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Kurzfassung der Dissertation

Modellierung spinaler Netzwerke im Menschen:
Stimulationsfrequenzabhéngige segmentale Reflexe dn deren
gegenseitige Beeinflussung

Motivation und Ziele der Dissertation

Die elektrische Stimulation des unteren (lumbodekiaRickenmarks von Probanden mit
kompletter Querschnittslasion mittels rickenmarksmalmplantaten kann Aktivitaten in
der gelahmten Beinmuskulatur generieren. Niedi&genulationsfrequenzen (2.1 Hz)
fuhren zu Muskelzuckungen, die als die einfachst@nalen Reflexe identifiziert werden
konnten und nur die Aktivitat monosynaptischer Bathinvolvieren. Im Gegensatz dazu
bewirken hohere Stimulationsfrequenzen (25-50 Hnwillkirliche, automatisierte
schreitdhnliche Bewegungen in den gelahmten Baileefiegenden Probanden.

Das Ziel der vorliegenden Dissertation war einen&aadisierung der spinalen Reflexe der
unteren Exremitaten bei Rickenmarkstimulation niti2z durch die eingehende Analyse
elektrophysiologischer Messdaten. Ein weiteres ltugenmerk lag auf der Erforschung
der Effekte hoherer Stimulationsfrequenzen auf alisgelosten Reflexe, insbesondere
ihrer Modifikation durch rhythmische Modulationeaf&rund der zusatzlichen Anregung
interneuronaler Netzwerke. Die Generierung simpéiodischer Reflexmodulationen, die
jeweils zwei aufeinander folgende Antworten umfasstwurde als Hinweis fur die
Aktivitdt von interneuronalen Netzwerken betracht®erart modifizierte Reflexe,
abgeleitet von antagonistischen Muskelgruppen, amualisschliel3lich bei der Applikation
von Stimulationsfrequenzen zwischen jenen, die ea dinfachen Muskelzuckungen
fuhrten, sowie jenen, die schreitahnlichen Bewegurayslésen konnten, beobachtet.

Die Hypothese dieser Dissertation ist, dass hoh8tenulationsfrequenzen eine
Ausweitung des Stimulationseffektes auf lumbaléerimeuronale Netzwerke nach sich
zieht, welche die ausgeldste Aktivitat beeinflussBiese Annahme wurde durch ein
biologisch realistisches mathematisches Modell gjete Im Besonderen wurde der
Einfluss von Netzwerken aus Interneuronen, die telamalen die Exzitabilitdt von
Motoneuronen wahrend spinaler Reflexe sowie Lokawnotadaptieren koénnen
(inhibitorische la-Interneurone und Renshaw-Zelleauf die Generierung simpler
periodischer Reflexmuster untersucht.

Methodik

Unabhé&ngig voneinander wurden die Analyse elekysiplogischer Messdaten sowie die
neuromathematische Modellierung als Methoden zustufg der Arbeitshypothese
gewahlt.



Zunachst wurde anhand elektromyographischer (EMGufzéichnungen die
Reflexaktivitdt von sechs Personen mit chronisckempletter Querschnittslahmung
evaluiert. Alle Probanden hatten Systeme zur epldarRickenmarkstimulation auf Hohe
des Lumbalmarks implantiert. Eine groRe Anzahl ¥ariworten bei Stimulation mit 2.1
Hz (der niedrigsten verfigbaren Frequenz) wurde dwé EMG Charakteristiken
analysiert, insbesondere die Latenzzeiten, Ammitudsowie Potentialformen. Des
Weiteren wurde der Effekt einer Erhéhung der Statiahsfrequenz auf 5, 11, 16 und 22
Hz auf die EMG Aktivitat untersucht. Die Generiegumon Reflexen mit periodischen
Modulationen wurde dokumentiert.

AnschlieBend wurde durch umfangreiche Computersittulen ein biologisch
realistisches Netzwerkmodell auf seine Fahigkampe periodische Reflexmodulationen
mit einer Periode von jeweils zwei aufeinander éolgen Antworten zu erzeugen, getestet.
Zu diesem Zweck wurde ein neues mathematisches IMed&vickelt, das das haufig
verwendetd_eaky Integrate-and-Fir&odell durch detaillierte, auf experimentellen Date
basierende neurophysiologische Zeitverlaufe vontsgosptischen Potentialen ergénzt.
Das vorliegende mathematische Modell wurde alsstesdher Integrator postsynaptischer
Effekte von spezialisierten Rickenmarksneuronemzigiert. Im Besonderen wurden
monosynaptisch anregende sowie disynaptisch hemenémdlisse auf die Motoneurone
durch Populationen von la-Afferenzen, la-Intern@@® und Renshaw-Zellen
beriicksichtigt. Dabei basierte das mathematischedelMoauf einem nicht-linearen,
rekursiven Algorithmus zur Simulation raumlich seweeitlich verteilter neuronaler
Effekte. Um die jeweilige funktionelle Rolle einé$ements des Neuronennetzwerkes in
der Generierung einfacher Reflexmuster zu untesuclwurden das Gesamtmodell durch
das schrittweise Hinzufligen von interneuronalen uRdnen und Verschaltungen
entwickelt und die einzelnen Teilmodelle analysiert

Resultate

Die neurophysiologische Studie lieferte drei wekeme Ergebnisse(i) Die epidurale

Stimulation des lumbosakralen Riuckenmarks in  Personmit kompletter

Querschnittsverletzung bei 2.1 Hz I6ste monosysapé, segmentale Reflexe in einer
Vielzahl von Beinmuskeln aus. Diese Antworten wiekarze und konstante Latenzzeiten
sowie relativ einfache Potentialformen auf. Wahreshel kontinuierlich applizierten

Stimulation kam es zu keinen Interaktionen zwisclen Antworten in antagonistischen
Muskeln.(ii) Durch eine Erhohung der Stimulationsfrequenz 41422 Hz wurden in 20.8

% aller Datensatze einfachste rhythmische Aktigitdevoziert, bei denen aufeinander
folgende Reflexe alternierend variierten. In dertagonistischen Muskelgruppen des
Oberschenkels, Quadrizeps und Hamstrings, war elasoHz-Stimulation am haufigsten
beobachtete Muster durch die anti-phasische Akenng der Reflexantworten der
Antagonisten  gekennzeichnet.(ii) Unabhangig von den Effekten hdoherer
Stimulationsfrequenzen wurde ein bislang nicht basbener Reflextyp im Flexormuskel
Tibialis anterior entdeckt. Diese Antworten, ausgeldurch 2.1 Hz-Stimulation, hatten



sowohl Charakteristika monosynaptischer als auahgtexerer oligo- / polysnaptischer
Reflexe.

Die Entstehung simpler Reflexmuster konnte mit deathematischen Netzwerkmodell
reproduziert werden. Im Speziellen konnte gezemyiden, dass vor allem die Aktivitat der
Renshaw-Zellen sowie deren gegenseitigen Intemadtioeine entscheide Rolle in der
Generierung stabiler Modulationen spielte. Demgében Ubten die la Interneurone,
verantwortlich fur die reziproke Inhibition wahren@rschiedenster Aktivitaten spinaler
Netzwerke, einen geringeren Einfluss auf die Ehtstg der einfachen rhythmischen
Muster aus. Isoliert von der Aktivitat des antagtischen Netzwerkes konnten die
segmentalen Netzwerke einer einzelnen Motoneuraripbpn alternierende Reflexreihen
erzeugen. Indes erforderte die Generierung von -plrasischen Modulationen
Verschaltungen zwischen den beiden Netzwerken. -gmsische Modulationsmuster
wurden vor allem in jenen Féallen hervorgerufen, denen die beiden modellierten
Reflexsysteme asymmetrisch mit ,Flexor‘- oder ,Hdereigenschaften® ausgestattet
wurden. Im kompletten Gesamtmodell, das die AkKiivivon la-Interneuronen sowie
Renshaw-Zellen bertcksichtigte, war der Einfluss léézteren groliteils reduziert. Die
Kapazitat des Modells, stabile, rhythmische Reflegolationen zu generieren, ging unter
diesen Umsténden verloren.

Schlussfolgerungen

Die Reflexantworten auf 2.1 Hz-Stimulation wareneekFolge der Aktivierung von Gruppe
la-Afferenzen mit groliem Durchmesser innerhalbla®bosakralen Hinterwurzeln L2-S2
und der daraufhin folgenden monosynaptischen Engguon Motoneuronen. Die
zusatzliche Rekrutierung von Gruppe lI-Afferenzéhrfe zu den komplexeren Antworten
in Tibialis anterior mit polyphasischen EMG-Potaiformen. Bei Stimulationsfrequenzen
von 11-22 Hz wurde der zentrale Anregungszustarobheéy sodass gleichzeitig zur
Aktivierung monosynaptischer Pfade auch die Anrgguon interneuronalen Netzwerken
erfolgte. Deren Aktivitat fuhrte wiederum zur Geeeung von simplen periodischen
Reflexmodulationen.

Das Computermodell zeigte die zeitliche Summation gostsynaptischen Potentialen als
zentralen Mechanismus fur die Erh6hung des spinAl@egungszustandes. Gleichzeitig
war die Unabhangigkeit der Reflexantworten auf 2Hz-Stimulation darauf
zurtckzufihren, dass selbst die am langsten amderrinterneuronalen Aktivitaten bei
einer derart niedrigen Frequenz bereits abgeeblvenyabevor der nachste Stimulus
appliziert wurde. Das vorliegende Modell lieferterrst deutliche Hinweise auf die
Frequenzabhangigkeit der Aktivierung von segmentaldetzwerken. Die vom
Computermodell generierten Reflexmuster ahneltemrkstjenen, die in der
neurophysiologischen Studie beobachten wurden. Ipezi8llen wurden die
intersegmentalen Interaktionen bei einer Stimuteticequenz von 16 Hz demonstriert.



Die Signifikanz der vorliegenden Dissertation istrmigfaltig. Elektrophysiologisch liefert

sie eine Standardisierung von monosynaptischenekail der Beinmuskulatur im

Menschen, ausgeldst durch riickenmarksnahe StironldEin tieferes Verstandnis fur die
Rolle der Signalfrequenz fur die Konfiguration neneiler Netzwerke ist ein wesentlicher
Beitrag flr den Bereich der Neurowissenschafter. ldathematische Modellierung liefert
zudem einen Uberraschenden Einblick in die Rollezigfisierter Interneurone bei der
Generierung rhythmischer Aktivitaten.



Summary

Model of spinal cord reflex circuits in humans: Stmulation frequency-
dependence of segmental activities and their intecions

Motivation and objectives

Electrical stimulation delivered by electrodes elds the lower (lumbosacral) spinal cord
of humans with complete spinal cord injury elictsiscle activities in the paralyzed lower
limbs. With low repetition rates of stimulation 12Hz), twitches are elicited in multiple

lower limb muscles that have been suggested thédsimplest spinal reflexes transmitted
via single synapses. By contrast, the same stimolapplied at higher rates (frequency
range of 25-50 Hz) produces automatic stepping+ikerements in the supine individuals
with long-standing paraplegia.

The aim of the present study was to further elabotie ‘standard’ spinal reflexes in
response to 2.1 Hz-stimulation by analyzing a lasge of human electrophysiological
data. Furthermore, a main focus was on the effertopeased stimulation frequencies on
the modification of these simple reflexes due te thtegration of interneuronal circuit
activities. The elicitation of simple periodic patis covering only two successive
responses was thereby regarded as an indicatioimtBaneuronal activity. Such patterns
with interactions between antagonistic muscle gsowere readily evoked when the
stimulation frequencies were between the onestialicitwitches and those resulting in
stepping-like lower limb movements.

The hypothesis that at higher frequencies the $ition effect expands to lumbar circuits
that influence the activity between muscles shall tbsted by a biologically realistic
mathematical model. In particular, circuits inclgliinterneurons specialized in adjusting
excitability of motoneurons during spinal reflexas well as locomotion (la interneurons
and Renshaw cells) were tested for their efficacganerating simple periodic outputs.

Material and Methods

Analysis of electrophysiological data and neuroreathtical modeling were chosen as two
independent methods. First, electromyographic (EM&)ordings of reflex activities
derived from six individuals with chronic complegpinal cord injury were evaluated. The
subjects had epidural spinal cord stimulation systemplanted at lumbar cord levels. A
large number of compound muscle action potenti@81APs) associated with the
responses to 2.1 Hz-stimulation (the lowest avielabmulation frequency) were analyzed
for their EMG characteristics, i.e., latencies, peapeak amplitudes, and waveforms.
Furthermore, the effect of increasing the stimalafirequency to 5, 11, 16, and 22 Hz on
the EMG activities was explored. The elicitationre@$ponses with simple periodic patterns
was documented.



Second, the capacity of biologically realistic netkv models to re-produce the simple
periodic patterns covering two successive respomses tested by means of computer
simulation. For this purpose, a novel mathematiwatiel was developed that extends the
widely usedLeaky Integrate-and-Firenodel by detailed neurophysiological time courses
of postsynaptic potentials gained from experimersiaidies. The present model was
designed as a biologically realistic mathematicdakgrator of postsynaptic effects of
specialized spinal cord neurons. Particularly,absidered monosynaptic excitatory and
disynaptic inhibitory actions exerted by populatiaf la fibers, la interneurons as well as
Renshaw cells on the motor pools. Thereby, the emadéiical model based on a non-linear
recursive algorithm simulating spatially and tengdlgr distributed neuronal effects. In
order to test the functional roles of the netwoldnments on the generation of particular
motor outputs, the complexity of the complete model approached by successively
adding interneuronal populations and connectivities

Results

The neurophysiological study produced three maidirfigs.(i) Epidural stimulation of the
human lumbosacral cord (deprived of brain influetge accidental lesion) at a low
frequency of 2.1 Hz elicited monosynaptic, segmergflexes in multiple lower limb
muscles bilaterally. These responses had shortcandtant latencies and rather simple
CMAP waveforms. There were no interactions betweemscles during continuous
stimulation.(ii) By increasing the stimulation frequency to 11-22, Hhe independence of
successively elicited reflexes was replaced byopéri modulations with cycle periods
covering two responses in 20.8% of all data setgshé thigh muscle groups quadriceps
and hamstrings, the pattern most frequently dedeci¢ 16 Hz-stimulation was
characterized by anti-phase alternations of regmisthe antagonistic motor poofsi)
Independently from the effects induced by highemusfation frequencies, a not yet
described type of reflex was detected in the flerascle tibialis anterior. These responses
to 2.1 Hz-stimulation had both features of simplenasynaptic reflexes as well as
characteristics of more complex oligo-/polysynapéftexes.

The generation of simple periodic patterns coulddsproduced by the assumed network
models. In particular, it was rather the activitf Renshaw cells and their mutual
interactions that accounted for stable responseuratidns. On the other hand, the la
interneurons, responsible for reciprocal inhibitauring various spinal network activities,
had less impact on the generation of simple perigditterns. The segmental circuits
associated with a single motoneuron populationcc@ubduce alternating motor outputs
independent from the activity in the antagonistrcuit. However, the generation of anti-
phase alternations of antagonistic motoneuron fidajs required the incorporation of
interconnections between the two circuits. Sucle typpatterned output was most readily
produced when assuming two network circuits witlynawetric parameter settings
corresponding to ‘flexor’ and ‘extensor’ connedi@s. In the complete model network



considering la interneuron and Renshaw cell agtitite influence of the latter was largely
reduced and the capacity of producing stable rhiglpatterns was lost.

Conclusions

The reflexes elicited by 2.1 Hz-stimulation wereedo the activation of large-diameter
group la afferent fibers within the posterior roatsl the concomitant strong monosynaptic
excitatory drive of the spinal motor cells. The iéiddal recruitment of some group Il
fibers accounted of the elicitation of the more pter polyphasic responses detected in
tibialis anterior. At stimulation frequencies of-22 Hz, the central state of excitability
was increased, hence leading to the concomitaivaéion of spinal interneuronal circuits
that led to a modification of the successive respsrwith simple periodic patterns.

The computer model revealed temporal summationostsynaptic potentials elicited by
stimulation pulses applied in close successioreadihg mechanism elevating the central
state of excitability. At the same time, the indegence of segmental reflexes at 2.1 Hz
was due to the cessation of even the longest tpstterneuronal activities induced by one
stimulation pulse before the next stimulus was iedplThe present model thus provided
strong evidence for the frequency-dependence oéfieetive incorporation and activation
of segmental circuits in the sensory-motor transiars The motor outputs produced by
the mathematical model closely resembled thosevel@rirom the neurophysiological
recordings and particularly, inter-segmental camation of segmental activities was
demonstrated for stimulation frequencies of 16 Hz.

The significance of the present thesis is manifgléctrophysiologically, it scrutinizes the
standard human lower limb muscle reflexes in respdo 2.1 Hz-epidural stimulation of
the lumbosacral spinal cord isolated from supradpimfluence. In the field of
neurosciences, it contributes to the understandinthe role of signal frequency in the
configuration of neuronal circuits. Furthermore, ellaborates the functional roles of
specialized interneurons of the lumbar spinal covdchinery in generating rhythmic
activities.
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Abbreviations

AHP afterhyperpolarization, afterhyperpolarizing
CMAP compound muscle action potential

CPG central pattern generator

EMG electromyography, electromyographic
EPSP excitatory postsynaptic potential

Ham hamstrings

IPSP inhibitory postsynaptic potential

LIF leaky Integrate-and-Fire

LLPG lumbar locomotor pattern generator

PRM reflex  posterior root-muscle reflex

PSP postsynaptic potential

Q quadriceps

SCI spinal cord injury, spinal cord injured
SCS spinal cord stimulation

TA tibialis anterior

TS triceps surae



Posterior root-muscle reflexes of the human lumbacord
elicited by epidural stimulation

Summary

Sustained epidural stimulation of the lumbar conthwirequencies of 25-50 Hz can
activate spinal networks that generate locomota-lnovements in the lower limbs of
chronic complete spinal cord injured individualfie§e rhythmic activities are composed
of a series of stimulus-triggered posterior rootsole (PRM) reflexes, each initiated
within the posterior roots, processed by the lundmad, and recorded from various lower
limb muscles. At lower stimulation frequencies (1), PRM reflexes have previously
been recognized as segmental muscle twitches @uydsied to be monosynaptic in nature.

The aim of the present study was to further el@ttysiologically characterize lumbar cord
reflexes elicited by 2.1 Hz-epidural stimulation. fé&rther aim was to document their
behavior at transitional frequencies below the gresgucing functional motor outputs.

Stimulation at 2.1 Hz resulted in simple segmer®®M reflexes, recorded from
guadriceps, hamstrings, tibialis anterior, andepg surae bilaterally. The results support
the interpretation of their monosynaptic natureerewvith intensities of 5 times the
response thresholds. Only an increase of stimuldtequency to 11-22 Hz could lead to
modifications of the simple PRM reflexes with patte suggesting interactions between
the segmental responses to successive stimuli dweba antagonistic muscles.
Occasionally, monosynaptic PRM reflexes with addiél delayed electromyographic
components were elicited in tibialis anterior d Bz that suggested the contribution of
group Il muscle spindle afferents.
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The conceptual novelty of this work is in elabargtcharacteristic short-latency reflexes
of the human lumbar cord in response to low-ragéetdtal stimulation and the role of
increased frequencies of afferent volleys on theigaration of spinal circuits.

Introduction and Background

Dorsal root-ventral root reflex studies in catsidgpadvanced the knowledge on reflex
activity of the mammalian spinal cord in the 1940Tfiese electrophysiological in situ

experiments based on single pulse stimulation dbisal root and the recording of the
elicited reflex discharges from the ipsilateral tvah root of the same segment. By
providing a controlled afferent input and an effeztmeasure of the output, the method
allowed for the analysis of specific spinal reflpathways. The central sites of both
stimulation and recording clarified the physiol@jifeatures of spinal reflexes that were
assumed from previous anatomical studies. The sadnghese early studies of segmental
spinal reflexes was provided by the developmentsxperimental tools, allowing precise

timing of events and accurate spatial localizatibactivity (Lloyd, 1944; Hultborn, 2006).

Short latency dorsal root-ventral root reflexes eveliscovered in cat by Eccles and
Pritchard (1937). The central reflex time found vmasshort as to allow the assumption that
the testing volley in the dorsal root fibers dihgdet up a discharge from the motoneurons
via a single synapse. This was probably the fitsgsmlogical demonstration of the
anatomical, monosynaptic connection between prinadfgrent fibers and motoneurons
(Eccles & Pritchard, 1937; Hunt & Perl, 1960). Tdwdter, the characteristics of the
monosynaptic reflex response were elucidated byskam (1940). He found that dorsal
root-ventral root reflexes showed temporal disaarnities in the populations of responding
motoneurons. The early wave of the discharge wasgrezed as a two-neuron-arc reflex,
initiated only by the fastest conducting dorsaltrafferent fibers. The second portion of
the reflex discharge followed the early wave aernntls corresponding to additional
synaptic delays, and had an extended duration.

In a series of classical analyses, Lloyd (1943d3b9 1944) described the correlation of
dorsal root-ventral root reflexes with fiber siznge of the stimulated afferents and their
peripheral origin. He demonstrated that dorsal-k@witral root reflexes consisted of two-
neuron-arc discharges, together with delayed, skffonultineuron-arc discharges. The
monosynaptic reflexes were initiated in large, tdweshold group | afferent fibers arising
in muscle and could be demonstrated in extensowel as flexor muscles. The
polysynaptic discharges were found to be evokedtbyulation of group Il muscle or
cutaneous afferent fibers, distributed almost esigkly to flexor muscles. Thus the
segmental reflex discharge initiated by dorsal gimhulation and recorded from a ventral
root was demonstrated to contain three major el&nextensor two-neuron-arc, flexor
two-neuron-arc and flexor multineuron-arc discharge



16

Investigations of dorsal root-ventral root reflede@sve not been carried out in humans
since invasive stimulation as well as recordindhitegues would be required. On the other
hand, minimally invasive methods have been desgrihehumans that are effective to
stimulate afferent structures at rather centrassiiose to the spinal cord. Posterior roots
can be stimulated at localized sites p.e. by neeldletrodes inserted epidurally, i.e., into
the spinal canal but outside the outermost membcamering the spinal cord (Ertekin et
al., 1996). Also, a reflex discharge from the spu@d can be not only recorded as the
outflow through anterior roots, but also electromygphically from the surface of the
respective muscle (Magladery et al., 1951; Jankaw4®92) to which the discharge is
directed.

Similarly, it has been shown that stimulation apglby electrodes placed in the lumbar
epidural can similarly activate afferent fibers himt the lumbar posterior roots in
individuals with complete, long-standing spinal e¢anjury (SCI) (Murg et al., 2000;
Minassian et al., 2004). In particular, it was destoated that non-patterned trains of
stimuli delivered via such electrodes at 25-50 Hn enduce rhythmic locomotor-like
activity in the paralyzed lower limbs with alterimgf extension and flexion phases
(Dimitrijevic et al., 1998; Gerasimenko et al., 20Minassian at al., 2004). Electrical
stimulation at 5-15 Hz applied at identical stimida sites and intensities, on the other
hand, can evoke bilateral extension of the lowabs (Jilge et al., 2004).

Analysis of the stimulation-induced electromyogriapfEMG) activities detected from the
surface of several lower limb flexor and extensousotes revealed that the EMGs
associated with these functional motor outputs @mposed of series of stimulus-
triggered compound muscle action potentials (CMA@Rnassian et al.,, 2004). These
responses were termed PRM reflexes (Minassian,e2@7a, 2007b) in accordance with
their initiation and recording sites. Hence, PRMlevees described in these studies
represented equivalents of the classical dors&ivewatral root reflexes.

Functional motor outputs, i.e., locomotor-like &it$i or bilateral extension of the lower
limbs, were produced by successively elicited PR~ eres with organized modifications
of amplitudes and latencies (Jilge et al., 2004 ddsian et al., 2004). These modifications
indicated activation of functional lumbar netwoilkg the sustained stimulation since the
model under consideration was the human lumbar cleprived of brain influence.
Supportive evidence ‘that a given sensory inputltare either an excitatory or inhibitory
effect on a given motoneuron as dependent on a$&ld8tion process related to the phase
and intent of movement’ (Stuart, 2002) has alsonbg®vided by animal experiments
(Hultborn, 2001; McCrea, 2001).

The aim of the present study was to advance thevlegge about the sensory-motor
mechanisms of spinal reflexes elicited by postawot stimulation. Thereby, the focus on
electrophysiological characteristics of monosyrmagtgmental PRM reflexes evoked by
low-rate epidural stimulation (2.1 Hz) and recordedm quadriceps (Q), hamstrings
(Ham), tibialis anterior (TA), and triceps sura&s{Tbilaterally. Additionally, the effect of
increasing the stimulation frequency on the comfigjon of spinal networks will be
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explored. The hypothesis is that at higher ratemadming volleys the stimulation effect
will expand to lumbar circuits that in turn willygisegmentally influence the elicited PRM
reflexes. Finally, a more complex and not yet dbsd type of PRM reflex elicited at 2.1
Hz will be introduced that is distributed exclugiwvéo the ankle flexor muscle TA. This
PRM reflex-type has features of two-neuron-arc tthsges, together with additional,
delayed components.

The significance of the present study lies in thecteophysiological description of
monosynaptic PRM reflexes of the human lumbar capkived of supraspinal influences.
Expanding the knowledge about these simple, inddg@nPRM reflexes will be essential
for understanding the complex reorganization desesystems during rhythmic outputs of
human lumbar spinal cord circuits activated by S&Shigher rates of stimulation
(Dimitrijevic et al., 1998; Jilge et al., 2004; Missian et al., 2004, 2007b). In the present
work, information is provided on the conditions ttheecure the elicitation of these
independent segmental reflexes and furthermorehenrale of frequency in activating
spinal circuits other than two-neuron reflex arosflected by the divergence of the
monosynaptic PRM reflex from its simple nature.

Material and Methods

Subjects

Six subjects with chronic traumatic motor compl&@l (5 ASIA A, 1 ASIA B) were
selected for the present study. Subject demogragdie are listed in Table 1. At the time
of data collection, the subjects were otherwisdthgadults in a chronic conditior (1
year post-injury) and met the following criteriaretch and cutaneomuscular reflexes in
the lower extremities were preserved; lumbosacraked potentials reflecting the spinal
cord gray matter function below the level of theide were present (Lehmkuhl et al.,
1984); the absence of supraspinal, trans-lesiatalagion of motor units was documented
by brain motor control assessment (BMCA; Sherwoba@le 1996) using multichannel
surface EMG recording; no antispastic medicatiorsewused. The subjects participated to
a program of restorative neurology for the controspasticity by spinal cord stimulation
(SCS, Pinter et al., 2000) and had systems fouepi6CS implanted subcutaneously. The
vertebral levels of the implanted electrode arraygyed from the lower half of T11 to the
lower third of L1 in the different subjects. Imptations as well as clinical stimulation
protocols were approved by the local ethics conemjttand all subjects gave their
informed consent.

