Supplementary Material

Improvement of the BOLD signal in a biophysical
neurovascular unit model

Robert I. Loshkarev™  Dmitry E. Postnov?

! HeliBrain, Pancevo, Serbia

2 Saratov State University, Department of Biology, 83 Astrakhanskaya Str., Saratov, 410012,
Russia

* Corresponding author: robert@helibrain.com

Journal: Computer Research and Modeling

Contents
1 Model Overview 2
2 Inter-compartment Coupling 2
3 Complete ODE System 5
4 Detailed Model Specification 11
4.1 Neuron and Extracellular Space . . . . . . . .. . ... 0oL 11
4.2 Astrocyte, Synaptic Cleft, and Perivascular Space. . . . . . ... ... ... ... 31
4.3 Smooth Muscle Cell and Endothelial Cell . . . . ... ... ... ... ...... 43
4.4 Wall Mechanics . . . . . . . . . . e 93
4.5 Global Parameters . . . . . . . . . ... 55
5 Numerical Implementation 57
6 YpaBHenusi MOAUQPUIMPOBAHHBIX CUIHAJILHBIX IIyTei 58
7 @akTopHoe cpapHenne BKIa10B KIR u monepeaHbIx MOCTHKOB 62



1 Model Overview

The neurogliovascular unit (NGVU) model formulated in this work builds on the lineage of
biophysical models from the Tim David group [Farr, David, 2011], [Dormanns et al., 2015],
[Kenny et al., 2018], [Mathias et al., 2018] and on our own previous publications on neurovascu-
lar coupling [Loshkarev, Postnov, 2020], [Loshkarev, Postnov, 2021], [Loshkarev, Postnov, 2025].
The full model consists of 73 coupled ordinary differential equations that describe the
dynamics of neuronal activity, glial signalling, vascular mechanics, and the resulting BOLD
response. All equations are listed in Table 1 together with their initial values; full lists of
parameters are provided in Sec. 4.

The model structure is summarised schematically in Fig. 1.

The 73 differential equations cover the following compartments and processes (numbering refers
to Table 1):

e Egs. 1-2 - Cerebral blood volume (CBV) and deoxyhaemoglobin (HbR) dynamics
for BOLD signal modelling, linking oxygen consumption to vascular responses (balloon-
Buxton model).

e Egs. 3-31 — Two-compartment neuron model (soma/axon and dendrite) with membrane
potentials, intracellular Na®™ /KT concentrations, voltage-gated ion channel gating vari-
ables, calcium signalling, neuronal nitric oxide synthase (nNOS) activation, NO produc-
tion, oxygen dynamics, volume regulation, and the metabolic-inertia state CMRO3 ,
that filters the instantaneous oxygen consumption used by the balloon (introduced in this
work).

e Egs. 9-11 — Extracellular K*, Na™, and buffer concentrations (shared extracellular
space).

e Egs. 32-35, 40—46, 49-51 — Astrocytic intracellular ions (Na®™, KT, HCO3, Cl7),
membrane potential, calcium dynamics with IP3 signalling and ER calcium store, BK
channel gating, EET production, TRPV channel dynamics, and volume regulation.

e Egs. 36-38 - Na™, KT, and HCOj in the synaptic/perisynaptic space.

e Egs. 39, 47 - KT and Ca?T in the perivascular space surrounding arterioles, critical for
astrocyte-to-vessel signalling.

e Eqgs. 44, 48, 52—-53 — Gliotransmitter and neuromodulator signalling: IP3, NO in astro-
cyte, glutamate, and norepinephrine dynamics for intercellular communication.

e Eqgs. 54-63 — Smooth muscle cell (SMC) membrane potential, intracellular Ca?* and SR
Ca?t store, KT concentration, BK channel gating, IP3 dynamics, NO concentration, and
the NO-cGMP-PKG signalling cascade.

e Egs. 64-69 — Endothelial cell (EC) membrane potential, intracellular Ca?* and ER Ca?*
store, IP3 dynamics, endothelial NOS (eNOS) activation, and NO production.

e Eqgs. 70-73 — Four-state crossbridge model for smooth muscle contraction (myosin phos-
phorylation states M, MP, AMP, AM) and vessel-radius mechanics.

2 Inter-compartment Coupling

The compartments are bidirectionally coupled through the following mechanisms:
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Figure 1: Schematic of the neurogliovascular unit model. Neuronal activation drives potassium
and glutamate release; astrocytic calcium triggers EET and BK-channel pathways; smooth mus-
cle cell electrophysiology and crossbridge dynamics control vessel radius; the resulting cerebral
blood flow drives the balloon model that produces BOLD.



Ion fluxes: Neuronal activity releases K to the extracellular space; astrocytes buffer K™
via uptake and spatial redistribution to the perivascular space; perivascular K™ hyperpo-
larises smooth muscle.

Metabolic coupling: Neuronal oxygen consumption drives the hemodynamic response.
In this work an additional first-order metabolic-inertia filter (CMRO3,,) was introduced
to decouple instantaneous neuronal demand from the smoother vascular metabolic signal
that feeds the balloon model.

Vasoactive signalling: Multiple parallel pathways regulate vessel diameter: (1) K-
mediated hyperpolarisation through KIR channels (with conductance Fkir,; doubled in
this work), (2) astrocytic EET release (a phenomenological coupling term added in this
work to provide sustained dilation), (3) NO diffusion from neurons and endothelium, (4)
myogenic tone, and (5) wall shear stress sensing by endothelium.

Ca’" signalling: IP3-mediated Ca®t release in astrocytes and endothelium; voltage-
operated Ca?t entry in neurons, astrocytes, and smooth muscle; calcium-induced calcium
release in smooth muscle and endothelium.

Mechanics: The Hai-Murphy four-state crossbridge model converts SMC calcium into
actin/myosin engagement; the crossbridge time scale was accelerated (wyjeen = 3.2) to
reproduce a canonical BOLD overshoot.

Volume regulation: Osmotic gradients from ion redistribution drive water movement
and volume changes in neurons, astrocytes, and the extracellular space.

Neuromodulation: Norepinephrine modulates astrocytic IP3 production via a-adrenergic
receptors, affecting Ca?* signalling and downstream vasoactive responses.



3 Complete ODE System

Table 1 lists every ordinary differential equation in the model, with the variable, the right-hand side, and the initial value used for the steady-state baseline.
The table is auto-generated from the Python source (see Sec. 5) and has been checked against it.
Table 1: Complete list of differential equations in the NVU model

No. Variable Equation Initial Value
Neuron
CBF 1
dCBV — —CBVd
1 CBV CBV _ OBl 1.3167 -
dt TMTT + TT AT
_ HbRfous
9 bR dHbR _ CMTOo2forhbr CBV 0.6665 -
dt TMTT
3 v dz;“ _ TJtotsa TP “tC“"t + Shadhod -70.0337 mV
m
d _J o ; trurren endrite + SYdtbag
4 B - - npute et~ Shadod -70.0195 mV
m
dKea ASJKtot9a1012 DK]-012 (Kd - Ksa) (Vd + 1)0l1u07;7,265,, )
5 K, — = — - 134.186 mM
’ dt Faradvolumeg, + 2dhod?volumes, m
dNasa ASJNatotsa1012 DNU,]-O12 (Nad - Nasa) (Vd + %)
6 Nag, =— 9.2691 mM
“ dt Faradvolumeg, 2dhod?volumes, m
dK, AdJgtota D (—Ka+ Kgq) (Vd + Loliiicee)
7 K =— 134.42 mM
d dt ~  Faradvd 2V ddhod® m
dNag AdJINatora  Dna (—Nag + Nay,) (Vd + 22kumee )
8 N = — 9.3203 mM
d dt Faradvd © 2Vddhod? m
dK,
9 K. 7 = dKedt 3.493 mM
AdJnNatotd AsJINatotsq10M?
dNae Vd + volume
10 Nae = flugirrNna —2a 150 mM
e dt f Udif N * Fa'r'adecstosomaanddendratio .

continued on next page



continued from previous page

No. Variable Equation Initial Value
11 Buff. dB;‘tffe = dBuff. 165.981 mM
12 02 % = —Jo2vackground — JO2pump + JO2vascular 0.0281 mM
13 ml % = —1000mymlbeta + 1000mlalpha (1 —my) 0.01281 -

14 m2 % = —1000maom2beta + 1000m2alpha (1 — mg) 0.001209 -
15 m3 % = —1000msm3beta + 1000m3alpha (1 — mg) 0.119 -

16 m4 % = —1000mamdbeta + 1000mdalpha (1 — my) 0.01284 -

17 mb % = —1000msmb5beta + 1000mbalpha (1 — ms) 0.000869 -
18  mb % = —1000membbeta + 1000mbalpha (1 — me) 0.001213 -
19  m7 % = —1000m;m7beta + 1000m7alpha (1 — my) 0.1191 -

20 m8 % = —1000mgm8beta + 1000m8alpha (1 — ms) 0.004962 -
21 Al % = —1000hihlbeta + 1000hlalpha (1 — hq) 0.9718 -

22 h2 % = —1000hoh2beta + 1000h2alpha (1 — hs) 0.1214 -

23 h3 % = —1000hsh3beta + 1000h3alpha (1 — hs) 0.9718 -

24 h4 % = —1000h4hdbeta + 1000h4alpha (1 — hy) 0.9899 -

continued on next page
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No. Variable Equation Initial Value
dhb

25 hb = —1000hsh5beta + 1000h5alpha (1 — hs) 0.121 -
dh6

26 ho6 T —1000hgh6beta + 1000h6alpha (1 — he) 0.9961 -
dCan _ke;v (Can - Carest) + 21{*6\}%

27 Cay, = e 0.1 uM

! dt Apug +1 M

d’rLNOSaCt Caj\/[vmamNOS

28 NOS,. to= — 2y NOSyctn 0.318 uM

" b dt CaM + Koctnos HanTt t H

dNO,

29 Non dt = —CNOn + dNOn +pNOn 0.1671 /,1,1\/1

30 volumes, dvolumesg, _ —volumes, + volumesgeq 2160 JM**3

dt Tvolumechangesa
31 CMRO2, dCMRO2, _ —CM RO3y, + cmrosratio 1.
dt Teff
Astrocyte

dNak

32  Nay - JIneek + Inkccik — 3INacak — 3INakk — INak + flugapna 18268 uM
dK},

33 K o —JBrk + Jxccoik — Jxirk — Jkk + INkccik + 2dNakk + flugapk 92708 uM
dHCO3

34 HCO3 T’“ = 2InBok + flugaprcos 9131 uM
dCly,

35 Cly, pra 2dCakar — dHCOspar + dKkar + AN agar 7733 uM
dNag —J —-J 3INark + INa

36 Na, as _ TNaN Brosch - NBCk NKCC1k + 3JNaKkk + JNak 150255 jM

dt VRsq

dK, —J J Jrr — J —2JNa

37 K, B Kccik + JKIRKk + JKk NKCC1k NaKk 2837 ;M

dt V Rsa

continued on next page



continued from previous page

No. Variable Equation Initial Value
dHCO3;, 2JNBCE
H s = — 1 1 uM
38  HCOS3, — T 6881 1
dK JBrr  JKIR
K L — Raecay (Kp — Kpmin 45.1 pM
5 b dt VRpa+VRpS Raceay (Kp = Kpmin) 3045.1 p
d
40 wg % = ¢u (Winy — wy) 0.0001703 -
dC J
41 Cay d:k = Beyt (JERleak + Jrp3 + JNaCak + i;f::k = Jvocck — Jpump + flugap0a> 0.1612 puM
dsy Beyt (JERIcak + J1P3 — Jpump)
42 ==Y pump 480.8 uM
Sk dt VRERcyt a
dhy,
43 hy e Kon (Kinh — hi (Cax, + Kinn)) 0.3828 -
dl},
44 Ik: E = _Ik:kdeg +7Th (G + Gnoradrenaline) 0.048299 ,uM
deety,
45  eety = Vet max (0, Cag — Cagmin) — €tikeet 0.6123 uM
6 my dmg _ trpvswiten (—mx + minfi) 0.571 -
dt tTRPVE
dCa . Jvocci | —Jrrpvik + Jvocck
47 Ca, Tp = —Cagecayk (Cap — Capminyg) + VR, VR, 1746.4 pM
dNO
48 NO 7 b — —enok + dnok + pyok 0.1106 pM
dv
49 g d_tk =i (—JBkk — Jo — Jxk — INBCk — INakk — INak + 2JTRPVE + 2flUgapca — flugapct — flugaprcos + flugapx + flugapna)-88.9 mV
50 volumen, dvolumey, _ —volumey, + volumeyeq 9160 jm**3
dt Tvolumechangek

continued on next page



continued from previous page

No. Variable Equation Initial Value
51 wvolume, dvol;tmep _ —volumey, + volumepeq 916 ym**3
Tvolumechangep

dGt SVR k —GTymp + Gt

52 Gt = = Gtags + AvIoat s 0 mM
dt 1+ ror

A

dN inephrineg NAgmp — N inephrineg

53 Norepinephrine, orepinephrines _ Tna+NAgss+ b orepinephrine 0 mM

dt TNA
SMCEC

dC’az—

54 Oai dt = JCICRi + JCacoupi - JEETi + JIP3i + JNaCai + JSRleaki - JSRuptakei - JVOCCi — Jextrusioni — 0-1Jstretchi 0.2637 /1/1\/1
dsi

HEIES v —Jcrcri — JsRieaki + JsRuptakei 1.1686 puM
d’Ui

56w y Veoupi + Vi (—Jcti — Jxrri — Jxi — INaCai — INaki — 2Jvocci — Jstretchi) -34.7 mV
dw;

57wy d_u; =\ (Kgeti — w;) 0.2206 -
dI;

58 I; E = JIPScoupi - Jdegradi 0.275 /JM
dK;

59 K, 7 —JkIri — Jxi + INaKi 99994.8 uM
dNO;

60 NO; = enoit dNoi + PNoi 0.0541 pM
dEy

61 E - Escky + Egckr — EyNOikq 0.4077 -
dEg.

62  Eg o = FoecNOiks — Fec (k2 + k1) + EyNO;ky 0.4396 -
deGMP; VinazpdecGM P;

63 CGMPZ T = ESCVma:ESGC Kmpde + CGMB 8.2826 /JM

continued on next page
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continued from previous page

No. Variable Equation Initial Value
dCa;

64 Oa’j dt L = JOj + JCICRj - JCacoupi + JERleakj - JERuptakej + JIP3j + Jcati(m,j - Jemtrusionj - Jstr(ztchj 0.8331 ///1\/1
de

65  s; v —Jercrj — JERieakj + JERuptake; 0.6266 ;M
dv; Jri + Jr;

66 v; d_tj = —Veoupi — 767"]_ . -68.27 mV
dI;

67 Ij E = _JIPSCoupi +Jprc — Jdegradj 0.825 /,1,1\/1
deNOS gt

68 eNOSactj % = ACteNOSCagameNOS + ACteNOSwss (1 - gameNOS) - eNOSactj,qu 0.4479 /,LI\/I
dNO;

69 NO,; 7t g — —cnoj +dnoj + proj 0.0528 uM

WallMechanics

dMp

70 Mp 5 = wallMech (AMpK, + K\M — Mp (K> + K3)) 0.0842 -
dAMp

71 AMp = wallMech (AMKg — AMp (K4 + K5) + K3Mp) 0.0622 -
dAM

RO assive <_ E(R—FRo) + Rtransp)
73 R dr_ fto " 2.297¢-05 m

dt n




4 Detailed Model Specification

This section provides the complete specification of every model parameter, initial condition, and
equation, sliced by component. The 73 ODEs and the ~300 parameters are auto-extracted from
the Python source.

Each subsystem below provides:

e Initial conditions table — all dynamic variables with values, units, and descriptions

e Parameters table — all constants and parameters with values, units, and descriptions

4.1 Neuron and Extracellular Space

Neuron and ECS initial conditions:

Table 2: Neuron and ECS initial conditions

Parameter Value Unit Description

CBV 1.3167 — Cerebral blood volume

HbR 0.6665 - Deoxyhemoglobin (HbR) concen-
tration

VUsa -70.0337 mV membrane potential of
soma,/axon

V4 -70.0195 mV membrane potential of dendrite

K, 134.1858 mM K+ concentration of soma/axon

Nag, 9.2691 mM Na+ concentration of soma/axon

Ky 134.4198 mM K+ concentration of dendrite

Nag 9.3203 mM Na+ concentration of dendrite

K. 3.493 mM K+ concentration of ECS

Nae 150 mM Na+ concentration of ECS

Buff, 165.9812 mM Buffer concentration for K+
buffering in ECS

02 0.0281 mM Tissue oxygen concentration

ml 0.01281 — Activation gating variable,
soma/axon NaP channel (Na+)

m2 0.001209 — Activation gating  variable,
soma/axon KDR channel (K+)

m3 0.1190 — Activation gating variable,
soma/axon KA channel (K+)

m4 0.01284 — Activation gating variable, den-
drite NaP channel (Na+)

md 0.000869 — Activation gating variable, den-
drite NMDA channel (Na+)

mb 0.001213 — Activation gating variable, den-
drite KDR channel (K+)

mi 0.1191 — Activation gating variable, den-
drite KA channel (K+)

ms 0.004962 — Activation gating variable,
soma/axon NaT channel (Na+)

hl 0.9718 — Inactivation  gating  variable,
soma/axon NaP channel (Na+)
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h2 0.1214 - Inactivation  gating  variable,
soma/axon KA channel (K+)

h3 0.9718 — Inactivation gating variable, den-
drite NaP channel (Na+)

h4 0.9899 - Inactivation gating variable, den-
drite NMDA channel (Na+)

h5 0.1210 — Inactivation gating variable, den-
drite KA channel (K+)

h6 0.9961 — Inactivation  gating  variable,
soma/axon NaT channel (Na+)

Cay, 0.1 uM Ca2+ concentration in the neuron

nINOS et n 0.318 uM Activated neuronal NO synthase
(nNOS)

NO, 0.1671 uM NO concentration in the neuron

volumeg, 2160 uM * %3 Volume of the neuron

CMRO2, 1.0 — Normalized CMRO2 with
metabolic inertia (1.0 = equilib-
rium)

Neuron and ECS parameters:

Table 3: Neuron and ECS initial conditions

Parameter Value Unit Description

startpyise 100 s Start time of input current

endpyise 120 s The end of input current

CurrentType 1 — Type of current input. 1: nor-
mal, 2: two stimulations, 3: ob-
tained from data, 4: data + LC
pain pathway

GluSwitch 1 — Turn on glutamate input (for NO
and Ca2+ pathways)

NOswitch 1 — Turn on Nitric Oxide production

O2switch 1 — 0: ATP is plentiful, 1: ATP
is limited (oxygen-limited regime,
default)

Glumaz 1846 uM Maximum glutamate concentra-
tion, Santucci2008

Glugiope 0.1 mM Slope of glutamate sigmoidal

Kegwiteh 5.5 mM Threshold past which glutamate
vesicle is released (M.E.)

