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Modeling Study of the Effects of Membrane Surface Charge on Calcium
Microdomains and Neurotransmitter Release
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ABSTRACT Synchronous neurotransmitter release is mediated by the opening of voltage-gated Ca®* channels and the build-up
of submembrane Ca®" microdomains. Previous models of Ca®" microdomains have neglected possible electrostatic interactions
between Ca®* ions and negative surface charges on the inner leaflet of the plasma membrane. To address the effects of these
interactions, we built a computational model of ion electrodiffusion described by the Nernst-Planck and Poisson equations. We
found that inclusion of a negative surface charge significantly alters the spatial characteristics of Ca>* microdomains. Specifically,
close to the membrane, Ca®* ions accumulate, as expected from the strong electrostatic attraction exerted on positively charged
Ca®* ions. Farther away from the membrane, increasing the surface charge density results in a reduction of the Ca®"
concentration because of the preferential spread of Ca2* ions along lateral directions. The model also predicts that the negative
surface charge will decrease the spatial gradient of the Ca®* microdomain in the lateral direction, resulting in increased overlap of
microdomains originating from different Ca®* channels. Finally, we found that surface charge increases the probability of vesicle
release if the Ca" sensor is located within the electrical double layer, whereas this probability is decreased if the Ca®* sensor lies
at greater distances from the membrane. Our data suggest that membrane surface charges exert a significant influence on the

profile of Ca®* microdomains, and should be taken into account in models of neurotransmitter release.

INTRODUCTION

The entry of Ca®" ions through voltage-gated Ca*" channels
is necessary for triggering vesicle fusion and neurotransmitter
release (1,2). Electron microscopy studies of vertebrate syn-
apses provide strong evidence for strict colocalization be-
tween synaptic vesicles and transmembrane particles, thought
to be Ca’™* channels, with an estimated channel-vesicle dis-
tance of ~10-30 nm (3). Several studies point to a direct
physical and functional interaction between voltage-gated
Ca®" channels and several vesicle-associated proteins im-
plicated in neurotransmitter release (3-5). Because of the
limited rate of diffusion of Ca®" ions within the cytoplasm
and small Ca?>" channel-vesicle distances, the Ca®* concen-
tration ([Ca]) at the sensor protein is thought to attain levels
much higher than those present in the bulk. Due to the small
spatial scale of these Ca>" signals (Ca>* microdomains), it
has been impossible thus far to investigate their properties
experimentally by direct Ca®" imaging. Therefore, informa-
tion regarding their shape and dynamics has remained elusive.

Theoretical modeling is thus the only viable approach for
making inferences about the detailed properties of the Ca®™"
microdomains and their linkage to neurotransmitter release.
Computer simulations of Ca’* microdomains, based essen-
tially on Fick’s law of diffusion, have demonstrated that at a
few tens of nanometers from an open Ca>" channel, where
the sensor protein is supposedly located, the [Ca] reaches
levels >100 uM (6-8). In addition, the predicted [Ca] pro-
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files show steep spatial gradients, such that within several
hundred nanometers from the channel the enhanced [Ca]
level has decreased to near bulk levels. Because of the steep
Ca** microdomain gradients, these models predict that re-
lease of a docked vesicle would be mainly controlled by the
colocalized Ca®* channel, even in the presence of other Ca’t
channels located farther away from the vesicle (9,10).
Although some functional data, such as those derived from
lower vertebrate synapses, essentially support these theoret-
ical predictions (11-13), recent results on the mammalian
calyx of Held and cortical synapses seem to suggest a dif-
ferent scenario (14,15). First, at the release Ca®" sensor of the
rat calyx of Held, a much smaller [Ca] (10-25 uM) was
found to be sufficient to achieve both the amount and the
kinetics of the transmitter release under physiological con-
ditions (1,16). Second, experiments aimed at evaluating the
sensitivity of neurotransmitter release to Ca®’ channel
blockers and fast Ca®" buffers indicate that remote Ca’*
channels may also contribute to the fusion of a single vesicle,
with some of them possibly being as far as 100 nm from the
release Ca>" sensor (16,17). These recent observations can-
not be reproduced by theoretical models that assume a strong
colocalization between Ca>* channels and release vesicles,
as the structural evidence suggests (9). Alternatives include
consideration of a less strict channel-vesicle colocalization at
the Calyx of Held synapse in the rat (9). However, conclu-
sions about Ca”" channel-vesicle topography based on in-
terpretation of available functional data strongly rely on the
validity of the employed theoretical models of Ca®" micro-
domains. These should take into account all the relevant
physical processes or parameters necessary to give a correct
prediction of the [Ca] profile near an open Ca>* channel.

doi: 10.1529/biophysj.107.124909
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One potentially relevant factor that has not been incorpo-
rated into existing models of Ca>* microdomains and neu-
rotransmitter release is electrostatic force, which could
markedly influence the distribution of Ca** ions within the
cell. It is known that the inner leaflet of mammalian plasma
membrane carries a significant negative charge due to the
negatively charged phospholipid headgroups and amino
acids of membrane proteins facing the cytoplasm (18,19). In
addition recent studies suggest that phosphoinositides, car-
rying a substantial negative headgroup charge, concentrate at
the presynaptic active zones (20,21), raising the possibility
that the negative surface charge density at release sites may
well be even higher than in other regions of the plasma
membrane. It is also established that these negative charges
generate a negative electrostatic potential that persists for
several nanometers within the electrolytic solution bathing
the membrane. This negative potential will attract cations and
repel anions, and will have an impact on the distribution of
ions in the immediate vicinity.

