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The establishment of neuronal circuits relies on the stabilization of
functionally appropriate connections and the elimination of in-
appropriate ones. Here we report that postsynaptic AMPA recep-
tors play a critical role in regulating the stability of glutamatergic
synapses. Removal of surfaceAMPA receptors leads to a decrease in
the number and stability of excitatory presynaptic inputs, whereas
overexpression increases synapse number and stability. Further-
more, overexpression of AMPA receptors along with Neuroligin-1
in 293T cells is sufficient to stabilize presynaptic inputs from cortical
neurons onto heterologous cells. The stabilization of presynaptic
inputs by AMPA receptors is not dependent on receptor-mediated
current and instead relies on structural interactions mediated by
the N-terminal domain of the glutamate receptor 2 (GluR2) subunit.
These observations indicate that transsynaptic signaling mediated
by the extracellular domain of GluR2 regulates the stability of
presynaptic terminals.

GluR2 N-terminal domain | Presynaptic stabilization | Presynaptic input
dynamics

The development of neural circuits is characterized by exu-
berant synapse formation followed by elimination of in-

appropriate connections (1–4). Although there is considerable
evidence that activity-dependent mechanisms are involved in
synapse elimination, the mechanisms responsible for regulating
and maintaining stable synapses are largely unknown.
Synapse formation is a dynamic process and involves the rapid

recruitment of several synaptic proteins to sites of axo-dendritic
contact. Transport packets containing essential components of
the presynaptic active zone are highly motile before they reach
synaptic sites (5). Likewise, synaptic vesicles traffic rapidly along
axons before stabilizing at dendritic contact sites (6), suggesting
that a dendrite-associated signal regulates presynaptic stability.
At glutamatergic synapses, AMPA and NMDA receptors are
recruited to the postsynaptic density in 1 h or less (7, 8), raising
the possibility that they may play an important role in regulating
synapse stability.
Electrophysiological and immunohistochemical experiments

suggest that a large percentage of young synapses contain NMDA
receptors but lack AMPA receptors (9, 10). AMPA receptors are
recruited gradually to postsynaptic sites, resulting in an increase in
the AMPA/NMDA ratio at these synapses (11–13). The increase
in the AMPA/NMDA ratio correlates with the stabilization of
dendritic spines.
Synapse formation requires the precise apposition of presynaptic

and postsynaptic elements underlying the need for bidirectional
signaling. Key postsynaptic proteins such as neuroligins, synaptic
cell-adhesion molecules (SynCAMs), Ephrin type B (EphB) re-
ceptors, netrin G ligands, and leucine-rich repeat transmembrane
(LRRTM) proteins signal transsynaptically to induce recruitment
of presynaptic components (14–20). Postsynaptic adhesion mole-
cules also are involved in the functional maturation of presynaptic
inputs (21–23). Recent work demonstrated that inhibition of
postsynaptic protein synthesis leads to axon withdrawal in the
neuromuscular junction, suggesting that transsynaptic signaling
also is important for stabilizing synapses (24). However, little is
known about the molecules that regulate synapse stability.

In this study, we explore the hypothesis that reverse signaling
by postsynaptic AMPA receptors regulates the stability of pre-
synaptic inputs. Time-lapse imaging of synaptophysin-GFP (Syn-
GFP) puncta in neuronal cultures revealed that only a fraction of
presynaptic inputs were stable, and this stability was strongly
correlated with the presence of postsynaptic AMPA receptors.
Removal of AMPA receptors from the surface of postsynaptic
cells led to a marked decrease in the number and stability of
presynaptic inputs onto these cells. Conversely, overexpression
of AMPA receptors increased the number and stability of inputs
onto neurons. Furthermore, AMPA receptors expressed along
with Neuroligin-1 (NLG-1) in 293T cells stabilized presynaptic
inputs onto heterologous cells. The N-terminal 109 amino acids
of glutamate receptor 2 (GluR2) were necessary for presynaptic
stabilization, arguing strongly for a structural role of the extra-
cellular N-terminal domain (NTD) of AMPA receptors in reg-
ulating presynaptic input stability. Together, these data suggest
that a structural interaction between GluR2 and the presynaptic
terminal mediates synapse stability.

