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Accessory nerve (CNXI) has been known to be the primary conduit for motor control of the trapezius, 
while the supplementary cervical nerves (C3 and C4) are responsible for processing sensory 
information from muscle. However, the lack of substantial direct evidence has led to these conclusions 
being regarded as mere speculation. This study used immunostaining (using antibodies against 
neurofilament 200 for all axons, choline acetyltransferase for cholinergic axons, tyrosine hydroxylase 
for sympathetic axons, and alpha 3 sodium potassium ATPase for proprioceptive afferent axons) of 
human samples to verify the functional contributions of nerves. Study highlights the pivotal role of C3 
and C4 in regulating precise movements of trapezius, contributing to motor control, proprioceptive 
feedback, and sympathetic modulation. CNXI is composed primarily of somatic efferent fibers, with 
significant numbers of sympathetic or sensory fibers. Furthermore, C3-4 have both cholinergic and 
non-cholinergic axons, suggesting their involvement in proprioceptive feedback and somatic efferent 
functions. Although less common, mechanosensors such as nociceptive sensor and sympathetic fibers 
are also supplied by these cervical nerves. The study demonstrated that these nerves contain motor 
fibers and significant proprioceptive and sympathetic axons, challenging the long-held notion that 
CNXI are motor and upper spinal nerves are sensory.
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Abbreviations
CNXI	� Accessory nerve
NF200	� Neurofilament
ChAT	� Choline acetyltransferase
TH	� Tyrosine hydroxylase
ATP1A3	� ATPase Na+/K+-transporting subunit alpha 3
MBP	� Myelin basic protein
SCM	� Sternocleidomastoid
PMI	� Postmortem intervals

The accessory nerve, the 11th cranial nerve (CNXI), transmits nerve signals to the trapezius muscle in conjunction 
with the upper cervical spinal nerves1,2. The CNXI is considered to be primarily responsible for motor functions, 
while the supplementary cervical nerves are considered to be responsible for sensory information3,4. However, 
recent studies have indicated that the accessory nerves can also transmit sensory or afferent pain signals5–8. 
Conversely, there is an electrophysiological study that raises the possibility of a motor contribution of the 
cervical nerves to the trapezius muscle9.
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To understand muscle movement, elucidating the peripheral pathways that transmit sensory feedback 
from mechanoreceptors or proprioceptors is imperative10–13. Anatomically, mixed nerves provide pathways 
for both afferent and efferent axons to the same muscle, as demonstrated by the mandibular nerve, which 
contains efferent axons for the chewing muscles and afferent axons for tactile perception and proprioception. 
Traditionally, the term “motor nerve” has been defined as a bundle of efferent axons that trigger the release of 
acetylcholine from the motor endplate, resulting in muscle contraction. The term “muscle nerve” or “nerve 
to muscle” is used to indicate a nerve that morphologically innervates a muscle, regardless of its component, 
however, this term and “motor nerve” are used interchangeably. However, Mioton et al.14 proposed that most 
motor nerves consist of both efferent and afferent axons that facilitate proprioception or mechanoreception for 
muscle movement control. If pure “motor nerves” exist, complementary sensory nerves must be involved in 
this process. For instance, the sensory branches of the trigeminal nerve may transmit sensory information from 
mechanoreceptors on the facial skin to facial expression muscles. Reports on nervous anastomoses between the 
facial and trigeminal nerves suggest potential routes for afferent axons along the motor nerve to facial muscles13. 
Furthermore, craniospinal connections between the cervical spinal nerve and cervical branch of the facial nerve 
also suggest the possibility of shared sensory feedback to the platysma15.

