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Abstract: Dendritic structures play a pivotal role in the computational processes occurring within
neurons. Signal propagation along dendrites relies on both passive conduction and active processes re-
lated to voltage-dependent ion channels. Among these channels, extrasynaptic N-methyl-D-aspartate
channels (exNMDA) emerge as a significant contributor. Prior studies have mainly concentrated on
interactions between synapses and nearby exNMDA (100 nm–10 µm from synapse), activated by
presynaptic membrane glutamate. This study concentrates on the correlation between synaptic inputs
and distal exNMDA (>100 µm), organized in clusters that function as signal amplifiers. Employing
a computational model of a dendrite, we elucidate the mechanism underlying signal amplification
in exNMDA clusters. Our findings underscore the pivotal role of the optimal spatial positioning of
the NMDA cluster in determining signal amplification efficiency. Additionally, we demonstrate that
exNMDA subunits characterized by a large conduction decay constant. Specifically, NR2B subunits
exhibit enhanced effectiveness in signal amplification compared to subunits with steeper conduction
decay. This investigation extends our understanding of dendritic computational processes by empha-
sizing the significance of distant exNMDA clusters as potent signal amplifiers. The implications of
our computational model shed light on the spatial considerations and subunit characteristics that
govern the efficiency of signal amplification in dendritic structures, offering valuable insights for
future studies in neurobiology and computational neuroscience.

Keywords: signal amplification; extrasynaptic NMDA receptor clusters; signal amplification; dendrite
model; NR2B

1. Introduction

The initiation of excitation within a neuron commences at the postsynaptic membrane
of an asymmetric synapse, orchestrated by the collaborative activity of α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptor
channels (hereinafter, for brevity, called “channels” or “receptors”), the joint gating of which
by a ligand leads to the initiation of an excitatory postsynaptic potential (EPSP). AMPA
channels induce a potent and brief depolarization of the postsynaptic membrane through
pronounced conductance (7–8 pS, 3–20 pS) [1,2], rapid activation (τrise = 0.05 − 0.6 ms),
and equally expeditious deactivation (τdecay = 0.3 − 6 ms) [3,4]. The resulting AMPA-
channel-induced depolarization facilitates NMDA receptor activation by alleviating Mg2+

blocks. Distinct from AMPA-, NMDA-channels exhibit a comparatively slower conduction
decay constant (19–112 ms) [5,6], influencing the duration of postsynaptic membrane de-
polarization. NMDA channels are composed of diverse subunits, each imparting varying
conduction attenuation constants. The culmination of cellular excitation, manifesting as
action potential (AP) generation, is contingent upon the efficacy of signal transmission
mediated by synaptic AMPA- and NMDA-receptors. In contrast to the axon, dendritic
conduction relies on passive propagation. Consequently, a pivotal determinant of con-
duction is the distance from inputs to the site of AP initiation. In specific neurons, such
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as those in Layer 5 of the neocortex, this distance may extend up to 1 mm [7,8]. At such
distances, individual signals contribute minimally to action potential generation during
passive conduction, with primary contributions arising from synapses proximal to the soma.
Early models posited that long dendritic synapses regulated basal membrane potential
in the soma [9–12]. The identification of active dendritic components has expanded the
functional scope of long dendrites in signal transmission to the soma. Active dendritic
components play a crucial role in the computational function of dendrites across various
neuron types. The repertoire of active components may vary among different dendritic
locations, orientations and diameters. Thus, certain types of voltage-gated calcium (Ca2+)
and sodium channels, as well as small- and large-conductance Ca2+-gated potassium chan-
nels, have been proposed as important “players” influencing passive signal propagation
along dendrites. It has also been suggested that certain voltage-dependent mechanisms are
involved in the scarring of synapses in order to balance their “synaptic weight” depending
on the distance to the soma/axon initial segment. Despite their very broad functional
spectrum and additional means of modulation, a common feature of voltage-gated chan-
nels of all types is their fundamental dependence on membrane potential. In this context,
NMDA receptors occupy a unique niche since a shift in membrane potential from rest
does not itself initiate their conductance. Similarly, the presence of a ligand is a necessary
but not sufficient condition for the initiation of NMDA receptor current, which occurs
only when these two factors are combined. In the presence of an additional source of
glutamate, this makes extrasynaptic NMDA receptor (exNMDA) clusters unique regulators
of dendritic conduction, the role of which in this sense remains underestimated. It should
be especially emphasized that they only modulate the conduction of individual and/or
“selected” signals, without canceling spatiotemporal summation, as the fundamental basis
of the integrative functions of the dendritic tree as such.

One extensively researched aspect of active component involvement is dendritic spikes,
notably observed in pyramidal cells [13,14] and as well as Purkinje cells [15,16]. Dendritic
spikes can arise from various channels, including voltage-dependent sodium channels [17–19],
Ca2+-voltage-dependent channels [20,21], and NMDA receptors [22,23]. These events result
from the coordinated activity of numerous synapses (10–50 inputs) [24–26], while individual
events should not be amplified by active components to prevent an increase in noise weight
in the overall signaling and to preserve the correct synaptic scaling. Nevertheless, activating
a substantial number of synapses might not be energetically advantageous, particularly for
maintaining stable neural connections. A potential resolution to this dilemma could involve
the amplification of single or small numbers of excitatory postsynaptic potentials (EPSPs)
through extrasynaptic NMDA (exNMDA) receptors located in numerous clusters along
dendritic shafts rather than shuttling into the synaptic receptor pool [27]. Morphologically
exNMDA is defined as NMDA receptors located at least 100 nm from the postsynaptic
density (PSD) [28,29]. Electrophysiologically, exNMDA exhibits unresponsiveness to low-
frequency stimulation (<0.05 Hz), in contrast to synaptic NMDA [30–32]. Additionally,
exNMDA interfaces with external glutamate concentrations, diverging from the isolation
characteristic of synaptic NMDA [33]. Detection of exNMDA is achieved through pre-
embedding immunoperoxidase and postembedding immunogold electron microscopy as
well as through fluorescence light microscopy. The determination of cluster sizes remains
intricate and subject to debate [34]. In a study by Petralia R. S. et al. utilizing preembedding
immunoperoxidase, only approximate cluster sizes were computed. For instance, clusters
of exNMDA with the NR2B subunit averaged a length of 186 nm (51–602 nm), while the
diameter of an individual NMDA receptor is approximately 20 nm [28]. The functionality
of exNMDA exhibits nuanced variability contingent upon spatial localization, subunit
composition, and additional contributing factors. Notably, exNMDA distribution extends
across both the outer membrane of dendritic spines and the surface spanning the entirety
of dendritic and somatic regions [35–37]. For instance, within the soma, exNMDA serves to
attenuate superfluous signals during the genesis of plateau potentials [38]. Its proximity to
synaptic inputs further engenders suprathreshold summation of signals [38], governing
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plasticity [33,39], and extrasynaptic inhibition [40,41]. Despite the prevailing consensus
positing NR2B as the predominant subunit of exNMDA [35,37], the elucidation of specific
subunits associated with distinct functionalities within this receptor pool remains an un-
resolved query. While significant strides have been made in experimentally delineating
the properties and functions of exNMDA, certain facets of its operation elude empirical
investigation. This challenge is multifaceted, stemming from the intricate and multifarious
nature of exNMDA’s role and the predominant reliance on slice preparations for exper-
imental inquiry. It is imperative to acknowledge that neuronal networks in brain slices
lack many inputs, thus potentially engendering disparate activity manifestations compared
to in vivo conditions. Computational models offer a complementary avenue, affording
the capacity to anticipate certain receptor properties and guide subsequent experimental
investigations based on model-derived predictions. However, it is noteworthy that the
literature documenting the inclusion of exNMDA within computational frameworks is
presently limited. Some modelling works are discussed in Section 4.4.

The prevailing body of research has predominantly focused on the role of exNMDA in
close proximity to synaptic inputs. Within the present study, we introduce a novel inquiry
into the dynamics governing the interaction between synaptic inputs and exNMDA clusters
situated at a considerable distance from inputs. Employing a computational model featuring
exNMDA clusters, we systematically investigate the intricacies of signal amplification. Our
primary objectives include discerning the optimal spatial arrangement of exNMDA clusters
concerning inputs and soma for efficient signal propagation, elucidating the advantageous
attributes of subunits with a protracted time constant, and delineating the spatiotemporal
requisites for the efficacious amplification of input signals through exNMDA clusters. This
inquiry addresses hitherto unexplored dimensions of exNMDA functionality, shedding light
on critical determinants of signal processing within neural networks.

2. Results
2.1. Separate and Combined Effects of Synaptic and Extrasynaptic Inputs

Our model demonstrates that a unitary synaptic input generates an EPSP with an am-
plitude close to the equilibrium potential (depolarization from −65 to about −5 mV) due
to the effective activation of the entire cluster of postsynaptic receptors—20 AMPA- and
10 NMDA-types—as well as high input impedance. At the same time, AMPA receptors
have a relatively short decay time constant, about 1 ms. The time constant for the extinction
of synaptic NMDA receptors is much higher, on the order of 10–20 ms, but their contribution
is very small. The model of a single EPSP (Figure 1A) is quite plausible in its parameters. In
particular, it corresponds to the experimental data [42,43]. As follows from the simulation results,
despite the high local amplitude, the signal rapidly decays according to the spatial constant.
Thus, at a distance of 800–1000 µm from the entry zone, the signal decreases to negligible values
(about 0.1–0.2 mV) and cannot lead to any noticeable shift in the potential in the far edge of the
dendrite, where soma and axon initial segment would begin in a case of real pyramidal cell.

Introducing a cluster of approximately 80 units of exNMDA into the model (Figure 1B)
at a distance of 400 µm from the EPSP source also does not lead to a noticeable shift in the
Vm of the “soma” at resting Vm (−65 mV). Henceforth, we will use “soma” to refer to the
most distant edge of the x axis. A slight depolarization of about 1 mV can only be observed
5–7 ms after exNMDA activation, since they can have a much slower decay time constant,
on the order of 50 ms and slower [44].

