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Synapsin II Regulation of GABAergic Synaptic Transmission
[s Dependent on Interneuron Subtype
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Synapsins are epilepsy susceptibility genes that encode phosphoproteins reversibly associated with synaptic vesicles. Synapsin II (SynlII)
gene deletion produces a deficit in inhibitory synaptic transmission, and this defect is thought to cause epileptic activity. We systemati-
cally investigated how SynlI affects synchronous and asynchronous release components of inhibitory transmission in the CA1 region of
the mouse hippocampus. We found that the asynchronous GABAergic release component is diminished in SynII-deleted (SynII(—))
slices. To investigate this defect at different interneuron subtypes, we selectively blocked either N-type or P/Q-type Ca>" channels. SynII
deletion suppressed the asynchronous release component at synapses dependent on N-type Ca** channels but not at synapses dependent
on P/Q-type Ca®" channels. We then performed paired double-patch recordings from inhibitory basket interneurons connected to
pyramidal neurons and used cluster analysis to classify interneurons according to their spiking and synaptic parameters. We identified
two cell subtypes, presumably parvalbumin (PV) and cholecystokinin (CCK) expressing basket interneurons. To validate our interneuron
classification, we took advantage of transgenic animals with fluorescently labeled PV interneurons and confirmed that their spiking and
synaptic parameters matched the parameters of presumed PV cells identified by the cluster analysis. The analysis of the release time
course at the two interneuron subtypes demonstrated that the asynchronous release component was selectively reduced at SynII(—) CCK
interneurons. In contrast, the transmission was desynchronized at SynlI(—) PV interneurons. Together, our results demonstrate that
SynlI regulates the time course of GABAergic release, and that this SynlI function is dependent on the interneuron subtype.
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Deletion of the neuronal protein synapsin II (Synll) leads to the development of epilepsy, probably due to impairments in
inhibitory synaptic transmission. We systematically investigated SynlI function at different subtypes of inhibitory neurons in the
hippocampus. We discovered that SynlI affects the time course of GABA release, and that this effect is interneuron subtype specific.
Within one of the subtypes, SynlI deficiency synchronizes the release and suppresses the asynchronous release component, while at the
other subtype SynlI deficiency suppresses the synchronous release component. These results reveal a new SynlI function in the regula-
tion of the time course of GABA release and demonstrate that this function is dependent on the interneuron subtype. /
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Introduction

Synapsins I and II (Synl and SynlI) are neuronal phosphopro-
teins that reversibly associate with synaptic vesicles and tether
them to the cytomatrix to maintain a reserve pool of vesicles
(Greengard et al., 1993; Shupliakov et al., 2011). Converging ba-
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sic and clinical work has convincingly implicated the synapsins in
the pathophysiology of epilepsy. At the clinical level, genetic ep-
idemiology studies have identified a human nonsense mutation
in the Synl gene associated with syndromic epilepsy (Garcia et al.,
2004; Giannandrea et al., 2013) and also a contribution of SynlI
to a sporadic epilepsy predisposition (Cavalleri et al., 2007;
Lakhan et al., 2010; Prasad et al., 2014). At the basic science level,
experiments in genetically modified animals have shown that
deletion of either the SynI or SynlII genes results in a strong epi-
leptic phenotype (Li et al., 1995; Rosahl et al., 1995; Etholm and
Heggelund, 2009). Thus, understanding how deletion of the syn-
apsins affects neuronal networks in the brain has a potential to
illuminate key aspects of the pathophysiology of some forms of

epilepsy.
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There is now a broad consensus regarding the function of the
synapsins at the molecular level. During synaptic activity, the rise
in intraterminal calcium triggers the dissociation of synapsins
from vesicles, allowing vesicles to replenish the releasable pool
(Hilfiker et al., 1999; Orenbuch et al., 2012). Additionally, syn-
apsins also appear to participate in the docking and priming of
synaptic vesicles at active zones (Humeau et al., 2001; Cousin et
al., 2003; Coleman et al., 2008; Messa et al., 2010), and regulate
the latest stages of exocytosis by synchronizing release events
(Hilfiker et al., 1998; Fassio et al., 2006; Coleman and Bykhovskaia,
2009). However, how the loss of SynlI or SynlI leads to the epilep-
tic phenotype is not well understood.

It has been recognized that deletion of SynI and/or SynlI dif-
ferentially affects excitatory and inhibitory synaptic transmis-
sion. Deletion of the synapsins at GABAergic synapses produces a
reduction in basal inhibitory neurotransmission, although no
obvious changes in basal synaptic transmission are seen at gluta-
matergic synapses (Gitler et al., 2004). These observations led to
the idea that a deletion of Synl/II produces an imbalance in ex-
citatory and inhibitory transmission (Gitler et al., 2004; Chiap-
palone et al., 2009; Farisello et al., 2013) that could explain the
epileptic phenotype (Fassio et al., 2011). More recently, Medri-
han et al. (2013) demonstrated that deletion of SynlII can also
suppress the asynchronous component of inhibitory synaptic
transmission. This finding led to the suggestion that SynII may
regulate neuronal excitability by maintaining asynchronous
GABAergic release and thus promoting tonic inhibition (Medri-
han et al., 2015).

GABAergic interneurons are highly heterogeneous and make
subtype specific synapses that vary in terms of their anatomy,
physiology, and molecular composition (Klausberger and Somo-
gyi, 2008). Several interneuron subtypes have been implicated in
the regulation of seizure activity, including parvalbumin (PV)
(Sessolo et al., 2015; Yekhlef et al., 2015; Yi et al., 2015) and
cholecystokinin (CCK) expressing interneurons (Wyeth et al.,
2010; Sun et al., 2014). At the present time, it is unclear whether
the synapsin action is uniform across inhibitory interneurons or
whether synapsins regulate inhibitory transmission selectively at
specific interneuron subtypes. In the present study, we investi-
gated how SynlI deletion affects synchronous and asynchronous
GABAergic synaptic transmission in the hippocampus and tested
whether the SynlI action is interneuron specific.

