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Section I. ‘

In his Sidney Ringer Memorial Lecture, J.Z. Ybung»(1§46) said
"Probably every'onevof our tissues = blood vessels, muscles, bones,
Iigaments, skin, glands, nerves, and brain is being modified day by déy
through the use we make of them." ﬂ

On oxgmination, nuﬁerous eiamples_present themselves‘tq
support his conténtion, renging from tﬁe calloused skin of allaﬁourer‘s
hands, to the wasting of Quadriceps femoris miscles following immobilis-
ation in bed. It is more difficulf te prgsent>oiCarrexamplgs dﬁ»suqh
changes within the central nervous ayétgm, but this is the subject of
the present inveétggation - how overuse and disuse affect central
synapsese | |

An introduction to the discussion of plastic changes at tho
simplest levels of the central nervous system demands first an ozaminr
-ationvin'general'terms of‘both'structure'and'function of these levels,

With the advancing knowledge of central nervous structure in
the latter half of the nineteenth century, work of His (1886), Forel
(1887), Kolliker (1899), van Gehuchten (1897) and Cajal (1904)
demonstrated the discontinuity of afferent fibres, intercalated neurones,
and motor cellss This led to the clear formulation of the neurone
theory by Waldeyer (1891), and made possible this generalised concept
of neurone behaviour. The opposing reticular theory, championed by
Gerlach (1872) and supported by Golgi (1910) postulated that nerve
cells were connected with each other by & diffusoiy'anastomosing _
fivrillary networke The issue was resolved first by work of Held (1895,

1897) and Auerbach (1897) and then by the olassical work of Cajal (1908,

1909, 1911) who finally established the neurone theory against all
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opposition wh;ﬁ they demoﬂsfrated fﬁe ‘end feet! on thé surface of
the nerve cell and its déndrités. This naturaily‘ledlon to a
concept of the synapse,bdeveIOPed physiologicglly by Sherrington
(1897), whiohvprovéd to be of centrai‘imPOftath in understanding
the organigation of the éentral_neryous ayétem. 

| According to our present views, each neivg cell functions
~as & unit, and acts in an excitatory orban ihhibitery’mhnner by means
of the intimate synaptic conn;ctiphs which ifs branches make with
other nerve cells. Trénsmissipnffrom‘the feceptér-sités (syﬁaptio
endingsrubonmthe cell)Ato,its_own éynaptic endings (effectoi’aitaa)
is propagated by an all-or-nothing impulse. -Tﬁe character of this
impuise has been preéisély defined in peripheral fibrgs.(Hodgkin and
Huxley, 1952; Tasaki, 1953; Ho&gkin,‘19$8), aﬁd all available evidence

suggests that impulses within thé 6gnfrglbnervoﬁs qystemsdre essential-

with particular reference to the way in which its individual units

are linked together, we see that histologically nburones are organized
in complex and specific patterns (Cajéi, 1909, 1911; Lorente de No
195&1,1934511938). Physiologically the convergence of excitatory

and inhibitory synaptic actions onto any one neurone results in
algebraic'summation of opposing actions - depolarization and
hyperpolarization of\the membrene, respectively. The firing of an
impulse occurs only if the net depolarization ex?feds the critical
threshold level (Cobmbs, Curtis and Eccles, 195;3.i With the converge

ence of many excitatory paths onto one neurone, it is possible to see

how patterned behaviour can occur, when summation of excitatory
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synaptic actions cen make that neurons fire an impulse, and so in
turn exert its own synaptic action bn_the‘neu:Ones'involvéd in‘the
next stege of that pattern (Eccles, 1957; Coombslgt al;'195%1b;"
Sherrington, 1925, 1929; ILloyd, 1946)s One neuronal unit in such
a pattern requires é@proximately one millisecénd to operate, 80
fraotions of a seoqnd sqffice'for‘the oreationvof'couhtiess diverse
and complex spatid-temporal“pafterns. _Within this frame of refer-
ence there is sufficient explanation for the imﬁense"variaty and
complexity of animgl behaviour. To explain the phenomena of learning
and memory, Konorski (1948), among others, ﬁ#s invoked the concept of
plasticity of.céntral synapses relativbly enduiing changes ofb-
structure and function as opposed to more transient changes. Forxr
examble,:post-aotivatibn poteutiatibnihap a’much>longer:duratigﬁ than~
synaptic fadilitation (Idoyd, 1949). There are wo major hypotheses,
not mutually exclusive, the firstfof whichAsfates_thatilearning is a
is a dynamic process dependent upon the enduring circuletion of
patterned impulses in reverﬁérating ocircuits (Hilgard and Marqu;s,
1940; Householder and Landahl, 1945; Rasheveky, 1938). While this
mechaniem may operate in the nervous system for the responses to some
éenﬁory inputs, it does not explain memory surviving deep anaesthesia,
coma, or convulsive seizures, and probably only operates over
relatively brief intervals after the presentation of the initial
conditioning stimulus.

The alternative hypothesis, which does not exclude the first
mechanism as being partly responsible for learning, suggests thaf
patterned activation of synapses brings about some enduring morpholog-

i cal changes, which increase the efficacy of the synapses so activated.
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(Cajal, 1911; Eocles, 1953, 1958; Hebb, 1949; Toennies, 19495 Jung,

1953)s It 1§'very likely that a specifio petterned activation of
central neurones follows the preséntation 6: any given sensé:y input
(Bocles, 1959). | | |

If the synaﬁses initially.activated were thereby rendered
ﬁore effective, subgequent re—présentation of the same_stimulus would'
be more likely to activate the same neural pathwey, with yet furtherv
reinforcement, etc. Hebb (1949 and Gerard (1949) envisage & combin-
ation of the two mechmnisms in their concept of learhing and memorye.

The first evidence fhaf more‘enduring changes of central
synapses do occur, comes from the classic demonsfration by Larrabee aﬁd
Bronk (1947) of prolonged potentiation following repetitive stimulat-
ion in sympathetic'ganélia. Subsequent work (Lloyd, 1949, 1950, 1952;
Eccles and Rail,_1951; and Ecocles and Krnjevic, 1959) has defined the
essential features of this phenomenone. The functional éignificance'of
this enhanoemént of o single presynéptic volley subsequent t6¢ a burst
of repetitive activity in the same presynaptic fibres should not be
underestimated because of its relatively. short duration (minutes).
Prolonged reﬁetitive firing of many proprioceptive afferent fibres
probably occurs under natural conditions (Matthews, 19333 Granit, 1955),
and the normal level of synaptic efficacy may be maintained by this
continuous presynaptic bombardment. At the neuromuscular junction
Liley (1956b) and Hubbard (1959) provide evidence that the presynaptic
impulse has & dual effects It produces the brief synchronous release
of transmitter seen as the endplate potential, and also causes
mobilization of further tfansmitter which is indicated by an increase

in the frequency of discharge of the spontaneous miniature endpléte
potentials.



Indireét sﬁppoft‘for the hypofhesis of similar plastic
changés oocurring at‘oentral gynépses comes frém.thé eiectron mibrOa
scopic studies of De Robertis and Fianchi. (1956)_w1_m found that
synaptic vesicles of retinal rods énd éones were considerable reduoed‘
in size after prolonged total darkness. They fuither;fbund'that in
the acoustic ganglion aggiutinatiﬁn and' lyeis of synapiic vésicles .
occurred soon after'destruction;of thé:orgah of Corti Cné Robertis, -
1956). In the adr;nal medulla the population of synaptioléesicles in
the presynaptic tefminals underwent considerable changes efter synaptic
activation by electrical stimulation of the splanchnic nerve (be
Robertis and Ferriera, 1957)s This suggested & physiological role fo:
the synéptid vesiclea in trensmission of the nerve impdlsé across b
synaptic.junctions;'an& lent more‘meaﬁing to the previougly.observed
structural changes. | » | |

”‘Mbre'direct'eiidance‘for the plastic behaviour Of'oentfal‘
synapses was prbvided by the inveetigations of the monosynaptic ,
reflex. 'Mbtonéurones were activated mdnoqynaptically by propriocceptive
impulses in the primary afferent fibres from annulospiral gndings of
. muscle spindiea. The postulated deleterious effect of a prolonged
period of disuse on synaptic efficacy was first examined in this way
by Ecoles and McIntyre (1953).

To secure total disuse they seotioned dorsal roots L6,7,8,

extraduraily, just distal to the ganglion in order to preserve the
central pathway of these fibres from degenerating. Testing some weeks

later they found a depression of monosynaptic reflexes relaﬁive to the
control side. The depressed reflexes from previously cut dorsal roots

showed a greater degree of post—teténio potentiation than the




6,
corresponding control reflexes, and élso displayed after a tefanua
some residual enhancement lasting several hours. Although there was
some shrinkage of fibres histologically, the avidence of the slower
time course of the post-tetanic pbtenﬁiation and the prolonged :esiduél
potentiation suggested that'an additional factor was operating, namely,
disuse. These authors concluded that the lack of normal proprioceptive
afferent activity in presynaptic fibres brought about the ébqerved |
depreésion of monosynaptic reflexes. These findings were confirmed.in
analogﬁus experiments (Ecoles, Krnjevic and Miledi, 1959) in which
monosjnaptically induced excitatory postsynaptic potentials were
- recorded intracellularly fron motoneurones. Disuse was effected by
severing the nerve to one muscle of a synergic group, the other one or
more nerves providing controls. Results for the disused paths
obtained 1ntracellu1ar1y were directly comparable with the previously
described study, except that no residual potentiation wase observed.

Such operative procedures in which disuse is secured by
sectioning afferent fibres, have the disadvantage that some shrinkage
and deficiency of dorsal root fibres ocours (Eodles and MoIntyre, i955;'
Eccles et al, 1959). ‘This shrinkage may extend right t; the terminals,
and could at least partly-account for the observed reflex depression.

From the postulate thgt prolonged disuse reduces synaptic
efficacy, it follows that excess use is likely to lead to an enduring
enhancement of synaptic function above the normal level. At present
there is a 1ittle experimental evidence for this létter postulate.

One example would be monoéynaptic reflexes in the segment imﬁediately ,

adjacent to chronically inactivated segments (Eccles and MoIntyre, 1953),

and possibly another would be the recovery of synaptic function which
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accompanies nerve regeneration some four to five weeks after the nerve

has been severed (Eooles ef gi,'1959).'f

It 1s'ciear_fr6m the foregoing, that there is an ebvious
need for the rigorous”testing of such postulated qynaptid 6hanges by
simplavquantitative experiments. This requires the simplest possible
situations. For this reason the monosynaptic reflex has provided the
test system for both major lines of investigation. In this thesis
the results of three series of invéstiéations will be piesented, each
directed at one aspect of the problem of plasticity in the central
nervous system. ' |

The first sectiop‘deals with the question of disuse. The
afferent input of ménosynaptic paths inrtﬁe'spinai cord was altered
by operatively subjecting thq’animals‘to ténotqmy. .After a survival

period, épinal reflexes were found to be enhanced by tendtomy,vbut

this could be brévented by transecting the spinal cord between T10 and

T1l at the time of tenotomy.

The second section presents the results of an eshalysis of
reflexes from skin nerves in chrdnicvspinal cats, and an eﬁplanation
of the exaggerated flexor reflexes shown by chronic spinal animals.

The third section covers the problem of excess use of
central synapses. By an operative procedure involving nerve sections
followed by exercise, epinal'ﬁonosynaptic reflexes were significaﬁtly
enhanced. This effect was:not prevented by transecting the spinal

cord at the time of initial operation.
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1. Qperative lethods,
' All surgical procedures other than the final aoute.
experiments were carried ouf és followss—~

Anaesthesia was induced with intraperitoneal pentobarbitone
sodium in a dose of 40 mg/K@p

Full aseptic and antiseptio preoantions -and aocepted surg10a1
teohniques were ussd throughout.

Careful postoperative superv181on was given.

‘2. Experimental Methods, including Souroes of EBrror.

Since ihe principalkmethoa hsed‘ﬁerefto’éssess piastié A
changes in the central hervous system entails a comﬁarison between
responses of the normal side of an animal and those of the éxperiméntai-
ly treated side, attention was paid to the elimination of extraneous
'vafidblas,-or'at least their equalisation on the tw0“sides§‘rThin ‘
assessment of relative change allowed the pooling of all results from
a number of animals treated in the same manner at all stéges.

The more important considerations are listed belows=
(1) Animals of both sexes were used, with a wide fange of ages
and body weights. |

(2) There was a random choice of the control and experimental
sides.
(3) Anaesthesia was standardized and was induced with intra-

peritoneal pentbbarbitone sodium in a dose of 40 mg/Kg of body weight.
Then the spinal cord was exposed following laminectomy. Skin

wounds above the level of section were infiltrated with 1% proocaine
hydrochloride solution.
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(4) The preparation of the peripheral nerves for stimulating

or recgrding was performed by one operator when possible, bothllegs
being opened and given pairs of nerves prepared consecutively. Care
was taken during the préparation'to obtain equal lengths of nerves,
and t0 minimise damage to their blood supply by dissaoting with blunt,
fine glass hooks in preference %o out£ing; and using warmed Ringer-
locke solution to keep all tissues moist. Full pieparation required
tying cotton loops at the proximal out end of eabh‘hervé for its
subsequent attachment to stimulating electrodes. o
(5) Care was exercised during the laminectomy to avoid any
trauma to the spinal cord, and the dura was covered with Ringer-soakad
she?ts of fascia to prevent desiccation.
(8) Temperature, circulation and respiration of the animals
were maintained as nearly normal as possible by the use of a heated
table, light anaesthesia, and, when necessary, the continuous infusion
of sterile Dextran at a rate of 3 -~ 5 drops per minute.
(7) The preparation of the ventral roots was the final part of
the operative procedure. After their 1dentification; the roots were
severed just short of their dural penetration.‘ Cotton loops were tied
at their proximal cut ends so that they could readily be mounted on
the recording electrodes. The preparation of ventral roots required
the utmost gentleness in order that asymmetrical responses should
not be caused by root injury on either side. ‘
Routinely before all the monosynaptic testing desq:@bed
below, the spiﬁal cord was transected between T10-1I2 segmental

levels depending on the requirements of the experiment, so as to elim-

inate possible reflex inequality caused by tonic. asymmetrical
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disohargeé of suprasegmental origin.

The animalxwas then placed in the fr#me in which fixgtion
was achieved by clamping an upper lumbar or lower thoracic vertebral
body, .the iliac crests, and a midﬁlugbar vertebral body through slits
'in the lumbodorsal muscles. The skin of the incisiohé in the back
and both legs was raised by sewing to thé fraﬁe~so as to contain .
pools of warmed miheral oil maintgined by heaters between 35 -38° C.
The nerves in Both.leg pools and the ventral roots in the ﬁack pool -
were mounted on bipolaf platinﬁm electrodes for stimulation and
recording. Placement of stimulating and reodiding electrodes on
nerve and roots was identical for the two sides and interpolar
distances were made equal. The expérimental arrangement of a cat in
the frame is shown in Figure 1. Stimuli wefe‘condanser discharges
delivered through an isolation transformer, and the reflexes wers
monophasically recorded through AC amplifiers, displayed on a double
beam Cathode Ray Oscilloscope screen, and photographed. |
(8) Durihg the expe;iment, testing the thresholds of nerve
stimalation provided 8 check on the condition of the nerves. Monitor-
ing the ingoing afferent volleys from the cord dorsum during the
experiment, and recording monophasically from the dorsal roots at the
conclusion of the experiment were useful guides to the state of both
the peripheral nerves and the dorsal roots.

(9) In the case of monosynaptic reflex responses, equality of
responses from the control muscle nerves was the best guide to the
state of the spinal cord and the ventral roots of the two sides of

the animal. Skin nerves as well as control muscle nerve responses
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were used when recording the spinocersbellar tract regponseé and mess
disoharges in order to assess‘équality‘and.condition of the spinal
cord halves. | | o |
(10) 'Mhny records §f‘éa§h reflex were taken so that thé mean‘v
values for the two sidesvcould be compared. Testing the degree of
post-tetanic potentiation'of-réflexes'gavgla sensitive meaﬁurevof
relatively small changes in_synaptig efficiencj, _

(11) | At the conclusion of the experiment all muscles in both
hindlimbé<were éissected,'and wetAweigﬁts determined on a Mettler K
© balance whoée-acouraoy was & 0.65 gram. .

i (12) | Appropriate nerves wers diésected_and their iengths ,

measured for the calculation of conduction velocities.

»(15)‘ '~ Histological examinations were carried out when necessary.
NOTEs * For the sake of c¢onvenience and brevity, throughout the

 text that hihdlimb which had been subjeétedrdpéréfi#eij foieiﬁeiiﬁehf-i
al manipulation ﬁill be hénceforth termed thé operated side. The
hindlimb subjected only to a dummy operationAis termed the gogggi side.
8. Stetistics]l Treatment of Resulis.

Standard statistical methods were used to assess the
significance of differences in reflex amplitudes, latencies, muscle
weights, etc. This involved the calculation of the arithmetical mean,
standard deviation, and standard error of the mean. The student t-test
(paired method) was applied to gauge the‘signifioance of differences
between two means. Whenever a differsnce in means is fermed significant
in the text, the value of t has been 2.5 or more, thus using 1%

confidence limits.
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4, g;stological Technigues.

(a) Nerves, dorsal end ventral roots from the animals in the
Nerve Section - Excess Use series were impregnated with 1% osmic acid
and embedded in paraffin. sectiqns were cut at 6 - 104 and micro-
photogfaphed, then fibre diamefefs were measured on a photograéhic
enlargement. Histogfams of fibre speétr& ﬁere prepared.

(v) Specimens taken at the level of cord transection from the
chronic spinal animals were fized in 10% néutrai formolksaline and
embeddgd in paiaffin; vLongitudinal sections ﬁare_cutfat 5 - TM
thickneﬂs and stained bjrtheiﬁlmgr;n method of silver 1mpregnati§n,
then mierdscopioglly exéminad for evidénce of regeneration.

5. Calculation of Results.

(a) Conventions used e jes. See Figure 2.
(v) Use of spike height as a measur of reflox siz |

. The monosynaptic reflex. response (sse Figure 2) to stimulat~- .
ijon of a muscle nervg recorded as a monophasic spike from an
appropriate cut ventral root is the integralrof the'responsés of
individual active cells in the motoneufone pdol. The spike area is
thus a function of the number of active cells in the pool, and the total
duration of the spike response is a measure of the degree of
asynchronism of motoneurone activity. ‘-

By printing on photographio paper, cutting out and weighing
the areas under the spikes, the areas of a graded series of mono~
phasically recorded spike responses could be determined, and were
poltted against spike height. (see Figufe 3. )

The observed linear relationship shows that the spike height

is difectly proportional to the area under the spike and therefore to
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the number of motoneurones in a pool which are activated by the

test volley.

(e) Reasops for cogparing retios of corresponding reflexes
from the two sides of each snimal. These are twofolde
(1) The first reason is purely a statistical 6ne. Consider

a series of similar eiperiments in a number of animals. The size
of monosynapfic reflexes recorded from ventral roots in raspéﬁse

to single volleys in peripheral nerves supplying thé corresponding
muscle in each cat, will depend upon a number of faatqréc the

size of the group la afferent volley from that muscle; the excitab-
ility of the motoneurones supplying the muscle pool; the depth of
anaesfhesia§ the physiological state of the ventral root; etc. If
all the reflex reeponses‘thus obtained are expressed ih terms of
absolute~potential recorded.(i.e, in mv), there is a very wide
variations = Analysis of results from a large number of animals
would be required before differences between all résponses of the
two sides become significant. Howevei, more uniform resultis from
different aniﬁals are obtained if one calculates the‘corresponding‘
reflexes recorded from the two sides in a given'animél as the |
xgi;g_(size of reflex from the operated side) / (size of correspond-
ing refiex from the normal side.) The soatfar of results is
reduced and hence significant results are obtained with fewer
experiments. |

(2) The second reason relates to the distribution of
segmental supply of any particular muscle.

Most of the muscles whose nerves are tested, receive

their innervation from at least two spinal segments. Smallexr
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reflex responses are ﬁften recorded (see Figure 4) from ventral
roots of larger diameter (e.g. L7 VR is largar~than S1 VR).

| A comparison of reflexss between animals on the basis of
the spike size in mV introdﬁoes statistioalbvariationé‘due to the
heavy weighting by larger reflexes representing smallér T00tS.
Greater variations arise if there is asymmetry of reflexes in
corresponding roots induoed by the experimental procedures. The
ratio of reflex spikes inldorresponding roots statistically
assigns equal weight to reflexes occurring in différént roots, and

thus partly compensates for the described variations.
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SECTION XI
0 S = DISUSE.

Introductions The test systems used in this series of experiments
have been mdnosyhaptio pathwayse

(a) In the monoaynaptic reflex arc described histologically
by Cajal (1909) and experimentally established by ILloyd (1943a,bff
motoneurones are monosynaptically activated by impulses in the
large afferent fibres from the annulospiral endings of muscle '
spindles (see Figure 5)e In testing this system with electrical
stimilation, volleys applied to cut muscle nerves are supramaximal
for group la fibres. The monosynaptic reflex respdnses of moto-
neurones innervating those muscles may be recorded monophasically
from the cut ventral roots, and are a meésure of the excitability
of the motoneurone pool thus activated.

(v) " The spinccerebellar tracts, both dorsal (unorossed) and
ventral (crossed), have cells of origin in nuclei shown diagrammat-
ically in.Figure 6. Clarke's column cells are known to occupy the
dorsomedial aspect of the dorsal horn over seéments 14 upwards,
(Rexed, 1954) and send their axons rostrally as the uncrossed
dorsal spinocerebellar iract (D.S.C.T) ascending in the dorsal part
of the ipsilateral lateral column. The nucleﬁs of the ventral
spinocerebellar tract (V.S.CeT) has been recently located (Hubbard
and Oscarsson, in print) in the dorsolateral part of the ventral
horn over segments 14 - 5. Axons from these cells ascend as the

VeS.CeTe in the crossed lateral column.

The afferent connections of V.S.C.T are entirely group

1b fibres, but the DeS.C.T while receiving largely la connections,
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also received soms 1b afferents. The Dorsal and Ventral Spino-
cerebellar traét neurones are thus activated monosynaptically by
volleys of suitable strengtﬁ in peripheral musqle nerves. The
tract responses may be recorded gé massldischarges from the sginal
cord, hemisected after the removai ofvddrsal'funiculiqv This
method of preparation is fully described by Rudin and Eisenman
(1951, 1954) and Laporte, lundberg and Oscarsson (1956); |

In order to test the postulated adverse effects of
disuse on synaptic function, unilateral tenotomy was chosen as
the method of reducing afferent activity from stretch receptors,
and was applied in several different procedures to dbe described.
It was assumed that tenotomy would prevent the development of
sctive tension, and would also reduce the-tensioﬁ passively
produced by limb movements. It was further assumed that tenotom-

: ized'musolea'thus'oontracting:undqr isotonic rathexr than isometric
conditions would provide a muchsémaller prioceptive affgrent
input to their central synaptic connections than the correspondihg
intact muscles in the other hindlimb. In series (1) of this '
section, the plaster of Paris immobilization was pro#ided in order
to reduce further the effects of passive stretching of tenotomized
muscles, but, as will be shown, it proved to be unnecessarye.
Unilateral tenotomy would therefore be expected to produce a
situation in which the central synaptic connections of stretch-
afferent fibres from tenotomized muscies were subjected to relative
disuse during the survival period between tenotomy and the final
testing of reflex activity. This testing was accomplished by com-

raring the reflex responses from nerves %o tenotomized muscles
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with those from corresponding intact muscles in the control

hindlimb.

