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Co-expression of MyHC-15 with other known isoforms in rat muscle 
spindles 
Vika Smerdu, Chiedozie Kenneth Ugwoke, Žiga Šink 
Institute of Anatomy, Faculty of Medicine, University of Ljubljana, Slovenia

Muscle spindles are skeletal muscle sensory receptors composed of intrafusal fibres, partially encapsulated by 
connective tissue capsule. This capsule encloses the central A and B regions while leaving the distal C region 
extracapsular. Several past studies in rat have shown that muscle spindles typically contain a single bag1 fibre, 
a single bag2 fibre, and two smaller chain fibres. Intrafusal fibres co-express multiple myosin heavy chain 
(MyHC) isoforms: -slow or -1, -slow-tonic, -α, -2a, -2b, -embryonic, and -neonatal. While MyHC-2x was pre-
viously thought absent, the recently discovered MyHC-15 isoform has been identified in the C region of rat bag 
fibres. Using antibodies specific for nine MyHC isoforms and analyzing four different rat skeletal muscles – 
soleus, extensor digitorum longus, and the lateral and medial heads of gastrocnemius – we aimed to further 
characterize the co-expression pattern of MyHC-15 with other known isoforms and to determine whether 
MyHC-2x is expressed in rat intrafusal fibres. While rodents are widely used as animal models in skeletal mus-
cle research, notable species-specific differences in MyHC isoform expression exist. Our findings revealed that 
MyHC-15 expression in rat intrafusal fibres is less abundant than in human fibres. MyHC-15 was primarily 
observed in bag fibres but was not detected in the C region, contrary to previous reports in both rat and human. 
We confirmed the absence of MyHC-2x in rat intrafusal fibres. Similarly, MyHC-embryonic and -neonatal were 
not detected in the analyzed spindles, suggesting that previously used antibodies may have cross-reacted with 
MyHC-2a and -2b. While our results partially corroborate previous extensive studies, discrepancies suggest that 
MyHC expression in intrafusal fibres varies not only along the fibre length but also across muscles. 
 
Key words: myosin heavy chain isoforms (MyHC); skeletal muscle; muscle spindle; intrafusal fibre; immuno-
histochemistry.
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Introduction 
Muscle spindles are encapsulated mechanosensory receptors 

located within skeletal muscles, positioned in parallel with extra-
fusal muscle fibres and concentrated near nerve entry points and 
intramuscular blood vessels, particularly in deep and middle mus-
cle regions.1 These spindles contain small intrafusal fibres that 
detect changes in extrafusal fibre length and tension, conveying 
proprioceptive information to the central nervous system via affer-
ent innervation. γ-motoneurons innervating intrafusal fibres regu-
late their sensitivity during extrafusal muscle contraction, enabling 
effective locomotion and postural control. Muscle spindles are par-
ticularly abundant in muscles requiring precise proprioception2,3 
and have recently been implicated in chronic musculoskeletal pain 
perception.4,5 

Muscle spindles are divided into three regions: A, B and C.6 
The proximal A and B regions are encapsulated. Region A, con-
taining intrafusal fibre nuclei and sensory nerve endings, is largely 
non-contractile. Region B contains γ-motoneuron endings and the 
contractile portions of intrafusal fibres. In the extracapsular C 
region intrafusal fibres fuse with extrafusal tissue. 

Intrafusal fibres are classified into three types. The larger bag 
fibres have nuclei clustered in a «nuclear bag» and extend beyond 
the capsule into the C region. The smaller chain fibres, with nuclei 
arranged in a single row, are located exclusively within the encap-
sulated A and B regions. Bag fibres are further differentiated into 
bag1 and bag2 fibres based on size and staining characteristics fol-
lowing histochemical reactions for myofibrillar ATPase.7 Rat mus-
cle spindles typically contain four intrafusal fibres: one bag1, one 
bag2, and two chain fibres.8-10 

The primary determinants of fibre classification and their con-
tractile properties are myosin heavy chain (MyHC) isoforms, in 
vertebrates encoded by 11 sarcomeric myosin heavy chain (MYH) 
genes.11 With the development of isoform-specific antibodies, sev-
eral studies have investigated MyHC expression in intrafusal 
fibres.10,12-17 In addition to MyHC isoforms expressed in extrafusal 
fibres (MyHC-1/β-cardiac, -2a, and -2b), intrafusal fibres express 
α-cardiac (MyHC-α) and slow-tonic (MyHC-st) isoforms, the lat-
ter more recently discovered to be coded by gene, initially termed 
MYH14, a later reassigned as MYH7b.18 The reports about MyHC-
embryonic (MyHC-emb) and -neonatal (MyHC-neo) expression 
remains controversial. While some studies have confirmed their 
presence,19,20 others have reported absent or negligible expression 
levels.10,15,17 Similarly, the expression of MyHC-2x in rat intrafusal 
fibres remains unconfirmed, having been previously presumed 
absent due to the lack of a specific antibody.10 Despite this, up to 
seven MyHC isoforms have been identified within intrafusal 
fibres, demonstrating expression patterns that vary along the fibre 
length, across different muscle types, and with age, which may 
contribute to differences between studies. 

Generally, bag1 fibres abundantly express MyHC-st through-
out their length, in the B and C regions they may also express 
MyHC-1, -α, -2a and -emb. Bag2 fibres in  soleus (SOL) express 
MyHC-1, -α, and -st throughout their length, with additional 
MyHC-2a and -2b expression in the A region and MyHC-2b in the 
B region. In fast extensor digitorum longus (EDL), bag2 fibres pri-
marily express MyHC-st in the A region, while MyHC-emb and -
neo are reportedly expressed throughout most of their length. 
Chain fibres are predominantly reactive to antibodies against 
MyHC-2a and -2b, with potential MyHC-α expression.10,21-23 Some 
studies report weak chain fibre positivity for MyHC-emb and/or 
MyHC-neo.2,10,15,17,19,20 However, there are differences in the pat-
tern of MyHC expression not only along the intrafusal fibre length 
but are age-related as well.14,15,17,24,25 

The more recently discovered MYH15,18 which is an ortho-

logue of a gene expressed in the adult chicken ventricle,11 was 
reported to be expressed not only in the orbital layer of rat extraoc-
ular muscles, but in the extracapsular region of a subset of rat bag 
fibres,26 in human extraocular muscles27 and, most recently, in 
human intrafusal fibres.28 Its corresponding protein, MyHC-15, 
shares similarities with cardiac MyHC isoforms and is hypothe-
sised to possess slow contractile properties.18 All these add an addi-
tional layer of complexity to the MyHC isoform profile of intra-
fusal fibres.11 Therefore, in this study we aimed to further charac-
terise the co-expression pattern of MyHC-15 with other known 
MyHC isoforms in rat intrafusal fibres and to determine whether 
MyHC-2x is expressed in rat intrafusal fibres using two distinct, 
isoform-specific antibodies. 

