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Lack of support for surface diffusion of postsynaptic
AMPARs in tuning synaptic transmission
Jary Y. Delgado1,*
1Department of Biology, University of Chicago, Chicago, Illinois
ABSTRACT Repetitive stimulation of excitatory synapses triggers molecular events required for signal transfer across
neuronal synapses. It has been hypothesized that one of these molecular events, the diffusion of extrasynaptic a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid receptor (AMPARs) (i.e., the diffusion hypothesis), is necessary to help synapses
recover from paired-pulse depression. To examine this presumed role of AMPAR diffusion during repetitive presynaptic stimu-
lation, a biophysical model based on published physiological results was developed to track the localization and gating of each
AMPAR. The model demonstrates that AMPAR gating in short intervals of fewer than 100 ms is controlled by their position in
relation to the glutamate release site and by their recovery from desensitization, but it is negligibly influenced by their diffusion.
Therefore, these simulations failed to demonstrate a role for AMPAR diffusion in helping synapses recover from paired-pulse
depression.
SIGNIFICANCE Understanding the mechanisms regulating synaptic transmission is fundamental to understanding
synaptic function, impacting current and future research. In this study, a biophysically realistic model of a glutamatergic
synapse was used to examine the role of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) in
synaptic transmission, as proposed by the diffusion hypothesis. This hypothesis proposes that synaptic AMPARs are
replaced by mobile extrasynaptic AMPARs during periods of repetitive presynaptic stimulation. However, the model failed
to demonstrate that extrasynaptic AMPARS replace synaptic AMPARs at rates sufficient to support the hypothesis.
Therefore, the AMPAR diffusion hypothesis should be further reevaluated in future research.
INTRODUCTION

The response dynamics of excitatory synapses are regulated
by pre- and postsynaptic factors (1,2). When presynaptic
glutamate terminals are stimulated, calcium enters the
cytosol and triggers fusion of glutamate-containing vesicles
with the presynaptic plasma membrane (3). The probability
of this event occurring, varies between synapses. During
short intervals of paired presynaptic stimuli, below
200 ms, synapses display either paired-pulse depression
(PPD) or paired-pulse facilitation. Whereas PPD is mostly
controlled by presynaptic factors, the diffusion of postsyn-
aptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) has been shown to help synapses
recover faster from PPD (hereafter referred to as the diffu-
sion hypothesis) (4).
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The AMPAR diffusion hypothesis states that synapses
recover faster from PPD when postsynaptic AMPAR diffu-
sion is allowed. It claims that, during paired-pulse stimula-
tion, the first pulse of glutamate desensitizes synaptic
AMPARs that are then replaced by nondesensitized extrasy-
naptic AMPARs. This frequently cited work, with over 400
citations, was supported by the following: 1) results from
single-particle imaging experiments showing that AMPARs,
when imaged using bulky red-shifted quantum dots,
diffused rapidly on the plasma membrane and 2) the com-
mon understanding that a large pool of extrasynaptic
AMPARs are present (5–9). However, we now have a better
understanding of the synapse, and neither of these assump-
tions are true. For example, we now know the following: 1)
there are very few extrasynaptic receptors (10–12), 2) extra-
synaptic AMPARs do not move fast enough to replace the
desensitized AMPARs at the synapse (10,13–16), 3) synap-
ses contain a reduced pool of mobile receptors (13,15), and
4) intrasynaptic diffusion is confined to nanodomains and at
orders of magnitude lower than previously thought
(10,13,14,17).
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This manuscript carefully examines the diffusion hypoth-
esis by using a biophysical model of a glutamatergic syn-
apse containing glutamate, glutamate transporters,
AMPARs, and N-methyl D-aspartate receptors (NMDARs).
This model incorporates the most recent findings, detailed in
points 1–4 above, and contrasts the findings with the older
ideas (4,18,19). The molecules are free to diffuse and
interact based on experimentally derived realistic values.
Contradicting the diffusion hypothesis, the model shows
that most AMPARs do not diffuse fast enough to replace
the desensitized synaptic AMPARs and, therefore, these
findings do not validate the role of AMPAR diffusion during
repetitive glutamatergic stimulation.
MATERIALS AND METHODS

Computer modeling was performed using the MCell and CellBlender simu-

lation environment run on a laptop with an Intel Core i7-8650U Processor

(Intel, Santa Clara CA) at 1.90 GHz 2.11 GHz with 16.0 GB of random ac-

cess memory. A detailed description of the MCell/CellBlender simulation

environment can be found in Gupta et al. (20).

