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Abstract

At the neuromuscular junction, nicotinic acetylcholine receptor (nAChR) dynamics are regulated in a nerve- and activity-depend-
ent manner. Correlated local alterations in myoplasmic [Ca2*], induced by IPs-sensitive subsynaptic Ca®™* stores, have been
proposed to signal motor endplate adaptation to motor neuron stimulation. Accordingly, there is evidence for a modulatory role
of Ca®"/calmodulin-dependent protein kinase IIp (CaMKIIB) in the sorting, targeting, and/or incorporation of nAChRs into the
postsynaptic membrane. As the scaffold protein Homer 2 emerges as a key player in integrating downstream postsynaptic sig-
naling pathways, this study investigated the possible involvement of Homer 2 in the molecular mechanism controlling nAChR
dynamics. Using Homer 27/~ transgenic mice, it was found that Homer 2 ablation leads to a chronic adaptation of the endplate
characterized by: 1) reduction in nAChR activity due to slower insertion of nAChRs into the endplate; 2) reduced subsynaptic
IP3R1 content and IP5-releasable Ca®"; and 3) impaired colocalization of CaMKIIf with nAChRs. Overall, the present results dem-
onstrate that Homer 2 ablation produces a significant alteration in endplate nAChR dynamics, which is associated with impaired
organization of the subsynaptic IPs-driven Ca® " signaling mechanism.

NEW & NOTEWORTHY This research sheds light on the role of Homer 2 in organizing the subsynaptic microdomain, where
nAChRs, IP3R1s, and CaMKIIf assemble to regulate nAChR dynamics. The present results point to a novel type of endplate insta-

bility, which may have implications for understanding neuromuscular junction function and related disorders.

endplate; Homer 2; neuromuscular junction; plasticity

INTRODUCTION

It is known that in both peripheral and central synapses,
the density of the neurotransmitter receptors contributes to
synaptic plasticity. In both types of synapses, receptors are
highly dynamic and are constantly exchanged between the
plasma membrane and intracellular compartments (1). At the
neuromuscular junction (NMJ) of skeletal muscle, the sequen-
tial labeling of nicotinic acetylcholine receptors (nAChRs)
combined with in vivo time-lapse imaging unveiled the exis-
tence of three receptor pools: preexisting, newly inserted, and
rapidly recycling. The latter is incorporated into the endplate
within a few hours (~8 h) (2, 3) and is comparable in magni-
tude with that of newly synthetized receptors (~25% over
4 days) (3).

The dynamics of nAChRs are controlled in an activity-
dependent manner (2-4), thus suggesting a possible molecu-
lar/cellular strategy for the rapid adaptation of the endplate
geometry and its transmission efficacy, depending on the
motor neuron stimulation pattern. At the NMJ, intracellular
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Ca?* is a candidate for transducing the synaptic activity into
physiological tasks. It has been proposed that neurotrans-
mitter-driven electrical activity could generate postsynaptic
IP;-associated local Ca®™" signals regulating NMJ develop-
ment and stabilization. In particular, a functional interplay
between nAChR activity and IP;-driven Ca?* release has
been proposed to generate local subsynaptic Ca®>* signals
(5, 6). The IP3R1 isoform prevails at the endplate (6) and,
interestingly, its subsynaptic localization appears to be
mainly controlled by innervation through a mechanism that
relies on the electrical activity of the muscle (7). Moreover, a
correlation between the endplate and the subsynaptic IP;R1-
stained volume has been demonstrated in innervated fibers
(7). The above observations suggest the existence of a motor
neuron-controlled nAChR/IPs;Rs cross talk.

Among the sensors that mediate the effects of activity-
dependent subsynaptic Ca®* signaling on endplate plastic-
ity, one of the best candidates is the serine/threonine Ca?*/
calmodulin-dependent kinase II (CaMKII) due to its ability
to respond to different frequencies of Ca?* signaling (8).
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Mammalian skeletal muscles express several isoforms of
CaMKII: v, 8, B isoforms, and a nonfunctional kinase variant
of the a-isoform labeled a-anchoring kinase protein (akap).
In skeletal muscle, three CaMKII pools were initially pro-
posed: cytosolic, sarcoplasmic reticulum-bound, and nuclear
(9). According to its localization, it is now known that
CaMKII is essential to enable a correct release of Ca®>* from
the sarcoplasmic reticulum to ensure a high work intensity
(10) and to allow gene regulation during remodeling in
endurance exercise and growth after atrophy (11). Evidence
for CaMKIIB expression at the endplate and its tight cluster-
ing with nAChRs was first provided by Martinez-Pena y
Valenzuela et al. (12), who also demonstrated that inhibition
of CaMKII activity significantly prevented nAChR recycling;
thus, a possible modulatory role of CaMKII in the sorting,
targeting, and/or fusion of nAChR-containing endocytic
vesicles with postsynaptic membranes has been suggested.
In line with the hypothesis that CaMKII controls nAChR
recycling at the endplate, it has recently been reported that
deregulation of CaMKIIB contributes to NMJ destabilization
in specific pathological conditions (13).

The functional interaction between nAChR activity, IPs-
induced Ca’* release (generating local Ca?* signals), and
CaMKIIB expression beneath the endplate suggests the exis-
tence of a subsynaptic microdomain in which the different
players—nAChR, IP;R1, CaMKIIp—interact with each other
and regulate nAChR turnover. In this context, scaffolding
proteins could also play a crucial role. Interestingly, the scaf-
folding protein Homer 2 has been shown to be localized in
human and rodent NMJs and to be under the direct control
of motor nerves, as inferred by its rapid and extensive down-
regulation following in vivo denervation of rat skeletal
muscles (14, 15). Pulldown assays identified Homer 2 and
NFATcl as molecular partners, and Homer 2 has been shown
to be part of the calcineurin-NFATc1 signaling pathway dur-
ing NMJ adaptation to disuse and exercise (14, 15). However,
Homer 2 may play additional yet unknown roles in the inte-
gration of other molecular players belonging to different
synaptic signaling pathways (16). Interestingly, Homer pro-
teins have already been proposed to interact with IP;R1 in
skeletal muscle (17) and nonskeletal muscle tissues (18).

Regarding the role of Homer 2 in the NMJ, we recently
reported a reduction in endplate volume in single isolated
fibers of the flexor digitorum brevis (FDB) from Homer 27/
mice. This reduction formally resembles the effects of dener-
vation in vivo. Unlike denervation, however, the reduction
in endplate volume was less severe, and Homer 2 ablation
did not result in any transition in nAChR isoform expression,
that is, from e-nAChRs (adult) to y-nAChRs (embryonic), and
distribution of nAChRs, which remained confined to the
endplate region (19). Interestingly, altered cross-linking
activity of the Homer protein was found to correlate with
NMJ integrity in a mouse model of experimentally induced
autoimmune myasthenia gravis. This observation confirms
the role of Homer proteins in endplate adaptation (20).

Based on the availability of transgenic Homer 2/~ mice,
the present work was carried out to further characterize the
role of Homer 2 at the endplate level. We found that Homer 2
ablation caused endplate adaptation due to impaired nAChR
dynamics with normal electromyography (EMG) profiles.
This adaptation was associated with both altered organization
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of subsynaptic IPz-sensitive compartments and CaMKIIP
distribution.

