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INTRODUCTION
A, STATEMENY OF THE PHENOMENON

For more than ten yews, sweelnyloholine (SCh) and, fo o losser dogree, doca ~
methonium {C¥) have hmamp!ogml in medicing as nevromuscular blacking egenis.
The perelyzing mzmmmmsmmm we currently used to produce
muscular relosation for verious surglcal and sloetroshock procedures. This usage
has extended to newophysiological investigations, whereln It has becoms common
practice to Immoblillze the experimental propavation with one of these agants, In
somoof these cases, the unwarrented assumption hasbeen made that SCh or C10 exert
only neuromussulor blockade and are without influence on the central nervous system,

In 1933, Granit and ©o - workers (60) reported thet the intravasculor Injestion
of 8Ch or C10 In the cot was followad by on Increased rave of afferent discharge
from musclo spindles. It was thew sbeerved by other investigators, that the actions
of SCh and C10 were m,ﬁﬁwhm&mm‘wmﬂumk
spindle discharge, but included & transiant depression of the monosynaptle reflex
resporse. This reflex depression was first reperted in 1957 by Eldred and others
(43), and later, wos cbserved independently in Germany (68) and in this lebora=
tory.

The experiments upon which this digsertetion 1s based were concsrmed with an
elucidation of the mechanisms by which SCh depresses the monssynaptic reflax re-
sponse In the cat. In @ few exporiments, the effects of C10 adminisiration were
comparad with those of SCh. A review of the pertinent spinal cord physiology and
of the known properties of SCh and C10 are In ordar,



B. MONOSYNAPTIC REFLEX RESPONSES

A monosynaptic reflax has but « single synapse betwean its offerent and efferant
nerve companents, Monosynaptic reflexes in the spinal cord may be activated by
electrical stimulation of @ dorsal root (38, 117, 91) or @ muscle nerve (92, 93), or
by phasic stretch of o musele (93). The resulting tesponss, asclllographicolly re-
corded from a cut venirol root, comslsts of o wall defined, negative potenital of
brief duration (117, 93), The emplitude of the menosynaptie reflex response (MSRR),
recorded in this fashion, hasbeen employed widsly In newrophysiologle trvestigetions
@3 an indirect measure of motonsuronal excltobility (see 117, 119, 58, 76, 100)
and was uitlized hers for the sams purpase. The concepts underlying this use and
more importemtly, the limitations of i1s use are pertinent,

Anatomical Evidenca

The anatomical basls of the manosynaphic reflex was provided by the studles of
Cajal {16 Fig. 113), who observed collaterals from the lorger dorsal root Abers
extonding through the spinal grey to make direct synaptic contact with motoneurons
In the ventral hom. Cajol's demonsivation of monosynaptle reflex sollaterals wos
later sonfirmed by the Wolleriun technique (132, 131), which showed o dagen =
sration of synaptic terminals on motensurans five to efght days subsequent to dorsal
thizotomy In caty, Reflex eollaterals which estoblish monosynaptic connections
with motonaurons are found throughout the spinal cord, end the greatest demsity of
collaterals occurs In the cervical end lumbar enlargements. The collaterals arising
from the fibers of o given dorsal raot are mainly distributed to the motoneurons of



that sugmenty however, some reflex collaterals extond beyond the zone of entry by
@s much as two segmonts (132, 131). In general the segmental distribution of
afferent fibers In o muscle nerve matches elosely that of the efferent Abers In the
same nerve (79). Anstomical studies have not Indicated whether the functions of
these reflox collaterals are Inhibitory or excitatery.

Physiologie Evidence

WWeMmﬁﬂwltmﬂumecﬂ&
subsivate for speculation a_m! experimentation with regard vo the funetion of the
MSR In the Intuct organism, Cajal (14 Fig, 209) postulated o monasynaptie cir~
cumscribed reflox mechanism, Jolly (82) and Moffman (70) belleved the atretch
reflex to be mediated by o two = neuren arc, and Eccles and Pritchard {38) indlcated
that the first portion of the segmental reflex (the ventral root response avoked by
dorsal root sttmulation) was probably menosynaptic In nahwe. However, physio~
logic demonstration of spinal monosynaptic pathways awalted the determinotion of
tynapHe delay, that Is, the Hime required by contral afforent terminals to activate
thelr motoneurons. This Information ﬂMMbyMu#U!?) in 1940, who
appiied the technique of Lorente do Nd (104, 105) to the spinal cord. The ves of
Intramedullory olaciredas enablod Renshaw to stimulate moteneurons directly, and
of the same Hime, to activate motoneurons trons vsynapticatly by stimulating thelr
afferent terminals. The latency difference between ventral reot response svoked
by direct stmulation and thet evoked trens~synaptically was found ¥ vary between
0.5 ond 1,0 mme. Sines the valve of 0.5 mese could not be reduced by prior con~
ditioning 1t was concluded to repressnt the minimo! velue for symaptic delay, A



stentlar value for the synapite delay of neulomotor motonsurens had been establishad
provicusly {104, 105},

Having rerelved the duration of synaptic deley, Renchaw (117) then proved
with latency measurements the menosymoptic neture of Eceles and Pritchard's seg-
mental reflex. The latency of the segmantal reflex minus the time required by the
afferant volley to conduct to the spinal cord and the reflex efferent volley to con=
duct to the recording elecirodes equaled synaptic deloy plus a fow tenths of o mfﬂlw
second for intromedullery conduction. Thus, the earltest doflection of the segmene
tal reflex was dorived from motoneurons which were diseharged monasynapHeally
since there wat insufficiont time for the Intarpasition of an Inferneuran In the reflex

pathway,

Indirect Measure of annl Excltabllity

Bosts of Test Systom

Renshaw (117) further domonsirated that the monosyneptlc component of the
sogmental reflex wus genarated by those afferont volleys with the greatest condve-
tion velocity. These shesrvations were the basis for his suggestion (117) and uill-
tzation (117, 119) of the We component of the segmental raflex as on
Indirect measure of motensuronal excitebility, Electical stimulation of @ dorsal
ro0t activates numerous flbers with diverse central actiony however, the afferent
valley in the largest fibers wouldreach and discharge motoneuronsbofore the wolleys
In slower eondueting fibors could alter motoneursnal excitubliity elther directly ar
vie Internunclal pathways. The number of motoneurons dischorged monosynaptieally



by the test vollay and hence the amplitude of the recorded monosynaptle potential
would depend on the excitabllity of the moteneurans at that instant.

Lioyd (91) confirmed and extended these observations by demonsivating on al-
most linear relationship between the emplitude of the MSRR and the emplitude of the
dorsal root volley producing it, Tho omplitude of the MSRR was approximeately 90
percent of maximum before the presynaptic vollay reached 50 percent of maximom.
Further Increases In the sizs of the presynoptic volley producod polysynaptic dis~
charge. in view of the relationships between spike helght, fiber threshold, Mber
conduction velocity and fber diometer (see 54, 78), Lioyd concluded that the low
thrashald, fast conducting afforant flbers svoked monosynaptie reflex discharge, In
contrast 4o the high threshold, slow canducting afferent fibors which were respon-
slble for generating polysyneptie reflex dischargo. When the MSRR was evokad by
on electric shock to o muscle nerve orby phasic stretch of o muscle, the responsible
amum&ymhmdhmdmmmm“ww&!!&w“
(93). This cbesrvation egain conflrms the low threshold, fast condueting properties
of the afferent fibers which generate the MSRR.

The MSRR a8 @ test of motoneuronal excitabliity was furthor refined by Lloyd's
(92) demonstration that stimulation of o musele narve discharges monosynaptically
only those motoneurons destinad for the musela whose afferent flbers had been stim-
viated. As Lloyd (98) points out, this observation was not news weak stimuletion
of afferent nerves from the sternomastold muscle was nated to evole contraction in
that muscle alone more than seventy years ago (19). The similarity botween the
properties of the menssynaptic reflex ond thess of the myotaric reflex (89) led
Lioyd to conclude (92, 93, 98, 100) that monosynaptic pathways mediated the



myetaile reflex,

Limltations of Test System

The uss of the ampittude of the MSRR avoked by smulation of o muscls rerve
as o moasuremont of motonsuronal excitability Is based on three amumptions: 1)
that changes In metoneuranal excitabillty are linearly related to the number of mo-
toneurons discharged by the afferent test volley; 2) thet the number of dlscharged
motoneursas is linearly related to the amplitude of the recorded ventral res? poten-
tial; and 3) that the discharged motonsurons onty Tnnervate e musele whese offerent
flbers had been simulated. The validity of thase assumptions will ba discussed now,
os witl o number of other factors which limly the use of tho MSRR test system,

The propasition that the axcltebility of the tested motonsurons Hneorly relates
to the number of discharged motoncurans is trua In some cases but not in others,
This must ba so for the MSRR test system becouse this technique doss not distinguish
betwsen presynoptlc and posteynaptic events, For example, following tetante stim-
vietion of a musele nerve, the excltobllity of the activated motonsurons is actually
depressed (97}, but MIRR tasting reveals considerabie potentiation. The factor re~
spanslisle for the MSRR facllitation following tatante stimulation Is confined to the
aiferont torminals (97, 34) ond not the tested motoneurons, A similer example s
peovided by the recent demonstration of presynaptic Inhibition (32, 37), In this
case the axcltablilty of the motoneurans is not altered, but o perslstent depolariza-
Hlon of the afferent terminols renders the testing afferant vollsy less sffectiva In
genaraiing o posteynapiic potential. In contrast, the ampiiuds of the MZRR does
reflect with o eonsidorable degres of accurncy those changes in axcitabllity con-



fined to the testad motonsurens (103),

A twruly lincor rolotionship probably does not exist batwaen the amplitude of the
recorded MSRR and the number of active ventral raot exons contributing ts that re~
sponse. The apparent magnitude of the action potentlel of ¢ dngle axon Is dapen-
dent on throw faetors: 1) the dismeter of the fiber (54); 2) the distance separating
the active fiber from the recording electrede {106); und 3) the amount of Hsue
fluid and Inactive tissue surrounding the active fiber (80). 1t fs o logleal conclusion
of such observations that some active flbers will contribiute more than others to the
composite polentlal that Is recorded from o ventral root. Thus o 50 percent re-
duction in the ampiltuds of the MIRR dous not Tmply that one<half of the matoneurons
falled to respond to the testing afferent volley.

Lioyd (92) provided evidance that monosynaptic discharge was confined to
these motoneurons innerveting the muscle whase afferent Abers hod been sttmulated.
I othar words, 1t was posstble Jo test the exchtabllity of & glven motonsuronal pool
by the simple expedient of stimulating the large afferent fiboes In thot parteuler
muscle rerva, This Is in confrast to the MIRR ovoked by dorsal roor sttmulaiton
which reprasents the excitalility of metonsurons ta many museles. However, Lioyd's
exporiments were conducted on decapliate animals in which both the dorsal and
venival reots wers left intact, In such o preparation and following stimulution of &
muscle nerve, the orthadremic volley eonducted In the offerent fibers would clash
somawhore In the roflex are with the antidramic volley evoksdin the effarent fbers.
To avold o significant blockade of the MSRR recorded from the stimulatod muscle
nefve, a very critical odjustment of the stimulus Intensity wos necessary (92). It
follows that such stimulation mey or may not mimic the shocks applied to musele



nerves when MSRR's arc recorded from eut veniral roots, It would seem o disting
panlblilty thet monssynaptic activation and discharge of motoneurons other than
those supplying the muscle of origin would scour when the latter technique 1s em-
ployed. Intraceliuler recordings In single motoneurons have also indicated thet
monosynaptic activation Is not confined to the musels of origin {41},

Othar factors which Hmit the ussfulness of the MSRR test system or which must
be considered when employing this measurement of moteneurenal exeltability fn-
cluder the slze of the mmple versus the size of the population; the Tnabliity te
compare quantitatively the changes In MSER ompiitude obtelned from one experi=
ment with thase obtalned from another; the “spantuncous” temporal varlability in
the omplitude of the MSRR; and the Tnterpretation of o change In responss amplitude.

With the ressrvation thot the MSRR may represent motonewrons ather than thoss
innerveting the mussle whose offerent ftbers were stimulated, {f Is of intersit 1
compare the slzo of the discharged population with that of the motencuronal pool,
In responss to o synchronous afferent velley only ¢ fraction of the motonsuronel
pool is discharged (91, 94). Jofferson and Benson (B0) quantitated the size of the
monagynaptic discharge 2one and found that single shack wimulation of the gastroe~
nemius - solous nerve discharged enly 12 o 26 percent of that motoneuronal pool In
decapltate preparations. Thase figures probably o on the fow dde (7) but even
30, do emphasize the small size of the discharge 2one. Thus, the behavior of mote~
nevrons In the subliminal #ings goss undstected with regard to deprassive Influsnces »
whereas the influsnce of excltatory frotors Is lost with regard fo these matonourons
whish discharge In responss to every test volley. This must be %o, because the
MSRR only Indicaten dischorge or lack of dischurge. The MSRR test system can



datsct only thase exeltabliity changes which excsed or which fall below the thres=
hold of the lnvelved motoneurons; the more subtle changes In excltebility which do
not eross the threshold are nat deteched. | |

The somple size, which Is small In many instences to begin with, is further re~
duead by the recording technique. The ratls of Inaetive tissue 1o vstve axons In
o ventral root Is large and the shunting effect of Inoctive tssus hes been cloarly
demonstrated (80). The ectval magnitude of this shunting effect was sstimated by
Jeffarson (79) who showed that 16 synchronously ective axans In o ventral root con-
taining 2,500 fibers with diameters of 7 microns or greater could be detected by
gress voot recording, Therefore, e number of discharged axons less than 16 will not
be avelloble for meording. In a glven experiment, the actual magnitude of this
lost would vary with the size of the veniral root and with the tetal number of mato~
neurons discharged by the test volley. |

Whatever the relationship between the amplitude of the MSRR and the number
of dischorged fibers may be, the relationship 1s only volid for thet particular re-
cording situation. The preximity of active fibers to the recording elecirode; the
amount of inferveniag inoctive tissue; and the size of the ventral rast vary from one
exporimont fo the next, In addition, differences In interelectrode distance offact
the size of the recorded petential; the potential linearly Increasss as the log of the
Interaloctrods distance increases (80). These foctors mean that @ comparissn of
changes In emplitude in torms of voltage betwesn MSRR's recorded from different
ventral reots In the same anlmal or from roots of differant animals is without mesning.
This problom con be circumvented by sveking relatively similer responses In dif-
forent superiments, for example, just meximal MSRR's, By converting the omplitudes



10

of all respones to percent und relative to bassling amplituds, comporisons cun be
mads In ferms of pareant changes (117, 119). Mowever, thiy technique 13 not en~
tiealy satisfactory sines the number of discharged units for o perticular recording sit=
vation is not a lineor function of the amplttude of the racorded potentiol (see above).

When evoked in suceanslve trials by e constent test vollay, the MSRR demon ~
strates characteristic “spontansous” Flucustions In amplitude (74). As the size of
the testing efferent volley Ia Increased from zero, the amplitude of the MSER jn-
crouses as does its range of venlation In emplitude. The varletion Inereases unti}
the emplituds of the MSRR fs sufficlently large to bring the full range of temporal
veristion [ato view; thereafter, the rangs of the varlation In response amplitude re~
maing constant untt] the testing efferent volley Is large enough to discharge the me-
jority of the metonsuronal pool et which time the varletion doersases and with ecti~
vation of the entire pool the emplitude of the MSER remalns constant (74).

The temporal varlebility of the MSER has been Investigated on a unit besis by
recording roflex responses from single ventral root axons (75, 103). In thess cases
the excitability of the tested motoneuren Is expremed by the number of monosynaptie
dischorges which resuited from a fixed number of testing volieys, This fechnique was
first employsd by Granlt and Strom (41 ) and the sxpression of motonsurona! exelt~
ability was subsaquently refarred to as o firlng Index (73, 103). With reference to
@ constant monesynaptic Input, it hos baen shown (103) thet some motoneurons re-
spond on every irial, some on certain triels end others on no trials. Regardless of
the level of synaptic excitation the number of motoneurans with Infermediate firing
indices romained constant, 1.e., those units responding on cettaln trials but not on
others (103). The motonewons with intermediate fiting Indices account for the
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variabllity of the pegulafion MERR's,

With refaronce to gradsd afferent input, unlt studies (75) have shown thet a
glven molonsuron demansirates low, intermediate and meximal Rrlng Indices In
thot order as the afferent volley 1s Increated In slze from zers, Since the MSRR
only detects discherge or lock of discharge, those motonewrons with intermedicte
firlng Indlces are the most labile fraction of the populotion with respeet to factors
which produce @ genoralized Increase or decremss tn motonsuronal oxcltabiiity,

The lorge temporal M@hmty in the amplituds of the WMM MSRR meens
thet o number of responses must be evoked for @ beseline and that small Induead
changes In amplitude will probably not be statistenlly significant.

The interpretation of @ glven change In the amplitude of the MSER may be con-
sidored. As o number of synchroncusly discherged units contribute 1o the composite
potential, the MSRR 1s only an average Index of motensuronal oxcltabliity, As
such, the actual change In excltebility of a given motonsuron can only be inferred
from the response of the gros population, It Is entirely possible for faciiitation to
co~oxist with depression and yet the composite resporse would only demonsivate
depramlon,

in eddition to belng an average Index of moteneuronal excitublilty, the MSRR
is on indirect moosuremont and as such does not distingulsh batween presynaptic
end postuynaptic events. Thus, MSRR depression may not imply decrsased moto-
newronal excltability,

In spite of the objectionable espects amociated with the MSRR test system, It
ute In the past has provided a weolth of Information, The MSRR will continue to be
o veeful adjunct to the future student of neurophysiology If the foctors enumerated
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In this discussion are understosd,
Inhibition of Monesynaptic Reflex Responses

Ire: anticipotion of the ferthcoming experiments which deal with the mechanism
of SCh ~Induced MSRR depression, it is appropriate 1o consider thwee different tnhibe
isory mechanisme: direct, recurrent and presynoptic Inhibition,

Diraet bnbibitt

With reference to a M3RR evoked by stimuiation of an axtensor muscle nerve,
Lloyd (75) demonstrated that the response was depressed by @ precsding conditiening
volley set up in lorge afferent fibers which origingted In en antagenistic flexer musclo.
The reverse situation In which e flexor MSRK was depressed by an extensor afferent
volisy was also shown to exist. The time course of this depresmive influence was
 found 1o bo quite brisi. The onset of MSBR depression and maximal MSRR depression
eceurted with o conditioning interval of lew than | mesc, Thereafter, the degree of
deprassion decrsased exponeatially as the time the conditiening volley proceded the
MSRR was increased. When the conditioning afferent volloy preceded the MSRR by
more than 15 mesec reflex depression was ne longer apparent. This phenomenon,
termed diroct or posisynaptic Inkibition, results from o hyperpolerizetion of the mafo-
newonal membranes which decreases their excitability to elther direct stiimulation
or an excitatory tost volley (29). Since the change in excitability is conflned to
the postsynaptic elements, the number of units dischorged by the monosynapiie test
volley would vary in linsar relation 1o the excitabiiity of the invelved metoneurons.

Owr understanding of direet inhibition is based on the characteristics of afferont
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flbers which originate in muscles and on the central actions of these fibers. The
diameter spectrum of offerent fibers In muselo narves hus boon studied (121, 101)
and, based on the modes of diamster distribution, muscle afferant fibers have been
classifled info three groups (73): Group | (12-20p), Grovp I {4~12 ) and
Group tl {1 =4 p). Group | Is further divided Inte Group 1A conslisting of those
fibers arising from muscle spindles, and Group 1B fibers which arlse from Golgl ten~
don organs. Group Il Abers alee originete from muscle spindies end evidence has
been pressnted that these fibers are ectivated by secondary endings (Flowerspray )
on the spindle, whereas the primery or annulospiral andings are related to Group 1A
fibers (73). In the gastroenemivs~moleus nearve, afferent fibers in Groups | and 1l
ore eccounted for by fibers arising from muscle spindles or tendon organs (73). How-
aver, In other muscle nerves, it Is stated that recepton from joints or amociated
struciures contribute offerent flbers of the Group | and I range (127).

The central actions of thess muscle afferent fibers may be summarized as follows.
The Group 1A fibers from o given muscle monssynaptically exclte the motoneurons
to thot muscle end Its synerglats, and they olso Inhibit motoneurons of entagonisric
muscles (75, 96, 87). The afferent flbers from tendon organs {Group I8) Inhibit
the moteneurons fo the muicle fram which they originuted and facilitate motonsurons
innervating muscles with antagonlstic function (109, 57, 87). The genercl action
of Group 1l afferents is @ generalized excitation of motoneurons supplying flewer
muscles end an Inhibition of extensor motoneurons (96, 87). A dmiler pattern of
cantral action Is thought to hold true for Group 11l fibers {3, 30),

The study of the contral actions of afferent fibers was greatly factlitated by the
intracallvlar recording technique. This technique has permitted the emential con~
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firmation of the above obssrvations end, In addition has revealed many veriations
not detectable by MSRR testing (29, 41, 30). For the most part, thess variations
ere minor and for the purposes of this study need not be refterated.

The Foregoing conclusions regerding the central actions of affarent fibars were
derived mainly from experiments In which the efferent conditioning volleys were
svoked by non ~physiological electrical stimulation of muscle nerves. The effects
of a purs Group | afferent volley on the tested motoneurons moy be sbearved with
appropricte stimulus adjustment, Further increases In stlmulus strength edd Group 1}
afferents to the canditioning velley, ond the central effechs of Group | plus Group
1} volleys may then be detected. How the response of the tested motonsurons 1o the
Group Il afferents 1s modified by the faster conducting Group | fibers activated as
well by the conditioning shock s not known. This raservation applies regardiess of
the means employed for measurement of motoneuronal excitablilty, f.e., MSRR
tosting or intracelluier recording.

Anather foctor wiich modifies the apparent cenival action of 'M fibars Is
the type of experimental preparation employed. For example, the excitatory and
inhibitory actions of Group I afferents are more cleerly demonsirable In decsrebrate
animals which have beon subjected to spinal card transection then In enlmals which
have been only decerebrated (42).

Recurrant Inkibition

Renshaw {118) showed that enttdromic vollays set up In motor nerves of various
spinol nuclel coused the MSRR of other nucle! to ba Inhibited or, to o lower degree,
focllitated, The Inhibition end facliitation both eppear to result from the activation
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of recurrent eollaterals of large motoneurons (33, 13, 140). Specificolly, the
impulses in the recurrent collaterals resul? in the releme of o cholinergic mediator
{33, 29) which activates o spacial group of interneurons which were firnt deseribed
physiologically by Renshaw in 1946 (120). The internsurans In furn exert the Inhlb~
teory or facilitatory Influence on the Involved motonsurons, As with divect Inhibe
iton, recurrent Inhibition ts manlfest as a hyperpolarization of the inhibited moto~
neurons {33), but differs from direct Inhibliion in its time courss. The onsst of re-
current inhibition as determined by Intraceliviar recording is epproximately 1.5
msec, The maximum inhibition occurs about 10 meee later and then gradusily decays
over 50100 myoc, The time course of recurrent Inhibition as determined by MSRR
testing is quite similor o thot cbiained by Intraceliular recerding (118, 13).

1t has been demonstrated that o relatively lorge proportion of spincl motoneurons
glve tlse to recurrent collaterals (16). There can be no doubt sbout the significoncs
of this phenomenon of recurrent Inhibition from the point of view of its infensity.
MNevertheless, the role played by recurrent inhibition In the Integrated organlzation
of spinal cord function has not yet been elucideted.