AMPAR gating was simulated using the kinetic scheme published

by Budisantoso et al. and described in Fig. 1 with the rate constants

in Table 1 (21). Similarly, the gating scheme of NMDARs followed a

modified scheme described by Lester and Jahr (22). Ro is the resting

state, C1 and C2 are the two glutamate-bound closed states, O is the

open state, and D is the desensitized state. In the model, the resting

state was assigned the color blue and the open state assigned the color

burgundy. The forward and backward rate constants are also given in

Table 1.

Transporters cleared glutamate from the synapse following the ki-

netic scheme described by Gupta et al. (20). Free transporters were

colored in deep blue and glutamate-bound transporters were colored

in pink. T0 is the resting state, T1 and T2 are the two glutamate-

bound states, and T0 is the state representing transport of glutamate

across the plasma membrane. The rate constants are also described

in Table 1.

Simulations were carried out with a time step of 0.1 ms for 1100 itera-

tions (110 ms) or with a 1 ms time step (dt) for 5 ms. This dt was sufficiently

short to maximize the precision and speed of the molecular events, given the

available computer power.

The number of open and desensitized AMPARs were exported, and the

values were plotted using GraphPad Prism 5.0 (GraphPad, San Diego,

CA). When needed, statistical analyses were performed.
FIGURE 1 Anatomy of the CellBlender-based synapse. Views of the synapse

The third profile shows synapse with hidden synaptic profiles and transporters.

AMPARs in the postsynaptic spine. 300 nm size of presynaptic button and 720

view of the postsynaptic spine. Colored dots represent the resting AMPARs and N

the synapse and dashed line demarks the postsynaptic density. To see this figur
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RESULTS

The biophysically realistic glutamatergic synapse was built
using average values of a postsynaptic spine (24–26). The
synapse consists of a postsynaptic spine, presynaptic area,
and surrounding sheath (representing glia, axons, and other
postsynaptic profiles present in the neuropil), which is sepa-
rated from the pre- and postsynaptic profiles by 20 nm
(Fig. 1 A) (24–26). The volume of the postsynaptic spine
is 0.09 mm3, with a postsynaptic diameter of 560 nm; the
length of the neck is 0.6 mm, with a diameter of 110 nm,
and a postsynaptic density (PSD) area of 0.08 mm2. There
is a 20 nm gap to represent the synaptic cleft.

Surface proteins were positioned (or released) at the PSD
and at extrasynaptic areas, defined as the area away from the
synaptic cleft. The initial model had 91 AMPARs placed
within the PSD and a varied amount of extrasynaptic
AMPARs, 25 NMDARs, and 100 other molecules represent-
ing obstacles to diffusion (e.g., neuroligin, cadherins, me-
tabotropic glutamate receptors, K channels, etc.). This
molecular density was extracted from the numbers of parti-
cles counted in the freeze-fractured image of a large CA1
postsynaptic spine reported by Shinohara and Hirase (11).
The model also contained glutamate transporters at a den-
sity of 1000 molecules/mm2, positioned on all surfaces but
not within the synaptic cleft. Although this transporter den-
sity is low, it represents an average of the various glutamate
transporters present at synapses (27–29). There were a total
of 1130, 709, and 1380 glutamate transporters at the glia,
presynaptic axon, and dendrites, respectively.

AMPAR gating was simulated using the kinetic scheme
published by Budisantoso et al. (Fig. 2); the rates constant
are described in Table 1 (21). The AMPAR kinetic states
are color coded as follows: resting state (green), two gluta-
mate-bound closed states (yellow), the desensitized states
(orange, including a glutamate binding event), and open
state (white). Like the AMPARs, the NMDARs also reacted
with glutamate. The NMDAR gating scheme followed a
modified scheme from Lester and Jahr (22); these kinetic
states are also color coded: closed (blue) and opened
from left to right. The first two views show synapse with all components.

The fourth profile zooms pre- and postsynapse, showing two extrasynaptic

nm size of postsynaptic spine are shown. The last profile shows a top-down

MDARs; in black are other synaptic proteins. The white dot is the center of

e in color, go online.



