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Abstract

Background: Ion and water transport in the central nervous system (CNS) is governed by tightly coupledmechanisms involving electrod-
iffusion, osmotic pressure, and fluid convection. Disruptions to these processes are implicated in pathological conditions. Understanding
the coordinated roles of glial cells and perivascular spaces in regulating ionic and fluid homeostasis is essential for interpreting neu-
ral function and dysfunction. Methods: We developed a multicompartment model of the optic nerve incorporating axons, glial cells,
extracellular space (ECS), and three perivascular compartments (arterial, venous, and capillary-associated). The model integrates elec-
trodiffusion of ions, osmotic water transport, and convection, while enforcing electroneutrality and compartmental volume conservation.
Numerical simulations were performed using a finite volume method under axisymmetric geometry, and parameter sensitivity was ex-
plored through variations in glial membrane conductance, connexin permeability, and aquaporin-4 (AQP4) expression. Results: The
simulations reveal that potassium released from axons during stimulation is cleared via glial uptake and redistributed through electric
drift within glial syncytia. The perivascular pathway provides a secondary route for potassium and water clearance. Decreased glial
conductance leads to abnormal firing in unstimulated axons, mimicking epileptiform activity, while reduced connexin coupling increases
dependence on perivascular drainage. Changes in AQP4 expression had limited effect on ionic homeostasis in the current model. Conclu-
sions: This model provides a biophysically consistent framework to study ionic-fluid coupling in CNS microcirculation. It demonstrates
how glial and perivascular compartments cooperate to maintain extracellular potassium balance. The findings offer insight into the mech-
anisms underlying pathological K+ accumulation and suggest potential therapeutic targets involving glial modulation and perivascular
enhancement. The framework is extensible to other brain regions and conditions involving impaired clearance or excitability.
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1. Introduction
Potassium clearance plays a pivotal role in maintain-

ing the stability and functionality of the central nervous
system (CNS) [1]. In the resting state, nerve cells main-
tain a polarized membrane potential, with the interior of the
cell negatively charged relative to the outside. This polar-
ization arises from the unequal distribution of key ions—
primarily Na+, K+, and Cl−—across the cell membrane,
as well as the selective permeability of ion channels and
the action of ion pumps. During an action potential, depo-
larization occurs when voltage-gated Na+ channels open,
allowing a rapid influx of Na+ ions into the cell. This in-
ward positive current reduces the membrane potential dif-
ference, bringing it toward or above zero. Subsequently,
voltage-ated K+ channels open. Repolarization is primarily
driven by the efflux of K+ ions through potassium channels,
which restores the negative internal potential. Cl− ions, de-
pending on their electrochemical gradient, may also con-
tribute to membrane hyperpolarization by moving inward
and counteracting depolarization. Proper potassium regula-
tion is critical for stabilizing neuronal membrane potentials,
enabling action potential generation and synaptic transmis-

sion. During heightened neuronal activity, potassium ions
(K+) are released into the extracellular space (ECS). With-
out timely clearance, this excess potassium can accumu-
late, causing pathological depolarization, neuronal hyper-
excitability, and potentially trigger seizures.

Glial cells, particularly astrocytes, are essential for
potassium clearance in the CNS, including the optic nerve
[2]. Through connexin-based gap junctions, astrocytes
form a syncytium that facilitates the redistribution and
buffering of potassium ions within the ECS [3]. This pro-
cess is closely coupled to fluid flow within the glymphatic
system, where aquaporin-4 (AQP4) channels in astrocytic
endfeet regulate water movement [4,5]. The glymphatic
system enables cerebrospinal fluid (CSF) influx through
perivascular spaces (PVS), facilitating the clearance of
metabolic waste products such as amyloid-β, which are im-
plicated in neurodegenerative diseases such as Alzheimer’s
and cerebral amyloid angiopathy [6–8]. Recent studies
have demonstrated that CSF entering the brain via arterial
PVS drives solute clearance downstream, a mechanism cru-
cial for maintaining ionic homeostasis and preventing toxic
buildup [9,10].
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The optic nerve, as part of the CNS, shares structural
similarities with the brain, including its narrow ECS and
surrounding glial cells [11]. It consists of four regions: the
intraocular nerve head, intraorbital, intracanalicular, and
intracranial regions [12]. This study focuses on the in-
traorbital region, which constitutes the majority of the op-
tic nerve. CSF enters the optic nerve through perivascu-
lar spaces surrounding blood vessels, interacting with glial
cells lining these spaces [13]. This dynamic flow is essen-
tial for potassium clearance and waste removal, processes
that, when impaired, are associated with conditions such as
glaucoma [14].

Mathematical models have been developed to study
potassium clearance and spatial buffering, focusing primar-
ily on fluid dynamics and ionic transport. Early models
examined fluid flow within the perivascular spaces, often
driven by arterial pulsations [15,16]. More recently, ma-
chine learning approaches have been employed to explore
mechanisms in the glymphatic system [17,18], as compre-
hensively reviewed in [19]. However, these models exhibit
notable limitations. They often neglect the complex inter-
action between different compartments—such as the ECS,
glial cells, and perivascular spaces—and fail to incorpo-
rate critical processes such as electric drift and osmotic ef-
fects. Electric drift redistributes potassium ions along elec-
trochemical gradients within the glial compartment [20],
while osmotic pressure drives water movement in response
to ion concentration changes, maintaining ECS volume and
astrocyte function [21]. Collectively, these mechanisms en-
sure efficient potassium clearance and prevent pathologi-
cal K+ accumulation, which can otherwise lead to hyper-
excitability, excitotoxicity, and cerebral edema formation.

