Supporting Material for
Potassium buffering in the neurovascular unit:
Models and sensitivity analysis

Alexandra Witthoft,! Jessica A. Filosa,’ and George Em Karniadakis*$

JrSchool of Engineering, Brown University, Providence, RI 02912
fDepartment of Physiology, Georgia Regents University, Augusta, GA 30912
8Division of Applied Mathematics, Brown University, Providence, RI 02912

*Correspondence: Tel.: +00-1-401-8631217. E-mail: George_Karniadakis@brown.edu



S1 Detailed Model Equations

S1.1 Synaptic Space, (g
When neurons are activated, they release K™ and glutamate into the synaptic space (see Fig. 1). The governing
equation for the potassium in the synaptic space is
dK*]g
dt
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where Jg, is a smooth pulse approximation of potassium release from active neurons; Jygcc is the astrocyte
potassium uptake through the Na-K-Cl cotransport (Eq. (S7), below), Jnok i is the astrocytic KT uptake through
the Na-K pump (Eq. (55), below), and V Ry, is the volume ratio of synaptic space to astrocyte intracellular space.
Jkir,as = Irir a5/(Cast?y) is the astrocytic Kirag flux into the perisynaptic processes (Eq. (59), below), where Cyg;
is the astrocyte cell capacitance, and +y is a scaling factor for relating the net movement of ion fluxes to the membrane
potential ([1]). [K*]g, is the baseline K™ concentration, and Rdck+ g is the decay rate.

The synaptic glutamate release is assumed to be a smooth pulse, and the ratio of active to total G-protein due
to mGluR binding on the astrocyte endfoot is given by
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where p = [Glu]/(Kgi, + [Glu]) is the ratio of bound to unbound receptors, and ¢ is the ratio of the activities of
bound and unbound receptors, which allows for background activity in the absence of a stimulus ([2]).

S1.2 Astrocytic Intracellular Space, €244,

Two astrocyte activities occur simultaneously in response to the extracellular KT and glutamate:

(1) The glutamate binds to receptors on the astrocyte perisynaptic process, and IP3 production occurs inside the
cell wall, causing release of intracellular Ca?*, which both inhibits TRPV4 channels and triggers EET production.
Both Ca?t and EET activate the astrocytic BK channels, which release KT into the perivascular space. In addition,
vessel dilation (strain, €) activates the TRPV4 channels, allowing an influx of Ca?* into the astrocyte.

(2) Happening concurrently, the extracellular KT increase leads to K+ influx through astrocyte Na-K pump and
perisynaptic Kirag channels, resulting in a membrane depolarization and a rise in astrocytic intracellular KT, along
with a decrease in intracellular Na™. The NKCC influx increases with decreasing intracellular Na™, K™, and Cl~;
thus, the cotransport depends on the competition between KT influx and Na™ outflux. This activates outward K+
current through the perivascular endfoot Kiray channels, which release KT at the perivascular interface.

Perisynaptic processes (1)
The IP3 production in the astrocyte is based on the model by [2] as modified by [3]:

d[IPs]
dt

=1,G" = kqeg[IP3], (S3)
where 7} is the IP3 production rate, and kg4 is the degradation rate.

Perisynaptic processes (2)
The electrical current through the Na-K pump is carried by both Nat and K™ ions, thus we treat it as the sum of

these components:
INoek = INak,k + INaK Na, (54)
where the potassium current is carried by an influx of KT ions which is described by the Na-K potassium flux from
[3]:
(K" s [Na™]'
K+]g + KKo, [Nat]l5 + KNal®’

JNaK,K = JNaK,maa:[ (85)
where JNak maz 1S the maximum KT flux through the channel; the potassium concentration in the synaptic space is
[K*]g, and K Ko, is the threshold value for [K*]g. [Na'] is the intracellular sodium concentration, and K Na; is the
threshold value. V Ry, is the volume ratio of the astrocyte intracellular space to the synaptic space. All astrocyte



cation currents, I;+, are related to the corresponding cation concentration flux, J;y, as I;+ = —J;+Cysy, where
Cqst is the astrocyte cell capacitance, and ~ is a scaling factor for relating the net movement of ion fluxes to the
membrane potential [1]. (For anion flux, the factor of —1 is removed). Thus, the potassium current in the astrocyte
due to Na/K is Ingx,xk = —JINak,kCasty. The Na-K pump exchanges 3 sodium ions for every 2 potassium ions, so
the Na™ current is

INoKk,Na = _ilNaK,IC (S6)

The NKCC is electrically silent because its total uptake comprises two positive charges (an Na™ and KT ion) for

every two negative charges (two Cl™ ions): a net charge of zero. The equation for the NKCC flux is adapted from
the model developed by [4]:

INkcc = INKCC, maz 108 K], [Nat]a \[CT |a
A
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where the subscripts A and S indicate concentrations in the astrocyte and synaptic space, respectively, and
JINKCC,maz 18 the scaling factor that determines the amplitude of the pump flux. The potassium and sodium
fluxes through the cotransport are Jx = Jyxcco and Jy, = JNkcoc, because the cotransport mechanism carries one
KT ion for every Nat ion. Because our model does not include mechanisms that interact with chloride dynamics
and because the astrocytic C1~ and Na™ concentrations are roughly the same at baseline and active states ([4]), we
add the simplification that [C17]4 = [Na*]4. In addition, we also assume a constant value for the extracellular C1~
and Na™, [Cl17|g and [Na™]g, respectively.
The intracellular Nat concentration obeys

d[Na*t
% = JNaok,Na + INKCC, (S8)

where JNaK,Na = *INaK,Na/(Oast’Y)-

Astrocytes in the cortex have homomeric Kir4.1 channels and heteromeric Kir4.1/5.1 channels; both are present
in the perisynaptic processes, but the endfeet express only the heteromer ([5]). Also, it is worth noting, astrocytes
in thalamus and hippocampus, where there are abundant synapses, express predominantly the Kir4.1 homomer
([5]). The heteromer has a higher single channel conductance, but few data exist on the Kir channel densities along
astrocyte bodies except in the retina ([6, 7]), where astrocyte function is unique and highly specialized. Therefore,
we estimate the relative whole-cell Kir conductances at the endfeet and processes by adjusting for the appropriate
KT fluxes and astrocyte membrane potential during simulation. The main difference between the Kir4.1 homomer
and Kir 4.1/4.5 heteromer is the difference in their response to pH ([5]). At the moment, the model does not include
a description of astrocytic pH, but when this is added at future time, it will be important to consider its nonuniform
inhibitory effects on the process and endfeet Kir channels.

The current through the perisynaptic Kirag channels is

Ixir.as = 9kir,as(Va — Viir as), (S9)

where AS stands for the Astrocyte-Synapse interface. The channel conductance, gkir a5 is calibrated to the the
glial Kir4.1 data from [8]; the reversal potential, Vi, as, is the Nernst potential for potassium. The conductance is
defined as

grir,AS = grcir,s\/ [KT]g, (S10)

where [K*]g is the potassium concentration in the synaptic space in mM, and gg;r g is a proportionality constant.

The reversal potential is
[K*s

VKir,AS = EKZ’T, Troc lOg ; (Sll)
g [K*]4
where Ecir proc is the Nernst constant for the astrocyte process Kir channels (about 25 mV [9]).
Astrocyte soma (1)
The astrocytic intracellular [Ca?T] obeys
d[Ca?*
% = /B(ijg - qump + Jleak) + JTRP7 (812)



where the first three terms are Ca?t fluxes from the ER into the cytosol (Eqs. (S13) — (S16) below); 3 is the factor
describing Ca?T buffering, and the Ca?* influx through the TRPV4 channels is Jrrp = —(1/2)Irrp/(Custy) (see
Eq. (526), below).

The calcium stores in the ER have three mechanisms for calcium transport: (1) IP3R receptors on the ER bind
to intracellular IP3, initiating Ca?" outflux from the ER, Jrp, into the intracellular space; (2) a pump uptakes Ca**
from the cytosol into the ER, Jyump, and (3) a leak flux Jiqr from the ER into the intracellular space ([2]). The
IP3-dependent current is

s () (S (). o

where Jp,q. is the maximum rate; K7 is the dissociation constant for IP3R binding; K,.; is the dissociation constant
for Ca?* binding to an activation site on the IP3R, and [Ca2+]ER is the Ca?* concentration in the ER. The gating
variable h is governed by

dh

dt
where k., and K;,;, are the Ca?T binding rate and dissociation constant, respectively, at the inhibitory site on the
IPsR. The pump flux is

= kon[Kinn — ([Ca®T] 4+ Kinn A, (S14)

Ca2+)’
qump = maw#v (815)
[Ca?t]” + K2
where V4, is the maximum pump rate, and K, is the pump constant. The leak channel flux is
[Ca*]
Jieak = PL (1 — = | (S16)
[Ca*t]pp

where Py, is determined by the steady-state flux balance.
The rise in intracellular Ca?* in the astrocyte leads to EET production inside the cell. The EET production is
governed by
d[EET]
dt

where Vggr is the EET production rate; [Ca®*] . is the minimum [Ca®*] required for EET production, and kggr
is the EET decay rate. Following [3], we assume that EET acts only on the astrocyte BK channels in the perivascular
endfoot, rather than acting directly on the arteriole SMC as in [2].

= VEET([CaH] — [Ca%]

) — kppr[EET], (S17)

min

Astrocyte soma (2)
The intracellular KT concentration, [K*] ,, rises due to influx through Kiras and Na-K pump:

d[K*],
dt

= JInak,k + INkcC + Jxiras + Ipx + Jiirav — Rdegs a([KT), — [K+]A,0), (S18)

where any potassium flux J is related to the corresponding electrical current I such that J; = —1I;/(Cusy) (for
i = [(NaK, K), (Kir, AS), BK, (Kir, AV)]; [K*] , o is the baseline K* concentration, and Rdck+ 4 is the decay rate.
We assume in this model that the astrocyte membrane potential is uniform across the entire cell; it is likely that
this is not the case, as similar membrane structures (e.g. neuronal dendritic trees) are highly lossy. However, for

simplicity, we consider the astrocyte as a single electrical compartment in which the membrane potential obeys
dVy 1

dt  Cast

(=Inax — IKir,as — IBx — ITrRP — IKir,av — icak), (S19)

where Cyq is the astrocyte cell capacitance; Inyqx is the Na-K pump current (Eq. (54)), the Kirag and Kiray
channel currents at the processes and endfeet are Ix;, as and Ix;r,v (Egs. (59) and (S30)) respectively; the BK
current is Igx (Eq. (S21), below), and the TRP current is Irgp (Eq. (526), below). The leak current, [jeqk is

Ticak = Gieak(Va — Vieak), (520)

where gjeqr and vieqx are the leak conductance and reversal potential, respectively.