 
 

Materials and Methods 

Muscle samples 
Muscle spindles from the right hind limb of ten adult (33-

week-old) male Wistar rats (HsdRccHanTM: WIST) were analysed. 
The muscles sampled included three SOL, four EDL, two lateral 
gastrocnemius (GL), and three medial gastrocnemius (GM). 
Following euthanasia, muscles were excised and frozen in liquid 
nitrogen for storage at -80°C until cryosectioning. Serial muscle 
cryosections (5 μm) were prepared from each sample. For the SOL 
and EDL muscles from one animal, we performed serial cryosec-
tioning to obtain multiple series of sections. In each series, 20 con-
secutive sections were cut. Then, from each series, one section was 
mounted per slide. This procedure was repeated 25 times, resulting 
in 25 series of sections. In other words, we ended up with 25 sets 
(or series) of 20 consecutive sections, each set representing differ-
ent regions of the muscle spindles. For the remaining muscles (GL 
and GM), we prepared only one series of consecutive sections due 
to tissue availability. All animal procedures were conducted in 
accordance with Slovenian legislation and the European 
Convention ETS 123, Directive 86/609/EEC regarding the protec-
tion of animals used for experimental and other scientific 
purposes.29 Ethical approval was granted by the National Medical 
Ethics Committee of the Republic of Slovenia (Licence No. 
34401-61/2007/7). Animals were obtained from the Medical 
Experimental Centre (Ljubljana, Slovenia). 

Immunohistochemistry 
MyHC isoform expression in intrafusal fibres was assessed 

using a panel of commercially available and previously validated 
isoform-specific antibodies, most of which were previously 
described for human muscle spindles.28 Table 1 provides details of 
the antibodies used, including their specificity, dilution, and 
source. MyHC-st and MyHC-15 were detected using two rabbit 
polyclonal antibodies, anti-MYH14 and anti-MYH15 respectively, 
kindly provided by Schiaffino and colleagues.32 MyHC-1 was 
detected using BA-D5,32 while MyHC-α was detected using BA-
G5, either kindly provided by Schiaffino or purchased from Abcam 
(Cambridge, UK). MyHC-2a was detected using SC-71.32 Two 
antibodies, 6H1 and 6F12H3, reported to be specific for MyHC-
2x, were used to assess its expression, while MyHC-2b was detect-
ed using BF-F3 and 10F5.32-34 Supernatants for antibodies BA-D5, 
SC-71, and BF-F3 were produced in-house at the Blood 
Transfusion Centre of Slovenia from cell lines obtained from the 
Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ, Braunschweig, Germany). Supernatants for 6H1 and 
10F5 were purchased from the Developmental Studies Hybridoma 
Bank (DSHB, University of Iowa, USA). Antibody 6F12H3 was 
purchased from Merck (Merck KGaA, Darmstadt, Germany). In 
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two muscle samples (SOL and EDL), sectioned into five consecu-
tive series, MyHC-emb and MyHC-neo expression was assessed 
using antibodies MHC-d and MHC-n, respectively, both purchased 
from Leica Biosystems Newcastle Ltd. (Newcastle Upon Tyne, 
UK). Sections intended for incubation with anti-MYH14 and anti-
MYH15 antibodies were pre-incubated in phosphate-buffered 
saline containing 0.5% bovine serum albumin (PBS/BSA) and 2% 
goat serum for 30 min. Binding of these antibodies was detected 
using a horseradish peroxidase-conjugated secondary antibody 
(PO448, Dako, Glastrup, Denmark). Sections were incubated 
overnight at 4°C in a humidified chamber with appropriate dilu-
tions (Table 1) of primary antibodies BA-D5, BA-G5, MYH6, SC-
71, BF-F3, 6H1, MHC-d, and MHC-n in PBS/BSA containing 
2.5% rabbit serum. Binding of these primary antibodies was 
detected using a horseradish peroxidase-conjugated secondary 
antibody (PO260, Dako) diluted 1:100 in PBS/BSA containing 
2.5% rabbit serum, with the exception of 6H1. Due to the weak 
staining observed with 6H1, its binding was also assessed using the 
NovoLink Polymer Detection System according to the manufac-
turer’s instructions (Leica Biosystems, Newcastle, UK). 

Sections intended for incubation with antibody 6F12H3 were 
treated according to a slightly modified protocol adapted from 
Sawano and co-workers.34 Briefly, sections were fixed by 
microwave treatment for 5 min while immersed in PBS, followed 
by a 30-min cooling period and a brief wash in PBS containing 1% 
Triton X-100. After blocking for 1 h in PBS/BSA containing goat 
serum (1:40 dilution), sections were incubated overnight at 4°C 
with the primary antibody (2 µg/mL) diluted in PBS/BSA. 
Subsequently, sections were incubated for 1 hour at room temper-
ature with a horseradish peroxidase-conjugated goat-anti-rat IgG 
(H&L) secondary antibody diluted 1:250 in PBS containing goat 
serum (1:40 dilution). 

Binding of the secondary antibody was visualised by incuba-
tion in 0.05% diaminobenzidine tetrahydrochloride hydrate (DAB) 
and 0.01% H2O2 in 0.2 M acetate buffer (pH 5.2) for approximately 
7 min in the dark.35,36 For each set of analysed samples, a negative 
control slide with serial sections was included. These control sec-
tions were incubated in PBS/BSA without primary antibody, fol-
lowed by incubation with the appropriate secondary antibody or 
the NovoLink Polymer Detection System. 

 

Muscle spindles analysis 
Muscle spindles were identified in consecutive serial muscle 

sections stained with different antibodies. Images were captured 
using a digital camera (Kern, Germany) mounted on an Eclipse 
E80i microscope (Nikon, Japan). A total of 20 muscle spindles 

were analysed: four in SOL, eight in EDL, three in GL, and five in 
GM. Intrafusal fibres were classified as bag1, bag2, or chain fibres 
based on their MyHC expression patterns, as described in previous 
studies.10,15,17 MyHC isoform expression was analysed in the A, B, 
and C regions of the spindles, as visualized in the muscle cross-
sections. The B region provided the optimal visualisation for anal-
ysis. Staining intensity was visually estimated and classified into 
four categories: intensively stained (++), moderately stained (+), 
weakly stained (±), and unstained (-) (Table 2). Given the con-
straints of a limited sample size, our study was primarily descrip-
tive in its aim, precluding the application of statistical analyses. 

