Pre prints.org

Review Not peer-reviewed version

Charged Interfaces in the Brain: How
Electrostatic Forces May Guide
Cerebrospinal Fluid Dynamics

Arturo Tozzi~
Posted Date: 15 April 2025
doi: 10.20944/preprints202504.1162.v1

Keywords: Ependymal cells; electro-osmosis; glymphatic system; ionic microenvironments; neural
homeostasis

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/210380

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2025 d0i:10.20944/preprints202504.1162.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Charged Interfaces in the Brain: How Electrostatic
Forces May Guide Cerebrospinal Fluid Dynamics

Arturo Tozzi

Center for Nonlinear Science, Department of Physics, University of North Texas, 1155 Union Circle, #311427
Denton, TX 76203-5017 USA; tozziarturo@libero.it

Abstract: Cerebrospinal fluid (CSF) flows play a main role in maintaining brain homeostasis,
supporting waste clearance, nutrient delivery and interstitial solute exchange. Although current
models emphasize mechanical drivers such as cardiac pulsation, respiration and ciliary motion, these
mechanisms alone fall short of explaining the nuanced spatiotemporal regulation of CSF flow
observed under physiological and pathological conditions—even when accounting for the
glymphatic framework. We explore the hypothesis that electrostatic forces arising from charged
cellular interfaces may contribute to CSF movement through electro-osmotic mechanisms. We begin
by examining the biological basis for surface charge in the brain, highlighting the presence of charged
glycoproteins, ion channels and dynamic membrane potentials on ependymal and glial cells
interfacing directly with CSF pathways. Next, we describe key principles of electro-osmosis in
confined geometries, emphasizing how nanoscale surface charges can modulate fluid motion without
mechanical input. Drawing from nanofluidic research and electrohydrodynamic theory, we argue
that the conditions required for electro-osmotic coupling, i.e., ionic fluid, narrow conduits and
patterned surface charge, are present within brain microenvironments. To test plausibility, we
present computational simulations demonstrating that surface charge patterns alone can induce
structured fluid flow and solute transport, including nonlinear transitions and oscillatory behaviours
that resemble physiological rhythms. These findings support the idea that electrostatics may play a
modulatory role in CSF regulation, complementing mechanical drivers. Overall, by integrating
concepts from neuroscience, biophysics and nanotechnology, we propose a testable, mechanistically
grounded hypothesis reframing CSF dynamics as electrohydrodynamically sensitive processes, with
potential implications for understanding brain function and dysfunction.

Keywords: ependymal cells; electro-osmosis; glymphatic system; ionic microenvironments; neural
homeostasis

Introduction

An expanding body of evidence across biological disciplines reveals that electrical phenomena
are not limited to neuronal tissue but are integral to the organization, regulation and evolution of
living systems. Even dormant Bacillus subtilis spores retain a pre-existing electrochemical gradient—
specifically a potassium ion potential —enabling them to integrate environmental nutrient pulses
over time (Kikuchi et al., 2022). This example of electrochemical memory illustrates how life can
harness ionic asymmetries for temporal sensing. In multicellular organisms, the actin cytoskeleton,
known for its role in intracellular transport and structural dynamics, is functionally and
mechanistically linked to action potentials in both animals and plants. This suggests a deep,
conserved integration between cytoskeletal behavior and bioelectrical signaling (BaluSka and
Mancuso, 2019). In ecological contexts, electric forces are ubiquitous. Insects such as bees
accumulate positive electric charge during flight, which interacts with the negatively charged
surfaces of flowers to facilitate pollination (Clarke et al., 2013; England and Robert, 2024a; Clarke et
al., 2017). Other animals—such as spiders and caterpillars—exploit environmental electric fields for

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202504.1162.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2025 d0i:10.20944/preprints202504.1162.v1

2 of 16

dispersal, prey detection or host attachment (Ortega-Jimenez and Dudley, 2013; England and Robert,
2024b; Hunting et al., 2022). Therefore, electrical phenomena are not merely passive byproducts but
are actively harnessed across diverse forms of life for transport, signalling, navigation and survival.
Electrical principles are informing also synthetic systems. In engineered nanofluidics, ion and water
transport in confined two-dimensional environments reproduces key features of biological ion
channels, offering insights into neurotransmission and membrane selectivity (Robin et al., 2023).
Electrostatic patterning at the nanoscale has also been shown to produce abrupt transitions in flow
behavior. Curk et al. (2024) reported that alternating wall charges in a nanochannel can shift fluid
flow from slow ionic regimes to fast Poiseuille-like motion, enabling on-off particle transport purely
via surface electrostatics.