Perivascular endfeet (1)

Astrocytic BK channels, which occur on the perivascular endfeet, are affected by both EET and Ca?*, as described
by [3]:
Ipx = grnBr(Va — UBK), (S21)

where gpi is the channel conductance; vpx is the reversal potential, and npx is governed by

dn
diK = ¢pKx (NBK — NBK), (522)
with -
¢BK = PBK cosh (AZ_ vg’BK) : (S23)
V4, BK
EET 1| EET] —
Moo, 5K = 0.5 <1 + tanh <VA + EETuhigt| EET] ”3731‘)) : (S24)
V4,BK
Also v3 g is the potential associated with 1/2 open probability, which depends on [Ca?T]:
Ca®t] - C
vomi = — BE (anh ([ anl aS’BK> + V6,8 (S25)
Cay Br

where v4 K, Vs, BK, V6,BK, Cas,BK, Cas Bi, and Ypg are constants, and EET ;s determines the EET-dependent
shift in the channel open probability.

In the astrocyte perivascular endfoot, the mechanosensitive TRPV4 channels allow calcium influx from extracellu-
lar space, Jrrpy, in response to arteriolar dilations and constrictions which stretch the enclosing endfoot membrane.
These channels are also inhibited by astrocytic intracellular Ca?*t increases. The electrical current through the
channel is

Itrp = grrP5(VA — VTRP), (526)

where grgrp is the maximum channel conductance; vyrgrp is the channel reversal potential, and V4 is the membrane
potential (see Eq. (S19) below). The calcium ion flux through the channel is given by Jrrp = —(1/2)Irrp/(Casty)-
There is a factor of -1 because Jrgrp is a flux of positive ions, whereas electrical current, I7pp, always describes the
motion of negative charges (an outflux of electrons being equivalent to an influx of positive ions). The factor of 1/2
is there because there are two positive charges for every one calcium ion.

The TRPV4 channel current is activated by mechanical stretches, and, after activation stops, experiences a slow
decay in the absence of extracellular Ca?*, and a fast decay in the presence of high extracellular Ca?* ([10, 11]).
Thus, we model the open probability as an ODE that decays to its variable steady state, so (Eq. (5S28), below),

according to

ds 1

. — (S00 — ), 527

At~ 70a([Ca2t],) (500 = 5) (827)
where the Ca*"-dependent time constant 7c,([Ca?t],) = 7rrp/[Ca®T]p, where [Ca?t], is the perivascular Ca®"
concentration (Eq. (534), below) expressed in uM, and s. is the strain- and Ca?"-dependent steady-state channel
open probability: We model the steady-state TRPV4 channel open probability, s.,, by the Boltzmann equation

12, 1J:
1 1 Vi —viTRP
. Hg, + tanh | 2 —LTEP . 528
’ (1+e(”1/2)/”> {1+H0a( cotan ( V2, TRP )ﬂ 52

The first term 1/(1 + e~ (¢€1/2)/%) describes the material strain gating, adapted from [1]. The strain on the perivas-
cular endfoot, €, is taken to be the same as the local radial strain on the arteriole € = (r — ro)/ro (see Eq. (550),
below), while €; 5 is the strain required for half-activation. The second term describes the voltage gating and Ca?t
inhibitory behavior, based on the experimental results from [11] and [13]. The parameters v1 rrp and vy rrp are
the membrane potential required for half-activation and the steepness of the voltage gating curve, respectively. The
inhibitory term, H¢y,, is

[Ca”*] | [Ca”"]p

) S29
YCa; YCa. ) ( )

where [Ca?'] is the astrocytic intracellular Ca** concentration (Eq. (S12)); [Ca®T], is the perivascular Ca*"
concentration (Eq. (534), below), and ycqa, and yo,, are constants associated with intra- and extracellular Ca®*,
respectively.



We point out that this TRPV4 model is a simplified description of the true TRPV4 channel, which has a highly
complex and diverse range of gating properties. For instance, it has been reported that at low levels, intracellular
calcium potentiates channel activity, rather than inhibiting it [14]. During a neuronal stimulus, this might affect
the initial behavior of the TRPV4 channel during the brief period when the astrocyte intracellular Ca2T is still
low. However, both the astrocyte intracellular Ca?* dynamics and the TRPV4 gating properties are not yet known
with enough fine precision for a more detailed TRPV4 model to be useful. TRPV4 channels have been observed to
respond to a variety of additional variables including temperature and diffusibles such as EET and IP3 [15, 10, 13].