Results
Dynamics of Presynaptic Inputs in Cortical Culture. To determine
whether synapse elimination occurs in cortical cultures, we
established a time course for the number of presynaptic inputs
onto dendrites across a window spanning synaptogenesis in these
cultures (25). Neurons were stained with antibodies against the
excitatory presynaptic markers vesicular glutamate transporter
(VGLUT)-1 and -2 as well as the dendritic marker microtubule-
associated protein 2 (MAP2), and the number of presynaptic
inputs per dendrite length was quantified (SI Appendix, Fig. S1 A–
E). We additionally stained for surface-expressed AMPA re-
ceptor subunits, glutamate receptor 1 (GluR1) and GluR2, along
with VGLUT and quantified the number of colocalized puncta as
amarker of excitatory synapses (SI Appendix, Fig. S2). Presynaptic
inputs onto postsynaptic neurons were seen as early as 6 d in vitro
(DIV), although the number of inputs was quite small (SI Ap-
pendix, Fig. S1 A and E). Inputs reached a peak at 14 DIV and
decreased by 18 DIV (SI Appendix, Fig. S1 B and E). A similar
peak in the number of colocalized VGLUT, GluR1, and GluR2
puncta was observed at 14 DIV (SI Appendix, Fig. S2). This result
suggested that a subset of the inputs observed at 14 DIV either
failed to stabilize or were eliminated by 18 DIV.
In a complementary set of experiments, we imaged presynaptic

vesicle dynamics across synaptogenesis (SI Appendix, Fig. S1 F–J).
Synaptic vesicles are a key component of presynaptic terminals,
and GFP fusions of synaptic vesicle proteins such as Syn-GFP
have been used widely to study the dynamics of presynaptic ter-
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minals. The stability of puncta containing presynaptic vesicle
protein is a good indicator of functional presynaptic terminals
(6, 26, 27). We therefore chose to image Syn-GFP dynamics in
these experiments.
We imaged the dynamics of Syn-GFP puncta and quantified

the fraction of puncta that were stable, newly added, or elimi-
nated across 1 h (SI Appendix, Fig. S1H). At 11 DIV, the ma-
jority of puncta were either newly added (45%) or eliminated
(41%). Only 14% of Syn-GFP puncta were stable across the
hour. By 14 DIV, the fraction of stable puncta increased to 24%.
By 17 DIV, the fraction of stable puncta increased further to
59%. This result suggested that stabilization of presynaptic
inputs is developmentally regulated, with a significant increase in
stability between 11 and 17 DIV.
Todetermine if therewas a relationship between the size of Syn-

GFP puncta and synapse stability, we examined the relationship
between dwell time (Methods) and Syn-GFP puncta size. Stable
puncta were much larger than transient puncta, indicating that
puncta size is a goodmeasure of presynaptic stability (SI Appendix,
Fig. S3A). A similar relationship between the size of presynaptic
puncta and stability also was reported recently in Caenorhabditis
elegans (28). Further, larger Syn-GFP puncta were much more
likely to colocalize with bassoon, a component of the active zone
(SI Appendix, Fig. S3B). The majority of larger Syn-GFP puncta
colocalizedwith synaptotagmin uptake staining, amarker of active
release sites (SI Appendix, Fig. S3C). A careful analysis of the
distribution of Syn-GFP dwell time at 14 DIV showed that the
transient and stable puncta could be distinguished clearly (SI
Appendix, Fig. S1 I and J). Together, these results demonstrate
that both stable and dynamic populations of presynaptic puncta
are present during synaptogenesis and that the fraction of stable
puncta increases significantly by the end of synaptogenesis.
To determine if contact with postsynaptic dendrites affected

the stability of Syn-GFP puncta, we transfected a subset of
neurons with Syn-GFP and a separate subset with mCherry to
visualize dendrites. We then imaged Syn-GFP punctum dynam-
ics in regions containing mCherry-positive neurons (Fig. 1). We
separated puncta into two groups: Syn-GFP puncta contacting
dendrites and Syn-GFP puncta not contacting dendrites. To
confirm that the Syn-GFP puncta not contacting mCherry-positive
dendrites were in areas devoid of dendrites, we visualized all
dendrites (transfected and untransfected) using differential in-
terference contrast (DIC) imaging at the beginning and end of
each experiment. We observed numerous examples of stable
Syn-GFP puncta in contact with dendrites (white arrows in Fig.
1B). In fact, 61 of the 76 stable puncta observed in these
experiments were in direct contact with dendrites, suggesting
that a dendrite-dependent signal stabilizes presynaptic vesicles.
In support of this notion, most puncta (94%) not in contact with
dendrites were transient (Fig. 1 C and D). Surprisingly, 62% of
Syn-GFP puncta that contacted dendrites also were transient
(Fig. 1D). Thus, although contact with a dendrite may be a pre-
requisite for stabilization, this contact alone is not sufficient for
stabilization. This finding argues for a dendrite-derived stabiliz-
ing factor that is found only at select sites along the dendrite.

