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Lack of Synapsin I Reduces the Readily Releasable Pool of
Synaptic Vesicles at Central Inhibitory Synapses

Pietro Baldelli,'> Anna Fassio,!2 Flavia Valtorta,>* and Fabio Benfenati!-2

Department of Neuroscience and Brain Technologies, The Italian Institute of Technology, 16163 Genova, Italy, 2Department of Experimental Medicine,
Section of Physiology, University of Genova, 16132 Genova, Italy, and 3S. Raffacle Scientific Institute, Vita-Salute University and *IIT Unit of Molecular
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Synapsins (Syns) are synaptic vesicle (SV) phosphoproteins that play a role in neurotransmitter release and synaptic plasticity by acting
at multiple steps of exocytosis. Mutation of SYN genes results in an epileptic phenotype in mouse and man suggesting a role of Syns in the
control of network excitability. We have studied the effects of the genetic ablation of the SYNI gene on inhibitory synaptic transmission
in primary hippocampal neurons. Inhibitory neurons lacking SynI showed reduced amplitude of IPSCs evoked by isolated action poten-
tials. The impairment in inhibitory transmission was caused by a decrease in the size of the SV readily releasable pool, rather than by
changes in release probability or quantal size. The reduction of the readily releasable pool was caused by a decrease in the number of SVs
released by single synaptic boutons in response to the action potential, in the absence of variations in the number of synaptic contacts
between couples of monosynaptically connected neurons. The deletion of SYNI did not affect paired-pulse depression or post-tetanic
potentation, but was associated with a moderate increase of synaptic depression evoked by trains of action potentials, which became
apparent at high stimulation frequencies and was accompanied by a slow down of recovery from depression. The decreased size of the SV
readily releasable pool, coupled with a decreased SV recycling rate and refilling by the SV reserve pool, may contribute to the epileptic

phenotype of SynI knock-out mice.
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Introduction

Synapsins (Syns) are major synaptic vesicle (SV)-specific phos-
phoproteins that play multiple roles in synaptic transmission and
plasticity (Hilfiker et al., 1999; Baldelli et al., 2006). Three distinct
SYN genes (SYNI, SYN2, and SYN3) give rise in mammals to
several differentially spliced isoforms whose expression is devel-
opmentally regulated, SynIII being the most abundant isoform at
early stages of neuronal development and SynI the most abun-
dant isoform in mature neurons (Ferreira et al., 2000). Synapsins
have a major predocking action by controlling SV transitions
from the reserve pool (RP) to the readily releasable pool (RRP)
through a phosphorylation-dependent regulation of SV—actin in-
teractions (Ceccaldi et al., 1995; Hosaka et al., 1999; Chi et al.,
2001, 2003; Bonanomii et al., 2005; Menegon et al., 2006). More-
over, previous data indicate that Syns also play a role in the final
postdocking steps of exocytosis including SV priming and fusion
with the presynaptic membrane (Hilfiker et al., 1998; Humeau et
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al., 2001; Hilfiker et al., 2005; Fassio et al., 2006; Hvalby et al.,
2006; Sun et al., 2006).

Genetic deletion of single or multiple SYN genes (with the
notable exception of SYN3) (Feng et al., 2002) produces a severe
epileptic phenotype characterized by partial, secondarily gener-
alized seizures that appear after 2-3 months of age and become
progressively more intense (Rosahl et al., 1995; Gitler et al.,
2004). Interestingly, a familial X-linked epilepsy has been re-
cently reported to be associated with a nonsense mutation in the
human SYNTI gene (Garcia et al., 2004). The epileptic phenotype
suggests that SynlI has a role in the control of the excitability of
cortical networks.

At mammalian excitatory synapses, SYN deletion reduces the
size of the RP of SVs (Li et al., 1995; Takei et al., 1995; Ryan et al.,
1996; Siksou et al., 2007) and alters short-term plasticity (Rosahl
et al., 1995; Gitler et al., 2004; Hvalby et al., 2006; Kielland et al.,
2006; Sun et al., 2006) without affecting release evoked by isolated
action potentials. On the contrary, inhibitory synapses lacking
Synl (Terada et al., 1999), SynlII (Feng et al., 2002), or Synl/
SynlI/SynlII (Gitler et al., 2004) showed a decrease in the ampli-
tude of the IPSCs evoked by single action potentials (eIPSCs),
suggesting the involvement of postdocking mechanisms. How-
ever, the role of Syns in the control of the quantal release param-
eters at inhibitory synapses has never been investigated.

Using patch-clamp recordings on cultured hippocampal neu-
rons from Synl knocked out (KO) mice, we observed a reduction
in the amplitude of eIPSCs with respect to wild type (WT) neu-
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rons. Such effect was found also at single synaptic boutons and
was associated with a parallel decrease in the number of release
sites, in the absence of changes in either quantal size or release
probability. The lack of Synl was associated with increased syn-
aptic depression and slower recovery from depression, an effect
that was apparent only at high stimulation frequency and was
occluded by lowering intraterminal Ca*". The results indicate
that the impairment of inhibitory transmission observed in Syn
KO mice is contributed by significant changes in the postdocking
events of exocytosis and can play a direct role in the pathogenesis
of the epileptic phenotype.

Materials and Methods

Cell cultures. Syn I KO mice were generated by homologous recombina-
tion (Chin et al., 1995). Offspring of littermates of WT and homozygous
SynI KO mice were used throughout. All experiments were performed in
accordance with the guidelines established by the National Council on
Animal Care and approved by the local Animal Care Committee of the
University of Genova. Mice were killed by inhalation of CO,, and em-
bryonic day 17 (E17) embryos were removed immediately by cesarean
section. Removal and dissection of hippocampus, isolation of neurons
and culturing procedures were as those previously described (Baldelli et
al., 2000). The isolated hippocampal neurons were plated at low density
(100 cells/mm ) and maintained in a culture medium consisting of Neu-
robasal, B-27 (1:50 v/v), glutamine (1% w/v), penicillin-streptomycin
1% (all from Invitrogen, Carlsbad, CA). Every 7 d for 3—4 weeks, a
half-volume medium replacement was performed. Hippocampal autap-
tic cultures were prepared as described previously (Bekkers and Stevens,
1991) with slight modifications. Briefly, dissociated neurons were plated
at very low density (20 cells/mm?) on microdots (40-300 wm in diam-
eter) obtained by spraying a mixture of poly-p-lysine (0.4 mg/ml w/v)
and collagene (0.25 mg/ml) on dishes which had been pretreated with
0.15% agarose. Both glial cells and single autaptic neurons were present
under this culture condition. Electrophysiological experiments were per-
formed on 7-28 d in vitro (DIV) neurons.