These diverse examples—from microbial sensing to insect navigation and nanofluidic
transport—highlight the role of electrostatic forces in directing biological motion and exchange.
This provides a framework to reconsider whether similar mechanisms might also contribute to the
circulation of cerebrospinal fluid (CSF) within the brain’s electrically active environment.

The regulation and movement of CSF in the brain plays roles in metabolic waste clearance,
nutrient transport, homeostatic ion balance and mechanical cushioning (Liu et al., 2020; Xiang et al.,
2023). Unlike the rest of the body which uses a lymphatic system, the brain lacks a clear waste
disposal route (Iliff et al., 2012; Tumani et al., 2018). Attention has therefore turned to CSF, which fills
fluid-filled spaces around brain blood vessels and ventricles. Traditional models of CSF circulation
have primarily emphasized the driving effects of mechanical forces, including pressure gradients
from cardiac and respiratory cycles, osmotic fluxes and ciliary activity of ependymal cells (Ray and
Heys, 2019; Yang et al., 2022; Zhang et al., 2024). While these drivers are well-supported by
anatomical and physiological data, they do not fully account for the spatial heterogeneity, dynamic
fluctuations and highly localized solute transport observed in various regions of the brain,
particularly under varying physiological and pathological conditions.

A leading theory, the glymphatic hypothesis, suggests CSF flows along blood vessels and
through brain tissue to remove waste, especially during sleep (Jessen et al.,, 2015; Rasmussen et al.,
2018). This idea, spearheaded by Maiken Nedergaard and colleagues, links CSF flow to blood vessel
motion and the neurotransmitter norepinephrine (Iliff et al. 2012; Jessen et al. 2015; Mestre et al. 2020).
In mouse studies, Norepinephrine oscillations during non-REM sleep drove slow vasomotion,
producing rhythmic shifts in blood and CSF volumes (Hauglund et al., 2025). This vascular motion
acts as a pump that enhances glymphatic clearance. However, the glymphatic hypothesis remains
contentious. Technical challenges in studying fluid dynamics in vivo add further complexity, as
invasive methods may distort the system. Overall, the exact drivers of CSF movement—whether
mechanical, electrochemical or a combination—remain an open question.

Meanwhile, surface charge and electrostatic interactions have been shown to exert significant
influence on fluid transport in various biological contexts. For instance, the endothelial surfaces of
blood vessels and renal tubules are known to carry structured electrostatic charges which actively
contribute to flow regulation and molecular exchange (Wang et al., 2021; Choudhury et al., 2022;
Jonusaite and Himmerkus, 2024). We argue that the occurrence of charged macromolecules and
membrane potentials in glial and ependymal cell layers surrounding the CSF points towards the
potential for a similar form of electrostatic modulation within the brain’s fluid pathways (Hladky et
al., 2016; Faraji et al., 2020).

Established physiological principles and cross-system comparisons contribute to frame a
plausible extension of fluid control mechanisms, setting the stage for an investigation into their
relevance within the neural environment. We propose that electrohydrodynamic forces—driven by
surface charge distributions on neural interfaces —may contribute to CSF movement. This idea draws
on established biophysical principles from nanofluidics, where electro-osmotic flow through charged
channels is a well-documented phenomenon. We introduce the concept that similar principles may
operate in the brain, especially given the presence of charged cellular membranes, ion channels and
oscillating electrical potentials inherent to neural activity.
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To this end, we divide the manuscript into sections: the biological basis of surface charge in brain
interfaces, the physics of electro-osmotic flow in confined environments and a set of computational
simulations demonstrating how electrostatic forces might modulate CSF dynamics under
physiologically plausible conditions. Still, we synthesize evidence from multiple disciplines to
assess the plausibility of our hypothesis that the brain may exploit bio-electrostatic forces as an
additional layer of fluidic regulation.

Chapter 1: Charged Surfaces in the Brain and Their Physiological Basis

The existence of electrostatic charges on biological surfaces is a well-established phenomenon.
Endothelial cells, epithelial linings and glial membranes all carry surface charges arising from their
biochemical makeup, including glycoproteins, proteoglycans, and sialic acid residues embedded in
the plasma membrane and associated glycocalyx (Nishino et al., 2020; Burtscher et al., 2020;
Rasmussen et al., 2020). In the context of the central nervous system, charged surfaces are found not
only on the luminal sides of blood vessels but also along the walls of the brain’s ventricular system,
the perivascular spaces and the glial limiting membranes (Santa-Maria et al., 2019; Walter et al., 2021).
These surfaces interface directly or indirectly with the CSF, forming electrochemical boundaries that
have the potential to influence ionic distributions and, by extension, fluid behavior.