Istrength 0.022 mAcm#*x— | Max strength of current input to

2 soma-axon
Istrengthgendrite 0.0 mAcm=*— | Max strength of current input to
2 dendrite (default 0 for backward

compatibility)

12




SCeoup 11.5 — Coupling scaling factor, values
can range between 1.06 to 14.95
according to estimation from ex-
perimental data of Ventura and
Harris, Maximum dilation at 9.5

tauyrT 3 Mean transit time

taurar 20 Transient adjustment time con-
stant

d 0.4 - Empirical relation between CBF
and CBV

ay 3.4 - Weight for HbR change (Buxton)

as 1 — Weight for CBV change

Vo 0.03 — Resting venous blood volume
fraction

Ey 0.4 — Baseline oxygen extraction frac-
tion

taucy rRO2 0 s Metabolic inertia time constant
(0 = disabled, instantaneous
CMRO2)

tauc M RO2 rise 0 s CMRO?2 rise time constant (0 =
use tau_ CMRO2 for both direc-
tions)

USChyuzton balloon False — Use pure Buxton 1998 balloon
model instead of Kenny formula

F 9.65e4 Cmol+x—1 | Faraday’s constant

Ryas 8.315 Jmol * x — | Gas constant

1K x%x—1

T 300 K Temperature

lengthtl 10 s Duration for t_1 calculation
(time offset from t_0)

Ecisa -70 mV Nernst potential for Cl- in soma

Ecorg -70 mV Nernst potential for Cl- in den-
drite

Ra 1.83e5 ohms Input resistance of dendritic tree

dhod 4.5e-2 cm Half length of dendrite

As 1.586e-5 cm * %2 Surface area of soma/axon

Ad 2.6732e-4 cm?2 Surface area of dendrite

Vs 2.16e-9 cm3 Volume of soma

Vd 5.614e-9 cm3 Volume of dendrite

fe 0.15 — ECS to neuron ratio

Cm 7.5e-7 secm x % — | Membrane capacitance

2/ohms

Farad 96.485 C/mmol Faraday constant

ph 26.6995 mV? RT/F

Mu 8e-4 m/s Buffer rate

B0 500 mM Effective total buffer concentra-
tion

gNaPgryi 2e-6 — NaP channel conductance

gKDRgHy 10e-5 — KDR channel conductance

13




9K AqHk le-5 - KA channel conductance

gNMDAGHE le-5 - NMDA channel conductance

gNaTgmk 10e-5 - NaT channel conductance

gNaleaks, 6.2378e-5 Sem x x — 2 | Conductance of Na+ leak channel
on soma,/axon

gKleak,, 2.1989¢-4 Sem x x — 2 | Conductance of K+ leak channel
on soma,/axon

gleaksq 6.2378e-4 Scm xx — 2 | Conductance of general leak
channel on soma/axon

gNaleaky 6.2961e-5 Scm xx — 2 | Conductance of Na+ leak channel
on dendrite

gKleaky 2.1987e-4 Scem xx — 2 | Conductance of K+ leak channel
on dendrite

gleaky 6.2961e-4 Scemxx — 2 | Conductance of general leak
channel on dendrite

Imax 0.078 mAcmx*— | 0.013 6, Maximum rate of

2 Na+/K+ ATP-ase pump

02 0.02 mM Equilibrium tissue oxygen level

alphapo 0.05 - percentage of ATP production in-
dependent of O2

Dnag, 1.33e-5 cm ok x2/s Intracellular diffusion rate of Na+

Dg 1.96e-5 cm ok x2/s Intracellular diffusion rate of K+

Kinit e 2.9 mM Equilibrium K_ e

Nainit sa 10 mM Equilibrium Na_ sa

Nainit d 10 mM Equilibrium Na_ d

Rinit 1.9341e-5 m Vessel radius when passive and no
stress is applied

CBF;,it 3.2e-2 — Steady state CBF

02 4e-2 mM Blood oxygen level

gammaops 0.10 — Fraction of the total oxygen con-
sumption at steady state

Mg 1.2 mM Lxx—1 | Equilibrium magnesium

JocBr 0.032 mMs+x—1 | Equilibrium change in oxygen
concentration due to CBF

Me 4 — Number of Ca2+ bound per
calmodulin (approximated as pa-
rameter, originally an algebraic
variable that changed from 3.999
to 4)

Koa 650 uM Michaelis constant - fit to San-
tucci2008

K,.B 2800 uM Michaelis constant - fit to San-
tucci2008

Un -0.04 V the neuronal membrane poten-
tial, assumed to be approximately
constant in this model

Gum 46000 fs Conductance of NMDA receptor

(was 46 pS)

14




Poaprm 3.6 — The relative conductance of the
NMDA channel to Ca2+ com-
pared to monovalent ions (Ratio
of Ca2+ permeability to monova-
lent ion permeability)

Caey 2e3 uM External Ca2+ concentration (in
Comerford and David2008: 1.5
mM!)

M 1.3e5 uM The concentration of monovalent
ions in the neuron

NNR2A 0.63 — Average number of NR2A
NMDA receptors per synapse
(Santucci2008)

NNR2B 11 - Average number of NR2B
NMDA receptors per synapse
(Santucci2008)

Vinaz NOn 4.22 s*xx—1 Maximum catalytic rate of neu-
ronal NO production (Chen2006)
- obtained from fig 6 and equ 17
and 18

02, 200 uM 02 concentration in the neuron

Kinoon 243 uM Michaelis constant for NNOS for
LArg (Chen2006)

LArg, 100 uM L-Arg concentration in the neu-
ron

Kmargn 1.5 uM Michaelis constant for nNOS for
02

koon 9.6e-6 uM*x—2s% | O2 reaction rate constant (Kav-

*—1 dia2002)

Tk 25 uM Distance between centers of neu-
ron and astrocyte

D¢.no 3300 uM * %2s * | Diffusion coefficient NO (Malin-

*—1 skil993)

Vspine 8e-8 nlL Volume of the neuronal dendritic
spine Santucci2008

Kex 1600 s*xx—1 Decay rate constant of inter-
nal Ca2+ concentration San-
tucci2008

Cayest 0.1 uM Resting calcium concentration (in
Comerford and David2008: 2.830
mM in Santucci2008P: 0.1 pM)

lambday, ¢ 20 — Buffer capacity Santucci2008

VinazNOS 25e-3 uMsxx—1 | Maximum nNOS activation rate

KutNOs 9.27e-2 uM Michaelis constant

mu2, 0.0167 s*x*x—1 Rate constant at which the nNOS
is deactivated Comerford2008

dt 0.001 S

Cl. 124.7 mM , from Ullah

15




impermeantse 57507 mM x pym * | , from Ullah
x3
taUyolume change sa 15 — Rate controlling the speed of con-
vergence towards equilibrium vol-
ume
Clsq ions 21816 mM xum* | Cl_i 2160, where Cl_i = 10.1
*3 mM, from Ullah
impermeantsg, 440500 mM x um * | (Ullah)
*x3
GausStaANcyrrent mean 0 mAcmx*— | Mean of Gaussian noise current
2
JauSstaNcyrrent variation | 0 mAcmx*— | Standard deviation of Gaussian
2 noise current
gauSSIaN cyrrent variations geVsecond Hz Number of current variations per
second
NA, s 0 uM Resting norepinephrine concen-
tration
NeUronNNE aiphal interaction 1 — Interaction term for alphal recep-
tor
NeUTONNE alpha?2 interactior| 1 — Interaction term for alpha2 recep-
tor
NEeUTONN E beta interaction | 1 — Interaction term for beta receptor
dOstop current by K e level False — Stop current when K_ e reaches a
certain level
StOPcurrent by K e level 5.5 mM Stop current when K_ e reaches
this level. Works only if
do_stop_ current_by_K_ e level
is True
StiMindex 1 — Experimental stimulus duration
index (value 1 for 8-s stimulus
from options 2, 8, 16)
1S indes 6 — Experimental ISI index (value 6

for 8-s ISI from options 0.6, 1, 2,
37 4’ 67 8)

Neuron and ECS parameters post-initialization

lengthpulse = endpyise — Startpyise
to = startpyise

t1 = to + lengthtl

to = tg + lengthpulse

ts = t1 + lengthpulse

Neuron and ECS equations

[s]

Nernst potential for Na,K ions in soma and dendrite (Cl constant) [mV]

EnNg sa = phxlog(Nae/Nas,)
EK sa — ph * lOg(Ke/Ksa>
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Enad = ph+*log(Na./Nag)
E g = phxlog(K/Kq)

Ton fluxes

Leak fluxes of Na,K,Cl in soma/axon or dendrite using HH [mA cm**-2]
JNaleak sa — gNaleaksa * (Usa — Eng sa)

JKleak sa — gKleaksa * (Usa — bk sa)

INateak a = gNaleaky * (vg — Eng a)

JKieakd = gKleaky x (vg — Efc q)

Na flux through NaP channel in soma using GHK

Rate functions for the activation m and deactivation h gating variables [ms**-1]
mlalpha = 1/(6 * (1 + exp(—((0.143 % vgq) + 5.67))))

mlbeta = exp(—((0.143 x vgq) + 5.67)) /(6 * (1 4+ exp(—((0.143 * vg,) + 5.67))))

hlalpha = 5.12e — 8 x exp(—((0.056 * vgq) + 2.94))

hlbeta = 1.6e — 6/(1 4+ exp(—(((0.2 x vgq)) + 8)))

Na+ current through NaP channel in soma/axon [mA cm**-2]

INap sa = (M1 % %2 % hl x gNaPgpy * Farad x vsg * (Nasq — (exp(—vsq/ph) * Nac)))/(ph * (1 —
exp(—vsa/ph)))

Na+ flux through NaT channel in soma using GHK

m8alpha = 0.32 % ((—vsq — 51.9)/(exp(—(0.25 % vsq + 12.975)) — 1))

m8beta = 0.28 * ((vsq + 24.89)/(exp(0.2 * vgq + 4.978) — 1))

h6alpha = 0.128 *x exp(—(0.056 * vgq + 2.94))

h6beta = 4/(1 + exp(—(0.2 x vgq + 6)))

Na+ current through NaT channel in soma/axon [mA cm**-2]

INaT sa = (M8 x %3 % h6 x gNaTgpy * Farad x vsq ¥ (Nasq, — (exp(—vsq/ph) * Nae)))/(ph * (1 —

exp(—vsa/ph)))

K+ flux through KDR channel in soma using GHK

m2alpha = 0.016 * ((vsq + 34.9)/(1 — exp(—((0.2 % vgq) + 6.98))))

m2beta = 0.25 x exp(—((0.025 * vgq) + 1.25))

K+ current through KDR channel in the soma/axon [mA cm**-2]

JkpRrsa = (M2 % %2 x gKDRgpy * Farad * vsq * (Ksq — (exp(—vse/ph) * K¢)))/(ph * (1 —

exp(—vsa/ph)))

K+ flux through KA channel in soma using GHKinput__current
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m3alpha = 0.02 * ((vsq + 56.9) /(1 — exp(—((0.1 % vgq) + 5.69))))

m3beta = 0.0175 * ((vsq + 29.9)/(exp(((0.1 * vs,) +2.99)) — 1))

h2alpha = 0.016 * exp(—((0.056 * vgq) + 4.61))

h2beta = 0.5/(1 + exp(—((0.2 * vyq) + 11.98)))

K+ current through KA channel in the soma/axon [mA cm**-2]

Jrxasa = (M3 x %2 x h2 x gKAggy * Farad * vgg * (Kgq — (exp(—vsq/ph) * K¢)))/(ph * (1 —
exp(—vsa/ph)))

Na+ flux through NaP channel in dendrite using GHK

mdalpha = 1/(6 * (1 + exp(—((0.143 x vg) + 5.67))))

mdbeta = exp(—((0.143 * vg) + 5.67)) /(6 * (1 + exp(—((0.143 % vg) + 5.67))))

h3alpha = 5.12e — 8 x exp(—((0.056 * vg) + 2.94))

h3beta = 1.6e — 6/(1 + exp(—(((0.2 x vg)) + 8)))

Na+ current through NDA channel in dendrite [mA cm**-2]

INapd = (m4 % %2 x h3 x gNaPggy * Farad x vg * (Nag — (exp(—vgq/ph) * Na.)))/(ph * (1 —

exp(—va/ph)))

Na+/K+ flux through NMDA channel in dendrite using GHK

mbalpha = 0.5/(1 + exp((13.5 — K.)/1.42))

mbbeta = 0.5 — mbalpha

h4alpha = 1/(2000 * (1 + exp((K. — 6.75)/0.71)))

hdbeta = be — 4 — hdalpha

K+ current through N-methyl-D-aspartate (NMDA) channel in the dendrite [mA
cm**-2]

INMDpAKd = (M5 * hd x gNMDAggy, * Farad x vg x (Kg — (exp(—va/ph) * K.)))/(ph * (1 —
exp(—vg/ph))))/(1 + 0.33 x Mg * exp(—(0.07 x vg + 0.7)))

INMDANad = ((M5*hdx gNMDAguy * Farad xvg* (Nag — (exp(—va/ph) * Nae)))/(ph* (1 —
exp(—vg/ph))))/(1 + 0.33 x Mg * exp(—(0.07 x vg + 0.7)))

K+ flux through KDR channel in dendrite using GHK
mbalpha = 0.016 * ((vg + 34.9)/(1 — exp(—((0.2 * vg) 4+ 6.98))))
mbbeta = 0.25 x exp(—((0.025 * vy) + 1.25))

K+ current through KDR channel in the dendrite [mA cm**-2]
Jxkprd = (Mmbxx2xgK DR+ Faradsvg*(Kg— (exp(—vq/ph)* K.)))/(ph*(1—exp(—vq/ph)))

K+ flux through KA channel in dendrite using GHK

mTalpha = 0.02 * ((vqg + 56.9)/(1 — exp(—((0.1 *x vg) + 5.69))))
mTbeta = 0.0175  ((vg + 29.9)/(exp(((0.1 x vg) +2.99)) — 1))
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hbalpha = 0.016 * exp(—((0.056 * vg) + 4.61))

hbbeta = 0.5/(1 4+ exp(—((0.2 * vg) + 11.98)))

K+ current through KA channel in the dendrite [mA cm**-2]

Jrad = (MT*x2xh5xgK Aguy * Farad*vg*(Kq— (exp(—va/ph)x K)))/(ph*(1—exp(—va/ph)))

Oxygen independent term of the ATP-ase pump in both the soma/axon or den-
drite (flux through the NaK-ATPase pump) [-]

qumpl sa — (]— + (Kinite/Ke)) * *(_2) * (1 + (Nainit sa/Nasa)) * *(_3)

Steady state pump rate in the soma/axon [-]

Jpumplinit sa = 0.0312 (1 + (K_init_e / K_init_e))**(-2) * (1 + (Na_init_sa /
Na__init__sa))**(-3)

qumpld = (1 + (Kinite/Ke)) * *(—2) * (1 + (Naimt d/Nad)) * *(—3)

Steady state pump rate in the dendrite [-]

Jpumptinitd = 0.0312 (1 + (K_init_e / K_init_e))**(-2) * (1 + (Na__init_d /
Na__init_ d))**(-3)

Determine whether there is limited oxygen: O2switch=0 ATP is plentiful, O2switch=1
ATP is limited (oxygen-limited regime) [?]