Presynaptic Inkibition

Frank end Fuortes {50) and Frank (48) ohserved thet single afferent volleys In
the hamstring nerve were capable of depressing the monesynapticelly evoked gas~
trocnemius excitatory pastsynaptic potential (EPSP). In conivast to direct and re=
currend Inhibltion, this EPSP depression occurred witheut a change in the resting
membrane potential of the pastrocnemius motoneurons. Furthermore, the afferent
volley in the hamsiring nerve did not olter the exclrability of the gesivoenemius
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mofonewrons or the ablilty of en antidromic velley to invads these motoneurons.
The demonstration of EPSP depression without a change in the elecirical character~
Isties of the motoneuron’s soma led these Investigators to postulate that the (ahibition
oceurred befare the motoneuron wes reached (presynaptic inhibition) or that the
inhibition was exerted for out on the dendrites of the motaneuron (remote Inhibitien),
These chservations have been confirmed in part and extended by Eccles and co-
workers (33, 37, 34, 35, 37). The EPSP depremsion evoked by o single or @ brief
troin of afferent volloys In the posterior bicaps - semitandinous {PBST) nerve varles
from 100 o 200 msee In duration. The latency for the EPSP depression was found
to be 3 to 5 mec and with the maximal depression ocemring 10 1o 20 mesc later
(32, 37). The cbsarvation that the reduction in the size of the EPSP occurred with»
out an slteration in Its time courss, and the earlier observations of Frank and Fuortes
(50) that the EPSP reduction took plece without a change in the excitability of the
tested motonewron, led Eccles’ group (32) to conclude that the inhibitlon was
exertod at the presynaptic level; thus, the neme, presynaptic Inhibition was adopted.
The actual event accurring at the presynaptic level wos demonsivated to be a
depolarization of the intraspinal portions of large offerent flbers erising from muscle
and this phenomenon was termed primary afferent depolarization, The depolariza-
tion of the membrane of the large offerent fibers wes demonsivated by both an en=-
hanced axcitabllity of the involved offarent terminals and by Intra - axone| record~
ings {(37). Presumably, the ofierent tarminals are depolorized by an Inferneuron
sctivated by the conditioning volley (34). The time courses of both the EPSP de-
pression end the primary afferent depolarization were found fo be essentially Iden~
tical and both phenomena were noted to come and go together In response to various
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maneuvers. Thus, the EPSP depression was concluded to result from the afferent

Rber depolarization (37). The magnitude of the prosynaptic spthe Is thought to be
reduced by the depolarization, and as seh, the spike liberates less trensmitter sub~
stance which accounts for the reduced EPSP. Such o situation Is known to exlst in
the squid (64) and an analogous situation exists in the memmalion nervous system

In the form of post - tetanic potentiation {97, 34).

- The original schems desaribing the enatomical distribution of presynaptic Inhib-
ition was reletively dmple (32, 37). All Group | offerents wore equally capable
of belng depolarized but afferent Bbers arlsing from flaxor muscles Mi @ greater
depolerizing action than did efferents originating from extensor muscles. Of the
particular afferents, Group 1A plus Group 18 volleys wers more effactive depoler-
izers than Group 1A volleys alone and Groups 1 and I were without apperent
offect. However, the concept has now evoluted to @ mors complex stage. In od-
ditlon to the above, the system now stands: 1) Group | musele afferents, cutanecus
offerents and high threshold muscle afferents inhiblt presynaptically all central
actions of those afferents which mediate flaxion reflexes (35) 2) Group IA offerents
ore depolorized largely by Group | offerents from flaxor museles (32, 37); and 3)
Group 1B fibers are depolarized malnly by 1b volleys from both flexor and extensor
muscles (39),

1 is understood that the subdivision of Group | volleys ino 1A and I8 compon=
ents In thess experiments rests on the assumption thot it Is posible to separate the
offerent fibers which arlse from muscle spindles and tendon organs by virtue of thelr
differential thresholds to slectrical stimulation and the different canduction veloc-
Ities of the two groups. n this writer's mind, there Is not sufficlant experimental
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evidence 1o justify this esumption, The arguments for ond against this assumpiion
have been summarized alsowhare (76, 30). Thus, there Is room for doubt about the
reality of the pattern of distribution which has been described for prasynaptic Iahib~
ition. At the present time It appears impossible 1o determine whether or not @ deftn-
ite anatomical pattern does In fast exist of oll,

C. PHARMACOLOGY OF SUCCINYLCHOLINE

The dicholine ester of succinic acld, which is referred 1o a8 weeinylcholine,
weelnyldicholine, smamuthonium or simply 5Ch, wes first synthesized in 1906 by
Hunt end Taveau (77). The eompound was again synthesized In 1941 by Glick (56)
who demonstrated that $Ch was readily hydrolyzed in vitro by the cholinesterase of
horse serum. However, systematic research In the fleld of synthetic nevremuscular
blecking agents did not start uniil 1948 when Paton and Zaimis (113) end, Indepen-
dently of them, Barlow end Ing {4) reported the neuromuscular blocking aetion of
the “methonium salts". OF the Investigated series, decamethonium (C10) wes the
most potent with 2«3 times the potency of d-tubocurarine on ¢ welight for weight
basis.

The following yeer (1949), the first cbesrvation of the potent, short term para~
lyzing action of SCh was made by Bovet and others (8). Since that Hime o lorge
sories of similar compounds have besn synthesized In an offort to develop blocking
agents as potent as SCh and C10, but with fewer side effects (62, 24). Before
comsideting the effect of SCh on muscie spindle offerents and the drug ~indueed
MSRR depression, it may be of value 1o review the pharmacslogy of SCh with respect
to the newromuscular junction and the cardiovasculor system.



19

Neuromuseular Junction

Neuremusculor bloeking agents can be divided into thoss which prevent depolar-
Tzatton of the endplate region, and those which depolarize this reglon themselves
{133). The occepted action of the first group, of which d-tubocurarine Is @ mombar
s to Inhiblt, competivaly, the transmitter substance but not to alter the eloctricsi
characteristics of the endplate membrane .

in contrast to the flaceld paralysls which follows the adminisiration of d~tubo~
curarine, the second group or the depolarizing neuromuseulor b}uhmg agents first
potentiote the indirect muscle twitch and evoke muscle faseiculotions bafore pro -
dueing neuromusculer parolysis (113, 133, 130). The specific dopolorizing action
~ of this eloss of drugs wes defined by Burns and Puten {15) whe studied the ofchnof
Intravasculer Injections of decamethonium (C10) on the cat's gractils muscle. With
surface olectrodes they shownd that C10 depolarized the muscle In the region of
the andplate ond that the degree of depelarizetion wos well correlated with the
dagroe of neuromuscular block. On the bests of their findings, Burns ond Paton
(15) suggested that C10 produced nevromuseulor blockads by perststantly depolar-
izlng the endplate region. The Inttial depolarization eccounted for the potentio-
tlon of the musele twiteh and muscle fascleulations produced by this group of drugs,
wheroos the persistent depolarization preventad repolerization of the endplate and
accounted for the neuromusculer block. This hypothesls was well sccapted and was
adopted to exploin the newrommeular block produced by SCh {(133).

Thesleff relnvestigated the phenomenan of depolarizing neuremuseular drugs in
the frog (134) and the rat {135) with intreceliular recording techniques. Both SCh
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ond C10 wors found to producs an Inltiel depolarization of the muscle mambransy
however, the membrane potential returnod to its resting value even though the drug
romalned In contact with the muscle and In the face of persistent neuromuscular
black. In view of the difforence In time coures of the depolarization and newro~
musculor block, Thesleff (133) concluded thet the newomusculer blockeds wes 1n«
Itially that of depolarization but then converted 1o o fype of block which resombled
the paralysls produced by d-tubocurarine, or In other words, o mixed block,

The coneupt of o third group of neuromuseulor blocklng egents, T.e., mixed, ts
mmﬂmﬁdmﬁnhmbodyﬁin&mﬁuﬂ*mhm%faw
this concapt (143, 111, 62, 24). The mixed action has been uilized to explain
such observations as the following: the emount of depolarizetion and of muscle
fasciculations produced by secessive odninistrations of $Ch begomes progressively
less without altering the degres of newomuscular block; and neostigmine may first
potentiate the newomuseulor block but loter serves as on anfagonist to the bloek.

The duration of action of SCh is quite transient, usually les than 10 minutes
(133), whereas CI0 produces o block lesting for os lang as ane howr (4, 113),
Presumably, the rapid hydrelysis of SCh by pesudocholinssterase (soe 135) accounts
for its short aetion, in confrast to C10 which Is sxcreted unchanged In the w!mv
(142). Foctors which sugment and prolong the newremuseuler blocking eetion of
SCh Include: decreased peripheral blood flow {20); deereassd tempersture (139);
decreased amounts of ssrum cholinesterase (45); the presonce of procaine (122)
ond hyperventilation (114),
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Cordiovascular Systom

The eorliest observations regarding the effect of SCh on the cardlovescular system
were those of Hunt and Taveou (77). Since that time numerous Investigations have
beon conducted, end of these, TheslefMs study (133) 1s quite Informetive. SChin
doses of 2 1o 5 mg/kg produces a moderate pressor response {10 ~30 mm Hg) which
persiats for several minutes in the cot. Pretreatmont with o ganglionic blocking
egent (hexamethonium) was shown to prevent, In varylng degrees, the SCh ~induced
pressor response. Thesleff Inferred from this observation thot the pressor response
resulted from an excltutory effect exerted by SCh on the autonomic ganglia with
the subssquent release of epinephrins.

The findings of Thesleff are In general agreement with the sbservations of later
studies {130, 21}, the gunerol conssnsus belng that SCh in doses of less then 0.5
mg/kg s without affect on the blood pressure. However, 1t was interesting fo note
that one investigater (130, see Fig. 1) iHusirated @ 20 mm Hg pressor response
following @ 70 pa/kg Injection of SCh but folled to comment on his observation,

Histomine reloass and resultant hypotension, Is sald to be o potential side effect
following the adminisiration of all neuromusculor blocking agents (112). In series
from most active to least active with respect o histamine releass ere d-tubocurarine,
C10, SCh and gallamine; however, histomine release usually cecurs only with the
first mantioned.

Other vaseuler phoromena which are Induced by SCh Include conjunctival
injection, Increased peripheral blood flow and Increased cerebrospingl fluid pres-
sure (137). The pressure of the corsbrospinal fluid has bean observed to Increase



o mush as 320 mm of water In man and wos atiributed fo an Increased eersbral

Activation of Musele Spindle Afferents

Chemical aciivation of muscle spindle effarents was firet reported by Hunt (72),
who demonsirated spindie discharge following acetylcholine administration. In 1953,
Grantt and others {50) reported that the Intraoriertal Injection of subparalytic dosss
of SCh produced o translont discharge In offerent Rbers idontified os arlsing from
muscle spindies. The Intiation or ougmentation of spindle dischargs lasted from 3
to 10 minutes depending on the dosage and preparation employed and wes demon-
streted to be Independent of any changes In length of the extrafusal muscle fibers
slace the discharge could be evoked from completely paralyned muscles by incroas-
ing the dosage employed. In o few axperiments these Investigators employed C10
whlcbwwnmmimwiuwﬂmdqdnﬂa‘mwmeb
panlsted for approximately ena hour,

The chemical excitetion of spladle dischorge was rolnveatigated by Beinling and
swmemmwmm.snmmmam:mmm
of Group 1A discharge 4 to 8 times, with the peck frequency of discharge being
reachod within 30 saconds, followed by « gradual decay over 10 minutes. The onw
tot of the discharge and the time of accurrance of the peck response was less with
ineroased rates of Infusion. In o fow Instances the frequency wus noted to decrease
bofore the augmanted discharge oceurred; this translont dacrease In frequency was |
attributed to muscle shortening.

The Increassd rate of muscle spindie discharge fn mammals following the admin-



Istration of SCh has bean noted by mony Investigaters (68, 52, 128, 51, BS, 44,
115) and was slso reported by Henatsch (67) to aceur In the frog. In addition to
activoting Group 1A afferents, SCh 1 said fo activate those Group i efferent fibers
which arfss from muselo spindies (52, 85),

With regard to the mechanism of Initiating spindle discharge, Granit and others
(60) suggested thet SCh affected the sensory afferents dirsctly In eddition fo on
indiract stimulatory effect produced by aveking contractions in the intrafuse! muscle
fibers. On the other hand, Smith and Eldred {129) concludad thet the cugmented
* vate of discharge wos the direct result of intrafusel Biber contraction, sines the dis-
charge svoked by SCh was reducad or abolished by pretreatment with ryanedine
which presumably preverbed Intrafusal fiber contraction. |

Apparently the Initiation of spindle discharge by SCh Is limited to those afferont
fibers arising from musele spindles. The discharge rate in effersnt fibers Identifled
os arlsing from tendon orgams s not altered by SCh (60, 52) or C10 (52, 83),
Furthermore these blocking agents ore without affect on eutanesus receptors or nerve
fibers (27, 52). However, the effect of SCh on other recapiors such o8 those
located in jolnts or on the smaller afferent flbers which arise from muscle spindies
is not known to date.

Deprassion of the Manosynaptlc kaflex Resporse

The first observation that the Introvasculer edministrotion of o depsiarizing
neuromuscular blocking agont rasulted 'n depresston of the MSER was reported by
Eidrad and others (43) who obesrved the effects of C10 on the MSRR of the oot In
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1957, m.mmmmnmtsz)m“umwmwm
that 5Ch exerts o simllar sctlon (48, 52, S1, 68, 22). Systeal cally administered
SCh avokes MSRR depramion lesting 5 1o 10 minutes, wherses the depression produced
by C10 lasls for approximately one howr. The reflex depression wos apporently
dependent on the altered offerent Input sinee MSRR depression was not chssrved
following dorsal chizotomy or when the drug was prevented from reaching the hind
limb from which the MSRR was avoked (52).

The apparent relationship botween the reflex depression and the drug «induced
spindle dissharge s enhanced since @ direct action by SChor C10 on the central
nervous system has not boen conclusively demonstrated. The clase Infraarteril
injeation of SCh to the spinel cord didnot influence the MSRR evoked by stimulation
of distally savared dorsal reots (23). A desynchronization of the cortical activity
of the rabbit was observed following lurge doses of SCh and C10 (9), and actise
maﬁahhﬂwﬂnﬂcmﬂthM-ddugwmmhhﬂoﬂﬂudbySCH
and C10 (44). Howsver, In nelther of these Investigatlons was o dirsct setion of
SCh or C10 demonstrated. in foct, some Investigators belleve that the possibtiity
of a diract contral action Is remote becauss of the chamical and fonle nature of SCh
which would not favor penetration of the bload brsin barrler (21).

A most unfque contribution regarding the eentral actions of these agents wos
made by Davis and othars {25). These Investigaters first Immobllized thelr animals
Mﬁhmﬁm&h&lmwwmmmd&ﬂmlmﬁmamw
bo determing Its effect of evokad thalamic and midbrain responsas, It 1s not eston~
iﬁlwhmﬂmm-ﬂﬂmmmﬂwbyﬂnmmdm—
tion of the blocking agent.



D. EXPERIMENTAL DESIGN

The problem of hond, the mechanism by which SCh produces MSRR depression,
was simplifisd by the apparent relationship between the aliered afferent Input to the
spinal cord and the reflex depression. Therefore, the plon of attack was to first con~
flem this observation and then to proceds to test the role of mechanisms which might
be evoked by the increased rate of spindle discharge. Mechaniams 1o be considered
or which have been considared by other Investigators Include: supraminel effests {52);
direct spinal cord drug ectlong direct Inhibition (14, 51); recurrant Inhibition (68,
51, 68); oeclusion or sncemsive sefzure (46); post pike hyperpolorization (51);
accomodation; and presynaptic Inhibition. To avold repetition, the hypotheses con~
cerning sach of thase mechanisms and the sctual experimental methods employed to
svaluate their impartance will be discussad in the apprapriate section of the RESULTS,



METHODS AND MATERIALS

Experimonts were parformed on more than 100 acutely prepared adult cats, the
moan welght of which equoled 3.4 kg () standard devietlon=1.1). Sixteen of the
animals had been employed previously in @ study which involved the use of chron-
ically Implanted, corticel slectrodes. |

A. BASAL PREPARATION

The basic procedure common to most experiments conslsted of recording mono-
synapiic reflex responses { MSRR's) before and after the adminlstration of seciayl
choline or decamethonium In an enimal subjected to decerebration, decapliation or
barbiturate anesthesia. To avold unnecessary repetition the surgical preperation and
procedures common to ull experiments are presented as a unit bafore describing the
vorlous special techniques that were employed In differsnt experiments.

Surgleal Preparation
Anssthetics

Sodium ~pentobarbital { Nembutal; Abbett Laboraterfes) was used us the general
anesthetic In Intraperitoneal doses of 20 to 30 mg/kg. The Initial dose wos usually
sufficlont for all surgleal manipuletions and mainteined the animal In o quist state
from thres to eight hours. Additional ameunts, usually in 15 or 30 mg Incremants,

1. Drs. J.G. Roth and V. Milsteln kindly supplied thess animels for the present work.
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wers given iniravenously os needed. During the periods of experimentation the levei
of anesthesio was such as to prevent movement but not deep enough to produce undue
MSRR depramton,

Decerebration and decapitotion were performed under ether anesthesla, which
was administerad by the open - drop method. Immedlately following the decarsbra~
tion or decapitetion procedure, the ether wos discontinued and ot loast three hours
slapsad befora exparimentation was begun.

Trachootomy and Blood Pressurs Recording

in all animals, once anesthetized, the traches was exposed with o midling In-
clsion and cannulatod about 2 em belew the erleold cartilage. The Mtuﬁunca-
rotid artary was isolated by blunt dissection and cannulated with polyethylens tubing
(7190). The cannule wes fitted to & three way sfop~eack which In turn was af=
tached to o pressure transducer ( Statham) for the continuous monltering of systamic
blood pressure during the remalnder of the preparation and experimental perlod, The
controlateral common carofld artery was aleo Isoletod end ligated ot this Hime In
those animals fo be decarsbrated. The Inclsion was closed with Miche! metal wound
clips 1o pravent the loss of fluld end resultant desliceation of the oxposad tissues., In
& few Instances the femoral artery supplying the limb contralateral to the sne under
study was utilized to monitor systemic blood pressure. The cannule end hesd of the
transcducor were filled with o soluton of 0.9 percant sodium chlorids which con-
tained hoporin (30 USP units/cc saline). A syringe conteining the same solution
and attached bo the stop = cock was uiilized to flush the system as needed, The sig-
nol from the transducer was lod directly to @ polygraph (Gram - Model 5) or 1o an



slectroencaphalograph ( Gras - Madel Il D) via o converter ~ demodulator {Grass =
Model CD3)., With eppropriate adjustment of the high frequency response It was
possible to rocord elther the mean erterial blood pressure or the systolic and diastolic
fluctuotions. The system was callbrated with @ mercury manometer before sach ex-

periment,

Daa!m‘im

~ For decapltating purposes, the spinous process of the sacond cervics! vertobre
(axlis) was exposed by a midline Incision through the skin and dorsal paravertebral
museles. Hemorrhage wos minimized by adhoring strictly to the midline, the strue-
fures so encountered beling fasclal. The spinous procoss of the second corvical verte=
bea and a portion of Its dorsal arch were rongeured away with modeling clay er bone
wax belng used to control bone hemorrhage. The dura was incised and the exposed
spinal sogmant wos transected with o biunt resectar. At this time the ether anesthesio
was discontinued and artificlal respiration initlated {Blrd respirator ot pressures of
812 em HgO and frequencles of 20 - 30/min). Memostasls was achlovad by placing
o small plece of hamostatic gelotin (Gelfoamy UpJohn Laboratories ) between the
sovered ends of the cord. The effectiveness of the gelatin sponge was enhanced by
first saturniing It with @ sslution of bovine Hwombin (100 NIH units/ec saline). The
exposed muscle and skin edgas were Infiltrated with 2 to 3 cc of procaine hydrochlo-
ride (2 % solution) and the wound closed with cllps. The necessity of infiitrating the
trachestomy wound as well was realized ofter several experiments. The following
procedures were found fo ald In the optimal malntenance of the decaplitate animal:
1) o light level of ather anesthesia ot the time of trensactiony 2) brief perlod of
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hypervanti lation following the transaction to hasten the dissipation of the ether; and
3) sechion of the second cerviesl segment In proference o section ot the level of
the dorsal alanto «occlpitl membrane (107). A complete cervical transsciion was
Indleated bys « prompt caimetion of reipiration, & masn wteriel blosd pressue of 60
to B0 mm Hp, and o bilsteral, equal relaxation of the nictating membranes and pupl!
dilator musclos,

Docarebration

In the hands of this experimenter the following method of decersbration, o modi~
fled form of Sherrington's procedure, was found fo be the mest valuable with respect
to consarvation of time, minimal trouma, and the greatest percentage of successful
preparations. Succeeding the bilateral ligation of the common corotid arteries, the
animal's head wes fixed with either sar bars or a head holder approximately 15 em
above the heart, This manuver significantly reduced the venous hemorrhage which
accompanied decersbration. The scalp was Inclsed along the midline from the gla~
bello 1o the lombde. The fasclal attachment of the left temparel muscle to the su-
perior temporal Hne was sovered and the muscle puthed down and away from the
calvarium. A largs bore trephine (2.5 em) was used 1o expose the left occipital
cortex. The careful application of bone wax to the exposed dipleic spaces ensured
hemostasls, but more Importantly, prevented aspiration of ulr with fluetuations in
venous pressure.  Two animals which expired prematuraly ware shown to have lerge
oir amboll in the superior vana cava of autopsy. The dure was Incised and the left
scelpital pole wos removed by suctlon. By utilizing the tentorium cerebelll for



orlentation, sufficlont cortex wes removed to oxpose the dorsal aspect of the mid«
braln. The bealn stem was tronsected ot the desired lovel by a blunt resector or suction.
The lavel of tramsection vorled from precollicular to intercolilcular in difforent pre-
porations. Gelatin sponges, soturated with thrombin, were used o3 nocessery to con-
trol hemorrhage. Once hemostasls was achieved, the head wes lowered and fixed ot
or just abuove the level of the heart. The wound was clossd with clips and the ether
enesthetic discontinued,

At the completion of some experiments, the head was perfused with fen percent
formaling the braln was removed and fixed In the same solution for severs! days ond
90 micron, frozen sactions of the transected midbrain ware obtalnad and photographed
(63, 47). As should be expected, the completenass of the transection as determined
ot surgory and His completeness as demonsirated by frozen sections was widely dis-
crepant In some cases. This Is without bearing on the pressnt work but serves to
emphasize the necassity of histologic controls for eny transeciion procedure which is
on experimental varfable.

