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To study the role of astrocytes in modulation of spike-timing-dependent long-term
depression (t-LTD) in somatosensory cortex, we simulated a layer 4 (L4) to layer 2/3
(L2/3) synapse model. In the model, we described major biophysical and biochemical
mechanisms for the one-compartmental presynaptic L4 spiny stellate cell,
two-compartmental (soma and dendrite) postsynaptic L2/3 pyramidal cell, and
one-compartmental nearby fine astrocyte process. We chose to include the most
important signaling pathways that were assumed to be crucial in explaining t-LTD at
L4-1.2/3 synapse. We stimulated our synapse model using t-LTD stimulation protocols
with a varying temporal difference between post- and presynaptic activity.

The model components are shortly the following:

e Presynaptic neuron model

— High-voltage-activated (HVA) N-type calcium (Ca?") (Canpva) channel (1]
Potassium (K*) channel [2]

Sodium (Na™) channel (2]

Leak channel [2]

N-methyl-D-aspartate receptor (NMDAR) composed of GluN1 and either
GluN2C or GluN2D subunits (GluN2C/D-containing NMDAR) [3}/4]

Calcineurin (CaN) signaling [5]

CaN-dependence to available glutamate (Glu) release

Glu release model modified from [6H10]
e Postsynaptic neuron model

— L-type HVA Ca?* (Cappva) channel [11}[12]

— Low-voltage-activated (LVA) L-type Ca?" (Cappya) channel |13]
— A-type KT (Ka) channel [14]

— Delayed rectifier K* (Kpr) channel [14]

— Na' channel [14]

— Persistent Nat (Nap) channel [14]

— Leak channel [14}15]

— Coupling currents [141[15]
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— o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) [16]

— NMDAR composed of GluN1 and GluN2B subunits (GluN2B-containing
NMDAR) [16]

— Metabotropic Glu receptor (mGluR) [17]

— Inositol 1,4,5-trisphosphate (IP3) receptor (IP3R) [18H20]

— Plasma membrane Ca?*-ATPase (PMCA pump) [21]

— Sarco/endoplasmic reticulum (ER) Ca?T-ATPase (SERCA pump) [18,19]

— Leak flux [18}|19}[21]

— Ca?" buffer [22]

— Reactions from mGluR activation to 2-arachidonoylglycerol (2-AG)
release [17,22]

e Astrocyte model

— IP; activation by postsynaptic 2-AG modified from [23]
— IPsR |18}19]

SERCA pump [18l|19)

Leak flux [18}|19]

Glu release model [6H10]

Stimulation Protocols and Simulation Results

The following stimulation protocols were used [24]:

1. The stimulation protocol before t-LTD induction consisted of five 10 ms long
presynaptic stimuli at a frequency of 0.2 Hz and with an amplitude of 10 C‘iﬁ\z
keeping the fraction of presynaptic Glu release inhibition (fpre) as constant zero.

2. The t-LTD induction protocol consisted of a 10 ms long postsynaptic stimulus

with an amplitude of 25 C‘;‘; occurring between 10 ms and 200 ms before a 10 ms
long presynaptic stimulus with an amplitude of 10 c};ﬁ? and the post-pre pairing
was repeated 100 times at a frequency of 0.2 Hz. Thus, the temporal difference
(AT) between the pre- and postsynaptic stimulus in this study had negative
values meaning that the postsynaptic stimulus occurred before the presynaptic
stimulus: AT had values between —10 ms and —200 ms. Note that in simulations
AT values were implemented as positive because we set the postsynaptic stimuli
to occur at fixed time points in all the simulations whereas the presynaptic stimuli
occurred in varying time points after the postsynaptic stimuli depending on AT,
and not the other way around. The initial value of f,. in these simulations was
zero, but it increased during the stimulation protocol to above zero depending on
AT used in the t-LTD induction protocol.

3. The stimulation protocol after t-LTD induction consisted of five 10 ms long
presynaptic stimuli at a frequency of 0.2 Hz and with an amplitude of 10 %
keeping fpre as constant value received from the t-LTD induction protocol. For
the fraction fpre, we used the final simulation value received from the simulation
with the t-LTD induction protocol. Thus, fy.. had different constant values
depending on AT used in the t-LTD induction protocol.
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Computational Model

The used abbreviations can be found in Table [A] The values used throughout the
synapse model for certain parameters are given in Table

Presynaptic neuron model

We extended a previously published presynaptic one-compartmental neuron model |2]
by adding (1) Canxmva channels [1], (2) GluN2C/D-containing NMDARs [34], (3) Ca?*
signaling [1], (4) CaN signaling [5], (5) CaN-dependence to available Glu release, and (6)
Glu release to the synaptic cleft (modified from [6410]).
The differential equation for the presynaptic membrane potential can be given as [2]
dVpre

C(m,prei - = ICaNHVA,pre - IK,pre - INa,pre - IL,pre
at (1)
— Ica NMDAR,pre — INa,NMDAR,pre + Lext,pre

where Cp, pre is the presynaptic membrane capacitance per unit area, IcanmvA pre iS the
current density via Canmya channels, Ik pre is the Kt current density, Ina pre is the
Na™ current density, I1, pre is the leak current density, Ica NMDAR,pre @0d INa, NMDAR, pre
are the Ca?T and Na™ current densities via NMDARs, and Toxt,pre is the stimulus
current injected into the presynaptic neuron per unit area. The channels presented in
Eq are described by the Hodgkin-Huxley and Goldman-Hodgkin-Katz
formalisms [1,/2]. The differential equations for the gating variables & (mcaNHVA,pre;
hCaNHVA, pre; K pres TK,2,pre, MNa,pre, ald fina pre) of different currents presented in
Eq (1) can be given as [1}2]

dj T — T %)

dt ’ (
where xo, and 7, denote the steady-state values and time constants for different gating
variables, respectively. For the gating variable sna pre, the differential equation is [2]

dSNa,pre o Sc0,Na,pre — SNa,pre (3)

b)
dt Ts,Na,preCs,Na,pre T Tsb,Na,pre

where o, Na,pre denotes the steady-state value, 75 Na,pre and Tsp Na,pre denote the time
constants, and o Na,pre denotes a shift in the time constant.

Presynaptic Ca?* concentrations are increased by Ca?*t influxes through presynaptic
NMDARs and Canpgva channels. The NMDAR-mediated Ca?t concentration activates
CaN, and then CaN inhibits vesicle exocytosis and Glu release from the presynaptic
neuron [25,[26]. The concentration of Ca?T mediated by Canpya channels activates
vesicle exocytosis and Glu release from the presynaptic neuron. The differential
equation for the presynaptic Ca?* concentration through Canpya channels is [27]

d[ca2+]CaNHVA,pre _ Icannva pre n Carest,pre — [CaQHCaNHVA,pre (4)

dt CCa,pre TCa,pre

and the differential equation for the presynaptic Ca?* concentration mediated by
NMDARs is [27]

d[C32+]NMDAR,prc _ Ica,NMDAR,pre " Carest pre — [CaQ+]NMDAR7prc (5)
- i

dt CCa,pre TCa,pre

where cca,pre, Carest,pre, and Tca,pre are the presynaptic scaling factor to convert from
nA 4o M
cm? ms

units , presynaptic resting Ca?* concentration, and time constant of a
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presynaptic pump, respectively. The presynaptic pump takes into account the effect of
SERCA and PMCA pumps as well as Na™/Ca?T exchangers [27].

The presynaptic NMDAR-mediated Ca2* influx presented in Eq activates
presynaptic CaN [26], and the differential equation for the presynaptic CaN
concentration can be given as [5]

d[CaN] re 3
Tp = kl,pre (CaNmaXapre - [Ca‘N]pre) [Ca2+]NMDAR,pre - k27pre[caN]pre ) (6)

where ki pre and ks pre are the rate constants for the activation and inactivation of
presynaptic CaN, respectively, and CaNpax pre is the total concentration of presynaptic
CaN. Calcineurin has been shown to regulate a specific phase of synaptic vesicle cycling,
thus influencing the vesicle release [28H31]. We modeled the effect of CaN to Glu release
via a signaling pathway linking CaN to vesicle release and recycling in the presynaptic
terminal with the following differential equation

N2 pre
d[X]ac,pre — p [Ca'N]psep (X ) _ [X] ) (7)
at VPR e+ [CaNpze \TOthPre T acpre )
where [X], . pre is the active concentration and Xotal pre i the total concentration of the

unspecified protein that affects the vesicle release, pi pre is the rate constant, Ka pre is
the CaN concentration producing half occupation, and na pre is the Hill coefficient.
The differential equation for the fraction of releasable presynaptic vesicles is [7H10]

dRyel

% = krecowpre (1 - Rrel,pre) - Z Prel,preRrel,pre(S(t - tj) (8)
J

and the differential equation for the release probability of presynaptic Glu vesicles was

combined and modified from previously published equations [7H10| and is given as

dP,
% = - kf,prePrel,pre
[CaQ+]gz§rﬁVA re (9)
+ (1 - fprc) - ,pm (]. — PrchrC) 5(t — tj)
; K::ligre + [Ca2+]g;1%HVA,pre ’

where the fraction (fpre), which is the active concentration ([X],. ) divided by the
total concentration (Xiotal,pre) Of the protein, affects the probability of presynaptic Glu
release. Note that fpre inhibits Pl pre and excites Ryl pre. Parameters Erecov,pres Kt pres
Kiel,pre, and mq pre describe the presynaptic recovery rate constant from empty to
releasable state, facilitation rate constant, Ca?* concentration producing half
occupation used in calculation of Glu release, and Hill coefficient, respectively. The
differential equation for the Glu concentration in the synaptic cleft was combined and
modified from previously published Glu equations [8-10] and Glu-activated postsynaptic
equations related to mGluRs [17] and is given as

d[Glu]syncleft

dt = — UGlu,f,post — UmGIluR,f,post + UmGIuR,b,post

(10)

+ Z GprchrCPrcl,prcchl,prc J(t ¢ )
J kGlu,preNAVvsyncleft I

where VGl f,posts UmGIuR,f,post, @A UmGIuR,b,post are the reaction rates for the
postsynaptic mGluR Glu uptake, and postsynaptic mGluR Glu binding and unbinding,
respectively. Parameters Gpre, Npre, kGlu,pre, INa, and Viynelere denote the number of
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Glu per presynaptic vesicle, number of readily releasable presynaptic vesicles, scaling
factor to convert from units M to pM, Avogadro’s constant, and volume of synaptic
cleft, respectively. In Eq 7, the presynaptic Glu release occurs at the first time
point ¢ = t; such that [Ca2+]CaNHVA7pre > Cihr,pre and less than 10 ms has passed from
the previous presynaptic membrane potential crossing 0 mV from negative to positive
voltages (Vpre > 0, d‘g‘;"e > 0) at that time point ¢;. The § function has units of .
Experimental studies have reported that presynaptic GluN2C/D-containing
NMDARs are required for t-LTD at L4 to L2/3 synapses [24},32H36], whereas
postsynaptic GluN2B-containing NMDARs are necessary for spike-timing-dependent
long-term potentiation (t-LTP) at L4-L2/3 and L2/3-L2/3 synapses, and postsynaptic
GluN2A-containing NMDARs are required in t-LTD at L2/3-1.2/3 synapses [24L32H37].
Thus, we modeled presynaptic GluN2C/D-containing NMDARs [3/4]. The closed
presynaptic NMDAR (represented in Eq as fraction Rpye) binds two agonists
(represented in equations as A), such as Glu, and yields to R-Ag pre. In our synapse
model, presynaptic NMDARs are activated by the sum of available Glu in the synaptic
cleft and extrasynaptic space, where the Glu concentration in the synaptic cleft is
multiplied by a parameter fqy,pre to denote the effect of spillover of glutamate from the
synaptic cleft to the extrasynaptic space and that not all Glu in the synaptic cleft
activates presynaptic NMDARs (most part of Glu in the synaptic cleft activates the
postsynaptic receptors). The differential equations for these variables are [3.|4]

= Ukon,pre — V2koff,pre — Udl,f,pre + Vd1,b,pre — Vd2,f,pre

dR
pre

dt = —U2kon,pre + Vkoff,pre (11)

dR_A
pre
T = V2kon,pre — Ukoff,pre — Ukon,pre + V2koff ,pre (]-2)
and
dR—AQ,pre

dt (13)

+ Vd2,b,pre — Uf1,f,pre + Uf1,b,pre — Usl f,pre + Us1,b,pre -

Glutamate available for the presynaptic NMDARs is present in some of the reaction
rates in Eq 7.

