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MODELING OF EXCITATORY AMINO ACID TRANSPORTERS

AND CLEARANCE OF SYNAPTIC CLEFT ON MILLISECOND

TIME SCALE

Denis Shchepakin1,2,*, Leonid Kalachev1 and Michael Kavanaugh2

Abstract. Excitatory Amino Acid Transporters (EAATs) operate over wide time scales in the brain.
They maintain low ambient concentrations of the primary excitatory amino acid neurotransmitter glu-
tamate, but they also seem to play a significant role in clearing glutamate from the synaptic cleft in the
millisecond time-scale process of chemical communication that occurs between neurons. The detailed
kinetic mechanisms underlying glutamate uptake and clearance remain incompletely understood. In
this work we used a combination of methods to model EAAT kinetics and gain insight into the impact
of transport on glutamate dynamics in a general sense. We derive reliable estimates of the turnover
rates of the three major EAAT subtypes expressed in the mammalian cerebral cortex. Previous studies
have provided transporter kinetic estimates that vary over an order of magnitude. The values obtained
in this study are consistent with estimates that suggest the unitary transporter rates are approximately
20-fold slower than the time course of glutamate in the synapse. A combined diffusion/transport model
provides a possible mechanism for the apparent discrepancy.

Mathematics Subject Classification. 92C45, 35K57, 41A60.
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1. Introduction

Neurons and surrounding glial cells are the primary functional and structural units of central and peripheral
nervous systems. A neuron is an electrically excitable cell that receives, integrates, and transmits information by
a combination of electrical and chemical neurotransmitter signaling. Rapid synaptic transmission involves release
of neurotransmitter from presynaptic neuron terminals followed by diffusion across a synaptic gap and binding
to postsynaptic receptors that transduce the chemical signal into an electrical signal in the postsynaptic cell
(see Fig. 1). Functions of glial cells include support and homeostatic maintenance of the neurons’ environment,
and in some cases, reuptake of neurotransmitter.

In mammalian brain, excitatory synaptic transmission is mediated predominantly by the neurotransmitter
glutamate. In this work we focus on the transport and diffusion mechanisms involved in controlling glutamate
concentration changes during the signaling process. Data from a number of studies is consistent with the idea that
glutamate transporters maintain low ambient concentrations to prevent persistent glutamate receptor activation
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Figure 1. Cartoon representation of neurons and a neuronal transmission (Wikimedia
Commons, https://commons.wikimedia.org/wiki/File:Chemical synapse schema cropped.jpg).
Electrical impulses propagate down axon fibers and trigger release of neurotransmitter-filled
vesicles (inset) that diffuse across the synapse to bind and activate receptors on the postsynap-
tic cell. Astroglial cells (not shown) are variably interposed in the spaces between neurons.
Glutamate transporters EAAT1/2 are found predominantly on glial cells and EAAT3 is
expressed on neurons.

[7, 15, 18, 22, 35]. In addition, transporters aid in clearing synaptically released glutamate to facilitate rapid
high-fidelity chemical communication between neurons [12, 38]. While glutamate transporters are present on
both neurons and glia, glial transporters are likely to mediate the bulk of glutamate uptake [9]. Disruption in
their functions could lead to such problems as amyotrophic lateral sclerosis, Alzheimer’s disease and neuronal
death [25, 34].

The unitary turnover rate of transporters, i.e., the number of molecules that can be transferred from the
extracellular space across the membrane by a single transporter per unit of time, is crucial for understanding of
processes that shape synaptic transmission. The turnover rates reported in literature range from a few molecules
per second on the lower end [41, 43] to the numbers that are several fold greater [4, 13]. The chemical blockage
of transporters is reported to rapidly elevate the ambient glutamate levels [7, 15, 18, 22, 35] and prolong
glutamate receptor activation during synaptic transmission [1, 3, 26, 28, 36]. Paradoxically, the fastest turnover
time constant of the predominant glutamate transporter in the brain was estimated to be nearly two orders of
magnitude slower than the predicted time course of glutamate in the synapse [8, 37, 43]. It has been proposed
that buffering of glutamate by transporters, rather than actual uptake, plays an important role in rapid lowering
of neurotransmitter concentration during the first few milliseconds of synaptic transmission [11, 13]. In this work

https://commons.wikimedia.org/wiki/File:Chemical_synapse_schema_cropped.jpg
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we derive a model in order to reliably estimate turnover rates of EAAT1–3 from experimental data. We also
develop a model combining spatial diffusion and transport that could help explain the sensitivity of postsynaptic
glutamate receptor responses to modulation of uptake despite low turnover rates of transporters.

