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Introduction

Human daily life relies heavily on the use of hands. The dexterity of 
the hand depends not only on finger flexion and extension, but also 
on coordinated fine motor actions. These include pinching, abduc-
tion, and adduction of the fingers. These fine motor movements are 
primarily achieved through the contraction and relaxation of  multi-
ple intrinsic hand muscles [1, 2]. The intrinsic hand muscles are inner-
vated by the median nerve and the ulnar nerve. Severe trauma, local 
compression, and other causes can result in ulnar nerve injury. 
However, compared with injuries to other peripheral nerves in the 
upper limb, ulnar nerve injury, especially involving the high-level seg-
ment, often leads to a poorer prognosis. Due to the long distance 
required for nerve regeneration, the small size of the intrinsic hand 
muscles, and their susceptibility to atrophy, even with timely surgical 
intervention and pharmacological treatment, functional recovery of 
the intrinsic hand muscles remains limited. This manifests specifically 
as impaired finger abduction, adduction, and pinching movements, 
along with the inability to fully extend the ring and little fingers. 
Consequently, tasks that require precise motor control, such as writ-
ing or picking up small objects, become significantly more difficult, 
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which can severely impact a patient’s daily life [3, 4]. Improving the 
function of intrinsic hand muscles after ulnar nerve injury, uncovering 
deeper underlying mechanisms, and enhancing therapeutic out-
comes remain urgent clinical challenges that need to be addressed to 
minimize the impact on patients’ quality of life.

To further understand the innervation of intrinsic hand muscles by 
the ulnar nerve and explore rehabilitation methods to promote 
functional recovery after ulnar nerve injury, it is necessary to 
continuously evaluate various therapeutic approaches. By studying 
appropriate animal models, researchers can more conveniently and 
quickly evaluate the therapeutic effects of certain rehabilitation 
methods and gain deeper insights into their mechanisms. Mice, as 
commonly used experimental animals, have been widely employed 
in studies related to peripheral nerve injuries [5–7]. However, due to 
their small body size, current research has mainly focused on the 
sciatic nerve and its innervated muscles, as well as the larger muscles 
of the mouse forelimb and their innervating nerves [8, 9]. There is 
relatively little research on the intrinsic muscles of the mouse forepaw. 
Therefore, if mice are used as experimental animals to explore 
interventions that promote functional recovery of the intrinsic 
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muscles of the forepaw after ulnar nerve injury, it is first necessary to 
conduct a detailed study of the anatomical structure of the intrinsic 
muscles of the mouse forepaw. Therefore, characterizing the muscle 
fiber type composition is crucial, as different fiber types (e.g. slow-
twitch vs. fast-twitch) exhibit distinct metabolic properties, fatigue 
resistance, and regenerative capacities, all of which influence 
functional recovery and response to rehabilitation [10]. Equally 
important is the analysis of neuromuscular junctions (NMJs), which 
serve as the key interface for neural control of muscle contraction. 
The structural integrity and plasticity of NMJs directly affect 
reinnervation success and motor relearning after nerve injury. We 
transected the median nerve in the upper arm of mice to induce 
median nerve denervation, thereby revealing the innervation 
territory of the ulnar nerve in the lumbrical and interosseous muscles. 
Recent studies demonstrated that both single or fatigue-resistant 
tetanic contractions of muscles can be successfully induced 
using electrical stimulation or optogenetic stimulation with 
different parameters [11, 12]. Therefore, we believe that a precise 
understanding of the innervation patterns and muscle fiber 
composition of these small intrinsic muscles may, in the future, inform 
the development of advanced neuroengineering strategies – such as 
brain–computer interfaces (BCIs) or neural interfaces [13, 14] – aimed 
at restoring neuromuscular function in patients with peripheral nerve 
injuries. ​Specifically, muscle groups predominantly composed of fast-
twitch fibers may require stimulation parameters optimized for rapid 
force ​generation, while areas dominated by slow-twitch fibers might 
be better suited to long-term, low-intensity stimulation strategies for 
maintaining fine postural control. Furthermore, nerve transfer surgery 
has been shown to potentially alter the muscle fiber composition of 
the target muscles [15], suggesting that different donor nerves could​ 
necessitate tailored stimulation parameters to achieve effective 
control of the intrinsic hand muscles. Thus, the murine model data 
provided by this study establish a critical anatomical foundation for 
testing refined control algorithms based on specific muscle activation 
in preclinical models. While such applications remain long-term 
goals, establishing a solid anatomical and functional foundation in 
animal models is a critical first step toward enabling targeted 
neuromodulation or muscle reinnervation therapies. Therefore, this 
study seeks to fill this gap by characterizing the neural and histological 
basis of intrinsic forepaw muscle function in mice.

