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Cav2.2 Channels Sustain Vesicle Recruitment at a Mature
Glutamatergic Synapse
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The composition of voltage-gated Ca21 channel (Cav) subtypes that gate action potential (AP)-evoked release changes during
the development of mammalian CNS synapses. Cav2.2 and Cav2.3 lose their function in gating-evoked release during postnatal
synapse maturation. In mature boutons, Cav2.1 currents provide the almost exclusive trigger for evoked release, and Cav2.3
currents are required for the induction of presynaptic long-term potentiation. However, the functional significance of Cav2.2
remained elusive in mature boutons, although they remain present at active zones and continue contributing significantly to
presynaptic Ca21 influx. Here, we addressed the functional significance of Cav2.2 and Cav2.3 at mature parallel-fiber (PF) to
Purkinje neuron synapses of mice of either sex. These synapses are known to exhibit the corresponding developmental Cav
subtype changes in gating release. We addressed two hypotheses, namely that Cav2.2 and Cav2.3 are involved in triggering
spontaneous glutamate release and that they are engaged in vesicle recruitment during repetitive evoked release. We found
that spontaneous miniature release is Ca21 dependent. However, experiments with Cav subtype-specific blockers excluded the
spontaneous opening of Cavs as the Ca21 source for spontaneous glutamate release. Thus, neither Cav2.2 nor Cav2.3 controls
spontaneous release from PF boutons. Furthermore, vesicle recruitment during brief bursts of APs was also independent of
Ca21 influx through Cav2.2 and Cav2.3. However, Cav2.2, but not Cav2.3, currents significantly boosted vesicle recruitment
during sustained high-frequency synaptic transmission. Thus, in mature PF boutons Cav2.2 channels are specifically required
to sustain synaptic transmission during prolonged neuronal activity.
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Significance Statement

At young CNS synapses, action potential-evoked release is gated via three subtypes of voltage-gated Ca21 channels: Cav2.1,
Cav2.2, and Cav2.3. During postnatal maturation, Cav2.2 and Cav2.3 lose their function in gating evoked release, such that at
mature synapses Cav2.1 provides the almost exclusive source for triggering evoked release. Cav2.3 currents are required for
the induction of presynaptic long-term potentiation. However, the function of the still abundant Cav2.2 in mature boutons
remained largely elusive. Here, we studied mature cerebellar parallel-fiber synapses and found that Cav2.2 does not control
spontaneous release. However, Ca21 influx through Cav2.2 significantly boosted vesicle recruitment during trains of action
potentials. Thus, Cav2.2 in mature parallel-fiber boutons participate in sustaining synaptic transmission during prolonged
activity.

Introduction
At young parallel-fiber (PF) to Purkinje neuron (PN) synapses,
action potential (AP)-induced glutamate release is triggered via

Ca21 influx through voltage-gated Ca21 channels (Cavs) of the
Cav2.1, Cav2.2, and Cav2.3 types (Mintz et al., 1995; Kusch et al.,
2018). During cerebellar maturation, Cav2.2 and Cav2.3 essen-
tially lose their function in gating release, and influx through
Cav2.1 becomes the almost exclusive trigger of AP-mediated
release. However, Cav2.2 persists at active zones (AZs) of matured
PF boutons (Kusch et al., 2018), and Cav2.2 as well as Cav2.3 con-
tinue contributing to presynaptic Ca21 influx, such that sources
and amplitudes of presynaptic Ca21 signals remain similar during
maturation (Myoga and Regehr, 2011; Baur et al., 2015; Kusch et
al., 2018). This phenomenon of Cav subtype switching in the trig-
gering of evoked release during development is not restricted to
PF synapses. At various other inhibitory and excitatory synapses,
the contribution of Cav2.2 and Cav2.3 to triggering evoked release
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was found to decline during development (Iwasaki and Takahashi,
1998; Iwasaki et al., 2000; Fedchyshyn and Wang, 2005; Miki et
al., 2013; Nakamura et al., 2015; Bornschein et al., 2019). These
findings raise the question of the functional significance of Cav2.2
and Cav2.3 in matured boutons.

Cav2.3 has been shown to control the induction of presynap-
tic long-term potentiation at PF–PN and hippocampal mossy-
fiber synapses, while Cav2.2 was not engaged in this process
(Dietrich et al., 2003; Myoga and Regehr, 2011). In addition, at
cultured hippocampal synapses stochastic opening of Cav2.3 in
particular played a prominent role in triggering spontaneous ves-
icle fusion events (Ermolyuk et al., 2013). Hence, while for
Cav2.3 specific functions beyond triggering AP-evoked release
were observed, the significance of presynaptic Cav2.2 in matured
boutons remained rather elusive. We therefore tested the hy-
pothesis of whether Cav2.2 or also Cav2.3 provides Ca21 entry
for controlling (1) spontaneous miniature release and (2) synap-
tic vesicle recruitment.

The pool of readily releasable vesicles (RRPs) docked to
release sites and the number of release sites are rather limited at
small CNS synapses (Brémaud et al., 2007; Valera et al., 2012;
Schmidt et al., 2013; Miki et al., 2016; Bornschein et al., 2019).
During repetitive neuronal activity, the RRP is progressively used
up, and synaptic efficacy as well as plasticity critically depend on
the recruitment of new vesicles. At facilitating synapses, recruit-
ment can be very rapid and even give rise to a temporary overfill-
ing of the RRP (Valera et al., 2012; Brachtendorf et al., 2015;
Miki et al., 2016; Doussau et al., 2017; Neher and Brose, 2018;
Schmidt, 2019; Vandael et al., 2020; Silva et al., 2021). Evidence
from different synapses suggests that recruitment is reversible
and, at least partially, Ca21 dependent (Neher and Sakaba, 2008;
Miki et al., 2016; Doussau et al., 2017; Miki et al., 2018; Imig
et al., 2020; Kusick et al., 2020; Miki et al., 2020; Vandael et
al., 2020; Eshra et al., 2021; Lin et al., 2022) The specific
Ca21 sources involved in regulating recruitment, however, have
remained unclear to date (for review, see Schmidt, 2019; Silva
et al., 2021).

PF synapses are among the synapses that show rapid vesicle
recruitment, which gives rise to their characteristic sustained
high-frequency facilitation (Miki et al., 2016; Doussau et al.,
2017). They are, therefore, ideally suited to investigate the mech-
anisms of Ca21-dependent vesicle recruitment. Furthermore,
PFs provide the majority of excitatory inputs to PNs, which
makes them also well suitable for studying spontaneous gluta-
mate release. We found that spontaneous release was not
reduced by blocking Cav2 channels with subtype-specific tox-
ins. On the other hand, block of Cav2.2 but not Cav2.3 signifi-
cantly reduced the rate of vesicle recruitment during trains of
APs. Hence, our results reveal a significant function of Cav2.2
in maintaining steady-state recruitment of vesicles during peri-
ods of heavy synaptic use.

Materials and Methods
Slice preparation and electrophysiology
Slices were prepared and patch-clamp recordings were performed as
described previously (Baur et al., 2015). Briefly, postnatal day 21 (P21)
to P24 C57BL/6J mice of either sex were decapitated under deep inha-
lation anesthesia with isoflurane (CuraMed). The vermis region of the
cerebellum was rapidly excised and transferred to cooled (0–4°C) arti-
ficial CSF (ACSF) containing the following (in mM): 125 NaCl, 2.5
KCl, 1.25 NaH2PO4, 26 NaHCO3,1 MgCl2, 2 CaCl2, and 20 glucose,
equilibrated with 95% O2 and 5% CO2, at pH 7.3–7.4. Parasagittal
(electrophysiology) slices (250 mm thick) were cut with a vibratome
(Microm HM 650 V) and incubated at 35°C in ACSF for 30min.

Afterward, slices were stored at room temperature (RT; ;22°C). For
experiments, slices were transferred to a recording chamber that was
constantly perfused with 4 ml of ACSF/min supplemented with 10 mM

bicuculline (Tocris Bioscience) at RT. Unless stated otherwise, chemicals
were from Sigma-Aldrich.

Patch pipettes with a resistance of ;5 MV were prepared with a
PC-10 puller (Narishige) from borosilicate glass (Hilgenberg) and
filled with the following pipette solution (in mM): 157 K-gluconate,
4 NaCl, 3 MgCl2, 3 Na2-ATP, 0.3 Na-GTP, 0.05 EGTA, and 10
HEPES, dissolved in purified water, with pH adjusted to 7.3 with KOH
or HCl.

