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Abstract: Accelerated postsynaptic remodelling and disturbance of neuromuscular transmission are
common features of autoimmune neurodegenerative diseases. Homer protein isoform expression,
crosslinking activity and neuromuscular subcellular localisation are studied in mouse hind limb mus-
cles of an experimentally induced autoimmune model of Myasthenia Gravis (EAMG) and correlated
to motor end plate integrity. Soleus (SOL), extensor digitorum longus (EDL) and gastrocnemius (GAS)
skeletal muscles are investigated. nAChR membrane clusters were studied to monitor neuromuscular
junction (NMJ) integrity. Fibre-type cross-sectional area (CSA) analysis is carried out in order to
determine the extent of muscle atrophy. Our findings clearly showed that crosslinking activity of
Homer long forms (Homer 1b/c and Homer2a/b) are decreased in slow-twitch and increased in
fast-twitch muscle of EAMG whereas the short form of Homer that disrupts Homer crosslinking
(Homer1a) is upregulated in slow-twitch muscle only. Densitometry analysis showed a 125% increase
in Homer protein expression in EDL, and a 45% decrease in SOL of EAMG mice. In contrast, nAChR
fluorescence pixel intensity decreased in endplates of EAMG mice, more distinct in type-I dominant
SOL muscle. Morphometric CSA of EAMG vs. control (CTR) revealed a significant reduction in EDL
but not in GAS and SOL. Taken together, these results indicate that postsynaptic Homer signalling is
impaired in slow-twitch SOL muscle from EAMG mice and provide compelling evidence suggesting
a functional coupling between Homer and nAChR, underscoring the key role of Homer in skeletal
muscle neurophysiology.

Keywords: skeletal muscle; Homer isoform expression; NMJ adaptation; Myasthenia Gravis

1. Introduction

Specific isoforms of the Homer protein family are localised at the postsynaptic density
of both central [1] and peripheral synapses [2], where they play a key role in synaptic plas-
ticity [3,4], coordinating protein–protein interaction and cross-talk of different molecular
players within a given or multiple postsynaptic signal transduction pathways [5].

Altogether, three different Homer genes have been identified with at least 20 iso-
forms [5] which are ubiquitously expressed. Homer long isoforms, i.e., Homer 1b and 1c,
Homer 2, Homer 3, form large networks via a carboxyl-terminal coiled-coil (CC) region [6]
and are constitutively expressed. Homer 1a, the inducible Homer short isoform, lacks the
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coiled-coil region and thus acts as a dominant-negative isoform by disrupting dimerisa-
tion/multimerisation of long Homer isoforms, uncoupling the scaffolding complex, and
thus interrupting the interaction between Homer and its partners [1]. Different isoform
expression is the result of alternative splicing [7]. An upregulation of short Homer 1a is
induced upon high synaptic activity (e.g., seizures and/or hyper excitability) [1].

Homer proteins are present in mouse, rat, and human skeletal muscles and regu-
lated by nerve and muscle activity [2,8]. For instance, Homer gene transcription, protein
expression and subcellular localisation at the NMJ postsynaptic microdomain were down-
regulated in all human and animal models of disuse-induced muscle atrophy [2,9,10].
Moreover, reciprocal expression of Homer 1a and Homer 2 isoform is proposed as a key
mechanism responsible for soleus muscle atrophy during chronic exposure to microgravity
in space-flown mice [9].

Therefore, if confirmed by further studies, the altered expression pattern of Homer
isoforms and modified cross-linking capacity could represent a general key pathogenetic
mechanism of skeletal muscle diseases likely sharing the common trait of a deranged
neuromuscular transmission.

One of the most common disorders of neuromuscular transmission is Myasthenia
Gravis (MG), a chronic and progressive autoimmune disorder caused by the presence
of autoantibodies directed against components of the postsynaptic muscular membrane,
leading to muscular weakness mediated by a decreased NMJ function.

In the present study, we used a well-established animal experimental model of au-
toimmune myasthenia gravis (EAMG). This model mimics the pathology of the disease
by immunising mice with purified exogenous nicotinic acetylcholine receptor (nAChR)-
antigen, thus promoting an autoimmune response against their own nAChR [11]. In this
experimental model we investigated the isoform expression pattern of Homer protein in
slow- and fast-twitch skeletal muscle and evaluated motor endplate integrity.

Human MG, first described around 1900 [12], manifests itself with symptoms of
muscle weakness, especially after repetitive muscle contraction, fatigue, and atrophy. Most
patients (and some exclusively) show an impairment of ocular muscle function, presenting
symptoms like ptosis and diplopia [13]. The disease progresses over time and without
treatment can ultimately lead to paralysis of the respiratory-active diaphragm and end
lethally. MG has a prevalence of 150–250 cases per 1 million and an incidence of 8–10 cases
per 1 million [14].

Although the MG pathogenetic mechanisms at the postsynaptic membrane level have
been extensively investigated, very little it is known about the molecular mechanisms and
changes in protein complexes further downstream, which form the postsynaptic density
(PSD) and regulate postsynaptic signal transduction.

As part of the postsynaptic signal transduction machinery, Homer was proposed to
play a role in synaptic plasticity [15] and transmission strength fine-tuning [16], as well
as causing muscle strength impairment when not being properly expressed [17]. Homer
modulates Ca2+ influx through direct binding to the intracellular calcium release channel
RyR1 and increase of channel open probability (P0) [18].

We hypothesised that the altered expression of specific Homer isoforms and thus
altered cross-linking capacity at the subcellular level in the postsynaptic microdomain of
the NMJ underlie the molecular mechanisms responsible for the disruption of synaptic
transmission in MG.

The goal of this study was to investigate a possible link between Homer expression,
subcellular localisation and cross-linking capacity, and the impairment of neuromuscu-
lar synaptic transmission. This unveils the functional coupling of Homer isoforms to
postsynaptic nAChR.
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2. Results
2.1. Endplate Destruction Is More Prominent in SOL Muscle

To monitor the effects of Myasthenia Gravis, signs of end plate destruction caused
by circulating autoantibodies against junctional nAChRs are examined at histochemical
and morphometric level in EAMG mice. Figure 1 shows a diagram representing the
experimental study design and marks the time points at which mice are sacrificed for
muscle dissection to study acute and chronic EAMG effects.
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Figure 1. Diagram representing the EAMG study design. An age matched group of mice served as a
reference control (CTR, n = 9) group without tAChR-antigen immunisation. W = weeks.

As shown in Figure 2a–c, a significant decrease of α-Bungarotoxin-stained nAChR
pixel intensity was detected in SOL NMJs of EAMG-affected mice (−40.8%, p ≤ 0.033)
when compared to CTR. Conversely, both GAS and EDL both displayed a lower mean end
plate pixel intensity. However, no significant differences between EAMG (GAS −32.4%,
p ≤ 0.28; EDL −30.08%, p ≤ 0.80) vs. CTR samples were present.

Overall, high individual differences of end plate affection between NMJ samples of
MG mice are observed, ranging from almost no detectable staining at all to similar staining
in EAMG and CTR. This suggests a variable degree of EAMG disease progression in each
mice group depending on the different vulnerability of each individual mouse.

3D-analysis of NMJs was done on the second batch of EAMG mice, consisting of
12 young animals with different clinical disease severity, divided in three groups depend-
ing on clinical scoring (Group I = CTR, Group II = Score 0, Group III = Score 1, Group
IV = Score 2) (For clinical scoring see Section 4).

The total volume as well as mean pixel intensity of NMJs was determined to quantify
the amount of nAChRs accumulated in scanned endplates by multiplying those two
parameters. A comparison between EAMG and CTR as well as in between clinical groups
(I–IV) is carried out to ascertain whether there was a correlation between severity of
symptoms and endplate destruction.

3D-analysis showed similar results as pixel intensity (Figure 2d–f). In SOL, nAChR
quantity was reduced significantly only in severely Group IV EAMG affected mice com-
pared to CTR (48.2%, p ≤ 0.0159). However, when comparing all EAMG-samples to CTR,
no significant result could be shown (p ≤ 0.1037), even though mean nAChR-quantity
was reduced more than in the other muscles (−41.3% CTR vs. EAMG). In EDL and GAS
however, no significant reduction of nAChR-quantity could be detected, neither in between
EAMG-affected animals itself nor in comparison to CTR mice muscles (GAS −24.14% CTR
vs. EAMG p ≤ 0.33; EDL −20.96% CTR vs. EAMG, p ≤ 0.88).
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Figure 2. nAChR degradation rate in endplates of hindlimb muscles EAMG vs. CTR (a–c) and
3D-analysis of endplate nAChR-volume and pixel intensity, divided by clinical disease severity (d–f).
Results of confocal pixel intensity analysis, Alpha Bungarotoxin (αBTX) staining. (a) Significant
decrease in pixel intensity was present in SOL (−40.8%, p ≤ 0.033) of EAMG. (b) No significant
changes were present in EDL and (c) GAS. (d) nAChR-amount was reduced significantly in SOL
(48.2%, p ≤ 0.0159) in severely affected mice. (e) No significant decrease was present in GAS and
(f) in EDL. Data are express as means ± SD. For each experimental group, n = 4 male C57BL/N6 mice
(28 weeks old). Statistical differences between groups were determined by Mann–Whitney-U-Test.
* = indicates significant difference vs. CTR (ANOVA p ≤ 0.05). * indicates significant difference
vs. CTR.

