UNIVERSITY OF STAVANGER

Uncompensated and compensated
backgrounds in homeostatic controllers:

Analogies to retinal light adaptation

by
Melissa Nygard

Master Thesis in Biological Chemistry

submitted to the
Faculty of Science and Technology
Department of Biology, Chemistry and Environmental Engineering

June 2023


University Web Site URL Here (include http://)
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)

UNIVERSITY OF STAVANGER

Abstract

Faculty of Science and Technology

Department of Biology, Chemistry and Environmental Engineering

Master Thesis in Biological Chemistry

by Melissa Nygard

Integral controllers with single negative feedbacks were subjected to a step-perturbation
at constant but different backgrounds. Response amplitudes of the controlled variable,
here called A, decreased monotonically with increasing backgrounds, which was op-
posed and corrected for by compensatory actions of the manipulated variable E. The
controllers divided equally into two classes, in which the compensatory fluxes were either
based on derepression or activation. Controllers with derepression-based compensatory
fluxes showed decreased sensitivity but accelerated response kinetics, which is analogous
to the resetting kinetics seen in vertebrate photoreceptors. Retinal light adaptation also
involves compensating backgrounds according to remarks in the literature. We therefore
became interested in understanding the underlying feedback mechanisms of background
compensation. As such, we created controllers or oscillators that show robust back-
ground compensation independent of the applied background. These controllers need a
second feedback layer, where the additional integral controllers (I3 and I3) feed directly
or coherently back to the controlled variable. These feedback conditions were termed
”coherent feedback” in analogy to a similar feedback mechanism used in quantum control
theory and optics. Finally, simple three-neuron retinal light adapation (RLA) models,
representing the retina as a whole, were subjected to the same perturbations. It was the
feedback organization in the two-layered oscillator that was responsible for eliminating
backgrounds. Robust background compensation, here described theoretically, could be
of interest in terms of regulatory properties. Although, no biological relevanse of the

concept has been identified.
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List of Figures

2.1

2.2

3.1

Controller motifs m1-m8. Step-perturbations and constant background
reactions are indicated by red and blue arrows, respectively. Solid lines
indicate chemical reactions. Dashed lines represent signaling events, in
which activation-based compensatory fluxes are indicated by a brown
color and derepression-based compensatory fluxes by a green color. Plus
and minus signs represent, respectively, activation and inhibition. Inte-
gral control is incoporated by zero-order kinetics. Figure was taken from
Ref. [1] with permisssion. . . . . . . .. ... ... ... .. ... ...
Integral control in terms of zero-order kinetics. Figure was redrawn from
Ref. [2], Fig. 1. a) Controller motif m5 from Fig. 2.1 is shown together
with rate constants k; (where i=1, 2, 3...). The negative feedback loop
shows robust perfect adaptation of A due to removing E by zero-order
kinetics. For explanation, see text. b) Typical flow chart of integral
control. Uncontrollable perturbations (orange arrows) add or remove the
controlled variable A. The difference between A and the set-point A,
Aset-A, is measured and integrated over time (brown ”integral controller”
box). This gives the concentration of the manipulated variable E (green
line) that is necessary to bring A back to A through a negative feedback
loop (blue line). The colors in panel b correspond to those in panel a.

Regulation of photoadaptation by an overlay of three negative feedback
loops. Lower and higher levels of light intensities, represented by the
perturbation ko, increase or decrease the concentration of cGMP in the
photoreceptors, respectively. ¢cGMP activates the inflow of calcium ions
(outlined in purple). These ions further affect cGMP by inhibiting the
synthesis of GC in feedback loop 1, and by activating the breakdown
of cGMP by PDE in feedback loop 2. In feedback loop 3 Ca?" ions
inhibit their own transport through the CNG-channels in order to avoid
cytotoxicity. Finally, their ions, along with potassium (K*) ions, are
pumped out of the cell by NCKX-channels of the outer segment. Also,
there is a constant leak of Ca* out of the endoplasmic reticulum indicated
by the term ”leak”. Figure was redrawn from Ref. [1], Fig. 18. . . . . ..
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3.2

3.3

Cellular interactions within the retina. This figure illustrates the retinal
interactions that occur when a spot of light (indicated by yellow arrows)
excites the center (indicated by yellow ”cylinder”) of the receptive field.
An on-center cone (colored blue) is first hit with light. Neurotransmitter
is then released from its synaptic terminal and onto the on-center bipolar
cell (colored green) and horizontal cells (colored orange). An on-center
ganglion cell (colored purple) and amacrine cell (colored pink) then re-
ceives this signal. Ganglion cell axons come together in the nerve fiber
layer to create the otic nerve that enters the central nervous system. Cells
outside of the center (yellow ”cylinder”) are in the annulus of the recep-
tive field. Each of the ten retinal layers has a distinctive name (indicated
by horizontal arrows) and background color. Figure was redrawn from
Ref. [3], Fig. 11.5 and Fig. 11.21.. . . . . . . .. .. ... ... ... ...
Resetting kinetics of controller motif m1. (a) Reaction scheme with in-
tegral control incoporated as a zero-order Michaelis-Menten (MM) type
degredation of . The MM parameters V., and K,, are represented by
ke and k7, respectively. ks is a perturbation (red arrow) and k4 repre-
sents a background reaction (blue arrow). Solid arrows represent chemical
reactions. Dashed lines indicate signaling events, where activation is rep-
resented by a plus sign. Figure was redrawn from Ref. [1], Fig. 3. (b)
Response kinetics of the m1 controller (in a.u.) at a step-wise perturba-
tion ko (indicated by vertical arrow) from phase 1 (k9=1.0) to phase 2
(k2=5.0) at time ¢t=10 with different but constant backgrounds k4 from
0—64 (k4 variable, phases 1 and 2). The concentration of A is plotted
as a function of time. Controller m1 shows a successive decrease in the
maximum excursion of A, AA,,.., along with a slower resetting time for
A. AApq for ky=0 is indicated. Other rate constants (phases 1 and 2):
k3=1.0, k5=3.0, k¢=1.0, ky=1x1075. Initial concentrations of A: Ag=3.0
(kg from 0—64). Initial concentrations of E: Ep=3.0 (k4=0); Ep=6.0
(ks=1); Eg=9.0 (k4=2); Eo=15.0 (ks=4); Fo=27.0 (k4=8); Ep=51.0
(k4=16); Ep=99.0 (k4=32); Ep=195.0 (k4=64). See Appendix A and
B for python and MATLAB scripts, respectively. . . . . ... .. .. ...
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3.4 Resetting kinetics of controller motif m3. (a) Reaction scheme with in-

3.5

tegral control incoporated as a zero-order Michaelis-Menten (MM) type
degredation of . The MM parameters V., and K,, are represented
by ke and k7, respectively. ks is a perturbation (red arrow) and k4 rep-
resents a background reaction (blue arrow). Solid lines represent chem-
ical reactions. Dashed lines indicate signaling events, where activation
is represented by a plus sign and inhibition by a minus sign. Figure
was redrawn from Ref. [1], Fig. S1 (S1 Text). (b) Response kinet-
ics of the m3 controller (in a.u.) at a step-wise change ko (vertical ar-
row) from phase 1 (k2=1.0) to phase 2 (k2 = 5.0) at time ¢=50 with
different but constant background reactions k4 from 0—64 (k4 variable,
phases 1 and 2). The concentration of A is plotted as a function of
time. Similarily to the m1 controller (Fig. 3.3b), m3 shows a successive
decrease in the maximum excursion of A, AA.:, along with a slower
resetting time for A. AA,q. for k4=0 is indicated. Other rate constants
(phases 1 and 2): k3=1.0, k5=31.0, ke=1.0, k7=1x10"%, kg=0.1. Ini-
tial concentrations of A: Ap=3.0 (k4 from 0—64). Initial concentrations
of E: E0:30 (k‘4:0), E0:60 (k4:1); E0:90 <k4=2); E0:150 (k4:4);
Eo=27.0 (k4=8); Eg=51.0 (k4=16); Eg=99.0 (k4=32): Ey=195.0 (k4=64).
See Appendix A and B for python and MATLAB scripts, respectively. . .
Resetting kinetics of controller motif m5. (a) Reaction scheme with in-
tegral control incoporated as a zero-order Michaelis-Menten (MM) type
degredation of . The MM parameters V., and K,, are represented
by kg and k7, respectively. ki is a perturbation (red arrow) and ks rep-
resents a background reaction (blue arrow). Solid lines represent chem-
ical reactions. Dashed lines indicate signaling events, where activation
is represented by a plus sign. Figure was redrawn from Ref. [1], Fig.
S3 (S1 Text). (b) Response kinetics of the m5 controller (in a.u.) at
a step-wise perturbation k; (indidcated by vertical arrow) from phase 1
(k1=1.0) to phase 2 (k1 = 5.0) at time =100 with different but constant
background reactions ks from 0—64 (ks variable, phases 1 and 2). The
concentration of A is plotted as a function of time. m5 shows a suc-
cessive decrease of the maximum excursion in A, AA,,.., along with a
longer resetting time for A. AAq. for k3=0 is indicated. Other rate
constants (phases 1 and 2): k4=0.005, k5=1.0, k=3.0, ky=1x1075. Ini-
tial concentrations of A: Ap=3.0 (k3 from 0—64). Initial concentra-
tions of E: FEy=66.667 (k3=0); Ep=133.33 (ks=1); Ex=200.0 (k3=2);
Ep=333.33 (k3=4); Ey=600.0 (k3=8); Ep=1133.33 (k3=16); Ex=2200.0
(k3=32); Ey=4333.33 (k3=64). See Appendix A and B for python and
MATLAB scripts, respectively. . . . . . . .. ... ... ... .......
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3.6

3.7

Resetting kinetics of controller motif m7. (a) Reaction scheme with in-
tegral control incoporated as a zero-order Michaelis-Menten (MM) type
degredation of E. The MM parameters V4, and K,, are represented by
ke and k7, respectively. ki is a perturbation (red arrow) and ks repre-
sents a background reaction (blue arrow). Solid lines represent chemical
reactions. Dashed lines indicate signaling events, where activation is rep-
resented by a plus sign and inhibition by a minus sign. Figure was redrawn
from Ref. [1], Fig. 5. (b) Response kinetics of the m7 controller (in a.u.)
at a step-wise perturbation k; (indicated by vertical arrow) from phase 1
(k1=1.0) to phase 2 (k; = 5.0) at time t=100 with different but constant
backgrounds ks from 0—64 (ks variable, phases 1 and 2). The concentra-
tion of A is plotted as a function of time. m7 shows a successive decrease
of the maximum excursion, AA,,,,, along with a longer resetting time
for A. AAp,q, for k3=0 is indicated. Other rate constants (phases 1 and
2, in au): k;4=0.003, k5=1.0, k¢=31.0, ky=1x107°, kg=0.1. Initial con-
centrations of A: Ap=3.0 (ks from 0—64). Initial concentrations of E:
E():ll.ll (k‘gZO), E0:22.22 (k‘g,:l); E0:3333 (]{33:2); E0:5555 (]{23:4),
FEp=99.99 (k3=8); Ey=188.89 (k3=16); Fy=366.67 (k3=32); Ep=722.22
(ks=64). See Appendix A and B for python and MATLAB scripts, re-
spectively. . . . . . oL
Response kinetics of controller motif m2. (a) Reaction scheme with in-
tegral control incoporated as a zero-order Michaelis-Menten (MM) type
degredation of E. The MM parameters Vinq., and K,, are represented by
ke and k7, respectively. ko is a perturbation (red arrow) and k4 (blue
arrow) represents a background reaction. Solid lines represent chemical
reactions. Dashed lines indicate signaling events, where activation is rep-
resented by a plus sign and inhibition by a minus sign. Figure was redrawn
from Ref. [1], Fig. 7. (b) Response kinetics of the m2 controller (in a.u.)
at a step-wise perturbation ks (indicated by vertical arrow) from phase 1
(k2=1.0) to phase 2 (ks = 5.0) at time t=50 with different but constant
backgrounds k4 from 0—64 (k4 variable, phases 1 and 2). The concentra-
tion of A is plotted as a function of time. m2 shows a successive decrease
of the maximum excursion of A, AA,q., along with a shorter resetting
period. AA,q, is indicated for k4=0. Other rate constants (phases 1
and 2, in au): k3=1x10%, k5=1.0, k¢=3.0, kr=1x10"C, kg=0.1. Initial
concentrations of A: Ap=3.0 (k4 from 0—64). Initial concentrations of
E: Ey=333.15 (k4=0); Ey=166.57 (k4=1); Eop=111.01 (k4=2); Ex=66.57
(ky=4); Ep=36.94 (k4=8); Ex=19.51 (k4=16); Fxp=10.00 (k4=32); Ey=5.03
(ky=64). See Appendix A and B for python and MATLAB scripts, re-
spectively. . . . . . L
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3.8

3.9

Response kinetics of autocatalytic m2 controller motif. (a) Reaction
scheme with integral control incorporated by autocatalysis. ko is a pertur-
bation (red arrow) and k4 (blue arrow) represents a constant background
reaction. Solid lines represent chemical reactions. Dashed lines indicate
signaling events, where activation is represented by a plus sign and in-
hibition by a minus sign. Figure was redrawn from Ref. [1], Fig. 7.
(b) Response kinetics of the autocatalytic m2 controller (in a.u.) at a
step-wise perturbation ks (indicated by a vertical arrow) from phase 1
(k2=1.0) to phase 2 (ko = 5.0) at time ¢=100 with different but constant
backgrounds k4 from 0—64 (k4 variable, phases 1 and 2). The concen-
tration of A is plotted as a function of time. The controller shows a
successive decrease of the maximum excursion of A, AA; 4z, along with
a shorter resetting period. Notice the much faster resetting time com-
pared to m2 in Fig. 3.7b. AA,,4; is indicated for k4=0. Other rate con-
stants (phases 1 and 2): k3=1x10"*, k5=1.0, k=3.0, kg=1x10"1. Initial
concentrations of A: Ap=3.0 (k4 from 0—64). Initial concentrations of
E: Eg=333.23 (k4=0); Eg=166.57 (ks=1); Ey=111.01 (ks=2); Ey=66.57
(ky=4); E9=36.94 (k4=8); Ep=19.51 (k4=16); Ep=10.00 (k4=32); Fp=5.03
(k4=64). See Appendix A for python script. . . . . . ... ... ... ...
Response kinetics of controller motif m4. (a) Reaction scheme with in-
tegral control incoporated as a zero-order Michaelis-Menten (MM) type
degredation of E. The MM parameters V., and K,, are represented by
ks and k7, respectively. ko is a perturbation (red arrow) and k4 (blue
arrow) represents a background reaction. Solid lines represent chemical
reactions. Dashed lines indicate signaling events, where inhibition is rep-
resented by a minus sign. Figure was redrawn from Ref. [1], Fig. S1 (S2
Text). (b) Response kinetics of the m4 controller (in a.u.) at a step-wise
perturbation ko (indicated by a vertical arrow) from phase 1 (k2=1.0)
to phase 2 (k2 = 5.0) at time ¢t=50 with different but constant back-
grounds k4 from 0—64 (k4 variable, phases 1 and 2). The concentration
of A is plotted as a function of time. m4 shows a successive decrease
of the maximum excursion of A, AA,,.:, along with a shorter resetting
period. AA,., is indicated for k4=0. Other rate constants (phases 1
and 2): ky=1x10%, ks=1.0, kg=31.0, ky=1x1076, ks=0.1, ko=0.1. Initial
concentrations of A: Ap=3.0 (k4 from 0—64). Initial concentrations of
E: Ey=333.18 (k4=0); Ep=166.57 (k4=1); Ey=111.01 (k4=2); Ex=66.57
(ky=4); E9=36.94 (k4=8); Ep=19.51 (k4=16); Ep=10.00 (k4=32); Ep=5.03
(k4=64). See Appendix A and B for python and MATLAB scripts, re-
spectively. . . . . . o



List of Figures

3.10 Resetting kinetics of controller motif m6. (a) Reaction scheme with in-

3.11

tegral control incoporated as a zero-order Michaelis-Menten (MM) type
degredation of E. The MM parameters V4, and K,, are represented by
ks and k7, respectively. kp is a perturbation (red arrow) and ks (blue
arrow) represents a background reaction. Solid lines represent chemi-
cal reactions. Dashed lines indicate signaling events, where activation is
represented by a plus sign and inhibition by a minus sign. Figure was re-
drawn from Ref. [1], Fig. S3 (S2 Text). (b) Response kinetics of the m6
controller (in a.u.) at a step-wise perturbation k; (indicated by vertical
arrow) from phase 1 (k1=1.0) to phase 2 (k1 = 5.0) at time t=100 with
different but constant backgrounds k3 from 0—64 (ks variable, phases 1
and 2). The concentration of A is plotted as a function of time. m6 shows
a successive decrease of the maximum excursion of A, A A, 4., along with
a shorter resetting period. A A, is indicated for k3=0. Other rate con-
stants (phases 1 and 2): ky4=1x10%, k5=6.0, k=2.0, ky=1x1076, kg=0.1.
Initial concentrations of A: A¢p=3.0 (k3 from 0—64). Initial concentra-
tions of E: Ey=2999.81 (k3=0); Ep=1499.90 (ks=1); Ep=999.90 (k3=2);
FEp=599.90 (ks=4); Ep=333.23 (k3s=8); Ep=176.37 (k3=16); E(x=90.81
(k3=32); Ep=46.05 (k3=64). See Appendix A and B for python and
MATLAB scripts, respectively. . . . . .. .. ... .. ... ... ...,
Resetting kinetics of controller motif m8. (a) Reaction scheme with in-
tegral control incoporated as a zero-order Michaelis-Menten (MM) type
degredation of E. The MM parameters Vinq., and K,, are represented by
k¢ and k7, respectively. ki is a perturbation (red arrow) and ks (blue
arrow) represents a background reaction. Solind lines represent chem-
ical reactions. Dashed lines indicate signaling events, where inhibition
is represented by a minus sign. Figure was redrawn from Ref. [1], Fig.
10. (b) Response kinetics of the m8 controller (in a.u.) at a step-wise
perturbation k; (indicated by the vertical arrow) from phase 1 (k1=1.0)
to phase 2 (k1 = 5.0) at time ¢t=100 with different but constant back-
grounds k3 from 0—64 (ks variable, phases 1 and 2). The concentration
of A is plotted as a function of time. m8 shows a successive decrease
of the maximum excursion of A, AA,q., along with a shorter resetting
period. AA,,,; is indicated for k3=0. Other rate constants (phases 1 and
2, in au): ks=1x10%, k5=620.0, k=20.0, kr=1x10"5, kg=0.1, kg=0.1.
Initial concentrations of A: Ay=3.0 (k3 from 0—64). Initial concentra-
tions of E: Fy=2998.35 (k3=0); Ey=1499.91 (ks=1); Ey=999.90 (k3=2);
Ep=599.90 (ks=4); Ep=333.23 (k3=8); E9=176.37 (k3=16); Ey=90.81
(ks=32); Ey=46.05 (k3=64). See Appendix A and B for python and
MATLAB scripts, respectively. . . . . . . .. ... ... ... .......
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3.12

3.13

3.14

Example of an oscillator with frequency control and coherent feedback,
i.e., with background compensation. Figure was redrawn from Ref. [4],
Fig. 4. a) Reaction scheme of oscillator with two negative feedback layers,
in which the central A-e-E-A loop is based on derepression-based motif
m2 (Fig. 3.7a). Solid arrows represent chemical reactions. Dashed lines
indicate signaling events, where activation is represented by a plus sign
and inhibition by a minus sign. b) Integral control scheme with coherent
feedback, where I and Iy feed directly back to A. Coherent feedback,
which is a term used in quantum control theory and optics [5, 6], yields an
additional control of E via A by I; and I5. In particular, uncontrollable
perturbations (orange arrows) add or remove A. The difference or error
between the controlled variable and its set-point (Age-A) is measured
and integrated over time (lower grey ”integration box”). This gives the
necessary F-concentration (horizontal green line) for maintaining A under
robust homeostatic control. A difference from the basic integral controller
(Fig. 2.2b), is that the outpout of E (vertical green line) is also used as
input in a second control system. Here, the error between E and Fgg
is measured and integrated over time (upper grey ”integration box”).
This gives the I1- and Iz-concentrations (brown line) to be fed directly
or coherently back to A through a negative feedback loop (blue line) in
order to maintain F ;1 and E,,r2, respectively. . . . . ... ... ...
Frequency compensation of the feedback scheme in Fig. 3.12a at a con-
stant background k19=0. The controller is tested at a step-perturbation
ko from 1—9 at time ¢t=100. Panels a and b show the resetting kinetics
of A and E as a function of time, as well as their average concentra-
tions <A> and <FE>, respectively. Panel ¢ shows the contributions of
the controller species I1 and I» over time. In panel d the frequency, or
inverse of the period length, is plotted as a function of time. Notice the
oscillator’s frequency homeostasis. Other rate constants (phases 1 and
2, in a..): ky=kj1=ki5=1.0, k5=0.1, k¢=2.0, kr=kg=ki3=k1g=1x1079,
k9=20.0, k12=5.0, k14=4.99, kg:k93:1x10_2. Initial concentrations of
A, E, e, I, and I (in au), respectively: 2.2084, 7.7021, 1.1354x1071,
1.5773x102%, and 4.3563. See Appendix A for python scripts. . . . .. ..
Frequency compensation of the feedback scheme in Fig. 3.12a at a con-
stant background k19=2048. The controller is tested at a step-perturbation
ko from 1—9 at time ¢t=100. Panels a and b show the resetting kinetics
of A and E as a function of time, as well as their average concentra-
tions <A> and <FE>, respectively. Panel ¢ shows the contributions of
the controller species I; and I» over time. In panel d the frequency, or
inverse of the period length, is plotted as a function of time. Notice the
oscillator’s frequency homeostasis. Other rate constants (phases 1 and 2,
in a.u.) as in Fig. 3.13. Initial concentrations of A, E, e, I}, and I (in
au), respectively: 2.1377, 7.6720, 1.0996x 107!, 1.1354x 107!, 3.4304, and
2.0465x10°. See Appendix A for python scripts. . . . . . ... ... ...
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3.15

3.16

3.17

Frequency and background compensations of the oscillator from Fig. 3.12a.

The figure shows the number 2 frequency (in phase 2) as a function of
k§h2+k10. Frequency adaptation of the controller (in a.u.) at a step-

wise perturbation from phase 1 (k2=1.0) to phase 2 (ko variable, ks from
2—10) with constant background perturbations kjg from 0—16 in panel a

and 32—2048 in panel b (kjo variable, phases 1 and 2). The total pertur-
bations (ko+k10) induce parallel lines, which show frequency adaptation.
Other rate constants (phases 1 and 2, in a.u.) as in Fig. 3.13. Initial
concentrations of A, F, e, I1, and Iy (in a.u.), respectively: Ap=0.3780,
Eo=2.4784, e9=1.5993x 1072, I y=4.5727x 102, I3 (=2.9817x10% (k10 from
0—128); Ap=0.9866, En=7.3508, eg=5.2447x 1072, I1 ¢=5.8243, I5 1=2.5447x10%
(k10=256); A9=8.3872x107%, En=4.8793, ¢0=3.9572x 1075, I} c=7.6544,
I0=5.1046x10* (k19=512); Ag=1.7657, Ex=T7.6866, €r=9.1430x10"2,
11’0:4.2379, 1270:1.0225X105 (k10:1024); A0:21377, E0:76720, 60:1.0996X10_1,
I1,0=3.4304, I50=2.0465x10% (k1o=2048). . . . . . .. ... ... .. ... 41
Frequency response of the feedback scheme in Fig. 3.12a when eliminating

I and I5. The controller is tested at a step-perturbation ko from 1—9

at time t=100 and a constant background k1p=32. Panel a shows the
response of A as a function of time, as well as the average concentration
<A>. Notice how the frequency in panel b increases from phase 1 to 2,

i.e. the oscillator does not show frequency adaptation. Other rate con-
stants (phases 1 and 2, in a.u.): k4=1.0, k5=0.1, kg=2.0, ky=kg=1x1075,
k9=20.0. Initial concentrations of A, and F (in a.u.), respectively: 4.7695

and 9.1501x1071 . . oo 42
Example of an oscillator with frequency control and incoherent feedback,

i.e., no background compensation. Figure was redrawn from Ref. [4],

Fig. 15. a) Reaction scheme of oscillator with two negative feedback
layers, in which the central A-E-a-A loop is based on derepression-based
motif m2 (Fig. 3.7a). Solid arrows represent chemical reactions. Dashed

lines indicate signaling events, where activation is represented by a plus

sign and inhibition by a minus sign. b) Integral control scheme with
incoherent feedback, where I7 and I, feed back to A through the precursor

a. Incoherent feedback, which is a term used in quantum control theory

and optics [5, 6], yields an additional control of E via A by I} and 2. In
particular, uncontrollable perturbations (orange arrows) add or remove A.

The difference or error between the controlled variable and its set-point
(Ager-A) is measured and integrated over time (lower grey ”integration
box”). This gives the necessary FE-concentration (horizontal green line)

for maintaining A under robust homeostatic control. A difference from

the basic integral controller (Fig. 2.2b), is that the outpout of E (vertical
green line) is also used as input in a second control system. Here, the
error between F and Fg. is measured and integrated over time (upper

grey ”integration box”). This gives the I1- and Is-concentrations (brown

line) to be fed incoherently back to A, i.e., into the process that generates

A, in order to maintain E, ,n and E 2, respectively. . . . . . .. .. .. 44
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3.18 Frequency compensation of the feedback scheme in Fig. 3.17a at a con-
stant background k19=0. The controller is tested at a step-perturbation
ko from 1—9 at time ¢t=500. Panels a and b show the resetting kinetics
of A and E as a function of time, as well as their average concentrations
<A> and <FE>, respectively. Panel ¢ shows the contributions of the con-
troller species I1 and I over time. In panel d the frequency, or inverse of
the period length, is plotted as a function of time. Notice the oscillator’s
frequency homeostasis. Other rate constants (phases 1 and 2, in a.u.):
k‘3=1><106, k4=1.0, k5=k7=k13:k16=1><1076, k6=k9:2.0, k11=k15=5.0,
k12=100, k14=99.99, k:g:1><10_3, k93:1.0x102. Initial concentrations of
A, E, a, I, and I, (in a.u.), respectively: 4.0427, 35.257, 6.4860x10~* |
4.3800x10%, and 4.5757x10%. See Appendix A for python scripts. . . . . . 46
3.19 Frequency compensation of the feedback scheme in Fig. 3.17a at a con-
stant background ki19=2. The controller is tested at a step-perturbation
ko from 1—9 at time ¢t=500. Panels a and b show the resetting kinetics
of A and E as a function of time, as well as their average concentra-
tions <A> and <FE>, respectively. Panel ¢ shows the contributions of
the controller species I; and Is. In panel d the frequency, or inverse of
the period length, is plotted as a function of time. Notice the oscillator’s
frequency homeostasis. Other rate constants (phases 1 and 2, in a.u.)
as in Fig. 3.18. Initial concentrations of A, E, a, I, and I (in a.u.),
respectively: 1.4906x1071, 1.6789x10~!, 5.6795x107!, 2.2515x10%, and
2.1643x10%. See Appendix A for python scripts. . . . . . ... ...... 47
3.20 Frequency compensated oscillator without background compensation from
Fig. 3.17a. The figure shows the number 2 frequency (in phase 2) as a
function of kghQ—i-km. Frequency adaptation of the oscillator (in a.u.) at
a step-wise perturbation from phase 1 (k2=1.0) to phase 2 (ko variable,
ko from 2—10) with constant background perturbations ki from 0—5
(k1o variable, phases 1 and 2). Notice how the gradient of the straight
lines decreases with increasing k1o values. Other rate constants (phases 1
and 2, in a.u.) as in Fig. 3.18. Initial concentrations of A, F, a, I, and
I (in a.u.), respectively: A=3.7479x1073, £=9.8732, a=2.2113x1073,
I[1=4.4299x10%, 1,=1.2833x10? (k19p=0); A=2.5176x10"3, E=28.864, a=2.4152x 1073,
I1;=3.2608x10%, I,=1.1810x10* (k19=1); A=3.6061x10~"!, £=37.282, a=3.6550x 1073,
1=2.3614x10%, [,=2.0794x10* (k19p=2); A=6.7083x 1073, E=17.367, a=1.7148 x 102,
I1=1.3637x10%, 1,=3.0761x10* (k1g=4); A=6.1278x1073, £=22.250, a=1.8648x 1072,
I1=1.0208x10%, [,=3.4180x10% (k1p=5). . . . . . . . . i 48
3.21 Controller scheme of the frequency independent oscillator. (a) Controller
motif with integral control incoporated as a zero-order Michaelis-Menten
(MM) type degredation of E. The MM parameters V4, and K,, are
represented by kg and k7, respectively. k15 is a perturbation and kq4 rep-
resents a background reaction. Solid arrows represent chemical reactions.
Dashed lines indicate signaling events, where activation is represented by
a plus sign. (b) Basic integral controller that is incorporated into the os-
cillator. Uncontrollable perturbations (orange arrows) add or remove A.
The difference or error between the controlled variable and its set-point
(Aser-A) is measured and integrated over time (brown ”integral controller
box”). This gives the necessary E-concentration (green line) for main-
taining A under robust homeostatic control. Figure was redrawn from
Ref. [7], Fig. 1. . . o o o 49
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3.22

3.23

3.24

3.25

Response kinetics of the feedback scheme in Fig. 3.21a at a constant
background k14=2. The controller is tested at a step-perturbation ks
from 1—2 at time ¢t=100. The resetting kinetics (in a.u.) of A and E
are shown as a function of time, as well as their average concentrations
<A> and <E>, respectively (panel a). Panel b shows the frequency (x
100) as a function of time (a.u.). Notice the frequency indepence of the
controller. Other rate constants (phases 1 and 2, in a.u.): k;=k5=100,
ko=ky=ke=1.0, k3=k7=1x107C. Initial concentrations of A, F, and e (in
au), respectively: 2.4708x1071, 1.0235x102, 2.4065x1073. See Appendix
A for python scripts. . . . . . . . . .
Response kinetics of the feedback scheme in Fig. 3.21a at a constant
background k14=16. The controller is tested at a step-perturbation kis
from 1—10 at time ¢=100. The resetting kinetics (in a.u.) of A and
E are shown as a function of time, as well as their respective average
concentrations <A> and <E>. Panel b shows the frequency (x 100)
as a function of time (a.u.). Notice the frequency independence of the
controller. Other rate constants (phases 1 and 2, in a.u.) as in Fig. 3.22.
Initial concentrations of A, E, and e (in a.u.), respectively: 3.6316x1071,
1.1780x10%, 3.7122x1073. See Appendix A for python scripts. . . . . . .
Oscillator from Fig. 3.21a with frequency independence. The figure shows
the maximum frequency (in phase 2) as a function of k:fg2+k‘14. The
controller is applied a step-wise perturbation from phase 1 (k15=1.0) to
phase 2 (k5 variable, k15 from 2—10) with constant background pertur-
bations kj4 from 0—64 (k14 variable, phases 1 and 2). The controller
shows frequency independence. Other rate constants (phases 1 and 2, in
a.u.): k1=ks=1x102, ko=ks=k=1.0, ks=k;=1x1075. Initial concentra-
tions of A, e, and E (in a.u.), respectively: Ag=1.6912, eg=1.6838x1072,
Eo=1.0027x10%, I1,=4.4299x10%, I5,=1.2833x10? (k14 from 0—64). . . .
Cellular interactions within the retinal layers. This figure is a simplified
version of the retinal structure shown in (Fig. 3.2). Here, light (indicated
yellow arrows) travels through the center (and not the annulus) of the
receptive field. This excites the on-center cone (colored blue) in the first
feedbak layer, in which an inhibitory signal is received by the on-center
bipolar cell (colored green) of the second layer. A subsequent on-center
ganglion cell (colored purple) then receives a signal from the bipolar cell,
before ganglion cell axons come together to form the optic nerve that
enters the central nervous system. Horizontal cell (colored orange) inter-
actions are also indicated in the figure. . . . . . . .. ..o

54
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3.26

3.27

Retinal light adaptation (RLA) model with frequency control at the gan-
glion cell level. a) Simple RLA controller with three layers of nega-
tive feedback. The first negative feedback layer constitutes the m2 mo-
tif (Fig. 3.7), in which integral control is incoporated as a zero-order
Michaelis-Menten (MM) type degredation of E. This allows for robust
perfect adaptation of A. The controller is subjected to outflow pertur-
bations ks and k4. Inhbitory information from FE is sent to the bipolar
cell in the second layer, and B further activates the removal of A4,, in the
ganglion cell layer. A,, is homeostatically controlled by E,,. I; and I3
ensure Fp,- and frequency-homeostasis of the oscillator. I; and I feed
coherently [5, 6] back to Ap,, which enable the controller to neutralize
backgrounds. Solid arrows represent chemical reactions. Dashed lines
indicate signaling events, where activation is represented by a plus sign
and inhibition by a minus sign. b) Cellular interactions within the retinal
layers. This figure is a simplified version of the retinal structure shown
in (Fig. 3.2). Here, light (yellow arrows) travels through the center (and
not the annulus) of the receptive field. This excites the on-center cone
(colored blue) in the first feedbak layer, in which an inhibitory signal is
received by the on-center bipolar cell (colored green) of the second layer.
A subsequent on-center ganglion cell (colored purple) then receives a sig-
nal from the bipolar cell, before ganglion cell axons come together to form
the optic nerve that enters the central nervous system. Horizontal cell in-
teractions are also indicated in the figure. Figure was redrawn from Fig.
11.21, Ref. [3]. . . o o o
Response kinetics of the RLA controller from Fig. 3.26a with background
k4=0. The controller is tested at a step-perturbation ko from 1.0 (phase
1) to 20.0 (phase 2) at time t=100. Panel a shows the resetting kinet-
ics of A and FE as a function of time. Panel b shows the increase in B
over time. The resetting kinetics of Ay, and E,, are shown in panel ¢
and d, respectively, along with their respective average concentrations
<App> and <Ep,>. Panel e shows the contributions of the controller
species I1 and Iy over time. In panel d the frequency, or inverse of
the period length, is plotted as a function of time. Notice the con-
troller’s frequency homeostasis. Other rate constants (phases 1 and 2,
ina.uw.): k3=1x10%, ks=ko1 =kog=k3o=1.0, k6=3.0, kr=koo=Fkog=1x1073,
k8:k9:k‘10:k11:/{327:0.1, 14/‘19:8.07 l{:QO:lO0.0, /{523:16.0, k24:0.5, ]{525:80,
ko9=>5.0, k3o=k33=1x107, k31=4.99, ky=ky3=1x10"2. Initial concentra-
tions of A, E, B, Ay, e, E,p, I, and I (in a.u.), respectively: 3.0000,
3.3323x102, 3.0000x 1072, 3.9304, 1.0647x 102, 1.9892x 1073, 5.4263x 103,
9.7850x 1071 L L
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3.28

3.29

Response kinetics of the RLA controller from Fig. 3.26a with background
k4=128. The controller is tested at a step-perturbation ks from 1.0 (phase

1) to 20.0 (phase 2) at time {=100. Panel a shows the resetting kinetics

of A and E as a function of time. Panel b shows the increase in B

over time. The resetting kinetics of Ay, and E,, are shown in panel ¢

and d, respectively, along with their respective average concentrations
<App> and <Ep,>. Panel e shows the contributions of the controller
species I; and Iy over time. In panel d the frequency, or inverse of the

period length, is plotted as a function of time. Notice the controller’s
frequency homeostasis. Other rate constants (phases 1 and 2, in a.u.) as

in Fig. 3.27. Initial concentrations of A, E, B, Ay, e, Epp, 11, and I

(in a.u.), respectively: 2.9988, 2.4850, 3.8684, 2.6784x10~%, 1.7625x102,
9.8798, 3.7092x103, 1.3583x10%. . . . . . . . ... ... 61
Frequency and background compensations of the RLA controller from

Fig. 3.26a. The figure shows the maximum frequency (in phase 2) as a
function of k§h2—i—kz4. The controller is applied step-wise perturbation from
k2=1.0 (phase 1) to k=2—100 in phase 2 (with increments of one) with
constant background perturbation k4 from 0—2048 (k4 variable, phases 1

and 2). The controller shows robust background and frequency compensa-

tions. Other rate constants (phases 1 and 2, in a.u.) as in Fig. 3.27. Initial
concentrations of A, E, B, Ay, e, Epp, I1, and I (in a.u.), respectively:
3.0000, 3.3323x10%, 3.0000x 1072, 3.9304, 1.0647x 102, 1.9892x 1073, 5.4263x 10,
9.7850x 107! (k4=0); 3.0000, 1.1101x102, 9.0000x 1072, 9.7940, 2.0076 x 102,
3.2180, 5.3753x10%, 3.9409 (k4=2); 3.0000, 1.0001x10!, 9.9000x 10~}
1.8289x 10", 1.4873x102, 1.2631x1072, 2.9836x10%, 2.5182x10* (ky=4);
3.0000, 3.6937x10%, 2.7000x 101, 4.4809, 1.0678 x 102, 2.0061x 1073, 3.0351x 104,
2.5117x10* (k4=8); 3.0000, 1.9508 x 10*, 5.1000x 10~1, 2.7090x 1075, 1.4408 x 102,
9.8073, 5.0887x 103, 4.6678x 10! (k4=16); 3.0000, 1.0001x10', 9.9000x 101,
5.6417x1075,1.3432x 102, 8.3457, 4.8472x 103, 1.8810x10? (k4=32); 3.0000,
5.0282, 1.9500, 4.8072x 1073, 1.8646x 102, 8.6693, 2.9876 x 10, 2.5992 % 10*
(ky=64); 2.9988, 2.4850, 3.8684, 2.6784x 1074, 1.7625x 102, 9.8798, 3.7092x 103,
1.3583x10% (k4=128); 3.0000, 1.1970, 7.7100, 5.1717x10~4, 1.5576x 102,
1.0597x 101, 2.0078 x 103, 2.7276 x 10% (k4=256); 3.0000, 5.4977x10~1, 1.5390x 101,
5.7915x1073, 1.7878x 102, 9.6191, 2.4551 x 10%, 3.1417x10* (k4=512); 3.0000,
2.2520x 1071, 3.0750x 101, 1.9292x 10!, 1.5661x 102, 2.9704x 1072, 3.4338x 102,
1.9497x10* (k4=1024); 3.0000, 6.2684x1072, 6.1469x10", 8.4807x107!,
1.9810x 102, 6.6854, 5.5685x 103, 4.9299x10% (k4=2048). . . . . . . . . .. 62
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3.30

3.31

3.32

Retinal light adaptation (RLA) model without frequency control at the
ganglion cell level. a) Simple RLA controller with three layers of negative
feedback. The first negative feedback layer constitutes the autocatalytic
m2 controller (Fig. 3.8). This allows for robust perfect adaptation of A.
The controller is subjected to outflow perturbations ko and k4. Inhbitory
information from F is sent to the bipolar cell in the second layer, and B
further activates the removal of A, in the ganglion cell layer. A, is home-
ostatically controlled by E,,. Solid arrows represent chemical reactions.
Dashed lines indicate signaling events, where activation is represented by
a plus sign and inhibition by a minus sign. b) Cellular interactions within
the retinal layers. This figure is a simplified version of the retinal structure
shown in (Fig. 3.2). Here, light (yellow arrows) travels through the center
(and not the annulus) of the receptive field. This excites the on-cecnter
cone (colored blue) in the first feedbak layer, in which an inhibitory sig-
nal is received by the on-center bipolar cell (colored green) of the second
layer. A subsequent on-center ganglion cell (colored purple) then receives
a signal from the bipolar cell, before ganglion cell axons come together to
form the optic nerve that enters the central nervous system. Horizontal
cell interactions are also indicated in the figure. Figure was redrawn from
Fig. 11.21, Ref. [3].. . . . . o oo
Response kinetics of the RLA controller from Fig. 3.30a with background
k4=0. The controller is tested at a step-perturbation ke from 1.0 (phase
1) to 4.0 (phase 2) at time t=1000. Panel a shows the resetting kinet-
ics of A and E as a function of time. Panel b shows the increase in
B over time. The resetting kinetics of A, is shown in panel c, along
with its average concentration <Ap,>. Panel d shows the response kinet-
ics of E,, as a function of time together with its average concentration
<FE,,>. In panel d the frequency, or inverse of the period length, is plot-
ted as a function of time. Notice the controller’s inability to produce
frequency homeostais. Other rate constants (phases 1 and 2, in a.u.):
k3:1><104, k5:k21:1.0, k6:3.0, k8:k9:k11:k27:0.1, ]{710:10, k19:8.0,
k:20:100, ]4322:]{?26:])(10_3, k23:16.0, ki24:0.5, k‘25:800 Initial con-
centrations of A, E, B, App, e, and E,, (in a.u.), respectively: 3.0000,
3.3323x10%, 3.0000x 1072, 5.8034, 2.6501x10%, 1.2184x10%. . . . . . . ..
Response kinetics of the RLA controller from Fig. 3.30a with background
k4=160. The controller is tested at a step-perturbation ks from 1.0 (phase
1) to 128.0 (phase 2) at time ¢t=1000. Panel a shows the resetting kinetics
of A and E as a function of time. Panel b shows the increase in B over
time. The resetting kinetics of A, is shown in panel c, along with its
average concentration <A,,>. Panel d shows the response kinetics of
E,, as a function of time together with its average concentration <IE,,>.
In panel d the frequency, or inverse of the period length, is plotted as a
function of time. Notice the controller’s inability to produce frequency
homeostais. Other rate constants (phases 1 and 2, in a.u.) as in Fig. 3.31.
Initial concentrations of A, E, B, Ap,, e, and Ej, (in a.u.), respectively:
3.0000, 1.9704, 4.8300, 3.4535x1075, 1.4768x 102, 7.3201x10'. . . . . . . .
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3.33

3.34

Frequency adaptation of the RLA controller from Fig. 3.30a. The figure
shows the maxmimum frequency (in phase 2) as a function of k§h2+k:4.
The controller is applied a step-wise perturbation from ky=1.0 (phase 1)
to ko=2—128 in phase 2 (with increments of one) with constant back-
ground perturbation k4 from 0—160 (k4 variable, phases 1 and 2). The
controller does not show frequency nor background compensation. Other
rate constants (phases 1 and 2, in a.u.) as in Fig. 3.31. Initial con-
centrations of A, E, B, Ay, e, and E,, (in a.u.), respectively: 3.0000,
3.3323x102, 3.0000x 1072, 5.8034, 2.6501 x 102, 1.2184x10* (k4=0); 3.0000,
3.3323x102, 3.0000x 1072, 5.8034, 2.6501 x 102, 1.2184x10* (k4=20); 3.0000,
3.3323x102, 3.0000x 102, 5.8034, 2.6501 x 102, 1.2184x10* (k4=40); 3.0000,
4.0152, 2.4300, 1.4076x1075, 3.5068x102, 3.4797x10% (k4=80); 3.0000,
1.9704, 4.8300, 1.9703x 103, 3.4535x107°, 1.4768 x 102, 7.3201 x 10' (k4=160). 68
Retinal light adaptation (RLA) model with frequency control at the gan-
glion cell level. a) Simple RLA controller with three layers of nega-
tive feedback. The first negative feedback layer constitutes the m2 mo-
tif (Fig. 3.7), in which integral control is incoporated as a zero-order
Michaelis-Menten (MM) type degredation of E. This allows for robust
perfect adaptation of A. The controller is subjected to outflow perturba-
tions ks and k4. Inhbitory information from F is sent to the bipolar cell in
the second layer, and B further activates the inflow of A, in the ganglion
cell layer. A,, is homeostatically controlled by F,,. I; and Iz ensure Ej,-
and frequency-homeostasis of the oscillator. I; and I feed coherently
[5, 6] back to Ay, which enable the controller to neutralize backgrounds.
Solid arrows represent chemical reactions. Dashed lines indicate signaling
events, where activation is represented by a plus sign and inhibition by a
minus sign. b) Cellular interactions within the retinal layers. This figure
is a simplified version of the retinal structure shown in (Fig. 3.2). Here,
light (yellow arrows) travels through the center (and not the annulus)
of the receptive field. This excites the on-center cone (colored blue) in
the first feedbak layer, in which an inhibitory signal is received by the
on-center bipolar cell (colored green) of the second layer. A subsequent
on-center ganglion cell (colored purple) then receives a signal from the
bipolar cell, before ganglion cell axons come together to form the optic
nerve that enters the central nervous system. Horizontal cell interactions
are also indicated in the figure. Figure was redrawn from Fig. 11.21, Ref.
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3.35 Response kinetics of the RLA controller from Fig. 3.34 with background
k4=0. The controller is tested at a step-perturbation ko from 1.0 (phase
1) to 10.0 (phase 2) at time t=100. Panel a shows the resetting kinet-
ics of A and F as a function of time. Panel b shows the increase in B
over time. The resetting kinetics of Ay, and E,, are shown in panel ¢
and d, respectively, along with their respective average concentrations
<App> and <Ep,>. Panel e and f show the contributions of the con-
troller species I; and Io, respectively, over time. In panel g the frequency,
or inverse of the period length, is plotted as a function of time. Notice the
controller’s frequency homeostasis. Other rate constants (phases 1 and
2, in a.u,): k3:k15:1><104, ks=ki1g=koo=koq=1.0, kg=3.0, k7:1><1073,
k8:]€9:]{:11:k16:0.1, k10:k‘12:10.0, k13:k20:k23:k26:1x10_6, k14:0.0,
k17=1x103, k1g=ko1=ko5=50, kg1=kg=1x 10~2. Initial concentrations of
A, E, B, App, e, Epp, I1, and I (in a.u.), respectively: 3.0000, 3.3323x 102,
3.0000x1072, 1.7893x 102, 3.3126x 10", 7.6836x 10", 1.2108x10*, 4.1468x10~7. 73

3.36 Response kinetics of the RLA controller from Fig. 3.34 with background
k4=320. The controller is tested at a step-perturbation ks from 1.0 (phase
1) to 10.0 (phase 2) at time ¢=100. Panel a shows the resetting kinetics
of A and E as a function of time. Panel b shows the increase in B
over time. The resetting kinetics of Ay, and E,, are shown in panel
c and d, respectively, along with their respective average concentrations
<App> and <Ep,,>. Panel e and f show the contributions of the controller
species I1 and Iy, respectively, over time. In panel g the frequency, or
inverse of the period length, is plotted as a function of time. Notice the
controller’s frequency homeostasis. Other rate constants (phases 1 and 2,
in au) as in Fig. 3.35. Initial concentrations of A, E, B, Ay, e, Epp, 11,
and Iy (in au), respectively: 2.9968E, 9.3953x1071, 9.6198, 1.2536x 102,
5.3802x10', 8.0468x 10, 2.5032x103, 2.0381x1078. . . . ... . ... .. 75
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3.37 Frequency and background compensations of the RLA from Fig. 3.34.
The figure shows the maximum frequency (in phase 2) as a function of
k§h2+k‘4. The controller is tested at a step-perturbation from ky=1.0
(phase 1) to ka=2—100 in phase 2 (with increments of one) with constant
backgrounds k4 from 0—1120 (k4 variable, phases 1 and 2). The oscilla-
tor shows parallell curves at different backgrounds. Notice, in the lower
left corner, that the controller becomes oscillatory at higher backgrounds.
Other rate constants (phases 1 and 2, in a.u.) as in Fig. 3.35. Initial
concentrations of A, E, B, Ay, e, Eyp, I1, and I (in a.u.), respectively:
3.0000, 3.3323x102, 3.0000x1072, 1.7893x 102, 3.3126x 10!, 7.6836x 10!,
1.2108x10%, 4.1468 x 1072 (k4=0); 2.9999, 3.0204x 10, 3.2999x 1071, 2.6012x 10*,
1.3489x102, 4.4650x 10", 1.1775x10%, 4.2642x107? (k4=10); 2.9998, 1.5774x 10!,
6.2996x1071, 3.0816x 102, 9.8665, 3.8609x 10", 1.1520x10%, 4.3592x10~*
(k4=20); 2.9996, 8.0311, 1.2298, 1.0126x10%, 6.6940x10', 7.8222x10!,
1.0887x10%, 4.6140x1072 (k4=40); 2.9993, 4.0163, 2.4294, 2.3534x 102,
1.9783x10%, 6.4162x 10", 9.7192x103, 5.1710x 1079 (k4=80); 2.9985, 1.9714,
4.8276, 2.2409x10%, 2.1944x10', 6.7249x 10", 7.3194x103, 6.8781x10~*
(k4=160); 2.9968, 9.3953x 1071, 9.6198, 1.2536x 102, 5.3802x 10!, 8.0468x 101,
2.5032x103, 2.0381x107% (k4=320); 2.9950, 5.9417x10~!, 1.4406x10",
2.3875x10%, 1.9448x 101, 6.3218 x 10!, 9.2579x 10, 2.2308x 103 (ks=480);
2.9929, 4.2126x107", 1.9184x 10!, 2.9206x 102, 1.1643x10', 4.5278x 10",
9.5719x 10!, 7.0601x 103 (k4=640); 2.9906, 3.1746x 101, 2.3955x 10", 3.2501x 102,
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Chapter 1

Introduction

1.1 About the thesis

This thesis is a computational study on models for photoadaptation. A certain set of
negative feedback loops, also called controllers, were studied and they showed robust
homeostasis. These controllers respond to perturbations in a coordinated and regulated
way, and keep their variables within narrow limits due to the application of integral
control. It was found that the controllers have the same type of resetting kinetics (i.e.,
background and/or frequency compensations) as certain retinal cells, and are therefore

analyzed with regards to photoadaptation.