However, the combination of EPSP and exNMDA initiation results in a much larger
net effect (Figure 1C), where at 6 ms, the depolarization reaches approximately 2 mV.

The combination of three sequential EPSPs arriving every 1.3 ms to separate but neigh-
boring postsynaptic areas at a distance of few micrometers from each other does not change
much the synaptic impact on soma (Figure 2A). Overall, the effect of several (up to four)
combined EPSPs has minimal impact and shows little variation among them (Figure 2C).
However, when the same EPSPs are co-activated with exNMDA the impact is much more
pronounced, reaching up to 4 mV at the distance of 1000 µm from the source (Figure 2B,D).
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Figure 1. Separate and combined effects of single-synaptic and extra-synaptic inputs in a model of
dendritic shaft. For modeling parameters, see “Methods”. (A), AMPA and NMDA receptor single
synaptic stimulation at time point of 0.5 ms and the distance point of 0 µm or 1000 µm from the
farther edge of the distance axis; (B) activation of extra-synaptic (exNMDA) receptors, located at the
distance of 400 µm from point 0 and at time point of 0.5 ms; (C) simultaneous delivery of ligand to
both synaptic receptors and exNMDA. (A–C) White arrows indicate position and initiation time for
synaptic input or/and exNMDA cluster.
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Figure 2. Separate and combined effects of triple synaptic and extra-synaptic inputs. (A) Sequential
stimulation of 3 synapses starting from the time point of 0.5 ms and 1.3 ms apart at neighboring locations
separated by 1 µm from each other; (B) activation of synaptic (as in A) and extra-synaptic (exNMDA)
receptors, located at the distance of 400 µm from 0 and at time point of 0.5 ms; (C) comparison of
voltage traces at “soma” for synaptic stimulations alone (from one to four inputs); (D), comparison of
voltage traces at “soma” for synaptic (as in (C)) and exNMDA co-activation. Black trace—exNMDA
only. (A,B) White arrows indicate position and initiation time for synaptic input and exNMDA cluster.
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2.2. Effect of Latency between Synaptic and Extra-Synaptic Inputs

Figures 1 and 2 represent the simultaneous initiation of EPSPs and exNMDA cluster
by glutamate. In the model, we assume that exNMDA are activated at certain time point
by a delivered portion of ligand and co-activated by approaching depolarization, origi-
nated from EPSPs. Another notable aspect is the time delay between the two with EPSPs
preceding exNMDA activation and vice versa. In addition to the simultaneous delivery of
the ligand to both inputs (blue traces on Figure 3B,D), we have checked several latencies,
including 3, 5, 7, and 9 ms with implementation of exNMDA preceding EPSPs and vice
versa for three sequential pulses (as in Figure 2A,B).
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Figure 3. Effect of latency between synaptic and extra-synaptic inputs. (A) Three sequential synaptic
stimuli (as in Figure 2) delayed by 5 ms after exNMDA; (B) comparison of voltage profiles at “soma”
for synaptic inputs, delayed by 3–9 ms after exNMDA, dotted line—no synaptic input; (C) exNMDA
delayed by 5 ms after synaptic inputs; (D) comparison of voltage profiles at “soma” for exNMDA
activation, delayed by 3–9 ms after the first synaptic input, dotted line—no exNMDA. (A,C) White
arrow on a time axis indicates peak value of membrane potential at the “soma” side. White arrows
on a distance axis indicate position and initiation time for synaptic input and exNMDA cluster.

Figure 3A represents a case when exNMDA begins 5 ms before the first EPSP. Panel B
indicates that with longer delay, smaller summation is observed. Moreover, the decrease is
not linear, being relatively small for 3 ms and very high for 9 ms. The dotted line reflects a
case of the absence of synaptic input.

When EPSPs arise 5 ms before exNMDA activation, the result of desynchronization
is less pronounced (Figure 3C). Overall, the delay by 3 or even 5 ms, despite having little
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effect on the amplitude, is associated with much sharper rise, due to which the possibilities
for further spatiotemporal summation look more favorable in this case than in the previous
scenario (Figure 3D). The dotted line here represents no exNMDA activation.

2.3. Analysis of the Influence of Synaptic Stimulation Frequency

To analyze how the rate of the three synaptic stimuli train affects the efficiency of
interaction with exNMDA, we tested the following particular intervals: short (0.3 ms),
medium (1.3 ms), and long (3 ms). The results of this test are presented in Figure 4. Panel
A shows the spatiotemporal distribution of potentials at high frequency. Particularly, the
dynamics of Vm at the maximum distance from EPSP sources is represented by the gray
curve in panel D of Figure 4. The observed effect is most rapid in its rise and decay time
course. Nevertheless, its magnitude is close to the case of the largest interval rate of EPSP:
3 ms (black curve and Figure 4C). Importantly, the kinetics of response at soma are much
slower, with a peak time appearing some 2.5 ms later than for the previous case. The
greatest amplitude effect was achieved in the case of an intermediate interval lasting 1.3 ms
(Figure 4B,D, red curve), while its kinetics were only slightly longer than for the gray curve,
with about 0.5 ms peak time difference.
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Figure 4. Analysis of the influence of synaptic stimulation frequency. (A) Three sequential synaptic
stimuli separated by 0.3 ms and combined with exNMDA; (B) three sequential synaptic stimuli
separated by 1.3 ms and combined with exNMDA; (C) three sequential synaptic stimuli separated by
3 ms and combined with exNMDA; (D) comparison of voltage traces at “soma” calculated for three
synaptic inputs, differently distributed in time, and co-activated with exNMDA. (A–C) White arrows
indicate position and initiation time of synaptic input (right) and exNMDA (left).
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2.4. Effect of Spatiotemporal Distribution of EPSPs on the Interaction with exNMDA

The distribution of three successive EPSPs both temporally and spatially along with the
free combination of these parameters opens up wide opportunities for testing the model under
a variety of conditions. In previous cases, we considered a distance of just few micrometers
between the inputs (Figures 2–4). Here, from the entire variety of combinations, for simplicity,
we have selected a relatively straightforward scenario, when the EPSPs are spatially separated
by the distance of 100 µm. Under this condition, we consider the simultaneous firing of
all three inputs (Figure 5A) and four time intervals between the inputs: 0.3 ms (not shown
separately, gray trace in panel D), 1.3 ms (panel B and red trace in panel D), 2 ms (not shown
separately, brown trace in D), and 3 ms (C and black trace in D). From the data presented, it
appears that the greatest amplitude effect is achieved at an interval of 3 ms despite the fact
that when the inputs are located nearby, the best effect is achieved at an interval of 1.3 ms
(refer to Figure 4D). One may also pay attention to the altered shape of the responses and their
much slower, two-component rise and decay time courses. This was particularly invisible
with “dense” inputs, as shown in Figure 4.
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simultaneous synaptic stimuli separated by the distance of 100 µm and combined with exNMDA;
(B) three sequential synaptic stimuli separated by 1.3 ms and by the distance of 100 µm; (C) three
sequential synaptic stimuli separated by 2 ms and by the distance of 100 µm; (D) comparison of
voltage traces at far edge of the dendrite (“soma”) calculated for three synaptic inputs, separated by
various time delays (from 0.3 to 3 ms) and by the distance of 100 µm, and co-activated with exNMDA.
(A–C) White arrow indicates position and initiation time of exNMDA.
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2.5. The Optimal Location of exNMDA

From the model perspective, an important issue is to determine the optimal spatial
localization of exNMDA in relation to the three EPSP sources. To simplify the interpretation
of the data, we have chosen the option of more “densely” sequenced EPSPs with an
interval of 0.3 ms. This approach provides a better understanding of input interactions
with exNMDA, located either closer to the inputs or, conversely, closer to the soma. The
simulation results are presented in Figure 6. We considered several spatial locations of
exNMDA: at a distance of 200 µm from the inputs (Figure 6A); 300 µm from the inputs
(Figure 6B; gray trace in D); 400 µm from the inputs (Figure 6C; red trace in D); and 700 µm
(black trace in Figure 6D). It can be seen that although the proximity of exNMDA to the
EPSP produces the strongest local effect, it barely reaches the soma (Figure 6A). Conversely,
excessive distance from the inputs (700 µm), although it creates conditions for the greatest
influence on the soma, does not allow exNMDA to be sufficiently activated in terms of
surrounding membrane potential. The optimal position for influencing the soma was
found to be approximately an intermediate position of exNMDA, when they are located at
a distance of 2/5 from the synapses and 3/5 from the edge (red trace in Figure 6D).
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Figure 6. The optimal location of exNMDA. (A) Three sequential synaptic stimuli co-activated with
exNMDA, located at 200 µm from EPSPs; (B) three sequential synaptic stimuli co-activated with
exNMDA, located at 300 µm from EPSPs; (C) three sequential synaptic stimuli co-activated with
exNMDA, located at 400 µm from EPSPs; (D) comparison of voltage traces at “soma” calculated for
three synaptic inputs, co-activated with exNMDA, located at various distances from EPSPs (300, 400,
and 700 µm). (A–C) White arrow on a distance axis indicates position and initiation time of exNMDA.
White arrow on a time axis means peak value of membrane potential at the “soma” side.
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2.6. Effect of exNMDA Decay Time Constant on the Efficiency of Interaction with EPSPs

