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1 . ' .
ABSTRACT ’

Med1a1 gastrocnemlus and sural nerves in one. h1nd11mb of the '
cat were transected and prevented from regenerattng After‘
periods rang1ng from 29- 273 days compound act1on potent1a1s
were. recordéd 1n acute experlments from axotom1zed and .
'contratateral control nerves upon st1mulat1ng the t. .
appropr1ate dorsal .or ventra} roots or;the.nerves‘d |
themselves )

Act1on potent1a1s from s1ng]e units were also recorded '
in a.number of the same exper1ments Amp11tude was found .to
vary w1th the conduct1on velocity ra1sed to powers ‘ranging
from about 1.5 to 2.3:and electrical oharge with powers
rang1ng From 1 to 1.8, wh11e the durat1on var1ed 1nversely
as approx1mate1y the square root of the Conduct1on veloc1ty.
R Whole nerve conduction vetoc1ty d1str1butlons were
computed on the basis of the re]at1ve number- of s1ngle unit
potent1a]s of various conduct1on latenc1es requ1red to
generate the recorded compound action potentlal A compound‘;
\potent1al obtained by st1mu1at1ng the nerve in close

proximity to the record1ng site, was used as a template for

Single unit potentials. The egpirically observed . ° ‘
relattonsh1ps between amplitude, durat1on and conductlon$
velocity were taken into account dur1ng the computat1on
Conduction velocity d1str1but1ons were analyzed to
compare ﬂygrates of veloc1ty decl1ne of fast conduct1ng
(large) and s Tow conductwng (small) sensory and motor f1bers

folJow1ng axotomy. The conduction velocity of fast sensory

iv



'fgand MOtorff1bers was found to décrease at dtfferent

relative to their activity prior to injuryi

(5
*

4 .

- bl

jrates-~sensory fibers slowxng at a faster rate than motor‘

‘.~ fibers. Slow sensory and motor f1bers showed 11tt1e

o«

rd1fference 1n the rate at,which conduct1on ve]oc1ty was

N
red ced stow1ng at approx1mately the same rate as ?ast

,motor.flbers. S]ow sensory fibers did, however, have a

4

‘slower'rate of decline than fast sensory fibérs .

i
The conductton ve]oc1ty d1str1but1ons were ‘also -

Converted to e]ectr1ca1 charges wh1ch were compared w1th the
'recorded charge values of the compound potent1als in order
to 1nvest1gate the poss1b111ty of axon death Although there

“was a significant loss of conduct1ng axons.f011Qange

>

axotomy,itt probably'did‘not.exceed_20-30%.of the original

r
o -

number . | , _ : _
It is suggested that the d1fference in the effects of

axotomy on. axons of various funct1ona1 groups may be related

in part to the level of electrtca]_act1v1ty they maintain,

LoE
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o I. INTRODUCTION - 2 A

: Sever1ng a mamma11an per1phera] nerve 1n1t1ates a reactton

o

prox1ma] to the: poxnt of le51on which 1eads to morphologtcal f

~and electrophys1o]og1ca1 changes in 1nd1v1dual axons Both

axon dtameter “and tota] d1ameter (axon + myeltn)'are reduced

(F]eming;r1896) and condqpt1on veloc1ty slows as the the

- fiber diameter'decreases (Ktraly & KrnJevtc ~-1959, Cragg &

'Thomas 1961) »Axons d1e back from the severed end ‘and thenv

\

.attempt to re- es¢ab11sh functtonal connecttons by sending
,out sprouts from the termtna]s (Young, 1942) though
”reversal ogfthe prox1ma1 degenerat1on occurs only 1f there .

jS re1nnervat1on}(Gutmann & Sanders 1943} . Restoratton of

R
N

;’funct1on promotes recovery of: axon d1ameter and conduct1on ,A

~veloc1ty'§;ragg & Thomas 1964)
v

Pre tion of functtonal recovery does not necessar11y

aillead to comp]ete loss of axonal funct1on Spontaneous and .
-evoked neural act1v1ty can be recorded long after.a nerve

‘hhas been severed (Govr1n L1ppmann & Devor, 1978 Dav1s )
et al., 1978, Stein et al. , 1979). A]though the magnttude of
‘the act1v1ty dec11nes for some months follow1ng sect1on of

the nerve it may eventua]ly approach A steady state level:

(Steln et al. 1979) E o { I ' d)

» Whether all axons in a severed nerve degenerate to the

fsame ‘exteht or whether there are d1fferent1a1 effects‘

I’correspond1ng to the functtons orugtnally subserved 1s a

questton wh1ch has not been conclu51ve1y answered Early

4

N htstolog1ca1 observat1ons suggested that axons 1n the dorsat

<



_roots deter1orated more than axons' in the ventral roots
follow1ng amputatlon (Flemlng 896) or - nerve-sect1on (Bucywy
1928) Later it was demonstrated that conduct1on failed
_sooner in the degeneratlng dlstal segment of a severed
'sensory nerve than 1n a muscle nerve (Gutmann & Holubar

“‘(

‘1949) Respons1veness a measure of the absolute refractgry

"[t per1od) of muscle nerves was llttle d1fferent in the ventral

“t.rnnt hut degi;ned—mapked]y in the dorsal root follow1ng \

‘nerve sect1on (Klraly & Krn3ev1c 1959) Chron1c record1ngs

dfrom cat per1pheral nerves also 1ndlcated that the

“”1fdegene§at1ve process mtght be more’ severe for sensory than

“?A'forxmotor aXons (Ste1n et al 1979) A more systemat1c

}‘study was then undertaKen to quant1fy these dlfferencesx\'v

'(Hoffer et al., 1979) " c a | |
Compound actton potentlals were recorded from dorsal

and ventral roots follow1ng st1mulat1on of normal and

: prev1ously severed sensory and muscle nerves The electrlcal
charge measured fnom dorsal root compound act1on potent1als
-was . found to detertorate more a?pldly than that of ventral |
oot compound actlon potentlals over a perlod of |
. approx1mately 250 days Although d15t1ngu1sh1ng between

L sensory and motor axons «th1s type of analy51s d1d not

f’prov1de the deta1l necessaryﬂto resolve p0551ble |

.

-

'd1fferentqal effects on- axons classtfled adbordlng to s1ze ¢
or: conductton velOC1ty L :‘f S . -..‘f\*,
It 1s welflknown that the funct1on subserved by an. axon

is related to 1ts conduct1on veloc1ty (Erlanger 1927)

L
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Consequent]y, there has been cons1derab1e 1nterest,a -" ‘\\;ﬁ;

part1cularly among c11n1c1ans in deve]oplng a means to

\

compute conduct1on ve]oc1ty d1str1but1ons for whole,nerves

Several mathemat1cal approaches have been descr1bed but the

A

bas1c pr1nc1p1e is s1m1lar in al] cases

Vu‘~1 The compound act1on potent1a1 1s assumed to. be the L

11near sum of s1ngle Un1t act1on potent1als wh1ch arrtve at{i

the record1ng swte at latenc1es dependent on the d1stance .

-~

from the s1te of st1mu1at1on and the axona] conduct1on ' ‘ :
N N NN

veloc1ty By construct1ng a model s1ngle ungt~potent1§$ and

»

acCount1ng for 1ts dependence on conduct1on ve]oc1ty 1t is B

then poss1ble to computé a conduct13h veloc1ty d1str1but1on -
from the compound act1on potent1al T °‘:',‘;;jj',:
| Gasser and Erlanger (1927) first suggested the 1dea by

'reconstructtng a compound actton potent1a1 from the f1ber;}

d1ameter h1stOQram of a nerve The h1stogram was Cbnverted ‘

v",to a normal1zed d1str1but1on of tr1angu1ar potent1als of
'vary1ng ]atency Th1s 1nv01ved transformat1on of f1ber

d1ameter to conduct1on veloc1ty together w1th sca11ng of

-

_ potent1al amplwtude accord1ng to the number and d1ameter of - }:

f1bers represented The. potent1als were then summed po1nt by

fupo1nt to produce the compound act1on potent1a1 Buchthal and

‘d:Rosenfach (1966) pursued th1s approach further in the

<cl1n1cal analys1s of compound act1on potent1als recorded

: from human sensory nerves

4

-.4

tLandau et al (1968) s1mp]1f1ed the or1g1na1 procedure

" by 1ntnoduc1ng a 51ngle scallng factor relat1ng ‘the compound h

¢ L. . a-
T . 8 - : o . ’. . . . Q

pe
e



action potential‘amp1itude to the number and diameter of

~ fibers, thus converting individual bins of the fiber
. ' - ' A

‘diameter histogram directly to poin{s on the compound action

»

potential.