02, = 02 * (1 — O2switch) + O2 * O2switch

Oxygen dependent term of the ATP-ase pump [-]

Jpump2 = 2% (1 + 020 /(((1 — alphao2) * O2,) + alphaoz * O2)) * *(—1)

Na+/K+ ATP-ase pump flux in soma/axon or dendrite [mA cm**-2]
qump sa = Imax x qumpl sa * qump2
qumpd = Imax * qumpl d* qume

Na+ and K+ currents through Na+/K+ ATP-ase pump in soma axon or den-
drite [mA cm**-2]

JNapump sa = 3% qump sa

JK uUm sa:_Q*Jum sa
p P pump
JNapumpd =3 % qumpd
JK umpd — —2 % J, ump d
pump pump

Total ion fluxes

Total ion fluxes in soma [mA cm**-2]

JNatot sa = JNaP sa JNaleak sa T JNapump sa T JNaT sa
JK tot sa = JKDRsa + JkAsa T+ JKleak: sa T+ JKpumpsa
General leak in the soma/axon [mA cm**-2]

Jleak tot sa = gleaksa * (Usa — Eqy sa)

Total ion fluxes in dendrite [mA cm™**-2]

INatotd = INaP d + INaleak d + INapumpd + INMDA Na d
Ik totd = JkDRd + JKAd + IKlcak d + JKpumpd + INMDA K d
General leak in the dendrite [mA cm**-2]

Jieak tot a = gleakq x (vq — Ecia) leak
Total ion fluxes in soma and dendrite [mA cm**-2]

Jtot sa = JNa tot sa JK tot sa T Jleakz tot sa
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Jiotd = INatotd + JK tot d + Jieak tot d

Tissue oxygen

Jpump20 = 0.0952 2* (1 4+ 02_0 / (((1 - alpha_02) * 0) + alpha_O2 *
02_0))**(-1)
Jpump2020 = 1 2* (14 02_0/ (((1 - alpha_ 0O2) * O2_0) + alpha_0O2 *

02_0))**(-1)

The normalized pump rate [-]

P02 = (qume - qume O)/(qume 020 — qump? 0)

The cerebral blood flow [-]

The vascular supply of oxygen [mM s**-1]

Jo2 vascular = CBF % ((025 — 02)/(02(, — 020))

The background oxygen consumption [mM s**-1]

JOQ background = CBEnzt * P02 * (1 - gamma02)

The tissue oxygen consumption dur to the ATP-ase pump [mM s**-1]

JO2 pump — CBEnzt * P02 * gammaopz * ((qumpl sa T qumpl d)/(qumplmit sa T qumplinit d))
The change in oxygen concentration due to cerebral blood flow (CBF) [mM s**1]
Jo2cr = Jocsr * CBF/CBFy

BOLD

The time dependent outflow from the venous compartment [-]

ifusebuxton balloon *

fout = CBV % %(1/d)

else :

four = CBV % *(1/d) + tauT AT * (1/(tauMTT + tauTAT) * (C’BF/CBlet — CBV % *(1/d)))
The cerebral metabolic rate of oxygen consumption [mM s**-1]
CMRO2 = JO2 background + JOQ pump

The equilibrium value of CMRO2 [mM s**-1]

CMRO2;pit = CBFipit * Poa

The oxygen extraction fraction [-]

OEF = CMRO2x Ey/CBF

The BOLD signal change from its steady state value

BOLD = Vy* (a1 * (1 — HOR) —ag *x (1 — CBV))

Glutamate input: vesicle released when the extracellular K+ is over 5.5 mM
(Ke__switch)

Fraction of open NR2A NMDA receptors [-]

WNR2A — Glu/(KmA + Glu)

Fraction of open NR2B NMDA receptors [-]

WNR2B — Glu/(KmB + Glu)

Inward Ca2+ current per open NMDA receptor [fA]
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Icog = (—4xvp, xGrr* Pog p v % (Caey /M) /(14 exp(—80 * (v, +0.02))) * (exp(2 % vy, % F'/(Rgqs *
T)))/(1 — exp(2 * vn * F/(Rgas * T)))

Total inward Ca2+ current for all open NMDA receptors per synapse [fA]

Icatot = Ica * (NNR2A * WNR2A + NNR2B * WNR2B)

Ca2+-calmodulin complex concentration [uM]

CaM = Cay/m,.

Time for NO to diffuse between the centres of the neuron and the astrocyte |s]
taun, = Tpg * *2/(2 x Deno)

Neuronal NO production flux [pM/s]

PNOn = NOswitchx (nNOSact n* Vmax NOn* O2n/(Km02 nT O2n) * LATgn/(KmArg nt LATgn))
Neuronal NO consumption flux [pM/s]

CNOn = koan * NO, * %2 x 02,

Neuronal NO diffusive flux [pM/s]

dNOn = (NOk - NOn)/taunk

ECS electrodiffusion TEST

Deltag . = 3.493 — K,

averager . = (3.493 + K.)/2

Deltang . = 150 — Nag

averageng e = (150 + Na.)/2

Delta, . = —(8.315 % 300)/96.485 * (1 x 3.6e — 9 % Deltay . + 1 % 2.4e — 9 x Deltan, )/ (1 * 3.6e —
9 % averager . + 1 x 2.4e — 9 x averageng ¢)

fludiff Fick K — (3.66 - 9/(1.246 — 4) * *2) * (DeltaK e)

flugisf Fick No = (2.4e —9/(1.24e — 4) * %2) * (Deltang )

flugisre k= (3.6e —9/(1.24e — 4) * x2) * (((1 % 96.485)/(8.315 * 300)) * (averager ¢ * Deltay.))
Jlugiffer No = (2.4 —9/(1.24e — 4) %2) * (((1%96.485)/(8.315 % 300) ) * (averagenq ¢ * Deltay ))

Jlugirs ik = fludips piek k + fludiff e i
flugirs Na = fludiff Fick Na + fludiff el Na

Volume changes equations

Total num of ions in cells changing volume, like in Ullah’s model [mM pm**3]
Niotal ions = NEUTONjions + aSTToCYteions + SCions + €CSions + PUSions

Equilibrium neuron volume [pm**3]

volumesq eq — total yorume * neuronions/ntotal ions

inpuleyrrent = inputcurrent(t)
ifdostop currentby K e level aNd K e > SLOPeyrrent by K elevel *
inputeyrrent = 0

INPULcyrrent dendrite = MPULeyrrent dend’rite(t)
ifdostop currentby K e level aNd K e > SLOPeyrrent by K elevel *
input current dendrite = 0

K__e optional injection
K. injection = 0
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foringectionin Ky ccs injections *

K. injectiont = 1N ection.injg eCtif conditions true(current time:t)

Conservation equations

The membrane potential of the soma/axon and dendrite [mV]
d[vse]/dt = 1/Cm * (—Jiot sa + 1/(2 % Ra x dhod * %2) * (vg — Vsa) + input cyrrent)
d[vgl/dt = 1/Cm * (—Jior g + 1/(2 * Ra * dhod * %2) * (Vsq — Vq) + inpUtcyrrent dendrite)

The change in the ion concentrations (K+ and Na+) in the soma/axon [mM]

Zfenablevolume changes dependencies -

d[Nasg)/dt = —As/(Farad * volumeg,/1€12) * Jnatot sa + Dna * (Vd 4+ volumes, /1€12) /(2 *
dhod * %2 x volumeg, /1€12) x (Nag — Nasg)

d[Ksq)/dt = —As/(Farad x volumesq/1€12) * J 1ot sa + Di * (Vd + volumes, /1€12) /(2 * dhod *
%2 % volumeg, /1e12) x (Kg — Kyq)

else :

d[Nasg)/dt = —As/(Farad«V s)* Jnatot sa+ Dna*(Vd+Vs)/(2xdhod*x2xV s)x (Nag— Nas,)
d[Ksq)/dt = —As/(Farad «V's) * Ji ot sa + D % (Vd+ V) /(2% dhod * %2 x V's) x (Kq — Ksq)

change in concentration of Na,K in the dendrite [mM]

ifenablevolume changes dependencies *

d[Nag)|/dt = —Ad/(Farad*Vd)* Ingtot d + Dna * (volumesq /112 +V d) /(2 * dhod * %2 x V d) *
(Nasq, — Nag)

d[Kg)/dt = —Ad/(Farad«V d)«Jg tor a+ D *(volumes, /1€124V d) / (2xdhodxx2+V d)x (K s — K 3)
else :

d[Nag)/dt = —Ad/(Farad«Vd)« Jngtotd+ Dna*(Vs+Vd)/(2xdhod*+2+V d)« (Nas, — Nag)
d[K4]/dt = —Ad/(Farad « Vd) * Ji tota + Di * (Vs +Vd)/(2 x dhod x %2 % Vd) * (Ksq — Kg)

change in buffer for K+ in the extracellular space [mM]
d[Buf f.]/dt = dBuf f.

change in concentration of Na,K in the extracellular space (ECS) [mM]

Zfenablevolume changes dependencies -

d[Nae]/dt = 1/(Farad * €CSto soma anddendratio) * (((AS * JNa tot sa)/(vozumesa/le]-Q)) + ((Ad *

INatota)/VA)) + flugifs Na
else :

d[Nac)/dt = 1/(Farad * fe) * (((As * Inatot sa)/V's) + ((Ad * Inatota)/Vd)) + flugiff Na
d[K,]/dt = dKedt

change in tissue oxygen concentration [mM]
d[02]/dt = JOZ vascular — JOZ background — JOQ pump

change in non dimensional cerebral blood volume (CBV) (BOLD response) [-]

ifusebuxton balloon *

d[CBV]/dt = 1/tauyipr * (CBF/CBFjpy — CBV % x(1/d))

else :

d[CBV]/dt = 1/(tauyrr + taurar) * (CBF/CBFipy — CBV x x(1/d))
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Metabolic inertia: smooth CMROZ2 ratio for HbR dynamics
emro2,qtio = CMRO2/CMRO2;pt

iftaucpyrro2 > 0:

1femro2,atio > CMRO2, : CMRO?2 rising
tauess = taucymRO2 riselt flaucnro2 rise > Oelsetaucnrro2
else : CMRO?2 falling

tauery = taucp RO2

d[CMRO2,]/dt = (cmro2,qtio — CMRO2,)/tauesy
emro2or por = CMRO2,

else :

d[CMRO2,)/dt = 0

CMro2for por = CMT021atio

change in deoxyhemoglobin (HbR) concentration [-]
d[HbR]/dt = 1/taunrrr * (cmr02¢0r hor — HOR/C BV * four)

Change in activation gating variables m [-]

d[m1]/dt = 1000 * ((mlalpha % (1 — m1l)) — (mlbeta x ml
d[m?2]/dt = 1000 * ((m2alpha * (1 — m2)) — (m2beta * m?2
m3]/dt = 1000 * ((m3alpha * (1 — m3)) — (m3beta * m3
md]/dt = 1000 * ((m4alpha * (1 — m4)) — (mdbeta * m4
mb]/dt = 1000 * ((mbalpha * (1 — m5)) — (m5beta * mb
m6]/dt = 1000 * ((m6alpha * (1 — m6)) — (mbbeta * m6
m7]/dt = 1000 % ((mT7alpha x (1 — m7)) — (m7beta x m7
m8]/dt = 1000 * ((m8alpha * (1 — m8)) — (m8beta * m8

r—||—\r—|l—\r—|l—\r—|l—\
N N N N

)

)
d )
d )
d )
d )
d )
d )

Change in inactivation gating variables h [-]
d[h1]/dt = 1000 * ((hlalpha % (1 — h1l)) — (hlbeta * hl
d[h2]/dt = 1000 = ((h2alpha * (1 — h2)) — (h2beta * h2
[h3]/dt = 1000 * ((h3alpha * (1 — h3)) — (h3beta * h3
[h4] /dt = 1000 * ((hdalpha + (1 — hd)) — (hdbeta * hd
[h5]/dt = 1000 * ((hbalpha * ( ) — (hbbeta * h5
[h6]/dt = 1000 * ((h6alpha * ( ) — (h6beta * h6

—

)
)
d )
d )
d 1 — hb) )
d 1 — h6) )
Ca2+ concentration in the neuron [pM]
d[Cay)/dt = (Icatot/(2 % F % Vipine) — (kex * (Can — Carest)))/(1 + lambdag, f)
Activated neuronal NO synthase (nNOS) [uM]
d[nNOSuet n)/dt = Vinaanos * CaM /(Kaanos + CaM) — mu2, * nNOSgerp

NO concentration in the neuron

d[NOy]/dt = pNon — cNOn + dNOn
Change in the volume of the neuron [pum**3]
d[volumes,|/dt = (volumesq eq — volumes,) /tatyolume change sa

Neuron and ECS equations

Nernst potential for Na,K ions in soma and dendrite (Cl constant) [mV]
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ENa sa = ph * log(Nae/Nasa)
Ek s = ph * lOQ(Ke/KSG)
Engq = ph*log(Nae/Nay)
EKd = ph * lOg(Ke/Kd)

Ton fluxes

Leak fluxes of Na,K,Cl in soma/axon or dendrite using HH [mA cm**-2]
JNaleak sa — gNaleaksa * (Usa — Eng sa)

JKleak sa — gKleaksa * (Usa — bk sa)

INateak a = gNaleaky * (vg — Eng a)

JKieakd = gKleaky x (vg — Efc q)

Na flux through NaP channel in soma using GHK

Rate functions for the activation m and deactivation h gating variables [ms**-1]
mlalpha = 1/(6 * (1 + exp(—((0.143 % vgq) + 5.67))))

mlbeta = exp(—((0.143 x vge) + 5.67)) /(6 * (1 4+ exp(—((0.143 * vg,) + 5.67))))

hlalpha = 5.12e — 8 x exp(—((0.056 * vgq) + 2.94))

hlbeta = 1.6e — 6/(1 4+ exp(—(((0.2 x vq)) + 8)))

Na+ current through NaP channel in soma/axon [mA cm**-2]

INap sa = (M1 % %2 % hl x gNaPgpy * Farad x vsg * (Nasq — (exp(—vsq/ph) * Nac)))/(ph % (1 —
exp(—vsa/ph)))

Na+ flux through NaT channel in soma using GHK

m8alpha = 0.32 x ((—vsq — 51.9)/(exp(—(0.25 * vsq + 12.975)) — 1))

m8beta = 0.28 * ((vsq + 24.89)/(exp(0.2 * vgq + 4.978) — 1))

h6alpha = 0.128 *x exp(—(0.056 * vgq + 2.94))

h6beta = 4/(1 + exp(—(0.2 x vgq + 6)))

Na+ current through NaT channel in soma/axon [mA cm**-2]

INaT sa = (M8 x %3 % h6 x gNaTgpy * Farad x vsq ¥ (Nasq, — (exp(—vsq/ph) * Nae)))/(ph * (1 —
exp(—vsa/ph)))

K+ flux through KDR channel in soma using GHK

m2alpha = 0.016 * ((vsq + 34.9)/(1 — exp(—((0.2 % v4q) + 6.98))))

m2beta = 0.25 x exp(—((0.025 * vgq) + 1.25))

K+ current through KDR channel in the soma/axon [mA cm**-2]

JkpRrsa = (M2 % %2 x gKDRgpy * Farad * vsq % (Ksq — (exp(—vse/ph) * K¢)))/(ph % (1 —

exp(—vsa/ph)))
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K+ flux through KA channel in soma using GHKinput__current

m3alpha = 0.02 x ((vsq + 56.9) /(1 — exp(—((0.1 % vgq) + 5.69))))

m3beta = 0.0175 * ((vsq + 29.9)/(exp(((0.1 * vs,) +2.99)) — 1))

h2alpha = 0.016 * exp(—((0.056 * vsq) + 4.61))

h2beta = 0.5/(1 4+ exp(—((0.2 % vgq) + 11.98)))

K+ current through KA channel in the soma/axon [mA cm**-2]

Jrxasa = (M3 *x %2 x h2 x gKAggy * Farad * vgg * (Kgq — (exp(—vsq/ph) * K¢)))/(ph * (1 —
exp(—vsa/ph)))

Na+ flux through NaP channel in dendrite using GHK

mAalpha = 1/(6 * (1 + exp(—((0.143 x vg) + 5.67))))

mdbeta = exp(—((0.143 x vg) + 5.67)) /(6 * (1 + exp(—((0.143 % vg) + 5.67))))

h3alpha = 5.12e¢ — 8 x exp(—((0.056 * vg) + 2.94))

h3beta = 1.6e — 6/(1 4+ exp(—(((0.2 x vq)) + 8)))

Na+ current through NDA channel in dendrite [mA cm**-2]

INapd = (m4 % %2 x h3 x gNaPgpy * Farad x vg * (Nag — (exp(—vgq/ph) * Na.)))/(ph * (1 —

exp(—va/ph)))

Na+/K+ flux through NMDA channel in dendrite using GHK

mbalpha = 0.5/(1 4+ exp((13.5 — K.)/1.42))

mbbeta = 0.5 — mbalpha

h4alpha = 1/(2000 * (1 + exp((K. — 6.75)/0.71)))

hdbeta = be — 4 — hdalpha

K+ current through N-methyl-D-aspartate (NMDA) channel in the dendrite [mA
cm**-2]

INMpAKd = (M5 * hd x gNMDAggy, * Farad x vg x (Kq — (exp(—va/ph) * K.)))/(ph * (1 —
exp(—vg/ph))))/(1 + 0.33 x Mg * exp(—(0.07 x vg + 0.7)))

INMDANad = ((M5*hdx gNMDAguy * Farad xvg* (Nag — (exp(—va/ph) * Nae)))/(ph* (1 —
exp(—vg/ph))))/(1 + 0.33 x Mg * exp(—(0.07 x vg + 0.7)))

K+ flux through KDR channel in dendrite using GHK
mbalpha = 0.016 * ((vg + 34.9)/(1 — exp(—((0.2 * vy) 4+ 6.98))))
mbbeta = 0.25 x exp(—((0.025 * vy) + 1.25))

K+ current through KDR channel in the dendrite [mA cm**-2]
Jxkpra = (M6**2xgK DRepp* Faradxvgx(Kq— (exp(—va/ph)* K.)))/(ph* (1—exp(—va/ph)))

K+ flux through KA channel in dendrite using GHK
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mTalpha = 0.02 % ((vg + 56.9) /(1 — exp(—((0.1 * vg) 4+ 5.69))))

mTbeta = 0.0175 * ((vg + 29.9)/(exp(((0.1 * vg) + 2.99)) — 1))

hbalpha = 0.016 * exp(—((0.056 * vg) + 4.61))

hbbeta = 0.5/(1 4+ exp(—((0.2 x vg) + 11.98)))

K+ current through KA channel in the dendrite [mA cm**-2]

Jraqa = (MT*x2xhbxgK Agpy * Faradxvgx(Kg— (exp(—vg/ph)*K.)))/(ph*(1—exp(—vy/ph)))

Oxygen independent term of the ATP-ase pump in both the soma/axon or den-
drite (flux through the NaK-ATPase pump) [-]

qumpl sa — (]— + (Kinite/Ke)) * *(_2) * (1 + (Nainit sa/Nasa)) * *(_3)

Steady state pump rate in the soma/axon [-]

Jpumplinit sa = 0.0312 (1 + (K_init_e / K_init_e))**(-2) * (1 + (Na_init_sa /
Na__init__sa))**(-3)

qumpld = (1 + (Kinite/Ke)) * *(—2) * (1 + (Naimt d/Nad)) * *(—3)

Steady state pump rate in the dendrite [-]

Jpumptinitd = 0.0312 (1 + (K_init_e / K_init_e))**(-2) * (1 + (Na__init_d /
Na__init__d))**(-3)

Determine whether there is limited oxygen: O2switch=0 ATP is plentiful, O2switch=1
ATP is limited (oxygen-limited regime) [?]

