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free running period, FRP) is close to 24 h. The endogenous rhythms are regulated

MSC: by a master clock located in the suprachiasmatic nucleus (SCN) of mammals, where
92B25 the SCN neurons show heterogeneity in the sensitivity to the light. In this article,
34C15 we examined how this heterogeneity influences the FRP under constant light. Using
05C82 a Poincaré model for the SCN network it is shown that the FRP increases with the
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Circadian rhythm constant light conditions, while others lose their rhythms completely. Our findings help
Network to understand how the neuronal heterogeneity to light sensitivity in the SCN influences

the circadian behavior of the animal.
© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Circadian rhythms are present in the behavioral and physiological activities when living beings are exposed to the
natural light-dark cycle [1-6]. Interestingly, living beings maintain a robust endogenous rhythm with an period close to
24 h even in the absence of an external light-dark cycle [7-10]. In these constant conditions Aschoff’s rule applies, stating
that for nocturnal animals the period increases when the light intensity increases, if the light is on constantly [11-15].
The period in constant conditions is called the free running period (FRP). This FRP varies among species, and is roughly
distributed between 22 h and 28 h [3].

The FRP is related to the ability to entrain to the external 24 h light-dark cycle dictated by the rotation of the earth.
Individual animals, or animal species where the endogenous rhythm deviates more from 24 h also experience more
difficulties to entrain to these external rhythms of 24 h in light and darkness [16,17]. For example, human chronotypes
differ in their ability to adjust to the external light-dark cycle. Morning persons have an endogenous period closer to 24 h
than evening persons, and evening persons have more difficulties adjusting their rhythms to the natural 24 h cycle [16].

In mammals, this clock that creates these endogenous rhythms is located in the suprachiasmatic nucleus (SCN) above
the optic chiasm in the brain [5]. The SCN is composed of about 20,000 self-oscillating neurons with nonidentical intrinsic
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periods. These nonidentical neurons form a heterogeneous network that is coupled through neurotransmitters. [5,18-22],
i.e., vasoactive intestinal polypeptide (VIP), arginine vasopressin (AVP), and gamma-aminobutyric acid (GABA) [23-27].
This heterogeneous network in the SCN creates a robust rhythmic output signal with a uniform circadian period. The SCN
can be divided into two distinct subgroups, namely, a ventrolateral part (VL) and a dorsomedial part (DM), which differ
both functionally and physiologically.

Another division involves the light-sensitivity of the neurons: approximately 25%-30% of the neurons are directly
sensitive to light-information coming from the retina through the retino-hypothalamic tract (RHT), while the remaining
group of neurons are insensitive to light. Until recently it was thought that the group of SCN neurons that are sensitive
to the light-information are mainly situated in the VL, and the group of neurons that are not sensitive to the light input
signal are situated in the DM. The coupling between the VL and the DM is asymmetrical, since the VL relays the light-
information to the DM but the DM affects the VL to a lesser extend [24,28-30]. However, recently, it was reported that
the light-sensitive neurons are not located in one specific subregion of the SCN [31,32]. In other words, neurons located in
both VL and DM can be directly sensitive to the light information. Interestingly, one study implied that the neurons in the
VL can be activated at lower light levels whereas the neurons in the DM require higher light intensities [31,32], indicating
that the sensitivity to light information for the SCN neurons is heterogeneous, i.e., the sensitivity to light-information
coming from the RHT is larger in the VL than in the DM [33].

We will examine whether the FRP is affected by the heterogeneity in light-sensitivity based on a Poincaré model
exposed to constant light. For simplicity, the light-sensitivity for the neurons is assumed to be identical within each
subregion, but is heterogeneous across different subregions. The rest of this article is organized as follows. In Section 2,
the Poincaré model is introduced to simulate a SCN network exposed to the constant light. In Section 3, we present the
simulation results of the effect of the heterogeneity on the FRP. In Section 4, the analytical results are presented. Finally,
the conclusion and discussion are included in Section 5.