Materials and Methods

Animals. Mice heterozygotes for the Syn2 targeted mutation were pur-
chased from The Jackson Laboratory (strain B6;129S-Syn2""! Sud/py Ho-
mozygotes lines Syn II(—) and wild-type (WT) were derived from
breeding heterozygotes. Genotypes of all the breeders were indepen-
dently confirmed by commercial genotyping service (Transnetix). Mice
with labeled PV interneurons were derived from breeding the strains
B6;129P2-Pyalb™ 4] and B6.Cg-Gt(ROSA)26S0r™ 1 4(CAG-dTomato)Hzey
(The Jackson Laboratory). All the animal colonies were kept at standard
conditions at room temperature and on a 12 h dark/light cycle. The
husbandry conditions were identical for all the strains under the study.
All the experiments were performed on 15- to 20-d-old animals of either
sex in accordance with the guidelines of the Animal Care and Use Com-
mittee of the Universidad Central del Caribe, the Wayne State University
School of Medicine, and the National Institutes of Health of the United
States Public Health Service.

Slice preparation. Mice were anesthetized by isoflurane and decapi-
tated 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, and bubbled with a mixture of 95% O, and 5%
CO,. Horizontal hippocampal slices (300 wm thickness) were cut using a
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vibratome (Leica VT 1200 S). The slices were washed two times in the
ACSF solution (previously bubbled with the same gas mixture) contain-
ing the following (in mm): 120 NaCl, 2.5 KCl, 1.3 MgSO,, 1.0 KH,PO,,
2.5 CaCl,, 24.0 NaHCO;, 10 dextrose, 50 sucrose, with the osmolality
adjusted to 295 mOsm with sucrose, and maintained in the ACSF solu-
tion at 33°C 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 at the room tem-
perature (22°C). Recordings were acquired using the multiclamp 700B
amplifier and pCLAMP 10.0 software (Molecular Devices), filtered at 2
kHz and digitized at 10 kHz. Evoked synaptic responses were recorded
using pipettes filled with a high-chloride cesium-based solution contain-
ing the following (in mm): 153.3 CsCl, 1.0 MgCl,, 10.0 HEPES, 5 EGTA,
0.1 NaGTP, 5.0 QX-314-bromide, and 3.0 MgATP. A stimulation elec-
trode filled with the ACSF solution was placed at the border of the stra-
tum oriens and stratum pyramidale, and stimuli of a 100 us duration
were delivered at a constant voltage. Inhibitory synaptic events were
recorded using AP5 (25 um) and CNQX (50 um) applied to the bath to
block NMDA and AMPA currents, respectively.

IPSCs were elicited with 50 stimuli at a 0.1 Hz frequency. For record-
ings of miniature IPSCs (mIPSCs), TTX (1 um) was applied for 10 min to
block action potentials. To monitor the asynchronous release compo-
nent produced by high-frequency stimulation, we delivered three succes-
sive trains of 15 pulses at a frequency of 50 Hz with an interval of 30 s
between the trains. We evaluated the rundown between the tetani using a
liner regression analysis, and the experiments with significant run down
were discarded.

In the experiments with extracellular field stimulation, the stimulus
intensity was adjusted to eliminate transmission failures. Holding
potentials were maintained at —65 mV. The open pipette resistance
was 3—4 M{), and recordings with the series resistance exceeding 20 m{)
were discarded. Calcium channel blockers w-conotoxin GVIA (250 nm,
Tocris Bioscience) and w-agatoxin IVA (10 nm) were applied to the bath
solution for 20 min.

For paired recordings, the presynaptic interneuron was recorded in
current clamp, whereas the postsynaptic pyramidal cell was monitored
in voltage clamp with a holding potential set to —65 mV. Presynaptic
interneurons were patched with pipettes filled with potassium gluconate-
based intracellular solution containing the following (in mwm): 135
K-gluconate, 0.1 CaCl,, 2.0 MgCl,, 2.0 Na-ATP, 1.0 EGTA, 10 HEPES,
and 5 mg/ml biocytin (B4261 Sigma), pH 7.35 (adjusted with KOH), 280
mOsm. The open pipette resistance in these experiments was 3—6 mM(). To
monitor synaptic activity, the presynaptic cell was stimulated with con-
stant current depolarizing pulses (4 ms, 1000 pA amplitude). To evaluate
the spiking frequency (SF), a depolarizing pulse of 250 pA amplitude and
500 ms duration was applied to the presynaptic interneuron. The coeffi-
cient of adaptation (CA) was measured as the ratio between the first and
the last interspike interval.

Imaging was performed using an Olympus compound microscope
with a 60X water-immersion objective and a confocal imaging system
(Ultravie, PerkinElmer). Biocytin staining with a post hoc interneuron
identification was performed as described by Marx et al. (2012). Biocytin
was allowed to diffuse into the neurons for ~30 min.

