The Journal of Neuroscience, May 2, 2007 • 27(18):4929 – 4934 • 4929

Brief Communications

Conversion of Functional Synapses into Silent Synapses in
the Trigeminal Brainstem after Neonatal Peripheral Nerve
Transection
Fu-Sun Lo and Reha S. Erzurumlu
Department of Anatomy and Neurobiology, University of Maryland School of Medicine, Baltimore, Maryland 21201

One of the major consequences of neonatal infraorbital nerve damage is irreversible morphological reorganization in the principal
sensory nucleus (PrV) of the trigeminal nerve in the brainstem. We used the voltage-clamp technique to study synaptic transmission in
the normal and the denervated PrV of neonatal rats in an in vitro brainstem preparation. Most of the synapses in the PrV are already
functional at birth. Three days after peripheral deafferentation, functional synapses become silent, lacking AMPA receptor-mediated
currents. Without sensory inputs from the whiskers, silent synapses persist through the second postnatal week, indicating that the
maintenance of AMPA receptor function depends on sensory inputs. High-frequency (50 Hz) electrical stimulation of the afferent
pathway, which mimics sensory input, restores synaptic function, whereas low-frequency (1 Hz) stimulation has no effect. Application of
glycine, which promotes AMPA receptor exocytosis, also restores synaptic function. Therefore, normal synaptic function in the developing PrV requires incoming activity via sensory afferents and/or enhanced AMPA receptor exocytosis. Sensory deprivation most likely
results in AMPA receptor endocytosis and/or lateral diffusion to the extrasynaptic membrane.
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Introduction
In the trigeminal principal sensory nucleus (PrV) of rodents,
whisker-specific afferent arbors and postsynaptic elements form
neural modules (“barrelettes”), each representing a single whisker or sinus hair on the snout. Three classes of morphologically
and physiologically distinguishable neurons reside in the rat PrV:
barrelette cells, interbarrelette cells, and GABAergic inhibitory
interneurons (Arends and Jacquin, 1993; Lo et al., 1999). Deprivation of sensory afferents by infraorbital (IO) nerve transection
at birth results in irreversible disruption of the barrelettes and
neural patterning in the upstream thalamic and cortical targets
(for review, see Woolsey, 1990). Loss of presynaptic terminal
patterns is accompanied by symmetrical differentiation of barrelette cell dendrites (Lo and Erzurumlu, 2001). Despite these
significant morphological changes, membrane properties of barrelette cells do not change (Lo and Erzurumlu, 2001). Effects of
neonatal and adult peripheral nerve damage on the morphological and functional organization of central relay stations have
been widely studied in the rodent trigeminal system. But the
mechanisms underlying synaptic plasticity and reorganization
are not fully understood.
Most forms of synaptic plasticity require calcium influx
through NMDA receptors (for review, see Bear and Malenka
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1994; Malenka and Bear 2004). Pharmacological blockade of
NMDA receptors prevents the induction of long-term potentiation (LTP) and long-term depression (LTD), which are believed
to underlie selective synaptic stabilization and elimination, respectively (Scheetz and Constantine-Paton, 1994). Both LTP and
LTD are expressed via postsynaptic AMPA receptor trafficking
(for review, see Malinow and Malenka 2002; Bredt and Nicoll
2003; Sheng and Lee 2003). In the present study, we focused on
the barrelette cells that mainly project to the contralateral thalamus. We used a minimal stimulation technique to test the function of AMPA and NMDA receptors at different holding potentials (Isaac et al., 1995; Liao et al., 1995) in normal and denervated
barrelette neurons. We found that the majority of synapses are
already mature at birth in the normal PrV. However, IO nerve
transection at birth rapidly diminishes functional AMPA receptors but leaves NMDA receptors intact. Consequently, synapses
become silent at resting membrane potential. High-frequency
(50 Hz) stimulation of the afferent pathway and application of
glycine, which promotes AMPA receptor exocytosis, restores
AMPA receptor function. Collectively, these findings suggest that
sensory activity plays a critical role in the acquisition and stabilization of functional AMPA receptors in the developing PrV.
Rapid conversion of silent synapses into functional synapses after
artificial stimulation of the denervated pathway opens up possibilities for management of peripheral nerve injury-induced synaptic plasticity in the CNS.