As discussed above, exNMDAs may have longer decay time constants compared to
synaptic NMDA receptors due to the subunit composition of each individual channel. To
determine the possible role of this insufficiently studied factor, we considered the “standard
model” of successive EPSP inputs with an interval of 1.3 ms and exNMDA localization
at a distance of 400 µm from them but with a decay time constant ranging from 20 ms
(as in a synapse) to 100 ms (Figure 7). Panel A and gray trace in D correspond to 10 ms;
B and brown trace—to 20 ms; red trace—to 50 ms (this configuration is also shown on
Figure 4B); and finally, C and the black trace on D reflect the 100 ms decay time constant.
Quite expectedly, an increase in the decay constant leads to an enhanced response in soma,
while the nonlinear form of this dependence was somewhat unexpected. Thus, an increase
in the time constant from 10 to 20 ms and from 20 to 50 ms had a much greater impact than
an increase from 50 to 100 ms. Overall, it can be assumed that the functions of synaptic and
extrasynaptic NMDA receptors may differ significantly. While the former are targeted at the
influx of Ca2+ ions and further activation of various pathways of synaptic plasticity [45,46],
the latter may be directly related to the regulation of the delivery of synaptic signals to the
soma [38,47], which will be discussed below.
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Figure 7. Effect of exNMDA decay time constant on the efficiency of interaction with EPSPs. (A) Three
sequential synaptic stimuli, co-activated with exNMDA, characterized by decay time constant of 10 ms;
(B) three sequential synaptic stimuli, co-activated with exNMDA, characterized by decay time constant
of 20 ms; (C) three sequential synaptic stimuli, co-activated with exNMDA, characterized by decay time
constant of 100 ms; (D) comparison of voltage traces at “soma”, calculated for three synaptic inputs,
co-activated with exNMDA, characterized by various decay time constants (10, 20, 50, and 100 ms).
(A–C) White arrows indicate position and initiation time of synaptic input (right) and exNMDA (left).
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3. Discussion
3.1. Integrative Role of Dendritic Computation: Beyond Passive Conduction

The integrative and computational role of the dendritic tree is among the most impor-
tant functions of many, although not all, types of dendrites. The earlier postulate about
the exclusively passive role of dendrites in conduction was later revised and replaced by a
model of synaptic and dendritic compartments that interact with each other on the basis of
mixed, passive, and active mechanisms [12]. While many neuronal events—such as axonal
transmission and backpropagation action potentials—are all-or-none and self-sustaining,
the transmission of synaptic inputs rarely requires such cellular determinism. Rather, on
the contrary, only competitive and integrative conduction is subject to fine modulation
and depends on the spatiotemporal pattern of various inputs. In this context, the view of
NMDA receptors as exclusively sources of Ca2+ and initiators of long-term rearrangements
seems fair but limited. It is quite obvious that NMDA receptors conduct not only calcium
ions but also sodium and in this sense can make a full contribution to changes in mem-
brane potential. On the other hand, AMPA receptors play the role of the main driver of
depolarization in the postsynaptic membrane. However, this does not apply to extrasy-
naptic NMDA receptors. In the presence of a ligand, they are able to act independently,
influencing synaptic signals passing in a given time window (a matter of milliseconds)
and in a given location. Of course, this requires fine synchronization of conduction with
the supply of glutamate. In our opinion, a candidate for this role may be astroglia, which
controls both synapses and fairly distant extrasynaptic areas, especially considering the
large size of many astrocytes, their complex three-dimensional spatial configuration, as well
as interastrocytic gap junctions through which Ca2+ signals can be transmitted between
individual cells. It is also important to note that extrasynaptic NMDA receptors cannot
serve as simple sources of replenishment of their synaptic pool, as has been demonstrated
experimentally [27].

In the examination of dendritic models featuring singular and multiple inputs, our
investigation establishes that exNMDA clusters assume an amplifying function in passively
conducting signals along the dendritic structure (Figure 8A). The exploration of the quan-
tity of exNMDA clusters on dendritic shafts and their dynamic behavior is reserved for
forthcoming inquiries. Notably, the strategic placement of a limited number of clusters
relative to inputs and the soma is of paramount significance. Our model, although cur-
rently accommodating only a singular cluster, reveals the existence of an optimal cluster
position conducive to the most efficient signal amplification. In contrast to synapses, where
NMDA receptors play a pivotal role in plasticity processes, exNMDA clusters serve a
distinct function, necessitating a subunit composition aligned with this specialized role.
This investigation elucidates the rationale behind the preference for subunits characterized
by a slow decay constant in clustered exNMDAs.
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Figure 8. Scheme of the working model. (A) AMPA- and NMDA-receptor-induced depolarization in
synapse creates a wave propagating to the exNMDA cluster. Signal is amplified by exNMDA cluster.
Arrows with solid lines correspond to causal relationship. Dotted lines mean propagation of signal along
the dendrite. Solid yellow lines mean Ca2+ signal spreading through astrocyte. (B). Extrasynaptic NMDA
receptors are affected by some source of glutamate. The most probable source is astrocyte. Successful
work of exNMDA signal amplification may depend on astrocyte health. (1) Increased distance between
astrocyte leaflet and synaptic cleft may cause the decrease of sensing of synaptic events in the particular
astrocyte and (2) cause deficient Ca2+ in compartment for initialization Ca2+ wave spreading from bunch
of synapses to the related exNMDA cluster. (3) Impairment of astrocyte–exNMDA communication or
balancing the distance between them leads to excessive of deficient gliotrnsmission causing inadequate
signaling amplification. (4) Changes in exNMDA subunit ratio with increased NR2B or overstimulation
of cluster may lead to increased Ca2+ influx and related cell damage. The resulting amplitude is low
and ineffective when reaching the soma. Dotted yellow lines mean impaired Ca2+ signaling in astrocyte.
Possible impact of astrocytes on exNMDA is not addressed by model.
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3.2. The Origin of Glutamate for Activating exNMDA Amplification

The origin of glutamate and/or its agonists responsible for activating exNMDA clus-
ters remains unknown. It is established, however, that dendritic regions housing exNMDA
clusters exhibit heightened contact with axons (50%), dendrites (25%), and glia (25%) [13].
The potential activation scenarios posit a connection between clusters and axonal boutons,
with simultaneous activation of inputs and exNMDA clusters. This simultaneous activation,
a potential parameter for learning, may transpire either through direct axonal contact or
through intermediary connections in scenarios involving distinct neurons. Alternatively, an
activation scenario could involve the selection of the optimal cluster based on its distance
from the soma and inputs through mechanisms reminiscent of learning. Notwithstanding,
astrocytes emerge as the plausible source of glutamate for exNMDA, given their established
role in synchronizing processes across synapses and dendrites, including those involving
exNMDA [48–51]. Ashhad and Narayanan (2016) demonstrated the influence of astrocytes
on exNMDA through direct stimulation with I3P [36]. However, the integrative commu-
nication of synapses and exNMDA by astrocytes (Figure 8B) has not been proven and
remains to be investigated.

3.3. Spatial Organization of exNMDA Amplifiers: Clustered versus Diffused Distribution

Furthermore, the spatial organization of exNMDA, whether in clusters or diffusely
distributed, bears significance. A diffuse arrangement suggests a potential reduction in
the localized efficacy of glutamate signaling and reuptake, stemming from the dispersion
of glutamate along the dendrite. Given the diminished density of astrocytic leaflets sur-
rounding dendrites compared to synapses, and structure of the perineuronal nets [52],
it is conceivable that glutamate distribution along the dendrite occurs with minimal me-
chanical impedance and that reuptake transpires with reduced force [53]. Conversely, the
clustering of exNMDA enhances control over the conduction zone by locally regulating
glutamate concentration.

3.4. Methodological Challenges in Investigating exNMDA Mediated Signal Amplification

Exploratory investigations into the phenomenon of signal amplification facilitated by
exNMDA clusters are subject to various methodological limitations. In primary neuronal
culture, the measurement of individual amplitudes of single EPSP at the soma offers a viable
approach. However, discerning the extent of exNMDA augmentation necessitates the selec-
tive inhibition of exNMDA clusters through the localized application of blockers at distinct
dendritic sites distal from the inputs. It should be noted that the localized administration of
a non-selective NMDA receptor inhibitor, such as DL-2-amino-5-phosphonopentanoic acid
(APV), does not guarantee the exclusive blockade of synaptic NMDA receptors, thus com-
plicating interpretations. The premise that exNMDA clusters primarily comprise subunits
characterized by slower decay kinetics may inform the selection of specific blockers. For
instance, ifenprodil, an NMDA receptor antagonist, exhibits specificity towards NR2B sub-
units [36,54]. Selective blockade of GluN2C/D-containing NMDA receptors is achievable
through the use of DQP-1105 [36,55,56]. However, conventional neuronal culture systems
are unsuitable for investigating the influence of exNMDA clusters due to the absence of
such clusters therein. It is worth recalling that exNMDA clusters have thus far exclusively
been identified in slice cultures [28]. Nonetheless, the utilization of slice cultures precludes
the possibility of localized application of NMDA blockers. Consequently, examining the im-
pact of exNMDA on current amplitudes using NMDA receptor inhibitors fails to elucidate
inquiries regarding the localization of exNMDA amplifiers.

Due to these and other limitations, many studies of exNMDA funvtions have been
conducted using computer simulations. The application of computational models has not
only proven effective in clarifying deviations from established functionalities but also in
exploring innovative paradigms. Wade, J. J. et al. employed a computational model to
scrutinize the role of slow inward currents (SIC) induced by exNMDA in determining the
reciprocal interactions between astrocytes and neurons during the process of learning. The
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model posits that astrocytes, through the mediation of slow inward currents (SIC) facilitated
by exNMDA, possess the capacity to convey learning signals to distant synaptic loci during
spike-time-dependent plasticity (STDP) by orchestrating neuronal synchronization [48].
However, existing models integrating exNMDA primarily focus on the interaction between
synapses and neighboring exNMDA, activated by glutamate released from the presynaptic
terminal (glutamate spillover). Singh, P. et al. elucidated the modulation of sensitivity and
temporal characteristics of desensitization of the NR2B subunit, outlining the role of ex-
trasynaptic NR1/NR2B-NMDA receptors located on dendritic spines in detecting recurrent
interval bursts within a network [57]. The spatial proximity of exNMDA to active synapses
has engendered scholarly interest in probing the impact of such NMDA receptors on con-
duction dynamics and synaptic plasticity processes. Liang, J. et al. simulated alterations in
Ca2+ dynamics under conditions of Alzheimer’s disease. Modeling outcomes underscored
that the elevation in ambient glutamate, resulting from reuptake inhibition, contributes to
the perturbation of Ca2+ dynamics and subsequent synaptic plasticity disruptions [58]. In
a parallel model, Flanagan, B. et al. illustrated how surplus glutamate potentiated SICs,
subsequently compromising the fidelity of synaptic transmission [59]. Certain manifesta-
tions of exNMDA within the perisynaptic zone appear unrelated to SIC but may stem from
secondary influences of intruding Ca2+. Consequently, exNMDA co-localized in proximity
to Ca2+-activated potassium channels may participate in eliciting a rebound response in
incoming potassium, thereby inhibiting neuronal excitability [41]. Furthermore, exNMDA
assumes a pivotal role in the genesis of plateau potentials [60,61], thereby establishing a
milieu conducive to heightened states of neuronal excitability [60].