The trapezius muscle, one of the largest extrinsic back muscles, is responsible for complex movements of 
the upper limb, shoulder, and neck. It plays an additional role in maintaining posture by providing sensory 
feedback to the upper body. Given the variability in clinical symptoms based on the distribution and quantity of 
axonal differences in the involved nerves, previous anatomical and clinical studies have reported co-innervation 
of the trapezius by the cranial and spinal nerves1,3,16–18. However, detailed anatomical information on the 
functional contribution of these components to the trapezius muscle is scarce. Additionally, to date, no studies 
have categorized these components using axonal profiling. Gavid et al19. conducted an electric stimulation study 
indirectly indicating that the C2, C3, and C4 nerves are distributed in the trapezius, along with the CNXI, 
suggesting alternative or complementary roles. Nevertheless, to gain a more profound understanding of the 
functional relationship between the nerves and the trapezius muscle, an anatomical study is necessary to directly 
identify the various components of the nerves, including the motor, sensory, and sympathetic axons.

Thus, this study aimed to elucidate the functional roles (motor, proprioceptive, and sympathetic) of the 
CNXI, C3, and C4 nerves in the regulation of trapezius movement using immunofluorescence analysis. We 
developed an axonal profiling technique using immunofluorescence to analyze the motor and sensory axon 
bundles in human samples. Anti-neurofilament 200 (NF200) antibodies were used to stain nerve axons20,21, and 
anti-choline acetyltransferase (ChAT) antibodies were used to tag motor axons11,20. Anti-tyrosine hydroxylase 
(TH) and anti-ATPase Na+/K+-transporting subunit alpha 3 (ATP1A3) were also used to label sympathetic 
axons22 and proprioceptive afferent axons23 (Fig. 1).

Results
Fascicles of the nerves
Masson’s trichrome staining and immunohistochemistry revealed that nerve fascicles were deposited within the 
epineurium of each nerve. The mean number of fascicles observed per nerve was as follows: 2.67 ± 1.63 fascicles 
in CNXI, 3.33 ± 1.52 fascicles in C3, and 2.0 ± 0 fascicles in C4 (Fig. 2). Herein, the number of axons exhibiting 
positive immunofluorescence staining for each antibody was calculated as the number per fascicle, except that 
in Fig. 7. The majority of axons in the CNXI, C3, and C4 nerves were cholinergic fibers (NF200+/ChAT+): 
51.77% in CNXI, 55.12% in C3, and 46.52% in C4. In all the three nerves, no somatotopic trend was identified in 
the axonal arrangement of the two functional categories. Even when considering the same nerve type, in some 

Figure 1.  A schematic diagram is provided to assist in determining the functional modality of a nerve 
(cholinergic motor, non-cholinergic sympathetic, and non-cholinergic proprioceptive or non-proprioceptive 
sensory fibers).
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cases, the nerve exhibited clear compartmentalization of cholinergic and non-cholinergic innervation, whereas 
in others, the nerve displayed an atypical mixture of these two types of innervations.

Functional modality of the axons
To determine the functional modality (cholinergic motor, non-cholinergic sympathetic, and non-cholinergic 
proprioceptive or non-proprioceptive sensory fibers) of the nerve, a quantitative analysis of its composition was 
performed based on the number of axons expressing NF200, ChAT, TH, ATP1A3, and MBP (Figs. 3 and 4). 
Cholinergic and non-cholinergic axons were counted based on NF200 and ChAT expression (Figs. 3A and 4B 
and C). Figure 3B; Table 1 show detailed counts of somatic (TH-) and non-cholinergic axons in the three nerves. 
Their proportions are displayed in Fig. 4C; Table 2. Each cadaver exhibited a higher number of cholinergic axons 
in C3 compared to C4. Visualization of myelination with toluidine blue (Fig. 3D) indicated the formation of a 
cluster of small unmyelinated axons, which were indicative of sympathetic fibers. Myelinated fibers (cholinergic 
motor or non-cholinergic sensory) are typically larger than unmyelinated fibers. Unmyelinated fibers that were 
not identified as sympathetic axons and were solely located among myelinated fibers were rarely observed.