1.2 Cannon’s concept of homeostasis

Homeostasis is the property of a physiological system to maintain its internal stability
while being subjected to external perturbations. This is made possible by coordinated
responses that keep these disturbances within narrow limits. The presence of (homeo-
static) defense mechanisms in animals and plants is crucial for their health and survival.
Different physiological variables, such as body temperature, blood glucose levels, and
hormones in animals, are kept within an optimal, functional, and healthy range of val-
ues. By not maintaining homeostasis the internal stability weakens and the organism

can experience damage, disease, and even death [9, 10].

The original concept of homeostasis took many years to develop. In the eighteenth cen-
tury, Charles Blagden [11, 12] and John Hunther [13] came to understand that body
temperature remains constant over a wide range of external temperature values, indi-

cating that it is internally stable. This idea of internal stability was further established

1
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in the nineteenth century by scientists such as Charles Robin, Claude Bernard, Leon
Fredericq, and Charles Richet [10]. Bernard, in particular, realized that the internal
environment is stable and not dependent on external conditions. He also recognized
that the internal stability, or as he called it: ”Le milieu interieur”, is vital for the or-
ganism’s health and survival [14-16]. Richet, who was a student of Bernard, stressed
that the internal environment is dynamically regulated and can be modified to oppose
the changes caused by external stimuli [17]. The physician Walter B. Cannon built on
ideas like these and eventually coined the term ”homeostasis” in 1929, which describes
a self-regulatory process in living systems that adapts to external perturbations and
maintains stability [9, 10, 16, 17].

The constant conditions of homeostasis can be explained by maintaining a steady state.
This is because a complex and (open) biological system might have some variations, in
which the internal environment is held within narrow limits without being constant and
rigid. Cannon therefore acknowledged that the prefix ”stasis” in homeostasis could be
misleading. He tried to explain the variations by using the prefix "homeo” instead of

"homo”, which indicates similar instead of like, respectively [10].

1.3 Alternative definitions of homeostasis

Even though Cannon mentioned that homeostasis can show some variations, the term
is today often recognized in its most simplistic form. As a result, alternative names
and definitions have been suggested to account for the more complex and dynamic

homeostasis (i.e., oscillations) that is known to occur in (open) biological systems.

Moore-Ede recognized that the classical concept of homeostasis is reactive, i.e., devia-
tions from the set-point are measured before being corrected for by negative feedback.
He suggested to expand Cannon’s definition to include predictive homeostasis. This
would account for circadian timing systems, which first anticipate and then adapts to

environmental changes [18].

The term allostasis was introduced by Sterling and Eyer [19] and means ”stability
through change”. They argued that the classical concept of homeostasis fails to explain
that an organism may benefit from a non-constant internal environment. Instead it
adapts to perceived and anticipated challenges by changing the internal milieu [19-21].
This is true when a bear prepares for hibernation by gaining fat, or when a cow undergoes
morphological, physiological and behavioural changes in order to produce lactate for a
calf [22].
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Also, Lloyd suggested to use the term homeodynamics instead of homeostasis since
adaptation mechanisms are very dynamic. In fact, he stated that it is the dynamic
organization of having a homeodynamic system that makes the organized complexitiy
of life possible [23].

Lastly, Mrosovosky introduced rheostasis to consider shifting set-points. He explained
that an organism is under homeostastic control at all times, but that the regulated set-
point may change over time. This is the case when we are running a fever, and the
body experiences a sustained and controlled rise in temperature [24]. Another example
is when an animal adapts to a change in season by gaining fat. Mrosovsky argued
that environmental changes like this could explain the physiological plasticity that an

organism experiences during evolution [25].

These alternative definitions to homeostasis are not necessary, according to Carpenter
[26]. Homeostatic principles are often used in an oversimplified way, and deviations
from this are rediscovered and wrongly treated as something new and distinct from
homeostasis. Carpenter further argues that Cannon’s definition of homeostasis can take
onto different and more complex forms by allowing the cooporation of different feedback

mechanisms, and that the term homeostasis can still stand as an unified approach.

1.4 The apperance of cybernetics

Regardless of the definition that is used, we now know that homeostatic processes in-
volve a complex combination of feedback mechanisms, i.e., feedback loops, that respond
to environmental changes in an automatic and coordinated way. A negative feedback
loop is able to maintain the preferred set-point of its physiological variable (i.e., body
temperature, blood glucose level, and hormones) by feeding the results from previous

actions into the system, and thereby adjusting the outcome of future actions [17].

The idea that animals respond to perturbations in an automatic and coordinated way
originated from mechanics with the invention of self-regulatory devices. The study of
these self-regulatory products has been around for a long time, but really took off in
the late 18th century. At this time the steam engine, which was regulated by corrective
feedback, was developed and later improved by James Watt. Then in the 19th century,
James Clerk Maxwell built on his work and published a mathematical analysis that
explained the principles of self-regulatory devices [17, 27]. This eventually became the
foundation to which control theory is built upon, and is defined as a feedback-regulated
system that controls its behaviour without being directed by external factors [17]. Two

important papers, published in 1943, found that the mathematical principles of control
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theory can be used to explain the self-regulatory behaviour in living organisms [28, 29].
One of the authors was Norbert Wiener, which later introduced the term ”cybernetics”
as the science of communications and self-regulated control in both machines and animals
[17, 30].

With the development of cybernetics ”integral control”, which was introduced in the
beginning of the 20th century as a way to regulate industrial processes, was applied
in the study of living organisms in order to achieve homeostasis [31, 32]. Integral con-
trol is a control-engineering method that involves system analysis and control theory
(see Ch. 2.3). Upon external perturbations it is able to keep a controlled variable, say
A, preciesly and robustly at its set-point by feeding the integrated error back into the
perturbation-independent process. This is due to the compensatory actions of the ma-
nipulated variable [1, 2, 33, 34], which is here called E. Different kinetic requirements
of integral control can be used in physiological processes to achieve homeostasis, and
among them are zero-order kinetics in the removal of E' [7], antithetic or dual-E control
[35, 36], and a mixture of autocatalytic synthesis of E and first-order kinetics in the
removal of E [37].

1.5 Background and frequency compensations

Retinal light adaptation, according to the literature, involves compensating backgrounds
[3, 8, 38, 39]. We therefore became interested in understanding the underlying feedback
mechanisms of this phenomenon. As such, we created controllers that (mainly) incor-
porate integral control in terms of zero-order kinetics. Also incorporating a type of
feedback, here termed ” coherent feedback”, will enable these controllers to compensate
for step-wise perturbations (i.e., frequency) at different but constant backgrounds. The
term ”coherent feedback” was introduced by Lloyd and others [5, 6]. Since the feed-
back, which can compensate for backgrounds is similar to Lloyd’s coherent feedback
definition [6], we adopted this term. A variant of coherent feedback is ”incoherent feed-
back”. In this case controllers can still compensate for step-wise perturbations, which is
here termed ” frequency compensation”, without having the ability to adapt to different

backgrounds.
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1.6 Layout of the thesis

Since the work of this thesis is to study the photoadaptation of light in the retina,
photoadaptation is the first topic that is introduced. Light that enters the eye hits the
photoreceptors in the outer part of the retina. This initiates a phototransduction cascade
that activates the subsequent bipolar and ganglion cells, in which the latter cell’s axons
come together to form the optic nerve that enters the central nervous system for further

image processing [3, 8, 40, 41].

This thesis deals with three types of controllers that correspond to the behaviours of
different retinal cells. First, a set of eight single-layered (also called one-layered) basic
negative feedback motifs will be provided. These controllers respond to different but
constant light increments with decreasing amplitudes, where some of them show faster
resetting times in anology to the resetting kinetics seen in vertebrate photoreceptors [8,
42, 43]. Their ability to reset at their pre-perturbation levels are due to the incorporation

of a basic integral controller [7].

Retinal ganglion cells are known to oscillate, as well as having partial frequency com-
pensations [39]. We therefore created two-layered frequency compensated oscillators in
order to represent these cells. These controllers are subjected to step-wise perturba-
tions at different but constant background illuminations, which test their adaptation
to frequency and light, respectively. Coherent or incoherent feedback are included into
the controllers and enable them to show frequency compensation. Those with coherent

feedback also manage to compensate backgrounds.

Lastly, retinal light adaptation (RLA) models will be introduced as a way to study
the cellular interactions in the whole retina. These controllers have three feedback
layers that correspond to different retinal cells. The first layer represents one of the
photoreceptor models, which sends an inhibitory signal to a hypothetical bipolar cell in
the second layer. The bipolar cell then feeds a signal to the third and final layer, which
is represented by a frequency compensated ganglion cell. It is the feedback organization

in the ganglion cell layer that regulates retinal background compensation.

Part of my work, regarding the eight negative feedback motfis, has been published in
PLOS ONE (see Appendix C). A manusscript has also been submitted to PLOSE ONE
(see Appendix D), which deals with some of my results of the frequency compensated

oscillators. This manusscript was under review at the time this thesis was submitted.



Chapter 2

Materials and Methods

2.1 Computational methods

Computations were made by using the Fortran subroutine LSODE (https://computing.1l
nl.gov/projects/odepack), and the graphical outputs were generated with Gnuplot (www.
gnuplot.info). These plots, as well as other figures, were annotated with Adobe Illustra-
tor (https://www.adobe.com/). The time derivative of different variables are indicated
by the dot notation, and rate constants are given in arbitary units (a.u.) with the
notation k; (where i=1,2,3...). The number i does not depend on the type of kinetic
conditions (i.e., Michaelis constants, turnover number, inhibition constants, or activa-
tion constants). Computations have been made more accessible to the general public
by converting some of the Fortran results to python (see Appendix A) and MATLAB
scripts (see Appendix B).

2.2 Types of chemical negative feedbacks

There are eight basic single (one-layered) negative feedback loops (Fig. 2.1), which are
analyzed with respect to an applied step and constant but different backgrounds. These
controllers divide equally into inflow and outflow controllers, and are able to keep a
controlled variable A robustly at its set-point. In particular, the controlled variable A is
back-regulated to its set-point after step-perturbations are applied. A is compensated
by compensatory fluxes provided by the manipulated variable E, which either stimulates
the increase or reduction of A, depending on whether the feedback motif is an inflow or
outflow controller, respectively [1]. Step-wise perturbations were used because integral

controllers, in general, are known to fully compensate them [44].
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inflow controllers

activation-based
compensatory flux

m4

derepression-based
compensatory flux

outflow controllers

activation-based
compensatory flux

m8

derepression-based
compensatory flux

F1cUre 2.1: Controller motifs m1-m8. Step-perturbations and constant background

reactions are indicated by red and blue arrows, respectively. Solid lines indicate chem-

ical reactions. Dashed lines represent signaling events, in which activation-based com-

pensatory fluxes are indicated by a brown color and derepression-based compensatory

fluxes by a green color. Plus and minus signs represent, respectively, activation and

inhibition. Integral control is incoporated by zero-order kinetics. Figure was taken
from Ref. [1] with permisssion.

In the inflow controllers, m1-m4, step-perturbations (red arrows) and constant back-
ground reactions (blue arrows) are applied such that A is reduced, and it is increased
back to its set-point either by an activation-based compensatory flux (controllers m1l
and m3) that directly stimulates the production of A or by a derepression-based com-
pensatory flux (controllers m2 and m4) in which the synthesis of A is inhibited by a

negative feedback.

In controllers m5-m8, which are outflow controllers, the opposite occurs and A is in-
creased when step-perturbations (red arrows) and backgrounds (blue arrows) are ap-
plied. The activation-based compensatory flux (controllers m5 and m7) reduces A back
to its set-point by directly activating the breakdown of A, whereas the derepression-
based compensatory flux (controllers m6 and m8) inhibits the breakdown of A through

negative feedback [1].

Details about each of these controllers can be found in Ch. 3.2, along with their response
kinetics to changes in illumination. These controllers incoporate integral control by zero-
order kinetics (see next chapter). However, an additional m2 controller that incorporates

integral control by autocatalysis, will also be provided.
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2.3 Integral control

As mentioned, integral control is a control-engineering concept that keeps a controlled
variable (A) precisely and robustly at its set-point (Ase), which is accomplished by
feeding the integrated error back into the perturbation-independent process. We will
use outflow controller m5 (Fig. 2.2a) to illustrate how integral control (Fig. 2.2b) can

be incorporated into this controller motif by zero-order kinetics.

Inflow perturbations (by k1 and k3) in m5 (panel a) will temporarily increase the level
of A to above Age, which means that more E is activated through the rate constant ks.
The compensatory actions of E (with kg and k7) then contribute to a higher removal
of A (through k) and, as a result, the controller shows robust perfect adaptation of A.
This is due to the incoporation of integral control as zero-order Michaelis Menten (MM)
kinetics in the removal of . The MM parameters Vj,q, and K,, are represented by kg

and k7, respectively.

a b

k P=———————
1 | perturbations !
[ !
ky ky [
A——> l
. Ao
@ » -
tkgk set integral
%’ E e controller process
5 zero-order
degradation

FIGURE 2.2: Integral control in terms of zero-order kinetics. Figure was redrawn from
Ref. [2], Fig. 1. a) Controller motif m5 from Fig. 2.1 is shown together with rate
constants k; (where i=1, 2, 3...). The negative feedback loop shows robust perfect
adaptation of A due to removing E by zero-order kinetics. For explanation, see text.
b) Typical flow chart of integral control. Uncontrollable perturbations (orange arrows)
add or remove the controlled variable A. The difference between A and the set-point
Aset, Aset-A, is measured and integrated over time (brown ”integral controller” box).
This gives the concentration of the manipulated variable F (green line) that is necessary
to bring A back to A through a negative feedback loop (blue line). The colors in
panel b correspond to those in panel a.

In panel b this is illustrated in terms of an integral controller scheme. Environmental
perturbations (orange arrows) remove the concentration of A in comparison to Asge.
This difference or error, e=Age;— A, is integrated over time (brown ”integral controller”
box) and yields the concentration of E (green line). This new level of E feeds into
the process (grey box) that generates A and brings A back to its set-point through a
negative feedback loop (blue line) [45].
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The time derivative of the controlled variable (A) can be determined by subtracting

the sum of outflow perturbations finflow (arrows pointing away from A) from the sum

pert
kinflow

pert  (arrows pointing towards A) that remove and add A,

of inflow perturbations
respectively. These perturbations also need to be multiplied with the species that (may)

have influenced the inflow or outflow of A (i.e. A or E):

A _ kinflow _ poutflow _ (kl + k‘g) B (]€2 + /{4E)A (21)

pert pert

where A and E both affect the outflow perturbations.

A similar process is done for the time derivative of the manipulated variable (E) How-
ever, the removal of F occurs by zero-order MM kinetics due to the application of integral

control:

_ ke B
kr+FE

E _ kinflow . koutflow _ k5A

pert pert (22)

where the inflow and outflow perturbations are affected by A and F, respectively.

By incorporating this type of integral control one assumes that k7<<Ess (ss: steady
state) and, as such, that E/(k7+FE) =~ 1. Finally, the set-point A can be determined
together with the steady state assumption, i.e. E=0:

. kG-E kﬁ
E=ksA— ~ksA—ke=—k — —A 2.3
5 k7+E 5 6 5 ]{75 ( )
A
set

where E is proportional to the integrated error.



Chapter 3

Results

3.1 Photoadaptation in the retina

This section provides information about photoadaptation in the retina, i.e., how retinal
cells adapt to changes in illumination. Incoming light goes through the optical com-
ponents of the eye before it is focused onto the retinal surface. The light then travels
through the retinal layers and towards the photoreceptors’ outer segments. These seg-
ments contain light-sensitive photopigments that change configuration in response to
light, which initiates a phototransduction cascade [3, 8, 40, 41]. This cascade of events
will be explained, along with the basic types of retinal cells and their interactions within

the retinal layers.

3.1.1 Phototransduction cascade

Phototransduction is the process of converting photons from light into electrical signals
or potentials across the cell membrane of photoreceptors. Rods and cones contain light-
sensitive photopigments of rhodopsin and photopsin, respectively, which are located in
membraneous disks of their outer segments. These pigments change configuration in
response to light, and are responsible for initiating the phototransduction cascade. This
series of events will be explained by using rods as an example. However, a similar process

occurs in cones when photopsin is hit with light instead of rhodopsin.

Rhodopsin consists of the light-absorbing chromophore and vitamin-A derivative reti-
nal and one or several types of the protein opsin, with each opsin absorbing light at
a particular wavelength. An incoming photon of light is absorbed by retinal and, as a
result, breaks a double carbon-bond that changes the configuration of 11-cis retinal into

All-trans retinal. This triggers a cascade of events in which opsin first leaves retinal

10
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to activate the intracellular messenger transducin. Transducin then activates phospho-
diesterase (PDE) that is responsible for hydrolyzing the nucleotide cyclic guanosine
monophosphate (cGMP). The role of cGMP is to gate or control the amount of cations
(Ca?* and Na™) that flow into the membrane channels of the photoreceptor’s outer seg-
ment. This influx of ions is opposed by the efflux of cations (K') in potassium-selective
channels of the photoreceptor’s inner segment. A decreased concentration of ¢cGMP
means that there is less cGMP to bind to the membraneous channels. The channels of

the outer segment therefore start to close when illumination is increased.

The increased concentration of cGMP in the dark, however, allows for a higher influx
of cations through the cGMP-gated channels. This inward current of ions contributes
more than the efflux of K' ions in the inner segment. Photoreceptors are therefore
depolarized in the dark with a membrane potential of about -40 mV, and have a high
neurotransmitter release of glutamate at the synapse. In light, however, the decreased
concentration of cGMP yields a lower influx of positive ions. The membrane potential
therefore starts to hyperpolarize, i.e., it becomes more negative until it reaches a satu-
ration around -65 mV. Hyperpolarized photoreceptors release less glutamate due to the
fewer channels that are open. Photoreceptors show graded membrane potentials and

not action potentials.

How much the phototransduction cascade is amplified varies with the level of illumina-
tion. The amplification process stops by bringing the activated molecules back to their
inactive states. The first step is when rhodopsin kinase phosphorylates the activated
rhodopsin, which allows the protein arrestin to bind to rhodopsin. This stops the latter
molecule from activating transducin and, as a consequence, the rest of the phototrans-
duction cascade. Lastly, rhodopsin is regenerated by a complex process involving the
retinoid cycle [3, 8, 40, 41].

3.1.1.1 Intracellular feedback loops in photoreceptors

The phototransduction cascade is said to be regulated by an overlay of three nega-
tive feedback loops, which is illustrated in Fig. 3.1. ¢cGMP first activates the inflow of
Ca®* ions through cyclic nucleotide-gated (CNG) channels of the outer segment (out-
lined in purple). Ca®' ions then regulate cGMP and itself by three feedback loops.
In feedback loop 1 (outlined in red) Ca?" ions inhibit guanylate cyclase (GC), which
synthesizes cGMP. cGMP is also regulated in feedback loop 2, where Ca?* ions activate
the breakdown of cGMP through transducin and PDE. Feedback loop 3 (outlined in
yellow) is activated when the concentration of Ca’" ions become high. In this loop

calcium inhibits its own influx of ions through the CNG-channels, which is necessary
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to avoid cytotoxic concentrations of Ca?t ions. Lastly, K* ions are pumped out of the
cell through potassium-dependent sodium-calcium exchangers (NCKX) of the inner seg-

ment. This has a negative effect on calcium’s contribution on the membrane potential

[1].

k2 perturbation

GC PDE
—>» cGMP —>

QT1 I 24@

@ R leak ,
V s / ‘¢'

CNG-channel '
S CaIZ + NCKX

KF K

I

FIGURE 3.1: Regulation of photoadaptation by an overlay of three negative feedback
loops. Lower and higher levels of light intensities, represented by the perturbation ks,
increase or decrease the concentration of cGMP in the photoreceptors, respectively.
c¢GMP activates the inflow of calcium ions (outlined in purple). These ions further
affect cGMP by inhibiting the synthesis of GC in feedback loop 1, and by activating
the breakdown of cGMP by PDE in feedback loop 2. In feedback loop 3 Ca** ions
inhibit their own transport through the CNG-channels in order to avoid cytotoxicity.
Finally, their ions, along with potassium (K™) ions, are pumped out of the cell by
NCKX-channels of the outer segment. Also, there is a constant leak of Ca?* out of the
endoplasmic reticulum indicated by the term ”leak”. Figure was redrawn from Ref. [1],
Fig. 18.

3.1.2 Interactions within the retinal layers

Five basic types of cells are distributed throughout the ten retinal layers, which is
illustrated in Fig. 3.2. One of these is the light-sensitive photoreceptor, which is made
of an an outer segment, inner segment, and a synaptic terminal. There are two types of
photoreceptors, rods and cones, and their outer segments have stacks of membraneous
disks containing the photopigments rhodopsin and photopsin, respectively. Rods have
free-floating disks whereas cones have disks that are connected to the plasma membrane.
Another difference structurally is that the outer segment of rods are long and cylindrical
whereas the ones for cones are shorter and more tapered. Rods are sensitive to light and
operate under dim-light conditions. However, as the light increases rods stop functioning
and cones take over. The cones are less sensitive to light but can operate at a wide range

of the visual spectrum [3, 8, 40, 41]. In the human retina there are about 100 million
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rods, and they are typically found throughout the periphery of the retina. There are
way less cones, about 5 millions, and most of them are found in the fovea. The fovea

only contains cones and has high visual acuity [8, 38].

The base of the photoreceptors are connected to the outermost retinal pigmented ep-
ithelium layer (PE) (layer 1), which is a thin and single layer of epithelial cells that
are connected through tight junctions. There are no blood vessels in the retina and the
choroid below the PE therefore supplies the retina with necessary nutrients, water, and
molecules. The RPE therefore functions as a barrier between the blood and nutrient
supply from the choroid to the retina. PE also prevents scattering of light by absorbing
photons through its pigmented molecules of melanin, as well as to recycle photopig-
ments. The outer segment of the photoreceptors, which are partially submerged in the
PE, constitues the photoreceptor layer (PRL) (layer 2). The inner segment of photore-
ceptors stretches over both the outer limiting membrane (OLM) (layer 3) and outer
nuclear layer (ONL) (layer 4).

Upon light exposure the photoreceptor experiences a graded membrane potential and
releases glutamate at its synaptic terminal in the outer plexiform layer (OPL) (layer 5).
As previously mentioned, the photoreceptor cell becomes depolarized in the dark and
releases much glutamate. With increasing illumination the cell becomes hyperpolarized
and releases less glutamate. In the same outer plexiform layer a downstream bipolar
cell receives the signal, as well as a horizontal cell. A bipolar cell has its central body in
the inner nuclear layer (INL) (layer 6) with a synaptic terminal on both sides. There
are two main types of bipolar cells. These are the on-center and off-center bipolar cells,
in which the center or annulus of the receptive field, respectively, is excited by a spot
of light. Off-center bipolar cells have ionotropic AMPA kainate receptors that open
Ca’*t-channels in response to glutamate. Thus, when an off-center bipolar cell reacts
to a depolarized photoreceptor it receives many glutamates. This means that there is a
higher influx of Ca?" ions, which also makes the bipolar cell depolarized. The opposite
occurs when the off-center bipolar cell responds to a hyperpolarized photoreceptor that
releases less glutamate, and the cell becomes hyperpolarized. The other main type of
bipolar cell, on-center bipolar cell, has the metabotropic glutamate receptor 6 (mGluR6),
which instead closes Ca?"-channels in response to glutamate. This means that on-
center bipolar cells that receive synaptic inputs from depolarized and hyperpolarized

photoreceptors become, respectively, hyperpolarized and depolarized.

After the bipolar cell has experienced a graded membrane potential, either in terms of
depolarization or hyperpolarization, it relases glutamate onto the downstream ganglion

cell in the inner plexiform layer (IPL) (layer 7). The neurotransmitter is also released
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onto amacrine cells in the same layer. Ganglion cells also follow the on-center and off-
center pathways, and there are both on-center and off-center ganglion cells. The ganglion
cell axons are located in the ganglion cell layer (GCL) (layer 8) and come together in
the nerve fiber layer (NFL) (layer 9) to form the optic nerve that enters the central
nervous system. Ganglion cells instead show action potentials and generate spikes in
response to light, which is due to the longer travelling distance of the signal. Lastly,

there is an inner limiting membrane (ILM) (layer 10) next to the NFL.

As mentioned, there are also horizontal and amacrine cells in the retina. The horizontal
and amacrine cells receive glutamate from the synaptic terminals of photoreceptors
and bipolar cells, respectively. Horizontal cells inhibit the photoreceptors by releasing
GABA onto their synaptic terminals. They also span laterally over a wide region in the
outer plexiform layer to aid in the signaling between photoreceptors and bipolar cells.

Amacrine cells instead send inhibitory feedback to the bipolar cells in terms of GABA.

In addition to the five basic types of retinal cells there are interplexiform cells that
stabilize the outer and inner plexiform layers. There are also glial cells, i.e. muller cells,

astrocytes, and microglica, distributed throughout the retina [3, 8, 40, 41].
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F1cURE 3.2: Cellular interactions within the retina. This figure illustrates the retinal
interactions that occur when a spot of light (indicated by yellow arrows) excites the
center (indicated by yellow ”cylinder”) of the receptive field. An on-center cone (col-
ored blue) is first hit with light. Neurotransmitter is then released from its synaptic
terminal and onto the on-center bipolar cell (colored green) and horizontal cells (colored
orange). An on-center ganglion cell (colored purple) and amacrine cell (colored pink)
then receives this signal. Ganglion cell axons come together in the nerve fiber layer to
create the otic nerve that enters the central nervous system. Cells outside of the center
(yellow ”cylinder”) are in the annulus of the receptive field. Each of the ten retinal
layers has a distinctive name (indicated by horizontal arrows) and background color.
Figure was redrawn from Ref. [3], Fig. 11.5 and Fig. 11.21.
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3.2 One-layered controller motifs m1-m8

In the following chapter we are looking at how the single-negative feedback motifs (from
Fig. 2.1) are influenced by a step-wise perturbation at constant but different back-
grounds. All controllers incorporate integral control by zero-order kinetics. This enable
them to keep the controlled variable A under robust homeostatic control by the manip-
ulated variable E, where the compensatory fluxes of E are either based on activation or
derepression. As mentioned, Fig. 3.1 illustrates how the phototransduction cascade is
regulated by an overlay of three negative feedback loops. In fact, the m1-m8 controllers
represent a simplified version of this figure with two negative feedbacks (feedback loop 3
is absent), where cGMP and Ca?* are represented by A and F, respectively. Feedback
loops 1 and 2 manage to keep cGMP homeostatically regulated as long as the levels of
GC and PDE (represented by their respective k;-values) are high enough [1]. The single-
negative (or one-layered) feedback motifs are therefore meant to represent the retinal

photoreceptor.
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3.2.1 Controllers with activation-based compensatory fluxes

This subsection contains the results for inflow controllers m1 and m3, as well as the
outflow controllers m5 and m7. All motifs have activation-based compensatory fluxes.
These fluxes oppose the change in A, caused by a step-wise perturbation and constant
but different background, and eventually direct A back to its set-point Age; in order to

maintain homeostasis.

Controller m1

Regarding the inflow controller m1 in Fig. 3.3a, a step-perturbation ko (red arrow) and
constant background k4 (blue arrow) are applied in such a way that A is temporarily
reduced. The change in A is compensated by the activation-based compensatory flux
js=ks-F, directed by F, which increases the level of A by directly activating the synthesis
of A.

The rate constants of A and E are, respectively:

A= ks-E — (kg + k‘4)'A (3.1)

) ke-E
E=ks—A 3.2
; ( k7+E) (3.2)

Integral control is incorporated by a zero-order degredation of £ with the assumption
that k7<Fss, which means that E/(k7+FE) ~ 1. Together with the steady state approx-

imation (i.e. EzO) the set-point Age; can be determined:

. k
E=0 = ky=kgAy = Ag=Ag= (/.35) (3.3)
6

Rearranging the previous equation also shows that E is proportional to the integrated
error (e=Age—A):

E=ks( = —A) =kse = Et)=kg /Ote(t’)-dt’ (3.4)
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FIGURE 3.3: Resetting kinetics of controller motif m1l. (a) Reaction scheme with
integral control incoporated as a zero-order Michaelis-Menten (MM) type degredation
of E. The MM parameters V,,., and K, are represented by kg and k7, respectively.
ko is a perturbation (red arrow) and k4 represents a background reaction (blue arrow).
Solid arrows represent chemical reactions. Dashed lines indicate signaling events, where
activation is represented by a plus sign. Figure was redrawn from Ref. [1], Fig. 3.
(b) Response kinetics of the ml controller (in a.u.) at a step-wise perturbation ko
(indicated by vertical arrow) from phase 1 (k2=1.0) to phase 2 (k2=5.0) at time t=10
with different but constant backgrounds k4 from 0—64 (k4 variable, phases 1 and 2).
The concentration of A is plotted as a function of time. Controller m1 shows a successive
decrease in the maximum excursion of A, AA,,.., along with a slower resetting time
for A. AA,,q. for k4=0 is indicated. Other rate constants (phases 1 and 2): k3=1.0,
k5=3.0, ke=1.0, ky=1x1075. Initial concentrations of A: Ay=3.0 (k4 from 0—64).
Initial concentrations of E: Ey=3.0 (k4=0); Ep=6.0 (ks=1); Ep=9.0 (k4=2); Ep=15.0
(k4:4); E0=270 (k4:8); E0:51.0 (k‘4:16), E0:99.0 (k‘4:32), E0:195.0 (k4:64) See
Appendix A and B for python and MATLAB scripts, respectively.

The response kinetics of controller m1 can be seen in Fig. 3.3b, where the concentration
of A is followed as a function of time. A ko-step from 1—5 is applied at time ¢=10
and the background k4 is increased from 0—64. As is typical for controllers based on
activated compensatory fluxes, the AA,,., decreases with increasing background and
the response period increases. However, the controller is clearly able to correct for the

deviations and defends its set-point Age;=3.0.
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Controller m3

The m3 controller in Fig. 3.4a is exposed to a step-perturbation ko (red arrow) and con-
stant background k4 (blue arrow) that (temporarily) reduce the concentration of A, and
in which A is increased back to its set-point Agse; by an activation-based compensatory

flux ]3:]€3E

The rate equations of A and F become, respectively:

A=Fk3E — (ko +ky)-A (3.5)
. ksks  ke'E
E= oy il (3.6)

As for the m1l controller (Fig. 3.3a), integral control is assumed to follow zero-order
kinetics in the removal of E (k7< Es;s), and, together with the steady state assumption,
the set-point Age; is given by:

ksks

E=0
kS +Ass

= /{76 = ASS:Aset:kﬁg <k5 — 1> (37)
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FIGURE 3.4: Resetting kinetics of controller motif m3. (a) Reaction scheme with
integral control incoporated as a zero-order Michaelis-Menten (MM) type degredation
of E. The MM parameters V,,., and K, are represented by kg and k7, respectively.
ko is a perturbation (red arrow) and k4 represents a background reaction (blue arrow).
Solid lines represent chemical reactions. Dashed lines indicate signaling events, where
activation is represented by a plus sign and inhibition by a minus sign. Figure was
redrawn from Ref. [1], Fig. S1 (S1 Text). (b) Response kinetics of the m3 controller
(in a.u.) at a step-wise change ko (vertical arrow) from phase 1 (k;=1.0) to phase
2 (k2 = 5.0) at time t=50 with different but constant background reactions k4 from
0—64 (k4 variable, phases 1 and 2). The concentration of A is plotted as a function
of time. Similarily to the m1 controller (Fig. 3.3b), m3 shows a successive decrease
in the maximum excursion of A, AA,,.., along with a slower resetting time for A.
AA . for ky=0 is indicated. Other rate constants (phases 1 and 2): k3=1.0, k5=31.0,
k¢=1.0, ky=1x1076, kg=0.1. Initial concentrations of A: Ay=3.0 (k4 from 0—64).
Initial concentrations of E: FEy=3.0 (k4=0); Ep=6.0 (k4=1); Ep=9.0 (k4=2); Ep=15.0
(ky=4); Eo=27.0 (k4=8); Ex=51.0 (k4=16); Fn=99.0 (k4=32); Fn=195.0 (k4=64). See
Appendix A and B for python and MATLAB scripts, respectively.

The resetting kinetics of m3 (Fig. 3.4b), in response to a step-wise perturbation ko
from 1—5 at time t=50 with a constant background k4 from 0—64, is similar to the m1
controller’s (Fig. 3.3b) decreased AA,,,, excursion and increased period length. Despite
showing a somewhat longer resetting time, possibly caused by the inhibition of E, m3

is able to maintain Ag.;=3.0.
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Controller m5

Controller mb (Fig. 3.5a), which is an outflow controller, is exposed to an inflow step-
perturbation k; (red arrow) that temporarily incresases the concentration of A to above
Aset. The perturbation-induced change is opposed by the compensatory flux js=k4-E-A
that directly activates the breakdown of A. This behaviour is also balanced by a constant

background inflow k3 (blue arrow), as well by A activating the synthesis of E.

The rate equations of A and F become, respectively:

A=k +k3s—ky4-E-A (3.8)
) ke-E

E=Fk- -A— 3.9

sl (3.9)

Determining the set-point Age; (k7<<FEss):

E=0 = ky-Asy=ks = Ag=Ag= (3.10)

ks
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FIGURE 3.5: Resetting kinetics of controller motif m5. (a) Reaction scheme with in-
tegral control incoporated as a zero-order Michaelis-Menten (MM) type degredation of
E. The MM parameters V,,q, and K,, are represented by k¢ and k7, respectively. &
is a perturbation (red arrow) and ks represents a background reaction (blue arrow).
Solid lines represent chemical reactions. Dashed lines indicate signaling events, where
activation is represented by a plus sign. Figure was redrawn from Ref. [1], Fig. S3
(S1 Text). (b) Response kinetics of the m5 controller (in a.u.) at a step-wise pertur-
bation k; (indidcated by vertical arrow) from phase 1 (k;=1.0) to phase 2 (k; = 5.0)
at time t=100 with different but constant background reactions ks from 0—64 (ks
variable, phases 1 and 2). The concentration of A is plotted as a function of time.
mb shows a successive decrease of the maximum excursion in A, AA,,.., along with
a longer resetting time for A. AA,,. for k3=0 is indicated. Other rate constants
(phases 1 and 2): k4=0.005, k5=1.0, k=3.0, ky=1x107C. Initial concentrations of A:
Ap=3.0 (ks from 0—64). Initial concentrations of E: Ey=66.667 (k3=0); En=133.33
(ks=1); Ex=200.0 (k3=2); Ey=333.33 (k3=4); Ex=600.0 (k3=8); Fn=1133.33 (k3=16);
Ep=2200.0 (k3=32); E(=4333.33 (k3=64). See Appendix A and B for python and
MATLAB scripts, respectively.

The response kinetics of A in controller m5, as a function of time, can be seen in Fig. 3.5b,
with Ag=3.0 and constant background ks varying from 0 to 64. The step-perturbation
k1 goes from 1—5 at time t=100. m5 shows a decreased AA,,q; and a longer resetting

period as the background ks increases.
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Controller m7

The outflow controller m7 (Fig. 3.6a) has an activation-based compensatory flux jy=Fk4-A-E
that opposes the inflow of A caused by the step-perturbation k; (red arrow) and constant

background k3 (blue arrow).

Determining the rate equations of A and E, respectively:

A=k +kz—ki-AE (3.11)
. ke E ks
E=k;— . 3.12
> <k7+E) <k8+A> ( )
The set-point A is given by:

. k@kg k6
E=0 = ky= = Age=Ags=ks | ——1 3.13
i (k?8+Ass) ! ® <k5 > ( )
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FIGURE 3.6: Resetting kinetics of controller motif m7. (a) Reaction scheme with
integral control incoporated as a zero-order Michaelis-Menten (MM) type degredation
of E. The MM parameters V,,., and K, are represented by kg and k7, respectively.
k1 is a perturbation (red arrow) and ks represents a background reaction (blue arrow).
Solid lines represent chemical reactions. Dashed lines indicate signaling events, where
activation is represented by a plus sign and inhibition by a minus sign. Figure was
redrawn from Ref. [1], Fig. 5. (b) Response kinetics of the m7 controller (in a.u.)
at a step-wise perturbation k; (indicated by vertical arrow) from phase 1 (k;=1.0) to
phase 2 (k; = 5.0) at time t=100 with different but constant backgrounds ks from
0—64 (ks variable, phases 1 and 2). The concentration of A is plotted as a function
of time. m7 shows a successive decrease of the maximum excursion, AA,,.;, along
with a longer resetting time for A. AA,, 4. for k3=0 is indicated. Other rate constants
(phases 1 and 2, in au): k4=0.003, k5=1.0, ke=31.0, ky=1x1075, kg=0.1. Initial
concentrations of A: A9=3.0 (ks from 0—64). Initial concentrations of E: Ey=11.11
(ngO); E0:22.22 (k3:1)7 E0:33.33 (k3:2); E0=55.55 (k‘3:4), E0:99.99 (ngS);
Ey=188.89 (k3=16); Eq=366.67 (k3=32); Ey=722.22 (k3=64). See Appendix A and B
for python and MATLARB scripts, respectively.

