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Organization of flexor-extensor interactions
in the mammalian spinal cord: insights
from computational modelling

Natalia A. Shevtsova and Ilya A. Rybak

Department of Neurobiology and Anatomy, Drexel University College of Medicine, Philadelphia, PA, USA

Key points

e Alternation of flexor and extensor activity in the mammalian spinal cord is mediated by two
classes of genetically identified inhibitory interneurons, V1 and V2b.

e The VI interneurons are essential for high-speed locomotor activity. They secure
flexor—extensor alternations in the intact cord but lose this function after hemisection,
suggesting that they are activated by inputs from the contralateral side of the cord.

e The V2b interneurons are involved in flexor—extensor alternations in both intact cord and
hemicords.

® We used a computational model of the spinal network, simulating the left and right
rhythm-generating circuits interacting via several commissural pathways, and extended this
model by incorporating V1 and V2b neuron populations involved in flexor—extensor inter-
actions on each cord side.

e The model reproduces multiple experimental data on selective silencing and activation of
V1 and/or V2b neurons and proposes the organization of their connectivity providing
flexor—extensor alternation in the spinal cord.

Abstract Alternating flexor and extensor activity represents the fundamental property under-
lying many motor behaviours including locomotion. During locomotion this alternation appears
to arise in rhythm-generating circuits and transpires at all levels of the spinal cord including
motoneurons. Recent studies in vitro and in vivo have shown that flexor—extensor alternation
during locomotion involves two classes of genetically identified, inhibitory interneurons: V1 and
V2b. Particularly, in the isolated mouse spinal cord, abrogation of neurotransmission derived
by both V1 and V2b interneurons resulted in flexor—extensor synchronization, whereas selective
inactivation of only one of these neuron types did not abolish flexor—extensor alternation. After
hemisection, inactivation of only V2b interneurons led to the flexor—extensor synchronization,
while inactivation of V1 interneurons did not affect flexor—extensor alternation. Moreover,
optogenetic activation of V2b interneurons suppressed extensor-related activity, while similar
activation of V1 interneurons suppressed both flexor and extensor oscillations. Here, we address
these issues using the previously published computational model of spinal circuitry simulating
bilateral interactions between left and right rhythm-generating circuits. In the present study, we
incorporate V1 and V2b neuron populations on both sides of the cord to make them critically
involved in flexor—extensor interactions. The model reproduces multiple experimental data on
the effects of hemisection and selective silencing or activation of V1 and V2b neurons and suggests
connectivity profiles of these neurons and their specific roles in left—right (V1) and flexor—extensor
(both V2b and V1) interactions in the spinal cord that can be tested experimentally.
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Introduction

Coordination of flexor and extensor activity represents a
fundamental mechanism underlying almost any motor
behaviour including control of posture and different
movements, such as reaching and locomotion. During
locomotion, flexor and extensor muscles controlling
each joint contract repeatedly and in alternation so
that each does not interfere with the activity of
the other. The alternating contraction of antagonistic
muscles requires alternating activity of flexor- and
extensor-related neuron populations in the spinal cord
controlling the corresponding muscles. This alternating
flexor and extensor neural activity in the cord results from
specially organized inhibitory interactions that regulate
and coordinate many functions from processing of sensory
information and sensory—motor integration to rhythm
and pattern generation (reviewed by Goulding ef al.
2014). Recent studies have discovered two groups of
genetically identified, inhibitory interneurons, known as
V1 and V2b, that are critically involved in alternation
of flexor and extensor activity in newborn mice (Zhang
et al. 2014; Britz et al. 2015). Specifically, in the iso-
lated mouse spinal cord, simultaneous abrogation of V1
and V2b interneuron-derived neurotransmission led to
synchronization of flexor- and extensor-related activities
(Zhang et al. 2014). Moreover, mice lacking V1 and V2b
inhibition could not move their limbs and experienced
marked deficits in limb-driven reflex movements (Zhang
et al. 2014; Britz et al. 2015). Britz et al. (2015) have
also demonstrated that, although both V1 and V2b
neuron types are involved in flexor—extensor alternation,
their functional roles are different, and their selective
inactivation produces different effects on locomotor
activity both in vivo and in vitro.

The V1 and V2b neurons represent heterogeneous
populations of ipsilaterally projecting, inhibitory inter-
neurons in the spinal cord. They both include multiple
subpopulations performing different functions at different
functional and structural levels of the spinal cord,
including recurrent inhibition by Renshaw cells (V1 inter-
neurons), reciprocal inhibition by Ia interneurons (V1 and
V2b cells), and afferent inhibition by putative Ib inter-
neurons (V2b cells) (Sapir et al. 2004; Alvarez et al. 2005;
Goulding et al. 2014; Zhang et al. 2014; Catela et al. 2015;
Lu et al. 2015). In addition, V1 interneurons were shown
to be necessary for generating fast locomotor activity,
since their selective ablation slowed down the locomotor
rhythm in the isolated spinal cord (Gosgnach et al. 2006)
suggesting that they can play a role in the regulation of
locomotor speed at the rhythm generation level (Rybak
etal. 2015).

The main objectives of this study were to (1) analyse
multiple experimental data on the effects of selective
silencing and activation of V1 and V2b neurons and,
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based on this analysis, suggest the possible patterns of
V1 and V2b connectivity within the rhythm-generating
spinal circuitry; (2) incorporate V1 and V2b neuron
populations in the previously developed computational
model simulating left—right interactions in the spinal cord
(Shevtsova et al. 2015) using the proposed connectivity
patterns, and (3) validate the proposed connectivity of
these neurons and their roles in the network by testing
the ability of the resultant extended model to reproduce
the results of multiple experiments based on selectively
manipulating these neuron types.