Table3 presents the number of non-cholinergic axons expressing TH and ATP1A3 and their proportions in 
each nerve. As anticipated, non-cholinergic axons (NF200+/ChAT-) exhibited a clear morphological dichotomy. 
The small non-cholinergic axons closely matched the TH + axons, indicating that they have morphologic 
characteristics indicative of sympathetic nerves (Fig. 5A). These sympathetic nerves relay fibers to muscles 
after synapsing at the cervical sympathetic ganglia. In contrast, large noncholinergic axons were predominantly 
positive for ATP1A3 and MBP, indicating that they are myelinated proprioceptive sensory fibers (Fig. 4D).

In summary, sympathetic fibers constituted 34.96%, 30.91%, and 33.35% of all axons in CNXI, C3, and C4, 
respectively, whereas proprioceptive sensory fibers accounted for 6.87%, 9.64%, and 10.24% of all axons in these 
regions, respectively (Fig. 5B; Table 2).

Large nonsympathetic fibers without ATP1A3 expression (MBP+/ATP1A3-) appear to be involved in low-
threshold mechanosensation such as nociception instead of proprioception. Notably, a branch from C3 had an 
anomalous course in all individuals (Fig. 6). This branch did not join CNXI but directly entered the upper part 
of the trapezius. The branch clearly showed both cholinergic (38.01% of all axons) and proprioceptive sensory 
axons (61.99% of all axons), indicating that the cervical spinal nerve can independently innervate the trapezius 
as a motor nerve with its own proprioception.

Contribution of the nerves in controlling and monitoring the trapezius
Regarding the overall axonal composition of the three nerves, approximately half of the motor efferent, 
proprioceptive, and sympathetic axons innervating the muscle are supplied by the accessory nerve (Fig. 7). The 
two spinal nerves supplied the remaining half of the axons. C3 delivered a greater proportion of motor (34.5% 
vs. 16.4%) and proprioceptive (30.1% vs. 18.3%) axons than did C4, whereas C4 was associated with a greater 
proportion of sympathetic axons (28.4% vs. 22.1%) than was C3.

Figure 2.  Dissection of the accessory (CNXI), C3, and C4 nerves as they enter the trapezius. The results of 
Masson’s trichrome staining for each nerve and the average number of fascicles for each nerve are presented. 
CNXI, 11th cranial nerve. Excised portions are indicated in the boxes.

 

Scientific Reports |        (2024) 14:25266 3| https://doi.org/10.1038/s41598-024-76645-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Discussion
All specimens in the present study showed convergence of C3 and C4 to CNXI before entering the trapezius, 
with subsequent distribution of the merged nerve to the trapezius. Our comprehensive examination at multiple 
scales, from macroscopic observation at the nerve level to detailed histological examination at the fascicle, axon, 
and myelin levels, revealed that this convergence is not merely the union of two spinal nerves with CNXI but also 
involves a functional rearrangement to modulate motor function.

This study highlights the pivotal role of C3 and C4 in regulating the precise movements of the trapezius, 
which contributes to motor control, proprioceptive feedback, and sympathetic modulation. The cholinergic 
population (NF200+/ChAT+) appears to influence motor function by acting on the motor endplate, whereas the 
non-cholinergic population (NF200+/ChAT-) contains axons with sympathetic (MBP-/TH+), proprioceptive 
(MBP+/ATP1A3+), and mechanosensation (MBP+/ATP1A3-) properties. The CNXI is primarily composed of 
somatic efferent fibers with a considerable number of sympathetic or sensory fibers. C3 and C4 also exhibit a clear 