2. Description of Poincaré model

The Poincaré model is often used to describe the SCN neuronal network, because of its general oscillator description
based on phase and amplitude, which also makes it more straightforward to perform theoretical analysis on this
model [4,10,17,34,35]. Each Poincaré oscillator contains amplitude and phase information, denoted by two variables, x
and y. All oscillators are coupled through a mean field F. In this article, this model is used to investigate the effect of
heterogeneity in light sensitivity on the FRP of the SCN. The SCN network exposed to constant light can be modeled as
follows:

2y
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where i denotes ith oscillator, the parameters y, a, and 7 are the relaxation parameter, intrinsic amplitude and intrinsic
period of the individual oscillator, respectively. w; introduces the difference in the intrinsic periods for the individual
oscillators which satisfies a normal distribution with the mean equal to 1 and the standard deviation o. The parameters
G, L;, and N represent cellular coupling strength, light term and the total number of the SCN neurons, respectively. The
parameter r; is the amplitude of ith oscillator which reads

n= ¢4y i=12.N. 2)

Let the light term L; be ;L, where L is the intensity of the constant light and ; is the sensitivity to the light for the neuron
i. For simplicity, we assume that the values of [; are the same for the neurons within the same subregion of the SCN and
the values differ between distinct subregions. If the neuron i is located in the VL (i.e., 0 < i < N;), wesetl; = 1+ q,
and if the neuron i is located in the DM (i.e,, N; < i < N), we set |; = %(Nl:“‘” since I; satisfies % Z,{il l; = 1. Because
the sensitivity is larger for VL than for DM, we only consider the case where q is larger than or equal 0. For example,
when the numbers of VL neurons and DM neurons are the same (i.e.,, Ny = N, = %), we obtain [; = 1 + g for the VL and
li =1 —q for the DM, where 0 < q < 1. The key parameter q represents the heterogeneity degree of the light sensitivity
for the VL neurons and DM neurons. If ¢ = 0, the light sensitivity is the same between these two groups. If ¢ > 0, there
is heterogeneity in the sensitivity to light between both groups.

In the present study, we used the fourth order Runge-Kutta method with time steps of 0.01 h for the numerical
simulations. The initial 5,000,000 steps were neglected to avoid the effect of transients and the next 100,000 steps were
selected. The initial values of x and y were selected randomly from a uniform distribution in (0,1) for each oscillator.
The parameter y is the rigidity of the oscillatory system, which represents the stability of the system with respect to
amplitude perturbations (amplitude relaxation rate upon perturbation) [4,36]. In Refs. [4,37] y is set to be 1, because the
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Fig. 1. Temporal evolutions of one VL neuron and one DM neuron affected by the heterogeneity degree q under the constant light. ¢ = 0.0 in (a),
g =0.5in (b) and ¢ = 1 in (c). It is visible that the FRP increases with the increase of q. The peak of the VL neuron is indicated by a black solid
line, thus, the FRP is the intervals between two consistent solid lines. The coupling strength is G = 0.15. Note that the neurons within one subgroup
are identical, therefore, we select one VL neuron or one DM neuron to present the VL subgroup or the DM subregion, respectively.

SCN was regarded as a rigid oscillator, as opposed to peripheral oscillators that have a smaller value for y. The particular
value of the amplitude relaxation rate y = 1 is comparable with experimental measurement [4,37]. Because the exact
value of neuronal amplitude cannot be found now, in experiments, for simplicity, the intrinsic neuronal amplitude a is
set to be 1 [4]. The parameter 7 is the intrinsic period of the neurons which is close to the external day-night period,
and consequently, it is set to be 24 h [4]. Accordingly, we set y = 1, a = 1, T = 24 throughout the article. The coupling
strength G is selected to be around 0.1 [4,30]. If G = 0.2, the endogenous period of the SCN network is about 40 h which
is far away from 24 h. Therefore, we here select G as 0.05, 0.1, or 0.15. There is no evident to show whether the coupling
effect is larger than light effect or vice versa, consequently, the light intensity is select as 0.1, i.e., three cases are examined
in the present study, G > L, G = L and G < L, respectively. Without special statement, the standard deviation is o = 0,
the total number of neurons was N = 100, of which the number for the VL neurons was N; = 50 and for the DM neurons
was N, = 50.

