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Abstract

The synaptic cleft between neighboring neurons is the site of neurotransmitter-
mediated communication that underlies normal brain function, including learning

and memory. When an action potential reaches the presynaptic terminal, released
neurotransmitters cross the cleft under the combined influence of diffusion and elec-
trical forces to activate postsynaptic receptors. Despite this, synaptic-cleft transport
is commonly modeled using a pure diffusion model, neglecting electrical drift. Here,
we quantify the relative contributions of diffusion and electrical terms in the Poisson—
Nernst—Planck (PNP) framework and assess whether the pure diffusion approxima-
tion is adequate. We solve the full PNP system in a three-dimensional computational
model of the synaptic cleft at nanometer-scale resolution, tracking five ionic species
(Na*, K*, Ca?*, ClI7, Glu") with full spatial and temporal detail. Solutions are compared
directly with those of the pure diffusion (D) model. The D and PNP models produce
markedly different ionic concentration fields. Analysis of ionic fluxes confirms that
diffusive and electrical contributions are of comparable magnitude across all spe-
cies. These discrepancies are robust across parameter variations, including the
number of AMPA receptors, the amount of released glutamate, the cleft height, and
the cleft diffusion coefficient, and are amplified as the number of AMPA receptors or
released glutamate ions increases, when the cleft becomes narrower or when diffu-
sion becomes more restricted. However, because of competing effects, the resulting
difference in the associated AMPA current is modest. The quantitative and qualita-
tive differences between the pure D model and the full PNP model demonstrate that
neglecting electrical forces in the synaptic cleft has consequences. These discrepan-
cies are large enough to alter the predicted dynamics and biological interpretation of
synaptic transmission, establishing that accurate computation of ionic concentrations
in the synaptic cleft requires the full PNP equations.
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Author summary

The synaptic cleft is the narrow gap between two communicating neurons. When
an electrical signal arrives, the neurotransmitter glutamate is released into this
gap and transported across to activate receptors on the postsynaptic side. The
gap is only about 15-25 nm wide, making it very difficult to study experimentally,
and mathematical models are therefore used to investigate the ion dynamics
within it. The simplest approach models ion transport by pure diffusion. However,
ions are charged particles and are subject to both diffusive and electrical forces.
Including both leads to the Poisson—Nernst—Planck (PNP) equations, which are
more challenging to solve computationally. We compare solutions of the full PNP
equations with those of the pure diffusion model for the synaptic cleft and find
that the differences are substantial. Our conclusion is that accurate computation
of ionic concentrations in the synaptic cleft requires the full PNP equations.

1. Introduction

A large number of physiological processes depend on the concentrations of a few
ionic species. The spatiotemporal dynamics of these concentrations have therefore
been studied for decades, and a broad range of mathematical models have been
developed. At the most fundamental level, ion transport is governed by diffusion
and electrical drift. In small volumes, such as the dyadic cleft of cardiomyocytes and
the synaptic cleft between two neighboring neurons, a common modeling strategy
is to use compartment models with spatially averaged concentrations (constant

in space within each compartment), see, e.g., [1,2]. At the other end of the spec-
trum, particle-based approaches explicitly track individual molecules or ions, often
using Monte Carlo or random-walk descriptions, see, e.g., [3,4]. Within a continuum
description, diffusion-only models based on Fick’s law have frequently been used

in synaptic and extracellular contexts, see, e.g., [5—7]. If both electrical and diffu-
sional effects are included at the continuum level, the Poisson—Nernst—Planck (PNP)
system must be used, see [8—14], or one may consider electroneutral (or quasi-
electroneutral) reductions, see [15-17].

Here, we consider electrodiffusion in the synaptic cleft situated between a pre-
synaptic and a postsynaptic neuron for a glutamatergic AMPA synapse. When the
presynaptic membrane depolarizes, voltage-gated calcium channels open and the
intracellular calcium concentration increases, leading to vesicular release of gluta-
mate. Glutamate then crosses the synaptic cleft under the combined influence of
diffusion and electrical forces. At the postsynaptic membrane, this activates AMPA
receptors, allowing sodium and potassium ions to flow across the membrane. This
transmission process underlies neuronal communication and is fundamental for nor-
mal brain activity, see, e.g., [18].

Neurotransmitter dynamics in the synaptic cleft has often been modeled using
diffusion-only descriptions, see, e.g., [7,19], and impressive analytical results have
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been obtained within this framework. However, when electrical forces are included, analytical solutions are generally not
available [20]. Moreover, the full PNP system is regarded as numerically challenging because it is strongly coupled and
nonlinear, and because thin Debye layers near membranes introduce steep spatial gradients and stiffness [11,21]. By
using the fully implicit scheme introduced in [14,22], we can solve the full PNP equations in the synaptic cleft geometry
and thereby evaluate the quantitative effect of including, or omitting, the electrical drift terms. To the best of our knowl-
edge, the full PNP system has not previously been applied to the synaptic cleft. The most closely related prior work [23]
analyzed the effect of the postsynaptic current on neurotransmitter diffusion using a single Nernst—Planck equation for the
neurotransmitter alone, with an externally imposed electric field. By contrast, the full PNP system tracks all ionic concen-
trations self-consistently and couples them with the electric potential.

2. Results

We compare solutions of the full PNP model to the solutions of the pure diffusion (D) model for synaptic dynamics follow-
ing synaptic vesicle opening, to assess whether the D model is sufficient or whether the full PNP equations are required.
The considered computational domain is illustrated in Fig 1, and the equations defining the PNP and D models are
described in the Methods section.

2.1. Synapse dynamics

Before turning to the comparison of the PNP and D model solutions, Fig 2 gives an overview of the dynamics consid-
ered in these simulations, i.e., the dynamics in the extracellular cleft between two neurons in an excitatory synapse. The
displayed dynamics are taken from a PNP model simulation. Before the simulation starts, a propagating action potential
is assumed to have traveled through the axon of the presynaptic cell and have reached the membrane of the presynaptic
cell that is facing the synaptic cleft. Moreover, this depolarization has activated Ca?* channels in the presynaptic mem-
brane, and the increased intracellular Ca?* concentration has triggering synaptic vesicles to dock at and fuse with the
presynaptic membrane. This allows the neurotransmitter glutamate to diffuse out of the vesicle into the synaptic cleft. Our

Synaptic vesicle liy
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Synaptic
cleft

e q

AMPA receptors

Extracellular
domain

Wq

Postsynaptic yr Yy
cell . T

Fig 1. lllustration of the computational domain. A: Overview of the 3D domain. We consider a small part of a presynaptic cell and a small part of a
postsynaptic cell, surrounded by an extracellular domain. B: More detailed view of the domain components in a sheet in the center of the domain in the
x- and y- directions. In the membrane of the presynaptic cell, a synaptic vesicle is located near the membrane with a possible opening to the synaptic
cleft. The width of this opening is denoted by w, . In addition, AMPA receptors are embedded in the membrane of the postsynaptic cell. The height of the
synaptic cleft, i.e., the distance between the presynaptic and postsynaptic membranes, is denoted by h. The parts of the domain boundary denoted by
08,4 and 09 4, are parts of the boundary where Dirichlet boundary conditions are applied. Neumann boundary conditions are applied in the remaining
parts of the domain boundary. The domain lengths are provided in Table 1.