In an attempt to address whether ageing differences were present, we compared young
(approx. 30w) to old EAMG animal muscles (ca. 78w). Surprisingly, no significant changes
between end plate affection in these groups could be detected, although in all three muscles
chronically affected EAMG mice showed slight sign of nAChR-degradation progression
(mean pixel intensity reduction found in old vs. young mice: GAS −39%, EDL −26%,
SOL −16%).

2.2. Homer Protein Expression Is Affected Differently in SOL than in GAS or EDL

Since EAMG muscles displayed a difference in endplate affection between slow-fibre
dominant muscle SOL and the fast-fibre dominant muscles GAS and EDL, we then carried
out Homer protein immunodetection at the NMJ and mRNA transcription in these two
muscle groups. A 3D-analysis of Homer staining was carried out, again quantifying
both volume and mean pixel intensity of endplate-adjacent Homer-staining. To reduce
interference of unrelated background influence, only samples with a minimal difference of
10% mean pixel intensity in endplate staining compared to a randomly chosen background
area were included for analysis.

In Figure 3 we show representative confocal images of SOL muscle cryosections
from both CTR and EAMG Group IV mice, double-stained with a panHomer or isoform
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unselective antibody and α-Bungarotoxin. A large positive postsynaptic microdomain is
detectable in CTR cryosections not present in EAMG SOL muscle (Figure 3).
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Figure 3. Representative immunohistochemical staining of SOL muscle endplates and endplate-
adjacent Homer protein. SOL endplate-AChRs stained with α-Bungarotoxin (red), Homer protein
stained with Pan-Homer-antibody (green). Right picture: merged AChR- and Homer-staining.
Upper panel represents CTR-group, lower panel EAMG group. Confocal images display maximum
projection of z-stacks of endplates scanned. Z-stacks are merged via 3D-analysis software and
analysed for pixel intensity and volume. Magnification bar = 10 µm.

3D endplate quantification analysis was complemented by a qPCR gene analysis of
each hindlimb muscle, quantifying the Homer gene expression regarding different isoforms
of Homer (Figures 2a–c and 4). The animals were again divided by clinical subgroups and
compared to CTR.

As shown, SOL muscle 3D analysis of Homer showed no significant results between
EAMG and CTR muscle, even though mean Homer quantity was lower (−51.35%) in
EAMG animals and even less (−65.3%) when only considering severely (Group IV) affected
mice (Figure 4a). This group also displayed the largest decrease in nAChR-quantity in 3D
analysis as described above (Figure 2a), linking a more severe endplate destruction with a
higher decrease of endplate-adjacent Homer protein in SOL.

qPCR gene expression analysis of SOL muscle showed a significant increase of expres-
sion in short isoform Homer 1a in severely affected mice (IV) with an increment of over
900% (p ≤ 0.021) (Figure 4b). The spike in mRNA of Homer 1a was significant in group IV
as well as group III mice (medium clinical symptoms). Since basal expression of Homer 1a
in SOL is very low, quantitation is characterised by a high dispersion and higher rates of
uncertainty. In addition to Homer 2a, a significant increase of long isoform Homer 2 was
detected, displaying a gain in mRNA (+62% in group IV, +95% in group III) compared to
CTR, reaching significance only in group IV (p ≤ 0.027) (Figure 4c).
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Figure 4. Homer protein isoform expression in SOL and EDL muscle. (a): 3D-analysis of endplate
Homer pixel intensity and volume. A trend of reduction can be seen in severely affected EAMG mice
in Homer quantity compared to CTR (−37%, p≤ 0.111). (b,c): By qPCR-analysis, a significant increase
of mRNA was detected in SOL-muscle for short isoform 1a (+932%, p ≤ 0.021) and long isoform
Homer 2 (+62%, p ≤ 0.027). Homer 2b increase is lower than 1a-increase. Both times mRNA elevation
was attested in severely affected mice, in medium affected mice only a trend was observed. Data are
normalised to TATA-box-binding protein (TBP1) and expressed as means ± SD. Mann–Whitney-U
test, significance level p ≤ 0.05. * indicates significant difference vs. CTR.

2.3. No Significant Change in Endplate-Adjacent Homer Quantity in Fast-Type
Dominant Muscles

A 3D-analysis of endplate-adjacent Homer was run for EDL and GAS comparably to
SOL. Results showed that the mean quantity of Homer immune-signal pixels did not differ
much in EAMG samples of both GAS and EDL compared to CTR (GAS: +8.97% MG vs.
CTR; EDL: −0.58% MG vs. CTR) (Figure 5) in contrast to SOL.
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Figure 5. Representative immunohistochemical staining of GAS and EDL muscle endplates and
endplate-adjacent Homer protein. For each image block (GAS, EDL) upper panel CTR, lower panel
EAMG group. From left to right is shown nAChR-staining (red), Homer staining (green) and a
merged image of both staining. No significant changes between CTR and EAMG are observed in 3D
analysis in neither EDL nor GAS in Homer endplate staining. Magnification bar = 10 µm.

To further separate from SOL, clinical subgroups of GAS and EDL did not show much
difference in between them, even in clinically severely affected mice.

qPCR data analysis of both fast-fibre dominant muscles revealed no significant changes
of mRNA expression in either isoform, although trends of Homer 1a mRNA-induction
were observed in both muscles (Figure 6b,c,e,f).

qPCR data analysis of GAS muscle revealed a trend towards an increase in short
Homer 1a in severely affected animals compared to CTR animals and no considerable
changes in the other Homer isoforms (Figure 6b,c). In EDL muscle, a trend in Homer
mRNA increase could be seen in severely affected EAMG mice (Group IV) regarding
the short dominant negative isoforms (Homer 1a: +87.5% compared to CTR, p ≤ 0.056)
(Figure 6e), whilst long Homer isoform displayed constant or even reduced expression of
mRNA without significance (Figure 6f). In addition, no significance is found in both GAS
and EDL qPCR analysis.

Thus, compared to SOL, Homer 1a expression changes in mRNA are apparently less
prominent in both GAS and EDL muscle, showing mean differences mostly in clinically
severely (Group IV) affected mice. Similar changes in SOL were present already in medium
affected mice (Group III).

Taken together, Homer mRNA expression seems to shift at an earlier stage of clinical
manifestation in SOL than in the other two muscles.

In order to better follow the changes in the transcriptional regulation of Homer iso-
forms 1a, 1b,c, 2, and 3 in the SOL and EDL muscle of EAMG mice compared to CTR mice,
the mRNA transcripts of the various Homer isoforms were shown in the same graph for
comparison. As shown in Figure 7, a significant increase in transcription of Homer isoform
1a is clearly evident in the slow-twitch SOL muscle of the EAMG medium (Group III) and



Int. J. Mol. Sci. 2022, 23, 15052 8 of 21

severe (Group IV), whereas only a trend was observed in the fast-twitch GAS and EDL
muscle of the severe (Group IV) only group.
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Figure 6. Homer protein expression in EDL and GAS muscle. (a) 3D analysis of GAS endplate Homer
intensity and volume. No significant change of Homer is measured in GAS (+8.97%, p≤ 0.27) between
CTR and EAMG. (b,c) qPCR analysis of GAS showed no significant changes in mRNA Homer 1a
expression in GAS (307%, p ≤ 0.905). (d) 3D analysis of EDL endplate Homer intensity and volume.
No signs of change in Homer quantity in EDL endplates (0.58%, p ≤ 0.77). (e,f) qPCR analysis of
EDL showed a trend towards an increase of short isoform Homer 1a mRNA (+87.5%, p ≤ 0.056) in
severely affected mice, no change could be shown in other isoforms. Data are express as means ± SD.
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Figure 7. Overview qPCR analysis of homer gene isoforms in SOL, EDL, and GAS muscles of CTR
and low, medium, severe clinical muscle weakness mice groups (n = 5, 4, 4, 4 mice per experimental
group, respectively). An increase of Homer 1a in SOL is apparently associated with the increase of
severe clinical muscle weakness. Data are normalised to TATA-box-binding protein (TBP1) and are
expressed as means ± SEM over CTR. For calculation, comparisons were made by Mann–Whitney-U
test, with p ≤ 0.05 being considered statistically significant.

2.4. Homer Crosslinking Activity Differs in Muscles Depending on Dominant Fibre Type

To determine Homer protein concentration not only in proximity to individual NMJs,
but also in the whole muscle, a Western blot (WB) analysis of EDL for mainly fast-type
dominant muscle and SOL for mainly slow-type dominant muscle was done. Analysis was
primarily done in native experimental conditions (in absence of reducing and denaturing
reagents, keeping Homer protein–protein interaction intact) to distinguish between long
isoform monomer, dimer, and multimer Homer concentration compared to CTR.
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In WB, anti-panHomer antibodies identified different immunoreactive bands with a
predicted Homer molecular weight in all muscle samples (Figure 8a,b). Bands were most
prominent near 120 kDa and in some samples also seen near 43–48 kDa. Consequently, the
120 kDa band represents Homer dimer/multimers, while 43–48 kDa bands display Homer
monomers (Figure 8a,b).
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Figure 8. Homer Western Blot analysis of SOL and EDL. (a) WB total protein concentration of Homer
in SOL. Band between 150 and 100 kDa represents Homer Dimers. Significant decrease of Dimer
band intensity in SOL (−53.76%, p ≤ 0.0286) in native experimental conditions. (b) WB total protein
concentration of Homer in EDL. In EDL, Homer 120 kDa band intensity is significantly increased
(+146.25%, p ≤ 0.029) in EAMG compared to CTR. 42 kDa band, representing monomers, could not
be detected in EDL, most likely due to relatively low expression of monomers in relation to Dimers.
(c) WB of SOL. Dimers/Multimers between 150 and 100 kDa, Monomers (43–48 kDa) below 50 kDa.
CTR samples 1–4 on the left, EAMG samples 1–4 on the right. α-Tubulin blot below was used for
normalisation. (d) WB of EDL. All analysis was done in line with SOL Blot. Line C = Homer monomer
positive control (murine cerebellum), n = 4 for CTR and EAMG. * indicates significant difference
vs. CTR.

