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ARTICLE INFO ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the initial denervation of
skeletal muscle and subsequent death of motor neurons. A dying-back pattern of ALS suggests a crucial role for
neuromuscular junction dysfunction. In the present study, microelectrode recording of postsynaptic currents and
optical detection of synaptic vesicle traffic (FM1-43 dye) and intracellular NO levels (DAF-FM DA) were used to
examine the effect of the major brain-derived cholesterol metabolite 24S-hydroxycholesterol (24S-HC, 0.4 uM)
on neuromuscular transmission in the diaphragm of transgenic mice carrying a mutant superoxide dismutase 1
(SOD9%3*). We found that 24S-HC suppressed spontaneous neurotransmitter release and neurotransmitter
exocytosis during high-frequency stimulation. The latter was accompanied by a decrease in both the rate of
synaptic vesicle recycling and activity-dependent enhancement of NO production. Inhibition of NO synthase
with L-NAME also attenuated synaptic vesicle exocytosis during high-frequency stimulation and completely
abolished the effect of 24S-HC itself. Of note, 24S-HC enhanced the labeling of synaptic membranes with B-
subunit of cholera toxin, suggesting an increase in lipid ordering. Lipid raft-disrupting agents (methyl-B-cyclo-
dextrin, sphingomyelinase) prevented the action of 24S-HC on both lipid raft marker labeling and NO synthesis.
Together, these experiments indicate that 24S-HC is able to suppress the exocytotic release of neurotransmitter
in response to intense activity via a NO/lipid raft-dependent pathway in the neuromuscular junctions of SOD%3*
mice.
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1. Introduction

A disturbance in synaptic communication lies at the heart of many
neurodegenerative diseases and pharmacological approaches that act
on the synaptic level are sought as a potential strategy for treatments.
Amyotrophic Lateral Sclerosis (ALS) is a fatal disease leading to the
progressive loss of both upper and lower motor neurons. Transgenic
mice expressing a mutant copper/zinc superoxide dismutase 1 (SOD)
gene develop a motor neuron disease resembling human ALS and they
are commonly used as models for it (Gurney et al., 1994; Narai et al.,
2009; Duplan et al., 2010; Gordon et al., 2010; Cappello et al., 2012;
Rocha et al., 2013; Nascimento et al., 2015). Studies of SOD%**” mice
show a pattern of dying-back pathology (Nijssen et al., 2017). The
earlier event in the ALS represents a denervation of neuromuscular
junctions (NMJs) that occurs before the death of motor neurons (Fischer
et al., 2004; Narai et al., 2009). Histological and electrophysiological
studies reveal a similar pattern in ALS patients (Fischer et al., 2004;

Nijssen et al., 2017). Together, these results suggest that NMJs are
particularly vulnerable to damage in the progression of ALS, and sug-
gest that this finally leads to diaphragm paralysis and respiratory
failure, causing death. Early changes in neurotransmitter release were
revealed at the NMJs in soleus muscle of SOD®*’R mice and in the
diaphragms of SOD®?*A mice (Naumenko et al., 2011; Rocha et al.,
2013; Nascimento et al., 2015; Arbour et al., 2015). In addition, a
dysfunction of some proteins engaged in synaptic vesicle recycling and
a reduction of the total size of the synaptic vesicle pool may be involved
in ALS pathology (Cappello et al., 2012; Liu et al., 2015; Coyne et al.,
2017).

ALS has also been found to be associated with marked changes in
lipid metabolism, including cholesterol homeostasis (Wuolikainen
et al., 2014; La Marca et al., 2016; Abdel-Khalik et al., 2017). According
to some studies, hyperlipidemia is directly correlated with better sur-
vival in patients with ALS and lowering the levels of plasma cholesterol
by statins may accelerate the disease progression (Dupuis et al., 2008;
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Zheng et al., 2013). Dyslipidemia and hypercholesterolemia may be
accompanied by elevated plasma level of 24S-hydroxycholesterol (24S-
HC), a major brain-derived cholesterol metabolite (Leoni and Caccia,
2013; Dumolt et al., 2017). In contrast to the CNS, where the con-
centration of 24S-HC varies in the range 10-30 uM (Liitjohann et al.,
1996), the total plasma level of 24S-HC is about 0.2 uM, or 80 ng/ml in
healthy volunteers (Babiker and Diczfalusy, 1998; Leoni and Caccia,
2013). The concentrations found in mouse plasma are lower than in
human ranging from about 6 to 25 ng/ml in mice (Shafaati et al., 2010;
Crick et al.,, 2015). Plasma level of 24S-HC may be significantly
changed in some pathological conditions in a stage-dependent manner
(Meng et al., 1997; Leoni and Caccia, 2013). In patients with some
forms of neurodegeneration, an enhancement of 24S-HC production
occurs in the early stage of the disease and then its synthesis is mark-
edly reduced during the progressive neuronal loss (Leoni and Caccia,
2013; Petrov et al., 2017a). This may explain some discrepancies in
measurements of 24S-HC. Wuolikainen et al. (2014) found that the
plasma concentration of 24S-HC was increased (from 62 to 71 ng/ml) in
females with ALS. By contrast, other studies revealed reduced levels of
24S-HC in cerebrospinal fluid and plasma (from 89 to 42 ng/ml) of ALS
patients (La Marca et al., 2016; Abdel-Khalik et al., 2017).

Our recent study revealed that 24S-HC, at submicromolar range,
could enhance synaptic vesicle cycling and affect retrograde NO sig-
naling at the mouse NMJs (Kasimov et al., 2017). Given the dying-back
pattern of pathology, early disturbance of NMJ functionality, re-
spiratory dysfunction, and a potential implication of 24S-HC in the
progression of ALS, it seems interesting to study the effect of 24S-HC on
synaptic transmission in the diaphragm of SOD%3* mice. Here, we
report that 24S-HC (0.4 uM) suppresses both spontaneous release and
evoked release during intense activity. The latter is dependent on both a
decrease in the rate of synaptic vesicle retrieval and attenuation of
activity-induced NO signaling via a lipid raft-dependent mechanism.