TABLE 1 Kinetic schemes for AMPAR, NMDAR, and glutamate transporter

Forward Backward Reference

AMPAR Budisantoso et al. (21)

k1 13.66 � 106 M�1 s�1 k�1 2.093 � 103 s�1

k2 6.091 � 106 M�1 s�1 k�2 4.719 � 103 s�1

k3 13.66 � 106 M�1 s�1 k�3 446.23 s�1

k4 1.00 � 103 s�1 k�4 60 s�1

k5 1.8 � 103 s�1 k�5 4.5 s�1

k6 12.36 s�1 k�6 1.5 s�1

k7 500 s�1 k�7 590.9 s�1

k8 40 s�1 k�8 420.9 s�1

k9 10.34 � 103 s�1 k�9 140 s�1

k10 233.2 s�1 k�10 0.3242 s�1

b 17.23 � 103 s�1 A 3.734 � 103 s�1

AMPAR (2) Jonas et al. (23) and Heine et al. (4)

k1 4.56 � 106 M�1 s�1 k�1 4.26 � 103 s�1

k2 2.84 � 107 M�1 s�1 k�2 3.26 � 103 s�1

k3 1.27 � 106 M�1 s�1 k�3 45.7 s�1

k4 2.89 � 103 s�1 k�4 39.2 s�1

k5 172 s�1 k�5 0.727 s�1

k6 17.7 s�1 k�6 4 s�1

k8 16.8 s�1 k�8 190 s�1

b 900 s�1 A 4.24 � 103 s�1

NMDAR Lester and Jahr (22

k1 1.7 � 107 M�1 s�1 k�1 4.7 s�1

k2 5.6 � 106 M�1 s�1 k�2 9.4 s�1

k3 8.4 s�1 k�3 1.8 s�1

k�4 9.4 s�1

b 46.5 s�1 a 91.6 s�1

GluT Gupta et al. (20)

k1 1.8 � 107 M�1 s�1 k�1 180 s�1

k2 180 s�1

k3 25.7 s�1

Limited role for AMPAR surface diffusion
(purple). The opening of the NMDAR requires two gluta-
mate binding events (Fig. 2). Free glutamate transporters
(color coded pink) clear glutamate from the synapse
following the kinetic scheme described by Gupta et al.
(20). The color of the kinetic states remains constant
throughout the study only on figures showing the postsyn-
aptic spine.

The binding and gating of AMPARs were assessed af-
ter the release of 4000 glutamate molecules into the syn-
aptic cleft and compared with published results (24).
Glutamate was released 15 nm away from the postsyn-
aptic membrane and allowed to diffuse with a diffusion
coefficient of 3.29 � 106 cm2/s, as described by Diamond
(30). First, the gating of a single AMPAR was evaluated.
13 ms after glutamate release, the AMPAR entered the
open state (Fig. 3 A). The receptor remained open for
123 ms before entering the resting state, and as the gluta-
mate diffused across the synaptic cleft, the receptor
opened three more times and entered the first desensitized
state after 761 ms. Next, the behavior of all AMPARs was
recorded (Fig. 3, B and C). Release of 4000 glutamate
molecules led to the gating of 91 AMPARs within 100
ms, as seen by Budisantoso et al. (21). Of these, 20
AMPARs (22%), those furthest away from the release
site (>125 nm), were in the resting state (green), 16
AMPARs (18%) quickly entered the open state (white),
51 AMPARs (56%) were in the closed glutamate-bound
state (yellow), and four AMPARs (4%) were desensitized
(brown) (Fig. 3 C; Video S1). By 1000 ms after glutamate
release, 32 AMPARs (35%) were in the resting state
(green), 12 AMPARs (13%) were in the open state
(white), 17 AMPARs (19%) were in the closed gluta-
mate-bound state (yellow), and 26 AMPARs (or 29%)
were desensitized (brown). A longer simulation was
then performed and revealed similar results. As expected,
glutamate release opened a comparable number of
AMPARs, and within 10 ms after glutamate release, all
AMPARs entered the closed state, whereas glutamate
was still being transported away from the synapse. This
was quantified as an increase in the amounts of [G][T],
which represents the associated state between glutamate
(G) and its transporter (T) (Fig. 4 A, top and bottom).
Of note, the highest concentration of opened AMPARs
(in white) were located within 125 nm from the release
site, whereas gating was observed throughout the synapse,
as observed by others (21,31,32). Finally, the desensitiza-
tion protocol of Budisantoso et al. (21) was delivered to
assess the rate of recovery from desensitization. In these
simulations, instead of a square pulse of glutamate, gluta-
mate was released every 1 ms for a duration of 17 ms. As
Biophysical Journal 120, 3409–3417, August 17, 2021 3411



