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Facilitation and inactivation of P/Q-type calcium (Ca®*) currents
through the regulation of voltage-gated Ca2* (Cay) 2.1 channels
by Ca®* sensor (CaS) proteins contributes to the facilitation and
rapid depression of synaptic transmission in cultured neurons
that transiently express Cay2.1 channels. To examine the modu-
lation of endogenous Cay2.1 channels by CaS proteins in native
synapses, we introduced a mutation (IM-AA) into the CaS protein-
binding site in the C-terminal domain of Cay2.1 channels in mice,
and tested synaptic facilitation and depression in neuromuscular
junction synapses that use exclusively Cay2.1 channels for Ca%*
entry that triggers synaptic transmission. Even though basal syn-
aptic transmission was unaltered in the neuromuscular synapses
in IM-AA mice, we found reduced short-term facilitation in re-
sponse to paired stimuli at short interstimulus intervals in IM-AA
synapses. In response to trains of action potentials, we found
increased facilitation at lower frequencies (10-30 Hz) in IM-AA
synapses accompanied by slowed synaptic depression, whereas
synaptic facilitation was reduced at high stimulus frequencies
(50-100 Hz) that would induce strong muscle contraction. As a
consequence of altered regulation of Cay2.1 channels, the hin-
dlimb tibialis anterior muscle in IM-AA mice exhibited reduced
peak force in response to 50 Hz stimulation and increased muscle
fatigue. The IM-AA mice also had impaired motor control, exer-
cise capacity, and grip strength. Taken together, our results in-
dicate that regulation of Cay2.1 channels by CaS proteins is
essential for normal synaptic plasticity at the neuromuscular
junction and for muscle strength, endurance, and motor coordi-
nation in mice in vivo.

calcium channels | synaptic facilitation | calcium sensor proteins |
calmodulin | synaptic plasticity

lassic work on the frog neuromuscular junction (NMJ) first

described facilitation and depression of synaptic transmission
during trains of action potentials (1). These forms of short-term
plasticity are widespread among different types of synapses, and
they transmit information encoded in the frequency and pattern of
action potential generation to postsynaptic cells (2). Calcium
(Ca**)-dependent synaptlc transmission is mediated by multiple
types of voltage-gated Ca®" (Cay) channels. Mature mammalian
NMLJ synapses use exclusively Cay2.1 channels to initiate synaptic
transmission (3), in contrast to central nervous system synapses
that use combinations of Cay?2.1, Cay2.2, and Cay?2.3 channels
(4-6). Disruption of Cay2.1 channels by elimination of their pore-
forming al subunit greatly reduces facilitation at the calyx of Held
synapse (7, 8) and the NMJ (9) in mice, suggesting a key role for
Cay2.1 channels in short-term synaptic plasticity.

Cay2.1 channels in transfected nonneuronal cells are regu-
lated in a biphasic manner by calmodulin and other related Ca®*
sensor (CaS) proteins through interaction with a bipartite regu-
latory site in their C-terminal domain composed of an IQ-like
motif (IM) and a calmodulin-binding domain (CBD) (10-13).
CaS proteins interact with the IM motif to initiate Ca**-dependent
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facilitation in response to local increases in Ca®*, and then interact
with the CBD to induce Ca* —dependent 1nact1vat10n in response to
longer, more global increases in Ca®* (10-13).

The facilitation and inactivation of Cay?2.1 channels during
trains of repetitive stimuli induces synaptic facilitation, followed
by a rapid phase of synaptic depression in cultured superior
cervical ganglion neurons transiently expressing Cay2.1 channels
(14). The Ile-Met—Ala-Ala (IM-AA) mutation prevents this
synaptic plasticity by altering the interaction of Cay2.1 channels
with CaS proteins (14). Other CaS proteins can displace cal-
modulin from their common regulatory site, enhance either fa-
cilitation or inactivation of the Ca>* current, and thereby control
the direction and amplitude of synaptic plasticity in cultured
superior cervical ganglion neurons (15-18). Although previous
studies revealed that regulation of Cay2.1 channels by CaS
proteins can induce and regulate short-term synaptic plasticity in
transfected neurons in cell culture, whether this mechanism
makes an important contribution to short-term synaptic plasticity
in native synapses has remained unknown.