To address these gaps, we developed a multidomain
mathematical model that integrates six compartments: ax-
ons, glial cells, the extracellular space, and three perivas-
cular spaces (PVS A, V, and C). Building upon the trido-
main framework introduced by Zhu et al. [22], our model
integrates the interplay between ionic electrodiffusion, os-
mosis, and fluid circulation. By incorporating the dynam-
ics of glial function and glymphatic pathways, this model
provides a comprehensive framework for elucidating potas-
sium clearance mechanisms in the optic nerve.

Additionally, our model considers the interaction be-
tween the optic nerve and surrounding cerebrospinal fluid,
which flows through the perivascular spaces and subarach-
noid space (SAS) as part of the glymphatic pathway [23].
By differentiating between extracellular and perivascular
spaces and accounting for direct communication between
CSF and PVS A and V, we aim to enhance our understand-
ing of glymphatic function in response to neural activity and
potassium clearance.

Despite its advancements, the current model has lim-
itations. It assumes spatial homogeneity in the glial com-
partment and perivascular spaces, neglecting regional vari-
ations in permeability, conductivity, and ionic gradients.
Furthermore, the simplified representation of potassium

channels does not capture the diversity of channel subtypes
and their biophysical properties. Additionally, biochemi-
cal processes such as enzyme activity and metabolite in-
teractions, which may influence waste clearance, remain
excluded. Future refinements addressing these limitations
will enhance themodel’s predictive capacity and applicabil-
ity to pathological conditions such as neurodegeneration.

The remainder of this article is organized as follows:
Section 2 describes the mathematical model for potassium
and fluid microcirculation in the optic nerve. Section 3
presents simulation results, focusing on the effects of glial
cells and perivascular spaces on potassium clearance. Fi-
nally, Section 4 provides concluding remarks and discusses
directions for future work.

2. Materials and Methods
Mathematical Model for Microcirculation in the Optic
Nerve

Fig. 1 shows the structure we are modeling. This is a
subset of all the structures of interest in the optic nerve, but
it is a good place to start. Computational domain Ωconsists
of the subarachnoid space (SAS) region ΩSAS and optic
nerve region ΩOP , i.e.,

Ω = ΩOP ∪ ΩSAS ,ΩOP ∩ ΩSAS = Γ7,

where the domain ΩSAS is filled with CSF, enclosed by
dura mater Γ7 and pia mater Γ4.

For the optic nerve region, based on the model first
proposed in Ref. [22], we introduce a six-domain model
for microcirculation of the optic nerve, which is summa-
rized in Table 1. We must remind the reader that the op-
tic nerve bundler contains many nerve fibers, at least one
blood vessel, and a glial syncytium as shown in Fig. 1. In
addition to the axon (Ωax), glial (Ωgl), and extracellular
(Ωex) compartments, the model incorporates three perivas-
cular spaces: perivascular space A (surrounding the artery,
Ωpa), perivascular space V (surrounding the vein,Ωpv), and
perivascular space C (surrounding the capillary, Ωpc), see
Fig. 2.

ΩOP = Ωax ∪ Ωgl ∪ Ωex ∪ Ωpa ∪ Ωpv ∪ Ωpc.

We apply compartmental mass conservation laws to
describe the dynamics of ions and water within and across
cellular and extracellular domains. These laws ensure that
the model respects fundamental physical principles—such
as the conservation of mass and charge—and establish a
robust foundation for physiologically realistic and numeri-
cally stable simulations. Specifically, the model is derived
from ion and fluid conservation laws governing transmem-
brane transport between intracellular compartments and the
ECS, following the framework introduced in [24]. These
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Fig. 1. Optic nerve structure. (a) Longitudinal section of the optic nerve; (b) cross section of the optic nerve; (c) Local zoom in of the
glymphatic system. This figure was drawn using MATLAB (R2023b, MathWorks, Inc., Natick, MA, USA).

Fig. 2. The optic nerve ΩOP consists of axon compartment, glial compartment, extracellular space, perivascular space. The
subarachnoid spaceΩSAS only has cerebrospinal fluid. This figure was drawn using MATLAB (R2023b, MathWorks, Inc., Natick, MA,
USA). SAS, subarachnoid space; OP, optic nerve.
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Table 1. Compartments.
Compartment Abbreviation Subscription in formula

extracellular space ECS ex
perivascular space A pvsA pa
perivascular space C pvsC pc
perivascular space V pvsV pv
cerebrospinal fluid CSF csf
axon compartment ax ax
glial compartment gl gl
ECS, extracellular space; CSF, cerebrospinal fluid.

conservation principles are applied in each of the six do-
mains: Ωl, l = ax, gl, ex, pa, pv, pc.

∂

∂t
(ηlfl) +∇ · (ηlJl) + S = 0

where ηl is the volume fraction of l compartment, fl is the
concentration of a given substance, Jl is the flux inside the
compartment, and S is the source term induced by trans-
membrane communications due to the active pumps and
passive leak channels on the membranes.

For the boundaries, Γ1 is the central retinal blood wall
of the optic nerve; Γ2 and Γ3 are the far end (away from the
eyeball) of the optic nerve which is connected to optic canal
region [25]. Γ5 is used to model the dura mater connected
to the sclera (the white matter of the eye) and assumed to
be non-permeable [12]. Γ6 is used to denote the lamina
cribrosa where the optic nerve head exits the eye posteri-
orly through pores of the lamina cribrosa [26]. We adopt
membrane-type boundary conditions to model transmem-
brane fluxes and compartmental interactions. This choice
is motivated by the anatomical context: the intraorbital
segment of the optic nerve is embedded in and interacts
with surrounding tissues rather than existing in isolation.
The membrane boundary conditions allow us to incorpo-
rate physiological coupling with adjacent structures, and
any region-specific properties (e.g., diffusivity, permeabil-
ity) can be tuned via coefficients without altering the core
model. Additional technical details regarding the boundary
condition implementation are provided in the Supplemen-
tary material.