FIGURE 3 AMPAR gating in response to glutamate release. (A) Occu-

pancy of the kinetic states shown in Fig. 2 for a single AMPAR. A 5 ms

long simulation is shown. (B) Opening of AMPARs in response to the

release of 4000 glutamate molecules. 1 ms of simulation is shown. (C)

Snapshots of the 1 ms long simulation showing the gating of AMPARs in

response to glutamate (in red). The color code is as follows: green, closed

state; yellow, single- and double-glutamate-bound closed state; white,

opened state; and brown, desensitized states. To see this figure in color,

go online.

FIGURE 2 Kinetic scheme for AMPAR, NMDAR, and glutamate trans-

porters. For AMPAR, the resting state is R0; C1 and C2 are closed states; O

is the open state; D1, D2, D3, D4, and D2_4 are desensitized states. k1, k2,

b, k3, k4, k5, k6, k7, k8, k9, and k10 are forward rates; k�1, a, k�2, k�3, k�4,

k�5, k�6, k�7, k�8, k�9, and k�10 are the backward rates. The three-gluta-

mate binding and dissociation events are shown. The gray box indicates the

kinetic scheme utilized in Heine et al. (4). NMDAR, the resting state is R0;

C1 and C2 are closed states; O is the open state; D is the desensitized state.

k1, k2, b, and k3 are forward rates; k�1, a, k�2, and k�3 are the backward

rates. GluT is resting state T0; T1 is glutamate bound facing the synaptic

cleft, T2 is glutamate transport away from the synapse, T0 is glutamate

dissociation. The value of the rate constant is given in Table 1.
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the time between the first and second glutamate pulse
increased, the number of opened AMPARs recovered
from desensitized states increased. After 50 ms, only
five receptors could open, and at 100 ms, only 11 entered
the open state (Fig. 4, B and C), mirroring the exponential
curve published by Budisantoso et al. (21). Taken
together, these results demonstrate this model can recapit-
ulate glutamate transport, the spatiotemporal activation of
AMPARs, and the recovery from desensitization as seen
by others (30–32).

Once the parameters were validated, AMPARs were as-
signed a diffusion coefficient. The average instantaneous
diffusion coefficient (Dinst) was extracted from a distribu-
tion containing 90–95% of slow-moving AMPARs with
an average Dinst between 0.00001 and 0.01 mm2/s and 5–
10% of fast-moving AMPARs with an average Dinst of
0.1 mm2/s (10,13,15,17). In general, synaptic AMPARs
have a Dinst ranging from 0.00001 to 0.01 mm2/s and
extrasynaptic AMPARs have a higher average Dinst of
0.1 mm2/s. The distribution and average Dinst for AMPARs
is shown in Fig. 5, A and B and Table 2. These numbers
were utilized instead of the most common Dinst value of
0.1 mm2/s, which is not able to capture the fast diffusion
for extrasynaptic AMPARs and slow diffusion for synaptic
AMPARs (4). For all simulations, the mobility of AMPARs
was increased by fivefold for the desensitized states to
conform to the values published by Constals et al., intended
to mimic AMPAR stargazin dissociation (17). The mean
3412 Biophysical Journal 120, 3409–3417, August 17, 2021
diffusion coefficient of NMDARs and other molecules
was set to 0.00001 mm2/s.

The role of AMPAR diffusion in PPDwas examined utiliz-
ing a 60ms interpulse interval. The number of opened and de-
sensitized AMPARs was recorded in control conditions or in
conditions that the AMPARswere immobilized. The immobi-
lization of AMPARs was achieved by setting the Dinst of all
AMPARs to 0.00001 mm2/s (Fig. 5 C; Table 2). Immobilizing
AMPARs failed to decrease the number of open AMPARs in
response to the second glutamate pulse (Fig. 5, D–F; Videos
S2 and S3). Rather than promoting more PPD, immobilizing



FIGURE 4 Validation of the model. (A) (top) Binding of glutamate [G] with the transporters [T]. [G][T] symbolizes complex formation. (Bottom) Number

of open AMPARs in response to glutamate release. (B) Single-simulation runs demonstrating the recovery from desensitization, and (C) fit of the data shown

as paired-pulse ratio (PPR). The calculations were made with respect to the peak of the response.