Then R_Aj ;e form of the NMDARSs in Eq can either become one of the two
desensitized states (represented in Eq as R-Aj 41 pre o1 in Eq as R-Ag a2 pre),
or go through a faster conformational change of the GluN1 subunit of the NMDAR
(represented in Eq as R_Ag  pre) Or a slower conformational change of the GluN2
subunit of the NMDAR (represented in Eq as R_Ag g pre). The differential
equations for these variables are [3./4]

dR_As 41 pre
= Ud1,f,pre — Ud1,b,pre > (14)
dt
dR—AZ,dQ,pre _
——,  — = Vd2,f,pre — Ud2,b,pre (15)
dt
dR_As ¢
- ,1,pre
T = VUf1,f,pre — Ufl,b,pre — Us2,f pre + Us2,b,pre » (16)
and dRA
—412,s,pre
T = VUs1,f,pre — Usl,b,pre — Uf2,f pre + Vf2,b,pre - (17)

The slow and fast components can proceed towards magnesium (Mg?*+)-unblocked
(open) NMDAR state and the differential equation for it can be given as [3,/4]

dR—A2,O,pre

dt = Us2,f,pre — Us2,b,pre + Vf2 f,pre — Uf2,b,pre — UMg,f,pre + UMg,b,pre - (18)
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Similarly to Eq 7, NMDAR equations with Mg?* blocking can be given as [4]

dR Mgpre b
T = —V2konMg,pre + VkoffMg,pre 5 ( )
— pre
dt = V2konMg,pre — UkoffMg,pre — UkonMg,pre + V2koffMg,pre » (20)
dR_A, Mg
pre
T = UkonMg,pre — U2koffMg,pre — Vd1Mg,f,pre + Vd1Mg,b,pre
(21)

— Vd2Mg,f,pre + Vd2Mg,b,pre — Uf1Mg,f,pre
+ Vf1Mg,b,pre — Us1Mg,f,pre + Us1Mg,b,pre 5
dR—A2,d1—Mgpre

dt = Ud1Mg,f,pre — Ud1Mg,b,pre » (22)
dR—A2,d2—Mgpre o
T = Vd2Mg,f,pre — Ud2Mg,b,pre » (23)
dRAQ,ffMgpre
T = Uf1Mg,f,pre — UfiMg,b,pre — Us2Mg,f,pre T Us2Mg,b,pre (24)
dR—A2,s—Mgpre _
T = Us1Mg,f,pre — Us1Mg,b,pre — Uf2Mg,f, pre + Vf2Mg,b,pre » (25)

and, finally, the Mg?*-blocked NMDAR state can be given as [4]

dR—AQ,OfMgprc
T = Us2Mg,f,pre — Us2Mg,b,pre + Vf2Mg, f,pre (26)

— Uf2Mg,b,pre + UMg,f,pre — UMg,b,pre -

The intermediate variables needed to solve Eq 7 can be found in Tables E
and [E] The list of presynaptic reactions can be found in Table [E] The parameter values
of the presynaptic model can be found in Tables [G}{J] and initial values in Table [K]

Postsynaptic neuron model

We modified a previously published postsynaptic two-compartmental neuron model |15
by adopting (1) Ka, Kpgr, Na™, and Nap channels [14], (2) Capgva channels [11}[12],
(3) Carpya channels [13], (4) AMPARs [16], (5) GluN2B-containing NMDARs [16], (6)
mGIluR activation to endocannabinoid 2-AG release [17,/22], and (7) Ca?*
signaling |18}19,/21}|22].

The postsynaptic neuron model for the two compartments, a soma and a dendrite,
was modified from a previously published study [15]. The differential equations for the
membrane potentials of these two compartments are

C d‘/soma,post _ T T Jé
m,post dt — = 1KDR,soma,post — 4{Na,soma,post — 4{NaP,soma,post (27)

- IL7soma,p0st + Icoupl,soma,post + Iext,post
and

dvdend,post

QU = — IKA dend,post — {CaL.HVA,dend,post — {CaLLVA,dend,post

C(m,post

28
- INa,dend,post - IL,dend,post - IAMPAR,post ( )

- ICa,NMDARpost + Icoupl,dend,post )

where Cy, post is the membrane capacitance per unit area, Jkpr,soma,post 1S the somatic
Kpr current density, INa soma,post a0d INa dend post are the somatic and dendritic Na™
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current densities, INaP soma,post 1S the somatic Nap current density, I1, soma,post and
11, dend,post are the somatic and dendritic leak current densities, Icoupl,soma,post and
Icoupl,dend,post are the somatic and dendritic coupling terms, Ioxt post is the current
injected into the soma per unit area, kA dend,post iS the dendritic K4 current density,
IcaLHVA dend,post a0d ICaL.LVA,dend,post are the dendritic Cappyva and Cappya current
densities, and JAMPAR,post ad Ioa NMDAR,post are the synaptic current densities via
AMPARs and NMDARSs in the dendrite. We used Hodgkin-Huxley formalism to
describe the behavior of ionic currents [11H14].

The differential equations for the fractions of postsynaptic AMPARs and
GluN2B-containing NMDARs in open state can be modified from a previously
published study |16] and given as

dmAMPAR,post

dt = aAMPAR,post(l - fGlu,pre)[Glu]Synclcft(l - mAMPAR,post) (29)
- ﬁAMPAR,posthMPAR,post
and
dmNMDAR,
TPOSt = aNMDAR,post(l - fGlu,pre)[Glu]synclcft(l - mNMDAR,post) (30)

— BNMDAR,post MNMDAR, post

where aAMPAR,post ad BAMPAR,post describe the rate constants of opening and closing
postsynaptic AMPARs, respectively, and similarly to NMDARs. Parameter 1 — fgiu,pre
denotes the part of Glu in synaptic cleft that activates the postsynaptic receptors.
Other differential equations for the gating variables  (MKDR,soma,post, M Na,soma, post
hNa,soma,post, M CaLHVA ,dend,post hCaLHVA,dend,posta T CaLLVA ,dend,post > hCaLLVA,dend,posta
TMKA ,dend,post hKA,dend,postv MM Na,dend,post > and hNa,dend,post) of different currents
presented in Eq and (28)) and for the IP3R inactivation gating variable (hipsr post)
can be given as [11H14,/18/19)

dr 2o —x

dt ’
where z., and 7, denote the steady-state values and time constants for different gating
variables, respectively.

The biochemical mechanisms related to mGluRs and the activation of the G-protein
signaling cascade, as well as the subsequent production of endocannabinoids are
included in the synapse model to study the effect of endocannabinoids on the nearby
astrocyte. Next, we present the differential equations starting from the mGluR
activation to the endocannabinoid 2-AG release [17/22].

Glutamate in the synaptic cleft activates postsynaptic mGluRs and induces
dissociation of the G protein a subunit bound with guanosine-5’-triphosphate (GaGTP)
from the mGluR-bound G protein with § and y subunits (G@y). The differential
equation for the concentration of the postsynaptic mGluRs is [17]

(31)

d[mGIuR]

post
dt = —UmGIuR,f,post + UmGIluR,b,post » (32)

for the concentration of the Glu-mGluR complex is [17]

d[GlumGIuR]
dt = UmGIuR,f,post — UmGluR,b,post — UmGluRdes,f,post

(33)

+ UmGluRdes,b,post — UGact,f,post

+ VGact,b,post T VGact,c,post »
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and for the concentration of the desensitized Glu-mGluR complex is [17]

d[GluumGluRdesens] .
post
T = UmGluRdes,f,post — UmGluRdes,b,post - (34)

The differential equation for the concentration of G protein with a, 3, and y subunits
(Gepy) is [17]
d[G(xBY]post

dt
and for Gefy bound with Glu and mGluRs is [17]

= —UGact,f,post + VGact,b,post + UregenG,f,post (35)

d[Gafy_GlumGluR]

post _
dr = VGact,f,post — UGact,b,post — VUGact,c,post - (36)

The differential equation for the concentration of GaGTP can be given as [17]
d[GaxGTP]

post
dt = VGact,c,post — UG_PLC2,f,post + VG_PLC2,b,post (37)

— UG_PLC1,f,post + VUG _PLC1,b,post — VhydrG,f,post -

Calcium binds to phospholipase C (PLC), and GaGTP can enhance its activity. The
differential equation for the concentration of postsynaptic Ca®T is [17}19}21]

post

d[Ca?T]

T = — UCa_PLC1,f,post + VUCa_PLC1,b,post — VCa_PLC2,f,post
+ VUCa_PLC2,b,post — UDAGL,f,post + UDAGL,b,post (38)
+ JIP3R,post - JSERCA,post + JleakER,post + JCaL,post
+ JNMDAR, post — JPMCA, post + JleakCell,post

and for the concentration of Ca?* in the ER is [18,/19,21]

2+
d[ca’ ]ER,post o *JIPSR,post + JSERCA,post - chakER,post (39)
- ’
dt TERcyt,post

where Jip3gr,post i the Ca?* flux via IP5Rs from the ER into the cytosol, JSERCA,post 1S
the Ca?" flux via SERCA pumps from the cytosol into the ER, JicakER post is the Ca®™
leak flux from the ER into the cytosol, Jcar, post is the combined flux via Carpva and
Carrva channels, JNMDAR, post i the Ca?t flux via NMDARS, Jpyca post is the Cat
flux via PMCA pumps, and Jicakcell,post 15 the leak flux from the extracellular space to
the cytosol. Parameter rgreyt,post denotes the ratio between postsynaptic ER and
cytosol volumes. The differential equation for the concentration of PLC can be given
as |17

d[PLC]post
Q. = — VCa_PLC1,f,post T UCa_PLC1,b,post — UG_PLC1,f,post (40)