In this article, we explore a possible role of membrane sur-
face charges in shaping the Ca®" microdomain around an open
Ca®" channel. This has been achieved by using a computa-
tional model that calculates the ionic concentration profiles
and the electrostatic potential near the membrane, in the
presence of Ca>* influx. We have also tested how the changes
in the Ca>* microdomain properties induced by membrane
surface charges will reflect on the Ca®"-dependent neuro-
transmitter release. Our results indicate that surface charges
make a tangible contribution toward shaping Ca”>" micro-
domains, thus changing the predicted neurotransmitter release.

THEORY
The model

Our model consists of a flat plasma membrane bathed by an electrolytic
aqueous solution. The negative charges at the surface of the membrane,
mainly due to phospholipid headgroups, are represented as a uniformly
smeared negative surface charge density, or, which in our calculations varies
up to —0.1 C/m?, a value within the range experimentally determined for the
inner leaflet of plasma membranes (19). Theoretical Poisson-Boltzmann
calculations indicate that the approximation of discrete membrane charges
with a uniformly smeared membrane charge has realistic consequences in the
assessed profile of the electrostatic potential, at least for physiologically
relevant membrane phospholipid compositions (22). The plasma membrane
also contains one or more Ca*>" channels through which Ca®>" ions can enter
the electrolytic solution at a rate that depends on the unitary Ca’” current, ic,.
The solution in contact with the membrane contains K+, Ca”, Mg”, and
Cl™ ions in addition to a mobile buffer, Bz’, that binds Ca®>* ions in ac-
cordance with the following 1:1 reaction scheme

k
B +Cat 2 CaB,

k_y

(Scheme 1)

where CaB represents the buffer molecule bound to Ca®*,and k; and k_, are
the Ca>" binding and unbinding rate constants. In our calculations, the
species concentrations at the bulk (very far from the membrane) are as
follows. The concentration of free (unbound) Cca’*, [Calpu, is 1077 M; the
concentration of free buffer, [B], is settled according to the following
equilibrium condition for scheme 1:
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[B] = ki[Ca] + k_,’ 0

where Br, the total buffer concentration, is considered to be 0.5 mM. The
concentration of the Ca>*-bound buffer, [BCal, is (Br-[B]); the concentra-
tion of K*, [K], is set to 0.14 M + 2[B]; the concentration of Mg”, [Mg], is
set to 0.5 mM. Last, the concentration of Cl~ ions, [Cl], chosen to ensure
electroneutrality, is 0.14 M + 2 [Ca] + 2 [Mg]. Since in our computations we
considered only the steady-state [Ca] profile, immobile buffers can be
neglected, since their tendency to saturate does not allow any significant
contribution (23).

The flux conservative equation

The concentration profiles near the membrane are calculated by solving the
flux conservative equation, applied to each ion present in the electrolytic
solution. We considered the steady-state form of the flux conservative
equation, which for ion j reads

Vfi+F; =0. 2)

The term f; represents the flux of particle j due to electrodiffusion. Following
Nernst and Planck, we describe the electrodiffusional flow by

F

where Dj is the diffusion coefficient of ion j, Cj is its concentration, and z; its
valence; F is the Faraday constant, R is the gas constant, 7 is the absolute
temperature and V is the electrostatic potential. Equation 3 contains two
additive terms, each having its own physical meaning. The first term
describes the motion of particles through a concentration gradient VC;j,
according to Fick’s first law of diffusion. The second term accounts for the
drift velocity of a charged particle, induced by the electric field —VV.

The term Fj in Eq. 2 accounts for changes in particle concentration due
to chemical reactions. In our model, the only chemical reaction considered
is the binding of Ca®* to the mobile Ca*>" buffer (Scheme 1). Accordingly,
Fj =k, [Ca] [B] —k_, [CaB] when j represents either Ca®" or B*™ and Fi=
k_1 [CaB] —k; [Ca] [B] when j represents CaB. For the other species present
in solution, F; = 0.

The Poisson equation

In our model, most of the particles residing in the electrolytic solution pos-
sess a charge. Their concentration profiles will thus be also determined by the
electrostatic potential, V, according to Eq. 3. The value of V is determined by
considering all the charges present in the system, including the charged
particle in the electrolytic solution and the surface charge on the membrane,
by solving the following Poisson equation

_ 7F chjzj
gey

Vv @)
where Cjis the ion concentration of species j, z; is its valence, F is the Faraday
constant, & is the permittivity of vacuum, and ¢ is the relative permittivity of
water, considered to be 80. In Eq. 4, j extends over all ion species present in
the electrolytic solution. Notice that Eq. 4 does not take into account the
negative surface charge present on the membrane, o. The contribution of o to
the electrostatic potential will be introduced by the following Neumann
boundary condition, imposed at the interphase between the membrane and
the electrolytic solution

V=7, 5)

&€&

where V| is the gradient normal to the membrane surface.
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Binding of cations to the membrane
surface charges

It is well known that monovalent and divalent cations present in the solution
can bind to negatively charged phospholipids, reducing the effective surface
charge density, o. The term ‘‘binding’’ is here used to describe interactions
between ions and phospholipids that exceed those made through the mean
electrostatic field. Following the work of McLaughlin et al. (18), we assume
that K™ ions bind to the negatively charged phospholipids P~ according to
the scheme

K" +P 2PK, (Scheme 2)
characterized by the association constant K; = {KP}/({P~}[K]), where the
braces denote surface concentrations. Similarly, divalent Ca®>* and Mg?*
ions can bind to negative phospholipids according to the scheme (here shown
for Ca®™)

Ca" +P 2 CaP", (Scheme 3)
which has association constants K, = {CaP}/({P~ }[Ca]) for Ca*" binding,
and K5 = {MgP}/({P~}[Mg]) for Mg>" binding. Considering that the total
surface charge density ot is given by —F{P~ }, the equilibrium surface charge
density will be given by

1 — K, [Ca] — K; [Mg]
I+ K, [K] + K, [Ca] + K; Mg]

(6)

g =

where [Ca], [Mg], and [K] refer to the concentrations adjacent to the
membrane surface. In our model, we considered K; = 0.15 M, K, = 12
M, and K5 = 6 M assessed for ion binding to phosphatidylserine-
containing membranes (18,24).