3. Numerical results

An illustrative example for the effect of heterogeneity degree in light sensitivity g on the FRP is shown in Fig. 1. If
the degree equals 0, the light sensitivity of the neurons in both SCN regions is identical (i.e., homogeneous throughout
the SCN), no phase difference between the VL and the DM is found (Fig. 1a). Thus, the VL and the DM are perfectly
synchronized, with equal periods of about 27.2 h. With ¢ = 0.5 (Fig. 1b), the sensitivity to light is three times higher in
VL than in DM. In this case, VL and DM are still synchronized, but with a moderate but fixed phase difference. The periods
of both VL and DM oscillators are about 27.4 h. With g = 1 (Fig. 1c), the neurons in the DM region are not sensitive to light
at all, and only neurons in the VL are sensitive to light. The VL and the DM remain synchronized, but the phase difference
is somewhat larger, but still fixed. The periods of both subgroups are around 28.2 h. Therefore, with the increase of the
heterogeneity degree g, the free-running period (FRP) of the SCN increases.

Next, the heterogeneity in light-sensitivity in the SCN regions was investigated for different coupling strengths between
both regions. Fig. 2 shows the quantitative relationship of the FRP for each subregion to the heterogeneity degree q for
three selected cases of coupling strength. The coupling strength is G = 0.05, 0.1 and 0.15 from panel (a) to panel (c),
respectively. For weak coupling strengths, in (a) and (b), a critical value is observed where the periods of the VL and DM
regions disperse when q is larger than this critical value q., and the synchronization between the regions is lost, because
the period of VL increases with increasing g, and the period of DM decreases with increasing q. When q is not larger than
qc, the FRP of the VL and the FRP of the DM are equal and increase with the increase of q (see inset in both panels). The
critical value for G = 0.05 is g = 0.33 and for G = 0.1 is g. = 0.68, respectively. In (c), when the coupling strength is
large, the periods of the VL and the DM are equal in the whole investigated range of q, which increases with the increase
of q. Therefore, q influences the FRP of the SCN as well as the synchronization between these two subregions.
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Fig. 2. The relationship of the FRP for each subregion to the heterogeneity degree q with selected coupling strength. The coupling strength is
G = 0.05,0.1,0.15 from (a) to (c), respectively, and the intensity of the constant light L is 0.1. In the inset in (a) or (b), the relationship for q < q.
is enlarged to show that the period increases for increasing q.
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Fig. 3. The relationship of the critical value g. of the heterogeneity degree or the critical free running period FRP. to the coupling strength G. The
coupling strength G is selected from 0.05 to 0.15 with interval 0.01, and the intensity of the constant light L is 0.1.

The relationship of the FRP for each subregion to the heterogeneity degree g with selected coupling strength G = 0.07,
0.09 and 0.11 is shown in Fig. S1 in the supplementary materials. These findings are consistent with Fig. 2.

Moreover, we examined the relationship of the critical value g, of the heterogeneity degree or the critical free running
period FRP. to the coupling strength G in Fig. 3. It follows that with the increase of the coupling strength G, both g. and
FRP. increase.

We examined whether the network structure of the SCN affects the main results. Two network types are considered, the
small-world network [21,22,38] and completely random network [38]. The relationship of the FRP for each subregion to
the heterogeneity degree g on the small-world and completely random network is shown in Figs. S2 and S3, respectively,
in the supplementary materials. These findings are also consistent with Fig. 2.

In addition, we examined whether the difference in the neuronal intrinsic periods affects the relationship between
the FRP for each subgroup and the heterogeneity degree in light-sensitivity q (Fig. 4). It is visible that the relationship is
not alternated by the deviation o qualitatively. In other words, the relationship remains positive between the FRP and ¢
when q < ¢, in (a) and (b) or in the whole investigated range of g in (c) for all intrinsic neuronal periods.
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Fig. 4. The relationship of the FRP for each subgroup to the heterogeneity degree g when the neuronal intrinsic periods differ. The deviation is
selected as o = 0.005, 0.01, and 0.015, respectively, and the intensity of the constant light L is 0.1. (a) and (b) corresponds to the insets of (a) and

(b) in Fig. 2, respectively, and (c) to (c) in Fig. 2.