+ VG_PLC1,b,post T VGAP1,f,post
and for the concentration of the Ca?t-PLC complex can be given as [17]

d[Ca_PLC]

post
dt = VUCa_PLC1,f,post — UCa_PLC1,b,post — VG_PLC2,f,post

(41)
+ VG_PLC2,b,post — UDAG1,f,post + UDAG1,b,post

+ UDAG2,f,post + VUGAP2,f,post -
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The differential equation for the concentration of the Ca?*-GaGTP-PLC complex is [17]

d[Ca.GaGTP_PLC]
dt

post

= VG_PLC2,f,post — VUG_PLC2,b,post + VCa_PLC2,f,post

(42)
— UCa_PLC2,b,post — UDAG3,f,post + UDAG3,b,post

+ UDAGA4,f,post — VGAP2,f,post
and for the concentration of the GaGTP-PLC complex is [17]

d[GaGTP_PLC]
dt

post

= VUG_PLC1,f,post — VUG_PLC1,b,post — UCa_PLC2,f,post (43)
+ VCa_PLC2,b,post — VGAP1,f,post -

Active PLC can then produce IP3 and diacylglycerol (DAG) from
phosphatidylinositol 4,5-bisphosphate (PIP3). The differential equation for the
concentration of PIP, is [17]

d[PIP,)]

post

dt

— UDAG1,f,post T UDAG1,b,post — UDAGS3,f,post (44)
+ UDAG3,b,post T UPIP2,c,post »
for the concentration of the Ca?T-PIP5-PLC complex is [17]

d[Ca_PIP, PLC]
dt

and for the concentration of the Ca?t-DAG-PLC complex is [17]

post
= UDAGL,f,post — UDAG1,b,post — UDAG1,c,post (45)

d[Ca_DAG_PLC]
dt

The differential equation for the concentration of the Ca?T-GaGTP-PIP,-PLC complex
is [17]

d[Ca_GaGTP_PIP,_PLC]
dt
and for the concentration of the Ca?*-DAG-GaGTP-PLC complex is [17]

post
= UDAG1,c,post — UDAG2,f,post - (46)

post
= UDAGS3,f,post — UDAG3,b,post — UDAGS3,c,post (47)

d[Ca_DAG_GxGTP_PLC]
dt

The differential equation for the concentration of the G protein with o subunit bound
with guanosine diphosphate (GaGDP) can be given as [17]

d[GaGDP] post
dt

post
= UDAGS3,c,post — UDAG4,f,post - (48)

= UGAP1,f,post T UGAP2.f,post T UhydrG,f,post — UregenG,f,post - (49)

The differential equation for the concentration of IP3 is |17]

d[IP3]
TPOSt = UDAGI1,c,post + UDAG3,c,post — UdegIP3,post (50)
and for the concentration of DAG is [17]
d[DAG]post _
T = UDAG2,f,post + UDAG4,f,post — UprodAG,f,post (51)

+ VUprodAG,b,post — UdegDAG ,post -
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After TIP3 is degraded, PIP, is regenerated by phosphoinositide 3-kinase (PIKin).
The differential equation for the concentration of the degraded IP; (IPsdeg) is [17]
d[IP3deg]

post
& = VdegIP3,post — UPTP2,f,post T UPTP2,b,post s (52)

for the concentration of PIKin is [17]

d[PIKin]
di

= —UPIP2,f,post T UPTP2,b,post + UPIP2,c,post (53)

and for the concentration of the IP3deg-PIKin complex is [17]
d[IP3deg_PIKin]
dt

After Ca?* binds to DAG lipase (DAGL), the Ca?t-DAGL complex binds to DAG
and 2-AG synthesis is catalyzed. The equation for the concentration of DAGL is |17]

post
= UPIP2,f,post — UPIP2,b,post — UPIP2,c,post - (54)

d[DAGL]
T = —UDAGL,f,post + UDAGL,b,post » (55)
for the concentration of the Ca?T-DAGL complex is [17]
d[Ca_DAGL]
T = UDAGL,f,post — UDAGL,b,post — UprodAG,f,post (56)

+ VUprodAG,b,post + UprodAG,c,post »
for the concentration of the Ca?T-DAG-DAGL complex is [17]

d[Ca DAG DAGL],,
dt = UprodAG,f,post — UprodAG,b,post — UprodAG,c,post » (57)

and, finally, for the concentration of 2-AG is [17]

d[Z_AG]post _
T = UprodAG,c,post — UdegAG,post - (58)

The intermediate variables of the postsynaptic model needed to solve Eq f
can be found in Tables [[}HO] and Table [Q} The list of postsynaptic reactions can be
found in Table [P} The parameter values of the postsynaptic model can be found in
Tables and initial values in Tables[U] and [V]

Astrocyte Model

For the astrocyte model, we utilized previously published [18|[19[38] and extensively
tested [39-42] Ca?T signaling models by adding a modified version of a previously
published model for IP5 dependence on endocannabinoids [23] and a model for Glu
release to the extrasynaptic space [6H10].

We modeled the Ca?* and IP3 concentrations, and the gating variable for IP3R
inactivation (hastro) in the astrocyte, and the Glu concentration in the extrasynaptic
space. The differential equation for the astrocytic Ca?T concentration is [18}[19]

d[Ca?*]

astro

T = JIP3R,astro — JSERCA ,astro + JlcakER,astro (59)

where JipsR astro is the Ca®T flux via IP3Rs from the ER into the cytosol, Jsgrca astro
is the Ca?* flux via SERCA pumps from the cytosol into the ER, and JieakER astro i the
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CaZt leak flux from the ER into the cytosol. The differential equation for the astrocytic
IP5 concentration was modified from previously published equations [23|/38] and given as

d[IP3] - IP§,astro - [IP?)}

astro

astro
astro 2‘AG - AG*os 5 60
dt TIP3,astro + 71P3,astro [ }post post) (60)

where IP3 .o, TIP3 astros TIP3 astros [2—AG]post, and AGJ denote the resting
concentration of IP3, time constant for IP3 degradation, rate constant of IP3
production, concentration of the endocannabinoid 2-AG released from the postsynaptic
neuron, and resting concentration of 2-AG, respectively. The differential equation for

the astrocytic IP3R inactivation gating variable is given as [19]

dhastro o hoo,astro - hastro (61)

)
dt Th,astro

where hoo astro 18 the steady-state value of the IP3R inactivation gating variable and
Th,astro 1S the time constant for the IP3R inactivation.

We modeled the astrocytic Glu release as exocytosis [43-45]. The differential
equation for the fraction of releasable Glu resources in astrocyte is [7H10]

dRrel,astro

dt = krecov,astro (1 - Rrel,astro) - Z Prel,astroRrel,astro5(t - Ti) (62)

(2

and the Glu concentration in the extrasynaptic space is [9|10]

d[Ghl] extsyn

dt = — Tastro [GIU]

extsyn
(63)
+ § rvesext7astroGastroNastroPrel,astroRrel,astro(s(t - Ti) )

7

where Erecov,astro 1S the recovery rate constant from empty to releasable state, rastro is

the Glu clearance rate from the extrasynaptic space, r'vesext,astro i the ratio between the

astrocytic vesicular volume and the volume of the extrasynaptic space, Gastro is the Glu

concentration per astrocytic vesicle, and Nygtro i the number of readily releasable

astrocytic vesicles. The astrocytic Glu release occurs at the first time point ¢ = 7; such
> C(thr,astro and

24
that [Ca?t] > % > 0 at that time point 7;. The § function
has units of mi

S

Intermediate variables needed to solve Eq f can be found in Table
parameter values in Table[X] and initial values in Table [Y]

October 12, 2020

1140



Table A. Abbreviations.

Abbreviation | Explanation Abbreviation | Explanation
2-AG 2-arachidonoylglycerol IPsdeg Degraded IP3
AMPAR a-amino-3-hydroxy-5-methyl-4- IPsR IP3 receptor
isoxazolepropionic acid receptor
ATP Adenosine triphosphate K+ Potassium ion
Ca?t Calcium ion Ka A-type KT channel
CaN Calcineurin Kpr Delayed rectifier KT channel
Carmgva L-type HVA Ca?* channel L2/3 Layer 2/3
Carva L-type LVA Ca2* channel L4 Layer 4
Cannva N-type HVA Ca?* channel LTD Long-term depression
CB:R Type 1 cannabinoid receptor LTP Long-term potentiation
DAG Diacylglycerol LVA Low-voltage-activated
DAGL DAG lipase Mg?+ Magnesium ion
EPSP Excitatory postsynaptic potential mGluR Metabotropic Glu receptor
ER Endoplasmic reticulum mGluRdesens Desensitized mGluR
G G protein Nat Sodium ion
Ga G protein with o subunit Nap Persistent Na™ channel
Gopy G protein with a, 3, and y subunits NMDAR N-methyl-D-aspartate receptor
GaGDP G protein with o subunit bound with GDP PIKin Phosphoinositide 3-kinase
GaGTP G protein with o subunit bound with GTP PIP, Phosphatidylinositol 4,5-bisphosphate
Gy G protein with B and y subunits PLC Phospholipase C
GAP GTPase activating protein PMCA Plasma membrane Ca’t-ATPase
GDP Guanosine diphosphate SERCA Sarco/ER Ca?t-ATPase
Glu Glutamate STDP Spike-timing-dependent plasticity
GluN2C/D NMDAR containing GluN2C or GluN2D subunits | t-LTD Spike-timing-dependent LTD
GTP Guanosine-5’-triphosphate t-LTP Spike-timing-dependent LTP
HVA High-voltage-activated AEPSP Change in EPSP
IP3 Inositol 1,4,5-trisphosphate AT Temporal difference between the pre-

and postsynaptic activity
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Table B. Parameter values.

Name Value | Unit | Description Refs
Astim,post 25 C}ﬁ? External current amplitude to postsynaptic neuron per unit area

Astim,pre 10 C‘;ﬁ External current amplitude to presynaptic neuron per unit area

F 96,485 % Faraday constant

Np 6.0221 x 1023 ﬁ Avogadro’s constant

R 8.3145 Kiol Molar gas constant

T eelsius 36 | °C Temperature | 14r
z 2|1 Valence of Ca®*t ion
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Table C. Intermediate variables of presynaptic channel model.

