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Neurobiology of Disease

Synapsin II and Rab3a Cooperate in the Regulation of
Epileptic and Synaptic Activity in the CA1 Region of the
Hippocampus

Pedro Feliciano,' Rodrigo Andrade,> and Maria Bykhovskaia'
"Neuroscience Department, Universidad Central del Caribe, Bayamon, Puerto Rico 00956, and 2Department of Pharmacology Wayne State University
School of Medicine, Detroit, Michigan 48001

Some forms of idiopathic epilepsy in animals and humans are associated with deficiency of synapsin, a phosphoprotein that reversibly
associates with synaptic vesicles. We have previously shown that the epileptic phenotype seen in synapsin I knock-out mice (SynII(—))
can be rescued by the genetic deletion of the Rab3a protein. Here we have examined the cellular basis for this rescue using whole-cell
recordings from CA1 hippocampal pyramidal cells in brain slices. We find that SynII(—) neurons have increased spontaneous activity
and areduced threshold for the induction of epileptiform activity by 4-aminopyridine (4-AP). Using selective recordings of glutamatergic
and GABAergic activity we show that in wild-type neurons low concentrations of 4-AP facilitate glutamatergic and GABAergic transmis-
sion in a balanced way, whereas in SynlI(—) neurons this balance is shifted toward excitation. This imbalance reflects a deficit in
inhibitory synaptic transmission that appears to be secondary to reduced Ca** sensitivity in SynII(—) neurons. This suggestion is
supported by our finding that synaptic and epileptiform activity at SynII(—) and wild-type synapses is similar when GABAergic trans-
mission is blocked. Deletion of Rab3a results in glutamatergic synapses that have a compromised responsiveness to either low 4-AP
concentrations or elevated extracellular Ca>*. These changes mitigate the overexcitable phenotype observed in SynII(—) neurons. Thus,
Rab3a deletion appears to restore the excitatory/inhibitory imbalance observed in SynlI(—) hippocampal slices indirectly, not by cor-

recting the deficit in GABAergic synaptic transmission but rather by impairing excitatory glutamatergic synaptic transmission.

Introduction

Synapsin I (Synl) and synapsin II (SynlI) are widely expressed
in the CNS where they associate with synaptic vesicles, both
glutamate-containing vesicles at excitatory synapses and GABA-
containing vesicles at inhibitory synapses. Synapsins tether syn-
aptic vesicles to the cytomatrix (for review, see Shupliakov et al.,
2011), and synaptic activity triggers the phosphorylation of the
synapsins, allowing them to dissociate from synaptic vesicles (Chi
et al., 2001, 2003). Recent studies suggest that the synapsins, in
addition, may also directly regulate the releasable pool of vesicles
(Humeau et al, 2001; Cousin et al., 2003), control vesicle traffick-
ing (Messa et al., 2010), and participate in the docking of synaptic
vesicles at the active zone (Coleman et al., 2008).

Parallel basic and clinical work has shown that SYNT or SYN2,
the genes coding for the proteins Syn I and Syn II, are important
epilepsy susceptibility genes. At the basic science level, experi-
ments in genetically modified mice have shown that deletion of
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either the SynI or Syn2 genes (or both) results in a strong epileptic
phenotype (Li et al., 1995; Rosahl et al., 1995; Etholm and Heg-
gelund, 2009). At the clinical level, genetic epidemiology studies
have identified a human nonsense mutation in SYN1 associated
with syndromic epilepsy (Garcia et al., 2004 ). More recent studies
have discovered several other mutations in the SYNI gene asso-
ciated with epilepsy (Fassio et al., 2011a) and also a contribution
of SYN2 to sporadic epilepsy predisposition (Cavalleri et al.,
2007; Lakhan et al., 2010). However, exactly how synapsin defi-
ciency contributes to the development of epilepsy is only partly
understood.

Previous studies have shown that deletion of SynI and/or Sy-
nlI differentially affects excitatory and inhibitory neurotransmi-
sion in the brain and more specifically that deletion of the
synapsins produces a reduction in GABAergic synaptic transmis-
sion (Gitler et al., 2004; Baldelli et al., 2007; Chiappalone et al.,
2009; Farisello et al., 2012) and the loss of its asynchronous com-
ponent (Medrihan et al., 2013) with unchanged or increased
basal synaptic transmission at glutamatergic synapses. These
observations suggested that deletion of synapsins results in an
excitatory/inhibitory imbalance that could explain the epileptic
phenotype (Fassio et al., 2011b); however, this conjecture has
been difficult to test.

We recently reported that deletion of the presynaptic protein
Rab3a robustly suppressed the epileptic phenotype observed in
the Synll knock-out (SynII(—)) mice (Coleman and Byk-
hovskaia, 2010). This observation opens an avenue for linking the
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changes in cellular excitability observed in vitro with the whole
animal epileptic phenotype. It also suggests a novel potential tar-
get for the treatment for epilepsy. Here, we show that Rab3a gene
deletion rescues the overexcitable phenotype produced by the
deficit in GABAergic transmission in SynlI(—) synapses and that
this Rab3a action occurs via an opposite change in excitatory
glutamatergic transmission.

Materials and Methods

Animal. Mice heterozygotes for the Syn2 and Rab3a targeted muta-
tions were purchased from The Jackson Laboratory (strains B6;129S-
Syn2"™1544jy and B6;1298-Rab3a™'"4/T). Homozygous lines SynII(—),
Rab3a(—), and wild-type (WT) mice were derived from breeding
heterozygotes. The homozygote SynlI(—)/Rab3a(—) double knock-out
(DKO) mice were obtained by serial breeding and genotyping, as de-
scribed previously (Coleman and Bykhovskaia, 2010). Genotypes of all
the breeders were independently confirmed by a commercial genotyping
service (Transnetix). All the animal colonies were kept under standard
conditions and on a 12 h dark/light cycle. The husbandry conditions were
identical for all the strains under the study. The experiments were per-
formed on 15- to 20-d-old animals (young) or 10-week-old animals
(adult) of either sex in accordance with the guidelines of the Animal Care
and Use Committee of the Universidad Central del Caribe and the National
Institutes of Health of the United States Public Health Service. For the adult
group, only SynlI(—) animals showing strong tonic-clonic seizures when
being provoked by mechanical stimulation (lifting by the tail) were selected;
thus, SynII(—) adult animals were verified as being symptomatic.