4. Analytical results

To simplify the analysis, we set N = 2, i.e., one oscillator represents the VL and the other represents the DM. The mean
field is reduced to F = @ Accordingly, Eq. (1) can be rewritten as

21w X X
Y1 +1—;2G+L1,

X1 =yxi(a—ry)—
T

. 2x1m
y=yyila—r)+ rl ,
2y27T n X1 -;Xz

G+ Ly,

X; =yx(a—r1)—

. 2XoTT
Va=yy(a—n)+ -

where Lq, l;,L. For convenience, we convert Eq. (3) from Cartesian coordinates to polar coordinates. Let x; =
r1C0S01,y1 = r18inf,x; = 1,€056,,y, = 13sin6,, and w = ZT” After substitute them into Eq. (3), one can obtain

. G
1 =yr(a—ry)+(r cos? 6; + r, cos 6; cos 92)5 + L; cos 64,
. . . G Ly .
601 = w — (r1 cos 61 sinfq + r, cos B, sinf;)— — — sinb,

2r1 1

c (4)

iy = yra(a — 13) + (12 c0s® 6, + 11 c0s By cos 6'2)5 + L, cos 6,
. ) . G L, .
6, = w — (r; cos 6 sinb, + 1, cos B, sinfy)— — — sinH,.

2r2 b

When the oscillators are synchronized, let 6; = 2t + ¢¢ and 6, = 2t + ¢, and @ = ¢, — ¢1, where £2 is the angular
frequency. The averaging method developed by Krylov and Bogoliubov as used in Ref. [4,39-41] is taken into account,

then we have

(cost (1 + 21) = %

cos
(cos(¢, + £2t)cos(py + £2t)) = 5
{cos(¢1 + 2t)sin(¢; + 2t)) = 0, (5)
. sin«
(cos(¢ + £2t) sin(¢q + £2t)) = -

(cos(¢p1 + £2t)sin(¢ + 2t)) = ?,
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where (-) represents the average in one circadian cycle. If the VL and DM output one uniform FRP, we obtain r; =1, =0,
6, = 6, = £2. For simplicity, the non-averaged sign of rq, 15, ¢1 and ¢, is kept in the following. Substituting Eq. (5) into
Eq. (4), Eq. (6) is obtained
G
O=yri(@a—r)+(ri+n cosa)z + Ly cos 6,
r,Gsinae Ly .
2 =w+ —— — —sinby,
4T'1 r
G
0=ynr(a—ry)+(ricosa + rZ)Z + L, cos 6,,

riGsina Ly

2 =w — —=sin 6.

4T2 Ib)

From Eq. (6), we obtain
cos6r — ri(a—ry) 4 (r1 +racosa)$
1= —Ll )
rpGsina
sinf; = nle + %%, 2)
L | 7)
coshr — ra(a—r3) 4 (ry + 11 cosa)$
) = L ,
_ nGsine
sinf, = (o = T 2
Ly
Because of sin® #; 4+ cos?6; = 1, and sin 6, + cos® 6, = 1, Eq. (7) is simplified as

ri(a—ry) +(ry +racosa)s r1(w+%—9)2
[ I+ *=1,

—L1 Ll, (8)
ra—r)+(rp+ricosa)s ,  Ta(w— Ligﬂa -2),

" +1 ?=1.
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When the oscillators are synchronized, Fig. 5 shows the amplitudes of the VL and DM are almost equal (R =r; =~ 13).
Therefore, from Eq. (8) we obtain

4q1?
R G(w — 2)’
where L1 = (14 q)L, L, = (1 —q)L.

When the VL and DM output one uniform FRP, i.e., the oscillators are synchronized, the difference between the VL and
the DM is very small in that we obtain « — 0 and cosa — 1. After substitute Eq. (9) into Eq. (8), one can obtain

sina =

(9)

qL*
b? + R? — QP =01+q0? 10
+ [‘”+R2(a)—9) F=0+9q) (10)
where
GR
bER(a—R)+7. (11)
Therefore, §2 can be solved from Eq. (10):
212 _ K2 — a)J]2 —_ 2
Q:w_[mwu B> J(1—qPL b, (12)
2R 2R
If q is a small value, Eq. (12) is altered to be
LZ
Rrw— ————q. (13)
R\/Lz—bzq

From Eq. (13), we observe that the relationship between £2 and q is negative, i.e., between FRP and q is positive. This
means that, when the VL and the DM are synchronized, the FRP of the VL and the FRP of the DM are equal and increase
with the increase of q. Consequently, we theoretically explain the results in Fig. 2.

