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Short-Term Facilitation at a Detonator Synapse Requires the
Distinct Contribution of Multiple Types of Voltage-Gated
Calcium Channels

Simon Chamberland, “Alesya Evstratova, and Katalin Téth
Quebec Mental Health Institute, Department of Psychiatry and Neuroscience, Université Laval, Quebec City, Quebec, G1J 2G3 Canada

Neuronal calcium elevations are shaped by several key parameters, including the properties, density, and the spatial location of voltage-
gated calcium channels (VGCCs). These features allow presynaptic terminals to translate complex firing frequencies and tune the amount
of neurotransmitter released. Although synchronous neurotransmitter release relies on both P/Q- and N-type VGCCs at hippocampal
mossy fiber-CA3 synapses, the specific contribution of VGCCs to calcium dynamics, neurotransmitter release, and short-term facilita-
tion remains unknown. Here, we used random-access two-photon calcium imaging together with electrophysiology in acute mouse
hippocampal slices to dissect the roles of P/Q- and N-type VGCCs. Our results show that N-type VGCCs control glutamate release at a
limited number of release sites through highly localized Ca** elevations and support short-term facilitation by enhancing multivesicular
release. In contrast, Ca>™ entry via P/Q-type VGCCs promotes the recruitment of additional release sites through spatially homogeneous
Ca’™ elevations. Altogether, our results highlight the specialized contribution of P/Q- and N-types VGCCs to neurotransmitter release.
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In presynaptic terminals, neurotransmitter release is dynamically regulated by the transient opening of different types of voltage-
gated calcium channels. Hippocampal giant mossy fiber terminals display extensive short-term facilitation during repetitive
activity, with a large several fold postsynaptic response increase. Though, how giant mossy fiber terminals leverage distinct types
of voltage-gated calcium channels to mediate short-term facilitation remains unexplored. Here, we find that P/Q- and N-type
VGCCs generate different spatial patterns of calcium elevations in giant mossy fiber terminals and support short-term facilitation
through specific participation in two mechanisms. Whereas N-type VGCCs contribute only to the synchronization of multivesicu-

ignificance Statement

lar release, P/Q-type VGCCs act through microdomain signaling to recruit additional release sites.
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Introduction

Presynaptic terminals are specialized structures that possess the
ability to rapidly convert electrical impulses to neurotransmitter
release. This is made possible by their highly localized expression
of a wide arsenal of voltage-gated sodium, potassium, and Ca*"
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channels (Geiger and Jonas, 2000; Nusser, 2009). Action poten-
tials (APs) traveling from the axon hillock to the presynaptic
terminals cause the brief opening of voltage-gated calcium chan-
nels (VGCCs) and a subsequent rush of Ca”" in presynaptic
terminals. At most presynaptic terminals, Ca** influx was shown
to be mainly mediated by high-voltage activated Ca>* channels,
namely P/Q-, N-, and R-type VGCCs (Luebke et al., 1993; Taka-
hashi and Momiyama, 1993; Wu and Saggau, 1995; Wu et al.,
1999; Ishikawa et al., 2005; Li et al., 2007). Although P/Q- and
N-type VGCCs mediate fast synchronous neurotransmitter re-
lease, their specific contribution to Ca*" signaling and glutamate
release remains to be elucidated.

The spatiotemporal dynamics of Ca>" elevations associated
with specific types of VGCCs remain largely unknown. Modeling
experiments and theoretical studies showed that the initial Ca*"
influx in a neuron causes a sharp increase in the nanodomain
Ca’* concentration, followed by a rapid equilibration in a
micron-range domain of a lower concentration (Simon and Lli-
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nas, 1985). Therefore, the position of VGCCs relative to the Ca’*
sensor is a key element regulating neurotransmission. Indeed, it is
suggested that the distribution of presynaptic VGCCs is synapse-
dependent and is thought to optimize the synapse function (Reid
etal., 2003; Scimemi and Diamond, 2012). Therefore, the expres-
sion level of VGCCs does not necessarily dictate its efficacy on
triggering neurotransmitter release (Ermolyuk et al., 2013). Rather,
the position of the Ca** source relative to the Ca** sensor is a better
predictor of release efficacy. For example, microdomain-coupling of
a calcium source to a sensor has to be supported by several VGCCs,
whereas a lower number of VGCCs suffices to trigger the release of
nanodomain-coupled vesicles (Bertram et al., 1996; Eggermann et
al., 2012).

Large mossy fiber (MF) terminals originating from granule
cells synapsing on CA3 pyramidal cells (MF-CA3) control the
flow of information from the dentate gyrus to the hippocampus
proper. This central synapse possesses the features required for
sparse coding of information. MFs form giant presynaptic terminals
comprised of multiple release sites (18—45) closely positioned on
CA3 pyramidal cells apical dendrites (Amaral and Dent, 1981;
Rollenhagen et al., 2007). This peculiar anatomical arrangement
confers MFs with the ability to trigger APs in CA3 pyramidal cells
in response to repetitive granule cell firing (Jung and Mc-
Naughton, 1993; Urban et al., 2001; Henze et al., 2002). The latter
is made possible by the large short-term facilitation experienced
by this synapse which ensures that granule cell firing results in
CA3 pyramidal cell firing (Toth et al., 2000; Henze et al., 2002).
Short-term facilitation at MF-CA3 synapses requires saturation
of intraterminal Ca*" buffer and operates by synchronization of
multivesicular release and recruitment of additional release sites
(Chamberland et al., 2014; Vyleta and Jonas, 2014).

At MF terminals, P/Q-, N-, and R-type VGCCs contribute a
different fraction of the total Ca*>* influx in the presynaptic ter-
minal (Lietal., 2007) and possess different functions (Dietrich et
al., 2003). Whereas R-type VGCCs control long-term potentiation
at these synapses, fast synchronous release of glutamate is under the
control of P/Q- and N-type VGCCs (Castillo et al., 1994; Dietrich et
al., 2003; Pelkey et al., 2006; Li et al., 2007). Intriguingly, although
P/Q- and N-type VGCCs possess similar biophysical properties (Li
etal., 2007), MF terminals use both types. Currently it is not known
whether P/Q- and N-type VGCCs fulfill specialized functions during
short-term facilitation.

Overall, our findings demonstrate the functional specializa-
tion of P/Q- and N-type VGCCs in controlling synchronous glu-
tamate release and short-term facilitation. N-type VGCCs ensure
transmission at few release sites through spatially heterogeneous
Ca’™ elevations and favor synchronization of multivesicular re-
lease. In contrast, P/Q-type VGCCs operate at more release sites
through microdomain signaling and enhance short-term facili-
tation by recruiting additional release sites through spatially ho-
mogeneous Ca*" elevations.

Materials and Methods

Hippocampal slice preparation and electrophysiology. All experiments in-
volving animals were performed in accordance with the Université Laval
guidelines for animal welfare. Transverse hippocampal slices were pre-
pared from wild-type C57BL/6 mice (P17-P25) of either sex as described
previously (Chamberland et al., 2014). Briefly, the animal was anesthe-
tized and decapitated. The intact brain was rapidly collected and placed
in oxygenated ice-cold ACSF containing the following (in mwm): 87 NaCl,
25NaHCO;, 2.5KCl, 1.25 NaH,PO,, 7 MgCl,, 0.5 CaCl,, 25 glucose, and
75 sucrose, pH 7.4, 330 mOsm. Slices were cut on a Leica VT1000S
Vibratome and transferred to a heated (32°C) and oxygenated solution
that contained the following (in mm): 124 NaCl, 25 NaHCOs;, 2.5KCl, 1.2
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MgCl,, 2.5 CaCl,, and 10 glucose, pH 7.4, 300 mOsm. Slices were allowed
to recover from the slicing procedure for 30 min, at which point the
incubator was turned off and slices were left at room temperature for
the duration of the experiments. Recordings were started 1 h following
the recovery period.