Correlation Between Presynaptic Stability and Postsynaptic AMPA
Receptors. A central goal of this work was to identify molecules
that regulate presynaptic input stability. Previous experiments
suggested that this molecule is developmentally up-regulated (SI
Appendix, Figs. S1 and S2) and present at a subset of post-
synaptic sites (Fig. 1). We further reasoned that this signal
should be easily trafficked into or out of individual synaptic sites
to allow for stabilization or elimination of specific inputs. AMPA
receptors were an intriguing candidate molecule because several
nascent synapses contain NMDA receptors but not AMPA
receptors (29), and AMPA receptor trafficking is tightly regu-
lated (30, 31).

To determine whether presynaptic inputs that colocalized with
AMPA receptors were more likely to be stabilized, we imaged
the dynamics of Syn-GFP puncta across 6 h in 14 DIV cultures
and then live-labeled surface GluR1 or GluR2 receptors at the
end of the imaging period before fixing and staining neurons
(Fig. 1 E–H). There was a strong correlation between the pres-
ence of postsynaptic AMPA receptors and the stability of pre-
synaptic inputs. Although a majority of stable Syn-GFP puncta
were associated with the presence of postsynaptic AMPA
receptors (55 and 67% for GluR1 and GluR2, respectively),
AMPA receptors were present less than 30% of the time at sites
of eliminated presynaptic inputs (Fig. 1 F and G). In contrast,
there was no correlation between the stability of presynaptic
inputs and the presence of postsynaptic NMDA receptors (Fig. 1
G and H). These observations suggested that postsynaptic
AMPA receptors may play a role in regulating synapse stability.

Down-Regulation of AMPA Receptors Leads to a Decrease in the
Number and Stability of Presynaptic Inputs. To explore further the
potential requirement for AMPA receptors in presynaptic input
stabilization, we actively down-regulated AMPA receptor ex-
pression on the postsynaptic surface. Cortical neurons were
transfected with GluR1 and GluR2 C-terminal domains fused to
CFP (CFP:GluR1 C-tail and CFP:GluR2 C-tail, henceforth re-
ferred to as “GluR C-tails”) or with CFP alone (control) at 7
DIV, and the effects on VGLUT (excitatory) and glutamic acid
decarboxylase (GAD6) (inhibitory) inputs were assessed at 14

Fig. 1. Stable presynaptic puncta are associated with postsynaptic AMPA
receptors. Time-lapse imaging revealed that Syn-GFP puncta preferentially
stabilized on dendrites and are associated with postsynaptic AMPA receptors
the majority of the time. (A) Example of a location in which Syn-GFP–
expressing axons (green) contacted mCherry-expressing dendrites (red). The
white boxes depict areas that are magnified in B and C. In each imaging ex-
periment, we confirmed by DIC imaging that no untransfected dendrites
were in the field of view. (Scale bar, 5 μm.) (B and C) Micrographs of locations
identified inA at 0, 20, 40, and 60min. (B) A dendrite segment receiving stable
Syn-GFP inputs (white arrows). (C) Syn-GFP puncta in an area without den-
drites. Note the lack of stable puncta in this field of view, suggesting that
dendrite contact is necessary for presynaptic input stabilization. (D) Quanti-
fication of the dynamics of Syn-GFP puncta at and away from sites of dendritic
contact. ***P < 0.001. (E–G) Stable and eliminated Syn-GFP puncta with ret-
rospective staining for AMPA and NMDA receptors. Arrowheads indicate the
position of Syn-GFP puncta at the time point indicated. (E) A stable Syn-GFP
punctum. Live-labeling at the 6-h mark revealed the presence of a surface-
expressed GluR2 punctum that colocalized with the Syn-GFP punctum. (F) A
Syn-GFP punctum that was present at 0 and 3 h but was eliminated by 6 h. No
staining for surface GluR2 was seen at the elimination site. (G) Another ex-
ample of an eliminated Syn-GFP punctum. Note the presence of an NR1
punctum at the elimination site. (Scale bar, 1 μm.) (H) Quantification of the
fraction of stable and eliminated Syn-GFP puncta that colocalized with total
NR1 or surface-expressed GluR1 or GluR2. *P < 0.05.
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DIV (Fig. 2). The C-tail constructs have been shown previously
to disrupt synaptic targeting of GluR1 and GluR2 (32, 33),
probably by competing for endogenous proteins involved in the
normal trafficking of these receptors.
Neurons transfected with GluR C-tails (Fig. 2B) were mor-