Limited role for AMPAR surface diffusion
AMPARs resulted in less PPD, shown as paired-pulse ratio
(PPR) (PPR mobile, 0.78 5 0.18; immobile, 0.93 5 0.18;
n ¼ 20; **p ¼ 0.0095 by unpaired t-test), which contradicts
the diffusion hypothesis (4,17,19,33–36).A differentAMPAR
gating kinetic scheme was used to compare the effects of
changing the desensitization rates on the response with
paired-pulse stimulation, as published in (4,23) (Fig. 2 gray
box; Table 1). Immobilizing AMPARs once again failed to
decrease the number of open AMPARs in response to the sec-
ond glutamate pulse (Fig. 5 G), and less PPD was observed
(PPR mobile, 0.82 5 0.11; immobile, 0.95 5 0.23; n ¼ 10;
*p ¼ 0.048137 by one-tailed unpaired t-test), Moreover,
when the original data presented in Fig. 1 of Heine et al. (4)
was reanalyzed back in 2011, it revealed no change in PPR
and when the neurons were matched by age, a trend of an in-
crease in PPR after cross-linking the AMPARs was observed
and communicated to all authors (PPR control, n ¼ 17,
0.89 5 0.32 and PPR X-Link, n ¼ 12, 1.19 5 0.79; p ¼
0.58 by Mann-Whitney test (4)). The only role for mobility
was observedwhen an unphysiological large number of extra-
synaptic AMPARs (a ratio of 3:1 extrasynaptic/synaptic) was
combined with a different kinetic scheme (Fig. 5 H; Table 2,
eighth column). Under those conditions, the immobilization
of AMPARs increased the amounts of PPD in response to
the second glutamate pulse (PPRmobile, 0.985 0.26; immo-
bile 0.77 5 0.18; n ¼ 10; *p ¼ 0.032256 by one-tailed un-
paired t-test).

Next, the effects of increasing the number of mobile
AMPARs was evaluated. To increase the mobility of
AMPARs, the ratio of extrasynaptic/synaptic AMPARs
was changed from 17.2:1 to 1.1:1 (Fig. 6, A and B; Table
2, third to seventh column). In vivo, a ratio of 10 synaptic/
one extrasynaptic AMPAR is observed (11–13,37).
Increasing the number of mobile extrasynaptic AMPARs
from 5 to 80 failed to alter the number of open AMPARs
in response to the paired-pulse protocol and, instead, pro-
duced an overall increase in the number of desensitized
AMPARs (Fig. 6, D and E; (PPR 5) n ¼ 10, 0.78 5 0.14;
(PPR 10) n ¼ 10, 0.83 5 0.19; (PPR 20) n ¼ 9, 0.74 5
0.10; (PPR 40) n ¼ 9, 0.87 5 0.19; (PPR 80) n ¼ 10,
0.89 5 0.19, p ¼ 0.29 by one-way ANOVA; F (4, 43) ¼
1.28; Videos S4, S5, S6, S7, and S8). The condition with
80 extrasynaptic AMPARs conforms to the commonly
used value of average Dinst of 0.1 mm2/s (4,15,19,35,36,38).

The role of AMPAR mobility in PPD has only been
described in cultured neurons without astrocytes. Further-
more, the majority of the experiments testing the role of
AMPAR cross-linking were performed using an iontopho-
resis pipette filled with 150 mM sodium glutamate (4).
Therefore, the role of glutamate diffusion and AMPAR
mobility was examined in two ways: 1) by altering the num-
ber of glutamate molecules released at the synaptic cleft and
2) by altering the density of glutamate transporters (Fig. 7
A). Increasing or decreasing the number of glutamate mole-
cules released into the synaptic cleft did not reveal a role for
AMPAR mobility in PPD (Fig. 7 B). An inverse correlation
was observed between the PPR and the number of glutamate
molecules, with less PPD when fewer glutamate molecules
were released and more PPD with increasing amounts of
glutamate. Changing the number of glutamate transporters
also did not reveal a role for AMPAR mobility in helping
the synapse recover faster from PPD. An increase in the
PPR was observed when no glia were present (graphed at
100,000 transporters/mm2), but decreasing the number of
transporters had no effect on the PPR.