Data analysis. The recordings were analyzed off-line using Clampfit
(Molecular Devices) and in-house software QUANTAN (Bykhovskaia,
2008). The after tetanus charge and the frequency of asynchronous peaks
were measured over a 500 ms time window after the end of a tetanus. The
release time course was derived using the deconvolution analysis as de-
scribed by Diamond and Jahr (1995), using the Fourier transform of
averaged IPSCs divided over the Fourier transform of averaged mIPSCs,
which was followed by an inverse Fourier transform. The script for the
deconvolution procedure was written in MATLAB. The synchronous
release component was defined as quanta released within 6 ms following
astimulus. The reconstruction of biocytin-stained interneurons was per-
formed using the Image] plugin Neuro] (Meijering et al., 2004). ANOVA
followed by the Tukey’s post hoc test was usedfor multiple comparisons.
K-means algorithm was used for clustering. Cumulative distributions
were compared using the Kolomogorov—Smirnov test.
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Figure 1.  The asynchronous release component is reduced at SynlI(—) inhibitory hippocampal synapses. A, Basal inhibitory transmission is similar at WT and SynlI(—) slices. The stimulation
intensity was adjusted to eliminate transmission failures, and this stimulation paradigm produced similar IPSCamplitudes in WT in Synll(—) lines. B, Representative postsynaptic currents elicited
by 50 Hz frequency tetani at WT and Synll(—) slices illustrate the reduced after tetanus current in Synll(—) line (red). Stimulus artifacts were removed for clarity. C, The relationship between the
charge transfer after a tetanus and the charge during a tetanus at individual experiments. The slope of the linear regression is significantly reduced at Synll(—) slices (p << 0.01), suggesting a
selective reduction of the charge transfer after the tetanus in the Syn Il(—) line. D, The After/During charge ratio is significantly reduced at Synll(—) slices (p << 0.001). E, The frequency of
asynchronous current peaks is significantly reduced at Synll(—) slices ( p << 0.005), whereas the sIPSC frequency is not affected. sIPSCs were collected for 5 min before the onset of the stimulation.
F, The synchronous release component at WT and Synll(—) slices over the duration of the tetanus computed using deconvolution. G, The cumulative synchronous release kinetics derived by
deconvolution suggest that the synchronous release component is not affected at Synll(—) slices. Dotted lines indicate confidence interval for the cumulative synchronous release. Inset, Total
synchronous release over the duration of the tetanus. H, The asynchronous release component computed using deconvolution. Right, Plot (overlay) represents the data normalized by the first
response in a tetanus. /, The cumulative asynchronous release component is significantly reduced at Synll(—) slices. Dotted lines indicate the confidence interval. (Figure legend continues.)
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Figure 2.  The blockade of N-type Ca®* channels by w-conotoxin GVIA reverses the inhibitory effect of Synll deletion on the asynchronous GABAergic release component. A, The blockade of
N-type Ca > channels by w-conotoxin GVIA (250 nw) significantly reduces the basal inhibitory transmission in both genotypes. B, Representative current traces elicited by 50 Hz tetaniillustrate the
reduced postsynapticsignal in both lines upon w-conotoxin GVIA application. Notably, the effect of the treatment on the after tetanus current is stronger in WT slices. Stimulus artifacts are removed
for clarity. C, The w-conotoxin GVIA treatment significantly (p << 0.005) reduces the frequency of asynchronous peaks at WT but not at Synll(—) slices. D, The effect of w-conotoxin GVIA on the
charge transfer during the tetanus is similar at WT and Synll(—) slices. E, The effect of w-conotoxin GVIA on the charge transfer after the tetanus is significantly stronger at WT slices (p << 0.01).
F, The w-conotoxin GVIA treatment reduces the After/During charge ratio at WT (p << 0.005) but not at Synll(—) slices. Data collected from 13 slices for each genotype. *p << 0.05, **p < 0.01,

* < 0,005,

Results

In pyramidal cells of the CA1 region, a burst of evoked IPSCs is
followed by a brief period of asynchronous inhibitory synaptic
activity. Previous studies in the dentate gyrus have shown that
SynlI deletion leads to the loss of the asynchronous compo-
nent of evoked IPSCs (Medrihan et al., 2013). Therefore, we
first examined whether this effect is generalizable to the CAl
region. We performed whole-cell recordings from pyramidal
neurons and elicited evoked IPSCs using extracellular stimu-
lation adjusted to eliminate transmission failures. This stimu-
lation paradigm produced similar evoked IPSCs in the slices
derived from WT and SynII(—) mice (Fig. 1A). Next, we exam-

<«

(Figure legend continued.) Inset, Total asynchronous release, including that recorded during and
after the tetanus (p << 0.01). J, The ratio between the cumulative asynchronous and synchro-
nous release components is significantly reduced at Synll(—) slices (p << 0.01). Data collected
from 26 slices for each genotype. **p << 0.01, ***p << 0.005, ****p < 0.001.

ined synchronous and asynchronous release components produced by
50 Hz tetani (Fig. 1B).

Initially, we estimated the magnitudes of synchronous and
asynchronous release components by integrating the synaptic
current during and after the tetanus. Because only the asynchro-
nous release component contributes to the charge transfer after
the tetanus, whereas the tetanus charge is produced by both
synchronous and asynchronous release components, the se-
lective reduction in the charge transfer after the tetanus would
indicate that the asynchronous release component is selec-
tively reduced. We plotted the charge transfer after the tetanus
as a function of the charge transfer during the tetanus for each
cell (Fig. 1C). In this plot, a shallower slope of the linear
regression would reflect a selective reduction of the asynchro-
nous release component. As illustrated in Figure 1C, the linear
regression analysis exhibited a reduced slope for SynII(—)
slices (0.266 = 0.05 in Syn II(—) vs 0.719 * 0.07 in WT,
ANCOVA p = 0.008). Consistently, the ratio between the
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Figure 3.  The blockade of P/Q-type Ca®™ channels by cw-agatoxin suppresses hoth release components in WT and Synli(—) genotypes. A, The blockade of P/Q-type Ca** channels by
w-agatoxin VA (10 nm) significantly reduces basal inhibitory transmission in both genotypes. B, Representative traces illustrate a uniform reduction of the postsynaptic current produced by the
w-agatoxin IVA treatment in both genotypes. €, The w-agatoxin IVA treatment does not affect the frequency of asynchronous peaks in either of the genotypes. D, The effect of w-agatoxin IVA on
the charge transfer during the tetanus is similar at WT and Synll(—) slices. E, The effect of w-agatoxin IVA on the charge transfer after the tetanus is similar at WT and Synll(—) slices. F, The
w-agatoxin IVA treatment does not affect the After/During charge ratio in either of the lines. Data collected from 13 slices for each genotype. *p << 0.05, **p << 0.01.

charge transfer after the tetanus and the charge transfer during
the tetanus (After/During charge ratio) was significantly re-
duced in SynlI(—) slices (Fig. 1D).

As an alternative measure for the asynchronous release com-
ponent, we evaluated the frequency of asynchronous IPSCs by
quantifying all the current peaks following the tetanus within a
500 ms time window. We found that the frequency of asynchro-
nous release events was significantly reduced in the SynII(—) line
(Fig. 1E), even though the frequency of spontaneous IPSCs
(sIPSCs) was not affected in the SynII(—) line.

