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Efficient and reliable neurotransmission requires precise coupling between action potentials (APs), Ca21 entry and neurotransmitter
release. However, Ca21 requirements for release, including the number of channels required, their subtypes, and their location with
respect to primed vesicles, remains to be precisely defined for central synapses. Indeed, Ca21 entry may occur through small numbers
or even single open Ca21 channels, but these questions remain largely unexplored in simple active zone (AZ) synapses common in
the nervous system, and key to addressing Ca21 channel and synaptic dysfunction underlying numerous neurologic and neuropsychi-
atric disorders. Here, we present single channel analysis of evoked AZ Ca21 entry, using cell-attached patch clamp and lattice light-
sheet microscopy (LLSM), resolving small channel numbers evoking Ca21 entry following depolarization, at single AZs in individual
central lamprey reticulospinal presynaptic terminals from male and females. We show a small pool (mean of 23) of Ca21 channels at
each terminal, comprising N-(CaV2.2), P/Q-(CaV2.1), and R-(CaV2.3) subtypes, available to gate neurotransmitter release.
Significantly, of this pool only one to seven channels (mean of 4) open on depolarization. High temporal fidelity lattice light-sheet
imaging reveals AP-evoked Ca21 transients exhibiting quantal amplitude variations of 0–6 event sizes between individual APs and sto-
chastic variation of precise locations of Ca21 entry within the AZ. Further, total Ca21 channel numbers at each AZ correlate to the
number of presynaptic primed synaptic vesicles. Dispersion of channel openings across the AZ and the similar number of primed
vesicles and channels indicate that Ca21 entry via as few as one channel may trigger neurotransmitter release.

Key words: active zone; nanodomain; neurotransmitter release; presynaptic; synaptic vesicle fusion; voltage-gated calcium
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Significance Statement

Presynaptic Ca21 entry through voltage-gated calcium channels (VGCCs) causes neurotransmitter release. To understand
neurotransmission, its modulation, and plasticity, we must quantify Ca21 entry and its relationship to vesicle fusion. This
requires direct recordings from active zones (AZs), previously possible only at calyceal terminals containing many AZs, where
few channels open following action potentials (APs; Sheng et al., 2012), and even single channel openings may trigger release
(Stanley, 1991, 1993). However, recording from more conventional terminals with single AZs commonly found centrally has
thus far been impossible. We addressed this by cell-attached recordings from acutely dissociated single lamprey giant axon
AZs, and by lattice light sheet microscopy of presynaptic Ca21 entry. We demonstrate nanodomains of presynaptic VGCCs
coupling with primed vesicles with 1:1 stoichiometry.

Introduction
Precise and reliable synaptic transmission requires rapid evoked
synchronous neurotransmitter release caused by a transient
depolarization-gated, voltage-gated calcium channels (VGCCs)
mediated, increase in presynaptic Ca21 (Katz and Miledi, 1967).
To ensure fidelity of signaling and speed, this increase is in close
spatial proximity to the release site and occurs with synaptic
delays in the order of 60 ms (Sabatini and Regehr, 1996). Rapid
and sequentially precise timing are critical between each signal,
including onset of an action potential (AP), VGCC opening,
Ca21 binding to Synaptotagmin, and subsequent molecular
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processes of vesicle fusion, leading to neuro-
transmitter release. Before fusion, vesicles
dock by localizing to the active zone (AZ)
membrane, and then prime by forming ter-
nary SNARE structures at their site of fusion.
During these processes, VGCCs tether or
are tethered to the fusion machinery (Kaeser
et al., 2011; Wong et al., 2014; Chen et al.,
2017). This tethering ensures that Ca21

enters very closely to its target to evoke
release. Nevertheless, stoichiometry of open-
ing VGCCs to primed vesicles remains
undetermined, although this stoichiome-
try and the spatial relationships between
VGCCs and their targets at the fusion
machinery are vitally important to how
synaptic transmission occurs (Stanley,
2016) and how it is subject to modula-
tion and plasticity (Catterall and Few,
2008). Thus, it is imperative to precisely
determine how much Ca21 is required to
trigger vesicle fusion and release, how
many channels open and where they are
located with respect to the vesicle fusion
apparatus.

Two contrasting models have been
proposed to explain the Ca21 require-
ment for release. The microdomain
model, wherein Ca21 influx through the
simultaneous opening of multiple clus-
tered VGCCs, leads to mM [Ca21] in the
terminal triggering release (Llinás et al.,
1995). In contrast is the nanodomain
model, where Ca21 entry via few, possibly even a single open
channel, could gate release (Stanley, 1993; Brandt et al., 2005;
Gentile and Stanley, 2005; Shahrezaei et al., 2006; Bucurenciu
et al., 2010). Ca21 dye signals provide only indirect measure-
ments of Ca21 entry at the spatial and temporal scales that
cause release. Nevertheless, Ca21 imaging resolves variation in
presynaptic events and using fluorescent dyes as Ca21 buffers,
provides insight into the total Ca21 requirements of release at
some central synapses (Cochilla and Alford, 1998; Sabatini
and Regehr, 1998; Jackson and Redman, 2003; Brenowitz and
Regehr, 2007; Hamid et al., 2019).

Precise measurement of the Ca21 requirement for release
requires direct recording of VGCC conductances at the release
face membrane. Such recordings have been possible only at spe-
cialized calyceal synapses (Stanley, 1991, 1993; Sheng et al., 2012)
where such characterizations have been achieved by acute sepa-
ration of the presynaptic and postsynaptic structures. Recordings
from the rat calyx of Held terminals have yielded a fairly heterog-
enous 5–218 (mean of 42) calcium channels, of which 1–35
(mean of 7) channels open with a single AP (Sheng et al., 2012).
Measurements from the chick ciliary ganglion terminals have
shown calcium influx through a single open channel to be suffi-
cient to drive release (Stanley, 1991, 1993). While these measures
have supported the idea that a small number of calcium channels
can gate release, it remains unclear at conventional synapses how
much Ca21 and from how many channels is required to trigger
vesicle fusion and, in lieu of this, how many channels open on
depolarization.

We have recorded single channel openings of VGCCs at lam-
prey reticulospinal AZs by cell-attached patch clamp. We

confirm conclusions from these findings using quantitative
measurements of Ca21 entry (Neher and Augustine, 1992;
Hamid et al., 2019) and by performing high-fidelity imaging of
fluorescent Ca21 transients, using lattice light-sheet microscopy
(LLSM; Chen et al., 2014) to image single AP-evoked fluorescent
Ca21 transients in situ. Our findings indicate equal numbers of
presynaptic Ca21 channels and primed vesicles, and that presyn-
aptic Ca21 entry at these synapses occurs through few open
channels, possibly even one, localized closely to primed vesicles.

Materials and Methods
All procedures conformed to institutional (Animal Care Committee,
University of Illinois at Chicago) and Association for Assessment and
Accreditation of Laboratory Animal Care guidelines. Spinal cords were
dissected from ammoecoete lampreys (Petromyzon marinus) of either
sex, anaesthetized with tricaine methanesulfonate (MS-222; 100mg/l,
Sigma), in ice cold (4°C) Ringer’s solution: 130 mM NaCl, 2.1 mM KCl,
2.6 mM CaCl2, 1.8 mM MgCl2, 4 mM glucose, and 5 mM HEPES, pH 7.6,
270 mOsm.

Acutely dissociated reticulospinal axon preparation
Briefly, meninges were removed from 1 cm long spinal cord seg-
ments, and the dorsal column of the spinal cord removed on a sili-
cone block in a vibrating slicer in ice-cold Ringer’s solution,
leaving intact underneath reticulospinal tracts. The sliced tissue
was incubated in a mixture of collagenase and protease in Ringer’s
solution (1 mg/ml) at room temperature for 45 min. Lateral tracts
of the spinal cord were cut and the tissue gently separated on poly-
D-lysine (MW. 300000, Sigma-Aldrich) coated coverslips by
applying mechanical tension along the rostral-caudal axis, until
the reticulospinal axons were isolated from the spinal cord interior
(Fig. 1B; Ramachandran and Alford, 2014).

Figure 1. Direct recording of VGCC currents at the release face membrane of individual AZs. Aa, Schematic of the lamprey
spinal cord showing reticulospinal axon/spinal neuron synapses demonstrating paired recording. Ab, Image depicting the
architecture of the reticulospinal synapse. Presynaptic axon is colored pink, presynaptic terminals are in green (from intracel-
lular phalloidin labeling of actin surrounding vesicle clusters in the axon). Postsynaptic projections (gray) contact presynaptic
terminals. Ac, Magnified image of black inset box in Ab. B, Giant axons were acutely dissociated. Representative image
showing the dissociated reticulospinal axon preparation. Solid black circle indicates dissociated spinal cord end from which
reticulospinal axons emerge out. Arrowheads (black) indicate reticulospinal axons with no apposing postsynaptic processes.
C, Representative image of cell-attached patch clamp recording at a single presynaptic AZ of a dissociated reticulospinal axon
labeled with FM1-43 (green puncta). Dashed white lines outline the pipette position. White arrowhead indicates nonpresy-
naptic terminal location. D, Schematic showing placement of a cell-attached electrode over the AZ identified by FM1-43
labeling of recycling vesicles. These are present in a defined cluster immediately adjacent to the AZ colocalized with actin la-
beled with phalloidin (Ab, Ac). The vesicle cluster margins extend beyond the AZ indicating that the patch electrode covers
the entire structure.

2386 • J. Neurosci., March 23, 2022 • 42(12):2385–2403 Ramachandran et al. · Presynaptic Calcium Channel Nanodomains



Immunohistochemistry
Dissociations were conducted in poly-D-lysine coated Petri dishes.
Dissociated axons were allowed to recover for 30min at 10°C. The disso-
ciated preparation was fixed in 4% (w/v) paraformaldehyde for 20min,
washed with 0.1 M glycine (in PBS), permeabilized with 0.1% Triton X-
100 (in PBS) for 10min and washed with PBS for 20min. All solution
changes were performed by perfusion. Blocking was performed with 5%
milk (in PBS) overnight at 4°C. Ca21 channels were labeled by incubat-
ing with antibodies (host, rabbit; Alomone Labs), specific to N-type, P/

Q-type, or R-type VGCCs (1:200 final equilibrated concentration in
dish) for 20 h at 4°C, labeling a single channel subtype in separate experi-
ments (Fig. 2E–G). The preparation was washed with PBS for 20min,
further blocking conducted with 5% milk (in PBS) for 10min and incu-
bated with secondary antibody Alexa Fluor 633 hydrazide-conjugated
antibody (host–goat, anti-rabbit; Life Technologies) at a dilution of
(1:500 final equilibrated concentration in the dish) for 3 h at 4°C in dark.
Further blocking was conducted with 1% bovine serum albumin (in
PBS) for 20min and washed with PBS for 20min. Presynaptic AZs were

Figure 2. Dissociated reticulospinal axons retain functional AZs. A, Representative images showing Alexa Fluor 488 Hydrazide filling of dissociated reticulospinal axon (left) by pressure injec-
tion of the dye through a patch pipette (orange asterisk) in whole-cell patch configuration. Note 30 min later, the dye integrity is maintained within the axon (left panel on dye loading, right
panel after 30 min), indicating that the axons remain structurally intact during and after dissociation. B, Representative AP (n= 7 axons) elicited in a dissociated reticulospinal axon by stimulat-
ing with a sharp microelectrode containing 3 M KCl. C, Representative image of a region in a dissociated reticulospinal axon showing punctate FM1-43-labeled recycling vesicle clusters, labeled
by 30 mM KCl bath-perfusion stimulation. D, Antibody labeling against Syt-1. A lumenal domain biotinylated anti-Syt-1 antibody (rabbit, anti-mouse amino acid residues 1–8, SYSY 105 103BT)
diluted 1:50 in Ringer was applied by pressure from a pipette over an isolated axon during 30 mM KCl stimulation of the axon. During subsequent stimulation, streptavidin-conjugated dye
(Alexa Fluor 488 Hydrazide) was applied by pipette. Fluorescent puncta were again resolved. Control stimulation and application of streptavidin labeled dye but without prior application of
antibody against Syt-1 revealed no puncta. E–G, Antibody labeling against N-type (CaV2.2; Ea), P/Q-type (CaV2.1; Fa), and R-type (CaV2.3) VGCC (Ea, Fa, Ga, left panels) demonstrating punc-
tate distribution along the axon membrane. Note: primary antibodies against VGCC subtypes (rabbit, Alomone Labs), secondary antibody Alexa Fluor 633 Hydrazide conjugated (goat, anti-rab-
bit, Alomone Labs). The primary anti N-type antibody was against an intracellular epitope (C)RHHRHRDRDKTSASTPA, corresponding to amino acid residues 851–867 of rat CaV 2.2 (accession
Q02294) located in the intracellular loop between Domains II and III of the VGCC. The primary anti-P/Q-type antibody was against an intracellular epitope (C)PSSPERAPGREGPYGRE, correspond-
ing to amino acid residues 865–881 of rat CaV 2.1 (Accession P54282) located in the intracellular loop between Domains II and III of the VGCC. The primary anti-R-type antibody was against
an intracellular epitope (C)SASQERSLDEGVSIDG, corresponding to amino acid residues 892–907 of rat CaV 2.3 (accession Q07652) located in the intracellular loop between Domains II and III of
the VGCC. Presynaptic terminal locations were determined in the same axon by labeling presynaptic actin with Alexa Fluor 488 Hydrazide-conjugated phalloidin (Ea, Fa, Ga, center panels).
Colocalization of VGCC labeling with locations of presynaptic terminals for each VGCC subtype characterized. Red indicates VGCC labeling, green indicates presynaptic actin labeling, and yellow
colocalization (Ea, Fa, Ga, right panels). Scale bar in all images: 10mm. n for each VGCC subtype: N-type 5 axons from 3 animals; P/Q-type 9 axons from 4 animals; R-type 3 axons from 2 ani-
mals. Representative images showing controls for the primary antibodies used for N-type, P/Q-type, and R-type channel staining. Primary antibody was preincubated with specific control anti-
gen for 30min before staining the preparation (Eb, Fb, Gb, left panels). Note the absence of any VGCC labeling in the controls. Eb, Fb, Gb, right panels, Presynaptic terminals location labeled
by Alexa Fluor 488 Hydrazide-conjugated phalloidin labeling of presynaptic actin in same region of the axon as in the left panel. Scale bar in all images: 10mm. n for each control: N-type con-
trol antigen 10 axons from 2 animals; P/Q-type control antigen 5 axons from 2 animals; R-type control antigen 3 axons from 2 animals. H, Representative image of control for secondary anti-
body (Ha) and presynaptic terminals location labeled by Alexa Fluor 488 Hydrazide-conjugated phalloidin labeling of presynaptic actin (Hb) in same region of the axon. n= 8 axons from 3
animals.
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identified by co-labeling conducted by further incubating in Alexa
Fluor 488 hydrazide-conjugated phalloidin (200 units/ml stock pre-
pared in methanol, final working concentration of 10 units/ml, Life
Technologies) for 20min and washed with PBS for 20min. Imaging
was conducted on a custom-built upright confocal microscope with a
100� water immersion lens NA 1.0, at 488 and 633 nm. Image proc-
essing was conducted using ImageJ. Images were postfiltered through
a smoothing filter, the two channels were merged, and co-localization
was determined based on superimposed positioning of VGCC label-
ing and AZ labeling by phalloidin (Bleckert et al., 2012). Specificity of
the antibody labeling was verified by preincubating each of the pri-
mary antibodies, before application, with the corresponding control
antigen, for 30min at room temperature.

