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Abstract

B2-Adrenoceptors (f2-ARs) are the most abundant subtype of adrenergic receptors in skeletal muscles. Their activation via
a stabilization of postsynaptic architecture has beneficial effects in certain models of neuromuscular disorders. However, the
ability of p2-ARs to regulate neuromuscular transmission at the presynaptic level is poorly understood. Using electrophysi-
ological recordings and fluorescent FM dyes, we found that f2-AR activation with fenoterol enhanced an involvement of
synaptic vesicles in exocytosis and neurotransmitter release during intense activity at the neuromuscular junctions of mouse
diaphragm. This was accompanied by an improvement of contractile responses to phrenic nerve stimulation (but not direct
stimulation of the muscle fibers) at moderate-to-high frequencies. f2-ARs mainly reside in lipid microdomains enriched with
cholesterol and sphingomyelin. The latter is hydrolyzed by sphingomyelinases, whose upregulation occurs in many condi-
tions characterized by muscle atrophy and sympathetic nerve hyperactivity. Sphingomyelinase treatment reversed the effects
of B2-AR agonist on the neurotransmitter release and synaptic vesicle recruitment to the exocytosis during intense activity.
Inhibition of G; protein with pertussis toxin completely prevented the sphingomyelinase-mediated inversion in the f2-AR
agonist action. Note that lipid raft disrupting enzyme cholesterol oxidase had the same effect on f2-AR agonist-mediated
changes in neurotransmission as sphingomyelinase. Thus, $2-AR agonist fenoterol augmented recruitment and release of
synaptic vesicles during intense activity in the diaphragm neuromuscular junctions. Sphingomyelin hydrolysis inversed the
effects of B2-AR agonist on neurotransmission probably via switching to G; protein-dependent signaling. This phenomenon
may reflect a dependence of the p2-AR signaling on lipid raft integrity in the neuromuscular junctions.
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contribute to acute enhancement of the muscle performance
due to action on Ca®* cycling, contractile properties, and
metabolism in the muscle fibers [2, 3]. Long-term activation
of B2-ARs is required for elevation of anabolic processes,
skeletal muscle hypertrophy, and a slow-to-fast fiber-type
shift, thereby adapting the muscle for higher force devel-
opment [4-6] and counteracting muscle wasting conditions
[1, 4, 7]. In addition, sympathetic activity via f2-adrenergic
signaling can maintain total and self-renewing number of
satellite cells in skeletal muscles [8], enhancing regeneration
and functional repair of the muscle [9].

In skeletal muscles, sympathetic nerves, utilizing nor-
epinephrine as the main neurotransmitter, tightly innervate
neuromuscular junctions (NMlJs) [10-12], where motor
commands are translated to the muscle fibers. Depression of
neuromuscular transmission is one of the peripheral mecha-
nisms of neuromuscular fatigue [13, 14]. Also, a decline
in neuromuscular transmission is a possible contributor to
sarcopenia [13, 15], Duchenne muscular dystrophy [16],
muscle disuse-induced atrophy [17], and amyotrophic lat-
eral sclerosis [18].

Hypothetically, NMJs can serve as an important hub for
action of f2-AR agonists. Indeed, pharmacological f2-AR
activation alleviated NMJ dysfunction in amyotrophic lat-
eral sclerosis [19] and myasthenic syndromes [20-23]. It
is assumed that one of the key mechanisms for therapeutic
action of f2-AR agonists is a stabilization of postsynap-
tic architecture and increased synaptogenesis via cAMP-
dependent pathway [22]. Particularly, p2-AR agonists
exerted preserving effects on nicotinic acetylcholine receptor
(nAChR) clusters, endplate areas, and formation of postsyn-
aptic junctional folds [24, 25] as well as increased activity of
a2-Na,K-ATPase in the junctional membrane [26]. a2-Na,K-
ATPase interacts with nAChRs, contributing to enhance-
ment of neuromuscular transmission [27] and stabilization
of junctional lipid rafts [28].

Far less is known about a presynaptic action of f2-AR
agonists in various skeletal muscles. However, it may be
an essential component for the enhancement of muscle
performance especially at intense/prolonged activity or in
neuromuscular diseases, when safety factor of the neuro-
transmission decreases [29]. Several recent studies suggest
the presence of f2-adrenergic regulation of neurotransmitter
release [30-33]. Particularly, prolonged and chronic treat-
ment with $2-AR agonists increased both spontaneous exo-
cytosis and evoked release in plantar lumbricalis muscle
of young mice [30]. At lowered external Ca>* conditions,
B2-AR agonist slightly increased the probability of evoked
release at single stimuli but desynchronized the unitary exo-
cytotic events in mouse diaphragm [32, 33].

Here, we investigate the action of fenoterol, a selective
2-AR agonist widely used for asthma treatment, on neuro-
transmitter release and recruitment of synaptic vesicles into
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exocytosis during intense activity in the mouse diaphragm
NMJ. In addition, the effects of the B2-AR agonist were
tested after treatment with sphingomyelinase (SMase). This
enzyme hydrolyzes plasmalemmal sphingomyelin, causing
a disruption of cholesterol- and sphingomyelin-rich mem-
brane microdomains [34], where the f2-ARs mainly reside
[35, 36]. Upregulation of SMase occurs in many conditions
associated with skeletal muscle atrophy and damage as
well as sympathetic nervous system hyperactivity [37-43].
Therefore, we hypothesize that the changes in 32-AR agonist
effects after SMase treatment have pertinence to pathologi-
cal remodeling of f2-adrenergic regulation of the neuromus-
cular transmission.

Methods
Animals

Mice (line BALB/c) were used in experiments. Animals
were maintained in ventilated cages (four per cage) at a
12-h light/12-h dark cycle; water and food were available
ad libitum. Temperature and humidity were kept at 20-24 °C
and 30-60%, respectively. Three- to five-month-old mice
(both sexes) were anesthetized and quickly decapitated with
a guillotine. Then, the diaphragm with phrenic nerve stubs
was excised and embedded in a chamber with physiological
solution for dissection into two preparations of the hemidi-
aphragm—phrenic nerve. The experimental protocol met
the requirements of the EU Directive 2010/63/EU and was
approved by the Local Ethical Committee of Kazan Federal
Scientific Centre (#23/7; May 12, 2023) and Kazan Medi-
cal University (Protocol #1/January 25, 2022). The current
study was conducted in compliance with the NIH Guide for
the Care and Use of Laboratory Animals. The mice were not
intentionally randomized, and investigators were not blinded
to the nature of chemicals used.