! ASIA classification: ASIA A, no sensory or motamiction preserved below the level of the lesion|AAS
B, sensory but no motor function below the levelha lesion. For details see Maynard FM et al.,7199
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Table 1. Subject demographic information at the time ofdatllection

Subject ox Age Time since Level ASIA Electrode position
No. (years) SCI (years) of SCI  Class. (vertebral level)
m 22 5 C6 A T12-L1 C\
1 Al
Cwd
m 18 3 C5 A T12-11 c\
2 A
o
m 25 1 C7 B T12-L1 C\
3 A
Cwd
4 f 25 4 T6 A T12 %%3
C N
&
m 33 13 T5 A T11-T12 C\
5 |
cid
f 33 2 T5 A T2 Ol
6 %

Spinal cord stimulation system

Spinal cord stimulation was delivered via a cylindr electrode array (Pisces-Quad
electrode, Model 3487A, Medtronic, Minneapolis, MMISA) placed in the spinal canal,
but outside the meninges covering the spinal cottie dorsal epidural space (Fig. 1). The
array consisted of four independent electrodesh &omm long with an inter-electrode
spacing of 6 mm. For their identification, the é&tedes were labeled as 0 to 3, with O
being the most rostral one. The electrode array ewamected to a programmable pulse
generator (Itrel 3, Model 7425, Medtronic), locasedbcutaneously in the abdominal wall.
The pulse generator delivered quasi monophasicukignpulses. To avoid charge
accumulation, a second long pulse was used widgnéafly smaller amplitudes. Following
stimulation parameters were offered: pulse wid8@450 ps; stimulus intensities, 0-10.5
V; and stimulation frequencies, 2.1 Hz -130 HEach electrode of the array could be set
at +, —, or ‘off, allowing for various bipolar el&ode combinations. Monopolar
stimulation was carried out with one of the eledé® selected as cathode and the active
area of the pulse generator case, labeled ass'@nade. Impedance was within a range of
300-1500Q, partially depending on the active electrode corations.
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Figure 1. Schematic sketch demonstrating the location ofrtianted epidural
electrode array with respect to vertebral leveddt)land anatomical structures

(right).

Electrode position and stimulation effect

The effect of SCS is determined by the rostro-chpdsition of the active cathode (Struijk
et al., 1993; Rattay et al., 2000) as well as fhiad stimulation parameters (Dimitrijevic
et al., 1998). It is important to note that theesgbn of different monopolar or bipolar
electrode combinations of the epidural array resitdifferent locations of the cathode
along the electrode array as well as differentadhanode distances, affecting stimulation
site and effective range. Monopolar (e.g. c+3-) himblar electrode combinations with
largely spaced electrodes (e.g. 0+3-) provide adwoeffective range of stimulation than
narrowly spaced electrodes (e.g. 2+3-).

The rostro-caudal position of the active cathodd wespect to the lumbosacral spinal cord
segments can be identified by the elicitation ajnsental muscle twitches in the lower
limb muscles, based on their segmental innervat{dfedter et al., 1983; Murg et al.,
2000). According to the thresholds of responsekeyon Q and TS, two muscle groups
with separate segmental innervations (L2-L4 andSP5-respectively), and vertebral
cathode positions (identified by X-ray) along watandard anatomical data, the segmental
stimulation sites can be estimated and categoiiged4 groups (Minassian et al., 2007b):
Groupl, only thigh muscles respond even to maxymapplied stimulation (10 V),
cathode position: rostral to L2 cord segments; @r@u thresholds Q < TS, cathode
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position: L3/L4; Group 3, thresholds Q = TS, cath@asition: S1/S2; Group 4, thresholds
Q > TS, cathode position: caudal to S2. The sanegodazation will be used in the present
study for the characterization of effective stintidia sites. Muscle responses elicited by
stimulation delivered from a Group 2-position Wik given special consideration, since
this site was demonstrated to be of particularveeiee for lumbar network activity
(Dimitrijevic et al., 1998; Jilge et al., 2004; Missian et al., 2004).

Stimulation protocol

Recordings utilized for the present study wereemddd according to 2 clinical stimulation
protocols, the ‘muscle twitch’- and the ‘frequermtocol’. All recordings were
conducted with the subjects in a comfortable supwstion.

The ‘muscle twitch-protocol’ was used for the idcation of the rostro-caudal electrode
position and in particular the effective site of S8y eliciting segmental reflex responses
(Murg et al., 2000). For this purpose, the pulseegator was programmed as to deliver
repetitive pulses of 210 us width at the lowestlalsde stimulation frequency of 2.1 Hz.
For each monopolar or bipolar electrode combinadibtihhe epidural array, the stimulation
was intensified in 1 V-increments up to a maximuhl® V, but was never increased
beyond the level that started to cause discomdbaitie subject.

The ‘frequency-protocol’, on the other hand, wakzeid to determine both the appropriate
electrode combination and stimulation frequencyt #féectively suppressed motor unit

excitability (Pinter et al., 2000). Again, the prilgenerator delivered repetitive pulses of
210 ps width. Stimulation was initially applied 211 Hz for a given lead selection.

Intensity was stepwise increased until muscle tveiscwere recorded in all lower limb

muscles studied. At this level, the stimulatiorgfrency was gradually increased up to 100
Hz, with steps specified by the pulse generatat, (8, 11, 16, 22 Hz etc.). The same
procedure was repeated for incremental stimulusnsities and eventually for different

electrode combinations.

Surface-poly electromyography

Surface EMG recordings have a long history of wasi@pplications in biomechanics,
motor control, neuromuscular physiology, and chhievaluation of movement disorders.
For the present study, multi-channel surface EMG utdized as a non-invasive technique
that provides a measure of the outputs of multlprabosacral motor pools, the latter
representing common final pathways of spinal neairactivity. Surface EMG allows for
the recording from a relatively large volume of timeuscle, hence assessing a
corresponding large portion of the motor pools.
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For the above introduced clinical stimulation poatis, EMG activity was recorded from
Q, adductor, Ham, TA, and TS bilaterally (cf. Fig@), and from the lower abdominal and
lumbar paraspinal muscles. Pairs of silver-silMaiogde surface electrodes were utilized
with an inter-electrode distance of 3 cm. To ob&ectrode impedances below & kor
enhancing signal quality, the skin was preparedh lirasive skin gel if necessary. The
EMG signals were amplified using a Grass 12D-16-Gfirbdata Acquisition System
(Grass Instruments, Quincy, MA, USA) adjusted ggamn of 2000 over a bandwidth of 30—
700 Hz. Data were digitized at 2002 samples pevrseand channel using a Codas ADC
system (Dataq Instruments, Akron, OH, USA).

|>~—\/~/\/-— Quadriceps
11 >—=>—/ \.—— Hamstrings

D/
I =

o - |

:[>-._—l\/— Tibialis anterior

Triceps surae

Figure 2. Sketch illustrating placement of surface-electrodeed to record
EMG activity from various lower limb flexor and extsor muscle groups
bilaterally.

Data analysis

Responses of Q, Ham, TA, and TS elicited by SCElaHz were analyzed for their EMG
features in terms of onset, offset, duration, pmageak amplitude and waveform.
Electromyographically, the muscle responses wetectid as CMAPs.

The lumbar paraspinal surface EMG electrodes wer@hes closest to the stimulation site
and therefore most readily picked-up the volumedooted stimulus pulses generated by
the epidural electrodes as artifacts. These atsifaere used for the temporal identification
of single pulses within the applied 2.1 Hz-traipsrmitting us to unequivocally relate the
CMAPs to the pulses which had triggered them. Hisple stimulus-response relation
allowed for the analysis of EMG characteristics siigle CMAPs captured from the
continuous recordings.

Figure 3 illustrates the analyzed CMAP featurese Bhset latency and the offset of a
CMAP were defined as the times between the stimapication and the first and last
EMG deflections from baseline larger than 5% of tberesponding CMAP peak-to-peak
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amplitude, respectively (Fig.ag The CMAP width was the duration between the bnse
latency and the offset. Averages of these timempaters were calculated as the mean
values of all responses consecutively elicited witbhnstant stimulation parameters
(generally 20-35 CMAPS).
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Figure 3. Evaluated electrophysiological features descrilfihMAPs associated
with PRM reflexesa Peak-to-peak amplitude, onset latency, offsetftwiad The
definition of weighted latency of a PRM reflex isettime in the waveform
measured when the area under the curve for theSfulims time window is
divided equally. All latencies measured from stinslonsetc PRM reflexes
elicited in tibialis anterior during a single redorg session with constant
stimulation intensity of 6 V and epidural electra@mbination 0+2-, subject 1.
Stimulation frequencies from top to bottom: 2.1 H,Hz, 16 Hz, and 22 Hz.
Delayed EMG components emerge as from 11 Hz andteay become the
predominant responses constituents (22 Hz). At ¥lakd 16 Hz, the early
response component diminishes; still the onsetbéas as compared to the short
response elicited at 2.1 Hz are unchanged. Onlynwihe early components are
fully suppressed (22 Hz), the onset latency showsomsiderable shift. As
opposed to that, weighted latencies are gradullffed to prolonged latencies
in consistency with the growing dominance of thiaged EMG components of
the responses illustrated from top to bottom.
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In addition to the conventional time parametenspeel parameter was defined, referred to
as weighted latency (Figbhp Weighted latency is a calculated value, as opgdse the
measurable onset latency, and provides a measuahdnges in the CMAP morphology
and reflects the contribution of late peaks to tG&AP waveform (Fig. 8).
Arithmetically, weighted latency is the time betwethe stimulus application and the
weighted median of the rectified EMG activity asated with a CMAP. For its
calculation, time windows, each covering a singieponse, were introduced. The left
margins of the time windows were defined as theebtatencies of the corresponding
responses minus 2 ms, to entirely include theahi@MAP deflections from baseline.
Time window length was 50 ms, a duration longentaay CMAP width measured, hence
covering the cessation of all stimulus-induced évewithin this period. Signal
contributions after the complete decay of the phlggjical response but still within the
time window were negligible. Finally, within eacime window, the area under the
rectified CMAP was evaluated. Weighted latency tiesn defined as the time between the
stimulus and the moment that separated the cadcllattegral into 2 equal parts (see
differently hatched areas of the CMAP given in Rig).

To identify standard CMAP shapes, all stimulusgered responses within a sequence
with constant stimulation parameters were averagedrage shapes were established for
each subject, muscle, and incremental intensityally, the calculated CMAP shapes were
categorized according to the number of EMG phgsasitive or negative initial peaks, and
CMAP widths.

Additionally, response thresholds for consistergliciting PRM reflexes with peak-to-
peak amplitudes > 50 uV were identified and reamaitt curves were calculated as the
relation between the mean response-magnitudes tendespectively applied stimulus
intensities for each muscle studied. To obtain groesults, the individual recruitment
curves were normalized in two steps as follo@sMean amplitudes of a given muscle
were related to the respective maximum response,agplied stimulus intensities were
given as multiples of the response thresh@iyl.The values of all subjects were grouped
into intervals of 0.5 times of the threshold inignsRelative maximum applied intensities
amounted to 5 times the threshold. Within eachrvwale the average amplitude was
calculated from the six subjects for each muscie pa

Data were analysed off-line using WinDaq Waveformoviaser playback software (Dataq
Instruments) and Matlab 6.1 (The MathWorks, Inatitk, MA, USA).
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Results

This study generated three main findings which el presented in separate sections.
First, standard PRM reflexes in the lower limbgiedd by low rate-SCS (2.1 Hz — the
lowest possible stimulation frequency of the putgmerator) will be described. The
associated EMG activities are identified as CMAR whort and constant onset latencies
and electrophysiological features of segmental meoron-arc reflexes. Subsequently,
PRM reflexes are presented that are modified ellyeinteractions between antagonistic
muscles at higher stimulation rates or by the eemrg of additional delayed EMG
components at 2.1 Hz-SCS that are superimposedhensimple monosynaptic TA
response.

Simple segmental posterior root-muscle reflexes eited by low-rate SCS

Epidural stimulation of the lumbosacral spinal catca low rate of 2.1 Hz elicited PRM
reflexes in Q, Ham, TA, and TS simultaneously. Whkkaited under constant stimulation
conditions, these responses had consistent CMAgAdegs, amplitudes and waveforms
and were therefore referred to as ‘simple PRM xe#& They never yielded a build-up of
additional delayed EMG components beyond theirirdiste short offsets, not even in
response to maximum stimulation that could reatimbs the threshold intensity.

Some variations of CMAP waveforms could be obseraédslight increases of the
stimulus intensity above threshold. CMAP shape®RM reflexes with magnitudes of
80% and above of the corresponding maximum resgost®yed constant with yet
stronger stimulation. By categorizing the CMAP gwmpith maximum amplitudes,
distinct templates were identified that were chimastic for the different muscles studied.
Figure 4 illustrates representative simple PRM reflexeQofHam, TA, and TS with
maximum (solid lines) and lower (dashed lines) amgés, the latter elicited just at
threshold intensities or slightly above. Exceptidnem these standard templates are
shown in Figure B. Quadriceps had a triphasic CMAP shape, detentatl twelve limbs

of the six subjects studied. Hamstrings showed nnu&tr-individual variabilities of
CMAP shapes. The template displayed in Fig. 4 vem®rded in eight limbs. In two
further cases, CMAPs featured the standard shaipg barrored in the abscissa with a
short initial positive phase. In the remaining timabs, five-phasic CMAPs with a first
positive deflection were detected. Tibialis anternesponses featured two characteristic
templates, triphasic in seven cases and biphasifoun cases. Both shapes had same
widths and started with a negative peak. In one,capolyphasic shape was detected that
did not exceed the offset of the other templatesceps surae had a CMAP shape
dominated by two major peaks starting with a pesitleflection. Exceptions were only
found in two limbs with responses demonstratingrf@nd five distinct phases,
respectively, but the same CMAP widths as the stahttmplate.
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Given a functional stimulation site estimated at/Li43 segments (Group 2-position),
maximum peak-to-peak amplitudes were larger irthigh than in the leg muscles. Mean
values evaluated in all six subjects amounted t@100.4 + 1170.1 pV; Ham, 2416.7 +
944.2 uV; TA, 687.7 £ 315.7 uV; and TS, 1284.9 ¥.&4uV. No evidence for reciprocal
interaction between antagonistic muscle groupsfauasd.

Mean thresholds for eliciting simple PRM reflexesrevQ, 3.0 £ 0.6 V; Ham, 3.0 £ 0.6 V,

TA, 4.1 +£1.2V;and TS, 3.9 £ 0.8 V given stimidat sites estimated at L3/L4 segments
(Group 2-position). At intensities above 4.1 V oreiage, SCS was effective to induce
PRM reflexes in all recorded lower limb musclestatally. While the recruitment curves

of the thigh muscles had steeper initial slopes ti@ ones of the leg muscles, they all
reached a plateau at stimulus intensities of 2dithe respective thresholds. In Ham, TA,
and TS, the recruitment curves remained steadigeaplateau level up to the maximum
applied intensity, whereas the recruitment curveQofleclined with further increase of

stimulus intensity.

In two subjects (# 4 and 6) the potential for padivation depression of PRM reflexes
elicited at 2.1 Hz-SCS in Q, Ham, TA, and TS agmsities from the threshold of 2 V to
the maximum of 10 V was studied. The responsebdditst stimuli within the trains did
not demonstrate any post-activation effects on HRM reflexes elicited by the
immediately following pulses.

a
—_— gV —_— 10V
Q . -= 5V Ham -— 2V
E [I ~ E 4 \\
L ————— e ————
0 50 ms 0 50 ms
-_— BV - 6V
TA /\ -- 5V TS : -- 5V
E A N <: E i
N Y U

0 50 ms 0 50 ms

TA

0.5 mV

0 50ms O 50ms 0 50 ms



26

<« Figure 4. Standard PRM reflexes of quadriceps (Q), hamdrifigam),
tibialis anterior (TA), and triceps surae (TS) ged from sequences of SCS at
2.1 Hz.a Characteristic CMAP waveforms of PRM reflexes wittaximum
amplitudes (solid lines in blue color) are illusé@ together with CMAP widths
(horizontal bars, margins marking onset latencied affsets) and weighted
latencies (filled arrowheads). CMAP templates arerivéd from single
individuals; time parameters are group resultslio$ubjects. CMAPs in dashed
grey lines show PRM reflexes at threshold intengityslightly above. Q,
electrode combination 0—-3+, 9 V, subject 2; HanB3+-10 V, subject 4; TA,
0+2—, 6 V, subject 1; TS, 0+2—, 6 V, subjecblExceptions from the standard
CMAP templates detected in Ham, TA, and TS as de=strin the text. Ham
(dashed line in blue color), epidural electrode boration 0+3—, 5 V, subject 4;
Ham (solid line in purple color), epidural electeodombination 0+3—, 6 V,
subject 3; TA (dashed line in blue color), epidwigctrode combination 0+2—, 5
V, subject 1; TA (solid line in purple color), epicl electrode combination
0+3—-, 7 V, subject 4; TS (dashed line in blue Qolapidural electrode
combination 0+3—, 6 V, subject 5; TS (solid line parple color), epidural
electrode combination 1-3+, 5V, subject 4.

Mean time parameters of maximum PRM reflexes basethe whole subject group are
illustrated in Figure 4 and listed in Table 2. Wadtlvariability of 0.5 ms, a value equal to
the sampling interval, the onset latencies of rapely elicited responses of a given
muscle were confirmed to be constant. The onsetdats of CMAPSs detected in the thigh
muscles were shorter than in the leg muscles. &séme time, CMAP widths of the thigh
muscle responses were longest. The response oessafi the various muscle groups
were synchronized to a high degree. The correspgmaffsets compared in pairs did not
show significant differences (paired t-test, p 85), except when comparing Ham with
TA.

Table 2. Time parameters of PRM reflexes of quadriceps f@strings (Ham),
tibialis anterior (TA), and triceps surae (TS) withaximum peak-to-peak

amplitudes
Onset latency  Weighted latency Offset Width
Q 9.8+0.9 215+19 36.8+4.8 27.0+4.38
Ham 109+0.9 21.1+1.0 39.2+1.38 28.3+2.3
TA 18.5+0.9 259+19 34.7+3.0 16.4+3.5
TS 18.1+1.0 251+1.7 38.8+49 20.7 4.7

Values (mean + SD) are in ms and averaged frosudilects.
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Modulated posterior root-muscle reflexes elicited ¥ SCS at higher rates

Epidural SCS delivered at the lowest available tigpe rate of 2.1 Hz exclusively
entailed independent PRM reflexes in all four meigioups studied, without interactions
between responses to successive stimuli or betvaedsgonistic muscles. At higher
stimulation frequencies up to 22 Hz different typésstable patterns (i.e., lasting for at
least 5 s) of periodic reflex modulations coulditdentified (cf. Fig. 5). The oscillation
period of the simple periodic patterns covered dwly successive responses, unlike the
PRM reflex modifications forming a spindle-like gleal EMG burst as described in
previous studies (Minassian et al., 2007b).

In the thigh muscles, the modulations affected rkfgponse magnitudes as well as the
CMAP shapes. Yet, with respect to the time pararsgtall responses were of
monosynaptic nature. In the leg muscles, the mexdlifieflexes typically involved the
emergence of delayed EMG components that could demome the predominant
response constituents. However, such complex, dygnamedulations are beyond the
scope of the present study. Only results recordmd £ and Ham will be presented in the
following section.

2.1 Hz 16 Hz
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Figure 5. Independent un-modulated PRM reflexes elicited .4t Rz (left)
compared to responses featuring one type of sipg@l®dic patterns at 16 Hz-
SCS (right). Bars represent integrated activitiesuzcessive PRM reflexes. All
data derived from subject 2, epidural electrodelmoation 0+3—, 5 V.
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Of all available data sets for responses to 5,16],and 22 Hz, 20.8% showed simple
periodic patterns. Among these cases, the pattest frequently detected (58.7%) was
characterized by the out-of-phase attenuation gfharses elicited in Q and Ham (Figs.
6a, b). This type of modulation was most readily elidilwhen SCS was delivered at 16
Hz (20.9% of all tested data sets), followed bynstation at 22 Hz (15.1%) and 11 Hz
(4.2%). No examples were found at 5 Hz or abovel22The mean durations for a stable
pattern were 15.0 £ 3.4 s (16 Hz); 15.6 £+ 3.7 s k&4; and 11.6 + 3.4 s (11 Hz).
Moderate stimulation intensities of 1-1.5 times thieshold were most effective to result
in this pattern out-of-phase attenuation of Q amdthHPRM reflexes (66.7% of all samples
showing this pattern). The pattern could also loeiged at intensities of 1.6-2.5 times the
threshold (33.3%). No examples were found at eveghen stimulus intensities.
Stimulation sites estimated at S1/S2 segments fmagtently elicited this pattern in Q
and Ham (17.8% of all tested samples corresponmirsgGroup 3-position), followed by
stimulation sites corresponding to L3/L4 segme@io(p 2-position; 10.3%).
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<« Figure 6. Periodic PRM reflex modulations elicited by SCSratjuencies
above 2.1 Hz. Displayed responses of quadricepsif@)hamstrings (Ham) are
first 13 within a series, arrows depict the timéstamulus applicationa Stable
pattern characterized by out-of-phase attenuatidp and Ham PRM reflexes is
established after the first 3 responsefattern featuring attenuation of every
second Q response, while Ham responses remain dolated.e In phase-
modulation of Q and Ham responsbsd, f Averaged CMAPs of Q and Ham
derived from the continuous recordingsanc, ande, respectively. Solid dark
lines calculated from responses 4, 6, 8, 10, 1&hethlight lines from responses
5,7,9, 11, 13, respectively. Data from top totdwot derived from: subject 2,
epidural electrode combination 0+3—, 5V, 16 Hz)jeat 2, 0+3—, 5 V, 11 Hz;
and subject 4, 0-3+, 6 V, 11 Hz.

Occasionally, two additional patterns could be det in Q and Ham(i) attenuation of
every second response within one muscle groupefeifth or Ham), but un-modulated,
constant motor output resembling that at 2.1 Hz-8(8e antagonistic one (28.8% of all
cases featuring simple periodic patterns; Figs. @&; (i) in-phase modulation of
successive Q and Ham PRM reflexes (12.5% of allptesnfeaturing simple periodic
patterns, Figs.&f).

Complex posterior root-muscle reflexes in tibialisanterior elicited by low-rate
SCS

More complex PRM reflexes were occasionally elttite TA by 2.1 Hz-SCS. These
responses featured additional EMG components betlunaffsets of the simple CMAP
templates. They still had short and constant diaseicies, but polyphasic CMAP shapes,
longer widths and delayed weighted latencies.

Figure 7 compares representative simple (Fay.and complex (Fig.t) PRM reflexes of
TA elicited with incremental intensities. Both exales were derived from the same
subject during a single recording session. By sielgdlifferent active epidural electrode
combinations, the effective site of the bipolarcélede with same contact separation was
shifted by 9 mm in rostral direction fromto b. Characteristically for the complex PRM
reflexes, graded stimulation not only yielded acréase in the response magnitudes, but
also led to the build-up of additional late EMG qmments beyond a certain threshold
(Fig. M, 4 V). As opposed to that, the simple PRM reflexe&ig. 7a responded only
with increased amplitudes to higher stimulus intees Another prominent feature
making up the complexity of the polyphasic PRM erfls in TA was the stochastic
variability of their appearance. Late EMG poterstiah addition to the simple CMAP
components were not consistently evoked withinesef responses elicited under
constant stimulation conditions. Particularly atdate stimulus intensities, complex and
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simple PRM reflexes were elicited in a random ondé¢h rather constant amplitudes of
the prominent late peak (Figb)7 At higher stimulation intensities every singtarailus
pulse eventually resulted in a complex PRM refldrder such conditions, the late peak
rapidly increased in size with yet increasing isign Furthermore, the amplitudes of the
late positive peaks demonstrated profound variatigiig. D). These were not subject to
characteristic, patterned modulations, but appearaddomly within series of
consecutively elicited responses under constamiusdtion conditions. The variations did
not affect the onset latency or the initial slopéshe CMAPs. Temporarily, the influence
of the late EMG components started approximatelih whie £' negative peak of the
response.

To identify any relation between the elicitationcoimplex PRM reflexes and the effective
electrode position as well as the utilized epidueddctrode selection, all different
monopolar and bipolar electrode combinations of ithplanted electrode array were
evaluated that were tested within single recordiagsions in the 6 subjects. Responses
with delayed peaks were detected in 5 of the 6estbjand occurred in 30.8% of all tested
electrode selections. With a probability of occonoe amounting to 32.6%, they were
most likely to be elicited in case of stimulatiates estimated at L3/L4 segments (Group
2-position). Given a stimulation site estimatedS4¥S2 segments (Group 3-position),
25.8% of the TA responses yielded a polyphasic eshijp examples of complex PRM
reflexes were found with SCS delivered from sitasidal to S2 segments (Group 4-
position). However, few data were available for tader case. In a single subject,
complex TA PRM reflexes were not detected. In tase, maximum applied intensities
corresponded to 1.5 times the response threshdld of

Regarding the applied epidural electrode combinatidbipolar stimulating electrode
selections with largely spaced electrodes (e.g—P+8ost frequently elicited complex
PRM reflexes. With such electrode set-ups, theywed in 75% of all cases and were
thus the common type of spinal reflexes in TA. lonopolar stimulation mode (e.g. c+3—
) the probability for their elicitation was 43.29%Bipolar stimulation employing
moderately (e.g. 1+3-) or narrowly spaced elecso@eg. 2+3—) were least likely to
evoke complex responses, with probabilities of osnce of 21.4% and 10.8%,
respectively.

Independently from the applied monopolar or bipekamulation mode, polyphasic PRM
reflexes were evoked in 70.6 % of all cases whemibst caudal lead electrode, # 3, was
selected as cathode. The probabilities for compsponses to be evoked with the other
lead electrodes operated as cathode were: # 2/62#.9, 4.0%; and # 0, 23.1%.
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Figure 7. Tibialis anterior PRM reflexes elicited by gradedS&a Simple PRM
reflexes; epidural electrode combination 0+B-Complex PRM reflexes with
additional delayed peaks were obtained when sgiftilee dipole in rostral
direction (epidural electrode combination 1+3-)sdred values are applied
stimulus intensities. At each intensity, 27-34 @mgive responses are shown
superimposed. Same scaling for all traces. All idiogs derived from subject 1
during a single recording session.

To evaluate the effect of incremental intensitiagtte occurrence of delayed PRM reflex
components, the number of complex PRM reflexestetidoy stimulation with constant

parameters in relation to the total number of respe was analyzed. This value
corresponds to the probability for eliciting compleRM reflexes with given parameter
settings. This probability was calculated for aegivepidural electrode selection only if
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complex PRM reflexes were elicited at all with givepidural electrode selections in
response to incremental intensities. The probgbibt the occurrence of complex TA

PRM reflexes increased with graded stimulation.titeshold intensity, 20 £+ 37% of

consecutively elicited CMAPs demonstrated late EM@nponents. Any increase of

stimulus intensity above threshold significantly € 0.05) increased the number of
complex PRM reflexes. At intensities of 2.5-3 tintee response threshold, more than
half of the PRM reflexes successively elicited wawenplex (55 + 40%). At the maximum

applied intensities corresponding to 4.5-5 times threshold, all of the CMAPs

demonstrated additional late peaks. The mean tbiesbquired to evoke the standard TA
CMAP calculated from this distinct data set was817.8 V. The corresponding value for
the elicitation of the additional delayed peak amted to 6.1 + 2.1 V, being 1.9 + 0.9

times the threshold of the simple response.

Figure 8 illustrates representative CMAP templatesimple and complex PRM reflexes
elicited in TA with different active electrode cométions and stimulus intensities.
Examples were all derived from a single subject eswbrding session to allow direct
comparisons. Traces arranged from top to bottorwghe simple triphasic template (Fig.
8a (i)) and complex CMAPs with similar initial potentiabsit different contributions of
delayed peaks (Fig.a8(ii)-(iv)). The CMAP widths of all complex responses were
similarly extended, while weighted latencies insezhconsiderably frori)-(iv), thereby
reflecting the growing dominance of the late EMGnponents. In detail, weighted
latencies of the CMAPs frof)-(iv) amounted to 21.2 £ 0.2 ms; 21.8 + 0.8 ms; 28.20+ 2
ms; and 29.8 £ 0.8 ms, respectively.