Methods

In this computational study we used and extended our pre-
vious model of mammalian rhythm-generating circuits
that was described in detail in the preceding paper
(Shevtsova et al. 2015, Model 1). For simplicity, some
populations were renamed, which is clear from the model
schematic representation and the descriptions provided
in the Appendix. The preceding model was extended by
incorporating V1 and V2b neuron populations. Similar
to the preceding model, the rhythm-generating (RG)
populations or centres (RG-F and RG-E) contained
200 neurons each. All other populations, including
the incorporated V1 and V2b populations, consisted
of 100 neurons each. The detailed description of the
single neuron model and synaptic interactions can be
found in the preceding paper (Shevtsova et al. 2015)
and in the Appendix. Neurons in the RG-E and RG-F
populations included the following ionic currents: fast
sodium (Iy,), persistent (slowly inactivating) sodium
(Inap), delayed-rectifier potassium (Ix), leakage (Ir), and
excitatory (Isyng) and inhibitory (Isy,) synaptic currents.
Neurons in all other populations had Iy, Ik, and I
and synaptic currents. The V1 and V2a neurons also
had an additional channelrhodopsin (ChR) leak-like
current Icpr with conductance gepg and reversal potential
Echr = 0 mV (Lin, 2009). This current was zero in control
and was used for simulation of optogenetic stimulation
of these neurons. The description of all currents, and the
corresponding conductances and kinetic parameters are
specified in the Appendix, including Tables 1 and 2. To
simulate genetic inactivation of V1 and/or V2b neurons,
their outputs in the corresponding simulations were set to
zero.

Heterogeneity of neurons within each population was
provided by random distributions of the leakage reversal
potentials F; (see mean values &+ SD for each population in
Table 2) and initial conditions for the values of membrane
potential and channel kinetics variables. The mean values
of the leak reversal potential E; in RG populations were
chosen to provide intrinsic bursting activity in neurons
in the flexor RG populations and to let neurons in the
extensor RG centres, if isolated, operate in the mode of

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Table 1. Steady state activation and inactivation variables and time constants for voltage-dependent ionic channels

lonic channel My (V) and hy (V) (Vin mV)

tm(V) and 4(V) (ms)

Fast sodium, Na
hoona = (1 4+ exp((V + 55)/7))~"

Moona = (1 + exp(—(V + 34)/7.8))"

TmNa = 0
thna = 20/(exp((V + 50)/15) + exp( — (V + 50)/15))

Persistent sodium, NaP

Maonap = (1 + exp(—(V + 47.1)/3.1)) "
hoonap = (1 + exp((V + 60)/6.5)) "

TmNap = 0
Thnap = 18000/ cosh((V + 60)/13)

Potassium rectifier, K
h/( =1

Mook = (1 + exp(—(V + 28)/4))~"

Tk = 3.5/cosh((V + 40)/40)

Table 2. Maximal conductances of ionic channels (in mS x cm™2) and leakage reversal potentials £; (in mV) in different neuron types

Neuron type ONa INaP Ok a E dchr Echr
RG-F 25 0.75 (& 0.0375) 2 0.07 —62 (£ 0.62)

RG-E 25 0.75 (+ 0.0375) 2 0.07 —56 (+ 0.56)

V2b 10 5 0.1 —62 (+ 1.24) 0/0.03" 0
V1-1 10 5 0.1 —62 (& 1.24) 0/0.03" 0
V1 10 5 0.1 —60 (+ 1.2) 0/0.03" 0
Ini 10 5 0.1 —47 (£ 0.94)

V3 40 5 0.7 —55 (£ 1.65)

VOp 10 5 0.1 —63 (£ 1.26)

Ini-1 10 5 0.1 —60 (£ 1.2)

V2a 40 5 0.8 —56 (£ 1.12)

VOy 10 5 0.1 —58 (+ 1.16)

*gchr= 0 in the absence of stimulation and 0.03 mS x cm during the applied stimulation.

tonic activity. The values of E; and initial conditions for
each neuron were assigned in advance from the mean
values and variances using a random number generator.
The assigned values of E| allowed the model to simulate
the drug-evoked fictive locomotion (see Shevtsova et al.
2015) and generate locomotor-like rhythmic activity with
frequency of 0.4 Hz and approximately equal flexor and
extensor phases in control conditions.

Random synaptic connections between the neurons
of interacting populations were assigned prior to each
simulation based on probability of connection, p, so that,
if a population A was assigned to receive an excitatory (or
inhibitory) input from a population B, then each neuronin
population A received the corresponding synaptic input
from each neuron in population B with the probability
PiA, B} If p{A, B} < 1, arandom number generator was
used to define the existence of each synaptic connection;
otherwise (if p{A, B} = 1) each neuron in population A
received synaptic input from each neuron of population
B. Values of synaptic weights (w;;) between neuron 7in the
source population and neuron j in the target population
were also set using a random number generator based on
the average values of these weights w and the variances,
which were defined as 10% of w. The average weights and
probabilities of connections are specified in the Appendix
(Table 3).

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society

All simulations were performed using the custom
neural simulation package NSM 4.0 developed at Drexel
University by S. N. Markin, I. A. Rybak and N. A.
Shevtsova. This simulation package was previously used
for the development of several spinal cord models (Rybak
et al. 2006a,b, 2013; Zhong et al. 2012; Brocard et al. 2013;
Shevtsova et al. 2015). Differential equations were solved
using the exponential Euler integration method with a step
size of 0.1 ms. A settling period of 20-100 s is allowed in
each simulation before data collection.

Results

Analysis of existing experimental data on V1 and V2b
neurons and constructing their possible connectivity
within the spinal rhythm-generating network

Our approach to the construction of possible connectivity
patterns of V1 and V2b neurons was based on several
assumptions and requires some preliminary comments.
First, our consideration of potential connectivity of these
neurons was limited to the level of rhythm-generating
circuits. Other levels of neuron interactions in the cord
representing pattern formation and reflex circuits were
left beyond the scope of the present study (also see Rybak
et al. 2015). Therefore, and with the account of known
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Table 3. Average weights (W) and probabilities (p) of synaptic connections

