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Highlights

What are the main findings?

e (Bl receptors modulate acetylcholine release only in developing synapses and require
postsynaptic nicotinic receptors.
e  Butyrylcholinesterase degrades endocannabinoids to tune this signaling.

What are the implications of the main findings?

e  This presynaptic—postsynaptic coupling reveals a novel retrograde homeostatic mech-
anism essential for synapse maturation.

e  Non-canonical endocannabinoid degradation by butyrylcholinesterase highlights age-
specific regulators of motor control.

Abstract

Endocannabinoid receptors of the CB1 subtype are the most abundant G-protein-coupled
receptors in the central nervous system, where they strongly regulate neurotransmitter
release. The effects of the activation of these receptors by exogenously applied agonists
have also been described in the peripheral nervous system, particularly at neuromuscular
junctions (NM]Js). However, the physiological role of these receptors at NM]Js has not been
demonstrated. We have shown that blockade of CB1 receptors at the NMJs of newborn or
young mice increases the quantal content of end-plate potentials, as well as their decay
time constant. Neither effect of CB1 receptor blockade is observed if postsynaptic muscle
acetylcholine receptors are partially blocked. Thus, CB1 receptors may be involved in
maintaining synaptic homeostasis. Importantly, the effect of CB1 receptor blockade on
quantal content is potentiated by blockade of the enzyme butyrylcholinesterase. Therefore,
butyrylcholinesterase may be considered a component of the extracellular degradation
system for endocannabinoids.
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1. Introduction

The endocannabinoid (eCB) system comprises endogenous lipid mediators, their
receptors, and the enzymatic machinery responsible for their synthesis and degradation [1].
Among the best-characterized eCBs are anandamide (AEA) and 2-arachidonoylglycerol
(2-AG), which are synthesized on demand from membrane phospholipid precursors and
primarily act through cannabinoid receptors. The canonical cannabinoid receptors CB1
and CB2 are G;j/, protein-coupled receptors that exhibit constitutive activity and regulate
multiple intracellular signaling pathways [2]. A growing body of research has demonstrated
that the endocannabinoid (eCB) signaling system is critically involved in multiple stages of
organismal development, spanning from early embryonic patterning and the assembly of
neural networks to the establishment of synaptic connections and the postnatal refinement
of nervous system architecture [1-3].

In the nervous system, endocannabinoids function predominantly as retrograde mes-
sengers that modulate neurotransmitter release and synaptic plasticity [4]. While the
mechanisms of eCB signaling have been extensively investigated in central synapses, con-
siderably less is known about their role at peripheral cholinergic synapses, including the
neuromuscular junction (NM]). Early studies demonstrated that exogenous cannabinoids
can alter neurotransmission at amphibian NM]Js. For example, AEA abolished cAMP-
dependent facilitation of transmitter release at the frog NM]J [5], whereas CB1 receptor
agonists were later shown to exert bidirectional effects on evoked acetylcholine (ACh) re-
lease [6]. More recently, exogenous application of AEA and 2-AG was shown to potentiate
ACh release at mouse motor synapses through noncanonical mechanisms, indicating that
cannabinoid signaling can modulate neurotransmission at mammalian NMJs [7].

Evidence for eCB signaling at the NM]J is considerably more limited. Muscarinic
receptor activation induces endocannabinoid-dependent depression of neurotransmitter
release through presynaptic CB1 receptors at the lizard NM]J, providing the first direct
evidence for physiological eCB regulation of neuromuscular synaptic transmission [8].
However, the conditions under which the eCB system can regulate transmitter release at
mammalian NM]Js remain unknown.

The postnatal period is characterized by profound structural and functional remodel-
ing of mammalian NMJs, including the maturation of neurotransmitter release mechanisms,
elimination of redundant synaptic inputs, and replacement of fetal (y-containing) nicotinic
ACh receptors (nAChRs) with the adult e-containing receptor isoform [9-11]. Given the
established role of the eCB system in neural development, it is plausible that eCB signal-
ing contributes to the maturation and functional regulation of developing NMJs [1-3,12].
Therefore, the purpose of this study was to test the activity of the eCB system at the NM]Js
of newborn and young mice.