Thus, this model is a simplified description of TRPV4, focusing mainly on its mechanosensitive properties, as
this is sufficient to capture the astrocyte response to vessel movement (refer to [16]), but additional gating properties
can be added to the model in the future as more data become available.

Perivascular endfeet (2)

At the perivascular endfoot, the Kiray current is

Icirav = gxir.av(Va — Vicir, av), (S30)
where AV stands for the Astrocyte-Vessel interface. The conductance and reversal potential, gxir av and Viir av
are shown below:

9xir,av = grirv/ KT pys (S31)
where [K*],,, is the potassium concentration in the perivascular space in mM, and gy is a proportionality

constant. The reversal potential is again the Nernst potential, but because the channel is located at the perivascular
endfoot, Vi, a4y depends on the perivascular K™ concentration instead of the synaptic space concentration:

VK' AV:EK' df tlog%. (832)
| K+,

S1.3 Perivascular Space, )p

The potassium accumulates in the perivascular space due to outflow from astrocytic BK and Kiray channels and
arteriolar smooth muscle cell Kirgyc channels. The equation governing perivascular KT is

d[K*] 5y, _ _IBr + Jkirav _ JIKirsmc
dt VR, VR,

- Rdc([KﬂPV - [K+]P,O)? (833)

where VR,, and VR, are the volume ratios of perivascular space to astrocyte and SMC, respectively, and [K] PO

is the resting state equilibrium K concentration in the perivascular space. Rgy. is the rate at which perivascular

K™ concentration decays to its baseline state due to a combination of mechanisms including uptake in background

cellular activity and diffusion through the extracellular space. The potassium flow from the astrocyte and SMC

are Jpi + Jrirav and Jgir snc, respectively, given as Jpx = —Ipk/(CastV), JKir,av = —Ikir,av/(Cast?y), and

Jrir.sme = —Ikirsmce/(Csmey) (Egs. (S21), (S30) and (S36), below), where Csps¢ is the SMC capacitance.
The perivascular Ca?t concentration obeys

d[Ca®*],

TR —Jca — Jrrpv — Cage([Ca®*]p — [Ca®*]p ), (S34)

where Jo, is the calcium current from the arteriole SMC (see Eq. (547) below), and Cag. is the decay rate of
perivascular Ca?* concentration (similar to Rg.).

S1.4 Arteriole Smooth Muscle Cell Intracellular Space, Qg ¢

The arteriole tone depends on the level of intracellular Ca?* in the SMC (see Fig. 1) When the arteriolar Kirgymc
channels are activated due to perivascular K™, the SMC membrane potential experiences a hyperpolarization, which
closes Ca?* channels. The decreased Ca?* level in the SMC intracellular space results in a dilation, corresponding
to strain, €, which then activates the astrocytic TRPV4 channels.

The equations for the SMC dynamics are adopted from [17] except that the membrane potential is modified to
include the Kirgye current (Eq. (5S36)) following [3]:

v, 1
dt  Cswme

(—Ip — Ik — Ica — Ikir,smc), (S35)



where Cgyrc is the cell capacitance, and Iy, I, and I¢, are the leak, KT channel potassium, and calcium currents,
respectively (Eqs. (S42) — (549), below).

The vascular SMC model from [17] describes vasomotion as a result of pressure-sensitive Ca®" ion channel activity
in the SMC (see Egs. (548) and (519), below). Other models assume that vasomotion is also affected by endothelial
cell activity ([1, 3]). Both the SMC and endothelial cells are likely to have a contribution to vasomotion. However,
there have been observations of vasomotion in arterioles in which the endothelium was removed ([18]), indicating
that the endothelium is not required for vasomotion, even if it can have an effect. Thus, for simplicity, the role of
endothelial cells is not addressed here, but can be added to the model at a later time.

The potassium buildup in the perivascular space activates the arteriolar Kirgye channels according to ([3])

Iirsvc = 9rir.smck(Vin — Viir,smc), (S36)

where the channel conductance, gxir sarc, reversal potential, viir sarc, and open probability, £, all depend on the
perivascular Kt concentration:

grir,smc = giiroy/ KT pys (S37)
where [K“‘] py 18 in units of mM, and gx,0 is the conductance when the perivascular K™ concentration is 1 mM;
Viir,sme = Viir1og K] py — vkir 2, (S38)
where [K“‘] py 18 again in units of mM, and vg;,1 and vgy 2 are constants, and

dk 1

where 7, = 1/(a + Bi), and koo = a/(ax + Bi), in which

QK ir
A = P (840)
1+ exp(ivm 1;::%“1 )
ﬁk = 5](727" exp(bv2 (Vm — VKir + bv1)7 (841)

where axir, Brir, v,y Quys by, and by, are constants ([3]). The SMC membrane potential is V,,, (Eq. (S35)).
The leak current is simply Ir, = gr.(V,, — vp), where g7, is the leak conductance, and vy, is the leak reversal
potential. The K+ channel current is
I = 79Kn(vm - UK)a (842)

where gx and vy are the channel conductance and reversal potential, respectively. The fraction of Kt channel open

states, n is described by
dn

i An (Moo — 1), (543)
with
Moo = 0.5 (1 + tanh m) : (S44)
Uy
and
An = ¢ cosh VTZU?’ (S45)

where v, is the spread of the open state distribution with respect to voltage, and wvs is the voltage associated with

the opening of half the population, and is dependent on the Ca?* concentration in the SMC:

[Ca2+]SMC — Cag
C’a4

v = —% tanh + ve. (S46)

The parameters Caz and Cay affect the shift and spread of the distribution, respectively, of v3 with respect to Ca?™,
and vs, vg are constants. The Ca?t channel current is

Ica = gCaWOO(Vm - UCa)a (847)

where go, and ve, are the channel conductance and reversal potential, respectively. Since fast kinetics are assumed
for the Ca?t channel, the distribution of open channel states is equal to the equilibrium distribution

Vi —
Moo = 0.5 (1 + tanh U”l) , (S48)
2



with v; and vy having the same effect as Caz and Cay in Eq. (546) and vs and vy in Eq. (S44). Note that in
this case, vy is a variable that depends on the transmural pressure. We represent the relationship using this linear
approximation of the data from [17]:

vy = —17.4 — 12AP/200, (S49)

where AP is in units of mmHg, and v; is in mV. For our model, we chose a value of 60 mmHg for AP, which we
found to be consistent with experimental observations (e.g. Figure 5 in [19]) for arterioles around 50 pm in diameter,
the size used in our simulations.

The SMC myogenic contractile behavior, which constricts the vessel, depends on the Ca?t concentration in the
SMC. The vessel circumference, x, is described by

de 1

-z — fo— fu), S50

= —(far—fo— fu) (350)
where the radius r comes from = = 27r; 7 is the time constant, and fap f. fu. are the forces due to transmural
pressure, viscoelasticity of the material, and myogenic response, respectively. The myogenic force, f, depends on
the SMC Ca?T concentration, which changes based on the Ca?* ion channel current. These forces are discussed in
detail in [17].

S2 Additional Sensitivity Analysis Results

In this section we analyze the system sensitivity to all 55 parameters using the ANOVA functional decomposition
and stochastic collocation [20, 21, 22] in which two parameters at a time are varied simultaneously. (Contrast with
Section 4, in which we performed a global sensitivity analysis of a subset of eight key parameters, all of which were
varied simultaneously.)

baseline, synaptic space ' synaptic space, active state
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Fig. S1 shows four quadrants, each with sensitivity results for extracellular potassium concentration: The top
row is the sensitivity of potassium concentration in the synaptic space, while the bottom row is the potassium
concentration in the perivascular space; the left column is the baseline level, and the right column is the maximum
concentration when the system is in the active state'.

In each quadrant, consider all 55 the model parameters are arranged in a large ring, but to make the diagram
easier to see, we have only labeled the parameters we have determined to be most sensitive. The data in this figure
are visualized the same way as in Figure 5 from Section 4.

In the top left quadrant, the most sensitive parameters for the synaptic space baseline KT level are the following:
JINaK maz; KX Koa, the threshold value of extracellular K™ for the Na-K pump in the astrocyte process; Exirproc;
v, the conversion factor relating flux of ionic concentration to electric current in the astrocyte membrane; and Cg,
the capacitance of the astrocytic membrane. The most sensitive parameter is Exr proc; Which implies that the
astrocyte Kirag channels are the most important mechanism setting the baseline level of synaptic K*. Likewise,
in the lower left quadrant, the baseline perivascular KT level is most sensitive to the astrocyte endfoot Kiray and

Imeaning that there is synaptic activity, which we model as a release of potassium and glutamate in the synaptic space near the

synapse-adjacent astrocyte process



process Kirag channel reversal potentials (Exirproc and Exir endfoot respectively). We note that these findings
are limited to an isolated astrocyte; intercellular inputs from adjacent astrocytes via gap junctions and diffusible
biochemical messengers may have a profound impact impact on the results if they are included in the model.

It is worthwhile to consider baseline KT sensitivities (the left-hand side, top and bottom quadrants) together:
note that the synaptic space and perivascular space baseline KT levels are both sensitive to several of the same
parameters: Jnqk maz, KKo0a, Exir proc, and 7. This reveals an inherent model assumption about the connectivity
of the two ends of the astrocyte, which is a possible limitation of the model. In the future, it may be necessary to
upgrade the model into a multi-compartment model in which some loss exists in the propagation of ions and electric
signals from one end of the cell to the other. Gap junctions between neighboring astrocytes may also need to be
added to the model in the future as these would contribute to the distribution of ions throughout the glial network.
The same is evident in comparing the active state K in the synaptic and perivascular regions (right-hand side, top
and bottom quadrants). Again, out of all 55 parameters in the model, the maximum K7 level in the synaptic and
perivascular spaces share four out of five of their top most sensitive parameters: VRga, Rdck+ g, JNaK,maz, and
EKir,proc-

S3 Simulation Parameters

Table S1: Qs Synaptic Space

Qs Synaptic Space Description Source
Rch+,S 0.07 s—! K7 decay rate in synaptic space estimation
VRsa 3 volume ratio of synaptic space to astrocyte intracellular space estimate — [3]
[Nat]g 169 mM  synaptic space NaT concentration estimate — [4]