Astrocytes and ependymal cells are equipped with membrane-bound ion channels, transporters
and gap junctions that dynamically regulate local ion concentrations (Zhou et al., 2021; Sanapathi et
al., 2023). Many of these membrane components exhibit voltage-dependent or state-dependent
conductance, meaning they can vary in charge density as a function of neural activity (Untiet 2024).
Studies have shown that extracellular potassium concentrations fluctuate during states such as sleep,
seizure and trauma, thereby altering the electrochemical environment of the CSF-contacting surfaces
(Yoshida et al., 2018; Dietz et al., 2023). Moreover, the glial endfeet enveloping blood vessels in the
perivascular spaces exhibit a sophisticated array of ion channels—such as aquaporins and inwardly
rectifying potassium channels—that play a role in shaping local osmotic and electrochemical
gradients within the brain’s fluid compartments (Deeg et al, 2016).

Ependymal cells lining the ventricular system, known for their motile cilia, also exhibit active
ion channel behavior contributing to directional CSF movement (Deng et al., 2023). Disruption of
their function is implicated in disorders like hydrocephalus, indicating that electrochemical and
cellular regulation of CSF flow is biologically active and clinically significant (Ji et al., 2022).

In addition to the intrinsic properties of these membranes, the very electrical activity in the brain
further modulates the charge state of these interfaces. Neuronal firing and field potentials generate
spatiotemporal variations in the extracellular electric field which can induce transient polarization of
nearby membranes (McColgan et al., 2017; Bédard and Destexhe, 2022). While traditionally viewed
as a form of signaling or synaptic modulation, these field effects may also impart mechanical
influences via electro-osmotic coupling. In both biological tissues and engineered microfluidic
systems, electric fields have been effectively employed to drive fluid motion through charged
channels in confined environments, as seen in electrokinetic drug delivery platforms and lab-on-a-
chip devices (Cruz-Garza et al., 2024). Recent studies reveal how neural activity is also correlated
with tumor progression via electric signals provided by synapses and neuropeptides. GABAergic
input promotes glioma growth (Barron et al., 2025), substance P drives breast cancer metastasis
through TLRY activation (Padmanaban et al., 2024) and CGRP from nociceptors impairs CD8+ T cell
immunity in melanoma (Balood et al., 2022). Together, these findings underscore the multifaceted
role of electric signals also in cancer progression, with distinct neural pathways influencing tumor
proliferation, immune evasion and metastatic potential.

Further indirect evidence comes from studies of ion diffusion and CSF exchange (Marques-
Almeida et al., 2023). Experimental techniques such as iontophoresis and voltage-sensitive dye
imaging have demonstrated that electric fields can influence solute movement in brain tissue (Faraji
et al. 2020). These findings raise the possibility that CSF-facing membranes may act not merely as
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passive barriers but as active modulators of ionic and fluid flow, regulated by both intrinsic charge
and externally applied fields.

In summary, the biological infrastructure for charge-based modulation of CSF dynamics is well
established. The question remains whether these properties generate sufficient electrohydrodynamic
force to affect CSF movement at mesoscopic or macroscopic scales. The next chapter addresses the
theoretical and experimental foundations of electro-osmosis in confined geometries, exploring how
these forces might scale to brain-relevant dimensions.

Chapter 2: Electro-Osmosis in Confined Geometries and Its Relevance to Brain
Physiology

Electro-osmosis refers to the motion of a liquid induced by an electric field across a charged
surface within a confined channel (Sahib et al., 2021). It is a well-characterized phenomenon in
synthetic nanofluidic systems and has long been harnessed in technologies such as capillary
electrophoresis, microfluidic pumps and drug delivery platforms (Alizadeh 2021; Elboughdiri et al.,
2024). Surface charges on the channel walls attract a thin layer of counterions from the fluid, forming
an electric double layer (EDL). When an electric field is applied parallel to the surface, the counterions
in the EDL migrate, dragging fluid along with them. The resulting flow, termed electro-osmotic flow
(EOF), is typically laminar and exhibits a plug-like velocity profile, in contrast to the parabolic profile
of pressure-driven Poiseuille flow (Li and Muthukumar, 2024). Physics governing electro-osmosis
has been formalized through coupled solutions of the Navier-Stokes equations for fluid motion and
the Poisson-Boltzmann equation for electrostatic potential (Gubbiotti et al., 2022). These equations
reveal that the EOF velocity is directly proportional to the zeta potential (a measure of the surface
charge), the permittivity of the fluid and the applied electric field, while inversely proportional to the
fluid viscosity (Sherwood et al., 2014). The thickness of the EDL —on the order of nanometers—scales
inversely with the square root of the ionic strength. In highly confined systems, where channel
dimensions approach the Debye length, EDLs from opposing walls may overlap, enhancing electro-
osmotic effects and producing highly nonlinear flow behavior.

