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Activation of silent and weak synapses by
cAMP-dependent protein kinase in cultured cerebellar
granule neurons

Michael A. Cousin? and Gareth J. O. Evans!

' Department of Biology and Hull York Medical School, University of York, Wentworth Way, York YO10 5DD, UK
?Membrane Biology Group, Centre for Integrative Physiology, George Square, University of Edinburgh, Edinburgh EH8 9XD, UK

Non-technical summary It is accepted that learning involves creating or increasing the activity
of existing chemical connections (synapses) between neurons. Some connections, known as ‘silent
synapses’, have no detectable activity under resting conditions but can be switched on by electrical
stimuli that mimic learning. To better understand how this occurs, we compared silent and active
synapses in cultured neurons. When neurons were challenged with electrical stimulation, the
extent of activation of previously active synapses was unchanged, whereas silent synapses were
activated. Silent synapse activation did not correlate with increases in intracellular calcium (which
evokes neurotransmitter release), but was dependent on the action of the enzyme protein kinase A.
A large proportion of synapses in the adult brain are thought to be silent, and therefore a detailed
knowledge of silent synapse activation could give insights into the mechanisms of learning and
memory.

Abstract Presynaptic long term potentiation of synaptic transmission activates silent synapses
and potentiates existing active synapses. We sought to visualise these two processes by studying
the cAMP-dependent protein kinase (PKA) potentiation of presynaptic vesicle cycling in cultured
cerebellar granule neurons. Using FM dyes to label the pool of recycling synaptic vesicles, we found
that trains of electrical stimulation which do not potentiate already active synapses are sufficient
to rapidly activate a discrete population comprising silent and very low activity synapses. Silent
synapse activation required PKA activity and conversely, active synapses could be silenced by PKA
inhibition. Surprisingly, the recycling pool of synaptic vesicles in recently activated synapses was
larger than in already active synapses and equivalent to synapses treated with forskolin. Imaging
of synaptic vesicle cycling and cytosolic Ca*" in individual nerve terminals confirmed that silent
synapses have evoked Ca’" transients comparable to those of active synapses. Furthermore,
across populations of active synapses, changes in Ca’" influx did not correlate with changes in
the size of the pool of recycling synaptic vesicles. Finally, we found that stimulation of synapsin
phosphorylation, but not RIM 1«, by PKA was frequency dependent and long lasting. These data
are consistent with the idea that PKA regulates synaptic vesicle recycling downstream of Ca*"
influx and that this pathway is highly active in recently activated synapses.
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Introduction

Changes in the efficiency of synaptic transmission
are believed to underlie learning and memory. The
prevailing laboratory model for learning is long term
potentiation (LTP) in which a strong brief stimulus
produces a long lasting increase in the strength of
a synapse (Bliss & Collingridge, 1993). Mechanisms
which can account for changes in synaptic strength
generally involve modulating the presynaptic release of
neurotransmitter and/or the density and activity of
postsynaptic neurotransmitter receptors (Malenka & Bear,
2004). Recent developments in elucidating the molecular
mechanisms of LTP have focused on ‘silent’ synapses. The
activation of silent synapses is thought to be functionally
relevant in development where nascent synapses are
activated, or in the mature brain to provide reserve
capacity for new information processing or storage
(Isaac et al. 1997; Isope & Barbour, 2002; Porrill &
Dean, 2008). The role of postsynaptic silent synapses
in NMDA receptor-dependent hippocampal CA1 LTP
is established (Isaac et al. 1995; Kerchner & Nicoll,
2008), but the role of presynaptic silent synapses in LTP
at presynaptic nerve terminals of hippocampal mossy
fibres or cerebellar parallel fibres is poorly characterised.
Proposed mechanisms for presynaptic silence include
low release probability, low vesicular neurotransmitter
content, or slow release kinetics (Choi et al. 2000; Voronin
& Cherubini, 2004). In terms of silent synapse activation,
cAMP signalling via cAMP-dependent protein kinase
(PKA) has been implicated (Chavis et al. 1998; Ma et al.
1999; Yao et al. 2006), but it is not known whether this uses
the same mechanism that has been shown to potentiate
already active synapses.

Cerebellar granule neurons (CGNs) are an excellent
system to study the regulation of neurotransmitter release
by PKA because their parallel fibre synapses have a
well established form of PKA-dependent presynaptic LTP
in vivo, which can be mimicked in culture by cAMP
analogues or adenylyl cyclase agonists such as forskolin
(Salin et al. 1996; Chen & Regehr, 1997; Linden & Ahn,
1999; Lonart et al. 2003).

In this study, we have used forskolin treatment of
cultured CGNss to study the PKA-dependent modulation
of evoked synaptic vesicle (SV) recycling in both active
and silent synapses. In agreement with previous studies,
we found forskolin potentiates the releasable pool of SVs
in active synapses via a PKA-dependent mechanism. In
addition, a distinct population of presynaptically silent
synapses are rapidly activated by PKA under conditions
which do not change the activity of previously active
synapses regardless of forskolin treatment. Newly activated
synapses had a larger recycling SV pool than already
active synapses and similar to that obtained following
forskolin treatment. This effect is not due to altered Ca**
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homeostasis because silent synapses have Ca*" influx
comparable to that of active synapses. Therefore, the
PKA-dependent activation of silent synapses provides a
switch for coupling Ca’" influx to neurotransmitter release
and their subsequent release probability is controlled by
Ca?* and PKA substrates.