Finally, we computed the release time course at WT and
SynII(—) synapses using deconvolution analysis (Diamond and
Jahr, 1995). The synchronous (Fig. 1 F, G) and the asynchronous
(Fig. 1 H,I) release components were separated. The time course
of the synchronous release component during the tetanus sug-
gested that it was not altered in SynlII(—) slices (Fig. 1F). This
conclusion was confirmed by comparison of the cumulative
synchronous release components between the genotypes
(Fig. 1G). In contrast, the asynchronous release component,
including that recorded during and after the tetanus, was di-
minished at SynlII(—) slices (Fig. 1H). The analysis of the

cumulative asynchronous release component demonstrated
that it was significantly reduced at SynlI(—) genotype (Fig.
1I). Consistently, the ratio between the asynchronous and
synchronous release components was significantly reduced at
SynlII(—) slices (Fig. 1]).

This analysis demonstrated that the asynchronous release
component was selectively reduced in SynlI(—) synapses. Com-
bined, these results identify a key role for SynlI in supporting
asynchronous inhibitory synaptic transmission in the CA1 region
and extend previous results in the dentate gyrus (Medrihan et al.,
2013, 2015).

A prominent asynchronous GABAergic release component is
usually associated with CCK interneurons (Daw et al., 2009),
which contribute to the regulation of epileptic activity (Sun et al.,
2014). These considerations raise the possibility that the SynlII-
dependent asynchronous release component recorded in
pyramidal cells may originate from synapses made by CCK in-
terneurons. As a first test for this possibility, we took advantage of
the finding that synaptic transmission at CCK interneurons is
mediated by N-type Ca>* channels (Hefft and Jonas, 2005). We
reasoned that, if CCK interneurons were responsible for the asyn-
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Paired recordings from inhibitory basket cells connected to CAT neurons at the stratum pyramidale reveal two classes of interneurons with fast and slow IPSC kinetics. A, Paired

recordings from GABAergic basket cells connected to pyramidal neurons. B, A GABAergic basket cell (red) synaptically connected to a pyramidal neuron (blue). Biotin staining shows axon arbors
predominantly located in stratum pyramidale (SP). SO, Stratum oriens; s.rad, stratum radiatum; SLM, stratum lacunosum-moleculare. €, All the examined connected pairs fall into two clusters
according to the rise and decay times of the recorded IPSCs. Examples of IPSCs with fast and slow kinetics recorded from different interneuron types are shown on the left.

chronous component that is targeted by the deletion of Synll,
then the blockade of N-type calcium channels should mimic and
occlude the effect of SynlI deletion.

To test whether this is the case, we used N-type calcium chan-
nel blocker w-conotoxin GVIA (Randall and Tsien, 1995). We
recorded basal inhibitory transmission, as well as synchronous
and asynchronous release components elicited by a tetanus
(50 Hz), then applied 250 nM w-conotoxin GVIA to the bath
solution for 20 min, and repeated the initial recordings. We
quantified the effect of the toxin in individual experiments by
comparing the parameters derived from the current traces
recorded before and after the treatment. The treatment signifi-
cantly reduced the basal inhibitory transmission in both geno-
types (Fig. 2A). We then evaluated how the treatment affected
synchronous and asynchronous release components elicited by a
tetanus at WT and SynlI(—) slices (Fig. 2B). First, we calculated
the frequency of asynchronous peaks (Fig. 2C) and found that it
was significantly reduced by the toxin application at WT but not
at SynlI(—) slices. Next, we quantified the effect of the toxin on the
charge transfer during the tetanus (Fig. 2D) and the charge transfer
after the tetanus (Fig. 2E). We found that the charge transfer during
the tetanus was similarly reduced in both lines (Fig. 2D). In contrast,
the effect of the toxin on the charge transfer after the tetanus was
significantly stronger in the WT line (Fig. 2E). Consistently, the Af-
ter/During charge ratio was significantly reduced by the treatment at
WT but not at SynlI(—) slices (Fig. 2F). Surprisingly, the treatment

actually increased the After/During charge ratio in the SynlI(—) line
(Fig. 2F). Thus, the selective blockade of N-type calcium channels
using w-conotoxin GVIA produced a preferential suppression of the
asynchronous release component at WT slices and, remarkably,
partly reverted the hypersynchronized phenotype observed at Sy-
nlI(—) slices. These results indicate that the prominent asynchro-
nous SynlI-dependent GABAergic release component depends on
N-type Ca®" channels, and provide a tentative support for the idea
that this release component may be produced by CCK cells.

Because evoked GABAergic synaptic transmission depends on
both N- and P/Q-type calcium channels, we next examined the
effect of blocking P/Q-type calcium channels using w-agatoxin IVA
(Randall and Tsien, 1995). The application of 10 nM w-agatoxin IVA
to the bath solution for 20 min significantly reduced basal inhibitory
transmission in both genotypes (Fig. 3 A, B). The analysis of synchro-
nous and asynchronous release components elicited by a tetanus
(Fig. 3B) revealed that the treatment inhibited the synchronous and
asynchronous release components in both genotypes to a similar
extent (Fig. 3C-F). Thus, all the synaptic parameters, including the
frequency of asynchronous peaks (Fig. 3C), the charge transfer dur-
ing the tetanus (Fig. 3D), the charge transfer after the tetanus (Fig.
3E), and After/During charge ratio (Fig. 3F), were similarly reduced
in both genotypes. These results support the idea that the interneu-
rons dependent on P/Q-type Ca®" channels do not make a major
contribution to the asynchronous SynlI-dependent GABAergic re-
lease component.
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Figure5.

Perisomaticinterneurons with fast IPSCkinetics constitute two interneuron subtypes, FS and RS. All the connected pairs are classified according to five parameters: SF (A), CA (B), CV (C),

FR(C),and PPR (D). *Significant difference ( p << 0.05) between the interneuron subtypes (two-way ANOVA). 4, Spiking frequencies differ between neuron subtypes but not between the genotypes.
B, RSinterneurons have alower CA, which is manifested as a stronger decay in SF. C, RS interneurons have a higher variability in IPSCamplitudes, CV, and a higher failure rate. D, RS interneurons have
a higher PPR. E, A 3D plot showing that all the interneuron subtypes fell into two distinct clusters according to three physiological parameters: SF, CA, and PPR. WT and Synll(—) genotypes were

pooled together because all the plotted parameters were similar for WT and Synll(—) lines.