Intermediate variable Description Refs
1
05 Napre = Y - Shift in presynaptic Nat inactivation | [2]
1+ exp ( B S}}T&‘fre Sl"“"’”") time constant
wd,Na,pre
Roo Na,pre = T Steady-state value of presynaptic Na™ in- | |[2]
1+ exp (wapg) activation gating variable
1
Moo, Na,pre = T Steady-state value of presynaptic Na®™ ac- | |[2]
1+ exp (7%) tivation gating variable
1
Sco,Na,pre = TyERT Steady-state value of presynaptic Na™ in- | |[2]
1+ exp (w) activation gating variable
Noo K. pre = TR Steady-state value of presynaptic Kt ac- | [2]
1+ exp (—Pef}ﬂpﬁ tivation gating variable
1
Moo K.2.pre = T Steady-state value of presynaptic Kt ac- | [2]
1+ exp (—pefmm tivation gating variable
V.
O, CaNHVA, pre = 0.00016 exp (—4;2) Transition rate of presynaptic Canmva | [1]
' channel’s inactivation gate from non-
permissive to permissive state
Ve T 1988 » - |
O, CaNHVA, pre = 0.1967 J"fe Tloss Transition rate of presynaptic Canuva | [1]
exp (plio) -1 channel’s activation gate from non-
permissive to permissive state
QUmt,CaNHVA, pre = €XP (0.0378zm,pm (me — V1/27n7pre)) Rate used in calculation of presynaptic | [1]
Canmva activation time constant
" -
Bh,CaNHVA, pre = " Transition rate of presynaptic Canmgya | [1]
1 +exp (%) channel’s inactivation gate from permis-
sive to non-permissive state
V.
Bim,CaNHVA pre = 0.046 exp <—2Op%) Transition rate of presynaptic Canmgya | [1]
’ channel’s activation gate from permissive
to non-permissive state
Bmt,CaNHVA ,pre = €XP (0.03782m,pregmmpre (Vpre — V1/2,,n7pre)) Rate used in calculation of presynaptic | |[1]
Canpva activation time constant
- -
hoo,CaNHVA, pre = h,CaNHVA pre Steady-state value of presynaptic Canugva | [1]
O, CaNHVA pre + B, CaNHVA pre inactivation gating variable
o
Moo, CaNHVA, pre = m,CaNHVA, pre Steady-state value of presynaptic Cangva | [1]
O, CaNHVA pre + fm, CaNHVA pre activation gating variable
K —
Noo,CaNHVA,2,pre = % én};’fe Steady-state value of presynaptic Canmva | [1]
inh,pre + [Ca ]CaNHVAaPre inactivation gating variable
.
UL Bt CaNHVApre Time constant for presynaptic Caxmva | |1

—25 25

Tm,CaNHVA, pre = Iax Teelsius Teelsius —
5 10 5 10

AQm,pre (1 + amt,CaNHVA,prc)

)

activation
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Table D. Presynaptic channel and receptor currents.

(Vpre - VNMDAR,pre)

otherwise

Intermediate variable Description Refs
_ Vbre . .
Vpre = ——— Scaling of presynaptic membrane poten- | |[1]
CV.pre tial used in Goldman-Hodgkin-Katz cur-
rent equation (unitless)
Zore if |vpre| < 0.0001
Cpre = { 2 Ve tllq pre | Equation dealing with Goldman- | |[1]
T—exp(vpre) ) OVICETWISC Hodgkin-Katz current equation near 0
mV and otherwise
2
- [Ca‘ +]CaNHVA,pre .. .
fenk,pre = Cvpre [ 1 — exp (Vpre) | €pre Driving force of Goldman-Hodgkin-Katz | [1]
Caext,pre : 3 :
current equation used in calculation of
presynaptic Cangya current
ICaNHVA,pre = gCaNHVA,prem%aNHVA1prehCaNHVA,prehoo,CaNHVA,2,prefghk,pre Presynaptie CaNHVA current density lll
Ik pre = QK,pre”%(,pre (Vore — VK pre) + gK,Qyprenfm’pre (Vore — VK pre) Presynaptic K¥ current density [2]
It, pre = gL.pre Vore — VL pre) Presynaptic leak current density [2]
INa,pre = gNa,prem‘?\Ia_’prehNa_,presNa’pre(Vpre — VNa,pre) Presynaptic Na™ current density 2]
0, if Vore > VNMDAR, pre
Ica NMDAR, pre = { 0.1gNMDAR, pre R-A2,0,pre X i Ca?* current density via presynaptic | [46,47]
’ ’ ’ otherwise NMDAR.
(Vore — VNMDAR pre) S IR
0, if Vore > VNMDAR, pre
INa NMDAR, pre = 4 0.99NMDAR, pre R-A2,0 pre X Na%t current density via presynaptic | [46,47]

NMDARs
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Table E. Reactions of presynaptic NMDAR model.

Reaction Description Refs

GlunmpaR,pre + Rpre = R-Apre Presynaptic NMDAR agonist (Glu) binding [3L}4]

GlunmpaRr,pre + R-Apre = R-Ag pre Presynaptic NMDAR agonist (Glu) binding 13,/4])

R_As e = R_Ao g1 pre Desensitized state of presynaptic NMDAR [3L}4]

R-A3 pre = R_A2 42 pre Desensitized state of presynaptic NMDAR [3,/4]

R_As pre = R-Ag ¢ pre Gating-associated conformational changes of presynaptic GluN1 | [3}/4]
subunit of NMDAR

R_As pre = R-Ag g pre Gating-associated conformational changes of presynaptic GluN2 | [3,/4]
subunit of NMDAR

R_As ¢ pre = R-A2.0 pre Gating-associated conformational changes of presynaptic GluN2 | [3}/4]
subunit of NMDAR

R-As s pre = R-A2,0 pre Gating-associated conformational changes of presynaptic GluN1 | [3}/4]
subunit of NMDAR

GlunMpAR, pre + R-Mgpre = R-A_Mgpre Presynaptic Mg?*-blocked NMDAR agonist (Glu) binding [3L}4]

GlunmpaRr,pre + R-A-Mgpre = R-Ao_Mgpe | Presynaptic Mg?*-blocked NMDAR agonist (Glu) binding [3,4]

R_As Mgpre = R-Ag qa1-Mgpre Desensitized state of presynaptic Mg?*t-blocked NMDAR 13,4])

R_Ay Mgpre = R-Ag g2-Mgpre Desensitized state of presynaptic Mg?*-blocked NMDAR [3,4]

R_As Mgpre = R-Ag s -Mgpre Gating-associated conformational changes of presynaptic GluN1 | [3}/4]
subunit of Mg?*-blocked NMDAR

R_-As Mgpre = R-Ag s -Mgpre Gating-associated conformational changes of presynaptic GluN2 | [3}/4]
subunit of Mg?*-blocked NMDAR

R_As ¢t Mgpre = R_A2 0-Mgpye Gating-associated conformational changes of presynaptic GluN2 | [3}/4]
subunit of Mg?*-blocked NMDAR

R-Aj s Mgpe = R_A 0-Mgpre Gating-associated conformational changes of presynaptic GluN1 | [3}/4]
subunit of Mg?*-blocked NMDAR

R-A3 0.pre = R-A2 0-Mgpre Gating-associated conformational changes of presynaptic GluN1 | [3}/4]
subunit of Mg?*-blocked NMDAR
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Table F. Intermediate variables of presynaptic Glu release model and NMDAR model.

UMg,b,pre = kMg,b,preR—AQ,O 7Mgpre

Intermediate variable Description Refs
[X]ac,pre . . T
fore = o—2— Fraction of presynaptic Glu release inhibition
Xtotal pre
[GlulxppAR pre = fGtu,pre[GIU]  petess HGIW ooy | Total concentration of Glu that presynaptic NMDARs receives
v |
kMg t.pre = 0.00061 exp < 113;°> Rate of presynaptic NMDAR blocking by external Mg?+ [48]
v |
g b pre = 5.4 exp i’;e Rate of presynaptic NMDAR unblocking by external Mg?™ [48]
Vire + 100 . . . . |
ks.f,pre = ks t,0,pre €XD 1 Rate of gating-associated conformational changes of presynaptic GluN2 14]
subunit of NMDAR
V2kon,pre = 2Kon,pre(Glu]\yip AR_’mepre Reaction rates of Glu binding and unbinding to presynaptic NMDAR 13,4])
Ukoff,pre = koff,preR—Apre | |
Vkon,pre = Kon,pre[GlUNMpAR preR,Aprc Reaction rates of Glu binding and unbinding to presynaptic NMDAR [3L}4]
V2koff,pre = 2koff,preR»—AAZ,pre | |
Vd1,t,pre = ka1 £ preR-A2 pre Reaction rates into and out of desensitized state of presynaptic NMDAR, | [3.4]
Ud1,b,pre = kdl,b,prcR—AQ,dl,prc |
Vd2,t,pre = ka2t preR-A2 pre Reaction rates into and out of desensitized state of presynaptic NMDAR | [3L4]
Vd2,b,pre = de,b,preR—AQ,dlpre |
V1 pre = Kt £ preR-A2 pre Reaction rates of gating-associated conformational changes of presynaptic 13,4])
Vsl b,pre = Kt,b,preR-A2 £ pre GluN1 subunit of NMDAR
Vs f,pre = Ks fpreR-A2 pre Reaction rates of gating-associated conformational changes of presynaptic 13,4])
Us1,b,pre = Ks,b,preR-A2.s pre GluN2 subunit of NMDAR
Vs2 £, pre = ks f.pre R-Ag ¢ pre Reaction rates of gating-associated conformational changes of presynaptic [3L}4]
Vs2,b,pre = Ks,b,preR-A2.0 pre GluN2 subunit of NMDAR
V2. £ pre = Kt £ preR-A2 s pre Reaction rates of gating-associated conformational changes of presynaptic | [3L/4]
Uf2,b,pre = k'f7b7preR,A2_’O’pre GluN1 subunit of NMDAR
V2konMg,pre = 2Kon,pre|G1U]\yyip AR, pre R-M8pre Reaction rates of Glu binding and unbinding to presynaptic Mg?*-blocked | [3.4]
VkoffMg,pre — koff,preRA—Mgpre NMDAR |
VkonMg,pre = Kon,pre[Glu]yyp AR’preR,A,Mgp]re Reaction rates of Glu binding and unbinding to presynaptic Mg?*-blocked | [3.14]
V2koffMg,pre = 2koff,preR—A2—Mgpre NMDAR | |
Vd1Meg,f,pre = Kd1,f,preR-Ao_Mgpre Reaction rates into and out of desensitized state of presynaptic Mg2+— 13,4])
'UdlMg,b,pre = kdl,b,preR—AQ,dl—Mgpre blocked NMDAR inn
VdaMe f,pre = Kd2,f,preR-Ao_Mgpre Reaction rates into and out of desensitized state of presynaptic Mg2+— [3L}4]
Vd2Mg,b,pre = kd2,b,preR—A27d2fMgpre blocked NMDAR |
Vf1Mg.f,pre = Kt £ preR-Aa_Mgpre Reaction rates of gating-associated conformational changes of presynaptic | [3}4]
Vf1Mg,b,pre = Kt b preR-Ag - Mgpre GluN1 subunit of Mg?*-blocked NMDAR
Us1Mg,f,pre = Ks f,pre R-Aa_Mgpre Reaction rates of gating-associated conformational changes of presynaptic | [3L4]
Vs1Mg,b,pre = Ks b pre R-A2 s Mgpre GluN2 subunit of Mg?*-blocked NMDAR
UsaMeg, f,pre = K, f,preR-Ag - Mgpre Reaction rates of gating-associated conformational changes of presynaptic [3,4])
VsaMg,b,pre = Ks,b,preR-A2,0-Mgpre GIuN2 subunit of Mg?*-blocked NMDAR
VMg, f,pre = Kt preR-A2 s -Mgpre Reaction rates of gating-associated conformational changes of presynaptic 13,4])
VfaMg,b,pre = Kt b,preR-A2 0-Mgpre GluN1 subunit of Mg?*-blocked NMDAR
UMg, f,pre = kMg, f,preR-A2 0 pre Reaction rates of presynaptic NMDAR blocking and unblocking by ex- | [3.4]

ternal Mg2+
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Table G. Parameter values of presynaptic channel model.