3.5. Hypothetical Role of exNMDA Clusters in Neurodegenerative Disorders

Extensive investigation has been dedicated to elucidating the involvement of exNMDA
proximal to excitable synapses in the pathogenesis of neurodegenerative disorders. The
hyperactivity of these exNMDA is commonly linked with mitochondrial impairment and
subsequent cell death [29,62,63]. Similarly, exNMDA cluster may serve as a factor in the
onset of neurodegenerative disorders. Analogous to the diverse subunits constituting the
synaptic NMDA receptor complexes [64,65], exNMDA clusters may exhibit heterogeneity
in subunit composition. Alongside canonical NR2B, NR2D, and NR2A subunits, NR3A
subunits may also be present within these clusters, potentially conferring neuroprotection
against excessive calcium influx. Notwithstanding our model’s projection of NMDA clus-
ters enriched with subunits featuring prolonged decay kinetics, such as NR2B, it warrants
consideration that an altered subunit ratio favoring NR2B could culminate in heightened
calcium influx and thereby precipitate excitotoxicity and cell death [66]. Analogously,
overstimulation of exNMDA clusters may engender analogous repercussions [62,67].

Our model predicts that the exNMDA gain mechanism is sensitive to factors influenc-
ing the temporal alignment of synaptic events with exNMDA activation. Perturbations
leading to temporal shifts in exNMDA cluster activation are anticipated to dampen the
amplitude of ensuing signals (see Figure 3B,D). If astrocytes function as synchronizing
entities, disruptions in the exNMDA amplifier could stem from various dysfunctions in
astrocytic processes. These disruptions may impede the perception of synaptic signals,
thereby affecting the timely activation of the exNMDA cluster via Ca2+ propagation. Such
disturbances could hypothetically arise from alterations in the normal functioning of pro-
teins associated with the astrocytic cytoskeleton and cell-cell contact proteins [68]. The
specific pathological mechanisms directly contributing to the attenuation of Ca2+ wave
velocity remain elusive. It is possible that delays in the initiation of Ca2+ waves or in the
interastrocytic transmission may impact their propagation speed. The initiation of Ca2+

waves within astrocytic processes is contingent upon inositol trisphosphate (IP3), as its
stimulation triggers a self-sustaining release of Ca2+ from internal stores. Certain mutations,
such as knockdown of GPR78, have been observed to reduce Ca2+ release from intracellular
stores [69], hypothetically resulting in the suppression, weakening, or elevation of the
threshold for initiation of Ca2+ waves in response to excitatory stimuli. The knockout of
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the gene Cx43, encoding for the gap junction protein connexin 43, has been associated with
a reduction in Ca2+ wave velocity, spread efficacy, and amplitude [70].

4. Materials and Methods
4.1. Modeling of Synaptic and Extrasynaptic Events

Our study is based on a plausible model of excitatory synaptic inputs, postsynaptic cur-
rents (EPSCs) and excitatory postsynaptic potentials (EPSPs). The primary analytical frame-
work and tools of our model are derived from theoretical approaches and formulas that
underlie many similar models of synaptic conductance. For an overview, refer to [71–75].
Postsynaptic excitation includes sequential activation of AMPA and NMDA receptors. The
model operates step-by-step with a temporal resolution of 10 µs.

4.2. Synaptic AMPA Receptors

The maximum total AMPA receptor conductance GAMPA(max) is 300 pS, which corre-
sponds to the activity of about 15–20 single AMPA receptors, with gAMPA ∼= 15 − 20 pS.
Considering the limited probability of channel opening (with p ≈ 0.8), the actual max-
imum total conductance is 250 pS and has a maximum total AMPA receptor current of
approximately 16 pA. The time constant for the rise of AMPA receptor conductance (τrise,
i.e., increase to 63%) is set to 0.07 ms, and the decay time constant (τdecay, i.e., decrease by
63%) is 0.7 ms.

Following these rise and decay time constants, the probability of AMPA receptor
opening, and thus the conductance through channels at any given time point, may be
described by the following difference of exponentials:

GAMPA(t) = GAMPA(max)×
(

e
−( t

τdecay
)
− e−( t

τrise
)
)

, (1)

where the model is based on the fundamental property of AMPA receptors to undergo
rapid inactivation and desensitization along with complete removal of the excitatory
neurotransmitter (glutamate) from the synaptic cleft within 1–1.5 ms after its release [76].
The resting membrane potential Vm is set to −65 mV.

Synaptic current, initiated by AMPA receptor conductance can be calculated using the
following expression, representing the Ohm’s law for time-dependent conductance and the
actual driving force:

IAMPA(t) = GAMPA(t)×
[
Vm(t − 1)− Veq

]
, (2)

where synaptic equilibrium (reversal) potential Veq for glutamatergic synapses does not
exceed 0 mV [77].

In this case, the local shift of the membrane potential induced by the AMPA receptor
current follows the exponential law, based on the limited area of the postsynaptic membrane,
about 2 µm2, which corresponds to the area of the average dendritic spine. The size of
this area directly affects the leakage current through the potassium channel complex. The
leakage conductivity in the model is set to 20 pS. This parameter determines the input
resistance of this small membrane domain, calculated to be 50 GΩ, see for review: [78]. We
simplify the model by disregarding the specific features of the different types of leakage
channels, considering only their collective impact on the synaptic/dendritic decay time
constant ( τm) set to 15 ms. Leakage equilibrium potential EL is selected to be equal to the
resting membrane potential: EL = Vm = −65 mV.

However, during the initial stages of depolarization development, the decay time
constant is analytically calculated since leakage actually depends on the membrane po-
tential. Thus, the leakage current amplifies as the membrane becomes more depolarized.
Based on this, the membrane resistance rm is defined as the reciprocal of the current leakage



Int. J. Mol. Sci. 2024, 25, 4235 16 of 22

conductance. As repolarization proceeds, the effective or dynamic time constant τm(t)
gradually approaches the steady state and typical value of τm = 15 ms [71,79]:

τm(t) =
τm

1 + rm × GAMPA(t)
(3)

4.3. Synaptic NMDA Receptors

Unlike AMPA receptors, the NMDA receptor is both ligand and voltage dependent.
According to this condition, even in the presence of a ligand (glutamate), the magnesium
plug prevents flow through the NMDA receptor until it is displaced or pushed out by a
depolarization wave of the adjacent membrane, initiated by both AMPA receptors and the
activated fraction of NMDA receptors. Thus, properties of synaptic NMDA receptors are
such that their conductivity increases rapidly as the membrane depolarizes, caused by the
current through both fractions of active receptors.

Voltage-sensitivity of NMDA receptor describes the fraction of currently available i.e.,
unblocked receptors. It depends on the kinetic equilibrium Keq between the Mg2+ free
and Mg2+-blocked NMDA receptors. The equilibrium constant for this model has been
taken as 3.6 mM. The factor that sets the voltage sensitivity of Mg2+-block/unblock is
described by Vm(t) divided by empiric voltage constant VC of 0.062 mV [71,80]. Finally,
the extracellular magnesium concentration

[
Mg2+

]
ex

is considered to be 1.2 mM. Based

on these parameters, the voltage-sensitive conductance of NMDA receptor δ(Vm) could be
described by the following equation:

δ(Vm, t) =
Keq

Keq + e−( Vm(t)
Vc ) × [Mg2+]ex

(4)

The kinetics of NMDA receptors are slower, being 3 ms for τrise and 20 ms for τdecay.
The total maximum conductance of synaptic NMDA receptors is set at 600 pS, equivalent to
the conductances of approximately 12 fully open channels [81]. The final time-dependent
NMDA receptor conductance GNMDA (t) equation looks as follows:

GNMDA(t) = GNMDA(max)×
(

e
−( t

τdecay
)
− e−( t

τrise
)
)
× δ(Vm, t) (5)

Therefore, the actual NMDA receptor conductivity turns out to be significantly lower
than 600 pS, not exceeding 80 pS with a total NMDA receptor current of about 6 pA.

4.4. Computation of EPSP

As mentioned above, the calculation of the NMDA receptor current is carried out
in a step-by-step manner to account for the effect caused by both AMPA and NMDA
receptor conductance. However, during ongoing synaptic event, the total AMPA and
AMDA receptor currents (EPSCs) at the postsynaptic membrane do not exceed 16 pA.
Based on the actual current values, the model calculates the actual membrane potential of
the postsynaptic region. These time-dependent voltage measurements of EPSP(t) during
synaptic event are described as follows:

∆Vm(t + 1) = −(Vm(t)− EL)−
[

rm × gEPSP(t)× (Vm(t)− Eeq)×
(

1 − e−( t
τm(t) )

)
− EL

]
(6)

The simulation conditions are configured to prevent the membrane potential from
reaching 0 mV (reversal potential for both AMPA and NMDA channels). This constraint
also applies to sequential and/or neighboring synaptic inputs (in this model—up to four),
separated in time and/or space to varying degrees. Their calculation is structured in such
a way that the actual membrane potential at a given synaptic zone before its activation
serves the base for farther computation. Therefore, the process of spatiotemporal sum-
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mation of several identical inputs occurs considering the maximum possible membrane
depolarization of 0 mV.

