A bursting neuron CPG model: phase reduction, dynamical mechanisms, and gait transitions
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Insects use various gaits. Fast running insects employ tripod gaits with 3 The synapse variable s enters the postsynaptic cell:

Iegs up In swing .and 3 dovyn In stance. Sonver insects use.tetragpod gaits CV = — {lca+ Ik + Iks + I} + loxt + lsyn

with 2 legs in swing and 4 in stance. Fruit flies use both gaits with a ) post ] |

transition from tetrapod to tripod at intermediate speeds. We study the where lsyn = lsyn(V, S) = —Ggsyn S(f) (V — Es ) . Gsyn : Synaptic strength

effect of stepping frequency on transitions between these gaits in an

ilon-channel bursting neuron model in which each cell represents a
hemi-segmental thoracic circuit of the central pattern generator (CPQG).
Employing phase reduction and dynamical systems methods, we show

the existence and stability of tetrapod, tripod and transition gaits.

The following figures show gait transitions from tetrapod to tripod as ¢ increases in the
network of 6-coupled bursting neurons represented by 24 ODEs. Each bar represents the
swing phase of one leg. Note the transitional gaits with partial overlap of swing phases in

The system of equations for a single bursting neuron model is [1]: é L e (Lett) Small ¢, 2 stable tetrapod (corresponding to back-to-front and front-to-back
& S . - waves of stance movements), 1 stable “slow” tripod (green dots), 1 unstable tripod
@ 9 R I T (corresponding to point (0.5,0.5)), 1 unstable node (corresponding to point (0,0))

time (red dots), and 5 saddle points (orange dots) are observed.

CV — {/Ca + IK + IKS + IL} + Iext k‘—,\/:é Levator time 57
: b ¢ (Middle) As ¢ increases, a degenerate bifurcation and a saddle node bifurcation

~ e
M= —"[m.(v)—m] %i{% %ﬁiiﬁ occur. Through these bifurcations, two tetrapod, one slow tripod, one unstable

Tm(V) tripod, and three saddle points disappear and one stable tripod bifurcates.
0 - — (Right) Large ¢, 1 stable tripod, 1 unstable node, and 2 saddle points are observed.
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W = [Wao(V) — W] Goal: To justify the observed gait transitions mathematically. To this end, we first reduce the
Tw(V) 0 24 ODEs to 6 phase equations: : . S
1 @ 10 Gaits deduced from fruit fly data fitting
& _g) _ S
S= TS[Soo(V)U s) — ] (synapse) S 20 | ' Phase equations for six weakly coupled neurons A 01 o o e o ~ o
R0 D ——

The currents talfe the forms Sw'ng{; Phas_e reduction theory yiel_ds a Single gquation for each slow | 992 0.3614 0.1478 0.1780 0.1837 0.2509 0.3409 0.1495
lca(V) = gcalo(V)(V — Eca) C % ime bursting neuron. The coupling function is computed by S - medium 12.48 0.2225 0.6255 0.4715 0.1436 0.3895 0.7921 0.2964
Ix(v,m) = gk m (v — Ek) convolving the phase response curve (PRC) with the T fast |15.52 0.0580 0.8608 0.6726 0.0470 0.4294 1.1498 0.8500

_ B . I - 5-0.17 |
;Kf‘f;/’ W)Q (VgKCaEW)(V Ex) The steady state gating variables are synaptic current (lsyn) goz\
L — YL — L _ 3 . | | .
lext = constant Mwo(V) = 37 e;kK(VVK) d1 = wo + C1H(¢a — ¢1,8) + csH(d2 — ¢1,§) ST e
The time scales take the forms 1 2 = wot CoFi{ s = 02,6) + Cafll01 = 02,6) & CrH(ga = 02.8) ] I \ \ I N\
(v)  sech(kx(v — Vi) WeolV) = 1 o 2ketvvo ¢3 = wo+ C3H(¢e — ¢3,&) + CeH(d2 — @3, €) g o |
'm : h kK K B 1 ¢?4 = wo + €4 H(¢1 — ¢47 f) + C5H(¢5 — ¢47 5) 0,05} | | | | :
TW(_V) N stec t( c(V = Vo)) Mo(V) = 5 + e—2kca(v—vca) 05 = wo+ CoH(¢p2 — ¢5,8) + CaH(¢a — ¢5,8) + c7H(ge — ¢5,§)  ° % " 7
Ts = CONSian s (V) _ i( = ¢6 — wo—l—C3H(¢3—¢6,€)—|—CGH(¢5—¢6,§)
0 _2 s V— sre
1+e » There exists a unique n = (&), 0 < n < 1/6, such that

H(2/3 —n,&§) = H(1/3 +n,§). tetrapod gait transition tripod gait

» We assume constant contralateral symmetry between the left and right legs:
Gir3 — @i =2/3 —n.

Effect of /.,; & J on frequency of limit cycle

Conclusion

T = period of a cycle= swing+stance, frequency = 1/T

. 12%% o E | » Phase difference of front-middle and hind-middle gives two equations on a torus: Vr\]/e conclude ”l‘at when ¢ <b€I* (some t:jifurgatiog ve;}lue for the srp])eed parameter),
2 212 | - there exists at least one stable tetrapod gait and when £ > ¢, there exists a unique
Eli 2| | 01 = (1 — C2)H(2/3 — 1, &) + csH(—01,&) — CaH(01, &) — c7H(02,€) (1)  stable tripod gait. Pog S £ =8 :
swing, _ stence — R A—— 0> = (03 — C2)H(2/3 — 1, &) + CeH(—02,&) — caH(01,&) — c7H(02,€)
0 100 tiﬁq(;o 300 % . , t. (1 /3 . 2/3 ) N 1/6 | tod of E " (1) References
. . » Assumption: n, —n),0<n < IS a fixed point of Equation (1).
As lext OF 0 Increases, the frequency increases. So both /e, and o can be (77 =0 ~ tetrapod and n = 1/6 ~ tripod) 1. R. Ghigliazza and P. Holmes. Minimal models of bursting neurons: The effects of multiple currents and timescales.
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For a network of six mutually inhibiting units, assume [3]:

» Inhibitory coupling via negative postsynaptic currents.

» Contralateral symmetry (3 contralateral (¢, ¢, ¢3) and 4
ipsilateral (c4, Cs, Cs, €7) coupling strengths).

» Nearest neighbor connections with identical coupling
functions.

» Special case (motivated by data): ¢1 = ¢ = ¢s.

Letting o := ij‘@ (0 < a < 1), and making a change of time scale, Equation (1) becomes Acknowledgment
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