Computational implementation

The system to be solved consists of coupled partial differential equations,
namely, the flux conservative equation for each mobile species (Eq. 2) and
the Poisson equation of electrostatics (Eq. 4). Individually, each of these
equations was solved using a finite-difference approach, and implementing
the successive over-relaxation method described in Press et al. (25). The
solution of the overall system was found by applying the following iterative
scheme, similar to that applied for the solution of the same set of equations in
calculations of ion channel permeation (PNP theory (26)).

1. Starting from an initial estimate for the ion concentration profiles, the
effective surface charge density is assessed using Eq. 6.

2. A new electrostatic potential profile is found by using the Poisson equa-
tion (Eq. 4). As stated above, this solution was obtained by the successive
overelaxation method, using the following criterion to stop the iteration:
(F/RT) X (V™ — v°!%) < 1072, where V™" and V°! are the V values
found at two successive iterations.

3. The newly computed electrostatic potential is then used to solve the flux
conservative equation for each ion species (Eq. 2). We used a successive
over-relaxation scheme, as described in Cardenas et al. (27), with a tolerance
of 1077, Because of the Ca®>" buffering reaction, the flux conservative
equations for Ca®" s Bz’, and CaB species are coupled. At each iteration, the
concentration profile for these particles was assessed using the previously
determined concentration profiles for the other two species.

4. The relative change in the concentration of each ion species and elec-
trostatic potential is assessed. If these values are all < 10’7, the iteration
halts; otherwise, a new iteration is started.

We found that this iterative scheme was stable provided that the Poisson
equation solved at each iteration was modified as (28)

Vo= -G+ (L5G) @ - 0™). @
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Equation 7 is derived from Eq. 4 by making nondimensional the spatial
variable (dividing by d = 0.1 A), the electrostatic potential (dividing by
RT/F), and the ion concentrations (multiplying by F* 2d%/(ecoRT)). In addition,
the second term on the righthand side of Eq. 7 has been added. Since this term
is zero when the solution of the system is reached (¢™" = ¢°'), it does not
influence the final output of the computation. However, during the iterative
scheme, this term dampens the oscillatory behavior of the electrostatic
potential, making the iteration stable.

For each condition tested, we first solved the ion concentration profiles
and electrostatic potential in the absence of Ca®* influx. Due to the symmetry
of the system in all directions parallel to the membrane, this solution was
found by applying the iterative scheme described above to one-dimensional
versions of Egs. 2 and 4, which describe the spatial profiles of the variables
along the z-direction, normal to the membrane. To find this solution, the
following boundary conditions were used: for the flux conservative equation,
fat z =0 (at the membrane) was settled to zero (reflective boundary con-
dition), whereas at the other extreme (very far from the membrane), the ion
concentrations were fixed to their given bulk values. In the Poisson equation,
atz=0,dV/dz = —o/egy, and at z = L, V = 0. The concentration and potential
profiles found under these equilibrium conditions were then used as starting
values for the subsequent two- or three-dimensional computations made in
the presence of Ca®" influx. In this case, the following boundary conditions
were used: for the flux conservative equation, f; = 0 at z = 0 everywhere and
for all ion species. At the Ca®>* channel location, fc, = —ica/(zcaFA), where A
is the area of the membrane facing the computational box containing the
channel. At the other boundaries, ion concentrations were fixed to their
equilibrium values, as determined from the previous one-dimensional
computation. For the Poisson equation, dV/dz = —o/eg, at the membrane,
whereas at the other boundaries, V was fixed to the equilibrium value, found
in the one-dimensional computation.

Depending on the number of Ca®>" channels present in the membrane, we
used either two- or three-dimensional versions of Eqs. 2 and 4. In the presence
of only one open Ca>* channel, the system has cylindrical symmetry, al-
lowing its solution on a two-dimensional grid, including a z direction normal
to the membrane and an r direction parallel to the membrane, and expressing
the distance from the Ca>* channel. The minimum grid-element size had a
width (Ar) of 0.01 nm and a height (Az) of 0.01 nm, with its origin centered at
the channel site. The dimensions of each adjacent grid element were increased
by increasing Ar by 20% in the r direction, and Az by 20% in the z direction.
The computational box had a total dimension of 1.36 um in both the z and r
directions, and was composed of a total of 56 X 56 grid elements. We verified
that reducing the size of the computational grids and assuming constantly
spaced elements did not appreciably change the solution.

In the presence of more than one Ca®" channel, the system loses its cy-
lindrical symmetry. Therefore, in this case, we used a three-dimensional
version of Egs. 2 and 4, solved along the x and y directions parallel to the
membrane, and the z direction normal to the membrane. The dimensions of
the grid elements were settled in the following way. Az had the same values
used in the two-dimensional computations, whereas the values of Ax and Ay
had values 0of 256, 128,64, 32,16,8,4,2,1,2,4,8,4,2,1,2,4,8,4,2,1,2,4,
8, 16,32, 64, 128, and 256 nm. The computational box had a total dimension
of 1.031 wm in both the x and y directions, and 1.36 wm in the z direction, and
was composed of a total of 14,297 grid elements. The six Ca®" channels were
placed in correspondence with the grid elements having Ax = Ay = 1 nm in
contact with the membrane.