To investigate the contribution of the eCB system and cholinergic mechanisms to NM]J
function, we used four pharmacological agents with well-characterized targets. AM-251
is a potent CB1 receptor antagonist/inverse agonist [13] with high affinity for CB1 recep-
tors (Ki = 7.49 nM) and substantially lower affinity for CB2 receptors (Ki = 2290 nM) [14].
However, AM-251 can have off-target effects at higher concentrations, including positive
allosteric modulation of GABA 4 receptors, which should be considered when pharmaco-
logical experiments are being performed [15]; consequently, we did not utilize AM-251 at
concentrations high enough to have off-target effects. Bambuterol is a carbamate prodrug
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that acts as a potent and relatively selective inhibitor of butyrylcholinesterase (BChE),
with considerably lower potency toward acetylcholinesterase [16]. d-Tubocurarine (dTc) is
a classical competitive antagonist of nAChRs [17,18]. Finally, Waglerin-1 is a peptide toxin
that selectively inhibits the adult e-containing form of the muscle nAChR. Its selectivity
is developmentally relevant because neonatal NMJs predominantly express y-containing
nAChRs, whereas the e-containing receptor becomes predominant during postnatal matu-
ration [19]. Thus, the combined use of AM-251, bambuterol, dTc, and Waglerin-1 allowed us
to pharmacologically distinguish the contributions of CB1 signaling, BChE activity, overall
nAChR-mediated transmission, and specifically the adult e-containing nAChR isoform to
NM]J function during postnatal development.

CB1 receptor blockade has been shown to increase the level of ACh release at mouse
NM]Js on the second and fourteenth days of postnatal development. In addition, CB1 recep-
tor blockade increases the decay time constant of end-plate potentials (EPPs). Interestingly,
the effects of eCB receptor blockade depend on the activity of adult (¢-containing) nAChRs
and BChE activity. We also showed that CB1 receptor blockade increases the rate of muscle
fatigue ex vivo.

2. Materials and Methods
2.1. Ethical Approval and Animals

All procedures involving animals were conducted in strict compliance with the AR-
RIVE guidelines and NIH Guide for the Care and Use of Laboratory Animals as well as the
requirements set forth in EU Directive 2010/63/EU. The experimental protocols received
approval from the Animal Care and Use Committee affiliated with the FRC Kazan Scientific
Center of the Russian Academy of Sciences (protocol No. 23/7, dated 12 May 2023). Every
reasonable measure was taken to reduce distress and discomfort experienced by the ani-
mals. CD-1 mice were housed in plastic cages containing sawdust bedding and maintained
in a room with adequate ventilation at a temperature of 2022 °C, a 12 h light/dark cycle,
and relative humidity of 60-70%. Food and water were provided without restriction.

Experiments were conducted on isolated neuromuscular preparations obtained from
the m. levator auris longus (LAL) [13] and the diaphragm. Tissues were harvested from
the animals at postnatal day 2 (P2), postnatal day 14 (P14), and two months of age (P60).
Prior to tissue extraction, each animal was subjected to deep anesthesia using isoflurane,
followed by rapid decapitation. No deliberate randomization of animals within each age
group was performed, and the researchers were not blinded with respect to the identity of
the applied substances.

2.2. Chemicals

The CB1 receptor blockers AM-251 (Cat. # A6226), bambuterol (Cat. # B8684), and
d-tuborurarine (Cat. #5.05145) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Waglerin-1 (Cat. # STW-001) was purchased from Alamone Labs (Jerusalem, Israel).

2.3. Electrophysiological Recordings

The experimental procedure followed the protocol outlined in our earlier publica-
tion [20]. Isolated LAL nerve-muscle preparations were secured with pins in transparent
recording chambers and continuously superfused (2-3 mL min~!) with Krebs-Ringer solu-
tion equilibrated with a gas mixture of 95% O, and 5% CO,. The physiological solution had
the following composition (mM): NaCl—137, KCI—5, CaCl,—2, MgCl,—1, Na,HPO,—1,
NaHCO3—11.9, and glucose—11, adjusted to pH 7.4.

Stock solutions of the compounds under investigation were prepared in distilled water
at concentrations ranging from 1 to 10 mM, with the exception of AM-251, which was
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dissolved in DMSO to yield a 10 mM stock. The pH of all aqueous stock solutions was
maintained within the range of 7.2-7.4. The prepared stocks were stored at —20 °C until
needed, while the AM-251 stock was kept at room temperature. Immediately prior to
each experiment, the appropriate stock was diluted in Krebs—-Ringer solution to reach final
working concentrations of 50 nM, 100 nM, 1 uM, or 5 pM. The DMSO content in the bathing
solution never exceeded 0.5% (v/v).