SOL Western blot analysis displayed a decrease of Homer dimer/multimer concen-
tration (Figure 8a). The 120 kDa bands were significantly reduced, showing a decrease of
53.76% compared to CTR, whereas monomer band concentration remained unchanged in
SOL muscle in native experimental conditions.

In contrast to SOL, densitometry analysis of the muscle protein bands in EDL indicated
a significant increase of Homer 120 kDa band of 146.25% compared to CTR after normal-
isation (p ≤ 0.0286) (Figure 8b). Monomer muscle protein bands in native experimental
conditions were only visible in one of the muscle blots (displaying a trend towards a Homer
increase as well with a relative protein difference of +53.9% in MG muscle) and thus could
not be reliably analysed in EDL.
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WB of EDL samples in reducing experimental conditions are carried out to break
apart Homer protein–protein interaction and ascertain the existence of monomers. Only
the 45–48 kDa band could be detected (Figure S1). EAMG muscle sample Homer protein
concentration is increased significantly by 416.49% compared to CTR.

Due to the limited amount of tissue from mice SOL muscle, no data are available in
reducing experimental conditions.

Taken together, these results show that Homer Dimer is increased in fast-type domi-
nant (EDL) and decreased in slow-type dominant muscle (SOL).

2.5. Muscle Fibre Cross-Sectional Area Is Decreased Only in EDL Muscle

To establish whether the differences reported so far among the different animal groups
were influenced by muscle mass/atrophy, a morphometric analysis of fibre cross-sectional
area (CSA) was carried out. Therefore, CSA of fibres in GAS, EDL, and SOL was determined.
Dystrophin staining was used to define each fibre border whereas slow-type myosin heavy
chain staining was used to identify Type-I muscle fibres. Negative slow-type myosin heavy
chain staining was considered in Type-II muscle fibres.

The results of dystrophin-staining (Figure 9a) showed a decrease of total mean fibre
diameter in EAMG-affected animals in all three muscles: −9% in SOL; −15.4% in GAS
and −22.2% in EDL (Figure 9c). A differentiation of fast-type vs slow-type fibre atrophy
was only possible in SOL muscle, since slow-type fibres were rarely found in both GAS
and EDL.

In SOL however, mean fibre diameter reduction was more severe in fast-type fibres
(−13.7%) than in slow-type fibres (−9%). However, in EDL, slow-type fibres could only
be detected in EAMG muscles but not in the CTR group, which might be suggestive for a
possible fibre-switch in EDL (Figure 9c).

Statistical analysis of total muscle fibre diameter showed a significant atrophy only in
EDL muscle (p ≤ 0.0365), while in both SOL and GAS no significant reduction was found
(GAS: p ≤ 0.234; SOL: p ≤ 0.818)

A further analysis among the EAMG groups divided by clinical severity showed no
significant atrophy differences in neither muscle.

2.6. Age Independent Localisation of Homer Expression and Postsynaptic Subcellular Localisation

To investigate whether differences in Homer endplate affection between old (ca. 78 w)
and young animals (approx. 30 w) are present, endplate-adjacent Homer staining intensity
was measured, and a comparison was made between old vs. young animals as well as
between these two groups and CTR.

No significant differences could be detected between those two groups and CTR.
When distinguishing between muscle types, SOL muscle presented no distinct difference
in median pixel value observing young vs. old animals, whereas in GAS and EDL muscle a
trend in median value with a lower Homer staining in older compared to younger animals
was prominent (GAS: −20.6% young vs. old; EDL −26.8% young vs. old). However, since
young animals in this group were only n = 3, this small sample number of young mice
makes statistical significance between groups difficult to reach (Figure S2).

Interestingly, in these samples, Homer pixel intensity was significantly increased in
both EDL and GAS muscle when comparing all EAMG samples to CTR, whereas SOL pixel
intensity remained unaltered vs. CTR.
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Figure 9. Muscle fibre cross-sectional area/morphometry analysis. (a,b) Staining of muscle sections
of each SOL, GAS, and EDL with Dystrophin (red), Myosin slow (green) and DAPI (blue). The
upper panel (a) representing CTR animals while lower panel (b) contains sections of EAMG-affected
mice muscle. (c) Cross-section area statistical analysis: No significant reduction of muscle fibre
diameter could be detected in both SOL and GAS muscle (SOL: p ≤ 0.08; GAS: p ≤ 0.23). In EDL (c), a
significant reduction of mean fibre diameter could be detected in EAMG-animals compared to CTR
group (p ≤ 0.037). In all three muscle groups absolute mean diameter is lower in MG than in CTR
group. Type-I-fibres could only be statistically analysed in SOL muscle, in GAS and EDL samples
slow-type fibres were not or only sparsely detectable. Thus, in GAS and EDL only Type-II-fibre
diameter was analysed. In all analyses n = 5 for CTR, n = 12 for EAMG. * indicates significant
difference vs. CTR.

3. Discussion

The main objective of this study was to further investigate the Homer protein isoform
expression pattern and crosslinking activity together with neuromuscular subcellular
localisation in mouse hind limb muscles of an experimentally induced autoimmune disease
of myasthenia gravis and to correlate to motor end plate integrity in both postural (SOL)
and non-postural (GAS, EDL) muscles.

In previous studies, we showed that Homer protein family members are conserved in
healthy mouse, rat, and human skeletal muscles, and are particularly localised at the postsy-
naptic microdomain, where they play a key role in coordinating the neuromuscular signal
transduction machinery in a mechanism dependent on nerve and muscle activity [2,9].
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We therefore set out to study the expression pattern of Homer genes and postsynaptic
subcellular localisation in MG-affected skeletal muscles to find out whether they are linked
to a proper expression and function of the nicotinic acetylcholine receptor (nAChR) in
disease-affected peripheral synapsis.

We implemented this by using a destructive alteration of postsynaptic NMJ structures
via EAMG mice and observing changes in Homer protein expression at whole muscle
tissue and in situ at the NMJ postsynaptic subcellular localisation, thus correlating possible
changes with the degradation of entire motor endplate structures.

As shown, the destruction of motor endplates in EAMG skeletal muscle is manifested
mainly in SOL muscle rather than in GAS and EDL, and correlates with clinical severity. The
main difference among the three hindlimb muscles being investigated (except for function)
lies in their fibre type composition (GAS and EDL: mostly fast-type II, SOL mixed type I
and II fibres). While GAS and EDL were mostly in line with each other, SOL results clearly
differed from the other two muscles in terms of postsynaptic nAChR expression/cluster,
Homer mRNA transcription, and protein expression/postsynaptic subcellular localisation.

It seems that rather than muscle function or location, nAChR regulation is dependent
on muscle fibre-type composition, manifesting itself in both the affection of end plates as
well as differences in postsynaptic Homer concentration, isoform quantity, and mRNA
gene expression.

It is known that MG manifests itself with a stronger atrophic and clinical effect in
fast-twitch type II fibres, although evidence available in the literature showed that it also
affects slow-twitch type-I fibres [19]. Consistently, with this mouse model, SOL muscle was
more severely affected than GAS and EDL fast-twitch muscles.

We also found that in the mixed-type SOL muscle, there was a decrease in Homer long
isoform protein expression and crosslinking activity (decrease dimer/multimer) together
with a decrease in Homer and postsynaptic nAChR, further accompanied by an increase
in Homer 1a and Homer 2a/b gene transcription. In contrast, fast-type muscles such as
EDL and GAS displayed an increase in Homer protein expression and crosslinking activity
(increase in dimer/multimer) with a trend towards an increase in Homer 1a transcription
and no change at the level of Homer 2a/b and nAChR.

Thus, substantial differences are present in terms of Homer crosslinking activity
between the two types of EAMG muscles. The observed decrease in SOL is also supported
by the increase transcription of Homer 1a the dominant negative isoform and a reduced
expression of nAChR in motor endplates.

In previous studies, by using several experimental models of muscle disuse atrophy
such as denervation, hindlimb unloading, and/or bedrest, it was shown that SOL muscle
seemed to be more vulnerable to alterations in activity and motor endplate affection than
GAS and EDL.

Although many factors, such as differences in cellular metabolism or contractile prop-
erties, could potentially be responsible for the different reaction between type-I and type-II
fibres, we cannot fully exclude the hypothesis that the divergent effect of pathological
EAMG mechanisms could directly affect Homer expression and regulation among muscle
types through differences in impaired signalling mechanisms. Alternatively, compensatory
mechanisms of synaptic transmission between fast- and slow-twitching muscle fibres might
be present.