 
 

Results 
Consistent with previous reports, most analysed muscle spin-

dles contained two larger bag fibres and two smaller chain fibres 
within the encapsulated regions. Bag fibres were further classified 
as bag1 or bag2 based on established MyHC expression pat-
terns.10,15,17 Specifically, the generally smaller bag fibre, exhibiting 
strong MyHC-st positivity in the A and B regions, was classified as 
bag1, while the larger bag fibre with strong MyHC-1 positivity 
was classified as bag2. Table 2 summarises the staining character-
istics of rat intrafusal fibres using antibodies specific to various 
MyHC isoforms. 

 

MyHC expression pattern in the SOL muscle 
In the slow SOL muscle, four muscle spindles were analysed: 

three within the B region only, and one in the B (Figures 1 and 2) 
and C regions (Figure 3 a-e). In addition to the predominant 
expression of MyHC-st, bag1 fibres exhibited weak to moderate 
MyHC-2a expression. Some bag1 fibres were also labelled by anti-
bodies specific to MyHC-1, and in one sample, they were positive 
for MyHC-α in the B region. The anti-MYH15 antibody labelled 
bag1 fibres in the B region of two spindles with moderate to weak 
intensity, but no staining was observed in the C region. Bag2 fibres 
strongly expressed MyHC-1 and -α, and some also expressed 
MyHC-st and -2b. Notably, MyHC-2b was not detected in extra-
fusal fibres of the SOL, as expected. Chain fibres predominantly 
expressed MyHC-2a and -2b, with the latter detected by BF-F3 
(Figure 2). Some chain fibres also expressed MyHC-α and -1. All 
intrafusal fibres were negative for MyHC-2x. In the C region, both 
bag fibres expressed only MyHC-1, mirroring the expression pat-
tern observed in most extrafusal fibres. In the sample where anti-
bodies specific for MyHC-emb and -neo were applied, no positive 
staining was observed in intrafusal fibres. 
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Table 1. Antibodies used to detect myosin heavy chain (MyHC) isoforms in rat intrafusal fibres. 

Antibody                                  Specificity                                                 Dilution                                                            Reference  

MHC-d                                       MyHC-embryonic                                                       1:20                                                                 Ecob-Prince et al.31 
MHC-n                                         MyHC-neonatal                                                         1:10                                                                 Ecob-Prince et al.31 
BA-D5                                      MyHC-1 (β-cardiac)                                                    1:200                                                                  Schiaffino et al.32 
BA-G5                                      MyHC-α (α-cardiac)                                                    1:100                                                                  Rudnicki et al. 30 
anti-MYH-14                              MyHC-slow-tonic                                                      1:100                                                                      Rossi et al.26 
anti-MYH-15                                    MyHC-15                                                         1:100-400                                                                  Rossi et al.26 
SC-71                                                MyHC-2a                                                             1:100                                                                  Schiaffino et al.32 
6H1                                                    MyHC-2x                                                              1:50                                                                       Lucas et al.33 
6F12H3                                             MyHC-2x                                                          2 µg/mL                                                                 Sawano et al.34 
10F5                                                  MyHC-2b                                                              1:20                                                                       Lucas et al.33 
BF-F3                                                MyHC-2b                                                              1:20                                                                   Schiaffino et al.32 
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MyHC expression pattern in the EDL muscle 
In the fast EDL muscle, eight muscle spindles were analysed: 

one in all three regions (A, B, and C), one in the A and B regions, 
three in the B region (Figures 4 and 5), and three in the C region 
only (Figure 3 f-j). Bag1 fibres expressed MyHC-st throughout all 
three regions. In the A region, they also expressed MyHC-2b, and 
some were positive for MyHC-15. In the B region, most bag1 
fibres expressed MyHC-1 and -α, with some also expressing 
MyHC-2a and -2b. In the C region, bag1 fibres expressed only 
MyHC-st, -1, and -α (the latter not shown in Figure 3). Bag2 fibres 
consistently expressed MyHC-st, -1, and -2b in the A region, with 
some also expressing MyHC-α, -15, and -2a. In the B region, 
MyHC expression was similar, except for weaker or absent 
MyHC-st expression. In the C region, bag2 fibres expressed only 
MyHC-1 and -α. Chain fibres moderately expressed MyHC-2a and 
-2b in the A region, with more pronounced MyHC-2b expression 
in the B region. Notably, the two antibodies used to detect MyHC-
2b, BF-F3 and 10F5, exhibited differential labelling of intrafusal 
fibres, while staining extrafusal fibres equally (Figure 4). 

Specifically, 10F5 showed minimal labelling of intrafusal fibres 
compared to the distinct labelling observed with BF-F3. Some 
chain fibres also expressed MyHC-15 and -α. Despite the presence 
of numerous MyHC-2x positive extrafusal fibres in EDL, con-
firmed by both 6H1 and 6F12H3 antibodies, all intrafusal fibres 
were negative for MyHC-2x. Importantly, no bag fibres exhibited 
anti-MYH15 labelling in the C region (Figure 3h). Furthermore, no 
intrafusal fibres in any of the three regions of EDL were labelled 
by antibodies specific for developmental MyHC isoforms. 

MyHC expression pattern in the lateral head of 
GL muscle 

In the two GL muscles, three muscle spindles were analysed: 
one in the A region and two in the B region. Bag1 fibres expressed 
MyHC-st in both regions. In the A region, MyHC-st was co-
expressed with MyHC-1 and -15, while in the B region, it was co-
expressed with MyHC-α, and in some fibres, additionally with 
MyHC-1, -2a, and -2b. Bag2 fibres expressed MyHC-1 and -α in 
both regions. In the A region, these isoforms were co-expressed 

Table 2. Myosin heavy chain (MyHC) isoform expression in intrafusal fibres of rat soleus, extensor digitorum longus, and gastrocnemius 
muscles.  