Spinal Transsction

in most anesthetized preparstions and In an occasional decsrebrate preparetion
the spinal cord wes ransected ot @ low thorecle (T10~T12) or high luwbar level
{L1=12). The desired spinal segment wus oxposed by laminectomy ond the spinal
cord wos iransected through o dural Inclglon, The surglea! trenssetion was usually
precaded by the Intramedullary Tnjection of 0.25 cc procatne hydrochloride (2 %
solution). The use of procsine abolished the violent muscular response to surgicol
transoction, Hemerrhage was controlled with gelatin sponges under pressure and the
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Leminactonty

The lumbesacral spinal cord wos exposed by leminectomy In oll animels. The
following facts offordad Initlal topographical orientetion: a line connecting the
anferior marging of the tllac crests pesses oppasite the spinous process of the seventh
lumbar vertabre {L7); and the spinous process of L7 Is considerably larger than thet
of the first socral {51) {84)s The lumbodarsal fascle was expased by o midline skin
incision extending from the spinous process of L4 1o thet of $3. Two Inelslons were
then made, on elther side of the spinous procemes and extending the length of the
skin incision, through the lumbodorsal fasela and the underlylng poravartebral mus-
cles, The tisue and spinous processes betwoen the Inclsions were removed by ron-
geurs. The romalning muscle and ligaments were dissected from the dorsal aspect of
the lamings, Musculor hemorrhage wes significantly reduced by limiting the ventral
axtent of the spinal column exposure to the domel lip of the arflculor processes. The
laminectomy was !nitiated ot the lumbosacral articulation. This minimized the dangor
of damaging the underlying spinal siructires since the canal 1o spinel cord diameter
ratio is relutively lorge af this polnt and the cordsagments of fnterest { L6 - 51 ) undar-
fie the laminue of L3, The lominactomy wes continued untll spinel roots L5-53
were exposed, The opportunity of encroaching on the prominent exiredural venous
phﬂmnﬁ-d»mﬂmm!yhmmwuﬂmﬂﬁnhdmym
such @ plexus was torn elevation of the coudal portion of the enlmal wes found to re~
duce vensus pressure sufficlently for homostasls to ocewr. Upon complation of the
laminectomy @ clamp was appiled to the body of the fourth lumber vertebra and
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attached to supporting rods fixed to the table top. The tllac crests were stabilized
by pins and fixed to the tuble top in a simllar fushion. The hind legs were exttended
and taped to supporting poles so that the final pasition of the antmal wos prone with
hind limb externion. Sutures wore passed through the skin Flaps and Hed %0 that @
pool wos formed around the exposed fissue and spinel cord. The poravertebral mus -
cles were sutured 1o the skin, thus pulling the muscles eway from the cord and pro -
vanting the escape of mineval ofl betwaen fosciel planes. The exposed tlsues were
thoroughly moistened with suline and the wound covered with wline~soaked sponges
or minsral oll. The dure wos left intact unitl the remeinder of the preparotion was
completed,

Subsequent to the peripheral nerve Isolation the spinal dure was incised and re -
flected luterally, Ventral roohs L5 to S3 were Tsolated on the left side and severed
of thelr dural exity the controloteral ventral roots were left Intact. The severed,
central onds of VRLY and §1 werekilled by crushing and lofd upon platirum recerding
elecirodes, The pool formed by skin flaps was filled with mineral ofl wormed to
w.s°c,

The handiing of spinal roots wos facllitated by the prior Incision of the dentate
ligaments. Another procedure which further reduced traumes was the uillization of
glam hooks and rods for all manipulations of spinel roots. The wie of gloss permitred
the mamsfacture of any shape or size of Instrument end prevented the sHmulation of
nerve Hsswe which did aceur with the use of dissimilor metel Insivuments (88~ Ch.2).
In retrospect colored glass Instruments would have boen more useful In view of the
similor refroctive indlces of clear glass and mineral ofl.

In later experimants the rhizotomy was restricted fo veniral rools LS to 52 o re=
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dmhmﬂwmdﬂnhﬁd&wfﬁwqﬂmlMmmdwwmﬂ,
the slds of choice belng dependent on the siate of the deep tendon and withdrawal
raflexes. The limitation of the rhizotomy to VRLS = S2 was adsquate fo provent antl-
dromle volleys, evoked by peripheral stimulation of the gastrocnemius-solous, posterior
bicops - semitendinomws or unkle flexor nerves, from Inveding the motonourons under
study (125, 124, 79). Disadvanteges of ventral rhizotomy Included an Interruption of
the tonlc spinal efferent nerve activity with o consequent alteration of tente afferent
taput to the spinal cord and the soverance of the ventrel radiculer arteries which of
tered the blood supply to one side of the spinal cord. However, the procedure sn=
abled cord reflexes o be recorded l-uphduﬂy,mwlnmwwaf
muscle, prevented the complications of recurrent Inhibition and facilitetion (118,120,
13) secondary to peripheral musele norve siimulation and left Intrafuse! and extre-
fusal fibers In @ constent, unstimulated state.

Parl | Nerve isolotion

The peripheral nervas from which Wamwtmfm the gastrocnemius~
solous (GS), the medial gastrocnemius (MG ), the latersl gastrocnomlus and solews
(LGS), the posterior biceps =semitendinosus (PBST), the medial {tblel) and luteral
(common paroneal) divisions of the selatie nerve ond museuler branches of the com =
mon peroneal nerve. These nerves were Identified with the ofd of Jofferson's exeel~
lent paper (79). The GS narve wes Isoloted via ¢ longltudinal Incision thet extendsd
the length of the poplires! foma. The PBST nerve wes islated by extending the pop-
liteal skin incision to the lschial tuberodty, and the destred branches of the common
peroneal nerve were approached from the latere! aspect of the flmb. In sach case
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sufficlent amount of adipess and sonnective Hesue was removed fo provide adequate
exposure; however, the blood supply to each nerve was judicously preserved. The
@S and PBST nerves were placed on platinum hook stimuleting elecivodes and ware
profected from desiccation by suturing the skin edges of the Inclsion to supporting
poles and fllling the pool o formed with mineral ofl warmed to 37.5°C. Construction
of a mineral ofl pool was not passible whan stimulating branches of the commen per~
onsal nerve dus to the position of the animal. To remedy this the stimulating elect=
vodes were enclosed within o polysthylene tube Into which the nerve was threaded.
The tube was filled with fsotonie saline 1o ensure contact and the Incision was filled
with white petroleum Jelly and closed with wound clips.

Halntenancs of Proparation

A great deal of offort was expended to maintaln soch animal In o stable ond physl~
ologic state throughout the preparation ond experiment. This stemmed from the obe=
ssrvation that [n most Instances the quality of the data was directly related to the
quality of the preparation. Those preparations which did not meet the criterie fo be
outlined were discarded. 1t fs understood thet the avalustion of a glven preparstion
was rather subjoctive and that the evaluation of the Inltlal preparations undoubtably
differed from the eveluation of later preparsiions when o backlag of experlance had
been geined. It also follows thet the quality of reflex astivity of the spinal cord was
the major criterion for the Inclusten or exclusion of eny given animal,

The varlous maneuvers parformad fo malntein soch preparation include those to
be discumad now and those alluded to In the previous section, for example, edsquote
homostesls, airaumetic handling of Hissues and prevention of Hsswe desiccation.



Pre ~experimentel Care

Animals were not chasen rendomly for experimentotion. The only animals ut~
lizod were onas whose generel condition suggested they would wrv%wﬁa_mﬂni
ordeal and present for experimentation in o stable state. A number of those animals
were roceived In o samistarved end dohydrated state. In an attempt to improve their
genoral condition, they were fsolated, fed and watered from soveral days fo & woek
prior to experimentation. |

Blood Pressure

The methodof continuousblood premure menttoring wes deseribod tnthe procsding
section, The Information guined from this mutine procedure more shon off set the
time and energy required to obtain it Even though the blood supply 1o o given ergan
may or may not be reflected by the systemic blood pressure {136), a direet relation=
ship between the meen erterial pressure and the excellence of the preparation was
found. This relationshlp was noted In o sufficlent percentage of experiments that
ony preparation with a mean arteriol pressure of 50 mm Mgy or loss was discarded be~
couse the spinal cord refleses wers so unstoble ond highly varieble that Intorprete~
tion of the records was Impostble, Mmﬂﬂshw‘wmm%
quently encountered In the decapltate preparations. Mean erterlal blood pressures
of 60 10 80, 50 to 110, and 90 to 120 mm Hg chanosterized respectively those do~
cupitote, anesthetized and decercbrate preporations which demonsirated active and
stable cord reflenas,



ration

Every preparation, sucept & anesthetized and spinel animels, was resplrated with
eithar an Ensco or Bivd respirator during eech experimental run. The decepitote
praparations were respirated continuously out of necessity; tho remelnder wers res-
plrated to aveld any complicetions of hypoventilation secondary to the blocking
action of SCh or C10. The animals were placed en the respirator ot ieast one ~ half
hour prior to the recording period to permit equlllbvation. In each cose the rate and
depth of respiration wos edjusted so that the animel teok only on occasional spon -
tansous breath or none of all. Presumably this level of respiratery drive reflected o
decronsed arterlel PCOg. The doad space was reduced o & minimum and tracheal
tollet was obsorved to prevent asphyxiation secondary to retained secretions.

The Ensco respirator which delivered room alr was discorded In later experiments
in favor of the Blird respirator which encbied & greater dograe of respiratory control,
The instrument wos set to deliver 40 percent surygen and room air or 100 percent
oxygen at prossures of 8 1o 12 am of water end uf retes of 20 to 30 per minute. A
further edvantage of the Bird respirator was Its nebullzer which wos kept fllled with
saline In order to prevent drying of the resplratery mucoss.

As a control 6 anesthofized preperations were allowed to breathe spentansously
while being axposed to subperalytic dosss {50 pg/kg) of SCh. The behavier of the
cord reflexes to SCh In these properotions wes Identlcal to the behavior observed in
the artifieally respirated animals.,



Tomperature

The decerebrate, decaplitate and onesthetized preparetions all required an ex~
ternal heat source to mafnteln body temperature. Alterstions of temperature In efther
direction from normal, which Is approximately 38.3 degrees Centigrade os measured
rectally (116), Influonce splnol cord reflexes as well as Influencing general matab-
olism o8 @ whole. The magnitude of MSR, PSR, and dorsal root reflex responses were
first Increased and then decreased by coaling whereas overheating produced o pro-
gressive diminution In the magnitude of all of these responses (12).

In these experiments body temporature was astimated rectally and unless stated
otherwise, was molnteined between 35 and 39°C with o shivided hooting pod. These
values refer to different axperiments, the drift of temparature within o given exper-
iment was usually less then 0.5 °C,

The minerol of! surrounding the spinal cord was kept at approximately 37.5° C
by en Incandescont heat source. The temporal drift of the mineral ofI's femperature
wos usually loss than 0.2 ° C/hour.

The mineral ofl wes added to the periphers) nerve pools ot & temperature of 37.5°
€ and its temperature was then allowed to equiiibrete with that of the reom which
varfed betwaen 23 10 26° C,

Flulds

Lewls suggested that tolerance fo hypolvelemic stress was Incressed by loading
the stomach with water. tniamlu’k,mwuéh#pﬂummy,
worm water In doses of 10 or 15 ca/kg was Intreduced Into the stemach with o gasirle
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tube, The rasults of this procedure were equivocal, In thet some preparotions were
apparently benefited whereas others were not. In view of the large number of vari~
gbles and the lack of @ sultable Index ro judge Its value, the precadure was discon~
finued.

Dexiran 2 which Is o high moleculer weight gluosse polymer was uitlized In o few
‘expariments a3 o plasma volume expander. Mypotenslon, tachyeardie, and an estub-
lished loms of blood consiltuted the Indications for Its use. The expender was given
by Intravenous drip ot o rote of eppraximately 1 co/minute until the meen arterial
blood pressure stabllized botween 80 and 100 rmam Hg. In general the use of Dextran
was disappointing In thet upon its discontinuanee the blood pressure fell, Most pre-
porations which required Dextran to remeln normotersive demonstrated smoll, ex~
tremely varisble splnal cord reflexes and were discarded without experimentarion. ,

Glucose (5 percent In woter) was administered to o few preparations In which
the experiment was prolonged grester than 12 hours to replacs fluld lossas. The dos~
age in these preparstions was 50 to 80 cc administered by Intravenous drip over o
period of two hours.

Vesical Catheterization

it has been shown that o full bladder depresses spinal cord reflexss (28, 46). To
avold this sourea of deprossion the bladder was cannulated with polyethylene tublng
and emptiodin some sxporiments. The procedure was not difftcult in the anesthetized

2. Dextran {Cuiter Leboratories) & percont solution In normal saline.
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enimal end, in eddition to preventing reflex depression, provided an sxcellent Index
to the function of the cardiovasculor system os was Indicated by wine axcretion,

SHmuletlon and Recording

Plafinum wires (diamater of 0.5 mm) In the form of heoks were used for stimu-
lating ond recording electrodes, Platinum wos chosen because 1t is sasy to menipu~
late, 1t 1s relutively non~taxic, toliving Hawe, and 19 does not polarize significantly
s long os small, belef curvents are vaed (26 ~Ch. 36). Accumulated dobels wos re-
movad from the elecivodes by flaming prior fo each expariment, Interslectrode dis~
tance varied botweon 5 and 10 mm In different experiments,

¢ and ¢ Reflex Raegp

The parameters and combinations of stimull ware controlled by various arrange-
ments of Tekironlx waveform { Type 162) and pulse (Type 161) generators and were
designed o svoke MSRR's not pelysyneptic discharge. If the stimulation provided
PSRR's this was comsidered a bonusy however, the intensity and duration of the stimulus
was not increased beyond those values required to avoke o medmel MSRR If there was
no polysynaptic discharge. Stimull conslsted of rectengular pulses, 0,01 fo 0.1 sesec
in duration, led to the muscie nerve through an Isolation transformer { General Radie
Co. ~Type 578) ot Intervals of elght seconds, This simulus frequaney reprasents o
compromise betwsen the fdeal end the practical. The eight second Intervel was
sufficlently great 3o that the first MSRR did not greatly Inhibit subsequent responses
(81, 99) and yot provided a sufficlent number of responses fo deal statistically with
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the inharent variabiiity of the MSRR (74) ond with the time course of the SCh In~

ducad MSRR depression (88, 52). The stimulus strength was odjusted to evoke just

maximal MSRR's In every experiment, The maximal MSRR offered the following ad~

vantages: 1) the reletive vorlation in responss emplitude was reduced (74); 2) the

full range of varlation In response ampiltude was exposed (74); 3) the response amp-
litude was not Influenced by small changes In the stimulating current of this dagree
of synaptic drive (91); and 4) the behavier of MSRR's from different preparations was
comparabie in the sense that each metoneuronal pool wos maximally ectivated. A

theoratical disadvantage fo the use of the maximal responss Is the insbiiity to detect
facllisation; however, Lloyd {91, 103) has demonsivated that o large subliminel

fringe axists when employing single, supromaximal Group | shocks.

Roflax responses were recorded from ventral roots L7 or S with the proximel
{active) slecirade placed ot least 2 em from the spinal cord to aveld complicaling
slecivotonic potentials. By crushing of the end of the venivel root before placing it
on the reference electrode, oll recordings were rendered monophasic. The resporses
wore lod via shielded loads to proamplifiers { Tektronix ~ Type 122) with the loads
% orronged that negative potentials ot the active elecirede were Indicated by an
upwerd doflection on the cathods «ray oscilloscope. The band width of the preomp~
iiflors wos adjusted to give an essontially uniform response between the frequencles
of 0.2 and 40,000 cps. The low frequency response comespondad to o Hme constant
of 1.0 socond, Responses were displayed on menitoring cathode ~ray osclllescopes
{ Toktronix ~ Type 360) and two addiftonal slove cathede ~ray osclllossopes which
faced the recording camere {Gram ~Model CA). lﬁ.ﬂmmﬂum
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waos operated continuously of o fllm speed of 0.25 mm/sec with the comero adjusted
3o that the film moved at right angles to the sweep belng phetographed. The film
speed was nat sufficlent fo distort MSRR'S recorded on fast sweeps {10 1o 40 mesc),
At the conclusion of each experimant o Hme and voltage coltbration, generated by
on audlo aselHlator { Howatt Packard ~ Modal 200 €D), wes photographed.

Dovble shocks ware used to evoke MSRR's In o number of axperiments. This
technique (42) served to Increase the absolute amplitude of the MSRR and to reduee
its relatlve varlotion in response ampliiude. The #ime intervol betwoen the two
shocks was adjusted to yiald the greutest facliitotion; this was usually between 0.9
and 2.0 muse. Indapandent Intersity control of the conditoning (first ) and testing
{sacond ) shocks was not pomsible In the eorlier expsriments due to en olectrical
Interlocking of the pulse generators. The use of two sets of stimulating elecirodes
on the muscle norve or the use of o mixing cireui? provided independent lntensity
conirol of the conditioning and test shocks In later experiments. In thess coses the
conditioning shock wos usvally edjusted to o just sublimine! welue end the testing
shock to o |ust maximel value with respect to the omplitude of the evelked MSRR.

Before leaving the subject of evoking and recording MSRR's @ serious source of
ervor must be consldered. With reference o ¢ specific motensurenal pool, the MSER
Is @ voild Index of motoneuronal excitability enly If the effective stimulating current
is confined tv the stimulated nerve and does not ectivate adjacent norves. PFor ex~
ample, the effect of succinylcholine on extensor and flexor MSRR's was Informative
only If pure populations of extensor and flexor motonsurens were tested. Early in the
coursa of this Investigation examples of stimulvs spread to nerves other than the sim=
viated nerve ware cbsarved. This point moy be Hivsirated with ssverel examples.
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Stimvlation of an Intact muscle narve was noted 1o eveke o contraction in o muscle
not innervated by the stimulated nerve, Since the ventral roots hed been transected
the contraction couldnot have bean reflex In origin. The contraction was notaltered
by erushing the stimulated nerve distel to the electrodes but was obolished by tran ~
socting the netve of this location. Thus, the Intact nerve provided an elternate
path for curvent flow with resultant exclitation of edjacent nerve fbers. A more
subtle example was detectod whan stimulating the distally severed GS nerve with o
rother wide pulse (0.5 meec). Rocordings from the medial sciatic divislon distal 1o
Ity junction with the GS nerve revealed propagated nerve action potentials, The
stimulus sproad was removed in this cose by moving the stimulating electrodes further
from the junction of the GS nerve and by reducing the pulse width. The MSRR was
reduced by these manuvers which indicoted thet afferent fibars other then gastrocnemius~
soleus contributed to ity genaration. In summaery the following factors were found to
contribute to stimulus spreadi 1) stimuloation of Intact muscle nerves; 2) wide stim~
ulating pulses; 3) damage o nerve fibers of the juncilons of nerve trunks with re~
sultont formation of artificlal synapses (39); end 4) placoment of the stimuleting
elecirodes within ! om of the junction of the nerve with Tis parent trunk. in each
oxpertment where localizotion of the effective stimulating curvent 1o cne nerve wes
mondatory these foctors were considerad In the preperation of the animal and the
prasence of siimulus spread ruled out by examining adjecsnt nerve trunks for the
prasence of propaguted action potentials. When the medial or lateral divisions of
the sclatic norve ware stimulated It was not fomlble to ransect the siimulated nerves
becawse this would heve removed o large source of nacessary efferent Input. Spreod
In these Instonces wes avoided by placing the Flexer elecirodes on the latere! espect
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of the limb for from the extensor divislon and encasing the slectradas within poly-
ethylens tubing. The tubing was filled with saline which shunted o sufficiont o=
mount of the current to the surrounding Hasue so that the nerve fibers In the medial
division were not scfiveted. | |

Cord Dorsum Responsa

The cord dorsum response was uiilized In some experimenis as an estimate of the
arrival fims of the evoked efferent volley @ the spinal cord. This was sccomplished
by placing a platinum electrode on the dorso ~ lateral suleus of the desired spinel
sogment (L7 or $1), The sctive alecirods comsisted of platinum wire with the end
fushioned Into o ! mm bell. The reference slectrode wos fixed o o metol clamp
sttoched to the spinal column and the responses wors recorded by the method deseribed
for the MSRR.

Indirect Muscie Twitch

The time course of the druy~induced MSRR depremsion wus compared with the
time course and extent of muscle twitch depremion in some experiments. Submoximal
twitches were evoked by single shock sttmulation of the GS nerve and were recorded
lsometricully from the GS tendon. In addition to the usuel finstion, these prepare~
tiore were further Immobilized by pinning the distal ends of the fomur and Hbla of the
ipsilateret hind iimb and flxing the pins to supperting rods. The tendon of the GS
muscle wos Inolated and attached with pleno wire #o & siraln gouge trensducer {Grass)
with the muscle placed under @ resting tension of 100 to 200 gms. In Inltlal experi-
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ments the twitch and MSAR were evokad simultancously using a single pair of sfim-
viating electrodes placed on the Intact GS nerve (this method I3 schematically 1Hivs-
trated in Figure T <A}, With this arrangement the mognituds of the twitch was do-
pendont on the stimulus strength requiredto eveke o meximal MSBR, However, once
the problems associoted with stimulus spread became menifest this technique wos dis~
corded. Ths GS nerve was tremsected and slectrodes fitted to sach end; one poir to
evoke the twitch and the other to evoke the MSRR, Ar the conclusion of each
euperiment the system was calibrated with matel woights.

Experimental Drugs

Solutions of suecinyleholine chloride (SCh)® or decamethontum bromide (C10)4
were diluted before each experiment with 0.9 percant sodium chlorids solution 1o o
final concentration of 200 pg/cc for SCh and 100 pg/ec for C10, In most experimonts
doses of 50 1o 200 pg/kg were used for both drugs and unless stated otherwise, the
dosage was 50 pg/kg.

In all but twe experiments the desired blocking agent was administered Into the
loft cophalic (superficiel forelimb) vein through an Indwelling polyethylens cannula.
In the two exceptions SCh wus odministered Intreurterially os described elsowhere .

3. 5Ch (Sucostrin ChioridavSquibb) was obtained In multiple dose viels {20 mg/ec)
with NaCl edded for lrotenicity and containing 0.1 % methylparaben ond 0,01 %
propylparaben as preservatives. The drug was refrigerated unti! the day of use,

4. C10 {Syncurine~Burroughs Wollcome ) was obtuined as an lsotenic solution in
multiple dose viels {1 mp/ce) and stored of room temperatwre,
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The drug Injection In the majorlty of experiments wus preceded by en equal
volume Injoction of suline. The blocking agent was Injected over a time course of
approximately 10 seconds ond was followed by @ 1 ec flushing dose of saline. A
faur minute recording of the desired response was obisined In each sxperiment before
the saline was Injacted and then another four minute recording wes obtalned before
the blecking apent wos injected. The recording was continved uniil the centrol
value of the response was resstablished following drug edminisivation. This ldeal
was accamplighed In the majority of instances. The four minute recording perfod be-
fare and between tha two Injections was based on preliminary experimoents which in-
dicated that this fime Intervel wos sufficlent to detect any trends In the conivel re~
sponsas and to provids s sufficlent number of scores to deal with the responses var~
fation. In eddition the responses were svoked and cbserved for 10 minutes or longer
prior to the recording period to ansure steady state conditions.

B, OTHER PROCEDURES AND TECHNIOUES
Unit end Dorssl end Ventrel Root Nerve Activity

The mathod of Adrian and flrork {1), with seversl modifieations, was employed
here to study the unlt aetivity of selected dorsel and ventval reot nerve Rbers, The
IJIMMM coried out under minaral ofl with the eidof a low =pewer binocular
microscope. The slocirical activity of the nerve fibers was monitored eurally e well
et vially durlng the disection and axperiment by leading the preamplifier out~
put 1o on audio amplifier and tpecker system and to a cathode ~ ray cescliloscope
The ceniral end of & venire! rost was divided Info Its naturally occurring filements
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by grawping the severed end withtwo palrs of jewsler's farcops andretmacting laterally .
Hadng obtalned several flloments, each was tested for the presence of ¢ monosynap~
Heolly evoked response by laying the fllement on recording elecirodes and simulating
the desirad muscle nerve. Recordings were rendered monophasic by placing the
erwshod and of the Mlament on the reference electrodo. An sctive flament was
further subdivided untl! it contained only a singls active fibers If the latency of

~ the splke was comparable fo that of the population MSRR balng recorded smultane~
ously, the fibsr wos accepted as belng monosynaptically ectivated, A splke was
considared to reprasont the action potential of o single ftber 1 it was oll or none |
rolative to stimulus Intenslty and was constant tamporally with respect fo emplitude,
waveform and duration.

The same dimection technique was usedio lsolate single dorsal raot fibers. Only
tontcally aetlve fibers were studied. A dorsal reot filament wos subdivided unti! the
rapetitive discharge of o single flber could be distinguishad, Constant amplitude
and regularity of discharge Inferval ensured thet a single unit was being dealt with,
The method employed did not determine the fiber's recepior type; however, by ma-
nipulation of the Hmb It wos sometimes pomible to localize the receptor 1o @ glven
muscle, The conduction velocity could than be caleulated from the latency of the
spike and the distance batween the stimulating ond recording elecirodes. The diom-
otor of the single fibar was ablolned by dividing the conduction velocity by six {8),

The dissection fechnique employed did not lsolete anatomiceily o single fiber,
in most Instances the fllament could ba seen with the unaided eye, lmplying the
presence of several nerve flbers, of which only one responded to the stimulus. It
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follows thet lsolation of menosyneptically eveked spikes was accomplished more
roudily in those preparaiions with little spontancous ventrel reot discharge, o.g.,
anssthetized and spinel.