Figure 3.  (A) Immunofluorescence staining for the accessory (CNXI), C3, and C4 nerves. The sample 
has been stained with antibodies against NF200 (green) and ChAT (red). (B) The bar graph illustrates the 
comparison of total axons (NF200+) and cholinergic axons (ChAT+/NF200+) per fascicle for each nerve. 
(C) A comparison of the detailed proportion of cholinergic (NF200+/ChAT+) and non-cholinergic axons 
(NF200+/ChAT-) per nerve fascicle in the three nerves. (D) The visualization of myelination of the axons 
via toluidine blue staining. Myelinated axons (arrows) represent motor or sensory fibers. Some unmyelinated 
axons (arrowheads) represent sensory fibers (e.g., afferent c-fiber). A cluster of small unmyelinated axons 
(dashed line) represents sympathetic fibers. (E) Bar graph comparing the somatic and visceral-sympathetic 
proportions of the three nerves. NF200, neurofilament 200; ChAT, choline acetyltransferase.
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Mean proportion (%)

Nerves Somatic Sympathetic

CNXI 65.04% 34.96%

C3 69.09% 30.91%

C4 66.65% 33.35%

Table 2.  Comparative analysis of the somatic and sympathetic (visceral) proportion in the three nerves. CNXI, 
11th cranial nerve.

 

Nerves

Axonal counts Proportion (%)

ALL Cholinergic Cholinergic Non-cholinergic

CNXI 2614.20 ± 861.78 1353.32 ± 642.52 51.77% 48.23%

C3 1381.13 ± 607.57 761.22 ± 536.26 55.12% 44.88%

C4 1296.33 ± 558.96 603.11 ± 343.04 46.52% 53.48%

Table 1.  Comparison of the number of cholinergic axons among all axons per nerve fascicle of the three 
nerves and detailed proportions of cholinergic (NF200+/ChAT+) and non-cholinergic axons (NF200+/ChAT-
). CNXI, 11th cranial nerve.

 

Figure 4.  Somatic efferent and afferent axons of the C4 nerve. (A) All axons were stained with anti-NF200 
antibody (green). (B) The cholinergic axons were stained with an anti-ChAT antibody (red). (C) Merged 
immunofluorescence staining images of NF200 and ChAT. The dashed lines indicate non-cholinergic 
axons in C and D. (D) Merged immunofluorescence staining images of MBP (red) and ATP1A3 (green). 
The co-expression of ATP1A3 with MBP suggests that they are myelinated proprioceptive sensory fibers. 
The large nonsympathetic fiber that lacks ATP1A3 expression (MBP+/ATP1A3-) appears to be involved in 
mechanosensation rather than in proprioception. NF200, neurofilament 200; ChAT, choline acetyltransferase; 
MBP, myelin basic protein; ATP1A3, alpha 3 sodium potassium ATPase.
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presence of both cholinergic and non-cholinergic axons, indicating their involvement in both proprioceptive 
feedback and somatic efferent fibers in the muscle. Although less common, nociceptive sensory and sympathetic 
fibers are supplied by these cervical nerves.

Our findings align with those of previous studies showing that motor nerves, previously believed to consist 
solely of efferent axons, also contain afferent fibers that convey proprioceptive or mechanical sensations24. For 
example, although the extracranial facial nerve is considered to be a purely somatic efferent nerve that innervates 
facial expression muscles, Tereshenko et al.13 reported that only 68% of the temporal, 61% of the zygomatic, 53% 
of the buccal, 62% of the mandibular, and 43% of the cervical branches of the facial nerve were efferent axons.

Neuroanatomy
The CNXI comprises two components: the spinal component, which innervates the trapezius and 
sternocleidomastoid (SCM) muscles, and the cranial component, which innervates the laryngeal musculature. 
The spinal component is composed of axons from lower motor neurons in the upper spinal cord segments, 
consistent with C3 and C4. The spinal CNXI connects to the vagus nerve within the jugular foramen via the 
internal branches. The superior ganglion of the vagus nerve, which is formed by sensory neurons, provides general 
somatic afferent signals, and the internal branches between the two nerves may transmit somatic sensations from 
the ganglion to CNXI15. Although Gesslbauer et al.11 indicated that the accessory nerve is primarily composed of 
efferent axons with few proprioceptive components, our study demonstrated that this nerve contains a notable 
proportion of noncholinergic axons, exceeding 40%. In fact, CNXI and its accompanying cervical nerves provide 
both motor and sensory components, albeit in varying compositions Our findings indicate that somatic efferent 