To test this idea more directly, we conducted paired double-
patch recordings from basket interneurons located in the stratum
pyramidale, or in the region at the border of the stratum pyrami-
dale and stratum oriens, connected to CA1 pyramidal neurons
(Fig. 4 A, B). Because interneurons in this area are heterogeneous,
we first thought to distinguish between different classes. Consis-

tent with previous work, we could distinguish two broad types of
interneurons in this area based upon IPSC kinetics (Fig. 4C). One
of the types was characterized by slower IPSC kinetics and likely
corresponded to dendritic targeting interneurons, including the
somatostatin-expressing interneurons (Savanthrapadian et al.,
2014). Within this class, the basal GABAergic transmission did
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not differ between WT and SynII(—) genotypes (IPSC peak am-
plitude 36.9 = 7.7 pA, n = 8 for WT vs 43.5 = 4.4 pA, n = 7 for
SynlI(—); p = 0.48, data not shown); therefore, these interneu-
rons were not studied further. The second class of neurons was
characterized by fast IPSC kinetics and likely corresponded to
perisomatic innervating interneurons (Maccaferri et al., 2000;
Bartos et al., 2002). These interneurons form a heterogeneous
class that includes PV- and CCK-expressing cells. We next fo-
cused on this cell group.

Persisomatic innervating PV and CCK interneurons can be
distinguished by their SF, with CCK cells being regular spiking
(RS) and PV cells being fast spiking (FS). The other parameters
include the CA, the coefficient of variation (CV) of synaptic cur-
rents, the paired pulse ratio (PPR), and the failure rate (FR) of
synaptic transmission (Neu et al., 2007; Daw et al., 2009; Bartos
and Elgueta, 2012; Hu et al., 2014). A recent study demonstrated
that cluster analysis can be used to classify these interneuron
subtypes according to their intrinsic synaptic and spiking prop-
erties (Kohus et al., 2016). We conducted cluster analysis based
upon five variables, including spiking (SF and CA) and synaptic
(CV, FR, and PPR) parameters (Fig. 5; Table 1). The cluster anal-
ysis was performed using the K-means algorithm, which relies on
the Euclidean distance between the clusters. As illustrated in Fig-
ure 5, the population of interneurons sampled in our experi-
ments sorted into two distinct clusters that we have termed FS
and RS. For each parameter, significant differences were observed
between the two clusters (Table 1, p < 0.05 between interneuron
subtypes for all the parameters). Compared with the RS cells, the
ES interneurons exhibited an increase in SF (Fig. 5A), an increase
in CA (Fig. 5B), a decrease in CV, a lack of transmission failures
(FR = 0, Fig. 5C), and a decrease in PPR (Fig. 5D). We did not
detect any statistically significant difference in any of the five
parameters between WT and SynII(—) genotypes (Table 1, p >
0.05 between the genotypes for all the parameters), although the
RS SynlII(—) cells showed a slightly decreased FR (Fig. 4C) and
PPR (Fig. 4D), raising the possibility that some of the parameters
of synaptic transmission within this interneuron subtype may be
affected by SynlI deletion. As illustrated in the 3D plot (Fig. 5E)
depicting the three parameters (SF, CA, and PPR), the entire
population of the sampled interneurons subdivided into two dis-
tinct clusters. This analysis indicated that the physiological prop-
erties of the cells in the FS cluster matched those previously
reported for PV * basket cells (Bartos and Elgueta, 2012; Hu et al.,
2014), whereas the properties of interneurons in the RS cluster
matched those of the CCK basket cells (Neu et al., 2007; Daw et
al., 2009). Thus, these results support the idea that the periso-
matic innervating interneurons sampled in the current study rep-
resent two neuronal subtypes that we can tentatively identify as
PV- and CCK-expressing interneurons.

To directly address this interpretation, we took advantage of
Cre-Lox strategy to derive animals with fluorescently labeled PV
interneurons. We used hippocampal slices from these animals to
selectively stimulate PV basket interneurons situated in striatum
pyramidale of the CA1 region of the hippocampus (Fig. 6A) and
record from connected pyramidal neurons (Fig. 6B). We found
that the magnitudes of synaptic responses (Fig. 6C), as well as
synaptic and spiking parameters obtained for PV expressing cells
(PV 7, Fig. 6D—G) were similar to those obtained for FS interneu-
rons (presumed PV). Asillustrated in the 3D plot depicting the three
parameters (SF, CA, and PPR, Fig. 6G), FS and PV ™ cells form a
uniform cluster. These experiments support our interneuron classi-
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Table 1. Two-way ANOVA of electrophysiologic parameters measured by paired
recordings

Parameter Variable pvalue
PPR Neuron type 0.0004
Genotype 0.0512
SF Neuron type <<0.0001
Genotype 0.9375
FR (%) Neuron type 0.0482
Genotype 0.3183
v Neuron type 0.0014
Genotype 0.956
(A Neuron type <<0.0001
Genotype 0.7881

fication, which was based initially on electrophysiological properties
(Fig. 5), suggesting the two identified classes of interneurons corre-
spond to PV basket cells (FS) and CCK basket cell (RS).

To test the idea that the effect of SynlI deletion on asynchro-
nous synaptic transmission may be interneuron subtype specific,
we analyzed the synchronous and asynchronous release compo-
nents obtained in paired recordings upon a high-frequency stim-
ulation tetanus (50 Hz). As illustrated in Figure 7, SynlI deletion
reduced the asynchronous release component at RS (presumed
CCK) interneurons. This was evident from a reduced number of
asynchronous current peaks (Fig. 7B), a left shift in the cumula-
tive distribution of the after tetanus charge transfer (Fig. 7C,
middle), and a reduced After/During charge ratio (Fig. 7C, right)
at SynlI(—) neurons. The deconvolution analysis (Fig. 7D-G)
demonstrated that the cumulative asynchronous release compo-
nent was significantly reduced in SynlI(—) neurons (Fig. 7E).
Interestingly, we have also detected a significant increase in the
synchronous release component at SynlI(—) neurons (Fig. 7G).
Consistently, the ratio between the cumulative asynchronous and
synchronous release components was reduced at SynII(—) neu-
rons (Fig. 7H). These results suggest that SynII desynchronizes
the release process at CCK interneurons and maintains a promi-
nent asynchronous release component.