The response kinetics of m7, as a function of time, in Fig. 3.6 (panel b) shows a decreased
A A and longer response period with increasing backgrounds ks from 0—64 at time
t=100. It has the same set-point Az.;=3.0 as the other controllers, and is subjected to a
step-perturbation k; from 1—5. The response kinetics of m7 is very similar to mb (see

Fig. 3.5D).
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3.2.2 Controllers with derepression-based compensatory fluxes

In this subsection the results for inflow controllers m2 and m4 and outflow controllers
mb6 and m8 are described. In these controllers the concentration of A is homeostatically
regulated upon a step-wise perturbation and constant but different background, where
the compensatory actions of E are based on derepression. There is also provided a m2

controller which incorporates integral control by autocatalysis.

Controller m2

Inflow controller m2 (Fig. 3.7a) has a derepression-based compensatory flux js=ksks/(ks+E)
that opposes the outflow of A caused by the step-perturbation ko (red arrow) and con-
stant but different background k4. When A is decreased by ko there is less A to activate

FE, which means that A gradually returns to its set-point since there is less F to inhibit

the synthesis of A.

Determining the rate equations of A and E, respectively:

. ksks
A= — (k2 + kq)-A 3.14
= (ke k) (314
. k¢ F
E=ksA— 3.15
A= 1o (3.15)

Assuming integral control by zero-order kinetics (i.e. E/(k7+E)~1) and that E=0

(steady state approximation), the set-point Age; is given by:

ke

E=0 = ks Asys=k¢ = Ags=Aser=1- (3.16)
5
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FIGURE 3.7: Response kinetics of controller motif m2. (a) Reaction scheme with
integral control incoporated as a zero-order Michaelis-Menten (MM) type degredation
of E. The MM parameters V., and K, are represented by kg and k7, respectively.
ko is a perturbation (red arrow) and k4 (blue arrow) represents a background reaction.
Solid lines represent chemical reactions. Dashed lines indicate signaling events, where
activation is represented by a plus sign and inhibition by a minus sign. Figure was
redrawn from Ref. [1], Fig. 7. (b) Response kinetics of the m2 controller (in a.u.)
at a step-wise perturbation ks (indicated by vertical arrow) from phase 1 (k2=1.0) to
phase 2 (k2 = 5.0) at time t=50 with different but constant backgrounds k4 from 0—64
(ky variable, phases 1 and 2). The concentration of A is plotted as a function of time.
m2 shows a successive decrease of the maximum excursion of A, AA,, .., along with a
shorter resetting period. AA,,q. is indicated for k4=0. Other rate constants (phases 1
and 2, in au): k3=1x10*, k5=1.0, k=3.0, k7=1x107%, kg=0.1. Initial concentrations of
A: Ap=3.0 (k4 from 0—64). Initial concentrations of E: Ey=333.15 (k4=0); Fy=166.57
(k4:1); E0:111.01 (k4:2); E0:66.57 (k4:4); E0:3694 (k4:8); E0:1951 (k4:16);
Ep=10.00 (k4=32); Ey=>5.03 (k4=64). See Appendix A and B for python and MATLAB
scripts, respectively.

The m2 controller (Fig. 3.7 b) is able to maintain As;=3.0 when being subjected to
a step-perturbation ko from 1—5 at time t=50. Compared to the controllers with
activation-based compensatory fluxes (see Ch. 3.2.1), the m2 controller also shows a
successive decrease of AA,; .. but a shorter response time with increasing backgrounds
k4 from 0—64.
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Autocatalytic m2 controller

Inflow and autocatalytic m2 controller (Fig. 3.8a) has a derepression-based compensatory
flux js=ksks/(ks+FE) that opposes the outflow of A caused by the step-perturbation ks
(red arrow) and constant but different background reaction k4 (blue arrow). An outflow
of A causes less F to inhibit the synthesis of A, which means that A gradually returns
to its set-point. What is different from this controller, compared to the m2 controller
with integral incorporated as zero-order kinetics (Fig. 3.7a), is that E also activates its

own synthesis.

The rate equations of A and E are, respectively:

. kyks
A= ks + E + k1 (kQ + k4)A (317)
E=ksAE —k¢E (3.18)

The set-point Age is:

E=0 = ky- Ay Fes=keEss = Ags=Ager= (3.19)

ks



Results 28

35

Tk perturbation
k >k 1
3 A 4
EE— —_—> .
—_ background 2
@ <
k8 . _
L
s\
@y

ur
v
=)}
Y

1.07\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

99.0 995 100.0 100.5 101.0 101.5 102.0 1025 103.5
time (au)
ks=0 ks=2 ks=8 k4=32 ——
k4=1 — k4=4 k4=16 k4=64

FIGURE 3.8: Response kinetics of autocatalytic m2 controller motif. (a) Reaction
scheme with integral control incorporated by autocatalysis. ks is a perturbation (red
arrow) and k4 (blue arrow) represents a constant background reaction. Solid lines
represent chemical reactions. Dashed lines indicate signaling events, where activation
is represented by a plus sign and inhibition by a minus sign. Figure was redrawn from
Ref. [1], Fig. 7. (b) Response kinetics of the autocatalytic m2 controller (in a.u.) at
a step-wise perturbation ko (indicated by a vertical arrow) from phase 1 (k2=1.0) to
phase 2 (ko = 5.0) at time t=100 with different but constant backgrounds k4 from 0—64
(k4 variable, phases 1 and 2). The concentration of A is plotted as a function of time.
The controller shows a successive decrease of the maximum excursion of A, AA,.qz,
along with a shorter resetting period. Notice the much faster resetting time compared
to m2 in Fig. 3.7b. AA,,4, is indicated for k4=0. Other rate constants (phases 1
and 2): k3=1x107*, k5=1.0, k¢=3.0, kg=1x10"1. Initial concentrations of A: Aq=3.0
(k4 from 0—64). Initial concentrations of E: Ey=333.23 (k4=0); Eo=166.57 (k4=1);
Ep=111.01 (k4=2); Ey=66.57 (k4=4); Fy=36.94 (k4=8); Fy=19.51 (k4=16); Fx=10.00
(k4=32); F9=5.03 (k4=64). See Appendix A for python script.

The autocatalytic m2 controller (Fig. 3.8 b) shows a successive decrease of AA;,q, and
shorter response time with increasing background k4 from 0—64. The controller is
subjected to a step-perturbation ke from 1—5 at time =50 and is able to maintain its
set-point Ag;=3.0. However, notice the much faster resetting time compared to the
m2 controller with integral control incorporated by zero-order kinetics (Fig. 3.7b). At
a constant background k4=0, for instance, the resetting time for the autocatalytic m2

controller is about 100 times faster than for the m2 controller.



Results 29

Controller m4

Inflow controller m4 (Fig. 3.9a) has a derepression-based compensatory flux js=ksks/(ks+E)
(with inhibitory constant kg) that counteracts the decrease of A caused by the step-
perturbation ko (red arrow) and constant but different background k4. There is another

inhibition term (with kg) where A inhibits the breakdown of E.

The rate equations of A and F become, respectively:

k3ks
k8+E

- ke E ko
Bt () (1) )

Using the assumptions that E/(k7+E)~1) and E=0, the set-point A, becomes:

A=kyA—ky-A+ (3.20)

kekg

E=0 =
kQ +Ass

= k5 = Ass:Aset:kQ <:6 - 1) (322)
5
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FIGURE 3.9: Response kinetics of controller motif m4. (a) Reaction scheme with
integral control incoporated as a zero-order Michaelis-Menten (MM) type degredation
of E. The MM parameters V., and K, are represented by kg and k7, respectively.
ko is a perturbation (red arrow) and k4 (blue arrow) represents a background reaction.
Solid lines represent chemical reactions. Dashed lines indicate signaling events, where
inhibition is represented by a minus sign. Figure was redrawn from Ref. [1], Fig. S1 (S2
Text). (b) Response kinetics of the m4 controller (in a.u.) at a step-wise perturbation
k2 (indicated by a vertical arrow) from phase 1 (k2=1.0) to phase 2 (k2 = 5.0) at time
t=50 with different but constant backgrounds k4 from 0—64 (k4 variable, phases 1
and 2). The concentration of A is plotted as a function of time. m4 shows a successive
decrease of the maximum excursion of A, AA,,.., along with a shorter resetting period.
AA,, is indicated for ky4=0. Other rate constants (phases 1 and 2): kz=1x10%,
ks=1.0, k¢=31.0, ky=1x10"%, kg=0.1, k9=0.1. Initial concentrations of A: Aq=3.0
(kg from 0—64). Initial concentrations of E: Ey=333.18 (k4=0); Eo=166.57 (k4=1);
Eo=111.01 (ks=2); Eg=66.57 (ky=4); Eg=36.94 (k4=8); Ey=19.51 (ks=16); Eo=10.00
(k4=32); Ep=5.03 (k4=64). See Appendix A and B for python and MATLAB scripts,
respectively.

The resetting kinetics of m4 (Fig. 3.9b) shows a successive decrease of AA;,q, and de-
creased resetting time as the background k4 increases from 0—64 at a step-perturbation
ko from 1—5 at time t=50. Controller m4 behaves very similar to m2 (Fig. 3.7b) with

the exception that m2 has a shorter resetting time.



Results 31

Controller m6
Controller m6 (Fig. 3.10a) has a derepression-based compensatory flux js=kqks-A/(k8+F)
(with inhibitory constant kg) that opposes the inflow of A. The inflow of A is due to a

step-perturbation k; (red arrow) and constant but different background k3 (blue arrow).

Determining the rate equations of A and E, respectively:

. ky-ks
A=k ka — ‘A 3.23
L+ R <kg+E> ( )
) ke-E
=k — ‘A 3.24
; (k7+E) (3.24)

The set-point A is given by:

ks

E=0 = ks—keAyu=0 = ASS:Aset:k— (3.25)
6
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FIGURE 3.10: Resetting kinetics of controller motif m6. (a) Reaction scheme with
integral control incoporated as a zero-order Michaelis-Menten (MM) type degredation
of E. The MM parameters V., and K, are represented by kg and k7, respectively.
k1 is a perturbation (red arrow) and ks (blue arrow) represents a background reac-
tion. Solid lines represent chemical reactions. Dashed lines indicate signaling events,
where activation is represented by a plus sign and inhibition by a minus sign. Fig-
ure was redrawn from Ref. [1], Fig. S3 (S2 Text). (b) Response kinetics of the m6
controller (in a.u.) at a step-wise perturbation k; (indicated by vertical arrow) from
phase 1 (k1=1.0) to phase 2 (k; = 5.0) at time t=100 with different but constant
backgrounds k3 from 0—64 (k3 variable, phases 1 and 2). The concentration of A is
plotted as a function of time. m6 shows a successive decrease of the maximum ex-
cursion of A, AA,,.., along with a shorter resetting period. AA,,q, is indicated for
k3=0. Other rate constants (phases 1 and 2): k;=1x10%, k5=6.0, k¢=2.0, k7=1x1079,
ks=0.1. Initial concentrations of A: Ay=3.0 (k3 from 0—64). Initial concentrations of
E: Ey=2999.81 (k3=0); Fx=1499.90 (k3=1); Ex=999.90 (k3=2); Fr=>599.90 (k3=4);
Ey=333.23 (k3=8); Fy=176.37 (k3=16); Ex=90.81 (k3=32); Ey=46.05 (k3=64). See
Appendix A and B for python and MATLAB scripts, respectively.

Outflow controller m6 in Fig. 3.10b shows a successive decrease of both AA,,.. and the
resetting period when the step-perturbation & is increased from 1—5 at time t=100,
while having a constant but different background inflow k3 from 0—64. The controller
is able to defend its set-point Ag.:=3.0.
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Controller m8

Fig. 3.11a shows an outflow controller m8 with a compensatory flux jy=ky-kg-A/(ko+FE)
(with kg9) that opposes the increase of A when a step-perturbation k; (red arrow) is
applied at a constant background inflow k3 (blue arrow). A inhibits the synthesis of E
through the inhibitory constant kg.

The rate equations of A and F become, respectively:

. ko
A=k + ks — kg A 2
1+ R3— Ry <k9+E> (3.26)
- ks k¢ E
E=ks5 <k‘g+A) s (3.27)
The set-point A is given by:
=0 = kg (—5 ) Sk = AwimAgaeks (51 (3.28)
= 5 k8+Ass = NG set—<41ss—N8§ k6 .
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FIGURE 3.11: Resetting kinetics of controller motif m8. (a) Reaction scheme with
integral control incoporated as a zero-order Michaelis-Menten (MM) type degreda-
tion of E. The MM parameters V,,,, and K,, are represented by kg and k7, re-
spectively. ki is a perturbation (red arrow) and ks (blue arrow) represents a back-
ground reaction. Solind lines represent chemical reactions. Dashed lines indicate sig-
naling events, where inhibition is represented by a minus sign. Figure was redrawn
from Ref. [1], Fig. 10. (b) Response kinetics of the m8 controller (in a.u.) at a
step-wise perturbation k; (indicated by the vertical arrow) from phase 1 (k;=1.0) to
phase 2 (k; = 5.0) at time t=100 with different but constant backgrounds ks from
0—64 (ks variable, phases 1 and 2). The concentration of A is plotted as a function
of time. m8 shows a successive decrease of the maximum excursion of A, AA,qz,
along with a shorter resetting period. AA,,,, is indicated for k3=0. Other rate con-
stants (phases 1 and 2, in au): k;=1x10*, k5=620.0, ks=20.0, ky=1x10"5 kg=0.1,
ko=0.1. Initial concentrations of A: Ay=3.0 (k3 from 0—64). Initial concentrations of
E: Ey=2998.35 (k3=0); Fy=1499.91 (k3=1); Ex=999.90 (k3=2); Fr=>599.90 (k3=4);
Ey=333.23 (k3=8); Fy=176.37 (k3=16); Ex=90.81 (k3=32); Fy=46.05 (k3=64). See
Appendix A and B for python and MATLAB scripts, respectively.

The resetting kinetics in m8 (Fig. 3.11b) shows a decreased A A4, excursion, along with
a shorter resetting time. The controller is subjected to a step-perturbation k; from 1—5
at time t=100, and a constant but different background k3 from 0—64. This controller
behaves similarly to m6 (Fig. 3.10b), with the exception that m8 has a slightly faster

resetting period.



Results 35

3.3 Two-layered frequency compensated oscillators

Retinal ganglion cells are known to oscillate, as well as having partial frequency compen-
sations [39]. We created frequency compensated oscillators in order to represent these
retinal cells. These controllers have a central feedback layer that is based on motif m1-m8
(Fig. 2.1), in which the time average vaule of A (Eq. 3.29) is kept homeostatically sta-
ble by the manipulated variable E. Upon step-perturbations and constant background

reactions the oscillator goes from <A> to its set-point Age;.

<A (1) = % /O At (3.29)

In these controllers there is a second feedback layer that keeps the the time average
concentration of F (of the central layer) (Eq. 3.30) robustly at a certain set-point. This
is due to the outer layer having two additional controller species, I1 and I, which act
directly or indirectly on A. In addition to maintaining E-homeostasis, I; and I ensure

frequency homeostasis.

<E>(t) = % /O Bt (3.30)

It has previously been shown that these two-layered layered oscillators show robust fre-
quency homeostasis [2]. However, the oscillators also show background compensation
when I; and I feed directly or ”coherently” back to A (see Ch. 3.3.1), i.e., the con-
troller responds to a step-perturbation independent of the level of an applied constant
background. This type of feedback was termed ”coherent feedback” in analogy to a
similar feedback mechanism used in quantum control theory and optics. Background
compensations are not seen when I; and Iy feed into the process that generates A by
so-called ”incoherent feedback” (see Ch. 3.3.2) [5, 6].
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3.3.1 Frequency compensated oscillator with coherent feedback

In this section we are looking at a frequency compensated oscillator (Fig. 3.12a) that
incorporates integral control in terms of coherent feedback (Fig. 3.12b) [5, 6], which

allows the controller to neutralize backgrounds (Fig. 3.15).

It is structured into two negative feedback layers (Fig. 3.12a), in which one of them
constitutes the m2-based (Fig. 3.7) central A-e-E-A loop (colored green). This basic
derepression-based m2 scheme has an additional intermediate e that turns the central
oscillator into a limit-cycle oscillator [2]. The central oscillator is an inflow controller and
can therefore only (in theory) compensate for outflow perturbations [46]. Thus, when
there is an outflow of A due to a step-wise perturbation ks (colored red) and constant
backgrounds ki (colored blue), the compensatory actions of E (js=ks-ks/(ks+E)) keeps

the average concentration of A, <A>, homeostatically stable at Age;.

In the other feedback layer (colored orange) the average concentration of E, <E>, is
instead kept under robust homeostatic control. This is made possible by the controller
species I; and I, that function as outflow or inflow controllers of A, respectively. In fact,
it is the control of <FE> by I; and I3 that allow for the oscillator’s frequency homeostasis
[2]. Since the integral controller species I; and I feed directly or coherently [5, 6] back

to A (see Fig. 3.12b), the controller shows robust background compensation.
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FIGURE 3.12: Example of an oscillator with frequency control and coherent feedback,
i.e., with background compensation. Figure was redrawn from Ref. [4], Fig. 4. a)
Reaction scheme of oscillator with two negative feedback layers, in which the central
A-e-E-A loop is based on derepression-based motif m2 (Fig. 3.7a). Solid arrows rep-
resent chemical reactions. Dashed lines indicate signaling events, where activation is
represented by a plus sign and inhibition by a minus sign. b) Integral control scheme
with coherent feedback, where I; and I feed directly back to A. Coherent feedback,
which is a term used in quantum control theory and optics [5, 6], yields an additional
control of E via A by I; and I5. In particular, uncontrollable perturbations (orange
arrows) add or remove A. The difference or error between the controlled variable and
its set-point (Aget-A) is measured and integrated over time (lower grey ”integration
box”). This gives the necessary E-concentration (horizontal green line) for maintain-
ing A under robust homeostatic control. A difference from the basic integral controller
(Fig. 2.2b), is that the outpout of E (vertical green line) is also used as input in a second
control system. Here, the error between E and F.; is measured and integrated over
time (upper grey ”integration box”). This gives the I;- and Is-concentrations (brown
line) to be fed directly or coherently back to A through a negative feedback loop (blue
line) in order to maintain F,.n and E,..2, respectively.

The rate equations of A, e, E, I, and I, respectively, are given by:

ke E integration
k \(\yy background set+ E —E
3 ) set
- > A \ set- error
O /rg,/r perturbation point - I I
e 8 1772
ke Y E
5k K ko k set- A-coherent
i 4 9 6’ "7 A
i —>e —F %5 point + - A_~A E
) P R S - [preem———> A
A-homeostasis .- A - . .
A aliooter set integration

. ks-ks kg ALy ko A kip-A
A=kg I -2 — - 3.31
g3z + ks+FE ki7+A ks+A ks+A ( )
S—— S——
perturbation  background
e = k‘4'A — k‘g'e (3.32)
) ke-E
FE =kge— 3.33
el (3.33)
) koI
I =k B — 271 (3.34)

ki3 + 1
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: k15-12
Ih = - — ) -F .
2 = k14 (kw n b) (3.35)

Integral control, in the central layer, is enabled by zero-order kinetics in the removal
of E (i.e. E/(ky+E)~1), which is necessary for achieving robust perfect adapation of
<A>. Given the steady state (ss) approximation (i.e., E=¢=0) the set-point A, can

be determined:

Ess k6
ky- Ass = kg- ss =ke - = Ass :Ase = 3.36
HE AT SRS = <k7+Ess) Sz e =y, (3.36)
—_——

~ 1 (zero—order)

where the oscillating system goes from <Ags> to Ager when oscillatory and A to Age

when non-oscillatory [2].

The controller variables I; and I (in the outer feedback layer) are assumed to be de-
graded by zero-order kinetics. I; and I function, respectively, as outflow and inflow
controllers with respect to <E> when oscillatory and E while non-oscillatory [2]. When
considering the steady state (ss) approximation (i.e., E=0) the manipulated variable’s

set-points, Bl and B2

<o, With regards to, respectively, I; and I become:

Il SS I k12
ki1-<Ess>=kio- | —— | = <Eu>=E/=— 3.37
11 ss 12 (k13+I1,55) 88 set kll ( )
~ 1 (zero—order)
kg = k15 <Egs> ST N <E,>=FE"= _hu (3.38)
ki6+12 ss e ks

~ 1 (zero—order)

The
opposite occurs for the inflow controller I5, which operates whenever <E> is lower than

E2

set*

Since I is an outflow controller it becomes active when <E> is higher than EZ,.

Due to wind-up [2] the concentration of E!2, should be lower than E”L.
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FIGURE 3.13: Frequency compensation of the feedback scheme in Fig. 3.12a at a con-
stant background k1p=0. The controller is tested at a step-perturbation ko from 1—9
at time t=100. Panels a and b show the resetting kinetics of A and F as a function
of time, as well as their average concentrations <A> and <FE>, respectively. Panel
¢ shows the contributions of the controller species Iy and I over time. In panel d
the frequency, or inverse of the period length, is plotted as a function of time. No-
tice the oscillator’s frequency homeostasis. Other rate constants (phases 1 and 2, in
a.u.): ki=k11=Fk15=1.0, k5=0.1, k=2.0, k7=kg:]€13:k)16:1><10_6, k9=20.0, k12=>5.0,
k14=4.99, k,=ky3=1x10"2. Initial concentrations of A, E, e, I}, and I> (in au), re-
spectively: 2.2084, 7.7021, 1.1354x10~1, 1.5773x 102, and 4.3563. See Appendix A for
python scripts.

Fig. 3.13 shows the oscillator’s behaviour to a step-wise perturbation ks from 1.0 (phase
1) to 9.0 (phase 2) at time t=100, while having a constant background outflow k19=0.
Panels a and b show the oscillations of A and FE, respectively, over time. They also
show their respective average concentrations, <A> and <E>, which are homeostatically
regulated by the compensatory actions of I; and Iy in panel c. If I1 and I were absent,
i.e., no control of <E> via A by I} and I, then F would be the only regulator of <A>.
In panel d the frequency, or inverse of the period length, is plotted as a function of time.

The frequency clearly resets to its pre-perturbation level after some time.
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FiGURE 3.14: Frequency compensation of the feedback scheme in Fig. 3.12a at a
constant background k19=2048. The controller is tested at a step-perturbation ko from
1—9 at time ¢t=100. Panels a and b show the resetting kinetics of A and E as a function
of time, as well as their average concentrations <A> and <FE>, respectively. Panel
¢ shows the contributions of the controller species Iy and I over time. In panel d
the frequency, or inverse of the period length, is plotted as a function of time. Notice
the oscillator’s frequency homeostasis. Other rate constants (phases 1 and 2, in a.u.)
as in Fig. 3.13. Initial concentrations of A, E, e, I;, and I (in au), respectively:
2.1377, 7.6720, 1.0996x10~%, 1.1354x 1071, 3.4304, and 2.0465x10°. See Appendix A
for python scripts.

The same ko-step is applied in Fig. 3.14 at k1p=2048. Based on the feedback scheme
in Fig. 3.12a the larger background will result in a higher removal of A. This is clearly
compensated for in panel a by a large increase in the inflow controller Iy, as well as
a reduction in the outflow controller I; (panel c). I; and I3 continue to maintain the
set-points for A and E in panels a and b, respectively. Frequency homeostasis (panel d)
is also observed at this kig-value. In fact, the same sensitivity is shown for the maximum
frequency, indicating that the oscillator shows frequency compensation independent of

the applied background.
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FIGURE 3.15: Frequency and background compensations of the oscillator from
Fig. 3.12a. The figure shows the number 2 frequency (in phase 2) as a function of
kgm—i—klo. Frequency adaptation of the controller (in a.u.) at a step-wise perturba-
tion from phase 1 (ka=1.0) to phase 2 (ko variable, kg from 2—10) with constant
background perturbations k1 from 0—16 in panel a and 32—2048 in panel b (k1o vari-
able, phases 1 and 2). The total perturbations (ks+k1p) induce parallel lines, which
show frequency adaptation. Other rate constants (phases 1 and 2, in a.u.) as in
Fig. 3.13. Initial concentrations of A, F, e, I, and I> (in a.u.), respectively: Ay=0.3780,
Eo=2.4784, eg=1.5993x10"2, I g=4.5727x102, I,=2.9817x10% (k1o from 0—128);
Ag=0.9866, Eo=T.3508, eg=5.244Tx1072, I =5.8243, I, 0=2.5447x10* (k1o=256);
Ap=8.3872x107*, Ey=4.8793, €0=3.9572x107°, I} (=7.6544, I5,=>5.1046x10*
(k10=512); Ag=1.7657, Eo=7.6866, cg=9.1430x10"2, I, g=4.2379, I, ,=1.0225x10°
(k10=1024); Ag=2.1377, Eo=7.6720, eg=1.0996x10""1, I y=3.4304, I, =2.0465x 10
(k10=2048).

In Fig. 3.15 the frequency of A is plotted as a function of k§h2+k10, where the oscilla-
tor’s response to a step-wise perturbation from k2=1.0 (phase 1) to ka=2—10 in phase
2 (with increments of one) is shown. This is repeated at lower backgrounds from 0—16
in panel a and higher k19 values from 32—2048 in panel b. Notice how the total per-
turbations (ka+ki1o) induce parallel lines, i.e., the oscillator is capable of eliminating
backgrounds. Thus, the frequency compensated oscillator with coherent feedback shows

robust background compensation.
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FI1GURE 3.16: Frequency response of the feedback scheme in Fig. 3.12a when elimi-
nating I; and I>. The controller is tested at a step-perturbation ko from 1—9 at time
t=100 and a constant background ki9=32. Panel a shows the response of A as a func-
tion of time, as well as the average concentration <A>. Notice how the frequency
in panel b increases from phase 1 to 2, i.e. the oscillator does not show frequency
adaptation. Other rate constants (phases 1 and 2, in a.u.): k4=1.0, k5=0.1, ks=2.0,
kr=ks=1x1075, k9=20.0. Initial concentrations of A, and E (in a.u.), respectively:
4.7695 and 9.1501x 107!

The necessesity of I1 and I in ensuring frequency homeostasis was tested by eliminating
their effects in Fig. 3.12a, i.e., by setting I; and Is to zero. The results can be seen in
Fig. 3.16, in which the oscillator was subjected to a step-perturbation ks from 1—9 at
time t=100 and background k1p=32. Panel a shows the oscillations of A over time,
where its average concentration remains the same (<A>=2.0) due to the compensatory
actions of E. However, in panel b the controller becomes sensitive to ks-steps and does
no longer show frequency homeostasis. This indicates that I; and Iy are necessary in

ensuring the oscillator’s frequency compensation.
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3.3.2 Frequency compensated oscillator with incoherent feedback

This section deals with a two-layered frequency compensated oscillator (Fig. 3.17a),
where integral control is incorporated by incoherent feedback (Fig. 3.17b) [5, 6]. A
feedback mechanism like this does not enable the controller to eliminate backgrounds
(Fig. 3.20).

The controller in Fig. 3.17a is a frequency compensated oscillator with incoherent feed-
back [5, 6], where the central a-A-E-a feedback loop (colored green) is based on motif m2
(Fig. 3.7). This controller uses an intermediate a in front of A to turn the central oscilla-
tor into a limit-cycle oscillator [2]. There is an outflow of A when a step-perturbation ko
(colored red) and background reaction ko (colored blue) are applied. Since the central
oscillator is an inflow controller it will compensate for the ouflow perturbations [46], in
which the compensatory fluxes of E (js=k3-ks5/(ks+E)) keep the average concentration

of A, <A>, under robust homeostatic control.

An outer feedback layer (colored orange), with controller species I and Ia, keep the
average concentration of F, <FE>, homeostatically regulated. The outflow controller
I; and inflow controller I are also responsible for enabling the oscillator’s frequency
homeostasis [2]. This oscillator does not show background compensation since I; and Iy

feed incoherently (Fig. 3.17b) [5, 6] back to A in the central oscillator.
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Ficure 3.17: Example of an oscillator with frequency control and incoherent feed-
back, i.e., no background compensation. Figure was redrawn from Ref. [4], Fig. 15. a)
Reaction scheme of oscillator with two negative feedback layers, in which the central
A-E-a-A loop is based on derepression-based motif m2 (Fig. 3.7a). Solid arrows rep-
resent chemical reactions. Dashed lines indicate signaling events, where activation is
represented by a plus sign and inhibition by a minus sign. b) Integral control scheme
with incoherent feedback, where Iy and I» feed back to A through the precursor a.
Incoherent feedback, which is a term used in quantum control theory and optics [5, 6],
yields an additional control of F via A by I; and I;. In particular, uncontrollable
perturbations (orange arrows) add or remove A. The difference or error between the
controlled variable and its set-point (Age-A) is measured and integrated over time
(lower grey ”integration box”). This gives the necessary E-concentration (horizontal
green line) for maintaining A under robust homeostatic control. A difference from the
basic integral controller (Fig. 2.2b), is that the outpout of E (vertical green line) is
also used as input in a second control system. Here, the error between E and FE;
is measured and integrated over time (upper grey ”integration box”). This gives the
I;- and Is-concentrations (brown line) to be fed incoherently back to A, i.e., into the
process that generates A, in order to maintain F,.;1 and F,. 2, respectively.

The rate equations of A, a, E, I;, and Iy are, respectively:

A= (k’g + klo)'A + kg-a (339)

4 (k3 + kg3-12)-ks
k‘5 + F

kg E

B kA P E
4 k7 + E

k12-I1

b = ko — 2l
1 11 k‘13+11

— (ko + kg-I1)-a (3.40)

(3.41)

(3.42)
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: k1512
Ih = - — ) -F A4
2= ks (kw n I2> (3.43)

Integral control is implemented as a zero-order removal of E (i.e. E/(k7+E)~1) in the
central A-E-a-E loop, where the set-point Ag; is determined together with the steady

state (ss) approximation:

Ess
k7+Ess

ke

ky<Ags> = kg - ]ﬁi (3.44)
4

> = <Ags>=Aget=

~ 1 (zero—order)

in which <Ags> goes to Age: when oscillatory and A goes to Ager when non-oscillatory
[2].

In the outer feedback layer I7 and Io are also assumed to follow zero-order kinetics in

their removal, which assumes that k13 ss and k16</ s, respectively. As such, the

Ip)

<ot, can be determined together with

set-points for the manipulated variable, E'!, and E

the steady state (ss) approximation:

I ss ko
ki1 <Esgs>=kig- | ———— | = <FE >=FE.l=——" 3.45
11 ss 12 <k13+11758> ss set kll ( )
~—_——
~ 1 (zero—order)
k14 = k15-<Ess> s <ESS>:E1'3=@ (3.46)
k16+12 55 R T

~ 1 (zero—order)

Iy

Since I; works as an outflow controller it becomes active whenever <E> is above E.},,

whereas the inflow controller I becomes operative when <E> is below E2, [2].
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FIGURE 3.18: Frequency compensation of the feedback scheme in Fig. 3.17a at a con-
stant background k19=0. The controller is tested at a step-perturbation ko from 1—9 at
time t=500. Panels a and b show the resetting kinetics of A and F as a function of time,
as well as their average concentrations <A> and <FE>, respectively. Panel ¢ shows the
contributions of the controller species I; and Iy over time. In panel d the frequency, or
inverse of the period length, is plotted as a function of time. Notice the oscillator’s fre-
quency homeostasis. Other rate constants (phases 1 and 2, in a.u.): k3=1x10%, k;=1.0,
ks=kr=k13=k16=1x107°, ke=ko=2.0, k11=k15=5.0, k12=100, k14=99.99, k,=1x1073,
kg3=1.0x 10%. Initial concentrations of A, E, a, I, and I, (in a.u.), respectively: 4.0427,
35.257, 6.4860x 1074, 4.3800x 104, and 4.5757x102. See Appendix A for python scripts.

The oscillator’s behaviour in response to outflow perturbations ko and k1o can be seen in
Fig. 3.18. A step-wise perturbation kg from 1.0 (phase 1) to 9.0 (phase 2) at time t=500
and a background k1p=0 are applied. Panel a shows the oscillations of A as a function
of time, along with its average concentration <A>=2.0. The average concentration of
A is kept robustly at Age; by the compensatory actions of E (panel b). I; and I3 in
panel ¢ are responsible for maintaining the manipulated variable’s average concentration
<FE> (panel b). In panel d the frequency, or inverse of the period length, is plotted as

a function of time. This controller clearly shows frequency homeostasis.
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FiGUuRrRE 3.19: Frequency compensation of the feedback scheme in Fig. 3.17a at a
constant background k190=2. The controller is tested at a step-perturbation ko from
1—9 at time t=500. Panels a and b show the resetting kinetics of A and E as a
function of time, as well as their average concentrations <A> and <FE>, respectively.
Panel ¢ shows the contributions of the controller species I; and I;. In panel d the
frequency, or inverse of the period length, is plotted as a function of time. Notice
the oscillator’s frequency homeostasis. Other rate constants (phases 1 and 2, in a.u.)
as in Fig. 3.18. Initial concentrations of A, E, a, I;, and Iy (in a.u.), respectively:
1.4906x1071, 1.6789x 1071, 5.6795x 1071, 2.2515x10%, and 2.1643x10*. See Appendix
A for python scripts.

Fig. 3.19 shows the results from the same kg-step at kjp=2. I; and I (panel c) still
keep <A> (panel a) and <E> (panel b) homeostatically regulated. They also ensure
frequency homeostasis (panel d) but the maximum frequency for this background has
increased. Thus, the controller does not show the same sensitivity to the maximum

frequency at different backgrounds.
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FiGureE 3.20: Frequency compensated oscillator without background compen-
sation from Fig. 3.17a. The figure shows the number 2 frequency (in phase 2)
as a function of k2"2+kio. Frequency adaptation of the oscillator (in au.) at
a step-wise perturbation from phase 1 (ky=1.0) to phase 2 (ko variable, ko
from 2—10) with constant background perturbations ki from 0—5 (ko vari-
able, phases 1 and 2). Notice how the gradient of the straight lines decreases
with increasing kjo values. Other rate constants (phases 1 and 2, in a.u.) as
in Fig. 3.18. Initial concentrations of A, E, a, I;, and I (in a.u.), respectively:
A=3.7479x1073, E=9.8732, a=2.2113x1073, [;=4.4299x10% I,=1.2833x10?
(k10=0); A=25176x10"3,  E=28.864, a=2.4152x1073,  I;=3.2608x10%,
I,=1.1810x10*  (k10=1); A=3.6061x10"%,  E=37.282,  a=3.6550x1073,
1,=2.3614x10%, [,=2.0794x10*  (k19=2); A=6.7083x1073, E=17.367,
a=1.7148x1072, 1=1.3637x10%, 1,=3.0761x10%* (kjp=4); A=6.1278x1073,
E=22.250, a=1.8648x1072, I;=1.0208x10%, I,=3.4180x10* (k10=5).

In Fig. 3.20 the frequency of A as is plotted as a function of kgm—i—klo. A step-

perturbation from k2=1.0 (phase 1) to k=2—10 in phase 2 (with increments of one) is

applied, along with a constant background reaction kjy from 0—5. Notice how the fre-

quency of the oscillator (with incoherent feedback) decreases with increasing kjp-values.

This means that the controller lacks the ability to robustly compensate backgrounds.

Also, the oscillator breaks down and stops functioning at k19 values higher than 5.5.
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3.3.3 Oscillator with frequency independence

Finally, the necessity of I; and I in ensuring frequency and background compensations
are tested, which is done by excluding the second feedback layer in a limit-cycle m5-
based oscillator (Fig. 3.21a). A basic integral controller (Fig. 3.21b) is incorporated into
this single negative feedback layer. This oscillator shows frequency independence and

no background compensation (Fig. 3.24).

The controller in Fig. 3.21a is a quasi-harmonic oscillator based on the inflow controller
mb (Fig. 3.5) and shows frequency independence. The difference from m5 is that this
oscillator has an additional intermediate e that turns it into a limit-cycle oscillator
[2]. When applying a step-perturbation k5 (colored red) and background reaction k4
(colored blue) there is an inflow of A, which is opposed by the compensatory fluxes of
E (jz=ka-k3/(ks+E)) in order to keep A robustly at its set-point. The basic integral
controller (Fig. 3.21b) is incoporated into the oscillator since there is no control of <E>
by I and Is.

background perturbation
k k | perturbations |
14 15 : perturbations |
set- [ :

k k., k A -A E

da

1 A 2’ "3 _:_ —
A A A~ T L _____ B
_ X \ @ integral rocess
A-homeostasis AN controller P
\ ™

k k k , k
4,e 5;E67,

FIGURE 3.21: Controller scheme of the frequency independent oscillator. (a) Controller
motif with integral control incoporated as a zero-order Michaelis-Menten (MM) type
degredation of E. The MM parameters V,,,, and K,, are represented by kg and k7,
respectively. ky5 is a perturbation and ky4 represents a background reaction. Solid
arrows represent chemical reactions. Dashed lines indicate signaling events, where
activation is represented by a plus sign. (b) Basic integral controller that is incorporated
into the oscillator. Uncontrollable perturbations (orange arrows) add or remove A. The
difference or error between the controlled variable and its set-point (Age¢-A) is measured
and integrated over time (brown "integral controller box”). This gives the necessary E-
concentration (green line) for maintaining A under robust homeostatic control. Figure
was redrawn from Ref. [7], Fig. 1.
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The rate equations of A, e, and E are, respectively:

. kQ.A
A=k — <k3+A> E (3.47)
e = k4‘A - k5'€ (348)
ke-E
E =kse— o~ (3.49)

where for simplicity’s sake k1=k1+k14+k15.
Assuming steady state (ss) and zero-order degredation of E gives the following set-point

Aset:

Ess
k7+Ess

k
kg <Ags> = ky-<ege> = kg - < > = <ASS>:A&€t:k—6 (3.50)
4

~ 1 (zero—order)

where <Ags> goes to Ager when oscillatory whereas A goes to Age; when non-oscillatory

[2].
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Determining the harmonic set-point

Since this is a quasi-harmonic oscillator the harmonic set-point can also be determined.

First, by assuming steady state (i.e. A= 0) the following expression is obtained:

A=k; — ky E

Taking the time derivative once more gives the expression of A:

Rearranging Eq. 3.52 gives the harmonic set-point:

A
E + A= <Aset>

where w = k9 - k4.
The notation of Eq. 3.53 is:
A(t) = Ag-sin-(w-t 4+ v) + Aset

where w = 2'7“ and P is the period length.

Taking the time derivative of Eq. 3.54 gives:

A(t)=w-Ag-cos-(w-t + )

and by taking the time derivative of Eq. 3.56 one gets:

A(t)y= — w? - Ag-sin-(w-t + )

A= — ko E = —kykse — kg = ka-A — kg

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

Then by rearranging the equations one gets the expression for the harmonic set-point:

—= = —Ap-sin-(wt+y) + Ag-sin-(wt + ) + (Aset) = (Aset)

(3.57)
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FIGURE 3.22: Response kinetics of the feedback scheme in Fig. 3.21a at a constant
background k;4=2. The controller is tested at a step-perturbation ki5 from 1—2 at
time ¢=100. The resetting kinetics (in a.u.) of A and E are shown as a function
of time, as well as their average concentrations <A> and <FE>, respectively (panel
a). Panel b shows the frequency (x 100) as a function of time (a.u.).
frequency indepence of the controller. Other rate constants (phases 1 and 2, in a.u.):
k1=ks=100, ko=ks=ke=1.0, k3=k;=1x107°. Initial concentrations of A, E, and e (in
au), respectively: 2.4708x 1071, 1.0235x 102, 2.4065x 103, See Appendix A for python

scripts.

The oscillator’s response to inflow perturbations k14 and k15 are shown in Fig. 3.22. In
addition to a constant background ki4=2 the controller is subjected to a ki5-step from
1.0 (phase 1) to 2.0 (phase 2) at time t=100. Panel a shows the oscillations of A and
E over time, as well as their respective average concentrations <A> and <E>. There
is a homeostatic control of <A>=1.0 by E. However, since this oscillator has a single
negative feedback layer there is no additional control of <E> by I; and I». The lack of

I, and I becomes even more apparent in panel b, where the oscillator shows complete

frequency independence.

E, <E> (au)

Notice the
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FIGURE 3.23: Response kinetics of the feedback scheme in Fig. 3.21a at a constant
background k14=16. The controller is tested at a step-perturbation k15 from 1—10 at
time t=100. The resetting kinetics (in a.u.) of A and E are shown as a function of
time, as well as their respective average concentrations <A> and <FE>. Panel b shows
the frequency (x 100) as a function of time (a.u.). Notice the frequency independence
of the controller. Other rate constants (phases 1 and 2, in a.u.) as in Fig. 3.22.
Initial concentrations of A, F, and e (in a.u.), respectively: 3.6316x1071, 1.1780x 102,
3.7122x1073. See Appendix A for python scripts.

Fig. 3.23 shows instead the results of a step-wise perturbation k15 from 1.0 (phase 1) to
10.0 (phase 2) at k14=16. The set-point of <A>=1.0 (panel a) remains the same. Panel
b still shows frequency independence. In fact, the frequency value is exactly the same

for this background.
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FIGURE 3.24: Oscillator from Fig. 3.21a with frequency independence. The figure
shows the maximum frequency (in phase 2) as a function of k{’g 24 k14. The controller
is applied a step-wise perturbation from phase 1 (k;5=1.0) to phase 2 (k15 variable,
k15 from 2—10) with constant background perturbations k14 from 0—64 (k14 variable,
phases 1 and 2). The controller shows frequency independence. Other rate constants
(phases 1 and 2, in a..): ky=ks=1x102, ko=ks=k=1.0, k3=k;=1x1076. Initial
concentrations of A, e, and E (in a.u.), respectively: Ay=1.6912, e;=1.6838x1072,
E=1.0027x10%, I;,=4.4299x10*, I5,=1.2833x10? (k14 from 0—64).

In Fig. 3.24 the maximum frequency of A is plotted as a function of k{)QQ—i—kM. The
oscillator is subjected to a step-perturbation k15=1.0 (phase 1) to k15=2—10 in phase
2 (with increments of one) is applied, along with a constant background reaction from
k14=0—64. The frequency value of the oscillator remains completley flat at different
backgrounds. There is no frequency compensation due to the lack of an outer feedback

layer with I; and Is.
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3.4 Three-layered retinal light adaptation (RLA) models

This section provides a set of three-layered retinal light adaptation (RLA) models, where
each negative feedback layer corresponds to a different retinal cell. Exposing these
controllers to a step-perturbation and constant but different backgrounds allow us to

examine their response to frequency and light, respectively.