Electrophysiology. Slices were carefully positioned in a recording cham-
ber under an upright microscope equipped with a 40 X water-immersion
objective (Olympus). During experiments, slices were perfused (2 ml/
min) with ACSF saturated with a gas mixture of 95% O, and 5% CO,.
The ACSF contained the following (in mm): 124 NaCl, 25 NaHCO;, 2.5
KCl, 1.2 MgCl,, 2.5 CaCl,, 10 glucose, 0.001 bicuculine methiodine, pH
7.4, 300 mOsm. For experiments performed in physiological calcium
condition, the CaCl, concentration was lowered to 1.2 mm and MgCl,
was adjusted to 2.5 mm. All electrophysiological and calcium imaging
experiments were performed at 32-34°C. Visually guided whole-cell
recordings were obtained from CA3 pyramidal cells with 3—4 M() boro-
silicate pipettes. The intracellular solution contained the following (in
mM): 120 K-gluconate, 20 KCI, 10 HEPES, 2 MgCl,, 2 Mg,ATP, 0.3
NaGTP, 7 phosphocreatine, 0.6 EGTA, pH 7.2, 295 mOsm. In voltage-
clamp experiments, the neurons were held at =70 mV. The electrophys-
iological signal was amplified and low-pass filtered at 2 kHz with an
Axopatch 200B or Multiclamp 700B (Molecular Devices), digitized at 10
kHz with a Digidata 1322A or Digidata 1440A (Molecular Devices) and
recorded on a personal computer using the Clampex 9.0 and 11.0 soft-
ware (Molecular Devices). MF EPSCs were evoked by brief (0.1 ms)
electrical stimulation of the MF tract in stratum lucidum using a glass
pipette connected to an electrical stimulator (A360, WPI). Recording
epochs consisted of bursts of 10 stimuli evoked at 20 Hz. These epochs
were repeated every 30 s to avoid possible induction of long-term changes in
synaptic strength. Series resistance was not compensated, but the access
resistance and input resistance were monitored in every epoch with a 10
mV hyperpolarizing step. If the access or input resistance varied by
>15%, cells were discarded from further analysis.

Random-access two-photon microscopy. Two-photon calcium imag-
ing was performed using a custom built random-access multiphoton
(RAMP) microscope controlled with a software written in LabVIEW
(Otsu et al., 2008). The laser beam coming from a femtoseconds titani-
um:sapphire Coherent Chameleon Ultra II (80 MHz, 140 fs, average
power > 3.5 W, Coherent) was tuned to 800 nm to excite simultaneously
the morphological dye and the calcium indicator. The laser beam was
directed through a pair of acousto-optic deflector (AODs, A—A Opto-
Electronics). These devices provide non-mechanical redirection of the
laser beam in the XY direction, allowing ultrafast deflection of the laser
and therefore multisite recording. The sample was illuminated by focus-
ing the laser beam through a 25X water-immersion objective (NA =
0.95, Leica). Transmitted fluorescence was collected with an oil con-
denser (NA = 1.4) and low-pass filtered at 720 nm. The emitted photons
were separated in two channels (green calcium indicator and red mor-
phological dye) using a 580 nm dichroic mirror (Semrock). Photons
directed to the green channel were bandpass filtered at 500560 nm and
photons in the red channel were bandpass filtered at 595-665 nm (Sem-
rock). Photons in the green and red channels were counted with two
independent external AsGaP Hamamatsu (H7422P-40) photomultiplier
tube. Fluorescence measurements were acquired with software written
in LabVIEW and saved on a personal computer.

Presynaptic calcium imaging. Whole-cell recordings were obtained
from visually identified granule cells with borosilicate pipettes of 5-6
M(Q). The pipette solution contained the following (in mm): 120 K-
gluconate, 20 KCI, 10 HEPES, 2 MgCl,, 2 Mg,ATP, 0.3 NaGTP, 7 phos-
phocreatine, and 0.04 AlexaFluor-594. This recording solution was
supplemented with Fluo-5F (385 uwm; Life Technologies). For experi-
ments looking at single AP evoked calcium transients and the effect
of VGCCs blockade, we used the medium-affinity calcium indicator
Fluo-5F to avoid the potential confounding effects of saturation by high-
affinity indicators. Fluo-5F also provided a sufficient signal-to-noise ra-
tio to explore the effect of toxins with minimal number of scans.

Following break-in, the morphological indicator and the calcium-
sensitive dye were allowed to passively diffuse in the axon for 1 h before
beginning recording. This was essential to ensure proper equilibration of
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the Ca>" indicator (Scott and Rusakov, 2006). The axon of an individual
granule cell was tracked to CA3 using AlexaFluor-594 fluorescence,
where giant MF boutons could be easily identified based on their unique
morphology (Fig. 14, insets). Points (30—54) were positioned on the MF
bouton, such as to obtain recordings from many calcium microdomains
in the whole structure with as little overlap as possible (Fig. 1 B, E; Cham-
berland etal., 2014). The dwell time for each point was 50 s and the laser
was repositioned between locations in ~6.5 us. This resulted in a record-
ing frequency of 339-617 Hz. Optical recordings were triggered by a
transistor-transistor logic (TTL) signal sent from the digitizer to the
optical acquisition system. The boutons were illuminated as little as pos-
sible, but sufficiently to obtain the full course of the calcium transients.
Recording duration was therefore adjusted to 2 s. Recordings were re-
peated every 15 s. Under these conditions, a single AP evoked at the soma
reliably evoked calcium transients in MF boutons, without failures (Fig.
1C, D, F,G; Scott and Rusakov, 2006; Chamberland et al., 2014).

To observe the effect of blocking P/Q- or N-type VGCCs on presyn-
aptic calcium transient amplitude, recording epochs consisted of 20
sweeps of 1 AP, evoked at 0.1 Hz. Recordings were continued during
toxin application for 10 min, after which 20 sweeps were acquired to
analyze the toxin’s effect. Long-term recordings of calcium elevations in
boutons were performed with automatic repositioning of the points fol-
lowing each epoch. Points were tagged with a physical coordinate based
on the structure of the recorded bouton. The repositioning was per-
formed based on a z-stack of the AlexaFluor-594 fluorescence. During
acquisition, recordings were systematically checked for stability by com-
paring the fluorescence intensity of the morphological dye between trials.

Experiments were terminated if the following signs of photodamage
were observed: the decay time constant of the calcium transient became
longer, the structure became permanently green and would not revert to
baseline fluorescence, the green baseline fluorescence fluctuated >20%,
or APs no longer evoked detectable Ca*" transients. If these conditions
appeared, no boutons from the same axon were recorded and the neuron
was discarded. Recordings were discarded if the baseline morpholog-
ical dye fluorescence varied by >20% for single points following
toxins application.