End-plate potentials (EPPs) and spontaneous miniature EPPs (mEPPs) were registered
at 2022 °C with conventional glass microelectrodes (tip resistance 10-15 M(}) back-filled
with 3 M KCI. Because p-conotoxin GIIIB lacks efficacy in neonatal preparations [21],
muscle fiber contraction and action potential generation during EPP/mEPP recordings
were prevented by making transverse cuts through the muscle fibers [22]. The motor nerve
was stimulated through a suction electrode delivering supramaximal current pulses of
0.1 ms duration at a repetition rate of 0.5 Hz. Recordings were obtained from 5 to 10 end-
plate regions prior to drug application and from a separate set of 5-10 end-plates following
treatment. At each end-plate, 50 EPPs and 50 mEPPs were captured. Quantal content (QC)
was estimated as the ratio of the average EPP amplitude to the average mEPP amplitude
measured at the same junction. Only muscle fibers exhibiting a stable resting membrane
potential of —40 £ 2 mV were included in the analysis. To account for the nonlinear
summation of EPP and mEPP amplitudes, Martin’s correction factor was applied [23].

Synaptic signals were acquired with an Axoclamp 900A amplifier, digitized via a Digi-
data 1440A interface (Molecular Devices, San Jose, CA, USA), and subsequently processed
using pClamp v. 10.4 software (Molecular Devices, USA).

2.4. Recordings of Muscle Contractile Responses

Hemi-diaphragm preparations together with their intact phrenic nerves were im-
mersed in continuously oxygenated Krebs—Ringer solution maintained at 25 °C. Isometric
twitch force was monitored using a TRI201AD force transducer (AD Instruments, Sydney,
NSW, Australia). Muscle contractions were elicited by applying supramaximal current
pulses (0.1 ms pulse width) to the phrenic nerve through a suction electrode. Stimulation
trains were delivered at frequencies of 1, 10, 20, 40, 70, and 100 Hz, each lasting 30 s, with
a 2 Min rest period separating consecutive trains. The optimal resting length of the muscle
and the appropriate stimulation voltage were established by incrementally adjusting the
muscle length with a micromanipulator until maximal force output was achieved. All
the force recordings were acquired and stored using a PowerLab data-acquisition system
running LabChart 6 software (ADInstruments, Colorado Springs, CO, USA).

2.5. Histochemical Detection of Butyrylcholinesterase Activity

After dissection, the LAL muscle samples were fixed in 4% paraformaldehyde for 24 h
at 4 °C and then transferred to 30% sucrose in phosphate-buffered saline (PBS, pH 7.4) con-
taining 0.02% sodium azide. Histochemical staining for BChE was performed as described
previously [24] with modifications. Briefly, the samples were washed in 0.1 M phosphate
buffer (pH 7.4) for 30 min and incubated for 30 min in 0.1 M phosphate buffer (pH 7.4)
supplemented with 0.3% H;O,. A subset of samples was incubated for 30 min in 0.1 M
maleate buffer (pH 7.0) supplemented with 100 nM bambuterol as a BChE inhibitor, while
the remaining samples were incubated in 0.1 M maleate buffer (pH 7.0) without bambuterol.
The samples were subsequently transferred for 1.5 h to a reaction mixture containing 0.1 M
maleate buffer (pH 7.0), 5 nM C547 as a specific acetylcholinesterase inhibitor [25], 0.05 mM
K3Fe(CN)g, 0.47 mM CuSOy, 0.5 mM ammonium citrate, and 0.8 mM butyrylthiocholine
as a substrate for BChE. In the experimental group, 100 nM bambuterol was added to the
mixture, whereas the control sections were held in maleate buffer. After the enzymatic
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reaction, the samples were washed in distilled water for 30 min, incubated for 10 min
in 0.3% nickel(IT) ammonium sulfate solution, washed in distilled water for 30 min, and
placed in 1.39 mM 3,3/-diaminobenzidine tetrahydrochloride in 0.1 M phosphate buffer
(pH 7.4) for 5 min, after which the staining was developed by adding 0.3% HyO, for 3 min.
The reaction was stopped by sequential washing first in 0.01 M acetate buffer (pH 3.3) and
then in distilled water. Micrographs of the preparations were acquired using an Olympus
IX83 inverted microscope (Evident, Tokyo, Japan). A total of five control muscles and five
bambuterol-treated muscles were used for histochemical detection of butyrylcholinesterase
activity in each age group.

2.6. Statistics

The number of samples necessary for each experimental series was determined in ad-
vance through power analysis, with the statistical power set at 80% and a significance thresh-
old of = 0.05. All the statistical procedures were carried out in OriginPro 2021b (OriginLab,
Northampton, MA, USA). The results are expressed as the mean values £ standard errors
of the mean (SEM). The sample size (n) corresponds to the total number of NMJs recorded,
derived from N individual animals, as specified in the respective figure legends. No data
points were removed as outliers prior to analysis.

