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Abstract

Adaptive forms of synaptic plasticity that reduce excitatory synaptic transmission in response to
prolonged increases in neuronal activity may prevent runaway positive feedback in neuronal
circuits. In hippocampal neurons, for example, glutamatergic presynaptic terminals are selectively
silenced, creating “mute” synapses, after periods of increased neuronal activity or sustained
depolarization. Previous work suggests that cAMP-dependent and proteasome-dependent
mechanisms participate in silencing induction by depolarization, but upstream activators are
unknown. We, therefore, tested the role of calcium and G-protein signaling in silencing induction
in cultured hippocampal neurons. We found that silencing induction by depolarization was not
dependent on rises in intracellular calcium, from either extracellular or intracellular sources.
Silencing was, however, pertussis toxin sensitive, which suggests that inhibitory G-proteins are
recruited. Surprisingly, blocking four common inhibitory G-protein-coupled receptors (GPCRs)
(adenosine A; receptors, GABARg receptors, metabotropic glutamate receptors, and CB,
cannabinoid receptors) and one ionotropic receptor with metabotropic properties (kainate
receptors) failed to prevent depolarization-induced silencing. Activating a subset of these GPCRs
(A1 and GABAg ) with agonist application induced silencing, however, which supports the
hypothesis that G-protein activation is a critical step in silencing. Overall, our results suggest that
depolarization activates silencing through an atypical GPCR or through receptor-independent G-
protein activation. GPCR agonist-induced silencing exhibited dependence on the ubiquitin-
proteasome system, as was shown previously for depolarization-induced silencing, implicating the
degradation of vital synaptic proteins in silencing by GPCR activation. These data suggest that
presynaptic muting in hippocampal neurons uses a G-protein-dependent but calcium-independent
mechanism to depress presynaptic vesicle release.
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Introduction

Adaptive forms of plasticity, including homeostatic synaptic plasticity, help maintain
neuronal firing rates and prevent over-excitation, excitotoxicity, and information
degradation caused by positive feedback inherent in glutamate signaling (Turrigiano, 1999;
Turrigiano and Nelson, 2004; Maffei and Fontanini, 2009; Pozo and Goda, 2010). We have
described adaptive presynaptic silencing after increased neuronal activity (Moulder et al.,
2004, 2006). Indeed, presynaptically silent (mute) synapses have been observed in several
preparations, but induction and expression mechanisms remain unclear (Malenka and Nicoll,
1997; Voronin and Cherubini, 2004; Atasoy and Kavalali, 2006).

In hippocampal neurons, depolarization-induced presynaptic silencing is induced rapidly by
strong depolarization akin to that generated by stroke, seizure, and spreading depression
(Gido et al., 1997; Walz, 2000; Somjen, 2001; Moulder et al., 2004). Physiological action
potential firing induces silencing over more protracted periods (Moulder et al., 2006), so
presynaptic muting operates over a range of physiological, and perhaps pathophysiological,
conditions. Adaptive presynaptic silencing is selective for glutamatergic terminals and is
slowly reversible (Moulder et al., 2004). Expression involves altered vesicle priming and
requires the ubiquitin proteasome system (UPS) (Moulder et al., 2006; Jiang et al., 2010),
but upstream induction mechanisms remain uncertain.

Circumstantial evidence implicates calcium and cAMP alterations in silencing induction.
Calcium is involved in many forms of synaptic plasticity (Malenka, 1994; Fisher et al.,
1997; Turrigiano, 2008). Prolonged decreases in cAMP signaling produce presynaptic
silencing, and cAMP increases occlude depolarization-induced silencing (Moulder et al.,
2008). Furthermore, calcium-sensitive adenylyl cyclase activity, which increases cCAMP
levels, is important for normal recovery from silencing (Moulder et al., 2008). If decreased
cAMP signaling is needed for depolarization-induced presynaptic silencing, we might
expect involvement of inhibitory G-proteins in its induction. Despite this evidence, double
knock-out mice of the two major calcium-sensitive isoforms of adenylyl cyclase exhibit
intact depolarization-induced silencing (Moulder et al., 2008), thereby questioning a direct
role for either calcium or G-protein signaling. Clarification of how adaptive presynaptic
silencing is induced will be crucial in identifying potential targets for therapies aimed at
excitotoxicity-related dysfunction.

Here we explored whether calcium and inhibitory G-protein signaling are necessary for
hippocampal adaptive presynaptic silencing. Surprisingly, intracellular calcium rises were
unnecessary. However, we found that pertussis toxin, which inhibits Gj, signaling, reduced
depolarization-induced silencing. Direct agonist activation of two classes of G-protein-
coupled receptors (GPCRs) induced silencing, supporting the hypothesis that silencing is G-
protein dependent. In contrast, pharmacological blockade of five candidate receptors,
including the two that induced silencing, failed to block depolarization-induced silencing.
This suggests that depolarization activates an uncommon GPCR or a pertussis toxin-
sensitive G-protein through a receptor-independent mechanism. Nevertheless,
depolarization- and GPCR-induced muting share downstream mechanisms because both are
sensitive to proteasome inhibition. Thus, adaptive presynaptic silencing is a unique form of
calcium-independent, G-protein-dependent synaptic plasticity. Furthermore, we show that
prolonged G-protein activation leads to persistent presynaptic silencing, an effect distinct
from classical acute presynaptic GPCR effects on vesicle release probability.

J Neurosci. Author manuscript; available in PMC 2012 March 24.
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Materials and Methods

Cell culture

Cultures of primary hippocampal neurons were prepared as described previously
(Mennerick et al., 1995). Briefly, hippocampi were removed from 0 — 3 postnatal d male and
female Sprague Dawley rat pups and enzymatically treated with papain (1 mg/ml) before
mechanical dissociation. Cells were then plated in 35 mm culture dishes precoated with
0.15% agarose as either mass cultures, seeded at ~650 cells/mm 2 on a confluent layer of
type | collagen (0.5 mg/ml), or as microisland cultures, seeded at ~100 cells/mm 2 on
microdots of collagen. Plating medium contained Eagle’s medium (Invitrogen)
supplemented with 5% heat-inactivated horse serum, 5% fetal bovine serum, 17 mM D-
glucose, 400 M glutamine, 50 U/ml penicillin, and 50 pxg/ml streptomycin. Cultures were
maintained at 37°C in a humidified incubator under controlled atmospheric conditions (5%
CO,/95% air). Cytosine arabinoside (6.7 M) was added 3 — 4 d after plating to inhibit cell
division. One-half of the culture media was exchanged with Neurobasal medium
(Invitrogen) plus B27 supplement 4 — 5 d after plating. All experiments were performed 10 —
14 d in vitro, and controls consisted of sibling cultures from the same litter that were treated
and/or recorded on the same day to control for synapse development and culture conditions
that vary by age and plating conditions. All 4 h treatments were performed in the presence of
ionotropic glutamate receptor blockers D-(—)-2-amino-5-phosphonopentanoic acid (D-APV)
(50 uM; Tocris Bioscience) and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-
sulfonamide (NBQX) (1 uM; Tocris Bioscience), and nondepolarized controls always
consisted of equimolar NaCl addition to the media to control for osmotic changes. Controls
for calcium-free Neurobasal medium (Washington University Medical School Tissue
Culture Support Center) supplemented with B27 and calcium chelators were given the
identical medium except with 2 mM calcium and without chelators.

Electrophysiology

All whole-cell voltage-clamp recordings were performed on autaptic neurons in microisland
culture. To control for variability in maturity and development, all experiments used similar
numbers of neurons from sibling cultures on any given day. Data were collected with an
Axopatch 200B or Multiclamp 700B amplifier interfaced to a Digidata 1322A or 1440A
data acquisition board (Molecular Devices).

Before recording, the culture medium was exchanged for saline solution containing 138 mM
NaCl, 4 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose, 10 mM HEPES, and 25 uM
D-APV with a pH of 7.25. For most experiments measuring EPSCs, internal pipette solution
consisted of 140 mM K-gluconate, 4 mM NaCl, 0.5 mM CaCl,, 5 mM EGTA, and 10 mM
HEPES at a pH of 7.25. For experiments measuring both EPSCs and IPSCs, 140 mM KCI
was substituted for K-gluconate to provide a similar PSC driving force at the holding
potential of =70 mV.