Materials and Methods
IO nerve transection. Postnatal day 0 (P0) Sprague Dawley rat pups were
anesthetized by hypothermia. The IO nerve on the right side was cut with
sterile microscissors. All animal experimentation protocols followed the
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National Institutes of Health guidelines and were approved by the University of Maryland, Baltimore Institutional Animal Care and Use
Committee.
Brain slice preparation. We obtained brainstem slices from normal rat
pups (P0 – P13) and IO nerve-transected pups (P4 –P13). The animals
were killed with halothane (Halocarbon Laboratory, River Edge, NJ), and
the brains were removed and immersed in cold (4°C) sucrose-based
artificial CSF (ACSF) containing the following (in mM): 234 sucrose, 2.5
KCl, 1.25 NaH2PO4, 10 MgSO4, 24 NaHCO3, 11 glucose, 0.5 CaCl2,
bubbled with 95% O2 and 5% CO2, pH 7.4. The brainstem was then
embedded in 2% agar and cut into 400-m-thick transverse sections
with a Vibratome (Electron Microscopy Sciences, Hatfield, PA) into
sucrose-based ACSF at 4°C. Slices containing the PrV were selected under a dissecting microscope. The normal (control) side of each slice was
marked. After 1 h incubation in normal ACSF [containing the following
(in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgSO4, 26 NaHCO3, 10
glucose, 2 CaCl2, pH 7.4] at room temperature, each slice was transferred
into a submerged-type recording chamber (Fine Science Tools, North
Vancouver, British Columbia, Canada) and continuously perfused (⬎2
ml/min) with normal ACSF at room temperature. During electrophysiological recording, 50 –100 M picrotoxin was added into the ACSF to block
GABAergic responses. All chemicals referred to above and in the following
sections were purchased from Sigma (St. Louis, MO).
Electrophysiology. Whole-cell patch micropipettes were pulled horizontally in three stages from borosilicate glass (K150F-4; World Precision Instruments, Sarasota, FL) with a P-87 puller (Sutter Instrument,
Novato, CA). The patch electrodes were backfilled with a Cs-based intracellular solution [containing the following (in mM): 115 CsMeSO3, 10
NaCl, 1 KCl, 4 MgCl2, 1 CaCl2, 11 EGTA, 20 HEPES, 3 Na2-ATP, 0.5
Na2-GTP, 0.1 spermine, pH 7.25, ⬎290 mOsm] with a tip resistance of
7–10 M⍀. For tetanic stimulation experiments, EGTA was reduced to 0.4
mM, and CaCl2 was omitted in the intracellular solution. Barrelette cells
were blindly patched as described previously (Lo et al., 1999). These cells
were identified by their prominent transient K ⫹ (IA) conductance (Lo et
al., 1999), which was gradually blocked by Cs ⫹ dialyzed from the micropipette 3 min after whole-cell recording. Recorded neurons were
voltage-clamped at either ⫺70 or ⫹60 mV. A pair of fine-tip stimulating
electrodes (0.5 M⍀, IRM33A05KT; World Precision Instruments) was
inserted at various points along the trigeminal tract (TrV), lateral to the
ventral PrV (barrelette region). Electrical pulses (0.2– 0.3 ms duration;
0.05– 0.2 mA) were passed through the electrodes to evoke EPSCs. All
physiological data were collected with an Instrutech (Port Washington,
NY) ITC-16 interface unit and stored on a Pentium III personal computer with Pulses (HEKA) software program (Instrutech).
Test for silent synapses. Barrelette neurons were first voltage-clamped at
⫹60 mV. The TrV was stimulated by 60 pulses at 0.2 Hz. Stimulus intensity was adjusted to around threshold, so that some trials failed to evoke
EPSCs. Then the neurons were clamped at ⫺70 mV to determine changes
in failure rate between the two membrane potentials. The amplitude of
EPSCs at ⫹60 mV was measured at 30 ms after stimulus, when NMDA
receptor-mediated EPSCs reach the peak. The amplitude of EPSCs at
⫺70 mV was measured 8 ms after stimulus (the peak of AMPA receptormediated EPSCs). A peak amplitude of less than two times noise SD was
designated as failure of synaptic transmission. Pharmacological studies
verified the reliability of this timing measurement. Figure 1a,b shows an
example of a functional synapse. Application of NBQX (1,2,3,4tetrahydro-6-nitro-2,3-dioxo-benzo quinoxaline-7-sulfonamide disodium; 10 M), an AMPA receptor antagonist, only blocked the EPSCs at
⫺70 mV (Fig. 1, compare c, d). This also indicated that silent synapses
resulted from loss of AMPA receptors.