In contrast, SynlI deletion produced a desynchronization of
the release process at FS (presumed PV) interneurons (Fig. 8),
including an increase in the asynchronous release component
and a decrease in the synchronous release component. This was
manifested as an increase in the frequency of asynchronous cur-
rent peaks at SynII(—) slices (Fig. 8B), a right shift in the cumu-
lative distribution of the after tetanus charge transfer (Fig. 8C),
and an increase in the After/During charge ratio (Fig. 8C, right).
The deconvolution analysis revealed a decrease in the synchro-
nous release component (Fig. 8 D, G) and an increase in the asyn-
chronous release component (Fig. 8 E,F) in SynlI(—) genotype,
producing an overall desynchronization of the release time course (Fig.
8H) in SynlI(—) PV neurons.

These results demonstrate that SynlI regulates the synchrony
of GABA release elicited by a tetanus and that this regulation is
interneuron type specific, suggesting that SynIl may regulate the
time course of GABAergic transmission. To test this idea, we
investigated the time course of basal GABAergic synaptic trans-
mission at PV and CCK interneurons. We compared synaptic
responses triggered by a single action potential in connected pairs
between perisomatic interneurons and pyramidal cells in both
genotypes. For the RS (presumed CCK) interneurons, the dele-
tion of SynlI produced an increase in the IPSC amplitude (Fig.
9A,G) and an acceleration of the IPSC decay (Fig. 9A, B) which
produced a leftward shift in the cumulative distribution of the
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Figure 6. Spiking and synaptic parameters of FS basket interneurons match the parameters obtained for PV ™ basket interneurons. A, The layer of labeled PV cells in the CA region of the

hippocampus. B, Paired recordings from PV * interneurons connected to pyramidal neurons. Top to bottom, DICimage showing the recording configuration, an epifluorescence image of the same
field of view showing the presynaptic PV * cell, and an overlay. C, IPSCamplitudes are similar for PV * and FS cells. D, Spiking frequencies are similar for PV * and FS cells. E, CAs are similar for PV *

and FS cells. F, Coefficients of variation are similar for PV * and FS cells. G, PPRs are similar for PV * and FS cells. H, The 3D plot depicting the three parameters, CF, CA, and PPR, shows that PV * and
FS interneurons fall within the same cluster. Data collected from nine PV * cells.

charge transfer (Fig. 9C, p = 0.008, Kolomogorov—Smirnov test).
In contrast, the total IPSC charge was not significantly increased
(Fig. 9H, p = 0.399). To test the idea that these changes may stem
from hypersynchronization of release following deletion of Synl],
we examined the ratio of the IPSC charge to the IPSC amplitude

in individual sweeps. This ratio can serve as a measure of the
release synchrony, with higher ratios corresponding to more
asynchronous responses. As illustrated in Figure 81, we found
that the charge to amplitude ratio at RS SynlI(—) interneurons is
significantly decreased, suggesting that basal release becomes
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Figure 7.  Synll deletion suppresses the asynchronous release component at regular-spiking (presumed CCK) interneurons. 4, Representative traces illustrating that the after tetanus current is
decreased at SynlI(—) neurons. B, Asynchronous IPSC frequency is significantly (p << 0.05) reduced at Synll(—) neurons, whereas the sIPSC frequency is not affected. Left, Representative traces
show asynchronous and spontaneous IPSCs. ¢, Cumulative probability plots show that Synll has no effect on the charge transfer during the tetanus (left), whereas the charge transfer after the tetanus
is significantly reduced at Synll(—) neurons (middle, the distribution s shifted to the left, p << 0.05, Kolomogorov—Smirnov test). The After/During charge ratio is significantly decreased at Synll(—)
neurons (right, p << 0.05). D, The synchronous release component at WT and Synll(—) neurons computed using the deconvolution. Right, Plot represents data normalized by the first response in
atetanus. E, The asynchronous release component computed using deconvolution. Right, Plot represents data normalized by the first response in a tetanus. F, The cumulative asynchronous release
component is significantly decreased at Synll neurons (p << 0.05). Dotted lines indicate the confidence interval. G, The cumulative synchronous release component is significantly increased at Synll
neurons (p < 0.05). Dotted lines indicate the confidence interval. H, The ratio between the cumulative asynchronous and synchronous release components is reduced at Synll(—) neurons (p <
0.05). Data collected from six pairs for each genotype. *p << 0.05.
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Figure8. Synlldeletion suppresses the synchronous release component and enhances the asynchronous release component at S (PV) interneurons. A, Representative tracesillustrate

amild selective increase in the after tetanus current in the Synll(—

) line. B, The frequency of asynchronous IPSCs is significantly ( p << 0.05) increased at Synll(—) neurons, whereas the

sIPSC frequency is not affected. Left traces, Examples of asynchronous and spontaneous IPSCs. €, The charge transfer after the tetanus is selectively increased at Synll(—) neurons. This
is evident from the right shift in the cumulative distribution representing the after tetanus charge (p << 0.05, Kolomogorov—Smirnov test) and a significant increase in the After/During
charge ratio at Synll(—) neurons (p < 0.05). D, The synchronous release component at WT and SynlI(—) KO interneurons computed using deconvolution. E, The asynchronous release
component computed using deconvolution. Right plot, Data normalized by the first response in a tetanus. F, The cumulative asynchronous release component is significantly increased
at Synll neurons (p < 0.05). Dotted lines indicate the confidence interval. G, The cumulative synchronous release component is significantly decreased at Synll neurons (p << 0.05).
Dotted lines indicate the confidence interval. H, The ratio between the total asynchronous and synchronous release components is significantly increased at Synll(—) neurons (p << 0.05).