4.5. Extra-Synaptic NMDA Receptors

Basic properties of extrasynaptic NMDA receptors (exNMDA) are equal to those
located at synapse. The sole significant difference lies in the subunit composition, which
will be discussed later, leading to a considerably slower decay time constant of up to
50–100 ms. The total conductance has been chosen about 7 times higher than at the synapse.
It corresponds to a cluster of approximately 80 exNMDA. We allocate all 80 receptors at a
single spot locus. The distribution of receptors along a certain limited surface does not affect
the simulation result. On its own, the basal activation of exNMDA at the resting potential
only induces a minor depolarization. A shift in the membrane potential in the extrasynaptic
region can only be driven by synaptic currents propagating along the dendritic shaft.

4.6. Propagation of Signals along Dendrite

The achieved synaptic current isyn values where isyn = iAMPA + iNMDA approach
the dendrite, where they are able to propagate as axial currents, ia = isyn, in accordance
with the solution of the cable equation for a dendrite of a certain diameter and under the
assumption that there are no physical boundaries on the left and right. In this model, as a
reasonable compromise, we assumed the model dendrite radius to be 0.6 µm.

Obviously, the diameter of a real dendrite does not remain constant through its
length from the apical end to the soma. However, we did not aim to analyze the effect of
dendritic lumen, instead limiting the model to a single specific radius. Perhaps we will
consider the influence of dendritic lumen on the interaction with extra-synaptic receptors
in the future. Based on the above, we set the axial resistance of the dendrite using a
resistivity Ra = 100 Ω × cm. The only deviation from the standard description of electrical
conduction along a cable was the consideration of input impedance, which, we believe,
plays an important role in the analysis of electrical events in a long dendrite [78]. Thus, the
computation was carried out for a 1 mm long dendrite. Impedance was calculated taking
into account a “typical” synaptic input frequency of about 75–150 Hz. Spatial resolution
was based on a step of x = 0.1 µm, and temporal resolution (as for synaptic events) on
a step of t = 10 µs. The space constant λ for dendrite was assumed to be 400 µm with
rλ = 1.85 GΩ.

The original cable equation for infinite cable has the following form:

τm
∂V
∂t

= λ2
m

∂2V
∂x2 − V + rm × ia, (7)

and has the following solution [71,75]:

V(x, t) =
ia(t)·rm√

2·π·λ2
m·t/τm(t)

× e
− τm ·x2

4·λ2
m ·t × e−

t
τm (8)

The current flowing through the dendrite to the left and right sides was assumed
to be identical. Following this assumption and accounting for all synaptic inputs, a two-
dimensional matrix was formed with axes corresponding to the time-versus-space dimen-
sions: x vs. t. The resulting mesh contained numerical values representing the change in
membrane potential caused by modeled excitatory synaptic inputs, both in time (from the
moment of the first input, occurring at 0.5 ms after t = 0 and in space (with the location of
first input at t = 0).

Modeling and most calculations were carried out in MATLAB R2020a and Kaleida-
Graph software (v5), and the results were visualized using the “surface” function with the
“hsv” colormap.
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4.7. Key Model Parameters and Availability of Code

Key parameters of the model are summarized in Table 1.

Table 1. Key parameters of the model. Presented parameters are selected from the range of values
taken from literature. *—calculated parameters. **—assumed parameters. ***—technical parameters.

Description Value References

Resting membrane potential, Vm −65 mV

Equilibrium (reversal) synaptic potential, Veq 0 mV

Leakage equilibrium potential, EL −65 mV

Number of synaptic AMPA receptors, n 20 units [82,83]

Maximum conductance of a sin gle AMPA receptor, gAMPA 30 pS [1,2,84]

Maximum conductance of AMPA receptors, GAMPA 250 pS *

AMPA receptor opening probability, p 0.8 [85]

Maximum AMPA current, iAMPA 16 pA *

AMPA receptor rise time constant, τrise 0.07 ms [3,4]

AMPA receptor decay time constant, τdecay 0.7 ms [3,4]

Number of synaptic NMDA receptors, n 12 units [82,83]

Maximum conductance of a sin gle NMDA receptor, gNMDA 50 pS [81]

Maximum synaptic NMDA receptors conductance, GNMDA 600 pS *

Maximum synaptic NMDA receptor current, iNMDA 6 pA *

NMDA receptor rise time constant, τrise 3 ms [86]

NMDA receptor decay time constant, τdecay 20 ms [5,6]

NMDA receptor kinetic equilibrium, Keq 3.6 mM [83]

Extracellular magnesium concentration,
[
Mg2+]ex 1.2 mM [83]

Number of extrasynaptic NMDA receptors, n 80 units [28]

Extrasynaptic NMDA receptor decay time constant, τdecay 50–100 ms [5,6]

Maximum synaptic current, isyn 18 pA *

Synaptic input frequency, f 100 Hz [87]

Input resistance of synaptic domain, rm 50 GΩ [78,88]

Dendrite radius, r 0.6 µm **

Dendrite time constant, τ 15 ms *

Specific axial resistance, Ra 100 Ω × cm [89]

Dendritic space constant, λ 400 µm [75]

Membrane λ resistance, rλ 1.85 GΩ [75]

Time step resolution, t 10 µs ***

Space step resolution, x 0.1 µm ***

The code upon which the model is based is written in MATLAB with some features to solve each specific problem
and is available upon request.

5. Conclusions

Employing a plausible dendritic model, this study elucidates the role of exNMDA in
influencing signal propagation along dendritic structures. The investigation delves into
the optimal parameters governing input signals and exNMDA for the maximization of
excitation propagation along the dendritic arbor. Nonetheless, the precise mechanism
underlying excitatory signal amplification by exNMDA remains unverified and charac-
terized by a paucity of comprehensive understanding. An in-depth exploration of this
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phenomenon is imperative, as it promises to augment our comprehension of the compu-
tational capacities intrinsic to neurons and dendrites. Furthermore, such inquiry extends
to elucidating the intricate interplay between glial cells and neurons, particularly in the
context of neurobiological processes such as learning.

Author Contributions: Conceptualization, E.K. and M.P.; methodology, E.K.; software, E.K.; valida-
tion, E.K. and M.M.; investigation, M.M.; writing—original draft preparation, M.M.; writing—review
and editing, E.K.; visualization, M.M.; supervision, M.P.; project administration, M.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by #NEXTGENERATIONEU (NGEU) and funded by the Ministry
of University and Research (MUR), National Recovery and Resilience Plan (NRRP), project MNESYS
(PE0000006)—A Multiscale integrated approach to the study of the nervous system in health and
disease (DN. 1553 11.10.2022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The code is available at: https://www.dropbox.com/scl/fi/oww3xz7
tyoupuu5bt7rcp/How-to-use-the-Public-folder.rtf?rlkey=efx61vt9rah0gmvmzqyb1ksep&dl=0, accessed
on 9 April 2024.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Benke, T.; Traynelis, S.F. AMPA-type glutamate receptor conductance changes and plasticity: Still a lot of noise. Neurochem. Res.

2019, 44, 539–548. [CrossRef] [PubMed]
2. Swanson, G.T.; Kamboj, S.K.; Cull-Candy, S.G. Single-channel properties of recombinant AMPA receptors depend on RNA editing,

splice variation, and subunit composition. J. Neurosci. 1997, 17, 58–69. [CrossRef] [PubMed]
3. Geiger, J.R.; Lübke, J.; Roth, A.; Frotscher, M.; Jonas, P. Submillisecond AMPA receptor-mediated signaling at a principal

neuron–interneuron synapse. Neuron 1997, 18, 1009–1023. [CrossRef]
4. 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, 615–663. [CrossRef] [PubMed]
5. Bellingham, M.C.; Lim, R.; Walmsley, B. Developmental changes in EPSC quantal size and quantal content at a central glutamater-

gic synapse in rat. J. Physiol. 1998, 511, 861–869. [CrossRef]
6. Hestrin, S.; Sah, P.; Nicoll, R.A. Mechanisms generating the time course of dual component excitatory synaptic currents recorded

in hippocampal slices. Neuron 1990, 5, 247–253. [CrossRef]
7. Zhu, J.J. Maturation of layer 5 neocortical pyramidal neurons: Amplifying salient layer 1 and layer 4 inputs by Ca2+ action

potentials in adult rat tuft dendrites. J. Physiol. 2000, 526, 571–587. [CrossRef] [PubMed]
8. Fletcher, L.N.; Williams, S.R. Neocortical topology governs the dendritic integrative capacity of layer 5 pyramidal neurons.

Neuron 2019, 101, 76–90. [CrossRef]
9. Rall, W. Theoretical significance of dendritic trees for neuronal input-output relations. In Neural Theory and Modeling; Stanford

University Press: Palo Alto, CA, USA, 1964.
10. Rall, W. Core conductor theory and cable properties of neurons. In Handbook of Physiology, Cellular Biology of Neurons; Kandel, E.R.,

Brookhardt, J.M., Mountcastle, V.M., Eds.; American Physiological Society: Bethesda, MD, USA, 1977; pp. 39–97.
11. Williams, S.R.; Stuart, G.J. Dependence of EPSP efficacy on synapse location in neocortical pyramidal neurons. Science 2002, 295,

1907–1910. [CrossRef]
12. Stuart, G.J.; Spruston, N. Dendritic integration: 60 years of progress. Nat. Neurosci. 2015, 18, 1713–1721. [CrossRef]
13. Larkum, M.E.; Waters, J.; Sakmann, B.; Helmchen, F. Dendritic spikes in apical dendrites of neocortical layer 2/3 pyramidal

neurons. J. Neurosci. 2007, 27, 8999–9008. [CrossRef]
14. Testa-Silva, G.; Rosier, M.; Honnuraiah, S.; Guzulaitis, R.; Megias, A.M.; French, C.; King, J.; Drummond, K.; Palmer, L.M.; Stuart,

G.J. High synaptic threshold for dendritic NMDA spike generation in human layer 2/3 pyramidal neurons. Cell Rep. 2022,
41, 111787. [CrossRef] [PubMed]

15. Zang, Y.; Dieudonné, S.; De Schutter, E. Voltage-and branch-specific climbing fiber responses in Purkinje cells. Cell Rep. 2018, 24,
1536–1549. [CrossRef] [PubMed]