The lumbrical and interosseous muscles are important 
components of the intrinsic hand muscles. This study aims to use 
anatomical and immunohistochemical analysis to elucidate the 
innervation of the lumbrical and interosseous muscles by the ulnar 
nerve in mice, as well as their muscle fiber composition. These 
findings will provide an anatomical and histological basis for 
therapeutic interventions aimed at restoring the function of intrinsic 
hand muscles after ulnar nerve injury.

Materials and methods

Animals 

Twenty-four male C57 mice aged 6 weeks were used for the experi-
ment. Among 24 mice, 12 mice were used for anatomical studies of 
the lumbrical and interosseous muscles, six mice were used for NMJ 
immunofluorescence staining of the lumbrical and interosseous mus-
cles, and six mice were used for muscle fiber immunofluorescence 
staining of the lumbrical and interosseous muscles. 

Median nerve transection

In six out of 24 mice, the median nerve in the right upper arm seg-
ment of the mouse was exposed, and a 3 mm segment of the median 

nerve was excised at the midpoint of the upper arm; these six mice 
were used for immunofluorescence staining of the NMJ. Six months 
after model establishment, the mice were euthanized, and the affect-
ed-side lumbrical and interosseous muscles were harvested. The 
remaining 18 mice out of the 24 were euthanized at the same time as 
the model mice.

Dissection

In 12 out of the 24 mice, the right upper limb was harvested after 
euthanasia. Following fixation in 4% formaldehyde, the skin and sub-
cutaneous tissue were incised at the distal forearm under a stereomi-
croscope. The ulnar nerve was then exposed, and its branches were 
bluntly dissected along their course until reaching the muscle entry 
points.

Tissue preparation

All lumbrical muscles and dorsal interosseous muscles (DIM) were dis-
sected intact between the distal and proximal end points under a sur-
gical microscope.

Immunofluorescence staining

To illustrate the various types of muscle fibers, we applied immuno-
fluorescence labeling to the aforementioned cross-sections using a 
method adapted from prior research [16]. The tissue sections were 
treated overnight at 4°C with a blend of primary antibodies targeting 
distinct myosin heavy chain (MHC) isoforms: anti-MHC-I (BA-F8, 
mouse IgG2B; sourced from the Developmental Studies Hybridoma 
Bank [DSHB]) at a dilution of 1:100, anti-MHC-IIa (SC-71, mouse IgG1; 
DSHB) at 1:600, and anti-MHC-IIb (BF-F3, mouse IgM; DSHB) at 1:200. 
Subsequently, on the following day, these sections underwent a 4-h 
incubation in secondary antibodies, including Alexa Fluor 633-conju-
gated goat anti-mouse IgG2B (Invitrogen, Eugene, WA) at 1:250, Alexa 
Fluor 488-conjugated goat anti-mouse IgG1 (Invitrogen) at 1:250, and 
Alexa Fluor 555-conjugated goat anti-mouse IgM (Invitrogen) also at 
1:250.

According to methods used in prior studies [17], the longitudinal 
sections were incubated at room temperature for 1 h with Alexa Fluor 
488 conjugated α-bungarotoxin (Invitrogen) at a dilution of 1:500 to 
visualize nicotinic acetylcholine receptors on the postsynaptic 
membrane.

Imaging and analysis of muscle fibers and endplates

Muscle fiber type composition and identified endplate images were 
captured using an Olympus Fluoview confocal microscope (10× and 
20× objectives; Olympus, Tokyo, Japan) equipped with three laser 
lines. Following a previously established method, NMJ images were 
presented as single-plane projections of Z-stack images with 1.0-μm 
spacing. Both muscle fibers and endplates were quantified using 
ImageJ software (developed by Wayne Rasband at NIH, Bethesda, 
MD, and freely accessible at rsbweb.nih.gov).