Whole-cell patch-clamp recordings from PNs were performed
under optical control (model BX51WI, Olympus) using an EPC10/
3 amplifier and PatchMaster software (version v2x90.2; HEKA).
EPSCs were typically recorded at a holding potential of �80mV
corrected for the liquid junction potential (16 mV). Data were fil-
tered at 2–5 kHz and sampled at 10 kHz. Series resistance (Rs) and
holding current (Ihold) were monitored continuously. Rs was com-
pensated constantly to a target value of 10 MV. Experiments were
rejected if the uncompensated Rs exceeded 30 MV or if Ihold fell
below �500 pA. mEPSCs (Fig. 1) were recorded in the presence of
1 mM tetrodotoxin (TTX) added to the bath solution. Baseline record-
ings and recordings with pharmacological treatments had a duration
of 800 s each (40 traces of 20 s).

To evoke EPSCs, PFs were stimulated extracellularly by placing a
stimulation pipette containing ACSF in the molecular layer (Fig. 2).
Stimulus intensities were adjusted to reach initial evoked EPSC ampli-
tudes of ;500 pA [interquartile range (IQR) 366–630 pA], using an
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Figure 1. Spontaneous mEPSCs are Ca21 dependent but unaffected by specific Cav block-
ers. A, Recording scheme: mEPSCs were recorded from whole-cell patch-clamped PNs in
acute brain slices from P21 to P24 mice. Presynaptic sources are mainly granule cells (GCs),
particularly via PFs and also the climbing fiber (CF). B, Example traces of spontaneous
mEPSCs recorded in [Ca21]e of 2 mM (standard ACSF, gray, top) or 5 mM (black, middle).
Note the increase of spontaneous events in elevated [Ca21]e. C, As in B for control conditions
(standard ACSF, gray) and after application of AgTx (250 nM; orange), SNX (500 nM; blue),
CTx (5 mM; green), or the combination of the three toxins (red). D, Summary of averaged
mEPSC frequencies after application of high extracellular Ca21 (**p = 0.004), AgTx, SNX,
CTx, or all toxins combined (color code as in B and C). Data were normalized to the averaged
mEPSC frequency under control conditions for each specific cell. Note that neither the individ-
ual subtype-specific blockers nor their combination significantly affected the mEPSC
frequency.
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isolated stimulator (model ISO-Stim 01 DPI, NPI Electronics).
Using the quantal release parameters of PF synapses (q = 8 pA,
N = 2.9; Schmidt et al., 2013; Baur et al., 2015) and a vesicular
release probability (pv) of either 0.25 or 0.6 for standard (2 mM) or
elevated (6 mM) [Ca21]e, respectively, we estimate that 86 PFs
(range, 63–108) or 36 PFs (range, 26–45) were stimulated on aver-
age in these experiments.

Bursts of five stimuli at 20Hz were applied every 20 s. Following 10
stable baseline recordings, ACSF (mock treatment) or ACSF supple-
mented with a Cav blocker were washed in for 10min. Subsequently, the
effects were quantified from 10 recordings during the treatment. Cavs
were blocked by either 250 nM v -agatoxin-IVA (AgTx; PEPTIDE), 5 mM

v -conotoxin GVIA (CTx; Bachem), 500 nM SNX-482 (SNX; PEPTIDE),
or a combination of the three toxins.

For cumulative analysis (Schneggenburger et al., 1999), the
CaCl2 concentration of the ACSF was raised to 6 mM and MgCl2
was omitted to keep the concentration of divalent cations closer to
the initial value. Fifty stimuli were applied to PFs at 20 Hz, fol-
lowed by 9 stimuli at increasing intervals (70 ms, 100 ms, 200 ms,
300 ms, 500 ms, 1 s, 3 s, 5 s, 10 s) to monitor the recovery of synap-
tic transmission (see Figs. 6, 7). Cumulative analysis was per-
formed on EPSCs during the 20 Hz train. Recovery of transmission
was quantified by fitting double-exponential functions to the time
course of pulses given between 0.67 and 20.17 s (pulses 54–59) af-
ter the end of the train. This protocol was repeated five times in
ACSF (baseline) and following a 10min washin of one of the above
toxin blockers (treatment) dissolved in ACSF. Sixty second breaks
were used between the individual runs. The runs for each condi-
tion were averaged.

Using trains at higher frequencies in a more physiological [Ca21]e of
;2 mM results in lasting facilitation at PF synapses (Doussau et al., 2017),
which is not favorable for cumulative analysis. Moreover, higher frequencies
result in the buildup of a strong tonic release component (Doussau et al.,
2017), which complicates the analysis of the phasic release component, in

particular late in the train. We found that both complications were avoided
by using the frequency of 20Hz and 6 mM [Ca21]e.

All experiments were conducted in accordance with institutional
guidelines for animal experiments, and were approved by the state direc-
torate of Saxony, Germany.

Computer simulations
Simple simulations. For the simple simulations (Fig. 3), it was assumed

that pv remains constant during the train. The number of release sites occu-
pied by a releasable vesicle (n[i]) during the ith pulse of a train was calcu-
lated as follows:

n½i� ¼ n½i� 1� � pv � n½i� 1�1 r; (1)

where r is the recruitment rate (Brachtendorf et al., 2015). Quantal con-
tents were calculated by multiplication of n[i] with a pv of 0.6 or 0.1 for
baseline or reduced pv conditions, respectively. In simulations mimick-
ing the presence of an additional replenishment pool (RP; Fig. 3B,D,F)
extra release sites (Valera et al., 2012) were added for pulses 2–4 in
Equation 1.

Full model of Ca21 dynamics, release, and recruitment. Details of
the model (see Fig. 7) and the fitting procedure have been described
previously (Schmidt et al., 2013; Doussau et al., 2017; Kusch et al.,
2018). Briefly, the reaction–diffusion systems were converted to ordinary
differential equations (ODEs) and numerically solved using NDSolve or
NDSolveValue of Mathematica 13 (Wolfram). Spatial resolution of 2nm
was achieved by placing the ODEs in concentric hemi-shells covering a total
radius of 450nm (Palay and Chan-Palay, 1974; Brenowitz and Regehr,
2007). The model included AP-driven gating schemes of Cavs generating
Ca21 influx, endogenous and exogenous Ca21 buffers, diffusion, an extru-
sion mechanism, and a release sensor.

Given the absence of data from PF synapses, the presynaptic AP wave-
form was estimated based on data from the calyx of Held using a half-dura-
tion of 0.2ms, a t rise of 0.1, and a tdecay of 0.25ms to gate the Cavs (Borst
and Sakmann, 1998; Meinrenken et al., 2002; Bucurenciu et al., 2010;
Ermolyuk et al., 2013). Voltage-dependent gating schemes of the Cavs were
taken from Li et al. (2007), assuming a single-channel conductance of 2.5 pS
for all channels (Li et al., 2007; Scimemi and Diamond, 2012; Ermolyuk et
al., 2013). The Ca21 equilibrium potential was calculated to be 165mV for
6 mM [Ca21]e. Each Cav had five closed (C) and one open (O) state. The
transition between the first five steps was assumed to be voltage dependent,
and the last step voltage independent, as follows:

Co ����������!a1ðVÞ

b 1ðVÞ
C1 ����������!a2ðVÞ

b 2ðVÞ
C2 ����������!a3ðVÞ

b 3ðVÞ
C3 ����������!a4ðVÞ

b 4ðVÞ
C4 ������!a

b
O; (2)

where a and b are the rate constants for transitions between C4 and O,
and ai(V) and b i(V) are the voltage-dependent forward and backward
transition rates that are given by the following:

aiðVÞ ¼ ai;0 expðV=kiÞ; i ¼ 1� 4; (3)

b iðVÞ ¼ bi;0 expð�V=ki; i ¼ 1� 4; (4)

where ai,0 and b i,0 are the forward and backward rate constants at
0mV, and ki is a slope factor.

Ca21 binding to the binding sites (B) of indicator dyes; of ATP,
which acted as a low-affinity, high-capacity endogenous buffer (Sabatini
and Regehr, 1998); and of the fifth noncooperative site of calretinin (CR;
CRV) were simulated by second-order kinetics, as follows:

d½Ca21�
dt

� �
j
¼ �kon;j½Ca21�½Bj�1Koff;j½Cabj�; j ¼ dye;ATP; or CRV :

(5)

Cooperative Ca21 binding to CR covered tense (T) and relaxed (R)
binding sites (Schiffmann et al., 1999; Bastianelli, 2003; Faas et al., 2007),
as follows:
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Figure 2. Neither Cav2.2 nor Cav2.3 channels affect first EPSC amplitudes and
facilitation. A, PFs were stimulated extracellularly and evoked EPSCs were
recorded from whole-cell patch-clamped PNs. B, Left, Examples of EPSCs (average
of 10 repeats each) evoked by five stimuli at 20 Hz (top) during baseline record-
ings (black), control recordings (gray), and after application of SNX (blue) or
CTx (green). Stimulation artifacts were removed for clarity. Right, Relative A1 val-
ues after mock application of ASCF (control, gray, top) and after the application
of SNX (blue, middle) or CTx (green, bottom) normalized to baseline A1 in ACSF.
C, Averaged Ai/A1 ratios (ratio of 2nd, 3rd, 4th, or 5th to 1st EPSCs, respectively)
show no effect of SNX (blue) or CTx (green) on facilitation compared with Ai/
A1 ratios of untreated control recordings. Data are normalized to baseline
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d½Ca21�
dt

� �
CRI;II

¼ �2kon;T½Ca21�½BCR1BCRII � � kon;R½Ca21�½CaðBCR1BCRIIÞ�
1 2koff :R½Ca2ðBCR1BCR IIÞ�1 koff :T½Ca ðBCR1BCR IIÞ�:

(6)

Radial diffusion of each molecular species X was simulated by the
following:

d½X�
dt

� �
¼ DX

An;n61

Vnr
ð½X�Þn61 � ½X�n; (7)

with DX being the diffusion coefficient (Bucurenciu et al., 2008; Vyleta and
Jonas, 2014), A the surface, V the volume, and r the radius of a shell. Ca21

was cleared by a linear, surface-based extrusion mechanism driven by the
difference between [Ca21]i and the resting [Ca21]i (250 nM assumed for 6
mM [Ca21]e). Twenty percent of CR was assumed to be immobile (Winsky
and Ku�znicki, 1995; Arendt et al., 2013).