16. Zang, Y.; De Schutter, E. The cellular electrophysiological properties underlying multiplexed coding in Purkinje cells. J. Neurosci.
2021, 41, 1850–1863. [CrossRef]

17. Stuart, G.; Schiller, J.; Sakmann, B. Action potential initiation and propagation in rat neocortical pyramidal neurons. J. Physiol.
1997, 505, 617–632. [CrossRef] [PubMed]

https://www.dropbox.com/scl/fi/oww3xz7tyoupuu5bt7rcp/How-to-use-the-Public-folder.rtf?rlkey=efx61vt9rah0gmvmzqyb1ksep&dl=0
https://www.dropbox.com/scl/fi/oww3xz7tyoupuu5bt7rcp/How-to-use-the-Public-folder.rtf?rlkey=efx61vt9rah0gmvmzqyb1ksep&dl=0
https://doi.org/10.1007/s11064-018-2491-1
https://www.ncbi.nlm.nih.gov/pubmed/29476449
https://doi.org/10.1523/JNEUROSCI.17-01-00058.1997
https://www.ncbi.nlm.nih.gov/pubmed/8987736
https://doi.org/10.1016/S0896-6273(00)80339-6
https://doi.org/10.1113/jphysiol.1993.sp019965
https://www.ncbi.nlm.nih.gov/pubmed/7908327
https://doi.org/10.1111/j.1469-7793.1998.861bg.x
https://doi.org/10.1016/0896-6273(90)90162-9
https://doi.org/10.1111/j.1469-7793.2000.00571.x
https://www.ncbi.nlm.nih.gov/pubmed/10922009
https://doi.org/10.1016/j.neuron.2018.10.048
https://doi.org/10.1126/science.1067903
https://doi.org/10.1038/nn.4157
https://doi.org/10.1523/JNEUROSCI.1717-07.2007
https://doi.org/10.1016/j.celrep.2022.111787
https://www.ncbi.nlm.nih.gov/pubmed/36516769
https://doi.org/10.1016/j.celrep.2018.07.011
https://www.ncbi.nlm.nih.gov/pubmed/30089264
https://doi.org/10.1523/JNEUROSCI.1719-20.2020
https://doi.org/10.1111/j.1469-7793.1997.617ba.x
https://www.ncbi.nlm.nih.gov/pubmed/9457640


Int. J. Mol. Sci. 2024, 25, 4235 20 of 22

18. Losonczy, A.; Magee, J.C. Integrative properties of radial oblique dendrites in hippocampal CA1 pyramidal neurons. Neuron 2006,
50, 291–307. [CrossRef]

19. Sun, Q.; Srinivas, K.V.; Sotayo, A.; Siegelbaum, S.A. Dendritic Na+ spikes enable cortical input to drive action potential output
from hippocampal CA2 pyramidal neurons. Elife 2014, 3, e04551. [CrossRef] [PubMed]

20. Larkum, M.E.; Kaiser, K.M.M.; Sakmann, B. Calcium electrogenesis in distal apical dendrites of layer 5 pyramidal cells at a critical
frequency of back-propagating action potentials. Proc. Natl. Acad. Sci. USA 1999, 96, 14600–14604. [CrossRef]

21. Williams, S.R.; Stuart, G.J. Mechanisms and consequences of action potential burst firing in rat neocortical pyramidal neurons. J.
Physiol. 1999, 521 Pt 2, 467. [CrossRef]

22. Nevian, T.; Larkum, M.E.; Polsky, A.; Schiller, J. Properties of basal dendrites of layer 5 pyramidal neurons: A direct patch-clamp
recording study. Nat. Neurosci. 2007, 10, 206–214. [CrossRef]

23. Larkum, M.E.; Nevian, T.; Sandler, M.; Polsky, A.; Schiller, J. Synaptic integration in tuft dendrites of layer 5 pyramidal neurons:
A new unifying principle. Science 2009, 325, 756–760. [CrossRef] [PubMed]

24. Antic, S.D.; Zhou, W.L.; Moore, A.R.; Short, S.M.; Ikonomu, K.D. The decade of the dendritic NMDA spike. J. Neurosci. Res. 2010,
88, 2991–3001. [CrossRef] [PubMed]

25. Kumar, A.; Schiff, O.; Barkai, E.; Mel, B.W.; Poleg-Polsky, A.; Schiller, J. NMDA spikes mediate amplification of inputs in the rat
piriform cortex. Elife 2018, 7, e38446. [CrossRef] [PubMed]

26. Kerlin, A.; Mohar, B.; Flickinger, D.; MacLennan, B.J.; Dean, M.B.; Davis, C.; Spruston, N.; Svoboda, K. Functional clustering of
dendritic activity during decision-making. Elife 2019, 8, e46966. [CrossRef]

27. Harris, A.Z.; Pettit, D.L. Extrasynaptic and synaptic NMDA receptors form stable and uniform pools in rat hippocampal slices. J.
Physiol. 2007, 584, 509–519. [CrossRef]

28. Petralia, R.S.; Wang, Y.X.; Hua, F.; Yi, Z.; Zhou, A.; Ge, L.; Stephenson, F.A.; Wenthold, R.J. Organization of NMDA receptors at
extrasynaptic locations. Neuroscience 2010, 167, 68–87. [CrossRef]

29. Hardingham, G.E.; Bading, H. Synaptic versus extrasynaptic NMDA receptor signalling: Implications for neurodegenerative
disorders. Nat. Rev. Neurosci. 2010, 11, 682–696. [CrossRef]

30. Harris, A.Z.; Pettit, D.L. Recruiting extrasynaptic NMDA receptors augments synaptic signaling. J. Neurophysiol. 2008, 99, 524–533.
[CrossRef]

31. Lozovaya, N.A.; Grebenyuk, S.E.; Tsintsadze, T.S.; Feng, B.; Monaghan, D.T.; Krishtal, O.A. Extrasynaptic NR2B and NR2D
subunits of NMDA receptors shape ‘superslow’ afterburst EPSC in rat hippocampus. J. Physiol. 2004, 558, 451–463. [CrossRef]

32. Papouin, T.; Oliet, S.H. Organization, control and function of extrasynaptic NMDA receptors. Philos. Trans. R. Soc. B Biol. Sci.
2014, 369, 20130601. [CrossRef]

33. Wu, Y.W.; Grebenyuk, S.; McHugh, T.J.; Rusakov, D.A.; Semyanov, A. Backpropagating action potentials enable detection of
extrasynaptic glutamate by NMDA receptors. Cell Rep. 2012, 1, 495–505. [CrossRef]

34. Yadav, R.; Lu, H.P. Revealing dynamically-organized receptor ion channel clusters in live cells by a correlated electric recording
and super-resolution single-molecule imaging approach. Phys. Chem. Chem. Phys. 2018, 20, 8088–8098. [CrossRef] [PubMed]

35. Petralia, R.S. Distribution of extrasynaptic NMDA receptors on neurons. Sci. World J. 2012, 2012, 267120. [CrossRef] [PubMed]
36. Ashhad, S.; Narayanan, R. Active dendrites regulate the impact of gliotransmission on rat hippocampal pyramidal neurons. Proc.

Natl. Acad. Sci. USA 2016, 113, E3280–E3289. [CrossRef] [PubMed]
37. Bikbaev, A.; Duménieu, M.; Lopez-Rojas, J.; Heine, M. Localising receptors and channels across the dendritic arbour. In Dendrites:

Development and Disease; Springer: Tokyo, Japan, 2016; pp. 387–424.
38. Oikonomou, K.D.; Short, S.M.; Rich, M.T.; Antic, S.D. Extrasynaptic glutamate receptor activation as cellular bases for dynamic

range compression in pyramidal neurons. Front. Physiol. 2012, 3, 334. [CrossRef] [PubMed]
39. Yang, Q.; Zhu, G.; Liu, D.; Ju, J.G.; Liao, Z.H.; Xiao, Y.X.; Zhang, Y.; Chao, N.; Wang, J.; Li, W.; et al. Extrasynaptic NMDA receptor

dependent long-term potentiation of hippocampal CA1 pyramidal neurons. Sci. Rep. 2017, 7, 3045. [CrossRef] [PubMed]
40. Isaacson, J.S.; Murphy, G.J. Glutamate-mediated extrasynaptic inhibition: Direct coupling of NMDA receptors to Ca2+-activated

K+ channels. Neuron 2001, 31, 1027–1034. [CrossRef] [PubMed]
41. Gall, D.; Dupont, G. Tonic activation of extrasynaptic NMDA receptors decreases intrinsic excitability and promotes bistability in

a model of neuronal activity. Int. J. Mol. Sci. 2019, 21, 206. [CrossRef] [PubMed]
42. Acker, C.D.; Hoyos, E.; Loew, L.M. EPSPs measured in proximal dendritic spines of cortical pyramidal neurons. Eneuro 2016, 3.