The major difficulty encounterad with this unit reesrding technique wasthe small
tignal fo nolse retfe. With sach enatomical subdivision the emount of insetive
ﬂmaﬁﬂﬂdmﬂmhaﬁﬂw%ﬂw&&h‘“ﬂuhﬂuhﬂnﬁm
sistance correspondingly Incremsed., A number of manuvers served to improve the
dgnal to nolse ratio. These Included o reduction of lnter -slestrode distance to
3 10 4 mmy on Improvement of the contact batween the ective fiber andthe electrode
witha drop of saline; the use of grounded aluminum shielding around the spinel cord
and elociredes; and e reduetion In the high frequency respanse of the preamplifier to
the value that provided the best signal to nolse cutlo.

The avoked unit petentiels (e.g., MSRR) were recorded os was tha pepulation
MSRR. Tiwes mothods wore employed to obtaln permanent records of spentunsous
unlt nerve activity, 1) The splkes were photographedon slow swoeps (100 - 250 meee)
avery fwo ssconds 5o that only o fraction of the totel ectivity was recorded. 2) The
fnput 1o the horizontal deflection plates of the recording cathode « rey escilieseope
was removed, and the camera was run at continuous, high speeds to provide the time
bose. This method recorded all unit activity In contrast to the above. 3) The fnput
to the monltoring cathade ~ray oselllescope was led o & two channel tepe recorder
(Megnecord, Type 728~4). The recordings were then played bock ot leleure following
the experiment and the desired portiens photegraphad on moving film for quantitaetive
analysts.
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Wall {138) has perfected o simple, Ingenious method of detecting exeltebility
changes In the Intvamedullary portion of affercnt axons. Intramedullary sttmulation
of lorge afforent fibers evekes an entidromic response 1n dorsal reot and afferent per-
Ipheral nerve fibers and an orthodromic response In fibers comprislng the dorsal esl-
ummns, Excltablifty changes are Inforred from changes in the erea of the recorded
antidromic response.

In this study, the antidromic resperse was rocorded with platinum wire hooks
from the medial or latural division of the G5 nerve, or the contral end of ¢ dores!
root fllament. The stiuwloting microelecirode (cathode) consdsted of 10 micren
platinum wire Inwioted with glas. The anode was formad by the multiple metal
table applionces tn contuct with the animal. This clrcult Is schomatically iHusirated
in Plgure 14-A,

Micraelacirode Construstion

The microolocirodes were consitucted from sliver - coated, 10 micron platinum
wire. Bolling, concantrated nitric aold was used to remove the stiver from the cone
trol one ~third of 12 Inch longths of Walloston wire. The wire wes threaded Into o
é inch glom capiliery tube (outside diemeter of 0.8 mm) and ermanged o that the
bared plotinum wes contrally located and provided with sufficlent slack to prevent
lts breakage during the pulling process. With the wire In place, the glass tube wes
pulled Inte two micreelectrodes with o stendard micro ~plpette puller. The wire and
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glens ware pormanently united by ssaling wax applied 1o the large end of the glam

tube. The extension of the glas fip boyond the wire was removed by touching 1t to

the finger. Such construction consistently ylelded electrades with cutside Hp diem~
eters of 15 microns andshaft diomaters of 40 fo 90 microns, 2 mm ebeve the electrads
flp. Each elocirode was checked by placing the tip In o mline bath, epplying o 3

velt potentiel aoross the aleeirade, and microscopteally sbesrving bubble formatien.
The prasence of bubbles at the Hp Indicsted the abllity of the electrods fo conduct

@ current, wheress bubble formetlon along the shaf signifled faulty Insulation. The
rosistance of the electrodes, measured in saltne with o de current, was epproximately
100,000 chms. Values of approximately 100 chms were sbiained whan the reslstance
wos measwed in marcury. These wlecivodes were convenlent to menufacture and o

yleld of greater than 50 percent was obtalned with little praciics. Plal dimoction

- was not o prerequisite to Infromedullery placement of these electrades,

Spinal Column immabliization

The use of intramedullary microslecivedss nocenitated complete Tmmobilzerion
of the lumbo = socral spinal column to provent movement arvifact, This wes achlevad
by: 1) bilateral pinning of the illac crests and the body of the 3¢d or 4th lumbar
vertebra; 2) rigid clamping of the 3rd or 4th lumber spinous procesy; and 3) planing
the body of the 5th lumber vertobre from below on one side and ebove an the other
te provent movement In the vertlcal plene. A blloteral theracotomy, elevatien of
the spinal cord with durel slings, and fixatlon of the anlmol s the thorax rested
lightly on the table minimized movements awociated with respiration. The preper~



ation was maindeined on o Bird respirator st to deliver low Hdal velumes ot @ repid
rate (100 % Og ot pressures of 5-8 em of HaO and frequencles of 35 to 40/min).
Paravertebral muscle fasel culation was lound to Induce movement of the mineral oll
surrounding the spinal cord, This ssurce of mavement artifoct was diminished by the
portial removal of these muscles. The remaining muscles wers pulied latersily and
frmly sutured o supporting pests. During the courss of sach drug sxperiment the
spinal cord and micreslecivods wore shesrved with o disecting micrescope.

intramedullary Penetration and Stimulus Choracteristics

The microolectrode was Introduced Into the spinal subsiance perallal to thowe
afferent fbers procesding to the ventval hom {see Fig. 14-A). Penstration wes
Initiated | mm loteral to the midiine of the desived spinal segment, wsually L7, ond
procasded veniro - laterelly approximately 13° from the verticel anls. At 0.5 mm
steps throughout the downward penetration an entidromic respense wes eveked and
subjected to a standard posterior biceps ~somitendinows conditioning veolley (32).
The antidromic respomse which sxchibited the greatest faci litation to this conditioning
volley wes uttlized for the axperiment. 1t was possible to muke several penetrations
in the some preparation without obssrving untoward MSRR depression. The reute of
this penaivation undoubtebly domaged o percentage of the fibers under study. How-
aver, o hghar ylald of sensitive antidromic rasponses were found when the micro =
olectrode poralloled the large offeront auons Instesd of approaching the fibers af
Hight angles usfrom the contvalateral side of the cord or from the ipstiateral side with
the penatration Inltiated [ust above the dentate {igament,
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Rectongular pultes, 0.1 to 0.2 meec In duration, were lod to the preperation
through an lsolation iremfermer of 8 second Intervals. These relatively wide pulse
durations were required o overcome the Increased threshold eonsequent to the di=
minished diameter of the Intremedullery Aibers. The stimulating current wes edjusted
to values of 1,5 to 4 times thet required to evoke « threshold recponse, A second
puise of equal emplitude but epposite polarity wos delivered to the preparation
approximotely 10 mee following the stimulating pulse. In theory, the second pulse
would esunteract the electrode polarization induced by the stimulating pulse. The
stimuloting current was monttored In flve experiments by messuring the IR drop acros
a fixed resistonce (et botween 30 and 5000 ohms) with o differential amplifier and

cathode ~roy oscllioscope.

Anatemical Conirols

The position of the micreelectrode tip wos merked by coagulotion of adjecent
tissue In olght expariments. Coagulation was accomplished by connecting o 1.5 volit
dry coll to the preparation for 20 1o 40 seconds (cathode to micioelecivode and an~
ode to spinal column clomp). At the completion of the experiment the thoracic corte
wos eonnulated and 50 to 100 ce of 10 porcent formalln infused by hond prossure.
The spinal segment was removad from the preperation and ollowed ta fix in the seme
formolin solutlon for several doys bafore freezing andsectioning. The 60 or 90 micren
frozen sections were mounted ln glycerin botween glass sitdes {63, 47) and photo-
graphedat 10 1o 20 times mognification directly on photographic popor (Kodabromi de,
F-4),



C. ANALYSIS OF DATA

iMonesynapiic Reflex Resporses

Allmm'mﬁ d_nhﬂlihuwm be deseribod for mvm-d
for this rosson anty the MSRR will be consideredin detoll. The phetegraphedrespon=
ses wove magniflad approsdmately seven times with o prefector and ware measured to
the nestest aillimeter. The loteney of the MSAR was mesewed from the beginning
of the stiimulus artifect to the baginning of the flrs Mhﬂnﬂwh&nﬁm
from the flvst vpward deflection to where the best Fitting line applied to the de-
sending deflsction cromed the basmling; end the emplitude from the baseline to the
pointof maximum negativity, With regard tothe amplitude moasurements, the accur-
acy and procision of meassrement for thrse different persons wes grostar than 98 por-~
cont, The procision of messurement dropped to 95 parcent with small or depromod
M5RR, In ﬂw%ﬂnmﬂimmm amplitude which followed drug adminis~
tration this degres of error was negligible.

The raw emplitude meosurements wers converted to percent valuss relative te
the mean omplitude of all scores which preceded the saline injectlon which was
dosignated s 100 parcant. The parcent amplitudes of the MSRR's were plotted graph-=
teally as a Ffunction of fime. In most graphic deseriptions enly the meen percent
amplitude of five consscutive responsss wos indlosted, instead of pletting the emp ~
Hrude of soch score. As demonsiveted by Figures 3 and 4 this methodof presentation
does not musk the varlahility of MSRR amplitude,

In some experiments, the statistical signifioance of the MSRR dapression wes



proven with Student's ¢ test, The amplitudes of those MSRR's ovoked between
40 and 150 seconds subsequent to the SCh Injection were compared to the similer
group of MSRR's which followed the saline injection (n=15; d7=14).

Polysynaptic Roflax Rasponses

The PSRE does not lend Tiself to omplitude messurements, contrary to the bellef
of soma (6 ), due to the asynchronous varisble noture of the responding units .,
Area meosurements of the PSRR were not underfalian In this study but rather each
record was Inspocted and on everall Impression formed. This lmpression was than
conflrmad by the quentitative date obtained from unit PSRR studies.

~ Unit Nerve AcHivity

Evoked unitory reflex responses (monosynaptic or polysyaaptic) are @ menifes~
fation of the tested metoneuron's excitebility ot that moment (61, 103). This state~
ment assumas o constont presynapiic drive and will be modified by the fortheoming
results.

The excitabliity of the tested motonsuron was expressed by o firing Indax {(103)
which is the probabllity of o discharge occumring In resporse o @ constant afferant
nerve volley. The firing index uttilzed here equaled the number of Himes the moto~
newron respandad to flve efferent nerve volleys dellverad of olight second intervals
(- Mgm). A maximal firing Index (Fl = 1.0) Indicated the motoneuron
was dischergad by every afferent volley end implied o high level of motoneurenel
oxcitablilty. Intermediote Aring Indices (Fl loss than 1.0 bt 0.2 or greater) were
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indicative of motonsurons with relatively grester throsholds. It follows that the
obsorvance of focllitation was dependent on the use of motoneurens with intermed]~
ate firing indices.

The sponfoneous unit activity (domsal or ventral root) was dealt with by col~
culating the number of discharges per second and by ploting the mesn value for 40
sacond intervals as a function of fime.



RESULTS

Thesa data were obioined from 75 preparations, elther decersbrate, decapitate
or anesthetized. These preparations which did not meet the eriteria outlined In the
METHODS were oxcluded. The three fypes of preperations ylaldad results which
were 10 simllar as to obviate the need for further differentiation except under special
clreumstances which will be noted below.

The study to be deseribed was based upon the changes Induced in the monosynap~
He reflax response (MSRR) recerded electrically from cut ventral roots. The design
of the study Involved the elicitution of the MSRR uiing ertifisial, non~physialogleat
forms of excitation, It therefore was appropriate to axamine this response In con -
siderablo detol! In erder to define the limits of its utility and of fts sultebliity for
the purpeses intended. Recognition and Identification of the monosynaptic reflex
elemonts of an evoked ventral root discharge were based on the eriteria of configur~
ation, threshold, latency and duration.

A, MONOSYNMNAPTIC REFLEX RESPONSES
Cheracteristies of Elecirical Records
Conflguration

Examples of MSRR's, generated by single and double shock stimwlation, are
Hiustrated in Pigurs 1. Record A shows o maximal reflex response that was evoked
by single sheck stimulation of the medial diviston {extensor nerve ) of the sclatic
nerve, The response wes an abrupt, negetive «going deflection which begen 3.0
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‘_JIE&H A schematic illustration of the basic experimental arrongement, $fimulating
alectrodes { 5) were fitted to the gastrocnemlus - soleus narve and the evoked reflex
discharges were recorded from the appropriate, distally severed ventiral root (Rv).
In most exporiments the stimuloted muscle nerve was savered in contrast to what is
tllustrated. The ovoked afferent volloy or spontansous unit afferent activity wos
monttored from small dorsal root filaments (Rd). Varlations of this besie design will
be polnted out as the occasion arises. ,

Lower: Exomples of monosynaptic reflex responses (MSRR's) elicited by single and
double shack simulation. In this, and afi subsaquent figures, an upward deflection
denotes nsgotivity ot the active slectrode with respect to the reference electroda.
Calibrations for this figures 1.0 meeg; 0.5 mV.,

A. MSRE which wos recorded from VRS and was evoked by single shock stimulation
of the medial divisien of the sciatlc nerve in o decerebrate, spinal preporation.

3. A reflox discharge that was recorded from VRST ond was evokadby single shock

‘simulation of the laterel sclatic division in anothar decerebrate, spinal preparation.
The initlal portion of the cord dorsum response (inset) was recorded simultaneously
with o unipolar slectrode placed on the darso - lateral sulcus ot the entvones of DR«
L7, The reference electrode conglsied of ¢ metal clamp that wos fixed to the spinal
column, This record was retouched to pravent losses 1n reproduction,

C~F, Inthis onesthetized, spinal preporation the raflex discharges were evoked
By stimulation of the severed pustrocnemlus ~soleus nerve and were racorded from
VRS! Record C Is the baseline that the subsegquent responsss were Imposed upon.
The conditfoning shock {record D) and the testing shock {record £) folled to evoke

o usable MSRR when delivered seperately, but produced the MSRR In record F when
dcﬂvend at o simulus Interval of 1,6 mesc. The small negative deflection just pro-
conding the large MSRR 1n record F Is the MSRR generated by the conditioning volley.
A similar response to the test volley it apparent In racord E.
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moec ofter the stimulus ertifact and persisted for 1.2 msoc. The brief latency end
synchronous appeanance of this response cheracterized it s having boen produced by
activation of a reflex pothway containing only one synapse (93). The monosynapiie
discharge wos followed by small baseline irregularities which were superimposed on
o parsisting, low emplitude, negative potentiel. The baseline lrregularities are fn-
dicative of minimal, polysyneptic reflex discharge. The persistent, low amplitude
negativity seen in this record end in Figure 15 (record B) was only an occasional
finding. Since It appeared to be related to the distance batween the spinal cord and
the proximal recording electrods, 1t has been ascribed to the electrotenically con-
ducted post - synaptic potential (5). ‘

In contrast to the ventrel root discharge shown In record A, the flexor MSRR
Hiustrated In record 8 was followed by an intenss polysynoptically conducted reflex
discherge, Polysynaptic reflex responses (PSRR's) of this magnitude were usually
observed with stimulation of mixed flaxor nerves and presumebly resulted from the
wider stimulating pulses thet were required to evake floxor MSRR's.

Theeshold

Uoyd (92) demonsivated that the MSRR was svoked by stimulation of the low
thrashold, fast conducting afferent fibers of muscle norves. On this basls, one would
oxpact MSRR's to exhiblt lower thrasholds than other varleties of reflex ectivity,
This wes found to be rue when stimulating extensor or flexor muscle nerves In thes
moximal MSRR's could sometimes be obtolned with little or no polysynaptic reflex
discharge (Figs. 1-F, 2). However, the difference In threshold of monosynaptic
- and polysynaptie reflex respenses was not always so marked when the responses were
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svoked by stimulation of mixed flexor nerves. For.example, the thresholds of the
MSRR and PSRN shown n record B (Fig. 1) wore essentially 1dentical and both re~
sponses inereased In emplitude together as the stimulus Intersity was Inereased from
zero, '

The lowsst threshold exteneor MSRR's wers eonsistently found (n the decerobrate
preparation o would be prodicied from the cugmented exeltability of extentor meto~
neurans which characterizos this preparetion {128}, In conirast flexer M3RR's avolked
from elther mwecle or mixed nerves, were mest eanlly olfclted followlng spinaliza-

tion,

Latency

The events which coniribute to the latency of the MSRR are defined In Figure !
{record B). The 2.3 msec latency of this M3IRR represents the time that was re~
quired for stimulus utilizatlon, afferent and offerent conduction and contral deley.
The utilization and efferent conduction timos can be estimated from the latency of
the simultaneously recorded cord dorsum response of which the Initial portion, the
triphasie spike (Inset), wos o manifestation of activity in Group | fibers In the
dorsal columa (33, 71, 6, 102, 35). Spacifically, the initial positivity of the
spike signaled the approaching afferent velley; the negativity indicated the pass~
age of the volleyunder the recording slectrode; andthe enwing posiilvity signified
that #he volley hos pesed the electrode and wes moving away, The revensal from
inttial positivity to negativity was taken to indicate the aival of the offerent
volley ot the spinal cord. Al best, this endpolnt was only an approximotion sinee
the potential changes do not reflect the constion of one progess and the beginning
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of enother with obsolute accuracy (106). Be that es it may, the latency of the trl-
phasic spike measures 1.4 msee of which 1,3 meee was required for afferent condue-
tion to the spinal cord with @ 0.1 meec aliowance for stimuive uttiizotion (84).
~ Efferant conduction from the spinal cord to the proximal recording slectrode required
an additional 0.2 1o 0,3 msee on the basis of the conduction distanes and diameters
of ventral root mxons {40), The 2.3 meec latency of the MSRR minus the above times
provides o ceniral delay - synapiic delay plus intramedullery conduction =-of 0.8 to
0.9 msec, Contral delays of this magnitude are accapted s Indicative of a mono-
synaptic pathway (117), |

The meen latency of 29 MSRR's evoked by siimuiation of the gastrocnemius~
solous nerve and recorded from @ distally severed ventral rost (VRLZ or 51), was
2.9 meoc with o range of 2.2 to 3.7 meec, This varlation In latency from animal to
animal wes decounted for In port by different conduction distances; however, on
occasion, central delays with velues as high os 1.4 tuec were oserved. Prolonged
central delays of this order did not sliminagte the possibi lity of monosynaptic responses
because the upper imit for monosynaptic delay hes not been established (117) and
such responses fulfiiled other characteristies of extensor MSRI's: post tetanic poten-
tlation (97); response daprassion by Group | conditioning volleys in floxer nerves
(95); and In retrospuct, resporss depression by the Infravenous administration of
SCh. It was concludod that ventral root responsas svoked by stimulatton of the gas-
trocnemius - soleus norve con demonsirste letencles of nearly 4 mese and yet be
menasynaptic in noture.



Duration

The durations of the MSRR's tn Figwe | (rocords A, B ond F) meature 1.2, 1,1
end 1,0 muec. The mean duration of 10 other MSRR’s avoked from the GS nerve
equaled 1,1 meec with @ range of 0.43 to 1.4 msec, Inview of the 0.5 0 0.4 meee
duration of @ single Group A spike {54, 49) It follows that thess reflex discharges
were disporsad temporatly. The temporel dispersion of the MSRR is adequetely ac~
counted for by temporal dispersion of the afferent velley (92), by variations in synap~-
Hic deley dus to differing degrees of spatial summation {29}, and to o lesser degree,
by temporal dispsrsion of the efferent velley within the veniral root tiself. In thase
axperiments which invelved the use of SCh or C10 the octual duration of the MSRR
was of no concern as long as It remalned constant throughout the experiment. How-
aver, clteretions in the MM were of importence. For example, on inereased
duretion would menifest Viself as depresion of response amplitude even though the
total number of unlts confributing to the response remained constant.

Dovble Shock Test System

A MSRR evoked by the double shock technique {42) Is iHiusirated In record F
{Fig. 1). In this anesthetized preparation, the appliestion of either the condition-
ing (recerd D) or the testing shock (reeord £) In iselation fatled to evoke ¢ usable
MSRR, However, when the two shocks were deliverad In combination of the proper
stimulus Intervel, (1.6 meec for this preparation ) « marked facllitation of the MSRR
resulted (rocord F). Thisls but another example of temporgl focilitation. The
volue of double shock test system was thresfolds 1) the perceatuge of ussble pre~
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porations wos Incroased os Is exempiified In Pigure 1 (recard F); 2) the reletive var-
lotfon end In some coses the absolute varlation of response amplitude wus reduced
(80, 74); and 3) the absolute amplitude of the response was Increased, thereby

Increasing the size of the discharge zone af the expense of the subiimina! finge (9,
94, 74, 103), An enlargod discharge zone more nearly opproximates the total pop~
ulation of motoneurons In o motoneuronal pool and thus, a given degree afm

slon of the MSRR asumes more slignificance.

Size of the Monosynoptic Discharge Zone

The MSRR wos employed In this study @ en Indirect measure of motoneuronal
excltabllity, As sugh, 1t would be worthwhile to know what percentage of the moto=
neuronal pool was dischorgad monosynaptically. For example, o complete depras-
slon of the MSER which comprised only 30 percent of the total peal would have less
meaning than o complete depression of the MSRR which represented the antire pop-
vloton of motanowons. n the former Inshance, the depressive agent’s effect on the
oncltability of 70 percent of the motonsurons would have gone undetected.

Post ~tetanic potentiation (97) has been suggested (80, 69) as o meuns of es~
Himating the size of the monssynaplic dischorge zone relative to the size of the mofo-
neuranal pool; the ratienale of this test belng that the maximally potentiated MSRR
represents discharge from the entre motonsurenal pool (80, 69). A number of MSRR's
were subjocted to tetunic stimulation in this study ond the two exivemes of obsarved
behavior are shown in Figurs 2. Records A and B deseribe o very large, maximal
MSRR which was evoked by single sheck stimulation and which potentiated only 100
percent following tetanic stimulation. In view of other experiments, this degree of



FIGURE 2

A characterization of MSRR's by tetanie stimulation and an estimate of the size
of the monosynaptic discharge zone. The date were oblalned from decerabrate pre~
porations, and In sach case, the maximal MSRR's ware elicitedat 8 second intervals
from the distally severed gastrocnemivs ~soleus nerve. Following approximatsly 20

control MSRR's, the gostrocnemius nerve was stimulated tetanically (500/5ec) for
10 seconds by stimull which were greotly supramaximal for Group i fihn.

A, Moximal MSRR's before and after tetanic stimulatlon. The time that each re-
‘sponss followed the onset of tetanie stimulation is Indicated In minutes. {Com con-
trol MSRR preceding tetanic siimulation)

8. Plot of resporse amplitude describing the fime course of post - tetonic pomnﬁum
Ton for the series of responses partly Hllusirated in record A, The polnts in the
graph express the amplitude of each MSRR in percent and relative to the mean amp -
ttude of all MIRR's that preceded the tetanic stinulation, 1.e.,

amplituds of Individual MSRR x 100
moan amplitude of confrol MSRR'S =% amplitude

C. Moximal MSRR's from another decerebrate properation. identicol to record A
‘With the excaption of the MSRR evoked by double shock (DS) stimulation.