Methodss In Seotion A, several experimental techniques were
employed,each consisting of an initi#l aseptic operatioh follow-
ed by & survival period of between 1 - 5 weeks before final test~
ing using the moposynaptio systems described above. The various
operative procedures may be listed as foilows, and will be
discussed belows | | »

(1) Unilateral ténotomg of ankle and toe extensor muscles

together with plaéteerf Paris immobilizatioh of the tenotomized

hindlimbj
(2) Unilateral tenotomy 6f ahkle and toe extensor muscles;
(3)’ Unilateral tenotomy of ankle and toe extensors with

transection of the spinal cord at the T10-11 level,

(1) = Unilateral tenotomy and plaster immobilization:
Mothodst At initial aseptic operations, the 20 animals in this
group were subjected to unilateral tenotomy by eioising about 1 om
from the tendo Achilles (medial and lateral gastrocnemius, plant-
aris and soleus muscles) and the flexor digitorum longus and
flexor hallucis longus tendons. Dummy operations were performed
on the contralateral hindliﬁbs, which provided controls. Further
controls were provided by muscle groups such as hamstring and
peroneal muscles which were intaot in 5oth hindlimbs. Plaster of
Paris immobilization of toes, ankle, and knee in a position of
moderate flexipnrware.oarried'out on the tenotomized hindlimb'

immediately after opérationg After periods of sufvival ranging from

3 - 4 weeks, the final acute experiments were performed according
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to the methods desoribéd»preyiously (pp: 8 = 11).

esultss (é) All muscle groups as depicted in Figure 7 showed
wasting in.the hibdiimb subjeoted.to tenotomy and plaster |
immobiiization, This was most marked for the two tenotomized
groups ankle and toe extensors, and for the knes extensors.
Their mean pércentagee of wasting were 43.8%, 24.2% andvlg.l%
respectively, whioh weie all significant (see Table 1). There
was less wasting of other groups, but it was also significant,
P<0.01. | |

(b) Actualrreoords of monosynéjtic reflexes recorded

monophasicaelly from cut ventréllroots.in one typical ezperiment,
as shown in Figuré 8.> There is approximafe symmetry'betweén the
lefels of reflex responses evoked ﬁy méximal group ia‘voileys in
the control nerves (Hamstring and Peroneal) (Figure 8; Bl, Pl) A
’By contrast the reflexes evoked frOm nerves to tenotomized
muscles are significantly greater than the responses from correséﬁ
ponding nerves on the normal side (Figure 8; Gl, 31). The
maximum post~tetanic responses after the stendard conditioning |
tetanus of 400 impulses per second had been applied for l0seconds
still showed symmeiry between the control nerves of both hind-
limbe (Figure 8; B2,P2). Under such conditions the increase of
responses from tenotomized groups wasvmuch less obvious (Figure
83 G2,F2)s The means of monosynapticvreflex»r35ponses from all
animels in this se:ies are suﬁmarised in fable 2, and are dis=

played on a histogram in Figure 9.

The summary in Table 2 shows that the mean pretétanic
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levels of responses from nerves to_tenétomized muscles are
significantly increased relqtive tc the eontﬁpl hindlimbe This
reflex enhancement is much_smailer when post-tetanic reflexes
from ¢orresp9nding ﬁgrves are compared. Mean reflexes frpm .
control.muséle neﬁves showed no significant deviation from
symmetry both before and after tetanic cohditionihg.

(¢) Central latencies for this series of experiments
are summarised in Taﬁle 3(a)e There is & mean éhortening of
central latenoy by Ce13 msecs in the tenotomized group, and this
" was statlstically significant.

Conduction velocities shown in Table S(b)-howeve:
showed no significant differenées_betwaen tenotomized and control
groupse 7
stcuss;on! In retrospect, it becomes clear that by combining in
this series unllateral tenotomy and plester immobilization there
are two experimental var:ables. Since the results obtained by
unilateral tenotomy alone are so closely similar (see>Sub—Section
(2)), the results from the two groups will be discussed together
on pages 30 ~ 33
(2) Unilateral tenotomy alone.

Methodss The 21 animals in this series‘were initially subjected-
to aseptic operations. The pioceduré used}wﬁs identical to that
just described in Section A:(I), except that tedotomized>hindlimb§
were not immobilized in plaster of Paris.

After periods of survival between one and five weeks,

reflexes were tested at final acute experiments by the methods

detailed on pp. 8 = 11 of this thesis.
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esultss
(a) 'As with tenotomy and plaster immobilization, #11
muscle groups in the tenotomized hindlimd showed wasting, which
is defailed in Table 4,“and,summarised in Figure 10. Vasting
w?s significant for the two groups of tenotomized muscles, viz.
ankle‘exfensors’24.9%Q toe extensors 18.0%, and will be discussed
later. ) - | | . |
(b) . Records of monosynaptic reflexés, recorded in ventral
roots from ongrtypi¢a; exper@ment, are shown in Figure 1l. The
fesults are‘olbsely similax in‘essential features to those
described for theupreviéus sérieé with tenotomy and plaster
immobiliZation;f’Pretetanic and maxiﬁum post-tetenic reflex levels
for control né:vés (Hamstring and‘PeronealvNn,)vqf-both hind;imbg,
are:qymmétrical., There is a significant increase of pretetanic
‘reflexes from nerves toAtéhofomizédAmﬁécieé{ | This reflex enhancement
is much reduced if the maximum postutetanic levels of reflexes are
oomparad. ‘ |
The resuité.from all23 animals in this series are

summarised as a histogram in Figure 12, and are detailed in Table
5 (a)s There is symmetry of oontrol reflexes, within the limits
of experimental variébility and it is statistically‘significant.
The average increase of reflexes frém nexrves to tenotomized
muscles varies from group to group, but the pattern remains‘quite
‘constant. There is a significant 60 - 110%‘enhahcemént éf mono=
synaptic reflexes elicited by meximal grdup la voileys in nerves
to tenotomized muscles, when compared with their corresponding

paired controls.
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The maximum post-tetanic levels of response from the
nerves to tenotomized mﬁsoles showed an increase relative to the
paired control muscles, but this eqhancement was muokirgduced
(25 - 69%) and was not significant within the 1% confidence limits
employed. - |

This post-tetanic trend towﬁfd reflex syﬁmetry is poss;
ibly attributed to the existence of a smaller subliminal fringe
with the motoneurones of the tenotomize@.muscleé, which would
arise on account of theiﬁ more powerful excitatory activation by
the group la afferent volléys. | |

The effect of varying the frequency of thevtésting
volley (Lloyd, 195Z) was investigated, and the pooled results
from five animals are presented in Figure 13. As can be seen,
both sefé of pointé‘iié éloéa‘ﬁo theaﬁameycurvés;v éhereﬂwﬁs‘a
decrease in the size of reflexes evoked by maximal testing
volieys a8 the frequency of testing increased and there was no
significgnt difference between nerves;to tenotomized and normal
muscles in respect of this effeot.

The time course of post—tetanic potentiation was
studied in ail cats for reflex paths from the normal and tenotom-
ized muscles. PFigure 14 shows actual records of pre and post-
tetanioc reflexes for nerves to both control and tenotomized
muscles, and demonstrated the absence of significant differences
in the time course of post—tetanic potentiation for the two groups.
The observed time courses of post-tetanic potentiation are compar-

able with those obtained by other investigators using similar

parameters of stimulations Iloyd;(1949); Eccles and MoIntyre (1953).
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Figure 15Vcdntains_the poéled resuits from four oats,vfoﬁ-eaeh
nerve:tgsted, and shows clearlj the absence of significant
differences in time 6oursa of potentiation ofér the short inter-
val plotted. Recovery from the later phase of PaT.P was followed
~ for up to 15 minutes in three cats and showed no signifioant
differences between fhe teﬁof5ﬁig3d and control sides.
(e) | Qgg&zgl_;gggagigg_ware calculated for n;rves 40 both
tenotomized and normai musolés, and these ﬁesnlts are summarised
in Tablé 6 (a). . There was & significant shortening, by 0.1l msec.
of the central‘deléy for pﬁthwaya from the ténétomized muscles.

Condugfgon Velocities were also ealculatéd, and the’
summarised results in Tabie 6 (b) indicate that there was no
significant difference of conduction velocity betwéen the normal
and,tenotoﬁizédkgroups; | | . | | | | |

The ébsolute“ana_relative refractory periods of
afferent pathé from bqth normal and‘tenotomized muscles were.
dete:mined in a number of animalsrand the means showed no signif-
icant differences for fhe'two groups.

(a) Results from testing the reflex“respénses of the other
monosynaptic system, namely the.épihbcei@bellar tracts, are shown
in detail in Table 5 (b) and summarised in Figure 17.

Typical records are shown in Figure 16. Symmetrical
responses from both dorsal and ventral spinocerebellar tracts
were evoked by stimulating<thé contrbl nerves to ﬁamstring and
peroneal muscles. Good symﬁetry in respect of ‘ipsilateral tract
Tesponses were obtained forvthaAcutaneous nerve, sural, and for

the mixed nerve, deep tibiale Nerves to tenotomized musoles did
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not show signifioant differences in the size of their VeS.CeT
potentials, but a significant 45 - 55% enhanoement of their
DeS.CeT responses,_evoked'by maximal group la volleys, was found.

Al though of smaller size, this increase was in good
agreement with the enhancehent of monosynaptid reflex respdnses
of nerves to tenotomized mscles as.reqordad in the ventral
rootss It was surprising,‘hoﬁever, that the cells of Clarke's
column nucleus, which have a powerful éynaptio'linkage with |
primary afferent fibrée (Szentagothgi and Albert;,1955) and there-
fore displey only a small subli@inal fringe by conventional
facilitation tests (Iloyd and MbIntyie, 1950; McIntyre, 1951),
should give givevbuch a rglatively lafge inorease. 6n the
other hand, potentiation of the DiS.C.T response of between 20 -
50% has beén_deﬁonstiated f§119wing tetanic conditioning
(Oscarsson, 1957). The results desoribed thus indicate & more
powerfﬁl enhancement of synaptic efficacy following tenotomy than
would appear at first sight. |
(e) The symmetry of the. afferent input provided by the
maximal group la volleys was tested at the conclusion of the
experiments by monophasically recording volleys from the dorsal
roots severed close to the spinal cords Typical records obtained
by this procedure are dis;layed in Figure 18, and show the good
symmetry which was usually obtained. In the few cases where some
asymmetry existed, it was témpting to apply’a correction factor
on the basis of relative volley size, to the reflex levels obtainede.

This course was rejected because there should be a random incidence
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of such inequality from nerves to either tenotomized or normal
sidese. The pooied féflex results presegted in the tables therew
fore contain no oorrecfions.

The afferent oonnecfions Of DeSeCeT éfe largely group
la rether than 1b (Laporte et al, 1956) while those of VeS.C.T
are exclusively from g:oup.lb afferent fibres_(OScarsson,»1957).
Since there is enhancement of D.S.C.T reflex responses but not of
VeS«CeT reflexes, the resultsksuggest that probably the group la
primary afferénfs are responsible,for the enhancement of both the_‘
ventral root and D;S.C.T‘mqnosynéptic responses.
(f)  This unexpected result that tenotomy results in enhance-
menf of monosynaptic responses raised a number of considerations
which pointgd to the need‘for some direct experimental analysisr
of propriocgptorrfunction‘inAtenotomize& musoléé. First, if is(
merely.én.assumption that tenotomy results in reduced afferent
discharges from affected muscles.'iFurthar, although no functional
regeneration of tendons per se was found after the intervals used,
one noticed frequently during final experiments that the central
ends of the severed tendons had become firmly adherent to the over—
lying skin and subjacent deep fasciae. This occurred in one case &s
early as one week postope:atively, and while not constituting
effective regeneration, yet might enable the muscle to develop
sufficient tension to provide stress on the muscle receptors,
instead of contracting isotonically as would be the case immediate-
ly after tenotomy. However, the progressive nature of_the wasting

of tenotomized muscles makes it less likely that any effective

tension is developed during the survival periods up to 3 - 4‘weeks.
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Finally, paét evidence that prolonged disuse has adverse affects

6n_synaptic function (Eccles and MoIntyre, 1953; Bccles et al,’
1959) casts doubt on the initial assumption that‘tenoﬁomyAresults
in a diminished dischérge‘from stretch receptor afferents,(cf;
Beranek and Hnik, 1959). |

A preliminary attempt was made to analyse the afferent
activity from chronically tenotomized muscles, using a method
déscribed by Mbtthewsr(lgss). In this prooedure, recording was
carried out &irectly from the distal segment of muscle nerves,
cut 2 om from theii eniry into the mugcles. Affefent spike dis=
charges of up to SQyLV could be recorded in this way. In order
to make valid comparisons of tﬁe activity of_cbrrequnding normal
and tenotomized muscles, the températures of the pools were kepf»
equal and ﬁinimum di sturbance of muscle bldo@ supply ﬁ£s en§ured‘
by leaving the skin over the calf muscles intact. The hihdlegs
were fixzed symmetrically on the frame and interpolar.diatanoes
betﬁeén recording electrodes were equelised, as was the position .
of electrodes on the nerve relative to the muscle.

Figure 19 illustrates with typical Tecords, the results
obtained from testing, in this manner, 50 nerves in ten animals.
Since the frequency of the afferent discharge could not be
affected by variations in application of recording electrodes, it
was consideréd important to compare frequency rather than amplitude
of discharge for normal and tenotomized muscles.

A summary of all results is given in Table 16 (a) This
shows that there was an average increase of 22% in the afferent

discharge frequency recorded from tenotomized muscles by comparison

with corresponding normal muscles.
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By a simple frame and pulley system, a 1+0 Kg. pull
could be halved end applied simultaneously to the tendons of
corresponding muscles in both hindlimbs. The frequency of dis-
charge with 500 g stretch was still significantly 11.7% higher
from tenotomized muscles than from palred normal muscles.

Aithough the results obtained by this method of
recording are open to certain objections, the figures appear to
be significent. A possible explanation might be found in the
muscle wasting which results from tenotonmy. It haé b;en déﬁ&hstrat—v
ed that primary afferent receptors in miscle are extremeiy sensit—
ive to changes in length of the_order of microns, paiticulaily'if
the muscle tension is low (Iundberg and Winsbury, 1960); It is
not unreasonable to suppose that spindles in akwisted miscle may
be more susceﬁtible to the effects of passive squeezing and de-

formation during movements of the tenotomized hindlimb. This
could result in an increased group la discharge from tenotomized
muscles, and provides a possible explanation of the observed
phenomens.

The relative amount of wasting of different muscles
varies with the duration of the postoperative survival interval.
Figure 20 summarises these results obtained for control and
tenotomized muscle groups in fifteen cats. The control muscles
waste initially with almost the same rapidity as tenotomized
muscles, but from the tenth postoperative day shbwra reversal and
gain weight until they return to their original weight by about

five weeks. Wasting of tenotomizedAmusclas continued after the

tenth day and had not ceased by five weeks. The average wasting
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of qpadricepé femoris, typefying thekcontrol mascle groups, is -

shown plotted against postoperative days in Figure 21. In the
tenotomized hindlimbs there was more wasting of this knee extensor
group tﬁan other intact muscles. This is quite analogous to the
quadriceps wasting which resﬁlts from immobilization of sick
persons in bed. This wasting of quadriceps began to regress after
the sixteenth day, and recéveny»ofvoriginal weight was achieved
after five weeks. By cbntrasf,»Figureskzz aﬁd 23 prpiide résulté‘,
for the two groups of fenétomized muscles, iriceps saras, ankle
extensors, and the flexor digitorum longus group of toe piéntar
flexors, respectively.‘ These show‘a progréssrvé wasting even up to
five weeks, there being a roughly linear weight ioss wifh identic~
al slopes for the two muscle‘grpups. There is evidence given
by Heldndér (1957, 1958) fhﬁt waéfihg‘of muséies ﬁue to diffe?eﬁt
- causes (e.g. denervation, tenotomy, and‘immObiIiZation)'ihVoivbﬁv"“
in each case the loss of different types of muscle protein
constituting muscle fibres. It is interesting to speculat;
whether the intrafusal muscle fib?es are involved in the loss of
substance, and if so, what effect this has on the afferent
function of spindles. Further investigation of proprioceptor
activity in tenotomized muscles is desirable.

Mbaﬁwhile the available evidence leads to the concluse
ion that tenotomy of muscle results in increase of the mono-
synaptic reflexes evoked by group la volleys. The results of

part (3) will be presented before the final discussione.

(3) Unilateral tepotogx,'with spinal transection.

Methodss In this series of eight cats the procedure of initial
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unilateral tenotomy conformed to that already described,'but in
addition the spinal cord was eﬁposed aﬁdﬁtranseotedvat T 10-11
level; ihmediate%y prior 40 the tenotomy. The animals were kept
for postoperative intervais’of 2 - 5 weeks, afte: whio§ reflexes'
were teéted in the manner-already desgcribed. | |
Resultss (e) As shown by Figure 24 and Table 7, there was
miscle wasting of allvhindlimb muscle groups in this series, but
it was smaller‘ih emount than that seen in animals of series (1)
and (2); The degree of wasfing was significant for seve:al |
muscle groups, viz. ankle extensors and flexors, and both
extensors ahd‘flexors of tdes. it is intarastihg fhatvsignific-
ant addifionai wasting still results from tenotomv after sﬁihali
cord transection, because the latter is known to induce consider-
able wasting if applied without tenotomy (Hnik, 1960)

'(b)"The'monosynaptio‘re{lex;respopsesryerg :ecqxdedi '
from vqntral roois as desoribed, and“Figure 25 comprises typical
records from one ezperimentf There was the usual symmet;y of
control refléxas ffdm the two sides.. In coptrast to previqua
results, nerves from tenotomized muscles now yielded reflex
responses which did not differ 81gnificant1y in sige from their
control counterparts.

The same reflei symmetry was seen between maximum post-
tetanic levels of response from paired nerves to corresponding
control end tenotomized muscles. A summary of results for all
~animals in this serieé appearing in Table 8 (a) and Figure 26
providés the same clear results. In these animals wiﬁh.both

tenotomy and spinal cord section, there was no increase of ventral

" root monosynaptic reflexes.
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(c) The behaviour of spinocerebellar tract responses
under these conditions is in good agreement with the previously
stated result. This may be seen frqm the sample records in
Figure 27 where there are po significant differences between
dorsal or ventral spinocersbellar tract responses from nerveé
to tenotomized muscles compared with normal controls. The
summary Table 8 (b) showa.average tract responses for all animals
in the series, and agrees in all réspeots with results just
described. It is ayparent that T 10=-11 spinal coid-transection
prevents any inorease of monosynaptic reflexes from nerﬁes to
tenotomized muscles. B , ‘

(4) Purther, it is seen from Table 9 th#t central
latencies do not differ signifioaﬁtly between nerves 1o normai
and fenotdmized musqles; o | .

-(e)- The results of the‘anglysis'of'afferent“sﬁike o
discharge from five ocats in thé series are presented in Table
16 (b). Symmetry between corresponding normal;and tenotdmized :
muscles, may be seen in the records §f Figure 28. The mean dis~
charge frequency from tenotomized muscles;was 3% smaller than ’
that from normal muscles, but this difference was not stafistically
significant. |

One can summarise these results by stating that spinal
cord section af T10 level, performed a% the time”of unilateral

tenotomy prevents the occurrence of all changes induced by

tenotomy alone.
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Section A - Discussion.
" In this section the results of three‘tenotomy proced-
ures have been presented. |

There are some reports of reflex effects in the nervoﬁav
system caused by immobilization of limbs (Nasledov, 1957; |
Spiegel, 1927; Thomsen st al,(%gi%). However, in these reports,
limbs were fixed in extreme flexion or extension, and none deals
with the effects of iﬁmobilizing & limb in the position of‘reat,»
as was carried out in this study. Further, the reflex changes
were assessed by observing behaviour and reactions to tactile
stimuli, and noting.the postural effects of cortical ablations.

It is doubtful whether the plastering procedure used with tenot-
omy in Section (1) could have contributed to the reflex changes
observéd. For ﬁﬁrposes éf diéoussion;kthe mosﬁ reléfant results

- are those obtained in Section (2) with unilateral tenotomy'aldne,'
and one feels justified in treating the plaster group with this
series.

The observed effects of unilateral tenotomy, or i
tenotomy with plaster immobilization, are to enhance spinal mono-
synaptic excitations of two types. There ars no detectabls
changes of the afferent path, in particular conduction velocity,
refractory period, or time course of post-tetanic potentiation;
hence this increase of reflex responses from nerves to tenotomizéd
muscles indicates an enhancement of fhe synaptic excitatory
action. As a consequence more motoneurones would be activafed
by single maximal volleys to periphqral nerves, and there would

be greater synchrony of their discharge. A further consequence

would be the observed shortsﬁing of central latency and the
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réduotion of the relative enhgnoement after tetanic conditioning.
It is of interest that Beranek and ﬁnik (1959) independently
provide results for the monosynaptic reflexes recorded in ventral
roots, differing only qugntitatively from tﬁoSe daécribéd.
Differences in technique could account for the greater énhanqement
which they observed in refléx responses from tenotomized muscles.

In the aﬁsencé of any knowledge of the afferent behaw-
iour of chronieally tenotomized musclé, it is difficult to explain
the observed enhancement on grounds of hyperéensitivity resulﬁ- |
ing from disuse of central synaptic connections. We cannot assume
that tﬁe muscle receptora'are_silencea*by tenotomy, becauss there
is good evidence that even isolated miscle spindles of frog -
striated muscls discharge spoptaneously (Buchthal and Jghp, 1957),»
k aﬁd oerfaiply thé mebhanical défofm#tiou‘of-tenotomized muscles
: dﬁring walking would be enough to cause group la discharges on
the basis of findings by Lundberg and Winsbury;(19603). However,
the group 1b impulses from Golgi tendon organs have a much higher
threshold, and do not respond as well to phasic stretch (Hunt and
Kuffler, 19513’5,1nndberg and Winsbury, 1960b) and so should be
greatly reduced or silenced by tenotomy.

With evidence that there is little Or no convergence
of la and 1b excitétory activation onto fhe same DeS.C.T neurones
(Lundberg and Winsbury, 1960b) the observed 40% enhancement of
DeS.C.T response could be due to a relatively larger enhancement
of DeS.C.T neuronss activated only by.group la afferents over
those activated by 1b afferents. in the latter case, there should

be a parallel enhancement of responses from V.S5.C.T neurones whiéh

are entirely 1b activated, but this is not observed. There is
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thus some evidence to suggest that this effect of,tenqtomy on
the monosynaptic systems described, is brought ahoutvthrough
their group la connections.