Slice preparation. Mice were anesthetized using isoflurane and decap-
itated as soon as reflexive reactions disappeared. Brains were removed
rapidly and bathed in an ice-cold solution containing the following (in
mwm): 65.0 NaCl, 2.0 KCl, 5.0 MgSO,, 1.1 KH,PO,, 24.0 NaHCO,, 10
dextrose, and 100 sucrose, bubbled with a mixture of 95% O, and 5%
CO,. For adult animals, a N-methyl-p-glucamine (NMDG) based ACSF
solution (Zhao et al., 2011) was used (composition in mm): 110 NMDG,
110.0 HCI, 2.5 KCl, 10.0 MgSO,, 1.2 NaH,PO,, 0.5 CaCl,, 25.0 NaHCO;,
and 25 dextrose. Horizontal hippocampal slices (300 mm thickness) were
cut using a Leica vibratome (model VT 1200 S). For adult animals, the
slices were incubated in the NMDG based solution at 33°C for 12 min.
Then the slices were washed two times in the ACSF solution (previously
bubbled with the same gas mixture) containing the following (in mm):
120 NaCl, 2.5KCl, 1.3 MgSO,, 1.0 KH,PO,, 2.5 CaCl,, 24.0 NaHCO,, 10
dextrose, 50 sucrose, with the osmolarity adjusted to 295 mOsm with
sucrose, and maintained in the recording solution continuously bubbled
with the same gas mixture for at least 1 h before the experiment.

Electrophysiology. Slices were held submerged in the recording cham-
ber continuously superfused with the ACSF solution. Whole-cell record-
ings were performed from hippocampal CA1 neurons. Recordings were
acquired using the multiclamp 700B amplifier and PClamp 10.0 software
(Molecular Devices) and digitized at 10 kHz. Recordings of spontaneous
and epileptiform activity were performed using a potassium gluconate-
based intracellular solution containing the following (in mm): 135
K-gluconate, 0.1 CaCl,, 2.0 MgCl,, 2.0 Na-ATP, 1.0 EGTA, 10 HEPES,
pH 7.35 (adjusted with KOH), 280 mOsm (Luhmann et al., 2000). Under
these recording conditions, E; was ~—90 mV and cells were held at —50
mV to allow a clear distinction between spontaneous EPSCs (sEPSCs)
and spontaneous IPSCs (sIPSCs). To record sIPSCs, the holding poten-
tial was set to 0 mV. Recordings of evoked EPSCs were performed using
pipettes filled with a cesium-based solution containing the following (in
mm): 117.5 CsMeSO;, 1.0 MgCl,, 10.0 HEPES, 5 EGTA, 15.5 CsCl, 8
NaCl, 0.3 NaGTP, 5.0 QX-314-bromide, and 4.0 NaATP. Recordings of
evoked IPSCs were performed using pipettes filled with a cesium-based
solution containing the following (in mwm): 153.3 CsCl, 1.0 MgCl,, 10.0
HEPES, 5 EGTA, 0.1 NaGTP, 5.0 QX-314-bromide, and 3.0 MgATP.
Holding potentials were maintained at —65 mV in both cases. The open
pipette resistance with these solutions was 3—4 M(), and recordings with
series resistance >20M() were discarded.

A patch pipette filled with ACSF solution was used to evoke synaptic
potentials. To evoke EPSCs, the stimulation electrode was placed in the
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stratum radiatum; and to evoke IPSCs, the stimulation electrode was
placed in the region at the border of the stratum oriens and stratum
pyramidale. Stimuli of 100 ws duration were delivered at a constant
voltage at 0.2 Hz. The stimulus intensity was adjusted to achieve “nearly
minimal stimulation” conditions, that is ~50% failure rate for EPSC
recordings and ~20—40% failure rate for IPSC recordings (higher failure
rates cannot be reliably obtained for inhibitory synapses).

Data analysis. The recordings were analyzed off-line using the Clampfit
software (Molecular Devices), as well as the in-house software QUANTAN
(Bykhovskaia, 2008). Statistical analyses were performed using Student’s un-
paired two-sided t test, Student’s paired one-sided t test, Kolmogorov—Smir-
nov test, or two-way ANOVA followed by Tukey’s post hoc test, using SPSS
software. Curve fitting (Hill function) was performed using Prism software
(GraphPad).

Drugs. 4-Aminopyridine (4-AP, 10, 15, or 100 uM; Sigma) was applied
to evoke epileptiform activity. Slices were perfused for at least 4 min in
the 4-AP containing recording solution before recordings (under our
perfusion conditions, the 4-AP effect reaches a plateau after 3 min).
NMDA receptors were blocked in recordings of evoked activity using
D-(—)-2-amino-5-phosphonopentanoic acid (p-AP5 20 um). For re-
cordings of EPSCs and miniature EPSCs (mEPSCs), GABA currents were
blocked by picrotoxin (Ptx, 50 um). For recordings of IPSCs and minia-
ture IPSCs (mIPSCs), AMPA currents were blocked using CNQX (20
uMm). For recordings of mEPSCs and mIPSCs, TTX (1 M) was applied for
10 min to block action potentials.