Solutions, Reagents, and Treatments

Isolated mouse phrenic nerve stub-hemidiaphragm prepa-
ration was pinned to Sylgard-coated bottom of the experi-
mental chamber (volume of 5 ml), and the nerve stub was
loosely drawn into a suction electrode connected to Model
2100 stimulator (A-M Systems, USA). The chamber was
continuously perfused (5 ml/min) with a physiological solu-
tion (pH 7.4; 25.0+ 0.3 °C) containing 129 mM NaCl (Cat.
# S9888), 5 mM KCI (Cat. # P9541), 2 mM CaCl, (Cat. #
C5670), 1 mM MgSO, (Cat. # M3409), 1 mM NaH,PO,
(Cat. # S8282), 20 mM NaHCO; (Cat. # S8875), 11 mM
glucose (Cat. # G8270), and 3 mM HEPES (Cat. # 54,457)
and saturated with carbogen. These reagents were purchased
from Sigma. The muscle contractions were blocked by
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pretreatment for 15-20 min with skeletal muscle voltage-
gated sodium channel (Na, 1.4) inhibitor GIIIB p-conotoxin
(0.5 uM; Peptide Institute Inc., Japan) followed by a rins-
ing with toxin-free physiological saline. Treatment with
neutral SMase (0.01 U/ml; Cat. # S9396; Sigma), which
hydrolyzes membrane sphingomyelin, lasted 15 min [34].
Cholesterol oxidase (0.2 U/ml Cat. # 228,250; Sigma) was
applied for 15 min [44]. Injection of pertussis toxin (PTX;
Sigma, Cat. # 70,323-44-3) was used to inhibit G;, proteins.
Mice received the intraperitoneal injection of PTX (150 pg/
kg in sodium phosphate buffer) 72 h before the experiments
[45]. Fenoterol (1, 10 uM; Cat. # F1016; Sigma) and ICI-
118.55 (0.1 uM; Cat. #1127; Sigma) were used to selective
activation and inhibition of f2-ARs [46, 47]. Application
of fenoterol lasted 15 min, and ICI-118.55 was applied for
30 min.

Electrophysiological Recording

Microelectrode recording of postsynaptic responses, namely,
end plate potentials (EPPs) and miniature end plate poten-
tials (MEPPs), was carried out as described previously [48].
Briefly, muscle fibers in the junctional region were impaled
by Pyrex glass microelectrodes (filled with 2.5 M KCl) with
a tip resistance of 5-10 MQ under visual control (Olympus
BX51WI microscope with DIC-optics, X 40 objective). The
signals were recorded using an amplifier TEV-200A (Dagan
Corporation, USA) with a bandwidth of 0.03 to 10 kHz and
analog-to-digital converter (Digidata 1322A, Axon Instru-
ments, USA). Postsynaptic signals were recorded in muscle
fibers with a stable resting membrane potential. Threshold
for the MEPP detection was set at a level of 0.2 mV, and
signal-to-noise ratio was > 5:1. To evoke EPPs, the phrenic
nerve stump was stimulated by rectangular stimuli (dura-
tion of 0.1 ms) of supramaximal amplitude at low (0.5 Hz)
or higher (20 Hz) frequencies. The postsynaptic signals
were digitized at 50 kHz, filtered, and stored for analy-
sis using Clampfit 8.2 software (Axon Instruments, Inc.,
USA). Amplitudes, 20-80% rise time, and e-fold decay
time of MEPPs and EPPs were calculated. Recorded signal
amplitudes were normalized to a standard resting potential
of —75 mV. For analysis of quantal content, normalized EPP
amplitudes were corrected for nonlinear summation [49].
About 150-200 MEPPs were recorded to estimate the MEPP
frequency. Quantal content (m) of EPPs was estimated as a
ratio between corrected mean EEP amplitude and normal-
ized mean MEPP amplitude [50].

Recording of Muscle Contraction
Recording of isomeric contractions was performed using

a force transducer SIH Muscle Tester connected to SI-
BAM21-LC amplifier (World Precision Instruments, Inc.)

as described previously in details [51]. The central tendon of
the hemidiaphragm was tied with linen thread hook attached
to a stainless steel rod that was then connected to a force
transducer. The contractions were elicited (1) by direct
stimulation of the muscle via Pt wire electrodes placed to
the muscle surface in the presence of d-tubocurarine (2 uM,
Cat # 5.05145; Sigma), a blocker of nicotinic acetylcholine
receptors, and (2) by indirect stimulation of phrenic nerve
via a suction electrode. Stimuli were rectangle with suprath-
reshold amplitude and duration of 0.1 ms. Stimulus trains at
20, 50, 70, and 100 Hz (from 50 stimuli) divided by 20-s rest
interval were applied twice (through 1 min) before and after
15 min treatment with fenoterol or vehicle alone. Ampli-
tudes of the tetani at corresponding frequencies of the stimu-
lation were calculated. Then, values before the application
of fenoterol were taken as 100%. Before the measurements,
the resting tension was adjusted to an optimal muscle length
and the muscle was equilibrated for 20-25 min.

Imaging of Synaptic Vesicle Exocytosis

Motioning of exocytotic dye release from synaptic vesicles
was performed with using Olympus BX51WI microscope
equipped by confocal spinning disk unit (Olympus), high-
sensitive cameras (Dhyana 400BSI V2, Tucsen and DP72,
Olympus), CoolLED pE-4000 light source (CoolLED
Ltd.), and water-immersion objectives (UPLANSapo 60xw
and LumPlanPF 100xw). The cameras were controlled by
Mosaic (Tucsen) and Cell P (Olympus) software. Optosplit
II bypass image splitter (Cairn Research) was used for dual
channel imaging. The regions of interest (ROIs) were illumi-
nated only at moments (less than 1 s) of the image recording.
Image analysis (selection of ROIs, background subtraction,
calculation of fluorescence intensity in arbitrary units) was
performed using Image-Pro software (Media Cybernetics).