Statistical analysis

F-Statistical analyses were performed using GraphPad Prism 9 
(GraphPad Software). Data are presented as mean ± standard error of 
the mean (SEM). Normality was assessed using the Kolmogorov–Smirnov 
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test. Based on the results, parametric tests were applied assuming 
normal distribution. Comparisons between two groups were con-
ducted using an unpaired Student’s t-test. For multiple group com-
parisons, one-way Analysis of variance (ANOVA) followed by Dunnett’s 
post  hoc test was used. P < 0.05 considered statistically significant.

Ethics

Ethical approval was granted by the Animal Ethics Committee of 
Fudan University.

Results

Lumbrical and interosseous muscles anatomy

The lumbrical muscles of the mouse forepaw are located on the pal-
mar side of the forepaw and include four muscles: the first, second, 
third, and fourth lumbricals (Figure 1A). Each lumbrical muscle has a 
slender, spindle-like shape, originating from the palmar side of the 
flexor digitorum profundus tendon and running along the radial side 
of the deep and superficial flexor tendons of each digit. The first to 
fourth lumbrical muscles insert at the radial side of the proximal pha-
langes of the second to fifth digits, respectively. The muscle fiber ori-
entation of each lumbrical aligns with the overall direction of the 
muscle belly, and the digital nerves run closely along the palmar side 
of their corresponding lumbrical muscles.

The interosseous muscles of the mouse forepaw are divided into 
palmar and DIMs; there are three palmar interosseous muscles and 
four DIMs (Figure 1B). The three palmar interosseous muscles each 
originate from the palmar surface of the corresponding metacarpal 
base, with their tendons inserting into the ulnar aspect of the second 
proximal phalanx, and the radial aspects of the fourth and fifth 
proximal phalanges, respectively. All four DIMs arise from the palmar 
aspects of the metacarpal bases and terminate at the proximal ends 
of the corresponding proximal phalanges. The muscle fibers of the 
interosseous muscles are arranged in a pennate distribution.

Ulnar nerve innervation of the lumbrical and  interosseous muscles

The ulnar nerve contributes to the innervation of both the lumbrical 
and interosseous muscles of the hand (Figure 2B, C). After entering 
the forepaw, the ulnar nerve emits branches to innervate the third 

and fourth lumbrical muscles, the hypothenar muscle group, and the 
adductor pollicis (Figure 2A, B). Another branch descends deeper, 
emits muscular branches to innervate all the interosseous muscles 
(Figure 2C).

Immunofluorescence staining and statistical analysis of  neuro-
muscular junction in the lumbrical and interosseous muscles

In Figure 3, we observed anatomical communication between the 
ulnar nerve and the median nerve in the forepaw in four of the 12 
cases, indicating that the ulnar nerve and the median nerve might 
both contribute in the innervation of lumbrical and interosseous 
muscles. However, the exact proportion of these muscles innervated 
by the ulnar nerve, as well as which specific muscles or muscle regions 
are exclusively innervated by it, remains unclear. In mice, the area of 
motor endplates (MEPs) significantly decreases within 2 months after 
denervation [18]. To examine the innervation pattern of the lumbrical 
and interosseous muscles by the ulnar nerve, we transected the 
median nerve in the upper arm of mice. Six months later, the MEPs 
innervated by the median nerve were significantly reduced in size, 
allowing us to visualize the distinct innervation territory of the ulnar 
nerve.

Six months after median nerve transection, the average MEP area 
of the affected side LM1 was 16.600 ± 1.126 μm², which was 
significantly smaller than that of the contralateral unaffected side 
(138.700 ± 8.515 μm²) (Figure 4A, E). Similarly, the average MEP area 
of the affected side LM2 was significantly reduced at 13.970 ±  1.185 
μm² compared to the unaffected side (141.400 ± 7.211 μm²) 
(Figure 4B, E).

For LM3, the average MEP area on the injured side measured 
42.140 ± 5.382 μm², which was also significantly lower than the 
corresponding value on the unaffected side (142.800 ± 5.873 μm²). 
However, this value was notably higher compared to those observed 
in both LM1 and LM2 on the affected side (Figure 4C, E).

In contrast, the average MEP area of the affected side LM4 was 
152.200 ± 10.63 μm², which did not show any statistically significant 
difference when compared to the unaffected side (153.800 ±  2.194 
μm²), indicating the preservation of NMJ morphology in this region 
(Figure 4D, E).

