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The same cumulative amplitude analysis was performed on
inhibitory synapses, using a 40 Hz train for 2.5 s (Fig. 7E).
While the decreased eIPSC amplitude of SynI®© synapses
was associated with a corresponding decrease in the RRP,,,
as previously reported [14], the lack of effect of SynIF?73K
on the eIPSC amplitude was confirmed by the absence of
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significant changes in the quantal parameters of synchro-
nous inhibitory transmission (Fig. 7F). Taken together, the
data suggest that the SynI®*"* mutant affects the activity-
dependent refilling of the RRP from the RecP specifically

in excitatory synapses.
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«Fig.8 The SynI®*73% mutant impairs recovery from depression in
both excitatory and inhibitory synapses. A—C Excitatory synapses.
Excitatory Synl KO autaptic neurons were transduced with either
SynI™T (black) or SynI®*”K (red). A Lef: Representative traces of
eEPSCs evoked by stimulating neurons with high-frequency trains
lasting 30 s at 20 Hz. Right: The progressive decay of the eEPSC
amplitude (means+SEM) during the stimulation train and the sub-
sequent recovery from depression upon return of the stimulation fre-
quency to 0.1 Hz are plotted as a function of time from the begin-
ning of the train (2=9 and 8 for SynI"T and SynIE*73¥, respectively).
B Box plots of the depression steady-state current (SSC, left) and of
the fast (middle) and slow (right) time constants of depression (t). C
Box plots of the SSC (left) and t (right) of recovery after the stimula-
tion train. D-F Inhibitory synapses. Inhibitory Synl KO neurons were
transduced with either SynI™T (black) or SynI®*”*K (green). D Left:
Representative traces of eIPSCs evoked by stimulating neurons for
30 s at 20 Hz. Right: The progressive decay of the eIPSC amplitude
(means + SEM) during the stimulation train and the recovery from
depression are plotted as a function of time (n=9 and 8 for SynI™ T
and SynI®*"K| respectively). (E) Box plots of the depression steady-
state current (SSC, left) and of the fast (middle) and slow (right)
time constants of depression (7). (F) Box plots of the SSC (left) and
T (right) of recovery after the stimulation train. Data are from n=3
independent neuronal preparations. *p<0.05; **p<0.01; Mann—
Whitney U-test (A) or unpaired Student’s z-test (C-F)

SynI®73Kimpairs the recovery from synaptic

depression in both excitatory and inhibitory
synapses

Central synapses in mice lacking one or more Syn iso-
forms display a marked decrease in SV density, reflecting
a depletion of the RecP and changes in short-term, but not
long-term, synaptic plasticity [34, 48, 69, 70, 76, 78, 80].
Accordingly, most of the available data indicate that Syn
deletion enhances synaptic depression during repetitive
stimulation [25, 34]. Excitatory and inhibitory synapses
of Synl KO neurons transduced with either SynI™ ' or
SynI®373K were subjected to a prolonged high-frequency
stimulation (HFS). The progressive decay of the ePSCs
amplitude during the train and the subsequent recovery
from depression upon returning the stimulation frequency
to 0.1 Hz were exponentially fitted and analyzed for the
kinetic parameters and the steady-state current of depres-
sion and recovery. During sustained HFS (30 s @ 20 Hz),
SynIEF*73K excitatory synapses presented no significant
changes in the depression steady-state current (SSC) and
in the slow and fast time constants of depression (Fig. 8A,
B). However, they showed a significant impairment in
the recovery after depression with an almost two-fold
difference in the recovery SSC with respect to SynI™ 1,
in the absence of changes in the time constant of recov-
ery (Fig. 8A, C). Under sustained HFS (30 s @ 10 Hz),
SynI®*7*K inhibitory synapses showed a significantly
lower depression SSC than SynIVT inhibitory synapses,

with no significant differences in the slow and fast
time constants of depression (Fig. 8D, E). In addition,
inhibitory synapses displayed an impaired recovery after
depression similar to that observed at excitatory synapses:
the first response after the stimulus train was markedly
smaller than in SynIVT synapses and the recovery SSC
was twofold lower, with no change in the time constant
of recovery (Fig. 8D, F).

These results suggest that the SynI®*7* mutant
strongly impairs the recovery from depression in both
excitatory and inhibitory synapses and the steady state
of depression in inhibitory synapses. This suggests that
Ca* binding to Synl plays a role in the dynamics of SV
pools and in SV mobilization during and after sustained
HEFS in both types of synapses.