In this model, the electric potential ϕl  within each
compartmentΩl is not externally imposed but emerges from
the redistribution of mobile ions during neuronal activation.
When potassium ions efflux from stimulated axons into the
ECS, they cause a local accumulation of positive charge. To
restore ionic balance, these ions are subsequently taken up
by neighboring glial cells, leading to regional shifts in intra-
cellular electric potential. This spatial potential difference
generates an electric field that further drives ionic electrod-
iffusion within and across compartments.

Rather than solving the Poisson equation for ϕl, we
adopt a macroscopic electroneutrality assumption, which
is valid at tissue scale due to the extremely short Debye

length in biological media. Under this assumption, charge
separation is negligible compared to the domain size, and
the electric potential is determined implicitly by enforc-
ing charge neutrality in each compartment, combined with
ionic flux dynamics. This approach is widely used in tissue-
level models of electrodiffusion and has the advantage of
avoiding the numerical stiffness associated with solving
elliptic equations for the electric field. Mathematically,
the formulation of electric potential under electroneutral-
ity constraints is provided in Supplementary material,
where ϕl is recovered from ionic concentrations via an al-
gebraic closure condition derived from the ion flux equa-
tions. To ensure consistency, we apply homogeneous Neu-
mann boundary conditions for the electric potential on the
domain boundaries implying no external electric field en-
ters or leaves the system. This setup isolates the modeled
domain electrically and ensures that all electric fields arise
from internal biophysical processes, such as ionic imbal-
ance and transmembrane fluxes, consistent with volume
conductor theory in neuroscience.

Based on the structure of the optic nerve, we have the
following global assumptions for the model (Table 1).

• Axial symmetry: For simplicity, axial symmetry
is assumed. To clarify, the model is fundamentally three-
dimensional. When axial symmetry is assumed—as in our
current implementation—it simplifies the numerical com-
putation without altering the underlying physics. Impor-
tantly, the model formulation itself does not rely on sym-
metry assumptions and can be extended to fully three-
dimensional, non-axisymmetric geometries to accommo-
date spatial heterogeneity or more anatomically realistic
structures.

• Ions type: To focus on the primary mechanisms of
ionic homeostasis and fluid–ion interaction, the model in-
cludes only three major ion species: sodium (Na+), potas-
sium (K+), and chloride (Cl−). These ions are the princi-
pal contributors to transmembrane potential, osmotic gra-
dients, and electrochemical fluxes under typical physio-
logical conditions. We acknowledge that other ions and
metabolites—such as calcium (Ca2+), protons (H+), lac-
tate, and glutamate—also play important roles in cen-
tral nervous system function, particularly in regulating ex-
citability, pH balance, and neuro-glial signaling. However,
these species are not included in the current model in or-
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der to maintain computational tractability and focus on the
dominant components involved in potassium buffering and
clearance.

• Charge neutrality: In each domain, we assume elec-
troneutrality [27],

ηgl
∑
i

ziCi
gl + zglηreglAgl = 0

ηax
∑
i

ziCi
ax + zaxηreaxAax = 0

∑
i

ziCi
l = 0, l = ex, pa, pv, pc, csf,

where Al > 0 with l = ax, gl is the density of pro-
teins in axons or glial cells. Most CNS proteins—such as
albumin—have isoelectric points (pI) well below the phys-
iological pH of CSF, which is approximately 7.3–7.4. At
this pH, these proteins exist predominantly in their depro-
tonated form and therefore carry a net negative charge. This
property is a general consequence of the amino acid compo-
sition of these proteins, where acidic residues (e.g., gluta-
mate and aspartate) contribute to the lower pI values. In our
model, we incorporate this biochemical reality by assum-
ing that these negatively charged proteins are permanently
distributed within axonal and glial compartments, with an
effective valence zl = −1, l = ax, gl. The ηax and ηgl
are the volume fraction of axon and glial compartments in
the optic nerve and ηregl and ηreax are the resting state volume
fractions. Under physiological conditions, the extracellular
fluid—such as CSF and interstitial fluid—maintains macro-
scopic electroneutrality, meaning the total concentrations
of positive and negative charges are balanced. While tran-
sient microscopic charge separations occur (e.g., across the
membrane during action potentials), the tissue-scale charge
density remains effectively zero, minimizing the risk of un-
balanced electrostatic fields. This assumption not only re-
flects physiological reality but also circumvents the numeri-
cal complexity of solving the full Poisson equation, thus en-
hancing computational efficiencywithout sacrificingmodel
fidelity.

• Anisotropy of axon compartment and isotropy of
other compartments: The axons are separated, more or
less parallel cylindrical cells that form separate compart-
ments. They are electrically isolated and molecules can-
not diffuse directly from one to another. As a result, the
intra-compartment flux of ions and fluid are only along
the axis direction. In contrast, other compartments are
fully connected. For example, the glial cells are connected
by connexins and form a syncytium, allowing the intra-
compartment fluxes flow in both axial and radial directions.

• Communications between compartments: The com-
munications among different compartments are illustrated
in Fig. 3. Especially, there is no direct interaction between
glial (or perivascular space) and axon compartments. Inter-
actions occur only through changes in concentration, elec-
trical potential, and flows in ECS [28].

