
Supplemental Text

In the following, we describe various currents and fluxes regulating the membrane po-

tential, ion concentrations, and neurotransmitter homeostasis for the neurons in the com-

putational model.

1 Membrane Potential

The Na+ and K+ currents in equation (1) of the main text consist of active currents cor-

responding to voltage gated Na+ (VGSC)and delayed rectifier K+ channels (IFNa & IDR
K ),

passive leak currents (I leakNa & I leakK ), excitatory synaptic currents (IsynNa & IsynK ), and cur-

rents due to glutamate and GABA transporters (IcoNa & IcoK ). The chloride currents consist of

contributions from passive leak current (I leakCl ), inhibitory synaptic currents (IsynCl ), the cur-

rents due to glutamate and GABA cotransport (IcoCl). The synaptic and cotransport currents

are given in the Neurotransmission section. The remaining currents are as follows.

1.1 Pyramidal Cell Equations

The equations for various currents in pyramidal cell are given as follows.

IEx
Na = IFNa + I leakNa + IsynNa + IcoNa,

IEx
K = IDR

K + I leakK + IsynK + IcoK ,

IEx
Cl = I leakCl + IsynCl + IcoCl.

(1)

Where

IFNa = gNam
3
∞h(VNa − Vm),

IDR
K = gkn

4(VK − Vm).
(2)

Here, gNa, gK , m∞, h, and n represent the maximum conductance of VGSC, maximum

conductance of delayed rectifier K+ channel, steady state gating variable for VGSC acti-

vation, VGSC inactivation variable, and delayed rectifier K+ activation variable, respec-

tively. VNa and VK are the reversal potentials for Na+ and K+ currents and are given below.
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As in [14], the gating variables and peak conductances for IFNa, I
DR
K , and leak currents for

the pyramidal neurons in this study are based on the model of Olufsen and Kopell [16]

and the equations for BC are taken from the model in [30]. In addition, the equations

for OLM neurons are taken from [26], which is a reduction of the multi-compartmental

model described in Ref. [18] These equations were originally chosen such that the model

would result in the intrinsic frequency as a function of stimulus strength observed in these

neurons. The gating variables obey the following equations,

dx

dt
=

x∞ − x

τx
, for x = m,n, h, a, b, z, r. (3)

Where x∞ and τx represent the steady state and time constant of the gating variable respec-
tively.

x∞ =
αx

αx + βx

, τx =
1

αx + βx

(4)

The forward and reverse rates (αx and βx) for the channel activation and inactivation are

calculated using the equations below.

αEx
n = 0.032(Vm + 52)/(1− exp(−(Vm + 52)/5.0))

βEx
n = 0.5exp(−(Vm + 57)/40),

αEx
h = 0.128exp(−((Vm + 50)/18)),

βEx
h = 4/(1 + exp(−((Vm + 27)/5))),

αEx
m = 0.5(Vm + 54)/(1− exp(−(Vm + 54)/4)),

βEx
m = 0.28(Vm + 27)/(exp((Vm + 27)/5)− 1).

(5)

1.2 Basket Cell Equations

The membrane potential of BC is governed by the following equations

IBC
Na = IFNa + I leakNa + IsynNa + IcoNa,

IBC
K = IDR

K + I leakK + IsynK + IcoK ,

IBC
Cl = I leakCl + IsynCl + IcoCl.

(6)
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With the gating variables given as

αBC
n = (−0.01(Vm + 34))/(exp(−0.1(Vm + 34))− 1),

βBC
n = 0.125exp(−(Vm + 44)/80),

αBC
h = 0.07exp(−(Vm + 58)/20),

βBC
h = 1/(exp(−0.1(Vm + 28)) + 1),

αBC
m = (0.1(Vm + 35))/(1− exp(−(Vm + 35)/10)),

βBC
m = 4exp(−(Vm + 60)/10).