Pharmacology. Highly selective toxins were used to dissect the roles of
VGCCs. Cay2.1 (P/Q-type) VGCCs were blocked with 200 nm w-Agatoxin
IVA (AgTx, Alomone Labs). Ca,2.2 (N-type) VGCCs were antagonized
with 200 nMm w-conotoxin GVIA (CTx; Alomone Labs). A submicromo-
lar concentration of CTx was used to enforce CTx selectivity for N-type
VGCCs (Tringham et al., 2008). For all electrophysiological and calcium
imaging experiments involving AgTx and CTx, toxins were perfused for a
period of 10 min to ensure proper diffusion of toxins and full blockade of
VGCCs. Toxins were diluted in water, aliquoted, and kept in the freezer until
used. The slow calcium chelator EGTA-AM (100 uM, Anaspec) was ali-
quoted in DMSO (final concentration of DMSO in ACSF = 0.1%) and kept
in the freezer. The MF origin of EPSCs was assessed by their fast rise phase,
large amplitude, and extensive short-term facilitation during repetitive
stimulation. (2S,2'R,3'R)-2-(2',3"-Dicarboxycyclopropyl)glycine (DCG-
IV, 1 um) was applied after experiments (41 neurons/71 neurons) to confirm
MEF identity of EPSCs. DCG-IV application diminished control EPSC am-
plitude by 89 + 1.9% (n = 41).

Electrophysiological data analysis. Electrophysiological recordings were
analyzed using Clampfit 10.2 (Molecular Devices). The amplitude of
EPSCs was measured at the peak. EPSC amplitudes were normalized to
the amplitude of the first EPSC. Values are expressed as mean = SEM
throughout the paper and in the figures, except for quantal parameters
obtained using variance-mean analysis (see Figs. 3 and 4), which show
mean = SD. Paired or unpaired Student’s ¢ tests were used to determine
whether the differences observed were statistically significant. The signifi-
cancelevel was setat p < 0.05. The p values are reported as follow throughout
the paper and the figures: *p < 0.05, **p < 0.01, **p < 0.001.

Coefficient of variation analysis. Coefficient of variation (CV) analysis
is a statistical method based on the binomial model of neurotransmitter
release. This assumption holds at the MF-CA3 synapse (von Kitzing et
al., 1994). Changes in synaptic variance reflect the mechanisms underly-
ing modifications in synaptic strength (Bekkers and Stevens, 1990; Ma-
linow and Tsien, 1990; Faber and Korn, 1991; Larkman et al., 1997).
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Analysis of the CV as a function of EPSC amplitude allows us to deter-
mine whether variations in synaptic strength originate from changes in
the quantal size or in the number of active release sites. Graphical inter-
pretation of the CV analysis is based on whether a change in EPSC am-
plitude is associated with changes in the CV. For facilitation, an increase
in EPSC amplitude without changes in CV will report data points close to
the horizontal y = 1 line, indicating a change in quantal size. An increase
in EPSC amplitude associated with a reduction in the CV will report data
points on the diagonal line y = x, indicating an increase in the number of
active release sites. This qualitative approach yields information on the
mechanism involved in changes in synaptic strength, but is limited on the
quantitative side. Indeed, CV analysis does not account for intrasite or
intersite variance. In addition, CV analysis could be compromised if
release probability across release sites could vary freely and/or in opposite
direction. In the particular case of the MF terminals, release probability
are very likely to vary in the same direction, because of: (1) all release sites
at the MF terminal are encompassed in a single giant structure (Rollen-
hagen et al., 2007), (2) the extensive short-term facilitation observed
during long train of stimuli (Toth et al., 2000; Chamberland et al., 2014),
(3) loose-coupling between Ca>" sources and sensors (Vyleta and Jonas,
2014), and (4) cooperation between Ca’* domains in the structure
(Stanley, 2015). The CV of EPSCs was measured from all sweeps re-
corded, except those contaminated with spontaneous events which were
discarded from the analysis.

Covariance analysis. To measure the quantal size associated with suc-
cessive EPSCs in the trains, covariance analysis was used (Scheuss et al.,
2002). This method assumes that intervals between trains are sufficiently
long so the synapse is in the same state for each train of stimuli and a
binomial model of synaptic transmission (von Kitzing et al., 1994). Fur-
thermore, under our experimental conditions, there is no postsynaptic
contribution to short-term facilitation (Chamberland et al., 2014). We
assume that there is no postsynaptic contribution to the covariance. This
statistical analysis possess the advantages of monitoring synaptic param-
eters for individual responses during trains of stimuli, and not just the
global parameters measured for the full trains. It also accounts for quan-
tal variability and heterogeneity in the release probability between release
sites. Quantal variability is likely to occur at the MF synapse, considering
the large variance between the sizes of active zones measured at the
ultrastructural level (Rollenhagen et al., 2007), and the possibility of
multivesicular release at lower release probability (Chamberland et al.,
2014). Furthermore, the release sites possess nonuniform release proba-
bility, with some release sites recruited later in repetitive trains of activity.
This statistical approach also possesses limitations. Determination of the
number of release sites with covariance analysis may not be so reliable in
presence of intersite quantal variance, and is only robust when the prob-
ability of release is very high. We therefore used this method to measure
the quantal size associated with individual EPSCs during trains.

The covariance between successive EPSCs was calculated using this
formula (Scheuss et al., 2002):

1 R-1
COVi,i+1 = ﬁ 27:1 (Ii,r - Ii,r-H) (I{+l,r - Ii+l,r+])/2>

with I representing single EPSC amplitude, 7 the position of the EPSC in
train, R the total number of train recorded, and r the train number. The
variance between EPSCs at the same position in successive trials was
calculated as follows:

R—1

1
Var; = ﬁErzl I;,; = Lips)1 2.

From this, the quantal size (Q) was estimated as follows:

Var,  Cov;;iy

LT Ly
with T representing the average EPSC amplitude.

Nonstationary variance-mean analysis. The quantal size and the num-
ber of active release sites were measured using nonstationary variance-
mean analysis (Meyer etal., 2001) and accounted for intrasite or intersite
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Figure 1.  Distinct spatial profiles of Ca* elevations generated by P/Q- or N-type VGCCs. A, Photomontage of two-photon z-stack maximal projections showing an intact AlexaFluor-594-filled
granule cell axonal arbor projecting to the CA3 region. B, Expanded large MF boutons showing the recording sites (yellow numbers) for RAMP Ca®* imaging. (Figure legend continues.)
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variances, and nonuniform release probabilities across release sites
(Frerking and Wilson, 1996; Clements and Silver, 2000). We assumed a
mixed contribution of intrasite and intersite variance for the following
anatomical and functional reasons. First, the hypothesis of intersite vari-
ance is likely to hold, because the quantal size is likely to vary between
release sites, as the size of the release sites is nonuniform in MF terminals
(Rollenhagen et al., 2007) and may support the release of different num-
ber of vesicles. Second, intrasite variance is a likely contributor to the
total variance, as the parabolic relationship between variance and mean
does not terminate on the x-axis of the variance-mean plots (Frerking
and Wilson, 1996; Clements and Silver, 2000; Silver, 2003). Furthermore,
intrasite variance is a strong possibility given the presence of multivesicu-
lar release under lower release probabilities (Chamberland et al., 2014).
To estimate the average quantal parameters Q and N during trains, the
variance-mean plots were fitted with the following formula:

with y representing the variance, X the average EPSC amplitude and o a
parameter related to the nonuniformity of the release probability across
release sites. We considered highly nonuniform release probabilities
across release sites (o = 10; Clements and Silver, 2000; Silver, 2003), as
during trains, additional release sites are recruited to support short-term
facilitation at the MF synapse (Chamberland et al., 2014). The total CV
was experimentally measured as 0.45. A 50% mixed contribution of in-
tersite and intrasite variance was assumed for reasons explained above
with CV,,,. and CV, ., calculated as follows:

intra inter

Qx*(1 + «)

2 = 2
X + NQa ](1 + Cvim‘cr) + Qxcvimra’

Cvtzolul = CVizntm + CVZ

inter*

We estimated the maximum error on the quantal parameters associated
with incorrect assumption of the variance location. For a given parame-
ter, this was obtained by calculating the largest difference between the
mixed intrasite and intersite variance and exclusive intrasite or intersite.
This difference was expressed as a percentage of the values obtained using
the mixed intrasite and intersite variance.