0 4

https://doi.org/10.1371/journal.pcbi.1014341.g001
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Fig 2. Dyad dynamics following synaptic vesicle opening in a PNP model simulation. The concentration of Glu~, Na* and K* and the electrical
potential, ¢, are displayed in a sheet in the y- and z-directions in the center of the domain at six different points in time. In addition, the AMPA open
probability is displayed in the sheet defining the AMPA receptor zone of the postsynaptic membrane (see Fig 1B). Note that the y- and z-axes are not
shown with equal physical scaling; the y-direction, corresponding to the cleft height, is enlarged relative to the z-direction to make the narrow cleft visible.
The displayed domain is actually about 40 times longer in the z-direction than in the y-direction. In S1 Fig in the Supporting Information, the glutamate
concentration is displayed with equal physical axes.

https://doi.org/10.1371/journal.pcbi.1014341.9002

simulations begin at this release. In Fig 2, we observe that after 0.001 ms and 0.05 ms (i.e., at 1 us and 50 us), the gluta-
mate concentration in the cleft increases, in particular near the synaptic vesicle opening in the center.

After a while, at 0.1 ms, the increased glutamate concentration outside the AMPA receptors cause the AMPA receptor
open probability to increase slightly (see rightmost panel). When open, the AMPA receptors allow for Na* to flow from the
extracellular space (where the concentration initially is 100 mM) to the intracellular space of the postsynaptic cell (where
the concentration initially is 12 mM). In addition, K* is allowed to flow through the open AMPA receptors from the intracel-
lular space of the postsynaptic cell (where the concentration initially is 125 mM) to the synaptic cleft (where the concentra-
tion initially is 4 mM). Since the intracellular potential of the postsynaptic cell is set to a holding potential of =70 mV, which
is close to vok+ and far from v; \,+, more Na* flows into the presynaptic cell than K* flows out of the cell (see (9) and (10))
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resulting in a depolarizing transmembrane current that makes the postsynaptic cell more likely to fire an action potential.
Thus, an electrical signal has been sent from the presynaptic cell to the postsynaptic cell.

In Fig 2, we observe that at t=0.2 ms, 0.3 ms and 0.5 ms the open probability of the AMPA receptors increases leading
to increased AMPA receptor transmembrane current. As more Na* flows into the postsynaptic cell, the local Na* concen-
tration in the center of the synaptic cleft decreases, and as more K* flows out of the postsynaptic cell, the local K* concen-
tration in the center of the cleft increases.

In the lower panel of Fig 2, the electrical potential, ¢, is displayed at the considered time steps. We observe that the
synaptic vesicle opening causes a small non-zero electrical potential close to the vesicle opening. Furthermore, as the
AMPA receptors open, a substantial electrical potential is present in the cleft. In the full PNP model, the observed poten-
tial gradients could affect the dynamics of the ionic species in the cleft (see (6)), whereas in the D model, the effect of the
electrical field is neglected (see (8)). The purpose of this study is to investigate whether the D model neglecting the effect
of the electrical field is sufficiently accurate to capture the dynamic of the synaptic cleft, or whether the electrical effects
are significant and the full PNP model is required.

2.2. Comparison of PNP and D solutions

We now move on to compare the solutions of the PNP and D models. Fig 3 shows ionic concentration solutions from
PNP and D simulations using the default simulation setup, along with the electrical potential computed in the PNP model
simulation. The electrical potential is not a part of the D model solution (see (8)). We focus on the time point 0.5 ms after
synaptic vesicle opening, except in the upper right panel, which shows the solutions in one spatial point as functions of
time.

Focusing first on the glutamate concentration, we observe that initially [GluT] is zero in the cleft, but it increases rapidly
when the synaptic vesicle is opened. Next, the concentration decreases rapidly as the ions flow out of the synaptic cleft.
However, the time course of the changes in glutamate concentration appears to be somewhat different in the PNP and D
solutions. Indeed, in spatial sheet and line plots of the glutamate concentration at {=0.5 ms, we observe that the concen-
tration is about 50% higher in the D solution compared to the PNP solution in the center of the cleft.

Na* ions flow through the AMPA receptors in the direction from the synaptic cleft to the postsynaptic intracellular space.
In Fig 3, we observe that this results in a local Na* depletion in the center of the synaptic cleft (as also observed in Fig
2). However, the magnitude of the changes in Na* concentration is markedly different in the PNP and D cases. Similarly,
K* ions flow through the AMPA receptors in the direction from the postsynaptic cell to the synaptic cleft. This leads to a
locally increased K* concentration in the center of the cleft, and there is a substantial difference in the size of this increase
between the PNP and D cases.

The AMPA receptors are not assumed to carry Ca?* or Cl~ ions between the intracellular and extracellular spaces.
Therefore, the concentrations of these ions do not change with time in the D model simulation. In the PNP model, on the
other hand, these ions are affected by electrical drift and we observe considerable local changes in the Ca?* and CI- con-
centrations in the cleft center in the PNP model solution.

2.3. lonic fluxes

In order to examine the cause of the large differences observed between the PNP and D model solutions in Fig 3, we
consider the following fluxes governing the flow of ions:

Ja = —Di VK], (1)
_ _Dkae
Jo = kT [KIV . @)
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Fig 3. Solution of the PNP model and the pure diffusion model (D). The ionic concentrations are displayed for both models as well as the electrical
potential, ¢, for the PNP model. In the lower left panel, solutions at =0.5 ms are displayed in a sheet in the x- and z-directions close to the postsynaptic
membrane. In the lower right panel, solutions at t=0.5 ms are shown in a sheet in the y- and z-directions in the center of the domain. In the upper panel,
the solutions in a point in the center of the domain in the x- and z-directions, close to the postsynaptic membrane in the z-direction are plotted as func-
tions of time. Below, the solutions at {=0.5 ms are plotted along a line in the x-direction close to the postsynaptic membrane. Here, x=0 nm marks the
center of the domain in the x-direction. Note, again, that the x-, y- and z-axes are not shown with equal physical scaling; the y-direction, corresponding to
the cleft height, is enlarged relative to the x- and z-directions to make the narrow cleft visible. The displayed domain is actually about 40 times longer in
the x- and z-directions than in the y-direction.

https://doi.org/10.1371/journal.pcbi.1014341.g003

We refer to J, as the diffusional flux and J, as the electrical flux. In terms of fluxes, the ion concentrations are governed by

8[k]
6t =V (Jd + Je) (3)

in the PNP model and by

N o)

in the D model.
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In Fig 4, we examine the x-component of the two fluxes computed from the PNP model solution. In the upper panel, the
fluxes at t=0.5 ms are plotted along a line in the x-direction, and in the lower panel the fluxes in a point 60 nm to the right of
the center of the synaptic cleft are plotted as functions of time. We observe that for Na*, the diffusional flux acts to move Na*
ions into the cleft center (because of the local Na* depletion). In addition, the electrical flux also acts to move Na* ions toward
the cleft center due to the direction of the local electrical field in the cleft. The total flux driving Na* towards the cleft center,

Jg * Je, considered in the PNP model is therefore greater than the diffusion flux, J,, considered in the D model, alone. This
can explain why the Na* concentration is larger in the cleft center for the PNP model compared to the D model (see Fig 3).