SynI®7*Kimpairs SV recycling and slows-down
the kinetics of RRP refilling

To further investigate the mechanisms of defective recov-
ery after the stimulus in SynI®¥’3¥ synapses, we performed
synaptophysin-pHluorin (sypHy)-based live cell imaging
experiments. Primary Synl KO hippocampal neurons were
co-transduced at 10 DIV with lentiviral vectors encoding
sypHy and either SynI™ T or SynI®*"*¥ fused to mCherry and
analyzed 8—11 days after transduction (Fig. 9A).

We first evaluated the RRP, which in synaptic imaging
accounts for both synchronous and asynchronous compo-
nents of releasable SVs, by stimulating neurons with 20 APs
@100 Hz [4]. While no genotype-dependent differences
were present in the peak fluorescence, a significant increase
in the time constant of fluorescence decay was observed in
SynI®373K a5 compared to SynI™T terminals, revealing an
impaired SV endocytosis, suggestive of defective recov-
ery after RRP depletion (Fig. 9B). The lack of change in
the RRP measured by sypHy imaging suggests that the
decreased RRP,, observed by patch-clamp recordings (see
Fig. 7B) is accompanied by an increase of asynchronous
release that may be facilitated by the increased resting Ca>*
(see Fig. 4). Next, to measure recovery after sustained stimu-
lation, we performed repetitive RRP stimulations (20 APs
@ 100 Hz) before or after a long-lasting stimulation (600
APs @ 20 Hz; Fig. 9C). Consecutive RRP stimuli resulted
in a mild and not significant rundown in both SynI™T and
SynI®373K synapses. Despite the peak fluorescence evoked by
the first round of stimulation was not changed between the
two genotypes, the RRP after the long-lasting stimulation
was significantly reduced in SynI®37*K synapses (Fig. 9C).
These data confirmed the defective SV recovery after sus-
tained stimulation in SynI®*”3X neurons.
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Fig.9 The recovery from the synaptic activity is altered in nerve
terminals expressing the SynI®>7*k mutant. A Representative images
showing axonal branches from 21 DIV Synl KO hippocampal neu-
rons transduced with sypHy (green) and either Syn™T (leff) or
SynI®*"K (right) fused to mCherry (red) during a 600 AP stimula-
tion @ 20 Hz. White regions of interest (ROI) label co-transduced
synapses. Scale bar, 3 um. B Left: Ensemble average traces of
sypHy fluorescence plotted for Syn™T (black) and SynI®*7*K (blue).
Stimulation (20 APs@100 Hz) is indicated by the gray bar. Data are
means +SEM of n=7 and 11 coverslips for Syn™T and SynIZ373K,
respectively. Middle: Box plot of peak fluorescence at the end of the
stimulus in the two genotypes. Right: Box plot of time constant of

@ Springer

endocytosis (Tg,g,), evaluated by fitting the fluorescence decay after
stimulation with a mono-exponential function. *p <0.05, Mann—
Whitney’s U-test. C Left: Representative traces from Syn™T (black)
and SynIE¥7K (blue) expressing synapses stimulated with three RRP
trains (20 APs@100 Hz, thin gray bars), subjected to a long-lasting
stimulation (600 APs@20 Hz, thick gray bar) and challenged with a
further RRP stimulation. Traces were normalized to the first stimulus.
Right: Box plot showing the average peak fluorescence for the three
consecutive RRP stimulations before the long-lasting train, and the
response to an additional RRP stimulation performed after the long-
lasting train. Data are from n=9 coverslips per genotype. *p <0.05,
one-way ANOVA/Tukey’s tests
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Ultrastructural analysis reveals that SynI®73K affects
SV trafficking at rest and during activity

To verify if the defects in the excitatory RRP , and recovery
from synaptic depression in both excitatory and inhibitory
synapses were due to alterations in SV trafficking, we evalu-
ated the density and distribution of SVs in presynaptic ter-
minals by electron microscopy of “asymmetric” (i.e., excita-
tory) and “symmetric” (i.e., inhibitory) synapses expressing
either SynIVT or SynI®373K,