Results

SynlI deletion enhances spontaneous synaptic and
epileptiform network activity in vitro

Deletions of Synl, SynlI or SynI and SynII (double knock-out)
result in the development of an epileptic phenotype (Rosahl et al.,
1995). In all three cases, the onset of epileptiform activity is de-
velopmentally delayed and does not become apparent until the
second or third postnatal month (Ketzef et al., 2011). Previous
studies have shown that deletion of SynlI alters short-term syn-
aptic plasticity in the CAl region during the presymptomatic
period (Rosahl etal., 1995; Bogen et al., 2009; Hvalby et al., 2010).
However, little is known about possible changes in synaptic and
network activity during this period that may contribute to the
development of seizures in the adult. To address this issue and
gain a general indication of network excitability, we recorded
spontaneous activity from pyramidal cells of the CA1 region un-
der conditions that allowed for the separation of sEPSCs from
sIPSCs in the absence of receptor blockers (Fig. 1 A,E). As illus-
trated in Figure 1, deletion of SynlI resulted in a significant in-
crease in sEPSC activity and a significant decrease of sIPSC
activity. Overall, we detected a 2.3-fold increase in sEPSC fre-
quency (p = 0.001, n = 7) without a significant increase in sSEPSC
amplitude (p = 0.35, Fig. 1B—D). The sIPSC frequency was de-
creased to 70% of control (p = 0.002, n = 11), whereas sIPSC
amplitude remained unchanged (Fig. 1F-H, p = 0.42). In this
same recording in the presence of TTX, we observed a modest but
statistically significant increase in mEPSC frequency (57% in-
crease, p = 0.04, n = 6) and no change in mEPSC amplitude (p =
0.50, n = 6). The frequency and amplitude of mIPSCs were not
affected by SynlI deletion (n = 6, p = 0.30 and p = 0.25, respec-
tively). These results reveal a robust increase in hippocampal
network excitability in slices derived from presymptomatic
SynlI(—) mice.

Such an increase in network excitability during the presymp-
tomatic period could constitute the precondition for the subse-
quent development of epileptic seizures. To explore this
possibility, we built upon the work of Boido et al. (2010) who had
previously shown the usefulness of the proconvulsant potassium
channel blocker 4-AP to unmask the epileptiform phenotype of
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Figure 1.  Synll deletion increases spontaneous synaptic activity in the CA1 region. A, Sample recordings of glutamate-mediated inward (SEPSCs) and GABA-mediated outward synaptic currents
at —50 mV. CNQX selectively blocks the inward synaptic currents, confirming that they are mediated by AMPA-kainate receptors. B, Histograms illustrating the distribution of SEPSCamplitudes for
WT and Synll(—) synapses. There is an increase in the number of SEPSCs recorded in SynlI(—) but the lack of a significant difference in SEPSCamplitude (p = 0.18 per Kolmogorov—Smirmov test).
C, Cumulative plot illustrating the increase in SEPSC frequency detected at Synll(—) synapses (p = 0.0001 per Kolmogorov—Smirnov test). B, C, Histograms represent the results for all the
experiments pooled together for each genotype and normalized by the number of recordings. Synaptic events were collected for 5 min each from 6 WT cells in 3 mice and 7 Syn II(—) cells in 4 mice.
D, Scatter plotillustrating the sSEPSC frequencies recorded in the experiments illustrated in A-D but sorted by cell and genotype. The SEPSC frequency is significantly increased at Synll(—) synapses
(p = 0.001 per unpaired two sided ¢ test). E, Sample recordings of spontaneous GABAergic sIPSCs at 0 mV. Bottom, Application of Ptx completely blocks these synaptic events. F, Histogram
illustrating the distribution of sIPSC amplitudes recorded at WT and Synll(—) synapses. There is a decrease in the number of sIPSCs detected at Synll(—) synapses but no significant shift in their
amplitudes (p = 0.32 per Kolmogorov—Smirnov test). G, Cumulative histogram depicting the increased interevent interval detected at Synll(—) synapses (p = 0.0008 per Kolmogorov—Smirnov
test). F, G, sIPSCs were recorded for 5 min from 12 WT cellsin 5 mice and 11 Synll(—) cells in 4 mice. H, Scatter plot illustrating the results of the experiments illustrated in E-G sorted by cell and

genotype. The sIPSC frequency s significantly reduced at Synll(—) synapses (p = 0.002 per unpaired two sided ¢ test).

the SynI/II/III triple-knock-out (TKO) mice in vitro. Specifically,
their study showed that the administration of 200 um 4-AP to
brain slices could induce interictal (I-IC) discharges in slices de-
rived from both WT and TKO mice, but that the increase in fast
I-1C discharges was much larger in TKO than in WT mice. One
limitation of this work is that 200 um 4-AP induced epileptiform
activity in WT mice as well as in mice carrying the Synl/Syn
I1/SynlII triple deletion. We reasoned that perhaps the large effect
of high micromolar 4-AP on release could be occluding an effect
of genotype. To test this idea, we assessed the effect of low con-
centrations of 4-AP on hippocampal slices derived from both
young (presymptomatic) and adult SynII(—) and WT mice. As
illustrated in Figure 2, administration of 10 uMm 4-AP to slices
derived from young WT mice resulted in a significant increase in
sEPSCs (142 = 37%, p = 0.006, n = 6; Fig. 2A ) but failed to elicit
the appearance of interictal I-IC or ictal events (Fig. 2B,, n = 9).
In contrast, administration of 10 uM 4-AP to slices derived from
presymptomatic SynII(—) mice (Fig. 2A,) resulted in signifi-
cantly larger increase in excitatory synaptic transmission (195 *
16%, p = 0.001, n = 5) and the appearance of epileptiform I-IC
activity (Fig. 2B,). Consistent with previous findings, application
of high micromolar concentrations of 4-AP induced robust I-IC
activity in slices derived from both WT and SynlI(—) young mice
(Fig. 2B,,B;).

In slices derived from adult WT animals, administration of 10
uM 4-AP elicited only a modest but statistically significant in-

crease in SEPSC frequency (31 = 6%, p = 0.05, n = 8, Fig. 2A;).
Slices derived from adult mice were also more resistant to the
epileptogenic effects of 4-AP such that administration of 100 um
4-AP induced I-IC activity only approximately half as intense as
that seen in slices derived from young mice (Fig. 2B;). These
results are in agreement with earlier studies, which suggest that
immature brain has increased excitability (Holmes et al., 1998;
Ben-Ari, 2006). In adult symptomatic Syn II(—) animals, admin-
istration of 10 uM 4-AP again produced a stronger increase in
sEPSC activity (55 = 7% increase, p = 0.007, n = 8, Fig. 2A,), but
this increase was less robust than that seen in young animals (Fig.
2A, vs Fig. 2A,). Furthermore, administration of 10 um 4-AP
failed to elicit any epileptiform activity in Syn II( —) slices derived
from adult animals (Fig. 2B,), whereas administration of 100 um
4-AP elicited robust epileptiform activity surpassing that seen in
control slices (0.042 = 0.006 Hz in WT vs 0.107 = 0.015 Hz in
SynII(—), p = 0.006, Fig. 2B;). These results support the idea that
the changes in excitability induced by SynlI deletion are present
even in asymptomatic animals and that 4-AP can be used to
unmask the latent epileptiform phenotype induced by the dele-
tion of SynlII. They also support the view that the epileptic phe-
notype seen in synapsin-deficient mice is associated with a
number of secondary adaptations that develop to compensate for
the deficiencies in synaptic transmission and plasticity in young
presymptomatic mice (Ketzef et al., 2011; Farisello et al., 2012;
Ketzef and Gitler, 2012).
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Figure2. Low concentrations of 4-AP unmask the hyperexcitable Synll(—) phenotype in slices derived from young asymptomatic mice. A, Effect of 10 um 4-AP on sEPSC frequency recorded in

