@° PLOS | ONE

Check for
updates

G OPENACCESS

Citation: Girardi-Schappo M, Bortolotto GS,
Stenzinger RV, Gonsalves JJ, Tragtenberg MHR
(2017) Phase diagrams and dynamics of a
computationally efficient map-based neuron
model. PLoS ONE 12(3): e0174621. https://doi.
org/10.1371/journal.pone.0174621

Editor: Dante R. Chialvo, Consejo Nacional de
Investigaciones Cientificas y Tecnicas, ARGENTINA

Received: November 29, 2016
Accepted: March 12, 2017
Published: March 30, 2017

Copyright: © 2017 Girardi-Schappo et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: M.G.S., R.V.S. and J.J.G. thank CNPg; G.
S.B. thanks FAPESC.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Phase diagrams and dynamics of a
computationally efficient map-based neuron
model

Mauricio Girardi-Schappo', Germano S. Bortolotto?, Rafael V. Stenzinger?, Jheniffer
J. Gonsalves?, Marcelo H. R. Tragtenberg?*

1 Neuroimaging of Epilepsy Laboratory, McConnell Brain Imaging Center, McGill University, Montreal
Neurological Institute and Hospital, H3A 2B4, Montreal, Quebec, Canada, 2 Departamento de Fisica,
Universidade Federal de Santa Catarina, 88040-900, Floriandpolis, Santa Catarina, Brazil

* marcelotragtenberg @gmail.com

Abstract

We introduce a new map-based neuron model derived from the dynamical perceptron family
that has the best compromise between computational efficiency, analytical tractability,
reduced parameter space and many dynamical behaviors. We calculate bifurcation and
phase diagrams analytically and computationally that underpins a rich repertoire of autono-
mous and excitable dynamical behaviors. We report the existence of a new regime of car-
diac spikes corresponding to nonchaotic aperiodic behavior. We compare the features of
our model to standard neuron models currently available in the literature.

1 Introduction

Modeling the brain is not a simple task. Usually scientists opt for simple models that provide
insights about the original phenomenon one is trying to study. On the other hand, these mod-
els may lack some fundamental features that would play an important role in the considered
phenomenon, specially when studying complex systems like the brain. Nowadays supercom-
puters have allowed the Neuroscience community to propose large-scale models for either
brain functions or brain electrophysiology [1-5].

Most of these models represent each neuron by a point in space that performs every compu-
tation expected to happen through the whole extended body of a real neuron. Herz et al. [6]
have grouped single-neuron models in five broad categories (from detailed compartmental
models to statistical simple models), but all of the considered models are generally described
by ordinary differential equations (ODE). The more complex the model, the more details on
how is the shape and dynamics (both in space and time) of the action potential propagating in
the neuron membrane. Although very simple, single-compartment neurons are capable of per-
forming some fundamental tasks of information processing in single-neurons [6].

Map-based neuron models have emerged in the last two decades as a new class of models
that have simpler equations and are computationally efficient 7, 8]. Maps are discrete-time
equations of continuous state variables, and map-based models describe the variation in time
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of the neuron membrane potential [9-16]. Thus all map-based neurons should fall in level
three of Herz et al. [6] classification scheme (i.e. single-compartment models), given that there
is no known map-based compartmental neuron model. Map-based neurons often have arbi-
trary discontinuities to model the abrupt voltage decrease after the action potential [13-15].
One of them is only an Euler-method solution for a simple non-linear integrate-and-fire ODE
with unit time step (ts) [14]. Notice that maps are also used to model abstract properties of
action potentials, such as the action potential duration [17] and the interbeat intervals [18] of
cardiac cells, both following data-driven approaches.

Recently, a whole class of map-based neuronal models derived from the classical McCul-
loch-Pitts perceptron [19] has been described [8]. It consists of building up neuron models
with recurrent dynamics from the simple perceptron until the desired dynamical complexity is
reached. One of the richest neuron models of this class was introduced by Kinouchi & Trag-
tenberg [10] (KT). This model was originally proposed to study modulated magnetic systems,
the axial-next-nearest-neighbor-Ising model [20].

The KT model is a two-dimensional map. The membrane potential is modeled by a hyper-
bolic tangent. With only three parameters and an external current it can present a large num-
ber of neuronal behaviors. However, in order to obtain neuronal bursting and cardiac spiking,
the KT model was extended by Kuva et al. [11]. It was done by adding a third and slow variable
z, thus creating the three-dimensional KTz model. Although both models are very interesting,
the presence of the hyperbolic tangent demands substantial computational power when deal-
ing with a large number of neurons.

We want to achieve the best trade-off between a good repertoire of membrane potential
dynamical behaviors and computational efficiency. In this paper we approximate the original
hyperbolic tangent gain function of the KT/KTz models by a logistic function while preserving
all the other variables and parameters in both models. As a result we have two new sets of equa-
tions, the logistic KT (KTLog) and the logistic KTz models (KTzLog). Also, all the fixed points
and the linear stability analysis become analytical. In Section 2, we describe the new governing
equations and trace many bifurcation and phase diagrams both analytically and computation-
ally. We then compare some of them with the original hyperbolic tangent version of the model.
Finally, we compare our new model computational efficiency and dynamical behavior reper-
toire using frameworks proposed by Izhikevich [21] and Girardi-Schappo et al. [8] in Sections 3
and 4. We conclude the work in Section 5 discussing further applications of the current model.

The sigmoid functions used in both versions of the KT and KTz models are continuous
functions, so the action potential reset is not forced into the system. As a consequence, KT/
KTz spikes have their own rise and fall time scales which is useful for using more biologically
inspired ways of coupling neurons in contrast to simple pulse coupling approaches [7, 8].
These intrinsic time scales make it possible for cardiac spikes to appear. Also, coupling cur-
rents enter in KT/KTz equations as additive terms inside the sigmoid function [22]. Large-
scale models may be built up from such neurons using gap junctions or even chemical synapse
maps [7, 8, 11] as simply as they can be built up from more complex conductance-based neu-
ron models.

Using simple models of KTz family could facilitate the mathematical understanding of phe-
nomena such as burst induced by subthreshold oscillations, cardiac arrhythmia or early after-
depolarization both studied in vitro and in vivo [23-25] or using conductance-based neurons
[23, 25-28] which have huge parameter spaces. In fact, the study of many phenomena may be
significantly enhanced by KTz family neurons due to the reduced dimension of its parameter
space. In addition, KTz family and conductance-based models have such a similar way of cou-
pling neurons that our map-based neurons would easily allow the study of compartmental
neurons.
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2 Models

The KT is a two-dimensional model defined by Eqs (1a) and (1b) below. The KTz is a tridi-
mentional model defined by Eqs (1a)-(1c). In both models the gain function f{u) is a hyper-
bolic tangent. To obtain the KTLog and KTzLog models we approximate the hyperbolic
tangent by its first order Taylor expansion, the logistic function f(u) = u/(1 + |u]):

x(t+1) :f(x(t) —Ky(t) +;:(t) +H+I(t)>’

(1a)

y(t+1) =x(1), (1b)

z(t+1) = (1 = 9)z(t) — A(x(t) — xz), (1¢)

In Eqgs (1a)-(1c) x(¢) is the actual membrane potential (in arbitrary units) of the cell at time
t (measured in arbitrary time steps, ts), y(¢) is a recovery variable, z(t) is the slow total ionic
current (which may generate bursts and cardiac spikes) and I(¢) is an arbitrary potential gener-
ated by external currents (due to synapses and/or electrodes). The K and T parameters control
the fast spiking dynamics, the parameter J is the inverse recovery time of z(f) and controls the
refractory period, and A and xy adjust the slow spiking and bursting dynamics. Particularly, A
controls the damping of oscillations whereas xp controls bursting duration. H is a bias mem-
brane potential and ¢ is the discrete time step. Every variable/parameter is in arbitrary scale.