(7)

1.3 Oriens-lacunosum Moleculare Neuron Equations

In addition to the currents mentioned above, OLM neurons also contain non-inactivating

M current (IMK ), rapidly inactivating A current (IAK), and the mixed h current (Ih) i.e.

IOLM
Na = IFNa + I leakNa + IsynNa + IcoNa,

IOLM
K = IDR

K + I leakK + IsynK + IAK + IMK + IcoK ,

IOLM
Cl = I leakCl + IsynCl + IcoCl.

(8)

The additional K+ currents are given as

IMK = gMK a3b(VK − Vm)

IAK = gAKz(VK − Vm),

Ih = ghr(Vh − Vm).

(9)

Where gMK , gAK , and gh represent the maximal conductance of M, A, and h current, re-

spectively. The mixed h current is added to the membrane potential equation of the OLM

cell.

The gating variables are modeled by the following equations.

αOLM
n = −0.018(Vm − 25)/(exp(−(Vm − 25)/25)− 1),

βOLM
n = 0.0036(Vm − 35)/(exp((Vm − 35)/12)− 1),

αOLM
h = 0.07exp(−(Vm + 58)/20),

βOLM
h = 1/(exp(−0.1(Vm + 33)) + 1),

αOLM
m = −0.1(Vm + 38)/(exp(−(Vm + 38)/10)− 1),

βOLM
m = 4exp(−(Vm + 66)/18),
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aOLM
∞ = 1/(1 + exp(−(Vm + 14)/16.6)),

τOLM
a = 5,

bOLM
∞ = 1/(1 + exp((Vm + 71)/7.3)),

τOLM
b = 1/((9− 6/(exp((Vm − 26)/18.5))) + (0.014/(0.2 + exp(−(Vm − 70)/11)))),

zOLM
∞ = 1/(1 + exp(−(Vm + 39)/5)),

τOLM
z = 75,

rOLM
∞ = 1/(1 + exp((Vm + 84)/10.2)),

τOLM
r = 1/(exp(−14.59− 0.086Vm) + exp(−1.87 + 0.0701Vm)).

(10)

1.4 Equations Common to All Neurons

The leak currents in neurons are modeled with similar equations, with each cell having its

own maximum conductance and reversal potential for a given current.

I leakNa = gleakNa (VNa − Vm),

I leakK = gleakK (VK − Vm),

I leakCl = gleakCl (VCl − Vm),

(11)

where VNa, VK , VCl, and Vh are the reversal potentials for Na
+, K+, and Cl−, and mixed h

currents respectively and are updated according to the instantaneous values of respective

ion concentrations using the Nernst equilibrium equations, i.e.

VK = 26.64ln

(
[K+]o)

[K+]i

)
,

VNa = 26.64ln

(
[Na+]o)

[Na+]i
)

)
,

VCl = 26.64ln

(
[Cl+]i)

[Cl+]o
)

)
,

VNa = 26.64ln

(
[K+]o + 0.2[Na+]o)

[K+]i + 0.2[Na+]i)
)

)
,

(12)

where [K+]o/i, [Na+]o/i, and [Cl−]o/i represent the concentration of Na+, K+, and Cl−

outside and inside the neuron respectively, and are modeled as in the following section.

The values of various parameters used in the membrane potential model are borrowed

[14] and given in Table 1, .
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2 Ion Concentrations

The equations modeling Ipump, Iglia, and Idiff in equation (2) and (3) of the main text are
given as [8]

Ipump =
ρmax

1 + exp((23− [Na+]i)/3))1/(1.0 + exp(4− [K+]o)
,

Idiff = εK([K
+]o − [K+]bath),

Iglia = Gglia/(1 + exp((12− [K+]o)/2.5)).

(13)

To simplify the formalism, [K+]i and [Na
+]o are linked to [Na

+]i as previously described

[8, 28, 29, 31].

[K+]i = 140 + (18− [Na+]i),

[Na+]o = 144 + β([Na+]i − 18).
(14)

[Cl−]i and [Cl−]o are given by the conservation of charge inside and outside the cell re-

spectively.