Calcium imaging data analysis. Optical data were extracted using a
routine written in LabVIEW. The data were transferred to Igor Pro 6.3
(Wavemetrics). The absolute peak calcium transient amplitude was
measured from the average of 20 trials. The peak amplitude of calcium
transients was measured in Igor Pro. Due to the temporal resolution
(339-617 Hz) of the imaging paradigm, we estimate the maximal error
associated with measurement of the peak amplitude to be 9% at the
slowest sampling rate. The spatial heterogeneity of calcium elevations
recorded in multiple sites was assessed by measuring the increase in SE of
all points at the level of the peak amplitude. The symbol (yellow num-
bers) identifying the recording locations are intentionally large for better
visibility (Fig. 1 B,E). The underlying volume physically excited by the
laser is not indicated quantitatively. To compare changes in spatial het-
erogeneity in control condition and following toxin treatment indepen-
dently of the change in peak amplitude, the CV was measured. The axial
point-spread function (PSF) of the imaging system was measured using
subresolution fluorescent beads and found to be 600 nm. This spatial

<«

(Figure legend continued.) Note that the yellow numbers are intentionally large to be readable.
C, Bouton-averaged (a 2+ elevations recorded in B evoked by asingle AP in control (black) and
inthe presence of AgTx (blue). D, Examples of single voxels Ca 2™ elevations in control condition
and following application of AgTx. Traces shown are the average of 20 trials. E, Recording sites
are indicated on a large MF terminal for data shown in F and G. F, Bouton-averaged calcium
elevations recorded in control (black) and in presence of (Tx (red), and corresponding single-
voxel examples (@) in control (black) and in CTx (red). Traces are average of 20 trials. H, Top,
Traces of single voxel examples shown in D, with their average overlaid. Note the large devia-
tions from the average. Bottom, Plot showing the spatial CV of peak Ca>™ transients in control
and following the application of AgTx. I, Top, Overlay of the traces shown in G, with their
average. Bottom, Plot showing the effect of CTx on the spatial CV of peak Ca>* elevation
(n.s. = nonsignificant; p > 0.05).J, AgTx increases the spatial heterogeneity of Ca®™ eleva-
tions significantly more than CTx. Data represent mean == SEM. *p < 0.05, **p < 0.01.
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resolution could potentially introduce error due to oversampling, if sev-
eral recorded points have overlapping PSFs. To limit spatial oversam-
pling, we used a two steps approach. First, care was taken to select points
with little overlap in the bouton during recordings. Additional care was
taken to cover the whole bouton with points to sample to whole struc-
ture. However, a few points (9.7 = 2.6%, n = 9 boutons) showed signif-
icant overlap. These points were excluded from the analysis. It is
noteworthy that points located very close to each other showed a quasi-
identical signal, thereby confirming that our imaging approach is precise
(data not shown). Second, only points that were at least 300 nm apart
were analyzed. Under this condition, the extent to which one given point
can contain overlapping signal with an adjacent point is limited by the
overlapping PSFs. Considering a circular PSF of 300 nm radius, the area
of two intersecting circles and the declining excitation on the edges of the
PSF, two points separated by 300 nm should contain overlapping fluo-
rescence of <20%. This value represents the maximal oversampling for
two adjacent points in our recordings. This maximal oversampling con-
dition was present in only 24.8 = 2% (n = 9 boutons) of points, therefore
limiting the error introduced by a possible spatial oversampling of the
bouton.

Results

Specialized Ca" spatial dynamics through P/Q- and

N-type VGCCs

Ca** elevations in MF boutons are spatially heterogeneous
(Chamberland et al., 2014). How these heterogeneous Ca*" mi-
crodomains are generated remains unknown. In large MF termi-
nals, P/Q- and N-type VGCCs gate Ca’" influx and mediate
synchronous glutamate release (Castillo et al., 1994; Pelkey et al.,
2006; Li et al., 2007). Therefore, specialized Ca*" spatial dynam-
ics through P/Q- and N-type VGCCs could support heteroge-
neous Ca’>" microdomains.

To record MF Ca*" elevations with the highest spatial and
temporal resolution, we performed random-access two-photon
Ca”" imaging from unambiguously identified giant MF boutons
(Fig. 1A). Ca®" elevations were generated by single AP evoked at
the level of the cell body by brief current injection. As previously
reported under similar conditions of added exogenous buffer
(Fluo-5F), Ca*" elevations had a slow decay time (Fig. 1C,F), in
part due to a low extrusion rate (Scott and Rusakov, 2006). We
measured Ca>" elevations from multiple diffraction-limited re-
gions in MF terminals in control conditions and following the
application of toxins (Fig. 1B,E). In control conditions, Ca*"
elevations recorded in MF boutons had highly heterogeneous
amplitudes (Fig. 1D,G; Chamberland et al., 2014). Following
w-agatoxin IVA (AgTx) application to block P/Q-type VGCCs
(Fig. 1C), there was a significant increase in the CV of the peak
Ca*" transients recorded in different positions, indicating that
Ca*" elevations became more spatially heterogeneous after P/Q-
type VGCCs blockade (Ctl: 0.229 * 0.02, AgTx: 0.482 * 0.05;n =
5; p < 0.01; Fig. 1H). On the other hand, application of CTx to
block N-type VGCCs (Fig. 1F) failed to significantly increase the
CV of Ca*" elevations recorded in distinct subcompartments
(Ctl: 0.195 % 0.02, CTx: 0.262 = 0.01; n = 4; p > 0.05; Fig. 1I).
The increase in CV of Ca®" transients following AgTx applica-
tion was significantly larger than after perfusion of CTx (AgTx:
213.9 * 23.2%, n = 5; CTx: 139.7 = 14.9%, n = 4; p < 0.05; Fig.
1]). Therefore, these results indicate that following invasion of a
single AP in the presynaptic terminal, Ca** influx through P/Q-
type VGCCs is spatially more homogenous than Ca*" influx
through N-type VGCCs, and that N-type VGCCs contribute to
the generation of heterogeneous Ca** microdomains.
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Distinct roles of P/Q- and N-type VGCCs in
short-term facilitation
Although P/Q- and N-type VGCCs share similar biophysical
properties, these channels contribute differently to the spatial
profile of Ca** elevations in MF terminals. These distinct Ca**
dynamics could influence glutamate release. The powerful short-
term facilitation at MF—CA3 synapses involves the synchroniza-
tion of multivesicular release and the recruitment of additional
release sites (Chamberland et al., 2014). Therefore, we next chose
to investigate whether P/Q- and N-type VGCCs possess distinct
roles in short-term facilitation when granule cells fire repetitively.
Trains of 10 EPSCs evoked at 20 Hz (in the physiological firing
frequency range for granule cells; Henze et al., 2002) were re-
corded in 2.5 mM external Ca**. EPSCs were readily facilitated
(2.5 mm Ca*™; first EPSC: 279 = 23.4 pA; 10th EPSC: 882.7 +
67.2 pA, p < 0.0001, n = 36; Fig. 2A,B). Application of AgTx
(first EPSC: 49.9 = 15.4 pA; 10th EPSC: 187.1 * 41.7 pA; n = 16;
Fig. 2A, B) or CTx (first EPSC: 102.6 = 15.6; 10th EPSC: 529.9 +
57.6; n = 19; Fig. 2 A, B) strongly inhibited EPSC amplitude re-
gardless of their position in the train, but neither toxin could
block short-term facilitation. Coapplication of AgTx and CTx
fully blocked release and short-term facilitation for trains of 10
stimuli (Fig. 2D, E). To address the specific roles of P/Q- and
N-type VGCCs in short-term facilitation at MF—CA3 synapses,
we used CV analysis (see Materials and Methods). In control
condition, visual inspection of the CV analysis revealed a diago-
nal progression of the data points during trains, revealing that
short-term facilitation results from the recruitment of additional
release sites. Blocking N-type VGCCs resulted in a slight right
shift of the data points, with a general trend close to diagonal (Fig.
2C). Therefore, the recruitment of additional release sites was still
active. In contrast, blockade of P/Q-type VGCCs fully prevented
the recruitment of additional release sites, with the data points
found close to a horizontal line (Fig. 2C). This shows that P/Q-
type VGCCs are essential for the recruitment of additional release
sites, whereas N-type VGCCs do not contribute to the recruit-
ment of additional release sites. However, N-type VGCCs also
contribute to short-term facilitation, likely through the synchro-
nization of multivesicular release (Chamberland et al., 2014).
Altogether, these data indicate that the specialized Ca*™ spatio-
temporal dynamics gated by P/Q- and N-type VGCCs differently
control short-term facilitation.