For the K* concentration, the diffusional flux acts to move K* ions out of the cleft because of the local increased K* con-

centration caused by the AMPA current. However, the electrical flux acts to move K* into the cleft because of the direction
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Fig 4. Diffusional and electrical fluxes. The x-component of the diffusional (J%) and electrical (J;) fluxes is shown for each ion species. The fluxes

are computed from the solution of the PNP model. The upper panel shows the fluxes as functions of x along the center of the domain in the y- and
z-directions at t=0.5 ms, and the lower panel shows the fluxes as functions of time in a point 60 nm to the left of the center of the domain. For glutamate,
the insets in the lower panel shows the fluxes in the time interval from 0.3 ms to 0.6 ms.

https://doi.org/10.1371/journal.pcbi.1014341.g004
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of the electrical field. Therefore, the total flux, Jg + Je, included in the PNP model is smaller than the diffusion flux, J,
alone, and, consequently, the K* concentration in the cleft center is larger for the PNP model than for the D model.

For glutamate, the diffusional flux acts to move ions out of the cleft due to the elevated concentration in the cleft center
following the release of glutamate from the synaptic vesicle. Moreover, the electrical flux also acts to move Glu™ ions out
of the cleft center due to the direction of the electrical field and the negative charge of the ions. Therefore, the flux driv-
ing Glu™ out of the cleft is larger in the PNP model (including both J,and J,) compared to the D model (including only J ),
explaining why the Glu~ concentration is smaller in the PNP model compared to the D model at {=0.5 ms (see Fig 4).

For Ca?* and CI, the electrical flux drives the ions towards and away from the cleft center, respectively, because of the
positive and negative charge of the ions. This leads to a Ca?* increase and a CI- decrease in the cleft center. The diffu-
sional flux acts to counteract these effects. However, in the D model, J, is zero for these ions because the electrical flux
does not create any concentration gradients (see Fig 3).

2.4. AMPA receptor current

In the left panel of Fig 5, we compare the total current through the AMPA receptors of the postsynaptic membrane, /,,,.,
(defined in (12)), computed using the PNP and D models. Overall, we observe that the peak current computed using the
PNP model is approximately 5% more negative than in the D model. However, this net difference is the composite of sev-
eral competing mechanisms, as investigated in the right panels of Fig 5.

Specifically, two effects work to make the peak /., less negative for the PNP model than for the D model: (/) a reduced
peak open probability occurs because the electrical force drives glutamate ions out of the cleft, reducing the local gluta-
mate concentration in the PNP case; and (ii) a less negative membrane potential, v = ¢; — ¢, is observed because the
PNP model captures a negative extracellular potential in the cleft (assumed to be zero in the D model), resulting in a less

negative v.

IAMPA
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-200
160 | 040608 1 12 |

-180 | b —PNP|
........ D

-200 . . . .
0 2 4 6 8 10 5

t (ms) t (ms)

5
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Fig 5. Total AMPA receptor current and associated terms in the PNP and pure diffusion (D) models. Solutions correspond to the simulations
presented in Fig 3. The AMPA receptor current is integrated over the AMPA receptor area, while all other properties are spatially averaged over the same
area. The net difference in AMPA current between the PNP and D models is the result of competing electrodiffusive effects.

https://doi.org/10.1371/journal.pcbi.1014341.g005
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Conversely, two effects work to make the peak /,,,,, more negative for the PNP model than for the D model: (i) a
more positive vy o+ arises because the electrical force moves Na* ions toward the cleft center, meaning the extracellular
sodium concentration, [Na']e, is less depleted in the PNP case. This makes VoNa+ More positive, which in turn makes the
driving force contribution —v, ng+ More negative; and (ii) a less negative vok+ occurs because, similarly, the electrical force
draws K* ions toward the cleft center, causing a greater increase in [K*], in the PNP case. This makes vy k- less negative,
rendering the —vg k+ term less positive.

The exact difference in AMPA receptor current between the PNP and D models observed in Fig 5 is the net balance of

these opposing electrodiffusive effects.

2.5. Parameter variations

In the simulations reported above, we have used the default parameter values reported in Table 1. In Figs 6 and 7, we
examine the difference between the PNP and D models when some of the model parameters are adjusted.

Table 1. Parameter values used in the simulations. Here, Q. refers to the extracellular domain, 2, refers to the membrane domain, and Q;
refers to the intracellular domain (see Fig 1). In the cell membrane (2,,), the diffusion coefficients are set to zero for all ions, and in the synap-
tic cleft and the synaptic vesicle opening, the default diffusion coefficients are divided by a factor «.

Parameter Description Value Ref.
F Faraday’s constant 96485.3365 C/mol [26]
e Elementary charge 1.60217662 - 107'° C [26]
kg Boltzmann constant 1.380649 - 1072° mJ/K [26]
T Temperature 310K

€0 Vacuum permittivity 8854 fF/m [26]
&1 Relative permittivity, e/, in Q¢ and Q; 80 [27]
Em Relative permittivity, &, in Qp 2 [27]
Dyar Default diffusion coefficient for Na* 1.33-10% nm%ms [28]
Dg-+ Default diffusion coefficient for K* 1.96 - 108 nm%ms [28]
D g2+ Default diffusion coefficient for Ca?* 0.71-10% nmZms [28]
Dcr- Default diffusion coefficient for CI- 2.03-10% nm%ms [28]
Dgu- Default diffusion coefficient for Glu- 0.86 - 108 nm?/ms [29]
K Reduction factor for diffusion in the cleft 2.56 [29]
Zna* Valence of Na* 1

Zk+ Valence of K* 1

Zoq2r Valence of Ca* 2

Zor Valence of CI- -1

ZGI Valence of Glu~ -1

N, ea Number of AMPA receptors 200 [19]
9AMPA Na* Single channel AMPA receptor conductance for Na* 25 pS [19]
JAMPA K* Single channel AMPA receptor conductance for K* 15 pS [19]
h Height of the synaptic cleft 15 nm [19]
. Membrane thickness 5nm [30]
w, Width of the AMPA receptor area 140 nm [19,31]
w, Synaptic vesicle diameter 40 nm [7]
w,, Width of opening between synaptic vesicle and cleft 4 nm