The membrane potential of the cell represented by x(t) in Eq (1a) may display a wide variety
of autonomous and excitable behaviors. Some examples are cardiac spikes, bursting, slow or
fast spiking, types I and II excitability, rebound spikes and bursts, nerve blocking effect,
accommodation, and many others. These and more behaviors will be discussed in Section 3.
The following subsections are dedicated to explore the bifurcations of the model. We first pres-
ent the phase diagrams to provide an overview of the dynamics. Following, we explicitly pro-
vide closed forms for the fixed points (FP) and their eigenvalues to trace specific bifurcation
diagrams.

We separate the presentation of the model in two cases in order to simplify its understand-
ing: (I) the two-dimensional KTLog model: § = A = z(0) = 0; and (II) the tridimensional
KTzLog model: H = 0 and any 6, A and z(0). Case I is the fast subsystem and case II is equiva-
lent to taking case I and transforming its H parameter into the dynamical slow variable z(¢),
H®eD = (¢), with arbitrary 8, A and xg. Parameters K > 0 and T > 0 are assumed in this
paper. The external current I(¢) # 0 is used to study the excitable behaviors of the model, but is
kept zero for tracing all the bifurcation and phase diagrams.

2.1 Phase diagrams

A phase diagram contains the stability limits of the model attractors in the parameter space. It
gives a general picture of the frontiers between stable attractors of the model, be they FP or
oscillatory attractors (OA). It is worth noticing that both cases of our map present three differ-
ent types of OA: periodic, quasi-periodic and chaotic. Chaotic attractors are going to be dis-
cussed in Section 3.

A FP (x*, y*, z*) is the point that does not change with map iteration, such that

(e +1),y(e+ 1), 2(8 + 1)] = [x(8), y(8), 2(1)] = (¢, y",27). (2)

A FP may also be referred to as a 1-cycle, because the map iteration exactly repeats
after every 1 ts. Any periodic Q-cycle (Q > 1) may be determined similarly by
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[x(t+ Q), y(t + Q), z(t + Q)] = [x(2), y(1), z(t)]. However, the Q-cycle regions in the phase dia-
gram of case I are computationally calculated due to the variety of possible OA in the model.
For a given FP (x*, y*, z*), the stability limit is obtained using the condition

max {|A, [, [Ay], [Ag[} = 1, (3)

where A; are the eigenvalues of the FP. Eq (3) yields an equation for x* over the stability limit.
Therefore, the stability limit curve may be obtained by applying the x* thus calculated to Eq (2)
and isolating the parameter of interest as function of the other parameters. Notice that for case
I there are only two eigenvalues in Eq (3). Also, both y* and z* are linear functions of x* so it is
sufficient to calculate x* to fully determine the FP.

A given OA corresponds to a neuronal oscillatory behavior such as fast spiking (FS), bursting
(BS) or cardiac spiking (CS). We use the interspike interval (ISI) distribution, P(ISI), to further
distinguish between oscillatory behaviors for case II. We give details about the ISI distribution
in the supporting S1 File. We also calculate the maximum amplitude, A, of the oscillations,

A= mtax{x(t)} - mtin{x(t)} , (4)

where x(f) is a given OA, in order to identify pure subthreshold oscillations (SO) phases.
2.1.1 CaseI. The neuron has three parameters (K, T'and H). We then trace diagrams
K x T for H =0 and then T x H for many K. We use the stability limit condition given in Eq
(3) in order to derive the phase boundaries. The FP and its eigenvalues are given in the next
subsection [Eq (15)] together with the description of each bifurcation.
There are three analytically determined stability limits for H = 0 (depicted in Fig 1A):

T=1-K,forK <0.5, (5)
T =K, forK > 0.5, (6)
1
T = +K=2fr05 <K<, (7)

where Eq (5) separates a region of one stable fixed point (1FP) from two stable fixed points
(2FP) via a supercritical pitchfork bifurcation, Eq (6) separates 1FP from an oscillatory
attractor region (OA) by a supercritical Neimark-Sacker bifurcation and Eq (7) separates 2FP
from OA region through a subcritical Neimark-Sacker bifurcation. The curve given by Eq (7)
is the rightmost dashed line of the bistability (BI) region in Fig 1A. These bifurcations are
going to be further discussed in the next section. The OA—2FP stability limit has been deter-
mined by map iteration and is the leftmost dashed curve of the BI region in Fig 1A. The BI
region contains at least two kinds of stable attractors: OAs and FP.

The OA region is filled up with Arnold tongues, each corresponding to a different periodic
OA. The labels for these tongues in Fig 1A are winding numbers w = P/Q, where Q is the
attractor period (i.e. the amount of time steps the map takes to exactly repeat itself) and P is
the amount of complete oscillations inside a period Q. The OAs in this region are born in a
supercritical Neimark-Sacker bifurcation (the line T' = K,) over which |[A,| = |A_| = 1. Thus, we

may determine the labels simply by w = ;- arccos (QLKC)

The tongues are thinner than in the original hyperbolic tangent model [10] and they corre-
spond to the periodic attractors in the bifurcation diagrams of the next subsection. The overall
structure of the diagram is preserved by the logistic function approximation. Details about the
algorithm used to determine the tongues are given by Tragtenberg & Yokoi [20].
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Fig 1. Phase diagrams of the KTLog model (case I). Panel A: T x K plane for H= 0 (vertical dashed lines are the selected
Kvalues for panels B, C and D); Solid lines are supercritical pitchfork bifurcation [1FP—2FP, Eq (5)] or supercritical Neimark-
Sacker bifurcation [1FP—OA, Eq (6)], rightmost dashed line of the Bl region is a subcritical Neimark-Sacker bifurcation
[2FP—OA, Eq (7)] and leftmost dashed line of the Bl region is the stability limit of the OA region. Panel B: T x H plane for
K=0.3 (valid for K< 0.5); Panel C: T x Hplane for K= 0.6 (valid for 0.5 < K< 1); Panel D: T x Hplane for K= 1.5 (valid for

K > 1). Panels B-D: 2FP— 1FP are saddle-node bifurcations and dashed lines are subcritical Neimark-Sacker bifurcations;
solid lines are given by Eq (8). The top point (multicritical points, MCP) in panels C and D are supercritical Neimark-Sacker
bifurcations. The OA region contains many periodic Arnold tongues labeled by their winding numbers.

https://doi.org/10.1371/journal.pone.0174621.9001

Parameter H is a third axis going out of the paper in Fig 1A. Then for H # 0, we have three
qualitatively distinct phase diagrams (see Fig 1B-1D) that correspond to the stability limits of
Eqs (5), (6) and (7): K < 0.5; 0.5 < K < 1 and K > 1. Vertical dashed lines in Fig 1A indicate K
values used to trace the other three phase diagrams in the figure. The solid lines in Fig 1B-1D
are the FP stability limits:

(VI-K)T+K-1)x", forK <0.5,
H= (8)
(VKT +K—1)x", forK > 0.5,

derived from Eq (2), where x* are the FP values calculated from Eq (3):

[T

+ <1 — ﬁ) y for K < 057
T

i(l — \/:> , for K > 0.5,
K
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We have two distinct solutions for Eqs (8) and (9) because the eigenvalues change from real
to complex on K = 0.5. Eq (9) holds only over the bifurcation line, Eq (8). The full expression
for the FP will be derived in the next subsection.