For computational reasons, the simulated local or global [Ca21]i sig-
nals were fit by a Gaussian or double-exponential function and used to
drive a five-site model of release with two recruitment steps (Millar et
al., 2005; Sakaba, 2008; Doussau et al., 2017). For a description of the
release–recruitment model, see Figures 7 and 8 and the corresponding
Results section. The simulation only covered Cav2 in the AZ, according
to electron microscopy (EM) particle counts and further estimates derived
by Kusch et al. (2018). Local Ca21 at the release sensor resulted from
influx through a single Cav2.1 at a distance of 10nm to the release sensor
and two more remote Cav2.2. The distance of the Cav2.2 channels was var-
ied to optimize the overlap between simulation and experimental data.
This optimization procedure gave a distance estimate of 24nm. A simula-
tion with five Cav2.2 at a distance of 40 nm (Kusch et al., 2018) yielded
similar results. Global residual Ca21 was simulated as influx through
all Cav2.1 (six on average) and Cav2.2 (two on average) in the AZ
(Kusch et al., 2018). The residual Ca21 was used to drive recruitment.
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Figure 3. Simple simulations predict treatment-dependent changes for cumulative plots.
Ai, Top, inset, Scheme of the simulations: release from the RRP (N = 3) occurred with high
pv (0.6; control; black) or a reduced pv (0.1; treatment; orange). Recruitment (black arrow)
occurred from an infinite reserve pool (not shown) with rates identical between the two

/

simulations. For a treatment with such an effect (orange), this simulation predicts an initially
reduced m and a slowed drop to a very slightly increased steady-state quantal content.
Bottom inset, Simulation following normalization to the first quantal content (mi/m1). Aii,
Cumulative m plots for the simulations shown in Ai. Lines were fitted to the steady-state
phases and extrapolated to the y-intercepts. For this simulation with reduced pv (orange), a
decreased y-intercept and a very slightly increased slope (black, 2.933 1 0.100�; orange,
2.0241 0.101�) are predicted compared with the control (black). Aiii, Cumulative plot fol-
lowing normalization to the first quantal content (mi/m1). Note that due to the normalization
an increased y-intercept is predicted for the simulation with reduced pv (orange).
Furthermore, the normalization amplified the effect of reduced pv on the slope of the line fit
(black, 1.6301 0.056�; orange, 6.7501 0.340�). B, As in A, but in these simulations an
exhaustible replenishment pool was placed between the infinite reserve pool (data not
shown) and the RRP. Bi, Note that these simulations predict an initial facilitation even for
high pv. Bi,ii, They further predict a very slight increase in the steady-state quantal contents
(Bi), a reduced y-intercept, and a slightly increased slope (black, 8.933 1 0.100�; orange,
7.750 1 0.106�) in the cumulative plots (Bii). Biii, The treatment-specific predictions for
the normalized cumulative plots are qualitatively identical to those in A, but the y-intercept
and the slope are further increased (note the differences in ordinate scaling; black, 4.9601
0.056�; orange, 25.830 1 0.350�). C, As in A, but in these simulations pv was kept con-
stant, while the recruitment rate was reduced (green). Ci–iii, For such a treatment, the sim-
ulations predict a reduced steady-state amplitude (i) and a decline in the slope of the fitted
line, while the y-intercept will remain almost unchanged [green, 2.967 1 0.050� (ii);
1.650 1 0.028� (iii)]. D, As in C, but in these simulations the exhaustible replenishment
pool was introduced as in B. Di–iii, Again an initial facilitation is predicted (i), while for the
cumulative plots the predictions remain qualitatively identical to C i.e. reduced slope and
unchanged y-intercept [green, 8.967 1 0.050� (ii); 4.980 1 0.028� (iii)]. Ei,ii, As in Ai,
ii, but in these simulations pv and recruitment rate were reduced (light orange). For a phar-
macological treatment with both effects, a decrease in slope and y-intercept is predicted
(light orange, 2.780 1 0.050�). Fi,ii, As in Ei,ii, but again the exhaustible replenishment
pool was introduced as in B and D. Similar to the simulations in B and D, an initial facilita-
tion is predicted (i) and predictions for the cumulative plots remain qualitatively identical to
E (light orange, 8.7971 0.050�).
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Paired-pulse ratios (PPRs) during train and recovery were calculated
as ratios of pvs or peak release rates to the first pv or first peak in the
train, respectively. No differences were observed between ratios derived
by the two different methods (see Fig. 8Cii, exception case). pvs were
derived by temporal integration of the release rates. To prevent overfill-
ing of the initial RRP, Ca21-independent recruitment started with the
onset of release. To correctly predict the sag before recovery from steady
state, we had to include an exponentially increasing and subsequently
decreasing (t = 100ms) value for k2b.

Inclusion of an intrinsic facilitation mechanism that decreased koff
10-fold during the train followed by a return to its initial value after the
train would also predict the sag (see Fig. 8Ci), albeit not as prominent as
observed experimentally. The simulations with decreasing koff predict
that the release time course broadens during the train, which should give
rise to a broadening of the EPSCs during the train (see Fig. 8Cii). To
probe for EPSC broadening, we compared the experimental Ai/A1 EPSC
ratios (ith EPSC amplitudes/first EPSC amplitude) to their temporal
integrals (Qi/Q1) during the train. We found that they were almost iden-
tical and significantly deviated from each other only between the seventh
and ninth pulses in the train [i= 7, p= 0.021; i=8, p=0.031; i=9,
p=0.025; Mann–Whitney U (MWU) test; see Fig. 8Ciii]. This argues
against significant EPSC broadening during the train and in turn indi-
cates that intrinsic regulation of koff is unlikely to be a prominent factor
in facilitation at PF synapses. Hence, we did not further consider intrin-
sic facilitation in the simulations. During recovery, the Ca21-independ-
ent rate constants (k1, k2) were assumed to exponentially decline (t1 =
10 s, t2 = 5 s) with progressive filling of the RRP. Model parameters are
given in Table 1.

Analysis and statistics
Data were analyzed with custom-written routines in Igor Pro 8
(WaveMetrics). For the analysis of mEPSCs, the macro toolkit Neuromatic
(Rothman and Silver, 2018) was used. The automatic detection threshold was
set to the highest rms noise value obtained for a given cell and, if neces-
sary, manually adjusted after visual inspection to increase detection
accuracy.

Data are presented as the mean 6 SEM or the median and 25th to
75th percentile. In box-and-whisker plots, boxes and solid lines repre-
sent medians and IQRs, dashed lines represent means, and whiskers rep-
resent the 10th and 90th percentiles. Data outside the range of the
percentiles are shown as outliers. The number of experiments is indi-
cated in brackets. All other plots show mean values, and whiskers repre-
sent SEMs.

