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Abstract

Spinal muscular atrophy (SMA) is an autosomal recessive degenerative motor neuron disease characterized by symmetrical
muscle weakness and atrophy of limb and trunk muscles being the most severe genetic disease in children. In SMA mouse
models, motor nerve terminals display neurotransmitter release reduction, endocytosis decrease and mitochondria
alterations. The relationship between these changes is, however, not well understood. In the present study, we investigated
whether the endocytosis impairment could be related to the functional alteration of the presynaptic mitochondria during
action potential (AP) firing. To this aim, we generated a Synaptophysin-pHluorin (SypHy) transgenic mouse, crossed it with
Taiwanese SMA mice, and recorded exo- and endocytosis and mitochondria Ca2+ signaling in real-time at ex vivo motor
nerve terminals of Taiwanese-SypHy mice. The experiments were performed at the beginning of the motor symptoms to get
an integrated view of the nerve terminal’s functional state before degeneration. Our electrophysiological and live imaging
results demonstrated that the mitochondria’s capacity to increase matrix-free Ca2+ in SMA mice was significantly limited
during nerve AP firing, except when the rate of Ca2+ entry to the cytosol was considerably reduced. These results indicate
that both the mitochondrial Ca2+ signaling alterations and the secretion machinery defects are significant players in the
dysfunction of the presynaptic terminal in SMA.

Introduction
Spinal muscular atrophy (SMA) is an autosomal recessive neuro-
muscular disease, the leading genetic cause of infant mortality
(1). The disease is characterized by the loss of lower motor
neurons, muscle weakness and paralysis. SMA is produced by
homozygous mutations or loss of the SMN1 (survival of motor
neuron 1) gene resulting in null expression of the SMN pro-
tein (2). A homologous gene, SMN2, which exons differ from
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SMN1 in a single nucleotide—a cytosine (C) to a thymine (T) in
exon 7—produces truncated SMN and a small, and frequently
insufficient, amount of full SMN. SMN protein is implicated
in multiple house-keeping functions, including small nuclear
ribonucleoprotein (snRNP) biogenesis, pre-mRNA splicing and
ribosome regulation (3,4).

In SMA mouse models, motor nerve terminals display both
neurotransmitter release decrease (5–8) and endocytosis defects
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(9–12). Mitochondrial structure and metabolism are also altered
(6,8,13,14). For example, mitochondria are less abundant (15)
and have reduced length (14) than in controls. In NSC-34 cells,
an inducible drop of SMN decreases ATP levels and increases
cytochrome c activity (16). Additionally, in SMN-deficient spinal
motoneurons, mitochondrial bioenergetics-related genes are
dysregulated, the respiration rate and ATP synthesis are reduced,
and the oxidative stress level increased (14,16).

Normally, through the uptake of Ca2+ from the cytosol,
synaptic mitochondria both regulate cytosolic Ca2+ signaling
locally and precisely adapt ATP production to energetic
demands. The concentration of free Ca2+ in the mitochondrial
matrix depends on its influx, efflux and buffering by inorganic
phosphate (Pi). Ca2+ enters the matrix through the mitochon-
drial channel uniporter (MCU) (17–19) following the electrochem-
ical gradient generated across its inner membrane. The inside-
negative mitochondrial membrane potential ( �m), in turn, is
created by proton extrusion across the inner membrane coupled
to the activity of the electron transport chain (ETC), which is
subsequently harnessed by the ATP synthase in the production
of ATP. Cytosolic Ca2+ enters the mitochondria following its
entry from the extracellular medium through voltage-dependent
calcium channels (VDCCs), ionotropic receptors coupled to G
proteins, or its release from the endoplasmic reticulum (ER).
The ER contacts mitochondria through specialized regions, so-
called mitochondria-associate ER membrane (MAM) (20). Ca2+
extrusion occurs in neurons mainly by the sodium-calcium
exchanger (NCLX) (21). Disturbance in one or more of these
elements could lead to mitochondrial Ca2+ overload or deficit.
Thus, we wondered whether the exo- and endocytosis defects
in motor nerve terminals coexist in time with an alteration in
presynaptic mitochondria Ca2+ handling and, if so, by which
mechanism the synaptic vesicle cycle could be affected by the
mitochondria impairment.

To address these questions, we generated a variant of the Tai-
wanese SMA mouse line that expresses the genetically encoded
fusion protein synaptophysin-pHlourin (SypHy). This mouse line
permits studying exo- and endocytosis simultaneously in real-
time. The same mouse line was used to monitor mitochondrial
Ca2+ at rest and during electrical activity. Our findings provided
an integrated view of the impairment of the exo–endocytosis
cycle and revealed that presynaptic mitochondria’s ability to
handle activity-induced Ca2+ loads was altered in SMA motor
nerve terminals.

Results
Neurotransmission impairment in SMA terminals

To better understand the motor terminal functional state in SMA
mice, we investigated neurotransmission by different technical
approaches, namely, electrophysiology, immunohistochemistry
and dynamic imaging of exo-endocytosis.

First, we recorded endplate potentials with glass microelec-
trodes to determine the number of quanta released in our mouse
model. Figure 1A shows representative traces of the endplate
potentials (EPPs) in control and SMA littermate mice, as well
as mean EPP amplitudes, mean miniature endplate sizes and
mean number of quanta released per AP (quantal content, QC)
recorded at 0.5-Hz nerve stimulation (bar graphs). While the
mean size of the EPPs was similar in SMA mice and control
littermates (mutants: 32.68 ± 5.04 mV, 13 fibers, 5 mice; con-
trols: 29.65 ± 4.16 mV; 19 fibers, 5 mice), the miniature EPPs
(mEPPs) were significantly larger in SMA (2.59 ± 0.29 mV) than
in control mice (1.72 ± 0.18 mV) (P = 0.6 and 0.008, respectively,

Figure 1. Exo- and endocytosis impairment in SMA motor nerve terminals. (A)

Representative EPP recordings, and mean EPP, mEPP and QC values in control

(black) and SMA (red) mice. (B) Number of quanta (left graph) and cumulative

quanta (right graph) released during a train of stimuli at 20 Hz in control and SMA

terminals. Control: 14 fibers, four experiments; SMA: 11 fibers, four experiments.

(C) Diagram of the states of SypHy. When the intravesicular medium is acidic,

SypHy is quenched (black spots), but when the fusion pore opens, the alkaline

medium of the synaptic cleft makes SypHy bright (green spots). After endocy-

tosis, the vesicle acidifies again, and the fluorescence progressively decreases

to the basal level. (D) Live-imaging of an NMJ expressing SypHy at the nerve

terminal (left) and in which the postsynaptic side was stained with bungarotoxin

conjugated to rhodamine (BTX-Rho, right). Scale bar: 5 μm. (E) Images of SypHy

fluorescence signals from a control and an SMA terminal (outlined) at rest (basal)

and at the end of electrical stimulation (maximum). The arrows indicate areas

of greater intensity during stimulation. In the SMA images, note that a second

terminal is partially seen in the field (upper right corner) and responds to the

stimulus. Calibration bars: 5 μm. (F) Mean SypHy fluorescence increment in

control (53 terminals, nine mice) and SMA (45 terminals, five mice) before, during

and after 200 AP (horizontal bar).