Figure 5.  The motor, proprioceptive, and sympathetic axons of the accessory (CNXI), C3, and C4 nerves. 
(A) The images show immunofluorescence staining for NF200, ChAT, ATP1A3, and TH in the three nerves. 
The percentages of axons with ChAT (cholinergic), ATP1A3 (proprioceptive), and TH (sympathetic) in total 
axons (NF200) and the number of axons per fascicle are presented. (B) Graph illustrating the proportions of 
motor, proprioceptive, others, and sympathetic axons of the three nerves per fascicle. Detailed percentages are 
presented in Table 3. NF200, neurofilament 200; ChAT, choline acetyltransferase; ATP1A3, alpha 3 sodium 
potassium ATPase; CNXI, 11th cranial nerve; TH, tyrosine hydroxylase.

 

Nerves Motor Proportion Proprioceptive Proportion Others Proportion Sympathetic Proportion

CNXI 1353.32 ± 272.52 51.77% 179.57 ± 284.18 6.87% 167.30 ± 236.60 6.40% 914.02 ± 642.52 34.96%

C3 761.22 ± 172.65 55.12% 133.21 ± 62.81 9.64% 59.83 ± 93.49 4.33% 426.88 ± 536.26 30.91%

C4 603.11 ± 369.06 46.52% 132.78 ± 76.23 10.24% 128.06 ± 136.09 9.88% 432.39 ± 343.04 33.35%

Table 3.  Quantitative analysis of the functional properties of the nerves to determine the numbers 
(mean ± SD) and proportions of axons for the cholinergic motor, proprioceptive, others (e.g., afferent c-fiber, 
low-threshold, mechanosensation), and non-cholinergic sympathetic nerve fibers. CNXI, 11th cranial nerve.
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fibers are transmitted via the CNXI, C3, and C4 nerves from the lower motor neurons within the spinal cord, 
whereas the somatic afferent fibers are conveyed via CNXI from the superior vagal ganglion or via C3 or C4 from 
the dorsal root ganglion.

Developmental and evolutionary consideration
The presence of a considerable number of C3 cholinergic fibers distributed independently in the descending 
(upper) part of the trapezius muscle is noteworthy and indicates that the descending part of the trapezius is 
subject to independent regional motor control by spinal nerves. Bocca et al.25 observed an absence of accessory 
nerve innervation in the descending part of the trapezius in 16% of their cases, which supports the possibility 
of an alternative spinal contribution, as suggested in the present study. The trapezius muscle originates from 
the mesoderm of the occipital lateral plate, whereas the muscles innervated by the trigeminal, facial, and vagus 
nerves (special visceral efferent fibers) originate from the pharyngeal apparatus26. The occipital origins of these 
muscles may be related to the additional motor distribution of the cervical spinal nerves. Furthermore, the 
identification of the trapezius as a single mesenchymal condensation with the SCM in 11 cm-long human 
specimens may be related to a similar dual innervation pattern of the SCM27.

Phylogenetically, the spinal accessory nerve represents an evolutionary adaptation that integrates features 
of both head and trunk musculature, reflecting the dual metameric organization of the vertebrate body. Early 
vertebrates, such as agnathans (lampreys), lack a distinct spinal accessory nerve but have structures suggestive 
of their evolutionary ancestors. In jawed vertebrates (gnathostomes), however, it became distinct from the vagus 
nerve and began to innervate the cucullaris muscle, which evolved into the sternocleidomastoid and trapezius 
muscles in mammals and shares many cytoarchitectural features with somatic spinal nerves.