For normally distributed samples (Shapiro–Wilk normality test),
ANOVA (for more than two groups) was used. Not normally distributed
data and small samples were compared with the Mann-Whitney-U
(MWU) rank-sum test or ANOVA on ranks (for more than two groups).
To compare pretreatment and post-treatment data, the paired t test was
used for normally distributed samples and the Wilcoxon signed-rank
(WSR) test for not normally distributed and small samples. Statistical

Table 1. Additional model parameters

Parameter Value References/remark

Calretinin Faas et al. (2007)
Binding sites 5 n
kon, tense 1.8 mM/s
kon, relaxed 310 mM/s
kon, V 7.3 mM/s
koff, tense 53 s
koff, relaxed 20 s
koff, V 252 s
Concentration 80 mM 1
Wash-out corr. 70% 2
DCR 20 mM2/s 3

ATP Meinrenken et al. (2002)
Binding sites 1
kon 500 mM/s
koff 100,000 s
Concentration 540 mM 4
DATP 220 mM2/s 5

Fluo-5F
Binding sites 1 Thermo Fisher Scientific
kon 30 mM/s Scott and Rusakov (2006)
KD 1.44 mM Calibration in pipette solution
Concentration 140 mM 70% of pipette concentration
DFluo 15 mM2/s 6

OGB-5N
Binding sites 1 Thermo Fisher Scientific
kon 2500 mM/s Faas et al. (2007)
KD 24 mM Delvendahl et al. (2015)
Concentration 140 mM 70% of pipette concentration
DFluo 15 mM2/s 6

DCa 220 mM2/s Allbritton et al. (1992)
Cav2.1 Li et al. (2007)

a, b 247.71, 8.28 ms
a1,0, b 1,0 5.89, 14.99 ms
a2,0, b 2,0 9.21, 6.63 ms
a3,0, b 3,0 5.2, 132.8 ms
a4,0, b 4,0 1823.18, 248.58 ms
k1 62.61 mV
k2 33.92 mV
k3 135.08 mV
k4 20.86 mV

Cav2.2
a, b 615.01, 7.68 ms
a1,0, b 1,0 4.29, 5.23 ms
a2,0, b 2,0 5.24, 6.63 ms
a3,0, b 3,0 4.98, 73.89 ms
a4,0, b 4,0 772.63, 692.18 ms
k1 68.75 mV
k2 39.53 mV
k3 281.62 mV
k4 18.46 mV

Cav2.3
a, b 228.83, 1.78 ms
a1,0, b 1,0 9911.36, 0.62 ms
a2,0, b 2,0 4.88, 21.91 ms
a3,0, b 3,0 4.00, 51.30 ms
a4,0, b 4,0 256.41, 116.97 ms
k1 67.75 mV
k2 50.94 mV
k3 173.29 mV
k4 16.92 mV

Release sensor Sakaba (2008)
Binding sites 5
kon 90 mM/s
koff 3000 s

(Table continues.)

Table 1. Continued

Parameter Value References/remark

g 5000 s
b 0.25
k1 0.42 s Fit parameter
k’1,Ca 0.237 * RR mM/s Fit parameter
k2 8.2 s Fit parameter
k2,Ca 2.7 mM/s Fit parameter
k1b 0.06 s Fit parameter; 7
k2b 1.35 s Fit parameter; 7

1, Assuming that CR is the main native buffer (Schiffmann et al., 1999) and that the endogenous buffer
capacity is ;60 (Bastianelli, 2003; Brenowitz and Regehr, 2007); 80 mM CR gives k = 58 (Faas et al.,
2007); 20% of CR was immobile in the simulation (Winsky and Ku�znicki, 1995; Arendt et al., 2013); 2,
assuming that CR washout has a similar time course as dye washin; 3, Value for the related protein
Calbindin-D28k (Schmidt et al., 2005; Arendt et al., 2013); 4, calculated free ATP concentration in pipette so-
lution; K = 2.7; 5, assumed to be similar to DCa (Bucurenciu et al., 2008; Vyleta and Jonas, 2014); 6,
assumed to be similar to Oregon Green 488 BAPTA-1 (Schmidt et al., 2003); 7, calculated to stabilize the
model with resting [Ca21]i.
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significance is indicated as *p, 0.05, **p, 0.01, or ***p, 0.001.
Statistical tests were performed with SigmaPlot 11.0 (Dundas Software).

Data availability
The Mathematica code is available via a link to github on our homepage
(https://physiologie.medizin.uni-leipzig.de/?en,id140) or directly at
github (https://github.com/Hartmut-Schmidt/JNeurosci_2023).

Results
Spontaneous release is independent of Ca21 influx through
Cavs
To analyze the function of Cavs in mature PF boutons, we started
by investigating AP-independent, spontaneous miniature EPSCs
(mEPSCs). PNs in acute cerebellar slices from matured mice
(P21 to P24) were whole-cell patch clamped, and mEPSCs were
recorded in the presence of TTX (1 mM) and bicuculline (10 mM;
Fig. 1A).

First, we investigated the Ca21 dependency of spontane-
ous release by varying the extracellular Ca21 concentrations
([Ca21]e). An increase in [Ca21]e from 2 to 5 mM resulted in
a significant increase in the frequency of mEPSCs by a factor
of 12.85 (range, 5.18–15.05; n = 4; control: 1.00; range, 0.89–
1.06; n = 8; p = 0.004, MWU rank-sum test; Fig. 1B,D). The
mEPSC amplitudes, on the other hand, showed only a small
and insignificant increase in high [Ca21]e (factor of 1.20; range,
0.99–1.34; n= 4; control: 0.99; 0.96–1.01; n= 8; p= 0.214, MWU
rank-sum test; data not shown). These findings are consistent
with findings from different synapses (for review, see Smith et
al., 2012; Williams and Smith, 2018), including previous reports
about the Ca21 dependency of spontaneous glutamate release
onto PNs (Yamasaki et al., 2006; Groffen et al., 2010).

One potential mechanism that could explain an effect of
[Ca21]e on the frequency of mEPSCs is the stochastic opening
of Cav2 channels, forming transient presynaptic Ca21 micro-
domains (Ermolyuk et al., 2013). Previous results from several
glutamatergic synapses showed that the unspecific inorganic
Cav blocker Cd

21 did not reduce or even increased spontane-
ous release (Abenavoli et al., 2002; Vyleta and Smith, 2011;
Williams and Smith, 2018). In particular, Cd21 was described
previously as being ineffective in interfering with spontaneous
glutamate release onto PNs (Yamasaki et al., 2006). However,
the application of Cav2 subtype-specific toxins resulted in a
significant reduction of the frequency of glutamatergic minis
in cultured hippocampal neurons (Ermolyuk et al., 2013).
Therefore, we recorded mEPSCs in the presence of AgTx (250
nM), SNX (500 nM), and CTx (5 mM; Fig. 1C,D) that specifically
block Cav2.1, Cav2.2, and Cav2.3 channels, respectively. For
Cav2.3, the block could be incomplete because of a fraction of
SNX-insensitive channels (Newcomb et al., 1998; Myoga and
Regehr, 2011). We quantified the effects of the three toxins as
treatment/pretreatment baseline ratios. This analysis revealed
that none of the three toxin blockers or their combination had
a significant effect on the frequency of mEPSCs (CTx: 0.93;
range, 0.67–1.46; n = 4; SNX: 1.20; range, 0.99–1.43; n = 5;
AgTx: 0.86; 0.56–1.09; n = 6; all toxins combined: 1.13; 1.05–
1.19; n = 4; p = 0.110, ANOVA on ranks). Also, the corre-
sponding ratios of the amplitudes remained unaffected by
application of the toxins (CTx: 1.00; range, 0.94–1.02; n = 4;
SNX: 1.03; range, 1.01–1.06; n = 5; AgTx: 0.95; 0.90–1.04;
n = 6; p = 0.098, ANOVA on ranks; data not shown). Thus, the
use of Cav2 subtype-specific toxins did not reveal a contribu-
tion of these channels to miniature glutamate release from PF
boutons.

Together, results obtained with specific Cav2 blockers suggest
that spontaneous glutamate release from PF boutons is inde-
pendent of the opening of Cav2 channels, although it was de-
pendent on extracellular Ca21. We consider it unlikely that
problems with handling of the blockers are responsible for this
result since in our hands the application of the toxins signifi-
cantly affected presynaptic [Ca21]i signals and evoked EPSCs
(Kusch et al., 2018). The conclusion is based on the effects of spe-
cific Cav2 subtype-specific toxins rather than the effects of block
by Cd21, thereby avoiding potential occlusion of Cd21-induced
block of Cav2 by unspecific effects of Cd21 that tended to
increase spontaneous release at previously investigated glutama-
tergic synapses (Vyleta and Smith, 2011; Williams and Smith,
2018).

Neither Cav2.2 nor Cav2.3 drive overfilling of the RRP
during brief bursting activity
To test whether Cav2.2 and Cav2.3 channels contribute to vesicle
recruitment and overfilling, we first investigated facilitation dur-
ing brief bursts of APs evoked by five stimuli at 20Hz applied to
PFs (Fig. 2A,B). Evoked EPSCs recorded from the postsynaptic
PN were normalized to the first amplitude (Ai/A1, i=2–5),
resulting in four PPRs. It was previously shown that neither
Cav2.2 nor Cav2.3 channels influence the initial pv and A1 at
matured PF–PN synapses (Kusch et al., 2018). Hence, if Cav2.2
or Cav2.3 were to be involved in vesicle recruitment, we would
expect that pharmacologically blocking these channels would
reduce facilitation.