Single channel recordings
Dissociations were conducted on poly-D-lysine coated coverslips, in
Ringer’s solution, in a custom designed low-noise recording chamber,
maintained at 10°C (Ramachandran and Alford, 2014). Dissociated
axons were allowed to recover for 1 h and presynaptic terminals were la-
beled with FM1-43 (5mM) during 30 mM KCl (perfused in Ringer’s solu-
tion) evoked stimulation. Excess FM dye was cleared with 1 mM

Advasep-7 (Kay et al., 1999) in Ringer’s solution for 1min and washed
with Ringer’s solution for 15min. All solutions were applied by perfu-
sion. Single channel recordings were conducted in a stationary bath
maintained at 10°C. Imaging was performed using a standard inverted
fluorescence microscope fitted with a Hamamatsu Orca CCD Camera
and 100� oil immersion lens (NA 1.25). Image acquisition was con-
ducted using Micromanager. A xenon lamp (Nikon) was used as the illu-
mination source and intensity controlled with a neutral density filter to
prevent fluorescence bleaching. Patch pipettes (2–10 MV) were fabri-
cated from 1.5-mm O.D. thick-walled aluminosilicate glass (Sutter
Instruments) in a P-87 microelectrode puller (Sutter Instruments), sili-
cone elastomer (sylgard) coated and heat-polished. Low-noise [root
mean square (RMS) noise ,200 fA] recording conditions were main-
tained for all recordings. Recordings were only conducted with pipettes
where the diameter of the pipette tip was greater than the diameter of
the fluorescently labeled target AZ, thus encompassing the entire release
face membrane. Mechanical positioning of the patch pipette was con-
ducted using a MP225 Motorized Manipulator (Sutter Instruments).
Labeled AZs were patched in the cell-attached configuration to obtain
gigaohm seals at 0-mV holding potential and capacitance compensated.
n reported indicates independent patch recordings, each from a separate
dissociated preparation from different animals. The membrane potential
of acutely dissociated axons was measured in two ways; by impaling the
isolated axon with a microelectrode containing 3 M KCl or by patching
the isolated axon in whole-cell configuration with a patch pipette con-
taining 102.5 mM cesium methane sulfonate, 252 mOsm, pH 7.2. The
membrane potential of the acutely dissociated axons was found to be
�586 1.6mV (n= 17 axons), compared with a resting membrane
potential of�70mV in reticulospinal axons in the intact spinal cord. To
adjust for this, before beginning the step depolarization, the pipette hold-
ing potential was adjusted postseal to130mV, which corresponded to a
membrane voltage of approximately �88mV. Step-wise depolarization
was evoked using the following stimulation protocol (Fig. 3D): 80-mV
prepulse for 10 ms followed 10ms later by an incremental 10-mV step
protocol. A leak step of 10mV was incorporated for postacquisition P/
10 leak subtraction. RMS noise was monitored in the amplifier and
recordings were only conducted if below 200 fA. Data were acquired
using an Axopatch 200B (Molecular Devices) with a cooled headstage, in
low-noise capacitance feedback patch mode, at 50 kHz and filtered using
a 5-kHz low-pass four-pole Bessel filter. VGCC currents were recorded
with the following pipette solution: 10 mM CaCl2, 80 mM NaCl, 1.8 mM

MgCl2, 5 mM HEPES, 1 mM tetrodotoxin (TTX; voltage-gated Na1 chan-
nels), 20 mM 4-aminopyridine (4-AP; voltage-gated K1 channels), 30
mM tetra-ethyl ammonium chloride (TEA-Cl; voltage-gated K1 chan-
nels), 92 nM charybdotoxin (ChTx; BK channels), and 1 mM apamin (SK
channels), pH 7.6, 270 mOsm. VGCC subtype specific currents (Fig. 3E)
were isolated by incorporating subtype specific blockers in the pipette
solution, minus the blocker for the desired channel subtype:

v -conotoxin GVIA (N-type, 10 mM), agatoxin IVa (P/Q-type, 2 mM),
SNX-482 (R-type, 2 mM), nimodipine (L-type, 20 mM). Patch solution for
barium recordings (Fig. 4B) was: 90 mM BaCl2, 5 mM HEPES, 1 mM TTX
(voltage-gated Na1 channels), 20 mM 4-AP, 30 mM TEA-Cl (voltage-
gated K1 channels), 92 nM ChTX (BK channels), and 1 mM apamin (SK
channels), pH 7.6, 270 mOsm. Cd21 block of VGCC currents (Fig. 3B)
was conducted using the following pipette solution: 500 mM CdCl2, 10
mM CaCl2, 100 mM NaCl, 2.1 mM KCl, 1.8 mM MgCl2, 5 mM HEPES, 1
mM TTX, 20 mM 4-AP, and 30 mM TEA-Cl, 270 mOsm, pH 7.6. For all
data presented, inward currents are plotted with a negative directional-
ity. Leak currents were subtracted, and the data filtered through a 1-kHz
low-pass Gaussian filter in Axograph. Baseline drift adjustment was con-
ducted using the baseline adjustment function in Clampfit.

Determination of single channel current amplitude
Single channel current amplitude, i, was determined for each VGCC
subtype, at indicated voltages (Fig. 3D; Table 1) from current records
visibly demonstrating the opening of only a single channel. Amplitude
histogram for the background current noise, measured at holding poten-
tial (Fig. 3D), was plotted (bin width 50 fA) and fitted with a Gaussian
function to generate a current noise Gaussian (Eqs. 1, 2) This Gaussian
was scaled to the peak amplitude at zero pA of the current record histo-
gram. It was then subtracted from the channel data amplitude histogram
and the subtracted histogram was fitted with a Gaussian (Eq. 1). The sin-
gle channel current i was determined from the centroid of the Gaussian
fit. Using this method, i was calculated for voltage steps to membrane
voltages of�30, 0, and 30mV:

f xð Þ ¼ Ae�
ðx�CÞ
widthð Þ2 ; (1)

where C is the centroid, A is the peak amplitude of the Gaussian and
width ¼ ffiffiffi

2
p

s with s being the standard deviation of the peak:

f xð Þ ¼ A1e
� ðx�CÞ

widthð Þ2 1A2e
� ðx�ðC�2ÞÞ

widthð Þ2 ; (2)

where A1 is the peak amplitude of the first Gaussian, A2 the peak ampli-
tude of the second Gaussian, C the centroid for both the Gaussians and
width ¼ ffiffiffi

2
p

s with s being the standard deviation of the peak.

Gaussian fits of amplitude histograms
Current from replicate sweeps at a given voltage in a patch recording
(referred to as current records; Fig. 3D) was binned to generate ampli-
tude histogram plots. These histograms were averaged (between 30 and
100 sweeps were analyzed) to generate a mean count per sweep ampli-
tude histogram (Fig. 4A). Bin width for all amplitude histograms was 50
fA. Amplitude histograms were fitted with sum of Gaussian function in
Igor Pro (Wavemetrics):

f xð Þ ¼ A1e
� ðx�CÞ

widthð Þ2 1A2e
� ðx�ðC�2ÞÞ

widthð Þ2 ...........1Ane
� ðx�ðC�nÞÞ

widthð Þ2 ; (3)

where n is the maximum number of channels open (Nchopen.max), A1 is
the peak amplitude (peak 0, noise) and C1 is the centroid of the noise
Gaussian; A2 is the peak amplitude at C (centroid), i (single channel cur-
rent corresponding to opening of one channel) and An is the peak ampli-
tude at C times n. n was estimated by dividing the maximum positive
amplitude (Imax) in the histogram demonstrating a bin count (also
defined as the peak current observed in m current records from n
patches) by i; represented by the ratio Imax/i. Residuals were used to
gauge the validity of all fits.

Measurement of tail currents
For each of the VGCC subtypes, tail currents were measured within a
window of 20ms, immediately on repolarization to holding potential of
�80mV (Fig. 3D). Amplitude of individual tail current events were
measured and binned (bin width 50 fA) to generate an amplitude histo-
gram, fitted with a sum of Gaussian function (Eq. 3); i was determined
from the centroid of the Gaussian fit. The number of channels open on
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repolarization was determined from the number
of Gaussians required to fit the tail current ampli-
tude histogram (Fig. 4A).

Current–voltage relationships (I-V plots)
For each of the VGCC subtypes, current–
voltage (I-V) plots (Fig. 3G) were plotted
using the mean single channel amplitude i
calculated at voltages of �30, 0, 30 mV and
on repolarization to �80 mV (tail current). I-
V plots were fitted with a linear function (Eq.
4) and the single channel conductance (pS)
for each channel subtype was determined by
the inverse of the slope. Reversal potential
(Erev) for each channel subtype was obtained
from I-V plots. The X intercept of the linear
fit to the I-V data indicates the reversal
potential:

y ¼ a1 bx; (4)

where a is the intercept and b is the slope.

Determination of open probability (Popen)
Current records were integrated using a trape-
zoidal algorithm in Igor Pro and open proba-
bility (Fig. 3H) was calculated using Equation
5 (Jackson, 1998).

Popen ¼ 1
iND

ðD
0

I tð Þdt (5)

where Popen is the open probability for a single
channel at a given voltage, i is the single channel
current in Amperes, N is number of channels in
the current record, D is the duration of the cur-
rent record, and t is time.

In situ calcium imaging (molar quantitation of
calcium entry)
Ca21 binding properties of fura-2, Oregon Green
BAPTA1 and Fluo-5F were determined using
Ca21 standards (Invitrogen) at 10°C (the temper-
ature at which experiments were performed) and
at a pH of 7.2 (to which the intracellular solutions
were buffered). Log plots of these data points
were used to determine Kd. For fura-2, this plot
was of log{(R – Rmin)/(Rmax – R)} versus log
[Ca21]free, where R is the Fluorescence ratio
measured from excitation at 350 and 380 nm,
Rmin and Rmax are the minimum and maximum

Figure 3. Cell-attached recordings from AZs reveal multiple VGCC subtypes. Aa, Representative sweep from a cell-
attached patch recording showing Ca21 currents recorded from a single AZ following a voltage step to 0 mV (n= 5
patches). For all Ca21 current traces shown, inward currents have a negative directionality. Solid line marked 0 indicates
channel closed state, dashed lines indicate incremental channel opening events corresponding to the opening of 1, 2, or 3
channels. Patch pipette contains 10 mM [Ca21]external as charge carrier. Ab, Amplitude histogram (gray bars) fitted by a
sum of three Gaussian function (magenta fit line), indicates the opening of one to three Ca21 channels during the indi-
cated recording. Ba, Similar cell-attached recordings, from single AZs, following a voltage step to 0 mV with 500mM Cd21

and 10 mM [Ca21]external in the patch pipette demonstrating absence of inward Ca
21 currents. Bb, Amplitude histogram

(gray bars; n= 8 patches) fitted with a single Gaussian function (magenta fit line) indicating only a current noise peak and
no channel events. Inset, Tail currents measured, on repolarization to �80mV from the voltage step during release of
Cd21 block, plotted as amplitude histogram (gray bars). The amplitude histogram was fitted by a sum of three Gaussian
function (magenta fit line), indicating the opening of one to three Ca21 channels on repolarization. Ca, Cell-attached
recordings from nonpresynaptic terminal locations (Fig. 1C, white arrowhead), following a voltage step to 0 mV, demon-
strating absence of inward Ca21 currents. Cb, Amplitude histogram (gray bars, n= 3) fitted with a single Gaussian func-
tion (magenta fit line) indicating only a noise peak and no channel events. D, Depolarization stimulus protocol, applied
from a holding potential of �80mV, to elicit VGCC currents in cell-attached patch recordings. Red bar at the holding
potential level indicates where the background current noise was measured (current noise record). Blue bars indicate the
voltages at which analysis of single channel currents (current records) was conducted: step depolarizations to �30, 0, and
30mV, and on repolarization to�80mV (tail currents). E, Representative examples of N-type (CaV2.2), P/Q-type (CaV2.1),
R-type (CaV2.3), and L-type (CaV1) currents, recorded at single AZs, following voltage steps to �30, 0, and 30mV. Solid
line marked 0 indicates channel closed state, dashed lines indicate incremental channel opening events, with maximum
number of simultaneously open channels indicated in each representative trace. Fa, Cell-attached recordings from single
AZs, following a voltage step to 0 mV, showing absence of depolarization evoked inward currents when all VGCC subtypes

/

(N, P/Q, R, and L) were blocked. Fb, Amplitude histogram (gray
bars, n= 4) fitted with a single Gaussian function (magenta fit
line) indicating only a current noise peak and no channel
events. G, Current-voltage relationships plotted for each of the
indicated Ca21 channel subtypes. For each channel subtype,
mean single channel amplitude measured at corresponding vol-
tages is shown along with the linear fit (N-type green, P/Q-
type purple, R-type orange, L-type blue). Error bars indicate
SEM. Linear fits have been extrapolated to intersect the x-axis
indicating the reversal potential (Erev). H, Mean open probabil-
ity (mean Popen) plotted against membrane voltage (mV) for
each of the indicated Ca21 channel subtypes (N-type green, P/
Q-type purple, R-type orange, L-type blue).
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ratios obtained at 0 and saturating [Ca21]. Free [Ca21] is applied from
EGTA buffered free Ca21 standards (Invitrogen) corrected for tempera-
ture (10°C; Harrison and Bers, 1987). This was calculated at 326 nM. For
Oregon Green BAPTA1 and Fluo-5F, the plots were of log{(F – Fmin)/
(Fmax – F)} versus log [Ca21]free, where F is the value of fluorescence

obtained at each Ca21 standard concentration, and Fmin and Fmax are
the minimum and maximum values at 0 and saturating Ca21. Values of
Kd were 450 nM for Oregon Green BAPTA1 and 1.12 mM for Fluo-5F
(Fig. 5A).