: With .the advent’%f computeré it was no longer qecéssary
to make as many simplifications. Olson (1973) worked with a ‘
detailedvmathematica] mode | ;¥‘the Compound action potential
based\on the summation of single unif potentials, which
could vary net only in 1atency and amplitude, but al§o in
shape and duration. His computer—bas'//model a@lowed
‘reconstruct1on of-a compound ‘actién potential from the
normalized nervejfiber.diameteh;histognam."He maag a
-detailed study of the pode]’é sensitivity to axon geometry
and fiber distributlion within the nerve trunk and to the
re]at1onsh1p between fiber d1amete} conduct1on ve]oc1ty and
single uni t pétent1a1 amp11tude, lncludlng as well, the
effects of the duration and rise time of the s1ng]e unit
: poteni1a1 " Once the mode1 had been opt1m1zed 1t could be
Used to pred1ctrﬁhe_nerve Evger diameter histogram or- the
u’coﬁdﬁétion veloc%ty distribution corresponding to a
fparticu]ar cdmpodnd action potential. .} |
f‘BecaUse the electromyogram is easier td record
f cliqica11yAthén’the‘neurogfam, attempts have beeh made to
determiﬁe alpha-motoneuron conduction velocffyidistributjons
from. compound muscle éctionvpotéhtiais. Lee et al. (1975)

used the waveform of averaged~s1ngle motor units to

reconstruct the muscle&compound actlon potential. The number
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- and distribution of conduction velocities of the motoneurons

4

-~ was varied iN order that the summation of their action

=h

potentials resulted in a compound action potential most
c]ogely approximating the.recorded muscle compound action
potential. “

An alternative method'(Leifer et al., 1977) used a
seddence of'stimQTi at two pbints along the muscle n?rve to
selectively 5cc1ude the-responses'of groups of motoﬁiunits
by vary{gg ﬁgz interval between the proxiﬁﬁﬁ and distal
stimuli. Motdr units with conduction Jatencies greater than
the interstihuld% interval were not activated due'to~
occlusion 6f’orthodromic and antidromic impuisesjalongvthe
nerve fiber. The recorded muscle compound action potential
was quantified by;bross-correlating'%hg\response to proximal
stimulation only, with that agﬁual]y'reéé? d for a
particular interstihuius interval. The normalized | \
cross-correlation function was then p]btted'cUm$§atjvely
against the interstimulus interval. Afte:)différentiating
and corrécting‘for the effects of rélativejrefractory |
period,'the normqlized latency aistribgtion Qgs obtaihed.
This could then be easily converted tq a conductfon'velocigy
distribution. '

Reéent]y, Barker et al. (1977) presented a method forC‘
computing the conduction velocity distribution using a mode]
véry similar to tﬁat of Olson. By aséuming that any single

unit poténtia] could be represented by a model single unit

potential scaled according to its.conduCtion velocity the

t

/

.



lcompound action potential could be simply represented as the
iinear sum of single unit potentials. Sampling the compound;
action potentia] at M discrete intervals produced a set of M
linear simultaneous equations which could be solved' to

~ determine the conduction velocity distribution. ThQ mode
single unit potential was obtained by stimulating near the
recording Site on the nerve. This minimized the effects of
dispersion due to differences in the conduction velocities
of stimuiated fibers hence prov1ding a model which
represented the avefage shépe of a single unit potential.

- Cummins et al. (1979). genenalized this approach to
allow modification of parameters as suggested earlier by
Olson. This formulation was chosen for ana1y31s of compound
?ction~potentiaie recorded in the’experiments of the present
study. The mathematical theory‘and computer implementation
are described in greater detail in Appendix I. Kovacs et 51
(1979) developed a Simiiar method which differed only in the
means used to solve the system of equations.

An alternative so]ution.suggested first by Williams
(1872) for the purpose of stadying the
infohhation-processing chgracteristics of nefves, was
adapted to the problem of computing the nerve conduction )
velocity distribution and’tried initially. The compound
ac%ion potential was‘viewed as the output of a diecretejtime
linear system characterized by an impulse response whose
input was the single unit potentiaJ waveform. Appropriate

Q

sca]ing;ofithe impulse response with respect to latency

P
Vi



produced a latency distribution which could be‘converted to
a cénduction velocity.distribution. The impulse response
gou]d be obtaiﬁed in'sevégal ways, one of the s}mp1é§t being
| to use the Fast Fourier Transform. Several sdurces of error 
feduqed the reliability of the results obtained in this way;
therefore, it.was felt that Cummins’ solution was moré.
Satisfactory. éummins also tried the linear system$ approach
"but abandoned itgfor‘similar reasons {personal
‘communication]. \ (yi |
By compgting conductioh velocity distributions from
compound acfion‘potegtia]s recorded from normal and severed
Enerves, differential effects inaxotOmy.on various classes
of fibers become appareﬁg. The point of this study was tqv‘
use the conduction velocity distribution to infer the
vfabi]ity'of severed axons which had been categorized

according to conduction velocity classes. .



II.‘METHODS,
Data were ob§ained from experimehts conducted ont26 adult
cats of both sexes, 9 of which were normal antmals and 17 in
which the suhal and medlat gastrocnem1us (MG) nerves of the
left hindlimb had been surg1ca1]y sectioned some time'priorn
to the experiment. Transection of the nervee wés per formed
under eseptic conditions. The animals Qere inittal]y, |
anesthetized with Nembutal and mainteined.on Halothane for
the duration of surgery. The nerves were ligated proximal
and .distal to the point of section and then cut cleanly with
seissors Jhe MG nerve. was severed nearvits point of entry )
1nto th/e MG musc]e and the\sural nerve dtstal to the
midpoint of its course over the lateral gastrocnemjus
muscle. The proximal stump of the severed nerve was sutured-
to a Silastic sheet approxmmate]y 1 cm.square. Care was
taken to pbevent reinnervation by‘refleeting the-MG nerve -
_away from its muscle and sutur1ng the S11ast1c sheet ‘to more
rprox1ma1 musc]es In the case of the sura] the sheet was

‘\

turned over onto the nerve and sutured to the 1atenaj

: gastrocnem1us muscle. In some of the ear]1est attempts fhe\\
precaut1onary procedure was not as thorough ‘and
reinnervation. d1d occur. “ '

Acute experiments under deep Nembutal anestheeia were
“COnducfed after periode ranging frem”29-273 days‘followihg
initial surgery. Nerves ahd,sptna[,hoots.o} both hind]iﬁbe
were prepared fot stimulation and recordindj The right

hindlimb served as a control. Spinal roots from the L6 to, 52



levels were exposed bilaterally by laminectomy. Extensive
denervation of the hlndlk?bs was required to m1n1m1ze
artlfact due to muscle act1v1ty when st1mulat1ng Ventral
roots. A1l branches of the sciatic nerve with the exception
of the two nerves of interest were cut. The MG and sural
nerves were then d1ssected free from surroundlng tissue over
- length of - 15-25 mm. These nerves were otherwise 1é&ft
intact until the time of recordlng J

When dissection was complete the cat was mounted in a
stereotaxic frame w12h both h1ndl1mbs in extension and
securely clamped at the-knee and ankle. Except"for one
experiment, the control nerves were prepared for record1ng
first. Paraffin o1l pools fashloned from skin flaps bathed
the sp1nal cord and the h1ndl1mb nerves. Their temperature
 was ma1nta1ned at 36° 2°C by rad1ant heat Body temperature
was Kept in the same rangery means of a thermostat1cally
controlled heat1ng pad | | |

The sp1nal roots were: separated and cut near their
»po1nt of entry 1nto the co:d L7 and Sl dorsal or ventral
roots were placed on a 6 hook electrode array (2.5 mm
interelectrode spac1ng) which served for both st1mulat1ng
.and recording purposes The f1rst nerve (the MG in most/
'exper1ments) was ltgated and cut distal to the l1gature Jjust
before record1ng Axotom1zed MG nerves were cut 5-10 mm |
proximal to the neuroma, sural nerves, &be1ng somewhat
longer_ were cut more than 20 mm from the neuroma. A bipolar

stimulating electrode con51sting of two hooKs was placed in
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contact-yith‘the nerve at a point 3-8 mm proximal to the
firét hooK of the recording array The nerve was placed on a
6 hook array (3 mm 1nterec1ectrode spac1ng) in such a way
that the ltgature Just passed over the most distal hook.

Monopolar potentials were recorded w1th\respect to the cut

~end after crushlng the nerve be tween the\two most distal

hooKs The conf1gurat1on is- represented schemattcally in

\

_:F1gure TA.

Before recordtng compound action potenttals the

'1mpedance was measuted at each hook_wtth respect to the most

distal hook with an impedance meter using a 10 kHz test

signal. At 10 KHz the capa01t1ve component of the 1mpedance\

\

‘was small (phase angle less than 10°) maKtng the tmpedance

almost purely res1st1ve By plotting the 1mpedance values
against the relative ‘position of each hook, the net tissue
1mpedance (contact impedance of the nerve) could be

determined from the point. at which a.line, fitted by eye,

intercepted the impedance axis. Occa51ona1]y, a negattve

‘intercept Was-observed' the contact impegance was then set

'g to zero. SUbtract1ng the contact 1mpedance from- the

1mpedance measured over the recordtng length gave the net
recordtng 1mpedance -

Nerves and roots were st1mulated wﬁth negattve

Krectangular pulses of 0.01 msec durat1on at rates not

» exceedtng-20 Hz. Sttmulatton of the herve at the po1nt near

the recordtng array produced a compound action potenttal

]

w1th llttle dtsper31on resuttlng from dtfferences in the

¢

P

!
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. STIMULUS ON SURAL NERVE
»2 mV
_ STIMULUS ON DORSAL ROOTS
| Y
0.5 mV '
1__r:s‘ec
Figure 1 | T

A. Schematic representation of nerves prepared for _
stimulating and recording showing approximate placement of
electrode arrays. B. Comparison of sural nerve combound
action potentials - recorded while stimuiating close-to the
recording site {upper trace) and at the dorsal roots (lower
trace). The lower compound actijon potential has been delayed
‘by 1.5 msec, slightly less than the latency of the fastest
conducting sural fibers. Note that it is dispersed . ‘
considerably as the result of relatively large differences
in the latencies of fast and slow conducting fibers.