          A region                                                                      B region                                                                                     C region 
m. soleus                             
                                                                                                 (n=4)                                                                                           (n=1) 
                                                                     bag1                    bag2                chain                                                    bag1                        bag2 

                                                                                st++                        st+/ ±                       -                                                                   -                                   - 
                                                                               1-/++                        1++                      1-/±                                                              1++                              1++ 
                                                                                   -                            α++                      α+/-                                                                -                                   - 
                                                                               15+/-                           -                           -                                                                   -                                   - 
                                                                               2a+/±                           -                      2a++/±                                                              -                                   - 
                                                                                   -                           2b+/-                   2b++/-                                                              -                                   - 
m. extensor digitorum longus                        
             (n=2)                                                                           (n=5)                                                                                         (n=4) 
bag1     bag2                 chain                      bag1                    bag2                chain                                                    bag1                        bag2 

st++          st++                        -                              st++                         st-/±                        -                                                              st++/±                               - 
-                 1++                         -                             1++/-                        1++                         -                                                                1++                              1++ 
-               α-/++                       -                             α++/-                        α++                    α+/±/-                                                          α++/+                            α++ 
15+/-        15+/-                        -                            15-/±/+                    15-/±/+                  15-/±                                                               -                                   - 
-                2a+/-                    2a+/±                         2a-/±                       2a-/±                    2a-/±                                                               -                                   - 
2b+           2b+                      2b+                           2b-/+                    2b++/+/±             2b++/+/±                                                            -                                   - 
m. gastrocnemius, lateral head                     
             (n=1)                                                                           (n=2)                                              
bag1     bag2                 chain                      bag1                    bag2                chain                    

st++          st++                        -                              st++                         st+/-                        -                           
1++           1++                         -                              1+/-                         1++                         -                           
-                α++                         -                              α++                       α++/+                  α++/+                       
15+           15+                         -                             15+/-                           -                           -                           
-                   -                        2a++                          2a+/-                           -                           -                           
-                 2b+                      2b+                           2b-/+                       2b± /-                  2b++/+                      
m. gastrocnemius, medial head 
             (n=1)                                                                           (n=4)                      
bag1     bag2                 chain                      bag1                    bag2                chain                    

st++          st++                        -                              st++                         st-/+                        -                           
-                 1++                         -                             1++/-                     1-/+/++                   1+/-                        
-                α++                    α+/±/-                       α+/++/-                      α++                   α+/++/-                      
15±            15±                      15±                            15±                            -                           -                           
2a-/±        2a-/±                    2a-/±                          2a±/-                        2a±/-                    2a-/±                        
2b-/+      2b±/+/-                 2b++/+                            -                        2b++/+/±             2b++/+/±                    

Staining intensity of bag1, bag2, and chain fibres with antibodies against nine MyHC isoforms [MyHC-slow-tonic (-st), -1, -α, -2a, -2x, -2b, -15, -embryonic (-emb), and -neona-
tal (-neo)] is presented for different regions (A, B, C) of muscle spindles. Intrafusal fibres were classified into four categories based on staining intensity: intensively stained 
(++), moderately stained (+), weakly stained (±), and unstained (-).  
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with MyHC-st, -15, and -2b, while in the B region, some fibres 
also co-expressed MyHC-st and -2b. Chain fibres co-expressed 
MyHC-2a and -2b in the A region and MyHC-α and -2b in the B 
region. No intrafusal fibres were positive for MyHC-2x, although 
this isoform was expressed in some extrafusal fast fibres. 

MyHC expression pattern in the medial head of 
GM muscle 

In the three GM muscles, five muscle spindles were analysed: 
one in the A region and four in the B region (Figure 6). In the A 
region, bag1 fibres strongly expressed MyHC-st, with some 
exhibiting weaker expression of MyHC-2a and -2b. In the B 
region, most bag1 fibres expressed MyHC-1 and -α, in addition to 

MyHC-st and -2a. Bag2 fibres in the A region strongly expressed 
MyHC-1, -st, and -α, with less abundant expression of MyHC-15, 
-2a, and -2b. In the B region, bag2 fibre expression was more vari-
able, with consistent and strong expression of MyHC-α, more pro-
nounced MyHC-2b expression compared to the A region, and an 
absence of MyHC-15. In both regions, MyHC-2b was the most 
prominent isoform expressed in most chain fibres. Chain fibres in 
the A region exhibited variable positivity for MyHC-15, -α, and -
2a. MyHC expression in the B region was similar, except for the 
absence of MyHC-15 and the presence of MyHC-1 in some chain 
fibres. As observed in other muscles, no intrafusal fibres were 
labelled by either of the two MyHC-2x specific antibodies. 

 

Figure 1. MyHC isoform expression in the B region of a muscle spindle in rat soleus muscle (magnification 40x). Serial muscle sections 
were stained with antibodies specific for MyHC-1 (a); MyHC-st (b); MyHC-15 (c); MyHC-2a (d); MyHC-2x (6H1 antibody) (e); MyHC-
2b (BF-F3 antibody) (f); MyHC-α (g); MyHC-emb (h); MyHC-neo (i) Panel (a) indicates the location of bag1 (b1), bag2 (b2), and chain 
(c) fibres. Scale bars: 50 µm.
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Figure 3. MyHC isoform expression in the B region of a muscle spindle in rat extensor digitorum longus muscle (magnification 40x). 
Serial muscle sections were stained with antibodies specific for MyHC-1 (a); MyHC-st (b); MyHC-15 (c); MyHC-2a (d); MyHC-2x 
(6F12H3 antibody) (e); MyHC-2b (BF-F3 antibody (f); MyHC-α (g); MyHC-emb (h); MyHC-neo (i). Panel (a) indicates the location of 
bag1 (b1), bag2 (b2), and chain (c) fibres. Scale bars: 50 µm.

Figure 2. MyHC isoform expression in the B region of a muscle spindle in rat soleus muscle (magnification 40x). Serial muscle sections 
were stained with antibodies specific for  MyHC-st (a); MyHC-15 (b); MyHC-2x (6F12H3 antibody) (c); MyHC-2b (BF-F3 antibody) 
(d). Panel (a) indicates the location of bag1 (b1), bag2 (b2), and chain (c) fibres. Note the expression of MyHC-2b in chain fibres, despite 
its absence in extrafusal fibres of this muscle. Scale bars: 50 µm.
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Discussion 
This study confirmed previous findings that MyHC-15, while 

not abundantly expressed, is present in rat intrafusal fibres. Its 
expression was almost exclusively localised to bag fibres within 
the encapsulated regions of the muscle spindle, with no detectable 
expression in the extracapsular region. Our findings also confirm 
previous suggestions that MyHC-2x is not expressed in rat intra-
fusal fibres. Furthermore, the absence of MyHC-emb and -neo 
expression in this study suggests that antibodies used in previous 
studies may have cross-reacted with the fast MyHC isoforms, -2a 
and -2b, both of which were clearly identified in our analysis. We 
observed some inter-muscle variations in MyHC expression pat-
terns. While our results generally align with previous reports, some 
of discrepancies may be attributable to differences in animal age 
and antibodies used across studies. While MyHC-15 has been pre-

viously reported in the C region of some rat bag fibres,26 our study 
did not detect its expression in this region. Conversely, we 
observed moderate to weak staining of most bag fibres in the A 
region with the anti-MYH15 antibody. In one GM spindle, weak 
labelling of chain fibres was also noted (data not shown). In the B 
region, MyHC-15 was predominantly localised to bag1 fibres in all 
muscles except EDL, where moderate to weak expression was 
observed in some bag2 and chain fibres. Similarly, our previous 
investigation of human muscle spindles revealed relatively low 
MyHC-15 expression, also primarily in bag fibres, but with pro-
nounced expression in the C region.28 MyHC-15 is presumed to be 
a slow isoform based on its high amino acid sequence homology 
with both cardiac isoforms.11,18 Orthologues of MyHC-15 have 
been identified in the skeletal muscles of various species, including 
snakes and mammals. Beyond its role in skeletal muscle, MyHC-
15 appears to have functional significance in other tissues, as evi-