Table S2: Qqstr Astrocytic Intracellular Space

Qgstr Astrocytic Intracellular Space Description Source

astrocyte perisynaptic process

Exirproc 26.797 mV Nernst constant for perisynaptic process Kirag channels estimate — [9]
9Kir,S 144 pS proportionality constant for perisynaptic process Kirag conductance (5]

KNa; 1 mM intracellular Na®t threshold value for Na-K pump estimation
KKoq 16 mM estimation
INaKman 1.4593 mM /sec maximum Na-K pump rate estimation
INKCC,max  0.07557 mM/sec ~NKCC pump rate estimation
1) 0.001235 (3]

Kg 8.82 (3]

astrocyte soma

T 4.8 uM (3]

Kdeg 1.25 s~ 1 (3]

Beyt 0.0244 (3]

Kinn 0.1 pM (2]

kon 2 pM~1s71 [2]

Tmaz 2880 pMs~! [2]

Kr 0.03 pM 2]

Kaet 0.17 pM 2]

Vinas 20 pMs~! 2]

kpump 0.192 uM estimation
Py, 5.2 uMs™! (3]

[CaZt], .. 0.1 pM minimum intracellular Ca?* required for EET production (3]

VeEET 72571 [3]

kepT 7157t (3]

Clast 40 pF astrocyte membrane capacitance (3]

Jleak 3.7 pS leak channel conductance estimation



Vieak -40 mV leak channel reversal potential estimation
o' 834.3 mVpuM—! scaling factor relating ion flux to membrane potential (23]
Rdeyg+ 4 0.15s71 astrocyte intracellular KT decay rate estimation
perivascular endfoot
IKir,V 25 pS proportionality constant for endfoot Kiray conductance (5]
Exirendfoot  31.147 mV Nernst constant for endfoot Kiray channels estimate — [9]
9IBK 200 pS BK channel conductance [24]
UBK -80 mV BK channel reversal potential [24]
EETsp;zt 2 mVpuM~! (3]
V4, BK 14.5 mV (3]
U5, BK 8 mV (3]
V6,BK -13 mV (3]
Pn 2.664 s~ 1 (3]
Cas i 400 nM (3]
Cay,BK 150 nM (3]
I9TRPV 50 pS TRPV4 channel conductance [25]
VTRPV 6 mV TRPV4 channel reversal potential [26]
K 0.1 fit to [27]
V1, TRPV 120 mV fit to [10, 11]
V2, TRPV 13 mV fit to [10, 11]
€12 0.1 fit to [27]
YCa; 0.01 M fit to [11]
YCae 0.2 mM fit to [10]
TTRPV 0.9s! fit to [27, 11]
Table S3: Qp Perivascular Space
Qp Perivascular Space Description Source
[Ca2+]P,o 5 uM estimation
VRpa 0.04 estimate — [3]
VRps 0.1 estimate — [3]
Rgc 0.2s~! K7 decay rate in perivascular space estimate — [3]
[K+]P,0 1 mM minimum K+ concentration in perivascular space estimate — [3]

Table S4: Qgarc Kirspme Channels in Vascular Smooth Muscle Cell

Qg npre Vascular Smooth Muscle Cell Space

Description

Source

VKIR,1
VKIR,2

48.445 mV
116.09 mV
grIr,o 120 pS

factor relating Kirgyc reversal potential to extracellular K+
minimum Kirgyo reversal potential (at low extracellular K+)

factor relating Kirgyic conductance to extracellular K+

AOKIR 1020 sec
Qvy 18 mV
Qyqy 6.8 mV
BKIR 26.9 s
by, 18 mV
bo, 0.06 mV

parameter for Kirgnic
parameter for Kirgnic
parameter for Kirgyic
parameter for Kirgyio
parameter for Kirgnio

parameter for Kirgnio

opening rate, ay
opening rate, oy,
opening rate, ay,
closing rate, B
closing rate, B

closing rate, i

10

estimate — [16, 3]
estimate — [16, 3]

estimate — [3]



Table S5: Qg Vascular Smooth Muscle Cell Space

Qg prc Parameter Source Qg arc Parameter Source
Ap 60 mmHg [28] Vpef 0.24 [17]
v -23.265 mV [17) a 0.28125 [17]
va 25 mV [17) v 5 [17]
v4 14.5 mV (17] d 0.03 [17]
vs g mV [17) d 1.3 [17]
vg -15 mV [17) zh 1.2 [17]
Cas 400 nM [17] ) 0.13 [17]
Cay 150 nM [17) A 2.2443 [17]
én 2.664 [17) A 0.71182 [17]
vL -70 mV [17) xl 0.8 [17]
VK -85 mV [17] xg 0.01 [17]
VCa 80 mV [17) o 0.32134 [17]
c 19.635 pF [17) @l 0.88977 [17]
gz 63.617 pS (17] A 0.0090463 [17]
9K 314.16 pS [17) uh 41.76 [17]
9Ca 157 pS [17) aly 0.047396 [17]
Kg 1000 nM [17) A 0.0584 [17]
Br 10000 nM [17) vh 0.928 [17]
a 4.3987e+15 nM C—1 [17) v} 0.639 [17]
kca 135.68 s—1 [17] vh 0.35 [17]
Cam 170 nM [17) vh 0.78847 [17]
q 3 [17] v 0.8 [17]
Cayey 285 nM [17) zo 188.5 um [29]
Ky 3.3 [17] a 753.98 pm? (30]
ol 2.6e+06 dyne cm—2 (17) S 40000 pm? [30]
off 3e+06 dyne cm ™2 [17] we 0.9 [17]
Ym 0.3 [17] Win 0.7 [17]
T 0.2 dyne cm ™! [17]
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S4 Model Uncertainty