[CrossRef] [PubMed]
43. Tønnesen, J.; Nägerl, U.V. Dendritic spines as tunable regulators of synaptic signals. Front. Psychiatry 2016, 7, 101. [CrossRef]
44. Vicini, S.; Wang, J.F.; Li, J.H.; Zhu, W.J.; Wang, Y.H.; Luo, J.H.; Wolfe, B.B.; Grayson, D.R. Functional and pharmacological

differences between recombinant N-methyl-D-aspartate receptors. J. Neurophysiol. 1998, 79, 555–566. [CrossRef] [PubMed]
45. Basnayake, K.; Mazaud, D.; Bemelmans, A.; Rouach, N.; Korkotian, E.; Holcman, D. Fast calcium transients in dendritic spines

driven by extreme statistics. PLoS Biol. 2019, 17, e2006202. [CrossRef] [PubMed]
46. Basnayake, K.; Mazaud, D.; Kushnireva, L.; Bemelmans, A.; Rouach, N.; Korkotian, E.; Holcman, D. Nanoscale molecular

architecture controls calcium diffusion and ER replenishment in dendritic spines. Sci. Adv. 2021, 7, eabh1376. [CrossRef]
[PubMed]

47. Sah, P.; Hestrin, S.; Nicoll, R.A. Tonic activation of NMDA receptors by ambient glutamate enhances excitability of neurons.
Science 1989, 246, 815–818. [CrossRef]

https://doi.org/10.1016/j.neuron.2006.03.016
https://doi.org/10.7554/eLife.04551
https://www.ncbi.nlm.nih.gov/pubmed/25390033
https://doi.org/10.1073/pnas.96.25.14600
https://doi.org/10.1111/j.1469-7793.1999.00467.x
https://doi.org/10.1038/nn1826
https://doi.org/10.1126/science.1171958
https://www.ncbi.nlm.nih.gov/pubmed/19661433
https://doi.org/10.1002/jnr.22444
https://www.ncbi.nlm.nih.gov/pubmed/20544831
https://doi.org/10.7554/eLife.38446
https://www.ncbi.nlm.nih.gov/pubmed/30575520
https://doi.org/10.7554/eLife.46966
https://doi.org/10.1113/jphysiol.2007.137679
https://doi.org/10.1016/j.neuroscience.2010.01.022
https://doi.org/10.1038/nrn2911
https://doi.org/10.1152/jn.01169.2007
https://doi.org/10.1113/jphysiol.2004.063792
https://doi.org/10.1098/rstb.2013.0601
https://doi.org/10.1016/j.celrep.2012.03.007
https://doi.org/10.1039/C7CP08030A
https://www.ncbi.nlm.nih.gov/pubmed/29517089
https://doi.org/10.1100/2012/267120
https://www.ncbi.nlm.nih.gov/pubmed/22654580
https://doi.org/10.1073/pnas.1522180113
https://www.ncbi.nlm.nih.gov/pubmed/27217559
https://doi.org/10.3389/fphys.2012.00334
https://www.ncbi.nlm.nih.gov/pubmed/22934081
https://doi.org/10.1038/s41598-017-03287-7
https://www.ncbi.nlm.nih.gov/pubmed/28596523
https://doi.org/10.1016/S0896-6273(01)00428-7
https://www.ncbi.nlm.nih.gov/pubmed/11580901
https://doi.org/10.3390/ijms21010206
https://www.ncbi.nlm.nih.gov/pubmed/31892239
https://doi.org/10.1523/ENEURO.0050-15.2016
https://www.ncbi.nlm.nih.gov/pubmed/27257618
https://doi.org/10.3389/fpsyt.2016.00101
https://doi.org/10.1152/jn.1998.79.2.555
https://www.ncbi.nlm.nih.gov/pubmed/9463421
https://doi.org/10.1371/journal.pbio.2006202
https://www.ncbi.nlm.nih.gov/pubmed/31163024
https://doi.org/10.1126/sciadv.abh1376
https://www.ncbi.nlm.nih.gov/pubmed/34524854
https://doi.org/10.1126/science.2573153


Int. J. Mol. Sci. 2024, 25, 4235 21 of 22

48. Wade, J.J.; McDaid, L.J.; Harkin, J.; Crunelli, V.; Kelso, J.S. Bidirectional coupling between astrocytes and neurons mediates
learning and dynamic coordination in the brain: A multiple modeling approach. PLoS ONE 2011, 6, e29445. [CrossRef] [PubMed]

49. Makovkin, S.; Kozinov, E.; Ivanchenko, M.; Gordleeva, S. Controlling synchronization of gamma oscillations by astrocytic
modulation in a model hippocampal neural network. Sci. Rep. 2022, 12, 6970. [CrossRef]

50. Giantomasi, L.; Ribeiro, J.F.; Barca-Mayo, O.; Malerba, M.; Miele, E.; De Pietri Tonelli, D.; Berdondini, L. Astrocytes actively
support long-range molecular clock synchronization of segregated neuronal populations. Sci. Rep. 2023, 13, 4815. [CrossRef]
[PubMed]

51. Fellin, T.; Pascual, O.; Gobbo, S.; Pozzan, T.; Haydon, P.G.; Carmignoto, G. Neuronal synchrony mediated by astrocytic glutamate
through activation of extrasynaptic NMDA receptors. Neuron 2004, 43, 729–743. [CrossRef]

52. De Luca, C.; Papa, M. Looking Inside the Matrix: Perineuronal Nets in Plasticity, Maladaptive Plasticity and Neurological
Disorders. Neurochem. Res. 2016, 41, 1507–1515. [CrossRef]

53. Gavrilov, N.; Golyagina, I.; Brazhe, A.; Scimemi, A.; Turlapov, V.; Semyanov, A. Astrocytic coverage of dendritic spines, dendritic
shafts, and axonal boutons in hippocampal neuropil. Front. Cell. Neurosci. 2018, 12, 248. [CrossRef]

54. Williams, K. Ifenprodil, a novel NMDA receptor antagonist: Site and mechanism of action. Curr. Drug Targets 2001, 2, 285–298.
[CrossRef] [PubMed]

55. Acker, T.M.; Yuan, H.; Hansen, K.B.; Vance, K.M.; Ogden, K.K.; Jensen, H.S.; Burger, P.B.; Mullasseril, P.; Snyder, J.P.; Liotta,
D.C.; et al. Mechanism for noncompetitive inhibition by novel GluN2C/D N-methyl-D-aspartate receptor subunit-selective
modulators. Mol. Pharmacol. 2011, 80, 782–795. [CrossRef] [PubMed]

56. Wu, Y.N.; Johnson, S.W. Memantine selectively blocks extrasynaptic NMDA receptors in rat substantia nigra dopamine neurons.
Brain Res. 2015, 1603, 1–7. [CrossRef] [PubMed]

57. Singh, P.; Hockenberry, A.J.; Tiruvadi, V.R.; Meaney, D.F. Computational investigation of the changing patterns of subtype
specific NMDA receptor activation during physiological glutamatergic neurotransmission. PLoS Comput. Biol. 2011, 7, e1002106.
[CrossRef] [PubMed]

58. Liang, J.; Kulasiri, D.; Samarasinghe, S. Computational investigation of Amyloid-β-induced location-and subunit-specific
disturbances of NMDAR at hippocampal dendritic spine in Alzheimer’s disease. PLoS ONE 2017, 12, e0182743. [CrossRef]
[PubMed]

59. Flanagan, B.; McDaid, L.; Wade, J.; Wong-Lin, K.; Harkin, J. A computational study of astrocytic glutamate influence on
post-synaptic neuronal excitability. PLoS Comput. Biol. 2018, 14, e1006040. [CrossRef] [PubMed]

60. Gao, P.P.; Graham, J.W.; Zhou, W.L.; Jang, J.; Angulo, S.; Dura-Bernal, S.; Hines, M.; Lytton, W.W.; Antic, S.D. Local glutamate-
mediated dendritic plateau potentials change the state of the cortical pyramidal neuron. J. Neurophysiol. 2021, 125, 23–42.
[CrossRef] [PubMed]

61. Trpevski, D.; Khodadadi, Z.; Carannante, I.; Kotaleski, J.H. Glutamate spillover drives robust all-or-none dendritic plateau
potentials—An in silico investigation using models of striatal projection neurons. Front. Cell. Neurosci. 2023, 17, 1196182.
[CrossRef] [PubMed]

62. Babaei, P. NMDA and AMPA receptors dysregulation in Alzheimer’s disease. Eur. J. Pharmacol. 2021, 908, 174310. [CrossRef]
63. Yu, S.P.; Jiang, M.Q.; Shim, S.S.; Pourkhodadad, S.; Wei, L. Extrasynaptic NMDA receptors in acute and chronic excitotoxicity:

Implications for preventive treatments of ischemic stroke and late-onset Alzheimer’s disease. Mol. Neurodegener. 2023, 18, 43.
64. Paoletti, P.; Bellone, C.; Zhou, Q. NMDA receptor subunit diversity: Impact on receptor properties, synaptic plasticity and disease.

Nat. Rev. Neurosci. 2013, 14, 383–400. [CrossRef] [PubMed]
65. Pegasiou, C.M.; Zolnourian, A.; Gomez-Nicola, D.; Deinhardt, K.; Nicoll, J.A.; Ahmed, A.I.; Vajramani, G.; Grundy, P.; Verhoog,

M.B.; Mansvelder, H.D.; et al. Age-dependent changes in synaptic NMDA receptor composition in adult human cortical neurons.
Cereb. Cortex 2020, 30, 4246–4256. [CrossRef] [PubMed]

66. Gribkova, E.D.; Gillette, R. Role of NMDAR plasticity in a computational model of synaptic memory. Sci. Rep. 2021, 11, 21182.
[CrossRef] [PubMed]

67. Parsons, M.P.; Raymond, L.A. Extrasynaptic NMDA receptor involvement in central nervous system disorders. Neuron 2014, 82,
279–293. [CrossRef] [PubMed]

68. Villablanca, C.; Vidal, R.; Gonzalez-Billault, C. Are cytoskeleton changes observed in astrocytes functionally linked to aging?
Brain Res. Bull. 2023, 196, 59–67. [CrossRef]

69. Hisatsune, C.; Mikoshiba, K. IP 3 receptor mutations and brain diseases in human and rodents. J. Neurochem. 2017, 141, 790–807.
[CrossRef] [PubMed]

70. Scemes, E.; Dermietzel, R.; Spray, D.C. Calcium waves between astrocytes from Cx43 knockout mice. Glia 1998, 24, 65–73.
[CrossRef]

71. Gerstner, W.; Kistler, W.M.; Naud, R.; Paninski, L. Neuronal Dynamics: From Single Neurons to Networks and Models of Cognition;
Cambridge University Press: Cambridge, UK, 2014.