Images were obtained from axons loaded with Ca21 dye by injection
from a microelectrode. Spinal cords were isolated, pinned in a custom
chamber and perfused with oxygenated Ringer’s solution (10°C) either
under an upright epifluorescence or a confocal microscope (Fig. 5B).
Reticulospinal axons were impaled with microelectrodes containing the
ratiometric dye fura-2 or either of the nonratiometric dyes Fluo-5F or
Oregon Green BAPTA1 (Life Technologies) in buffered 1 M KCl solution
(pH 7.2 with HEPES, 5 mM; Fig. 5C,D). Axons were filled with dyes from
different initial electrode concentrations (0.1–1 mM) and with dyes of
differing affinities to obtain a range of dye buffering capacities in the
axons. Filling was achieved by application of 200ms pulses of pressure
(up to 140 kPa) using a picospritzer (General Valve). Imaging of fura-2
fluorescence was performed on a conventional epifluorescence micros-
copy using excitation from a Xenon source through bandpass filters of
20-nm bandwidth centered at 350 and at 380 nm. Fluorescence was

Table 1. Single channel properties of characterized N-type, P/Q-type, R-type,
and L-type channels

Voltage (mV) �80 (tail current) �30 0 30
i (pA) i (pA) i (pA) i (pA) pS

N-type 0.586 0.01 0.356 0.03 0.28 6 0.01 0.266 0.01 2.976 0.62
PQ-type 0.476 0.01 0.346 0.01 0.296 0.03 0.276 0.02 1.826 0.36
R-type 0.476 0.01 0.326 0.02 0.286 0.02 0.266 0.01 1.946 0.41
L-type 0.536 0.003 0.316 0.01 0.286 0.02 0.276 0.01 2.46 0.75

Mean single channel current measured for each VGCC subtype. Single channel conductance (pS) for each
VGCC subtype was obtained from the slope of current–voltage relationship plots (I-V plots). Data represented
as mean 6 SE n (patch recordings) for each channel subtype: N-type (n= 6), P/Q-type (n= 5), R-type
(n= 6), L-type (n= 4).

Figure 4. Few open channels from a small available VGCC pool mediate Ca21 influx. A, Gaussian fits for the amplitude histograms (gray bars) for the indicated Ca21 channel subtypes (10
mM [Ca21]external) following voltage steps to �30, 0, and 30mV. Tail currents were measured, within a window of 20 ms immediately after repolarization to �80mV, and plotted as ampli-
tude histograms (gray bars). Inset (in N-type�80mV) shows representative example of tail current channel opening events. Sum of Gaussian fit to the amplitude histogram is shown as solid
line (N-type green, P/Q-type purple, R-type orange, L-type blue). Insets in histogram plots provide magnified view of the histogram (note expanded y-axis) showing bin values for higher cur-
rent amplitudes that are not discernable from the full scaled histogram. B, Representative current traces, from cell-attached patch clamp recordings at single AZs with 90 mM [Ba21]external in
the patch pipette, following voltage steps to �50, �30, 0, and 30mV. Solid line in all the representative traces indicates the closed state of the channel. Dashed lines indicate incremental
channel opening events, with maximum number of simultaneously open channels indicated in each representative trace. Amplitude histograms are shown in gray and the sum of Gaussian fit
line in blue. Note the absence of any channel openings at a membrane voltage of�50mV, one to two channels at�30mV, and one to three channels at 0 and 30mV.
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Figure 5. Quantifying AP-evoked molar Ca21 entry to AZs. A, Dyes from the lots used from the experiments were calibrated using the same light path, temperature, and pH of solution as during
experiments. Graph shows plots of log10{(R – Rmin)/(Rmax – R)} for ratiometric fura-2 or log10{(F – Fmin)/(Fmax – F)} for single wavelength Fluo-5F and Oregon Green BAPTA1 versus log10[Ca

21] from
EGTA buffered standards (Life Technologies). Kds obtained from these plots shown in corresponding colors. B, Imaging was performed in axons in superfused intact spinal cords impaled with microelectro-
des containing fura-2 (Life Technologies), Fluo-5F or Oregon Green BAPTA1. Dyes were in buffered KCl solution (pH 7.2). Imaging used either an upright epifluorescence microscope (ratiometric imaging)
or confocal microscope (single wavelength dyes). In both cases the arrangement of objective (Olympus LUMPLF 40� 0.8 NA), spinal cord, and recording/injection microelectrodes were identical. Axons
were stimulated with AP trains via current injection through the microelectrode. Ca, Cb, Reticulospinal axons were loaded with dye be pressure injection through the recording microelectrode.
Representative Ca21 responses (Ca, Cb) show the effect of increased dye concentration on peak Ca21 amplitude and decay rate (t ) from single exponential fits (black traces) to traces at lower (red) and
higher (blue) concentration of dye. Cd, Alexa Fluor 594 Hydrazide-conjugated phalloidin (Life Technologies) labeled presynaptic AZs imaged after subsequent injection into the axon with a second electrode
revealing their numbers in the imaged region. D, Dye concentrations in fura-2 filled axons were calculated by comparing fluorescence intensity of dye at known concentration in the microelectrode with
dye labeled axons at the same depth in tissue. Da, For fura-2, images were taken with electrode diameter the same as the axon to allow imaging from the same volume exciting at the isosbestic point.
Db, For nonratiometric dyes, Alexa Fluor 594 Hydrazide was imaged confocally at the same depth in tissue in adjacent axons and electrodes uses images substantially larger than the microscope point
spread function. E, The rate of decay of Ca21 transients (t) was plotted versus buffering capacity of the dye (kdye) from exponential fits (Ca) over a range of kdye. These data were well fit (r

2 = 0.88) with
a linear function (dark red line, 95% confidence indicated by encompassing faint red lines) yielding an estimate of the endogenous buffering capacity (kend) to be 13.16 11.1 from Equation 10. F, Peak
D[Ca21], was plotted against a range of kdye and fitted with Equation 11 (dark red line, 95% confidence indicated by encompassing faint red lines) yielding a peakD[Ca21] of 31.66 5.2 nM per stimu-
lus from the intercept on the ordinate axis. This fit also yielded value of total Ca21 concentration, bound and unbound (D[Ca]total) of 109.96 19.2 nM and a kend of 2.56 1.1. Equation 11 is a hyperbolic
function. Thus, to confirm this fit, a line is fit to the plot of 1/peakD[Ca21] against kdye. The data are well fit to a line with r

2 = 0.90. G, The total Ca21 entering bound to dye (D[Ca]total = D[Ca21]
� k dye) for each AP was plotted against k dye and fitted by Equation 12 to yield a k end of 5.26 2.2, an asymptotic value of D[Ca]total representing full dye binding of all Ca

21 entry of 116.96 13.2
nM. From these calculations (Table 6), we conclude a total charge entering the axon at each AZ during one AP is 11.2 fC which represents a current of 2.79 pA over 5ms (the rise time of the response).
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captured using a dichroic cutoff of 405 nm and through a long pass filter
from 450 nm. Fluorescence of Oregon Green BAPTA1 and Fluo-5F were
obtained using a confocal microscope with 488-nm excitation and cap-
tured in long pass from 510 nm.

For ratiometric measurements using fura-2, Ca21 concentration can
be expressed as in Equation 6:

Ca21½ � ¼ KdQ
R� Rminð Þ
Rmax � Rð Þ ; (6)

where Q = the ratio of Fmax/Fmin for fluorescence for for excitation.
Nonratiometric calculations of Ca21 concentrations can also be

made using Equation 7:

Ca21½ �i ¼ Kd
F � Fminð Þ
Fmax � Fð Þ : (7)

For fura-2 experiments, we obtained transient Ca21 concentrations
by measuring fluorescence only at 380-nm excitation during the evoked
transient to enable sufficient temporal resolution, but after obtaining the
resting Ca21 concentration ratiometrically with excitation at both 350
and 380 nm. Absolute values of resting Ca21 were calculated from
Equation 6 after measurements of values of R obtained by sequentially
exciting fluorescence at 350 and 380nm. Values of Fmax and Fmin for ex-
citation at 380 expressed as DF/F can be obtained from the value of Q
(Q=5.45) from standard measurements and because the absolute value
of resting [Ca21] was obtained. Additionally, values of Fmax were
obtained for comparison at the end of experiments by stimulation until
saturation of the dye signal was recorded. For nonratiometric dyes the
absolute values of Ca21 concentration during transients were obtained
using Equation 7. Fmax for each transient was determined by intense
stimulation to saturation after the transient was measured. Fmin was cal-
culated as a ratio of this value from measurement of Ca21 standards.
Values of F calculated throughout the transient as DF/(F1 1) could then
be used to calculate [Ca21]i from Equation 7.

Fluorescence analysis of Ca21 entry at AZs with LLSM
To analyze variance of presynaptic Ca21 entry through few channels we
must resolve Ca21 responses, spatially and temporally at individual AZs,
evoked by single APs. Wide field fluorescence causes high fluorescence
background noise and rapid photobleaching from excitation light.
Background noise can be avoided by confocal or two photon
approaches, but high excitation intensities cause rapid photo-bleaching
that limits the number of repeat scans achievable. Point scanning
approaches limit the temporal resolution of recording and expanding
this to line-scanning limits the field of view. This, and the limited num-
ber of repeated exposures feasible because of photobleaching, make
interpretations of variations in responses between AZs or within single
AZs not feasible. To overcome these limitations, we built a custom
LLSM (Chen et al., 2014). The LLSM generates a convergent lattice
of 30 Bessel beams (Chen et al., 2014), confined to a plane
(;0.4 mm deep) as they self-reinforce and propagate in situ, pro-
viding substantially better resolution than conventional light sheet
imaging. The LLSM beam is viewed orthogonally to its projection
allowing low excitation intensity illumination of planes to be
viewed rapidly in sequence with little photobleaching, allowing
many repeated measurements of AP-evoked transients.

Spinal cords were pinned ventral side up in a cooled (10°C) perfused
recording chamber under the LLSM objectives (Fig. 6A). Spinal reticulo-
spinal axons were prelabeled by pressure injecting the Ca21-sensitive
dye Fluo5F via a sharp micropipette. A stimulating electrode was posi-
tioned over the ventromedial tracts to evoke APs. Stimuli were repeated
at 1min intervals or greater. This evoked Ca21 transients at AZs
(Photowala et al., 2005; Bleckert et al., 2012). Transients were imaged in
sequential LLSM frames at the same z position. If any stimulation failed
to cause Ca21 transients throughout the entire axon, the stimulation was
not included in the analysis, as it cannot be determined whether the fail-
ure was because of a physiological condition or an external failure to

generate an AP. Single event amplitudes were then calculated from expo-
nential fits to the AZ transient decay. Repetitive stimulation and record-
ing of Ca21 hotspots using LLSM enabled high signal-to-noise transients
to be repeatedly recorded. Peak amplitudes of values of DF/F were calcu-
lated and plotted as histograms. Multiple Gaussian fits were applied to
this using Equation 8:

f Fð Þ ¼ Anoise:e
� F�Fnoise

Wnoise

� �2
n o

1A1:e
� F�Ft

Wt

� �2
n o

1A2:e
� F�3:Ft

3:Wt

� �2
n o

......

1An:e
� F�n:Ft

n:Wt

� �2
n o

; (8)

where Anoise = peak number of failures at Fnoise – value of DF/F of
failure; A1, A2 to An = peak numbers of event at Ft – the transient peak
DF/F, and its multiples.Wt = variance of the unitary amplitude.

Paired recordings to determine the size of the primed vesicle pool
Paired cell recordings were made between reticulospinal axons recorded
with sharp microelectrodes and postsynaptic spinal ventral horn neu-
rons with whole-cell patch clamp as previously described (Gerachshenko
et al., 2005). Single APs were stimulated at 30-s intervals in the presynap-
tic axons by applying 2-ms depolarizing currents. This evoked EPSCs at
up to 12 AZs between individual reticulospinal axons and their postsy-
naptic ventral horn target. Peak amplitudes of these EPSCs were meas-
ured during over 200 repeated stimuli. From these data, amplitude
histograms were constructed and fitted with multiple Gaussians. For
experiments to determine the size of the primed vesicle pool, similar
paired recordings were made but BoNT/B was included in the presynap-
tic electrode solution and pressure injected into the axon after obtaining
control EPSCs. Light-chain BoNT/B (Calbiochem; 50mg/ml), was stored
at �20°C in 20 mM sodium phosphate, 10 mM NaCl, and 5 mM DTT at
pH 6.0. The buffered toxins were diluted 2:5 with 2 M potassium methyl-
sulfate and 5 mM HEPES for inclusion in the presynaptic electrode.
Asynchronous activity was also recorded using similar paired recordings,
except the presynaptic microelectrode contained 100 mM CaCl2, 100 mM

EGTA, 5 mM HEPES, and 1 M KCl. The solution was buffered to pH 7.2
by titrating with KOH. This gave a free Ca21 concentration of;200mM.

Antibody labeling against synaptotagmin-1 (Syt-1)
A lumenal domain biotinylated anti-Syt-1 antibody (rabbit, anti-mouse
amino acid residues 1–8, SYSY 105 103BT) diluted 1:50 in Ringer was
applied by pressure from a pipette over an isolated axon during 30
mM KCl stimulation of the axon. During subsequent stimulation,
streptavidin-conjugated dye (Alexa Fluor 488) was applied by pip-
ette and fluorescent puncta resolved. Control stimulation and
application of streptavidin-labeled dye were performed similarly
without prior application of antibody against Syt-1.

Experimental design and statistical analysis
Quantitative imaging fits to datasets for a number of equations or multi-
Gaussian fits to channel opening were performed in Igor Pro. Error
intervals from fitted data represent the 90% confidence limits of those
fits. Fits to equations were considered valid if residuals were randomly
distributed showing no systematic pattern. Throughout the manuscript
errors are reported as the SEM. Significance was tested with two-tailed
Student’s t test or two-factor ANOVAs where appropriate. We used an
a level of 0.05 for significance for statistical tests.