Figure 4. Differential staining of intrafusal (arrow) and extrafusal fibres in rat extensor digitorum longus muscle with antibodies specific 
for MyHC-2x and MyHC-2b (magnification 40x). Serial muscle sections were stained with 6F12H3 (MyHC-2x) (a); 6H1 (MyHC-2x) (b); 
BF-F3 (MyHC-2b) (c); 10F5 (MyHC-2b) (d). Note the absence of staining in all intrafusal fibres with both MyHC-2x antibodies and the 
10F5 antibody (MyHC-2b), while BF-F3 labels both chain fibres (c). Also note the difference in staining intensity of extrafusal fibres with 
the two MyHC-2x antibodies. Scale bars: 50 µm.

Figure 5. MyHC isoform expression in intrafusal bag fibres (arrows) within the C region of muscle spindles in rat soleus (a-e) and extensor 
digitorum longus (f-j) muscles (magnification 40x). Serial muscle sections were stained with antibodies specific for MyHC-1 (a,f); 
MyHC-st (b,g); MyHC-15 (c,h); MyHC-2x (6H1 antibody) (d); MyHC-2x (6F12H3 antibody) (i); MyHC-2b (BF-F3 antibody) (e,j). Note 
the absence of MyHC-2x and MyHC-15 staining in both bag fibres. Scale bars: 50 µm.
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denced by its detection in pulmonary vascular endothelium and 
alveolar macrophages.11,27,37 

Using two specific antibodies, we confirmed the absence of 
MyHC-2x expression in intrafusal fibres of the analysed rat muscle 
spindles, corroborating previous observations.10 Initially, we 
employed the 6H1 antibody33 as in our previous studies.29,36 
However, its weak reactivity, particularly in rat tissue, necessitated 
the use of the NovoLink detection system to enhance visualisation. 
This resulted in increased background staining (Figures 1e, 4b, 
6g), hindering reliable assessment of MyHC-2x expression in 
intrafusal fibres. Fortunately, the 6F12H3 antibody,34 exhibited 
more distinct and reliable staining. The clear demarcation between 
stained fast extrafusal fibres and unstained intrafusal fibres 
observed with 6F12H3 provides strong evidence for the absence of 
MyHC-2x in rat muscle spindles, as previously suggested.10 

The absence of MyHC-2x expression in intrafusal fibres is 
intriguing, especially as MyHC-2b, the fastest rat MyHC isoform, 
exhibited variable expression in intrafusal fibres of both fast and 
mixed muscles, including chain fibres of the slow SOL. Thus, the 
reason why MyHC-2x does not appear to meet the contractile 
requirements of rat intrafusal fibres remains unclear. It is notewor-
thy that MyHC-2x, the fastest MyHC isoform expressed in human 
extrafusal fibres39 has been detected also in intrafusal fibres, par-
ticularly in chain fibres, albeit at much lower levels than MyHC-
2b, which is not expressed in human extrafusal fibres.40,41 

The MyHC expression patterns observed in rat intrafusal fibres 
in this study are only partially consistent with previous find-
ings.10,14-17,22-24 The differences may be partly attributed to the older 
age of the animals (7.6 months) used in our study compared to 
those in previous studies. It is well documented that the expression 
of MyHC isoforms in intrafusal fibres is subject to age-related 

modifications.14,15,17,24,25 Furthermore, despite previous reports indi-
cating no differences in MyHC isoform expression within intra-
fusal fibres between the slow soleus and fast tibialis anterior mus-
cles,10 our analysis revealed inter-muscle variations. 

The expression pattern of MyHC-st in the A and B regions of 
bag fibres was generally consistent with previous reports.2,10 

Analysis of the C region, conducted exclusively in the SOL and 
EDL muscles, revealed a difference between these two muscles, 
with MyHC-st expressed in the fast EDL but not in the slow SOL. 

The MyHC-1 expression was predominant in bag2 fibres with-
in the A region of EDL and GM muscles, while both bag fibre 
types exhibited comparable expression levels in GL. In the B 
region, MyHC-1 expression remained generally more pronounced 
in bag2 fibres, with variable expression in bag1 fibres. Weak 
MyHC-1 labelling was also observed in some chain fibres of the 
slow SOL and mixed GM muscles. In the C region, both bag fibres 
expressed MyHC-1, consistent with previous findings.10 

The expression of MyHC-1 in bag fibres is thought to be 
linked to their developmental origins. Bag2 fibres, likely originat-
ing from primary myotubes that express this slow isoform, would 
thus be expected to express MyHC-1.24,42,43 Conversely, in bag1 
fibres, which develop from secondary myotubes, the initial expres-
sion of MyHC-1 is presumably suppressed by afferent neuron 
innervation. Chain fibres, also developing from secondary 
myotubes expressing fast isoforms, were not expected to express 
MyHC-1.10 However, our results suggest that some chain fibres in 
SOL and GM muscles may undergo a transition towards MyHC-1 
expression, indicating inter-muscle differences in MyHC isoform 
expression profiles. 

MyHC-α expression served as an additional marker for identi-
fying muscle spindles in cross-sections. We employed the BA-G5 

Figure 6. MyHC isoform expression in intrafusal fibres within the B region of a muscle spindle in the medial head of the rat gastrocnemius 
muscle (magnification 40x). Serial muscle sections were stained with antibodies specific for MyHC-1 (a); MyHC-st (b); MyHC-α (c); 
MyHC-15 (d); MyHC-2a (e); MyHC-2x (6F12H3 antibody) (f); MyHC-2x (6H1 antibody) (g); MyHC-2b (BF-F3 antibody) (h). Panel (a) 
indicates the location of bag1 (b1), bag2 (b2), and chain (c) fibres. Scale bars: 50 µm.