Current recordings, data acquisition, and analysis. Patch electrodes, fab-
ricated from thick borosilicate glasses (Hilgenberg, Mansfield, Ger-
many), were pulled and fire-polished to a final resistance of 3—4 M().
Monosynaptic GABAergic IPSCs were investigated either in pairs of
monosynaptically connected neurons or in autaptic neurons of 7-28
DIV. Whole-cell patch-clamp recordings from presynaptic and postsyn-
aptic neurons were simultaneously performed using an EPC-10 double
amplifier (HEKA Elektronic, Lambrecht, Germany). For the evaluation
of synaptic depression and recovery from depression, presynaptic stimuli
were delivered through a glass pipette (1 um tip diameter) filled with
Tyrode solution and placed in contact with the soma of the GABAergic
interneuron in a loose-seal configuration. In this case, current pulses of
0.1/0.3 ms and variable amplitude (10—45 uA) delivered by an isolated
pulse stimulator (model 2100; A-M Systems, Carlsburg, WA) were re-
quired to induce eIPSCs with short latency (2—4 ms). Miniature IPSCs
(mIPSCs) and eIPSCs were acquired at 5-20 kHz sample frequency and
filtered at half the acquisition rate with an 8-pole low-pass Bessel filter.
Recordings with leak currents >100 pA or series resistance >20 M{)
were discarded. Data acquisition was performed using PatchMaster pro-
grams (HEKA Elektronic). The mIPSCs analysis was performed by using
the Minianalysis program (Synaptosoft, Leonia, NJ). The amplitude and
frequency of mIPSCs were calculated using a peak detector function with
a threshold amplitude set at 4 pA and a threshold area at 50 ms- pA. All
the experiments were performed at room temperature (22-24°C). Data
were expressed as means = SE for number of cells (11). One-way ANOVA
followed by either unpaired Student’s ¢ test or Tukey’s multiple compar-
ison test were used and p values <0.05 were considered significant.

Solutions and drugs. mIPSCs and eIPSCs were recorded by superfusing
the whole-cell clamped postsynaptic neuron with a Tyrode solution con-
taining (in mm) 2 CaCl,, 150 NaCl, 1 MgCl,, 10 HEPES, 4 KCI, 10
glucose, pH 7.4. p-(—)-2-amino-5-phosphonopentanoic acid (p-AP5;
50 uMm), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 um), and
CGP58845 (5 um) (Tocris, Bristol, UK) were added to the Tyrode solu-
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tion to block NMDA, non-NMDA, and GABA|; receptors, respectively.
In some cases, the nonselective glutamate receptor antagonist kynurenic
acid (1 mu; Sigma, St. Louis, MO) was used to block excitatory transmis-
sion. Tetrodotoxin (TTX, 0.3 uM; Tocris) was added to block spontane-
ous action potentials propagation. Subsaturating concentrations of
Cd*" were used to reduce neurotransmitter release probability. Neurons
were constantly superfused through a gravity system constituted by a
multibarrelled pipette with a single outlet and five inlets controlled by
solenoid electrovalves (Lee, Westbrook, CO) operated by a computer
(Baldelli et al., 2002). The perfusion solution could be changed rapidly
(50-60 ms) and applied for controlled periods. The tip of the perfusion
pipette (100200 wm in diameter) was placed at 40—80 um from the
soma. The standard internal solution was (in mm) 90 CsCl, 20 tetraeth-
ylammonium (TEA)-CI, 10 EGTA, 10 glucose, 1 MgCl,, 4 ATP, 0.5 GTP,
and 15 phosphocreatine, pH 7.4. K" was substituted for Cs " and TEA ©
in the pipette solution to block outward K™ currents. QX-314 (N-(2,6-
dimethylphenyl carbamoylmethyl)triethylammonium bromide; 10 mwm;
Tocris) was added to block Na ™ currents when extracellular stimulations
were used.

Calculation of IPSC amplitude during high-frequency repetitive stimu-
lation and paired-pulse stimulation protocols. eIPSCs were inspected visu-
ally and only those not contaminated by spontaneous activity were con-
sidered. When the stimulation time interval was shorter than the time
needed for an eIPSC to return to baseline, eIPSCs overlapped partially or
massively depending on the stimulation frequency. During a train stim-
ulation protocol, the baseline of each event was defined as the final value
of the decay phase of the preceding eIPSC and the amplitude of eIPSC
number #n was calculated by subtracting the residual amplitudes of the
previous eIPSCs from its peak value. To analyze the paired-pulse ratio
(PPR), two brief supraliminar depolarizing pulses were applied to the
presynaptic neuron at 20—2500 ms intervals. For each couple of eIPSCs,
PPR was calculated from the equation PPR = 100 X (I, — I,)/I, whereI,
and I, are the amplitudes of the eIPSCs evoked by the conditioning and
test stimuli, respectively (Mallart and Martin, 1967). The amplitude of I,
was determined as the difference between the I, peak and the corre-
sponding value of I| calculated by monoexponential fitting of the eIPSC
decay (Jensen et al., 1999). Because of the high intrinsic variability of
PPR, the mean PPR was calculated from the responses to at least eight
paired-pulse stimulation protocols for each interpulse interval.

Multiple probability fluctuation analysis. The analysis of the three main
determinants of synaptic function, namely the average amplitude of the
postsynaptic response to a neurotransmitter quantum (Q,,), the average
probability of a SV release from a release site (Pr,,), and the number of
independent release sites (N), was performed by building variance—
mean (V-M) plots (Clements and Silver, 2000). Q,,, Pr,,, and N were
derived from the parabolic relationship between eIPSC variance (o ?)
and mean postsynaptic current amplitude (I,,): 0@ = AIl,, — B 1,7,
recorded under different release probability conditions by assuming that
I, = NQ,, Pr,, (Silver et al., 1998; Reid and Clements, 1999). The free
parameters A (initial slope) and B (curvature of the parabola) were iter-
atively adjusted to optimally fit the V-M plots and used to calculate a
weighted mean of Pr,, and Q,, and a lower limit for the number of
independent release sites, N,,,;,: N,,... = 1/B; Q,, = A/(1 + CV?); Pr,, =
I, (B/A) (1 + CV?), where CV; is the coefficient of variation of mIPSC
amplitudes at an individual release site. In our case, CV; is 0.36 = 0.01
(n=6)in WT neurons and 0.35 * 0.02 (n = 6) in KO cells. Pr was varied
adding increasing concentrations of Cd?™ to the external solution (0, 2,
4,6 um). I, and o” were calculated over a stable epoch of 30150 events
after the wash-in of each extracellular solution. Presynaptic stimulation
continued during the wash-in at 0.1 Hz. After the solution exchange, the
eIPSC amplitude remained stable throughout the subsequent analysis
epoch. The variance attributable to the recording noise was estimated in
the region before the test pulse, and was subtracted from the eIPSC
variance. A zero point was included in each V-M plots to indicate that the
noise variance was subtracted.

Cumulative eIPSC amplitude analysis. The size of the RRP of synchro-
nous release (RRP, ) and the probability that any given SV in the RRP
will be released (P, to distinguish it from Pr_,, see above) were calcu-
lated using the cumulative amplitude analysis (Schneggenburger et al.,
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2002). RRP, was determined by summing up
peak IPSC amplitudes during 40 repetitive
stimuli applied at a frequency of 40 Hz. This
analysis assumes that depression during the
steady-state phase is limited by a constant recy-
cling of SVs and equilibrium occurs between
released and recycled SVs (Schneggenburger et
al., 1999). The number of data points to include
in the linear fitting of the steady-state phase was
evaluated by calculating the best linear fit in-
cluding the maximal number of data points
starting from the last data point (i.e., from the
40th IPSC). The cumulative amplitude profile
showed the best linear course after the first 15
stimuli, in the range of 400-1000 ms in both
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age clamped at —70 mV and stimulated by a 1
ms voltage step to 20/100 mV applied at a fre-
quency of 0.05 Hz, evoking an isolated IPSC.
The same neuron was subsequently stimulated
with a hypertonic solution (normal extracellu-
lar solution with 500 mwm sucrose added). The
charge transfer in the transient part of the syn-
aptic current induced by sucrose application
was measured as RRP, ... The Pr,, ., of the iso-
lated IPSC was estimated by dividing the charge
transfer of the isolated IPSC by the RRP, ;. All
of the experiments were performed constantly
superfusing the autaptic neuron with Tyrode external solution. The per-
fusion solution could be rapidly changed (50/60 ms) and puffs of hyper-
tonic solution were applied over controlled periods of time (5/10's). The
tip of the perfusion pipette (50/100 wm) was placed close to the soma
(80/150 wm) (see Fig. 7A).