D, The time course of potentiation is graphed for the responses partially tliustrated
Tn record C.  The temporal variation Tn the amplituds of the control /ASAR's should

be noted In each graph., The temporal variatlon of motoneuronal excitability and
thus MSRR amplitude must be considersd when assaying the significance of o given
percentage change in MSRR emplitude.



oy

- I msec

5m

con A\ 05 A 15 f\ 25\
200- L B K N N ]
Q- B I2:62 .o
&
A3
« 150}
(Y . *
W
m o«
}E I o se o
=
Q - . L] * * - - L]
5 . L2 asee L] ee L 2 e - L
_________ B e e e e e — e e e e
&IOO b =" L . oe ) ® .
I. 1 I 1 1 1 1 .I
0 | 2 3 4 5
Minutes

ps | coN o5 |\ 45 | 30 A
D 600r .
500-— ' :62 L]
&: 3
2 °
< 400 .
S o o
S 300F ¢
.'E te.
3 .
S 200' e e
g ee * o o0
® IOO—.'—' .o—..'l‘.._lo...—...—.- ________ ' 2 e T.._..;o.—‘_.OQ—.'_.
1 I l 1 1 1 1 I 3
0 [ 2 3 4 5 6

Minutes



&3

potentiation was quite minimel and In terms of discharge 2one size Indicates that 50
percent of the motoneuronal pool was discharged by single shock stimulatlon, This
preparation was qulte unusual in that double shock stimulation did not augment the
amplitude of the single shock MSRR. Record C demonsivetes s smoll but maximal
MSRR of another preparation which was quite susceptible fo double shock and to e
tanic stimulation. The single shock MSRR potentiated approximately 6 Himes {record
D), which Indicates thet single shock smulation discharged less than 20 peroent of
the avellable motoneurons. In contrast, doubls shock stimulation eveked & MSRR
(record C - DS) which represented approximately 70 parcent of the available mete-
newrons and thus, was of considerable value in this preparation,

The basic amumption underlying the post =tetanic potentiation test of discharge
zone size Is that oll dlschorged motensurons are destined for the musele whose
afferent flbors ware stimulated. However, It hos been demonsirated (7) that tetante
stimulotion dischorges other motoneurons as woll, Thus, the ebove estimates of dis-
charge zone slze are in errors  The actual percentage of the motoneuronal poo! dis-
charged monesynapieally would be grester than the above Figures Indicate,

Eocles and Lundberg (42) have cbeerved that MSRR's eveked by double shoek
stimulation often falled to potentiate with tetanic simulation, In this study the
maximal MSRR thot was elicited by double shocks In eight consecutive proparations
always potentiated whan subjected to tetanle stimulation of retes of 500/se¢ for 10
seconds. The reason for this descrepancy In results was not epparent,

On the basls of the conslderations outlined above, It was concluded thet It was
pomible to recognize and utllize the electrical signs of activity In mencsynaptic
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raflex ares for further study of the effacts of coraln pharmacelogie agents on this

octivity,
B. ACTIONS OF INTRAVENOUS SUCCINYLCHOLINE AND DECAMETHONIUM

Depression of Extensor Monosynaptie Reflex Responses

Suecinyleholing

The intravenous edministration of SCh is known te producs a franslent depression
of the cat's extenser MSRR (68, 52). The Hme course of this reflex dopression s
Hiustrated by data from o preparetion (Fig, 3) In which the conirol MSRR's ex~
hibitad en unususlly largs varlation in emplitude, In this preparation the lntra-
venous admintsiration of SCh {65 wy/kg) evoked o sign!floant MSER depression which
was apparert within 30 seconds, The manimel reflex deprassion oceured slightly
before 1 minute and persisted for another 2 minutes hefore the recovery proeses be-
gan. The emplitude of the resporse did not regaln Ity fermer megnttude until ap~
proximately 12 minutes following the drug Injection, The moan amplitude of the
MSRR's before and after 5Gh equaled 107 and B percent mpcﬁwfy, The difference
betwaan the mean amplitudes Is highly signtficant (P <G.001; N=15) in spite of the
large amplitude vartation exhibited by s proporetion. The date in Flgurs 3 alse
iHustrates that the equal volume Injection of saline had no somparable effect on the
omplitude of the extensor MSRR, and thet @ small, but definite, cugmentation of the
polysynaptic reflex response followsd the administration of SCh (record 0.5). The
time course of reflex depression uhtﬁhdhyﬁﬁ:mﬂwmmwhmywnt
with regard to the recavery curve. More frequently, the recovery process wes
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observed to be complete 6 to ? minutes following 50 to 200 pg/kg dosss of SCh
(Figs, dend 5), |

A MSER which demonsirated o minimal veriation in response amplitude and o
complete teflex depression follewing o suall dose of SCh is THiustrated in Figure 4.
The difference between the temparsl varlation In motonourenal excitabiiity exhibited
by this preparaien and thet shown In Figure 3 can be accounted for by differences
In the experimental preparations. Both preparations were enesthatized with com-
parable doses of sodium pentebarbital; howaver, the preparation which 13 shown in
Figure 4 was subjected t spinal iranssetion and the sHawlated musslo nerve wes
sovered. Both framsection procedures decreassd the emount of spontansous nerve
aciivity acting of the motoneurons under question and hencs the sbsolute flucvations’
In motoneuronal excitbility were reduced. In addition the MSRR which demon~
sivated the lesser variation wes ovoked by double shocks. The anlarged dischange
zone which resulted would, in view of Hunt's obsarvation (74), decreass the rela-
tive varlation In response amplitude, -

The time courss of the SCh-induced MSRR depression 1s betler appreciated
from Figure 5 In which the dote from 24 experiments are summarlzed graphically.
Following the drug administration, the maximol reflex depression was manifest with=
Inlto2 minutes, The recovery process began within 2 to 4 minutes efier SCh Ine
jection and was essenilally complete 6 to 8 minutes later. This time course of reflax
depremsion fs In general agreement with the llustrated observations of others (52,
§1, 68). The data ales Hlustrates that the reflex depression occurred regerdiess of
the proparation type {decerebrate, decapitete or anesthetized) ond regardiess of the
relotive threshold of the MSRR; 1.0., the low threshold of the MSER In the decere ~
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brate preparations versus the high threshold In the dacopltete or anesthattzed and
splnal animais, The slght differances betwoen the mean curves of the different pro-
parstton types In Flgure 5 are not stotistically significant in view of the fnherent
varlation in amplitude of the MSER (Pigs. 2, 3, 4, 10). During the perlod since
this graph was constructed, the MSRIMs of on addittonal 30 preporations, malnly de-
cerebrate or anesthetized with spinal transsciton, were subjocted 2o SCh, Simllar
reflox depressions were obtolned In every case. A facllitation of the extensor MSRR
was naver abssrved with the experimental condittans omployed here, This Is fn cone
trast to the observatlons of Henatsch (65) who occastonally recorded factittatfon with
0.5 mg/kg doses of 5Ch.

Decamsthontum

The Influence of decamethontum (C10) on the MEAR was fdortical to that of
5Ch exeept for the extended durgtion of the depressive astlon, In the preparailon
from which the data for Figure 5 were darived, an sxtensor MSER wes Influenced by
@ smoll, Intravencus doss of C10 which evoked o prompt deprosston of the MSRR quite
similar to that produced by SCh; however, the response had only parfielly recovered
by the end of the thirty minute recording period, The Hime course of the C10 induced
reflox dopression wes not accurately detarmined due to the diflculty of malntelning
acute praparations of this type constant for axtendad perleds of thme. In 4 experi~
mands the reflex depression was obssrved o persist for as long os 50 minutes.

incromad Rote of Muscle Spindle Discharge

During the couma of this Investigation spontaneoys afferent activity was recorded



FIGURE 5

Upper: The percentage omplitudas of 24 extensar MSRR's are plotted as o funetion
of time. The number of axperiments contributing to each curve Is indicated; other~
wise the construction Is Tdenticul to the mean curves of Flgures 3 and 4. For ex~
amgle, 20 scores were used 1o galeulete the mean for sach polnt of the curve de-
serlbing the decapitate preparations. The Inherent varlance of the MSRR's amplitude
should be considared when Interprating this data,

Middle and Lower: The Influence of decamethonium (C10) on the extensor MSRR
end a singla, stretch serwitive dorsal root unft (DR) which orlginated In the gas~
tracnemius ~ solews musele. Single shocks were applied to the Intact gastrocnemius -
solevs nerve and the maximal MSRR was recorded from VRS, The tonlcally active
dorsal root unit was Isolated from DRST {see Fig. 1) and was recorded on o baseline
of 60 eps. Each point Is the mean of 5 consecutive responses.
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from @ lorge number of domsel root fllaments In order to determine the offects of
intravenous SCh or C10. The Influence of C10 on the dschorge rate of o single
afferent fiber is shown In Figure 5. This fiber originated from the gastrocnemius~
solous muscle and wos Identifled as o Group | fiber by Tts condusiion veloelty, The
marked Increass in rate of discharge which followed C10 tnjection Indicated that
the fiber originated from o muscle spindle and not o tendon orgen (60, 52). The
Hime course of the Increased rote of spindle discharge was quite simllor to that of
the simullensously recorded MSRR depression daspite the fuct that the comperison
Involved g single untt on ene hand and numerous unity on the other,

The Increased rate of afferent discharge which foliowed SCh injection Is HHlus~
trated in Figure 6. In both of thes preporations, the time course of the alterad dis«
charge rate was essentially identical to the time course of the MSER depression,

The majority of the afferent units thet wore exemined Increased thelr rate of
discharge following 5Ch Injection and some units which weve silent prior to drug
injection began to fire. A sllencing of spontaneous afferent discharge by SCh was
not oheerved. The lack of response by some units to SCh is not surprising because
the unlt lsolation technique did not identify the type of receptor from which the
fiber originated and o certain percentage of the lsslated fibers undoublably erose
from tendon organs,

In two expariments the action of SCh (Intravenous doses up 1o | mp) was tested
on norve filoments dissected from the swral nerve, No effect, In terms of eveking
afforert discharge wos noted and, in agreement with others {52), It would swem
likely thet the Increased discharge rate 1s Hmited to those fibers which arise frem
muiele spindles.



FIGURE &

The effect of SCh on spontansous unit uffmm discharge originating from strateh
senslitive raceplors.

A, Records of spontancous offerent discharge which were recorded monophasieally
Trom the peripheral end of a smoll dorsal root filament (DRL7). The tims, In min-
utes, that ﬂw wh record was token after SCh administration Is indicated to the

B, Similar records that were obiained froma filament of DRLY of another decapitate
preparation.

C, The grashle deseription of the increased rate of afferent discharge and the re-
Tlox depression wos constructed from records partally iHlustrated in record A,
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Increased Rondsm Firing of Moteneurons

The barrage of afferent Impulsas which follows the injection of SCh might be sx-
pected to exert a central facllitatory aciion which wouldresult in reflex motonsuronal
discharge. Such dischorges were not observed from whole ventra! roots as was demon-
strated by Figuras 3, 4 and 5; however, unsynchronized spikes may not reveal them -
selves In gross root recordings. The attenustion of single action potentials by Hawe
fluld and inuctive timee Ts sulficiont to mask their presence. To clrcumvent this
technleal difficulty the spontancous behavior of motensurons was observed by racord-
ing from fine veniral root fMlaments before and ofter the administration of SCh.
That SCh does Induce a random firing of previcusly quiescent motoneurones 1s shown
by Figure 7, The motoneurenal discherge began approximately 15 seconds after the
SCh injaction and persisted for sbout 70 saconds In this decaplitate preparation. The
Hme course of this rendom firing of motoneurons Is noted to be considerably less than
the duration of the drug ~Induced MSRR depremsion established proviously, It was
further noted that spike discharges were not present followling dorsal rhizotomy which
demonsirated the motonewronal discharge to ba both reflex In nature and dependent
on the afferent barrage which follows SCh injection.

In addition to the predicted motoneuronal reflex discharge following SCh there
was the translent eppearence of o few splkes which were antidromicslly conducted
from the periphery in veniral root exons (Fig, 7). The antidromic discharges were
noted in the two experiments designad to detect thelr prasence and presumably re-
sulted from a depolarization of motor nerve terminals, either by the direct action of
SCh, such a2 occurs with neastigmine {108, 123), or by actlon potentials In edjo~



FIGURE 7

increased random firing of motonourons sscondary to SCh administretion. Re-
carding electrades were fitted to the central (central VR) and peripheral {peripheral
VR) ends of a transected ventral root fllament (51) in o decaplivte preparstion. in
the resting state (upper control records) thore was no discharge from either the cen~
tral or peripheral and of the fllament. When mechanical pressure was applied to the
ipstiateral foot (lower control racords) discharges appeared In both ends of the flla~
mont. The spikes recorded from the central end were evoked refloxily in contrast to
the spika which was conducted antidramically from the muscle In a motor nerve axon
to the poripheral recarding electrodes. Tha records Interposed between the control
responses were obtained of the Indicated time (minutes) following the Intravenous
injection of SCh {100 pg/kg).
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cant achva musele and nerve fibars {90). Repardless of their origin, the entidromic
spike discherges were of no concern with respect to the MSRR depression becouse
the ipstiateral ventral rhizotomy prevented such impulses from reaching the meto-
neurons under study. For this reason, the phenomenon was not further lnvestigated.
in contrast, the reflex firing of motoneurens wes of immediate Interest In thot 1t pro-
vided the basls for ot least two ponsible explanetions to account for the MSRR de~
prassion. This random firing of motoneurons wes mhi Sndependently by others {68,
51) ond wos investigated in detall ln this study. To avoid repetition further dis~
cussion of these results will be deferred until the mechanism of MSRR dopression is
constdared. | |

Daprassion of the Indirect Musele Twitch

The tntravenous or intraarterial Injection of SCh Is known to produce a iransient
paralysls of skelotal museulature (115, 133, 130). The magnitude and duretion of
the peralysis are tHlustrated In Figure 8 (records A - C) which describes the response
of two gastrocnemius ~soleus twitches to SCh. In every axperiment (N=7) In which
both the MSRR and the twitch were svoked with the same palr of stimulating elec~
trodes the twitch depression persisted fwo or more minutes longer thon did the simul-
Mly recorded MSRR depression {record B), In contrast, in those experiments
(N=4) in which separate pairs of elactrodes were utilized o svoks the two responses
the fime courses of depression were identical (record C). The difference in Hme
courses was most [Tkely « result of one of the factors known te Influence the duration
of nouromuscular blockads {see INTRODUCTION), rather than o roflection of the
technical differences. For example, both decrsased peripheral temperature (139)



FIGURE @

The depremion of the Indirect muscle twitch, the time course of muscle faselc-
vlatlon and the alterations in corotld blood pressure which follow the Intravenous
%ﬂiﬂc"’m Bf sc“o

A, Submaximel gusirocnemius ~solous muscle twiteh avoked by single shock sthmu-
Tatton of the GS nerve In a decarebrate preparation. The experimental method Is

Hiustrated in Figurs 1 A, Resting tenslon was 100 gms. The Increased resting ten-
sion and muscle fascleulations which followed SCh injection and the omltted 5 min-
ute portion of the record are noted.

B, Tho relative emplitudes of the Indirect twitch and of the simultencously recorded
MSRR are plottod as o functlon of Hime, This data was obtained from the serles of
responses partially tiusirated In record A.

C. Just submaximal GS twitch of an onesthetized and spinal preparation. In this ex~
periment the GS nerve was severed between the two palrs of eloctrodes that eveked
the twitch and MSER In contras?t to the oxperimental method employed in record A
and tHlustrated In Figure 1 ~A. The resting tension was 150 gms.

D. The time course of SCh induced muscle fasciculation as determined by alectro-

« A 26 gouge steel needle Insulated to the Hp was plunged Inte the belly
of the GS muscle. The reference elecirode was attached to @ metal clomp on the
spinal column. The same dosage of SCh was reedministered & minutes following the
cessation of the fascleulations. The diminished mugnitude and duration of the fasclo~
vlations which followed the second Injection are noted.

E-CG. The line under onch common carotid blood pressure tracing corresponds to
25 mm Hg. The onset and duratlon of each injection s indicated by the signal and
the duretion of the omitted portlon of sach record Is Indicated in minutes. The
thythmlc verfations In the tracings ware secondary to the pesltive phases of the ertl-
flclal respirations. The callbration scoles between E and F Indicate mm of Mg and
seconds for oll arterlal pressure records.

£. Anesthetized and spinal preparstion. See Figure 19~A.
6. Anesthetized end spinol preparetion. See Figure 18~A, B.
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ond decreased blood flow (20) proleng the duration of the neuromuscular blockeds
produced by SCh. There was little doubt that both of these factors were operating
to @ greater degree In the earller experiments In which the stimulating electrode was
fitted to the Intact muscle nerve,

The inirevenous administration of 30 ug/ky of SCh was not sufficiant o produce
complete neuromuscular blockade, This Is [llustrated by the Incomplete depression
of the nearly maximal GS twitch shown In record C and by the faet that the 6 pre-
porations which were not ventilated artifically did not cesse breathing when sub-
Jected to this doss of SCh,

Recard A (Fig. 8) demonsirates two additional features of the nevromusculor
blocking actions of 5Ch. Approximately 15 ssconds after the drug Injection the
resting tension of the G35 muscle increased and muscle fasclculations become appar-
ent. Both the increased tenslon and the muscle fasciculations were shorter in Hime
courss than was the twitch dapression and usually did not persist for more than one
minute. The time course and extent of the muscle fosclculations were more apparent
from sloctromyographie recordings os record D demonstrates. Other foatures well
demonstrated by slectromyography includad the tachyphylexis of musele fascleula~
Hons observed with repeated Injoctions of the same dosags of SCh (record D). This
obssrvation i3 In accord with the results of previous Investigations (21).

The depolorizing action of SCh (135) would seem adequate to occount for both
the increasad musele tension and the muscle faseiculations. However, ancther con-
tributing factor might be the Increased random dischorge of matonsurons which follows
$Ch injection since these Impulses would be propagated to the periphery and would
discherge the muscle fibers supplied by the activated axons. If the random ventrel
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root dischorgss were o signifleont cause of muscle fasciculation they should be more
apparent In the hind iimb not subjected to veniral rhizotomy. This hypothesis wes
tested by recording olectromyographically from both GS museles before and after

SCh Mnle tn four experiments. In twe of these animals the musele fascicu~
lations recorded from the do ~efferented hind Hmb were dofinately less than the

Fasclculations recorded from the contralateral Innervated muscle. In the other two
axporiments the magnitude and duration of the fasciculations recorded from i*ho two
itmbs were smentlally fdentical. As such, the results were equivocal and further

experimentation along thase 1ines was not condueted,

Varloble Influsnce On Cavotld Blood Pressure

The effect of the Intravenous adminlstration of SCh on the common carotid blood
pressure was totally unpredictable from one preparation to the next. Examples of the
various pressure alterations that ware observed are shown in Figure 8 which 1iiustrates
the pressure responses of three anestheti zed and spinel preparetions. The prepsration
deserTbed by record E responded to 50 pg/kg of SCh with o brief, mild Increase in
blood pressure quite similar to the pressor response which followed the prier, equal
volume Injection of saline. The same animal responded to a 100 ug/kg dosage with
u large, long lasting Increase in caroild bleod prassure. in contrast, &mdhlm
o preparation which responded to 60 ug/kg of SCh with o drop In pressure and ro=
sponded to 120 ug/kg with a marked Increase, The preparation shown in record G
was not particularly responsive to elther 40 or 120 ug/kg dosages and demonsirated
only a very mild decrease in corotld blood pressure. The pressure responses of ten
animals of each preparation type o SCh (50 ug/kg) were analyxed in datall. Only



blood pressure alterations of 10 mm Hg or greater and which persisted for longer than
30 seconds were considered significont. With this stendard the follewing results
wera obtalned: 1) decerebrate =7 increased, | decreased and 2 remsined stoble;
2) decapitate =5 inereased and § remained stable; and 3) anesthetized ond spinal-
3FM¥MM6WMMM. As demonsirated by Figure 8 the
percentage of preparstions responding with pressor responses and the magnitude of
the response were incromsed by Increesing the dosage of $Ch,

Pressor responses following the small doses of SCh employed here have not baen
deseribed praviowsly (133, 130, 21). The mechanism for the pressor responses ob~
servad here was not sstablished; however, a descending spinal sympathotie discharge
m-m-mm"umymnmmmummma-mm
preparations, The alcatinic action of SCh, ta which the pressor respenses fallowing
large doses hos been atiributed {133, 130, 21), would appeer to be a likely cause.

The carotld blood pressure aiterations were not found to correlate with any of
the changes In nerve activity which followed SCh administration. It will be demone
strated that the SCh-Induced MSRR depression was entirely independent of any
changas which might have occurred In biood flow to the contral o peripheral ner—
vous systams.

€. THE MECHANISM OF MONOSYNAPTIC REFLEX RESPONSE DEPRESSION

A varlety of mechanisms have been propased (see INTRODUCTION) to eccount
for the depression of extensor MSRR’s which fallows the intravasculor admintstration
of SCh or C10. This section pressnts the results from axperiments that wers deslgnad
specifically to test for the presence of these mechenisns. Evidence will be presanted
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to show that the majority of thase factors have little 1f anything to do with the dnug -
inducod reflox depromion. The presence of o previously untested facter which ade~
quately explains the reflex depression and amociated phenomens will be demon=
strated.

Valldity of the Reflex Depression

The extensor M3RR's of more than 60 preparetions were w»:m
injections of SCh In doses of 50 ug/kg or greater. 1n these praparetions the effects
of approximately 150 injections were cbserved, and, in all but 3 experiments do-
pression of the extensor MSRR's resultod. The MSRR's of the 3 exparimental axcap~
tlons were not altered by 5Ch. These negative chsarvations ware the direct result
of technical dificulties, and with correction of the offanding factor MSRR depression
then followsd SCh administration. A focilitation of the extensor MSRR was never
observed, evan In the experiments In which doses of 10 and 25 ug/ky of SCh were
Injected. Small doses of this order svaked either no effect or quite minimal reflex
daprossion,

The veniral root records in Figures 3, 4, end 5 IHusirated that the duration of
the MSRR's did not Increase during the drug ~induced reflex dopression. Therefore,
the depression cannot ba attributed fo o desynchronization of the reflex discharge
with & consequent reduction in response amplitude. The reduction of reflex emplitude,
in view of the constant or even decreased dwration (Fig. 3), can only mean thet the
everage number of motonaurons responding moncsymaptically fo the test volley wes
reduced In each case by SCh or C10, Further evidence that the reduction In re~
sporse amplitude was not arfifactual wos provided by the Investigation on unit



rofloxes to be discused In u later section.
Supraspinal Effects

The SCh~induced MSRR depression could have resulted from elther o suppression
of dascending spinal facilitation or an enhancement of descending spinal Inkibition
or from o combination of these two mechanisms, The loss of facllitation or the en-
hancement of Inhibition could have followed a direct supraspinel action which these
drugs may exert (44), Alternately, o suprespinal action muy have been secondary
to the alterad afferent input (9). However, date which hos already been presented
demonsirates that the MSRR depression wes entiraly Indspendent of eny actions which
may have occurred at a supraspinal lovel. Figures 3 and 4 Hiustrated two MSRR's
which ware depressad by SCh and yet in one cas the spinal cord had been transected
(Pig. 4) and thus, descending spinal activity could not have ailtered the MSRR
undor investigation, Furthermore the depression oceurred regardiess of the level ot
which the neural axis wos Interrupted (cerviesl, theraele or lumbor spinal cord) o
the composite graph in Figure § demonsirates. The independence of the reflex de-
pression on supraspinal svents found In thess experiments is in agreement with the
findings of Fugimor! end others (31).