The curves defined by Eq (8) are vertical slices of the three-dimensional parameter space
(perpendicular to K-axis and parallel to T-axis in Fig 1A). The dashed lines in Fig 1C and 1D
are the stability limits of the OA phase and have been determined by map iteration. The OA
phase is also full of Arnold tongues which are not shown for simplicity. The phase diagrams in
Fig 1 give us a general picture of all the bifurcations of the model (some of which will be further
detailed in the next subsection).

There is again a striking similarity between our approximation and the original model by
Kinouchi & Tragtenberg [10] with two important differences: first, the two multi-critical
points (MCP) from the original model coalesced into only one MCP (Fig 1C), sharpening the
top-most part of the curves into a cusp-like form; second, the original supercritical Neimark-
Sacker bifurcation has now turned into subcritical for K > 1 (Fig 1D) and only the beak of this
curve corresponds to a supercritical Neimark-Sacker bifurcation.

Comparing the diagrams in Fig 1, we conclude that the richest region in terms of dynamical
behavior is within 0.5 < K < 1 because it presents all the phases of the model. Thus, we will
study the 3-dimensional model only inside this range, even though other as interesting behav-
iors might be found for other values of K.

2.1.2 Case II. The variable z brings three new parameters to analyze (3, A and xz). We
trace the xg x T diagram for fixed § = 4 = 0.001 and K = 0.6 applying the interspike interval
(ISI) method described in Methods section to determine the phases. It is possible to trace dia-
grams using the IST method to any combination of parameters, but we will present only this
case in order to compare with the diagram of the hyperbolic tangent model presented by Kuva
etal [11].

Fig 2 presents the phases determined by the ISI scheme described in Methods. The typical
behavior of each phase is depicted in Fig A in S1 File. We plot the diagram for case II on panel

i

]

1

1
/' |

7/

K =06 K =06 |

: 0 = A =0.001 § =X =0.001

06 , = = = Adiabatic approx.| , , - - = Adiabatic approx.

0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6

T T

Fig 2. Phase diagram xz % T for the logistic and the tanh KTz models. Panel A: ISI distribution method applied to the KTzLog model
(case Il). Panel B: ISI method applied to hyperbolic tangent KTz model (compare to the one presented in [11]). Phases are displayed with
different shades of gray. There is a bistable region on the boundary between FS and CS. The characteristic behavior of the map inside the
dustbetween CS and BS is an infinite switching between cardiac spikes and bursting. Dashed line is the result of the quasi-static
approximation. Subthreshold oscillations (SO) are also present in panel A, but within a very thin region under the dashed line. Slow bursting
and bursting are separated arbitrarily to highlight that the map presents bursts with many interburst interval. Vertical and horizontal dotted
lines correspond to values chosen to plot Fig 5.

https://doi.org/10.1371/journal.pone.0174621.g002
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A and compare it with the same method applied to the tanh KTz. Panel B can also be com-
pared to the diagram created using only map iteration in [11].

The FP stability limit may be easily calculated via an adiabatic approximation [considering
that z(t) varies very slowly compared to x(f)]. It consists in taking H = z* = (xp—x*)A/6 in case I
and solving for the stability limits [Eqs (8) and (9)] in the plane xz x T [29]. We obtain (for
0<d=AK1):

Xg = £(K—T). (10)

Eq (10) is plotted as a dashed line in Fig 2A. This curve is way simpler than the one obtained
with the hyperbolic tangent model (dashed line in Fig 2B) [29]. In principle, the stability limits
of the KTzLog model could be precisely calculated for any & and A range, due to its analytical
eigenvalues (see next subsection). The curve given by Eq (10) approximates [O(0)] the line of
a supercritical Neimark-Sacker bifurcation between the FP and subthreshold oscillations
(small amplitude OAs) in the plane xg x T.

Both diagrams present the same autonomous OA phases: cardiac spiking (CS), fast spiking
(FS), bursting (BS) and subthreshold oscillations (SO). These behaviors are depicted in Fig 71,
7G, 7] and 7M, respectivelly. The SO region is very narrow for the logistic case and is better
identified by the amplitude of oscillations presented together with the bifurcation diagrams.
Slow bursting (SB) has been separated from regular bursting using an arbitrary threshold only
to emphasize that the interburst interval (IBI) diverges quickly near the bifurcation, as will be
discussed ahead.

The ISI method provides an automated way to separate phases and also sheds light on struc-
tures and bifurcations which are very difficult to find via map iteration. Two features were
identified using this method: the aperiodic cardiac spiking (ACS) region and the dust in the
phase diagram between CS and BS. Both are also present in the original tanh version, but had
not been previously identified using map iteration [11].

The ACS region is composed of aperiodic non-chaotic cardiac spiking attractors (see Fig A,
panel D, in S1 File). The periods of these OAs are distributed within a broad skewed bell-
shaped distribution. The OA over the dust region between CS and BS is characterized by con-
stant switching between CS and BS behavior (see Fig 7L and right-hand plot of Fig 6C). The
dust region comprises very chaotic behaviors and might have a fractal shrimp structure in the
plane x x T, similarly to the parameter space of other oscillators [30, 31]. This will be investi-
gated in forthcoming works.

2.2 Fixed points and bifurcations

2.2.1 CaseI. Making use of the logistic function along with the FP definition, it is possible
to write Eqs (1a) and (1b) as:
x—Ky*+H
r (1)
y* — x*’
where p = T+ |po| and py = (1 — K)x* + H.
Reorganizing the terms in Eq (11), we reach:

K+T+sH-1 H
s(1-K) s(1-K)

(x')" +
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with solutions:

S
X, =g 1= K= T— sH 4 \/(1 = K — T+ sH)’ + 4sHT |, (13)

2(1—K)
where s = |po|/po = £1. Eq (13) provides four FP from which we keep only the ones that satisfy:
(@) x* € R, (b) |x*| <1 and (c) the implicit inequality in |po| on s definition, i.e. py > 0 for s =
+1and py < 0fors=-1.
The eigenvalue, A, equation is:
, T KT

with solutions:

T AKp?
Ai—2<1j: 1- =2
2p

- ) (15)

The dependence of A on x and H is implicitly inside p. These eigenvalues assume a com-
plex value for K > 0.5, when H = 0, allowing for the appearance of OAs.

We plot the bifurcation diagrams (Fig 3A-3H) versus each of the three parameters of the
map, K, T or H. As usual, in these diagrams the stable FPs (|A.| < 1) are plotted with solid lines
whereas the unstable FPs (|A,| > 1 and |A_| > 1) are plotted with dotted lines. Saddle FPs (at
least one of the eigenvalues has a different sign than the others) are plotted with dashed lines.