2. Methods
2.1. Ethical approval

This investigation conforms to the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, revised 1996) and
European Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes (Council of Europe No 123,
Strasbourg, 1985). Experiments were performed on the isolated dia-
phragm muscle of SOD®%*” transgenic mice at the symptomatic disease
stage (Gurney et al., 1994), characterized by paralysis of the hind limbs
(6-7 months of age). Mice transgenic for the SOD1%°** mutation on a
B6SJL background (B6SJL-Tg(SOD1-G93A)dI1Gur/J strain; purchased
from The Jackson Laboratory) that harbor the mutated allele of the
human SOD1 gene were maintained as a hemizygous line in an SPF-
breeding facility (Branch of Shemyakin and Ovchinnikov Institute of
Bioorganic Chemistry, Pushino). The onset of the disease phenotype is
delayed compared to the original high copy number strain (SOD1
G93A)1Gur, due to a decrease in transgenic copy number. Age-matched
outbred B6/SJL mice, referred to as wild-type (WT), were used for
comparison; they were exposed to the same conditions as the SOD1¢%4
mice. Mice had free access to food and water and were maintained in a
12-h light/12-h dark cycle.

Both male and female mice were used in equal proportions.
Experiments without (control) and with application of 24S-HC were
performed in tandem on both hemidiaphragms. Animals were an-
esthetized by an intraperitoneal injection of sodium pentobarbital
(40 mg/kg) before decapitation with a guillotine. The chest was then
immediately opened and the muscle quickly excised. The experimental
protocol met the requirements of the EU Directive 2010/63/EU and was
approved by the Bioethics Committees of Kazan Medical University.
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2.2. Bathing solution and chemicals

Hemidiaphragms with a phrenic nerve were attached to the bottom
of a Sylgard-lined chamber (volume, 5ml), which was superfused at
5ml'min~"! throughout the experiment with mammalian physiological
saline containing (in mM): NaCl-129.0, KCI-5.0, CaCl,-2.0, MgS04-1.0,
NaH,PO,-1.0, NaHCO3-20.0, glucose-11.0 and HEPES-3.0. The solution
was saturated with a 5% CO, and 95% O, mixture to maintain pH.
Experiments were performed at 24-25 °C which allows the muscle to
maintain a stable level of neurotransmitter release for a long period
(Glavinovi¢, 1979) and to prevent rapid leakage of fluorescent dye
(DAF-FM) from the cytosol (Pye et al., 2007). The phrenic nerve was
stimulated with a suction electrode connected to an extracellular sti-
mulator (DS3 Digitimer Ltd., UK) by supramaximal electrical pulses of
0.1 ms duration. In some experiments (electrophysiology and FM1-43/
DAF-FM fluorescence), the muscle fibers were cut transversely to pre-
vent muscle contractions and to simultaneously maintain the physio-
logical level of quantal release of acetylcholine.

24S-HC (Enzo Life Sciences) was dissolved in DMSO (the final
concentration of DMSO in the working solution did not exceed
0.001%). The concentration of 24S-HC was 0.4 uM, which is sufficient
to evoke a submaximal effect on synaptic vesicle exocytosis at the NMJs
of WT mice (Kasimov et al., 2017). Preparations were treated with
0.4 uM 24S-HC for 15min before high-frequency stimulation. DMSO
(0.001%) by itself did not alter any of the measured parameters
(spontaneous or evoked postsynaptic currents; labeling with FM1-43,
DAF-FM and CTxB), consistent with our previous observation (Kasimov
et al., 2017). Therefore the data from DMSO controls were pooled to-
gether with DMSO-free controls.

Nw-nitro-r-arginine methyl ester hydrochloride (100 uM L-NAME,
an inhibitor of NO synthase) was added to the external solution 30 min
before 24S-HC treatment and remained in the bath throughout the
experiment. In some experiments, we used a 10 min treatment with
methyl-f-cyclodextrin (MBCD, 0.1 mM) or sphingomyelinase (SMase,
0.1 u/ml; from Staphylococcus aureus, Sigma) to disrupt lipid rafts.
Under these conditions, MBCD or SMase was added after 15 min ap-
plication of 24S-HC. The osmolarity of the solution was adjusted when
the reagents were added to physiological solution.

2.3. Electrophysiology

Recording of postsynaptic end-plate currents (EPCs) and miniature
EPC (MEPCs) was performed using standard two-electrode voltage
clamp technique with intracellular glass microelectrodes (tip diameter
~1 pm, resistance 3-5M, filled with 2.5 M KCI). The junctional zone
was located between two microelectrodes separated by distance of
~200-300 um. The holding potential for the cut muscle fibers was kept
at —45mV (leak current in the range of 10-30nA, <10% of EPC
amplitudes). The motor nerve was stimulated by single (1 stimulus in
20s) or high-frequency trains (20 Hz) of suprathreshold pulses. The
recorded signals were digitized at 50 kHz and analyzed off-line using PC
software. Recording instrumentation consisted of an Axoclamp 900 A
(Molecular devices, USA) amplifier and LA II digital I/O board
(Pushino, Russia) under the control of locally written software.

2.4. Fluorescence microscopy

Fluorescence images were acquired using an Olympus BX51WI mi-
croscope with a confocal attachment Disk Speed Unit and LumPlanPF
100 xw objective. Images were captured with DP71 CCD camera
(Olympus). Image analysis was performed using Cell"P (Olympus) and
ImagePro software (Media Cybernetics, Bethesda, MD, USA). Multiple z
axis optical sections were taken using a focus stepper (ECO-MOT).
Intensity analysis was made on regions of interest in arbitrary units
(a.u.), which were then converted into percentages. Only nerve term-
inals on surface muscle fibers were studied. All dyes were from
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2.5. Loading and unloading of FM1-43

The fluorescent dye FM1-43 was used for tracking the rate of
exocytosis. FM1-43 reversibly binds to the surface membranes and
becomes loaded in the synaptic vesicles during endocytosis. Trains of
20 Hz stimulation for 1 min were used to load FM1-43 into the nerve
terminals. The dye (5uM) was present in the bath during and 5min
after stimulation. The muscles were then washed with physiological
saline containing ADVASEP-7 (3uM) for 15min to accelerate dis-
sociation of FM1-43 from the plasma membranes and to decrease non-
specific staining. The phrenic nerve was re-stimulated at 20 Hz to in-
duce synaptic vesicle exocytosis, which leads to a decrease in fluores-
cence of the nerve terminals (dye unloading). For estimating the effect
on exocytosis, drug application was performed after ADVASEP-7 per-
fusion. To record FM1-43 fluorescence intensity we used a 480/20 nm
excitation filter, a 505 nm dichroic mirror and a 535/40 nm emission
filter. Background fluorescence was estimated as the mean fluorescence
intensity in an area (4 x 20 um?) outside of the nerve terminal. Nerve
terminal fluorescence intensity was defined as the average pixel in-
tensity in regions of interest, drawn manually, after subtraction of
background fluorescence. For analysis of the kinetics of unloading, the
value of the initial nerve terminal fluorescence (before stimulation) was
taken as 1.0.