Transduced excitatory and inhibitory synapses were ana-
lyzed at rest (1 s before the stimulation train) and at the fol-
lowing HFS (30 s @ 20 Hz) by quickly fixing the samples at
the end of train and during the recovery period (2 min after
the train) (Fig. 10A, C). At rest, excitatory SynI®*"3¥ syn-
apses showed a significant reduction in total SV density with
respect to control SynIVT synapses (Fig. 10B; left panel).
Although no genotype-dependent changes were detected in
the density of physically docked SVs (Fig. 10B; right panel),
the decreased SV content is consistent with an impaired RRP
refilling in mutant nerve terminals that could account for the
functionally determined decrease in RRP, (see Fig. 7B).
The total SV density was decreased under the condition of
deep synaptic depression reached at the end of the stimula-
tion train, but with no apparent genotype-dependent differ-
ences. However, at the end of the recovery period, excitatory
synapses failed to recover the basal SV density (Fig. 10B;
left panel), recapitulating the defective recovery evaluated
electrophysiologically (see Fig. 8A). At rest and the end of
the stimulation train, inhibitory SynI®*7*K synapses were
closely similar to control SynI™T synapses in terms of total
and docked SV densities (Fig. 10D). However, similarly to
excitatory synapses, the total SV density of mutant inhibi-
tory terminals failed to recover the basal SV density, consist-
ent with the electrophysiological data (Fig. 10D; left panel).

Taken together, these results show that the absence of
Ca** binding to Synl mainly affects excitatory synapses that
fail to maintain a correct distribution of SVs under basal
conditions. Moreover, in both excitatory and inhibitory syn-
apses, the deletion of the Ca* binding site dysregulates the
Synl-mediated trafficking of SVs in terminals challenged
with sustained HFS.

Discussion

Genetic analyses in human populations have identified
several mutations in the SYNI and SYN2 genes related to
epilepsy and autism spectrum disorder [1, 17, 27, 31, 60,
65, 84], for a review, see [38]. Moreover, several studies
of single and multiple Syn KO mice models confirmed the
relationship between the Syni/Syn2 genes, epilepsy, and
autism [16, 26, 35, 48, 55, 70]. Thus, the study of the precise

functional role of Syns in excitatory and inhibitory synapses
and their structure—function relationships within nerve ter-
minals is fundamental to understanding the pathogenesis of
such diseases.

Synl is present in nerve terminals at an average concen-
tration of about 10-20 uM. It represents the 4% of SV pro-
teins and 8—10 copies of Synl are associated with a single
SV [20, 72, 79]. The crystal structure of the highly con-
served central C-domain of Synl revealed a binding site for
ATP, formed by a flexible MFL loop (residues 330-343),
with high similarity with “ATP-grasp” enzymes [23]. In the
proximity of the ATP binding site, SynI binds Ca** by coor-
dinating it with the pyrophosphate moiety of ATP and two
glutamate residues (Glu373 and Glu386). Structural studies
and biochemical data on recombinant Syns suggested the
possibility that ATP binding is regulated by Ca>* [39]. Not-
withstanding these data, the role of ATP binding to Synl and
SynlI has remained elusive. Based on the crystal structure of
domain C, an increase in Synl tetramer formation upon bind-
ing of ATP in the presence of Ca** was reported [10]. More
recently, using MD simulations and biochemical assays, we
found that the MFL loop has a similarly reduced motility
to holo-SynlI also in the absence of Ca’" and, consistently,
Synl can bind ATP also in the absence of Ca®* [62]. We also
found that ATP binding strengthens the Synl association
with SVs, favors the formation of high-order dimers and
tetramers, and increases SV clustering. Under these condi-
tions, the presence of Ca** negatively modulates SV cluster-
ing and favors the formation of tetramers over that of dimers
[62] consistent with the previous structural predictions [10].