02, = 02 * (1 — O2switch) + O2 * O2switch

Oxygen dependent term of the ATP-ase pump [-]

Jpump2 = 2% (1 + 020 /(((1 — alphao2) * O2,) + alphaoz * O2)) * *(—1)

Na+/K+ ATP-ase pump flux in soma/axon or dendrite [mA cm**-2]
qump sa = Imax x qumpl sa * qump2
qumpd = I'max * qumpl d* qume

Na+ and K+ currents through Na+/K+ ATP-ase pump in soma axon or den-
drite [mA cm**-2]

JNapump sa = 3% qump sa

JK uUm sa:_Q*Jum sa
p P pump
JNapumpd =3 % qumpd
JK umpd — —2 % J, ump d
pump pump

Total ion fluxes

Total ion fluxes in soma [mA cm**-2]

JNatot sa = JNaP sa JNaleak sa T JNapump sa T JNaT sa
JK tot sa = JKDRsa + JkAsa T+ JKleak: sa T+ JKpumpsa
General leak in the soma/axon [mA cm**-2]

Jleak tot sa = gleaksa * (Usa — Eqy sa)

Total ion fluxes in dendrite [mA cm™**-2]

INatotd = INaP d + INaleak d + INapumpd + INMDA Na d

Ik totd = JkDRd + JKAd + IKlcak d + JKpumpd + INMDA K d
General leak in the dendrite [mA cm**-2]

Jieak tot d = gleakq * (vg — Ecy q) leak
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Total ion fluxes in soma and dendrite [mA cm**-2]
Jtot sa = JNa tot sa JK tot sa T Jleakz tot sa
Jiotd = INatot d + JK tot d + Jleak tot d

Tissue oxygen

Jpump20 = 0.0952 2* (1 4+ 02_0/ (((1 - alpha_02) * 0) + alpha_O2 *
02_0))**(-1)
Jpump2020 = 1 2* (14 02_0/ (((1 - alpha_ 0O2) * O2_0) + alpha_0O2 *

02_0))**(-1)

The normalized pump rate [-]

P02 = (qume - qume O)/(qume 020 — qump? 0)

The cerebral blood flow [-]

The vascular supply of oxygen [mM s**-1]

J02 vascular = CBF * ((O2b — O2)/(O2b — 020))

The background oxygen consumption [mM s**-1]

JOQ background = CBEnzt * P02 * (1 - gamma02)

The tissue oxygen consumption dur to the ATP-ase pump [mM s**-1]

JO2 pump — CBEnzt * P02 * gammaop?2 * ((qumpl sa T qumpl d)/(qumplmit sa T qumplinit d))
The change in oxygen concentration due to cerebral blood flow (CBF) [mM s**1]
Jo2cBr = Jocpr * CBF/CBFp

BOLD

The time dependent outflow from the venous compartment [-]

ifusebuxton balloon *

fout = CBV x%(1/d)

else :

four = CBV % *(1/d) + tauT AT * (1/(tauMTT + tauTAT) * (C’BF/CBlet — CBV % *(1/d)))
The cerebral metabolic rate of oxygen consumption [mM s**-1]
CMRO2 = JO2 background + JOQ pump

The equilibrium value of CMRO2 [mM s**-1]

CMRO2ipit = CBFipit * Poa

The oxygen extraction fraction [-]

OEF = CMRO2* Ey/CBF

The BOLD signal change from its steady state value

BOLD = Vy* (a1 * (1 — HOR) —ag *x (1 — CBV))

Glutamate input: vesicle released when the extracellular K+ is over 5.5 mM
(Ke__switch)

Fraction of open NR2A NMDA receptors [-]
WNR2A — Glu/(KmA + Glu)
Fraction of open NR2B NMDA receptors [-]
WNR2B = Glu/(KmB + Glu)
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Inward Ca2+ current per open NMDA receptor [fA]

Icog = (—4x v, xGrr* Pog p v % (Caep /M) /(14 exp(—80 * (v, +0.02))) * (exp(2 % vy, % F'/(Rgqs *
T)))/(1 — exp(2 * vn * F/(Rgas * T)))

Total inward Ca2+ current for all open NMDA receptors per synapse [fA]

Icatot = Ica * (NNR2A * WNR2A + NNR2B * WNR2B)

Ca2+-calmodulin complex concentration [uM]

CaM = Cay/m,.

Time for NO to diffuse between the centres of the neuron and the astrocyte |s]
taun, = Tpg * *2/(2 % Deno)

Neuronal NO production flux [pM/s]

PNOn = NOswitchx (nNOSact n* Vmax NOn* O2n/(Km02 nT O2n) * LATgn/(KmArg nt LATgn))
Neuronal NO consumption flux [pM/s]

CNOn = koan * NO, * %2 x 02,

Neuronal NO diffusive flux [uM/s]

dNvon = (NOy, — NOy,) [tauy,y,

ECS electrodiffusion TEST

Deltag . = 3.493 — K,

averager . = (3.493 + K.)/2

Deltang . = 150 — Nag

averageng e = (150 + Na.)/2

Delta, . = —(8.315 % 300)/96.485 * (1 x 3.6e — 9 x Deltar . + 1 % 2.4e — 9 x Deltan, )/ (1 * 3.6e —
9 % averager . + 1 x 2.4e — 9 x averageng ¢)

fludiff Fick K — (3.66 - 9/(1.246 — 4) * *2) * (DeltaK e)

fludiff Fick Na — (2.46 - 9/(1.246 — 4) * *2) * (DeltaNa e)

flugisse k= (3.6e —9/(1.24e — 4) * %2) * (((1 % 96.485)/(8.315 * 300)) * (averagex . * Deltay .))
Jlugiffer No = (2.4 —9/(1.24e — 4) %2) * (((1%96.485)/(8.315 % 300) ) * (averagenq ¢ * Deltay ))

Jlugirs ik = flugigs piek k + fludiff e i
flugirs Na = fludiff Fick Na + fludiff el Na

Volume changes equations

Total num of ions in cells changing volume, like in Ullah’s model [mM pm**3]
Niotal ions = NEUTONions + ASTTOCYteions + SCions + €CSions + PUSions

Equilibrium neuron volume [pm**3]

volumesq eq — total yorume * neuronions/ntotal ions

inpulcyrrent = inputcurrent(t)
ifdostop current by K e levelandKe > StOPcurrent by K elevel *
inputeyrrent = 0

INPULcyrrent dendrite = MPULeyrrent dend’rite(t)
ifdostop current by K e levelandKe > StOPcurrent by K elevel *
iNput current dendrite = 0
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K__e optional injection
K. injection = 0
foringectionin Ky ecs injections -

K. injectiont = 1N ection.injg eCtif conditions true(current time:t)

Conservation equations

The membrane potential of the soma/axon and dendrite [mV]
d[vse]/dt = 1/Cm * (—Jiot sa + 1/(2 * Ra x dhod * %2) * (vg — Vsa) + input cyrrent)
d[vgl/dt = 1/Cm * (—Jior g + 1/(2 % Ra * dhod * %2) * (Vsq — Vq) + inPpUtcyrrent dendrite)

The change in the ion concentrations (K+ and Na+) in the soma/axon [mM]

ifenablevolume changes dependencies -
d[Nas,]/dt = —As/(Farad x volumes,/1€12) * Jngtot sa + Dna * (Vd + volumes,/1€12) /(2 x

dhod * %2 x volumeg, /1€12) x (Nag — Nasg)

d[Ksq)/dt = —As/(Farad x volumesq/1€12) * J 1ot sa + Di * (Vd + volumes, /1€12) /(2 * dhod *
%2 % volumeg, /1e12) x (Kg — Ksq)

else :

d[Nasg)/dt = —As/(Farad«Vs)* Jnatot sa+ Dna*(Vd+Vs)/(2xdhod*x2xV )« (Nag— Nas,)
d[Ksq)/dt = —As/(Farad «V's) * Ji ot sa + D % (Vd+ V) /(2% dhod * %2 % V's) x (Kq — Ksq)

change in concentration of Na,K in the dendrite [mM]

ifenablevolume changes dependencies *

d[Nag)/dt = —Ad/(Farad«Vd) * Jngtot d + DNa * (volumes, /112 +Vd) /(2 * dhod x %2 x Vd)
(Nasa — Nad)

d[Kg)/dt = —Ad/(Farad«V d)«Jg tor a+ D *(volumes, /1€124V d) / (2xdhodxx2+V d)x (K s — K 3)
else :

d[Nag)/dt = —Ad/(Farad«Vd)« Jngtotd+ Dna* (Vs+Vd)/(2xdhod*+2+V d)x (Nas, — Nag)
d[K4]/dt = —Ad/(Farad « Vd) * Ji tota + Di * (Vs +Vd)/(2 x dhod x %2 % Vd) x (Ksq — Kg)

change in buffer for K+ in the extracellular space [mM]
d[Buf f.]/dt = dBuf f.

change in concentration of Na,K in the extracellular space (ECS) [mM]

ifenablevolume changes dependencies *
d[Nae]/dt = 1/(F(I7"(Id * €CSto soma and dend ratio) * (((AS * JNa tot sa)/(v0lumesa/1612)) + ((Ad *

INatota)/VA)) + flugifs Na
else :

d[Nac]/dt = 1/(Farad * fe) * (((As * Inatot sa)/V's) + ((Ad * Ingtota)/Vd)) + flugiff Na
d[K.]/dt = dKedt

change in tissue oxygen concentration [mM]
d[02]/dt = JOZ vascular — JOZ background — JOQ pump

change in non dimensional cerebral blood volume (CBV) (BOLD response) [-]

ifusebuxton balloon -
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else :

d[CBV]/dt = 1/(taunrrr + taurar) * (CBF/CBF;n;; — CBV % x(1/d))
Metabolic inertia: smooth CMROZ2 ratio for HbR dynamics
emro2,qtio = CMRO2/CMRO2;pt

iftaucpyrro2 > 0:

ifemro2,qio > CMRO2, : CMRO?2 rising
tauers = taucymRO2 riset flaucnro2 rise > Oelsetauc s ro2
else : CMRO?2 falling

tauery = taucp RO2

d[CMRO2,]/dt = (cmro2,qtio — CMRO2,)/tauesy
emro2or por = CMRO2,

else :

d[CMRO2,)/dt = 0

CMro2for por = CMT02patio

change in deoxyhemoglobin (HbR) concentration [-]
d[HbR]/dt = 1/tauMTT * (cmrtoOT hbr — HbR/OBV * fout)

Change in activation gating variables m [-]
d[m1]/dt = 1000 * ((mlalpha % (1 — m1l)) — (mlbeta x ml
d[m?2]/dt = 1000 * ((m2alpha * (1 — m2)) — (m2beta * m?2
[m3]/dt = 1000 * ((m3alpha * (1 — m3)) — (m3beta * m3
[md]/dt = 1000 * ((m4alpha * (1 — m4)) — (mdbeta * m4
[mb]/dt = 1000 * ((mbalpha * (1 — m5)) — (m5beta * mb
[m6]/dt = 1000 * ((m6alpha * (1 — m6)) — (mbbeta * m6
[m7]/dt = 1000 * ((mT7alpha x (1 — m7)) — (m7beta x m7
[m8] (( ( ) = (

d
d
d
d
d
d[m8|/dt = 1000 * ((m8alpha * (1 — m8)) — (m8beta * m8

N N N N S N

)
)
)
)
)
)
)
)

Change in inactivation gating variables h [-]
d[h1]/dt = 1000 * ((hlalpha % (1 — h1l)) — (hlbeta * hl
d[h2]/dt = 1000 = ((h2alpha * (1 — h2)) — (h2beta * h2
[h3]/dt = 1000 * ((h3alpha * (1 — h3)) — (h3beta * h3
[h4] /dt = 1000 * ((hdalpha + (1 — hd)) — (hdbeta * hd
[h5]/dt = 1000 * ((hbalpha * ( ) — (hbbeta * h5
[h6]/dt = 1000 * ((h6alpha * ( ) — (h6beta * h6

—
— — — —

d
d
d 1 — h5)
d 1 — h6)

Ca2+ concentration in the neuron [pM]

d[Cay)/dt = (Icatot/(2 % F * Vipine) — (kex * (Can — Carest)))/(1 + lambday,f)
Activated neuronal NO synthase (nNOS) [pM]

d[nNOSuet n)/dt = Vipaanos * CaM /(Kaanos + CaM) — mu2, * nNOSgern
NO concentration in the neuron

d[NOn]/dt =PNOn —CNOn + dNOn

Change in the volume of the neuron [pm**3]

d[volumes,|/dt = (volumesq eq — volumes,) /tatyolume change sa
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4.2 Astrocyte, Synaptic Cleft, and Perivascular Space

Astrocyte, Synaptic cleft, and Perivascular space initial conditions:

Table 4: Neuron and ECS initial conditions

Parameter Value Unit Description

Nay, 18268 uM Na+ concentration in the astro-
cyte

Ky 92708 uM K+ concentration in the astro-
cyte

HCO3; 9131 uM HCO3 concentration in the astro-
cyte

Cly, 7733 uM Cl concentration in the astrocyte

Nag 150255 uM Na+ concentration in the SC

K 2837 uM K+ concentration in the synaptic
cleft (SC)

HCO3; 16881 uM HCO3- concentration in the SC

K, 3045.1 uM K+ concentration in the PVS

Wi 1.703e-4 — The open probability of the big
potassium (BK) channel

Cay 0.1612 uM The astrocytic cytosolic Ca2+
concentration

Sk 480.8 uM The Ca2+ concentration in the
astrocytic endoplasmic reticulum
(ER)

hy, 0.3828 — The inactivation variable of the
astrocytic IP3R channel

I 0.048299 uM The astrocytic inositol triphos-
phate (IP3) concentration

eety 0.6123 uM The astrocytic epoxye-
icosatrienoic acid (EET) concen-
tration

mi 0.5710 — TRPV open probability, the
trpv__switch can switch the turn
the channel on or off.

Ca, 1746.4 uM Ca2+ concentration in the PVS

NOy 0.1106 uM NO concentration in the astro-
cyte

Vg -88.9 mV Membrane potential of the astro-
cyte (AC)

volumey, 2160 Hm x %3 Astrocyte volume

volume,, 2.160 wm k%3 PVS volume

Gt 0 mM Gliotransmitter dynamics

Norepinephrineg 0 mM Noradrenaline concentration in
the synaptic cleft (SC)

Astrocyte, Synaptic cleft, and Perivascular space parameters:

Table 5: Neuron and ECS initial conditions
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Parameter Value Unit Description
gamma; 1970 mV/uM Change in membrane potential by
a scaling factor
21 4.5e-3 mVuM  x
* — 1
Z92 112 mV
Z3 4.2e-4 ?
24 12.6
z5 -7.4e-2
Frirk 750 —
GNaCa k 3.16e-3 uMmV o«
*—1sxx—1
CNaCa k 0.5 puM
UNaCa k -30 mV
Gcak 1.29e-3 uMmV x| VOCC whole cell conductance
*—1sxx—1
VCal k 100 mV VOCC reversal potential
VCa2 k -24 mV Half point of the VOCC activa-
tion sigmoidal
Reak 8.5 mV Maximum slope of the VOCC ac-
tivation sigmoidal
GBK & 10.25 ? g_BK_k :float = 225 le-12 /
3.7e-9: float = 6.08e-2
Gk i 6907.77 — Specific ion conductance of K+
(40)
GNak 226.94 — Specific ion conductance of Na+
(1.314)
GNBCE 130.74 — Specific ion conductance of the
NBC cotransporter (7.57e-1)
Grcoik 1.728 — Specific ion cnoductance of the
KCCL cotransporter (le-2)
GNKkoolk 9.568 — Specific ion conductance of the
NKCCI cotransporter (5.54e-2)
Goik 151.93 — Specific ion conductance of Cl-
(8.797e-1)
INeK maz 2.3667e4 uMs**—1 | Maximum flux through the
Na+/K+ ATP-ase pump 1.42e-3
rhoSwitch 1 —
GluSwitch 1 —
trpUswiteh 1 — Turn on TRPV4 Ca2+ channel
from AC to PVS
Mu 8e-4 m/s
B0 500 mM Effective total buffer concentra-
tion
rhomin 0.1 — Minimum ratio of bound to un-
bound IP3 receptors(one vesicle,
Santucci2008)
rhomaz 0.7 — Maximum ratio of bound to un-

bound IP3 receptors
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Glumaz 1846 uM Maximum glutamate concentra-
tion (one vesicle), Santucci2008

Glumin 0 uM Minimum glutamate concentra-
tion

thetar, g 1 slope of Glu input

thetag g 1 ? slope of Glu input

GTomp 0 uM Steady-state gliotransmitter con-
centration

Gtairy 0.1 uMs*+—1 | Coupling coefficient for gliotrans-
mitter diffusion

taugt 5 s Gliotransmitter loss rate time
constant

SVRsvE 1 — Surface to volume ratio parame-
ter SVR(AVF(x,y))

kg 1 uMsxx—1 | Gliotransmitter production rate
through Ca2+

km 0.1612 uM Dissociation constant of Ca2+
stimulation of gliotransmitter

V4 8 mV A measure of the spread of w__inf

U5 15 mV Determines the range of the shift
of w_inf as Ca2+ varies

Vg -55 mV Voltage associated with the open-
ing of half the population, shifts
the range of w__inf

Cay 0.35 uM BK open probability Ca2+ con-
stant

V Rge 1 -7

VRpe 0.001 -7

tau 0.7 s?

tau?2 2.8 s?

