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- from the re]atvvely h1gh requency neura] components

.etechn1ques An ana]og mu1t1p11er 1ncorporated w1th a d1g1ta1 delay 11ne

L aBSTRACT e

i
N S

A A method 1s descr1bed for record1ng from per1phera1 nerves of

-

 the- cat us1ng s11ast1c cuffs in. wh1ch three or‘more e]ectrodes ﬁave been .
'..1nserted A tr1po]ar record1ng conf1gurat1on between a centra] 1ead and
‘ the ‘two. end 1eads, wh1ch are connedted together, provides good reJect1on t‘;
of EMG from the h1nd11mb muscu]ature Further opt1m1zat1on of the f:’_")“

‘:neura1 s1gna1s 1s obtawned by the ‘use of transformers,‘1mpedance

”matchmng.and f11ter1ng techniques 1mp1e mode]s are constructed to
pred1ct and assess the performance of cuffs and transformers in

record1n9 neura1 3ct1v1ty Cons1stent deV1at1ons from the theoret1ca]
2

dmodé]s were observed at both h]gh frequenc1es (nbf]ect1ng pr1mar11y the ’

>changes in the t155ue and f1u1d w1th1n the cuff) and at Tow: frequencmes
(concerned ma1n1y with e]ectrode propert1es) A | |

_ Record1ngs from 1ntact nerves show that the peak- to peak
famp11tude and latency of the compound action potent1a1$frema1n stab]e |

'over a per1od of severa] months Vo]untary neura1 activity 1s recorded Lo
. B

V"from cats trained to walk on-a treadm11] The behav1oura1 s1gnals are

'part1t1oned 1nto motor and sensory components us1ng cross corre]at1on

/— N

‘was used for on 11ne cross cOrre]atlon. Th1s perm1tted us to follow the

dynam1c response of afferent and efferent flbers To aid 1n determ1n1ng

»?the qua]tty of behavfoural s1gnals spectra] analys1s of the recorded

:.act1v1ty was-carr1ed out Low frequency EMG potentlals were d1st1ngu1shab1e ‘

"~& The methods are extended to record from severed nerves wh1ch




Y

Mare p]aced 1n a cuff whose dista1 end has been sea]ed It is‘possib1e

';,to mon1tqr the state of the axons by mon1tor1ng 1mpedances of the nerve,

"_the compound act1on potentia]s ‘and - vo1gntary act1V1ty at var1ous

L dwstances from the sea]ed end. Sequent1a] changes in the aforement1onedl

.;parameters are observed and these changes c1ose1y para11e1 the
”degenerat1ve and regenerative processes taking p]ace in the nerVe‘
“1Vo1untary act1v1ty ceased to exist about a month after axotomy wh11e
”'1t was st1T1 possib]e to record 1arge compobndi%flﬁ?n'potentialslbv
electr1ca1 st1mu1ation of the nerve. Mr'u ;<3;'u1¢" discussed in

]1ght of past know1edge and present .ﬂ

. -

"th1s area

-

L Some pre11m1nary behav1oura1 stud1es are descr1bed on the ‘,’
nature and ro\e of ref1exes 1n the d15ta1 h1nd11mb of the cat. - In
part1cular a number of extensor reflex responses are observed by ' g :
f.st1mu1at1ng the‘ 1b1a1 and. the peroneal nerves. Perturbat1ons 1ntro-'

4'duced dur1ng the stance phase of the - step cycle of a cat evoke a |

- ﬂprolonged act1vation of the 1ps11atera1 extensors The ro]e of the

extensor ref]exes 1n locomot1on is discussed w1th1n the current]y

“-:‘accepted hypothes1s of centra11y contro]1ed rhythm generators

' l F1na11y, the 1mp11cat1ons of the: find1ngs on 1ntact and

severed nerves are’ d1scussed as they perta1n to the neura] control of
'-art1f1c1a1 11mbs The resu]ts from severed nerves w1thobt target organs .

'_‘seem negat1ve but further stud1es 1n thls area are needed before one can

'ru]e out the concept of neural]y powered prostheses The contribution

' of the methods descr1bed 1s part1cu1ar]y usefu] for behav1oura] studles

Vit
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CHAPTER 1

INTRODUCTION
Foerany years, neurophxs1o]og1sts have attempted to a;a]yze

in some deta11 the funct10na1 arch1tecture of behaviour in the mamma]1an

nervous’ system While similar efforts have met w1th considerable

success in the invertebrate systems, _the 1arger neurona] circuitry of

_vertebrates has unt11 recentl; posed a form1dab]e challenge. The 1ack/

of’success in record1ng the activity of nerve and‘musc1es fn behaving

aan1mals is in part attr1butab1e to fhe abserice of adequate recording

'~methodsbunt1] the last 20 years. The application of m1croe1ectrodes T

to_the brains of unanaesthetized'behavingfanjmals (Huhel; 1957

'Evarts, 1966) hepresentsbsomé of-the firstiattempts.infeluctdating |

_the neurophysio1ogioél corke]étes’of oehatiouk‘in mamma1s »The use of

m1croe]ectrodes has subsequent]y been extended to ‘the per1phera1 nerves

in man (Va11bo, 1971) These methods are not w1thout the1r inherent

drawbacks. Genera]]y, the d1ff1cu]t1es in u51ng m1croe1ectrodes stem’

from°the1rfsens1t1v1ty to movement and a]so for the need for them- to

, C
" be carefu]ﬁy positjoned at each record1ng session in order t0 ensure

an adequate s1gna1 to no1se ratio. ,
‘ 'Intracort1ca1rm1croe1ectrodes, which have been’the"subject

of considerable refinément, have now been used to record from individual

neurons for a period of days and'eyen months (Schmidt, 1975; Bak et al.,

1975). :The qua]ity‘of such recordings diminishes wtth~timevdue to the’

growth of connective tissue and damage to adjacent cells by re]at1ve

movement of the e]ectrode and the tissue. Similar record1ngs frOm



periphera]ﬁnervés areéeven moretdifficulﬁ\due to the absence of any

e fixatiOn points for anchoring theomicroe]ectrOde mantpu]ators. The u
’risk of intection’from.electrode penetratio?g is equally great in either

- of the above methods | T |

An a]ternate method to record chron1ca]1y from the vertebrate

;’per1phery has been: reported recently by Mannard et aZ (1974) This .

group was able. to record from amph1b1an nerves using regenerat1on B

e]ectrode un1ts wh1ch cons1sted of _holes in a wafer- th1n non- conductor :

. The’ un]ts were»p]aced\1n the-path,of part1a11y transected sg1at1c nerves

of the'amphibia "Afte:.some'time chronic neural recordings'were

‘ »?poss1b1e from ‘both the motor and sensory’ f1bers that had r generated ;i'
tathrough ‘the holes.’ Attempts to transpose the methodoTogy to mamma11an
"fnerves have met w1th 11tt1e success due .to the sma]] size of regenerated

¢

‘ f1bers and a greater pro]wferat1on of connect1ve t1ssue (Ste1n et aZ
: 1975) A further constra1nt 1nvo]ved in th1s techn1que is that the new .
jnnervat1on may prove to be fore1gn to a part1cu1ar end organ and

vtherefore not reflect the true phys1o1og1ca1 pattern

A more trad1t1ona] method of neural record1ng and one known :

.~vto phys1o1og1sts for qu1te some t1me now 1nvo1ves d1ssect1on over a

N su1tab1e 1ength of a bundle of nerve fwberx, which is then p]aced on-
'metal hooks or e]ectrodes 1n ‘& non conduc{1ng medTum such as paraff1n :
5oi].: The nerve bund]e thereby provides a resistive pathways a]ong wh1ch§_v

currents generated along the fibers can flow and be recorded as vo]tage

: yd1fferences between the meta] hooks or versus a ground -The extra-

cellular recbrds obtained in‘thws way'are qu1te reproducib1eiand stabTe

- over long periods of'time.vaost of this type of recording hasfbeen
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co?f1ned to short term acute preparat1ons It has been suggested that

the coupl1ng at the e]ectrode nerve interface cou]d be made more permanent

xa

f;by wrapp1ng a s]eeve of non conduct1ng mater1a1 (with 1nterna] e]ectrode
contacts) around the nerve In this way, currents generated inside the
cuff or s]eeve would flow to ground via re51st1ve paths afforded by the

1]

nerve f11aments‘and be reg1stered as voltage d1fferences across the

A‘,_interna} contaots Although implantable electrOdes have found their

fiuse 1n record1ng neural activity only recent]y, the 1dea of us1ng them
,f#for chronlc st1mu1at1on of the vertebrate per1phery is by no means a

:' novel one. . For as early as 1933 Cannon has descr\bed the 1mp1antat1on
1of nerve cuffs around ‘the autonom1c nerves of cats in his efforts to

‘ study pain f1bers More recent]y, Br;nd]ey (1972) managed to 1mp1ant
S111cone rubber Pfatanum wire e1ectrode arrays anound the dorsal and
ventra] roots of the baboon However both ofﬁthese attempts were:
undertaken w1th the pr1mary aim of stimulation rather: than record1ng
from the nerves\and~sp1na] roots, although Br1nd1ey>d1d manage to show
the morphological %ntactness_of the encapSu{ated-roots for periods up to

0

20 months. y
“.The efforts of Franh (1968) heralded the adjEnt of chronic |
neura1 record1ng from a]ert free]y mov1ng and behav1ng animals. In
these exper1ments the f1ne1y d1ssected dorsa] root filaments, with
recording wires attached fwere encapsu]ated with Silastic. Single unit
'vact1v1ty was recorded from cats for up to 2 weeks .- iﬂ the'oast 2 years,
this concept has been extended to p]acwng cuffs or tubes around the |
peripheral nerves (Hoffer et al., 1974; Stein et al., 1975; Schad and

Seller, 1975;- DelLuca and Gilmore, 1976). As previously described, the .
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o jlmethod perm1ts record1ng neural s1gnals by 1nsu1at1ng the:nerves from
' body f]ulds and t1ssue " The adaptab1]1ty of the, method has been
demonstrated unequ1vocab1y by its qpp]1cat1on to a number of d1verse
. preparattpns , For examp]e, Hoffer et al. ’recorded from the f1ne nerve .
filaments of the rabbit. tenu1ss1mus musc]e, Ste1n et al. and Del uca
et al. haVe recorded gross act1v1ty from severa] d1fferen¢ e1zed
per1phera] nerves of the cat and the rabb1t respect1ve]y, wh1]e Schad
.and Se11er'have used the- techn1que to record from autonom1c nerves of
“the cat.  The methodo]ogy in all these cases perm1tted neura1 act1v1ty
to be mon1tored dur1ng ﬁorma] behav1our and metabo11sm
Our group (Stein et aZ.,_}975, 1976) ‘has been ab]e tovshow that,

S .
. ‘ .withﬁproper précaUtiOns and care, it is possible to retr1eve neural

¥ ctivity fron cufts.(wlth varying numbers of 1nterna1 electrode contacts)
p]ated around intact per1pheraL.nerves W1th proper cuff geometry, the

.nerves havé remained a viable source of neural s1gna1s for up to 6 months
or more and aux1111ary h1sto1og1ca1 studies tend to conf1rm the 1ntactness

_ of these.nerves, To date}much of the effort has been focussed on attempts
to‘optimize‘the quathy $hd‘pattern;of‘the neura].signa1s,:in‘the
preSence~of the larger e]ectromyographtc (EMG) signafs outside the cuff

- and interference from other env1ronmenta1 sources, such as 60 Hz
f]uorescent 11ghts, rad1o waves, etc. The cha1]enge to do ‘this has been
met’. w1th a comb1ned use of part1cu1ar e]ectrode conf1gurat1ons, 1mpedance .

| matchlng and f11ter1ng techn1ques The method has been perfected. to the -//

) po1nt where it is now‘posslble to record neurondl s1gna]s from unrestratgeqd/

freely-walking cats on a treadmill ;ﬁ an unshielded room: ‘The use of thef

.cross—correlatjon teehnique has been deve]oped‘to help in partitioning 8
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the neural traff1c into Wts afferent and efferent components.

This thesis attempts to recoynt the deve]opment and progress
in our lab of the aforement1oned optimization procedures over the past
18 months Some 1ns1ght 1s pr031ded of the’ potential and usefu]ness -of
the methodo]ogy 1n both baswc and c11n1ca1 research It 1s appropr1atef
at this stage therefore, to introduce some of .the basic features of -
the cuff record1ng techn1que and to expound the pr1nc1p1es under1y1ng

?

them.’

A CUFF ELECTRODES

The e1ectrode, 1n 1ts bas1c des1gn, con515ts of one or more

.cuffs or tubes made of medical grade S11ast1c each w1th a m1n1mum of,'»

.three 1nterna1 record1ng contacts The d1mens1ons of the 1nd1v1dua]

preformed S11ast1c tubes var1ed w1th 1nd1v1dua1 1mp]ants, but a range‘A

h

in internal d1ameter (1.0 to 3.4 mm) and 1ength (from 1.5 to 5. 0 cm)-was

avai]ab]ef - The ¢ontacts sewn 1nto the 1nd1xgdua1 cuffs cons1sted of

4, ¥

single’ or mu1t1p1e strand teflon- coated 511ver (Ag) or p]at1num-1r1d1um

(Pt- Ir) w1re In order to 1ncrease the area of contact\for the p1ck up

. of neura] s1gnals, the wires were threaded back and forth w1th1n the

i T~

cuff The tef]on coated wires from each cuff were led to a twe]ve p1n -

-

1ntegrated c1rcu1t socket, wh1ch in turn was f1xed with epoxy in the .

center of a v1treous carbon connector (B1osnap) . The B1osnap has been

. shown to be extreme]y biocompat1b1e in 1ts application to the skin of

.exper1menta1 an1mals and eVen “human subjects. In-our case, the Biosnap

was - sutured into the skin over1y1ng the h1p at the t1me of 1mp1antat1on.

The skin in this area forms a t1ght seal around the connectors and
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subsequentngrowth1of the *connective tissue‘through‘the-ho]eS'of the

flange.further anchors.the‘asSemblyt Fig. 1 i]lustrateslone'tvpfcal
egeviceicontaintng1three'neurai"cuffs_and aanMG»probe,_each with its
cémp1ementhof insulated cab]es,.and-a}Biosnap‘. The primary requirements
of such dev1ces have been that: they be f]eX1b1e enough - not to- damage the
.nerves and at the same t1me possess enough ten511e strength to wwthstand
.the stra1n over. 1ong per1ods of t1me in a free]y mov1ng cat. Undu]y
st1ff.cab]esgand,connectors tend to'd1stort the nerve geometry and this )
inhturn 1eads to'premature°b1ockagehof’nerves The attempts ‘to fabr1cate :
dev1ces w1th the opt1mum trade offs are still cont1nu1ng and recent
progress 1n this area is documented in a recent publlcat1on (Stewn

v
B 0 Ay

et al., 1976)

B. EMG REJECTION AND THE BALANCED CUFF CONFIGURATION . .

One of the major prob]ems assoc1ated w1th record1ng neural

@a”

act1v1ty is the contannnat1on of the records by ]arge amp11tude, Tow
frequency e]ectromyographlc (EMG) s1gna15 The e]ectr1ca1 act1v1ty‘ofb
~the musc]es generated either dur1ng>vo]untary act1v1ty or by st1mu]at10n
of per1phera] nerves is usua]]y 1arge enough (10 to 30 mV) to swamp the-
re]ative]y smal]er neural potentia]s Ste1n et aZ (1975, 1976) have
sutceeded in overcom1ng th1s d1ff1cu1ty w1th the aid of.a number of
techniques. The single most 1mportant feature of these techn1ques is
the use of a symmetr1ca]1y-ﬁalanced conf1gurat1on, whereby the neura]

| activity s recorded at the center of the cuff w1th respect to the two -
end contacts shorted together. F1g 2 shows the essentlal features of

ot h]S part1cu1ar conf1gurat1on The pr1nc1p1e under1y1ng this §s that when
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: ‘shown here contains threé'neural~recording cuffs
and one EMG. probe connected to a twelve-pin socket in a

"'V1treous'caébon button (Biosnap) which is used as a skin

interface. * Note the three electrode contactgi=in each -
neural cuff and also the coiled Pt-Ir wire in the cables.
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Fig.'2. Method for- record1ng using an 1nsu1at1ng cuff with three’
"~ ‘electrodes around a nerve. The balanced tripolar. configuration
_shown here is effective in rejecting EMG signals by the virtue
of its shorted end contacts. - The principle under1y1ng the use
.of this conf1gurat1on in opt1m1z1ng neural record1ng is 3
discussed in the text. : o "
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the two ends of the cuff are“shorted together, the targe EMG signals will
not be able to flow through the cuff in the absence of a potentia]
'gradient. Rather, these EMG signé]s‘wf11 tend to flow around'the‘Cuff
and the only sfgnals propagating through the cuff will be the action
pdtentia1s generated by'the‘nerve within ?ty.lFig.’g serres to_i]]Ustratet-
“the concept. when‘the whole sCiatic nerve of a cat is stimulated and the
_resultent activity recorded dfsta11y,from a nerve segment enc]osedhin a
nonfconductor (mineral oiT or cuff), two distinct potentials are evident
_(Fig.,3A). "The ear]y wave is the- neural signal and the ]arger later
component is the EMG. The more trad1t10na] common mode reJect1on (CMR)
method used to reject EMG 1nvolves the p]acement of an 1nd1fferent
e]ectrode in the f]u1d near the recording e1ectrode and feeding the EMG
's1gna}s pjcked up by both e]ectrodes,1nto a d1fferent1a1 amp11f1er, which
would reject them. If the CMR technique is applied to the signal
(Fig. 3A), the EMG is still large enough to swamp the neura] component
(Fig. 3B). However, if the tripolar balanced conf1gurat1on in F1g 2 is
used the neural-to-EMG rat1o is great]y enhanced (F1g 3C) The .
re51dua1 EMG accompany1ng the neura] signal is due to a number of factors.

For a perfect short between ends of the cuff, the contact
1mpedance of the electrodes w1th the tissue should 1deaL1y be zero.
| However at frequencies of 1nterest the non- zero 1mpedance of the e
electrode (see Chapter 2) prevents an effect1ve short, thereby a]]ow1ng
, 1ow frequency s1gna]s (mainly. EMG) to leak 1nto the cuff.

Another maJor factor contr1but1ng to the presence of the
res1dua1 EMG is the potent1a] grad1ent set up in the radial direction by

the currents generated from the nerve fibers within the cuff. Hoffer
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Fig. 3.