Ca’* influx through P/Q- have access to more release sites
than N-type VGCCs

P/Q- but not N-type VGCCs promote the recruitment of addi-
tional release sites during short-term facilitation. This suggests
that Ca”* influx through P/Q-type VGCCs have access to more
release sites than N-type VGCCs. Quantal parameters, including
the number of active release sites, can be measured through sta-
tistical analysis of EPSC variance and mean (Clements and Silver,
20005 Scheuss et al., 2002).

To investigate whether P/Q-type VGCCs have access to more
release sites and quantify the quantal parameters, we used two
distinct approaches. First, we performed covariance analysis to
measure the quantal size of each EPSC in the train, in control and
in presence of toxins (Fig. 3A—C). This approach provides an
estimate of Q for each EPSC during a train in the presence of
quantal variability (Scheuss et al., 2002). In control condition and
in presence of CTx, the quantal size measured with covariance
analysis was stable throughout the train (n = 35 cells in control,
n = 17 cells in CTx; Fig. 3D). In contrast, the quantal size mea-
sured in presence of AgTx was gradually and significantly in-
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creased for the first five stimuli, confirming that short-term
facilitation occurs through an increase in multivesicular release
when N-type VGCCs alone mediate short-term facilitation (n =
15 cells; Fig. 3D). To compare the quantal size between the three
conditions after reaching steady-state, we pooled the last five
points from the data plot. This analysis revealed that the quantal
size in steady-state was significantly smaller in presence of CTx
(p < 0.05 vs Ctl and p < 0.05 vs AgTx; Fig. 3E). These data
indicate that although P/Q-type VGCCs control more release
sites, they are less efficient than N-type VGCCs at synchronizing
multivesicular release.

Second, we used nonstationary variance-mean analysis to
confirm the persistent decrease in Q throughout the train caused
by CTx, and to estimate the number of active release sites (Meyer
et al., 2001). We factored a mixed contribution of intersite and
intrasite variability (see Materials and Methods) and accounted
for differences in release probabilities between release sites (Cle-
ments and Silver, 2000; Silver, 2003). This statistical model allows
determination of quantal parameters even in presence of variabil-
ity between the release sites (Clements and Silver, 2000). Fitting
the data points with a B function revealed a parabolic relation-
ship. Because the parabolic fit in variance-mean analysis is
strongly distorted by changes in quantal size during trains, the
quantal parameters were measured using only the steady-state
portion of the quantal size for recordings performed in AgTx.
Measuring quantal parameters under these assumptions revealed
a larger number of active release sites in control (N = 19.6 = 5.6;
n = 12;Fig. 3F) and in CTx (N = 19.3 = 6.7; n = 6; Fig. 3F ) than
in AgTx (N = 4 * 2.5; n = 9; Fig. 3F), indicating that P/Q-type
VGCCs control alarger number of release sites. Because the num-
ber of release sites controlled by P/Q-type VGCCs closely resem-
bles the total number of release sites, P/Q-type VGCCs could
have access to all release sites by the end of the stimuli train. This
possibility will be explored in the next section. As measured with
covariance analysis, the quantal size was larger in control (Q =
44.7 = 5.6;n = 12;Fig. 3F) and in AgTx (Q =513 = 11.3;n =9;
Fig. 3F) than in CTx (Q = 33.7 = 3.7; n = 6; Fig. 3F), highlight-
ing the role of N-type VGCCs in controlling multivesicular
release.

Although we assumed a mixed contribution of intersite and
intrasite synaptic variance (Fig. 4C), these parameters cannot be
directly measured in our system. To measure the error associated
with incorrect assumption of the variance origin, we next simu-
lated the effects of considering variance to be exclusively intrasite
(Fig. 4A) or intersite (Fig. 4B). Consistent with previous studies,
the intrasite or intersite variance did not affect the qualitative
parabolic relationship of the variance to the mean (Frerking and
Wilson, 1996). Furthermore, based on these simulations, we es-
timated that the error associated with incorrect assumption of the
origin of variance was <<1% for the quantal size, and <10.7% for
the number of active release sites. Therefore, our results indicate
that P/Q-type VGCCs have access to more release sites than
N-type VGCCs. On the other hand, N-type VGCCs are essential
in controlling multivesicular release.

Ca’* influx through P/Q- have access to release sites
controlled by N-type VGCCs

P/Q-type VGCCs generate spatially homogenous Ca** microdo-
mains which are key in recruiting additional release sites during
short-term facilitation. Are individual release sites under the ex-
clusive control of one type of VGCCs, or are release sites con-
trolled by a mixed contribution of Ca** influx through both
P/Q- and N-type VGCCs? Neurotransmitter release can occur
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through Ca®" entering the presynaptic terminal from a single
VGCC (Weber et al., 2010; Scimemi and Diamond, 2012),
through several VGCCs (Borst and Sakmann, 1996), and can
result from combined influx through more than one type of

VGCC (Wheeler et al., 1994). When this last phenomenon oc-
curs, blocking the different Ca** sources will show a supra-
additive effect; the arithmetic sum of EPSC blockade will be
superior to 100% (Mintz et al., 1995; Reid et al., 2003).



4920 - J. Neurosci., May 10, 2017 - 37(19):4913—4927

Chamberland et al.  Distinct Roles of P/Q- and N-Type VGCCs

A B C
Ctl
—a— Control 101 —&— Control
— AgTx ——- AgTx
~ 50— CTx 8- - CTx
<
=
2] -
T 401 5
5 g4
2 £
© 1 [0}
CTx % ) 30 8,4
Qo X .8
© &
S 20 301
T P P v k- 3
g 21
(&) 10+
172} 4
AgTx & 4
T T T T T T T T T T T T T T T
200 pA 2 4 6 8 10 1,223 3445566778 899,110
—, P Stimulus # EPSC Pair
50 ms
D E F
80+ —&— Control
—— Agatoxin
—m— Conotoxin 60
60 m  Control
* B Agatoxin
_— o 50+ m Conotoxin
60 z o
- =
< 50+ o —
= § ° g 404 Q=44.7 +5.6
9 = e N=19.6 + 6
@ 40 = g2 30
% * 3 401 g%
(] ©
=] o)) >
(e] © 4
204 § 20
*k < 304
10+ Q=515+11.3
N=4+25
0 0
T T T T T T T T T 1
0 2 4 6 8 10 Ct - CTx AgTx 0 500 1000 1500 2000
Stimulus # Mean (pA)

Figure 3.
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To address whether P/Q-type VGCCs have access to the same
release sites as N-type VGCCs, we arithmetically summed the effects
of AgTx and CTx on EPSC amplitude during trains of stimuli. The
AgTxand CTx sum of effect was initially found above the 100% level,
but demonstrated a marked and gradual decrease, reaching almost
100% at the end of the train (Fig. 5A). This indicates that under lower
release probability, Ca>" entering through P/Q- and N-type VGCCs
have access to the same release sites. Interestingly, the sum of effect of
AgTx and CTx did not reach the 100% mark because of a similar
reduction in the amount of short-term facilitation (Fig. 5A-C). Al-
though the percentage of effect of AgTx was largely constant during
the train, the percentage of effect of CTx on EPSC amplitude
was gradually decreased (Fig. 5C). This differential effect of tox-
ins argues that the supra-additive effect is not due to the power
law-dependency of neurotransmitter release on Ca®" influx.
More importantly, this result indicates that by the 10th stimulus,
P/Q-type VGCCs may have access to the same vesicles as N-type
VGCCs. In contract, N-type VGCCs do not appear to have access
to all vesicles, even after a large number of stimuli.