R 2.79e-8 m Synaptic cleft volume / surface
area ratio

Ry, 6e-8 m Astrocyte volume / surface area
ratio

Riot 8.79e-8 m Total volume / surface area ratio

Amp 0.7 -7

base 0.1 -7

thetay, 1 s?

thetagr 1 s?

delta 1.235e-2 — Ratio of the activities of the un-
bound and bound receptors

BK gpitch -2.5e-10 —

VRER eyt 0.185 — Volume ratio between ER and as-
trocytic cytosol

kon 2 uMsx—1sx | Rate of Ca2+ binding to the in-

*— 1 hibitory site on the IP3R
Kinn 0.1 uM Disassociation constant for IP3R
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Th 4.8 uM Maximum rate of IP3 production
in astrocyte due to glutamate re-
ceptors

Kdeg 1.25 s*kx—1 Rate constant for IP3 degrada-
tion in astrocyte

Veet 72 uM EET production rate

keet 7.2 uM EET degradation rate

Cag min 0.1 uM Minimum Ca2+ concentration re-
quired for EET production

Cas 0.4 uM BK open probability Ca2+ con-
stant

eelspift 2 mV

K 0.03 uM Disassociation constant for IP3
binding to an IP3R

Capminy, 2000 uM Steady state value of Ca2+ in
PVS

Castr k 40 pF

GaMege | 200 uM Ca2+ concentration constant

GaOMeeyi 0.01 uM Ca2+ concentration constant

epshal fi. 0.1 - Strain required for half activation
of the TRPV4 channel

kappay, 0.1 - TRPV4 channel strain constant

v1TRPV K 120 mV TRPV4 channel voltage gating
constant

V2TRPV k 13 mV TRPV4 channel voltage gating
constant

tTRPV k& 0.9 s Characteristic time constant for
m k

Ry passive k 20e-6 um Vessel radius when passive and no
stress is applied

Cagecay k 0.5 s*x*x—1 Rate of decay of Ca2+ in PVS

GTRPV k 50 pS TRPV4 whole cell conductance

Thuf f 0.05 — Rate at which Ca2+ from the
TRPV4 channel at the endfoot is
buffered compared to rest of chan-
nels on the astrocyte body

volume; 2160 Hm x %3 SMC volume

V Ry, 0.001 — Initial volume ratio between PVS
and astrocyte

VR, 0.001 — Initial volume ratio between PVS
and SMC

volume,, 2.160 wm k %3 PVS volume, 0.001 is PVS to as-
trocyte ratio (volume_i VR_ ps)

Riecay 0.15 sxx—1 Rate of decay of K+ in PVS

Kpmin 3e3 uM Steady state value of K4 in PVS

Fnak i 4.32e-2 uMs**x—1

Ke for balance 3493 :U’M

F 9.65e4 Cmol+x—1 | Faraday’s constant
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R, 8.315 Jmol * x — | Gas constant
1K x%x—1

T 300 K Temperature

Knak 10000 uM Na+/K+ ATP-ase pump con-
stant

K g 1500 uM Na+/K+ ATP-ase pump con-
stant

Acr i 3.7e-9 m2

Jmaz 2880 uMs**—1 | Maximum rate of Ca2+ through
the IP3 mediated channel

Kot 0.17 uM Disassociation constant for Ca2+
binding to an activation site on an
IP3R

Py 0.0804 uM ER leak channel steady state bal-
ance constant

Vinaz 20 uMs**x—1 | Maximum rate of Ca2+ uptake
pump on the ER

kpump 0.24 uM Ca24+ uptake pump disassocia-
tion constant

ZK 1 —

ZNa 1 —

zZcl -1 —

2ZNBC -1 -

ZCa 2 —

BK g 40 — Ratio of endogeneous buffer con-
centration to dissasociation con-
stant

K., 0.26 uM Disassociation constant of exoge-
nous buffer

By 11.35 uM Concentration of  exogenous
buffer

Ko 8.82 uM G-protein disassociation constant

DSty 2.664 Sxx—1 A characteristic time for the open
probability of the BK channel

ph 26.6995 RT/Farad | where Farad is C/mmol, also used
in Neuron.m

Deno 3300 uM x x2s * | Diffusion coefficient NO (Malin-

*— 1 skil993)

Tk 25 uM Distance between centers of neu-
ron and astrocyte (M.E.)

Thi 25 uM Distance between centers of as-
trocyte and SMC compartments

koo k 9.6e-6 uM*x—2s% | O2 reaction rate constant (Kav-

*—1 dia2002)
02} 200 uM 02 concentration in the astrocyte

(M.E.)
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volumesg. g

5e-3

M % %3

Volume of the synaptic cleft
(Rusakov https://www.scien-
cedirect.com /science/artic-
le/pii/S0006349501758468)

tatyolume change k

15

Rate controlling the speed of as-
trocyte volume convergence to-
wards equilibrium volume

impermeantsy,

495500

mM * pm *
*3

from Ullah, 2160 is initial volume,
the other number is balancing co-
efficient

tatyolume change p

15

Rate controlling the speed of PVS
volume convergence towards equi-
librium volume

dif fusionecs pus

3e-8

Rate of diffusion between ECS
and PVS

AT €noradrenaline pathways ac

Balse

Enable noradrenaline receptor-
mediated pathways

do force norepinephrine value | False — Force constant norepinephrine
value during simulation

forcedyorepinephrine value | 2 mM Constant norepinephrine value
when forcing is enabled

forcedyorepinephrine start | 0 s Start time for forced mnore-
pinephrine value

forcedyorepinephrine end 0 s End time for forced mnore-
pinephrine value

doenable norepinephrine reupt kE@rl%@bition - Enable norepinephrine 1aeuptake
inhibition

TNA 0.0002 mMsx+—1 | Normal baseline norepinephrine
influx

NG 0.00050 sxx—1 Normal glutamate influence

NGt 0.00020 sxx—1 Normal gliotransmitter influence

Astrocyte, Synaptic cleft, and Perivascular space shared equations

externalyoiyme = totalyoume —
volumes. = externalyoiume * SCvolume share

volumey, — volumeg,

aStrocyteconcentrations = Kk: + Nak + Clk: + Cak + H003k + NOk:

PUSconcentrations = Kp + C(Zp
Cly = Nas+ K, — HCO3;4

SCconcentrations = Ks + Nas + HCO3s + Cl;

astrocyteions = astrocyteconcentrations/ 1000 * volumey, + impermeantsy,
SCions = Scconcentrations/looo * UOlumesc
PUSions = pvsconcent'r’ations/looo * volumep + 761

JK ECStoPVS = dif fusionecs pus * (K¢ * 10 % 3 — K))

ifdoforce norepinephrine value :
Norepinephrines = 0

foorcednorepinephrine start <t< forcednorepinephrine end *

Norepinephrines = forcednorepineph'rine value
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Astrocyte, Synaptic cleft, and Perivascular space equations

Synaptic Cleft:
Cl- concentration in the SC, electroneutrality condition [;M]
Cls = Nas+ Ky — HCO3;,

Volume / surface area ratio of SC to AC |[-]
VRsa = Rs/Ry,

Input of K4 to the SC (assuming that the SC is a small part of the ECS and
everything that happens to the ECS also happens to the SC)

JK NEtosSC k = JK NEtosc * 1€3 Convert from mM/s to uM/s
JINa NEtoSC k = JNa NEtoSC * 1€3 Convert from mM/s to uM/s
Astrocyte

Nernst potentials [mV]

Nernst potential for the K4+ channel [mV]
Fx i =ph/zk xlog(Ks/Ky)

Nernst potential for the Na+ channel [mV]
ENnak = ph/ZNa * lo.g(Nas/Nak)

Nernst potential for the Cl- channel [mV]
EClk = ph/ZCl * lOg(Cls/Clk)

Nernst potential for the NBC channel [mV]
Enpck =ph/znvpe *log((Nas * HCO3s x %2) /(Nay, x HCO3y, * *2))
Nernst potential for the BK channel [mV]
Epr = ph/zk * log(Kp/Ky)

Nernst potential for the TRPV4 channel [mV]
Errpv i = ph/zcq * log(Cap/Cay,)

Fluxes

Flux through the Sodium Potassium (Na+/K+) ATP-ase pump [M/s]
INak k = INaK maz * Nag * 1.5/ (Nay * 1.5 + Knqp * *1.5) * K /(Ks + Kk 5)
K+ flux through the BK channel [¢M/s]

Jpk k= Gpr k¥ w * (vy — Epk k)
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Volume ratio of PVS to Astrocyte
V Rpq = volumey, /volumey,

Volume ratio of PVS to SMCEC
V Ry, = volume, [volume;

K+ influx into the PVS [uM/s]

ifenablevolume changes dependencies -

JBK p = IBK k/V Rpa

else :

JBK p = IBK k/V Rpa

K+ flux throgh the K+ channel [pM/s]

Ji k= G g (v — Ex 1)

Na+ flux through the K+ channel [M/s]

INak = GNak * (0 — ENak)

Na+ and HCO3- flux through the NBC channel [;M/s]
Inpok = GNpok * (vk — ENok)

Cl- and K+ flux through the KCCI channel [pM/s]

JKC’C’lk: = GKCC’l k *ph * log((KS * Cls)/(Kk * Clk»

Na+, K+ and Cl- flux through the NKCCI channel [pM/s]
Inkcc1k = GNircotk * phxlog((Nas x K Cls * x2) [ (Nag * K, * Cly x *2))
Cl- flux through the Cl- channel [pM s**1]

Jeik = Geg x (v — Ecuk)

New fluxes

VKIRE = 21 % K — 29
Grirk = exp(zs * v + 23 x Kg — 24)
Jrkirr =0 F_KIR_k * G_KIR_k / gamma_i* (v_k - v_KIR_k)

INacar =0 G_NaCa_k * Ca_k / (Ca_k + c_NaCa_k) * (v_k - v_NaCa_ k)
The flux of Ca2+ through the voltage operated Ca2+ channel (VOCC) which con-
nects the SMC to the PCS [uM/s]

Jvoccr =0 G_Ca_k * (v_k-v_Cal_k) / (1 4+ exp(-(v_k - v_Ca2_k) /
R_Ca_k))

Calcium Equations

Fluxes

The flux of Ca2+ through the IP3R channel [tM/s]

Jrp3 = Jmaz * (Ik/(fk + K[) * Cak/(Cak -+ Kact) * hk) * %3 % (1 — C’ak/sk)
The flux of Ca2+ through the leak channel [M/s]

JERIcak = P * (1 — Cag/sy)

The flux of Ca2+ through the uptake pump [pM/s]

qump = Vinaz * Cay, * *2/(Cak **2 + kpump * *2)
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The flux of Ca2+ through the TRPV4 channel [1M/s]
Itrpv i = Grrpv & * My * (v, — ETRPV 1)

Jrrrv i = —IrrRPV /(200 * Castr & * gammay)

The ratio of bound to unbound metabotropic receptors on the astrocytic process
adjacent to the SC [-]

r7ho = rhomin + (Thomaz — T7homin)/Glumaes * Glu

T honoradrenatine = (Thomaz — Thomin) /Glumasz * min(Norepinephrines x 1000, Gluy,qz )

Other equations

Fast Ca2+ buffering is described within the steady state approximation [-]

Beyt =1/(1 + BKepg + Keg * Beg/(Kep + Cay) * %2)

The ratio of active to toal G-protein due to metabotropic glutamate receptor
(mGluR) binding on the astrocyte endfoot surround the SC |[-]

The inclusion of d allows for there to be background activity even in the absence of ligand bind-
ing (i.e. unbound receptors can still activate a small amount of G-protein). This behaviour is
more fully described in the work of Lemon et al. (2003).

G = (rho + delta) /(Kg + rho + delta)

The ratio of active to total G-protein due to metabotropic noradrenaline receptor
(alphalR) [-]

Zfrhonoradrenaline == OornOtarenoradrenaline pathways active
Gnoradrenaline =0
else :

Gnoradrenaline = (Thonoradrenaline + delta)/(KG + Thonoradrenaline + delta)

The voltage associated with half open probability [mV]
vy = vg — v5/2 * tanh((Cay — Cag)/Cay)

Parent Ca2+ equations

Equilibrium state BK-channel [-]

BK channel equations are taken from Gonzalez-Fernandez and Ermentrout (1994). Work by Lu
et al. (2001) shows that both EETs and EET-derived dihydroxyeicosatrienoic acids (DHETS) act
as potent activators of BK channels, where DHETs were shown to shift the voltage at which the
channel open probability was half-maximal. We therefore incorporate a EET-dependent voltage
shift (eet shift ) into the relationship given by Gonzalez-Fernandez and Ermentrout (1994), to
get n 1, the equilibrium distribution of openings for the BK channel:

Wing = 0.5 % (1 4 tanh((vy + eetspip * eety, — v3)/va))

The time constant associated with the opening of the BK-channel [s**-1]

the time constant associated with the opening of BK channels, f n , is based on statistical
considerations (Ehrenstein and Lecar, 1977). In this case, ¢ n is a characteristic time and v 3
incorporates a calcium-dependent shift on the distribution of BK channel open states with re-
spect to membrane voltage. v 3 is the voltage associated with the opening of half the population
and v 4 is a measure of the spread of the distribution. v 5 determines the range of the shift of
n 1, as calcium varies.

Phiy, = psiy * cosh((vy, — v3)/(2 % vy))
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TRPV Channel open probability equations

The Ca2+ inhibitory term [-]

HCak = Cak/gamcai kTt Cap/gamcae k

The strain on the perivascular endfoot of the astrocyte [-]

eta = (R - RO passive k)/(RO passive k)

The material strain gating term [-]

gammay, = 1/(1 + exp(—(eta — epshal fi,) / kappay,))

The equilibrium state of the TRPV4 channel [-]

minfr = gammay, * ((1/(1 + Hoak)) * (Hogk + tanh((vy — vlrrpy k) /027rPV )))

Time for NO to diffuse between the centres of the neuron and the astrocyte |s]
taun, = Tpg * *2/(2 % Deno)

Time for NO to diffuse between the centres of the astrocyte and the SMC [s]
taug; = xx; * %2/(2 % Deno)

Astrocyte NO production flux [pM/s]

pNok =10

Astrocyte NO consumption flux [pM/s]

CNOEk = k02k *NOk * *Q*OQk

Astrocyte NO diffusive flux [uM/s]

dnyok = (NOn - NOk)/taunk + (NOZ - NOk)/tauki

Temp gap junction for bug testing

fltgap =0 ( (3.1e-9 / (1.24e-4)**2) * (92708 - K_k ) + (( 96.485 * 1)/(8.315
* 300)) * 0.5%(92708+K_ k)*(-88.9-v_k) )

Flttgapaifs na = (3.1 — 9/(1.24e — 4) # %2) + (18268 + 18268 + 18268 + 18268 — 4  Nay)

Fltigap clectror Na = ((3.1e—9+96.485 1) /((1.24e — 4) ##28.315%300)) * (Nay, + (—88.9+ —88.9+
—88.9+ —88.9 — 4 xvy))

flugap Na =0 (flu__gap_ diff Na + flu_ gap_ electrol_ Na)

Flugapairs o1 = (3.1 — 9/(1.24e — 4) # %2) x (18268 + 18268 + 18268 + 18268 — 4  Cly,)

flugap crectror o1 = ((3.1e — 9% 96.485 + —1)/((1.24e — 4) * %2 % 8.315 * 300)) * (Clj * (—88.9 +
—88.9 + —88.9 + —88.9 — 4 x vy))

flugapcr =0 (lu__gap_ diff Cl 4 flu_ gap_ electrol__Cl)

Fltgapdifs eos = (3.1e — 9/(1.24e — 4) % x2) * (9131 + 9131 + 9131 + 9131 — 4 x HCO3y,)
flugap ciectrot HCO3 = ((3.1e —9%96.485+ —1)/((1.24e —4) % %2+ 8.315%300)) * (HC O3, * (—88.9+
—88.9+ —88.9 + —88.9 — 4 x vy))

flugap HCO3 =0 (flu__gap_ diff HCO3 + flu__gap__electrol__HCO3)

Flugapairs ca = (3.1e — 9/(1.24e — 4)  %2) % (0.1612 + 0.1612 + 0.1612 + 0.1612 — 4 * Cay,)
flugap electrot ca = ((3.1e —9%96.485%2) /((1.24e —4) %2 8.315%300)) * (Cay, * (—88.9+ —88.9+
—88.9+ —88.9 —4 xvy))

flugapca =0 (flu__gap_ diff Ca + flu__gap__electrol__Ca)
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dvkdt = gamma; x (—Jpx k. — Jx k — Joik — INBC k — INak — INaK k + 2% JrRPV | + flugap K +
flugap Na — flugap cl — flugap HCO3 + 2 % flugap Ca)