10

Compound action;potential recorded by an electrode at the

center of a cuff 4 cm in length around. The ventral roots

~supplying this were stimulated and recording was carried

out with respect to A) an electrode some distance away
(about :20 cm), B) an electrode outside the cuff,
C) electrodes at the two inside edges .of the cuff which

. weWe connected together (see Fig. 2). In'D) and E) the

configuration was the same as in C) but a transformer was

~used to amplify ‘the signal in D) and further filtering was

done in E) to improve the neural signal (early, fast waves)

"~ with respect to the siower EMG waves. The vertical bar

represents 1 mV for each part in the top half .of this Fig. 
and 10 mV in the bottom half. The time scale remains the
same for the whole Fig. _
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(1975) has calculated the contribution of the large transverse resistivity

(pt) to the development of such voltage gradients and from his ca1tu1ations

it would appear that this potentia] radia]]yﬁisdsubstantia1 (about 98 uV

at a distance 30 ym from the nerve fiber of conduction velocity 64.m/sec).
It is important that the geometric symmetry.of the tripolar

recording configuration (shown in Fig. 2) be preserved, for a shift in

the positioning of the tndifferent’end electrodes or a gross impedance

fmismatch between the twoﬂts Tiable to‘affect adversely the magnitude of

the neural signal and the ability of the configuration to reject EMG.

C. AMPLIFICATION AND FILTERING

Add1t1ona1 features have been.1ncorporated in this techn1que to
further enhance the qua11ty of neural act1v1ty recorded. In E*g& 3D,
a hwgh ga1n-Hammond transformer (585-D) is placed between the e]ectrodes '
and the preamp11f1er As 1s ev1dent the neura] 51gna1 has been ‘
amp11f1ed over ten-fold and further f11ter1ng js added. The propert1es
~and the role Of the transformers is dea]t with more fu]]y in Chapter 2
From spectra] estimates the frequency of tﬁageural s1gna1s is determ1ned
to be in the order of 1 to 2 KHz, as opposed to that of the EMG, wh1ch is '
about 100 to 300 Hz. Some form of h1gh pass f1lter1ng therefore is '
quite des1rab]e and F1g 3E shows the effect of 1ncorporat1ng)a f1rst order .
high pass filter (ha]f power point of 300 Hz). » :
The. pr1nc1p1es out11ned above are not on]y app11cab1e to the
_ compound "action potential records, but also to thelopt1m1zat1on andd/l

'ana]ysis of behavioural data comprising of both vo1untary}and evoke

' réf]ex-activity.: | R : ’ o | _ o <<
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. D. THE PARTITIONING OF NEURAL ACTIVITY
 The ability to record chronically from pefiphera1>nerves

aildws'us to‘monitor the total neural-traffic involved in specific
behavipura] task§ performéd by freely-moving animais.' Recently there
have been a number‘of reports using time convolution tecHnties to sort
out the groés ?erfphera]'nerVe activity (Manh, 1973; Heefderké ahd
Williams, 1975). -Methods of optimal linear,fi1tering héve’béen '
'developed aﬁd successfully applied to fnvertebrate systems (Roberts and
Hartline, 1975).‘ These féchhiques permft'the partitioning of tpf§1
nérVe activity intb différent»afferent and efferent coﬁponénts on\the
basis of direction of travel, conductidn velocity and waveforms. 4

| “The technﬁque of cross—forreTatiOn; although known for some -

L]

time now, has'on1y recentTy found widespread use'in the segregafion of
axonal tbnduction de]ay_Q:Sups. The mathematical bésis.offthe operation
involves a Qpint—by-point multip]icatipn df}two éné]og signé] bgcords at
discrete poihté'in‘timebéndta summation,of the products.. The multipli- -
tatioh”is-repeétédﬁfor a series of time shifts_wheré'one wéveform‘is
' fixed and the other is shifted by a time t. The su‘ml‘iation of products
at‘each}point'in time plotted versus the discfefe time shjfts ines'a
cross:cbrrelation.h Eqn; 1.1 and Fig. 4 su@mariie the essential featﬁres
4 s : S

- of the operation.

_ By (T) = ;lfT Ty x(t)y(th)dt. R ‘lf'.-qn. 1.1,

7

" The abqie operation can be_performed on a previously programmed: Lab 8 - 
computer system tal Equipmeht_Co.) by p]aying back the data recorded _

o . o’

) >




“Cross - correlation principle

» ‘ ' E4 )
A—.—- T=lwy. . X ——-A..
o ¥ . "
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- ; T L 1 ‘ _ Wovefront with velocity v
e . ELfe E2 >
_— O - ' Nerve Trunk. ' j :
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_ Recording Electrodes . A
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_ Schematic for on-line cross-correlation
" Nerve'l _____. Digital
ERE Delay . . .
o - _ Analog - Paynter .
o © '] Multiplier [ g(t) |- Fliter
Nerve 2 ) : ' ' . .

Fig. 4. _a)- -Diagram summarizing the cross-correlation princip]e.
"b) On-line cross- corre]atmn between two nerves. " For
. Eross- corre]atmg the .motor activity the digital de]ay
~'line is inserted on the more proximal of the two nerves.
" For sensory activity the delay line is switched to the

the other nerve.,

\

1

. ’ - B . . . . 3 . ) -
1 : . .
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on an FM tape recorder (Hew]ett-Eackard 3960). Alternate1y} to obtain
specific modulation of motor, sensory or cutaneous activity, a scheme ' °
such as shown in Fig. 4B was used A'dfgita] delay would be incorporated
.1nto one of the channels (of neura] activity) to the anaiog multiplier.
This:would de]ay the s1gna1 arriving at Nerve iﬁb;‘a fixed time 1.. The
~analog mu1t1p11er wou]d then perform a point-by- po1nt multiplication
operat1on on the s1gnals and sum or 1ntegrate the products The output
of the analog mu1t1p11er would then be the cross corre1ation of the two .
- s1gna1s o S | o
//?‘55\\ -v’v‘ : B .

o tg(t) e.fl(t+r)f2(t)”f} f A | - Egn. 1.2.
'The”output may thentbeifi]tered.and disp]ayed aS»required Thef
,add1t1ona1 feature afforded by this method 1s that a number of de]ays

(depend1ng on. the changes 1n waveform and- conduct1on ve]oc1ty with t1me). -
| ‘cou1d be used for afferent and efferent act1v1ty {A measure of the o
ltcorre]ated act1v1ty as a funct1on of de1ays 1s then poss1b1e Deta11s
‘of this techn1que as app11ed to the neura] act1v1ty recorded dur1ng
‘htreadm111 wa1k1ng of a cat are elaborated in Chapters 2 and 3. The,
| :de51gn and con;truct1on of the mu1t1p11er and the appropr1ate f11ter1ng

2

'are a]so d1scussed S | : | L _
_' It is hoped that the stage has now been set for the reader to
%fo]]ow the changes 1n pattern of neura? act1v1ty as they app]y to intact
'Vand severed nerves Chapter 2 dea]s w1th the 1ong-term record1ng from

1ntact per1phera1 nerves W1th part1cu1ar reference to the use of
'transformers and 1mpedance measurements as a1ds 1n the opt1n22at1on

td
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procedures. Long-term electrical record1ng from nerves f0110w1ng
. axotomy is the_subject of Chapter 3. ‘The methodology descr1bed for
) intect nerves is extended,to severed nerves in cuffs whose d1sta1,end ,ﬁ
~has been sea1ed. Buch of the concern centers around.the'fate'of the
“'axotom1zed nerves and the sequent1a1 ‘changes observed 1n measurements
ﬂﬂ@f impedance, compound action potent1a] amp11tudes, conduct1on |
ve]oc1t1es and vo]untary act1v1ty‘ The results as they perta1n to
amputee—]1ke situations are discussed in light of past and present
t11hicat knowTedge More gehera] discussion ih terms ot’theltrOphic
-’1nteract10ns between the nerve and its target organ is 1nc]uded
'Chapter 4 15 devoted to the app11cat1on of the methods descr1bed
ea 1er to spec1f1c behav1oura1 and ref]ex stud1es 1n ]oc9m0t1on of
ca‘sﬂ These stud1es, a]though of a pre11m1nary nature, are indicative
1 the vast potent1a] of the techn1que in conf1rm1ng or re3ect1ng the -
.,:accumu1at1on of 1nformat1ow from behav1oura] work in thalamic or meseng'
Acepha11c preparatlons: In the ftnal chapter, some of the implications
‘of theéé stodies are discussed as they'appTy to the neural control: of ;

art1f1c1a] Timbs and the study of the neurophys1o]og1ca1 bas1s for

behav1our in an1ma1s and man.



CHAPTER 2 .
ON RECORDING CHRONICALLY FROM_INTACT_PERiPHERAL NERVES
The many facets of the. methodo]ogy as they perta1n to record1ng
~ from’ intact nerves are the subJect of thts Chapter. Some of these have

' a]ready been dealt w1th briefly (Chapter 1) and will placed 1n their = =+

proper perspece1ve Others,,such as the-use of transformers,.1mpedance f
measurements and. the genera] character1st1cs of the neural act1v1ty, are
expou ed on in some deta11 As well as descr1b1ng the exper1menta]

' aspech of the opt1m1zat1on procedures, certa1n theoret1ca1 models are .
constructed to pred1ct and fit the data. The. 1ncorporat1on of such
theoret1ca1 models 1nto the study allows one to assess beforehand the

'performanCe of d1screte 1nd1v1dua1 components ‘such as - ~the cuff electrodes,
transformers or a comb1nat1on of the two. This 1nformat1on pan then be
é@pransposed to a g1ven exper1menta1 s1tuat1on so as-to opt1m1ze the- -

. retrieval of: neura] s1gnals In the 1nterests of c]artty and brev1ty,

; no attempt is made to segregate the resu]ts from the1r 1nterpretat1on

or discussion, but each aspect is dea]t’w1th in toto.

A IMPLANTATION OF CUFFS o

The surg1ca1 1mp1ant1ng procedure was carrled out under fu]]
aseptic cond1t1ons The cats were anaesthet1zed with a 30 mg/kg dose of
Nembuta] .(Abbott Lab ) adm1n1stered 1ntraper1tonea]]y The hindlimb to
be used* for 1mp1antat1on was shaved and prepped w1th Betadine so]ut1on
A midline incision was made in the 1atera1 reg1on of the th1gh for

access to the sciatic nerve. The incision was deepened through.the

“

16
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subdermal fascia and‘the-nerVe, with its blood supply intact,lﬁarefu]]y
dissected‘frée'of.the surroq?diﬁg'tissUe. The procedure was repeated
for the~more‘dista1 branches of the sciatic nerve (the 1aterai gasfroc-_
nemius?591eus; the- common peF0n§a1, the sural and the fjbia].nérves). |
'The skin was freed frOm the subdermal tissuevin the hip'region‘for
1nsta11atjonﬁbf:the percutaheous connector (Biosnap) and a channel
diséected under‘the skin from this site to the nerve. The nerve was
then gentiy sTipped into the appropriate cuff with»the aid of forceps
-and the cuff c]osed_with interrupted‘silk sutures (4-0) placed evéfy
2-3.mm. Sffastﬁc.wasfsbmefimésfapplied_to reinforce the seal in order
:ffb'prevent the seepage of fluids and the growth of connectivevtissue'
through the siit in the cﬁff. In most instan;es better EMG rejection
'Vwés.obtafnéd.Where,a cohbinatﬁbn of the mechanical and éhemica] seals

v o
‘was used.

In somé:expériment§_EMG electrodes of ﬁhe type shown in Fig. 1
were ‘sutured ontb f]e*or (anteribr tibia]ig) or extensor (gastrocnemius-
| ;o]eus) musc]%§ Of the distal hihd]imb;' Aftef insta]}étidn of the
electrodes, thé flexibitity of the cuffs and cab]es‘was adequateiy'
tested by manipu1ation of the leg. “The_Biosnap'was‘positioned througﬁ
a small-incisionwin the skin of the hip area and'a purse-string suture
“applied to hold it {n place (3-0 chronic).‘ Tﬁé'mUsc]évfascia andythe .
skin edges were épprokimated with 3—0 chronic to achieve closure of the
incfsioné. If necessary, additional Nembutal was administered intra- .
venously duriﬁg the 6beration and the enfirefsufgéry took about 2-3 hours

to cbmp]ete.
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"B. RECORDING METHODS

“(i) Under Anaesthesia

Recordfngs were made immediately fo]]owing'surgery, whd]e the
4.cat was still under Nembutal anaesthesija. At subsequent_post—operative
recording sessions, the cats were anaesthecized'Witn Halothane (Halocarbon
Ltd., Onfe) from a¢regu1ator (Fluotec Mark 2, Cyprane Ltd.). A 12-pin
plug was inserted into the socket of the Biosnap to negotiate;contact
uith each‘individuaT lead from the cuffs. The plug was connected to a
switching box via a f]exib]e, shfe]ded cable. The sw1tsh3ng box was so
"desiéned‘thatiany lead (or comb1nat1on of leads) cou]d be connected-to a
stimu]ator'or conventional preamplifier (Grass P5), e1ther d1rect]y or
tnrcugh a transformer coubling. _Convent10na11y, p1ns marked 1 and 12 on

the box were used as ground leads and the remainind ten appropriate]y

d1str1buted amongst the: var1ous cuffs comprising the dev1ce

s Routine measurements of 1mpedances prov1ded a very sensitive

and remarkab]y'effect1ve method of monitoring the behaviour of a nerve

in-a cuff over time. “The electrode fmpedance was‘measured with an

impedance meter (Hew]ett Packard, Mode] 4800A) which injected sinusoida1
currents_be;ween'the,appropr1ate contacts and,d1sp1ayed the vector impedance
va]ues'afcerbaCCOUnting forftne_various parameters; i.e., the voltage
deyé]oped between contacts, the'magnitudegof current injected, and the
geometry of the e]ectrodes. At;the start»of each recdrdjng session,. the
1mpedance df all the leads versus ground was checked at 1 KHz. ThiS' |
he]ped to estab]1sh any ]ack of cont1nu1ty due to wire breakage. Thg
1mpedance of particular e]ectrode conf1gurat1ons (tr1po]ar or b1po]ar)

~as a funct1on of frequency was also measured and the re]evance of this -
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procedure is dealt With later (see Impedances) R
In order to ascerta1n the capab1]1ty of a particular nerve to
conduct impu]ses over t1me, the compound action potent1alsvwerelrecorded‘ '
by.e]ectrically stimd]atﬁng the nerves. For example, the sciatic nerve -
waS-stimu]ated maxiha]ly through‘the eleCtrode contacts indthe cuff— =
baround it and the resUlting COmpound actiod potentiairwas recorded from
the dista]]y 1ocated nerve cutfs (LGS, sura], common peronea] or tibial).
The st1mu1at1ng and record1ng Teads were reversed to back st1mu1ate and .
record the neural potent1a] on the sc1at1c'nerve. _A]] s1gna]s\werea |
obsérved on'a storage osci]]oscope and either photographed‘direct1y or
recorded on an FM tape recorder (Hewlett- Packard Mode] 3960) ~ As the
animals wereﬁallowed to recover from the anaesthes1a, natural st1mu1at1on '
.was app]]ed to the appropriate sensory f1e1d5 for each of the per1phera] |
. nerves and the evoked neura1 act1v1ty recorded O0ff-line process1ng of.
- all data was done using a preprogrammed Digital Equ1pment Lab- 8 computer
(ii) Vo]untary or Behav1oura] Act1v1ty .

Cats whose nerves showed prom1s1ng s1gns of y1e1d1n%?behavioura]
‘data were subJected to a fa1r1y 1ntens1ve period of tra1n1ng in treadm1]]
. walking. Naive cats were induced to 'walk on a motor-dr1ven treadm1]] for
a food reward. Usua]ly the cats became adept at vo]untary locomotion
afteﬁ,half a dozen trial sessions; but in cases where initiatire was B
iacktng,'reinforcement_to the food reward“was provided in'the forﬁ of an
air stream to the rear of the animals. ' |

After the”training was'complete, the free]y-wa]king cats were

recorded from periodically. The Biosnap was interfaced with the recording
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«equ1pment via a “flexible cab]e running through a harness attachment ‘ P
' Th1s type of an. arrangement perm1tted cons1derab1e freedom of movement
.for the cats and at the same time guarded aga1nst undue strain be1ng
_ app11ed to the B1osnap | Fig. 5 111ustrates the record1ng set -up used
.dWe recorded the neura] activ1ty from each of: the cuffs us1ng the
_sappropr1ate transformers, amp11f1cat1on and. f11ter1ng (300 10 KHz
frequency cuts) Concurrent1y, EMG- act1v1ty from the tr1ceps surae
(ankle extensors) or anterior tibialis (ank]e f]exor) was monitored by
recording e1ther d1fferent1a]1y outs1de the cuff or w1th a separate ‘
_‘EMG'probe'(see F1g 1) on. the musc]e of 1nterest
| A max1mum of four channe]s was ava11ab1e to accept 1nput from
the var1ous e]ectrode conf1gurat1ons wh1ch cou]d be cross- connected on
; the front pane] of the sw1tch1ng box : Grass P 158° A. C. preamp11f1ers were
| used to ampllfy the neura1 s1gna]s by a factor of 1000 and the 1arger '
- EMG potent1a1s by 100. The output of the four d1fferent1a1 amp11f1ers
was d1sp1a"ed on ‘an osc1lloscope (Tektron1x, Mode] 5403) and recorded 1n i'
paral]e] channels on an FM tape recorder (set at max1mum ga1n of about 6).
yThe output of the tape recorder was checked from t1me to time. to prevent/;/ff<:j>
saturat1on at high gains. Vo1ce commentary was 1nterJected 1nto the o o
.'vrecords to fac111tate the eventual retr1eva{ of 1nformat1on
| Dur1ng the recording sess1ons no spec1a1 precaut1ons were
' taken to shield elther the motor of the treadm1]1 or other: sources of
'1nterference in the env1ronment (1 e., f]uorescent 11ghts ma1ns cords,
letc ). 60 Hz 1nterference from the power out]ets somet1mes contam1nated

our records, but. proper groundlng usually rectified the s1tuat1on
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C. AMPLIFICATION AND FILTERING

(i) Transformers

_ The high gaxn transformers (Hammond 585D and 585F) used in ”

the present experfgentaT study have severa] 1mportant funct1ons Mostj
| . phys1oTog1caT amp11€\ers have high 1nput 1mpedance (> 10 M) and approach .
‘the m1n1mum no1se TeveT theoret1ca11y poss1b]e (the so- cal]ed Johnson or )
Thermal no1se) Wlth a high jmpedance source. However, these preamp11f1ers
gre not optimiZed for Tom impedance.50urces such as neural.s1gnals.‘e By
us1ng a transformer w1th a Tow 1mpedance pr1mary and a high 1mpedance
| secondary, the 1mpedance can be matched to that wh1ch the preamplifier
hand]es best Prev1ousTy (Buchtha] & Rosenfa]ck 1966; Ste1n et al.
19?5) it was argued that. the Johnson n01se Teve] increases onTy as the

_square root of the source impedance, so an 1ncrease in signal- -to-noise

| ratio equa] to the square root of turns ratio 1s poss1b1e : Recent]y it
E was po1nted out (R. Scott, persona] commun1cat1on) and: conf1rmed
1ndependent]y by myse]f that a transformer changes voTtage by a factor
equal to the turns rat1o and 1mpedance by a factor of turns rat1o squared
Therefore the- source s1gna1 -to- no1se rat1o cannot be 1mproved by adding
a transformer, and the fact that we do- observe an enhanced s1gnaT -to- no1se

%
rat1o must be attr1butab]e to the part1cu]ar 10w noise characteristics of

Athe amp]1f1ers used.