MATERIALS AND METHODS

Mice and Transgenic Mice

All the animals used in the present study were bred and
housed in the certified animal facility at the University of
Trieste. Mice had free access to food and water and were
maintained in a 12-h light/12-h dark cycle. Transgenic
Homer 2/~ mice (18) have been generously provided by Paul
F. Worley (Johns Hopkins School of Medicine, Baltimore,
MD). C57BL/6 mice were used to produce Homer 2 heterozy-
gotes that were crossed to generate WT and Homer 27/~ -
mice to obtain animals with a more similar genotype.
Fertility and body weight of WT and Homer 2/~ mice were
checked, and no difference was detected between the two
experimental groups. For blood sampling, mice were eutha-
nized by inhalation of CO,, and blood was collected after
decapitation. For muscle dissection, mice were euthanized
by cervical dislocation. For electromyography (EMG) record-
ings, mice were anesthetized using ketamine (0.15 mg/10 g
body wt).

All the procedures carried out on mice were approved by
the local Animal Care Committee and in agreement with the
European legislation (2010/63/EU).

Isolation of Fibers from Flexor Digitorum Brevis Muscles

Isolated muscle fibers and bundles were obtained from
flexor digitorum brevis (FDB) muscles of 6-8-wk-old Homer
27/~ and WT male mice.

Isolated muscle fibers were prepared from both hindlimb
foot muscles of a single mouse for each preparation as
described in detail elsewhere (21). In brief, immediately after
the dissection, FDB muscles were enzymatically treated for 1 h
in ice and 1 h at 37 °C with Type I collagenase 0.3% (wt/vol;
C0130, Merck Life Science) in Tyrode’s solution containing (in
mM): NaCl 137, KCI 2.7, MgCl, 1, CaCl, 1.8, Na,HPO, 0.35,
NaHCO; 12, HEPES 25.2, p-glucose 5.5, pH 7.4 NaOH supple-
mented with 100 U/mL penicillin, 100 pg/mL streptomycin,
and 10% fetal bovine serum (Cat. No. F4135, Merck Life
Science). Single fibers were isolated by mechanical dissocia-
tion with Pasteur pipettes with decreasing tip diameters and
allowed to settle on Matrigel-coated (1 mg/mL; Cat. No.
354234, BD Biosciences) glass coverslips accommodated in 35-
mm Petri dishes. Cultures were maintained in Tyrode’s solu-
tion at 37°C in a humid air atmosphere containing 5% CO,.

Recording of NAChRs Single-Channel Activity

Electrophysiological recordings were carried out on isolated
FDB fibers from WT and Homer 2/~ mice in Tyrode’s solution
at room temperature. Single-channel recordings were
performed using a MultiClamp 700B amplifier (Molecular
Devices) after achieving a giga seal and when the baseline
was stable. Signals were sampled at 50 kHz, filtered at 2 kHz
with a low-pass Bessel filter, and analyzed by the pCLAMP
11.2 software package (Molecular Devices), using a threshold
crossing criterion. All records were performed in the pres-
ence of 200 nM ACh (Cat. No. A6625, Merck Life Science),
and for each stable patch, the time of recording (2-10 min)
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was set to acquire at least 500 events. The open channel
probability (NP,) was calculated using the formula:

NP, = (t,/T),

where ¢, is the total open time over the time T, and N is the
number of channels in the patch. All analysis was performed
at + 60 mV pipette potential.

The exclusive presence of the e-nAChRs isoform was con-
firmed by analyzing the unitary current amplitude and the
open-time distribution. To examine the mean open time
with accuracy, only traces with single-channel openings
were considered for the analysis. Moreover, single-channel
conductance was estimated from the slope of the regression
line obtained by plotting the current amplitude against the
pipette potentials (V,,) at +40, + 60, and + 80 mV (19).

Experiments were carried out on FDB muscle fibers
obtained from 3 WT mice and 11 Homer 2/~ mice.

RNA Extraction and Quantitative RT-PCR

Frozen FDB tissue samples were ground to a fine powder
under liquid nitrogen, and total RNA was extracted using the
Trizol method, following the manufacturer’s instructions
and including a glycogen coprecipitating step. Reverse tran-
scription was performed on 1 pug of total RNA using the
SuperScript VILO cDNA Synthesis kit (Cat. No. 11754050,
Thermo Fisher Scientific). Specific primers for AChRal were
designed with the Primer3 software (Whitehead Institute for
Biomedical Research; http://frodo.wi.mit.edu/), and their
thermodynamic specificity was determined using BLAST
sequence alignments (US National Center for Biotechnology
Information, NCBI) and Vector NTI Software (Thermo Fisher
Scientific). Primers sequences for cyclophilin A (PPIA),
TATA box-binding protein (TBP1), and hypoxanthine-gua-
nine phosphoribosyltransferase (HPRT1) were already pub-
lished by Gambara et al. (22). Quantitative RT-PCR was
performed in triplicate in a CFX96 Thermal Cycler (Bio-Rad,
Hercules) using SYBR Green chemistry. A melt-curve analy-
sis was performed at the end of each experiment to verify
that a single product per primer pair was amplified. PPIA,
TBP, and HPRT1 were used as reference genes, and normal-
ization was performed by the ACT method using PPIA; the
same data trends were obtained with all reference genes.

Primers sequences were as follows: m_Chrnal_fw 5'-
GGAGGACCACCGTGAGATTG-3' and m_ Chrnal_rv 5'-
GCCAGATCTTTTCCGAGGGG-3'.

Experiments were carried out on FDB muscles obtained
from seven WT and eight Homer 2/~ mice.

nAChRs Turnover

To investigate the nAChR turnover, we used an nAChR
labeling protocol based on two different a-bungarotoxin-con-
jugated species as previously described (3, 23). a-Bungarotoxin
(4 pg/mL) conjugated to Alexa Fluor 647 (a-BuTX-647; Cat. No.
B35450, Thermo Fisher Scientific) was injected in the FDB
muscle in both hindlimbs in 6-8-wk-old Homer 2=/~ and WT
male mice to mark the preexisting nAChRs. After either 4 or
10 days, FDB muscles were excised, pinned onto a Sylgard-
coated Petri dish, and then mechanically separated into indi-
vidual bundles composed of 10-20 muscle fibers. FDB bundles
were then fixed in 4% (vol/vol) paraformaldehyde in PBS for
30 min at room temperature and quenched in PBS containing
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0.24% (wt/vol) NH4CI. The collected bundles were exposed for
2 h, at room temperature, to 4 pg/uL a-BuTX conjugated to
Alexa Fluor 488 (a-BuTX-488; Cat. No. B13422, Thermo Fisher
Scientific) to mark newly formed nAChRs.

In a subset of experiments, at 4 or 10 days, muscle bundles
were permeabilized in PBS containing 0.5% (vol/vol) Triton
X-100 for 2 h at room temperature and then incubated over-
night at 4°C with «-BuTX-555 (2 pg/mL in PBS; Cat. No.
B35451, Thermo Fisher Scientific). This labeling procedure
was devised to detect the subsynaptic intracellular pool of
nAChRs, as reported by Zelada et al. (24).

Bundles were mounted with Dako fluorescence mounting
medium on glass slides. High-resolution images of individ-
ual NMJs were acquired using a Zeiss LSM 900 confocal
microscope equipped with a Plan-Neofluar x40/0.45 (NA)
oil immersion objective. To reduce cross talk, the laser exci-
tation line, power intensity, and emission range were chosen
based on the specific fluorophore of each sample. Laser
intensity was maintained constant throughout the acquisi-
tion of all samples.

Fluorescent intensity was quantified using ImageJ software
(25). Fluorescence intensity was quantified on z-projected
images encompassing the entire field of view, typically con-
taining 10-15 NMJs per field. Background signal was removed
by applying a consistent threshold, and the integrated density
was measured for each fluorescence channel. A fluorescence
intensity value was obtained for both «-BuTX-647 and
a-BuTX-555, and the ratio of their intensities was subsequently
calculated.