The distribution of the data was evaluated for normality by means of the Shapiro—
Wilk test. Differences between two experimental groups were assessed using one-way
ANOVA. Changes in muscle contraction force were evaluated with a paired Student’s t-test.
A p-value less than 0.05 was accepted as the criterion for statistical significance. Significance
levels are denoted throughout the figures as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results

3.1. CB1 Receptors Mediate the Modulation of EPP Quantal Content and Decay Time Constant in
Newborn, Young but Not in Adult Mice

To evaluate the potential synaptic effects of a CB1 blocker (AM-251, 5 uM), we analyzed
the QC, amplitude, rise time and decay time constant of EPPs in newborn, young and
adult mice.

The average QC and decay time constant in newborn (P2) animals were 2.59 + 0.2 and
7.29 £ 0.2 ms, respectively, and were taken as 100%. In this age group, we observed the
strongest effect of AM-251, which increased the QC and decay time constant by 29 &+ 9.63%
(p < 0.05; Figure 1A,B) and 12.12 4 2.71% (p < 0.01; Figure 1A,B), respectively.

In turn, in a young synapse (P14), the average QC, amplitude of EPPs and decay time
constant were 5.5 £ 0.25, 8.48 £ 0.63 mV and 2.6 £ 0.05 ms, respectively. The application of
AM-251 significantly increased the QC and decay time constant by 17.24 4 4.9% (p < 0.05;
Figure 1A,C) and 7.84 £ 2.05% (p < 0.01; Figure 1A,C), respectively.

The average amplitude of EPPs in the control at P60 was 16.2 &= 1 mV, and that in the
QC was 19.7 £ 0.9. The application of AM-251 (5 uM) did not alter the QC (99.8 &£ 3.6%,
p = 0.93; Figure 1A,D) or the amplitude, rise time, or decay time constant of the EPPs
(Figure 1D).

Thus, blockage of CB1 receptors increases evoked ACh release at both P2 and P14
NMJs. In addition, CB1 receptor inactivation increases the decay time constant of EPP at
these developmental stages. Notably, the effects of eCB receptor blockers decreased from
P2 to P14.
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Figure 1. Effects of the CB1 antagonist AM-251 on evoked acetylcholine release at LAL NM]J.
(A) Representative EPP recordings at NM]Js in the control group (Cntr) and following application of
the CB1 antagonist AM-251. (B) Effect of AM-251 (5 uM) on EPP parameters (quantal content (QC),
rise time (RT) and decay time constant (Tau)) at P2. (C) Effect of AM-251 on EPP parameters at P14.
(D) A lack of AM-251 effect on EPP parameters at P60. n = 20-43 NMJs; N = 5-7 animals; * p < 0.05;
** p <0.01 vs. control values (one-way ANOVA).

3.2. Effects of CB1 Receptor Activation Depend on the Activity of Nicotinic Receptors Containing
the Epsilon Subunit

NM]Js of newborn animals contain both fetal (x;v0) and adult (xxed) muscle
nAChRs, and the switch from the fetal to the adult subtype occurs during the first two weeks
in rodents [9,10,26]. Furthermore, Yumoto et al. [11] reported that, during the transitional
period, v- and e-subunits are present simultaneously at individual endplates. Gu et al. [27]
demonstrated that, in developing rats, end-plates between P9 and P16 contain both -
and e-subunits simultaneously. It is also known that the channel opening time differs
markedly between fetal and adult receptors: 5.7 ms for fetal receptors vs. 1.6 ms for adult
receptors [28].

On the basis of these findings, we hypothesized that blockade of CB1 receptors induces
ACh release from an additional pool of synaptic vesicles located opposite the fields of
fetal nAChRs, whose activation may increase the mean decay time constant. To test this
hypothesis, we used Waglerin-1 (1 M), which is a selective blocker of e-subunit-containing
muscle nAChRs [19]. Thus, after the exclusion of adult nAChRs with fast kinetics, the
effect of AM-251 on QC was expected to be maintained; the decay time constant was not
expected to be altered since the decay time constant does not depend on the number of
open channels but reflects the kinetics of their closure.
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At P14, the application of Waglerin-1 did not alter the QC (88.96 & 4.72%, p > 0.05;
Figure 2A,B), although the mean rise time and decay time increased by 34.67 & 2.55%
(p < 0.001; Figure 2B) and 57.13 £ 2.25% (p < 0.001; Figure 2B), respectively. However,
unexpectedly, the subsequent application of AM-251 (5 uM) did not affect the QC, decay
time constant or rise time.
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Figure 2. Action of the CB1 antagonist AM-251 on the parameters of evoked activity at the LAL NM]J
in the presence of the e-subunit-containing muscle nAChR blocker Waglerin-1 (1 uM) at P14. (A) Rep-
resentative EPP recordings at NM]Js in the control group (Cntr), Waglerin-1 alone and combined with
AM-251-treated groups. (B) Effect of Waglerin-1 alone or in combination with AM-251 (5 uM) on EPP
parameters (quantal content (QC), rise time (RT) and decay time constant (Tau)). n = 32-35 NMJs;
N = 5 animals; *** p < 0.001; **** p < 0.0001 vs. control/blocker values (one-way ANOVA).