Parameter Value | Unit | Description Refs

Crn pre 1.5 C‘fQ Presynaptic membrane capacitance per unit area 12]

JCaNHVA, pre 0.3 % Maximum conductance of presynaptic Caygya current per unit area 1]

9K, pre 20 CIfnSQ Maximum conductance of presynaptic K™ current per unit area [2]: 120 C’Elsz
9K ,2,pre 20 31182 Maximum conductance of presynaptic K™ current per unit area [2]: 120 31182
JL.pre 0.2 % Leak conductance of presynaptic neuron per unit area [2]: 0.1 %
JNa,pre 30 :rfz Maximum conductance of presynaptic Nat current per unit area [2]: 200 Crﬁlsz
INMDAR, pre 0.1 Cmﬁsz Maximum conductance of presynaptic NMDAR per unit area [49]: 0.014 Cm?sg
Th,CaNHVA pre 80 | ms Time constant for presynaptic Cangya inactivation |1]

Th Na,pre 1| ms Time constant for presynaptic Nat inactivation [2]: 0.5 ms
Tm,Na,pre 0.05 | ms Time constant for presynaptic Nat activation 12]

Tn,K,pre 1| ms Time constant for presynaptic K activation 12]

Tn,K,2,pre 10 | ms Time constant for presynaptic Kt activation 12]

Ts,Na,pre 30 | ms Time constant for presynaptic Nat inactivation 12]

Tsb,Na,pre 0.1 | ms Time constant for presynaptic Nat inactivation [2]: 0.5 ms
VK pre —77 | mV | Reversal potential of presynaptic Kt current 12]

WL pre —60 | mV Leak reversal potential of presynaptic neuron [2]: =70 mV
VNa,pre 50 | mV Reversal potential of presynaptic Na® current [2]: 40 mV, 70 mV
VNMDAR, pre 0 | mV Reversal potential of presynaptic NMDAR current [16]
Visd,Na,pre 1| mV Shift in presynaptic membrane potential used in calculation of Na® current 12]

Vihift, pre —10 | mV | Shift in presynaptic membrane potential [2]: 0 mV
Vv Na,pre 10 | mV Shift in presynaptic membrane potential used in calculation of Na™ current [2]: 30 mV
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Table H. Parameter values of presynaptic Ca?t model.

Parameter Value | Unit Description Refs
Aom,pre 0.03 i Parameter used in calculation of presynaptic Cangva activation 11
time constant
CCa,pre ij;): gﬁ??ﬁ Presynaptic scaling factor to convert from units C‘;‘; to % |1L
CV,pre WV.proft(Teetsius +273.15) mV Presynaptic scaling factor to convert from units mV to 1 used in | [1]
2k calculation of Goldman-Hodgkin-Katz current equation
Caext,pre 2,000 | pM Ca?*t concentration outside presynaptic neuron Ilﬁ
Cayest,pre 0.05 | utM Presynaptic resting Ca?t concentration [1ﬁ
dpre 0.1 | pm Depth of presynaptic axonal shell IIi
Gmm,pre 0.1 |1 Parameter used in calculation of presynaptic Cangya activation [1ﬁ
time constant
kca,pre 10,000 | 1 Presynaptic scaling factor used in calculation of cca, pre [1ﬁ
kv pre 1,000 | 1 Presynaptic scaling factor used in calculation of cypre IIi
Kinh,pre 1| pM Presynaptic Cangva channel dissociation constant (inhibition) [1ﬁ
TCa,pre 100 | ms Time constant of presynaptic pump |1ﬁ
Tm,min, pre 0.2 | ms Minimun value for presynaptic Canygya activation time constant [1i
V1 /2m,pre —14 | mV Half-activation potential of presynaptic Cangva channel [1ﬁ
Zm,pre 211 Parameter used in calculation of presynaptic Canpya activation I1i
time constant
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Table I. Parameter values of presynaptic NMDAR model.

Parameter Value | Unit | Description Refs

ka1 f,pre 0.055 i Rate constant into desensitized state of presynaptic [3]: 0.55 i
NMDAR

ka1 ,b,pre 0.0814 i Rate constant out of desensitized state of presynaptic 3]
NMDAR

kaz.f pre 0.0112 i Rate constant into desensitized state of presynaptic [3]: 0.112 i
NMDAR

kd2,b,pre 0.00091 i Rate constant out of desensitized state of presynaptic | [3]
NMDAR

Kt £ pre 2.836 | - Rate constant for gating-associated conformational | [3}/4]
changes of presynaptic GluN1 subunit of NMDAR

kt b, pre 0.175 | L Rate constant for gating-associated conformational | [3}/4]
changes of presynaptic GluN1 subunit of NMDAR

kon,pre 0.00283 m Rate constant for agonist (Glu) binding to presynap- | [3L{4]
tic NMDAR

Eott pre 0.0381 i Rate constant for agonist (Glu) unbinding from presy- | [3}/4]
naptic NMDAR

ks £.0,pre 0.048 i Rate constant for gating-associated conformational | [3}/4]
changes of presynaptic GluN2 subunit of NMDAR

Esb,pre 0.23 | - Rate constant for gating-associated conformational | [3}/4]
changes of presynaptic GluN2 subunit of NMDAR
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Table J. Parameter values of presynaptic Glu release model.

Parameter Value | Unit Description Refs

C'hr,pre 3 | pM Ca?* threshold concentration of Glu release in presynap-
tic neuron

CaNmax,pre 2 | uM Total concentration of presynaptic CaN [50]

falu,pre 011 Factor representing spillover of Glu from synaptic cleft
that presynaptic NMDAR receives

Gpre 1,092 | 1 Number of Glu per presynaptic vesicle [51]
k1, pre 0.001 m Rate constant for Ca®* activation of presynaptic CaN [50]
k2 pre 0.002 | L Rate constant for inactivation of presynaptic CaN 50]: 0.012 L
Kt pre 0.0075 i Presynaptic facilitation rate constant
kGiu,pre 1076 | 1 Presynaptic scaling factor to convert from units M to
M
Erecov,pre 0.0075 i Presynaptic recovery rate constant from empty to re- | [8]

leasable state

KA pre 2 | pM Presynaptic CaN concentration producing half occupa-
tion

Kl pre 5 | nM Presynaptic Ca?t concentration producing half occupa- | [8]: 20 pM
tion used in calculation of Glu release

71 pre 211 Presynaptic Hill coefficient 18]: 4

12, pre 211 Presynaptic Hill coefficient

Npre 211 Number of readily releasable presynaptic vesicles [52): 4.6 £3.0

P1,pre 3x107° | L Rate constant for presynaptic protein activation affecting

sP ms

vesicular release

Vayneleft 2x 10718 |1 Volume of synaptic cleft [53]: 0.7 x 107 1-8x 10718

1, [62): 0.76 x 10718 1

Xtotal,pre 0.1 | pM Total concentration of presynaptic protein affecting vesic-
ular release

October 12, 2020 21



Table K. Initial values of presynaptic variables.

Variable Initial value | Unit | Description Refs
[Ca®*] canmva pro 0.082523 | pM Presynaptic Canpva-mediated Ca?* concentration
[Ca? | xup AR, pre 0.05 | pM Presynaptic NMDAR-mediated Ca?* concentration
[CaN]pre 1.2499 x 10~ | pM Presynaptic CaN concentration
(Gl cref 0| pM Concentration of Glu in synaptic cleft
hcaNHVA pre Roo,caNHVA pre | 1 Gating variable for presynaptic Caypgva inactivation [1ﬁ
hNa,pre hooNa,pre | 1 Gating variable for presynaptic Nat inactivation [2i
MCaNHVA, pre Moo,CaNHVA pre | 1 Gating variable for presynaptic Canpva activation [1ﬁ
MNa,pre Moo, Na,pre | 1 Gating variable for presynaptic Na™ activation [Qi
1K pre Noo,K,pre | 1 Gating variable for presynaptic K* activation [2ﬁ
NK,2 pre Moo K,2,pre | 1 Gating variable for presynaptic K activation [2ﬁ
Prelpre 01 Release probability of presynaptic Glu vesicles
Rpre 0|1 Fraction of presynaptic NMDARs in closed state
R-Ap. 0]1 Fraction of presynaptic NMDARs in single liganded state
R_A3 pre 01 Fraction of presynaptic NMDARs in fully liganded state
R-A2 41 pre 011 Fraction of presynaptic NMDARs in desensitized state
R_As 42 pre 011 Fraction of presynaptic NMDARs in desensitized state
R_As ¢ pre 0|1 Fraction of presynaptic NMDARs in faster conformational change of
GluN1 subunit
R-A2 s pre 01 Fraction of presynaptic NMDARs in slower conformational change of
GluN2 subunit
R_A3 0 pre 0]1 Fraction of presynaptic NMDARs in open state
R_A_Mgp,e 01 Fraction of presynaptic NMDARs in single liganded Mg?*-blocked state
R_Ay_Mgpre 01 Fraction of presynaptic NMDARs in fully liganded Mg?*-blocked state
R_As 41-Mgpre 01 Fraction of presynaptic NMDARs in desensitized Mg?*-blocked state
R_A3 g2-Mgpre 0|1 Fraction of presynaptic NMDARSs in desensitized Mg?+-blocked state
R_As ¢ Mgpre 0]1 Fraction of presynaptic NMDARs in faster conformational change of
Mg?*-blocked GluN1 subunit
R_As s Mgpe 01 Fraction of presynaptic NMDARSs in slower conformational change of
Mg?*-blocked GluN2 subunit
R-A2 0-Mgpre 01 Fraction of presynaptic NMDARs in Mg?*t-blocked state
R_Mgpre 1]1 Fraction of presynaptic NMDARSs in closed Mg?*-blocked state
Rrel,pre 1|1 Fraction of releasable presynaptic vesicles
SNa,pre Soo,Napre | 1 Gating variable for presynaptic Na¥t inactivation 12]
Vire —59.9969 | mV Presynaptic membrane potential ]
X] ac,pre 0| M Concentration of presynaptic active protein affecting vesicular release
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Table L. Intermediate variables of postsynaptic channel model.