Source population

Target populations (W, p)

i-RG-F (0.015, p = 0.1); i-RG-E (0.005, p = 0.1); i-V2b (0.015, p = 1);i-V2a (0.01, p = 1);

i-RG-E (0.015, p = 0.1); i-RG-F (0.005, p = 0.1); i-V1-1 (0.01, p = 1)

i-RG-F
i-V3 (0.0075, p = 1); i-VOp (0.005, p = 1)
i-RG-E
i-V1-1 i-RG-F (—0.04, p = 1)
i-V2b i-RG-E (—0.08, p = 1)
i-V1 i-RG-E (—0.04, p = 1); i-Ini (0.8, p = 1)
i-Ini i-RG-F (=0.03, p = 1)
i-Ini-1 i-RG-F (=0.01, p = 1)
i-V2a i-VO\/ (0.14, P = 1)
i-V3 c-RG-F (0.002, p = 1)
i-V0p ¢-RG-F (-=0.01, p = 1); c-V1(-0.16, p = 1)
i-VOy c-Ini-1 (0.07, p = 1)

Prefixes i- and c- indicate ipsi- and contralateral populations, respectively.

heterogeneity of V1 and V2b populations, we did not
consider subpopulations of V1 and V2b neurons that
could represent and perform the functions of Ia, Ib,
Renshaw and other neuron types not directly involved
in the rhythmogenesis. Consequently, terms V1 and V2b
below and throughout the paper are used only in relation
to subpopulations of V1 and V2b neurons that can
be explicitly involved in the interactions between the
flexion-related and extension-related rhythm-generating
circuits.

Second, we assumed that the neuronal rhythm
generator (RG) on each side of the cord consists of two
centres (flexor, F or RG-F, and extensor, E or RG-E)
that mutually inhibit each other via inhibitory neuron
populations, which is generally consistent with the classical
half-centre concept (Graham Brown, 1914; Lundberg,
1979; Marder & Calabrese, 1996; Stuart & Hultborn, 2008;
McCrea & Rybak, 2008). Furthermore, we followed the
concept of asymmetric RG organization that suggested
a dominant role of flexor RG centres in generation of
locomotor activity (Pearson & Duysens, 1976; Duysens,
1977; Zhong et al. 2012; Duysens et al. 2013; Machado
et al. 2015, Rybak et al. 2015). Specifically, following our
previous models (Zhong ef al. 2012; Rybak et al. 2013;
Shevtsova etal. 2015; Molkov et al. 2015), we suggested that
only the flexor RG centres operate in an intrinsic bursting
regime while the extensor RG centres if isolated generate
tonic or sustained activity and exhibit bursting due to
the rhythmic inhibition from the intrinsically bursting
ipsilateral flexor RG centres.

The additions to the model begin with the clear
experimental evidence that silencing of both V1 and V2b
neuron types in the isolated intact cord of neonatal mouse
resulted in synchronous flexor and extensor activities,
whereas inactivation of either one of these two types
on its own did not disturb flexor—extensor alternation
(Zhang et al. 2014). This statement is illustrated in Fig. 1Aa

(modified from the similar figure by Zhang et al.) showing
that both V1 and V2b neuron types secure flexor—extensor
alternation on each side of the cord. Although this
simple schematic representation does not address possible
differences in specific roles and connections of these two
neuron types, it shows that flexor and extensor RG centres
should have mutual excitatory connections to exhibit
synchronous activity after silencing of both V1 and V2b
inhibitory neuron types (Fig. 1Ab).

Then, it was demonstrated that: (1) optogenetic-based
photostimulation of V2b neurons in the isolated spinal
cord could suppress the extensor-related motor activity
without affecting the flexor-related activity, whereas a
similar photostimulation of V1 neurons suppressed both
flexor and extensor output activities (Britz et al. 2015), and
(2) selective silencing of V2b neurons in a hemicord (after
hemisection) led to synchronization of flexor and extensor
activities, whereas silencing of only V1 neurons did not
affect flexor—extensor alteration in hemicords (Zhang
et al. 2014). To satisfy both these features, the schematic
representation in Fig. 1Aa can be transformed to that in
Fig. 1Ba. The latter shows that an additional activation of
V2b would inhibit the extensor centre, and an additional
activation of V1 would inhibit both the flexor and extensor
centres. Taking into account our assumption that only the
flexor centre is intrinsically bursting, the inactivation of V1
neurons in hemicord should not perturb flexor—extensor
alternation provided by the V2b neurons (Fig. 1Bb),
whereas the inactivation of V2b neurons should lead to
the flexor—extensor synchronization (Fig. 1Bc).

An important function of V1 neurons, that was not
taken into account in Fig. 1 Aaand Ba, is that these neurons
are critical for fast locomotor oscillations (Gosgnach
et al. 2006) and their ablation or silencing slowed down
the locomotor activity in the intact cord (Gosgnach
et al. 2006; Zhang et al. 2014) but not in a hemicord,
where the locomotor activity had already been slowed

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Figure 1. Constructing possible connectivity of V1 and V2b interneurons within the spinal rhythm-
generating network

Aa, schematic representation of ipsilateral circuits of the spinal locomotor rhythm generator (RG). The RG on each
side of the cord consists of two centres (flexor, F, and extensor, E) mutually inhibiting each other via V1 and/or V2b
inhibitory neurons (as suggested by Zhang et al. 2014). Ab, mutual excitatory connections between the F and E

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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centres synchronize their activity after inactivation of both V1 and V2b neurons. Ba, different role and connectivity
of V1 and V2b neurons. Optogenetic photostimulation of V2b neurons in the isolated spinal cord (hollow arrow
to the V2b population) suppresses extensor activity while photostimulation of V1 neurons (two hollow arrows
to the V1 populations) suppresses both flexor and extensor activities. Bb, inactivation of V1 neurons does not
affect flexor—extensor alternation in hemicord. Bc, inactivation of V2b neurons in hemicord leads to flexor—extensor
synchronization. Ca, control of fast locomotor oscillations by V1 neurons. Some V1 neurons receive tonic excitation
from the contralateral side of the cord and inhibit both the ipsilateral E centre and the Ini population, that disinhibit
the ipsilateral F centre, leading to an increase of the locomotor frequency. Cb, hemisection makes these V1 neurons
silent leading to a slowing down of the locomotor oscillations. Da, complimentary roles of V1 and V2b neurons
in flexor-extensor interactions. The activity of the V1 population receiving drive from the contralateral side is
also negatively modulated by rhythmic inhibition via contralateral commissural VOp interneurons; this modulation
provides additional support of flexor-extensor alternation on the ipsilateral side of the cord. Db, after silencing
of V1 neurons, flexor—extensor alternation is secured by V2b neurons, but the rhythm slows down because
of silencing of V1 neurons. Dc, after silencing of V2b neurons, flexor—extensor alternation is supported by V1
neurons receiving contralateral tonic drive and rhythmic inhibition from the contralateral F centre via commissural