Tetanic stimulation of the afferent pathway. In this set of experiments,
patch electrodes were filled with low EGTA concentration to reduce
chelating intracellular Ca 2⫹. When the barrelette neuron showed higher
failure rate of AMPA receptor-mediated EPSCs at ⫺70 mV, the neuron
was clamped to ⫺10 mV. Then, we applied six trains (1 s duration) of 50
Hz stimuli of suprathreshold intensity at 30 s intervals, or 1 Hz of 100 or
300 stimuli to the TrV. After this, the neuron was clamped to ⫺70 mV
again and tested by minimal stimulation for ⬎40 min.
Glycine application experiments. In a separate set of experiments, when

Figure 1. Blockade of AMPA receptors switches functional synapses into silent ones. An
example of functional synapse with NMDA receptor-mediated EPSCs at ⫹60 mV and AMPA
receptor-mediated EPSCs at ⫺70 mV. Insets a and b are records at points a and b, respectively.
c, d, Application of NBQX specifically blocks the EPSCs at ⫺70 mV (c) and leaves EPSCs at ⫹60
mV (d) intact, indicating that silent synapses result from a loss of AMPA receptor function. The
dashed lines denote noise level determined by two times the noise SD here and in all figures.
the barrelette neuron showed silent synapses, the neuron was clamped at
⫺70 mV, and glycine (200 M) was bath applied for 10 min. The AMPA
receptor-mediated EPSCs at ⫺70 mV were tested by minimal stimulation at 0.2 Hz during and ⬎40 min after glycine application. The extracellular Mg 2⫹ concentration is important for blocking NMDA receptors.
We used 2 mM Mg 2⫹ in this study. Even at a holding potential of ⫺70
mV, a residual NMDA receptor-mediated EPSC induced by maximal
stimulation of TrV is still present in the denervated PrV (data not
shown). The increase of AMPA receptor insertion by glycine is most
likely mediated by activation of NMDA receptors in the PrV, as reported
by Lu et al. (2001). The mechanisms underlying the glycine effect awaits
further experimentation.
Statistical analysis. All data are expressed as mean ⫾ SEM, and Student’s t test and  2 test were used.

Results
We first tested postsynaptic responses of barrelette cells in normal PrV of newborn rats (P1–P3). These cells can be identified
readily by their membrane properties (Lo et al., 1999). The majority of the recorded cells (87.5%; n ⫽ 8) showed normal synaptic transmission at resting potential (Fig. 2 A), namely the minimal stimulation induced EPSCs at both ⫹60 and ⫺70 mV with
similar failure rates. Only 12.5% of recorded cells exhibited silent
synapses with a much higher failure rate at ⫺70 mV than that at
⫹60 mV. The proportion of silent synapses (14.3%; n ⫽ 14)
remained unaltered ( 2 test; p ⬎ 0.05) on P4 –P13. We divided
the rat pups into two age groups: the first postnatal week (P1–P6)
and the second postnatal week (P7–P13). In the first postnatal
week, 80% of barrelette cells (n ⫽ 10) showed functional synapses
(Fig. 2 B). In the second postnatal week, 92% of cells (n ⫽ 12;  2
test; p ⬎ 0.05) had functional synapses (Fig. 2C,D). Based on
these findings, we concluded that most of the barrelette cells have
functionally mature synapses at birth in the PrV.
To test the effects of long-term deprivation on synaptic function,
we recorded from barrelette cells in deafferented PrV on P4 –P13
(i.e., 3–10 d after IO nerve transection). In the first postnatal week
(P4 –P6), the vast majority of cells (92.9%; n ⫽ 14) exhibited silent
synapses (Fig. 2E,F) with a 50 ⫾ 6% increase in failure rate at ⫺70
mV than that at ⫹60 mV. The noticeably high proportion of silent
synapses was in sharp contrast to that of normal PrV (20%;  2 test;
p ⬍ 0.01). Thus, long-term deprivation diminished AMPA receptor-
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term deprivation did not affect postsynaptic
NMDA receptor function.