In this section, we address the uncertainty in the model by testing the effects of either omitting or modifying certain
mechanisms of the model, as opposed to parametric uncertainty or parameter sensitivity analysis (Section S2, above,
and Section 4 in the main paper).

S4.1 Astrocytic TRPV4 channels
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Figure S2: Effects of TRPV Kt and Nat effluzes. Blue curves — original model from paper, in which TRPV4 includes only a
Ca?t permeability. Red curves — modified model in which TRPV4 current includes a Ca?* influx as well as an outward Kt and Na™t

component.

Because TRPV4 is a nonspecific cation channel, it is possible that it has a permeability to potassium and
sodium ions [31]. In this model, we considered only the calcium component of the channel current, but we test here
whether including potassium and sodium outward fluxes through astrocyte the TRPV4 channel would impact the
neurovascular coupling in the simulation. Figure S2 compares the results from our model equations above (blue
curves) with the results when we include K™ and Nat TRPV4 currents. Because the data are limited on the specific
KT and Nat permeabilities of astrocyte TRPV4, we estimate that the TRPV4 KT and Na*t efluxes have equal
magnitude and have a combined magnitude of 75% of the Ca?t TRPV4 current. Based on our simulation results,
the model is not particularly sensitive to the addition of the TRPV4 KT and Na't effluxes, as the astrocyte Kir
channels, particularly at the endfoot, oppose the hyperpolarizing effects of the TRPV4 effluxes. Also, because the
Kir channels are sensitive to extracellular KT, the TRPV4 potassium efflux into the perivascular space causes a
reduction in the endfoot Kir potassium release, leaving the perivascular potassium almost unchanged after adding
K* and Na™ effluxes to the TRPV4 model. Because of the limited data on TRPV4 K+ and Nat currents and the
low sensitivity of such currents in our model, we find that it is preferable to leave these out of the model, although
they can be added in the future as more data are available.

S4.2 Timing of vascular response onset

In our previous paper [16], we made a correction for the time delay in the onset of vessel dilation by adjusting the
Kirgme parameters. However, in this paper, we found that including astrocyte Kir channels provides a faster K+
release mechanism from the astrocyte endfoot, thereby speeding the vessel response time by increasing perivascular
potassium earlier. In Figure S3, we compare the effects of these two different “fixes.”

The red curves show the results when we remove the astrocytic Kirag and Kir 4y from the model as in Section
3.1.1 of the main paper (see 145 ) and we adjust the arteriole Kirgysc parameters to improve the speed of the vessel
response. The simulation for red curves is thus analogous to the that of our previous paper, in which the astrocyte

12
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model did not include Kir channels. The black curves are the results when astrocytic Kir currents are included, but
there is no adjustment to the arteriole Kirgy/¢ parameters. In the plot for vessel radius vs. time (bottom right),
note that although the black and red curves reach their peak values at about the same time, the black curve begins
its rise several seconds earlier and initially increases at a faster rate. In addition, the red curve shows that the vessel
reconstricts at a lower extracellular potassium concentration than what would be required for the black curve. The
results when including both fixes are shown in the green curves: the parameters for arteriole Kirgy;c are the same
for the green curves as for the red curves, but the astrocyte Kirsg5/4y currents are also included. The result is that
the vessel begins its dilation response at about the same time as the black curve, but at a faster rate, and it reaches
its peak dilation 8-10 seconds earlier, and the vessel also reconstricts when the perivascular potassium (top right)
exceeds roughly 14 mM.

The physiological rationale for including the Kirgy;¢ parameter adjustments is that they allow the vessel to
respond appropriately to the level of extracellular KT. The original parameter values used by [3] give reasonable
results for higher extracellular potassium levels (10 mM and above), but they leave the vessel less sensitive to more
moderate rises in extracellular potassium (4-9 mM), which is not physiologically accurate (Fig. 3 in [3] illustrates
this). An overcorrection would occur if the Kirgy ¢ parameters were adjusted enough that the vessel began to
respond with dilations for inappropriately low extracellular K.

S4.3 Role of astrocyte BK channels on neurovascular coupling

In this section we consider the effect of astrocytic endfoot BK channels on neurovascular coupling. Figure S4 shows
the results from our model when the astrocyte BK channels are omitted. The top plot shows the perivascular

14 perivascular
12} space

8

6 7%&?12?:10‘/3(1 Figure S4: Astrocyte BK channel effect on

4 neurovascular coupling. A 30 second neural

) stim stimulus occurs starting at time = 5 seconds
(black horizontal bar). Blue curves — results un-

27 Vessel der control conditions (with BK channels, as in

= main paper). Red curves — results when astro-
S cytic BK channels are removed by setting the
2 astrocyte Top plot — perivascular potassium con-
g centration. Bottom plot — arteriole radius. BK
= conductance to 0.