The influence of incremental intensities on weightegencies is presented in Fidp. 8he
examples from top to bottom differ in the dominantehe late PRM reflex component,
as exemplified accordingly in Figsa&i)-(iv). The graph in the top row (Fighgj)) is
derived from a recording consistently featuring simaple triphasic CMAP shape without
any build-up of late components with incrementé&msities. In such case, mean weighted
latencies of responses to graded stimulation detraiad variations of less than 1 ms
(Fig. & (i)) and were only slightly shifted from 20.3 £ 0.5 atghe response threshold to
21.2 + 0.3 ms at the highest applied intensity@¥1 The stimulation conditions frofn)

to (iv) were more and more effective in eliciting compRRM reflexes. This was also
manifested in the calculated mean weighted latendtecase of complex responses with
delayed peaks of small amplitudes as comparedetanitial phases of the response (cf.
Fig. 8 (ii)) weighted latencies were moderately shifted frdnb2 0.7 ms at threshold to
25.4 + 1.7 ms at 10 V (Figbg(ii)). The increasing contribution of late componerusiad
also be seen from mean weighted latencies withemental stimulus intensities; the
respective values amounted to 22.4 + 0.6 ms arti29.7 ms (Fig. B (iii)), and 22.3 =
1.2 ms and 30.4 £ 0.2 ms (Figb §iv)), evaluated at threshold intensity and at 10 V,
respectively. Under the most favorable conditioos the elicitation of complex PRM
reflexes (Fig. 8 (iv)), mean weighted latencies were delayed as soostimasilation
intensity was increased beyond threshold. The galapidly approached a maximum and
stayed constant thereatfter.
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Figure & illustrates the relation between the mean redtifimplitudes of the 2 dominant
positive peaks of the PRM reflexes examined in .Féggsand & and the applied stimulus
intensities. The first positive pedk is representative for the early contributionshe t
PRM reflexes, while the second onB,; describes the late components. TRe
recruitment curve displayed in Figc &) started with a steady slope, until a plateau was
reached. There was no elicitation of any I&epeaks up to the maximum applied
intensity. The threshold of late components inalgd?>-peaks decreased in the examples
according to the sequence of their presentatiam (i) to (iv) in Fig. &. At threshold and
moderate stimulus intensities, tRg-recruitment curves did not increase systematically
with graded stimulation, but had rather constanpldodes. At approximately 2 times the
threshold for the elicitation of late PRM reflexneponents, th®,-peaks rapidly increased
in size. A concomitant effect was the decline @Ph-recruitment curves.

The maximumP;-peak amplitudes were limited to values of appratety 1 mV in the
examples presented in Fig. 8. The maximBgpeak, on the other hand, could attain
amplitudes above 2 mV when being part of comple¥MRBflexes with a dominating late
EMG component, as shown in Fia @v). Amplitude variations of the delayed potential
peak were more distinct than of the early one,i@ddrly when theP,-peak became the
predominant CMAP deflection as can be seen from dtamdard deviations of the
displayed recruitment curves. The standard dewviatias percentage of the respective
mean peak amplitudes amounted to 4.19%ah Fig. & (i) and 14.4% oP, in Fig. &
(iv), both evaluated at 10 V.

The dominant positive pedk of the complex responses was clearly delayed mpaced

to the positive peakP; of the simple PRM reflex. Neither of the peak tefies

demonstrated a measurable jitter. The mean peakchatof P; derived from the simple
PRM reflex in Fig. & (i) amounted to 22.6 £ 0.1 ms, the mean peak latefdy,0
evaluated for the example in Figa @v) was 30.1 = 0.2 ms.
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Figure 8. Tibialis anterior PRM reflexes without (i) and tvi{ii-iv) additional
delayed peaksa Characteristic templates with different contribns of late
EMG components, each averaged from 22-34 consetytiglicited PRM
reflexes. Bars illustrate CMAP widths (margins niagk onset latencies and
offsets) and arrowheads the corresponding weiglatiethcies. SCS parameters
from top to bottom: 0+2—, 6 V; c+2—, 10 V; 1+3—, ¥Q and c+3—, 7 Vb
Relation between graded SCS and mean weightedciateft SD) calculated
from data sets exemplified | ¢ Recruitment curves of the positive pedks
andP,, prominent in the early and late parts of the PRiiflexes, respectively.
Data derived from subject 1.

The various CMAP shapes given in Figb.ahd & suggest that the complex, polyphasic
PRM reflexes are in fact composite CMAPs with twstidct constituents. This

implication could be readily verified by arithmesabtraction of two amplitude-matched
complex and simple CMAPs, chosen from the availalld¢éa sets to have almost
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congruent initial potential phases. Two variantstlod simple triphasic CMAP were
utilized for this procedure, shown as templdtgsT, in Fig. 9. Subtraction off;, T, from
amplitude-matched polyphasic responses resultélaeird representative templafes Ty,

Ts given in Fig. @ The common features of the latter, calculatedptatas were their
resemblance to physiologic CMAPs, with a width prged by 6.5-11.5 ms compared to
the respective value of the simple CMAP. In patdicuthe onset latencies of these
contributions to the polyphasic CMAPs were shifted 2-4 ms to larger values. The
prominent positive peaks had latencies of 30.5-3F walues delayed by 8.5-9.5 ms
compared to the positive peak of the T, templates. The differences in the shapes of the
templatesls-Ts were mainly in their initial phases. By linear damations of the standard
templatesT; or T, and one of the templatég-Ts polyphasic TA responses could be
artificially constructed that were closely resemglito recorded complex PRM reflexes
elicited with various stimulation parameters as Iwad in different subjects. Three
examples of the reconstructed polyphasic CMAPgaren in Fig. ®. The initial phases
of the templatesT, and Ts accounted for the influences on the early peakghef
polyphasic responses, i.e., increase of the feghative and decrease of the first positive
peaks due to the contributions of the delayed tatapl

a b
T
T1 +1E T3
TZ—J\/;
Ts To+Ty
T4
13 To+T5
Ts
3 ——J\F
£
0 | | | | 50 ms 0 | | | | 50 ms

Figure 9. Calculated templates of early and delayed coniobstto the complex
PRM reflexesa T, and T, are variants of the simple triphasic templatg; Ti,
and T; are constructed by subtraction of EMG signalseegnting a simple and
a complex CMAP, respectivelyo Polyphasic CMAPs built by superposition
(linear combination) of templateg ®r T, with T3, T4 or Ts.
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To summarize, the complex PRM reflex detected in ihAresponse to 2.1 Hz-SCS
represents a new reflex type with some complex trelplysiological features.
Comparable responses were not detected in the wiligele groups studied.

Discussion

The present study has shown that the human cordiglbgically isolated from
supraspinal input responds to low-rate stimulaif@ri Hz — the lowest programmable
stimulation frequency) of several lumbar and thestfisacral posterior roots with
monosynaptic, segmental PRM reflexes in multiplevdo limb flexor and extensor
muscles. These responses, recorded by surface B&IG Q, Ham, TA, and TS
bilaterally, have short and constant onset latsnaied simple bi- or triphasic CMAP
waveforms that are characteristic for a given neugcbup. Their appearance as a CMAP
with invariant EMG features when elicited under stamt stimulation conditions as well
as their low stimulation thresholds suggest thatgimple PRM reflexes result from the
activation of large-diameter group la fibers withine posterior roots and the efficacy of
the monosynaptic la input in discharging the spmatoneurons (Mendell & Hennemann,
1971; Willis & Coggeshall, 1978). This strengthlafexcitation mainly depends on the
number of la afferents projecting to the motonearand on inhibitory effects on the la
terminals including post-activation depression -tclvhis known to be reduced in spastic
patients — and influences of other inhibitory cits|{Pierrot-Deseilligny & Burke, 2005a).
As opposed to findings derived from H reflex stgdia humans with intact nervous
system, the PRM reflexes analyzed here revealéghaeifficacy of motoneuron excitation
by la afferents, most probably due to the absericeonnectivity between segmental
neural circuits and suprasegmental structures.

PRM reflexes elicited by 2.1 Hz-stimulation weresefjmental nature. This independence
of PRM reflexes from the activity of other musclesuld be lost when higher rates of
stimulation up to 22 Hz were applied, while stintida site and intensity were kept
constant. Under such conditions, the central sttexcitability was increased, and the
invariant segmental responses were replaced bydeally modulated PRM reflexes
with reciprocal patterns in antagonistic musclest tine. Since the focus of the present
study was to illustrate electrophysiological ché&eastics of the simplest type of PRM
reflexes, the investigation of possible mechanigmderlying the modification of the
spinal cord organization at higher rates of stimatawill be a subject for further studies.

More complex responses to 2.1 Hz-stimulation o@diin the ankle flexor muscle TA in
about one third of the recordings. These respomaéshort onset latencies corresponding
to those of the simple responses, but polyphasiABMhapes as well as considerably
longer widths. Most probably, the additional dethyegMG components resulted from the
concomitant inconsistent recruitment of group llstle spindle afferents with disynaptic
excitatory input to the TA motor pool (Pierrot-Diésgny & Burke, 2005b).
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Simple segmental posterior root-muscle reflexes eited by SCS at 2.1 Hz

The simple PRM reflexes evoked under constant $itian conditions at 2.1 Hz had
invariant EMG features. Increasing the stimulusemsity up to 5 times the response
threshold did not evoke delayed EMG components. Singple PRM reflexes were
recognized in previous studies as segmental muadlehes. They were the responses
with the shortest onset latencies recorded fromiveéngmuscle following epidural
lumbosacral cord stimulation (Murg et al., 2000gdiet al., 2004; Minassian et al., 2004;
Dimitrijevic et al., 1980; Halter et al., 1983). \&fnelicited at 2.1 Hz, they were suggested
to be monosynaptic in nature (Jilge et al., 2004hadsian et al., 2004). These findings
were confirmed and further elucidated by the preserly.

The onset latencies were constant for a given raugcup. They were longer in the distal

muscles due to the longer efferent limb of theesefarcs. Still, the response offsets of
proximal and distal muscles were statistically s$aene, compensated by differences in the
CMAP widths that could probably be attributed te #inatomical characteristics of the

studied muscles and the placement of the EMG eldet. The distinct short offsets of the

simple PRM reflexes delimitted short-latency exaitg compound events induced by

SCS delivered at a low rate of 2.1 Hz.

The CMAP shapes of the simple PRM reflexes evokadeu constant stimulation
conditions demonstrated no variations. Changesowtdmplitude CMAPs evoked by
graded stimulation were most likely due to spatatporal superpositions of the
contributions of additionally recruited motor unitsarge-amplitude responses were rather
invariable in shape with further increase in stinsuintensities, and had characteristic
CMAP waveforms that were characteristic for thdedént muscles, probably depending
on the anatomy of the activated motor units witspeet to the pair of surface recording
electrodes. In particular, influencing factors abbk the end plate distribution, the length
of muscle fibers and the size of their populati@agmajian, 1979) as well as the
mono/oligosynaptic reflexive recruitment of motaits.

The maximum attainable peak-to-peak amplitudeshef simple, monosynaptic PRM
reflexes were larger in the thigh than in the lowey muscles. This might be due to
differences in the generation of CMAPs in musclediverse forms and sizes as well as
to the biophysical conditions given by differenstdnces between posterior roots/rootlets
of different cord segments to stimulation sitegnested at L3/L4 segments (Group 2-
position; Murg et al., 2000; Minassian et al., 20@007b). The monosynaptic PRM
reflexes with smallest amplitudes were elicited’ i, being 1.8 to 3.5 times smaller than
in the other muscles. Anatomically, motoneuronsTaf might have a low number of
terminals from group la fibers, resulting in a skmaltotal monosynaptic excitatory
postsynaptic potential (Hunt & Perl, 1960). A ploysgical explanation could be a low
excitability of the monosynaptic reflex arc of TAual to tonic presynaptic inhibition
(Schieppati, 1987; Willis, 2006). Moreover, TA motauclei may have a different
segmental organization as compared to those ofother muscle groups considered.
Further studies are required to test these hypethdhe monosynaptic PRM reflexes of
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Ham, TA, and TS systematically increased in magieitwith incremental intensity, until
reaching a plateau. Unexpected results were fourehvanalyzing the recruitment curves
of Q PRM reflexes that declined at stimulus inteesiabove 2 times the threshold. This
decline might be attributed to the recruitment fugp Ib fibers in addition to la afferents
or the concomitant activation of muscle spindleoseary afferents with inhibitory effects
on extensor muscle groups (Pearson & Gordon, 20€0jvever, the fact that the
suppression was only found in Q needs to be inyatstil in future studies.

No evidence for interactions between PRM reflexasorded from antagonistic muscle
groups of thigh and leg was found at 2.1 Hz-SC§gssting that interneurons involved in
pre- or postsynaptic inhibition were inactive undeich conditions. Alternatively, the
absence of reciprocal inhibition could be due totual inhibition of la inhibitory
interneurons of antagonistic motor cells. The syoebus monosynaptic excitation of
antagonistic motor pools could be accompanied tmnkaneous actions on la inhibitory
interneuron populations that also receive theirnmms@gmental input from la afferents
(Jankowska & Roberts, 1972). Furthermore, Renshellg are particularly effective in
depressing activity of la inhibitory interneurohs her review on interneurons, Jankowska
(1992) elaborated that mutual inhibition of subgapans of la inhibitory interneurons
and inhibition by Renshaw cells can adjust the elegyf co-activation of flexors and
extensors.

In humans with intact nervous system, reciprocahlhbition at the ankle can be assessed
by amplitude changes of the soleus H reflex follmyva conditioning stimulus applied to
the antagonistic common peroneal nerve. Therehydiioning-test intervals must range
between 2-4 ms (Crone et al., 1987), which is imtrest to the synchronous activation of
afferents of antagonists as in case of epidural. 3@Beover, volitional co-activation of
antagonistic leg muscles in healthy subjects hasn bghown to depress reciprocal
inhibition (Nielsen et al., 1992).

Further evidence against the occurrence of recgbnmdibition induced by 2.1 Hz-SCS
can be deduced from the finding that segmentafrant®mns were not even detected at
threshold intensities (cf. Fig. 2, responses inhddslines). This is in contrast to earlier
studies on the soleus H reflex showing that thewrhof reciprocal inhibition depends
largely on the magnitude of the control reflex, cldag a maximum at amplitudes
corresponding to 5-15% of that of the maximal direotor response (Crone et al., 1985).
However, the question as to whether the same mesharare active in the intact nervous
system as in the human lumbar cord deprived oihbcantrol needs to be addressed in
future studies.

Posterior root-muscle reflexes elicited by SCS atigfher rates

Without changing the site or strength of epidur&SSand only by increasing the
stimulation frequency to 11-22 Hz, series of padallly modulated PRM reflexes with
reciprocal interactions between antagonistic mugobeips could be elicited (cf. Figs. 5,
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6). It was shown in earlier studies that cathodsitipms close to L3/L4 cord segments
(Group 2-position) are particularly relevant forcging functional EMG activities in the
lower limbs at frequencies up to 50 Hz (Minassiaale 2007b). Therefore, responses of
Q (L2-L4 segmental innervation) and its antagowiditbe focused on, rather than further
elucidating the rather well-established reciprotalinhibition at the ankle (Pierrot-
Deseilligny & Burke, 2005c).

The transition from invariant PRM reflexes at 2.2 td ones featuring simple periodic
patterns at higher frequencies hints at the agtofitinterneurons. The proposition is that
the central state of excitability was increasedhgyhigher rate of the afferent input, most
probably by temporal summation of interneuronaivagt Putative circuits concomitantly
activated in addition to segmental PRM reflex patisv could include la inhibitory
interneurons that transfer information from primamuscle spindle afferents more
effectively than other interneurons (Jankowska,2)@hd Renshaw cells.

The crucial role of an increased level excitabifity the operation of interneurons was
shown p.e. in the spinal cat by Jankowska and Rid#i®895) who applied glutamate
ejections in order to induce a tonic discharge osirgle interneuron. Sherrington
described reciprocal inhibition when superimposed the exaggerated tonus in
‘decerabrate rigidity’ and in various hindlimb mfes (reviewed by Burke 2007).
Reciprocal inhibition between antagonistic musaleugs was also shown to be present
during increased levels of spasticitiy when eligtiphasic knee, Ham, and Achilles
tendon jerks in spastic posttraumatic SCI subjéDimitrijevic & Nathan, 1967). The
human lumbar cord deprived of suprasegmental inflaewill presumably respond with
reciprocal inhibition only when the central stafeegcitability is increased as achieved
here by the higher stimulation rates. Preliminatydes also suggested that the
modification of spinal reflex activity is related ta specific range of stimulation
frequencies (Persy et al., 2005). The finding tleatprocal inhibition depends on a range
of stimulation frequencies can be explained by fie that la inhibitory interneurons
require some summation of excitatory influencesclgg et al., 1956). In the absence of
spatial summation, i.e., without the convergenceugfraspinal pathways on la inhibitory
interneurons, their excitation depends most prgbabl temporal summation at higher
stimulation rates. Further studies of the modelthef human lumbar cord chronically
deprived of brain influence are required to testhlgpothesis that spinal interneurons are
‘rate-sensitive’ to afferent input.

Jankowska (1992) stressed that inhibitory la irgarans respond with single spikes to a
synchronous la afferent volley. Moreover, she painbut that la inhibitory interneurons
may also discharge in bursts following stimulatafrspecific afferents, p.e. flexor reflex
afferents, in the non-anesthetized high decereloatteHence, the efficacy of la afferents
to activate la inhibitory interneurons may not owlgpend on the level of the lumbar
network-excitability, but probably also on the sgranicity of the excitatory input and the
involved types of afferents.
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Complex posterior root-muscle reflexes elicited b$pCS at 2.1 Hz

The complex PRM reflexes elicited in TA at 2.1 HZSShad polyphasic CMAP shapes as
opposed to the bi- or triphasic ones of the simpsponses. Their onset latencies
corresponded to a monosynaptic reflex, but theigkted latencies as well as their offsets
were considerably delayed, due to a new contributiacthe EMG signal in addition to the
short-latency compound recruitment of motor unitee new contribution to the EMG
signal was most probably made up of the activityaahotor unit population of TA that
was recruited with some delay with respect to thenosynaptic latency, due to an
increased central latency. In segmental reflexbs, ¢entral delay is increased by
excitatory interneurons interposed between thecthjreelectrically stimulated afferents
and the synaptically recruited motoneurons (Rensli®#0). Several observations have
been shown in the present work allowing for theuags#tion that the polyphasic TA
responses consisted of separate modes, with thenewbns being fired in at least two
groups due to a monosynaptic and a delayed, oliggsic recruitment.

In a dorsal root the whole range of afferent fibierpresent, exhibiting diameters from 1
to 20 pm with various peripheral origins (Lloyd,4B®). Fibers of different sensory
modalities are admixed in a dorsal root and prestments of different reflexes (Lloyd,
1944). Externally applied pulses of increasingnstty excite fibers in order of decreasing
axonal diameter (Rattay et al., 2000; Struijk et E)93). It was shown to be difficult with
dorsal root stimulation (Lloyd, 1943a), and withnsilation of afferent nerves from
muscles (Lloyd, 1943b), to obtain a pure group lleyoin cats. With all but the weakest
stimuli, group Il fibers were concomitantly actigdtin these experimental studies. A
similar situation was found in humans with intagrvous system by Magladery and
colleagues (1951) when stimulating the posterioiatinerve and recording the afferent
impulses in the dorsal roots, the reflex outflowotlgh anterior roots, as well as slow
internuncial potentials by needle electrodes plaeethin the spinal theca. It was
concluded that the degree to which fiber threshwldke group | and Il fibers overlapped
was even greater than would have been expecteddrmal experiments (Magladery et
al., 1951).

There were characteristic differences in the tholelsh and the recruitment of the
monosynaptic and of the delayed CMAP componentshef complex PRM reflexes.

Statistically, the delayed recruitment of moton&srchad higher thresholds than the
monosynaptic recruitment, both contributing to enptex PRM reflex. The monosynaptic
simple PRM reflex of TA had a systematic stimulasponse relation, with increasing
magnitudes when graded stimulation was applied] anplateau was reached. On the
other hand, the late positive peak of the compleiMReflexes initially had rather small

and constant amplitudes with incremental stimuhisrisity, with an abrupt rise at about
twice its threshold intensity.

The probability for the elicitation of complex PRidflexes was higher, when monopolar
or bipolar stimulation with largely spaced activead electrodes was employed. Both
stimulation modes have a broader effective ranga ttarrowly spaced epidural electrode



41

combinations. At the same time, their stimulatidfe& is stronger at a given distance
from the stimulating cathode. Furthermore, stimafasites corresponding to a Group 2-
position — estimated with its center at L3/L4 segtaklevels and a caudal range up to the
L5 segmental levels (Minassian et al., 2007b) —tneffectively evoked complex PRM
reflexes. Employing the most caudal lead electroaescathode within the Group 2
category additionally increased the probabilitycomplex PRM reflex elicitation. Such
stimulation sites must be close to the continuunooflets entering the spinal cord at the
levels L4 and L5, both associated with the TA meisalt the same time the stimulation of
posterior roots/rootlets is favoured by monopolabipolar stimulation employing largely
spaced electrodes (Holsheimer et al., 1995; Rat@87).

Another typical feature of the delayed componeritthe complex PRM reflexes were
their profound amplitude variations, a characteristmilarly found in multineuron-arc
reflexes (Lloyd, 1943a). Two different types ofdluation could be distinguished. First, at
threshold and moderate stimulus intensities, ti@ydd response components were either
present with rather constant amplitudes, or wersptetely absent at all. This observation
hints on some stochastic effects determining theening’ of the central pathways
mediating the delayed CMAP components. These aff@ere at the same time stimulus
intensity-dependent, since the probability of ocence of a delayed response increased
with incremental stimulation. At higher stimulugansities, when eventually every single
stimulus yielded complex PRM reflexes, the centeflex pathways transmitting the
delayed response were effectively ‘opened’, buhwite late potentials of successively
elicited responses demonstrating considerable &mpli variations. The different
variations of early and late components of the jplohsic CMAPs generated by the same
stimulus pulse is particularly revealing in thasuiggests the activation of different reflex
pathways.

The recruitment of monosynaptic and more compldbexeresponses to graded dorsal
root stimulation was studied in detail in the segtakspinal reflex by Lloyd (1943a). It
was found that as the size of dorsal root vollegs stepwise increased, the magnitude of
the elicited monosynaptic reflex rapidly increaséd.50% of the maximum afferent
volley, the group I reflex reached 90-95% of itsxmaum. Some group Il reflex discharge
pertaining to the more complex reflex arcs werekedoas soon as a group | discharge
was identifiable. However, intense developmenthefdelayed reflex occurred only as the
dorsal root volley was increased beyond 50% ofmgximal size. The reflex magnitude
became half of its maximum after the dorsal rooleyowas 70-85% maximal. The
delayed dorsal root-ventral root discharge incréaspidly thereafter. There are thus
evident similarities between the recruitment ofugrdl dorsal root-ventral root reflexes
described in experimental studies (Lloyd, 1943athvthe recruitment of the delayed
components of the polyphasic PRM reflexes of TApeztively.

The electrophysiological properties of the early a@elayed phases of the complex PRM
reflexes led us to the assumption that the lattercamposite CMAPs constituting of at
least two independent contributions. These two rdmutions could be identified by
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calculating the difference in the EMG signals ahgie and complex PRM reflexes. Such
calculations are valid, since the principle of EM&Bynal generation is by simple
superposition of individual components (Basmajidi79). In this fashion, the polyphasic
CMAP of TA could be decomposed in two contributigok Fig. 9). One had all features
of the simple monosynaptic PRM reflex. The othes oesembled a CMAP with delayed
onset and extended duration. Different shapes efctdiculated delayed CMAP were
found, mainly with different initial phases of tme&veform. The assumed monosynaptic
and delayed contributions to the polyphasic CMARsrlapped in time. Therefore the
onset, as well as the initial phases of the caledlalelayed CMAP is most probably
obscured by contributions of the monosynaptic wanef The exact identification of the
onset latency of the calculated delayed CMAP is that possible. However, the onset
latencies and the latencies of their dominant p@sjteaks allow a reasonable estimation.
It can be assumed that the onset latency of thayeelcontribution to the polyphasic
composite CMAP is prolonged by some millisecondshiw the range of 2-9.5 ms, with
respect to the monosynaptic onset latency. Themuimi reflex pathway transmitting the
delayed response component contained at least one meuron in series than did the
monosynaptic reflex pathway.

All facts considered, it can be assumed that theptex PRM reflexes indicate the
irregular recruitment of group Il muscle spindlbdis in addition to group la afferents.
The most direct effective linkage of group Il padys is disynaptic via group Il
interneurons that are located particularly in thdlambar segments (Pierrot-Deseilligny
& Burke, 2005b). Similarly to the present resuttse interposed interneurons as well as
the slow down of the conduction velocity in secaydspindle afferents within the spinal
cord were shown to lead to central delays of perahnerve-induced group Il excitation
of 4.9-6.7 ms (Marque et al., 2005), values sintibethose derived here.

Effects of Golgi Ib afferents, also of large diasretan be excluded since in the presently
analyzed non-functional reflex activity they woulthve an inhibitory, and not an
excitatory effect on TA motoneurons. Furthermotee targe amplitudes of the late
components of the polyphasic PRM reflexes can hga&diclude peripheral explanations
of their generation. Phenomena in the muscle, Skéellite potentials or potentials
generated distant from the recording site due mmiteation of electrical activity at the
muscle-tendon junction (Lateva & McGill, 1999), cée thus ruled out. The large
attainable magnitudes of the late response comp®ream also exclude heteronymous
facilitation of TA motoneurons as a potential exjation, since heteronymous volleys
produce smaller excitatory postsynaptic potentibln homonymous volleys (Hunt &
Perl, 1960).

The oligosynaptic reflexes were confined to TA,hygological flexor muscle, and had
large attainable magnitudes. The high excitabgitythe oligosynaptic reflex hints at the
physiological relevance of the corresponding refiexhway directed to a flexor muscle.
These facts together with the association of glbafferents with flexor reflexes implies,
that the revealed oligosynaptic reflex arc mighphe of the flexor reflex pathways.
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Previously, polysynaptic PRM reflexes were desctibieat were part of patterned EMG
activities, elicited by epidural lumbar cord stimubn in complete spinal cord injured
subjects (Minassian et al., 2001). Stimulation®t50 Hz and 6—-10 V was shown to elicit
locomotor-like EMG patterns, characterized by riyiih activity with alteration between
flexor and extensor muscles in the paralyzed lolabs (Dimitrijevic et al., 1998;
Minassian et al., 2004). The prolonged latency PRifexes were found in TA when
being part of burst activities of the stimulatioduced locomotor-like movements
(Minassian et al., 2004, 2007b). Their onset laemevere delayed by about 10 ms as
compared to the monosynaptic PRM reflexes elicéted.1 Hz (Minassian et al., 2004).
Other investigators have detected polysynaptic Tésponses during spinal cord
stimulation-induced locomotor-like activity in chmig paraplegic persons elicited when
utilizing epidural needle electrodes (Gerasimenrtkal.e2001).

However, the present results suggest that the lotwrnelated, polysynaptic PRM
reflexes elicited in TA are not related to the ofignaptic PRM reflex contributions as
described here. The oligosynaptic group Il refleraponents of the composite TA PRM
reflexes never occurred without the monosynapiaigr reflex component. On the other
hand, the occurrence of the locomotor-related, gymigiptic PRM reflexes was associated
with the concomitant full suppression of the momagtic PRM reflex. Furthermore, the
latency of the dominant positive peak of the CMA#3sociated with locomotor-related
PRM reflexes (Minassian et al., 2004) was even nugkyed than the one of the
oligosynaptic PRM reflex component detected at tate- SCS as described here.