Numerical tests

To check the accuracy of the code, we tested our output against several
limiting cases for which analytical solutions exist. We first tested the Poisson
equation and the flux conservative equation of our two-dimensional code
separately. The Poisson equation was tested by considering a system con-
taining no ions in solution and a flat charged membrane at z = 0, by imposing
V = 0 at the computational grids farther from the membrane. For this system,
the analytical solution for the electrostatic potential profile is
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ag
V(z) =L - x). ®)
&€y
Fig. 1 A shows that our code accurately reproduced this solution.

The two-dimensional flux conservative equation was tested by computing
the [Ca] profile in the presence of an open Ca*>" channel, in the absence of
Ca*" buffers, and not considering electrostatics. The analytical solution of
this system is

Ica

[Ca](r) S DaEr + Co, )
where [Ca](r) is the [Ca] at the radial distance, r, from the Ca®>* channel, and
Cyisthe bulk [Ca]. As shown in Fig. 1 B, the [Ca] profile assessed by our code
was essentially identical to that predicted by Eq. 9. The two-dimensional flux
conservative equation was also tested for the case of Ca?* influx from a Ca**
channel in the presence of a relatively high concentration of Ca>* buffer
(10mM). In this case, buffer saturation is irrelevant, and the [Ca] radial profile
can be expressed as

Cal(r) = —5

—r/A
__ e iy
2aDzFr ¢ 0

(10)

D
ki [B]

Fig. 1 B shows that in this case also our code gives results essentially
identical to those obtained with Eq. 10.

We finally tested our iterative scheme, including the solution of both the
flux conservative and Poisson equations, by considering a system that in-
cludes a charged surface bathed by a 1:1 electrolyte in the absence of Ca**
influx. The analytical solution of this system, derived by Gouy and Chapman
(reviewed by McLaughlin (29)), is

withA =

RT. 1+ ye ™™
Viz)=-2—In| ———+— 11
@=2Gn( (T ). oy
b2
—2b/Ap+, [—5t4
withy = b b= 2e80RT andAp= caoRT with ion con-
= 2 T T Fe] T 200 R

centrations related to the electrostatic potential by the Boltzmann equation
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Cj _ ClijulkefszV(z)/RT' (12)
As shown in Fig. 1 C and D, in this case also our code recovered the solution
given by the above-reported analytical expressions.

Finally, we checked the three-dimensional version of our iteration
scheme by comparing its solution, obtained with only one open Ca®"
channel, with that obtained with the two-dimensional iteration scheme (data
not shown).

Release model

A large variety of Ca®"-triggered release models have been assessed ex-
perimentally and employed in modeling studies. Here we use a release model
derived from Ca®>" uncaging experiments at the rat calyx of Held synapse
(15), including five independent Ca®* binding sites

Skon[Cal 4kon[Cal 3kon[Ca) 2kon [Ca
<= XCa, XCa, XCa; =—=
kot 2kott 3kott Akott
kon[Ca] y . P
XCa, == XCa; 2 XCa, — F, (Scheme 4)
Skoft 5

where ko, = 3 X 108 M7 s71, ko = 3000 s7!, y = 30,000 s71, 6 =
8000 5™, and p = 40,000 s '. Since the Ca>* affinity of our release model
(as for any other existing release model) was derived experimentally in terms
of the [Calp,yx under equilibrium conditions, it in fact represents an apparent
Ca*" affinity, which in the presence of surface charges and with the Ca**
sensor located within the electrical double layer would differ significantly
from the true Ca" affinity. To overcome this problem, in our simulations we
changed the Ca** binding rate constant of the model (k,,,) to obtain an action-
potential-induced release probability under control conditions of ~0.2, a
value similar to that estimated at the rat calyx of Held synapse (9). The
release probability of a vesicle, P;, is defined as the probability that a vesicle
resides in state F at the end of a 5-ms computational time, starting from an
initial condition where the vesicle resides in state X. During the computation,
vesicle fusion is triggered by an action potential waveform obtained by using
the following Hodgkin-Huxley equations (30):

A 0 B 1000
-20 ~ 800 o result of computation
N -40 E 600 — analytical solution
\E" k) 00
> 60 - g, 4 no buffer
o result of computation
-80 — analytical solution 200
-100t 0 FIGURE 1 Comparison between existing analyt-
0.0 0.5 1.0 1.5 ical solutions (solid lines) and the output of our code
z (um) (open symbols) for different simple systems. (A) A
charged planar surface (or = —0.05 C/m?) with no
C D ions in solution. (B) The flux conservative equation
0 ’é\ 1.0 tested in the absence of buffer and with 10 mM of
: : Ca’" buffer. (C and D) A 1:1 electrolytic solution
_g 0.8 in cc;ntact with a charged membrane (o = —0.05
N . g 0.6 o result of computation C/m).
S -30 o result of computation 5 — analytical solution
Nt — analytical solution Q 0.4
> S
Q
ss_) 0.2
-60 E 0.0

z (nm)

z (nm)
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Copr = =g h(V = Viw) = g (V = Vi)
— 8Leak (V - VLea.k) + Iapp
dm dh (13)
— =an(l —m)— B, m, —=a,(l —h) — B,h,
dt ( ) Bm dt h( ) Bh
dn
— =a,(l —n) —B,n,
where @y = 0.1 (V+40)/(1 — eVH40/10) g —4e=(V+O)/18 o) —
0.07¢= (V0920 g — 1 /(1+4e VP30 o =0.01(V+55)/(1 —
e~ (VH99)/10) ¢ — 1 uFfem?, gna = 120 mS/cm?, gx = 36 mS/cm?, gy cax =

0.3 mS/cmz, VNa=50mV, Vg = =77 mV, and V| ¢x = —54 mV. An action
potential was induced by an applied current, I,,, = 30 wAfem?, of 1-ms
duration.