Intermediate variable Description Refs
1
Noo Na,soma,post = > o Steady-state value of postsynaptic Nat inactivation gating | [14]
1+exp (%) variable in the soma
1
Moo, Na,soma,post = " e Steady-state value of postsynaptic Na™ activation gating | [14]
1+exp (—%) variable in the soma
1
Moo, KDR,soma,post = v 7 Steady-state value of postsynaptic Kpr activation gating | [14]
1+ exp (—%) variable in the soma
1
Moo, NaP,soma,post = % 0 Steady-state value of postsynaptic Nap activation gating | [14]
1+ exp (—%) variable in the soma
1
hoo, KA dend,post = " v Steady-state value of postsynaptic K5 inactivation gating | [14]
1+ exp (dmd%) variable in the dendrite
1
Moo, KA,dend,post = T, Steady-state value of postsynaptic Ka activation gating | [14]
1+exp (‘%) variable in the dendrite
1
Noo Na,dend,post = " 3 Steady-state value of postsynaptic Nat inactivation gating | [14]
1+ exp (iend1+5t) variable in the dendrite
1
Moo, Na,dend,post = v i Steady-state value of postsynaptic Na™ activation gating | [14]
1+ exp (—ded% variable in the dendrite
_ Vdend,post +13 aps . 5 s .
Q. CaLHVA,post = 0.000457 exp ST — Transition rate of postsynaptic Cappya channel’s inactiva- | [11L{12]
tion gate from non-permissive to permissive state
V. +27 n . o liof |
Ot Cal.HVA, post = —0.055 di;ld’pOSt FoT: Transition rate of postsynaptic Cargva channel’s activation | [11}/12]
€xXp fd”“dg"i‘gt) -1 gate from non-permissive to permissive state
0.0065 , . I
Bh,CaLHVA, post = v e Transition rate of postsynaptic Cappgyva channel’s inactiva- | [11L{12]
1 +exp (*‘“575” tion gate from permissive to non-permissive state
o Vdcnd,post + 75 o . y . .
Bm,CaLHVA post = 0.94exp - Transition rate of postsynaptic Cappyva channel’s activation [11L{12]
gate from permissive to non-permissive state
QOh, CaLHVA post . . .. I
hoo,CaLHVA, dend,post = T3 Steady-state value of postsynaptic Capgva inactivation gat- | [11L|{12]
Cth,CaLHVA,post T~ Oh,CaLHVA,post ing variable in the dendrite
al 5 . . . 1 T
Moo,CaLHVA,dend,post = m,CaLHVA,post Steady-state value of postsynaptic Capgya activation gating [11,12]
O, CaLHVA post + m,CaLHVA, post variable in the dendrite
1 1l ||
hoo,Cal.LVA dend, post = T Steady-state value of postsynaptic Cayyva inactivation gat- | [13]
1+exp (%) ing variable in the dendrite
1
Moo, CaLLVA,dend,post = T Steady-state value of postsynaptic Carya activation gating | [13]
1+ exp (—%) variable in the dendrite
Kin 3 . . . . .
hoo,1P3R post = h’p%tﬂ Steady-state value of postsynaptic IP3R inactivation gating | [18H20]
Kinn post + [Ca] oy variable
_ [IP3}post . . . . |
Moo, IP3R,post = Steady-state value of postsynaptic IPsR activation gating | [18-20]
Kipspost + [Ps]p0s variable
[Ca’2+]post . . . .
Moo, IP3R,post = G Steady-state value of postsynaptic IPsR activation gating | [18-H20]
Kactpost + [Ca*] oy variable
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Table M. Intermediate variables of postsynaptic channel model in the dendrite.

Intermediate variable Description Refs
1
BNMDAR, post = - Mg?* block of postsynap- | [16]
14+ =555 exp(—0.062Viend post) tic NMDAR
1 1 :
exp(vdend’g°S°+46)+exp(f Vdend,g(;st+238) 3(T:.e1si\lx?)*23~5) ) if Vdend,post < —63 mV .
Th KA, post = 19 Time constant for postsy- | [14}54]
o Tecleigs=235 " otherwise naptic K inactivation
10
1 1 .
Tm,KA,post — Vo 136 Vi 180 +0.37 W Time constant for pOStSy— l14l
exp (570) +exp (—573> 10 naptic K5 activation
Th,CaLHVA,post = Time constant for post- | [114/12]
Q' CaLHVA ,post T ﬁh,CaLHVA,post synaptic Cargva inactiva-
tion
[ 1| |
Tm,CaLHVA,post = Time constant for postsy- | [11}/12]
O, CaLHVA,post + B7n,CaLHVA,post naptic CaLHVA activation
50 1
Th,CaLLVA,post = | 20 + — Time constant for post- | [13]
’ ’ Vidend,post +10+40 2 37*15”‘5 . . .
1+ exp | === —— . 0 synaptic Caprya inactiva-
tion
20 1
Tm,CaLLVA,post = | D+ v ——T Time constant for postsy- | [13]
dend,post+10+25 2 3% . . .
1+ exp | —==—— . naptic Carrva activation
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Table N. Postsynaptic channel and receptor currents.

ppost

rent coupling term
in the soma

Intermediate variable Description Refs
2 ] .
IKDR,soma,post = UKDR,soma,post M'KDR, soma,post (‘/soma,post - VK,post) Postsynaptic Kpgr [14]
current density in
the soma
IL,soma,post = JL,soma,post (‘/soma,post - VL,post) Postsynaptic leak 114]
current density in
the soma
2 ] .
INa,soma,post = gNa,soma,postmN&soma,posthNa,soma,post (‘/;orrla,post - VNa,soma,post) POS'ES}’D&PUC Na+ 114]
current density in
the soma
INaP,soma,post = gNaP,soma,postloo,NaP,soma,post (‘/soma,post - VNa,soma,post) Postsynaptic Nap [14]
current density in
the soma
4 e .
IKA,dend,post = UKA ,dend,postMKA dend,post hKA,dend,post (Vdend,post - VK,post) Postsynaptic Ka [14]
current density in
the dendrite
2 ] .
IcaLHVA dend post = JCaLHVA dend,postMCaLHVA dend, post "CaLHVA dend,post (Vdend,post — VCa,post) | Postsynaptic [114[12]
Caruva current
densit in  the
Yy
dendrite
2 .
ICaLLVA,dend,post = gCaLLVA,dend,posthaLLVA,dend,post hCaLLVA,dend,post (Vdend,post - VCa,post) POStSyD&pth [13]
Carrva current
densit in  the
Yy
dendrite
IL,dond,post = JL,dend,post (Vdcnd,post - VL,post) POStSynaptiC leak [14]
current density in
the dendrite
2 e .
INa,dctld,post = gNa,dcnd,postmNa,dend’posthNa,dcnd,post (Vdcnd,post - VNa,dcnd,post) POthyDapth NaJr [14]
current density in
the dendrite
IAMPAR, post = JAMPAR,post T AMPAR, post ( Vdend,post — VAMPAR,post) Postsynaptic AM- | [16]
PAR current den-
sity in the dendrite
2
Ica,NMDAR,post = INMDAR, post BNMDAR, post MNMDAR, post (Vdend,post — VNMDAR, post) Ca®t current den- | [16]
sity via postsynap-
tic NMDARSs in the
dendrite
gc,post .
Icoupl,dend,post = 1— (‘[soma,post - Vdend,post) PostSynaptIC cur- [14‘
Ppost rent coupling term
in the dendrite
gc,post .
Icoupl,soma,post = (Vdend,post - Vvsoma,post) POStSynapth cur- [14]
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Table O. Intermediate variables of postsynaptic flux model.

2

2 2+
Kiproa post T [Ca?t]0

Intermediate variable Description Refs
1 +1 . .
JCaL,post _ CaLHVA,dend,pzst CaLLVA ,dend,post Ca2+ flux via postsynaptlc
Ca,post Cappva and Carya channels
JIP3R,post = UIP3R,postmio,1p3R,post”go,lpm,posth/§P3R,post ([Ca‘2+]ER,post - [CRH]I)OSJ Ca?t flux via postsynaptic [181-20]
IP5R
JleakER,post = TleakER, post ([Ca2+]ER,post - [Ca2+]post) Postsynaptic Ca?* leak flux | [18,/19)
from ER to cytosol
JleakCell,post = TleakCell,post (Caext,post - [Caz+]p05t) POStSynaptiC Ca?t leak flux l21l
from extracellular space to cy-
tosol
T
JNMDAR, post = — Ca,NMDAR post Ca?t flux via postsynaptic
CCapost NMDAR
P)
kca.post Aspi ")) ; [Ca?t]”
JPMCA7post _ IiCa,post ?‘iln.e,p()bt PMCA post . post e Ca2t flux via postsynaptic i2ll
spine,post KPMCA,post + [Ca ]post PMCA pump
[Ca?t]; [ 1]
Js = pos: Ca2t flux vi synaptic | [18,/19
SERCA,post = USERCA,post a ux via postsynaptic | [18L|19)

SERCA pump
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Table P. Reactions of postsynaptic neuron model.

Reaction Description Refs

Glugynclets — 0 Postsynaptic mGluR, Glu uptake | [17]

Glugynetett + mGluR = Glu.mGluR Postsynaptic mGluR Glu binding | [17]

Glu.mGluR = Glu_mGluRdesens Postsynaptic mGluR desensitiza- | [17]
tion

Gapy + GluumGluR = Gapfy_-GluumGluR — Glu.mGluR + GaGTP Postsynaptic G protein activation | [17]

Ca?* + PLC = Ca_PLC Postsynaptic PLC binding Ca?* | [17]
first

GaGTP + Ca_PLC = Ca_GaGTP_PLC Postsynaptic ~ PLC  binding | [17]
GaGTP second

GaGTP + PLC = GaGTP_PLC Postsynaptic = PLC  binding | [17]
GaGTP first

Ca*t + GaGTP_PLC = Ca_GaGTP_PLC Postsynaptic PLC binding Ca?* | [17]
second

PIP, + Ca_PLC = Ca_PIP, PLC — Ca_DAG_PLC + IP; Postsynaptic DAG production, | [17]
step 1

Ca_DAG_PLC — Ca_PLC + DAG Postsynaptic DAG production, | [17]
step 2

PIP; + Ca_GaGTP_PLC = Ca_GaGTP_PIP; PLC — Ca_DAG_GaGTP_PLC + IP3 | Postsynaptic DAG production, | [17]
step 1

Ca_DAG_GaGTP_PLC — Ca_GaGTP_PLC + DAG Postsynaptic DAG production, | [17]
step 2

IP3 — IP3deg Postsynaptic IP3 degradation [17]

IP3deg + PIKin = IP3deg PIKin — PIP, + PIKin Postsynaptic PIPy regeneration | [17]
by PIKin

GaGTP_PLC — PLC + GaGDP Postsynaptic GAP activity on | [17]
PLC

Ca_GaGTP_PLC — Ca_PLC + GaGDP Postsynaptic GAP activity on | [17]
PLC

GaGTP — GaGDP Postsynaptic GaGTP hydrolysis | [17]

GaGDP — Gapy Postsynaptic G protein regenera- | [17]
tion

Ca*t + DAGL = Ca_DAGL Postsynaptic Ca?* activating | [17]
DAGL

DAG + Ca_DAGL = Ca_DAG_DAGL — Ca_DAGL + 2-AG Postsynaptic 2-AG production [17]

2-AG — 0 Postsynaptic 2-AG degradation [17]

DAG — () Postsynaptic DAG degradation [22]
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Table Q. Reaction rates of postsynaptic model.

Reaction rate Description Refs

VGl f,post = KGlu,f,post (1 — fGlu,pre) [Glu]synCleft Reaction rate for postsynaptic mGluR Glu uptake Mod.
from [17]

UmGluR,f,post = KmGIuR,f,post (1 — fGlu,pre) [Glu]synCleft [mGluR]pOSt Reaction rates of Glu binding and unbinding to postsy- | Mod.

