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PRCs: a quick review of “classical” theory

Phase variation: brief pulse stimulus of
amplitude A at some phase 6 € [0, 1)

“Heuristic” computation of the phase advancement:

0=10.
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Phase variation: brief pulse stimulus of amplitude A at
phase 6

“Heuristic” computation of the phase advancement:
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PRCs: a quick review of “classical” theory

Phase variation: amplitude A stimulus at phase ¢ € [0,1)

i | The phase advancement/delay due to an
‘\ external input at time ts is given by
i

)\ ’J"‘. AO = (To — T]_(@,A))/To,

0 = (ts — tiast)/ To € [0,1).

Phase response curves: PRC(0, A) oa

AO

lim |A->0
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PRCs: a quick review of “classical” theory

We assume to have an attracting limit cycle of the system

M={3(t),t €10, To)} = {~(0),0 € [0,1)}.

Definition
We say that a point g € Q C RY, Q open ’
domain containing the limit cycle I, is in
asymptotic phase with a point p € I if

Jim [®4(q) — ®(p)| =0,

where ®;(x) is the trajectory of X such
that ®g(x) = x.

The set of points having the same
asymptotic phase is called isochron.




PRCs: a quick review of “classical” theory

Generalization of the phase in a neighbourhood of the limit
cycle

This defines a unique scalar function in a neighbourhood 2 of I where:

v: QcRY —T=]0,1)
X — J(x)
such that
Jim [©¢(x) = 7(9(x) + £/ T)| = 0.

The value ¥(x) is the asymptotic phase of x. The isochrons are the
level sets of the function ¥(x), and ¥J(~(0)) = 0.



PRCs: a quick review of “classical” theory

A brief pulse stimulus in the entire space: geometry and
time
For a given stimulus A:

0 —isochron

© /0 —isochron

7(0,+A(0)))

A(0; A) = 9(~v(0) + A) — 0: phase variation depends on the geometry of
isochrons and it needs some time to relax back before next stimulus. -«




PRCs: a quick review of “classical” theory

Some results on isochrons

e [Winfree, 1974] When is a limit cycle isochronous?

o [Guckenheimer, 1975]: (From Coddington-Levinson 1955, Hirsch and
Pugh, 1970) If «y is a stable (hyperbolic) limit cycle, then ~ is
isochronous; moreover, the isochrons are the leaves of the stable
manifold, that is W;(e), for 6 € T and

wi= |J Wy

0elo,1)

o [Chicone-Liu, 2004] [Dumortier, 2006] (X being a planar vector field)
v is isochronous < v is hyperbolic or
{z(p) = p,7'(p) =--- =x(p) = 0,--- = xlk+)(p) # 0} and
{r(p) = T,7'(p) = --- = 7" (p) = 0}, with n > k > 2.

@ [Sabatini, 2004] (X being a planar vector field) «y is isochronous < 3
a vector field Y and a scalar u such that [Y, X] = p Y. It does not
require hyperbolicity.



PRCs: a quick review of “classical” theory

Isochrons from Lie symmetry point of view

@ Geometrical interpretation for
flows of Lie symmetries:
[Y,X] = pnY = X brings orbits
of Y to orbits of Y.

@ Recall Lie bracket

AL wltv(sa))=e(s1-s0;p)

r

[Y,X] = DX Y—DY X = 0y X—0x Y

o [Freire-Gasull-Guillamon, 2007] Let X being a planar vector field
having a Lie symmetry. The characteristic exponent of « is given by

1
A= /O 1(+(6)) do.

then,

1 1
| utatedo = [ axo)) @
0 0



PRCs: a quick review of “classical” theory

Phase variation under a weak brief pulse: infinitesimal
PRC

Consider a small perturbation of the system:
x = X(x) + €p(t), €=1(60...,0).

Theorem (Malkin, Kuramoto)

For weak perturbations,

€| < 1, the phase function satisfies

6= _,1_0 + _,1_06 Vo(~(t)) - p(t) + ofe).

o We will deal with brief “delta” stimuli, p(t) = 6(t — ts), but it also

works for p(t) stochastic, synaptic couplings,...

One defines the infinitesimal PRC as: iPRC(6)(x)) = VO(x).p(t) ‘




PRCs: a quick review of “classical” theory

The adjoint method

[see Malkin 1949-1956, Ermentrout and Kopell 1991, Hoppensteadt and
Izhikevich 1997, Ermentrout 2002, Izhikevich 2007,...]

The iPRC can be obtained by solving a variational equation.