VOp neurons. Dd, silencing of both V1 and V2b neurons leads to slow synchronized flexor—extensor activity.

down as a result of hemisection (Zhang et al. 2014).
To satisfy this feature, we suggested that the same V1
neurons (1) activate (disinhibit) the flexor RG centre
via the suppression of intermediate inhibitory neurons
(Ini) inhibiting this centre and (2) inhibit the extensor
RG centre. We also suggested that these V1 neurons are
activated by excitatory drive from the contralateral side
of the cord. These additional connections transformed
the schematic representation in Fig. 1Ba to that shown in
Fig. 1Ca. As shown in this figure, in the intact cord the V1
population should be activated by the contralateral drive
and if activated should inhibit the ipsilateral extensor RG
centre and activate (disinhibit) the ipsilateral flexor RG
centre, hence increasing locomotor frequency. In this case,
hemisection would remove the conrtalateral drive to these
neurons and hence inactivate these neurons (Fig. 1Cb),
which should reduce the locomotor frequency.

Yet, the schematic representation shown in Fig. 1Ca
cannot explain why and how the V1 neurons secure
flexor—extensor alternation in the intact cord after
silencing V2b neurons (Zhang et al. 2014). For this to
occur, we suggested that the activity of V1 population
receiving excitatory drive from the contralateral cord
side is also (negatively) modulated from the contra-
lateral side by the activity of the inhibitory commissural
VOp interneurons that are activated during the contra-
lateral flexion (or ipsilateral extension) (Fig. 1Da). This
should reduce inhibition of the ipsilateral flexor RG
centre and increase inhibition of the ipsilateral extensor
RG centre during ipsilateral flexion and hence provide
an additional support of flexor—extensor alternation on
the ipsilateral side of the cord. We, therefore, suggested
that the connectivity patterns of V1 and V2b neurons
shown in Fig. 1Da can potentially explain most of the
experimental results on both selective inactivation and
selective stimulation of V1 and V2b neurons in the iso-
lated spinal cord. Specifically, silencing of V1 neurons
(Fig. 1Db) should slow down locomotor oscillations (as in
Fig. 1 Cb) but maintain flexor—extensor alternation secured
by V2b neurons; inactivation of V2b neurons (Fig. 1Dc)

also should not disturb flexor—extensor alternation, which
would be secured by the modulated activity of V1
neurons; and only inactivation of both these neuron types
(Fig. 1Dd) would lead to flexor—extensor synchronization.

Incorporating V1 and V2b neuron populations in a
larger computational model of rhythm-generating
spinal circuits simulating left-right interactions

in the spinal cord

In order to further evaluate the connectivity patterns of
V1 and V2b neurons proposed in Fig. 1Da, populations
of these neurons with all their suggested connections were
incorporated in our previous model simulating bilaterally
interacting rhythm-generating spinal circuits (Shevtsova
et al. 2015, Model 1). The schematic representation of
the final integrated model is shown in Fig. 2. Similar to
the preceding model, this model contains two (left and
right) rhythm generators (I-RG and r-RG, respectively),
each of which includes two excitatory neural populations
representing flexor (RG-F) and extensor (RG-E) centres,
respectively. Also, consistent with the Model 1 of Shevtsova
etal. (2015), the bilateral interactions between the left and
right RGs are mediated by three types of commissural
pathways involving three types of commissural inter-
neurons (CINs) (Fig. 2). Two of these pathways provide
mutual inhibition between left and right RG-F centres,
promoting left-right alternation: one mediated by the
inhibitory VOp CINs (left, 1-VOp, and right, r-VOp),
and the other representing a chain of the V2a neurons,
the excitatory VOy CINs, and the inhibitory Ini-1 inter-
neurons (all are either left, -, or right, r-). The third
commissural pathway type is mediated by the left and
right excitatory V3 CINs (1-V3 and r-V3) and promotes
left-right synchronization.

Similar to the preceding model, both flexor and extensor
RG centres represent populations of excitatory neurons
with intrinsically bursting properties defined by the
persistent (slowly inactivating) sodium currents (Inap)
in each neuron (Shevtsova et al. 2015). These intrinsic

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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bursting properties are state dependent, so that with
increase of neuronal excitability, each neuron changes the
state of activity from silence to rhythmic bursting with
burst frequency increasing with the excitability, and then
to sustained tonic activity. However, as mentioned above,
we have implemented an asymmetric RG organization,
in which only the flexor centres (I-RG-F and r-RG-F)
operate in the bursting regime, whereas the extensor
centres (I-RG-E and r-RG-E) if isolated operate in the
mode of tonic activity and exhibit bursting because of
the rhythmic inhibition from the corresponding bursting
flexor RG centres (the detailing discussion of this issue can
be found in Shevtsova et al. 2015).

To incorporate V1 and V2b populations with their
connections shown in Fig. 1Da, we first included mutual
excitatory connections between the RG-F and RG-E
centres on each side of the cord (Fig. 2). Then we
included V2b populations, mediating the flexor—extensor
inhibition on each side, and V1 (V1-1) populations
mediating extensor—flexor inhibition (Figs 1 Daand 2). We
then also incorporated the second V1 (V1) populations
that provided direct inhibition of the RG-E centre and
disinhibition of the RG-F centre on each side. The latter
operated via intermediate inhibitory neurons (l-Ini and
r-Ini), which were set to be tonically active at rest (Figs 1 Da
and 2). Finally, similar to Fig. 1Da, these V1 populations
received constant excitatory drive and phasic inhibitory

Contralateral tonic drives

Left Rhythm

Flexor—extensor interactions in the spinal cord
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input from VOp CINs, both from the contralateral cord
side of the cord (Fig. 2).