slices derived from WT and SynlI(—) mice. A, A,, Administration of 10 M 4-AP induces a much larger increase in SEPSCfrequency in slices derived from young asymptomatic Synll(—) mice (195 =
16%, p = 0.001, n = 5) thaniin slices derived from young WT mice (142 = 38% increase, p = 0.006, n = 6).4;, A, In contrast, administration of 10 um 4-AP to slices derived from adult mice of
both genotypes results in much more modest increases in SEPSC frequency (WT:31.0 == 6.4%, p = 0.050,n = 8; Synll(—): 55.1 == 7.3%, p = 0.01, n = 8). Data collected from three young and
four adult animals per strain (on average, two recordings per animal). B, Deletion of Synll reduces the threshold for epileptiform activity in slices derived from young presymptomatic animals. B;,
Sample recordings of I-IC discharges induced by 4-AP (100 wm). B, Administration of 10 um 4-AP induces the appearance of I-IC discharges in slices derived from presymptomatic Synll(—) mice
butnotinslices derived from young WT animals. B;, Administration of 10 um 4-AP fails to elicit I-IC discharges in slices derived from either WT or symptomatic Synll(—) adult animals. *p = 0.0003
(ANOVA followed by post hoc Tukey test). n = 9. B, Increasing 4-AP concentration to 100 um occludes the difference in I-ICactivity between the genotypes of presymptomatic animals. However,
at this higher concentration of 4-AP, slices derived from adult symptomatic Synll(—) animals exhibit significantly increased I-IC activity. *p = 0.013 (ANOVA followed by post hoc Tukey test). n =

8. Data collected from four mice per age group per strain.

SynlI deficiency creates excitatory/inhibitory imbalance
through an effect on GABAergic synaptic transmission
Previous studies have suggested that the epileptic phenotype re-
sulting from synapsin deletion results from the development of
an imbalance in excitatory and inhibitory synaptic transmission.
The ability of 4-AP to reveal the epileptic phenotype in slices
derived from the SynlI(—) mice suggested a potential avenue for
identifying the basis for this imbalance. To explore this idea, we
tested the effect of 4-AP on EPSCs and IPSCs evoked by electrical
stimulation. As illustrated in Figure 3, administration of low con-
centrations of 4-AP capable of selectively inducing epileptiform
activity in slices derived from SynII(—) mice elicited a significant
increase in the amplitude of the EPSCs in both WT and SynII(—)
mice (Fig. 3A). This increase in EPSC amplitude, however, was
highly asymmetrical and much larger in slices derived from
SynlI(—) mice than in slices derived from control mice (42.1 =
12.1% for WT, n = 9 vs 89.6 = 19.9% for Syn II(—),n = 6;p =
0.05; Fig. 3A,,A,,A;). Consistent with these findings, 4-AP also
induced a significantly larger decrease in failure rate in slices
derived from SynlII(—) mice (44.4 = 7.0% for WT vs 76.9 =
7.5%, p = 0.008; Fig. 3A;,A,). In contrast to these observations on

EPSCs, we could not detect a significant effect of 4-AP on IPSC
amplitude or failure rates in slices derived from SynlII(—) mice
(Fig. 3B,,B,), even though 4-AP produced a significant increase
in the amplitude of IPSC recorded in slices derived from WT
mice (Fig. 3B;,B;). Together, these result shows that the epilep-
togenic agent 4-AP produces a balanced increase in excitatory
and inhibitory synaptic transmission in WT mice. In contrast, in
slices derived from SynlI(—) mice, administration of 4-AP results
in a preferential facilitation of excitatory synaptic transmission.
This differential effect of 4-AP can be expected to magnify any
latent imbalance in excitatory/inhibitory synaptic transmission
and could explain the transition to the epileptic state.

We next asked what mechanism could modify the sensitivity
of SynlI(—) synapses to 4-AP. Because the action of 4-AP at
synapses is thought to involve an increase in Ca*" influx second-
ary to the blockade of potassium channels, we considered
whether the deletion of SynlI could affect the Ca** sensitivity of
release. To test the idea that SynII(—) inhibitory synapses have a
reduced sensitivity to Ca>" and that this is the underlying mech-
anism for the observed differential effect of 4-AP on EPSCs and
IPSCs in SynlI(—) slices, we repeated the above experiments us-
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Figure 3.  4-AP promotes excitatory and inhibitory transmission in a balanced way at WT synapses but creates an imbalance toward excitation at Synll(—) synapses. 4, EPSCs recorded in slices
derived from young presymptomatic Synll(—) mice exhibit an enhanced sensitivity to 4-AP (10 wm). A,, Effect of 4-AP on EPSCamplitude in WTslices (p = 0.014,n = 9).A,, Effect of 4-AP on EPSC
amplitude on Synll(—)slices(p = 0.011,n = 6). A;, Effect of 4-AP on the EPSCfailure rate in WTslices (p = 0.0002,n = 9).A,,, Effect of 4-AP on the EPSCfailure rate in Synll(—) slices (p = 0.0001,
n = 6). A, The synaptic facilitation induced by 4-AP effect is significantly (p = 0.049) stronger at Synll(—) synapses. The scatter graph represents the ratio of EPSC amplitudes with and without
4-AP. Data collected from 4 WT mice and 3 Synll(—) mice. 4;, A, insets, Average EPSCs (50 sweeps) recorded from representative experiments. Thin gray lines (4,—A,) and circles (A;) represent
individual experiments. The depicted values correspond to the average of 50 EPSCs. Asterisks indicate a statistically significant difference. One-sided paired t test was used to determine an increase
in synaptic response upon 4-AP application for the experiments depicted in A,~A,. Two-sided unpaired t test was used to compare the results depicted in A, to determine the difference between
genotypes. B, IPSCs recorded in slices derived from young presymptomatic Synll(—) mice exhibit diminished sensitivity to 4-AP (10 wm). B,, Effect of 4-AP on the IPSCamplitude recorded in WT
slices (p = 0.010, n = 8). B,, Effect of 4-AP on the IPSCamplitude recorded in Synll(—) slices (p = 0.67, n = 6). B;, Effect of 4-AP on the IPSCfailure rate recorded in WT slices (p = 0.05,n =
8). B, Effect of 4-AP on the IPSCfailure rate recorded in Synll(—) slices (p = 0.44, n = 6). B, The effect of 4-AP s significantly (p = 0.036) stronger at WT synapses. Data collected from 4 WT mice