Conclusions

The simple PRM reflexes elicited in the lower entiees by epidural SCS at 2.1 Hz
provide evidence for the monosynaptic activatiorspinal motor cells via la afferents.
The PRM reflexes successively elicited under sumhditions occurred independently
from preceding events as well as from responsesltgineously elicited in other muscles.
The simple, monosynaptic PRM reflexes were preWossggested to be the functional
equivalent of the ‘classical’ H reflex (Minassiah &., 2004, 2007a, 2007b). Both are
initiated in la sensory axons, either within theteoior roots or in the periphery.

The complex, polyphasic PRM reflexes detected instiggest that low-rate posterior root
stimulation may, partially depending on the appli@@nsity, additionally excite group Il
fibers with disynaptic connections to spinal motetls. In the attempt to relate these
complex PRM reflexes to more classically defineftexes, no equivalents elicited in TA
from periphery were detectable (Burke et al., 1988ljett et al., 1994).

At higher stimulation rates up to 22 Hz, the indegent segmental responses were
replaced by periodically modulated PRM reflexegihgnat the concomitant activation of
lumbar cord interneurons.
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The electrophysiological characterization of thee PRM reflexes will be essential for
understanding the reorganization of reflex systessurring during sustained SCS.
Conditioned polysynaptic PRM reflexes may be ramgain understanding the oscillatory
states of human lumbar spinal cord circuits, paldidy when the lumbar locomotor
pattern generator is activated by SCS (Dimitrijeeic al., 1998; Jilge et al., 2004;
Minassian et al., 2004, 2007b). Further studiesheninitiation of segmental interactions
by SCS may enlighten the sensory-motor mechanisn@vied in the configuration of
human lumbar networks at higher frequencies thagy meen lead to functional motor
outputs.



Simulation of reciprocal spinal segmental circuitres —
A biologically realistic mathematical model

Summary

Non-patterned stimulation of the lumbar spinal cdalivered at a low rate (2.1 Hz) can
elicit independent monosynaptic PRM reflexes in tipld lower limb muscles
simultaneously. By increasing the stimulation frexey to 11-22 Hz, successive responses
were shown to be modified with periodic patternsttisuggested the influence of
interneuronal circuits. The alternation of larged @mall responses in spite of constant
stimulation as well as the predominantly anti-phasiation of these responses in the
antagonistic thigh muscles hinted on the influerdeinterneuronal circuits. It was
suggested that the generation of simple perioditepe was due to an increased central
state of excitability induced by the higher ratéstomulation and to temporal summation
of various interneuronal activities. Specificallg inhibitory interneurons as well as
Renshaw cells were assumed to be reasonable ctexlidaolved in modifying the motor
outputs.

The aim of the present modeling study was to tdsttiaer a relatively simple network
deprived of supraspinal influences but fed by toewternal input at 16 Hz can produce
simple periodic patterns of motoneuron pool firinghe network consisted of
monosynaptic reflex circuits of two motor poolsgaeted by recurrent and reciprocal
inhibition. Interneuronal populations of the samget were connected by mutual
inhibition. Parts of the complete network were exetl for their role in the generation of
the motor outputs. The widely uséeaky Integrate-and-Firanodel was modified to

account for specific, biologically-realistic timeurses of postsynaptic potentials.
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Given an ‘appropriate stimulation code’ similar ttzat used in the neurophysiological
study (i.e., 16 Hz, stimulus intensities of 1-lirhdas the PRM reflex threshold) the model
network produced simple periodic patterns expresssd alternating numbers of
motoneurons firing within the pools. Particulariy, could be shown that the robust
generation of the periodic outputs mainly dependiedhe activity of Renshaw cells and
less on that of la inhibitory interneurons. Asymmneeinetwork models including two

antagonistic circuits with different numbers of nentivities between neuron populations
most efficiently produced anti-phase alternatiohthe responses elicited in the two motor
pools. In the complete model network including b&anshaw cell and la interneuron
populations, the capacity to produce stable peripditerns was lost.

Overall, it can be concluded that a relatively denmodel network may re-produce
rhythmic motor outputs that closely resemble thdsgved from the neurophysiological
study described within this thesis. The specifitugaof the biologically realistic model

developed here lies in its capacity to closely stiggte spinal cord motor systems in
humans by assessing the functional roles of paaticzell populations in modulating the
motor output.

Introduction and Background

Posterior root-muscle reflexes and lumbar spinal loomotor circuits in humans

Dimitrijevic and coworkers (1998) demonstrated tham-patterned epidural stimulation of
the posterior lumbar cord can induce patternedonfador-like lower limb activity in
subjects with complete, long-standing spinal camairy (SCI). Locomotor-like activity
was only induced within a certain range of stimolatparameters (i.e., cathode location
close to upper lumbar cord segments, stimulus gined-10 V, stimulation frequency 25-
60 Hz). Subsequent studies (Minassian et al., 200d47) showed that the rhythmic muscle
activities were produced by patterned, periodic atatibns of successive posterior root-
muscle (PRM) reflexes, during of the constant skation conditions (Figure H) b). In
particular, the rhythmically contracting musclespended with alternation between two
phases:(i) Phases of successively elicited PRM reflexes fesjucharacteristically
modulated amplitudes, thus forming the spindle-Bkape of an electomyograhic (EMG)
burst; and(ii) phases of PRM reflex suppression in-between thstuA complete cycle
(i.e., a burst and a phase of PRM reflex suppreysiad periods of 0.8-1.9 s. The timing
and the magnitudes of the EMG bursts and the ldigtan of activity among the thigh and
lower leg flexor and extensor muscles were appab@tio produce lower limb movements
that resembled stepping in the supine individuals.

From these studies it could be concluded that #eetion of rhythmic lower limb
muscle activity in humans does not require conmgtbetween the brain and the spinal
cord. Locomotor-like activity can be produced bydepal spinal cord stimulation (SCS)-
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induced repetitive PRM reflexes, i.e., by chainssohple’ spinal reflexes, that integrate
the operation of human lumbar cord interneuronalds.

PRM reflexes evoked in series with distinct repatitrates co-activate functional circuits
within the lumbar spinal cord, which do not subseavpure reflex function (Brown, 1911;
Grillner, 1985). On the basis of the exerted adjaiese circuits were recognized as
locomotor rhythm and pattern generating networkise~human lumbar locomotor pattern
generator’ (LLPG) (Minassian et al.,, 2004; Kernakt 2005). The network action is
directly reflected in the locomotor-like amplitudeodulations of successive PRM reflexes
and the delay of PRM reflexes during flexion phasfadythmic activity (Minassian et al.,
2004).

The activation of the human lumbar locomotor citcwvas hypothesized to base on the
direct electrical stimulation of posterior root exénts and the indirect, trans-synaptic
activation of spinal circuitries via the afferentrojections. Frequency-dependent
summation processes of the generated inputs wdwdd become effective to set the
functional circuitry to operation that are otheravisot active (Jilge et al., 2004; Minassian
et al., 2004).
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Figure 10. a Rhythmic EMG activity elicited in quadriceps bystained epidural
lumbar cord stimulation at 22 Hz-SCS in a comp&® individual.b The initial
portion of the same EMG signal asanin extended time scale shows the first
PRM reflex together with the PRM reflexes elicitedthe immediately following
stimuli of the train. The latter responses were oategd to the spindle-like shape
of an EMG burst. ¢ Simple periodic pattern as derived from the
electrophysiological study described above elicitedh 16-Hz stimulation,
displayed for direct comparison.
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To induce locomotor-like lower limb activity, théraulation intensity had to be within the
range of 1.2-3.3 times the threshold of PRM refldicitation. At such intensities,
stimulation is predominantly confined to large-deter posterior root afferents of group I,
and is extended to group Il afferents at the upaege of intensities. There are supportive
animal experiments demonstrating direct accessudws group | and Il afferent pathways
to locomotor central pattern generators (CPGspinalized or decerebrated cats (Hultborn
et al., 1998; Rybak et al., 2006). It is plausitdeassume that in humans the epidurally
stimulated posterior root fibers, that convey fesdbinformation from periphery, have
also access to functional locomotor circuits vieorsd collaterals. Concerning the
relatively simple repetitive stimulation providegt BCS, there is an agreement that such
tonic signals delivered at constant frequencies a@ivate locomotor CPGs (Pearson &
Gordon, 2000).

A general schematic for the spinal CPG generatiythmic alternating activity of flexor
and extensor motoneurons during locomotion was queg by Brown (1914). The so-
called ‘half-center’ model bases on an intrinsianap organization of interneuron
populations with strong mutual inhibition betweescle other. Each CPG contains two
groups of excitatory interneurons (i.e., the hafters) that control the activity of flexor
and extensor motoneurons, respectively. Mutualbitdriy connections between the half-
centers ensure that only one center can be adtigetime. Phase switching occurs when
the reduction in the excitability of one half-cantalls below a critical value and the
opposing center is released from inhibition (McC&Rybak, 2008). Thus, in this model
the alternating activity in flexor and extensor orurons directly results from the
alternating activities in the two populations ofeimeurons. Since then, other CPG models
have been suggested that allowed e.g. for a vaaktyotoneuron recruitment patterns
(multiple, coupled, unit burst generators — UBGH|IGer et al., 1981) or that separated the
tasks of rhythm generation and motoneuron actiwadiaring locomotion (CPGs with two-
level architecture, Rybak et al., 2006).

Posterior root-muscle reflexes modulated with sim@ periodic patterns

The rhythmic motor outputs to 11-22 Hz SCS featusimple periodic patterns (Figure
10c) as described from the neurophysiological studyewdfferent from the locomotor-
like ones in several aspects. The oscillation geobthe simple periodic patterns covered
only two successive responses. The resulting festlation periods of 90-182 ms along
with the low frequency of synchronized motoneuriomg (i.e., absence of any continuous
muscle contraction) did not result in the generabbmuscle force, torques at joints or any
functional movement.

Yet, the simple periodic patterns clearly reflected activity and the influence of some
spinal circuitries capable of modulating the PRMepe output in a rhythmic fashion as
well as of providing for interconnections betweentagonists. Moderate stimulation
intensities of 1-1.5 times the threshold were mefféctive to result in out-of-phase
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attenuation of quadriceps (Q) and hamstrings (HARWM reflex series. Additionally, the

effective frequency range was below the one pradudocomotor-like patterns. The

moderate stimulus intensities confined the elealtrstimulation to large-diameter group |
afferents and the lower frequency of afferent wdlgenerated would play a role in the
temporal summation effects and in the trans-syoagtiivation of interneurons. Both facts
together clearly suggest that the simple perioditepns were not produced by the LLPG,
but either by a subset of it or spinal circuitst®de’ of the LLPG (Hultborn et al., 1998).

Rhythmicity in a neuronal network does not solegpeind on the cellular properties of
specialized, CPG-related neurons, like spontandnusting éndogenous burstersor
plateau potentials. A simple network can generhayghmicity if it includes some time-
dependent processes that enhance or reduce autithiy some of the neurons, depending
on the patterns of interconnections between thevorkt neurons. ‘Building blocks’ for
such connections include, amongst others, recipriotgbition and recurrent inhibition
(Pearson & Gordon, 2000).
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Figure 11.Spinal circuits of monosynaptic reflex arc and peacal inhibition.a
Anatomical drawing of the monosynaptic two-neureflex arc with group la
muscle spindle afferents (green) and extensor neot@ms (blue) along with, a
simplified schematic diagram of the same neuratudiry. In ¢ and d the
illustrations are extended to include the disyrapthibitiory circuit of
antagonist flexor motoneurones (red). la inhibitogrneurons are displayed in
brown color. Note that anatomically, the extersod flexor motoneurons can
be at different spinal segmental levels.
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The simplest neural systems providing reciprocaihition of antagonistic motoneuron
pools are formed by disynaptic inhibitiory circyiteediated by la inhibitory interneurones
(Jankowska, 1992). In animal vertebrates and hunvatis intact nervous system, la
inhibitory interneurons are used to adjust the tekdity of motoneurons during
monosynaptic stretch reflexes and other spinakxe8,, as well as during a variety of
movements including locomotion. Within the disynaphhibitiory circuits, la inhibitory
interneurons are monosynaptically activated by lascte spindle afferents and project
directly to motoneurons of antagonistic muscleg\Ffé 1k, d. la inhibitory interneurons
are more effectively activated by group la affesetitan any other type of interneurons
(Jankowska, 1992). Thus, it can be assumed thahibitory interneurons are of the first
interneuronal populations to be trans-synapticatiivated by the group la afferent input
produced by SCS. Hence, the involvement of la ibdnfp interneurons within the
generated patterns can be readily assumed.
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Figure 12. Convergence of a monosynaptic excitatory postsymgmtential
(EPSP) and a disynaptic inhibitory postsynaptieptél (IPSP), both produced
by the same stimulus (but within different posterioot afferent populations),
upon a motoneurora Diagram of the involved neural circuitrp. Schematic
sketch illustrating the time course of EPSPs ar&PK (for details seidaterial
and Methodg ¢ shows the initial portion of the EPSP and the IR8ghlighting
the relative delay of the latter due to the addaiointerneuron within the
conducting neural pathway.
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la interneurons respond with single spikes to syorobus la afferent volleys (Jankowska,
1992). The produced inhibitory postsynaptic potat{IPSPs) upon the motoneurons are
rather short-lasting and their main effect decaitbinvthe first milliseconds (seaterial
and Methods Multisegmental afferent volleys evoked by a &ngulse of SCS and
entering the spinal cord simultaneously can efi@iinosynaptic la excitatory postsynaptic
potentials (EPSPs) as well as disynaptic IPSPs lqiahibitory pathways) in the same
motoneurons (Figure 12).

The rise time of the EPSP is assumed to be suitlgiéong that the discharge of the last
recruited motoneurones evoked by the monosynaptigtican be influenced by the arrival
of a disynaptic IPSP (Pierrot-Deseilligny & Burk#)05c). From experimental work this
delay was found to be within the range of 0.5-1.€ melative to the beginning of the
monosynaptic EPSP due to the intercalated inteomeand can be assumed to be about 2
ms in humans (Crone & Nielsen, 1994).

In human studies, the disynaptic inhibitory pathwieym muscle spindle la afferents to
motoneurones of the antagonist muscle is clasgiad®#monstrated as a short-latency
depression of the Hoffmann reflex in soleus (ocejps surae) following a conditioning
stimulation of the antagonist nerve, i.e., the dpemneal nerve (Pierrot-Deseilligny &
Burke, 2005c). The characteristic time course @& ihhibitory effect has an onset at
conditioning-test intervals of +1 ms, and reachasaximum 1-2 ms later (both values
consider a difference of —1 ms in conduction timesthe spinal cord, since the
conditioning stimulus is delivered about 6 cm mdistally than the test). The time course
has furthermore a brief overall duration of appnoxiely 3 ms (Crone et al., 1987).

In contrast to the conditioning-test paradigms tinslating nerves from antagonistic
muscles with some interstimulus delays, the santemganistic nerve fibers are activated by
SCS within the posterior roots synchronously. Duddlay of the disynaptic pathway with
respect to the direct monosynaptic one, it can $suraed that reciprocal inhibition of
antagonistic motoneuron pools might only reducesthe of PRM reflexes to some degree.
However, a considerable suppression by this meshars unlikely.

Considering the short duration (approximately 3 ofghe effect exerted by a synchronous
la inhibitory interneuron discharge (Crone et &B87), temporal summation might not

enhance this effect since PRM reflexes within thep&e periodic patterns (elicited at

frequencies of 11-22 Hz) occurred at intervals leetwv45 ms and 91 ms. Consequently,
the circuitry involved in the simple periodic patte must include neurons that produce
synaptic events with much longer durations, suelt #ttivity of one stimulus can affect

activities of the following one delivered after 9%-ms.

Renshaw cells are reasonable candidates for aitcjréavolved in the simple periodic
patterns, since a brief activation of alpha-moteaes elicits a high-frequency discharge
of Renshaw cells lasting for tens of millisecondgy( Eccles et al., 1961). Renshaw cells
are the interneurons that mediate the so-calledrmeat inhibition. They are excited by
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recurrent collaterals from the motoneurons theneselnd in turn inhibit the motoneurons
within the same and agonist motor pools (Figure 13)
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Figure 13. Spinal circuits involved in recurrent inhibitiom, b Anatomical
drawings along witte, a simplified schematic diagram of the neuraldirg.

Like the la inhibitory interneurons, Renshaw calls located just outside the motor nuclei
in the laminae VII of the spinal gray matter and arvolved in adjusting and stabilizing
the activity in the motor pools. Due to the longrations of Renshaw cell activity, a
discharge caused by a given stimulus pulse cardmonsible for a decrease of excitability
of motoneurons exposed to a following stimulus. Teereased number of motoneurons
responding to a second stimulus (of same intensvydld then also activate a smaller
population of Renshaw cells. Such mechanism migkergially result in simple periodic
patterns within a single motoneuron pool (Figurg 14

Renshaw cells not only synapse with motoneuronsalso with la inhibitory interneurons
activated by the la afferents from the same mugobeip (Figure 18). In fact, they are
particularly effective in inhibiting la inhibitorinterneurons (Jankowska, 1992).

This connectivity together with the long lastingiaity of the Renshaw cells can result in
an effect referred to as ‘recurrent facilitatiowhich is a reduced efficacy of reciprocal
inhibition mediated by la interneurons to the aotagtic muscle group (Hultborn et al.,
1971a; 1971b). Recurrent facilitation can be amaemechanism involved in the simple
periodic patterns of PRM reflex modulation sin€@: la inhibitory interneurons are
assumed to have a tonic background activity. Thiwity is either due to a ‘spontaneous
firing’ or facilitation ‘by other sources’. The rsg discharge frequencies are between 20-
130 Hz (Hultborn et al., 1971b; the maximum of tlreguency range could be also lower
around 50 Hz, personal communication with Prof Eli&yina, 2009)(ii) The tonically
active la inhibitory interneurons produce a susdjnsteady hyperpolarization of the
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motoneurons(iii) The long lasting activity of Renshaw cells inkshibe tonic background
activity of the la inhibitory interneurones and ril@y causes a long lasting dis-inhibition
of the motoneurons. The effect of recurrent featiltn thus lies in a dis-inhibition of
motoneurons, i.e., a release of the motoneurons fiteir sustained hyperpolarization
evoked by tonically active inhibitory interneurofidultborn et al., 1971b). Recurrent
facilitation could hence potentially contribute ttte simple periodic PRM reflex patterns

(Figure 1B).
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Figure 14.Drawing of a simple, qualitative model that coplatentially explain
two findings of the neurophysiological studyg: Series of independent PRM
reflexes at low stimulation frequencies @mdhe occurrence of simple periodic
patterns with increased SCS frequencies featuhegalternation of large and
small responses in a single motoneuron-pool. Atldke stimulation frequency
in a, each stimulus pulse evokes a (monosynaptic) rsgpan a similar
population of the motoneurons (bars in blue colegch response causes a burst
in Renshaw cells (bars in purple color), which texates before the next pulse is
applied. Thus, the Renshaw cells do not affectntioéoneuron activity. At the
higher frequency i, the afferent volley produced by the second paisees at
the motoneurons before the cessation of the Rensbelvburst (as a
consequence of the first pulse). Hence, a smal@ulation of motoneurons
responds. This smaller response causes fewer RenshlHs to fire and,
therefore, a reduction of motoneuron inhibition whbe latter respond to the
third pulse. (Personal communication with Prof EliBgina, 2009).
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Figure 15. Spinal circuits including recurrent inhibition anceciprocal
inhibition. a Simplified schematic drawing of the neural circpithat could
potentially produce the simple periodic PRM reflpatterns.b At higher
frequencies of SCS, alternations occur in the Ranstells associated with the
extensor motoneuron pool generated as in Fif. D4ie to the inhibitory input
from Renshaw cells, the activity of the la inhilbpjtanterneurons of the extensor
alternates in anti-phase to these Renshaw cells.Id8hnhibitory interneurons
affect the flexor motoneuron pool, causing altdomabf the flexor responses in
anti-phase to alternations of extensor responses.

To complete the model network, the remaining eif¥ectonnectivities of the considered
interneurons must be included. The only internesifonind to be affected by la inhibitory
interneurons are other la inhibitory interneurodankowska, 1992). Subpopulations of
interneurons with opposite actions, those medid@nggciprocal inhibition from flexors to
extensors and from extensors to flexors of a giy@nt, inhibit each other. These
connectivities present a mutual inhibition betwégmhibitory interneurons. At the same
time, only two groups of interneurons are knowmetceive recurrent inhibition from motor
axon collaterals via Renshaw cells: the internesimmediating reciprocal la inhibition and
the Renshaw cells themselves (Hultborn et al., bR 70hereby, the inhibitory connectivity
is between populations of Renshaw cells that asecisted with antagonistic motoneuron
pools. The patterns of connectivity of the netwarlodel including monosynaptic
segmental reflex arcs as well as reciprocal andrrect inhibition are displayed in Figure
16.
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Figure 16. Patterns of connectivity of the network model eéodtudied. Input to
the network is provided by spinal cord stimulat{@&@tim), that generates action
potentials in la afferents of extensor and flexausoles. The afferents make
monosynaptic excitatory synapses on homonymousaaipdtoneurons and la
inhibitory interneurons. The latter mediate recgaloinhibition of antagonist
motoneurons and are also connected by mutual tidnbiRenshaw cells are
excited by axon collaterals of the correspondingameurons and inhibit these
motoneurons, the corresponding la inhibitory inkemons as well as Renshaw
cells associated with antagonistic motoneurons k@aska, 1992). For the
rostro-caudal architecture, as well as populatiae, gjualitative connectivities,
neuron properties etc. sbaterial and Methods

The hypothesis of the present study is that thevorlt as described in Figure 16 can
produce simple periodic patterns of motoneuron goolg with an oscillation period
covering two successive responses. These rhythrotornoutputs shall be elicited by
repetitive inputs provided by SCS at 16 Hz. Supredpnfluences will not be considered
to mimic complete SCI. The capacity of the spinatwork to produce simple periodic
motor outputs shall be tested by a biologicallylisia mathematical model that will be
stepwise developed by adding additional neural etésa Thus, the function of network
modules shall be assessed in isolation of the kpir@uit in which it is embedded. The
complete network model will eventually include foaoell types within eight neuron
populations, i.e., flexor and extensor motoneuroputations as well as corresponding
populations of group la afferent fibers, la inhaoit interneurons and Renshaw cells,
mediating reflex interactions. Furthermore, it visi€orporate populations of neurons with
mutual inhibition between each other and consitterg lasting time-dependent processes
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that reduce or enhance (recurrémhibition and facilitation) activity within the neuron
populations. Thus, the hypothesis is based on itndasity of the suggested network
model and its properties to the ones of the haitaxeCPG model. The suggested network
is assumed to be relatively simple, including dntgrneurons close to the motor nuclei. In
view of rhythmic activity, both la inhibitory inteeurons as well as Renshaw cells are
locomotor related neurons, primarily used to motulanotoneuron excitability during
locomotion (Jankowska, 2001).

The significance of the present work lies in thaimiay enlighten the contribution of
various neuronal elements on the function of thmbar spinal machinery controlling
lower limb activity. In particular, it provides dypsiologically based tool for investigating
the segmental motor system in humans.

Material and Methods

Modeling a spiking neuron — General aspects and dimgical abstractions

The activity of spinal circuits and segmental nefle has been a subject of many studies
throughout the last decades (e.g. MacGregor, 188Crea, 1992; Bashor, 1998). Yet, in
spite of technological advances, ethical considmratlimit the extent to which spinal
reflexes can be investigated in man by experimdptdiniques traditionally employed in
neuroscience. Hence, computer simulations provideeans of complementary analysis
methods ‘for characterizing what nervous systemsddtermining how they function, and
understanding why they operate in particular wéslyan & Abbott, 2001a).

Single neurons are the basic constituents of nalinoetworks (Jolivet et al., 2008) and
provide insight into the mechanisms of intrinsic urmmal signal transmission
(Trappenberg, 2007a). The information gained ath dewel may then be expanded to
networks of neurons, ultimately leading to an ustierding of how neuronal populations
encode afferent signals and interact to functioa esmplex system.

One of the most popular neuron models describirg glneration and propagation of
action potentials is based on tHedgkin-Huxleyequations, a set of four coupled nonlinear
differential equations, originally formulated fdret giant squid axon (Hodgkin & Huxley,
1952; Rattay, 1990). The equations given belowutale the currents passing through 1
cn? of the axon cell membrane (hence allowing for thdependence of the specific cell
geometry; for details see Rattay, 1990):
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V =[-gumh(V =Vy) = gn*(V =V, ) =g, (V -V, +igl/c
m=[~(a,, +B,) in+a,] K
n=[~(a, +B,)M+a,]k
h=[-(a,+B,)h+a,] Kk
with

V =V; — Ve — Viest being the reduced voltage if the steady state) of the cell wh&fe
Ve, andV,es: denote the intracellular and extracellular potdndis well as the resting
voltage, respectively;

c, capacitiy pecnt;

l. .
: in
i = J

Py density of experimentally injected current;
2l [

k =3%779%%, coefficient for temperature in °C, chosen acamgdio the ionic

conductances derived from experimental studies;

m, n, h, probabilties for opening of the ionic channelshwiin(0) = 005,
n(0) = 032, andh(0) = 0.6

anda andp fitting the ionic conductances of experimentalbdat

25- 0.V e

am:m,ﬁmZZ]-elS;
b= 170N 0 oe.
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& 1
a,=007e®, = aow g

The advantage of this approach is its ability tecpely describe biologically realistic
model neurons under the influence of externallyliadpelectrical stimulation. However,
when several or even huge numbers of different sype neuronal populations are
incorporated in a simulated network, the Hodgkinldy-framework is often
computationally too consumptive. Moreover, it hights very specific features that may
be beyond the scope of the particular questionemdéd and may hence be neglected as
not relevant. Consequently, the question arises th@anatomically and physiologically
complex neuronal networks can be represented bywetanmodels that on the one hand
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provide a reasonable biological abstraction andghenother hand leave the computational
processes tractable.

Based on the work done by Louis Lapicque more tiraan hundred years ago (Lapicque,
1907; Brunel & van Rossum, 2007), another type eafran model has been established
and extensively used in the context of studyingagiyics of spiking neurons at the network
level — the simplified phenomenological neuron med&hough often assumed to be
biologically questionable because of their simpjic(Jolivet et al., 2008), many
phenomena observed in experimental work can beodeped by adjusting only a few
model parameters (Bashor, 1998; Brunel & van Ros20@7).

The most widely used representative of the phenoiogital neuron models is the so-

called Leaky Integrate-and-Fire (LIF) model. Itbased on the fact that spike generation
by neurons is quite stereotyped and therefore otgla detailed description of the

biophysical mechanisms responsible for the ingmtof an action potential. Rather, it

provides an approximation of the total membraneemimdl in terms of presynaptically

exerted facilitatory and inhibitory influences (Pppenberg, 2007b). The LIF model, its
advantages and drawbacks, will be further discuss#te following.

The leaky Integrate-and-Fire Model and its refinemat in the present work
The Leaky Integrate-and-Fire Model

The LIF model represents an example of a formakisgi neuron model. Its main
characteristic making up its simplicity lies in tfaet that it solely deals with subthreshold
dynamics of the membrane potential: Whenever thelnane potential/ of the modeled
neuron reaches a critical val\Mg,, an action potential is fired. In the classicaF lchodel,
the membrane potential is subsequently set toegsng valueV, <V, (e.g. Dayan &

rest
Abbott, 2001b). Thereby, the main effects are amgotuby the following equation
(Trappenberg, 2007b):

rmM=—V(t)+Rl(t),
dt
with
T, denoting a membranen) time constant determined

by the average sodium and leakage channel
conductances and describing the exponential deicay o
the membrane potential; and
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I(t) = ZZa)j a(t —tjf ) ... being the sum of individual synaptic currentsivang
iy at the target neuron where each of the stereotyped
responses of the postsynaptic potential depends on
the efficienciesw; of each synapse; parameterizing
the stereotyped postsynaptic respomfﬁeienotes the
firing time of the presynaptic neuron at the j-th
synapse.