Thus, unexpectedly, both effects of AM-251 were eliminated in the presence of
Waglerin-1. This observation suggests functional coupling between CB1 receptor signaling
and muscle nAChRs such that blockade of the latter prevents the manifestation of CB1
receptor-mediated effects. The disappearance of the presynaptic effect on the QC following
postsynaptic receptor blockade may indicate the existence of a retrograde signaling mecha-
nism between the postsynaptic membrane and the motor nerve terminal. Such interactions
could represent a form of synaptic homeostasis. Indeed, similar phenomena, whereby
alterations in the number of active postsynaptic nAChRs lead to compensatory changes in
presynaptic ACh release, have previously been described as synaptic homeostasis [29].

To determine whether the observed phenomenon indeed represents a form of synaptic
homeostasis, we next examined the effects of partial blockade of all muscle nAChR isoforms.
To this end, we used dTc (50 nM), a selective antagonist of nAChRs [30]. The application
of dTc per se significantly increased the QC by 45.73 + 9.07% (p < 0.001; Figure 3B), as
previously described [29]. However, neither the rise time nor the decay time was affected.
Subsequent application of AM-251 (5 pM) produced no additional changes in the QC, rise
time, or decay time constant. Thus, the effects of AM-251 depend on the density of active
nAChR at the postsynaptic membrane.

Next, we investigated how Waglerin-1 and the coapplication of Waglerin-1 with AM-
251 affected the parameters of evoked ACh release in P2 aged mice. Waglerin-1 per se
significantly increased the QC by 60.59 + 12.05% (p < 0.05; Figure 4) and did not affect
the rise time or decay time. When AM-251 was applied together with Waglerin-1, the QC
increased by 40.3 £ 9.6% (p < 0.05; Figure 4), and neither the rise time nor the decay time
were affected.
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Figure 3. Action of the CB1 antagonist AM-251 on evoked activity at LAL NM]J in the presence of
d-Tubocurarine (50 nM, dTc) at P14. (A) Representative EPP recordings at NM]Js in the control group
(Cntr), dTc alone or combined with AM-251 treatments. (B) Effect of dTc alone or combined with
AM-251 (5 uM) on EPP parameters (quantal content (QC), rise time (RT) and decay time constant
(Tau)). n = 33 NMJs; N = 5 animals; *** p < 0.001 vs. control/blocker values (one-way ANOVA).
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Figure 4. Action of the CB1 antagonist AM-251 on the parameters of evoked activity at the LAL
NM]J in the presence of the e-subunit-containing muscle nAChR blocker Waglerin-1 (1 uM) at P2.
(A) Representative EPP recordings at NM]Js in the control group (Cntr), Waglerin alone or combined
with AM-251 treatment groups. (B) Effect of Waglerin alone or combined with AM-251 (5 uM) on
EPP parameters (quantal content (QC), rise time (RT) and decay time constant (Tau)). n = 25 NM]Js;
N = 5 animals; ** p < 0.01 vs. control/blocker values (one-way ANOVA).

Thus, the data indicate that AM-251 continues to exert its modulatory effect on QC in
the presence of Waglerin-1 but no longer affects the decay time constant. These findings
suggest that a certain level of active adult muscle nAChR subtype may be required for the
CB1 receptor-mediated modulation of the decay time constant.

3.3. Effects of CB1 Receptor Activation Depend on the Activity of Butyrylcholinesterase

2-AG is hydrolyzed by BChE in vitro, suggesting a possible role for BChE in eCB
metabolism [31]. We decided to investigate whether such a non-canonical pathway for
eCB degradation might also operate at NMJs ex vivo. To this end, we used bambuterol
(100 nM) as a specific BChE inhibitor [32]. Notably, bambuterol is a prodrug of the selective
long-acting b2-adrenoceptor agonist terbutaline, which is used for long-term treatment
of bronchial asthma [33]. Bambuterol itself has no b2-adrenoceptor agonist effect, but
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it is metabolized by plasma BChE into bambuterol monocarbamate (inactive), which is
further metabolized by the same enzyme into the pharmacologically active terbutaline [34].
During this time, BChE remains inhibited. Considering the extremely slow kinetics of the
conversion of bambuterol to terbutaline [35], the effects of adrenergic receptor activation in
our study can be neglected.