To define the functional role of regulation of endogenous
Cay2.1 channels by CaS proteins in short-term synaptic plasticity
in vivo, we introduced the IM-AA mutation into the CaS protein-
binding site in the C-terminal domain of Cay2.1 channels in mice,
and investigated the effects of this mutation on synaptic trans-
mission and short-term synaptic plasticity of NMJ synapses. The
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Muscle contraction begins with release of neurotransmitter mol-
ecules from motor-nerve terminals onto muscle fibers. Strength of
contraction depends on high-frequency stimulation of the nerve,
which induces short-term increases in neurotransmitter release
through presynaptic facilitation. Neurotransmitter release is initi-
ated via calcium influx through voltage-gated calcium channels,
which are regulated by calcium sensor (CaS) proteins. We found
that genetically modified mice with a mutation in the binding site
for CaS proteins on presynaptic calcium channels have reduced
synaptic facilitation during high-frequency stimulation, resulting
in reduced muscle strength, endurance, and coordination. Our
results demonstrate critical roles for the regulation of calcium
channels by CaS proteins in short-term presynaptic facilitation,
with important consequences for motor control and muscle
function in vivo.
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Fig. 1. Mutation of the IM motif of Cay2.1 channels does not affect basal
synaptic transmission in NMJ synapses. (A) Example of mEPPs in WT (black) and
IM-AA (red) mice. (B) Average mEPP amplitude in WT (black; n = 10) and IM-AA
(red; n = 12) mice. (C) Average mEPP frequency in WT (black; n = 10) and IM-AA
(red; n = 12) mice. All recordings were made in the presence of 2 mM Ca?*.

IM-AA mutation did not affect basal neuromuscular transmission;
however, this mutation blocked short-term synaptic facilitation
in response to paired stimuli with short interstimulus intervals
(ISIs). Similarly, during high-frequency trains in which the in-
tervals between stimuli are short, the IM-AA mutation reduced
synaptic facilitation. In contrast, during trains of stimuli at low
frequency with long ISIs, the IM-AA mutation slowed synaptic
depression and thereby allowed increased synaptic facilitation.
Hindlimb tibialis anterior (TA) muscles of IM-AA mice exhibited
reduced peak specific force at 50-Hz stimulation, along with in-
creased muscle fatigue. These defects in muscle function were ac-
companied by impaired motor control, reduced exercise capacity,
and loss of grip strength in IM-AA mice in vivo.

Forceful muscle contractions require high-frequency stimula-
tion by the presynaptic motor nerve. Therefore, our results with
IM-AA mice link reduced paired-pulse facilitation (PPF) at short
ISIs and reduced facilitation during high-frequency trains of stimuli
at the cellular level with impaired strength, coordination, and ex-
ercise capacity in vivo. These findings demonstrate a critical role
for the modulation of Cay?2.1 channels by CaS proteins in regu-
lating short-term synaptic plasticity, with important consequences
for muscle strength and motor control.