2. EAATs chemical kinetics models

2.1. Existing models

EAATs transport glutamate against its electrochemical gradient using the electrochemical gradients of other
ions that are stoichiometrically coupled to glutamate flux. With each molecule of glutamate 3 Na+ and 1 H+

are co-transported, and 1 K+ is counter-transported [24, 44], i.e., the net charge of +2 moves into the cell
with each full cycle. This allows one to collect the data related to glutamate transport by recording the charge
movement in cells expressing the transporters in electrophysiology experiments. The corresponding chemical
kinetics model, depicted in Figure 2a, has been proposed and studied, e.g., in [5, 21]. Glutamate transporters
also play a role of a chloride channel [41, 42], i.e., Cl− can permeate some states of the model depicted on
Figure 2a resulting in a net charge movement. The exact states that can interact in such a way with chloride
ions are not known. If we assume that this is possible for all states, this will increase the number of states in
the model to twice as many.

Unfortunately, the model is overparameterized with respect to the existing data and, therefore, most indi-
vidual reaction rate constants have statistically unreliable estimates. It is possible to reduce the model under
certain conditions during controlled experiments in order to extract important physical properties of the trans-
porters, such as turnover rate. Let us consider an excised patch clamp type of experiments. A glass micropipette
with very fine opening on one end (∼1µm in diameter) is gently pushed against a single cell to form a tight seal
with its membrane. Pulling the pipette causes rupture and reseal of the small portion of the membrane on the
tip of the glass tube, a “patch”. Depending on the technique of pulling, the outer side of the membrane could
either face the inside of the pipette (called “inside-out patch”) or the outside of the pipette (called “ouside-out
patch”). The obtained patch retains the local structure of the cell membrane, including transmembrane pro-
teins like ion channels and transporters. The solutions inside and outside of the micropipette are controlled by
the investigator and represent cytoplasm and extracellular fluid. The solution in the bath, i.e., outside of the
micropipette, can be rapidly switched by physically moving the pipette or bath. A piezo electric switch is often
used for such purposes and it allows for a solution change within a few milliseconds. After the preparations
one can study the flux of ions across the patch using electrophysiology techniques, e.g., voltage clamp (the
membrane potential is fixed and the current that corresponds to the flow of ions is recorded). Since we have
the total control of the solutions that represent intracellular and extracellular space in excised patch clamp
experiments, let us adjust the ion concentrations in a such way that they accelerate the transitions of the model
states in a clockwise manner. That is, increase sodium and hydrogen ions, and glutamate concentrations in the
“extracellular space” to saturate the transporters with them; at the same time we reduce the potassium ion
concentration in the “extracellular space” to facilitate K+ unbinding from the transporter state ToK; and do the
opposite for the “intracellular space”. The saturation of transporters with substrates will effectively eliminate
some states of the model due to almost instantaneous binding of ligands to the transporters. Let us note that
we are not concerned that the concentrations of compounds in the solutions will change due to the activity of
transporters as the experiment goes on: the amount of molecules that can be transferred across a small patch is
negligible compared to their initial concentrations in a time period it takes to perform the experiment. Under
the described conditions the number of effective states in the model decreases to four. After addition of four
more states that are responsible for conductance of chloride ions, the reduced model is obtained; see Figure 2b.
Note that the model does not explicitly show concentrations of any compounds because they can be assumed to
be fixed over the duration of the experiment and are included in the reaction rate constants. Similar models have
been proposed and studied before, see e.g., [6, 13, 27, 41]. Although these smaller models seem to retain many,
if not all, of the qualitative features of recorded currents, they still cannot be used for parameter estimation as
they remain to be overparameterized with respect to the experimental data.
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Figure 2. (a) 15-state model for EAATs. To and Ti stand for transporter facing extracellular
and intracellular spaces, respectively; Na, K, H denote corresponding ions; G is L-glutamate; r±i
for all i are reaction rate constants. r+i and r−i correspond to a clockwise and counterclockwise
directions, respectively. (b) The simplified 8-state model for the patch clamp experiment. The
states with bars are the corresponding conducting states, which allow the flow of chloride ions.
(c) The chemical kinetics scheme that corresponds to the reduced model (2.4).

2.2. Reduced model

The chemical kinetics scheme depicted in Figure 2b can be represented by a system of differential equations
using the rate law. For each state we define a corresponding variable, using the same notation, a fraction of all
transporters observed to be in this state (e.g., the variable To(t) is a portion of all transporters in To state).
The system has the following form:

dTo

dt
= c+1 To − c−1 To − (k+1 + k−4 )To + k−1 ToG+ k+4 Ti,

dToG

dt
= −c+2 ToG+ c−2 ToG− (k−1 + k+2 )ToG+ k+1 To + k−2 TiG,

dTiG

dt
= −c+3 TiG+ c−3 TiG− (k−2 + k+3 )TiG+ k+2 ToG,

dTi

dt
= c+4 Ti − c−4 Ti − k+4 Ti + k+3 TiG+ k−4 To,

dTo

dt
= −c+1 To + c−1 To,

dToG

dt
= c+2 ToG− c−2 ToG,

dTiG

dt
= c+3 TiG− c−3 TiG,

dTi

dt
= −c+4 Ti + c−4 Ti.