Papbarel Aaion f 31

The similarlty between the time course of the reflex depremion and that of the
increased rate of spindle discharge (Flgs. 5 and 6) suggested the existence of @
came and effect reletianship, That such o relationship did exlst wos demonsireted
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by nerve transection and drug locall zaton experiments. MSRR's evoked by dorsal
root stimulation were not depressed by the Intravenous edministration of SCh if the
incroosed spindle dischorge wos prevented from reaching the spinal cord by uni-~
lateral dorsal rhizotomy. However, the MSRR evoked simultansously from the op-
posite sids of the spinal cord was depressed In o characteristic fashlon, The com-
porable maneuver In which the increcsed spindle dischurge was prevented from
reaching the spinal cord by deafferentation of the hind limb elso prevented MSRR
depression {Fig, 20-A). It would appesr from such experiments thet the drug~
Inducad spindle discharge must reach the side of the spinal cord from which the
reflex 1s recorded in order for the MSRR depression to be manifest, Mowever, there
Is a theoretical ohjsetion to the use of domal root or peripheral nerve trensection
| procadures; the fremsection not only pravents the drug - Induced afferent Trput from
reoching the spinal cord but, In addition, deprives the spine! cord of Tis sponta~
nevus, tonte offerent Input. How the respomse of tested motoneurons would be
aitered by the luck of tonle afferent Input Is not known ond Is Impoawible to prediet.
The cblections amociated with tronsection experiments were clrcumvented by
clase Intraarterial Injections of SCh (Plg, 20-8). When a total dose of 30 ug of
SCh was Injected Into one femoral ortery the MSRR evaked from the ipstiateral G5
nerve was significantly depressed. However, the amplitude of the MSRR evoked
simultancously from the coniralateral (S nerve was not eltered. In contrast, the
intravenous Injection of SCh depressed both MSRR's, Prom thess experiments it
follows that the MSRR depression wos the direct result of o periphersl setlon of
$SCh and wes not seceondary to a direct action by SCh on the spinal cord. The only
known peripheral action of SCh that could account for these observations is the
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Initiation or augmentation of muscle spindie discherge. These experiments comple~
ment the nerve fronsection procedures and provide conclusive evidsnce that the re~
flox deprossion was sscondary to the Increased rate of discharge from musele spindles.
Furthermare, the possibility thot the reflex depression resulted from any alterations |
1n blood flow te the spinal cord was ellminated by the drug locallzation experiments.

increased Refractoriness of Stimulated Muscle Nerves

The odminisiration of SCh increases the vate of discharge In those Group IA
ufferent fibers which arise from muscle spindles (60, 11). The offerent velley which
evokes the MSRR Is elso conducted by Greup | nerve fibaers (93). It would appeor
ltkoly thot If the increased rate of discharge In Group | fibers which follows SCh
ware sufficiantly great, the dischurging afferent fibers would be left In o partially
refractory state ond that the stimulating current which was maximal for the MSER
prior to drug Injection would huve become less effective. Again, previously illus-
trated data eliminates this pesmibility as @ couse of MSRR depression. The MSRR
shown In Figure 4 was evoked from ¢ muscle nerve which hod been transected dis-
tally to the stimuleting electrodes and yot reflex depression ocowrred In typleal
fashion. in most experiments conducted during this Investigation, the musele nerve
from which the reflex was avoked had boan transected, end in all cases the reflex
depression which resulted from SCh administration was Indistinguishable from the re~
flox dopression observed In these preparations with Intact stimulated muscle nerves.

Direct Inhibition

The data that hove been presented leads to the conclusion that the depression of
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axtonsor MSRR's results directly from the Increased rote of muscle spindle discharge
whigh follows SC aduinistratien, With regard 1o the cantral actions of thess spln-
dle afferents, there I3 general agresment (see INTRODUCTION) thet Growp 1A
fibers factlitate the moleneurons Innsrvating the muscle from which the spindle
offernts aross. These afferents alss faclittate the moteneurons supplyling musclos
of synarglstic function but Inhiblt moteneurons innervating muscles of antagonistie
funetion. In contrast, Group 2 afferant fibers axart o contral action which results
ia o generalized faciiitation of flexor motensurons and on Inliibitlon of extonsor
motonaurons. Thoss affaront fibers which arlse from tendon srgans are not activated
by SCh (40, 52) and tharefore, their contral actions do not appear perilnent 1o the
problem ot hand. |

It must therefors be aduitted hypothetically that the depression of extsnsor
M32R's might be duo to the csniral Inkibitary achlons of the activated Group 2
afferent fibers which orlse from muscle spindles. This hypothesis asmumes that the
consepts regarding the central actions of muscle spindle afferants are correct and
that the 3Ch«induced affersnt borrage Is limited 1o those Group 1A ond Group 2
ailotent fbors which arlse from muselo spindles. If such @ mochanism of diract fn=
hibition is responstble for this phenomenon, the depression of extersor MSRR's
should be coupled with o gensralized factlitation of flexor motoneurons. This hypo-
thasis was tested by exposing simultancously extensor and flaxar MIRR's to the od-
minlstration of SCh or C10,

The use of stimull dolivered simultansously 1o Flexor and extensor musele nerves
was pracluded by the posiblilty of presynaptie or postsyneptic Interaction of the two
volleys. To maintain the previouwsly adopted stimulus interval of € seconds end 1o
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avoid the forementionsd compliceting fautors, the test shocks were dulivered alier-
nately ot 4 second intervals, Howaver, the interpretation of the ferthcoming date
would be complicated by any interachion between the alternately evoked volloys.
In otherwords, the extensor MIRR might have influenced the response of the flaxor
MSRR ¥o 5Ch or vice versa. In view of the short fime courses of direct {95) and
recurrent Inhibitton {120), this possibility did not seem itkely; however, o o con-
trol o faw expariments were conducted in which enly the flexor MSRR wes subjected
% SChe The results of such experiments were identical fo those In which both re-
flexos were altornately evoked and recorded. In such of the experiments deseribed
here, ?hammdaﬁmimwmmmdﬂmmmby the techniques
described previously. The experimental arrangement s Iliustrated sehomatically in
Figure 9.

The respanse of alternately evoked flaxor and extensor M3RR's to the introvenous
administration of SCh Is Hlustratad in Figure 7. Howsver, before this Is considersd
several points of Inferest are to be notad from Inspaction of the contrei responses
{row 0.0) which Include the magnitude of the intermediory cord potertials {columns
3and 4) and the smell potential indloeted by the arrow in column 4. The large
intermedlary cord potential suggents that olther Greup | afierent fibars mediate activ-
ity vie multisynaptic pathways or that the stimulus required to eveke maximal MSRR's
was supramaximel for Group | afferents. The mmail potential following the triphesic
spiko {column 4) has been amociated with activity erlsing from afferent presynaptic
terminals (3),

The predicted results of the direct inhibitien hypothesias were not obiained when
this preparafion was exposed 10 a 50 ug/kg doss of SCh. instead, both the Flexer



FIGURE 9

%c Diagrem of the experimente! amengement used to alternately test the exclt-
ty of extensor end flexor motoneuronal pools. Syand S ~stimulating elecivades
applied to extensor and flaxor muscle nerves respectively. In some axperiments the
elacivodss were fitted to the intact laterel and medial divisions of the scletic nerve;
in othors, savered muscle narves were used as iliusivated. R, -ventval root pickup.
R, ~monopolar electrode for recarding darsal cord potentiols. The reference elec -
trods sted of o motal clomp on the spinal column,

Lower: Records from o decerebrate «spinafized animal which Hiustrate the simul-
tancous depression of extensor and flaxor MSRR's. Single shocks wers applied alter-
rutely to the Intact medial and lateral divisioms of the sclatic nerve end the extensor
and flaxor MSRR's were recorded from VRS!. The dorsol cord electrode wes placed
on the dorsolateral suleus ot the entry of DRLZ, Columns | ond 3 ~records of ven -
tral root and dorssl cord potentials ganerated by stimwlotion of the medial division
{axtonsor ). Columns 2 and 4 -responses sveked by stimulation of the lateral division
{flexor). For a given horizontel row the records In columns 2 end 4 were obteined
4 sec following the records In columns 1 and 3. The numbers ot the center of the
figure Indicote the time (minutes) that the correspending row followed the injec~
tion of SCh (50 pg/kg). The records were refouched to provent lomes In repraduction.



Re
Medial Se
division }
cheral>
division
Sf F:"v
VENTRAL ROOT DORSAL CORD

i Yo

A Imvl MM__ [ O

g
M 2.0 VAN 'mV[J/\/

SN

i NS

_/\\,__._ VAWV N

_Jk,_m____ __j\f\\fww 5.0

85



86

ond extansor MSER's undorwent virtually cm:p!ww deprasslon and as the plot of
their am;:ﬁ?udes indicates {Fig. 10-A), thore wos little differance between the
twe MIRR's and thalr resporss to SCh. In contrast to the MIER depression, tha PSER
evoked by sthimulottan of the exer nerve was foellitated (column 2 rows 0.5 and
1.0) by 5Ch, The appearance of minimal polysyneptic discharge was also noted
following the extensor MSRR (column 1; rows 0.5 and 1.0}, The alteratlens in the
intermadiary cord potentials which followad the SCh injection are not meaningful.
Thess expsrimants ware performad bofore adequate Immob!zatfon of the spltaal
column was Instituted and thus, the cbserved changes may be nothing but movement
artifact,

In the praporation from which the dota descrlbed by Flgurs 10 was derived
{record B), the flewor MSRR was avoked by single shock stimulation, wherses the
extensor MSRR was elicliod by the double shock wa&ﬂm. Again the responss io
£Ch sdministration was unlvarsal MSRR depresston,

An Interesting experimant Is Hlostrated by the records shown Tn Flgure 11 {re~
cord A). In this praparation the Injection of saline was followed by a sl gn!feant
welliation of the Tlexor MIRR la contrast to the 50 pg/kg desage of SCh which
producad o minima! depression of bath varloties of MSRR's. A sacond, larger dose
of SCh was roquired 1o bring abaut the usuel degree of reflex depreston. Even
though this parflculor Nlexor MSRR was extremely lobile os indlcuted by Hs resposse
to seline, depression of the reflex resultod from both Injectiens of SCh.

The dota of 7 observations obteined from & preparations are summarized by the
composite graph Hlustrated In Figure 11 {record B). The meen amplitudss of the

floxar and sxteusar MERR"s when considered with thelr respective variotions demon-



FIGURE 10

Graphic description of the offect of SCh on alternately evoked extenser and
flaxor MSRR's. Eoch point is the mean of 3 consecutive scores exprassed in parcent
and ralative to the meun amplitude of the control responses.

A, Grophlc plot for the serles pertially itiustrated in Figure 9.
B. MSRR's ware ovokod by applying single test shocks to the anterfor blal nerve

THlexor) end deuble shocks to the geshocnemius~soleus nerve, Both muscle nerves
ware sovared distolly o the stimuloting elecirodes.
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FIGURE 11

A, Dota cbtuined from a decapitate animal by delivering double shocks to the in-
toct lataral division of the sclatic nerve and to the severed medial gesiroenemius
nerve, The extensor MSRR's were recorded from VRLY; the flexor MSRR's from

VRL6. Note the second Infecton of 5Ch which was given approximately 9 minutes
after the first Injection.

B. A composite graph which summarizes the date from 9 experiments performed on
€ animals. The construction of the graph Is simllar to those previously presented
with the exception that each point Is the mean of 45 scores; 5 consecutive scores
from eachexperiment, The slonted lines Indicate the magnitude of | standard dev -
letion from the respective mesn. A 5.D. was calevlated for sach point (N=45),
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stretes canclusively that o generalized menosynaptic reflex depression Is the result
of SCh administration and not & selective factiitation of flaxor MSRR's coupled with
depressien of axtensor MSRR's. The slight differances between the onsst, the meg~
nitude and the duration of depression In extensor and floxor MSRR's (Figs. 9, 10, 11)
are not significant in view of the verlation of response amplitude. The lorge varia-
tion demansivated by the MSRR's during the depressed phass in this graph (Fig, 11~
8 was secandary to the differing degroes of reflex depression In different experi=
monts, The variation In MSIR amplitude during the SCh -Indused depression was
actvally less as Figures 3 and 4 Hlustrated.

In addition 1o the data presentsd, & MSRR's evoked by stimulation of the PBST
norve were subjected to the Influence of SCh, OF these, 5 demonstrated o stgnifi-
cant depression whereas the remelning MSRR respanded %o SCh with o marked foct!-
Htation. Perhaps the factiitation was an example simiiar % the rare MSRE faell}-
tatlon observed by Menatsch (64} or parhaps nothing move than o response similar
to that shown in Figure 11 (record A) In which the flexar JSRR was augmented by
the saline injection, In either case, the phenomenon wes not duplicated by the §
succeeding exporimonts,

The flexer and extensor MSRR's of one decapitate preparstion were exposed to
30 pg/kg of C10, A depression of both reflex responses similar to that evoked by
SCh but of axtended duration resulted.

On the basts of the observetions prasented hore 1t was concluded thot reflex re-
sponses avoked by stimulation of flaxor and extensor nerves respanded in an 1denti~
cal fashion to the administration of 5Ch. The MSRR's underwent deprossion Tn con~
trast to the PSRR's which demonstrated varying degraes of fueilitetion. These



findings ars In agreement with the ohservations of others (32). The MSRR depression
sccurred ragardlass of the preparation typo {decersbrate and spinal, decapltate or
anesthetized and spinal) and regardioss of whether the reflexes wers evoked by
single or double shocks, Thase experiments do not support the hypothests that direct
tnhibition 15 o major faetor Tn the SCh~Induced MSRR depression.

Evoked Venival Root Unit Activity
Deprossion of Unit ¢ Reflox

Roflex dischorges thet ore recorded from whole venirel roohs represent a rela-
tively synchronized discharge of many moteneurons, An alteration in the amplitude
of the MSRE so recorded Is assumed to Indicate o change In motoneuronal excltability ;
however, such an omplitude elteration is enly an average index of excitablility end
does nat Indicate the direction of change for o given mofoncuron except by Inference.
Thus, the Incomplete depression of those MSRR's shown in Figures 3, 10 and 11
could be expleined by fecilitation of one segment of the population of stimuloted
motoneurons coupled with depression of the remainder. The presence of masked fo-
cliitation appoors probable In view of the Ingreased random firing of motonevrons
which follows SCh administration (Fig. 7). This random discharge may reflect an
incroased excitabliity of some motonourens, as yet unidentified, and not a decreased
excltobility as the widespread depremion of floxor end extensor MSRR's indicates.
The averaging feature of population MSRR was circumvented and the prasence of co-
existont MSRR facllitation was looked for by recording veflex discharges from single
ventral root fibers before and after the administration of SCh.



b4

An example of an extersor, unlt MSRR end the response of this unit to SCh is
iHiustvated in Figure 12 (records A, B). The control records indiate that the reflex
discharge was all ar none with respect to the size of the avoked volley and therefore
this discharge represanted the acton potential of o single ventral root axon. The
lateney of the unit discharge moasured 2,9 mwee, whereas the latency of the popu~
lation MSRR (which was recorded sinuitaneowsly and Is Hiustrated in Figure 4)
measured 2.7 mesc. Considering the temporal dispersion of the papulation MSRR
ond the ervor of measurement, the latenay of the unlt discherge Indicates that this
unit reflax response was evoked monosynapticaily. The afferent test vallays evoked
o unit MSRR on nearly svery tial preceding and following the Injection of saline
(record B), in eontrast 1o Its fallure 1o eveke MSRR's subsequent o the administration
of SCh. The time courses of depression for the unit MSRR and for the pepulation
MSRR were ementiolly identical. In record C the firing indlees of five extensor
moloneurons are plotted as o function of Hime before and after SCh administration.
The time course of the drug~Induced depression of the unlt MSRR's Is ldentical to
that previously esteblished for the pepulation MSRR (Figs. 5, 11).  Nine additions!
extersor unit MSRR's ware subjected to SCh and In every cose the firing index of
the motoneuron wes depressed {Table 1), The depremion occurred regardiess of the
testod motonsuron's axcliabllity, that Is regurdiess of whether the conivol firing Index
was high (F1 = 1.0) or low (F1-0.2 or greater). This duta confirms the Information
provided by the study of population MSRR's but does not support the cantention that
incomplete depresmion of the MSRR results from o faciiitation of some motonevrons
coupled with o depression of other moteneurons In the soma pool. If facllltetion
wera present to any degree In these experiments It should have been detected by



FIGURE 12
The unit MSRR ond its response to infravenocus SCh

As The unit M3RR was evoked by double shack stimulation of the GS nerve ond was
‘vecorded monophasi cally from a small flement of VRS In an enesthetized, spinal
proporation. The records In the column ot the extreme loft of the figure show from
ahove to belowr the baseline (buse) upon which the subsequent potentials were
writton; the inability of the conditiening {cond) or test shocks to evoke a reflex re«

sponse when appliedseparately; and the unitresporse (0.0) avoked by the combined
app"wﬁanoﬂhom shocks, The remainder of the racords were obluinedat various
timos subssquent to SCh edminisiration (50 ug/kg). The time following the drug in-
lectlon Is Indicated to the loft of sach sweep In minutes. The prolonged lakency of
the unlt response recorded at 4 minutes Is noted,

B. A grephlc deseription of the simultancowly recordedunit and populaiion M3IRR's

Toforo and after SCh administration. The firing Index (number of responses evaked

by 5 afferent volloys by 5) of the unit MSRR was caleulated from the serlespartially
tlustrated In record A. The mean amplitude of the population MSRR was computed
In stondard fashion from the serles of responsas partially shown In Figure 4.

E. The response of flve extensor motoneurons to SCh. Each line In the graph rep~
vesents the firlng Index of one mofonsuron. The 50 ug/kg doses of SCh are noted to
huve dopressed thase motoneurons with Intermediate o8 woll o3 thoss with maximal
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those unit refloxes which demonsirated intermediate Rring indices.

The lotencies of @ number of population MSRR's were measured before and ofter
SCh edministration, and In some experiments (Figs. 5, 9), the latency was noted
to increase slightly (0,2 10 0.3 msec) durlng the pariod of MSRR depression, This
was not & consistent finding for all experiments In thet only one ~third of the popula~
Hion MSRR's demonsirated @ measurable Increase in lotency, With the unit reflex
studies, the accuracy of latency measurements was Increased as record A (Fig. 12)
tllustrates. The latency of this unit response increased from 2.9 mesc during the
control perfod to 3.3 meoe four minutes subsequent to the SCh injection. Within
the limits of accuracy Imposad by the absence of unit responses during the first four
minutes following SCh, the time course of the Increased latency paralieled the time
course of the reflex depression. About ane~haif of the unit MSRR's demensirated an
Incremsad latency following SCh injection, with 0.5 meac being the greatest latency
incrense abserved. The ineremsed latency would not appear to be releted to ony
events occurting ot the peripheral nerve level since the latency of the Wiphasic
dorsal root spike was not altered by SCh (Fig, 9). One of the following factors
may have accounted for the cbserved Increased latencies: 1) diminished Intrespinal
conduction velecity; 2) diminished output of iranemitter substance secondary to pri-
mary afferent fiber depolarizationy 3) hyparpolarization of the membrane of the moto-
neurory or 4) accomodotion at the postsynoptic level. Thare Is not sufficlont
evidence on hond to chosss between these mechanism.,

Facliltation of Uinit Polysynaptie Reflex Rasponses

The PSRR wes augmented by SCh adminlstration to varying degrees in some ex=
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periments (Figs. 3, 9). However, the gross ventral root recordings did not indicate
i the faciiitetion repressnted on Incressed number of moloneurons contributing o
the multisynaptic dischargs or merely o synchronization of the preexisting moto~
newonal discharge. In some experiments dealing with unlt setivity the disection
fortuitously ylelded two different units which responded to o slagle offerent tust
volley. Figurs 13 (record A) shows reconds from twe such units, one of which
responded monosynaptically and the other polysynaptically to the afferant valley,
Both splkes responded te the test volley In an all or nene fashion, which estallished
thelr unltery nature, and the difference in amplitude batween the two spikes estab-
lished that they were ganerated by different ventral reot auons. During the eontrol
petiod both units displaysd Intermediate firing Indices which were prerequisite for
the detection of facilitation. Following the Injection of SCh, the population nﬂax
discharges responded In a typical fashiony the MSRR was depressed whereas the PSRR
was fosilitated. The behavior of the unit responses was Idanticsl to that of the
simultaneously recorded populetion responses. The firing Index of the unit PSRR
increased following SCh adminisivation and the time counse of this change was o
miror image of the time course of depremion shown by the unlt MSRR. Three
additional unit PSAR's with intermediate firing Indicos wers subjected 10 the action
of SCh and In each suse the firing Index wos Increased (Teble 1). in one of thess
axporiments both the unit MSRR and the unit PSER epparently originoted from the
same venirsl root axon in that thelr amplitudes were indistinguishable. The response
of thess two discharges to 5Ch, which presumsbiy eriginated from the same moto~
nevron, wes identical fo thass previously deseribed. The firing Indax of the spike
which respondsd monosynaptically was depressed in contrast to the firing index of



FIGURE 13

The effect of SCh on simultanecously recorded monssynaptic and polysynaptic unit
and populetion reflexes In an anesthetized and spinal preparetion.

A, The first endthird columns are the population reflax discharges thot were recorded

Trom VALY wharees the second and fourth columns are the unit discharges thet were
rocorded simultancowly from @ smell Nlement of VRLZ. The three control {con) re~
cords demonstrate thot both units responded to the evoked affsrent volleys with inter-
mediate firing Indicas. The remainder of the traces were recorded ot the Indlcated
time (minutes) after the adminisivation of SCh (50 pg/kg).

B. Graphle deseription of the series of responses partially illustrated In record A.
The construetion of the graph Is Identical to that of Figure 12 excepting the addition
of the firlng Index of the polysynapiic unit.
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the PSR which was Incressed to unity. The elevetion of the firing Indices of thess
unit PSRR's eliminates the possib!lty that synchronlzatien of the palysyropiie dis-
charge accounted for the observed jncrease Tn the amplitude of the papulation PSRR's,

It 1s wndorstood that the elterations In the PSAR (unit or population) fellowing
SCh adminisivation do not have the soms signiflcance as do changss In the amplituds
of ths MSRR. The pressnce of one or more Inferneurons In the polysymaptic reflex
pathway provide for an unknown number of unconivolled variables. Thus we do not
krow if the augmented PSRR Tmplies a lowered threshold of its matonsurons or IF the
total effective presynaptic drive to its motonsurons was increased by the drug«
induced afferent barrage .

increagsd Rondom Discharge of Motonsuroms

| The Inereased random discharge of motoneurons that follows the Intravasculer
wdminisiration of SCh and which wos Hllustrated in Figure 7 will be comsidered In
some detoll. Pomible mechanisms suggested by this phenomenon which could explain
the drug=induced reflex depression Include: recurrent Inhibitton, after hyperpolers
tzation and occlusion or excessive selzure of the invelved motonsurons. 1t Is under-
‘Mﬁnﬁmﬂﬂwﬁudmdmwmmbnm
prove that the excitabllity of these motoneurons wes actually Increased. We hove
no information relating to the affect of the totsl, spontanceus, presynaptic drive
acting on these motoneurons subseguent o the adminisiration of SCh,
Ovlascant motoneurons began to dischargs 10 o 20 seconds after the Injection
of SCh with the maximum rate of dischargs belng reached in another 10 to 20 seconds
(Fig. 7). The durstion of this random dischargs was usuaily quite short relative to
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that of the MSRR depression, and In these expsriments parsisted no longer then 2
minvtes. Table | summarizes the duration of the drug ~Induced motoncuronal dis~
charge for a total of 14 preparations: decerebrate, decapitate and anesthetized, It
Is noted thet the discharge n the onesthetized and spinnl prepurations was quite
brief If present ot all. in contrast to the anesthetized preparations, randem dis~
charges were evoked regularly In the majority of decersbrate or decapitete prepar-
ations with small doses of SCh (30 ug/kg).

in agreemant with Menatsch and Schulte {(68) it was obssrvad that the rondom
dischargs of motoneurons was apparently dependent on the drug - Induced afferent
barrage sinee the discharge was ebolished by dorssl rhizotomy, Howaver, ot best
this conclusion is enly tantative dus to the limitations of transsction procedures that
ware discussed praviously. Drug localization experiments which might have provided
a concluslve answer fo this question wers not attempted.

1t was of inferest to learn which motoneurons contributed fo the rondom dischargs
after SCh injection. Specifically, the question arose whether or not those moto-
neurons which respondsd monosynaptically 1o the evoked offerert velley and whose
firing Indices were depressad following 5Ch injection also underwant o random dis~
charge. I so this would provide evidence 1o support the hypothesis that the MSRR
depression was due to efter hyperpolarization or occlusion of these motonewrons con~
tributing to the MSRR. If the monosynepticelly discharged motonourons did not
undergo a random discharge following SCh administration this would faver an Inhib-
ttory mechonism. This problem was approeched experimentally by recording the
unit's behavior continuously In the 8 second intervals betwean the evoked mono~
synaptic dlacharges, The results of 14 such experiments are summarizad In Yoble 1.