and 3 Synll(—) mice.

ing 5 mM extracellular calcium instead of 4-AP. Increasing the
extracellular Ca** concentration mimicked the effect of 4-AP in
both WT and SynlII(—) slices, with a balanced increase in EPSCs
and IPSCs in WT slices, and selective increase in EPSCs without a
corresponding increase in IPSCs in SynII(—) slices (Fig. 4). These
results are consistent with the possibility that hippocampal inhib-
itory SynII(—) synapses may exhibit an impaired Ca** sensitivity
of release.

The results outlined above suggest that the impaired sensitiv-
ity of SynlII(—) inhibitory synapses to elevated Ca" levels may
produce an imbalance of excitatory and inhibitory transmission,
leading to the overexcitable epileptic phenotype. Alternatively, it
is possible that the overexcitability observed in the SynII(—) ge-
notype is caused by an enhanced response of glutamatergic trans-
mission to an epileptogenic stimulus. To discriminate between
these two possibilities, we tested whether blocking inhibitory syn-
aptic transmission would occlude the difference in spontaneous
sEPSC activity and epileptiform discharge between the WT and
SynII(—) mice. We recorded spontaneous synaptic activity in the
presence of 4-AP in slices derived from WT and SynII(—) mice
and administered Ptx at a concentration that could completely
block inhibitory synaptic transmission (Fig. 5A). As illustrated in
Figure 5B, C, the robust difference in sEPSC activity between
phenotypes observed in the presence of low concentrations of
4-AP was completely occluded by administration of Ptx such that
sEPSC frequency became indistinguishable in slices derived from

WT and SynlI(—) mice. Similarly, administration of Ptx oc-
cluded the differences in epileptiform activity observed between
WT and SynlI(—) genotypes (Fig. 5D). These results are consis-
tent with the idea that the epileptic phenotype revealed by admin-
istration of 4-AP in the SynII(—) mice reflects the unmasking of
a latent imbalance between excitatory and inhibitory synaptic
transmission resulting from a deficit in GABAergic synaptic
transmission.

SynlI deficiency compromises Ca’* sensitivity of inhibitory
synaptic transmission

To further test the hypothesis that inhibitory SynII(—) synapses
may exhibit an impaired Ca*™ sensitivity of release, we titrated
GABAergic responses with increasing concentrations of extracel-
lular Cd**, a protocol that allows for the examination of release
as a function of calcium influx. To cover a wide range of release
probabilities, the extracellular Ca?" concentration was elevated
to 5 mM. We found that IPSC amplitudes at elevated Ca*" levels
(5 mMm Ca** and 0-2 um Cd**) were significantly reduced in
SynlII(—) slices, whereas the blockade of Ca** channels by higher
Cd** levels (5-50 um) eliminated this difference (Fig. 6A, B). In
addition, fitting the data by the Hill function (Fig. 6C) demon-
strated that significantly higher Cd*" concentrations were re-
quired for half-maximal inhibition of release at SynII(—) slices
(K5 = 10.12 = 0.85 in WT vs 15.09 = 1.87 in SynlI(—), p =
0.023), although Cd*™ cooperativity was not altered (Hill coeffi-
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Figure 4.

Raising extracellular Ca* concentration mimics the effect of 4-AP application on excitatory and inhibitory transmission at WT and Synll(—) synapses. A, EPSCs recorded in slices

derived from young presymptomatic Synll(—) mice exhibit an enhanced sensitivity to elevated extracellular calcium concentration (5 mu). 4, Effect of raising extracellular calcium on the amplitude
of EPSCs in WT slices (p = 0.005, n = 10). A,, Effect of raising extracellular calcium on the amplitude of EPSCs in SynlI(—) slices (p = 0.031,n = 8). A,, Effect of raising extracellular calcium on
the EPSCs failure rate in WT slices (p = 0.047, n = 10). A, Effect of raising extracellular calcium on the EPSCs failure rate in Synll(—) slices (p << 0.001, n = 8). A, The effect of Ca" elevation
is significantly stronger at Synll(—) synapses (p < 0.04). Data collected from 5 WT mice and 4 Synll(—) mice. B, Increasing extracellular Ca > concentration produces a robust increase in evoked
inhibitory transmission in WT synapses but no detectable increase at Synll(—) synapses in slices derived from young mice. B,, Effect of raising extracellular calcium on the amplitude of IPSCs in WT
slices (p = 0.033, n = 8). B,, Effect of raising extracellular calcium on the amplitude of IPSCs in Synll(—) slices (p = 0.45, n = 7). B, Effect of raising extracellular calcium on the IPSCs failure rate
inWTslices (p = 0.028,n = 8). B,,, Effect of raising extracellular calcium on the IPSCs failure rate in Synll(—) slices (p = 0.5,n = 7). B;, The effect of calcium s significantly stronger at WT synapses

(p = 0.026). Data collected from 5 WT mice and 4 SynlI(—) mice.

cientn = 1.51 £0.17in WT vs 1.81 £ 0.3 in SynII(—), p = 0.4).
This result suggests that the presence of SynIl may be needed to
enable GABAergic synapses to enhance their efficiency in re-
sponse to Ca’™ elevation.