For the interosseous muscles, we representatively selected all the 
DIMs as the target muscles. Six months after median nerve transection, 
the average MEP areas of the affected side DIM1, DIM2, DIM3, and 
DIM4 in mice were 137.300 ± 6.199 μm², 157.400 ± 4.050 μm², 171.100 

Figure 1.  Lumbrical and interosseous muscles of the mouse forepaw. (A) Anatomical location of the lumbrical muscles. Scale bar = 200 μm. (B) Anatomical 
location of the interosseous muscles. Scale bar = 800 μm. LM: lumbrical muscle; FDP: Flexor digitorum profundus tendon; PIM: palmar interosseus muscle; DIM: 
dorsal interosseus muscle.
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± 10.380 μm², and 143.400 ± 7.272 μm², respectively, showing no 
significant difference compared to the unaffected side (DIM1, 142.500 
± 8.186 μm². DIM2, 153.200 ± 10.130 μm². DIM3, 140.500 ± 9.978 μm², 
and DIM4, 131.300 ± 5.993 μm²) (Figure 4F–J).

Immunofluorescence staining and statistical analysis of muscle 
fibers in the lumbrical and interosseous muscles

Understanding the composition and relative proportion of muscle 
fiber types is crucial for elucidating their functional roles and response 
to neuromuscular disorders. Taking the third DIM and the fourth 

lumbrical muscle – two muscles predominantly innervated by the 
ulnar nerve – as examples, we used muscle fiber immunofluores-
cence to characterize the muscle fiber types in the lumbrical and 
interosseous muscles under normal innervation by the ulnar nerve.

The fiber number percentages of MHC-I, IIa, and IIb muscle fibers 
in the fourth lumbrical muscle of the mouse were 3.89% ± 1.10%, 
31.67% ± 7.31%, and 64.44% ± 7.17%, respectively (Figure 5A, C). In 
comparison, the third interosseous muscle displayed a distinct fiber 
type composition, with MHC-I, IIa, and IIb fiber percentages measuring 
11.45% ± 1.92%, 88.55% ± 1.92%, and 0%, respectively (Figure 5B, D).

The average cross-sectional areas of MHC-I, IIa, and IIb muscle 
fibers in the fourth lumbrical muscle of the mouse were measured at 
118.1 ± 14.43 μm², 237.1 ± 21.51 μm², and 327.9 ± 30.21 μm², 
respectively (Figure 5A, E). In comparison, in the third interosseous 
muscle, the average cross-sectional areas were significantly larger for 
both MHC-I (321.6 ± 40.04 μm²) and MHC-IIa (538.2 ± 96.38 μm²) 
fibers, while no MHC-IIb fibers were detected (Figure 5B, F).

The cross-sectional area percentages of MHC-I, IIa, and IIb muscle 
fibers in the fourth lumbrical muscle of the mouse were 2.00% ± 
0.42%, 27.04% ± 7.00%, and 70.96% ± 7.16%, respectively 
(Figure 5A, G). In contrast, the third interosseous muscle exhibited a 
markedly different distribution, with MHC-I, IIa, and IIb fiber area 
percentages measuring 8.21% ± 1.76%, 91.79% ± 1.76%, and 0%, 
respectively (Figure 5B, H).

Discussion

The ulnar nerve, one of the main branches of the brachial plexus, 
plays a crucial role in innervating the intrinsic hand muscles responsi-
ble for fine motor functions. Ulnar nerve injury is one of the most 
common types of peripheral nerve injuries encountered clinically. 
After injury, both the motor function of the target muscles and the 
sensory function of the skin innervated by the nerve distal to the 
injured site are affected [19]. Compared with median and radial nerve 
injuries, the recovery of motor function in the affected limb following 
ulnar nerve repair tends to be less satisfactory [20]. Particularly in 
cases of high-level ulnar nerve injury, although early surgical repair 
may restore partial sensory function over time, effective recovery of 
the intrinsic hand muscle function remains challenging [21]. This sig-
nificantly impacts the patient’s quality of life.