Electrode pipettes pulled from borosilicate glass (World Precision Instruments) had
resistances of 2.5 — 6 MQ, and access resistance was compensated 85-100%. Signals were
sampled at 5-10 kHz and low-pass filtered at 2-5 kHz. Recordings were performed at room
temperature, and membrane potential was typically clamped at —70 mV. Neurons were
recorded within 1 h of exchanging the culture medium with the saline solution.

PSCs were evoked by a brief (1.5 ms) depolarization to 0 mV. Paired-pulse responses were
evoked by two such depolarizations with an inter-stimulus interval of 50 ms. Sucrose-
evoked EPSCs were elicited by 3 s local application of 0.5 M sucrose. All local solution
applications used a multibarrel perfusion system with the common perfusion port placed
within 0.5 mm of the neuron under study and yielding solution exchange times of ~100 ms.

J Neurosci. Author manuscript; available in PMC 2012 March 24.
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Calcium imaging

All calcium imaging experiments used mass cultures. For fura-2 experiments, neurons were
plated on glass-bottom dishes (MatTek Corporation). Cells were loaded with fura-2 by 60
min incubation with 5 M fura-2 AM (Invitrogen) and 0.1% Pluronic F-127 (Invitrogen) in
Neurobasal medium, pH 7.2, at room temperature, washed with Neurobasal medium, and
incubated for another 60 min to allow for ester hydrolysis. After loading, the cells were
imaged on an Eclipse TE300 inverted microscope using a 40x(1.3 numerical aperture) oil-
immersion objective (Nikon). The microscope was equipped with a 75 W xenon arc lamp
and a cooled CCD camera (Cooke Corp.). The fluorescence excitation was provided by a
band-specific filter (340 and 380 nm; Semrock) in combination with DM400 dichroic beam
splitter (Nikon). Pairs of images were collected at alternate excitation wavelengths. The
images were divided by one another to yield ratio values for individual cell bodies after
subtracting the matching background. Imaging was performed at room temperature, but
cultures were returned to 37°C for the period between images early in the treatment and
images at the end of the 4 h treatment. For this reason, the same neurons were represented at
baseline and 5 min time points, but separate fields of neurons were used for 4 h time points
in Figure 1. MetaFluor software (Molecular Devices) was used for image acquisition and
analysis.

Fluo-4 was loaded into cells by addition of Fluo-4 AM (2 uM; Invitrogen) to the culture
media 30 min before the end of the 4 h KCI treatment. Medium was then exchanged for
extracellular recording saline containing elevated KCI (34 mM total) and 0 mM CacCl,. Cells
were imaged at room temperature using an Eclipse TE2000-S inverted microscope with 40x
(0.6 numerical aperture) objective (Nikon) and a cooled 12-bit CCD camera (Photometrics).
Epifluorescence was provided by a metal halide lamp, and images were acquired at 1 Hz
using MetaMorph software (Molecular Devices). Calcium was briefly elevated to 0.5 mM
for 5-10 s after 5 s of baseline in 0 mM calcium.

FM1-43 loading and immunocytochemistry

All FM1-43 [N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium
dibromide] imaging experiments used mass cultures plated on glass coverslips. FM1-43
loading and vesicular glutamate transporter 1 (vGluT-1) immunolabeling experiments were
performed as described previously (Moulder et al., 2006, 2010). Briefly, within 60 s of
replacing media with fresh saline, active presynaptic terminals were labeled for 2 min with
10 uM fixable FM1-43 (FM1-43FX) (Invitrogen) in recording saline supplemented with 45
mM KCl and 1 uM NBQX. Cultures were immediately washed for 5 s with extracellular
recording saline containing 500 xM Advasep-7 (CyDex) and 1 xM NBQX, followed by
saline plus 1 ©M NBQX for 10 min. Afterward, cells were fixed for 10 min in 4%
paraformaldehyde/0.2% glutaraldehyde in PBS, washed with PBS, and incubated in a
blocking solution (2% normal goat serum/0.08% Triton X-100) for 15 min before 3 h
incubation in guinea pig anti-vGIluT-1 antibody (Millipore Corporation) diluted 1:2000 in
blocking solution. After washing with PBS, cells were incubated for 40 min in Alexa Fluor
647-conjugated anti-guinea pig antibody (Invitrogen) diluted 1:500 in PBS. After washing
again with PBS, coverslips were removed from culture dishes and mounted onto glass
microscope slides with Fluoromount-G (Southern Biotechnology Associates).

Confocal images were acquired at random locations throughout the dish by an observer
naive to the experimental conditions using a C1 scanning confocal laser attached to an
inverted Eclipse TE300 microscope with a 60x objective (1.4 numerical aperture) and EZ-
C1 software (Nikon). Alternating 543 and 633 nm laser lines were used to obtain z-stack
images while pixel dwell time, image resolution, gain settings, field of view size, and z-stack
parameters were held constant throughout all conditions from a single experiment.

J Neurosci. Author manuscript; available in PMC 2012 March 24.
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Monochrome images were converted into two-dimensional projected images and analyzed
using MetaMorph software.

Trypan blue staining

For experiments assessing toxicity via trypan blue staining, mass cultures were treated for 5
min with 0.4% trypan blue at 37°C in a humidified incubator under controlled atmospheric
conditions (5% CO,/95% air). After one PBS wash at room temperature, neurons were fixed
for 10 min in 4% paraformaldehyde/0.2% glutaraldehyde in PBS. After three additional PBS
washes, 10 random fields of cells were counted in each dish using a 20x objective. Trypan-
positive nuclei were counted under bright field and identified as unhealthy neurons, and
phase-bright cell bodies devoid of trypan staining were counted under phase contrast and
identified as healthy neurons.

Data analysis

Electrophysiology data were collected and analyzed with pClamp 9 software (Molecular
Devices). For electrically evoked PSCs, leak was subtracted offline before measuring peak
amplitude, and the amplitudes of at least three responses were averaged for each cell. For
sucrose-evoked EPSCs, currents were integrated over the rise and decay of the response to
10% of the steady-state current. This provided an estimate of the postsynaptic charge
transfer corresponding to the readily releasable vesicle pool.

In calcium-imaging experiments using fura-2, the ratio values were normalized to the
baseline values (in which no treatment had been applied) to control for differences in
baseline calcium concentration. Normalization was achieved by dividing by the first value
for each cell under baseline conditions, and 4 h time points were normalized to the average
of the ratios at baseline. Values from at least five images were averaged for each neuron at
each time point. To calculate the change in fluorescence in fluo-4 experiments, somatic
fluorescence intensities from three images were averaged at baseline and subtracted from the
average intensity of three images near the peak of fluorescence. The change in fluorescence
was normalized to the average baseline fluorescence value to account for variability in
fluo-4 loading.

To determine the percentage of active glutamatergic synapses, regions were manually drawn
around 10 vGIuT-1 puncta each from five images (fields) for each coverslip in a single
experiment by an observer naive to experimental conditions. The strategy of using five
fields per condition equalized the contribution of a single condition to the final results.
Regions were drawn to include the pixels above threshold in the vGIuT-1-positive punctum
but not larger than the punctum to minimize the contribution of background pixels and/or
neighboring puncta to the analysis. Thresholds were applied to all FM1-43FX images before
vGIuT-1 regions were loaded into the FM1-43FX image. “Active” synapses were defined as
those regions that reached at least 10 pixels above threshold in the FM1-43FX image
(Moulder et al., 2006). Cluster correlation analyses (Galbraith et al., 2010) and ANOVA
statistics applied to the first FM1-43FX/vGIuT-1 correspondence dataset (Fig. 1 D) found no
significant correlations between fields within an experiment (data not shown), so we treated
the percentage of active synapses from each field as a statistically independent sample
throughout the manuscript.

For trypan blue toxicity experiments, the total numbers of healthy and unhealthy neurons
were added together from all 10 fields in each dish. The percentage of healthy neurons was
then calculated from the number of healthy neurons relative to the total neurons counted
(healthy and unhealthy) in each dish.