[page 60]                                                     [European Journal of Histochemistry 2025; 69:4192]

2025_1-A.qxp_Hrev_master  24/03/25  11:49  Pagina 60



                                                                                                                 Article

antibody for its detection, despite reports of its cross-reactivity 
with MyHC-1 and -2b in rat tissue.44 However, in our study, BA-
G5 exclusively labelled intrafusal fibres, with a staining pattern 
distinct from that observed with BA-D5 (MyHC-1) and BF-F3 
(MyHC-2b). The observed MyHC-α expression pattern aligns with 
previous findings.10,14,17,21-23 In the A region, strong MyHC-α 
expression was exclusively localised to bag2 fibres, which contin-
ued to express this isoform in the B region. Bag1 and some chain 
fibres also exhibited variable MyHC-α positivity in the B region. 
In the C region, which was analysed only in EDL and SOL mus-
cles, both bag fibres were strongly positive for MyHC-α in EDL, 
but negative in SOL (data not shown). Notably, MyHC-α expres-
sion was less abundant in human intrafusal fibres compared to rats 
in our analysis.28 

The expression of fast MyHC-2a and -2b isoforms was previ-
ously found to be limited within short segments of bag1 and chain 
fibres.2,10 In our study, MyHC-2a exhibited weak to moderate 
expression in the A region of chain fibres and some bag2 fibres, 
with minimal expression in bag1 fibres. Its expression in the B 
region varied across all three intrafusal fibre types, while no 
expression was observed in the C region. The most prominent 
MyHC-2a expression was detected in chain fibres of the SOL mus-
cle within the B region. These findings differ somewhat from pre-
vious studies employing the same antibody (SC-71), which report-
ed MyHC-2a expression in bag1 fibres across all three regions and 
in bag2 and chain fibres only within the A region.10,22,23 

MyHC-2b, the fastest rat MyHC isoform, exhibited its 
strongest expression in chain fibres. In the fast EDL muscle, weak 
MyHC-2b expression was observed in all three intrafusal fibre 
types within the A region. In the B region, bag2 fibres generally 
displayed stronger expression than bag1 fibres. This contrasts with 
a previous study employing the same antibody (BF-F3), which 
reported MyHC-2b expression exclusively in the B region of chain 
fibres.10 As mentioned previously, MyHC-2b was also detected in 
chain fibres of the slow SOL muscle, despite its absence in extra-
fusal fibres (Figure 2). Similarly, the 10F5 antibody, specific for 
MyHC-2b, labelled numerous human intrafusal fibres, particularly 
bag fibres,28 even though MyHC-2b is not expressed in human 
skeletal muscle.40,41 

Contrary to the conflicting reports on the expression of devel-
opmental MyHC isoforms, MyHC-emb and MyHC-neo, in rat 
intrafusal fibres using various antibodies,2,15,26,46,47 we did not 
detect MyHC-emb or MyHC-neo in the SOL and EDL muscles 
with isoform-specific antibodies. Notably, these antibodies suc-
cessfully identified both developmental isoforms in human muscle 
spindles.28 Furthermore, we tested the F1.6521 antibody, previous-
ly considered specific for MyHC-emb,10 and the N3.36 antibody, 
reported as specific for MyHC-neo.48,49 However, neither antibody 
stained intrafusal fibres. Therefore, we suggest that antibodies 
used in previous studies may have exhibited insufficient specifici-
ty, leading to cross-reactivity with the fast MyHC isoforms, 
MyHC-2a and MyHC-2b, which were clearly identified in our 
analysis. 

While it has been suggested that antibodies raised against 
extrafusal MyHC isoforms can reliably detect the expression of 
these isoforms in intrafusal fibres,10 our findings highlight poten-
tial discrepancies. Specifically, we observed notable differences in 
the reactivity of two MyHC-2b specific antibodies, BF-F3 and 
10F5. BF-F3 strongly labelled both extrafusal and intrafusal fibres, 
whereas 10F5 exhibited weak labelling of extrafusal fibres only 
(Figure 4 c,d). These observations underscore the potential for 
antibodies to bind multiple epitopes, a recognized limitation of 
immunohistochemistry that can lead to misinterpretation of 
results.34  

It is well established that nerve stimulation patterns regulate 

MyHC expression. Therefore, the distinct MyHC isoform expres-
sion profiles observed in intrafusal fibres, which receive different 
innervation compared to their extrafusal counterparts, are not 
unexpected, even though both fibre types are thought to originate 
from common myoblasts.2,42 Evidence suggests that primary affer-
ent (Ia) innervation plays a crucial role in regulating MyHC 
expression in intrafusal fibres. For instance, in transgenic mice 
lacking the neurotropin 3 gene, which is essential for afferent neu-
ron development, MyHC-st expression was absent, and muscle 
spindles failed to develop.49.Furthermore, deafferentation at birth 
in rats resulted in downregulation of MyHC-st and upregulation of 
extrafusal-like MyHC isoforms (MyHC-1, -2a, and -2b).21 Afferent 
innervation has been proposed to contribute to the retention of 
MyHC-emb and -neo in the intracapsular regions of intrafusal 
fibres. Conversely, in the extracapsular region, efferent neuron 
innervation is thought to attenuate the expression of developmental 
isoforms, leading to a more extrafusal-like MyHC expression pat-
tern.2,10,15,17 Efferent innervation of intrafusal fibres by γ motor neu-
rons during development is crucial for inducing MyHC-α expres-
sion, whereas loss of this innervation (deefferentiation) inhibits its 
expression.14,21  

Despite the low abundance of the presumably slow MyHC-15, 
its co-expression with the predominant slow MyHC isoforms, 
MyHC-st, MyHC-α, and MyHC-1, in intrafusal fibres aligns with 
observations that intrafusal fibres contraction speed is lower than 
that of extrafusal fibres.2,50 In frog, it has been shown that the max-
imum shortening speed of intrafusal fibres is approximately half 
that of extrafusal fibers.51 Furthermore, the tetanic force generated 
by intrafusal fibres is one-third to one-half of the average force pro-
duced by extrafusal fibres, and is higher in the extracapsular region 
compared to the intracapsular region. It has been demonstrated that 
while the extracapsular region shortens, the intracapsular region 
primarily stretches, which is thought to enable gradual adjustment 
of stretch receptor sensitivity.50 This aligns with the requirement for 
intrafusal fibres to maintain sensitivity across a wide range of oper-
ating conditions, potentially enhancing the fidelity of afferent feed-
back to the central nervous system. However, it remains unclear 
how the expression of the faster MyHC-2b, coupled with the 
absence of the slower MyHC-2x isoform, is compatible with the 
contractile demands of intrafusal fibres, which require sustained, 
low-frequency adjustments to maintain spindle sensitivity rather 
than rapid, high-frequency contractions. 