Deletion of ATP binding in Synl induced an increase in
the probability of release at inhibitory synapses that poten-
tiated the responses to single stimulation and increased
synaptic depression [62]. Deletion of the same site in
SynlI also increased the probability of release and synaptic
depression at excitatory synapses [75]. Although the two
studies were done in distinct types of synapses, they show
a similar functional outcome of the ATP binding site dele-
tion in both Syn isoforms irrespective of the presence of
Ca”* binding, indicating the existence of distinct roles for
Ca* and ATP binding to SynI/SynlI. Since the micromo-
lar ATP concentrations in nerve terminals do not represent
a limiting factor for protein binding [67], it has so far been
difficult to investigate separately the role of ATP binding
to Synl from that of Ca?* binding, and no specific role for
Ca”* binding to Synl has been proposed, except for facili-
tating ATP binding. Here, we show that ATP and Ca**
binding by the Synl C-domain are independent events that,
however, cooperatively potentiate each other. Thus, Ca**
enhances ATP binding and, conversely, ATP increases the
strength of Ca**binding to Synl. To dissect out the physi-
ological role of Ca** binding to Synl, we analyzed the
effects of the E373K mutation that deletes the major Ca>*
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«Fig. 10 SV density and distribution are altered in excitatory and
inhibitory synapses expressing the SynI®*”* mutant. A, B Excita-
tory synapses. A Representative transmission electron micrographs
of excitatory presynaptic terminals from Synl KO neurons transduced
with either SanWT (top) or SanE373K (bottom) and rapidly (1 s)
fixed under resting conditions (Pre), immediately after a 30 s tetanic
stimulation @ 20 Hz (After train) and following 120 s of recovery
(After recovery). Scale bar, 200 nm. B Morphometric analysis of
excitatory presynaptic terminals. For each genotype and experimental
condition, the total SV density (leff) and the number of docked SVs
(right) are shown as means + SEM. C, D Inhibitory synapses. C Rep-
resentative transmission electron micrographs of inhibitory presyn-
aptic terminals quickly fixed under the conditions as described in A.
Scale bar, 200 nm. D Morphometric analysis of inhibitory presynap-
tic terminals. The total SV density (left) and the number of docked
SVs (right) are shown for each genotype and experimental condition
as means = SEM. Excitatory and inhibitory synapses were manually
identified based on their asymmetric or symmetric shape. Excita-
tory synapses: n=30 and 30; inhibitory synapses: n=15 and 15; for
SynI"T and SynI®*73K respectively, from 2 independent neuronal
preparations. Across genotype: *p<0.05; **p<0.01; ***p<0.001;
unpaired Student’s 7-test. Within genotype: °p <0.05; °°°p<0.001;
vs “Pre” for SynIVT; *p<0.05 vs “Pre” for SynI®*"K; one-way
ANOVA/Dunnett’s multiple comparison test

binding site in Synl and induces a destabilization of the
Synl oligomerization interface that is not dissimilar to that
observed after deletion of the ATP binding site [62].

We found that the ablation of the Ca** binding in SynlI
had more severe consequences in excitatory than in inhibi-
tory synapses. In the former synapses, the deletion of Synl-
Ca’* binding increased the frequency of mEPSCs without
altering synaptic density and decreased the EPSC amplitude
evoked by single stimuli. Distinct, but related, mechanisms
are involved in these two effects. Under physiological con-
ditions, SynI may act as a Ca** buffer, regulating the con-
centration of this ion in the presynaptic compartment. In
the absence of Ca** sequestration by Synl, the resting Ca>*
concentration in excitatory nerve terminals could increase
sufficiently to enhance spontaneous SV exocytosis that gen-
erates miniature events. Indeed, although the spontaneous
release is independent of action potentials, it is at least partly
Ca*"-dependent [44, 45, 59, 77]. This hypothesis is further
confirmed by the observation that supplementation of an
exogenous Ca** buffer completely occluded the effect of the
Synl mutant. Why a similar effect is not occurring in inhibi-
tory synapses that also express, to a large extent, Synl [9]?
One possible explanation is that inhibitory neurons express
a variety of Ca**-buffering proteins [74], such as parvalbu-
min, calbindin, and calretinin [3, 22, 37, 41, 46, 77, 81] that
characterize their peculiar functional properties. Under these
conditions, the expression of Ca**-buffering proteins by
distinct classes of interneurons may render the contribution
of the Synl-mediated buffering dispensable under resting
conditions. It will be interesting to investigate whether the
expression of parvalbumin in excitatory neurons occludes
the effect of SanE373K mutation or, alternatively, whether

silencing endogenous Ca** buffers in inhibitory neurons
makes them sensitive to the E373K mutation.

On the other hand, the decreased EPSC amplitude due to
a selective decrease in RRP size can be a consequence of the
decreased SV density observed by electron microscopy in
excitatory synapses under resting conditions. Although we
did not detect any change in the density of physically docked
SVs, the decrease in RRP can be explained by a decreased
refilling with primed SVs from a more dispersed RecP. Such
dispersion can be a consequence of: (i) the increased resting
intraterminal Ca®* that stimulates CaM kinases to phospho-
rylate Synl, favoring the release of SVs from the clusters
and the actin cytoskeleton; and/or (ii) a possible mutation-
induced change in Synl oligomerization, as suggested by
MD simulations, that may alter the SV clustering capacity.
Recent work demonstrated the capability of Syns to trigger
liquid phase separation that participates in the clustering
and maintenance of the SV pools in nerve terminals [57, 58,
64] and that is released upon Syn phosphorylation by CaM
kinases [58]. Thus, a tonic activation of CaM kinases due to
the increased concentration of resting Ca** could also impair
Synl liquid phase separation and lead to SV cluster disper-
sion. While the deletion of the Ca®* binding site in Synl can
be defined as a loss-of-function, some of the phenotypes
of SynI®*"3K appear as gain-of-function when compared to
SynI™T and SynIX©. Indeed, SynI®*’*X induces an increase
in mEPSC frequency, as the consequence of the increase
in resting free Ca2*, while constitutive depletion of Synl
does not affect mEPSC frequency or amplitude [14]. On the
other hand, constitutive deletion of Synl increases eEPSC
amplitude and RRP size as a secondary effect of the impair-
ment in inhibitory transmission [14, 25, 82], while SanE373K
behaves similarly to SynI™', indicating that the RRP size
does not depend on Ca** binding to Synl.