The details of the mathematical model can be found in
the SI.

3. Results and Discussion
Our coupled ion and fluid transport model can be used

for a wide range of studies. In this paper, we focus on the
issue of potassium clearance in the optic nerve, leaving out
many interesting questions to be explored in follow-up pa-
pers. In this section and the rest of our paper, we present
simulation results and some discussions with the aim of un-
derstanding how glial cells and perivascular spaces facili-
tate potassium clearance during and after a train of stimulus.

As in Ref. [29], The model is solved using the Finite
Volume Method on a uniform mesh with axial symmetry,
with equal discretization in the radial and axial directions,
i.e., Nr = Nz = N = 20 and the time step is fixed at
δt = 10−1 in dimensionless units. As a convergence crite-
rion, the simulation is considered to reach steady state when
themaximum variation of all variables between two succes-
sive time steps falls below 10−8. To further ensure numer-
ical stability, we adopt conservative flux formulations and
implicit time stepping. All variables are monitored to re-
main within physiologically meaningful ranges throughout
the simulation. The codewas developed and executed in the
Matlab environment. Initially, the resting state of the sys-
tem is determined through iteration and by setting a fixed
volume fraction [30]:

η
re
ax = 0.4, η

re
gl = 0.4, η

re
ex = 0.1, η

re
pa = 0.024, η

re
pv = 0.0639, η

re
pc = 0.0121.

All values of parameters are listed in Supplementary
Table 1. Then, these resting-state values are used as initial
conditions for the stimulus state.

3.1 Micro-Circulation in the Resting State
Under a pressure gradient of 0.0083 mmHg/mm, CSF

flows into the subarachnoid space (SAS) from the intracra-
nial region, with an average velocity of approximately 250
µm/s in the z-direction, consistent with previous findings
[31]. CSF then leaks into perivascular space A. The flow
direction in perivascular space A (or V) matches the blood
flow in the central retinal artery (or vein). The fluid flow
in perivascular space C adjusts dynamically through ex-
changes with other compartments, primarily influenced by
perivascular space V due to a larger pressure gradient at
boundary Γ1, with fluid exiting the optic nerve at boundary
Γ2 under membrane boundary conditions.
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Fig. 3. Schematic of communication between different compartments. In the optic nerve ΩOP region, the ECS exchanges fluid and
ions with the axon, glial, the pvsA, the pvsV and the pvsC; glial exchanges fluid and ion with the ECS, the pvsA, the pvsV and the pvsC;
CSF exchanges fluid and ions with the ECS, the pvsA, the pvsV, and the pvsC by across the pia mater in Γ7, see Fig. 2. This figure
was drawn using MATLAB (R2023b, MathWorks, Inc., Natick, MA, USA). ECS, extracellular space; CSF, cerebrospinal fluid; pvs,
perivascular spaces.

In perivascular space A, the spatially averaged fluid
velocity under a 0.007 mmHg/mm pressure gradient in the
z-direction is 5 µm/s from the intracanalicular space to the
intraorbital region. In perivascular space V, the spatially
averaged fluid velocity in the z-direction under a –0.012
mmHg/mmpressure gradient is 4 µm/s from the intraorbital
region to the intracanalicular space. These results alignwith
the observations in [17,32].

Simultaneously, fluid flows from pvsA into the ECS
and the glial compartment through gaps and Aquaporin
channels located near or on the glial cell feet [14], and then
into perivascular space V. Fluid also moves from the ECS
into the glial compartment, in agreement with the glym-
phatic system’s role [5,13,33].

3.2 Micro-Circulation in the Stimulated State

This section examines the glymphatic system’s role
(including glial cells and perivascular spaces) in metabolic
waste clearance during stimulation. As depicted in Fig. 4,
the stimulus is applied to the axon membrane within the re-
gion Ra < r < rsti < Rb at a specified location z = z0,
with θ ∈ [0, 2π]. We differentiate between the stimu-
lated and non-stimulated regions in the optic nerve ΩOP ,
where electrical signals propagate in the z-direction within
the axon compartment. The stimulus frequency is 50 Hz
(T = 0.02 s) with a duration of 0.2 s. Each stimulus has a
current strength of Isti = 3× 10–3 A/m2 and lasts for 3 ms.

3.2.1 Ionic Circulation and Potassium Clearance

This section explores ionic circulation between stim-
ulated and non-stimulated regions. During stimulation, as

shown in Fig. 5a, Na+ ions enter the axon while K+ ions
leak from the axon into the ECS (see Fig. 5i), leading to
potassium accumulation in the stimulated region. Snap-
shots of potassium concentration in the ECS, shown in
Fig. 6, indicate that potassium concentration initially rises
in the stimulated region, reaching up to 5.3 mM. Subse-
quently, through the buffering function of the glymphatic
system, the accumulated potassium is transported from the
stimulated to the non-stimulated region, lowering the over-
all concentration in the optic nerve to 4.9 mM.

Fig. 7a illustrates three mechanisms for buffering the
accumulated potassium: the glial compartment, the perivas-
cular space, and diffusion within the ECS. Fig. 7b illustrates
the potassium spatial buffering and water circulation be-
tween ECS and glial compartment. The interaction be-
tween osmotic pressure difference, convection, diffusion,
and electrical drift is demonstrated in detail.