The function V6 along the limit cycle (the PRC) is given by the
T-periodic solution of the adjoint equation

9~ X7 ()0, (1)

where ¢; is the flow of the vector field X, with the condition

QU1 - X(1(1) = 7

See also [Schultheiss-Prinz-Butera, Phase Response Curves in
Neuroscience; Theory, Experiment, and Analysis, Springer 2012].



PRCs: a quick review of “classical” theory

IPRC and synchronization under weak coupling |

iPRC have been successfully applied to systems of n weakly-coupled
oscillators:

n
XI' - fi(Xf) +e€ Zgij(xl'axj)a
j=1
Phase reductions:

0 = 1+eV0;(v(t) - Y gi(xi(01), %(6))) + o(e)-

j=1

Defining p; = 6; — t,

G = eVO((0) - D @it + 01). (¢ + ) + o().
j=1



PRCs: a quick review of “classical” theory

IPRC and synchronization under weak coupling Il

Averaging last equation, one obtains:

n
$i=ewi+e- Y Hijlp;— i)+ o(e),
J#

where

1 T
Hiles =20 = 7 | VO0uODestx(e) e+ = ).



PRCs: a quick review of “classical” theory

Beyond the phase reduction

In realistic situations, we cannot determine whether we are on a limit cycle.

@ Regular spiking, but it is not perfect, specially because of noise.

@ Perturbations may send the dynamics away from the asymptotic
state; then, the rate of convergence to the attractor plays an
important role as well as the stimulation frequency ws. Other
phenomena like bursting-like stimuli,. ..



PRCs: a quick review of “classical” theory

Beyond the phase reduction: QUESTION 1

Assuming an underlying periodic attractor,

How is the phase variation out of it (that is, in transient states)?
Can we rely on the phase reduction (PRC)?

Measured PRC

Measured ISI

80 © 100 120 140
Predicted ISI
rediete [Netoff et al., 2005]

—— Extension of PRCs to a neighbourhood of a limit cycle.



PRCs: a quick review of “classical” theory

Beyond the phase reduction: QUESTION 2

How far is the experimentally recorded phase variation from the
theoretically predicted one?

—— Comparison of 1D and 2D phase maps with the exact phase
(academic examples).



PRCs: a quick review of “classical” theory

Beyond the phase reduction: QUESTION 3

Experimentally, one is able to compute the phase variation thanks to
references with some specific membrane potential values (e.g.
v(t) = Vimax), but this might not be a good reference for the exact period.

How could we make the most of experimental data to refine the
phase variation computation?

— New proposals using iterative recordings and the notion of
isochrons.



PRCs: a quick review of “classical” theory

Beyond the phase reduction: QUESTION 4

How can we extend the PRCs to other attracting sets?

—— Bistability case, tori, non-smooth,...



Extensions of PRCs. ..

QUESTION 1: Extensions of PRCs: the “Phase Response
Surfaces”

How is the phase variation out of it (that is, in transient states)?
Can we rely on the phase reduction (PRC)?

—— Extension of PRCs to a neighbourhood of a limit cycle.
[G-Huguet, SIADS 2009]



Extensions of PRCs. ..

Application of the parameterization method

The parameterization method ([Cabré, Fontich, de la Llave, JDE 2005])
for hyperbolic periodic orbits of planar vector fields
o We fix X and look for a map K such that

(;ag + AT“&,) K(0,0) = X(K(0, ), 2)

where A is the characteristic exponent of ~.

@ X: motion generated by X
expressed in (6, 0):

15

= 1/T,
o = Mo/T.




Extensions of PRCs. ..

Computing the isochrons and PRSs (or 2D-PRCs) |

K, and X allow us to compute isochrons and Phase Resetting Surfaces
(PRS). We skip here numerical details, which are the core of [G-Huguet,
SIADS 2009]. See also [Osinga-Moehlis, SIADS 2010] for another

approach.

e Computing the isochron. The orbit of the points given by K (6o, o),
for any o € U approaches exponentially fast the orbit of the point

K(Go, 0) = ’)/(00).
e Parameterization of the isochron of the point v(6p):

K(0p,"): UCR — R
o — K(bo,o0)



Extensions of PRCs. ..

Computing the isochrons and PRSs (or 2D-PRCs) |l

e Computing the PRS. Natural extension: for any p = K(0,0) in a
neighbourhood of the limit cycle v, compute:

vile) = (5201 5 0)).

o V9(p) has the same direction as Y (p), where
Y(p) = Y(K(0,0)) :=0,-K(0,0).
@ We add some normalization. For a trajectory ¢+(p), p € Q2 we have

dd

S0P =T,

therefore

& (0ulp)) = VOGP - < 6e(p) = Vox(p)) - X(61(p)) = 1/T.