Recently, it has been suggested that AMPAR nanodomains
could function independently, and that these nanodomains
‘‘help’’ synapses recover from PPD by replacing nondesensi-
tized AMPARs from one nanodomain with AMPARs from
the stimulated nanodomain (35,36). To test the idea of
AMPAR exchange between nanodomains, glutamate was
released into two zones within the synapse, separated by
190 nm (Fig. 8). The two areas in the synapse are labeled
as nanodomain 1, which contains 41 AMPARs (red circle),
and nanodomain 2, which contains 27 AMPARs (yellow cir-
cle) (Fig. 8). Releasing glutamate onto nanodomain 1 (left
image, same release) activated most of the receptors within
the nanodomain, but the release of glutamate 50 ms later
opened a similar number of total AMPARs on both nanodo-
main 1 and nanodomain 2 (top row). Whereas nanodomain 1
started with 41 AMPARs, it lost five AMPARs within the
50 ms interval. Next, the random release condition was tested
by releasing glutamate into in nanodomain 1 followed by
release in nanodomain 2. Under these conditions, the second
Biophysical Journal 120, 3409–3417, August 17, 2021 3413



TABLE 2 Average values of instantaneous diffusion

coefficient

Location Average Dinst (mm
3/s) Number of receptors

Extrasynaptic 0.1 5 10 20 40 80 80

PSD 0.01 19 19 19 19 19 0

PSD 0.0005 38 38 38 38 38 0

PSD 0.00001 29 29 29 29 29 29

FIGURE 5 Surface AMPAR diffusion and PPD of the CellBlender-based

glutamatergic synapse in response to AMPAR immobilization. (A) The

rendered postsynaptic spine. (B) Distribution of diffusion coefficient for

the simulated conditions. For the immobile condition, all particles have

an average value of Dinst of 1 � 10�5 mm2/s. (C) Maximal projection of

60 ms of simulation. The immobile condition simulates AMPARs cross-

linking. The colors follow the kinetic color scheme. The mobile condition

uses the values extracted from Nair et al. (10). (D) Number of open AM-

PARs in response to a 60 ms paired-pulse stimulation and PPD ratio (F),

**p ¼ 0.0095. (E) Number of desensitized AMPARs for the simulation

shown in (D). (G) PPD ratio for the conditions shown in the fourth column

of Table 2, using the AMPAR (2) kinetic scheme (gray box) Fig. 2, *p ¼
0.048137. (H) PPD ratio for the conditions shown in the eighth column

of Table 2, using the AMPAR (2) kinetic scheme (gray box) Fig. 2, *p ¼
0.032256. To see this figure in color, go online.
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release activated a lower number of AMPARs, and again, no
role for AMPAR mobility was observed. Whereas nanodo-
main 2 started with 27 AMPARs, it gained one AMPAR
within the 50 ms interval, suggesting that within 50 ms the
AMPAR exchange rate between nanodomains is insufficient
to impact the number of open AMPARs during paired-pulse
stimulation.
DISCUSSION

The diffusion hypothesis requires the following to be true:
1) the average Dinst of AMPARs must be R0.1 mm2/s, and
3414 Biophysical Journal 120, 3409–3417, August 17, 2021
2) there must be a sufficiently large pool of fast-moving ex-
trasynaptic receptors. Whereas the older models used these
parameters and were able to reproduce the biological data,
there are significant differences between the older models
and the model presented here (4). This model uses morpho-
logically realistic parameters rather than a planar membrane
(24–26). Furthermore, the number of synaptic AMPARs
used in this model was obtained from experiments in which
individual particles were counted from a freeze-fractured
image (11,21). This model also uses 4000 glutamate mole-
cules instead of 10,000 (21,30), and the values of AMPAR
diffusion coefficients were obtained from recent publica-
tions (10,13,15,17) instead of the previously used average
Dinst-value of 0.1 mm2/s (4,19,35,36,39). Finally, a different
kinetic scheme was used in this study to capture the open-
ing, closing, and desensitization of endogenous AMPARs
(21). Therefore, the model presented here is an improved
representation of the physiology at excitatory synapses.