The retinal interactions are illustrated in Fig. 3.25. In fact, this is a simplified version
of the retinal structure shown in (Fig. 3.2). Here, light (indicated by yellow arrows)
travels through the center (and not the annulus) of the receptive field. This excites the
on-center cone (colored blue) in the first feedbak layer, which are represented by the
m1-m8 controllers (Fig. 2.1). In this layer the controlled variable A is homeostatically
regulated due to the compensatory actions of the manipulated variable F. A hypotheti-
cal on-center bipolar cell (colored green) then receives an inhibitory signal from E. This
determines the concentration of A, in the subsequent on-center ganglion cell (colored

purple), which is represented by a frequency compensated oscillator (see Ch. 3.3).
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FiGURE 3.25: Cellular interactions within the retinal layers. This figure is a simplified
version of the retinal structure shown in (Fig. 3.2). Here, light (indicated yellow arrows)
travels through the center (and not the annulus) of the receptive field. This excites the
on-center cone (colored blue) in the first feedbak layer, in which an inhibitory signal is
received by the on-center bipolar cell (colored green) of the second layer. A subsequent
on-center ganglion cell (colored purple) then receives a signal from the bipolar cell,
before ganglion cell axons come together to form the optic nerve that enters the central
nervous system. Horizontal cell (colored orange) interactions are also indicated in the
figure.
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App is the controlled variable in the ganglion cell and its time average concentration,

<App>(t), is homeostatically regulated by the manipulated variable E,,.

1 t
<Ap>(t) = /0 Adt (3.58)

There is an additional control of E,, or its time average concentration, <E,,>(t), by

the controller species I1 and Is.

1 t
<Ep>(t)= /0 Bt (3.59)

I; and I» also ensure frequency control of the oscillator. In fact, it has been shown that
these two-layered oscillators enable robust frequency homeostasis [2]. The controller
variables I; and I feed back to A, directly by coherent feedback or incoherently [5, 6]

into the process that generates Ayy,.

3.4.1 Background compensated RLA controller dominated by /[,

This section provides a RLA controller (Fig. 3.26a) capable of eliminating backgrounds
(Fig. 3.29). This is due to the coherent feedback of I; and Iy [5, 6] in the frequency

compensated ganglion cell.

The RLA controller, shown in Fig. 3.26a, is structured into three negative feedback
layers. Each layer represents a retinal cell and their interactions are illustrated in panel
b. The first photoreceptor layer, with an on-center cone (colored blue), constitutes the
derepression-based inflow controller m2 (Fig. 3.7). There is an outflow of A due to a
step-perturbation ko (colored red) and a background k4 (colored blue). A is maintained
under robust homeostatic control by the compensatory actions of E (js=ksks/(ks+E)).
E further sends inhibitory information to the on-center bipolar cell (colored green),
which further activates the removal of A, in the on-center ganglion cell (colored purple).
This third and final layer is represented by a frequency compensated oscillator (see Ch.
3.3). Thus, I; and I also ensure E,)- and frequency-homeostasis in this oscillator, as

well as background compensation due to their coherent feedback back to A,, [5, 6].
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FIGURE 3.26: Retinal light adaptation (RLA) model with frequency control at the
ganglion cell level. a) Simple RLA controller with three layers of negative feedback.
The first negative feedback layer constitutes the m2 motif (Fig. 3.7), in which integral
control is incoporated as a zero-order Michaelis-Menten (MM) type degredation of E.
This allows for robust perfect adaptation of A. The controller is subjected to outflow
perturbations ks and k4. Inhbitory information from E is sent to the bipolar cell
in the second layer, and B further activates the removal of A,, in the ganglion cell
layer. Ay, is homeostatically controlled by E,,. I; and I> ensure E,,- and frequency-
homeostasis of the oscillator. I; and I» feed coherently [5, 6] back to A,,, which enable
the controller to neutralize backgrounds. Solid arrows represent chemical reactions.
Dashed lines indicate signaling events, where activation is represented by a plus sign
and inhibition by a minus sign. b) Cellular interactions within the retinal layers. This
figure is a simplified version of the retinal structure shown in (Fig. 3.2). Here, light
(yellow arrows) travels through the center (and not the annulus) of the receptive field.
This excites the on-center cone (colored blue) in the first feedbak layer, in which an
inhibitory signal is received by the on-center bipolar cell (colored green) of the second
layer. A subsequent on-center ganglion cell (colored purple) then receives a signal from
the bipolar cell, before ganglion cell axons come together to form the optic nerve that
enters the central nervous system. Horizontal cell interactions are also indicated in the
figure. Figure was redrawn from Fig. 11.21, Ref. [3].
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The rate equations of A and F in the photoreceptor layer become, respectively:

kes-kg
— — (ko + ky)-A 3.60
ks + E (k2 + k) (3.60)

: ke E
E—=ksA— 61
> kr + E (3.61)

The rate equation of B in the bipolar cell layer is:

B="2""_ B (3.62)

The rate equations of Ay, e, Epy,, I1, and I5 in the ganglion cell layer are, respectively:

. kog-kor ( kg-App > ka1-App < k1g-App >
A,y = koa-Io + — I — — -B 3.63
L Epp koot a,, YT ke + App koo + App (363)

& = koz-App — kosve (3.64)
Epp = kos-e — kfffg;p (3.65)
Iy = kos-Ep kijgj}l (3.66)

Iy = ks; — <1§f+]212> Eyp (3.67)

FE is assumed to be removed by zero-order MM-kinetics in the photoreceptor layer.
Together with the steady state approximation (i.e. E’:O) the set-point Age; can be
determined:

k
ks Ags = kg = Ass:Am:k—6 (3.68)
5

The same assumptions are made with regards to the set-point A, ;¢ in the ganglion
cell layer:

Kas
ka3

Epp755

kos-<App ss> = koa-<egs> ( ) kos = <Appss> = Appset = (3.69)

k26 + Epp,ss
—_——

~ 1 (zero—order)
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E,, has two set-points, E%, and E’2, depending on whether it interacts with I; or I,
respectively:
b < Bppos> = [ —1155 Y ko = < o> — B (3.70)
28 pp,ss— — kg() +Il,ss 29 pp,ss— — pp,set_kQS .
~ 1 (zero—order)
I2,ss I k31
k31 = <k33—|—_[2758 'k29‘<Epp755> = <Epp755> - Epp,set:?& (371)

~ 1 (zero—order)
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FicUure 3.27: Response kinetics of the RLA controller from Fig. 3.26a with
background k4=0. The controller is tested at a step-perturbation ks from 1.0
(phase 1) to 20.0 (phase 2) at time ¢t=100. Panel a shows the resetting kinet-
ics of A and E as a function of time. Panel b shows the increase in B over
time. The resetting kinetics of A,, and [E,, are shown in panel ¢ and d, re-
spectively, along with their respective average concentrations <Ap,> and <FEp,,>.
Panel e shows the contributions of the controller species I; and Iy over time. In
panel d the frequency, or inverse of the period length, is plotted as a function of
time. Notice the controller’s frequency homeostasis. Other rate constants (phases
1 and 2, in a.u.): k‘3:1><104, ks=ko1=kog=k32=1.0, k=3.0, k‘7=k122=ki26=1><10_3,
k8=k9=k10=k11=k2720.1, k19=8.0, k20:100.O, :Z€23:16.07 k24=0.5, k25=80, :I€29=5.07
kso=k33=1x1075, k31=4.99, k,=k,3=1x10"2. Initial concentrations of A, E, B, A,,,
e, Epp, I, and I (in a.u.), respectively: 3.0000, 3.3323x102, 3.0000x1072, 3.9304,
1.0647x102, 1.9892x1073, 5.4263x 103, 9.7850x 101,

Fig. 3.27 shows the RLA controller’s response to a step-wise perturbation ks from 1.0
(phase 1) to 14.0 (phase 2) at time t=100 at a constant background outflow k4=0. In
panel a the concentration of A and E are plotted as a function of time. The outflow
of A is opposed by the compensatory actions of E/, which back-regulates A to Age;. An
increase in B from phase 1 to 2 (panel b) is observed due to the outflow of E. This

results in an outflow of A,, and E,, in panel c and d, respectively. Both A,, and E,, are
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kept under robust homeostatic control by I; and I5 (panel e). In panel f the frequency is
plotted as a function of time. The frequency clearly resets at its pre-perturbation level

after some time, which is caused by the control of E,, by I and I5.
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FIGURE 3.28: Response kinetics of the RLA controller from Fig. 3.26a with background
k4=128. The controller is tested at a step-perturbation ke from 1.0 (phase 1) to 20.0
(phase 2) at time t=100. Panel a shows the resetting kinetics of A and F as a function
of time. Panel b shows the increase in B over time. The resetting kinetics of A,
and E,, are shown in panel ¢ and d, respectively, along with their respective average
concentrations <A,,> and <FE,,>. Panel e shows the contributions of the controller
species I7 and Iy over time. In panel d the frequency, or inverse of the period length,
is plotted as a function of time. Notice the controller’s frequency homeostasis. Other
rate constants (phases 1 and 2, in a.u.) as in Fig. 3.27. Initial concentrations of A, E,
B, App, €, Epp, I, and I (in a.u.), respectively: 2.9988, 2.4850, 3.8684, 2.6784x 1074,
1.7625x102, 9.8798, 3.7092x 103, 1.3583x 103.

Fig. 3.28 shows instead the results of a step-perturbation ks from 1.0 (phase 1) to 20.0
(phase 2) at k4=128. The resetting kinetics of A is much faster due to the higher outflow
of E (panel a). This further increases the concentration of B in panel b, which results

in a larger outflow of A, and E,, in panel c and d, respectively. At this higher k4-value
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App and Eyp, are still homeostatically regulated. The higher background is compensated
for by I; and I (panel e), in which the inflow controller I, seems to contribute a lot.
Although the maximum frequency has increased in panel f (due to the higher ko-step),

frequency compensation is still seen.
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F1GURE 3.29: Frequency and background compensations of the RLA controller from
Fig. 3.26a. The figure shows the maximum frequency (in phase 2) as a function of
kgh2+k4. The controller is applied step-wise perturbation from ko=1.0 (phase 1) to
k2=2—100 in phase 2 (with increments of one) with constant background perturbation
k4 from 0—2048 (k4 variable, phases 1 and 2). The controller shows robust background
and frequency compensations. Other rate constants (phases 1 and 2, in a.u.) as in
Fig. 3.27. Initial concentrations of A, E, B, A,,, e, Epp, I1, and I (in a.u.), respectively:
3.0000, 3.3323x102%, 3.0000x1072, 3.9304, 1.0647x10%, 1.9892x1073, 5.4263x103,
9.7850x10~!  (k4=0); 3.0000, 1.1101x102%, 9.0000x1072, 9.7940, 2.0076x102,
3.2180, 5.3753x10%, 3.9409 (k,=2); 3.0000, 1.0001x10', 9.9000x10~!, 1.8289x10%,
1.4873x10%, 1.2631x1072, 2.9836x10%, 2.5182x10* (k4=4); 3.0000, 3.6937x10!,
2.7000x1071, 4.4809, 1.0678x10%, 2.0061x1073, 3.0351x10%, 2.5117x10* (ks=8);
3.0000, 1.9508x10', 5.1000x10~!, 2.7090x107°, 1.4408x102, 9.8073, 5.0887x102,
4.6678x10% (k4=16); 3.0000, 1.0001x10%, 9.9000x107!, 5.6417x107°, 1.3432x102,
8.3457, 4.8472x10%, 1.8810x10% (k4=32); 3.0000, 5.0282, 1.9500, 4.8072x1073,
1.8646x 102, 8.6693, 2.9876x10%, 2.5992x10* (ks=64); 2.9988, 2.4850, 3.8684,
2.6784x107%, 1.7625x10%, 9.8798, 3.7092x 103, 1.3583x 103 (k4=128); 3.0000, 1.1970,
7.7100, 5.1717x107%, 1.5576x102, 1.0597x10%, 2.0078x103, 2.7276x10% (k;=256);
3.0000, 5.4977x10~%, 1.5390x10%, 5.7915x1073, 1.7878x10%, 9.6191, 2.4551x10%,
3.1417x10* (k4=512); 3.0000, 2.2520x10~%, 3.0750x10%, 1.9292x10', 1.5661x102,
2.9704x1072, 3.4338x102, 1.9497x10* (k4=1024); 3.0000, 6.2684x 102, 6.1469x 10",
8.4807x 1071, 1.9810x 102, 6.6854, 5.5685x 103, 4.9299x10* (k;=2048).

Fig. 3.29 shows the maximum frequency of A,, over total outflow perturbations (ka+ks).
A step-perturbation ka=1.0 (phase 1) to ka=2—100 in phase 2 (with increments of one)
is applied, along with a constant background reaction k4 of 0—2048. The controller
shows parallell sigmodial curves at different but constant background reactions, i.e., the

oscillator is able to compensate backgrounds.
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3.4.2 RLA controller without background compensation

This section provides a RLA controller (Fig. 3.30a) that lacks the ability to compensate
backgrounds (Fig. 3.33), which is a result of eliminating I; and I3 from the ganglion cell

layer.

A three-layered RLA controller without frequency control is shown in In Fig. 3.30a.
The negative feedback layers represent different retinal cells, in which their cellular
interactions are illustrated in panel b. The first layer constitutes the photoreceptor cell,
with an on-center cone (colored blue), and is based on the autocatalytic m2 controller
(Fig. 3.8). An outflow of A is observed when a step-perturbation kg (colored red) and
background k4 (colored blue) are active. This is opposed by the compensatory fluxes
of F (js=ks-ks/(ks+E)), which is responsible for keeping A under robust homeostatic
control. F further sends an inhibitory signal to B in the on-center bipolar cell (colored
green) layer, which then activates the removal of A, in the on-center ganglion cell
(colored purple) layer. Since I and I, are absent in the (oscillatory) ganglion cell, there

is no additional control of Ay, by I; and I5 nor is there frequency compensation.
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FIGURE 3.30: Retinal light adaptation (RLA) model without frequency control at the
ganglion cell level. a) Simple RLA controller with three layers of negative feedback.
The first negative feedback layer constitutes the autocatalytic m2 controller (Fig. 3.8).
This allows for robust perfect adaptation of A. The controller is subjected to outflow
perturbations ko and k4. Inhbitory information from E is sent to the bipolar cell in
the second layer, and B further activates the removal of A, in the ganglion cell layer.
App is homeostatically controlled by F,,. Solid arrows represent chemical reactions.
Dashed lines indicate signaling events, where activation is represented by a plus sign
and inhibition by a minus sign. b) Cellular interactions within the retinal layers. This
figure is a simplified version of the retinal structure shown in (Fig. 3.2). Here, light
(yellow arrows) travels through the center (and not the annulus) of the receptive field.
This excites the on-cecnter cone (colored blue) in the first feedbak layer, in which an
inhibitory signal is received by the on-center bipolar cell (colored green) of the second
layer. A subsequent on-center ganglion cell (colored purple) then receives a signal from
the bipolar cell, before ganglion cell axons come together to form the optic nerve that
enters the central nervous system. Horizontal cell interactions are also indicated in the
figure. Figure was redrawn from Fig. 11.21, Ref. [3].
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The rate equations of A and F in the photoreceptor layer become, respectively:

k3-kg
= — (ko + kyq)-A 3.72
i B (k2 + ka) (3.72)
E =ksAFE —k¢FE (3.73)

The rate equation of B in the bipolar cell layer is:

B =kig-E —ki,-B (3.74)

Rate equations of A,,, e, and E,, in the ganglion cell layer are, respectively:

koo -k kig9-A ko1-A
pp = 072 _ ( L pp) B A jp (3.75)
k27 + Epp k22+App k;22 + PP
e = k?gg-App - k?24-6 (376)
; k'25'Epp
E,, =koye— ——— 3.77
pp 24°€ k26 4 Epp ( )

Integral control is assumed to follow an autocatalytic removal of E. Together with the
steady state (ss) approximation (i.e. E=0) the set-point A in the photoreceptor layer

can be determined:
ke

k5‘Ass'Ess = kG'Ess = Ass:Aset:kf
5

(3.78)
By considering the same assumptions for the ganglion cell layer, the set-point A, st

becomes:

Epp ss
k23'<App,ss> = koy-<ess> <k26 _:pE 'k'25 = <App,ss> = App,set =
pp,ss
~—_—

ko5

2 (3.79
Ty 79

~ 1 (zero—order)
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FicUrRE 3.31: Response kinetics of the RLA controller from Fig. 3.30a with back-
ground k4=0. The controller is tested at a step-perturbation ko from 1.0 (phase 1)
to 4.0 (phase 2) at time ¢t=1000. Panel a shows the resetting kinetics of A and FE as
a function of time. Panel b shows the increase in B over time. The resetting kinet-
ics of Ap, is shown in panel c, along with its average concentration <A,,>. Panel
d shows the response kinetics of F,, as a function of time together with its average
concentration <E,,>. In panel d the frequency, or inverse of the period length, is
plotted as a function of time. Notice the controller’s inability to produce frequency
homeostais. Other rate constants (phases 1 and 2, in a.u.): ks=1x10%, ks=ko1=1.0,
k/’6:3.0, kg:k9:k11:k2720.1, k10:10, 1619:8.07 k20:100, k22:k26:1><10_3, k23:16.0,
k24=0.5, k25=80.0. Initial concentrations of A, E, B, A, e, and E,, (in a.u.), respec-
tively: 3.0000, 3.3323x102, 3.0000x 1072, 5.8034, 2.6501x102, 1.2184x10%.

Fig. 3.31 shows the controller’s response to a step-wise perturbation k2 from 1.0 (phase
1) to 4.0 (phase 2) at time t=1000, while having a constant background outflow k4=0.
Panel a shows the response of A and E over time. The outflow of A is quickly brought
back to its set-point by the compensatory actions of E, which decreases from phase 1 to
2 due to the outflow perturbations. There is therefore more B in panel b to activate the
removal of Ay, in panel c. However, the compensatory actions of E,, brings A, back to
its set-point. This RLA controller does not show E,,- (panel d) or frequency-homeostasis

(panel e) due to the lack of I; and I5.
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FIGURE 3.32: Response kinetics of the RLA controller from Fig. 3.30a with background
k4=160. The controller is tested at a step-perturbation ks from 1.0 (phase 1) to 128.0
(phase 2) at time t=1000. Panel a shows the resetting kinetics of A and E as a function
of time. Panel b shows the increase in B over time. The resetting kinetics of A,,
is shown in panel c, along with its average concentration <A,,>. Panel d shows the
response kinetics of E,, as a function of time together with its average concentration
<FEpp>. In panel d the frequency, or inverse of the period length, is plotted as a
function of time. Notice the controller’s inability to produce frequency homeostais.
Other rate constants (phases 1 and 2, in a.u.) as in Fig. 3.31. Initial concentrations of
A, E, B, A, e, and E,, (in a.u.), respectively: 3.0000, 1.9704, 4.8300, 3.4535x1076,
1.4768x102, 7.3201x10*.

Fig. 3.32 shows instead the results of a step-wise perturbation ks from 1.0 (phase 1) to 128
(phase 2) at time t=1000 at k4=160. At this background the concentration of B (panel
b) is much higher, which is due to outflow perturbations reducing the concentration of E
(panel a). The controller is still able to keep <A> (panel ¢) homeostatically regulated.
However, due to the lack of I and I there is no regulation of <E> (panel d) or the

frequency (panel e).
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F1GURE 3.33: Frequency adaptation of the RLA controller from Fig. 3.30a. The fig-
ure shows the maxmimum frequency (in phase 2) as a function of k§h2+k4. The
controller is applied a step-wise perturbation from ke=1.0 (phase 1) to ko=2—128
in phase 2 (with increments of one) with constant background perturbation ky
from 0—160 (k4 variable, phases 1 and 2). The controller does not show fre-
quency nor background compensation. Other rate constants (phases 1 and 2, in
a.u.) as in Fig. 3.31. Initial concentrations of A, E, B, A,,, e, and E,, (in
a.u.), respectively: 3.0000, 3.3323x102, 3.0000x10~2, 5.8034, 2.6501x 102, 1.2184x10*
(k4=0); 3.0000, 3.3323x102, 3.0000x1072, 5.8034, 2.6501x102, 1.2184x10* (ks=20);
3.0000, 3.3323x10%, 3.0000x1072, 5.8034, 2.6501x10%, 1.2184x10* (k4=40); 3.0000,
4.0152, 2.4300, 1.4076x 1075, 3.5068x 102, 3.4797x 102 (k,=80); 3.0000, 1.9704, 4.8300,
1.9703x 103, 3.4535x 1076, 1.4768x 102, 7.3201x 10! (k4=160).

The maximum frequency of A, is plotted as a function of total outflow perturbations
(ko+k4) in Fig. 3.33. The controller is subjected to a step-perturbation from ko=1.0
(phase 1) to ka=2—128 in phase 2 (with increments of one), along with a constant
background reaction k4 from 0—160. Although there is some type of relationship in
terms of overlapping and continuous curves with increasing backgrounds, the controller

does not possess the ability to neutralize backgrounds.
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3.4.3 Background compensated RLA controller dominated by I;

This section provides a second type of RLA controller (Fig. 3.34a) that can neutralize
backgrounds (Fig. 3.37), which is also here caused by coherent feedback [5, 6] in the

frequency compensated ganglion cell.

The RLA controller in Fig. 3.34a is structured into three negative feedback layers. Each
layer corresponds to different retinal cells, in which their cellular interactions are il-
lustrated in panel b. The first photoreceptor layer, with an on-center cone (colored
blue), represents the derepression-based inflow controller m2 (Fig. 3.7). An outflow of
A (caused by step-perturbation ko (colored red) and background k4 (colored blue)) is
opposed by E (jz= k3-ks/(ks+E)). E then sends inhibitory information to B in the sec-
ond layer, which represents an on-center bipolar cell (colored green). B further activates
the inflow of Ay, in the on-center ganglion cell (colored purple) layer, which is repre-
sented by a frequency compensated oscillator (see Ch. 3.3). This third and final layer
therefore includes the inflow controller I7 and outflow controller I5. I; and Iy ensure
E,,- and frequency-homeostasis, and their coherent feedback [5, 6] leads to background

compensation.
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FIGURE 3.34: Retinal light adaptation (RLA) model with frequency control at the
ganglion cell level. a) Simple RLA controller with three layers of negative feedback.
The first negative feedback layer constitutes the m2 motif (Fig. 3.7), in which integral
control is incoporated as a zero-order Michaelis-Menten (MM) type degredation of E.
This allows for robust perfect adaptation of A. The controller is subjected to outflow
perturbations ko and k4. Inhbitory information from FE' is sent to the bipolar cell in the
second layer, and B further activates the inflow of A,, in the ganglion cell layer. A, is
homeostatically controlled by E,,. I and Is ensure F,,- and frequency-homeostasis of
the oscillator. I; and I feed coherently [5, 6] back to A,,, which enable the controller
to neutralize backgrounds. Solid arrows represent chemical reactions. Dashed lines
indicate signaling events, where activation is represented by a plus sign and inhibition
by a minus sign. b) Cellular interactions within the retinal layers. This figure is a
simplified version of the retinal structure shown in (Fig. 3.2). Here, light (yellow arrows)
travels through the center (and not the annulus) of the receptive field. This excites the
on-center cone (colored blue) in the first feedbak layer, in which an inhibitory signal is
received by the on-center bipolar cell (colored green) of the second layer. A subsequent
on-center ganglion cell (colored purple) then receives a signal from the bipolar cell,
before ganglion cell axons come together to form the optic nerve that enters the central
nervous system. Horizontal cell interactions are also indicated in the figure. Figure was
redrawn from Fig. 11.21, Ref. [3].
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The rate equations of A and F in the photoreceptor cell are, respectively:

kes-kg
— — (ko + ky)-A 3.80
ks + E (k2 + k) (3.80)

: ke E
E—=ksA— 81
> kr + E (3.81)

The rate equation of B in the bipolar cell layer is given by:

B="2""_ B (3.82)

Rate equations of A, e, E,y, I, and I3 in the ganglion cell layer are, respectively:

' k 2.A k15'A k16
App = k1a + kg1 1y + k12-B — g”’)-f—( ) 383
pp 14 gl-41 12 <k13 + App 2 ki3 + App k16 + EPP ( )

é= m (3.84)

E,p = kig-e — m (3.85)
I = koy-E,p — k’;?i]lh (3.86)
Iy = koy — <1§§2+1212> Eyp (3.87)

Assuming zero-order degredation of F and steady state (ss) gives Aget in the photore-

ceptor layer:

k
ks-Ags = kg = ASS:AM:F6 (3.88)
5
The same assumptions are made with regards to Ay, se¢ in the ganglion cell layer:
k17-k16 k17
———— =k == <Apss>=Ap=|-—-1)k 3.89
k16 <App.ss> 19 PP, pp,set Fio 16 (3.89)

The set-points for £, when affected by I; and I are, respectively, given by:
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I, I kas
oy <Epp ss> = <k‘26+815153> kos = <Eppss> = Epzl,’set:k—24 (3.90)
~ 1 (zero—order)
b = (1255 <EBppss> = <Eppss>= ER _Fn (3.91)
21 = Kog + Ip s 22 Pp,S$S pp,ss— — pp,set_k,22 .

~ 1 (zero—order)
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F1GURE 3.35: Response kinetics of the RLA controller from Fig. 3.34 with background
k4=0. The controller is tested at a step-perturbation ks from 1.0 (phase 1) to 10.0
(phase 2) at time t=100. Panel a shows the resetting kinetics of A and E as a function
of time. Panel b shows the increase in B over time. The resetting kinetics of A, and E,,
are shown in panel ¢ and d, respectively, along with their respective average concentra-
tions <Ap,> and <Ep,>. Panel e and f show the contributions of the controller species
I, and I, respectively, over time. In panel g the frequency, or inverse of the period
length, is plotted as a function of time. Notice the controller’s frequency homeostasis.
Other rate constants (phases 1 and 2, in a.u,): kz=k15=1x10%, ks=k1g3=koo=kos=1.0,
ke=3.0, k7=1 ><1073, ks=ko=k11=k16=0.1, k10=k12=10.0, k13=kog=koz=kog=1X 1076,
k14=0.0, k17=1x103, k1g=Fko1=Fko5=>50, kglzkgzzlxl()*z. Initial concentrations of A,
E, B, App, €, Epp, I1, and I (in a.u.), respectively: 3.0000, 3.3323x10%, 3.0000x 102,
1.7893x102, 3.3126x 10", 7.6836x 10", 1.2108x10%, 4.1468 x10~7.
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Fig. 3.35 shows the RLA controller’s response to a step-wise perturbation ks from 1.0
(phase 1) to 10.0 (phase 2) at time t=100, while having a constant background outflow
k4=0. The outflow of A is compensated by E in panel a, where the variables are plotted
as a function of time. The concentration B over time (panel b) increases from phase 1
to 2. B further activates the inflow of A, in panel c, in which its average concentration
<App> is kept robustly at its set-point by an outflow of £, (panel d). <E,,> is instead
homeostatically regulated by I; and I in panels e and f, respectively. Finally, the ability

of I and I in ensuring frequency homeostasis can be seen in panel f.
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F1GURE 3.36: Response kinetics of the RLA controller from Fig. 3.34 with background
k4=320. The controller is tested at a step-perturbation ko from 1.0 (phase 1) to 10.0
(phase 2) at time t=100. Panel a shows the resetting kinetics of A and E as a function of
time. Panel b shows the increase in B over time. The resetting kinetics of A,, and E,,
are shown in panel ¢ and d, respectively, along with their respective average concentra-
tions <App> and <Ep,>. Panel e and f show the contributions of the controller species
I, and I, respectively, over time. In panel g the frequency, or inverse of the period
length, is plotted as a function of time. Notice the controller’s frequency homeostasis.
Other rate constants (phases 1 and 2, in au) as in Fig. 3.35. Initial concentrations of
A, E, B, App, e, Epp, I, and I (in au), respectively: 2.9968E, 9.3953x10~!, 9.6198,
1.2536x102, 5.3802x10%, 8.0468x10%, 2.5032x 103, 2.0381x 107 8.
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Fig. 3.36 shows the results of the same ko-step at k4=320. At this higher k4-value the

resetting kinetics of A is much faster since there is less E to inhibit the synthesis of

A. A higher concentration of B is observed in panel b. The controller still manages

to maintain <Ap,> (panel c) and <E,,> (panel d) under robust homeostatic control.

This is due to the compensatory actions of I; and I in panels e and f, respectively,

where a particular large change is observed for the inflow controller I;. Although panel

g shows a different sensitivity to the maximum frequency, the frequency resets to its

pre-perturbation level after some time.
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F1cURE 3.37: Frequency and background compensations of the RLA from Fig. 3.34.
The figure shows the maximum frequency (in phase 2) as a function of k§h2+k4. The
controller is tested at a step-perturbation from k3=1.0 (phase 1) to ka=2—100 in phase
2 (with increments of one) with constant backgrounds k4 from 0—1120 (k4 variable,
phases 1 and 2). The oscillator shows parallell curves at different backgrounds. No-
tice, in the lower left corner, that the controller becomes oscillatory at higher back-
grounds. Other rate constants (phases 1 and 2, in a.u.) as in Fig. 3.35. Initial concen-
trations of A, E, B, Ay, e, Epp, I1, and I> (in a.u.), respectively: 3.0000, 3.3323x102,
3.0000x1072, 1.7893x 102, 3.3126x 10!, 7.6836x 10", 1.2108x 10%, 4.1468x10~? (k4=0);
2.9999, 3.0204x10%, 3.2999x 1071, 2.6012x 10!, 1.3489x 102, 4.4650x 10", 1.1775x10%,
4.2642x107%  (k4=10); 2.9998, 1.5774x10', 6.2996x10~!, 3.0816x102, 9.8665,
3.8609x 101, 1.1520x10%, 4.3592x107° (k4=20); 2.9996, 8.0311, 1.2298, 1.0126x102,
6.6940x 10, 7.8222x10%, 1.0887x10%, 4.6140x10~° (ky4=40); 2.9993, 4.0163, 2.4294,
2.3534x10%, 1.9783x10%, 6.4162x10%, 9.7192x103, 5.1710x1072 (k4=80); 2.9985,
1.9714, 4.8276, 2.2409x102, 2.1944x10', 6.7249x10%, 7.3194x103, 6.8781x10~?
(k4=160); 2.9968, 9.3953x1071, 9.6198, 1.2536x10%, 5.3802x10', 8.0468x10!,
2.5032x 103, 2.0381x10~8 (k4=320); 2.9950, 5.9417x10~%, 1.4406x10', 2.3875x102,
1.9448x10%, 6.3218x10, 9.2579x10%, 2.2308x103 (k;4=480); 2.9929, 4.2126x1071,
1.9184x 101, 2.9206x 102, 1.1643x10%, 4.5278x 10, 9.5719x 10!, 7.0601x 10 (k4=640);
2.9906, 3.1746x107', 2.3955x10', 3.2501x102, 8.3990, 3.1632x10', 9.1661x10,
1.1794x10*  (k4=800); 2.9880, 2.4826x10~%, 2.8714x10!, 3.5602x102%, 5.6819,
1.4126x 101, 8.0765x10!, 1.6554x10* (ks=960); 2.9850, 1.9885x1071, 3.3462x10!,
3.3942x 1078, 3.5223x 10!, 2.3835x107, 6.4296x 10", 2.1294x10* (k4=1120).

6000
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Fig. 3.37 shows the maximum frequency of A,, over total outflow perturbations (ka+Fks).
A step-perturbation from k9=1.0 (phase 1) to k2=2—100 in phase 2 (with increments
of one) is applied, along with a constant background reaction k4 from 0—1120. This
controller shows parallell curves with increasing backgrounds, indicating that the os-
cillator is background compensated. An interesting observation is that the controller
becomes oscillatory at higher backgrounds starting from k4=320. This is illustrated in

the smaller figure in the lower right corner.



Chapter 4

Discussion

4.1 Derepression-based fluxes induce ”photoreceptor” re-

setting kinetics

All one-layered (single-layered) controller motifs m1-m8 (Fig. 2.1) were subjected to a
step-perturbation at constant but different backgrounds, in which their response ampli-
tude decreased monotonically with increasing background. The homeostatic controllers
divided (equally) into two classes based on whether the compensatory flux was based

on activation or derepression.

Controllers with derepression-based compensatory fluxes showed a faster response time
with increasing background. This type of response, i.e., decreased sensitivity but ac-
celerated response kinetics, is analogous to the derepression kinetics seen in vertebrate
photoreceptors (rods and cones) that respond to light [8, 42, 43]. This is illustrated by
the voltage response of a Macaque monkey’s rod cell in in Fig. 4.1, where the photore-
ceptor cell has been subjected to flashes of 10 ms at different but constant intensities
of light. An increase in background gives also here a decreased sensitivity and shorter

resetting time.

78
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FIGURE 4.1: Photoadaptation of a Macagaue monkey’s rod cell. The rod cell was

subjected to flashes of 10 ms at different but constant intensities of light. Notice

the decreased sensitivity but accelerated response kinetics at increasing backgrounds.

Background light intensities (in photons pum~2s71): 0, 0; 1, 3.1; 2, 12; 3, 41; 4, 84; 5,
162. Figure was redrawn from Ref. [8], Fig. 22-19c.

The time for the activation-based controllers to reach steady state, however, increased
with increasing backgrounds. A prolonged response time like this could possibly have
a negative effect in physiological systems. For instanse, blood glucose is homeostati-
cally regulated by two major feedbak loops involving insulin and glucagon. Insulin and
glucagon are secreted from the pancreas when blood sugar levels are, respectively, high
and low. Continuous high levels of blood sugar (”glucose overload”) [47, 48] could possi-
bly result in a slower resetting of the insulin-based feedback loop. Slower resetting times
may be one of the causes for insulin resistanse and early diabetes. This topic would, of

course, need further investigation.
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4.2 Coherent feedback yields background compensated os-

cillators

In order for the oscillators to show frequency compensation there must be two layers
of negative feedback, in which I; and Is keep <FE> homeostatically regulated. The con-
troller species function as either inflow or outflow controllers. A change in the controlled
variable A, however, is mainly compensated by the inflow controller. Thus, an outflow
or inflow of A results in, respectively, a large increase or decrease in the inflow con-
troller. Inflow controllers, on the other hand, show a much smaller change in response
to background changes. It would therefore be interesting to test if the oscillators possess

frequency homeostasis without the integral outflow controllers.

Frequency control in ganglion cells [39] are not, to the best of our knowledge, partic-
ularly discussed in the litterature. An interesting topic of study would therefore be
whether ganglion cells possess this trait or not. One can also wonder if there are other
retinal cells (i.e., amacrine cells) that induce this type of behaviour or if it arises by
intracellular interactions within the ganglion cell. Based on results from the frequency
compensated controllers the ganglion cell would need two additional controller species

to obtain frequency homeostasis.

For the oscillators to also have background compensation, I; and I must feed di-
rectly or coherently to the controlled variable A in the central layer. This type of
feedback was termed coherent feedback in analogy to a similar concept used in quan-
tum control theory and optics [5, 6]. To conclude, oscillators with coherent feedback
shows automatic frequency control and maintain the response profile in a perturbation.
The outer layer can also feed into the process that generates A by incoherent feedback.
These oscillators still show frequency compensation but lose their ability to compensate
for backgrounds. Loss of background compensation is also seen in the single negative
feedback controllers. We are not aware of any biological examples where ”robust back-
ground compensation” is seen. This ability to compensate backgrounds, however, could

possibly be of interest in synthetic biology.
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4.3 Retinal background compensation regulated at the gan-

glion cell level

The three-layered RLA controllers, representing the retina as a whole, consisted of a
photoreceptor, bipolar, and ganglion cell. There needs to be a frequency compensated
ganglion cell in order for the retinal controller to show frequency homeostasis. A change
in the controlled variable A4,, in the ganglion cell layer is mainly regulated by the com-
pensatory actions of the integral inflow controller. Thus, a bipolar cell that activates
the outflow or inflow of A, causes, respectively, a large increase or decrease of the in-
tegral inflow controller. For the RLA controllers to also be background compensated
the ganglion cell layer must incorporate coherent feedback, in which I; and Is feed di-
rectly or coherently back to the controlled variable A,,. To conclude, it is the feedback
organization in the ganglion cell that decides whether the frequency shows background

compensation.
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4.4 Are retinal cells capable of compensating backgrounds?

A hallmark in retinal light adaptation, according to Ref. [8], is that ganglion cells have
some form of background compensating mechanisms. This statement was based on the
response of a cat’s ganglion cell (Fig. 4.2) towards a test spot of light in the receptive field
center, while being under the influence of constant but different background luminances.
This resulted in a sigmoidal curve, where the response profile remained stable at different

intensities of light.

400- background luminances (cd/m?):

102, 1074103102 107" 10°
/

<max frequency> (Hz)

[T T 1
910> 910™% 9103 91072 9.10°" 9.10°

test spot luminance (cd/m?)

FIGURE 4.2: Light adaptation of a cat’s on-center ganglion cell. Average maximum

frequency (Hz) is plotted as a function of test spot luminance (cd/m?) at background

illuminations (from 9:107° to 9-107° c¢d/m?). A vertical dashed line indicates a test

spot luminance of 9-1072 cd/ m?. Notice how the mean maximum frequency decreases

as the background illumination increases from the red (9-10~3 cd/m?) towards the green
curve (9:10~! cd/m?). Figure was redrawn from Ref. [8], Fig. 8.

We therefore became interested in understanding the underlying mechanisms of back-
ground compensation. ”Background compensation” was defined by us as a negative
feedback system that has a compensatory mechanism, in which the response to a per-
turbation remains unchanged with regards to different but constant background levels.
This definition of background compensation, however, is not in agreement with the re-
sults of Fig. 4.2. For instance, for the red, blue and green curves, which represent three
different backgrounds, the average maximum frequency (Hz) decreases with increasing
background at a test spot luminance of 9-1072 cd/m? (indicated by a vertical dashed
line). This type of adaptation can also be shown for the non-background compensated

photoreceptor cell in Fig. 4.1.

In order to show this we need to use the Hill-type Michaelis-Menten equation:
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o VimazI*
R

(4.1)

where V' is the response amplitude of retinal cells, and I represents the light perturbation.

The cooperativity « is 1.0 and 0.7-0.8, respectively, for photoreceptor and ganglion cells.
For bipolar and sustained ganglion cells a=1.2—1.4. The a-value of transient ganglion

cells, however, is approximately 3.4 [8].

Since the photoreceptor is represented by a=1.0, the above equation becomes:

Vmaz’l
V = 4.2
I+o (4.2)

This equation describes the response amplitude V; of a single pigment system when there
is a background Iy and a perturbation I; [49]. However, as the cooperativity increases

from « to ay=a + I it is described in the following way:

At a constant background Iy Eq 4.2 becomes:

‘/;naxIO
Vo = 4.3
0 Ip+o (4.3)

When a light perturbation I; is applied in addition to Iy the total response amplitude
yields:

Vmaa: (IO+II)

Vi+VWVy=
P Io+11+o

(4.4)

Finally, by subtracting Eq 4.3 from Eq 4.4 the following expression is obtained for the

reponse amplitude Vi:

B (IO+Il) IO . (IO—I—Il)-(Io—i-O') — Io-(Io—i-Il—l-O')
Vl - Vma:p - — Vmam
Ip+I1+o Iy+o (Ig—l—[l—l—U)-(Io—i-J)

I Vinaz- I
= Vinaz |: e :| = 7 < ! ) (45)
(Io—l-Il—l-O')'(Io—I—O') Iy+o Io+11+0o

I
=V
max,l <Il+0'1>

In Fig 4.3 Eq 4.2 has been plotted for six different values of a;, which represent different

backgrounds. V.. was, for the sake of simplicity, set to one. In panel a and d both
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axes are, respectively, linear and logarithmic. Panel b has a logarithmic ordinate and

linear abscissa wheras panel ¢ has a logarithmic abscissa and linear ordinate.
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FIGURE 4.3: Photoreceptors’ adaptation to light in terms of the Michaelis-Menten

equation. Eq 4.2 has been plotted for six different values of a. Vj,q,=1. The dashed

vertical line shows how V decreases from the orange towards the purple curve as back-

ground illumination increases. In panel a and d both axes are, respectively, linear and

logarithmic. Panel b has a logarithmic ordinate and linear abscissa wheras panel ¢ has
a logarithmic abscissa and linear ordinate.

The results of the photoreceptor in Fig 4.3c are similar to the response of the ganglion cell
in Fig. 4.2. Although the photoreceptor cell lacks background compensation (Fig. 4.1),
the parallel curve-shifts in panels ¢ and d can be misleading in thinking that they do.
As was the case for the ganglion cell (Fig. 4.2), the photoreceptor cell also shows a
decrease in frequency when the background changes from the orange to the purple curve
(indicated by a dashed vertical line). This could indicate that parallel curves (in log-
plots) with decreasing frequencies are not sufficient to decide whether retinal cells possess

background compensation mechanisms or not.

Kleinschmidt and Dowling [50] showed the light response of a gecko photoreceptor in a
log-log plot. This also gave parallel lines independent of the applied background illumi-

nation. They concluded that the response profile’s lateral shifts were due to adaptation
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mechanisms in the photoreceptor.

To conclude, although background compensation mechanisms cannot be excluded, semi-
or double-logarithmic plots with parallel lines are not sufficient in concluding with back-

ground compensation.



Appendix A

Python scripts

A.1 Python scripts for m1-m8 controllers

This section provides python scripts for each of the m1-m8 controllers’ (Fig. 2.1) response
kinetics. The m1 controller will be used as an example. The other python scripts are

run in a similar way.

m1l controller
Two python scripts regarding the m1 controller, ”m1.py” (Fig. A.1) and ”plot_.m1_A_merged.py”
(Fig. A.2), must be inside the current working folder, as well as two additional folders

called 7 A-data” and ”plots”. "ml.py” must be run before ”plot_ml_A_merged.py”.

"ml.py” containes the controller’s information (rate constants, step-perturbations, ini-
tial concentrations, rate equations, etc.) in order to generate the response amplitude of
A at different backgrounds k4. An example of this script at k4=64 is given in Fig. A.1.
Running this script generates ”k4=64.txt” (inside ”"A-data”) and "mlplot_k4=64.pdf”
(inside ”plots”) containing the response amplitude. This script should also be run
k4=0,1,2,4,8,16, 32, 64.
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For instance, if we wanted to generate the response amplitude for k4=0 the following

changes must be made:

e Change the background k4 (line 15) from 64 to 0.
3

ki=0 (Fig. 3.3b).
e Change ”...k4=64.txt” to ”...ky=0.txt” (line 43).
3

Change ”...mlplot_k4=64.pdf” to ”...m1plot_k4=0" (line 53).