For each set of experiments, data were obtained on FDB
bundles from three WT and three Homer 2/~ mice.

Immunofluorescence for Neural Cell Adhesion Molecule
and Myosin Heavy Chain-Embryonic in FDB Muscles

Immunostaining for neural cell adhesion molecule
(N-CAM) and myosin heavy chain-embryonic (MHC-emb)
was carried out on 10-um-thick serial cryosections from WT
and Homer 27/~ FDB. Sections were fixed in methanol for
15 min at —20 °C and then incubated with blocking reagent
M.O.M. (Mouse on Mouse; Cat. No. MKB-2213-1 Vector
Laboratories) to block endogenous mouse immunoglobulins
for 10 min at room temperature. Sections were then incu-
bated with 10% goat serum in PBS (Cat. No. G9023, Merck
Life Science) for 20 min at room temperature and incubated
with either rabbit polyclonal antibody directed against N-
CAM (Cat. No. AB5032; Chemicon, Millipore) diluted 1:200 in
PBS supplemented with 2% goat serum, or mouse monoclo-
nal antibody directed against MHC-emb (NCL-MHCA,
Novocastra) 1:20 diluted in TBS, overnight at 4 °C. Sections
were then rinsed three times for 5 min in PBS, blocked with
10% goat serum in PBS for 10 min and then incubated for 1 h
at room temperature with goat anti-rabbit Alexa Fluor 594
(Cat. No. A11012, Thermo Fischer Scientific) 1:500 diluted in
PBS or with goat anti-mouse Alexa Fluor 488 and Alexa Fluor
594-wheat germ agglutinin (WGA) (Cat. Nos. A11001 and
W11262, Thermo Fischer Scientific) 1:500 diluted in PBS.
After washing, sections were coverslipped using ProLong
Diamond Antifade Mountant with DAPI dye (Cat. No.
P36962, Thermo Fischer Scientific) and observed under a
Zeiss microscope connected to a Leica DC300F camera. N-
CAM-positive fibers were counted on captured images, using
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Fiji ImageJ software (v. 2.1.0/1.53c, National Institutes of
Health) and expressed as the number of positive fibers per
total number of fibers detected in the biopsy area (~200
muscle fibers).

FDB muscles were obtained from six WT and six Homer
27/~ mice.

C-Terminal Agrin Fragment Assessment

Circulating levels of C-terminal agrin fragment (CAF) were
determined in the plasma of WT and KO mice, using a com-
mercially available enzyme-linked immunosorbent assay
(ELISA) kit (Rat Agrin ELISA Kkit, Cat. No. Ab267586, Abcam)
following the manufacturer’s instructions. All samples were
assessed in duplicate and were diluted four times using the
appropriate diluent purchased with the kit. CAF concen-
trations were read in a microplate ELISA reader (Tecan,
Infinite M200, Thermo Fisher Scientific). To assess plasma
CAF concentrations, a standard curve (loaded with known
and increasing CAF concentrations) was prepared and read
at 450 nm. CAF concentrations were interpolated from the
standard curve and then corrected for the initial sample dilu-
tion to obtain accurate measurements.

CAF assessment was performed on samples obtained from
four WT and seven Homer 2/~ mice.

nAChR, IP3R1, and CaMKIIp Stainings in Single FDB
Muscle Fibers

In single FDB muscle fibers, the double labeling of nAChRs/
IP;R1s and nAChRs/CaMKIIP was carried out 24 h after disso-
ciation. Fixation of fibers was done on coverslips with a solu-
tion of 4% (vol/vol) paraformaldehyde in PBS for 15 min at
4 °C. Fibers were then permeabilized in PBS + Triton X-100
0.3% (vol/vol) for 15 min and incubated in a blocking solution
containing 2% M.O.M. Blocking Reagent (Cat. No. MKB-2213-1,
Vector Laboratories) in PBS for 30 min. After permeabiliza-
tion, fibers were stained for IP;R1s with antibodies developed
by Volpe et al. (26) or for CaMKIIB with the monoclonal anti-
body 13-9800 (Thermo Fisher Scientific). Both primary anti-
bodies were diluted 1:100 in blocking solution and incubated
overnight at 4 °C. After washing, muscle fibers were incu-
bated for 1 h at room temperature with the secondary goat
anti-mouse Alexa Fluor 594-conjugated antibody (1:300 in
PBS; Cat. No. A-11005; Thermo Fisher Scientific). After
IP;R1s or CaMKIIP staining, nAChRs were labeled by 2.5
pg/mL Alexa Fluor 488-0-BuTX (a-BuTX-488; Cat. No.
B13422, Thermo Fisher Scientific) in PBS for 1 h at room
temperature. After staining, fibers were washed three
times with PBS and finally rinsed with distilled water and
mounted with ProLong Gold Antifade Mountant with
DAPI (Cat. No. P36931, Thermo Fisher Scientific) on a
microscope glass.

Stainings were performed in at least four independent
FDB fiber cultures for each experimental group.

Volumetric Analysis of nAChR and IPzR1 Staining

Distribution of nAChRs and IP;R1s was analyzed on images
acquired by a Nikon C1 confocal microscope (Melville, NY)
using a Plan-Apochromat x60/1.4 (NA) oil immersion objec-
tive. Optical images were collected at either 0.30 or 0.35 pm
z-resolution by sequential line scanning. Volumetric analysis
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of the endplate nAChRs and corresponding subsynaptic
IP3;R1s staining was carried out by applying Fiji ImageJ soft-
ware (v. 2.1.0/1.53c, National Institutes of Health) as described
in detail in Volpe et al. (7).

Analysis was carried out in FDB fibers of independent cell
cultures obtained from four WT and four Homer 2/~ mice.

Colocalization Analysis of nAChR and CaMKIIf Staining

Double-stained images for nAChRs and CaMKIIpB were
acquired by the super resolution microscope Zeiss Elyra7
(Oberkochen, Germany) using a Plan-Apochromat x63/1.4
(NA) oil immersion objective. Optical images were col-
lected by sequential line scanning at 0.25 um z-resolution.
Quantitative colocalization analysis of nAChRs and CaMKIIf
was performed using the Coloc function of Fiji ImageJ soft-
ware (v. 2.1.0/1.53c, National Institutes of Health) on images
obtained by structured illumination (lattice SIM) for all
channels. The region of interest (ROI) for the colocalization
measurements corresponded to the endplate volume. This
ROI was set using the same method as for the volumetric
analysis of nAChR and IP;R1 stainings, described in detail in
Volpe et al. (7). The colocalization of nAChRs and CaMKIIB
was calculated after the background subtraction from each
captured image of the z-stack covering the endplate volume.
In each fiber and for each of the two channels, the back-
ground value was set at the maximum fluorescent value
recorded outside the ROI. Three-dimensional reconstruction
of endplates and corresponding synaptic CaMKIIp distribu-
tion was carried out with IMARIS software (trial version) on
structured illumination images upon application of the
image reconstruction algorithm by Zeiss.

Colocalization analysis was performed in FDB fibers of
independent cell cultures obtained from three WT and three
Homer 2/~ mice.