2.6. Estimation of recycling time

FM1-43 unloading curves give an indication of the number of sy-
naptic vesicles that release FM1-43 by exocytosis. After the exocytotic
events, both neurotransmitter and FM1-43 are lost from the fused ve-
sicles and newly formed vesicles contain little or no dye. Exocytosis of
recycled vesicles during continued stimulation will produce neuro-
transmitter release, but no decrease in FM1-43 fluorescence. The cu-
mulative EPC amplitude curves indicate the amount of neuro-
transmitter released due to all exocytotic events. Superposition of the
scaled inverted FM1-43-loss curve and the summed EPC amplitude
curve allows us to estimate the mean time of synaptic vesicle recycling
(Reid et al., 1999; Rizzoli and Betz, 2005). This time is determined by
the point of divergence of the curves, i.e. when the rate of FM-1-43
destaining begins to delay compared to the rate of acetylcholine release.

2.7. Measurements of nitric oxide (II)

Products of NO oxidation were detected using a DAF-FM-diacetate,
which was excited with 495/10nm light. To detect DAF-FM
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fluorescence, an emission filter that transmits light between 505 and
560 nm was used. The isolated muscles were incubated for 20 min with
4 uM DAF-FM-diacetate. After exposure to the dye, the hemidiaphragms
were perfused with physiological solution for 40-50 min and then
measurements of the fluorescence in the junctional region were per-
formed.

2.8. Labeling of lipid rafts

Ganglioside GM1, a well-established lipid raft component, was vi-
sualized after staining using Alexa Fluor 488-labeled cholera toxin
subunit B (CTxB), which is pentavalent for ganglioside GM1. The
hemidiaphragms were incubated for 20 min in physiological solution
with CTxB (1 pg/ml). The muscles were then washed for 30 min and
visualized. Treatment with 24S-CH occurred before CT-B staining.
Fluorescence was defined as the averaged fluorescence from pixels in
junctional membrane regions. Postsynaptic acetylcholine receptors
were labeled by exposing the preparation to 30 ng/ml of rhodamine-
conjugated a-bungarotoxin (Btx) for 20 min simultaneously with CTxB.
CT-B and Btx fluorescence was excited by light of 480/15nm and 555/
15nm wavelength; emission was recorded using band-pass filters
505-545 and 610-650 nm, respectively.

2.9. Statistical analysis

Statistical analysis was performed using Origin Pro 9.2 software
(OriginLab Corp.), assuming a significance level of 0.05. The results of
the experiments are presented as Mean *+ S.E.M., where n is the
number of independent experiments on different animals, with statis-
tical significance assessed by the Student's t-test or repeated one-way
ANOVA (for parametric data) followed by the Bonferroni post-hoc test
and Mann-Whitney test (for non-parametric data).

3. Results
3.1. Spontaneous and evoked neurotransmitter release

MEPCs were recorded prior to and during application of 0.4 uM 24S-
HC. No significant changes in the MEPC amplitude, rise- or decay time
were observed. However, 24S-HC significantly decreased MEPC fre-
quency (1.78 * 0.33s™ ! before and 0.63 + 0.18s™ ! after 24S-HC,
P < 0.01, paired t-test, n = 6 animals) in SOD1%°3* mice (Fig. 1A). In
control experiments without 24S-HC application, the frequency of
MEPCs was relatively stable (1.81 =+ 0.25s~! and after 15min
1.76 *+ 0.26s™ % n = 6 SOD1°°®** mice). On the other hand, under
conditions of low-frequency stimulation, the oxysterol had no



K.A. Mukhutdinova et al.

SOD** SQDS”A+24S-HC
0\

P

0\

vy

Molecular and Cellular Neuroscience 88 (2018) 308-318

(@)

100 N 200] :NT -

| e et o WT+24S-HC +24S-HC 120 4
= A D ;=
o s WT :t‘ 4 wr O
“l.l._l . Seomrty Il L poA =.. ..uj
O 50— AP lggn N o e e ele) ol Q 1004 SOD™* S 80

I L1 L SR OTT o
g N, 000 ] Pl T i %
S & . N * 3 ]
E [Ty : ‘il N SOD%* E BASTE
S 25- ! 50 * +24S-HC o -
€ SOD**+24S-HC = €40 8"
< <
0 T T T — T T T T T T T T
0 60 ) 120 180 0 60 .120 180 200 300 _ 400 500 600
Time, s Time, s Time, s

Fig. 2. 24S-HC-mediated changes in synaptic transmission during and after high frequency stimulation. A- Depression of EPC amplitude (in %) during 20 Hz-stimulation of the phrenic
nerve in 24S-HC-treated/non-treated SOD®?** mice and wild-type (WT) mice. Top, representative EPCs at 0, 60, 180 s of 20 Hz stimulation. B- Cumulative curves of the EPC amplitudes
(from A; in nA) during 3 min 20 Hz-stimulus train. Differences in the curve slopes suggest that pretreatment with 24S-HC suppressed neurotransmitter release induced by high-frequency
activity in SOD%?** mice. C- Recovery of the EPC amplitude after the 3 min 20 Hz-train. X-axis begins from 180 s, when the 20 Hz-stimulation was completed. A, C - Data are expressed as
percent change from the initial value before 20 Hz stimulation. B,C- *Asterisks display significant differences (P < 0.05) versus corresponding value in SOD®*** mice.

significant influence on EPC amplitude (P < 0.05 paired t-test, n = 6
animals), rise- and decay-time in SOD1%°3* mice (Fig. 1B). These data
suggest that 24S-HS suppressed spontaneous neurotransmitter release,
without affecting evoked release in response to a single stimulus at the
NMJ of ALS model mice. In contrast, in WT mice 24S-HC enhanced the
evoked neurotransmitter release at 0.05Hz stimulation (P < 0.05,
n = 6 animals), without changing the frequency of spontaneous exo-
cytosis (n = 6 animals) (Fig. 1). It should be noted that at rest, the
frequency of MEPCs was similar in WT (1.45 = 0.41s™ ', n = 8 ani-
mals) and SOD1%°%A mice.