Methods
Ethical information

Experiments were performed under the auspices of the UK
Animals (Scientific Procedures) Act 1986, using humane
(Schedule 1) killing of animals, for which no licence or
ethical approval is required.

Materials

FM2-10 was from Invitrogen (Paisley, UK). Fura-2 AM
was purchased from Cambridge Bioscience (Cambridge,
UK). Anti-phospho-synapsin (pSer9) antibody was
obtained from New England BioLabs (Hitchin, UK).
Anti-phospho RIM1lwa (pSer413) rabbit antibody was a
generous gift from Prof. Alan Morgan, University of
Liverpool. pEGFP-N1-synaptophysin ¢cDNA was a kind
gift from Dr J. M. Sullivan (University of Washington,
Seattle, WA). Forskolin, H-89, cAMP analogues and all
other reagents were from Sigma (Poole, UK).

Primary culture of cerebellar granule neurons

The cerebellum was dissected from 7-day old
Sprague—Dawley rat pups (Harlan, Bicester, UK) that had
been killed by Schedule 1. Cerebellar granule neurons
were dissociated as previously described (Tan et al. 2003)
and maintained at 37°C in a humidified atmosphere of
5% CO,. Where indicated, transfection of neurons with
6 ng per coverslip of the pEGFP-synaptophysin construct
was performed 24-36 h prior to imaging by the calcium
phosphate method (Tan et al. 2003).

Real-time fluorescence imaging of cerebellar neurons

For all imaging experiments, cerebellar neurons
(9-12 days in vitro) were seeded on poly-D-lysine
coated 25mm diameter coverslips (no. 1 thickness)
at a density of 2 x 10° cellsml™!. The coverslips were
mounted in a sealed perfusion chamber (RC-21 BRFS,
Warner Instruments, Hamden, CT, USA) and the
chamber was mounted on the stage of a Nikon
(Tokyo, Japan) Diaphot TV-100 inverted epifluorescence
microscope. Images were obtained using a Hamamatsu
(Hamamatsu City, Japan) Orca ER CCD camera through
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a x20 air objective. All incubations were performed
in TES (N-tris[hydroxy-methyl]-methyl-2-aminoethane-
sulfonic acid) buffer (170 mm NaCl, 3.5 mm KCI, 0.4 mm
KH,PO,, 20mM TES, 5mMm NaHCO;, 5mM glucose,
1.2 mMm Na,SO,, 1.2 mm MgCl,, 1.3 mMm CaCly, pH 7.4)
and for high KCl containing buffers, equimolar NaCl was
removed to maintain osmolality. Solutions were applied
to neurons by gravity perfusion at a rate of ~5 ml min™!
and electrical field stimulation (100 mA, 1 ms pulse width)
was delivered through platinum electrodes embedded in
the sides of the perfusion chamber.

Two consecutive rounds of FM dye loading and
unloading, termed S1 and S2, were used to measure
the releasable pool of SVs before (S1) and after (S2) a
20 min period in which the cells could be treated with
pharmacological agents. The FM dye loading/unloading
protocol was performed essentially as previously described
(Fig. 1A; Evans & Cousin, 20074a). Briefly, to label SVs,
neurons were incubated in TES buffer containing 100 um
FM2-10 and stimulated with 400 or 800 action potentials
at the specified frequency or a 2 min incubation with
50 mm KCl. Following stimulation, the FM dye solution
was removed and the cells were washed in TES buffer
and rested for 10 min to allow recycling of the labelled
SVs. Unloading of the dye was performed with two trains
of stimuli (usually 40 Hz for 10s) or two consecutive
incubations for 30 s with 50 mm KCI. These stimuli were
sufficient to unload ~95% of the loaded dye (data not
shown). During the unloading protocol, images were
obtained every 4 s (~200 ms exposure, 488 nm excitation,
>505nm emission) in order to record the fluorescence
intensity of individual FM2-10 labelled synapses over
time. After a 20 min rest period, the FM2-10 loading
and unloading protocol was repeated to give a second
measurement (S2) of the number of releasable vesicles. To
determine the effect of forskolin or H-89 on the number
of releasable vesicles in S2, drugs were applied for 10 min
during the 20 min rest period between S1 and S2.

To simultaneously measure SV exocytosis and monitor
intracellular Ca?t concentrations, neurons were loaded
with FM2-10 and the Ca*" indicator fura-2 acetoxy
methylester (AM) (1 uM). The simultaneous imaging of
FM dye and fura-2 AM in cerebellar granule neurons was
previously described and characterised elsewhere (Evans &
Cousin, 2007b). The fura-2 AM 340/380 nm fluorescence
intensity ratio was converted to Ca®* concentration using
the equation of (Grynkiewicz et al. 1985).

Immunoblotting of stimulated neurons

For pharmacological treatment of cells, cultured cerebellar
granule neurons were grown in 60 mm diameter dishes
at a density of 2 x 10°cells per dish. Neurons were
incubated with the indicated drugs and immediately lysed
in 2x SDS-sample buffer. For electrical field stimulation
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of cells, cultured neurons prepared as described for
imaging studies were mounted in an imaging chamber
and stimulated at varying frequencies for 20s. Forty
seconds or 1h after the cessation of stimulation,
cells were lysed in 50ul of boiling SDS-sample
buffer. Neuronal lysates were separated by SDS-PAGE,
transferred to PVDF membrane and then processed by
immunoblotting with anti-phospho-synapsin (pSer-9;
1:500), anti-phospsho-RIM1a (pSer-41331; 1:500) or
anti-syntaxin  (HPC-1;  1:1000) and appropriate
horseradish peroxidase conjugated secondary anti-
bodies (1:5000). Following visualisation with enhanced-
chemiluminescence reagent, densitometry was performed
with Image] to quantify the relative amounts of
phosphorylated protein and normalise to the protein
loading control (syntaxin).