In the PrV, barrelette cells receive inputs from whisker-specific trigeminal ganglion cells, which show either lowfrequency spontaneous or high-frequency
sensory activities (Minnery and Simon,
2003; Shoykhet et al., 2003). If silent synapses are a consequence of the absence of
high-frequency sensory inputs, then highfrequency electrical stimulation of the afferent pathway could convert silent synapses into functional synapses. We tested
this possibility by pairing depolarization
(⫺10 mV) and 300 stimuli at 50 Hz applied to the TrV. After the pairing stimulation, silent synapses immediately converted into functional ones in all tested
neurons (n ⫽ 6) (Fig. 3 A, B). The averaged
failure rate at ⫺70 mV dropped from 73 ⫾
12 to 33 ⫾ 11% (t test; p ⬍ 0.05), and the
effect lasted only 15–30 min. This effect
may be because of the fact that the PrV had
been deprived of sensory afferents for ⬎3
d. In the normal PrV (Guido et al., 2001)
and superior colliculus (Lo and Mize,
2001), the same stimulus strategy induces
long-term plasticity. This short-term effect was frequency-dependent; depolarization (⫺10 mV) plus 1 Hz with 100 (n ⫽ 2)
or 300 (n ⫽ 4) stimuli had no effect (Fig.
3C,D). The averaged failure rates at ⫺70
mV were not significantly different (t test;
p ⬎ 0.7). Thus, it appears that the acquisition and stabilization of functional AMPA
receptors require high-frequency sensory
afferent activity.
Silent synapses may be attributed to the
absence of AMPA receptors during early
development or endocytosis of AMPA receptors. Previously, endocytosis of AMPA
receptors was shown to be induced by either low-frequency stimulation or pharmacological manipulations (Malinow and
Malenka, 2002; Bredt and Nicoll, 2003;
Sheng and Lee, 2003; Ashby et al., 2004).
Here, we provide a novel model of silent
synapses, which allows us to test whether
Figure 2. Long-term deprivation converts functional synapses into silent ones. A, C, Examples of functional synapses in AMPA receptor exocytosis switches silent
barrelette cells of normal PrV in the first and second postnatal week separately. Note that minimal stimulation of TrV induced synapses into functional ones. Application
EPSCs at both ⫹60 and ⫺70 mV with similar failure rate. B, D, The majority of cells in both postnatal weeks showed similar failure of glycine (200 M; 10 min), which prorates at different holding potentials. E, G, Examples of silent synapses in both postnatal weeks. Note that minimal stimulation motes AMPA receptor exocytosis through
failed to induce EPSCs at ⫺70 mV. F, H, Most of the cells in the deprived PrV exhibited higher failure rates at ⫺70 mV than those activation of NMDA receptors (Lu et al.,
at ⫹60 mV.
2001), did in fact switch silent synapses
into functional ones in all tested neurons
(n ⫽ 4) (Fig. 3 E, F ). On average, the failure
mediated postsynaptic responses and left NMDA receptor function
rate at ⫺70 mV significantly (t test; p ⬍ 0.001) decreased by 44 ⫾
intact, subsequently switching functional synapses into silent ones.
6% after glycine application. Therefore, long-term deprivation
In the second postnatal week, a similar proportion (88.9%; n ⫽ 18;
results in loss of functional AMPA receptors.
 2 test; p ⬎ 0.05) of cells exhibited silent synapses with similar failure
Discussion
rate difference (55.8 ⫾ 5%; t test; p ⬎ 0.4) between ⫺70 and ⫹60 mV
(t test; p ⬎ 0.4) (Fig. 2G,H). Hence, silent synapses persist in the
Our results show that neonatal peripheral sensory nerve injury
absence of functional sensory afferent inputs. Interestingly, longdramatically alters synaptic maturation and leads to “silent” syn-
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apses in the first relay station of the trigeminal pathway in the brain. High-frequency
stimulation that mimics sensory afferent
activity immediately switches silent synapses into functional synapses. We hypothesize that the maturation and stabilization of functional synapses in the CNS
require high-frequency inputs that come
through the sensory afferents during the
critical period. To our knowledge, central
correlates of peripheral nerve injury have
not been studied at the synaptic level. It
remains to be tested whether artificial
stimulation of the sensory nerve roots can
alleviate peripheral nerve injury-induced
synaptic plasticity in the CNS. Our findings can be coupled with research on neural prosthetics and brain-machine interfaces (for review, see Donoghue, 2002;
Lebedev and Nicolelis, 2006). So far, research on neural prosthetics has largely focused on detecting and translating neural
signals into commands that can control
devices. Mimicking lost sensory inputs in
lower somatosensory pathways will undoubtedly be important for sensorymotor integration in the somatosensory,
motor, and association cortices.