The gray regions in Fig 3A-3H correspond to OAs obtained by map iteration. The heights
of the colored areas give the maximum amplitude of the OAs, calculated with Eq (4). These
regions are filled up with many periodic attractors, or Q-cycles, windows. Most of these win-
dows are too narrow to be perceived, so we do not show them. In Section 2.1, we trace the
phase diagram of the model’s case (I) with H = 0, clearly showing its periodic attractors.

The dark gray region in these bifurcation diagrams represent co-stability of OAs with at
least one stable FP. These regions’ internal borders then present subcritical Neimark-Sacker
bifurcations (also known as Andronov-Hopf bifurcations for continuous time systems).

The bifurcation of x* over T parameter in Fig 3A and 3B changes from a pitchfork-like
bifurcation in A for H = 0 to a cusp-like catastrophe in B when |H| > 0. In the case of H < 0
(H > 0), the bottom (top) branch gets disconnected from the top (bottom) branch in panel B.
The behavior depicted in this figure is valid for 0.5 < K < 1. For 0 < K < 0.5, the OAs region
vanishes, whereas for K > 1 the 2FP region vanishes. The behavior of the map is symmetrical
in H. This fact is evident in the phase diagrams of Section 2.1.

Fig 3C-3F shows the cusp catastrophe surface projection on the x* x H plan (two saddle-
node bifurcations between unstable and saddle equilibria). The hysteresis curve in C becomes
a single stable FP in F with increasing T, passing through a region of stable OA. In these panels,
the FP loses stability via a subcritical Neimark-Sacker bifurcation, but the OAs that emerge in
Fig 3C are only unstable and bifurcate by touching the saddle equilibrium as |H| increases.
This figure is valid for 0.5 < K < 1. The OA regions vanish for K < 0.5 and, on the other hand,
the 2FP region vanishes for K > 1. The value of the the parameters K, T'and H at which the
two FPs coalesce into one is easily obtained analytically using the stability diagrams which we
shall present in Section 2.1.

Fig 3G and 3H shows the bifurcation of x* according to K parameter for H = 0 and two dif-
ferent T. As T is increased, the OAs region decouples from the two stable FPs (2FP) region,
changing from a subcritical [Fig 3G] to a supercritical [Fig 3H] Neimark-Sacker bifurcation
for T > 0.5. For H # 0, the symmetry is broken similarly to the bifurcation over T in Fig 3B,
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Fig 3. Bifurcation diagrams of the KTLog model. Panels A, B: bifurcation over T for fixed K= 0.6. (A)
H=0.0and (B) H=-0.01. Panels C-F: bifurcation over Hfor fixed K=0.6. (C) T=0.12, (D) T=0.32, (E)
T=0.54, (F) T=0.65. Panels G, H: bifurcation over Kfor fixed H=0.0. (G) T=0.2, (H) T=0.5. Egs (13) and
(15) give stable FPs (—), unstable FPs (- - -) and saddle FPs (---); and Eq (4) gives the amplitude of OAs
(height of the filled up area). Dark grey: coexistence of stable OAs and at least one stable FP; Light gray:
coexistence of stable OAs and unstable FPs.

https://doi.org/10.1371/journal.pone.0174621.9003

i.e. either the top (H > 0) or bottom (H < 0) FP survives and the other vanishes in a Saddle-
Node bifurcation. Also, OAs exist only within a certain range of H close to zero and any
|H| > 0 turns the supercritical Neimark-Sack bifurcation into subcritical. Again, there is sym-
metry in H — —H.

2.2.2 CaseIl. The FP equation for case II is easily derived from Eq (12), one should just
replace H by z* = (xzg—x*)A/J, resulting in the equation

s(1 = K — o) (x")" + (T + sx0 — 1 + K 4+ a)x" — ox, = 0, (16)
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where we define a = A/8. The solution is simply:

N
= > | -K-T- 1
xi 2(1KO€)[ oc(S'X’-R—’— )

:I:\/(T—l—K—&—oc—1)2—1—2sxRoc(1—K—oc—l—T)—i—och}Q2 .

The FPs given in Eq (17) exist only if they satisfy the same conditions listed for Case I,
replacing H by z* in the third condition, namely x* € R, |x*|<1 and (1 - K)x* + z* > 0 for
s=+land (1 -K)x*+z* <O0fors=-1.

The Jacobian eigenvalues polynomial is given by:

PPN — [T+ (1= 8PN ++T(K+ 2+ 1—8)A—KT(1-6) =0, (18)
recalling that p = T+ |x* — Ky* + 2*|. It has solutions
A, =B+ C— /2D,

1—V3i 1 '
- \/§IC+ V3

A, =B
2 2 \3/1 9 (19)
1 3i 1—+/3i
A, =B-— TV IV
2 V4
where the coefficients B, C and D are given:
B T—(—-1)p*
3p? ’
C = Y Rt/ 4U3+R?
- 372p? ’

U
3pVR+ VAU + R

U= 3pT(K+A—0+1)—[(6—1)p*—TT,

R= 2T°%—3(5 —1)p*T(6 — 1+ 6K — 31) 4+ 3p>T2(d — 1 — 3K — 32) — 2(6 — 1)°p".

We plot the bifurcation diagrams of the model in Fig 4A-4F, with FPs given by Eq (17) and
FPs stability given by Eq (19). Solid lines are stable FPs and dashed lines are saddle FPs. OAs
again reside in the colored areas.

For Fig 4A-4C, the colored area contains the points x(f) of the actual OA attractor for each
T iterated for 10° ts. If we had iterated the map for more time steps, the attractors would have
more densely distributed points for each T. For Fig 4D-4F, the colored areas’ heights give the
amplitude of the OAs, Eq (4). BS lies in the dark gray region and FS or CS lie in the light gray
region. The horizontal gaps are periodic attractor windows (corresponding to Arnold tongues
in the phase diagrams of the previous subsection).

The z slow oscillation makes the 2FP region from the 2-dimensional model disappear, mak-
ing it a single FP region. The values of xg, A and § determine the steady value of z* = (xg—x*)A/
6, which is equivalent to H in case I. Thus, the described behavior is symmetrical in xp,
although the FPs would be positive.
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Fig 4. Bifurcation diagrams of the KTzLog model. Panels A-C: bifurcation over T for fixed K=0.6 and 0 =
A=0.001. (A) xg=-0.01, (B) xg=—0.26, (C) xg= —0.4. Panels D—F: bifurcation over K for fixed xg=—0.5 and
6=A=0.001.(D) T=0.2, (E) T=0.5, (F) T=0.7. Eq (17) gives stable FPs (—) and unstable FPs (---) and Eq
(4) gives the amplitude of OAs (height of the filled up area). In panel D, instead of the height of the attractor for
K < 1.5, the actual attractor is plotted as an example of a periodic OA. Dark grey: bursting; Light gray: fast
spiking or cardiac spiking.

https://doi.org/10.1371/journal.pone.0174621.9004

In Fig 4A-4C, the FP loses stability via supercritical Neimark-Sacker bifurcation to, ini-
tially, SO. The 2FP region that is present in case I generates the CS region for case II. If one
considers z varying very slowly (a quasi-static approximation), then a CS may be regarded as a
slow switching between two stable FP. This statement can be verified by comparing Figs 3A,
3B and 4A-4C and noticing the high density of attractor points in CS region for case II where
there were previously the two FPs of case I. The high density of the attractor close to the case I
FP highlights the presence of a Saddle-Node bifurcation nearby (see Fig 3C) and is known as
attractor ruins or ghosts [32, 33].