U-Mann–Whitney test). QC was 29.4% decreased in mutants
(12.08 ± 0.87) in comparison with controls (17.13 ± 1.59) (P = 0.009,
U-Mann–Whitney test). These data indicate a clear decrease in
secretion, together with an increase in the input resistance of
the muscular fibers in the Taiwanese SMA mice.

The kinetics of EPPs—determined by the time course of neu-
rotransmitter release, the passive electrical properties of the
postsynaptic membrane, and the molecular characteristics of
the postsynaptic receptors—was prolonged in SMA (rise time:
1.07 ± 0.08 ms; decay time constant: 4.8 ± 0.59 ms) compared
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with control mice (rise time: 0.92 ± 0.09 ms; decay time constant:
3.5 ± 0.2 ms) (P = 0.033 and 0.0038, respectively, U-Mann–Whitney
test), in agreement with previous results in SMA�7 motor nerve
terminals (5,7,8).

At high-stimulation frequency (20 Hz), we monitored how the
release (QC) changed during a train of 100 APs. In both, control
and SMA mice, the number of quanta released per AP increased
during the first few stimuli (facilitation), followed by a progres-
sive decrease until reaching a plateau level (short-term depres-
sion) (Fig. 1B, left graph). In SMA terminals, however, the release
was significantly lower than in control littermates. For example,
after 80 AP (Fig. 1B, right graph), the mean number of quanta
released was 1265.9 ± 189.6 in controls, but only 865.9 ± 91.1 in
SMA what represents a 32% decrease of exocytosis (P = 0.04; two-
tails t-test, unpaired). With longer stimulation trains, the per-
centage decrease was similar since the amplitude of the plateau
remained constant in both genotypes, as described before (5,7,8).

Second, we explored whether the Taiwanese-SypHy SMA
mouse model presented altered levels of the synaptic proteins
synaptotagmin 1 and 2 (Syt1 and Syt2), and synaptic vesicle
protein 2B (SV2B), as the SMN�7 mutant mice do (7,22). Syt2 is
the primary Ca2+ sensor for exocytosis at motor nerve terminals
and SV2 is a multi-functional protein belonging to the major
facilitator superfamily transporters and has been proposed to
participate in cell Ca2+ homeostasis (23), to regulate the size of
the readily releasable pool of vesicles (24), and contribute to the
endocytosis of Syt (25).

We performed immunohistochemistry for Syt1, Syt2 and
SV2B proteins and performed confocal quantitative imaging
analysis. We found a statistically significant reduction in the
postsynaptic area in comparison with controls, quantified by
bungarotoxin-rhodamine staining (Supplementary Material, Fig.
S1A), as well as a decrease in SV2B (48 ± 3%), and Syt2 (38 ± 5%,
Supplementary Material, Fig. S1B) area (P < 0.0005; U-Mann–
Whitney test). Conversely, the mean fluorescent surface area for
Syt1 in mutants was 75 ± 2.5% higher than in controls (P < 0.0005;
U-Mann–Whitney test), as in SMN�7 mice, probably due to the
delay in switching from Syt1 to Syt2 in the nerve terminals
of the transversus abdominis anterior (TVA) muscle (7,22).
Nevertheless, the reduction of the proteins in the Taiwanese
model was less pronounced than in SMN�7 mice, in good
correlation with a minor neurotransmission deficit in the
Taiwanese (30%) than in the SMN�7 mouse (50%) (5). Thus,
these findings reinforce the hypothesis that the Syt2 and
SV2B decrease is likely associated with the presynaptic SMA
pathology. The results also suggest that the neurotransmission
defects in SMA mice may have multiple origins, not surprising
given the number of molecules and pathways potentially
affected by the decrease of SMN.

Third, we studied the degree of affectation of the synaptic
vesicle cycle by optically monitoring exo- and endocytosis in
real-time (26–28). The technique used relies on synaptic vesicles
carrying pHluorin molecules, a modified GFP whose fluores-
cence is pH-dependent. The pHlourin is quenched by protona-
tion in the acidic vesicle lumen, then unquenched upon exocy-
tosis when exposed to the more alkaline extracellular medium,
and quenched again following endocytosis and reacidification
(Fig. 1C) (26–28). Figure 1D shows an example of a nerve terminal
expressing SypHy (left image) and its postsynaptic side (right
image), stained after adding BTX-Rhodamine to the chamber.

Figure 1E displays typical examples of SypHy fluorescence
before (basal) and at the end (maximum) of a train of 200 AP at
20 Hz, in terminals of both genotypes. Figure 1F shows the mean
fluorescence experimental values obtained in control (black) and

SMA (red) terminals. The amplitude of the fluorescent increment
during the AP train reflects the balance between exocytosis
and endocytosis. Since we already confirmed that exocytosis is
decreased in our SMA model (Fig. 1A and B), one should expect
a smaller SypHy response in SMA than in controls, unless an
additional defect in endocytosis–reacidification exists.

The basal fluorescence of the terminals was very similar
in both genotypes; however, the peak fluorescent increment
(�F) was about 20% larger in SMA (722.4 ± 52 a.f.u., n, N:
45, 5) than in control terminals (602.3 ± 60.6 a.f.u., n, N: 53,
9) (P < 0.0047, Mann–Whitney test) (Fig. 1F), indicating less
endocytosis–reacidification during the stimulation train. After
the stimulation train, the decay time constants were not
different ( τ : 10.6 ± 0.7 s; n, N: 45, 5) than in controls (τ : 9.9 ± 0.7 s;
n, N: 53, 9), (P = 0.3, Mann–Whitney test).

Mitochondria are essential for exo–endocytosis in SMA
motor nerve terminals

Neurotransmitter release and vesicle recycling via endocytosis
depend on ATP availability (29). In particular, endocytosis is one
of the first processes to be compromised in the absence of energy
(30). Since mitochondria are defective in SMA motor neurons
(6,8,13,14), we wondered whether glycolysis could be homeostat-
ically upregulated in SMA motor nerve terminals to compensate
for the possible ATP deficit via oxidative phosphorylation.

To investigate it, we compared the peak amplitudes and the
relaxation time constants of the SypHy fluorescent responses
with and without glucose in the extracellular solution (10 and
0 mM, respectively). In the last, glucose was replaced by extra-
cellular pyruvate (1.25 mM) and lactate (1.25 mM) as substrates
for ATP mitochondrial production.