Change the initial concentrations of A and F at k4=64 (line 29) to the ones for

This will instead generate ”k4=0.txt” and "ml1plot_k4=0.pdf”, where the latter is shown

in the upper right corner of Fig. A.1.

t numpy as np
matplotlib.pyplot as plt
m scipy.integrate import odeint
t csw

def model(x,t, wvark2):

k1 a

k2 vark2
k3

k4

k5

k& =

K7

A el
E = x[1]

dAdt = k1 - ((k2+kd)=A)} + (k3xE)
dEdt = k5 —({(KE+E)/ (KT+E)})*A

return [dAdt, dEdt]

x@ = [3.0,195.0]
«linspace(®, 10
«linspace( a)
t = np.concatenate((tl,t2))

y = odeint{model, x@, tl1l, args=(plk2,))
x1 = y[-1]
print {(y[-1])

y = np.concatenate((y, odeint(model, x1, t2, args=(p2k2,))))

A= ylz,e]
E=ylz,1]

h open("./A-data/k4=64 t", 'w", newline='') as

writer = csv.writer(file)
writer.writerows( [Al)

plot(t, A, labe
«xlabel{"tin
.ylabel("A (au)'
.grid()
.xlim(@a.@8,188)
ylim(a.5,
.savefig('p
-show()

FIGURE A.1: Python script for generating m1’s response amplitude of A at background

k4=64. Making some changes (see above) gives the response amplitude for k4=0 (see

upper right corner). Run this script at k4=0, 1, 2, 4, 8, 16, 32, 64. Insert the corre-
sponding initial concentrations of A and E from Fig. 3.3b.

time (au)
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Finally, the response amplitudes for different k4-values can be merged together by run-
ning ”"plot_.m1_A merged.py” (Fig. A.2). This creates ”A_plots_ merged.pdf’ (inside
"plots”), and shows the resetting kinetics of m1 from Fig. 3.3b. This can be seen in

the upper right corner of Fig. A.2.

import matplotlib.pyplot as plt
import numpy as np

s dat: ) txt ; ., unpack=True) merged A-profiles, ky=1-->5 & ks=0,1,2,4,..64
. loadtxt("'. datz 1. ! i ', unpack e)
. loadtxt("'. C 2l ! unpack=True)
. loadtxt('. date - ! i unpack=True)
. loadtxt('./A-dat: .txt! unpack=True)
. loadtxt("'. datze 5 ' ', unpack=True
. loadtxt(". CEE: 2. ! i ', unpack=True)
. loadtxt("'. C 4. ', delimiter="',', unpack=True)

t1l=np. linspace(0,10,1000)
t2=np. linspace(10,100,9000)
t = np.concatenate((t1,t2))

40 )
plt.plot(t,yl, label=" ! time (au)
plt.plot(t,y2, labe k_4$
plt.plot(t,y3, labe
plt.plot(t,y4, labe
plt.plot(t,y5, labe
plt.plot(t,y6, labe
plt.plot(t,y7, labe
plt.plot(t,y8, label=

.grid()

. legend(loc="

.title('merged

.xlabel("

.ylabel("' 1

.x1im(0.0,100)

.ylim(0.5,3.5)

.savefig(".

.show()

FIGURE A.2: Python script for generating m1’s resetting kinetics (see upper right
corner) from Fig. 3.3b. Run this script after producing the response amplitudes for
k4=0,1,2,4,8,16,32,64 (Fig. A.1)
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m?2 controller

t numpy as np
matplotlib.pyplot
from scipy.integrate imp

plk2
p2k2

def model(x,t, wvark2):

k1
k2
k3
ka4
kS
k6
K7 =

a0
time (au)

= x[1]

dAdt = k1 - ((k2+kd)=A) + (k3xE)
dEdt = k5 —((k6*E)/ (KT+E))*A

return [dAdt, dEdt]

»195
tl=np.linspace
t2=np.linspace( 1 000
t = np.concatenate((tl,t2))

= odeint{model, x0, tl, args=(plk2,))
x1 = y[-1]
print {y[-1])
y = np.concatenate((y, odeint(model, x1, t2, args=(p2k2,))))

h open(". /A a/kd=64 T
writer = csv.writer(file)
writer.writerows( [Al)

, newline='"')

plot(t,A,label
«xlabel{"tin

.savefig('p
.show()

F1cURE A.3: Python script for generating m2’s response amplitude of A at background

k4=64. Making some changes (see above) gives the response amplitude for ky=2 (see

upper right corner). Run this script at k4=0, 1, 2, 4, 8, 16, 32, 64. Insert the corre-
sponding initial concentrations of A and E from Fig. 3.7b.

import matplotlib.pyplot as plt
import numpy as np

y1= np-loadtxt (. /A—dat: ). txt', delimiter=',", § merged A-profiles, ky=1-->5 & ks=0,1,2,4,..64
y2= np.loadtxt( . - ', delimite

y3= np.loadtxt(". ata 2 *, delimiter=",
y4= np.loadtxt('./A-data 5 ', delimit 05 a —
y5= np.loadtxt('./A-data ', delimite
y6= np.loadtxt('./A-dat: *, delimite
y7= np.loadtxt(" . ', delimiter
y8= np.loadtxt('./A-dat .txt', delimite

tl=np.linspace(0,10,1000)
np.linspace(10,1 2)
np.concatenate((t1,t2)

.plot(t,yl,
-plot(t,y
-plot(t,y3,
.plot(t,y4,
-plot(t,y5,
.plot(t,
.plot(t,y7, labe
.plot(t,y8, label=

.savefig(
.show()

FIGURE A.4: Python script for generating m2’s resetting kinetics (see upper right
corner) from Fig. 3.7b. Run this script after having producing the response ampltidues
for k4=0,1,2,4,8,16,32,64 (Fig. A.3)
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autocatalytic m2 controller

numpy as np
rt matplotlib.pyplot plt
m scipy.integrate imp odeint
csv

995 100.0 1005 1010 1015 1020 1025 103.0 10
time (au)

E = x[1]

dAdt = k1 + (k3+k8/(k8+E))
dEdt k5%

return [dAdt, dEdt]

x0 = [

tl=np.linspace (@
t2=np.linspace ( 1Y)
t = np.concatenate((t1,t2)

y = odeint(model, x@, t1, args=(plk2,))

x1 = yl-1]

print (y[-1]1)

y = np.concatenate((y, odeint(model, x1, t2, args=(p2k2,))))

with open("./A-data/kd4=64.txt", 'w', newline=""')
writer = csv.writer(file)
writer.writerows([Al)

plt.plot(t,A,label = '
plt.xlabel("ti
plt.ylabel("/
plt.grid()

plt.xlim(

plt.ylim(@.
plt.savefig(’
plt.show()

F1cURE A.5: Python script for generating autocatalytic m2’s response amplitude of A

at background k4=64 (see upper right corner). By making some changes (see above),

run this script at k4=0, 1, 2, 4, 8, 16, 32, 64. Insert the corresponding initial concen-
trations of A and E from Fig. 3.8b.

import matplotlib.pyplot as plt
import numpy as np

np. loadtxt (" . . 1 GG . e merged A-profiles, kz=1-—>5 & ks=0,1,2.4,..64
delimite

np. loadtxt('.

np. linspace(o,1
np. linspace (100,400,
np.concatenate((t1,

-plot(t,yl, label=" ' o 595 000 1o 1010 1015 1070 Tors 1050 10
.plot(t,y2, label= e
.plot(t,y3,label

.plot(t,y4,labe

.plot(t,y5, labe

.plot(t,y6, labe

.plot(t,y7, labe

-x1im(99.0
Lylim(©
-savefig(
-show()

FIGURE A.6: Python script for generating autocatalytic m2’s resetting kinetics (see
upper right corner) from Fig. 3.8b. Run this script after producing the response am-
plitudes for k4=0, 1,2, 4,8, 16, 32,64 (Fig. A.5)



Appendiz A

91

m3 controller

numpy as np
matplotlib.pyplot
scipy.integrate imp

csv

plk2 = 1
pzk2 = 5

def model(x,t, vark2):

2]

LI I I I I

vark2

time (au)

dAdt = k1 - ((k2+k4) + (ki
K5+k8/ (k8+A) —((KE*xE)

dEdt =

urn [dAdt,

dEdt]

= odeint(model, x@, tl, args=(plk2,})

x1 y(-1]

print (yI[-11)

= np.concatenatel((y, odeint(model, x1, t2, args=(p2k2,))))

yl:,0]
1]

with open("./A-da
csv.writer(file)

writer

a/kd

xt", "w', newline="'})

writer.writerows( [A])

plt.plot(t,A,label =

plt.xlabel( " time

plt.

plt.

plt.

plt.

plt
plt.show()

A'Y
)

F1GURE A.7: Python script for generating m3’s response amplitude of A at background
k4=64. Making some changes (see above) gives the response amplitude for k4=0 (see
upper right corner). Run this script at k4=0, 1, 2, 4, 8, 16, 32, 64. Insert the corre-
sponding initial concentrations of A and E from Fig. 3.4b.

import matplotlib.pyplot

import nump

y

s np

- loadtxt( .

- loadtxt( .

- loadtxt (" ./#
- loadtxt(*./#
- loadtxt(*

- loadtxt(*

20

np.concatenate

plot(t,
.plot(t,
.plot(t,
.plot(t,
.plot(t,
.plot(t,
plot(t,
plot(t,

yi,
y2,
y3, le
y4,
v5,
v6,

-title('me

.xlabel(
.ylabel(

show ()

'y delimiter=',", unpack=Tr merged A-profiles, ky=1--->5 & ka=0,1,2,4,..64
unpack=Tr
unpack=Tr
unpack=Tr

000)

FIGURE A.8: Python script for generating m3’s resetting kinetics (see upper right
corner) from Fig. 3.4b. Run this script after producing the response amplitudes for

k4=0,1,2,4,8,16,32,64 (Fig. A.7)
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m4 controller

np
matplotlib.pyplot
scipy.integrate imp
t csw
os, sys

varkz2):

300
time (au)

(k2+k4 + (k3+k8/(kB+E))
K5 —((KE+E )/ (KZ+E) )+ (K9/ (KD+A) )

[dAdt, dEdt]

@
2))

y = odeint(model, x8, t1, args=(plk2,))

x1 yi-1]

print (y[-11)

y = np.concatenate((y, odeint(model, x1, ., args=(p2k2,))}))

th open(’ ia «txt™ ‘w', newline="")

writer = csv.writer(file)
writer.writerows([Al)

.plot(t,A, label
-xlabel( ime {
.ylabel(
-grid()»

«xLim{
.ylim(®.5,3
-savefig(”plo
-show( }

F1cURE A.9: Python script for generating m4’s response amplitude of A at background
k4=64. Making some changes (see above) gives the response amplitude for ky=8 (see
upper right corner). Run this script at k4=0, 1, 2, 4, 8, 16, 32, 64. Insert the corre-

sponding initial concentrations of A and E from Fig. 3.9b.

import
import numpy

merged A-profiles, ky=1-->5 & k=0,1,2,4,..64

np. loadtxt ("
np. loadtxt( .
np. loadtxt ("

np. loadtxt ("

np. loadtxt (. ', delimiter

np. loadtxt('./A-datz .txt', delimiter= unpack=Tru
np. loadtxt('./A-data : ', delimit , ', unpack

np. loadtxt (' ./A-dat: .txt', delimite

tl=np.linspace(®,
t2=np. linspace (50 50
t = np.concatenate((tl,t2

plt.plot(t,yl, label: 00

plt.plot(t,y2, label
plt.plot(t,y3, label
plt.plot(t,y4,1 =
plt.plot(t,y5, label
plt.

plt.

plt.

plt.

plt.

iliEs

plt.

plt.ylabel(
plt.xlim(0

plt.yli

OlliEs

plt.show()

300
time (au)

FIGURE A.10: Python script for generating m4’s resetting kinetics (see upper right
corner) from Fig. 3.9b. Run this script after producing the response amplitudes for

ky=0,1,2,4,8,16,32,64 (Fig. A.9)
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mb5 controller

plt
scipy.integrate import odeint
t csv

plkl !,
p2kl = 5
def model(x,t, varkl):

varkl
a

00 301
time (au)

x[8]

x[1]

dAdt = k1 + k3 —(k2+ka=E)xA
dEdt = k5%A —kB*E/(k7+E)

rn [dAdt, dEdt]

tl=np. linspace(
t2=np.linspace( » 4
t = np.concatenate((t1,t2))

y = cdeint{model, x8, t1, args=(plkl,))

x1 = yl-1]

print (y[-11)

¥ = np.concatenate((y, odeint(model, x1, t2, args=(p2kl,)}})

A =yl[:,0]
E = yl:,1]

th open('. data/k ‘w', newline='") z
writer = csv.writer(f
writer.writerows([A])

plt.

plt.

plt.

plt.

plt.

plt.
plt.savefig(“plots
plt.show()

FIGURE A.11: Python script for generating m5’s response amplitude of A at back-

ground k3=64. Making some changes (see above) gives the response amplitude for

ks=1 (see upper right corner). Run this script at k3=0, 1, 2, 4, 8, 16, 32, 64. Insert
the corresponding initial concentrations of A and E from Fig. 3.5b.

import matplotlib.pyplot as plt

import numpy as np

yl= np.loadtxt('. txt', delimite , ', unpack=True merged A-profiles, kj=1--->5 & k3=0,1,2,4.8..64
np. loadtxt( txt delimit , ', unpack=True
np. loadtxt (. C ] 3=2.txt"', delimite
txt’
txt

« loadtxt( « ] 1 , delimit

- loadtxt('. - ', delimite

. loadtxt( data [ ', delimite
y . loadtxt(". ’ \/k3=32. *, delimite
y8= . loadtxt( ta > ', delimite

tl=np. linspace(0,100,10000)
t2=np. linspace (100,500, 40000)
t = np.concatenate((tl,t2))

plt.plot(t,yl, labe
plt.

plt.

plt.plot(t,y4,
plt.plot(t,y5,
plt.plot(t,y6, label
plt.plot(t,y7, label
plt.plot(t,y8, labe

plt.grid()
plt. legend(loc=
plt.title("’ rgec

plt.xlabel("
plt.ylabel(’ )
plt.xlim(0.0,500)
plt

plt.sa

plt.show()

FIGURE A.12: Python script for generating m5’s resetting kinetics (see upper right
corner) from Fig. 3.5b. Run this script after producing the response amplitudes for
k5=0,1,2,4,8,16,32,64 (Fig. A.11)
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m6 controller

plkl

pzkl =

numpy as np
matplotlib.pyplot
' scipy. integrate i
t-csw

def model(x,t, varkl):

y = odeint{model, x@,

x1

k1

= wvarkl

K1+k3—k2+A

k5K

n [dAdt, dEdt]

v[-11
print (y[-11)
y = np.concatenate((y, odeint(model, x1, t2, args={p2kl,))}))

with open(’ \

plt

plt.
plt.
plt.
plt.

plt

plt.

FIGURE A.13: Python script for generating m6’s response amplitude of A at back-
ground k3=64. Making some changes (see above) gives the response amplitude for
ks=0 (see upper right corner). Run this script at k3=0, 1, 2, 4, 8, 16, 32, 64. Insert
the corresponding initial concentrations of A and E from Fig. 3.10b.

writer = cswv.

riter(file)

plt
odeint

t1, args={(plkl,)}

t o 'w', newline='"')

writer.writerows([A])

plotit,A
xlabel(
ylabel(
grid{)
xlim{

ylim{2,1

show()

import
import

tl=np.linspace(0,100,10000)
t2=np. linspace(100,600,40000)
np.concatenate((t1,t2))

t =

plt

np.
= np.

np

np.
np.
np.
np.
np.

plt.

plt.

plt

plt.
plt.
plt.

plt.

matplotlib.pyplot

numpy as

loadtxt('.
loadtxt (.
. loadtxt('.
loadtxt('.
loadtxt (" .
loadtxt('.
loadtxt('.
loadtxt("'.

plot(t,y4,

.plot(t,

plt.
plt.

plt.
plt.
plt.
plt.
plt.

FIGURE A.14: Python script for generating m6’s resetting kinetics (see upper right
corner) from Fig. 3.10b. Run this script after producing the response amplitudes for

plot(t,
plot(t,
plot(t,

grid()

xlabel( 't
ylabel(
x1im(0.0
ylim(
savefig(

show()

label

savefig(“plots

np

.plot(t,yl, labe
plt. ,

as

300
time (au)

400

', delimite ' - merged A-profiles, ky=1--->5 & k3=0,1,2,4,8..64

, unpac
, unpack=True)
unpack=True)
, delimiter=
, delimite
, delimiter

ke=0,1,2,4,8,16,32,64 (Fig. A.13)
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m7 controller

numpy as np

i matplotlib.pyplot plt
from scipy.integrate impo odeint
import csv

varkl

return [dAdt, dEdt]

p.linsp
t p.linspace(1 0000
t = np.concatenate((t1,t2))

y = odeint(model, x®, t1, args=(plk1l,))

x1 = y[-1]

print (y[-11)

y = np.concatenate((y, odeint(model, x1, t2, args=(p2k1,))))

yl:,0]
E=yl:,1]

with open(". /A 1/ k3=64.txt", 'w', newline='"') as file:
writer = csv.writer(file)
writer.writerows([Al)

.plot(t,A, label
.xlabel(" time
.ylabel(
.grid()

xlim(
ylim(2,1
.savefig('plots
«show()

FIGURE A.15: Python script for generating m7’s response amplitude of A at back-

ground k3=64. Making some changes (see above) gives the response amplitude for

ks=4 (see upper right corner). Run this script at k3=0, 1, 2, 4, 8, 16, 32, 64. Insert
the corresponding initial concentrations of A and E from Fig. 3.6b.

matplotlib.pyplot
numpy as np
T ) . ¢ .delimite merged A-profiles, ky=1-->5 & k;=0,1,2,4,8..64
np. loadtxt(". at: - ', delimite
np. loadtxt(". t : ‘, delimite
np.loadtxt('. at 5 ', delimit
np. loadtxt(". t 3. ', delimite
np. loadtxt('./A-dat 16.txt', delimit
np. loadtxt('. at: .txt', delimit ., ', unpack=Tr
np. loadtxt('./A-dat 54.txt', delimiter=',', unpack=True

tl=np.linspace(@,10
t2=np. linspace (10¢ .4
t = np.concatenate((t1,

plt.plot(t,yl
plt.plot(

plt.plot(

plt.plot(

plt.plot(
plt.plot(t,y6,
plt.plot(t,y7,
plt.plot(t,y8, label="

plt.grid()
plt.legend(loc="|ri
plt. r
plt.
plt.ylabel(
plt.xlim(0.¢
plt.ylim(2,12
plt.savefig("
show()

FIGURE A.16: Python script for generating m7’s resetting kinetics (see upper right
corner) from Fig. 3.6b. Run this script after producing the response amplitudes for
k7=0,1,2,4,8,16,32,64 (Fig. A.15)
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m& controller

numpy as np

matplotlib.pyplot

n scipy.integrate i
csv

plkl
p2k1

def model(x,t, varkl):

kl = varkl
k2 ]

k3 -

ka4

k5

k6

k7

k3

k9

x[a]
E =-x[1]

dAdt
dEdt

k1l + k3 -k2
k5+{kB/(kB+

return [dAdt, dEdt]

x@ = 2, 1
tl=np.linspace(®,10@,1
t2=np. linspace(]

t = np.concatenate((t1,

y = odeint(model, x®, t1,

xl =-y[-11
print (y[-1]1)

plt
odeint

N

200 300
time (au)

args=(p1lk1,))

y = np.concatenate((y, odeint(model, x1, t2, args=(p2k1,)})))

with open("./A-data
writer

csv.writer(file)

writer.writerows([A])

.plot(t,A,label
«xlabel("time (au

.savefig(
-show()

FIGURE A.1T:
ground k3=64.

")

', 'w', newline="''

Python script for generating m8’s response amplitude of A at back-
Making some changes (see above) gives the response amplitude for

ks=2 (see upper right corner). Run this script at k3=0, 1, 2, 4, 8, 16, 32, 64. Insert
the corresponding initial concentrations of A and E from Fig. 3.11b.

import matplotlib.pyplot
import numpy as np

np. loadtxt ("
np. loadtxt( .
np. loadtxt (. //
np. loadtxt ("
np. loadtxt( .
np. loadtxt (. //
np. loadtxt ("
np. loadtxt (.

as

, delimite
, delimite

', unpack=True) merged A-profiles, ky=1-->5 & k3=0,1,2.4,8..64

, delimite
', delimi
', delimit

', delimite , unpack=True

p.linspace (0,100, 100¢
p. linspace (100,500, 4¢
np.concatenate((t1,t2))

.plot(t,

.plot(t,
.plot(t,
.plot(t,
.plot(t,ys5, la
.plot(t,y6, la
.plot(t,y7
.plot(t,ys,

.grid()
. legend(loc="
.title('merg
.xlabel( "t
.ylabel("
.xlim(0.0
.ylim(1,
.savefig(".
-show()

FIGURE A.18: Python script for generating m8’s resetting kinetics (see upper right
corner) from Fig. 3.11b. Run this script after producing the response amplitudes for

ks=0,1,2,4,8,16,32,64 (Fig. A.17)
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A.2 Python scripts for frequency compensated controllers

Frequency compensated oscillator with coherent feedback at kiy=0

This section containes python scripts for the frequency compensated oscillator with
coherent feedback from Fig. 3.13. A background k1p=0 and step-wise perturbation ko
from 1—9 at time ¢t=100 are applied. A and E are plotted as a function of time in
Fig. A.19 and Fig. A.20, respectively. Frequency is plotted as a function of time in
Fig. A.21, and I; and I are shown as a function of time in Fig. A.22.
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"

| ‘
HM
| m
o “ i
0 100 200 300 400 500 60

time (au)
k8-+4) ) —{ kgea=11/ (k17+4) )+ [ kg3+12)

"

del, =8, t1, a

enate({y, odeintimodel, x1, t2, arg

F1cURE A.19: Frequency compensated oscillator with coherent feedback at k1p=0 and
ko from 1—9. A is plotted as a function of time.
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numpy ng
matplotlib. pyplot
ipy.integrate

kZ = vark2
L&} 1
kd

(i

200 300 400 500 600 700
time (au)

FURLTHA) )+{ K312)

F1cURE A.20: Frequency compensated oscillator with coherent feedback at k1p=0 and
ko from 1—9. FE is plotted as a function of time.
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as np
matplotlib.pyplot pLE
scipy.integrate imporl odeint

frequency (au)
o o o
Now W
o & &

400 500
time (au)

<1+ (k3%k5) /(k5+E) — (k2

A/ (k8+A)) —(kg*A*I1/(k17+A))+(kyg3*I2)
9+EI—K6+E/ (K7+E)

/(k13+I1)
(k16+12)

return [dAdt, dEdt, dEIdt, dIldt, dI2dt]

p.linspace(
p.linspace (10 0,3
np.concatenate((t1,t2))

(p2k2,))))

[i-11< 1d - (4 Ali+11):
tmax.append(t[i])

n(tmax)—1):
tmax [j—11]
if(period=0
frequency=1/period
if(frequency<e.5):
per.append(period)
freq.append(frequency)
tfreg.append(tmax[jl)

FIGURE A.21: Frequency compensated oscillator with coherent feedback at k1p=0 and
ko from 1—9. Frequency is plotted as a function of time.
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rt numpy as np
ib.pyplot as plt
scipy. integrate import adeint

300

1-Ckig=i

dEddt=kd:
11/ (k1%+1

dI2dt-kidi-k 2/ [k18+1

wurn [dédt, dEde, dEIdt, dTidt, diadt]

tl=np. linspacel
2=np. linspace (1t
np-concaten

¥y = odeinti{model, =&, tl, args={plk
xl = yl[-1]

¥ np=concaten

f =sck
plt.gridl)
pltoxlimi
plt-sawefigl |
plt=showl )

400
time (au)

FIGURE A.22: Frequency compensated oscillator with coherent feedback at k1p=0 and

ko from 1—9. I; and Iy are plotted as a function of time.
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Frequency compensated oscillator with coherent feedback at k1p=2048

This section containes python scripts for the frequency compensated oscillator with
coherent feedback from Fig. 3.14. A background k19=2048 and step-wise perturbation
ko from 1—9 at time t=100 are applied. A and E are plotted as a function of time
in Fig. A.23 and Fig. A.24, respectively. Frequency is plotted as a function of time in
Fig. A.25, and I; and I5 are shown as a function of time in Fig. A.26.

numpy as mp
matplot lib. pyplot as plt
| scipy. integrate import odeint

Ll

|
00 300 400 500 600 700
time (au)

0 00

AE2dt =k 14-k1S5+Ex12 /[ k16

eturn [dAdt, dEdt, dEIdt, dIldt, dI2dt]

odeint(model, x8, t1, args={plk2,]})
yi-1]

.concatenate( (y, odeint(model, x1, t2, aras={p2k2,

plt.show( )

F1cUrRE A.23: Frequency compensated oscillator with coherent feedback at k190=2048
and ko from 1—9. A is plotted as a function of time.
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i
i

400
time (au)

(kB+A) ) —(kgea=I1/ (K174} }+{ kg 3+1

odeint(
yl[-11

ncatenate{{y, odeint(model, =1, t2, arg

plt.plotit
plt.xlabel("1
plt.ylab
plt.grid
plt.x Lim
plt.ylim
plt.save
ELlt.s how

FIGURE A.24: Frequency compensated oscillator with coherent feedback at ki9=2048
and ko from 1—9. F is plotted as a function of time.
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r L numpy np
t matplotlib.pyplot
scipy.integrate import odeint

def model(x,t,vark2):

frequency (au)

o o o o o o o
N N w w IS » o
S & S & S @ S

_|

100 200 300 400 500 600 700 800
time (au)

1+(k3%k5) / (K5+E) — (k2%A 1) —(k1@xAs (k8+A
9+EI—K6+E/ (K7+E)
94FT
E-k12%I1/(k13+I1)
12/ (k16+

)~ (kg*A*I1/ (k17+A) ) +(kg3+12

return [dAdt, dEdi, dEIdL, dIldi, dI2di]

t1=np.linspa
t2=np.lins
t = np.concaten:

odeint(model,
yl[-11

te((y, odeint(model, x (p2k2,))))

(i>=1) and

if(Ali-1] n (
tmax.append (t[il)

i=i+1

(j==1) and (j<=len(tmax)-1):
period=tmax[j]-tmax[j-1]
if(period=0) :
frequency=1/period
if (frequency=<e
per.append(period)
freq.append (frequency)
tfreq.append(tmax[j])

ot(tfreq,freq, lab

FIGURE A.25: Frequency compensated oscillator with coherent feedback at ki9=2048
and ko from 1—9. Frequency is plotted as a function of time.
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Lib.pyplot
dpy.integrate dmps

cs

300

dildt=kil+L -k L1/ [k1%+T2)
dIZdt=k1 (ST SN

rm [dAdit, dEdt, dEIdt, dIldt, dlzde]

np. linspace
np.linspace(l
np=concate nat

plt.gridl
plt. efigi
plt.

400
time (au)

205600

F1GURE A.26: Frequency compensated oscillator with coherent feedback at k190=2048
and ko from 1—9. I; and I are plotted as a function of time.
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Frequency compensated oscillator with incoherent feedback at k1p=0

This section containes python scripts for the frequency compensated oscillator with
incoherent feedback from Fig. 3.18. A background kip=0 and step-wise perturbation
ko from 1—9 at time t=500 are applied. A and E are plotted as a function of time
in Fig. A.27 and Fig. A.28, respectively. Frequency is plotted as a function of time in
Fig. A.29, and I; and I5 are shown as a function of time in Fig. A.30.

nuRpy as ng
matplot lib.pyplot
1 scipy.imtegrate imp

750 1000 1250 1500 1750 2000
time (au)

dAldt=( (kg
dIldt=k11sE
dL20t =k14- K15+

eturn [dAdt,

odeint({model, x8, t1, args={plk2, )]
yi-1]

np.concatenate( (y, cdeintimodel, x1, t2, args=(p2k2,1))}

FicUre A.27: Frequency compensated oscillator with incoherent feedback at k19=0
and ko from 1—9. A is plotted as a function of time.
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t numpy as np
i t matplotlib.pyplot as plt
from scipy.integrate import odeint

import csv
import os, sys

plk2
p2k2

def model(x,t,vark2):

mam

0 250 500 750 1000 1250 1500 1750 2000
time (au)

dAdt=K9=A
dEdt-Kd=A

dAldt=( (kg3+
dI1dt=k11=
dI2dt=K14-K15#E+12/

eturn [dAdt, dEdt, dAldt, dIldt, dI2dt]

np.concatenate((tl1,t2

odeint(model, x®, ti1, args=(plk2,))
yl-1]

np.concatenate({y, odeint(model, x1, t2, args=(p2k2,))))

plt.plot(t,E,label
plt.xlabel(
plt.ylabel(
plt.grid()
plt.xlim(®,2000)
plt.ylim(®,40)
plt.savefig(
plt.show()

FI1GURE A.28: Frequency compensated oscillator with incoherent feedback at ki9=0
and ko from 1—9. F is plotted as a function of time.
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rt numpy as np
rt matplotlib.pyplot

m scipy.integrate import odeint
toesv
rt os, sys

p2k2

def model(

e o
N N
S ]

frequency (au)

1000 1250 1500
time (au)

10+A+k1

(Kg3k121k3)kks) / (k5+E) (K9 tkg11)x*
dIldt—k11l+E—k12+I1/(k13+I1)
dI2dt=k14-Kk15+E+I2/(k16+12)

return [dAdt, dEdt, dAIdt, dIldt, dI2dt]

tl=np. linspace (9
2=np. linspace (50

t = np.concatenate((t1,t2))

y = odeint(model, x@, tl, args
x1 = yl[-11

np.concatenate((y, odeint(model, x1, t2, args—(p2k2,))))

M

[il) and

frequenc

if(frequency:
per.append(period)
freq.append(frequency)
tfreq.append(tmax[j1)

plt.plot(tfreq, freq, Label
plt.xlabel("ti D)
plt.ylabel("fr

plt.grid()

plt.xlim(

plt.ylim(

plt.savefig(

plt.show()

FIGURE A.29: Frequency compensated oscillator with incoherent feedback at kig=0

1750

and ko from 1—9. Frequency is plotted as a function of time.
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np
-t matplotlib. pyplot
P¥. integrate imp
t csw
L b5, SYS

to

750 1000 1250 1500 1750 2000
time (au)

dIldt=k11=F-k12+I1
dI2dt=kld—k1S+=E+12

rn [dAdt, dEdt, dAIdt, dIldt, dI2dt]

fig, ax plt.subplots ()

FiGURE A.30: Frequency compensated oscillator with incoherent feedback at kig=0
and ko from 1—9. I1 and I are plotted as a function of time.
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Frequency compensated oscillator with incoherent feedback at kip=2

This section containes python scripts for the frequency compensated oscillator with
incoherent feedback from Fig. 3.19. A background kip=2 and step-wise perturbation
ko from 1—9 at time t=500 are applied. A and E are plotted as a function of time
in Fig. A.31 and Fig. A.32, respectively. Frequency is plotted as a function of time in
Fig. A.33, and I; and I are shown as a function of time in Fig. A.34.

t numpy as np

ort csw
import os, sys

plk2
p2 k2

1000 1250 1500 1750 2000
time (au)

K2#A—kL@sA skl
k¥+E)
AATdt=(( KQ3+I2+h3D+KED/ (KS+E) —( KO+hgel 1 }=AL
dIldt=k11=E—K12+11/ (K134
dI2dt=K14—K15+E+12/ (KL6+

return [dadt, dEdt, dAIdt, dildt, dIzdt]

1,2.1643e4]

np.concatenate({y, odeint (model, x1, tZ, args={p2k2

yi:, 0]

FicUure A.31: Frequency compensated oscillator with incoherent feedback at ki9=2
and ko from 1—9. A is plotted as a function of time.
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t matp
.dntegrate

Tl ‘M(\\\W‘\‘w”\“‘ it

(0

Ak

750 1000 1250
time (au)

|

dAZdt=( (kg3+ /(K (k+kg=I1)
dIldt=k1 k1
dI2dt=k14-K1S+E+L2/ (k16

return [dAdt, dEdt, dAldt, dIldt, dI2dt]

ed 2,164

odeint(model, =8, t1, args=(plk2, )
y-1

nate{{y, odeint{model, x1, t2, args=(p2k2,1}})

plt.plet(
plt.xlabe
plt.ylal

plt.grid(

plt. showl

FIGURE A.32: Frequency compensated oscillator with incoherent feedback at kig=2
and ko from 1—9. E is plotted as a function of time.
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numpy as np
matplotlib.pyplot

)
° °
s 5

°
B
8

fre uenc aw

500 750 1000 1250
time (au)

dAdt=k9 K24A—K1@+A+k1

dEdt=k4+A—K6+E/ (k7+E)

dAId (kg3+12+k3)*k5) / (K5+E) —(kO+kg+I1)+
dI1ldt=k11+E—k12%I1/(k13+I1)
dI2dt=k14—K15+E+I2/(k16+12)

return [dAdt, dEdt, dAIdt, dIidt, dI2dt]

tl=np.linsg
t2=np.linspace (500,
t = np.concatenate(

y-=o p1k2,))
yl[-11

np.concatenate((y, odeint(model, x1, t

tmax.append (t[i]
i=i+d

j=1
shile(j>=1) and (j<=len(tmax)
period=tmax[j]—tmax[j—
if(period>o
frequency=1/period
if(frequency<=e.5)
per.append(period)
fre (freguency)
tfreqg.append(tmax[jl)
j=j+1

plt.plot(tfreq,freq, label
plt.xlabel("

plt.ylabel(

plt.grid()

, color

1500

1750

and ko from 1—9. Frequency is plotted as a function of time.

2000

FiGURE A.33: Frequency compensated oscillator with incoherent feedback at kig=2
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1000 1250 1500 1750 2000
time (au)

dEdt=kd=A—kS+E/ (KT+E)
dALdt=( [ kg3+12+k3 )+k5)/ (kS {K9+kg+=11}
K 1 13+

[dAdt, dEdt, dAIdt, dIldt, dIZdt]

plt.subplotsik
an ax. twin
ax.plot(t,
ax2.plot(t

plt.x [
plt.savef
plt.showl

FicURE A.34: Frequency compensated oscillator with incoherent feedback at ki9=2
and ko from 1—9. I; and I are plotted as a function of time.
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Oscillator with frequency independence at ki,=2

This section containes python scripts for the frequency independent oscillator from
Fig. 3.22. A background ki4=2 and step-wise perturbation k5 from 1—2 at time t=100
are applied. A and E are plotted as a function of time in Fig. A.35 and Fig. A.36,

respectively.

numpy as np
matplotlib.pyplot ac plt
scipy.integrate import edeint
1| (=41
import os, sys

plkls = 1
p2kl3 = 2

def model [.:4_, t,varkis):

k1
k2
[&]
ka4
[&]

—

A= x[0]
E = x[1]
EI =-x[2]

dAdt=K1+k14+K15-(K2+A+E/ (K3+A))
dEdt=KS+EL-(KG+L)/ (K7+E)
dETdt=kd=A-k5+ET

return [dAdt, dEdt, dEIdt]

= pdeint(model, x@, t1, arge=(plkis,))
y[-1]

np.concatenate((y, odeint{model, x1, t2, arge=(p2ki5,)}))

= y[:,0]
E=yli,1]
EI = yl[:,2]

plt.plot(t,A, label
plt.xlabel("t1
plt.ylabe L{"A (au
plt.arid()
plt.xlim{
plt.ylim(a,2.
plt.savefig{"p
plt.showl)

FiGURE A.35: Frequency independent oscillator at k14=0 and k5 from 1—2. A is
plotted as a function of time.
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imj
M|

rt numpy as np
rt matplotlib.pyplot as plt
rt odeint

0s, sys

plkls = 1
p2k15 = 2

def

model(x,

k6

k7

kl4 = 2

k15 = varkls

200
time (au)

dAdt=k1+k14+k15-(k2wn=E/ (k3+n))
dEdt=KS#EI~{kE k7+E)
dETdt=ka=A-K5ET

return [dAdt, dEdt, dEIdt]

np. concatenate((tl,t2))

odeint(model, x@, t1, args={plkil5,)})
y[-1

np.concatenate((y, odeint{model, x1, t2, args=(p2kls,))))

plt.plot(t,E, label
plt.xlabel ("
plt.ylabel("
plt.grid(}
plt.xLlim(8,
plt.ylim
plt.savef i

plt .show(}

FIGURE

A.36: Frequency independent oscillator at k14=0 and ki5 from 1—2. FE is

plotted as a function of time.
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Oscillator with frequency independence at k1,=16

This section containes python scripts for the frequency independent oscillator from
Fig. 3.23. A background ki14=16 and step-wise perturbation k5 from 1—10 at time
t=100 are applied. A and F are plotted as a function of time in Fig. A.37 and Fig. A.38,

respectively.

numpy as np
matplotlib.pyplot az plt
scipy.integrate import edeint
esv
08, Sys

def model(x,t,va

k1
k2
kj -
k4
ks

kb

k7 2

k14 = 16

k13 = varkls

150 200 250 300 350
time (au)

dAdt=k1+k14+k15-{kZ+a=E/ (k3+n))
dEdt=k5+E1-(KB+E)/ (KT+E)
dETdt=k4#A-K5#LC1

return [dAdt, dEdt, dEIdt]

-1,1.1

t1l=np. linspace(@,
t2=hp. Linspace(
t = np.concatenate( (t1,t2))

y = odeint{model, =@, tl, args=(plkls,))
€ =y[-1]

np.concatenatel (y, odeint{model, x1, t2, args=(p2kis,}}))

plt.xlabel(
plt.ylabel(
plt.grid{})

plt.show()

FIGURE A.37: Frequency independent oscillator at k15=2 and ko from 1—2. A is
plotted as a function of time.
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L num
L mat;
scipy

csv

port o8,

plKk1S

p2K1s

def model(

ké
k7

k15

A=xl
E=x[
EI =X

dAdt=k

Yy as np
plotlib.pyplot as plt
.integrate import odedint

sys

X, t,varkls):

varkls

200 250
time (au)

8]
1]
[21

1+k14+k15-(k2

dEdt=kS+EI-(kB+E)/ (kT+E)

dEIdt

eturT

= odeint
= y[-1]

np.con

plt.plot{t

ki wA=kSE T

[dady, dEdt, dEIdt]

(model, x8, t1, args=(plki5,})

catenate{(y, odeint{model, x1, t2, args={p2kl5,]}}]})

+E, labe E'y color='

plt.xlabel

plt.ari
pll.x\

plt. chow()

F1GURE A.38: Oscillator with frequency independence. E is plotted as a function of

time.
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MATLAB scripts

B.1 MATLAB scripts for m1-m8 controllers

This section provides MATLAB scripts for each of the m1-m8 controllers’ (Fig. 2.1)
response kinetics. The m1 controller will be used as an example. The other MATLAB

scripts are run in a similar way.

m1l controller

Three MATLAB scripts regarding the m1 controller, ”ml.m”, "run_ml.m”, and ” A_merged
_data.m”, must be inside the current working folder, as well as an additional folder called
”output” that has three subfolders named ”A-data”, ”t-data” and ”figures”. ”ml.m”
containes the rate equations of m1. The response amplitude of A at a particular back-
ground k4 can be seen by running "run_ml.m”. These scripts incorporate different k4
values from the one used in Fig. 3.3b but they generate the same type of resetting

kinetics.

Panel a in Fig. B.1 shows "run.ml.m” at k4=128. Running this script generates
"ky=128.txt” (inside ” A-data” and "t-data”). Together with "m1.py” (panel b) the re-
sulting response amplitude (panel c) can be seen in ”A_k4=128.pdf” (inside "figures”).
This script can be run at different backgrounds by changing the k4 value in panel a, and

inserting the corresponding initial concentrations of A and F.

118
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a % matlab calculation of ml b

clear al

mrningl ot all'} [fFunction dy=mi{T,v,.kl;
% define matlab rate constant vector kj k(il,ith element in k; dy=zeraos(2,1};
= from fortran rate constants Ki:
% fortran <= matlab {motif 1) % assignments motif 1 contreller (Fig. 4):
D % will A
% Ki=9.0 = yi(2) =
% K2=1.8 } step-perturbation:
= (phase 1, t<18)——> & {phase 2, t==18)
% K3=1.0 } rate constant far compensatory flux
= Kd } background, variable %k2 step increase from t== 18.@:
% KB=3.8 K{5) defines set-point if T == 1@.88
% K6=1.8  <=> kié) defines set-peint K(21=5.8:
% KM=l.e-6 === ki7) KM or k7 to get zero-arder removal of E =3.a:
end
mvector of rate constant values:
m k1 k2 k3 ki k5 kb K7
k=6 1 1 128 3.9 1.8 l.e-&];
% total simulation time dylLh=k{1)—{k(2Z)+ki4} )=y (1) +k(3)*y(2};
T=(0 280.88];

Ayl Zh=k S =y (L)l ({E ey (211 (i ThawlZ)]) )
% assignments motif 1 zerc-order controller:
= y(1l} == A
yi2} o=
= = k=128, #Amax= 0.0902

% dnitial comcentrations:

yo=[3.e 387.01; C 302

% options for numerical integration

options = cdeset('®elTol’,l.@e-4, 'absTol’,le-7, 'MaxStep’,0.81);
= Solve madel Al
[T, ¥]=ode23s{@m1,T,yd,options, k3

Iminvalue, minIndex] = min(¥iz,1));

Amax=3-minvalue; 208
mkdir . output/A-data

mkdir ./output/t—gata

mhdir .foutput/figures

Adata = fopen('./cutput/A-data/ka=128.txt’, 'w'l;
fprintf(Adata, “%fin®,¥(:,1));

tdata = fopen('./output/t-data/ka=12d.txt’, 'w'l;
fprintf(tdata, “=f\n",T);

figure % make a figure
plotiT,¥(z,1), Linewidth’,2.0);
xlabel{" { )i

me {a

stri=sprintf('k_4=128, Admax= %.4f \n *, Amax);
title(stri, ‘Fontsize’,16) )
exportgraphics(figure{i},

40 60 80 100 120 140 160 180 200
time (au)

output/Figures i_kd=128.pdf*);

FIGURE B.1: MATLAB scripts for generating m1’s response amplitude of A at back-

ground k4=128. Run the script in panel a in order to generate the response amplitude

of A in panel c¢. This can be run at different backgrounds by changing the k4 value

in panel a, and inserting the corresponding initial concentrations of A and E. Panel b
contains the rate equations.

Response amplitudes for different k4-values (k4=0, 1,2, 4, 8, 16, 32, 64, 128) can be merged
together by running ” A _merged_data.m” (Fig. B.2a). This creates ” A_merged.pdf”’ (in-

side "figures”), and shows similar resetting kinetics (panel b) as in Fig. 3.3b.
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% opens amd
= of cime.

formatSpec =

massign FileIDs/ Fi
= fepent .’

Adatal

tdatal = Tepenl

agatal =
tdatal =

Adataz =
tdataz =

Adatad =
tdatad =

Adatag =
tdatag =

Adatals = fapen
tdatalé = fapeni

Adata3z = fapeni
tdata3z = fopent

Adatagd = fapen|
tdatats = fapen|

AdataliE = fapend '
tdatalzE = fopeni .

mread Tites,

Al = Tscasfiadatal.fermatSpe,
11 = focamfitdatal_ formatSpec

A2 = TscasfiAdatalZ.formatSpe,
12 = TscamfitdataZ.fermatsSpe,

= Tscamfiadatad,fermatSpe.
14 = Tscaafitdatad.fermatsSpect

a3 = focasfiadataB.formatSpe,
18 = Tscaafltdatal. fermatSpec

reads Tiles in
% and plets an owerlay of all A-data/A-profiles as a fTesction

"AT: Afersat

Crstput fA
L foatputST

Foetput A
FOEtRUTAT
SOt RUT A
FOEtRUTAT
SOt RUT A
FOEtRUTAT

SOt RUT A
FOEtRUTAT

o
o

e

both & aed © wal
AR = Tscasfiadatad.formatSpect
1@ = Tscaafitdatad.fermatspe,

leHandles for files:
.