J Neurosci. Author manuscript; available in PMC 2012 March 24.
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Graphs were created using SigmaPlot software (Systat Software). All data were presented as
mean + SEM unless otherwise indicated. To reduce type 1 error that may result from
nonsignificant cluster correlations (Galbraith et al., 2010), all experiments used yoked
controls (e.g., sibling cultures; see methods above), and we analyzed data conservatively
using unpaired statistics with additional corrections (i.e., for multiple comparisons) as
appropriate. Unpaired Student’s t test was used to determine significance for comparisons of
two groups, and Bonferroni’s correction for multiple comparisons was applied to analyses of
experiments involving more than two conditions. p < 0.05 was required for significance.

SCH50911 [(2S)-(+)-5,5-dimethyl-2-morpholineacetic acid], bicuculline, LY 341495
[(2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid], (1S,
3R)-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD), and 2-chloro-N®-
cyclopentyladenosine (CCPA) were purchased from Tocris Bioscience. BAPTA-AM [AM
derivative of bis(2-aminophenoxy)ethane tetraacetic acid] was purchased from Invitrogen,
and 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) was purchased from Research
Biochemicals. MG-132 (carbobenzoxy-L-leucyl-L-leucyl-L-leucinal) was purchased from
Enzo Life Sciences. All other chemicals and reagents were purchased from Sigma unless
otherwise stated.

Depolarization silences presynaptic terminals in the absence of extracellular calcium

Calcium is necessary for multiple forms of hippocampal synaptic plasticity, so we
determined the role of calcium influx in adaptive presynaptic silencing by removing calcium
from the extracellular media during a depolarizing induction challenge known to produce
strong presynaptic muting. We used an induction paradigm of 30 mM KCI for 4 h in the
presence of ionotropic glutamate receptor blockers D-APV (50 M) and NBQX (1 uM). The
short, strong induction circumvents inevitable developmental confounds of longer
interventions with calcium and G-protein signaling and mimics pathophysiological
extracellular potassium concentrations during stroke or seizure (Gido et al., 1997; Walz,
2000). KCI at 30 mM clamps the membrane potential at —20 to —30 mV (Moulder et al.,
2003; Crawford et al., 2009) and induces adaptive presynaptic silencing without detectable
changes in synaptic structure, vesicle release probability ( py), or postsynaptic function
(Moulder et al., 2004, 2006). We incubated mass cultures in either calcium-rich culture
media or calcium-free culture media supplemented with 500 xM EGTA to buffer residual
free calcium. Using the ratiometric calcium indicator fura-2, we verified that calcium-free
media prevented rises in cytosolic free calcium concentration normally produced by KCI
depolarization (Fig. 1 A, B). Control neurons also exhibited a late rise in cytosolic free
calcium concentration (Fig. 1 B). We speculate that temperature and pH variations between
imaging sessions (at room temperature) and intervening periods (at 37°C) may have
contributed to cellular stress and calcium influx in nondepolarized neurons. Regardless,
calcium-free media prevented the rise in cytosolic free calcium concentration in both control
and depolarized neurons over 4 h (Fig. 1 B). We conclude, therefore, that our calcium-free
media supplemented with EGTA effectively prevented calcium influx.

To assess presynaptic silencing after depolarization in the absence of calcium influx, we
performed FM1-43FX labeling in the presence of calcium followed by retrospective
immunostaining for vesicular glutamate transporter 1 (vGIuT-1) to identify active
glutamatergic terminals. In agreement with previous experiments under normal calcium
conditions (Moulder et al., 2004), neurons depolarized in calcium-free media plus EGTA
exhibited a decrease in the percentage of vGIuT-1 terminals that colocalize with FM1-43FX

J Neurosci. Author manuscript; available in PMC 2012 March 24.
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(Fig. 1C,D). This suggests that calcium influx is not necessary to induce adaptive
presynaptic silencing.

Depolarization silences presynaptic terminals in the absence of intracellular free calcium

Although influx of extracellular calcium is not necessary for induction of adaptive
presynaptic silencing, calcium rises from intracellular sources may participate. To prevent
intracellular calcium rises, we loaded cells with the fast intracellular calcium chelator
BAPTA using the cell-permeant precursor BAPTA-AM. Because normal action-potential-
driven neurotransmitter release is dependent on fast rises in local presynaptic calcium
concentration and would be depressed by BAPTA-AM incubation, we used calcium-
independent hypertonic sucrose-evoked EPSCs to determine the size of the readily
releasable pool of vesicles (Rosenmund and Stevens, 1996), which is proportional to the
total number of active synapses (Moulder et al., 2004). For these experiments, we used
autaptic neurons in microisland cultures and applied hypertonic sucrose to evoke EPSCs
during whole-cell recordings. Autaptic neurons were used because their isolation eliminates
confounding polysynaptic effects during electrophysiological measurements. Similar to
previous results (Rosenmund and Stevens, 1996), sucrose-evoked EPSCs were unaffected
by 4 h incubation with 20 uM BAPTA-AM in calcium-free media (Fig. 2 A, B). In contrast
electrically evoked EPSCs, which are dependent on presynaptic calcium influx, were
strongly depressed after 4 h BAPTA chelation (Fig. 2 A, B). These results suggest that 4 h
BAPTA incubation strongly chelates intracellular free calcium.

To test whether intracellular rises in calcium concentration are necessary for presynaptic
silencing, we depolarized neurons for 4 h in 30 mM KClI in the presence of 2 mM calcium or
in calcium-free media containing 20 M BAPTA-AM. To ensure that intracellular calcium
rises during induction did not saturate the ability of BAPTA to chelate calcium, we
performed calcium imaging of treated neurons using the calcium indicator fluo-4. Briefly
raising extracellular calcium from 0 to 0.5 mM increased cytosolic free calcium
concentration in control neurons after 4 h depolarization in calcium-rich media, as assessed
by changes in somatic fluo-4 fluorescence (45.5 £ 4.5% increase; n = 40) (Fig. 2C). This rise
in cytosolic free calcium was not observed in neurons after incubation in calcium-free media
supplemented with BAPTA-AM (1.0 +£1.2% increase; n =40; p = 1.0 x1071%) (Fig. 2C).
BAPTA, therefore, effectively chelates intracellular free calcium, even after a sustained
depolarization.

To test whether BAPTA-AM incubation blocks presynaptic silencing, we incubated in
BAPTA-AM and compared neurons after the KCI challenge to neurons challenged with an
equimolar NaCl control. As shown previously, the 4 h depolarizing challenge in calcium-
rich media depressed sucrose-evoked EPSCs by ~45% (control, 1224.9 + 147.7 pC;
depolarized, 670.1 + 135.7 pC; n = 29 — 30 neurons; p < 0.01) (Moulder et al., 2004).
Despite BAPTA-AM incubation in calcium-free media, the charge of sucrose-evoked
EPSCs was still significantly depressed in KCl-challenged neurons compared with sibling
controls (control, 581 + 100 pC; depolarized, 168 + 27 pC; n = 26 — 29; p < 0.0001) (Fig. 2
D). These results argue strongly that adaptive presynaptic silencing is calcium independent.

Activation of inhibitory G-proteins is necessary for depolarization-induced presynaptic
silencing

Indirect evidence has previously implicated decreased cAMP levels in depolarization-
induced presynaptic silencing (Moulder et al., 2008). Thus, prolonged activation of
inhibitory G-proteins, which inhibit adenylyl cyclase activity and cAMP production, could
participate in adaptive muting. We, therefore, tested the hypothesis that inhibitory G-
proteins are necessary for depolarization-induced silencing.