Results
Spontaneous and Nerve-Evoked Neuromuscular Transmission in IM-
AA Mice. To examine the effect of the IM-AA mutation on synaptic
function, we first evaluated spontaneous neurotransmitter release by
analyzing miniature endplate potentials (mEPPs) from WT and IM-
AA synapses at NMJs in the forelimb epitrochleoanconeus (ETA)
muscle, which is ideal for electrophysiological recordings (19, 20).
We quantified the amplitude (Fig. 1 4 and B) and frequency (Fig. 1
A and C) of mEPPs and found no difference in spontaneous synaptic
transmission between WT and IM-AA NMIJ synapses. We then
evaluated the effect of the IM-AA mutation on nerve-evoked syn-
aptic transmission (Fig. 2. 4-C). We found that the amplitude of the
first EPP elicited by stimulation of the nerve (Fig. 2B), the threshold
for evoking muscle contraction (Fig. 2C), and the quantal content of
the EPPs (Fig. 2D) were indistinguishable in WT and IM-AA mice.
Neuromuscular transmission in neonatal skeletal muscle is
initiated by both Cay?2.1 and Cay2.2 channels, whereas Cay2.1
channels exclusively initiate neuromuscular transmission in adult
muscle (21, 22). We examined whether the IM-AA mutation up-
regulates Cay2.2 channels by recording evoked synaptic trans-
mission from WT and IM-AA NMlJs after blocking Cay2.2
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Fig. 2. Mutation of the IM motif of Cay2.1 channels impairs synaptic facilitation in paired-pulse stimuli. (A) Example paired EPP from NMJ synapses at a
15-ms ISl in WT (black) and IM-AA (red) preparations. (B) Mean amplitudes of EPPs in response to the first stimulus in WT (black; n = 11) and IM-AA (red; n =
20). (C) Threshold stimuli for evoking muscle contraction in WT (black; n = 9) and IM-AA (red; n = 13) mice. (D) Average quantal content in WT (black, n = 10)
and IM-AA (red; n = 12) mice. (E) Percentage block of EPP amplitude by w-Aga-IVA in WT (black; n = 3) and IM-AA (red; n = 3) mice, and by o-conotoxin GVIA in
WT (gray; n = 3) and IM-AA (pink; n = 3) mice. (F) PPR plotted as a function of ISl in WT (black; n = 16) and IM-AA (red; n = 23) mice. All recordings were
made in the presence of 0.75 mM Ca?*, except for measurements of quantal content, which were done in the presence of 2 mM Ca?*. *P < 0.05; **P <

0.01; ***P < 0.001.
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channels by application of w-conotoxin GVIA. We found that
IM-AA synaptic transmission remained unaffected by the Cay2.2
channel block, whereas it was completely abolished when Cay 2.1
channels were blocked by application of w-agatoxin IVA (Fig.
2F). Taken together, these results show that inserting the IM-AA
mutation in endogenous Cay2.1 channels does not alter either
spontaneous neurotransmitter release or basal nerve-evoked
synaptic transmission at NMJs.

Short-Term Synaptic Plasticity in IM-AA Mice. Because the IM-AA
mutation impaired short-term plasticity in cultured superior
ganglion neurons expressing exogenous Cay 2.1 channels (14), we
investigated whether short-term facilitation is impaired by the
IM-AA mutation in NMJs of ETA muscle fibers. We evaluated
short-term plasticity at ISIs ranging from 15 to 100 ms (Fig. 2 4
and F). WT NMJ synapses exhibited significant PPF at ISIs of
15 ms and 20 ms, which was abolished in IM-AA NMJ synapses
(Fig. 2 A and F); however, IM-AA synapses retained more fa-
cilitation at long ISIs (e.g., 100 ms).

To examine whether the reduction in paired-pulse ratio (PPR)
at short ISIs is caused by a change in initial neurotransmitter

_.
N

-
N

o
©

Normalized amplitude
<

I
i

o
3

0.9

Normalized amplitude
<

0.8

0.7

=
3

Normalized amplitude

2 4 6 8 10
EPP #

release probability, we quantified the amplitude of the first EPP
for WT and IM-AA synapses, and found no difference between
them (Fig. 2B). Taken together, our results show that the IM-AA
mutation in Cay2.1 channels impairs short-term facilitation in
NMJ synapses without altering basal synaptic transmission.