-
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v conduction veioc?tfes of acttviated fibers. Sttmuli
"-detlvered to the nerve were adJusted so.that a near max1mal
idresponse was recorded from the fastest conducttng f1bers
Cwith:little or no detectable_contr1but1on from slower
conducting.fibers; tnAorderéto minimize the stimutus-b
arttfact,phoduced bvatimulating eotnear the recording .site,
a'short stretch of the MG nerve betweeen}Stimu1i£1ng and
fecordtng points wae left attached to the main trunk of the

-sciatic nerve while a 51m11ar length of the sura] nerve

remaJned attached’ to surrounding tissue. General]y,‘the(

1 bl

~ Airst one or two hooks of the recording array were grounded

-

- as well. | o )

SpinaT roots.were*sttmulated supramaximaqty for
myellnated fibers (10-20X thﬁeehotd) in order to réCord the
compound response of al] conduct1ng fibers. The compound -
~agtion potent1al was dlspersed cons1derably due - to the |
relat1vely 1ong conduct1on d1stance which accentuated the
effect)of conduct ion ve]oc1ty d1fferences Figure 1B
compares the respd“e recorded from the sural nerve when
st1mu1at1ng the nerve:with that obtained from dorsal root
st1mu]at1on In a little over ha]f the expertments ‘the nerve
7‘hwas st1mu1ated supramax1ma1]y and compound action potent1als
were(recorded from the sp1na1 roots as wel] ?

LRecorded potent1a]s were d1splayed on a storage
~ oscilloscope. and on a computer generated CRT display wh11e
being djg1t1zed and averaged. SJgnals were sampled and.

digitized using a 10 bit A/D convertor. Control compound

4

12

o .
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~action potent1als were sampled at a rate of 20 KHz Whlle

compound potentlals from axof%mlzed nerves, because of thelr
longer*duratlon ‘due to slower.conductlng flbers, were

usually sampled at lower rates. Generally, the longer the

t ime whlch had elapsed since axotomy the lower the -sampling

/rate The ‘lowest rate ever used was 6 KHz. - S1ngle unit

L4

as a 256 p01nt array. Averages normally con51sted of 50
sweeps but occas1onally up.to 250 were accumulated,

particularly when signal to noise ratio was low[ Averaged

potentlals were then stored on dlSC for later process1ng and"

analysis. Data acqu151tlon. process1ng and analys1s was
carried opt us1ng programs ‘written for a PDP11/34 computer.
'Once reCordlng«from the first nerve was complete the

second nerve was prepared in the same manner and recordlng

'ffollowed a 51m1lar'sequence The contralateral htndllmb was

RS
treated in the same Way

In 11 of the exper1ments dorsal and/or ventral root

_fllaments were teased apart and 1nd1v1dually st1mulated 1n

 order to record s1ngle unlt.potent1als from the nerves The

~act10n potentlals s

potent1als were recorded and ageraged llke the compound

GO SN

. S

Nerve samples were taken from the reglon of record1ng

tow

~and f1xed for histological examination. Experlments were

normally term1nated w1th an overdose of Nembutal Nerves
were then exposed over: their entlre course and conduct1on

dlstances measured from lengths of thread laid along the

vpotent1als were sampled at 50 kHz. Each potential was Stored

Ta
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. nerve.. e | »

COmpound.action potentialsbahd‘singlé unit potentials

A

“were anatyzed ustng a computer program which could determine

the amp]xtude and half w1dth of a peak, as we]liasla_

‘calculatlng the area under - the peaK Ihe recorded potent1a1

ampl1tude could be converted to d1men51ons of current by '

djv1d1ng the amplitude by the recording impedance measured'

at 10 KHz. Computation‘of the area was then eqUivalentvto -

A

integrating current over timeA\giving dimensions of charge
Another program was used to compute conductlon veloc1ty

distributions. The compound act1on potent1a1 obtatned by

~stimulating the nerve near to the record1ng s1te served as a

single unqt potential template That it d1d 1ndeed represent

':the average shape of a. s1ng]e unit potent1a1 was conflrmed

by comparing 1ts shape with that of s1ngle unit potent1a]s

' of d1fferent conduct1on veloc1t1es recorded 1ater from the

y S o4

same herve (F1gure 2) The relat1ve number of s1ng1e un1t

- \

potentials of various conduct1on velocities required to '~
R | - ﬁ - ST o

reconstruct the dispersed compound action potential obtained

from spinalbroot stimulation,vcould then be. computed The
computat1on 1ncorporated sca11ng factors wh1ch accounted for

the dependence of amp11tude and durat1on of single un1t

N

u'potent1als on conduct1on ve]ocwty These factors were

- determ1ned from the accumu]ated s1ngle unit potent1a1 data

A description of the computer program 1s~1ncluded in

Appendix 1.
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W [ A SINGLE UNIT TEMPLATE | ‘
.
! m‘V‘
BT 70 m/s SINGLE UNIT
\..' >\
4 pv . ,
B _ 4‘\_;—/‘*’_—'~_—"—{
¢ [~ 41 m/s SINGLE UNIT
2 pv N |
‘b [ A\ 24 m/s SINGLE UNIT
0.5 le _ R L
! | N
: . \\\//#//7 —
. ! msec -
~?igure_2'T

Tﬁe compound action potential obtained by stimulating an

' MG nerve near the site of recording to:provide a template of,f

the average shape of a single unit potential. B,C and .-

D. Single unit potentials of different conduct1on veloc1t1eé

recorded from the same nerve. Note that the pos1t1ve phases ,
of the waveforms are qu1te 51m11ar N o |

/
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11"1 RESULTS .
F1gure 3 compares the ‘mean conduct1on veloc1ty d1str1but1ons
| obta1ned from. control and contra]ateral axotom1zed sura]
nerves of 7 cats in é&per1ments conducted 29 71 days -
.fO]JOW1ng axotomy The conduct1on veloc1ty d1StP1bU¢]OﬂS'Q_'4
}:d'were computed as descr1bed in the Methods and have been

plotted here 1n three forms.

o

5

The first (thure 3A) is plotted in convent1onal ‘»saﬂn

h1stogram form on-a- l1near scale of conduction veloc1ty w1th

———

b1ns of equal w1dth The conduction d1stance,{the 1atency to
/./ . .
onset of the compound act19n potent1al and the - sampllng rate

determ1ne the b1n w1dth Because of the 1nverse relat1onsh1p
between conductlon veloc1ty and t1me, conduct1on ve]oc1ty ’

1ncrements correspond1ng to the samp]]ng 1nterva]s of the ///‘

_.d1g1t1zed compound act1on potenttal decrease as the
conductton time 1ncreases' Us1ng\h1stogram b1n5-of equat

a‘w1dth fa11s to take advantage of the h1gher resolut1on at
:]ower conductlon veV001t1es offered by th1s re]at1onsh1p

In thure 38 the b1n w1dth is allowe_

to decrease as
. ;conduct1on veloc1ty decreases prov1d1h a consequent
~increase in the resolut1on of the p centage of slow
!conduct1ng f1bers This was accompl sed byia threefold
increase. 1nfthe number of h1stogra b1ns Note/that the
b h1stograms have been plotted .op“a logar1thm1c scale of
: conduct1on ve1oc1ty and ence the b1n w1dths appear
'vapprox1mate1y equah} he ch01ce of a 1ogar1thm1c sca]e was
' for a s1mple method of qua11tat1ve1y
o] |

'qa ..
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" The mean conduction velocity d1str1but1ns‘f0r.contrdl (léft)

and ‘axotomized ‘(right) sural nerves 29-71 days following
axotomy plotted as: A. Conventional h1$tograms on a linear.,

scale of conduction velocity; B. Conventional h1stograms on
. a logarithmic scale of. conduction velocity; C. Cumulative
“histograms on a logarithmjc scale of conduct1on velocxty
Refer to text for explanat1on _
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1}

comparing the relative effects of axotomy on fast and slow
conducting fibers, as explained below.

Cumulative histograms (Figure 3C) proved useful in N

comparing the conduction velocity distributions of control
~and axotomized nerves. For any given conduction velocity the

‘cumulative histogram.represents the percentage of fibers in

the distribution which conduct at velécities less than or.
equal to that velocity. Figures 3B and 3G illustrate how the

featurés‘of a conventional histogram are manifested. in the

'1-shape dfvthe corresponding cumulatiwe histogrém;

The' control conduction velocity distribution is bimodal

in nature. As a result, there is a region with few fibers

which separates the two EeaKsﬂ This i9 reflected as a

plateau in- the rising curve of the cumulative histdgram. The

conducion velocity distribution of the axotomized nerves is

nearly unimodal; hence; there is 11tt1e evidence of a

3 ~fa

-plateau in the corresponding cumu]at1ve h1stogram By using

a'logar1thmyc scale of conduct1on velocity it is possible to

'determine\the relative effects of axotomy on the fast and. -

slow conducting populations of fibers simply by examining
the shifts in the conduction velocity distribution.