Different compensatory mechanisms seen in Myasthenia Gravis that are counteracting
the impaired transmission mainly consist of a higher synthesis of nAChRs [20] as well as a
higher number of ACh-quanta released from the presynaptic membrane following a single
nerve impulse [21], counteracting the overall loss of nAChRs. This leads to a higher activity
in single nAChRs.

Homer is known to play a key role in long-term potentiation and depression through
modulation of mGluRs, especially mGluR1 and mGluR5 [22], and influencing central
synaptic plasticity through those players [23].



Int. J. Mol. Sci. 2022, 23, 15052 13 of 21

Homer molecular structure showed a conserved Ena/VASP Homology 1 (EHV1)
at the amino-terminal region, which is prominent in all Homer isoforms, and which
selects proline-rich (PPXXF) amino acid sequence present in a multitude of postsynaptic
protein interacting partners [24]. Proteins containing these sequences include metabotropic
Glutamate receptors Group 1 (mGluR1), IP3-receptors (IP3R), transient receptor potential
canonical (TRPC) receptors, and proteins involved in calcium signalling, such as the L-Type
Ca2+ channels, the intracellular calcium release channel Ryanodine receptors (RyRs) and
the nuclear factor of activated T cells c (NFATc), in addition to Phospholipase C-β and
Shank [22,24–27].

The alteration of Homer in the EAMG affected motor endplates could therefore be
the result of a compensatory effect caused by the altered force transmission, or a direct
consequence of the change in activity in the postsynaptic nAChRs since Homer expression
is also known to be muscle activity and thus nerve activity-dependent [2].

As seen in Western blots experiment results, Homer dimer quantity differed in SOL
compared to EDL, showing no increase and even a trend of a decrease in overall protein
in the whole muscle. In other muscle disuse models such as denervation, bed rest and
hindlimb unloading, Homer 2a/b was shown to decrease especially in slow-twitch muscles
as SOL as an early event of muscle disuse atrophy [10].

This would imply further evidence for the functional link between the pathogenic
mechanisms of MG at NMJs and Homer protein.

Most striking in our qPCR analysis was the Homer isoform switch, which could be a
result of neural damage. We saw an increase in short Homer 1a gene expression, which
was especially prominent in SOL muscle. It is noteworthy to point out that Homer 1a, the
dominant negative isoform, plays a key role in synaptic plasticity due to it uncoupling long
isoform Homer from one another and its binding partners [16], being described as a fine-
tuning mechanism in synaptic strength adaptation. Furthermore, Homer 1a can activate
mGluR1 glutamate-independently, leading to a downregulation of synaptic strength [28,29].
Its expression leads to a remodelling of the PSD via an uncoupling of mGluRs from the
scaffolding complex, resulting in a NMDA-current inhibition, whereas long isoform Homer
creates the exact opposite effect [15]. NMDA-current inhibition of Homer 1a is a known
mechanism to protect synapsis against neuronal injuries due to over excitation [30]. NMDA-
induced Ca2+ influx and possible overload can be prevented via this switch in isoforms
and has been demonstrated in traumatic brain injuries and ischemia [30]. Although mostly
short-term based, a similar effect as a reaction to over stimulation of single receptors could
play a key role also in EAMG pathology.

Unfortunately, our current knowledge about the molecular mechanisms involved in
postsynaptic regulation of Homer is still incomplete. In skeletal muscle both mGLuR1
and NMDA are not expressed, which means that other molecular mechanisms and/or
interacting partners must be in play. Therefore, further studies are necessary to investigate
this part.

Another important effect of Homer 1a uncoupling is linked to reduced reactive oxygen
species (ROS)-generation in peripheral synapses as well as the inhibition of downstream
signalling [30]. It is highly implied that oxidative stress plays a role in pathogenesis of
MG [31] and it is known that increased ROS can lead to nAChR-inactivation [32]. Thus,
ROS-inhibition of Homer 1a could be a further protective mechanism that remains to be
determined by further studies.

Interestingly, the EAMG mice subgroup showing the highest increase in Homer 1a
mRNA transcript also showed significant reduction in nAChR-density in motor endplates.
This group consisted of mice that exhibited the greatest clinical symptoms when examined
prior to sample acquisition (group IV), suggesting that clinical severity is closely related
to motor endplate disruption in these EAMG mice as expected. This also suggest Homer
1a overexpression is linked to both disease severity and extent of postsynaptic damage
of NMJs.
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Compared to data from WB whole muscle protein analysis, it, at first glance, appears
that the results are not in line with one another. For example, the qPCR data showed an
increase in the short Homer 1a isoform in SOL whereas in the EDL WB, the 120kDa dimer
band was more prominent. This disparity is most likely caused by the reduction of Homer
multimer protein complexes through the dominant negative short isoform, destroying
the large networks and then splitting them into smaller dimer proteins, increasing the
number of 120 kDa Homers. In fact, we see a decrease in the 120 kDa band in SOL, probably
resulting from the previously described atrophy process [10]. In SOL, qPCR data showed
an increase in Homer 2a/b mRNA specific for this muscle, perhaps due to a compensatory
response for the loss of this protein isoform.

Most patients suffering from MG display antibodies (ABs) that are mainly against
nAChRs, and are clustered at the postsynaptic folds of NMJs [33]. Other less frequent forms
of MG include autoantibodies against muscle specific kinase (MuSK) and/or low-density
lipoprotein receptor–related protein 4 (LRP4) [34,35]. Antibodies are usually of IgG1 or
IgG3 subclasses and induce complement activation. This causes complement-mediated
damage via membrane attack complexes (MAC), which leads to disarray of postsynaptic
structures [36]. Moreover, ABs cross-link receptors at the postsynaptic membrane accelerat-
ing internalisation and turnover rate of nAChRs [33]. Reduction of post-synaptic nAChRs
impairs synaptic transmission and causes a decrease in end plate potential (EPP). EPP
decreases progressively at repetitive muscle contractions and ultimately falls below the
threshold to trigger a propagated action potential [37].

Notably, inducible nitric-oxide synthase (iNOS, NOS2) and other MG-affected binding
partners could possibly also have an influence on postsynaptic Homer expression in
neuromuscular disease.

Muscle fibre-type composition seems to influence both MG pathology severity as
well as Homer behaviour in affected muscles. A study by Krolick et al. [38] showed
similar findings when investigating the role of iNOS and NO-production in EAMG animals,
seeing a higher iNOS activity in slow-type fibres dominated SOL muscle coupled with a
lower disease severity compared to EDL, as well as an increase in EAMG susceptibility
when blocking iNOS. iNOS is a calcium-dependent enzyme [39], and an elevation of
intracellular Ca2+ via cellular internal storage leads to an increased activity of iNOS via NO
production, which is linked to mGluR plasticity and NMJ transmission modulation [40].
Subsarcolemmal iNOS/Caveolin-3 accumulations were also found mostly in type-1 fibres
in human Vastus Lateralis (VL) and SOL muscle following extended disuse in bedrest [41].
iNOS activity is affected by calcium storage interaction via Homer scaffolds [1]. Since both
metabolism and composition differ between fast and slow muscle fibres, a multitude of
factors may explain the disparity of Homer expression pattern in these muscles, however,
suggesting yet another unknown link between Homer and iNOS in healthy and diseased
skeletal muscle that needs to be further investigated.

Finally, in about 54% of seronegative Myasthenia Gravis patients, anti-RyR1 (ryanodine
receptor type 1)-antibodies can be detected [42]. Additionally, present in seropositive
patients, these antibodies, as well as TRCP and Titin-Abs, are linked to a severe clinical
disease manifestation [43,44]. Both RyR1 and TRCP are direct binding partners of Homer
protein and play a role in the Ca2+ homeostasis of the post-synaptic NMJ [25,27]. Antibodies
against these binding partners could potentially reduce a compensatory effect of Homer
and/or imbalance Ca2+ regulation and in turn aggravate clinical symptoms via such
putative pathological mechanism.

Outlook and Limitations of the Study

One question that remains unanswered is whether Homer alteration could be the
result of adaptation processes to altered transmission or part of the pathologic progress
itself. Experiments with Homer 1 knockout in mice caused myopathy, most likely caused
by a dysregulation of TRP channel activity leading to a disrupted Ca2+ homeostasis [17].
Since Homer seems to play a role in muscle strength maintenance, a lack of Homer would
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presumably aggravate muscle atrophy in MG affected patients. Should this prediction be
confirmed in future experiments, it would make a compensatory effect of Homer much
more likely rather than an enhancement of the MG pathological process.

All results in this study were gathered in the EAMG mice experimental model. EAMG
shows very similar features in pathology but differs from normal Myasthenia gravis in
ultrastructure [45]. Since MG is a chronic disorder, studies investigating different time
points in disease progression could provide more information about the time course of
observed Homer and AChR changes in the disease. EAMG induced mice also seemed
to be more affected in type I-dominant fibres muscle from SOL than in type-II dominant
muscles (GAS, EDL), which are usually primarily affected in MG patients. Further studies
with human MG patients are mandatory to confirm if the present findings can be at
least partly transferred from EAMG mice to real clinical pathology in terms of a further
disease mechanism.