To address the critical clinical issue of poor recovery of distal target 
muscles following ulnar nerve injury, more experimental research is 

Figure 2.  Illustration of the ulnar nerve’s distribution to the intrinsic hand muscles. (A) Superficial structures. The hypothenar muscles are elevated to expose the 
underlying structures. Green dashed lines indicate the nerve passing beneath the muscle. HYMs: Hypothenar muscles; ADP: Adductor pollicis; UN: ulnar nerve; 
MN: median nerve. Scale bar = 500 μm. (B) The innervation of the lumbrical muscles by the ulnar nerve. LM: lumbrical muscle; UN: ulnar nerve. (C) The innervation 
of the interosseous muscles by the ulnar nerve. White dashed line indicates a transected nerve, revealing deeper anatomical features. PIM: Palmar interosseous 
muscles; DIM: Dorsal interosseous muscles. Scale bar = 500 μm. The image in the lower-left corner indicates the direction of the mouse paw.

Figure 3.  Communication between the ulnar and median nerves. The image 
in the lower-left corner indicates the direction of the mouse paw. UN: ulnar 
nerve; MN: median nerve. Scale bar = 500 μm.
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needed to explore and optimize appropriate treatment and 
rehabilitation techniques. Conducting studies in animal models 
allows for relatively rapid and straightforward data collection, 
providing a foundation for the subsequent clinical application of 
these techniques. Mice are an accessible and cost-effective 
experimental animal, requiring minimal housing space, and are 
widely used in various research fields. While researchers have 
extensively studied peripheral nerve injury and repair in mice, most 
of this work has focused on the sciatic nerve in the hindlimb [9]. 
Therefore, to investigate the recovery of intrinsic hand muscle 
function after ulnar nerve injury, it is necessary to develop and utilize 
a targeted model of ulnar nerve injury.

Before confirming the use of mice as a model to study the recovery 
of intrinsic hand muscle function after ulnar nerve injury, it is essential 
to clarify the similarities and differences between mice and humans 
regarding the ulnar nerve and its target muscles. Currently, there is 
limited research on the anatomy of the mouse forelimb. Mathewson 
et al. investigated the anatomical structure of 22 muscles in the 
mouse forelimb but did not examine the intrinsic muscles of the 
mouse forepaw [22]. Therefore, conducting an anatomical study of 
the intrinsic muscles of the mouse forepaw is the first step in selecting 
mice as a model for ulnar nerve injury. Simultaneously, it is necessary 
to determine which muscle or muscles should be selected for 
evaluation following ulnar nerve repair. In humans, the lumbrical and 
interosseous muscles are two critical components of the intrinsic 
hand muscles. The lumbrical muscles function to flex the 
metacarpophalangeal joints and extend the interphalangeal joints, 

while the interosseous muscles are responsible for finger abduction 
and adduction. These functions are indispensable for fine motor 
control of the human hand. In summary, we have chosen the lumbrical 
and interosseous muscles of the mouse as the target muscles for 
evaluation after ulnar nerve repair. Our study found that the 
lumbrical muscles of the mouse forepaw include four muscles, and 
there are three palmar interosseous muscles and four DIMs. Rinker 
et al. described that the forepaw of the rodent Sigmodon possesses 
seven interosseous muscles, which is in agreement with our 
findings [23].

In humans, the ulnar nerve innervates all interosseous muscles 
[24]. The fourth lumbrical muscle in humans is innervated by the 
ulnar nerve, while the innervation pattern of the third lumbrical 
muscles varies: some are solely innervated by the median nerve, 
some by both the median and ulnar nerves, and others exclusively by 
the ulnar nerve [25, 26]. Through anatomical studies, we have found 
that the ulnar nerve of mice innervates the third and fourth lumbrical 
muscles and all interosseous muscles, which is similar to humans 
(Figure 6A, B). 

The anatomical variations of communicating branches (CBs) 
between the ulnar and median nerves in the hand have been well-
characterized in human studies, providing critical insights for 
understanding potential functional implications and surgical risks. 
Loukas et al. documented CBs in 85% (170/200) of cadaveric hands, 
classifying them into four major types: Type I (84.1%) originating from 
the ulnar nerve to join the median nerve distally, Type II (7.1%) arising 
from the median nerve to merge with the ulnar nerve, Type III (3.5%) 