A para]lel shift of the distribution to the left

S

without a change in its shape would i &ﬂ that both fast and

slow conducting populations had s lowed by the same relat1ve
amount . Differential effects would be apparent if the shift
was npt parallel. Vertica]%shifts4in the distribution would

indicate changes in the,relative number of fibers conducting
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at particular velocities. Such phanges'in fhe relative
prpport1ons of fast and s low conduct1ng populat1ons is

| exemp]1f1ed in Figure 3. There is a relative reduction in
_the slow conduCting population which is’c]garly‘evident in -,
Figure'SC (the eame plots are superimposed in Figure 8
(top)). It is not as easy though to estimate the magnitude
of this reduction from the h1stograms of Figure 3B 31nce the
shapes of the contro] and axotomized conductlon ve]ocwty

Ld]StPﬂbUt]OﬂS are different. For ®his reason cumulat1ve
histograms tend to make changes in the re1at1ve proportions
of fast and slow conducting fibers more obvious,

In Figure 4 the cumu]ati?e‘conduction Ve]peity
]distribufiop computed from the cohpoudd action potential of
‘a control sural nerve is compared with that ca]culated by
converting the cumulative fiber d1ameter h1stogram (obta1ned
from histology done by J. Gilleepie and B. Hanley) to a
conduct ion velocity dietribution. Spaling~factoré determined
by Boyd and Kalu (1978) were used. Except for the slowest

# conddct ion vechities; the fwo conduction velocity
distributions do not differ by more‘than>10%. Since
histplogiga] counts.grouped fibers into bins 2 microns wide,
errors.aseociated with the fiber diameter histogram could
range from approximately *5% for the fastest conducting
fibess to more thap +25% for the_s1owest conducting fibers.
The grouping of fibers into conduction velocity ranges for
the computed conduct1on velocity distribution had a

correspond1ng error of about 5% which varled little over

L2
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distribution obtained from the fiber diameter histogram ()
with that computed from the compound action potential (A).
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the éntiﬁe conduction velocity spectrum. The combined error
arising.from‘measurement of the‘conduction distanée éﬁd
variation in the shape of single unit potehtia]s was at
least +5%. Therefore, the two conduction velocity
“distributions agree relatively well within the limitations
of error. .

_Approximate]y 200 single uni t potgntials were recorded
from 5 sural nerves, 150 from 5 MG nerves in which dorsal
.roots were stimulated and another 150 from 4 MG nerves in
which ventra1.rqofs were stimulated. Each pobulatioﬁ (single

. potentials recorded from a single nervebduring one
eXpériment) consisted of an average of‘30—40 single unit
potentials. Data-poiht§ obtained for each nerve were plotted
on a log-log scale and the best-fitting straight line was
computed.by the least-squares method. The amp}itude“and
integrated areas of fhe single unit pofentials.were found to
correlate well as ‘power functions df the conductfon velocity
(the correlation coefficient was ‘generally éreaté? than 0.95
in the former-case and greater than 0.85 in the latter). The
'single unit potential half-width (é measure of the duration]
did not\dornelate as well, although the corre]atidn
coe}fiéient was qual]y greater. than 0.75.

" The relationships obtained were thus of the form
y =.Kvll, where K is a constant, v the conduétion,velocity‘
and nlthe slope of the line. The combined data for éural
nerves are,p1ottéd in Figure 5, those for.the MG dorsal root

component in Figure 6 and for the MG ventral roa} component
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in Figure 7. Regressioh,parameters afe listed in Table I.

No systematic .variation withctime'aftef axotomy. was
apparent in the slopes of these rélationships asvdetehmined
from individual experiments. This was also evidenced by the
fact~thaf data points from various experiments, were -
distributed more or 1ess'uniforhly aboUt'themregreéSYaﬁ N
lines. | | | ‘

Only sufa] sing]é unit‘poténtials wére recorded over
the full 273 day time course. Single unit potential
recordings from the MG dorsai root component were restricted
“to 105 days and those for the ventral root combohent to 62
days. Siﬁée'the lepes'did hot chapge.systematically.afzer
axotomy, the same>basic relationsﬁips for action potential
;genergtién and}propagatfbn were probably és valid'for
axotomized as fob,contr01 nerves.

' The fact that the correlation coefficients of the
re]ationship~betwéen single unit pdtential amp1itude énd-
conduction velocity were so close to 1 also indicated that
Single unit potentials originating from the interior of the
nefye trunk were not greatly attenuated (see also Steih &
Oéuztbre]i, 1978). A large amount of scatter wou]d have been
introduced if th\single unit pétentia]s with similar
X conduction ve]oci£1es‘b0t different locations Withih the
nerve trunk had bee% recorded with'sighificant]y diffeqént
“amp1i tudes. | |

Values df the slopes obtained from thfsranalySis were

used in computing the conduction velocity diStribution.
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Regression parameters are listed in Table I.
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CONDUCTION VELOCITY (m/s)
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Conddctton velocity distributionvva]Ues.were normalized,
scaled by the nth power of the conduct1on veloc1ty (where n

s the slope’ obta1ned from the re]attonshtp between
N : /

;1ntegrated single unit potential area and conduction

veloc1ty) and summed in order to obtain the compbund action

'potenttal charge value expected from a parttcular conduct1on_

veloC1ty distribution. The actual charge dec11ne as recorded . .
from axotom1zed nerves. could then be compared w1th the
expected decline resu1t1ng from changes in the conductton'

veIOC1ty dtstr1but1on alone, making the assumptwon that the

total number of conductlng fibers had remained unchanged

Contro] sural nerve conduct1on velocity d1str1buttons

~were bimodal in'nature as indicated by the plateau in the

-

conduction've1ocity distribution of Figure 3. Within the

“first month following axotomy the conducfion ve]ocﬁty

~ distribution 1ost~its bimodal shape (Figure 8). There was a

slowing of the fast conduct1ng fibers and an apparent loss

of siow conduct1ng f1bers since the1r relative numbers

,decreased.below that of the control conductwbn ve1001ty

distribution. The differences may have been,exaggerated by a
tendency for the single unit'pctentia]s’recprded from'slow
conducting fibers to Bé{diphasic even under monophasic;

recording condttiohs (Blair & Erlanger, 1933). Slow

confucting fibers sometimes had a substantiag negative phase
illustrated. in Figure 2. Fast conductlng fibers showed
rela 1ve1y less negat1vyty As a result there may have been

some cancellation: of p051t1ve and negative phases among slow
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,Progress jve changes in the conduct1on ve]oCIty d1str1but1on
of sural .nerves follow1ng axotomy. Conduct ion veloc1ty
~distributions for axotomized nerves [(X) examined *in the
indicated time periods were averaged and plotted together '
with the averaged conduction velocity" d1str1but1ons of
corresponding control nerves (+). Refer 'to .text for
discussion. . R Tk
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conduct ing fibers of slightly different conduction
‘velocitiesf producing a compound actiol\potentiaﬂ which
underest1mated the relative number of slow conducting
. f1bers A comﬁar1son of compound act1on potent1als recorded
from the nerve when st1mulat1ng ‘the dorsal roots with
compound. act1on potent1als recorded from the roots when
‘st1mu1at1ng the nerve per1pherat]y, also suggested that
there m1ght be too few slow conduct1ng f1bers in the

| conductlon ve]oc1ty d]strtout1on Conduct1on velocity

A d1str1butlons computed from the. root compound action
,,potent1als did not always show a reduction in the. re]at1ve
B numberjOf s low conducting fibers. However, this was not a
consistent findimg nor does tt"necessarily conftictiwith the
conduction velocity’distributténs comﬁuted_from nerve
compound act1on potent1als | - | |

A

The spacing between recordwng and reference electrodes

lightly greater (by“approxjmately 2-3 mm)
;and theAtemperature of'the'Sbtnat paraffin
;; 19-2° 1ower than that of the body and. the
7musc]e;poéé jph factors wou]d contr1bute to an 1ncrease dn
- the'duratti fvs1ngle un1t potent1als (Paintal, .1966 Ste1n{
&,Pearson,} ;1). The - 1ower sp1na1 temperature wou]d also |
tend to ;1gf;fiﬁg1e unit conductlon veloc1ty sl1ght1y F
‘Consequentféﬁythe compound action potent1als recorded from
the roots wou 1d appear to have a relat1ve]y 1argerl

: contr1but1on from s]ow conduct1ng flbers than\the poteht1als'

»recorded from the.. NeFVe- Con51der1ng further ﬁhat the s1ng]e
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'Uﬂ]t temp]ates used to compute the dorsal nroot conduCtton

‘ elOC1ty dtstrtbuttons were recorded from the nerve, some

caution should be exerc1sed in evaluating the 1mportance of

this resu]ty Etther'way though, the conductton vetoctty

distributions became . unimodai fotloWing axotomy, imp]ying

that tbe fast conducttng fibers 1n1t1a11y s lowed relattvety '

more than the s]ow conducttng ftbers and’ hence ftlled in the

ortgtnal gap’ in the btmoda]vconductton ve]ocwty
distribution. ) [ Sy

With increasing time following'axotomy tnére was a
progressive. decrease in the conductton velogAties of all
~ nerve. fibers (Figure" 8) The decltne was iuanttfted for . fast
| conducttng ftbers and slow condu ting fibers respectfve]y by
determtntng the conductton ve]oc ties be]ow whtch 80% and
20% of the totat number of fibers were represented in the
'conductton ve1001ty dtstrtbutlon An esttmate of th81P
| ntttal rates of decay follow1ng axotomygwas obtatned byb
fttttng the data wwth an exponentta] decay curve of the form

v o= vU ‘t/T where v is the cpntrol cdhduction velocity and .