In our model vesicle fusion is triggered by one Ca>* channel, described
by the following two-state kinetic scheme (31,32)

C 20,
B

with @ = 0.6 X exp(V/6) and B = 0.2 X exp(—V/26.7). During the
computation, the residence of each Ca®" channel in the open and closed state
is determined using a Monte Carlo approach. Specifically, at each time step
At (1 us), arandom number is generated (ran3 routine of Press et al. (25)) and
the decision to accomplish the channel transition is made by comparing this
number with the probability that a closed Ca*>* channel opens (given by aAr)
or the probability that an open Ca*" channel closes (given by BAf). A similar
approach was used to compute the state transitions of the release machinery,
governed by Scheme 4. The release model we used assumes that after the
Ca** channel opens, the Ca®* sensor will instantaneously report the steady-
state [Ca] produced by the Ca*>" influx. This assumption is justified by
previous theoretical studies showing that the steady-state [Ca] in close
vicinity to an open Ca®" channel is reached within very short times (23).

Parameters

Table 1 gives descriptions and numerical values for the parameters used in
this study. The parameters K, K5, and K3, describing the equilibrium con-
stants for ion binding to phospholipid membranes, were taken from studies
assessing ion binding affinity to phosphatidylserine-containing membranes
(18,24). As in Shahrezaei and Delaney (33), we considered an endogenous
buffer with a rather high affinity, fast kinetics, and slow diffusion (34). We

TABLE 1 Summary of parameters used

Description Value

Equilibrium constant for K* binding Ky =015M"
to negatively charged phospholipids

Equilibrium constant for Ca** binding K, =120M""
to negatively charged phospholipids

Equilibrium constant for Mg>" binding Ky;=60M"
to negatively charged phospholipids

Bulk KCI concentration [KCl] = 0.14 M

Bulk CaCl, concentration

Bulk MgCl, concentration

Total Ca®* buffer concentration

Ca** association constant of the buffer

Ca®* dissociation constant of the buffer
Total membrane charge density

Ca** current throught the Ca*" channel

[CaClL] = le-7T M
[MgCl,] = 0.5¢-3 M
[Br]l = 0.5¢-3 M
k=38 M5!
k. = 600.0 57"
or = 0.0 to —0.1 C/m?>
ica = 0to —0.2 pA

Valence of free buffer zg = —2.0
Valence of Ca®>"-bound buffer Zpca = 0.0
Ca*" jons diffusion coefficient D¢y = 220 um?/s

Ca** buffer diffusion coefficient Dg = Dg, = 27.5 ;Lm2/s
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used 0.5 mM of this buffer, equivalent to a buffer capacity of 250. Total
surface charge density (or) was considered a variable parameter whose
numerical values ranged between 0 and 0.1 C/mz, in accordance with the
surface charge densities found for the inner leaflet of mammalian plasma
membrane (19). Finally, we considered a Ca®* current of 0.2 pA and a Ca**
diffusion coefficient of 220 wm?/s. The sensitivity of the output of the model
to variations of the main parameters is presented in Supplementary Material,
Data S1.

RESULTS

Ca?* microdomain profiles in the presence of
membrane surface charge

Fig. 2 shows results obtained from simulations taken in the
absence of Ca?* influx and with a membrane surface charge
density of —0.05 C/m?, a value comparable to those found for
the inner leaflet of mammalian plasma membranes (19,29).
The negative charge localized at the surface of the membrane
generates a negative electrostatic potential that decays to near
zero within a few nanometers from the membrane (Fig. 2 A).
As shown in Fig. 2 B, this negative electrostatic potential
causes an increase in the [Ca] near the membrane, according
to the Boltzmann relationship valid under equilibrium con-
ditions:

[Ca] = [Cal,,, eizCL‘FV(Z)/RTv (14)

where [Calyui is the bulk Ca®" concentration, zc, is the
valence of Ca’* ions, V(z) is the electrostatic potential at a
distance z from the membrane and F, R, and T are the Faraday
constant, the gas constant, and the absolute temperature,
respectively. Fig. 2 C shows the relationship between the
[Ca] at 0.1, 1, and 10 nm from the charged membrane and the
[Calpu, built by making simulations in the presence of
varying [Ca]pyk. At a distance of 10 nm from the membrane,
[Ca] = [Ca]puik, as expected from Eq. 14 for an electrostatic
potential close to zero (cf. Fig. 1 A). By contrast, at distances
of 0.1 and 1 nm from the membrane, the [Ca] is significantly
higher than the [Ca]yyk, as expected from the negative
electrostatic potential present at these locations (cf. Fig. 2 A
and Eq. 14). The [Ca] versus [Ca]yx relationships for z = 0.1
and 1 nm end up being sublinear because of the significant
binding of Ca’* ions to the negative membrane surface
charge at the higher [Ca],,x (Which causes a sensible reduc-
tion of the net surface charge density, o, and the electrostatic
potential, V (Fig. 2 D)).