- FeutpUt A
_fewtputst

“tput A
=Eputs T

wtput A
- FeatpUts T

Stput SA—data kA1 2E
StpuT/T-data/Ka=12E.

data’ and *t-data’

specifier

datas

.

data/kd=1, TRe"
data kd=2, T, r
data kd=2, T’ r

data,
data,

data kd=8, TaT", " r

WA=l6 . TRE

Wd=3Z. THET,
WA=3Z.TmET,

[RA=64. Tt ,
WA= THE

ALG = fscanf|Adatals, formatSpech:
116 = fscanf|tdatals, foarmatSpech:

A3 = TocanfAdata3l, farmatSpec)
132 = fTscaaf|tdata3l, formatSpech ;|

A54 = fscaaf | Adatabd, formatSpech:
164 = fscaaf|tdatabd, formatSpech:

AL2B = fTscanflAdatalls, formatSpec))
tL2B = Tscanfltdatalls, formatSpec))

Tigure % make Tigure of all & prefiles

plotich A8, t1, A1 T2 A2,
131

PZ.RF

Tk_#=E47, "k_4=125" )
exportgragaics| Tigureil),

A

P R_4=16",

T4, A8 TE, AS, T16,A16, t33, 432, 6L, ASA, T128,

t L foutpet fflgures JA_mesged. paf

A (au)

05 I I I I I I I I I
0 10 20 30 40 50 60 70 80 20 100

time (au)

FIGURE B.2: MATLAB script (panel a) for generating m1’s resetting kinetics (panel
b). The resetting kinetics are similar to Fig. 3.3b. Run this script after producing the
response amplitudes for k4=0, 1, 2, 4, 8, 16, 32, 64, 128.
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m?2 controller

a

= matlab calculation of m2
clear all
warning(‘off’, all'})

® define matlab rate constant vecter ki kii},ith element in k;
® from fortran rate constants Ki

> matlab {motif 1]

® fortran
Pa—

k(1)
ki2}) step-perturbation:

1 {phase 1, t<180)—= 5 {phase 2, t==108}
== k(3] rate constant for compensatory flux
k{4) background, variable
k{5) defines set-point
k(&) defines set-goint
K{7} KM or k7 to get zero-order removal of E
k(&) inhibition canstant

wvectar of rate constant values:
® k1 k2 k3 ki kS k6 KT k&
k=[8 1 l.erd 80 1.8 3.8 l.e-6 0.1];

= total simulation time
T=[0 508.98]1;

% assignments motif 2 zero-order controller:
% yi1) <= 4
% yi2) <= E

% initial concentrations:
yo=[3.8 4.62];

% options for numerical integratisn
aptions = odeset{'RelTol’,1.0e—4, 'absTol',1e-7, 'MaxStep' 0.81);
% Solve model

IT, ¥l=ode23s(@n2,T,yd,options,kl;

[mirvalue, minIndex] = min{¥{:,1));
Amax=3-ninvalue;

mhdir
mhdir
mhdir .

output/figures

Adata = fopen(’
fprintf(adata, *

foutput/A-data/ka=80.txt’, "w');
funt,¥iz,1

tdata = fopen(’
fprintf(tdata, ’

figure % make a figure
plot(T,¥(:,1), 'LineWidth’,2.8);
xlabel{‘time {au)'};

ylabel{*A (au]'};
arid on

striesprintfi 'k 4
title{strl, 'FontSize’,
exportgraphics(figure{l},

sAmax= %.4F \n ', Amax);
16

«foutput/figures/A_kd4=8@.pdf');

function dy=m2(T,y,.kl;
dy=zeros(2,1};
assignments motif 2 contreller (Fig. B):

¥i1l) === A
¥(2) =—> E

)

%k2 step increase from t== 180.8:
if T == 104.80

ki2)=5.8;
end

dyl1)=k{1)-{ki2)+k{a} by [1)+{ki3)=k{B) )/ (kiB)eyl2));
dy (2)=k{5)ay (1) =(k(B)=y(2)) A (k(Tey(2))3]

k,=80, #Amax=0.1368

o 5 100 150 200 250 300 350 400 450 500
time (au)

Ficure B.3: MATLAB scripts for generating m2’s response amplitude of A at back-
ground k4=80. Run the script in panel a in order to generate the response amplitude
of A in panel c¢. This can be run at different backgrounds by changing the k4 value
in panel a, and inserting the corresponding initial concentrations of A and E. Panel b
contains the rate equations.

% opens and reads files in ‘A-data' and “t-data' directories
% and plats an overlay of all A-data/A-profiles as a functicn
% of time.

formatSpec = 'f'; %format specifier a

®assign FileIDs/FileHandles for files:

Adata@ = fopen{’./output/A-data/ka

tdata@ = fopen{®./output/t—data/kd
Adatal = fopen{’./output/A-d

tdatal = fopen{‘./output/

Adatas = fopen{’./output/A-data/ka
tdataS = fopen{'./output/t-data/kd
Adatale = fopen(®./output/A-data/kd

tdatal® = fopen(®./output/t-data/kd

Adata2e = fopen(®./output/A-data/ki=28
tdata2e = fopen(®./output/t-data/kd

Adatadd =
tdatad® = fopen('./output/t-dataska

Adatade = fopen('./output/A-data/kd=88.txt',"r
tdatas® = fopen('./output/t-data/Ka=88.txt', r

fopen( . /output/A-data/kd

=read files, both A and t values:
A

ta

Al
t1

AS
t5

Ale
t1e

A2e
t2e

Ade
tae

ABR
tae

fscanf(Adatad, formatSpec);
fscanf(tdatad, farmatspec) ;

fscanfiAdatal, formatSpec) ;
fscanfitdatal, formatSpec) ;

fscanfiadatas, formatspec) ;
fscanfitdatas, formatSpec) ;

fscanf(Agatale, formatSpec);
fscanf(tdatal®, formatSpec);

fscanf(Agata2e, formatSpec);
fscanf(tdataz2e, formatspec) ;

fscanf(Agatad®, formatSpec);
fscanf(tdatadd, formatspec) ;

fscanf(Agatage, formatSpec);
fscanf(tdatage, formatspec);

figure % make figure of all A profiles

plot(t®, A8, t1,A1,15,A5,11@,A1@, t2@, A28, 140, A40, 18O, ABQ, 'LineWidth',2.0);

xlabel{“time {(au)'};
ylabell*A (au)');
=xlim{ [0 1@8])

grid an;

legend("k_4=8', "k_d4=1', "k_4=5', "k_4=18", 'k_4=28", 'k_d=4
exportgraphics{figure{l), './output/figures/A_merge

pdfel;

B, k_d4=B0")

35

0.5

0 50 100 150 200 250 300 350 400 450 500

time (au)

FIGURE B.4: MATLAB script (panel a) for generating m2’s resetting kinetics (panel
b). The resetting kinetics are similar to Fig. 3.7b. Run this script after producing the
response amplitudes for k4=0, 1, 5, 10, 20, 40, 80.
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m3 controller

a b

% matlab calculation of m2 function dy=m2(T,y,k};

clear al

warning(“aff, all'} dy=zeros(2,1};

% define matlab rate constant vector ki k(il,ith element in ki % assignments motif 3 controller (Fig. §2):

% from fortran rate constants Ki; . . )
% yl(l) == A

% fortran <=> matlab {motif 1) % y(2) 2> E

% K1=0.8 <= kil)

% K2-1.8 == k{2} step-perturbation: N ; N .

» 1 {phase 1, t<18@)—> 5 (phase 2, ts=10@} 7:2T5tfp ;";\;E“E from f2m 10.8:

™ k{3) rate constant for compensatory flux if T == 10.

= ki4) background, variable ki2)=5.8;

~ k{5) defines set-point end

= ki6) defines set-point

% <=> k{7) KM or k7 to get zero-order removal of E

= <== k{8) inhibition constant

wvector of rate constant values: dy{l)=k{1)={ki2)+k(a} by (1) +k(3)4y(2};
% k1l k2 K3 ki kS kb K7 ka8 dy(2)=((ki5)xki81 ) Uk(B)+y (1)) )= ThiB )y (2)) /(kiThay(2))0;
k=l¢ 1 1.6 128 31 1.0 l.e-6 @.1];

%= total simulation time
T=[0 200.88);:

% assignments motif 3 zero-order controller: k,=128, #Amax= 0.0902
o oy(l) == A
w oy(2) <> E

% initial concentrations:
ya=[3. 387.0];

3f— ]
% options for numerical integration
options = odeset('RelTol’,1.08e-4, 'absTol',le-7, 'MaxStep',0.81);
%= Solve model 290 bl
LT, Yl=ode23s(@n3,T,y@,options,k);
[minvalue, minIndex] = min(¥(:,1)); P ]
Amax=3-minValue; <
mkdir ./output
mkdir ./output/
mkdir ./output/figures 204 q
Adata = fopen( ‘. /cutput/A-data/k4=128.txt', 'w'};
fprintfiAdata, "=f\n',¥(z,1)); 200 4
tdata = fopen('./output/t—data/kd4=128.txt"', "w'};
fprintfitdata, "»fyn’,Th;

29
figure % make a figure 0 20 4 e 8 100 120 140 160 180 200
pLlot(T,¥iz,1), ' LineWidth®,2.8); time (au)

xlabel( time {au)'};

ylabel{*A faul'}d;

grid on;

strissprintfi'k_4=128, AAmax= %.4f “n ', Amax)3

title(strl, "FontSize®,16);

exportgraphics(figure{1}, './output/figures/A_kd=128.pdf");

Ficure B.5: MATLAB scripts for generating m3’s response amplitude of A at back-
ground k4=128. Run the script in panel a in order to generate the response amplitude
of A in panel c. This can be run at different backgrounds by changing the k4 value

in panel a, and inserting the corresponding initial concentrations of A and E. Panel b
contains the rate equations.
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% opens and reads Tiles in 'A-data’ and 't-data’ directeries
% and plsts an overiay of all A-gata/A-profiles as a fesction
% ooT Time.

formatSpec =

"%’y %fersat specifier

Rassign FileIDs/FileHandles for files:
ent®

tal = fom FostEutJA-dataskd=a, Tae
tdatal = fopen! . foutput/t-data/id=a, txt
Adatal = fopen! . Jowtput/A-dataskd=l. txt
tdatal = fepen! . fowtput/t-data/d=1,Txt

Adatal = fepen!'.Sootput/A-data,

tdataz = fepenl’./ostput/t-data,

Adatat = fopen!'.fowtput/A-data,

tdatad = fepenl’./ostput/t-data/

Adatal = fepen! ./ owtput/A-data/d=a.
tdatal = fopen! . Jostput/t-data/ad=a, .
ANATAl6 = TOPEN| . /EuTpUT/A-03T3/Rd=16.TKT",
tdatals = fapeni ./ owtput/t-data/kdelf. tat
Adataiz = fopen wtput A-gdata/id=32. e,
tdata3z = fopeni ./ ewtput/t-data/ed=d2.ixt,
Adatags = fopen wtput A-data/kd=Ga. T,
tdatass = fopen wtput/T-data/kd=5a. Tt

Adatalze = fopeni
tdatalze = fopent

tput/h-datay
tput/t-datay

=128 Tt

mread files, both & asd t walues:
AR = focaafiAdatab, formatSpec)
1R = focaafitdatad, fermatSpec

a1 =
t1 -

fscanf|Adatal, fermatSpec)
ficant|tdatal,fermatSpec)

A2 = focaaflAdataZ, fermatsSpec

12 =

a4 =
T4 =

a3 =
18 =

Al6
t16

fscant|tdataZ, fermatSpec)

fscanf | Adatad, fermatSpec)
TEcaat|Tdatas, Fermatspec

fscanf|Adatal, fermatSpec)
fscanf|tdatak, fermatSpec)

fscanfAdatals, farsatSpec);
fscamf|tdatals, farsatSpec)

a3z =
132 =

fscanfAdatail, forratSpec:
fscanf|tdataiz, farsatSpec):

aBa =
164 =

focamfAdatasd, forsatSpec):
fscanf|tdatabd, farsatSpec)

A128 = focanflAdatalls, formatSpec)|
1128 = fscanf|tdatalZs, formatSpec);

figure % make figure =f all A& prefiles

plotivd, AR, t1,A1, 02, A2, T4, 44, 06, A%, T16,A16, 132, A32, 64,454, 1126, K12E,
*LineWidth® 2.

xlabel{ time

taul iz

ylabel{ & (aul*
*limd |8 122 |

LR A1 TR 4e27, R _4=d", 'K_4=87,'K_4<16", "k _4-32°,

Tk_deE4', Tk_4=1237)
exportgraghics|Tigure(ll, '.foutpet/Tigures A merged.paf"})

A au)

05 | | | | | | | ! |
30 40 50 80 90
time (au)

100

FIGURE B.6: MATLAB script (panel a) for generating m3’s resetting kinetics (panel
b). The resetting kinetics are similar to Fig. 3.4b. Run this script after producing the
response amplitudes for k4=0, 1, 2, 4, 8, 16, 32, 64, 128
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m4 controller

a b

% matlab calculation of ma
clear all
warning(‘off*, all’}

define matlab rate constant wector ki k(il,ith element in k;

a
% from fortran rate constants Ki;

&

fortran <== matlab {motif 1)

K1=8.8
®2=1.0

<= ki1}
=== K{2} step-perturbation:

1 (phase 1, t<l88)—> 5 (phase 2, t=>=10@}
k{3) rate constant for compensatory flux
ki{4) background, variable
k{5) defines set-point
K{6) defines set-point
K{7) KM or k7 to get zero-order remowal of E
K{B} inhibition constant
k{g) inhibition constant

K3=l.e+d
w4

ANAAAND
(ARRR R

rate constant values:
K3 ka k5 kB k7 kB ko
l.evd BB 1.8 31 l.e 6 8.1 B.1];

% total simulation time
T=[0 Gep.eel;

% assignments motif 2 zero-order controller:
A

% y(2) == E C
% initial concentrations:
ye=[3.8 4.021;

% options for numerical integratisn

options = odeset('RelTol’,l.8e-4, absTol’,le-7, 'MaxStep',0.81);
% Solve model

IT, Yl=cde23s{@m4,T,y@,options,k);

Iminvalue, minIndex] = min{¥{:,1));
Amax=3-minValue;

mkdir .foutput/A-data

mkdir ./output/t—data

mKAir ./output/figures

Adata = fopen(®./output/A-data/ki=80.txt®, w);
fprintfiadata, “=fin’,¥(z,1));

tdata = fopeni’./output
fprintfitdata, “=fin', T}

data/k4=B0. txt®, "w');

figure % make a figure
plot(T,¥(:,1), ' Linewidth*,2.8);

xlabell time {au)'};

ylabel{*A {aul');

grid an;

Stri=sprintf('k_4=68, SAmax= %.47 \n ', Amax};
titleistrl, “FontSize’,16);
exportgraphics{figurail},

‘. foutput/Ffigures/A_ka=8@.pdf');

Ficure B.7: MATLAB scripts for generating m4’s response amplitude of A at back-
ground k4=80. Run the script in panel a in order to generate the response amplitude
of A in panel c¢. This can be run at different backgrounds by changing the k4 value
in panel a, and inserting the corresponding initial concentrations of A and E. Panel b

[Function dy=md(T,y,ki;
dy=zeros(2,1};
assignments motif 4 centroller (Fig. 52):

yl1) <= A
u y(2) es E

e

k2 step increase from t= 180.
if T »= 106.80

k(2}=5.8;
end

dyd2)=k(1)-(k(2)#y (1} )-{k(a)+y (1) h+{ (ki3 (8))/ (k(B)+y(2}});
dy(2)=k(5) = Thi6hey (2)) (kT oyi2)) 1 wik(9)/ (k(9)4+y(1] )5

k=80, #Amax= 0.1393

296

A fau)

100 200 300 400 500
time (au)

contains the rate equations.

% opens and reads files in 'A-data' and ‘t-data' directories
% and plots an owverlay of all A-datafA-profiles as a function
%= of time.

formatSpec = 'af‘; aformat specifier a

Rassign FilelDs/FileHandles for files:

Adata@ = fepen{’. /output/A-data/kd=0.txt",'r");
tdata@ = fopen('./output/t-data/kd=0.txt",'r");
Adata? = fopen{'. /output/A-data/kd=2.txt",'r");
tdata2 = fopen{’./output LN
Adatas fopen( . /output/A-datas/kd=5.txt", 'r"

1
tdatas = fopen('./ocutput/T-data/ka=5.txt", 'r*);

Adatal® = fopen(®.foutput/A-data/kd=18.txt"
tdatal® = fopen(’.foutput/t-data/kd=18.txt'
Adata2® = fopen(®./output/A-datask
tdata2e = fopen(’./outputst-data/k
Adatad® = fopen(®./output/A-datask
tdatad® = fopen(”./output/t-data/k
Adatad® = fopen(®./output/A-dataskd
tdata8® = fopen(®. outputst-dataski

mread files, both A and t values:
A@ = fscanf(adatae, formatSpec) ;

t@ = fscanfltdata@, formatSpec);

A2 = fscanf(Adata2, formatSpec);
t2 = fscanfitdata2, formatSpec);
A5 = fscanf(Adatas, formatSpec);
t5 = fscanfitdatas, formatSpec);
Al® = fscanf{Adatal®, formatSpec);
tle = fscanfitdatale, formatSpec
A28 = fscanf(hdata2®, formatSpec);
t2@ = fscanfitdata2e, formatSpec);
Ad® = fscanf(hdatadd, formatSpec);
t4® = fscanfitdatade, formatSpec
A88 = fscanf(Adata8d, formatSpec);
188 = fscanfitdatage, formatSpec);

figure % make figure of all A profiles
plotitl,Ad, t2,A2,t5,A5, 118, A18, 128, A28, 140, A48, 160, ABG, 'LinewWidth®,2.8];
=labell time {au)'k;

ylabel({"A (au)');
Exlim{ [0 1e8])
grid on;

legend( “k_. LK _4=2", "k_4=5',"k_4=1@', 'k _4=20", 'k _4=48",'k_4=80")
exportgraphics (figure{l), './output/figures/A_merged.pdf’);

FIGURE B.8: MATLAB script (panel a) for generating m4’s resetting kinetics (panel
b). The resetting kinetics are similar to Fig. 3.9b. Run this script after producing the

A (au)

600

100 200 300 400 500
time (au)

response amplitudes for k4=0, 2, 5, 10, 20, 40, 80

600
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mb5 controller

a

= matlab calculation of mS
clear al
warning(‘off*, all'})

% define matlab rate constant vector ki k(il,ith element in k;
% from fortran rate constants Ki;

% fortran <=> matlab (motif 5)

<=> k(1) step-perturbation:
hase 1, t<108)——= 5 (phase 2, t>=188)
== k{2}
=== k{3) background, variable
<=> k{4) rate constant for compensatory flux
=== ki{5} defines set-point
<== k{E} defines set-point
=== K(7) KM or k7 to get zerc-order remeval of E

X E Y]

mvector of rate constant values:
w k1 k2 k3 ka [t 7
k=[1 @ 128 0.885 1.8 3.8 l.e-6];

=

% total simulation time
T=[0 se0.88];

% assignments motif 6 zerc-arder controller:
%= yi1) == A
% yi2} == E

% initial concentrations:
ya=13.2 8680.2];

% options for numerical integration

options = sdeset('RelTol,1.0e—4, 'absTol’,le-7, ‘MaxStep’,0.01);
= Solve madel

IT, ¥l=ode23s{@n5,T,y8,options,ki;

ImaxValue, maxIndex] = max{¥(:,1)):
Amax=maxValue—3;

mkdir ./output/A-data

mkdir ./output/t-gata

mkdir ./output/figures

Adata = fopen('./cutput/A-data/k3=128.txt', "w'};
fprintfiadata, ‘=f\n",Y(:,1))3

tdata = fopen{'./output/t-data/k3=128.txt', "w'};
fprintfitdata, "=fin",Th;

figure % make a figure
plot(T,¥(:,1), LineWidth’,2.0);

xlabeli*time {au)'};

ylabeli®A (aul');

grid on;

strissprintf('k_3=128, AAmax= %.4f %n ', Amax);

titlelstrl, "Fontsize’,16);

exportgraphicsifigurell}, './output/figures/A_k3=128.pdf");

[function dy=mS(T,y, k};
dy=zeros(2,1};
assignments motif 5 controller (Fig. 12):

¥il) == A
¥i(2) =-= E

L

%kl step increase from t>= 180.8:
if T == 10a.8

kil}=5.a;
end

dy{ 1)=k{1)+k{3)—(k(2)+ (k{d)wy(2) ]} ey (1);
dy {2)=kiS)wy (L= (kiB)=y (2D )/ (k{Th+y(2))};

k,=128, #Amax= 0.0930

3 50 100 15 200 250 300 350 400 450 500
time (au)

Ficure B.9: MATLAB scripts for generating m5’s response amplitude of A at back-
ground k3=128. Run the script in panel a in order to generate the response amplitude
of A in panel c¢. This can be run at different backgrounds by changing the ks value
in panel a, and inserting the corresponding initial concentrations of A and E. Panel b
contains the rate equations.

% opens amd reads files in 'A-data’ and “t-data’ directeri

=

% and plets an overlay of all A-gata A-profiles as a fTesction

& of

time.

farmatSpec = ‘&T°: &forrat specifier

massign FileID
Adatab = fope

s /FileHandles for files: a
Nl SoetEu Tt AA-dataskI3=g. TR, e

tdatad = b
adatal = b
tdatal = b
Adataz = b
tdataz = b
adatad = "
tdatad = b
AdataB = data/k3-a

tdatak = data/

Adatalb = fopen|'. feutputsa

tdatals = fopen!'. fewtputst

Adata3® = fopen|’®
tdata3® = fopen!’. foutputs

Adatabe = fopen|’®
tdatabé = fopen!’.foutputs

AdataliE = fopen
tdataliE = fopeni

tput/A-data ad=32.
T-data kd=32.

tput/A-data kde6a.
T-data =64,

tput/A-data/kI=12E.
puts t-data/kI=12

mread files, both A asd t walues:

12 =

ax =
11 =

az =
12 =

aq =
14 =

ag =
18 =

als
116

a3z
13z

ass
164

aize
1128

TscamfiAdatad, ferratSpec) :
fscamfitdatad, ferratSpec) :

fscamfiAdatal, fermatSpec) :
fscamfitdatal, ferratSpec) :

fscamfiAdataZ, fersatSpec) :
fscamfitdataZ, ferratSpec) :

fscamfiAdatasd, fermatSpec) :
Tscamfitdatas, fermatSpec) :

fscamfiAdatal, fersatSpec) :
fscamfitdatal, fermatSpec) :

Tscaaf lAdatals, farsatSpec) ;
fscaafitdatals, farsatSpec) ;

Tscaaf lAdatall, farsatSpec) ;
fscaaf|tdatail, farsatsSpec) ;

Tscaaf lAdatabd, farsatSpec) ;
Tscaaf|tdatabd, farsatsSpec) ;

= fscanf|Adatalls, formatSpec);
= fscanf|tdatalls, formatSpec);

Tigure % make Tigure T all & prefiles
plotich. A%, t1,A1, T2, AZ, t4, A4, T8, A3, £16,416, €32, A32, 164, A54, 128, A1ZS,
‘LineWidth® 2.8) ¢

bo ofoutpet/Tlgures/A_merged.parf Tl

Th_3e2t, R 34t 'k _3eS7,Ck_3-16°, "k_3-32',

o :
JE——
10f k|
K3:2
oL —k= | |
—Ksﬁ
—K3:|5
ol
~r
5
&
<
ol
sk
o
3
) . . . . . . . .

.
0 50 100 150 200 250 300 350 400 450 500
time (au)

F1cURE B.10: MATLAB script (panel a) for generating m5’s resetting kinetics (panel
b). The resetting kinetics are similar to Fig. 3.5b. Run this script after producing the
response amplitudes for k3=0, 1, 2, 4, 8, 16, 32, 64, 128
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m6 controller

% matlab calculation of né
a clear all
warningl off*, all'}

% define matlab rate constant vector k; kiil,ith element in k;
% from fortran rate constants Kij

function dy=m6iT,y,kl;

dy=zeros(2,1};

& fortran matlab (motif &)
. —

assignments motif 2 controller (Fig. 12):
y(1) === A
yi(2) <= E

k{1) step-perturbation:

1 (phase 1, t<10@)--> 5 (phase 2, t>=100)
> k(2)
= ki(3) background, variable
> k(2] rate constant far compensatory flux
high, to avoid oscillations N
K(5) dafines set-point 3kl step increase from t>= 180.9:
ki6) defines set-point Aif T == 10
k(7) KM or k7 to get zero-order removal of E K{1}=5.8;
k{8) inhibition constamt end

P

FERFEIIIES

wvector of rate constant values:

w KL k2 k3 ki KS K6 KT ke

k=1 @ 80 l.ed 6.8 2.8 l.e-6 8.11;

% total simulation time dy{1h=k(1)-k(2)#y (1) +ki(3}-kid)+k(B)+y (1) / (KiB)+y(2));
T=[0 &80.60]; dy{2h=k(5)-k{B)xy (2)xy {1}/ (k{T)+y(2)};

assignments motif & zerc-order controller:
yil} == &

(2} <= E k,=80, #Amax=0.1443

initial concentrationss: C
yo=13.0 36.94];

=
=
w
=

% options for numerical integration
options = odeset('RelTcl’,1.0e-4, 'absTol’,le-7, 'MaxStep',0.01);

[T, ¥]=ode23s{@mé,T,yd,cptions,k);

[maxValue, maxIndex] = max{¥({:,1)); 31k
Amax=maxValue-3;

mkdir ./output/A-data
mkdir ./output/t-data
mkdir ./output/figures

Afau)

Agata = fopen(’./output/A-data/k3=BO.txt’, "w'):
. #1)

fprintfAdata, "wfin’,¥

tdata = fopen(®./output/t-da
fprintfitdata, "sfin', Th;

ta/k3=80.txt", "w');

figure % make a figure

PLOL(T,¥(:,1), Linewidth',2.0);

xlabel{"time {(au)'};

ylabel{*A (aul');

arid onj 3
stri=sprintf('k_3=60, AAnax= %.4f \n ', Amax); ) 100 200 300 400 500 600
title{strl, "‘FontSize®,16); time (au)

exportgraphics{figureil), './output/figures/A_k3=a8.pdf');

FIGURE B.11: MATLAB scripts for generating m6’s response amplitude of A at back-

ground k3=80. Run the script in panel a in order to generate the response amplitude

of A in panel c. This can be run at different backgrounds by changing the k3 value

in panel a, and inserting the corresponding initial concentrations of A and E. Panel b
contains the rate equations.

| % opens asd reads files fn ‘A-data’ and ‘t-data’ directeries
% and plats an overlay of all A-datagA-profiles as a fusction
& of time.

formatSpec = '4f'; Aformat specifier a b

massign FileIDs/FileHandles for files:
Adatal = f A da a.t

tdatab = /! t a.t
adatal =
tdatal «
adataz =
tdataz = 16 T T T T T
Adatal =
tdatas =
Adatale = 14 1
tdatald
Adataze =
tdatazd = 12k B
Adatast =
tdatadd -
AdataBh - Sl 1
tdatasl - e
<

Sread Tiles, both A asd t values:
AR = focaafiAdatab,fervatSpec):
1@ = fscaaf(tdatad,fermatSpec); 1S 4
Al = focasflAdatal,fervatSpec):
t1 « focaatitdatal fervatSpec)
A2 « fscanf|AdataZ,fervatSpec); 6 B
12 = fscaaf(tdataZ,.fermatSpec;
A5 = fscaaf(Adatas,fermatSpec);
15 = fscanf(tdatas,fermatSpec); .
ALB = foraaf(Adatald, foreatspe
118 = fscaaf|tdatald, farratspe,
AZB = Tscaaf Adatadd, forratspe . . . . .
120 = foeaaf|tdatadd, farratspe, 2

0 100 200 300 400 500 600

A48 = Tscanf|Adatadd, farmatspe.

H time (au)
t4B = Tscaafltdatadd, forratSpech

ABB = fscaeflAdatabd, forratSpech
188 = fscaafitdatabd, forratSpe

figure % make figure of all & prefiles
plot|th, A8, t1, AL, £2, A2, 15,45, £ 18, A13, £26, 429,140, ASE, ©28, ABG, ...
="' LimeWidth®

Legem EARTS- T LT
exportgraghics| figurell,

FIGURE B.12: MATLAB script (panel a) for generating m6’s resetting kinetics (panel
b). The resetting kinetics are similar to Fig. 3.10b. Run this script after producing the
response amplitudes for k3=0, 1, 2, 5, 10, 20, 40, 80
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a % matlab calculation of m7? b

L 148 n
arning(aff, all') [function dy=m7(T,y,kl;

% define matlab rate constant vector k; klil,ith element in k; dy=zeras(2,1);
% from fortran rate constants Ki: '

% fortran matlab (motif &) % assignments motif 7 controller (Fig. &):
e - % -
n K ki1) step-perturbation: e y(1) A
» hase 1, t<108)-—> 5 (phase 2, t==188) % yl(2) == E
» = ki{2)
» <= k{3] background, variable
» <== k{d] rate constant for comgensatory flux .
» <=> k{5) defines set-point %kl step increase from t>= 180.8:
» <=> k{B] defines set-point if T »= 108.00
» <== k{7] KM ar k7 to get zero-order removal of E K(1)=5.8
~ <= k{&] inhibition constant i
end
wvector of rate constant values:
% k1l k2 k3 ka K5 k6 K7 w8
k=[1 @ 128 .83 1.0 31 1.e-6 0.1];
Toraien.aary o e dy (1)=k(2)4k(3)-(k(2) ey (1) )=(k(a) sy (1) sy (2));
dyl2)=k(5)=d (k{8 1oy {2) )/ k(T Iey 2} )w(kiB)/Tk(B)4yi1) ) );

% assignments motif 7 zerc-order controller:
A yil) == A = -
sl =t k=128, #Amax= 0.0930
% initial concentraticns: C a1 . . . . . . . . .
y@=(3.8 1433.33];

309 B
% opticns for numerical integration
options = cdeset(’'RelTol’,1.8e—4, 'absTol®,le-7, 'MaxStap’,0.81); scsl 1
% Solve made
IT, ¥l=odel3s{@n?,T,yd, options,k);

307
Imaxvalue, maxIndex] = max{¥(:,1));
Amax=maxValue-3;
mkdir ./output/A-data 306 1
mkdir .foutput/t-data =
mkdir .foutput/figures Ba0s| 1

<

Adata = fopen{. output/A-datask3=128. txt', w'};
fprintfiadata, “xfn’,¥iz,1}); 304 B
tdata = fopen(®./output/t-data/k3=128.txt', "w'}; sl 1
fprintfitdata, “afin’,Th;
figure % make a figure 302} §
PLotiT,¥(:,1), Linewidth®,2.8);
xlabel{‘time {au)'};
ylabel({‘A fau)'}; 301t 1
arid on
strissprintf('k_3=128, sAmax= %.4f \n ', Amax); 3
titlelstrl, ‘Fontsize’,16); o 50 100 150 200 250 300 350 400 450 500
exportgraphics(figureil}, './output/figures/A_k3-126.pdf"); time (au)

Ficure B.13: MATLAB scripts for generating m7’s response amplitude of A at back-

ground k3=128. Run the script in panel a in order to generate the response amplitude

of A in panel c¢. This can be run at different backgrounds by changing the ks value

in panel a, and inserting the corresponding initial concentrations of A and E. Panel b
contains the rate equations.

% opens asd reads Tiles in ‘A-data’ and ‘t-gata’ directorics
% Shd Blets an overisy of all A-GatafA-profiies as & feection
% of time.
formatSpec = "&1'; Afermat specifier a
\assign FileIDz/Filedandles for riles: b
Adatab = fop S da
tdatal
adatal
tdatal
12 T T T T T T T T T

adataz
tdataz
Adatad " 1
tdatas
adatas
tdatag 0 1
Adatals = Fh-datas ok
tdatals = Fr-datas ok ol ]
Adatazz = B b T
tdatazz - Ft-datam3-32. e, 0t by
AdataBe = B R I T 8r
tdatags = e N I —

5
AdatalzB = Tape wtput/A-data/ki=128 S 7+ q
tdatalzé = Tope wtput/t-data kI=126 <

Wread files, both & asd t walues:
AR = fTscanflAdatab,formatSpec): 6 1
t@ = Tscaafitdatad,ferratspec)

Al = fscaaflAdatal.ferratSpec)
tl = fscanf(tdatal,fervatSpec) : 5r 4

A2 = fscaaflAdatal,fermatSpec):
12 = focaefitdataz.fermatSpecd @

4k 1
A4 = fTocanflAdatad, fermatSpec) 2

14 = focanfitdatad, fermatSpec) 2

A8 =« focanflAdatal,fermatSpec) 3

18 = focanf(tdatal,fermatSpec)

ALlS T LAdatals, formatSpec 2 - - - - - - - - -

T et | tdatals, formatspec 0 50 100 150 200 250 300 350 400 450 500
A3z T LAdata3Z, formatSpec time (au)

13z et [ tdatasd, formatSpec

ABS ot LAdatabd, formatSpec

164 = fscasfitdatasd, formatspec

A12B = fscanflAdatalls, farmatSpec);
1128 = fscanf|tdatalls, farmatSpec);

figure % make Tigure of all & prafiles
plotich, Ad, t1,41, 52, AZ, t4, 44, 08, AS, T16,AL6, t32,A32, 064, AS4, 1128, A1ZS, ...
*Line Bz

wlabel{ time laul
1

SR BaZ', R _3=4", 'k STR_3e167, "k _3=32', o..

-£4', "k_3-128
exportgraghics| Tigure(l}, '.foutpet/figur merged. paft |

FIcURE B.14: MATLAB script (panel a) for generating m7’s resetting kinetics (panel
b). The resetting kinetics are similar to Fig. 3.6b. Run this script after producing the
response amplitudes for k3=0, 1, 2, 4, 8, 16, 32, 64, 128
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128

m& controller

a b

« matlab calculation of ma .

clear all [function dy=m8(T,y,k};
warning(off*, ‘all'}

%= define matlab rate constant vector ki kiil,ith element in k; dy=zeres(2,1};
% from fortran rate constants Ki;

. % assignments motif 8 contreller (Fig. 11):
et gmrcts 8 MR
k(1) step-perturbation: % y(2) == E
1 (phase 1, t<188}--> 5 (phase 2, t>=180)
k{2)
Ki3} background, variable X
k{4) rate constant for compensatory flux %kl step increase from t== 180.@:
high, to avoid oscillations if T == 100.80
<== k{5} defines set-point K(1)=5.8;
<=> k{6) defines set-point =3.0;
k{7) KM or k7 to get zerc-erder removal of E end

k(8) inhibitian constant
<= k{9} inhibitien constant

®vector of rate constant values:
5 k1 3 kd k5 k6 kT kE ke dyi1)=k{1)-k{2)*y(1)+k(3}-ki{d)=y (1) *{k(D} /(K{D)+y(2)]};
Koboeome desd e oEe neess ol @il dy2)=k(5)4{k(8)/ (k{B)+y (1)) 1= ({k(8)#y(2) )/ 1kIT)+y(2)1);
% totsl simulstion time

T=[0 500.00];

% assignments motif 8 zerc-order controller:

® y(l}) === A

* Y2l oo E k,=80, #Amax= 0.1394

y@=[3.90 36.94];

= options for numerical integration
aptions = odeset('RelTol’,1.0e-4, 'absTol®,1e-7, 'MaxStep',0.81);
= Solve model 312

[T, Yl=ode23si{@ma,T,ye,oprions,k);
Imaxvalue, maxIndex] = max{¥i:, 1)1

Amax=max\alue-3; a1
mhdir ./

mkdir ./output/figures

Adata = fopen(’
fprintf(adata, *

—data/ka-Be. tat, w3 g
13 <

tdata = fopen(”
fprintf(taara,

—data/k3=0. txt’, W)

figure % make a figure 304
pLot{T,¥iz,1), LineWidth',2.0);

xlabel{*time {au)'};

ylabell*A (aul');

arid on;

stri=sprintf('k_3=60, Admax= %.4F \n ', Amax};
titlelstrl, ‘Fontsize’,16);
exportgraphics(figura{l), './eutput/figures/A_k3=88.pdf'); 3

o 50 100 150 200 250 300 350 400 450 500
time (au)

Ficure B.15: MATLAB scripts for generating m8’s response amplitude of A at back-

ground k3=80. Run the script in panel a in order to generate the response amplitude

of A in panel c¢. This can be run at different backgrounds by changing the ks value

in panel a, and inserting the corresponding initial concentrations of A and E. Panel b
contains the rate equations.

% opens and reads files in "A-data' and ‘t-data' directories
= and plots an overlay of all A-data/A-profiles as a function
% of time.

formatSpec = 'sf'; wformat specifier a b

Adatad
tdatad

fopen(® . /output/A-d;
fopen{ . output/t-d.

Adatal
tdatal

fopen(’./cutput/A-d.
fopen(®. /output/t—d;

Adatas
tdatas

fopen(® . /output/A-d
fopan(® . output/t—d

Adatald
tdatald

fopen( *./output/A-data/k3=18.txt', 'r
fopen(*./output/t-data/k3=1@.txt',"r

Adatald
tdataze

fopen('./output/A-data/k.
fopen( . foutput/t-data/k

txt','r
tet','r!

Adatade
tdatadd

fopen(*./output/A-data/k3=
fopen('./output/t-data/k:

tet',r g
Sttt fr!

txt','r!

Adata8® = fopen('./output/A-data/k’
= tet',"r'

tdatad® = fopen('./output/t-data/k:

A (au)

%read files, beth A and t values:
Ag = fscanf(Adatad, formatSpec);
te

fscanf(tdata@, formatSpec);

Al
Tl

fscanfiAdatal, formatSpec);
fscanfitdatal, formatSpec);

A5
5

fscanf(Adata5, formatSpec);
fscanfitdatas, formatSpec);

AL
e

fscanf (Adatale, formatSpec);
fscanfitdatal®, formatSpec

0 50 100 150 200 250 300 350 400 450 500

2p time (au)

28

fscanf (Adata2®, formatSpec);
fscanf(tdata2e, formatSpec);

AAR
tad

fscanf (Adatad®, formatSpec);
fscanf (tdatad®, fornatSpec

ASR
tag

fscanf (Adata&l, formatSpec);
fscanf (tdatag®, formatSpec);

figure % make figure of all A profiles
plot(te,Ad,t1,A1,15,A5, t18, Ale, t28, A28, 148, A48, TBA, ABD, 'LineWidth®,2.0);
xlabel{"time {au)'};

ylabell“a fau)'};

grid an;
legend("k_3=0',"k_3=1',"k_3=5', "k_3=18"',"k_3=28",'k_3=48",'k_3=80")
exportgraphics(figure{l}, './output/figures/A_merged.pdf');

FIGURE B.16: MATLAB script (panel a) for generating m8’s resetting kinetics (panel
b). The resetting kinetics are similar to Fig. 3.11b. Run this script after producing the
response amplitudes for k3=0, 1, 5, 10, 20, 40, 80
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vertebrate photoadaptation
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Norway

® These authors contributed equally to this work.
* peter.ruoff @ uis.no

Abstract

We have studied the resetting behavior of eight basic integral controller motifs with respect
to different but constant backgrounds. We found that the controllers split symmetrically
into two classes: one class, based on derepression of the compensatory flux, leads to
more rapid resetting kinetics as backgrounds increase. The other class, which directly
activates the compensatory flux, shows a slowing down in the resetting at increased back-
grounds. We found a striking analogy between the resetting kinetics of vertebrate photore-
ceptors and controllers based on derepression, i.e. vertebrate rod or cone cells show
decreased sensitivities and accelerated response kinetics as background illuminations
increase. The central molecular model of vertebrate photoadaptation consists of an over-
lay of three negative feedback loops with cytosolic calcium (Ca;.”), cyclic guanosine mono-
phosphate (cGMP) and cyclic nucleotide-gated (CNG) channels as components. While in
one of the feedback loops the extrusion of Ca,2+ by potassium-dependent sodium-calcium
exchangers (NCKX) can lead to integral control with cGMP as the controlled variable, the
expected robust perfect adaptation of cGMP is lost, because of the two other feedback
loops. They avoid that Ca,2+ levels become too high and toxic. Looking at psychophysical
laws, we found that in all of the above mentioned basic controllers Weber’s law is followed
when a “just noticeable difference” (threshold) of 1% of the controlled variable’s set-point
was considered. Applying comparable threshold pulses or steps to the photoadaptation
model we find, in agreement with experimental results, that Weber’s law is followed for
relatively high backgrounds, while Stephens’ power law gives a better description when
backgrounds are low. Limitations of our photoadaption model, in particular with respect to
potassium/sodium homeostasis, are discussed. Finally, we discuss possible implication of
background perturbations in biological controllers when compensatory fluxes are based
on activation.
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Introduction

In 1929 Walter B. Cannon [1] defined homeostasis as the sum of the physiological processes
which keep the steady states in a cell or organism within narrow limits [2]. Since then many
facets of homeostatic regulation has been discovered and alternative concept names have
been suggested. For example, Mrosovsky [3] argued that the term rheostasis would be more
appropriate since there is often a change in a defended set-point, for example, the elevated
(and controlled) temperature when we are running a fever. He further argues (see [3], ch. 1)
that homeostasis has often been equated to a single negative feedback loop. The term allos-
tasis [4-6] was introduced to focus on changing environmental conditions, feedforward
loops, and on the control mechanisms which deviate from a simple negative feedback loop
with a single set-point [5]. With respect to circadian adaptation and anticipation mecha-
nisms Moore-Ede [7] coined the term predictive homeostasis. As adaptation mechanisms
are highly dynamic Lloyd [8] argued for the use of the term homeodynamics instead of
homeostasis. While all these aspects point to important properties of homeostatic regula-
tion, we agree with Carpenter that the term homeostasis still stands as an unified approach
[9]. We believe, that when multiple feedback and feedforward loops are studied theoretically
in more detail, many of the above mentioned homeostatic facets can be accounted for, such
as rheostatic control can be observed in a model of p53 regulation upon variable stress con-
ditions [10].

In this paper we explore the influence of background perturbations on a set of eight basic
negative feedback (controller) motifs [11]. We found that some of the motifs show an astonish-
ing analogy to retinal photoreceptor adaptation when various background illuminations are
applied.

The paper consists of two major parts. In the first part results from a systematic study of all
eight controller motifs are shown. In the second part we show how certain of these controller
motifs can provide an understanding about the kinetics of retinal photoreceptor adaptation.
All eight feedback motifs show robust perfect homeostasis due to the implementation of inte-
gral control.

Integral control is a control-engineering concept [12], which allows a controlled variable
to reset precisely at its set-point when step perturbations are applied. In biochemical systems
several kinetic requirements have been identified which lead to integral control. Among them
we have zero-order kinetics in the removal of the manipulated (controller) variable [11, 13],
antithetic control in which two controller variables are removed by second-order [14, 15] or
enzyme [16] kinetics, or a (first-order) autocatalytic synthesis combined with first-order
removal kinetics of the manipulated variable [17-19]. When dealing with the different basic
controller motifs we will introduce integral control mostly by zero-order kinetics, but also by
antithetic control (see ‘Results and discussion’ below).