Béfore further postulates were made, it was necessary
to have some indication‘of the afferent activitj from chronically
tenotomized muscles. Acoordingly, the preliminary analysisrwas
performed in the simple manner described, and the results suggést--
ed tﬁat chroﬁically tenotomiied muscles give increased afferent:
dischargess This requires confirmation using the more precise
methods of single fibre recérding (Bunt, 1951, 1954; Kuffler,
Bunt and Quilliam, 1951). | N

| ‘This result prbvides'one attraotive'exylanation of
_the observed effects of tenotomys that‘increased_dischargég of
group ia ihpulﬁes from éhronicéliy fenotomized miscles, with
- consequent increased use of their centra1'synapseg,'1eaas to an
enduring enhancement of synaptic efficacy.

There are strong arguments against the alternative

hypothesis that the observed reflex enhancements result from some
. form of disuse hypersénsitivity.

Firstly,ithere isvno evidence that reduction of
afferent activity from tenotomized muscles resulting in disuse of
their central synaptic connexidn; does occurs the present results
suggesis the reverse. Secondly, it has been shown that spinal
cord section (at T10~11 level) at the time of unilateral tenotomy

prevents the occurrencs of all reflex changes induced by tenotomy

Zlone, and prevents the increase of afferent activity from tenotom-

ized muscles. Since the in'ﬁeirtxptim of descending pathwa&s by comd
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transection can only increase 4he number of "disused" synapses on
motoneuronses, the effeot-of cord section in breventiﬁg these
changes induced by tenotomy, cannot be explaihed in this way.

There aré a number of supréspinél sources of control
of the gamma motoneurones (Granit, 1957).( Spinal cord section
just prior to tenotomy would remove these sources of gamma active
ation. Tenotoﬁy,lwith release of muscle tension, would lead to
deloading of spindles, but normally gamma motoneurones might be
reflexly activated as a oonéequenoe of tenotomy and thus cause
contraction of intrafusal fibres, ané consequent increased
spindle discharge.

If the developmant of the increased discharge fiom
tenotqmized miscles depehded uppn{this aqtion of the_gémmq—loop _
meﬁhénism, the removal of supraspinal sources of gamma activat—
~ ion could reduce gamma efferent activity sufficiently to prevent
this increased spindle discharge; hence the observed absence of
reflex enhancement under such conditions.:

Lack of evidence precludes further speculation and
leads one to a simple and more general conclusion. Tenotomy of
muiscles results in an increase of the monosynaptic responses
evoked by group la afferent volleys. There is some evidence that
this effect is brought about by increased disohgrges of group ia
impulses from ch:onically tenotomized musqles, i.e. thét it is
dué‘to an enhancing effegt which accompanies increased use of
their central synapses. The effects are prevented by spinal

cord section (T10 - 11) immediately prior to tenotomy.
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(1.) It has been knéwn since Sherrington's experiments (1899,
1910) that animals whose spinal cords are transected, sometimes
demonstrate exaggerated flexion responsess It seemed that this
preparation could provide an opportunity to confirm the presenéa
of such overactive flexor tone and study its effectsvupon spinal =
polysynaptic reflex pathways. In this section a comparison has
been made between the reflex aotivity of chronic spinal.oats, and 7
normal cats which were rendered spinal at varying intervals prior
to tastingf As a preliminary to the.électrophysiolngical analysis-
which follows; careful observations were made of the evolution of
spinal reflexes following spihal transection, and of the patfenns
of reflex behaviour exhibited by ohroniq gpingl animalsrwhosg
spinél cordsvhad beeh sévéred ;t>least éix_mbﬁths befope.

The animals used in this study fell into two groups,
(2) Chronic spinal kittens whigh,’after spinal cord transection

during the first week of life, were reared until 6 -~ 9 months old

e

(b) Normal kittens of the same age whose spinal cords were cut
at the age of 6 = 9 months.
For both the week~old kittens and older animals, the‘Sdmo,piacedp
ure was followed at initial aseptic operation. Ether anaeéthesiahl
was used, and a laminectomy was performed at the chosen level,V ’
over only i - 2 segments, which gave sufficient exﬁosure for
section of the spinal cord.

The spinal cord was transected with scissors after
opening the dura maters Upon complete division of the spinal cord

and dura, there was retraction of up to 5 mm of the severed ends
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of the spinal cord, rendering any excision of spinal cord
unnecessaryes (The spinal cords from all cats were ultimately
examined histologicaliy, aﬁd no evidence of regeneration was
found ). . |

The spinal sections were performed at one of two levels —
high thoracic T2 - 3 level, or low thoracic, T12 - I2. Unless
otherwise atates, all results in this section have been ob£ained
on animals with iow-thoraoic transection. .

The postoperative managemeht of these spinal animals,
was tedious rather than difficulte Catheterization was sometimes:
necessary in the first 3 — 4 days, but after that, urine could be
manually expressed. Occasionally enemas were necessary during the
first 1 - 2 weekéf $h9‘aqimais,we;e kept in cages whose floors
conéisted of 2" deep trays, filled with sawdust. 'ﬁy careful clegn~
M&pmwwé@mbﬁd@ﬁﬁﬂuﬁ@éﬁmiw@h@ﬁﬁﬁ;ﬁ;7
young kittensvwere left with the mothers and consequently required
less attention during the first 3 - 4 months up to weaning.

Animgls wore fed daily with minced meat and milk ad libitume -

By four months or more after thoracic spinal seciion,h~'»»
the isolated distal segment of these cats is highly eicitaﬁlg ”
(Sherrington, 1906a; Clark, 1940) and a variety of reflex requnéés
may be elicited with ease.

These have qun classified as followss
(A) Bxteroceptive Reflexes 1. Pfoteotive Reflexes.

| 2+ Cleaning Refiexes.

3. Sexual Reflexes.



(B) Interoceptive Reflexes. 4. Excretory Reflexes.
: 5. Vasomotor Reflexes.
(c) ErOQr;ogepiivé Reflexes. 6. Postural Reflexes.
(These are also exeroceptive in
part) |
It would be appropriate at this point to deal with these
in turn, in further detail, but the reflex behaviour of spinal
animals has been extensively described by numerous authors includ~
ing Clark (1940), Macht and Kuhn (1948),' Sehs and Fulton (1940),
and in the most extensive manner by Sherrington (1900, 1906a, 1906b,
1910). Only mention will be made of the reflex respohses which are
fully>deveioped in the chronic spinal amiﬁal, with special attent-—
ion to three types of feflexes hot»well_described in previous .

studies. These are thermokinetic (flexion) responses to heat and

- cold, toe-fanning, and an abnormal contralateral type of scratch

response.

(a) Protective Reflexes.

The observations here in no way differed from previously |

well-established observations that the responses of spinal esnimals

generally to noxiocus stimuli are in effect withdrawals (Sherrington,'

1910). The actual movements éxecuted depend on the area to which

the noxious stimuli are applied (Sherrington, 1910; Hagbarth, 1952)
and. also depend upon the positibn of the stimulated area and limbs
in relation to the rest of the animal (Sherrington, 1910)s Over-
active tonic flexion was never seen in these animals, and the level

of all flexion responses was never more than that found in the

normal animals (c.f. electrophysiological findings).
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The foilowihg withdréﬁgl responses have been demonstrai-
ed in the hindlimbs of all chronic thoracic spinal cats, and have
been previously described. |

Ipsilateral flexionvresponses, with and without crossed
extension (Sherrington, 1910; Lloyd, 1943b) and ipsilateral extens-
" ion (Hagbarth, 1952, 1960). Bilateral extension in response to
pinching the skih of;the'belly in the midline, and direct with-
drawal-mévemenfs\of’the tail have also.been seen.

Thermokinetic Reflexes. Thesé are refléx responses of the #indlimb
to heat and cold stimuli, which are worth reporting in detail as
only one author has previously déscribed these (Macht and Kuhn,
19483 Macht, 1945) and the present observations are.at some variance
with these reports.

Théré afé‘quife charactéfistic:résponsesvﬁf chronic higﬁ
thoracic~$pina1 cats to thermal stimuli ﬁrovided'by immersion of
the hind toes in water at a certain temperature above or below the
skin temperature of the immersed.limb. Immersion of hind toes in.
iced water at 1°¢C evoked an immediate kicking or jerking with ipsi-
lateral h;ndlimb withdrawal and accompanied by very strong flexion
at hip, knee and ankle. Then followed . vigorous shaking of the
limb by rapid alternating flexions.and'extensions.lThere were contra~
lateral extensor thrusts and tail circling. The toe movements
alternated between a persistent wide toe~fanning with dorsiflexion,
or a marked plantar flexion response. The latency of withdrawal
was almost always less than 1 second. The responses to hind foot
immersion in watervat 50°C were equally characteristic, aﬁd
quite similar to the withdrawal responses to cold. The differ—

ences seen were firstly, a relatively longer latency of up to 10
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seconds. This was followe& by the same violent kicking move-
ments and withdrawal in the most extreme flexion. In this with-
drawal, all joints of the immersed hindlimb were flexed to their
mechanical limit. Toe~fanning was never éeen. Macht and Kuhn
found these responses in ohronié decerebrate, bulbospinal and high~
thoracic spinal cats, being most pronounéed in the spinal preparat-
ion. Thesse raspdnses could be repeatedly elicited in every one of
the seven chronic animals tested in this manner. It was apparent
that there were thresholds for these thermokine&ic responses to cold
and heat, above or b§IOW”mhigh, respectively, no:withdrawal could be
evoked. -

The threshold of the response to cold averaged 28.5°¢C
based upon repeated testing of both hindlimbs of seven spinal animals{
This varied only slightly from individual to individuel. The fhres—
~hold for cold was related to the skin temperature of the immersed
limb. The response was dependent upon & gradient between the temp-
erature of water and skin temperature. Macht and Kuhn suggeste& with
little evidence that the receptors involved were probably Krause's
end bulbs. In the case of water at temperatures above body temperat-
ure, the threshold for withdrawal was found to average 48.5°C and
was relatively constant being independent of body temperaturs.

That this response was not dependent upon tactile
stimuli was demonstrated in two wayss
(1) By application of §" diameter metal rods as thermodes, to
various points over the hindparté of these high thoracic spinal
cats below the level of section. The temperatures of the rods

. (o] o
applied were 17¢, 55°¢ or 3790, the latter being close to the skin
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temperature found in hindlimbs of all seven cats. |

Without except;on; the application of thermodes at
37°C failed to evoke any response whaitsoever., Withdrawal fefléxes
to cold (1°C) could be elicited from the skin of hihdpaws and toe
pads, and the perianal skin fof about 2 cms around thé'anus. Suoh
withdrawal cbnsigted of the ipsilateral flexion as described.

Withdrawal iesponses to heat were more generalised, and
could be elicited from elmost any skin areas beldw:the 1eve1 9f
section with no particularly sensitive zones. Without exception,
application of thermodes at 37°C failed to evoke any response
whatsoever. This observation together with the presence of clear
temperature thresholds for the responses to hot and cold immersion,
provided good evidence that these thermokinetic responses ﬁere pqt
tactile in nafufé; - | - |
(ii) Macht end Kuhn (1948) examined the behaviour of normel cats
10 hot and‘cold stimuli and described similar withdrawal responses
to those found in spinal animals. They concluded that such ipsi-
lateral flexion, withdrawal and shaking of hindlimb in normal cats
were evoked by tactile stimulation, because the résponse was not
influenced by the temperature of the water within ‘the range 1 - 45°c,
One éouldﬁconfirm their results using the same téchnique of holding
an animal and immersing the hind toes by lowering the animal
towafds the water.

By using a different technique, however, oleér thres—
holds could be determined for respogses of norhal animals to both
heat and cold stimuli. The animels stood with one hindlimb in a

thin plastic tray and water of the desired temperature was poured

-
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into the tray and allowed to rise slowly over thetoes; its temp-
erature being teken near the hind foot.

| The threshold for withdrawal responses to cold determin-
ed in this manner averaged 1200, and for heat 49°C. These thres-
holds determined for each cat were constant and repeatable. With=
out exception, there were no ipsilateral withdrawal responses<t;
water at or near body»tempenatuie, applieﬁ in this manner.

One concludes thatAthére may Be‘{a-tactileb oompﬁnent iﬁ the -
response to hindlimb immersion in water, depen&ihg on the method
used. Regardless ofkﬁhis, at temperatures above or below fhe
threshold foi feapgnse, the thermokinetio‘reflexes QS*described
are evoked, and are yet another manifestation of the prepotent
protective flexion response.‘ o B o
(n) Eefle; Stepping and Mass Reflexes. Stepping movements involv-
’ing rhythmically alternating flexion and extension can oftén be'»
provoked in these chronic spinal animals. The genesis of these
moyements is dealt with by Sherringtdn (1913). Descriptions
have Been giﬁen of&mass reflexes in spinal han:ﬁy ﬁead and
Riddoch (1917), and in spinal cats by Clark (1940).  Such move-
ments have,beenlpepeatedly‘obsérﬁed in 11 chronic thoracic spinal
cats. Almostiany cutaneous stimulus, sometimes requiring several
repetitioné, wouldfinitiate the mass response which spreads, end
then continues wiihout further stimﬁlatioh;‘ A mass reflex begin;
with tail lashing, & orossed extensor or scratch response, and
then spreads to involve more and more muscle groups;.until‘finally

the trunk twists vigorously, legs jerked clonically in a position .

of flexion, and urination and sometimes defaecation occurs. Such
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mass discha:ges'somefimes last as long as 15 minutes. . A distended
5ladder, rectum, or stomach all greatly incréase the e#se.with
which such a mass reflex can be elicited.’
2. Clesning Reflexe 6. | ‘ |
(a) Perineal Cleaning. Tactile stimhlation of the skin over the
posterior &spacf of the thigh, ischial region, perianel or peri-
vulval areas, the perineum and lower sbdomen, evoke characteristio
réflex'movements.' These consist of ipsiiaterai hip‘flexioh,‘ﬁith
exteﬁsion of the hindlimb at the knee and ankle 301##8. This
posture is maintained continuously during the uninterruPtéd»applic—
ation of a tactile stimulus to fhe reflexogenous area, and relaxes
on the cessation of the §timu1us. This,spinal refléi h@%eﬁént
produces a posture resembling that adopted by normal animals for
llcklng and cleaning the hindparts. It has therefore been classif-
ied as a cleaning reflex.
(b),299=£anningbRespogs§. Thie reflex Qould be readily elicited
from the hindpaws of every chronic spinal cat with both ﬁigh or
low thoracic section. The response consists of an ipsilate;al
dorsiflexion éf the toes, witﬁ sebaration of the digits, fixation
of the foot in a dorsiflexed'ﬁosiiion, and the leg in a semiflexed
posture. It is'illuatrated diagrammatically in Figure 29. An |
adequate stimulus for this response is touching or‘rubbing the fur
and skin between the toas, and it is more readily evoked from the
plantar than the dorsal surface, and also sometimes from the vent
ral aspect of the foot for a shoft distance. Continuance of the

stimlus leads to uninterrupted maintenance of the response for

periods of up to several minutes, after whioch the response fades



and the limb relaxes. Thus this reflex does demonstrgté ;giiggg_
in the Sherringtonian sense, a feature shared by other réspbnees
(e.g. scratch reflex)‘which are subordinate to the'prepotant‘
-flexion reflex. Eggil;jggigg_is also shown by this toe-fanning
response. As mentioned, duriné a maintained initially adequate
stimulation, the tae-fanning reflex égows wéaker, 6r'disappeafs;
and may then bé replaced by withdrawél of the foot in which the
limb is flexed at all joints. A painful stimilus (e.g. pinprick)
then epplied to the reflexogénoué zone fadilitated the subsequent
eliciting of a strong reflex once more, by the tactile stimulat-
ion which had become inadequate owing to fatigue. Thi§ spinal
toe-fanning response may play a‘role in the normal animalfs re-
action to tactile or painful stimulation of the skin bet&éen'fhe
toes. Such'sfimuii would be ehcoﬁntered‘when ﬁ‘fiéa; eténé;'fhbfn,
Amud,»etc.rirritated~the.reflexogenous zone between the toes. - ‘
Following such stim@li, an immediate cleaning and licking norm-
‘akly occurs #fter the preliminary moﬁement - fhe toé-fanning
response — has exposed the affected area. This would explain the
frequent ocourrence of the reflex as part of the withdrawal
response to cold; end also the facilitating effect of painful
stimuli applied to the receptive field of this reflex. A very
full account of the sign of Eabinski has been given by Fulton and
Keller (1932) and one feels that this observation in no way con-
tradicts their concept that the Babinski. sign ‘displayed by primates.
is the vestigial remmnant part of a protectivé fleiion response.
This toe-fanning seen in chronic thoracic spinal cats would seem to

be more than part of a protective flexion response and has been
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categcriséd as a dleahing‘reflezu

(c¢) Scratch Reflexes. These are fully described in the classical
studies of Sherringibn (19062, 1906b). However, in all the éhronic.
high tho:acic spinal cats investigated, aﬁ abnormal fype of crossed-
seratch response could be elicited. »Soﬁe‘feathres of this are
illustrated diagramﬁatioally in Figure 29« The classic#l sgratch_
response aévdescribéd by Sherrington was éligited from a'saddle'
shaped areé, Jjust belowlthe se&tian which was quite narrow dorsally,
being only 2 ; 3 cms widq, but exfendiné oaﬁdally some 8 - 10 cms
-on the ventral Sﬁrface of the animal. The rostral end of this

area abutted the skin innervated from abo#ehthe levél of-sedtion.
The entire skin area below the level of section was mapped in
detail for four chronic spinal cats, testing with both- mechanical
and electrlcal stimulatlon,_to obtain a map of the reflexogenous
zone for the contra1ateial-scratchArespéhéea ‘This‘is‘showa
diagrammatically in Figure 29.‘ The refiex movements‘themsélves
need only be desoribed as containiné all the features of the nprmai
ipsilateral scratch response but appears in the hindlimb oontra—-v
lateral to stimulation. It was sometimes possible for areas caudal
to the saddly shaped zone described, to elicit both ipsilateral |
and contralateral scratch responses. This phenomenon was quite
variable and its occurrence could not be related to anything.
However, the contralateral scratch resﬁonse could be elicited so
readily by the lightest touching of most of the hindparts (Figure
29) that it is remarkable that it. has not been previously

described. |

The remaining types of reflexes listed in the
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classification, namely,'séxual,exoretory, vasomotor and propriocept—

ive reflexes have been dealt with by Sherringtqn (1900), Fulton

(1943), Denny-Brown. and Robertson (1935), Sherfington (1906a) and
Sahs and Fulton (1940), and require no description. Similarly,
the phenomena of spinal shock, and the evolution and return of
spinal reflexes after transectihg the spinal cord have been fully
desoribed by various autﬁors (Sehs and Fulton, 1940; Sherrington,
19065,11906b; Me Couch, 19243 Fulton and Sherrihgtdn, 1932).‘ In
the latter context it is of interest only to mention that ﬁeak
thermokinetic reflexes are seen in cats, from the second day‘after
high thoracic section. Weak toe—fgnning’reéﬁonses do not appear
until about one week has elapsed after cord ségtion,

The pattern of reflexrbéhaviour in these chronic spinal

animals indicafes that the isolated part of the spinal cord is

- hyperexcitable, and most of the reflex responses are enhanced,

For comparison with the clinical observations, the electrophysiocl-
ogical results from these animals are presented.
(2) Electrophysiological analysis of the cutaneous reflexes of |
chronic spinal cats was_undertaken in order to further evaluate
these changes in reflex patterns observed in chronic spinal animals.
Aniﬁals used fell into two groups.
(a) 7_sacute low thoracic spinal animals. These were adult cats
whose spinal cords were transected between T12 and L2 at the
start of the‘final experimental testing. Five of these animals
were decerebrated at the intercollicular level under ethqr'
anaesthesia, using the method of Bazett and Penfield (1922).
Testing of reflexes commenced not less than four hours

after the cessation of ether, to allow time for removal of
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most of the druge The remaining two cats.had their spinal cords
sectioned undervether anaesthesia on the day prior to the
experiment.s They were not anaesthetised for the final experiment-
al procedure, all manipulations being carried out below tﬁe

level of spinal section. Animals were kepf warm, were petted
frequently, and given meat and ﬁilk when required. By such

care, and by keeping a-lbose'black woollen stocking over the
animal's head, they remained quiet and rarely showed any distress.
By this method it was hoped to avoid the depressant effeots of
anaestheticé'upon the polysynaptic refléxas‘(Hagbarth and Haess,
1950; Petersen, 1952). -

(b) 7_chronic low thoracic spinal animals. Five‘of fhese were
subjected spinal cord transection between T12 and L2'during'the
firsf week of life, and two were.rendered spinal at the gge of
- four ﬁnnthsb~ All were used when not‘less'fhan”niﬁe months of
agee Final experimental»testing was oarfied out without
anesesthesia and followed the procedure described above.r

Dissection of both hindlimbs in each animal was routine—

ly undertaken. For all animals, the hindlimb dissections end

the preparation of cutanequs and muscle nerves was performed
according to the description given on pages 8 —= 1l.

The following four cutaneous nerves were used for condit-

ionings _

sural nerve, saphenous nerve, superficial peroneal nerve, (after

removing the component supplying peroneus brevis and tertius)

and %ibial nerve, including only the medial and lateral plantar

nerves without removing their contributions to flexor digitorum
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brevis and the interossei.
For reéording reflex discharges nerves were chosen
supplying musclés.Wifh relatively simple modes of action.

Nerve to Quadriceps — Supplying vastus lateralis, medialis and
vastocrureus, which are knee gxtensors. Nerve to rectus
femoris (hip flexor) was omitted.

Nerve to Triceps Surae - Supplying medial and lateral heads of
gastrocnemiué and scleus, which are all extensors of the
ankle, and plaptaris'(pléntarhflexes the toes) i.e. all
are physiological extensors.

Nerve to Biceps—Semitendinosus - Supplying the biceps femoris
(except the nérve to anterior biceps, a hip extensor, was
omitted) and semi?endinosué. . These muscles are knee

flexors.

Peroneus Profqggg§>N322§;;'Supplying'tibialis antious and extensor
| digitorum longus. Bdth are ankle dorsi-flexors and the
latter dorsiflexes the toes.