• Glial Compartment: The glial compartment is the
primary pathway for potassium buffering, protecting ax-
ons. Potassium accumulation in the stimulated region gen-
erates a Nernst potential EK

gl,ex, across the glial membrane,
driving potassium flow from the extracellular space into the
glial compartment, as shown in Fig. 5b. This rapid influx
raises the local electric potential, facilitating potassium re-
distribution from the stimulated to the non-stimulated re-
gion. Due to connexins, the glial compartment behaves as
an electrical syncytium, causing the membrane potential in
the non-stimulated region to also become more positive.
However, the glial potassium Nernst potential in the non-
stimulated region remains near its resting state, resulting
in an outward potassium flux from the glial compartment.

6

https://www.imrpress.com


Fig. 4. Stimulated and non-stimulated regions in the optic nerve (ΩOP ). The stimulus is applied to the axon membrane within the
region Ra < r < rsti at a specified location z = z0. This figure was drawn using MATLAB (R2023b, MathWorks, Inc., Natick, MA,
USA).

Fig. 8a shows that during the stimulus, electric drift flux pri-
marily buffers potassium, while post-stimulus, convection
flux driven by water circulation becomes dominant.

• Perivascular Space: The perivascular space serves
as a secondary pathway for potassium buffering. Potas-
sium leaks from the ECS into the perivascular space through
gaps between astrocytes’ endfeet (see Fig. 5f–h), and
some potassium from the glial compartment also enters
via channels on astrocytes’ endfeet (see Fig. 5c–e). Potas-
sium is transported from the stimulated region to the non-
stimulated region through convection and diffusion. In
the non-stimulated region, potassium leaks back from the
perivascular space into the ECS. Fig. 8c–e shows that dif-
fusion flux plays a key role in potassium buffering in the
perivascular spaces. Convective flow driven by pressure
differences transports potassium from the SAS to the inner
optic nerve. Since potassium concentrations in perivascular
spaces A, V, and C aremuch lower than in the glial compart-
ment, the contribution of electric drift to potassium buffer-
ing is negligible. During stimulation, perivascular spaces
A, V, and C serve as additional pathways for potassium
transport from the stimulus region to the non-stimulus re-
gion. After stimulation, perivascular spaces V and C con-
tinue buffering potassium, while in perivascular space A,
convection flux suppresses diffusion, leading to potassium
flux directed from the pia mater to the optic nerve center.

• Diffusion in the ECS: As shown in Fig. 8b, the con-
nectivity of the ECS facilitates direct diffusion of accumu-
lated potassium from the stimulated to the non-stimulated

region. Fig. 9h illustrates that the total accumulated K+

buffering through ECS via diffusion is comparable with the
glial compartment.

A detailed illustration of potassium microcirculation
between the different compartments is available in Supple-
mentary material Fig. 1. And the sodium flux inside each
domain can be found in Supplementary material Fig. 3.

Fig. 9 presents the cumulative potassium flux (total
potassium flux integrated over time). The results indicate
that the cumulative potassium flux through the glial mem-
brane is twice as large as the radial cumulative potassium
flux inside the ECS, two orders of magnitude larger than
in pvsC, and three orders of magnitude larger than in pvsA
and pvsV within the stimulated ECS. Concurrently, the cu-
mulative potassium flux through the glial membrane into
pvsV is 1.5 times the radial cumulative potassium flux in-
side the glial membrane and an order of magnitude larger
than in pvsA and pvsC within the stimulated glial compart-
ment during a train of stimuli.

In summary, these numerical results confirm that the
glial compartment is the most critical and rapid pathway for
potassium transport, while the perivascular spaces provide
secondary pathways for potassium removal from the stim-
ulated region when neurons fire or stop firing. Over time,
potassium circulation and concentrations in each compart-
ment return to the resting state.
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Fig. 5. Average transmembrane ion flux in the stimulated region. (a) from axon to ECS; (b) from glia to ECS; (c) from glia to pvsA;
(d) from glia to pvsV; (e) from glia to pvsC; (f) from pvsA to ECS; (g) from pvsC to ECS; (h) from pvsV to ECS; (i) total ion flux flows
into axon; (j) total ion flux flows into glia; (k) total ion flux flows into ECS; (l) total ion flux flows into pvs.

3.2.2 Fluid Circulation

While this paper primarily focuses on potassium clear-
ance, we provide a brief summary of fluid circulation in
Supplementary material Fig. 2, with further details to
be explored in a separate paper. Fluid circulation during
and after stimulation is driven by two primary forces: hy-
drostatic pressure differences and osmotic pressure differ-
ences. See Fig. 5i–l, the selective permeability of the cell
membrane to different ions leads to variations in osmotic
pressure between different components. Hydrostatic pres-
sure gradients within the subarachnoid space (SAS) and
perivascular spaces direct the movement of CSF and in-
terstitial fluid through the optic nerve compartments. Si-
multaneously, osmotic pressure, influenced by ionic micro-
circulation, drives fluid exchange between the ECS, glial
compartments, and perivascular spaces. These mechanisms
work together to facilitate fluid redistribution, ensuring ef-
ficient clearance of metabolic waste and maintaining home-
ostasis between the stimulated and non-stimulated regions.

The dynamic interaction between these forces allows fluid
circulation to adapt in response to neuronal activity, sup-
porting the glymphatic system’s overall function in the op-
tic nerve.

3.3 Effects of Glial Compartments on Potassium
Clearance

In this section, we investigate the role of the glial
compartment in extracellular potassium buffering by vary-
ing the transmembrane ionic conductance (gigl), hydraulic
permeability, and modifying connexin connectivity, which
reduces diffusion coefficients and permeability within the
glial compartment.