Short-Term Synaptic Plasticity in Trains of Stimuli in IM-AA Mice. To
investigate whether impaired short-term facilitation is also ob-
served for EPPs evoked by trains of action potentials, we eval-
uated short-term synaptic plasticity during trains of stimuli
presented at different frequencies. Repetitive stimulation at
10 Hz produced only depression of EPPs in WT NMJ synapses,
whereas stimulation at 20-100 Hz resulted in facilitation fol-
lowed by depression (Fig. 3 A-D, black). Stimulation at 50 Hz
and 100 Hz (Fig. 3 C and D, black) substantially increased the
level of facilitation compared with stimulation at 10 Hz or 20 Hz
in WT synapses (Fig. 3 4 and B, black). In contrast, NMJ syn-
apses from IM-AA mice exhibited more facilitation, followed by
very slow depression at 10-20 Hz, as if impaired depression
allowed the accumulation of weak facilitation in repetitive
stimuli (Fig. 3 4 and B, red). The increased facilitation observed
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Fig. 3. Mutation of the IM motif of Cay2.1 channels slows both facilitation and depression in trains of stimuli. (A-D) Average normalized peak amplitudes of
evoked EPPs during trains in WT (black) and IM-AA (red) mice. (A) 10 Hz: WT, n = 11; IM-AA, n = 7. (B) 20 Hz: WT, n = 11; IM-AA, n = 9. (C) 50 Hz: WT, n = 15;
IM-AA, n = 21. (D) 100 Hz: WT, n = 12; IM-AA, n = 24. (E) Average normalized peak amplitude of evoked EPPs during trains at frequencies from 10 Hz to
100 Hz in WT mice. (F) Average normalized peak amplitude of evoked EPPs during trains at frequencies from 10 Hz to 100 Hz in IM-AA mice. All recordings
were made in the presence of 0.75 mM Ca%*. The dotted line in E and F indicates 1.0, no facilitation or depression. *P < 0.05; **P < 0.01; ***P < 0.001.
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for WT synapses at stimulus frequencies of 50 Hz and 100 Hz
was lost in IM-AA synapses (Fig. 3 C and D, red), suggesting that
this component of synaptic facilitation observed at high frequencies
of stimulation requires facilitation of Cay2.1 channels. Thus, the
IM-AA mutation reduced short-term facilitation and slowed short-
term depression, altering the frequency-dependent information
processing in response to trains of action potentials. The mutation
also blocked a specific component of synaptic facilitation observed
at stimulus frequencies of 50 Hz and 100 Hz, which are required to
generate peak force of muscle contraction (23, 24).

In classical studies of the frog NMJ, synaptic facilitation was
found to be both frequency- and Ca**-dependent (1). Facilitation
at the NMJ of ETA muscles is also frequency-dependent (Fig. 3E).
Surprisingly, the frequency dependence of facilitation is almost
completely lost in NMJs of IM-AA mice (Fig. 3F). Therefore, the
component of synaptic facilitation that requires regulation of Cay2.1
channels by CaS proteins may be essential for frequency-dependent
facilitation at mammalian NMJs. This specific component of fa-
cilitation that confers frequency dependence may be related to the
F1 component of facilitation described at frog NMJs, which decays
with a time constant of ~60 ms (25).

Force of Contraction in IM-AA Mice. To investigate the physiological
role of the IM-AA mutation in vivo, we evaluated hindlimb muscle
function in response to nerve stimulation at different frequencies
(Fig. 44). We found that the peak specific force of the IM-AA
muscle was decreased by 27% compared with WT at 50 Hz (Fig. 4
A and B), the frequency at which the greatest loss of synaptic fa-
cilitation occurs (Fig. 3C). At that frequency, normalized peak
specific force during each stimulus was significantly smaller com-
pared with that in WT during the first four pulses (Fig. 4 B and C),
in correlation with the reduction of synaptic facilitation in the first
four stimuli of trains at 50 Hz (Fig. 3C). In addition to the re-
duction in specific force, we found that compared with WT, IM-
AA muscles fatigued to a greater extent after 2 min (Fig. 4 D and
E). In contrast, recovery from fatigue was similar in the IM-AA
and WT mice (Fig. 4F). Taken together, these results show that

the IM-AA mutation impairs in vivo muscle function in response
to direct nerve stimulation at the same frequency and in the same
pattern as its impairment of synaptic facilitation.

Coordination, Strength, and Exercise Capacity of IM-AA Mice. Be-
cause the reduced specific force and increased fatigue in IM-AA
muscles suggested that muscle function would be compromised
in vivo, we tested the IM-AA mice for motor control, exercise
capacity, and grip strength. In the rotarod test of muscle strength
and coordination, IM-AA mice fell from the rotarod significantly
faster than WT mice in all trials (Fig. 54), indicating impaired
motor control in the IM-AA mice. Even in the first trial, IM-AA
mice remained on the rotarod for a significantly shorter time.
Although the performance of IM-AA mice improved, indicating
significant motor learning capacity, their performance remained
lower than that of WT mice throughout the series of trials (Fig. 54).