TABLE |
Changes In Evoked and Spantaneous Unit Bohavier Following SCh

PREPARATION MERR PSRR BURATIOMN*
Pecerabrate Deer Deor 90
Decerobrate Decr -
Dacarabrate Deer Deer 120
Dacopltote Deer : iner  Iner 120
Decapltate Doer Iner fncr - 50
Decopitate Dear = 90
Decapliate Deer = 70
Dacapitate Deer =« 120
Anesthetlzed Deer -~ iner - -
Anesthetized Deer =~ 30
Angsthetized Decr =~ Iner - -
Anasthetized Deer = -
Anesthet zed De - &0
Anasthetized Decr =~ -

* Duration in seconds of sponteneous discharge Tn ventral root fibers other than
those fdentifled as porti clpants In evoled reflex activity.

The 50 pg/kg dosages of SCh depressed the monssynapiie firing Indices of oll 14
units but only ane of these units underwent ¢ random discharge following the drug
injection. In conivest | of the 4 lsolated unit PSRR's demonsivated rendom firlng.
The small percentage of unit MSRR's which demonstrated @ random discharge following
the adminfstration of SCh does not lend support 1o the forementioned hypotheses of
MSRR depremston, However, the date summarized 1n Table | was biased by o sampling
problem. In some of the eeriler experiments the dimected venival root filaments
were oo large and what appesred o be o flioment contalning only ane or two emily
distinguishable units prior to the drug Injection ravealed the presence of 5 or 4 such
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units following SCh odministretion. in these cases If was not posstble to tell with
accuracy whather or nat the monesynaptically avoked unit underwent @ rendom dis-
charge. Therefore, these date were discarded end only results from those decerebrate
or decaplitate prepanations about which there was no doubt ware tncluded in Table 1,
Further experimentation wos confinad to the enasthetized end ﬁmt proporations In
which the fevel of motonsuronal excltabllity was low so that random discharges were
only occastonally observed. In these preparations none of the unit MSRR's ynderwent
a random dischorge following SCh, When the technlque of dissection was perfocted,
further experiments on decsrabrate and decupitate animals were not conducted since
the results of other investigators (68, 51, 88) had become avellsble. In view of
the sampling problem there s liitle doubt that the percentuge of decapitate and de~
cerobrate preparations which actually undergs o random discharge of motoneurons is
greater than the above dato would Indicate.

Two of the units which responded monssynaptically i the evoked offerent volley
were also discharging spontansously prior to the drug injections at rates of 20 1o 40
impulses per second, The ebserved effect of Infravenous SCh wes not an enhance~
~ mant of the existing discharge rate as reported by Fugimor! and Eldred (1) but rather
o depression, Such behavior implies Inhibition but the dote does not indieate where
the Inhibition occurred, nor does it Indicate the nature of the Inhibition.

Before leaving the subject of random discharges, o setlous source of emor must
be corsidared. The role of recurrent inhibition in the SCheinduced MSRR depression
is consldered to be prominent by some lavestigators (68, 51, 66). This conclusion
was bosed on the chservetion that pretreatment of the animal with dihydro ~bete -
erythrodine (DHE) lessons the degree of MSER depression preduced by $Ch, How~
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sver, In gdditton to the known central action of DHE on chollnergle synapses {33),
it might be onticipated that DHE would exor? @ peripheral action. Yo examine the
posstbilty that DHE might have interferad with ths peripheral actlon of SCh, a
dorsal root Mlament was Tsolated and exposed & SCh Injeetion in stundard fashion.
The spindle responded to the 30 pg/kg dosoge with @ large Tnerease In dlschargs
rate; howaver, when the seme spindle was subleeted to the same dose of SCh one-
half hour later, but after protreatment with DME (0.5 mg/kg), only mintmel dis-
charge oceurrad, Thus, 1t would appsor that DHE doss prevent SCh from exerting
trs full peripheral action on muscle spindles and this obssrvation should be con~
sidered when tnterpreting the results of experiments In which DME was uttiized,
Presynaptic inhibition and Excltabllity
Changes of the Intraspinal Portions of Large Afferent Axons

As wos statad In the INTRODUCTION, it has My been demonsirated that a
synchronized afferent nerve volley sxerts o central action which depolarizes the
intraspinal portions of other large afferant fibers. A subsequent afferent nerve volley
conducied by depolarized primary offerent flbers genarates ¢ reduced excltotery
pastsynaptic potential (EPSP), which presumably Is the result of o diminished trans~
mitter output, The phenomenon of EPSP reduetion secondary 1o the depolarizasion
of primery afforant fibers hes been termed presynaptie inhibition (32).

tn view of the afferent barrage which follows the adminisiration of 3Ch, pre~
synapHc inhibitien Is another mechanism which could account for the drug: nduced
reflex depression; any factor which produced sufficlont EPSP depression would be
oxpectad to menifest Itself as MSRR depression. However, eonly synchronized
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offeront narve volleys have beon demonsirated to evoke tntea ~spinal afferent fiber
dopolarization and 1t Is not yet known If an asynchronous efferent input, such as
that ccewring after SCh administration, is capable of inducing a similer change.

The hypothesis that MSRR depression following SCh administration is due o
loast in part fo augmented presynaptic inhlbition was tested by measuring the exclt=
ability of the Intraspinal portions of lorge afferant fibers before and after the admin-
Tstration of SCh. The results 1o be described were parformed on animals subjected
to decarebration or sodium pentobarbital anesthesia with spinal transsetion, In
avery axperiment the ipstiateral GS ond PBST narves were transeeted, A schemaile
diagram of the sxperimental method Is shown in Figure 14=A, A number of prelimi-
- nary chearvations which dufine this tachnique and its limisations wiil be praganted
before the resulis of the experiments which tavolved the use of SCh are deseribed,
A preliminory aceount of this investigation was reported elsewhere (22).

Characteristies of Antidromic Responses Evoked by intrasping| Stimulstion

intraspinal siimulation evokes an antidromic volley which can be recorded from
large afferent fibers In the appropriate peripheral nerve (138, 37). One such re-
sponse evoked by sttmulation within the seventh lumber sagment and rocorded from
the MG nerve is iliusivated in Figue 14, (records B=F). The amount of eurrent
entering the Hip of the microslecirode was Increased from that valve which avoked
o just threshold resporse (record ) to that value which evoked a maximel response
(rocord F). Since the ipsilateral ventral roots (L6~ 52) hud besn framsscted the
responses could hove only been antidromically conducted in afferent fibors which
originated from the mediol head of the gosiroenemivs musele, It is noted that the



FIGURE 14

Ae Schamatie illustration deseribing the method that was utilized to test Infra-
‘medullary, afferent fiber excitabllity. A siimuleting microslectrode (cathode) was
Inserted paralle! to the intraspinal pathway of the medial division of the dorsal root.
The indifferent siimulating electrode consisted of multiple contacts, established
whereever metal table appliances touched the animal. A differential eathode ~ray
oscilloscope served to monitor the stimuleting current In flve experiments. The
avoked antidromlic volley was recorded from the central endof a domal root filament
(DR) or one branch of the nerve to the gastrocnemius - soleus muscle. SHinwlating
electrodes were fitted on the nerves supplying the gastrocnemius - soleus {GS) and
posterior blcaps -semitendinosus (PB5T) muscles; The formar to eliclt g MSRR and
the latter to evoke an afferent conditlening volley. MG: nerve to the medial head
of the gastrocnemius muscle.

B8-F. Records of antidromic responses monophasi cally recorded from the MG nerve
‘and evoked by stimulation within the seventh lumbar segment. Each record is com=
posad of 10 superimposed sweeps. The stimulating current was Increased from zaro
(rocord B) to thot ylelding the maximel antidromic response (record F). The stim~
vlus Intensity, relotlve to thrashold stimulating current, 15 indlcated above each

record. The artifact from the sacond stimulating pulse Is apparent in records C~F,

G-H. Single traces of an entidromic volley simultaneously recordad from the cen-
tral end of @ dorsal root fllament (racord G) and the MG nerve (record H). The
intervening conduction distance was 16.0 em.
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small, late entidromic discharges appecred only with the greater stimulus Intensities,
The short lotency (1.7 msec) and low thrashold of the sarly, large entidromic re-
sponse suggested that the stimulating curvent was activating low threshold, fast con-
ducting offerent fibers. This contention was supported by sonduction velocity studies.
The antldromic responses In records O and H were ovaked by stimulation within the
sevanth lumber segment and recorded simultaneously from the cantral end of o dorsel
root fllament (record G) and the MG nerve {record H). The difference in latency
of the two responses measures 1.8 msee ond the distence separating the two poirs of
recording electrodes was 16.0 eom. Therefore, the first component of this antidromie
rasponse was conducting ot o rete of 100 m/sec. The antidromic responses from two
other sxperiments were tested in & similer manner ond were found to conduet ot
velocities of 92 and 120 m/se, Conduction veloeities of 92, 100 and 120 m/sec
are equivalent to 15, 17 and 20 micron nerve fibers, respectively (78). Afferent
fibers of these dlameters balong to Group | (73) as do thesa fibers which form the
afferent arc of the MSRR (93). in the remainder of experiments the conduction
velocity was ot determined; the short latency and low threshold of the antidromic
response ensured that Group | offerent fibers were activeted.

it Is understood that the technique of Intraspine! stimulation employed here did
not distinguish batween the 1A and IB components of Group | afferent fibers. Hunt
(73) has provided conclusive evidence thot the diameter ovarlap of 1A and 1B fibers
in the gostroenemivs = soleus nerve 1s 5o great that differentiation of these fibers by
conduction velocity Is not possible. Nor does it seem likely, as advocated by some
{37), thet plocement of the microelecireds tip In the ventral horn permiis seloctive
stimulation of the Group 1A central terminals to the exclusion of the more dorsaily
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terminating Group 1B afferent fibers. In view of the unknown current fleld which
eccompanies monepolar stimulation this viewpeint cannel be accepted without exper~
imental proof. Therefors, In this study the antidromic responses are considered to
represent active Group | afferent fibers and ns distinction is mado between the 1A
and 18 components.

Excttability Changes of Large Afferent Fibers

in agreement with othaes (138, 37), It was found thot the amplitude of the antl-
 dromic rosponsa could be qugmantad by affarent conditioning volleys in nerves other
thon the nerve condusting the ontidromic volley. Record A (Fig. 15) deseribes
graphlcally the influence of afferant PBST volleys on submaximal antidromic m
recorded from the nerve to the MG muscle. Not unttl the PBST volley preceded
the entidromic response by 4 to 5 msec did fecilitation of the antidromic velley
appear, As the conditioning interval wos increused further, the degres of faclii-
ration rapidly Increased and maximum fostlitation woes observed at Intervals of 15
to 25 mwoe. The factlitatory effect gradually diminished thereafter, and no appar~
ant effect remalned at conditioning Intervals of 100 mesc or mora. Sineca the dur-
ation of the antidromic response remained constant (see Flg. 17-~A, B), the aug-
~ mented amplitude of the conditioned volley implies that additional fibers were dis-
chargad by the constant test stimulus secondary 1o an enhanced excitability of thess
fibers. The enhanead excirabiiity or lowered threshold of the Intraspinal portions
of thase large afferent fibers is known to result from a depolarization of thelr cen~
tral terminals (138, 37).

The time course of the exsitability change shown in record A 1s less than the



FIGURE 15

A. The percent amplitudes of two antidromic responsas are plotted as ¢ function of
he time that @ single PBST volley precedsd each antidromic responss. Each point
Is the mean amplitude of 10 antidromle responses ot the same conditioning Interval.
The two curves were ohtained from different preparations, but otherwise are ldentical.
in sach case the antidromic stimulus was 1.5 times threshold value. Records similar
to those llustrated in Figure 17 (records A, B) were used fo construet these curves.

B. Records of maximal gostrocnemius MSRR's which were recorded from VRS!ina

preparation. Each M3RR was preceded by single shoek stimulation of
the ipsliateral PBST nerve. The conditioning interval Is Indicated beneath sach
record in msec, Each record consists of 10 superimposed sweeps. Roctal tempera~
twre ~37,0°C,

C. The influence of single affarent PBST volley: on maximal gostroenemius MSRR's
Ts graphically deseribed by the data abtained from two decerebrate preparations .
The construction of the curves s Identical to these Hlstrated In A. The curve ex-
hiblting the greatest depression (filled circles) was constructed from responses por-
tially 1Hlustrated In record B,
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200 mesc duratlon which 1s deseribed es characteristic for this phenomenan (37).
In view of the cbservations of Eecles’ group (37 -cf. Figs. 10 and 12), the brief
time course observed here most {tkely resulted from stimulus shocks which did not
activate all Group | Abers In the PBST nerve, |

Primary Afforant Depolorization and Reflex Depression

" The magnitude of the manosynaptic EPSP Is reduced when the Intraspinal poriions
of tha afferent fibers evoking the EPSP are depolavized (37). IF the EPSP depression
was of suificient magnituda, primary afferent dapolerization (Fig. 15-A) weuld be
expected to manifest Tteelf as MSRR deprossion, This hypothesls was tested by evoking
MSRR's by stimulation of the GS nerve, ond by preceding the evoked reflex responses
at Increasing time Intervals with afforent PBST conditioning volleys. The results of
two such sxperiments ore deseribed by Figure 15 (records B, C) and as predicted,
the MSRR was depressed by the offerent PBST volleys. The time course of the reflex
dopression was essentlally idantical to the time course of the afferent fiber depoler-
izatfon deseribed by racord A, The presence of cugmented multisynaptic discharge
Is also to bo noted In record B. Thus, aiferent PBST voliays mimic the ection of SChy
MSRR depremslion coupled with PSRR faellitation.

Bofore coneluding that the reflex depression tilusivated in records B and C resul-
tod from presynaptie Inhibltion, the possible roles of direct and recurrent inhibition
should be constdered. Direct Inhibltion con be dlamimed a8 a contributing factor In
viaw of the difference In fime courses of direct (95) and presynaptic (32, 37) inhi-
bitlon, However, recurrent inhibition is not so eastly dealt with in these experiments,
since the conditioning volley (PBST) did gensrate o minimal monesynaptie veniral
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root discharge, This ralses the question of whether or not recurrant Inhibition con-
tributed to any of the observed MSRR depresmsion. The time course of recurrent fnhi-
bitlon as determined by both reflex testing (118) and intrecellulor recording (33)
does d1ffer from the time course of the reflex depression IHustroted in rocords 8 and
C. Howaver, the difference Is not sufficient to exclude entirely recurrent Inhibition,

The Sensitivity of the Antidromle Response

Bafore negative results can be considorad signlficant, It must be known whather
or not the sensittvity of the utilized tost system wes sufficlent to detoct the sought
after change. This eoneapt ralates directly to the prasent study. A number of faztors
were observed io alter the semsitivity of the antidromic response to the known depelar-
fzing Influence of offersnt PBST conditloning vollays. In addition to the condition-
ing tnterval (Fig. 18<A); the placament of the micreelectrads, the strength of the
antidromie tost stimulus, and the temporal stability of the antidromic vollay wore
found to relate to a glven entidromic volley's respomse to a constant PBST volley.

The positioning of the microelecirede tip was a cruclal factor in the elichtation
of serulfive antidromic responses, The following procedure was smployed to dater-
mine whet Intraspingl portion of the large afferent fibers demonstrated the grootest
exeltobility change following o stendard PRST volley. The elecirods was Introduced
into the spinal cord In a dorsoventral divection and approximetely parallel to the
Intrasplnal course of primary afferent fibers (Fig. 14-A), At 0.5 mm Intervals
along the coursa of this downward peneiration an entidromic volley was evoked,
and Its response to @ constant PRSY conditioning volley ascertained. The current
required to elielt anfidromie responses was not constant at sach tested depth, but
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rather, Incraased os the Hp of the microalecirode was advanced venirally, To en«
sble comparison of the effect of the PBST yolley on the antidromic response In
face of the changing cument requirements, sach Intraspinel shack was adjusted to
the sume relative value. For example, the amount of currant employed at such
tested depth was three times that required to evoke a thrashold responss at that
dapth., Thus along the Intraspinal course of the primaury afferent fibers, antidromic
responsos compased of approximately the same number of unlts were evoked. The
relafive percant change Tn amplitude of the antidromic volley by the PBST volley
could then be compared,

With this procedure, the results cbtalned hors confirmed the obssrvations of
others {27). With reference to o standard PBST conditloning velley, o minimal
Increase In the excliability of the Intrasplnal afferents occurred with the ¥ip of the
microelocivroda placed In the dorsal column, With further ventral advencement of
the tip, the enhancement of axcltebl lity Increased and maximal exeltabl ity increases
were observed 1n the lower portions of the coniral grey or the upper portions of the
veniral hora, The histological controls shown In Figures 16, 17, 18 and 19 locallze
the pusition from which the greatest change in excitebllity was chserved for thet
penatration.

The opparent loss of exeftabllity changes In the ventral horn Is thought to be
artifactual, As primory efferont fibers descond to the ventral horn and dicotomize,
the density of the fibers ducruates and the diameter of euch fiber becomes progress-
tvely smaller (16). An Increassd threshold would be the expected manifostation of
docremad fiber dlamater, and this would cccount adequately for the relatively lurge
stimulating currents required to evoke antidromie responses from the ventral horn,



FIGURE 18

Photoml crograph of an ynstained, 60 micron frozen section of o cat's seventh
lumbar spinal segment. The elecirode tract Is apparent extending down through the
dorsal column and the lesion, which locates the electrods Hp, is just dorsolateral
to the contral canal. Approximately 18x.
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The largs currents would undoublebly discharge antidromicolly some of the fnor
terminals Tn the ventral hom, but many more fibers would be axpested fo b dis-
charged from more dorsal locations, where the density of primary afferent fibers Is
greater and thelr threshold 1s less. The dischorge of afferent fibers from thelr more
dorsal partions and where the degree of axcitablilty change is small, would tend
to mask any changes that securred In the fner terminals,

An glternate axplanation for the ebsence of demonstroble excltabliity changes
i fibers eouning through the ventral hom s that the membrane depolarization,
which underlies the excltabllity change, doos not aceur In these portfons of the
afferent Abars, This viewpoint, according to Eceles' group (37), does not seam
ltkely.

Another factor which influenced the apparant sensitivity of the antidromic
response was the number of afferent fibers discharged by the festing stimulus.
Ageln, with reference to o standard conditioning volley, the kargest emplitude
Incroates were chearved when the entldromic response wus evoked by currents 1.5
to 4 times the threshold velue. 1t is approciated fram Figure 14 (records B-F)
thot responses of this magnitude wore greatly sbmaximal, With Increases in
response size above these values, the emount of fac!litation progressively decreased
ond antidromlc volloys eveked by currents & 1o 7 times the threshold value falled to
demongirate any change. It would seem thot the fallure of the lorger antidromic
volleys to demonsirate facilitation weas related fo the same conslderations discussed
under microelectrode placement.

in some experiments, the amplitude of the entidromic response was noted to
progressively decline aver @ short perled of time. The losms of amplitude In most
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instances was amociated with o loss of response amplitude variation as well, The
factors responsible for the loss of amplitude and the vorlation In response omplitude
were not well defined but may have Included: Injury or death of the stimulated
afferent Abers; o gradual movement of the stimulating microslectrode; polarization
ﬂh*bﬂﬂpnm*mﬂmﬂmluﬂm. Regardiess of the cause,
such respanses were observed 1o have lost thelr ability to respond with faciitation
to PEST conditioning volleys. As such, responses with diminished emplitude and
diminished variation 1n amplitude were of no value as sensitive Indicators of efferent
fiber dapolarization.

The Effect of SCh on the Antidromic Response

A number of the preceding techniques and principles were vt lized to test the
hypothesis that the SCh«Induced M3SRR depression Is due to augmented presynaptic
inhibitton, These are summeorized o follows:

1} Stimuletion within the eppropriate spinal segment avokes an antidromic volley
In afferent fibers eriginating from the GS muscle. Both the orthodromic valley which
genarates the gastrocnemfus - soleus MSRR and the entldromic volley are conducted
by Group | afferent nerve fibers.

2) The area of the entidromic response is o direct measure of the excitabllity of
the stimwlated Intraspingl afferent fibers. In place of area measurements, the amp~
fitude of the antidromlc respanse may be utilized as an Index to the excltability of
the stimulated fibers If the durotion of the response remalns constant. An inerease
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in the amplitude of the responss Implies en enhenced axcitability of the stimulated
intrasping! Thers and vice versa.

3) Afferent condiffoning volleys In the PRST nerve are @ conventent and usoful
maans of testing the sensltivity of o given antidromlc volley to presynaptic depolar-
izing influences, The sensitivity of the antidremic volloy must be ascertalned
before the response can be wied o measure the amount of Iniraspinel afferent fiber
depolarization produced by other factors.

4) In this study the greatest facilitation of the antidromic response was produced

by constant PBST conditioning volleys when the following conditions were met: the
antidromic response was ovoked by stimulation within the lowsr portion of the sen~
tral gray or the upper portion of the ventral hom; the response wos eveked by s

stimulus 1.5 to 4 times the threshold value of that stimuluy and the amplitude and

variation in emplitude of the anfidromic volley remalned stable and did not alter

with the pessage of Hime,

The application of the foregoling techniques and principles to the problem of
presynapfic inhibition and the drug - Induced reflex depression is tHiustrated by the
dota obtained from o single axperiment (Fig, 17). In this and subsequent axper!-~
monts the antidromis response and the MSRR were evoked alternately of 4 second
intervals to maintaln the standard stimulus Interval of 8 seconds. Rocord A shows
10 superimposed antidromic resporses evoked by stimull 3 times the threshold veive.,
The same stimull ovoked the antidromic responses shown In record B but In this case
soch antidromic response was preceded ot a fixed conditioning Intervol by & con -



FIGURE 17

The effect of intravenous SCh on alternately evoked antidromic and MSR re-
sponses In u decersbrate praparation (recta! temperature 37.4 C).

A. Ten superimposed antidromic responses recorded from the MG nerve and evoked
By stimulating currents thres times the threshold value (the inset In record E locates
the tip of the microslectrode In the seventh lumbar segment ).

8. ldentlcal to A, but sach of the ten antidromlc responses was precaded by «
single PBST afferent volley, The conditioning Interval was fixed ot 20 meec.

€, Single traces of the same antidromic response ot higher goin before and after
SCh administration. The time that the response followed the Injection of SChis
Indicated In minutes beneath sach record,

D. Records of the olternately avoked maximal MSRR, generated by double shock
Wimulation of the GS nerve and recorded from VRS,

E. The percant amplitude of sach antidromic response and the mean perecntage
amplitude of 5 consecutive MSRR's Is plotted as a function of time.

F. The latency of every fifth antidromic response and the duration of esch is plot-
ted as a function of time.
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stant PBST offerent norve volley. The appronimate 100 percont facllitation of the
entidromic responss which resulted demonstrated this antidromic response 1o be o
semitive Indieator of primary afferent dopalirization. The behavior of this enti~
dromic responss and thet of the alternately recorded MSER to the Infravenous ad-
minlstration of SCh are shown In records C and D. Following the drug Injection
the MSRR underwent o typical depression whereas the antidromie valley was facil=
itated. The identical time coursas of the reflex depression and of the factiliation of
the antidromic responss are best appreciated from the graphic plot of response amp-
litudes In record E. The sugmented amplitude of the entidromic response Is rot
attributeble to o synchronizotion of the responding units sines the duration of the
ontidromlic response remalned constant throughout the experiment (record F), Thu,
the augmentad entidromic response reflects an enhanced axcliability of the stmulated
gastrocnemius afferent fibers which provistenoltly will be atributed to o depolariza~
tion of thase fibers.

Further Information regarding the entidromic volley and Its response to SCh is
provided by Figures 18 and 19, The dota of any one of thess experiments were not
comsidered typical by themselves; however, taken s & group, experiments of the
type exemplified by these figures were the busts for the conclusions drawn from this
shudy.