UmGIuR, b,post = KmGIuR,b,post [Glu,mGluR]post naptic mGluR fromJl?]

UmGluRdes,f,post = KmGluRdes,f,post [GhLmGth]post Reaction rates into and out of desensitized state of | [17]

UmGluRdes,b,post = kaluRdes’bPost[Glu,mGluRdesens]pOSt postsynaptic mGluR

VGact f,post = KGact,f,post [GABY] post [Glu,mGlmR]post Reaction rates of postsynaptic G protein activation and | [17]

UGact,b,post = KGact,b,post GXPY-GluumGluR]__ inactivation

UGact,c,post = kGact,C,post [G“BnylufmGIUR]post

VCa PLCLf,post = kcaprchypost[Ca2+]post [PLC]post Reaction rates of postsynaptic PLC binding and un- | [17]

VCa_PLC1,b,post = KCaPLC1,b,post[Ca-PLC] binding Ca2* first

VG_PLC2,f,post = KG_PLC2,f,post [GrchrTP]poSt [Ca,PLC]pOSt Reaction rates of postsynaptic PLC binding and un- | [17]

V@ _PLC2,b,post = KG_PLC2,b,post [CaL,GocGTP,PLC]post binding GaGTP second

VG_PLC1,f,post = KG_PLC1,f,post [GocGTP]post [PLC]post Reaction rates of postsynaptic PLC binding and un- | [17]

UG _PLC1,b,post — kG,PLCl,b,post [GO{GTP,PLC]pOSt binding GoaGTP first

VCa PLC2,f,post = kcaipLCQ,ﬂpost[CaQ+]post [GocGTP,PLC]poSt Reaction rates of postsynaptic PLC binding and un- | [17]

VCa_PLC2,bpost = KCa PLC2,b,post[Ca-GaGTP_PLC] binding Ca?* second

UDAG1 f,post = KDAG1 f,post [PIPg]post [CEJL,PLC]pOSt Reaction rates of postsynaptic DAG production, step 1 | [17]

UDAG1,b,post = kDAGl,b7post [Ca—PIPQ—PLC]pOSt

UDAG1,c,post — kDAGl,c,post [Ca—PIP2—PLC]pOSt

UDAG2,f,post = KDAG2.f,post [Ca,DAG,PLC]pOSt Reaction rate of postsynaptic DAG production, step 2 | [17]

UDAG3,f,post = KDAGS,f,post [Ca,GocGTPJ)LC]post [PIPQ]IDOSt Reaction rates of postsynaptic DAG production, step 1 | [17]

UDAGS3,b,post — kDAGB,b,post [Ca—G(XGTP—PIP2—PLC}pOSt

UDAG3,c,post — kDAGS,C,post [Ca—G(XGTP—PIP2—PLC]pOSt

UDAGA4.f,post = KDAGA4,f,post [Ca,DAG,GocGTP,PLC]poSt Reaction rate of postsynaptic DAG production, step 2 | [17]

UdegIP3,post = KdegIP3,post [IPg]pOSt Reaction rate of postsynaptic IP3 degradation [17]

UPTP2,f,post = KPIP2,f,post [IPgdeg]pOst [PIKin]pOSt Reaction rates of postsynaptic PIPy regeneration by | [17]

UPIP2,b,post = KP1P2,b,post [[P3deg PIKin] | PIKin

UPIP2,c,post — kPIPQ,C,post [IP?)degPIKin]post

VGAP1,f,post = FGAP1 f,post [GocGTP,PLC]pOSt Reaction rate of postsynaptic GAP activity on PLC [17]

VGAP2.f,post = KGAP2.f post [CaL,GrchTP,PLC]pOSt Reaction rate of postsynaptic GAP activity on PLC [17]

VhydrG,f,post = KhydrG,f,post [GocGTP]pOSt Reaction rate of postsynaptic GaGTP hydrolysis [17]

UregenG,f,post = KregenG,f,post [GocGDP]pOSt Reaction rate of postsynaptic G protein regeneration [17]

UDAGL f,post = KDAGL,f,post [CaQ"']pOSt [DAGL]pOSt Reaction rates of postsynaptic Ca?* activation of | [17]

UDAGL,b,post — kDAGL,b,post [Ca—DAGL]pOSt DAGL

UprodAG,f,post = KprodAG.f,post [DAG}pOSt [CaL,DAGL]pOSt Reaction rates of postsynaptic 2-AG production [17]

UprodAG,b,post = kprodAG,bJsost [Ca—DAGfDAGL}pOSt

VUprodAG,c,post — kprodAG,c,post [Ca,DAG,DAGL]pOSt

UdegAG,post = KdegAG,post [2—AG]post Reaction rate of postsynaptic 2-AG degradation [17]

VdegDAG,post = KdegDAG, post [DAG]pOSt Reaction rate of postsynaptic DAG degradation [22]
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Table R. Parameter values of postsynaptic channel and receptor models.

Parameter Value | Unit | Description Refs

OAMPAR, post 0.0011 m Rate constant of opening postsynaptic AMPAR [16]

QNMDAR, post 7.2 x107° lemS Rate constant of opening postsynaptic NMDAR [16]

BAMPAR, post 0.19 i Rate constant of closing postsynaptic AMPAR [16]

BNMDAR, post 0.0066 % Rate constant of closing postsynaptic NMDAR [16]

Crn,post 3 % Postsynaptic membrane capacitance per unit area [14]: %7 C”LHFQ B

JAMPAR, post 0.1 CIILSQ Maximum conductance of postsynaptic AMPAR per unit area [16 155, |56]:

3.5 x 107" mS

Ge,post 2.1 Crglsz Coupling conductance between postsynaptic soma and dendrite per unit | [15]
area

gCaLHVA ,dend,post 0.23 CIIILSQ Maximum conductance of postsynaptic Capgya current in the dendrite per [11,112): 0.01

1 mS

unit area oz

gCaLLVA,dend,post 0.23 CIEISZ Maximum conductance of postsynaptic Cappya current in the dendrite per | [13]: 0.01 Clﬁlsz
unit area

JKA,dend,post 1 3182 Maximum conductance of postsynaptic Ka current in the dendrite per unit | Mod. from [14]
area

JKDR,soma, post 50 CIILSQ Maximum conductance of postsynaptic Kpr current in the soma per unit | |14]: 154 C“gl%
area

9L,dend,post 0.2 Crglsz Leak conductance of postsynaptic dendrite per unit area [15]: 0.1 glnsz

9L ,soma,post 0.2 Crﬁlsz Leak conductance of postsynaptic soma per unit area [14): 0.222 CIEI%,

[15]: 0.1 28

9Na,dend,post 0.06 CIEISQ Maximum conductance of postsynaptic Na™ current in the dendrite per unit | [14]: 1.78 CIEISQ
area

9Na,soma,post 60 CTHSZ Maximum conductance of postsynaptic Nat current in the soma per unit | [14]: 178 C‘I‘n%
area

NaP,soma, post 0.1 canS? Maximum conductance of postsynaptic Nap current in the soma per unit | [14]: 0.6 CrﬂlsQ
area

YNMDAR,post 0.001 % Maximum conductance of postsynaptic NMDAR per unit area [16]: 1078 mS

Mgext,post 1,000 | ntM Mg?* concentration outside postsynaptic neuron [16]

Dpost 051 Proportion of postsynaptic cell area taken by soma [15]

Th,Na,post 0.5 | ms Time constant for postsynaptic Na*t inactivation [14]

Tm,KDR,post 2 | ms Time constant for postsynaptic Kpr activation [14]

Tm,Na,post 0.05 | ms Time constant for postsynaptic NaT activation [14]

VAMPAR, post 0| mV Reversal potential of postsynaptic AMPAR current [16]

Vea,post 90 | mV Reversal potential of postsynaptic Cargva and Caryva currents [11]

VK post —85 | mV Reversal potential of postsynaptic Kt current [14]: =77 mV

WL post —70 | mV Leak reversal potential of postsynaptic neuron [14]: —73.6 mV

VNa,dend, post 50 | mV Reversal potential of postsynaptic NaT current in the dendrite [14]

VNa,soma,post 50 | mV Reversal potential of postsynaptic Nat current in the soma [14]: 90 mV

VNMDAR, post 0| mV Reversal potential of postsynaptic NMDAR current [16]
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Table S. Parameter values of postsynaptic flux model.

Parameter Value | Unit Description Refs

Agpine,post 4777“52pme’post cm? Postsynaptic surface area of dendritic
spine

Bpost 051 Postsynaptic fast buffering factor [22]: 0.01

2FV; .
CCa,post 5 Xme’p%t éln??ﬁvsi Postsynaptic scaling factor to convert | [22]
post£ispine, post from units % to ”m—l\f

Caext,post 2,015.1 | uM Ca’* concentration outside postsynap- | [17]
tic neuron

kca,post 1,000 | 1 Postsynaptic scaling factor to convert
from units % to %

Kact post 0.8 | uM Postsynaptic IPsR dissociation constant | [20]
of Ca?* (activation)

Kinh,post 1.9 | uM Postsynaptic IP3R dissociation constant | [20]
of Ca?* (inhibition)

K1ps3, post 0.15 | pM Postsynaptic IP3R dissociation constant | [20]
of IP3 (activation)

KpMcA post 0.12 | pM Half-activation constant of postsynaptic | [57]
PMCA pump

KSERCA post 0.4 | uM Half-activation constant of postsynaptic | [20]
SERCA pump

T'ERcyt,post 0.185 | 1 Ratio between postsynaptic ER and cy- | [1§]
tosol volumes

J — ¢ ]
TleakCell, post PMCA’I)(?: CaL_’p‘[)gaQ ﬂNMDAR’pObt i Postsynaptic leak parameter over cell
ext,post post membrane calculated at resting concen-
trations
J; —J
TleakER,post [ ngf]c Apost — [gsgﬁo“ ﬁ Postsynaptic ER leak parameter calcu-
ER,post post lated at resting concentrations

Tspine,post 5x 1075 | cm Postsynaptic radius of dendritic spine [58]

TIP3R,post 2,000 | ms Time constant for postsynaptic IPsR | [20]
inactivation

VIP3R, post 0.01 | - Maximum rate of Ca®T release via post- | [20]: 0.0085 L
synaptic IPsR

UPMCA, post 8 x 10~ nll‘i\flfllz Maximum rate of Ca?*tuptake by post- | [21]: 107° n‘if;g
synaptic PMCA pump per unit area

USERCA post 0.003 | B2 Maximum rate of Ca?* uptake by post- | [18]: 0.0009 EM
synaptic SERCA pump

4 )
Vipine,post s cm?® Postsynaptic volume of dendritic spine

g spine,post
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Table T. Parameter values of postsynaptic reaction model.