Ca2* Measurements

FDB muscle fibers were plated on 18-mm coverslips and
incubated with 1 pM Fluo-4/AM (Cat. No. F14217, Thermo
Fisher Scientific), 0.02% pluronic F-127 (Cat. No. P2443,
Merck Life Science), 200 uM sulfinpyrazone (Cat. No. S9509,
Merck Life Science), and 2 pg/mL Alexa Fluor555 conjugate
(a-BuTX-555; Cat. No. B35451, Thermo Fisher Scientific) for
30 min at 37 °C in mKRB medium (in mM: 140 Nac(Cl, 2.8 KCl,
2 MgCl,, 10 HEPES, and 1 CaCl,, pH 7.4) supplemented with
10 mM glucose. After washing, coverslips were mounted in
Ca?™* -free, EGTA-containing (100 pM) mKRB and visualized
on an inverted microscope (DMi8 Thunder Imager 3-D Cell
Culture; Leica Microsystems) by a x20 ultraviolet-permeable
objective (HC PL FLUOTAR 340; Leica Microsystems). Fluo-
4 was excited with the white line of a CoolLED pE-340fura
(CoolLED Limited). Fluorescent signal was collected with a
Leica DMi8 GFP-filter set. Fluo-4 images were acquired every
50 ms, with a 40-ms exposure time by a Hamamatsu Flash
4.0 V3 camera (Hamamatsu Photonics). Cyclopiazonic acid
(20 uM) (CPA; Cat. No. C1530, Merck Life Science) was added
to release Ca?* from the sarcoplasmic reticulum. At the end
of each experiment, a-BuTX-555 was excited by the 555 nm
line of LEDS8 (Leica Microsystems) to visualize the NMJ and
to select the corresponding ROIs. Images were back-
ground-subtracted and analyzed with LAS X Premium
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(Leica Microsystems), calculating the ratio F/Fo between
the Fluo-4 fluorescence emission collected at each frame
(F) and that collected at the beginning of the experiment
(Fo) in the ROISs.

Ca’?* measurements were carried out in FDB fibers of
independent cell cultures obtained from four WT and four
Homer 2/~ mice.

Electromyography

Electromyographic (EMG) recordings were performed on
the FDB muscles of WT and Homer 2/~ mice at room tem-
perature (20°C-22°C). Stainless steel monopolar electrodes
(28-gauge; Grass-AstroMed) were used as both stimulating
and recording electrodes. In anesthetized mice, EMG record-
ings were performed by inserting a recording electrode into
the center of the hindfoot, whereas the reference electrode
was inserted between the second and third toes. Stimulating
electrodes were fixed on a mechanical micromanipulator
and lowered onto the sciatic nerve at the sciatic notch,
exposed by cutting the overlying skin and partially separat-
ing the gluteus superficialis and biceps femoris muscles. The
ground electrode was placed around the tail. Square wave
pulses of fixed duration (0.5 ms), delivered by a stimulator
(S88; Grass-AstroMed) through a stimulus isolator unit (SIU-
5; Grass-AstroMed), were used to stimulate the nerve. The
intensity of the stimulus was adjusted to obtain supramaxi-
mal nerve stimulation. Before stimulating the nerve, the
presence of spontaneous electromyographic activity was
checked for a period of 10 s. Nerve-evoked FDB compound
muscle action potentials (CMAPs) were then recorded, stim-
ulating the nerve first at 0.5 Hz for 20 s, then at 10 Hz and,
after 10 s of recovery, at 30 Hz. Recorded signals were
amplified with an extracellular amplifier (EXT-2B, NPI),
digitized with an A/D interface (Cat. No. NI PCI-6221,
National Instruments), and then fed to a PC for both online
visualization and offline analysis using appropriate software
(WinEDR, Strathclyde University; pCLAMP, Axon). Stored
data were analyzed offline using the pCLAMP 11.2 software
package (Molecular Devices), and the amplitude of all
recorded CMAPs was measured. Tetanic stimulations (10 or
30 Hz) were analyzed, considering the amplitude of the first
CMAP of each repetitive response as equal to 1.

Motor Performance Assessment

A wire hanging test was carried out to monitor the muscle
endurance of WT and Homer 2/~ mice. In brief, the mouse
was placed on a wire cage lid that was gently waved, forcing
the animal to grip the wire. The lid was then turned upside
down ~50 cm above the surface of a soft bedding material.
The latency to fall was recorded (cutoff time: 120 s) in nine
WT and nine Homer 2/~ mice.

Motor coordination and balance were assessed with an
accelerating rotarod apparatus. Mice were placed on a rotat-
ing drum (3 cm diameter), and the latency to fall was
recorded. The rotation speed increased linearly from 4 to 40
rpm over a 5-min trial in the habituation phase. Mice under-
went a habituation phase, which consisted of three trials per
day for 3 consecutive days. After the habituation phase, test-
ing sessions were conducted at a constant speed of 40 rpm
with a cutoff time of 300 s.
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Statistical Analysis

Normality of data was assessed using both the Shapiro—
Wilk and Kolmogorov-Smirnov normality tests to ensure
robust evaluation of data distribution and to guide the
choice of the proper statistical test. For parametric data, sta-
tistical significance was determined using an unpaired ¢ test;
for data that do not belong to a normal distribution, statisti-
cal analysis was performed using Mann-Whitney test.
Relationships between volumetric analysis of the endplate
and corresponding subsynaptic IP;R1-stained volume were
analyzed by Spearman’s correlation test (for nonparametric
data). Statistical significance between EMG data was ana-
lyzed using the Mann-Whitney test and applying a linear
mixed model (LMM). Statistical significance was accepted at
P < 0.05. Statistical analysis was performed using GraphPad
Prism (v. 8.00; GraphPad Software), which was also used to
create the graphs.

RESULTS

Reduced Synaptic nAChR Activity and Upregulation of
AChRa1 Gene Expression in FDB Muscle Fibers of
Homer 27/~ Mice

Endplate nAChR activity was assessed by the patch clamp
technique in the cell-attached configuration on isolated FDB
muscle fibers from both Homer 2/~ and WT mice; the mean
open channel probability (NP,) was measured. In both exper-
imental groups, endplates were identified as a distinct
roughness of the fiber surface using phase contrast micros-
copy (21). Channel openings were elicited using a pipette fill-
ing solution containing 200 nM ACh (Fig. 1A). As previously
reported (19), the analysis of the nAChR single-channel
activity from the recorded endplates confirmed the exclusive
presence of the adult e-nAChR isoform in both Homer 2/~
and WT FDB muscle fibers (19). As shown in Fig. 1B, NP, was
decreased by ~50% in Homer 27/~ FDB fibers as compared
with the WT counterpart; this suggested a lower number of
nAChR openings at the endplate.

Except for the most abundant nAChR subunit o1 (nAChR-
al), we were unfortunately unable to quantify the expression
of the other subunits, as their corresponding mRNAs were
below the detection limit. Intriguingly, quantitative RT-PCR
analysis in Homer 2/~ mice reveals that the nAChR-u1 gene
was upregulated by approximately sixfold compared with
the WT counterpart (Fig. 1C). Such an upregulation could be
a compensatory mechanism of the Homer 2~/~ FDB muscle
fibers to counteract the reduced number of functional
nAChRs at the endplate level.