Racords A ond B of Figure 18 graphically lllusirate the amplitude changes of an
antidromle volley which respondad to o smoll dose of 5Ch with o large amplitude
Increase but which folled to return to its preinjection valve, The reason for such
Mmmﬁ”bﬂh&ﬂmaﬁﬂnmﬂ%ufﬁtbﬂﬁﬂhuﬁa



FIGURE 18

A=B, The percentage amplitudes of antidromic and MSR responses are plotted as o

function of time. Each poln? is o mean value for 5 comecutive response amplitudes.
The antidromie response was elicited by stimulation within the seventh lumber seg-
mont (sze Inset) and wos recorded from the MG nerve. The MSRR was evoked by

double shock stimulation of the GS nerve and recarded from VRL7. The population

of intraspinal fibers described by record A was retested one hour later with a larger

dosa of SCh {record B).

C. Data from another preparation in which the microelectrode was inserted into
the caudal portion of the seventh lumbor sagment and the antidromlc volley was re-
corded from the GS nerve. The MSRR was not photographed during this experiment,
but Instead was displayed on o monltor scope and observed. A serles of control
ontidromic responses wus obtained before the MSRR was evoked alternately, The
emplitude of the antidromic response was not sitered significantly by the addition
of the MSRR, Thus, the excliability changes produced by the afferent MSRR volley
were not datectable four seconds later.
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completely its control velve was noted as well. The some MSR and antidromic
responses were retested one hour later with o lerger dose of SCh end in this case the
amplitudes of both responses returned to thelr control valuss. The behavier of the
recorded responses was not corrslated te the cbserved changes In systemic blood
pressure a3 can be approciated by comparing these records with the prossurs tracings
tHustrated 1n Flgure 8 (record G ).

Mevamant of the eleetrode during the experiment 1s o ssrlous, potential source
of arror always present with mlcroslectrode studies, This problem wor compounded
In this Investigation by the SCh«induced muscle fasciculations, In eddition to the
rigid fixation of the spinal eslumn ond the removel of the paravertebral muscles teo
reduce movemant of the spinal cord, experiments ware designed to oltminare this
source of artifact as belng respomtble for the facilitation of the entidromic response
following SCh admintstration. One such experiment I3 deseribed by the dete chown
In record C (Fig. 18). In this docerabrate preparation the Injection of 25 ug/ke
of SCh wes followed by violent muscle fusciculations but the amplitude of the anti~
dromic response was not altered. The flest of the two 100 ug/kg Injectiom of SCh
wos followed by a lessor dagree of fasclculatons but marked facilitation of the
antidromic response resulted. In contrast the second 100 ug/kg Injection was not
followed by fasclculations but the antidramic volley respended fn typleet fathlon.
Additional evidence that the cugmented amplitude was not secondary 1o movement
mi provided by the occasionol animal which did not faselculate in response to
5Ch and by the drug logelizstion experiments to be deseribad In o loter section,

1t would seem that the time course of afferent fiber depolarizetion and the time
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course of the MSER depression should be slmtlar before presynaptic inhibltion ean be
contderod as @ couse of the drug - Induced raflex deprossion. S$imllar time courses
were abtervad In the expariments lllustrated by Figures 17 and 18 but this relaton-
‘ ship was not found in all -mimn&.. For example, in the preparation whose date
Is plotted In Figure 19 (record A) the 80 ug/kg injection of SCh resulied In o
marked facllitation of the antidromic response, But when a larger dose of 5Ch was
injected soon thereafter only minimal faelithation resulted. In fact the faeilitation
of the antidromic respanse was over bafore the depressed MSRR had started to recover.
Sueh discreponcles In tlma course do not support o couse and effect nluﬂawhip for
presynaptie inhibitton and the reflex dapremsion, Mowever, 1t 1s thought thet
svldence relating to the reeson for such behavler is contalned within the rocord.
The amplitude of the antidromic responss was deciining rapldly ofter the first drug
Injection and stablitzed ot approximately 50 percent of Its orlginal amplitude. In
addition this response had lost I1s cheracteristie temporal variation In amplitude o
indicated by the almost sirolght line which deseribes this responss prior to and
fallowing the second drug Injoction. Thess two factors, loss of response amplitude
and loss of variation In response amplitude, were proviously deseribed as Indicating
a loss of sensitivity to a known and standard depolarizing Influsncs. On this basis
1t senmod ressonable to attribute the fallure of the entidromic volley to respond 1o
the second drug Injection to o loms of sensttivity.

Record B (Fig. 19) desertbes graphically another experiment In which the
amplitude of the antidromle responsa was declining prior 1o drug administration.
Agaln, the time sourse of enhanced axclitability was constderably las than that of
the reflex depression. Te correct for the suspected lows of sersltivity, the stimulus



FIGURE 19

Time course comporisons between the Increased excitability of offarent fibers
ond the reflex depression. In sach record the percentage amplitudes of the anti-
dromle volley and the MSRR are plotted as a function of time.

A, Anesthetized, spinal preparation in which the entldromic volley was evoked
Trom L7 and was recorded from the MG nerve. The fallure of a sustained excita~
bility change Is noted following the second Injection of SCh.

Be In this docerebrate preparation the amplitude of the antidromic volloy was rap~
Tdly declining prior to the first Injoction of SCh. Following the first Injection of
$Ch, the stimulofing current was Increased (signaled by the abrupt change in omp~
fitude ) s0 a3 to evoke a stobls antidromic response which wos then retested with
tho same dosage of SCh, ‘

C. Ths stimulating current for another decersbrate preparation's entidromie volley
s plotted In miillampheras (mA) and the stimulus ~rasponse curve for the seme anti=
dromie volley Is plotted In the Insert, Following the flrst drug Injection the stim~
ulatng curvent was Increassd ond the drug readministered as wos done tn record B,
The small Incroase In current which Immediately followed the first Injection of SCh
was not resporsible for the enhanced excitebility becouse: 1) the excitablitty
change occured befors the Increass In stimulating current; 2) the observed Incresse
in stinwloting cument was within the ronge of arror of the technique ondy 3) the
slight increase In current could not have produced the degree of amplitude change
as Is apparent from the stimulus ~response curve established for this population of
fibors f‘m")o
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Intemslity was Increased untii o new stoble antidromic response was obtoined, The
changes In amplitude which then followed the second Injection of SCh ware Idanti~
cal with respect to time course. Reeord C deseribes o similar experiment in which
the current that svoked the entidromle responss was monitored os well, It wos con-
eludad fram obssrvations such as these that the time courses of the excitablility ln-
erease and reflex depression were Identical,

The preparation whose dute was [Hustrated Tn record A (Plg. 19) was of further
Tvtorest in regard to the bload prassure responses which followed the two Injections
of SCh (sse Fig. 8<F). The 80 pgp/ky Injection was followed by a reduction fn
carotld bleod pressure whereos the 120 pg/kg dosage resulted in o merked pressor
response. These observations were Interpreted as further evidencs that the changes
in systemic blood pressure were In no way related to efther the MSRR depression or
the antidromic response factlitation. |

The dato which were obtuined from 19 observations In 10 consscutive propara-
tions and which summarize the bohavior of the antidromic response to the adminls-
tration of SCh are presented In Table 11, The amplitude of every antidremlc response
subjected fo doses of 50 pa/kg or mors demorstrated a statistically significant fn-
crease. The enly amplitude increase which was not significant was that followlng
@ 5Ch dose of 25 pg/kg. This dosage was not sufficient fo dapress the alternately
evoked MSRR. It Is to be noted that the amplitude Increases occurred ragardless of
the proparation type, regardless of the rectal temperature of the preperetion, and
regardiess of whether the antidromic response was recorded from a dorsal reot filament,
from the GS narve, or from ono of Tis branches.



TABLE U

The offect of SCh onthe axcitabliity of the intraspinal portlons of large afferent
fibers. The columni from laft to rightroad: the preparation (anesthetizedand sping! ~
jzed or docersbrate); the splnal segment utilized for intramedullary stimulation;
the nerve the antidromic volley was recorded from; the rectal temperaturs of the
praparation In degrees Centigrads; the dose of SCh In pg/kg; the mesn percantage
incraass In the amplitude of the antidromic response following SCh administration;
and tha probability (P) that the Increase In amplitude woas due to chance alone.
For each experiment the mean amplituds of the twelve ontidromic responses begin-
ning 24 seconds after the SCh injection was compared with the mean amplitude of
the twelve responses that just precadad the drug Injection with Student's ¥ test, The
probabliitlas of the ohsarved differencesbelng due to chance are much less than the
stated value with the one Indleated exception. GS5-norve to the gasirocnemius -
solous muscle; MG ~nerve to the medial head of the gastrocnemius muscle; LGS ~
netve to ths loteral heod of the pastrocnemius and soleus muscles; DR ~dorsal root
ﬂ‘m“’u



THE EFFECT OF SCh ON THE EXCITABILITY OF

INTRASPINAL PORTIONS OF LARGE AFFERENT FIBERS

120

PREPARATION SEGMENT NERVE TEMP_DOISE MEAN AMPLITUDE INCREASE P

Anasth
Anasth
Anesth
Anesth
Anesth
Anesth

Decera

Docere

Decere

Mid 51
Mid L7
Mid L7
Hi L7

Hi L7

Mid L7
Low L7

Mid L7

Mid L7

Mid L7

Low L7

Mid L7

Llow L7

MG

Gs

LGS

DR

7.4

7.3 60
35.7 60
7.4 60
38.8 60
37.2 120
2.8 120
7.4 7

3.0

36.3
100
34.0 25
100
100
36.3 75

7.6 75

g & 8 d

27
125
41
43
30
7
2

31
12

37
14

24
H
12
21

19

0,001
0.001
0.001
0.001
0.001
0.001
0.0t

0,001

0.001
0.01
0.001
0.00!
0.001
>0
8.001
0.01
0.001
0.001
0.001
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Tha results from four preliminery experiments and from the experiments 1Hus~
trated in Figure 20 were not included In Tabls 1i. The antidromic volleys in three
of the four earlior expariments did not respond to the administration of SCh aven
though thalr alternately recordad MSRR's underwent o typleal desrassion. However,
the same ontidromie responses also fallod to respond with faellitation to PBST con~
ditloning volloys. The faflure of thess veileys to respond 10 o known depelarizing
Inflysnee ond the fallure to duplicate such negative mummn the Intrieacles of
the technlique had been learned were considered sufficlent reasons to discard these
negative results as meorningless. The amplitude of the remaining aentidromle velley
responded to SCh administration with marked depremion. This particular experiment
was conductad before the neeessity of dgid Immobilizetion of the spinal cord was
realized, and since that time the Injection of SCh never resvlted In aﬁﬂM&
response deprassion, It seemad Justifled o discard this result on the basis of move~
ment artifaet,

From inspection of Table If Tt would appear that the antidromie responses of the
anesthetized and spinal preparations demonstrated o greater ampiitude Incroase to
simllor doses of SCh than did these of the decerebrate preparations, This Impression,
although atiractive In view of the recent demonstration of descending spinal fibers
capable of Inducing primary afferent depolarization (17, 18), Is not justifled. The
percent changes {n amplituds only have meaning for the glven experiment, as an
Interexperimontal comparison between the serultivities of the antldromic volloys was

1t has been demonsirated that the excltability of the Intraspinal portions of large
afferent fibers arlsing from the G5 musele was incronsed by the administration of
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§Ch in doses of 50 pg/kg or greater. v wos also shown that the time course of the
MSRR deprossion was Identlcal fo the Hime course of the excltabliity change providing
that the sensltivity of the antidromic volley was malntained. However, thess obssr~
vatlons by themselves are not sufficlent evidence to conclude thet the drug - induced
MSRR depression is the result of augmented presynaptlc Inhibition, It Is entirely
pomible that the depolarization of intraspinal affersnt fibers and hence the cbssrved
excitabllity change resulted from o direct offect on the spinal cord by SCh, IF such
wers the cose the phenomenon would be of no consequence sines the MSRR depression
does not occur unless the drug-induced afferent barrage reaches the spinal eord. In
other words any direst depolarizing action that SCh may exert on the spinal card s
entirely irrelevent with regard to the MSRR depromsion. |

The possibility that SCh exerted a direet central action which would aceount for
the cbserved excitebllity changes was sliminated by two different experimental
techniques. In one preparation whess date are shown In Figure 20 (record A), the
MSR and antidromic responsss were evoked and recorded In standard fashion. Sub-
sequent to the first Injection of SCh rypleal changes were observed; the MSRR under~
want depression whareas the antidromic response was faciHtated, Ones the amplltudes
of the recorded responsas retwrned 1o thelr control values the hind Hmb Ipsilateral to
the ontidromic response was subjected to extensive peripheral deafforentation. One-
half hour later the same dosage of SCh wos readministered and In contrast o the
results which followed the first Injection, the alterations in the amplitudes of the
recorded resporses were quite minimal. This observation wus suggestive that the
rasponss of the ontidromic volley as well as the MSRR o SCh was secondary to the
drug ~ induced offerent barrage. As wos noted before, the results of transection
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exparimonts must be accepted with raservation,

The inharent limltations of transection procsdures were bypassed by drug lecal-
izatton experiments such as that tiustrated by the date shown In record B (Fig. 20).
This anlmal wes prepared tn such o fashion that SCh could be administered directly
to either fomoral artery In conirast to the Intravencus Injections employed In oll
prior expuriments. When 50 yg of SCh was Injected Intraarterlally tnto the hind
Himb from which the antidromic response was racorded (ipstlateral fimb ) the ami~
dromic response was factiitated. The MSRR which was evoked from the Injected
hind limb underwent depression In contrast to the MSER that was alternately evoked
from the contralateral limb and which wos not offected. The fact that the MSRR
evoked from the Himb opposite to the Injected limb wos not altered Indicates that o
negligible concentration of SCh reached the systemic cireulation. Conversly, when
$Ch wos administerad to the contralateral hind limb (with reference 1o the side from
which the antidromle response was rocorded) only the MSRR evoked from thot limb
wos depressed. The antidromic response and It Tpsilateral MSRR were not offected
significuntly, even when the dosage of SCh was Increased to 100 pg. Seon there-
after, an Intravenous dosage of SCh waus administered ond both MSRR's underwent
depremsion ond the antidromic response wos facllitoted. Thus the failure of the
antidromic volley to respond to the contralateral Intraarterial Injection of SCh con~
not bs atiributed to a loss of sensitivity.

These cheervations provide conclusive evidence that the enhanced exeltebliity
of the intraspinal portlons of large afferent fibers originating from the GS muscle
was not the result of a direct depolarizing action by SCh on the spinal cord, Rather,
the excltobiiity changes resultad from the peripheral action of SCh which is known
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1o he the nlieitation of musels enindle discharge. These results also eliminate
movement of the microalectroda, althor secondory to muscle faselzulations or to
changes tn blood flow to the spinal cord, as pomsible couses of the observed exelt-

ability changes,
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DISCUSSION

in more than 150 expetiments, the adminisivation of SCh, In Intravenous doses
of 50 pa/kg or grecter, resuited in a signlficont depression of the MSRR, Only one
“excoption to this statemont was chserved, and In this case, It Is now considored
thot the ohserved reflex fuctiitation wos most Itkely artifactual In nature. The fime
course of the reflex depression (Figs. 5, 1) and the Hme course of the drug-induced
afferent barrage {Figs. 5, 6) were found to be tdentical. Furthermore, the reflex
degresmsion was not depandent on any direct CNS action that SCh may exert, but
only ocourred when the Increased afferent fnput was allowed to reach the spinal
cord (Fig, 20). This data confirms the provious findings of other investigators (52),
and 1t would appear reasonable to conclude that the MSRR depression which follows
$Ch administration 1s the direct result of the contral actions of the sctivated efferent
fibers.

The remeinder of this discussion will be concerned with the machanisms respon=
slblo for the reflex depression, Reports of other studles (40, 52, 55) make it reuson-
ebls 1o amsume that S5Ch activates only those racepters in muscle spindles which are
related o Group 1A and Group Il afferent fibers. I subssquent esperimentation
demonsirates that other varietles of receptors, for example, jolnt receptors, wre
sctivated by 5Ch, the statements made hare will require appropriate modification.

The date obiained here offer strong support of the conchmion that the MSRR
dopression results from acugmented presynaptic Inhibition. It was shown that the
encitobility of Group | afferent fibers orlsing from the GS muscle wes Increased
following SCh adminlstration (Table 11}, The time course of this exsltabllity change
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was found to be ldentical with the Hme course of the reflex depression (Figs. 17,
18, 19, 20). As wos the cose for the MSRR depression, the excitabiilty increass
resulted from the central actions of the sctivated muscle spindle offerents and not
from o direct action by SCh on the spinal cord (Fig, 20). It would appear that this
sttuation Is sssentially Identical te that in which synchronized afferent nerve volleys
depolorize the intraspinal portions of other afferent nerve fibers (37), Therefore,
the excltability change in the offerent terminals which follows SCh edminlstration
con be aiributed without reservation to a depolorization of the stimulated fibers
(138, 37). it hos been cleorly demeonsivated by others that the EPSP's evoked by
activation of depolarized afferent terminals ere reduced In omplitude bolow normol
values (32, 37). Thus, the emential requirements for cugmented prasynaptie Inhib~
itfon wmwm S$Ch edminigiration and follow the same Hwme courss as the
MSRR depression. |

The cousal relationship between the drug=induced primary afferent depolarization
and the reflox depression galms further support from the onctomical distribution of
both phenomena. All tested MSRR's (flexor and extensor) responded to SCh with
dopression; it has been shown by Eccles and his co~workers (32, 37) thet oll Grewp
} fibers fn the hind limb are equolly capoble of being depolerized. The cbservation
thot MSRR depression was independent of preparation fype s als In cccord with the
conclusion that inhibition Is exerted at a presynaptic lovel. |

In additlen, presynaptic inhibition would seem to provide an adequate explona=~
tlon for the Incressed latency of the MSRR (Fig. 12), the cugmented PSER (Fig. 13),
and the random firing of motonsurons (Fig. 7) which follow 5Ch edministration.
Diminished transmitter ouiput ﬁl!éh presumably accounts for presynaptic Inhiblilen
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(37) would be expacted to Increase the time required for the EPSP's to reach the
firlng thresholds af}hq motoneurons, Other foctors which might relote io the in-
croased latency were enumerated In the RESULTS (p. 93). Primary efferent depo~
larization may extend fo involve those cenirel Mm&ooﬁﬁw! fibors which
activate lnhibitory Intemneurons, Thus, for the duration of the drug ~induced depo~
larizotion the "spontansous” input to the moloneurons may be so altered thot relesse
oocurs, allowing mamwrmwm, Mo‘wm s
suggested by the observation (Fig. 15~8) that Group | PRST velieys depressed the
MSRR evoked by stimulotion of the G5 nerve but ougmented multisynopiic reflex

Advestivaly, 11 1 paestble thet e Inamassd re of dichaige In Growp
offerents underlies the PSRR augmentation. However, increased Growp i tnpur
would not aecount In total for the rendom dischargas since rondom flring of axtensor
motoneurons §s known to oceur (51). |

If the oxcitatory actions of Group Il efferents ore considared os pomible couses
ﬁ'WWm,Mthmﬁﬁummwmnmwﬂ
Iisation of flexor motonourons must be reckoned with. Presynopitc inhibition of the
Mwﬂm»ihyhmnbﬂmm. |

The recant demonsiration of presynaptic Inhibition of flexor reflex afferents (35)
evokos the quastion of whother or not the contral terminals of Group I offerents
wore depolerized by the drug ~induced afferent barrage. The answer is not known
since the excitabllity of Group It affarents was not measured by antidromic testing.

This investigailon did not ylald any deta about the actual excliabliity changes
of the tested motoneurons following 5Ch adminisiration, The MSRR test was
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invalidated os on Index of moteneuronal excltobility by the demanstration of primary
offeront MUMMM; And, we do not know If the augmented PSRR and random
discharge of motoneurons Implies an Increesed motonewrsnal excitabiiity or merely
Increased prasynaptic drive to those metoneurons.

The random discharge of mofoneurons which follows SCh admintstration (Fig. 7)
hes boon suggested (68, 51, 66) as ¢ cause of the drug ~Induced MSRR depression.
The axonal Impulses set up by the firing of molonevrons would presumably Twade
the racurrent collsteral system and activete Bemshaw inhibitory ond fociitiatory
infernsurons. Since the Inhibitory component of these interneurons prodominates
{118), MSER depression would be the expected result. This concept Ts supported by
the observation {51, 66) that pre-trectment of the preparotion with dilydro<beta~
erythrodine (DME) or strychnine lossans the degree of MSRR depression following
5Ch administration..

Mowever, on the other hand, there s evidence suggesting that recurrent Inhib-
ifon does not contribute significantly to the reflex depression. The fect that
tirychnine lessens the dagree of reflex depression which follows SCh administration
doos not Imply the type of Inhibition Invelved. Strychnine Increases the threshald
of primary afferent fibers (110) as well as depressing other contral inhibltory mech=~
onlsms (29). As such strychnine would prevent the manifestations of presynaptic
Inhibition in addition to thesa of postsynaptic or racurrent inhibltion,

The observation that MSRR depresslon s reduced by pre-ireatment with DNE
(51, 66) has been offered us an argument that recurrent Inhibition is one mechanism
responsible for the reflex depression. Mowever, DHE reduces or provants the oction
of SCh on spindle receptors and thys reduces the afferent barrage which is necessary
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for the depression {see p. 100). On the ather hand, Henateeh's unpublished results
{65) Trwolving erom «circulation expariments force theé adoption of o coutious ettl~
tude about the acHons of DHE. |

Another objection fo the recurrent Inhibition hypothasts is the short duration of
the random discharge. In this study, the dischurge was not found to persist beyond
two minutes {Toble ). The fllusirated cbservations of other investigators (68, 66)
do not revea! rendom dischorges persisting beyond two und one ~helf minutes. It
would seem obvious that the cousative foctor must equal In Hime course the reflex
depression as does the increased rate of muscle spindle discharpe. The hypothesls of
recurrent inhibitien Initiated by random firing doss not mest these requirements.

The obeervation thet MSRR depression occurred In typlea! fashion In the anes~
thetized preparations Is the most sertous abjection to tha recurent Inhibition hype~
thesis, since thess preporetions demonsivated little I any rendom firing in contrast
to the decerebrate or decaplitate preparations (Table I), The same abservation pra=
vants acceplance of the concapt that after - hyperpolari zation or ocelusion are sig-
niflcant causes of reflex depression, |

The date obtoined In this Investipation and the conclusions derived therefrom
suggest that presynaptic inhibition is the dominant factor respomsible for the MSRR
deprewion evoked by 3Ch. Complete resolution of the preblem will require Intro-
collulor recording tochniques to define the role of pestsynaptic Inhibition and the
actual excliabliity changes of the tested meteneurens.
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SUMMARY

The mechanism of monosynaptic reflex response (MSRR) dapression produced by
the Infravenous Injection of suceinylcholine (SCh) wos studled In 75 cats subjected
to decersbration, decapltatlon, or general anesthesia with spinal cord transsction,
The results and conclusions of this study were as follows:

1} intravenous SCh In doses of 50 ug/kg or greater produces o cheracteristic de-
prossion of both flexor and extensor MSRR's, an augmentation of polysynaptle reflex
rosponses, and sometimes o random flring of previously quiescont motoneurons, The
MSRR depression was found 1o result from the centrel actions of those muscle spindle
afferonts activated by SCh,

2) The roles of diract Inhibltion, recurrent tnhibitien and after «hyperpolarizotion
were Investigated as possible causes for the reflex depression. Evidence wus pre~
sonted that these factors were not significantly Invelved In the drug - inducad MSRR

dapression,

3) The axcitabllity of the Intraspinel portions of Group | afferent fibars was found
to increase after SCh edmintstration; the Hme course of the excitabllity change was
identical to the time course of the MSAR deprassien, The excitability Incrouss was
shown to ragult from the control actions of the activoted afferant fibers and was
attributed to o depolarization of the tested fbers,

4) On the basls of tha known ralationship between afferent fiber depolarizetion
and presynapiic Inhibitlon, 1t wos concluded that the MSRR depression which follows
$Ch administration results for the most part from augmented presynaptic Inhiblition,
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