Rab3a balances SynlII deficiency through an effect on
glutamatergic synaptic transmission

Deletion of Rab3a results in a suppression of the epileptic pheno-
type seen in Syn II(—) mice (Coleman and Bykhovskaia, 2010).
The availability of the in vitro experimental model outlined above
offered the possibility of examining the cellular basis for this
rescue. Therefore, we next examined the effect of deleting Rab3a
on the SynII(—) cellular phenotype. Remarkably, baseline spon-
taneous synaptic activity recorded in slices derived from
SynlI(—)/Rab3a(—) DKO was indistinguishable from that re-
corded in slices derived from WT mice (Fig. 7A, B). Similarly, the
effect of 4-AP on synaptic activity in the SynlI(—)/Rab3a(—)
DKO was also indistinguishable from that seen in WT mice (Fig.
7C). Deletion of Rab3a also suppressed the epileptiform activity
unmasked by low concentrations of 4-AP in slices derived from
young presymptomatic Synll mice (Fig. 7D). Thus, Rab3a nor-
malized the increase in network excitability induced by the dele-
tion of SynII(—).

To understand how Rab3a deletion balances SynlI deficiency,
we investigated synaptic activity in Rab3a(—) animals. First, we
examined spontaneous activity in slices derived from Rab3a(—)
mice. The basal spontaneous activity at Rab3a(—) synapses was

undistinguishable from WT (Fig. 8A-C), but application of 4-AP
(10 uMm) to slices derived from Rab3a(—) mice resulted in a some-
what weaker increase in sEPSC frequency (70 = 18% increase in
Rab3a(—) vs 142 = 37% in WT, Fig. 8D), although the difference
between Rab3a(—) and WT phenotypes was not significant (p =
0.22). Consistent with these findings, application of 4-AP (10
uM) failed to elicit any detectable effect on EPSC amplitude (Fig.
8E,E;), although it produced a significant increase in the IPSC
amplitude (Fig. 8E,,E;). Elevating extracellular Ca** (to 5 mm)
mimicked this effect of 4-AP, suggesting that Rab3a deletion may
compromise Ca®" sensitivity at glutamatergic but not GABAer-
gic synapses. These results led us to suggest that deletion of Rab3a
normalizes the hyperexcitability phenotype characteristic of the
SynlI(—) not by reversing the deficit in GABAergic synaptic
transmission but instead by inducing a compensatory deficit in
glutamate-mediated synaptic transmission.

To test this idea, we repeated these experiments in slices de-
rived from SynlI(—)/Rab3a(—) DKO mice. We found that, in the
absence of both SynII and Rab3a, neither excitatory (Fig. 9A,,A4;)
nor inhibitory (Fig. 9A,,A;) transmission showed a detectable
enhancement in response to low concentrations of 4-AP (10 uMm)
or elevation of extracellular Ca™ (Fig. 9B). This suggests that the
Rab3a(—) rescue of the SynII(—) phenotype reflects impaired
Ca’" sensitivity at glutamategic synapses. These results are sum-
marized in the Figure 9C, which shows that low concentrations of
4-AP unmask an excitatory/inhibitory imbalance in slices derived
from SynlI(—) mice, that Rab3a deletion abolishes the effect of
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Figure 5.  The increased synaptic and I-IC activity observed in slices derived from young
presymptomatic Syn II(—) mice depends on synaptic inhibition. A, Application 50 M Ptx
eliminates inhibitory transmission. Recording were made at —65 mV holding potential in
cesium-based solution in the presence of CNQX and AP-5. B, Spontaneous glutamatergic activ-
ity is comparable in WT and SynlI(—) slices when inhibitory transmission is blocked by Ptx. ,
Ptx application occludes the difference in SEPSC frequency between the WT and Synll(—) slices.
D, Ptx application occludes the difference in I-IC activity between the WT and Synll(—) slices.
*Significant difference (p << 0.05 per ANOVA followed by post hoc Tukey) between genotypesin
the absence of Ptx. Data collected from 6 cells (3 animals) per genotype. Spontaneous activity
was recorded for 5 min in the absence and for 5 min in the presence of Ptx.

4-AP on EPSC amplitude, and that the double gene deletion pro-
duces a phenotype where no detectable effect of 4-AP on either
EPSC or IPSC amplitude is observed.

Interestingly, Rab3a deletion also negated the enhancing ef-
fect of SynlI deletion on the sensitivity of excitatory transmission
to low-dose 4-AP. Indeed, low-dose 4-AP produced a signifi-
cantly stronger enhancement of EPSC amplitude in SynII(—)
synapses than in WT synapses (89.6 = 19.8% vs 45.1 * 10.7%
increase, p = 0.048), whereas in the absence of Rab3a, SynlI
deletion had no effect on the sensitivity of glutamatergic trans-
mission to low-dose 4-AP or Ca’*, and no increase in EPSC
amplitude was detected in either Rab3a(—) or SynlI(—)/
Rab3a(—) DKO line upon 10 um 4-AP application or Ca*™ ele-
vation (Fig. 9C; C,).
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Figure 6.  Synll(—) inhibitory synapses have reduced sensitivity to Ca>™* channel blockade
by Cd%*, as well as a reduced ability to respond to Ca>* elevation. A, Representative IPSC
recordings obtained in 5 mu extracellular Ca** and different Cd " concentrations (red repre-
sents no cadmium; green represents 5 um; blue represents 50 um). Each trace is the average of
50 sweeps recorded in the same experiment. B, (d ™ titration of inhibitory transmission dem-
onstrates that WT GABAergic synapses have a stronger facilitation by elevated Ca®™ than
Synll(—) synapses. In WT synapses, IPSC amplitudes are increased at elevated Ca®™* and low
(<2 um) Cd** concentrations (p = 0.04,n = 6 pertwo-way ANOVA), whereas higher (d 2™+
concentrations abolish this difference. The stimulation intensity was adjusted to evoke similar
responses in both lines at normal Ca>* levels (2.5 mum Ca*™). Data collected from 3 WT and 3
Synll(—) presymptomatic mice (2 cell for each animal, 50 sweeps) were recorded at each Ca >+
and Cd* concentration. €, Fit to the data presented in the B by the Hill function. Ky is signif-
icantly higher in Synll(—) synapses (p = 0.035).