The transformers also prov1de some extreme]y usefu] filtering.
| character1st1cs Th1s statement requ1res some expTanat1on s1nce normally
:preamp11f1ers are desagned to operate with a. w1de range of frequency culs

:and h1gh 1nput 1mpedance S0 as: to distort the b1oTog1caT s1gna] ‘as T1ttTe :

as poss1b1e.}_The 1nput,stage 1s_often d1rect]y coup]ed to the preparat1on,



23

" since capacitatfvehcoup]ing-couid be detrimental»to.the common-mode
reJect1on of the preamp11f1er and: may increase the no1se level. Fthering
is done at a 1ater 1ess sensitive po1nt in the c1rcu1t However, with
direct_coup1ing,'transients_can cause blocking of the preamplifier for

a period'of'time and jow—frequency movement artefacts dre a]sO'troub1e4
some. The filtering aspect of'the transformer can help alleviate these

' d1ff1cu1t1es w1th ]ow frequency components o . |

F1g 6 shows the impedance of t;o1cal cuff e]ectrodes 1 month
vafter impTantat1on There is 'a fairly constant res1stance at h1gh
frequenc1es which 1s ma1n]y due to the resistance of f1u1d f1111no the

cuffs and theJr f1bers " The. res1stance of a cy11nder of sa]1ne of

resistivity p, length 7, and d1ameter d is (Mannard et al. 197@)-
R = —Eg ' IR a B | Eqn- 2.1

-The sciatic andilatera1 gastrocnemius-so1eus (LGS)‘nerve cuffs shown in
1F1g 6 had ]engths 1= 2. 0 cm and 1 2 cms and d1ameters d 0.34 cm and
0.15 cm respect1ve1y : If the effect1ve res1st1v1ty were p- = 200.Q-cm |
"(Ruch & Patton, 1965), one’ woqu expect res1stances of about R=1.1Kn
-and 3.5 Ke from Eaqn. 2. 1, in reasonab]e agreement w1th the observed values.
B . The séeming]y higherhvalues in Fig. 6 may be explained by the 1ncreased.-
effectiVe resistivify due to the pro]iferation.of connective'ttssue into
"1the extracellulah'space., At low to intermediatevfrequencies the-impedancel
uaries inverse1y with frequency . This is due to the Capacitance'of the
e]ectrodeasa1ine interface (Rob1nson, 1968 Po]]ak 1974c)and is dealt.

with later under Impedances



24

100, , .
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Fig. 6. MagnTtude of 1mpedances as-a funct1on of frequency measured

for two different cuffs: one around the whole sciatic nerve g

“and a second ‘around ‘the branch to lateral gastrocnemius and.
soleus -muscles. Also shown are the impedances of two trans—
“formers (Hammond 585D and 585F) which were tested in the.

. Circuit shown in Fig.. 2 for use with these cuffs. . The ratio
~of turns on the secondary to that of the primary is 25.2 -
for the 5850 transformer and 12.6 for the 585F transformer
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Finally, Fig. 6.shews the impedance of two transformers as a
function of frequency. Note that the impedances are highest"at frequencies
Jjust above 1 KHz, whereas at low frequencies the impedances arewﬁnmh lower
than that.of electrodes. Since tbe capacitance of;the electrdde and the

"transformer are effectjvely in series, only a sma]lcfraction of the nerve
vo1tage.wi1} be dropped across the transformers at’]qurequencigf. This
wi]] not be‘true at‘frequencies'where the impedance is higher, o the .
transformer serves as-a band -pass filter. This is shown quant1tat1ve1y :
in F1g 7 by plotting the total am$]1f1cat1on of the e]ectrodes plus
‘transformer as a function of frequency. Thevresponse is best at frequencies
near 1 KHz, which is.well With%n the neural domain and ]ow-freauency
signals sucn'as 60 Hz interference,vmovement'artefacts and‘components
of EMG are,Streng1y rejeeted.~ B o - .
| ‘ The freduencyjresponse curve wasedetermined by sfimu]ating
through one‘cuff (e.qg., LGS5_and recording tne evoked potential in a
secbnd cuff‘(e.g.; sciatic). The responses were averaged and the fast
Four1er transforms were. used to determ1ne the magn1tude of components
at each frequency 1) when the‘electrode was d1rect]yvconnected to the
preamp11f1er,'and:2) when a transformer was inserted in between the_twq :
as shown 1in Fig 2. The ratio of the magn1tude of the components
~ recorded with and without various transformers as a funct1on of frequency
was determined and 1s‘shown‘1n Fig. 7. Th1s ratio is a’ measure of the
/‘extent'to which a givenafrequency component . of a signal will bé amplified
(ratiq > 1) or attenuated"(ratio < 1). '

From F1g 7 it is ev1dent that the transformers behave d1fferent]y

w1th the two nerves For a nerve w1th an 1mpedance as high-as that of the
{
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Amplification of‘neura1'§ighals‘(0 and 0) and noise -

- (interrupted -lines) by two transformers (Hammond 585D and

~

585F). The: data points for each transformer have been e
~ fitted by eye with a smooth curve for clarity. The vertical

Tines connecting the signal level to the noise level indicate

the improvement in the signal-to-noise ratio at one frequency.

As discussed in the text, transformer F was more suitable for

- use with the lateral gastrocnemius-soleus nerve, while trans-

former D was better with the sciatic .cuff. /

t
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Sl il
]atera% gastrocnemius—soleus;?there is 1itt1e‘difference in the'amplifij
cation of the s1gna1 by the lyg transformers, but the noise level is
substantially greater with the D variety. Thus, transformer F prOV1des
the best signal-to- no1se rat1o and the s1gna1 to- no1se rat1o is substan-
't1a11y 1mproved on by th1s transformer 1n the range 100 4000 Hz However,
‘w1th a 1arger nerve such as the sc1at1c, and hence a 1ower 1mpedance,
'transformer D provades a greater amp]1f1cat1on of the neura] components
and better reJect1on of 1ower frequency signals- such as the EMG Thus,
transformer D 1s preferab]e for. use w1th the sc1at1c nerve. It is c]ear, -
therefore, that in order to opt1mlze the transm1ss1on of des1red s1gnals |
and reJect unwanted frequency components,‘one has ta carefu]]y match the
record1ng apparatus to a g1ven nerve. ThIS can be. part1cu1ar1y usefu] |
'1f a method or a model is ava11ab1e to g1ve the pert1nent 1nformat10n f_
?prIOP to the 1mp1antat1on of a dev1ce | ‘

‘ ‘ Equ1va1ent circuits have been der1ved for the sma]] s1gna1
impedance of meta] b1oe1ectrodes (Po]]ak 19744; Rob1nson, 1968) : Us1ng
the pert1nent data from Fig. 6, the 1mpedance character1st1cs of the
cuff electrode t1ssue 1nterface have been mode]]ed us1ng a s1mp1e RC
network The 1mpedance frequency responses of transformers (F1g 6)
~ have s1m11ar1y been mode]led us1ng an RLC para]]e] resonant c1rcu1t

b.(Sk1111ng, 1957 D1efenderfer, 1972) | The overa]] 1mpedance of theicuff

_electrode and the transformer 1s therefore a resu]t of the comb1ned act1on -

ﬁ{ of the equlva]ent network e]ements Us1ng both current and voltage
'sources, the 1mpedance.frequency character15t1cs of the who]e system have
'_been ana]yzed and’s1mu1ated The use of a current source. in the ana]ys1s

is: much more va]1d 1n that 1t approxlmates more c]oseTy the physﬁo]og1ca]

BN
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behaviour of a nerve. as a current‘rather than as a vo)tage source. The
mathemat1ca] basis for the ana]ysms is outlined in Appendix 1. The:
response of the mode] network, in terms of amplifying or attenuatlng
s1gna1s of different frequenc1es, is str1k1ngly s1m11ar to that obtained
_ under exper1menta] cond1t1ons ‘Fig. 8 shows the- predicted response of

a mode] network construoted frOm the parameters of a tibial nerve cuff.

"~ and transformer F It a]so d1sp1ays the behav1our of a cuff- electrode—
transformer F comb1nat1on 6 weeks after 1mp]antat1on The process by
:wh1ch the exper1menta1 response was arr1ved at has already been descr1bed
ear11er for the sc1at1c and ]atera] gastrocnem1us so]eus nerves. Ihe
lbremarkab]e agreement between the theoret1ca] and the exper1menta1.curves,'
ipart1cu1ar]y 1n the frequency doma1n of neural s1gna]s, under11nes the n

‘arusefulness of mode1s 1s ascerta1n1ng the opt1mum transm1551on of the

-desired. s1gna1s v1a appropr1ate cuff transformer comb1nat1ons

s 5,

(i) Impeoance Measurements

, The re1evance and 1mportance of rout1ne 1mpedance measurements
215 fa1r1y obv10us from the prev1ous sectlons of thlS Chapter In the

s p1oneer1ng stages of th1s prOJect, s11ver (Agk{w1res were: used in. the ;";'
‘construct10n of ‘the cuff e]ectrodes HOwever, after a month or<two .
¢ of 1mp1antat1on, the s11ver e]ectrodes became quxte br1ttle and often‘f;f
fractured dur1ng the c0urse of post-mortemrexam1nat1on In aT] 7 out of :
25 chron1ca]]y 1mp]anted cuff e]ectrodes were removed due to s11ver Tead, |

_ breakage. To make the deV1ces more robust 1n character p]at1num 1r1d1um

_‘(Pt—lr) was used in a11 subsequent cuffs and the use of s11ver d1sdbnt1nued?

-

~except for acute exper1ments;
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a cuff around. the ‘tibial nerve. The theoret1ca11y predicted
values- (4) were arrived at using the impedance specifications
of the cuff-transformer comb1nat1on (see Appendix 1) and the -
analysis was carried out before the implantation of the cuff

“-around the nerve The;exper1menta1 values (0)- fitted with a

solid'-line were obtdiried in the <ame. manner as those for
Fig.-7 (see text). Note the close agreement _between the
_preoperative theoretical pred1ct1on and the exper1menta] data
of 6 weeks, post- implantatjon 1n the frequency reg1on of

interest (100 Hz - 1000 KHz)

1L & v o 0 Expenmemol volues
A Theorehcolpredxtﬂon
03
Oe_lv' L ' "’.*'L_ - _ J L :T Ju ST
10 oo IQO,{ ' o 5000  "‘* 5000
T | Frequency (Hz) . ST
vAmp11f1cat1on of neura] s1gna]s u51ng a 585F transformer w1th

S
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In making the transition from silver to platinum-iridium,

severa]‘djffereneesvwere observed in 1mpedance<thanges-of electrodes
over time ‘Since these.changes are eventua]]y ref]ected in the
'qua11ty of the s1gnals obta1ned, it is worth try1ng to understand the
‘phys1ca1 bas1s under1y1ng them 1n other than pure]y emp1r1ca1 terms.
F1g 9- shows the impedance of silver and p]at1num 1r1d1um wires 3-4
weeks after being implanted in a cuff around the sc1at1c nerve. The"
v1nterna1 diameter of both cuffs was 3 4 mm and the- d1stahce between.v
rthe e]ectrodes was 3 cm. Record1ngs were made between the centra]

’e]ectrode and the two shorted end e]ectrodes, as descr1bed prev1ous]y

'(see Recording Methods) A]so shown is the 1mpedance of the RC

‘-‘:c1rcu1t given by the solid 11nes in the.inset. Thi's is the simp]est

circuit which can approx1mate the behav1our of the cuff and e1ectrodes
The agreement between the pred1ct10ns and exper1menta] data
in F1g 9 is by no means perfect. Cons1stent dev1at1ons were observed ~

“at both Tow and h1gh frequenc1es, and the reason for these will be

‘u,cons1dered 1ater-1n th1s sectlon prever for the moment, it will be

usefu1 to cons1der the phys1ca] basis of th1s s1mp1e mode] The
e]ectrode f1u1d or e]ectrode tissue 1nterface forms a. doub]e 1ayer
wh1ch acts as a capac1tat1ve barr1er to current f]ow Th1s»capac1tor_
C'»1s part1cu1ar]y 1mportant at Tow frequenc1es | | |

v ’ The resistance R in the c1rcu1t is that of . the tlssue and
fluid f1111ng the cuff and it is across th1s reswstance that the neura]
currents deve]op the vo]tage wh1ch is represented as 1nput to the
recording e]ectrodes; The resistance w111 be part1cu]ar1y 1mportant

.at high'frequenoies, and 1ndeed gne can ca]cu]atexthe effective resistivity
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Magnitude,and phase of the impedance recorded from Ag (+)
and Pt-1r electrodes (0) several weeks after being

-implanted in a cat. The solid lines in the plot are

predictions from a simple RC circuit shown in the inset
with R = 2.2 Ko and ¢ = 0.51 uf. Note that the experi-

‘mental points deviate somewhat from the predictions.

The interpretation of these data, the RC circuit and the
extra elements ‘R' and (' are contained in the section -
on Impedances. - .

R
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of the tissue, assuming it is the sole contributing factor to the high-
frequency impedance. As mentioned earlier (under Transformers), one_ can
obtain the expected 1mpedance us1ng Egqn. 2.1, or alternatively, knowing

resistance R the equat1on 2.1 can be 1nverted to g1ve the apparent

resistivity .
b = md2R/1 o | | Eqn. 2.2

where 4 = diameter of the cuff and l = Tenéth‘of the cuff. .If_thesey
dimensions are given in cm and the resistance»in Q,,the'dimensidns of
the resistivity will be given jn Q-cn. Fig. 10 shows the impedance of
‘cuffs around variouS nerves as a functfon of time after imp]antation‘at
a low frequency (10 Hz) and a relatively high'frequency (1000 Hz).

Note that the values after 1mp1antat1on were consuderab]y h1gher than

- the control va]ues measured 1n sa11ne (S) before 1mp]antat1on The_
-.apparent resistivity‘ca]cu]ated}from %qn. 2.2 indicates that'the-
resistivity jncreased fromﬂabont 80 q-cm in saline to é]ight]y more than
" double that va]ue'in the hody of .the animat This is because df the

greater 1mpedance of the t1ssue and to a 1esser extent the m

sea11ng‘of the cuff dur1ng 1mp]antat1on The effect1ve res1st195ty
cont1nued to increase for a few weeks after 1mplantat1on to values of
200- 2@0 Q-cm us1ng either silver or p]at1num iridium e]ectrodes This
jncrease is presumably due to the rep]acement of the fluid-within the .
cuff by.connective tissue, rather than to any electrode properties;
There were also changes in the low-frequency 1mpedance over

time wh1ch are shown n1‘§ueupper part of F1g 10. These did vary
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Fig. 10. Magnitude of the impedance for electrodes at'a low frequency .
‘ (10 Hz) and a relatively high frequency (1000 Hz) as a
. function of time after implanting the devices. The 1mpedance .
of some e]ectrodes was measured prior to implantation in
physiological saline (s) at 1000 Hz. The impedances were
measured between an electrode in the center of the cuff .and
the electrodes at the two ends of the cuff. The metals and
nerves used were: M Ag, tibial nerve; @ Ag, sciatic nerve;
A Ag, lateral gastrocnemius-soleus nerve; 0 and A Pt-Ir,
scjatic nerves. The .impedance of all 1eads tended to increase
at high frequencies due to growth of connective tissue into :
" the cuff. At low frequenciesgthe two metals behaved
differently. Further discussion in the text under Impedances

v
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between the two types of electrodes used and thus showed dependency

- on e]ectrode propert]es, The 1mpedance f the silver e]ectrodes ’
“remained constant or increased with time,‘perhaps due to the fOrmation.
of a thicker silver-silver chloride layer nith‘tine,.-A‘thicker'1ayen‘
would increase the_ihpedance bybdecreasing the.capecitance (end

- increasing the'resistance)j
. 1
Zc,(capacttat1ve jmpedance) = Ful | ,'Eqn. 2.3.