(2.1)
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During the experiments we will switch back and forth between the two bath mixtures: one will contain
glutamate, and another will not, with all other substances being the same (see the next section for more
details). All experiments start with no glutamate in the bath, which corresponds to an extracellular space in
the outside-out patch experiments. The solution switch means an abrupt change in glutamate concentration. A
transition of the transporter from To state to ToG is impossible when the glutamate is absent, therefore k+1 , the
only coefficient that includes glutamate concentration, equals zero. Effectively, this means that every time the
bath mixture is changed, we will use the end state of the system (2.1) with one value of k+1 as initial conditions
for the system (2.1) with another value of k+1 (where k+1 switches between a zero and a non-zero value).

As stated in the previous section, we cannot simply use the existing experimental data for estimating model
parameters due to overparameterization of system (2.1). Therefore, some further model reduction is needed.
According to [41], the transitions to conducting states are much faster compared to the reactions which corre-
spond to glutamate transportation, i.e. c±i ≫ k±j for all i, j. We can define a small parameter 0 < ε ≪ 1 in the
following way:

c±i =
c̃±i
ε
, c̃±i ∼ O(1), k±i ∼ O(1), i = 1, 4. (2.2)

The boundary function method [39] allows for the reduction of system (2.1). We represent all the variables as
asymptotic series with respect to the small parameter ε:

v(t) = v0(t) + Π0v(τ) + ε (v1(t) + Π1v(τ)) + · · · , (2.3)

where v(t) represents any variable in the system (2.1) and τ = t/ε is a rescaled (stretched) time variable. The
terms in the asymptotic series that depend on t are called the regular functions, and the terms that depend
on τ are called the boundary functions. Next, we substitute (2.2) and (2.3) into the system (2.1). Equating
coefficients of like powers of ε, separately for regular and boundary layer functions, we obtain the reduced
model problems for different terms of the asymptotic expansion (2.3). The resulting system for the regular
leading order approximation functions depends only on four variables, which we denote as x(t), y(t), z(t), and
w(t):

dx

dt
= −m+

1 x+m−

1 y +m+
4 w −m−

4 x,

dy

dt
= m+

1 x−m−

1 y −m+
2 y +m−

2 z,

dz

dt
= m+

2 y −m−

2 z −m+
3 z,

dw

dt
= m+

3 z −m+
4 w +m−

4 x,

(2.4)

where

m+
1 =

c+1 k
+
1

c+1 + c−1
, m+

3 =
c−3 k

+
3

c−3 + c+3
,

m−

1 =
c−2 k

−

1

c−2 + c+2
,

m+
2 =

c−2 k
+
2

c−2 + c+2
, m+

4 =
c+4 k

+
4

c+4 + c−4
,

m−

2 =
c−3 k

−

2

c−3 + c+3
, m−

4 =
c+1 k

−

4

c+1 + c−1
.
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And all the functions of system (2.1) can be expressed through the functions of system (2.4) in a certain way. If
we allow the system to reach its steady state before the first bath mixture change, then all the boundary layer
functions will be identically zero and the leading order approximations for the variables in (2.1) will contain
only the corresponding regular functions:

To(t) =
c+1

c+1 + c−1
x(t) +O(ε), To(t) =

c−1
c+1 + c−1

x(t) +O(ε),

ToG(t) =
c−2

c−2 + c+2
y(t) +O(ε), ToG(t) =

c+2
c−2 + c+2

y(t) +O(ε),

TiG(t) =
c−3

c−3 + c+3
z(t) +O(ε), TiG(t) =

c+3
c−3 + c+3

z(t) +O(ε),

Ti(t) =
c+4

c+4 + c−4
w(t) +O(ε), Ti(t) =

c−4
c+4 + c−4

w(t) +O(ε).

(2.5)

The initial conditions for system (2.4) have the form:

x(0) = To(0) + To(0),
y(0) = ToG(0) + ToG(0),
z(0) = TiG(0) + TiG(0),
w(0) = Ti(0) + Ti(0).

As mentioned earlier, all the experiments will start without glutamate in the bath. Thus, the initial conditions
before the first switch correspond to the steady state in the absence of glutamate (k+1 = 0):

x(0) =
m+

4

m+
4 +m−

4

,

y(0) = 0,
z(0) = 0,

w(0) =
m−

4

m−

4 +m+
4

.

(2.6)

The sum of the variables entering system (2.4) is constant and it equals to the sum of all the variables in system
(2.1), which is 1. It is possible to draw a chemical kinetics scheme that corresponds to the system (2.4) in the
same manner as the scheme depicted in Figure 2b relates to (2.1); see Figure 2c.