In control terminals, the mean peak fluorescence was
slighter higher with 0 mM than with 10 mM glucose (722.4 ± 52,
and 602.3 ± 60.6 a.f.u., respectively, P = 0.01, U-Mann–Whitney
test) (Fig. 2A and B). In SMA terminals, they were not different
(721.4 ± 58.2, and 722.4 ± 52 a.f.u., respectively; P = 0.87, U-
Mann–Whitney test). The time constant of relaxation was
significantly slower in 0 mM than in 10 mM glucose (15.5 ± 1
and 9.9 ± 0.7 s, respectively, P = 0.0001, U-Mann–Whitney test) in
control terminals, but not different in SMA terminals (9.6 ± 0.6 s
and 10.6 ± 0.7 s, P = 0.4, U-Mann–Whitney test).

These results show that exo–endocytosis in control motor
nerve terminals have a significant but relatively small sensitivity
to extracellular glucose. At the same time, SMA terminals were
insensitive to glucose retrieval. In both cases, they signaled that
the primary source of ATP during the synaptic vesicle cycle is
the mitochondria, in clear contrast to what occurs in central
synapses in which ATP synthesis by glycolysis is critical (30).

We next confirmed that the exo–endocytosis–reacidification
cycle in mutant nerve terminals was dependent on oxidative
phosphorylation. To do so, we added to the 0 mM glucose solu-
tion oligomycin (5 μg/ml), which blocks mitochondrial ATP pro-
duction by direct inhibition of the ATP synthase. Figure 2C (left
panel) shows two representative recordings from the same ter-
minal before (red trace) and after 35 min in oligomycin (blue
trace). With oligomycin, the response was significantly smaller
and stayed high after the stimuli ended. To better compare the
endocytosis process’s slowdown, the right graph in Figure 2C
shows overlays of the same traces after normalizing the blue
trace to the red one. Subsequent stimulation trains produced no
further active responses and a progressive increase in mitochon-
drial basal fluorescence (Fig. 2D), indicating the cessation of both
the exocytosis and the endocytosis–reacidification processes in
the absence of ATP synthesis by the mitochondria.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab065#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab065#supplementary-data
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Figure 2. Exo- and endocytosis in SMA terminals is highly dependent on mitochondrial ATP production. (A) Time course of the mean SypHy fluorescence signals during

200 stimuli at 20 Hz in control (left graph) and SMA terminals (right graph), in the presence of 10 mM glucose (filled symbols) or in the absence of glucose (open symbols).

Extracellular glucose was replaced by 1.25 mM pyruvate plus 1.25 mM lactate. (B) Fluorescence peak increments (left) and decay time constants from the terminals

represented in (A). (C) Left panel: Representative example of the response of a terminal to 200 AP (horizontal bar) before (red trace) and after (blue trace) 35 min in

oligomycin. Note that the blockage of the mitochondrial ATP synthesis decreases the peak amplitude of the signal and slows the recovery after the stimulation train.

Right panel: Same traces, but after normalization of blue trace amplitude to the red one. (D) Representative example of the SypHy basal fluorescence (Fb) of a nerve

terminal before a first stimulus train (left) and a third train (right) separated by 10 min. Note the increase in basal fluorescence in the right image, which also explains

the lack of response to the third stimulation in the presence of oligomycin. Calibration bar: 5 μm.
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Characteristics of the mitochondrial calcium signals at
perinatal age

Since, to our knowledge, no direct information exists about SMA
synaptic mitochondria’s capacity to increase matrix-free Ca2+
during electrical nerve activity, a mechanism essential to syn-
thesize ATP on demand, we investigated whether Ca2+ signaling
was changed at motor nerve presynaptic mitochondria.

The features of the presynaptic mitochondrial Ca2+ signals
at 1-week-old mice, the age at which SMA mice present synaptic
dysfunction at motor nerve terminals (7), however, have not been
described before. Then, we first characterized the spatial and
temporal characteristics of the mitochondrial Ca2+ responses
in control mice using Rhod-2 AM (5 μM). The acetoxymethyl
(AM) ester group of the dye, which facilitates its cellular uptake,
is removed by intracellular esterases resulting in the selective
accumulation of Rhod-2 within mitochondria.

At rest, Rhod-2 fluorescence in control presynaptic motor
nerve terminals at near-physiological temperature (30–32◦C) was
low, as illustrated in Figure 3A (upper and lower left panels).
However, upon Ca2+ entry into the terminal by a brief elec-
trical nerve stimulation train (100 action potentials, AP), 3–12
bright spots rapidly appeared (Fig. 3A, central panels). After the
stimuli ceased, the fluorescence decayed slowly until reaching
the resting level (Fig. 3A, right panels) (Supplementary Material
Supplementary Movie). The analysis of the time course of the
intensity change during the stimuli (Fig. 3B) shows that the
signal increased to a maximum amplitude maintained constant
(plateau) for the rest of the train. When the stimulation stopped,
the signal decayed slowly back towards its resting level. The
average rising time (t10–90) of the signal in control terminals
was 1.47 ± 0.15 s, and the half-decay time (t1/2) 19.7 ± 1.04 s
what represents a 13-fold difference in kinetics. Qualitatively,
the observed response did not differ from the mitochondrial
transients already described at adult motor nerve terminals (31)
and other cell types (32,33).

To confirm the mitochondrial origin of the signal, we exposed
the preparation to carbonyl cyanide m-chlorophenylhydrazone
(CCCP). This protonophore abolishes the �m and depletes mito-
chondrial Ca2+. Before CCCP, we added to the bath solution
oligomycin (5 μg/ml) to minimize the ATP depletion associated
with the reverse action of the ATP synthase (complex V) during
the CCCP application (34). Figure 3C and D shows a terminal’s
responses in the absence of the drugs (black trace and left panels,
respectively) and after 5 min with 1 μM CCCP (gray trace and right
panels). After CCCP, the response to the stimulation train much
disappeared, remaining only a CCCP-resistant component char-
acterized by a fast decay indicating its cytosolic origin (35). Under
these experimental conditions, the relatively large cytosolic Ca2+
signal may result from the mitochondria’s inability to sequester
Ca2+, which is reported by non-dialyzed residual Rhod-2 in the
cytosol.

To estimate the sensitivity of perinatal presynaptic mito-
chondria in motor nerve terminals to cytosolic Ca2+ increments,
we measured the matrix-free Ca2+ fluorescent signal rise as a
function of the stimulus strength. Figure 3E shows an example
of the mitochondrial responses in a single terminal stimulated
with 25 and 50 AP. Figure 3F displays the mean amplitude of
the responses (27 terminals) as a function of the number of
AP. Remarkably, the mean fluorescence reached about 18% of
its maximum with only seven AP, i.e., 350 ms after starting
the stimulation. Half-rise was reached after 12–13 AP (600 ms
from the beginning), and the plateau amplitude was reached
with approximately 50 impulses (after 2.5 s from the start).