Psychophysical laws

Psychophysical laws relate the intensity of a physical stimulus with its perceived magnitude,
for example a human (or a receptor cell) perceived brightness of light in relation to a certain
applied light intensity. We will use the concept of a “just noticeable perturbation” (alternatively
“just noticeable difference” or “threshold”) in order to compare computational results with
corresponding experimental data. The concept of a “just noticeable difference” was first intro-
duced by Weber [20] in order to understand the relationship between an applied physical
stimulus and its (human) perception. We will focus on two well-known psychophysical laws,
i.e. on Weber’s law and on Stephens’ power law, because these laws are often applied in adapta-
tion studies (see for example Part IV in [21])).
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Weber’s law. Ernst Heinrich Weber [20, 22] found that the human perception of a just
noticeable difference dw = w — w between a reference weight w and a slightly heavier weight
w is approximately proportional to the reference weight w, i.e.,

dw=w —w=k-w (1)

with k being a constant. Weber’s law implies a linear relationship between a just noticeable
perturbation (threshold perturbation) and an applied background perturbation. It was Gustav
Fechner [23] who made Weber’s law public and gave it its name, but expanded the perception
of a just noticeable difference dw to dp = dw/w (termed by Fechner as Contrast) and stated its
logarithmic form, i.e.,

aw

dp:ocow ép:ocanJrC (2)

Wo
where a and C are constants. Instead of weight, w can generally be any other stimulus. The log-
arithmic form of Eq 2 is termed as Fechner’s law.

Stevens’ power law. Stevens [24] suggested (and revived) a power-law formulation
between the magnitude of a sensation/perception p and its stimulus s, i.e.

p=k-s+p, (3)

where k, a, and p, are constants depending respectively on the units used and the type

of stimulation. MacKay [25] suggested a model of perceived intensities by an adaptive
“counterbalancing” response mechanism. This “negative feedback” approach enabled
MacKay to make connections between the Weber-Fechner law and Stevens’ law. In a
model of retinal light adaptation we will show that Stephens’ power law or Weber’s law
are followed dependent whether the background perturbation range is either low or high,
respectively.

Materials and methods
Calculations and parameter estimations

Computations were performed by using LSODE [26], which is part of a set of Fortran
solvers at the Lawrence Livermore National Laboratory (https://computing.llnl.gov/
projects/odepack). Graphical results were generated with gnuplot (www.gnuplot.info).
Composite figures and additional annotations were done with Adobe Illustrator (https://
www.adobe.com/).

To make notations simpler, concentrations of compounds are denoted by compound
names without square brackets. Time derivatives are generally indicated by the ‘dot” notation.
For the basic feedback loops m1-m8 (next section) concentrations and rate parameter values
are given in arbitrary units (au), while for the light adaptation model concentrations are in yM
(or nM) and time scale is in seconds (s). Rate parameters are presented as k;’s (i=1,2,3,...)
irrespective of their kinetic nature, i.e. whether they represent turnover numbers, Michaelis
constants, or inhibition/activation constants.

For the light adaptation model some parameter values were estimated by using gnuplot’s
fit function with respect to experimental literature data. Graphical experimental data were
extracted with the program GraphClick (https://macdownload.informer.com/graphclick/).

To make the computations more accessible supporting information ‘S1 Programs’ in S1
File contains python scripts of Fortran results.
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Fig 1. Set of basic negative feedback motifs m1-m8. Red and blue arrows indicate, respectively, a step perturbation and a constant background
reaction. Integral control is implemented either by zero-order kinetics [11, 13] or by antithetic control [14, 16]. Outlined in brown and green we have
activating or derepressing compensatory fluxes, respectively.

https://doi.org/10.1371/journal.pone.0281490.g001

Feedback motifs investigated

Fig 1 shows the investigated negative feedback loops. These are eight basic motifs (m1-m8),
which divide equally into a set of inflow and outflow controllers [11]. Compound A is the
homeostatic controlled variable, while E is the controller variable (or manipulated variable).
Red arrows indicate a step perturbation while blue arrows represent a constant background.
Black arrows indicate synthesis and removal of the controller variable E. Dashed lines repre-
sent signaling events which lead to the activation (plus signs) or inhibition (minus signs) of
target reactions.

We have applied step perturbations, because integral controllers are generally capable to
compensate them perfectly (for a proof see ch. 10.3.1 in Ref. [27]). Note however, that some
feedback loop kinetics, such as in m2, are capable to oppose even rapidly increasing perturba-
tions, such as hyperbolic growth [28, 29].

In the inflow controllers m1-m4 the manipulated variable E leads to the increase of a com-
pensatory inflow flux either by direct activation (brown plus signs) or by derepression (green
minus signs) and thereby opposing the step perturbations which remove A (red arrows). In
the outflow controllers m5-m8 the compensatory (outflow) flux compensates step perturba-
tions (red arrows) which increase A [30].

Results and discussion
Analyses of controller motifs

We have analyzed the eight controller schemes (Fig 1) with regard to step perturbations at dif-
ferent but constant backgrounds. Fig 2 shows the two idealized responses. In panel (a) the
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Fig 2. Idealized response kinetics of (a) inflow and (b) outflow controllers upon step perturbations. Indicated are the set-point of the controlled
variable A, A, the maximum excursion of A, AA,,,y. tmax 1S the time between the start of the perturbation until AA,,,,, is reached.

https://doi.org/10.1371/journal.pone.0281490.9002

resetting for inflow controllers is shown. In this case a step perturbation removes the con-
trolled variable A and temporarily decreases it. Panel (b) shows the behavior of an outflow con-
troller. When integral control is operative the controllers will defend the set-point of A (A,,)
and move the level of A during the on-going step perturbation precisely back to A

The resetting period is rather loosely defined as the time required to reach A,,, after a step
perturbation has been applied. Fig 2 also indicates the parameter AA,,,,,, which is the maxi-
mum excursion of A after the applied step. t,,,, is the time the controller needs to reach AA,,,,.
after the perturbation has been applied.

We found that the controllers’ response kinetics split into two classes independent whether
they are inflow or outflow controllers. In both classes an increase of a background reaction
leads to a reduced excursion AA,,,,. In the class where the compensatory flux is based on acti-
vation (controllers m1, m3, m5, and m7; outlined in brown in Fig 1), the controllers slow
down in their resetting with increasing backgrounds and decreasing t,,,, values. In the other
class, when compensatory fluxes are based on derepression, the controllers show an acceler-
ated resetting (controllers m2, m4, m6, and m8; outlined in green in Fig 1).

In the following we describe in more detail how the two classes of controllers differ in their
resetting behavior.

Controllers with activated compensatory fluxes

We show here the results for motifs m1 and m7. The supporting information ‘S1 Text” shows
corresponding details for controllers m3 and m5.

Controller m1. In the m1 controller the compensatory flux j; = k;-E is activated by E
while A activates the removal of E (Fig 3). Step-wise perturbations removing A are mediated
by k, while k, is a constant background outflow. For simplicity, we assume that activation
kinetics are first-order with respect to the concentration of the activating species. This
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Fig 3. Inflow controller m1 with integral control implemented as a zero-order Michaelis-Menten (MM) type
removal of E. k, undergoes a step perturbation, k; is a rate constant for the inflow of A, while k, is a constant
background reaction. kg and k; are MM parameters analogous to V,,,,, and Kj, respectively. In the calculations the
grayed-out rate constant k; will be set to zero.

https://doi.org/10.1371/journal.pone.0281490.g003

assumption neglects possible saturation and controller breakdown at high activator concentra-
tions [31].
The rate equations are:

A=k —(k,+k) -A+k,-E (4)
) k.-E
E=k —A[-C
K (k7+E) (5)

Integral control is incorporated by a zero-order kinetic removal of E, i.e. E/(k; + E) =~ 1,
with the result that E becomes proportional to the integrated error € = A, — A:
. k !
E=k( —A)=k-c = E(t):kG/ () - dt
0
~

set

(6)

o

S

Fig 4 shows the response kinetics of the m1 controller with set-point A,,=3.0. Panel (a) shows
the concentration of A as a function of time when a k, step 1—5 is applied. Clearly, AA,,,. (see
definition in Fig 2) decreases with increasing background k,. Typically for controllers where
the compensatory flux is based on activation, we observe that for increased backgrounds the
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Fig 4. Response kinetics and relationship to Weber’s law in the m1 controller (Fig 3). The set-point of A is 3.0. (a) Step-wise increase of k, from 1.0
to 5.0 at time ¢=10 at different but constant backgrounds k4 (0-128.0, phases 1 and 2). Note the successive decrease in the maximum excursion of A
(AA,,,4x) with slowed-down A resetting kinetics as k, backgrounds increase. AA,,,,, for k4=16.0 is indicated. The inset shows that even at high
backgrounds the controller is fully operative. Rate constants (in au): k;=0.0, k,=1.0 (phase 1), k,=5.0 (phase 2), k3=1.0, k4 variable, ks=3.0, ks=1.0,

k,=1 x 107°, Initial concentrations (in au): Ay=3.0, E;=3.0 (k;=0); A9=3.0, Eg=6.0 (k;=1); Ag=3.0, Eg=9.0 (ks=2); A¢=3.0, E;=15.0 (ks=4); A¢=3.0, E)=27.0
(k4=8); Ag=3.0, Eg=51.0 (k4=16); A¢=3.0, Eg=99.0 (k,=32); A¢=3.0, Eg=195.0 (k4=64); A¢=3.0, E;=387.0 (k4=128). The inset shows the full adaptation
response when k,=128.0 (b) Relationship to Weber’s law: When perturbation k, in phase 2 is adjusted such that the maximum (just noticeable)
excursion in A is 0.03 (i.e. 1% of A,,;) then both k, and the “perception” E are linear functions of different but constant backgrounds k,. Rate constants
and initial concentrations as in (a), except that k, in phase 2 has the following values: 1, k, = 1.0367 (k, = 2); 2, k, = 1.0559 (k4 = 4); 3, k, = 1.0950 (k, =
8); 4, ky = 1.1745 (ky = 16); 5, ky = 1.3350 (k4 = 32); 6, ky = 1.6581 (k4 = 64); 7, ky = 2.3030 (kg = 128). (c) AA,..x as a function of background k4 at three
different k; steps. (d) t,,4x as a function of background k, at three different k, steps. Rate constants are as in panel (a), except for k, and k. Initial
concentrations are the steady state values of A and E prior to the step in k,.

https://doi.org/10.1371/journal.pone.0281490.9004

PLOS ONE | https://doi.org/10.1371/journal.pone.0281490  April 28, 2023

7/32



PLOS ONE

Homeostasis at different backgrounds

perturbation kl

background 4
>

T : >
3 ‘k, A®

k © ok Lk
5 E T
Fig 5. Outflow controller motif m7 with integral control implemented as a zero-order Michaelis-Menten (MM)
type degradation of E. The perturbation k; changes step-wise (1.0—5.0), while k3 is a constant background. Rate

constant k, relates to the outflow of A, and kg is an inhibition constant. ks and k; are MM parameters analogous to
Vmax and Ky, respectively. In the calculations the grayed-out rate constant k; is, for the sake of simplicity, set to zero.

https://doi.org/10.1371/journal.pone.0281490.g005

resetting period is lengthend. Despite the increase in the resetting period the inset in panel (a)
shows that the controller is fully operational and is able to defend its set-point.

Fig 4b shows the response kinetics related to Weber’s law when probing a “just noticeable”
excursion in AA of 0.03 (1% of A,.,=3.0) by applying appropriate k, values in phase 2. We
observe that the different k, values (in phase 2) and the corresponding steady-state values of E
(Ess) are linear functions of the background k.

Fig 4c and 4d show the values of AA,,,,, and t,,,, for three different k, steps with increasing
backgrounds k,. Reflecting the behavior from Fig 4a, panel (c) shows that AA,,,,, values
decrease monotonically as background increases, but that the magnitude of AA,,,,, depends
on the size of the applied step. Despite that the resetting period increases with increasing back-
grounds we observe that t,,,, decreases with increasing k4 (panel (d)). The increase of the
resetting period at increased k, levels can be explained by the high steady state levels of E in
phase 1 when k, backgrounds become high and that the system needs more time to reach the
steady state of E in phase 2 by zero-order kinetics.

Controller m7. m7 is an outflow controller which opposes inflow perturbations k; at dif-
terent background reactions k3 by E-activation of the compensatory flux j, (=k4-A-E). The neg-
ative feedback is closed by inhibiting the removal of E through A (Fig 5). The rate equations
are

A=k +k,—k-A—k -A-E (7)
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it (g8) (659) ®

The set-point for A is calculated from the steady-state condition of Eq 8 by using zero-
order degradation of E, i.e. E/(k; + E) ~ 1.
kg

. kg
0 = ka (ks + Ag) = set s kS <kr ) (9)

)

Fig 6 shows the response kinetics of the m7 controller. Since the controller opposes inflow
perturbations excursions of A are above the set-point A, (=3.0). Panel a shows the slowed-
down responses during the resetting in phase 2 as background k; increases. The inset shows
that the controller is still operative even at the highest k5 and slowest resetting. Panel b shows
that a k; step perturbation which results in a just noticeable maximum excursion AA,,,,, of 0.03
(1% of A, increases, together with the corresponding steady state E values in phase 2, line-
arly with the background k3. AA,,,, in creases with increasing k; step (Fig 6¢), while for a given
background we find, somewhat surprisingly, that ¢,,,, is independent on the magnitude of the
k; step (Fig 6d). Both AA,,,, and t,,,, decrease monotonically with increasing background k.

We explain the delay in the resetting of A for large k; backgrounds as the increased time
needed to change the high steady state values of E from phase 1 to its new steady state in phase
2 after the step.

Controllers with compensatory fluxes based on derepression

We show here the results for controllers m2 and m8 (Fig 1). Corresponding results for m4 and
m6 are given in supporting information ‘S2 Text’.

Controller m2. In the m2 controller scheme (Fig 7) activation of E by A is proportional to
the concentration of A, while the inhibition term on the compensatory flux is formulated as
kg/(ks + E). The rate equations are:

. k;k
A=k —k,-A—k -A+—" 10
1 2 4 + k8 + E ( )
k- E
k. +E

E=k,-A— (11)

To achieve homeostasis in A a perturbation (removal) of A is counteracted by a decrease of
E (“derepression”), which increases the compensatory flux j; = kskg/(kg + E) and moves, in the
presence of integral control, A to its set-point.

The set-point of A (A,,,) is determined how integral control is implemented in the feedback
loop. In Fig 7 we use zero-order kinetics with respect to the removal of E, i.e. k; < E,. This
implies that the steady state of A is also the set-point of A (A,,,) and is given as the ratio ke/ks,

ie.
E=0=k A, —k, f ffk(ﬁ —A)
- - ™ s 6 E 5 k5 ss (12)
~1 ~~~

S

set

with fr = E/(k; + E) = 1.
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Fig 6. Response kinetics and relationship to Weber’s law in the m7 controller (Fig 5). The set-point of A is 3.0. (a) Step-wise increase of k; from 1.0
to 5.0 at time =100 at different and constant background perturbations k3 (0-128.0, applied in phases 1 and 2). Note the successive decrease in the
maximum excursion of A (AA,,,,) with slowed-down A resetting kinetics as k3 values increase. AA,,,, for k3=4.0 is indicated. Rate constants (in au):
k;1=1.0, k,=0.0 (phases 1 and 2), k;=5.0 (phase 2), k; variable, k4=0.03, ks=1.0, kg=31.0, k;=1x107%, kg=0.1. Initial concentrations (in au): A;=3.0,
Eo=11.11 (k3=0); A;=3.0, Ey=22.22 (k3=1); Ag=3.0, E=33.33 (k3=2); Ao=3.0, Eg=55.55 (k3=4); A¢=3.0, Ey=100.0 (k3=8); A¢=3.0, E;=188.89 (k;=16);
A¢=3.0, Ey=366.67 (k3=32); Ag=3.0, Eg=722.22 (k3=64); Ap=3.0, Ey=1433.33 (k3=128). The inset shows the full adaptation response when k;=128.0 (b)
Relationship to Weber’s law: When perturbation k; in phase 2 is adjusted such that the maximum (just noticeable) excursion AA,,,,, is 0.03 (i.e. 1% of
Ajer) then both k; and the “perception” E are linear functions of the background k;. Rate constants and initial concentrations as in (a), except that k; in
phase 2 has the following values: 1, k; = 1.0325 (k3 = 2); 2, k; = 1.0520 (k3 = 4); 3, k; = 1.0914 (k3 = 8); 4, k; = 1.1709 (ks = 16); 5, ky = 1.3306 (k3 = 32); 6,
k1 =1.6503 (k3 = 64); 7, ky = 2.2900 (k3 = 128). (c) AA,,,4x values as a function of background k; for three step perturbations in k;. Note that the three
curves are congruent, i.e., their identical shape can be precisely moved onto each other. (d) t,,,, as a function of background k;. For a given background
tnax is practically the same and independent of the three k; steps.

https://doi.org/10.1371/journal.pone.0281490.9006
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Fig 7. Controller motif m2 with integral control implemented as a zero-order Michaelis-Menten (MM) type
degradation of E. Rate constant k, undergoes a step-wise change (perturbation), ks represents the maximum inflow of

A, while k4 is a (constant) background reaction. Rate constant kg is an inhibition constant. ks and k; are MM
parameters analogous to V., and Kj, respectively. The grayed-out rate constant k; is set in the calculations to zero.

https://doi.org/10.1371/journal.pone.0281490.g007

Fig 8a shows the response for step-wise changes in k, from 1.0 (phase 1) to 5.0 (phase 2) at
different but constant background perturbations k,. Typically for derepression controllers is
both the decrease of AA,,,, at increasing backgrounds when a constant step perturbation is
applied and a decreasing response time.

We were interested to see how the m2 controller would respond when a just noticeable excur-
sion in A (AA,,,,,) was applied for different background perturbations k. For that purpose we
determined in phase 2 the steady state values of E and the k;, values when the excursion of A was
1% of A.(=3.0), i.e. AA,, . = 0.03. Fig 8b shows that (1/E,) and k, increase linearly with increas-
ing k,, a manifestation of Weber’s law. In this view, (1/E) could be interpreted as a “perceived”
variable. Fig 8c and d show how AA,,,, and t,,,,, depend on the background k,, respectively.

Controller m2 with antithetic integral control. Since we later will use bimolecular (anti-
thetic) control [14, 19] to describe the simultaneous removal of Ca** and K* out of a photore-
ceptor cell by potassium-dependent sodium-calcium exchangers (NCKX), we illustrate here
how scheme m2 works with antithetic integral control (Fig 9).

The rate equations are:

. kk

A=k —k A—k A+
k, —k, k,-A+ ErE (13)
E, =k -A—k -E -E, (14)
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the successive decrease in AA,,,, and the more rapid resetting of A at increased k, values. Rate constants (in au): k;=0.0, k,=1.0 (phase 1), k,=5.0 (phase
2), ks=1x10* k, variable, ks=1.0, ks=3.0, k;=1x10"°, ke=0.1. Initial concentrations (in au): Ay=3.0, E;=333.23 (k,=0); Ay=3.0, Ep=166.62 (ks=1); A¢=3.0,
Ey=55.46 (k4=5); Ag=3.0, Eg=30.20 (k4=10); Ag=3.0, Ey=15.77 (k4=20); A¢=3.0, Ey=8.03 (k4=40); Ap=3.0, Ey=4.02 (k,=80). (b) Relationship to Weber’s
law: in phase 2 the perturbation k, and (1/Ej;) are linear functions of the background perturbation k, when the “just noticable difference” AA,,,, is 0.03.
Rate constants and initial concentrations as in (a), except that k, in phase 2 has the following values: 1, k, = 1.0314 (ky = 2); 2, k, = 1.0627 (ky = 5); 3, k,
=1.1150 (k, = 10); 4, k, = 1.2195 (k4 = 20); 5, k, = 1.4285 (k4 = 40); 6, k, = 1.8465 (k, = 80); 7, k, = 2.6820 (k, = 160). (c) Monotonic decrease of AA .«
as a function of background k, for three different steps. At constant background AA,,, increases with increasing step size. (d) tm,y decreases
monotonically with increasing backgrounds k4. At constant background t,,,, decreases with increasing step size. Rate constants in panels (c) and (d) are
the same as for panel (a), apart from k, and k. Initial concentrations were taken as the steady state values of A and E at the different backgrounds k,

prior to the applied step in k,.

https://doi.org/10.1371/journal.pone.0281490.9008
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Fig 9. Controller motif m2 with antithetic integral control. Here, antithetic control is implemented as a bimolecular
second-order reaction which removes the two controller molecules E; and E,. See text on how A’s set-point is
calculated.

https://doi.org/10.1371/journal.pone.0281490.9009

Ezzke_k7'E1'E2 (15)

From the steady-state conditions for E; (ks-A=k;-E;-E,) and E, (ks=k;-E;-E,) the set-point for
A (Ay) is given by:

k. A, =k E E,=k = A,=A,=-" (16)

o ss set k
5

In many respects robust perfect adaptation by zero-order or bimolecular (antithetic) kinetics,
ie., E (Eq 12) and E, (Eq 14) behave dynamically identical. In fact, both E and E; show zero-
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Fig 10. Outflow controller motif m8 with integral control implemented as a zero-order Michaelis-Menten (MM)
type degradation of E. Rate constant k; undergoes a perturbation, while k; is a background inflow rate. kg and kg are
inhibition constants. ks and k; are MM parameters analogous to V., and Ky, respectively. For simplicity, the grayed-
out rate constant k, is set to zero.

https://doi.org/10.1371/journal.pone.0281490.g010

order kinetics with respect to E and Ej, respectively. In the supporting information ‘S3 Text’ we
show the identical antithetic behavior of the m2 scheme when using step perturbations at vari-
ous backgrounds in comparison with the above m2 calculations using zero-order kinetics.
Controller m8. Fig 10 shows the scheme of controller m8. The compensatory outflow flux
ja = kyqkg-A/((ko + E)) and the signaling from A to E are based on derepression.
The rate equations are:

A=k —k,-A+k,—k A (kﬁ—E) (17)

ek (K ) KE (18)
""\k+4) k+E

The set-point of A is derived from the steady-state condition E = 0 together with the
assumption that E is removed by zero-order kinetics, i.e. E/(k; + E) ~ 1:

. k k
E= ki | —2—) =k, A=A, =k|2-1 1
0 = 5 (kg +A55> 6 = set s$ 8<k6 > ( 9)

Fig 11a shows the response of the m8 derepression controller at different but constant back-
grounds k3. Note the typical, more rapid, resetting when backgrounds are increased. Panel b
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Fig 11. Response kinetics and relationship to Weber’s law in the m8 controller (Fig 10). The set-point of A is A=3.0. (a) Step-wise increase of k;
from 1.0 to 5.0 at time ¢=100 at different and constant background perturbations k; (0-80). Note the successive decrease in the excursion of A (AA4,,,,,)
and the more rapid A resetting to the set-point at increased k; values. Rate constants (in au): k;=1.0 (phase 1), k;=5.0 (phase 2), k,=0.0, k5 variable, k, =
1x10%, ks=620.0, ks=20.0, k;=1x10"°, kg=ky=0.1. Initial concentrations (in au): Ay=3.0, E;=2999.90 (k;=0); A¢=3.0, E;=1499.90 (k;=1); A;=3.0,
E¢=499.90 (k;=5); Ag=3.0, Ey=272.63 (ks=10); Ag=3.0, Ey=142.76 (ks=20); Ag=3.0, E=73.07 (ks=40); Ay=3.0, E;=36.94 (ks=80). (b) Relationship to
Weber’s law: the perturbation k, and (1/E,,) in phase 2 are linear functions of the background perturbation k; when k; is adjusted such that a “just
noticable difference” of AA,,,,,=0.03 is observed. Rate constants and initial concentrations as in (a), except that k; in phase 2 has the following values: 1,
ky =1.0319 (k3 = 2); 2, k; = 1.0637 (k3 = 5); 3, k; = 1.1169 (k3 = 10); 4, k; = 1.2231 (k3 = 20); 5, k; = 1.4356 (k3 = 40); 6, k; = 1.8604 (k3 = 80); 7, k; =
2.7111 (ks = 160). (c) AA, . values as a function of background k; for three step perturbations in k;. Like for the m7 controller the three curves are
congruent and their shape can be moved onto each other. (d) £,,,,x as a function of background k;. For a given background t,,,,, values are practically the
same independent of the three steps. Rate constants in panels (c) and (d) are the same as for panel (a), apart from k; and k;. Initial concentrations are
taken as the steady state values for A and E at the different backgrounds k; prior to the applied step in k.

https://doi.org/10.1371/journal.pone.0281490.9011
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shows that the controller follows Weber’s law (Eq 1), i.e. when setting a “just noticeable differ-
ence” of AA,,,. to 1% of the set-point of A (A.=3.0) the required perturbations k; in phase 2
needed to achieve AA,,,,,=0.03 become a linear function of the background k. Similarly, plot-
ting (1/E,,) against the background is likewise linear, suggesting that (1/E) may be interpreted
as the “perception” of AA,,,. Fig 11c and 11d show how AA,,,,, and t,,,, depend on the back-
ground ks, respectively.

Implications to photoreceptor adaptation

As a biological example, we found a striking analogy between the resetting kinetics of the dere-
pression controllers m2, m4, m6, and m8 and the responses in vertebrate photoreceptors. In
mammals and other animals photoadaptation occurs mainly in the retina, which consists of
five basic classes of neurons: photoreceptors, bipolar cells, ganglion cells, horizontal cells, and
amacrine cells, where each of them come in different subclasses. These neurons are arranged
in layers and form a complex interaction network [21, 32, 33]. Our focus here is on the light-
sensitive photoreceptor cells, which according to their physical shape are characterized as rods
and cones, and differ in their sensitivity to light. Rods and cones occur in all retinas with the
exception of the skate [33].

Fig 12 shows voltage responses of a rod cell to 10 ms light flashes at different background
light intensities [34]. The experiments show that increased backgrounds lead to diminished

= =
(@) (@)
| |

A
o
|

response kinetics (mV/Rh*)

I I I I I
0.0 0.5 1.0 1.5 2.0

time (s)

Fig 12. Light adaptation in a Macaque monkey’s rod cell. 10 ms light flashes were applied to different light background intensities. Background
intensities (in photons ym’zs’l) were: 0, 0; 1, 3.1; 2, 12; 3, 41; 4, 84; 5, 162. Redrawn after Fig 2A from Ref [34].

https://doi.org/10.1371/journal.pone.0281490.g012
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Fig 13. Model with the main regulatory elements of vertebrate photoreceptor adaptation. Light leads to the removal of cyclic guanosine
monophosphate (cGMP) by phosphodiesterases (PDE), via transducin and the activation of PDE by internal Ca** (Ca’"). In the figure this path is split
into two components, one background with rate constant k, (outlined in blue), and a perturbation on top of the background (rate constant k,, outlined
in red). cGMP is formed by guanylate cyclase (GC). cGMP’s constitutive non-light induced hydrolysis is described by a first-order reaction with rate
constant k. GC is inhibited/derepressed by Ca;" to keep cGMP under homeostatic control. cGMP activates cyclic nucleotide-gated (CNG) channels,
which leads to the inflow of Ca*" into the cell, while high Ca’" levels inhibit CNG channels. Calcium is removed from the cell by potassium-dependent
sodium-calcium exchangers (NCKX). Rate equations and used rate parameter values are described in the main text. Grayed reaction arrows indicate
reactions which are not included in the model.

https://doi.org/10.1371/journal.pone.0281490.9013

response excursions, while the resetting to the initial steady state levels were found to be faster.
This behavior, a decreased sensitivity but accelerated response kinetics at increased back-
ground light intensities is considered typical for the light adaptation in vertebrate rod or cone
cells [35]. When corresponding photocurrents are studied as a function of different back-
ground light levels the observed resetting behavior is close to that found for m8 or mé6 control-
lers (for experimental data see Fig 1 in Ref [36]).

In photoreceptor cells cytosolic calcium has been found to be the major regulator in verte-
brate light adaptation [37]. There, calcium takes part in a derepressing feedback loop analo-
gous as E in m2. Fig 13 shows a model with its main regulatory elements. In comparison
with extracellular Ca** concentrations, which are in the 10-100 mM range, cytosolic (internal)
Ca”™ levels (Ca’") are considerably lower, around in the 100 nM range since too high cytosolic
Ca’" concentrations are toxic and may lead to apoptosis. While Ca®" is a versatile cellular sig-
nal its levels are also tightly regulated [38]. In photoreceptor cells dark Ca’* levels are in the
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range around 300-500 nM [37], which is sufficient to regulate photo-transduction, but at the
same time low enough to avoid cytotoxic Ca”" effects.

In vertebrate photoreceptor cells Ca’* is part of a negative feedback regulation of cyclic gua-
nosine monophosphate (cGMP), where cGMP activates the inflow of Ca** into the cytosol by
cyclic nucleotide-gated (CNG) channels [37-39]. Analogous to a m2 controller, Ca?+ on its
side inhibits guanylate cyclase (GC), which synthesizes cGMP. In addition, Ca** inhibits its
inflow by CNG channels and takes part, analogous to a m5 controller, in the light-dependent
removal of cGMP (with rate constants k, and k4) by activating phosphodiesterases (PDE).
Potassium-dependent sodium-calcium exchangers (NCKX) pump Ca’* out of the cell. In the
model the removal of Ca’* by NCKX is formulated, for the sake of simplicity, as a bimolecular
second-order reaction, where K* is removed together with Ca;*, while keeping NCKX con-
stant. For certain feedback combinations the bimolecular (or a zero-order) removal of Ca;2+
and K* by NCKX will lead to robust perfect adaptation of cGMP, which is discussed below. k;
represents an inflow perturbation with respect to cGMP. We have mostly ignored k;, except in
section “Roles of the feedback loops”, where k; is used to test the homeostatic behaviors of the
individual feedback loops.

The rate equations of the model are:

(Cal*)
K, + (CaiH)P (20)

light induced

cGMP =k, + k3( K ),> —k, - cGMP — (k, + k,) - (cGMP) -

ki + (Ca*

i

3 GMP)" K ‘
‘2+ — kr . (C . 10 : / _ k ‘2+ K+
Caz 5 k}fl 4 (CGMP)n o k% + (Caipr)m + ﬁ 7(Ca; )( ) + Vieak (21)

K" =k, — k(Cal)(K") (22)

Estimation of model parameters. Fig 14 gives an overview of the experimental data used
to estimate some of the model parameters. Panel a shows the results by Koutalos et al. (Fig 3
in [40]; see also Fig 3 in [41]), who studied the influence of Ca* on the light-stimulated PDE
activity in salamander rods. The experimental data were described by the function

V, 0 (Ca)P
C ?+ _ __max i 23

A -

with V,,,,,=(100.01+2.53)%, p=0.894+0.0534, and k;,=(622.612+55.01)nM.
Also using salamander rods, Fig 14b shows the inhibition of GC activity by Ca** when
using 0.5 mM GTP (Fig 13 in [42]). The function
24 kg
8(Ca") = (24)

kgt (CaY)

was fitted to the data with kg=(57.49+2.53)nM and r=1.65+0.12.
Using bovine retinae, Hsu and Molday [39] determined the influence of cGMP and Ca*t
on CNG channel activity in the presence of calmodulin (Fig 14, panels ¢ and d, respectively).
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Fig 14. Normalized experimental data used to extract parameter values. (a) Light-induced PDE activity as a function of Ca** concentration [40, 41];
(b) Inhibition of GC activity by Ca®" [42]; (c) CNG channel activity as a function of cGMP concentration [39]; (d) CNG channel activity as a function of
Ca** concentration [39].

https://doi.org/10.1371/journal.pone.0281490.9014
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For CNG channel activation by cGMP (panel c) the following trial function

h(cGMP) — % (25)

described the experimental data with k;;=(32.81+0.39)uM and n=4.14+0.23 quite well. For the
inhibition of the CNG channel by Ca** (panel d) we fitted the function

ki
kp + (Calt)” F (26)

k(a, B,Ca’") =100 - o -
to the experimental data obtaining @=0.6067+0.0295, k;(=(63.57+4.44)nM, m=2.50+0.38, and
B=40.07+1.29. In Eq 21 8 is given by 5/100.

Organelles, such as mitochondria and the endoplasmatic reticulum (ER), store calcium
with relative high concentrations (100-800yM). There is evidence that intracellular Ca stores
leak Ca into the cytosol [43-46]. Analyzing the data by Camello et al. [45] and Luik et al. [46],
we observed (54 Text and [47]) that the kinetics of the two recorded leaks were surprisingly
different. While Camello et al. [45] found practically zero-order kinetics with respect to ER
calcium and leak rates at around 0.25 4M/s, the data by Luik et al. [46] show clean first-order
kinetics with respect to ER calcium. Here Ca-dependent leak velocities between 5.5 and 0.36
uM/s were observed (S4 Text). Also the results by Oldershaw et al. [43] and Missiaen et al. [44]
indicate single or dual first-order kinetics in the decrease of store Ca. We wondered how cal-
cium leaks may influence the photoadaptation of the model. As we will show in the section
“Roles of the feedback loops” calcium leaks will have an influence on the steady state level of
c¢GMP. In particular, when the leak rate v,,,, becomes larger than the K* inflow rate k4 in the
NCKX-based calcium pump, then uncontrolled growth in Ca’* may occur (54 Text).

c¢GMP hydrolysis in darkness (rate constant ko) is described as a first-order reaction with
respect to cGMP. The value of ky is taken from the modeling work by Nikonov et al. (Table IV
in [48]) with ko=1.0s"". The rates for the light-induced removal of cGMP (described by k, and
k,) are variable (light-dependent) parameters.

Parameter k; represents the maximum rate of cGMP synthesis at low Ca’* concentrations.
Its value (k3=50 4M/s) has been taken from the work by Nikonov et al. [48].

The extrusion of Ca’" by NCKX is simplified as a second-order process with rate constant

ks, ie. =k, - (K") - (Ca’"). Apart from that, we have not considered sodium ion and

extrude
potassium ion currents.

It is interesting to note that in the absence of the CNG channel inhibition by Ca;* the
NCKX pump would lead to robust perfect adaptation in cGMP by antithetic feedback [14],
like the zero-order removal of E in the above idealized controllers (see for example, Eq 12).
However, such an antithetic control of cGMP without CNG channel inhibition by Ca’* would
lead to high Ca;* concentrations and thereby to possible apoptosis of photoreceptor cells [49].

The remaining parameters ks, ks, and k; have been chosen such that cGMP and Ca’" levels
are close to the observed experimental values [35, 37, 50, 51], i.e., using ks=100 uM/s, ks=0.5
#M/s, and k;=2.0 uyM~'s™". While k; has no influence on the steady state values of cGMP and
Ca’" it has a significant influence on how fast steady state levels are approached after light per-
turbations are applied (S5 Text).

Application of pulse perturbations. In the majority of experiments on rod or cone cells
light perturbations are applied in form of flashes in the millisecond range (see for example
Fig 12). Fig 15 shows the application of 10 ms pulses of light in the model. A k, pulse from
1 — 50" is applied at time t=1.0 s for different k4 backgrounds. In panel a the graphs are
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section. See also ‘S1 Programs’ in S1 File.

https://doi.org/10.1371/journal.pone.0281490.9015

scaled such that the steady state levels of cGMP are set to zero and the individual excursions in
c¢GMP can be compared. As for the above derepression controllers m2, m4, mé6 and m8 the
excursion AcCGMP,,,,, of the controlled variable cGMP decreases with increasing backgrounds
while the speed of resetting to its original steady state increases with increasing backgrounds
(Fig 15a). These changes are considered to be typical for the light adaptation in vertebrate pho-
toreceptors (for example, see Ch. V in [35] and Fig 22-19C in [21]).

Fig 15b shows threshold light pulse (10 ms) perturbations k, with a AcGMP of 0.03 M as
a function of background light intensity k,. The main graph shows the log-log plot which
resembles the experimental results with rods or cones (see Fig 22-19B in [21]). The inset
shows that the threshold-background relationship is linear in agreement with Weber’s law, at
least for large backgrounds. Panel ¢ shows, on the other hand, that for small backgrounds the
threshold-background relationship follows Stephens’ power law. In fact, replotting the original
experimental data [52] shown in Fig 22-19B of Ref [21], indicates that Stephens’ law describes
best the situation at low backgrounds, while at higher backgrounds the threshold-background
relationship tends towards Weber’s law (S6 Text).

Application of step perturbations. We applied step perturbations in the model to see to
what extent the CNG channel inhibition by calcium affects cGMP homeostasis and avoids
robust perfect adaptation. Fig 16a shows the influence of k,;— 50 s™" steps at different back-
grounds. The steps occur at time #=0.5 s and changes in cGMP are followed for 3 s. We also
measured the maximum excursion of cGMP (AcGMP, ., ) from its initial steady state level and

the time ¢, at which AcGMP,,, occurs (see inset).
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Defining AcGMP, ., and ¢,

max

max*

“Estimation of model parameters” (see also S1 Programs in S1 File).

(b) cGMP data as in (a), but scaled relative to their initial steady state concentrations.
values as a function of backgrounds k4, respectively. Parameter and rate constant values are as described in section

https://doi.org/10.1371/journal.pone.0281490.9016
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https://doi.org/10.1371/journal.pone.0281490.9017

Fig 16b shows the same data as in (a), but scaled relative to their initial steady states. Due to
the inhibition of CNG channels by calcium (Fig 13) the model does not show robust perfect
adaptation (S5 Text, Fig 17). cGMP steady state levels during the step become significantly
lower than their initial values before the step. This is seen in Fig 16a, where the pre-step steady
state levels decrease as the background k, increases. Not unexpected we see that with increas-
ing backgrounds the AcGMP,,,, excursions decrease monotonically (Fig 16c). Surprisingly,
however, we find that ¢, first decreases, but then increases again (Fig 16d). Interestingly,
when studying turtle photoreceptors, an increase of t,,, at increasing backgrounds has also
been reported by Baylor and Hodgkin [53]. They studied both flashes and steps [54, 55] and
provided several models [56] to explain the lengthening of the peak time ¢,_,.

Fig 17a shows experimental results by Baylor and Hodgkin [53] when long steps of light are
applied to red-sensitive turtle cones. The behavior of our model (panel b) is analogous with a
typical overshooting when the step ends.

Roles of the feedback loops. Outlined in Fig 18 are the three feedback loops in the model.
Feedback loops 1 and 2, both based on the inflow activation of Ca." by cGMP (outlined in pur-
ple), feed respectively back to cGMP by a Ca’"-based inhibition (derepression) of cGMP syn-
thesis (loop 1, analogous to m2, outlined in red) and by a Ca*-based activation of cGMP
turnover (loop 2, analogous to m5, outlined in blue). Both loops 1 and 2 promote robust per-
fect cGMP homeostasis by antithetic control and oppose perturbations on cGMP. Feedback 3
(outlined in orange) keeps Ca’ " levels low to avoid high and cytotoxic calcium levels inside the
cell.

When feedback loop 3 is absent, for example by low Ca;" levels, the Ca;*-inhibition term
in Eq 21 becomes 1, because

k% , low Ca?* f
o0 — — =1 27
< k;”o+(Ca?*>’"+ﬁ) o )

The remaining feedbacks 1 and 2 will provide robust perfect adaptation of cGMP, provided
that there are sufficiently high GC and PDE activities to work as compensatory fluxes. This
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robust perfect adaptation in cGMP is due to the simultaneous NCKX-based removal of Ca’*
and K* described by the term k,(Ca;")(K") in Eqs 21 and 22. The k,(Ca’*)(K") transport
term leads to robust antithetic integral control [14]. Instead of using the term k,(Ca;*)(K"),
one could have explicitly included the NCKX transporter protein, as generally outlined in [16]
for catalyzed antithetic controllers. Anyway, using the k,(Ca’")(K") term, the set-point of
c¢GMP (cGMPy,,) is calculated by setting Eqs 21 and 22 to zero and solving for cGMP. The
resulting steady state concentration of cGMP becomes cGMP’s set-point:

¢GMP,, = cGMP, = km”/l—bb with b = w (28)
- 5

Using the experimentally determined rate parameters (see section “Estimation of model
parameters”) leads to cGMP,,; = 7.61uM. The two feedback loops 1 and 2 act as an antagonistic
pair as they will defend cGMP;,, robustly against both inflow and outflow perturbations,
respectively. Fig 19a shows the homeostatic behavior of the loop 1-2 antagonistic feedback
during three different phases where either inflow perturbation k; or outflow perturbation k,
dominate. Although the antagonistic feedback can deal well with both inflow and outflow
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Fig 19. Influence of the model’s three feedback loops on the homeostatic behavior of cGMP and Ca’". Perturbation profile in panels
(a)-(d): phase 1: k;=0.0uM/s, k,=1.0s7", k4=0.0s"; phase 2: k1=7.0uM/s, k,=0.0s7", k4=0.0s"; phase 3: k1=0.0uM/s, k,=7.0s", k4=0.0s"". (a)
Both feedback 1 and 2 are operative. Robust homeostasis of cGMP is observed with cGMP,; = 7.61uM. Other rate constants values are as

described in section “Estimation of model parameters”. Initial concentrations: cGMP = 7.612uM, Ca;* = 141.7 nM, K*=1.760uM. (b)

Feedback 2 is only operative. In order to keep cGMP at its set-point k, needs to be increased to 8.0 #uM/s in all three phases (indicated in
the scheme by the blue upright arrow). Initial concentrations: cGMP = 7.612uM, Ca;" = 1.071 uM, K*=2.335uM. (c) Feedback 1 is only
operative. To keep cGMP at its set-point k3 has been increased from 50.0 4uM/s to 500.0 4M/s in phase 3 (indicated in the scheme by the red

upright arrow). Initial concentrations: cGMP = 7.612uM, Ca’" = 94.9 nM, K*=2.64uM. (d) All feedback loops are operative with rate

constants as in panel (a). Although perfect adaptation in cGMP is lost both cGMP and Ca’* undergo only small variations when the
perturbations are applied with lowest Ca’" levels. Initial concentrations: cGMP = 9.042uM, Ca’" = 125.7 nM, K"=1.989uM. See S4 Text
how the leak term affects this configuration.

https://doi.org/10.1371/journal.pone.0281490.9019
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perturbations it needs sufficiently large GC and PDE activities, reflected by sufficiently high k.,
ks, and k4 values, in order to provide the necessary compensatory fluxes.

Fig 19b shows the system’s behavior when only feedback loop 2 is operative. To achieve
control by only feedback 2 the condition in Eq 27 needs to hold and the inhibition of GC by
Ca’" has to be abolished by using a high inhibition constant kg. We have used kg=1x10"uM
with r = 1.0. When applying the same perturbation profile as in Fig 19a it turned out that the
PDE activity from Fig 19a was not sufficient to keep cGMP homeostasis at cGMP;,; = 7.61yM.
The reason for this is that the lack of feedback loop 1 causes a higher cGMP and Ca** inflow
into the cell. When becoming too high the Ca** inflow cannot be absorbed by the constant
Ca’* removal speed kg of NCKX. In other words, the antithetic zero-order removal kinetics
of Ca}* by NCKX will become too slow and thereby lead to a steady increase (windup) in the
concentration of Ca; " (S5 Text). To avoid this and to keep cGMP robustly at cGMP,,, =
7.61uM we have in Fig 19b increased the background k, to 8 uM/s (indicated by the blue
upright arrow). Alternatively, one may increase the constant removal speed k; of the NCKX
pump, but this will result in a change of cGMP,, (see also S6 Text).

Fig 19¢ shows the system’s behavior when only feedback loop 1 is present. To get only loop
1 operative the condition of Eq 27 is imposted and the activation constant k;, (Fig 13) is set to
zero. To act as a robust inflow controller cGMP homeostasis requires sufficiently high k5 val-
ues. With the perturbation profile from panel (a) k3 needs to be increased in phase 3 by one
order of magnitude to k3=500u/s (indicated by the red upright arrow in Fig 19¢) in order to
avoid cGMP levels below cGMP,,; = 7.61uM (see also S6 Text).