We are well aware that EAMG induction is not always successful, resulting in approxi-
mately 10–20% of non-responding mice without antibody-production [11]. This, coupled
with individual vulnerability to disease severity [46], can blur possible effects in experi-
ments with small sample or animal numbers like in the present observational/proof-of-
concept-study. Further studies with higher sample/animal numbers are certainly required
before considering studies in a clinical setting.

4. Materials and Methods
4.1. Animals

Adult C57BL/6J mice were use in all experiments, treated at the laboratory of the
Department of Experimental Neurology Charité. All animal experiments were conduct
in accordance with the European directive on the protection of animals used for scientific
purposes and approved by the Charité ethics commission [47].

Induction of EAMG in mice was achieved by immunising mice with torpedo nAChRs
(tAChR) antigens according to a previous established experimental protocol [48]. Mice
were anaesthetised first with ketamine/xylazine or isoflurane and immunised subcuta-
neously with 40 µg of torpedo-purified acetylcholine receptor (tAChR) in the presence
of a complete Freund’s adjuvant [47]. Two identical booster immunisations were per-
formed four (t1 = 13 w) and eight (t2 = 17 w) weeks later. Pain medication (buprenorphine
0.05 mg/kg i.p. every 8 h or metamizole 200 mg/kg/d p.o.) were given for three days
after each immunisation. An age-matched cohort of mice was used as a reference control
group (CTR).

Disease scoring was carried out as previously described [47] according to standard
methods used in the EAMG model [11] on a weekly basis. In short, apart from measures of
general well-being (including body weight, body temperature, fur appearance, posture, and
agility) muscle strength and fatigability were assessed by suspending the mice by the tail
and allowing them to grab the bars of the cage grid. The gripping strength of their forelimbs
was judged by an experienced investigator. Subsequently, the mice (still suspended by the
tail) were moved across the top of the cage for 1 min, during which they were allowed
to repeatedly grip the bars of the cage grid to induce forelimb exhaustion. Afterwards,
gripping strength, posture and agility were re-assessed. Disease severity was evaluated on a
five-point scale, where 0 = normal grip strength/no obvious abnormalities, 1 = no apparent
muscle weakness before, but reduced strength after exercise; 2 = a noticeably decreased
muscle strength already before exercise, which is further reduced after exercise with
pronounced differences in posture and agility (hunchback); 3 = severe muscle weakness
already before exercise; and 4 = paralysis.

Mice were euthanised at 20 and at 68 weeks after first immunisation to study both
acute and chronic immunisation effects.
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4.2. Muscle Samples Were Acquired in Two Different Batches

The first batch/group (n = 8) containing mice with low to medium clinical symp-
toms and two different age groups (young animals t = 30 weeks ± 1 week; old animals
t = 78 ± 3 weeks).

The second batch/group (n = 12) consisting of mice with the same age (t = 28 weeks)
but varying severity of symptoms, ranging from no (clinical score 0), medium to severe
clinical muscle weakness. Each batch was compared to an age-matched control group (CTR)
(batch 1: n = 4; batch 2: n = 5). CTR mice were treated in the same pattern as the EAMG
mice with immunisations lacking the tAChR-Antigen. In total, EAMG group consisted of
n = 20 mice, and CTR group were n = 9 mice.

4.3. Muscle Tissue Dissection and Preparation

Mice were euthanised via cervical dislocation, mice soleus (SOL), gastrocnemius (GAS),
and extensor digitorum longus (EDL) muscles samples were taken, surgically dissected, from
both left and right hindlimbs of each animal.

Muscles were snap-frozen in liquid nitrogen (N2). Right leg muscles that were used for
immunohistochemistry (IHC) experiments were embedded in Tissue-Tek O.C.T. compound
(www.laborversand.de; accessed on 30 November 2022) and snap-frozen in liquid nitrogen.
Left leg muscles that were dedicated for mRNA extraction were snap-frozen and stored
without O.C.T. compound. Both right and left leg muscles were stored at −80 ◦C for
further processing.

4.4. Immunohistochemistry and Morphometry Analysis

Cross-oriented muscle cryosections with a thickness of 8µm were cut with a Leica
CM 1860 cryostat (Leica Microsystems, Bensheim, Germany; www.leicabiosystems.com;
uk.vwr.com accessed on 30 November 2022), mounted on a microscopy slide (Superfrost
plus, VWR International, Radnor, PA, USA), and fixed with acetone-ethanol 1:1 v/v for
5 min at −20 ◦C. The samples were then washed three times with TBS (250 mM TRIS;
1.5 M NaCl; pH of 7.4.) 1:10 for 5 min, blocked with TBS 4% normal goat serum and 1%
BSA for 1h and incubated with primary antibody (AB) diluted in TBS with 0.1% Triton
X-100 for 1h at room temperature (RT).

For neutralising endogen primary monoclonal mouse antibodies, samples were ad-
ditionally blocked with MOM-Block (Vector Laboratories, www.Biozol.de, accessed on
30 November 2022) for 1.5 h before applying the primary AB to reduce mouse-on-mouse
AB interaction.

Muscle cryosections were then incubated overnight with primary antibodies. Slides
were then washed three times with TBS for 5 min and incubated with fluorochromes
conjugated secondary antibodies for 1 h at RT. Slides were washed four times with TBS
for 5 min and mounted with DAPI mounting medium (D9542, www.sigmaaldrich.com,
accessed on 30 November 2022).

If a second or third antibody was applied, the procedure was repeated as described
for primary and secondary antibodies. After applying all antibodies, the samples were
washed four times for 5 min with TBS, mounted as above described and stored overnight
at 4 ◦C before laser confocal microscope analysis.

For the laser confocal analysis, a Leica SP-8 microscope was used (https://www.leica-
microsystems.com, accessed on 30 November 2022). Digital images acquisition was done
with the 20× and 40× objective, lasers used were 488, 555, and 405.

The muscle fibre diameters were analysed via SMASH (semi-automatic muscle analysis
using segmentation of histology) by METLAB (Version 1.0). (https://www.mathworks.com/
matlabcentral/fileexchange/59241-smashtoolbox-release, accessed on 30 November 2022). Flu-
orescence intensity and 3D-volume analysis were measured with the LAS X Leica Software
(www.leica-microsystems.com, accessed on 30 November 2022).

3D imaging was done with LAS X 3D Analysis, endplates were digitally reconstructed
via z-stack imaging, a threshold was applied to filter out background staining, volume,
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and mean intensity was measured automatically by the software and later multiplied to
approximately quantify molecule density at endplates.

Primary Antibodies used were: goat anti-mouse Dystrophin (sc-73592 Santa Cruz
Biotechnology, Dallas, TX, USA; www.scbt.com, accessed on 30 November 2022); goat
anti-mouse fastMyosin heavy chain (My 32, Sigma M 4276, St. Lous, MO, USA; www.
sigmaaldrich.com/, accessed on 30 November 2022); goat anti-mouse slowMyosin heavy
chain (Sigma M 8421; www.sigmaaldrich.com/, accessed on 30 November 2022); rabbit
anti-pan Homer (Salanova’s lab, [8]). Primary antibodies were visualised by: goat anti-
mouse Alexa Fluor® 488 IgG (A11029, Invitrogen, Waltham, MA, USA, www.thermofisher.
com, accessed on 30 November 2022); goat anti-mouse Alexa Fluor® 555 IgG (Invitrogen
A21424; www.thermofisher.com, accessed on 30 November 2022); goat anti-rabbit Alexa
Fluor® 488 IgG (Invitrogen, Carlsbad, CA, USA A-11008, www.thermofisher.com, accessed
on 30 November 2022). Other reagents: α-Bungarotoxin 488-conjugated (B13422; www.
thermofisher.com, accessed on 30 November 2022); α-Bungarotoxin 555-conjugated (B35451;
Invitrogen, www.thermofisher.com, accessed on 30 November 2022).

4.5. Biochemical Protein Expression Analysis

To analyse Homer protein concentration, muscles were homogenised in a glass-dounce
homogeniser in presence of RIPA-buffer (50 mM TRIS HCl with pH 7.4; 150 mM NaCl, 1%
Nonidet P-40; 0.5% sodium deoxycholate; 0.1% SDS; 2 mM MgCl2) plus protease inhibitors
in a ratio of 10:1 and investigated by biochemical Western blot analysis. The dissolved
muscles were then centrifuged at 4 ◦C, 15,000 rpm for 25 min. The supernatant fraction,
representing the solubilised protein fraction, was separated from the pellet or insoluble
fraction and further analysed for the protein concentration.

For protein concentration determination, muscle solutions were diluted 1:5 with RIPA-
buffer and afterward mixed with a colour reactive reagent in a ratio 8:1 of reagent to
muscle-RIPA. The samples were mixed for 1 h on a shacking platform and afterward
optically quantified. Protein levels of each muscle were quantified three times. The average
protein concentration was calculated, and the samples were proportionally diluted to reach
their protein concentration of 1 mg/mL proteins in 200 µL, the serum was aliquoted with
the calculated amount of RIPA-buffer and 50 µL sample buffer. For native experimental
conditions, sample buffer without reducing agents was used, and for reducing experimental
conditions, ß-Mercaptoethanol and DTT were used.