Lol Extracellular domain length in x-, and z- directions 1000 nm

Lol Total width of synaptic cleft 600 nm [19,31]
L, Intracellular domain length in the y-direction 1000 nm
https://doi.org/10.1371/journal.pcbi.1014341.t001
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Fig 6. Solutions of the PNP and D models for variations in the number of AMPA receptors and the vesicle [Glu] concentration. The concen-
trations of Glu™, Na*, K* and ¢ at t=0.5 ms are displayed along a line in the center of the synaptic cleft in the y- and z-directions. The potential is only
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shown for PNP, because it is not a part of the D solution. The number of AMPA receptors and the vesicle [Glu™] concentrations applied in each case are
reported to the left of each row. The remaining parameter values are as reported in Table 1. Note that when the vesicle [Glu~] concentration is adjusted
the remaining vesicle concentrations are adjusted by the same factor to maintain initial electroneutrality (see Table 2).

https://doi.org/10.1371/journal.pcbi.1014341.g006

2.5.1. Varying the number of AMPA receptors. In the upper panel of Fig 6, we consider three different values for
the number of AMPA receptors on the postsynaptic membrane. We observe that as the number of AMPA receptors is
increased, the [Na*] decrease and the [K*] increase resulting from AMPA receptor opening become more pronounced. In
addition, the magnitude of the electrical potential in the cleft increases as the number of AMPA receptors increases. As
expected, the more pronounced ¢ results in an increased difference in [Glu™] between the PNP and D solutions when the
number of AMPA receptors increases. Specifically, the glutamate concentration is not affected by the number of AMPA
receptors in the D model, but in the PNP model, electrical drift reduces [Glu~] more extensively as the number of AMPA
receptors increases.

2.5.2. Varying the number of released glutamate molecules. Next, in the lower panel of Fig 6, we consider
variations in the concentration of glutamate in the synaptic vesicle. We consider the concentrations 100 mM, 150 mM, and
200 mM, corresponding to approximately 4000, 6000, and 8000 glutamate molecules in the vesicle, respectively. When
the number of released glutamate molecules increases, the AMPA receptor current seems to increase, leading to a larger
electrical field in the cleft and larger differences between the PNP and D solutions.

2.5.3. Varying the cleft height. In the upper panel of Fig 7, we investigate the effect of the cleft height, h, i.e.,
the distance between the presynaptic and postsynaptic membranes. As h decreases, the synaptic cleft becomes less
spacious and fluxes into or out of the cleft have a larger effect on the concentrations. This is observed for all the ionic
species considered in the upper panel of Fig 7. In addition, the magnitude of the extracellular potential in the cleft
increases as the cleft height is reduced, leading to larger electrical drift and larger differences between the PNP and D
solutions.

2.5.4. Varying the cleft diffusion coefficients. Finally, in the lower panel of Fig 7, we vary the value of the factor, «,
by which the default diffusion coefficients in Table 1 are divided in the synaptic cleft. We observe that increasing «,

i.e., reducing the diffusion coefficients in the cleft, has a similar effect as that observed for reducing the cleft height.
By reducing the ease with which the ions may flow, the fluxes into or out of the cleft cause larger changes in the
concentrations and a larger electric field. This results in larger differences between the PNP and D solutions.

3. Discussion

The synaptic cleft is the site of neurotransmitter-mediated signaling that underlies normal brain function. The ionic con-
centration dynamics in the cleft determine how, and how efficiently, neurotransmitters activate postsynaptic receptors.
This makes accurate mathematical modeling of transport in the cleft important. Our results indicate that the full Poisson—
Nernst—Planck system is required for this purpose, and we discuss this finding in the following.

3.1. A simple 1D problem illustrating that D is different from PNP

Our aim is to clarify whether the dynamics in the synaptic cleft can be adequately captured by the pure diffusion model
(D), see (8), or whether the full Poisson—Nernst—Planck (PNP) model, see (5)—(7), must be solved. The appeal of D is its
computational simplicity and, in some cases, analytical tractability. The full PNP system is more expensive because it is
nonlinear and strongly coupled. In our simulations, however, the D and PNP solutions differ substantially, indicating that
omitting electrical drift can change the predicted concentration dynamics.

A simple illustration can be obtained in one spatial dimension. Consider the interval (0,10) nm with homogeneous
Neumann (zero-flux) boundary conditions for all concentrations. Let the initial conditions be the electroneutral mixture
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Fig 7. Solutions of the PNP and D models for variations in the cell distance and the diffusion coefficient reduction factors in the cleft. The con-
centrations of Glu-, Na*, K* and ¢ at {=0.5 ms are displayed along a line in the center of the synaptic cleft in the y- and z-directions. The potential is only
shown for PNP, because it is not a part of the D solution. The cell distance, h, and the diffusion reduction factor, «, applied in each case are reported to
the left of each row. The remaining parameter values are as reported in Table 1.

https://doi.org/10.1371/journal.pcbi.1014341.g007
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[Na*] =100 mM, [CI"] =99 mM, and [Glu™] = 1 mM. For the PNP model, we additionally impose Dirichlet boundary
conditions for the electrical potential: ¢(0) = 0 and ¢(10nm) = ¢, where ¢q is set to =5 mV, =10 mV, or =15 mV. In this
setup, the D solution remains constant, whereas the PNP solution develops pronounced spatial variations driven by the
boundary conditions of the electrical potential. Stationary solutions for this problem are shown in Fig 8. We also note that
the deviation between the D and PNP solutions increases as the imposed electrical field becomes stronger (i.e., as |¢o|
increases).

3.2. Electrical drift contributes significantly to the ionic dynamics of the synaptic cleft

The results shown in Fig 3 and Figs 5-7 consistently show that the electrical term in the PNP equations has a substantial
effect on the solution. In absolute terms, the perturbation is largest for ions present at high concentrations, but in relative
terms all ionic species are significantly affected. This observation is robust across the parameter variations considered:

it holds when the number of AMPA receptors, the initial glutamate concentration, the cleft height, and the ionic diffusion
coefficients are varied. In all cases, the differences between the pure diffusion model (8) and the full PNP model (5)—(6)
are substantial. Fig 4 provides a mechanistic explanation: the diffusive and electrical fluxes are of comparable magnitude
for all ionic species. Retaining diffusion while discarding electrical drift therefore amounts to neglecting a contribution of
similar size, which cannot be expected to yield an accurate approximation. Interestingly, these substantial differences in
ionic concentrations do not translate into equally large differences in the resulting AMPA current, because the electrodiffu-
sive effects entering the current act partly in opposite directions and therefore partially cancel; see Fig 5.

3.3. Computational cost

The full PNP model is generally regarded as computationally demanding relative to the pure D model. This depends,
however, on the implementation, and efficient solvers for coupled systems of partial differential equations are an active
area of research. We do not claim optimal solvers for either D or PNP, but it is useful to report the actual computing times
observed in our simulations. The discretization is described in detail in [14], and for a 5 ms simulation the D code used
about six minutes whereas the PNP code used about 400 minutes. Both used a time step of 0.02 ms. Note that earlier, we
had to use a time step that was a million times shorter for the PNP models, see [13]. The fully coupled scheme developed
in [14,22] has enabled reasonable CPU times, although the D model is still 67 times faster.