We confirm that blocking of Cav2.3 and Cav2.2 channels by
SNX or CTx, respectively, had no effect on A1 (normalized to
baseline; SNX: 0.766 0.13, n=6; CTx: 1.016 0.11, n=6; control:
1.036 0.05, n = 9; p = 0.102, one-way ANOVA; Fig. 2B).
However, short-term plasticity also was not significantly
affected by the application of SNX (Ai/A1 for i = 2–5: 1.106
0.05, 1.116 0.06, 1.136 0.07, 1.116 0.05; n = 6) or applica-
tion of CTx (Ai/A1 for i = 2–5: 1.056 0.04, 1.086 0.04,
1.096 0.05, 1.116 0.04; n = 6) compared with the control
(Ai/A1 for i=2–5: 1.006 0.02, 1.026 0.03, 1.016 0.03, 1.016 0.04;
n=9; p=0.164, p=0.270, p=0.175, p=0.165, one-way ANOVA;
Fig. 2C). Hence, in the absence of significant effects of SNX or CTx
on first EPSC amplitudes and facilitation, these findings indicated
that Cav2.2 and Cav2.3 channels do not play a crucial role for rapid
recruitment and overfilling during brief bursts of APs at PF–PN
synapses.

Cav2.2 channels increase the rate of vesicle recruitment
during sustained high-frequency activity
We proceeded by investigating steady-state vesicle recruitment
during sustained high-frequency synaptic activity. First, we used
two simple models of vesicle pools, release and recruitment, to
theoretically explore how cumulative quantal contents (m) would
be affected by three different cases of pharmacological treatments
that would affect only pv, only the recruitment rate, or both (Fig.
3). The first model contained an RRP and a reserve pool (Fig.
3A,C,E), and the second model contained an additional exhausti-
ble RP intercalated between the RRP and reserve pool (Fig. 3B,D,
F). During a train, the first model immediately showed depres-
sion (Fig. 3Ai,Ci,Ei), while the second model showed initial
facilitation followed by depression later in the train (Fig. 3Bi,Di,
Fi). The slopes of linear fits to the late phases of the cumulative
plots provide estimates of the steady-state recruitment rates
and their back-extrapolated y-intercepts yield a quantity close
to the decrement of the RRP during the train (Schneggenburger
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et al., 1999; Neher, 2015). Irrespective of the
model details, the simple simulations predict
that a treatment that reduces pv without con-
comitantly affecting the recruitment rate will
reduce the y-intercept because of the reduced
consumption of releasable vesicles (Fig. 3Aii,
Bii). The simulations further predict a very
slight increase in the steady-state quantal con-
tents and in the slopes of the line fits in the cu-
mulative plots. On the other hand, a treatment
that would only reduce the recruitment rate
without concomitantly affecting pv will result in
a shallower slope and essentially no effect on
the y-intercept (Fig. 3Cii,Dii). Finally, a treat-
ment that reduces recruitment and pv will
reduce both slope and y-intercept (Fig. 3Eii,Fii).

In the simple simulations, we observed
that normalization to the first quantal content
(m1) amplifies specific predictions. In particu-
lar, the increased slope during a treatment
that only reduces pv became substantially
more pronounced (Fig. 3Aiii,Biii). While the
normalization procedure boosts this other-
wise very small effect on the slope, it comes at
the expense of another, somewhat counterin-
tuitive, prediction. A treatment that only
affects pv is predicted to increase the y-inter-
cept, rather than to decrease it. For a treat-
ment that only reduces the recruitment rate,
on the other hand, the normalization does
not alter the principle results compared with
those obtained with the absolute quantal con-
tents (Fig. 3Ciii,Diii).

To experimentally explore the contribu-
tions of the different Cav2 subtypes to steady-
state vesicle recruitment, we applied trains of
50 stimuli at 20Hz under control conditions
and in the presence of AgTx, SNX, or CTx
(Fig 4). Trains were repeated five times for
each condition and averaged (for details, see
Materials and Methods). To achieve a steady-
state between release and recruitment (Neher,
2015), these train experiments were performed
in 6 mM [Ca21]e, which will increase pv to
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Figure 4. Cav2.1 and Cav2.2 channels are significant for steady-state vesicle recruitment. Ai, Examples of averaged
EPSC trains (n = 5 repetitions each) recorded in 6 mM [Ca2+]e and at 20 Hz before (black) and after (orange) application of
AgTx (250 nM). Inset, Relative 1st (A1) and 50th (A50) EPSC amplitudes after application of AgTx normalized to 1st and 50th
baseline amplitudes, respectively (*p = 0.031). Aii, Cumulative Ai plots (dots) calculated from the EPSCs in Ai with back-extrap-
olated linear fits to the steady-state phases (A40 to A50). Baseline (black): slope = 3.3 nA/s; y-intercept = 9.0 nA; AgTx (orange):

/

slope = 2.8 nA/s; y-intercept = 3.7 nA. Aiii, Summary of slopes and
y-intercepts before (black) and after (orange) treatment with AgTx
(individual experiments are shown as open circles and dashed lines;
means are shown as filled circles and solid lines; *p = 0.015). The
small effect of AgTx on the slope becomes significant following nor-
malization of the data as shown in Figure 5. B, As in A, but for SNX
(blue). Bi, Example recording and relative A1, A50 (inset). Bii,
Cumulative analysis of i (baseline: slope = 7.1 nA/s, y-intercept =
19.1 nA; SNX: slope = 6.5 nA/s, y-intercept = 16.6 nA). Biii,
Summary of cumulative analysis. C, As in A, but for CTx (green). Ci,
Inset, *p = 0.049, **p = 0.006. Cii, Baseline: slope = 5.4 nA/s, y-
intercept = 10.9 nA; CTx: slope = 3.7 nA/s, y-intercept = 10.3 nA.
Ciii, Note that CTx significantly decreased the slope (*p = 0.014). D,
As in A, but for a reduced dose of AgTx (100 nM, light orange). Di,
Inset, **p = 0.008. Dii, Baseline: slope = 2.9 nA/s, y-intercept =
8.8 nA; 100 nM AgTx: slope = 2.0 nA/s, y-intercept = 6.0 nA. Diii,
Note that the weak block by AgTx significantly decreased the recruit-
ment rate (***p = 0.001) and the y-intercept (**p = 0.005).
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;0.6–0.7 (Schmidt et al., 2013; Baur et al., 2015). Notably, even
with this high pv, release was facilitated during the initial approxi-
mately five APs under control conditions with maximum Ai/A1 of
;1.25, before gradual depression to a steady state of ;0.3.
According to the above simple simulations (Fig. 3), this indicates
the presence of a RP (c.f. Miki et al., 2016; Doussau et al., 2017).

We found that EPSC amplitudes during the train were differ-
entially affected by the toxins. As expected (Kusch et al., 2018),
the Cav2.1 blocker AgTx significantly reduced the initial ampli-
tude A1 relative to the baseline condition (normalized A1 = 0.26;
range, 0.23–0.31; p=0.031, WSR test). Yet, AgTx did not fully
eliminate A1, which may indicate that in 6 mM [Ca21]e more
remote Cav2 subtypes, in particular Cav2.2 (Kusch et al., 2018),
could contribute to triggering evoked release early in the train.
The amplitudes late in the train (quantified by A50) were not
reduced by AgTx. They were rather slightly albeit not signifi-
cantly increased compared with the baseline condition (normal-
ized A50 = 1.28; range, 0.84–1.69; n= 6; p=0.844, WSR test; Fig.
4Ai).

The application of SNX had no significant effect on the EPSC
amplitudes during the whole train (normalized A1 = 1.13; range,
0.96–1.38, n= 7; p=0.375, WSR test; normalized A50 = 1.32;
range, 0.86–1.68, n=7; p= 0.813, WSR test; Fig. 4Bi). The appli-
cation of the Cav2.2 blocker CTx, on the other hand, slightly
reduced A1 in 6 mM [Ca21]e (normalized A1 = 0.81; range, 0.67–
0.98; n= 10; p= 0.049, WSR test). Interestingly, and in contrast
to AgTx, CTx also significantly reduced the EPSC amplitudes later
in the train. This was again quantified by the effect of CTx on A50

(normalized A50 = 0.67; range, 0.58–0.73; n=10; p=0.006, WSR
test; Fig. 4Ci).

To gain more quantitative insights into the differential effects
of Cav2 subtype-specific blockers on sustained release, we per-
formed a cumulative analysis of the train experiments. In this
analysis, the slope of the line fits will report differential effects of
the toxins on vesicle recruitment rates. The y-intercept, on the
other hand, will report the differential effects of the toxins on the
decrement of the RRP (multiplied by the number of fibers in
tract stimulations) during the train (Neher, 2015). Next to the
slope, this decrement is the quantity that could be affected by the
toxin treatments, rather than the absolute size of the initial RRP
before stimulation. Hence, we analyzed the y-intercepts without
correction for incomplete pool depletion (Neher, 2015).