The original diffusion hypothesis was modified in 2013 to
address concerns with the experimental data (10). That
modification proposed that AMPARs are organized into
nanodomains and that each synapse contains several nano-
domains. It was also suggested that nanodomains could op-
erate independently and that this nanodomain organization
helps synapses recover from PPD through the sharing of
nondesensitized AMPARs from nonstimulated to stimulated
nanodomains. In this study, this idea was tested, and several
differences were found. First, Compans et al. (36) proposed
that AMPAR activation is restricted to 125 nm from the site
of glutamate release, whereas these simulations demonstrate
that many of the open AMPARs are closer to the release site;
however, AMPAR opening occurs even at extrasynaptic
sites (>200 nm). Furthermore, when glutamate was released
at the center of the synapse, it gated over 95% of synaptic
AMPARs, regardless of their distribution across the PSD
(Fig. 3) (10,17,35,39). The simulations also show that
most AMPARs are not able to travel distances greater than
300 nm in under 60 ms (15), even when the mobility of
the desensitized state was accelerated to the constant values
published by Constals et al. (17). In fact, in the example
shown in Fig. 6, using 10 extrasynaptic AMPARs to simu-
late the most physiological conditions, only three AMPARs
reached the synaptic cleft and, of these, only one became de-
sensitized as it entered the synaptic cleft. Furthermore, none
of the synaptic AMPARs left the synapse. It is important to
note that these simulations do not contradict the role of
nanodomain AMPAR organization in regulating changes



FIGURE 6 Surface AMPAR diffusion and PPD of the CellBlender-based glutamatergic synapse in response to an increase in mobile pool of AMPARs. (A)

Rendered postsynaptic spine showing number of extrasynaptic AMPARs on top (green dots). (B) Distribution of diffusion coefficient for the various simu-

lated conditions. (C) Maximal projection of 60 ms of simulation showing the extent of diffusion for AMPARs in different activation states. (D) Number of

open AMPARs in response to a 60 ms paired-pulse stimulation; PPD ratio shown on right. There is no statistical difference in PPD across conditions. (E)

Number of desensitized AMPARs for the simulation shown in (D). To see this figure in color, go online.

Limited role for AMPAR surface diffusion
in synaptic strength after the induction of synaptic plasticity
(40,41). The results only indicate that when physiological
amounts of glutamate are released, most (if not all)
AMPARs will be gated, irrespective of their location.

There are several possible explanations as to when or if
the diffusion of AMPARs may play a role during PPD.
One possibility is that this effect is primarily engaged
when AMPARs are activated using glutamate uncaging or
iontophoresis. In experiments using the glutamate iontopho-
resis approach, Heine et al. (4) demonstrated that AMPAR
diffusion played a role in paired-pulse stimulation only in
neurons that diffusely expressed the GluA1 subunit of
AMPARs; however, when the GluA1 appeared clustered,
as within dendritic spines, then no effect for AMPAR diffu-
sion was observed. This indicates that if glutamate activates
a small enough area of the dendrite, then diffusion can play
its proposed role, but within dendritic spines, it does not
appear to play a role. The findings presented here are further
supported by Penn et al., who demonstrated that cross-link-
ing AMPARs in organotypic slices does not alter the paired-
pulse response (42), and by the results of Budisantoso et al.,
who proposed that if AMPAR diffusional exchange
occurred between glomerular synapses, then most of the
AMPARs would enter the desensitized state and not play a
role in PPD (21). Alternatively, it may be that when using
antibodies to induce the cross-linking of AMPARs, rates
of desensitization are affected, as is the case of antibodies
against NMDARs(43).
CONCLUSIONS

Collectively, these findings show that AMPAR diffusion may
play little or no role during paired-pulse stimulation of excit-
atory synapses, and it seems that AMPAR surface diffusion is
more important for other physiological processes, such as
synapse development, AMPAR recycling, and AMPAR
recruitment after the induction of synaptic plasticity.
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FIGURE 7 Effects of changing the rates of glutamate transport from the

synapse. (A) Cartoon representing the different concentrations of glutamate

postrelease. [Glut] shows the number of glutamate molecules released and

its calculated concentration within a 100 nm radius. (B) The effects of the

number of released glutamate molecules on the PPR. (C) Effects of chang-

ing the density of glutamate transporters and AMPAR mobility on the PPR.
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