Identification and stimulation of single synaptic boutons. To identify a
single bouton, FM1-43 (Invitrogen; 10 um) was applied in 50 mm KCI
(supplemented with 10 um CNQX and 50 M D-AP5) to prevent activa-
tion of glutamate receptors) for 2 min and then washed off for >5 min.
Fluorescent images were taken with an inverted Olympus (Tokyo, Japan)
IX71 microscope and analyzed with ImageProPlus 5.1 (Media Cybernet-
ics, Bethesda, MD). We chose dye-stained puncta whose intensity was
below average, generally avoiding the faintest (which usually failed to
support evoked responses) and the brightest (likely to correspond to
aggregates of multiple boutons) puncta. Only isolated boutons (distance
from nearest neighbor boutons >5 um) located at the soma or on first
order dendrites were selected for recordings. To obtain evoked release,
the stimulating electrode (1/1.5 wm tip diameter) containing the bathing
solution was placed under visual guidance very close (~1 pum) to the
selected bouton. After a series of preliminary tests performed to define
stimulus duration and intensity able to evoke higher eIPSC amplitudes
and lower failure rates (Fedulova et al., 1999), a brief current pulse of 1
ms at 5 pA, applied with an isolated pulse stimulator (A-M Systems;
model 2100) was selected as the standard single terminal stimulus for all
of the experiments (Kirischuk et al., 1999). To disregard the possibility
that other boutons in the neighborhood were coactivated by the current
pulse, two different tests were performed. First, a small (1 to 2 pum)

hippocampal neurons. A, Paired whole-cell recordings were used to record monosynaptic GABAergic elPSCs from primary hip-
pocampal neuronsin the presence of CNQX (10 wum), CGP58845 (5 i), and p-AP5 (50 wum). The presynaptic GABAergic neuron and
a postsynaptic neuron were both clamped at —70 mV. elPSCs were evoked by stimulating the GABAergic neuron with astep to +
50/+70mV for 1 ms. Scale bar: 100 wm. B, Representative electrically evoked elPSCs recorded after 21 DIV from WT and Synl KO
neurons. C, Mean elPSC amplitude (== SE) as a function of days in vitro in WT (white bars) and Synl KO (black bars) neurons. The
effect of the lack of Synl becomes apparent only in functionally differentiated neurons (8 << n << 44 for each bar; *p << 0.05vs WT,
Tukey’s multiple comparison test). D, Kinetic analysis of elPSCs. Step depolarization (50 mV; 1 ms) applied toa WT neuron (N1)
evoked an autaptic elPSCin N1and a monosynaptic elPSCin a synaptically connected neuron (N2) (top left). Rise and decay phases
of elPSCwerefitted to single exponentials. The mean values (= SE) of activation (top right) and decay (bottom left) time constants
(7) and delay time (bottom right) revealed that the lack of Synl did not affect IPSC kinetics (n = 10 for both WT and Synl KO).

displacement of the stimulation pipette resulted in the reversible disap-
pearance of eIPSCs even when the strongest pulses (10 wA) were applied.
Second, when the FM1-43 fluorescence intensity was monitored before
and after the application of a sustained tetanic stimulation via the stim-
ulus pipette (30 s at 20 Hz; 5 wA), the fluorescence of the spot to which
the pipette was directly applied decreased, whereas the fluorescence of
neighboring spots was unaffected. TTX (300 nm), D,L-AP5 (50 um), and
CNQX (10 um) were included in the bath solution throughout to prevent
transmitter release from nonstimulated boutons and to isolate GABA
receptor responses. In the presence of TTX and ionotropic glutamate
receptor blockade, the focal stimulation of an individual bouton resulted
in a postsynaptic chloride current. The GABAergic nature of the synaptic
response was identified by its sensitivity to bicuculline (10 M), slow time
course and reversal at the chloride equilibrium potential (data not
shown). Each synapse was subjected to 100-300 stimulations, repeated at
0.1 Hz. To minimize stimulus artifacts, each trace was subjected to sub-
traction of the average of 3—6 failure traces in its temporal proximity.
Successful events were detected as signals phase-locked with the stimu-
lation (within 3 ms range). Event detection was performed by setting the
peak threshold at 4 pA and the area threshold at 50 ms pA (as described
for mIPSC detection) using Minianalysis program (Synaptosoft). Events
falling below these thresholds were considered as failures. The amplitude
distribution of single synapse eIPSCs was analyzed for each individual
neuron and density probability histograms were obtained by normaliz-
ing the amplitude distributions by the total number of events (Barbara
and Takeda, 1996).

Immunocytochemistry. Hippocampal neurons were plated onto glass
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coverslips at the same density used for electrophysiological experiments.
Cells were fixed in 4% paraformaldheyde at 4, 7, 14, and 21 DIV and
stained using polyclonal antibodies against the vesicular GABA trans-
porter (V-GAT; Synaptic Systems, Gottingen, Germany) followed by
Alexa 488 or Alexa 546-conjugated secondary antibodies (Invitrogen).
Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI; Sigma).
Neurons in older cultures were counterstained with monoclonal anti-
bodies anti-neuron-specific nuclear protein (NeuN; Millipore, Te-
mecula, CA). The specificity of V-GAT staining for nerve terminals was
assessed by double labeling with anti-synaptophysin monoclonal anti-
bodies (Synaptic Systems).

Image analysis. Images were acquired using an IX71 inverted micro-
scope (Olympus) and an ORCA-ER digital CCD camera (Hamamatsu
Photonics, Herrsching, Germany). Exposure times were kept constant
for all of the acquisitions. Images were taken by randomly focusing on
different areas of the dish using the appropriate filter sets for Alexa 488,
Alexa 546 and DAPI. Digital images (672 X 512 pixels) from 10 to 19
fields containing one to 10 neurons each were acquired at various ages in
vitro from three independent preparations of WT and SynI KO neurons
run in parallel. For the quantification of inhibitory synapses on the neu-
ropil, V-GAT-positive puncta were automatically counted within a di-
ameter range of 0.5-2 um using the Image Pro Plus software (Media
Cybernetics) and expressed as synaptic puncta/neuron. For the quanti-
fication of inhibitory synapses on the soma, V-GAT-positive puncta were
manually counted by a blind operator from 150 WT and 222 KO neurons
from three distinct preparations run in parallel, normalized by the area of
the cell soma and expressed in puncta per squared micrometer.