Activation of the motor nerve at low frequency provokes exocytosis
of only a small part of the synaptic vesicle pool docked at the active
zone. High-frequency prolonged stimulation leads to recruitment of
additional synaptic vesicles to neurotransmitter release. Under these
conditions the maintenance of release is dependent on delivery of the
vesicles to the active zone and their reuse (Rizzoli and Betz, 2005;
Slater, 2015). A biphasic dynamic of EPC amplitude (comprising an
initial rapid decline and a “plateau” at a level of 65-70% of the pre-
stimulation value; P < 0.001, n = 8 animals) was observed during
3 min of 20 Hz-stimulation at the NMJs of WT mice (Fig. 2A). In con-
trast, in SOD®** mice this stimulation resulted in a 3-step change in the
EPC amplitude: a rapid drop followed by a 30s-plateau and then a
slower decline to 39.9 = 3.6% (P < 0.001, n = 7 animals) by the 3rd
min of the stimulus train. After treatment with 24S-HC, the plateau
phase disappeared at the NMJs of SOD1%°*A mice, and after the initial
rapid decline the EPC amplitude continued to drop (with a slower rate)
to 26.5 + 3.8% (P < 0.001, n = 8 animals) by the 3rd min of sti-
mulation (Fig. 2A). Since the MEPC amplitude was unchanged by 24S-
HC, summation of the EPC amplitudes during 3 min 20 Hz stimulation
provides an estimation of cumulative evoked neurotransmitter release.
Pre-treatment with 24S-HC significantly decreased the summed EPC
amplitude by 29.3 = 4.2% (P < 0.05) in SOD1%°** mice. Thus, 24S-
HC increased the rate of synaptic depression during prolonged 20 Hz-
stimulation, leading to a reduction in the cumulative acetylcholine re-
lease in NMJs of ALS model mice (Fig. 2B). In contrast, in WT mice 24S-
HC had the opposite effect on the rate of the synaptic depression and
total transmitter release in response to high frequency stimulation
(Fig. 2A, B; n = 8 animals). Note that the summed EPC amplitude was
lower by 23.9 + 3.5% (P < 0.05) at the NMJs of SOD1°%*# mice
compared with that of WT mice.

In addition, SOD%°** mice showed an impairment of recovery of the
EPC amplitude after a 20-Hz stimulus train. The amplitude reached only

85.4 = 6.4% (P < 0.05, n = 7 animals) 1 min after the end of 20 Hz
stimulation, while post-tetanic potentiation of the EPC amplitude was
detected at the NMJs of WT mice (n = 7 animals). Treatment with 24S-
HC interfered further with the EPC amplitude recovery in the SOD%?34
mice, with the amplitude reaching only 51.1 = 5.3% (P < 0.05,n =7
animals) by 1min after the end of 20 Hz-stimulation (Fig. 2C). This
suggests that application of 24S-HC may aggravate the impairment of
post-tetanic potentiation in the NMJs of SOD?3** mice. In contrast, in
WT mice the recovery of the EPC amplitude was slightly accelerated by
24S-HC (n = 7 animals). To exclude any change in the size of the
quanta or/and the sensitivity of postsynaptic receptors to acetylcholine,
we recorded the MEPCs immediately before and at the end of 20 Hz
stimulus train. No significant changes in the mean MEPC amplitude
were revealed in any experimental group (Suppl. 1).

It should be noted that for the electrophysiological experiments,
NMJs of SOD®?3** mice characterized by relatively high amplitude of
EPCs were chosen for recording. These NMJs had an initial quantal
content which is similar to that of WT mice.

3.2. FM1-43 loading and unloading. Estimation of vesicle recycling time

FM1-43 was loaded into nerve terminals by 1-min stimulation at
20 Hz. The mean value of FM1-43 fluorescence at the NMJs of SODS%4
mice (n = 25 animals) was similar to that of WT mice (n = 24 animals),
but a distribution of the fluorescence values was markedly different
(Fig. 3A). In SOD®®** mice, NMJs could be divided into two groups
characterized by high (I) and low (II) FM1-43 loading. A close to normal
distribution of the fluorescence intensities was observed in WT-mice.

After a 1-h rest period, the NMJs loaded with FM1-43 were re-sti-
mulated at 20 Hz to detect dye release due to synaptic vesicle exocytosis
(Fig. 3B, C). In WT mice, 24S-HC markedly accelerated the rate of FM1-
43 loss (n = 8 animals) compared to non-treated controls (n = 9 ani-
mals). In SOD*** mice, a rapid FM1-43 unloading occurred in the
NMJs with the initially high fluorescence (n = 7 animals; group [
Fig. 3B), whereas slow FM1-43-destaining kinetics were observed in the
NMJs with the initially low FM1-43 loading (n = 5 animals; group II;
Fig. 3C). Treatment with 24S-HC did not modify the nerve terminal
fluorescence at rest (Suppl. 2), but it reduced the rate of FM1-43 loss
during high frequency stimulation in both groups of NMJs (n = 6/7
animals for group I/1I). Surprisingly, this effect of 24S-HC was clearly
expressed only after the first 1-2min of 20 Hz stimulation, and the
initial phase of the FM1-43 unloading did not differ between the treated
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Fig. 3. Exo-endocytosis in the motor nerve terminals: effects of 24S-HC. A — Distribution of values of nerve terminal fluorescence in SOD%°** and WT mice. The FM1-43 was loaded into
the nerve terminals by 20 Hz stimulation for 1 min. Top, fluorescent images of the FM dye-loaded NMJs. X-axis — fluorescence intensity (8F) in a.u.; bin size is 2 a.u. for each bar. Y-axis —
number of NMJs with the corresponding mean fluorescence (“Count”). In contrast to WT mice, in SOD®*** mice there are two groups of the NMJs characterized by higher (I) and lower

(I) FM1-43 uptake. B/C — FM1-43 unloading curves in response to prolonged 20 Hz stimulation determined in the NMJs of SO

D3A mice with initially high (I group)/low (Il group)

fluorescence. The control unloading curve (WT mice) is shown in B/C as thin dashed curve. In addition, effect of 24S-HC in WT mice is shown in B. Y-axis, normalized fluorescence
intensity (8F/8Fmax), relative to the value before the onset of the 20 Hz stimulation. B, top - the fluorescent images of NMJs immediately prior to 20 Hz train (0) and at different times (in

s) during the stimulus train. A, B - scale bars — 10 pm.

and non-treated NMJs of SOD®32 mice (Fig. 3B, C). This gives rise to a
discrepancy because the FM-dye loss in the first minute of the stimu-
lation was not changed by 24S-HC, while the neurotransmitter release
was markedly suppressed at the same time in SOD®?** mice (Fig. 2A,
B). Comparison of the inverted unloading curve and the cumulative EPC
curve (see Methods) suggests that 24S-HC might increase or decrease
the time required for the synaptic vesicle recycling in SOD*** and WT
mice, respectively (Fig. 4). Taken together, these data suggest that
slower vesicle recycling suppresses neurotransmitter release during the
first minutes of 20 Hz activity in 24S-HC-treated NMJs of SOD%3*
mice.