Biomarkers of Denervation/Regeneration, N-CAM and
MHC-emb, Are Negative in FDB Fibers of Homer 27"
Mice

The presence of the adult e-nAChR isoform (19) and the
absence of extrajunctional nAChRs seemed to exclude the
occurrence of denervation of Homer 2/~ FDB fibers. To rule
out denervation, apoptosis, and consequent regeneration,
the expression of N-CAM and MHC-emb in FDB muscles was
also monitored. In innervated and fully differentiated mus-
cle fibers, N-CAM accumulates in the proximity of the NMJ,
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Figure 1. Endplate nAChRs activity and expression of AChR-a1 gene in
FDB fibers of WT and Homer 2/~ mice. A: representative traces of single
NAChR channel recordings from WT and Homer 27/~ endplates of iso-
lated FDB fibers ([Ach] = 200 nM; V,, = + 60 mV). B: mean open channel
probability (NP,) calculated from the recordings carried out in WT and
Homer 27/~ FDB fibers (WT: 0.069+0.039, n = 9 fibers from 3 mice;
Homer 27/7: 0.035+0.025, n = 30 fibers from 11 mice). C: gPCR analysis
of NAChR-a1 mRNA in FDB muscles from WT (7 animals) and Homer 2/~
mice (8 animals). Values are expressed as the fold change over WT after
normalization with the PPIA gene. Statistical differences were determined
by an unpaired t test. Values are shown as means + SD. FDB, flexor digito-
rum brevis; nAChR, nicotinic acetylcholine receptor; PPIA, primer sequen-
ces for cyclophilin A; WT, wild type.
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whereas after denervation, the protein is reexpressed along
the entire sarcolemma and in the sarcoplasm (27). In Homer
27/~ as well as in WT sections, no significant differences
were observed with regard to the percentage of myofibers
displaying sarcolemmal and/or diffuse sarcoplasmic N-CAM
staining (Fig. 2, A and B). In addition, the absence of MHC-
emb expressing myofibers in Homer 2/~ FDB cryosections
confirmed the absence of regenerating fibers (Fig. 2C).

Taken as a whole, the above observations clearly indicate
that muscle denervation and regeneration were not taking
place in Homer 2/~ FDB muscles.

Circulating CAF Levels Were Similar in WT and Homer
27/~ Mice

Even if N-CAM and MHC-emb stainings excluded the
occurrence of denervation/regeneration processes in Homer
27/~ FBD muscles, the reduced synaptic nAChRs activity in
null Homer 2 FDB fibers suggests NMJ instability. It is well
known that the integrity of the NMJ depends on both motor
innervation and adequate levels of agrin, the motoneuron-
derived proteoglycan. However, excessive cleavage of the
neural agrin induced by neurotrypsin, produced by the
motor neuron itself, is sufficient to cause severe NMJ desta-
bilization in innervated fibers (28). NMJ destabilization is
associated with higher plasmatic levels of the soluble C-ter-
minal agrin fragment (CAF) and has been documented in
conditions of “functional” denervation, that is, aging (29)
and disuse (30). Based on this knowledge, experiments were
carried out to assess whether a “functional” denervation
could cause the reduced synaptic nAChR activity detected at
Homer 27/~ endplates. Analysis of blood samples from WT
and Homer 2/~ mice did not reveal, however, differences in
CAF concentration between the two experimental groups
(Fig. 3).

This result ruled out an altered cleavage of the stabilizing
agent agrin as the main reason contributing to the reduced
nAChR NP, in endplates of Homer 2/~ FBD fibers.

Impaired nAChRs Turnover in FDB Fibers of Homer 27/~
Mice

To further explore the cellular processes leading to the
reduced activity of the nAChRs, the turnover dynamics of
the receptors at the NMJ of Homer 27/~ mice were investi-
gated by a kind of pulse-chase nAChR labeling protocol, pre-
viously described by Roder et al. (23). In brief, after injection
of a-BuTX-647 into FDB muscles of either Homer 2=/~ or WT
mice, muscles were harvested at postinjection days 4 and 10.
At each time point, additional staining was performed with
a-BuTX-488 to label newly inserted nAChRs, thus allowing
quantification of fluorescent signals emitted by newly incor-
porated (a-BuTX-488 green fluorescent signal) and preexist-
ing (a-BuTX-647 red fluorescent signal) receptors. At day 4, a
reduced o-BuTX-488/a-BuTX-647 fluorescent signal ratio in
Homer 2/~ NMJs was observed in comparison with WT
ones, as judged by confocal image analysis: these results
indicate an impaired incorporation of newly synthesized
receptors (Fig. 4, A and B). At day 10, the ratio value
became similar in NMJs from Homer 2/~ and WT mice,
that is, the nAChRs turnover was delayed in NMJs of
Homer 2™/~ mice.
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Figure 2. Biomarkers of denervation/
regeneration in FDB muscles of WT
and Homer 27/~ mice. A: representative
images of N-CAM expression in FDB
muscles from WT and Homer 27/~ mice.
Arrows point to N-CAM-positive fibers. In
both cases, N-CAM-specific staining was
also visible in small blood vessels. Scale
bar, 50 pm. B: quantification of N-CAM-
positive fibers in WT and Homer 2=/~ FDB
muscles (WT: 0.88+1.23%, from 6 mice;
Homer 27/7: 0.83+158%, from 6 mice).
C: very few regenerating MHC-emb expres
sing fibers were detected in WT FDB
muscles (0.25+0.20%, from 6 mice),
whereas Homer 2/~ muscles were nega-
tive. In B and C, values are shown as
means + SD, and statistical differences
were determined by an unpaired t test.
FDB, flexor digitorum brevis; MHC-emb,
myosin heavy chain-embryonic; N-CAM,
neural cell adhesion molecule; WT, wild
type.
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We also carried out experiments to quantify the intracellu-
lar nAChR pool at the NMJs. For this purpose, muscle bun-
dles were permeabilized before labeling with o-BuTX-555.
No differences in the intracellular nAChR pool were observed
between NMJs from Homer 2/~ and WT mice, neither at
day 4 nor at day 10. These results rule out the possibility
that the delayed nAChR turnover observed at Homer 2/~
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Figure 3. Plasmatic CAF levels in WT and Homer 2 '~ mice. Quantification
of the circulating levels of CAF in plasma samples from WT and Homer
27~ mice. The mean CAF plasma concentration was similar in WT and
Homer 27/~ mice: 1.25+0.17 pg/mL (4 mice) and 1.21+0.27 pg/mL
(7 mice), respectively. Values are shown as means + SD. CAF, C-termi-
nal agrin fragment; WT, wild type.
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mice NMJs was due to an impaired availability of the
intracellular nAChR pool (Fig. 4, C and D).

Reduction of Subsynaptic IPsR1-Stained Volume and
Subsynaptic Releasable Ca?* Content in FDB Fibers of
Homer 27/~ Mice

A reduction in the endplate volume in single FDB fibers
from Homer 2~/ mice has been recently reported (19). In the
present work, we investigated whether the subsynaptic vol-
ume referable to IP;R1 was altered in Homer 2/~ mice. The
endplates were visualized using o-BuTX staining, and FDB
fibers were immunolabeled with antibodies specific for IP;R1,
as described in detail in Immunofluorescence for Neural Cell
Adhesion Molecule and Myosin Heavy Chain-Embryonic in
FDB Muscles. Confocal scanning microscopy revealed a
decrease of nAChR-staining associated with a decrease of
IP;R1-stained volume in fibers of Homer 27/~ mice; both
reductions were similar, that is, ~30%, as compared with the
two mean volumes calculated in WT fibers (Fig. 5, A and B). It
was also observed that the IP;R1-stained volume corre-
sponded to ~40% of the endplate region in both WT and
Homer 27/~ fibers, confirming a correlation between subsy-
naptic IP;R1-stained volume and the endplate size in Homer 2
null FDB muscles as well (Fig. 6).