Alternatively, the neuron under consideration maydescribed by a LIF model without a
reset of the membrane potentialMgs; after the generation of an action potential (Jége
al., 2004). This version of the LIF model is espbgibeneficial if the driving current is
assumed to consist of elements either equal to @e¥iae (i.e., the input required for the
initiation of an action potential). Given an eqstdint distribution of elemenig\p within
these sequences, the input of epidural SCS atamnstimulation frequencies may hence
be simulated. The particular value of the adaptdrhodel lies in that it allows to some
extent for an approximation of temporal summatioacpsses of various excitatory and
inhibitory inputs. The postsynaptic potentiabf then-th neuron at a discrete time potat
would then be recursively calculated by the follegvequation (Jilge et al., 2004):

P.(t) = P,(t, -1) exp(—%) +3 V()

with
t, =kAt, kO Np;

I, > 0 ... time constant describing the repolarizatibthe membrane potential;
Vmn ... Synaptic input tm-th neuron provided by neuran

wWhnVmn - .. Induced (excitatory or inhibitory) postsynaptmt@ntial.

Figure 17 illustrates two examples of LIF neurchise first one (Fig. 13) is driven by a
constant external input and the membrane potendiaset to Vies; after each spike
generation. The second one (Figbjlghows the behavior of a neuron simulated accgrdin
to the adapted LIF model in response to a perialiior-nothing input current without an
immediate reset of the membrane potentiali{g.

As is obvious from the examples given in Figure thé, postsynaptic potentials provided
by the LIF model represent only a rough approxioratiet, when taking into account that
temporal summation processes of various (inhibigmyvell as facilitatory) synaptic inputs
are hypothesized to be the leading mechanism igeheration of simple periodic patterns
(cf. Introduction), a neuron model permitting a more detailed dpson of the time

courses of postsynaptic potentials (PSPs) wouldidmrable, also with respect to the
specific firing patterns of different types of nens and the corresponding variety of
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generated PSPs. This can be, for instance, accshmedliby taking advantage of the
numerous intracellular recordings from — mainly €atnotoneurons conducted since the
early 1950s. These recordings provide a close ightiser of both (monosynaptic) EPSPs
and (disynaptic) IPSPs evoked by synchronous simagtions (e.g. Coombs et al., 1955),
in terms of time course- and amplitude-charactédna of the produced membrane
potential changes (Curtis & Eccles, 1959; Rallletl®67). Hence, a model combining the
simplicity of the conventional LIF model with a neodetailed definition of postsynaptic
potentials appears to be a promising method toosgpr the questions addressed in the
present work.

firing threshold
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Figure 17. Typical behavior of the membrane potentials okyemtegrate-and-
fire model neuronsa Action potentials are fired in response to a camsinput
current as soon as the membrane potential reachisng threshold Vi,.
Subsequently, the membrane potential is set teedisng valuéVes. b Changes
in membrane potential in response to periodic inpate up of elements equal
to zero orVpp (indicated by arrows) without reset of the membraotential
after spike generation.
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Excitatory and Inhibitory Postsynaptic Potentials

When recorded intracellularly in or near the sonha onotoneuron, EPSPs and IPSPs
produced by group la afferent volleys demonstraterefiorms with steep initial rising
phases and slower exponential-like decaying ph@3edis & Eccles, 1959). Such evoked
potentials are due to the synchronous activatioa pbpulation of la fibers (Rall, 1967)
and are hence made up of multiple smaller subutetsped miniature (or single-fiber)
potentials which are in turn generated by the dgtof single synapses (Sypert & Munson,
1984; Rall, 1967; Rall et al., 1967; Burke, 1961Me relatively long decaying phases of
the evoked PSPs suggest that the synaptic termofagoup la afferents are widely
distributed over the whole soma-dendritic recepBueface of motoneurons (Rall et al.,
1967). The steep rising phases of the PSPs woeld Itle attributable to the activity of
synapses in close vicinity to the soma, while tha@caying phases would be due to
potentials produced by a fraction of synapsestaeralistal dendritic locations. The latter
potentials — transmitted by the dendrites that halectrically passive membrane
characteristics — are subject to electrotonic aaton (Burke, 1967).

Regarding the specific shapes of the observed ¢mneses of the experimentally detected
EPSPs and IPSPs, the steep initial phases in y@siti negative direction, respectively,
were found to be due to short (approximately 2 mduration), intense inflowing currents.
The decaying phases of EPSPs declined to a sligigrpolarization before returning to
the resting level. The corresponding phases of $P&lined immediately back to the
initial baseline. As a general rule, IPSPs appreddhe resting membrane potential faster
than EPSPs, the latter most probably featuring alopged residuum of depolarizing
current. Since the observed PSPs were evoked bgytiehronous action of a population
of la fibers, their time courses largely correspahdo those produced by single synaptic
terminals (Curtis & Eccles, 1959).

A relevant information for modeling temporal sumioatis that the effect of — excitatory
and inhibitory — potential summation at the motooeal level was shown to follow a
near-perfectly linear process in the majority @dl§ and to never yield values greater than
the algebraic sum (Burke, 1967). In cases not dsirating a linear relation, the resulting
compound potentials had still amplitudes amountingt least 80% of the algebraic sum.

The Alpha Function

In the simulation of neuronal networks, EPSPs dA8Ps may be described without
solving differential equations, but only by a smdunction defined as to match the
empirical data. The change in the membrane potdatia time after a synaptic delay can
be described by aamlphafunction (Trappenberg, 2007a; Dyan & Abbott, 2001b

P(t) = wl Eaxp(—i)

peak
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with
w synaptic weight, and

theak ... time at which the function reaches its peak, alsecifying the time
constant for rising and decaying phases.

Commonly, a combination of two or more exponentialsised to fit the shapes of the
recorded PSPs (Trappenberg, 2007a).

Selection of neurons and interneurons involved inhie present simplified
reciprocal spinal network — Specification of modeparameters

In designing the mathematical model of reciprogahal segmental circuits, the main
focus was on the attempt to provide a simplifiest, lyiologically realistic neuronal circuit
for investigating the mechanisms underlying theegation of simple periodic patterns of
PRM reflex modulations as observed in the electysyghogical recordings in SCI

subjects. The main patterns detected are summarnizédure 18.

The present model was conceived as a pair of tvwgoestal circuits associated with
antagonistic (flexor and extensor) motor pools emerconnection in-between them, each
composed of four different types of neuronal popores: la afferent fibers, alpha
motoneurons, la inhibitory interneurons, and Rewsballs (cf. Fig. 16). The synaptic
conductances were described by alpha functionshmvit be discussed below in detail
for each of the neuron types considered.

Altogether, the model contained 80 neurons wittme 8 populations of the flexor and
extensor circuits (10 per population). Neurons imith single population were considered
to be identical and hence described by the samanpmer settings. The number of
recruited flexor and extensor la afferents could/va each test run — thereby mimicking
the effect of different stimulation intensities. thie same time, the numbers of projections
between populations were set to constant valuesi iBOcase of the flexor (i.e., a single
cell of a (flexor) source population projected @6 of the cells in the target population),
and 80% in the extensor, accounting for the factrofller total monosynaptic EPSPs
detected in the former (Hunt & Perl, 1960). An exdans given in Figure I®showing a
single la fiber projecting to the (homonymous) pagan of motoneurons. Cells within
one population could contact with equal probabibtyy of the cells within the target
population and all interconnections between theutadjpns were defined by a randomized
procedure at the beginning of each simulation. Asesult, target neurons, though
otherwise conceived as identical, could featurdedht numbers of excitatory and
inhibitory inputs.
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Figure 18. Simple periodic patterns elicited by epidural S@omplete SCI
subjects. Displayed are PRM reflexes recorded frguadriceps (Q) and
hamstrings (Ham), arrows depict the times of stuawdpplicationa Reciprocal
attenuation of Q and Ham responde®?attern characterized by attenuation of
every second response recorded from Q and stalpeitom Ham.c In-phase-
modulation of Q and Ham responses. Data deriveah Bipsubject 2, epidural
electrode combination 0+3—, 5V, 16 Hg;subject 2, 0+3—, 5V, 11 Hz; ad
subject 4, 0-3+, 6V, 11 Hz. Only the traces showa are displayed as from the
first stimulus application.
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As stated above, the present model incorporatedosym@aptic activation of alpha
motoneurons via group la fibers as well as reci@rromhibition mediated by Ia
interneurons (that were in turn affected by mutudiibition between each other) and
recurrent inhibition via Renshaw cells acting onmiomymous motoneurons and la
interneurons as well as antagonistic cells of tames type. All model neurons were
assumed to have a resting membrane potevitiak at tnet = 0.

Following Maynard et al. (1997) and Westmorelaha@l. (1994), major innervations zones
were defined for both the flexor and the extensmud. This means, that each muscle is
innervated by motoneurons located in several setgnbat one segment (and specifically
its segmental reflex circuit) is particularly effee in activating the muscle. For reasons of
simplicity, the segments with motoneurons innengtithe muscles shall be called
segments 1-39gm1 Sgm2 Sgm3 for both the extensor as well as the flexor meiscl
Anatomically they could represent the segments #2-{quadriceps) and L5-S2
(hamstrings), or alike.

To account for the major innervations zones, tieutated group la afferent fibers were
classified as to belong to one of the spinal ceghseentsSgm1iSgm3(Figure 1®). Four of
the 10 afferents were then associated Bigim2 and three afferents withgmlandSgm3
respectively. Specifically, the ratio of EPSP aruples was then chosen to be 100:85 for
the monosynaptic EPSPs producedSgyn2afferents as compared to the oneSgmt or
Sgma3afferents.

The simulated network was set into action by traihgulses ‘externally’ applied to the
flexor and extensor la afferent fibers. The trairese represented by sequences consisting
of elements equal to zero Wkp. The stimuli occurred at intervals correspondimd.6 Hz,
since this was the rate at which most frequentiype periodic patterns were observed.
All subsequent events (i.e., the generation of EP&RI IPSPs) were time-locked to the
incoming pulses and occurred with specific dela@ell membrane potentials were
computed and updated for all model neurons at a tesolution of 0.1 ms. If the total sum
(composed of excitatory and inhibitory influences)a PSP produced in a particular
neuron was above threshold, an action potentialtiggered (for details see below). Total
time spans of simulations varied between 350 ms5@@dms (corresponding to 3500 and
5000 steps, respectively). Finally, the number aftoneurons firing at each time was
reported.

The model was simulated using Matlab 6.1 (The MathW, Inc., Natick, MA, USA). The
maximal computing time for a single simulation amimd to 9575 s (approximately
2h40min) using a Pentium M, 1.5 GHz processor.
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Figure 19. Specification of some model parametear#s for the flexor, a single
la afferent projects to 60% of all homonymous metgons, while in the
extensor, this value amounts to 8086The major innervation zone of both the
flexor and extensor was assumed to be the middleobthree adjacent arbitrary
segmentsSgmiSgm3 If a single la afferents associated wiBgm2 was
recruited, the resulting EPSPs in the motoneuronghich these fibers projected
were larger in amplitude (potential in dark colabheled as 1) as compared to
others (potential in light color, labeled as 2).

la afferents and motoneurons

Within each segmental circuit of the model netwalgha motoneurons depend on the
transmission of excitatory inputs provided by l&eednts in order to fire. Since an EPSP
produced by a single la fiber is too small to iase the motoneuron membrane potential
to its firing threshold, the present model requia¢teast 20% of the homonymous la fibers
to be recruited to evoke — after a monosynaptiaydéiy — responses in the (flexor or
extensor) motoneurons. The common threshold thatred the elicitation of action
potentials in both motornuclei in response to eggblied stimulus was reached if 30% of
all la fibers were recruited. These assumptionevibased on findings from physiological
studies conducted in SCI subjects showing the dbpee between the applied stimulus
intensities and the elicitation of reflex responses
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To characterize the input-output relation of thenwgynaptic reflex pathway in response to
single stimuli, so-called recruitment curves westablished. Recruitment curves show the
relation between stimulus intensity and the sizeefiex output (Schieppati, 1987). For
their calculation, the simulation was repeated fivees for each ‘stimulation-intensity’
(i.e., number of recruited la afferents), with tparticularly activated la fibers being
randomized.

The average time course of an EPSP elicited in@raanotoneuron by a single la afferent
was closely fitted to experimental data (Curtis &ckes, 1959; Burke, 1967) and was
represented as superposition of four exponentials, of them describing the initial
excitatory €) phaseEPSRn e and two a slight afterhyperpolarization (AHERSRin aHF:

EPSI?,,N’e(t) = Gy e [exp[(rMN,e‘d (t) - exp(rMN‘e’r ()],

EPSB\ ane () = W are [XPIT N anp.g ) —€XP@yn anp,r [)]
with

0<t<t,,/10 (in steps of 0.1 ms),

= “end

aine aNd N AHP - scaling factors of the excitatory and @iyperpolarization
phases, respectively;

TuN.er aNd TN AHPr .- time constants describing the rising phases ofettatatory
and afterhyperpolarization components of the PSP,
respectively; and

TuN.e,d@Nd Tun AHPd - - time constants describing the decaying behaviorthe
excitatory and afterhyperpolarization phases, retspy.

The final EPSP for a motoneuron was then produgetidosum

EI:)Sl;-\)/IN = EPSBN,e + EI:)SBN,AHP

with EPSRn anp being shifted by approximately 8 ms, i.e., withiitfluence starting only

8 ms after the onset of the excitatory phase. Hak pf the EPSP occurred 2 ms after the
initial deflection from baseline and amounted t0427 mV. The AHP phase reached a
minimum of -0.1636 mV. The resulting EPSP had &gegpeak amplitude of 1.1527 mV
(with the minimum being only -0.11 mV due to thersnation process). All potentials are
illustrated in Figure 20. For details on the parmneettings used in the equations see
Appendix A
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Eventually, a single action potential was triggewsl soon as the sum of all EPSPs
produced in a motoneuron reached a thres¥igld

There were no differences in the computation of E¥$ the flexor and extensor
motoneuron pools. Differences only arose due to diferent numbers of ‘internal’
synaptic connections between the neuron pools i@edcwith the flexor (60%) and
extensor circuits (80%).

0.5mVv

0 10 20 30 40 50 60 70 80 90 100ms

Figure 20. Excitatory postsynaptic potential (dashed linpumple color) elicited
by a single la fiber in a motoneuron (ERKPof either pool (i.e., flexor or
extensor) made up of an excitatory phase (greed kot labeled as EPS{R o
and an afterhyperpolarozation phase (solid line drange labeled as

EPSRin aHP)-

la inhibitory interneurons

In simulating la inhibitory interneurons, two chetexistics were consideredi) their
ability to respond with single spikes to a syncloas la afferent volley (Jankowska,
1992); and(ii) their tonic background activity, here assumed ¢ovithin a range of
frequencies of 20-100 Hz under resting state cadit(Hultborn et al., 1971b; personal
communication with Prof T. Deliagina, 2009).

la inhibitory interneurons exert their inhibitorffect on antagonistic motoneurons as well
as ‘opposite’ la interneurons (Hultborn et al., 887 Jankowska, 1992) via disynaptic
pathways (cf. Fig. 12). The additional delay of tREP relative to the monosynaptic EPSP
of 2 ms is assumed in the present model.

The amplitude of a single IPSP was chosen excelgdsrgall so that the activity of a
considerable portion of la inhibitory interneuromgéas required to inhibit a target
(motoneuron) cell (Pierrot-Deseignilly & Burke, Ax). As for the time course, la IPSPs
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have brief rising times with a peak assumed at@pprately 2-2.5 ms after the onset of
the potential (the respective value in the cat amsto 1.0-1.5 ms; Davidoff & Hackman,

1984). The decay was simulated as to follow an egpbal curve and to be shorter lasting
than the one of the EPSP (Curtis & Eccles, 1959).

A single (flexor and extensor) la IPSP is illustichin Figure 21 and was described by the
alpha function:

IPSRAt) = Wpsp [[bxp(rlPSP,d 1) - eXp(rnnsp,r )]
with

0<t<t,,/10 (in steps of 0.1 ms)uesp denoting the synaptic weight, angsp and

Tipsp.d the time constants for the rising and decayingspbarespectively. Details on the
parameters are summarizedAppendix A
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Figure 21. Time course of a single la IPSP as exerted ongantatic
motoneurons and la interneurons.

For the computation of the tonic background actjviepetitive IPSPs were assumed to be
elicited by the la inhibitory interneurons on th&rget cells. The intervals in between two
IPSPs were randomly set to values correspondiagydrequency between 20 and 100 Hz
and individually determined for each cell. Finalliye tonic background activity exerted on
a target cell was defined as the sum of the inbripiactions provided by all la interenurons
projecting to this cell. An example is given in &ig 22.
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Figure 22. Tonic background activity of la interneurons a®réad on target

cells. a Activity of three individual la interneurons (lighmiddle, and dark

brown curves), firing at rates of 20-100 Hz. Vatitnes on the top illustrate the
respective times of spike initiatioh.Hyperpolarization of three different flexor
motoneurons due to tonic background activity ofirgerneurons. The total
hyperpolarizing effects are composed of the aatwitof 60% of all la

interneurons each.

Renshaw cells and recurrent inhibition

As stated above (cflntroduction), Renshaw cells mediating recurrent inhibition are
excited by discharges of motoneurons. They havefilang thresholds (Pompeiano, 1984)
and fire long bursts of spikes for tens of milliseds in duration (Katz & Peirrot-
Deseilligny, 1998; Uchiyama et al., 2003).

In the present model, the enhancement of the geptitentialV,.s; 0f a Renshaw cell by a
single excitatory input (originating from motonens) was chosen according to the
following criteria: The firing threshold was attaoh if a Renshaw cell received excitation
from 40% of all motoneurons projecting on it, with inhibitory inputs acting at the same
time. The excitatory input had to be correspondirtgher to overcome the inhibitory
influence as exerted by the antagonistic Rensh#ia. ¢leset into action, the Renshaw cell
would fire a burst made up of individual spikes géhiwould cause — after a deladyc
following stimulus application — a long lasting pog;aptic event composed of the
superposition of single IPSPs (Figurea2B). The duration of a burst was adjusted so that
its influence on the motoneurons had not ceased e next stimulus pulse arrived at
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the latter at intervals of 45-91 ms (i.e., 11-22 Eiz Fig. 14). A single spike within the
burst was assumed to be rather short in duratidrofismall amplitude. (Due to the small
size of the Renshaw cells, intracellular recording® difficult to be obtained.
Consequently, details on their intrinsic properties hardly available.) At the beginning of
a burst, the spikes occurred at short intervalsclwhvere slowly prolonged as the burst
persisted (Figure Z3Eccles et al., 1961; Uchiyama et al., 2003).
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Figure 23. Recurrent inhibition mediated by Renshaw cells. $hperposition
of single IPSPs as shown amaccount for the long lasting inhibitory eventsoin
orc denotes the delay with respect to the incomingffi@rent volley after which
recurrent inhibition is set into actioon.The single IPSPs potentials initially occur
at short intervals that are prolonged towards titea# a burst.
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The effect of recurrent inhibition was calculatedually for all target cells, i.e.,
homonymous motoneurons and la interneurons (Huitbetrr al., 1971a) as well as
antagonistic Renshaw cells. The time course ofngleispike was calculated by the
following equation:

IPSRc () = tre [eXPrcq H) —eXplqc, H)]
with

O<t<t,,/10 (in steps of 0.1 ms)kc denoting the synaptic weight, amgc and 7rc g

end
the time constants for the rising and decaying @hasespectively. Parameters for
calculation as well as a simplified approach of elod) recurrent inhibition are presented
in Appendices AndB.

Results

The complete network model containing monosynaptitivation of motoneurons, la
inhibition, recurrent inhibition as well as mutuahibition between interneurons of same
types will be explored in steps featuring differéewels of complexity. First, the most
basic spinal network, the monosynaptic reflex étecof flexor and extensor motor pools
in isolation from each other, will be analyzed. Seduently, the model will be stepwise
expanded to integrate also interneuronal elemédrits. thereby produced results will be
presented in separate sections and seek to emligitefunctional roles of particular cell
populations, when isolated from the network theg ambedded in, in modulating the
motor output.

Model I: l1a afferent fibers monosynaptically projéimg on homonymous motoneurons

The neurophysiological study presented in withins tithesis revealed
recruitment curves of the PRM reflexes recordednfigeveral lower limb

la fiber muscles that were characterized by steep initigdesd and reaching a plateau
at stimulus intensities corresponding to two tirttes respective thresholds.

v  On average, an intensity of approximately 1.3 tirties response threshold
,,'23:3'"0 was required to induce responses in all recordestles.

These results could be closely reproduced by thepater model. The
¥ calculated flexor recruitment curve that startethva rather moderate slope
MuscLE gs compared to the one of the extensor, due tdifferent numbers of
projections on motoneurons per la fiber associatgtl the antagonistic
circuits (Figure 24). Consequently, the flexor @ireached its plateau (i.e., 100% of all
homonymous motoneurons firing) when on average 60%ll la fibers were activated,
while the corresponding value for the extensor amwulto 40%. The common threshold
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for the elicitation of monosynaptic motoneuron teges in response to each of the
consecutively applied stimulation pulses corresgdntb the recruitment of 30% in the
flexor, and 20% of all homonymous la fibers in éxtensor circuit, respectively.

The respective recruitment curves of a network ewglg major innervation zones was
calculated with the same model and is presentéghpendix B
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Figure 24. Recruitment curves of flexor (red) and extensougblmotoneuron
populations activated by la afferent volleys. Theruitment curves are defined
as the relation between the percentage of recriatéders and the perecntage of
firing motoneurons within each population. The eliéinces in the recruitment
curves displayed are due to the randomized sefeofithe particularly activated
la fibers in each of the five simulations runs aectdd for each stimulus
intensity (i.e., number of reruited la fibers, hgreen as perecntage of activated
la fibers within a population).
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Model II: The influence of tonic background actiwtexerted by la interneurons

7/\ la inhibitory interneuron with

la fibres

tonic background activity
* ]

A\ 4

¢

v

EXTENSOR

The tonic discharges of la inhibitory interneurons
considerably changed the recruitment curves of both
motoneuron populations (Figure 25). The most olwiou
difference was the requirement for more la fibersbe
recruited to reach the maximum output — the average
values under the present conditions corresponaing)%o

in the flexor and 50% in the extensor circuit, egely.
Additionally, as the mean common thresholds renthine
constant, the slopes of the recruitment curvesapepdess
steep as compared to those in the example without

inhibitory influences. Detailed information on thetwork behavior in response to ‘graded
stimulation’ is given in Figure 26.
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Figure 25. Recruitment curves of flexor (red) and extensoudplmotoneuron
populations affected by tonic background la inhdpnit For each stimulus
intensity (i.e., number of reruited la fibers, hgireen as percentage of activated
la fibers within a population), the simulation waspeated five times. The
randomized selection of particularly activatedikeefs accounted for the different
recruitment curves produced in each simulation fwmo facts account for the
steeper extensor recruitment curves, i.e., the rowember of flexor la
interneurons projecting to extensor motoneurons #mel relatively strong
monosynaptic drive of the latter.
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Figure 26. Concept of synaptic integration of various excitatand inhibitory
inputs at the motoneuronal level in response talegastimulation. EPSPs
generated by homonymous la fibers (green) and wiszharges of antagonistic
la interneurons (brown) at rates of 20-100 Hz symas to result in a total
motoneuron membrane potential of the flexarred) and the extensor circuits
(b, blue), respectively. Action potentials would bengrated at times when the
membrane potentials attain firing threshold. Arradepict the times of stimulus
application. Inserted values are applied stimuhiensities represented by the
percentage of recruited la fibers within the respegopulation. Each of the ten
superimposed lines of the graphs is the time coofsenembrane potential
changes of a single motoneuron, influenced by PSPs.
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Model IlI: The effect of recurrent inhibition of asingle motoneuron pool

inhibition of a single motoneuron pool, i.e., withaonsidering any
la fibre reciprocal interactions between the antagonisttevokk circuits. As
hypothesized in thintroduction the operation of Renshaw cells was
v in fact effective in generating simple periodictpats. Furthermore,
0% the computer model revealed a strong relation batwble applied
—> stimulation intensity (in terms of numbers of retad la fibers) and
the elicitation of simple periodic patterns — adfimgy closely
v resembling the results derived from the neurophggioal study
FHTENSOR described above.

?/“ Interesting results were found when testing theiarfce of recurrent

As for the flexor circuit (Figure 27), simple modtibn patterns were found in 75% of all
cases tested at an intensity corresponding todhermon threshold (i.e., 30% of la fibers
being recruited; Fig. 2. This value declined to 60% at intensities cqroggling to 1.3
times the common threshold with the modulationsigpéess pronounced than at common
threshold-stimulation (Fig. dJ. No examples were found at even higher interssifldne
various cases of simulation runs differed in thenposition of the particularly recruited la
fibers, i.e., either belonging to the major innd¢ima zone or the adjacent segments. All
combinations of fiber compositions were tested. Wéver simple periodic modulations
were elicited, they featured stable patterns dfterfirst applied stimulus pulse. At two
times the common threshold (Fig.@.7the first stimulus yielded maximum output (i.e.,
100% of motoneurons firing) in 60% of all cases &0&o of the maximum in 20% of all
cases. Thereafter, the outputs declined, but wareodulated and remained steady at
rather high levels (i.e., 90%, 70%, and 50% of metoons firing, respectively) with
further stimulus application. Regarding the setetf the particularly stimulated la fibers
with respect to the major innervation zone of tlexdr, no modulations were induced if
only afferents not associated with this zone wegruited, irrespective of the applied
stimulus intensity. The combinations of activatedfibers that most readily yielded the
generation of simple periodic patterns were thbs¢ featured a majority of fibers within
the major innervation zone.
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« Figure 27. Simple periodic patterns within the flexor motor@u pool
generated by recurrent inhibition exerted by hommooys Renshaw cells. The
ordinate values marked by the filled circles aeelambers of motoneurons firing
in response to successive stimuli. Different colegecify the particularly
recruited la fibers. Each example represents aevblalss of simulations under
similar conditions (e.g., yellow, all possible canmdtions of recruited la fibers
not associated with the major innervation zone;)et Results derived at
common threshold intensity corresponding to theuigoent of 30% of all flexor
la fibers. Under such conditions, 75% of all caseastured simple periodic
patterns.b Motoneuron firing induced by stimulation at 1.&néis the common
threshold. Still, 60% of all cases yielded respomsalulations which appeared,
however, less pronounced. The simple periodic patterns were replaced by
constant outputs if even higher intensitied wengliad. The examples here show
the results derived from stimulation at 2 times¢bmmon threshold.