Synaptic vesicles were labeled with FM (styryl) dyes,
which reversibly interact with the outer monolayer of sur-
face membranes and are then uptaken into synaptic vesi-
cles by compensatory endocytosis. Subsequent stimulation
of the nerve causes exocytotic FM-dye release from the
dye-preloaded synaptic vesicles [52]. FM4-64 (red; Cat. #
T13320; Thermo Fisher Scientific) and FM1-43 (green; Cat.
# T-35356, Thermo Fisher Scientific) dyes, having similar
kinetics of binding and unbinding from plasmalemma [53,
54], were used to load different groups of synaptic vesicles,
as described previously in details [55]. Briefly, the phrenic
nerve was stimulated with two 20-Hz stimulus episodes (30 s
and 150 s) separated by a 15-s rest interval, within which
the muscle was intensively rinsed with physiological saline
containing 30 pM ADVASEP-7 (Cat. # 70,029; Biotium), a
water-soluble scavenger for FM dyes. FM4-64 dye (5 uM)
and FM1-43 dye (5 uM) were present in the bathing solution
during the 1st and 2nd stimulus episodes, respectively. After
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loading of the FM dyes, the muscle was perfused (5 ml/min)
for 40 min with dye-free physiological solution. Next, the
phrenic nerve stimulation at 20 Hz led to evoked exocytotic
release of the both dyes.

FM-dye fluorescence (excited by a 480/15 nm light)
was detected using 715 nm long-pass (for FM4-64) and
535/40 nm (for FM1-43) emission filters, installed in Opto-
Split IT bypass image splitter allowing to distinguish FM4-64
and FM1-43 fluorescence. A bleed-through of FM1-43 fluo-
rescence into 715 long-pass filter was precluded by reducing
the gain settings below a FM1-43 fluorescence threshold.

Nerve terminal FM-dye fluorescence (AF = Fyq—F,)
was calculated in ROI as a mean pixel intensity (in arbi-
trary units) after subtraction of the background fluorescence
(F,) defined in a 4x 30 pm? region outside the NMJ. The
nerve terminal fluorescence immediately before onset of
unloading stimulation (AF,,,,) was set as 1.0, and a ratio of
AF/AF ,,, was calculated during 10 min of the dye-unload-
ing stimulation. There were no significant changes in the
AF/AF,,, ratio for 10 min at the resting conditions (without
the phrenic nerve stimulation). Nerve terminal fluorescence
was assessed for the two dyes independently.

Statistics

Data are presented as mean + standard deviation (SD). Sta-
tistical analysis was carried out using OriginPro (OriginLab
Corporation) and GraphPad Prism software (GraphPad Soft-
ware, Inc.). Sample size (n, indicated in each figure legend)
is a number of independent experiments on separate muscles
from individual mice (n =number of animals). The sample
size was determined based on a reasonable value of SD.
Normality (by Shapiro—Wilk test) and variance homogene-
ity (by two sample F-test for variance) were tested. There
were no exclusions of outliers. Significance difference was
assessed by repeated two-way ANOVA with post hoc Bon-
ferroni multiple comparisons test, a two-tailed, paired z-test
(parametric data), or Mann—Whitney U-test (nonparametric
data). *P <0.05, **P <0.01 and ***P <0.001 were consid-
ered as statistically significant.

Results

Effects of 2-Adrenergic Agonist on Spontaneous
and Evoked Neurotransmitter Release

Application of a selective f-AR agonist fenoterol (1 uM)
did not modify MEPP amplitude and kinetics (rise and
decay time). Fenoterol had no effect on MEPP frequency
(Fig. 1A). Accordingly, fenoterol did not change postsyn-
aptic membrane sensitivity to ACh and the rate of spon-
taneous exocytosis.
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At a low frequency stimulation (0.5 Hz) of phrenic nerve,
fenoterol did not affect EPP amplitude, rise, and decay time
as well as quantal content (Fig. 1B). This reflects no changes
in evoked exocytosis during a low frequency activity.

During 10-Hz intermittent stimulation with 0.5-s resting
intervals between stimulus trains (consisting of 64 stimuli),
quantal content of EPP quickly decreased by ~ 25% during the
1st stimulation episode and then stabilized; the 1st stimulus of
each following stimulus train caused a release of more quanta
than the last stimulus in the previous stimulation episode. This
led to a sawtooth-like pattern of the quantal content changes
with the peaks (Fig. 1C, D) arising from a neurotransmitter
release facilitation. This facilitation seems to depend on syn-
aptic vesicle delivery to the active zone during the 0.5-s rest
interstimulus period. Fenoterol increased the peak amplitudes
(Fig. 1C, D), and as a result, 10-Hz intermittent stimulation for
~40 s led to release slightly more quanta (P=0.043) compared
to control (Fig. 1C, insert). Thus, fenoterol did not affect evoked
exocytosis in response to single stimuli but slightly enhanced
neurotransmitter release at 10-Hz intermittent stimulation.

Pharmacological Activation of f2-Adrenergic
Receptor Increases Neurotransmitter Release
at Moderate-Frequency Activity

During quiet breathing, phrenic motoneurons discharge at
a frequency of 20-30 Hz [56]. Intermittent stimulation of
phrenic nerve at 20 Hz for 3 min caused three-step changes
in quantal content: after a fast drop and plateau phase, quan-
tal content continued to decrease (Fig. 2A). Fenoterol mark-
edly decrease the initial decline of EPP quantal content and
prolonged the plateau phase during the 20-Hz stimulation
(Fig. 2A). Eventually, 21 +13% (P =0.004) more quanta
were released for 3 min of 20-Hz intermittent stimulation in
fenoterol-treated NMIJs (Fig. 2B).

Estimation of the peak amplitudes also showed fenoterol-
induced increase in the neurotransmitter release facilitation after
0.5-s resting period between stimulus trains (Fig. 2C). Interest-
ingly, the peak amplitudes did not decline during prolonged 20-Hz
intermittent stimulation either in control or fenoterol-treated
NMIJs. Even an increase in the peak amplitudes was observed
during the initial 3040 s of the stimulation in NMJs exposed to
fenoterol. It should be noted that ICI-118.55, a selective f2-AR
antagonist, completely prevented the effect of fenoterol on neuro-
transmitter release during 20-Hz stimulation (Fig. 2D, E).