L)
o

T the rate constant F1tt1ng the p01nts w1th a curve of the
- = e -t/T+ +
~form v', v]e yz,vwhere vy v2
velocity and v2 the asymptottc value gtves an- esttmate of
the endpotnt of the decay process (F}gure 9). Regre551on
curves were ca]culated uswng all data potnts, but for the

sake of c]ar1ty only the averages of groups of potnts

giguped 1nto the same t1me 1ntervals as Flgures 8, 10 andi

11) have been plotted in thure 9 The method of obtatntng t

Y-

. 4

1s the control conducﬁton‘

T
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‘the regression curves 1s descrtbed 1n Appendtx II.

It was felt that curves of the formyv - voe‘t/T gaye a

'éetter estimate of T than those of the form v- v]g-t/T+ v,
since the latter requwred the tntroductfonyo; a‘thtrd‘,
parameter v2 wh1ch 1nf1uenced the accuracy w1th whichnv] andz
T coutd be determtned Furthermdre Vo 1srrea11y the limit'
of the conductlon veloc1ty as t becomes very 1arge Sﬁnce o
the range of observat1ons extended on]y to 273 days the
conduct1on velocities may have dec11ned further had7.he
nerves reﬁanned in their axotom1zed state for a tonoer

per1od of time. Vatues of the regresston parameters ane

'11sted in Table 11-

| The conduct1on veloc1ty of the fast condUct1ng ftbers
tdec11ned s1gn1f1cant1y faster than that of ‘the’ stow
conducttng fibers (t test, 2P<O 001) However, whlte the
fast conducttng ftbers had an asymptotic conduct1on veloc1ty

Vo which was 51gn1f1cant1y greater than zero. (t-test,

P<0 0005) the slow conduct1ng fibers tended to slow to a

vftnal ve]oc1ty of zero. A systemattc:mnderesttmate of the

| _retat1ve number of slow conduct1ng fibers fo]]ow1ng axotomy

~would probab]y have reduced the 20% conduction veloc1t1es

"' relattvely more . as t1me progressed*“theaefore caus1ng both

. the ttme constant and the asymptot1c value to be i
- underesttmated The computed time constant was already . 50 :
| great that it was beyond the per1od of the exper1menta1

' observat1ons SO 1t cannot be conclhded that these fibers

»vactualty all d1ed or stopped conduct1ng

& ~

-
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50 SLOW.CONDUCTING FIBERS B

CONDUCTION VELOCITY (m/s)

o

obb— 1 L L L 1 J
o 50 100 150 . 200 250 300

DAYS AFTER AXOTOMY

g FiQUhe 9

'Conduct1on velocity decay curves. A and B. Plots of
vV = vge -t/T on a semi-log scale for fast and slow conduct1ng
fibers: sural (£), MG sensory (A) and MG motor (V). Each

point repres nts the mean from several experiments. C. Plots

of v = v + v2 on a linear scale for fast conducting
fibers. *ho latter are,not shown for slow conducting fibers
since vy was zero, i.ed, the decay curves could only be
formulated in one way Note that jthe decay of fast afferent
fibers is faster than in any of the other cases. Regression
parameters for these curves are listed in Table II.
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¢
5, .
On the other hand, if a significant number of slow

conducting fibers did in fact stop conducting very soon
after exotomy, the 20% level could have shifted to a higher
conddctron.velocity than the contfol value. Subsequent ly,
fibers conducting at intermediate Qe]ocities wou 1d haQe been
represented at the 20% level and it would have been their
rate of decline rather than that of the slow conducting
fibers that would have been measured.

The MG nerve was separated into its sensory and motor
'omponents byfsfimulating either dorsal or ventral roofs.

The control conduct1on ve]oc1ty distribution.of the sensory

' component, 11Ke the sural nerve, was bimodal although the

~ p]ateaUS'Were less pronounced than those "of control surals.

The fast conducting fibers of the MG afferents were, of
course, faster than, those of the sural. The tendency toward

a unimodai conduction vélocity distribution following

axotomy was much SQEff:;;}mthe MG than the sural (Figure
10) . Th1s may 51mp]y lect a relatively greater d1fference

'between MG afferent fast and slow conduct1ng fiber

ve]oc1t1es since the corresponding rates of conduct ion
velocity decline did not dfffer signifioantly from those of
the sural. The same progressive reduction of conduction
velocity for all fibers as in the sural was evident in the
MG. The fast conducting fibers slowed significantly faster
than the slow conducting fibers (t- test 2P<0.02);but
approached an’ asymptot1c value which was s1gn1f1cant]y

greater than zero (t-test, P<0.0005), while the final value
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MG SENSORY
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Figure 10

Progressive'chdnges in“ the conduction velocity distribution

of MG nerve sensory components following axotomy. Conduction
velocity distributions are plotted as in Figure 8. Refer to

text for d1scu551on

e
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| projected'for slow éonducting fibén cOnduction’vélocity was
zero. B |

The‘MG;efferent fibers preséhfed a diffefent picture.
While the conductfoh velocity distbibﬂtion was distinctly“,
bimodal (a clear separation of a]pha-'and o
‘gamma-motoneurons), the nature of the distribution did nof“
change fo]loWing axotomy (Figﬁre'11). Because the difference.
in conduct1on velocities was so great, the‘fast conducting |
fibers approached their asymptotic conduct1on ve]oc1ty
before they reached the slow conducting fiber range.
Furthermore, there was no significént difference }n the rate
constants for the conduction velocity decline of fast and |
s Tow conduct1ng fibers. The asymptotic veloc1ty of MG
efferent fast conduct1ng fibers was significantly greater
than that of the MG afferent fast conducting f]be::‘(t test,
2P<0.005) confirming the earlier finding of Hoffer et al.
(1979) that the fastest conducting afferent fibers were
affected more by axotomy than the fasfest efferent fibers.
The rate of slowing was also significantly less in efferent
fibers (t-test, 2P<0.005). It therefore appears théﬂ% |
degeneration progrésses faster and_may alsq contjnuévlonger
in fast conducting afferent fibers than in |
a]pha-motoneurons.l |

There was considerably more scatter in the range of
conducfion yelocities;for the 20% level of efferent fibers
than afferent fibers. As a result, the rate of conduction

velocity decline was not significantiy different from zero.

\
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MG MOTOR
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Figure 11 e B

Progressive changes in the conduction velocity distribution
of MG nerve motor components following axotomy. Conduction
“velocity distributions are plotted as in Figure 8. Refer to
text for discussion. ' '
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d Due to the difficu]ty in denervating atl tail and gluteal
muscjes, a.few USuatly remained‘innenVated, resutting in an‘
EMG arttfact which was“recorded when etimutating the ventra]
roots. In a few exper1ments the MG nerve was crushed after
record1ng in order to measure the EMG arttfact in isolation.
Th1s art1fact was oppos1te in s1gn to the neural potent1al
and occurred with a latency correspond1ng to that of
’gamma-motoneurons Atthough small the artlfact tended to
reduce the slow conduct1ng ftber contr1but1on to the motor

compbund actton potent1a1 somewhat ‘The effect was probably

L
- more substant1al on the conductlon-velocity distributions of

axotom1zed nerves than control nerves since concom1tant with

"conductton ve]oc1ty dec11ne was a reduction in s1ngle unit
‘potent1a1 amplltude.,Thus, the EMG artlfact would reduce the
‘compound actionipotential contributiom.of these slower‘
conducting fibers to~a greater extent thanlthe faster
..dconduct1ng fibers of control nerves. Whether /
gamma motoneurons were affected to a lesser éxtent than slow
ﬂ1‘afferent ftber5<1s therefore difficult to infer. |

As noted by Hoffer et al. (1979), the‘integrated area
under a compound action potent1a1 (referred to as charge
v-because of its’ d1menstons) was drama¢1ca11y reduced
ffo]lowwng axotomy However it proved tO‘be 1esst
':stra1ghtforward to quantify compound action potent1ai charge
_,decay than condu§}1on veloc1ty deciine. There was 1nev1tab1y
.some progress1ve deterlorat1on of compound act1on potent1als

o during record1ngdwh1ch»could_produce a reduct1on<1h



‘amplttude without stgntftcantty a]ter1ng the shape
Consequent]y, it was p0551b1e to extract 1nformatton about
v'changes in the relattve d1str1button of conductton S
veloc1ttes (determtned by the shape of the compound actton
g poténtta]) more re]tabtyethan changes in the absolute number‘
fof conduct ing ftbers (determjned_bysthe magnttude{of the ,1‘
comp0und actton potentta]).'More0ver' the'absotute numper of
axons and hence the magnttude of the compound actton
potentta] varted ‘from preparatton to preparatlon
Ana1y51s s1m11ar to that for conductton ve]oc1ty was

r;,carrted out. for compound act1on potenttal charges recorded
both from the sp1na1 roots and the pertphera] nerves Charge}
was plotted aga1nst ttme after axotomy and the values were ffj
'fttted with curves of the form Q" Q e‘t/T and
"Q Q] 't/T+ Q2, where QO and Q]+ Q, are the contro] charge
vatues and Q 1s the asymptot1c charge va]ue (Tab]e III)

i Compartson of. the MG sensory and motor compound actton; .
: fpotenttats as recorded from the dorsal and ventral roots