All modifications made to incorporate V1 and V2b
populations with their connectivity patterns did not
perturb the ability of the integrated model to reproduce
the results described in the preceding paper, including
the speed-dependent contributions of VOp and VOy
CINs and V2a interneurons to left-right alternation in
the intact cord, switching the locomotor pattern from
the left-right alternating walking-like activity to the
left—right synchronous hopping-like pattern after removal
of different CINs (VOp, VOy, or both) and V2a neurons,
and speed-dependent asymmetric changes of flexor and
extensor phase durations (Shevtsova et al. 2015). The
use of the model for simulating the experiments with
selective silencing or activation of V1 and V2b neurons
is considered below.

Model performance: simulation of V1 and V2b
neurons inactivation and stimulation

Performance of the model: rhythm generation in the
intact cord vs. hemicord. It is known that hemi-
section significantly reduces the frequency of locomotor
oscillations (by at least 2-3 times), while maintaining
left-right and flexor—extensor alternation in the activity
recorded from ventral roots L2 (flexion-related) and

Right Rhythm

1
i
I-V2a 1-VI - r-V2a e
Generator L L ) Generator I |
(I-RG) @ " | Voul @ (rRG) 0 -flexor RG centres |
_Ini- \/ - Ini- I
I-RG-F I | 1 1-V3 r-V3 k—RG-F ° -extensor RG centres |
> I
=a V3 V3 B2 X . - excitatory populations |
/X I
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V2b Vi “ 'I)D” V2b '
I-V2b I-V1-1 i -V2b ’ - excitatory connectionsI
I | —> I
1
I—p
e - Commissural I_’ I I
‘ Interngurons Vi ——=e -inhibitory connections
V1 (CINs) V1
I-RG-E ! RG-E —
midline

Figure 2. Model architecture

The rhythm generator (RG) on each side of the cord includes the flexor and extensor rhythm generating centres
(left (I-) and right (r-) RG-F and RG-E, respectively) mutually exciting each other and reciprocally interacting via the
inhibitory V2b and V1-1 populations (I-V2b and r-V2b, and I-V1-1 and r-V1-1, respectively). The left and right RGs
interact via commissural interneuron (CIN) populations: I-V3, r-V3, I-VOp, r-VOp, |-VOy, and r-VOy (see Shevtsova
et al. 2015). The additional population of V1 (I-V1 and r-V1) neurons on each side is involved in flexor—extensor
and left-right interactions and participates in regulating locomotor frequency (via the inhibitory I-Ini1 and r-Ini1
populations) and in securing ipsilateral flexor—extensor alternation by rhythmic inhibition of the ipsilateral RG-E

population. The I-V1 and r-V1 populations receive tonic

contralateral drive and rhythmic inhibition from the

contralateral RG-F population via the inhibitory VOp CIN population.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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L5 (extensor-related) (Cazalets et al. 1995; Kjaerulff
& Kiehn, 1996; Kiehn & Kjaerulff, 1998; Bertrand &
Cazalets, 2002; Zhong et al. 2012; Zhang et al. 2014).
Our integrated model is able to generate rhythmic
busting activity in a wide range of frequencies showing
alternating left-right and flexor—extensor activity (see an
example in Fig. 3Aa). Simulated hemisection removed
the contralateral excitatory drive to V1 populations
(Fig. 2) making these populations silent. This caused
disinhibition of both the RG-E centre and the inhibitory
Ini population in each hemicord. As a result, the Ini
population increased inhibition of the RG-F centre.
Both the increased inhibition of the RG-F centre and
disinhibition of the RG-E centre led to the slowing down of
the locomotor oscillations generated in a simulated hemi-
cord (see Fig. 3Ca). This reduction of oscillation frequency
fits to the reduction in the locomotor frequency following
hemisection in the isolated spinal cord (compare Fig. 3Aa
and Ca with Fig. 3Ba and Da).

Effects of inactivation of V1 and V2b neurons. Similar to
the hemisection, selective inactivation of V1 neurons from
the intact cord model slowed down the locomotor rhythm
while maintaining flexor—extensor alternation provided by
V2b neurons (Fig. 3Ab). Inactivation of the V1 population
did not produce visible effects on the simulated hemi-
cord activity (Fig. 3Cb), since the rhythm was already
slowed down by simulated hemisection (Fig. 3Ca). These
simulation results generally fit to the experimental data on
the isolated mouse cord following selective inactivation of
V1 neurons in the intact cord (Fig. 3Bb) and hemicord
(Fig. 3Db).

Selective inactivation of V2b neurons did not cause
visible changes in the intact cord model (Fig. 3Ac), but
led to flexor—extensor synchronization in the hemicord
model (Fig. 3Cc). The results of these simulations appear
to be consistent with the experimental data on the effects
of selective inactivation V2b neurons in the intact cord
(compare Fig. 3Ac with Fig. 3Bc) and hemicord (compare
Fig. 3Ccwith Fig. 3Dc).

Finally inactivation of both V1 and V2b neurons in the
model led to flexor—extensor synchronization in both the
intact cord (Fig. 3Ad) and the hemicord (Fig. 3Cd) models,
which also corresponds to the existing experimental data
(Fig. 3Bd and Dd).

Effects of V1 and V2b neuron activation. To investigate
the specific roles of V2a and V1 neurons in spinal
cord rhythmic activity, Britz et al. (2015) used selective
optogenetic activation of these neurons in the isolated
mouse spinal cord. To simulate the effect of photo-
stimulation, we selectively activated the particular neuron
types in our model by increasing the channelrhodopsin
leak conductances (gchr, see Methods and Appendix). In
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our model, V2b neurons provide inhibition of the extensor
centres (RG-E) onboth sides of the cord (see Fig. 2) withno
directinfluence on the flexor centres (RG-F). Therefore, an
additional activation of these neurons suppressed extensor
activity (RG-E) without an obvious effect on flexor activity
(Fig. 4Aa). These results of simulation are consistent with
the effects of selective photostimulation of V2b neurons
in the isolated spinal cord (Fig. 4Ba).