Thus, our results indicate that Rab3a could normalize the
hyperexcitable phenotype of the Syn II(—) mouse not by directly
compensating the Syn II(—)-induced deficit in GABAergic syn-
aptic transmission but rather by inducing a compensatory reduc-
tion in glutamate excitatory synaptic transmission, which is likely
to result from impaired Ca** sensitivity.
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Rab3a deletion balances the increase in SEPSC frequency and epileptiform activity observed in presymptomatic Syn

genes in animals and humans (Fassio et
al., 2011a), making the question of how
synapsin regulates neuronal and epileptic
activity especially intriguing. An earlier
study (Chiappalone et al., 2009) reported an
increased firing rate in synapsin-deficient
cortical neurons in culture, suggesting over-
excitability in synapsin-deficient neurons in
vitro. Here we have extended these findings

II(—) synapses. A, Recordings of sEPSCs (inward) and sIPSCs (outward) activity in the absence of blockers at —50 mV holding
potential in WT and Synll(—)/Rab3a(—) slices. B, sEPSC frequency in Synll(—)/Rab3a(—) synapses is comparable with that
recorded in WT (p = 0.38 per Kolmogorov—Smirnov test) but significantly different from that seen in SynlI(—) synapses (p =
0.008). €, 4-AP has a modest but significant effect on spontaneous activity in Synll(—)/Rab3a(—) DKO synapses (p = 0.043),
which is comparable with the effect observed in WT synapses (p = 0.6) but significantly smaller than that observed in Synll(—)
synapses (p = 0.05). The thin green lines represent individual experiments. D, 4-AP-induced epileptiform activity in Synll(—)/
Rab3a(—) DKO is similar to that recorded in WT slices but significantly lower than that recorded in Synll(—) slices at low 4-AP
concentrations (10 and 15 wm). Asterisks indicate a significant difference between Synll(—)/Rab3a DKO and Synll(—) lines (p <
0.05 per ANOVA followed by post hoc Tukey test). Dotted lines indicate the replotted data from Figures 1and 2. Data collected from
4 Syn lI(—)/Rab3a(—) animals (9 cells).

to show that spontaneous synaptic activity is
increased in SynlII(—) hippocampal slices and that this effect cannot
be ascribed solely to the increase in mEPSCs.

To unmask the epileptic phenotype in synapsin-deficient
mice in vitro, we used 4-AP, which has previously proven useful
for studying epileptic activity in synapsin-deficient neurons
(Boido et al., 2010; Ketzef et al., 2011). We found that adminis-
tration of low concentrations of 4-AP preferentially increases
spontaneous synaptic activity in SynlI(—) neurons and selec-
tively induces epileptiform activity in slices derived from pres-
ymptomatic SynlI(—) animals. Interestingly, the slices of adult
symptomatic animals had reduced excitability, suggesting that
epileptic activity in adult animals is strongly influenced by devel-
opmental effects and secondary adaptations (Ketzef et al., 2011;
Farisello et al., 2012; Ketzef and Gitler, 2012).

Previous studies suggested the likely involvement of changes
in inhibitory synaptic transmission as causative agents for the
seizure phenotype seen in synapsin-deficient mice. Thus, record-
ings from autaptic cultured hippocampal neurons demonstrated
that inhibitory synapses derived from synapsin TKO (Gitler et al.,
2004) and SynI(—) animals (Baldelli et al., 2007) had reduced

evoked (but not spontaneous) release. A subsequent study (Fari-
sello et al., 2012) examined the input-output relationship for
excitatory and inhibitory transmission in hippocampal slices and
found that high stimulation intensities evoke significantly higher
excitatory and lower inhibitory currents in both adult and pre-
symptomatic TKO synapsin mice. These studies point to a deficit
in inhibitory synaptic transmission, leading to an excitatory/in-
hibitory imbalance in synapsin knock-out brain as a likely reason
for the synapsin-dependent overexcitability.

To try to link specific changes in synaptic activity in slices
derived from SynlI(—) mice to the epileptic phenotype, we ex-
amined the effects of low concentrations of 4-AP on excitatory
and inhibitory synaptic transmission. As previously seen by oth-
ers (Buckle and Haas, 1982; Gu et al., 2004), administration of
4-AP to WT mice facilitated excitatory and inhibitory evoked
synaptic transmission in a balanced way. In contrast, administra-
tion of 4-AP to slices derived from SynII(—) mice resulted in a
strong selective increase in the EPSC amplitude with no detect-
able effect on the IPSC amplitude. These results suggested a key
role for changes in inhibitory synaptic transmission. If this was
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neurons, administration of 4-AP (10 ) fails to produce any detectable change in EPSCamplitude (E;,E;, p = 0.425,n = 7), whereas it elicits a significant increase in IPSCamplitude (E,,E;, p = 0.010,n =
7). E;, The effect of 4-AP on EPSCs and IPSCs in the two genotypes. F, In Rab3a neurons, elevating extracellular calcium fails to produce a statistically significant change in EPSCamplitude (F;, p = 0.10,n =7),
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the case, then the effect of genotype on spontaneous synapticand  injected dephosphosynapsin (Llinds et al., 1985, 1991; Hackett et al.,
epileptiform activity should be occluded by blockade of GABAe- ~ 1990; Coleman et al., 2008) and the regulation of synapsin phos-
rgic synaptic transmission. Consistent with this idea, administra- ~ phorylated state by several Ca**/calmodulin and calcineurin-
tion of a saturating concentration of Ptx abolished the differential ~ dependent pathways (Jovanovic et al., 2001; Yamagata et al., 2002;
effect of Syn II(—) on synaptic activity. We interpret these results ~ Cesca et al., 2010). Additional support for this idea comes from the
to indicate that the hyperexcitability observed in hippocampal  observation that SynI(—) hippocampal inhibitory synapses have re-
slices derived from presymptomatic SynII(—) animals requires  duced sensitivity to the blockade of Ca*" influx by Cd*" (Baldelli et
the SynlI(—)-induced deficit in inhibitory synaptic transmission.  al., 2007). In the current study, we explored the effect of increasing