Neonatal denervation-induced changes
in the PrV
IO nerve transection during P0 –P3 in rats
leads to irreversible morphological
changes in the PrV as well as other brainstem trigeminal nuclei. First, afferent terminal and barrelette patterns dissolve Figure 3. Functional AMPA receptors depended on high-frequency afferents and/or enhanced AMPA receptor exocytosis. A, B,
(Belford and Killackey, 1979). This is ac- Pairing depolarization (⫺10 mV) and 50 Hz of 300 stimuli immediately converted silent synapses into functional ones. The thick
companied by the loss of patterning of tri- line in B represents averaged values. C, D, One Hertz of 100 or 300 stimuli had no effect. E, F, Application of glycine (200 M)
geminothalamic (barrelette) cells in the resumed AMPA receptor-mediated responses at ⫺70 mV.
PrV (Bates et al., 1982). These morphologalter membrane properties of barrelette or interbarrelette neuical changes are also reflected in the organization of upstream
rons, and we noted that IPSPs mediated by GABAergic neurons
trigeminal centers such as the ventroposteromedial nucleus of
are still present (Lo and Erzurumlu, 2001, 2002). In addition,
the thalamus and the barrel cortex (Killackey et al. 1976; Belford
barrelette and interbarrelette neurons can be identified morphoand Killackey 1979; Killackey and Belford, 1979). Despite these
logically (and GABAergic neurons immunohistochemically) in
severe structural alterations, membrane properties of barrelette
the denervated PrV. Thus, despite a pronounced increase in the
and interbarrelette neurons in the PrV do not change (Lo and
developmentally regulated apoptosis, many PrV neurons of all
Erzurumlu, 2001). Another major consequence of neonatal IO
three classes survive and maintain their electrophysiological and
nerve transection in rats is a significant increase in cell death in
morphological characteristics. Our present results show that anthe PrV, and its projection zone in the thalamus (Arvidsson,
other major consequence of critical period denervation of the
1979; Miller et al., 1991; Henderson et al., 1993; Miller and Kuhn,
PrV is conversion of functional synapses into silent synapses.
1997; Sugimoto et al., 1999; Baldi et al., 2000). Several authors
This form of synaptic plasticity is clearly activity dependent, behave attributed this loss of barrelette patterns to accelerated procause high-frequency stimulation of the TrV, which mimics the
grammed cell death and provided evidence that neurotrophin
sensory activity carried along the IO nerve, can rapidly convert
treatments can rescue many cells in the trigeminal ganglion and
silent synapses into functional ones.
brainstem from cell death (Henderson et al., 1993; Baldi et al.,
2000). Clearly, trans-synaptic cell death is an important caveat in
Physiological evidence for activity-dependent plasticity in
the interpretation of our results. Seventy-percent higher apoptothe PrV
tic profiles in the denervated PrV, compared with normal develThe role of neural activity in patterning and plasticity of baroping PrV (Sugimoto et al., 1999) or a one-third reduction in the
relette patterns in the rodent PrV have been debated. Pioneering
number of cells in the PrV (Miller and Kuhn, 1997), have been
studies showed that tetrodotoxin (TTX) and local anesthetic bunoted. But these studies did not address whether the cell loss is
pivacaine application on the IO nerve did not affect barrelette
selective for any or all three classes of neurons in the PrV. Previformation in the rat PrV (Henderson et al., 1992). More recent
ously, we showed that neonatal IO nerve transection does not
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studies uncovered that trigeminal ganglion cells have TTXresistant Na ⫹ and voltage-dependent Ca 2⫹ channels that produce Ca 2⫹ spikes (Kim and Chung, 1999; Cabanes et al., 2002).