In Fig 4D-4F, the FP also loses stability via a supercritical Neimark-Sacker bifurcation to a
SO regime. The SO grows in amplitude according to a power law as K is increased and give
rise to the BS region. The BS region shrinks as T increases. The OA amplitudes decrease as T
increases. The decreasing of amplitude of OAs may also be explained by looking to case I: For
H=0and T =K (K> 0.5) there is a supercritical Neimark-Sacker bifurcation in case I (see
Figs 1A and 3A), therefore for |xzA/8] = 0 and T < K the amplitude of OAs should be small. In
panel D, particularly, there is a large periodic window in the right-hand side of the OA region,
displaying a 5-cycle attractor.

The FS and BS regions get extinguished as |xp| increases (see phase diagram in Fig 2A). The
bifurcations’ description presented so far for case II is valid for 0.5 < K < 1. For 0 < K < 0.5,
there is only FP and CS behavior whereas for K > 1 there is no CS, but FS and FP. The same
pattern repeats for xz > 0, but the oscillations occur around the symmetrical positive FP. The
general picture of the bifurcations for all K values is better observed in Fig 1.

We calculate ISIs in order to reveal the inner structure and the bifurcations of the OAs. We
can clearly separate regimes of FP, FS, BS, CS and ACS (Figs 5C, 5D and 6). As far as we know,
an ACS region has never been reported before. We may find narrow regions of chaotic
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Fig 5. ISl bifurcation diagrams and OA amplitude. ISl is displayed in the top curves and OA amplitude in the bottom ones (circles) for
K=0.6and 6=A4=0.001. Panels A-C: IS/ x Tfor xg=-0.01 (A), xg=—0.2 (B) and xg=—0.4 (C); inset: detail of the plot in the frontier
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D-F: ISI x xgfor T=0.1 (D), T=0.275 (E) and T=0.54 (F). Vertical dotted lines highlight bifurcations. The amplitude of limit cycles, Eq (4),
has discontinuities at every bifurcation. These discontinuities tend to disappear as |xg|—0 because then the model approaches a
supercritical Neimark-Sacker bifurcation. The amplitude also highlights the presence of subthreshold oscillations in the transition from FP to

BS orto ACS.

https://doi.org/10.1371/journal.pone.0174621.9g005

attractors inside the aperiodic regime, although the neuron is not generally chaotic inside the
ACS region (see Fig 11C ahead). The aperiodic behavior appears due to failed attempts of
spikes (see Fig 7N).

The ISI bifurcation diagrams are shown in Fig 5 (top blue curves). The bottom black points
correspond to the amplitude, A, of the OAs as function of T (top panels) and xz (bottom pan-
els). The amplitude highlights the presence of SOs, which appear through a supercritical Nei-
mark-Sacker bifurcation of the FP. Except for the transition between SO and ACS, the
amplitude continuously varies for all the considered bifurcations in Fig 5; the apparent discon-
tinuity is due to the a fast variation in A (within a range of 107" of T or xg). The appearance of
large amplitude OA and the qualitative change in oscillations are marked with vertical dotted
lines. Fig 5A-5C correspond to approximately the same parameters as those in Fig 4A-4C,
respectively.

The FS regime coexists with CS regime in a small range of parameters T'and xz. Thus, there
is a first-order-like transition between these two regimes (see Fig 5A). The transition from BS
to FS, on the other hand, happens through increasing duration of a single burst of spikes, Atgs,
similarly to what happens for the leech heart interneuron modeled by Shilnikov & Cymbalyuk
[34] using a conductance-based approach. Fig 5E shows the ISI profile of this transition
whereas Fig 6A shows At close to the transition point x5 ~ —0.075 for the same set of
parameters. Notice that as the interburst interval (largest ISI) stays nearly steady as x, — x2°,
burst duration increases boundlessly according to (At,s) ~ |x, — xﬁs|_1/ :
Homoclinic bifurcation of a Saddle-Node periodic orbit [34].

The border between CS and BS (Fig 5B) is filled up with chaotic attractors due to the loss of
stability of cardiac spikes (see e.g. Fig 11A and 11B). In Fig 6C, we show the behavior of the
membrane potential, x(f) versus ¢ from Eq (1a), as the transition CS—BS is approached. For

characterizing a
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Fig 6. Infinite period bifurcation, blue-sky catastrophe and CS—BS transition. Panel A: Burst duration, Afgg, as a function of

|xs — xES|, where x5 is the bifurcation point in which fast spiking begins through a blue-sky catastrophe [34]. The inverse square root is only
valid very close to the bifurcation. Panel B: Period of oscillations, IS/, as function of |x, — x5°|, where x5® is the bifurcation point given by Eq
(10) in the quasi-static approximation. Notice how (/S/) goes to infinity as the system gets closer to the bifurcation according to the inverse
square root. This figure presents the same data as in Fig 5D. A small beak near |x; — x5%| ~ 10~ separates aperiodic (left) from periodic
(right) cardiac spiking. Panel B inset: variance of IS/, a power law with slope —1.8. Panel C: Transition from CS to BS for increasing Tand
fixed K=0.6, 6 =A=0.001 and x5 = -0.2. Notice as slow oscillations lose stability going through a behavior of mixed cardiac spikes and
bursting. The shape of action potential in panel C, middle, resembles that of a early depolarized action potential [28].

https://doi.org/10.1371/journal.pone.0174621.9006

small T (left plot in Fig 6C), the cardiac spikes are very regular resembling the FitzHugh-
Nagumo model [35, 36]. For increasing T, the OA loses stability and displays small oscillations
even during the slow decrease of the action potential (middle plot). These small oscillations are
caused by the subcritial Neimark-Sacker bifurcation of the fast subsystem (Fig 3C), similarly to
what happens in early afterdepolarizations of the action potentials of conductance-based mod-
els [28, 37]. The BS region starts after a very chaotic region of mixed behavior of cardiac spikes
and bursts (right plot) taking place for 0.24 S T' < 0.25 (the dust region in Fig 2A).

The transition ACS—SO happens through an infinite period bifurcation (Fig 5C and 5D).
The period of oscillations scales as (ISI) ~ |x, — xgs|_1/2 as expected (see Fig 6B) [32, 33].
Here, x5 is the bifurcation point. The same scaling law holds for (ISI) versus the T parameter,
around the bifurcation point T°. The variance of ISI diverges close to the transition point
(TS5 x55) as a power law Var(ISI) ~ |x, — x$*| * (inset of Fig 6B).