J Neurosci. Author manuscript; available in PMC 2012 March 24.
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We preincubated neurons for 24 h in 500 ng/ml pertussis toxin, which, by ADP ribosylation
of the ajy, subunit, prevents inhibitory G-protein activation. This interferes with « subunit
signaling and blocks the association of Ga;j, subunits with their upstream GPCRs (Brown
and Sihra, 2008). To confirm that pertussis toxin treatment itself did not induce toxicity, we
used trypan blue staining to identify unhealthy neurons. The percentage of healthy neurons
did not differ between control neurons and those treated 24 h with 500 ng/ml pertussis toxin
(control, 92.2 £ 1.6%; pertussis toxin, 93.5 + 1.0%; n = 4 dishes; p = 0.54). After 24 h in
pertussis toxin, we coincubated with 30 mM KCI or an equimolar control during an
additional 4 h in pertussis toxin. After treatment, we assessed synaptic function by
measuring EPSC amplitudes in autaptic neurons and vGIluT-1/FM1-43FX correspondence in
mass cultures. Pertussis toxin had no effect on EPSC amplitude in nondepolarized neurons,
confirming that the toxin did not compromise cell health, but it prevented depolarization-
induced depression of EPSC amplitude (Fig. 3 A, B). Pertussis toxin did not, however, alter
paired-pulse depression in any of the experimental groups (control, 29.9 + 5.6%; pertussis
toxin, 18.0 + 4.3%; depolarized, 8.3 £ 6.2%; depolarized + pertussis toxin, 20.7 + 5.9%; n =
13-14 neurons per condition; p > 0.05) (supplemental Fig. 1 A, available at
www.jneurosci.org as supplemental material), as is expected from acute effects of GPCR
activation on vesicle release probability (Mennerick and Zorumski, 1995; Dobrunz and
Stevens, 1997; Zucker and Regehr, 2002; Brown and Sihra, 2008). Similarly, pertussis toxin
prevented the depolarization-induced decrease in active synapses measured via FM1-43FX/
vGIuT-1 correspondence (Fig. 3C,D). Together, these results suggest that activation of
inhibitory G-proteins is necessary for depolarization-induced presynaptic silencing.

A1 receptor activation is not required for depolarization-induced presynaptic silencing

To explore the role of GPCRs upstream of inhibitory G-proteins in presynaptic silencing, we
examined whether the G-protein-coupled A; adenasine receptor is involved. The A
receptor is an excellent candidate because increased adenosine levels in the extracellular
space occur via calcium-independent mechanisms: conversion from ATP (Latini and Pedata,
2001), which is released from astrocytes (Wang et al., 2000), and release by transporters
(Dunwiddie and Masino, 2001). Adenosine release has also been implicated in
neuroprotection, in part through acute A receptor-mediated inhibition of presynaptic
glutamate release (Stone et al., 2009). Additionally, A; receptors selectively inhibit synaptic
transmission at excitatory, not inhibitory, terminals in the hippocampus (Yoon and
Rothman, 1991), possibly explaining the selectivity of adaptive presynaptic silencing for
excitatory over inhibitory terminals (Moulder et al., 2004).

To test whether A4 receptor activation is necessary for depolarization-induced presynaptic
silencing, we incubated neurons with depolarizing KCI or equimolar NaCl control in the
presence of the selective A; antagonist DPCPX (200 nM). The decrease in EPSC amplitude
in depolarized neurons treated with DPCPX was comparable with ESPC depression from
neurons incubated in the absence of DPCPX (Fig. 4 A, B). DPCPX incubation also did not
alter paired-pulse depression (control, 11.8 + 4.8%; DPCPX, 16.4 + 5.1%; depolarized, 11.0
+ 8.7%; depolarized + DPCPX, 7.3 £ 11.7%; n = 9 neurons per condition; p > 0.05)
(supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material).
Additionally, we assessed presynaptic silencing by measuring the percentage of active
glutamatergic presynaptic terminals via FM1-43FX/vGIuT-1 correspondence. In neurons
treated 4 h with 30 mM KCI, the percentage of vGIuT-1-positive presynaptic terminals that
colocalize with FM1-43FX fluorescence was decreased from control, regardless of whether
the neurons had been coincubated with DPCPX (Fig. 4C,D). We noticed a trend-level
difference in the percentage of active synapses in depolarized neurons treated with DPCPX
compared with depolarized neurons without DPCPX (depolarized, 10.6 + 1.5%; depolarized
+ DPCPX, 17.4 £ 2.1%; p = 0.052 after correction for multiple comparisons), potentially

J Neurosci. Author manuscript; available in PMC 2012 March 24.
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suggesting a minor role of adenosine Aq receptors in depolarization-induced silencing.
Despite this trend, however, depolarization still decreased the percentage of active synapses
in the presence of DPCPX (DPCPX, 42.6 * 3.4%; depolarized + DPCPX, 17.4 +2.1%; p =
1.7 x 1078 after correction for multiple comparisons). Together, these data suggest that
blocking A; receptor activation during depolarization does not prevent the induction of
adaptive presynaptic silencing.

GABARg, metabotropic glutamate, CB1, and kainate receptors are not required for
depolarization-induced presynaptic silencing

Although A, adenosine receptor activation is not necessary to induce adaptive presynaptic
silencing (Fig. 4), activation of inhibitory G-proteins is critical (Fig. 3). Multiple GPCRs
linked to inhibitory G-proteins are expressed in rodent hippocampus. Our culture
preparation, however, does not contain modulatory projection neurons from outside the
hippocampus, so the list of GPCRs with ligands available in vitro is restricted. The calcium
independence of induction also excludes transmitters/modulators released by classical
calcium-dependent exocytosis. Nevertheless, reverse transport of GABA (Schwartz, 1982;
Gaspary et al., 1998), reverse transport of glutamate (Nicholls and Attwell, 1990;
Szatkowski et al., 1990), and nonclassical cannabinoid signaling (Di Marzo and Deutsch,
1998; Di Marzo et al., 1998; Wilson and Nicoll, 2001) could elevate ambient modulator
levels and induce silencing in response to depolarization.

We first tested whether the G-protein-coupled GABAGg receptor is responsible for inducing
adaptive presynaptic silencing. To prevent GABAR receptor activation, we incubated
neurons in the presence of the GABAg receptor antagonist SCH50911 (50 zM). To test
effectiveness of SCH50911 in our system, we coapplied SCH50911 acutely to our autaptic
neurons with the GABARg receptor agonist baclofen (10 xM). Baclofen depressed evoked
EPSCs and IPSCs by 65.4 £8.1%, and addition of SCH50911 recovered the PSCs to 96.0 +
4.8% of their original amplitude (n = 10 neurons) (Fig. 5A). Incubation of mass cultures in
SCH50911 for 4 h significantly increased the percentage of active glutamatergic presynaptic
terminals from baseline (Fig. 5B), suggesting a small endogenous GABAg receptor tone in
this dataset. Despite this effect on baseline silent synapses, SCH50911 did not prevent the
decrease in the percentage of active synapses induced by depolarization (Fig. 5B). These
results demonstrate that, despite effectiveness of SCH50911, GABAGg receptor activation is
not involved in depolarization-induced adaptive presynaptic silencing. Similar results were
obtained with the GABA, receptor antagonists bicuculline and picrotoxin (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material), confirming that GABA
signaling is not involved in depolarization-induced presynaptic silencing.

Other plausible candidate GPCRs for the induction of adaptive presynaptic silencing include
Gijo-coupled metabotropic glutamate receptors (mGIluRs). LY 341495, a nonselective mGIuR
antagonist at concentrations above 22 M (Schoepp et al., 1999), reversed acute EPSC
depression by a near-saturating concentration of the mGIuR agonist ACPD (33.9 £ 7.2%
depression in 50 uM ACPD; 92.2 £+ 6.8% recovery in ACPD plus 25 uM LY341495; n=7 -
8 neurons) (Fig. 5C). However, LY341495 failed to alter baseline active glutamatergic
synapses or presynaptic silencing in response to depolarization (Fig. 5D). These results
indicate that antagonism of mGIuR activation does not prevent depolarization-induced
presynaptic silencing.

To test G-protein-coupled CB; cannabinoid receptor involvement, we incubated mass
cultures in 1 uM AM251 [1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-
piperidinyl-1H-pyrazole-3-carbox-amide], a CB4 antagonist, during depolarizing or control
challenge. To ensure that AM251 inhibited CB; activation, we applied the CB; agonist ( R)-
(+)-WINB5,212-2 [R-(+)-(2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyrol[1,2,3-
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de]-1,4- benzoxazin-6-yl)(1-naphthalenyl) methanone monomethanesulfonate] (WIN) (200
nM) acutely to autaptic neurons. WIN acutely depressed PSCs by 34.6 + 8.6% (Fig. 5E),
whereas preincubation in AM251 prevented the WIN-induced depression (101.1 + 2.5% of
baseline; n = 8 neurons per condition) (Fig. 5E). AM251 incubation during the 4 h
depolarization challenge, however, altered neither the baseline percentage of active
glutamatergic synapses nor depolarization-induced silencing (Fig. 5F). We conclude that
CB; activation does not participate in depolarization-induced presynaptic silencing.

