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Abstract

A four-dimensional model was built to mimic the cross-talk among plasma glucose, plasma
insulin, intracellular glucose and cytoplasmic calcium of a cardiomyocyte. A time delay
was considered to represent the time required for performing various cellular mechanisms
between activation of insulin receptor and subsequent glucose entry from extracellular
region into intracellular region of a cardiac cell. We analysed the delay-induced model and
deciphered conditions for stability and bifurcation. Extensive numerical computations were
performed to validate the analytical results and give further insights. Sensitivity study of
the system parameters using LHS-PRCC method reveals that some rate parameters, which
represent the input of plasma glucose, absorption of glucose by noncardiac cells and insulin
production, are sensitive and may cause significant change in the system dynamics. It was
observed that the time taken for transportation of extracellular glucose into the cell through
GLUT4 plays an important role in maintaining physiological oscillations of the state vari-
ables. Parameter recalibration exercise showed that reduced input rate of glucose in the
blood plasma or an alteration in transportation delay may be used for therapeutic targets in
diabetic-like condition for maintaining normal cardiac function.
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1 Introduction

Calcium, the ubiquitous second messenger, is essential to the cardiac chamber’s contrac-
tion and relaxation mechanism, a process known as excitation-contraction (EC) coupling
[1]. This second messenger is always in dynamic state and oscillates in the range of 40-180
beats per minute (bpm) for normal cardiac cells. Any deviation suggests an unhealthy state
[2, 3]. Core calcium dynamics in cardiomyocytes are primarily subject to the membrane’s
electrical activity that operates voltage-gated channels, allowing calcium to enter into the
cell, whereas other ATP-driven pumps, exchangers and channels mediate the calcium fluxes
among sub-cellular compartments and across the plasma membrane [4]. Electrical bursting
causes oscillations in the intracellular calcium concentration and may lead to oscillatory
insulin levels in blood plasma due to pulsatile insulin secretion [5—7]. This type of oscil-
lations may be also observed in the model populations due to consideration of delay time
in performing various metabolic activities [8—11]. Any abnormality in calcium homeostasis
may play a significant role in progression of common cardiovascular disorders, including
cardiac arrhythmias and heart failure [12]. EC coupling consumes a significant amount
of cellular energy which is primarily compensated by mitochondrial oxidative phospho-
rylation [13]. Glucose metabolism compensates up to 20% of total energy requirement
of a healthy heart. Extracellular glucose is transported into cardiomyocyte through glu-
cose transporters primarily by GLUT4 in adult cardiomyocytes [14] and this process is
tightly regulated by circulating insulin levels [15]. Insulin receptors based on the cell sur-
face undergo auto phosphorylation after insulin binding, which initiates a signalling cascade
and results in translocation of GLUT4 to the membrane to facilitate glucose uptake by
the cell [16]. Thus, insulin stimulation in vivo increases myocardial glucose utilization by
40-60% [17, 18].

Because of its elevated and strictly regulated energy requirements, changes in systemic
insulin sensitivity or changes in myocardial insulin action may affect cardiac metabolism
and functioning. Diabetes-like condition (insulin resistance) impairs the ability of the heart
to adjust with the changing energy demands. For example, insulin resistance affects GLUT4
activity, which sometimes leads to cardiovascular complications [19]. Any deregulation,
either in the insulin level or in extracellular/intracellular glucose level or consequent alter-
ations in calcium oscillations, may have insulting effect on cardiac function and hence
health of the heart per se [3, 20]. Contractile dysfunction due to reduced Ca2* transients is
one of the major causes of diabetic cardiomyopathy and the decreased Ca?™ sensitivity is
suggested to be glucose dependent [21].

Comprehensive information on the cross-talk among glucose, insulin and calcium to
maintain healthy cardiac functioning is very scattered and lacks a conclusive rationale.
Researchers have studied the glucose-insulin regulatory system mainly in beta-cells and
skeletal muscle cells [22], but comparatively very few studies have been done on car-
diomyocytes [14, 15, 23]. The combined effect of the glucose-insulin regulatory mechanism
with calcium dynamics is not well addressed in cardiomyocyte. Therefore, it would be
interesting to investigate the cross-talk among glucose, insulin and calcium with respect
to a cardiomyocyte. In the present study, we propose a four-dimensional delay differen-
tial system involving blood plasma glucose, blood plasma insulin, intracellular glucose
and cytoplasmic calcium concentrations in cardiomyocyte as state variables and analyse
it to obtain conditions for stability and bifurcation. Besides analytical observations, we
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did extensive numerical experiments on the proposed model using realistic parameter val-
ues. Sensitivity of system parameters was determined using a statistical technique known
as LHS-PRCC analysis. The overall objective of this study is to understand the role of
glucose transporting delay in cardiomyocyte, especially under diabetic condition. We also
explored the possible restoration mechanisms in the case of cardiomyocyte dysfunction
under diabetic condition.

2 Construction of mathematical model

Here we propose a mathematical model that captures the vital interaction among plasma
glucose, plasma insulin, intracellular glucose and cytoplasmic calcium of a cardiomyocyte.
As depicted in Fig. 1, insulin binds to its receptor (IR) on the cardiomyocyte membrane and
communicates a signal to the glucose transporter GLUT4 for activation, resulting in uptake
of plasma glucose from the outside to the inside of the cell in a concentration-dependent
manner [14, 24]. There is also a negative feedback on the plasma levels of insulin depending
on the levels of cytoplasmic glucose. Within a cardiomyocyte, a major portion of intra-
cellular glucose is used for energy production in the form of ATP through the cell energy
metabolism process. The remaining glucose is stored inside the cell in different forms [25].
ATP thus generated controls cardiomyocyte calcium dynamics through SERCA2a pump
of sarcoplasmic reticulum (SR) [26]. We consider for simplicity that calcium flux through
SERCA2a pump is dependent on the intracellular glucose concentration. Cytoplasmic cal-
cium dynamics is regulated through L-type calcium channel (LTCC), Nat/Ca?t exchanger
(NCX) and SR. Calcium enters into the cell via LTCC, which then allows RyR?2 channels to
release more calcium into cytoplasm from SR, known as calcium-induced calcium release
(CICR) [27]. After completion of cardiomyocyte contraction, a portion of cytoplasmic cal-
cium goes back into SR through SERCA?2a pump and another portion goes to extracellular
region via NCX. A physiologically defined calcium concentration therefore plays a crucial

Extracellular Glucose (G) Insulin (1)

Intracellular Glucose (G;)

L-type
channel

NCX

Fig.1 Schematic diagram of insulin-dependent glucose-calcium interaction in a cardiomyocyte
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role in maintaining normal cardiac functioning. Based on this description, we propose the
following model:

dG, vG, rG.l
—* = - —diGe,
dt k] +Ge k2+Ge
dl G,lI 1G;
Yy e M
dt ks + G, km + G
dG; rG.I(t—1)
= — - G,
dt k> + G, 3
dcC pC? nC%G;

ar CET +C? K+ diC W
where G, and [ are the concentrations of glucose and insulin in the blood plasma, and
G, and C are the concentrations of intracellular glucose and cytoplasmic calcium of the
cardiomyocyte, respectively.

It is observed that glucose input in blood plasma from all sources always maintains a
saturation limit [28]. So in the rate equation of extracellular glucose, input of glucose in the
blood plasma is represented by the saturated type function klvfée , where v is the maximum
level of plasma glucose and k; is the corresponding half-saturation constant. The second
term kﬁ"éﬂ represents insulin-dependent transport of plasma glucose from outside to inside
of the cell with the help of the glucose transporter GLUT4. Here, r is the maximum rate of
glucose transportation and k» is the corresponding half-saturation constant. The term d; G,
represents the glucose absorption by cells other than cardiomyocytes, where d; is a rate
constant.