Figure 4.  Immunofluorescence Staining of neuromuscular junction in the Lumbrical and Interosseous Muscles. (A–D) Immunofluorescence images of NMJs in 
the first lumbrical muscle (A), the second lumbrical muscle (B), the third lumbrical muscle (C) and the fourth lumbrical muscle (D) in normal mice. The NMJs is 
intact. Scale bar = 10 μm. E-H. Immunofluorescence images of NMJs in the first lumbrical muscle (E), the second lumbrical muscle (F), the third lumbrical muscle 
(G) and the fourth lumbrical muscle (H) at 6 months after median nerve transection. The NMJs is fragmented. Scale bar = 10 μm. I. Statistical comparison of 
immunofluorescence images of NMJs in the first, second, third, and fourth lumbrical muscles between the healthy and affected sides at 6 months after median 
nerve transection. J-M. Immunofluorescence images of NMJs in the first dorsal interosseous muscles (J), the second dorsal interosseous muscles (K), the third 
dorsal interosseous muscles (L) and the fourth dorsal interosseous muscles (M) in normal mice. The NMJs is intact. Scale bar = 10 μm. N-Q. Immunofluorescence 
images of NMJs in the first dorsal interosseous muscles (N), the second dorsal interosseous muscles (O), the third dorsal interosseous muscles (P) and the fourth 
dorsal interosseous muscles (Q) at 6 months after median nerve transection. The NMJs is intact. Scale bar = 10 μm. R. Statistical comparison of immunofluores-
cence images of NMJs in the first, second, third, and fourth dorsal interosseous muscles between the healthy and affected sides at 6 months after median nerve 
transection. All data are presented as mean ± SEM. ***P < 0.001.
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with perpendicular course lacking a defined origin, and Type IV (5.3%) 
as mixed multi-branch patterns [27]. Morphometric analysis revealed 
that 83% of CBs resided in a ‘risk area’ spanning 35%–62% of the 
distance between the bisstyloid line and metacarpophalangeal joint 
line, highlighting susceptibility to iatrogenic injury during carpal 
tunnel release [27]. Anatomical stratification shows superficial CBs 
(e.g. Berrettini branch) lie deep to the superficial palmar arch, 
connecting the third and fourth common digital nerves, while deep 
CBs (16% prevalence) originate from the deep ulnar nerve, traverse 
posterior to flexor tendons, and join the median nerve near the 
pisiform bone and adductor pollicis muscle [28, 29]. Clinically, these 
CBs may mediate sensory overlap – for instance, ulnar-to-median 
communication can preserve sensation in the middle/ring fingers 
after median nerve injury, potentially misleading diagnostic 
assessments [27]. Case reports have shown reduced ring finger 
sensation post-carpal tunnel release due to CB injury, reinforcing 
their functional significance [30]. Notably, high-resolution sonography 
has enabled non-invasive visualization of superficial CBs, with 100% 
ultrasound detectability in cadaveric hands, aiding preoperative 
localization to minimize surgical trauma [31]. Rare variations, such as 
a forearm-originating ulnar-to-median CB merging with the median 
nerve distal to the flexor retinaculum, have also been described  [32], 
underscoring the spectrum of anatomical diversity. Current 
knowledge is predominantly human-focused, with limited data on 
rodent CBs. Future studies integrating microdissection and 
electrophysiology in mouse forepaws could provide a systematic 
characterization of CBs and their role in motor innervation of intrinsic 
hand muscles, potentially bridging gaps in translational 
neuroanatomy. Our study has revealed the presence of CBs between 
the ulnar and median nerves in the mouse forepaw, which is similar to 
what is observed in humans. This finding underscores the suitability 

of mice as an appropriate animal model for studying the innervation 
and function of intrinsic hand muscles.

Muscle contraction is regulated at the NMJ, a peripheral synapse 
consisting of a motor nerve terminal, specialized muscle structures, 
and non-myelinating terminal Schwann cells [33, 34]. A defining 
feature of the mammalian NMJ is the high-density clustering and 
maintenance of nicotinic acetylcholine receptors (AChRs) in the 
postsynaptic membrane [35]. The typical and mature morphology of 
the NMJ is often described as having a ‘pretzel-like’ structure [36]. 
However, a common sign of NMJ alterations is postsynaptic 
fragmentation. Specifically, denervation of the MEP initiates a cascade 
of events, leading to a shortened half-life of AChRs in the postsynaptic 
membrane, reduced postsynaptic density, and eventual loss of 
postsynaptic regions [35].