Data collected from six pairs for each genotype. *p << 0.05.



1768 - J. Neurosci., February 15,2017 - 37(7):1757-1771

Feliciano et al. ® Synapsin Il Regulation of Inhibitory Transmission

A Regular spiking B C
1.0/ 104 *
- WT 50mV 2 5 -
(] 4 e .8
Synll(-) = 0.8 g

© 061 = 0.6

el [

2 04l 2 0.4-

o -_ WT L:‘: — WT
100pA| go'z_ synii(-) E 027 Synli(-)
50ms =4 0.0 . . = . . © 0.0+

0 50 100 150 200 250 0 200 400
Time (ms) Time (ms)
D Fast spiking E F
- WT - - 1.0 < 1.04 *

o

Synli(-) £ 0.8 T 0.8
] g

% 0.6 = 0.6
>

N o—
100p | 5 0.2 Synli-) g o024 — Synll(-)

Z IS ]

- 00— e 0.0
0 50 100 150 200 250 0 200 400
Time (ms) Time (ms)
—WT —=WT —WT
G ==synii() H ==synii(-) | == Synli(-)
* * 2 *
600~ 151 S 0.04- '—| *
< Py
iy sl T
> S 2 0.03 1
g 400 2 10 =
= & £ 0.021
£ 2001 5 5] 2
pV; O 2 0.011
« =
P O
0] ) !
Regular- Fast- Regular- Fast- & Regular- Fast-
Spiking Spiking Spiking Spiking - Spiking  Spiking
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IPSC amplitudes and faster kinetics at RS Synll(—) neurons. B, The average IPSC traces normalized by the peak amplitudes demonstrate a narrower time course at the currents recorded from FS
Synll(—) pairs. C, The normalized cumulative charge plot shows a significantly faster IPSC kinetics at the Synll(—) line (p << 0.05, Kolomogorov—Smirmov test). D-F, At FS interneurons, Synll
deletion produces a slower IPSCkinetics. G, Synll deletion increases the IPSCamplitude at RS interneurons and decreases the IPSCamplitude at FS interneurons ( p << 0.05, one-way ANOVA followed
by the Tukey's test). H, SynlI(—) deletion does not affect the IPSC charge at either of the interneuron subtypes, suggesting that the release magnitude is not affected. /, The ratio between the IPSC
charge and amplitude, as a measure of IPSCkinetics. Synll(—) deletion significantly reduces the ratio at RS interneurons and significantly increases the ratio at FS interneurons ( p << 0.05, one-way
ANOVA followed by the Tukey's test), suggesting that Synll requlates the release kinetics at FS and RS interneurons in opposite ways. *p << 0.05.

more synchronized after Syn II(—) deletion at RS (CCK) in-
terneuron synapses.

In contrast to the results outlined above, a similar analysis per-
formed for the FS (PV) interneurons indicated that SynlII deletion
produced a reduction in the IPSC amplitude (Fig. 9D) and a broad-
ening of its time course (Fig. 9E), which resulted in a rightward shift
in the cumulative distribution of charge (p = 0.001, Kolomogorov—
Smirnov test, Fig. 9F). Consistently, SynII deletion produced a sig-
nificantly increased IPSC charge to amplitude ratio (Fig. 9I). These
results suggest that deletion of SynlI results in a desynchronization of

basal release at FS (PV) interneuron synapses. Together, these results
identify an interneuron subtype dependent effect of SynII on the
timing of GABA release in the CA1 region.

Together, these results indicate that SynlII regulates the time
course of GABAergic transmission in a neuron type-specific
manner. The analysis of the time course of GABA release elicited
either by a tetanus (Figs. 7, 8) or by a single action potential (Fig.
9) suggested that SynII synchronizes release events at RS (pre-
sumed CCK) interneurons and desynchronizes the release events
at FS (PV) interneurons. In line with these findings, the results
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presented in Figures 2 and 3 demonstrate that the asynchro-
nous release component is either decreased or increased at
SynII(—) slices, depending on the Ca** channel specificity.
SynlII deletion desynchronized the release in the slices treated
with the N-type Ca*>* channel blocker (Fig. 2) and synchro-
nized the release in the slices treated with the P/Q-type Ca**
channels blocker (Fig. 3). These findings indicate that SynlII
may desynchronize GABA release in the interneurons depen-
dent on N-type Ca** channels (CCK) and synchronize the
release in the interneurons dependent on P/Q-type Ca*"
channels (PV).

Discussion

We investigated the role of SynlI in the regulation of inhibitory
transmission at hippocampal slices and found that SynlI controls
the release time course, as well as the asynchronous release com-
ponent. Importantly, we found that this SynlI function is in-
terneuron specific. Thus, Synll deficiency synchronizes the basal
release and diminishes the asynchronous release component at
RS (presumed CCK) basket interneurons dependent on N-type
Ca’* channels. In contrast, SynlI deficiency desynchronized re-
lease at FS (presumed PV) basket interneurons dependent on
P/Q-type Ca®" channels.

It is generally agreed that synapsins regulate inhibitory trans-
mission and that this synapsin function is likely to be critical for
the regulation of neuronal excitability. However, the specific im-
pact of synapsins on GABAergic transmission is still debated.
Thus, several studies have reported that synapsins maintain syn-
chronous GABAergic transmission (Gitler et al., 2004; Chiap-
palone et al., 2009; Fassio et al., 2011). However, it has also been
reported (Medrihan et al., 2013) that SynII desynchronizes re-
lease, maintaining the asynchronous release component and
probably inhibiting the synchronous release component. Finally,
a recent study (Song and Augustine, 2016) suggested that SynlI
accelerates the release process, whereas SynlI deficiency prolongs
the release kinetics.