A baseline insulin is maintained in the blood plasma [29]. Therefore, in the rate equa-
tion of insulin, a baseline insulin input in the blood plasma is represented by the constant b.
Glucose-dependent insulin secretion from the pancreas in the blood plasma follows a satu-
rated type curve [33] and is represented by the term kﬁeée, where e is the maximum rate
of insulin generation and k3 is the half-saturation constant. It is reported that intracellular
glucose (G;) has a negative feedback on insulin concentration when intracellular glucose
reaches some threshold value [30]. This negative feedback effect of intracellular glucose
on the plasma insulin has been represented, following [34], by the term killfé,- , where s is
the maximum negative feedback rate and k,, is the corresponding half-saturation constant.
A natural degradation of insulin is considered through d> 1, where d is the corresponding
degradation rate constant.

In the rate equation of intracellular glucose G;, the first term represents the transported
glucose into the cell by insulin-dependent GLUT4 transporters. GLUT4 is packaged into a
specialized compartment and remains static in the absence of insulin. In response to insulin
stimulation, GLUT4 is expressed and translocated from intracellular location to the cell
membrane, where it allows plasma glucose to enter into the cell [24]. Without consider-
ing the intermediate transportation mechanisms in an explicit way, we consider the time ©
required for activation of the insulin transporter and subsequent entry of extracellular glu-
cose into the cell. The translocated GLUT4 near the cell membrane at time ¢, which causes
entry of plasma glucose at time ¢ into the cell, is actually the stimulating effect of plasma
insulin at time ¢ — 7. This insulin-dependent transportation of glucose, however, saturates
as the plasma glucose concentration increases [33]. The first term in the rate equation of
intracellular glucose represents such insulin-dependent saturated glucose entry into the cell
at a maximum rate r with half-saturation value k. A degradation of intracellular glucose is
represented by the term d3G;, where d3 is the corresponding rate constant.
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In the rate equation of cytoplasmic calcium concentration, a constant calcium input L
is considered to represent the calcium influx through L-type channels [31, 32]. The major
influx of calcium into the cytoplasm from SR occurs via RyR2 channel and major efflux
from the cytoplasm into SR is regulated by SERCA2a pump. RyR2 channel-dependent cal-

nC2G;
K+c?’
n and ks are the maximum rate and half-saturation constant respectively. A portion of cyto-
plasamic calcium goes back to SR through SERCA2a pump and it depends implicitly on
the intracellular glucose concentration. Therefore, following [36], we model this efflux by
nCG;
k2+C2’
Change in calcium concentration is relatively fast and quickly reaches to its saturation
value [35, 36], and therefore, the Hill constant is assumed to be higher. Another portion of
cytoplasmic calcium goes out to extra cellular region through NCX (N1/Ca?* exchanger)
located in the cell membrane. This calcium efflux is assumed to be linear [31, 32] and is
denoted by d4C, where dy is a rate constant.

cium influx is reported to follow a sigmoid function [35] and considered as where

where n and ks are the maximum rate and half-saturation constant respectively.

3 Results
3.1 Analytical results

From mathematical point of view, it is important to show that the system (1) has a unique
solution which is bounded. This solution should also be non-negative based on the bio-
logical constraint that the concentration cannot be negative. We address such issues in
Appendix 1. We have obtained conditions for the existence of the interior equilibrium point
for the system (1) and its stability conditions in the absence (Appendix 2) and presence of
delay (Appendix 3). We have used these conditions in our numerical analysis to understand
the nature of the equilibrium point for the considered set of parameter values. We have also
observed analytically that delay may cause instability in the system through a Hopf bifurca-
tion provided the length of the delay () exceeds some critical length 7o (see Appendix 4).
This analytical result is important because it helps us to determine the time length of delay
so that the system components oscillate within the physiological range. The direction and
stability of the Hopf bifurcation, which are more interesting from mathematical point of
view, are presented in Appendix 5.

3.2 Simulation results
3.2.1 Choice of the parameter set and time series analysis

To obtain insight into the system dynamics, extensive simulations were performed. We con-
structed a parameter set (see Table 1) of which most parameter values were collected from
similar studies. Other non-referenced parameters were estimated in such a way that the
system components show temporal behaviour within the normal physiological range. For
example, the delay parameter T has been selected so that the system experiences a Hopf
bifurcation and the oscillation is maintained in the physiological range. As the glucose
absorption rate by noncardiac cells is much higher in comparison with that of cardiac cells,
we have chosen d; >> r. The fasting blood glucose level between 3.9 and 6.1 mM/I is
termed as normal; glucose level between 6.1 and 6.9 mM/1 is occurs as prediabetic and said
to be diabetic if the blood glucose level crosses 6.9 mM/1. Hypoglycemia is occurs if the
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Table 1 Description of system parameters with their default values and references

Para.  Definition Value and unit Reference
v Maximum levels of plasma glucose 3.5mMs! [37]
k1 Half-saturation constant of glucose input 1.5 mM estimated
r Insulin-dependent glucose uptake by the cardiac cell 0.0278 mM s~ ! [38]
ko Half-saturation constant of cell’s glucose uptake 10.5 mM [38]
di Glucose absorption rate by cells other than cardiomyocytes 0.5 s~/ Estimated
b Basal level of blood insulin 4 pM s~1 [29]
e Maximum rate of insulin production 36 pM g1 [37]
k3 Half-saturation constant of insulin production 30 pM Estimated
s Maximum negative feedback of intracellular 30 mM Estimated

glucose on insulin
ki Half-saturation constant intracellular glucose’s 10 mM Estimated

negative feedback on insulin

dy Normal insulin degradation rate 35571 Estimated

d3 Intracellular glucose degradation rate 0.5s7! Estimated
Calcium input via L-type channels 3.02uM s~ [31]
Maximum calcium influx rate through RyR2 20 uM s~! [32]

ks Half-aturation constant of RyR2 0.5 uM [32]

n Maximum calcium efflux rate via SERCA2a pump 6uM mM~! 57! Estimated

ks Half-saturation constant of SERCA2a pump 0.1 uM [32]

dy Calcium efflux through cell membrane NCX 10s7! [31, 32]

fasting blood glucose level is below 3.9 mM/1 [39]. For fasting plasma, normal insulin level
should be within 14-174 pM [40]. It is also reported that the amplitude of oscillation of
calcium should be more than 0.4 uM [41].

Considering the parameter values as in Table 1, we first verify that F(G}) = 0 has
a unique positive root (see Appendix 2) and consequently a unique equilibrium point
of the system. The leading coefficient and the constant term of F(G}) are respectively
—0.0001 x 10* and 2.1613 x 10* and the corresponding positive roots are 600.5195,
5.5141, and 1.5161. Since G} < g*(= 5.5000) for the feasibility of /* and G, so the
only feasible root is 1.5161 and consequently the system posses a unique equilibrium
point E*. This equilibrium point E* will be stable, in the absence of the delay, if it sat-
isfies the conditions of Theorem 1. For the parameters given in Table 1, we computed
aj; = —0.3261,ax = —0.1041, asa = —8.3409 and A3 + By = 0.4347, indicating that
the conditions of Theorem 1 are satisfied. Thus, the parameter set given in Table 1 gives a
unique equilibrium point £* which is stable in the absence of delay. Here we want to men-
tion that this parameter set is not unique in satisfying the assumptions of the Theorem 1;
rather there exists some non-trivial set of such parameters. For this, we created 500 sets of
parameter values by varying each parameter 1.5-fold up and down from its default value
and then picked a random set using Latin Hypercube Sampling (LHS). We obtained at least
172 such parameters set which simultaneously satisfy existence and stability conditions of
E*. We have also verified that conditions of Theorem 3 (see Appendix 4) are satisfied and
the critical value of the delay parameter is evaluated as T = 79 = 0.9639 s. Figure 2 demon-
strates that the system is stable for all T < 0.9639 and oscillatory for t > 0.9639. Stable
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Fig. 2 Bifurcation diagrams of system variables with respect to delay () for the parameter set given in
Table 1