Another effect of the deletion of Ca’*-binding to Synl,
shared by excitatory and inhibitory synapses, consists of a
sharp impairment in recovering PSCs after prolonged HFS.
This effect finds its ultrastructural counterpart in a marked
depletion of SVs at the end of the recovery period, indi-
cating a defective RRP refilling. This effect, together with
the impaired and slowed down retrieval of exocytosed SVs,
suggests a modulation exerted by Ca2* binding on the kinet-
ics of endocytosis that could be mediated by the previously
reported interactions of Synl with endocytic proteins such
as intersectin and amphiphysin [24, 32, 61]. While all the
remaining effects of the Syn mutant were exclusively found
in facilitating excitatory synapses, the effects on recovery
from depression also extended to an inhibitory transmission
that is more prone to experience depression given its higher
probability of release.

The putative events triggered by the deletion of Ca’*
binding to Synl in excitatory synapses are schematically
represented in Fig. 11. Inability to bind Ca?* increases the

@ Springer



600 Page 22 of 25

M. Moschetta et al.

Resting CaM
kinase activation
/" resting nerve j-,\‘
terminal Ca%*

D mEPSC
frequency

T

Changes in Synl
oligomerization

| § |

é

Fig. 11 Schematic model of the functional consequences of the
lack of Ca?*-binding to Synl in excitatory synapses. The lack of
Ca**-buffering by Synl in excitatory synapses, characterized by a
low Ca’*-buffering capacity, results in an increased intraterminal
[Ca®*]; under resting conditions. This increases the probability of
spontaneous SV fusion events and decreases the clustering of SVs
in the RecP. This results in a decrease in RRP size for synchronous
release and an impairment of the reconstitution of SV stores dur-

resting Ca** concentrations which, in turn, increases the fre-
quency of mEPSCs and constitutively activates CaM kinases
phosphorylating Synl at distinct sites and promoting its dis-
sociation from SVs and actin. This will in turn reduce SV
clustering and disperse SVs in the RecP. The impaired SV
clustering may be also contributed by the effect of the muta-
tion on Synl oligomerization [62]. The dispersion of SVs in
the RecP can, in turn, be responsible for the decreased RRP-
syn and eEPSC amplitude, possibly due to a decreased SV
priming and/or refilling of RRP, and for the marked impair-
ment of EPSC recovery after prolonged HFS.

For the time being, the E373K mutation has not been
identified in the SYNI gene of patients suffering from autism
spectrum disorders or epilepsy. The first nonsense muta-
tion in SYNI to be reported (W356X; [31] also deletes the
Ca** binding site; however, the expression of the truncated
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ing recovery after HFS. The decrease in SV clustering may be con-
tributed by an increased tetramerization of Synl and/or to increased
phosphorylation of Synl by CaM kinases induced by the rise of rest-
ing intraterminal [Ca**].. Inhibitory synapses, endowed with a more
efficient Ca’*-buffering capacity, are only affected by the lack of
Ca**-buffering by SynI under the intense Ca>* build-up that occurs
during HFS

form of synapsin I was markedly impaired, due to both the
strongly decreased translation by non-sense mediated RNA
decay (NMD) and severe intracellular aggregation of the
NMD-escaped protein [33].

In conclusion, we have shown that Ca>* binding to Synl
is fundamental for maintaining a physiological SV organiza-
tion at rest and during/after HFS. Excitatory neurons seem
to be more sensitive to the Ca?"-dependent activity of Synl,
indicating a putative role of SynI as Ca®* buffer in these
terminals under resting conditions. These findings contrib-
ute to the clarification of the distinct roles of ATP and Ca®*
binding to the highly conserved central C-domain of Syns
and underline the central role of the regulation of Ca>* basal
levels and transients in nerve terminals in driving SV traf-
ficking, synaptic transmission, and plasticity.
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