Nerve — Supplying flexor digitorum longuslénd flexor hallucis
longus, which plantar-flex tﬁe toes, tibialis posterior,
which plantar-flexes the foot. i.e. all are physiological

" extensors.
The stimulating and recording arrangements are illustirat-
ed in FiguFe 30 and desoribed in the legend. '
The standard procedurélfollowed in all experiments
included both ipsilateral and contralateral conditioning of each

cutaneous nerve .in turn. With graded stimulation of various strengths

from threshold tO'IOOV, the reflex discharges into each muscle-nerve:
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were recorded in turn.
| Unsuccessful attempts were made to integraté electrically‘
the entire polysynaptic reflex discharge into muscle nerves which
was evoked by stimulation of cutaneous nerves.
Comparisons between reflex responses of: the two groups
of animals have been made on the basis of the latency, amplitude
and duration of the reflex discharges. Responses in muscle nerves
were grouped as reflexes to flexor or extensor groups of muscles
and were tested in both ipsilateral and contralateral groups.
Attempts have also been made to relate the characteristics of the
reflex to the type of afferent fibres which are active, by comparing
the reflex spike discharge into muscle nervés with the form of the
afferent volley set up by a range of stimulus stréngths suprathres-
hold for each type of afferent fibre in turn.
The following results were obtaineds
Resultss Volleys in four hindlimb cutaneous nerves, namely, sural,
saphenous, superficial peroneal and tibial - evoked polySynaptic
reflex discharges into all the muscle nerves tested both ipsilater-
ally and contralaterally. Certain general statements can be}made‘
concerning these reflexes from both acute and chronic spinal animals.
(1) The characteristics (particularly latency, maximum
amplitude, and duration) of the reflex discharge into a particular
muscle nerve evoked by volleys in each of the cutaneous nerves, show
very little variation. Figure 31, A, B, C, D illustrates this with
typical records of the reflex discharges into biceps—semitgndinosus
nerve set up by stimulating each of the four cutansous nerves,

(2) " Reflex discharges into nerves to flexor muscles (Figure



51, E, F) have a shorter latency, greater amplitude, and at high
stimulus sfrengths a longer duration than those in nerves to
extensor muscles (Figure 31, Gy H). However, in the ﬂerves»to toe
plantar flexors, flexor digitorum longus and flexor hallucis longus
(Figure 31, H), much larger reflex dischargesbwere obtained than
those into gastrocnemius (Figure 31, G) or quadriceps nerves. The
same results were seen with céntralateral tesfing (Figure 31, I, J,
K, L). |

(3) What seems to be an exception to both the foregoing
statements is found in the case §f reflex responses evoked in nerves
to extensors by stimulation of the cutaneous nerve which suppiies
the skin overlying the muscle. 1In this case thé reflex discharges
in the nerve to the extensor muscle may be relatively large
(Hagbarth, 1952). | Eiaﬁplés aie gi%en b& tﬁe reflexes‘into‘gastro-‘
cnemius nerve from stimulation of the sural nerve, and reflex
discharges into the tibialis posterior and flexor digitorum 1ongus
nerve from saphenous nerve stimulation. |

(4) Ipsilateral reflex discharges into flexors always have
shorter latency, greatef maximum amplitude and longer duration than
the corresponding contralateral reflex discharges at the same
stimulus strengths relative to their respective thresholds. (Figure
31, E, F, compared with I, J). |

(5) Cbmplementary to this generalisation is the fregquent

finding that reflex discharges in nerves to extensors are generally

of larger amplitude and longer duration in response to stimulation
of the contralateral than the ipsilateral cutaneous nerves. (Figure

31, K, L, compared with G, H).
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In all the records of reflex discharges there were a
number of recognisable componenté having different latencies and
thresholds. Attempts were made to correlate the afferent fibre
components of the reflex digcharges, but it proved moétidifficult
to achieve monophasic recording of the afferent volley even with
the recording and stimulating arrangements described in Figure 30,
and théluse‘of cocaine or potassium to kill the distal eqd of the
cutaneous nerve. Eow statements 6an therefore be made in this
regaxrd. Quite ciearly on several bccasions however, a component
having high threshqid and long latency waé found, which on fhe
basisuof the-stimulus‘réquired‘(more than 20=50 V) and the caloulat-
ed‘conduction velocity of the fibres 0.2 = 0,5 m/sec was probably
caused by activity in the C fibres. The appearance cf this compon~
ent corresponded qulte well with the amount at whlch the prolonged
reflex discharge began to appear. This prolonged discharge always
appeared at strength of stimulation ‘greater than 20X threshold of
the reflex dlscharge (which corresponds to 8 threshold) and
usually only at stimulus intensities of more than 20 V. Such
:epetitive discharge was seen on only two occasions in the afferent
volley recorded from the distal portion of the nerve with the
stimulating cathode distal relative to the spinal cord.

All the reflex discharges evoked in the various groups
of muscle nerves by volleys in fhe four cutaneous nerves tested in
each leg have been pooled and groﬁped togethers The results have
been expressed in terms of latency, duration, and maximum amplitude

of the reflex discharges and are given in detail in Table 17 (a),

(»), (c)_reSpectively. Histograms 4, B, C, in Figures 33 and 34
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illustrate the essential features of these results graphicsally.
The average latencies of the four groups of muscles giﬁen in
Table 17 (a) have been confirmed electromyographically in these
animals before the acute experiments. A'hammer used to elicit
tendon jerks and withdrawal responses, triggered the oscilloscope
sweep, and records were photographed.

At the‘iower stimulus intensities (illustrated in the
Tables by reéults at 1.2 and 2.0 X threshold) there were only minor
. differences in respect of latency, duratioﬁ or maximum ampiitude of
corresponding reflex discharges, between acute or chroﬁic.spinal
animals. None of the differencés was statistically significant.
However, higher stimmlus intensifies‘(of more than 20 X»threshold)
greatly prolonged the duration of reflex discharges in all groups
of nerves, but ndtably in the nerves to ipsilateral flexor muscles
(see Figure 34, D). This prolonged discharge was significantly
longer in the chronic spinal animals for all groups of nerves.
Reflex discharges were up t0 5 x longer in the case of ipsilateral
flexors of chronic spinal compared with acute spinal animals and in
some instances lasted up to 2 sec. averaging 520 msec. in duration.

There was only one other difference between the two
groups of animals which should be mentioned, but to which little
weight should be attached. There was an overall 20% reduction in
thresholds for reflex discharges in nerves to flexor muscles in
chronic spinal animals compared to acute spinal animals.
Discussions It is profitable to first consider the useful
generalisations made concerning reflex discharges for both acute

and chronic spinal animals.
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The first finding is that comparable volleys in the
various cutaneous nerves evoke compafable reflex discharges in any
particular muscle nervse. This is compatible with the‘observations
of convergence of excitatory and inhibitory actions onto motoneur-
ones (Eccles et al, 1957) and interneurones (Kolmodin and Skoglund,
1954; Kolmodin, 1957) and. suggests that largely the same sets of
interneurones are activated by volleys in the various éutaneous
nerves.

Hagbarth (1952; 1960) has clearly demonstrated that
ipsilateral extensor activity ocan be evoked by stimulafion of |
nerves innervating the skin overlying the extensor muscle. Such
extensor activity ocours as a withdrawal response forming part of
the group of protective flexion‘reflexesg Skin areas supplied by
the vaiious hindlimb cutaneous nerves in cat have been described
in detail by Sherman, Tigay, Arieff and Schiller (1949) and have been
used in assessing the resultss The findings here described in this
third generalisation, namely, that the reflex discharges evoked
in nerves to extensor muscles by stimulation of the cutaneous
nerve supplying the skin overlying those muscles was larger fhan
those evoked by other ipsilateral cutaneous nerves, agree with the
cited observations of Hagbarth (1952), and also with the second
general observation that reflex activify in nerves to flexor
muscles is much greatei than that into extensor muscle nerves.

This electrophysiological evidence for the increased flexor reflex
activity in both acute and chronic spinal cats supports the
contentions of numerous obssrvers (Sherrington; 1906; Sherrington

and Sowton, 1915; Head and Riddoch, 1917; Creed, Denny-Brown,
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Eccles,‘Liddell and.Shei-rington, 19323 Fultoh, 19435 Wright, 1945;
Whitteridge, 1948) that spinal animals and maﬁ show increased flexor
reflex activity. The observations on reflex behaviour of the |
chronic spinal animals-did not suggest that there was any increase
of tonic flexion, but all protecfive responses were exceedingly‘
~active; and noxipus stimuli leading to flexion responses were inost
efficacioué in.giving rise to mass reflexes of 1ong duration.

The apparent discrepancy in the secogq generalisation,
nameiy; thatbreflex.discharges into flexor digitorum longus'nerves
wereAmuch’largar thgn those to'other exténsors, gquadriceps and
gastrocnémius may be_explained by the clinical observations made
on the chronié spinal aniﬁals. Depending on the nature of the
stimulus, and the site of application, most flexion withdrawal
respbnsés'df thé'hindlimhs were foﬁnd to_éhow flexion at g;l,jéints.
This included plantap-flexion of the digits.

Although in relation to weight bearing aﬁd antigravity
action, the flexor digitorum longus and flexor hallucis longus have
been very rightly classed as physiolbgical extensors (Sherrington,
1906 ) plantar~flexion is the reaction of the toes during withdrawai
of the hindlimb and the participation of these muscles in the
flexion reflex is borne out by the electrophysiological findings
here, |

The fourth observation, that ipsilateral flexion reflex
discharges are'larger'than>those into contralateral nerves to
corresponding flexor muscles, bears out the observed behaviour of

these animals during withdrawal reflexes and all the previous

descriptions (Sherrington, 1906, 1910) of such flexion responsese.
¥
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| Relatively powerful noxious stimuli usually evoke ipsilateral‘
flexion with grossed-extension and there is little activity in
contralateral flexors unless gtepping ensues. The final general
statement that reflex activity is greater in gogtgalateral éxtensor
muscle nerves compléments the preceding one and also accords with
the known reflex behaviour of spinal animals. ‘

With regard to the described ﬁifferences between the
results for acute and chronic spinal animals, the decrease of the
flexor réfléx threshold in the latter group is hardly likely to
be of much significance. One reason for this is the use of ether
anaesthesia and decerebration for five of the seven animals in
the first group while no anaesthetic was administered 40 the chron-
ic spinal animals or the fémaining two acute. spinal animals.
Reflex thresholds dqpend 6n‘éo many fédtdrs fhat a‘muoh 1§rgef
- series of»animals wouldxbe-required‘before mucﬂ sighificance could
be attached to such threshold differences.‘

The other and more striking difference between the two
groups is however significant. Such prolongation of reflex'dis-
charges can be due to continuous activify in chains of interneurones,
but might also be‘explained by repetitive activation of afferent
fivbres in the cutaneous nerve by enormous stimlus strengths
(20 - 100 V) applied giving rise to recurrent loops. and the repetet-
ive firing of fibres. This is unlikely in view of the brief durat-
ion of the stimulus (less than 0.4 msec at 100 V) and most unlikely
in face of the finding that such prolonged discharge did not occur

in the cutaneous nerve activated by centrifugally directed volley

and recorded from the distal cut end of the cutaneous nerve. One
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cannot however, fuily exclude the.possibility of repetiitive dis-
charges of afferent fibres.

Allowing that such reflex discharges of up to 2 sec in
nerves to ipsilateral flexor muscles are probably due to inter-
neuronal activity, the difference between responses in acute and
chronic spinal animals is quite significant.  This provides
confirmation and an explanation for the enhanced excitability‘of
the :eflexes in chronié spinai énimaléﬁﬁsing clinical tests. How-
ever; there is some suggestion that it is only the highest thres-
hold slow conduction veiocity oomponént of the afferent discharge
which gives rise to such prolonged raflex discharges. Laporte and
Bder (1955), Laporte and Bessou (1957), and Voorhoeve, Laporte and
Besson,(1959), have shown that ipsilateral flexor reflexes may bg .
pibvoked bj.stimﬁlﬁtiﬁn]of nﬁn—méduiléted C fibres in the cat;

" Their records illustrate the same degree of prolonged discharge
with maximal C fibre stimulation that has been found with high
intensities of stimulation in acute spinal animals.

Repetitive discharge of gamma motoneurones has been
described (Hunt and Paintal, 1958) and the most striking effects
arise from cutansous afferentss It is possible that fusimotor
neurone activity is largely responsible for the prolonged reflex
discharges observed. The removal of supraspinél control by spinal
cord section has obvious immediate effects on the spinal reflexes
(R.M. Eccles and Iundberg, 1959), but some of the immediate effects
resulting from the release of supraspinal inhibition may be partly
obscured over a short period by the depressing effects of spinal

shock with disturbances of blood supply.
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Holmqvist, Iundberg and Oscarsson (1960)»have shown
that descending inhibitory influences arising from a centre of the
medulls impinge on the spinal neurones involved in the flexor
reflex. Spinal transeotion has been shown to cause the immediate
release of the flexor reflex from inhibition, with consequent
enhancement of the mass discharges ascending the spinal cord in
the flexor reflex tracts. It is now apparent from thg results
described thaf there afe also slower changes following spinal
transectioh involving an increaged excitability of flexor reflex
interneurones to stimuli earising in the:highest threshold afferent
fibres. Such slow progressivé enhancement of excitability resﬁlt—
ing from spinal transectiop can.explain in pait the observed reflex
behaviour of chronic splnal anlmals.

McCouch, Austin, Liu and Liu (1958) describe non—sPecific
~ sprouting of new afferent terminals as a possible cause of spastio-
ity. Their histological evidence of sprouting is good and such
new growth of terminal fibres occurring in these chronic spinal
animals could also explain in part the slow changes in reflex excit-
ability which follow cord transection. This cannot be excluded.

All the results presented in this section indeed bear
out Sherrington's observation in his Marshall Hall Prize Lecture
(1899) where he statess "My own experience leads me to think that
the condifion of & spinal cord isolated by a épinal transection is
often‘more normal a few hours after the transection than it is when
long periods of weeks and months are allowed to.elapse".

Summerys Observations which extend previous descriptions of the

patterns of reflex behaviour of chronic spinal animals have been
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made+ An electrephysiological analysis has been made of the polysyn-

‘aptic reflex discharges into muscle nerves evoked by stimulation of
various cutaneous nerves. This has enabled certain useful generalism
ations to be made , and displays one striking difference in-the reflex
activity of chronic spinal cats compared with acute spinal animalse
nemely, prolonged reflex discharges into ipsilateral flexors from high
intensity cutaneous afferent stimulationes In spite of this , one con-
cludes that such polysynaptic reflex pathways do not provide a system

on which the effects of use or disuse may be assessed in a very precise

ma.nnerQ
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SECTION C. Nerve Sections - Excess Use.

This seotion presents the resulis of attempts to give
excess use to the synapses of some monosynaptic pathways through
the spinal cord. Other monosynaptic paths were kept as controls.
Animals were subjected to an initial aseptic operative procedure
that was designed to provide increased mechanical stress on some
muscles, with ; consequent increased activity of proprioceptors,
and overuse of their central synapses. If all the muscles but
one of the synergic group of muscles are denervated, there should
be overuse of that innervated muscle. Synergic groups of extensor
muscles, both of ankles and toes, ﬁere chosen because they have
antigravity sction during staﬁding and walking end are therefore
subjected to much stretoh during use of the hindlimb. The
animals were exercised daily over a 3 - 4 week survival period in
order fo‘aécehtuété fhé mechénioéi ét?eés 6n fhe feméiniﬁg inﬁei&af—
ed muscle. The other hindlimb which was subjected to only a dummy
operation provided controls.

The same moﬁosynaptic test systems previously described
were used to assess the reflex cﬁanges, end the results obtained
are presented and discussed in Section (1). |

In a later refinement, an alternative apparatus for
providing exercise was devised in order to give a measure of the
actual thrusts of each leg during the to and fro walking of the
animals across a strain gauge platforme In this way, the pressures
during welking exertea by the normel hindlimb could be determined,
relative to those of the hindlimb containing denervated muscles.

The changes of hindlimb thrusts relative to postopeiative survival
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time and other factors, will be dealt with in Section (2).

The final seotion (3) will describe the reflex changes
induced in monosynaptic pathways due to the nerve éeotion procedure
when there was; in addition, spinal transection at the level between

T10 and T1l at the time of nerve section.

‘(1) Nerve Sections — Excess Use.

Methodss The initial aseptic operations in this series of 20
cats were performed using methods described in the early seotiéns.
Two alternative operative procedures were employed, and these are
shown disgrammatically in Figure 35. In one hindlimb, nerves to
all ankle and toe. extensor muscles, except bne in each synergic
group, were cut and cepped in order to prevent fegeneration. The
muscles spared were flexor digitorum longus, and Qither the medial

or the lateral head of gastrocnemius, all other ankle and toe

extensor muscles being denerveted. The contralateral hindlimb was

used to provide controls, and was subjected to a dummy operation
which was identical in every respect but omitted the nerve sections
and cappinge.

A survival period 6f between three and five weeks was
gllowed. During this time the animals were exercised continuously
for one or two half-hour periods daily according to indiwvidual
tolerence either in a simple treadmill or 6n the strain gauge
apperatus t0 he described later; The final acute experiments
were performed at the completioh of the given survival periocd. The
methods for these differed in no way from the methods described on
pp. 8 - 11,

Notes Throughout the following text, when reference is made
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t0 the muscles in the synergic groups of denervated muscles, whose
innervation was left intact, these have been termed the gpared
muscles.

Resul tss (a) The average muscle wasting in the hindlimbs was
calculated for each 6f the muscle groups listed in Table 10. The
results are summarised in the form of a histogram in Figure 36.
A—significent degree of wasting occurred in those denervated
muscles of the ahkle exténéor and toe extensor groups, averaging
43% and 42% respectively. This degree of wasting or more, follow-
ing denervation, has been reported by a‘number of authors in the
past. (Bccles, 1944; Helander, 1957).

Small amounts of wasting, not statistically signific-
ant, were found for the other muscle groups on the operated side.
The sparad muscles, flexor digitorum iongus and medial or lateral
‘gastrocnemius, showed negligible émbunts of wasting. On the other
hand, although one has postulated that these muscles are overused
during‘exercise in the postoperative survival period, there was no
evidence of any hypertrophy of these spared muscles.

(b) There were characteristic changes in the mono-
synaptic reflex responses evoked from the nerves to spared muscles
by maximal group la volleys. Actual records, typical of the mono-
synaptic reflex responses obtained, are shown in Figure 37.
Reflexes from the nerves to control muscle groups (bioeps—semi—
tendinosus and peroneal muscles) are seen to be approximately
symmetrical. This symmetry of control reflexes obtains both
before and after tetanic conditioning at 400 impulses / second for

15 seconds. (Figure 37, BA, T; PA, T). On the other hand,
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nerves to the spared muscles fleror digitorum longus, and either
medial or lateral gastrocnemius, provided monosynaptic reflex
responses whichlwere significantly 100% or more larger than those
from the corresponding contralateral controls. (Figure 37, GA, FA).

After tetanic stimulation with the standard parameters,
there is only about 30% enhancement of monosynaptic reflex responses
from nerves to the spared muscles. (Flgure 57, GT, FT) This was
considerabky smaller than the increase in the pretetanic levels of
reflexes from the nerves.

Table 11 gives a detailed statistical summary, for
all 20 animals in the series, of the monosynaptic reflex responses f
obtained from all groubs of nerves tested. These results are
displayed as a histogram in Flgure 38. In approximately half the
animals in thls series, operative procedure A was employed while
B was used in the remainder (see Figure 35). There are therefore
both lateral and medial gastrocnemii as spared muscles, but never
from the same animal. Nerves supplying the bilateral control
muscle groups, biceps—semitendinosus and peroneal muscles, gave
surprisingly consistent results for the teafed monosynaptic reflex
responses. Reflexes from control nerves in the operated hipdlimb
were always slightly larger than those reflexes from correspénding
nerves in the normal hindlimb. The significance of this relatively
small enhancement was not readily apparent from the results in any
one experimentf In the pooled results, however, on the operated
side, the reflexes from peronesl nerve show a 11% enhahcement aignifios;

ant with 1% confidence 1imits. The 9% enhancement of biceps-

semltendinnsus reflexes is significant if 5% confidence limits are used.
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This small but significent change will be discussed later. After
tetanic conditioning, the relative increase in reflex responses
from the nerves to control muscle groups on the denervated side, was
reduced below a significant level.

By contrast with the small reiative increase in
reflexes of control groups_just described, the monosynaptic reflex
responses evoked from nerves to spared muscles on the operatqd
side showed a very siganificant 113% - 157% average increase
relative to reflexes from corresponding nerves in the normel limb.
This degree of inprease of reflexes from nerves to sﬁared miscles
was seen prior to.tetanic conditioning. After tetanic stimulat~

ion, there was still a significant relative increase in reflexes

from spared muscles, but this had been reduced to between 20% - 39%.

It is worth mentioning that reflexes were obtained
from the nerves which had been sectioned, but these were always very
small, variable, quite late in onset and slow to peake In fact,
all the changes described by Eccles,~Libet,\and Young (1958), for
chromatolysing motoneurones as seen using microelectrode techniques,
could be observed in the ventral root monosynaptic responses of
severéd nerves. (of. Downman, Eccles and MbIntyre;(igié; Eccles

and McIntyre, 1953; McIntyre,Bradldy & Brocky1959 )

(c) Central Latencies were determined for the mono-

synaptic reflex responses of the various nerve groups tested.

- These have been pooled, and all the means for both the control

groups and the spared group in each hindlimb, are given in Table
12 (3)0

There is a statistically significant average shorten-




6.
ing by 0.14 msec. of the central latencies of reflexes from nerves
to spared musclese The shortening of central latency shown by'
enhanced reflexes in this series of experiments 1s comparable to
that central latency reduction seen for the enhanced reflexes
from nerves to tenotomized muscles.

(d) Spinocerebellsr Tract Responses. Attempts were
made 1o compare the mass discharges of spinocerebellar tracts for
the differentkgroups bf‘nefves. Good responses of both DSCT and
VSCT were always obtained from nerves to biceps~semitendinosus
and peroneal musclese. H§WGVer, the nerve 10 one head of
gastrocnemius muscle gave responses which were usually too small
t0 measure. Similariy, the nerve to flexor digitorum longus
alone gave very small spinocerebellar tract responses. It thus
proved impossidble to oﬁtain sufficient measurable responses from
‘important group of nerves to spared muscles. No statisticel
analysis was possible, and the results were quite inconclusive.

(e) Conduction Velocities and Absolute Refracto
Periods of the various groups of nerves were celculated, and are
listed in Table 12 (b)e There were no statistically significant
differences in conductibn velocity of nerves to the different
muscle groups, or of their absolute refractory periods.

(f) The effect upon reflex height of altering the
frequency of the testing volleys This has been determined and
Figure 39 shows the oombine& results from four animals. There is
increasing depression of reflex height with increasing frequency

of testing volley up to 10 per second. This is in good agreement

with the findings of LloydHunt&McIntyre (1955); Lloyd (1957) and
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Jefferson and Schlapp (1953). There is no significant differ-
- ence between the reflexes evoked from nerves to spa:ed Oor cOorres—
ponding normal muscles. For each different reflex, both sets of
points are scattered .about the same line.
| (g) Time course of Post-tetanic Potentiation.
Typical records o display the reflsx éhanges after tetanip stimul-
ation are reproﬂgced in Figure 40. The timg courses of post=
tetanic potentiation.arg displayed graphically in Figure 41. There
are no significant differences between corresponding nerve groups |
in the two hindlimbs shown during the recovery from potentiation.
When fclléwed iq several cats over lohger periods up to 15 minutes,
there were no differences fqund, and at'ail times the ﬁurves of
reflex heights froonorr93p9nding groups of nerves infbothvhinds
limbs ran a parallel coursee. |
' The essential features of these éhéngésAihduéqd by
the nerve section procedure may be summarised as followss
Nerves to sparsd muscles evoke reflexes which are
significantly increased by 113%- 157% relative to their contra~
lateral confrols. A significant shortening of central latenoy,
averaging 0.14 msec. occurred with these enhanced reflex r55ponses.
These are taken to:indicate a greater potency of the monosynaptic
innervation of motoneurones innervating spared muscles.
There were no demonstrable changes in the afferent
fibres. Conduction velocity, réfractory period, effects of vary-
ing the frequency of the testing volley, and the time courss of

post-tetanic potentiation did not differ significantly for the

two groups. It was therefore concluded (Eccles and Westerman,1959)
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that changes‘in‘the excitatory synapses were responsible for the
 increased gastrocnemius and flexorvdigitorum longus monosynaptic
‘reflexes.. The change c§u1d be either at the presynaptic terminals
of the group ld fibreé or on the postsynaptic membrane. This
hypothesis supposed that excess‘use of the synapses involved in
these pafhways léads to an enduring iﬁcrease of synaptic efficacy.
Various possible mechanisms by which the preéumed excess
proprioceptor afferent aoti#ity could make synaptic acfion more
efficieﬁt have besn p£esented (Eccies and Westerman, 1959).