In conclusion, this study demonstrates that MyHC-15 is 
expressed at low levels in rat intrafusal fibres, but, contrary to pre-
vious reports in both rat and human, its expression is restricted to 
the intracapsular regions and is absent from the extracapsular C 
region.26,28 Our findings confirm that, of the fast MyHC isoforms, 
only MyHC-2a and -2b are expressed in rat intrafusal fibres, while 
MyHC-2x is not. Furthermore, we did not detect MyHC-emb or -
neo expression, suggesting that antibodies used in previous studies 
may have cross-reacted with MyHC-2a and -2b. Overall, these 
findings contribute significantly to our understanding of muscle 
spindle diversity and function, providing a foundation for 
improved insights the complex interplay between MyHC isoform 
expression, muscle fibre contractile properties, and proprioceptive 
mechanisms. 

 
 

Acknowledgements 
The authors gratefully acknowledge Professor Emeritus 

Stefano Schiaffino for suggesting this study and generously provid-
ing the antibodies specific for MyHC-st and -15. We also thank 
Nataša Pollak, Majda Črnak-Maasarani, Andreja Vidmar, and 
Marko Slak for their valuable technical assistance. 

                                                                    [European Journal of Histochemistry 2025; 69:4192]                                                   [page 61]

2025_1-A.qxp_Hrev_master  24/03/25  11:49  Pagina 61



                       Article

References 
  1. Sun Y, Fede C, Zhao X, Del Felice A, Pirri C, Stecco C. 

Quantity and distribution of muscle spindles in animal and 
human muscles. Int J Mol Sci 2024;25:7320. 

  2. Walro JM, Kucera J. Why adult mammalian intrafusal and 
extrafusal fibers contain different myosin heavy-chain iso-
forms. Trends Neurosci 1999;22:180-4. 

  3. Macefield VG, Knellwolf TP. Functional properties of human 
muscle spindles. J Neurophysiol 2018;120:452-67. 

  4. Partanen J V, Lajunen H-R, Liljander SK. Muscle spindles as 
pain receptors. BMJ Neurol Open 2023;5:e000420. 

  5. Lee C, Chen C. Role of proprioceptors in chronic muscu-
loskeletal pain. Exp Physiol 2024;109:45–54. 

  6. Banks Robert William, Barker D. The muscle spindle. In: 
Engel A, Franzini-Armstrong C, editors. Myology. New York, 
McGraw-Hill; 2004. pp. 489-509. 

  7. Ovalle WK, Smith RS. Histochemical identification of three 
types of intrafusal muscle fibers in the cat and monkey based 
on the myosin ATPase reaction. Can J Physiol Pharmacol 
1972;50:195-202. 

  8. Banks RW, Barker D, Harker DW, Stacey MJ. Proceedings 
correlation between ultrastructure and histochemistry of mam-
malian intrafusal muscle fibres. J Physiol 1975;252:16P-17P. 

  9. Kucera J, Dorovini-Zis K, Engel WK. Histochemistry of rat 
intrafusal muscle fibers and their motor innervation. J 
Histochem Cytochem 1978;26:973-88. 

10. Kucera J, Walro JM, Gorza L. Expression of type-specific 
MHC isoforms in rat intrafusal muscle fibers. J Histochem 
Cytochem 1992;40:293-307. 

11. Lee LA, Karabina A, Broadwell LJ, Leinwand LA. The ancient 
sarcomeric myosins found in specialized muscles. Skelet 
Muscle. 2019;9:7. 

12. Bormioli SP, Sartore S, Vitadello M, Schiaffino S. "Slow" 
myosins in vertebrate skeletal muscle. An immunofluores-
cence study. J Cell Biol. 1980;85:672-81. 

13. Maier A, Zak R. Reactivity of rat and rabbit intrafusal fibers 
with monoclonal antibodies directed against myosin heavy 
chains. Anat Rec 1989;225:197-202. 

14. Pedrosa F, Soukup T, Thornell LE. Expression of an alpha car-
diac-like myosin heavy chain in muscle spindle fibres. 
Histochemistry 1990;95:105-13. 

15. Pedrosa-Domellöf F, Soukup T, Thornell LE. Rat muscle spin-
dle immunocytochemistry revisited. Histochemistry 
1991;96:327-38. 

16. te Kronnie G, Donselaar Y, Soukup T, van Raamsdonk W. 
Immunohistochemical differences in myosin composition 
among intrafusal muscle fibres. Histochemistry 1981;73:65-
74. 

17. Soukup T, Pedrosa-Domellöf F, Thornell L-E. Expression of 
myosin heavy chain isoforms and myogenesis of intrafusal 
fibres in rat muscle spindles. Microsc Res Tech 1995;30:390-
407. 

18. Desjardins PR, Burkman JM, Shrager JB, Allmond LA, 
Stedman HH. Evolutionary implications of three novel mem-
bers of the human sarcomeric myosin heavy chain gene family. 
Mol Biol Evol 2002;19:375-93. 

19. Maier A, Gambke B, Pette D. Immunohistochemical demon-
stration of embryonic myosin heavy chains in adult mam-
malian intrafusal fibers. Histochemistry 1988;88:267-71. 

20. Butler-Browne GS, Eriksson PO, Laurent C, Thornell LE. 
Adult human masseter muscle fibers express myosin isozymes 
characteristic of development. Muscle Nerve 1988;11:610-20. 

21. Wang J, McWhorter DL, Walro JM. Stability of myosin heavy 
chain isoforms in selectively denervated adult rat muscle spin-

dles. Anat Rec 1997;249:32-43. 
22. Picquet F, De-Doncker L, Falempin M. Expression of myosin 

heavy chain isoforms in rat soleus muscle spindles after 19 
days of hypergravity. J Histochem Cytochem 2003;51:1479-
89. 

23. De-Doncker L, Picquet F, Browne GB, Falempin M. 
Expression of myosin heavy chain isoforms along intrafusal 
fibers of rat soleus muscle spindles after 14 days of hindlimb 
unloading. J Histochem Cytochem 2002;50:1543-54. 

24. Pedrosa F, Thornell LE. Expression of myosin heavy chain iso-
forms in developing rat muscle spindles. Histochemistry 
1990;94:231-244. 

25. Liu JX, Eriksson PO, Thornell LE, Pedrosa-Domellöf F. Fiber 
content and myosin heavy chain composition of muscle spin-
dles in aged human biceps brachii. J Histochem Cytochem 
2005;53:445-54. 

26. Rossi AC, Mammucari C, Argentini C, Reggiani C, Schiaffino 
S. Two novel/ancient myosins in mammalian skeletal muscles: 
MYH14/7b and MYH15 are expressed in extraocular muscles 
and muscle spindles. J Physiol 2010;588:353-64. 