Molecular aspect and methodological consideration
Previous studies have shown that small non-cholinergic axons clustered in the motor nerve are positive for TH, 
a marker of the sympathetic nervous system13. Given that muscle sympathetic nerve activity controls blood 
pressure and blood flow to support the metabolic needs of skeletal muscles, sympathetic control of the trapezius, 
as a large shoulder muscle, must be metabolically appropriate for its activities, such as upper limb movement 
or prolonged postural maintenance28. Sympathetic innervation appears to be mainly carried out by the cervical 
spinal nerves, whereas the accessory nerve has few sympathetic fibers. Previously, sympathetic fibers were also 
found to comprise 15–25% of the facial nerve and were thought to maintain the unconscious muscle tone of 
the facial musculature13; however, it remains unclear whether a similar sympathetic role exists for the trapezius.

In this study, ATP1A3 was used as a proprioceptive axon marker. Markers for proprioceptive or 
mechanoreceptive sensory fibers have been identified in rodents, with most studies conducted in this species. 
Wei et al.29 found that rats express higher levels of Hgf and inhibin beta A in cutaneous nerves, which transmit 

Figure 6.  The direct branch of C3 to the trapezius was subjected to immunofluorescence staining, shown on 
the left side (anti-NF200, green; anti-ChAT, red) and Masson’s trichrome staining, shown on the right side. 
NF200, neurofilament 200; ChAT, choline acetyltransferase.
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tactile or nociceptive sensations, than in motor nerves. The histological localization of the muscle spindle, a 
small intramuscular proprioceptive organ, is challenging. To address this challenge, Bornstein et al.23 used mice 
expressing TdTomato to label muscle spindles. Transcriptomic analysis revealed high expression of ATP1A3, 
DYPSL3, HSPA12A, VAT1L, PLP1, and TUBB3 in the nerves surrounding the spindle. ATP1A3expression 
was robust, as confirmed by immunostaining. Maintaining transcriptome stability and protein antigenicity in 
humans is challenging because of the difficulty in obtaining cadavers with short postmortem intervals (PMI), 
optimizing tissue preprocessing, and the localization of tiny intramuscular sensory organs. The absence of 
further molecular evidence in human tissues precludes the ability to determine whether intramuscular afferent 
fibers mediate mechanoreception or nociception from the trapezius. Muscle nociceptors can be sensitized 
and activated by strong mechanical stimuli such as trauma or mechanical overload. They are also activated by 
inflammatory mediators and ATP, resulting in the release of neuropeptides, such as substance P and CGRP, 
which cause blood vessel dilation and local edema30. Nevertheless, the afferent fibers of these cervical nerves, 
owing to their intramuscular location, are likely to mediate proprioception from the muscle spindle, regardless 
of any accompanying mechanosensation. Accordingly, herein, the type of MBP+/ATP1A3- is rare in CNXI 
(6.40% of afferent axons), C3 (4.33%), and C4 (9.88%), suggesting that afferent fibers within the trapezius are 
involved in proprioception rather than mechanosensation such as nociception.

Clinical implication
We show that the cervical nerve contributes not only to sensory function but also to motor function, which 
means that iatrogenic lesion of the cervical nerve to the trapezius muscle, e.g. during neck dissection, would 
result in trapezius muscle dysfunction. In addition, one of the most crucial considerations in the decision to 
use a donor nerve is the extent to which its composition affects functional recovery following nerve grafting. 
Donor nerve axons serve as guides for axonal regeneration after Wallerian degeneration. Some studies have 
indicated that the prevalence of efferent axons or density of sympathetic fibers in donor nerves may influence 
outcomes after grafting13. Our findings suggest broader applications for the accessory nerve in nerve grafting. For 
instance, it could be used to restore the suprascapular nerve or to repair the spinal accessory nerve with another 
donor31,32. Such insights can guide clinicians in selecting optimal donor nerves, potentially leading to better 
functional outcomes. The factors that influence functional recovery after nerve graft, including somatotopic 
arrangement, proportion of afferent axons to efferent axons, amount of total axonal area, or compositional 
purity, remain unclear. The number of axons within a nerve can be considered as a proxy for the number of 
neuronal components involved in that nerve. Thus, in this study, the predominance of axonal modality was 
assessed based on the total number of axons, rather than their total area, which is related to the speed of the 
signal. Furthermore, no somatotopic trend was observed in the arrangement of axons in the perineurium. This 
indicates that the mixed character of these axons may be influenced by the composition of the ventral and dorsal 
rami during spinal nerve formation.