SO _
indicated a\51gn1f1cant“d1fference 1n thefrates of decay

(t-test 2P<0. Ot) the sensory compound actton potent1al S

. /

charge decltntng faster than that of the motor compound
action potent1a1 (resu]ts for root charges were co/btned
with the resu]ts obtatned by Hoffer et a1 (1979)’ﬂh thure"
12). Surprts1ngty though there was no 51gn1f1cant |
dtffeh@nce -in the rates of decay as determtned from nerve-‘
compound act1on potenttats From the relattve changes in /). o

afferent and efferent conduct1onvveloc1t1es,»a_faster rate»
p ‘ S A o
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50 100 150 200 250 - 300
' DAYS AFTER AXOTOMY -

Figuhe‘12

Charge decay curves for compound action pote7%1als recorded
from the spinal roots. A. Plots of Q = on a sem]-]og
scale for compound action potentials recorded from L7 and S1
dorsal roots while stimulating the sural (O) or MG (A)
nerves and from the ventral roots while stimulating the MG
nerve (V). Each point represents the mean from several
experiments. Note ‘that the decay of MG sensory. charge is
faster than MG motor charge. B. Plots of Q = Qe "t/T+ Q2 on
a linear scale. Note that MG motcr ‘charge asymptotes to a
higher level relative to its control than MG sensory charge
- Regression parameters are listed in Tab?e IlI
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of charge decay~wou1d have beern expectedzfor_the sensory -
compound action potentiajs.ljhts dtscpepandyfmay be!§‘4 |

‘reconciied.byjconstderingvthe;fact that‘a.taster rate of
_;'decay was“seen in'the motor'compound actton potential

; recorded from the nerve than fn the compound action
'_potent1a1 recorded from the ventra] roots suggest1ng that
the charge recorded from axotom1zed nerves was -

‘underest1mated. One poss1b1]1ty is that tHZ‘EMG artifact
reduced the compound action’ potent1a] charge by a
's1gn1f1cant amount ~affecting axotom1zed nerves more- than
‘ contrOT nerves. S1nce ‘the asymptot1c compound act1on
potential charge was less than 4OA of the control va]ue, an
32 EMG artlfact wh1ch reduced the charge on the contro] nerve
by 10%, for example coqu have reduced that of the ‘
§~axotom1zed nerve by 25% Such an underest1mat1oh 1s’
supported by the&fact that n6 s1gn1f1cant d1fference was -

found between the rates of decay of dorsal roots and nerve.

for e1ther the MG sensory or sura] compound act1on potentlal

'charges,,i;e., 1t s therefore unl1kely that there should v
| uhave been a- s1gn1f1cant d1fference 1n the case of the MG
jmotor and ventral root compound act1on potent1a]s -
| The rate of charge dec11ne of sural compound act1on
pv‘potent1als d1d not dlffer 51gn1f1cantly from the /ny.“
correspondwng rates of‘e1ther MG sensory or motor compound
1act1on potent1a] charggé whether recorded from the sp1nal

T'roots (F1gure 12), or the nerve (ngure 13) wA]though not

;‘Sjgn1f)cantty d1fferent, the rate of sura] charge decay was -

42
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Figure 13

DécayAcugyes of the form Q = Qoe‘t/T‘for compound action f

potential charge recorded from nerves compared with the
charge expected from the computed conduction velocity

distributions. A. Charge from sural compound action

potentials (©) and corresponding expected charge values

which have been initialized to control sural values (O).
'B. Charge from MG sensory. compound action potentials (a) and

"~ expected char?e

(0). C. Charge from MG motor comppund action
potentials (V] and expected charge (0). Points are plotted
as in Figure 12A. Note that the difference between the
slopes of recorded and expected charge is similar for all

‘cases. Regression parameters are listed in Table III.



slower thahjthat of the MG sensory charge. This is probably

fve]oc1ty dlfference

'the rat'

.44
4

a consequence of there being a relatively 1arger number of

s low cohducting fibers contributing‘to the sural compoUhd

cact1on potential, along W1th the fact that the conduct1on

tween the fastest and s]owest _

conductwng f]bers s not‘as'great as in the'MG The decline

of sural compo;”d action poteht1a1 charge therefore reflec%g'

th;n does the MG sensory charge - e
As ment1oned earller an expected compound thioh

potent}al charge was computed from the conduct ibn ve]ocity

distribution on-the basis of the relationship between single"'

unit potential area and condUction velocitySLBy fittingvthe |

| computed values with a decay curve the expected rate

constant of charge decay was determined. It was thus

possible to estimate whether the Shift_ihtconduction
velocity distributioh alone could comp]eteTy accountffor'the

decreased charge values. A significant difference in-the

vrate_constahts of recorded and computed charge. decay would .

indQCat; that other factore had contributed as well.

There was a dlfference between these’two ratefconstants
in a]] cases (F1gure 13) the recorded charge decay1ng at a
faster rate'than the.computed charge. Except for the MG

sensory compound act1on potent1a] charge, .- the dtfference -was

significant (t-test 2P<O 001 (sural), 2P<0. 05 (MG motor)

0. 05<2P<0. Bt (MG Sensory)). [t would have been s1gn1f1cant

there as we]] had there been: st1ghtly less var1ab1]1ty 1n

ast conductlng fiber slowing to a 1eséer extents

=
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the reCorded compound action potential charge

The dtscrepancy between the. two rate constants must be

'11nterpreted as a loss in conducttng f1bers fo]low1ng '

axotomy, although the extent of such a loss may have been

. exaggerated by factors Wh]Ch tended to a]ter the amp11tude

or shape of the compound actlon potent1a1 At 1east part of

}'the d]fference in the case of the MG motor ‘component may _

~

| have been due to EMG art1Tact Its effects cou]d have been"i

‘

twofold--f1rst “to reduce the recorded charge as exp1a1ned i

!

abovye, and second to weight the conduct1on ve1001ty
G .
d15tr1but1on more heav11y in favor of fast conduct1ng

f1bersv Slnce the computatton of expacted compound actlon |

¢

'f‘potent1a1 charge assumed fhat. the total number of conduct1ng

' f1bers rema1ned constant an underest1mat1on in the relat1ve

3

(humber of s]ow conduct1ng ‘fibers (due,to partial 'd" ,
canceilat1on of their contrtbut1on to the compound‘acttonn
potenttal by the EMG artffactt would-haVe meant that more,
fast conductvng fwbers were contrtbut1ng to the computed

compound action potent1a1 charge Thls would have

' art1f1cia1]y 1ncreased the charge values, part1cular1y for

N [N

axotom1zed nerves and thereby 1ed to an underest1matton of

the actual rate of charge decay
, o
A s1gn1ftcant d1fference between the computed charge

' and the charge recorded from axotom1zed nerves coJ?d have

occurred in two ways. Flbers may have stopped condUCtﬁgg as:

on

the result of degenerat1ve changes fol]ow1ng axotomy or they

“

’may have stopped conduct1ng as the result of trauma suffered

,_) ‘ B ,’.‘r‘»

-

btz T s T e e T e e



duriho preparation for recording. Changes definitely did
occur while recording from the nerves s1nce compound action
potent1al charge was$ sometimes ‘reduced by as much as 20-30%
.over per1ods of 15-30 minutes. This was presumably due to
loss ofyaxoplash from the cut nerves‘combined with
concentration changez in the intracellular space and the
restricted extracellular space formed by‘brihoing the nerves
into paraffin oil for recording. The herves were ligated to
minimize these changes and the compound action potehtiaJs
generally stabilized, remaining’relatively constant for
_hours afterward. |

The. decline of charge during the course of recording
compound action potentials occurred in both contr&t-and
axotomized nerves to more or less the same degree.
Therefore, the rate constants of the exponenfial charge
decay should not have been altered significantly. Based on
‘th1s assumpt1on, it must be conrluded that a significant
_number ofifibers stopped conducting in response to axotomy,
although the fact that the recorded nerve charge values
appear to reach non- zero limits (Figure 14) implies thaf a
certain populat1on of fibers retain the ability to conduct
action potentials, perhaps indefinitely. It is 1nteres§1ng
to note that the difference between the rates of recorded
and computed charge decay are nearly the same for MG
efferent and_afferent fibers, indicaiing that during the
initial stagesiof degeneration approximately the same

" percentage of’fibers stopped conducting in both, cases.
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Chérge decay did not continue at its initial rate since
there there was a tendenéy for the charge to appqdach
asympiotic lim%ts. Therefore, it was difficult to estimate
the actual peF??ntage of fibers lost. Based on the
asymptotic va]ges it would appear though, that it was no

more than 20-30%.
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Figure 14

Decay curves of the form Q = Qe ~t/T+ Qo for compound action
potential charge recorded from the nerves compared with the
- charge expected from the computed conduction velocity
distribution. A. Charge from sural compound action
potentials (¢{) and corresponding expected charge values
which have been initialized to control sural values (O).