These results demonstrate that mitochondria in presynaptic
motor terminals at perinatal age begin to uptake Ca2+ very fast
upon repetitive nerve stimulation, suggesting they have a high
calcium sensitivity.

Besides the typical mitochondrial responses (Fig. 3B), two
other types of stimuli-locked fluorescent signals sporadically
appeared within the same terminal (Supplementary Material,
Fig. S2A). One, characterized by its fast-rising and decaying
phases (Supplementary Material, Fig. S2C), and the other by
a fast-slow biphasic decaying (Supplementary Material, Fig.
S2D). These two signals’ kinetics were consistent with a pure
cytosolic Ca2+ transient and a cytosolic-mitochondrial mixed
response, respectively (34). Additionally, in a few terminals,
bright and unresponsive spots were identified (Supplementary
Material, Fig. S2E). In the experiments presented here, only
areas displaying the typical monotonic slow decay of pure
mitochondrial responses (Supplementary Material, Fig. S2B)
were considered for further analysis.

Mitochondrial matrix free calcium is reduced in SMA
motor terminals

Next, we compared mitochondrial matrix-free Ca2+ levels in
control and SMA terminals of littermate mice at postnatal days
6–8, both at rest and during an AP train.

At rest, mitochondrial Ca2+ fluorescence was low and stable
in both genotypes (Fig. 4A). The mean basal fluorescence was
1013 ± 121.5 a.f.u.; n, N = 26, 8 in controls, and 745 ± 90 a.f.u.; n,
N = 22, 6 in SMA; (P = 0.14; U-Mann–Whitney test) (Fig. 4B), indi-
cating that cytosolic Ca2+ is not altered in SMA nerve terminals
in the absence of electrical activity.

Then, we assessed whether mitochondrial free Ca2+ level in
SMA was similar to controls during repetitive electrical activ-
ity (100 AP, 20 Hz). On average, the fluorescence raised 3.1-
fold ±0.3 in controls and 1.8-fold ±0.2 in mutants (P = 0.004; U-
Mann–Whitney test) (Fig. 4C and D) what represents a 42% lower
plateau response in SMA compared with controls. Furthermore,
in mutants, only 32% of the terminals had Fmax higher than
2000 a.f.u. (Fig. 4E, red symbols), in contrast with 81% of control
terminals (Fig. 4E, black symbols).

Since the plateau level could be affected by the probe’s sat-
uration by Ca2+, we checked this possibility. We first recorded a
mitochondrial response in 2 mM Ca2+ external solution (Fig. 4F,
R1) and then switched to one with no calcium added. After
45 min, we applied digitonin to permeabilize the plasma mem-
brane, and the basal fluorescence measured again (Fig. 4F, R2).
Finally, we switched back to 2 mM Ca2+ and measured the
fluorescence once again. At this point, a substantial increase
in fluorescence was recorded (Fig. 4F, R3), indicating that the
probe was not saturated during the plateau, in accordance with
previous results (36).

Once the dye saturation was ruled out, we estimated the
correlation between the fluorescence intensity and matrix-free
Ca2+ values in control and mutant with the Grynkiewicz’s equa-
tion (37)

[
Ca2+

]
= Kd

[(
F–F min

)
/ (F max –F)

] )

where Fmin was obtained in free-Ca2+ bath solution and Fmax

at saturated Ca2+ concentration in the presence of 40 μg/ml of
digitonin. Assuming a KD of Rhod-2 of 570 nM, we estimated that
the apparent matrix-free Ca2+ concentration during the plateau
was approximately 1.18 μM in control and 0.69 μM in mutants.
Remarkably, the mean value obtained in 1-week-old controls was

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab065#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab065#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab065#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab065#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab065#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab065#supplementary-data
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Figure 3. Transitory rise of mitochondrial calcium following depolarization-induced Ca2+ entry in motor nerve terminals at P7. (A) 2D (upper panels) and 3D (lower

panels) spatial images of mitochondrial calcium fluorescence signals before, during and after a train of 100 AP (20 Hz) at a typical presynaptic terminal. Scale bar:

5 μm. The color scale represents the amplitude of the responses. (B) Temporal representation of fluorescence increase (�F/Fbasal) during stimulation (black horizontal

line) at 20 Hz, during 5 s, from a terminal in control conditions. (C) Response of the same terminal before (black trace) and after (gray trace) applying the mitochondrial

depolarizing agent CCCP (1 μM) in the presence of oligomycin (5 μg/ml). Note the substantial decrease in the calcium signal and the change in kinetics. (D) Images from

the terminal represented in C, at rest, and the end of the stimulation, in the absence or not of CCCP and oligomycin. Scale bar: 5 μm. (E) Example of the mitochondrial

responses to 25 and 50 AP in a terminal. The arrow indicates the beginning of the stimuli. (F) Relationship between the number of AP and the amplitude of mitochondrial

calcium signals (mean of 27 terminals, from 9 experiments). In (A and D), the terminals are outlined.
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Figure 4. Mitochondrial calcium rise during AP firing is impaired in SMA motor terminals. (A) Basal calcium levels are stable before stimulation in both genotypes. Each

trace represents the mitochondrial signals from a different motor terminal. (B) Mean basal fluorescence values per terminal show no statistical differences between

genotypes (P = 0.14; U-Mann–Whitney test (control: 26 terminals, eight experiments; SMA: 22 terminals, six experiments). (C) Mean responses of free mitochondrial

calcium before, during and after stimulation (100 AP, 20 Hz), normalized to basal values in control and SMA motor nerve terminals. The horizontal bar indicates the

stimulation interval. (D) Mean peak increments are significantly reduced by 42% in mutants (22 terminals, six experiments) compared with controls (26 terminals,

eight experiments); ∗∗∗P = 0.004. U-Mann–Whitney test. (E) Representation of basal versus maximum fluorescence values for each terminal in (D). (F) The plateau level

reached during a train of AP (R1) is not due to the saturation of the probe, as verified by permeabilization of the membranes with 40 μg/ml digitonin (R3). Digitonin did

not change fluorescence in the nominal absence of extracellular Ca2+ (R2).

similar to the maximal increase of mitochondrial free Ca2+ (1–
2 μM) estimated at adult presynaptic motor nerve mitochondria
(36,38), as well as in liver and brain mitochondria (39).

Mitochondrial calcium influx rate during the electrical
activity is less in SMA

Subsequently, we analyzed the matrix-free Ca2+ rise and falling
kinetics during and after the electrical stimulation, respectively,
in both genotypes.