It is plausible that multiple GPCRs are simultaneously activated by strong depolarization. If
this occurs, then each receptor might contribute individually to a small, statistically
insignificant effect on the percentage of active presynaptic terminals. Simultaneous
activation, however, may synergistically upregulate the activity of downstream signaling
cascades. To test this hypothesis, we incubated mass cultures for 4 h in a mixture of GPCR
antagonists (200 nM DPCPX, 50 uM SCH50911, 25 uM LY 341495, and 1 uM AM251) to
simultaneously block the activation of A; adenosine receptors, GABARg receptors, mGIuRs,
and CB1 receptors. This antagonist mixture did not alter the percentage of active
glutamatergic presynaptic terminals at baseline (Fig. 5G), indicating that transmitter tone
over 4 h was not sufficient to induce additional muting. Additionally, this mixture of GPCR
antagonists did not prevent silencing in response to depolarization (Fig. 5G). Interestingly,
we failed to observe the trend-level increase in the percentage of active synapses produced
in depolarized neurons exposed to DPCPX (Fig. 4 D). This suggests that these four receptor
classes, although linked to inhibitory G-proteins, are not responsible for the induction of
depolarization-induced presynaptic silencing.

Although 1 uM NBQX was present during all depolarization challenges to prevent
ionotropic glutamate receptor activation, kainate receptors may not be blocked at this
concentration (Bureau et al., 1999; Crowder et al., 2002). Kainate receptors can induce
metabotropic effects dependent on G-proteins in addition to their ionotropic effects (Cunha
etal., 1999; Lerma, 2003; Rodriguez-Moreno and Sihra, 2007). To ensure that kainate
receptors and their downstream metabotropic signaling cascades are not activated during 4 h
depolarization, we coincubated with 10 M NBQX, which should block both kainate
receptors and AMPA receptors (Lauri et al., 2001; Delaney and Jahr, 2002). Aftera 4 h
depolarizing or control challenge, we recorded EPSC amplitudes in autaptic neurons.
Control cultures were treated acutely for 1 min with 10 «M NBQX just before recording to
account for any residual effects of the high NBQX concentration on AMPA receptors. The
higher concentration of NBQX did not prevent depolarization-induced silencing and did not
alter the EPSC amplitude compared with control neurons (Fig. 5H ). This suggests that
metabotropic effects downstream of kainate receptor activation are unimportant for
depolarization-induced silencing.

A1 receptor activation and GABARg receptor activation induce presynaptic silencing

It is intriguing that A, receptor, GABAg receptor, mGIuR, CB1, and kainate receptor
activation are not necessary for induction of presynaptic silencing despite our evidence that
depolarization-induced silencing depends on pertussis toxin-sensitive G-proteins. These
results suggest that inhibitory G-proteins are activated during strong depolarization but not
by activation of these particular receptors. To further test our hypothesis that a G-protein-
dependent mechanism, regardless of the source of activation, controls adaptive presynaptic
silencing, we tested whether direct activation of several GPCR classes induces silencing.

We first determined whether increases in exogenous extracellular adenosine concentration
induce presynaptic silencing. We incubated cultures in the presence of 100 M adenosine
for 4 h. A high concentration was chosen to counteract any degradation that may occur from
the natural activity of extracellular enzymes or uptake through transporters (Dunwiddie and
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Masino, 2001). We used FM1-43FX loading of presynaptic terminals followed by vGIuT-1
immunostaining to determine the percentage of active glutamatergic terminals. Incubation
for 4 h with 100 xM adenosine decreased the percentage of active synapses (Fig. 6 A, B). To
determine whether this effect of adenosine resulted from activation of the A, receptor, we
coincubated with DPCPX (200 nM). DPCPX incubation alone did not alter the percentage
of active glutamatergic synapses, but it prevented the adenosine-induced silencing (Fig. 6 A,
B). This result also serves as an effective positive control for experiments testing DPCPX
effects on depolarization-induced muting (Fig. 4). Note that FM1-43FX uptake should be
immune to the well-known transient, acute effects of adenosine agonists on p, because
agonists and antagonists were washed out of the cultures before the FM1-43FX challenge
(Wu and Saggau, 1994; Brown and Sihra, 2008). Also, FM1-43FX loading was conducted
during 2 min of a strong depolarization designed to empty the entire recycling pool of
vesicles regardless of p,. Thus, these results suggest that extracellular adenosine induces
presynaptic silencing through an A4 receptor-dependent mechanism.

Results with adenosine do not exclude a contribution from A, or Aj receptors, although this
contribution is presumably minimal because the A;-specific antagonist DPCPX blocked the
silencing. To confirm that A; receptor activation alone is sufficient for presynaptic silencing
induction, we incubated mass cultures in the presence of the highly selective A; receptor
agonist CCPA. CCPA (10 nM for 4 h) decreased the percentage of active glutamatergic
terminals, and the CCPA effect was blocked by coincubation with 200 nM DPCPX (Fig.
6C). We also confirmed that CCPA persistently depressed presynaptic action-potential-
driven vesicle release by measuring autaptic EPSC amplitudes after 4 h of CCPA
incubation. Electrophysiological recordings were performed in extracellular recording saline
in the absence of CCPA, so acute effects are unlikely. However, to ensure that EPSC
depression was not caused by residual acute effects of CCPA, a high-affinity ligand that
might have failed to dissociate from A; receptors during the media exchange (Lohse et al.,
1988), we used neurons from sibling cultures acutely exposed to 10 nM CCPA (<1 min) as
our control. EPSC amplitudes were significantly decreased in neurons recorded after 4 h
treatment with CCPA compared with those treated acutely with CCPA (control, —8.92 +
1.19nA; 4 h CCPA, —2.59 + 1.10 nA; n = 10; p = 0.001) (Fig. 6 D). Additionally, we
measured paired-pulse depression to assess whether lingering CCPA altered vesicle p;. An
increased paired-pulse ratio (e.g., a decreased paired-pulse depression) is typically
interpreted to reflect decreased p,, which could be caused by presynaptic GPCR activation
(Mennerick and Zorumski, 1995; Dobrunz and Stevens, 1997; Zucker and Regehr, 2002;
Brown and Sihra, 2008). The paired-pulse depression in neurons treated acutely with CCPA
(23.4 + 5.5%; n = 10) was not significantly different from the depression in neurons treated
for 4 h (25.8 £ 7.0%; n = 9; p = 0.79) (supplemental Fig. 1C, available at www.jneurosci.org
as supplemental material). Together, these results suggest a novel presynaptic muting by
prolonged selective activation of A; adenosine receptors. Presynaptic silencing out-lives
agonist exposure and does not result from altered p;.

We next incubated neurons in 50 uM baclofen, the GABAg receptor agonist, for 4 h before
evaluation in baclofen-free solutions. Baclofen, in the absence of any depolarizing stimulus,
persistently depressed autaptic EPSC amplitudes and reduced the percentage of active
glutamatergic presynaptic terminals (Fig. 6 E). Baclofen did not, however, have a persisting
effect on the paired-pulse depression (control, 20.8 + 7.3%; baclofen, 1.1 + 7.7%; n=9; p =
0.08) (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material).
Additionally, we have confirmed that the effects of CCPA and baclofen on FM1-43FX/
vGIuT-1 correspondence do not result from transient actions of these agonists. We coapplied
CCPA and baclofen for 4 h and allowed 10 min of recovery in untreated media before
FM1-43FX loading. Neurons treated with CCPA and baclofen maintained a decreased
percentage of active glutamatergic presynaptic terminals after this period of recovery
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(control + recovery, 79.0 + 4.3%; CCPA/baclofen + recovery, 51.5 + 4.5%; n = 20 fields
from 4 coverslips; p = 0.00009). In contrast, saturating concentrations of neither ACPD nor
another mGIuR agonist, L-AP-4, induced silencing (supplemental Fig. 3 A, B, available at
www.jneurosci.org as supplemental material). Similarly, the CB; agonist WIN did not
induce silencing at a saturating concentration (supplemental Fig. 3C, available at
www.jneurosci.org as supplemental material), and kainate receptor agonist kainic acid did
not produce silencing at concentrations of 1 or 10 uM (supplemental Fig. 3 D, E, available at
www.jneurosci.org as supplemental material). These results suggest that GPCR-induced
silencing is induced by only a select group of receptors. The lack of silencing induced by
mGIuR and CB; activation may be caused by low receptor expression levels in presynaptic
terminals of cultured hippocampal neurons (as suggested by the weak acute effects of near-
saturating agonist concentrations in Fig. 5C,E) or by divergent downstream signaling
cascades.