Immunoblotting. Hippocampal neurons plated at the same density and
under the same conditions used for electrophysiological experiments
were lysed at 7, 14, and 21 DIV in lysis buffer (150 mm NaCl, 1% NP-40,
0.1% SDS, 50 mum TrisCl, pH 8.0) in the presence of protease inhibitors.
Ten micrograms of protein lysate/sample were loaded onto 10% SDS-
polyacrylamide gels, electrophoretically transferred to nitrocellulose
membranes and subjected to immunoblotting with monoclonal or poly-
clonal antibodies against SynI (mAb 10.22), SynlI (mAb 19.21) (Vaccaro
et al,, 1997), synaptophysin (Synaptic Systems), actin (Sigma) and glu-
tamic acid decarboxylase 67 (GAD67; Millipore) followed by the appro-
priate peroxidase-conjugated secondary antibodies (Bio-Rad Laborato-
ries, Milan, Italy) and the chemiluminescence detection system
(Supersignal West Pico; Pierce Biotechnology, Rockford, IL). Data were
quantitatively analyzed by densitomeric scanning of the fluorograms, as
described previously (Ferreira et al., 2000).

Results

Synapsin I deletion reduces the amplitude of eIPSCs, but not
their kinetics or short-term plasticity

Double-patch recordings of eIPSCs were used to record stable
monosynaptic eIPSCs in paired hippocampal WT and KO neu-
rons at various ages in culture (Fig. 1 A). A significant decrease in
the amplitude of IPSCs evoked by isolated action potentials was
observed in fully differentiated mutant neurons after 2 weeks in
vitro (Fig. 1 B,C). On the contrary, at earlier times in vitro (<13
DIV), eIPSCs of mutant neurons were undistinguishable from
those of WT neurons; thus, all successive recordings were per-
formed at 15-28 DIV. The decrease of eIPSC amplitude was not
accompanied by any change in either rise time, decay time or
delay time of eIPSC (Fig. 1 D).

Synapsins have been implicated in various forms of short-
term synaptic plasticity and their deletion was reported to affect
PPR and/or post-tetanic potentation (PTP) of excitatory syn-
apses (Rosahl et al., 1993, 1995), paradigms of temporary change
in synaptic strength caused by persistent actions of Ca** within
the presynaptic terminal (Zucker and Regehr, 2002). However,
no data are available thus far on the effects of Synl deletion on
PPR and/or PTP of the inhibitory transmission. When hip-
pocampal inhibitory synapses were stimulated by two consecu-
tive stimuli administered at interpulse intervals ranging between
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Figure 2.  Lack of Synl does not affect paired-pulse depression (PPD) and PTP of elPSCs. 4,

PPD of monosynaptic GABAergic transmission in cultured hippocampal neurons (1424 DIV)
from WT and KO mice. Eight consecutive postsynaptic responses to dual presynaptic stimulation
were averaged (stimulation frequency 0.1 Hz). The amplitude of the second elPSC was de-
pressed with respect to the first one and showed greater variability. The percentage of PPD (PPD
%) was calculated as 100 X [(/, — 1,)/I,)], where/, and /, represent the mean amplitude of the
first and second elPSC averaged over eight consecutive responses, respectively. The mean PPD
(==SE) observed in WT (white symbols; n = 20) and Synl KO (black symbols; n = 30) neurons
is plotted as a function of the interpulse interval and fitted by a biexponential function (WT,
black trace; KO, gray trace). The inset shows dual elPSCs recorded from whole-cell clamped
hippocampal neurons in response to paired stimuli separated by the indicated interpulse inter-
vals (A time). B,, Left, Representative elPSCelicited by single stimuliat 0.1 Hz. Middle, Postsyn-
aptic current during a brief tetanization of the presynaptic neuron (1 s at 80 Hz). Right, Second
elPSCafter the train (27% potentiation). B,, Mean PTP observed in pairs of neurons (21-28 DIV)
from WT (white circles; n = 12) and Synl KO (black circles; n = 12) mice subjected to the train
stimulation (arrowhead) as in B,. Post-tetanic single elPSCs elicited at 0.1 Hz were normalized
to the pretetanic elPSC level. Peak PTP (24.4 = 0.16 and 21.08 == 0.17% for WT and KO
neurons, respectively) was reached within 20 s and decayed to baseline after ~60 s in both
genotypes.

20 ms and 2.5 s, no difference in PPR of monosynaptic eIPSCs
was found between WT and Synl KO mice (Fig. 2A). A brief
tetanization (1 s at 80 Hz) of the presynaptic GABAergic neuron
was used to induce potentation of subsequent single eIPSCs elic-
ited at 0.1 Hz, as described previously (Jensen et al., 1999). In
both WT and SynI KO neurons, PTP reached a maximum of
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~27% at the second eIPSC after the stim-
ulus train, with a similar average duration
of ~1 min (Fig. 2 B).

Synapsin I deletion enhances synaptic
depression at GABAergic synapses
To evaluate synaptic depression, presyn-
aptic GABAergic neurons were stimulated
with trains lasting 110 s at frequency rang-
ing between 4 and 16 Hz. The progressive
decay of eIPSC amplitude during the stim-
ulation train and the subsequent recovery
from depression obtained by lowering the
stimulation frequency to 0.1 Hz were both
fitted by double-exponential curves. With
4 Hz stimulation trains, the time course of
depression, the steady-state IPSC (I,) and
the time course of recovery from depres-
sion in WT and KO neurons were closely
similar [depression, T, 0.38 * 0.03 and
0.32 + 0.03's; Tyor 23.3 = 0.9and 17.1 =
0.8s, I, 0.23 £ 0.02 and 0.24 = 0.02; re-
covery, Ty 18.0 £ 0.6 and 17.9 * 0.7 s,
Tyow 64.1 + 4.6 and 64.7 * 6.2 s for WT
(n = 14) and KO (n = 8) mice, respec-
tively] (Fig. 3A). The increase in the stim-
ulation frequency enhanced the extent of
depression, an effect that was significantly
more pronounced in KO than in WT neu-
rons [8 Hz, 1, 0.21 = 0.02 and 0.24 *
0.02 ms, Tyou» 13.2 £ 0.1 and 14.4 = 0.1s,
I, 0.21 = 0.01 and 0.16 * 0.01, for WT
(n = 13) and KO (n = 17) mice, respec-
tively; 16 Hz, 7, 0.13 = 0.01 and 0.10 =
0.01 ms, Tgo» 12.5 = 0.5and 15.9 = 0.6 s,
I, 0.15 = 0.01 and 0.06 * 0.01 for WT
(n = 20) and KO (n = 20) mice, respec-
tively] (Fig. 3 B, C). When the stimulation
was returned to 0.1 Hz after the 16 Hz tet-
anus, the rate of recovery in KO neurons
was markedly slowed down with respect to
WT neurons [T, 8.5 £ 0.7 and 24.6 *
0.9 ms, Ty, 208 = 17 and 197 = 14 s for
WT (n = 20) and KO (n = 20) mice, re-
spectively] (Fig. 3C). Thus, although the
presence of Synl seems not to be critical in
the response to low-to-moderate stimula-
tion frequencies, it plays an important role
in keeping the pace with sustained high-
frequency stimulations (Fig. 3E-G).
When the same stimulation protocol
shown in Figure 3C was applied on WT
and KO neurons pretreated for 45 min
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Figure 3.  Depression and recovery from depression are altered in Synl KO neurons under high-frequency of stimulation.