3.3.1 Membrane Ionic Conductivity

Research suggests that in neurodegenerative diseases,
oxidative stress and inflammation can impair ion channels
on astrocytes, reducing their conductivity [34,35]. To sim-
ulate these effects, we reduced the membrane conductiv-
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Fig. 6. Spatial distribution of potassium concentration in the extracellular space (ECS) during and after a train of stimuli. a,
b, and c represent the spatial distribution of potassium ions at different time points: 0.1 s, 0.2 s, and 0.3 s, respectively. The initial
potassium concentration in the ECS was 4.5 mM. Upon electrical stimulation of the axons, action potentials were generated, resulting in
potassium efflux into the ECS and a localized increase in potassium concentration within the stimulated (lower) region. The potassium
concentration in this area peaked at 5.3 mM by the end of the stimulation period (0.2 s). During stimulation, excess potassium also
diffused from the stimulated region into adjacent non-stimulated regions. After the cessation of stimulation, the potassium concentration
gradually re-equilibrated throughout the ECS.

ity to 1
20 ,

1
30 ,

1
50 of the original values. Fig. 10 shows

the spatial distribution of extracellular potassium at vari-
ous time points for different membrane conductance lev-
els. As previously discussed, potassium clearance occurs
via three main pathways: diffusion in the ECS, buffering by
the glial compartment, and transport through the perivascu-
lar spaces.

As glial membrane conductance decreases, the trans-
membrane flux through the glial compartment is reduced
(see Fig. 11c–f), resulting in less efficient potassium clear-
ance from the ECS (see Fig. 11a). When the conductance is
reduced to 1

20 of its original value, the perivascular spaces
compensate by increasing their transmembrane flux, be-
coming the primary mechanism for potassium clearance
(see Fig. 11g–i). This reduces the rate of potassium accu-
mulation in the non-stimulated region (see Fig. 11b). How-
ever, the difference in potassium concentration between the
stimulated and non-stimulated regions increases, leading to
enhanced diffusion in the ECS (see Fig. 12).

The role of the glial compartment is not limited to
potassium buffering. Fig. 13 shows the results during the

first stimulus. We applied the same stimulation protocol.
The stimulus region showed minimal variation in axonal
membrane potential. See Fig. 13c. At the onset of stim-
ulation, the field potential in the extracellular region de-
creases (see Fig. 13a) as Na+ channels activate, allowing
more Na+ to enter the axon. This raises the axonal potential
and causes potassium to leak out of the glial compartment
because the transmembrane potential (ϕgl − ϕex) is higher
than the Nernst potential (EK

gl,ex) (see Fig. 13d). This pro-
cess prevents the extracellular potential from dropping too
low.

During the later stages of the action potential, K+

channels are activated, and more K+ ions enter the ECS,
making the Nernst potential EK

gl,ex more positive and driv-
ing K+ into the glial compartment (see Fig. 13d). However,
if the conductance drops too low (below 1

30 of the original
value), less potassium flows from the glial compartment to
ECS (see Fig. 13d), resulting in a more negative extracel-
lular potential. Due to the rapid propagation of the elec-
tric potential, the non-stimulated region also experiences a
drop in extracellular potential (see Fig. 13b), which causes

9
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Fig. 7. Illustration of microcirculation and the roles of diffusion, convection and electric drift. (a) Schematic of potassium flux
between the stimulated (lower) and non-stimulated (upper) regions, as well as transmembrane flux between different compartments during
stimulation. Red boxes represent stimulated regions, and green boxes represent non-stimulated regions. The thickest lines indicate fluxes
around 10−1 mol/(m3s), moderately thick lines represent fluxes around 10−2 mol/(m3s), and the thinnest lines indicate fluxes less than
10−3 mol/(m3s). (b) Schematic description for potassium spatial buffering and water circulation between ECS and glial compartment.
When axon is stimulated to release an action potential, potassium ions flow out while sodium ions flow in, leading to an increase potassium
concentration and a decrease in osmotic pressure in ECS. In the stimulated region, potassium ions enter glial from the ECS through the
glial membrane, raising the electrical potential in the glial compartment. The water flow out of ECS into glial with the osmotic pressure
different. Within the glial compartment, the hydrostatic pressure and the potassium concentration are increased in stimulated region.
The water flow from the stimulated region into the non-stimulated region. And the potassium diffusion, convection, electric drift are
all causing potassium to flow from the stimulated region to the non-stimulated region. But the electric drift dominates. In the non-
stimulated region, potassium leak back into the ECS by flowing out of the glial through the glial membrane. And due to the osmotic
pressure difference, water flows from the glial compartment back into the ECS. Within the ECS, potassium carried by water convection
and electric drift from the non-stimulated region back to the stimulated region, while diffusion dominates, causing potassium to flow from
the stimulated region to the non-stimulated region. the hydrostatic pressure difference drives water to flow back from the non-stimulated
region to the stimulated region, completing the cycle. This figure was drawn using MATLAB (R2023b, MathWorks, Inc., Natick, MA,
USA).

the axon membrane potential to increase. This leads to the
activation of Na+ channels in the non-stimulated region,
generating an action potential (see Fig. 14c,d) and releas-
ing more potassium into the ECS, creating a feedback loop
that exacerbates potassium accumulation. However, nei-
ther the Baseline nor the 1/20 condition produced this ab-
normal discharge pattern. See in Fig. 14a,b. In this case, the
concentration difference between the stimulated and non-
stimulated regions is smaller, and the diffusion flux in the
ECS decreases, as shown in Fig. 12. This is consistent with

the clinic’s observation that When glial ionic conductance
is impaired, it can lead to conditions such as epilepsy, where
excessive and synchronized neuronal activity occurs [36].