72. Micheli, P.; Ribeiro, R.; Giorgetti, A. A Mechanistic Model of NMDA and AMPA Receptor-Mediated Synaptic Transmission in
Individual Hippocampal CA3-CA1 Synapses: A Computational Multiscale Approach. Int. J. Mol. Sci. 2021, 22, 1536. [CrossRef]

73. Carannante, I.; Johansson, Y.; Silberberg, G.; Kotaleski, J.H. Data-Driven Model of Postsynaptic Currents Mediated by NMDA or
AMPA Receptors in Striatal Neurons. Front. Comput. Neurosci. 2022, 16, 806086. [CrossRef]

https://doi.org/10.1371/journal.pone.0029445
https://www.ncbi.nlm.nih.gov/pubmed/22242121
https://doi.org/10.1038/s41598-022-10649-3
https://doi.org/10.1038/s41598-023-31966-1
https://www.ncbi.nlm.nih.gov/pubmed/36964220
https://doi.org/10.1016/j.neuron.2004.08.011
https://doi.org/10.1007/s11064-016-1876-2
https://doi.org/10.3389/fncel.2018.00248
https://doi.org/10.2174/1389450013348489
https://www.ncbi.nlm.nih.gov/pubmed/11554553
https://doi.org/10.1124/mol.111.073239
https://www.ncbi.nlm.nih.gov/pubmed/21807990
https://doi.org/10.1016/j.brainres.2015.01.041
https://www.ncbi.nlm.nih.gov/pubmed/25656790
https://doi.org/10.1371/journal.pcbi.1002106
https://www.ncbi.nlm.nih.gov/pubmed/21738464
https://doi.org/10.1371/journal.pone.0182743
https://www.ncbi.nlm.nih.gov/pubmed/28837653
https://doi.org/10.1371/journal.pcbi.1006040
https://www.ncbi.nlm.nih.gov/pubmed/29659572
https://doi.org/10.1152/jn.00734.2019
https://www.ncbi.nlm.nih.gov/pubmed/33085562
https://doi.org/10.3389/fncel.2023.1196182
https://www.ncbi.nlm.nih.gov/pubmed/37469606
https://doi.org/10.1016/j.ejphar.2021.174310
https://doi.org/10.1038/nrn3504
https://www.ncbi.nlm.nih.gov/pubmed/23686171
https://doi.org/10.1093/cercor/bhaa052
https://www.ncbi.nlm.nih.gov/pubmed/32191258
https://doi.org/10.1038/s41598-021-00516-y
https://www.ncbi.nlm.nih.gov/pubmed/34707139
https://doi.org/10.1016/j.neuron.2014.03.030
https://www.ncbi.nlm.nih.gov/pubmed/24742457
https://doi.org/10.1016/j.brainresbull.2023.03.007
https://doi.org/10.1111/jnc.13991
https://www.ncbi.nlm.nih.gov/pubmed/28211945
https://doi.org/10.1002/(SICI)1098-1136(199809)24:1%3C65::AID-GLIA7%3E3.0.CO;2-%23
https://doi.org/10.3390/ijms22041536
https://doi.org/10.3389/fncom.2022.806086


Int. J. Mol. Sci. 2024, 25, 4235 22 of 22

74. Braun, J. Theoretical Neuroscience I, Lecture 6: Synaptic Conductances, Otto-von-Guericke-Universit at Magdeburg. Available
online: https://docs.google.com/viewer?url=https://bernstein-network.de/wp-content/uploads/2021/02/06_Lecture-06
-Synaptic-conductances.pdf (accessed on 18 February 2021).

75. Braun, J. Theoretical Neuroscience I, Lecture 7: Modeling Morphology, Otto-von-Guericke-Universität Magdeburg. Available
online: https://docs.google.com/viewer?url=https://bernstein-network.de/wp-content/uploads/2021/02/07_Lecture_07
_Modelling-morphology.pdf (accessed on 18 February 2021).

76. Salazar, H.; Mischke, S.; Plested, A.J. Measurements of the timescale and conformational space of AMPA receptor desensitization.
Biophys. J. 2020, 119, 206–218. [CrossRef]

77. Di Maio, V.; Ventriglia, F.; Santillo, S. A model of cooperative effect of AMPA and NMDA receptors in glutamatergic synapses.
Cogn. Neurodynamics 2016, 10, 315–325. [CrossRef] [PubMed]

78. Zecevic, D. Electrical properties of dendritic spines. Biophys. J. 2023, 122, 4303–4315. [CrossRef] [PubMed]
79. Naud, R.; Longtin, A. Linking demyelination to compound action potential dispersion with a spike-diffuse-spike approach. J.

Math. Neurosci. 2019, 9, 3. [CrossRef] [PubMed]
80. Jahr, C.E.; Stevens, C.F. Voltage dependence of NMDA-activated macroscopic conductances predicted by single-channel kinetics.

J. Neurosci. 1990, 10, 3178–3182. [CrossRef] [PubMed]
81. Stern, P.; Béhé, P.; Schoepfer, R.; Colquhoun, D. Single-channel conductances of NMDA receptors expressed from cloned cDNAs:

Comparison with native receptors. Proc. R. Soc. Lond. Ser. B Biol. Sci. 1992, 250, 271–277.
82. Li, S.; Raychaudhuri, S.; Lee, S.A.; Brockmann, M.M.; Wang, J.; Kusick, G.; Prater, C.; Syed, S.; Falahati, H.; Ramos, R.; et al.

Asynchronous release sites align with NMDA receptors in mouse hippocampal synapses. Nat. Commun. 2021, 12, 677. [CrossRef]
[PubMed]

83. Chater, T.E.; Goda, Y. The shaping of AMPA receptor surface distribution by neuronal activity. Front. Synaptic Neurosci. 2022, 14,
833782. [CrossRef] [PubMed]

84. Shelley, C.; Farrant, M.; Cull-Candy, S.G. TARP-associated AMPA receptors display an increased maximum channel conductance
and multiple kinetically distinct open states. J. Physiol. 2012, 590, 5723–5738. [CrossRef]

85. Li, G.; Niu, L. How fast does the GluR1Qflip channel open? J. Biol. Chem. 2004, 279, 3990–3997. [CrossRef]
86. Kinney, G.A.; Peterson, B.W.; Slater, N.T. The synaptic activation of N-methyl-D-aspartate receptors in the rat medial vestibular

nucleus. J. Neurophysiol. 1994, 72, 1588–1595. [CrossRef]
87. Kelley, C.; Dura-Bernal, S.; Neymotin, S.A.; Antic, S.D.; Carnevale, N.T.; Migliore, M.; Lytton, W.W. Effects of Ih and TASK-like

shunting current on dendritic impedance in layer 5 pyramidal-tract neurons. J. Neurophysiol. 2021, 125, 1501–1516. [CrossRef]
[PubMed]

88. Disterhoft, J.F.; Coulter, D.A.; Alkon, D.L. Conditioning-specific membrane changes of rabbit hippocampal neurons measured
in vitro. Proc. Natl. Acad. Sci. USA 1986, 83, 2733–2737. [CrossRef] [PubMed]

89. Bernander, O.J.D.R.; Douglas, R.J.; Martin, K.A.C.; Koch, C. Synaptic background activity influences spatiotemporal integration
in single pyramidal cells. Proc. Natl. Acad. Sci. USA 1991, 88, 11569–11573. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://docs.google.com/viewer?url=https://bernstein-network.de/wp-content/uploads/2021/02/06_Lecture-06-Synaptic-conductances.pdf
https://docs.google.com/viewer?url=https://bernstein-network.de/wp-content/uploads/2021/02/06_Lecture-06-Synaptic-conductances.pdf
https://docs.google.com/viewer?url=https://bernstein-network.de/wp-content/uploads/2021/02/07_Lecture_07_Modelling-morphology.pdf
https://docs.google.com/viewer?url=https://bernstein-network.de/wp-content/uploads/2021/02/07_Lecture_07_Modelling-morphology.pdf
https://doi.org/10.1016/j.bpj.2020.05.029
https://doi.org/10.1007/s11571-016-9383-3
https://www.ncbi.nlm.nih.gov/pubmed/27468319
https://doi.org/10.1016/j.bpj.2023.10.008
https://www.ncbi.nlm.nih.gov/pubmed/37837192
https://doi.org/10.1186/s13408-019-0071-6
https://www.ncbi.nlm.nih.gov/pubmed/31147800
https://doi.org/10.1523/JNEUROSCI.10-09-03178.1990
https://www.ncbi.nlm.nih.gov/pubmed/1697902
https://doi.org/10.1038/s41467-021-21004-x
https://www.ncbi.nlm.nih.gov/pubmed/33514725
https://doi.org/10.3389/fnsyn.2022.833782
https://www.ncbi.nlm.nih.gov/pubmed/35387308
https://doi.org/10.1113/jphysiol.2012.238006
https://doi.org/10.1074/jbc.M310410200
https://doi.org/10.1152/jn.1994.72.4.1588
https://doi.org/10.1152/jn.00015.2021
https://www.ncbi.nlm.nih.gov/pubmed/33689489
https://doi.org/10.1073/pnas.83.8.2733
https://www.ncbi.nlm.nih.gov/pubmed/3458232
https://doi.org/10.1073/pnas.88.24.11569
https://www.ncbi.nlm.nih.gov/pubmed/1763072

	Introduction 
	Results 
	Separate and Combined Effects of Synaptic and Extrasynaptic Inputs 
	Effect of Latency between Synaptic and Extra-Synaptic Inputs 
	Analysis of the Influence of Synaptic Stimulation Frequency 
	Effect of Spatiotemporal Distribution of EPSPs on the Interaction with exNMDA 
	The Optimal Location of exNMDA 
	Effect of exNMDA Decay Time Constant on the Efficiency of Interaction with EPSPs 

	Discussion 
	Integrative Role of Dendritic Computation: Beyond Passive Conduction 
	The Origin of Glutamate for Activating exNMDA Amplification 
	Spatial Organization of exNMDA Amplifiers: Clustered versus Diffused Distribution 
	Methodological Challenges in Investigating exNMDA Mediated Signal Amplification 
	Hypothetical Role of exNMDA Clusters in Neurodegenerative Disorders 

	Materials and Methods 
	Modeling of Synaptic and Extrasynaptic Events 
	Synaptic AMPA Receptors 
	Synaptic NMDA Receptors 
	Computation of EPSP 
	Extra-Synaptic NMDA Receptors 
	Propagation of Signals along Dendrite 
	Key Model Parameters and Availability of Code 

	Conclusions 
	References