Thus, f2-AR agonist markedly increased the facilita-
tion of neurotransmitter release and total neurotransmitter
release upon 20-Hz intermittent stimulation. In addition,
the fenoterol-mediated enhancement of neurotransmit-
ter release was persistent after fenoterol washout (Suppl
Fig. 1A). This is consistent with a strong binding of
fenoterol to 2-ARs [57].
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Fig. 1 Influence of fenoterol (Fen) on parameters of spontaneous
and evoked neurotransmitter release. A Changes in MEPP amplitude
(Ampl), rise time (Rt), and decay time (Tau) as well as MEPP fre-
quency after treatment with f2-AR agonist Fen. B Effect of Fen on
EPP amplitude, rise time, and decay time as well as quantal content
(m) of EPPs elicited by single stimuli at 0.5 Hz. A, B, inserts—the
typical traces of MEPPs and EPPs, respectively. A, B n=10 muscles
per group; Y-axis, normalized effect of Fen, where the values before
Fen addition were taken as 100%. C Changes in quantal content (m)
of EPPs during intermittent stimulation at 10 Hz in control and after

B2-Adrenergic Receptor Activation Increases
Recruitment of Synaptic Vesicles into Exocytosis
at Intense Activity and Improves Contractile
Responses to the Nerve Stimulation

It is assumed that two functional synaptic vesicle pools,
recycling and reserve, maintain neurotransmission dur-
ing a prolonged activity at the vertebrate NMJs. The
recycling pool operates mainly during the first 20-30 s of

-

W

21501 EPPs
c
@
L o
© 1nnl B P o
e
o}
= l
© " A
o \ |
.g 50- w“‘Cntr ‘\\l Fen
[ R B
£ \ 2 \
g i A Smg @ -‘
O T T T T
Ampl Rt Tau m(qg.c.)
D
00, () (V) (V) (1)
e 2 e g Cntr
% .
0 @ -
& =
ocpé)o o o -
8088 9 S
0 o Fen
Q I
205::c:c:c:cbc k
SESESLS5LS6E
O 1 L 1 1L 1 1 1 1 1 1

treatment with Fen. Each stimulus train consisted of 64 stimuli, and
interstimulus train interval was 0.5 s. Shown averaged curves. Peaks
between the stimulus trains are labeled by (I)-(V). Insert, cumulative
quantal content released by 10-Hz intermittent stimulation for 38 s.
D Quantification of relative quantal content of the peaks. Right, rep-
resentative traces. C, D n=13 (Cntr) and 11 (Fen) muscles; quantal
content of EPPs immediately prior to onset of the stimulation was set
as 100%. A-D Data are represented as mean+SD. C, D *P<0.05,
**P <(0.01—by Mann—Whitney U-test between Cntr and Fen

moderate-frequency (20-30 Hz) stimulation and after its
depletion synaptic vesicles from the reserve pool mediate
neurotransmitter release in a subsequent period [53, 58, 59].
To test the effect of f2-AR activation on the rate of exocy-
tosis of synaptic vesicles formed during the initial (30 s)
and following period of moderate-frequency stimulation,
red (FM4-64) and green (FM1-43) fluorescent dyes with
similar kinetics of dissociation from membranes [53, 54]
were used. Particularly, two sequential 20-Hz stimulus trains
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Fig.2 Effect of 2-adrenergic
receptor modulators on neuro-
transmitter release at intense
activity. A Changes in quantal
content (m, in %) during 20-Hz
intermittent stimulation for

3 min in control (Cntr) and in
the presence of f2-adrenergic
agonist, fenoterol (Fen). Each
stimulus train consisted of 64
stimuli, and interval between
the stimulus trains was 0.5 s.
Insert, representative traces of
EPPs at 0, 60, and 180 s of the
stimulation; these time points
are denoted by yellow circles
on the corresponding curves.
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(with duration of 30 s and 150 s) separated by a 15-s rest-
ing washout period were applied to load synaptic vesicles
formed during the initial 30-s activity and afterwards with
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FM4-64 and FM1-43, respectively. Repeated 20-Hz stimula-
tion of the phrenic nerve led to unloading of both FM dyes
(Fig. 3A, top).
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Fenoterol (1 uM) treatment increased the rate of FM4-64
and FM1-43 unloading (Fig. 3A, B). This potentiating effect
of fenoterol was more clearly expressed in the case of FM4-
64 destaining. Indeed, 28 + 13% (P <0.001) more FM4-64
dye was released by 10th min of 20-Hz unloading stimu-
lation in fenoterol-treated vs control NMJs. At the same
time, a loss of FM1-43 dye was only 10 +8% (P=0.011)
greater than in the control (Fig. 3C). Hence, fenoterol mainly
increased recruitment of synaptic vesicles formed during the
initial 30 s of previous stimulus train (presumably, recycling
pool). Increase fenoterol concentration up to 10 uM did not
enhance additionally (as compared to 1 uM fenoterol) the
unloading of both FM4-64 and FM1-43 dyes (Suppl Fig. 2A,
B).

The increase in synaptic vesicle involvement in exocyto-
sis and neurotransmitter release during intense activity can
decrease diaphragm muscle fatigue. Indeed, fenoterol (1 uM)
attenuated a depression of contractile responses to repeated
moderate- and high-frequency stimulation of the phrenic
nerve (indirect stimulation). At the same time, fenoterol
did not affect the diaphragm contractions in response to a
direct stimulation of the muscle fibers (Fig. 3D, E). Thus,
2-adrenergic modulation can increase a safety factor of the
neuromuscular transmission.

Dependence of f2-Adrenergic Regulation
of Neurotransmitter Release on Sphingomyelin
Integrity in Plasmalemma

B2-ARs mainly reside in planar and caveolar lipid rafts,
enriched with cholesterol and sphingomyelin [35, 36].
Sphingomyelin is hydrolyzed to phosphorylcholine and
ceramide by secretory and intracellular sphingomyelinases
(SMases), which levels increase under the conditions associ-
ated with muscle atrophy, e.g., muscle disuse, denervation,
amyotrophic lateral sclerosis, heart failure, and inflammation
[37-41]. We hypothesize that a partial sphingomyelin break-
down by SMases can affect f2-adrenergic modulation of the
neuromuscular transmission, contributing to a dysregulation
of muscle activity (Fig. 4).

Recently, we found that exogenous neutral SMase at con-
centration of 0.01 U/ml hydrolyzes a portion of plasmalem-
mal sphingomyelin, leading to a partial disruption of lipid
rafts and enhanced synaptic vesicle mobilization at the mice
NMIJs [34]. Here, effects of p2-AR activation after SMase
treatment were evaluated. Fenoterol (1 uM) decreased
both MEPP amplitude and rise time, without changing in
the MEPP decay time and MEPP frequency in SMase-pre-
treated NMJs (Fig. 4A). In addition, EPP amplitude, rise,
and decay times decreased upon fenoterol application after
preexposure to SMase. At the same time, under these condi-
tions, fenoterol did not change quantal content of EPPs at
low frequency (0.5 Hz) stimulation (Fig. 4B). Hence, after

SMase pretreatment, fenoterol did not change spontaneous
exocytosis and evoked neurotransmitter release upon single
stimuli but gained the ability to affect postsynaptic mem-
brane properties decreasing the currents via nAChRs.