Volume changes equations

Nitotal jons = ASITOCYLEions + SCions + NEUTONions + ECSions T DPVUSions
Astrocyte equilibrium volume [pm**3]
UOlumek eq — tOtalvolume * aStrocyteions/ntotal ons

UOlumep eq — totalyorume * pvsions/ntotal ions

Glugmpy =0 [mM] Steady-state Glu

IJNA=TNA+TNG ¥ (Glu — Gluamb) + rvGe * (Gt — GTamb)

NAympy =0 [mM] Steady-state (ambient) NA

tauy4 = 1.8 [s]

NAgirs = 0.0004 0.4 [mMs**-1] Coupling coefficient for NA

Conservation Equations

The astrocyte membrane voltage changes due to fluxes of ions leaving the astrocyte, namely:
the potassium flux through BK channels (J BK k ) and a general leak flux (J leak k —mnot to
be confused with J ER leak ). where C ast is the astrocyte cell membrane capacitance
Noradrenaline concentration in the synaptic cleft (SC) [mM]

iantdOenable norepinephrine reuptake inhibition *

d[Norepinephrines|/dt = Jna + (N Agmp — Norepinephrines)/tauna + N Agifs
else :

d[Norepinephrines]|/dt = Jxa + NAgirf

Gliotransmitter dynamics
d[Gt]/dt = SVRAVF * kgt/(l + (km/CCLk) * *2) — (Gt — GTamb)/tauGT + thiff

Membrane potential of the astrocyte (AC) [mV]

dv]/dt = gamma;* (—Jpx k — Jx k — Joik — INBC k — INak — INak &+ 2% JTRPV &+ flUgap i +
flugap Na — flugap Ccl — flugap HCO3 + 2% flugap C’a)

Differential Equations in the Astrocyte

K + concentration in the astrocyte [pM]

dKyl/dt = =Jrg ik + 2% Inax & + INkccik + Ixkccik — IBr k — JxIRE + [lugap K
Na + concentration in the astrocyte [uM]
d[Nag]/dt = —JInak — 3% INak k + INKCC1E + INBCE — 3 * INaCak + [lUgap Na

HCO3- concentration in the astrocyte [pM]
d[HCO3]/dt =2 % Inpcok + flugap HCO3

Cl- concentration in the astrocyte [uM]
d[Clg]/dt = d[N(Ik} + d[Kk] — d[HCO3k} + 2% d[Cak]
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Differential Calcium Equations in Astrocyte

Calcium moves between the cytosol and the endoplasmic reticulum (ER), and the cytosol and
the extracellular space surrounding the astrocyte, by several mechanisms. We denote the cal-
cium flux from the ER to the cytosolic volume through IP 3 receptors (IP 3 R) by J IP 3, the
leakage flux from the ER to the cytosol as J ER leak and the ATP-dependent pump flux from
cytoplasm to ER as J pump . The constant B cyt is a steady state approximation for buffering
in the cytosol

The astrocytic cytosolic Ca2+ concentration [uM]

d[Cay]/dt = Beyt * (Jrp3 — Jpump + JER1cak + INaCak — Jvocc k + JTRPV k/Tbuss + fltgap ca)
s k , the concentration of calcium in the ER, was assumed to be constant in the original model
(Bennett et al., 2008). where VR ERcyt is the ratio of ER (stores) volume to cytosolic volume.
The Ca2+ concentration in the astrocytic endoplasmic reticulum (ER) [pM]
d[sk]/dt = _(cht * (JIPS - qump + JERleak))/(VRER cyt)

Here k on is the rate of Ca2+ binding to the inhibitory site on the IP 3 R and K inh is the
corresponding dissociation constant

The inactivation variable of the astrocytic IP3R channel [-]

d[hk]/dt = kop * (Kmh — (Cak + Kinh) * hk)

The astrocytic inositol trisphosphate (IP3) concentration [uM]

d[Ik]/dt =Tp* (G + Gnoradrenaline) - kdeg * Ik

The open probability of the transient receptor potential vanniloid-related 4 (TRPV4)
channel that can switch it on or off [-]

dimg]/dt = trpvswiten * ((Minfy — mg) /trrev k)

The astrocytic epoxyeicosatrienoic acid (EET) concentration (uM)

k_eet degradation is assumed to follow the first-order kinetics.

dleety]/dt = Veer * max(Cay, — Cagmin,0) — keer * €€ty

The open probability of the big potassium (BK) channel [-]

The time course of the fraction of BK channel open states, n, is described, after Morris and
Lecar (1981), by the first-order kinetics of opening

dlwy]/dt = phiy, * (Win s — wg)

Differential Equations in the Perivascular space

K+ concentration in the PVS [uM)]

We adopt a simple model for the concentration of potassium in this perivascular space at this
stage—assuming that the accumulating potassium is removed by a potassium-dependent decay
term. Potassium enters the perivascular space via astrocyte BK channels and SMC KIR chan-
nels, with corresponding fluxes denoted by J BK k and J KIR k , respectively. The balance of
these fluxes, along with the decay term, gives the following differential equation

ifenablevolume changes dependencies -

d[Kp]/dt = JBK k/VRpa+ JKIRi/VRpS - Rdecay * (Kp _Kp mm,) + J_K_ECS_tO_PVS
else :

d[Kp]/dt = Jpk k/VRpa + JKIRi/VRps - Rdecay * (Kp - Kpmin)

Ca2+ concentration in the PVS [pM]
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d[Cayp)/dt = (=Jrrpvi + Jvocck)/V Rpa + Jvocci/V Rps — Cadecay i * (Cap, — Capming)
calcium concentration in PVS

Differential Equations in the Synaptic Cleft

Potassium is released into this space by the neurons only during neuronal activation, and is
constantly removed from the space via the Na—K pump positioned on the top “arm” of the
astrocyte. The smooth “pulse” of potassium release during neuronal activation is represented
by J K s, and the Na—K pump flux is denoted by J NaK s .

K + concentration in the synaptic cleft (SC) [uM]

d[Ks]/dt =1/V Rso * (Jx &k — 2 % Inak k — INKCC1E — JKCC1E + JKIRE) T K NEtSC K

Na + concentration in the SC [pM]

d[Nas]/dt =1/V Rgy % (JNnak + 3 * INak k — INKCC1k — INBC k) + INa NEtoSC k

HCO3- concentration in the SC [uM]

d[HCO3S]/dt = 1/VRsa * (—2 * JNBC k:)

NO concentration in the astrocyte [uM]
d[NOgl/dt = pnok — cnok + dnok

Volume changes

Astrocyte volume [pm**3]
d[volumey)/dt = (volumey, g — volumey,)/tatUyotume change k
PVS volume [pm**3]

d[volumey]/dt = (volumey, .q — volumep)/tatyotume change p

4.3 Smooth Muscle Cell and Endothelial Cell

Smooth muscle cell and Endothelial cell initial conditions:

Table 6: Neuron and ECS initial conditions

Parameter Value Unit Description

Ca; 0.2637 uM Cytosolic Ca2+ in the SMC

S; 1.1686 uM Ca2+ in the sarcoplasmic reticu-
lum (SR) of the SMC

v; -34.7 mV Membrane potential of the SMC

w; 0.2206 — Open state probability of Ca2+ -
activated K+ channels

1; 0.275 uwM IP3 concentration in the SMC

K; 99994.8 uM K+ concentration in the SMC

NO; 0.0541 uM NO concentration in the SMC

Ey 0.4077 - Fraction of soluble guanylyl cy-
clase (sGC) in the basal state
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Fe. 0.4396 — Fraction of sGC in the intermedi-
ate form

cGMP; 8.2826 uM Concentration of ¢cGMP in the
SMC

Ca; 0.8331 uM Cytosolic Ca2+ concentration in
the EC

sj 0.6266 uM Ca2+ concentration in the ER in
the EC

vj -68.27 mV Membrane potential of the EC

I; 0.825 uM TIP3 concentration of the EC

eNOSqct j 0.4479 uM Activated endothelial NO syn-
thase (eNOS)

NO; 0.0528 uM NO concentration in the EC

Smooth muscle cell and Endothelial cell parameters:

Table 7: Neuron and ECS initial conditions

Parameter Value Unit Description

NOswitch 1 —

gamma; 1970 mVuM

x — 1

lambda; 45 sxx—1 Rate constant for opening

Cm j 25.8 pF Membrane capacitance

Jpro 0.11 uMsxx—1 | IP3 production rate

Joj 0.029 uMs*+—1 | Constant Ca influx (EC)

F; 0.23 uMsxx—1 | Maximal rate of activation-
dependent Ca2+ influx,
IP3/RYR channel strength

K, ; 1 uM Half-saturation  constant  for
agonist-dependent Ca2+ entry

B; 2.025 uM s+ —1 | SR updake rate constant (SERCA
pump strength)

Chi 1.0 uM

C; 55 uMsxx—1 | CICR rate constant

Sci 2.0 uM Half-point of the CICR Ca2+ ef-
flux sigmoidal

Cei 0.9 uM Half-point of the CICR activation
sigmoidal

D; 0.24 s*xx—1 Rate constant for Ca2+ extrusion
by the ATP-ase pump

V4 -100 mV Intercept of voltage dependence
of extrusion ATP-ase

Ry 250 mV Slope of voltage dependence of ex-
trusion ATP-ase

L; 0.025 s*xx—1 Leak from SR rate constant

Gog i 1.29e-3 uMmV x| Whole-cell conductance for

x—1sxx—1 | VOCCs
VCali 100 mV Reversal potential for VOCCs
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VCa2i -24 mV Half-point of the VOCC activa-
tion sigmoidal
Regi 8.5 mV Maximum slope of the VOCC ac-
tivation sigmoidal
GNaCai 3.16e-3 uMmV x| Whole-cell conductance for
*—1sxx—1 | Na+/Ca2+ exchange
CNaCai 0.5 uM Half-point for activation of
Na+/Ca2+ exchange by Ca2+
UNaCa i -30 mV Reversal potential for the
Na+/Ca2+ exchanger
Gstreteh 6.1e-3 uMmV x| Whole cell conductance for
x—1sxx—1 | stretch activated channels
(SACs) (Also EC parameter)
alphagyreten 7.4e-3 mmH gxx— | Slope of stress dependence of the
1 SAC activation sigmoidal (Also
EC parameter)
transy mmHg 30 mmH g Pressure difference over vessel
(Also EC parameter) (transmural
pressure)
sigmayg 500 mmHg Half-point of the SAC activation
sigmoidal (Also EC parameter)
Esac -18 mV Reversal potential for SACs (Also
EC parameter)
Fnaki 4.32e-2 uMs*x—1 | Rate of the K+ influx by the
Na+/K+ pump
Geri 1.34e-3 uMmV x| Whole-cell conductance for Cl-
x—1s*x—1 | current
VOl -25 mV Reversal potential for CI- chan-
nels
Gk 4.46e-3 uMmV x| Whole-cell conductance for K+
x—1sxx—1 | efflux
VK g -94 mV Nernst potential
Frrri 7.5e2 — Scaling factor of K+ efflux
through the KIR channel
kaq; 0.1 s*kx—1 Rate constant of IP3 degradation
GEET 0.0 uMs*+—1 | Max rate of effective Ca2+ reduc-
tion (0 = disabled). Calibrated:
0.03
Kggri 0.9 uM Effective half-activation EET
concentration (model parameter,
not measured EC50)
F; 0.23 uMsxx—1 | Maximal rate of activation-
dependent Ca2+ influx
K, ; 1 uM Half-saturation  constant  for
agonist-dependent Ca2+ entry
B; 0.5 uMs++—1 | ER uptake rate constant
Chj 1 uM Half-point of the SR ATP-ase ac-
tivation sigmoidal
C; 5 uMs*x—1 | CICR rate constant
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uM

Half-point of the CICR Ca2+ ef-
flux sigmoidal

0.9

uM

Half-point of the CICR activation
sigmoidal

0.24

sk *x — 1

Rate constant for Ca2+ extrusion
by the ATP-ase pump

0.025

Sk % — 1

Rate constant for Ca2+ leak from
the ER

6.6e-4

pMmV o«
x—1sxx—1

Whole-cell cation channel con-
ductivity

50

mV

Ca2+ equilibrium potential

-0.18

uM

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.

M4 cat j

0.37

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.

Gtot 7

6927

pmho

Total K+ channel conductivity

UKj

-80

mmho

K+ equilibrium potential

-0.4

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.

bb;

-80.8

mV

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.

alj

53.3

uMmV

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.
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a2j

53.3

mV uM
x—1

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.

msp g

1.32e-3

uMmV
x—1

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.

Myp 5

0.3

uMmV

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.

ms3s j

-0.28

uM

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.

Mys 5

0.389

uM

Model constant, further expla-
nations at Koenigsberger, M.,
Sauser, R., Bény, J.-L. J. L., and
Meister, J.-J. J. J.-J. (2006). Ef-
fects of arterial wall stress on va-
somotion. Biophysical journal,
91(September):1663-1674.

955

pomh

Residual current conductivity

-31.1

mV

Membrane resting potential

0.1

Sk x— 1

Rate constant of IP3 degradation

0.05

Sk % — 1

Heterocellular P_ Ca coupling co-
efficient

0.05

sk *x — 1

Heterocellular IP3 coupling coef-
ficient

0.5

Sk x— 1

Heterocellular electrical coupling
coefficient

0.13

WM * %2

Translation factor for v_i depen-
dence of K_ act_i sigmoidal

-27

mV

Half-point for the K_ Ca activa-
tion sigmoidal

12

mV

Maximum slope of the K_ Ca ac-
tivation sigmoidal
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21 4.5e-3 mVuM x| Model estimation for the mem-
* — 1 brane voltage KIR channel
29 112 mV Model estimation for membrane
voltage KIR channel
z3 4.2e-4 uM xx —1 | Model estimation for the KIR
channel conductance
Z4 12.6 — Model estimation for the KIR
channel conductance
zs5 -7.4e-2 mV x % —1 | Model estimation for the KIR
channel conductance
betay, ; 1 uM Constant to fit data
alphay, ; 10.75 uM Constant to fit data
EPSw i 0.668 uM Constant to fit data
Deno 3300 uM x x2s + | NO diffusion coefficient (Malin-
*— 1 skil993)
Kmarg 1.5 uM Michaelis constant for L-Arg
K02 7.7 uM Michaelis constant for eNOS for
02 (Chen2006)
kdno 0.01 s*x*x—1 Constant reflecting the activity of
various NO scavengers
Ky micp 5.5 uM Hill coefficient
VNOj max 1.22 sxx—1 Maximum catalytic rate of NO
production (Chen2006) - ob-
tained from fig 6 and equ 17 and
18
02; 200 uM O2 concentration in the EC (ME)
LArg; 100 uM L-Arg concentration in the neu-
ron
koo 9.6e-6 uMxx—2sx | O2 reaction rate constant
x—1
Wo 14 Pax+—1 | shear gating constant (Comer-
ford2008)
deltaqyss 2.86 Pa the membrane shear modulus
(Comerford2008)
kq 100 sxx—1 sGC kinetics rate constant
k1l 2e3 uMxx—1sx | sGC kinetics rate constant
x—1
k2 0.1 s*xx—1 sGC kinetics rate constant
k3 3 uMxx—1sx | sGC kinetics rate constant
*—1
Vinaz scC 0.8520 ? Maximal cGMP production rate
Epde 0.0195 s*xx—1 Phosphodiesterase rate constant
Cy 0.011 s¥x—1puMx* | sGC rate scaling constant
* — 2
Ky, pde 2 uM Michaelis constant
JgameNOS 0.1 — Relative strength of the Ca2+ de-
pendent pathway for eNOS acti-
vation
mu2; 0.0167 sxx—1 eNOS-caveolin association rate
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Kyis 9e-2 uMs*x—1 | eNOS-caveolin disassociation rate

K.nos 4.5e-1 uM

Gmaz 0.06 puMsxx—1 | Maximum wall-shear-stress-
induced eNOS activation

alp 2 - Zero shear open channel constant
(Comerford2008) in Wiesner1997
alp =3

delta, 1, 9.1e4 ? Pressure drop over length of arte-
riole (M.E.)