In summary, glial cell ionic conductivity, particu-
larly involving potassium regulation, is crucial for pre-
venting neuronal hyperexcitability and the development of
epilepsy. Dysfunction in these mechanisms can lead to dis-
rupted ionic homeostasis, contributing to the occurrence of
seizures.
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Fig. 8. Average radial direction potassium flux components within each compartment. (a–e) represent different components, re-
spectively. (a) glial compartment. (b) ECS. (c) pvsA. (d) pvsV. (e) pvsC. Total flux equals diffusion flux plus convection flux plus
electric drift flux. In glial compartment, the electric drift is dominant. In ECS and PVS, the diffusion is dominant.

Fig. 9. Cumulative transmembrane flux between different comparts. (a–g) Cumulative transmembrane potassium fluxes in the
stimulated and non-stimulated regions after neuronal firing stops. (h,i) Radial cumulative potassium fluxes within compartments after
neuronal firing stops.

3.3.2 Connexin Connectivity
Connexins in glial cells, particularly astrocytes, form

gap junctions that facilitate direct communication between

cells by allowing the passage of ions, small molecules, and
signaling substances. These connexins play a crucial role in
maintaining ionic balance, including potassium clearance
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https://www.imrpress.com


Fig. 10. Spatial distribution of potassium concentration during and after a train of stimuli in the ECS. Different rows are results
with different membrane conductance; Different columns are results at different time slots.

Fig. 11. Potassium concentration and transmembrane potassium flux with different glial membrane conductance. (a,b) The
potassium concentration in the stimulated and non-stimulated regions. (c–i) The transmembrane potassium flux in stimulated region.

in the brain’s ECS. However, in certain pathological condi-
tions or through experimental interventions, connexin func-
tion can be disrupted or blocked [37]. Such dysfunction
reduces the connectivity of the glial compartment. In our
simulation, we decrease the diffusion coefficients Di

gl and
permeability κgl by factors of 10−1, 10−2, and 10−4 to ex-
amine the effects of impaired connexin connectivity.

After a stimulus, potassium, and fluid flow from the
extracellular space into the glial compartment due to dif-
ferences in Nernst potential and osmotic pressure. Fig. 15
shows the spatial distribution of electric potential within
the glial compartment (long-term behavior can be found in
Supplementary material Fig. 4). As connexin connectiv-
ity decreases, the intracellular conductance

∑
i z

2
i eDgl also
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Fig. 12. Average radial potassium flux within the ECS with different glial membrane conductance. The subplot shows the radial
potassium flux during a single action potential.

Fig. 13. Membrane potential with different membrane conductance. (a) Axon membrane potential in the non-stimulated region.
(b) The electric potential in the ECS in the stimulated region (solid line) and non-stimulated region (dash line). (c) Axon membrane
potential in the stimulated region. (d) The cumulative potassium flux through the passive ion channel on the glial membrane from the
glial compartment to the ECS. Different lines mean different glial membrane conductance. During sustained stimulation, potassium
flux from glial to the ECS maintains ECS potential within physiological range, thereby preventing passive action potential generation in
non-stimulated regions.

decreases, which inhibits the propagation of the electric po-
tential from the stimulated region to the non-stimulated re-
gion. As a result, the membrane potential in the glial com-
partment of the stimulated region becomes more elevated
compared to the baseline.

Although potassium concentration remains nearly
constant (see Fig. 16), due to the swelling of the glial com-
partment, the rising glial membrane potential (see Fig. 16b)

reduces the transmembrane potassium influx, as shown in
Fig. 17f. The reduction in permeability and diffusion within
the glial compartment leads to a significant decrease in the
potassium buffering flux (see Fig. 17a). In this scenario, the
glial compartment in the stimulated region acts as a reser-
voir, absorbing excess potassium and protecting the axonal
cells.
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Fig. 14. Recording axon membrane potential in the stimulated (blue) and non-stimulated (red) region with different glial mem-
brane conductance. (a) Baseline results; (b) conductance reduced to be 1/20 of baseline; (c) conductance reduced to be 1/30 of baseline;
(d) conductance reduced to be 1/50 of baseline. As the membrane conductance of glial cells decreases, abnormal axonal firing occurs,
generating passive action potentials in non-stimulated regions.

Fig. 15. Spatial distribution of membrane potential during a stimulus in the glial compartment. Different rows are results with
different connectivity of glial compartments. Different columns are results at different time slots.

At the same time, the elevated electric potential in the
glial compartment enhances the flux from the glial compart-
ment to the perivascular spaces (see Fig. 18a–c), increasing
the intra-compartment flux within the perivascular space
(see Fig. 17c–e). The reduced permeability within glial
compartment enhances the flow of potassium ions from the
ECS to the pvs (see in Fig. 18d–f), while the radial potas-
sium flux in the extracellular space exhibits a slight but in-
significant increase (see in Fig. 17b). This suggests that the
perivascular spaces take on amore prominent role in buffer-

ing potassium in these conditions (see Figs. 5,6 in Sup-
plementary material). However, compared to the glial
electric drift mechanism, convection-based transport in the
perivascular spaces is less efficient for potassium clearance
(see Fig. 16d).

In summary, the glial pathway is the most important
mechanism for potassium buffering and clearance, while
the perivascular space pathway serves as the second most
important. When the pathways of glial compartment are
compromised, whether it is the glial membrane or the in-
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Fig. 16. Effects of glial connexin connectivity on the membrane potential and potassium clearance. (a–c) Field potential and
membrane potential in the stimulated region. (d–f) Potassium concentration in the stimulated region.