In contrast to V2b neurons, the V1 populations in
our model inhibit both the RG-E and RG-F centres (V1
and V1-1 populations, see Fig. 2). Therefore, selective
activation of these populations suppressed both flexor and
extensor activities (Fig. 4Ab), which is also consistent with
experimental studies (Fig. 4bc).

Discussion

Although neural circuits in mammalian spinal cord
including the hypothetical CPGs controlling locomotion
have been studied for more than 100 years starting
with the classical works of Graham Brown (1911, 1914),
their organization remains mainly unknown (Grillner,
2006; Kiehn, 2006). Significant progress has been recently
made due to the novel molecular-genetic and optogenetic
approaches. Several classes of spinal neurons have been
identified based on transcription factor expression and
other developmental/molecular properties, including the
so-called VO (VOp and VOy subtypes), V1, V2a, V2b,
V3, Hb9 and Shox2 interneurons (Lanuza et al. 2004;
Goulding, 2009; Kiehn, 2011, 2016; Dougherty et al.
2013; Catela et al. 2015; Lu et al. 2015). However,
many of these classes have multiple subclasses. Moreover,
the exact functions of these neurons have not been
clearly established and their connections remain mostly
unknown. Since neurons that are directly involved in
rhythm-generation in the mammalian spinal cord remain
unknown and because of a general lack of recording
from most of these neurons, the functional roles of
these neurons and their potential connections are usually
suggested from the analysis of the changes in the
output motor activity following silencing or optogenetic
stimulation/suppression of each neuron type or from the
analysis of motor activity generated in mutants lacking
each neuron type. The proposed function of these neurons
and their connectivities can then be validated using
computational modelling. This approach was previously
used in studying the role of CINs of VOp and VOy
types involved in the left-right coordination of neuro-
nal activity in the mouse spinal cord in vitro (Talpalar
et al. 2013; Molkov et al. 2015; Shevtsova et al. 2015;
Rybak et al. 2015), as well as in the speed-dependent
gait expression in mice in vivo (Bellarita & Kiehn, 2015).
A similar studies of the role of ipsilaterally projecting,
inhibitory interneurons of V1 and V2b types in vitro
and in vivo (Zhang et al. 2014; Britz et al. 2015). The

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Figure 3. Effects of selective inactivation of V1 and V2b neurons in the intact cord and hemicord:
comparison of simulations with experimental data

Aa—d, integrated activities of four RG centres (I-RG-E, |-RG-F, r-RG-F and r-RG-E) and interneuron populations
involved in coordination of flexor—extensor activity on the left side of the cord for the intact model (I-V2b, I-V1-1,
r-V0Op, I-V1 and I-Ini1): a, control; b, after selective inactivation of V1 populations; ¢, after selective inactivation of

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society

6125



6126

N. A. Shevtsova and I. A. Rybak

J Physiol 594.21

V2b populations; d, after inactivation of both V1 and V2b populations. Ba—d, corresponding experimental results
from the Zhang et al. (2014) study (their Figs 4A, 1A, 4B and 5A, respectively), reproduced with permission.
Ca-d, integrated activities of ipsilateral RG populations (RG-F and RG-E) and interneuron populations shaping
the flexor—extensor activity after simulated hemisection (V2b, V1-1, V1, and Ini): a, control; b, after selective
inactivation of V1 populations; c, after selective inactivation of V2b population; d, after inactivation of both V1
and V2b populations. Da—d, corresponding experimental results from Zhang et al. (2014) study (Figs. 4C, 1B, 4D
and S3, respectively) reproduced with permission. In Aa—d and Ca—d, activities of all populations are shown as
average histograms of neuron activity [spikes/(neuron x s), bin = 50 ms].

latter studies used selective silencing and optogenetic
activation of V1 and V2b neurons to investigate their
specific roles in flexor—extensor alternation of neuronal
activity in the spinal cord. Here, we extended our pre-
vious model of spinal circuits (Shevtsova et al. 2015) by
incorporating populations of V1 and V2b neurons and
used the extended model to propose the connectivity
patterns of these neurons allowing the model to reproduce
the results of the above experimental studies.

Both V1 and V2b neurons are heterogeneous neural
populations and each includes multiple different sub-
populations representing such functional neuron types
as Renshaw cells (V1), Ia interneurons that mediate
reciprocal inhibition between antagonist motoneurons
(both V1 and V2b), Ib interneurons involved in

Aa Activation of V2b
i 0
200
[

10s

non-reciprocal inhibition of motoneurons (V2b), as well
as other as yet unidentified inhibitory cell types (Sapir et al.
2004; Alvarez approach was also used in the experimental
etal. 2005; Zhang et al. 2014). Therefore silencing/removal
or extra activation of all V1 or all V2b cells can disturb
flexor—extensor relationships at several levels of the spinal
cord network, including the pattern formation and reflex
circuits and motoneurons (e.g. via Ia, Ib, or Renshaw
cells), and not necessarily at the level of rhythm-generating
circuits involved in locomotion. The main source of
evoked disturbances is difficult to establish, especially if to
have only recordings from ventral roots representing the
common motor outputs of the spinal circuitry. Silencing
of V1 and V2b cells performing functions of Ia, Ib or
Renshaw cells could affect the intensity of motoneuron

Model
b Activation of V1

i 0
. 200:”[[[[ HDDM
iRG-E 0
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Experiment (Britz et al. 2015)
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Figure 4. Effects of selective activation of V2b and V1 neurons: comparison of simulations with
experimental data

Aa, activation of V2b neurons in the model suppressed the extensor activity (RG-E) with minimal effect on flexor
activity (RG-F). Ab, activation of V1 neurons in the model suppressed both flexor and extensor RG activity. Ba, effect
of optogenetic stimulation of V2b neurons during drug-induced locomotion in the isolated mouse spinal cord:
suppression of activity in the extensor-related (L5) root but maintenance of rhythmic activity in the flexor-related
root (L2). Bb, effect of optogenetic stimulation of V1 neurons: suppression of activity in both the flexor-related
(L2) the extensor-related (L5) roots. Experimental recordings in Ba and Bb are from Britz et al. (2015), Fig. 7C and
E). Grey bars show time intervals when stimulation was applied.
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activities. Yet our major focus was on the potential effects
on the rhythm-generating circuits, which we tried to
model in this study. Therefore, we were mostly inter-
ested in effects such as changes in the locomotor frequency
or occurrence of flexor—extensor synchronization (which
were supposedly connected with disturbances at the RG
level) rather than in the demonstrated hyperactivation
of flexor or extensor muscles (Britz et al. 2015) or
other changes that could happen at the reflex circuit or
motoneuron levels.