Synaptic depression and recovery from depression at hippocampal inhibitory synapses activated by trains lasting 110 s applied at
4,8 or 16 Hz. The recovery from depression was obtained, in all cases, by lowering the stimulation frequency to 0.1 Hz. A-C, The
data were normalized relative to the amplitude of the first elPSCin the train. The plots of normalized elPSC versus time during
repetitive stimulation for 110 s at 4 Hz (4; n = 14 and 8 for WT and KO neurons, respectively), 8 Hz (B; n = 13 and 17 for WT and
KO neurons, respectively), or 16 Hz (C; n = 20 for both WT and KO neurons) and during the following recovery period are shown
(WT, white symbols; KO, black symbols). Only at higher stimulation frequencies, Synl mutant neurons show a stronger synaptic
depression and a slowdown of the recovery from depression. D, The latter stimulation protocol (110 s at 16 Hz) was repeated after
treatment with the cell-permeable Ca 2% chelator EGTA-AM (50 M, 45 min) which lowers Ca 2t far away from the membrane
(n =13 for both WT and KO neurons). Only one experimental point every 10 is plotted in the plateau phase of depression for
clarity. Depression and recovery curves were fitted using a biexponential model (WT, black trace; KO, red trace). E~G, Mean values
(==SE) of the resulting normalized steady-state current during depression (l; E), as well as the fast (7 ¢,,; F) and slow (7 g,,; G)
time constants of recovery under the various experimental conditions and for WT (white bars) and KO (black bars) neurons,
respectively. *p << 0.05; **p << 0.01 vs WT neurons; Tukey’s multiple comparison test.

frequency of stimulation and depends on elevations in intrater-

with 50 um EGTA-AM (Fig. 3D), the effect of Syn I deletion was
almost completely occluded. This treatment increased depres-
sion and slowed down recovery in WT neurons, although it left
substantially unaffected the depression and recovery profiles ob-
served in KO neurons [depression, 7¢,, 0.15 = 0.01 and 0.10 =
0.01 s, Tyow 17.7 £ 0.5 and 24.0 £ 0.8 s, I, 0.07 = 0.01 and

0.06 = 0.01; recovery, T, 23.3 = 0.8 and 20.3 £ 0.9 s, Tyow
191 * 21 and 222 * 23 s for WT (n = 13) and KO (n = 13) mice,
respectively]. These data suggest that Synl exerts a positive action

on SV exocytosis and recycling that is required only under intense

minal Ca?" concentrations.

Synapsin I deletion does not affect spontaneous

neurotransmitter release at inhibitory synapses

To evaluate whether Syn I deletion could affect the GABAergic
quantal size, mIPSCs were continuously recorded at the soma of
a voltage-clamped neuron held at —70 mV (V,,) and locally per-
fused with a Tyrode solution containing 300 nm TTX and 1 mMm
kynurenic acid to block both spontaneous action potentials and
glutamatergic postsynaptic activity (see Materials and Methods).
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changed Pr by adding increasing concen-
trations of Cd** (0, 2, 4, and 6 uMm) to the
extracellular medium (Fig. 5A). Variance—
mean plots were fitted with a simple pa-
rabola (Fig. 5B) yielding direct estimates of
N,.i» and Q,,, whereas Pr,, was calculated
from Pr,, = I,,/NpinQay Qay Was derived
from the initial slope of the parabola and
corrected for the factor 1/1 + (CV?), with
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CV; indicating the coefficient of variation
of mIPSCs at an individual site (see Mate-
rials and Methods).

The mean eIPSC amplitude was ~30%
smaller in KO neurons [0.84 * 0.73 and
0.6 = 0.4nAin WT (n=9) and KO (n =
8) neurons, respectively; p < 0.02] (Fig.
5C). The analysis revealed a similar 30%
decrease of N,;, in Synl KO neurons
(193 = 12 and 140 * 9 in WT and KO
neurons, respectively; p < 0.01) (Fig. 5D),
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whereas no differences were found in the
mean Pr,, (0.53 £ 0.03 and 0.51 £ 0.03 in
WT and KO neurons, respectively; p =
0.73) (Fig. 5E) and Q,, (8.3 = 0.32 and
8.4 = 0.33 pA in WT and KO neurons,
respectively; p = 0.74) (Fig. 5F) between
WT and KO neurons. It is noteworthy that
MPFA slightly underestimated the mean
Q,, with respect to the mean mIPSCs
(12.26 in KO vs 12.46 in WT), because of

Cumulative fraction

o]

5 Rise 10-90 [msec) 15 -30 -25

Figure 4.  Analysis of mIPSCs. A, Consecutive recordings of mIPSCs in WT and Synl KO neurons at 22 DIV. B, Cumulative
amplitude distribution curves calculated for WT (black trace) and Synl KO (red trace) neurons. The inset shows the mean amplitude
(==SE) of mIPSCs for WT (white bar; n = 6) and Synl KO (black bar; n = 6). All cumulative curves and mean values were obtained
from 200 to 800 events recorded from each cell. ¢, Cumulative interevent interval distribution (inset, mean frequency value). D,
Cumulative distribution and mean value (inset) of the 50% decay time. E, Cumulative distribution and mean value (inset) of the
rise (10—90%) time. F, Cumulative distribution and mean value (inset) of the slope (10-90%) of the rising phase.

mIPSC activity was closely similar in both WT and KO neurons
(Fig. 4A). The mean mIPSC amplitude (12.46 *= 0.27 and
12.26 * 0.39 pA, n = 6 for WT and KO mice, respectively; p =
0.64) (Fig. 4 B) and the mean mIPSC frequency [1.73 * 0.22 and
1.79 = 0.33 Hz, for WT (n = 6) and KO (n = 6) mice, respec-
tively; p = 0.88] (Fig. 4C) were not significantly different between
the two neuronal genotypes, indicating no change in the rate and
quantum content of spontaneous transmitter release. Moreover,
there was also no change in the mIPSC waveform, as indicated by
the analysis of decay time, rise time and slope of the rising phase
(Fig. AD-F).

Synapsin I deletion reduces the size of the readily releasable
pool, but not the release probability or the quantal size of
GABA transmission

We next investigated how the lack of SynI affects the elementary
events responsible for GABA transmission leading to a decreased
eIPSC size. To this aim, we used multiple probability fluctuation
analysis (MPFA) (Clements and Silver, 2000; Baldelli et al., 2005),
which provides direct information on the average quantal Pr,,,
the number of independent release sites (N,,;,,) and the average
postsynaptic quantal size (Q,,). This crucial information was de-
rived from the relationship between variance (o*) and mean am-
plitude of eIPSCs (I,,) recorded under various Pr conditions. We

Slope 10-20 (pA/msec)

various causes that equally influence the
recordings of WT and KO neurons
(Baldelli et al., 2005).