phologically similar to control neurons transfected with CFP
alone (Fig. 2A). GluR C-tail expression significantly decreased
total surface levels of GluR1 by fourfold (P < 0.0001) and of
GluR2 by 2.4-fold (P = 0.03) (Fig. 2 C and D). Levels of post-
synaptic density protein 95 (PSD-95) were not altered, however,
indicating that the C-tails did not globally disrupt the post-
synaptic complex (P = 0.37) (Fig. 2E). Neurons expressing GluR
C-tails had a 50% decrease in excitatory input number relative to
controls (P < 0.0001) (Fig. 2 F–H), consistent with the idea that
AMPA receptors are necessary for presynaptic terminal stabili-
zation. The number of inhibitory inputs onto these neurons was
not altered (P = 0.51) (Fig. 2I), indicating that loss of AMPA
receptors selectively affects excitatory presynaptic terminals.
In the next set of experiments, we directly examined the role of

postsynaptic AMPA receptors in presynaptic stability by time-
lapse imaging (Fig. 2 J–L). A subset of neurons was transfected
with Syn-GFP and another subset with mCherry (to visualize
neurons) and with either CFP or GluR C-tails. At 12 DIV, we
identified areas where axons expressing Syn-GFP contacted
mCherry-positive dendrites and imaged the dynamics of those
axo-dendritic contacts across 1 h (Fig. 2 J and K). Numerous Syn-
GFP puncta contacted both control and C-tail–expressing den-
drites during each imaging period (average of 42 puncta per
neuron for control neurons, 66 puncta per neuron for C-tail–
expressing neurons). Twenty-one per cent of Syn-GFP puncta in
contact with control neurons were stable across 1 h of imaging
(Fig. 2 J and L). Strikingly, only 9.3% of Syn-GFP puncta in
contact with GluR C-tail–expressing cells were stable (P =
0.0003) (Fig. 2 K and L). This finding represents a 50% decrease
in stable inputs onto C-tail–expressing neurons over the course
of 1 h and strongly supports the hypothesis that AMPA receptors
are necessary for presynaptic stabilization.
The decrease in synapse input number and stability in re-

sponse to AMPA receptor down-regulation could be caused ei-
ther by disruption of structural interactions between AMPA
receptors and interacting proteins or by loss of activity through
AMPA receptors. To differentiate between these two scenarios,
we pharmacologically blocked AMPA receptors with
6,7-dinitroquinoxaline-2,3-dione (DNQX) from 7 to 14 DIV (SI
Appendix, Fig. S4). In contrast to the effect of physically re-
moving AMPA receptors, we found that selective blockade of
AMPA receptors led to a significant increase in VGLUT-positive
inputs per dendrite length (a twofold increase; P < 0.0001) (SI
Appendix, Fig. S4 A, B, and D). Thus, loss of AMPA receptor-
mediated activity could not account for the decrease in excitatory
input number we observed with receptor down-regulation.
The twofold increase in excitatory input number in response to

DNQX treatment was particularly interesting because DNQX
treatment also caused a twofold increase in the surface expres-
sion of GluR1 (P = 0.0002) and GluR2 (P < 0.0001) (SI Ap-
pendix, Fig. S4 E and F). Meanwhile, pharmacologically blocking
NMDA receptors with 2-amino-5-phosphonovaleric acid (APV)
from 7 to 14 DIV had no effect on either surface expression of
GluR1/GluR2 or excitatory input number (SI Appendix, Fig. S4
C, D–F). These data suggest that structural interactions medi-
ated by surface-expressed AMPA receptors were responsible for
the increase in input number.

Overexpression of AMPA Receptors Increases the Number and
Stability of Presynaptic Inputs. To determine if AMPA receptor
overexpression could indeed increase the number of presynaptic
inputs, we transfected neurons with GFP-tagged GluR1 and
GluR2 subunits at 7 DIV and assessed excitatory and inhibitory