Because 4-AP is thought to promote transmitter release by pro-  extracellular Ca** concentration on glutamatergic and GABAergic
longing Ca>" influx (Vyshedskiy et al., 2000), we asked whether we  transmission and discovered that it closely mimicked the effect of
could mimic the effect of 4-AP in vitro by manipulating extracellular ~ 4-AP treatment. Such Ca** elevation promoted both excitatory and
calcium. An effect of synapsin deletion on the Ca®" sensitivity of  inhibitory transmission in WT slices but did not produce a signifi-
release has been previously detected at the neuromuscular synapse  cant increase in GABAergic transmission in SynlII(—) slices. Titra-
(Coleman et al., 2008; Coleman and Bykhovskaia, 2010), and such  tion of GABAergic release by Cd*" demonstrated that SynII(—)
an effect would be consistent with the inhibition of release by micro-  inhibitory synapses have reduced sensitivity to Cd** blockade, as
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Lack of effect of 4-AP or elevated extracellular Ca®* on EPSC/IPSC amplitudes at Synll(—)/Rab3a(—) synapses. A, In Synll(—)/Rab3a(—), DKO synapses in slices derived from young

mice 4-AP (10 ) fails to produce a detectable increase in either EPSC (4,, A3, p = 0.43, n = 6) or IPSCamplitude (A,, A3, p = 0.50,n = 5). B, In Syn l(—)/Rab3a(—), DKO synapses elevating
extracellular calcium to 5 mm fails to elicit a statistically significantincrease in either EPSCs (B;, B;, p = 0.48,n = 10) or IPSCs (B,, B;, p = 0.48,n = 8). €, Bar graph summarizing the results of 4-AP
(€;) and elevated calcium (C,) on EPSCs and IPSCs in the different genotypes. These plots summarize the data presented in Figures 3, 4, 8, and 94, B.

well as to Ca*" elevation. These observations are consistent with
recent findings indicating that SynII interacts with presynaptic Ca**
channels (Medrihan et al., 2013). Thus, our study suggests that im-
paired Ca’" sensitivity of the GABAergic release, produced by syn-
apsin deficiency, is responsible for the compromised response of
inhibitory neurons to an epileptogenic stimulus.

Rab3a deletion restores the excitation/inhibition imbalance
in SynII(—) neurons via the regulation of excitatory synaptic
transmission

Given the epileptogenic effect of synapsin deletion, understand-
ing how to balance the deleterious effect of these deletions repre-
sents an important therapeutic goal. Unfortunately, rational
approaches to this problem to date have not yielded effective

strategies. For example, epilepsy in synapsin-deficient animals
proved to be remarkably resistant to the antiepileptic drug leve-
tiracetam (Boido et al., 2010), which has a presynaptic target. We
have previously shown that deletion of the synapsin binding part-
ner Rab3a rescues the seizure phenotype observed in synapsin
knock-out animals (Coleman and Bykhovskaia, 2010). Because
this is the only manipulation discovered to date that rescues
synapsin-dependent seizures at the behavioral level, it is essential
to understand the functional interaction of these two proteins at
the level of synapses and networks. In this study, we demon-
strated in vitro that this genetic manipulation balances the over-
excitability observed in SynII(—) neurons, in line with the effect
of Rab3a gene deletion on synapsin-dependent epileptic activity
in vivo.
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Rab3a is a small vesicle-associated protein (Fischer von Mol-
lard etal., 1991; Mizoguchi et al., 1992), which is thought to target
vesicles to active zones (Nonet et al., 1997; Leenders et al., 2001;
Coleman et al., 2007; Tian et al., 2012). Rab3a and synapsins
interact on vesicles (Giovedi, 2004b), and this interaction
changes the function of both proteins (Giovedi et al., 2004a). At
the neuromuscular junction, these two proteins appear to inter-
act in a complex hierarchical way to regulate release (Coleman
and Bykhovskaia, 2010). Thus, Rab3a deletion could rescue the
SynlI(—) phenotype directly, by correcting the SynlII(—)-
induced deficit in GABAergic synaptic transmission. However,
we have tested this possibility and found that this is not the case.
Rab3a deletion had no effect on enhancement in GABAergic hip-
pocampal synapses induced by 4-AP, independently of the pres-
ence or absence of Synll. Strikingly, however, Rab3a deletion
significantly compromised the enhancement in glutamatergic
hippocampal synapses induced by 4-AP. Although 4-AP applica-
tion produced a robust increase in the EPSC amplitude in WT
excitatory synapses, no significant increase in EPSCs was detected
upon administration of 4-AP to Rab3a(—) synapses, indepen-
dently of SynII presence. Extracellular Ca>" elevation mimicked
this effect of 4-AP, suggesting that the Ca®" sensitivity of the
release process at glutamatergic hippocampal synapses may de-
pend on Rab3a. This observation is consistent with the proposed
role of the Rab3a protein in targeting vesicles to Ca*>" channels
(Schliiter et al., 2006) and with the impaired Ca** sensitivity
observed at the neuromuscular synapse of Rab3a(—) animals
(Coleman et al., 2007; Coleman and Bykhovskaia, 2009). We
interpret these results to indicate that Rab3a deletion restores the
excitation/inhibition imbalance produced by the SynII(—) dele-
tion by suppressing excitatory synaptic transmission.

More broadly, our findings suggest that Rab3a deletion bal-
ances the epileptogenic effect of Synll deletion at the level of
networks. Specifically, we show that both SynII and Rab3a affect
the Ca*" sensitivity of release and that this effect is synapse-
specific. SynII deletion suppresses the Ca®" sensitivity of GABA
release, thus creating an excitation/inhibition imbalance. In con-
trast, Rab3a deletion has no apparent effect on GABA release but
suppresses the Ca*™ sensitivity of glutamate release, thus com-
pensating for the deletion of SynIl. In addition, SynII deletion
appears to enhance the sensitivity of glutamate release to 4-AP,
and this effect is suppressed by Rab3a deletion. Thus, our study
reveals functional interaction of SynII and Rab3a at the level of
single synapses and networks and demonstrates that the latter is
critical for the compensatory effect of Rab3a deletion on overex-
citability in the SynlI-deficient brain.
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