[Cl−]i = [Na+]i + [K+]i − 155,

[Cl−]o = [Na+]o + [K+]o.
(15)

The number 155 in the above equation represents the concentration of impermeable cations.

The values of various parameters used in the model are given in Table 1. A justification is

given in our previous work [8, 28, 29, 31].

3 Neurotransmission

The equations for glutamate and GABA homeostasis are based on our previous work

[12, 27]. In the following, we list these equations and refer the interested reader for the

derivation of the model to these two papers. The model includes all key pathways affecting

glutamate and GABA homeostasis as shown in the figure below.

3.1 Glutamate–Related Processes

Glutamate is released into the cleft when the presynaptic neuron depolarizes. It binds to

the NMDA and AMPA receptors on the postsynaptic neuron and can thereby initiate an

action potential. After binding to a receptor the neurotransmitter is free again and can

bind another time or diffuse into the ECS. Neurons and glia (astrocytes) clear glutamate by
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Figure. Schematic of the key processes used in the model for glutamate (left) and GABA (right) homeosta-

sis. When an action potential travels from the presynaptic glutamatergic(GABAergic) neuron along the axon

to a postsynaptic neuron, glutamate(GABA) is released at the axonal terminal (bouton). The terminal is sepa-

rated from the neighboring neuron by the synaptic cleft. Glutamate(GABA) can excite (inhibit) postsynaptic

neuron by binding to NMDA/AMPA receptors to bring in Na+ and release K+ (GABAA receptor to bring in

Cl−) on the spine located at the dendrite of the receiving neuron. At the same time the presynaptic neuron can

receive glutamate(GABA)-mediated signals from other neurons through its own dendritic terminals. Glu-

tamate(GABA) is buffered from the cleft by the bouton of the presynaptic neuron through EAAT2(GAT1)

and glia surrounding the synaptic cleft through EAAT1 and EAAT2 (GAT3). The spine of the postsynap-

tic neuron also buffers glutamate from the cleft through EAAT3. Glutamate(GABA) also diffuses to the

ECS where it is buffered by neuron through EAAT1(GAT1) and glia through EAAT1 and EAAT2(GAT3).

EAAT1, EAAT2, and EAAT3 transport one glutamate molecule along three Na+ and one Cl− into the cell

while releasing one K+. GAT1 and GAT3 transport one GABA molecule along three Na+ and one Cl− into

the cell. The inset on the top shows idealized geometry of the synapse considered in the model.
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taking it up from the cleft or from the ECS. Altogether glutamate dynamics is described by

eight dynamical variables: the average amount in the cleftNG
c , the total amount in the ECS

NG
e , the total glutamate released NG

rel (glutamate that is not available for release), the net

uptake from all synaptic clefts (multiple synapses are involved in a single action potential)

by astrocyteNG
c→g, boutonN

G
c→bouton, and spineN

G
c→spine, and the net uptake from ECS by

astrocyte NG
c→g and neuron N

G
c→n. The rate equations are

dNG
c

dt
= Jrel − Jdiff − (vc→bouton + vc→g + vc→spine) (16)

dNG
e

dt
= NAP

syn × Jdiff − (ve→n + ve→g) (17)

dNG
rel

dt
= NAP

syn × Jrel − krec(N
G
c→g +NG

c→bouton +NG
c→spine +NG

e→g +NG
c→n)/N

G
max

(18)

dNG
c→g

dt
= NAP

syn × vc→g − krec ×NG
c→g/N

G
max (19)

dNG
c→bouton

dt
= NAP

syn × vc→bouton − krec ×NG
c→bouton/N

G
max (20)

dNG
c→spine

dt
= NAP

syn × vc→spine − krec ×NG
c→spine/N

G
max (21)

dNG
e→g

dt
= ve→g − krec ×NG

e→g/N
G
max (22)

dNG
e→n

dt
= ve→n − krec ×NG

e→n/N
G
max. (23)

Where NAP
syn is the number of synapses involved in a normal action potential, krec is the

recycle rate for glutamate, and NG
max is the total amount of glutamate available. Different

fluxes used in the above equations are given as follows.