The impedance of the p1attndm iridium e]ectrodee decreased eboot 25%

slowly over a coup]e of nonths and then stab111zed 'The cause of this.
decline 1is open to quest1on, but cou]d be due to the 1n1t1a1]y smooth
| surface of the e]ectrode becoming roughened,or p]at1n1zed.

| » Although the modellin Fig. 9 serves to explain the_basic‘

princio1es underlying the observed impedance changes and is uéetu] in
desxgn1ng devices for chronic use, certa1n dev1at1ons from the actual
behav1our of e]ectrodes were cons1stent1y in ev1dence The circuit
d1agram of Fig. 9 assumes that the e]ectrode can be considered‘as e
res1stance due to the f1u1d and “tissue f1]11hg the cuff and a capac1--
tance due to the double layer which forms at the e]ectrode f]u1d or
_ e]ectrode—t1ssoe 1nterface., This doub]e 1ayer has been extens1ve1y,
studted by physical chemists (See for examp]e Bockhts and Reddy,'1970).
If the e]eCtrode is non-po]arizah]e (e,g.,_it the';i]ver~wires Qere ‘A
ch1o;ided to provide a good Ag-AgCi surfaoe), then the resistence R'=v.
‘ shown by the dotted 11nes in Fig. 9 wou]d have to be cons1dered It

would 11m1t the 1mpedance to some f1n1te va]ue at low frequencies. An
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'unch1orided"si1vér wire or’a p]atinumeiriddun wire isva”po]arjiab]er_
electrode which does not pass~DC‘currentse(i[e., its impedance : |
'approaChes”Q'near~0 Hz). Over the frequency range of interest:to'us
'(10 10,000 Hz), we rare]y saw any ev1dence of the res1stor R’ shown by
.the dotted line, and 1t will therefore be 1gnored

* The vo]tage deve]oped w11] therefore be connected to the
'recordjng equtpment;capac1tat1ve1y There will a]so be some stray
capacity C"between.the 1eads‘and ground (the shie]d on the cable to
'the recordfng equipment‘Wastgenerally connected to)Qr0und). This stray
capaCitj.wi11 produce a decrease in ﬁmpedance and a loss of signal
amp1itude at suff1c1ent1y h1gh frequenc1es There waS usua11y sOmeA“
1nd1cat1on of a downward trend in 1mpedance near 10 KHz attr1butab]e N
to th1s stray capac1ty, but its effect was sma]], as can be observed B
from Fig. 9. | | | |
, Some other deviatione from the mode1 circuit were coneistént1y |
obeerved . F1rst1y, rather than approach1ng'a phase lag of 90° at 1ow
‘frequenc1es, as expected for a simple capac1tor, the phase lags approached
70° in Fig. 9 and 80° in other 1nstances Cons1stent»w1th-th1s was the
fact that the s]ope of the ga1n curve was less than 1 (i.e., the 1mpedance
.decreases as a fract1ona1 power of frequency) ‘In Fig. 6 the»slope is
about 0.85 and in most other cases ranged‘from 0. 75 to O 85. This N
d1screpancy haS'been noted prev1ous]y (Rob1nson, 1968 Po11ak, 1974c)
~and has been d1scussed’1n terms of the phys1ca1 chem1stry of the
| e]ectrode f1u1d 1nterface Nonethe1ess,vthe 1ow- frequency 1mpedance :
with time (Flg 10) ref]ected changes 1n e]ectrode propert1es Second]y,_

vthe phase- at h1gh frequenc1es d}d not approach 0 as from the mode], and.



Athe magn1tude of the 1mpedance was not constant at h1gh frequenc1es
Part of this dev1at1on may be due to stray capacity, as 1nd1cated above,
but some 1s a]so attr1butab1e to the propert1es of the d1ffus1on 1ayer

outSTde the e]ectrode,(Po]]ak,‘1974b). Th effect of th1s 1ayer is to

' "-produce'the so-called Warburg impedance h1ch decreases w1th frequency

,accord1ng to a square root re1at1on (a s] e of -3 on a 1og-]og p]ot
_such as Fig. 9). The dependence of 1mpedance on frequency was never |
‘this steep at high frequenc1es Thus,ve1ectrode pr0pert1es may add ‘
dsomewhat to the impedance and'stray capacity may detract from it at -
»;h1gh frequenc1es, but the maJor contr1butor to the 1mpedance at h]gh
frequenc1es was' due to. the f1u1d and t1ssue f1111ng the cuff Th1s f
conc]us1on was strengthened by ca]cu]at1ng the effect1ve res1st1v1ty of._'
 the f1u1d or t1ssue f1111ng ‘the cuff, assum1ng th1L“res1st1v1ty.was the .f‘f
sole contr1butor to the 1mpedance at hlgh frequenc1es fhe7ca1cu1ated

ya]ues (150 250 Q cm) agreed w1th prev1ous 1ndependent measurements

B (Tasak1, 1964 Ruch and Patton, 1965)

" D. CHARACTERISTICS OF RECORDED NEURAL ACTIVITY

(i) _Compound Act1on~Potent1a]s> : Their Form, Amp11tude and T1me Course
| when a ]ength of nerve is p1cked out of sa11ne and 1nsu1ated

from the body f1u1ds e1ther in a. m1nera1 bath or a cuff the form and

amp11tude of the action potent1a1 reg1stered w111 be dependent upon the ‘

placement of - e1ectrodes (Ste1n and Pearson, 1971) A\tr1phas1c act1on

upotent1a] w111 be recorded 1f the tr1po1ar conf1gurat1on shown 1n Fig MZF‘

(see Introduct1on) is used Mathemat1ca11y, what ‘is recorded in such a

,s1tuat1on is the second d1fference between the vo]tage of the centra]
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e]éctrode and the vo]tage at the two ends of the restricted extrace]]u]arv
space. If the restr1ct1on is cy11ndr1cal in nature and the e1ectrode is
p]aced at the geometr1ca1 center of the cylinder or tube, then the

A ,vo1tage recorded will be (Ste]n and Pearson, 1971, Eqn. 14)

- 'V(t), = c{‘/szA(t + At) - Vm(t) + gvm(t - at)}  Egn. 2.4
: where. V re:resents the 1ntrace]1u1ar potent1a1 in a ngrve fiber,
| Z/2v, ‘7 is the length of nerve in the restr1cted extrace]]u]ar
space and-v 1is the conduct10n velocity of the nerve fiber. The form
of the 1ntrace11u1ar potent1a1 and the constant ¢ can be determwned by
‘c1ass1ca1 monophasic record1ng methods. ,‘ ’

| Monophas1c compound action. potent1a1s may be recorded from -a
severed nerve by p]ac1ng one e]ectrode near . the ‘cut end and 1ocat1ng the
nother appropr1ate1y on the intact port1on of the nerve S1m11ar1y,
'_b1phas1c record1ngs can be recorded from cut or intact nerves by placing
two funct1ona] e]ectrodes on the normal]y conductlng nerve. | A]though
there are dec1ded advantages.of record1ng monophas1c and biphasic
.‘potent1a]s and these will be discussed 1ater (Chapter 3), neither of
-these could match the performance of a ba]anced tripolar configuration

'1n reJect1ng EMG. So for the present ca%e of intact nerves, on]y the ‘

tr1phas1c act1on potent1a1s were recorded and . mon1tored over varying

/

per1ods of t1me
The dependence of amp]1tude on the cuff length has been
'descrfbed e]sewhere.(Ste1n et al., 1975, 1976 ‘Hoffer, 1975) and w11]

only be mentioned,briefly_here. Triphasic potentials increase in -



amplitude as the square of the inter—e]ectrode spacings and eventually
-approach a predicted value nearly 1. 5 times the potent1a1 of a mono-
phasic s1gna1 (Stein and Pearson, 1971?.‘ Genera]]y, at cuff ]engths of
3 cm.or SO, the'amplitude-saturates and increases‘in Tength beyond-this
value- do not improve the_Signa1 ]evejs marked]y., The frequency spectrum .
of such signals ‘is anhimportant factor-in chogsing the appropriate cuff
1ength.: For example, the peak frequency of a neural signal wi]]-depend o
on the'1ength«of the cuff’over which the potential is deveioped. A
neural waveform? with peak-to-peak duration of tp'msec,-may be.expected

to have a peak frequency'component . (in KHz) of

P o Eno2s

The waueform is re1a ively independent of cuff 1ength*over small values '
but begins to spr d out markedly over 1onger lengths. Thfs will inJ v
~ turn 1ead to 1pwer frequency components of neura] signals and hence
render. them more difficult to d1st1ngu1sh or separate from the EMG.
»dIt is clear, therefore, that in order to opt1m1ze the neural |
records, a number of different: factors have to be cons1dered and
weighted. appropr1ate1y | |

The stability of the neural s1gnals over time was stud1ed by
_the methods already descr1bed whereby a stimulus was app11ed through one
cuff and the. evoked compound action potent1a] recorded triphasically"
through another cuff. Fig. 11 shows the record1ngs, under anaesthes1a,

- over a period of 6 months Measurements were made from the sura] nerve

cuff while st1mu1at1ng the sc1at1c nerve to produce a max1ma1 compound

~
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.~ Fig. 11. Peak-to-peak amplitude and latency to first peak recorded in a
o cuff around the sural nerve (when stimulating the. sciatic:

nerve) and in a cuff around the sciatic nerve (when stimulating
the sural nerve) over -a period of 6 months after implantation.
The horizontal lines represent the mean values over the period
of time indicated. No significant trends are observed. Due
_to the sural amplitude being smaller than expected; a second

- operation was performed at 100 days. Connective tissue had
grown into the slit along the cuff. This tissue was removed
and the cuff sealed more effectively. The amplitudes chorded
more than doubled following this. ' B



+action potentiel.‘,The sciatic nerve was then recorded from by back-
stimufating through the sural nerve. Straight lines in Fig. 11 give
the mean Qalues over the periods indicated. Due to an unexpectedly Tow
amplitude of its compound‘action patential, a second operdtion Wés |
cperformed to expose the.sura] nerve' The slit along the cuff nas fOundo
to have been 1neffect1ve1y sealed during the or1g1na] 1mp]ant and the o
connectlve t1ssue had 1nvaded the cuff. After better sea]1ng dur1ng
the second operation the amp]1tude 1ncreased almost two-fold while no ,;
effects was observed on conductlon ve10c1ty or amp11tudes recorded at
‘the sciatic.cuff. Neurelpotentia1s up to several mV were recorded:from_
Tonger lengths.of nerve and.these remained stable'for'varyﬁng periods‘oft
‘tdme Tab]e 1 summarizes the Tength of - 1mp1antat1on for a number of _'"‘ -

cuffs together w1th ‘the reasons for the term1nat1on of these exper1ments._

involving 1ntact nerves.

(i), ReJect1on of EMG
o The bas1c pr1nc1p1es under]y1ng the reJect1on of EMG have.
a]ready been 0ut11ned (see Introduction) and w111 now be d1scussed 1n
11ght of exper1menta] f1nd1ngs When a potent1a1 is recorded at the
‘ center of a cuff w1th respect to an- e]ectrode 1mmed1ate1y outs1de the dif'
' cuff (P1n 12 or "ground" ]ead) two d1st1nct potent1ahs are‘recognmzed,h
_(F1g.,12A), ,Anvear]y neural peak.is'fo1IOWed:hyya'huCh ierger'.jonger'
duration COﬁpound‘action potentia] Th1s is the EMG p1cked up from the '
musc]e groups in the v1c1n1ty of the cuff and 15 character1zed by 1ts. B
| 1onger 1atency (due to t1me de]ays 1nvo1ved 1n neuromuscu]ar transm1ss1on)

. and durat1on,(from,1ts greater membrane capacttance). If,'however,_twol' v
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';'12;"St1mu1at1ng the sc1at1c nerve produces a compound actJon'
S “potent1a1 in:the tibial: cuff which contains fast, ‘early - -
.- neural potent1a]s andslow, late muscle. potent1als (EMG).
- When record1ng A) ‘between :one ‘electrode within the’ cuff,
- .or B) between two electrodes within’ the cuff the EMG S
" ‘dominates the. recordings, When recording ,".' '
‘”tr1p01ar1y C) bétween a central electrode and two end
- electrodes shorted together, the neural signal. dom1nates.
Better EMG rejection is obtained - if. further Shunting s
1ncorporated D) shows the effect of recording from the -
- center electrode (Pin 8) with two of the adjacent e]ectrodes
- shorted (Pins 6 and 10). - .In add1t10n, if’ the ends are.
- shorted (P1ns 5.and 11), the EMG is further: reduced. Both
~ traces are super1mposed The reasons for- this are d1scussed
t'further Ain the text Record1ng bandw1dth 10 Hz to 10 KHz
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u

‘e]ectrodes on the intact nerve arebrecordedrfrom differentia11};fthe

: neura1+tofEMG ratio is even worse (Fid. 12B).  The fai]dre'of'the |
common—mode rejection technique can bevbest eXp]ained‘by the fact that .
the EMG recorded at the two e]ectrodes is not 1dent1ca1 in form and ¥s
therefore not reJected by: the d1fferentia1 ahp11f1er which relies on

| s fcons1stency in waveform of s1gnals to be rejected.

| The 1mprovement with a tr1po]ar confwgurat1on 1s enormous

- (ng 12C) for reasons a]ready ment1oned vThe 1mportaﬁte of short1ng

nout EMG currents is further under11ned in. F1g 12D, where further ' ' .

- shuntmng is 1ncorporated.across the cuff ends ' P1ns 5 and 11 wh1ch are

. _the end leads for a t1b1a1 nerve cuff .are shorted together,.1n add1t10n

Dto P1ns 6 and 10 that are 1 cm. 1nto the cuff at each end. Pin 8 is o
. . ‘!,‘
"-the central e]ectrode, be1ng 2.5 om. ~away from each of the end leads, 5 4

:3
°Vfand 11 A douh1e short1ng bar type effis; is provwded by this arrangement

F1g 13 111ustr tes the t1me rse of the EMG in severa]

:d1fferent cuffs under tr1p01ar recor ”ff} -snf1gurat1ons. From these

. records 1t s ev1dent that the EMG ~rejedyon worsens with time and in

»s_most cases appegr% to. stab111ze at some p01nt Some of this change in
the pattern of compound EMG potent1a]s can be attr1buted to the variability
_of 1eg pos1t1on dur1ng record1ng and also to the pos1t1on of the nerve

'cuff w1th respect to the d1fferent musc]e groups However, the rise in.

'*Z;.-EMG is: to a conslderab1e degree correlated to the prol1ferat1on of .

E connect1ve tissue wh1ch repJaces the f1u1d 1n ‘the cuff Indeed the -

.f; nerve axons themselves and the t1ssue 1ngrowth could serve as

'.effect1ve channe1s for. pass1ve1y p1p1ng in" the EMG.
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Fig. 13. Peak-to-peak amplitude of EMG recorded over time using
. tripolar -configurations in cuffs around. intact nerves.

. The nerves used were: * X and v, tibial .nerves; 0, sural

- nerve; + andﬁCT,'comenxperoneal nerves; 4, LGS nerve.-
The increase in EMG over time corresponds closely with.
‘the proliferation of connective tissue into the cuff.

- Two. cuffs’ (0 and +) which exhibited unusually large -

- values of EMG were folnd to-be improperly sealed.
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E. EVOKED SENSORY AND VOLUNTARY NERVE ACTIVITY o N

,.u‘ t‘

The data gathered during treadmill Tocomot1on and by naturaT
st1mu1at1on under anaesthes1a wasdtreated and anaTyzed dn an 1dent1ca]
T«manner In add1t10n to address1ng 0urse1ves to the centra] probTem of
part1t1on1ng neura] act1v1ty, answers.were sought to a number of spec1f1c
questions reTated to the opt1m1zat1on procedures descr1bed earlier. For
1nstance, the frequency spectrum of these signals was of cons1derab1e -
s.wmportance dn he1p1ng to 1ncorporate appropr1ate f11ter1ng 1nto the |

) ecord1ng set up A1$o of 1nterest was the quest1on of whether corre]—
-ating neura} act1v1ty w1th1n a s1ngTe cuff (with two tr]pOTar conf1gur— "
- ations) y1e1ded any better resu]ts than perform1ng the same operat1on T

B between two.wnd1y1dua1 cuffs.'

(1)1 AnaTys1s of Data

The spectra] ana]ys1s package (French and Honen, 1971; French,
1973) was used to compute the 1nput and output spectra, the cross— '
spectrum and aTso the coherence funct1on for any pair of 1nputs and out-
puts (anaTog or d1g1taT) : ~The prerecorded data was pTeyed back at;"
'appropr1ate speeds, 1nto a D1g1ta] PDP-8 Lab computer ' S1nce the |
computer d1d not accept inputs exceed1ng +1 volt, the two anaTog s1gnaTs o
were often fed through a pair of operat1ona1 amp11f1ers Program AUTO R
" was, used to perform fast Four1er transforms upon ‘the sampTed data - and o
o aTso computed the spectraT est1mates from the Fourwer coeff1c1ents
The spectra of the two’ neura] channe]s and the cross- spectrum were
'_pr1nted and d1sp1ayed in the frequency domain. To obta1n the cross-

-

correTat1on funct1on as a time series, a computer program SAP 3 was
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‘used to carry out'inverse Fourier transforms.
| Fig. 14 shows a, typical power spectrum of the two signals

recorded from. cuff electrodes: on the sc1at1c and the common peroneal
nerves of a cat while it was walking. The neural component of the
signal, characterized by its higher frequency, is dominant on both
channe]s, whereas the 1ow frequency EMG peak is 1dent1f1ab1e on the
sc1at1c trace on]y From such records appropr1ate frequency cuts may
| be determ1ned to eliminate the residual EMG and in . genera] Tow- frequency
cuts of 300- 500 Hz were used 1n the f1]ter1ng stages. |

In cats under anaesthes1a, it was possible to 1so]ate and
_reTiably ident1fy the sensory component of the evoked sensory activity.
deg -15A shows one such cross-correlogram w1th a sensory peak only.
‘Dur1ng s1mp1e behavioural tasks such as treadmll] wa]k1ng, cross-
‘corre]ograms were obtained for- the afferent and efferent contributions.
These cross-corre]ograms (Fig. ISB) were djst1nct and_segregated on
oppOSite sides‘of the time record, allowing a simultaneous study of. the
motor and sensory_components associated with wa]kfng activity.' T, and
Tm‘represent the time=de1ay§.for-the sensory and motor waveforms, which
" were recorded from the two nerve cuffs. V

If; however, the activity recorded from two configurations
1Within the same cuff was cross—corre1ated;‘the noise ]ere] associated
with the records‘has considerably reduced‘(Fig. 15C). Where possible;
therefore, two tripolar configurations%uithin.the same cuff were recorded
’from but the short lengths of thost per1phera1 nerves in the distal hind-
11mb prec1uded this. In fact, the poster1or t1b1a1 nerve was the only

nerve used to date for th1s &ype of- recordlng conf1gurat1on
.ﬂgg. g E




common peroneal. nerve
(input spectrum)

cross spectrum

sciatic nerve
{output spectrum)

-Power spectrum VY Ha)

- . ‘
100 . - T000 5000
Frequency {Hz) '

Power spectra of signals recorded from two cuff e]ectrod§§
_ while a cat was walking on the treadmill. The common

. peroneal signal (input) is almost purely neural but the one
recorded from-sciatic nerve (outputfﬁshows an EMG peak
between 100 Hz and 1000 Hz.  The cross-spectrum indicates
the correlation between the two signals in the frequency
domain. Units for spectrum are in VZ2/Hz. ‘ .
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Cross-correlation between signals recorded from two different
nerves (A.and B) or'two different configurations on the same
nerve (C). Neural activity recorded from a cat under -
anaesthesia shows only a sensory peak (A and C) whereas that
recorded during treadmill walking shows both a motor and a
sensory peak.- The motor and sensory delays between the two
recording contacts are indicated as' 1, and 15, respectively.
Note the difference in noise level between A and”C (for

The nerves in A are sciatic and tibial;
in B common peroneal and sciatic; and,in C the tibial nerve.

i 5



48

[
N

In ordér to follow the dynamic rgspdnse of each groUp'of nerve -
fibers (motor or sensory), an on-iine cross-correlator Wasucbnsffucted.
The details of the infegrated,circuit %ncorporating the Analog Multiplier
are shown in'Aﬁpendix II. The function. of th}s circuit wés to simp]y.