To test for muscle strength in vivo, we measured grip strength
in WT and IM-AA mice. We found significantly reduced peak
forelimb force in the IM-AA mice (Fig. 5B), suggesting that these
mice were weaker than the WT mice, even though their average
body weight was similar (Fig. 5C). To directly test for muscle en-
durance, we evaluated the exercise capacity of IM-AA mice on an
inclined treadmill with an electrical grid to provide a shock at the
bottom. Compared with the WT mice, the IM-AA mice ran a
significantly shorter distance before exhaustion (Fig. 5D), indi-
cating decreased maximal exercise capacity. Taken together,
these data reveal that the IM-AA mutation in presynaptic Cay2.1
channels greatly impairs muscle performance in vivo.

Discussion

Our results show that regulation of Cay?2.1 channels by CaS pro-
teins in native NMJ synapses contributes substantially to short-
term plasticity. Both short-term facilitation and short-term
depression were impaired and their temporal pattern was altered
by the IM-AA mutation in the CaS-binding site in the C termini
of Cay2.1 channels. These impairments in short-term plasticity in
IM-AA synapses were coupled to decreased peak specific force
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Fig. 4.

IM-AA mice exhibit impaired muscle function during direct nerve stimulation. (A) Specific force of TA muscle measured at various stimulation fre-

quencies in WT (black; n = 4) and IM-AA (red; n = 4) mice. (B) Representative traces showing the force peaks during each stimulus in WT (black) and IM-AA
(red) muscles stimulated at 50 Hz. (C) Pooled data showing the force peaks, normalized to the first peak, for each stimulus of a 50-Hz contraction in WT (black;
n =4) and IM-AA (red; n = 4) mice. (D) Representative traces showing the force decline during a muscle fatigue protocol over 2 min in WT (black) and IM-AA
(red) mice. (E) Pooled data showing the force after 1 min or 2 min of fatigue in WT (black; n = 5) and IM-AA (red; n = 5) mice. (F) Pooled data showing the
force recovery for 10 min after muscle fatigue in WT (black; n = 5) and IM-AA (red; n = 5) mice. *P < 0.05; **P < 0.01.
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Fig. 5. IM-AA mice have impaired motor control, muscle strength, and exercise
capacity. (A) Average time to fall from the rotating rod plotted against trials
in WT (black; n = 14) and IM-AA (red; n = 17) mice. (B) Average forelimb force
in WT (black; n = 18) and IM-AA (red; n = 20) mice. (C) Average body weight in
WT (black; n = 18) and IM-AA (red; n = 20) mice. (D) Average distance traveled
on the treadmill escaping an electrical shock in WT (black; n = 9) and IM-AA
(red; n = 12) mice. *P < 0.05; **P < 0.01; ***P < 0.001.

of muscle contraction and increased muscle fatigue. IM-AA mice
also had impaired motor function, with decreased muscle strength
and coordination, and decreased exercise capacity. Overall, our
results forge a causal link between regulation of Cay2.1 channels
by CaS proteins and short-term synaptic plasticity, and provide
direct functional evidence for a key role of short-term synaptic
plasticity in muscle strength and motor control.

The IM-AA Mutation Impairs a Specific High-Frequency Component of
Short-Term Synaptic Plasticity at the NMJ. Consistent with previous
work on transiently transfected superior cervical neurons (14),
our results show that native NMJ synapses exhibit decreased fa-
cilitation in response to pairs or trains of high-frequency stimuli in
IM-AA mice. The specific effect of the IM-AA mutation to reduce
facilitation during trains of stimuli presented at 50 Hz and 100 Hz
exactly correlates with the frequency of stimulation that supports
forceful muscle contractions (23, 24); therefore, it is likely that the
facilitation of Cay2.1 channel activity and the resulting facilitation
of synaptic transmission contribute in an important way to the
development of peak force of contraction in skeletal muscle.