Synaptic IP;-dependent local Ca?* signals are required for
NMJ stabilization (5, 6). Based on this knowledge, we carried
out Ca?* videoimaging experiments to quantify the subsy-
naptic Ca?* releasable content in single fibers obtained from
Homer 2/~ and WT mice. To this effect, 20 uM cyclopia-
zonic acid was applied to Fluo-4-loaded Homer 2/~ and WT
fibers in Ca®* -free solution to measure the total subsynaptic
releasable Ca?* content (Fig. 7A). The mean area values sub-
tended by the intracellular calcium ([Ca®*];) transients eli-
cited by CPA were significantly different between the two
groups. Specifically, the subsynaptic releasable Ca®>* pool
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Figure 4. Slower nAChRs turnover in FDB
fibers of Homer 2/~ mice. A, left timeline of
the pulse-chase nAChR labeling protocol
(figure, in part, created with a licensed
version of BioRender.com). Right: represen-
tative maximum intensity z-projections of flu-
orescent signals corresponding to o-BuTX-
647 (“old” nNAChRs) and a-BuTX-555 (“new”
nAChRs), and overlay of both on days 4 and
10 after labeling with o-BuTX-647. Scale bar,
20 pm. B: quantification of the a-BuTX-555/
a-BuTX-647 fluorescent signal ratios calcu-
lated at 4 and 10 days in Homer 27/~ and
WT NMJ. Each data point represents the
mean ratio value from 10 to 15 endplates
belonging to the same optical field (WT at
4 days: 2.54+0.75, n = 7 optical fields; WT
at 10 days: 0.69+0.29, n = 6 optical fields;
Homer 27/~ at 4 days: 0.37+0.13, n = 6
optical fields; Homer 27/~ at 10 days:
0.52+0.18, n = 6 optical fields). In the last
graph, the mean fluorescent signal ratios are
plotted vs. the experimental timepoints.
C, left: timeline of the labeling protocol
for the nAChR intracellular pool (figure,
in part, created with a licensed version
of BioRender.com). Right. representative
maximum intensity z-projections of o-BuTX-
647 fluorescent signals and corresponding
intracellular nAChRs (pseudocolored gray)
labeled by bundles permeabilization before
the incubation with o-BuTX-555 on days 4
and 70. Scale bar, 20 pm. D: quantification of
the intracellular o-BuTX-555 fluorescent
signal calculated at 4 and 10 days in
Homer 2/~ and WT NMJ. Each data point
represents the mean ratio value from 10 to
15 endplates belonging to the same opti-
cal field (WT at 4 days: 81,377+19,570,
n = 3, optical fields; WT at 10 days:
71,649+10,866, n = 3, optical fields;
Homer 27/~ at 4 days: 78,569 +15,031,
n = 3, optical fields; Homer 27/~ at10 days:
83,496 +15,907, n = 3, optical fields).
Statistical differences were determined
by the Mann—Whitney U test. Values are
shown as means + SD. FDB, flexor digito-
rum brevis; nAChRs, nicotinic acetylcholine
receptors; NMJ, neuromuscular junction;
WT, wild type.
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Figure 5. nAChR- and IPsR1-stained volumes in FDB fibers of WT and Homer 2/~ mice. A: representative nAChR- and IP3R1-staining for WT and Homer 2/~
FDB fibers. WT and Homer 2~ images are shown as maximum intensity projections of the green and red voxels detected in the plans covering the entire
depth of the endplate (i.e., containing an a-BuTX visible signal). The total number of projected plans was 45 for WT and 22 for Homer 2/~ images, respec-
tively. Scale bar, 10 pm. B: nAChR- and corresponding IPzR1-stained volumes from each observed fiber were shown as a scatter plot. In WT FDB fibers, the
mean nAChR- and IPsR1-stained volumes were 828.10 +422.90 um? and 346.70+ 236.20 pm® (n = 64 fibers, 4 animals). In Homer 2/~ FDB fibers, the mean
nAChR- and IP;R1-stained volumes were 536.20 +337.10 pm? and 165.80 +156.20 pm® (n = 59 fibers, 4 animals). Values are shown as means + SD, and statis-
tical differences were determined by the Mann—Whitney U test. FDB, flexor digitorum brevis; nAChR, nicotinic acetylcholine receptor; WT, wild type.

was decreased by ~30% in Homer 27/~ muscle fibers com-
pared with WT fibers. The previously mentioned decrease in
intracellular Ca®>* storage was not observed in extrasynaptic
regions (Fig. 7B). This suggests that ablation of Homer 2
caused a specific effect on the subsynaptic intracellular Ca?*
stores, rather than a general alteration of cellular Ca’*
handling.

Colocalization of CAMKIIp with nAChRs Was Reduced in
FDB Fibers of Homer 2™/~ Mice

CaMKIIpB expression at the endplate level and its tight
clustering with nAChRs have been previously reported by
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Martinez-Pena y Valenzuela et al. (31). Based on this knowl-
edge, we designed experiments to investigate whether the
absence of Homer 2 could induce an altered distribution of
CaMKIIB at the endplate. This question was crucial for
understanding the role of Homer 2 in shaping the molecular
architecture of the NMJ.

As for quantification of nAChRs/IP;R1s by confocal micros-
copy, the endplate was stained with o-BuTX and immuno-
labeled with antibodies specific for CaMKIIB in FDB single
muscle fibers. Moreover, super-resolution fluorescence
microscopy was used to achieve a better spatial resolution
and accurately evaluate the kinase colocalization with
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Figure 6. Endplate/IPsR1-stained volume correlation in FDB fibers of WT and Homer 2/~ mice. Correlation plots of nAChR- vs. corresponding IPsR1-
stained volumes were calculated from data shown in Fig. 4B. In WT fibers, R = 0.42 (P < 0.0001); in Homer 2 '~ FDB fibers, R = 0.30 (P < 0.0001).
Spearman’s rank correlation. FDB, flexor digitorum brevis; nAChR, nicotinic acetylcholine receptor; WT, wild type.
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Figure 7. Subsynaptic Ca?*-releasable pool in FDB fibers from WT and Homer 27" mice. A: representative [Caz+]i transients elicited by 20 pM CPA
recorded in extrasynaptic and subsynaptic regions of interest (ROleya and ROlg,) from a WT and Homer 2/~ FDB fibers. B: scatter plot of normalized

area values of the CPA-induced [Ca2+]i changes in paired ROlgyrq and ROIg,, from WT and Homer 2™

'~ FDB fibers. Values are shown as means + SD

and correspond to: WT ROlgy;a = 1,139.00 £ 451.00 vs. Homer 2/~ ROlgyra = 1,013.00 +302.90, WT ROy, = 904.50+327.20 vs. Homer 2/~ ROl =
654.60 + 213.30. Data were from 35 WT FDB fibers (4 mice) and from 40 Homer 2/~ FDB fibers (4 mice). Statistical differences were determined by the
Mann-Whitney U test. CPA, cyclopiazonic acid; FDB, flexor digitorum brevis; WT, wild type.

nAChRs. Analysis of the super-resolution fluorescent
images revealed a clear prevalence of the CaMKIIB-staining
in the synaptic region in FDB fibers of WT mice. In contrast,
synaptic CaMKIIB-immunolabeling was almost indistin-
guishable from extrasynaptic regions in FDB fibers of
Homer 2/~ mice (Fig. 8). The nAChRs/CaMKII colocaliza-
tion was evaluated by calculating the Manders’s coefficient
(i.e., the proportion of nAChRs stained voxels positive for
CaMKIIB). Manders’ coefficients showed that the colocaliza-
tion between two fluorescent signals was significantly lower
in FDB fibers from Homer 2/~ mice compared with WT
mice (Fig. 9A). This difference in colocalization was clearly
visible in three-dimensional reconstructions of endplates
from WT and Homer 2/~ mice (Fig. 9B).

Overall, these observations indicate that the absence of
Homer 2 alters CaMKIIp distribution, significantly reducing
its colocalization with synaptic nAChRs. This change may
impact synaptic function at the neuromuscular junction.

Electromyography and Motor Performance in Homer
27/~ Mice

Finally, experiments were conducted to study the effect of
the Homer 2 ablation at the functional level.