Results
Dissociated axons retain functional terminals
Precise measures of evoked presynaptic Ca21 influx requires
direct recordings from the release face membrane of individual
presynaptic terminals (Fig. 1A). Such recordings impeded in vivo
at more conventional central synapses with single AZs because
of the close apposition between the presynapse and postsynapse
have, thus far, been possible only at acutely isolated specialized
calyceal-type terminals (Stanley, 1991, 1993; Sheng et al., 2012).
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Using a similar approach to accessing the
presynaptic VGCCs, we developed an acute
dissociation of the lamprey spinal cord
(Ramachandran and Alford, 2014), by
applying a combination of enzymatic diges-
tion of spinal cord tissue and acute mechan-
ical dissociation, enabling isolation of
reticulospinal axons with functional presyn-
aptic terminals without any postsynaptic
processes (Fig. 1B). This permits direct
recordings from single AZs. Presynaptic ter-
minals maintained evoked synaptic vesicle
cycling via exo-endocytosis visualized by
FM1-43 staining of recycling vesicle clusters
during 30 mM KCl depolarization (Fig.
1C; Betz and Bewick, 1992; Photowala et
al., 2005) enabling targeted recordings of
Ca21 currents from fluorescently identi-
fied single terminals (Fig. 1C,D). Excess
FM dye was washed off with Advasep-7
(Kay et al., 1999). Notably, we recorded
only from presynaptic terminals with
simple AZs (diameter 0.4–2.8 mm, mean
1.66 0.2 mm), with single release sites
and univesicular release (Gustafsson
et al., 2002; Photowala et al., 2006;
Schwartz et al., 2007), allowing for cor-
relations of Ca21 measures presented in
this work to the fusion requirements of
a single synaptic vesicle. Dissociated
axons retained structural integrity, veri-
fied by patching the axons in whole-cell
patch clamp configuration and gently
pressure loading the axons with the flu-
orescent dye Alexa Fluor 488 hydrazide.
Loaded axons were monitored over
30 min for dye leakage, demonstrating
uniform loading throughout the axon
with no decrease in fluorescence over
time (Fig. 2A). Dissociated axons re-
tained physiological membrane poten-
tials (�586 1.6 mV, n = 17 axons) and
the capacity to fire APs (n = 7 axons; Fig.
2B). They also retained evoked compen-
satory endocytosis shown by labeling of
synaptic vesicle clusters with FM1-43
following stimulation with high K1 con-
taining solution (Fig. 2C) and could be

Figure 6. Recording presynaptic Ca21 transients with LLSM. A, Lamprey spinal cords were isolated in a custom chamber
(Aa) designed to allow superfusion, recording and stimulation of giant axons under two lenses of the LLSM (Ab). Axons
filled with Ca21 dye were imaged in single LLSM planes over time (Ac). B, Imaging single planes at 300 Hz during a single
AP reveals Ca21 hotspots. Stimulation of the axons with an extracellular stimulation electrode evoked Ca21 transients at
multiple discrete locations at the axon surface. An example of one hotspot (Ba), in response to single APs in the plane of
focus of the recording, is shown when recording the same plane repeatedly at intervals indicated. Individual planes are
shown as DF/F in pseudocolor and intensity mapped to the vertical dimension to emphasize the resolution of the hotspot
and are averages of responses from five stimuli. Other hotspots not in focus are also seen. The summed Ca21 entry from
multiple hotspot locations diffuses throughout the axons within 10 ms of the stimulus. This diffusion is shown across the
axon with a profile centered on the hotspot. Bb, A profile plot (between white lines of pseudocolor image at left). This

/

profile is displayed for the same frames shown in Ba. C, The
intensity of the center 1-mm diameter (green) and the sur-
rounding 5mm (red) across all frames is expressed as DF/F
along with the nonhotspot whole axon response (black). The
latter representing diffusion from all hotspots. These responses
are overlaid (Ca). The diffusional background is subtracted
(Cb) to reveal just the hotspot Ca21 signal and its time course
(green and red from the same locations as Ca). D, In repetitive
stimulation (five stimuli at 50 Hz), the slower, whole axon dif-
fusional signal was subtracted from the hotspot signal isolating
Ca21 hotspots (Da, blue and green, hotspots shown in insets;
black, whole axon signal). This approach isolated responses
even during bursts of stimuli (Db, colors as for Da).
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similarly labeled with an antibody against Synaptotagmin
which demonstrated punctate localization (Fig. 2D).

Immunohistochemical characterization of multiple VGCC
subtypes at reticulospinal AZs
We validated the retention of VGCC localization, after dissocia-
tion, at single presynaptic terminals using antibodies specifically
labeling three different Ca21 channel subtypes, N-type (CaV2.2),
P/Q-type (CaV2.1), and R-type (CaV2.3), previously implicated
in synaptic transmission from lamprey reticulospinal axon
(Krieger et al., 1999; Büschges et al., 2000; Photowala et al.,
2005). For each of the VGCC subtypes tested, we were able to
observe distinct punctate labeling by VGCC antibodies along the
axons at discrete locations (Fig. 2E–G), consistent with a re-
stricted localization of VGCCs along the axonal membrane sur-
face, similar to the distribution of synapses on these axons in
situ. We verified that these punctate distributions localized to
presynaptic terminals by labeling presynaptic AZs in the fixed
axons, post VGCC antibody labeling, with Alexa Fluor 633-con-
jugated phalloidin (Fig. 2E–G; Photowala et al., 2005; Bleckert et
al., 2012). Specificity of the antibody labeling was verified by pre-
incubating each of the primary antibodies, before application,
with the corresponding control antigen. No antibody labeling
was observed in the controls; nevertheless, we were still able to
observe individual presynaptic terminals clearly identified by
Alexa Fluor 633-conjugated phalloidin labeling (Fig. 2E–G).
Similarly, controls for the secondary antibody did not result in
any nonspecific labeling (Fig. 2H).

Characterization of VGCC subtype specific currents at
individual presynaptic terminals
The acutely dissociated preparations provide unhindered access
to direct recording at the release face membrane of single presyn-
aptic terminals. Presynaptic terminals were identified by fluores-
cent labeling with FM1-43 during evoked depolarization by
perfusing 30 mM KCl. This allowed us to target individual AZs
for cell-attached patch clamp recordings using fluorescence mi-
croscopy (Fig. 1C). We recorded Ca21 currents at the release
face membrane of individual fluorescently labeled AZs, with 10
mM [Ca21]external in patch pipette (Fig. 3A, n=5 patches), using
custom low-noise single channel cell-attached patch clamp
recordings (Ramachandran and Alford, 2014). Single AZs were
patched in cell-attached configuration, and the holding potential
was set to�88mV (adjusted from the known intracellular mem-
brane potential determined from intracellular sharp electrode re-
cording). The patch solution contained channel specific blockers,
blocking all other known ionic currents (Materials and
Methods), permitting the isolation of Ca21 currents. We vali-
dated that the currents recorded represented Ca21 influx
through VGCCs by additionally incorporating Cd21 in the patch
solution (Swandulla and Armstrong, 1989). Pharmacological
block of all VGCCs with Cd21 (Fig. 3B, n= 8 patches) eliminated
all currents, leaving the Gaussian distribution of the amplitude
histogram indistinguishable from background noise. Voltage de-
pendent Cd21 block was reversed on repolarization shown by
tail currents at the end of the pulse (Fig. 3Bb). Additionally,
patch recordings obtained from nonpresynaptic terminal loca-
tions, identified by absence of fluorescent FM1-43 puncta along
the axon membrane, demonstrated no VGCC currents (Fig. 3C,
n= 3 patches), corroborating our previous findings of VGCCs
being restricted to presynaptic AZs at these synapses (Photowala
et al., 2005; Bleckert et al., 2012).

Multiple channel subtypes have been implicated in depolari-
zation-evoked Ca21 influx for vesicle fusion and neurotransmit-
ter release (Wheeler et al., 1994; Mintz et al., 1995; Poncer et al.,
1997; Wu et al., 1999; Cao and Tsien, 2010; Sheng et al., 2012).
In lamprey, this is supported by our immunohistochemical anal-
ysis as well as previous imaging studies in the intact spinal cord
in situ (Photowala et al., 2005). Therefore, we isolated VGCC
subtype-specific currents pharmacologically (Materials and
Methods), corresponding to each of the four different VGCC
subtypes: N-type (CaV2.2, n= 6 patches), P/Q-type (CaV2.1,
n= 5 patches), R-type (CaV2.3, n=6 patches), and L-type
(CaV1, n=4 patches) with 10 mM [Ca21]external (in patch pip-
ette), eliciting Ca21 currents (Fig. 3D,E). Gaussian fits to ampli-
tude histograms of current recordings, on combined selective
blocking of all four VGCC subtypes and other known ionic cur-
rents, demonstrated no additional currents with a distribution
similar to background noise (Fig. 3F, n=5 patches). Channel
openings were observed only on depolarization to a membrane
voltage of �30mV (Figs. 3E, 4A), indicating the absence of any
low-voltage-activated T-type (CaV3) channels at these presynap-
tic terminals. We measured single channel amplitude (1), from
current recordings for each channel subtype that demonstrated
the opening of only a single channel, at depolarized voltages of
�30, 0, 30mV and on repolarization to �80mV (tail currents;
Fig. 3D). Single channel amplitudes at 0mV were 0.286 0.01
(N-type), 0.296 0.03 (P/Q-type), 0.286 0.02 (R-type), and
0.286 0.02 pA (L-type; Fig. 3G; Table 1). Single channel con-
ductance was calculated to be 2.976 0.62 pS (N-type),
1.826 0.36 pS (P/Q-type), 1.946 0.41 pS (R-type), and
2.46 0.75 pS (L-type; Fig. 3G; Table 1). Mean channel opening
probability (Popen) at 0mV was 0.266 0.02 (N-type), 0.296 0.03
(P/Q-type), 0.226 0.02 (R-type), and 0.246 0.02 (L-type; Fig.
3H; Table 2).

Few open channels from a small available VGCC Pool
mediate Ca21 influx
We next enumerated Ca21 channels at single presynaptic AZs
for each Ca21 channel subtype. The current data from replicate
sweeps, for each analyzed voltage, in a patch recording were
binned to generate amplitude histograms, which were averaged
and fitted with a sum of Gaussians function. Using this
approach, we enumerated the maximum number of channels,
visually confirmed by inspection of the channel opening events,
that simultaneously opened at each analyzed voltage during a
patch recording. A maximum count of 10 (4–10, mean 5) N-
type, 9 (3–9, mean of 6) P/Q-type, 32 (4–32, mean 12) R-type,
and 17 (3–17, mean 10) L-type channels yielded a total maxi-
mum VGCC count of 68 channels (14–68 channels, mean 33;
Fig. 4A; Table 3) at a presynaptic AZ. Restricting the count to
only N1 P/Q1R channel subtypes, that are implicated in
evoked synaptic transmission at lamprey reticulospinal synapses,

Table 2. Open probability for characterized channel subtypes

Mean Popen

Voltage (mV) �30 0 30
N-type 0.176 0.04 0.266 0.03 0.246 0.02
P/Q-type 0.196 0.04 0.296 0.03 0.246 0.01
R-type 0.146 0.04 0.226 0.02 0.186 0.01
L-type 0.226 0.05 0.246 0.02 0.186 0.02

Mean open probability (Popen) calculated for each VGCC subtype at �30, 0, and 30 mV. Popen was calculated
by integrating current data from current records (Eq. 5), at each analyzed voltage (�30, 0, and 30 mV),
clearly demonstrating the opening of only a single channel. Data reported as mean 6 SE n (patch record-
ings) for each channel subtype: N-type (n= 6), P/Q-type (n= 5), R-type (n= 6), L-type (n= 4).
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we obtained a maximum total of 11–51 channels (mean 23; Fig.
4A; Table 4) that may contribute Ca21 to drive release at a single
AZ.

Having determined the available pool of VGCCs at a single
AZ, we next asked how many VGCCs open on depolarization,
when all channel subtypes are available for opening. We used
voltage steps with the same voltage range as seen during presyn-
aptic APs recorded directly in situ (Cochilla and Alford, 1997)
and thus the same voltage range to when an AP evokes presynap-
tic Ca21 influx. We conducted cell-attached recordings from sin-
gle presynaptic AZs (Fig. 1C,D), with 90 mM [Ba21]external (in
patch pipette). As for our previously described recordings with
10 mM Ca21, Ba21currents were evoked only on depolarization
to �30mV. Notably, on depolarization to 30mV, which is close
to the peak of APs, we observed the opening of only one to seven
(mean 4) channels, out of the available pool of a maximum of 68
(mean 33) channels at an AZ (Fig. 4B; Table 5, n= 5 patches),
suggesting very few out of the available small pool of channels
mediate Ca21 influx at depolarization voltages that are equiva-
lent to peaks of APs.

Molar quantitation corroborates Ca21 entry through few
open VGCCs
Evoked openings of VGCCs in cell-attached recordings were
determined after acute isolation. A similar approach has been

used in calyceal synapses (Sheng et al., 2012). However, acute iso-
lation may alter channel activity. To confirm that evoked Ca21

entry remains the same in isolated axons to those in situ we used
quantitative imaging to determine molar quantities of Ca21 that
entered each AZ during each AP. We used Ca21 dyes as buffers
to quantify total molar quantities of AP-evoked Ca21 entry to
the reticulospinal axons maintained in the intact spinal cord in
situ as an independent measure of axonal evoked Ca21 entry
with no dissociation. Ca21 dyes with calibrated binding proper-
ties were injected directly into axons at known concentrations,
before recording AP-evoked Ca21 transients (Materials and
Methods). Ca21 binding properties of the Ca21 dyes, fura-2,
Oregon Green BAPTA1, and Fluo-5F from the lots used experi-
mentally, were determined using Ca21 standards (Invitrogen).
Log plots of these data points were used to determine Kd as well
as fluorescent maximum/minimum ratios (Fig. 5A; Kd = 326 nM
for fura-2, 450 nM for Oregon Green BAPTA1 and 1.12 mM for
Fluo-5; measured at pH 7.2 and 10°C).

To measure presynaptic Ca21 entry, spinal cords were iso-
lated, intact and superfused with oxygenated Ringer’s solution
(10°C; Materials and Methods) and imaged under epifluores-
cence or confocal microscopy (Fig. 5B). Microelectrodes were
filled with Ca21 dyes and reticulospinal axons were impaled to
fill them with dyes of differing affinities; either the ratiometric
dye fura-2 or the nonratiometric dyes Fluo-5F or Oregon Green
BAPTA1 (Life Technologies) in buffered 1 M KCl solution (pH
7.2 with 5 mM HEPES; Fig. 5C,D). Dye (from 0.1 to 1 mM in elec-
trode) was pressure injected into the axon to obtain a range of
dye buffering capacities (kdye; see Eq. 9) in the axons. After

Table 3. Maximum number of VGCCs observed to open at individual presynap-
tic AZs

Voltage (mV) �30 0 30
N-type
Imax (pA) 1.6 1.7 2.7
i (pA) 0.35 0.28 0.26
Imax/i 4.57 6.07 10.4
Nchopen.max 4 6 10
Nchpatch.max 10
P/Q-type
Imax (pA) 1.35 2.85 2.15
i (pA) 0.34 0.29 0.27
Imax/i 3.97 9.83 7.96
Nchopen.max 3 9 7
Nchpatch.max 9
R-type
Imax (pA) 1.3 5.35 8.35
i (pA) 0.32 0.28 0.26
Imax/i 4.06 19.11 32.12
Nchopen.max 4 19 32
Nchpatch.max 32
L-type
Imax (pA) 3.35 2.6 4.8
i (pA) 0.31 0.28 0.27
Imax/i 10.81 9.29 17.78
Nchopen.max 10 9 17
Nchpatch.max 17
Total Nchpatch.max (N1 P/Q1 R1L) 68
TotalNchpatch.max (N1 P/Q1 R) 51

Channel numbers enumerated from patch recordings at single presynaptic AZs, with 10 mM [Ca21]external in
the patch pipette, under conditions where currents specific to a single VGCC subtype were pharmacologically
isolated. For each indicated channel type, measurements were consolidated from all current records in all
obtained patch recordings (Figs. 3F, 4A).
Imax (pA), maximum calcium current amplitude recorded. Imax at each of the voltages is the peak current in
m current records from n patches or can also be read from the mean count/maximum current value at which
a bin count could be observed in the mean count/current record amplitude histogram.
i (pA), single channel amplitude.
Nchopen.max for a given voltage is the maximum number of channels simultaneously opening in n patches.
Nchpatch.max is the maximum number of channels simultaneously opening at a presynaptic terminal for each
VGCC subtype.
n (patch recordings) for each channel subtype: N-type (n= 6), P/Q-type (n= 5), R-type (n= 6), L-type
(n= 4).