Extensions of PRCs. ..

Computing the isochrons and PRSs (or 2D-PRCs)

@ The PRS for any p € Q is given by

Y- (p)
T < Y+(p), X(p) >

Vi(p) =



Extensions of PRCs. ..

The adjoint method extended

The function V4 along the orbits of the vector field X,

B YL(¢t(P))
Vi(oe(p)) = T < YL(oe(p)), X(9e(p)) >

satisfies the adjoint equation

aQ o

where ¢; is the flow of the vector field X, with the initial condition

B Y+(p)
O = F VI X >

PRC: p € v, then ¢+(p) = ~(t/T) with v(0) = p



Extensions of PRCs. ..

Computing the normal direction resetting surface, PRS,

@ Similarly as we did for the V4, given the function K we can compute

- Z(p) ___Zp
valp) = % <ZHp),X(p)> < ZH(p),Y(p) >’

where
Z(p) = Z(K(0,0)) = 0gK(0,0).

@ Remark: We use the notation PRSy to denote the Phase Resetting
Surface and PRS, to denote the Normal Resetting Surface.
PRS, = Vo(p)-A

is the first-order normal direction variation after applying stimulus
AonpeQ.



Extensions of PRCs. ..

Summarizing. ..

e “Classical version”: PRC on v = S?.
e "Extended version”: PRSy and PRS, on Q = St x (Clow, Tup), with
0¢e (U/OW7 Uup)-



Extensions of PRCs. ..

Examples of isochrons and extended PRCs



Extensions of PRCs. ..

A “minimal” example

Consider the system in polar coordinates,

(; —ar(1-r),

¢ =1+aar?

having a limit cycle v of period Top = 27/(1 + « a), parameterized by
0 €[0,1) as y(0) = (cos(278), sin(278)). Then,

K(0,0) = (ECOS(Q), \/35“1(90 :

having defined Q := 276 + aIn(1 — 2a0).
Finally, we have

PRSy(K(0,0)) = —Y12%(sin(Q) — acos(R))
PRS,(K(0,0)) = 172290 (o5(Q).,

«



Extensions of PRCs. ..
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Extensions of PRCs. ..

The van der Pol oscillator

PR®

PRS

Figure: The Van der Pol oscillator. Notice the diversity of phase advancements
that can be obtained in the same isochron (three isochrons are shown:
6 = 0.625,0.672,0.781).



2D Hodgkin-Huxley-like systems

The model considered is an Ik + In,-model

. 1
vV = _?(gNamm(V)(V — Vna) + gxn(V — Vi) + gLV — Vi) — lapp)

h = ne(V)—n

1

1 + e*(V*Vmax,n)/km
1

1 + e_(v_vmax,m)/kn

and the parameters are
Cm = 1.,gNa = 20., VNa = 60.,gK = ].0.7 VK = —90.,gL = 8., v = —80.
Vimax,m = —20., km = 15., Vinax.n = —25., k, = 5.



Extensions of PRCs. ..

HH close to a Hopf bif. (Type Il PRCs): 1D-PRCs
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Extensions of PRCs. ..

HH close to a Hopf bif. (Type Il PRCs): 2D-PRCs

B3 26082506
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Extensions of PRCs. ..

HH close to a SNIC bif. (Type | PRCs): 1D-PRCs

6075 ——
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Extensions of PRCs. ..

HH close to a SNIC bif. (Type | PRCs): 2D-PRCs
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Poincaré phase maps extended

QUESTION 2: Poincaré phase maps extended

How far is the experimentally recorded phase variation from the
theoretically predicted one?

—— Comparison of 1D and 2D phase maps with the exact phase
(academic examples).

Experimentally, one is able to compute the phase variation thanks to
references with some specific membrane potential values (e.g.
v(t) = Vimax), but this might not be a good reference for the exact period.



Poincaré phase maps extended

Poincaré phase map

We stimulate an orbit of period Ty and characteristic exponent A with
pulses of period Ty << Ty in a neighbourhood of a limit cycle ~.