Fig. 2. AMPA receptor down-regulation decreases the number and
stability of presynaptic inputs. (A and B) A control neuron cotransfected
with mCherry (red) and CFP (green) (A) and a neuron cotransfected with
mCherry and CFP:GluR1 and -2 C-tails (B). C-tails were expressed robustly
and targeted to dendrites. (Scale bar, 5 μm.) (C) Quantification of the
number of surface GluR1 puncta per length of dendrite (normalized
to controls). ***P < 0.0001. (D) Quantification of the number of surface
GluR2 puncta per length of dendrite (normalized to controls). *P = 0.03.
(E) Quantification of the number of PSD-95 puncta per length of dendrite
(normalized to controls). (F and G) Endogenous VGLUT-positive inputs
onto control (F) or C-tail–expressing neurons (G) at 14 DIV. (Upper) VGLUT-
positive inputs (green) onto mCherry-filled dendrites (red). (Lower) The
same VGLUT inputs are shown in white with the dendrite outlined in
yellow, allowing better visualization of inputs. (Scale bar, 2 μm.) (H) Quan-
tification of the number of excitatory, VGLUT-positive inputs per length
of dendrite (normalized to controls). ***P < 0.0001. (I) Quantification
of the number of inhibitory, GAD6-positive inputs per length of dendrite
(normalized to controls). NS, not significant. (J and K) Examples from
imaging experiments in which Syn-GFP–expressing axons (green)
contacted mCherry expressing dendrites (red) that also were expressing
CFP or CFP:GluR1 and two C-tails. (J) Micrographs from an experiment in
which Syn-GFP puncta contacted an mCherry-expressing dendrite that
also was expressing CFP (control). The panels show time points at 0, 30,
and 60 min. Several Syn-GFP puncta were stabilized on the control neuron
for the duration of 1 h, whereas other puncta either appeared or dis-
appeared. (K) Micrographs from the imaging experiment shown in J, but
in this case Syn-GFP puncta contacted an mCherry-expressing dendrite
that also was expressing GluR C-tails. Although several Syn-GFP puncta
contacted the dendrite expressing C-tails, no puncta were stabilized
across the hour. (Scale bar, 2 μm.) (L) Quantification of the fraction
of stable Syn-GFP inputs contacting control dendrites or dendrites
expressing C-tails. There was a significant decrease in stable inputs onto
neurons expressing C-tails relative to controls. ***P = 0.0003.
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input number at 14 DIV. Transfection of neurons with GFP-
GluR1 and GFP-GluR2 led to highly variable interexperiment
levels of surface expression; therefore, to facilitate trafficking of
AMPA receptors to the synapse, we additionally cotransfected
neurons with stargazin (STG), a protein integral to proper
AMPA receptor trafficking (34). This cotransfection led to ro-
bust and reliable overexpression of AMPA receptors on the
membrane surface. Neurons cotransfected with STG and GFP-
GluR1 and -2 showed a significant increase in the number of
VGLUT-positive inputs per length of dendrite when compared
with vector (P < 0.001) or vector plus STG (P < 0.01) trans-
fection controls (overall P = 0.0004) (Fig. 3 A–C and G). This
increase was selective for excitatory inputs, because there was no
significant difference in the number of GAD6-positive inputs
among the three conditions (P = 0.24) (Fig. 3 D–F and H).
To determine whether the increase in excitatory synapse

number was caused by the increased stability of presynaptic
inputs, we imaged the dynamics of Syn-GFP puncta in contact
with neurons expressing mCherry plus STG versus neurons
expressing mCherry plus STG plus GluR1 and -2 (Fig. 3I). We
observed a 1.5-fold increase in stable inputs onto neurons over-
expressing AMPA receptor across 1 h (P = 0.03). These obser-
vations indicate that increased surface delivery of AMPA
receptors increases the number and stability of presynaptic inputs
onto neurons.

Coexpression of AMPA Receptors and NLG-1 in 293T Cells Is Sufficient
to Stabilize Syn-GFP Inputs onto Heterologous Cells. Next, we asked
whether AMPA receptors could induce presynaptic input sta-
bility in a reduced heterologous culture system. Scheiffele et al.
(17) previously demonstrated that coculturing neurons with
NLG-1–expressing 293T cells promotes the induction of pre-
synaptic inputs onto those cells. We used a modified version of
this assay to test whether 293T cells expressing AMPA receptors
are capable of stabilizing Syn-GFP puncta in axons from cocul-
tured neurons. We cotransfected 293T cells with mCherry (for
visualization) along with one of the following combinations of
plasmids: (i) vector, (ii) NLG-1, (iii) GluR1 and -2, (iv) NLG-1
plus GluR1 and -2, or (iv) NLG-1 plus NMDA receptor subunit
NR1 (NR1) and NMDA receptor subunit 2B (NR2B) (see SI
Appendix, Fig. S5 for confirmation of expression). We then
overlaid these 293T cells onto neurons previously transfected
with Syn-GFP and imaged interactions between 293T cells and
Syn-GFP puncta 18–24 h later (Fig. 4).
First, we confirmed that NLG-1 increased Syn-GFP input