Data analysis

The movies of fluorescence intensity over time for
fields of FM2-10 loaded nerve terminals were analysed
using SimplePClI 6.5 software (Hamamatsu Corporation,
Sewickley, PA, USA) by assigning regions of interest to
~100 fluorescent puncta per experiment. A minimum
of three separate experiments were analysed for each
condition. The resulting time traces were normalized
to an arbitrary baseline and the fluorescence changes
for each of the two unloading protocols for S1 and
S2 were summed to give the total fluorescence changes
AFg and AFs,, respectively. To compare the size of the
releasable pool of vesicles between S1 and S2, the data
were normalised between —1 and 1 (with 0 representing no
change) using the formula (A Fs, — AFs;)/(AFs; + AFs;).
Simply expressing changes as AFs,/AFs, was rejected
because this gives a disproportionate weighting to
potentiation (for values greater than 1) over depression
(limited to values between 0 and 1). ‘Active’ synapses
were defined as those that recorded positive values for
AFs; and AFs, while silent’ synapses were defined as
those which had a (AFs, — AFs;)/(AFs, + AFs;) value
of >0.8, i.e. a potentiation of >9-fold (Fig.2E) or
synapses for which the AFs, fluorescence value was not
significantly different from background (Figs 4, 6 and 7
and Supplemental Material figures). Where appropriate,
data were statistically analysed by Student’s ftest or
one-way ANOVA and post hoc pairwise comparisons
performed by the Holm—Sidak method.

Results

Frequency dependency of SV recycling
and silent synapse activation

To sample presynaptic plasticity in active synapses and

observe the activation of silent synapses, we established a
robust protocol in CGNs to detect changes in SV turnover.
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In the first instance we determined the sensitivity of SV
loading and unloading of the membrane dye FM2-10 by
stimulating at a range of frequencies. Figure 1A outlines
a stimulation protocol in which recycling SVs were first
loaded with FM2-10 by 400 action potentials (AP) at
5, 10, 20, 40 and 80 Hz and then unloaded with KCl
to give a fluorescence change termed AFs;. After a
rest period, the extent of SV recycling was compared
to maximal SV turnover by loading and unloading the
same neurons with KCI (which labels the entire pool
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Figure 1. Frequency-dependent scaling of recycling SV pool
size in parallel fibre presynaptic terminals

A, protocol of stimulation for measuring the releasable pool of
vesicles loaded with FM dye by 400 or 800 action potentials (AP) at
various frequencies (S1) as a fraction of the total recycling pool (S2).
Following loading of FM2-10 with electrical stimulation (S1) or KCI
(S2) the neurons were washed for 10 min and then unloading was
achieved by two sequential 30 s stimuli of 50 mm KCI. Neurons were
washed for 20 min between S1 and S2 to allow SV recycling. B,
representative fields of view of FM2-10 loading by 20 Hz 20 s (S1,
left panel) or 50 mm KCI (S2, right panel). Representative ‘active’
synapses loaded with FM2-10 in S1 and S2 are denoted by asterisks
and unresponsive synapses not loaded in S1 but loaded in S2 are
denoted by arrowheads. C, plot of unresponsive synapse number as
a percentage of the total synapses labelled in S2 (defined by KCl
stimulation in S2) against the stimulation frequency used in S1 for
400 action potentials. The dotted line represents the number of
unresponsive synapses when KCl stimulation was used in S1 and S2.
D, plot of releasable pool size in active synapses as a fraction of the
total recycling pool against loading frequency for 400 (®) or 800 (o)
AP. The dotted line represents the total pool size as determined by
FM2-10 loading by 50 mm KCl in S1 and S2. Data for C and D were
obtained from >3 separate experiments (>75 synapses for each)
and plotted as mean AFsi/AFsy £+ SEM.
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of recycling SVs; Evans & Cousin, 2007a) to give the
fluorescence change AFs,. By comparing the extent of
FM2-10 loading and unloading between electrical field
(S1) and KCI (S2) stimuli, two classes of synapse were
revealed: those active in both S1 and S2 (Fig. 1B, asterisks)
and those that were unresponsive in S1 and then active
in S2 (Fig. 1B, arrowheads). Quantification of these two
populations revealed that the percentage of responsive
active synapses was frequency dependent and maximal
at 40-80 Hz (Fig. 1C). Therefore, a large proportion of
unresponsive or ‘silent’ synapses have an extremely low
release probability and were not loaded with FM-dye
during a 400 AP stimulus at up to 20-40 Hz.

We then selectively analysed synapses that responded
to electrical stimulation in S1 and found that the
proportion of the total SV pool loaded was also frequency
dependent (Fig. 1D). The relationship was biphasic with a
steep frequency dependency up to 20 Hz, and a second
phase which slowly rose to a maximum at 80 Hz. A
similar relationship was observed for the same frequencies
delivered for a longer duration of 800 AP (Fig. 1D).