During an action potential, about 3,000 glutamatemolecules are released into the synap-

tic cleft [4, 5, 13, 17]. Glutamate release also depends on the remaining glutamate, NG
i ,

in the presynaptic terminals. Initially, the releasable amount of glutamate will be at the

maximal level, NG
max, but with high frequency spiking it is reduced [25]. Thus the amount

of glutamate released per action potential at a single synapse is given by

Jrel = 3000× NG
i

NG
max

, (24)

where NG
i is given by the difference between NG

max and N
G
rel.
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Glutamate diffusion from the cleft to the ECS is given as

Jdiff = Aσ
DG

∆x
(Gc −Ge) . (25)

WhereAσ is the cross-section area for glutamate spillover from the cleft to the ECS,DG is

the diffusion coefficient of glutamate [11], and∆x the cutoff distance from the synapse at

whichGe is in steady state with the ECS [1]. Gc andGe represent glutamate concentration

in the cleft and ECS and is obtained by dividing NG
c and NG

e by the volume of the cleft

and ECS, respectively.

Glutamate uptake from ECS or cleft by a cellular compartment (bouton of the presy-

naptic neuron, spine of the postsynaptic neuron, or astrocyte) is given as

ve/c→cell = vmax
Ge/c

Ge/c + km
. (26)

Where km and vmax is the affinity and maximum uptake rate of a given glutamate trans-

porter. With a cycling rate CycRate and surface density ρB of glutamate transporters, vmax

for a given uptake area (Aup) becomes,

vmax = CycRate× ρB × Aup × 1012/Avogadro’s number, (27)

where 1012/Avogadro’s number converts the number of molecules/s to femtomole/ms. Aup

and ρB get replaced by the area of the cellular compartment buffering glutamate and the

surface density of the transporter on that compartment.

Uptake of glutamate goes along with ion cotransport [3]. For the neuron, one molecule

of glutamate is accompanied by three Na+ and one Cl−, while it releases one K+. These

contributions can be converted to the cotransport currents

IG,coNa =
3

γ1
(NAP

syn(vc→bouton + vc→spine) + ve→n) , (28)

IG,coCl =
1

γ1
(NAP

syn(vc→bouton + vc→spine) + ve→n) , (29)

IG,coK =
−1

γ1
(NAP

syn(vc→bouton + vc→spine) + ve→n) . (30)

Where γ1 = A
(n)
m /F changes ion flux (femtomole/ms) to current density (µA/cm2).

Various parameters related to morphologies and glutamate processes are given in Table

2 and 3, respectively. A justification is given in Ref. [27].
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3.2 NMDA and AMPA Receptor Binding

Glutamate at high concentrations will bind to the receptors on the postsynaptic dendrites.

Specifically, it excites a neuron by binding to the NMDA and AMPA receptors. These

receptors are modeled as in [2], where the opening probability of the channel is described

by the gating variables rNMDA and rAMPA. Their dynamics are given by a Hodgkin–Huxley–

like formalism with an additional dependence on Gc:

drAMPA

dt
= GcαAMPA(1− rAMPA)− βAMPArAMPA (31)

drNMDA

dt
= GcαNMDA(1− rNMDA)− βNMDArNMDA (32)

The receptor currents are given as

IAMPA

Na/K = g
AMPA

rAMPA(V − ENa/K) (33)

INMDA

Na/K = g
NMDA

rNMDA

V − ENa/K

1 + 0.33[Mg2+] exp(−0.07V− 0.7)
(34)

Various parameters related to AMPA and NMDA currents are given in Table 3.

3.3 GABA–Related Processes

Our formalism for GABA homeostasis is similar to glutamate with some key differences.