The bifurcation that separates BS and SO (Fig 5B and 5E) is similar to that separating ACS
and SO. The largest ISI (or the interburst interval, IBI) diverges according to (IBI) ~

|xR - xISzO|_1/2

and the smaller ISI remains constant. The same power law is found over the T
parameter.
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Fig 7. Excitable KT and autonomous KTz behaviors. Panels A to F: case | specific excitable behaviors. Remaining panels: case Il
autonomous oscillations. Parameters are given in Table Ain S1 File.

https://doi.org/10.1371/journal.pone.0174621.9007

3 Behaviors

This section is dedicated to show that this map exhibits many dynamical behaviors of excitable
systems, like neuronal cells and muscle cells, especially the action potential of cardiac cells
[38].

In this work, the solution x(t) of the map, Eq (1a), is the actual membrane potential of an
excitable cell. Figs 7 and 8 will have x (in arbitrary units) in the vertical axis (plotted with cir-
cles and lines) and ¢ (in time steps) in the horizontal axis. The solution of Eq (1a) is the set of
points plotted in these figures; the lines are there only as a guide to the eyes. Excitable behavior
is accompanied by the curve of the input current, I(f) (in arbitrary units), right below the
membrane potential curve. The solution x(f) corresponds only to circles, but lines are drawn
connecting the points in order to guide the eyes of the reader. Parameters for every behavior in
both figures are given in Table A in S1 File.

3.1 Case |

The bidimensional model can only present three autonomous behaviors: resting state, fast
spiking and subthreshold oscillations. Fast spiking in this model is sometimes chaotic. The
excitable behaviors in turn are more diverse and are presented in Fig 7A-7F. The excitable
behaviors are generally found near the subcritical Neimark-Sacker bifurcation.

The observed excitable behaviors are: relaxation to FP, transient oscillations, tonic spiking,
nerve blocking, bistability and excitable spiking. All of them are also present in the original
hyperbolic tangent model [10]. However, the amplitude of the logistic model oscillations is
somewhat smaller than the original, because the logistic function varies slower for |T| — 0
than the hyperbolic tangent.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174621 March 30, 2017 14/25


https://doi.org/10.1371/journal.pone.0174621.g007
https://doi.org/10.1371/journal.pone.0174621

®PLOS | one

Dynamics of an efficient map-based neuron model

I. resonator

KT model presents true excitability because, in most bifurcations, a saddle equilibrium sep-
arates the basins of attractions of both FPs (see bifurcation diagrams in Section 2). Each curve
in Fig 7F is the result of the neuron receiving a small delta pulse stimulus in the first time step
of the simulation. The excitability threshold is easily found by simply taking the distance (in
the parameter space) between the simulated neuron and the stability limit of the FP calculated
in Section 2.

3.2 Case |

In addition to the autonomous behaviors of case I, KTz neuron also presents: slow spiking, fast
and slow cardiac spiking, aperiodic cardiac spiking, fast and slow bursting and chaotic burst-
ing (mixed cardiac spiking and bursting found in the boundary between these two regimes, as
shown in both Figs 71 and 6C center plot).

Cardiac spikes are fully described only by other two differential equation models, namely:
the Luo & Rudy model [39] and the FitzHugh-Nagumo model [35, 36]. The first map-based
cardiac spike was obtained using the hyperbolic tangent KTz model [8, 11]. The logistic simpli-
fication allows us to precisely visualize the mechanism of generating this kind of spikes in
maps, differently from other approaches that involve solving the complex differential equa-
tions of Luo & Rudy using Euler method with unity step [40].

The existence of the dynamical slow variable z generates a large number of slow-fast
dynamical behaviors. They are depicted in Fig 8. We quickly explain these behaviors following
Izhikevich [21] in order to be able to compare our map-based approach computational effi-
ciency with other models in Section 4.

Tonic spiking: Neurons usually present a quiescent behavior until excited by a continuous
current, when they start firing spikes periodically (Fig 8A). The train of spikes is present only
while stimulated by the external current. This behavior is found in almost every known neuron.
B. phasic spiking

C. tonic bursting D. phasic bursting

J. integrator

Fig 8. Some excitable behaviors of KTz logistic map. Parameters are givenin Table Ain S1 File.

https://doi.org/10.1371/journal.pone.0174621.9008
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Phasic spiking: The neuron fires only once at the beginning of stimulation then becomes
quiescent. This is known as phasic spiking (Fig 8B) and is present in general excitable
elements.

Tonic bursting: KTz neurons are also able to present tonic bursting (Fig 8C) while the con-
tinuous current is active. This feature is important since it is related to the production of the
gamma oscillations in the brain [21].

Phasic bursting: Similarly to phasic spiking, the neuron reacts to the stimuli by a unique
burst of spikes (Fig 8D).

Mixed mode: Some neurons can exhibit a mixed behavior: they fire a phasic burst spike
then start tonic spiking (Fig 8E). Our case II neuron is capable of representing this spiking
mode.

Class 1 excitability: Some neurons present a variable spiking frequency that depends on
the magnitude of the injected current [33]. These neurons are said to display a Class 1 excit-
ability (Fig 8F) and are able to code its input in an unique frequency output. Such behavior
may be found in cortical pyramidal neurons and is typically caused by a Saddle-Node on an
invariant circle bifurcation [33].

Class 2 excitability: There is another class of excitability in which neurons are not capable
of firing arbitrarily high frequency spikes (Fig 8G). This behavior is mostly independent of the
intensity of the applied current and is typically found in cortical inhibitory interneurons.
These spikes are generally caused either by a Saddle-Node bifurcation or by a Neimark-Sacker
bifurcation [33].

Subthreshold oscillations: The presence of oscillations that are insufficient to trigger a
spike is common in a large variety of neurons (Fig 8H). These small oscillations may happen
autonomously or after a spike, as pictured in this panel.

Resonator: Some neurons can act as resonators. They react only to stimuli in which the fre-
quency is the same as their subthreshold oscillations frequency. In Fig 8I the neuron does not
spike when the stimulus frequency is too high.

Integrator: In a neuron without subthreshold oscillations, the higher the input frequency,
the higher the probability of spiking. This kind of neuron is called integrator (Fig 8]).

Rebound spike: Some neurons can fire after an inhibitory input is received. This phenome-
non is called post-inhibitory, or rebound, spike (Fig 8K).

Rebound burst: Instead of single-peak spike some neurons can fire a burst of spikes after
receiving inhibitory stimuli (Fig 8L).

Threshold variability: Our model is capable of reproducing the phenomenon of threshold
variability (Fig 8M). A stimulus which otherwise would not be able to generate a spike, indeed
generates a spike after a small perturbation of the local membrane potential.

Bistability: Some neocortical neurons can present two different stable modes. This can be
seen in Fig 8N, in which a stable FP and a stable OA coexist. An external stimulus changes the
relative positions of the nullclines momentarily and leaves the neuron either in the FP or in the
OA basin of attraction.

Accommodation: When receiving a slowly increasing continuous input, certain neurons
fail to fire. This indicates an accommodation to the stimulus, as shown in Fig 80. If the same
neuron is stimulated by a small and brief input it is able to fire a spike.

3.3 Chaotic attractors

We use the Eckmann-Ruelle method [41] to calculate the largest Lyapunov exponent, Ay, and
find strange attractors. We can find chaotic regions in parameter space for the KTLog model,
although these regions are narrower and displaced when compared to the KT model. Typical
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Fig 9. Typical strange attractor for the KTLog map. Parameters H=0, T=0.009, K= 0.89 and x(0) = y(0)
=1. The Lyapunov exponent is A, = 0.1258 (see Fig 10). Notice the fractal structure as we zoom in from top-
left panel to bottom-right panel.

https://doi.org/10.1371/journal.pone.0174621.9009

Lyapunov exponents in the logistic approximation are also smaller than the hyperbolic tangent
model. A typical chaotic attractor for the case I and H = 0 is in Fig 9. Its capacity dimension is
1.35(2) and the Lyapunov dimension [42] is 1.158(2), thus categorizing it as a strange
attractor.

We computationally check the chaotic behavior by iterating the map for two sets of initial
conditions very close to each other (~ 107%) yielding x;(f) and x,(¢) and Ax(¢) = |x,()—x,(8)]-
Only a few time steps are needed for the separation between the curves to become visible (Fig
10 top panels). We plot Ax versus ¢ in Fig 10 bottom panels and estimate the Lyapunov expo-
nent by fitting Ax ~ exp(4; At) to the initial divergence of solutions. After some time steps,
the curves saturate around Ax & 2 because the solutions x; ,(f) are bounded inside the range
[-1;1].

Eckmann-Ruelle method applied to both cases of Fig 10 gives A; ~ 0.027 for panel A and
Ar = 0.122 for panel B. These values are very close to the exponentially fitted exponents. Both
regimes correspond to case I with initial conditions x(0) = y(0) = 1.

We also applied this method to determine the largest Lyapunov exponent for a vast region
of parameters of case II. We show 4, as function of T'in Fig 11A-11C for the same set of
parameters of Fig 5A-5C, respectively.

In fact, Fig 11 shows the Lyapunov exponent over the horizontal dotted lines of the xg x T
diagram in Fig 2. Notice that chaotic behavior is very strong on the frontier between CS and
BS and inside BS region. Also, positive Lyapunov exponent has been found on the edges of
ACS region (Fig 11C).
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Fig 10. Estimation of Lyapunov exponent via initial condition divergence. Panel A: A, =0.0316 for H=
—-0.259795918367347, T=0.1 and K= 0.991. Panel B: A, =0.1258 for H=0, T=0.009 and K= 0.89 (same as
Fig 9). Initial conditions are x(0) = y(0) = 1.
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4 Computational efficiency

Usually, the performance of a program depends on many uncontrollable variables, such as
code style, language specific implementations, background memory operations and usage,
function calls, concurrent processing due to operating system threads, etc. Thus, there is a
diversity of measures for computational efficiency. Izhikevich [21] defines it through the
amount of floating-point operations (FLOPs) the neuron model needs in order to evolve 1 ms
(model time) of its dynamics, considering that a spike takes around 1 ms to rise and fall.

The intrinsic dynamics of the model also matters for performance: after a spike, each model
reaches the FP after different number of time steps. For instance, the KTzLog model takes only
136 ts (roughly 1,632 FLOPs) to reach the FP whereas the Izhikevich model takes 1,158 ts
(roughly 15,054 FLOPs). These convergence times clearly depend on the specific phase portrait
of the model for the chosen parameters. Thus, we follow a similar approach to Girardi-
Schappo et al. [8] and measure the CPU cycles needed for a single time step of the model to be

cs | BS &| ¢ aAcs 1P

0.2 0.4 0.6 0.1 02 03 04 0.05 0.1 0.15 0.2 0.25
T T T

Fig 11. Lyapunov exponent of the KTzLog map. Parameters K= 0.6 and 6 =A = 0.001; T'is the control parameter. Panel A: xg=
-0.01; Panel B: xg=-0.2; Panel C: xg = —0.4. These parameters are the same as in Fig 5A-5C, respectively, and correspond to
the horizontal dotted lines in Fig 2A.

https://doi.org/10.1371/journal.pone.0174621.g011
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Table 1. Computational efficiency of some standard single-neuron models. The ts to FP column is the number of time steps taken to approach the FP
with a tolerance of 1078, The ms/ts column shows the proposed scale factors for the time step of each model, assuming a spikes takes about 1 ms. The num-
ber of FLOPs for the conductance based model is estimated assuming a 4 order Runge-Kutta ODE solver with step 0.001 ms. Each model’s average CPU
cycles has been performed over 5,000 realizations of 3,000 ms considering the lowest conversion factor in the table for the considered model.

Model FLOPs/ts tsto FP msl/ts CPU cyclesl/ts
Rulkov [13] 14 561 0.5 37+7
I1zhikevich [14] 13 1,158 0.5t01 36+8
KTzLog 12 136 0.1t00.2 60+ 13
Tanh KTz [11] 31 554 0.1t00.2 99+ 18
Conductance model [34] 124 9,763 0.001 795 + 32

https://doi.org/10.1371/journal.pone.0174621.t001

evaluated as a better measure of efficiency. The comparison of these and other efficiency-
related measures (FLOPs and convergence to FP) are given in Table 1 for the more popular
models. A CPU cycle is the fundamental operation cycle of a computer and thus it takes into
consideration all the processing operations. It consists of retrieving a program instruction
from the memory, determining the needed actions to process the instruction and executing
these actions [43].

The number of FLOPs/ts of both logistic and hyperbolic KTz models are 12 FLOPs/ts and
31 FLOPs/ts, respectively. We show them in Fig 12 together with other standard models and
their quantity of biological features. We estimated the quantity of biological features of our
neuron model through Figs 7 and 8. Izhikevich [21] defines a set of 22 biological features in
order to measure “biological relevance” of the model. However, notice that some features are
not accounted for in the proposed list, such as cardiac spikes, nerve blocking and transient
oscillations. Out of that list, we found 15 biological features in both logistic and hyperbolic
KTz plus these three aforementioned behaviors. It does not mean that the remaining 7 features
of Izhikevich’s list are not present in KTz family, because there is a lot more to explore in our
proposed neuron map.
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Fig 12. Neuronal models efficiency diagram. Scheme of the number of biological features displayed by a
model versus the amount of floating-point operations (FLOPS) needed for each time step of the model.
Adapted from Izhikevich [21] to include logistic and hyperbolic KTz models.

https://doi.org/10.1371/journal.pone.0174621.g012
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Map-based models are seven to twenty times more efficient than ordinary differential equa-
tion (ODE) models if we consider the CPU cycles in Table 1. Even though Rulkov, Izhikevich
and our model have similar number of FLOPs/ts, our model time step takes about one and a
half times more CPU cycles to be evaluated than the other two models. These extra cycles are
needed in order to deal with possible overflow operations for large absolute arguments of the
logistic function during map evaluation. Notice however that the logistic approximation opti-
mized both the FP convergence time (in ts) and the quantity of CPU cycles per time step in
relation to the hyperbolic model. And, more interestingly, the logistic approximation kept all
the dynamical behaviors of the hyperbolic KTz.

We also consider two typical network cases: linear and mean-field. In both cases, there are
N neurons and the synaptic current over an element i is given by a gap junction model [8]:

(1) = Z Glx;(£) — % (1)), (21)

where the sum runs over the neighbors of i and G > 0 is an excitatory conductance that is
adjusted for each case slightly above the necessary threshold to propagate activity. The cou-
pling scheme for each map-based model is described in details elsewhere [8]. The linear net-
work is directional (with a total of N — 1 synapses), neurons are adjusted in an excitable regime
and only the left-most neuron is initially excited (i = 1). The signal propagates until it eventu-
ally reaches neuron i = N. The mean-field network is a complete graph without self-interac-
tions [total of N(N — 1) synapses], and random initial conditions, so the neurons (adjusted in a
bursting regime) tend to synchronize after some transient activity. The conductance-based
model is either the standard Hodgkin-Huxley model for the linear network or the leech heart
interneuron model given by [34] due to its bursting regime.

Fig 13 shows the CPU cycles/ts for each network of each model. Here, the network time
step is evaluated as follows: 1) calculate the signal of every synapse; 2) for each neuron, sum up
its input signal; 3) calculate the new membrane potential of each neuron considering its input
current.

Both networks have similar trends as N is increased. The number of CPU cycles/ts increases
proportionally to the number of synapses in the network for large N (notice the black solid
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Fig 13. Network efficiency comparison. CPU cycles per time step for networks of N neurons using each of the considered models as the
base element. Panel A: linear network (directional synapses from 1 to N). Panel B: complete graph (each neuron connects to all the other
neurons, and vice-versa). Synapses are modeled by gap junctions.

https://doi.org/10.1371/journal.pone.0174621.9013
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curve in both panels of Fig 13). The conductance-based models demand significantly more
computational power. Except for the tanh KTz, the KTzLog, Izhikevich and Rulkov maps have
equivalent efficiency. The large fluctuations for small N appear because the background oper-
ating system processes have a high impact on the CPU cycles of fast jobs. It is worth noticing
that the precise number of CPU cycles strongly depends on the processor, memory architec-
ture and operating system used to compile and run the program. However, the statistical trend
should still hold for different computers. We used Microsoft(R) Windows(TM) 10, version
10.0.14393 Build 14393, on a x64 Intel(R) Core(TM) i7-4500U CPU @ 1.80GHz, 2401 Mhz, 2
Cores (4 Logical Processors), using 16 GB of DDR3-RAM.

5 Concluding remarks

We studied a model of action potential generation using difference equations obtained
through the first order Taylor approximation of the hyperbolic tangent KTz neuron model
[11]. We presented detailed bifurcation diagrams and fixed point stability diagrams for our
new model, the so-called KTzLog neuron. We have shown that the KTzLog neuron reproduces
many neuronal excitatory and autonomous behaviors observed experimentally. We have com-
pared our model’s computational performance to other widely used models and concluded
that its efficiency is comparable to that of the most efficient neuron models, both in isolation
or in a network.

We highlight the presence of cardiac spikes within a large parameter region of the KTzLog
model. This behavior is only possible because we do not follow an integrate-and-fire procedure
for spike generation. Instead, the action potential of our model has its own slow-fast dynamics.
Other authors have attempted cardiac spikes modeling, either by discretizing Luo & Rudy
model [40], or by proposing piecewise-continuous functions [44]. Or yet, some authors pro-
posed the modeling of the action potential duration through a difference equation [45]. How-
ever, only the KTz map family displays cardiac spikes with a reduced set of parameters on top
of a simple continuous sigmoid dynamics. This system was fundamentally conceived as a map
[8] and the logistic approximation allows us to analytically study bifurcations and stability of
orbits without loss of any dynamical behavior. This fact may allow us to better understand phe-
nomena such as early afterdepolarization and cardiac arrhythmia: we have identified a bifurca-
tion that is known to cause early afterdepolarized action potentials in ODE neurons [37].

An aperiodic cardiac spike phase was found in a large parameter region of both versions of
KTz model (logistic and tanh). Surprisingly, the Lyapunov exponents inside this phase are neg-
ative, indicating a non-chaotic behavior. We are not aware of another work that has shown the
existence of this non-chaotic and aperiodic behavior in excitable systems. We will investigate
these subjects in forthcoming works.

Mesbabh et al. [16] have proposed a uni-dimensional map-based neuron model that displays
a few excitable behaviors. However, such behaviors are obtained by applying external currents
to different parameters, making it very hard for neurons to be coupled in order to produce an
heterogeneous neuronal network (as the brain is expected to be). On the other hand, external
input currents and synaptic coupling is easily attainable by adding a current term to the
KTzLog model equation similarly to what is done with conductance based models. An exam-
ple of synaptic map was proposed by Kuva et al. [11], and used by Girardi-Schappo et al. [22]
to study neuronal avalanches. Thus, it is straightforward to build biologically motivated net-
works of KTz maps in order to study higher brain functions, such as cortical processing, syn-
chronization phenomena and so on.

KTzLog map has only five parameters (or six, if H is considered a polarizing current for the
three-dimensional model) displaying almost as many excitable behaviors as the Izhikevich [14]
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model (which has nine parameters). In this sense, the KTz family, and specially its logistic vari-
ation, provides minimal models to study neuronal bifurcations. Also, the logistic case displays
all of its bifurcations in their normal forms, making the KTzLog model one of the canonical
neuron models of choice for studying unknown mechanisms underlying dynamical phenom-
ena in neurons (such as early afterdepolarization).

Modeling complex functions of the nervous system demands an extensive gathering of
information about the system one wants to mimic. During this process, a certain degree of
simplification is unavoidable. Neurons are the basic processing units of the brain, but they are
generally the first elements of the simulation that are reduced. However, these simplifications
are sometimes useful, as they may result in a more reliable model in the context of the function
one is trying to understand [6, 46]. On the other hand, modelers must use models that allow a
certain degree of controllability of its neurons’ dynamics in order to be able to make inferences
about the simulated experimental setup. In any case, the chosen neuron model should be capa-
ble to provide simultaneously a good computational performance and enough features to
make the model reliable and easy to use. We have shown that the KTzLog model meet these
essential requirements.

Furthermore, future work with our model include understanding the chaotic attractors and
their coexistence with periodic attractors, the shrimp structure in the xz x T diagram, com-
partmental modeling, cardiac spike bifurcations and cardiac tissue modeling.

Supporting information

S1 File. Supporting information: Phase diagrams and dynamics of a computationally effi-
cient map-based neuron model. Details about the ISI method used to determine the OA in
this paper and about the parameters of the model for each behavior depicted in Figs 7 and 8.
Fig A, Typical ISI distributions. The four different types of ISI distribution P(/S/) are dis-
played in panels A to D (top) with their corresponding map iteration (bottom). Solid and
dashed lines are only there to guide the eyes. Panel A: Fast spiking (FS)—a single well defined
peak in P(IS/) such that (ISI) < ISIy,. Panel B: Bursting (BS)—two peaks are generally present
in P(ISI) for BS behavior; if chaotic bursting is present, both peaks will be broadened; slow
bursting phase has the large ISI larger than an arbitrary threshold. Panel C: Periodic cardiac
spiking (CS)—a single peak in P(/S/) such that (ISI) > ISI,,. Panel D: Aperiodic cardiac spik-
ing (ACS)—a single peak broad distribution P(/S/) shaped similarly to a lognormal curve.
Fixed point (FP) has no ISI. Table A, Parameters for the reproduction of all KTzLog behav-
iors in Figs 7 and 8 of the main text.

(PDF)
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