Muscle electrical activity was recorded by EMG in FDB
fibers from WT and Homer 2~/ mice. In both experimental
groups, we measured CMAPs using repetitive nerve stimula-
tion. At 10 and 30 Hz stimulation frequencies, a progressive
reduction of CMAP amplitudes due to neuromuscular
fatigue was observed. However, there are no statistical differ-
ences between WT and Homer 2/~ mice (Fig. 10A).

We also evaluated motor performance by the wire hanging
and rotarod tests. The results of the wire hanging perform-
ance revealed that the latency to fall was characterized by a

AJP-Cell Physiol - doi:10.1152/ajpcell.00419.2025

higher variability in Homer 27/~ compared with WT mice.
However, the analysis did not reveal a statistical differ-
ence, indicating a comparable muscle endurance (Fig. 10B).
Conversely, when placed on an accelerating rotarod, Homer
2/~ mice displayed a significantly shorter latency to fall as
compared with WT~/~ mice: this suggests a deficit in balance,
coordination, and/or motor planning (Fig. 10B). Therefore,
Homer 2 ablation appears to clearly emerge when the motor
circuits that control overall movement are activated.

DISCUSSION

The scaffolding Homer 2 protein is emerging as one of the
key players involved in NMJ plasticity, particularly after
denervation and disuse. Our findings demonstrate that Homer
2 ablation and subsequent chronic adaptation led to a signifi-
cant impairment in the endplate dynamics, characterized by a
slower nAChR turnover and an altered organization of the sub-
synaptic IPs-driven Ca®* signaling machinery. These results
highlight the crucial role of Homer 2 in maintaining NMJ
integrity and function, suggesting potential therapeutic targets
for neuromuscular disorders.

The first observation is a reduced nAChR channel activity,
as judged by electrophysiological recordings. The exclusive
presence of the adult e-nAChR isoform in Homer 2/~ fibers
(19), the absence of specific biomarkers (N-CAM and MHC-
emb), and the similar circulating CAF levels in both WT and
Homer 2/~ mice ruled out any contribution of “anatomical”
and “functional” denervation.

Instead, the reduced nAChR activity is fully consistent
with the second observation, that is, impaired endplate
dynamics, as inferred from the slower insertion of new
nAChRs in NMJs of Homer 2/~ mice. At day 4, o-BTX 488
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Figure 8. Distribution of CAMKIIB in FDB fibers of WT and
Homer 27/~ mice. Super-resolution fluorescence images
revealed an accumulation of CaMKIIf at the level of the
endplate in WT fibers that was difficult to appreciate in
Homer 2/~ counterparts. WT and Homer 2/~ images are
shown as maximum intensity projections of the green and
red voxels. The total number of projected plans was 52 for
WT and 19 for Homer 27/~ images, respectively. Scale bar,
10 um. FDB, flexor digitorum brevis; WT, wild type.

intensity corresponding to newly inserted nAChRs was
lower in NMJs of Homer 2/~ than in WT ones, suggesting
a deficit in the insertion of receptors. At day 10, the fluores-
cence intensity differences between the two experimental
groups became undetectable: the deficit in the receptor turn-
over appears to reflect a delay rather than a permanent

Figure 9. Colocalization of CAMKIIB with A
nAChRs in FDB fibers of WT and Homer
2 "mice. A: scatter plot of the Manders’
coefficients calculated for WT and Homer
27/~ FDB fibers. Colocalization was quanti-
fied as described in MATERIALS AND
METHODS. Values are shown as means *
SD and correspond to: WT = 0.59+0.11 (18
fibers, 3 mice); Homer 27/~ = 0.18+0.12 (17
fibers, 3 mice). Statistical differences were
determined by the Mann—-Whitney U test.
B: three-dimensional reconstruction of repre-
sentative endplates and corresponding syn-
aptic CaMKIIf distribution in FDB fibers from
WT and Homer 27/~ mice. Yellow indicates
nAChRs/CaMKIIB overlapping. Boxed areas
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impairment. The significant upregulation of the AChRal
gene, which was interpreted as a compensatory mechanism,
excludes an impairment in the expression of the nAChRs and
further validates the results of the turnover assay, which indi-
cate a deficient nAChR incorporation into the endplate.
The delayed nAChR incorporation perfectly aligns with the

B
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(x2) are enlarged regions of the endplates, %0

which allow focusing on the colocalization.
Scale bar, 10 pm. CaMKIIp, Ca?* /calmodu-
lin-dependent protein kinase II; FDB, flexor
digitorum brevis; nAChRs, nicotinic acetyl-
choline receptors; WT, wild type.
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Figure 10. EMG and motor performance of
WT and Homer 27/~ mice. A: amplitude of
CMAPs recorded by EMG in the FDB mus-
cle of WT and Homer 2/~ mice at 10 and
30 Hz nerve stimulation. The amplitude of
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(120+0.00, n = 9) and Homer 2/~ mice
(115.22+£8.41, n = 9). Rotarod test showed
a shorter latency to fall for Homer 27/~
mice (253.63+76.98, n = 8) compared
with WT mice (164.12 £ 92.14, n = 8). Values
are shown as means + SD, and statistical
differences were determined by the Mann—
Whitney U test. CMAP, compound muscle
action potential; EMG, electromyography;
FDB, flexor digitorum brevis; WT, wild type.
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reduced endplate volume already described in Homer 27/~
mice (19).

In WT FDB muscle fibers, previous studies have reported
that innervation controls the ratio between endplate volume
and the corresponding subsynaptic volume stained for
IP;R1, the latter being ~40% of the corresponding endplate
volume (7). Interestingly, both the endplate volume and
the corresponding subsynaptic IP;R1-stained volume were
decreased by the same extent (~30%) in FDB fibers of Homer
27/~ mice. Despite this reduction, the ratio between the end-
plate size and the corresponding subsynaptic IP;R1-immu-
nolabeling, previously observed in WT counterparts, was
maintained: the smaller the endplate, the smaller the subsy-
naptic IP;R1-stained volume. This observation is consistent
with the absence of denervation signs and the maintained
innervation-controlled nAChRs/IP3Rs cross talk (7) in Homer
27/~ mice, indicating that Homer 2 may be dispensable for
certain aspects of NMJ integrity; on the contrary, it unveils a
pivotal role of Homer 2 in determining size and dynamics of
the endplate as well as controlling postsynaptic IP;R1-associ-
ated local Ca®™ signals (5, 6).

Homers have been shown to participate in targeting and
localization of Ca®"* signaling proteins to specific cellular
microdomains, that is, the subsynaptic domain of synapses:
Homer 2 might play a role at NMJs similar to that of Homer 1
isoforms in the postsynaptic density of excitatory central
synapses. Indeed, in glutamatergic synapses, Homer 1 pro-
teins play a crucial role in synaptic organization. The consti-
tutive (Homer 1b/c) and inducible (Homer 1a) isoforms of

AJP-Cell Physiol - doi:10.1152/ajpcell.00419.2025

WT
Homer 27

Homer 1 physically bridge several molecules in the postsy-
naptic density, a protein-rich region just beneath the postsy-
naptic membrane. These molecules include metabotropic
glutamate receptor types 1 and 5, as well as IP;Rs (32).
Through these interactions, Homer 1 proteins regulate gluta-
mate receptor trafficking and synaptic remodeling (33).
Furthermore, Homer 1, together with the scaffolding Shank1
protein, controls the recruitment of IP; receptors and endo-
plasmic reticulum cisternae within dendritic spines (34, 35).
Similarly, Homer 2 appears to be a key controller of proper
postsynaptic nAChR turnover and the correct organization
of the subsynaptic IPs-sensitive compartment.