In young mice (P14), bambuterol had no effect on evoked ACh release (93.5 £ 3.4%,
p =0.9; Figure 5A,C); however, it increased the decay time constant by 10.94 £ 2.84%
(p < 0.05; Figure 5A,C). A similar pattern was observed at P2, where the QC remained
unchanged, but the decay time increased by 8.05 &+ 2.54% (p < 0.05; Figure 5B,D). This
slight increase in the EPP decay time in the presence of bambuterol may be explained by
cholinesterase inhibition [36].

A B

Cntr Cntr
® Sms ® S5ms
Bambuterol 3 Bambuterol 3
< <

@ Bambuterol + AM-251

/
o P14 pa 2\ P2 P2
C D

Quantal content Rt Tau Quantal content Rt Tau

@ Bambuterol + AM-251

N
o
o
N
o
o

*k% * * * * *%

N
o
°

-
@
o

o
=]

Effect on EPP parameters, %
g
e mg' i
5
Lo
o
Effect on EPP parameters, %
g
=l
..
;’“l

P14 P2

0 T T T T T T 0 T T T T T T

> x > x 5 x > x > x > x

© > 5© > 5 > Y > 5© > £© >

@ O N @ N @ © N @ © N @ O N @ © N
& FF & FF & S & FF & KPS
F S F SN F O & S F S F S

i P * <P P i

Figure 5. Action of the CB1 receptor antagonist AM-251 on EPP parameters at the LAL NMJ
in the presence of the butyrylcholinesterase (BChE) blocker bambuterol (100 nM) at P14 and P2.
(A,B) Representative EPP recordings at NMJs in the control group (Cntr) and following the application
of bambuterol and subsequent AM-251 at P14 (left) and P2 (right). (C) Effect of AM-251 in the presence
of bambuterol on EPP parameters at P14. (D) Effect of AM-251 in the presence of bambuterol on
EPP parameters at P2. n = 24-41 NM]Js; N = 5 animals; * p < 0.05, ** p < 0.01, *** p < 0.001, vs.
control/blocker values (one-way ANOVA).

We then applied AM-251 (5 pM) to LAL muscles in which BChE had been pre-inhibited
with bambuterol. In aged P14 mice, the effect of AM-251 was enhanced to 29.8 &+ 5.1%
(p <0.001; Figure 5C), which was significantly greater than the effect of AM-251 alone
(17.24 & 4.9%, Figure 1C). However, the effect on decay time remained comparable to that
of AM-251 alone and was 12.74 £ 2.45% (p < 0.05; Figure 5C).

In P2 animals, the application of AM-251 after bambuterol increased the QC and
decay time by 33.24 + 6.87% (p < 0.05; Figure 5D) and 14.2 & 3.51% (p < 0.01; Figure 5D),
respectively. These values did not differ significantly from those observed following the
application of AM-251 alone (Figure 1B).
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Thus, the increase in the effect of AM-251 on EPP QC following BChE inhibition at
P14 suggests that BChE-sensitive processes can modulate eCB-dependent regulation of
neurotransmitter release at NMJs.

To verify the presence of extracellular BChE in LAL muscle, we performed histochemi-
cal detection of BChE activity by the method of Karnovsky [24]. To do this, the LAL muscles
were incubated in a solution containing the specific BChE substrate butyrylthiocholine,
which was hydrolyzed to thiocholine and acetic acid. The formed thiocholine binds to the
ions of metals present in the solution, which leads to the precipitation of a characteristic
color precipitate, known in histochemistry as Hatchett’s brown. The advantage of this
method is that the precipitation occurs directly at the site of extracellular enzyme localiza-
tion. Histochemical detection revealed no visible activity of BChE in the LAL muscle of
aged P2 mice (Figure 6). However, characteristic histochemical staining was detected in the
LAL of mice aged P14 and P60 (Figure 6). Notably, after preincubation of the muscles with
bambuterol at a concentration of 100 nM, no visible activity of BChE was detected. Thus,
bambuterol at this concentration significantly inhibited BChE activity.

Figure 6. Histochemical detection of butyrylcholinesterase activity in the LAL muscles of newborn
(P2), young (P14) and adult (P60) mice in Control and after the incubation with bambuterol (100 nM).
The white arrows show an example of characteristic Hatchett’s brown precipitate (product of bu-
tyrylthiocholine hydrolysis). Scale bars, 200 pm. Representative images of muscles are obtained from
a total of 5 muscles from 5 animals at each time point and in each group.

3.4. CB1 Receptors Mediate the Modulation of the Force of Diaphragm Muscle Contraction

Changes in ACh release from motor nerve terminals may affect the physiological
function of innervated muscle fibers. The hypothesis that eCB-induced regulation of ACh
release can lead to a change in skeletal muscle contractile activity was tested using the
tensiometry method.