To test this idea, we performed CV analysis to analyze the
effect of the toxins on EPSCs throughout the train. We aimed to

determine whether blocking P/Q- or N-type VGCCs had the
same effect on the quantal parameters when release probability
was increased through repetitive activity. For the first EPSC in the
train, both toxins caused a reduction in the number of active
release sites, as indicated by the data falling on the diagonal line
(Fig. 5D). For subsequent stimuli in the train (5th and 10th
shown), the effect of AgTx was purely a decrease in the number of
active release sites. In contrast, CTx reduced the quantal size for
the last stimulus in the train, because the data point moved closer
to the horizontal line. Therefore, blocking N-type VGCCs ini-
tially reduced the number of active release sites, but eventually
only decreased multivesicular release. This suggests that P/Q-
type VGCCs have access to more release sites, including release
sites controlled by N-type VGCCs. This idea is confirmed by two
direct observations. First, the fraction of EPSCs blocked by CTx
reached a maximum and plateaued by the fifth stimulus (n = 19
cells; Figs. 5EI, red open markers, 2B). In contrast, the portion of
EPSC blocked by AgTx gradually increased during the train (n =
16 cells; Figs. 5E2, blue open markers, 2B). Altogether, these re-
sults indicate that N-type VGCCs trigger release at some active
zones and actively control multivesicular release. In comparison,
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P/Q-type VGCCs can trigger the release of vesicles from more
release sites, including those initially controlled by N-type
VGCCs.

P/Q- and N-type VGCCs contribute distinctly to basal
glutamate release

The above results indicate that P/Q-type VGCCs have access to
more release sites than N-type VGCCs, including release sites
initially controlled by N-type under higher release probability.
During trains of stimuli, the contribution of N-type VGCCs to
the total EPSC amplitude is gradually decreased, highlighting the
prevailing role of P/Q-type VGCCs. In these experiments, the
release probability was increased by repetitively stimulating
the synapse. If our conclusion holds, increasing the release prob-
ability by doubling the external calcium concentration should
also decrease the contribution of N-type VGCCs. We next di-
rectly tested this hypothesis.

First, we confirmed that there was no relative change in pre-
synaptic calcium conductance through P/Q- or N-type VGCCs
when the external calcium concentration was reduced from 2.5 to
1.2 mMm. By performing presynaptic calcium imaging, we found
that the relative contribution of P/Q- and N-type VGCCs to total
Ca’" influx was unchanged when recordings were performed in
1.2 or 2.5 mM external Ca?" (CTx: 1.2 mmM Ca?":27 = 5.7%, n =
5;2.5mM Ca®":31.5 = 9.3%, n = 4; p > 0.5, and AgTx: 1.2 mm
Ca®": 40.3 * 4.4%, n = 5; 2.5 mm Ca’": 50.5 * 6.9%, n = 5;

p > 0.2; Fig. 6 A, B). This indicates that the relative conductance
of P/Q- and N-type VGCCs is unaffected by a change in extracel-
lular Ca®".

If P/Q- and N-type VGCCs have distinct functional roles,
their relative contributions to the measured EPSC amplitude will
be dependent on the external Ca** concentration. Given our
results, this could reflect that P/Q-type VGCCs have access to
more release sites or that P/Q- and N-type VGCCs are in a differ-
ent coupling configuration with the calcium sensor. The contri-
butions of P/Q- and N-type VGCCs to EPSC amplitude was
similar in 1.2 mM external Ca*" (AgTx: 81.2 = 3.5% of inhibi-
tion, n = 10, CTx: 75.3 = 3.5% of inhibition, n = 10; p > 0.2; Fig.
6C,D). Next, we increased the external Ca®" concentration. In
2.5 mMm external Ca>", EPSC inhibition by CTx became signifi-
cantly smaller than EPSC inhibition by AgTx (AgTx: 86.5 = 3.4%
of inhibition, n = 14; CTx: 61.7 * 3.6% of inhibition, n = 18; p <
0.001; Fig. 6C,D). Furthermore, EPSC inhibition by CTx in 2.5
mM external Ca®" was also significantly smaller than in 1.2 mm
external Ca*" (p < 0.05). Together, these data confirm that
varying the external Ca** concentration changes the relative
contribution of P/Q- and N-type VGCCs to EPSC amplitude.
Therefore, together with the above conclusions, these results
argue that P/Q-type VGCCs have access to more release sites
and that P/Q- and N-type VGCCs are coupled differently to
the calcium sensor.
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P/Q-type VGCCs leverage microdomain signaling to recruit
additional release sites

Our results show that P/Q- and N-type VGCCs control specific
Ca*" spatiotemporal dynamics in MF terminals, with P/Q-type
VGCCs gating spatially homogeneous Ca** elevations (Fig. 1).
As a result, N-type VGCCs support short-term facilitation
through synchronization of multivesicular release, whereas P/Q-
type VGCCs are essential for the recruitment of additional release
sites (Figs. 2—4). Furthermore, P/Q-type VGCCs have access to
multiple active zones, whereas N-type VGCCs are restricted to a
portion of release sites (Fig. 5, 6). Based on this evidence, we
hypothesized that N-type VGCCs are tightly coupled to the Ca**
sensor at a limited number of release sites, whereas P/Q-type
VGCCs trigger release through microdomain signaling.

To test this hypothesis, we first performed experiments under
condition of 1.2 mM external Ca®" and applied AgTx, CTx, or the
membrane-permeant slow calcium chelator EGTA-AM. EGTA
largely decreases release mediated through microdomain signal-
ing with no effect on release mediated by nanodomain signaling.
Application of EGTA-AM (100 wM) on trains of EPSCs de-
creased the amplitude of all EPSCs in the train (Fig. 7A-C),
but did not fully block short-term facilitation (Fig. 7A-C). Strik-
ingly, EGTA-AM reduced short-term facilitation more than CTx
(p < 0.05 at the 10th stimulus; n = 8 for EGTA-AM; n = 11 for
CTx), and to a level similar as AgTx (p > 0.25 at the 10th stimu-
lus; n = 10 for AgTx; Fig. 7C). Next, to verify whether the effect of
EGTA-AM and AgTx were also similar throughout the trains, we
normalized EPSC amplitudes to control at their respective posi-
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MF-evoked EPSCs recorded in CA3 pyramidal cells in control conditions and in the presence of AgTx (blue) or CTx (red). The external calcium concentration was set to 1.2 or 2.5 m. Traces shown are
20 consecutive trials and their average. D, Bar graph showing the percentage of EPSCinhibition by AgTxand CTx as a function of the external Ca* concentration. Squares show individual neurons.