Rhythm generator: asymmetric organization

Most of earlier bipartite models assumed a symmetric
organization of flexor and extensor RG centres and
their interactions. An asymmetric, flexor-dominated
organization was initially proposed by Pearson and
Duysens (Pearson & Duysens, 1976; Duysens, 1977)
and analysed and discussed in later studies (see Zhong
et al. 2012; Duysens et al. 2013; Machado et al. 2015).
The concept of asymmetric organization was implicitly
supported by the analysis of deletions (missing flexor or
extensor bursts) during drug-evoked fictive locomotion
in the isolated spinal cord preparations (Zhong et al.
2012). This analysis revealed only two types of deletions:
missing bursts in the activity of flexor-dominated ventral
roots (L2) were always accompanied by a sustained
activity in the ipsilateral extensor-dominated roots (L5),
whereas missing extensor bursts occurred without obvious
disturbances of the flexor rhythmic activity. Also, the
analysis of changes in the duration of flexor and extensor
phases with an increase in the oscillation frequency during
drug-evoked fictive locomotion in the isolated spinal
cord showed that the changes in the duration of the
flexor phase were much less than changes in the duration
of the extensor phase (Talpalar et al. 2013; Shevtsova
et al. 2015), which also fit with similar phase changes
in cats in vivo (Halbertsma, 1983; Frigon & Gossard,
2009). This evidence led to the suggestion, which was
accepted in this study, that the extensor RG centre of
the spinal rhythm generator operates in a regime of
sustained activity and hence does not generate rhythmic
activity if isolated, but exhibits rhythmic bursting due
to inhibition from the corresponding flexor RG centre
that generates population rhythmic activity due to the
intrinsic neuron properties and neuronal synchronization
within the RG centres (Shevtsova et al. 2015; Rybak
et al. 2015). The intrinsic neuron properties involved
in this rhythmogenesis can affect network and system
performance. However, these properties remain mainly
unknown. Previous experimental and modelling studies
have suggested that the persistent (slowly inactivating)
sodium current may play an important role in the spinal
cord rhythm generation (Rybak et al. 2006a,b; 2013;
McCrea & Rybak, 2007; Tazerart et al., 2007, 2008; Zhong
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et al. 2007, 2012; Ziskind-Conhaim et al. 2008; Brocard
et al. 2010, 2013; Shevtsova et al. 2015), which was
implemented in the current model.

The potential roles of V1 neurons
and their connectivity

The important function of V1 neurons, or at least
one of their subpopulations, is to speed up the
locomotor oscillations (Gosgnach et al. 2006), so that
removal or silencing these neurons slowed down the
locomotor oscillations (Gosgnach et al. 2006; Zhang
et al. 2014; see Fig. 3Bb). The question here is how
silencing of inhibitory neurons could actually cause
an increase in oscillatory frequency. One reasonable
explanation for that could be based on a suggestion that
these neurons disinhibit rhythm-generating circuits (Fig.
1Ca), which was implemented in our model (Fig. 2).
It is also interesting, that (a) slowing the rhythm after
silencing of V1 neurons was similar to that following
hemisection (compare Fig. 3Bb with Fig. 3Da) and (b)
silencing of these neurons did not produce obvious
changes in the locomotor rhythm in a hemicord, i.e.
after hemisection (compare Fig. 3Da with Fig. 3Db). To
explain this, we proposed that there are subpopulations
of V1 neurons that are activated from contralateral side
of the cord and speed up the rhythm via disinhibition of
ipsilateral rhythm-generating circuits. The contralateral
tonic activation of these neurons could come from some
tonically active commissural neurons. Such hypothetical
V1 populations were incorporated in our model (Fig. 2,
left and right V1 populations) and allowed the model to
reproduce the above experimental data (see Fig. 3Aa,band
Ca,band compare with Fig. 3Ba,b and Da,b, respectively).
This suggestion awaits experimental testing.

Furthermore, it was shown that V1 neurons secured the
flexor—extensor alternation after silencing V2b neurons
in the intact cord, but not in a hemicord (Zhang et al.
2014; Fig. 3Bc and 3Dc). With the account of this, the
above proposal should be extended by a suggestion that
these V1 neurons are not only activated from the contra-
lateral side, but their activity is (negatively) modulated
by the contralateral rhythmic flexor activity. The simplest
way to explain such modulation would be to suggest that
the V1 population is inhibited by contralateral inhibitory
CINs, such as VOp (Fig. 1Da). This suggestion was
implemented in our model (Fig. 2) and allowed it to
reproduce experimental data related to inactivation of
V2b neurons vs. inactivation of both V2b and V1 neurons
(see Fig. 3Ac,d and Cc,d and compare with Fig. 3Bc,d and
Dc,d respectively). We therefore consider the inhibition of
some V1 neurons by the contralateral VO, CINs as our
theoretical predictions.

In any case, our analysis and simulations suggest that V1
neurons play a critical role in the interactions between the
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spinal circuits responsible for flexor—extensor alternation
and those responsible for left—right coordination.

It was also shown that an optogenetic stimulation of
V1 neurons in the isolated mouse spinal cord during
drug-induced locomotion suppressed rhythmic activity
on both flexor-related (L2) and extensor related (L5) roots
(Britz et al. 2015; Fig. 4Bb). In our model, this effect of
V1 photostimulation was reproduced (see Fig. 4Ab) due
to special organization of connections of two populations
of V1 neurons inhibiting both the flexor and extensor
RG-centres (Figs 1Ca and 2). However, the same effect
can be also produced at the reflex and motoneuron levels
by stimulation of V1 cells performing the functions of
Renshaw cell or Ia neurons (Britz et al. 2015). The current
dataare not sufficient to judge which of the two suggestions
is more plausible.