time evolutions of each system component for some lower value of delay (z = 0.9 < 1p) are
presented in Fig. 3 (in black curve). Each system component shows oscillatory behaviour
(see Fig. 3 coloured curve) within the physiological ranges when 7 considers the value 1.2
s (> 19). For the given parameter set, using Theorem 4 (see Appendix 5), one can evaluate
that py = 17.4876, B, = —3.6864, and T, = 106.5212. Since pr > 0 and B, < 0, the Hopf
bifurcation is supercritical and the bifurcating periodic solution exists when T crosses o
from left to right. Also, the bifurcating periodic solution is stable (as 8, < 0) and its period
is increasing with t (as T» > 0). Figure 2 shows that when t exceeds the critical value 7,
the system (1) bifurcates from stable focus to stable limit cycle. One can also note that the

E
k . Tim:(()s) = CT Timéozs) R
g

Time (s) Time (s)
Fig. 3 Simulation time courses show stability (in black curves) of the interior equilibrium point E* of the

system for the parameter set given in Table 1 with Tt = 0.8 s (< 79 = 0.9639), whereas they show oscillatory
behaviour for 7 = 1.2 s (> 10)
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amplitude of the oscillations increases with increasing 7. Lower level of plasma glucose
crosses the limit 3.9 mM/I1 if t exceeds 1.5 seconds. We, therefore, fix T = 1.2 seconds as
our default value so that plasma glucose oscillates in the normal physiological range.

3.2.2 Global sensitivity analysis

To check the sensitivity of each parameter, we performed the global sensitivity analy-
sis (GSA) using Latin Hypercube Sampling (LHS) and partial rank correlation coefficient
(PRCC) sensitivity analysis [42]. Sensitivity of each parameter is plotted in a bar graph (see
Fig. 4) and measured in terms of the bar length. A parameter is said to be sensitive with
respect to a variable if its PRCC value is greater than &£ 0.3 [43]. One can easily note from
Fig. 4 that the parameters v, dy, e, d», d3 and T are sensitive parameters for the system (1).

3.2.3 Robustness of parameters

For this analysis we considered the default value of delay (z = 1.2 s) and then observed the
system output (see Table 2) due to variation of each sensitive parameter (both upwards and
downwards) while keeping other system parameters fixed. The objective is to find the range
of the sensitive parameters for which normal physiological oscillations (PO) of the system
variables are maintained.

3.2.4 Two-parameter bifurcation analysis

Two-parameter bifurcation analysis is important because it demonstrates the physiological
states of the system component when two sensitive parameters are perturbed simultaneously.
Our global sensitivity analysis shows that plasma glucose level (v) is the most sensitive
parameter. We therefore observed the variational effect of other sensitive parameters with

0.3 - -

PRCC values

-0.3 - -

Parameters

Fig. 4 Parameter sensitivity with the help of PRCC technique. A parameter is assumed to be sensitive if
PRCC is greater than & 3. Here v, dy, e, da, d3 and T are sensitive parameters
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Table 2 Robustness of sensitive parameters with respect to normal physiological oscillations of system
components

Parameters Range for PO Stability range NPO

v 35<v<4.05 v <345 345 <v < 3.5, v>4.05
dp 0425 <d; 0.5 dy > 0.5 dy <0425

e 36 <e <422 e <36 e>422

d 27 <dy <35 dy > 3.5 dy <2.7

d3 0.5<d3 <0.78 d3 < 0.45 045 <d3 <05,d3 >0.78

Here we kept delay at its default value T = 1.2 s. System oscillations were considered normal if plasma levels
of glucose and insulin remain below 6.1 mM/1 and 174 pM, respectively, and calcium level exceeds 0.4 uM

respect to v (see Fig. 5). We used green colour to represent the physiological oscillations
(PO) of the system components. The non-physiological oscillations (NPO) and the sta-
ble behaviour (no oscillations) are represented by the red colour. The narrow range of PO

Fig.5 Two-parameter bifurcation analysis for fixed t = 1.2 s:avvsdj,bvvsdy,cvvsd3 andd v vse. In
the green colour region, system components oscillate in physiological range and in red coloured region either
they become stable or oscillate beyond the physiological range. Bounds for fasting PO range are considered
as follows: glucose level between 3.9 and 6.1 mM/I, insulin between 14 and 174 pM and calcium level above
0.4 uM
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indicates that plasma glucose level (v) is highly sensitive for maintaining normal oscilla-
tions. Figure 5 a and b show that plasma glucose level (v) has a linear relationship with
glucose absorption rate by cells other than cardiomyocytes (d;) and insulin degradation rate
(d»). It is observed that the existence of PO depends mainly on glucose input rate (v) in
comparison with intracellular glucose degradation rate (d3) or insulin production rate (e)
(Fig. 5¢c, d). Delay  is another sensitive parameter that plays a crucial role in normal Ca’>*
oscillations in cardiomyocyte. To maintain PO, the length of delay should be smaller when
glucose input rate (v), intracellular glucose degradation rate (d3) and insulin production
rate (e) are high (see Fig. 6). The interdependency is opposite in the case of other pairs,
viz. (t,dy) and (t, d2). Out of these, the sensitive pair (t, ¢) has the largest PO regime and
could be used as therapeutic target in maintaining system’s normalcy. Similar direct rela-
tionship is observed when insulin production rate (e) is varied along with d, d> and inverse
relationship is observed when it is varied with d3 (see Fig. 7).

3.2.5 Parameter recalibration analysis

Our GSA analysis did not identify the insulin-dependent glucose uptake rate (r) of car-
diomyocyte as a sensitive parameter but it has a significant impact on the progression of
diabetic cardiomyocytes. In the case of insulin-resistant diabetic condition, transporta of
plasma glucose into cardiomyocytes is hampered, causing a perturbation in the parameter
r. We therefore presented a detailed exploration for this parameter and observed that both
suppression and over-expression of r lead towards diminished calcium oscillations or vio-
late the upper limits of both extracellular glucose level and insulin level. To demonstrate
this we increased and decreased r by 2-, 3-, 4- and 5-fold. It was noticed that for a 2-fold
reduction the system behaves normally and there is no need to recalibrate any parameter,

(b) (c)

Fig. 6 Two-parametric bifurcation analysis with delay versus other sensitive parameters. Colour interpreta-
tion is same as in Fig. 5
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Fig.7 Two-parametric bifurcation analysis for fixed t = 1.2 s: ae vs d1, b e vs d> and ¢ e vs d3. Different
coloured regions have the same meaning as in Fig. 5

but any higher fold change in r creates dysfunction. We observed that most of the sensitive
parameters can restore normalcy when r is increased, but fail to do so when r is decreased.
For example, one can maintain normalcy even for a5-fold increase in r by regulating the
parameter d;, but this is not possible when r is reduced beyond 3-fold. A complete result
showing the role of different sensitive parameters on restoring normalcy due to variation in
r is given in Table 3, and Fig. 8 shows a visualization of these recalibrations.