Thi 25 uM Distance between centers of as-
trocyte and SMC compartments

Tij 3.75 uM Distance between centres of SMC
and EC compartments (Kav-
dia2002)

7] 25 uM Lumen radius

F 9.65e4 Cmol+x—1 | Faraday’s constant

Ryas 8.315 Jmol * x — | Gas constant

1K %% —1
T 300 K Temperature

Smooth muscle cell and Endothelial cell shared equations

Regulatory effect of cGMP on myosin dephosphorylation [-]
Reamp2 = cCGMP; x %2 /(cGM P; % %2 4+ Ky micp * %2)

Nernst potential of the KIR channel in the SMC [mV]

VKIR: = 21 * K} — 29

Conductance of KIR channel [pM mV**-1 s**-1]

9Kk TRi = exp(zs % v; + 23 % K — 24)

Flux through inward rectifying K+ (KIR) channels in the SMC [uM s**-1]

Jxiri = Friri * gk 1Rri/gamma; * (v; — VKIR:)

The flux of Ca 2+ through the voltage operated Ca2+ channel (VOCC) which con-
nects the smooth muscle cell (SMC) to the PVS [pM s**-1]

Jvocci = Gcai* (Vi —veari) /(1 + exp(—(v; — vea2i)/Rcai))

Smooth muscle cell and Endothelial cell equations

Initalize inputs and parameters

SMC fluxes

Release of Ca2+ from IP3 sensitive stores in the SMC [uM s**-1]
Jrpsi = Fy x I x x2 /(K ; * %2 + I; * x2)

Uptake of Ca2+ into the SR (SERCA pump) [pM s**-1]
JSRuptak:ei = B;*Ca; * *2/(01”' x %2 + Ca; * *2)
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Ca2+ induced Ca2+ release (CICR) [uM s**-1]

Jorcri = C; % 8 % %2/ (Se i % %2 + 8; % #2) * Ca; * x4/ (e x %4 + Ca; * x4)
Ca2+ extrusion by Ca2+-ATP-ase pumps [uM s**-1]
Jewtrusioni = Di * Ca; * (1 + (Ui - Ud)/Rdi)

Leak current from the SR [pM s**-1]

JSRieaki = Li * s

Flux of Ca2+ exchanging with Na+ in the Na+/Ca2+ exchange [pM s**-1]
JNaCaz' = GNaC’ai * Caz/(caz + CNaC’ai) * (Ui - UNaCai)

Ca2+ flux through the stretch-activated channels in the SMC [pM s**-1]
Jstretchi = Gstretch/(l + exp(_alphastretch * (t’ransp mmHg * R/h - SigmGO)» * (Ui - ESAC)
Cl- flux through the Cl- channel [pM s**-1]

Jeri = Gerix (vi — vouq)

Flux through the Na+/K+ pump [pM s**-1]

INak i = FNak i

Nernst potential

Flux through inward rectifying K+ (KIR) channels in the SMC [uM s**-1]
Jii=Gri*wi* (v; —vK ;)

Equation with this dynamic v_ K_ i leads to unstable outcomes. Needs further bal-
ances and tests if it is to be used

EET-mediated vasodilation — phenomenological reduction of SMC Ca2+.
Physiological mechanism: astrocyte EET - > TRPV4 Ca2+ sparklets - > RyR
sparks - > BK_ Ca

activation - > V_m hyperpolarization - > reduced VOCC/Ca_V1.2 influx - >
lower global Ca_ i

(Earley et al. 2005, Circ Res 97:1270; Tran/Institoris et al. 2022, Nature Neurosci).
Implemented here as an effective Ca__i sink (reduced-order approximation) rather
than

explicitly routing through the V_m/VOCC chain. A more mechanistic alternative
would be

to attenuate J__VOCC_i or add a hyperpolarizing current to v__i. Hill coefficient
n=2

represents the multi-step cascade steepness. K__EET_ i is an effective potency pa-
rameter,

not a directly measured EC50 — literature supports submicromolar EET activity
(300 nM

11,12-EET activates TRPV4 in arterial SMCs; Earley et al. 2005).

JEETi = GEET i * ety x x2/(eety x 2 + Kppr; * %2)

IP3 degradation [uM s**-1]
Jdegradi = kdi * 1

EC fluxes

Release of Ca2+ from IP3-sensitive stores in the EC [uM s**-1]
Jipsj = Fj* Ij % %2/ (K, j % %2 + I * %2)
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Uptake of Ca2+ into the endoplasmic reticulum [pM s**-1]

JER uptake j = Bj * Ca; * *2/(ij * %2 + Caj * *2)

CICR [pM s**-1]

Jorcrj = Cjxsj % %2/(scj % %2+ 55 % %2) % Caj * %4/(cc j * ¥4 + Caj * *4)

Ca2+ extrusion by Ca2+-ATP-ase pumps [uM s**-1]

Jextrusionj = Dj * Caj

Ca2+ flux through the stretch-activated channels in the EC [pM s**-1]
Jst'retchj = Gst'retch/(l + e'rp(_alphast'retch * (transp mmHg * R/h - SingO))) * (Uj - ESAC’)
Leak current from the ER [pM s**-1]

JERleak j = Lj * s;

Ca2+ influx through nonselective cation channels [M s**-1]

Jeation j = Geat j * (Eca j — vj) * 0.5 % (1 4 tanh((nlogl0(Caj) — M3 cat j) /M4 cat )

K+ efflux through the BK_ Ca__j channel [-]

JBK Caj = 0.2%(14+tanh(((nlogl0(Ca;) —c) * (v; —bb;) — a1 j)/(map j* (vj+ a2 j* (nloglO(Caj;) —
) — bb;) * %2 + myp ;)))

K+ efflux through the SK__Ca__j channel [-]

Jsk caj = 0.3 % (1 + tanh((nlogl0(Caj) — mszs j)/mus ;))

K+ current through the BK__ Ca_j channel and the SK__Ca__j channel [fA]
Jk j = Giot j * (Vj — VK ) * (JBK Caj + JsK Caj)

Residual current regrouping Cl- and Na+ current flux [fA]

Jrj = GRj* (Vj = Urest )

IP3 degradation [pM s**-1]

Jdegradj = kdj * Ij

Coupling

Heterocellular electrical coupling between SMCs and endothelial cells (ECs) [mV
s**.1]

‘/coupi = _Gcoup * (Uz‘ - Uj)

Heterocellular IP3 coupling between SMCs and ECs [uM s**-1]

J1p3 coupi = —Prp3 * (I; — I;)

Ca2+ coupling between SMCs and ECs [uM s**-1]

JCacoupi = —Pcoqg * (Cal - Caj)

Translation factor, regulatory effect of cyclic guanosine monophosphate (cGMP)
on the BK channel open probability [uM]
Cwi = betay, /2 % (1 + tanh((cGM P; — alphay, ;)/epsyi))

Equilibrium distribution of open channel states for the SMC BK channels [-]
Kaeti = (Caj + cyi) * %2/ ((Ca; + ¢y i) * %2 + beta; * exp(—(v; — voazi)/Ri i)

Wall shear stress (from Dormanns 2016) [Pa]
tauyss = R/2 * deltay 1,

Time for NO to diffuse between the centres of the astrocyte and the SMC [s]
taug; = Tk * %2/(2 * Deno)

Time for NO to diffuse between the centres of the SMC and the EC [s]

tau;; = ;5 * %2/(2 % Deno)

SMC NO production flux [M/s]
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pNoi =0

SMC NO consumption flux [pM/s]

cNOi = kdno * NO;

SMC NO diffusive flux [pM/s]

dyoi = (NOg — NO;) [tauy; + (NOj — NOi)/tauij

sGC kinetics rate constant [s**-1]

kd = Cy x cGMP; * %2

Fraction of sGC in the fully activated form [-]
Es. =1— Ey — Egc

Maximum cGMP production rate [pM/s]
Vmaa: pde = kpde * CGMPZ

02 concentration in EC (Oxygen in EC taken as O2 from lumen (diffusion very
fast so plausible!) instead of constant, in pM) [uM)]

02; = 02 1e3

EC NO production flux [pM/s]

pNno j = NOswitch * (VNoj maz ¥ eNOSqet j % 025/ (Kmo2 j + O24) ¥ LArg; [ (Kmarg j + LATg;))
EC NO consumption flux [pM/s]

CNOj = kog *NO]' * *2*02]'

Jumen = —NOj x4 % Deno /(1) * %2)
EC NO diffusive flux [pM/s]
dNOj = (NOi — NOj)/tauij + Jumen

Strain energy density [-]

Wwss = Wo * (tauyss + nsqri(16 « deltayss * 2 4 tauyss * *2) — 4 * deltayss) * *2/(tauyss +
nsqrt(16 * deltayss * *2 + tauyss * *2))

Fraction of the elastic strain energy stored within the membrane [-]

Fwss = 1/(1 + alp * exp(_WwSS)) - 1/(1 + alp)

Actenos ca = Kais ¥ Caj/(Kenos + Cay)
ACteNOS wss = Gmazx * Fuss

Differential Equations

Smooth muscle cell

Cytosolic Ca2+ in the SMC [uM]
d[caz]/dt = JIPSi - JSRuptakei — Jextrusioni JSRleaki - JVOCC’i + JC’IC’Ri + JNaC’ai —0.1x

Jstretchi + JCa coupti — JEET
Ca2+ in the sarcoplasmic reticulum (SR) of the SMC [uM]

d[sz]/dt = JSRuptak:ei - JC’ICRi - JSRleaki
Membrane potential of the SMC [mV]

dlvs]/dt = gamma; * (—JINak i — Jori — 2% Jvocci — INaCai — JKk i — Istretchi — JKIR i) + Veoupii
Open state probability of Ca2+-activated K+ channels [-]
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d[w;]/dt = lambda; * (Kget i — w;)

IP3 concentration in the SMC [pM]
d[Iz]/dt = JIPB coupi — Jdeg'radi

K+ concentration in the SMC [pM]
d[K;]/dt = Inarci — JxIR: — JKC i

Endothelial Cell

Cytosolic Ca2+ concentration in the EC [pM]

d[caj]/dt = JIPBj - JERuptakej + JC’IC’R]’ - Jextrusionj + JERleakj + Jcationj + JOj — Jstretch j —
JCa coup i

Ca2+ concentration in the ER in the EC [uM]

d[s;]/dt = JERuptake j — Jo1CRj — JERIeak

Membrane potential of the EC [mV]

d[vj]/dt = _1/ij * (JKj + JRj) - ‘/coupi

IP3 concentration of the EC [pM]

d[I]]/dt = JpLc — Jdegradj —Jrp3 coup i J_PLC or input_plc(t)

NO concentration in the SMC

d[NO;]/dt = pnoi — cNoi +dNnoi

Fraction of soluble guanylyl cyclase (sGC) in the basal state [-]
d[Eb]/dt = —klx Ey*x NO; + k1 * Eg. + k4 x Es,

Fraction of sGC in the intermediate form [-]

d[EGC]/dt =klxEy«NO; — (k‘l + k‘2) * Bg. — k3 % Ege * NO;
Concentration of cGMP in the SMC [uM]

d[CGM-Pz]/dt = Vmax sGe * Bse — vmaa: pde * CGM-Pz/(Km pde + CGM-Pz)
Activated endothelial NO synthase (eNOS) [uM]

d[eNOSact j]/dt = (gameNOS * ACteNOS Ca T (]— - gameNOS) * ACteNOS wss muzj * eNOSactj)
NO concentration in the EC [pM]

d[NO;l/dt = proj — cnoj+dno

4.4 Wall Mechanics

Wall mechanics initial conditions:

Table 8: Neuron and ECS initial conditions

Parameter Value Unit Description

Mp 0.0842 — Fraction of free phosphorylated
cross-bridges

AMp 0.0622 - Fraction of attached phosphory-
lated cross-bridges

AM 0.2746 — Fraction of attached dephospho-
rylated cross-bridges

R 22.97e-6 m Vessel radius

Wall mechanics parameters:
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Table 9: Neuron and ECS initial conditions

Parameter Value Unit Description

wallMech 1.7 — Scaling constant for wall mechan-
ics

deltayail k 58.1395 — Constant to fit data

Kj 0.4 s*xx—1

Ky 0.1 skx—1

Ky 0.1 s*xx—1

GAMMAeross 17 WM xx—3s%

x—1

Neross 3 — Fraction constant of the phospho-
rylation cross-bridge

eta led Pas Viscosity

Ry passive 20e-6 m Vessel radius when passive and no
stress is applied

trans, 4000 Pa transmural pressure

Epassive 66e3 Pa

FEoctive 233e3 Pa Young’s moduli for the active ves-
sel

alphayq 0.6 — Scaling factor for initial radius

Emicp b 0.0086 s*xx—1 Basal MLC dephosphorylation
rate constant

Emiep ¢ 0.0327 s*xx—1 First-order rate constant for
cGMP regulated MLC dephos-
phorylation

Wall mechanics shared equations

Wall thickness of the vessel [pm)]
h=01*R

Wall mechanics equations

Contraction Equations

Equations describing the motion of the arterial wall are modified from the model of Kudryashov
and Chernyavskii (2008).

Rate constants for phosphorylation of M to Mp and of AM to AMp [s**-1]

K1 = gammacross ¥ Caj * ¥Neross

K¢ = K,

Rate constants for dephosphorylation of Mp to M and of AMp to AM [s**-1]

Ky = deltayau k * kmicpb + deltayan k * kmicp ¢ * Rearp2

K5 = Ko

Fraction of free non-phosphorylated cross-bridges [-]
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M=1-AM — AMp— Mp

Fraction of free phosphorylated cross-bridges [-]

d[Mpl/dt = wallMech x (K4 x AMp + Ky« M — (Ky + K3) * Mp)
Fraction of attached phosphorylated cross-bridges [-]
d[AMpl|/dt = wallMech x (Ks « Mp+ K¢ « AM — (K4 + K5) x AMp)
Fraction of attached dephosphorylated cross-bridges [-]

d[AM]/dt = wallMech % (K5 x AMp — (K7 + Kg) * AM)

Mechanical Equations

Fraction of attached myosin cross-bridges [-]

The cellular calcium concentration and the subsequent develop- ment of myosin—actin cross-
bridges in SMCs is related by the cross- bridge phosphorylation and latch-state model of Hai
and Murphy (1988). In their model, an elevation of calcium induces contraction through the
formation of crossbridges between myosin and actin. Myosin can be in four possible states: free
non-phosphorylated crossbridges [M], free phosphorylated crossbridges [Mp], attached phospho-
rylated crossbridges [Amp], and attached dephosphorylated crossbridges [AM]. It is the fraction
of myosin in the two attached states that determines the active stress, and hence contraction
that can be effected in the arteriolar wall. Kudryashov and Chernyavskii (2008) define the active
force on smooth muscle due to muscular tonus as k 2 F (where k 2 is a constant and F is the
concentration of contracting actin-myosin laments). For our model, we instead define F A as
the total fraction of attached crossbridges

E. = AMp + AM
Young’s modulus [Pa]

E= Epassive + Fr * (Eactive -

Initial radius [uM]

Epassive)

RO - RO passive + Fr * (alphawall - 1) * RO passive

Vessel radius [um]

d[R]/dt = Ry passive/€ta * (R * trans,/h — E « (R — Ro)/Ro)

4.5 Global Parameters

Global parameters:

Table 10: Neuron and ECS initial conditions

Parameter Value Unit Description

secondsiy simulate 1000 s

MaZode step 0.1 -

integrationmethod BDF — use BDF or Radau, others are

much slower

enablevolume changes depend

niide

NVU post-initialization parameters parameters post-initialization
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VOlUMEpes and sc 0 = Volumeg. g + volumeees o
totalyorume = volumesq o + volumey, o + volumeecs and sco + volume, o
SCyolume share = 'UOlumesc 0/U0lumeecs and sc 0

ECSyolume share = (1 — SCyolume share)

56



5 Numerical Implementation

The model is implemented in Python 3.11 using NumPy and SciPy. Time integration uses the
BDF solver (scipy.integrate.solve_ivp, method="BDF") with adaptive time-stepping and a
maximum step size of 0.1s. The parameter sweep that underlies the figures of the main article
was run at the SciPy default tolerances (rtol = 1072, atol = 107°); the maximum step size of
0.1s, not the tolerance, is the binding accuracy constraint here. Individual runs repeated with
rtol = 1079 reproduce the reported BOLD metrics to within 0.02 percentage points, which we
take as a convergence check. A typical 300s simulation completes in approximately 12 minutes
on a single CPU core.

Initial conditions represent the steady-state values listed in the “Initial Value” column of Table 1.
Before each stimulation experiment the model is allowed to relax to its dynamic equilibrium for
90 s of simulated time; the stimulus is then applied between ¢t = 100s and ¢ = 100 + Titim S.

Three design choices work against runaway behaviour: (i) every module has been previously
developed and tested in the published modelling literature; (ii) saturating functional forms
(hyperbolic tangents, Hill kinetics) are used on the right-hand sides of the ODEs in place of
unbounded linear couplings; and (iii) all parameter values are kept within the physiologically
plausible range. No signs of structural instability were observed across the ~165 simulation
cases reported in the main article.
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6 VYpaBHeHuss MOJAUMUINPOBAHHBIX CUTI'HAJIBHBIX ITyTeil

Huxkxe npuBeseHbl ypaBHEHHSI CUTHAJBHBIX IyTeH, KOTOPhIE OBLIN MOIMMUIMPOBAHBI B HACTO-
stelt pabore WM HEOOXOMMMBI JjIsl TIOHUMAHUS €€ pPe3yJbTATOB. DTOT MaTepHuasl BbIHECEH U3
OCHOBHOI'O TE€KCTa CTAThbU, YTOOBI HE IEPErPYKATH U3JIOXKEHHUE.

[Iyre EET-yupaisgemoit Ba3ouiaTainm

DTOT CUTHAJIBHBIN 1Ty Th TPEJICTAB/IsIET COOON MHOTOCTYIIEHIATHIH KACKal, B KOTOPOM STOKCUINHKO-
3aTPUEHOBBIE KUCJIOTHI, IIPOU3BOINMbBIE aCTPOIIUTOM, aKTUBUPYIOT KaHa bl TRPV4 Ha membpane
I’'MK, BBI3bIBaST JTOKAIbHbIE KAJIbI[HEBbIE TPAH3MEHTHI, KOTOPBIE 3alrycKaioT Berieckn Ca?t depes
puanojuHoBbie perentopbl (RyR); Te, B cBoto ouepesib, aktusupyor kKanaabl BKc, u runepmosis-
PU3YIOT MeMGPAHY, UTO CHUZKAET IVIODATBHYIO IATO30/IbHYI0 KontenTparmio Ca’t i npusomnt K
paccyiabsiennio muorura [Earley et al., 2005; Dabertrand et al., 2013]. EET — oaun u3 HeckobKux
ACTPOIUT-IIPOU3BOHBIX MenaTopos (Hapsay ¢ npocrarianauaamu 1 20-HETE), Boiieuénnbix
B ycToiumMBOE HelipoBacKysisipHoe conpsizkenne |[Girouard et al., 2010; Institoris et al., 2022]. B mo-
JIeJTE 9TOT IIyTh 00ECIIeUInBACT JINTEILHYIO BA30MUIATAIINIO TIPU IPOIOIKATEILHON HEHPOHHOMN
AKTUBHOCTH, JIono/HsAs Kparkospemennbiii K+ /KIR-oTk/uK.