S mu]tiply two analog signé]ﬁ; bé they sine waves from a geheratof or two
'channe]$ of neural attivity. The iésertion.of a digital delay line on
oné of the iﬁputs allows the,multip1ief to be used as a hardwife cross-
correlator. "The schematic in‘?ig. 16 illustrates the analysis for
sensofy'activfty with-the delay line on .the distai/nerve\chahne]. For
motor activity, the digital delay is simply switched’tovfhe'proxima]
cuff or é]ectrode tonfigﬁration. The.torre]éted activity is appropriafe]y
‘amp]ifiéd,_fi]tered and displayed bn a pen récbrder (Hew]ett—Packérd,
\Mode] 7700); ‘Simu1faneously,.the flexor or extensor EMG is filtered
and"disp]ayed-on a ;econd channel of the pen recorder. Any modulation
in the pattern'dr mdtof of‘sensory éctivity.may therefore be correlated

I' . with the‘partiCUTarjEMG bursts’duringv]ocomotion.' | |

/) " The preliminéry tests of the chre]étor were carried out on

:; neural data'optained by ﬁatufa] stimilation of the hindlimb while the‘

| animal was under anaesthesia. The.cross—corre]ated sensbry ner?e‘activ{ty
as a result of differenf stimuli is shown in Fié. 17. A fange‘of delays,
based on the computer cross—corré]ogfam, was used. - From the recofds; it
is evident that different,recéptor groups are_activa%ed dufing thq _ .

_ variety of .natural stimu]i\abp]ied to-the tibial.nérve And its peripherqj
field. This is not altogether SUrpriging since the tibial nerve
comprisgﬁlof a“ijture of muscle and qutaneous afferents as well as joint

receptors. The difference in cbnduction velocity between these axonal
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Schematm for on- hne cross corre]atmn of sensory act1v1ty
A range of t1rne delays is available from the digital delay
Tine (+5 V to =5 V). For cross-correlation 6f motor activity
the delay lTine is inserted on the proximal channe] mstead of

.the distal one as 1nd1cated in th1s Fig.
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- Type of naturgl stimulation o Foot pod stroking Ankie rotation Tendon tap Pinching toes

sensory aélivity '

delay = 0.50 msec

Modulations

in voice record

17. Output of the on-line sensory cross-correlation scheme shown
in Fig. 16. A delay of 0.5 msec is used on the data recorded
from two nerves of an anaesthetized cat in response to a
variety of natural stimuli. Afferents involved in the with-
drawal reflex (pinching toes) and the stretch reflex (tapping
tendon) are selectively act1vated Differant receptors
(joint, cuteanous) are also act1vdted in response to the
appropriate stimuli (ankle rotation, skin stimulation). The
Fig. shows the tape recorded data rep]ayed at .one- quarter

" of the.original speed (15”/sec)
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groups mantfests jtself in the cross—corre1ation record. Although the
techntque showed promising signs of segregating’sensory activity‘during
passive manipu]atdon of the foot, less success was achieved in the
ana1ysisfof the neural activity during Jocomotion. whi1e’th. 18 shows
the capability of distinguishing between-motor and sensory activity; no
further differentiation within each Of'these groups is evident. A
number-of peripheral néfves, inc]uding some of purely musc]e origin.,
were used 1n attempts to- separate the sehsory components. These
endeavours met with- little or no success and were subsequent]y abandoned
It‘1s worth, however, contemplating the reason(s) for this 1ack_of ,
success. | . |
The further part1t1on1ng of sensory act1v1ty by t1me convo]ut1on

. techniques requires that the axona] groups to .be segregated possess
- different conduction ve]oc1t1es _ Th1s is not the case for several
sensory f1ber groups such- as the Ia' s,_Ib s and 8 s, wh1ch all have
'over]app1ng ranges of conduction Ve]oc1t1es To reso]ve such d1fferences f‘
in ve10c1ty requ1res a falr]y 1ong 1ength of nerve over wh1ch to |
corre]ate the act1v1ty In fact our ca]cu]at1ons show that in order to
d1st1ngu1sh between afferent conduct1on ve10c1t1es of 75 m/sec and 55 m/sec
‘(based on data by Boyd and Davey, 1968) requ1res a separat10n of record1ng
~e1ectrodes by 4 4 cm. Even 10nger 1engths of nerve are requ1red for
- fiber groups hav1ng a greater over]ap of conduct1on ve10c1t1es and few,
if any, neryés can meet thhs cr1ter1on, at 1east in the cat. h1nd11mb

‘Attempts to djst1ngutsh the asynchronous motor activity, i.e.,
separate y's from a-Fibers, is a more diffieuTt'proposition dn vjew»of -

‘the fact that the y's are well.into the noise levels of our present
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Exienso.r‘EM G

Sensory cross -
correloted aclivity

I AR

Ssec . .

¢

Fig. 18. On-line cross-correlation of motor and sensory activity
recorded from the tibial nerve of a cat watking on a
treadmill. The sensory peaks serve as.reliable markers
for foot contact with the ground. The close correlation

: of these peaks with the EMG activity.during the stance

f phase supports the fact that the EMG recorded outside the -
cuff is mainly from the ankle extensors. ‘The motor peaks
provide a good method for measuring voluntary activity
(see Chapter 3). No further partitioning of the motor
and sensory components is obvious. 0.5 msec is the motor
and sensory delay; data played back at reduced speed as in

" Fig. 17. : ' -
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recording set-up. It may yet be possible to achieve some of the afore-
mentioned- aims, although perhaps fn a dffferent, more carefully |
controlled preparatﬁon; We have; however, managed to acqujre some
secondary benefits from the methodo]ogy}of cross-éorre]atfbn, and

these are elaborated upon in Chapter 3. .

.
F. A NOTE ON HISTOLOGY

As indiééted'in Table 1, several of thé.cuff.electrodes were
removed in order to make histological observations of the nerves.
Although no gross abnormalities in these nerves were found, there was
~a preferential reduction in the numbers of large diametér fibers
“:  }Stein>ét al., 1976; Hoffer, 1975).‘ This“phenomenon-may have been the
result of compression by‘the cuff and/or the connective tisSue.ingrowth.

It is believed that the largest diameter fibers are the most susceptible.

~ to tbmpressioh»(St}ainband Otson, 1975).
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CHAPTER 3
ON THE FATE OF NEURAL ACTIVITY IN SEVERED PERIPHERAL NERVES
The extension of the methods described in the previous chapter '
© to the study of cut nerves served a duaT_burpose; Firstly, for any |
‘prosthetit applications, it was impbhtanf tolascehtaih‘the feasibility
_ of recording neura]ﬁactiwity from sevehed nerve$ for proTongedh$6riods
of time, as would be the case inian amputee. - The secend‘and perhaps
a mbre hasic purpose was to monitor eTectrophysjologicale any changes
in the state of'peripheraT nerveS'fo]waing akhtomy;
Although the subject of peripheral degeneration and regeneratjon
has been thorough]y-ahd fheqbehtly'reviewed between 1892 and 1975 o
(Ranson, 1906 Guth; 1956 Cragg, 1970; Grafstein, 1975), the fate of
fsevered nerves is st111 controvers1a1 It 1s,,however well known that
' when an axon is cut, the nerve cell body undergoes certa1n profound
E‘aTterat10ns in structure metaboT1sm and phys1o]og1ca1 act1v1ty The, -
'hhtyp1ca1 morpho]og1ca1 changes 1nc1ude swe111ng of the cell body, i
T7m1gratlon of the nucleus from the axon h1110ck to the ceTT marg1n and. .

| ;the d1sappearance of stainable Nissl granules from the cytop]asm 'The

.tempora] Sequency of these so- caT]ed chromatoTyt1c changes is para]TeTed‘

_aby an exhaust1on of the nucTeot1des and prote1ns within the ceT] body
'Some 1nvest1gators (Hyden, 1943; Cragg, 1970) have attempted to eXpTa1n ;;{;
' these b}ochem1ca1 alterations in terms of 1ncreased metabol1sm by the =

,ceTT body to. o?fset axopTasm1c loss from the cut end and to. 1n1t1ate

efforts at regeneratIon byighe axon.
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‘in'texts and review articles (Cajal, 1928; Guth, 1956; Jacobson, 1910)
it is worth rev1ew1ng the labyrinth of conflicting ev1dence on the
functional capab1]1ty of the nerve following axotomy. As early as 18923
Marinesco, 1n'a.path0]ogical examination of ,an amputee's spinal cord,
remarked on the atrophfc condition of the dorsa] root ganglion .cells.
He also commented on the fact that the patho]ogy and dep]et1on of the

‘ ce]]s (to about a th1rd of the values on the contro] side) in’ the
“Tumbo- sacra] reg1on of the cord was by RO mEans restr1cted to the
dorso- 1atera1 group, but a]so extended to the group of cells in the
ventral horn of the aff11cted side. ‘Subsequent observations at the turn
of the century seemed to conf1rm ‘the view as expressed by warr1ngton (1899):
‘"I do not doubt that the react1on of a cell to a ]es1on of its axon is in
part due to the ab011t1on of certain afferent 1mpulses, when however these
are all cut off, we f1nd individual cells are more- severa]y affected and
on fo110w1ng the1r u]tlmate fate many d1sappear " The retrograde |

d,degenerat1on resu1t1ng from the transect1on of - the spinal nerves was -
'extended to. include the ce]]s of C]arke s column and the dorsa] co]umn,j;fr'}

Warr1ngton, 1899) ~ Ranson (1906), in an extensive rev1ew of ear11er ‘

work po1nts out the differences 1n the atrophic nature of the d1fferent :
ce]l groups ngever, all f1bers exper1encnng the degenerat1ve changes
were reduced \in d1ameter and many ]ost their mye11n sheaths. In his own

o “e%per1ments, he carefu]]y enumerated the spina] gang]1on cells rema1n1ng

”&as a resu1t of cutt]ng the second cerv1ca1 nerve of the rat. H1s f1nd1ngs
A “revea]ed that a constant number (about one half) of the ce]ls in the
'correspond1ng gang11on degenerated and d1sappeared whereas the loss of °

cells in the ventra] horn,was quite variable.
b BT » . .
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The Tater stud1es differ in their est1mat\$ of the number of

»ceTTs per1sh1ng after nerve d1v1s1on Cavanaugh (1951) reported a Toss{r

 of SQ/ in the sp1naT gang11a and the Tosses for ceTTs in- the anter1or T

: horn'vary from1754'(Wa son, 1965) to 6% (Barr and Ham1Tton, 1948)
,Craog‘andvThomasA(1961), 1n one of the very- few eTectrophys1oToglcaT

- stddies'on‘the subject;;showed that when the distal end of a nerve is

» avuTsed the conduct1on veToc1ty prox1ma1 to the site of division faTTs

yﬂto 60-709% of ‘the normal within 200- 490 days Concomitant Wwith this is

a reduct1on in totaT f1ber d1ameter Th1s study seems to suggest that

the centraT stump of an .avulsed nerve is st1TT capable of 1mpuTse

;propagat1on a year or so Tater, aTbe]t w1th a reduced conduct1on veToc1ty.

: ,Iﬂ'spite of the conflicting evidence on the extent of nerve

~cell death following axotomy, certain salient features derived from these

earTier‘studieS'are of significanee. e

- 1)' The rate and the extent‘of chromatolytic changes vary

' great]y 1n d1fferent neuronaT groups and also within the same funct1onaT

T_group @

bn2)/ The . 1ntens1ty of the chromatoTyt1c react1dn)var1es

1nverse1y with the d1stance of the S1te of Tes1on from the parent cell

:body.... | |

3) Sensory neUrons'are affected more rapidly and severely

Tthan their motor counterparts | |

| 4)v The recovery of the neuron from chromato]ys1s depends upon

~ the sever1ty of the 1n3ury and a]so upon the reunion of the cehtraT and

d1staT-stumps of the severed nerve. The Tater po1nt appears to be

-'content1ous amongst the various 1nvest1gators
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The question that remains unanswered is, cen seyered nerves
cantinue to generate action potentia]s in. the ebsence ofvfunctjonal‘z'
connectivity to an end organ? C]inica]’ekperiénce indicates thot‘,l
afferent fibers remain‘viéble for pro]onged periods of‘time and cen
produce painfu1‘neuromas. ‘Also krown is the fact that serered nerves

-can be surgica]]y.reSUtured to restore some motor functi SRR that

‘this type of an operation is feasible for .a year or mo
injury. Recently, Deluca and Gilmore (1976jwc1ain to have recorded
voluntary neura].signa1s from severedinerves of rabbitslfor over 3‘Weeks.n
In addition; they were able to record evoked compound action potentials
from such nerves for some months. However, no 1nd1cat1on is g1ven of '
the changes in amp11tude of these s1gna1s over t1me, nor is there a
reference to any d1screpanc1es that may ex1st between the.patterns of
vo]untary and evoked nerve act1v1ty |

| Us1ng the opt1ma1 recording methods described.previousiy,gWe_
have attempted'to shed some.Tight‘ondthese hitherto unresolyed questions.
Serered:periphera1‘nerves Werevp]aCed:inba cuff whoseidista] end had been
sea]ed Sequential changes in the state of the nerve f1bers were mon1tored
by . record1ng 1mpedance of the nerve, the compound act1on potent1als and .
voluntary act1v1ty at var1ous d1stances from the sea]ed end of the cuff
~ Although our pr1mary’a1m in sea11no the d1sta1 end of'the»cuffiwas to
tmproVe the EMC_rejection, the ideo of'encasing severed nerve ends 1n
rigid tubes is by no'means'new | Several successfu1 attempts at prevent1ng |
neuroma . format1on using the: encasement method have been reported (Poth and

Fernandez, 1944; Edds,»1945), but the clinicatl value‘of‘such a procedure

is dubious (L. Davis, personal communication). We also studied the
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effects of various cuff sizes on the amp]1tude of neura] s1gna1s in order
. to determ1ne the optimum rat1o between cuff size and the ?@rve d1ameter

“A t1ght f1tt1ng cuff improves the s1gna1 size marked]y and this is
--part1cu1ar1y 1mportant for record1ng smal] amp11tude?;eura1 signals.
However a]]owance has to be made for swelling of the nem~e fo]]ownng
axotomy and the occurrence of a pressure block 1is not uncommon An
k overtly tjght f1tt1ng_cuffs.

| - The recoxding methads used for measuringgthe various parameters

were basica11y the same as those in Chapter 2 .but with some exceptions,

‘particularly in the treatment of_the'data.

A, RECORDING METHODS AND- ANALYSIS OF DATA
'(i) Impedances

Since the measurement of 1mpedances proved to be of cons1derable
.use in mon1tor1ng the state of the 1ntact axon over time, the practice of
measur1ng them regu]ar]y was continued for severed nerves as we]] Of
particular 1mportance was the ‘impedance of each electrode measured with
respect to .an indffferent or ‘a ground electrode on the outside of the
cuff. AThe difference in iffipedance between adjacent electrodes which were
spaced vary1ng d1stances apart (O 6 to 1.2 cm) g%ve the impedédnce of the
bt1ssue and f1u1d filling that space. As well, the 1mpeda ces of various
- conf1gurat1ons used behav1oura1]y mere measured at vargg%s tmmes after
1mp]antat1on 4

" (ii) Evoked Compound Act1on Pd%ent1a]s

If a nerve 1s tied, cut and placed-in a sealed cuff, it is
3
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‘possible to record a c]ass1ca1 monophasie. compound act1on potent1a] when
the nerve is st1mu]ated more proximally (Ste1n and Pearson, 1971) This
was done by us1ng e]ectrodes in one.cuff for st1mu1at1on and recording
d1fferent1a]1y between e]ectrodes in a second cuff One e]ectrode was’
Tocated near the cut sea]ed end and the others were located at varying -

distances away from the Tigature. Monophasic potentials were recorded

regu]ar]y and their amp]1tudes p]otted both as a function of time and of

,d1stance from the sea]ed end.

The compound action potentials recorded monopo]at]y showed &
variable number of peaks in their waveform,'which became quite contaminated

with EMG over time. ,Jhe 1atency measurements from such records were -

’therefore quite unreliable. . Consequent]y, b1phas1c potent1als were

recorded at varying distances from the cut end by-placement of two

! electrodes on the nerve. The biphasic compound action potentials so

_recorded can be up to twice as large as their monopolar counterparts and

merely reflect the difference between two recording sites, each of which -
registers a full monophasic actiOn‘potentia1\(Stein and Pearson,o197l);
Tripolar necordings were also made of the neural compound

action potentials and the associated EMG in order ‘to determine the best

‘configuration fer use in behavioural studies. The_dependence of amplitude on

inter-é]ectrode sbacing_was also of 1nterestvand‘therefore plotted.

Although no recta] probe was -used to monitor the body temperature
of . the anaesthet1zed an1ma1s we did emp]oy a contro]]ed heating pad to
keep the animals warm within a constant temperature range (37°=39°C).