The size of the releasable pool of SVs in active
synapses is regulated by PKA

We next addressed the mechanisms responsible for the
modulation of SV turnover in active synapses and the
dramatic activation of silent synapses. The stimulation
protocol was altered such that the loading stimuli in S1
and S2 were identical and the effect of pharmacological
agents on SV recycling could be assessed by incubations
between S1 and S2 (Fig.2A). A loading stimulation of
400 AP at 20 Hz was chosen as the test stimulus in these
experiments because this stimulation labelled ~40-50%
of the total releasable pool of SVs (Fig. 1D), thus allowing
for the detection of both potentiation and depression of
SV recycling. Furthermore, this allowed the study of the
population of silent synapses (~30%) not activated during
this stimulation. An unloading stimulus of 2 x 40 Hz 10s
was chosen to quantify the extent of SV turnover because
this stimulus unloaded approximately 95% of loaded dye
(data not shown). Under these conditions, the population
of synapses active in S1 showed very little change in FM
dye loading between S1 and S2 (Fig. 2A).

We chose to investigate the role of PKA on evoked
SV turnover and silent synapse activation in our culture
system, since the adenylyl cyclase agonist forskolin and
cAMP analogues both elicit parallel fibre potentiation
in cerebellar slices and dissociated cultures (Salin
et al. 1996; Chavis et al. 1998; Lonart et al. 2003)
suggesting a key role for PKA activity in increased
SV mobilisation. We observed a large potentiation of
FM dye loading following a 10 min incubation with
10 M forskolin (Fig. 2B). On average, forskolin increased

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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Figure 2. Two populations of synaptic activity defined by
electrical stimulation and forskolin

The releasable vesicle pool of presynaptic terminals was sampled
twice by two identical FM2-10 loading and unloading protocols,
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loading by a 400 AP 20Hz stimulation from ~40%
to ~100% of the releasable pool previously defined by
KCI stimulation. Analysis of fluorescence changes for
individual synapses revealed a strikingly heterogeneous
pattern of synaptic activity. However, by plotting AFs;
against AFs, we were able to discern two populations of
synaptic activity (Fig. 2C). These populations were further
clarified by normalising the AFs; and AFs, fluorescence
data with the equation: (AFs, — AFs;)/(AFs, + AFs;),
which equally weights potentiation and depression on
a scale from —1 to +1, with 0 representing no
change. Expressing these data as a frequency histogram
clearly revealed the biphasic distribution of both control
and forskolin treated synapses (Fig.2D), where the
population of ‘silent’ synapses was represented by synapses
which had undergone a high degree of potentiation
(where (AFs, — AFs;)/(AFs; + AFs;) > 0.8) due to their
extremely low AFg, value.

The active population was potentiated by
2.68 £ 0.64-fold (calculated as the mean AFs,/AFs;)
by the addition of forskolin. This was equivalent to KCI
stimulation in S2, where the maximal releasable pool of
SVs is recruited. The number of silent synapses was not
significantly enhanced by forskolin because all available
silent synapses are already activated under control
conditions (see Fig. 4A for quantification). Surprisingly,
however, the average activity in S2 of the silent synapse
population activated under control conditions was
significantly greater than that of the active synapse
population (Fig. 2E).

We also tested the longevity of the plasticity and found
that even 1h after forskolin treatment, potentiation of
FM dye loading in S2 was not significantly different
from 5min post-incubation (Fig.3A). To confirm
that forskolin was acting presynaptically and was
unaffected by stimulation of postsynaptic cells by
presynaptic glutamate release, we repeated the
experiment in the presence of glutamate receptor

S1and S2. For ST and S2, FM2-10 was loaded by a 20 Hz 20 s
stimulation and unloaded by two consecutive 40 Hz 10 s stimuli.
During a 20 min wash period between S1 and S2, neurons were
bathed in the absence (4, control) or presence (B, FSK) of 10 um
forskolin for 10 min. A and B, representative fields of view are
shown of loaded and unloaded synapses for S1 and S2 in control
and forskolin treated neurons. C, plot of change in FM dye
unloading in S1 against S2 for control and FSK treated synapses,

n > 100 synapses for each dataset. D, normalised frequency
histograms of (AFs; — AFs1)/(AFs; + AFsy) for populations of
control (n = 183) and FSK (n = 254) treated synapses analysed to
include all synapses labelled in S2. E, average FM dye de-staining (in
arbitrary fluorescence units) in S2 of active and silent synapses under
control or forskolin conditions. More than 50 synapses were
analysed in n = 3 experiments. Silent and active synapses were
defined as described in Methods. Student’s t test: **P < 0.01.
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antagonists 6-cyano-7-nitroquinoxaline-2,3-dione and
2-amino-5-phosphonopentanoic acid and found the
potentiation to be unaffected (Fig.3A). Pre-treatment
with the PKA inhibitor H89 (1 um) prior to forskolin
completely abolished the enhancement, suggesting
forskolin is acting through PKA to potentiate presynaptic
activity (Fig. 3B). H89 treatment also reduced SV recycling
in control synapses, suggesting that constitutive PKA
activity might have a role in determining the basal level
of activity-dependent SV recycling in the synapse. The
effects of forskolin and H89 upon PKA are downstream of
voltage sensitive Ca*" channels, because these treatments
did not alter bulk Ca*" transients measured in synapses
loaded with the Ca** indicator fura-2 (Fig. 3C and D).