GPCR-induced silencing is proteasome dependent

Inhibitory G-protein activation links depolarization-induced silencing and GPCR agonist-
induced silencing, but it is unclear whether GPCR-dependent presynaptic silencing invokes
similar downstream signaling cascades as depolarization-induced presynaptic silencing. For
instance, maximum GPCR agonist-induced silencing tends to be weaker than depolarization-
induced silencing (Fig. 6C,E), which could hint at different underlying mechanisms. It was
shown recently that depolarization-induced muting is ultimately dependent on activity of the
UPS. Depolarization-induced presynaptic silencing is prevented by coincubation with the
proteasome inhibitor MG-132 (Jiang et al., 2010). To test whether GPCR agonist-induced
silencing also recruits the UPS, we blocked proteasome activity by 30 min preincubation
with MG-132 alone before coapplying MG-132 with GPCR agonists for 4 h. To maximize
the inhibitory G-protein signal, we coapplied 10 nM CCPA and 50 zM baclofen to
simultaneously activate both A; receptors and GABAg receptors. This treatment did not
result in more silencing than either agonist alone (compare Fig. 6C—E with Fig. 7) as
expected from convergent downstream signaling in the two receptor systems (Brown and
Sihra, 2008). MG-132 and CCPA/baclofen treatment did not alter paired-pulse depression in
autaptic neurons (control, 21.1 + 4.0%; MG-132, 24.3 + 5.7%; CCPA/baclofen, 22.3 +
5.8%; CCPA/baclofen + MG-132, 24.7 £ 7.9%; n = 14 — 15 neurons per condition; p > 0.05)
(supplemental Fig. 1 E, available at www.jneurosci.org as supplemental material). To
confirm that a p, change should have been detected by paired-pulse measurements with our
protocols and sample sizes, we tested the effect of acute 10 M baclofen application on
EPSC paired-pulse depression. As expected, paired-pulse modulation was significantly
altered by acute baclofen (3.7 £ 5.2% depression in saline control; 32.3 £ 15.6% facilitation
in baclofen; n = 12; p = 0.04) (supplemental Fig. 1 F, available at www.jneurosci.org as
supplemental material). MG-132 alone did not alter the baseline EPSC amplitude, but it
prevented silencing normally induced by GPCR agonist application (Fig. 7 A, B). This was
confirmed with FM1-43FX labeling of presynaptic terminals. The percentage of active
glutamatergic presynaptic terminals was not altered by MG-132 alone, but coincubation
with GPCR agonists prevented presynaptic silencing (Fig. 7C,D). These results suggest that
GPCR agonist-induced silencing also recruits a proteasome-dependent mechanism,
supporting our hypothesis that persistent GPCR-dependent depression uses similar signaling
cascades as depolarization-induced silencing. This also supports our model that
depolarization-induced silencing occurs through a calcium-independent inhibitory G-
protein-dependent mechanism that ultimately depends on activation of the UPS.
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Discussion

Adaptive modulation at synapses has been studied extensively, but induction mechanisms
remain unclear (see Pozo and Goda, 2010). We tested whether calcium and G-protein
signaling, two potential upstream regulators of CAMP, are necessary for presynaptic muting.
Surprisingly, depolarization-induced presynaptic silencing is not dependent on calcium rises
from extracellular or intracellular sources. Depolarization-induced muting is pertussis toxin
sensitive, implicating Gj/, signaling, and prolonged, direct activation of two classes of Gjo-
linked GPCRs induces silencing, suggesting novel presynaptic Gjjo-induced modulation.
Blocking five receptor classes failed to prevent depolarization-induced silencing, suggesting
that G-protein signaling is activated by a pathway that remains untested. Furthermore,
GPCR-dependent silencing is proteasome dependent, as documented previously for
depolarization-induced silencing. Our results support the model that prolonged
depolarization upregulates inhibitory G-protein signaling, possibly independent of receptor
activation, to ultimately degrade vital regulators of neurotransmission.

Calcium and persistent forms of synaptic plasticity

Presynaptic

Calcium from neither the extracellular space (Fig. 1) nor intracellular stores (Fig. 2) is
necessary for adaptive presynaptic silencing. This result is surprising because multiple
persistent forms of hippocampal synaptic plasticity depend on calcium (Dunwiddie et al.,
1978; Wigstrom et al., 1979; Lynch et al., 1983; Williams and Johnston, 1989; Wickens and
Abraham, 1991; Mulkey and Malenka, 1992; Xie et al., 1992; Tzounopoulos et al., 1998;
Patenaude et al., 2003; Izumi et al., 2008; Kellogg et al., 2009). Other adaptive forms of
plasticity, including synaptic scaling and plasticity of intrinsic excitability, require changes
in intracellular calcium (Thiagarajan et al., 2002; Cudmore and Turrigiano, 2004; Frank et
al., 2006; Ibata et al., 2008; Wu et al., 2008). Although it is possible that depolarization-
induced presynaptic silencing requires postsynaptic depolarization, our BAPTA-AM
experiments exclude an important induction role for any source of calcium, including
presynaptic, postsynaptic, and glial sources. These results are consistent with our previous
finding that calcium-sensitive adenylyl cyclase isoforms play no role in silencing induction
(Moulder et al., 2008).

Depolarization-induced muting is among a few examples of calcium-independent plasticity.
These include short-term, frequency-dependent synaptic depression (Betz, 1970; Stevens
and Tsujimoto, 1995; Garcia-Perez et al., 2008), transient modulation by nontraditional
messengers such as nitric oxide and steroid hormones (Meffert et al., 1996; Zadran et al.,
2009), and some forms of hippocampal mGluR-dependent long-term depression (Fitzjohn et
al., 2001; Ireland and Abraham, 2009). Because none of these mechanisms is implicated in
presynaptic muting, the silencing described herein appears to be unique.

inhibition by G-protein activation

Acute activation of pertussis toxin-sensitive presynaptic and postsynaptic inhibitory G-
proteins induces well-known, rapidly reversible effects on calcium currents and inwardly
rectifying potassium channels (Brown and Sihra, 2008). Although acute pre-synaptic
depression elicited by Gj/, stimulation persists for at least 4 h in the continued presence of
agonist (Wetherington and Lambert, 2002a,b), several major features distinguish the
depolarization-induced and GPCR-induced presynaptic silencing observed here from this
classical presynaptic GPCR-induced depression.

First, acute Gj/o activation causes synaptic depression with rapid onset and rapid offset
during agonist withdrawal (Brown and Sihra, 2008). Presynaptic muting, in contrast,
requires prolonged stimulation, and recovery requires hours (Moulder et al., 2004). GPCR
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agonist-induced silencing failed to recover within 10 min in imaging experiments and
persisted for at least 1 h after agonist removal in our electrophysiology experiments (Figs. 6,
7). Furthermore, only two of five receptor classes tested induced presynaptic silencing. It is
possible that persistent silencing requires stronger Gj, Stimulation than acute depression,
because CB1 and mGIuR stimulation yielded weak acute depression and no detectable
silencing (Fig. 5C,E and supplemental Fig. 3, available at www.jneurosci.org as
supplemental material).