3.4. Limitations

The geometry used here is idealized — a flat cleft with parallel pre- and postsynaptic membranes — primarily to isolate
the effect of the governing equations from confounding geometric factors. The actual geometry of the synaptic cleft is
more complex, and morphological details such as membrane curvature and cleft width variations are known to influence

¢ [Na*] [CI] [GluT]

120 120 1.2
=
€ 100 F== — 100 besrtsenn cune 1 periiie

———PNP, o= -5mV

> ———PNP, ¢o=-10mV
7 s\ i N
A5 80 80 0.8
0 5 10 0 5 10 0 5 10 0 5 10
X (nm) X (nm) X (nm) X (nm)

Fig 8. Stationary solutions of a simplified one-dimensional problem. We consider three ion species, Na*, Cl-, and Glu~, with initial conditions [Na*]
=100 mM, [CIT]= 99 mM, and [Glu] = 1 mM. We apply Dirichlet boundary conditions of =0 mV at x=0 nm and ¢ = ¢y = -5 mV, =10 mV, or =15 mV for
the electrical potential, and zero-flux Neumann boundary conditions for the concentrations.

https://doi.org/10.1371/journal.pcbi.1014341.g008
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neurotransmitter dynamics, see, e.g., [24]. The PNP equations themselves are not restricted to the idealized cuboid
geometry applied here, but more realistic synaptic cleft geometries would require a numerical method suitable for complex
domains, such as the finite element method. Such extensions are possible, but are outside the scope of the present study.

Furthermore, the model does not include fixed surface charges associated with lipid head groups in the membrane
bilayer. Such charges may influence the local electric potential and ionic concentrations close to the membrane. Repre-
senting this effect would require additional assumptions about membrane composition and surface charge density, and it
is therefore left outside the present model. In addition, only a subset of the relevant ion transport is modeled: we do not
include the arrival of the action potential in the presynaptic neuron or the possible generation of an action potential in the
postsynaptic neuron. Moreover, the simulations cover a single vesicle release event. Extending the model to repeated
firing would allow the study of concentration dynamics over longer time scales, including the accumulation or depletion of
ionic species that may result from sustained synaptic activity.

Another limitation of the present approach is that PNP is a continuum, mean-field model, whereas vesicle release
involves a limited number of glutamate molecules. At sufficiently fine spatial resolution, some local volumes would contain
zero or one glutamate molecule, and the interpretation of a smooth concentration field therefore becomes less direct. The
PNP solution should therefore be interpreted as an averaged description, rather than as an instantaneous particle reali-
zation. Particle-based stochastic or molecular dynamics models may be more appropriate when fluctuations in individual
molecule positions are central to the question. However, to be comparable with the present model, such models would
need to include five ion species present in the cleft, which would create a substantial computational challenge.

3.5. Conclusion

We have solved the full Poisson—Nernst—Planck (PNP) system in a three-dimensional model of the synaptic cleft and
compared the results with those of the pure diffusion (D) model. The two models produce substantially different ionic con-
centration fields: the diffusive and electrical flux contributions are of comparable magnitude for all ionic species, and omit-
ting the electrical term leads to errors that are robust across a wide range of parameter variations. These results establish
that accurate computation of ionic concentrations in the synaptic cleft requires the full PNP equations. The model and
numerical scheme introduced here are not specific to the particular process considered, and can be applied to study other
aspects of the ionic dynamics in the synaptic cleft.

4. Methods

We study synaptic dynamics by considering a small part of a presynaptic cell, a small part of a postsynaptic cell, and the
surrounding extracellular space (see Fig 1). In this section, the models and parameter values applied in our simulations
will be described.

4.1. The Poisson—Nernst-Planck (PNP) model

The Poisson—Nernst—Planck (PNP) model for the electrical potential and ionic concentrations is given by the system [25]

V- (ErEOV¢) =—p, (5)
oK _ Dyze
¢ =V DVIK+ V- < kT [k]V¢> ’ (6)
p= FZ z4[K],
k )
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for k={Na*, K*, Ca%, CI, Glu}, representing sodium, potassium, calcium, chloride, and glutamate ions. Here, ¢ is the
electric potential (in mV), [K] is the concentration of ion species k (in mM), and p is the charge density (in C/m?). Further-
more, ¢, €0, D,, Z,, €, k;, T, and F are physical constants and parameters, specified in Table 1.

4.2. The pure diffusion (D) model

We compare the solution of the full PNP model (5)—(7) to the solution of the pure diffusion (D) model. In that model, flow of
ions is assumed to be independent of electrical drift, and the ionic concentrations are governed by [25]
J[K]

3 =V - DVIK], ®8)

for k={Na*, K*, Ca?", CI", Glu}.

4.3. Parameter values, initial conditions and boundary conditions

The default parameter values used in our simulations are given in Table 1. The narrow extracellular cleft between the cells
is assumed to have restricted diffusion, consistent with, e.g., [19,29]. More specifically, the diffusion coefficients in the syn-
aptic cleft are divided by a scaling factor « (see Table 1). The initial conditions for the ionic concentrations in the different
parts on the domain are reported in Table 2. We apply Dirichlet boundary conditions for both the concentrations and ¢ on
the parts of the domain boundary that are denoted by 99 4 or 0€; 4 in Fig 1B. At 0Q¢ 4, ¢ is set to 0 mV and the concen-
trations are set to the extracellular concentrations given in Table 2. At 9€2; 4, ¢ is set to =70 mV, and the concentrations are
set to the intracellular concentrations given in Table 2. On the remaining boundaries, homogeneous Neumann boundary
conditions are applied for both ¢ and the concentrations.

4.4. Synaptic vesicle

The synaptic vesicle is represented as a volume in the presynaptic cell close to the synaptic cleft (see Fig 1). Initially, the
vesicle is assumed to contain an electroneutral mix of negatively charged glutamate ions and positively charged Na* and
K* ions (see Table 2). This choice is consistent with vesicle-loading models that keep luminal Na* and K* fixed at extra-
cellular concentrations while glutamate accumulates [32]. As the simulation starts, ions are allowed to flow between the
vesicle and the synaptic cleft through an opening of size w2, (see Fig 1 and Table 1).