In these experiments, the motor nerve was stimulated with a series of trains at fre-
quencies of 1, 10, 20, 40, 70, and 100 Hz. The stimulation trains induced muscle fatigue,
which was calculated as the ratio of the last contraction to the first contraction in the train
(Figure 7).

In the diaphragm muscle at P14, the use of the CB1 receptor blocker AM-251
(Figure 7A) did not cause a significant change in the force of contraction compared with
that in the control group. The addition of bambuterol or AM-251 after bambuterol treatment
(Figure 7B) also did not significantly affect muscle fatigue.

At P2, the use of the CB1 receptor blocker AM-251 (5 uM) led to the development of
pronounced frequency-dependent muscle fatigue. When stimulated at a frequency of 1 Hz,
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the level of muscle fatigue did not significantly change and remained at 94.49 + 5.32%
that of the control (p = 0.93). However, at a frequency of 10 Hz, the strength of the last
contraction significantly decreased to 77.06 & 3.42% (p = 0.00115). With increasing frequency
of stimulation, the effect of AM-251 persisted: the strength of the last contraction decreased
to0 60.17 & 2.73% at 20 Hz (p = 0.008), 43.49 + 2.6% at 40 Hz (p = 0.0057), 41.78 £ 2.17% at
70 Hz (p = 0.0028) and 43.93 4 2.87% at 100 Hz (p = 0.01).
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Figure 7. Effects of AM-251 (5 uM), bambuterol (100 nM) and AM-251 after bambuterol on the force
of diaphragm muscle contraction at different frequencies of motor nerve stimulation (1-100 Hz) in
P14 (A,B) and P2 (C,D) aged mice. n = 8 muscles; N = 8 animals; * p < 0.05.

The application of bambuterol (100 nM) did not affect the fatigue of the diaphragmatic
muscle in P2-aged mice. However, the addition of AM-251 (5 uM) to bambuterol (100 nM)
increased fatigue during stimulation at a frequency of 10 Hz, whereas AM-251 alone
reduced the amplitude of the last response to 77.06 =+ 3.42%, and the addition of bambuterol
caused a decrease in contraction force to 62.94 £ 2.0% (p = 0.018 compared with AM-251
without bambuterol). At other stimulation frequencies, the effect of AM-251 in combination
with bambuterol was the same as that of AM-251 alone.

Thus, the blockade of CB1 receptors increases the rate of diaphragm muscle fatigue in
newborn mice, for example, due to the rapid consumption of the ready releasable pool of
synaptic vesicles. At a frequency of 10 Hz, the effect of the CB1 receptor blocker increases
in the presence of the BChE inhibitor. Thus, in contrast to LAL muscle, in the diaphragm
muscle of P2 mice, BChE is involved in the CB1 receptor-mediated pathway.

4. Discussion

The main findings of this study are as follows: (i) endogenous regulation via CB1
receptors is present at mouse NM]Js; (ii) functional muscle nAChRs are required for CB1
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receptor-mediated effects; (iii) CB1 receptor blockade leads to an increase in the decay time,
and the implementation of this phenomenon depends on the adult form of muscle nAChR;
and (iv) the effect of eCB can be enhanced by BChE blockade.

Tonic eCB regulation is now recognized as a common feature of synaptic transmission
throughout the nervous system. In the CNS, the constitutive activation of presynaptic
CB1 receptors by endogenously produced cannabinoids provides negative feedback that
limits neurotransmitter release and contributes to both short- and long-term synaptic
plasticity [4,37-39]. During development, endocannabinoid signaling additionally regu-
lates axonal growth, synapse formation and circuit refinement [1,12,40]. Similar inhibitory
CB1 receptor-dependent mechanisms have been described in several peripheral neuroeffec-
tor junctions. In sympathetic nerves, the activation of presynaptic CB1 receptors suppresses
noradrenaline release [41], whereas in the enteric nervous system, CB1 receptors expressed
by cholinergic myenteric neurons inhibit cholinergic neurotransmission and gastrointesti-
nal motility [42,43]. In contrast, evidence for eCB signaling at mammalian NMJs has
remained extremely limited. Previous studies have focused primarily on the actions of
exogenously applied cannabinoids, whereas physiological tonic regulation by eCB has been
demonstrated only in the lizard NM] [8]. Our findings therefore extend this principle to
the developing mammalian NMJ, as endogenous CB1 signaling tonically restrains ACh
release during early postnatal development.