For each experiment the total current recorded during the experiment is a sum of the stoichiometric current
(coupled flux of glutamate molecules and ions across the membrane), the conductive current due to the flow of
chloride ions, and some constant leak current [27, 41]. One might expect that during the transportation of one
molecule of glutamate +3 charge moves into the cell during the transition from state ToG to TiG (3Na+, H+,
and Glu−) and +1 charge during the transition from TiK to To (just K+). However, the voltage–dependence of
the transport suggests that the transporter also mediates a capacitive charge transfer (gating charge movement).
This means that, although the net movement charge stays the same, actually the charge of +2 moves during the
transition from state ToG to TiG with all other transitions having no immediate effect on the transportation
current. The chloride-related current is proportional to the fractions of transporters observed in the conductive
states (To, ToG, TiG, and Ti). The resulting formula for the total current is:

I = −A · To −B · ToG− C · TiG−D · Ti − E
(
k+2 ToG− k−2 TiG

)
+ Ileak.
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Using (2.5), we can write the leading order approximation for the current I0 that depends on x, y, z, and w. Since
the system is in the steady state before the glutamate is introduced for the first time, i.e., in the state (2.6), we
can subtract the steady state current in the above formula in order to identify the leading order approximation
of the constant value of Ileak. In order to further reduce the number of parameters, we can express any one of
the four variables in terms of the others since x(t) + y(t) + z(t) + w(t) = 1 for any given instant of time t. We
obtain the following formula:

I0(t) = −A · x(t)− B · y(t)−D · w(t) +
Am+

4 +Dm−

4

m+
4 +m−

4

+O(ε), (2.7)

where

A =
c−1 A

c+1 + c−1
+

c+3 C − c−3 k
−

2 E

c−3 + c+3
,

B =
c+2 B + c−2 k

+
2 E

c−2 + c+2
+

c+3 C − c−3 k
−

2 E

c−3 + c+3
,

D =
c−4 D

c+4 + c−4
+

c+3 C − c−3 k
−

2 E

c−3 + c+3
.

Finally, the turnover rate of a particular transporter is equal to the influx of the glutamate molecules through
the transportation cycle in the steady state:

Θ = lim
t→∞

dGi

dt
= lim

t→∞
k+3 TiG(t)

=
k+3

c+4 + c−4
c+4

k+3
k+4

+
c+3 + c−3

c−3
+

c+2 + c−2
c−2

k+3 + k−2
k+2

+

(
c+1 + c−1

c+1
+

c+4 + c−4
c+4

k−4
k+4

)
k+2 k

+
3 + k−1 k

+
3 + k−1 k

−

2

k+1 k
+
2

.

Note, that although the concentrations of all the substrates are effectively constant for the settings of the
described experiment, the turnover rate implicitly depends on glutamate concentration through the term k+1 .
Corresponding leading order approximation in terms of the parameters of the system (2.4) has the form:

Θ0 =
m+

1 m
+
2 m

+
3 m

+
4

m+
1 m

+
2 (m

+
3 +m+

4 ) +m+
1 m

+
4 (m

−

2 +m+
3 ) + (m+

4 +m−

4 )(m
−

1 m
−

2 +m−

1 m
+
3 +m+

2 m
+
3 )

. (2.8)

2.3. Experiments and model fitting

Stage V–VI Xenopus oocytes were injected with mRNA encoding one of EAAT1–3. We waited for 2–5 days
to allow oocytes to express the transporters and excised outside-out patches after removing a vitelline mem-
brane. The solution inside the pipette, which mimics intracellular space, contained 110mM KCl, 3mM MgCl2,
5mM Na-HEPES, and 10mM EGTA. The bath solutions, which correspond to extracellular space, contained
110mM NaCl, 3mM MgCl2, 5mM Na-HEPES, and 10mM or no glutamate. All solutions were adjusted to
pH 7.5 with Tris–base. Both bath mixtures flowed through a theta tube that was mounted on and controlled
by a piezo electric switch. The voltage clamp method was used to record the flow of ions across the patch in a
form of an electrical current, with the recording electrode in the pipette and the ground electrode in the bath.
The voltage was fixed at −60mV, which is close to a natural resting potential of neurons and astrocytes. For
more details of the voltage clamp technique see [41]. Each experiment started with the patch exposed to a bath
solution with no glutamate and was allowed to stabilize and reach current steady state. After that we did a
short rapid 50ms step into a solution with glutamate before switching back to the no-glutamate mixture. Then
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Figure 3. The currents recorded during the voltage clamp experiments in patches expressing
EAAT1. The time courses of glutamate application are depicted as step functions above the
actual data. Each application of the glutamate caused a spike of a negative (inward) current
that relaxed to a new steady state. After the termination of the glutamate pulse, the system
tended to its original steady state. The delays between the pulses depicted here are 200, 80, 40,
and 10ms.

we waited for a varied controlled amount of time (5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 150, 200, 250, and 300ms)
and applied a second 30ms step into the glutamate containing solution. Note that the only differences between
the experimental trials was a delay after the first pulse. See Figure 3 for the representative data.