For the SDS-Page, a precast gradient Mini-PROTEAN TGX gel by BIO RAD was
used, SDS diluted 1:5 with purified water was used as a buffer for the chambers. Each gel
pocket was filled with 15 µg, the gel was run for 1 h on 0.02 A and another 1 h to 1.5 h on
0.04 A. For the membrane transfer, the gel was transferred to a nitrocellulose membrane
(0.45 mm), the transfer chamber was filled with 10% Towbin-buffer, and a constant voltage
of 110 V was applied for 90 min. The chamber was cooled down to 4 ◦C during transfer.
After the transfer, the membranes were stored overnight in TBS at 4 ◦C. The membranes
were then incubated for 55 min in Blotto-buffer (4% skim milk powder in TBST) and
afterward washed two times with TBST for 5 min. The membranes were then incubated
with the primary antibody (Homer rabbit pAb [8] 1:500; α-Tubulin mAb 1:600 (Sigma
T6199; www.sigmaaldrich.com, accessed on 30 November 2022)), which was dissolved
in Blotto for 1 h at RT. They were washed 3 times with TBST and incubated with the
secondary antibody (swine anti-rabbit 1:500 (DAKO, D0360; www.agilent.com, accessed
on 30 November 2022) and rabbit anti-mouse DAKO 1:500 (D0314; www.agilent.com,
accessed on 30 November 2022) for 1 h at RT dissolved in Blotto. Before colouring, the
membranes were washed once in TBST, then once in TBS, and finally once in TBST + MgCl2
for 5 min each. For colouring, each membrane was incubated in 3.5 mL NBT with 10 mL
TBS on the vibrator until bands could be seen. Finally, the membranes were washed
with water and dried between blotting paper before scanning. α-Tubulin was used as
an internal loading control (Sigma, T6199; https://www.sigmaaldrich.com, accessed on
30 November 2022) 1:600 as a housekeeping gene. Homer protein was normalised over
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α-Tubulin expression. Scanning was done with an Azure 400 visible Fluorescent Western
System by Biozym® (https://www.biozym.com/azure/, accessed on 30 November 2022).
Densitometry analysis of the immunoreactive bands was further validated via ImageJ
software (https://github.com/imagej/ImageJ, accessed on 30 November 2022).

4.6. Gene Transcription Analysis by Quantitative Polymerase Chain Reaction (qPCR) -RNA
Extraction and cDNA Preparation

Total RNA was isolated from SOL, EDL, and GAS muscles (wild type group n = 5,
group A (low severity) n = 4, group B (intermediate severity) n = 4, group C (high severity)
n = 4) from each of the three muscles taken from adult mice. Frozen tissue samples were
ground to a fine powder under liquid nitrogen and total RNA was extracted using TRIzol®

method, following the manufacturer’s instructions and including glycogen co-precipitating
step. Reverse transcription was performed on 1 µg of total RNA by using SuperScript®

VILO™ cDNA Synthesis (ThermoFisher Scientific, Waltham, MA, USA).
Specific primers for Homer1a, Homer1b/c, and Homer2a/b were already published [49].

Primers for Homer 3 were designed with the Primer3 software (Whitehead Institute for Biomed-
ical Research, Cambridge, MA, USA; http://frodo.wi.mit.edu/, accessed on 30 November
2022), and their thermodynamic specificity was determined using BLAST sequence alignments
[U.S. National Centre for Biotechnology Information (NCBI), Bethesda, MD, USA] and Vec-
tor NTI® (Invitrogen) Software. Homer 3 primer sequences were as follows: forward primer
5′-CACGCACTTACCGTGTCCTA-3′; reverse primer 5′-GGGAGTGACAGTGCTGTTGA-3′.

Primers’ sequences for TATA-box-binding protein 1 (TBP1) and Peptidyl prolyl Iso-
merase A (PPIA) are described in Bortoloso et al., 2013 [10] and Gambara G. et al., 2017 [50],
respectively.

Quantitative PCR was performed in triplicate in a CFX96 Thermal Cycler (Bio-Rad,
Hercules, CA, USA) using SYBR Green chemistry as previously described [10]. A melt-
curve analysis was performed at the end of each experiment to verify that a single product
per primer pair was amplified. Normalisation was performed by ∆CT method using
Cyclophilin A (PPIA) and TATA-box-binding protein (TBP1) as reference genes. Data are
expressed as means ± SD.

4.7. Statistical Analysis

Statistical analysis of muscles comparing EAMG to CTR groups were performed by
Man–Whitney U test. Results of analysis were considered statistically significant at a
predefined level of p ≤ 0.05. All analyses were done with Graph-Pad® PRISM software
(www.graphpad.com, accessed on 30 November 2022).

5. Conclusions

The expression pattern of postsynaptic scaffold adaptor proteins of the Homer family
is differentially regulated in slow- and fast-type muscles of EAMG-affected mice.

Discrepancies were present at both biochemical and transcription level between the
two types of muscle, suggesting a tight Homer regulation at protein translocation level
from cytosol to postsynaptic subcellular compartments rather than an increase in relative
protein expression.

The decreased Homer signalling in SOL muscle postsynaptic endplates of EAMG mice
might be the result of a skeletal muscle adaptation process due to the impaired acetylcholine
receptor signalling. Nevertheless, our study results provide compelling evidence for the
existence of a functional coupling between Homer and nAChR function and activity in a
murine EAMG animal model.

These findings, if confirmed in human MG patients, highlight the yet underestimated
role of the Homer protein family in muscle cell neurophysiology and neuromuscular disease.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms232315052/s1.

https://www.biozym.com/azure/
https://github.com/imagej/ImageJ
http://frodo.wi.mit.edu/
www.graphpad.com
https://www.mdpi.com/article/10.3390/ijms232315052/s1
https://www.mdpi.com/article/10.3390/ijms232315052/s1


Int. J. Mol. Sci. 2022, 23, 15052 19 of 21

Author Contributions: Conceptualisation, M.S. (Michele Salanova); Methodology, M.S. (Martin
Schubert), A.P., G.T., S.F., K.B. and M.G.; Software, M.S. (Martin Schubert), G.T., S.F. and K.B.;
Validation, M.S. (Martin Schubert), S.F. and G.T.; Formal Analysis, M.S. (Martin Schubert), S.F. and
G.T.; Investigation, M.S. (Martin Schubert), S.F. and K.B.; Resources, M.S. (Michele Salanova), A.M.,
D.B., P.V. and S.K.; Data Curation, M.S. (Michele Salanova), D.B. and P.V.; Writing—Original Draft
Preparation, M.S. (Michele Salanova) and M.S. (Martin Schubert); Visualisation, D.B., M.S. (Martin
Schubert) and G.T.; Supervision, M.S. (Michele Salanova); Project Administration, M.S. (Michele
Salanova); Funding Acquisition, M.S. (Michele Salanova). All authors have read and agreed to the
published version of the manuscript.

Funding: Grant No. 50WB2116 (to M.S.) from Federal Ministry for Economic Affairs and Climate Action
(BMWK) through Deutsches Zentrum fuer Luft- und Raumfahrt (DLR e.V., Bonn-Oberkassel, Germany).

Institutional Review Board Statement: All animal experiments were conduct in accordance with
the European directive on the protection of animals used for scientific purposes and approved by the
Charité ethics commission (the approval number: G0266-18; date of approval: 21 December 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge all collaborators from the Department of Neurology, Charité
University, Berlin, Germany, who are not present as co-authors and who contributed to the creation
of the EAMG experimental model.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the
design, execution, interpretation, or writing of the study.

References
1. Brakeman, P.R.; Lanahan, A.A.; O’Brien, R.; Roche, K.; Barnes, C.A.; Huganir, R.L.; Worley, P.F. Homer: A protein that selectively

binds metabotropic glutamate receptors. Nature 1997, 386, 284–288. [CrossRef] [PubMed]
2. Salanova, M.; Bortoloso, E.; Schiffl, G.; Gutsmann, M.; Belavy, D.L.; Felsenberg, D.; Furlan, S.; Volpe, P.; Blottner, D. Expression

and regulation of Homer in human skeletal muscle during neuromuscular junction adaptation to disuse and exercise. FASEB J.
2011, 25, 4312–4325. [CrossRef] [PubMed]

3. Fagni, L.; Worley, P.F.; Ango, F. Homer as both a scaffold and transduction molecule. Sci. STKE 2002, 2002, re8. [CrossRef]
[PubMed]

4. Huang, G.; Kim, J.Y.; Dehoff, M.; Mizuno, Y.; Kamm, K.E.; Worley, P.F.; Muallem, S.; Zeng, W. Ca2+ signaling in microdomains:
Homer1 mediates the interaction between RyR2 and Cav1.2 to regulate excitation-contraction coupling. J. Biol. Chem. 2007, 282,
14283–14290. [CrossRef]

5. Shiraishi-Yamaguchi, Y.; Furuichi, T. The Homer family proteins. Genome Biol. 2007, 8, 206. [CrossRef]
6. Xiao, B.; Tu, J.C.; Petralia, R.S.; Yuan, J.P.; Doan, A.; Breder, C.D.; Ruggiero, A.; Lanahan, A.A.; Wenthold, R.J.; Worley, P.F. Homer

regulates the association of group 1 metabotropic glutamate receptors with multivalent complexes of homer-related, synaptic
proteins. Neuron 1998, 21, 707–716. [CrossRef]