number onto 293T cells relative to controls (P = 0.0005) (Fig.
4D). Next, we imaged the dynamics of Syn-GFP puncta at 10-min
intervals across 1 h and determined a stability index for each
293T cell, defined as the fraction of stable relative to total
(trafficking plus stable) Syn-GFP inputs contacting that cell (Fig.
4 A–C and E). This index is a measure of the ability of the 293T
cell to attract and stabilize trafficking Syn-GFP puncta effec-
tively. Vector-transfected control 293T cells were not very effi-
cient at stabilizing presynaptic inputs (stability index 0.13 ± 0.02)
(Fig. 4 A and E). NLG-1–expressing 293T cells had an increased
stability index (P < 0.05), suggesting that postsynaptic NLG-1 has
presynaptic input-stabilizing properties. The 293T cells express-
ing only AMPA receptors were statistically no better than con-
trol cells at stabilizing presynaptic inputs (Fig. 4E). However,
293T cells expressing NLG-1 in combination with AMPA
receptors had a greater than threefold increase in their stability
index relative to controls (stability index: 0.42 ± 0.04; P < 0.001)
(Fig. 4 B and E). Replacement of AMPA receptors by NMDA
receptors (NR1 plus NR2B) abolished the increase in stability
over control values, suggesting that presynaptic input stability is
dependent specifically on AMPA receptors.

The N-Terminal Domain of GluR2 Is Sufficient for AMPA Receptor-
Dependent Presynaptic Stabilization. AMPA receptor subunits
contain a large NTD that is located in the synaptic cleft. We
speculated that structural interactions between this NTD and
presynaptic membrane proteins could lead to the stabilization of
presynaptic inputs. To test this assumption, we subcloned GluR1
NTD and GluR2 NTD into the Invitrogen pDisplay vector
(Methods). When expressed in cells, GluR NTDs were inserted
into the membrane with the NTD located in the extracellular
space (SI Appendix, Fig. S5).
We transfected 293T cells with pDisplay vector alone or with

NLG-1 plus (i) pDisplay, (ii) GluR1 NTD-pDisplay, or (iii)
GluR2 NTD-pDisplay and calculated a stability index for these
cells (Fig. 4 C and G). NLG-1 increased presynaptic input
number relative to the pDisplay vector control and led to
a modest increase in input stability, although this increase was
not significant in this data set, probably because of increased
background stability from pDisplay (Fig. 4G). The stability index
of cells expressing GluR1 NTD was not significantly different
from controls (Fig. 4G). In contrast, the stability index of cells
expressing GluR2 NTD was twofold higher than controls (P <
0.05) (Fig. 4 C and G). This result demonstrates that the GluR2
NTD in combination with NLG-1 is sufficient to induce stabili-
zation of presynaptic inputs onto nonneuronal cells and argues
strongly that structural interactions mediated specifically by the
extracellular domain of AMPA receptors are responsible for
presynaptic input stabilization. We also transfected neurons with
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Fig. 3. Overexpression of AMPA receptors increases presynaptic input
number and stability. (A–C) Representative images of VGLUT-positive inputs
(green) onto 14-DIV neurons transfected with vector (A), STG (B), or STG plus
GFP-GluR1 and -2 (C), along with mCherry for visualization of dendrites
(red). Lower panels show the same image but with the VGLUT-positive
inputs in white and the dendrite outlined in yellow, allowing better visual-
ization of inputs. (Scale bar, 1 μm.) (D–F) Representative images of GAD6-
positive inputs (blue) onto 14-DIV neurons transfected with vector (D), STG
(E), or STG plus GFP-GluR1 and -2 (F), along with mCherry for visualization of
dendrites (red). Lower panels show the same image, but with the GAD6-
positive inputs in white and the dendrite outlined in yellow. (G) Quantifi-
cation of the number of excitatory (VGLUT-positive) inputs per length of
dendrite, normalized to control values. Overall P = 0.0004. Intergroup
comparisons: ***P < 0.001; **P < 0.01. (H) Quantification of the number of
inhibitory (GAD6-positive) inputs per length of dendrite, normalized to
controls. (I) Quantification of Syn-GFP stabilization onto control and AMPA
receptor-expressing neurons. *P = 0.03.
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GluR2 NTD-deletion constructs lacking either the first 109
amino acids (GluR2 NTD-Del1) or the first 173 amino acids
(GluR2 NTD-Del2) of the NTD (Fig. 4G). Expression of either
of these constructs abolished the stability effect. These obser-
vations suggest the N-terminal 109 amino acids of GluR2 are
required for the stabilization of presynaptic inputs in the pres-
ence of NLG-1 and further support the hypothesis of a trans-
synaptic interaction that mediates stability.