A sizeable cAMP-dependent plasticity that is
preferentially due to cAMP-dependent guanylate exchange
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factor (Epac), rather than PKA, has been demonstrated
in the giant presynaptic terminals of the Calyx of Held
(Kaneko & Takahashi, 2004). The possibility that other
presynaptic forms of potentiation, such as mossy fibre
LTP in the hippocampus or parallel fibre LTP in the
cerebellum have an Epac-dependent component has not
been investigated. To differentiate between PKA and
Epac-dependent effects in our system we compared
a selective agonist of Epac, 8-CPT-2'-O-Me-cAMP,
with 8-Br-cAMP which activates both PKA and Epac
(Christensen et al. 2003). 8-Br-cAMP at 100 uM produced
apotentiation of presynaptic activity comparable to that of
forskolin (Fig. 3B). However, the Epac selective analogue
produced a small potentiation above control levels, which
was inhibited by H89, suggesting a non-specific activation
of PKA (Fig. 3B).
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Figure 3. Forskolin potentiates active synapses via presynaptic PKA downstream of Ca?t influx

Data are plotted as mean (AFs; — AFs1)/(AFs; + AFsy)values £ SEM for synapses active in S1 under the following
conditions: A, control (CON), KCI (50 mm), FSK (10 um), FSK 1 h (10 wm, S2 load/unload at 1 h post FSK), glutamate
receptor antagonists (GRA; 100 uMm CNQX and 50 uM AP5) and FSK plus GRA; B, H89 (5 um), FSK + H89, 8-Br
cAMP (100 M) and 8-CPT-2'-O-Me-cAMP (100 uM). GRA were present in all buffers while the other drugs were
incubated during the 20 min wash period. For each condition, data from at least 3 independent experiments were
analysed (n > 50 presynaptic terminals for each). One-way ANOVA: compared to control, *P < 0.05, ***P < 0.001.
C, CGNs loaded with 1 um Fura-2 AM were subjected to the stimulation protocol in Fig. 2A with control, FSK
(10 um) or H89 (5 um) treatment during the 20 min period between S1 and S2. Representative graphs are shown
of the mean & SEM 340/380 nm fluorescence ratios from >30 synapses plotted against time for each condition.
Bars indicate 40 Hz 10 s stimulation. D, quantification of the difference in Ca?* transient height (maximum fura-2
fluorescence) between S1 and S2 (Afs; — AFs1)/(AFsy + AFsq) for the conditions in C (one-way ANOVA: not

significant P > 0.05).
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Silent synapses are activated downstream of PKA
and nascent synapses represent a small fraction
of the silent synapse population

Although forskolin did not further increase the size of the
silent synapse population, we found that H89 treatment
during the period between S1 and S2 inhibited silent
synapse activation in the presence or absence of forskolin
(Fig. 4A). Further analysis of active synapses treated with
H89 showed that the average activity of the population
decreased and many synapses were silenced compared to
control (Fig. 4B).

We also investigated to what extent silent synapse
activation arises from the formation of new synapses
in the 20 min period between S1 and S2, perhaps
via the trafficking of synaptic components and/or SVs
(Darcy et al. 2006). The S1/S2 protocol (see Fig.2A)
was performed on neurons expressing GFP fused to the
integral SV membrane protein synaptophysin (Fig. 5A).
Of the puncta that contained GFP fluorescence in S1, the
fluorescence intensity did not change in S2, suggesting
that gross changes in SV numbers in active synapses did
not occur between S1 and S2 (Fig. 5B). Comparing the
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Figure 4. Inhibition of PKA prevents silent synapse activation
and silences active synapses

A, plot of mean & SEM number of activated silent synapses as a
percentage of total synapses labelled in S2 for control, FSK, H89 and
FSK + H89 treated neurons. For each condition, data from n = 3
independent experiments were analysed (>50 presynaptic terminals
for each). One way ANOVA: compared to control, ***P < 0.001. B,
normalised frequency histograms of (AFsy — AFst)/(AFsy + AFsq)
for representative populations of control (n = 101) and H89 (n = 90)
treated synapses, analysed to include all synapses labelled in S2.
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localisation of GFP stained puncta in S1 and S2 identified
presynaptic sites which were new and also those that had
disappeared in S2. Only 3—4% of all synapses were nascent
in S2, suggesting that the majority of silent synapses
contain SVs in S1 (Fig. 5C). Furthermore, the proportion
of nascent synapses was not affected by forskolin or
H-89 treatment. A significant proportion of synapses were
found to disappear between S1 and S2 (Fig. 5C); however,
these synapses were absent from our previous analysis of
active and silent synapses because only synapses active in
S2 were processed.

Silent synapses have Ca?* influx comparable
to active synapses

To determine whether silent synapse activation is due
to alterations in Ca®t influx through voltage-dependent
Ca?* channels, we loaded cultured neurons with the Ca>*
indicator fura-2 AM to assess intracellular Ca** during S1
FM dye loading (S0, Fig. 6A). FM dye unloading was then
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Figure 5. Silent synapses are pre-existing structures

Neurons transfected with GFP-synaptophysin were subjected to the
S1/S2 control, FSK and H89 protocols described in Fig. 3.
Representative fluorescence images of transfected neurons were
taken after the 20 Hz 20 s loading stimuli in S1 and S2. A,
GFP-synaptophysin images from control treated cells in S1 and S2.
B, quantification of GFP-synaptophysin fluorescence, expressed as
Fsy/Fsq in control, FSK (10 M) and H89 (5 uM) treated neurons.
C, the S1 and S2 images were overlaid and the number of
fluorescent puncta appearing and disappearing from S1 to S2
plotted as a percentage of the total labelled puncta. For B and

C, data are means + SEM, n > 3 separate experiments for each
condition, with >50 labelled puncta per experiment. One-way
ANOVA: B, not significant, for nascent and disappearing datasets,
P > 0.05 and C, not significant, P > 0.05.
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imaged in S1 and S2 and the fura-2 AM fluorescence was
retrospectively analysed in synapses identified as active or
silent by FM dye unloading. The 20 Hz 20 s SO loading
stimulus produced a robust Ca’>" transient in active and
silent synapses (Fig. 6B and C) suggesting that activation
lies downstream of Ca®* channel activation in the coupling
of Ca’" to the SV release machinery.