It should be noted that the estimated recycling time in the NMJs
characterized by high initial FM1-43 loading and fast dye unloading
profile (group I) was about the same as in WT mice (Fig. 4). These data
suggest that the enhanced depression of neurotransmitter release
during high-frequency activity in SOD%?** mice (Fig. 2A,C) may be
explained by a reduction in the size of the synaptic vesicle pool that is
involved in recycling during intense activity without changing the rate
of vesicle recycling.

3.3. Involvement of NO in the effect of 24S-HC on synaptic vesicle
exocytosis

Recently, we have found that 24S-HC modulates synaptic vesicle
cycling during high-frequency activity by attenuating NO-dependent
signaling at the NMJs of WT mice (Kasimov et al., 2017). To estimate
the activity-induced changes in NO synthesis at the NMJs we used a
fluorescent dye, DAF-FM diacetate. DAF-FM fluorescence increased in
response to high frequency stimulation but the increase was greater in
the NMJs of SOD%3** mice than in the WT mice (Fig. 5A). In SOD%?34
mice, the fluorescence increased by 19 = 2% (n = 12 animals,
P < 0.01) versus 5.2 + 1.1% in the NMJs of WT mice (n = 10 ani-
mals, P < 0.05). Pre-incubation of the muscles from SOD®®** mice
with 24S-HC itself did not affect a DAF-FM fluorescence when com-
pared to non-treated samples (Suppl. 3), but it completely abolished the
enhancement of the DAF-FM fluorescence during high-frequency ac-
tivity (n = 11 animals). In WT mice, 24S-HC also significantly sup-
pressed the increase in DAF-FM fluorescence at 20 Hz stimulation
(n = 12 animals). These data indicate that 24S-HC has a similar effect
on NO production at the NMJs of SOD®?** and WT mice.

To test the influence of 24S-HC-mediated suppression of NO pro-
duction on synaptic vesicle exocytosis a NO synthase inhibitor, L-

Fig. 4. Estimation of synaptic vesicle recycling time at 20 Hz sti-
mulation. The inverted FM1-43 loss curve (gray lines; from Fig. 3B)
are scaled to fit the initial part of the corresponding cumulative EPC
amplitude curve (black lines; from Fig. 2B). The curves superimpose
well at early times, but diverge at about 60 s in 24S-HC non-treated
muscles or markedly greater and < 60 s in 24S-HC-treated NMJs of
SOD®**A and WT mice, receptively. This deviation (marked by
arrow) results from synaptic vesicle reuse during prolonged high-
frequency activity and indicates the average recycling time. For this

comparison, the curves with fast FM1-43 unloading profiles (group
I) were chosen because the recording of EPCs were performed only
in the NMJs of SOD®** mice characterized by relatively high
quantal content.
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Fig. 5. Involvement of NO in 24S-HC-mediated modulation of synaptic vesicle exocytosis. A — time course of DAF-FM fluorescence during 20 Hz stimulation of NMJs. The onset of 20 Hz
stimulation is marked by an arrow. A- at rest (without stimulation), DAF-FM fluorescence slowly decreased with time (a photobleaching curve; “no stim”, n = 10 animals). High-

frequency stimulation led to a slight or moderate increase in DAF-FM fluorescence in the NMJs of WT and SO

D%3A mice, respectively. 24S-HC pretreatment markedly inhibited the

enhancement of the DAF-FM fluorescence in the NMJs of both WT and SOD?** mice. Top, pseudocolor images captured at 0 and 10 min of the stimulus train. The corresponding intensity
scale is provided to the right (a.u.). Scale bar — 10 pm. Y-axis, shows normalized fluorescence intensity, with the initial fluorescence immediately prior to the stimulation taken as 1.0.
Asterisks display significant differences (P < 0.05) from corresponding values in 24S-HC untreated NMJs of SOD®?** mice. B - Influence of NO synthase inhibition with L-NAME on FM1-
43 unloading kinetics in 24S-HC-treated and untreated NMJs. Like 24S-HC, L-NAME alone suppressed or accelerated the rate of FM1-43 unloading in SOD%®** and WT mice, respectively

(compare with Fig. 3B). Co-treatment with L-NAME and 24S-HC had no significant cumulative effect, indicating a similarity in the pathway of their action both in SO!

D%3A and WT mice.

This also suggests that the NO synthesis inhibitor modifies vesicle exocytosis in opposite ways in SOD%?** and WT mice. (I) SOD%?** and (1) SOD?*A- graphs showing results obtained

from NMJs with fast and slow FM1-43 destaining profiles, respectively.

NAME, was applied (Fig. 5B). In SOD%*A mice, inhibition of NO
synthesis decreased the rate of FM1-43 dye unloading beginning after
1-2min of 20 Hz stimulation in the NMJs characterized by both high
(group I) and low (group II) initial fluorescence (n = 6/6 animals).
Under the conditions of NO synthase inhibition, 24S-HC had no addi-
tional influence on the kinetics of FM1-43 unloading in either group
(n = 6/6 animals). In WT mice (Fig. 5B), L-NAME itself accelerated the
rate of FM1-43 loss during high frequency stimulation (n = 10 animals)
and 24S-HC had no additional effect on the kinetics of dye unloading in
the L-NAME-treated muscles (n = 11 animals). These data suggest that
the mechanism by which 24S-HC modulates synaptic vesicle exocytosis
during high-frequency activity is related to a decrease in NO synthase
activity in the NMJs of both SOD** and WT mice: at the same time,
inhibition of NO synthesis has the opposite effects on the evoked exo-
cytosis in SOD®®*A versus WT mice.