Fig. 3 compares simulations of Ca>* microdomains ob-
tained in the presence of an open Ca®* channel, when the
membrane has no surface charge, and with a membrane
carrying a surface charge of —0.05 C/m* and —0.1 C/m?. Fig.
3 A shows the [Ca] profiles along the z axis (normal to the
membrane) at a radial distance of r = 0 (in front of the
channel), and Fig. 3, B—D, shows the [Ca] profiles along the r
axis (parallel to the membrane) at distances of 0.1, 1, and 10
nm from the membrane. It is evident that inclusion of a
negative surface charge significantly changes the [Ca] pro-
files. Very close to the membrane (z = 0.1 nm), the [Ca] is
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FIGURE 2 Diffuse double layer near a charged mem-
brane in the absence of Ca’’ influx. (A) Electrostatic
potential (V) as a function of the distance from the mem-

brane (z), obtained from a simulation carried out in the

absence of Ca?* influx and with a membrane surface charge
density of —0.05 C/m>. (B) [Ca] as a function of distance
from the membrane, obtained from the same simulation
used in A. (C) Relationship between the [Ca] at 0.1, 1, and
10 nm from the membrane and [Ca]p,y, obtained from a
series of simulations carried out in the absence of Ca>"
influx and with a surface charge density of —0.05 C/m?. (D)
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Dependence of the effective (unbound) charge density (o)
and electrostatic potential (V at z = 0) on the [Ca]py,
obtained from the same simulations used in C.
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[Calyu (MM)

much higher in the presence of negative surface charges (Fig.
3 B) due to the strong attraction exerted by the negative
electrostatic potential at these locations (Fig. 3 B, inset).
Farther from the membrane, at z = 1 nm, the [Ca] in the
presence of surface charge is still higher for relatively high
radial distances from the channel (Fig. 3 C), in accordance
with the existence of a still significantly negative electrostatic
potential (Fig. 3 C, inset). However, at smaller distances from
the Ca®>" channel, the [Ca] estimated in the presence of
surface charge is smaller than in the absence of surface
charge. This result suggests that besides an obvious attractive
tendency on Ca®" ions, surface charges exert an additional
action that tends to reduce Ca>* accumulation near the point
of Ca?* influx. This effect is even more evident by looking at

0.0 0.5 1.0 1.5 2.0 2.5
[Caluuc (MM)

the [Ca] profiles obtained at 10 nm from the membrane,
where the electrostatic potential is decayed close to zero (Fig.
3 D, inset). In this case, the [Ca] in the presence of surface
charge is lower than the [Ca] obtained without surface charge
for radial distances from the channel <~40 nm. For higher
radial distances, surface charges have only minor effects on
the [Ca] (Fig. 3 D).

A possible explanation for the observed reduction in the
[Ca] at small radial distances from the channel could be that a
preferential surface diffusion of positively charged ions along
the plane of the membrane is promoted by the negative sur-
face charge (35,36). Surface charges would indeed favor
Ca’* ions spreading out very efficiently along the lateral
direction while allowing a much slower redistribution into

A 300 B
i 4000
s 2007 g 0;=0.0 C/m’
= g 6,=-0.05 ¢/m* FIGURE 3 Effects of surface charge
8 100 | G 2000 6,=-0.1 C/m>  on the submembrane [Ca] profile in the
presence of Ca®" influx. [Ca] profiles
along the z directions at r = 0 (A), and
0 7 y v 0 along the r direction at 0.1, 1, and 10 nm
. 0 40 5O 80 from the membrane (B—D, respectively)
z (nm) r (nm) for a diffusion model without surface
C D 2210 nm 4 charge (solid lines) and in the presence
: of surface charge densities of —0.05 and
—0.1 C/m? (dashed and dotted lines,
. $ r respectively). For all models, ic, = —0.2
z < pA. The insets show the spatial profiles
\T;: g of the electrostatic potential for the same
Y simulations.
Ca channel
80

r (nm)
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the third dimension normal to the membrane. To verify this
hypothesis, we looked at the effects of surface charges on the
electrodiffusive fluxes in both the lateral and normal direc-
tions. As shown in Fig. 4, the presence of surface charges
markedly increases the lateral flux (estimated at the compu-
tational boxes in contact with the membrane) while produc-
ing a significant decrease of the electrodiffusive flux along
the direction normal to the membrane (estimated for the
computational boxes right in front of the channel). These
results suggest that in the presence of surface charge, Ca®"
ions preferentially travel along the lateral direction and very
close to the membrane, thus reducing their accumulation at
points more distant from the membrane.

Effects of surface charge on the overlap of
multiple Ca®* microdomains

To better understand the effects of surface charges on the
spatial profile of the Ca>* microdomain, in Fig. 5 we plotted
the [Ca] profiles of Fig. 3, normalized to the [Ca] present at 0.1
nm from the point of Ca®" influx. These plots suggest that a
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radial flux
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FIGURE 4 Changes of the Ca fluxes in the presence of surface charge. The
electrodiffusive fluxes of Ca>* jons assessed (A) in the radial direction, at z =
0, and (B) along the direction normal to the membrane at the inner face of the
channel (r = 0). The data are obtained from the same simulations presented in
Fig. 3.
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relevant effect of negative surface charges is to decrease the
steepness of the Ca®" microdomain decay in the r direction,
with the result that the [Ca] remains elevated for longer dis-
tances from the point of Ca®" influx (Fig. 5, B-D). By con-
trast, surface charges cause an increase in the steepness in the z
direction, normal to the membrane (Fig. 5 A). The changes in
the shape of Ca>* microdomains due to the presence of a
surface charge can also be appreciated by the isoconcentration
profiles shown in Fig. 5, E and F. It is evident that the Ca®"
microdomain, symmetrically distributed along the r and z
directions in the absence of surface charges, flattens out in the
presence of negative surface charges.