The data for each transporter were fitted to model (2.4), (2.6), and (2.7) using delayed rejection adaptive
Metropolis Markov chain Monte Carlo (DRAM MCMC) method [14]. The fitting was done in MATLAB R2018a
using MCMC toolbox.1 The fitted model solutions practically coincide with the experimental data for all cases,
see Figure 4. The algorithm yielded empirical confidence regions for the parameters; the resulting MCMC chains

1MCMC toolbox for Matlab by Marko Laine http://helios.fmi.fi/∼lainema/mcmc/

http://helios.fmi.fi/~lainema/mcmc/
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Figure 4. The currents recorded during the voltage clamp experiments in excised outside-out
patches were fitted to the model. Top row depicts all the data for the corresponding transporter
combined (left to right: EAAT1, EAAT2, EAAT3). All recorded pairs of pulses like the ones
in Figure 3 were overlapped and the first pulses being almost identical. With the first pulse
being fixed, it is easy to see the change in the dynamics of the second pulses, e.g., note how the
peaks of the second pulses deteriorate but recover as the delay between the pulses increases.
The second row shows the same data (now in gray) fitted using the model (black curves).

were used for turnover rate estimates and inferences using the formula (2.8); see Figures 5–7 for confidence
regions and Table 1 of fitted parameter values.

The estimated value for EAAT1 turnover rate found here (15.45 s−1, 99% confidence interval [15.31, 15.57]) is
in agreement with previous studies: 16 molecules per second in EAAT1 [41]. The estimate for EAAT2 turnover
rate (23.96 s−1, 99% confidence interval [11.94, 39.55]) is close to some previous studies, e.g., 14.6 molecules per
second in [43], while it is lower than ∼ 100 per second reported in [4]. The turnover rate of EAAT3 was reported
to be much higher: about 100 molecules per second [13], compared to our estimate (1.98s−1, 99% confidence
interval [1.57, 2.36]).

3. Diffusion model

EAAT turnover rates estimated here and in the other published studies are significantly slower than the
estimated time course of glutamate in the synaptic cleft [8, 37]. Nevertheless, the application of the gluta-
mate transporter competitive antagonist DL-threo-benzyloxyaspartic acid (TBOA) to hippocampal slices were
reported to rapidly elevate the ambient glutamate levels [7, 15, 18, 22, 35]. Moreover, the application of EAATs’
blockers appears to prolong glutamate receptor activation during synaptic transmission [1, 3, 26, 28, 36]. While
rise in ambient glutamate level is possible for any turnover rate given high enough density, the estimated EAATs
concentrations in the synaptic cleft are too low to account for sufficiently fast changes that could reshape synap-
tic transmission [9]. It has been suggested that the initial fast phase of glutamate removal is due to diffusion
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Figure 5. 95% and 99% confidence regions (inner and outer contours, respectively) for the
model of EAAT1 yielded by the MCMC method. The last picture shows the distribution of
EAAT1 turnover rate with the median value of 15.45 s−1, 99% confidence interval: [15.31, 15.57].

Figure 6. Similar results are shown for EAAT2. The median turnover rate value is 23.96 s−1,
99% confidence interval: [11.94, 39.55].
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Figure 7. Similar results are shown for EAAT3. The estimated EAAT3 turnover rate of
1.98 s−1, 99% confidence interval: [1.57, 2.36], was unexpectedly small compared to hundreds of
molecules per second reported in other literature.

Table 1. All units are s−1.

EAAT1 EAAT2 EAAT3

Median 95% CI Median 95% CI Median 95% CI

m+
1 1038.65 [1037.84; 1040.75] 1155.84 [891.92; 1380.94] 510.72 [501.70; 520.70]

m−

1 0.03 [0.00; 0.13] 101.99 [12.78; 288.26] 97.10 [96.12; 98.33]
m+

2 111.25 [110.10; 112.34] 556.67 [413.85; 837.91] 72.22 [70.05; 74.70]
m−

2 106.11 [102.67; 109.11] 697.34 [359.99; 918.31] 373.72 [362.31; 382.82]
m+

3 287.23 [285.15; 289.68] 422.36 [142.80; 1027.13] 16.50 [14.39; 18.38]
m+

4 22.10 [21.93; 22.25] 31.12 [18.63; 45.44] 21.34 [20.09; 22.45]
m−

4 61.90 [61.64; 62.17] 13.35 [1.68; 28.93] 2.51 [2.10; 2.90]
A 665.24 [664.28; 666.78] 167.29 [97.69; 266.50] 374.54 [353.05; 390.47]
B 1339.80 [1338.44; 1342.64] 265.48 [196.36; 425.29] 458.20 [436.92; 474.26]
D 656.43 [654.81; 661.03] 163.93 [94.32; 263.25] −15.56 [−26.69;−3.76]