To further explore the relationship between Ca®t and
the extent of vesicle recycling in active and silent synapses,
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fura-2 20Hz 20s| |[40Hz10s 20Hz20s| ([40Hz10s
Image: fura-2 FM FM
S0 51 52
B
active synapses
50 51 " 52
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Figure 6. Silent synapses have normal Ca?*-influx in S1
Cerebellar granule neurons were loaded with 1 um fura-2AM and
then subjected to the S1-S2 FM2-10 loading/unloading protocol
from Fig. 2A. The protocol of stimulation and recording is shown in
A. Images of fura-2AM fluorescence were captured during the first
20 Hz 20 s loading stimulation (S0). B, fluorescence traces from a
single representative experiment (means =+ SEM, n > 15 synapses)
are shown for FM2-10 and fura-2AM (340/380 nm ratio) in active (o)
and silent synapses (®). Arrowheads indicate the timing of the
appropriate stimuli (see A). C, plot of maximum Ca™ transient
height (Fura-2AM 340/380 nm ratio) for silent and active synapses in
SO (means =+ SEM, n = 3 separate experiments).
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simultaneous imaging of Fura-2 AM and FM dye loaded
synapses (Evans & Cousin, 2007b) was performed during
the S1 and S2 unloading stimuli (see Supplemental
Material, for representative traces). Quantification of
multiple experiments confirmed there is no change in
the Ca’" signal from S1 to S2 for silent and active
synapses (Fig. 7A). However, a plot of the raw data from
populations of synapses revealed not only an uncoupling
of Ca>™ from release in silent synapses, but a lack of
correlation between changes in Ca*" and changes in FM
dye unloading from active synapses between S1 and S2
(Fig. 7B). These data suggest that in addition to Ca’",
there are other factors, such as the cAMP-dependent
mechanisms described here, which determine the net
extent of neurotransmitter release.

PKA phosphorylation of synapsin is frequency
and isoform dependent

To shed light on possible downstream targets of
PKA we examined the phosphorylation status of
two presynaptic PKA substrates implicated in the
activity-dependent modulation of neurotransmitter
release: synapsin and RIM1a. To detect phosphorylation,
we used phosphospecific antibodies raised to published
PKA sites in these proteins, Ser9 for synapsin and
Ser413 for RIMla (Czernik et al. 1987; Lonart et al.
2003). In our cultures, the basal phosphorylation
of synapsin was almost undetectable but increased
significantly following treatment with KCl or forskolin.
These increases were inhibited by pre-incubation with
H89 (Fig.8A). The phosphorylation of synapsin and
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Figure 7. Changes in Ca2* influx do not correlate with
changes in the extent of exocytosis across populations of
active and silent synapses

A, quantification of mean (AFsy — AFs1)/(AFsy + AFsy)

values & SEM (n = 3 experiments) for active and silent synapses
simultaneously imaged with FM2-10 (FM) and fura-2 (Cat). One
way ANOVA: ***P < 0.001. For the fura2-AM analysis, the
maximum peaks of the 340/380 transients were used (CaZ,).

B, plot of the raw data from A (change in CaZ, against change in
FM dye unloading) for active (o) and silent synapses (®) between S1
and S2, calculated from: (AFsy — AFs1)/(AFsy + AFsy).
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Figure 8. PKA phosphorylation of synapsin Ser9, but not
RIM1a Serd13, correlates with the frequency dependency of
release in active synapses

A, cerebellar granule neurons were treated with TES buffer alone or
buffer containing 50 mm KCI (2 min) or 10 um forskolin (5 min; FSK)
in the presence or absence of 5 um H89 and the lysed samples were
immunoblotted with anti-synapsin P-Ser9. B, neurons were
electrically stimulated with 0, 10, 20, 40 or 80 Hz for 20 s and then
incubated for 40 s prior to lysis in boiling SDS-sample buffer.
Neurons were also treated with 50 mm KCl for 2 min and lysed.
Representative immunoblots are shown of the treated lysates for
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RIMla were also monitored following electrical field
stimulation at various frequencies (Fig.8B and C).
RIMla did not show any significant modulation on
Ser413 by electrical field stimulation or KCI treatment.
However, synapsin phosphorylation demonstrated a
marked frequency dependency, rising sharply and
peaking at 20Hz, reminiscent of the frequency
dependency of SV recycling over the same range in
Fig. 1C. Interestingly, the synapsin Ib isoform was
most phosphorylated by electrical stimulation, whereas
KCI and forskolin stimulation appeared to increase
phosphorylation of all isoforms equally. To discover
whether synapsin phosphorylation is transient we tested
synapsin phosphorylation at 1h post-20 Hz stimulation
(Fig. 8 D). Synapsin phosphorylation was still enhanced at
1 h, suggesting it might represent a long term property of
activated synapses.

Discussion

The activation of presynaptically silent synapses provides a
putative mechanism for increasing synaptic transmission
in development and in learning and memory. Using FM
dye-loading of CGNs we have studied the regulation
of activity-dependent SV recycling in silent and active
presynaptic nerve terminals. We found unresponsive
‘silent’ synapses that are activated over a time scale
of minutes by high frequency stimulation in a PKA-
dependent manner and downstream of Ca’" influx.
Similarly, changes in the extent of vesicle recycling in active
synapses are also regulated by PKA activity and do not
correlate with changes in Ca*". PKA mediates both the
activation of silent synapses and the scaling of SV cycling
in active synapses, and thus exerts great influence over the
release probability of presynaptic nerve terminals.