Parameter Value | Unit | Refs Parameter Value | Unit | Refs | Parameter Value | Unit | Refs
kGiut,post 0.2 | L |117]: 0.002
FmGIuR, f,post 0.0001 | x| [17] EmGIuR.b,post 0.01 | L [17]
KmGluRdes,fpost | 0.00025 | L 117] EmcluRdes,b,post 1076 | L [17]
EGact,f,post 0.015 | xims | 117] EGact,b,post 0.0072 | L [17] | EGact,c,post 0.0005 | - |17r
kca_pLC1f post 0.002 | “xims |117]: 0.02 | kCa_PLCILb,post 0.12 | L [17]
M ms
ka_pLC2,f post 0.1 | s | 117] ka_pLC2,b post 0.01 | L [17]
ka_PLC1t post 0.01 m [17] kG _PLCL,b,post 0.012 | L [17]
kca_PrC2,f post 0.08 | i | 117] kca_pLC2,b,post 0.04 | L [17)
KDAGL £ post 0.0006 | g | 1L7): 0.006 | kpacsppost 0.01 | L [17] | kpacieposs | 0025 | L [17]
M ms -
kpAG2,£,post 0.2 | L [17] B
kDAG3,1 post 0.015 | “xims | 117] kpAaGs,b,post 0.075 | L 117] | kpaG3,c.post 0.25 | L 17 |
kDAGa, £ post 1|+ 117]
Kdegrps, post 0.01 | - 117] B
RPIP2.fpost 0.002 | e | 17) kprp2,b,post 0.001 | o | [17) | Kpreacopost 0001 | L | 17 |
kcapi,f,post 0.03 | [17]
kGaP2,f,post 0.03 | L [17)
khydrG,t,post 0.001 | - [17]
kregenG, £, post 0.01 | - [17]
KDAGL f,post 0.125 | “xims | 117] kDAGL,b,post 0.05 | - [17]
KprodAG £, post 0.0025 | xims | 117] KprodAG,b,post 0.0015 | [17] | KprodAG.epost | 0.001 | - [17]
KdegAG post 0.005 | -L [17] ]
kdegDAG, post 0.00066 | —- |22157]
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Table U. Initial values of postsynaptic variables.

Variable Initial value | Unit | Description Refs
[2-AG] 0.0010453 | pM Postsynaptic 2-AG concentration

[C‘a2+]p0St 0.049978 | pM Postsynaptic Ca?* concentration

[Ca? JER post 62.9016 | pM Postsynaptic Ca?t concentration in ER

[Ca,DAG,DAGL]poSt 0.0052265 | pM Concentration of postsynaptic Ca?t-DAG-DAGL complex
[Ca,DAGr,GocGTP,PLC]pOst 0| nM Concentration of postsynaptic Ca?t-DAG-GaGTP-PLC complex
[Ca,DAG,PLC]post 8.8541 x 10~° | pM Concentration of postsynaptic Ca?t-DAG-PLC complex

[Ca,DAGL]pOSt 0.27637 | nM Concentration of postsynaptic Ca?t-DAGL complex
[Ca,GocGTP,PIPQ,PLC}post 0| puM Concentration of postsynaptic Ca?t-GaGTP-PIP,-PLC complex
[Ca,GocGTP,PLC}pOSt 0| pM Concentration of postsynaptic Ca?t-GaGTP-PLC complex
[Ca,PIPQ,PLC]pOSt 0.00070833 | uM Concentration of postsynaptic Ca?t-PIPy-PLC complex

[Ca,PLC]pOst 0.00083161 | nM Concentration of postsynaptic Ca?t-PLC complex

[DAG] 0.018912 | pM Postsynaptic DAG concentration

[DAGL]pOSt 2.2119 | uM Postsynaptic DAGL concentration

[GoBY] ot 3.5 | pM Postsynaptic Gofy concentration [17r
[Goc[Sy,Glu,mGluR]post 0| nM Concentration of postsynaptic Gofy-Glu-mGluR complex |
[GaGDP] 0| pM Postsynaptic GaGDP concentration

[GaxGTP] 0 | pM Postsynaptic GaGTP concentration

[GOLGTP,PLC]post 0| pM Concentration of postsynaptic GaGTP-PLC complex

[GluJIlGluR]poSt 0| pM Concentration of postsynaptic Glu-mGluR complex
[Glu,mGluRdesens]post 0| nM Concentration of postsynaptic Glu-mGluRdesens complex

[IP3] ost 0.0017708 | pM Postsynaptic IP3 concentration

[IPg,deg]pOSt 0.014141 | pM Postsynaptic IP3deg concentration

[IPgdeg,PIKin]pOst 0.017708 | uM Concentration of postsynaptic IPsdeg-PIKin complex

mGIuR] o 5 | pM Postsynaptic mGluR concentration 117]
[PIKin] 1.2523 | pM Postsynaptic PIKin concentration |
[PIP2]post 49.6857 | pM Postsynaptic PIPy concentration

[PLC]os 0.99837 | nM Postsynaptic PLC concentration

Vdend, post —68.1916 | mV Postsynaptic membrane potential in the dendrite

Vsoma,post —68.1057 | mV Postsynaptic membrane potential in the soma
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Table V. Initial values of postsynaptic variables.

Variable Initial value | Unit | Description Refs
RCaLHVA dend,post Noo,CaLHVA dend,post | 1 Gating variable for postsynaptic Capgya inactivation in the dendrite
RCaLIvA, dend,post hoo,Cal.LvA,dend,post | 1 Gating variable for postsynaptic Cayya inactivation in the dendrite
h1P3R,post Roo, IP3R, post | 1 Gating variable for postsynaptic IP3R inactivation
hK A dend,post Noo, KA, dend,post | 1 Gating variable for postsynaptic Ku inactivation in the dendrite
hNa,dend,post hoo,Na,dend,post | 1 Gating variable for postsynaptic Na*t inactivation in the dendrite
hNa,soma,post Roo Na,soma,post | 1 Gating variable for postsynaptic Na™ inactivation in the soma
MAMPAR, post 0|1 Fraction of postsynaptic AMPARs in open state
MCaLHVA,dend,post | Moo,CaLHVA,dend,post | 1 Gating variable for postsynaptic Capgya activation in the dendrite
MCaLLVA,dend,post Moo,CalLVA dend,post | 1 Gating variable for postsynaptic Capya activation in the dendrite
MKA,dend,post Moo, KA,dend,post | 1 Gating variable for postsynaptic KA activation in the dendrite
MKDR, soma,post Moo, KDR,soma,post | 1 Gating variable for postsynaptic Kpgr activation in the soma
MNa,dend,post Moo, Na,dend,post | 1 Gating variable for postsynaptic Na™ activation in the dendrite
MNa,soma, post Moo, Na,soma,post | 1 Gating variable for postsynaptic Nat activation in the soma
MNMDAR, post 0|1 Fraction of postsynaptic NMDARS in open state
Table W. Intermediate variables of astrocyte model.
Intermediate variable Description Refs
Roo astro = Qaz;ro2+ Steady-state value of as- | [18,/19]
Qastro + [Ca gir trocytic IPsR inactivation
gating variable
[IP?’}astro
Moo astro = 7o P Steady-state value of astro- | [18,/19]
P31 astro + [IP3]ag0r cytic IP3R activation gat-
ing variable
[Ca2+}1<tro | n
Moo astro = 7= C 7] Steady-state value of astro- | [18,/19)
act astro + [C8%F g cytic IP3R activation gat-
ing variable
JIP3R,astro - UIPSR,astromgc’astronio’astrohzstrg (Catot,astro - (1 + TERcyt,astro> [Ca2+]astro) CaQ+ ﬂux via aStTOCytiC l187 19]
IPsR
JleakER,astro = TleakER,astro (Catot,astro - (1 + TERcyt,astro) [Ca‘2+]astr0) AStI'OCytiC Ca2+ leak flux l]_87 ]_9‘
from ER to cytosol
[Ca2+}i‘tro 2 . .
JSERCA astro = USERCA astro ——5 ETRCED Ca®t flux via astrocytic | [18|19]
KSERCA,astro + [Ca' +]astro SERCA pump
1P + Kip: o ] T 1|
Qastro = Kinh astro LI 103, astro Astrocytic  intermediate | [18,/19]
[IP3}astro + KIPB,Q,astro variable
I 1.
Th,astro = Time constant for astro- | [18,[19]

TIP3R,astro (Qastro + [C8‘2+}astro)

cytic IP3R inactivation
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Table X. Parameter values of astrocyte model.

Parameter Value | Unit | Description Refs

AGS s 0.0010453 | pM Postsynaptic resting 2-AG concentra-
tion

Chr,astro 0.3 | pM Ca?* threshold concentration of Glu ex- | [59)
ocytosis in astrocytes

Cagot,astro 2 | M Total free astrocytic Ca?* concentration | [18]

Gastro 50,000 | uM Glu concentration per astrocytic vesicle | [9)

IP3 ostro 0.28 | nM Astrocytic resting IP3 concentration [38]: 0.16 nM

krecov astro 0.0006 i Astrocytic recovery rate constant from | |9
empty to releasable state

Kact,astro 0.08234 | pM Astrocytic IP3R dissociation constant | |1§]
of Ca?* (activation)

Kinh,astro 1.049 | uM Astrocytic IP3R dissociation constant | [18]
of Ca%* (inhibition)

K1p3,1,astro 0.13 | pM Astrocytic IP3R dissociation constant | [18]
of IP3

K1p3 2. astro 0.9434 | uM Astrocytic IP3R dissociation constant | [1§]
of IP3

KSERCA astro 0.1 | M Half-activation constant of astrocytic | [1§]
SERCA pump

Nastro 411 Number of readily releasable astrocytic | [9)
vesicles

Prelastro 06 |1 Basal release probability of astrocytic | [9,/10]
Glu vesicles

Tastro 0.005 | - Glu clearance rate from extrasynaptic | [10]
space

T'ERcyt,astro 0.185 | 1 Ratio between astrocytic ER and cytosol | [1§]
volumes

T'IP3,astro 0.0008 i Rate constant of astrocytic IP3 produc- | [3§]
tion

TIP3R,astro 0.0002 pMﬁ Astrocytic IP3R binding constant for | |[1§]
Ca?* (inhibition)

J stro T J astr .
TleakER, astro S SERclA’%t 2 IPSR’“tCO 5T & Astrocytic ER leak parameter calcu- | [18]
Btotastro — (14 TEReyt astro) [Ca%Tgypg lated at resting concentrations

Tvesext,astro 0.00065 | 1 Ratio between astrocytic vesicular vol- | [94|10]
ume and volume of extrasynaptic space

TIP3,astro 7,000 | ms Time constant for astrocytic IP3 degra- | [3§]
dation

UIP3R,astro 0.006 | L Maximum rate of Ca?T release via as- | [18]
trocytic IP3R

USERCA astro 0.0007 % Maximum rate of Ca? uptake by astro- | [18]: 0.0009 %

cytic SERCA pump
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Table Y. Initial values of astrocytic variables.

Variable Initial value | Unit | Description

[Ca?t] o 0.15002 | pM | Astrocytic Ca?* concentration

[Glu]tsym 0| pM Concentration of Glu in extrasynaptic space
Rastro Rooastro | 1 Gating variable for astrocytic IP3R inactivation
IP3], 1o 0.28 | pM Astrocytic IP3 concentration

Rrel astro 11 Fraction of releasable astrocytic vesicles
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