The results illustrated in Figure 27 implicit thidle generation of periodic patterns by
Renshaw cells solely relies on simple temporal satian processes at the motoneuronal
level. This finding is further elaborated in Figu28. The first pulse of the train induced

responses in a rather large number of the — yednditoned — motoneurons that in turn

activated a considerable portion of the Renshalpogiulation. The resulting long lasting

bursting of the latter would still have a decregsaifect on the motoneuron excitability

when the next stimulus was applied. Hence, fewetoneurons would respond and

consequently, fewer Renshaw cells would subsequéetlrecruited, leading to a reduced
inhibition of motoneurons to following stimuli. Adt two responses, the cycle would start
again.
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Figure 28. Simple periodically patterned motor outputs ofk@le motoneurons

(red) due to summation of excitatory la fiber (greand inibitory Renshaw cell
(violet) inputs. Displayed are the respective psgyaptic potentials at stimulus
intensities corresponding to the recruitment of 3@d 40% of la fibers (i.e., 1
and 1.3 times the common threshold intensity, espy). Each line of the

graphs is the time course of membrane potentiaigds of a single motoneuron,
influenced by PSPs.

The assumption that temporal summation is the hgadnechanism in generating
modulated outputs was supported by testing the seatveork model at stimulation rates of
2.1 Hz and 5.0 Hz (Figure 29). Under such cond#joime activity of Renshaw cells
induced by the first stimulation pulse had ceasefibrie the next stimulus was applied.

Hence,

incoming volleys arrived at the motoneuraats resting state condition.

Consequently, the number of cells within the motwor population responding to the
successively applied stimuli only depended on tmeuation intensity and was not subject
to any inhibitory influences exerted by Renshaviscel



80

2.1Hz 5.0 Hz
# firing
motoneurons: 7 7 7 7 7
A > i — B >
[5 5
| —— T — — —
Lot v | 2 L el -
fstimuli t fstimuli t t
' 800 ms ' ' 600 ms
—— sum of potentials arriving at motoneurons —— recurrent inhibition
---------- firing threshold recruited la fibers: 4, 5, 6

Figure 29. Network behavior in response to stimulation at 221 (left) and 5.0

Hz (right). At such frequencies, Renshaw cell asstigviolet) terminates before
the application of a following stimuli, resultingn iunmodulated motoneuron
outputs (red). Both examples (2.1 Hz and 5.0 He) @alculated for circuits
designed as flexors.

Similar results as for the flexor were obtained tbe extensor circuit. At common
threshold intensity and 1.5 times this threshold.,(i20% and 30% of extensor la fibers
being recruited, respectively), simple periodict@ats were induced in even 100% of all
cases (Figure 20 b). Again, the modulations were less distinct athlggher intensity. Any
further increase of intensity ‘destroyed’ the pdropatterns (Fig. 39 0d). If 60% of the la
fibers were activated, maximum outputs (i.e., 1002€xtensor motoneurons firing) in
response to each stimulus were the common resudt.t®the larger number of projections
on motoneurons per each extensor la fiber, the ymed network outputs were less
sensitive to the recruitment of particular fiberghim or outside the major innervation
zones. With other words, the smaller magnitude&BSPs produced by the latter were
compensated by the relatively large total numbda afputs.

The replacement of the simple periodic patternBigher stimulus intensities was due to
the strong bombardment of motoneurons by la aftereleys under such conditions. The
strong excitatory drive would then largely overcothe inhibitory actions exerted by the
Renshaw cells, as illustrated in Figure 31.
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<« Figure 30.Simple periodically patterned outputs of the egtegnmotoneuron
pool generated by recurrent inhibition exerted nghaw cells. The ordinate
values marked by the filled circles illustrate thenbers of motoneurons firing in
response to successive stimuli. Different colorscgp the composition of the
particularly recruited la fibersaa Results derived at common threshold intensity
corresponding to the recruitment of 20% of all est la fibers. Under such
conditions, all tested examples featured simplégar patternsb Qualitatively,
the same results were obtained at stimulus inieasif 1.5 times the common
threshold. However, the modulations were less prooed than at common
threshold intensity-stimulatior, d Any further increase of the stimulus intensity
yielded the elicitation of constant, unmodulatetpats.
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Figure 31. Replacement of simple periodic patterns observedhe extensor
motoneuron population (blue) by constant outputseoled at higher stimulation
intensities (60% and 100% of la fibers being reedii respectively). Due to the
strong drive of motoneurons by la afferent inputeémn), the role of recurrent
inhibition (viloet) on the produced output is negéble.



83

Another feature of recurrent inhibition was thatréduced the output of the flexor
motoneuron population in response to maximum satmn (i.e., 100% of la fibers being
recruited). With other words, the maximum attaieablitput in the flexor was reduced to
90% of that in the model without considering reeatrinhibition mediated by Renshaw
cells (cf. Models I, 1). At the same time, there was no change in thebeurof firing
extensor motoneurons to maximum stimulation. Tispeetive firing patterns of the flexor
and extensor motoneuron pools are displayed inr€iga.
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Figure 32.Firing patterns of flexor (red) and extensor (bloetoneuron pools in
response to maximum stimulation corresponding &r#dtruitment of 100% of
the respective la fibers. The maximum flexor outisuteduced to 90% of that in
the model not considering recurrent inhibition. &l@nges were observed in the
extensor.

The same model calculated with a simplified appnosx the simulation of recurrent
inhibition is presented iAppendix B
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Model IV: The effect of recurrent inhibition incluéghg mutual inhibition between
‘opposite’ Renshaw cells populations on the outpait two antagonistic motoneuron
pools

) The results described above identified Renshavs esll
neural elements efficiently generating simple paido
patterns within a single motoneuron pool. In paltc,
no additional inputs originating from antagonistic
! |~ sources were required to induce the observed respon
‘> f modulations. Hence, the question arises as to wheth
\,m the activity of two populations of Renshaw cells
connected with mutual inhibition may be sufficient
EXTEVNSOR FLEVXOR produce simple periodic interactions between two
antagonistic motoneuron populations. To approach th
guestion, a network consisting of two symmetricuits
was first assumed. Under such conditions, bothutgchad symmetric numbers of
interconnections that were designed in separatalation runs as to be either associated
with the flexor or the extensoEach of the circuits was designed similarly to mieéwork
employed inModel Ill, but additionally contained interconnections betweopposite’
Renshaw cells. Subsequently, the network was nesblds to include one flexor and one
extensor circuit and hence asymmetric numberstefaonnections between the modeled
neuron populations.

la fibers

Model IV produced two main findings:

() If two symmetric reflex circuits with equal paramesettings (either flexor or
extensor ones) were assumed, the system outpujemasally characterized by
in-phase-modulations of the antagonistic circuits.

(i) In case of two asymmetric flexor and extensor reftércuits the system
revealed a strong tendency towards reciprocal r&tio

Coming back to the model considering two symmemmotor pools, some minor
differences were observed, depending on whetherflexors circuits (Figure 33) or two
extensors circuits (Figure 34) were considerea finst approach, 30% of the respective la
fibers were recruited (corresponding to the comnmoeshold of the flexor circuits and 1.5
times that of the extensor circuits). Different slation runs were carried out with the
compositions of the active afferents being différdys for two flexor circuits, three of the
four examples tested with different afferents cbuoting to the 30%-population showed
in-phase modulations of the produced outputs (B8, b, and constant outputs in the
remaining example (Fig. 88 At the same time, simple in-phase modulationsewe
observed in 100% of all cases if two extensor discwere assumed. An interesting
common feature of this model (irrespective of wiettwo flexor or two extensor reflex
circuits were considered for the calculation) what tthe modulations appeared more



85

pronounced the fewer of the recruited la fibers evgart of the respective major
innervation zones (cf. Fig. B3Fig. 34, d).
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Figure 33. Firing patterns of a model considering two symneetintagonistic
circuits designed both as ‘flexorsFy and F,) in response to stimulation at
common threshold intensity (i.e., 30% of the twdilkeer populations recruited).
The general result observed in the majority (75%)alh tested cases was
characterized by in-phase modulations of the oatprudduced by the antagonistic
motoneuron populations. Examples from top to bottbffer in the selection of
the particularly recruited la fibers (i.e., withspect to the major innervation zone,
fibers 4-7) that contributed to the 30%-afferenpylation.
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<« Figure 34.Firing patterns of a model considering two symneedintagonistic
motor pools designed with extensor connectivities &#nd Ey) in response to
stimulation at 1.5 times the common threshold isitgr(i.e., 30% of antagonistic
la fibers recruited). In 100% of all tested casesphase modulations of the
antagonistic motoneuron populations occurred. Exesnfrom top to bottom
differ in the selection of the particularly recrdtla fibers (i.e., with respect to the
major innervation zone, fibers 4-7).

In the network model composed of one flexor and extensor circuit, the simple periodic
pattern most frequently observed was characteripedeciprocal interactions. In few

cases, a pattern was produced that featured amuatezl excitability of one of the two

motoneuron populations following every second shirauapplication. In few cases, a
pattern was produced with alternation of large amall responses in a single motor pool.
The output of the antagonistic motor pool, at thme time, was completely constant. No
cases with in-phase modulations as generated kgytheetric network were observed.

At common threshold intensity of the network (i.eecruitment of 30% of flexor and
extensor la fibers, respectively), 50% of all tdsexamples featured reciprocal motor
patterns (Figure 35). In particular, the generatbra particular motor pattern could be
directly linked to the activation of specific ldbérs associated with the extensor: if at least
two third of them were part of the extensor majorervation zone, then the output was
always reciprocally modulated (Fig. &5b). Thus, stronger synaptic connections along
with an effective generation of PSPs (strongertatmiy drive) of one afferent population
with respect to the antagonistic one favored theegsion of reciprocal motor outputs. In
all other cases, the output was never patterned 8¢, d). With other words, the activity
of the dominant (with respect to the relativelygkar numbers of internal interconnections)
extensor circuit was the determining factor in ¢femeration of particular motor outputs in
the two antagonists.

Whenever reciprocal interactions were induced, dkiensor motor pool featured stable
output modulations starting with the applicationtlod first pulse, i.e., a strong activation
of motoneurons by the first pulse, and a weaker lpn¢he subsequent one. The flexor
motoneurons, on the other hand, fired in relatidalge numbers to the first two stimuli
and featured modulated outputs thereafter. Thidiriopn can be explained by the effective
activity of extensor Renshaw cells following theteimse monosynaptic activation of
homonymous motoneurons by la fibers following thstfstimulus. The Renshaw cells
would in turn not only reduce the motoneuron exsity, but would also inhibit
antagonistic cells of the same type. Consequentlyile the output of the extensor
motoneuron pool would be moderate in response @ondxt stimulus, that of the flexor
circuit — not affected by recurrent inhibition — wd not be reduced. The smaller number
of extensor motoneurons would recruit fewer Rensbels, while this situation would be
just opposite in the flexor circuit, eventually d#@g to the observed reciprocal network
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behavior. A representative example illustrating ¢éineergence of such periodic reciprocal
pattern is given in Figure a5

Constant motor outputs of the antagonistic circuiese observed if the majority of the

recruited extensor la fibers were not associated thie major innervation zone, i.e., under
conditions when the excitatory drive provided by flaers projecting on extensor

motoneurons was somewhat less effective (Fidp).3bhe underlying mechanisms might
be explained as follows: In response to the firstndus, 100% of all extensor

motoneurons were recruited. These would in turnvaiet a considerable subset of
Renshaw cells. The reduced number of motoneuramsgfin response to the next

stimulation pulse would still transsynaptically isate a considerable subpopulation of
homonymous Renshaw cells that would have simifacef on the motoneuron excitability

as the recurrent inhibitory event following the geding stimulus. Regarding the flexor,
the recurrent inhibition of Renshaw cells exertgdhe extensor would be at any time as
strong as to almost fully suppress their actividence, the flexor motoneuron output
would be less subjected to their inhibitory inpufs.stable state of activity would be

achieved.
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<« Figure 35. Firing patterns of a model considering two asymioetr
antagonistic systems designed as fle¥Qrand extensord) circuits, respectively.
The applied stimulation intensity correspondedchi® gystem’s common threshold
(i.e., attained if 30% of each population of laefib were recruiteda Numbers of
flexor and extensor motoneurons firing in respotseconsecutively applied
stimuli feature reciprocal modulatioris Reciprocity was mainly due to the strong
recurrent inhibition exerted by extensor Renshawiscen homonymous
motoneurons and antagonistic cells of the same. tgpgnmodulated motor
outputs were observed, if the majority of the ré@ediextensor la fibers were not
part of the major innervation zone of the extendonder such conditions, the
totally induced recurrent inhibition via extensar@haw cells was too weak as to
considerably decrease the excitability of homonysnouwotoneurons, but still
effectively suppressed antagonistic Renshaw cEld-F, MN-E, denoting total
postsynaptic potentials of flexor and extensor metwon pools, respectively;
RC-F, RC-E, the activity of anatgonistic RenshaWlsce

Increasing the number of recruited extensor laréilie 40% of the total population, but
leaving the corresponding value for the flexorikeefs unchanged at 30%, 20 simulations
runs resulted exclusively in constant motor outplfithe applied stimulation was assumed
to be more effective in recruiting flexor (40% 00% of the respective fibers being
recruited) than extensor la fibers (30%), the tsswere completely different. Reciprocal
modulations were observed in 50% of all tested gtam(irrespective of whether 40% or
60% of all flexor la fibers were recruited) and wdrence the commonly induced pattern.
Constant motor outputs were observed in 45% afaskes assuming 40% of flexor la fiber
recruitment and in 40% of the examples assuminghieer stimulation effects. In both
cases, one example featured constant outputs ifietkar, but modulated outputs in the
extensor.
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Model V: The effect of recurrent facilitation

The networks elaborated above were isolated franetfects of la inhibitory interneurons.
When taking into account the efficacy of RenshaWsca inhibiting homonymous la
interenurons along with their ability to induce teated motor outputs, one can assume
recurrent facilitation (cflntroduction) to be an additional promising candidate-mechanism
leading to the generation of simple periodic pagefThis hypothesis was approached in
several steps (Figure 36), similar to thos#imdel I\ First, two symmetric reflex circuits
(either with flexor or extensor characteristics)revassumed (Fig. 36(i), (ii))). The
motoneurons of one of the two circuits made sygagintacts to a population of Renshaw
cells which in turn exerted inhibitory actions badn the motoneurons and on
homonymous la inhibitory interneurons. The antagimimotoneuron population, on the
other hand, received excitatory drive transmitted la fibers and was affected by
reciprocal inhibition. Second, the two circuits tife network were asymmetrically
designed as flexor and extensor (Figb)36rhe effect of recurrent facilitation, i.e., the
inhibition of extensor (Fig. 36 (i)) and flexor (Fig. 36 (ii)) la interneuron pools was
tested in separate trials.

(i) (ii)
la inhibitory interneuron la inhibitory interneuron
with tonic background with tonic background
la fibers activity la fibers activity
A\ 4 A 4 A\ 4 \ 4
N’ ﬁ
v v v v
FLEXOR FLEXOR EXTENSOR EXTENSOR
F1 F2 E1 E2
(i) (i)
la inhibitory interneuron la inhibitory interneuron
with tonic background with tonic background
la fibers activity la fibres activity

N

<- < ¢

<
&
<

v v v v

EXTENSOR FLEXOR EXTENSOR FLEXOR
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<« Figure 36. Organization of model network testing the effettrecurrent
facilitation on the produced motor outpatFirst, two symmetric circuits (either
(i), two flexors F; and F»; or (ii), two extensor€; and E;) were assumed
Second, the symmetry was replaced by introducinteyor and an extensor
circuit. The effect of recurrent facilitation exedt by (i) extensor ofii) flexor
Renshaw cells was tested in different simulatiarsru

As for the symmetric network (two flexor or two ersor circuits), three cases (all of them
tested at threshold intensity) were assumed thaed/an the selection of the particularly
recruited la fibers(i) F; andF, (E1 andE,, respectively), all recruited la fibers were part
of the corresponding major innervation zon@g; F; (Ej, respectively), all recruited la
fibers were part of the major inneravtion zone, &dE,, respectively), all recruited la
fibers were located outside the major innervationez and(iii) F; andF; (E; and E,
respectively), all recruited la fibers were outdilde major innervation zones.

As a common finding, reciprocal motor outputs walkgays generated in cases with all of
the recruited la fibers belonging to the major ma#ion zones (Figure 37). Otherwise, the
outputs were constant. A difference between eithwer flexor or two extensor circuits,
however, could be found in the initial phases @&f simple periodic patterns: If two flexor
circuits were assumed, the generated output resenthhat observed iModel IV and
displayed in Figure 35 while one of the two motoneuron populations feadu
modulations as from the first stimulus applicatittihe other one fired in relatively large
numbers in response to the first two pulses and @afilerwards featured response
modulations (Fig. 33). At the same time, if two extensor circuits wassumed, both
motoneuron pools immediately produced patternedutsit(Fig. 3B). This difference can
be explained by the relatively stronger inhibit@ffect of the tonic background activity
exerted by extensor la interneurons than by theoflassociated ones. Consequently,
recurrent facilitation mediated via extensor Remsltzlls would have a comparatively
bigger effect and would lead to a considerablentlibition of antagonistic motoneurons.
The latter would in turn fire in large number inspense to the successive second
stimulation pulse.
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Figure 37. Firing patterns of a model including two symmetantagonistic
circuits as well as recurrent facilitation. Modudais of the system output were
induced if both motoneuron populations were exgklgi excited by la fibers
within the respective major innervation zonag&xample derived from a network
consisting of two flexor circuit$-; and F,. (i) As can be seen in the sketch
illustrating the numbers of motoneurons firing @sponse to successive stimuli,
reciprocal interaction is established with the sekcetimulation pulse(ii) Total
postsynaptic potentials of both flexor motoneurapyations MN-F1 and MN-
F2 along with the activity of la inhibitory intererons and Renshaw cells
revealed the underlying mechanisms producing thtenmed outputsb Same
example as i, but derived from a network made up of two extercscuits &
andE,. Here, reciprocal interactions are initiated foliog the first stimulus.



93

If the antagonistic circuits were asymmetricallysideed including flexor as well as
extensor circuits, the model did not produce peciooutput patterns in 11 out 20
simulation runs. There were some differences betwbe two models whether they
included extensor (cf. Fig. B7i)) or flexor (cf. Fig. 3B (ii)) interneuronal populations.
Whenever periodically modulated motor outputs wereduced in the former case (i.e.,
extensor interneurons considered), they were rastable throughout the whole
simulations (Figure 38). At the same time, the ltssobtained for the second model (i.e.,
flexor interneurons considered) revealed less gteadprocal patterns (Figure 39). This
finding could be probably due to the smaller numifa@nterconnections between Renshaw
cells and la interneurons in the flexor which wolddd to a less pronounced effect of
recurrent facilitation. Modulations in a single moéuron pool as well as constant outputs
of the flexor and the extensor circuits, on theeothand, were stably elicited. Table 3
summarizes all tested examples and induced mottarps.

(i) (ii) Firing threshold

8 MN-F ‘E
[2] > N
c
P [ [ ] K
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g I
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€ 8 ‘ £
8 E la-In-E W“’WWW O
= 4 >
3+ RC-E ~

0 I et Vi Vot Y i W Vg

¢ t ¢ t ) L I ¢ t 4 )
stimuli . ) stimuli .
0 100 200 300 400 ms 0 100 200 300 400 ms

# recruited flexor la fibers: 1, 2, 3, 8
# recruited extensor la fibers: 4, 5, 6

Figure 38. Stable reciprocal patterns elicited by a modeludrig extensor la
inhibitory interneurons and Renshaw celis Numbers of flexor) and extensor
(E) motoneurons firing in response to successive utiaong with (ii), total
postsynaptic potentials of flexoM(-F) and extensorMN-E) motoneuron pools
as well as of extensor la interneurolesiQ-E) and Renshaw cellRC-B.
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Figure 39. Reciprocal interactions between antagonistic fleffgrand extensor
(E) motoneuron pools of a model including flexor mieuronal populations. Note
the fluctuations of extensor motoneuon recruitmasitillustrated in(i). Total
postsynaptic potentials of flexoM(-F) and extensorMN-E) motoneuron pools
as well as of flexor la interneuronta{n-F) and Renshaw cellsSRC-F are

displayed in(ii).
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Table 3. The effect of recurrent facilitation on the firingatterns of a network
composed of flexor and extensor monosynaptic dscui

A Extensor Renshaw cells and la interneurons indindéhe model network

# recruited flexor

# recruited

# flexor

# extensor

motoneurons firing motoneurons firing

la fibers extensor la fibers  in response to in response to
successive stimuli successive stimuli

4,5,6 4,5,6 6-6-2-6-3-6 10-5-9-5-9-5
4,5,6 1,2,3 1-1-1-1-1-1 10-4-4-4-4-4

4,5,6 4,5,6,7 6-6-6-6-6-6 10-10-10-10-10-10

4,5,6 1,2,3,8 1-1-1-1-1-1 10-7-7-7-7-7
4,5,6,7 4,5,6 6-6-6-6-6-6 10-5-9-5-9-5
1,2,3,8 4,5, 6 6-6-2-6-3-6 10-5-9-5-9-5
1,2,4,56,7 4,5,6,7 4-6-6-6-6-6 10-10-1610010
1,2,3,8,9,10 4,5,6,7 4-6-6-6-6-6 10-10-001D-10

1,2,4,56,7 1,2,3,8 1-1-1-1-1-1 10-7-7-7-7-

1,238,910 1,2,3,8 1-1-1-1-1-1 10-7-7-7-7

B Flexor Renshaw cells and la interneurons includeétde model network

4,5,6
4,5,6
4,5,6
4,5,6
4,5,6,7
1,2,3,8
1,2,4,5,6,7
1,2,3,8,9,10
1,2,4,5,6,7
1,2,3,8,9,10

4,5,6
1,2,3
4,5,6,7
1,2,3,8
4,5,6
4,5,6
4,5,6,7
4,5,6,7
1,2,3,8
1,2,3,8

6-3-6-3-6-3
8-1-1-1-1-1
6-3-6-3-6-3
8-1-1-1-1-1
6-3-6-3-6-3
6-3-6-3-6-3
6-3-6-3-6-3
6-3-6-3-6-3
8-1-1-1-1-1
8-1-1-1-1-1

10-5-6-5-5-10
4-4-4-4-4-4
10-10-10-10-10-10
7-7-7-7-7-7
10-5-6-5-5-10
10-5-6-5-5-10
10-10-1610010
10-10-D91D-10
7-7-7-7-7-7
7-7-7-7-7-
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Model VI: The effect of mutual reciprocal la inhiliion

) Before studying the complete the model, a network
o neglecting the influence of Renshaw cells, but
Extensor- \ nierneurons / considering populations of antagonistic la internes
f ibers @ > as well as mutual inhibition between these cells wa
v + tested. Again, the complexity of this model was
‘> QN stepwise increased by assuming first two ‘equal’
network circuits (i.e., two flexors or two extensprand
second, by introducing asymmetry to the model by

v v I A
Extensor Flexor designing one of the two circuits as flexor and one

e e other as extensor.
Except for the network composed of two flexor citguthe majority of the simulated
networks did not yield in simple periodic outputtpans in the antagonistic motor pools.
In the former case, most of the tested exampldsirieé modulations in the output of one
of the two motoneuron populations only, and cortstartputs in the antagonistic one
(Figure 4@). In a single case, a reciprocal pattern was tede(Fig. 40@). All other
examples featured unstable outputs produced byobtiee motoneuron populations, and
either modulated or non-patterned outputs in thagamistic one (Fig. 4f). As opposed to
that, the outputs produced by two antagonisticresdecircuits were always constant (Fig.
40d). With other words, constant numbers of Howevieesé numbers of motoneurons
firing in response to the successively applied glincould be different in the two
motoneuron populations considered.

If one of the antagonistic motor pools was desigaetlexor and the other one as extensor,
the results were similar to those obtained for #xtensor circuits. The most commonly
observed outputs were constant (Figure 41). In miiar@al cases, they featured some
instability affecting the output of one motoneurgopulation, whereas that of the
antagonistic one was unmodulated.

Figure 40. Motor patterns elicited in a network composed 0b tsaymmetric
circuits @-c, two flexors;d, two extensors) and considering mutual reciprdeal
inhibition. a The pattern most frequently evoked in case ofantagonistic flexor
motor pools was characterized by modulated outputsne, and unmodulated
stable outputs in the antagonistic motoneuron . b In one case, a
reciprocally modulated pattern was obsencAll other examples revealed either
constant or periodically modulated outputs in oreaneuron pool, with unstable
outputs in the antagonistic oreeln case of a network composed of two extensor
circuits, the output was always stable and unmaeddla >
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Model VII: The complete network model

) The network model integrating the operation of all

neuronal populations produced simple periodic

[ \ Intomouron / patterns only in exceptional cases. Moreover, all

Flexor- n generated periodic patterns featured anti-phase

e alternation of the responses in the antagonistic
é QV\ motor pools.

— — A new feature of the model network was the

Renshaw generation of motor outputs with considerable

& 4 variations in the numbers of motoneurons

Extensor kil responding to successive stimuli. Networks

consisting of two symmetric flexor circuits
resulted in such motoneuron firings (Figure 42).

The applied stimulus intensity in the illustratechmple was assumed to correspond to the
common threshold and all of the recruited la fibeexe part of the major innervation
zones. Under otherwise same conditions, but whennaigg two symmetric extensor
circuits, the produced motor outputs featured meafect reciprocity (Figure 43). In
particular, the pattern was established as witHiteestimulus application.

Figure 42. Firing patterns of the complete network model witlo symmetrical
flexor circuits. a Variable numbers of motoneurons associated with th
antagonistic motor pools fired in response to sssige stimulib shows the total
postsynaptic potentials at motoneuronal levéN{F, and MN-F,, red) as the
sum of excitatory and various inhibitory inputsandd illustrate the activities of
la interneuronslé-In-F; andla-In-F, brown) and Renshaw cellRC-FR andRC-

F,, violet) associated with the two motor pools. Reng cells received inhibitory
input only from antagonistic cells of the same tyiaeinterneurons were affected
by their antagonistic counterparts as well as tmdnoymous Renshaw cells. »

Figure 43. Firing patterns of two symmetrically designed estancircuits.a A
stable reciprocal pattern was elicited as with #pplication with the first
stimulus.b shows the total postsynaptic potentials at motarel levels MN-E;
and MN-E;, blue) as the sum of excitatory and various irtbilyi inputs.c andd
illustrate the activities of la interneurontga(n-E; and la-In-E, brown) and
Renshaw cellsRC-E andRC-E, violet), respectively. >
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Figure 43.
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The complete network model with flexor and extensonnectivities did not produce
simple periodic patterns with anti-phase altermatid the responses in the antagonistic
motor pools (Figures 44, 45, and 46). The outputhefextensor motoneuron population
featured only minor variations in most simulationns, irrespective of the applied
stimulation intensities and the activation of parkar la fibers with respect to the major
innervation zone. Recruitment of motoneurons witllie extensor pools was further
characterized by high efficacy, with 100% of theoplation firing in most cases. On the
other hand, the outputs of the flexor motoneuroputettion were subject to stronger
inhibitory influences that could even lead to coaet@lsuppression in a random sequence in
response to the repetitive stimulus applicationhe®wise, the flexor-output did not
modulate with the simple patterns either. Only with maximum afferent input the flexor
motoneuron pool would be recruited to a degree8@%@ of the motoneurons would fire.

The PSPs generated by the Renshaw cells in thgettanotoneurons as well as in the
antagonsitic neurons of the same type played armal® in shaping the otor outputs with
simple periodic patterns. In the asymmetric congplaetwork model, ongoing tonic
background activity of la inhibitory interneuronsasvimposed upon the whole network
system — even before the first stimulus was apphedhereby reducing Renshaw cell
activities. Due to the strong effect of flexor mmoirons suppression by the antagonistic la
intenreuons, the role of flexor Renshaw cells wagigularly knocked out at moderate
afferent inputs delivered to the system. Strongenuation, required to overcome this
inhibition, resulted in constant motor outputs aswlso experienced from the simulation
results of the reduced models.