4.5. AMPA receptor flux

We model the flux through the AMPA receptors using internal boundary conditions on the boundaries between the mem-
brane and the intracellular and extracellular domains, as explained in detail in [14]. The AMPA receptors are assumed to
be evenly distributed in the AMPA receptor area of the postsynaptic membrane (see Fig 1). The open probability of the

Table 2. Initial conditions for the ionic concentrations in the intracellular and extracellular domains. The values are based on [7,17,28,32].
Some concentration values are reported with extra digits to ensure initial electroneutrality of the intracellular and extracellular solutions.

lon Extracellular Intracellular Synaptic vesicle
Na* 100 mM 12 mM 145 mM

K* 4 mM 125 mM 5 mM

Ca? 1.4 mM 0.0001 mM 0 mM

CI- 106.8 mM 137.0002 mM 0 mM

Glu- 0mM 0mM 150 mM

https://doi.org/10.1371/journal.pcbi.1014341.t002
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receptors depends on the local concentration of glutamate on the extracellular side of the receptors, represented using
the Markov model from [33]. Furthermore, the AMPA receptor channels are assumed to be Na* and K* selective.
The Na* and K* flux densities through the AMPA receptors are given by

Namvpa
Ina = 7,: >~ JAMPANa*O(V — Vo Na+),

(9)

Jk+ = Fw2 QAMPAK+0(V Vok+),

(10)
respectively. Here F is Faraday’s constant, N, ., is the number of AMPA receptors, w, is the width of the AMPA recep-
tor area of the postsynaptic membrane. Moreover, o is the open probability of the receptors (see below), v = ¢; — ¢ is
the potential difference across the membrane, and vy na+ @and vok+ are the Nernst potentials of Na* and K*, respectively.
Furthermore, gampanat @nd gampax+ are the single channel AMPA receptor conductances for Na* and K, respectively.
The values of o, v, vona+ @and vok+ are evaluated and applied locally for each mesh element in the AMPA receptor area.
For the diffusion model, v is set to =70 mV, corresponding to the holding potential used in the PNP system. In other words,
the intracellular potential is assumed to be constantly equal to =70 mV and the extracellular potential is assumed to be
constantly equal to 0 mV.

The corresponding AMPA receptor current is given by

Iampa = / F (Ina + Ji+) ds,
Aampa

(1)
where A, ., is the AMPA receptor area. Inserting (9) and (10), we get
Nampa
Iampa = W2 o (9AMPA,Na+(V— VoNa*) + gampax+ (V— Vo,K+)) as.
a AAMPA (1 2)

4.5.1. Markov model for the AMPA receptor open probability. The model for the AMPA receptor open probability is
given by the following Markov model from [33]:

b (G k+2[Glu | N
Cp < > > Cy < >0
B
B1 as || fBs
M kys[Glu~] L e
s k_3 Ba °

The ODE version of the Markov model reads,

A0 - KBGOl + k(G

d[C4]
at

= ki1[GIuT][Co] — (k1 + ke[ GIUT] + aq)[C1] + k_2[C2] + 1[C3],
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d[(SI;Z] = Keo[GIuT][Cq] - (k_2 + o+ 042)[C2] + B[0] + 32[Cal,
d[(?t\?] = a1[C1] - (51 + k+3[G|U_])[C3] + k—3[C4],
d[gt4] = ky3[GIUT][C3] + a2[Co] — (k_g + B2 + ca)[Ca] + B4[Cs],

AT = 03101+ aalCal ~ (55 + A)ICs]

[O] = 1~ ([C4]+[C2] +[C3] +[Cal +[Cs]) ,

where [GluT] is the local glutamate concentration (in mM), [X] is the probability of being in state X, and k,,, k_, k,,, k_,, k.,

k., o, B, a1, B1, a2, B2, a3, (3, s, B4 are parameter values given in Table 3. The AMPA open probability is defined as
o =[0].

4.6. Numerical methods

The PNP and D equations are solved numerically using the finite difference method with an adaptive spatial mesh (see,
e.g., [13]). We generally use a time step of 0.02 ms, except in the simulation used to display the dynamics in the begin-
ning of the simulation in Fig 2, where a time step of 0.001 ms is applied. The D equations are solved using a standard
implicit Euler method, and the PNP equations are solved in a coupled manner using the scheme from [14,22]. The AMPA
receptor open probability model is handled separately using a standard operator splitting technique (see, e.g., [25]) with a
local time step of 0.001 ms.

Table 3. Parameter values for the Markov model for the AMPA receptor kinetics. The model and parameters are taken from [33].

Parameter Value Parameter Value

K., 4.59 mM~"ms™" k., 4.26 ms™

k., 28.4 mM~'ms™ k., 3.26 ms™

K. 1.27 mM~'ms™! k., 0.0457 ms™

@ 4.24 ms™ B 0.9 ms™

o 2.89 ms™ B 0.0392 ms™

a2 0.172 ms™ B2 7.27-10* ms™
a3 0.0177 ms™ Bs 4.0-107° ms™
oy 0.0168 ms™ Ba 0.1904 ms™

https://doi.org/10.1371/journal.pcbi.1014341.t003
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Supporting information

S1 Fig: Glutamate dynamics displayed with equal scaling of the axes. The solutions are the same as those displayed
in the upper panel of Fig 2, but in Fig 2 the y-axis is stretched to make the solutions more compact.
(TIF)

Acknowledgments

Disclosure of writing assistance: During the preparation of this manuscript, the authors utilized the ChatGPT5.1 language
model to enhance the language quality. Subsequent to this automated assistance, the authors rigorously reviewed and
edited the manuscript to ensure its accuracy and integrity. The authors assume full responsibility for the content of the
publication.

Author contributions

Conceptualization: Karoline Horgmo Jeeger, Aslak Tveito.
Formal analysis: Karoline Horgmo Jeeger.

Funding acquisition: Karoline Horgmo Jeeger, Aslak Tveito.
Investigation: Karoline Horgmo Jaeger, Aslak Tveito.
Methodology: Karoline Horgmo Jaeger, Aslak Tveito.

Software: Karoline Horgmo Jaeger.

Visualization: Karoline Horgmo Jaeger, Aslak Tveito.

Writing — original draft: Karoline Horgmo Jeaeger, Aslak Tveito.
Writing — review & editing: Karoline Horgmo Jeeger, Aslak Tveito.