In addressing this apparent controversy, it is important to
consider that inhibitory GABAergic synaptic transmission in hip-
pocampus and cortex involves multiple classes of interneurons
that make synapses of varying molecular composition and dis-
tinct physiological properties (Klausberger and Somogyi, 2008).
This raises the possibility that synapsins may differentially regu-
late transmission in different classes of interneurons. Indeed,
consideration of the results from multiple previous studies sup-
ports the idea that the effect of synapsin on neuronal secretion
depends on synapse type, presumably being sensitive to the
neuron-specific molecular machinery. Thus, synapsin deletion
had no effect on basal glutamatergic transmission (Gitler et al.,
2004), slightly reduced cholinergic transmission in a Ca**-
dependent manner (Samigullin etal., 2004; Coleman et al., 2008),
and had a severe effect on inhibitory transmission (Gitler et al.,
2004; Medrihan etal., 2013). This nonuniformity should be taken
into consideration when addressing the synapsin function.

To test whether the regulation of inhibitory transmission by
SynII may be interneuron specific, we performed double-patch
paired recordings from hippocampal perisomatic basket cells
connected to CA1 pyramidal neurons. We detected two distinct
classes of inhibitory interneurons, FS and RS. According to their
spiking and synaptic parameters, these two classes of cells matched
PV- and CCK-expressing basket interneurons, respectively. The
match between the PV and FS interneurons was also supported
by the experiments performed at transgenic animals with fluores-
cently labeled PV cells.
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Strikingly, we found that SynII deletion affected these two
interneuron subtypes in opposite directions. At RS (presumed
CCK) basket interneurons, SynlI deletion drastically diminished
the asynchronous release component and synchronized basal
transmission. At FS (PV) interneurons, the effect of SynlII dele-
tion was opposite, as it produced an increase in the asynchronous
release component and desynchronization of basal transmission.
This result suggests that Synll affects the release kinetics, and
depending on the neuron subtype it may accelerate or decelerate
the release process. Such a function was demonstrated earlier for
Synl, which was shown to accelerate the release process at several
preparations (Hilfiker et al., 1998; Fassio et al., 2006; Coleman
and Bykhovskaia, 2009). The results of the present study show
that SynlI gene is similarly critical for the regulation of the release
kinetics of inhibitory transmission.

The specific molecular mechanisms that define this SynII
function and its neuron specificity remain to be unraveled. Be-
cause expression levels of synapsins vary across neuronal sub-
types (Fassio, Raimondi et al., 2011), the different expression
levels can influence the way synapsins control synaptic transmis-
sion. However, a detailed analysis of the synapsin expression
(Song and Augustine, 2016) demonstrated that all the synapsin I
and synapsin II isoforms are expressed broadly in GABAergic
synapses of the hippocampus. Furthermore, this study demon-
strated that each of SynII isoforms can rescue the impairments in
inhibitory transmission produced by SynlI deletion, including
the release magnitude and IPSC kinetics. These finding suggest
that the differential expression of SynlI isoforms is unlikely to
explain the opposing effects of SynlI deletion at different in-
terneuron subtypes.

We hypothesize that the interneuron specificity of SynII func-
tion may result from the differential reliance on N- and P/Q-type
presynaptic Ca>" channels in CCK and PV cells. In support of
this hypothesis, it has been demonstrated (Medrihan et al., 2013)
that SynlII interacts with P/Q -type channels but not with N-type
channels. Thus, it is possible that SynIl may position synaptic
vesicles in the vicinity of P/Q-type channels, thus bringing vesi-
cles within a Ca*" nanodomain (Bucurenciu et al., 2008; Egger-
mann et al., 2011) and synchronizing the release process. In
support of this hypothesis, we found that SynII deletion prolongs
the release kinetics and decreases IPSC amplitudes in PV in-
terneurons, which rely on P/Q-type Ca?" channels, but not in
CCK interneurons dependent on N-type Ca** channels (Hefft
and Jonas, 2005; Goswami et al., 2012). Consistently, SynlII dele-
tion desynchronized release upon the blockade of N-type Ca**
channels but not upon the blockade of P/Q-type Ca** channels.
It should be noted that the latter finding does not agree with an
earlier study (Medrihan et al., 2013), which reported a similar
effect for N-type and P/Q-type Ca®" channel blockers on the
asynchronous release component. In agreement with Medrihan
et al. (2013), we demonstrated that the blockade of N-type Ca*"
channels reduced the asynchronous release component at WT
but not at SynlII(—) slices. However, in contrast to the study cited
above, we found that the blockade of P/Q-type Ca’" channels
similarly affected the synchronous and asynchronous release
components in both genotypes.

Our study also demonstrated that SynlI deletion synchro-
nized the release kinetics and suppressed the asynchronous re-
lease component at CCK interneurons, which depend on N-type
Ca’* channels. The mechanisms underlying this phenomenon
remain to be unraveled. However, it is possible that SynII con-
tributes to maintaining the asynchronous release component at
CCK cells by promoting Ca**-dependent docking of vesicles to
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the synaptic membrane, as it was observed at the neuromuscular
synapse (Coleman et al., 2008). This hypothesis remains to be
tested.

It is still unclear how specifically the deficit in inhibitory trans-
mission produces seizure activity in synapsin-deficient brain.
The epilepsy in synapsin knock-out animals is age-dependent,
and a number of studies suggest that seizures arise as a result of
developmental compensations in neuronal networks (Fassio et
al., 2011; Ketzef et al., 2011; Ketzef and Gitler, 2014). However,
there is strong evidence that an excitation/inhibition imbalance
in presymptomatic animals contributes to the initial epilepsy pre-
disposition (Boido et al., 2010; Fassio et al., 2011; Farisello et al.,
2013; Feliciano et al., 2013). In the present study, we demon-
strated that SynlI deletion reduced IPSC amplitudes and pro-
longed the release kinetics in PV interneurons, which have a key
role in the regulation of seizure propagation (Krook-Magnuson
etal., 2013; Sessolo et al., 2015). Furthermore, extensive evidence
links epilepsy with asynchronous activity of GABAergic synapses
through tonic inhibition (Jiang et al., 2012; Pandit et al., 2013;
Medrihan et al., 2015). We demonstrated here that SynIl main-
tains the asynchronous release component at CCK interneurons,
which are thought to contribute to vulnerability of neuronal net-
works to seizure activity (Wyeth et al., 2010; Lee and Soltesz,
2011).
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