Figure 7.  Functional contribution of the accessory (CNXI), C3, and C4 nerves to the trapezius muscle (all 
fascicles). C3 and C4 contribute axons to the remaining half of the relevant neural pathway. C3 provides a 
significantly higher proportion of motor axons (34.5% vs. 16.4%) and proprioceptive axons (30.1% vs. 18.3%) 
than does C4. Conversely, C4 supplies a greater proportion of sympathetic axons (28.4% vs. 22.1%) than does 
C3. CNXI, 11th cranial nerve.
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Limitations
This anatomical and histological study has some limitations. Morphological differences in peripheral nerves 
may arise depending on genetic diversity or advanced age, which can lead to variations in axonal regeneration 
efficiency and redistribution capacity33. Consequently, the relative composition of the motor and sensory nerve 
axons may fluctuate depending on the age of the cadavers. Additionally, the generalization of absolute axonal 
values regarding motor and sensory ratios is challenging because of the restricted sample size. Consequently, 
further clinical validation with a larger sample size is imperative to clarify this issue. While we used several well-
established markers, a more nuanced identification could provide a more detailed axonal profile. Especially for 
a more robust identification of somatic efferent fibers, the TH-/ChAT + axons should be further validated using 
a nitric oxide synthase (NOS) marker, which is expressed in parasympathetic fibers.

In our study, we used cadavers that had been fixed and stored for 72 h or longer before applying the IHC 
protocol. Reissig et al. reported a time-dependent reduction in antibody-specific signals, noting that the 
quality for most antibodies, including NF and ChAT, remained acceptable at 48 h postmortem but significantly 
deteriorated by 72 h34. Despite this, the NF and ChAT expression signals in our samples remained sufficiently 
detectable for analysis. Our approach of counting expressed axons, rather than measuring expression signal 
density, allowed us to effectively use these signals despite potential postmortem changes35.

Conclusion
This study successfully identified the functional components of the nerves supplying the trapezius (CNXI, C3, 
and C4) using immunostaining. Specifically, all these nerves contain motor fibers and considerable amounts of 
proprioceptive and sympathetic axons. The notions that CNXI is exclusively a motor nerve and that the upper 
spinal nerves merely supplement the sensory components for proprioceptive monitoring are questionable. 
Generally, the functional nature of a nerve is more complex than that previously considered, and its peripheral 
or central arrangement requires further elucidation. This complexity should be considered when determining 
the actual functions of these nerves.

Materials and methods
Specimen harvest
All experiments were conducted with the approval of the Yonsei University Medical College Surgical and 
Anatomy Education Center (Approval number: YSAEC 24 − 004). We utilized nine fixed cadavers (five males 
and four females; mean age at death, 83.4 years) whose donors had consented to donate their bodies for research 
purposes. The authors underscore their adherence to all pertinent local and international ethical guidelines 
and laws pertaining to the use of human cadaver donors in anatomical research. The trapezius nerves of the 
cadavers were meticulously separated from the surrounding skin and connective tissue. All specimens were 
harvested from cadavers free of trauma, congenital anomalies, or neurological diseases affecting the trapezius. 
For immunofluorescence staining, the CNXI, C3, and C4 nerve sections were isolated, fixed in 10% formalin, 
and embedded in paraffin.

Immunofluorescence labeling
Histological examination was conducted on six cadaveric nerve samples. Double immunofluorescence and 
immunofluorescence staining techniques were used to enhance the visibility of the nerve axonal elements. 
Masson’s trichrome staining was used to evaluate the structural characteristics of nerve bundles. The nerve 
specimens were prepared by cutting them into transverse sections with thicknesses of 5 μm.