Two parameters, T and d, are also important as far as the diabetic patient is concerned
because glucose absorption by noncardiac cells may decrease significantly and the time
required for insulin-dependent glucose transport may increase in diabetic cardiomyocytes.
Therefore, a similar recalibration exercise was done considering t (Fig. 9) and d; (Fig. 10)
as target parameters. Figure 9 shows that v, di, e and d» are the key parameters to restore
PO from NPO state due to variation in 7. Though d3 can restore the system but it cannot be
considered as a good recalibrating parameter as it requires high fold change for restoring
the system. In the other case, there is only three parameters (v, v and r) that can recalibrate
the system when d; is perturbed (see Fig. 10). However, v and 7 are better parameters
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Table 3 Restoration of normal calcium oscillations and plasma glucose & insulin levels by recalibrating
sensitive parameters. Here we kept delay at T = 1.2 s fixed

Para. 5 I 3 5 2r 3r 4r 5r

T N.W. N.W. 1.156f.d. N.R. 1.250f.i. 1.400f.i. 1.620f.i. 1.830f.1.
v N.wW. N.W. 1.035f.d. N.R. 1.053f.i. 1.100f.i. 1.143f.i. 1.183f.1.
dy N.wW. N.W. 1.037f.i. N.R. 1.057f.d. 1.110f.d. 1.159f.d. 1.207f.d.
e N.wW. 1.066f.d. 1.056f.d. N.R. 1.068f.1. 1.128f.i. 1.185f.i. 1.241f.1.
dy N.w. 1.09f.1. 1.059f.i. N.R. 1.102f.d. 1.205f.d. 1.315f.d. 1.435f.d.
d3 2.33f.d. 1.980f.d. 1.540f.d. N.R. N.W. N.W. N.W. N.W.

G, and I levels were maintained bellow 6.1 mM and 174 pM, respectively. Amplitude of Ca>* oscillation
was maintained above 0.4 uM. Here N.W.: not working, means that variation in corresponding parameter
is unable to restore normal G, and I levels and normal amplitude of Ca®>* oscillations. N.R.: variation not
required, f.d.: fold decrease and f.i.: fold increase

for recalibration process compared with r as they need little variation to restore system
normalcy.

4 Discussion

It is very common that diabetic patients are more cardiovascular disease prone. To main-
tain a healthy cardiac function, systematic plasma glucose transport into cardiomyocytes
and in other cells is essential. Calcium is a key element to maintain physiological oscil-
lations (PO) in cardiomyocytes, whereas glucose transportation is maintained by insulin,
its receptors and other glucose transporters, like GLUT4. In the transport mechanism, a
delay can be crucial to maintaining normal cardiac function. Here we proposed a four-
dimensional delay-induced model to understand the complex interaction among plasma

1.8 |——

1.6

1.4

——r=0.0093
1.2

N .
B T

0.8

Absolute fold changes

0.6

0.4

Fig.8 This figure depicts required fold change in each sensitive parameter to restore normal system (glucose
level G, < 6.1 mM, insulin level I < 174 pM and Ca?* oscillations amplitude above 0.4 uM) due to an
increase or decrease in insulin-dependent glucose uptake rate (r) from its default value r = 0.0278. For
example, v needs to be increased by 1.14- and 1.183-fold to restore system for the values of » = 0.1112 and
0.139, respectively. Parameters were kept fixed as in Table 1 with ¢ = 1.2 s while other parameters were
varied
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Fig.9 It depicts required fold change in each sensitive parameter to restore normalcy in the system dynamics
due to an increase in the time delay () from its critical value T = 0.9639 s. For example, v needs to be
decreased by 0.95-, 0.92- and 0.90-fold to restore system’s normalcy for higher values of t = 2.5, 3.5 and 5,
respectively. Parameters are as in Table 1

glucose, plasma insulin, intracellular glucose and cytoplasmic calcium of a cardiomyocyte
under different parametric perturbations. We looked for situations that would help to main-
tain calcium oscillations of cardiac cells in physiological range along with normal blood
glucose and insulin concentrations. A set of conditions was prescribed for the existence of
a Hopf bifurcation, leading to periodic oscillations of the system around its interior equilib-
rium point. We then constructed a parameter set so that blood glucose and insulin remain
in normal range and the amplitude of intracellular calcium oscillation is also maintained. It
was observed that the system exhibits periodic solutions about the interior equilibrium point
if the transport delay 7 exceeds some critical value tg. However, if 7o becomes very high
due to some irregularities in the normal process, like in case of delayed phosphorylation
or delayed response of insulin receptor for some metabolic reasons, then the system oscil-
lates beyond the physiological range. This means that 7y plays a crucial role in maintaining

4.5

- ——d1=0.42

2 // \\ —@-d1=0.40

15 7/ d1=0.38
1 A’\ \

0.5

Absolute fold changes

Fig. 10 This figure depicts required fold change in the parameters v, r and 7 to restore normal system
dynamics due to decreased glucose absorption rate (d;) in noncardiac cells from its default value d; = 0.5.
For example, v needs to be decreased by 0.94-, 0.90- and 0.86-fold to restore system’s normalcy for the
lower values of di = 0.42, 0.40, 0.38, respectively; whereas r needs multiple fold change for such control.
Parameters are as in Table 1 witht = 1.2
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physiological range of the state variables and suggests that the length of delay should be
maintained within a definite range. Through global sensitivity analysis (GSA), we obtained
a set of six sensitive parameters including t and then performed a robustness analysis to
find their ranges satisfying PO. We observed that each sensitive parameter has a finite range
for which the system shows PO and beyond which the system shows either stability or non-
physiological oscillations (NPO). Sensitive parameters having smaller range for PO (see
Table 2) are more important because a small perturbation in these parameters may have a
significant effect on the entire system. From this point of view, the parameters v, d; and d3
were considered to be more important. Our sensitivity analysis (see Fig. 4) demonstrated
that glucose input rate in the bloodstream v is the most sensitive parameter and directly
influences all the state variables. We observed that increased level of glucose, as in the
case of diabetic condition, caused an adverse effect on cardiac functioning by diminishing
the calcium oscillations. We found a range of v in which the system functioned well. Our
global sensitivity analysis also revealed insulin production rate (e), its degradation rate (d3)
and glucose absorption rate (d;) by noncardiac cells as sensitive parameters. Plasma glu-
cose enters into the cell with the help of insulin to meet the energy requirement of the cell.
Furthermore, our robustness analysis showed that any large perturbation in these sensitive
parameters could lead to irregular calcium oscillations in cardiac cells. A two-parameter
bifurcation analysis was performed on the selected parameters to observe their simultaneous
effect on the system dynamics. It is observed that the glucose-dependent insulin production
rate had a linear relationship with the degradation rate of plasma glucose and plasma insulin;
while it had an inverse relation with intracellular glucose degradation rate. Thus, intracellu-
lar glucose degradation rate (d3) seemed to be an important player in deciding the calcium
dynamics within a cardiomyocyte. Besides these two important factors, the main focus of
the present study was to mimic diabetic condition leading to change in calcium oscillations,
causing cardiac dysfunction. We achieved this in our model by changing parameters related
to insulin-dependent glucose uptake rate r and glucose transport delay t.