After SMase pretreatment, fenoterol lost its ability to
enhance neurotransmitter release during intermittent 20-Hz
stimulation (Fig. 2A; Suppl Fig. 1A), and on the contrary,
under these conditions, fenoterol suppressed the neurotrans-
mitter release (Fig. 4C). As aresult, 19+5% (P <0.001) less
quanta were released upon fenoterol application in SMase-
treated muscles (Fig. 4D). Thus, hydrolysis of plasmalem-
mal sphingomyelin inversed the effect of f2-adrenergic
agonist on neurotransmitter release during 20-Hz activity,
causing an appearance of the depressant action of 2-AR
activation. This depressant effect of fenoterol was disap-
peared after f2-agonist washout in SMase-treated muscles
(Suppl Fig. 1C, D).

Role of G, Protein in B2-Adrenergic Regulation
of Neurotransmitter Release

2-ARs can switch a coupling from G proteins to PTX-sen-
sitive G; proteins, which may depend on the lipid microenvi-
ronment and lipid raft stability [35, 36, 60, 61]. We hypoth-
esize that after plasmalemmal sphingomyelin hydrolysis,
causing a decrease in lipid raft integrity [34], the reversion
of p2-AR agonist effect on neurotransmitter release can be
mediated by f2-AR switching to G; protein. To test this pos-
sibility, G; protein was inhibited by pertussis toxin (PTX)
injection (Fig. 5).

Like in control, fenoterol did not affect the amplitude,
kinetics, and frequency of MEPPs as well as the amplitude-
temporal parameters and quantal content of EPPs at low fre-
quency stimulation (0.5 Hz) in PTX-treated mice (Fig. 5A).
Inhibition of G; protein did not interfere with the ability of
fenoterol to enhance the neurotransmitter release during
moderate-frequency stimulation (Fig. 5B, C). Fenoterol
increased a number of quanta released for 3 min of 20-Hz
stimulation by 20+ 11% (P =0.005) in PTX-injected mice
(Fig. 5C). Note that inhibition of G; protein itself had no
marked effect on the neurotransmitter release during 20-Hz
stimulation (Fig. 5C: Cntr vs PTX). The latter is consistent
with our previous data [45].

Inhibition of G; protein prevented the SMase-mediated
inversion of B2-AR agonist effect on evoked neurotransmit-
ter release during moderate-frequency activity (Fig. SD-F).
Fenoterol had no effect on amplitude-temporal parameters
of MEPPs and EPPs as well as quantal content of EPPs at
low frequency stimulation in PTX 4+ SMase-treated NMlJs
(Fig. 5SD). However, the ability of fenoterol to increase neu-
rotransmitter release during 20-Hz stimulation was recov-
ered by G; protein inhibition in the NMJs exposed to SMase
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Fig.3 Effect of B2-adrenergic agonist on exocytotic dye release from
synaptic vesicles and contractile responses to intense stimulation. A,
B Kinetics of exocytotic FM-dye release from motor nerve termi-
nals dual-labeled with FM4-64 and FM1-43 dyes in control (Cntr)
and fenoterol (Fen)-treated muscles. Top, A Protocol of the experi-
ment: nerve terminals were sequentially loaded with FM4-64 (red)
and FM1-43 (green) by two 20-Hz stimulus trains separated by 15-s
washout period; after loading and 40-min resting period, a repeated
20-Hz stimulation led to dye unloading. Inserts, typical fluorescent
images in red and green channels after background subtraction before
onset (0) and at 600 s of the stimulation. Scale bars, 15 um. C The
portion of dye fluorescence loss during 300 s and 600 s of 10-min

@ Springer

100 200 300 400 500 600 s

g
qu(\

o —
S e

E Indirect stimulation

— Cntr
— Time Cntr

— Fon —|§
: 1s E
20 Hz 50 Hz 70 Hz 100 Hz
N
g 130
(e]
= 1201
.g * ok * % e
S 1104 )
’2100._3 o____%____o I
§ 5 % Qq;? ,ﬁ,? i %_
5 909 T i &
[0} & o Cc% 1 o
2 80 L) °
@ (0] o
S 704 ° o
e = Indirect stimulation (via nerve)
£ 10
€ o0l 20Hz  50Hz  70Hz 100 Hz

& &E & &

stimulation at 20 Hz in Cntr and Fen-treated nerve terminals. A—C
n=10 (Cntr) and 8 (Fen) muscles. D, E Contractile responses to
moderate-to-high frequency stimulation of muscle fibers (direct
stimulation, D) and phrenic nerve (indirect stimulation, E). Stimulus
trains were applied before and after 15-min exposure to physiological
solution without (Time Cntr) or with Fen. Top, typical superimposed
traces of tetani in control and after Fen. Bottom, quantification of tet-
anus amplitude. The averaged amplitude of tetanus in response to the
first stimulus train at corresponding frequency was set as 100%. n="7
per group. A—E Data are represented as mean+SD. A, B *P <0.05
and ***P <0.001 by a repeated two-way ANOVA. C-E *P <0.05
and ***P <0.001 by Mann—Whitney U-test
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Fig.4 Effect of B2-adrenergic agonist on neurotransmitter release
after treatment with sphingomyelinase (SMase). A Changes in MEPP
amplitude (Ampl), rise time (Rt), and decay time (Tau) as well as
MEPP frequency in response to fenoterol (Fen) in SMase-pretreated
muscles. B Effect of Fen on EPP amplitude, rise, and decay time
as well as quantal content (m) of EPPs elicited by single stimuli at
0.5 Hz in SMase-treated muscles. A, B n=9 muscles per group;
Y-axis, normalized effect of Fen, where the values before Fen addi-
tion were taken as 100%. C Changes in quantal content of EPPs dur-
ing intermittent stimulation at 20 Hz in SMase and SMase + Fen-

(Fig. SE, F). Like in control (Fig. 2B), under these condi-
tions, fenoterol increased a total number of quanta released
for 3 min of 20-Hz stimulation by 19+ 12% (P=0.002)
(Fig. 5F). Also, the analysis of the peak amplitudes dur-
ing intermittent 20-Hz stimulation showed that fenoterol
increased the neurotransmitter release facilitation in
response to the first stimulus of each subsequent stimula-
tion episode in PTX 4+ SMase-treated NMJs (Suppl Fig. 3).
Thus, the transition from stimulatory effect of the f2-AR
agonist to inhibitory one after SMase treatment is precluded

180 s 0 60 120 180s

treated muscles. Insert, typical traces of EPPs at 0, 60, and 180 s
of the stimulation; these time points are labeled by yellow circles
on the corresponding curves. Shown averaged curves. D Cumula-
tive quantal content curves, illustrating a number of quanta released
during the 20-Hz stimulation (from C). C, D n=12 (SMase) and 9
(SMase + Fen) muscles. A, B, D Data are represented as mean + SD.
A, B #*P<0.05 and **P<0.01 by a two-tailed, paired r-test as com-
pared to pre-Fen baseline. D **P <0.01 and ***P <0.001 by Mann—
Whitney U-test between SMase and SMase + Fen

by inhibition of G; protein. This points to a switching of
2-AR coupling to G; protein in response to plasmalemmal
sphingomyelin hydrolysis.