Our initial exploration of the relationship between the
frequency of stimulation and the extent of vesicle recycling
showed that the proportion of the total vesicle pool that
was recycled scaled steeply with frequency up to 20 Hz,
possibly indicating a short term facilitation due to residual
calcium. Above 20 Hz, the extent of loading began to
plateau, regardless of stimulus length. This is likely to
be due to a dominance at higher frequencies of synaptic
depression as a result of more SVs being directed through a
bulk endocytosis mode of recycling. SVs become available

P-synapsin, P-RIM and syntaxin (loading control). C, plot of density
for P-synapsin (left) and P-RIM (right) against frequency, normalised
to syntaxin to control for protein loading. Data are mean

density + SEM, n = 3 separate experiments. One-way ANOVA:

*P < 0.05 compared to control. D, plot of density for P-synapsin
immunoreactivity for neurons untreated (control) and immediately
after or 1 h after a 20 Hz 20 s stimulus. Data are mean

density &+ SEM, n = 4 separate coverslips for each condition.



1952

for exocytosis much more slowly via this endocytosis mode
and directly replenish the reserve pool of SVs (Cheung
et al. 2010). This effect might be further compounded by
the slower rate of endocytosis at 25°C, the temperature at
which we performed our experiments (Fernandez-Alfonso
& Ryan, 2004).

Even under conditions of strong stimulation, there were
unresponsive ‘silent’ synapses that were not loaded with
FM dye in S1 and were then detected in S2. Possible
explanations for this observation are that synapses were
formed de novo (e.g. Ma et al. 1999; Kim et al. 2003),
existing presynaptic sites devoid of vesicles were filled
with vesicles (e.g. Darcy et al. 2006) or synapses with
small FM dye fluorescence were assigned as silent due
to a lack of sensitivity of the CCD camera. However,
using the expression of GFP-synaptophysin to monitor
the localisation of SVs during our stimulation protocols
showed that only a small fraction of synapses were
nascent and could not account for the large population of
activated silent synapses that appeared in S2. Furthermore,
the fluorescence intensity of GFP-synaptophysin labelled
synapses did not increase from S1 to S2 under any
condition (Fig. 5B), suggesting existing synapses were not
potentiated by filling with more SVs. It is also evident from
the S1 vs. S2 plot in Fig. 2C and the frequency histogram
in Fig. 2D, that some of the synapses we defined as ‘silent’
(bins 0.9-1) have small, albeit weak, FM dye unloading in
S1,butare clearly distinct from the ‘active’ population with
regards to their magnitude of potentiation in S2. Therefore
we do not believe that the assignment of synapses to the
silent population was affected by discrepancies arising
from non-specific FM dye staining or a lack of sensitivity
of the CCD camera. Taken together, these data suggest
silent synapses are a heterogeneous but discrete population
that are activated by a dramatic increase in the release
probability of SVs in pre-existing synapses.

Increases in release probability can result from one or
a combination of the following: (i) an increase in Ca®*
influx, (ii) an increase in the releasable SV pool size, (iii)
more efficient coupling of Ca’* to SV release, and more
controversially, (iv) an increase in the kinetics of fusion
pore expansion in kiss-and-run events (reviewed by Choi
et al. 2000; Neher & Sakaba, 2008; Branco & Staras, 2009).
Any modulation of Ca’*" influx during silent synapse
activation was considered unlikely when we discovered
that evoked Ca?* transients were comparable in silent and
already active synapses and unaffected by forskolin or H89
treatment (Figs 3 and 6). However the high affinity and
slow kinetics of Ca’* binding to fura-2 AM mean the Ca**
signal we observed is likely to be residual Ca®* following
trains of APs (a sum of Ca?* influx and Ca?* removal),
and not the Ca*" influx directly responsible for release.

Despite the caveat of monitoring residual calcium in
our nerve terminals, our interpretation is supported by
numerous studies that have confirmed a role for cAMP
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via PKA in the rapid modulation of the releasable vesicle
pool size and the coupling of Ca*" to release in active
synapses (Trudeau et al. 1996; Chen & Regehr, 1997;
Chavis et al. 1998; Bonanomi et al. 2005). Furthermore,
we found that forskolin treatment enhanced the loading
of FM dye and increased the kinetics of FM dye unloading
in active synapses suggesting more SVs are labelled and
released. This effect was reversed by H89, thus implicating
PKA in the process. We also found that H89 abolished
silent synapse activation and was able to rapidly silence
previously active synapses. This finding agrees with Chavis
et al. (1998). who monitored spontaneous release in
cerebellar granule neurons and observed silent synapse
activation by forskolin within minutes. However, there are
also reports in which activation of silent synapses does
not occur rapidly following a short stimulation of cAMP
signalling (Trudeau ef al. 1996) or occurs over a time
scale of hours (Ma et al. 1999; Moulder et al. 2008). A
plausible explanation for these differences is that neuronal
cell types that undergo presynaptic LTP have the ability
to rapidly activate silent synapses via CAMP (this study;
Tong et al. 1996; Chavis et al. 1998) whereas neurons
which exhibit postsynaptic LTP have a slow activation
of silent synapses by cAMP (Ma et al. 1999; Moulder
et al. 2008). This theory is strongly supported by Tong
et al. (1996) who only observed cAMP sensitive silent
synapses and presynaptic LTP in the granule neurons
of mixed hippocampal cultures. However, alternative
signalling mechanisms have been linked with presynaptic
silent synapse activation in other neuronal cell types,
including pathways downstream of brain derived neuro-
trophic factor (BDNF) or phorbol ester (Shen et al. 2006;
Chang et al. 2010).