Although the mean plateau amplitudes were very different in
control and SMA (Fig. 5A and B), the fluorescence increase was
initially not significantly different in both genotypes (Fig. 5C,
first AP). Nevertheless, the responses rapidly diverged as the
number of stimuli increased. The representation of the Ca2+
rise’s velocity versus time revealed an acceleration followed

by a deceleration phase during the stimulation train (Fig. 5D).
In controls, the maximum speed of rising was 2703.61 ± 247.48
a.f.u./s, while in mutants, it was 35% lower (P = 0.02 t-Student
test, two tails). In both cases, the maximum velocity was reached
after 12 AP. These findings indicate that Ca2+ influx velocity
into the matrix during the electrical activity is reduced in SMA
presynaptic mitochondria.

Next, we tested whether the lower plateau amplitude in
mutants might also be due to a larger Ca2+ efflux from the
matrix. A previous report had shown that a reduction in mito-
chondrial free Ca2+ level occurred when the activity of the
NCLX increased, for example, by the phosphorylation of the
transporter (40). Thus, we compared the fluorescent signal’s time
course from the end of the stimulation to the point where it
recovered the resting level. The graphs in Figure 5E and F show
the mean responses in each genotype as absolute values and
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Figure 5. Kinetics of calcium influx in SMA presynaptic mitochondria is slower. (A-B) Mean fluorescence responses (�F) of control (A) and SMA (B) mitochondria during

100 AP. Note the difference in the plateau amplitudes. (C) The amplitudes of the fluorescence responses of control and SMA mitochondria are not significantly different

(P = 0.08) at the beginning of the stimulation (7 AP) but differ progressively with longer stimulations (12, 18 and 23 AP) (∗∗: 0.0028; ∗∗∗: <0.0008; t-test, two tails). (D)

The plot of the velocity of the fluorescence change versus time during the first 3 s of stimulation shows the acceleration and deceleration phases of the responses

during the rising phase. The acceleration is not different between genotypes with few stimuli but soon becomes significantly lower in mutants (P = 0.02; t Student). The

deceleration phase show significantly higher velocities in control mitochondria (∗ P = 0.03; U-Mann–Whitney test, ∗∗P = 0.0013 t Student). (E-F) The temporal course of

mitochondrial calcium efflux after a 100 AP train at 20 Hz is similar in both genotypes, as evidenced after the amplitude normalization of the fluorescence signals (F).

Control: 26 terminals, eight experiments; SMA: 22 terminals, six experiments.

after normalization, respectively. The decay half-times were not
significantly different between groups (19.7 ± 1.04 s in control
and 21.5 ± 2.6 s in SMA; P = 0.84; U-Mann–Whitney test), indicat-
ing that the NCLX functioned similarly. These data also suggest
that the efflux rate is independent of the total matrix Ca2+
content, as found previously (41).

Mitochondrial membrane depolarization is not
responsible for the reduction of matrix Ca2+ during the
electrical stimulation in SMA terminals
The influx of Ca2+ in the matrix might produce an accumulation
of positive charges if the extrusion of protons through the ETC
did not compensate for it. Thus, we reasoned that the low Ca2+

level at the matrix in SMA could be due to �m depolarization dur-
ing nerve stimulation. To test this possibility, we incubated the
preparation with rhodamine-123 (0.3 μM, 30 min), a fluorescent
probe used to measure �m (42).

In control terminals, we found no significant changes in �m

during the AP train, as illustrated in the representative recording
of Figure 6A (left panel). However, as expected, when we added
500 μM 4-AP to the chamber solution, a K+ channel blocker that
prolongs the AP duration and extends Ca2+ entry to the cytosol,
a large increment in fluorescence was observed (Figure 6A, right
panel).

In SMA terminals (Fig. 6B), no change in fluorescence was
detected in most cases (left panel), except in a few terminals
(4 out of 34) in which an increase in fluorescence was recorded
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Figure 6. Matrix-free Ca2+ reduction in SMA is not due to the depolarization of the mitochondrial membrane potential. (A) In nerve terminals from control mice, the

fluorescence of rhodamine 123 does not change appreciably during 200 AP trains, as shown in the representative recording of the left panel. However, when the AP

duration is prolonged with 4-aminopyridine (4-AP, 500 μM), a transient increase in fluorescence is observed (right graph) in response to the first train; note the downward

artifacts at the beginning of the trains due to the powerful contractions produced under this condition. (B) In nerve terminals from SMA mice, the fluorescence does

not change during 200 AP trains in most terminals (left graph), except in 4 out of 34 recordings, as shown in the example (right graph). (C) Left: Image of two nerve

terminals (outlined) from an SMA mouse showing six and five fluorescent spots in terminal T1 and T2, respectively. Scale bar: 10 μm. Right: responses of spots number

1 and 2 in T1. No responses were observed in T2. (D) The application of the depolarizing agent CCCP (1 μM) slowly increases the fluorescence in mitochondria in the

absence of nerve stimulation.

(right panel). The depolarization observed in these few cases was
not general for all the mitochondria of the terminal. Figure 6C
(left panel) shows two terminals (T1 and T2) from an SMA mouse,

in which the stimulation increased the fluorescence in half of
the spots (2), but not in the other half (1) of T1, and in none
of the five spots in T2. As a control, CCCP was added to the



638 Human Molecular Genetics, 2021, Vol. 30, No. 8

chamber solution at the end of the experiment, and a progressive
increment of fluorescence was evidenced at the same spots
(Fig. 6D). Together, these results indicate that the depolarization
was a rare event in mutant mitochondria at this age, which
discarded this possibility as the cause of the low Ca2+ increase
in presynaptic mitochondria in SMA mice.

SMA presynaptic mitochondria handle efficiently low
calcium influx

Ca2+ influx into the mitochondria mainly occurs in excitable
cells following the activation of VDCCs at the plasma membrane
during nerve activity. Since P/Q-type VDCCs density could be
compromised in SMA motor nerve terminals (7,43), we examined
whether a decrease in Ca2+ influx across the plasma mem-
brane could be responsible for the reduced mitochondrial Ca2+
plateau level. To this aim, we compared the amplitude of the
mitochondrial signals with 2 mM and low extracellular Ca2+
(0.5 mM) solutions in control mice. Remarkably, and in line with
previous findings (44,45), the plateau level was the same in both
circumstances (Fig. 7A, left panel). However, the time to reach the
maximum response was 4.7-fold longer in low calcium. Mean
resting mitochondrial free Ca2+ was not significantly different
in both conditions (Fig. 7A, right panel). These results indicate
that the Ca2+ concentration gradient across the mitochondrial
inner membrane mainly determines the influx’s kinetics but
not the plateau’s amplitude if enough time is given for Ca2+
entry. They also suggest that the lower signal in SMA presynaptic
mitochondria was not due to a potential decrease of Ca2+ entry
across VDCCs at the plasma membrane during the electrical
activity.