Befora speculating further about paésible mechanisms
involvedbit was importaht to examine the question of excess
synaptic usage from two di:ections.- The first of these was to
investigafe whether fhe remaining spared muscles of each synergic
group actually do bear more than their normal share of weight
rdﬁfiﬁgiéxéréise in:fhé boéfoéerativé ﬁﬁaée;‘ A fésf iarfhﬁsrr
provided for the supposition that they are subjected to more
stretching and thus give an increased afferent input relative to
the normal side. Secondly, if the observed results are due to
excess synaptic use, it would be predicted that the reflex en—
hancement from the spared muscles would be decreased or abolished
if the postoperative exercising of the denervated iimb is prevent-
ede The latter was dealt with by performing e spinal cord trané-
ection between T10 and Til, at the time of nerve sections. - The
results of this will be presented in Part (3) of this section.

The first question raised concerning the hindlimb

activity and weight-bearing will be dealt with at this point.

(2) Pressures exerted by legs during walking.
Methodss The apparatus used to measure the thrusts exerted by
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the limbs during walking consisted of a wire-sided corridor

4 inches wide and ¥hree feet long. Let into and flush with the
floor near the centre of the corridor was a 2" square pressure
platform. This moved quite ffeely in a vertiéal plane; with
negligible lateral travel. Pressure applied to the platform was
thus transmitted with minimal losses to a Grass force-displacement
transducer. The»O -1 Kg range of the latier was used, and the
strain gauge was»includéd in a resistance bridge ciréuit, followed
by an amplifier and pen recorders A block diagram of the
circuit is shown in FigureA43. The instrument was calibrated in
IOOg‘steps up to 1 Kg at the commencement of anh trial, and gave
accurate readings to within,z%. The system had a frequency
response such that with rapidly applied‘pressu:és such‘as Qccqrred
during fast walking, there were losses of no more than 10% in the
recorded force. Six animals in all were subjected to the nerve
section procedure B (see Figure 30) described. These animals
wexre mobilised from the second day postqperatively but could only
be induced to stand for short periods and to walk with consider—
able difficulty. After the first four or five days these animals
lost much of their reluctance to walk, and quickly learned to
walk up and down along the corridor to receive rewards of foode
Stepping on the 2" square platform occurred only by chance and
made difficult the recording of a suitable nuhber of fressures
during & given triale The animals could be induced to step on

the platform each time they passed by the simple expedient of
covering the floor surrounding it with 2" thick Estafoam. This

latter, the cats refused to walk upon. Of the two alisrngtive -
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courses - jumping across all the Estafoaﬁ, or édjusting their
gait to use the piatform'in a "éteppingbstone" fashion - they
usually chose the latter. The dimensions of fhe Estafoam were |
adjusted until there was no‘discérnable disturbance of the
animal's normal walking pace or stride. After a number of ﬁrials
using the Estafoam and rewarding only hits on the platform with
food, ‘the foam could be dispensed with. Only one cat (W106)
proved to be an exceptibn, and rarely stépped‘on the platform in
the absence of the Eétafoam. For each cat at every trial, about
20 pressures of each lihb were recofded, and the mean pressures
calculated. A

By three weeks ﬁostbperatively, the animals had lost
almost ali traces of limp and would run and jump without obvious—
ly favouring the hindlimb in which nerﬁe sections had been perform-
ot : , . S S

As a result of the operation, certain changes in the
distribution of body weight are found. |

Unfortunately, there are yet too few figures obtained
with normal cais to0 present definite evidence as to the distribute
ion of the support of body weight during walking. From a limited
number of observations, it appears that at any instant during
walking, the body weight is equally supported by one hindlimb
and the contralateral forelimb.

_ Resultss The main features to be seen in the actual records
obtained by this method are illustrated in Figure 44 and described
in the legend.

During the first few days there is a general shift
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of body support towards the forelegs and this is‘shown in Figure
45, This almost certainly occurs as a result of the pain and
disability from the wounds of both hindliMbs (nerve sections in
one hindlimb and dummy operation in the other).

The most important finding in all cats is shown in
Figure 46, The pfessure exerted by the operated hindleg during
walking expressed as a % of that exérted by the normal hindlgg,
shows an approximétely exponential incréase from 50% to 90% when
plotted against postoperative days. When the same figures are
plotted against a logarithmic scale in’Figﬁre 47 the exponential
nature of the change is shown. The main body of the exponential
(b) has a half time of 20 days, but this curve is distorted during
the first five days‘and follows a second line (a) with a hglf_time’
of five days. The likely explanation of this early distortion is
10 be found in the pronounced limping walk seen during the first
few days and mentioned‘previously. Separate plotting of results
shows that on the éecond postoperative day both hindlimbs exert
only 50% of foreleg pressures (as in Figure 46). The hindl;mb.
pressures, relative to those exerted by forelimb, increase with -
postoperative interval up to 80% on the sixth day and 90% of the
forelimb preésures by the twenty-fifth day.

It can be showh that the usse of Estafoam to encourage
stepping on the strain gauge platform does not introduce any
serious artifact into the results. In Figures 48 and 49, absolute
pressures of fore and hindlimb, in grams, are plotted.against
postoperative . interval. Cat W108 did not require the use of
Estafoam to encourage stepping on the platform, while Estafoam

was used with W106 from the fourteenth postoperative day onwards.
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There appear no essential differences in the course of recovery
with time using the absolute limb pressures as a criterion. ‘

The final Figure 50 shows that the opez?ated hindlimb
bears an increasing percentage of the body weight during post-
operative -recovery. The exponential character of the change is
distorted over the first 5-6 days as a result of the artifact
introduged by the:"limpihgbwalk" mentioned above. After,ﬁhe
thirty-seventh day the curve flattened outiwhen 45% of the total

body was borne by the operated hindlimb during walking.
Conclusionst The distribution of the body weight undergoes

characteristic changes following the described nerve sedtion
procedure. In the six animals used for this study, all the ankle
extensor muscles (L.G, Sey Pl. ) were denervated with the exceptu
ion of the medial head of gastrocnemius. | . o |
This spared muscle always represents about one third
by weight of the.total synergié groupe. Analysis of the triceps
surae muscles in 18 normal cats showed that medial gastrocnemius
occupies between 32% - 38% by weight of the whole synergic muscle
group and averaged 34,6% (Standard Error ¥ 0.4). |
During the readjustments and compensatbry shifts of
body balance which follow the operative procedure, the operated
hindlimb pressures relative to those of the normal hindlimb,
increase steadily from their initial‘postoperative level of 50%
up to 90% by four wegks. This indicates that during walking and
weight bearing, the one spared ankle extensor (medial gastrocnemius)
now exerts 90% of the force exerted by the entire synergic group
of the other hindlimb. Presumably this is achieved by an increase

in the number of active fibres in the muscle, and means an increase
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of 1éq% in the work performed ﬁy this muscle op,the basis of the
proportion between the volume of medial gastrocnemius and the
whole synergic group. The force required to support an animal
weighing 2 Kg at any instant is only 1 Kg exerted by each hindiimb
and the éontralateral forelimb. There are many figures (Eccles and
Sherrington, 1930; Cooper and Eccles, 1931) which indicate that
the maximum tetanic twitch tension exerted by one hea& of gastro-
cnemius muscle can be as high as 12 -~ 15 Kg 1in large cats. It
is clear that.during weight—~bearing these extensor muscles have a
large reserve of power, and are exerting only a small percentage
of their maximum tetanic tension. It is thus relatively easy for
the one spared ankle extensor muscle to assume the entire weight-
bearing role formerly carried out by all the synergists acting in
concert. Nothing is known about the afferent activity from the
AsﬁarédrﬁuécieéAuhdéf ihesércénditiohs;»bﬁt>it'i§ féaéoﬁéble to
rostulate that, after operation, the spared muscles must be
stretched more by‘the body weight than postoperatively. The
proprioceptive bombardmeht from these muscles is increased accord-
ingly. As the spared muscles must contract moré strongly during
walking, the activity of their spindle afferents could diminish
with increased muscle contraction, but this is in turn dependent
upon the supraspinel activation of gamme motoneurones. It is
always the latter which set the level of activity within the
system and it is clear that since the spared muscles contraét
more strongly there is more control thaen just that exerted by the

2( loop. Some evidence of the major role of supraspinal control

in bringing about the functional readjustment of spared muscles
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is found in the action of ethyl alcohol in these animals. Ethyl
alcohol given as single dosesy 1 ml per Kg by mouth, 3 - 4 weeks
after the operation resulted in a reduction of the operated hind-
limb pressure by 20% -~ 25% lasting for several hours. The action
of this drug which leads to depression of higher centres (Sollman,
1957 ), has therefore been to remove partially‘the compensating
mechanisnms responsible'for the incregsing pr0portipn of'weight
borne by the spared muscles during the postoperative phase of
functional readjustment. In relation to these results interest-
ing functional readjustments resulting from tendon transplants
have been described (Close and Todd, 1959). Although mscular
hyperfroPhy may result from increasing work done from an increased
initial length with increasing force of contractlon durlng shorten—
- ing (Rarlck, 1960) the spared muscles in these experiments show no
'significant increase in weight (Table 10).

The results of this series of experiments suggest that
supraspinal influences may be impertant in bringing about the
remarkable postoperative recovery and readjustment of muscle
activity in the operated hindlimb. There is likely to be enhanced
gamma activation of muscle spindles during weight bearing in the.
post-operative recovery phase when the spéred muscles are contract-
ing more strongly. This should result in inoreasgd proprioceptor
discharge, and is in accord with the explanation of the monosynaptic
reflex enhancement on the basis of increaséd synaptic usage (Bccles
and Westerman, 1959).

Further uhderstanding of the processes involved in

bringing about these changes is made possible by the resulte of the
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subsequent investigations.

(3) Nerve section procedure with spinal transection.

In this final section the effect on reflexeé, of spinal
transection at the time of unilater#l nerve section was tested in.
seven animals. It was postulated fhat, if the reflex enhancement
observed foilowing the nerve section procedure was due to excess
synaptic use, prevention of post—operative exercising of the limb
should decrease or abolish the reflex enhancement from nerves to

spared muscles.

The Methods employed followed closely those described
for subsection (1). The procedure at the initial aseptic operat-
ions in the seven animals used waé that in which thé medial
gastrocnemius and flexqr digitorum longus muscles were spared
(Procedure B in Figure 35), their remeining synergists being denerv—

'ated. At the outset of the operation however, fhebspiné1~cbfdAwéé
exposed and transected at the level of T10 - 1l. The contralateral
limb provided controls and was subjected to a dummy operation.
Survival times between three and five weeks were permitted, and
during much of this time the animals were completely flaccid

below the transection.

Linmb and tail movements evoked during manual express—
ion of urine were seen only after a fortnight, but there were
very few reflex movements of the hindlimbs, and every effort weas

made to keep the animals as still as possiblae.

Plaster of Paris immobiligzation of the operated hind-

limb was carried out in two animals, but as the results did not
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differ appreciably, all have been grouped for the purposes of
discussion,

Resultss (a) The average muscle wasting for each of the several

hindlimb muscle groups is shown in Table 14. The results are
summarised in histogram form as Figure 51. A significant degree
‘;f wasting occurred in those denervated muscles of the ankle
extensor and toe extensor groups, averaging 15.6% and 26.5% respect-
ively. This is superimposed on the backgrbund wasting of ali
muéoles in both hindlimbs, resulting from the spinal transection
(Bnik, 1960)s The spared muscles medial gastrocnemius and flexor
digitorum longus, gﬁowed minimal wasting which was not significante.
(v) The monosynapti§ reflex responses evoked by
maximal group Ta volleys to nerves from spared muscles, showed the
characteristic enhancements desofibed'in éubsection‘(l). In fact, 
the results of this section are almost identical to those described
for the nerve section procedure alone. Actual_;ecords, iliustrat-
ing the typical monosynaptic reflex responsesvobtained are shown in
Figure 52. Reflexes from the nerves to control muscle groups
(biceps—semitendinosus and peroneal muscle groups) are seen 10 be
epproximately sy@metrical. (Figure 52; Bl, 2, Pl, 2). By
contrast, nerves to the spared muscles, flexor digitoruﬁ longus and : .
medial gastrocnemius, gave rise to monosynaptic reflex responses
which were significantly 100% or more greater than those frbm’thé
corresponding contralateral cohtrols; (Figure 52, G1, Fle)s After
tetanic stimulation enhancement.of reflexes from nerves to the

spared muscles persists to a reduced degree being only 30% - 60%.

(Figure 52, G2, F2.)



A detailed summary of monosynaptic responses of all
cats is given in Table 14. These results aie summarised in the
form of a histogram as Figure 53.

It is seen that with the exception of the nerve to
quadriceps femoris which provided symmefrical reflexes, nerves to
ihe control muscle gfoups biceps-semitendinosus and peroneal
muscles gave monosynaptic reflex responses which were enhanced by
15% and 20% respectively on the operated side. This enhancement
wa.s statisticélly significant in the case of peroneal group and
an explanetion of these chgnges will be provided in the discussion.

Nerves to spared muscles evoked reflex responses which
were significantly increased by an average 109% in the case of
medial gastrocnemius, and 152% from flexor digitorum longus compar—
ed to corresponding reflexes from the normal side. These results
-should be compared with those obtained in subsectiOn'(l), which
they resemble closely.

(¢) Central Latencies of monosynaptic reflexes were calculated for

all groups of nerves, and the pooled results are given in Table 15.
There is a statistically significan’t 0.1l msec average shortening
of central latencies of the enhanced reflexes from nerves to spared
muscles. There is no significant difference of central latency
for cuntiol reflexes from the two sides. |
Discussions

The reflex enhancements and latency changes found in
this series are almost identical to those observed for reflex
responses from the same nerves in the series of animalé with the
nerve Seotioﬁ procedure alone. From these results it is clear'that

the spinal cord transection, to which the animals in this group
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were subjected, has had no obvious effect upon the reflex changes
induced by the nerve section procedure.

Before discussing these changes an explanation must
be provided for the small statisticaily significant enhancement of
monosynaptic reflexes from control nerves on the operated side.

In a series of histological investigations of dorsal
roots and ventral roots from five animals in which the nerve sect-
ion procedure had been carried out 3 - 5 weeks prgvioﬁsly, the
following results.were obtained. Photomicrographs of 1C sections
of osmic acid fixed specimens were taken and used for fibre counts,
the‘measurement of fibre diameters, and for the calculation of the
relative oross sectional areas of corresponding dorsal and ventral
rooté from both sides of the same animal.

(i) ' The 6rbés séctionai.areﬁ.of dorsal foofs Sl.aﬁd Iﬂ.

- is reduced by an average of 13.3% on the side of nerve
sections.

(ii) The areas of cross section of ventral roots Sl and L7
were reduced by an average of 9.5% on the side of the

. nerve sections.

(ii1) The total fibre count of»ventral roots (based on over
10° fibres) was reduced by an average 7.3% on the side
of the nerve sections. From this latter it can be
seen that there must be a small overall reduction in
‘the average fibre diameter of those fibres in ventral
roots of the operated side.

(iv) - This latter observation is well borne out by the fibre

diameter spectrum which was celculated fbr one peir of
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ventral roots, and is shown in Figure 54. This shows

a slight shift to the left for the ventral root on -

the side of nerve sections; This indicates a reduction

of fiﬁres with larger diameter, and anbincrease of
smeller diameter fibres. This result is in good agree—
ment with those of other observers (Hammond and Hinsey,

1945; Sanders and Young, 1946).

One explanation forvthe enhancement of reflexes‘from
control nerves on the operatedVSide, cﬁn now be offereds This is
based upon the shrinkage of wventral roots shown to occur as a
result of the nerve section procedure (see Figure 55).

For a cylindrical ventral root of cross sectional
area 4, the electrical resistancg qf a given length of ventral root
is inversely proportional to A. The action potential recorded with
a fixed interelectrode distance will depend upon the resistance of
the active fibres compared to tpe resistance of inactive fibres
and extracellular space through which the ection current flows.

In a pair‘of ventral roots under comparable conditions, it may be
calculated that a 10% reduction in the cross sectional area of
one root, such as is demonstrated to occur, will result in a 12%
enhancement of the actional potential recorded from that root
(see Figure 55). This caloulated reflex increase is within the
range of that recorded from nerves to control muscles on the
operated side.

It therefore appears that shrinkage of the ventral roots
Sl and L7 on the side of nerve sections, with the consequent more

efficient recording of the reflex discharge could provide an -
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attractive explanation of the observed enhancement of control

reflexes from this side. This would glso contribute in part to
the reflex enhancement seen from nerves to spared muscles.

Very little shrinkage of L6 ventral roots results fiom
the nerve section procedure described. There was no enhancement of
reflex responses evoked from the nerve to quadriceps which appears
in L6 ventral roots, and not in S1 and L7. These facts suppo:t
the postulated explanationbof the small 10% - 20% enhancement of
reflex fesponses evoked from control nerves on the operated side.

Consider nbw the reflex changes in spared nerves follow—
ing the nerve section procedure. Since there was no demonstrable
changes of afferent fibresAof the reflex arcs tested in these
series of experiments, the synapse must be the site at which thQ
obssrved reflex changés are broughf abﬁut. Theré are three
possible mechanisms by which this increased cell excitability or
increased synaptic potency can occur.

(1) An increased synaptic efficacy due to excess use of the
synapses has been postulated (Bccles and Westerman, 1959). This
may be brought about by increased mobilization of transmitter
(Eocles, 1959). There is some evidence in this situation to
support this postuléte. Alterations in the numbers and/or dispos~
itions of synaptic vesicles at.the presynaptic terminals have been
shown in electronmicroscopic studies to Qccur under various
conditions of synaptic usage (De Robertis,and Franchi, 1956; De
Robertis, 1956; De Robertis and Ferriera, 1957). Furthermore,
Hubbard (1959 and personal communication) provides evidence that
activated neuromuséula: syn#pses show increased miniature e P
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frequency even during repetitive stimulation. This suggests

more efficient manufacture and/dr mobilization of transmitter,
together with a greater availability of transmitter for release
by activated synapses.

It is surprising that spinal transection which almost
abolishes hindlimb movement'during the post~operative recovery |
phase, does not alter the course or magnitude of the reflex en-
hancement from spared muscles, Hdwever, in view of the extreme
sensitivity of the muscle spindles to mechanical stimuli (Mhtthews,
1933; Hﬁnt and Kuffler, 19513 Kobayashi, Oshima and Tasaki,'1952§
Granit, 1955) one cannot exclude the possibility of excess synaptic
usage resulting from increased spindle discha:ge from spared
mascles. Such increased proprioceptor discharg9 may also result
from an excess gamme activity as a conséquence of the hervevsectibn
procedure, even after the removal'of-supraspinal'gamma activation
by spinal cord section. This postulate is not in conflict with
the limited knowledge of the behaviour of the gamma system (Aunt
and Paintal, 1958; Hunt and Perl, 1960) and provides an interesting
contrast to the situation with tenotomy where spinal transection
abolishes the inoreased afferent activity and the reflex enhancement.
Suprasegmental influences ars thusppst important in the tenotomy
situation but have no appreciable role in the reflex enhancements
resulting from the nerve section procedures. This explanation of
the results depends upon the presence in any particular pathway of
inhibitory afferent qonnections from its synergic muscles ending

on its fusimotor neurones. Nerve sections with removal of heter-

onymous (synergic) gamma inhibition would thus lead to increasmed
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gamma activation ﬁith its attendent consequences. Further
investigation of the proprioceptive afferent activity from spared
muscles after this nerve section procedure would be necessary to

confirm these postulates.

(i1) Another possible explanation lies in the evidence of
McCouch, Austin, Liu and Liu (1958), that degénerating nerve fibres
within the spinal cord stimulate adjacent fibrés to generate
collateral sprouts. Such sprouting is non-specific, and little is
known of the functional state of any synaptic connections made by
such collateral sprouts (Mhrray and Thompson, 1957). However, the
presence of degenerating afferent fibres, but not chromatolysing

motoneurones, occurring in the close proximity of the intact synergic

afferent fibres and motoneurones could well result in sprouting and

formation of new terminals (Mhrray and Thompson, 1957; McCouch et

dorsal roots adjacent to those severed gave enhanced reflex respoﬁses %
compared to the contralateral control side could be explained 6n

the basis of sprouting, since intraspinal sprouting from intact spinal
sensory neurones by adjacent dorsal root section has been demonstrat-
ed (Liu and Chambers, 1955). The alternative explanation proposed

by Eccles and McIntyre (1953), suggested that more mechanical stresg
was placed on the remaining stretch receptors of the weight~bearing

extensor groups which had undergone partial deafferentation. As a

~consequence, increased activity of these synapses led to enhancement

of ‘synaptic function.

Further evidence that such sprouting may develop aberrant

connexions with functional significance is given by a recent
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investigation (Eccles, Eccles and Magni, 1960) of monosynaptic
excitatory actions on motoneurones regeﬁerated to antagonistic
musclés. In these experiments nerves to antagonistic muscles
(Peronei to medial gastrocnemius) were cross-united and some months
later intracellular recording of the monosynaptic EPSPs provided
& sensitive measure of the development of aberrant synaptic connex—
ions to motoneurones with inverted function. There were large
increases (over tenfold) of aberrant‘connexions between motoneurones
of inverted function and afferenfs from their forme: antagonists.
Foi & number of reasons these authors attributed the changes mainly
to the development of a changed .surface specificity of these moto-
neurones with the selective attraction of sprouts from adjacent
fibres, but they were unable to exclude the effects of non—specific
sprouting which oould prov1de & partial explanation of the observed
changes.

The observed enhancement of monosynaptic reflex responses
from nerves to spared muscles could be partly explained by the
occurrence of such non-specific sprouting of the intact afferent
terminals adjacent to those terminals of severed afferent lines
which are undergoing degenerative changes, The formation of new
homonymous synaptic connexions to motoneurones would give a greatly
enhanced synaptic efficacy to la excitatory volleys. Hence there
would be an enhancement of reflexes from these pathways, This
should cause spreading of excitation to the non-synergic muscies,
but this was only found to a very small extent. Very little degen-

eration of intramedullary afferent terminals is likely to follow

such peripheral nerve section in the adult (Hess, 1957). Both
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these facts argue against this explanation.