~_ 4

Py

sl
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(iii) VoTuntary Act1v1ty

. K In order to quant1tat1ve1y eva]uate the vo]untary act1v1ty‘q
before and after the nerve was cut the cats were tra1ned to perform a
stereotyped behavioural task. From our exper1ence on “intact nerves,

treadmi]]\wa]king‘proved to be quite a suitable and.reproduc1b1e index

of voluntary activity. "~ The cats were trained.andfrecorded from in{much‘ o

the ' same manner as described in Chapter 2 (see Voluntary Activity; also-

Fig. 5). - The recorded neural activity from the severed nnerve was ,

amplified, fu]] wave rect1f1ed filtered and d1sp1ayed on a pen

§

recorder. A1ternate1y, the vo]untary act1v1ty from two channe]s was

" Cross- corre]ated using a range of motor de1ays “In e1ther case, a

modulation of neura] s1gnals w1th EMG act1v1ty¢(on a para11e1 channel)
was d1sp1ayed The amp11tude of the cross corre]ated motor act1v1ty

during steady stepp1ng Was measured on . severa] occas1ons before and

after cutting the nerve. With appropr1ate gains taken 1nto account, an -

C.(i) Impedances

average va]ue of the neural s1gnals dur1ng ten or more steps was ca]cu—
lated. The voluntary act1v1ty for each occaslon»was-normallzed w1th

respect to tnat obtained immediately prior to tne"nerve being .cut. The

index of.v01untary<actﬁvity-so obtained was then plotted as a function

of time;

B. CHANGES IN THE ELECTRICAL ACTIVITY OF THE NERVES FOLLOWING AXOTOMY

. Shown ﬁnjFigc 19 are the uariations in impedance for electrode

spacings of 1, 2, 3, 4 and 5.cm from‘theesealed end of the cuff. All the

impedance measurements were made at 1 KHz and therefore reflect changes
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Impedance per cm (K 0 /cm)

0 : o . . 1 R
o %0 00 150
Days affer axotomy ~ =~~~ =

. LY ) . . _
Fig. 19. Impedance changes over time at varying distances from the
’ sealed end of a tibial nerve cuff. 1,2, 3, 4 and 5 -
denote the distance in cms of electrode contacts from the
severed end of the nerve. Initial changes are most pro- -
nounced closest-to the sealed end., However, the later
rise in impedances, due to connective tissue ingrowth,
is more evident towards the open end of the cuff. Further -
details of the degenerative and regenerative processes
underlying the changes are discussed in the text., . -



63

in the state of nehronal tissue withinvthe cuff rather than in.any
electrode broperties per se (see Chapter 2, Impedance MeaSUrements);

| The'impedonce in the first cm from the ligature 1nereased
sharply -and reached a peak within 1essfthan,a(week. Furthervfrom the

lTigature the.increase‘was slower and at a distance of 5 cm comparable

dto‘that of intact nerves. The more rapid'increase close to!the-]igéture"

is presumably due to ﬁ%g;swe1]ing of the-nerve.and can be explained by
:»the blockage of axop]asmic transport from‘the cell body. Following this
f,y#itia1 ri~e; the impedance shows a steady'decline over the course of a
neek or’so. This may be dde to the axonal degeneration beck.from the
cdt end. A subsequent rise in impedance, though not QUite as prominent
_as the f1rst one, is observed to take place for a per1od of 7-10 days.
‘This 1ncnease was greatest at a distance of 1 2 cm from the cut end of
the nerve and could represent attempts by f1bers to regenerate through
 the seal. Further increases in 1mpedance were 1nterpreted as be1ng the
resu]t of connective tissue growth into- the cuff. These were fost
prominent towards the open %nd of the cuff. ;However, the now we]j
advanced degeneratfon; particularly at the ddsﬁa]’end of the nerve, -may
é1so be resbonsib]e‘for some of the decreases observed jn the iﬁpedance

measurements.

- (ii) Evoked Neural Activity - , 1y

o Unlike in the 1ntact nerve, the compound action potentla]s
recorded from a cut nerve placed in a sea]ed cuff do change w1th t1me
Marked changes are observed in both the amp11tude and latency of the

potent1als and these are shown in. F1gs 20, 21 and 22. .The parallel

\é



monophasic amplityde in my

©
w

17bioinerye-

0.1

40 80 » 120
Days ofter axotomy

potentials recorded at varying distances (1, 2, 3, 4 and 5
- cms) from the severed end of the nerve, The sciatic nerve
- was stimulated and the_recordings made from the, tibial
nerve cuff, Most dramatic changes take Place closest to
the site of axotomy (1-2 cms). The neural signal declined
slowly with a time constant of 1-2 months . See text for
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Sciatic nerve - tripolar amplitude in mV

- Days after ciotomy‘\l

Peak-to-peak amplitudes of compound action potentials recorded
tripolarly from the sciatic nerve when stimulating the tibial
nerve. 0 and 4 represent the sites of stimulation 1 and 4 cms
respect1ve1y from the sealed end of the tibial cuff. The
decline in amplitude is the result of gthe th1nn1ng of axons
along the entire length of the nerve.
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- Fig. 22. Changes in-latency to the first péak of bipolarly recorded
compound action potentials at various distances from the
sealed end of the cuff (as in Fig. 20). The thinning of
axons and slowing of conduction account for the steady
decline in latencies over time that is observed at all-
‘five points a]ong the tibial nerve.
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between the time-course of these parameters and impedances (Fig. 19) is

" striking. |

As 1is shown_in Fig. 20, the most dramatic changes take place
-c1ose to‘fhe cut end. If the sciatic Qerve is stimulated, the action
potentials recorded_from the cut tibia1 nerve grow sharply as the cut
end swells. Then the'potentia1s fa]] due to the degeneration7whjch is
taking place. Three cm away from the cut end the increase is less

" marked, but the effects of degeneration.are c]ear]y seen. ‘At 5.cm from -
the sealed end, v1rtua1]yvno change is evident as yet. All the record1ngs
shown were monophasic Qith respect to ‘the cut end. However, if the

| stimulating and recording e]ectrodes are switched, a tr1phas1c potent1a1
can‘be recorded from the sc1at1c nerve wh1]e st1mu1at1ng the t1b1a1
nerye. In this case not much of a change in potentia] is seen over fhe
_'first few days, but-the-Tater.dec1ine is quite clear (Fig.‘21). This 1is
due co fhe fact that in addition to the degenerative changes close to
the end of the nerve, the dia;eter of the fibers»decreaSes along ifs
entire 1engfh fhe decrease ih.amp1ftude and an fncreése 1n'1étency
measurements d1d in fact reflect th1s change (Figs. 20, 21 and 22). The
regenerat1ve phase of the f1bers man1fested 1tse1f by an ‘increase in
amp11tude»of potentials 2-3 weeks after:axotomy. After this period the
compound action potentia]svdéclined s]ow]yVWith e time‘constent of 1-2 .
months. ThevcondUCtidn veJocffy also declined steadily, but more slowly.
These findings wefe inferpretedvto represent a's]ow; continuous decline
in f1ber diameter of axons wh1ch could not find an end organ This
decline was observed to be more rapid in tight fitting cuffs, perhaps

due to a selective effect of compression on the largest fibers (Strain
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and Olson, 1975).
| Two other phenomena associated with latency and form.of the
compound action potent1a]s were evident on a regu]ar basis. .Over the
first. post -operative day the 1atency actua]]y decreased (not shown in
Fig. 22) as the animal recoveéred from the Nembuta1 anaesthes1a The
‘cats. d1d not regu]ate body tzmperature well wh11e anaesthet1zed and
recovery was marked by cons1derab1e sh1ver1ng in order to rega1n normal
\Body temperature The effect of the progressive slowing in conduct1on
and thinningvof axons was to alter the shape of the potentials recorded
‘over time. The compound act1on potential became more dispersed in time,
and deve]oped multiple peaks that were 1n1t1a11y not ev1dent
The dependence of the peak-to-peak amp11tude of the compound
act1on potent1als on spacing between electrodes is shown in Fig/ 23 for l
monophas1c, biphasic and tr1phas1c recordlng conf1gurat1ons ‘The
- f1nd1ngs are cons1stent with thase reported earlier (Stein et al., 1975,
| 1976) tha+ the amp]itude of monophas1c potent1als are quite 1ndependent
‘of inter- e]ectrode spac1ng un]ess the d1stance of the second electrode
from the cut end is sma]] the reason for the reduction at short
' distanCes being due to impaired conduction close to the cut end of the
 nerve. A1so shoWn in Fig '23 is the linear increase in biphasic‘amp1itudes‘
as a funct1on of e]ectrode spacing. The triphaéic amplitudes exhibit a
steeper dependence on inter- e]ectrode spac1ng and this under11nes the’
usefu]ness of record1ng tr1po]ar1y over 1onger lengths of nerve, )art1cu1ar1y
as signals dec11ne-w1th t1me, '

‘The problem of EMG rejection in a sea1ed'cuff is 8f a somewhat

different nature, since EMG currents do not flow through the cuff;; Fig;:24r'
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Fig. 23. Dependence of the peak-to-peak amplitude of the compound

action potentials on the spacing between the electrodes for
monophasic, biphasic and triphasic neural recordings and
for monophasic EMG recordings.  For monopolar records the
x-axis alsp denotes the distance from .the sealed end of the
cuff. Both scales are 1ogarithmjc so that a line with slope
of 2 implies that the monopolarly recorded EMG increases as -

the square of the distance from the sealed end.
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l Fig. 24.

>
&
—-—
-
joou
U.
O
(s8]
o
@
wy .
(=}
=
W’
=
Y]

- Days. Posmp' after implon"totion

‘Peak to peqk amp11tude of EMG recorded over time us1ng
_tr1po1ar configurations| in sealed cuffs around cut nerves.
The. nerves used were: 'X and’ A, tibial-perves; O and O,

common. peronea] nerves. The EMG amplitudes recorded from

sealed cuffs are considerably lower than those recorded
‘ from open cuffs (see Fig. 13) ' :
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;shows the behaV1our of EMG recorded tr1poTarTy from’ d1fferent nerves over

time. If a slm11ar pTot for 1ntact nerves (F1g 13) is used for comparison,.

_:the 1mmense 1mprovement 1n EMG reJect1on ‘with sealed cuffs is apparent

TThe absoTute vaTue of EMG recorded in cut nerves under optTmum conf1gur-
atlons is reduced by at Teast a factor of two ‘and 1n some cases-as much

has ten The EMG potentials 1n a seaTed cuff are caused by the transverse

~res1st1v1ty of the t1ssue and the voTtage grad1ents set up 1n the rad1a1

. d1rect1on These potent1aTs decrease rap1dTy with: distance into the :

1

cuff as _ is. shown in Fig. 23. As opposed to the mondphasdcaTTy recorded

neuraT ampthudes, ‘which are faery constant unt11 near the cut end the

i

" EMG s1gnaTs appear to dec11ne accord1ng to the square of the d1stance

) e

from the open end (siope of 2 on.a Tog—Tog.scaTe). The connect1ve‘

‘tissue growth into the cuff inCreases the~resist1v1ty of the medium,
including the'transVerse‘component,and a rise in EMG levels is conse-
: - « - . : A o :

quentTy observed‘(Fig 24). After a month or so-the EMG appears to
attain stable Teve]s, as in the ca%; of 1ntact nerves, and the relationship

of EMG to d1stance shown in F1g 23 1is aTso unchanged at Teast in form.

(111) Voluntary Act1v1ty . .
[t was our observat1on that voTrntary activity did not

continue beyond a period ofvabout a month, even though the severed nerve

‘ was capable of being eTeCtriCaTTy stimulated to conduct action
potentials for up to 6 months. The rapid_ decT1ne of voTuntary signals
followed a pattern that was qu1te similar to the one seen for 1mpedances

and compound action potentials. In Fig. 25 are shown the changes in

k¥

neural activity recorded from the tibial nerve before and after axotomy.

7
. ' . \ * Ca
. i
Yoo _ | .
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Voluntary activity as-a function’of time before and after
axotomy. ,The volyngary signals. frogp a walking cat.are '
normalized with respect. to those recorded immediatély
prior to the operation. The cllanges are discussed in the
text but note 'the over 25-fold drop in.the neural activity

‘within 28 days of axotomy. The evoked signals by contrast

are <till comparable to their values shortly after the

‘operation. The significance of these results is elaborated

on in the text. .
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The motor ectivitv from the intact nerve showed a steady increasefduring
three successivefsessions of treadmiT1 walking. This reflected the
progress by a nqéwe cat in performing the stereotyped walking task.
Tne voluntary ségna1s recorded post-operatively showed an initial
decline, fo]]owed by two d1st1nct phases of increased act1v1ty The
:t1me course of these changes corresponded close]y with those observed
for 1mpedances and evoked activity in the same cat. However, with 28
days anmover 25-fold drop in the 1eve] of voluntary act1vfty ‘was observed
-thereby making 1t.1ndlscern1b1e.w1th our recording methods.- In contrast
to this, the evoked signe1s in the same animal were still targe 28 days
dttersthe nerve was cut. From the foregoing results, it would appear
r.that a cessation of voluntary activity may represent a morphologicai“
a1teration of synaptic input to the axotomized motoneurons. In fa%t,
the paftern of retrograde changes and its intensity at the segmente1
Tevel may. be e_direct-consequence ot denervation. :

| As wi]T‘be elaborated on in the next‘chaptey,'it wés also our
des1re to elicit and record reflex ectivity from the severed'nerves.
Upon-stimulation of the cut nerve, it was possible to record both the
monosynaptic and the polysynaptic‘components of the reflex action from
different muscle groups. Such reflexes were very much in evidence for
per1od§’éf time up to 4 months and this would tend to 5uggest that
afferent input to other motoneuronal pools was still intact. oy

It5isvappropr1ate now to discuss-the significance of.the%

present findings and to focus some attent10n on the current preoccupations

1

of 1nvest1gators in this area.
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CE IMPLICATIONS AND DISCUSSION OF THE RESPONSE TO AXOTOMY

Over thé years therevhavé been many descriptions of the -
changes'evoked by axotomy; As was pdinted éut‘ear1ier in;thjs
chaptér, it is oftén_djfficu]t to draw sufficient information f}om .
these ear]& studies since the criperia for chromatolytic reactiog
varigd quite considerab]y amongst investigators. Also, much of thé
previous histological work has been shown to be inadequate for
distjhguishing fhe kinds of cells affected during axonal reaction or
for diagnoging the nature of cﬁanges that fhese cells are undergoing.
Some important questions have thus'been left unanswered, for exémp]e,
whether every'typé of neuron (sensory, motor, inferneuron, étc;)
exhibi;s the samg/gg;ggnselto injury. In.1ieu~o% this, any evidence
on thé\bmsic seqﬁence of events for djfferent axotomized neurons must

be welcomed. The -virtual absence of any'e]ectrophysiolbgical

correlates of morphological obs

A '

the need for an alternate index to 5?"

jon cut nerves emphasizes

HY the responses to axotomy.

‘In this serieslgf experimeht§\W§/;;;;-been/éb¥é to follow
electrica]]} the var;ous ségges in_fetrograde dégenerﬁtion which have
‘b?en Qe]] documented %isto]ogicaljy; “While the response to axotomy is’
quite variabTe, certaiﬁ general fegfures are consisténtly seeén: the
initial éwe11ing~closé to the Cﬁt end due to accumdiation of a*op]ésmic
,material (Jacobson, 1970),.f011oyed by a degenerdfion b§Ck from Q&:'cut end,
| an- attempt by the fibers to regenerate and a final degenerative ﬁrocess if

axonal sprouting-is inhibited either with drugs or by capping the,

. . . _ } o
severed end. In any case,‘the retrograde degeneration of the nerve

enclosed in & sealed cuff is complete by about 6 months. ‘What is more

v



sigr:! ant 1s the loss of voluntary signals within 4 weeks. This is
in some contradiction to the findings of Deluca and Gi]more (1976),
who reported that voluntary activity pers1sted in severed per1phera1
»nerves for up to 3 weeks. They also claimed that -the amp11tude of
such act1v1ty stabilized after 3 weeks, “although the1r recording
methods did not perm1t them to extend thelr record1ngs beyond this
Vpo1nt. | ( R

Recent]y a number of reports have shown that a cons1derab1e
number of afferent term1na]s are, sheared off from the ce]] body as'a
direct consequence of swe]11ng shown to occur during chromato]ys1s
(Mendel1 et al., 1974; 1976, Purves, 1975). In the superwor cerv1ca1
ganglion of'the~guinea'pig;‘Purves (1975) observed theﬁtgss of synapses

vrf011ow1ng axotomy S0 great that many of the neurons were incapable of

;§t1a1? even w1th max1ma1 pregangT1on1c st1mu1at1on In

a para]]e] study, Mende11 et at.: ta976) have shown that the fa11ure of

generat1ng

ED ".'A.

Ia connec 1v1ty to axotom1zed motoheuréms took p]ace w1th1n a period-
wat

of 40-60 days and that changes in EPSP character1st1cs~§receded the

loss of synaptlc boutons. Cull (1974, 1975),1n a"q@up1e,of anatom;ca]

L AP
b AL
LY

studies, has confirmed the shedding of synapt1c qutons from the

surface of axotom1zed motor neurons in the hypog]ossa] nerve of the .

rat. Furthermore, his work suggests that the loss of afferent synapses
Ve

is reVersib1e'if‘effective nerve—musc1e tontact is restored.  An

\1
earlier study on thé pattern of phren1c nerve act1v1ty fo110w1ng

axotomy (Acheson et al., 1942) would seem to conf1rm th1s view.

_Taken together; these»exper1ments suggest that the_changesi
in reflex and voluntary activity of the nerves following axon inter-

: ‘ ' : S R o ‘

¢ . . . , . . s
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ruption have a 1arge1y morphological basis in the form of synaptic

disjunction. The results of the presend study offer further support

for this view. We fjnd that the descending input'trom the higher
centers, in the form of voluntary actﬁvity, closely parallels the.