The new phase just before the j-th stimulus can be obtained recurrently
through the Poincaré phase map:

PRC 9j = 91'_1 + PRC(Hj_l) + TS/TO mod(l),

s

e e e P with PRC(0) = V0 - A,

o

membrane potential, V
K+ gating variable, b
o o
- 8 %
S
o8

04.7 {
80 60 -40 20 0 20
membrane potential, V

Poincare phase map
T o

stable
fixed
point




Poincaré phase maps extended

The relevance of PRSs vs PRCs

With our extension, we can consider both:

1D-PRCs §; =6;_1+ PRC(0j-1) + Ts/ Ty,

0; :0'_1+PR59(9‘_1 0"_1)—|— TS/TO
PRS, 2D-PRC J J J= ") ’
> { g = (Ujfl + PRSU(GJ',l,Uj,l)) exp(A TS/T()),

This allows to compare Poincaré maps for 1D-PRCs with those for
2D-PRCs. Preliminary examples have shown notable differences: phase
locking at different phase, phase loocking vs periodic orbits in phase,. ..



Poincaré phase maps extended

Theoretically expected errors

IVI(p) - A=Vb(po) - All = lol[[Ka(b0) - JAl| + o(0),

0 -1
whereJ:(l O>anch90 ZK

j>0

So, we proof a quite intuitive
statement: the curvature of the
isochrons directly affects the errors
in using the PRC, which are
magnified according to the relative
position of the curvature vector with
respect to the stimulus direction.

In neuron models, the first
component of the curvature of the
isochrons.




Poincaré phase maps extended

A “minimal” example

Consider the system in polar coordinates,

(; —ar(1-r),

¢ =1+aar?

having a limit cycle v of period Top = 27/(1 + « a), parameterized by
0 €[0,1) as y(0) = (cos(278), sin(278)). Then,

K(0,0) = (ECOS(Q), \/35“1(90 :

having defined Q := 276 + aIn(1 — 2a0).
Finally, we have

PRSy(K(0,0)) = —Y12%(sin(Q) — acos(R))
PRS,(K(0,0)) = 172290 (o5(Q).,

«



Poincaré phase maps extended

Varying the stimulus frequency, ws

Parameter values for the initial simulation: x;,; = 0, yjn = 1.5,
|A| = 0.05, o = 0.1 (weak hyperbolicity), a = 10.

oo
® ©
P CRAEI I Sl s e ;

Figure: ws/wo € {20,10,5}. We observe that, as we increase the stimulus

frequency, the validity of the iPRC is lost, whereas the extended iPRC still gives
good predictions.



Poincaré phase maps extended

Varying the stimulus amplitude, |A]

Parameter values for the initial simulation: xj,; = 0, yi»i = 1.5,
ws/wp = 20, a = 0.1 (weak hyperbolicity), a = 10.

1 T f T 1

.
os f i e B
08 |k PREZD «+veeve 4 0.8
0.7 £ o 07
06 | 4 os
05 = (7 o5
04 Hi R

03 | |

02 i ]

0.1 Ffj g

0 2] I L L L 1

Figure: |A| € {0.01,0.05,0.1}. We observe that as we increase the stimulus, the
validity of the iPRC is lost, whereas the extended iPRC still gives good
predictions.



Poincaré phase maps extended

Al, for Ts = 0.01005310

Varying the stimulus amplitude,
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Poincaré phase maps extended

Varying the stimulus amplitude, |A|, for Ts = 0.01099560
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Varying the stimulus amplitude,
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Poincaré phase maps extended

Varying the stimulus amplitude, |A|, for T; = 0.01288050
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Poincaré phase maps extended

Varying the stimulus amplitude, |A|, for T; = 0.01382300
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Poincaré phase maps extended

Varying the stimulus amplitude, |A|, for T; = 0.01476550
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Poincaré phase maps extended

Varying the stimulus amplitude, |A|, for T; = 0.01570800
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Poincaré phase maps extended

Varying the stimulus amplitude, |A|, for Ts = 0.06283190
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Varying the stimulus amplitude,

Rotation number

Poincaré phase maps extended

Al, for Ts = 0.07225660
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Poincaré phase maps extended

Al, for Ts = 0.08168140

Varying the stimulus amplitude,
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Poincaré phase maps extended

Al, for Ts = 0.09110620

Varying the stimulus amplitude,
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Poincaré phase maps extended

Rotation numbers

Comparison between rotation numbers of 1D-PRCs and analytic
extended PRCs vs. the “exact” ones: relative error of the 1D approach,
e1.
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Poincaré phase maps extended

Rotation numbers

Comparison between rotation numbers of 1D-PRCs and analytic
extended PRCs vs. the “exact” ones: relative error of the 1D approach,

€.
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Poincaré phase maps extended

Rotation numbers

Comparison between rotation numbers of 1D-PRCs and 2D-PRCs vs.
the “exact” ones: ey/e;.
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