The cumulative analysis revealed that the application of AgTx
tended to increase the average slope of the line fits compared with
the baseline (baseline, 2.946 0.42nA/s; AgTx, 3.236 0.59nA/s;
mean6 SEM; n=6; p=0.665, paired t test). The y-intercept, on the
other hand, was significantly reduced (baseline, 7.406 1.25nA;
AgTx, 4.346 1.07nA; n=6; p=0.015, paired t test; Fig. 4Aii,Aiii).
As expected, the application of SNX had no significant effect in the
cumulative analysis on either the slopes (baseline, 3.816 0.99nA/s;
SNX, 3.636 0.93nA/a; n=7; p=0.706, paired t test; Fig. 4Bii,Biii)
or the y-intercepts (baseline, 8.286 2.72nA; SNX, 7.106 3.54nA;
n=7; p=0.754, paired t test). Unlike AgTx, Cav2.2 block by
CTx resulted in a significant decrease in the slope (baseline,
2.726 0.39 nA/s; CTx, 1.976 0.35 nA/s; n = 10; p = 0.014,
paired t test), while leaving the y-intercept statistically
unaffected (baseline:,7.046 0.78 nA; CTx, 5.676 0.93 nA;
n = 10; p = 0.055, paired t test; Fig. 4Cii,Ciii).

Considering the predictions from the simple models (Fig.
3), these experiments suggest that Cav2.2 currents are involved
in regulating steady-state vesicle recruitment during high-fre-
quency synaptic activation. They argue against an involve-
ment of Cav2.3 currents in release and recruitment. Ca21

influx through Cav2.1 channels, on the other hand, appears as
a major regulator of pv.

Although we aimed at adjusting A1 to similar values between
different cells, the number of activated fibers and synapses will
slightly vary between runs and cells during the repeated fiber
tract stimulations. Normalization to A1 provides a means to cor-
rect for such variations (Valera et al., 2012; Baur et al., 2015;
Doussau et al., 2017). Furthermore, the simple simulations indi-
cated that the normalization could facilitate the detection of the
effects of AgTx in the cumulative analysis (Fig. 3Aiii). Hence, we
also performed the cumulative analysis on the train data follow-
ing normalization to A1 (Fig. 5). The results we obtained from
the cumulative analysis of the normalized train data (Figs. 3, 5)
are fully in line with the results of the absolute data and reinforce
our above conclusions (Figs. 3, 4). In particular, they confirm the
function of Cav2.2 in regulating recruitment and the dominating
role of Cav2.1 in regulating pv.

Strong block of Cav2.1 may occlude a potential additional
role of these channels in vesicle recruitment because of the very
strong reduction of pv. Hence, to investigate a potential addi-
tional function of Cav2.1 in regulating recruitment, we also per-
formed train experiments with weak block of Cav2.1 (Fig. 4D).
We found that the application of only 100 nM AgTx reduced A1

to a value similar to that obtained with CTx (normalized A1 =
0.68; range, 0.41–0.85; n= 8; p= 0.008, WSR test). We further
observed that the weak block by AgTx indeed resulted in a signif-
icant reduction of the EPSC amplitudes late in the train (normal-
ized A50 = 0.69; 0.55–0.73; n=8; p=0.008, WSR test; Fig. 4Di).
In the cumulative analysis, the y-intercept and the slope were sig-
nificantly reduced (slope: baseline, 2.786 0.31nA/s; 100 nM
AgTx, 1.776 0.23 nA/s; n= 8; p=0.001, paired t test; y-intercept:
baseline, 7.426 0.70 nA; 100 nM AgTx, 4.856 0.48 nA; n = 8;
p = 0.005, paired t test; Fig. 4Dii,iii). These results indicate
that Cav2.1 not only regulates pv but also contributes to ves-
icle recruitment (Fig. 3E,F).

Thus, different lines of evidence from data with high-
frequency trains of EPSCs in 6 mM [Ca21]e indicate that
Cav2.1 channels are the main regulators of pv and that their
current is also significantly involved in regulating steady-
state vesicle recruitment. Importantly, the data further indi-
cate Cav2.2 channels as significant regulators of steady-state
vesicle recruitment in addition to Cav2.1. Cav2.3 channels,
on the other hand, were not involved in the regulation of
any of these processes.

Recovery from steady state is independent of Ca21 influx
through Cav2.2 and Cav2.3 channels
We continued by analyzing the recovery from steady state
before and after the application of the three toxin blockers.
Following the high-frequency trains, we applied stimuli at
increasing intervals (Fig. 6Ai,Ci). In baseline recordings, we
observed a characteristic “sag” during the initial stimula-
tions at increasing intervals (i.e., the EPSC amplitudes first
declined and only subsequently recovered). The negative
peak of this sag occurred ;370ms after termination of the
20 Hz train. The occurrence of this sag remained unaffected
by the application of any of the three toxins (Fig. 6Aii,iii,
Cii,iii). This may indicate that a depression mechanism that
is independent of Cav2 channels contributes to the sag.

Following the sag, the time course of recovery could be
described by double exponential functions. The double exponen-
tial time course remained statistically unaffected by block of
Cav2.3 and Cav2.2 channels (SNX: t fast = 1.72 s; range, 0.63–

4012 • J. Neurosci., May 31, 2023 • 43(22):4005–4018 Wender, Bornschein et al. · Cav2.2 Channels Sustain Vesicle Recruitment



CBA

ii

Baseline
CTx

Baseline
SNX

Baseline
250 nM AgTx

iii

iiii

70

50

30

10

40

30

20

10

30

20

10

25001500500
Time (ms)

2500150050025001500500

***

y-
in

te
rc

ep
t

30

20

10

0

P=0.059

30

20

10

0

Sl
op

e 
(s

-1
)

25

20

15

10
y-

in
te

rc
ep

t

15

10

5

0

Sl
op

e 
(s

-1
)

C
um

ul
at

iv
e 

A i/A
1

C
um

ul
at

iv
e 

A i/A
1

C
um

ul
at

iv
e 

A i/A
1

Time (ms)Time (ms)

0
0

0
0

0
0

6

4

Sl
op

e 
(s

-1
)

3

5

7 20

15

10

5

0

y-
in

te
rc

ep
t

Figure 5. Cumulative analysis on normalized data. Ai, Normalized cumulative Ai/A1 plots (dots) calculated from the data. Linear fits from A40 to A50 were back-extrapolated to the y-intercept
as in Aii. Baseline (black): slope = 4.6 s�1, y-intercept = 12.9; AgTx (orange): slope = 17.1 s�1, y-intercept = 22.5. Aii, Summary of slopes and y-intercepts before (black) and after (orange)
treatment with AgTx. Normalized analysis revealed that the application of AgTx significantly increased the slope (5.56 0.8 s�1) compared with baseline (21.1 6 3.7 s�1; **p = 0.007). It
resulted in a twofold increase in the y-intercept that, however, was no longer significant due to the scatter in the normalized data (AgTx, 24.46 4.5; baseline, 13.46 1.5; p = 0.059). B, As
in A, but for SNX (blue). Bi, Baseline: slope = 6.9 s�1, y-intercept = 20.0; SNX: slope = 7.1 s�1, y-intercept = 20.6. Bii, Data summary. The application of SNX had no significant effect, neither
on the slopes (SNX, 5.2 6 0.8 s�1; baseline, 6.76 1.3 s�1) nor on the y-intercepts (SNX, 17.46 1.2; baseline, 17.26 1.4). C, As in A, but for CTx (green). Ci, Baseline: slope = 7.1 s�1,
y-intercept = 14.3; CTx: slope = 5.4 s�1, y-intercept = 15.1. Cii, Note, that CTx significantly decreased the slope (4.46 0.4 s�1) compared with baseline (5.36 0.4 s�1; *p = 0.018), while
the y-intercept remained unaffected (CTx, 13.56 1.2; baseline, 13.86 1.0).