3.4. Does 24S-HC modify NO production through a lipid raft-dependent
pathway?

Previously, we have shown that in WT mice 24S-HC acts on NO
production in a manner similar to the caveolin-1 scaffolding domain
peptide (Kasimov et al., 2017), which usually mimics the effects of raft-
resident proteins caveolins (Marchand et al., 2002; Gratton et al.,
2003). The lipid raft integrity may be required for caveolin-dependent
inhibition of NO synthase (Garcia-Cardena et al., 1997; El-Yazbi et al.,
2008; Hutchinson et al., 2009). Additionally, cholesterol-like molecules
can affect lipid-ordering in different cell types (Filomenko et al., 2015;
Kasimov et al., 2015, 2016; Gambert et al., 2017). Consequently, one of
the mechanisms for 24S-HC-dependent inhibition of the NO synthase
activity may be linked with lipid raft integrity. To test this proposal, the
membranes were stained with the lipid raft marker, CTxB. Additional
labeling with Btx was used to identify the NMJ region (Fig. 6A). In
SOD®3” mice, the number of NMJs having high and low CTxB fluor-
escence was increased compared to that in WT mice, while the average
intensity of CTxB fluorescence did not differ significantly between
SOD®?*A (n = 6 animals) and WT (n = 6 animals) mice. Application of
24S-HC increased the mean fluorescence of CTxB (but not in extra-
junctional regions; Suppl. 4) by 22.5 = 4.3% (P < 0.05; n = 7 ani-
mals) and 23.5 + 2.1% (P < 0.05; n = 6 animals) at the NMJs of
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SOD®?3A and WT mice, respectively (Fig. 6A, B). Note that the exposure
to 24S-HC did not change the Btx fluorescence (Suppl. 4). For lipid raft
manipulations, we used MBCD (at low concentration 0.1 mM) and
exogenous SMase (0.1 u/ml) which are able to disturb the lipid rafts
due to cholesterol redistribution and sphingomyelin hydrolysis. Indeed,
treatment with either MBCD or SMase reduced the CTxB fluorescence
by 14.8 £ 53% (P < 0.05; n=05 animals) or 22.7 *+ 4.8%
(P < 0.05; n =5 animals) in NMJs of WT mice, respectively. Both
MBCD (n =5 animals) and SMase (n = 5 animals) completely sup-
pressed the 24S-HC-induced enhancement of CTxB staining in WT mice
(Fig. 6B). These data suggest that 24S-HC could increase lipid raft
stability in the synaptic region. This effect is prevented by MBCD or
SMase.

Further, the idea that 24S-HC may suppress NO production by in-
creasing lipid-raft integrity has received support from the observation
that lipid-raft disrupting agents (MBCD or SMase) prevented the 24S-
HC-mediated suppression of NO synthesis during high-frequency sti-
mulation (n = 6/6 animals), while treatment with MBCD or SMase
alone had no significant influence on the dynamics of DAF-FM fluor-
escence at 20 Hz activity (n = 5/5 animals) in the NMJs of SOD%%4
mice (Fig. 6C). It should be noted that 0.1 mM MBCD did not decrease
the fluorescence of filipin III (a cholesterol binding antibiotic) in the
NMJs of mice diaphragm (Kravtsova et al., 2015). This suggests that
0.1 mM MPBCD disrupts lipid rafts by redistributing membrane choles-
terol rather than by sequestering cholesterol from the plasma mem-
brane (Zidovetzki and Levitan, 2007).

4. Discussion
4.1. 24S-HC and synaptic vesicle cycle at the NMJs of SOD%**4 mice

Despite a marked effect on spontaneous exocytosis, evoked neuro-
transmitter release at low frequency stimulation was not affected by
24S-HC at NMJs of SOD®?*A mice. By contrast, in WT mice 24S-HC
slightly increased acetylcholine release in response to a single stimulus,
but did not modify spontaneous release. This is consistent with the
possibility that distinct mechanisms regulate spontaneous and evoked
transmitter release (Kaeser and Regehr, 2017). For instance, pharma-
cological manipulations of the membrane cholesterol level and
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Fig. 6. Role of lipid rafts in the effect of 24S-HC on NO
production at NMJs. A — Lipid raft labeling with CTxB. The
muscles from WT and SOD%®** mice were stained with
rhodamine-conjugated aBtx (red channel) and Alexa488-
conjugated CTxB (green channel). Top, fluorescent images
of 24S-HC-treated and non-treated NMJs of SOD%*** mice.
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treatment with oxysterol or 5a-cholestan-3-one, modulate spontaneous
and evoked neurotransmitter release in different ways (Zamir and
Charlton, 2006; Teixeira et al., 2012; Rodrigues et al., 2013; Petrov
et al., 2014; Kasimov et al., 2016). The observed changes in the effects
of 24S-HC on spontaneous and evoked transmitter release in the ALS
model mice may be related to alterations of the signaling pathway(s)
that control the balance between spontaneous and evoked transmitter
release during the progression of ALS.

Evoked neurotransmitter release in response to low frequency ac-
tivity mainly depends on the probability of exocytosis and the size of
ready releasable pool (Kaeser and Regehr, 2017). However, during
moderate and strong activity, the amount of quantal release is also
determined by recruitment of synaptic vesicles to the active zone and
their recycling (Rizzoli and Betz, 2005; Slater, 2015). The depression of
both neurotransmitter release and FM1-43 dye loss during high-fre-
quency stimulation was greater after pretreatment with 24S-HC in
SOD®?*A mice. Eventually, this resulted in reduced neurotransmitter
release (summed EPCs) after 3min of high-frequency activity. This
suggests that in SOD®®** mice, 24S-HC suppresses synaptic transmis-
sion by decreasing the recruitment of neurotransmitter-filled synaptic
vesicle for exocytosis upon intense activity. The absence of changes in
MEPC amplitudes immediately prior to and at the end of high frequency
stimulation argues against the possibility that the deficit in synaptic
vesicle refilling contributes to the EPC depression. Additionally, 24S-HC
interfered with recovery of neurotransmitter release after high-fre-
quency stimulation, probably due to a reduced rate of delivery of sy-
naptic vesicles to the active zone or to a defect in their fusion-compe-
tence. The marked effect of 24S-HC on transmitter release in response
to intense activity, but not to single stimulus, suggests a preferential
action on synaptic vesicle mobilization and endocytosis (Rizzoli and
Betz, 2005). For instance, up- or downregulation of cGMP signaling
significantly changes synaptic vesicle cycling and the rate of synaptic
depression during high-frequency stimulation without affecting neu-
rotransmitter release at low-frequency stimulation in the frog NMJs
(Petrov et al., 2008).