Experimental studies in nanofluidic systems have demonstrated that electrostatic patterning
along channel walls can produce complex, nonuniform flow fields. For example, charge
heterogeneity —achieved via alternating stripes of positive and negative surface potential —has been
shown to generate spatially structured flows, reversals in direction and even discrete transitions
between ionic and pressure-dominated flow regimes (Verveniotis et al., 2011). This is particularly
relevant to our hypothesis, as similar charge patterning may exist in the brain. Moreover, a hallmark
of electro-osmotic systems is their sensitivity to dynamic modulation. In engineered systems, time-
varying surface potentials can induce pulsatile or oscillatory flow, mimicking the rhythmicity of
biological processes like neural oscillations (Banerjee et al., 2023). This raises the possibility that
oscillatory electrical activity in the brain might drive fluid movement by inducing transient shifts in
local membrane potentials or ion concentration gradients. Although the brain's geometry and ionic
milieu are vastly more complex than those of synthetic systems, the fundamental physical principles
governing electrokinetic flow still apply.

CSF navigates a labyrinth of narrow, channel-like pathways within the brain, enabling both
directed flow and efficient molecular exchange (see Table). Among the most studied are perivascular
spaces, i.e., Virchow—-Robin spaces, which surround blood vessels as they enter and exit brain tissue
(Kwee et al., 2007). These spaces range from 5 to 40 micrometers in width and may extend hundreds
of micrometers, enabling the bidirectional movement of CSF and interstitial fluid (ISF) (Bernal et al.,
2022; Raicevic et al., 2023). Adjacent to the ventricular system, the ependymal cell lining forms ciliated
surfaces helping propel CSF through the ventricles. Though not traditional channels, the intercellular
gaps and surface specializations between these cells, often less than 1 micrometer wide, contribute to
localized CSF movement and solute exchange. Further into the parenchyma, the brain’s
extracellular space—comprised of interstitial and paracellular compartments—has a width of 20 to
60 nanometers. While primarily a domain for diffusion, this space may support slow, directed flow
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under certain physiological or pathological conditions (Ballerini et al., 2020). The cerebral aqueduct,
though larger in scale (~1.5 mm in diameter and ~15 mm in length), stands for an anatomical
bottleneck that constrains ventricular CSF flow and is highly sensitive to obstruction (Sincomb et al.,
2020).  Collectively, these channels and confined geometries support a complex pattern of CSF
movement spanning multiple spatial scales.

Taken together, the principles of electro-osmosis provide a plausible mechanism by which charged interfaces
in the brain might influence CSF dynamics. The fluid in CSF spaces—rich in ions and in contact with charged
membranes—meets the essential criteria for electro-osmotic coupling: narrow dimensions, polar fluid medium
and variable surface charge.

Experimental analogs from biology further support this view. For instance, endothelial cells
lining blood vessels in vivo exhibit charge-selective permeability and engage in electrokinetic
transport processes, influencing both blood plasma and interstitial fluid composition (Wakasugi et
al., 2024). The inner surfaces of blood vessels, particularly the endothelium, carry a net negative
charge due to the presence of glycoproteins, proteoglycans and sialic acid-rich components of the
glycocalyx (Zhao et al., 2020). This electrostatic property plays a crucial role in vascular function,
influencing blood cell interactions, solute transport and the maintenance of laminar flow. Similar
charge characteristics have also been observed in other fluid-carrying biological conduits, such as
lymphatic vessels and renal tubules, where surface charge helps regulate fluid movement and
filtration through electrostatic interactions with high spatial and temporal specificity (Choudhury et
al., 2022). Given this widespread presence of surface charge in biological vessels, it is plausible that
the epithelial and glial linings of CSF pathways could also exhibit structured electrostatic properties.
Charged surfaces might influence CSF flow via electro-osmotic mechanisms, especially under the
influence of neural or glial activity.