and buffering effect of transporters rather than the transport of neurotransmitter [10, 43]. This buffering would
require a relatively long lasting binding of glutamate molecule to the transporter [13, 23]. It is worth noting
that the data with prolongation of the receptor activation during synaptic transmission by blockers correspond
to a whole cell or multiple cells rather than a single synapse [1, 3, 26, 28, 36]. Since the application of blockers
raises ambient glutamate level which activates extrasynaptic receptors [22], it might play a significant role in
apparent synaptic prolongation. In order to understand the relative contribution of transport and diffusion to
dynamics of glutamate we created a simple spatial model of a single synapse, described below. We note that
other approaches, e.g., Monte Carlo simulations, are also used for the analysis of neurotransmitter dynamics in
a synaptic cleft; see, e.g., [32, 33].
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Figure 8. A cartoon representation of the synapse. The presynapic cell contains vesicles with
glutamate that enter synaptic cleft through active zone (inner circle), diffuse towards the post-
synaptic cell and are sensed by receptors located in the postsynaptic density (inner circle).
Astrocyte envelops the cleft to some degree that varies from synapse to synapse. EAAT1–2
transporters are located on the astrocyte facing the synapse. EAAT2 also found in the cleft on
the presynaptic cell outside of the active zone with expression ∼ 10 times lower compared to
the one in astrocytes. EAAT3 are expressed on the postsynaptic cell outside of the postsynaptic
density.

Let us represent a synaptic cleft as a circular cylinder, with bases being pre- and postsynaptic cell surfaces,
then we can describe the glutamate dynamics by a diffusion model. Upon arrival of an action potential, voltage-
gated calcium channels in the presynaptic cell axon terminal transiently open, resulting in a brief elevation
of intracellular calcium and release of glutamate stored in intracellular vesicles. This release is mediated by a
specialized region on a presynaptic cell, called the active zone, which contains protein that mediate calcium-
dependent vesicle fusion with the axon terminal membrane. The neurotransmitter diffuses across the synaptic
cleft and reaches receptors on the postsynaptic cell, located in the region called the postsynaptic density (PSD).
We assume that the active zone and PSD have a circular shape with their centers coinciding with the corre-
sponding cylinder base centers. EAATs play an important role in removing glutamate from the synaptic cleft
to terminate the signal and allow an effective information transduction between the cells as well as limit its
negative effects (e.g., excitotoxicity). Some of EAATs are expressed in a synaptic cleft, while others are found
on astrocytes: EAAT3 are exclusively expressed on neurons’ in dendrites and somas and EAAT1 are found
on astrocytes. EAAT2 are expressed on both astrocytes and synapses of presynaptic cells, although EAAT2’s
expression in synapses is about 10 times lower [9, 17]. We assume that the distribution of EAATs is uniform
where they are present. About 50% of the synapses in rat hippocampus region CA1 are enveloped by astrocytes
and they are surrounded only partially [40]. This means that glutamate can escape synapse by either facilitated
transport or free diffusion to the space outside the synapse. The latter is called a spillover and can lead to
activation of neighboring synapses [40]. The model describes a single synapse, so we also assume no glutamate
spillover from other synapses. See Figure 8 for a visual representation.

It is convenient to write a diffusion equation in cylindrical coordinates:

∂u

∂t
= D

(
1

r

∂

∂r

[
r
∂u

∂r

]
+

1

r2
∂2u

∂θ2
+

∂2u

∂z2

)
, t ≥ 0, 0 < r ≤ R, 0 ≤ θ < 2π, 0 ≤ z ≤ L, (3.1)
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where u(t, r, θ, z) is a concentration of glutamate at a time t, at a radial distance r, angular coordinate θ and
height z; D = 0.4µm2 ms−1 is the diffusion coefficient of glutamate in a synaptic cleft, which is about half of
that in a free medium [29, 32, 45]; R = 150 nm is the radius of a synaptic cleft [32, 40]; L = 20nm is the width
of a synaptic cleft [32]. Let us note, that for r = 0, the equation (3.1) can be rewritten in Cartesian coordinates
at the origin. The boundary conditions are:

D
∂u

∂z

∣∣∣∣
z=0

=





0, 0 ≤ r ≤ ra, ∀θ,

N ′
2V2

(
u(t, r, θ, 0)

K
(2)
m + u(t, r, θ, 0)

−
u∞

K
(2)
m + u∞

)
, ra < r ≤ R, ∀θ,

−D
∂u

∂z

∣∣∣∣
z=L

=





0, 0 ≤ r ≤ rd, ∀θ,

N3V3

(
u(t, r, θ, L)

K
(3)
m + u(t, r, θ, L)

−
u∞

K
(3)
m + u∞

)
, rd < r ≤ R, ∀θ.