Figures 44-46.Firing patterns of a network model composed of asgmmetric
circuits with flexor and extensor connectivitieherlthree representative results
differ in the number of the activated afferentsivd®ing input to the circuits as
well as the composition of the specific fibers aeta Numbers of motoneurons
of the two antagonistic populations firing in regpe to successive stimul.
shows the total postsynaptic potentials at motamaalrlevels KIN-F, red; and
MN-E, red) as the sum of excitatory and various inbigitinputs.c and d
illustrate the PSPs produced by the activitiesaahterneuronsl@-In-F andla-In-

E brown) and Renshaw cellRC-F and RC-E violet) associated with the two
motor pools. Renshaw cells received inhibitory inpaly from antagonistic cells
of the same type, la interneurons were affectethby antagonistic counterparts
as well as by homonymous Renshaw cells. >
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Figure 44.
a # recruited flexor la fibers (F). 4, 5,6
# recruited extensor la fibers (E). 4, 5,6
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Figure 45.
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Figure 46.
a 100% of flexor la fibers recruited (F)
100% of extensor la fibers recruited (E)
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Conclusions

Unexpected results were derived from the models itltagrated different interneuronal
populations and connectivities at the spinal cadel with the aim to re-produce the
electrophysiological finding of anti-phase alteroas of responses in antagonistic motor
pools. The generation of simple periodic patterigs bt particularly depend on the
activity of la inhibitory interneurons with theiram role in conveying mutual reciprocal
inhibition also during simple reflex activities. Was rather recurrent inhibition mediated
by Renshaw cells and mutual inhibition between Raws cells of antagonistic
motoneurons that led to robust simple periodicgoagt in most of the simulation runs.
Specifically, asymmetric network models, i.e., tantagonistic circuits with different
numbers of connectivies between neuron populatiomsesponding to ‘flexor’ and
‘extensor’ circuits, most readily resulted in odtphase attenuation of the two motor
outputs. With the cancellation of the effect of Bleaw cells by including also the actions
of la interneuronal populations, the complete nekwoodel lost the capacity of producing
stable periodic patterns.

The hypothesis of the present study was fulfilledhiat the generation of periodic patterns
was accomplished by a relatively simple network etodn particular, the model
considered only monosynaptic excitation via la raff¢ fibers and disynaptic inhibition
mediated by last order interneurons located irlahenae VII of the spinal gray matter and
thus in close vicinity to the motor nuclei. Spezfily, none of the included nerve cells had
cellular properties of CPG-related neurons thaiccéead to the generation of oscillation.
It was rather the patterns of interconnections betwthe neuronal populations as well as
the different time courses and durations of sywaptitions that led to the simplest
expression of rhythmicity produced by the centexvous system, i.e., modulations with a
period covering only two successive responses. l@ncbntrary, more complex model
assumptions, like spontaneous background activéires numerous populations of active
neurons, decreased the probability to produce tqimrsodic patterns.

It is important to note that an ‘appropriate stiatidn code’ was required to set the model
network into action to produce the simple periodatterns. In particular, the applied
stimulation frequencies had to be within a certaimge so that the central effects following
an incoming afferent volley would still influencetens elicited by a successive stimulus.
Except for the ongoing background activity of laemmeurons, the longest lasting
stimulation related PSPs (approximately 100 msrassl)l were due to the Renshaw cells.
By applying frequencies of 16 Hz, the mechanismtahporal summation became
effective. The relevant electrophysiological fingishowing that only a small range of
moderate stimulus intensities would effectivelydda the generation of simple periodic
patterns was re-produced by the present model.|8ipgsiodic patterns were destroyed in
the model network at stimulation intensities abaperoximately 1.5 times the threshold.
Under such conditions, the large number of acti/ddefibers produce a strong excitatory
drive of the homonymous motoneurons. The membratenpals of each motoneuron are
elevated effectively above the threshold levellsat they would not fall below this level
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even with inhibitory actions being superimposederEffore, the excitatory actions exerted
by large la afferent populations would compenshteodulating influences by the last
order interneurons. Another mechanism of cancdlmegmodulations of motor outputs is
the growing mutual inhibition between antagonidtienshaw cells with the increasing
numbers of firing motoneurons. It should be notkdt tthe stimulation intensity was
defined in the present model by the percentageatiited la afferent fibers. There was no
linear relation assumed between the number ofeaiterrecruited and the applied stimulus
intensity in volts (e.g. if the recruitment of 3006 la afferents was required to induce
motoneuron firing, this ‘intensity’ did not necesbacorrespond to the application of
stimuli at 3V). The non-linear relation betweemsilation intensities and the recruitment
of afferents relies amongst others on differentegholds of la fibers with different
diameters, locations at various distances to theuition source as well as the orientation
of their trajectories with respect to the applidectic field (Rattay, 1987; Rattay et al.,
2000). The relevance of the efficacy of synaptansmission between la afferents and
motoneurons can be further deduced from the stinfigence of the assumed major
innervation zones on the results. Thereby, themate of assuming such zones was to
consider differences in the efficacy of la afferBbers in producing monosynaptic EPSPs.
The influence of enhanced EPSPs produced by spéaifibers had a stronger impact on
the flexor circuits since it compensated for theallen numbers of synaptic contacts on
motoneurons per la fiber.

In summary, it can be concluded from the modeliiglys that a relatively simple network
can produce rhythmic outputs closely resembling tieairophysiological finding of
periodic modulations of successively elicited PRIgflaxes. The transition of the
independent, segmental PRM reflexes elicited byHZ Istimulation to reflex interactions
at 16 Hz could be clearly demonstrated. While #agnsental circuits of each motoneuron
pool had the capacity to produce alternating motdputs independently from each other
at 16 Hz (Model IIT"), the generation of reciprocally alternating patis required the
incorporation of interconnections between the segaleircuits (Models IV & V).

The present modeling study thus provides strongeswe for the frequency-dependent
activation of segmental circuits that do not opeifatisolation, but exert actions on each
other. Inter-segmental coordination of segmentaiviag can be regarded as a major
element of spinal motor control of complex motottg@ans, like posture and locomotion.
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Appendix A - Determination of parameter settings

Same parameter settings are considered for thelaatm of PSPs in the flexor and the
extensor circuit.

l. monosynaptic EPSP produced in motoneurons byfilzers

EPSFh’,lN‘e(t) =Gy e [exp[(rMMe,OI (t)— exp(rMN’&r ()],
EI:)SFI\)/IN,AHP(t) = CU}VIN,AHP EBXp[(TMN,AHP,d [ﬂ) - eXp(TMN,AHP,r I:ﬂ)]

with 0<t<t_,/10 (in steps of 0.1 ms), and

delay [ms] after stimulus application after whiah BPSP is
produced in a motoneuron

AN 10: 70 If 1a interneurons are incorporated in the netwonks delay
is set to 70 ms to ensure an established stateoro€ t
background la interneuron discharges before tts¢ diction
occurs at the motoneuronal level.

N e 1.505 scaling factors of the excitatory potentizhge

ananp | 0.805 scaling factor of the AHP phase

TvN.e.r -0.98 time constant for rising phase of excitajpoyential phase
unanpr -0.15 time constant for rising phase of AHP potdrghase

time constant for decaying phase of excitatory e

-0.1
TuN.e.d phase

Iunanpd -0.5 time constant for decaying phase of AHP paéphase

Il. disynaptic IPSP mediated by la interneurons
IPSRAt) = Wpsp |:[b)(p(rnnsp,d f) _exp(TIPSP,r )]

with 0<t<t_,/10 (in steps of 0.1 ms), and
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delay [ms] with respect to the monosynaptic gemanaif an

Apsp 2 EPSP after which the IPSP arrives at the motoneuron
Wpsp 0.3 scaling factor

Tipsp r -0.15 time constant for rising phase

Tipsp.d -0.5 time constant for decaying phase

lll.  Recurrent inhibition mediated by Renshaw csl|
IPSRc(t) = ke TeXP(Tre ¢ ) —€XPEre, H)]
with 0<t<t,_,/10 (in steps of 0.1 ms), and

delay [ms] with respect to the monosynaptic gemamnatf an
EPSP after which recurrent inhibition arrives ag¢ tiarget
cell (2 ms delay from motoneuron to Renshaw cell ms
delay from Renshaw cell to target cell)

Ore 4

enhancement [mV] o¥,es; of a Renshaw cell due to a single
excitatory input

Venhance 0.12
ke 0.5 synaptic weight
Tipsp.r -0.25 time constant for rising phase

Tipsp.d -0.3 time constant for decaying phase
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Appendix B —Supplementary results

ad Model I: la afferent fibers monosynaptically projecting antonymous motoneurons

Recruitment curves were calculated for the sameemasl described above, buithout
considering major innervation zones, i.e., withddlithe la afferents producing EPSPs of
same amplitude within a motoneuron (Fig. Appendikalp

As could be expected, the initial slopes of thelltexy curves (Fig. Appendix Bk} were
steeper than in the example that incorporated ferdiice in the EPSP magnitudes
generated by the various la afferents. Still, thee percentage of la afferents had to be
recruited in both the flexor and the extensor g¢ir¢a reach the plateau of 100% of
motoneurons firing (i.e., 40% in the flexor and 60&6 the extensor, respectively).
Differently to the model above, the common thredhadlthe flexor was already attained if
20% of all corresponding la fibers were recruited.

a
INE) «se7 :
E S
0
8 o
] N——————
afferent volley 29l |
produced by SCS ' 100 ms '
b
100 100
: % : ////
g g
5 60 5 60
[ [
= c
: V4 ./
[=] o
£ 40 £ 40
o o
= // N
= 20 / = 20
0 T T T T ! 0 T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
recruited la afferents [%] recruited la afferents [%]

Figure Appendix B.1.Recruitment curves of motoneuron populations atgva
by la afferent volleys.a The model utilized here did not consider major
innervation zones, i.e., EPSPs featured same ardett irrespective of the
particularly recruited la fibers which had triggeérdem.b Recruitement curves
of flexor (red) and extensor (blue) motoneuronsteNtbe steep initial slope and
the lowered common threshold in case of the fl@socompared to the exmaple
given above.
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ad Model IlI: The effect of recurrent inhibition within a singtetoneuron pool

In addition to the rather detailed description @nhBhaw cell bursts made up of individual
spikes fired at specific rates, a second, naiveoggh towards the simulation of recurrent
inhibition was implemented.

The simplified version was based on the assumpkiat) if only a single motoneuron pool
was considered (i.e., either flexor or extensdrg bursting behavior of a population of
Renshaw cells could not be influenced by antagienisils of the same type. Hence, when
set into action, a Renshaw cell would always ettexrtsame inhibitory action on the target
cells, in terms of amplitude and time course. Tiugeg rather than checking after the
initiation of the activity within a particular Remsw cell at each step of the calculation
(corresponding to 0.1 ms) whether its membranenpalewas still above threshold — a
prerequisite for a consecutive spike to be initlatethe resulting inhibitory event was
described by a single alpha function:

IPSI??C,simplified (t)= ke simplified [I.:Exp(TRC,simpIified,d i) - eXp(TRc,simplified,r )]
with

0<t<t,,/10 (in steps of 0.1 MS)ukc simpiica= 0.23 denoting the synaptic weight, and

Trc simplified,r= -0.03 and rc simpiified,a= -0.1 the time constants for the rising and decaying
phases, respectively. All parameter settings wbhosen as to allow for time courses of the
calculated potentials resembling those made updidual shorter lasting IPSPs as with

the ‘complex’ approach. Figure Appendix B.2 illedes an example of a (long lasting)

IPSP induced by a single Renshaw cell in a targgoneuron computed by the simplified

approach.

0.05 mV

0 100 200 ms

Figure Appendix B.2. IPSP exerted by a single Renshaw cell on a target
motoneuron. Recurrent inhibition is calculated asngle long lasting inhibitory
postsynaptic potential of relatively large ampliud
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The simulations computed with this approach produgery interesting results. In
particular, all types of simple periodic patterhatthad been observed in single muscle
groups during the neurophysiological recordingslddae reproduced. Furthermore, the
specific types of the produced motor patterns cdugd unequivocally related to the
recruitment of particular la fibers in terms of itheocation with respect to the major
innervation zone.

Regarding a flexor circuit (Figure Appendix B.3dmple periodic patterns covering two
successive responses were observed at the commeshald intensity (i.e., 30% of la
fibers recruited) if all (Fig. Appendix Ba} or two thirds (Fig. Appendix Bl§ of the la
afferents activated by the stimulation were assediavith the major innervation zone. The
difference was, however, that the former case, @k.recruited fibers within the major
innervation zone) always yielded full suppressidrewery second response. With other
words, the strongest possible input at this stimuttensity applied to the motoneurons via
the la fibers sufficiently recruited a considerabldpopulation of Renshaw cells that was
in turn capable of exerting a maximum inhibition thle motoneurons. At the same time,
the slightly weaker excitatory drive produced bguset of la fibers with 66% of them
associated with the major innervation zone woultlvate fewer motoneurons which
would hence make fewer Renshaw cells fire. If thegomity (two thirds) of the recruited la
fibers were associated with segments outside thernraervation zone (Fig. Appendix
B.3c), the resulting motor output did not feature angdeations at all, but a constant,
rather low number of motoneurons firing in respotseach of the successively applied
stimuli. An interesting result was found when tegtthe case with none of the activated la
fibers belonging to the major innervation zone (FAppendix B.8); under such
conditions, a periodic pattern covering three sssiee responses was detected that was
also sometimes, though seldom, recorded in the estsh participating to the
neurophysiological study presented in this théldmss type of modulation featured a rather
large number of motoneurons firing in responsehiofirst stimulus application, but fewer
to the two successive pulses. This might be dukedstrong inhibitory action of Renshaw
cells induced by the first pulse; the former wousltlongly decrease the motoneuron
excitability at times when the second pulse is i@ppand would still have some minute
effects on the motoneuron excitability during thgplecation of the third pulse. As a
consequence of the latter case, EPSPs would begeddn most of the motoneurons with
peak amplitudes just below the firing thresholde&wally, the subsequent stimulus would
be transmitted to the motoneurons, the latter dirdeck in their resting states.

At higher stimulus intensities corresponding to ttioes the common threshold or the
recruitment of 60% of la fibers, the general obagon was a replacement of the simple
periodic patterns by constant motor outputs (Fighppendix B.4). An exception was only

found in one case: If one sixth of the recruitedafferents was part of the major

innervation zone, the elicited patterned output was one covering three successive
responses.
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# recruited la afferents: 30%
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<« Figure Appendix B.3.Simple periodic patterns within the flexor motorau
pool generated by recurrent inhibition, calculaneth the simplified definition of
inhibitory actions exerted by Renshaw cells. Digpthare excitatory postsynaptic
potentials induced by la fibers (green) along wekburrent inhibition mediated
via Renshaw cells (violet), which sum up to resolf total membrane potential
of motoneurons (redp The pattern evoked if all of the recruited la fibevere
associated with the major innervation zone was attarized by the full
suppression of every second respofis@ similar pattern was observed, if two
third of the activated la fibers were part of tipiarticular zone. However, the
suppression of every second response was lessyroed than that ia. ¢ The
activity of a subset of la fibers with a majority two third located outside the
major innervation zone would lead to a periodidqrat covering three responses.
d Unmodulated output was elicited if none of theruéed la fibers was part of
the major innervation zone.

The simulation of the network behavior for the s motoneuron pool produced similar
results (Figure Appendix B.5). The only differenrm@mpared to the flexor was that the
exclusive activation of la afferents within the wrajnnervation zone would here generate
unpatterned, constant outputs (Fig. AppendixaB.Bt the same time, the recruitment of a
combination of la afferents with one third of themtside the major innervation zone led
to the full suppression of every second responsg. &ppendix B.B). Note that the
applied intensity associated with the recruitmdrg8@®o of all Ia fibers corresponded to 1.5
times the common threshold in case of the extergbother results were qualitatively the
same as in the flexor: No modulations were indutédo thirds of the recruited la fibers
were outside the major innervation zone (Fig. Amide8.5c); the type of periodic pattern
covering three successive responses was obsertresfimuli activated only la fibers that
were not associated with the major innervation Zéng Appendix B.H).

The recruitment of 60% of all extensor la fibergg(FAppendix B.6) constantly produced

maximum outputs in the motoneuron population, a#.pf the motoneurons responded to
each of the incoming monosynaptic la volleys. Timdy cexception occurred when all

recruited la fibers were located outside the majumervation zone; under these
circumstances, the resulting output was still unohatd, but fewer motoneurons were
caused to fire by the individual pulses.

Figure Appendix B.4.Output generated within the flexor motoneuron poedl)

with stimulation at intensities of two times thenomon motor thershold,
considering excitatory input exerted by la fibegseen) and recurrent inhibition
(violet). The common finding was a constant outpater such stimulation
conditions, with an exception featuring a simpleiguedic pattern covering three
succesive responses. Exmaples from top to bottdfer din the combination of
activated la fibers with respsect to their locatwithin or outside the major
innervation zone. >



114

# recruited la afferents: 60%
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Figure Appendix B.5. Simple periodic patterns within the extensor metoon
pool at stimulation intensities corresponding t6 times the common threshold.
The illustrated postsynaptic potentials are exaitabnes mediated by la fibers
(green) and inhibitory ones exerted by Renshaws dgiblet). Total membrane
potentials of the extensor motoneurons are showsiue color.a Differently to
the flexor, the exclusive activation of la fiberghin the major innervation zone
led to unpatterned, constant outpudull suppression of every second response
was achieved if the majority (66%), but not alltle¢ recruited la fibers were part
of the main innervation zone. Qualitatively samsutes as in the flexor were
obtained ifc, two third of the recruited la fibers did not bedpto the main
innervation zone, leading to a simple pattern dogethree successive responses;
andd, none of the activated la afferents were parhefrhajor innervation zone.
The output was then constant. >

Figure Appendix B.6. Output generated within the extensor motoneurool po
(red) if 60% of all la fibers were recruited by themulation. EPSPs produced by
the latter are displayed in green color, the infleee of recurrent inhibition in

violet. The resulting total membrane potentiallgg motoneurons is given in blue
color. All outputs generated at such stimulus istigs were constant. Generally,
the whole population of extensor motoneurons fi@@ach pulse. An exception
was only found if the weakest possible excitatopuit was assumed (provided by
the input of la fibers exclusively outside the mriajinervation zone), leading to
the simple periodic pattern covering three suceesssponses. >p
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Figure Appendix B.5. .
# recruited la afferents: 30%

100% of recruited la afferents within major innervation zone;

a eg #4,6 7
>
€
E
B S
g 10
3 8
s 6
o 4 4 t t g 4
stimuli 2
' 350 ms ' <0
. t t t ¢
stimuli
' 350 ms '
b 66% of recruited la afferents within major innervation zone;

eg. #5 7,10

3.0 mVv

Y
o

2.0 mvV
# firing motoneurons &
= ey 5
-
0
e ——]

stimuli

O N &~ O

stimuli t t t t

350 ms

33% of recruited la afferents within major innervation zone;

>
£ Q. #3,6,
ACA_A_A_R_RA g o7 >
€
E B A AR A AN g
—" \—" o §180
- SR S S |
stimuli 22
350 ms ' £ 0
t t t t t
stimuli

350 ms

0% of recruited la afferents within major innervation zone;

d M f\ f\ {\ f\E eg. #1,23

=
>
3.0 mV

Y
o

stimuli
r 1

350 ms

# firing motoneurons g
oON B O ®
= m——g
-+ ——
sy
e
 —-1
|

stimuli

—— EPSPs produced by la afferent volley
—— recurrent inhibition

—— sum of potentials arriving at motoneurons
---------- firing threshold



117

Figure Appendix B.6.
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At maximum stimulation (i.e., 100% of la fibers bgirecruited), the results here were the
same as with the more detailed calculation of mecurinhibition; due to the inhibitory
actions exerted by Renshaw cells, the output ofléxer motoneuron pool was reduced by
10% as compared to the model without consideriogrrent inhibition. The output of the
extensor motoneuron population, on the other hasmiained constant at the maximum
level (i.e., 100% of motoneurons firing). The cepending potentials leading to these
results are given in Figure Appendix B.7.
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Figure Appendix B.7. Firing patterns of flexorg, red) and extensob{( blue)
motoneuron pools induced by maximum stimulatioe. (iL00% of the respective
la fibers being recruited). As with the more compliescription of recurrent
inhibition given above, the maximum flexor outpsithiere reduced to 90% of that
in the model not considering Renshaw cells. Agamchanges in the maximum
extensor output could be detected.
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Appendix C —Matlab codes

% program reading stimuli
function x = read_stimuli(t)
global vVAP

offset = 0;
duration = 1;

f=0.0016; % 16 Hz
i_max = 200;

cyc_period = 1/f;

x=0;

i=0;

while (i <=i_max),
ic = i*cyc_period;

if (t >= offset + ic) & (t < offset + duration i€)

X = VAP;
end
i=i+1;

end

% main program PSP
clear all

global vVAP

%%0%%%%%% % %% %% %% %% %% % %% %% %% %% %% %% %% %% % %% % % %% %%

nr_la_aff=10;

number_recruited_la_aff F=3;
number_recruited la_aff E=4;

recruited_la_aff F=[4 5 6]
recruited_la_aff E=[4 56 7]

population_MN_F=10;
population. MN_E=10;

population_la_In_F=10;
population_la_In_E=10;

population_RC_F=10;
population RC_E=10;

nr_projections_la_aff MN_F=6;



120

nr_projections_la_aff MN_E=8;

nr_projections_la_aff_la_In_F=6;
nr_projections_la_aff la_In_E=8;

nr_projections_la_In_E_MN_F=8;
nr_projections_la_In_F_MN_E=6;
nr_projections_ MN_F_RC_F=6;
nr_projections_ RC_F_MN_F=6;
nr_projections MN_E RC_E=8;
nr_projections_ RC_E_MN_E=8;
nr_projections RC_E_RC_F=8;
nr_projections_RC_F_RC_E=6;

nr_projections RC_F la_In_F=6;
nr_projections_RC_E_la_In_E=8;

RCFhigh=0.12;
RCEhigh=0.12;

%%%%% % %% % %% %% %% %% %% %% %% %% % %% %% %% %% % %% %% % % %% %%

vAP=110;
vthr_F=1.78;
vthr_E=1.78;
vthr2_F=vthr_F;
vthr2_E=vthr_E;
vthr3_E=vthr_E/2;
vthr3_F=vthr_F/2;

90%0%%% %% %% %% %% %% %% %0%0%0% % % %% % %% %% %% %% %% %% % % % %% %%
tend=5000;
90%0%%% %% %% %% %% %% %% %0%0%% % % %% %% %% % %% %% %% %% % % % %% %%

for k=1:tend+1
t=k-1;
st(k)=Stimuli_1(t);
stimulus(k)=st(k);
end
nr_stimuli=nnz(stimulus);
nr_st=nr_stimuli-1;

VTHR=zeros(tend+1,1);
for i=1:tend+1
VTHR(i)=vthr_F;
end
%%%%%%6%6%% %% %% %% %% % %% %% %% %% % %% % %% %% %% % %% %% %% %%

% POSTSYNAPTIC POTENTIALS
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% delays:

d1_f=700;
d3_f=20;
d5_f=20;

dl _e=700;
d3_e=20;
d5 e=20;

% synaptic weights:

wl f=1.505;

wl _f hyp=-0.805;
w3_f=0.3;
w6_f=0.5;

wl e=1.505;
wl_e hyp=-0.805;
w3 _e=0.3;
w6_e=0.5;

% exponential decay/rise

taul f r=-0.98;

taul f d=-0.1;

taul f r_hyp=-0.04;
taul f d_hyp=-0.07;
tau3_f r=-0.15;
taud f d=-0.5;
tau6_f r=-0.25;
tau6_f d=-0.3;

taul e r=-0.98;

taul e d=-0.1;

taul_e r_hyp=-0.04;
taul e d_hyp=-0.07;
tau3_e r=-0.15;
tau3_e d=-0.5;
tau6_e r=-0.25;
tau6_e d=-0.3;

% EPSPs/IPSPs

t0=0:0.1:ceil(tend+1)/10;

PSP1 f=(wl_ f*(exp(taul_f d*t0)-exp(taul f r*0)))’;
PSP1 f hyp=(-wl f hyp*(exp(taul_f d_hyp*t0)-exp@ali r _hyp*t0)))";
PSP3_f=(w3_f*(exp(tau3_f_d*t0)-exp(tau3_f_r*0)))’;
PSP6_f=(w6_f*(exp(tau6_f_d*t0)-exp(tau6_f r*t0)))’;

PSP1 _e=(wl_e*(exp(taul_e_d*t0)-exp(taul_e_r*t0)))"
PSP1 e hyp=(-wl_e_ hyp*(exp(taul_e_d_hyp*t0)-exi(taur hyp*t0)))’
PSP3 e=(w3_e*(exp(tau3_e_d*t0)-exp(tau3_e_r*t0)))";
PSP6_e=(w6_e*(exp(tau6_e_d*t0)-exp(tau6_e_r*t0)))"

for i=length(PSP1_f)+1:tend+1

PSP1_f(i)=0;
PSP1_f hyp(i)=0;
PSP3_f(i)=0;
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PSP6_f(i)=0;
PSP1_e(i)=0;
PSP1 e hyp(i)=0;
PSP3_e(i)=0;
PSP6_e(i)=0;

end

for i=10:length(PSP1_f)
if PSP1_f(i)<0.02 & PSP1_f(i)>0
countlf(i)=i;
countlf=nonzeros(countlf);
end
if PSP1_e(i)<0.02 & PSP1_e(i)>0
countle(i)=i;
countle=nonzeros(countif);
end
end

counterlf=countlf(length(countlf))-countl1f(1);
counterle=countle(length(countle))-countle(1);

PSP1 f help=zeros(tend+1,1);
PSP1_f help(countlf(1)-355:length(PSP1_f))=P$Piyp(1:length(PSP1_f hyp)-countlf(1)+356);
PSP1 f final=PSP1 f+PSP1 f help;
PSP1_e help=zeros(tend+1,1);
PSP1_e help(countle(1)-355:length(PSP1_e))=RSPRYp(1:length(PSP1_e_hyp)-
countle(1)+356);
PSP1 e final=PSP1 e+PSP1 e help;

%6%%%%%6%6%% %% %% %% %% % %% %% %% %% % %% % %% %% %% % %% %% % % %%
% connections between neurons of one type to nexoaslifferent type

for i=1:population_MN_F
la_aff_MNF=randperm(nr_la_aff)’;
la_aff MN_F(1:nr_la_aff,i)=la_aff MNF;
RC_F_MNF=randperm(population_RC_F)";
RC_F_MN_F(1:population_RC_F,i)=RC_F_MNF;
la_In_E_MNF=randperm(population_la_In_E)";
la_In_E _MN_F(1:population_la_In_E,)=la_In_E_MN

end

for i=1:population_RC_F
MN_F_RCF=randperm(population_MN_F)";
MN_F_RC_F(1:population_MN_F,)=MN_F_RCF;
RC_F_RCE=randperm(population_RC_F)"
RC_F_RC_E(1:population_RC_F,)=RC_F_RCE;
end

for i=1:population_MN_E
la_aff_ MNE=randperm(nr_la_aff);
la_aff MN_E(1:nr_la_aff,i)=la_aff MNE;
RC_E_MNE=randperm(population_RC_E)’;
RC_E_MN_E(1:population_RC_E,i)=RC_E_MNE;
la_In_F_MNE=randperm(population_la_In_F)";
la_In_F _MN_E(1:population_la_In_F,)=la_In_F_MN
end
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for i=1:population_RC_E
MN_E_RCE=randperm(population_MN_E)";
MN_E_RC_E(1:population_MN_E,i)=MN_E_RCE;
RC_E_RCF=randperm(population_RC_E)’;
RC_E RC_F(1:population_RC_E,)=RC_E_RCF;

end

for i=1:population_la_In_E
la_aff_la_InE=randperm(nr_la_aff)’
la_aff_la_In_E(1:nr_la_aff,i)=la_aff_la_InE;
la_In_F_la_InE=randperm(population_la_In_F)"
la_In_F_la_In_E(1:population_la_In_F,i)=la_In I& InE;
RC_E_la_InE=randperm(population_RC_E)’;
RC_E la In_E(Ll:population_RC_E,)=RC_E_la_InE;

end

for i=1:population_la_In_F
la_aff la_InF=randperm(nr_la_aff)’;
la_aff_la_In_F(1:nr_la_aff,i)=la_aff_la_InF;
la_In_E la_InF= randperm(population Ia In_E)’;