5]
—_

—_
=)

10 20 30 40 50 60
time /s

potassium concentration during a 30 second neural stimulus (indicated by the black, horizontal bar), and the bottom
plot shows the vessel radius. The blue curves are the results when the model is unchanged from the equations in the

13



main paper, and the red curves are the results when we remove the BK channels from the astrocyte model. Although
the astrocyte Kir can sustain a moderate potassium efflux, without the BK channels, the perivascular potassium,
and consequentially the vessel dilation, is significantly reduced according to our model.

These results seem reasonable based on the literature. A study by [32] found that the BK channel blockers
paxilline and TEA inhibited astrocyte mGluR-induced outward current, which was reduced by 87.6%. Similarly,
[24] found that BK channels in astrocyte endfeet produced large-conductance outward potassium currents that were
activated by neural stimulation, and that blocking BK channels or ablating the gene encoding BK channels actually
prevented neuronally induced vasodilation, which is believed to be caused by astrocyte release of potassium at the
gliovascular space. Another study demonstrated that rSlo K¢, (BK) channels are highly concentrated in astrocyte
perivascular endfeet [33].

S4.4 Adult brain astrocyte model

Recent experimental work by [34] demonstrates a fundamental difference between astrocyte glutamate receptor
expression in young and adult brains, suggesting the possibility that only astrocytes from young brains respond to
synaptic glutamate release with an intracellular calcium rise. The glutamate receptor linked to IP3 production and
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subsequent intracellular Ca?" increase is mGIuR5; the results in [34] show that cortical astrocytes from developing
brains expressed mGluRb5, but that both adult human and adult mouse cortical astrocytes did not. The same study
found that the primary type of mGluR expressed in adult cortical astrocytes is mGluR3, which does not trigger
Ca?*t increases.

Based on these findings we explore a possible preliminary model of an adult brain astrocyte which is a modified
version of the main equations above. In the modified “adult” version of the model, we remove the glutamate triggered
IP;/Ca®* /EET pathway (removing Eq. (S3) and setting J;p, = 0 in Eq. (512)) that is characteristic of the mGluR5,
but not mGluR3.

Results comparing the original young brain model and the modified “adult” brain model are shown in Figure S5.
The green curves are from the original model, and the red curves are the results from the adult brain model. What is
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interesting is that the that neural-induced vasodilation is predicted in both the young brain model and the modified
“adult” model, suggesting that the astrocyte glutamate receptors may play a smaller role than expected in functional
hyperemia. In fact, the modeling paper by [3] suggested that the intracellular calcium and EET rises due to astrocyte
mGluR activation were necessary for vasodilation because calcium and EET both activate the BK potassium outflux
at the astrocyte perivascular endfeet. They propose that astrocytic potassium “is released by endfoot BK channels
due to the action of EETs on them, not due to the depolarising membrane.” Upon experimenting with the equations
from their paper, we found that what they propose is true for the small astrocyte depolarizations simulated in their
paper. However, when we increased the amplitude of the neuronal potassium release, we found that the resulting
increase in astrocyte depolarization was sufficient to activate the astrocyte BK channels even when glutamate was
excluded from the simulation. Our model prediction that astrocyte-mediated neural induced vasodilation does
not depend on astrocyte mGluR activity could potentially be a unifying property of astrocytes in developing and
mature brains; the functional differences may have more to do with IP3 and Ca?* dependent glutamate release from
astrocytes which would occur in developing brains, but not in mature brains, whose astrocytes lack mGluR5. This
difference could potentially be related to what distinguishes learning in the developing and adult brains.

We also note that the above findings contradict the ideas proposed by [35]. While we recognize the importance
of the work, we are cautious about dismissing astrocyte spatial potassium transfer altogether as a mechanism for
neurovascular coupling. First, the experiments in [35] were performed in the retina, which is a unique and very
distinctive part of the brain, and the types of astrocytes expressed in the retina are primarily fibrous, a functionally
and biochemically different class from the protoplasmic astrocytes typically found in the cortex. Second, the impli-
cations of the study are slightly unclear: the authors state that astrocyte endfeet release potassium in response to
depolarization. The authors also demonstrate that application of extracellular potassium near an arteriole induces
a dilation. However, the paper does not focus on addressing the reason why depolarizing an astrocyte in contact
with an arteriole might still fail to produce a dilation. In other words, if depolarized astrocytes release potassium
from their vessel-adjacent endfeet, and if application of potassium alone dilates vessels, then why would it be that
astrocyte depolarization does not dilate vessels? It seems the only possible implication is that the astrocyte does
not release sufficient amounts of potassium, but the authors state in the discussion that the current injection in the
experiment was large enough and localized properly on the astrocyte “ensuring that the experimentally produced
depolarizations will evoke significant KT eflux from the endfeet.” One thing that the authors do not discuss is the
initial arteriole tone: if an arteriole is in or near its fully dilated state, neural stimulation or application of potassium
would not cause a dilation at all (see [36]).
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