An interesting consequence of the reduced steepness of [Ca]
profiles along the direction parallel to the membrane is an
increased overlap of Ca®" microdomains originating from
distinct Ca®" channels. This is better appreciated in the three-
dimensional simulations shown in Fig. 6, where we consider
six Ca®" channels (I-6) located 21 nm from each other (Fig. 6
A), and compare the [Ca] profiles near channel 1 when all six
channels are open and when channels 2—6 are turned off (Fig. 6
B). This allows us to assess the contribution of neighbor
channels to the Ca’* microdomain established by channel
1 (Fig. 6 C). As shown in Fig. 6, B and C, the contribution of
channels 2-6 to the total [Ca] close to channel 1 is significantly
increased when a negative surface charge is introduced, indi-
cating an increased Ca®>" microdomain overlap.

Comparing the modeled Ca®* microdomain with
experimental data

Experimental estimates of submembrane [Ca] near a point of
Ca’" influx is usually performed by the so-called reverse
approach (14,15,37). Specifically, the activity of Ca®*-
dependent proteins placed in close proximity to the site of
Ca”" entry, such as Ca®"-activated K channels or the Ca®*
sensor of the release machinery, is first evaluated in the ab-
sence of Ca?" influx, by applying different [Calys under
equilibrium conditions. In the presence of Ca*>* influx, the
[Ca] reached at the sensor protein is then assumed to be equal
to the [Ca]py that under equilibrium conditions (no Ca®™"
influx) would give the same degree of sensor protein acti-
vation, a quantity we here call apparent [Ca] at the sensor
protein, [Ca]gp«. Obviously, because of the Ca®" accumu-
lation near a negatively charged membrane, for a sensor
protein located very close to the membrane (where the
electrostatic potential is still significantly negative (cf. Fig.
2)) the [Cal],,x needed to attain a given protein activity (i.e.,
the [Ca]gsp+) will be lower than the actual [Ca] in contact with
the sensor protein. It follows that the appropriate output of
our model to be compared with experimental data deriving
from the reverse approach is the Ca>* microdomain profile
given in terms of the [Ca]sp+. The converted Ca®" micro-
domain profiles, assessed from [Ca] versus [Ca]yy rela-
tionships similar to those shown in Fig. 2 C, are shown in Fig.
7. These profiles indicate that the [Ca]gp+ in the presence of a
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surface charge is significantly smaller than the [Ca]gp+ in the
absence of a surface charge (obviously, in the absence of
surface charge, [Ca] = [Ca]sp«) for small distances from the
channel, in both the r and z directions. At distances farther
from the Ca®" channel, no substantial differences are ob-
served in the [Ca]gp+ profiles of the two models. These results
indicate that membrane surface charges tend to reduce the
estimated [Ca] at the sensor protein, provided that a strong
Ca*" channel-vesicle colocalization exists.

Effects of membrane surface charge on modeled
synaptic release

The results shown above suggest that the presence of a sur-
face charge at the inner leaflet of the membrane may have a
significant effect on the vesicle release probability. To verify
this notion, we used a Ca®"-dependent release model, de-
rived from experiments carried out on the calyx of Held (15),
and looked at the effects of varying the membrane surface
charge on the release probability. In these simulations, we
assumed that the fusion of the vesicle is gated by only one
Ca** channel placed at a radial distance of either 10 or 40 nm

from the vesicle Ca®" sensor. In the model, vesicle fusion is
evoked by an action-potential-like voltage waveform that
controls the gating of a two-state voltage-gated Ca>" channel
(31). Since the Ca*>* affinity of the release model we used (as
for any other existing release model) was derived experi-
mentally in terms of the [Ca]y, under equilibrium condi-
tions, it represents an apparent Ca”* affinity, which, in the
presence of surface charges and with the Ca®" sensor located
within the electrical double layer, may differ significantly
from the true value. To overcome this problem, in our sim-
ulations we changed the Ca®>" binding rate constant of the
model (k,,) to obtain an action-potential-induced release
probability under control conditions of ~0.2, a value similar
to that estimated at the rat calyx of Held synapse (9). As
shown in Fig. 8, we found that the effect of changing the
surface charge density on the predicted neurotransmitter re-
lease varies depending on the position of the Ca”>" sensor
relative to the membrane. When the Ca>" sensor is placed
very close to the membrane (i.e., within the electrical double
layer), the evoked release probability increases with charge
density. This is due to the increase of the [Ca] at these lo-
cations, promoted by the electrostatic attraction of Ca>* ions

Biophysical Journal 95(5) 2160-2171
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by the negative surface charge (cf. Fig. 3). By contrast, an
inverse relationship between the surface charge density and
the evoked neurotransmitter release is obtained when the
Ca”" sensor is located farther from the membrane (Fig. 8 D).
As shown in Figs. 3 and 4, this is due to a reduction of the
[Ca] at these locations caused by an increased lateral diffu-
sion of Ca** jons promoted by the surface charges.