Next, we investigated SMA mitochondria function when the
rate of Ca2+ entry into the cytosol was lowered. We compared
the fluorescence responses with low extracellular Ca2+ (0.5 mM)
in both genotypes and, surprisingly, found that the fluores-
cent increments were not significantly different between control
(2691 ± 405 a.f.u.) and SMA (2521 ± 352 a.f.u.) terminals (P = 0.97,
U-Mann–Whitney test) (Fig. 7B, left panel). Neither, no significant
differences in the rate of Ca2+ rise (control: 354 ± 69 a.f.u./s; SMA:
469 ± 84 a.f.u./s; Fig. 7B, right panel), the return kinetics to the
basal level (Fig. 7C, left panel), or the efflux rate after stimulation
(Fig. 7C, right panel) were observed. These results show that SMA
mitochondria, contrarily to the Ca2+ uptake saturation observed
at physiological conditions (Fig. 5), can handle slow cytosolic
Ca2+ rises. The determination of the specific mechanism behind
the saturation of the Ca2+ uptake by the mitochondria is, how-
ever, beyond the scope of the present work, as it could go, among
other possibilities, from a defect in the expression/function of
the MCU channels or in the regulatory proteins of the MCU
complex.

Remarkably, the present result is in accordance with our
previous finding that neurotransmitter release was not different
between control and SMA littermates with 0.5 mM Ca2+ at the
extracellular solution (7) what indicates, once again, that the
motor nerve terminal function well in low Ca2+ but cannot
handle the physiological extracellular Ca2+ concentration.

Discussion
Our ex vivo live imaging experiments in SypHy-SMA demon-
strate a significant dysfunction in exo- and endocytosis in
parallel with the decrease in stimulus-induced Ca2+ mitochon-
drial signals, indicating that the neurotransmission defects
in SMA result from interactive changes in the energetic

metabolism, Ca2+ homeostasis and synaptic proteins network.
We now consider various aspects of our main results in more
detail.

SMA presynaptic mitochondria has a limited capacity
to increase matrix free calcium at the physiological
calcium concentration

In some neurodegenerative diseases, mitochondrial Ca2+
overload is involved in oxidative stress and caspase 3 activation.
However, our experiments showed no Ca2+ overload in SMA
mitochondria at motor nerve terminals. On the contrary, we
found an abnormally low mitochondrial Ca2+ plateau level
(about 58% of controls) during a train of AP (Fig. 4C and D).
Reduction in the mitochondria Ca2+ load capacity has been
reported before in isolated mitochondria from the spinal cord of
fALS mice (46).

We sought to understand the mechanism underlying the
reduction in the mitochondrial Ca2+ plateau amplitude in SMA
for what we considered three scenarios. Namely, that the mito-
chondria Ca2+ entry was decreased, that the Ca2+ extrusion from
the mitochondria was faster, or that the Ca2+ buffering capacity
at the matrix was increased.

The reduction of Ca2+ entry into the mitochondrial matrix
could be due to a decrease in the Ca2+ electrochemical gradient
across the inner membrane. We first wondered whether a drop
in the chemical gradient across the mitochondrial membrane,
for example, due to a lower Ca2+ flow into the cytosol through
VDCCs could significantly reduce the mitochondrial plateau.
Although P/Q-type VDCCs density seems to be decreased at SMA
nerve terminals (7,43,47), our present experiments demonstrate
that the mitochondrial plateau amplitude in controls did not
change significantly with 2 and 0.5 mM Ca2+ in the external
solution (Fig. 7A), as also shown before (36,45). Moreover, in con-
trols and mutants, mitochondrial Ca2+ increased similarly dur-
ing the first stimuli (Fig. 5C and D), suggesting a similar initial
electrochemical gradient.

Alternatively, we considered an alteration in the electrical
gradient. If the accumulation of positive charges in the matrix
is not balanced adequately by H+ extrusion during the electrical
activity, a decrease in the electrical driving force (mitochondrial
depolarization) may occur. A previous in vitro study has reported
that �m in SMA motor neurons is depolarized compared with
controls (14). Contrarily, in Smn knock-down NSC34 cells, mito-
chondrial hyperpolarization has been reported (16). We found
no significant alterations in our ex vivo measurements with
rhodamine-123 when the same stimulation protocol we used to
measure the Ca2+ plateau (20 Hz, 100–200 AP). These results do
not discard, nevertheless, that SMA mitochondria depolarize at
later stages of the disease.

In contrast, our experiments indicate that the lower mito-
chondrial free Ca2+ level in SMA terminals during electrical
activity is caused by an intrinsic reduction in the mitochondrial
Ca2+ inf lux capacity. This proposition is sustained by the find-
ing that SMA mitochondria efficiently raised matrix-free Ca2+
when the Ca2+ cytosolic load was slow (Fig. 7B), but apparently
saturated in physiological Ca2+ (Figs 4C, D and 5A–D). Interest-
ingly, the rate of Ca2+ influx into the mitochondria through
the MCU channel is regulated by their respiration capacity (48),
which is altered in SMA (14,16). Also, the density of MCU chan-
nels and associated proteins are attractive questions for future
experiments.

We additionally explored whether the Ca2+ eff lux rate was
altered in SMA presynaptic mitochondria due to the dysfunction



Human Molecular Genetics, 2021, Vol. 30, No. 8 639

Figure 7. At low extracellular calcium concentration, SMA mitochondria do not show alterations in free calcium. (A) Left graph: Reduction of the calcium chemical

gradient does not change the mitochondrial Ca2+ plateau level. Mean fluorescence increment (�F/Fbasal) versus time with 2 and 0.5 mM extracellular calcium solutions

in control terminals. Note that the time to reach the plateau is increased in low calcium, but the plateau level remains the same. Right graph: Basal calcium is not

significantly different between conditions (P = 0.19; U-Mann–Whitney test; 2 mM Ca2+: 26 terminals, eight experiments; 0.5 mM Ca2+: 19 terminals, six experiments).

(B) Mean amplitude values of mitochondrial free calcium versus time recorded with 0.5 mM Ca2+ in the external solution in control and SMA terminals show no

differences between genotypes (left panel). The rate of the calcium increase (10–90%) is not different either (right panel). (C) The time course of mitochondrial calcium

efflux (left panel) and the rate of calcium decrease, calculated at half of the maximum amplitude, is similar in control and SMA terminals (right panel). Control: 19

terminals, six experiments; SMA: 19 terminals, six experiments.

at the NCLX. However, this possibility was discarded as the time
constant of the fluorescent decay after stimulation was similar
in both genotypes (Fig. 5E and F).