Table 4. Number of VGCCs at individual presynaptic AZs

Nchpatch Nchpatch.mean

N-type 4–10 5
P/Q-type 3–9 6
R-type 4–32 12
L-type 3–17 10
Total Nchpatch.mean (N1P/Q1R1L) 14–v68 33
Total Nchpatch.mean (N1P/Q1R) 11–51 23

Channel numbers enumerated from patch recordings at single presynaptic AZs with 10 mM [Ca21]external in
the patch pipette under conditions where currents specific to a single VGCC subtype were pharmacologically
isolated. For each indicated channel type, measurements were consolidated from all current records in all
obtained patch recordings (Figs. 3F, 4A).
Nchpatch is the number of channels observed at a presynaptic terminal, reported as a range (minimum-
maximum).
Nchpatch.mean is the mean number of channels at a presynaptic terminal.
n (patch recordings) for each channel subtype: N-type (n= 6), P/Q-type (n= 5), R-type (n= 6), L-type
(n= 4).

Table 5. Number of channels opening on depolarization at single AZs

Voltage (mV) �30 0 30
i (pA) 0.4 0.35 0.3
Imax (pA) 0.9 1.4 1.65
Imax/i 2.3 4 5.5
Nchopen.max 2 4 6
Nch.patch 1–7
Nch.patch.mean 4

Number of channels opening at a presynaptic terminal, in response to a depolarizing stimulus (Fig. 3D),
under conditions where all VGCCs are available for opening. Channel numbers enumerated from patch
recordings (n= 5) at single presynaptic AZs with 90 mM [Ba21]external in the patch pipette. For each indi-
cated channel type, measurements were consolidated from all current records in all obtained patch record-
ings. i (pA) is the single channel amplitude at each of the voltages and can be estimated as the centroid of
the sum of Gaussian fits of the amplitude histogram (Fig. 4B). Imax at each of the voltages is the peak cur-
rent observed from n patches. Nchopen.max for a given voltage is the maximum number of channel openings
observed in n patches. Nchpatch is the number of channels observed at a presynaptic terminal, reported as
minimum-maximum number measured. Nchpatch.mean is the mean number of channels at a presynaptic termi-
nal from n patches.
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loading with dye, the axon was stimulated with a train of APs.
The axon was allowed to recover between trials for 3–5min.

Images were acquired for fura-2 fluorescence on a conven-
tional epifluorescence microscope. Fluorescence transients from
excitation at 380nm were obtained after capturing baseline
images from excitation at 350 and 380 nm and absolute Ca21

concentrations calculated from Equation 6 (Materials and
Methods). Examples of responses (Fig. 5Ca,Cb) evoked by 10
APs (Fig. 5Cc) at two different axonal fura-2 concentrations are
shown to demonstrate that as the concentration, and therefore
kdye, rises, the peak amplitude of free Ca21 decreases and the
time course (t ) of the decay increases. AP-evoked fluorescence
transients were also obtained using Oregon Green BAPTA1 and
Fluo-5F. For these, imaging was confocal with 488-nm excitation
captured in long pass from 510 nm. Fluorescence maxima were
measured during repetitive stimulation at 50Hz until intensity
reached an asymptotic maximum. Absolute Ca21 concentrations
were obtained from these data and Equation 7 (Materials and
Methods). To obtain the amount of Ca21 entering each AZ, we
counted AZ numbers within the region of measurement. To
achieve this, the Ca21 dye/buffer electrode was withdrawn, and
the same axon was re-impaled with an electrode filled with Alexa
Fluor 594 Hydrazide-conjugated phalloidin. Phalloidin was pres-
sure injected into the axon and images captured after 10–15min
allowing for the phalloidin to label presynaptic actin (Bleckert et
al., 2012). From these images the number of phalloidin labeled
puncta were counted (Fig. 5Cd). The mean number of AZs per
axon region imaged was 796 7 (0.406 0.04 synapses per linear
micrometer of axon).

Dye concentrations in the axons were also measured. For
fura-2, at the end of the experiment, fluorescence at the isosbestic
point (350- to 360-nm excitation) was obtained from the axon
and the electrode in which the dye concentration was known
(Fig. 5D). Because the conventional epifluorescence imaging cap-
tured out of focus light, the electrode was positioned adjacent to
the imaged axon and such that the imaged portion was the same
diameter as the imaged axon. to give the same imaged volumes.
Axon dye concentrations were calculated as a fraction of the
known concentration measured in profile plots (Fig. 5Da). A
similar method was used to estimate Oregon Green BAPTA1
and Fluo-5F concentrations. For these confocal images, a known
concentration of Alexa Fluor 594 Hydrazide was included in the
electrode and co-injected into the axons. Electrodes and axons at
the same depth were imaged using 560-nm excitation. The elec-
trode was positioned such that its diameter was greater than the
point spread function of the microscope (0.5mm; Hamid et al.,
2019). The fluorescence intensities of the electrode and of the cell
were again compared (Fig. 5Db). We used Ca21 dyes as buffers
(Harrison and Bers, 1987) for which buffer capacities of dye
injected into the axons at known concentrations were calculated.
The buffering capacity (kdye) during each stimulated transient
was calculated using Equation 9 (Augustine and Neher, 1992;
Jackson and Redman, 2003; Hamid et al., 2019):

k dye ¼ D Cadye½ �
D Ca21½ �i

¼ Dyetotal½ �
kd 11 Ca21½ �2

kd

� �
11 Ca21½ �1

kd

� �h i ; (9)

where [Cadye] is the concentration of Ca21-bound dye, D[Ca21]i
is the evoked change in Ca21 concentration, and [Dyetotal] is the
total dye concentration. [Ca21]1 and [Ca21]2 are the resting
Ca21 and peak Ca21 concentrations before and during stimula-
tion respectively (Fig. 5Ca,Cb).

The endogenous buffering capacity of the axon (k end) was
determined from the dependency of the rate of decay the dye
recorded Ca21 transient to the buffering capacity of the dye at
that time. The recovery of the stimulus evoked Ca21 transient
(Fig. 5Ca) was fitted with an exponential function and the decay
rate (t ) measured, over a range of values of kdye calculated from
Equation 9. Values of t were plotted against kdye and fitted with
a linear function (Fig. 5E, r2 = 0.88) yielding an estimate of the
endogenous buffering capacity (k end = 13.16 11.1) from
Equation 10, which describes the decay rate (t ) of a Ca21 signal
in a cell compartment (Neher and Augustine, 1992):

t ¼ t extð11 k end1 k dyeÞ: (10)

This value of k end gives an estimate independent of the abso-
lute measure of Ca21 transient amplitudes and thus provides a
reasonable measure of validity for the remaining calculations.
We may also calculate the free Ca21 concentration evoked by
stimulation and the total molar quantity of Ca21 that enters the
axon. By measuring the peak amplitude of the free Ca21 tran-
sient throughout the varicosity over a range of values of kdye

(Neher and Augustine, 1992; Hamid et al., 2019), we may state:

D Ca21½ �i ¼ D Ca½ �total
11k dye 1 k endð Þ ; (11)

where D[Ca21]i varies with kdye. Values of D[Ca
21]i are com-

puted from our data using Equation 6 or Equation 7 (Materials
and Methods) and values of kdye from Equation 9. Peak
D[Ca21], per AP in the volume of axon, was plotted for a range
of calculated kdye and fitted with Equation 11 (Fig. 5F) yielding a
peak free D[Ca21] of 31.66 5.2 nM throughout the axon per
stimulus from the intercept on the ordinate axis. This extrapola-
tion is the true value of peak D[Ca21]i in the axons when no dye
is present. This fit also yielded the value of total Ca21 concentra-
tion, bound and unbound (D[Ca]total) of 109.96 19.2 nM that
entered the whole axon volume and a k end of 2.56 1.1. Equation
11 is hyperpolic, therefore the inverse of evoked free Ca21 was
plotted against kdye, giving a linear relationship. The straight line
fit to this gives r2 of 0.9. We can also calculate the total Ca21

bound to dye for each stimulus against kdye. At higher dye con-
centrations the dye/buffer captures a greater proportion of enter-
ing Ca21 reaching an asymptote as all entering Ca21 is bound to
dye. Thus, we plotted change in Ca21 bound dye concentration
(D[Ca]dye) against kdye and fitted this with Equation 12:

D Ca½ �total ¼ D Cadye½ �: k end 1 1ð Þ
k dye

1 1

( )
: (12)

This fit yields k end of 5.26 2.2, and an asymptotic value of
D[Ca]total (the total stimulated Ca21 entry) representing full dye
binding of all Ca21 entry of 116.96 13.2 nM (Fig. 5G). Values
obtained were similar from fits to Equations 11, 12 (mean values,
Table 6). Note that during Ca21 entry that occurs only at AZs,
the local concentration of Ca21 which evokes neurotransmission
is transiently at much higher concentrations, but this high con-
centration almost immediately disperses throughout the larger
axonal volume from which it was imaged. We calculated axon
volumes from images, assuming the axons are cylindrical, to
determine the molar quantity of Ca21 that entered the axon per
AP and the mean molar amount entering at each terminal can
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then be given by dividing this total by the number of synaptic
terminals imaged using phalloidin (Fig. 5Cd). From these calcu-
lations (Table 6), we conclude a total charge entering the axon at
each AZ during one AP is just 7.986 0.90 fC representing a
Ca21 current of 1.66 0.3 pA over the duration of the AP (2–
3ms of depolarization and 2ms of estimated tail current). Mean
channel currents over this voltage range were;0.4 pA (from the
integral of slopes between �80 and120mV in Fig. 3G), indicat-
ing opening of a mean of four channels per AZ per AP. This is
very similar to results from our cell-attached recordings.

Resolving presynaptic Ca21 channel transients with LLSM
Ca21 entry to lamprey reticulospinal axons is limited to synaptic
AZs (Photowala et al., 2005), and we have demonstrated that few
channels open at each AZ on presynaptic depolarization. Thus,
variability of channel activation between APs may contribute to
the stochastic nature of quantal release. To investigate these
properties of presynaptic VGCCs in intact synapses physiologi-
cally activated by APs, we visualized Ca21 transients at single
presynaptic terminals in spinal cords in the intact spinal cord.
Prior methods that provide sufficient temporal resolution to
image single transients such as confocal line scanning
(Takahashi et al., 2001) suffer from insufficient signal-to-noise
characteristics to resolve variations in signal between single APs
at each AZ. They also cause photodamage because high excita-
tion powers are necessary to resolve the responses. To overcome
these difficulties, we used a custom built LLSM (Chen et al.,
2014; Potcoava et al., 2021; Fig. 6A). This eliminated out of focus
noise and enabled optical slicing at sufficient rates to resolve pre-
synaptic Ca21 transients. It reduced the light dose compared
with confocal imaging by;1000-fold. This enabled variations in
AZ Ca21 signaling to be compared between APs. Additionally,

the near absence of photobleaching (Chen et al., 2014) allowed
recording of many repetitions of stimulated transients (Chen et
al., 2014) allowing us to investigate the stochastic nature of chan-
nel dependent presynaptic Ca21 entry at single presynaptic AZs.

Lamprey giant synapses are uniquely suited for this study,
because they have simple AZs (Gustafsson et al., 2002) and a
large axon into which Ca21 can disperse (Cochilla and Alford,
1998; Takahashi et al., 2001), enabling resolution of Ca21 transi-
ents from single AZs. To label reticulospinal axons with Ca21-
sensitive dye, axons in intact lamprey spinal cords were impaled
with microelectrodes containing 5 mM Fluo-5F and pressure
injected via the microelectrode (final concentration in axon ;4
mM (Takahashi et al., 2001; Materials and Methods). We used
LLSM (Fig. 6A) to image AP-evoked Ca21 transients at AZs in
situ in these axons at 330–800Hz at fixed z-axis (Fig. 6Ac).
Superficially, Ca21 transients appear as single hotspots (Fig. 6Ba),
that prior studies demonstrate colocalize to AZs (Photowala et al.,
2005), although LLSM gave substantially greater signal-to-noise
(mean LLSM rms peak signal-to-noise ratios = 41.16 14.2 n=10,
compared with 4.06 1.3 with line scanning n=6). LLSM reveals
readily resolved transients at single AZs during each AP. We char-
acterized this Ca21 entry and its distribution in 10 axons. To illus-
trate the response to single presynaptic AP, the average response
to 10 sequential stimuli applied at 1min intervals is shown (coded
in color LUTs and the intensity profile represented in the z-axis of
selected frames) from before and after stimulation (Fig. 6Ba).
Frames were analyzed by subtracting the background signal out-
side the axon and expressing data as DF/F. In the recording shown
(Fig. 6Ba), the LLSM lattice plane was placed over a single AZ
(circled in red, frame at 3.2ms), although other slightly out of
focus hotspots also contributed to this initial signal (red arrows)
whereby many AZs arranged around the axon plasmalemma con-
tribute to the total Ca21 entry. Ca21 entered at AZs during stimu-
lation and diffused throughout the 10-mm diameter structure
within 10ms [mean risetime (t ) of the Ca21 signal at the center of
the axon was 9.16 1.6ms]. This is shown graphically by calculat-
ing the profile signal in a region of interest (ROI) spanning the
width of the optical section (Fig. 6Bb, white box) and plotting the
profile before, immediately after and in subsequent frames (Fig.
6Bb).

To visualize the time course of the evoked responses, the tran-
sient taken from 0.5� 0.5mm (5� 5 pixels) at the hotspot center
is graphed (Fig. 6Ca, green) as well as the signal from the whole
ROI in red (from ROI looping the hotspot at 3.2ms; Fig. 6Ba).
The mean signal from the axon, excluding hotspots is also shown
(Fig. 6Ca, marked in black). It originates from the summed Ca21

diffusing from all hotspots around the periphery of the axon,
both in and out of focus. From phalloidin labeling data (Fig. 5A),
a mean of 0.406 0.04 synapses is present per linear micrometer
of axon, thus on average, 20 AZs are present in this 50-mm region
of axon. To demonstrate the amplitude and time course of Ca21

entry to hotspots this overall Ca21 signal derived from Ca21 dif-
fusing from all hotspots in this region of the axon was subtracted
from the hotspot signals (Fig. 6Cb). We sought to investigate the
variability of Ca21 entry between single stimuli, and therefore used
the same subtraction approach during bursts of repetitive stimula-
tion. An example is shown for two hotspots (Fig. 6Da, blue and
green) in the same axon (Fig. 6D, insets). Individual hotspots
showed diffuse Ca21 accumulation. The nonhotspot signal was
again subtracted from this to reveal the time course of local Ca21

entry and its amplitude (Fig. 6Db). We then analyzed these individ-
ual hotspot signals to determine variation within subregions of each
hotspot and between individual AP-evoked hotspots.