Evidence from recent studies, while not directly confirming the existence of patterned charge
domains in the brain’s CSF pathways, provides indirect support for the feasibility and physiological
relevance of these mechanisms. Experimental work has shown that electric fields can drive
electrokinetic transport of solutes through brain-like tissues (Faraji et al., 2011; Alcaide et al., 2023).
This includes both bulk fluid motion and ion migration, highlighting that the brain is mechanically
and electrically responsive to field-induced forces. Researchers have also demonstrated that
external electric fields can enhance drug delivery to brain regions by modulating flow profiles using
electrokinetic principles (Faraji et al, 2020). This underscores the brain’s susceptibility to
electrohydrodynamic manipulation under controlled conditions. Further support comes from
theoretical and computational work suggesting that the brain’s non-zero zeta potential, due to
charged surfaces such as glial membranes, could allow electro-osmotic flow to contribute to
intracerebral fluid movement (Wang et al., 2021). This mechanism has even been proposed as a
potential approach for mitigating cerebral edema and improving metabolic waste clearance.
Outside of biology, studies on synthetic nanochannels have shown that alternating bands of surface
charge can induce complex electro-osmotic flows and even sharp transitions between distinct flow
regimes. While demonstrated in engineered systems, this principle could be biologically mimicked if
similar charge heterogeneity exists in the brain’s perivascular or ventricular boundaries. Finally,
computational models suggest that neuronal activity can generate electrodiffusive gradients that
couple with osmotic and mechanical flows in glial networks (Fujii et al., 2017). These findings support
the idea that bioelectric phenomena can drive fluid redistribution in the brain’s extracellular
environment.

Collectively, these studies establish that electric fields, ionic strength, surface charges and
cellular membrane properties can significantly affect fluid behavior in and around neural tissues.
They lend conceptual and experimental support to the hypothesis that patterned electrostatics on
CSF-facing surfaces could serve as a biologically tunable mechanism for modulating flow, transport
and even signal transmission within the brain. The remaining question is whether this mechanism
can produce meaningful flow under physiological conditions. To begin answering this, we
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implemented a series of computational simulations using idealized models of electro-osmotic flow
in brain-inspired geometries. These are detailed in the following chapter.

Table. Summary of anatomical microchannels in the brain, detailing their dimensions and roles in cerebrospinal

and interstitial fluid transport.

Structure Diameter Length Role

Perivascular spaces 5-40 um 100-1000+ pm CSF-ISF exchange, drainage
Ependymal/paracellular gaps <1 pm Very short (cell-scale) Diffusion, limited flow
Interstitial space 20-60 nm Local (tissue-wide) ISF-CSF interaction

Aqueduct of Sylvius ~1.5 mm ~15 mm Major CSF conduit

Chapter 3: Computational Simulations of Electrostatic Modulation in
Cerebrospinal Fluid Flow

To evaluate the plausibility of electrohydrodynamic modulation of CSF movement, we
developed computational simulations to approximate electro-osmotic flow in geometries inspired by
brain anatomy. These simulations were not anatomically detailed models of the ventricles or
perivascular spaces, but rather biophysically grounded, two-dimensional representations of fluid
flow in confined channels lined with spatially patterned surface charges. The goal was to determine
whether electrostatic forces generated by alternating charged wall domains could drive directional
flow or modulate solute transport under conditions comparable to neural tissue.

To investigate the effects of surface charge patterning on CSF dynamics, we developed a
simplified two-dimensional electrohydrodynamic model based on the lattice Boltzmann method
(LBM) for bulk flow and coupled it with electrostatic field calculations derived from the Poisson-
Boltzmann equation. Our model consisted of a rectangular channel with fluid properties
corresponding to physiological CSF, i.e., low viscosity, high ionic strength and symmetric electrolyte
composition. The lower and upper walls of the channel were assigned periodic bands of positive and
negative surface charge, mimicking the presence of heterogeneously distributed charged membrane
domains. A weak pressure gradient was imposed to represent standard bulk flow, while an
electrostatic field was introduced either statically (fixed charge pattern) or dynamically (time-varying
modulation). The coupling between electric field and fluid motion was calculated using a simplified
electrohydrodynamic formulation, inspired by the Debye-Hiickel approximation and standard
Navier-Stokes solutions, including the effect of electrostatic drag near the walls. Domain
dimensions were scaled to represent perivascular or ventricular compartments, typically 50-200 pm
wide and 500-1000 pm long. The channel walls were assigned alternating bands of positive and
negative surface charge densities (+10 mC/m?). Electrolyte fluid was modeled as a Newtonian fluid
with ionic strength between 1-10 mM, permittivity of 80 and dynamic viscosity of 0.7 mPas. Flow
was initiated either through a constant pressure gradient or via oscillatory modulation of surface
charge at 0.1-10 Hz to approximate rhythmic neural activity. Tracer particles, modeled as neutral
or weakly charged, were introduced to assess advection-diffusion dynamics in the resulting electro-
osmotic field. Still, electrostatic coupling was modulated to simulate physiological vs. pathological
ionic conditions, e.g., reduced Debye length and altered ion concentrations. Outputs included
velocity fields, streamline profiles and particle trajectories.