The potential roles of V2b neurons
and their connectivity

Experimental data of Zhang et al. (2014) suggest that
V2b neurons are involved in flexor—extensor alternation
in the intact cord together with V1 neurons and are
solely responsible for flexor—extensor alternation in hemi-
cords (Fig. 3Bc,d and Dcd). Based on our simulations,
we suggested that V2b neurons mediate inhibition of the
extensor RG centre by the flexor RG centre (Fig. 2). This
suggestion allowed us to reproduce experimental data
of Zhang et al. concerning silencing of these neurons
(Fig. 3Ac,d and Ccd). The other possibility could be
that these neurons are involved in mediating the mutual
inhibition between the flexor and extensor RG centres
in both directions, from flexor to extensor RG centres
and from extensor to flexor RG centres (see Rybak et al.
2015).

Photostimulation of V2b neurons in the isolated spinal
cord led to the suppression of only extensor-related motor
activity (L5) leaving the flexor motor activity (L2) not
affected (Britz et al. 2015; see Fig. 4Ba), which was
reproduced by our simulations (Fig. 4Aa), supporting the
suggested role of these neurons in the flexor-to-extensor
inhibition. However, similar to that in the case of V1
neurons, additional studies are required to establish
where in the spinal network this suppression takes
place.

Conclusions

In this theoretical and computational study we made
an attempt to analyse the existing experimental data
and use this analysis to propose possible roles of
genetically identified V1 and V2b neurons in the
spinal network and their connections. We were able to
incorporate populations of these neurons in a larger
model of rhythm-generating circuits and to use the
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integrated model to reproduce multiple experimental data
concerning the effect of selective silencing and activations
of these neuron types.

Combining these results with the results of our pre-
vious paper (Shevtsova et al. 2015) we propose a plausible
architecture of spinal circuits that includes most of the
genetically identified neurons, including VOp, VOy, V1,
V2a, V2b and V3 (Fig. 2). This network architecture
allowed the model to reproduce multiple experimental
data from different laboratories concerning the effects
of various genetic manipulations (ablation, inactivation,
photostimulation) with these neuron types. The specific
function of these neurons and their possible connections
suggested by our models await experimental testing and
validation.

Appendix

All neurons are simulated in Hodgkin—Huxley style as
single-compartment models. The membrane potential,
V, in neurons of the left and right RG-E and RG-F
populations is described by the following differential
equation
dv

C x i —Ina — Inap — Ix — It — Isyne — Isynr, (1)
where Cis the membrane capacitance and tis time.

In all other populations, the neuronal membrane
potential is described as follows:

dv
Cx T =—Ina — Ix — It — Isyne — Isynr (—Ichr)-(2)

The ionic currents in Eqns (1) and (2) are described as
follows:

Ing = @na X M3y, X By X (V — Exa),
INap = @Nap X MNap X hnap X (V — Exa),
Ix = gx x m4K x (V— Ex),
I = gL x (V—Eyp),
Ichr = genr X (V — Echr), (3)

where Iy, is the fast Na™ current with maximal
conductance gn,; Inap is the persistent (slowly inactivating)
Na® current with maximal conductance gn,p (present
only in RG neurons); Ix is the delayed-rectifier K*
current with maximal conductance gy; I, is the leakage
current with constant conductance g;; and Ichr is the
channelrhodopsin current with the conductance genr
(present only in V1 and V2a neurons). Ey,, Ex, Ep, and
Ecnr are the reversal potentials for Na®™, K*, leakage
and channelrhodopsin currents, respectively; variables
m and h with indexes indicating ionic currents are the
activation and inactivation variables of the corresponding
ionic channels.
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Activation m and inactivation h of voltage-dependent
ionic channels (e.g. Na, NaP, and K) in Eqn (3) are
described by the following differential equations:

Tpi( V) X —m; = muei(V) — my,

dt

d

Thz(V) X dthl -
where 1 ;(V) and he (V) define the voltage-dependent
steady-state activation and inactivation of the channel
i, respectively, and 7,,;(V) and t4,(V) define the
corresponding time constants. Activation of the sodium
channels is considered to be instantaneous (T,n. =
Tmnap = 0). The expressions for channel kinetics, maximal
conductances and Ej values are given in Tables 1 and 2,
respectively.

The synaptic excitatory (Isy,z with conductance gsyng
and reversal potential Esy,p) and inhibitory (Isy,; with
conductance gs,,; and reversal potential Esy,p) currents
are described as follows:

(4)
hooi(V) — hj,

Isyne = oynk X (V — EsynE), 5)
5
ISan = &Synl X (V_ ESan)’

where gng and gsy, are equal to zero at rest and
are activated by the excitatory or inhibitory inputs,
respectively:

gsynei(t) =g X Z S{w;i} x ZeXp(—(t— 1)/ Tsynk)s

] Ly <t

oynii() =81 x Y S{—wji} x Y exp(—(t — 1) /Tsym1),
j

ty<t
(6)

where S{x} = x, if x = 0, and 0 if x < 0. Each spike
arriving to neuron i in a target population from neuron j
in a source population at time #; increases the excitatory
synaptic conductance by gg x w; if the synaptic weight
wj; > 0, or increases the inhibitory synaptic conductance
by —gg x wj if the synaptic weight wj; < 0. gg and g
define an increase in the excitatory or inhibitory synaptic
conductance, respectively, produced by one arriving spike
at Iwjl = 1. Tsyue and Tgyyp are the decay time constants
for gsyne and gsyn, respectively. Average weights (w) and
probabilities (p) of synaptic connections are specified in
Table 3.

The following general neuronal parameters were
assigned:

C=1uF x cm™2, Ex, =55mV, Ex = —80 mV,
EChR =0 I‘l‘lV, ESynE =-10 mV, ESan =-70 mV,
gr =g =0.05mS X cm™?, Tgyng = Toyn = 5 ms.
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