Table 7. Quantal release of neurotransmitter

Parameter Value Source

Number of AZ release sites between pairs of axons and
target neurons

76 0.5

Quantal amplitude (pA) 8.16 2.7 Fig. 9
Probability of release at each release site 0.226 0.02 Fig. 9

Quantal analysis of evoked responses from paired recordings between individual axons and their target neu-
rons enabled calculation of probability of release at each AZ.

Table 6. Quantitation of molar calcium entry into axons and AZs

Parameter Value Source

k end 6.9 Mean from fits
to Fig. 5

Resting free [Ca21]i (nM) 81506 21 Mean of fura-2
measurements

Peak free D[Ca21]i/stimulus (nM) 36.86 5.2 Fig. 5
Number of presynaptic terminals 796 7 Phalloidin

labeling
Mean axon volume mm3 28,1006 2200 Diameter of

axons
Total axonal [Ca21] (D[Catotal]/
stimulus; nM)

116.96 13.2 Fig. 5

Total molar quantity Ca21

entering (M)
Total # ions entering
Total charge (C)
Current over 5 ms (pA)

4.14 � 10�9 6 0.46 �10�9

24,9006 2800
7.98 � 10�15 6 0.90 �10�15

1.606 0.23

Calculated

Table summarizes the quantification of AP-evoked entry of calcium into presynaptic axons and individual
AZs. This enables an estimate to be made of the current carried by calcium at each AP.
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We analyzed subregions within AP-evoked Ca21 transients.
Peak evoked Ca21 hotspot transients from just one AP are
shown for a section of axon (Fig. 7Aa) and the highlighted hot-
spot (Fig. 7Aa). The larger yellow ROI encompassing the whole
hotspot was imaged during sequential bursts of 5 evoked APs
(Fig. 7B, blue). Transients were isolated to just hotspots by
removing the overall axon signal using the approach described
above (Fig. 6Cb,Db). While the whole region showed variability
in Ca21 transient peak amplitudes, variations between stimuli
were greater between subregions. This was assessed by meas-
uring the amplitudes in a grid of ROIs, each of 5� 5 pixels (0.5 -
� 0.5mm) within the hotspot (Fig. 7Ab, small yellow ROIs). Two
of these responses from different subregions during the same
stimulus train are overlaid (Fig. 7C, top regions e and g) and
peak amplitudes from all the subregions are expressed as a color-
coded grid (Fig. 7C, bottom). Each region shows variability, but
they do not co-vary in amplitude. Peak amplitudes of the two
regions (from Fig. 7Ce,g) were also directly compared for each of
40 stimuli (Fig. 7D). There was no discernible correlation. This
was true for all pairs of locations tested at this synapse and in a
further four synapses with similar high signal-to-noise recording.

To determine whether these local rapid signals showed corre-
lation in variation because of proximity, correlation coefficients
between the peak values DF/F of Ca21 transients each subregion
and the other 8 measured at the AZ were compared by plotting

these correlation coefficients against distance between ROI cen-
ters (Fig. 7E). Data were obtained from responses from 40 se-
quential APs. There was no relationship between correlation
coefficient and distance between subregions visible in this plot.
Results were similar for the other four synapses. To quantify this
lack of correlation in all five recorded AZs, correlation coeffi-
cients of peak amplitudes between each subregion and the other
eight were plotted as a color-coded grid (Fig. 7F). The data for
the highlighted AZ are shown in the lower left triangle.
Comparing each region with itself gave perfect correlation (red
squares) but compared with other subregions correlations were ran-
domly positive, absent, or negative (mean correlation coefficient=
0.036 0.08; Fig. 7F). The mean values of correlation coefficients in
all examined AZs were measured and the means displayed in the
same way (Fig. 7F, upper right triangle; mean correlation coefficient
from all subregions in all AZ=0.0086 0.04, n=5 AZs, not signifi-
cantly different from zero, p=0.83).

We also analyzed Ca21 transients, encompassing the whole
AZ, to determine their amplitude variation between APs. Ca21

transients were measured in ROIs that encompassed the entire
hotspot outlined in red in the first poststimulus image (Fig. 8A).
Trains of stimuli were applied (five stimuli at 50ms) and the re-
sultant hotspot transients displayed as before but showing
unaveraged responses (Fig. 8B). Three sequential stimulus train
evoked transients are shown. In six AZs the amplitudes of these

Figure 7. Variation in Ca21 within hotspots. A, Ca21 transient intensity was recorded following single APs in regions within the hotspot to demonstrate variation in responses between
APs. Aa, Example of a single un-averaged response to one AP, expanded in Ab to outline a grid of analyzed regions (each 5� 5 pixels – 0.5� 0.5mm) within a ROI encompassing the whole
hotspot. B, Stimuli, three trains of five APs shows variations in amplitudes in the whole region (large yellow ROI in Ab) between individual stimuli. C, Variation within the smaller subregions is
much greater. Two subregions are compared in the traces (top) and all subregions compared with color coding of peak amplitudes of DF/F for each AP in a train of 5. D, Peak values of
responses expressed as DF/F from the two regions in C (e, g) were compared for each of 50 stimuli, showing no correlation between amplitudes from these two regions between stimuli. E,
The degree of correlation between each subregion was plotted against distance between the centers of these subregions, showing no relationship. F, Correlation coefficients were also plotted
between each subregion and all others in this AZ for 20 stimuli coding positive correlation of 1 as red, negative correlation of�1 as blue and zero correlation as black. Correlation between sub-
regions was very low (mean correlation coefficient = �0.09). For this one hotspot, data are shown in the left of the figure. Mean correlations for similar analyses in AZs from five axons is
shown on the right of the figure confirms this lack of correlation.
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events varied between stimuli, and the mean event amplitude
reduced throughout the stimulus train (Fig. 8C). To further ana-
lyze amplitude variation, amplitudes of all 320 stimuli were plot-
ted as an amplitude histogram that was well fit by five Gaussians
that included a peak representing just signal noise (Fig. 8Da).
Gaussian fits were constrained such that the amplitude ratios of
sequential gaussians were integers and the widths scaled with
these amplitudes (not including failures). Gaussian peaks were
observed at increments of 0.31 DF/F (Fig. 8C, purple). These
Gaussian peaks may represent quantal amplitudes following
individual channel openings because their numbers correspond
well to the numbers of synchronous channel openings seen in
cell-attached recordings and calculated from molar Ca21 entry
recordings. The amplitude reduction during trains was caused by
a reduction in event probability. Amplitude histograms from
each stimulus position in the train were plotted and again fit
with multi-Gaussians. Similar peak increment values were
observed but at lower increments at sequential stimuli (range
from 0.33 to 0.29 DF/F; Fig. 8Db). For all six axons tested, if each

Gaussian corresponds to a channel event, then a mean number
of 1.736 007 channels open at each AZ with a minimum of 0
and maximum of 7. Histograms, normalized to a single quantal
amplitude of 1, from these six puncta in six axons were averaged
to demonstrate the most common amplitude was of 1 quantum
(Fig. 8E). Failures were not because of the absence of AP firing,
because events were observed at other locations in the same axon
on the same stimuli. Results are consistent with small numbers
of channel openings with approximately discrete amplitudes
detected for each AP and a reduction of opening probability but
no change in event sizes at later stimuli in the train.

Numbers of presynaptic Ca21 channels and primed vesicles
are the same
The lamprey giant axon provides unique direct access to record-
ing from AZs using sharp electrodes while recording from their
postsynaptic targets. This enables both paired-cell recording of
direct monosynaptic connection between axons and their indi-
vidual targets and simultaneous manipulation of the presynaptic

Figure 8. Variation in Ca21 transients between APs. A, Single AZs were imaged (up to 320 APs in 80 trains) with no bleaching. Images expressed as DF/F are shown before stimuli, at the
peak of responses to stimuli one to five and after stimulation. B, At individual whole AZs, responses were measured (5 stimuli, 3 repeats). Events are expressed at DF/F after whole axon diffuse
Ca21 signals were subtracted (see Fig. 6Cb,Db). C, Mean amplitudes of responses to these five stimuli show a reduction throughout the stimulus train. Amplitudes normalized to the peak of
the response to stimulus 1. D, Peak of transients from 320 stimuli (80 � trains of 5) were plotted as an amplitude histogram for all 320 APs. These show distinct peaks implying events are
multiples of a unit amplitude. Gaussian fits (magenta) were made to this distribution with two constraints; amplitudes between peaks were equal, and variance scaled linearly with increase in
amplitude. Db, A similar set of histograms were calculated for each of the first through the fifth stimulus in each train and gaussians were again fit with the same constraints as Ca. While the
numbers of low-amplitude responses increased later in the train the unit amplitudes (purple text) remained constant. E, The amplitude data from six analyzed AZs were normalized to the value
of the unit amplitude from individual fits. The mean number of events per stimulus were then plotted against these normalized amplitudes giving a similar overall distribution of events.
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biochemistry (Blackmer et al., 2001). We
used this unique access to determine the
numbers of primed vesicles at each AZ
and their release probability (Pr). Thus,
we could relate prime vesicle number
and number of evoked vesicles to Ca21

channel opening. Paired recordings can
be readily made between individual
giant axons and their target ventral
horn neurons. Each such reticulospinal
axon makes a number of connections
(up to ;12 synapses) onto individual
target neurons in the ventral horn. We
thus made paired recordings by record-
ing reticulospinal axons with sharp
microelectrodes and spinal ventral horn
neurons using whole-cell patch clamp
(Fig. 9A). EPSCs were recorded follow-
ing evoked presynaptic APs (Fig. 9Ba).
From repeated evoked EPSCs, peak
evoked amplitude histograms yielded
multiple events consistent with multiple
AZs between the axons and target neu-
rons (Fig. 9Bb). In this example paired
recording, Gaussian fits to this histo-
gram revealed a minimum evoked EPSC
amplitude of 8.7 pA (Fig. 9Bb). In five
example pairs, similar histograms were
created and fitted with similar multiple
Gaussian curves. The mean minimum
quantal amplitude was 8.16 2.7 pA (Fig.
9Bc, n=5). Mean probability of release [Pr]
was calculated from the Gaussian fits (Fig.
9Bb,Bc) to be 0.226 0.02. Pr was relatively
uniform at these synapses and ranged from
0.16 to 0.25 (see Table 7 for summary).

We confirmed the amplitude of uni-
tary events by recording asynchronous
events between paired reticulospinal
axons and their target neurons. We can-
not relate raw spontaneous activity to
spontaneous event amplitudes from
reticulospinal axons because there are
too many nonreticulospinal synapses
onto the postsynaptic cell. However,

Figure 9. The number of primed vesicles at reticulospinal synaptic terminals. A, Synaptic responses were recorded in
paired cell recordings between microelectrode recorded presynaptic axons and whole-cell patch recorded postsynaptic ventral
horn neurons. B, Postsynaptic EPSCs (Ba, top) were recorded in voltage clamp following presynaptic APs evoked by 2-ms
depolarizing current pulses applied through the presynaptic recording electrode (Ba, bottom). Individual synaptic responses
were recorded repetitively at 30-s intervals shown from 30 stimuli. From 200 consecutive EPSCS amplitude histograms were
constructed (Bb, example from 1 paired recording) and fitted with multiple Gaussian curves (purple line). Examples of fits
from all six recordings are shown (Bc), with the amplitude between response failures and single quantal amplitudes normal-
ized to a value of 1 for each curve (mean quantal amplitude = 8.16 1.1 pA). C, Quantal amplitudes were confirmed by
measuring mean amplitudes of spontaneous EPSCs whose frequency was enhanced by presynaptic injection of Ca21 buffered
to 200mM with EGTA. Paired cell recordings were made between postsynaptic ventral horn neurons and presynaptic reticulo-
spinal axons (Ca). Responses shown are means following 10 presynaptic APs. An example of control spontaneous activity
recorded in ventral horn neurons is shown (Cb, black). In four paired cell recordings, the presynaptic electrode contained 100
mM EGTA and 100 mM CaCl2 (free Ca

21 in electrode; 100mM, pH 7.2, 5 mM HEPES, and 1 M KCl). This solution was pressure
injected into the presynaptic axon leading to much enhanced spontaneous release with no depolarization of the axon (Cb,
red). This increase in frequency is quantified (Cc) in which control (black) cumulative interevent intervals (mean of four
recordings) are compared with cumulative intervals after presynaptic Ca21 injection (red, mean 4 paired recordings). Pink
and gray lines indicate SEM. Cd, Spontaneous event amplitude histograms were quantified from these four paired (modal

/

amplitude = 6.26 0.6 pA). D, Paired recordings were made
to determine the number of APs necessary to deplete the
primed vesicle pool. Da, BoNT/B was injected into the pre-
synaptic axon. After 5 min to allow toxin to act, stimuli
(1 Hz) were applied and the EPSC measured until it decayed
to zero (examples in inset). An exponential fit (magenta) to
this gives a decay (t ) of 93 stimuli. Db, Means of similar
responses from four paired cell recordings are also plotted.
Mean values of t from all pairs were taken to give the total
number of APs (1006 17) to deplete the primed vesicle
pool. E, Schematic model of the terminal. A small number
of primed vesicles are associated with an equal and equally
small number of Ca21 channels available at the presynaptic
terminal. Of these channels, only one to seven open in one
AZ on each AP. This provides part of the reason for low
probability of release.
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asynchronous release was enhanced from individual reticu-
lospinal presynaptic axons by injecting high Ca21 concentra-
tions buffered with EGTA to cause a tenfold increase in total
spontaneous event frequency recorded in target neurons
paired to these axons. To achieve this, paired recordings
were again made with microelectrodes in the axon and
whole-cell recording of the ventral horn target neurons. The
presynaptic microelectrode contained ;200 mM free Ca21 at
pH 7.2 in the presynaptic microelectrode. Evoked responses
obtained by stimulating the axon immediately after obtain-
ing the paired recording confirmed synaptic connectivity
(Fig. 9Ca). Subsequent pressure injection (140 kPa, 200ms
repeated up to 20 times) caused a marked increase in the fre-
quency of evoked events (Fig. 9Cb,Cc). This approach
yielded a modal amplitude of these asynchronous events
(6.66 1.5 pA, n = 4), not significantly different from the min-
imal evoked amplitude obtained from histograms (Fig. 9B;
p = 0.58), supporting the hypothesis that minimal evoked
amplitudes represent unitary quantal events.