(iii) Denervation hypersensitivity has been recognised
(Cannon and Haimovici, 1939; Cannon and Rosénblueth, 1949, Teas-
dale and Stamvraky, 1953) but'tha changes occurring in denervated
cells have been imperfectly understood. The recent well-controlled
investigations by Axelsson and Thesleff (1?69) and Miledi (1960).
of the hypersensitivity of denervated muscle, shows that the whqle
surface of the denervéted fibres becomes sénsifive to the trans-
mitter acetylcholine - i.e. there is an increase in the size of
the receptor area. Such a phenomenon has not been suggested to
occur with motoneurones in previous accounts of 'densrvation '
hypersensitivity' (Teasdale and Stavraky, 1953; Cannon and Rosen—
blueth, 1949). The situation herse is quité different, but onek.
can postulate that a similar phenomenon could occur, and in the
intact cell upon which degenerating fibres end, degeneration of
excitatory synaptic connexions would cause the post-synaptic
membrane to become hypersensitive, and that there would be, by
analogy with the denervated muscle fibres, an extension of the
sensitive subsynaptic receptive membraﬁe. Thus excitatory volleys
in homonymous afferent paths ending on the intact céll would be
far more effective in exciting spike generation and firing the cell.
This increased excitability of such motoneurones supplying spared
muscles would result in increase of fheir monosynaptic reflex
responses as tested by maximal volleys in their peripheral ﬁerve.
The excitatory synaptioc connexions of Ia afferents from
the synergic muscle groups tested in this study are extensive, and

on the quantitative basis of species differences in Ia receptiveness
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(Eccles et al, 1957), this postulate explains how there is a
different mean % bf enhahcement.for reflexes from each different
nerve. It further explains why the nerve section procedure induces
almost the same dégree‘of reflex enhancement for each nerve after
spinal cord transection, as occurred without coid sectiop.

Bvidence against such & hypersensitivity has beén
obtained in the experiments of Eccles et.al (1959) when the mono-
_synaptic actioné of normel affefenf lines were tested onto nd#mal
cells whose synergist afferent collaterals would have been degener-
ating from peripheral nerve section. There Wés no evidence of
Vdenervation hypersensitivity'! or increased synaptic efficacy
using the relatively sensitive techniques of microelectrode record-
ing. Mc Couch et al (1958) also found no evidence of denervation
sensitization of motbneurones. 'In the case of muséle, the sprgad‘
of transmitter—sensitive receptor sites into region of intact
synapses on muscle does not occur (Miledi, 1960) and has only been
shown to occur with degeneration (Axelsson and Thesleff, 1968).
There is no evidence to support this third alternative explanation
of the reflex enhancement.

Summarys

The described procedure in which all muscles but one of
the synergic group were denervated has resulted after 3 - 5 weeks
interval in enhanced monosynaptic reflex responses from the spared
muscles compared to the corresponding contralateral reflexes.
Spinal transection prior to nerve sections, quite surprisingly, did

not affect the course or magnitude of the induced change. In the

absence of definite evidence, there is more to commend an explanat-
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ion of this reflex enhancement in terms of.increased proprioceptive

afferent bombardment, and excess synaptic use with enhanced synaptic

efficacy« This explanation is not incompatible with the results of

Section A.
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FINAL DISCUSSION and SUMMARY o

In considefing the fesults of these investigatibns
attention should be béid first to those more precise results from
the éimpler systems studied in Sections A and C.

The problems involved in relating synaptic function
to learning have been disonssed‘by MeIntyre (1953) and Eccles
(1959), as have the effects of use and disuse on synaptic funection
in this context. (Eccles, 1959 ).

The properties of "plasticity" of synapses at higher 1
levelé of the central nervous system postuiated to explein the
phenomena of learning and of conditioned reflexes, have been shown
in this investigation to occur at Synapses in’the simplest pathways
of a mammalian central nervous systeﬁ. |

From the fesults of experiments discussed abowe(Eccles &
McIntyre, 1953; McIntyre, 1953; Eccles et al f1959),‘it.appééré -
likely that prolonged disuse has a harmful effect on the éfficieﬁcy
of synaptic action. 1In Section 4, attempts are described, to

produce disuse of central synapses by reducing discharges of impulses

from muscle spindles by tenotomy procedures. The results obtained

suggest at first sight that the reverse occurs. Figure 56 summar-
ises the positive findings obtained in that series of investigations,
viz. reflex résponses from tenotomized muscles were enhanced in two
monosynapiic pathways and this effect was prevented by spinal
transection. This suggested that the gamma system reset itself at

& higher level of activity following tenotomy and caused increased
spindle discharges with consequent overuss of the monosynaptic la

connexions. If this is so, there is experimental support for the
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hypothesis that excess use leads to enduring increase of synaptio‘
efficacy. Some evidence for this has been cited in respect of |
post-tetanic potentiation at neuromuscular junctions, where there
is an increased frequency of the miniéture end-plate potentials
(Brooks, 1956; ILiley, 1956; Hubbard, 1959),which represent quantal
emission of chemical transmitter from presynaptiq terminals (Katz,
1958). However, this is only for a few minutes and may be irrelew-
ant to the long enduring changes. | .

:.y DiGiorgio (%33%3 describes postural and
reflex asymmetries>which were induced in dogs by cerebellar lesions
and which persisted up to nine days after spinal transection. In
these experiﬁents, she subjected dogs and rabﬁits 10 resection of
the lobus ansa paramedialis of the cerebellum permitting surv1va1
for varying intervals up to 25 days before midrthoracic splnal cord -
section was performed. - Asymmetry both of reflexes and tonus
appeared within 7 ; 9 hours for rabbits'and two days for dogs. Her
techniques were of necessity imprecise, and the observations not
quantative. However, there was a sgggestion that an enduring increase
in excitability of the spinal reflexes resulted from the prolbnged
asymmetrical barrage of descending impulses dge to fhe unilateral
cerebellar lesion. A more convincing demonstration of lasting
changes in synaptic organization due to excess use is provided by
Morrell (1959). He produced continuous neuronal bombardment, via
the corpus callosum, of an area of cerebral cortex, by placing a
primary epiléptogenic lesion in the symnetrical area of the contra-

lateral cortex. Finally, after several weeks, the removal.of the

primary focus did not alter the increased excitability of the
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previously normal cortex subjected to coﬁtinudus neuronal bombard-
ﬁent. The development of hyperexcitability and seizure in this
area could be prevenfed either by section of corpus caliosum, or
by a subpial partial isolation of the area before or within the
first 24 hours after production of the primary epileptogenic
lesion in the contralateral cortex. He further demonstrated
histological changes of the ribOnucleiq aoid distribution in cell
populations subjected to contiﬁuéus synépfic bomﬁérdment, S0
supﬁorting previous reéults (Hamberger and Hyden, 1948; Braftgard
and Hyden, 1952). | |

| In attempting to explain the results of tenotomy,. a
poésible hypothesis depends upon the activation of annulospinal
endings by impulses in the gamma affereht‘fibres (Lekﬁell, 1945;

Hunt, 1951; Kuffler et al, 19515 Granit, 1955). Furthermore,

‘these primary endings are extremely sensitive to mechanical stim-

uli and certainly could not be silenceﬁ by tenotomy or plaster
(Matthews, 1933; Hunt and Kuffler, 1951; Kobayshi et al, 19523
Granit, 1955; Lundberg and Winsbury, 1960a and b).

Poséibly the tenotomy reflexly produces an increased
disqharge from gamme motoneurones, with as a consequence an |
increased discharge from the annulospinal endings, even though
they have much mechanical stress removed by the tenotomy. How-
ever, the actions of the gamma system under conditions of chronic
spindle deloading or overlgading are not well understood, and a
detailed knowledge of the afferent activity of spindles under
such conditions is necessary before definite conclusions may be
drawn from such investigations.

Section B describes investigations of changes in
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reflex activity in polysynaptic systems, produced by chronic
spinal transection. Changes in the patterns qf reflex behaviour
have been observed in chronic spinal animals and an electro-
physiological analysis has been made of the cutaneous reflexes
into various muscle nefves. FProm these results.a number of
generalizations emerge which hold for both acute and chronic spinal
animalse Descriptions of flexion reflexes provoked by stimlation
of non-medullated C fibres in the cat have been given (Vborhoeve,
Laporte and Bessou, 19593 Laporte and Bessdﬁ, 1957; Laporte and
Béer, 1955) and it is of interest that the only striking differ-
ence between the reflexes of the acute and chronic spinal animals
is the very prolonged duration at higher stimulus intensities, of
the discharges particularly to ipsilaferal flexors. Two explanat-
ions, not mutually exclusive, are brovided.f6r>thé slow onset of the
- reflex changes after spinal section;iincluding the enhanced dis-
charges to ipsilateral flexors in respect of the highest threshold
components of the reflex discharge. This may be attributed either
to slow changes following release from supraspinal inhibitory
influences or the growth of new connections. It appears that the
effects of use and disuse on synaptic function are not readily
investigated with even the simpler polysynaptic pathways such as
‘the flexor reflex.

The results described in the final section may be summar-
ised as a histogram (Figure 57 ). Denervation of all but dne of é
group of synergic hindlimb muscles, results in marked ehhancement of

the ventral root monosynaptic reflex evoked frdm the nerve to the

spared muscle, by comparison with the corresponding contralateral
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reflexs The degree of reflex enhancement is unaltered by lower

thoracic spinal transection at the time of hindlimb nerve sections.
The results have been fully discussed, and three alternative
explanations of the observed changes have been proposed.

The first suggests that the nervé.sections'lead to in~
creased gamma agtivation of stretch receptors in the remaininé
innervated member of the synergic muscle group during activity.

This resﬁlts.in increased proniodeptive bombardment and consgquenf
excess use of synapses. Synaptic efficacy is enhanced by this
excess use, resulfing in enhancement of the monosynaptic reflex
resbonses. |

The second proposed that degeﬁerativa changes in the
fine central .terminals of severed afferent pathways probably caused
non-specific sprouting of a&jacent fiﬁres resulting ih fﬁe formation
of new synaptic connexions between intéct affersnt'terminal'sProuts'
and homonymous as well as heteronymous motoneurones. Inéreased
synaptic potency resulting from the formation of new synapses on
their motoneurones results in enhancement of monosynaptic reflexes
evoked by nerves to spared muscles.

Tﬁere is nothing t0 recommend the final postulate which
depended upon the development of hypersensitivity of the post-
synaptic membrane of motoneurones innervating spared muscles.

The fifst two mechanisms may operate singly or in combin-
ation and in the absence of definitq evidence the first of these
alternatives is mbst likely. In spite of the surprising result of
prior spinal transection, it is most attractive to postulate that

the nerve section procedure leads to increased gamma activity, with
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consequent increases in afferent discharge from spared muscles.
This accérds with the clear results of Sectioﬁ A, that increased
synaptic usage results in enhanced synaptic efficacy with larger
monosynaptic reflexes from these pathways. Gamma overactivity is
common to the explanation of both the first and final section
results. Purther experimental testing is essential to support this
postulate. It has been shown that the effects of overuse and
disuse of oentrél nervous synapses are best studied in the éimplest
' nervoﬁs pathways. It is important to avéid complications intro-
duced by operative interruption of these pathways. The simplest
levels of the mammalian central nervous system have been shown
here to demonstrate a remarkable degree of plasticity of function
and structure. Such plasticity can no longer be regarded.as a
special property of the higher levels of the centrai hervous
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Table 1. Muscle Wasting.

(Unilateral Tenotomy and plaster immobilization = 20 cats)
The figures quoted are the mean % wasting of the muscle
groups in the tenotomized hindlimb, relative to those of the

normal hindlimb. Standard Errors of the means are in

parenthesis. Figures asterisked * are statistically signific-

ant with 1.0% confidence limitse

hindlimb Muscle Groups % Wasting of Tenotomjzed side
Mean (= S.E)

Quadriceps Femoris * 19.1% & 2.8)

Adductor Femoris and
Adductor Longus. - _ -

Biceps Femoris, ’
Semitendinosus, 74 0% (= 2.4)

Medial aend Lateral
Gastrocnemius, Soleus, % 43,8% (+ 3.1)
Plantaris

(Tenotomized)

' +
Peroneal Muscles 5e 0% (= 1.8)

xtensor Digitorum Longus » +
lfma Pibialis Anterior 5. 5% (= 2.8)

Tibialis Posterior,
Flexor Digitorum Longus +
and Flexor Hallucis * 24.2% ( 3.9)
Longus.

(Tenotomized)




Table 2. -Summary of Monosynaptic Reflexes.
(Unilateral tenotomy and plaster immobilization - 20 cats)

The figures quoted are the mean of the ratiocs of

corresponding reflexes from tenotomized side / normal side for

the given muscle nerve. Thus 1l.00 indicates sjmmetryrof

corresponding reflex responses. -

The figures in parenthesis

are Standard Errors of,the_means, and those results asterisked *

differ signifiocantly from 1.00 with 1.0% confidence limits.

Nerve ° Monosynaptic Reflex| Post-tetanically
‘ Spikg A Potentiated+8pike“
Mean i (= S.E) | Mean - (= S.B)
Biceps Semitendinosus - N S -
(Control) o 1.15 (<0.106)| 1.11 (<0.055)
-|[Peroneal - R B .
(Control) 0.97 (S0.085)| 0.85 (%0.090)
——
Medial and Lateral + 5
Gastrocnemius * 1,89 (20.184)|%1.44 (*0.104)
(Tenotomized Group) ’ ‘
Plantaris . . \ -
(Tenotomized Group) |*. 1.88 (=0.200)( 1.24 (20.096)
Flexor Digitorum
Longus, Flexor Hallucis - + ’ ,
Longus and Tibialis j* 1.69 (}0.194)| 1.30 (£0.130)
Posterior '
(Tenotomized Group)
;A«;;\{;TC\E: Py

-
«  LBRARY &

\\‘iﬂlveﬂsﬂ/‘ o




Table 3 (a)

Central Latencies

(Unilateral Tenotqmy and plaster immobilization_series)

Figures are mean central latencies in msec. with Standard
Errors of the means in parenthesis.

herves Normal Side Tenotomized+5ide

Mean (Z s.E) Mean (= s.E)
msec msec '

Control Group

(Biceps Semitendinosus o + +

and Peroneal ) 0.96 (<0.034) 0.98 (<0.034)

Tenotomized Group

(Castrocnemii, Plantaris,

Plexor digitorum . . +

longus and hallucis 1.00 (<0.031) 0.87 (S0.036)

longus) , ,

In the tenotomized group the shortening of central latency by
0.11 msec. is statistically significant with 1.0% confidence

limitse

Table 3 (b)

Conduction Velocities

Figures are gggg_condﬁction velocities in m/sec with
Standard Errors in parenthesis.

Nerves " Normal Side rTenotomize% Side
Mean (§ S.E) Mean X s.E)
m/sec m/sec
Control Gioup +
(ns above) 89.3 Y 4.4) 89.6 & 4.8)
Tenotomized Group +
(as above) 92.7 X 2.8) 93.9 (2 2.9)

Differences of conduction velocity between the tenotomized muscles

and the corresponding intact muscles are not significent at a 50%

level.



Table 4. Muscle Wasting,
(Unileteral Tenotomy alone = 21 cats)

The description of this Table is the same as that headizig

Table 1.
[Bindlinb Masole Groups % Wasting on Tenotopized side

‘ _ . Mean (< s.E)
Quadriceps Femoris : 7.4% & 2.7)
Adductor Femoris and | o E ooy
Adductor Longus : 6.9% (‘f‘ 2.5)
Biceps Femoris, *' :
Semitendinosus, 648% (= 2.2)
Semimembranosus - ' ‘
Medial and Lateral | -
Gastrocnemius, Soleus, * e g)
Plantaris: * 24.9% ( 3.8)
(Tegotomi zed )

Y

Peroneal Muscles 6e 3% (-3 5¢3)
Extensor Digitorum longus : . * o0
and Tibialis Anterior 11. 4% (= 2.0)
Tibialis Posterior, .
Flexor Digitorum longus +
and Flexor Hallucis - * 18.0% . (= 4.7)
Longus :
(Tenoto;gized)




Table 5 (az

(Unilateral tenotomy series « 21 cats)

- Summary of Monosynaptic Reflexes.

The description of this Table is the same as that heading

Table 2.

Monosynaptic reflexes recorded monophasically from venfra.l roofs

Medial and Lateral
Gastrocnemius
(Tenotomized

Group)

* 1,59

(%o, 22‘) |

Werve Monosynaptic Reflex | Post-tetanically
-Spike + Potentiated’_'_ Spike

| Mean (= S.E) | Mean (< s.B)
}Eézgi:of‘;’?it°“di“°3“s 1.25 (20.15) |1.08  (%0.06)
fgg:;:h 1.02 (fo.06) | 1.05 (£0.05)

Plantaris
(Tenotomized Group)

% 1,76 (%o.32)

Flexor Digitorum
Longus Group
(Tenotomized
Group )

* 2,14 (Z0.29)




Table 5 (b)

Summary of Spinocerebellar Tract Responses

(Unilateral tenotomy series - 21 cats)

Figures quoted are the means of the ratios of correspond=-

ing spinoocerebellar tract responses from the tenotomized

side / normal side, for the given muscle nerve. Thus 1.00

indicates symmetry of corresponding tract reflex responses.

The figures in parenthesis are Standard Errors of the means,

and those results asterisked % are significant with 1%

confidence limits after application of the Student t-test.

[spinal cord.

Spinocerebellar Tract responses recorded from hemisected

- VeSeCeTe Reflex |-

(Tenotomized Group

Nerve DeSeCeTe Reflex -

(Ipsilate£a1) (Contralateralg

Mean (£ s.E) Mean (< 5.B)
Biceps Semitendinosus + +
and Semimembranosus l.14 (<0.24) 0.95 (=0.21)
(Control) ,
[Peroneal + +

* =\ 9 0093 ‘-0014
(Control) 1.14 (=0.19) (=0.14)
Sural +

. ‘-‘o.
(Control) 1.08 ( ;1)
| W
Medial and Lateral
Gastrocnemius and % 1.47 (30.10) 0.94 (:0.09).
Plantaris.
(Tenotomized Group)
[Flexor Digiforum _
Longus and Flexor + *
Holfueis Longus * 1.55 (£0.19) 0.98 (=0,09)




Table 6 (a) Central Letencies

(Unilateral Tenotomy Series)

Figures are mean central latencies in msec. with Standard

Errors of the means in parenthesis.

Nerve Normal §1de Tenctomixed §1de
Mean (Z S«E) | Meean (X s.E)

msec msec

Control Group ' + '
(Biceps Semitendinosus | 0.86  (30.031) 0.86  (%0.031)
|end Peroneal)

Tenotomized Group
(Gastrocnemii, .
Plantaris, Flexor 1.03  (Z0.043) 0.92 (0.032)
digitorum longus and

ralluQ1s longus)

In the tenotomlzed -group the ‘shortening of central latency by

0.11 msec. 1s statistloally significant w1th 1% confidence llmlts.

Table 6 (b) Conduction Veloéities

Figures are mean conduction velocities in m/sec. with
Standard Errors.

herve ' Normal Side Tenotomized §1de
Mean (= 8.E) Mean (= 8.E)
m/ sec m/ sec
Control Group +
(as above) 96,0 (& 3.9) 95.4 X 4.2)
Tenotomized Group + : +
(as above) 95.9 (= 4.4) 94.2 (= 4.1)

Differences of conduction velocity between the tenotomized muscles
and the corresponding intact muscles are not significant at a 50%
level,




Table 6 (e¢) Absolute Refractory Periods = Tenotomy Series

Figures give absolute refractory periods in msec. with

Standard Errors in parenthesis.

!NSI"V‘S

Normal Side

Operated §ide

Aigitorum longus and
Fallucis longus)

Mean (= S.E) Mean (= 8.B)
msec msec

Control Group N .
(Biceps Semitendinosus | 0.68 (Z0.04) 0. 65 (=0.04)
end Peroneal) :
Tenotomized Groﬁp
(Gastrocnemii, ' - ‘ - g
Plantaris, Flexor 0. 64 (=0.04) 0. 66 (=0.05)

There are no significant

~side.

differences for the two groups on each




Table 7. Muscle Wastinge

(Unilateral Tenotomy with Spinal cord transection — 8 cats)
The figures quoted are the mean % wasting of thé muscle
groups of the tenoctomized hindlimb relative to those of the
normal hindlimbe. Standard Erfors of the means are in
parenthesis. Figures asterisked * are statistically signif-

icant with 1.0% confidence limits.

Hindlimb Muscle Groups % Wasting on Tenotopized side
_ . Mean - (= 8.E)

Quadriceps Femoris 24 6% C: 1.7)

Adductor Femoris axd ‘ 0 9 +
Adductor Longus 2??% ‘ ( ;2f7)

Biceps Femoris, ‘ e
|semitendinosus, - - - | B o/ 2R (< 2.0)
Semimembranosus. ' : ‘

Medial and Lateral ,
Gastrocnemius, Soleus, _ #13. 5% (+ 5.7)
Plantaris

(Tenotogiged)

. + .
Peroneal Muscles , 12.5% (= 4.4)

Extensor Digitorum Longus . , *
and Tibialis Anterior 84 0% (< 1.9)

Tibialis Posterior,
lexor Digitorum Longus -
and Flexor Hallucis %20, 5% (* 3.6)
Longus , :
(Teno tomized )




Table 8 ‘a}

Summary of lMonosynaptic Reflexes.

(Unilateral tenotomy with spinal cord transection — 8 cats)

The description of this Table is the same as that heading

Table 2 except that no variations of figures from 1,00 are

statistically significant at even & IO% level.

Monosynaptic reflexes recorded monophasiocally froﬁ ventral roots

Nerve

Monosynaptic Reflex

Post=tetanically

Medial end Lateral
Gastrocnemius and
Plantaris
(TenotOmized
Group)

0.98 (fo.061)

Spike + Potentiated+ Spike
Mean (= S.E)| Mean (< s.B)
Biceps Semitendinosus +' ' ‘ +*:’
(Control) 0.98 (S0.075) 0.99 (J0.075)
Percneal o - TS R,
(Control) 1.08 (=0.077) 1.06 (<0.041) ‘

(*0,054)

0,99

Flexor Digitorum
Longus and Flexor
Hallucis Longus
(Tenotomized
Group) '

1.07 (Zo.107)

1.04 (*0.037)




Figure 8 gb) Summary of Spinocerebellar Tract Responses.
(Unilateral tenotomy with spinal cord transection = 8 cats)

The description of this Table is the same as that

heading Table 5 (b) except that no variations of figures from

1,00 are statistically significant at even a 19% level.

spinal coxrd.

Spinocerebellar tract responses recorded from hemisected

Nerve

DeS.CeTe Reflex
(Ipsilatgral)
Mean (- S.E)

VeSeCeTe Reflex

(Contralaieralg
Mean S.E

Biceps Semitendinosus
and Semimembranosus
(Control)

1.14  (Z0.68)

1.24 (Z0.30)

Peroneal
(Control)
F_—.—_-—._:-_-.-_-—_m
[Medial and Lateral
Gastrocnemius and
Plantaris
(Tenotomized Group)

0.85  (f0.27)

1,19 630.2#)'f'

1.20  (f0.43)

T

1.37 (*o0.35)

Flexor Digitorum
Longus and Flexor
Hallucis Longus
(Tenotomized Group)

0,91  (Xo.87)

0,91  (fo.76)




Table 9.

Central lLatencies.

(Unilateral tenotomy with spinal cord transection - 8 cats)

Figures are mean central latencies in msec. with

Standard Errors of the means in parenthesis.

%erve

longus and hallucis
longus)

Normal Side Tenotomized §_ide
Mean - S.B) ¥ean (& S.E)
msec msec

Control Group ‘ . . : - c
(Biceps Semitendinosus |[1.06 (<0.041 1.08 (Z0.050
and Peroneal) -
Tenotomized Group
(Gastrocnemii, Plantaris, -
Flexor digitorum 1.04 (=0.032) 1.07

(:0‘. 033

‘Pifferences between central latencies of nerves tc normal and

tenotomized muscle groups are not statistically significant at

the 10% level.