4.1 Insulin-dependent glucose uptake by the cell

Insulin-induced GLUT4 translocation regulates glucose uptake in cardiomyocytes. The
requirement of glucose for heart function is readily apparent in situations of metabolic
stress. Our analysis found insulin-dependent glucose uptake by a cardiomyocyte (r) to be
directly proportional to the rate of insulin production (e) and the time taken for glucose
uptake (1), but was inversely proportional to the glucose absorption rate by cells other than
cardiomyocytes (d;). Insulin-dependent glucose uptake via the GLUT4 transporter dimin-
ishes during diabetes. Therefore, to mimic a similar scenario, we gradually decreased the
value of r. Consequently, a shift in calcium oscillations was observed from physiological
range (PO) to non-physiological range (NPO). To restore PO for calcium, parametric recali-
bration of all parameters except r was done but the possibility of restoration decreased with
the reduction in r. As is evident from Table 3, a negligible effect on calcium oscillations was
seen when r was halved. However, if r was reduced 3 times, calcium oscillations drifted into
NPO. PO could be restored by recalibrating most of the parameters including t, v, dy, e, d»
and d3. However, further reduction in r by 4 times limited the number of parameters (viz.
e, dy and d3) that could restore calcium PO. d3 was the only parameter which was robust
enough to restore calcium PO subsequent to 5-fold reduction in . No further restoration
was possible for larger reduction in the value of r. Hence, decrease in insulin production
rate, or increase in insulin degradation rate, or decrease in intracellular degradation rate was
revealed as possible and robust strategies to restore calcium PO in a diabetes-like scenario.
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4.2 Role of glucose transportation time inside the cell on calcium oscillation

Our GSA identified time delay 7 as a sensitive parameter influencing all variables. Time
delay refers to the delay in glucose uptake as a result of either faulty IR signalling or delayed
GLUT#4 translocation. Fold change required for each sensitive parameter to restore system
to its normal state is depicted in Fig. 9. Bifurcation analysis revealed that it was impor-
tant to maintain a minimum 7 in order to keep the Ca®>* oscillations in the PO range. For
a particular value t = 1.2, a range of different sensitive parameters was identified dur-
ing which the system maintained POs. Parametric recalibration revealed that T could be
used as a therapeutic strategy in maintaining normal cardiac function in a diabetes-like
condition. Through two-dimensional bifurcation analysis we estimated the range of other
sensitive parameters against the delay in GLUT4 transportation for maintaining PO. All
these observations show that T plays a significant role in maintaining calcium oscillations
in cardiomyocytes. Our observation find supports from published papers [44, 45]. The role
of insulin-sensitive GLUT4 in calcium homeostasis was studied in the heart of mouse mod-
els [44]. The authors demonstrated that GLUT4 deficiency significantly altered calcium
homeostasis in cardiomyocytes. Similarly, the effect of insulin on calcium homeostasis was
demonstrated in obese mice by another group from Sweden [45]. The investigators charac-
terized the effect of insulin on calcium homeostasis and demonstrated that insulin enhanced
electrically evoked calcium release from obese cells.

4.3 Role of glucose absorption rate by cells other than cardiomyocytes

In diabetic condition, cells other than cardiomyocytes experience disruption in glucose
uptake. Our analysis found glucose absorption rate parameter (d;) for noncardiac cells as a
critical parameter which has inverse relationship with all state variables (see Fig. 4). From
robustness analysis (Table 2), we found a narrow range of d; where the system maintains
its PO. It is very interesting to see how this parameter response in diabetic situation due to
less consumption of glucose by noncardiac cells. It is observed that if the glucose absorp-
tion rate by noncardiac cells is successively reduced form its default value 0.5, then multiple
fold change in the parameter value r is required to restore the system’s normalcy, imply-
ing that r is not a good controller. On the contrary, a small change in the plasma glucose
input rate (v) brings normalcy to the system, indicating that v is a good controller. Even
the delay parameter t is a better controller than r. Hence in a diabetic-like situation, either
reduced input of glucose into blood plasma or a relatively lower transport delay may play
an important role in maintaining PO and could be used for therapeutic targets.

5 Conclusion

One of the main aims of the present work is to investigate the role of time delay associated
with the transportation of extracellular glucose into the cardiomyocyte through GLUT4. We
observed that the uptake rate of extracellular glucose through GLUT4 and the time required
for the activities between the insulin receptor and GLUT4 activation plays a vital role in
maintaining normal calcium oscillation. The time required to transport glucose from blood
plasma to cellular cytoplasm has a possible therapeutic value and its regulation could restore
normalcy in the case of diabetes-like conditions. With the importance of the input rate of
glucose into the plasma and the insulin production rate, we observed that regulated glucose
input into blood plasma is good for normal oscillations of calcium in cardiomyocytes. We
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also observed that there are other ways to control physiological oscillations in calcium and
glucose by manipulating other parameters but that depends on the time delay associated
with the intracellular glucose uptake rate.
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Appendix 1
Existence and uniqueness of solutions

The initial conditions of the delay differential system (1) have the following form:

Ge(0) = ¢1(0), 1(0) = ¢2(0), Gi(0) = ¢3(0), C(O) = $4(0),
¢i(0) >0, 0e[-1,0], ¢;(0)>0,i=1,.,4, 2)

where (¢1(0), .., p4(0))€ C([—r,O],Ri) and C is the Banach space of con-
tinuous functions mapping the interval [—t,0] into Ri with norm ||¢|| =

SUp_r<g<oflB1(O)1, 192(0)1. 93 (O)], |#4(6)}, where ¢ = {$1(6), ... $4(6)}.
Positivity and boundedness

For biological demand, we need to prove that all solutions of system (1) with initial
conditions (2) are defined on [0, co) and remain positive for all ¢ > 0.
To show global existence of solutions it is enough to show that the right-hand side of (1)
is globally Lipschitz. The system (1) can be expressed as
dX X 3
i f(X), (3)
where X = (x1,x2,x3,x4)7 and f = (f1, fo, f3, f4)T. The function f : Ri — ]Ri
possesses the global Lipschitz condition if there exists a Lipschitz constant M > 0 such that
|f(x) — f(»)] < M|x — y| holds for any x, y € RY.
Following [46], it can be easily proved that

1) = i) = Milx — y| “
[2(x) = 2] = Ma|x — | &)
If300) = f3(] = Mz|x — | (6)
| fa(x) = fa()| = Malx —y| (7

where M1 =di +v+ (1+ K)r, Mo =dy + (1 + K2)(e +5), M3 = d3 + (1 + K2)r, and
My =ds~+ p+ (1 + K3)n. My = dy + p + (1 + k3)n, with the assumption that there exists
real positive numbers kyandks such that |x;|legkyand|x3|legks.
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Now, to obtain the global Lipschitz constant for f, we simply choose M =
\/Mlz + M22 + M32 + Mf and obtain
[f(x) = fOI =Mlx —yl. ®)
Therefore, f, and hence the right-hand side of (1), is globally Lipschitz. Thus, the system
possesses a unique solution. Again since f is Lipschitz, then it maps non-negative vectors
to non-negative vectors, i.e., (1) gives positive invariant solution with the positive initial
condition (2).
Next we show that solutions are bounded. From the first equation of system (1), we have

dG,
+diGe <v 9
dt 1Ue = ( )
Thus, following [47], we get
limsup G () < —,
t—00 dl
implying that G, (¢) is ultimately bounded.
Using the second equation, we get
dl ev
— 4+ (d— ——) <b. 10
i T T G s 1o
Assuming dp > k};ﬁ, we have
limsup () < A,
1—00
b(k3d1+v)

where A = Trdkstd—ev- This shows that 7 () is ultimately bounded.

For all # > t* + t, where ¢* is any non-negative time, we obtain from the third equation
dG;

dt

Again one gets limsup,_, ., G;(t) < %, implying that G; (¢) is ultimately bounded.

Similarly, we obtain
e .
— +dsC <L+ p = limsupC(r) < I, (12)

dt =00

+d3G; <rA. (11

where 1 = LTJZP implying that C(¢) is ultimately bounded.
Thus, there exists a unique solution, which is positive for + > 0 and is ultimately
bounded.

Appendix 2
Equilibrium point and its stability

We are interested in the interior equilibrium point of the system (1) denoted by E* =
(G*, I*, G¥, C*), where I* = Gij"z(Gjikl —d)) and G} = %(ﬁ — d). Note that
I*, G7 both exist if G} < g*, where g* = dl — k1. Thus, steady-state concentrations of
insulin and plasma glucose are biologically meaningful if plasma glucose concentration is
not too high and lies below the critical level g*.