Second, acute depression depends on GBy-dependent pre-synaptic inhibition of calcium
channels to reduce vesicle p, (Brown and Sihra, 2008). Decreases in p; are reflected as
increased paired-pulse ratios (Dobrunz and Stevens, 1997; Zucker and Regehr, 2002).
Depolarization-induced and GPCR-induced muting did not alter paired-pulse ratios
(supplemental Fig. 1, available at www.jneurosci.org as supplemental material) and may
involve degradation of important presynaptic proteins through the UPS (Jiang et al., 2010).
This is an unusual profile for presynaptic change and might explain why GPCR-induced
silencing has been overlooked. Thus, persistent GPCR-dependent presynaptic silencing
invokes different mechanisms than acute GPCR-dependent synaptic depression.

Other forms of slowly induced synaptic depression dependent on GPCRs have been
described in the hippocampus. For example, GPCR activation is necessary for certain forms
of long-term depression or depotentiation of long-term potentiation (Oliet et al., 1997;
Palmer et al., 1997; Chevaleyre and Castillo, 2004; Izumi and Zorumski, 2008; Kellogg et
al., 2009). Although a presynaptic change has been implicated in some of these examples,
presynaptic muting has not been implicated because these are calcium-dependent and/or
require activation of receptors that we have shown are unnecessary for depolarization-
induced presynaptic silencing.

The finding that prolonged A; and GABAg receptor activation induces silencing is
reminiscent of evidence for tonic GPCR activation in situ. Aq receptors and GABAg
receptors are constitutively active at low levels under physiological conditions (Canning and
Leung, 2000; Thimmler and Dunwiddie, 2000; Jensen et al., 2003; Kukley et al., 2005) (but
see Ariwodola and Weiner, 2004). Thus, GPCR-induced silencing may contribute to basally
silent terminals in situ. Evidence for basal GPCR contributions to presynaptically mute
synapses in our cultures was limited (Fig. 5B), possibly because of much larger dilution of
transmitters than occurs in situ. Because evoked accumulation of adenosine and GABA
likely achieves higher local concentrations over more prolonged periods in intact tissue
(Mitchell et al., 1993; Masino and Dunwiddie, 1999; de Groote and Linthorst, 2007; Ghijsen
et al., 2007), GPCR-induced silencing could play a dynamic role in sculpting the pattern of
silent and active terminals.

Relationship between G-proteins and proteasome activity

Multiple downstream signaling cascades are activated by GPCRs. Our data implicate that,
ultimately, GPCR agonist-induced presynaptic silencing is dependent on activity of the UPS
because the proteasome inhibitor MG-132 blocked silencing induction (Fig. 7). One
potential model is that inhibition of adenylyl cyclase by G-proteins decreases CAMP
accumulation and associated protein phosphorylation by protein kinase A. We speculate that
phosphorylation may protect key presynaptic proteins from degradation by the UPS. This
view is consistent with evidence that downregulation of cCAMP signaling leads to silencing
(Moulder et al., 2008) and that depolarization-induced silencing is proteasome dependent
(Jiang et al., 2010). In addition Munc13-1 and RimZla, presynaptic proteins essential for
vesicle priming (Augustin et al., 1999; Betz et al., 2001; Koushika et al., 2001), are
selectively degraded relative to other presynaptic proteins after stimuli that induce
presynaptic silencing (Jiang et al., 2010). This mirrors work in Drosophila showing that the
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Munc13 ortholog Dunc13 is regulated in a G-protein-dependent, cAMP-dependent, and
proteasome-dependent manner (Aravamudan and Broadie, 2003) as well as work at the
calyx of Held showing that GABAg receptor activation inhibits vesicle recruitment via
reduced cAMP levels (Sakaba and Neher, 2003). Because Rimla is a protein kinase A and
UPS substrate (Lonart et al., 2003; Yao et al., 2007), phosphorylation-induced Rim1la
stability could link increased cAMP levels to preserved presynaptic function. This
speculative scenario does not preclude the possibility that induction stimuli modulate
proteasome activity directly in a cAMP-independent manner (Jiang et al., 2010). Future
work may clarify whether cAMP-independent G-protein signaling upregulates proteasome
activity or whether depolarization increases proteasome activity by a pathway divorced from
G-protein signaling.

G-protein signaling in depolarization-induced silencing

Although depolarization-induced presynaptic silencing requires activation of inhibitory G-
proteins, how G-proteins are activated during prolonged depolarization remains unclear. We
excluded four primary candidate GPCRs as well as metabotropic actions of kainate receptors
(Figs. 4, 5). Depolarization may cause release of a ligand for Gj,o-linked GPCRs that we did
not test. For example, neuromodulatory GPCRs such as dopamine and serotonin receptors
are possible candidates (Catapano and Manji, 2007), but monoaminergic cells are absent
from our cultures, making ligand presence extremely unlikely. Furthermore, the calcium
independence of presynaptic muting excludes an important role of synaptic release of these
potential mediators. Clearly, if a ligand is involved in induction of depolarization-induced
muting, it is released through a nonclassical mechanism. Alternatively, cell-autonomous
mechanisms such as voltage-sensitive proteins, including inhibitory GPCRs activated
directly by voltage, could mediate silencing induction (Reddy et al., 1995; Ben-Chaim et al.,
2006; Parnas and Parnas, 2007; Okamura et al., 2009). One intriguing possibility is that of
receptor-independent activation of G-proteins, for instance, through recently described
activators of G-protein signaling (AGS) (Blumer et al., 2007). AGS proteins interact with G-
protein subunits to initiate downstream signaling in the absence of receptor activation. Some
AGS proteins are expressed in hippocampal neurons, but it is unclear how they are activated
(Fang et al., 2000; Blumer et al., 2002; Takahashi et al., 2003).

Although we have learned much about the induction of presynaptic silencing in excitatory
neurons (Tong et al., 1996; Ma et al., 1999; Moulder et al., 2004, 2006, 2008; VVoronin and
Cherubini, 2004; Atasoy and Kavalali, 2006; Yao et al., 2006; Jiang et al., 2010), many
segments of the signaling cascade have remained obscure. We show here that calcium-
independent, G-protein-dependent, and proteasome-dependent mechanisms induce
presynaptic muting, suggesting a unique form of synaptic plasticity. Because adaptive
synaptic plasticity may counteract potentially damaging changes in neuronal activity
(Turrigiano and Nelson, 2004), additional clarification of silencing induction pathways may
lead to new therapeutic strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Depolarization-induced presynaptic silencing is not dependent on calcium influx. A,
Pseudocolored images of the fura-2 ratio (indicating calcium concentration) in neuronal cell
bodies before (baseline) and <1 min after (depolarized) application of 30 mM KCI. Neurons
were switched from calcium-containing media to either calcium-containing (control) media
or to calcium-free media supplemented with 500 M EGTA when KCI depolarization began.
Scale bar, 25 um. B, Summary of fura-2 ratio normalized to baseline values in neurons
similar to A at two time points after addition of either 30 mM NaCl (control) or 30 mM KCl
(depolarized) to calcium-containing media or calcium-free media supplemented with 500
4M EGTA. All comparisons within a single time point were significantly different (p < 0.05
with Bonferroni’s correction for multiple comparisons) except those indicated with “N.S.”,
meaning not significant (n = 17 — 62 neurons). Thus, the calcium-free media with EGTA
effectively prevented cytosolic free calcium level rises in both control and depolarized
neurons. C, vGIluT-1 immunoreactivity to identify glutamatergic presynaptic terminals (red)
with superimposed FM1-43FX labeling of active presynaptic terminals (green). Neurons
were treated 4 h with either 30 mM NaCl (baseline) or 30 mM KCI (depolarized) in either
calcium-containing media (control) or calcium-free media supplemented with 500 xM
EGTA (calcium-free). Scale bar, 5 um. D, Summary of the percentage of active
glutamatergic presynaptic terminals based on vGIuT-1/FM1-43FX correspondence as shown
in C. All comparisons were significantly different ( p < 0.05 with Bonferroni’s correction for
multiple comparisons) except those indicated with N.S. (n = 20 fields of 10 vGIuT-1 puncta
each from 4 independent experiments).
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Figure 2.