Time?min

314

10

8

Despite on the rapid attenuation of neurotransmitter release, 24S-
HC did not markedly modify the rate of FM1-43 loss during the first
1-2min of high-frequency stimulation in SOD®?** mice. Under these
conditions, dye unloading only began to slow down after 2-3 min of
stimulation. Comparison of the rates of neurotransmitter release and of
FM-dye loss indicates an increase in the mean time required for sy-
naptic vesicle recycling in 24S-HC treated NMJs. Thus, the discrepancy
between the rates of neurotransmitter release and FM-dye exocytosis
may arise from 24S-HC mediated reduction of the rate of synaptic ve-
sicle reuse during high frequency activity. This might have a protective
effect, since enhanced acetylcholine release due to an overexpression of
VAchT in the motor neurons accelerates degeneration of NMJs in the
SOD%?*A mouse (Sugita et al., 2016). Motor neurons with fast-fatigable
characteristics are lost first in ALS, but before any structural alteration
of the NMlJs, their quantal contents are already higher than in WT mice
(Tremblay et al., 2017). The decreased rate of spontaneous release may
also have a beneficial effect, inhibiting the progression of ALS (Uchitel
et al., 1992). On the other hand, the enhanced synaptic depression and
disrupted post-tetanic potentiation might aggravate the failure of neu-
romuscular transmission in ALS mice.

It is likely that 24S-HC-mediated suppression of synaptic vesicle
cycling reveals a defect in either the mechanism of endocytosis or in
sorting of the synaptic vesicle proteins in ALS mice. Using a Drosophila
model of ALS, it was shown that TDP-43 toxicity results in part from
impaired activity of the synaptic CSP/Hsc70 chaperone complex im-
pacting dynamin function in endocytosis (Coyne et al., 2017). Synaptic
vesicle endocytosis and membrane trafficking were impaired in the
NMJs of transgenic mice expressing ubiquitinated synaptobrevin 2 and
exerting ALS-like phenotype (Liu et al., 2015).

During the progression of ALS, neuromuscular transmission is af-
fected in a time- and muscle-specific manner (Rocha et al., 2013;
Nascimento et al., 2015; Tremblay et al., 2017). Although respiratory
failure is generally the cause of death in ALS, the results concerning the
influence of this disorder on neurotransmission in the diaphragm are
contradictory. Immunoglobulins from ALS patient may increase



K.A. Mukhutdinova et al.

spontaneous transmitter release in mouse phrenic nerve-diaphragm
preparations (Uchitel et al., 1992). By contrast, SOD1%°* mice at an
early symptomatic stage display a reduced frequency of spontaneous
release in the diaphragm muscle without changes in transmitter release
evoked by single nerve stimulus (Naumenko et al., 2011). Another
study showed enhanced evoked transmitter release at 0.5 Hz in the pre-
symptomatic phase of SOD1%°* mice and a separation of NMJs in the
symptomatic phase into two groups characterized by either reduced
amplitude of both miniature and evoked postsynaptic responses or with
no difference from WT nor pre-symptomatic SOD1%°** mice (Rocha
et al., 2013).

Here, we found a decrease in total transmitter release during high-
frequency in SOD1°?** mice without a change in the mean synaptic
vesicle recycling time or MEPC amplitude. In addition, we revealed two
types of NMJs in the diaphragms of SOD1°°** mice, characterized by
low and high ability to take up and release FM1-43 dye in response to
intense activity. This is consistent with electron microscopic data
showing a reduction of the synaptic vesicle pool in approximately 40%
of the presynaptic terminals in the diaphragms of SOD1%°** mice at the
time of symptom onset (Cappello et al., 2012). Labeling with CTxB also
suggests that there are more NMJs with lower and higher “amounts” of
lipid rafts in SOD1¢°** mice than in WT mice. The rafts can contain
many proteins involved in the exo-endocytic cycle (Gil et al., 2006).
Evidence about the presence of different populations of NMJs may re-
flect the simultaneous occurrence of two processes: one, a progressive
presynaptic dysfunction that precedes the detachment of nerve term-
inals, the other, a compensation for the loss of innervation, involving
enhanced synaptic transmission in the remaining functionally active
NMJs (Gordon et al., 2010; Rocha et al., 2013; Nijssen et al., 2017).
Alternatively, NMJs innervating different fiber types (slow, fast fatigue-
resistant and fast-fatigable) might experience the opposite synaptic al-
terations in ALS mice (Tremblay et al., 2017). The diaphragm is a mixed
muscle consisting of both fast and slow twitch fibers, and the fast
muscle fibers and corresponding NMJs are preferentially affected by
ALS (Atkin et al., 2005; Gordon et al., 2010).

Altogether, the increased depression of transmitter release, the un-
changed time of vesicle recycling, and the presence of NMJs able to
uptake and release more FM1-43 dye in response to high frequency
stimulation may reflect (1) a decrease in the population of synaptic
vesicles reused during activity (the “recycling” pool) and (2) a com-
pensation for this by recruitment of vesicles from the reserve pool in
NMJs of SOD1%9%4,

4.2. Implication of NO and lipid rafts in the action of 24S-HC

In WT mice, 24S-HC has the opposite effect on neuromuscular
transmission from those in the SOD1°?*A mice. In particular, 24S-HC
increases the rate of synaptic vesicle cycling due to an attenuation of
NO signaling, which normally suppresses synaptic vesicle exocytosis in
WT mice NMJs (Kasimov et al., 2017). Surprisingly, in the NMJs of
SOD1%%*A mice, 24S-HC also significantly attenuated NO production
during high-frequency activity. It is likely that NO-mediated modula-
tion of synaptic vesicle exocytosis is changed in SOD1%%** mice. In
support of this, by acting in a manner similar to that of 24S-HC in
SOD1%?3A mice, inhibition of NO synthesis by L-NAME suppresses FM1-
43 unloading. L-NAME had the opposite effect at the NMJs of WT mice.
Further, L-NAME completely masked the effect of 24S-HC in both
SOD1%%** and WT mice. These data indicate that the common pathway
by which 24S-HC modifies exocytosis during intense activity involves a
suppression of NO synthase activity in the NMJs of both WT and
SOD1%?%A mice. However, decreased NO synthesis promotes or at-
tenuates the synaptic vesicle exocytosis during intense activity in WT or
SOD1%%*A mice, respectively. It is unclear why the effect of NO sig-
naling on synaptic vesicle exocytosis is reversed in the diaphragm of
SOD®?*A mice. One possibility is that different signaling pathways
downstream of NO might have opposite effects on transmitter release
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and the rate of recycling at NMJs (Thomas and Robitaille, 2001; Petrov
et al., 2008; Zhu et al., 2013). Possibly changes in these signaling
pathways occur during the ALS progression.