Kacka peanuzoBan ¢ ncrosib3oBanneM (QyHKINE XUaa ¢ Kosddunumentom n = 2:

2

eety
2 2 )
eety + KEETﬂ.

(1)

JeET, = GEET,

rae Gger,i — dbdexrusnbrii koadduruent casasu (MxM c b, Kgger,; = 0,9 MkM — addexTus-
Hast KoHMeHTpanus noayaktusaiun. Konmenrparus EET eet) ompenensiercs muaaMukoil Kajb-
[Usi B ACTPOIUTE:

deety,

dt = Veet maX(Cakz - Cakz,mina 0) — keet eety, (2)

rje Veet — cxopocts npoaykuun EET, Cay min — IOporosast KOHIEHTPAIIA Ca?* s npomykuun
EET, keet — cxopocts serpagianuu. Cinaraemoe JEgT,; BRBIYATACTCA U3 yPaBHEHNS JIJIS IUTO30J1b-
Hoit konmenrparun Ca?t 8 TMK:

d Cai
dt

= J1p3,i — JSRup,i — Jext,i T JSRleak,i — Jvocac,i+

+ JCICR,@' + JNaCa,i - 0.1 Jstr,i + JCa,coup,i - JEET,ia (3)

riae Joicr,; 0obo3HavaeT KasbIuil-UHIyIIIPOBaHHOe BBICBOOOXKIeHne Kaablusd, Jyocc,; — HOTOK
Jepe3 IOTEHIHMA/I-3aBUCUMBbIE KaJIbIIMEeBbIe KAHAJIbI, OCTAJIbHbBIE CllaracMble IIPEJICTABISIOT COOT-
BercTBeHHO [P3-omocpenoBanHoe BhIcBOOOXKIeHMe, 3axBar SERCA, BbIHOC 4Yepes miasMaTude-
cKylo MeMGpaHy, yTedKy U3 capKoliasmMarudeckoro perukymyma, Nat/Ca?t-obmen, xamasisr,
AKTUBUPYEMbIe DACTsZKeHHEeM, U rerepokserodnoe conpsikenne [Koenigsberger et al., 2006].

KIR-kanas u memOpanubiii morerrmas I'MK

Kasuessrii kanas Buyrpernero soinpsiviienust (KIR) na mem6pane I'MK pearupyer na nepusac-
KyJISpHYIO KoHNenTpanmo K+ (Kp) u obecrieanBaeT OBICTPBIi IIyTh Ba30MTATAIINN:

IKIR,i

JKIR,i = FKIR.i (vi — VKIR,i)» (4)

%
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rie
VKIR,i = 210 — 22, JKIR,i = exp(z5v; + 23K — 24),

Fxr,; — Mmacrrabupyromuit koaddurument (mo ymomadannio 750, B GpuHAIBHON KOHGHUIYpaIin
1500), 7; = 1970 MBMxM ™! — dakTop MeMGpaHHOil 8MKOCTH, 21,. .., 25 — SMINPHYICCKHE KOH-
CTaHTBI, [TOJIyYeHHbIE TOJAIOHKON K 3KcrnepuMeHTaabHbIM jaHHbiM 110 KIR-Ttoky I'MK BHYTpH-
Mo3roBbix aprepuod [Filosa et al., 2006; Dormanns et al., 2015]. Mem6pannbriii noreanuan I'MK
OIIMCHIBAETCS YPABHEHUEM:

dv;
d_tl =7 (=JINak,i — Jeri — 2Jvocc,i — INaCa,i — JK,i — Jstri — JKIR,i) + Veoup,i- (5)

JlnnamMuKa mornepevHbIX MOCTUKOB

CokpallieHre cocyza OIUCHIBAETCS MOJIEbIO IOIMEPEYHBIX MOCTUKOB Xas—MéEpdu ¢ 4eTbipbMs
cocrosirusivu [Hai, Murphy, 1988|, onuceisatomieit dpocdopuinposanue u npukpersieHne Muo3u-
HOBBIX MocTHKOB. o cBobomubix docdopunuposannsix (M), npukpemniénusix docdopuiin-
posannbix (AM,) n npukperiénanx redocdopunnpoBantbix (AM) MOCTHKOB yI0BIE€TBOPSIIOT
YPaBHEHUSIM:

dM
7 = Whieen (K AMy, + Ky M — (K + K3) My),
dAM,
= = Wnicah (K3 My + Ko AM — (K + K5) AMy), (6)
dAM
a7 = WMech (K5 AMp — (K7 + Kg) AM),

rne M =1 — AM — AM,, — M,, — nons cBoboaHLIX HeDOCHOPUIMPOBAHHBIX MOCTHKOB, K =
Kg = v« Cau?X — Ca’T-zaBucumMasi cKOPoCTh (HOCHOPUIHPOBAHIST, Wifech — MACIITAOHPYIOMIAST
KOHCTAHTA, OIPEJIeJISIoNIas OOy CKOPOCTD IUKJIA MONEPEYHBIX MOCTUKOB (110 yMo/danuto 1,7,
B dunasibHoll Koudurypaimn 3,2). Josst npukpenaéunsix Moctukos Fp. = AM, + AM onpese-
JISIET aKTUBHOE HAIPSIZKEHNE, OT KOTOPOTO 3aBUCUT Pajuyc cocyja R:

dRr o RO,pass <RPtrans E R — RO)

h Ry

’r 0 (7)

rae B = Epass + F.(Eaet — Epass) — Momyb FOHra, MHTEpIOINPOBAHHbBIA MEXKy MACCUBHBIM
AKTHBHBIM COCTOSIHUSAMU, Ry = R pass + Fr(0v — 1) Ro pass — HeHaNpsk€nHbIl paguyc, h = 0,1R
— TOJIIIAHA CTEHKHU, 1) — BSIBKOCTH, Pirans — TPAHCMYPAJILHOE JIABJICHUE.

FGMO,HI/IHaMI/I‘{GCKI/Ie YpaBHEHUA

B Mozies 3aBHCHMOCTD 1Epe0pPaIBHOIO KPOBOTOKA OT PaJIMyCa COCY/Ia 3a/1a6TCsl CTEIIeHHBIM CO-
OTHOIIEHNEM ¢ ToKaszaresieM 4, HOpMuUpoBaHHBIM Ha pedepentable 3HadeHust CBFinit n Rinit
[Mathias et al., 2018]:

R 4
CBF = CBFyy (—> . (8)
Rinit

Benosnas 6amtonnas mosesns cBsisbiBaer CBV, nesokcuremornoonn (HbR) n BOLD:

dCBV 1 ( CBF

_ 1/d
CBFinit CBV )’ ©)

dt  TMTT + TTAT
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dHPR 1

HbR
<CMRO2,n - m fout) ) (10)

rie d — nmokasaresb ['pyoba, ceaspiBaomuit CBV u CBF, iy — cpesiee BpeMst TPOXOXKIEHAS,
TTAT — IOCTOSIHHAS BPEMEHH [I€PEXOQHO BAZKOYIIPYTOil IIepeCTPOIKY BEHO3HOIO KOMIIAPTMEHTA,
Jout = CBVY? 4+ rrar - (CBF /CBFjp;t — CBVl/d)/(TMTT + 71aT) — Benosueril orTok, CMRO2
— GespasMepHas (pUILTPOBaHHAS 110 (PUILTPY HU3KUX YaCTOT HOPMHPOBAHHAS CKOPOCTH Me-
taboam3ma kuciaopoga (ompenesrera B yp. (12)). Curman BOLD paccuaunrsiBaercst o dopmyiie
[Buxton et al., 2004]:

BOLD = Vj (a1 (1 — HbR) — ay (1 — CBV)), (11)
¢V =0.03, a1 = 3.4, ao = 1.0.

Merabosmmueckast HHEPITHST

ITo okoHYaHuU cTHMYyJIa TpedyeTcs HEKOTOPOe BpeMsl U MeTaboIMd9ecKhe Pecypchbl Ha, BOCCTAHOB-
JIEHUE NOHHBIX TPAJAUEHTOR, PENUPKY/ISIII0 HEHPOMEINATOPOB 1 MOMOJIHEHIE 3aIIacOB IJINKOreHa
[Hua et al., 2011; van Zijl et al., 2012|. K mraosennomy ornomennio CMRO2/CMRO3 it 1pu-
MeHseTC (PUILTP HUZKUX YACTOT MEPBOTO MOPAIKA, JAIONMH (PHIBTPOBAHHYIO HOPMUAPOBAHHYIO
Besmunay CMROg ),

dCMRO,,,  CMRO3/CMROg i — CMROa,, 12
dt TCMRO, '

Bnece CMRO2 1 CMROg it mMetor pasmeprocTts (MM ¢ !; ux ornomenne CMRO,/ CMROg init
Gespasmepro, 1 CMRO3,, — ero dmibrposanmnas Bepcusi (Takzke Ge3pasMepHa). TCMRO, |C] —
BpPEMeHHasl MOCTOsiHHAsT MeTaboJmaeckoii nuepuun. B ucxomuoit mojenn Kennu/Marunaca sror
duasrp orcyrersyer: ornomterne CMROg/CMROg jpit ucnonmbsyercst B ypasuenun HbR namps-
myto. B macrosimeit pabore BBOmuTCst ypasuenne (12) ¢ Tomro, > 0, ITO 3aMeIseT OTKIIMK
MeTabomsMa Ha cruMmysl. B kasmbposannoit kondurypamuu TcyMro, = 20 ¢, B duHAIBHOE —

TCMRO,; = 8 c.

KaymbpoBka mmapaMeTpoB

BHaueHne TCMRO, Ha KaXKJIOM dTalle HOJ0NPaIOCh SMIHPUYECKH, KAK U OCTAJIbHBIE I1apaMeTPhI
KaJIMOPOBKH; BMECTe C TeM ero BimsgHue Ha (opmy curnana BOLD umeer sicHblii Mexanusm. B
ypaBHeHHn Gajanca jeokcuremorsiobuna (yp. (10)) ciaraemoe CMROs ,, urpaer posb HCTOYHH-
ka (Merabosimueckas renepaius HbR 3a cuér norpebienus: Kucjaopoja), a Bropoe CjiaraeMoe —
pousib croka (BeiMbiBanre HbR BeHOsHBIM KpoBOTOKOM). OT TCMRO, 3aBHCHT TOJBKO MCTOYHIK;
cocynucrast Bersb (CBF, CBV) napamerpudecku oT TeMRO, HE 3aBHCHT. TeM CaMbIM TCMRO,
OTIPEJIeISIeT JIUIIb TO, HACKOJILKO ObICTpO Merabondecknit ncrounnk HbR orciexxuBaer m3me-
Henne KpoBoroka. IIpu Tomro, = 20 ¢ (Dran I) mcrounuk Hapacraer MeJUIEHHO W OTCTAET OT
OBICTPOro yBesmueHust KpoBoToka: HbR BeIMBIBaeTcst cuitbHee, a curdaj BOLD okasbiBaercs 3a-
BBIIIIEHHBIM. B IIPSIMOM CpaBHUTEJILHOM pacdére IPU IPOYHUX PAaBHBIX YCJIOBUSX TCMRO, = 20 ¢
naér muk +7,4% u nnaro +5,8% uporus +5,5% u +3,5% upu ToMro, = 8 ¢, HpuYéM cocy-
muctoie tepemennbie CBF u CBV B 00oux pacuérax mpakTHIeCKNd COBITQIAIOT. Y MEHBIIIEHHE J10
TCMRO, = 8 ¢ (Dran II) npubimzKaer cKOpocTh MeTabOJIMIECKOr0 HCTOYHUKA K CKOPOCTH COCY-
JIICTOrO OTKJIMKA ¥ BOCCTAHABJIUBAET KOPPEKTHBIE aMILIATYIbI TNKa U ILJIATO.

3HaveHne TcMRO, 10400paHo 1O hopMe MOJIEIBPHOIO OTKJ/IMKA, a HE BBIBEJCHO U3 HE3aBHCUMBIX
JaHHbIX. OTMETHM JIMIIb, 9TO OHO COIVIACYETCS I10 MOPSJIKY BEJMYMHBI ¢ XapaKTEePHLIMU Bpe-
MEHaMH MOCTCTUMYJILHOTO BOCCTAHOB/IeHUs: HOHHBIX Tpajuentos Nat /KT-AT®az0it — ejuuuiipt
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cekyny [van Zijl et al., 2012], — KOTOpBIME U ONpPEJIEIAETCS COXPAHSIONIEECs] TIOCTIE CTUMYJIA
noTpebJIeHne KUCJIOPOJIA.
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7  ®axTopnoe cpasuenne BkIa710B KIR 1 momepeunbx MOCTUKOB

Pacuér BbINOJIHEH pU OJHOM coueTanuu yciaosuii crumyssinun (I = 0,020 MA cM ™2, jmTes-
HocTh cTuMysta 20 ¢). Bo Beex 4eThIpéx mporonax mpodmne mapamerpbl (pHHATBHO KOHDUTY DA
u nacrpoitku pemarenst (BDF, max_step = 0,1 ¢) coBmasaior; pasim4aiorcss TOILKO FKIR,; H

WMech -

Tabmuma 11: Merpuku orkyimka BOLD B uerhipéx stueiikax (paKTOPHOIO IIJIaHa. Y POBEHb B KOHIIE
CTUMYJIAINE YCPEJIHEH 10 HOCIe HnM 5 ¢ cTuMmyla; orHoirenne oeprryTa — (Vpeak — Viate )/ Viate X
100%.

Bpemsi  YPOBCHDL B KOHIIE OTHOIIIEHHUE TOCTCTUM.
KOH(UTy panus FKirR,i WMeeh | THMK, % 1HKa, ¢ CTUMyJIAIUH, %  oBepuiyTa, %  cHuxKenwe, %
6azoBast 750 1,7 +4,31 12,7 +4,07 5,9 —1,20
tonbko KIR 1500 1,7 +3,69 11,6 +3,12 18,4 —0,64
TOJIBKO MOCTUKH 750 3,2 +6,07 6,8 +4,58 32,4 —3,28
coBMmectHas (dunanpras) 1500 3,2 +5,46 6,9 +3,45 58,1 —2,35

Yckopenne JIMHaMUKH [TOIIEPEYHBIX MOCTUKOB CaAMO 110 cebe JTaéT KAHOHUYECKOE BPEMsI JTOCTUKE-
must muka (6,8 ¢ mpu ucxoxnoM Fxir,; = 750); ycmrenne KIR myst sroro ne tpebyercst n naxe
HECKOJIbKO CHIZKAeT aMILTHTYTy muka. Bxmag FKIR, COCTOMT B IIOHMKEHHH YPOBH: B KOHIIE
CTUMYJISITNN, 38 CIET 9ero u (POPMUPYETCsS OTHOIIEHUE OBepIyTa. 1eM caMbIM IpexKHsist (hOpMy-
JINPOBK& O TOM, YTO 002 M3MEHEHUSI SABJISIIOTCH «HEOOXOIMMBIMY 1 JIOCTATOYHBIMU», HEKOPPEKTHA.

B kadecTBe KOHTPOJIsI COBMECTHasl KOHMUI'YPAIldsl BOCIPOU3BE/IA PaHee BBLIIOJHEHHBIN He3aBH-
CUMBIIl pacdéT ¢ TOYHOCTHIO JIO MAIIUHHOIO HyJisI. BBIBOJ OrpaHHYeH OJHUM COUYETaHUEM YCJIO-
BHUIl CTHMYJISIIIAI; KPOME TOro, n3MeHenne FKR ; CMemaeT ncxoquyo pabodyio TouKy (6a30Bblil
yposerb BOLD Bobie na 6,6%), mosromy cpaBreHue 1o 3roMy (hakTOpy NPOBOJIUTCS HE MPU
[TOJTHOCTBIO COBIAJIAIONIEM 0A30BOM COCTOSTHUH.
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(a) BOLD response — 2x2 factorial: KIR conductance x cross-bridge rate
(all other parameters at the Final configuration)

baseline (F_KIR=750, wallMech=1.7)

" peak +4.31% @ 12.7s, late +4.07%, OS +5.9%

KIR-only (F_KIR=1500, wallMech=1.7)

= peak +3.69% @ 11.6s, late +3.12%, OS +18.4%

wall-only (F_KIR=750, wallMech=3.2)

peak +6.07% @ 6.8s, late +4.58%, 0OS +32.4%
combined (F_KIR=1500, wallMech=3.2)

peak +5.46% @ 6.9s, late +3.45%, OS +58.1%

BOLD (% change)

60 80 100 120 140
Time relative to stimulus onset (s)
(b) Summary metrics across the 2x2 design
Peak BOLD (%) Peak time after onset (s)
+6.07 15 16
5.0 +4.31
+3.69 6.8 6.9
2.5 A
0.0 A
pase"® wreonty wal-on combined paseln® wr-onty wal-onV combined
Late-stimulus level (%) Overshoot ratio (%)
mean over last 5 s (peak — late)/late
+4.58 +58.1
44 +4.07 50 4
+3.12 +32.4
21 254 +18.4
+5.9
0 4
paseline ar-onY wav-onty compined paseline ar-ony wal-ony combined

Puc. 2: ITommoe dakTopHoe cpaHenne 2 X 2: Baudaane FKIR ; ¥ Whech Ha popMy orkmmka BOLD.
Ounaspuas kouduryparus, I = 0,020 MA e 2, crumya 20 c.
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