Finally, we considered whether Ca2+ buffering capacity at the
matrix was increased in SMA. We reasoned that the lower capac-
ity of SMA mitochondria to synthesize ATP (14,16) could produce

a higher Pi content at the matrix. However, there were two
arguments against it. First, the Pi concentration at the matrix is
in equilibrium with the extracellular medium (48). Second, the
Ca2+ efflux rate is highly dependent on the total Pi concentration
(41), and we found no difference in the falling kinetics between
controls and mutants (Fig. 5E and F).
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Figure 8. The proposed alteration of the mitochondrial Ca2+ homeostasis and

its effects on exo- and endocytosis at SMA motor nerve terminals. The discontin-

uous line at the center separates the control and the SMA situation. (A) In control

mice, Ca2+ influx (1) into the mitochondrial matrix via MCU complexes during

AP activity increases the activity of the TCA enzymes (2) and, subsequently, ATP

synthesis (3). In SMA mice, Ca2+ entry is reduced, which prevents/reduces the

corresponding increase in TCA activity and ATP production. (B) At motor nerve

terminals, exocytosis (4) and endocytosis (5) are activated by Ca2+ entry through

VDCCs at the plasma membrane. In SMA, the density of VDCCs is apparently

decreased, and exocytosis and endocytosis are both impaired. The mitochondrial

Ca2+ signaling alterations and the reduction of the synaptic vesicle membrane

proteins Syt2 (light blue) and SV2B (red) contribute to the dyshomeostasis of

the synapse in SMA. Normal function is only achieved with low stimulation. All

the graphics elements were taken from the repository https://smart.servier.co

m/under Creative Commons License 3.0 and modified by us.

Participation of the mitochondria in the dysfunction of
the NMJ
In normal conditions, energy production matches cellular needs,
and mitochondria play an essential role in it. The stimulation-
induced Ca2+ load effectively increases ATP production by
activating the TCA cycle enzymes (Fig. 8A), which have a K0.5

in the range of 0.5–2 μM Ca2+ (49,50). In our experiments,
the mitochondrial fluorescence elevation was equivalent to a
free Ca2+ concentration of ∼ 1.18 μM in controls, in agreement
with values estimated in adult motor nerve terminals (36). In
SMA mice, however, the Ca2+ rise was reduced to ∼ 0.69 μM,
suggesting a limitation in the capability of the mitochondria to
synthesize ATP during repetitive nerve activity, in accord with
previous reports of low ATP synthesis in SMA mitochondria
(14,16). Ex vivo biochemical measurement of the ATP level at the
nerve terminals is not possible since ATP’s muscle content will
contaminate the determination.

How changes in ATP levels impact synaptic function in SMA
motor terminals is not known. Here, we hypothesize (Fig. 8B) that
part of the defects on exo- and endocytosis are due to the low
capacity of SMA mitochondria to increase ATP synthesis during
the electrical activity. This proposition is based on three facts: (i)

the decrease of the free Ca2+ level at the mitochondrial matrix
in mutants (Figs 4 and 5), (ii) exo- and endocytosis mostly rely
on oxidative ATP production in SMA motor terminals (Fig. 2) and
(iii) the synaptic vesicle cycle is the major consumer of ATP at
synapses (30).

Nevertheless, given the housekeeping function of SMN, it is
expected that, besides ATP, other molecules could be involved
in the exocytosis impairment, such as the deficit of Syt2 and
SV2B. Regarding endocytosis, also it has been found that the
phosphatase activity of calcineurin is decreased in SMA (12),
which may produce hyperphosphorylation of proteins involved
in endocytosis, such as dynamin 1 (12).

In summary, we demonstrated that ex vivo SMA presynaptic
mitochondria displayed normal matrix-free Ca2+ at rest but
reached a significant 42% lower Ca2+ level than in controls
during neural activity. The defect was due to an altered Ca2+
load, independent from a potential reduction in Ca2+ entry
through VDCCs at the plasma membrane. In contrast, the efflux
kinetics of Ca2+ from the matrix to the cytosol was not altered.
Concomitantly to the above change, real-time experiments of
the synaptic vesicle cycle allowed us to characterize the exo-
and the endocytosis impairments and prove the relevance of the
oxidative production of ATP in the nerve terminal of mutants.
Finally, we confirmed that SMA terminals also suffer from a
specific reduction in the synaptic proteins Syt2 and SV2B, which
are essential for adequate exocytosis at motor nerve synapses.
Together, these findings provide a new integrated view of the
functional state of the SMA motor nerve terminal before degen-
eration and indicate that mitochondrial Ca2+ signaling alter-
ations contribute to the dyshomeostasis of the synapse.

Material and Methods
Mouse model

We crossed the so-called Taiwanese SMA mice [FVB.Cg-Tg
(SMN2)2Hung Smn1tm1Hung/J, stock number 005058] (51)
with a mouse line generated at our laboratory that endoge-
nously expresses Synaptophysin-pHluorin (SypHy) in neurons
driven by Thy1.2 promoter (https://idus.us.es/bitstream/ha
ndle/11441/24203/S_TD_PROV162.pdf?sequence%20=%201&isA
llowed%20=%20y). The mice’s genotype was identified by
PCR. Control mice were heterozygous for the Smn gene,
while SMA mice were null for Smn. Control mice expressing
SypHy appeared normal in size, weight and behavior, and the
morphology and functionality of their motor nerve terminals
were indistinguishable from SypHy negative mice. All recordings
were done at the Taiwanese-SypHy line between postnatal days
6 and 8 (P6–8). All experiments were performed according to
the guidelines of the European Council Directive for the Care of
Laboratory Animals and the animal care and ethics committee
of University of Seville.

Acute neuromuscular preparation

Mice were killed by decapitation and exsanguinated. The TVA
muscle was dissected with its nerve branches intact and pinned
to the bottom of a 2 ml chamber over a bed of cured silicone
rubber. Preparations were continuously perfused with a solution
of the following composition (in mM): NaCl 135, KCl 4, CaCl2 2,
MgCl2 1, NaHCO3 15, NaH2PO4 0.33 and glucose 10. The solution
was continuously gassed with 95% O2 and 5% CO2. For experi-
ments with low extracellular Ca2+, all the procedures, including
the dissection, were done in a solution with 0.5 mM Ca2+.

smart.servier.com
smart.servier.com
https://idus.us.es/bitstream/handle/11441/24203/S_TD_PROV162.pdf?sequence%20=%201&isAllowed%20=%20y
https://idus.us.es/bitstream/handle/11441/24203/S_TD_PROV162.pdf?sequence%20=%201&isAllowed%20=%20y
https://idus.us.es/bitstream/handle/11441/24203/S_TD_PROV162.pdf?sequence%20=%201&isAllowed%20=%20y
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Mitochondrial calcium indicator loading

For the ex vivo mitochondrial matrix free calcium assays, we used
the membrane-permeable acetoxymethyl ester (AM) form of
Rhod-2, Rhod 2-AM (Thermo Fisher Scientific, R1245MP), which
compartmentalization is preferentially restricted to the mito-
chondria. Rhod-2 is a single wavelength Ca2+ indicator with
peak absorption/emission wavelengths of ∼557/581 nm and a
Kd of ∼570 nM. The AM ester form has a net positive charge,
which promotes sequestration into mitochondria. The probe
was dissolved in dimethyl sulfoxide (DMSO) and diluted to a final
concentration of 5 μM at the bath. After 30 min of incubation
with the dye at room temperature, the preparation was washed
with a dye-free solution for 30 min and kept at 28–32◦C. The
experiments were conducted in the absence of Rhod 2-AM in
the extracellular solution. Muscle contractions were prevented
by including in the bath 15 μM D-tubocurarine (Sigma-Aldrich).