Table 10, Muscle Wasfigg.
(Nerve Section Series — 20 cats)

The figures quoted are the mean % wasting of fhe'musole
groups in the operated hindlimb relative to those of the
normel side. Standard Errors of the means are in parenthesis.
Figures asterisked * are statistically significant with 1.0

confidence limitse

Hindlimb Muscle Groups % Wasting on the operated side
: Mean (< S.B)
Quadriceps Femoris 24 6% C: 1.3)
Adductor Femoris and | +
Adductor Longus : 0'3% - (*‘2'3)
Biceps Femoris, N
Semitendinosus, ' 4.,0% (= 1.3)
Semimembranosus. !
(Medial and Lateral
Gastrocnemius, Soleus,
Plantaris) : - +
Denervated (LeGey Sey PL.) * 43,6% (= 3.5)
+
Spared (M.Ge) 1.3% - 1,1)
o
Peroneal Muscles 7¢3% Cf 0.8)
Eitensor Digitorum Longus _ 4, * 1.1
and Tibialis Anterior 1% (= 1.1)
(Tivialis Posterior,
Flexor_ Digitorum Loggus ,
and Hallucis Longus) +
Denervated (FeHoL & TeP) * 41.5% (= 6.4)
| +
Spared (F.D.L) : 0. 3% Cf 2.2)




Table 1ll. Summary of Monosynaptic Reflexes.

(Nerve Section series - 20 cats)

The flgures quoted are the means of the ratiocs of corres—
ponding reflexes from the operated side / normal side for the
given muscle nerves. Thus 1.00 indicates symmetry of corres—
ponding reflex responses. The figures in parenthesié are
Standard Errors of the means, and those results asteriskéd *

differ significantly from 1.00 at the 1% level.

hbnosyﬁaptic reflexes recorded monophasically from ventral rootis

herve ' : Monosynaptic Reflex] Post-tetanically
Spike Potentiated+8pike
Mean 6- S.E) Mean (< s.B)
%gﬁgigoijmltendln°sus 1.09 oﬁo.oez) 1.03 (¥o.041)
fgﬁg:igi) * 1,11 (fo.048) 1.07  (%0.004)

Insufficient figures to analyse.

?uadrice s Femoris
Control

Lateral ‘ -
Gastrocnemius * 2,13 (30.27) |» 1.39 (Zo.16)
(spared Group) ' ’
Medial ‘ '
Gastrocnemius * 2,57 (30.30)| 1.20  (¥0.10)

(Spared Group)

Flexor Digitorum :
Longus * 2,21 (*0.19) |+ 1.35 (*0.10)
(spared Group) . ‘ '




Table 12 fa} Central latencies.

(Nerve Section series = 20 cats)

Figures give mean central latencies in msec. with

Standard Errors of the means in parenthesis.

Flexor digitorum
longus)

kerves ‘Normal Side ‘Operated Side
Mean (= S.E) Mean (& s.B)
msec. msec,
Control Group - + ' +
(Biceps Semitendinosus, 108 (S0.07) 1.08 (=0.08)
Peroneal and Quadriceps) S
Spared Group
(Medial /or Lateral . N
Lgastrocnemius and 1.10 (<0.08) 0.96 (<0.08)

Table 12 Sb} Conduction Velocities

Standard Errors of the means in parenthesis.

The shortening of central latency by O.14 msec. in the group of
spared muscles is significant at the 1% levels ”

Figures give mean conduction velocities in m/sec with

Nerves Normal §ide Operated Side
Mean (= s.B) Mean (< s.E)
n/ sec m/ sec
Control Group + .
(as above) 83.1 (= 4.4) 83.3 (= 4.8)
Spared Group ‘
as above) 83.6 (X 5.9) 83.1 & 6.7)

The differences of conduction velocity between the two sides is
not significant at the 50% level.

-




Table 12 (¢) Absolute Refractory Periods - Nerve Section Series

‘Figures are absolute refréctory periods in msec. with

Standard Errors in parenthesis

Nerves : ‘ Normal Side Operated S&de
Mean (S 8¢B) | Mean (€ 8.E)

msec msec
Control Group ‘ : + ' .
(Biceps Simitendinosus, [O.66 (So.01) 0. 65 (=0.04)
Peroneal and Quadriceps } . .

Spared Group

(Medial / or Lateral + .
gastrocnemius and 0.70 (=0.03) 0.70 (=0.04)
Flexor digitorum : - ‘
longus

There are no significant differences for the two groups on each:

side.



_Table 13,  Muscle Wasting
(Nerve Section Series, W'i'l:h~ spinal cord transection - 7 cats)

The description of this Table is the same as that heading

Table 10.
Hindlimb Mascle Groups % Wasting of opéraied side
. Mean (5 S.E)
Quadriceps Femoris ’ C x9.7% 1 (* 3.8)
dductor Femoris and ' +
dductor Longus 2.5% ,(*_' 1"‘5)
Biceps Femoris, : + S
Semitendinosus, : 1.1% (= 2.4)
Semimembrano sus.
Medial and Lateral
Gastrocnemius, Soleus,
Plantaris) .
[Denervated (LeGes Sey PL.)| - ¥15.6% | (= 7.4).
Spared (M.G) Weight gain T+ 8.8% 755.5)
Peroneal Muscles 2.4% (i‘ 4,2)
BExtensor Digitorum Longus 8 * 3.8
and Tibialis Anterioxr. « 5% ( +8)
(Tivialis Posterior,
lexor Digitorum Longus )
and Hallucis Longus) +
enervated (FeHsL & TeP) %26, 5% (= 5.9)
+*
spared (FeDeL) 0. 4% (',‘11'?)




Tgble l4. Summary of Monosynaptic Reflexgs.

(Nerve Section Series, with spinal cord transection - 7 cats)

The description of this Table is the same as that which

heads Table 1ll.

hbnosynaptic reflexes recorded monophasically from‘yeqtral\roots
[Nerve Monosynaptic Reflex Postétetanically
Spike + ) Pbtentiated+ Spike
Mean (% S.B).| Mean  (Z S.E)
%égggﬁof‘;m“e“di““s 1.15 (%0.095)| 1.02 (%o, 055)
lzg‘;':‘t‘iﬁ ) * 1,20 (fo.060) 1.10  (0.040)
|uadriceps T
Femoris 0.99 (0.010) 0.99 (f0.010)
(Control Group) : . :
Medial ' -
Gastrocnemius * 2,09 (*o.18) | 1.60 (*0.25)
(Spared Group) ' s
Mlexor Digitorum + o o
Longus - * 2,52 (~e.57)l~ 1.65 (*o.18)
(Spared Group) o Tl




Table 15. Central Latencies

(2) (Nerve Section series, with spinal cord transection

- 7 cats)

Figures are mean central latencies in msec. with

Standard Errors of the means in parenthesis.

(Medial gastrocnemius
jand Flexor digitorum
longus) '

Nerves ' Normal $ide Opérated'§idef
Mean (= s.8) Mean (< s.E)
msec msec
Control Group 1.04  (%0.11) 1.03 (¥0.10)
(Biceps Semitendinosus, ‘
Peroneal and Quadriceps)
Spared Group 1.24 (20.07)

1.13 (0. 06)

The shortening of central latency by 0.11 msec. in the group os

spared muscles is significant at the 5% level.




Table 16,

Summary of Afferent Spike Discharges Recorded

from the Distal Segments of Severed Muscle Nerves.

Corresponding muscles from both hindlimbs were used for

recording. The figures, obtained from all muscles of all cats

in each series, indicate the mean number of spike discharges

per sweep (of 10 msec. duration)e Standard Errors of the means

are in parenthesis. Figures asterisked * indicate significénce

with 1.0% confidence limite.

Unilatersal

stretched)

(a) Normal Tenotomized % Change
Tenotomy ‘Muscles Muscles: from
Series : . Tenotomized
(10 cats)  Muscles
Resting

e ot | 11:0 (f0.28) |13.4 (¥0.27) | 22% increase
stretched) *
Muscle .
?;fgtE:ig 18.8  (%0.38) | 21,0 (¥0.33)[11.7% increase
pull) *

(b)  Unilateral Normal Tenotomized % Charge
Tenotomy with Muscles Muscles from
Spinal Tran- o Tenotomized .
section ‘Muscles
(5 cats)

Resting :
%ﬁﬁ:ﬁi:ﬁ ot | 180 (f0.32)| 12.6 (¥0.27)| 3% decrease




Table 17. The reflex discharges evoked in the various.groups of
muscle nerves by volleys’in the cutaneous nerves tested,(sural,
saphenous, superficial peroneal and tibial nerves) in each leg
have been pooled, and grouyed together.

Reflex discharges into various muscle nerves have

been grouped as subserving either’ﬁle;iog'(Biéepsesemitendinosus

‘nerve and Peroneus profundus nerve) or extension (nerve to Triceps

surae, nerve 10 Flexor digitorum longus and nerve to Flexor

hallucis longus).

4 further subdivision was required becauss both

ipsilateral and contralateral conditioning was employed.

Although conditioning stimuli 1o cutaneous nerves

, wereAgraded iﬁistrength,upAto 100 ~ 200 X,threshold,:the results-

for only three strengths afe presented in this table (1.2X
threshold, 20X threshold, 20X threshold).
The results have been tabulated in three partss

Table 17 (a) Latency of reflex discharges

Table 17 (b) Duration of reflex discharge.

Table 17 (c¢) Maximum emplitude of discharge.




Table 17 Sa)

This table presents the mean latencies of reflex
discharges for all animels in both the acute acute and chronic
spinal groups. The figures are mean 1atenoies in mseos

Standard errors have been calculated but are omitted for simplicity.

erves to Type of Animal | Discharge Latencies in msec.
1 Strength of Conditioning Stimilus
1.2X - 2.0X - 20X
, Threshold | Threshold | Threshold
Ipsilateral Acute Spinal 6.3 6.0 6.0
Flexors Chronic Spinal 603 5.8 57
Ipsilateral ) Acute Spinal 7T ) ;?.‘5: | . e
Extensors . —Chronic Spinal 79 | 7.9 7.8
Contralateral | Acute Spihai o A8.‘4‘ 8.7 8.1
[Flexors Chronic Spinal 8.8 8.4 8.4
Contralateral Acute Spinal " 10.8 10.2 -
Extensors Chronic Spinal 11.0 11.0 -




Table 17 fb)

The mean duration of reflex discharges are shown

- for all animals in both the acute and chronicbapinal groups.

The figures give mean duration in msec $ standard errors have

been calculated and are-in parenthgsiss The figures asterisked *

are significant at the 1% level.

kerﬁe to Type of Animal Diséharge Duration in msec.
Strength of Conditioning Stimulus.
~ 1.2X% 2.0X 20X
:Threshold Threshold Threshold
Tpsilateral |Acute Spinal 3.9 (20.08) | 8.3 (f0.46) #1211 (& 19)
[Flexors : . +‘ Tk +.
Chronic Spinal | 3.5 (=0.15) 9.3 (=0.42)| #520 (<138)
Tpsilateral |Acute Spinal 5.5 (Y0.28) | 8.5 (¥0.16) 69.0 (Fo.5)
Extensors A — — T % *9/1
Chronic Spinal | 4.9 (<0.45) 8.4 (<0.26) 85.0 (~15.6)
“(+n o0y | I+ L +
Contralater-| Acute Spinal 5.0 ‘Z0.29) 9.4 (Z0.27)k22.0 (=2.4)
lal Flexors — T T
Chronic Spinal | 4.6 (~0.26) 9.7 (<0.27)}k50.0 (~8.6)
Contralater—| Acute Spinal 6.0 (30.31) | 10.0 (¥1.80)| 23.0 (33.0)
2l Extensors| - T " "
C Chronic Spinal | 4.9 (=0.24) | 7.1 (=0.44) 40.0 (< 5.2)




Table 17 fo )

The maximum amplitudes of the reflex discharges

are shown for all animals in both the acute and chronic spinal

groups. The figures are mead maximum amplitudes in mVe The -

standard errors have been calculated, but are omitted for

simplicity.

Nerves to Type of Animal |Maximum amplitude of reflex dis-
. charge in mV. _

‘Strength of conditioning tetanus

1.2% 2.0X 20X |

_ Threshold | Threshold | Threshold |
Ipsilateral | Aoute Spinal |[.  0.15 0.41 0.72
Flexors . Chronic Spinal | 0.14 0.57 0.54
|tpsilateral | Acute Spinal 0,08 0.12 0.17
firtensors Chronic Spinal 0.06 | 0.1 0.16
Contralateral | Acute Spinal 0,06 0.13 0,10
Flexors Chronic Spinal 0.11 | 0.16 0.13
Contralateral ﬁ?A¢ute':f§Spina.1 0.12 6.16 O.v25
Ertensors Chronic ‘Spinal 0.12 0.17 0.24
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Figure 1. Illustrates the experimental arrangement of a cat in

the frame. The hindlimb and back pools may be clearly seen.
Nerves for stimulation are seen in the electrodes in the near leg
pool, while L6 and L7 ventral roots on the near side are mounted

on recording electrodes.
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Figure 2.

Thg conventions used throughout this thesis for
latency measurements are shown in 2.

_ (a) Lﬁtency of reflex is measured from the stimulus

artifact to the first point of ascent on the spike!s rising phase.

(b) latency of triphasic volley is measured from the
stimulus artifact to the peak of the first positive (downward)
deflection.

(c)iThe difference between (&) and (b) is in part a
measure of the central synaptic delay, and has been termed the

central latency.
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Ordinate represents the area under the monophasic spike
in cmz. Abscisse represents the height of the monophasic spike in
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Figure 4. Shows the reflexes evoked in S1 and L7 ventral roots
by maximal group la volleys in nerves to gastroonemius. A4s
depicted, although the reflexes in both the Sl ventral roots are
larger than the reflexes in correspohding L7 roots, the:e are
more active fibres in the latter. This is due té the greater
shunting resistance of the larger ventral root in reducing the
recorded action potential. There is depicted an enhancement of
reflex responses on the operated side relative to those of the

normal side, such as was found with reflexes evoked from nerves

to tenotomized muscles.




DIAGRAM OF MONOSYNAPTIC REFLEX CONNECTIONS

Fgggre'5.~ Reprééénfs diagrammdtically the monosynaptic reflex

arce Proprioceptive afferent fibres of gréup,la,rfrom primary

- (annulospiral) endings from a given muscle meke monosynaptic
connecfioﬁé T in the ventral horn with motoneurones M whose axons
innervate that muscle. Thus stimulation at S evokes a reflez4

response of motoneurones, recorded at R in ventral roots V.



L 4.5 LEVEL

Figure_ 6. This figure illustrates diagrammatically the mono-

synaptic connections of the spinocerebellar tracts, and the methods

of recording from the hemisected spinal cord.

CC =
DSCT =
VN =
VSCT =
S -
R -

Nucleus og Clarke's Column. (origin of dorsal épinooerebellar
tract :

Dorsal spinocerebellar tract axons ascending in the dorsal
part of the ipsilateral lateral column.

Nucleus of ventral spinocerebellar tract.

Ventral spinocerebellar tract axons ascending, after crossing,
in the ventral part of the contralateral lateral column.

Stimulating electrodes on hindlimb muscle nerve.

Recording electrodes placed under halves of spinal cord
fdlowing removal of dorsal funiculi, and hemisected.
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Figure 7. Muscle wasting with unilateral tenotomy end plaster

of 'Pag' g immobiligzation.

The results in this histdgram are presented in detail

as Table 2. The ordinate represents the mean % wasting of nmsclev

groups on the tenotomized side relative to corresponding muscle
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Fi gure 2.

Legend Continued.

The abscissa shows the various muscle groups tested,

whose abbreviations are as followss

Quad. -
Add. -
BeSeTe =
‘Triceps -
Peron =~
'Tib.Ant.a‘
FeDeLoe =

Knee extensors and includes Reotus femoris, vastus
lateralis, intermedius and internuse.

Adductorsbof hip. |

Knee flexors, i.e. Biéeﬁs femoris and Semitendinosus,
and hip extensor, semimembranosus.

Ankle extensors, i.e. medial and lateral gastroénemius,
Soleus and a plantar-flexor of toes - Plantaris.

Ankle flexors and evertors, i.e. Peroneal muscles

Peroneus longus, Peroneus brevis and Peroneus tertius.

‘Anterior tibial group of muscles which are ankle flexors,

and dorsi-flexors of toes - Tibialis anterior and
Extensor digitorum longus.
Toe plantar flexors, i.e. Flexor digitorum longus and

Flexor hallucis longus.



S1FJV- —V“ S1 I

C < — mV

|_7L.JkB_J\~ L7—JMP~_J\.. [
r—-—v— ——-V‘—

TPui‘\,IL _k R 1

St —v [ S —v

ci A -

L7 .__,[k L7 s/ ,_4,/\~

—A

C— SRR

TP}~ :X U
~\

SN W U W

msec

Figure 8.
The records in this figure from one typical experiment
illustrate the results obtained in the series tenotomy plus
plaster immofilisation. Reflexes for each nerve are recorded
in two ventral roots simultaneously, S1 ventral root on the
upper beam, L7 on the lower beam. The afferent ingoing dorsal

root volley is inset between the two beams.
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‘Eigure 8. Legend Continued.

C = Monosynaptic reflex responses froﬁ nerves in the
control hindlimb while TP = reflexes from nerves ip tenotomized
and plastersd limb.

All responses in vertical columns 1 before and 2 after
tetanic conditioniﬁg at 400/sec for 15 sec.

Each qﬁadrant of the figure shows reflex responses from
one givén muscle nerve of both hindiimbs. |

Upper two groups Bicéps semitendinosus (B) and Peroneal
(P) are bilateral controls and show symmetry of afferent volleys

and of reflex responses both»before and efter tetanic stimulation.

lateral control nerves with fhose (T P) from neffos to tenotomized
muscles (T P). |

There is a relative increase of reflexes from the nerves
to tenotomized muscle g:dﬁps. Afferent volleys still show

symnmetrye
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MIONOSYNAPTIC REFLEXE‘S
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USCLE GROUPS

. This figure shows the results detailed in Table 2, for

z igg;e 9,

monosynaptic reflexes from all animals in the series displayed

as & histogram.
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Figure 9. Legend Continued.

' Cross~hatched columns indiocate mean monosynaptic reflex- -
responses, before téta.n;lo_conditioniné, while ‘open bcolumns show
maximum .lévels of post-tetanic résponses. Tegotomized. ‘mscle
groups are indicated by a black spot, the remainder beihg controls.
Tho se coluinn’s a.ste'risk,ed #* indiéate thé.t tvhe incr‘gase'bigs, éfatistio—-
ally significant at a 1% level.

The ordinate represents the ratio of mean reflex responses
from tenotomized side / correapdnding reflex from normal side
expressed as & percentage. IQO% répresgnts symmetry of responses
from the two sides. The abscissa rej)resexits nerves to the
following musclé éroﬁps ﬁénéted bythe s'ymbroisi ;

BsS.Ts = Nerve to Hamstring inusélie;f

Tric. =~ Nerve to both heads of Gastrocnemius muscles.

. FeDeLs = Nerve to Flexor digitorum longus aﬁd Flexoi'

| | hallucis léngﬁs. | o -
Plant - Nerve to Plantaris.
Peron - Nerve to Peroneal ‘:group.

Q\iad. - Nerv’e to Quadriceps femoris.



MUSGLE WASTING |
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Muscle wasfing with unilateral tenotomy alonee

The ordinate representé the mean % wasting of the muscle
groups on the tenotomized éide.

The abscissa shows the various muscle groups, whose symbols
‘aie identical with those in Figure 7.

Those results asterisked * are statistically significant at
the 1% level.
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Pigure ll. These monosynaptic reflex responses are actual records

from one typioal experiment from the series of animals with only

unilateral tenotomy.

The arrangement of the figure and its nomenclature are

identical to that used in Figure 8, except that the horizontal

rows T represent the responses from various nerves in the tenotom~

iged hindlimb, while C rebresents those responses from the normal

side of the animal. As in Figure 8, there is symmetry of

bilateral controls and signifiocant enhancement of reflexes from

P.T.0



Figure lle Legend continued.

nerves to tenotomized muscles, both before, 1, and after, 2,

standerd tetanic conditioning.
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"MONOSYNAPTIC  REFLEXES
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Figure 12,

MUSCLE GROUPS

This histogram displeys the results detailed in Table

from the unilateral tenotomy series.

5 (a) of monosynaptic reflexes

~ The desoription of this figure is identical to that for Figure 9.
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Figure 13, In this figure the ordinatesrepresent the reflex

height as a percentage, 100% being arbitrarily chosen as the

reflex heiéht at a conditioning frequenoy of 0.1 impulses‘per

second. Abscissa denote frequency of conditioning volleys in

| impulses per second.

Symbols: B - Nerve to Hamstring muscles.
| P ~ Nerve to Peroneal muscles.‘
G = Nerves to Gastroonemii.

!

Pl - Nerve to Plantéris.

The filled circles represent the heights of reflexeel

from nerves to mscles in the control hindlimb, while crosses
represent reflex heights for the nerves from the tenotomized
hindlimb. ‘Bach point is the mean of results from three

different aninals.
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Figure 14,

These records from the nerves to Biceps semitendinosus
in one typical éxperiment illustfate fhe time coursé of postQ | :
tetanic potentiation;A Records were obtained by photographing
responses on‘moving'film with the Cathode Ray Oscilloscope screen
‘masked except for a'Zcm. g8Pe Frequency of testing‘volley O;S/sec.

Note the symmetry of reflexes from nerves of both the j

‘normal and 0pbratéd hindlimbs. This reflex symmetry is evident

P.TeO



Figure 14. Légend Continueds

both before (A) and after (B = F) tetanic conditioning with the

standard tetanus. See also Figure 40.
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Figure 15. :
' This figure shows the time course of post-tetanic
potentiation for nerves to control (filled circles) and tenotomized
(open circles) muscles from a single experiment. |

Ordinate represents reflex heights in mV. Abseissae‘
' represent time. R
The pretetanic reflex heights are denoted by the qymbol
PRE, the standard oonditloning tetanus of 400 impulses per second
for 15 seconds oocuplas the cross-~hatched area TET. The series of
post—tetanic reflexes are shown as PTP.
Testing volleys in this case 1 per 2 sec.
Symbols denote the followings
BeS.Te = Nerve to Hamstring muscles.
D.P. - Nerves to Peroneal muscles.
M.Ge =~ Nerve to medial gastrocnemius muscle.
F.DesLs - Nerve to Flexor digitorum longus and Flexor
hallucis longus.




O R
S Sl
ST N S

100 WV

v oo b sV g@w%g ovhrodsy ol

Figure 16. This figure shows actual records of Dorsal and Ventral

spinocerebellar tract responses from one typical experiment.

The symbols are as followss

v
c
T

o)

Pl
S

o

T =

Note the symmetry of all VSCT responses from correspond-

ing nerves and the DSCT responses from bilateral control nerves (B.,

Pey Sey DaTe)e

Dorsel spinocerebellar reflexb
VYentral spinocerebellar reflex.
Responses evoked from nerves to control hindlimb.

Responses evoked from nerves to tenotomized hind-
limb.

Nerves to Hamstring group of muscles all together.
Nerves to Peroneal group of muscles all together.