References

1. Shannon TR, Wang F, Puglisi J, Weber C, Bers DM. A mathematical treatment of integrated Ca dynamics within the ventricular myocyte. Biophys J.
2004;87(5):3351-71. https://doi.org/10.1529/biophysj.104.047449 PMID: 15347581

2. Grandi E, Pasqualini FS, Bers DM. A novel computational model of the human ventricular action potential and Ca transient. J Mol Cell Cardiol.
2010;48(1):112-21. https://doi.org/10.1016/j.yjmcc.2009.09.019 PMID: 19835882

3. Franks KM, Bartol TM Jr, Sejnowski TJ. A Monte Carlo model reveals independent signaling at central glutamatergic synapses. Biophys J.
2002;83(5):2333—48. https://doi.org/10.1016/S0006-3495(02)75248-X PMID: 12414671

4. Li X, Hémond G, Godin AG, Doyon N. Computational modeling of trans-synaptic nanocolumns, a modulator of synaptic transmission. Front Com-
put Neurosci. 2022;16:969119. https://doi.org/10.3389/fncom.2022.969119 PMID: 36249484

5. Holmes WR. Modeling the effect of glutamate diffusion and uptake on NMDA and non-NMDA receptor saturation. Biophys J. 1995;69(5):1734—47.
https://doi.org/10.1016/S0006-3495(95)80043-3 PMID: 8580317

6. Nicholson C, Chen KC, Hrabétova S, Tao L. Diffusion of molecules in brain extracellular space: theory and experiment. Prog Brain Res.
2000;125:129-54. https://doi.org/10.1016/S0079-6123(00)25007-3 PMID: 11098654

7. Kleinle J, Vogt K, Lischer HR, Miller L, Senn W, Wyler K, et al. Transmitter concentration profiles in the synaptic cleft: an analytical model of
release and diffusion. Biophys J. 1996;71(5):2413-26. https://doi.org/10.1016/S0006-3495(96)79435-3 PMID: 8913582

8. Lopreore CL, Bartol TM, Coggan JS, Keller DX, Sosinsky GE, Ellisman MH, et al. Computational modeling of three-dimensional electrodiffusion
in biological systems: application to the node of Ranvier. Biophys J. 2008;95(6):2624-35. https://doi.org/10.1529/biophysj.108.132167 PMID:
18556758

9. Lagache T, Jayant K, Yuste R. Electrodiffusion models of synaptic potentials in dendritic spines. J Comput Neurosci. 2019;47(1):77-89. https://doi.
org/10.1007/s10827-019-00725-5 PMID: 31410632

10. Jasielec JJ. Electrodiffusion Phenomena in Neuroscience and the Nernst—Planck—Poisson Equations. Electrochem. 2021;2(2):197-215. https://doi.
org/10.3390/electrochem2020014

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1014341 May 28, 2026 18/19



http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1014341.s001
https://doi.org/10.1529/biophysj.104.047449
http://www.ncbi.nlm.nih.gov/pubmed/15347581
https://doi.org/10.1016/j.yjmcc.2009.09.019
http://www.ncbi.nlm.nih.gov/pubmed/19835882
https://doi.org/10.1016/S0006-3495(02)75248-X
http://www.ncbi.nlm.nih.gov/pubmed/12414671
https://doi.org/10.3389/fncom.2022.969119
http://www.ncbi.nlm.nih.gov/pubmed/36249484
https://doi.org/10.1016/S0006-3495(95)80043-3
http://www.ncbi.nlm.nih.gov/pubmed/8580317
https://doi.org/10.1016/S0079-6123(00)25007-3
http://www.ncbi.nlm.nih.gov/pubmed/11098654
https://doi.org/10.1016/S0006-3495(96)79435-3
http://www.ncbi.nlm.nih.gov/pubmed/8913582
https://doi.org/10.1529/biophysj.108.132167
http://www.ncbi.nlm.nih.gov/pubmed/18556758
https://doi.org/10.1007/s10827-019-00725-5
https://doi.org/10.1007/s10827-019-00725-5
http://www.ncbi.nlm.nih.gov/pubmed/31410632
https://doi.org/10.3390/electrochem2020014
https://doi.org/10.3390/electrochem2020014

PLO.\Sﬁ;- Computational

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

Biology

Pods J, Schonke J, Bastian P. Electrodiffusion models of neurons and extracellular space using the Poisson-Nernst-Planck equations--numerical
simulation of the intra- and extracellular potential for an axon model. Biophys J. 2013;105(1):242-54. https://doi.org/10.1016/}.bpj.2013.05.041
PMID: 23823244

Pods J. A comparison of computational models for the extracellular potential of neurons. J Integr Neurosci. 2017;16(1):19-32. https://doi.
org/10.3233/JIN-170009 PMID: 28891501

Jeeger KH, lvanovic E, Kucera JP, Tveito A. Nano-scale solution of the Poisson-Nernst-Planck (PNP) equations in a fraction of two neighboring
cells reveals the magnitude of intercellular electrochemical waves. PLoS Comput Biol. 2023;19(2):e1010895. https://doi.org/10.1371/journal.
pcbi.1010895 PMID: 36791152

Jeeger KH, Tveito A. Electrodiffusion dynamics in the cardiomyocyte dyad at nano-scale resolution using the Poisson-Nernst-Planck (PNP) equa-
tions. PLoS Comput Biol. 2025;21(6):e1013149. https://doi.org/10.1371/journal.pcbi.1013149 PMID: 40505081

Liu Z, Li Y. Investigate channel rectifications and neural dynamics by an electrodiffusive Gauss-Nernst-Planck approach. PLoS Comput Biol.
2025;21(6):e1012883. https://doi.org/10.1371/journal.pcbi. 1012883 PMID: 40587520

Mori Y, Peskin C. A numerical method for cellular electrophysiology based on the electrodiffusion equations with internal boundary conditions at
membranes. CAMCoS. 2009;4(1):85—134. https://doi.org/10.2140/camcos.2009.4.85

Ellingsrud AJ, Solbra A, Einevoll GT, Halnes G, Rognes ME. Finite Element Simulation of lonic Electrodiffusion in Cellular Geometries. Front Neu-
roinform. 2020;14:11. https://doi.org/10.3389/fninf.2020.00011 PMID: 32269519

Gerstner W, Kistler WM, Naud R, Paninski L. Neuronal dynamics: From single neurons to networks and models of cognition. Cambridge University
Press. 2014.

Savtchenko LP, Rusakov DA. The optimal height of the synaptic cleft. Proc Natl Acad Sci U S A. 2007;104(6):1823-8. https://doi.org/10.1073/
pnas.0606636104 PMID: 17261811

Paquin-Lefebvre F, Moreno AB, Holcman D. Voltage Laws in Nanodomains Revealed by Asymptotics and Numerical Simulations of Electrodiffusion
Equations. Multiscale Model Simul. 2026;24(1):365-97. https://doi.org/10.1137/25m1725553

Liu J-L, Eisenberg B. Numerical methods for a Poisson-Nernst-Planck-Fermi model of biological ion channels. Phys Rev E Stat Nonlin Soft Matter
Phys. 2015;92(1):012711. https://doi.org/10.1103/PhysRevE.92.012711 PMID: 26274207

Jaeger KH, Tveito A. Time-step restrictions for numerical approximations of the Poisson-Nernst-Planck (PNP) equations. bioRxiv. 2026.