Using simultaneous imaging of FM dye and fura-2
within individual synapses (Lagnado et al. 1996; Evans
& Cousin, 2007b), we found that the magnitude of
the peak Ca’*" signal within populations of active and
silent synapses was extremely heterogeneous and did not
directly correlate with the extent of release (Fig. 7). Such
heterogeneity is in agreement with previous observations
of calcium indicators in populations of synapses in culture
and in situ (Koester & Sakmann, 2000; Brenowitz &
Regehr, 2007; Dreosti et al. 2009). We propose that the
activity of PKA in synapses has a major role in determining
the level of Ca*"—secretion coupling. This is supported by
previous work in the calyx of Held where the amount
of Ca?* influx was varied in the presence of forskolin or
cAMP analogues, but had no effect on their potentiation
(Sakaba & Neher, 2001). Interestingly, the potentiation
was subsequently attributed to Epac activation (Kaneko
& Takahashi, 2004), which we were unable to replicate
in our system using an Epac selective agonist (Fig.3).
With the likelihood that the magnitude of Ca’* influx
and PKA activity are heterogeneous across populations of
synapses, this could explain a lack of correlation between
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Ca’* and release. In the future, it might be possible to
simultaneously image fluorescent sensors for PKA activity
and Ca?* within individual presynaptic terminals to test
this hypothesis.

It was surprising to find that the average activity in
S2 of the silent synapse population was significantly
greater than that of active synapses under control
conditions, and comparable to those potentiated by
forskolin (Fig. 2C and E). This raises the possibility that
PKA activity is higher or its downstream signalling is
more sensitive in these synapses. Whether these synapses
remain highly active remains to be determined. A potential
mechanism for regulating the efficiency of PKA signalling
is compartmentalisation in the presynaptic terminal
by A-kinase anchor proteins (Wong & Scott, 2004).
Furthermore, PKA targets involved in SV cycling could
be differentially modulated in active and silent synapses.

Previous studies have linked the PKA-dependent
phosphorylation state of synapsin at Ser9 (site 1) with
the availability of releasable vesicles from the reserve pool
in response to membrane depolarisation (Hosaka et al.
1999; Bonanomi et al. 2005; Menegon et al. 2006). We
observed a similar frequency-dependent phosphorylation
of synapsin at site 1 to that of the recycling vesicle pool size,
but only up to 20 Hz. Unexpectedly, higher frequencies
resulted in less phosphorylation, which might be due
to concomitant increases in phosphatase activity at high
intracellular Ca?* concentrations. We also found that
synapsin phosphorylation persisted for at least an hour
and might therefore be a marker of activated synapses.

Intriguingly we observed a preferential phosphorylation
of synapsin Ib over other isoforms by electrical stimulation
compared to approximately equal phosphorylation across
synapsin I and II isoforms by KCI or forskolin. There
are previous reports of frequency-dependent effects
of synapsin I phosphorylation mutants (Chi et al
2003), but not for the same site between different
isoforms. Combined with the biphasic relationship
between synapsin phosphorylation and frequency, these
data suggest the encoding of specific phosphorylation
signals is dependent on the pattern of action potential
stimulation. As mentioned above, this might arise in part
from compartmentalisation of cCAMP signalling.

It is unlikely that synapsin alone is responsible for the
activation of completely silent synapses because double
knockout synapsin I/II mice still exhibit presynaptic
LTP and forskolin-dependent potentiation (Spillane et al.
1995). An attractive hypothesis is that a protein involved
in a rate limiting step of SV exocytosis, such as
Ca** sensing, vesicle docking, priming or fusion, is
phosphorylated by PKA upon activation. Among the
substrates that fulfil these roles are RIMla (Lonart
et al. 2003) and synaptosomal protein of 25kDa
(SNAP-25; Nagy et al. 2004). Unfortunately we did not
observe any changes in RIMla-Ser*"” phosphorylation
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by forskolin, KCI or electrical stimulation in cultured
cerebellar granule neurons (Fig. 8) and a decisive knock-in
experiment recently disproved a role for RIM1a-Ser*!?
phosphorylation in parallel fibre LTP (Kaeser et al. 2008).
However, the phosphorylation of SNAP-25 at Thr138
by PKA has been shown to regulate dense core vesicle
exocytosis in adrenal chromaffin cells at the level of vesicle
priming (Nagy et al. 2004), but is yet to be studied in
neurons.

Conclusion

In this study we have observed the PKA-dependent
activation of presynaptic silent synapses in cultures
of neurons that undergo parallel fibre LTP in vivo.
Plasticity at the parallel fibre synapses of the cerebellar
molecular layer regulates motor learning and perturbation
of parallel fibre synaptic transmission has profound
effects on motor learning paradigms (reviewed by
Evans, 2007). Furthermore, recordings in cerebellar slices
from adult rats suggest that the majority (~80%) of
parallel fibre synapses are silent (Isope & Barbour, 2002)
and theoretical modelling of cerebellar cortical circuits
predicts a requirement for silent synapse activation in
motor learning (Porrill & Dean, 2008). Therefore the
activation of presynaptic silent synapses might be an
important process for cerebellar motor learning and the
PKA substrate(s) responsible must now be identified.
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