(3.2)

The last boundary condition is:

−D
∂u

∂r

∣∣∣∣
r=R

=

2∑

n=1

NnVn

(
u(t, R, θ, z)

K
(n)
m + u(t, R, θ, z)

−
u∞

K
(n)
m + u∞

)
, 0 ≤ z ≤ L, 0 ≤ θ < 2πρ, (3.3)

for the proportion of synapse covered by astrocyte, defined by the parameter 0 ≤ ρ ≤ 1, and

u(t, R, θ, z) = u∞, 2πρ ≤ θ < 2π. (3.4)

Here u∞ = 25nM is an ambient glutamate level [7, 15, 18, 22, 35]; ra = 100 nm is a radius of an active zone [31];
rd = 100 nm is a radius of a postsynaptic density [32, 40]; N1 = 2300µm−2, N ′

2 = 750µm−2, N2 = 7500µm−2,
and N3 = 90µm−2 are densities of EAAT1, EAAT2 on axon terminals, EAAT2 on astrocytes, EAAT3, respec-
tively [9, 17]; V1 = 1.545 × 10−2 ms−1, V2 = 2.396 × 10−2 ms−1, and V1 = 0.198 × 10−2 ms−1 are EAAT1–3
turnover rates, respectively. Glutamate uptake by the transporters is described by Michaelis-Menten kinetics

with K
(1)
m = 20µM, K

(2)
m = 18µM, and K

(3)
m = 28µM constant for EAAT1–3, respectively [2, 9]. We note that

the transporters are located on the surface of neurons and on the surface of an astrocyte, and for this reason the
appearance of Michaelis-Menten kinetics in the boundary conditions is appropriate. The corresponding kinetics
reactions take place in a thin layer near the boundary, and the boundary conditions (3.2), (3.3) are obtained
by averaging of the processes taking place in the volume of the layer over the layer’s thickness. The surface
concentrations of the transporters are reported in the literature together with corresponding Michaelis-Menten
constants values (see the numbers presented earlier). The averaging of the transporter concentrations over the
height of the synaptic cleft as well as inclusion of Michelis-Menten kinetics as a reaction term in the diffusion
equation may also be performed under certain conditions (see, [19, 20] for further discussion).

The astrocytes facilitate glutamate uptake and serve as a physical barrier to prevent a spillover. Due to
complex brain environment the concentration of glutamate in the proximity of the synapse could vary, so
the boundary condition (3.4) may not be adequate at all times. But since we are not considering a spillover
phenomenon here, we assume it to be true.

Let us note that not every action potential in a presynaptic cell causes the release of even a single vesicle
[16, 40], which contain about 3000 molecules [30, 32]. To conservatively estimate the clearance of a synaptic
cleft from the glutamate, we assume that exactly one vesicle is released on each stimulation from the center of
the active zone. Thus, the initial conditions are

u(0, r, θ, z) = 3000 · δ(r cos θ) · δ(r sin θ) · δ(z) + w(r, θ, z), (3.5)
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where δ(·) is the Dirac delta function and w is a state of the system before the pulse. w(r, θ, z) ≡ u∞ for the
first stimulation and for all consecutive ones w(r, θ, z) is equal to the end state of the model at the previous
step.

We are interested in the dynamics of glutamate concentration on the surface of the PSD of the postsynaptic
cell: the time it takes the glutamate to reach the receptors, how long the concentration stays high, how fast the
glutamate gets cleared out from the cell surface to allow for adequate reaction to the consecutive signals. We
used finite difference approximation for the derivatives in the right hand side of equation (3.1) and boundary
conditions (3.2)–(3.3). Then, we numerically solved the resulting system of differential equations using MATLAB
R2018a built-in solver ode15s. That allowed us to have an adaptive time step, which was desirable: the experimen-
tal data clearly show relatively fast and slow dynamics. The spatial grid used for the finite difference derivative
approximation was the following: ri = i · ∆r (i = 0, 30, ∆r = 5nm); θj = j · ∆θ (j = 0, 29, ∆j = π/15);
zk = k ·∆z (k = 0, 4, ∆z = 5nm). The simulations are depicted in Figure 9. Each vesicle release causes a sharp
spike of glutamate concentration on the dendrite surface, which rapidly decays on a scale of a millisecond. The
shape of the curve changes with the proportion ρ of the synapse covered by an astrocyte. In the case when high
frequency stimulation (100Hz) was applied, the glutamate was cleared from the synaptic cleft between pulses
even when ρ > 0.9. Only when the synapse was completely covered by the astrocyte the solution drastically
changed its behavior. In all the other cases the simulated time course of the glutamate simulated here was
consistent with the experimental measurements reported in the literature [8, 37]. However, let us note that it is
unlikely that even a full astrocyte coverage of a synapse would be tightly sealed in reality [40]. We found that the
change in EAAT3 turnover rate from about 2 s−1 to 110 s−1 (value reported in [13], data not shown) did not bear
any noticeable effect due to the transporter low expression: only few transporters per synapse of a size modeled
here, which in fact might be even lower [9]. The simulation of transporter blockage, i.e., setting the turnover
rate of transporters to zero and rising the ambient glutamate level u∞ to the reported value [7, 18, 22], does
not yield any significant change in the glutamate dynamics in the synaptic cleft. Therefore, we conclude that
the blockage of the transporters could not significantly prolong the activation of synaptic glutamate receptors
in an individual synapse.