Nerve electrical stimulation

The nerve was stimulated through a suction electrode. The
stimulation consisted of square wave pulses of 0.15 ms duration
and 2–40 V amplitude at variable frequencies (0.5–20 Hz) and
train durations (5–20 s). Intervals between trains were always
≥10 min unless otherwise stated to allow for complete recovery
of the terminal resting values.

Mitochondrial membrane potential essays

The experiments were conducted as those with mitochondrial
calcium dyes. The cell-permeant membrane potential dye, rho-
damine 123 (Sigma-Aldrich), previously dissolved in DMSO, was
used at a working concentration of 0.3 μM at the bath. After
30 min of incubation with the dye, at room temperature, the
preparation was washed, and the recording was performed with
a solution containing 0.03 μM of the drug. The recordings were
done at 28–32◦C.

Live imaging acquisition and analysis

Live experiments were conducted at near-physiological temper-
ature (28–32◦C) using a temperature controller (TC-344B) con-
nected to a thermistor (SF-28 SloFlo, Warner Instruments). Mito-
chondrial calcium and exo-endocytosis images were acquired
and analyzed similarly unless otherwise stated. Rhod-2 and
SypHy were excited with a 488 nm laser line, and emitted fluo-
rescence was monitored with a Yokogawa CSU-X1 spinning disk
system (3i, Germany) mounted on an upright BX61WI micro-
scope (Olympus). Images were acquired using a back-thinned
EM-CCD camera C9100-13 (Hamamatsu) with an effective num-
ber of pixels of 512(H) x 512(V) and a pixel size of 16 x 16 μm.
Images were acquired at up to four frames/s with commer-
cial software (SlideBook™ 5.0, 3i). Before analysis, images were
aligned using a routine of the SlideBook program. Images were
exported to ImageJ for analysis. Regions of interest (ROIs) were
outlined with a threshold-based macro routine through the time
series, and the data exported to Microsoft Office Excel. The
changes in the fluorescence intensity of ROIs were subtracted
for the mean background level. Correction for time-dependent
loss of signal, mostly due to photobleaching, was performed
by subtracting the exponential fits of resting-state fluorescence
before and after recovery from the stimuli. The mean intensity
of the signal from different ROIs at a given terminal was cal-
culated considering the ROIs size. Fluorescence intensity val-
ues were plotted versus time, and different parameters were

calculated from the recordings. Resting fluorescence (Fbasal) was
measured as the average fluorescence at the ROI before stim-
ulation. Change in fluorescence was expressed as �F (�F = F
– Fbasal) or as �F/Fbasal, to obtain the number of folds that the
signal changed over baseline fluorescence. To compare the time
course of the fluorescence changes (rising and decaying kinetics)
�F/Fmax was calculated. The rise time was calculated as the time
from 10 to 90% of the maximum amplitude. The decay time was
expressed as the time required for the signal to return to half
its peak value (t1/2) or to drop 63% of its maximum value (time
constant, τ ). Calcium influx and efflux rates were calculated as
�F/�t for each time point and expressed as �F/s. The corrected
signals were converted to [Ca2+] using the simplified calibration
equation specified in the ‘Results’ section. Although each ROI
was analyzed individually, the characteristics of the different
ROIs’ responses of the same terminal were usually similar and
thus were averaged together. Unless otherwise stated, in the
Rhod-2 experiments presented here on the responses that dis-
played a rapid and relatively large drop component, ≥10% of the
maximal amplitude, characteristic of the mixed and cytosolic
responses (Supplementary Material, Fig. S2C and D), however,
were discarded for later analysis.

Electrophysiology

Synaptic transmission recordings were performed in acute
neuromuscular preparations of the TVA muscle at room
temperature. A glass microelectrode (10–20 MΩ) filled with 3 M
KCl was connected to an intracellular recording amplifier (TEC-
05X; npi electronic) and used to impale single muscle fibers near
the motor nerve endings. Evoked EPPs and mEPPs were recorded
as described previously (7). Muscle contractions were prevented
by including in the bath 3–4 μM μ-conotoxin GIIIB (Alomone
Laboratories). The mean amplitudes of the EPP and mEPPs
recorded at each NMJ were linearly normalized to −70 mV resting
membrane potential, and EPPs were corrected for non-linear
summation (52, 53).

Immunohistochemistry

TVA muscles from control and SMA mice were fixed (4%
paraformaldehyde), washed (0.1 M glycine in PBS) for 30 min,
permeabilized (1% (v/v) Triton X-100 in PBS) for 90 min, and incu-
bated in 5% (w/v) BSA, 1% Triton X-100 in PBS for 3 h. Samples
were incubated overnight at 4◦C with the primary antibodies:
monoclonal Syt1 (1:250), rabbit polyclonal Syt2 (1:200) or rabbit
polyclonal SV2B (1:200), all from Synaptic Systems. The next
day, muscles were incubated in PBS containing 0.05% Triton X-
100 for 1 h, exposed to the appropriate secondary antibodies for
1 h (Alexa Fluor 647-conjugated goat anti-rabbit (Invitrogen), or
CF488-conjugated donkey anti-mouse (Biotium)), plus 10 ng/ml
rhodamine-BTX, and bathed again with 0.05% Triton X-100 for
90 min. Finally, muscles were mounted with Slowfade medium
(Invitrogen).

Statistical analysis

Statistical analysis of imaging and electrophysiological data was
performed using GraphPad Prism 5 (GraphPad Software). All
values mentioned in the text and represented in graphs are
averages ± standard errors of the mean (SEM) unless stated
otherwise. Parametric statistics were used whenever possible.
The assumption of homogeneity of variances was assayed with
Levene’s test, using α = 0.05 as a cut-off. When the distribution
was normal statistical comparisons between experimental con-
ditions were made using Student’s paired two-tailed t-test, or

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab065#supplementary-data
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unpaired t-test, as indicated. When the distribution was not
normal, the Mann–Whitney rank-sum test was used.

Given that the number of terminals analyzed per condition
was typically five or less in some live imaging experiments,
every terminal was treated as statistically independent. Results
were considered statistically different when the P-value was
< 0.05. Data in parentheses (n, N): n, the number of nerve ter-
minals (imaging experiments) or muscle fibers (electrophysio-
logical experiments) per group; N, number of mice per group.
All experiments reported include the results of at least three
animals per genotype.

Supplementary Material
Supplementary material is available at HMG online.
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