DISCUSSION

In this study, we looked at the effects of negative membrane
surface charges on the properties of the Ca>* microdomains

20
distance from channel #1 (nm)

30 40 50

that build up around open Ca®" channels. We found that
membrane surface charges, present at densities comparable
to those found in the inner leaflet of plasma membranes,
substantially modify the height and shape of the Ca®* mi-
crodomain. Specifically, besides an expected attractive ten-
dency on Ca®" ions that results in an increased [Ca] very
close to the membrane, surface charges exert an additional
action that tends to reduce Ca®" build-up around open Ca**
channels. This causes a reduction in the [Ca] close to the
point of Ca®" influx, an effect that is particularly evident at
distances from the membrane >1 nm, where the electrostatic
potential is low.
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A possible explanation for this somehow unexpected result
is that the negative surface charge facilitates lateral diffusion
of the charged ions (35,36 (cf. Fig. 4)). Ca’" ions, attracted
by the negative surface charges, raise the electrostatic po-
tential in the vicinity of the channel, thus generating an
electrical gradient that in turn increases the diffusion of Ca®™*
ions in the lateral direction. In this way, surface charges
would enable a thin film of concentrated Ca”>* to spread out
very efficiently along the two dimensions of the surface
membrane, rather than moving away from the membrane.
Under this interpretation, electrostatics drastically change the
properties of Ca’* diffusion away from the Ca®* channel,
and clearly distinguish two distinct steps: a rapid lateral
spread along the negative surface potential, and a slower
redistribution of the spread Ca®" into the third dimension,
normal to the membrane.

Our model also shows that negative surface charges tend to
decrease the spatial steepness of the Ca®>" microdomain, re-
sulting in an increased overlap of microdomains originating
from different Ca®" channels. This result suggests a greater
contribution of distant Ca®" channels to the release of a
vesicle located very close to a point of Ca®" influx. This
could have particular relevance at synapses where vesicular
release is controlled by multiple Ca>* channels, such as
hippocampal and cerebellar synapses (17,38,39).

Another finding of this study is that surface charges reduce
the [Ca] estimated at the release Ca®" sensor by a reverse
approach, provided that a strong channel-vesicle colocali-
zation exists. This revisitation would, for instance, make the
estimated [Ca] at the Ca>" sensor of the calyx of Held syn-
apse (10-25 uM, which is significantly lower than the pre-
vious theoretical predictions of 75-300 uM at few tens of
nanometer from a Ca’" channel (7,8)) in principle not in
contrast with a strong channel-vesicle colocalization.

We have also found that changing the surface charge
density will have opposite effects on the action-potential-
evoked neurotransmitter release, depending on the distance

density of —0.05 C/m?.

of the Ca®" sensor of the release machinery from the mem-
brane. Specifically, if the Ca>" sensor lies within the elec-
trical double layer, the release probability increases with the
negative surface charge density. This is caused by the elec-
trostatic attraction of Ca®" ions by the negative surface
charges, which results in an increase of the [Ca] at these lo-
cations. By contrast, if the Ca®" sensor is located at farther
distances from the membrane, an increase of the negative
surface charge density causes a decrease of the release
probability. As we have seen, this is due to the preferential
lateral diffusion of Ca®" ions promoted by the surface
charge, which results in a decrease of the [Ca] at locations
relatively far from the membrane. Since experimental strat-
egies to change the surface charge density are known
(40), this theoretical prediction could be used to determine
the distance of the Ca>* sensor from the membrane in real
synapses.

Experimental data on the properties of Ca?* micro-
domains and neurotransmitter release are typically obtained
from patched cells, using exogenous Ca”" buffers such as
EGTA and BAPTA, which are considered to give informa-
tion on the degree of colocalization of the Ca sensor and the
point of Ca influx (1). These two Ca”" buffers have the same
affinity for Ca ions, but BAPTA has a binding constant ~100
times larger than that of EGTA, thus allowing the capture of
Ca®" jons in a very short time after their entry into the cy-
tosol, and in this way reducing the [Ca] at points relatively
close (<10 nm) to the Ca source. This kinetic difference
between BAPTA and EGTA is due to the different proton-
ation states of their Ca®* binding moieties at physiological
pH, with EGTA almost totally protonated, whereas BAPTA
shows a much lower pKa. In this respect, negative surface
charges are expected to electrostatically attract protons close
to the membrane, thus increasing the degree of protonation of
BAPTA molecules close to the point of Ca®" influx, and
reducing its Ca®" binding rate constant to values closer to
those of EGTA. This effect could in theory explain a number
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of experimental data showing that the Ca>" buffering capa-
bility of BAPTA, when compared to that observed for
EGTA, is not as high as expected (17,41-43).

The predictions of our model suggest that changes in
surface charge density could be instrumental in producing a
form of activity-dependent change in release probability.
Specifically, it is well known that aminophospholipid trans-
locases, the enzymes that regulate the negatively charged
phospholipid composition of the two sides of the plasma
membrane, have an activity strongly regulated by the [Ca];
(44), such that a significant decrease of negatively charged
phosphatidylserine present in the inner leaflet of plasma
membrane can be observed after an increase in the [Ca]; (45).
It is possible that changes in surface charge density are thus
used to modulate neurotransmitter release in response to
a strong Ca”" influx promoted by high-frequency neuronal
stimulation.

We are aware that this model, based on a continuum ap-
proach that greatly simplifies the numerical calculus, has
limitations. First, our model considers a homogeneous
smeared surface charge density and a mean field approach for
Ca ion diffusion. Although theoretical Poisson-Boltzmann
calculations have shown that this approximation is realistic
for physiologically relevant phospholipid compositions (22),
at the smallest distance from the membrane considered in this
article (0.1 nm), the mean field assumption could give results
significantly different from the real case of discrete mem-
brane negative charges. A more realistic view should include
only a few Ca ions and discrete plasma membrane charges
interacting with and influencing the diffusive movement.
Second, a more realistic synaptic geometry should include
membrane-associated synaptic vesicles, already shown to
sensibly modify Ca”" diffusion near open Ca®" channels
(33,46), as well as their cytoplasmic surface charge. It should
in addition consider the narrow escape problem (47) resulting
from the confined space between the plasma membrane and
the vesicle. All these limitations call for a more appropriate
approach, such as that provided by Monte Carlo simulations.
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