Simulations were implemented using a custom Python-based framework leveraging the Palabos
LBM library for fluid flow and NumPy/SciPy for solving electrostatics. Validation was performed
through convergence testing, comparison to analytical solutions for electro-osmotic flow in uniform
channels and consistency with prior literature (e.g., Curk et al, 2024). Simulation data were
visualized using Matplotlib and ParaView.
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Our simulations showed that the presence of surface charge domains created localized velocity
perturbations even in the absence of an external electric field, due to the interaction of ionic gradients
with the fixed surface potentials (Figure 1). When electrostatic coupling was increased, either by
enhancing wall charge density or reducing ionic screening (i.e., mimicking reduced extracellular ion
strength), these perturbations expanded into larger flow structures, including directional channels
and vortices. A critical threshold in electrostatic coupling strength led to a sudden transition from
slow, nearly stagnant flow to fast, plug-like flow —analogous to phase transitions observed in charge-
patterned nanofluidics. This is consistent with theoretical predictions by Curk et al. (2024), who
demonstrated a discontinuous transition in flow behavior in nanochannels with alternating wall
charges. Our simulations thus replicate this behavior in brain-inspired fluid contexts, supporting the
idea that the brain might exploit such nonlinear transitions to dynamically regulate CSF flux.
Particle tracking analysis showed that even small variations in wall charge distribution significantly
altered the trajectories of solutes or molecules injected into the system (Figure 2). Depending on their
starting position relative to the surface pattern, particles exhibited divergent paths and residence
times, suggesting that charge-based heterogeneity could introduce anisotropy in solute transport.
This effect may be relevant to the directional clearance of waste products or the selective routing of
signaling molecules in the brain. Moreover, when charge modulation was made time-dependent—
simulating neural oscillations or glial activity—flow pulsations emerged matching the charge
oscillation’s frequency. These pulsatile flows occurred in the absence of any mechanical perturbation,
indicating that time-varying electrostatic boundary conditions alone can induce CSF-like
rhythmicity. To investigate the relevance of pathological states, we explored how changes in ionic
strength, wall charge amplitude and coupling coefficients affected flow characteristics (Figure 3).
Reductions in ionic strength—mimicking conditions such as edema or ionic imbalance—led to
stronger electrostatic influence and more erratic flow paths. Increasing the magnitude of charge
heterogeneity induced spatially periodic regions of flow acceleration and deceleration, hinting at
possible obstruction or redirection of solute transport in disease. We also modeled alterations in
pressure gradient to reflect altered intracranial pressure states, finding that electrostatic contributions
remained significant in both low- and high-pressure conditions, albeit with different relative
influences. Electrohydrodynamic contributions are likely to be strongest near charged walls, under
low ionic strength and in systems with modulated or patterned charge domains—precisely the
conditions that may occur locally in the brain.

Overall, these simulations, although not definitive models of in vivo CSF flow, support the
hypothesis that electrostatic forces generated at membrane surfaces can influence brain fluid
dynamics. The convergence of physical principles, biological plausibility and simulation results
strongly argues that electrohydrodynamics may represent an overlooked contributor to neurofluidic
regulation.

Time-Varying Electro-Osmotic Flow Snapshots

t=0 t=10 t=20

w » v
S v
w » o)

~N
N

Y (across channel)
Y (across channel)

-
-
-

Y (across channel)

o

N}
o
o

4 6 8 10 2 4 6 8 4 6 8 10
X (along wall) X (along wall) X {along wall)

t=30 t=40 t=50

=
15}
N

& o
& «
& «

w
w

N
N

Y (across channel)
Y (across channel)
Y (across channel)

-
—
—

o
o
=)

2 4 6 8 10 2 4 6 8 4 6 8 10
X (along wall) X (along wall) X (along wall)