RC_F_la_InF= randperm(populatlon_RC_F)
RC_F_la_In_F(1:population_RC_F,)=RC_F _la_InF;

end

project_la_aff MN_F=la_aff MN_F(1:nr_projections_&f MN_F,:);
project la_aff MN_F=sort(project_la_aff MN_F);
project_la_aff MN_E=la_aff MN_E(1:nr_projections_&if MN_E,:);
project_la_aff MN_E=sort(project_la_aff MN_E);

project la_aff la_In_E=la_aff la_In_E(1:nr_projects_la_aff la In_E,:);

project_la_aff la_In_E=sort(project_la_aff_la_In; E)

project la_aff la_In_F=la_aff la _In_F(1:nr_projects_la_aff la_In_F,);

project la_aff la_In_F=sort(project_la_aff la_In; F)

project. MN_
project M
project_M
project_M

project R
project_R
project R
project R

project R
project R
project_R
project_R

project_R
project_R
project R

N_
N_
N_
C_
C_
C_
C_
C_
C_
C_
C_
C_
C_
C_
project_ RC_|

project_la_In_E_MN_F=la_In_E_MN_F(1:nr_projectiotes In_E_MN_F,:);

E
=
E
E

F
F
E_
E_

~ RC_F=MN_F_RC_F(1:nr_projections_MN_[E F,);;
-~ RC_F=sort(project MN_F_RC_F);
_RC_E=MN_E_RC_E(2:nr_projections_MN_[E F,:);;
_RC_E=sort(project. MN_E_RC_E);

N_F=RC_F MN_F(1:nr_projections_ RC_IN M,:);
N_F=sort(project RC_F_MN_F);
N_E=RC_E_MN_E(1:nr_projections RC_HE M,:);
N_E= sort(prOJect RC E MN_E);

~E=RC_F_RC_E(1:nr_projections RC - R:);
_E= sort(prOJect RC _F RC E);
_F=RC_E_RC_F(1:nr_projections_RC E R);
__F=sort(project RC_E_RC_F);

la_In_F=RC_F la_In_F(1:nr_projectid®_F la_In_F,:);
la_In_F=sort(project_ RC_F la_In_F);
I
I

a_In_E=RC_E_la_In_E(1:nr_projectiddS_E_la_In_E,:);

a_In_E=sort(project RC_E_la_In_E);

project la_In_E_MN_F=sort(project _la_In_E_MN_F);

project_la_In_F_MN_E=la_In_F_MN_E(1:nr_projectiotes In_F_MN_E,:);

project la_In_F MN_E=sort(project la_In_F MN_E);
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%%%%% % %% % %% %% %% %% %% % %% %% %% %% %% %% %% % %% %% % % %% %%

% matrices:

MN_F=zeros(tend+1,nr_st);
R_F=zeros(tend+1,nr_st);
out_fl=zeros(tend+1,nr_la_aff);
outfl=zeros(tend+1,nr_la_aff);
out_f3=zeros(tend+1,nr_la_aff);
outf3=zeros(tend+1,nr_la_aff);

out _f3a=zeros(tend+1,nr_la_aff);
outf3a=zeros(tend+1,nr_la_aff);
out_f3b=zeros(tend+1,nr_la_aff);
outf3b=zeros(tend+1,nr_la_aff);
out_f5=zeros(tend+1,nr_la_aff);
outfb=zeros(tend+1,nr_la_aff);

outf5. MN_F_RC_F=zeros(tend+1,nr_la_aff);

outf5. MN_F RCF=zeros(tend+1,nr_la_aff);
out_f6=zeros(tend+1,nr_la_aff);
outf6=zeros(tend+1,nr_la_aff);

out f6_ MN=zeros(tend+1,nr_la_aff);

outf6_ MN=zeros(tend+1,nr_la_aff);
OUT_R_F=zeros(tend+1,nr_la_aff);
OUT_MNF=zeros(tend+1,population_MN_F);
OUT_MN_F=zeros(tend+1,population_MN_F);
outMNF=zeros(tend+1,population_MN_F);
PSP_RC_F=zeros(tend+1,population_RC_F);
PSP_RC_F total=zeros(tend+1,population_RC_F);
PSP_RCF=zeros(tend+1,population_RC_F);
OUT_RC_F_MN_F=zeros(tend+1,population_MN_F);
OUT_RC_F_MNF=zeros(tend+1,population_MN_F);
out_f6_RC_E=zeros(tend+1,population_RC_E);
out_f6_RCE=zeros(tend+1,population_RC_E);
stim_f5_neu=zeros(tend+1,population_MN_F);
stim_f6_neu=zeros(tend+1,population_RC_F);
OUT_RC_E_RC_F=zeros(tend+1,population_RC_F);
OUT_RC_E RCF=zeros(tend+1,population_RC_F);
OUT_MN_F_RC_F=zeros(tend+1,population_RC_F);
OUT_MN_F_RCF=zeros(tend+1,population_RC_F);
OUT _la_In_F=zeros(tend+1,population_la_In_F);
OUT _la_InF=zeros(tend+1,population_la_In_F);
OUT_RC_F_la_In_F=zeros(tend+1,population_la_In_F);
OUT_RC_F_la_InF=zeros(tend+1,population_la_In_F);
OUT _back _la_In_F=zeros(tend+1,population_la_In_F);
rec_inh_E_to_F=zeros(tend+1,population_la_In_E);

OUT_f_back_total=zeros(tend+1,population_la_In_F);
OUT_f3_total=zeros(tend+1,population_la_In_F);
input_la_In_E_MNF_2=zeros(tend+1,population_MN_F);
input_la_In_E_MN_F 2=zeros(tend+1,population_MN_F);
out_background_la_In_F=zeros(tend+1,population niaF);
out_background_la_InF=zeros(tend+1,population_laFIn
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outf3_spont=zeros(tend+1,population_la_In_F);
out_f3_spont=zeros(tend+1,population_la_In_F);
vin_f1_all=zeros(tend+1,population_MN_F);

MN_E=zeros(tend+1,nr_st);
R_E=zeros(tend+1,nr_st);
out_el=zeros(tend+1,nr_la_aff);
outel=zeros(tend+1,nr_la_aff);
out_e3=zeros(tend+1,nr_la_aff);
oute3=zeros(tend+1,nr_la_aff);
out_e3a=zeros(tend+1,nr_la_aff);
oute3a=zeros(tend+1,nr_la_aff);
out_e3b=zeros(tend+1,nr_la_aff);
oute3b=zeros(tend+1,nr_la_aff);
out_eb5=zeros(tend+1,nr_la_aff);
oute5=zeros(tend+1,nr_la_aff);

oute5 MN_E_RC_E=zeros(tend+1,nr_la_aff);
oute5 MN_E_RCE=zeros(tend+1,nr_la_aff);
out_e6=zeros(tend+1,nr_la_aff);
oute6=zeros(tend+1,nr_la_aff);
out_e6_MN=zeros(tend+1,nr_la_aff);
oute6_MN=zeros(tend+1,nr_la_aff);
OUT_R_E=zeros(tend+1,nr_la_aff);
OUT_MNE=zeros(tend+1,population_MN_E);
OUT_MN_E=zeros(tend+1,population_MN_E);
OutMNE=zeros(tend+1,population_MN_E);
PSP_RC_E=zeros(tend+1,population_RC_E);
PSP_RC_E_total=zeros(tend+1,population_RC_E);
PSP_RCE=zeros(tend+1,population_RC_E);
OUT_RC_E_MN_E=zeros(tend+1,population_MN_E);
OUT_RC_E_MNE=zeros(tend+1,population_MN_E);
out_e6 RC_F=zeros(tend+1,population_RC_F);

out e6 RCF=zeros(tend+1,population_RC_F);
stim_e5_neu=zeros(tend+1,population_MN_F);
stim_e6_neu=zeros(tend+1,population_RC_E);
OUT_RC_F_RC_E=zeros(tend+1,population_RC_E);
OUT_RC_F _RCE=zeros(tend+1,population_RC_E);
OUT_MN_E_RCE=zeros(tend+1,population_RC_E);
OUT_MN_E_RC_E=zeros(tend+1,population_RC_E);
OUT _la_In_E=zeros(tend+1,population_la_In_E);
OUT _la_InE=zeros(tend+1,population_la_In_E);
OUT_RC_E_la_In_E=zeros(tend+1,population_la_In_E);
OUT_RC_E la_InE=zeros(tend+1,population_la_In_E);
OUT _back_la_In_E=zeros(tend+1,population_la_In_E);
rec_inh_F_to_E=zeros(tend+1,population_la_In_F);

OUT_e_back_total=zeros(tend+1,population_la_In_E);
OUT_e3_total=zeros(tend+1,population_la_In_E);
input_la_In_F MNE_2=zeros(tend+1,population_MN_E);

input_la_In_F_MN_E_2=zeros(tend+1,population_MN_E);

out_background_la_In_E=zeros(tend+1,populationnlaE);
out_background_la_InE=zeros(tend+1,population_laE)n
oute3_spont=zeros(tend+1,population_la_In_E);
out_e3_spont=zeros(tend+1,population_la_In_E);
vin_el_all=zeros(tend+1,population_MN_E);

help_RC(1)=0;
help_RC(2)=5;
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help_RC(3)=15;
help_RC(4)=30;
help_RC(5)=50;
help_RC(6)=75;
help_RC(7)=105;
help_RC(8)=140;
help_RC(9)=180;
help_RC(10)=225;
help_RC(11)=275;
help_RC(12)=330;
help_RC(13)=390;
help_RC(14)=455;
help_RC(15)=525;
help_RC(16)=600;
help_RC(17)=680;
help_RC(18)=765;
help_RC(19)=855;
help_ RC=help_RC";

%%%%%%%6%% %% %%6%%% %% %% %% %% %% %% %% %% %% %% % %% %% % % %%
% tonic background activity of la interneurons:

Applied_isis_la_In_E=zeros(15,population_la_In_E);
applied_isis_la_In_E=zeros(16,population_la_In_E);
tonic_background_la_In_E=zeros(tend+1,populationnlaE);
input_la_In_E_MNF=zeros(tend+1,population_MN_F);
input_la_In_E_MN_F=zeros(tend+1,population_MN_F);

Applied_isis_la_In_F=zeros(15,population_la_In_F);
applied_isis_la_In_F=zeros(16,population_la_In_F);
tonic_background_la_In_F=zeros(tend+1,populationnlaF);
input_la_In_F_MNE=zeros(tend+1,population_MN_E);
input_la_In_F_MN_E=zeros(tend+1,population_MN_E);

f lo=50; % 20 Hz

f hi=10; % 100 Hz
ISIs_la_In_E=[f_lo:1:f_hi]};
isi=randint(1,1,[f_lo,f_hi]);
ISIs_la_In_F=[f lo:1:f _hi]’

for k=1:population_la_In_E
Applied_isis_la_In_E(1,k)=randint(1,1,[f lo,fi]}10;

end

for k=1:population_la_In_F
Applied_isis_la_In_F(1,k)=randint(1,1,[f_lo,fi[}10;

end

for j=2:15
J;
for k=1:population_la_In_E
Applied_isis_la_In_E(j,kK)=Applied_isis_la IE(j-1,k)+randint(1,1,[f lo,f_hi])*10;
end
for k=1:population_la_In_F
Applied_isis_la_In_F(j,k)=Applied_isis_la_IF(j-1,k)+randint(1,1,[f_lo,f _hi])*10;
end
end

for k=1:population_la_In_E
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fori=2:16
applied_isis_la_In_E(i,k)=Applied_isis_la_E(i-1,k);
applied_isis_la_In_F(i,k)=Applied_isis_la_F(i-1,k);
end
applied_isis_la_In_E(1,k)=abs(applied_isis_ma H(2,k)-randint(1,1,[f lo,f hi])*10)+1;
applied_isis_la_In_F(1,k)=abs(applied_isis_ta H(2,k)-randint(1,1,[f_lo,f_hi])*10)+1;
end

Applied_isis_la_In_E;
applied_isis_la_In_E;
Applied_isis_la_In_F;
applied_isis_la_In_F;

%0%0%%%% %% %% %% %6%6%%0%%%0%0% % % % %% %% %% %% %% %% %% % % % %% %%
for u=1:tend+1

if mod(u,100)==0
u
end

t=u-1,;
x(u)=Stimuli_1(t);
stim(u)=x(u);

if (u-d1_f>=1)
v=u-d1_f;
stim_f1(u)=stim(v);

else
stim_f1(u)=0;

end

vin_fl=stim_f1;

if (u-d1l_e>=1)
v=u-dl_e;
stim_el(u)=stim(v);

else
stim_e1(u)=0;

end

vin_el=stim_el;

for k=1:number_recruited_la_aff F
vin_f1_all(u,recruited_la_aff F(k))=stim (fd;

end

for k=1:number_recruited la_aff E
vin_el_all(u,recruited_la_aff E(k))=stim(ext

end

for j=1:length(applied_isis_la_In_E)
for k=1:population_la_In_E
if applied_isis_la_In_E(j,k)==u
tonic_background_la_In_E(u,k)=vAP;
end
end
end

for j=1:length(applied_isis_la_In_F)
for k=1:population_la_In_F
if applied_isis_la_In_F(j,k)==u
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tonic_background_la_In_F(u,K)=vAP;
end
end
end

%%0%%%%%% %% % %% %% %% %% %% % %% %% %% %% %% %%

for i=1:nr_projections_la_aff MN_F
% PSPs at MN_F
if vin_f1_all(u,i)>=vAP
out f1(1:u-1,i)=0+outfl(1:u-1,i);
if i==
out_fl(u:tend+1,i)=outfl(u:tend$9EPSP1_f final(1:tend+1-u+1);
outfl=out f1;
elseif i==
out_fl(u:tend+1,i)=outfl(u:tend$9ERPSP1_f final(1:tend+1-u+1);
outfl=out f1;
elseif i==
out_fl(u:tend+1,i)=outfl(u:tend$9EPSP1_f final(1:tend+1-u+1);
outfl=out f1;
elseif i==
out_fl(u:tend+1,i)=outfl(u:tend$9ERPSP1_f final(1:tend+1-u+1);
outfl=out f1;
else
out_fl(u:tend+1,i)=outfl(u:tend$%0.85*PSP1_f final(1:tend+1-u+1);
outfl=out f1;
end
end
for k=1:population_MN_F
for j=1:length(project_la_aff MN_F(:)1)
if i==project_la_aff MN_F(j,k)
OUT_MN_F(u,k)=OUT_MNF(u,k)+oel (u,i);
OUT_MNF=OUT_MN_F;
end
end
end
for k=1:population_la_In_F
for j=1:length(project_la_aff la_In_H{)
if i==project_la_aff_la_In_F(j,k)
OUT _la_In_F(u,k)=OUT _la_InF(kut_f1(u,i);
OUT la_InF=OUT la_In_F;
end
end
end
end

for i=1:nr_projections_la_aff MN_E
% PSPs at MN_E
if vin_el_all(u,i)>=vAP
out_el(1:u-1,i)=0+outel(1:u-1,i);
if i==
out_el(u:tend+1,i)=outel(u:tendPiSP1_e final(1:tend+1-u+1);
outel=out el;
elseif i==5
out_el(u:tend+1,i)=outel(u:tendPiSP1_e final(1:tend+1-u+1);
outel=out_el,;
elseif i==
out_el(u:tend+1,i)=outel(u:tendPBiSP1_e final(1:tend+1-u+1);
outel=out_el,;
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elseif i==
out_el(u:itend+1,)=outel(u:tend#BiSP1 e final(1l:tend+1-u+1);
outel=out el;
else
out_el(u:tend+1,)=outel(u:tendDi85*PSP1 e final(1:tend+1-u+1);
outel=out el;
end
end
for k=1:population_MN_E
for j=1:length(project_la_aff MN_E(:)1)
if i==project_la_aff MN_E(j,k)
OUT_MN_E(u,k)=OUT_MNE(u,k)+oetl(u,i);
OUT_MNE=OUT_MN_E;
end
end
end
for k=1:population_la_In_E
for j=1:length(project_la_aff la_In_A{)
if i==project_la_aff_la_In_E(j,k)
OUT la_In_E(u,k)=0OUT _la_InE(u#kut_el(u,i);
OUT la_InE=OUT _la_In_E;
end
end
end
end

OUtMNF=OUT_MN_F+OUT_RC_F_MN_F+rec_inh_E_to_F;
OUtMNE=OUT_MN_E+OUT_RC_E_MN_E+rec_inh_F_to_E;

%%%%% % %% %% % %% %% %% %% %% %% %% % %% % %% % %%

% recurrent inhibition / recurrent facilitation
PSP_RC_F total=OUT_MN_F _RC_F+OUT_RC_E_RC F;
PSP_RC_E_total=OUT_MN_E_RC_E+OUT_RC_F_RC_E;
if (u-d5_f>=1)
v=u-d5_f;
for k=1:population_MN_F
if (OUtMNF(v,K)>=vthr2_F)
stim_f5(u,k)=vAP;
else
stim_f5(u,k)=0;
end
if stim_f5(u,k)>=vAP & stim_f5(u-1,k)£=
for i=1:length(help_RC)
stim_f5_neu(u+help_RC(i),k)=vAP
end
end
if u-21>=1
if stim_f5(u,k)>=vAP & stim_f5(u#)==0
out_f5(1:u-21,k)=0+outf5(1:u;R}t
out_f5(u-20:min(u+870-20,tenilk}=RCFhigh;
outf5=out_f5;
end
end
for m=1:population_RC_F
for j=1:nr_projections MN_F RC_F
if k==project. MN_F_RC_F(j,m)
OUT_MN_F_RC_F(u,m)=0UT_MN FCF(u,m)+out_f5(u,k);
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OUT_MN_F _RCF=OUT_MN_F RC F;
end
end
end
end
end

if (u-d5_e>=1)
v=u-d5_e;
for k=1:population_MN_E
if (OUtMNE(v,k)>=vthr2_E)
stim_e5(u,k)=vAP;
else
stim_e5(u,k)=0;
end
if stim_e5(u,k)>=vAP & stim_e5(u-1,k)e=
for i=1:length(help_RC)
stim_e5_neu(u+help_RC(i),k)=vAP
end
end
if u-21>=1
if stim_e5(u,k)>=vAP & stim_e5(uk}5=0
out_e5(1:u-21,k)=0+oute5(1:ykd1
out_e5(u-20:min(u+870-20,tengk)=RCEhigh;
oute5=out_eb;
end
end
for m=1:population_ RC_E
for j=1:nr_projections_ MN_E_RC_E
if k==project. MN_E_RC_E(j,m)
OUT_MN_E_RC_E(u,m)=OUT_MN_ECE(u,m)+out_e5(u,k);
OUT_MN_E_RCE=OUT_MN_E_RC_E;
end
end
end
end
end

for k=1:population_RC_F
if u-1>=1
if PSP_RC_F_total(u-1,k)>RCFhigh*nr_projections MNRC_F*0.4 &
stim_f5_neu(u,k)==vAP
out_f6(1:u-1,k)=0+outf6(1:u-1,k);
out_f6(u:tend+1,k)=outf6(u:tendHtRSP6_f(1:tend+1-u+1);
outfé=out_f6;
end
end
for m=1:population_MN_F
for j=1:nr_projections_ RC_F MN_F
if k==project RC_F_MN_F(j,m)
OUT_RC_F_MN_F(u,m)=0OUT_RC_F_MNFmn)+out_f6(u,k);
OUT_RC_F_MNF=OUT_RC_F_MN_F;
end
end
end
for m=1:population RC_E
for j=1:nr_projections RC_ F RC E
if k==project_ RC_F _RC_E(j,m)
OUT_RC_F_RC_E(u,m)=OUT_RC_F_R&m)+out_f6(u,k);
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OUT_RC_F RCE=OUT_RC_F RC E;
end
end
end
for m=1:population_la_In_F
for j=1:nr_projections_RC_F la_In_F
if k==project RC_F la_In_F(j,m)
OUT_RC_F_la_In_F(u,m)=0UT_RCIl& InF(u,m)+out_f6(u,k);
OUT_RC_F la_InF=OUT_RC_F_la HAn_
end
end
end
end

for k=1:population_RC_E
if u-1>=1
if PSP_RC_E_total(u-1,k)>RCEhigh*nr_projections MBN RC E*0.4 &
stim_e5_neu(u,k)==vAP
out_e6(1:u-1,k)=0+oute6(1:u-1,k);
out_e6(u:tend+1,k)=oute6(u:tendHRSP6_e(1:tend+1-u+1);
oute6=out_e6;
end
end
for m=1:population_MN_E
for j=1:nr_projections_ RC_E_MN_E
if k==project_ RC_E_MN_E(j,m)
OUT_RC_E_MN_E(u,m)=OUT_RC_E_MNHn)+out_e6(u,k);
OUT_RC_E_MNE=OUT_RC_E_MN_E;
end
end
end
for m=1:population_RC_F
for j=1:nr_projections RC_ E RC F
if k==project RC_E_RC_F(j,m)
OUT_RC_E_RC_F(u,m)=0UT_RC_E_R&m)+out_e6(u,k);
OUT_RC_E_RCF=0OUT_RC_E_RC_F;
end
end
end
for m=1:population_la_In_E
for j=1:nr_projections RC E la In_E
if k==project_RC_E_la_In_E(j,m)
OUT_RC_E la_In_E(u,m)=0UT_RCIl& InE(u,m)+out_e6(u,k);
OUT_RC_E_la_InE=OUT_RC_E_laHn_
end
end
end
end

%%%%%%%6%% %% %% %% %% %% %% %% %% %% %% %% %% %%
% tonic background activity:

OUT_e_back_total=out_background_la_In_E+inputln_F _la_In_E+OUT_RC_E_la_In_E;

OUT_f_back_total=out_background_la_In_F+inpat I h_E_Ia_In_F+OUT_RC_F_Ia__In_F;
% flexor to extensor:

% PSP atla In_F
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for i=1:population_la_In_F
if tonic_background_la_In_F(u,i)>=vAP
u,
out_background_la_In_F(1:u-1,i))=0+owckground_la_InF(1:u-1,i);
out_background_la_In_F(u:tend+1,i)=twaickground_la_InF(u:tend+1,i)+PSP1_f(1:tend+1-
u+l);
out_background_la_InF=out_backgroundinaF;
end
end

% IPSP at MN_E
for i=1:population_la_In_F
if u-1>=1
if OUT_f back_total(u-1,i)>=vthr3_F
OUT _back_la_In_F(u,i)=vAP;
end
end
end

for i=1:population_la_In_F
if OUT _back la_In_F(u,i)>=vAP & OUT_back_la_F(u-1,i)==0
u,
out_f3a(1:u-1,i)=0+outf3a(1:u-1,i);
out_f3a(u:tend+1,i)=outf3a(u:tend+1ABP3 f(1l:tend+1-u+l);
end
for k=1:population_MN_E
for j=1:length(project la_In_F MN_E()1
if i==project_la_In_F MN_E(j,k)
input_la_In_F_MN_E(u,k)=input_In_F_MNE(u,k)+out_f3a(u,i);
input_la_In_F MNE=input_la_In MN_E;
end
end
end
end

% extensor to flexor:

% PSP atla In_ E
for i=1:population_la_In_E
if tonic_background_la_In_E(u,i)>=vAP
u,
out_background_la_In_E(1:u-1,i)=0+owtckground_la_InE(1:u-1,i);

out_background_la_In_E(u:tend+1,i)=dmatckground_la_InE(u:tend+1,i))+PSP1_e(1l:tend+1-

u+l);
out_background_la_InE=out_backgroundinaE;
end
end

% IPSP at MN_F
for i=1:population_la_In_E
if u-1>=1
if OUT_e_back_total(u-1,i)>=vthr3_E
OUT_back_la_In_E(u,i)=vAP;
end
end
end

for i=1:population_la_In_E
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if OUT _back la_In_E(u,i)>=vAP & OUT_back la_E(u-1,))==0
u;
out_e3a(l:u-1,i)=0+oute3a(1:u-1,i);
out_e3a(u:itend+1,i)=oute3a(u:tend+P8P3 e(l:tend+1-u+1l);
end
for k=1:population_MN_F
for j=1:length(project_la_In_E_MN_F()1
if i==project_la_In_E_MN_F(j,k)
input_la_In_E_MN_F(u,K)=inpua_In_E_MNF(u,k)+out_e3a(u,i);
input_la_In_E_MNF=input_la_In EN_F;
end
end
end
end

% 'real’ reciprocal inhibition

OUT f3_total=

% IPSP at MN_E
if (u-d3_f>=1)
v=u-d3_f;
for i=1:population_la_In_F
if OUT_f3_total(v,i)>=vthr_F
out_f3(u,i)=vAP;
end
end
end

for i=1:population_la_In_F
if out_f3(u,i)>=vAP & out_f3(u-1,i)==0
out_f3b(1:u-1,i)=0+outf3b(1:u-1,i);
out_f3b(u:tend+1,i)=outf3b(u:tend+tRSP3_f(1:tend+1-u+1);
end
for k=1:population_MN_E
for j=1:length(project la_In_F MN_E()1

if i==project_la_In_F MN_E(j,k)

input_la_In_F_MN_E_2(u,K)=inpla_In_F_MNE_2(u,k)+out_f3b(u,i);
input_la_In_F MNE_2=input_la h MN_E_2;
end
end
end

% mutual inhibition:
for k=1:population_la_In_E
for j=1:length(project_la_In_F_la_In_:H})

end
end
end
end

rec_inh_F_to_E=input_la_In_F_MN_E+input_la_In_F_MN 2;
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% IPSP at MN_F
if (u-d3_e>=1)
v=u-d3_e;
for i=1:population_la_In_E
if OUT_e3_total(v,i)>=vthr_E
out_e3(u,i)=vAP;
end
end
end

for i=1:population_la_In_E

if out_e3(u,i)>=vAP & out_e3(u-1,i)==0
out_e3b(1:u-1,i)=0+oute3b(1:u-1,i);
out_e3b(u:tend+1,i)=oute3b(u:tend+BBP3_e(1:tend+1-u+1l);

end

for k=1:population_MN_F
for j=1:length(project_la_In_E_MN_F({)1

if i==project_la_In_E_MN_F(j,k)

input_la_In_E_MN_F_2(u,K)=inplg_In_E_MNF_2(u,k)+out_e3b(u,i);
input_la_In_E_MNF _2=input_la Fh MN_F _2;
end
end
end

% mutual inhibition:
for k=1:population_la_In_F

end
end
end
end

rec_inh_E_to_F=input_la_In_E_MN_F+input_la_In_E_MN2;
%%0%%%6%%% %% % %6%%%6%% %% % %%0% %% % %% %% %% %%
end

figure
subplot(2,1,1)
hold on
plot(outMNF)
plot(VTHR)
hold off
subplot(2,1,2)
hold on
plot(outMNE)
plot(VTHR)
hold off
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