Nerves to both heads of Gastrocnemius, and to
- Soleus.

- Nerves to Flexor digitorum longus and Flexor

halluecis longus togethexr.
Nerve to Plantaris
Sural (skin) nerve.
Deep Tibial (mixed) nerve.

Nerves to tenotomized muscles (G., Fe, Pl.) show

significant enhancement of DSCT responsess
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Figure 17, Legend Continued.

ponding response from normal side, the ratio being expressed as |
& percentage. 100% thus represents symmetry of responses on
the two sides.
The abscissa represents the various muscle nerves
tested, the abbreviations used beings
© BueS.Ts =~ Whole Hamstring nerve including nerves
to Biceps femoris, Semitendinosus,
Semimembranosus.
Triceps <~ Whole Triceps éurae nerve including
| nerves to Médial and Lateral gastro—
onemius, Soleus and Plantarise |
FoDeLe = Toe extensor group including Flexor -
digitorum longus and Flexor hallucis
longus.
Peron -  Peroneus profundus nerve.
Sur -  Sural nerve; both brahohas.

Tib «= Deep Tibial nerve.

Filled spots designate those nerves to tenotomized
mascles. Cross-hatched columns indicate DSCT responées'and open

columns represent VSCT responses.
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Records obtained from one typical exyeriﬁent are shown
in this figure. Volleys recorded monophasically from cut dorsal
roots at the conclusion of the experiment were evoked by stimulat-
ion of the various muscle nerves denoted by the following

abbreviationss
B. SoTo "
Per. -
G -
Fo DoIn b
PL -

Nerve to Hamstring muscles.

Nerve to Peroneal and@anterior tibial
groups of muscles.

Nerve to Gastrodnemii - Soleus.

Nerve to Flexor digitorum longus and
Flexor hallucis longus.

Nerve to Plantarise.

Ten responses evoked from each nerve from control hind-
1limb C and tenotomized hindlimb T are superimposed in these records.

Note the good symmetry between volleys from corresponding nerves.
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This figufe shows actual records from two different
animals of the afferent discharges recorded from the cut nerves
of non-stretched muscles in both hindlimbs.

Columns C denote responses from muscles of the normal
hindlimb, while those in column T are from the tenotomized

hindlimb.

Mascles denoted by the following symbolss

PER -
L.G -
M.G -
Fo Do Iu haad

Deep Peroneal muscles. (controls - intact
in both hindlimbs)

Lateral head of Gastrocnemius ; Tenotomiz=
_Mbdial head of Gastrocnemius ed in one
Flexor digitorum longus hindlimbe

Note the symmetry of controls in respect of discharge
frequency and the increased frequency of discharge from tenotomized

muscless
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CONTROL
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40+ TENOTOMY

% MUSCLE WASTING ON TENOTOMIZED SIDE

60 - . i

All musole groups in the tenotomlzed hindlimb show
some wasting. . _ o
© " Filled squares each represent the mean anount of _
wasting for all tenotcmized muscles from a single animal. Open
squarss represent the mean amount of wastihg for all ccntrcl ;
muscles from a single animal. This latter group comprises all
intact muscles in ths tenotomized hindlimb.
‘ . The ordlnate represents % wasting of muscles in

'tenotomlzed hindlimb compared to the corresponding muscles in
the normal hindlimb. '

Abscissa represents postoperative days of survival.
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Iime Course of Misole Wasting for one Group of. Nontenotomized

Muscles.

Each filled square represents the meanﬁgmqunt»ofn

hindlimb of all animals..
Ordinate_shows % muscle_wasting‘gf Qhéﬁfiqeps an »
the tenotomized side, relative to the‘corresponding‘musole grou§

from the normal side of eaoh animal.

Abscissa represents postoperative days'Of surviva1q
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Figure 22.
Time Course of Muscle Wasting for one Group of Tenotomized Muscles.

ing for th9 Triceps surae muscles from the tenotomized hindlimb of
811 animals. °

Ordinate shows % muscle wasting of Triceps on the

tenotomized sidey"rélative to the corresponding muscls group from

the normal side of each animal.

Abscissa represents postoperative days of survival.
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Time Course of Mhséle Wasting for s Second Group of Tenotomized

msoles.

Each filled triangle represents the mean amount of

wasting for the Flexor digitorum longus group of muscles from the

 hindlimb of 811 animels.

Ordinate shoﬁé % muscle wasting of F.D.L. groups on

the tenotomized side, relative to the corresponding muscle group

from the normal side of each animal.,

Abscissa represents postopefative days of survival.
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Musole Wasting with Unilateral Tenotomy and Spinal Cord Trgsagt;og.

The ordinate représents the mean % wasting of the
muscle groups on the tenotomized side.

The abscissa shows the various muscle groups, whose
symbols are identical to those in Figure 7.

Those results asterisked * are statistically significant

at the ¥4 level.
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Figure 25. These monosyhéptio reflex responses are actual records
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from one typical experiment from the series unilateral tenotomy

plus spinal transection.

The arrangement of the figure and the

abbreviations used are identical to those in Figures 8 and 11,

except that horizontal rows NX represent the responses from the
various nerves in the tenotomized hindlimb, while C represent
those from the normal side of the animal.

|
| v |
Note the symmetry of all reflex responses from corres-
ponding nerves, both before, 1, and after, 2, standard tetanioc |

conditioning.
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Eigure 26.

| The results‘from the series of tenotomy plus gpinal
transection summarised in TableIB (a) arekpresentédihere‘in the
form of a histogram. For thsAdeaOription and symbols, reference

should be made to the legend for Figure 9.




L5 F
< ¥ F
Lo L
A N
5
Pt

E iggre g?.

. These sginocerebellar.traot Tresponses are,aotuél
records all taken froﬁ one typical experiment from the series of
animals with_unilateral tenotomy and'spipal transection. The
arrangsment of the figure and abbreviations used are identical
to those in Figure 16 except that vertical columns TX denote
responses from nerves to the tenotomized hindlimb.

Note the néar symmetry of all reflex responses from

corresponding nerves in bhoth hindlimbs.
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Figure 28,

AT‘hesa are actpa.l ;'eoords of Athe afferent diécharges
recorded from the cut nerves of non-stretched 'musci‘les in both o *
hindlimbs. They are typical of the resulis obta;inéd for al]_.'l
animals tested in the series unila.teral tenotomy with spiné,l
'tra.nseétion. " Abbreviations are identical to those in Figure 19.

Note symmetry of all nerves in respect of their

discharge frequency.
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STIMULUS

STIMULUS

TOE FANNING REFLEX

{ CROSSED-SCRATCH
REFLEX

o This figure shows several important features of the

reflex behaviour bf chronic high thoracic (T2 - 3) spinal cats.

(a) Toe fanning reflex described in the text is shown, its
reflexogenous zone being dotted in. Note the characteristic
position of fixation of the 1imb in partial flexed during the
reflex. | - '

(b) The soratoh responses which may be elicited from these
animals take one of two forms described in the text. Ipsilateral
scratch responses may be elicited from the darkly stippled area

1 adjacent to the section level.  Crossed-scratch movements are

~easily evoked by tactile or eleotricai stimilation of the skin

over a wide receptive field ( - lightly stippled) and it is the
contralateral hindlimb which responds.
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Figure 30. ’ ; , . ;
Thiskdiagram illustrates the stimulating and recording
system used for minimal artifact when stimulating by up to 100 V,
and recording from nerves peripherally. Stimuli were thyratron
discharges, transformer-isolated, and were applied to a cutaneous
nerve, e.g. Sural. Reflexes in muscle nerves, B.S.T. elicited by
volleys in cutaneous nerve sural, were recorded at R2. The
afferent volley was monitored by electrodes at Rl separated by a
5 mm wide earthed plate from the stimulating electrodes. So that
there was always cathodal stimulation of nerve nearest to record-—
ing point, a switch device was used. All recording electrodes
were screened to within 5 mm of the nerve, and all screening was
connected %o a common earth. With stimuli of 100 V, the

artifact recorded was.-less than 0.1 nV.
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Figure 31, This figure shows some of the typical features of
cutaneous reflexes evoked in muscle ﬁerves of chronic spinal
animels. 4, B, C, D, show the reflex responses evoked in fhe
biceps~semitendinosus nerve by volleys in the ipsilateral sural,
saphenous, tibial and superfiéial peroneal nerves respectively.
Stimulus strength is 25 X threshold in each caée. Note that the

reflex discharges to all nerves have almost the same latency and

» ~ RLA E ;7;;“
show relatively small variations in size and shape. ié? LIBRARY ﬁ;

PeTeO \ Unpyers\t




FPigure 31, Legend Continued. ‘
By, Fy Gy H, show the reflex discharges evoked by maximaltvolleys
(5Qﬁ?)in the left tibial nerve. Ipsilaterai reflex discharges
are seen in bieeps-semitendinosﬁs nerve, E, deep peroneal neive,
F, gastrocnemius nerve, G, and flexor digitorum longus nerve, H.
Note that the reflex discharges into nerves supplying flexor
muscles (B, F) are larger than those in nerves to extensors (G, H)
and that the forﬁer have shorter latenciés. | |

Reflex discharges in the corresponding cphfralatéral
muscle nerves are shown in I,‘J,-K, L, evoked by maximal volleys
in the left tibial nerﬁe. Note that all contralateral discharges
are smaller than the correspondino 1psilateral reIIexes, and that
the- former have longer latencies. : (

Column M depicts the progressive increase in both
maximal amplitude and duration of reflex discharges into biceps
semitendinosus nerve evoked by volleys in tibial nerve. Stimulus
strengths from below upwards, relative to thfeshold, afe 1;1, 25,

5, 10, 25, 100.X threshold.of reflex,.
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Figure 32. Records in columns A and B of this figure show the
ipsilateral reflex discharges into the biceps—semitendinosus nerve
of a chronic and acute spinal animal respectively. These reflex
discharges are evoked by volleys of graded strength applied to the

tibial nerve. Reading from below upwards, the stimulus strengths

relative to threshold are 1.1, 1.2, 2.0, and 25 X threshold.
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Figure 32 (a) Records show ipsilateral reflex diéoharges into
the biceps—-semitendinosus nerves of an acute and chronic spinal
animal evoked from the tibial nerve. Records were>6btained with a
slower sweep velocity than in the previous figure, with the stim-
ulus 100 X threshold, in order to show the prolonged reflex dis-
charge into the ipsilateral biceps—-semitendinosus nerve. In records
(D,E,F) from the chronic spinal animal this discharge is longer than

400 msec. duration but the corresponding reflex discharge (4,B,C) is

much less prolonged in the acute spinal animal.
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Figure 33, This figure displays as histograms A and C part of

the results of reflex latencies and amplitudes given in detail

in Tebles 17 (a) and 17 (c¢) respectively. The results are means
from all nerves tested in the two groups of animels, and are pooled
in the manner described in the introduction to Taﬁle 17.

There are no significant differences of latency or
maximum emplitude of reflex discharges between acute (filled
columns) and chronic (open columns) spinal animals.

The abbreviations are és followss

. 71 = Ipsilateral Flexors.

Il BXx = Ipsila.tera.l Extensors.




Figure 33.

Legend Continued.

CL. F1 = Contralateral Flexors.

CL. Bx = Contralateral Extensors.
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Figure 34. The histograms B and D depict the results shown in
Table 17 (b) for the duration of the reflex discharges into muscle
nerves evoked by cutaneoﬁs nerve stimulation. The results are

the means from all nerves tested in the two groups of animals, and
are pooled in the manner described in the introduction to Taﬁle 17.
At the lower strengths of cutaneous nerve stimulation used in B,
there are no significant differences in the duration of the reflex
discharges evoked in the various muscle nerves between the acute
(filled columns) ‘and chronic (open columns) spinal enimalse

Histogram D shows the very prolonged reflex discharges evoked in




"Figure 34. Legend Continued.

nerves to flexors by stimulating the ipsilaterachutaneous'perve
at streng£hs greater than 20X threshold. The duratiomsof such
reflex discharges in nerves to ipsilateral flexors of chronid
spinal animals wers five times langer than the corresponding reflex
discharges in acute spinal animals (see also the inset).

There is & less significant prolongation of the
reflex discharges evoked in the pther groups of muscle nerves of
chronic spinal animals compared to the ﬁcute spinal group.

The inset shows, for the two groups of animals, actual
récords of the reflex discharges evoked in nerves to biceps-semitend-
iposus,by stimulation of the ipsilateral tibial nerve.

| The abbreviations used in this figure are the same as

those in the preceding figure.




Pigure 35,

DIAGRAM OF INITIAL OPERATION (EXCESS USE)

ss
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=™ @ mCUT AND CAPPED
[C——9 EXCESS USE

‘This illustrates diagrammatically the two alternative

procedures employed in the initial operative surgerys The
abbreviations for various muscles are as followss-

B
S.T.
L.G.

M. Go
ToPe
FoH. L.
FoDoLe
D.P.

TPs, FoHuL., PL., are denervated. In the alternative Progedure B,

=

' ‘Biceps femoris (comprising Anterior head of
‘Bioeps and Posterior Biceps). A
Sémitendinosus (comprises short and long Semi-
tendinosus muscles).

Lateral head of Castrocnemius together with
Soleus. .

Medial head of Gastroonemius.

Tibialis posterior muscle.

Flexor hallucis longus.

Flexor digitorum longus.

Peroneal and anterior tibial group of muscles.

In Procedure A, L.G. and F.DsL. are spared, while M.G,

M.G. and FeDeL. are the spared muscles while L.G., T.P., F.H.L.,

PL nerves were cut and capped.
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Figure 36, Muscle Wasting with Nerve Section Pfocedure. e

The ordinate represents the mean % wasting of the

muscle groups on the tenotomized side. The abscissa shows the

various muscle groups, whose symbols are identical with those in

Figure 7. The results asterisked * are significant at the 1% level.
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Figg_re 37

These monosynaptic reflex responses are taken from one
typioal experiment in the series of animeals subjected to the nerve
section procedure. ,

Nerve abbreviations - B « Biceps Semitendinosus nefvé.
P « Deep Peroneal nerve.
‘G =« Nerve to Gastroonemius (spared).
F « Flexor digitorum longus ner&e.

Ventral roots are labelled. Vertical rows A indicate
levels of reflexes before and rows T after tetanic conditioning
with the standard tetanus. Note that reflex responses of bilateral
controls (B & P) are symmetrical, while those from the nerves to
spared muscles (G & F) are much enhanced relative 1o the corres-
ponding nerve on the normal side.
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- THE EFFECT UPON REFLEX HEIGHT OF VARYING THE FREQUENCY OF THE TESTING VOLLEY.
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In this figure is shown ﬂie effect upon reflex height
of varying the frequency of the testing volley.

Tﬁ; arrangement of the figure, its description and
abbreviations are identical to those used in Figure 13; 1anh

point is the mean of results from four different animals.
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Figure 40, These records from the nerves to Flexor digitorum

longus in one typical experiment illustrate the time course of
post-tetanic potentiation. Records wers obtained in the same
manner &s those in Figure 14, with the same frequency (O.S/Beo)
of testing volleys;

Note the absence of any reflex in Sl ventral root
(upper beam) and the enhanced reflexes into L7 ventral root from .
the operated side. This enhancement is much'm§re evident before

(a) than after (b - f) tetanic conditioning with the standard
tetanus,
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Figure 4ls Nerve Sections.

This shows the time course of post~tetanic potentiat~

ion for nerves to control and spared muscles, for a single typical

experiment.

The arrangement of this figure, its description and

abbreviations are identical to those of Figure 15.
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Figure 42. Nerye Sectiog‘grﬁqedure.

These‘reoprda show afferent ingoing volleys recordedv
monophasically from various corresponding pairs of wventral roots.
The description and abbreviations for this figure are the same as
that for Figure 18.

Note the good symmetry of volleys from corresponding

nervese.
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Figure 43.

| This disgram illustrates the block circuit of the
apparatus uéad for measuring pfessuréé exerted by cats! limbs
during walking.

A Grass'foroe-displacemenf transdﬁcpr 0~ 1Kg was
used, being incorporated in the bridge circuit shown. Signals
were amplifiadi(T) by;a Texas Instrument model 301 D C Ampiifier,
and fed into an»Esterline Angus O-1 m A pen recorder. Typical
records obtained are shown in Figure 44, but are also shown as

an inset (R) in this diagram.
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Calibrations of 500 and 1000 grams are seen at the start of each

h passage along the corridor,

On most occasions during eac

record.

one forepaw pressed on the strain guage platform, the ipsilateral

hindpaw also followed, being placed in contiguity behind the

P.T.O




Figure 44. Legend Continued.
forepaw in the.instant after the latter was raised for the next.
step. This characteristic pattern of movement is seen in the
records as a large deflection caused by the forepaw, with an
inflection on the recovery phase due to the hindlimb pressure.
The force exerted by the hindlimbs during walking were almost‘
always smaller than the forelimb pressures. Typical summits
of both operated and normal hindlimb pressures are marked by
arrows. |
Deflections N represent pressures of fore or‘hind
paws of the normal side of the animal while those marked O are
caused by limbs of the opgrated side. |

In A, note that whila forelimb pressures show

approximate symmetry, the pressures of the operated hindlimb are
much below those of the normal hindlimbe. This difference is
reduced with increasing time postoperatively, until in D there is
approximate symmetry of the hindlimb pressures.

Note also in D that the hindlimb pressures are now
only slightly less than forelimb pressures of A where all hind-

limb pressures fall short of the forelimb pressures.
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Figure 45. 

Points are the mean results from 6 cats.

The ordinate represents the sum of the hindleg
pressures as a % of the sum of foreleg pressures. The absciasa

depicts postoperative dayse.

‘ This figure shows a genéralvshift of the body
support towards the forelimbs during the first week after

operation, with recovery to a more normally balanced position

in the subsequent three weeks.
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Each point depicts results from ét‘ieast 20 pressures

of each limb. Symbols for individual animals as shown.

The ordinate represents thé,percentage difference of

the force exerted by the hindleg in whioh the:e weré nerve

sections, compared to the contralateral control hindlimb pressures.

The'#bscissa shows postopérative‘interval in days.

~
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This graph, in which ordinate and abscissa are rep- .
resenting the same as the previous graph, depicts the results
from the previous graph plotted with a logarithmic scale on the
ordinate. Bach point represents averaged results of all cats,
unlike the preceding graph. .

The graph shows an increasé, with postoperative time,
of the operated hindlimb thrust compared to the control hindlimb,
and the points are most conveniently described by the straight

line b, with initial deviation & as a separate line.
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along the ordinate, the abscissa representing postoperative days.
The symbols for the various legs ares

NeFe = Normal side forelimb.
NeHe = Normal side hindlimb.
Op.F = Operated side forelimb.
OpeE = Operated side hindlimb.

’
The circled points show the values of half the cats

body weight on given postoperative days.
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This graph depicts the results from a single animal, |
W106, using the same dfdinate; ébscissa and symbols as those in
the preiious figure.: | |

All the points after the vertical line, as shown by
the arrows, indicate results obtained using Estafoam.

Note the sudden increase in the gbsolutq pressures |
exerted on the first end fouith-days of using Estafoam, but the .
absence thereafter of any permanént deviation from the steady

trend of the graph.
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The ordinate represents the mean pressures exerted by
the operated hindlimb,‘expresssd as & peroentage of the body
weight, on a logarithmic scale. The abscissa is postoperative days.

The graph shows an increasing percentage of the body
weight borne by the operated hindlimb up to 40 days but from 40-50

dayse little increase occurs.
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Muscle wasting with nerve sections and spinal transection.

The ordinate represents the mean % wasting of the
muscle groups on the side of the nerve sections. |

The abscissa shows the various muscle groups whose
symbols are identical to those in Figure 7.

The results asterisked * are significant at th
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These are actual records of monosynaptic reflex

| 2
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responses from one typical experiment from the series of animals

with nerve sections together with spinal transection.
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- Figure 52, Legend Continued.

The arrangement of the figure, and the abbreviations
used,a§e.identica1—to fhose used in Figur§9'8, 11, and 25, except
that horizontal rows X represent the responses from tha vatious
nerves from the operated hindlimb, and rows C denate thosonfidm
the normal side. The results are very aimilir to those in
Figure 37, Note symmetry of bilateral-control tetlexﬁa.sni,fhe'
marked enhancement of reflexes from nefvos to spared mmsclés.hoth 

before, 1, and after, 2, tetanic stimulation.




% RATIO

2605

2204

1804

40

A
':\.\:.’:‘;‘::f-:a:o.: 3eet,

3
o

*ase el
x
KR
pte

PRE-TET

QUAD.

T

Figure 53, Mbnoéynaptia'reflexes7ﬂ nerve section @rocédure.

This histogrem displays the results given in T§E1e 14

for the series nerve sections plus spinal:transeotion. -Forrihé*f

deéoriptioh'and'symbéis refer to the legend of Figure 9. Note how

closely the results shown in this'figure p;rallel thosé”in Figu:é

38.
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Figgrg 54, This histogram illustratea the spectrum of fibre
diameters determined from the S1 ventral rcots of one animal 26
days after the nerve section procedure A. The ordinate displays
the. number of fibrés, and the abscissa depicts the various
ranges of diameter in microns.

The operated side (filled columns), by comparison with the
normal side (opeﬁ columns), shows fewer fibres of larger diameter,
and slightly more fibres of smaller diameter. That is, there is
& small but definite shift of the spectrum to the left.

S




OPERATED / NORMAL SIDE

~

TG

®-|INACTIVE AXONS
@~ ACTIVE AXONS

Pigure 55 Nerve Section Series.
‘ This diagram represents one segment of spinai cord
wifh ventral root attached. The degree of shrinkage of the -  §
ventral roct resulting from the nerve sections on thé operated
side has been exaggerated.
The reflexes inset represent responses from corres-
ponding control nerves on both sides, and show the 15% enhance-.

ment of reflexes from control nerves on the operated side.
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Figure 56, This histogram summarises the results obtained in
Section A, Inset is a diegram depioting which,of the nerves tested
supply tenotomized muscles. The symbols used are the same as those
in Figure 35. L | -

The ordinate, as for reflex cdmparisons inpmrevious
figures, gives as a % the ratio tenotomized side response / normal
side response, 100% thus indiocating Bilaterél symmetrye Results
in the two groups along the abscissa are obtained by averaging all
reflexes in the cafagorios shown, for all animals.

Filled columns indicate average ratios of reflexes from
control nerves. Open columns display results for nefves to tenot-
omized muécles. |

VeR = monosynaptic reflexes recorded from the ventral
roots. (The values of reflexes after tetanio conditioning are not
shown in this figure).

DSCT = Responses from Dorsal Spinoderebellar\traot-
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Figure 57,

This histogram summarises the results from Section C.
Inset is a diagram showing one of . the two alternative operative
prooedu;es described in detail in Figure 35. The symbols used
are the same as those in Figure 35. |

The ordinate, as in the previous figure, gives as a %
the ratio cut side responses / normal side responses; Bilateral
symmetry is thus represented as 100%. Results in the two groups
along the abacissa are obtained by averaging all reflexes in the
catagories shown, for all animals. All figures are obtained from
monosynaptic reflexes recorded in Ventral roots, both before
(solid and open columns) and after (heavy and light stippling)
tetanic conditioning.

The term spared designates the nerve to the remaining

innerveted muscle from a group of denervated synergic muscles.