Furthermore, TTX or bupivacaine does not appear to block
spontaneous activity of trigeminal ganglion cells (Minnery et al.,
2003; Shoykhet et al., 2003). In contrast to pharmacological activity blockade experiments, gene deletion or alteration studies in
mice showed that disruption of NMDA receptor subunits NR1 or
NR2B prevent development of barrelette patterns altogether (Li
et al., 1994; Kutsuwada et al., 1996; Iwasato et al., 1997). This
provides strong support for the role of activity in neural
patterning.
Our recent results also show that the morphological changes
in the PrV of NR1 knock-out or knock-down mice are similar to
those in deprived PrV (Lee et al., 2005). This suggests that the
Ca 2⫹ influx through NMDA receptors plays a pivotal role in
synaptic plasticity in the PrV. In NR1 knock-out or knock-down
mice, the lack of NMDA receptors reduces the Ca 2⫹ influx.
Whereas, in deprived PrV, although NMDA receptors are
present, the lack of AMPA receptor-mediated response restricts
Ca 2⫹ influx through NMDA receptors. Thus, attenuation of either NMDA receptor or AMPA receptor activation results in similar morphological changes. Most of the earlier studies are based
on morphological observations. The present study provides physiological evidence that shows that the acquisition and stabilization of
functional synapses require high-frequency impulses from whiskerspecific sensory afferents. NMDA receptor surface expression might
be either activity independent or dependent on low-frequency spontaneous activity. Regardless of the scenario, the present results indicate that normal synaptic function in the developing PrV depends on
high-frequency sensory afferent inputs.
It is possible that impaired NMDAR function and IO nerve
transection lead to another common pathway in augmenting apoptosis in the trigeminal brainstem and upstream centers
(Arvidsson, 1979; Miller et al., 1991; Waite et al., 1992; Henderson et al., 1993; Miller and Kuhn, 1997; Sugimoto et al., 1999;
Baldi et al., 2000; de Rivero Vaccari et al., 2006). Although molecular mechanisms that tie these two events to apoptosis are not
known, there is strong evidence to support the idea that calcium
signaling through the NMDARs is essential in the patterning of
the trigeminal pathway. A single amino acid residue in the NR1
subunit (N598) is critical for Ca 2⫹ influx and Mg 2⫹ block associated with NMDARs (Sakurada et al., 1993; Kashiwagi et al.,
1997; Schneggenburger and Ascher, 1997; Zheng et al., 1999).
Single et al. (2000) generated mice that expressed mutant
NMDARs by substituting asparagine (N) with glutamine (Q) or
arginine (R). Animals with these point mutations died shortly
after birth and displayed similar phenotypes to that of NR1
knock-out mice. The phenotype was partially rescued in heterozygous mice that expressed both wild-type and mutant NR1
subunits. Barrels formed in heterozygous mice with ⱖ25% of
pure wild-type NMDARs, results quite similar to our observations from NR1 knock-down mice. More recently, Rudhard et al.,
(2003) used the asparagine (N) to arginine (R) point mutation in
N598. This mutation abolished the Mg 2⫹ block and Ca 2⫹ permeability and impaired the coincidence detection properties of
NMDARs. NR1 N598R mutant mice also failed to develop barrelette patterns in the brainstem trigeminal nuclei (Rudhard et
al., 2003).
Effect of sensory inputs on AMPA receptor trafficking
Long-term (⬎3 d) sensory deprivation created by peripheral
nerve transection switches functional synapses into silent ones by
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diminishing postsynaptic functional AMPA receptors. This physiological result might be resulting from AMPA receptor endocytosis and/or lateral diffusion to extrasynaptic membrane (for reviews, see Triller and Choquet, 2005; Groc et al., 2006). Highfrequency synaptic inputs (50 Hz; 300 pulses) temporarily restore
AMPA receptor function in the deprived PrV. In nondeprived
preparations, the high-frequency tetanus induces LTP (Guido et
al., 2001; Lo and Mize, 2001), which suggests that stabilization of
AMPA receptors requires persistent sensory inputs. Our findings
agree with the observations derived from the visual system. Visual experience rapidly causes LTP, especially of AMPA receptormediated current, and promotes functional synaptic refinement
(Zhang et al. 2000; Zhou et al. 2003; Lu and Constantine-Paton,
2004). Therefore, it may be a common mechanism across different sensory systems that afferent inputs from the sense organs
promote AMPA receptor exocytosis, stabilization, and lateral diffusion into postsynaptic membrane in developing synapses.
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