-
15}
o
N


https://doi.org/10.20944/preprints202504.1162.v1

d0i:10.20944/preprints202504.1162.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2025

8 of 16

Figure 1. Simulated trajectories of molecules or ions over a 50-second period as they cross a fluid channel lined
with alternating surface charge domains. The flow field is shaped by electrohydrodynamic forces resulting
from interactions between the patterned wall charges and the fluid content. The colored lines trace the paths
of individual particles. The extended simulation duration (T = 50 s) highlights how charge-driven microflow

structures can lead to differential transport, localized trapping or enhanced directional clearance.
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Figure 2. Simulated trajectories of molecules or ions advected through a CSF microchannel bounded by
alternating positive and negative surface charge domains on the top and bottom walls. The background color
map represents the flow velocity field generated by electrohydrodynamic interactions between the wall charge
pattern and ionic content of the fluid. Particle trajectories are shown as colored lines, with green dots indicating
starting positions and red dots marking their final locations. Spatial variations in wall charge can lead to non-

uniform and trajectory-dependent fluid flow.

Brain-Relevant Parameters Influencing CSF Flow Dynamics
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Figure 3. Brain-relevant parameters influencing CSF flow dynamics. Left Panel: Effect of electrostatic coupling
strength (ionic strength). This plot shows how increasing electrostatic coupling—representing stronger
interactions between charged walls and ions in CSF—leads to a progressive reduction in total CSF flow. This
mimics physiological and pathological changes in ionic strength, such as elevated extracellular potassium or
disrupted ion homeostasis caused by various diseases. Middle Panel: Effect of wall charge amplitude. This
plot illustrates how variations in the amplitude of patterned surface charge along ventricular or perivascular
walls influence CSF flow. Modulation of charge density could arise either from altered astrocytic or ependymal
activity or pathological changes in membrane potential and protein expression. The non-linear flow behavior
highlights the potential for bioelectrical gating of fluid dynamics. Right Panel. Effect of pressure gradient.
This panel shows the linear relationship between the applied pressure gradient and CSF flow rate, modeling
physiological drivers such as cardiac and respiratory cycles, as well as pathological changes in intracranial

pressure.
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Conclusion

Our findings support the biophysical hypothesis that the surfaces lining cerebrospinal fluid
(CSF) pathways—such as ependymal walls and perivascular boundaries—could actively influence
CSF flow through their electrostatic properties. Our simplified electrohydrodynamic simulation
showed that alternating surface charge domains may generate flow-modifying electric fields capable
of altering fluid velocity and particle trajectories within confined channels. Even in the absence of
pressure oscillations, rhythmic modulation of surface charge patterns resulted in pulsatile flow
behaviors, mimicking physiological conditions like neural activity cycles. These effects emerged from
the interaction between electric fields and ionic constituents of the fluid, producing directional and
time-varying flow phenomena. This provides a mechanistic basis for the hypothesis that
electrostatics, rather than acting passively, could contribute directly to the modulation of brain fluid
transport. Our perspective introduces the possibility that membrane-level electrical states can shape
fluid behavior at mesoscopic scales. The plausibility of this mechanism is strengthened by well-
documented features of neural and glial membranes in anatomically narrow and ion-rich CSF
compartments. As such, our framework is not only plausible but operationally specific, defining
boundary conditions and input-output relationships that can be rigorously tested. Its integration
with existing models would not replace but rather complement current understandings of CSF
dynamics, adding an electrochemical dimension to the complex regulatory landscape.

Compared to other models of CSF flow, we introduce a fundamentally different control
modality. Traditional explanations rely on mechanical oscillations like vascular pulses, respiration
and ciliary motion to drive fluid forward through physical displacement. These mechanisms,
although experimentally validated and anatomically grounded, do not account for the microlevel
variations in flow behavior observed in certain regions, nor do they offer a framework for localized
or state-dependent modulation. Molecular and cellular studies have shown how ion transport
influences osmotic gradients and cell swelling but rarely link those dynamics to fluid transport across
larger domains. Our proposal fills this conceptual gap by linking electrical membrane behavior to
mesoscale fluid motion via electro-osmotic coupling and sitting between the scales of ion channel
kinetics and gross anatomical motion.