Savtchenko LP, Kulahin N, Korogod SM, Rusakov DA. Electric fields of synaptic currents could influence diffusion of charged neurotransmitter
molecules. Synapse. 2004;51(4):270-8. https://doi.org/10.1002/syn.10300 PMID: 14696014

Mesa MH, McCabe KJ, Rangamani P. Synaptic cleft geometry modulates NMDAR opening probability by tuning neurotransmitter residence time.
Biophys J. 2025;124(7):1058-72. https://doi.org/10.1016/.bpj.2025.01.019 PMID: 39876560

Jeeger KH, Tveito A. Differential Equations for Studies in Computational Electrophysiology. Springer Nature Switzerland. 2023. https://doi.
org/10.1007/978-3-031-30852-9

Mohr PJ, Newell DB, Taylor BN, Tiesinga E. NIST Reference on Constants, Units, and Uncertainty. 2018. https://physics.nist.gov/cuu/Constants/
index.html

Kurnikova MG, Coalson RD, Graf P, Nitzan A. A lattice relaxation algorithm for three-dimensional Poisson-Nernst-Planck theory with application to
ion transport through the gramicidin A channel. Biophys J. 1999;76(2):642-56. https://doi.org/10.1016/S0006-3495(99)77232-2 PMID: 9929470

Solbré A, Bergersen AW, van den Brink J, Malthe-Sgrenssen A, Einevoll GT, Halnes G. A Kirchhoff-Nernst-Planck framework for modeling

large scale extracellular electrodiffusion surrounding morphologically detailed neurons. PLoS Comput Biol. 2018;14(10):e1006510. https://doi.
org/10.1371/journal.pcbi.1006510 PMID: 30286073

Rusakov DA, Savtchenko LP, Zheng K, Henley JM. Shaping the synaptic signal: molecular mobility inside and outside the cleft. Trends Neurosci.
2011;34(7):359-69. https://doi.org/10.1016/}.tins.2011.03.002 PMID: 21470699

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Molecular Biology of the Cell. Garland Science; 2002.

Sylantyev S, Savtchenko LP, Niu Y-P, Ivanov Al, Jensen TP, Kullmann DM, et al. Electric fields due to synaptic currents sharpen excitatory trans-
mission. Science. 2008;319(5871):1845-9. https://doi.org/10.1126/science. 1154330 PMID: 18369150

Kolen B, Borghans B, Kortzak D, Lugo V, Hannack C, Guzman RE, et al. Vesicular glutamate transporters are H+-anion exchangers that operate at
variable stoichiometry. Nat Commun. 2023;14(1):2723. https://doi.org/10.1038/s41467-023-38340-9 PMID: 37169755

Jonas P, Major G, Sakmann B. Quantal components of unitary EPSCs at the mossy fibre synapse on CA3 pyramidal cells of rat hippocampus. J
Physiol. 1993;472:615-63. https://doi.org/10.1113/jphysiol.1993.sp019965 PMID: 7908327

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1014341 May 28, 2026 19719



https://doi.org/10.1016/j.bpj.2013.05.041
http://www.ncbi.nlm.nih.gov/pubmed/23823244
https://doi.org/10.3233/JIN-170009
https://doi.org/10.3233/JIN-170009
http://www.ncbi.nlm.nih.gov/pubmed/28891501
https://doi.org/10.1371/journal.pcbi.1010895
https://doi.org/10.1371/journal.pcbi.1010895
http://www.ncbi.nlm.nih.gov/pubmed/36791152
https://doi.org/10.1371/journal.pcbi.1013149
http://www.ncbi.nlm.nih.gov/pubmed/40505081
https://doi.org/10.1371/journal.pcbi.1012883
http://www.ncbi.nlm.nih.gov/pubmed/40587520
https://doi.org/10.2140/camcos.2009.4.85
https://doi.org/10.3389/fninf.2020.00011
http://www.ncbi.nlm.nih.gov/pubmed/32269519
https://doi.org/10.1073/pnas.0606636104
https://doi.org/10.1073/pnas.0606636104
http://www.ncbi.nlm.nih.gov/pubmed/17261811
https://doi.org/10.1137/25m1725553
https://doi.org/10.1103/PhysRevE.92.012711
http://www.ncbi.nlm.nih.gov/pubmed/26274207
https://doi.org/10.1002/syn.10300
http://www.ncbi.nlm.nih.gov/pubmed/14696014
https://doi.org/10.1016/j.bpj.2025.01.019
http://www.ncbi.nlm.nih.gov/pubmed/39876560
https://doi.org/10.1007/978-3-031-30852-9
https://doi.org/10.1007/978-3-031-30852-9
https://physics.nist.gov/cuu/Constants/index.html
https://physics.nist.gov/cuu/Constants/index.html
https://doi.org/10.1016/S0006-3495(99)77232-2
http://www.ncbi.nlm.nih.gov/pubmed/9929470
https://doi.org/10.1371/journal.pcbi.1006510
https://doi.org/10.1371/journal.pcbi.1006510
http://www.ncbi.nlm.nih.gov/pubmed/30286073
https://doi.org/10.1016/j.tins.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21470699
https://doi.org/10.1126/science.1154330
http://www.ncbi.nlm.nih.gov/pubmed/18369150
https://doi.org/10.1038/s41467-023-38340-9
http://www.ncbi.nlm.nih.gov/pubmed/37169755
https://doi.org/10.1113/jphysiol.1993.sp019965
http://www.ncbi.nlm.nih.gov/pubmed/7908327

	Accurate computation of ionic concentrations in the synaptic cleft requires the full Poisson–Nernst–Planck (PNP) equations
	1. Introduction
	2. Results
	2.1. Synapse dynamics
	2.2. Comparison of PNP and D solutions
	2.3. Ionic fluxes
	2.4. AMPA receptor current
	2.5. Parameter variations
	2.5.1. Varying the number of AMPA receptors. In the upper panel of Fig 6, we consider three different values for the number of AMPA receptors on the postsynaptic membrane. We observe that as the number of AMPA receptors is increased, the [Na+] decrease an
	2.5.2. Varying the number of released glutamate molecules. Next, in the lower panel of Fig 6, we consider variations in the concentration of glutamate in the synaptic vesicle. We consider the concentrations 100 mM, 150 mM, and 200 mM, corresponding to app
	2.5.3. Varying the cleft height. In the upper panel of Fig 7, we investigate the effect of the cleft height, h, i.e., the distance between the presynaptic and postsynaptic membranes. As h decreases, the synaptic cleft becomes less spacious and fluxes into
	2.5.4. Varying the cleft diffusion coefficients. Finally, in the lower panel of Fig 7, we vary the value of the factor, , by which the default diffusion coefficients in Table 1 are divided in the synaptic cleft. We observe that increasing , i.e., reducing


	3. Discussion
	3.1. A simple 1D problem illustrating that D is different from PNP
	3.2. Electrical drift contributes significantly to the ionic dynamics of the synaptic cleft
	3.3. Computational cost
	3.4. Limitations
	3.5. Conclusion

	4. Methods
	4.1. The Poisson–Nernst–Planck (PNP) model
	4.2. The pure diffusion (D) model
	4.3. Parameter values, initial conditions and boundary conditions
	4.4. Synaptic vesicle
	4.5. AMPA receptor flux
	4.5.1. Markov model for the AMPA receptor open probability. The model for the AMPA receptor open probability is given by the following Markov model from [33]:

	4.6. Numerical methods

	Supporting information
	References