A
i

Baseline
CTx

Baseline
SNX

Baseline
AgTx

CB
ii

100 pA
500 ms

05
ht

s05.2
55
ht

s76.3
65
ht

s76.4
75
ht

s76.7
85
ht

s76.21
95
ht

s76.22
1

ts

s50.0
05
ht

s05.2
55
ht

s76.3
65
ht

s76.4
75
ht

s76.7
85
ht

s76.21
95
ht

s76.22
1

ts

s50.0
05
ht

s05.2
55
ht

s76.3
65
ht

s76.4
75
ht

s76.7
85
ht

s76.21
95
ht

s76.22
1

ts

s50.0

iiiiii
700

500

300

100

700

500

300

100

700

500

300

100

1s

(p
A)

A i

56th 57th 58th 59th

55th

54th

53rd

55th

56th

57th 58th 59th

54th

53rd

55th
56th

57th 58th 59th

54th

53rd

1.0

0.6

0.2

1.0

0.6

0.2

1s

iiiiiiiii
1s

1.2

0.8

0.4

0.0

*

55th

56th

57th
58th

59th

55th

56th

57th
58th 59th

56th
57th 58th 59th

A i
/A

1

Ai /A
1

A i
/A

1

55th

54th

53rd 54th

53rd

54th

53rd

1s

(p
A)

A i

(p
A)

A i

1s 1s

Figure 6. Recovery from steady state is not affected by block of Cav2.2 and Cav2.3 channels. Ai, Examples showing the 1st and the 50th EPSC of a 20 Hz train and nine consecutive EPSCs at
increasing interstimulus intervals (70 ms, 100 ms, 200 ms, 300 ms, 500 ms, 1 s, 3 s, 5 s, 10 s) to monitor recovery from steady state during the train. Baseline in black, application of AgTx in
orange. Aii, Averaged EPSC amplitudes during recovery before (black) and after (orange) the application of AgTx (n = 6 cells). Solid lines represent fits with biexponential functions. Aiii, As in
ii, but EPSCs were normalized to the 1st amplitude in the train (Ai/A1). Bi–iii, As in Ai–iii, but for SNX (blue; n = 7). Ci–iii, As in Ai–iii, but for CTx (green; n = 9).

Wender, Bornschein et al. · Cav2.2 Channels Sustain Vesicle Recruitment J. Neurosci., May 31, 2023 • 43(22):4005–4018 • 4013



2.70 s; t slow = 4.17 s; range, 1.97–25.58 s; n=7; vs baseline: t fast =
1.79 s; range 0.99–2.27 s; p=0.469; t slow = 2.29 s; range, 1.80–
5.51 s; p= 0.297; CTx: t fast = 0.78 s; range, 0.58–2.11 s; t slow =
3.54 s; 2.02–11.85 s; n= 9; vs baseline: t fast = 0.67 s; range, 0.31–
2.26 s; p=0.820; t slow = 7.42 s; range, 3.54–19.95 s; p=0.164,
WSR test). Strong block of Cav2.1 by AgTx, on the other
hand, significantly accelerated the recovery (AgTx: t fast =
0.55 s; range, 0.42–0.69 s; t slow = 0.92 s; range, 0.57–5.15 s;
n = 6; vs baseline: t fast = 1.77 s; range, 1.52–1.98 s; p = 0.031;
t slow = 5.40 s; range, 2.03–24.67 s; p = 0.031, WSR test).
However, this significant effect is likely to be a result of the
strong reduction of pv and A1 by the high concentration of
AgTx. Strong block by AgTx resulted in the absence of a
depression during the steady state. In turn, the recovery
measured in the presence of AgTx does not reflect the re-
covery from a depressed steady state but rather a recovery
of transmission from the sag.

Together, the recovery from a depressed steady state was not
affected by application of blockers of Cav2.3 or Cav2.2 currents.
This may indicate the existence of a Ca21-independent compo-
nent in the vesicle recruitment pathways.

Models predict Ca21-dependent and Ca21-independent
recruitment steps
The above data indicated a complex interplay between Cav2.1
and Cav2.2, and potentially also Ca21-independent mechanisms,
in regulating release and recruitment processes at PF–PN synap-
ses. The occurrence of a sag before the recovery from steady-state
transmission during sustained high-frequency activity adds addi-
tional complexity. To gain deeper mechanistic insights into this
complexity, we used kinetic spatially resolved reaction–diffusion
models of AP-mediated presynaptic Ca21 dynamics, release and
recruitment (Figs. 7, 8). For fitting the model to Ca21 sig-
nals in PF boutons (Kusch et al., 2018), it contained gating
and conductance schemes of Cav2.1, 2.2, 2.3, ATP, mobile
(with whole-cell washout correction) and immobile calreti-
nin, and a Ca21 indicator dye. It was fitted to measured
Ca21 signals evoked by bursts of APs, as described previ-
ously (Kusch et al., 2018). Subsequently, the model was cor-
rected for the altered driving force in 6 mM [Ca21]e, and the
indicator dye and washout correction were removed. For
simplicity, Cav2.3 channels also were omitted since experimen-
tally we had observed no significant effect of SNX (Fig. 7A).
The simulated [Ca21]i was used to drive a five-site model of
release with two sequential recruitment steps (Millar et al.,
2005; Sakaba, 2008). The model included the RP (Fig. 3), which
appears as current consent at PF synapses (Miki et al., 2016;
Doussau et al., 2017; Neher and Brose, 2018; Miki et al., 2018;
Schmidt, 2019). The size of the RP was twofold larger than that
of the RRP, and the simulations permitted overfilling of the
RRP. The RP was replenished via two pathways, from the recy-
cling of released vesicles (Sakaba, 2008; Doussau et al., 2017)
and via an infinite reserve pool (Fig. 7A, middle). We previ-
ously found a similar model to be suitable of predicting high-
frequency facilitation and low-frequency depression at PF–PN
synapses (Doussau et al., 2017).

Considering only Cavs in the AZ, the release of a vesicle in
the RRP was triggered via a local Ca21 signal from a tightly
coupled Cav2.1 channel and two more remote Cav2.2 channels
(Kusch et al., 2018). The simulated pv in 6 mM [Ca21]e under
baseline conditions was 0.65, which is in agreement with results
from fluctuation analysis (Schmidt et al., 2013; Baur et al., 2015).
We focused on the train experiments with strong block by AgTx

and CTx. The block of Cav2.1 or Cav2.2 currents reduced the pv
to 0.04 or 0.42, respectively. Thus, to correctly predict the experi-
mental EPSC trains recorded in 6 mM [Ca21]e, the remote Cav2.2
channels also contributed to regulating pv (Fig. 7A; Materials and
Methods). This contribution was only present in the elevated
[Ca21]e as a result of the increased driving force and the strong
nonlinearity of the Ca21-binding curve of the release sensor
(Sakaba, 2008).

The rate constants for recruitment to the RP (k1, k91) and the
transition from RP to RRP (k2) could be basal, Ca

21 independent
or Ca21 dependent, or both. In the simplest version of the model,
all rate constants were Ca21 independent. In this form, the
model well predicted the Ai/A1 during the train under control
conditions. However, it failed to reproduce the effects of blocking
Cav2.1 or Cav2.2 currents (Fig. 8A). Upon making k91 Ca

21 de-
pendent (k91,Ca), the principal characteristics of the experimental
time courses were reproduced by the model (Fig. 8B). Finally,
the fit of the model to the complete set of data were improved, if
k2 had a Ca21-dependent (k2,Ca) and a Ca21-independent com-
ponent (Fig. 7A,B).

For the Ca21-dependent rate constants, we assumed that the
global [Ca21]i from six Cav2.1 and two Cav2.2 channels increases
the rates, which is the average number of these Cavs found in
freeze fracture replica labeling EM of AZs of PFs (Kusch et al.,
2018). The Ca21-independent components of the constants were
required to fit facilitation early in the train. Facilitation in turn
had two components, the “active Ca21” (Katz and Miledi, 1968)
remaining bound to the release sensor (Bornschein et al., 2013;
Doussau et al., 2017) and, to a much larger degree, overfilling of
the RRP (Fig. 7A, right, B, insets; Miki et al., 2016; Doussau et al.,
2017). With these settings, the model well predicted the experi-
mental high-frequency EPSC trains (Fig. 7B). It explains their
time courses by important contributions of Cav2.2-dependent
and Ca21-independent mechanisms to recruitment, next to the
contribution of Cav2.1. The model explains the absence of
depression during strong block by AgTx late in the train as a
result of the strongly reduced pv and the intact Cav2.2-dependent
and Ca21-independent recruitment. This results in a lasting
overfilling of the RRP and the absence of steady-state depres-
sion (Fig. 7Bii). Of note, in the simulations of the toxin
experiments all parameters were kept as in the simulations of
the controls. Only the corresponding Ca21 currents were blocked
in the simulations.