4. Conclusion

EAATs actively remove glutamate from the extracellular space with an efficient ion gradient-coupling mecha-
nism and the equilibrium thermodynamics of this transport mechanism result in nanomolar ambient levels that
limit receptor activity over long time scales (for review see [35]). On the shorter time scales of pulsatile synaptic
signaling, the kinetic properties of the transporters, such as the binding rates and turnover rates, are expected
to influence the role transporters play in shaping the millisecond-scale time course of synaptically released glu-
tamate. Estimates of these kinetic parameters vary in the literature [4, 13, 41, 43]. A precise understanding of
these non-equilibrium kinetic parameters is important for understanding the role of transporters in shaping the
dynamics of synaptic transmission. Here we used previously established chemical kinetics models of EAAT1–3
[5, 6, 13, 21, 27, 41] and derived a new model, the purpose of which was to avoid overparameterization problems
in constraining turnover rates. The experiments were designed alongside the model to allow for such reduction.
We used the model to fit experimental transporter data and estimate turnover rates of EAAT1–3. The values
obtained for EAAT1–2 are in agreement with previous studies that used independent approaches [41, 43]. The
turnover rate estimate obtained for EAAT3 in the present work was found to be about 100-fold lower than
existing estimates [13]. In that study authors used a similar 6-state model to estimate turnover rate. Possible
reasons for the discrepancy in estimates include overparameterization issues in the latter study. In any event, the
overall effect of EAAT3 on synaptic transmission is expected to be smaller compared to the other transporter
subtypes due to its lower density in brain [9] (but see [10]).

It is well-established that over longer time scales, transporters maintain low ambient glutamate levels, which
rapidly rise upon pharmacological block [7, 15, 18, 22, 35]. We constructed a 3D diffusion model of a single
synapse using estimated EAATs turnover rates and densities in order to formalize a simple proof of concept
about the role of transporters at a single independent synapse. Our model simulation of the time course of
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Figure 9. The dynamics of the average glutamate concentrations on the surface of the post-
synaptic density “PSD” according to the diffusion model. Top left. Results of a release of a
single vesicle into the synaptic cleft with an astrocyte covering various portions of the synapse.
The corresponding parameter values of ρ are 0 (fastest decay), 0.3, 0.6, 0.9, and 1 (slowest
decay). When the astrocyte covers the synapse fully (ρ = 1) it takes much longer for the
glutamate concentration to reach its steady state value u∞ (see also bottom left). Top right.
Series of 5 high-frequency vesicle releases (100Hz) with almost complete astrocytic envelopment
(ρ = 0.95). Glutamate is cleared from the synaptic cleft and does not accumulate between the
pulses. Bottom left. Series of 3 high-frequency vesicle releases (100Hz) with complete astrocytic
coverage (ρ = 1). Glutamate accumulates between the pulses and requires much longer time
(almost 1s here) to clear from the synaptic cleft via facilitated transport by EAATs. The inset
graph shows the first 25ms of the same plot that includes all three pulses. Bottom right. The
modeling of transporter blockage in case ρ = 0.95. The solid line represents the normal time
course of glutamate (i.e., same as a single pulse from top right graph), the dashed line corre-
sponds to the blockage case. The difference is almost impossible to see; hence the inset shows
a zoomed portion of the same plot (note the axes scale).
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glutamate in the synaptic cleft is in good accordance with prior estimates [8, 37]. Our findings support the idea
that the rapid glutamate concentration rise and peak decay in the proximity of the postsynaptic receptors are
achieved by the physical properties of the cleft itself, rather than active transport the transporters. According to
the model, unless the synapse is completely sealed by an astrocyte, EAATs are not playing any significant role
in removing synaptically released glutamate. This is not surprising, considering that time it takes for EAATs to
transport one molecule of glutamate is several fold longer than the time the glutamate is present in the synapse
at high concentrations. Although EAATs play a crucial role in controlling ambient glutamate levels, it is unlikely
that EAATs shape the time course of synaptically released glutamate on the scale of a single synapse. A number
of studies report that the pharmacological block of glutamate transporters prolongs receptor activation during
synaptic transmission [1, 3, 26, 28, 36]. However, the data collected in these studies are on a scale of many
synapses, or synapses with multiple release sites, which introduces additional phenomena, in particular pooling
and heterosynaptic interactions that are not considered here. The results reported here are consistent with the
idea that on the millisecond time scale of synaptic release, the role of transporters exclusively involves limiting
activation of extrasynaptic receptors by spillover phenomena involving interaction of multiple synapses.

Acknowledgements. The authors thank Anastasios Tzingounis for data on Excitatory Amino Acid Transporter currents
and the anonymous reviewers for their thoughtful comments, which led to substantial improvement of the quality of the
paper.
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