Here, we found that activity-induced NO production at the NMJs
was significantly upregulated in the SOD1°?* mice. Previously, in-
creased NOS expression at synaptic sites on anterior horn neurons was
shown in patients with sporadic ALS (Sasaki et al., 2001). Embryonic
motor neurons from mutant SOD mouse models, but not from WT mice,
can be triggered to die by exposure to NO, leading to activation of a
motor neuron-specific signaling pathway (Duplan et al., 2010). Chronic
treatment with an antagonist of NO synthase reduced inhibitory sy-
napse loss on motor neurons in SOD®*** mice (Sunico et al., 2011).
Delivery of IGF-1 to the central nervous system reduced ALS pathology
partially by attenuating glial-cell-mediated release TNF-a and NO
(Dodge et al., 2008). In this scenario, 24S-HC-mediated suppression of
NO overproduction at the NMJs may have a potentially protective effect
in the ALS model.

Previously, we showed that 24S-HC modulates NO production that
is selectively inhibited by cavtratin, a caveolin-1 scaffolding domain
peptide (Kasimov et al., 2017). This peptide, acting in the same manner
as caveolin scaffolding domain, interacts with different signaling mo-
lecules (including NO synthase) and restricts their activity (Garcia-
Cardena et al., 1997; Michel et al., 1997; Gratton et al., 2003). Ca-
veolins are normally concentrated within the lipid raft fraction and
NMJs are enriched with caveolins that interact with synaptic-specific
proteins (Marchand et al., 2002; Hezel et al., 2010; Heiny et al., 2010).
Acute lipid raft disturbance due to cholesterol depletion might upre-
gulate NO synthase activity and eliminate caveolin-3-endothelial NO
synthase binding in cardiomyocytes (Ostrom et al., 2004; El-Yazbi
et al., 2008; Hutchinson et al., 2009; Odnoshivkina et al., 2017), while
hypercholesterolemia may decrease NO production by promoting the
interaction of caveolin and endothelial NO synthase in endothelial cells
(Feron et al., 1999). We have also previously shown that cholesterol-
like molecules may affect lipid raft integrity at the NMJ (Kasimov et al.,
2015, 2016). In addition, a recent study indicates that 24S-HC alters
membrane dynamics involving lipid rafts in Muller Glial Cells (Gambert
et al., 2017).

Here, we observed that 24S-HC increases the staining of NMJ
membranes with CTxB (a lipid raft marker), indicating an increase in
membrane ordering. Moreover, treatment with raft-disrupting agents
(MBCD or SMase) markedly suppressed the effect of 24S-HC on both
lipid raft integrity and activity-induced NO production. It is likely that
24S-HC attenuates NO production by increasing lipid raft stability at
the NMJs. Given that the disturbance of cholesterol-rich microdomans
at the NMJ might occur as a result of muscle disuse, and might also
affect synaptic transmission (Marchand et al., 2002; Gil et al., 2006;
Assaife-Lopes et al., 2014; Petrov et al., 2011, 2017b), the potential
membrane ordering effect of 24S-HC might protect NMJs from func-
tional deficits and detachment. Disruption of lipid rafts is known to
have inhibitory effects especially on signaling through the receptors of
trophic factors belonging to the tyrosine-kinase family (Assaife-Lopes
et al., 2014; Sural-Fehr and Bongarzone, 2016).

4.3. Possible pathophysiological significance

The pathophysiological relevance of 24S-HC-mediated effects on the
NMJs is unknown. The plasma level of the 24S-HC is determined by the
balance between its production in the brain and clearance by the liver.
It is likely that biphasic changes in 24S-HC synthesis, involving eleva-
tion followed by decline, occur during progression of ALS (Leoni and
Caccia, 2013; Wuolikainen et al., 2014; Abdel-Khalik et al., 2017). One
possibility is that disease-associated changes in 24S-HC plasma level
modulate synaptic communication in the diaphragm. In principle, an
increased level of 24S-HC may have a protective effect in the NMJs of
ALS model by preventing lipid raft disturbance and excess release of
both acetylcholine and NO. 24S-HC plays a neuroprotective role in
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glaucoma (Ishikawa et al., 2016) and it delays the decrease in choline
acetyltransferase-positive neurons in organotypic brain slices of the
basal nucleus (Ullrich et al., 2010). According to these premises,
pharmacological activation of CYP46A1 with efavirenz (Mast et al.,
2017) may be potentially useful for ALS therapy. However, 24S-HC may
exert toxic effects under some experimental conditions (Sun et al.,
2017). Recently, it was shown that the serum level of 25-HC was sig-
nificantly higher in ALS patients than in controls, and its level was
associated with disease severity (Kim et al., 2017). One of the main
sources of 25-HC are macrophages and mast cells that could interact
with degenerating NMJs, thereby promoting distal axonopathy in the
SODS%A rat (Trias et al., 2017). Given that 24S-HC and 25-HC might
exert opposite influences on cellular events, including neuronal survival
(Ullrich et al., 2010; Sun et al., 2017), there is the possibility of a
competitive relation between 24S-HC and 25-HC in the progression of
ALS.

Our experiments were carried out near room temperature, which is
far from the physiological conditions. Synaptic vesicle retrieval, NO
synthesis and lipid raft behavior are temperature-dependent. In parti-
cular, the rate of synaptic depression at high-frequency stimulation was
greater at 20 °C than it was at physiological temperature in the dia-
phragm of rat (Moyer and van Lunteren, 2001). This is consistent with
the proposal that the rate of synaptic vesicle exo-endocytosis may be
higher at physiological temperature (Micheva and Smith, 2005). An
increase in temperature can enhance the catalytic activity of NO syn-
thases (Venturini et al.,, 1999) and may influence the stability of sy-
naptic lipid rafts (Gil et al., 2006). Thus, temperature may affect on
magnitude of the 24S-HC effects. Additionally, the results of this re-
search are subject to the limitations of pharmacological manipulations.
Thus, further studies at physiological temperature, using molecular and
genetics approaches, are required to identify the precise mechanism by
which 24S-HC modulates the neuromuscular transmission.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mcn.2018.03.006.
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