7. Bottai, D.; Guzowski, J.F.; Schwarz, M.K.; Kang, S.H.; Xiao, B.; Lanahan, A.; Worley, P.F.; Seeburg, P.H. Synaptic activity-induced
conversion of intronic to exonic sequence in Homer 1 immediate early gene expression. J. Neurosci. 2002, 22, 167–175. [CrossRef]

8. Salanova, M.; Priori, G.; Barone, V.; Intravaia, E.; Flucher, B.; Ciruela, F.; McIlhinney, R.A.; Parys, J.B.; Mikoshiba, K.; Sorrentino, V.
Homer proteins and InsP(3) receptors co-localise in the longitudinal sarcoplasmic reticulum of skeletal muscle fibres. Cell Calcium
2002, 32, 193–200. [CrossRef]

9. Blottner, D.; Trautmann, G.; Furlan, S.; Gambara, G.; Block, K.; Gutsmann, M.; Sun, L.W.; Worley, P.F.; Gorza, L.; Scano, M.; et al.
Reciprocal Homer1a and Homer2 Isoform Expression Is a Key Mechanism for Muscle Soleus Atrophy in Spaceflown Mice. Int. J.
Mol. Sci. 2021, 23, 75. [CrossRef]

10. Bortoloso, E.; Megighian, A.; Furlan, S.; Gorza, L.; Volpe, P. Homer 2 antagonizes protein degradation in slow-twitch skeletal
muscles. Am. J. Physiol. Cell Physiol. 2013, 304, C68–C77. [CrossRef]

11. Wu, B.; Goluszko, E.; Huda, R.; Tuzun, E.; Christadoss, P. Experimental autoimmune myasthenia gravis in the mouse. Curr.
Protoc. Immunol. 2013, 100, 15–18. [CrossRef] [PubMed]

12. Buzzard, T. Clinical Lecture on Cases of Myasthenia Gravis Pseudo-Paralytica: Delivered at the National Hospital for the
Paralysed and Epileptic. Br. Med. J. 1900, 1, 493–496. [CrossRef] [PubMed]

13. Gilhus, N.E.; Verschuuren, J.J. Myasthenia gravis: Subgroup classifications—Authors’ reply. Lancet Neurol. 2016, 15, 357–358.
[CrossRef] [PubMed]

14. Carr, A.S.; Cardwell, C.R.; McCarron, P.O.; McConville, J. A systematic review of population based epidemiological studies in
Myasthenia Gravis. BMC Neurol. 2010, 10, 46. [CrossRef]

http://doi.org/10.1038/386284a0
http://www.ncbi.nlm.nih.gov/pubmed/9069287
http://doi.org/10.1096/fj.11-186049
http://www.ncbi.nlm.nih.gov/pubmed/21885651
http://doi.org/10.1126/stke.2002.137.re8
http://www.ncbi.nlm.nih.gov/pubmed/12072556
http://doi.org/10.1074/jbc.M611529200
http://doi.org/10.1186/gb-2007-8-2-206
http://doi.org/10.1016/S0896-6273(00)80588-7
http://doi.org/10.1523/JNEUROSCI.22-01-00167.2002
http://doi.org/10.1016/S0143416002001549
http://doi.org/10.3390/ijms23010075
http://doi.org/10.1152/ajpcell.00108.2012
http://doi.org/10.1002/0471142735.im1508s100
http://www.ncbi.nlm.nih.gov/pubmed/23392639
http://doi.org/10.1136/bmj.1.2044.493
http://www.ncbi.nlm.nih.gov/pubmed/20758893
http://doi.org/10.1016/S1474-4422(16)00035-1
http://www.ncbi.nlm.nih.gov/pubmed/26971656
http://doi.org/10.1186/1471-2377-10-46


Int. J. Mol. Sci. 2022, 23, 15052 20 of 21

15. Clifton, N.E.; Trent, S.; Thomas, K.L.; Hall, J. Regulation and Function of Activity-Dependent Homer in Synaptic Plasticity. Mol.
Neuropsychiatry 2019, 5, 147–161. [CrossRef]

16. Kammermeier, P.J.; Worley, P.F. Homer 1a uncouples metabotropic glutamate receptor 5 from postsynaptic effectors. Proc. Natl.
Acad. Sci. USA 2007, 104, 6055–6060. [CrossRef]

17. Stiber, J.A.; Zhang, Z.S.; Burch, J.; Eu, J.P.; Zhang, S.; Truskey, G.A.; Seth, M.; Yamaguchi, N.; Meissner, G.; Shah, R.; et al. Mice
lacking Homer 1 exhibit a skeletal myopathy characterized by abnormal transient receptor potential channel activity. Mol. Cell.
Biol. 2008, 28, 2637–2647. [CrossRef]

18. Westhoff, J.H.; Hwang, S.Y.; Duncan, R.S.; Ozawa, F.; Volpe, P.; Inokuchi, K.; Koulen, P. Vesl/Homer proteins regulate ryanodine
receptor type 2 function and intracellular calcium signaling. Cell Calcium 2003, 34, 261–269. [CrossRef]

19. Martignago, S.; Fanin, M.; Albertini, E.; Pegoraro, E.; Angelini, C. Muscle histopathology in myasthenia gravis with antibodies
against MuSK and AChR. Neuropathol. Appl. Neurobiol. 2009, 35, 103–110. [CrossRef]

20. Vincent, A.; Drachman, D.B. Myasthenia gravis. Adv. Neurol. 2002, 88, 159–188.
21. Plomp, J.J.; Van Kempen, G.T.; De Baets, M.B.; Graus, Y.M.; Kuks, J.B.; Molenaar, P.C. Acetylcholine release in myasthenia gravis:

Regulation at single end-plate level. Ann. Neurol. 1995, 37, 627–636. [CrossRef] [PubMed]
22. Nakamura, M.; Sato, K.; Fukaya, M.; Araishi, K.; Aiba, A.; Kano, M.; Watanabe, M. Signaling complex formation of phospholipase

Cbeta4 with metabotropic glutamate receptor type 1alpha and 1,4,5-trisphosphate receptor at the perisynapse and endoplasmic
reticulum in the mouse brain. Eur. J. Neurosci. 2004, 20, 2929–2944. [CrossRef] [PubMed]

23. Benarroch, E.E. Metabotropic glutamate receptors: Synaptic modulators and therapeutic targets for neurologic disease. Neurology
2008, 70, 964–968. [CrossRef] [PubMed]

24. Tu, J.C.; Xiao, B.; Yuan, J.P.; Lanahan, A.A.; Leoffert, K.; Li, M.; Linden, D.J.; Worley, P.F. Homer binds a novel proline-rich motif
and links group 1 metabotropic glutamate receptors with IP3 receptors. Neuron 1998, 21, 717–726. [CrossRef] [PubMed]

25. Yuan, J.P.; Kiselyov, K.; Shin, D.M.; Chen, J.; Shcheynikov, N.; Kang, S.H.; Dehoff, M.H.; Schwarz, M.K.; Seeburg, P.H.; Muallem, S.;
et al. Homer binds TRPC family channels and is required for gating of TRPC1 by IP3 receptors. Cell 2003, 114, 777–789. [CrossRef]

26. Yamamoto, K.; Sakagami, Y.; Sugiura, S.; Inokuchi, K.; Shimohama, S.; Kato, N. Homer 1a enhances spike-induced calcium influx
via L-type calcium channels in neocortex pyramidal cells. Eur. J. Neurosci. 2005, 22, 1338–1348. [CrossRef]

27. Feng, W.; Tu, J.; Yang, T.; Vernon, P.S.; Allen, P.D.; Worley, P.F.; Pessah, I.N. Homer regulates gain of ryanodine receptor type 1
channel complex. J. Biol. Chem. 2002, 277, 44722–44730. [CrossRef]

28. Ango, F.; Prezeau, L.; Muller, T.; Tu, J.C.; Xiao, B.; Worley, P.F.; Pin, J.P.; Bockaert, J.; Fagni, L. Agonist-independent activation of
metabotropic glutamate receptors by the intracellular protein Homer. Nature 2001, 411, 962–965. [CrossRef]

29. Rozov, A.; Zivkovic, A.R.; Schwarz, M.K. Homer1 gene products orchestrate Ca(2+)-permeable AMPA receptor distribution and
LTP expression. Front. Synaptic. Neurosci. 2012, 4, 4. [CrossRef]

30. Wang, Y.; Rao, W.; Zhang, C.; Zhang, C.; Liu, M.D.; Han, F.; Yao, L.B.; Han, H.; Luo, P.; Su, N.; et al. Scaffolding protein Homer1a
protects against NMDA-induced neuronal injury. Cell Death Dis. 2015, 6, e1843. [CrossRef]

31. Yang, D.; Su, Z.; Wu, S.; Bi, Y.; Li, X.; Li, J.; Lou, K.; Zhang, H.; Zhang, X. Low antioxidant status of serum bilirubin, uric acid,
albumin and creatinine in patients with myasthenia gravis. Int. J. Neurosci. 2016, 126, 1120–1126. [CrossRef] [PubMed]