To further evaluate the effects of Synl
deletion on the Pr and size of the RRP, we
used an alternative method which analyzes
the cumulative amplitude profile during
high-frequency trains of stimuli (1 s at 40
Hz) (Schneggenburger et al., 1999; Baldelli
et al., 2005). As shown in Figure 6 A, a significant depression of
eIPSCs became apparent during the trains in both WT and Synl
KO neurons. In both experimental groups, the cumulative profile
of repeated eIPSCs showed a rapid rise followed by a slower linear
increase of different steepness at later pulses (Fig. 6 B). Assuming
that the slow linear rise is attributable to the equilibrium between
the release-induced depletion and the constant replenishment of
the RRP, back-extrapolation of the linear portion to time 0 yields
a rough estimation of the total release minus the total replenish-
ment, corresponding to the size of the RRP of synchronous re-
lease (RRP,,,) (Schneggenburger etal., 1999). As shown in Figure
6C, the RRP_, was significantly decreased in KO neurons
(1320 = 59 and 966 = 53 pA in WT and KO neurons, respec-
tively; n = 25 for both genotypes; p < 0.01) to the same extent of
the mean amplitude of the first IPSC in the train (791 * 36 and
569 * 32 pAin WT and KO neurons, respectively; p < 0.01) (Fig.
6D). Synaptic vesicle release probability, P, calculated as the
ratio between the first IPSC (I;) and RRP,, (see Materials and
Methods) was not significantly affected (0.6 * 0.02 and 0.6 =
0.03 in WT and KO neurons, respectively; p = 0.88) (Fig. 6 E).
To estimate the number of SVs (N,y,) forming the RRP,,,, we
divided RRP,, by Q,, (i.e., by the average amplitude of mIP-
SCs obtained by MPFA) (see above). N, was found to be
decreased by SynI deletion (160 * 8 and 114 * 6 in WT and

0 5
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KO neurons, respectively; p < 0.01), A
yielding a number of RRP vesicles lower W i B2 Ty
than, but comparable with, the number g p e
of active sites independently evaluated =1 %ZLM co %' M Ca?*
by MPFA. Q1 ° 08 P Q| a3y 2uM
The RRP,,,,, and the Pr,.,, were also 51 °4F‘M§d” S %% .
estimated by using hypertonic stimula- 0.41 Lo © A B 0.4 41:M %2
tion (Rosenmund and Stevens, 1996). PO o W 6uM Ccf"
Voltage-clamped autaptic hippocampal 0.21 0.21 %
neurons were initially stimulated at low ol ol
frequency (0.05 Hz) to evoke single 0 1000 2000 time (sec)5000 0 1000 2000 fime (sec) 5000

eIPSCs. One minute later, a hypertonic
solution (normal extracellular solution
supplemented with 500 mm sucrose)
(Yamaguchi et al. 2002) was focally mi-
croapplied to the same autaptic neuron
(Fig. 7A). Consistent with the data re-
ported above, the charge transfer in the
transient part of the eIPSC showed a
~30% decrease in KO neurons [87.7 =
6.8 and 65.6 = 5.0 pC, for WT (n = 8)
and KO (n = 8) neurons, respectively;
p < 0.05] (Fig. 7B, C). The charge trans-

fer in the transient part of the high-
sucrose induced synaptic current, a reli-
able measure of RRP,,.,; (Rosenmund C

and Stevens, 1996), revealed a signifi- 1
cant decrease in KO neurons (167 * 14 L
and 131 = 8 pC in WT and KO neurons,
respectively; p < 0.05) (Fig. 7B,D).
However, no difference was detected be-
tween the two genotypes in the Pr,, of
the first EPSC, estimated by dividing the
charge transfer of the first eIPSC by the
RRP,,,, (Fig. 7E).

o Mean elPSCs (nA)

Figure 5.
Synapsin I deletion preserves the

expression level of presynaptic proteins
and the density of GABAergic synaptic
contacts
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Estimation of the quantal parameters of synaptic transmission by multiprobability fluctuation analysis. 4, Plots of
elPSCs amplitude versus time analyzed at various levels of release probability obtained by varying the external Cd > concentra-
tion (0, 2, 4, 6 M) in representative WT (left) and Synl KO (right) neurons (2128 DIV). The horizontal lines show the mean
amplitude during each epoch. B, The variance in eIPSCamplitude is plotted against the mean amplitude for each epoch and fitted
with a parabola to estimate the release probability (Pr,,), the average quantal size (Q,,), and the mean number of release sites

The decreased RRP size observed in the (Vi) (left, WT; right, KO). C=F, Mean (==SE) values of average elPSC amplitude (C), number of release sites (D), probability of

absence of synapsin by double patch-
clamp recordings of monosynaptically
connected neurons could be ascribed to
either a lower number of synaptic contacts between the two neu-
rons or a decrease in the number of SVs released per inhibitory
synapse, or both. Given that Synl deletion has been reported to
delay synaptogenesis (Chin et al., 1995) (for review, see Ferreira
and Rapoport, 2002), we performed a biochemical and immuno-
cytochemical analysis to verify whether the observed decrease in
the RRP size could result from a decrease in the number of
GABAergic synaptic contacts between couples of presynaptic and
postsynaptic neurons. To test this hypothesis we evaluated the
expression levels of presynaptic and GABAergic markers and
compared the density of inhibitory terminals in WT and KO
neurons over the entire culture period (4-21 DIV).

We first estimated the expression level of presynaptic pro-
teins including synapsins I/II and synaptophysin as well as of
specific markers of inhibitory neurons such as the GABA syn-
thesizing enzyme GADG67. As shown in Figure 8 A, the expres-
sion of the various markers increases, as expected, over devel-
opment in vitro. However, no difference was observed between

KO neurons, respectively.

release (), and quantal size (F). **p << 0.01; *p << 0.05 versus WT, two-tailed Student's t test. n = 9and n = 8 for WT and Synl

WT and KO hippocampal neurons in the expression level of
any of the analyzed markers (Fig. 8 B). Because Synl deletion
could affect the specific targeting of presynaptic proteins also
in the presence of similar expression levels in the total cell
lysate, we visualized inhibitory nerve terminals by V-GAT im-
munofluorescence during in vitro development (Fig. 8C).
V-GAT-positive puncta strictly colocalized with synaptophy-
sin were considered inhibitory terminals and their total num-
ber was automatically counted, as described in Materials and
Methods. The number of V-GAT-positive nerve terminals
largely increased with time in culture in both WT and KO
neurons in a similar manner (Fig. 8 D). Because patch-clamp
recordings predominantly analyze axosomatic synapses,
counting of somatic GABAergic synapses was also performed
as described in Materials and Methods at 21 DIV. In line with
the findings reported above, the number of somatic inhibitory
terminals was not significantly different between WT and KO
cultures (0.058 = 0.007 and 0.059 % 0.029 synapses/um > for
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Figure 6.  Estimate of RRP and Pr by using the cumulative amplitude profile analysis. 4, Plot

of mean elPSCs amplitude (== SE) versus time during repetitive stimulations at 40 Hz of WT and
SynIKO neurons (21-28 DIV; n = 25 for both genotypes) fitted with the biexponential function:
1(t) =y, + Are =™ 4 A e~ 1/™) W, black trace; KO, gray trace). Representative record-
ings during a train of 40 stimuli at 40 Hzin single WT and Synl KO neurons are shown in the inset.
Extracellular stimulation artifacts were removed. B, Cumulative elPSC amplitude profile. To
estimate the RRP, data points in the range of 0.4—0.9 s were fitted by linear regression and
back-extrapolated to time 0 (WT, black trace; KO, gray trace) to estimate the cumulative elPSC
amplitude before steady-state depression (RRP ). C~E, The size of RRP ,, (C), the amplitude of
the firstelPSCin the train (D), and the calculated Pr,, (E) are shown as means = SE (WT, white
bars; KO, black bars). **p << 0.01 versus WT, two-tailed Student’s t test. n = 25 forboth WT and
Synl KO.