Homeostatic synaptic plasticity is a compensatory mechanism that maintains stable
synaptic transmission in response to perturbations such as partial blockade of postsy-
naptic ACh receptors. This phenomenon was first described approximately four decades
ago at the vertebrate NM]J [44-49]. It has since been extensively studied at the NMJ in
Drosophila melanogaster, where postsynaptic receptor blockade triggers a compensatory
increase in the QC accompanied by increased presynaptic Ca?* influx [50-52]. Emerging
evidence further suggests that eCB signaling contributes to the homeostatic regulation
of synaptic transmission. In hippocampal neurons, prolonged tetrodotoxin treatment in-
duces homeostatic strengthening of excitatory synapses through CB1 receptor-dependent
modulation of eCB signaling [53]. Similarly, increased AEA signaling and enhanced CB1
receptor expression have been shown to stabilize neuronal network activity during chronic
hyperexcitability [54], whereas reduced eCB tone represents an independent homeostatic
mechanism regulating GABA release [55]. Together, these findings suggest that eCB sig-
naling may constitute an additional component of the molecular machinery underlying
homeostatic regulation of developing NMJ.

Modulation of nAChR channel kinetics is a complicated process. For example, nAChR
activity in parasympathetic neurons can be directly regulated by G proteins through in-
teractions with the intracellular domains of these receptors [56]. In addition, hormones
such as hydrocortisone have been shown to modulate nAChR channel kinetics [57]. More-
over, co-neurotransmitters such as ADP and calcitonin gene-related peptide can modulate
the activity of embryonic nAChRs through phosphorylation of specific receptor sites [58].
Taken together, these findings suggest that the modulation of nAChR kinetics represents
a common mechanism for regulating synaptic transmission. Therefore, the modulation
of EPP decay time observed in the present study may represent an additional mechanism
regulating synaptic transmission during NMJ development. Such modulation could alter
the temporal profile of nAChR activation and, consequently, the duration of postsynaptic
signaling during the critical period of NMJ maturation.

eCBs (2-AG and AEA) are primarily degraded by monoacylglycerol lipase and
fatty acid amide hydrolase, respectively, representing the canonical pathways of eCB
metabolism [59]. However, several non-canonical metabolic pathways involving enzymes
such as membrane-associated serine hydrolases (ABHD6 and ABHD12), cytochrome P450,
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lipoxygenases, N-acylethanolamine acid amidase, and cyclooxygenase-2 have been de-
scribed [60-62]. To date, there is no evidence that eCB undergo extracellular hydrolysis
under physiological conditions. Nevertheless, an in vitro study demonstrated that 2-AG
can be hydrolyzed by BChE, suggesting that this enzyme may contribute to eCB metabolism
and the extracellular regulation of eCB signaling [31]. Our findings demonstrate that phar-
macological inhibition of BChE potentiates the effects of AM-251, suggesting that BChE
may regulate tonic eCB signaling at the developing NM]J. These observations are consistent
with two interrelated possibilities: (i) the existence of an extracellular pathway for endo-
cannabinoid degradation and/or (ii) the presence of a BChE-sensitive mechanism involved
in CB1 receptor-dependent regulation of synaptic transmission.

This study has several limitations that should be acknowledged. Bambuterol may
exhibit off-target effects at the concentration employed. The gradual conversion of Bam-
buterol to the 32-adrenoceptor agonist terbutaline [33,34] could theoretically influence
muscle fatigue profiles. Furthermore, the ex vivo isolated nerve-muscle preparation,
while enabling precise electrophysiological and tensometric recordings, lacks information
concerning systemic neurohumoral regulation and central motor drive. Unavoidable al-
terations in baseline synaptic transmission and endocannabinoid tone caused by nerve
preparation procedures may also affect the interpretation of the results. Future studies
utilizing genetic knockout models and in vivo approaches are warranted to validate and
extend these findings.

5. Conclusions

In summary, this study revealed that CB1 receptors mediate a transient, developmen-
tally restricted modulation of ACh release and probably nAChR kinetics at the NMJ, which
disappears in adulthood. We demonstrate that eCB signaling is functionally coupled to
postsynaptic adult-type nAChR activity, suggesting a novel retrograde homeostatic mecha-
nism. Furthermore, we identified BChE as an active player in the process of eCB-mediated
regulation of QC, most likely via eCB degradation. Collectively, our findings reveal an in-
terplay between the eCB system and postsynaptic nAChR. This interplay seems essential
for maintaining optimal neuromuscular synaptic transmission and muscle performance
during postnatal development.
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Abbreviations

The following abbreviations are used in this manuscript:

ACh Acetylcholine

ADP Adenosine diphosphate
AEA Anandamide

2-AG 2-arachidonoylglycerol
BChE Butyrylcholinesterase

Cntr Control

dTc d-tubocurarine

eCB Endocannabinoid

EPP End-plate potential

LAL Levator auris longus

NMJ Neuromuscular junction
nAChR  Nicotinic acetylcholine receptor
p Postnatal day

QC Quantal content

mEPP Miniature end-plate potential
SEM Standard error
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