B. Charge from MG sensory compound action potentials (A) and
expected charge values (). C. Charge from MG motor compound
action potentials (V) and expected charge values ([1). Points
are plotted as in Figure 12B. Regression parameters are
listed in Table II1I.. ' S



IV, DISCUSS{ON

The results of the present series of experiments point out
that whij]e changes in conduction ve]ocity’distributiohs “
aécount for a large broportion of the loss of compound
action potential charge fo11owing axotomy, there is a
sjgnificant loss in the number of éonducting fibers. Fast
conducting efferent fibers degeherate less rapié]y than
either Fast‘conducting muéc]e or cuténeous afferentbfibers.
In contrast, there is little difference between the rates of
- degeneration of slow conducting fibers in any of thesé three
categorigsf Furthermore, although fast conducting afferent
fibers o& both types degenerate faster than slow condﬁcting
afféhentgx no dffference is evident between alpha- and
gamma-motoneurons. o

The present findings not only céhfirm the findfngs of
Hoffer et al. (1979) "that followjﬁg axotomy large
~myelinatéd sensory fibers are-subgtantially more affected
than motor fibers in the same peripheral nérQes,"‘but also
show that muscle and cutaneous afferent fibers are affected
to more or less the same degrée.

- The observed declines in conductfon velocity and -
compound action potehtial charge are to a large extent the
products of herve fiber atrophy. As the total fiber diameter
decreases conductidh velocity slows with a concomitant
reduction in th% amplitude and charge of a single unft
potential. This is wéll-known from empirical data (Gasser &
Grundfest, 1939) and is predictéd‘on the basis of

¢
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fheoreticaﬂ considerations (Stein & Pearson, 1971, Moore
et al., 1978). Fiber diameter distributions determined from
histological sections, however, do not appear to be good |
measures of the conduction velocity distribUtigns of
degenerating nerves. Cumulative fiber diameter histograms
derived from measurements of total fiber diameter snowed a
.much .less pfonounced shift toward the smaller end of the
spectrum than the co¥responding shift toward”slower
cOnduction_ve]ocities in the conduction velocity
disthﬁbutiOns (Gillespie and Hanley, unpubliehed
obserQations). | ;

| However , degenerating fibers no longer present'a n?rmal
morphoiegical picture. Myelin 1ayers begin to separate and
break up, swellings contain%ng vacuolated macrophages or
ovoids of myelin debris appear at irregu]ar intervals along
the axon.and myelin bubbles appear near the neuroma (Spencer
& Lieberman; 1971). Histological sections of axotomized
nerves from this study.often,showedAan almost compiete
disappearance of the axop]asmic:jnterior of nerve;fibersx
without a pﬁoportionate reduction in the thickness of the\
surrounding myelin-sheath, thereby dhamatica]}y reducing \he
ratio of akon to totaT fiber diameter?’Atrophying.axons wene
genera]]y quite irregular in shape Some of the axons which
were allowed to degenerate for long pemod%ere almost
'complete1y fillled with osm1oph1l1c material. Rather than
functional axons, these may have been the debris-filled

swellings identified by Spencer and Lieberman. It may be

.
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questioned‘to what extent any of thejabnonma1~axonS‘were'

functibna] In fact, several nerves which'had few, if any.t’

axons of normal appearance were st111 ab]e to conduct act1on -

potentials albeit at conduct1on ve]oc1t1es much slower than .

control values Predlct1on of conduct1on velocwty
d15tr1but1ons on the bas1s of fiber diameter h1stograms of '
axons of such abngrmaﬂ appearanCe wou ld have been*extremely _h
vd1ff1cu]t and hwgh]y inaccurate. | _ |
Cragg and Thomas {1861) claimed that mye11n sheath\'v
thicKness and axon ‘diameter were reduced proportjonately.Jn ,A
atrophying nerve fibers. This is conthahy'to the preseni |
findings and to the f1nd1ngs of others as reV1ewed by .

Sunder 1and (1978) Neverthelessﬂ even -if it were‘true, Cragg

and Thomas did not find a very good linear corre1a£{ch'
between the changes in diameter and the changes in
*conduct1on veloc1ty such as would be expected for norma]
nerves. Changes in conduction velocity of 20- 50%
corresponded to changes in diameter .of only jO-ZO%L,This
. prompted them to suggest "that the‘changes in axon diameter
and myelin-sheath thickness may be acccmpanied by. changes in
their electrical properties.” Such changes7c0u1d cehtainly-
alter the conduction velocity significant]y, according to
the computer simulations of Moore et al. (1978). On the
other hand; Stein and Pearson (1971) showed that actidn“*
potential amplitude is much less dependent on chahges,in
rate ccnstantsg conductance and capacity. A significant

change in the relationship between singﬁe‘unit poten}ia]'
! £y
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A
;amp]1tude and conduct1on veloc1ty m1ght therefore have been
expected fot]ow1ng axotomy The data presented in F1gures 5
6 and 7 give Tittle ev1dence of such a change s1nce po1nts
from late eXper1ments f]t the computed 11nes as wel] as
‘rthose from early exper1ments R "'fj

Th1s also suggests ‘that axona] sprouttng d1d not

f d1stort conductton veloc1ty dtstrtbuttons and charge values

,‘\

‘which were assumed to have been obta1ned From parent ftbers

‘only., otent1als been recorded from the reg1on of

-

'sproutjng, ere shoutd have been much more scatter 1n the

single unit potential data For exampJe,'a s]ngte urit
- potentia1~rec rdvd fromga smaiﬁ,dtameter, thinly myelinated

sprout"-at the distal end of a fast conducting fiber “should

. have had a much lower ampt1tude than norma] for .a stngle

unit potentlal of that pant1cutar conductton veloc1ty
A]though the nerves were recut as fan prox1ma1 to the
neuroma as p0551b]e for recordtng; some~groups of.smalt
,\th1nly mye]1nated axons, assumed to be sprouts were seen in
,h1stologtcal sect1ons taken from the port1on of the MG nerve -
from wh1ch s1ngle un1t potenttals were recorded Perhaps |
these were f1bers which had turned 1n the neuroma and grown.
t back up the centra] stump (Aitken, 1949) McQuarrte (1979) |
}found that thevmax1mumrextent.of “traumattc degeneratiOn’

tfor the 1argest myeltnated ftbers extended on]y several
Vm1111meters prox1ma1 to the po1nt of nerve sect1onmand that

th1s was also prox1ma1 to the zone of sprout formatlon Th1s

- also suggests that any sprouts at the 51te of record1ng,,,
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~which washusuatly 15-20 mm proximaltolthe neuroma{\haddtnj
fact grown in the retrograde'direction“ Stncetthe nerye-uasbf

ttgated and'cut proximal to the neuroma prlor to recordtng,kg'
these - f]bers would not have contrtbuted to the compound

act1on potential and: wou]d not have been among the s1ng1e

unit potenttals sampled. Few sprouts were seen 1n sect1ons“

taken from the site of record1ng on the sural nerve Because_."'

'—the sural was general]y cut more than 20 mm from the f
| neuroma‘ th1s was probably beyond the prox1ma1 extent of any
sprout1ng | |

The question of the extent of‘cellydeath, tf any,
following dxotomy, which Hoffer et al. (1979).were unable to.
answer has sti]lynot~been clearly resolved. Carlson.et»al.
(t§79[‘c1aimed that whilelnerve fibers in the L7 ventral®
root of'amputated htndiimbs were reduced‘in diameter,there-‘,
was no significant'loss in the number of axons or Cetl'ti‘
' bodtes atter 18 months In contrast there ‘was a stgn1f1cant
loss of both dorsal root f1bers and gangl1on ce]ls,
’S(approx1mate1y 20%) in. add1t1on to a reduct1on 1n f1ben
~diameter. A]though such a loss of dorsal root gangllon ce]]s
might account for some of the dlfference between charge
computed from the sensory conduct1on veloc1ty d1str1button
and the actual recorded charge, 1t seems unltkely that 1t
could exp1a1n the d1screpancy comp]etely since they saw the
't greatest loss among the smaller cell bod1es Fur?hermore
their f1nd1ngs,]ead one to expect that the charge recorded

from efferent fibers should not decay significantly fastet
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than that computed from the conduction velocity
: distfibutiéhf Since they do not describe the appearance of

any of the surviving fibers no assessment can be made of the

| capacity to conduct impulses.

Recently, Jessell et ak 1979)‘hav shown thdt there

Q1s a 75-80% depletion of substance P~from the dorsal horn
following sciatic nerve section. The suggest that‘thfs
‘, phobab1y reflects the~degeheration of suhstance P4c0ntainjng
hhéurons. This is conswstent with Car]son s f1ndhpgs
ment ioned above, since so far suh;tance P has been -
1dent1f1ed on]y in the small d1ameter myel]nated afferents
(Hokfelt et al., 1977). In add1t1on, it indicates that the
"appahehi“]oss of Slow conducting fibers seen in .the sural-
nerve seen;after axotomy js.fn ﬁaci‘real.