Discussion
The establishment of neural circuits requires the stabilization of
correct inputs and the elimination of incorrect ones. However,
very little is known about the role of specific proteins in regu-

lating synapse stability. Here, we show that AMPA receptors
play a critical role in this process and provide evidence that
AMPA receptors function as a transsynaptic signal to stabilize
presynaptic inputs.
Our investigation of the role of AMPA receptors in regulating

synapse stability was motivated by the observation that there was
a strong correlation between the presence of postsynaptic AMPA
receptors and synapse stability, suggesting that AMPA receptors
may play an instructive role in this process. Consistent with such
a possibility, we found that overexpression of AMPA receptors led
to a 1.5-fold increase in the number of excitatory inputs onto cells
as well as a 1.5-fold increase in the stabilization of Syn-GFP
puncta onto those cells. Conversely, removal of AMPA receptors
led to a twofold reduction in the number of excitatory inputs onto
dendrites and a 50% decrease in the fraction of stable Syn-GFP
inputs. Thus postsynaptic AMPA receptors appear to be an im-
portant determinant of presynaptic stability.
How might AMPA receptors influence presynaptic stability?

AMPA receptors potentially could influence stability through
structural interactions with proteins on the presynapticmembrane.
Alternatively, AMPA receptor-mediated activity could trigger
downstream signaling that results in the recruitment of proteins
that provide a retrograde signal to the presynaptic terminal. Our
observations suggest that AMPA receptors regulate presynaptic
stability via a structural interaction. Functional blockade of AMPA
receptors does not phenocopy the effect of loss of AMPA recep-
tors, arguing against stability being mediated via neurotransmis-
sion. In support of a structural role, we found that coexpression of
the GluR2 receptor along with NLG-1 was extremely efficient at
stabilizing presynaptic inputs and that this effect requires the NTD
of GluR2. In complementary experiments, we found that the NTD
of GluR2 in concert with NLG-1 was sufficient to induce pre-
synaptic stability. It therefore appears that the NTD of AMPA
receptors signal transsynaptically to regulate presynaptic stability.
Although we demonstrate a role for the NTD of GluR2 in

regulating presynaptic stability, previous work has implicated the
GluR2 NTD in regulating spine size and density (35, 36). We
should note that the role of GluR2 in spine morphogenesis is not
fully resolved, because Lu et al. (37) found that genetic deletion of
GluR2 does not affect spine density significantly. However, spine
size and stability were not measured in that study, so it is possible
that those aspects of spine development require GluR2. The
observation that the GluR2 NTD can regulate both postsynaptic
spine morphogenesis and presynaptic stability raises an intriguing
question regarding the interdependence of these two phenomena.
Namely, is the induction of spines necessary for presynaptic sta-
bilization? Our experiments suggest that the answer is no, because
the majority of synapses, including stable synapses, are shaft
synapses in our cultures during the time that these experiments
were carried out, and Harris and colleagues have reported that
the majority of early synapses in the hippocampus in vivo are
present on dendritic shafts (38). Although there are also stable
inputs onto spines, spines do not appear to be a prerequisite for
input stabilization. Strengthening this finding is the fact that
presynaptic inputs were stabilized onto 293T cells that lack spines.
Thus, AMPA receptors appear to regulate independently two
critical aspects of synapse maturation, namely, stabilization of
presynaptic inputs and postsynaptic spine morphogenesis.
Although synapses are quite dynamic early in development,

they later maintain stability for weeks, months, or perhaps even
years (39, 40). The importance of this stability is highlighted by
reports that the disassembly of synapses late in life may be linked
to Alzheimer’s disease (41). In fact, recent work suggests that
β-amyloid–induced loss of AMPA receptors may lead to this late-
stage destabilization of synapses (42). Although we have focused
on the possibility that proper trafficking of AMPA receptors to
synapses mediates cortical wiring during development, it will be
equally important to determine whether their prolonged presence

Fig. 4. The NTD of GluR2 in concert with NLG-1 is sufficient to induce pre-
synaptic input stability. (A–C) Live-imaged 293T cells (red) expressing vector
(A), NLG-1 plus GluR1 and -2 (B), or NLG-1 plus GluR2 NTD (G2NTD)
(C) contacted by Syn-GFP–expressing axons (green) from cocultured neurons.
Thewhite rectangles in the left panels ofA–Cdemarcate an area of a Syn-GFP–
expressing axon that is magnified in the panels on the right. The panels on the
right correspond to various time points during the imaging period (0, 10, 20,
and 60 min). A large fraction of Syn-GFP puncta contacting control 293T cells
were trafficking (present in only one imagingwindow) (A). In contrast, a large
fraction of Syn-GFP puncta contacting NLG-1 plus GluR2 NTD-expressing 293T
cells were stable across 60 min (C). (Scale bar, 5 μm.) (D) Confirmation that
NLG-1 induces presynaptic inputs in our imaging paradigm. The 293T cells
expressing NLG-1 received a significantly greater number of Syn-GFP inputs
than control cells expressing pRK5 vector at the beginning of the imaging
period. ***P = 0.001. (E) A stability index, defined as the ratio of stable puncta
to total (stable plus trafficking) puncta, for axons contacting 293T cells
expressing the indicated constructs. Overall P < 0.0001. Intergroup compar-
isons: ***P < 0.001; **P < 0.01; *P < 0.05. n = 24–43 cells for each condition. (F
The 293T cells expressing NLG-1 received a significantly greater number of Syn-
GFP inputs than control (pDisplay-expressing) cells at the beginning of the
imaging period. *P = 0.013. (G) Quantification of stability indexes for 293T
cells expressing indicated constructs shows that the first 109 amino acids of
the NTD of GluR2 are necessary for presynaptic input stabilization. **P < 0.01;
*P < 0.05. (H) Model of the proposed role of the NTD of GluR2 in regulating
presynaptic stability. AMPAR, AMPA receptor; NMDAR, NMDA receptor.
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at synapses is essential for stabilizing synaptic inputs in adult life
and old age.