When all three loops are operative (Fig 19d) the robust perfect adaptation of cGMP is lost
due to the presence of feedback loop 3. However, with respect to the applied perturbations
cGMP levels show only small variations and Ca’" steady state concentrations have their lowest
values. The results in Fig 19 show that the antagonistic feedback between loops 1 and 2 is more
efficient than when loops 1 or 2 are isolated. Although the robust perfect adaptation of cGMP
is lost in the presence of feedback loop 3, the overlayed feedback structure between all three
feedbacks provides a compromise between robust perfect adaptation of cGMP and the need to
avoid high cytotoxic Ca’" levels.

Another aspect of the three feedbacks’ overlay concerns the resetting times at varying/
increasing backgrounds. While a faster resetting with increasing backgrounds has been
described as a typical property of vertebrate photoadaptation (see section V in [35]), in turtle
photoreceptors Baylor et al. [53] found that increasing backgrounds first lead to a decrease in
peak time (analogous to t,,,,), but further increases of the background eventually lead to an
increase of the peak time (t,,,,), as qualitatively observed in Fig 16d. The increase of the time
to peak was explained by Baylor et al. [56] by a hypothetical autocatalytic reaction which
removed particles blocking the ionic channels. An additional factor could be a differential
dominance between feedback loops 1 and 2, since loop 1 and loop 2 affect the resetting differ-
ently analogous as described for the m2 (Fig 8) and m5 (S1 Text) controllers.

Fig 20 shows AcGMP and t,,,,, as a function of the feedback arrangement. In panel (a) we
have feedback loops 1 and 3 combined, while in panel (b) we have only feedback loop 2. When
testing a 1.0 — 50.0 uM/s k step for increasing backgrounds both feedback arrangements
show a monotonic decline of AcGMP as a function of background k, (middle panels), but dif-
fer in their t,,,, responses (bottom panels). While combined feedback loop 1 and 3 show a
monotonic shortening of t,,,,,, in the feedback 2 arrangement ¢,,,,, first decreases, but then
increases again as background k, increases, as found experimentally by Baylor et al. [53] and
when all three feedback loops are combined (Fig 16c and 16d). Since the single feedback 2
behavior (Fig 20b) resembles that of all three feedbacks combined (Fig 19c and 19d) we
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https://doi.org/10.1371/journal.pone.0281490.9020

conclude that in our model with the used parameter values feedback 2 is dominating over the
two other feedbacks with respect to the system’s resetting behavior. In organisms where the
photoadaptation shows faster resettings (decreasing or constant t,,,,) with increasing back-
grounds, as found in Ref. [34] and highlighted in the review by Fain et al. [35], the feedback
loop 2 may be weakened and loops 1 and 3 may become more dominant. Since the rate param-
eters of our model were taken from different organisms it is possible that these combined
parameters reflect a situation closer to turtles [53] than, for example, to Macaque monkeys

[34].
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Other model approaches. There is an extensive literature in theoretical and computa-
tional approaches to understand various aspects of vertebrate photoadaptation. The
approaches range from phenomenological mathematical descriptions to reaction kinetic
and stochastic model calculations. For an overview we refer to chapter 19 in the book
by Keener and Sneyd [57], to the review by Roberts et al. [58] and to Pan et al. [59].
Although phenomenological models can provide quantitative descriptions and predic-
tions [60], they generally lack knowlegde of the involved chemical processes and their
regulations. Due to this, the need for reaction kinetic descriptions has been emphasized
[59, 61, 62].

Our approach, although primarily kinetic in nature, differs from previous adaptation mod-
els by looking at photoadaptation from a robust homeostatic viewpoint. In this respect we
agree with Billman [63] that homeostatic approaches are still underappreciated and are far too
often ignored as a central organizing principle in physiology.

Conclusion and outlook

Studying perturbations with backgrounds on eight basic feedback loops m1-m8 with integral
control show that these homeostatic controllers divide into two classes dependent on how

the compensatory flux is activated. In the class where the compensatory flux is based on dere-
pression faster resetting with respect to a standard step perturbation is observed when back-
grounds increase. In the other class when compensatory fluxes are based on direct activation
the resetting to the set-point slows down as backgrounds increase. In both cases the maximum
excursion of the controlled variable following the perturbation decrease monotonically as
backgrounds increase. We originally thought that vertebrate photoadaptation would be a nice
example of using sole derepression kinetics in a robust control of cGMP with cellular calcium
as the controller. However, the situations turned out to be more complex with an overlay of
three feedback loops, one based on derepression by Ca®* on GC (feedback 1) and one based
on Ca**-based light activation of PDE (feedback 2). The antagonistic pair of combined feed-
backs 1 and 2 show more improved properties than each of the individual controllers alone. In
addition, there is a third Ca®*-controlling feedback (feedback 3) which apparently avoids high
cytotoxic Ca®* levels. This combination of three feedback loops indicates that robust perfect
adaptation of cGMP by feedback loops 1 and 2 is not by itself an evolutionary target, but that a
compromise between these three controllers has developed by keeping both cGMP and cyto-
solic Ca** levels at narrow limits, but not by robust perfect adaptation mechanisms. Further-
more, there is also evidence that photoadaptation with increasing backgrounds may both
accelerate or slow down the resetting kinetics dependent on the dominance of feedback 1 or
feedback 2.

The findings that controllers m1-m8 react so differently on perturbations with respect to
backgrounds may be of importance also in other physiological systems. For example, blood
sugar levels are controlled by two major feedback loops involving insulin and glucagon. Since
glucose control by insulin is based by an activation of beta cells via glucose (see Supporting
Material in Ref. [11]), constantly high glucose levels (“glucose overload”) [64, 65], for example,
may lead to a slower resetting of the insulin-based control loop in comparison with more
rapid anticipated adaptations at lower glucose levels. Such a slowing-down response may be
one of the causes that could participate in the mechanisms leading to insulin resistance and
early diabetes. To what extent these aspects of background perturbations in homeostatic sys-
tems apply to the development of diabetes or have implications in other homeostatic systems
needs certainly further investigations.
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Supporting information

S1 File. Documentation. (part 1). A zip-file with python scripts describing the results for
motifs m1 (Fig 4a), m7 (Fig 6a), m2 (Fig 8a), m8 (Fig 11a), m3 and m5 (S1 Text, Figs S2a and
S4a), m4 (S2 Text, Fig S2), and m6 (S2 Text, Fig S4a). (part 2). A zip-file with python scripts
describing the results for Figs 15, 16a, 16b, 17b and 19.

(Z1P)

S1 Text. Response kinetics of controllers m3 and m5. Applied step perturbations lead to
slower resetting kinetics for increasing backgrounds.
(Z1P)

S2 Text. Response kinetics of controllers m4 and mé. Applied step perturbations lead to
faster resetting kinetics for increasing backgrounds.
(ZIP)

S3 Text. Response kinetics controller m2 with antithetic integral control. The behavior is
dynamically identical to that of m2 with zero-order kinetics.
(Z1P)

$4 Text. Influence of Ca leak kinetics on photoadaptation. A comparison how experimen-
tally observed zero-order and first-order Ca leak kinetics affect photoadaptation in the model
and when homeostatic breakdown occurs.

(Z1P)

S5 Text. Influence of ks, ks, and k; on the model’s photoadaptation. By using a k;-k, pertur-
bation profile influences of ks, k4, and k; on the model’s resetting kinetics are shown.
(ZIP)

S6 Text. Experimental light adaptation data. Replots of experimental data show, as indicated
by model calculations, that Stephens’ law is followed at low backgrounds, while at higher back-
grounds the response tends towards Weber’s law.

(Z1P)
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Abstract

When in an integral feedback controller a step perturbation is applied at a constant
background, the controlled variable (described here as A) will in general respond with
decreased response amplitudes AA as backgrounds increase. The controller variable F
will at the same time provide the necessary compensatory flux to move A back to its
set-point. A typical example of decreased response amplitudes at increased
backgrounds is found in retinal light adaptation. Due to remarks in the literature that
retinal light adaptation would also involve a compensation of backgrounds we became
interested in conditions how background compensation could occur. In this paper we
describe how background influences can be robustly eliminated. When such a
background compensation is active, oscillatory controllers will respond to a defined
perturbation with always the same (damped or undamped) frequency profile, or in the
non-oscillatory case, with the same response amplitude A A, irrespective of the
background level. To achieve background compensation we found that two conditions
need to apply: (i) an additional set of integral controllers (here described as I; and 1)
have to be employed to keep the manipulated variable E at a defined set-point, and
(ii), I; and Is need to feed back to the A-E signaling axis directly through the
controlled variable A. In analogy to a similar feedback applied in quantum control
theory, we term these feedback conditions as ’coherent feedback’. When analyzing
retinal light adaptations in more detail, we find no evidence in the presence of
background compensation mechanisms. Although robust background compensation, as
described theoretically here, appears to be an interesting regulatory property, relevant
biological or biochemical examples still need to be identified.

Introduction

Homeostatic mechanisms play important roles in physiology and in the adaptation of
organisms to their environments |1|. For example in the vertebrate retina,
photoreceptor cells contain negative feedback loops which participate in light
adaptation |2{{5]. A hallmark of vertebrate photoadaptation is that resetting kinetics
accelerate and response amplitudes decrease as backgrounds increase |5(6|. This
behavior is seen in Figfor a macaque monkey’s rod cell response towards a single
light flash applied at different background light levels.
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Fig 1. Light adaptation in a Macaque monkey’s rod cell. 10 ms light flashes were
applied to different light background intensities. Background intensities (in photons
pm~2s71) were: 0, 0; 1, 3.1; 2, 12; 3, 41; 4, 84; 5, 162. The influence of the
background on the response amplitude and the speed of resetting is clearly seen. Vj is
the response amplitude for background 0. Redrawn and modified after Fig 2A from
Ref |7]. For a theoretical description of this behavior see Ref [5| and references therein.

Another retinal light adaptation example is shown in Fig Here, the mean
maximum firing rates of a cat ganglion cell was measured with respect to different step
light perturbations (test spot luminance) which are applied at six different
backgrounds [8.

Fig 2. Light adaptation of an on-center ganglion cell in the cat retina (redrawn from
Fig 8, Ref [8]). Averaged maximum ganglion cell frequencies are shown as a function
of six different background illuminations in response to applied light step
perturbations (test spot luminance). The three colored curves show the averaged
maximum frequencies at background illuminations 1072, 1072 and 10! cd/m2. A test
spot luminance (perturbation) of 9x1072 cd/m? is indicated as the vertical dashed
black line. The colored intersection points and vertical dashed lines indicate that for
this perturbation strength the maximum mean response frequency decreases with
increasing background illumination.

In Kandel et al. 2] it was commented (see page 540, section Light Adaptation Is
Apparent in Retinal Processing and Visual Perception) that Fig would indicate a
compensation of the background illumination and thereby causing the same response
due to a lateral shifting along the perturbation (test spot luminance) axis. Based on
this comment we became interested in mechanisms which would allow to compensate
for background levels and thereby give the same response for a given perturbation
irrespective of the applied background.

In this paper we present results on how such a robust background compensation
can be achieved in both oscillatory and non-oscillatory homeostats.

The paper is structured in the following way: We first show that a feedback type
similar to what quantum physicists have termed ’coherent feedback’ [9//10] is required
to obtain background compensation in both oscillatory and non-oscillatory
homeostats. For oscillatory homeostats we show that coherent feedback control leads
to, besides background compensation, also to frequency control. In fact, robust
frequency control was previously observed by us |11|, but without having recognized
the background-compensating property of coherent feedback. For non-oscillatory
controllers or homeostats with damped oscillations, coherent feedback leads to
conserved response profiles in the controlled variables, independent of an applied
background. We then look at the situation of a ’incoherent feedback’, where
background compensation is lost, but oscillatory homeostats may still show robust
frequency control. Finally we analyze photoreceptor responses in terms of a
Michaelis-Menten model (3] and show that parallel lines as in Figor as log-log plots
do not require the postulation of background compensation or additional adaptation
mechanisms.

Materials and methods

Computations were performed with the Fortran subroutine LSODE [12|, which can be
downloaded from https://computing.llnl.gov/projects/odepack. Graphical output was
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generated with gnuplot (www.gnuplot.info) and annotated with Adobe Illustrator
(https://www.adobe.com/).

To make notations simpler, concentrations of compounds are denoted by compound
names without square brackets. Time derivatives are generally indicated by the 'dot’
notation. Rate parameters are in arbitrary units (au) and are presented as k;’s
(1=1,2,3,...) irrespective of their kinetic nature, i.e. whether they represent turnover
numbers, Michaelis constants, or inhibition/activation constants. To allow readers to

redo calculations, the supporting information contains python scripts for
a set of selected results.

Usage of integral control

In the calculations robust homeostasis of concentrations and frequencies is achieved by
implementing integral control into the negative feedbacks, a concept which comes from
control engineering [13H16|, and has been indicated to occur in and being applied to
biological systems [17121]. Briefly, in integral control the difference (also termed error)
between the actual concentration of a controlled variable A and its set-point is
integrated in time. The integrated error can then be used to compensate precisely for
step-wise perturbations [15//16]. Fig shows the control scheme of integral control.
An example is given in panel b using 'motif 2’, one of eight basic feedback loops |22].
Panel ¢ shows how zero-order removal of controller species E leads to integral control
with a defined set-point of the controlled variable A.

Fig 3. Principle of integral control. Panel a: The controlled variable A (outlined in
blue) is compared with its set-point and the difference/error (Ag;—A) is integrated.
This leads to the integrated error F, which is able to compensate precisely for
step-wise perturbations [15|. Panel b: Basic negative feedback loop (motif 2, [22]).
Solid lines are chemical reactions, while dashed lines represent activations (plus sign)
and inhibitions (negative sign). Panel ¢: Rate equation of controller E. The zero-order
removal of E introduces integral control. The set-point for A is given as ks5/ky, and
the concentration of F becomes proportional to the integrated error. For details, see
for example Ref [22].

In the below calculations we have used zero-order kinetics to implement integral
control |17)22{124]. However, it should be mentioned that there are other kinetics
conditions to achieve integral control, such as antithetic control |211/25}/26], which
generally will show identical resetting behaviors as in zero-order control |5,26|. Also,
autocatalytic reactions can be used to obtain integral control |27{29], which will
generally show much faster resetting kinetics in comparison when integral control is
introduced by zero-order kinetics [3031].

Results and discussion

Background compensation in negative feedback oscillators by
coherent feedback

In this section we describe feedback conditions which can achieve background
compensation in oscillatory homeostats. The type of oscillators we here focus on show
frequency homeostasis due to a two-layered negative feedback structure. The center
negative feedback layer ensures that the time average value of a controlled variable A,
defined by Eq is kept robustly at a certain set-point by a controller species E via
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integral control.
1t
<A>() =+ / A()-dt! (1)
0

A second ’outer’ negative feedback layer keeps on its side the time average value of E,
ie. <E> (Eq7 under robust homeostatic control by two additional controller
variables I; and Is.

<E>(t) = %/Ot B(t)-dt' (2)

We previously showed |11] that these two-layered negative feedback structures enable
robust frequency homeostasis. Here we now report the additional finding that when
the I; and Iy controllers feed back directly via A to control F, the oscillator has the
capability to neutralize backgrounds. In analogy to a closely related feedback
definition employed in quantum control theory and optics we call this type of feedback
for ’coherent feedback’ (see [9//10] and references therein).

Background compensation in a motif 2 based oscillatory homeostat

Fig|4h shows an example of a frequency-compensated oscillator, but now with the
novel finding that it can also compensate for different but constant backgrounds.

Fig 4. Frequency-compensated oscillator with background compensation by coherent
feedback. Panel a: Reaction system based on derepression motif 2 (m2) |22 in the
inner A-e-E-A negative feedback. Figs S12-S14 in the supporting information of

Ref [11] describe some properties of this oscillator, but without having recognized at
that time the ability to robustly compensate for backgrounds. Solid arrows indicate
chemical reactions, while dashed lines show activations (plus signs) and one inhibition
(minus sign). Panel b: Flow scheme indicating the additional control of E via A by
controllers I; and Is.

The center oscillator in Fig[Zh is given by the A-e-E-A feedback loop based on
derepression motif 2 [22], where E keeps <A> under homeostatic control (see rate
equations and definitions of set-points below). Oscillations occur, because the
removals of A and E are zero-order with respect to A and E and thereby construct a
quasi-conservative oscillator. The intermediate e has been included to obtain
limit-cycle oscillations [11|. I; and I are controller species, which keep <FE> under
homeostatic control. It is the control of <E> by I; and I3, which allows for the
frequency homeostasis of the oscillator [11]. Their A-coherent feedback directly to A
allows for robust background compensation. Since the central A-e-E-A negative
feedback is an inflow controller it principally can only compensate for outflow
perturbations [22]|. The outflow perturbation considered here splits into two
components: a constant (zero-order) background with rate constant ki (Fig|4h
outlined in blue) and a (zero-order) perturbation part where rate constant ko
undergoes a step-wise change (in Fig outlined in red). Zero-order kinetics with
respect to A are achieved by small kg and k17 values, i.e. A/(ks+A)~ 1 and
A/(k17+A) =~ 1. Fig shows the flow scheme and the control of E by I; and I via
the A-coherent part of the controller.

The rate equations are:

. kaks kg AL ko-A k19-A

A= k5T - - - 3
932 T L T kit A ks+A ks+A (3)
——'

perturbation  background
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é=kyA— ke (4)
B=hye— 10 )
= kB — k]iffi (6)
Io = kg — ( kl?:f;z) E (7)

The set-point of <A> (Aset) by controller E can be calculated from the steady state
condition of the time averages:

ESS

ky<Ags> = ko <ess> = ke - (m
7 ss

k
) = <Ay >=Agy=— (8)
k4

~ 1 (zero—order)

The zero-order condition with respect to F in qunsures a robust perfect
adaptation of <Ags> to Aser when the system oscillates, or of A to A in case the
feedback loop is non-oscillatory |11]. Since the control of A by E is an inflow controller
based on derepression of the flux k3-k5/(ks+E) the controller is active whenever <A>
is below Age:.

F is controlled by I; and Is. They act as respectively outflow or inflow
controllers 22| with respect to <E> (if oscillatory) or E (if non-oscillatory). Also here
zero-order removals of both I; and I ensure robust set-points. For controller I; the
steady state condition gives:

k12

I Ss
k11 <Egs> =k - ( L ) = <Ess>:EsIét:k7 9)
11

k13+11,ss
~—_——

=~ 1 (zero—order)
The I; outflow controller becomes active whenever <E> is higher than EZ,.
The set-point for the I inflow controller is determined by the steady state

condition:

1, kia

set™
kis

12,53

—_— 10
k16412, ss (10)

kig = k15'<Ess> < ) = <FE,>=F

= 1 (zero—order)

The I controller becomes active whenever <E> is lower than E’2,. Tt should be
noted that the values of the inflow/outflow set-points EX%, and E2, need to follow
certain rules to guarantee that inflow and outflow controllers cooperate. In this case
E”2, should be lower than E'2,, otherwise I and I, will work against each other and
windup will occur. For a discussion about windup in combined controllers, see Ref |22].

In the following we show how the above oscillator behaves in presence of a
step-wise perturbation at different but constant backgrounds.

Figshows the oscillator’s behavior for a step-wise perturbation in ks from 1.0
(phase 1) to 10.0 (phase 2) at a background k19=0.0. The time of change in ko is
indicated in each panel by a vertical arrow. Panel a shows the oscillations in A
together with its average <A> (Eq, while panel b shows E and <E> (Eq. Panel
¢ shows the changes in I; and I, and panel d shows the frequency (inverse of the
period length). The resetting of the frequency to its pre-perturbation value is clearly
seen. If I; and I would not be present, <A> would be kept at As;=2.0 by a reduced
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(derepressed) E as seen in panel b at 100 time units. However, since <FE> is also
controlled by I and I, i.e. between 5.0 (EI1 =5.0) and 4.99 (EI2 =4.99), I and I,

set™ set™

take over both for the control of <A> and of <FE>.

Fig 5. Frequency compensation of feedback scheme in Fig for a step-wise change
in kg from 1.0 to 10.0 at a background of k;0=0.0. Vertical arrows indicate the change
in k. Other rate constants: k3=100.0, k4=1.0, k5=0.1, kg=2.0,
k‘7:]€8:]€13:k’16:k’17:1><].076, ]{?9:2007 k11:1.07 k12:5.07 ]€14:4.997 k15:1.07 and
kg:kgg,:lxlO*Q. Initial concentrations: Ay=0.3780, Ey=2.4784, eq=1.5993x10"2,

I 0=4.5727x102, I5 ,=2.9817x10? (see|S1 Programs|for python script).

Fig@shows the same perturbation in k3 as in Figbut with a background of
k10=2048.0. The increased removal of A by the background is compensated by an
increase of Iy and a decrease of I, which keep <A> and <FE> at their respective
set-points. The maximum frequency, which occurs directly after the ko step is not
affected. In other words, the sensitivity of the oscillator with respect to ko-step
perturbations is compensated by I; and Iy and is independent of the background kig.

Fig 6. Frequency compensation of feedback scheme in Fig4h for a step-wise change in
ko from 1.0 to 10.0 at a background of k19=2048.0. Vertical arrows indicate the change
in ko. Other rate constants as in Fig Initial concentrations: Ag=2.1377, Ey=7.6720,
€0=1.0996x 101, I; ¢=3.4304, I5,=2.0465x10° (seefor python script).

Figshows how the maximum frequency depends on ks steps at different but
constant backgrounds kig. The parallel lines indicate that the maximum frequency
responses are independent of the background (”background compensation”).

Fig 7. Background frequency compensation in the oscillator of Fig 4| The maximum
frequency (see Fig or Fig|6{l) is plotted as a function of k‘gm—f—klo, where Ifghg is the
ko value during phase 2. The maximum frequency is determined for different step-wise
ko changes, i.e. for 1.0—2.0, 1.0—3.0,..., 1.0—9.0, up to 1.0—~10.0, which occur at
time t=100 at different but constant k19 backgrounds (bgs). Calculations have been
performed analogous to Fig and Fig@ The k19 background values are 0, 1, 2, 4, up
to 2048 (indicated in the figure). Other rate constants as in Fig Initial
concentrations: bgs 0-128, as in Fig bg 256, Ap=0.9866, Fy=7.3508,

0=5.2447x 102, I ¢=5.8243, I, n=2.5447x10%; bg 512, Ag=8.3872x 1074,
Ey=4.8793, e0=3.9572x107°, I1 ¢=7.6544, I3 (=5.1046x10%; bg 1024, Aq=1.7657,
Eo=T.6866, e9=9.1430x102, I; 9=4.2379, I»0=1.0225x10% bg 2048, as in Fig|f]

Background compensation in a motif 8 (m8) based oscillatory homeostat

To provide an additional example of a frequency-compensated negative feedback
oscillator with background compensation we use a m8 outflow control motif [22| for
the center feedback. In this motif, A the controlled variable, inhibits the generation of
the controller E. E on its side inhibits the removal of A. The outer controllers, I; and
15, feed directly back to A. As for the m2 controller, oscillations in the central m8
oscillator are facilitated by removing A and E by zero-order processes. The scheme of
this oscillator is shown in Fig The rate equations are ('pert’ stands for perturbation
and 'bg’ for background):

. kgo-A kg A ) ( ko )

A= ki + kg — (-2 D+ kplh — | —— ) ——= 11
\}.t/ \bi/ <k18+A) 2 g1s1 (/C5+A ko+FE ( )
per g
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ke-k10
_ iy 12
k1o+A e (12)
E
E= ke~ 7+E (13)
8
. Eqa-T
I = k2B — k143+111 (14)
1
; kig-Io )
Iy = kys — E 15
2= s ( el (15)

The inflow to A is divided into a step-wise perturbative component k; (indicated in
Eqby ‘pert” and outlined in red in Fig and a background k3 (indicated in Eq
by ’bg’ and outlined in blue in Fig. All other in- and outflows to and from A are
compensatory fluxes.

Fig 8. Frequency-compensated oscillator with background compensation by coherent
feedback based on derepression motif m8 in the inner A-e-FE-A negative feedback.
Solid arrows indicate chemical reactions, while dashed lines show activations (plus
signs) and inhibitions (minus sign).

As for the m2 oscillator above, we can calculate the set-points for <E> by I; and
I5 by setting Eqsandto zero and assume that I; and I are removed by
zero-order reactions, i.e.:
ki3 n_kis

I
B — . —
set ’ set
k12 k16

Unfortunately, for this scheme the oscillatory Ag.; cannot be calculated analytically.
The closest analytical expression we can obtain is by setting Eqs and to zero,
eliminating the ki;-e term, and then calculating the time average of 1/(k1o+A4):

k6'k10 FE 1 1/t dtl large t k‘7
—kne=ky ——— = ) == 17
ot A TWET TR <k10+A>() t Jo kro+A(t) kok10 (17

~1

(16)

While calculations easily verify the right-hand side of Eq <A> needs to be
calculated numerically.

Fig 9. Frequency compensation/homeostasis in the oscillator described in Fig In
both panels a step-wise perturbation in k; from 1.0 (phase 1) to 100.0 (phase 2) is
applied (the step is indicated by the vertical arrows on top of the plots). In panel a, a
constant background of k3=0.0 is applied (at both phases 1 and 2), while in panel b
the background is 1024.0. Other rate constant values are: ky=1x10%,
k5:k8:k14:]€17:k18:1><1076, k6:1><103, k7:50.0, ngO.L kn:l.o, k12:5.0,
k13=50.00, k15=>50.0, k16=1.0 and /cglzkg2:1><10*2. Initial concentrations (k3=0.0):
Ag=3.3568x102, Ey=2.6209x 10", ¢0=7.3942, I n=2.4840x 10, I y=1.2768x 10%.
Initial concentrations (k3=1024.0): A;=3.6188, Ey=1.8696x10", eg=1.7115x102,
1,,0=4.6869, 12,0:9.0420><104. Two python scripts, which in addition show the

variations of A, F, I;, and I, are included in|S1 Programs

Fig |§| shows that the oscillator described in Fig[8|shows frequency homeostasis at
different but constant k3 backgrounds. In panel a the background is k3=0.0, while in
panel b we have k3=1024.0. In both cases the maximum frequency for a ki step of
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1.0—100.0 is the same, indicating that the maximum frequency is background
compensated.

Figshows maximum frequencies for different ky steps and ks backgrounds.
There, different but constant k3 backgrounds are applied with values 0, 2, 4, 8, 16, 32,
64, 128, 256, 512, and 1024. Step perturbations in k; are applied starting with a 1.0
(phase 1) to 10.0 (phase 2) step and ends with a 1.0 (phase 1) to 500.0 (phase 2) step
by successively increasing the k; values in phase 2 by 10.0. As the parallel lines in
Figshow7 once the oscillator has reached steady state for a certain background, the
maximum frequencies, although dependent on the k; step become independent of the
background ks.

Fig 10. Background (bg) frequency compensation in the oscillator of Fig The
maximum frequency (see Fig@ is plotted as a function of the sum of k¥ "2 and
background ks, where k’l’hQ is the k; value in phase 2. In analogy with the calculations
in Fig and Fig@the maximum frequency is determined for different step-wise ky
changes, i.e. for 1.0—10.0, 1.0—20.0,..., 1.0—30.0, up to 1.0—500.0, which occur at
time t=100 at different but constant k3 backgrounds (bgs). The k3 background values
are 0, 2, 4, up to 1024 (indicated in the figure). Other rate constants as in Fig

Initial concentrations: bg 0: as in Fig@; bg 2: Ap=3.4008x10%, F=2.3906x10",
e0=7.0224, I 1=2.4739x10%, I, c=1.2869x10%; bg 4: Ap=3.4461x102,
E0=2.1393x 101, ¢g=6.6417, I; ¢=2.4637x10%, I; c=1.2971x10%; bg 8:
Ap=4.8073x10%, Fy=6.0165x10', eg=1.0914x10%, I c=2.4401x10%, I5 c=1.3207x10%;
bg 16: Ag=4.3570, Ey=1.9953x10', eg=1.6964x10%, I; (=2.4005x 10%,
I5,0=1.3603x10%; bg 32: Ap=3.9151x10%, Ex=>5.4663x 10, eg=1.1875x102,
I1,0=2.3201x10%, I5 0=1.4407x10%; bg 64: A9=3.0270x102, E;=4.1000x10%,
eo=1.0456x10%, I; n=2.1646x10%, I5 y=1.5962x10%; bg 128: A;=3.2021x 102,
E0=3.3534x101, g=8.7470, I; o=1.8443x10%, I; c=1.9165x10*%; bg 256:
Ap=6.4511x10', Fy=6.8158 x 101, €9=9.3623x 10, I n=1.2002x10%, I5 c=2.5606x 10%;
bg 512: Ag=2.6297x102, Ey=>5.5584x 101, ¢g=1.5294x 10!, I c=3.2525x 103,
I5,0=4.2375x10%; bg 1024: as in Fig @3 Panel a shows an overview of the maximum
frequencies up to background 64, while panel b shows a blown-up part indicated in
panel a. Panel ¢ shows the maximum frequencies for backgrounds from 64 up to 1024.

Background compensation in non-oscillatory homeostats

In this section we look at background compensation in non-oscillatory homeostats
where F is controlled by I; and I via coherent feedback. We show two examples: in
the first one the controller’s response after a step perturbation is significantly damped,
while in the other example the response shows a larger train of (damped) oscillations.
In both cases the response profiles of the controlled variables A and E are preserved,
independent of the background.

For the first example we use the oscillator scheme from Fig[Zh. To go over to a
non-oscillatory mode, we change the kinetics for all A-removing reactions from
zero-order to first-order kinetics with respect to A. The rate equation of A becomes
(compare with Eq:

koks kg AL
ks+FE kir+A

A=k 4 kgzIo + — kA — koA (18)
~—~ ——

perturbation  background

while the rate equations for the other components (Eqs|4{7) remain the same.

Fig 11. Same scheme as Fig , but to facilitate a non-oscillatory homeostat all
A-removing reactions are changed to first-order kinetics with respect to A.
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Figgives an overview of the results. In panel a the maximum excursions AA
after the step (see inset) are plotted for different backgrounds k1o as a function of the
sum of the phase 2 ko value and kyo. For each background, the nine ko steps 1—2,
1-3, ....,1—9, and 1—10 are applied and AA is determined. The parallel lines
indicate robust background compensation, i.e. AA is the same for a certain defined
step, independent of the background. Panel b shows the situation for a ks 1— 10 step
when background k10=0. In panel c the same step is applied, but the background has
been increased to k10=10. Comparing Figs and shows that profiles in both A
and F are the same with A.;=2.0 and F,.;=100.

Fig 12. Background compensation in the non-oscillatory feedback scheme of Fig
Panel a: Each colored curve shows the values of AA for the nine ko steps: 1—2,
1-3,...,1—10 at k19 background levels: 0, 2, 4,...,8, 10. Inset shows how AA is
defined. k§h2 is the value of kg during phase 2. Panels in b: Time profiles of A, E (left
panel) and I, 5 (right panel) for a 1—10 k2 step at background k;0=0.0. The change
in ko is applied at time t=500 indicated by the vertical arrow. Panels in ¢ are similar
to the panels in b with the difference that background k19 is 10.0. Other rate
constants: 16325><1037 k4=1.0, k‘520.57 k‘6:2.0, k‘7:1><10757 k9:2.0, k11:0.1,
k‘12:10.0, k13:k16:1X10_4, k14:1.0, k15:0.01, kg:OOL k'g3:1><10_3. Initial
concentrations for panel b: Ag=2.0, Ey=100.0, eg=1.0, I1 c=2.5684x 103,
1270:2.8492><104. Initial concentrations for panel ¢: Aqg=2.0, Ex=100.0, eg=1.0,
1170:1.5734><1037 1270:2.8592><104. For python scripts showing the results of panels b

and c, please see Supporting information

Figshows another example of coherent feedback. Here we have two inflow
controllers F; and Fs, but only Es is connected to A via I; and Is through a coherent
feedback. The reason why we looked at two E-controllers was to see whether Fs alone,
i.e. without the help of I; and I, was able to compensate backgrounds. This,
however, turned out not to be the case and I; and Iy were included to control Fs.

Fig 13. Coherent feedback loop A-FEs-(I1,I2)-A with an additional inflow control of A
by El.

The rate equations are:

A=ky Iy —kgg- ALy — koA — kig- A+ kg-a + k1B (19)
a= k]:ir’fEl — ko-a (20)

By = hyA - :75; (21)

I = ks — < :1176:[11) -Es (23)

I = kig By — :229:;2 (24)
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set)

E; and E, provide two set-points for A: one, A%, by setting eqo zero and

solving for the steady state level of A under zero-order conditions, and the other, A

by doing the same for Eq This gives:

and

In the calculations we have set A¥,=2.1 and A

K

AL — - (k7 << Ey)
4
By _ K12
Aset - Lk (k14<<E2)
13

Ey _
set™

Es
set

(25)

(26)

2.0. Since the F5 inflow controller

has a lower set-point in comparison with Fy, Es will take over the control of A |22],
while F; will be inactive and allow a constant inflow to A via a.
Figshows that in this system a 1—10 perturbation in ks induces a train of
damped oscillations with background (k19) independent concentration profiles. In
panels a and b AA (for definition see inset in Fig is shown as a function of
increasing ko steps at different but constant k19 backgrounds. Panel ¢ shows the time
profile in A for a 1—10 ks step with a k1o background of 0. In panel d the same step
is applied but now with a background of k19=1024. One clearly sees the conserved
background-independent transition profiles in A.

Fig 14. Background compensation by coherent feedback in the scheme of Fig
Panels a and b: AA as a function of k§h2+k10 for different but constant backgrounds.

ké’m is the ko value in phase 2. The background values (ko) are indicated above the
colored curves. Panels ¢ and d: Concentration profiles in A when a ko 1—10 step is
applied at respective backgrounds of k190=0.0 and 1024.0. Other rate constants:
k3=2.5x10%, k4=1.0, k5=0.1, ke=2.1, ky=1x1075, k9=0.5, k11=0.5, k12=200.0,
k'13:1007 ]€14:l€17:k)20:1><].0_57 l{?lg,:].XlOS7 k16:10.07 k18:1.07 ]€19:99997
ky=ky3=0.1. Initial concentrations for c: Ay=2.0, E1,0:2.0><10*4, E5 ,=100.0,
ap=4.99x103, I170:2.5684><103, 12’0:2.8492><104. Initial concentrations for d:
A0=2.0, E1,0=2.0x10"%, E57=100.0, ap=4.99x10%, I; x=3.5195x103,
I5,0=2.0888x103. Supporting informationincludes the python scripts

showing the results of panels c

and d.

Frequency homeostasis without background compensation

Fig|15h shows an oscillator scheme which we described previously in relation to robust
frequency homeostasis [11]. We wondered whether frequency homeostasis would imply
background compensation, but found out that this is not the case. In this case Iy, Io,
and E do not feed back coherently to A, but (incoherently) to a, which is a precursor

of A.

Fig 15. Oscillator based on motif 2 [11}22] with A-incoherent feedback, where E, I,
and I feed back to a, a precursor of A. Panel a: reaction scheme. Panel b: Flow
scheme. For rate equations, see main text.

The rate equations are ('pert’ stands for perturbation and 'bg’ for background):

-

A = k9~(1 — k‘Q'A* k‘lg-A

kg3-Io+k3

ks+E

pert bg

) -k)s - kg-CL’Il — k‘g-a

(27)

(28)
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. ke
E=kyA— k:76+E (29)
. kvo-T
I =k F— k1132+ 111 (30)
: ki5-Io
Io = — E 1
2=k <k16+12) (31)

Fig[I6]shows an example of oscillations for the scheme in Fig[I5]with background
k10=0 and a step perturbation in ko from 1 (phase 1) to 10 (phase 2). It may be noted
that in this case oscillations occur although the removal reactions of a and A are
first-order with respect to a and A, indicating that first-order processes are only a
'weak’ condition to abolish oscillatory behavior, as has been indicated in the above
section 'Background compensation in non-oscillatory homeostats’.

Figclearly shows the occurrence of frequency homeostasis. However, when the
oscillator is tested for different but constant k1o backgrounds with changed ko steps
the maximum frequency decreases with increasing backgrounds. Fig shows the
decrease of the maximum frequency and loss of robust background compensation at
four different k1o backgrounds when ko steps are applied from 1—2 up to 1—10 in
analogy to the calculation shown in Fig When using a logarithmic ordinate
(Fig ) lines appear more or less parallel, which may give the illusion that the
system responds in a background compensated way.

Fig 16. Frequency homeostasis in the oscillator of Fig Background k10=0.0. A ko
step 1—10 occurs at time t=500 indicated by the vertical arrows. Panel a:
Concentration of A and average <A> as a function of time. Panel b: Concentration of
FE and average <E> as a function of time. Panel c: Concentrations of I; and I as a
function of time. Panel d: Frequency as a function of time. Other rate constants:
]{73:1><1067 k4=1.0, ]€521><10_67 ke=2.0, k‘7:k13:k'16:1><10_6, k9=2.0, k11=5.0,
k12=100.0, k14=99.99, k15=5.0, kg:1><10*3, and kg3=100.0. Initial concentrations:
Ap=5.6920x10~3, Ey=6.1163, ag=3.6221x10~3, I; g=4.4051x10*, I, ¢=2.7566x 102,

See for python scripts.

Fig 17. Maximum frequencies as a function of k§h2+k10, where kth is the ko value in

phase 2. Calculations were performed with rate constants as described in Fig[I6]
Panel a show results with linear scaling of axes, while panel b shows the same data set
as double-logarithmic plots. Initial concentrations: bg (k19)=0.0, see legend of Fig
bg (k10)=1.0, Ag=2.5946x 1073, Ep=25.4830, ap=2.6844x 1073, I1 cx=3.0980x10%,
I5,0=1.3296x10%; bg (k19)=2.0, Ag=5.0041x1073, Er=15.8930, ap=7.8102x 1073,
I1,0=2.2995x 104, I; 0=2.1181x10%; bg (k10)=4.0, Ag=4.7328x10~3, Ey=21.6050,
ap=1.2043x1072, I; v=1.3516x10%, I3 (=3.0610x10%.

Is retinal light adaptation background compensated?

Based on the comment in Ref [2| that the parallel lines in Fig indicate the same
response at different backgrounds and involve a form of compensation mechanism, we
became interested to look into the conditions how background compensation could
occur. This requires of course how the term 'background compensation’ is defined. We
have applied the following, we think rather intuitive definition, where background
compensation for a negative feedback system means the presence of a compensatory
mechanism, which, when a perturbation is applied, the same response in a controlled
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variable occurs independent of an applied constant background in relationship to the
perturbation. This definition is, however, not in agreement with the results shown in
Fig for example for the backgrounds indicated by the red, blue and green curves.
Increasing the background from the red, blue to the green curve leads to a reduction
in the average maximum frequency when a test spot luminance of 1x1072 cd/m? is
applied, as indicated by the vertical dashed bar. In fact, the adaptation behavior
shown in Fig can show an analogous behavior as in Fig

To see this we use the model where the response amplitude V' of retinal cells with
respect to a light perturbation I are described by a Hill-type Michaelis-Menten

equation of the form
‘/tln(lft[a

V= Totoa (32)
The cooperativity « is 1.0 for photoreceptor cells, but found to be 0.7 to 0.8 for
horizontal cells, 1.2-1.4 for bipolar and sustained ganglion cells, and about 3.4 for
transient ganglion cells (for an overview see [3|).
We consider here the response kinetics of rods and cones, i.e. o=1 with
VmazI
V= Tto (33)

As pointed out by Naka and Rushton [32], in the presence of a background I, the
response V7 upon a perturbation I; of a single pigment system will follow Eq but
with an increase of o to o1=0+1 and a scaling of V;,4, by a factor of o/(c+1j). This
can be shown as follows:

In the presence of a constant background I Eq gives

Vmaz[O
10+O'

If a light perturbation I; is applied in addition to background I, the total response
amplitude is

Vo=

(34)

Vmaz(10+11)
Vi o+ V= —mael 001
A Io+I1+o
Subtracting Eq[34] from Eq|[35]gives
(I(]+Il) ]0 :| —v |:(IO+11)(IO+U) — IO‘(IO+11+U)
- max

Vi=Viae |77~ —
1 wax Lo-l-fﬁ‘a Ipt+o (Io+I1+0)-(Io+0)

]1~O' Vmazﬁ' 11
:Vmaz = 36
{(10-1-114-0)'(]0-5-0)} Iy+o (Io+h+o> (36)

I
:Vmaz
B <11+01)

Fig shows Eqwith six different o values which mimick six different background
levels. For the sake of simplicity we have set V,,4.=1. In panel a both axes are linear,
while in panel b the ordinate is logarithmic and the abscissa is linear. In panel c the
ordinate is linear and the abscissa is logarithmic. Finally, in panel d both axes are
logarithmic.

(35)

Fig 18. Photoadaptation behaviors in rods and cones described by the
Michaelis-Menten equation. The colored lines in the panels show Eqwith o values
ranging over six orders of magnitudes from o=1x10"% up to 0=10. For simplicity,
Vimaz=1. Panel a: Both axes are linear. Panel b: Ordinate is logarithmic and abscissa
is linear. Panel c: Ordinate is linear and abscissa is logarithmic. Panel d: Both axes
are logarithmic. The dashed vertical lines indicate an perturbation intensity of I=1.
The colored intersection points with the vertical dashed lines show the responses of V'
for the different backgrounds with the same color.
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Fig is analogous to the results in Fig 2 when for a given perturbation
(indicated by the vertical dashed lines) an increased background or an increased o
leads to a reduction in the averaged maximum frequency. No background
compensation, as indicated by Kandel et al. in Ref |2| appears necessary.

When studying the photoadaptation of gecko photoreceptors, Kleinschmidt and
Dowling 33| showed log-log relationships analogous to Fig . Dowling interpreted
the parallel lines as follows: A second adaptive mechanism in the receptor shifts the
photoreceptor intensity-response curves along the intensity axis, thus extending the
range over which the receptor responds (cited from Ref [3|, page 222, bottom section).

Clearly, as Figshows, the parallel lines in panels ¢ or d neither require the need
for a compensation mechanism of a background or other additional adaptive
mechanisms. While adaptation mechanisms compensating for a background cannot be
excluded, the observation of parallel lines in semi-logarithmic or double-logarithmic
plots appear not sufficient to indicate additional background compensation
mechanisms besides the negative feedbacks, which lead to the responses in Fig 5.

Conclusion and outlook

‘We have shown how robust background compensation in oscillatory and non-oscillatory
homeostatic controllers can be realized. The needed feedback condition has been
termed ’coherent feedback’ in analogy to a corresponding concept applied in quantum
control theory. Although the property of robust background compensation appears
interesting, we are presently not aware of any biological or biochemical example that
shows or applies this property. Background compensation may become of interest in
synthetic biology to design cellular responses, which by some reason are needed to
become background independent. Concerning the case of retinal light adaptation,
parallel lines in semi-logarithmic or double-logarithmic plots do not necessarily imply
the presence of background compensating mechanisms as defined in this paper.

Supporting information

S1 Programs. Documentation. A zip-file with python scripts describing the
results for Figs 5, 6, 9a, 9b, 12b, 12¢, 14c, 14d, and 16.
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