To understand the relationship between total numbers of
VGCCs at AZs and numbers of primed vesicles we then calcu-
lated the number of APs required to deplete the primed vesicle
pool by preventing vesicle priming with botulinum toxin B
(BoNT/B). BoNT/B prevents neurotransmission by selectively
cleaving synaptobrevin but cannot cleave targets after formation
of ternary SNARE complexes during priming (Pellegrini et al.,
1994). Thus, after BoNT/B injection into presynaptic axons the
stimulus dependent rate of loss of axonal response represents the
exhaustion of the BoNT/B resistant primed vesicle pool. In
paired recordings, again made between microelectrode recorded
reticulospinal axons and whole-cell recorded targets, axons were
pressure injected with light chain BoNT/B (Gerachshenko et al.,
2005) in the microelectrode filling solution. After BoNt/B injec-
tion, and after 5 min to allow cleavage of unprimed synaptobre-
vin (Gerachshenko et al., 2005), APs were repeatedly stimulated
to evoke EPSCs (Fig. 9Da). The time course (t ) of EPSC ampli-
tude decay expressed as number of APs was 1006 17 (Fig. 9D).
If we consider Pr (Fig. 9B), the mean number of primed vesicles
per AZ is 22, which corresponds very closely to the mean num-
ber of Ca21 channels at the AZ (23 channels).

Discussion
Evoked neurotransmission is triggered by Ca21 influx within
60 ms of AP firing (Sabatini and Regehr, 1996) close to the
fusion machinery (Adler et al., 1991). However, how many
VGCCs open to trigger fusion of single vesicles remains
unclear. While this has previously proven impossible to visu-
alize in simple low probability central synapses with single
AZs, recordings from larger, specialized calyceal synapses
(Stanley, 1991; Sheng et al., 2012) reveal complex AZs with
mixed properties. Single VGCCs (Ca21 nanodomains) may
gate release (Stanley, 1993; Bucurenciu et al., 2010; Weber et
al., 2010; Eggermann et al., 2012; Scimemi and Diamond,
2012), and in ciliary ganglion synapses are tethered to
docked vesicles (Wong et al., 2014). At other synapses multi-
ple VGCCs (Ca21 microdomains) drive release (Llinas et al.,
1992; Oheim et al., 2006), with a developmental shift to
nanodomain-evoked release at the calyx of Held (Borst and
Sakmann, 1996; Nakamura et al., 2015). Indirect recordings
have suggested few VGCCs gate release in other synapses,
such as frog neuromuscular junction (Shahrezaei et al.,
2006), parallel fiber/Purkinje synapses (Kusch et al., 2018),

excitatory and inhibitory cortical (Bucurenciu et al., 2008;
Schmidt et al., 2013) and ribbon synapses (Brandt et al.,
2005). While distances between VGCCs and the release ma-
chinery vary (Schneggenburger and Neher, 2000), a striking
parallel is the requirement for little Ca21 for release (Stanley,
2016; Hamid et al., 2019). Univesicular release at simple lam-
prey reticulospinal AZs (Schwartz et al., 2007), allows deter-
mination of Ca21 requirements where an AP evokes release
of one vesicle (Brodin and Shupliakov, 2006).

Our cell-attached recordings demonstrate a small pool of
VGCCs (14–68, mean of 33, N, P/Q, R, and L-type) at each AZ.
Channel openings were only recorded at sites of stimulated vesi-
cle turnover, supporting earlier imaging experiments (Takahashi
et al., 2001; Photowala et al., 2005; Bleckert et al., 2012) demon-
strating localization of presynaptic Ca21 channels to AZs. Of
these channel subtypes, we found 11–51 (mean of 23) of N-type,
P/Q-type, and R-type channels. It is these channels that contrib-
ute to Ca21 signals for release (Wheeler et al., 1994; Gasparini et
al., 2001), including in lamprey synapses (Krieger et al., 1999;
Büschges et al., 2000; Photowala et al., 2005). Similar observation
of multiple channel subtypes was reported by direct recordings
at rat calyx of Held terminals (Sheng et al., 2012) and through
imaging calcium transients or analysis of neurotransmission at
other terminals (Wheeler et al., 1994; Poncer et al., 1997; Wu et
al., 1999; Fox et al., 2008; Cao and Tsien, 2010). In contrast, at
chick ciliary terminals, N-type channels are the primary source
of calcium driving release (Stanley, 1991, 1993).

Our observation of L-type channels at AZs is intriguing, as
they are not implicated in synaptic transmission (Krieger et al.,
1999; Photowala et al., 2005), suggesting a novel role. The pres-
ence of multiple channel subtypes suggests potential differential
occupancy of slots with varying distance from the primed vesicle
(Cao and Tsien, 2010) and differential requirements for multiple
channel subtypes in neurotransmission. We have previously
found that blocking R-type channels most strongly reduced syn-
aptic transmission (Photowala et al., 2005). This is supported by
our analyses of channel numbers at single terminals where we
find greater numbers of R-type channels 4–32 (mean of 12).
Importantly, even with all channel subtypes available, at each
AZ, few channels (1–7, mean of 4) from the total pool of chan-
nels (mean of 23) open during depolarization. That few channels
open during APs is confirmed by quantitative imaging of the
molar amount of Ca21 that enters each AZ revealing Ca21 entry
of ;4 nM per AP. Thus, we confirmed in intact axons in intact
spinal cords that up to just four channels open during single APs
at single AZs.

We show similar average numbers of presynaptic channels to
those reported at rat calyceal terminals (Sheng et al., 2012).
However, calyceal terminals were more heterogenous, and dem-
onstrated greater variance in channel numbers (5–218, mean of
42). This represents a more complex synaptic architecture in
calyceal terminals where many AZs form around a complex syn-
aptic cleft. More notably our findings that, of the available pool,
very few (1–7, mean of 4) channels open, resemble observations
at rat calyceal terminals (1–35, mean of 7; Sheng et al., 2012).
Nevertheless, the range of available channels varies less in lamp-
reys. This may reflect the simplicity of the lamprey single AZs,
where Pr also varied little (Pr range in lamprey axons, 0.16–0.25).
The low variance in size of lamprey simple synapses (Gustafsson
et al., 2002) and of Pr in this study, compared with calyceal syn-
apses (Sheng et al., 2012), corresponds to a lower variance in
Ca21 channel numbers. Possible differences between stronger
and weaker synapses, in terms of coupling between VGCCs and
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docked vesicles (Rebola et al., 2019), could explain our observed
variability in channel openings.

To further investigate relationships between primed vesicles
and Ca21 channels, we compared numbers of primed vesicles
with available channels to show a remarkably similar number (23
channels and 22 primed vesicles). There is substantial evidence
that primed vesicles form as part of a protein complex that teth-
ers, or is tethered by, fusion competent Ca21 channels (Stanley,
1993; Kaeser et al., 2011; Wong et al., 2014). Thereby, entry of
small amounts of calcium can trigger vesicle fusion (Stanley,
1993, 2016). Our findings from multiple approaches indicate
that few channels, perhaps even one, open during single APs.
That there are such small numbers of channels with near 1:1 stoi-
chiometry to primed vesicle numbers suggests direct coupling
between primed vesicle complexes and activation of Ca21 chan-
nels. This is supported by the opening of small numbers of chan-
nels during APs. High-speed LLS imaging of single AP-evoked
presynaptic Ca21 transients demonstrated that channel openings
are stochastic. Random variations in amplitudes of evoked Ca21

transients in subregions of the AZ indicate that the position of
individual channel openings within the AZ varies between APs.
These findings strongly support the nanodomain model of
evoked release, where few, or just one channel causes release
(Stanley, 1993; Brandt et al., 2005; Gentile and Stanley, 2005;
Shahrezaei et al., 2006; Bucurenciu et al., 2010).

LLSM imaging also confirmed that APs evoked few channel
openings. By imaging the same AZs repeatedly we resolved Ca21

signals that showed a unitary quantum of amplitude. Because
this distribution resolves as 0–6 peaks above background noise
and corresponds to numbers of channels from cell-attached re-
cording and dye/buffer analysis, we conclude that these peaks
correspond to individual channel openings. From these data in
the six AZs studied typically in one AP a mean of just two chan-
nels opened with a range from 0 to 6. These results imply that
variance in channel opening may partly explain quantal variation
in evoked release of a limited number of primed vesicles paired
with few channels.

Prior results in lamprey synapses favor nanodomains between
Ca21 channels and the release machinery, with synaptic trans-
mission resistant to the slow Ca21 buffer, EGTA (Schwartz et al.,
2007). This is consistent with other synapses where Ca21 chan-
nels responsible for fusion are extremely close to primed vesicles,
including at central terminals (Stanley, 1991, 1993; Sheng et al.,
2012; Hamid et al., 2019). Such close association even from one
channel is sufficient to elevate Ca21 to hundreds of micromolar
required for Ca21-synaptotagmin interaction (Radhakrishnan et
al., 2009) and fusion (Augustine, 2001). It is possible that sequen-
tial APs activate up to 20 available channels distributed across
the AZ with low probability. We have used multiple methods to
confirm that at each AZ, small numbers or single Ca21 channels
open at each AP. Our LLS data emphasize this, at a resolution
not previously obtainable at synapses, showing distinct ampli-
tude bins consistent with single channel data obtained from cell-
attached patch recordings and even failures of events at single
terminals. These data also indicate that the events occur stochas-
tically across the AZ.

Our results are consistent with fusion competent primed vesi-
cle complexes that colocalize with one channel. The number of
primed vesicles and available Ca21 channels is equal at AZs (a
stoichiometry of 1:1). Ca21 channel openings are dispersed
across the AZ rather than clustered, and few channels open
(approximately four). Thus, we propose that one channel is suffi-
cient to evoke fusion because the channels are part of a fusion

competent complex. Nevertheless, there remains a low probabil-
ity of such an opening channel evoking release following any sin-
gle AP. The overall effect implies a minimal Ca21 load, that
might otherwise be toxic, and minimized metabolic energy
required for Ca21 clearance. Nevertheless, ;20 primed vesicles
with Pr of 0.22 allows 100 APs to fire before exhausting the
primed pool. The reticulospinal axons can maintain up to ;50-
Hz firing rates (Sirota et al., 2000) leaving 2 s for this exhaustion.
This time frame, as in most synapses, allows replenishment of
the primed pool to maintain signaling over long periods. Our
findings present a model for efficient synaptic transmission at
central synapses that achieves rapid neurotransmission with high
temporal precision, while permitting maintenance of this
transmission.

References
Adler E, Augustine G, Duffy S, Charlton M (1991) Alien intracellular calcium

chelators attenuate neurotransmitter release at the squid giant synapse. J
Neurosci 11:1496–1507.

Augustine GJ (2001) How does calcium trigger neurotransmitter release?
Curr Opin Neurobiol 11:320–326.

Augustine GJ, Neher E (1992) Calcium requirements for secretion in bovine
chromaffin cells. J Physiol 450:247–271.

Betz W, Bewick G (1992) Optical analysis of synaptic vesicle recycling at the
frog neuromuscular junction. Science 255:200–203.

Blackmer T, Larsen EC, Takahashi M, Martin TFJ, Alford S, Hamm HE
(2001) G protein b g subunit-mediated presynaptic inhibition: regula-
tion of exocytotic fusion downstream of Ca21 entry. Science 292:293–
297.

Bleckert A, Photowala H, Alford S (2012) Dual pools of actin at presynaptic
terminals. J Neurophysiol 107:3479–3492.

Borst JGG, Sakmann B (1996) Calcium influx and transmitter release in a
fast CNS synapse. Nature 383:431–434.

Brandt A, Khimich D, Moser T (2005) Few CaV1.3 channels regulate the
exocytosis of a synaptic vesicle at the hair cell ribbon synapse. J Neurosci
25:11577–11585.

Brenowitz SD, Regehr WG (2007) Reliability and heterogeneity of calcium
signaling at single presynaptic boutons of cerebellar granule cells. J
Neurosci 27:7888–7898.

Brodin L, Shupliakov O (2006) Giant reticulospinal synapse in lamprey: mo-
lecular links between active and periactive zones. Cell Tissue Res
326:301–310.

Bucurenciu I, Kulik A, Schwaller B, Frotscher M, Jonas P (2008)
Nanodomain coupling between Ca21 channels and Ca21 sensors pro-
motes fast and efficient transmitter release at a cortical GABAergic syn-
apse. Neuron 57:536–545.

Bucurenciu I, Bischofberger J, Jonas P (2010) A small number of open Ca21

channels trigger transmitter release at a central GABAergic synapse. Nat
Neurosci 13:19–21.

Büschges A, Wikström MA, Grillner S, Manira AE (2000) Roles of high-volt-
age–activated calcium channel subtypes in a vertebrate spinal locomotor
network. J Neurophysiol 84:2758–2766.

Cao YQ, Tsien RW (2010) Different relationship of N- and P/Q-type Ca21

channels to channel-interacting slots in controlling neurotransmission at
cultured hippocampal synapses. J Neurosci 30:4536–4546.

Catterall WA, Few AP (2008) Calcium channel regulation and presynaptic
plasticity. Neuron 59:882–901.

Chen BC, Legant WR, Wang K, Shao L, Milkie DE, Davidson MW,
Janetopoulos C, Wu XS, Hammer JA, Liu Z, English BP, Mimori-
Kiyosue Y, Romero DP, Ritter AT, Lippincott-Schwartz J, Fritz-Laylin L,
Mullins RD, Mitchell DM, Bembenek JN, Reymann AC, et al. (2014)
Lattice light-sheet microscopy: imaging molecules to embryos at high
spatiotemporal resolution. Science 346:1257998.

Chen RHC, Li Q, Snidal CA, Gardezi SR, Stanley EF (2017) The calcium
channel C-terminal and synaptic vesicle tethering: analysis by immuno-
nanogold localization. Front Cell Neurosci 11:85.

Cochilla AJ, Alford S (1997) Glutamate receptor-mediated synaptic excita-
tion in axons of the lamprey. J Physiology 499:443–457.

Cochilla AJ, Alford S (1998) Metabotropic glutamate receptor-mediated con-
trol of neurotransmitter release. Neuron 20:1007–1016.