‘retrograde degeneration in the peripheral nerves The drastic fall

in the 1eve1 of vo]untary signals wou]d suggest a 1oss of afferent

synapSes from the axotommzed motor neurons rather than some degenerat1ve

process man1fest1ng Jtself at the.presynapt1c 1?ve1 This hypothesis

is supported by the ability of the severed’afferents to sustain reflex

act1on through normal motoneurona] pools for perlods up to 4 months

We are, however

re-establishment of per1phera1 connect:"

tn_restorlhg synapt1c 1ntegr1ty._ Ache&

ity Was undoubted]y due to
funCt1oha1 contact of the nerve wt h a per1ghera1 target It would
therefore seem that neuronal death 1s 1nev1tab]e in the absence of
troph1c interaction with an end organ and that the Qﬁ%%gr1ty of post—
synapt1c,structures_1s dependent upon;the-troph1c “fattors prol1deg
transneurgnaily; perhaps by the opposing présynaptic terminals.' The:

1mp1ications of these results as they pertain to the neural control’ of

o

' artificiaf“11n$s€%hl1 be discussed in Chapter 5. . ,
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D HISTOLOGICAL NOTE
‘ H1sto1ogy was performed on the LGS, the COmmon peroneal and ==
Tthe tjbiaj»nerves of~cats in whlch neural aot1y1ty:had ceased. \Z ‘

/showed almost comp]eteJdegener—

dSectjons of‘the,nenve wtthjyu
' ation with aXOns-being sparse, the nyelin deformed and evidence of
w1despread phagocyt1t act1on ‘In. one case, neuroma formation was
‘ vobserved c]ose to the prox1ma1 end of the cuff and sections through
the neuroma showed axons grouped in clusters with their mye11n sheaths
irregular and th1n ‘or ;omp]ete]y mwssjng. The observat1ons are much -
the same as those reported by RansonJ(1906x® some 70 years ago, .and
I quote: | ' - | | |

i“The individual fibers are much decreased in size,

the change affect1ng ch1ef1y the myelin sheaths

Many f1bers are ent1re1y devo1d of myelin and\$here

v‘*ﬁﬁaa tendency fortthem to be grouped 1n bund@es



CHAPTER 4
ON SOME BEHAVIOURAL STUDIES INVOLVING THE NATURE AND ROLE OF
REFLEXES IN LOCOMOTION

To date the majority‘of invéstigationS'dea]ing with the reflex
contro] of vertebrate Tocomotion have been confined to the chronic '
sp1na1 or the more recent mesencepha11c preparat1ons Nhﬂ1e these

™ stud1es have made significant contributions. to our understanding of
s mechan1sms under1y1ng the 1ocomotory processes, the f1nd1ngs st111
have to be extrapolated to behav1our of an1ma1s under normal,
phys1o]og1ca1 cond1t1ons The me thods descr1bed in the prev1ous two
: chapterg’bffered Uus:; an opportun1ty to examine the nature and ro]e of
some ref]exes 1n the d1sta1 h1nd11mb of a]ert freely-moving. cats

It s well known from the work of Sherrington and others‘ -

,that st1mu1at1on of muscle nerves w1th shocks that act1wate fibers
~smaller than group I genera]]y evokes a f1exor ref]ex. the character-
1st1c pattern being a fac111tat1on of the 1ps11atera1 f]exor muscles

and an inhibition of the 1ps11atera1 extensors However Sherrington s
' and his colleagues a]so demonstrated that ‘the 1ps11atera1 1nput to

the extensors conta1ned an exc1tatory compor ¢ as well. - In recent
3 B

years a number of studies have provwded fur: v1dence of these

c1a551ca1 f1nd1ngs and many cases of ipsilateradl extens1on have been
observed For examp]e Hagbarth (1952) showed that st1mu1at10n of

: appropr1ate sk1n areas fac111tates the 1ps11atera1 monosynapt1c extensor
“reflexes Subsequent1y, Ho]mqv1st and -Lundberg (1961) occas1ona11y

observed fac111tat10n of the" monosynapt1c reflex in the nerve to

, 78‘
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gastrocnemius by stimulation of high- threshold afferents from seyeré]
muscle nerves. Fina11y,.some support‘for ipsilateral excitalory
effects in extensors s ava11ab1e from 1ntrace]1u1ar studies. Eccles
and Lundberg (1959) have observed excitatory post- synapt1c potent1a1s
(EPSP's) in extensor motoneurons following stimulation of high |
"thresho1d>fihers in ipsilateral ‘muscle nthes. w1ison and Kato (1965)
héve also observed such effects by selectively stimulating group II
afferent fibers in cutaneous and muscle nenves._ A1l of these findings
appear to fit with the originaT postulate of Creed ét al. (1932) that:
R in most stimulatiens of afferent.nerves where the reflex rule of
_excitation of ipsi]ifera1'f1exors:and inhibftion'of ipsi]ateha]
~extensors appears to\hoid, there are obscured contrary»effects; It
is the existence ofﬁfhe§3“effects which enables any parficu]ar Tevel

of higher centers or any partﬁcular state of the co-ordinating

‘mechanisms to 'set’ the ?&wer centers in such a way as to c0nst1tute

a 'neural ba1ance ‘ X
| The present expe 1ments prov1de -a studJ of one of these

effeccs. We have 1nvest1gated the effects of‘s1ng]e-shocks in the

- tibial and the common peronea]~nerves‘of the EMG activity of the
1ps11atera] extensors tr1c4no surae) The results w111 show that the
act1va§‘%: of group} II and cutaneous afferents Teads to exc1tat10n in
thevankle extensor musc1es ' Furthermore, that th1s~exc1tatory
component of the ref]ex act1v1ty is character1ze\ by an- ear]y and a

~. late response. The nafure.of‘these responses is exp1a1ned in 1ight of
_ similar %1ndings‘by Pompeiénoh(1968), Lund and Pompeiano‘(1970) and

Yanagisawa et al. (1976). We have also attempted to extend these
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)
investigations to a pre]iminary study of treadmill locomotion in cats.
It is therefore apprapriate to briefly review some contemporary ideas
on the e*fent of reflex control in locomotion.

It is Possib1e to evoke stepping of hind]imbs in an acute
spinal cat by nociceptive st1mu1at1on of the per1 -anal reflex
(Sherr1ngton, 1910), or by an intravenous injection of the drng
di-hydroxyphenilanin (DOPA) Grillner, 1973). Even in a curarized .
spinal animal injected with DOPA, it is possible to QbserVe a]ternating
activitﬂ%&f antagonist muscle nerves in the hindlimb (Jankowska
et al., 1567a, b). Thus it would seem that the spinal cord by
qtself is capable of generat1ng stepp1ng at least of the h1nd]1mbs,»
but there 1s some. ev1dence to suggest that the per1od1c1ty of such
movements is cons1derab1y dependent on the tonic afferent inflow
(Orlovsky and Feldman, 1972).

} The idea of an jntraspina] prOQram for the generation of
stepping was originally proposed by Graham Brown (1914). ' He subposed/
that_the 'ha]ffcenters"of antagonist muscles of the limb were linked
by mutually 1nh1b1tory, rec1proca1 connections. When one of the
'ha]f centers' was act1ve, the other would be inhibited. During'the
| course!;f 1ts activity the 1nf1uence of the act1ve ‘ha]f center
‘would cont1nua11y diminish, thereby act1vat1ng the antagon1st By
d1s1nh1b1t1on The process was deemed to have a cyc11c course even '
in the absence of afferent input. This ba51c idea of Brown can often
:be found in contemporary work where there is much ev1dence ‘to support

it (Lundberg, 1973; Grillner, 1975).' Also .notable  "in this regard .

;are the findings of Jankowska et al. (1967a, b), wha demonstrated, that
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the reciprocal inhibition is achieved through inhibitory 1nterneurons,
which can be activated by DOPA injections.

A11 these findings have left the pundits of 1ocohotion
asking the question: What role, 1f any, do afferents, particularly
those other than group I, play in the regulation of locomotory |
activity? For‘as eahly as 1919, Sherrington observed that denervation
of the foot revealed very'minoh deficits in the walking behaviour of
cats ahd therefore he was led to believe that afferents from‘the foot
were dispensable to locomotion. Recently, Grillner (1975) has
suggested that while these footpad reflexes have no indispenéab]e
‘role fer stepping, they may serve as reinforcing’stiﬁu]i and that
relevant deficits would be revealed if cats were ‘allowed to ‘walk on
unpredfctaﬁiy sTippery or roughﬁgurfaees. Some attempts along thesev
‘Jines have been made by introducing pertyrbations into the rhythmic’

step cycle and these studies‘have’yielded some int -esting results.

For exampie, Forssberg et al. (1975) have shown that stirhu]’ the

dorsum of the foot during wa1k1ng resu1ts in a phaSe depende ex
}‘ .

reversa]. Tactile stimulation app11ed dur1ng the swing phase of the

walking cycle enhanced the -flexion of the hindlimb whereas a similar
stimu]us during the Stance phase.evoked a shorter'but more pronounced
,extension.' The findings of Duysehs‘and Peahson (1976), Duysens (1976)‘
f;om stideating the'pad, the plantar surface of the foot and a number
of peripherat cutaneous nerves reVea1'sim11ar‘resq3ts\to.thbse.observed
by Forssberg et'aZ (1975). Taken together, these observations support

the idea that extensor reflexes e]1c1ted from the sk1n of the d1sta1

hind1limb do’ 1ndeed.part1c1pate in 1ocomot1on.
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The aforementioned observations led to a series of pre]iminary
experiments in which we have attempted to determine the role of certain
. extensof reflexes in evoking phase,t?ansitions during theﬂldcomotory
‘cycle. To this end, we e]ectricaf]y stimulated two different peripheral
nerves as a means of perturbing the step cycle and observed tﬁe effects
~on the rhythmicity of mator output in norma],’freely-wa]king cats. The
results indicate that there are some striking similarities betwéeh the |

pattern of step cycle changes in the normal and thalamic cats.

A.  RECORDING METHODS
| Each Fecording session was preceded by a threshold déterf

‘mination of the stimuiated nerve in tHe_aniha] under anaesthesia.
,Sing]é cathodal shocks were applied to the peripheral nerves under
study and thevresu1tant compound action potential recorded from the
cuff around the sciatic nerve. The maximal amplitude of evoked
potentials and thé tHresho]d stimulus were determined. In addition, o
the stfmu]us strength was varied to obtain a respbnse iO% of the \
maximal Va]ue. In oLr experience thé_a]ert animal wQuld rarely | b'\
tolerate trains of stimuli in excess of 10-15% of the maximum value -
‘and consequently the measurement provided us with a useful index on
Whicﬁ'té base our range of béHavioura] stimuli. |

‘ | The a1eft cats were then‘recordéd from while in theﬁkreadmi11
Vwith the set-up being much+the same as in Fig.‘Sv(Chaptervzj;. The EMG'
activity from the ankTe extensors Qas YeCO;dedlfrOm She of,the’1eads
. outside the tibja1 or the pefonea] cuffs, thth were a]sp,qsed for .

stimulation purposes. Concomitantly, Tfura1 signals were recdrded_from

i
i
Y
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théﬁsciatic‘nerve and where possible also from the stimulated nerves..

g \The bara11e] channe]s carrying neural and EMG activity were fed through :

preamplifiers, appropriately filtered and displayed on an osci110§cope.
A1l data were recorded on a four-channel FM‘tabe recorder. |

| For the reflex studies; the nerve; (tibial and common
peroneal) were 'stimulated with single bu]ses 0.01 mseC‘in duratton;
de11vered once every 4 sec at progre551ve1y&iﬁﬁveasvng stimulus
1ntens1t1es The st1mu11 were delivered from an 1so1at1on un1t and
st1mu1us nmrkers were a]so recorded on magnet1c tape.

To determ1ne the effect of perturbations on the locomotory

cyc1e, the cats were a]]owed to wa]k for a food reward and stimuli: were

app11ed in short trains at regular intervals of 4 sec or loriger. The

”1nterva1 was-chosen such that the 80 msec tra1n of 6'pu1ses was not
-synchronlzed w1th1n the step cyc1e but fe11 at random w1th1n the cyc]e /

’The 1ntens1ty of the” st1mu1us was selected so as ‘not -to cause the

animal unnecessary pa1n, but at the same t1me to be- adequate to evoke

a behav1oura1 response dur1ng wa1k1ng The exper1ments were mostly

vconf1ned to cut tibial and peronea] nerves, although on occas1on we

v d1d 1ook at,the response Df the 1ntact nerves.

{

B TREATMENT-OF DATA . © -~ o

.
ot

(i) Reflex
S "'” 7 . -l
In order to quantify the development of the various responses

with increasing stimulus intensities, the neural and EMG records were

.computer averaged.'iwé used the direct response recorded on the

sciatic nerve as a measure for the activity of o motor fibers and the
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reflex responses were obta1ned from the EMG records. Both analog

‘'signals were fed through a pa1r of amplifiers with variable ga1ns

and the 0utput’1eve15'were"restr1cted to +1 vo]t to meet the require- .

'ments of the eompUter' The neura] S1gna1s were led directly to the
computer input whereas the EMG was. fu]]-wave reat1f1ed and
appropriately f11tered before being fed 1nto ‘the: computer. :The
:*program AVER (French, 1973) was used’ to average both ana]og 1nputs‘
triggered by the same st1mu1us pulse, In all, 15 responses were
averaged us1ng a samp]1ng interval of 0.3 msec and the process was:
repeated for different st1mu1us 1ntens1t1es In order to e11m1nate
T ,
troub]esome st1mu1us artefacts, ‘the program AVER was a]so used for -
1nsert1ng de]ays 1nto the records pr1or to’ averag1ng The output was
" then d1sp1ayed and pr1nted The amp1itudes and 1atenc1es of the»
’d1fferent responses were determ1ned us1ng another computer program,:
PEAK The de]ays 1ntroduced by the filter and the' program. AVER were
vtaken 1nto account in the f1na1 mea5urement of 1atenc1es to the :
v var1ous peaks F1na11y, the amp;?tudes of the refAex responses and

of the direct motOr response were plotted as a fudct]on of st1mu1us

intensity expressed in mu1t1p1es of thresho1d (7). o : ;

1
I (

—

/

(ii) Locomotion

' The data from the walking cat were played back -and ffi Imed i
- from an oscw]]osc0pe at speeds of 2. 5 or 5 cm/sec.  Alternat 1y, the /
b

records were printed out on a Grass po]ygraph (mode1.7D)‘Qﬁ%h a time
rd / B
constant of 20 msec. The step cyc1e duration was def1n:;/as the per1od f

‘between the onsets of subsequent EMG bursts from %he ipsitateral” ank1e |

/

;
—_ oy . . . /

!
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C. RESULTS

(i) Tibial Nerve

A

4

extensors. " No quantification was carried out in.these preliminary

studies but a'fainly‘extenstve qualitative analysis of the data was

!

VA ' o o
‘ , ;

E]ectr1ca1 st1mu1at1on of the tibial ‘nerve produces a number

i’

of ref]ex responses in the ankle extensors’ (F1g 26A) In add1t1on to

"the dwrect act1on potent1a1 recorded on both " the sc1at1c and the t1b1a1

j

nerves, at 1east two responses were ev1dent It~1s well estab11shed
that -the eaqu reflex response. is due to monosynapt1c exc1tat1on of

a- motoneurons be]ong1ng to synerg1st1c musc]es This 1s a1so borne out

by theylatency measuhements of th1s'response Tn F1g 26A the latency

L of the direct response (D) corresponds to 1. 5 2 msec whlle that of the

monosynapt1c ref]ex (MR) corresponds to 9- 12 msec The most 1nterest1ng

'_ feature of the present exper1ments is the appearance of at 1east one

,and on' occas1on “two’ 1ate ref]ex act1on potent1a1s The f1rst of thesef

two 1ate reflexes can be referred to po]ysynapt1c exc1tat1on of the

extensor a-motoneynons (PR). We observed th1s cons1stent response at
. D

-a latency of 30-40 msec onfmany‘oocas1ons and at varJous stamu]us

'intenSities. Fig‘ 27 shows.the:development of this reflex action

potentia]»produced’byasingTe shoeks With.progréssfve]j‘increasing

‘ st1mu1us Tnten51t1es, expreSsed as multiples of thresho]d (T) for the -

direct response. For comparison, the sxmu]taneous deve]opment of the

'direct response (D) is also g1ven in’ the same p]ot The po]ysynapt1c»

ref]ex f1rst appears at a st1mu1Us 1ntens1ty sllghtly suprathresho]d

.8 ) ¢ . . -
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Development of the direct and reflex responses by stimulating
the cut tibial nerve’at increasing stimulus intensities. The

direct response was measured from the sciatic nerve and the

reflex wave from the EMG (extensor) recorded cutside the tibial
cuff. Note the saturation of the direct response well before

the polysynaptic ref]ex_reSpbnse.\
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~ for the direct"response and shows Steady increase inrampiitude with"
‘h1gher 1ntehs1t1es An 1mportant po1nt to be made from th1s plot 15
that whv]e the d1rect response has reached a maX1mUm at an 1ntens1ty

:"o? 1 9 T the reflex re&ponse shows ‘no’ Such s1gn of saturat1ng but ’

N cont1nues to 1ncrease in amp11tude Th1s wou1d strong]y suggest the

L 1nvo]vement of cutaneous and h1gh threshold (group II and 111)

S P

muscu1ar afferents 1n the med1at1on of th1$ po]ysynapt1c reflex T j

In add1t1on to th1s po]ysynapt1c reflex, the averaged
P

records d1d on. some occas1ons revea] the presence df a response w1th

s .a latency 1n the order of 75 85 msec (Fig 268) Th1s response 1s

f almost certa1n1y ref]ex in. nature, ﬁaﬁ%e 1ts latencx is below that
~"expected for the onset of vo]untary act1v1ty Recent]y, a 1ate o
'v:extensor ref]ex w1th a s1m11ar Tatency has-. been observed by st1mu]at1ng
‘, the t1b1a1 nerve tn a tha]am1c cat*(J Duysens, persona] commun1cat1on)

'wh1lst the pre11m1nary status of these f1nd1ngs prec1udes any

def1n1t1ve statements -as. to the nature of th1s ref]exﬁ 1t 1s
L 1nterest1ng to,speculate on. the poss1b1e pathways respons1b]e for

: :ts rather 1ong ref]ex pathway U A number of sp1na1 pathways have’ 1w
; 'been shown to be 1nvkoed in extensor and‘f]exor ref]exes Of these |
kthe propr1osp1na1 and the sp1no bu1bosp1na1 (SBS) are the ones most
thorough]y 1nvest1gated (Sh1mamura et aZ 1965 Jankowska et al.’, L
1973). However the SBS pathway is exc1tatory to f]exor motoneurons
'~'on1y (Sh1mamura et ally 1965) and consequently its 1mp11cat1on may be
ruled out fn the- preSent case The 1nvotvement of thher centers‘,

- cannot be den1ed, nor can we exc1ude some form of 1oca1 autogen1c

exc1tat1on of the extensors “from the 1n1t1a1 po]ysynaptic ref]éx

PR : s

X
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. Let us now turn our attentwon to the resu]ts of st1mu1at1ng
the t1b1a1 nerve dur1ng 1ooomot1on When the stimuli fell w1th1n the
’stance phase of the 1ps11atera1 hindlimb, a marked effect on the ‘_
.'1ps11atera1 extensor act1v1ty was, observed (F1g 28A) ~ Both amp11tude
| and duration of the EMG burst were 1ncreased St1mu1at1on of the nerve
';‘dur1ng the last part of the f]ex1on perwod 1nduced a premature
'Alextens1on Onset (F1g 288) and in some cases this 1ps11atera1 extensor
h:act1v1ty was prolonggd to cause a step cyc]e prolongat1on (F1g 28C)

&

‘.These premature step cyc]e trans1t1ons occurred only whgn the stimulus

was de11vered dur1ng a certa1n per1od of the cycle Unfortunately,

:no re]1ab1e method was ava11ab1e to. quantlfy these effects. Howev'r,
the f1nd1ngs are in accord with those of Forssberg et al. 1975) apd
\Duysens (1976), who showed s1m11ar/phase dependent ref]ex reversa]s L ;
in chron1c and tha]am1c cats, respect1ve1y An 1nterest1ng feature |

'l ev1dent from FJg 28 is the presence of a response 1n the EMG 32»msec

: after the onset: of the st1mu1us tra1n This .is probab]y the po]y-
synapt1c reflex response obta1ned earl;er by graded st1mu1at1on of

" the tibial nerve in theralert cat.