WT and KO cultures, respectively; n = 10—15 fields from three
independent culture preparations per genotype). These find-
ings demonstrate that lack of SynI does not significantly affect
the number of GABAergic contacts in mature cultures and
suggest that the impairment in IPSC amplitude is caused by a
decrease in the number of SVs released by the action potential
at the level of a single synapse.
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Synapsin I deletion decreases the number of SVs released in
response to depolarization of single GABAergic terminals

To ascertain whether SynI deletion can indeed induce a decrease
in the number of SVs released by the action potential at the level
of the single presynaptic terminal, as suggested by the above-
reported electrophysiological and immunocytochemical data, we
examined putative single GABAergic contacts in low-density hip-
pocampal cultures. Physiologically active axon terminals were
identified using the styryl dye FM1-43 which is taken up in an
activity-dependent manner at sites of active SV exoendocytosis
(Kirischuk et al., 1999) (Fig. 9A). Evoked IPSCs were elicited in
the presence of a Na *-channel blocker by direct depolarization
of single FM1-43-stained boutons (Chen et al.,, 2004). This
method has the advantage that the range of presynaptic [Ca®"];,
could be tuned by precise gradation of the presynaptic depolar-
ization (Kirischuk et al., 1999). Preliminary experiments were
performed to set the intensity and duration of the stimulation
that minimized the number of failures and obtained the highest
mean eIPSC amplitude (Fedulova et al., 1999). We used constant
stimulation intensity and duration (1 ms at 5 uA) to evoke
eIPSCs at WT and KO neuron synapses. Similarly to what ob-
served with monosynaptic eIPSCs (Fig. 1), single-synapse eIPSCs
had a reduced amplitude in KO neurons with respect to WT
neurons (Fig. 9B). The analysis of the mean probability density
(Fig. 9C) resolved a multiquantal distribution, with a first peak
related to the unitary quantum centered at 12 pA for both WT
and KO neurons, in good agreement with the value obtained by
mIPSC analysis (Fig. 4). It is interesting to note that single SV
release was a less probable event, although multiquantal release
was more frequent, as a consequence of the increase in Pr because
of the high intensity of the extracellular stimulation (Kirischuk et
al., 2002). The mean probability density histogram showed a clear
redistribution of the probability of events toward lower numbers
of quanta in Synl KO neurons, consistent with the observed de-
crease in the number of SVs in the RRP (see Figs. 5-7). Despite
these changes, similar failure rates were found in WT and KO
neurons (12.95 = 0.72 and 13.93 = 0.51% for WT and Synl KO
neurons, respectively; p = 0.26), probably because of the high
release probability reached with the strong extracellular depolar-
ization and/or the contamination by stimulation failures. Con-
sistent with the redistribution of the probability of quantal
events, the shape of the cumulative frequency versus amplitude
curve was significantly steeper in Synl KO neurons (Fig. 9D) and
the mean value of single eIPSC amplitude was significantly de-
creased [37.02 * 2.6 and 28.3 = 2.3 pA for WT (n = 9) and SynI
KO (n = 11) neurons, respectively; p < 0.01] (Fig. 9E). Given an
average amplitude of ~12 pA for the unitary quantum in both
WT and SynI KO neurons (see above) (Fig. 4), the single-synapse
eIPSC was three times larger in WT mice and only two times
larger in KO mice. This suggests that an isolated action potential
is able to synchronously release, on average, three SVs from single
WT GABAergic terminals, and only two SVs from SynI-deficient
GABAergic terminals.

Discussion

Although a large number of SV genes encoding for SV proteins
(Takamori et al. 2006) have been inactivated in animal models to
uncover the physiological role of the respective proteins, only
very few mutants have been reported to exhibit an epileptic phe-
notype (Noebels, 2003). A severe epileptic phenotype was found
in genetically altered mice lacking members of the Syn (for re-
view, see Baldelli et al., 2006) and SV2 (Crowder et al., 1999; Janz
etal., 1999; Custer et al., 2006) families, whereas epilepsy was not
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observed in mouse mutants deleted for
other SV or presynaptic plasma mem-
brane proteins. Interestingly, a new form
of familial X-linked epilepsy characterized
by a nonsense mutation in the SYN1 gene
was recently reported (Garcia et al., 2004),
making Synl KO mice the only experi-
mental model of human epilepsy associ-
ated with SV defects. Epileptic seizures are
generated by an initially localized hyper-
excitability that spreads into a series of in-
terconnected neuronal networks, where it
might not be properly counterbalanced
and circumscribed by inhibitory mecha-
nisms (Steinlein, 2004). Thus, the appear-
ance of an epileptic phenotype in mice and
man associated with mutations of the
SYN1 gene implicates Synl in the delicate
balance between inhibitory and excitatory
transmission that controls cortical excit-
ability and indicates that the increased sei-
zure propensity of Synl mutants can be
ascribed to specific roles of Synl in synap-
tic transmission.

Syn isoforms are present in virtually all
conventional chemical synapses, although
the expression levels and the isoform spec-
trum differs (Sudhof et al., 1989; Kielland
etal., 2006; Bragina et al., 2007), thus con-
tributing to the heterogeneity in the SV
protein complement and in the functional
properties of the synapses (Atwood and
Karunanithi, 2002). Consistent with the
major role of the Syns in the assembly of
the RP of SVs through SV clustering and
actin binding (Benfenati et al., 1992, 1993;
Ceccaldi et al., 1995), central synapses in
mice lacking one or more Syn isoforms (with the notable excep-
tion of SynIII KO mice) display a marked decrease in SV density,
reflecting a depletion of the RP (Li et al., 1995; Rosahl et al., 1995,
Takei et al., 1995; Gitler at al., 2004; Siksou et al., 2007). In addi-
tion, Synl KO neurons suffer of a reduced size of the recycling
pool and a decreased recruitment of recycling SVs to the RRP
during synapse maturation (Ryan et al., 1996; Mozhayeva et al.,
2002). These changes seem to occur to a larger extent at excitatory
than at inhibitory synapses (Terada et al., 1999; Gitler et al.,
2004). If the epileptic phenotype is the expression of an unbal-
ance between excitatory and inhibitory circuits, it is fundamental
to evaluate whether Synl could affect in a different way the phys-
iology of excitatory and inhibitory synapses. Although multiple
defects in short-term plasticity paradigms have been described at
excitatory synapses (Rosahl et al., 1995; Gitler et al., 2004; Sun et
al.,, 2006), a thorough characterization of the effects of SynlI dele-
tion on inhibitory synapses was missing, despite the reduction in
IPSC amplitude in response to single stimuli found in Synl, Sy-
nlIl, and SynI/II/III KO neurons (Terada et al., 1999; Feng et al.,
2002; Gitler et al., 2004), which was never observed in excitatory
synapses.

In this study, we performed a detailed characterization of the
impairment in GABA quantal release mechanisms and short-
term plasticity at hippocampal inhibitory neurons. We found
that GABA release is impaired in response to various stimulation
protocols, from single pulses to high-frequency trains. The de-

o Area elPSCs (pC) 8 o

Figure7.

8 for both genotypes.

