDCN-T13 which were behayiourelly mapped at the_s ecifi;d—~
number of days after  surgical “denervation (figure 5), '} intact
mDCN-T13 was electrically stimulated for 5 minutes (20 Hz approximately
6000 times) on day zero in all the animals in groups A, B and C then
one of these groups of animals was mapped once on either 8, 12 or 16
deys afterl denervation. The apimals in groups "D and "E" were
surgically' denervated . on 'oayelzero but not electrically stimulated;
these animals served as the control groups and were mapped at elther
eight or sixteen days after denervation. The graph shows - that ‘the’ area
of the high-threshold receptive fields eight days after denervation ,and 2
eleotrical stimulation for 5 minutes (Group A) is not significantly
_ different (p >0.05) than the animals eight days after denervation_
without stimulation. However. sixteen days after denervation and
electrioal stimulation fhe area- or the receptive field of mDCN- 13 is
signifioantly larger (p <0.05) than the area of the receptive field in
‘animals mapped sixteen days after denervation but without electrioal

stimuiation. Apparently 5 minutes of electrical stimulation will

reduce the latent period for sprouting from sixteen dejs_to eight days.
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Figure 30

- - r ] .
Effect of Electrical Stimulation and TTX on Sprouting of High-Threshold

Fibres
The five barﬁljp this graph représent the anea (mean * S.EM.) of

the high-threshold receptive field of mDCN-T Sixteen days after

13

denervation (Figure 5) and electrical stimulation .}or ten minutes.
Group A‘— represents the control group that was electrically stimulated
but no TTX was placed cn the intact nerve. The animals in group B were
.also electrically stimulated but before they were stimulated TTX was
placed on the intact‘nerve'between the stimulating electrodes anq the
skin"to block the _electrically evoked impulses from travelling
peripherally. The: animals in Greup ; were similarly electrically
stimulated but TTX was first placed on_tne intact .ndrve between the
stimylating electrodes and the dorsal lroot ganglia to block .the
electrically evoked 1Mpulses from travelling to the spinal co—d

Finally the animals in Group D were not electrically stimulated. rather

TTX was placed on the 4intact nerve central to the stimulating

electrodes until impulse propagation in the nerve ‘was blocked then the *

animals were gutured and behaviourally mapped Sixfeen days later; this

group served as a TTX “control. 'The glagram shows that electrical

»

stimulatioq of the 1ntact nerve will accelerate the'spfouting of that”

B).

avok ed impulses !re prevented from travelling'

on.of sprGﬁting due to electrical stimulation-
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is significantly decreased (p <0.05) and the area of these receptive.

fields (Group C) is not significantly diffe;ent {(p >0.05) from those
whosé nerJL was not stimulated but rather the impulse propagation in
them was temporarily stopped {(Group D). |

Group E represent; tﬁe area of the high-threshold receptive field

. . [l N -~
of an}mals denervated on day-‘zero then mapped sixteep days later; the

"intact nerve in these animals was not electrically;stimulated. nor was

the "intact neq@e manipulated in any way to place TTX on it. The area

of the receptive field in this group of animals is significantly

amaller (p <0.05) thap the areas of either group C or D. Possibly the

mechanical manipulations necessary to place TTX on the nerve may be

significantly increasing the impulse activity in the nerve and thereby

8lightly accelerating the sprouting of the stimulated intact nerves.
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Figure 31 (,ﬁ

The Effect of Electrical Stimulation on the Low-Threshold Fibres in

the Adult Rat

I

The two bars in this graph represent the areas (mean *+ 3.EM.) of
low-Ehreshold receptive fields in two gfoups_of animals; "B" sixteen
‘days after. denervation plus elecrical stimulation and “"A" on the
initial day of surgery. ihe animals in group "A" were denervated on
day zero ‘and mapped on thé Same day (146 + 22 §.p.). Thglanimals in

group B were denervated as in group A but the intact mDCN-T.. was

13
electrically ‘stimulated for 10 minutes (20 Hz) then the animals were
sutured and mapped sixtegn days later (166 *+ 2% S.D.). The areas of
the low-threshold fields in Grouﬁ A are not signif{cantly different (p
>0.05) than those in‘Grqup B. Electrical stimulation apparently does

‘not cause low-threshold nerves to sprout into adjacent denervated skin

in the adult rat,
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