Fig. 17. Effects of glial connexin connectivity on the transmembrane potassium flux. (a–e) Average radial potassium flux in the
intradomain with varying levels of glial connexin connectivity. (f) Average transmembrane potassium flux from glial to ECS in the
stimulated region.

ternal pathways of the glial compartment, the perivascular
space pathway takes on a more significant role in buffering
potassium ions from the ECS.

4. Conclusions
This study presents a multicompartment model of the

optic nerve that integrates ionic electrodiffusion, osmotic
water transport, and convective fluid flow across axons,
glial cells, the ECS, and perivascular domains. By extend-
ing earlier frameworks, we incorporate glial–vascular in-
teractions to investigate potassium buffering and clearance
following neuronal stimulation.

Our simulations demonstrate that potassium released
from axons during activation accumulates in the ECS and is
rapidly cleared through two major pathways: (i) uptake by
glial cells, and (ii) fluid-mediated redistribution via perivas-

cular spaces. The efficiency of this clearance strongly
depends on glial membrane conductance and intercellular
connexin permeability. Reduced glial conductance leads
to ectopic neuronal excitation, resembling epileptic activ-
ity, while impaired gap junction connectivity increases re-
liance on perivascular drainage. These results highlight the
cooperative role of glia and vasculature in maintaining ex-
tracellular ionic homeostasis. The model reveals that potas-
sium transport is primarily driven by electric drift within
glial syncytia, while osmotic and convective forces regulate
fluid movement. This interaction enables volume preserva-
tion and ion redistribution under varying physiological con-
ditions.

While ourmodel provides valuable insights, it has sev-
eral limitations that could be addressed in future studies:
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Fig. 18. Average transmembrane potassium flux on perivascular spaces with varying levels of glial connexin cnnectivity in the
stimulated region. Transmembrane K+ fluxes (a) from glia to pvsA; (b) from glia to pvsC; (c) from glia to pvsV; (d) from pvsA to ECS;
(e) from pvsC to ECS; (f) from pvsV to ECS.

• Simplified Representation of K+ Channels: In
the current model, potassium transport mechanisms
are categorized into passive and active components.
All passive fluxes—arising from various K+ channels
and cotransporters—are aggregated into an effective
macroscale membrane conductance, capturing their
collective influence without resolving each individual
mechanism. Active transport via the Na+/K+-ATPase
pump is explicitly modeled, as it plays a critical role in
maintaining ionic gradients and resting potential. This
simplified representation balances biophysical realism and
computational tractability. However, we acknowledge that
distinct potassium channels (e.g., voltage-gated, inwardly
rectifying, calcium-activated) exhibit different gating
kinetics and spatial distributions, which may influence
local dynamics, particularly under pathological conditions.
As more quantitative data on channel kinetics and densities
become available, the model can be extended to incorporate
these components explicitly. The current framework is
designed to be modular and flexible, enabling such en-
hancements without substantial increases in computational
complexity.

• Homogenization of Perivascular Spaces and Glial
Compartment: In this model, we adopt a coarse-grained
representation of perivascular and glial compartments,
which simplifies anatomical geometry by averaging struc-
tural features over space. While we do not resolve fine-
scale anatomical heterogeneity—such as local variations in
vascular branching or glial cell morphology—the model al-
lows spatial variation in volume fractions due to dynamic
fluid exchange, enabling it to capture physiologically rel-
evant redistribution under different conditions. This for-
mulation strikes a balance between biophysical realism and
computational tractability. In future work, we aim to in-
corporate more detailed anatomical variability by introduc-
ing spatially varying transport parameters or integrating
imaging-derived structural data.

Despite these limitations, our model is inherently de-
signed to describe multidomain coupling in central ner-
vous system (CNS) microcirculation, where ionic electrod-
iffusion, fluid flow, and cellular compartmentalization are
tightly integrated. It is particularly well-suited for struc-
tures with approximately cylindrical geometry, such as the
optic nerve. However, when applying this model to other
neural structures with significantly different geometries—
such as the retina, which has a hemispherical shape—
modifications would be necessary. For instance, the as-
sumption of axial symmetrymay no longer hold, and the ge-
ometry would need to be reparametrized accordingly. One
approach is to introduce a deformation or curvature param-
eter that adjusts the radial coordinate as a function of axial
distance, allowing the model to approximate a curved do-
main while preserving numerical efficiency. In addition,
cell types and their layout also need to be taken into consid-
eration.

In addition, different tissue types may involve dis-
tinct membrane surface areas, permeability profiles, and
ion channel distributions. These physiological differences
can be incorporated into the current framework by adjust-
ing the relevant coefficients and source terms, without al-
tering the underlying mathematical structure. Although the
model does not explicitly resolve fine-scale anatomical het-
erogeneity, it captures emergent spatial variation in com-
partmental volume fractions driven by fluid transport. This
coarse-grained approach offers a practical and physiologi-
cally meaningful basis for system-level investigations. In
future work, we plan to refine the model by incorporat-
ing spatially varying parameters—such as ion pump density
and vascular architecture—or by integrating image-derived
geometries to simulate region-specific dynamics under both
healthy and pathological conditions.

Moreover, this model holds significant potential for
simulating pathological conditions such as epilepsy, in
which disrupted ion homeostasis, impaired fluid dynam-
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ics, and compromised clearance mechanisms contribute
to disease progression. The insights gained from our
simulations—such as abnormal potassium accumulation
and ectopic axonal excitation in response to altered glial ion
permeability—can help identify key physiological thresh-
olds and failure points. These findings may inform the
development of therapeutic strategies aimed at modulating
glial function or enhancing solute clearance via perivascu-
lar pathways, ultimately supporting neuronal stability and
resilience.
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