Baldelli et al. @ Impaired GABA Inhibition in Synapsin | KO Mice

WT Sucrose 500mM

{7

S

Syn | KO Sucrose 500mM

4
500pA 100pA
200msec 2.5 sec

D E
0.61

|_|

RRPoal (C) &
*
i 8 Priotal

0

Estimation of RRP,,  and Pr,,, by hypertonic stimulation of autaptic GABAergic neurons. 4, Phase-contrast micro-
graph of an inhibitory autaptic neuron electrically stimulated by a patch pipette and perfused 60 s later with a hypertonic solution
(extracellular medium containing 500 mwm sucrose) applied for 10 s. B, Autaptic elPSCs and responses to hypertonic solution for
representative WT and Synl KO neurons are shown. C, Mean charge transfer (= SE) associated with an autaptic IPSC evoked by an
isolated action potential (stimulation frequency, 0.05 Hz). D, Estimated mean RRP,,, (= SE) obtained by stimulation with a
hypertonicsolution. £, Mean Pr,q,, (= SE) of the elPSC obtained by dividing the charge transfer of the elPSC by the charge transfer
of the response induced by the hypertonic solution. (WT, white bars; KO, black bars) *p << 0.05, two-tailed Student’s ¢ test. n =

creased eIPSC amplitude in response to single pulses observed in
Synl KO neurons was found to depend entirely on a parallel
decrease in the size of the RRP, although the quantum size and
the probability of release were unaffected. This finding confirms a
role of Synl in the membrane events of exocytosis, as suggested by
previous data (Hilfiker et al., 1999, 2005; Humeau et al., 2001;
Fassio et al., 2006; Hvalby et al., 2006; Sun et al., 2006). Consis-
tently, forms of presynaptic plasticity that rely on a change in
release probability boosted by [Ca*"]; build-up, such as paired-
pulse stimulation (Zucker and Regehr, 2002) are not affected by
the SynI deletion.

The significant decrease in GABA release during high-
frequency stimulation and the slower recovery from depression
observed in KO neurons indicate the existence of deficits in the
SV recycling mechanisms and/or in the recruitment of SVs from
the RP. The importance of Synl in depression of GABA release
strongly depended on the rate of presynaptic stimulation.
Whereas at low stimulation frequencies WT and KO terminals
exhibited a similar synaptic strength, at higher stimulation fre-
quencies synaptic depression was more severe and recovery from
depression was slower in Synl KO terminals. Thus, Synl appears
to be essential for enabling neurons to cope with high-frequency
activity, by boosting synaptic responses during the depression
plateau phase and accelerating recovery from depression to the
basal state.

The effect of SynlI deletion on both depression and recovery in
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analyzed.

GABAergic neurons was occluded by preventing the increase in
intraterminal [Ca®"]; by intracellular EGTA. This effect,
which was reported previously to occur also in excitatory syn-
apses (Sun et al., 2006), strongly suggests that use-dependent
synaptic plasticity during sustained high-frequency stimula-
tion is regulated by a progressive increase in intraterminal
Ca’" activating Ca®"/calmodulin-dependent and adenylate
cyclase/cAMP-dependent phosphorylation pathways imping-
ing on the Syns and promoting recruitment of reserve SVs to
the RRP (Benfenati et al., 1992; Ceccaldi et al., 1995; Hosaka et
al., 1999; Chi et al. 2001, 2003, Menegon et al., 2006). Such a
mechanism was completely missing in neurons lacking SynlI,
which displayed a behavior superimposable to that of WT
neurons treated with EGTA. This finding also indicates that,
despite the fact that all Syn isoforms can be phosphorylated by
the above-mentioned signal transduction pathways, Synl is
the key isoform that plays a role in the adaptation of nerve
terminals during use-dependent depression. The lack of
change in use-dependent depression found in Synl/II/III KO

~ <

Expression of presynaptic proteins and number of GABAergic synaptic contacts are not affected by Synl deletion in
hippocampal neurons during in vitro differentiation. A, Protein extracts (10 w.g/lane) from WT and Synl KO hippocampal neurons
were prepared at the indicated DIV and analyzed for the expression levels of synapsin la/Ib (Synl), synapsin Ila/Ilb (Synll), GAD67,
and synaptophysin (Syp). A representative immunoblot is shown. Equal loading was confirmed by the constant actin levels. B,
Immunoblots from three independent replications of the experiment shown in A were quantitatively analyzed by densitometric
scanning of the fluorograms. The developmental patterns of expression of Synl, Synll, GAD67 and Syp in WT (open symbols) and
KO (closed symbols) neurons as a function of the days in vitro (DIV) are plotted as means == SE in arbitrary units. €, Hippocampal
neurons from WT (left panel) or Syn | KO (right panel) mice were fixed at 21 DIV and immunostained for V-GAT (green) and NeuN
(red). V-GAT-positive puncta were counted and normalized by the cell number. Scale bar: 50 wm. D, The total number of
inhibitory terminals in WT (white bars) and Synl KO (black bars) cultures was obtained by automatic counting and divided by the
number of neurons in the field (10—15 images for each age in culture and from at least 3 preparations conducted in parallel). No
significant differences in the density of GABAergic terminals were observed between WT and KO neurons at the various DIV

appears only at late stages of synaptic mat-
o uration (>15-21 DIV), strongly suggest-
ing that that seizure propensity of Synl KO
mutants is attributable to an abnormal reg-
ulation of excitability that induces an
anomalous spread of excitation along the

neuronal networks.

Interestingly, some of the effects of the
deletion of the only other SV protein which
causes epilepsy, namely SV2A, resemble
those observed in SynI KO inhibitory neu-
rons, suggesting possible common mecha-

- a nisms in the pathogenesis of the epileptic
phenotype. Stimulus-evoked neurotrans-
mitter release is reduced in hippocampal
neurons as well as chromaffin cells lacking
SV2A, indicating that SV2A plays a crucial
role in the maintenance of a RRP of fusion-
competent SV (Crowder et al., 1999; Xu
and Bajjalieh, 2001; Custer et al., 2006).
The decrease in the RRP observed after
SV2A deletion (~40%) is of the same order
of magnitude of that observed in hip-
pocampal GABAergic neurons of Synl KO
mice (~30%). The decrease in the RRP size
and the absence of changes in the release
probability observed in Synl and SV2A KO

neurons suggest that both Synl and SV2A physiologically sustain
low-frequency neurotransmission by selectively enhancing prim-
ing of SVs and regulating RRP size.

A question that remains open is how to explain the distinct
physiological phenotype of Synl deletion at glutamatergic and
GABAergic neurons leading to network hyperexcitability, given
the widespread distribution of Syns in both types of neurons.
Synapses are functionally heterogeneous in nature and synaptic
diversification depends mainly on the type of activity (phasic vs
tonic), different sizes of SV pools and differential distribution of
synaptic proteins (Atwood and Karunanithi, 2002). In Synl KO
neurons, glutamatergic transmission is impaired during sus-
tained high-frequency activity, but is fully preserved in response
to single action potentials. However, GABAergic transmission is
defective during both basal electrical activity and high-frequency
stimulation. Under this condition, both the phasic synaptic inhi-
bition and the tonic extrasynaptic inhibition caused by GABA
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spillover are decreased. This impairment
of the inhibitory mechanisms may force
neuronal circuits into a state of basal
heightened excitability which facilitates
the spontaneous or stimulus-evoked onset
of epileptic seizures.

single synapse stimulation
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aptic FM1—43-stained boutons on the neuronal soma. TTX was included in the bath solution to block action potentials. Scale bar:
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brieffocal stimulations of 5 A for T ms applied at 0.1 Hzin the presence of TTX) are shown. €, Mean density probability histogram
of single bouton elPCSs for WT (white bars; n = 9) and Synl KO (black bars; n = 11) neurons. Data were analyzed with a bin size
of 2 pA. The mean failure rate is shown on the left (centered at 0 pA). D, Mean cumulative frequency versus amplitude plot (bin size,
2pA). E, Inthe inset, the mean amplitude (== SE) of elPSCs is reported for WT (white bar) and Synl KO (black bar) neurons. **p <<
0.01 versus WT, two-tailed Student’s t test.
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