- - . » . B N N
. . . » . :

) &

(11) Common Peronea] Nerve "

St1mu1at1on of the cut 1ps11atera1 peronea1 nerve evoked

excitatory responses in the ank]e extensors. F1g, 29 shows.the two-
1 v oer

‘ mponent ref]ex‘exc1tat1on, the latencies to the f1rst and . second of
~these responses be1ng 11 4-14.4 and 28 5431 5 msec, - reSpec&1ve1y ~That
'“‘the observed EMG pickup is nere]y the result of augogenic excwtat1on ofA:I
the ank]e f]exors can be ru1ed out on the bas1s‘;hat the common peroneal -

L, ®
3
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Fig. 28. Effect of tetanic tibial nerve stimulation on the ipsilateral
D - extensor activity during the step cycle of a normal cat T
: © walking on the treadmill. Stimulation (St) during the N
extension or stance phase prolongs the intensity and duration
0fthe ipsilateral extensor (iExt) burst. When given during
the swing phase; a premature onset of the extensor burst is

evident'%Bg -This phase reversal results in the shortening =
of the step cycle. w (Sc) denotes activity in the .sciatic = -
nerve. - o S . o R




9] -

Common peroneol”nerVe

KR Reflex response -

Yt
]
‘ - Sciatic neural .
. WWWWWM ——rar R S
Pt LI : '
10msec - Lo . s

)y o

-

Fig. 29. Computer ave€raged direct and reflex responses.as a resu]t of
: . stimulating the <ut common peroneal nerve at twice the
thresho\d stimulus intensity (2 0x0T). The latencies to
the early dnd late reflex waves (1nd1cated by arrows) are
14.4 and 31.5 msec, respectively. The direct wave was
measured.off the neural trace from the. sciatic nerve, the -
latency for th1s be1ng 1.5 to 2 msec.
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. att1v1ty. The Very presence of extensar ref]e

' »nerve st1mu1at1on is surpr1§1ng, s1nce 1nh1b1tory

"whendstfmulating"the peroneal nerve, see the appearance of an

‘92

nerve was cut prox1ma1 to. these f]exors which it innervates.  Graded

“-stqmu1at1on of the nerve produced an-increase in both of -the ref1ex

[} #

responses as we1] as the direct act10n potential, wh1ch was aga1h
recorded‘on the sciatic nerve (Fig. 30) "However, the pattern of .
this progress1ve increase for the two ref]exes shows cons1derab1e
s1m11ar1ty to that observed by t1b1a1 nerve st1mu]at1on The ear]y ;
‘reflex f1rst appears at 1. 33 xT and the later _response makes its
presence obvious at 1. 48 x T. In any case, the d1rect response s
well. saturated by th1s t1me and this aga1n 1mp11es the 1nvo1vement .

‘of cutaneous and h1gh thresho]d musc]e afferents in the ref]ex

_et:‘ 1-ons between W

antagon1st muscle groups have been well established for some t1me now.
\
However. ‘the exc1tatory act1on of f]exor nerve. st1mu1at1on has been

observed in a few instances. For examp]e, Creed et al. (1932) did,

! ’ i

: exc1tatory reflex. fo]]owed by 1nh1b1t1on in the gastrocnem1us musc]e

More recent]y, Yanag1sawa et az (1976) have prov1ded some ev1dence
for a fac111tatory effect on the triceps surae H- ref]ex by . peronea]
. .

nerve stimulation.

A tra1n of stimuli de%ﬂvered dur1ng the. stance phase of the |

s$tep cyc1e evoked an increase in 1ps11atera1 EMG act1v1ty (Fig. 31A, B -

. and C) In some 1nstances the EMG burst was qu1te pro1onged but we al\;

8 .
“have no ev1dence as yet of phase dependent ref]ex reversals. Meanwh11e,

-~

Duysens (1976), in the thalamic cat, has demonstrated a’ suppress1on of

the 1ps11atera1 extensors when st1mu1at1ng the peronea] nerve under .

)f,i:~f~
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- Common peroneol..nerve'(-cut),'/'

Direct response

l"

Amplitade (in mV)
S
T

< F Early ‘reflex ‘
response |
%/ Late reflex response
o 00| . o R 1 .
SRR TR I 2. 14 16 18 2

Sji‘mulps intensity in muﬁlrtiples_of threshold (T)

Fig. 30. Development of direct and re&ex responses by stimulating the
cut common peroneal nerve at increasing stimulus intensities.
‘The reflex responses were measured from the averaged EMG and
the direct response from the sciatic.nerve:. Note the
saturation of the direct response well in advance of the
reflex responses which continue to get-larger. :
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Effect of tetanic'common peroneal nerve stimulation on the
jpsilateral extensor .activity during locomotion of a.normal
cat.. A short train of six electrical -shocks (St) delivered
during the extensidm'or stance phase evokes a prolonged and
intense discharge in the ipsilateral ankle extensors (A, B
and C). . Activity in the sciatic nerve (Sc) is also shown.
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similar conditions. His-observations are in line with the current ‘-f
notions about‘the role of cutaneous afferents (or)more generally
termediFlexor Reflex Afferents tFRAfs]) in the 'tlexor reflex' - o

response, this response being facilitatory to the flexor and

n

inhibitory to extensor motoneurons.
- A :

0. DISCUSSION _' S

Over the past ldtyears a cons1derab1e amount of ev1dence »
.has been put forth to suggest that the 10tomotory rhythm is centra]]y :
generated.and mod1fied<by sensory input from var1ous'receptors
(Gr?llner} 1975; Pearson and Duysens, 1976)-» It is.further proposed
lttthat the sw1ng phase of thws cyclic movement is rigidly and centra]]y

-

| programmed whereas the stance phase. is subject to modification by

, ”ongO)ng sensory feedback. The ptesent data support this hypothes1s

‘°A pro1ongation of the extensjon phase.due to afferent st1mu1at1on-1s a j
‘consistent Obseréation,vbut no change of the flexion'phase Ts‘apparent o
from our records. Thts type~of a reinforcing effect onwthe'eXtensor
‘motoneurons has 1mportant funct10na1 consequences. For.exampTe, such'

o re1nfprc1ng reflexes can compensate for sudden, unexpected loadrchanges' o
_dur%ng 1ocomotion In the mesencepha11c cat walking on a treadm111 |
'res1stance of\lhe 1eg dur1ng the stance phase evokes a rather marked

: 1ncrease 1n EMG recorded from the leg extensors (Severin, 1970). = The |
sensory 1nput'respons1b1e for producnng this type of an effect is as
‘>yet~unidentiffed,ebut musc]e'spind]es in the 1e§ extensOrs have been
imp]fcated.‘jRecent work suggests that stimu1ation of various skin areas

ogithe foot during the stance phase also increases extensor EMG

?
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(Forssbergyet al., 1975: Duysens and Pearson, 1976). 'Thus, the
reflexes arising from act1vity in cutaneous afferents. in the foot
. also serve to reinforce act1v1ty in extensor motOneurons during the |
stancg phase of 1eg movement. The behaviour observed in a normal,
:freely-wa1k1ng cat would support such a ro]e for cutaneous and h1gh
.threshold muscle afferents i ) o A\ \‘
. Lundberg (1973) has suggested the existence of exc1tatory as
. well as inhibitory pathways from the so-called flexor ref]ex afferents'
to 1psilaterai extensor‘motoneurons Our reSults, together w1th the ‘
v occas1ona1 fJnd1ngs of others. demonstrate that both group 11 and III
as well as the cutaneous afferents produce effects whlch are not at a]]
v.typ1ca] of the flexor reflex pattern Therefore, 1t would appear that _
the term 'flexorvref1ex atferents which has been used to 1nc1ude sugh
hwgh threshold afferents is un3ust1f1ed and should be d1scarded | <\‘“§
F1na11y, a]though the present f1nd1ngs are for the most pant
vﬁcomp11mentary to those observed 1n the chron1c sp1na1 or the tha]am1c ‘-‘..
fan1ma1 there are some 1ncons1stenc1es a]so It is these inconsistencies
’vwh1ch under11ne the dangers - of extrapo]at1ng resu]ts from‘ unnatura]'

‘*preparat1ons to those observed under norma] phys1o]og1ca1 cond1t1ons
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CHAPTER 5
. . GENERAL DISCUSSION ” B

o~

. o
In Chapter 1, I a11uded to the use of . chronic nerve stimu-

lation in the study of pain fibers as early as 1933 (Cannon. "1933).

More recently, chronic st1mu1at1on of mamma11an nerves, nerve tracts

u

and' even areas of the brain have been used in a variety-of c11n1ca1.

N

s1tuat1ons For example, some success has ‘been achieved in st1mu-

4]

1at1ng the phren1c nerve to assist respiration and in stimulat1ng

e v

the dorsal columns or the cerebe11um to relieve intractable pa1n in
pat1ents « The’ methods descr1bedyhere would also be of con51derab1e .

use in 1mpr0v1ng the success of the aforement10ned c11n1ca] aims.
L%
However, any d1scuss1on of the methodo]ogy descr1bed here would be

Iy

~ incomplete without reference to,1ts-re1evance to»prosthet1cs.

o

In spivte of reé:ent%evelopments in p‘oWered prosthetic
cdmponents, by far the majority of above-elbow pro%theSes'in use today
are powered by the mot1on of the shou1der g1rd1e and res1dua1 Timb.

The d1sadvantages of such cab]e contro]]ed arms are from harness

.

d1scomfort and a]so the nece551ty to generate ta1r1y 1arge forces and

N

_ excurs1ons The deve]opment of a myoe]ectr1c device ‘has to some extent

tr1ed to cope with these d1ff1cu1t1es .o In its: s1np1est form, such an
above “elbow prosthes1s is powered by surface e]ectromyograph1c signals

that are picked up over the remnant but dysfunct1ona1 b1ceps and tr1ceps

2

muscles. The EMG signals are e]ectron1ca]1y processed, combined as a
b1o]og1ca1 antagon1st agon1st pa1r and fed 1nto an e]ectromechan1ca1»,

type of a servo, which controls the elbow force~and angle. However,

o
)

97 o o
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EMG controlled 1imbs ‘have some inherenf drawbacks. Chief amongst these
Cist the 1ack of ava11ab1e—contr01 s1tes for greater degrees of freedom.
A'cone1derab1e number of amputees ]ack suff1c1ent stump; of muscle to
generate cqntrol signals |for the artificial 1imb, and even when such
signals are ayeilab]e, it.is only possible te control the elbow jeint.
For‘performing wrist or hand moyemekts, one.must coﬁtemplate an a1ternate
source of command sigﬁa]s.

The poss1b111ty for more control sites is provrdeq by the ‘F
severed nerves of an amputee. TH\\techanue outlined in th1s thesis
‘make it feaeible to sa%p]e fhe neugsl/}rafficvin peripheral nerves,
“which are a?ter~a1]ithe coﬁduit %or musZu]ar control from the spinaT
cord and Higher»centers. As méntfoned earlier, by stjmp1ating theb
peripheral nerve, it is @1so possible to proque 1nformafion aﬁa]ogqus
to that genefated by thefdiéfa1 sensory end'o?éeﬁs; "The. fate of
v0]untéry actfvityjin §evered nerves‘isbtherefore a crucia],gUestion
to.éhswer.A The fésu1%s‘presented'here suggest that a segéﬁégvnerve
deprived of its target organ is 1ncapab]e of'sustaihing?veguntary
signals for any appreciable Tength of time. What is more promising
is the fact that these cut nerves do remain electr{cally excitable for .
periods up to 6 months. The practice‘of cross-suturing nerves to
’restore normal function'haé met with limited success in a number ef
higher verteb?afeslahd even man (Mark, 1969). If th1§ pfocedure was
_ extendedbsay to cross-suturing a mereldfsta1 herve to more proximal
musculature, there is a possibility that voTQntary activity may be
recordab]e:ﬁore or less indefinitely. There is considerable evidenee

in some recent studies tq:supbort such a hypothesis (Cull, 1974;
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;Mende]] et al., 1975). By d}vérting the efferent flow of neural signé]s
for'whiph no relevant musculature exigt§, one could ﬁonceivabTy provide
it with a target orgah. ‘This kind of a prohedure would then offer a
chdice of EMG or nehra]'signa]s for control purposés "In such a s1tuat1on‘
there is much to be said for using e1ther of these naturaT signals “in
' activating prostheses. EMG signals, because of their relatively larger
magnituQe, are preferable. However,hthe methods outlined in Chapter 3
_'éhow tha§’neura1 ahbiitudes can to a certain'degréf be»increased-by'the
use of 1dngér cuffs. Moreover; it is possib]e,»by using éuffs, to
record from both central and peripheral fibers wfthout too much
‘ attenuatibn‘(R.B. Steih, personal tommuhication). The EMG pickup on
the other hand is restricted tgrritor{ally. Finally, the optﬁmiiation
. ‘procedures deve]oped here would be rather ineffective for the. re]at1ve1y E
Tow frequency electromyographic s1gnals | »

Perhaps a more 1mmed1ate app11cat1on of the me thods descr1bed
here is to behav1oura1 studies of the type descr1bed in Chapter 4 Aé
was pointed out ear11er, the central contro] of the basic 1ocomotory
rhythm isa fairly well accepted fact but the extent to wh1ch‘per1phera1
feedback modifies such central hatterns is’stii1 a"contentioué issue.
Also unc1éar is the role of some.bifunctiona1 muscles in réf]ex
hregdlatibn of locomotion (Perret et al., 1975). These‘and other'
related QUestiohs can only be properly reﬁolved by‘tesfs on animals -
performing under normal physio]dgicai conditions. The improvements
in cross- corre]at1on techn1ques should be part1cu]ar1y usefu] 1n the
study of motor systems where functions during posture: and 1ocomot1on

of various, clearly defined afferent and efferent fibers are still
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controversial (Stein et al., 1973).

F1na11y, the application of chron1c neural recording need not
and should not be conf1ned to the p@Y1phera1 nerv0us system. Recent
attempts to record sympathet1c nerve act1v1ty in free]y mov1ng, |
conscaous animals have y1e1ded _some 1nterest1ng resu]ts For examnfe,
Schad and Seller (1975) have 1nvestwgated the effects of var1ous
pharmaco]og1ca1 agents on the act1v1ty 1n'the renal nerve of cats

with intact and denervated baroreceptors. As well, tﬁey ‘have obsefyed

changes 1n*the.pattern of neural activity in various states of

: . ‘ - . ST
‘anaesthesia and consciousness. Such studies would give considerable

insight into the;regu]ation of'the autonomic necyqus system during
various behavioural states. | ’ B

Reeently, the:principle of the recohding techniques described
here and. e]sewhere have a]so been app11ed to the study of norma] and
dystroph1c mice (J A. Hoffer, personal commun1cat1on) in the hope of
e]uc1dat1ng the re]at1ve contr1but1ons of the nerve, the musc]e and
other system1c factors In an era where- so]ut1ons to var1ous
patho]og1ca1 d1sorders of the nervous systenk1ncreas1ngly call upon

an assortment of clinical and bas1c know]edge ‘we hope that the methods

presented here will make their due contr1but10n.
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APPENDIX 1
Current Source Analysis
;?f/ V
' r— - 7
o : | |
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(r-rx=v, . B Eqn. 3
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‘Substitute Eqn. 1 in Eqn. 2 to obtain
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Substitute Eqn. 4 in Eqn. 3 to ‘obtain

From Eqn.

From Eqn.

To measure amplitude ratio, we must obtain the ratio
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Eqgn.

Eqn.

Eqn.

Eqn,:‘

- Eqn. 8
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. n l\.‘ . V ' )
where R, is. known, |M| =y/(x)2 + Z~—1325- and Vg can be calculated
Juwe 1 : : '

o : Vo .
using Eqns. 5, 6 and 7 togethet with measured values of 73- (using a
‘ . : ‘ 2 .

vo]tmeter).

Small computer programs (in FOCAL) were used to per?orm the -
mathemat1ca1 operat1ons and a value for amplitude ratio (V3/IR ) '

ca]cu]ated at each frequency (see Fig. 8, Chapter 2)
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must be made in the experha] mu]tip]iericircuitry._

A

Resistor gUnit) ToTerance
R, = 1.2k 5%
Ry =121 m 1%
RG“ = 100 Ko 1%.

':37 = 11 Ka 1%’
R8 | = 910 K 1%»
R§ - 13.7 Ka 1%
Ry = 17k 1%
R, = 12K 5%
Ry = 5.0 K 20%
Ry = .12 KQ. 0.5%
Ry = 15 KQ 5%
R, = 15 ka 5%

To obtain USeable_output accuracy, several adjustments

X-Y Offset Adjust
1. Connect an AC vo]tmeter-or oscilloscope to the output

2. Connect 1.0 KHz, 1.0V p-p osci]létor_to Y‘input, ground

‘Static Error and Scale Factor Adjustment

Procedure (AC Voltmeter or Oscilloscope)

112

eX input, adjust X offset (from Pin 12) for an output null

3. Connect 1.0 KHz, 1.0 V p-p Qsci]]ator to X input, ground

Y'input, adjust Y offset (from Pin 8) for an output null

5
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B Output Offset Adjust
1. For circuit shown, ad3ust "output offset adjust"

potentiometer for zero output

C Sca]e Factor AdJUSt _
‘1. Set ¥, =+5.0 V DC, Vy = 45.0 V DC and adjust gain

o potentiqme@er (K factor)vfor +2 5V DC»outputv

2. To check, let v, = -5. O v DC Vy = 5.0 V DC and check

for +2. 5 V DC output - if error occurs, repeat steps A,

B and C