From Eq. (12), the range of the heterogeneity degree g can be obtained, ie., 0 < g <1— % therefore, the critical value
of the heterogeneity degree is

b
QC=1—2. (14)
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Fig. 5. The neuronal amplitudes r of each subgroup versus the degree g when the SCN neurons are synchronized. The coupling strength G is 0.05,
0.1, 0.15 in (a-c), respectively. ry, and rpy is ry and r, respectively, R = r; ~ r,. These figures are simulated based on Eq. (1), and the parameters

are the same as for Fig. 2.
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Fig. 6. The relationship between b and G from Eq. (11). The coupling strength G is from 0.05 to 0.15 with interval 0.01.

Submitting Eq. (14) into Eq. (13), we have

L2
2.~ w R ch. (15)
From Eq. (11), we obtain that the relationship between b and G is shown in Fig. 6. It follows that b decreases with the
increase of G. Eq. (14) shows that the relationship of g, to b is negative, therefore, q. increase with G increase. Moreover,
from Eq. (15), we observe that the relationship between £2. and ¢, is negative, i.e., the relationship between the critical
free running period FRP. and g, is positive. Accordingly, FRP. increase with G increase. In summary, we theoretically
explain the results in Fig. 3.
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Fig. 7. The comparison in the relationship of q. to G between the theoretical results and the numerical simulations. The coupling strength G is from
0.05 to 0.15 with interval 0.01.

The comparison in the relationship of g. to G between the theoretical results and the numerical simulations is shown
in Fig. 7, and the theoretical results originate from Eq. (14) while the numerical simulations from Eq. (1). It is visible that
the theoretical results are almost consistent with the numerical simulations.

5. Conclusion and discussion

In the present study, we examined whether the heterogeneity in the light-sensitivity of the SCN neurons affects the
FRP based on the Poincaré model exposed to the constant light. From Aschoff’s rule we know that light intensity increases
the FRP in nocturnal animals [11]. However, rhythmic behavior in constant light is more complicated than the endogenous
rhythms in constant darkness in rats [42-44]. In some rats, the SCN rhythm is robust because the SCN neurons are well
synchronized, while other rats lose their rhythm. Our model shows that the FRP can be different between animals due to
heterogeneity in the sensitivity to light for different subsets of neurons in the SCN. This is an extra potential mechanism
for a longer FRP in constant light conditions among different animals and animal species.

Moreover, we found that there is a critical value in the heterogeneity degree. If the degree is smaller than the critical
value, the neuronal periods of both subregions remain the same, which means that the SCN regions remain synchronized.
The FRP increases if the degree of heterogeneity is higher. If the degree is larger than the critical value, the neuronal
periods differ between subregions, where the periods of the VL neurons increase, while the periods of the DM neurons
decrease with the increase of the degree, so the synchronization between these two subregions is lost. This critical value
may be related to loss of rhythmicity that is experimentally found for some animals to appear in constant light conditions,
while other animals continue to have a rhythm [45]. Some animals may have a higher degree of heterogeneity in light
sensitivity than others, and may therefore become arrhythmic due to the loss of synchronization between both subregions,
while other animals remain rhythmic because the subregions remain synchronized.

A possible reason for some animals to go above this critical value and become arrhythmic, and others to stay below this
critical value and remain rhythmic may be explained by the difference in the period length of neurons between subregions
in our model, i.e., the periods of the VL neurons are larger than those of the DM neurons. In future experiments it is worth
examining whether the neurons that have a longer period may be more sensitive to light, while neurons that have shorter
periods are less sensitive or even insensitive to light.

Another possibility is that some animals have a higher coupling G, while having the same sensitivity to light. With a
higher coupling strength, the critical value where light sensitivity leads to arrhythmic behaviors is also higher, leading to
the ability to remain rhythmic for a higher FRP.

It has been shown that the FRP can change in one animal in different photoperiods (seasons), or due to age [17,46].
For example, adolescents tend to have a longer chronotype, meaning having a longer FRP, than other age groups [46].
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This change over time may also be related to either the neuronal endogenous periods in the different subregions leading
to heterogeneous light sensitivity in VL and DM, or a change in the coupling strengths within the SCN.

Our findings help to understand the mechanisms that may be in play in constant light conditions, and explain how
the effect of neuronal heterogeneity to light sensitivity affects the collective behavior of the SCN neurons. This helps to
understand why some animals or animal species, including humans, have more difficulty adjusting their rhythms to the
natural 24 h light-dark cycle than others.
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