It should be noted that fenoterol decreased frequency of
spontaneous exocytotic events in PTX + SMase-treated NMJs
(Fig. 5D). Also, under these conditions, the fenoterol-induced
enhancement of neurotransmitter release during 20-Hz stim-
ulation disappeared after fenoterol washout (Supp. Figure 1
E, F). These effects of fenoterol were different from those
observed in the control (Fig. 1A and Suppl Fig. 1 A, B).
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Fig.5 Effects of G; protein inhibition with pertussis toxin (PTX) on
2-adrenergic agonist-mediated changes in neurotransmitter release.
A Influence of fenoterol (Fen) on MEPP and EPP amplitude (Ampl),
rise time (Rt), and decay time (Tau) as well as MEPP frequency and
quantal content (m) of EPPs elicited by single stimuli at 0.5 Hz in
PTX-pretreated mice. n=7 muscles per group; Y-axis, normalized
effect of Fen, where the values prior to Fen addition were taken as
100%. B Fen-mediated changes in quantal content during intermit-
tent 20-Hz stimulation in PTX-treated mice. Shown averaged curves.
C Cumulative quantal content illustrating a total number of quanta
released for 3-min stimulation at 20 Hz (from B). n=14 (PTX) and

Sphingomyelinase Treatment Reverses the Effect
of B2-Adrenergic Agonist on Involvement Synaptic
Vesicles in Exocytosis: The Role of G, Protein

Monitoring of FM-dye exocytotic release (unloading) from
two groups of synaptic vesicles, which previously cap-
tured the FM4-64 and FM1-43 dyes during two sequential
20-Hz stimulus trains, shorter (30 s) and longer (150 s),
revealed the inversion of f2-AR agonist effect after pre-
treatment with SMase (Fig. 6A—C) as compared to control
(Fig. 3A-C). Indeed, fenoterol decreased the rate of both
FM4-64 and FM1-43 unloading during 20-Hz stimulation
of the motor nerve in SMase-treated NMJs (Fig. 6A, B).
As a result, fenoterol reduced FM4-64 and FM1-43 dye
loss by 11 +£10% (P=0.043) and 11 +£8% (P =0.005),
respectively, after 10-min stimulation as compared to the
control action of SMase (Fig. 6C). Thus, 2-AR agonist

@ Springer

10 (PTX+Fen) muscles. D Influence of Fen on the parameters of
MEPPs and EPPs in PTX+SMase-treated muscles. n=10 mus-
cles. E Changes in quantal content during intermittent stimulation
at 20 Hz in PTX + SMase-treated muscles in control (PTX + SMase)
and after application of Fen (PTX+SMase+Fen). F Cumulative
quantal content for 3-min stimulation at 20 Hz (from E). E, F n=12
(PTX +SMase) and 12 (PTX+SMase+Fen). A, C, D, F Data are
represented as mean=+ SD. C, F **P <0.01 by Mann—Whitney U-test
between groups. D **P <0.01 by a two-tailed, paired #-test as com-
pared to pre-Fen baseline

suppressed an involvement of synaptic vesicles into exo-
cytosis induced by 20-Hz stimulation after treatment
with SMase (Fig. 6A-C). Note that in control, fenoterol
enhanced the synaptic vesicle recruitment in exocytosis
(Fig. 3A-C).

Inhibition of G; protein with PTX completely restored
the ability of p2-AR agonist to increase the rate of
FM4-64 and FM1-43 unloading during 20-Hz activity
in SMase-pretreated muscles (Fig. 6D, E). Particularly,
fenoterol increased FM4-64 and FM1-43 loss by 27 +11%
(P=0.003) and 20 £4% (P =0.003), respectively, after
10-min stimulation of the phrenic nerve in PTX + SMase-
treated muscles (Fig. 6F). Accordingly, SMase treatment
might promote a signaling via f2-AR-G; protein axis
causing the reversion of f2-AR agonist effect on synaptic
vesicle recruitment into the exocytosis during moderate-
frequency activity.
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Fig.6 Influence of sphingomyelinase (SMase) on [2-adrenergic
agonist-mediated changes in exocytotic FM-dye release during
20-Hz stimulation. A, B Unloading kinetics of FM4-64 and FM1-43
in response to phrenic nerve stimulation at 20 Hz in SMase-treated
muscle in control (SMase) and in combination with fenoterol (Fen)
application. Top, FM-dye loading protocol was the same as in Fig. 3;
after the loading, the muscles were treated with SMase. C Estimation
of FM-dye loss for 300 s and 600 s of 20-Hz stimulation (from A and
B). A-C n=8 (SMase) and 7 (SMase + Fen). D, E Kinetics of FM4-

Cholesterol Oxidase Inverts the Effect
of B2-Adrenergic Agonist on Exocytotic FM-Dye
Release During Moderate-Frequency Activity

Hypothetically, SMase-mediated changes in the
B2-adrenergic regulation of neuromuscular transmission
rely on alterations in properties of lipid microdomains. To
test this possibility, membrane cholesterol, an essential com-
ponent of lipid rafts, was targeted by cholesterol oxidase
(ChO). Previously, we found that ChO at concentration of
0.2 U/ml oxidized a portion of plasmalemmal cholesterol

100 200 300 400 500 600s

64 and FM1-43 unloading during 20-Hz stimulation in PTX + SMase-
treated muscles in control (PTX+SMase) and in combination with
Fen (PTX+ SMase +Fen). F Portions of FM-dye loss for 300 s and
600 s of the 20-Hz stimulation (from D and E). A, B, D, E Inserts,
typical fluorescent images after background subtraction before onset
(0) and at 600 s of the stimulation. Scale bars, 15 um. D-F n=6
(PTX+SMase) and 7 (PTX+SMase+Fen). A, B, D, E *P<0.05
and **P <0.01 by a repeated two-way ANOVA. C, F *P<0.05 and
*#*P <0.01 by Mann—Whitney U-test between groups

and effectively disrupts lipid-ordering (raft) phase in the
synaptic membranes of the diaphragm NMIJs [44].