Steady-state concentration C* is given by the positive root of the equation

H(C*) =0, (13)
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where
H(C*) = dsC*° + (nG* — L — p)C*™* + dy (k3 + kD) C*?
k3G — L2 + k2) — pk2)C*? + I2kEC* — LI3KZ.
It is to be noted that H (0) < 0 and H(co) > 0. Thus, there is at least one positive root of the

2
polynomial H(C*). Further, if G} > max { Ltp L, Ltp (%) ] holds then, following

n ’n n
Descartes’ rule, there is an unique root of (13). The steady state concentration G is given
by the positive root of the equation

F(Gy) =0, (14)
where
F(GY) = PG> + PIGE + PyG? + P3GE2 + PyG?E + P,
and
Py = dlz(s +dy —e),
Py = di(k3Ap + By —eDp) + (Ap — ed1) Fj, + d1br,

Py, = di{ksBy, — Cj, + eE + (k1 + k3)br} + (A, — ed1)Gp, + brDy,
+ (k3Ap + By — eDp) Fy,

Py = d(brkiks — k3Cp) + (k3B — Cp + eEp) Fi, + (k3Ap + By, — eDy) Gy,
+ {(k1 + k3) Dy — Ep}br,

Py = (k3Bp — Cp + eEp)Gp — k3Cp Fy + (ki (ksDy — Ep) — k3 Eplbr,

Ps = kikskpnds{kody (v — diky) — kiksbr},

Ap = di(s +d2), By = (1 +do)(diki —v) — dodsky,, Cp = kikndads,

Dy = diky — v — dskm, Ep = kikmds, Frn = diki — v +dika,

Gp = dikiky — vko.

Equation (14) has at least one positive real root if Py and Ps have opposite signs and it holds
. _ kibr _ kibr

%fe -5 < d‘2‘< B diE)’ o.re s > dy > Ga—dik) " Thus, the system (1? h.as at least one
interior equilibrium. In the simulations, we show that the parameter set satisfies the second
condition for the existence of a positive root and the root is unique.

After linearization around E*, system (1) can be expressed in matrix form

Ge() Ge(0) Gt — 1)
d | 1) 1(t) 1t — 1)
dr =M +M : 15
dr | Gi() "1 Gio 2| Gi -1 (15)
@) C() Ct—1)
where
ajpaip 0 0 0000
ar ap a3 0 Mo |0 000
"“lan 0an 0" "PT0an00])
0 0 as3 as 0000
vk _ rkyI* _ _ _ﬂ . ekal*
and ary (k1+G¥)? (k2 +G%)? di, ap = o A N e
= G SG7 — _ _Sknl* _ _rkl* _ Gl B
az = +GE km+GF —da, a3 = _(karG:_f)z, as) = (sz(;;«)b asz = LtGE a3 = —ds,
— __nc*’ _ 2pkcr  mKIGrCr
aq3 = K2+C2 aqq = W+~ G2+ dy.
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The characteristic equation around E* reads
(O — as) (3’ + A12% + (A2 + Bie ™" )h + A3 + Boe T} =0, (16)
where
Ar = —(an +axn +as3),
Ay = anaxn + anazs +axpasz — apaz,
A3 = apazasz — apaxaz) — a1andass,
By = —anzaz,
By = ajjaxaz;.
From (16), we have one real eigenvalue a44 and the other eigenvalues are the roots of the
equation
P, 1) =214+ A1A2 + (As + Bie *))A + Az + Be " = 0. a7)
In the absence of delay, (17) reduces to
PA,0)=23+A122+ (A + B)A+ A3+ B, =0. (18)

Assuming aj; < Oandayy < 0, wehave A; > 0, Ay+B; > 0and A1(A2+ B1)— (A3 +
By) > 0. Further, if A3 + B> > 0 then, following the Routh-Hurwitz criterion, all three
roots of the cubic (18) will have negative real parts. Hence we have the following theorem.

Theorem 1 Ifayy, axy, asq are negative and A3 + By is positive, then the equilibrium E*
is locally asymptotically stable in the absence of delay.

Appendix 3

Following [48, 49], one can easily obtain the following results on the distribution of roots
of the transcendental equation (17) and stability of E*.

Lemma 1 For the transcendental equation (17), all roots with positive real parts of (17)
will have the same sum as those of (18) for all T if Q3 > 0 and Q% — 307 <0, where

Q1 = A} —2A;, Qo = A} —2A A3 — B} and Q3 = A} — B3.

Theorem 2 Assume that Theorem 1 holds with Q3 > 0 and Q% — 30> < 0. Then the
equilibrium E* is locally asymptotically stable for all T > 0.

Appendix 4

We here consider the delay parameter T as our bifurcation parameter and determine the
condition for delay-dependent instability. For this, let A(7) = n(tr)+iw(7) be the eigenvalue
of (17) such that for some value of 7, say T = 19, we have n(tp) = 0 and w(7p) = wp # 0
(without loss of generality, we may assume wg > 0).

Following [48], we have

1| @0Bi(@y — w0A2) + Ba(wjA1 — A3) | | 2jm
T = Ccos o) 2 + —
wyBi + B3

j=0,1,2.. (19

wo wQ
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We have to show that the transversality condition is satisfied, i.e., d((’;f” > 0.

Differentiating the cubic (17) with respect to t, we get

dx d
GA2 4+ 2410 + A=+ e (B — t1(Bi) + B} = M(Bih+ Be . (20)

It gives
dAV\T' 3224241+ Ay B T
dt T AMBIA+ Bye T A(BiA+By) A
203 + A10% — As B, T

= 200t A2t At An T TRBIATB) &

Now we have

. d(Rel)) } i { (dk)}
Sign = Sign{Re|—
dr A=iwy dt rA=iwg

, 203 + A1A? — Az B,
= Sign {Re 73 5 +Re| — 7~
=A2(A7 + A1A= + Az + A3) =A% (Bid + B2) 1 sziw,

. —ngi - Ala)g - A3 Bz
= Sign {Re | — T 3 - +Re| 57—
wy(—wpi — Aoy + Aol + Az) wy(Brwoi + B?)
208 + (AT — 2A2)wf — A3 B3
03 {(A10f — A3)2 + (0) — A2wp)?} @} (B3 + Biw})

1 ign {2wg + (A} — 240w + B} — A }

= Sign

a)% B% + Blzw(z)
1. H(w)

= —Sign{ ———5—1¢, 21)
a)(z) { 322 + Blzw%

where H () = 2u> + (A% —2A)u* + 822 — A% is evaluated at a)(z) = w. Differentiating
H (p) with respect to i, we have

dH(w)

= 6p” +2(A7 =240 . (22)
du

Two roots of ‘“di—;“) = 0 can be written as

01
_0’ = =
M1 = M2 = 3
If we have Q1 > 0, then
dRe) . H ()
—— |o=wy.1=1 = 59 —_ 0 23
P g lgn{Bzz-l—Blza% g 23)

Based on the above result, we write the following theorem.
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Theorem 3 Assume that Theorem 1 holds and if Q1 > 0, Q3 > 0, Q% —30, > 0, then
the equilibrium E* is locally asymptotically stable for all T < 1y, unstable for T > 19 and
a Hopf bifurcation occurs at T = 19, where

| @0B1(@) — woA2) + Br(w3 A1 — A3)
wiB} + B3 '

Tp = — COS
wp

Appendix 5

Using normal form theory and the centre manifold theorem [50], we here determine the
direction of the Hopf bifurcation and the properties of bifurcating periodic solutions.
Throughout this section, we always assume that system (1) undergoes a Hopf bifurcation
at the positive equilibrium E* for 7 = tp and then +iwp are the corresponding purely
imaginary roots of the characteristic equation.