Data represent mean == SEM. *p << 0.05, ***p < 0.001.

tions (stimuli 1-10) during the trains (Fig. 7D). We observed that
EGTA-AM and AgTx had a similar effect on the EPSC amplitude,
reducing EPSCs by a larger fraction later during the trains. This
effect was in contrast to the effect of CTx, which blocked EPSC by
a lesser fraction later during the trains (Fig. 7D). In addition, the
effect of AgTx on EPSCs was slightly larger than the effect of
EGTA-AM for every EPSC (Fig. 7B-D). However, the time
course of the effect of EGTA-AM and AgTx were identical (Fig.
7E). These data indicate that disrupting microdomain calcium
signaling with EGTA-AM produces an identical effect on short-
term facilitation as blocking P/Q-type VGCCs.

We next investigated whether the alteration of short-term fa-
cilitation caused by EGTA-AM and AgTx are mediated through a
similar mechanism using CV analysis. Short-term facilitation fol-
lowing EGTA-AM or AgTx application occurred exclusively
through the synchronization of multivesicular release, as the
data points fell on the horizontal line (Fig. 7F). This effect of
EGTA-AM and AgTx were in contrast to the effect of CTx, which
could not abolish the recruitment of additional release sites (Fig.
7F). AgTx prevents the recruitment of additional release sites in a
way almost identical to EGTA-AM. Therefore, these results indi-

cate that P/Q-type VGCCs operate mainly through microdomain
signaling.

Next, to evaluate the contribution ofloosely coupled P/Q- and
tightly coupled N-type VGCCs to EPSC amplitude, we sequen-
tially applied EGTA-AM and AgTx or CTx. We measured the
fraction of EPSCs blocked by AgTx in presence of EGTA-AM to
quantify release mediated exclusively by tightly coupled P/Q-type
VGCCs (Fig. 841, A2). The full contribution of P/Q-type VGCCs
was evaluated by EPSCs generated in CTx, in absence of EGTA-
AM. We found that the tightly coupled fraction of P/Q-type
VGCCs could not explain the full contribution of P/Q-type
VGCCs later during the train (Fig. 8A2), indicative of loose cou-
pling. In sharp contrast, the tightly coupled fraction of N-types
VGCCs was the same as the full contribution of N-type VGCCs
(Fig. 8B2). This is well demonstrated by the almost perfect over-
lap of the two curves (Fig. 8B2). Therefore, these results confirm
that P/Q-type VGCCs act through loose and tight coupling,
whereas N-type VGCCs are exclusively tightly coupled to calcium
Sensors.

We observed that when the release probability is elevated,
P/Q-type VGCCs recruit additional release sites. When P/Q-type



4924 - ). Neurosci., May 10, 2017 - 37(19):4913—-4927

Chamberland et al.  Distinct Roles of P/Q- and N-Type VGCCs

2
A 1.2mMca” Acsk B C
200 —m— EGTA-AM —=— EGTA-AM
EGTA-AM —— AgTx 124 —— AgTx
- CTx —- CTx
150 310'
| < 2
o =
Y g 8-
AgTx = <
= O
S 100
0 g = & 6
< w
hel
cT - 2 z
X ® 77
' 50- §
[}
100 pA _I 1 T 1 T T O_I T 1 1 1 T
J 0 2 4 6 8 10 0 2 4 6 8 10
50 ms Stimulus # Stimulus #
F
50 - . -—=-cCt
ey ’ - EGTA-AM
5 d —— AgTx
€ 30- )/ —- CTx
8
‘S 20
X
104
0_
T T T T T
0 2 4 6 8 10
E Stimulus #
£20-
c
o
(&)
N
o
x1.04- =
£
2
0.04

Stimulus #

Figure7.

4 6 8 10 12
EPSC,/EPSC,

P/Q-type VGCCs recruit additional release sites through microdomain signaling. A, MF-evoked EPSCs recorded presence of EGTA-AM (green), AgTx (blue), or CTx (red) in the condition

of 1.2 mm Ca®" ACSF. B, EPSC amplitude as a function of stimulus number in the presence of EGTA-AM (green; n = 8), AgTx (blue; n = 10) or (Tx (red; n = 11). C, Normalized EPSC amplitude as
a function of stimulus number showing the identical progression of EPSC amplitude in the presence of EGTA-AM or AgTx. D, Normalized EPSC amplitude to their respective position in control
conditions during trains, as a function of stimulus number. E, Data shown in D, normalized to the first EPSCin the train to show the time course of effect of EGTA-AM, AgTx, and CTx. Although EGTA-AM
and AgTx have a quasi-identical effect, EPSCs mediated in the presence of CTx are gradually enhanced during trains. F, CV analysis shows that EGTA-AM (green; n = 8) blocks the recruitment of
additional release sites like AgTx (blue; n = 10). However, CTx (red; n = 11) could not block the recruitment of additional release sites. Data represent mean == SEM.

VGCCs were the sole contributors to short-term facilitation (in
the presence of CTx), the inhibition of EPSCs was larger in the
beginning than in the end of the train (Figs. 5A-C, 7 D, E). There-
fore, coapplication of CTx and EGTA-AM should confirm the
microdomain coupling of P/Q-type VGCCs by reversing this
effect. Indeed, our results show that the EPSC percentage of
control was now significantly reduced when in CTx +
EGTA-AM (p < 0.01; Fig. 8C), instead of being increased.
Altogether, these results are fully consistent with the fact that

P/Q-type VGCCs promote release mainly through microdo-
main but also nanodomain signaling, whereas N-type VGCCs
act through nanodomain signaling.

Discussion

Our findings identify how P/Q- and N-type VGCCs differently
shape the Ca*" landscape in MF terminals to release glutamate.
Whereas P/Q-type VGCCs generate spatially homogeneous
Ca** elevations, N-type VGCCs support highly heterogeneous
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Ca** transients. The distinct spatial profiles of Ca*™ elevations
generated by P/Q- or N-type VGCCs support their functional
role. Indeed, Ca*™ entering through P/Q-type VGCCs control a
large number of release sites, act through microdomain Ca** signal-
ing, and control short-term facilitation by recruiting additional re-
lease sites. In contrast, N-type VGCCs mediate release through
nanodomain coupling at a limited number of release sites and sup-
port short-term facilitation by enhancing multivesicular release. MF
terminals are endowed with a large number of active zones, possess a
large pool of vesicles, and exhibit notorious short-term facilitation
(Toth et al., 2000; Urban et al., 2001; Rollenhagen et al., 2007).
Therefore, the segregation of functions between P/Q- and N-type
VGCCs observed here optimizes the use of the presynaptic machin-
ery available to trigger an AP in the postsynaptic CA3 pyramidal cell
during repetitive granule cell firing, their preferred firing mode
(Csicsvari et al., 2003; Pernia-Andrade and Jonas, 2014).

Two calcium source to sensor coupling configurations coexist
in MF terminals

In behaving animals, granule cells act as low-pass filters to trans-
form the dense cortical code into a sparse hippocampal coding.
Granule cells fire high-frequency APs, leading to Ca**-dependent
short-term facilitation of glutamate release (Salin et al., 1996;
Klausnitzer and Manahan-Vaughan, 2008). Our results show
that tightly coupled N-type VGCCs are well positioned to sup-
port the synchronization of multivesicular release, whereas
loosely coupled P/Q-type VGCCs contribute to the recruitment
of additional release sites. This presynaptic configuration of
VGCCs is in sharp contrast to the juvenile calyx of Held, where
P/Q-type VGCCs are tightly coupled to the Ca*" sensor and
N-type VGCCs are loosely coupled (Iwasaki et al., 2000). How-
ever, in adults this segregation disappears, and the full Ca*"

influx is mediated by tightly coupled P/Q-type VGCCs. Compar-
atively, the calyx of Held is composed of several hundred release
sites but exhibits short-term depression upon repetitive activa-
tion (Wu et al., 1999). The disposition of VGCCs is therefore of
crucial importance to control short-term dynamics of neu-
rotransmitter release. What is the advantage of combining two
coupling configurations? We propose that this dual coupling
configuration allows the integration of activity over a broad range
of AP frequency and number during burst, which are very vari-
able in granule cells (Pernfa-Andrade and Jonas, 2014).