In contrast to the control conditions, fenoterol suppressed
FM-dye exocytotic release during 20-Hz stimulation of the
phrenic nerve in ChO-pretreated NMIJs (Fig. 7A, B). As a result,
fenoterol decreased FM4-64 and FM1-43 dye loss by 17+8%
(P=0.003) and 24 +12% (P=0.001) after 10 min of the stimula-
tion in the NMJs exposed to ChO (Fig. 7C). Accordingly, ChO
treatment, acting in a similar way as SMase, reversed the effect
of $2-AR agonist on the synaptic vesicle involvement in exocy-
tosis in response to moderate-frequency activity.
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Fig.7 Influence of cholesterol oxidase (ChO) on f2-adrenergic
agonist-induced changes in exocytotic FM-dye release during 20-Hz
stimulation of the phrenic nerve. A, B Kinetics of FM4-64 and FM1-
43 unloading in ChO-treated muscles in control (ChO) and in com-
bination with fenoterol (ChO+ Fen). Top, schematic representation
of experimental protocol: ChO treatment was applied after dye load-
ing and before exposure to Fen and unloading. Inserts, representative

Discussion

The main findings of the present study are as follows: (i)
pharmacological activation of f2-ARs enhances neuro-
transmitter release and recruitment of synaptic vesicles
into exocytosis during intense activity; (ii) pretreatment
with sphingomyelin-hydrolyzing enzyme (SMase) causes
a reversion of the f2-AR agonist effect on neurotransmis-
sion from stimulatory on inhibitory one; (iii) after SMase
treatment, f2-AR-dependent suppression of evoked neu-
rotransmitter release and synaptic vesicle involvement in
exocytosis upon 20-Hz stimulation is mediated by G; pro-
tein activation. Accordingly, p2-adrenergic regulation can
contribute to maintenance of neuromuscular transmission
acting at the presynaptic level. However, under the condi-
tions accompanied by SMase upregulation (e.g., inflamma-
tion, muscle disuse, amyotrophic lateral sclerosis, and heart
failure) [37-43], the activation of f2-ARs could suppress the
neurotransmission due to switching on G; protein-dependent
signaling. Interestingly, that functional inhibitors of SMase
exerted beneficial effects on skeletal muscle structural and
functional parameters in models of skeletal muscle disuse
[40, 62], exercise-induced muscle damage [42], palmitate-
induced insulin resistance [63], and inflammation/infection-
induced skeletal muscle atrophy [64, 65].

p2-AR is the main subtype of ARs in skeletal muscles.
Chronic activation of the p2-ARs can decrease muscle
wasting in sarcopenia, cancer cachexia, denervation, and
neuromuscular diseases [1, 19-23]. Acute activation of
the f2-ARs can potentially contribute to the flight-or-fight
response, enhancing neuromuscular transmission during
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fluorescent images after background subtraction before onset (0) and
at 600 s of the stimulation. Scale bars, 15 um. C Portions of FM-dye
loss by 300 s and 600 s of the stimulation at 20 Hz. A—C n=7 (ChO)
and 9 (ChO +Fen). A, B ##P <0.01 and ***P <0.001 by a repeated
two-way ANOVA. C #*P<0.05, **P<0.01, and ***P<0.001 by
Mann—Whitney U-test between groups

stress. Indeed, fenoterol increased neurotransmitter release
(Fig. 2A, B) and exocytotic FM-dye loss (Fig. 3) during
prolonged 20-Hz stimulation of the motor nerve. This was
accompanied by an improvement in contractile function
of the diaphragm muscle in response to moderate-to-
high frequency stimulation of the phrenic nerve (Fig. 3D,
E). At the same time, the activation of $2-ARs did not
affect spontaneous exocytosis and evoked neurotransmit-
ter release at low frequency (0.5 Hz) stimulation as well
as only slightly increased the neurotransmitter release at
intermittent 10 Hz stimulation (Fig. 1C). During intermit-
tent activity at both 10 and 20 Hz, f2-AR agonist markedly
increased neurotransmitter release facilitation in the initial
period of each subsequent stimulus trains after 0.5-s rest
interval (Figs. 1D and 2C). A selective f2-AR antagonist
completely prevented the fenoterol-induced elevation of
neurotransmitter release (Fig. 2D, E). Accordingly, 2-AR
activation can mainly enhance a recruitment of synaptic
vesicles into exocytosis probably due to increased vesicle
mobilization to the exocytosis sites. Dual labeling of syn-
aptic vesicles with FM dyes suggested that p2-AR agonist
could mainly potentiate the mobilization of the vesicles
(presumable, from the recycling pool), which were formed
by endocytosis during the initial 30 s of moderate fre-
quency activity (Fig. 3A vs Fig. 3B). Interestingly, optoge-
netic stimulation of postganglionic sympathetic neurons
caused an acute increase in MEPP frequency in the
lumbricalis muscle. However, this effect of endogenous
norepinephrine relied mainly on f1-ARs, since f1-AR
antagonist, atenolol strongly suppressed it [66]. Further-
more, norepinephrine is more selective for the f1-ARs as
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opposed to the p2-ARs, probably due to the relatively slow
association rate of norepinephrine to the f2-ARs [67].

Acute administration of fenoterol did not modify signifi-
cantly the force of diaphragm contractions elicited by direct
stimulation (Fig. 3D). Similarly, f2-AR agonist terbutaline
as well as a non-subtype selective f-AR agonist isoproter-
enol had no effect on the contractility of rat diaphragm mus-
cle strips [68, 69]. Also, acute intravenous administration
of fenoterol did not change the contractility in nonfatigued
diaphragm of dogs [70]. Although a f2-AR agonist salbuta-
mol increased rat diaphragm contraction induced by direct
stimulation [71]. In mouse diaphragm strips, f2-AR ago-
nists, clenbuterol and fenoterol at nanomolar concentrations,
induced transient positive inotropic effects, which were
strongly attenuated by increasing the agonist concentration
to 1 pM [72]. Conceivably, such discrepancies may arise
due to (i) the complexity of diaphragm muscle containing
slow- and fast-twitch muscle fibers, which contractility can
be regulated by B-AR in opposite/different manner [68, 69,
73], and (ii) the diversity of f2-AR signaling in combination
with biased agonism of -AR modulators [72, 74, 75]. At the
same time, chronic activation of 3-ARs [76] or amelioration
of sympathetic denervation during aging [77] contributed to
the maintenance of contraction force of, at least, fast-twitch
muscles. Conversely, sympathectomy led to a significant
reduction in both nerve- and muscle-evoked contraction
force in the fast lumbricalis muscle [78].