32. Krishnaswamy, A.; Cooper, E. Reactive oxygen species inactivate neuronal nicotinic acetylcholine receptors through a highly
conserved cysteine near the intracellular mouth of the channel: Implications for diseases that involve oxidative stress. J. Physiol.
2012, 590, 39–47. [CrossRef] [PubMed]

33. Phillips, W.D.; Vincent, A. Pathogenesis of myasthenia gravis: Update on disease types, models, and mechanisms. F1000Research
2016, 5, 1513. [CrossRef] [PubMed]

34. Hoch, W.; McConville, J.; Helms, S.; Newsom-Davis, J.; Melms, A.; Vincent, A. Auto-antibodies to the receptor tyrosine kinase
MuSK in patients with myasthenia gravis without acetylcholine receptor antibodies. Nat. Med. 2001, 7, 365–368. [CrossRef]

35. Higuchi, O.; Hamuro, J.; Motomura, M.; Yamanashi, Y. Autoantibodies to low-density lipoprotein receptor-related protein 4 in
myasthenia gravis. Ann. Neurol. 2011, 69, 418–422. [CrossRef]

36. Tuzun, E.; Christadoss, P. Complement associated pathogenic mechanisms in myasthenia gravis. Autoimmun. Rev. 2013, 12,
904–911. [CrossRef]

37. Plomp, J.J.; Morsch, M.; Phillips, W.D.; Verschuuren, J.J. Electrophysiological analysis of neuromuscular synaptic function in
myasthenia gravis patients and animal models. Exp. Neurol. 2015, 270, 41–54. [CrossRef]

38. Krolick, K.A. Muscle-derived nitric oxide synthase expression, differences associated with muscle fiber-type, and disease
susceptibility in a rat model of myasthenia gravis. Clin. Immunol. 2006, 121, 286–293. [CrossRef]

39. Bredt, D.S.; Hwang, P.M.; Snyder, S.H. Localization of nitric oxide synthase indicating a neural role for nitric oxide. Nature 1990,
347, 768–770. [CrossRef]

40. Pinard, A.; Robitaille, R. Nitric oxide dependence of glutamate-mediated modulation at a vertebrate neuromuscular junction. Eur.
J. Neurosci. 2008, 28, 577–587. [CrossRef]

41. Rudnick, J.; Puttmann, B.; Tesch, P.A.; Alkner, B.; Schoser, B.G.; Salanova, M.; Kirsch, K.; Gunga, H.C.; Schiffl, G.; Luck, G.; et al.
Differential expression of nitric oxide synthases (NOS 1–3) in human skeletal muscle following exercise countermeasure during
12 weeks of bed rest. FASEB J. 2004, 18, 1228–1230. [CrossRef] [PubMed]

http://doi.org/10.1159/000500267
http://doi.org/10.1073/pnas.0608991104
http://doi.org/10.1128/MCB.01601-07
http://doi.org/10.1016/S0143-4160(03)00112-X
http://doi.org/10.1111/j.1365-2990.2008.00965.x
http://doi.org/10.1002/ana.410370513
http://www.ncbi.nlm.nih.gov/pubmed/7755358
http://doi.org/10.1111/j.1460-9568.2004.03768.x
http://www.ncbi.nlm.nih.gov/pubmed/15579147
http://doi.org/10.1212/01.wnl.0000306315.03021.2a
http://www.ncbi.nlm.nih.gov/pubmed/18347319
http://doi.org/10.1016/S0896-6273(00)80589-9
http://www.ncbi.nlm.nih.gov/pubmed/9808459
http://doi.org/10.1016/S0092-8674(03)00716-5
http://doi.org/10.1111/j.1460-9568.2005.04278.x
http://doi.org/10.1074/jbc.M207675200
http://doi.org/10.1038/35082096
http://doi.org/10.3389/fnsyn.2012.00004
http://doi.org/10.1038/cddis.2015.216
http://doi.org/10.3109/00207454.2015.1134526
http://www.ncbi.nlm.nih.gov/pubmed/26707693
http://doi.org/10.1113/jphysiol.2011.214007
http://www.ncbi.nlm.nih.gov/pubmed/21969449
http://doi.org/10.12688/f1000research.8206.1
http://www.ncbi.nlm.nih.gov/pubmed/27408701
http://doi.org/10.1038/85520
http://doi.org/10.1002/ana.22312
http://doi.org/10.1016/j.autrev.2013.03.003
http://doi.org/10.1016/j.expneurol.2015.01.007
http://doi.org/10.1016/j.clim.2006.07.005
http://doi.org/10.1038/347768a0
http://doi.org/10.1111/j.1460-9568.2008.06355.x
http://doi.org/10.1096/fj.03-0792fje
http://www.ncbi.nlm.nih.gov/pubmed/15180967


Int. J. Mol. Sci. 2022, 23, 15052 21 of 21

42. Nemoto, Y.; Kuwabara, S.; Misawa, S.; Kawaguchi, N.; Hattori, T.; Takamori, M.; Vincent, A. Patterns and severity of neuro-
muscular transmission failure in seronegative myasthenia gravis. J. Neurol. Neurosurg. Psychiatry 2005, 76, 714–718. [CrossRef]
[PubMed]

43. Romi, F.; Skeie, G.O.; Gilhus, N.E.; Aarli, J.A. Striational antibodies in myasthenia gravis: Reactivity and possible clinical
significance. Arch. Neurol. 2005, 62, 442–446. [CrossRef] [PubMed]

44. Takamori, M. Autoantibodies against TRPC3 and ryanodine receptor in myasthenia gravis. J. Neuroimmunol. 2008, 200, 142–144.
[CrossRef]

45. Engel, A.G.; Tsujihata, M.; Lambert, E.H.; Lindstrom, J.M.; Lennon, V.A. Experimental autoimmune myasthenia gravis: A
sequential and quantitative study of the neuromuscular junction ultrastructure and electrophysiologic correlations. J. Neuropathol.
Exp. Neurol. 1976, 35, 569–587. [CrossRef]

46. Tuzun, E.; Scott, B.G.; Goluszko, E.; Higgs, S.; Christadoss, P. Genetic evidence for involvement of classical complement pathway
in induction of experimental autoimmune myasthenia gravis. J. Immunol. 2003, 171, 3847–3854. [CrossRef]

47. Pelz, A.; Schaffert, H.; Diallo, R.; Hiepe, F.; Meisel, A.; Kohler, S. S1P receptor antagonists fingolimod and siponimod do not
improve the outcome of experimental autoimmune myasthenia gravis mice after disease onset. Eur. J. Immunol. 2018, 48, 498–508.
[CrossRef]

48. Kusner, L.L.; Losen, M.; Vincent, A.; Lindstrom, J.; Tzartos, S.; Lazaridis, K.; Martinez-Martinez, P. Guidelines for pre-clinical
assessment of the acetylcholine receptor–specific passive transfer myasthenia gravis model-Recommendations for methods and
experimental designs. Exp. Neurol. 2015, 270, 3–10. [CrossRef]

49. Lorenzon, P.; Furlan, S.; Ravara, B.; Bosutti, A.; Massaria, G.; Bernareggi, A.; Sciancalepore, M.; Trautmann, G.; Block, K.; Blottner,
D.; et al. Preliminary Observations on Skeletal Muscle Adaptation and Plasticity in Homer 2(-/-) Mice. Metabolites 2021, 11, 642.
[CrossRef]

50. Gambara, G.; Salanova, M.; Ciciliot, S.; Furlan, S.; Gutsmann, M.; Schiffl, G.; Ungethuem, U.; Volpe, P.; Gunga, H.C.; Blottner,
D. Gene Expression Profiling in Slow-Type Calf Soleus Muscle of 30 Days Space-Flown Mice. PLoS ONE 2017, 12, e0169314.
[CrossRef]

http://doi.org/10.1136/jnnp.2004.043125
http://www.ncbi.nlm.nih.gov/pubmed/15834033
http://doi.org/10.1001/archneur.62.3.442
http://www.ncbi.nlm.nih.gov/pubmed/15767509
http://doi.org/10.1016/j.jneuroim.2008.06.001
http://doi.org/10.1097/00005072-197609000-00008
http://doi.org/10.4049/jimmunol.171.7.3847
http://doi.org/10.1002/eji.201747187
http://doi.org/10.1016/j.expneurol.2015.02.025
http://doi.org/10.3390/metabo11090642
http://doi.org/10.1371/journal.pone.0169314

	Introduction 
	Results 
	Endplate Destruction Is More Prominent in SOL Muscle 
	Homer Protein Expression Is Affected Differently in SOL than in GAS or EDL 
	No Significant Change in Endplate-Adjacent Homer Quantity in Fast-Type Dominant Muscles 
	Homer Crosslinking Activity Differs in Muscles Depending on Dominant Fibre Type 
	Muscle Fibre Cross-Sectional Area Is Decreased Only in EDL Muscle 
	Age Independent Localisation of Homer Expression and Postsynaptic Subcellular Localisation 

	Discussion 
	Materials and Methods 
	Animals 
	Muscle Samples Were Acquired in Two Different Batches 
	Muscle Tissue Dissection and Preparation 
	Immunohistochemistry and Morphometry Analysis 
	Biochemical Protein Expression Analysis 
	Gene Transcription Analysis by Quantitative Polymerase Chain Reaction (qPCR) -RNA Extraction and cDNA Preparation 
	Statistical Analysis 

	Conclusions 
	References