Let (x,y,z,w)" = (Ge—G%, 1 —1*,G; — G}, C— C*)T . Then, using the Taylor series
expansion for system (1) at E*, we obtain

X = anx +apy + cix? + cpxy,
= az1x +axy+a3z+ C21x2 + Xy + ¢23y7 + 62422,

y
¢ = azx +any(t — 1) +anz + c3x’ + canxy(t — 1),
W = ag3z + agaw + cqzw + cpw?. (24)
i . . _ vk rkoI* _ rky _
Here, all a;;’s are given in (15) and ¢ = 4G + TtGIP clp = [(eeween ] =
__ek3I* _ eks ___ skm . SknI* _
T+GH’ 2 T Wren B T Tre M T Twerey G T
rol* e e 2nk2C* oy — pRIG=3C*)  nk}GE(k2-3C*Y)
UatGp3: ©32 7 7O G T Taarery 2T T ar o) *Z+C*2)3

Now, let T = 19 + 1 and u,(0) = u(t + 0) for 6 € [—1, 0]. Denote Ck([—r, 0, RYH =
{¢l$ : [—1,0] — R*}, ¢ has k—th order continuous derivative. For the initial conditions
@ (0) = ($1(60). p2(6). $3(6)., ¢4(0))" € C([—7, 0], R?), (24) can be written as

u(t) = Ly(ue) + Fue, @), (25)
where u(t) = (u1(t), uz(t), uz(t), us(t))T € C,L, : C - R*and F : C — R* are given,
respectively, by

Ly¢ = (o +p)Mi1¢(0) + (to + ) M2 (—7),
F¢,u) = (o+wF. (26)

Here L, is a one parameter family of bounded linear operators in C, whereas M and M>
are given in (15) and

c1191(0)¢1(0) + c12¢1(0)¢2(0)
¢2191(0)¢1(0) + 2261 (0)92(0) + c23¢2(0)p3(0) + c24¢3(0)p3(0)
fc3191(0)p1(0) + 3201 (0)p2(—7)
c41$3(0)P4(0) + c4204(0)p4(0)

By the Reisz representation theorem, there exists a function 1 (6, 1) of bounded variation
for & € [—t, 0] such that

F =

0
Lup= [ dn®,)e¢®). €2))

-7
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We can choose
n@, n) = (to + w)M18(0) + (o + w)M238(0 + 7), (28)

where §(6) is the Dirac delta function. For ¢ € C! ([-7, 0], RY), we define

do 6 c[—1,0)
A — ] da° ’ 29
9 : J°. dn@, we©), 6 =o, @)
_]o, 0 €[-7,0)
Since 1 (t) = u,(0), (25) can be written as
u(t) = A(uus + R(pwuy, 31

where u; = u(t+0),60 € [—1,0]. For ¢ € Cl([0, 7], R%), let us define the adjoint operator
A* of A as

4els) s €l-1,0)

f,j dn(@, e ©), s =0. (32)

Ay (s)p = {

For ¢ € Cl([—t, 0],R*) and ¢ € Cl([O, 7], R%), in order to normalize the eigenvalues of
operators A and A*, we also define a bilinear inner product

0 0

<, ¢ >=¥(0)$(0) —/ V(& —0)(dn®))¢E)de, (33)

o=—1 JE=0

where 7(6) = n(6,0) and ¥ is the complex conjugate of 1. One can verify that A* and
A(0) are adjoint operators with respect to this bilinear form.

We assume that +iw are eigenvalues of A(0) and the other eigenvalues have strictly
negative parts. Thus, they are also eigenvalues of A*. Now we compute the eigenvector ¢ of
A corresponding to the eigenvalue i wg and the eigenvector g* of A* corresponding to —iwy.
Suppose that g(0) = (1, p1, p2, p3)T el is the eigenvector of A(0) associated with iwo,
then A(0)q(f) = iwq(0). From the definition of A(0), (26), (27) and (29), we have

(M + Mae™" ™™ — Liiwp)q(0) = 0. (34)

Solving (34), we obtain ¢(0) = (1, p1, pa, p3)7, where p; = @=L 5 =

a2

anasi+ayp (iog—ap)e 0™ — aa3(iwp—ayy)(iwo—axp)—ajpdy a4
_an(ioy—ass) 5 p3 a12a23(Iwo—as4) h ) .

Similarly, let the eigenvector g* of A* corresponding to —iwp is g*(s) =

(%)(1, Pis Py Ds Teioos s € [0, T]. Again, using the definition of A* and (26), (27), (29),

we get

MT + MaT eI - Lyiwg)g*(0) = 0. 35)

Solving (35), one can obtain ¢*(0) = (%)(1,pf,p§,p§‘)T, where p} =
apaz; €00 ~432(a1 ] +iw) %« anpy £_0
ay1az—az) (axn+iwy)e! 0™’ 2 azzting’ p3 =7
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In order to assume that < g*, g >= 1, we must determine the value of D. From (33),
we get

0 0
—T —T
<f4>=q*@ﬁ®—/ /ef@—mwwmmaﬁ
0=—19 JE=0
1 . . -
= 5(1 + p1p1 + p2p2” + p3p3’)
0 0 1 )
_/ / :(Lﬂ*,ﬁ*,ﬁ*)e_lw)@_g)
=70 0 D
x(dn@)(1, p1, pa, p3)T e dg
1 - - - 0 L
= =+ pipr* + p2p2* + p3p3”) — / =(1, pi*, 2", p3+)0e' ™’
D —w D
x(dn@)(L, p1, p2. p3)”
1 o o o » o
=5 [(1 + p1p1" + pap2” + papsT) + e PN, i, P2, p3Y)
xM(1L, p1, p2, p3)" |
1 _ _ _ _ _
=5 [(1 + p1p1" + pap2t + p3p3Y) + roe 0 Plpz*aaz] ,
D = (1+ pipi* + p2p2* + p3p3™) + we '™ pipataz. (36)
Let
v(t) = <q*up >,
W(t,0) = ur — vg — oG = uy — 2R(W(1)q (9)). (37)
On the centre manifold £2p, we have
W, 0) = W), v(),0), (38)
where
v? 2
W(t),v(t),0) = W20(9)7 + Wi (0)vv + Woz(e)j + e (39)

v and v are local coordinates of the centre manifold £2( in the direction of ¢* and g*,
respectively. Note that u, real implies W is real. Considering only the real solutions, from
(37), we obtain

<q*\W>=<q* u —vg—7vq >
= <q"u >—-v(t) <q',g>-v(t) <q".q>. (40)
For the solution u; € §2¢ of (25), from (30) and (33), since u = 0, we have
() = <q*,u >
= < q*, AQ)u; + RO)u; >
= <qg*, AOu; > + < g*, RO)u, >
= < A"q".u; > +g* (O)F(u;,0)
. —T _
= iwov(®) +4* (0) fo(v, V)
v(t) = iwov(t) + g(v, V), 41)

@ Springer



276 P.N. Das et al.

where
g, ) = 7 0 fo
= 7 () F(W(v,7,0) + 2R{v(t)q(8), 0})
2 =2 EUZ

v _ v
= 8207 T UVVF g2 g2+

Substituting (31) and (41) into (37), we get
W=ult)—ig—vq

= A+ Rus = (ioov +7 ) fo0, D) q = (io07 + 7 0 Fow. )7

— Au; + Ruy — Avg — AT — 20 (CT*T(O)fO(u, U)q) .
Now
AW — 2% (cT*T(O)fo(v,v)q , 0 e[-1,0)
AW =29 (¢ O fo(v. D)q) + fo(v, ), 6 =0,

This can be written as

W=

W =AW + H(@,7,0),
where
v2 72
H,v,0) = H20(9)7 + Win@vv + W02(9)7 +---
On the centre manifold §2(, we have
W = W,0 + Wy.
Substituting (39) and (41) into (47), we get

W = (Waov + Wi 1o+ - ) (iwov + g) + (Wi1v + Woad + - - - ) (—iwo? + ).