27. Mascarello F, Toniolo L, Cancellara P, Reggiani C, 
Maccatrozzo L. Expression and identification of 10 sarcomeric 
MyHC isoforms in human skeletal muscles of different embry-
ological origin. Diversity and similarity in mammalian species. 
Ann Anat 2016;207:9-20. 

28. Smerdu V. Expression of MyHC-15 and -2x in human muscle 
spindles: An immunohistochemical study. J Anat 2023;243: 
826-41. 

29. Smerdu V, Perše M. Effect of carcinogen 1,2-dimethylhy-
drazine treatment on fiber types in skeletal muscles of male 
Wistar rats. Physiol Res 2017;66:845-58. 

30. Rudnicki MA, Jackowski G, Saggin L, McBurney MW. Actin 
and myosin expression during development of cardiac muscle 
from cultured embryonal carcinoma cells. Dev Biol 1990;138: 
348-58. 

31. Ecob-Prince M, Hill M, Brown W. Immunocytochemical 
demonstration of myosin heavy chain expression in human 
muscle. J Neurol Sci 1989;91:71-8. 

32. Schiaffino S. Muscle fiber types identified by monoclonal anti-
bodies to myosin heavy chains. In: Benzi G, Packer L, 
Siliprandi N, editors. Biochemical aspects of physical exercise. 
Amsterdam, Elsevier; 1986. pp. 27-34. 

33. Lucas CA, Kang LHD, Hoh JFY. Monospecific antibodies 
against the three mammalian fast limb myosin heavy chains. 
Biochem Biophys Res Commun 2000;272:303-8. 

34. Sawano S, Komiya Y, Ichitsubo R, Ohkawa Y, Nakamura M, 
Tatsumi R, et al. A one-step immunostaining method to visual-
ize rodent muscle fiber type within a single specimen. PLoS 
One 2016;11:e0166080. 

35. Gorza L. Identification of a novel type 2 fiber population in 
mammalian skeletal muscle by combined use of histochemical 
myosin ATPase and anti-myosin monoclonal antibodies. J 
Histochem Cytochem 1990;38:257-65. 

36. Smerdu V, Soukup T. Demonstration of myosin heavy chain 
isoforms in rat and humans: The specificity of seven available 
monoclonal antibodies used in immunohistochemical and 
immunoblotting methods. Eur J Histochem 2008;52:179-89. 

37. Hansel NN, Pare PD, Rafaels N, Sin DD, Sandford A, Daley 
D, et al. Genome-wide association study identification of novel 
loci associated with airway responsiveness in chronic obstruc-
tive pulmonary disease. Am J Respir Cell Mol Biol 
2015;53:226-34. 

38. Smerdu V, Perše M. Effect of high-fat mixed lipid diet and 
swimming on fibre types in skeletal muscles of rats with colon 
tumours. Eur J Histochem 2018;62:2945. 

[page 62]                                                     [European Journal of Histochemistry 2025; 69:4192]

2025_1-A.qxp_Hrev_master  24/03/25  11:49  Pagina 62



                                                                                                                 Article

39. Bloemink MJ, Deacon JC, Resnicow DI, Leinwand LA, 
Geeves MA. The superfast human extraocular myosin is kinet-
ically distinct from the fast skeletal IIa, IIb, and IId isoforms. J 
Biol Chem 2013;288:27469-79. 

40. Smerdu V, Karsch-Mizrachi I, Campione M, Leinwand L, 
Schiaffino S. Type IIx myosin heavy chain transcripts are 
expressed in type IIb fibers of human skeletal muscle. Am J 
Physiol Cell Physiol 1994;267:C1723-8. 

41. Ennion S, Sant’ Ana Pereira J, Sargeant AJ, Young A, 
Goldspink G. Characterization of human skeletal muscle fibres 
according to the myosin heavy chains they express. J Muscle 
Res Cell Motil 1995;16:35-43. 

42. Kucera J, Walro JM. Origin of intrafusal muscle fibers in the 
rat. Histochemistry 1990;93:567-80. 

43. Kucera J, Walro JM. Postnatal expression of myosin heavy 
chains in muscle spindles of the rat. Anat Embryol (Berl) 
1989;179:369-76. 

44. Putman CT, Conjard A, Peuker H, Pette D. Alpha-cardiac-like 
myosin heavy chain MHCI alpha is not upregulated in trans-
forming rat muscle. J Muscle Res Cell Motil 1999;20:155-62. 

45. Pedrosa F, Butler-Browne GS, Dhoot GK, Fischman DA, 
Thornell LE. Diversity in expression of myosin heavy chain 

isoforms and M-band proteins in rat muscle spindles. 
Histochemistry 1989;92:185-94. 

46. Soukup T, Pedrosa F, Thornell LE. Influence of neonatal motor 
denervation on expression of myosin heavy chain isoforms in 
rat muscle spindles. Histochemistry 1990;94:245-56. 

47. Silberstein L, Webster SG, Travis M, Blau HM. 
Developmental progression of myosin gene expression in cul-
tured muscle cells. Cell 1986;46:1075-81. 

48. Luo Q, Douglas M, Burkholder T, Sokoloff AJ. Absence of 
developmental and unconventional myosin heavy chain in 
human suprahyoid muscles. Muscle Nerve 2014;49:534-44. 

49. Ernfors P, Lee KF, Kucera J, Jaenisch R. Lack of neurotrophin-
3 leads to deficiencies in the peripheral nervous system and 
loss of limb proprioceptive afferents. Cell 1994;77:503-12. 

50. Boyd IA. The response of fast and slow nuclear bag fibres and 
nuclear chain fibres in isolated cat muscle spindles to fusimo-
tor stimulation, and the effect of intrafusal contraction on the 
sensory endings. Q J Exp Physiol Cogn Med Sci 1976;61:203-
53. 

51. Edman KAP, Radzyukevich T, Kronborg B. Contractile prop-
erties of isolated muscle spindles of the frog. J Physiol 
2002;541:905-16. 

                                                                    [European Journal of Histochemistry 2025; 69:4192]                                                   [page 63]

Received: 3 February 2025. Accepted: 18 March 2025. 
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0). 
©Copyright: the Author(s), 2025 
Licensee PAGEPress, Italy 
European Journal of Histochemistry 2025; 69:4192 
doi:10.4081/ejh.2025.4192 
 
Publisher's note: all claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those 
of the publisher, the editors and the reviewers. Any product that may be evaluated in this article or claim that may be made by its manufacturer is not guaranteed 
or endorsed by the publisher.

2025_1-A.qxp_Hrev_master  24/03/25  11:49  Pagina 63