We assume that the number of GABA molecules released at a single synapse during an

action potential and the maximum amount of releasable GABA is similar to glutamate.

We also assume that the morphological parameters describing the synaptic cleft, neuronal,

astrocytic, and extracellular compartments remain the same. However, the diffusion coef-

ficient of GABA in the cleft is 0.51µm2/ms, almost double that of glutamate [23]. The
equation for the uptake velocity of GABA from ECS/cleft to neuron or astrocyte is also

similar to Eq. (26). That is,

ve/c→cell = vmax
GABAe/c

GABAe/c + km
. (35)

However, the values of vmax and km are different. The observed turnover rate (CycRate in
Eq. 27) for GABA transporter 1 (GAT1) is 79− 93s−1 [10]. We use the mean of this range

as CycRate for GABA transporters.

The three main transporters involved in GABA uptake are GAT1, GAT2, and GAT3.

It is generally believed that GAT1 is the most important of the three transporters and is

primarily present on GABAergic neurons but also to some extent on astrocytes [19]. Thus
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GABAergic activity is mainly terminated by GABA transport into the presynaptic termi-

nals [20, 22]. GAT2 is expressed neonatally in the brain but its expression decreases with

time and are mostly confined to the meninges [7, 21, 24, 33] and is ignored in our formal-

ism. In contrast to GAT1, GAT3 is considered to be selectively expressed in astrocytes

throughout the brain [15, 21]. There is also no clear evidence of GAT molecules on the

spines, therefore, we consider GABA uptake by spines to be zero, i.e. ρGAT1
spine = 0 [6, 7].

All the above considerations result in a set of rate equations for GABA homeostasis similar

to Eqs. (16-23). With the assumption vc→spine = 0, the rate equation for NGABA
c→spine (similar

to Eq. 21) is not required.

One molecule of GABA is accompanied by three Na+ and one Cl− [9, 32], leading to

the GABA cotransport currents

IGABA,coNa =
3

γ
(NAP

syn × vc→bouton + ve→n) , (36)

IGABA,coCl =
1

γ
(NAP

syn × vc→bouton + ve→n) , (37)

Various parameters used in the GABA model are given in Table 4.

3.4 GABAA Receptor Binding

GABA binds to GABA receptors. Specifically, it inhibits a neuron by binding to the

ionotropic receptor GABAA or metabotropic receptor GABAB. In this study, we only con-

sider GABAA receptors and adopt the model developed by Destexhe et al. [2]. GABAA

receptor opens for Cl− ions with the opening probability of the gate described by the gating

variable rGABA. The dynamics of the gate is given by a Hodgkin–Huxley–like formalism

with an additional dependence on the GABA concentration in the cleft [2]:

drGABA

dt
= GABAcαGABA(1− rGABA)− βGABArGABA. (38)

The receptor current is given as

IGABA

Cl = g
GABA

rGABA(V − ECl). (39)

Various parameters for GABAA receptor are given in Table 4.

Finally, the total cotransport and synaptic currents that go into Na+, K+, and Cl− cur-
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rents become

IcoNa = IG,co
Na + IGABA,co

Na ,

IcoK = IG,co
K ,

IcoCl = IG,co
Cl + IGABA,co

Cl ,

IsynNa = INMDA
Na + IAMPA

Na ,

IsynK = INMDA
K + IAMPA

K ,

IsynCL = IGABA
Cl .

(40)

3.4.1 Numerical Methods

The rate equations were solved in Fortran 90 using RK4 method, with a time step of 0.02

ms. Codes reproducing the results in Figure 7 of the main text are available upon request

from authors.