Again, substituting (39) and (46) into (45), we have
. 2 72
W = (AWy + Hzo)j + (AW + Hip)ov + (AW + Hoz)j +oee
Comparison of (48) and (49) gives
(A = 2iwg) W (0) = —Ha(9),
AW(0) = —H1(9),
(A + 2iwp) W2 (0) = —Hp2(0).
Since u; = u(t +60) = W(v, v, 0) + vg + v q, we have

uy(t +0) WD (v,7,0) 1 1
| me+oy | | wPwr,v,0) Pt oo = | P1 | —iwoe
“=lwae+o |~ [ wowwe | T ¢ T B¢
us(t +6) W (v, 7,0) D3 D3
This gives

2 Y
S v . N Ty
uj(t+0) = (ngke)? + W @) + ng(e)—z +>

iwpb —iwol
s

+upje +vpje

where j =1,2,3,4,and pp = py = 1.
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(42)

(43)

(44)

(45)

(46)

47)

(48)

(49)

(50)

(1)

(52)
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It can be observed that
S PN - ) oy, DV
¢;j0) =vp; +v p;+ W (0)7 + Wi O)vv + Wor (0)7 + -, (53)
where j =1,2,3,4,and pg = py = 1 and
2
$2(=7) = vp1eT N T PN + W (—) T+ W (—r)u
=2
A
+ Wy (—1) =+ (54)

From (41), it follows that

fow,0) = F = (Fij) 4 02 0%, 00, %), (55)

Fi1 = ci1 +ci2p1, Fia =cn +ci2p1, Fi3 =2c11 +ci2(p1 + 1),
P — L5 Y who) + 2 M (o @0 + Lw?
14 = | cntgenpr ) Wy 0) + Qeritczp) Wi (0) +cia | Wy7(0) + 2W20 ),

F1 = ¢1 +coopr +c3pip2 + 624p§, Fx = cz1 + cop1 + c23p1 p2,
Fy3 = 2c31 +c22 (p1 + p1) +c23 (p1P2 + p2p1) + 2c24p2p2,

| 1 _ 1 _
oy = <621+5622p1> Wz((l)) O+ 3 (c22+c23p2) Wz((z)) (0)+<5623P1 + 624172) WZ(S) 0)

+ (2ca1 + c2p1) Wl({)(O) + (c22 + c23p2) Wl(f) (0) + (c23p1 + 2c24p2) Wl(f) 0,

—iwoT iwgT

F3 = c31 +copre™,
F33 = 2¢31 4+ ¢ (Ple_iwor +ﬁ€iwor> ,
1

_ 1
Fy = <C31 + 50321716’“’0’) Wi (0) + e3 (5 Wio (=) + Wl(f)(—f))

- (2631 + Cszplefiw(’t) Wiy o),

F31 = c¢31 +c3pie

Fy = C42P§ +ca1p2p3s Fio = cops’ + ca1 paps,
Fa3 = 2c42p3p3 + ca1 (P2p3 + p2P3)

I
Fyy = <C42P3 + 56’41}72) Wz(g) (0) + (2cazp3 + ca1p2) Wl(il) 0)

1_
+ea <p3 w0 + 575 Wy <0>) :
Since g*(0) = %(1, 1%, P2t p3*)T, we have
7*T —
q* (0) fo(v,v)

1 e e o o
= =P p7', P5%) (Fij ) 4,4 0207, 00, 0%0)"

1
=3 (8201)2 + g0 + 281100 + g21v25> , (56)

g, v)
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where
2 . _ _
80 = = (Fii + Fapi* + Fap2* + Faps'),
2 . _ .
g = = (Fi2 + Fopi* + Fopa* + Fops®),
1 . _ .
g =5 (Fi3+ Fa3p1™ + F33p2* + F3p3™)
—EF Foup1* 4 F3apr* + Faap3® 57
821—5(144- 24Pl + F34p2* + Fuups®). (57)
From (48) and (49), we get
H(v,7,0) = 2Re (77 (0)fo(v.D)q(0))
= —2Re (g(v,v)q(¥))
= —g,v)q(O) — g, v)q(0)
1 _ _ _
=5 (gzov2 + 80207 + 281100 + g21 vzv) q(0)
1 T2+ Zopv? + 22100 + Zo 720 ) G(6) (58)
5 820 802 811 821 q(0).
Comparing with (46), we have
H(0) = —g20q(8) — 2029 (9),
Hi1(0) = —g119(0) —g119(6),
Hpz(0) = —g02g(0) — 8209 (0). (59)
It follows from (29) and (50) that
W) = AWy = 2iwgWa(0) — Hao(6)
= 2iwoWao + 8204 (0)e' " + 2o g (0)e . (60)
Solving for W (0) and W11(6) from above equation, one gets
Wa(©) = B2 g(0)en? 1 B2 gopeient 1 EyPient,
wo 3w
Wi (6) = —%q(mew@ + %qm)e—"w"@ + Es, ©1)

where E| and E can be determined by setting 6 = 0 in H (v, v, 8). In fact, we have

H(,v,0) = —2Re (FT(O)fo(v,U)Q(0)> + fo(v, V)

1 _ _ _

=75 (gzov2 + g020% + 281100 + 821U2U) q(0)
| I T

3 (820” +802v" + 28110V + g9V U)Q(O)

2 2 . — 2T
+(Ej)4x4(v,v,vv,v V).

(62)

Comparing the coefficients of the above equations with those in (47), it follows that

Hy(0) = —£209(0) — 802 (0) + (Fi1, Fa1, Fs1, Fa1)”,
Hi1(0) = —g119(0) — g,,(0) + (Fi3, Fa3, F33, Fi3)".
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By the definition of A and (30) and (50), we get

0
/ dn(@)Wa(0) = AWy = 2iwgWa(0) — Hao(0),

—5
0

f dn@)Wi1(0) = AWy = — Hy1(0). (64)
—5

One can notice that

0
|:ia)014 — / eiwoedn(g)i| q0) =0,

—-10

0
|:—iw014 - / ei“’oedn(e)i| 7(0) = 0. (65)
.

Thus, we obtain

—10

0
[21'60014 —f 62’w°9d77(6’):| E\ = (F1, Fa1, Fa1, Fa)',

[/OT d?l@)} E» = —(Fi3, F3, F33, F3)" (66)
-0
where Ey = (E\", E EY) ENT, By = (B EP EY, ESD)T.
The above equation can be written as
Qiwoly — My — Mae "™ — Liiw) Ey = (Fi1, Fa1, F31, Fa)',
(My + Ma)Ey = (Fi3, Fo3, F33, Fa3)" . (67)
From (61) and (67), we can calculate g», and we can derive the following parameters:

g1

i ) 1 2
C1(0) = — | g20811 — 2|81l —glgozl + 5

2w
_Re (C1(0))
Re (W' (10))’
B2 = 2Re (C1(0)),
Im (C;(0)) + 2 Im (A(70))
_ ” _

pa =

T, = (68)
Thus, we have the following results:

Theorem 4 The periodic solution is supercritical (subcritical) if wo > 0 (u2 < 0), the
bifurcating periodic solutions are orbitally asymptotically stable (unstable) if B» < 0 (B >
0), the period of the bifurcating periodic solution increases (decreases) if T» > 0 (T, < 0).
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