Depolarization-induced presynaptic silencing is not dependent on increases in intracellular
free calcium from any source. A, Representative examples of sucrose-evoked EPSCs and
action potential-evoked EPSCs elicited in autaptic neurons after 4 h treatment in normal
calcium-containing media (control) or calcium-free media supplemented with 20 uM of the
cell-permeant fast calcium chelator BAPTA-AM. B, Summary of results for sucrose-evoked
EPSC charge and action-potential-evoked EPSC amplitude after treatment with control or
with calcium-free, BAPTA-AM-supplemented extracellular media in sister cultures (n =9 —
11 neurons). *p < 0.05. C, Example fields of neurons filled with the calcium indicator fluo-4
before (0 mM) and after (0.5 mM) perfusion of CaCl,. Neurons were pretreated for 4 h with
30 mM KCl in either calcium-containing media (depolarized) or calcium-free media
supplemented with 20 uM BAPTA-AM (depolarized BAPTA-AM). Scale bar, 50 um. D,
Representative examples of sucrose-evoked EPSCs in autaptic neurons after 4 h treatment in
calcium-free media supplemented with 20 uM BAPTA-AM and either 30 mM NaCl
(baseline) or 30 mM KCI (depolarized).
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Figure 3.

Activation of inhibitory G-proteins is necessary for depolarization-induced presynaptic
silencing. A, Example action-potential-evoked EPSCs from autaptic neurons treated 24 h
with or without 500 ng/ml pertussis toxin before 4 h coapplication with 30 mM NacCl
(baseline) or 30 mM KCI (depolarized). B, Summary of EPSC amplitudes from autaptic
neurons treated as in A (n = 13-14 neurons). *p < 0.05 with Bonferroni’s correction for
multiple comparisons. C, Example images of vGIuT-1 (red) and FM1-43FX (green)
correspondence in neurons treated 24 h with or without 500 ng/ml pertussis toxin before 4 h
NaCl (baseline) or KCI (depolarized). Scale bar, 5 um. D, Summary of conditions
represented in C (n = 25 fields from 5 independent experiments). *p < 0.05 with
Bonferroni’s correction for multiple comparisons.
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Figure 4.

A, adenosine receptor activation is not necessary for depolarization-induced presynaptic
silencing. A, Example action-potential-evoked EPSCs from autaptic neurons treated 4 h with
30 mM NaCl (baseline) or 30 mM KCI (depolarized) in the presence or absence of 200 nM
DPCPX, an A; receptor antagonist. B, Summary of EPSC amplitudes from autaptic neurons
treated as in A (n = 9 neurons). All comparisons were significantly different ( p < 0.05 with
Bonferroni’s correction for multiple comparisons) except those indicated (N.S.). C, Example
images of vGIuT-1 (red) and FM1-43FX (green) correspondence in neurons treated 4 h
under baseline or depolarized conditions in the presence or absence of 200 nM DPCPX.
Scale bar, 5 um. D, Summary of conditions represented in C (n = 65 fields from 13
independent experiments). All comparisons were significantly different ( p < 0.05 with
Bonferroni’s correction for multiple comparisons) except those indicated (N.S.).
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Figure 5.

None of likely candidate GPCRs is necessary for depolarization-induced silencing. A,
Example action-potential-evoked IPSCs from a single autaptic neuron after acutely applied
extracellular saline (control), 10 «M baclofen (a GABAg receptor agonist), or 10 uM
baclofen plus 50 uM SCH50911 (a GABAGR receptor antagonist). B, Summary of
experiments measuring vGIluT-1/FM1-43FX correspondence in neurons treated 4 h with 30
mM NaCl (baseline) or 30 mM KCI (depolarized) in the presence or absence of 50 M
SCH50911 (n = 35 fields from 7 independent experiments). All comparisons were
significantly different (p < 0.05 with Bonferroni’s correction for multiple comparisons)
except the one indicated (N.S.). C, Example action-potential-evoked EPSCs from a single
autaptic neuron after acutely applied control, 50 M ACPD (an mGIuR agonist), or 50 uM
ACPD plus 25 uM LY341495 (a mGIuR antagonist). D, Summary of experiments
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measuring vGluT-1/FM1-43FX correspondence in neurons treated for 4 h under baseline or
depolarized conditions in the presence or absence of 25 uM LY 341495 (n = 25 fields from 5
independent experiments). All comparisons were significantly different (p < 0.05 with
Bonferroni’s correction for multiple comparisons) except those indicated (N.S.). E, Example
action potential-evoked EPSCs from two different autaptic neurons: one after acutely
applied control or 200 nM WIN55,212-2 (a CB1 agonist) and the other after 1-2 h
pretreatment with 1 xM AM251 (a CB; antagonist) and continued AM251 application or
AM251 plus WIN55,212-2. The AM251 pretreatment with between-cell comparison was
used to mitigate against the very slow reversibility of WIN55,212-2. F, Summary of
experiments measuring vGIluT-1/FM1-43FX correspondence in neurons treated for 4 h
under baseline or depolarized conditions in the presence or absence of 1 M AM251 (n = 20
fields from 4 independent experiments). All comparisons were significantly different (p <
0.05 with Bonferroni’s correction for multiple comparisons) except those indicated (N.S.).
G, Summary of experiments measuring vGluT-1/FM1-43FX correspondence in neurons
treated for 4 h under baseline or depolarized conditions in the presence or absence of 200
nM DPCPX, 50 uM SCH50911, 25 M LY341495, and 1 ©M AM251 (cocktail; n = 20
fields from 4 independent experiments). All comparisons were significantly different (p <
0.05 with Bonferroni’s correction for multiple comparisons) except those indicated (N.S.).
H, Summary of experiments measuring EPSC amplitude in neurons treated 4 h under
baseline or depolarized conditions in the presence of either 1 M NBQX or 10 xuM NBQX to
ensure kainate receptor block (n = 14 — 16 neurons). Neurons treated for 4 h with 1 uM
NBQX were treated acutely (~1 min) with 10 uM NBQX before recording as a control for
any residual acute NBQX effects. All comparisons were significantly different (p < 0.05
with Bonferroni’s correction for multiple comparisons) except those indicated (N.S.).
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Figure 6.

A, adenosine receptor activation and GABAg receptor activation induce presynaptic
silencing. A, Example images of vGluT-1 (red) and FM1-43FX (green) correspondence in
neurons treated 4 h with control or 100 M adenosine in the presence or absence of 200 nM
DPCPX. Scale bar, 5 uM. B, Summary of conditions represented in A (n = 40 fields from 8
independent experiments). *p < 0.05 with Bonferroni’s correction for multiple comparisons.
C, Summary of experiments measuring vGluT-1/FM1-43FX correspondence in neurons
treated 4 h with control medium, with 10 nM CCPA, or with 10 nM CCPA coapplied with
200 nM DPCPX (n = 35 fields from 7 independent experiments). *p < 0.05 with
Bonferroni’s correction for multiple comparisons. D, Example action-potential-evoked
EPSCs recorded from autaptic neurons after acute (<1 min; control) or 4 h treatment with 10
nM CCPA. E, Summary of EPSC amplitudes from autaptic neurons treated acutely (<1 min;
control) or for 4 h with 50 uM baclofen (n = 9 — 10 neurons) and FM1-43FX/vGIuT-1
correspondence after 4 h control or 50 M baclofen treatment (n = 30 fields from 6
independent experiments). *p < 0.05.
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Figure 7.
GPCR-dependent silencing requires proteasome activity. A, Example action-potential-

evoked EPSCs from autaptic neurons treated acutely (<1 min; control) or for 4 h with 10 nM
CCPA and 50 uM baclofen with or without 3 uM MG-132. MG-132 was added 30 min
before the start of (and remained during) the 4 h treatment. B, Summary of EPSC amplitudes
from autaptic neurons treated as in A. *p < 0.05 with Bonferroni’s correction for multiple
comparisons (n = 15 neurons). C, Example images of vGIuT-1 (red) and FM1-43FX (green)
correspondence in neurons treated 4 h with or without 10 nM CCPA and 50 «M baclofen in
the presence or absence of 3 uM MG-132. MG-132 was added 30 min before the start of the
4 h treatment. Scale bar, 5 um. D, Summary of experiments measuring vGluT-1/FM1-43FX
correspondence in neurons treated as in C. *p < 0.05 with Bonferroni’s correction for
multiple comparisons (n = 35 fields from 7 independent experiments).
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