Spatiotemporal dynamics of Ca>* elevations in giant

MF terminals

Spatially heterogeneous Ca>* elevations in MF terminals are gener-
ated through P/Q- and N-type VGCCs. Interestingly, P/Q-type
VGCCs support more homogeneous Ca>" elevations than N-type
VGCCs. The spatiotemporal dynamics of Ca?* and interactions
with endogenous buffers are thought to underlie short-term
facilitation at this synapse. Following Ca®" entry in the presyn-
aptic terminal, Ca*" ions are rapidly bound to endogenous cal-
cium buffers. Calcium elevations in MF boutons are atypically
long-lasting, with a slow calcium extrusion rate compared with
other small presynaptic terminals (Scott and Rusakov, 2006; Er-
molyuk et al., 2013). Endogenous Ca*" buffer in MF boutons
have fast kinetics, a concentration of 100300 M, demonstrate
high-affinity, and are highly mobile (Vyleta and Jonas, 2014).
Also, following a single AP, Vyleta and Jonas observed a global
saturation of the endogenous calcium buffers. How can endoge-
nous Ca”" buffers support intraterminal distribution of Ca**
and allow for specific neurotransmitter release properties? A re-
cent study investigating Ca>* buffering in cerebellar MF boutons
revealed that fixed endogenous Ca>* buffer had a lower affinity
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than mobile Ca®" buffers, enabling fast Ca*" clearance from

active zones (Delvendahl et al., 2015). This research provided
direct evidence for regions with different buffering properties in
presynaptic terminals. It is therefore a possibility that P/Q- and
N-type VGCCs could have different association with the endog-
enous calcium buffers in hippocampal MF boutons.

We used random-access two-photon calcium imaging to track
the spatial dynamics of calcium elevations in giant MF boutons.
This approach offers the advantage of providing both a high tem-
poral and spatial resolution, but there is a tradeoff between both
parameters. Indeed, under such an imaging paradigm, the spatial
resolution is inversely related to the temporal resolution. We
optimized both parameters by placing a limited number of points
(<54) on the full surface of the boutons, yielding a temporal
resolution which still allowed to precisely determine the peak
calcium transient. Two important limitations for the spatial and
temporal resolution should be considered. First, our measure-
ments are diffraction-limited, with the spatial resolution deter-
mined by the resolution of the microscope (see Materials and
Methods). As a result, recorded calcium elevations correspond to
microdomains. Therefore, our findings with calcium imaging
cannot be extrapolated to the calcium nanodomains. Second, a
sufficient temporal resolution is mandatory to determine the
peak amplitude of the calcium transients with precision. Given
that the addition of 385 um Fluo-5F significantly slows down the
calcium transients, the temporal resolution used here is sufficient
to obtain a satisfactory measurement of the peak amplitude.

Functional specialization of P/Q- and N-type VGCCs control
short-term facilitation

How do specialized Ca®" spatiotemporal dynamics from N- and
P/Q-type VGCCs in MF terminals favor short-term facilitation?
Stochastic activation of VGCCs is clearly insufficient to control
short-term facilitation in a graded way, because VGCCs in MF
boutons demonstrate a high open probability of 72% following
single APs (Bischofberger et al., 2002). Therefore, other mecha-
nisms must support short-term facilitation through the two cou-
pling configurations observed.

How do tightly coupled N-type VGCCs support short-term fa-
cilitation through multivesicular release? Three mechanisms could
contribute. First, it was demonstrated through single-channel track-
ing that VGCCs are highly mobile in presynaptic terminal mem-
branes (Mercer et al., 2011; Schneider et al., 2015). It is possible that
the distance between N-type VGCCs and vesicles decreases in an
activity-dependent manner, thereby facilitating vesicle release.
Second, at CA3—CA1 pyramidal cell synapses, Cav2.2 channels
experience voltage-dependent tonic inhibition by G ;, which fa-
cilitate Ca** currents during repetitive activity (Scheuber et al.,
2004). Therefore, activity-dependent augmentation in the Ca*"
current through N-type VGCCs could enhance multivesicular
release. Third, in large MF boutons, N-type VGCCs are activated
less efficiently than P/Q-type channels, but AP broadening during
trains of activity can increase their contribution significantly (Li et
al,, 2007). At MF-CA3 synapses, significant broadening of the AP
occurs during trains of APs (Geiger and Jonas, 2000), which could
contribute to boosting Ca** currents through N-type VGCCs.
Therefore, these activity-dependent mechanisms could be key in en-
suring that release sites fully operate through multivesicular release
during repetitive activity.

Interestingly, Ca®" entering through N-type VGCCs is less
important than Ca®" from P/Q-type VGCCs for short-term
facilitation. This is consistent with microdomain signaling by
P/Q-type VGCCs, which have access to more release sites. These
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results are crucial given the recently demonstrated key role of
endogenous buffer saturation for short-term facilitation at MF-
CA3 synapses (Vyleta and Jonas, 2014). Indeed, the calcium
source to sensor distance was found to be 70—88 nm, longer than
the 10-30 nm typically found in typical CNS synaptic terminals
(Eggermann et al., 2012; Vyleta and Jonas, 2014). This relatively
long distance permits endogenous Ca** buffer to compete for
Ca** ions with sensors triggering vesicle release and conducts to
short-term facilitation by buffer saturation during repetitive ac-
tivity (Jackson and Redman, 2003; Matveev et al., 2004). The
results presented here are in full agreement that loose-coupling is
the favored coupling mode to mediate short-term facilitation at
the MF-CA3 pyramidal cell synapses.

At several synapses, VGCCs can be found outside active zones
(Wuetal.,, 1999). What is the role of these VGCCs? We demonstrate
thathomogeneous Ca** elevations in MF terminals through loosely
coupled P/Q-type VGCCs are essential for the recruitment of addi-
tional release sites. How are these release sites controlled? Our find-
ings support the idea that expression of VGCCs is not homogeneous
at a single release site, with no release sites sensing Ca*" exclusively
from either P/Q- or N-type VGCCs. Functional analysis demon-
strate that only a few release sites have access to Ca*" entering from
N-type VGCCs. These release sites have a higher release probability.
The large number of release sites at the MF synapse allows the syn-
apse to release neurotransmitter in a graded way, with lower release
probability release sites recruited later during sustained activity
(Chamberland et al., 2014; Stanley, 2015). This allows MF terminals
to overcome the physical limitations imposed by the number of
available release sites and optimize the use of a large vesicle pool
(Neher, 2010).

Together, our results suggest that functional specialization of
VGCCs support the physiological function of the synapse. At MF
terminals, P/Q-type VGCCs control a larger number of release
sites to support short-term facilitation through microdomain
coupling. N-type VGCCs operate through nanodomain coupling
at a few release sites and tune multivesicular release. We find that
P/Q- and N-type VGCCs have segregated physiological functions
because of the spatiotemporal dynamics of Ca™ they generate,
rather than specific biophysical properties. Therefore, the func-
tional specialization of P/Q- and N-type VGCCs optimizes the
use of the large number of release sites and the large pool of
vesicles found in giant MF terminals.
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