B2-ARs are mainly located in the lipid rafts enriched with
sphingomyelin and cholesterol [35]. Plasmalemmal sphin-
gomyelin can be hydrolyzed to ceramide and phosphoryl-
choline by SMases, whose upregulation and secretion occur
during many conditions associated with muscle weaknesses
and atrophy, e.g., heart failure [38, 39], muscle disuse [40],
sarcopenia [79], amyotrophic lateral sclerosis [18, 41], and
inflammation [65]. Increased SMase activity seems to be one
of the key triggers of diaphragm dysfunction in heart failure
[38, 80] and infection [65]. Also, SMase can have a critical
role in exercise-evoked skeletal muscle damage [42]. Here,
we found that pretreatment with SMase inversed the action
of B2-AR agonist on neurotransmitter release (Fig. 4C,
D) and involvement of synaptic vesicles into exocytosis
(Fig. 6A—C) during intense activity. Under these condi-
tion, B2-AR activation markedly suppressed neuromuscular
transmission. Note that SMase itself increased both neuro-
transmitter and dye release during intense activity (Fig. 4C,
D vs Fig. 2A, B; Fig. 6C vs Fig. 3C). This is consistent with
the results of our previous study, which showed that SMase
acting on plasmalemma increases synaptic vesicle mobiliza-
tion in the NMIJs [34]. Furthermore, SMase treatment can
increase depolarization-induced neurotransmitter release
from sympathetic nerve terminals [43].

One of reasons for the change in p2-adrenergic regula-
tion of neurotransmission can be a switching of the receptor

coupling to G; protein. It is consistent with this hypothesis
that inhibition of G; protein with PTX completely restored
the ability of f2-AR agonist to increase neurotransmitter
release (Fig. SD-F, Suppl Fig. 3B) and synaptic vesicle
recruitment to exocytosis (Fig. 6D, E) during prolonged
activity. At the same time, the inhibition of G; protein did
not markedly affect the B2-AR-mediated positive regulation
of neurotransmitter release in control (Fig. SA—C). Accord-
ingly, a switching of $2-ARs to G; protein-dependent signal-
ing can occur after SMase treatment, leading to the depres-
sion of neurotransmission in response to f2-AR activation.

Sphingomyelin is an essential component of lipid micro-
domains, and its interactions with cholesterol can promote
lipid raft formation [81, 82]. SMase treatment causes a
partial lipid raft disruption and ceramide accumulation in
synaptic regions of the mouse diaphragm [34]. Lipid raft
stability can control a switching of 2-AR coupling from
G, proteins to G; proteins [35, 36, 60, 61]. Particularly, lipid
raft-disrupting agents, methyl-f-cyclodextrin or oxidized
cholesterol, can facilitate p2-AR-G; protein signaling in
isolated atria [36, 60]. Hypothetically, the SMase-mediated
reversion of f2-AR agonist effect on the neuromuscular
transmission can be related to a decrease in lipid raft integ-
rity and, hence, an increase in coupling of f2-ARs to G;
protein. It is consistent with this hypothesis that treatment
with ChO, acting in a similar manner as SMase, caused
an inversion of f2-AR agonist effect on synaptic vesicle
involvement in exocytosis (Fig. 7). Note that ChO at used
concentration as well as SMase partially disrupted lipid rafts
in synaptic regions of the mouse diaphragm [34, 44]. Alter-
natively, products of sphingomyelin hydrolysis (ceramide,
sphingosine, and sphingosine 1-phospate) can interfere
with p2-adrenergic signaling in the synapses. Sphingosine
1-phosphate induced a heterologous 2-AR desensitization
in bronchial airway smooth muscle cells [83]. In turn, het-
erologous desensitization of f2-ARs mediated by receptor
phosphorylation can serve as a “switch” of this receptor cou-
pling from G to G; protein [84].

Fenoterol binding with $2-ARs is a highly favorable pro-
cess, whereas its unbinding requires overcoming of large
free energy barriers [57]. This may be one of the reasons
why fenoterol action on neurotransmitter release was persis-
tent after its washout from perfusion (Suppl Fig. 1A). How-
ever, after SMase treatment, the action of fenoterol became
reversible and disappeared after the agonist washout (Supp
Fig. 1 C, E). One possibility is that the change in lipid com-
position can affect ligand-binding properties of the f2-ARs
[85]. Alternatively, sphingomyelin hydrolysis can increase
bilayer undulations [86], facilitating a dissociation of the
ligand from the $2-AR.

Further molecular and genetic studies are required to
uncover the detail mechanisms of lipid-dependence of
B2-adrenergic regulation of neurotransmission and its
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implication in the progression of neuromuscular patholo-
gies. The possible molecular mechanism of change in
synaptic vesicle recruitment into exocytosis upon f2-AR
activation may be related to cAMP/protein kinase A sign-
aling. Activation of cAMP-dependent enzymes enhanced
the recruitment from reserve pool at Drosophila and frog
NMIJs [87, 88]. Protein kinase A activity can be required
for vesicle untethering and delivery from reserve pool to
exocytotic sites [89]. In rat NMJs, protein kinase A con-
stitutively increased neurotransmitter release [90, 91].
One of the major presynaptic targets for protein kinase A
might be synapsins. Protein kinase A-mediated phospho-
rylation of synapsin I promoted dissociation of synapsin
I from synaptic vesicles, enhancing the rate of exocytosis
on stimulation in cultured neurons [92]. In rat neuromus-
cular junctions, change in protein kinase A-mediated phos-
phorylation of synapsin 1 and presynaptic SNARE protein
SNAP-25 was discovered as a component of the synaptic
retrograde regulation [93]. Accordingly, both pre- and
postsynaptic f2-ARs could be involved in the regulation
of synaptic vesicle mobilization in the NMIJs.

Conclusion

Acute activation of B2-ARs with fenoterol enhanced
neuromuscular transmission during intense activity via
increasing a recruitment of synaptic vesicles into the
evoked exocytosis. Sphingomyelin-hydrolyzing enzyme
SMase, which partially destabilizes synaptic lipid rafts
[34], inversed the fenoterol-induced positive modulation of
neuromuscular transmission probably due to switching of
2-adrenergic signaling to PTX-sensitive G; protein. Simi-
larly, cholesterol-oxidizing enzyme, which partially dis-
rupts the junctional lipid rafts [43], converted the 2-AR
agonist stimulatory action on the synaptic vesicle exocy-
tosis to inhibitory one. These data suggest a significant
role of lipid microdomains in the f2-adrenergic regulation
of neuromuscular transmission in the mouse diaphragm.
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