Nonetheless, our hypothesis faces several limitations. Chief among them is the lack of direct
empirical evidence for stable or rhythmic charge patterning along CSF interfaces in vivo. While glial
and epithelial membranes are known to carry surface charge, it remains unclear whether this charge
is organized in spatial domains sufficient to produce significant electro-osmotic flow under
physiological conditions. Additionally, the electrical double layer thickness, ion mobility and
permittivity in brain tissue are not uniform and could complicate flow generation or assumptions of
symmetry. Still, our hypothesis requires a largely passive fluid medium influenced by external
electrostatic fields, whereas real CSF movement is likely affected by an intricate interplay of active
transport, convection, diffusion and tissue deformation. Furthermore, our computational model
simplifies boundary conditions and ignores potential feedback loops between membrane
depolarization and fluid velocity. Finally, our hypothesis also presents significant challenges,
including the in vivo verification of spatially patterned surface charges, the experimental
disentanglement of electrostatic and mechanical contributions to fluid movement and the accurate
modelling of bidirectional coupling between membrane dynamics and CSF flow

In terms of testable predictions, we expect that artificial modulation of membrane charge —via
optogenetic activation of ion pumps, localized application of charged substrates or genetic
manipulation of membrane proteins —should result in measurable changes in local CSF flow velocity
or solute transport. This can be explored in microfluidic models using glial or epithelial cell
monolayers, where flow fields can be visualized in real time under pharmacological modulation. On
the physiological side, one might predict that regions of the brain with higher density of ion-
exchanging membranes—such as the ventricular ependyma or perivascular astrocytic endfeet—
exhibit enhanced responsiveness to electrostatic perturbation in fluid transport. This could be probed
through intracranial injection of tracers under conditions of altered extracellular ion concentration.
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Finally, the hypothesis opens new directions for interpreting disease. In conditions where ion
homeostasis is disrupted, such as epilepsy, traumatic injury or Alzheimer's disease, it is conceivable
that altered electrostatic environments could impair CSF clearance through dysfunctional electro-
osmotic regulation.

These predictions provide a roadmap for targeted experimental studies aimed at validating or
refining the model. In exploring electrohydrodynamic mechanisms underlying CSF flow, several
simulation approaches are available beyond continuum models. Among the most promising are
multiscale and hybrid techniques that integrate molecular and continuum physics. The Lattice
Boltzmann Method (LBM) is particularly suited for simulating microscale fluid flow in complex
geometries such as ventricular spaces and perivascular channels, while the Finite Element Method
(FEM) excels at solving electrokinetic and fluid dynamics equations in anatomically realistic domains.
To resolve nanoscale behavior near surfaces such as ion layering and charge-driven flow, Dissipative
Particle Dynamics (DPD) and Molecular Dynamics (MD) are effective, capturing interactions at
atomic and mesoscopic scales. Although each method alone has limitations in scale and scope, a
hybrid modeling strategy can address this (Figure 4). By combining DPD or MD to simulate the
electrostatic behavior near charged surfaces (e.g., glial or ependymal membranes) with LBM or FEM
for bulk CSF flow, the full electrohydrodynamic behavior across scales could be captured. These
models may communicate via a coupling interface where information on boundary velocities, electric
potentials or shear stress is exchanged (Hoogerbrugge and Koelman 1992).

In closing, we have introduced the novel hypothesis that patterns of positive and negative
surface charge may exist along the inner linings of the brain’s CSF channels. If present, these
structured electrostatic domains could interact with the ionic nature of CSF to generate localized
electric fields capable of driving or modulating flow through electro-osmotic mechanisms. Unlike
pressure-driven flow, passive electro-osmosis may offer the potential for directionally controlled,
rhythmically responsive and spatially fine-tuned fluid movement. These features align with the need
for dynamic regulation in neurophysiological contexts, including sleep-wake cycling and metabolic
waste clearance. While our approach remains exploratory, it introduces a coherent theoretical
model grounded in experimentally supported biophysics. From this model, we expect to observe
conditions under which electrostatic patterning produces detectable effects on CSF flow structure,
directionality and transport efficiency.
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Figure 4. Conceptual workflow of a hybrid computational model combining near-wall and bulk flow
simulations to investigate electrohydrodynamic CSF dynamics. The upper section represents the near-wall
simulation zone, where Dissipative Particle Dynamics (DPD) or Molecular Dynamics (MD) are used to capture
fine-scale electrostatic interactions, ion layering and local electro-osmotic effects near charged glial or ependymal
surfaces. The lower section depicts the bulk flow simulation domain, modeled using Lattice Boltzmann Method
(LBM) or Finite Element Method (FEM), which handles pressure-driven flow and global CSF transport in
anatomically relevant structures. The central coupling interface enables dynamic data exchange between the two
regions. Velocity and ionic flux data from the particle-based simulation may inform boundary conditions,
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