Supporf*for the differential degeneration‘of fast and

sléw cbnducting afferent fibers may be derived from

*. -differences in the rates of regeneration and maturation

,:foJ1OWing nerve crush. QBV6?¥and Govrianippmann (1979a)

. ehave shown that fast conduct1ng f1bers regenerate more

fqu1ck1y than slow conducting f1bers and that recovery of

‘aconduct1on ve]oc1ty in regenerating sprouts occurs at faster
| rates,ihlfasticonducting fibers than lew,cbnductihg fibers
(1979b). The rate of regeheration of the axon sprout may
reflect the rate of degeneratlon of the parent fiber if
fibers wh1ch regenerate faster’ 1n1t1a11y divert more of
their metabo]nc energy to the growing sprout and

cbnséQpethy allow catabolism of constituents of the parent

IR
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~axon.
A]though*the'present study offers no way of

‘d1st1ngu1sh1ng between the roles played by trophic facton& :

such as nerve growth factor for examp]e and ongo1ng o

electr1ca1 activity in maintaining the v1ab111ty of nerve
s

fibers, the fact that fast conduct1ng afferents deter1orate' :

at the fastest rate. suggests that both the frequency and the‘

‘tota} amount of impulse traffic along - -an axon fol]ow1ng
axotomy, relative to that norma]ly generated may be

1mportant in determ1n1ng the rate of degenerat1on Both
afferents and efferents remain actlve follow1ng axotomy

(Govrin-Lippmann & Devor, 1978, Stein et al., 1979) but the

“amount of senegsy activity falls far more quickly than‘motor,

activity. Both alpha- and gamma- motoneurons can be exc1ted
centra]ly Afferent fibers, on the other hand, are dependent
" on phenomena assoc1ated with regenerat1on for the product1on
“of impulses in.the absence of normal end organs. Some
afferent activity is generated in the'region-of the neuroma
and additional activity may result from electrical |

interactions between sensory and motor fibers (Seltzer &

Devor, 1979). The neural activity generated as a consequence’

may be sufficient to suStain stowly conducting afferents_'
which\are_normally re]ativety silent but may_not orovide
enough activity for fast conducting fibers which normally
generate‘high frequency bursts of impulses.

t

Czeh et al.» (1977) have shown that while disuse of

- muscle afferents does cause a small reduction in conduction



, ‘T_veToc1ty, th1s slow1ng 1s substantwalty less than that

| 7'1n'the~electrtca1 propertles of ‘the cel] body w1thout

-observed follow1ng axotomy 51m11ar d1suse of "

©a Ipha motoneurons (Czeh et al. 1978) leads on]y to chahges

' &

'affectlng axona] conduct1on ve]oc1ty These and1ngs suggest -

j;that trophtc factors p]ay a prlmary ro]e 1n preserv1ng the
ffunct1ona11ty of an axon, a]though electr]cal act1v1ty may
\;be s1gn1f1cant in determ1h1ng the d1fferent1al effect on

;,var1ous classes of aXOns The ‘exact nature of the troph1c

hro]e of e]ectrlcal act1v1ty is not. yet Known and awa1ts

further 1nvest1gat1on



.:sensory than motor ftbers

}1ess the same rates

&
V. SUMMARY

: SéverenCéhbfibérﬁphéral nerves results in irreversible

faretrograde degenerat1on of axons when reinnervation is

prevented

”ifThe effects of axotomy d1ffer for sensory and,mo or

& -

;figf1beps as. man1fested by changes in compound actton :
‘ff@potent1a1 charge and conduct1on veloc1ty distributions.

.aThe rate of charge decay 1s sugn1f1cant1yAﬁaster in |

R

ffAnaly51s of changes 1n conduct1on veloc1ty d1str1but1ons

l

‘vfiifollow1ng axotomy show that fast conduct1ng sensory
4 bftbers are most severely affected ‘having the fastest
u1n1t1a1 rates of conductlon ve]oc1ty decal::;

l \} ‘v“ 0»

;iThe conductton veloc1t1es of s]ow sensory and motor

f1bers and fast motor ftbers appear to decay at more or

S

[‘It is suggested that the amount of e]ectr1ca1 act1v1ty
'_1n nerve f1bers fo]]ow1ng axotomy re]at1ve to that
3~present pr]OP to axotomy may play a role in determ1n1ng

: ¢
~,the rate at wh1ch e]ectrophys1olog1cal degenerat1on S

t

‘proceeds:

)

X
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APPENDIX I

Computation of the Conduction Velocity Distribution

Given that the single unit potential (SUP) waveform
varied with‘conduction velocity only a?d\Ihat SUPs sum
finear1y to produce the recorded compouna action potential
(CAP), the CAP may be expressed in the following form:

C(t) = - Wifi(t— di) o (1)
where C(t) = the recorded CAP as a function of time

N = the number of fiber classes

w. = the amplitude-weighting coefficient for‘fibers
in_conduction velocity class i

f.{t) = the SUP for the conduction velocity class i

d; = the propagation delay for fibebs in clas§4i
The f;(t) are normalized with any amplitude dépendgnce

on coqduction velocity incorporated into thé weighting

coefficients W, . The major factors determining Fhe delay

times dif i.e., the time elapsed from the instant of nerve

activation until the action potential érrives at the .

recording site, are the distance travelled along the nerve

and the velocity of propagatﬁpn, f.e.,

where L = measured distance from the stimulating cathode

to the reEOrding site

V; the conduption velocity represented by class i

- 'Virtual’ cathode effects and activation times are
neglécted heré because the delays which‘they introduce are

/ ‘ . :
small in comp?rison to the conduction time which was always

1
|
|

j
f
|
|
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greater than 1 msec.

The weighting coefficients w, are assumed to be of the

form:
wo s Mkvin o Y
where Mi = the number of fibers activated in class i
K = an empirically determined constant,
n = an émpirical]y determined exponent

The values of k and n were determined experimentally by
"plotting SUP amplitude against conduction velocity. The
values are listed in Table I. The value of k is not n;;déd

' to determine the normalized conduction velocity distribution
since it can be factored from Eqn. (1) and therefore
disappears upon normalization.

The CAP model of Egn. (1) can be formulated in terms of

discrete time by using equally spaced samples for the SUP

’
t

and CAP funct3§?s. Egqn. (1) then beconfs

Clty) = wi fi(te- dy) L (4)
where tk is the kth time point. ‘
o L

Assuming that there are K values of the CAP, Egn. (4)

may be written in matrix form

c = Fw .. | (5)
where c = a kx1 colump vector of K timg samples of the CAP
F = a KxN matrix whose ith’co]dmn is the sampled §PP,
function fi(tk- d;)
w = an Nx1 column vector of the N weighting

coefficients

J In estimating the conduction velocity distribution from

!
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a recorded CAP and known SUP properties, Egn. (5) may be

viewed as a set of K equations in N unknowns (the w.;). If

i

iy

the matrix F were square (i.e. if K = N) and non-singular,
the vector w could be determined. In general, it is not
desireable to-have K = N. Rather the number of time samples |
should exceed the number of velocity classes (Barker et al.,
1979, Cummins et al., 1979) The system of stmultaneous
11near equat1ons is then oyeri?termlned A least- squares fit
can be found for the vector w by premu]t1p1y1ng’both sides
of Egn. (5) by the transpose of the matrix F

Flo = FThw | e

~

and solv1ng to obtain w. ;
¥

If the columns of the matrix F are chosen to represent

SUPs hav1ng different delay times then they will be

A

independent and “the system w111 have a un1que solutlon

. Because of the symmetry of FTF Eqn, (6) can be solved.forAw

by using the square-root me thod (Fadeev and Fadeeva 1963) .

A FOCAL program was wr1tten to compute a conduct1on

. velbc1ty distribution . with 38 conduction velocity c]asses,

chosen so as:to have conduction latencies which differed by
a least one sample period of the digitized CAP. The choice

of 38 classes was somewhat arbitrary having been dictated to

. a%® large extent by the emount of cpmgqier memory available.

SAPs representing individual conduction velocity classes
were obtained by scaling the duration of the SUP template

(see Methgds) according to the‘experimentally determined

“relationship between half-width and conduction velocity. The.
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scal1ng was done by linear 1nterpolat1on so as to preserve
the SUP waveshape. Each conduct1on veloc1ty class had an
associated delay time d. calculated from Ean. (2). In this”
way the eampled'§UP fUnctions fi(tk~ d ) of Egn. (4) were
determined and subseqdently'used to construct {Eé F matrix.
The‘brograa ¢omputed FTF and usingﬁthe‘CAP vector c‘
found the least squares estimate of the. welght1ng vector w
. by the square-root method The we1ght1ng coefficients W
were then scaled by v, -n to calculate the vaWUes of M'i‘v;/hich~
const1tuted the conventlonal conduct1on veloc1ty

d1str1but1on {he Mi were then 4acc acéﬁéﬁ]ated and normalized to

ﬂgeneraﬁe the cumulative conduction velocity distribution.
, M [ ’ e - <y
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APPENDIX I1I

Regression Analysis of Data

.{.Data points were fitted With curves of the form
yﬂ% re Bt or y = Kyn usqng the transformatlons
Tn(yt't'tn(é)aj Bt orclh(yt = In(k) + n]htv),respectjvely.
| :Corre]atioh ooefficieﬁts and standard errors were calculated
1'aocordthg to stahdard equatiOns\for linear regression (see
Edwards} 1976) Regress1on coefftc1ents from d1fferentb

populat1ohs were tested for s1gn1f1cant d1fferences by

L test1ng the nall hypothe51s

Decay curves of the form fe-Bt+ C were obta1ned by

comput1ng parameters wh1ch m1n1m12ed the res1dua1 sum of

: squares. A non 11near regre351on ana]ys1s program was ‘
"'emptoyed, Thts'program is ava11ab1e‘1n the BMOP package of

forograms\fqr\bfomedioal apptieatjohspdevelopedﬁat the Health
HtSciehces*Faotlity;ofﬁtheUhtyersityrof_Ca]iforhta, Los
aaAngetes R | |
| ' Note that al] data po1nts were used in calculatlng
parameters although in some cases on]y the ‘means of grouped

A_po1nts were ptotted in order to)preyent,graphs from becoming

‘ toolcluttered:



