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Abstract—We study a physiologically-motivated multi-  Our investigations are motivated by the mentioned con-
neuron model of sleep-wake cycle, taking into account th&tructive role of disorder and the well-known fact that neu-
circadian rhythm and the homeostatic regulating role afons are highly heterogeneous by their nature, in particula
orexins. Heterogeneity is introduced in the system by dihe orexin neurons [6, 10, 11]. In the following we recall
versifying diferent parameters and itfect on the wake- the model and its main features and illustrate a most rep-
sleep cycle is investigated. It is shown that in all the casassentative example of diversitffects, already considered
considered the model exhibits a strong dependence on di-Ref. [4], related to the diversification of the glutamate
versity, either in the form of a diversity-induced resorancthreshold potentials. Then we proceed to diversify other
or through more complex types of responses. model parameters, related to the leakage currents and the
activation thresholds of the ion channels present in a neu-
ron. In all the cases considered a clear diversity-induced
resonance is found.

Disorder, naturally present in all biological systems, is
—O0

1. Introduction

not necessarily harmful to the systems’ functioning. For

example in thediversity-induced resonance the disorder
constructive role is well illustrated by an assembly of het- 4,°
erogeneous excitable units presenting an optimal response
to an external forcing for a suitable degree of heterogene- Circadian °
ity [1, 2, 3]. clock

Here we study the fiects of diversity (heterogeneity)
on the sleep-wake cycle by using a physiologically based 4’°
model [4]. This model in turn is a multi-neuron version of
a previous minimal two-neuron model [5]. 4>°

These models employ a novel mechanism of the homeo-
static regulation of sleep based on the dynamics of a wake-
promoting neuropeptide orexin (also called hypocretis), a Figure 1:Example of model system with five orexin neurons A

suming depression of orexinergic synapses during wakefulpq one glutamate neuron B. See text for details.
ness and their recovery during sleep, following experimen-

tal findings of the role of the orexin system in maintaining, \1ode

wakefulness and its ability to integrate sleep-wake releva

information from many brain areas [6, 7]. We set up the model schematically depicted in Fig. 1,
In the model studied here a set of orexin neurons ansbmposed ofN, orexin neurons A and one local gluta-

one local glutamate neuron B are reciprocally connectedlate neuron B. Neurons A are acted upon by a stimulus

to each other according to the experimentally establishéd pace with the circadian rhythm and interact with each

physiological connections [8]. Both orexin and glutamatether through an all-to-all coupling (not shown). The dou-

neurons are firing during wakefulness and are silent duble arrows in Fig. 1 represent the mutual interaction, i.e.

ing sleep. The transitions between firing and silence athe A — B and B— A glutamate projections as well as the

governed by the interplay between the circadian input andl — B orexin projection. The dynamics is described by

homeostatic mechanisms as initially proposed by Borbel . , , . .

[9]. Only one type of orexin neurotransmitter is considereéAdV/S)/dt = lext— '/S,)L - I/-(\I,)Na_ I/-(\I,)K - |/§I,)g| _Z lij, (1)

and it is assumed that the system can be either in the wake J

state or in a generic non-Rapid Eye Movement sleep stateCBdVE(;l)/dtz B Iél}i -1 IB.0x- (2)

B.L ~ 'B.Na B.gl

- 365 -



B is expressed as an average,
Table 1: Parameters of the model P 9

44 (O Ea Sa Wa T 0} — (O S V10) (i _ —
@S/en?) | (mv) | (mvY) | (mv) | (ms) APyt = (M7= o :,Vl PBolVa™ o)/ Tare (3
L_| ol —60 da ox/dlt =752 | @ 0 — ii M OD(Spr (V= Wo))| . (6)
Na | 3 50 [025 [-25 |7na~0 o X NaL R
K |4 -90 | 0.25 =25 |1« =2
gl | 015 50 1 —20 | 79 =30 These equations describe the production of orexin in neu-
ox | 0.135 50 1 20 | 1oy = 300 rons A and its consumption following the spiking activity.
0.2 i, = 7500 See Ref. [4] for further details about the model and Table 1
5, =920 for the parameter values.
ext T = 24000 The Orexin sector of the dynamics is expected to direct
70 = 500 the homeostatic sleep process by (i) initiating wakefignes

from a suficiently strong stimulus associated to the circa-

Here and in the followingp = A, B labels the neuron dian rhythm — this in turn activates neuron B; (ii) main-
type whilei labels neurons, i.ei = 1,...,Na for p = A taining wakefulness once the pulse is finished — i.e. the
andi = 1 for p = B. The equations for the membrane po-System remains in the wake state with both neurons A and
tentials and the form of the current terms are of a HodgkirB firing due to reciprocal excitation between the neurons;
Huxley-type: C, = 1uF/cn? are the membrane capaci- (iii) initiating sleep — this is the transition from wake to
tances per unit ared;, represents the circadian stimulussleep — by stopping the firing activity in both neurons due
as a square pulse of height > 0 and lengthry at the to decreased availability of orexin according to the dynam-
beginning of each daily period, see also figures below; ics of theM-variables.
18 = 0.(V{"~EL) are the leakage currents, wheres the

. e . Iy =0.893 mA

maximum conductance artl the equilibrium potential; os 2 ik
19, = gV - E)all), (@ = Na K, gl,0x), whereg,, E, E e
have similar meaning ara},, are the activation variables, $oz
are the the ionic currents of Sodium, Potassium, and those s 23
induced by glutamate and orexin (the latter only for neu- =8
ron B), respectivelylij = kin(VY V(") is the interaction NS ———t .
current between two orexin neurong A;. Eeor — L

The Na-currents are assumed to be activated instanta- ® 20 e f
_neou_sly:a’g_',),\la = cI)(SNa(Vé')—WNa)), O(x) =1/[1+exp(X)] 3 I§§
is a sigmoid functionSy, the slope parameter aity, the 260 —
activation threshold. Instead, the K-currents equation is T
da&/dt = [a‘()',)K - @(SK(V,g') — Wi))] /7, with analogous §g§ ; : :
parameters but a finite relaxation time > 0. . 0.15 —

Unlike the Na and K currents, the coupling curret#é 5 01
and Ig ox depend on the activity of both presynaptic and ~oosf I l
postsynaptic neurons. Since both glutamate and orexin are A -
excitatory neurotransmitters, they are assumed to open de- 208N .
polarizing ion channels. For glutamate in neurons A: 0‘60 R R T T ST

dal sdt =[a® - oSy vY-w ) 3 .
aol/ [Br g~ P(SailVe 8g)]/Tg 3 Figure 2:Sample of four periods of some relevant variahlers

Notice that (a) this is an interaction term, since it depem%ls time for neuron A and B for a height of the external current

nV.Y: and that (b) here we intr ce diversitv thr H)ulselo = 0.893 mA and lengthro = 0.5 s (the daily period is
0 B d (®) e(i) € oduce ersity oug 7 = 24 s). For these parameter values and the others in Table 1
the diversified thresholda/g

: g+ Inneuron B the glutamate- yhe response of the system presents peiodicity.
current is assumed to be given by the averages of the con-

tributions of all neurons A,

Na 3. Results: effect of diversit
_ 1 ) o y
da) /dt =75t |al), - N DloEuvO-win|. @) _ _
= We quantify the quality of a sleep wake cycle through

. . . . .. the codficientr, given b
As for the orexin dynamics, besides the orexin activation g y

variableag o, there areN, additional variablesn®(t) rep- r(AtDy, (At@Y) = (AtOy/ry — (At@Y /75, (7)
resenting the availability of orexin produced by neurdf; A N

also in this case, the globaffect of neurons A on neuron Here (At®y = pI At,q‘)/NSp, k = 1,2, is the average of
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Y S S S S S S S S S S to the stimulation from the neuron B. We studied a system
PO A S S N A S N N S S with Na = 20 neurons Awith diversified threshold pa-
D IS N T T T T T T T | rametersW{), i = 1,....Na extracted from bell-shaped
S e e e e e e e e B distributions of widthéWg g1, but always with the same av-
P I S A A erage valueNg g = Wgg for all values of the diversity
§ ) S S A S S S S S S 0Wg g The resulting raster plots of the activity of neuron
ST I S S S S S S S N S B are shown in Fig. 3-Above and the time dependencies
P I N A S S S S S S of some variables of neuroA; and B for the particular
B S S S S S S cases of diversitieéWg g = 1 mV andéWg g = 5 mV are
0 O T S T S S S S shown in Fig. 4. The existence of an optimal degree of di-
ob—i =i =i =i =i H versity betweedWg g = 1 and 15 mV can be seen also in
o '1 ; ;, ; ; é ; é ; 1'0 Fig. 3-Below from the coéicientr versus §Wg g. The un-
tt derlying mechanism leading the system from the double-

to the single-periodic response as diversity is increaaad ¢
be interpreted following the prototype mechanical model
of diversity-induced resonance introduced in Ref. [1], see
Ref. [4] for a detailed discussion of this point.

0.9
o Wy g =1mV BWg g =5mV
L o8 . ‘ T — T T
T 06 41k
< 04 s
S 02 s
0 , \ . , L
0
S 20
% -40
60
1 1 1 1 1 1 Z 80
100 + t + + t + t t t T
0 1 2 3 4 5 5 80F
£ 60 F .
< 40p. g e B
6WB,G| B o0 f° g —

g ﬁ
Figure 3:Effect of diversity in the B>A; synapses for dierent s"ggw “ ‘ " W H I

heterogeneity leveléWs g. Above: ten periods of raster plots of e}
neuron B. Below: coicientr, Eq. (7). See text for details. im aof

the wakefulness time intervals in the d&y={ 1) and night
(k = 2), Nsp being the total number of periods of the simula-
tion, while ry are the length of day and night, respectively, 1 1
assumed to be; = 2r/3 andr, = 7/3 (r is the daily pe- o ce 1 i (%r Beas wo e v ./ e
riod). The coéficientr can vary in the interval (-1,1), the

maximum (minimum) value = 1 (r = —1) corresponding Figure 4:Sample of four periods of some relevant variables and
to an optimal (to the worst possible) cycle. Deviation frominter-spike timesst, (p = A, B) versus time for neuron A and
the optimal state = 1, obtained forAt) = 7, (wakeful- neuron B for diferent levels of the threshold diversiéyVs g =
ness during the entire day) and® = 0 (sleep during the 1 mV (left) anddWB:g| = 5 mV (right). Compare Fig. 3 and see
entire night), imply aAt® < 7, or At@ > 0. text for further details.

In the examples considered the initial configuration in |n addition to the variation of the glutamate thresholds,
the absence of diversity is a sub-threshold state illuesdrat a|ready reported in Ref. [4], here we diversify some other
in Fig. 2, characterized by a response that has period 3ystem parameters.

— therefore undesirable from the point of view of a good |n Fig. 5 we show the raster plots of neuron B (for the
sleep-wake cycle — obtained for a value of the curreriame values of the other parameters) when the equilibrium
pulse height, = 0.893 mA (the other parameters are in TapotentialsE, of the leakage currents of neurons A are di-
ble 1). Such an under-threshold non-optimal configuratiogersified in a way similar to that described above for the
is @ most convenient starting state since it is very semsitiylutamate threshold. The diversity levelg, are shown

to the efects of added heterogeneity. on the right axis of Fig. 5. In this case one does not re-

Since similar results are obtained when diversifying thally observe a diversity-induce resonance, yet there & cle
thresholds at neurons A or at neuron B, we limit ourselvegualitative improvement of the system response, when go-
to a discussion of the former case, i.e. when the thresholdsy from a homogeneous syste@E( = 0) to one with
Wé[)l of the B—A; synapses at the neurons A are diversiheterogeneityE, > 0, that evolves from the one with pe-
fied. Therefore each neuron fesponds in a dierent way riod 2r into a robust periodic response of perinfdespite
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the wakefulness daily time remains quite short respect gystems, such as encodinfi@ency and periodicity. This

the ideal value 2/3).

- - - - ~ 4 8 =3

- L L L - J 8 =2

0 1 2 3 4
t (s)

Figure 5:Raster plot of neuron B for @fierent levels of diversity
of the leakage equilibrium potenti&j .

As a last, diferent way to look at diversity in this model,

we report about the variation of the slope parameSys

holds for diferent types of diversity, that can be present
at various levels ranging from ion-channel dynamics to the
homeostatic mechanism regulating the sleep-wake cycle on
a daily time scale.
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