Methods
Primary Cell Culture and Transfections. Cortical neurons were cultured from
embryonic day18Long–Evans rats (CharlesRiver Lab) andplatedat adensityof
85,000/cm2 on chamber slides (Nalgene Nunc International) or glass coverslips
coatedwith poly-D-lysine (0.03mg/mLfinal) (Millipore) and laminin (0.003mg/
mL final) (BD Biosciences). Neurons were cultured in Neurobasal Medium
(Invitrogen) supplemented with 1,000 U/mL penicillin G and streptomycin
sulfate (Invitrogen), 1× GlutaMAX (Invitrogen), 2% FBS (Invitrogen), and 2×
B27 (Invitrogen). Media were refreshed every 3 d. Neurons were transfected
using the calciumphosphatemethod (43). Neuronswere transfectedwith Syn-
GFP at 4 DIV to allow sufficient time for proper targeting to axons. All other
transfections were carried out at 7 DIV. For drug-blockade experiments,
neurons were grown in the presence of 20 μM DNQX (Tocris), 50 μM D-AP5
(Tocris), or vehicle (DMSO) from 7 to 14 DIV. Drugs were refreshed daily.

Plasmids. Synaptophysin-GFPwas provided byHollis Cline (Cold SpringHarbor
Laboratory, Cold Spring Harbor, NY). mCherry was provided by Roger Tsien
(University of California, SanDiego, La Jolla, CA). STGwas provided by Susumu
Tomita (Yale School ofMedicine, NewHaven, CT) and Roger Nicoll (University
of California, San Francisco, CA). Untagged and GFP-tagged GluR1 and GluR2
were provided by Richard Huganir (Johns Hopkins University, Baltimore, MD).
Flag-NLG-1was providedbyPalmer Taylor (University of California, SanDiego,
La Jolla, CA). The GFP control constructs pEGFP-N1 and pECFP-C1 are com-
mercially available (BD Biosciences). CFP:GluR1 C-tail and CFP:GluR2 C-tail
constructs weremade following themethod described by Shi et al. (33). GluR1
and GluR2 NTD constructs were made by subcloning the first 400 amino acids
of GluR1 and GluR2 into the pDisplay vector (Invitrogen).

Immunostaining. The following primary antibodies were used for this study:
chicken anti-MAP2 (1:5,000; Abcam); guinea pig anti-VGLUT 1 (1:5,000;
Millipore); guinea pig anti-VGLUT 2 (1:1,000; Millipore); mouse anti-GAD6
(1:50; Developmental Studies Hybridoma Bank,); goat anti-GFP (1:3,000;
Abcam); mouse anti-Bassoon (1:1,000; Abcam); mouse anti-NR1 (1:500; BD
Pharmingen); mouse anti-PSD-95 (1:250; Affinity Bioreagents); and rabbit
anti-DsRed to visualize mCherry (1:1,000; Clontech). Appropriate secondary
antibodies raised in donkey were used (1:1,000; Jackson Immunoresearch).
The following primary antibodies were used for live-labeling experiments:
rabbit anti-GluR1 (1:10; EMD Biosciences); mouse anti-GluR2 (1:100; Milli-
pore); rabbit anti-GFP (Invitrogen; 1:1,000); mouse anti-Flag (1:1,000; Sigma);
and mouse anti-myc (1:1,000; Covance).

Statistics. Student’s t test was used when comparing two conditions. For all
comparisons of three conditions or more, the Kruskal–Wallis Test was used
(nonparametric ANOVA), followed by Dunn’s multiple comparisons test to
determine statistical significance between individual conditions. All data
presented in the text are mean ± SEM.

Additional experimental details, including methods for imaging experi-
ments, are provided in SI Appendix, SI Methods.
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