All three time courses of recovery after the 20Hz trains were
also reasonably well predicted by the simulations (Fig. 7C).
However, to predict the initial sag before recovery, we had to
assume ad hoc a ;500ms period after the high-frequency train
with an exponentially increasing and subsequently decreasing
(t = 100ms) tendency of vesicles to undock from the RRP to-
ward the RP (i.e., a temporary increase in k2b; Fig. 7A, middle,
right). This requirement of a Ca21-independent mechanism is
consistent with the experimental findings that the occurrence of
the sag remained unaffected by blocking of Cav2 channels. Thus,
with Ca21-dependent and Ca21-independent rate constants and
the assumption of an additional Ca21-independent depression
mechanism the model well predicted the complete experimental
time courses under control conditions as well as in the presence
of the subtype-specific toxin blockers of Cav2.1 and Cav2.2 (Fig.
7C). Next to the contribution of Cav2.1, the model predicts im-
portant contributions of Cav2.2 currents and Ca21-independent
mechanisms to sustain release during high-frequency synaptic
activity.
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Discussion
The focus of this study was on the function of Cav2.2 in matured
PF boutons. Cav2.2 and Cav2.3 lose their function in gating AP-
evoked release during the maturation of glutamatergic synapses,
such that in mature glutamatergic boutons the release is almost
exclusively triggered via Cav2.1 (Iwasaki and Takahashi, 1998;
Iwasaki et al., 2000; Fedchyshyn and Wang, 2005; Miki et al.,
2013; Nakamura et al., 2015; Kusch et al., 2018; Bornschein et al.,
2019). However, Cav2.2 and Cav2.3 remain present in matured
PF boutons (Myoga and Regehr, 2011; Baur et al., 2015; Kusch et
al., 2018), but the functional significance particularly of Cav2.2
remained elusive. We found that none of the Cav2.1 to Cav2.3
channels were engaged in triggering AP-independent spontane-
ous release. Yet, our results suggest that Cav2.2 channels, but not
Cav2.3 channels, significantly boost the recruitment of vesicles to
release sites during continuing AP-evoked synaptic transmission.

Release can occur as a spontaneous release of individual
quanta (mEPSCs; or “minis”) or as an AP-evoked release. The
dependency on [Ca21]i and the involvement of Cavs is thought
to differ between the two modes of release (Smith et al., 2012;

Schneggenburger and Rosenmund, 2015; Williams and Smith,
2018). Here and in a previous study (Yamasaki et al., 2006), the
frequency of cerebellar mEPSCs was found to increase in ele-
vated [Ca21]e. Similar findings come from several synapses
(Williams and Smith, 2018). Potential mechanisms for this effect
of [Ca21]e include stochastic openings of Cav2 forming tran-
sient presynaptic [Ca21]i nanodomains (Ermolyuk et al., 2013)
and increases in the presynaptic [Ca21]i independent of the
opening of Cavs (Yamasaki et al., 2006). An increase in presyn-
aptic [Ca21]i could activate sensors of the Synaptotagmin (Xu
et al., 2009) or Doc2 family (Groffen et al., 2010; but see Pang et
al., 2011). Alternatively, extracellular Ca21 could activate the
G-protein-coupled Ca21-sensing receptor (Vyleta and Smith,
2011). These potential mechanisms are not mutually exclusive.

In cultured hippocampal neurons, the frequency of mEPSCs
was significantly reduced by application of the Cav2 subtype-spe-
cific toxins AgTx, CTx, and SNX (Ermolyuk et al., 2013). In light
of this, we examined a possible function of Cav2 subtypes in
gating spontaneous glutamate release by using AgTx, CTx,
and SNX in our cerebellar slices. However, our results
revealed no susceptibility of cerebellar glutamatergic minis
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to either of the toxins or their combination, despite their de-
pendency on [Ca21]e (Fig. 1). This is similar to cultured neo-
cortical neurons, where both Cd21 (Tsintsadze et al., 2017)
and MVIIC (Tsintsadze et al., 2017), a peptide toxin specific
for Cav2.1 and Cav2.2, did not affect spontaneous glutamate
release. We conclude from our experiments with Cav2-spe-
cific toxin blockers that the functional significance of Cav2.2
in matured PF boutons cannot reside in gating spontaneous
release.

During high-frequency evoked release in near physiological
[Ca21]e, PF synapses show pronounced and sustained facilitation
that relies largely on ultrarapid vesicle recruitment (Valera et al.,
2012; Miki et al., 2016; Doussau et al., 2017). Recruitment is con-
sidered to be at least partially Ca21 dependent (Brachtendorf et
al., 2015; Miki et al., 2016; Doussau et al., 2017; Miki et al., 2018).
Here, we probed whether Cav2.2 and Cav2.3 are Ca21 sources
driving recruitment in matured PF terminals, first using brief
bursts of APs and near physiological [Ca21]e of 2 mM. Since nei-
ther a Cav2.2 nor a Cav2.3 blocker affected the first EPSC (Kusch
et al., 2018), a reduction in subsequent amplitudes would likely
reflect a contribution to recruitment. However, we also found
that the successional EPSC amplitudes remained unaffected (Fig.
2), arguing against a substantial contribution of Cav2.2 and Cav2.3
to driving ultrafast recruitment during brief bursts of APs.

During sensory stimulation (van Beugen et al., 2013) and
locomotion (Powell et al., 2015), granule cells fire high-frequency

bursts consisting of tens of APs in vivo. Their PF–PN synapses
maintain facilitation for �20 APs during high-frequency activa-
tion and only thereafter start to depress (Doussau et al., 2017).
To test for a contribution of Cav2.2 and Cav2.3 to vesicle recruit-
ment during later phases of heavy synaptic use, we investigated
20Hz trains of 50 APs in elevated [Ca21]e of 6 mM. Under these
conditions, synapses were driven effectively into the steady state
between release and recruitment required for cumulative analysis
(Schneggenburger et al., 1999; Neher, 2015), thereby concomi-
tantly avoiding the buildup of a tonic component in the EPSC
trains that occurred at higher frequencies even in lower [Ca21]e
(Doussau et al., 2017). Indeed, we found that blocking Cav2.2 sig-
nificantly reduced the steady-state EPSC amplitudes (Fig. 4C). In
the cumulative analysis the slope was significantly reduced, while
the y-intercept remained statistically unaffected by the applica-
tion of CTx. These results are consistent with Cav2.2 channels
being regulators of the recruitment rate (Fig. 3C,D). In support
of this notion, strong block of Cav2.1 tended to increase release
later during the train, while strongly reducing release during its
initial phase. In the cumulative analysis, an increased slope and a
decreased y-intercept resulted (Figs. 4A, 5A). Our models indi-
cate that this results from a combination of the reduced con-
sumption of vesicles from the RRP because of low pv with the
intact recruitment partially via Ca21 influx through Cav2.2 (Figs.
3, 7). Yet, our data do not allow exclusion of the more complex
assumption that there is a difference between vesicles recruited
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early or late in the train with regard to their coupling to either
Cav2.1 or Cav2.2 channels.

Steady-state release late in the train was reduced but not abol-
ished by block of Cav2.2, which indicated additional sources
driving recruitment. Weak block of Cav2.1 suggested a contribu-
tion of these channels to steady-state recruitment (Fig. 4D) that
was masked if Cav2.1 were blocked strongly. Our data indicate
that this masking resulted from the absence of a depressed steady
state as a result of the lasting overfilling of the RRP during strong
block of Cav2.1 (Fig. 7).

SNX, which specifically, but incompletely, blocks Cav2.3
(Myoga and Regehr, 2011), did not affect any phase of the train,
arguing against a contribution of Cav2.3 channels to release,
recruitment, and short-term facilitation (Fig. 4B). This con-
firms previous findings about Cav2.3 channels in release and
facilitation (Dietrich et al., 2003; Myoga and Regehr, 2011;
Kusch et al., 2018), and extends these findings by showing that
SNX-sensitive Cav2.3 channels are also not involved in steady-
state recruitment.

Finally, block of Cav2.3 or Cav2.2 did not significantly affect
the time course of recovery (Fig. 6). Together with the absence of
an effect on EPSC amplitudes during brief bursts (Fig. 2), this
indicated the presence of additional basal recruitment. Thus, our
results suggest that recruitment in mature PF boutons has a basal
component and is boosted by Ca21 influx through Cav2.2 and
Cav2.1. With respect to the presence of basal and Ca21-boosted
recruitment, PF synapses appear to be similar to other central
synapses, although the values of the rate constants may differ
substantially and the specific Ca21 sources were not identified at
other synapses (Sakaba, 2008; Eshra et al., 2021; Lin et al., 2022).

With respect to the sag, PF synapses might differ from other
synapses, similar to their quite specific high-frequency facilita-
tion and low-frequency depression (Doussau et al., 2017). The
sag occurred independent of the application of any of the three
toxins (Fig. 6). Hence, the mechanisms underlying regulation of
the sag are likely to be independent of the Ca21-dependent proc-
esses regulating recruitment. In a recent zap-and-freeze EM
study on hippocampal boutons, it was found that following an
AP new vesicles rapidly, but transiently, replenished the RRP.
The transient docking was followed by stable docking only on a
slower timescale (Kusick et al., 2020). Although our experiments
do not allow analyzing undocking following a single AP, we con-
sider it possible that the sag in our experiments reflects an
increased tendency of rapidly recruited vesicles to leave the RRP.
Consistently, a prior study at PF–PN synapses concluded that
rapid recruitment is reversible (Doussau et al., 2017).

To summarize, our data agree with an essential determination
of pv by tightly coupled Cav2.1 in mature PF boutons. They sug-
gest an important regulatory function of more remote Cav2.2 for
sustaining the efficacy of mature PF synaptic transmission dur-
ing burst of tens of APs.
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