In contrast, when paired pulses or trains of stimuli were pre-
sented at low frequency, the IM-AA NMIJs exhibited increased
facilitation and slowed depression compared with WT NMIs.
Slowed inactivation of Cay2.1/IM-AA channels could account
for decreased depression at lower frequencies, given that the
synaptic depression caused by depletion of the readily releasable
pool of vesicles is minor at such frequencies (26). Evidently, the
IM-AA mutation alters the balance of synaptic facilitation and
synaptic depression at these lower stimulus frequencies. Alter-
ation of the balance of facilitation and depression in trains of

1072 | www.pnas.org/cgi/doi/10.1073/pnas.1524650113

stimuli at different frequencies would alter the encoding of
physiological information in neuromuscular transmission and
contribute to the loss of motor coordination in IM-AA mice.

Although the amplitude of facilitation is frequency-dependent
in WT synapses, synaptic facilitation in IM-AA synapses is small
(~10%), nearly independent of frequency, and very stable, show-
ing no noticeable decline in trains of 10 stimuli at 10-100 Hz. The
loss of frequency-dependent facilitation and the remaining stable,
frequency-independent facilitation also could contribute to the
abnormal encoding of physiological information and loss of co-
ordination of muscle function in IM-AA mice.

The IM-AA Mutation Reduces Muscle Strength. Impaired synaptic
plasticity at the NMJ during high-frequency stimulation would be
expected to have profound consequences for forceful contrac-
tions in response to high-frequency stimulation of the motor
nerve (Fig. 4). Consistent with this expectation, we found sig-
nificantly decreased peak specific force and increased muscle
fatigue in IM-AA TA muscles in response to high-frequency
stimulation. Such reduced muscle strength would have profound
effects at high exercise intensities in vivo.

Impaired Motor Control, Exercise Capacity, and Muscle Strength in
IM-AA Mice. Decreased strength and enhanced fatigue of muscles
in IM-AA mice would be expected to cause significant impair-
ment of strength, coordination, and endurance in vivo. We found
decreased grip strength, impaired motor coordination on the rotarod
test, and loss of endurance in forced exercise on the treadmill test.
Overall, these results reveal a substantial functional role for reg-
ulation of Cay2.1 channels by CaS proteins in maintaining strong
and precise motor function.

Regulation of Cay2.1 Channels and Short-Term Synaptic Plasticity.
This study adds to a growing body of evidence supporting an im-
portant role for regulation of Cay2.1 channels in short-term syn-
aptic plasticity. In the calyx of Held synapse, Cay2.1 channels are
required for synaptic facilitation, and both synaptic facilitation
and depression are correlated with the facilitation and inactivation
of P/Q-type Ca”* currents (26-29). In transfected superior cervical
ganglion neurons, facilitation requires the expression of Cay2.1
channels and is blocked by the IM-AA mutation (14). Moreover,
expression of CaS proteins can change the mode of synaptic plas-
ticity from facilitation to depression and vice versa (17, 18). The
results presented here and in the accompanying report on hip-
pocampal synapses provide, to our knowledge, the first reported
evidence that regulation of Cay2.1 channels by CaS proteins is
required for normal facilitation and depression in native synapses,
and that failure of regulation of Cay2.1 channels has crucial
consequences for in vivo physiology of nerve and muscle.

Materials and Methods

Animals. IM-AA mice with a mutation in the IM motif of Cay2.1, in which
1le1913-Met1914 were changed to Ala1913-Ala1914 via conversion of the
nucleotide sequence ATCATG to GCCGCT, were generated by Ingenious
Targeting Laboratory. The mutation (within exon 40) was generated by PCR
mutagenesis and confirmed by sequencing. Traditional blastocyst injection
of ES cells expressing the targeting vector resulted in chimeric mice. These
chimeric mice were mated first to generate heterozygotes, which were then
backcrossed for 10 generations with C57BL/6J to generate homozygous IM-
AA mutant mice in a pure genetic background. The experimenter was blind
to genotype during all experiments with intact animals. All experiments
were performed according to the guidelines for the care and use of
animals approved by the Institutional Animal Care and Use Committee at
the University of Washington.