Reduced subsynaptic IP;R1-immunolabeling and reduced
subsynaptic IPs-releasable Ca?* content point to a local
impaired Ca?* signaling and activation of downstream Ca?*
sensors as plausible reasons for the slower incorporation of
nAChRs into the endplate in FDB fibers of Homer 2/~ mice.
The proposed role for CaMKII in regulating nAChR dynam-
ics at the endplate and its tight clustering with nAChRs (31)
prompted an investigation on FDB fibers of Homer 2~/ ~mice:
in fact, it was found that CaMKIIp colocalizes much less with
nAChRs in Homer 2 null mice than in WT ones. Bruneau
et al. (3) have shown that insertion of both neo-synthesized
and rapidly recycling AChRs contributes to the postsynaptic
receptor density. Since the turnover assay used in this article
cannot distinguish between the two pools, receptors indi-
cated as “newly inserted” potentially include both groups.
Notwithstanding, since CaMKIIB has been demonstrated to
have a crucial role in controlling the nAChR recycling (31),
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the reduced endplate size in FDB fibers of Homer 2/~ mice
may be primarily the result of a slower delivery of recycling
nAChRs into the endplate. Consequently, Homer 2 could
contribute to nAChR dynamics by also regulating the correct
localization of CaMKIIp at the endplate.

It must be emphasized that, apart from CaMKIIp, several
other important players control nAChR turnover: Rapsyn
serves as a master regulator of nAChR clustering and NMJ for-
mation (reviewed in Ref. 36); PKA promotes the stability of
endplate nAChRs and prevents the removal of recycled
nAChRs from the postsynaptic membrane (37); PKC promotes
removal of nAChRs from postsynaptic sites and regulates the
nAChR recycled pool by reducing the half-life of recycled
receptors in the postsynaptic membrane (37); Myosin Va con-
trols nAChR recycling, possibly by restraining endocytic/recy-
cling vesicles near the postsynaptic membrane in an activity-
dependent cAMP microdomain (reviewed in Ref. 38). Each of
these players merits investigation through dedicated experi-
ments to fully elucidate the mechanism(s) through which
Homer 2 contributes to nAChR turnover.

NMJ adaptation is by no means a single pathophysiologi-
cal process, given its multiple etiologies and possibly distinct
pathogenic mechanisms. For example, denervation typically
leads to motor endplate adaptation, resulting from acceler-
ated turnover of nAChRs (12, 39). In Homer 2/~ mice,
instead, the dynamics of nAChRs are slowed, that is, patho-
genesis is clearly different and leads to a distinct picture of
NMJ adaptation. In any case, this article shows for the first
time that Homer 2 holds a major role in the regulation of the
recycling/insertion receptor dynamics.

Denervation consistently causes muscle atrophy, whereas
in Homer 27/~ mice, atrophy was observed in predominantly
slow-twitch muscles, for example, soleus, but not in predom-
inantly fast-twitch muscles, extensor digitorum longus and
FDB (19). The apparent discrepancy could be accounted for
considering that: 1) a safety factor enables motoneurons
to trigger superthreshold endplate potentials and muscle-

' nAChR

IPsR

Figure 11. Comparison of the subsynaptic
molecular machinery of WT and Homer
27/ mice. The figure illustrates the adapt-
ive effects caused by the absence of
Homer 2 on the subsynaptic molecular
machinery and the resulting impaired
incorporation of the nAChRs into the
membrane: this may be one of the puta-
tive mechanisms for the reduced number
of nAChRs at the NMJ of Homer 27/~
mice (figure created with a licensed ver-
sion of BioRender.com). nAChRs, nicotinic
acetylcholine receptors; NMJ, neuromus-
cular junction; WT, wild type.

& CaMKIIB
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spiking activity with only 10%-20% of receptors being acti-
vated (40) and 2) the safety factor is significantly larger in
fast-twitch muscles (41). Consequently, although the more
severe destabilization culminating in the endplate fragmen-
tation observed after denervation could not be compensated
by the safety factor in all muscles, the less severe reduction
in volume due to the reduced nAChRs recycling/insertion
could be fully compensated by the larger safety factor only
in predominantly fast-twitch muscles.

Similarly, the peculiar superthreshold postsynaptic poten-
tial could explain why the functional effect of reduced
nAChR recycling/insertion is not detectable when neuro-
muscular fatigue and muscle endurance were evaluated by
EMG and wire hanging tests, respectively. Therefore, the
lack of measurable atrophy (19) and impaired neuromuscu-
lar transmission (present data) should not be taken as evi-
dence that Homer 2 plays a superfluous role in nAChR
turnover in skeletal muscle fibers. Intriguingly, the effect of
the Homer 2 ablation stands out during the accelerating
rotarod assessment, i.e., when activation of central motor
circuits is brought into the picture. This serendipitous find-
ing suggests a putative, yet unexplored role for Homer 2 scaf-
folding in the central nervous system.

Conclusive Remarks: A New Type of NMJ Instability in
Homer 27/~ Mice

One of the fundamental properties of skeletal muscle NMJ
is stability, that is, its ability to maintain functional and struc-
tural integrity overtime, ensuring effective transmission of
nerve impulses from the motor neuron to the muscle fibers.
Stability depends on several factors: 1) structural integrity of
the presynaptic (nerve terminal), synaptic (synaptic cleft),
and postsynaptic (motor endplate) components; 2) molecular
balance among key proteins such as acetylcholinesterase or
nAChRs; 3) synaptic plasticity, that is, reversible adaptation
to both physiological and pathological stimuli; 4) active main-
tenance through continuous remodeling and repair mediated

Homer 27
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by either nerve activity, trophic signals, or growth factors; and
5) stress resistance, that is the ability to preserve function
even under conditions of either mechanical or metabolic
stress (12).

The steady-state of nAChRs, one of the features of stabil-
ity, is maintained by the dynamic equilibrium between five
main processes: synthesis, lateral diffusion, internalization,
degradation, and recycling. Dynamics of nAChRs specifically
refers to processes that maintain the density of nAChRs in
the NMJ (2, 31, 37).

According to Sirago et al. (42), instability of NMJ concerns
any process underlying detectable changes in NMJ homeosta-
sis, at the structural and/or functional level: full-fledged insta-
bility of NMJ clearly occurs after denervation or in skeletal
muscle disuse and is accompanied by impaired nerve trans-
mission. In this article, a second and new type of NMJ insta-
bility is proposed based on the presence or absence of signs of
denervation: classical models of denervation and oncogenic
cachexia (see Ref. 43) belong to the first group, whereas the
Homer 2~/~ mouse model belongs to the second group.

Based on previous and current experimental findings,
ablation of Homer 2 leads to chronic NMJ adaptation charac-
terized by decreased number of nAChRs in the presence of
normal innervation. Altered dynamics of nAChRs appear to
be due to decreased insertion of nAChRs, namely decreased
recycling.

By and large, our data confirm the role of Homer 2 in NMJ
adaptation (16, 19) and shed new light on its role in control-
ling the dynamics of NMJ at the postsynaptic level. The scaf-
fold protein Homer 2 emerges as an important player in the
regulation of nAChRs incorporation into the endplate, by
controlling the subsynaptic IP;R1 content, the IP;-releasable
Ca®" pool, and the colocalization of CaMKIIf with nAChRs
(Fig. 11). Although this is the first report demonstrating a role
for Homer 2 in controlling endplate nAChRs dynamics, we
acknowledge that our findings are limited by an incomplete
understanding of Homer 2 interacting partners and down-
stream effectors. Further studies are necessary to fully char-
acterize the role of Homer 2 in NMJ physiology, plasticity,
and pathology. In conclusion, these findings not only
advance the understanding of NMJ dynamics but also open
new avenues for investigating neuromuscular disorders and
developing potential therapeutic strategies targeting Homer
2-mediated pathways.
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