To distinguish between sensory and motor axons, antigen retrieval was performed at 95 °C for 30 min. 
Subsequently, a mixture of anti-NF200 (mouse, diluted 1:400; Sigma-Aldrich, Inc., St. Louis, MO, USA) and 
anti-ChAT (goat, diluted 1:50; Sigma-Aldrich Inc., St. Louis, MO, USA) was applied evenly to the tissue and 
incubated overnight at 4 °C. Alexa Fluor 488 donkey anti-mouse IgG (1:500; Thermo Fisher Scientific Inc., 
Waltham, MA, USA) and Alexa Fluor 555 donkey anti-goat IgG (1:400; Thermo Fisher Scientific Inc., Waltham, 
MA, USA) were employed as secondary antibodies, and their visualization was conducted for a period of 2 h at 
room temperature. To identify proprioceptive axons, double immunofluorescence staining was performed with 
myelin basic protein (MBP) and ATP1A3. The antigen was retrieved at 95 °C for 30 min. Subsequently, a mixture 
of anti-MBP and anti-ATP1A3 antibodies was applied to the tissue in an even distribution and incubated at 
4 °C overnight. Alexa Fluor 594 goat anti-rabbit IgG (1:500; Thermo Fisher Scientific Inc., Waltham, MA, 
USA) and Alexa Fluor 488 donkey anti-mouse IgG (1:500; Thermo Fisher Scientific Inc., Waltham, MA, USA) 
were employed as secondary antibodies, and their visualization was conducted for a period of 2 h at room 
temperature. To distinguish the sympathetic nerves, immunofluorescence staining for tyrosine hydroxylase 
(TH) was performed. The antigen was retrieved at 95 °C for 30 min. Subsequently, a mixture of anti-TH (rabbit, 
diluted 1:100; Chemicon®, JP) was applied evenly to the tissue and incubated at 4 °C overnight. Alexa Fluor 488 
donkey anti-rabbit IgG (1:500; Thermo Fisher Scientific Inc., Waltham, MA, USA) was used as the secondary 
antibody, and visualization was conducted for a period of 2 h at room temperature.

Data analysis
Motor nerve bundles exhibited positive staining for both NF200 and ChAT, whereas sensory nerve bundles 
exhibited positive staining for NF200 only. Proprioceptive axons were positive for both MBP and ATP1A3, 
and sympathetic nerve bundles were positive for TH. Axonal composition proportions were calculated by 
measuring the area of each axon relative to the total nerve area, and the results are expressed as percentages. The 
analyses were conducted using ImageJ version 1.54d, a software program developed by the National Institutes of 
Health (NIH) in the United States. The statistical significance of the presence of positively stained fibers for each 
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antibody marker was determined using R software (version 4.2.1, MacOS Sonoma 14.4.1). As the Shapiro–Wilk 
test demonstrated that the data collected did not follow a normal distribution, the Wilcoxon signed-rank test was 
employed to assess statistically significant differences. Statistical significance was set at p < 0.05.

Toluidine blue staining
The specimens were fixed for 12 h in a solution of 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M 
phosphate buffer (pH 7.4). They were then washed in 0.1 M phosphate buffer. Post-fixation was performed with 
1% osmium tetroxide in 0.1 M phosphate buffer for 2 h. Dehydration was performed using an ascending ethanol 
series (50, 60, 70, 80, 90, 95, 100, and 100%) for 10 min each. Finally, the specimens were infiltrated with propylene 
oxide for 10 min. The specimens were embedded with a Poly/Bed 812 kit (Polysciences) and polymerized in an 
electron microscope oven (TD-700, DOSAKA, Japan) at 65 ℃ for 12 h. The block was equipped with a diamond 
knife in an ultra-microtome (UC7, Leica Microsystems Ltd., Vienna, Austria) and cut into 200-nm semi-thin 
sections, which were then stained with toluidine blue for observation under an optical microscope.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable re-
quest.
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