Intracellular Recordings at Mouse NMJs. Sharp electrode intracellular recordings
were made from an ex vivo nerve-ETA muscle preparation (19, 20) isolated from
WT and IM-AA mice (8-12 wk old). The ETA muscle, located on the medial
surface of the upper forelimb, contains ~380 muscle fibers (~35 pm diameter,
9 mm long). It is a thin layer of muscle, ~5-10 fibers thick, making it ideal for
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intracellular recording (30). This ex vivo nerve-muscle preparation was
placed in a bath containing 118 mM NaCl, 3.45 mM KCl, 11 mM glucose,
26.2 mM NaHCO;, 1.7 mM NaH,PO,4, 0.7 mM MgCl,, and 0.75 mM CaCl,,
pH 7.4. The nerve was stimulated with a suction electrode to evoke EPPs, and
muscle contraction was blocked by exposure to 1 pM p-conotoxin GIIIB
(Peptides International). Borosilicate electrodes (~40-60 MQ) were filled with
3 M potassium chloride. EPP amplitudes were averaged and normalized to
the first EPP of each trial and plotted against the EPP number. mEPPs were
recorded for 2 min in each muscle fiber, followed by single nerve-evoked
synaptic activity (20 EPPs) collected with an ISl of 5 s. Recordings of mEPPs
were made in the presence of 2 mM CaCl, Quantal content was calculated
by dividing the evoked EPP amplitude recorded in 2 mM Ca?* by the mEPP
amplitude in 2 mM Ca*. All data are presented as mean + SEM. Statistical
significance was calculated using the Student’s t test.

Skeletal Muscle Contraction. TA muscle function of WT and IM-AA mice (8-11 wk
old) was measured in situ as described previously (31). In brief, mice were
anesthetized with Avertin (625 mg/kg i.p.) and placed on a heated metal
platform (~37 °C). The distal TA tendon was dissected and sutured to the
lever arm of the force/length control system (305C-LR; Aurora Scientific).
Muscle contraction was provided by sciatic nerve stimulation. A length—force
curve was produced by stimulation at 70 Hz (200-ms duration) every 90 s
from short to long muscle lengths, to establish the optimum length for peak
force production. At the optimum length, a force-frequency curve was then
measured over a range of stimulation frequencies from single twitch to 200 Hz.
At each frequency, the stimulation time was kept constant at 200 ms. Specific
force was calculated by dividing force values by the muscle cross-sectional
area (mN/mm?). A protocol to assess muscle fatigue was then carried out. The
muscle was stimulated at 120 Hz (200-ms duration) every 2 s, for a total of
2 min. Fatigue recovery was measured every 2 min up to 10 min postfatigue.
All data are presented as mean + SEM. Statistical significance was calculated
using the Student’s t test.

Rotarod Test. Motor control was examined using an automated five-lane
rotarod unit (Rotarod; IITC Life Science). On the first day, mice (8-12 wk old)
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were habituated to the rotarod for 5 min and then became familiar with the
rotarod by being subjected to one trial. Then the animals were tested for 3d
with five trials each day. The rotarod was set to accelerate from 4 to 40 rpm
over a maximum of 5 min. Mice were given 30-min rest in between trials to
prevent stress and fatigue. The duration that each animal was able to stay
on the rotating rod was recorded as time period to fall. All data are pre-
sented as mean + SEM. Statistical significance was calculated using the
Student’s t test.

Grip Strength Test. The grip strength test was used to measure neuromuscular
function as the maximal muscle strength of forelimbs in 8- to 12-wk-old mice.
Maximal muscle strength was assessed by the grasping force (in Newtons)
applied by the mouse on a grid that was connected to a sensor. Three trials
were carried out in succession to measure forelimb strength. All data are
presented as mean + SEM. Statistical significance was calculated using the
Student’s t test.

Exercise Tolerance Test. The 8- to 12-wk-old mice were trained for 1 d on the
treadmill before the test day. On the training day, the mice were first ac-
climated to the treadmill chamber (Columbus Instruments) for 10 min. After
this short acclimation period, the belt, at a 5% incline, was started at a rate of
5 m/min. The speed was increased by 2.5 m/min every 3 min, with a maximum
speed of 20 m/min. The mice were motivated to run by a mild electric shocking
grid located at the back of the treadmill belt. On the test day, the mice ran
until exhaustion was reached, as defined by >5 s of consecutive contact with
the shock grid without an attempt to return to the treadmill. Total distance
was calculated based on speed and time. All data are presented as mean +
SEM. Statistical significance was calculated using the Student'’s t test.
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