Parameter
Value and Unit (EX,

BC, OLM)
Description

C 1 µ F/cm2 Membrane Capacitance

gFNa 35, 10 - 6, 35 - 28 (mS/cm2) Conductance of VGSCs

gLNa 0.005, 0.01 , 0.005 (mS/cm2) Conductance of Na+ leak channels

gDR
K 9 mS/cm2 Conductance of DR K+ channels

gAK 1 mS/cm2 Conductance of A channels

gMK 1 mS/cm2 Conductance of M channels

gLK 0.01 0.02 , 0.02 (mS/cm2) Conductance of K+ leak channels

gh 3 mS/cm2 Conductance of h channels

gLCL 0.01 mS/cm2 Conductance of Cl− leak channels

β 7 Ratio of the ICS to ECS

ρmax 28 mM/s Maximum Na+ /K+ pump strength

Gglia 66.67 mM/s Maximum glial K+ uptake

εK 12 mM/s Constant for K+ diffusion )

[K+]bath 3 mM K+ concentration in the bath solution

Table 1: Parameters used in the membrane potential and ion concentration equations.
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Name Value & unit Description

ωi 7,500 µm3 volume of the neuron

ωg 7,500 µm3 glia volume (equal size as neuron)

ωe 2,500 µm3 ECS volume (∼ 15% of whole tissue)

A
(n)
m 18,000 µm2 neural membrane surface area

A
(g)
m 18,000 µm2 glial membrane surface area

r 100 nm cleft radius

h 20 nm cleft height

ωc 1.26e–3 µm3 cleft volume

ωen 3.77e–3 µm3 volume within envelope

Aσ 6.3e–3 µm2 flux cross-section area

∆x 20 µm distance from cleft to stationary ECS glutamate/GABA conc.

Table 2: Morphological parameters.
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Name Value & unit Description

Nsyn 10, 000 total number of synapses

NAP
syn 20 number of synapses involved in act. potential

NG
max 10 fmol glutamate available for signaling

αNMDA 0.072 /(mM×msec) NMDA receptor gating constant

βNMDA 0.0066 /msec NMDA receptor gating constant

αAMPA 1.1 /(mM×msec) AMPA receptor gating constant

βAMPA 0.19 /msec AMPA receptor gating constant

gNMDA 1× 10−7 mS max. cond. of NMDA rcpt. channel

gAMPA 3.5× 10−7 mS/cm2 max. cond. of AMPA rcpt. channel

[Mg2+] 1.2 mM external [Mg2+] concentration
DG 0.3 µm2/msec glutamate diffusion coefficient

CycRate 30 molecules/s cycling rate of glutamate transporters

ρEAAT1
g 2300 /µm2 Density of EAAT1 on glia

ρEAAT2
g 7500 /µm2 Density of EAAT2 on glia

ρEAAT2
bouton 750 /µm2 Density of EAAT2 on bouton

ρEAAT3
spine 90 /µm2 Density of EAAT3 on spine

kEAAT1
m 13.5 µM Affinity of EAAT1

kEAAT2
m 15 µM Affinity of EAAT2

kEAAT3
m 19 µM Affinity of EAAT3

krec 9.9635× 10−5 fmol/msec glutamate recycling rate

Table 3: Parameters for glutamate–related processes.

13



Name Value & unit Description

Nsyn 10, 000 total number of synapses

NAP
syn 20 number of synapses involved in act. potential

NG
max 10 fmol GABA available for signaling

αGABA 5.0 /(mM×msec) GABAA receptor gating constant

βGABA 0.18 /msec GABAA receptor gating constant

gGABA 1.2× 10−6 mS max. cond. of GABAA rcpt. channel

DGABA 0.51 µm2/msec GABA diffusion coefficient

CycRate 86 molecules/s cycling rate of GABA transporters

ρGAT1
bouton 800 /µm2 Density of GAT1 on bouton

ρGAT3
g 160 /µm2 Density of GAT3 on glia

kGAT1
m 7 µM Affinity of GAT1

kGAT3
m 0.8 µM Affinity of GAT3

krec 9.9635× 10−5 fmol/msec GABA recycling rate

Table 4: Parameters for GABA–related processes.
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