2402 • J. Neurosci., March 23, 2022 • 42(12):2385–2403 Ramachandran et al. · Presynaptic Calcium Channel Nanodomains

https://www.ncbi.nlm.nih.gov/pubmed/1675264
http://dx.doi.org/10.1016/s0959-4388(00)00214-2
https://www.ncbi.nlm.nih.gov/pubmed/11399430
http://dx.doi.org/10.1113/jphysiol.1992.sp019126
http://dx.doi.org/10.1126/science.1553547
https://www.ncbi.nlm.nih.gov/pubmed/1553547
http://dx.doi.org/10.1126/science.1058803
https://www.ncbi.nlm.nih.gov/pubmed/11303105
http://dx.doi.org/10.1152/jn.00789.2011
https://www.ncbi.nlm.nih.gov/pubmed/22457456
http://dx.doi.org/10.1038/383431a0
http://dx.doi.org/10.1523/JNEUROSCI.3411-05.2005
http://dx.doi.org/10.1523/JNEUROSCI.1064-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17652580
http://dx.doi.org/10.1007/s00441-006-0216-2
https://www.ncbi.nlm.nih.gov/pubmed/16786368
http://dx.doi.org/10.1016/j.neuron.2007.12.026
http://dx.doi.org/10.1038/nn.2461
http://dx.doi.org/10.1152/jn.2000.84.6.2758
http://dx.doi.org/10.1523/JNEUROSCI.5161-09.2010
http://dx.doi.org/10.1016/j.neuron.2008.09.005
https://www.ncbi.nlm.nih.gov/pubmed/18817729
http://dx.doi.org/10.1126/science.1257998
https://www.ncbi.nlm.nih.gov/pubmed/25342811
http://dx.doi.org/10.3389/fncel.2017.00085
https://www.ncbi.nlm.nih.gov/pubmed/28424589
http://dx.doi.org/10.1113/jphysiol.1997.sp021940
http://dx.doi.org/10.1016/s0896-6273(00)80481-x
https://www.ncbi.nlm.nih.gov/pubmed/9620704


Eggermann E, Bucurenciu I, Goswami SP, Jonas P (2012) Nanodomain cou-
pling between Ca21 channels and sensors of exocytosis at fast mamma-
lian synapses. Nat Rev Neurosci 13:7–21.

Fox AP, Cahill AL, Currie KPM, Grabner C, Harkins AB, Herring B, Hurley
JH, Xie Z (2008) N- and P/Q-type Ca21 channels in adrenal chromaffin
cells. Acta Physiol (Oxf) 192:247–261.

Gasparini S, Kasyanov AM, Pietrobon D, Voronin LL, Cherubini E (2001)
Presynaptic R-type calcium channels contribute to fast excitatory synap-
tic transmission in the rat hippocampus. J Neurosci 21:8715–8721.

Gentile L, Stanley EF (2005) A unified model of presynaptic release site gat-
ing by calcium channel domains. Eur J Neurosci 21:278–282.

Gerachshenko T, Blackmer T, Yoon E-J, Bartleson C, Hamm HE, Alford S
(2005) Gb g acts at the C terminus of SNAP-25 to mediate presynaptic
inhibition. Nat Neurosci 8:597–605.

Gustafsson JS, Birinyi A, Crum J, Ellisman M, Brodin L, Shupliakov O (2002)
Ultrastructural organization of lamprey reticulospinal synapses in three
dimensions. J Comp Neurol 450:167–182.

Hamid E, Church E, Alford S (2019) Quantitation and simulation of single
action potential-evoked Ca21 signals in CA1 pyramidal neuron presyn-
aptic terminals. eNeuro 6:ENEURO.0343-19.2019.

Harrison SM, Bers DM (1987) The effect of temperature and ionic strength
on the apparent Ca-affinity of EGTA and the analogous Ca-chelators
BAPTA and dibromo-BAPTA. Biochim Biophys Acta 925:133–143.

Jackson MB (1998) Single-channel recording. Curr Protoc Neurosci Chapter
6:Unit 6.8.

Jackson MB, Redman SJ (2003) Calcium dynamics, buffering, and buffer sat-
uration in the boutons of dentate granule-cell axons in the hilus. J
Neurosci 23:1612–1621.

Kaeser PS, Deng L, Wang Y, Dulubova I, Liu X, Rizo J, Südhof TC (2011)
RIM proteins tether Ca21 channels to presynaptic active zones via a
direct PDZ-domain interaction. Cell 144:282–295.

Katz B, Miledi R (1967) The timing of calcium action during neuromuscular
transmission. J Physiol 189:535–544.

Kay AR, Alfonso A, Alford S, Cline HT, Holgado AM, Sakmann B, Snitsarev
VA, Stricker TP, Takahashi M, Wu LG (1999) Imaging synaptic activity
in intact brain and slices with FM1-43 in C. elegans, lamprey, and rat.
Neuron 24:809–817.

Krieger P, Büschges A, Manira A (1999) Calcium channels involved in synap-
tic transmission from reticulospinal axons in lamprey. J Neurophysiol
81:1699–1705.

Kusch V, Bornschein G, Loreth D, Bank J, Jordan J, Baur D, Watanabe M,
Kulik A, Heckmann M, Eilers J, Schmidt H (2018) Munc13-3 is required
for the developmental localization of Ca21 channels to active zones and
the nanopositioning of Cav2.1 near release sensors. Cell Rep 22:1965–
1973.

Llinas R, Sugimori M, Silver R (1992) Presynaptic calcium concentration
microdomains and transmitter release. J Physiol Paris 86:135–138.

Llinás R, Sugimori M, Silver RB (1995) The concept of calcium concentration
microdomains in synaptic transmission. Neuropharmacology 34:1443–
1451.

Mintz IM, Sabatini BL, Regehr WG (1995) Calcium control of transmitter
release at a cerebellar synapse. Neuron 15:675–688.

Nakamura Y, Harada H, Kamasawa N, Matsui K, Rothman JS, Shigemoto R,
Silver RA, DiGregorio DA, Takahashi T (2015) Nanoscale distribution of
presynaptic Ca21 channels and its impact on vesicular release during de-
velopment. Neuron 85:145–158.

Neher E, Augustine GJ (1992) Calcium gradients and buffers in bovine chro-
maffin cells. J Physiol 450:273–301.

Oheim M, Kirchhoff F, Stühmer W (2006) Calcium microdomains in regu-
lated exocytosis. Cell Calcium 40:423–439.

Pellegrini LL, O’Connor V, Betz H (1994) Fusion complex formation protects
synaptobrevin against proteolysis by tetanus toxin light chain. Febs Lett
353:319–323.

Photowala H, Freed R, Alford S (2005) Location and function of vesicle clus-
ters, active zones and Ca21 channels in the lamprey presynaptic terminal:
presynaptic structure and function. J Physiol 569:119–135.

Photowala H, Blackmer T, Schwartz E, HammHE, Alford S (2006) G protein
beta -subunits activated by serotonin mediate presynaptic inhibition by

regulating vesicle fusion properties. Proc Natl Acad Sci USA 103:4281–
4286.

Poncer JC, McKinney RA, Gähwiler BH, Thompson SM (1997) Either N- or
P-type calcium channels mediate GABA release at distinct hippocampal
inhibitory synapses. Neuron 18:463–472.

Potcoava M, Mann C, Art J, Alford S (2021) Spatio-temporal performance in
an incoherent holography lattice light-sheet microscope (IHLLS). Opt
Express 29:23888.

Ramachandran S, Alford S (2014) Acute dissociation of lamprey reticulospi-
nal axons to enable recording from the release face membrane of individ-
ual functional presynaptic terminals. J Vis Exp (92):e51925.

Radhakrishnan A, Stein A, Jahn R, Fasshauer D (2009) The Ca21 affinity of
synaptotagmin 1 is markedly increased by a specific interaction of its
C2B domain with phosphatidylinositol 4,5-bisphosphate. J Biol Chem
284:25749–25760.

Rebola N, Reva M, Kirizs T, Szoboszlay M, Lo†rincz A, Moneron G, Nusser Z,
DiGregorio DA (2019) Distinct nanoscale calcium channel and synaptic
vesicle topographies contribute to the diversity of synaptic function.
Neuron 104:693–710.e9.

Sabatini BL, RegehrWG (1996) Timing of neurotransmission at fast synapses
in the mammalian brain. Nature 384:170–172.

Sabatini BL, Regehr WG (1998) Optical measurement of presynaptic calcium
currents. Biophys J 74:1549–1563.

Schmidt H, Brachtendorf S, Arendt O, Hallermann S, Ishiyama S,
Bornschein G, Gall D, Schiffmann SN, Heckmann M, Eilers J (2013)
Nanodomain coupling at an excitatory cortical synapse. Curr Biol
23:244–249.

Schneggenburger R, Neher E (2000) at a fast central synapse. Nature
406:889–893.

Schwartz EJ, Blackmer T, Gerachshenko T, Alford S (2007) Presynaptic G-
protein-coupled receptors regulate synaptic cleft glutamate via transient
vesicle fusion. J Neurosci 27:5857–5868.

Scimemi A, Diamond JS (2012) The number and organization of Ca21 chan-
nels in the active zone shapes neurotransmitter release from Schaffer col-
lateral synapses. J Neurosci 32:18157–18176.

Shahrezaei V, Cao A, Delaney KR (2006) Ca21 from one or two channels
controls fusion of a single vesicle at the frog neuromuscular junction. J
Neurosci 26:13240–13249.

Sheng J, He L, Zheng H, Xue L, Luo F, ShinW, Sun T, Kuner T, Yue DT, Wu
LG (2012) Calcium-channel number critically influences synaptic
strength and plasticity at the active zone. Nat Neurosci 15:998–1006.

Sirota MG, Prisco GVD, Dubuc R (2000) Stimulation of the mesencephalic
locomotor region elicits controlled swimming in semi-intact lampreys.
Eur J Neurosci 12:4081–4092.

Stanley EF (1991) Single calcium channels on a cholinergic presynaptic nerve
terminal. Neuron 7:585–591.

Stanley EF (1993) Single calcium channels and acetylcholine release at a pre-
synaptic nerve terminal. Neuron 11:1007–1011.

Stanley EF (2016) The nanophysiology of fast transmitter release. Trends
Neurosci 39:183–197.

Swandulla D, Armstrong CM (1989) Calcium channel block by cadmium in
chicken sensory neurons. Proc Natl Acad Sci USA 86:1736–1740.

Takahashi M, Freed R, Blackmer T, Alford S (2001) Calcium influx-inde-
pendent depression of transmitter release by 5-HT at lamprey spinal cord
synapses. J Physiol 532:323–336.

Weber AM, Wong FK, Tufford AR, Schlichter LC, Matveev V, Stanley EF
(2010) N-type Ca21 channels carry the largest current: implications for
nanodomains and transmitter release. Nat Neurosci 13:1348–1350.

Wheeler D, Randall A, Tsien R (1994) Roles of N-type and Q-type Ca21

channels in supporting hippocampal synaptic transmission. Science
264:107–111.

Wong FK, Nath AR, Chen RHC, Gardezi SR, Li Q, Stanley EF (2014)
Synaptic vesicle tethering and the CaV2.2 distal C-terminal. Front Cell
Neurosci 8:71.

Wu LG, Westenbroek RE, Borst JGG, Catterall WA, Sakmann B (1999)
Calcium channel types with distinct presynaptic localization couple dif-
ferentially to transmitter release in single calyx-type synapses. J Neurosci
19:726–736.

Ramachandran et al. · Presynaptic Calcium Channel Nanodomains J. Neurosci., March 23, 2022 • 42(12):2385–2403 • 2403

http://dx.doi.org/10.1038/nrn3125
http://dx.doi.org/10.1111/j.1748-1716.2007.01817.x
https://www.ncbi.nlm.nih.gov/pubmed/18021320
https://www.ncbi.nlm.nih.gov/pubmed/11698583
http://dx.doi.org/10.1111/j.1460-9568.2004.03841.x
https://www.ncbi.nlm.nih.gov/pubmed/15654866
http://dx.doi.org/10.1038/nn1439
http://dx.doi.org/10.1002/cne.10310
https://www.ncbi.nlm.nih.gov/pubmed/12124761
http://dx.doi.org/10.1016/0304-4165(87)90102-4
https://www.ncbi.nlm.nih.gov/pubmed/12629165
http://dx.doi.org/10.1016/j.cell.2010.12.029
http://dx.doi.org/10.1016/S0896-6273(00)81029-6
http://dx.doi.org/10.1152/jn.1999.81.4.1699
https://www.ncbi.nlm.nih.gov/pubmed/10200205
http://dx.doi.org/10.1016/j.celrep.2018.02.010
https://www.ncbi.nlm.nih.gov/pubmed/29466725
http://dx.doi.org/10.1016/S0928-4257(05)80018-X
http://dx.doi.org/10.1016/0028-3908(95)00150-5
https://www.ncbi.nlm.nih.gov/pubmed/8606792
http://dx.doi.org/10.1016/0896-6273(95)90155-8
http://dx.doi.org/10.1016/j.neuron.2014.11.019
http://dx.doi.org/10.1113/jphysiol.1992.sp019127
http://dx.doi.org/10.1016/j.ceca.2006.08.007
https://www.ncbi.nlm.nih.gov/pubmed/17067670
http://dx.doi.org/10.1016/0014-5793(94)01070-6
https://www.ncbi.nlm.nih.gov/pubmed/7957884
http://dx.doi.org/10.1113/jphysiol.2005.091314
http://dx.doi.org/10.1073/pnas.0600509103
http://dx.doi.org/10.1016/S0896-6273(00)81246-5
http://dx.doi.org/10.1364/OE.425069
http://dx.doi.org/10.1074/jbc.M109.042499
https://www.ncbi.nlm.nih.gov/pubmed/19632983
http://dx.doi.org/10.1016/j.neuron.2019.08.014
http://dx.doi.org/10.1038/384170a0
https://www.ncbi.nlm.nih.gov/pubmed/8906792
http://dx.doi.org/10.1016/S0006-3495(98)77867-1
https://www.ncbi.nlm.nih.gov/pubmed/9512051
http://dx.doi.org/10.1016/j.cub.2012.12.007
http://dx.doi.org/10.1038/35022702
https://www.ncbi.nlm.nih.gov/pubmed/10972290
http://dx.doi.org/10.1523/JNEUROSCI.1160-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17537956
http://dx.doi.org/10.1523/JNEUROSCI.3827-12.2012
https://www.ncbi.nlm.nih.gov/pubmed/23238730
http://dx.doi.org/10.1523/JNEUROSCI.1418-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17182774
http://dx.doi.org/10.1038/nn.3129
https://www.ncbi.nlm.nih.gov/pubmed/22683682
http://dx.doi.org/10.1046/j.1460-9568.2000.00301.x
https://www.ncbi.nlm.nih.gov/pubmed/11069605
http://dx.doi.org/10.1016/0896-6273(91)90371-6
https://www.ncbi.nlm.nih.gov/pubmed/1657055
http://dx.doi.org/10.1016/0896-6273(93)90214-C
http://dx.doi.org/10.1016/j.tins.2016.01.005
https://www.ncbi.nlm.nih.gov/pubmed/26896416
http://dx.doi.org/10.1073/pnas.86.5.1736
http://dx.doi.org/10.1111/j.1469-7793.2001.0323f.x
http://dx.doi.org/10.1038/nn.2657
https://www.ncbi.nlm.nih.gov/pubmed/20953196
http://dx.doi.org/10.1126/science.7832825
https://www.ncbi.nlm.nih.gov/pubmed/7832825
http://dx.doi.org/10.3389/fncel.2014.00071
https://www.ncbi.nlm.nih.gov/pubmed/24639630
http://dx.doi.org/10.1523/JNEUROSCI.19-02-00726.1999

	Single Calcium Channel Nanodomains Drive Presynaptic Calcium Entry at Lamprey Reticulospinal Presynaptic Terminals
	Introduction
	Materials and Methods
	Results
	Discussion