In an experiment by Francisca Bermedo-García et al., they found 
that 7 days after denervation of the cranial levator auris longus (LAL) 
muscle, the postsynaptic domain underwent morphological changes, 
as quantification of the area of AChR aggregates (excluding ectopic 
aggregates) showed a progressive decrease, which was already 
detectable 7 days after injury [37]. Viviana Pérez et al. used an in vivo 
two-color BTX technique to study the dynamics of AChRs after 
denervation [38]. Specifically, the postsynaptic regions of LAL muscles 
in live mice were labeled with a non-saturating dose of fluorescently 
tagged BTX-1. Seven days after denervation, the muscles were 
excised and relabeled with another fluorescently tagged BTX-2. Using 
confocal microscopy, AChR aggregates were classified as ‘stable’ if the 
labeling intensities of BTX-1 and BTX-2 were similar, or as ‘dynamic’ if 
BTX-1 labeling was mostly absent and BTX-2 showed higher intensity 
[39]. The results showed that denervation significantly increased the 
proportion of dynamic AChR aggregates in the LAL muscles [39]. 
Using progressive tissue optical clearing technology, Yin et al. applied 

Figure 5.  Immunofluorescence Staining of Muscle Fibers in the Lumbrical and Interosseous Muscles. (A) Immunofluorescence staining image of the fourth lum-
brical muscle fiber in the mouse forepaw. Purple: MHC-I type muscle fibers. Green: MHC-IIa type muscle fibers. Red: MHC-IIb type muscle fibers. Scale bar = 50 μm. 
(B) Immunofluorescence staining image of the third dorsal interosseous muscle fiber in the mouse forepaw. Purple: MHC-I type muscle fibers. Green: MHC-IIa 
type muscle fibers. Scale bar = 50 μm. (C, D) Statistics of the proportion of different types of muscle fibers in the third dorsal interosseous muscle (C) and fourth 
lumbrical muscle (D) in the mouse forepaw. (E, F) Statistics of the average area of different types of muscle fibers in the third dorsal interosseous muscle (E) and 
fourth lumbrical muscle (F) in the mouse forepaw. GH. Statistics of the area proportion of different types of muscle fibers in the third dorsal interosseous muscle 
(G) and fourth lumbrical muscle of the mouse forepaw (H). All data are presented as mean ± SEM.
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3D imaging to study the spatial distribution of MEPs and their changes 
following denervation in mice [18]. They observed that 2 months 
post-denervation, the average width of MEP lamella clusters 
increased, while the mean volume of individual MEPs significantly 
decreased. This indicated that after denervation, MEPs broke down 
into smaller fragments along the lamella clusters until they eventually 
disappeared [18, 40].

The 6-month post-injury time point was selected in this study to 
allow sufficient time for the median nerve-innervated muscles to 
undergo substantial atrophy and MEP fragmentation. This extended 
duration enables the visualization of chronic, stable adaptations in 
neuromuscular organization and muscle properties. While the 
capacity for collateral sprouting and spontaneous reinnervation in 
rodent models post-transection is recognized, the functional and 
morphological compensation that ensues is invariably distinct from 
the normal state [41]. Our results are consistent with this principle, 
demonstrating that such compensatory reinnervation does not fully 
restore the native neuromuscular profile. Our experimental results 
showed that after median nerve transection, no intact MEPs were 
found in the first and second lumbrical muscles of the mouse forepaw, 
indicating that the ulnar nerve does not innervate these two muscles. 
The third lumbrical muscle exhibited both intact and fragmented 
MEPs, suggesting that it is innervated by both the ulnar and median 
nerves. The area of MEPs in the fourth lumbrical muscle showed no 
significant difference compared to a normal fourth lumbrical muscle, 
indicating that the fourth lumbrical muscle is entirely innervated by 
the ulnar nerve. All DIMs retained normal MEP morphology, 
confirming their predominant or sole innervation by the ulnar nerve. 
Importantly, the exclusive ulnar innervation of LM4 and the DIMs 
identifies them as reliable targets for evaluating functional 
reinnervation and therapeutic interventions.

Mammalian skeletal muscle consists of various fiber types, and the 
diversity among these fibers enables the same muscle to perform a 
range of tasks [10]. These include sustained low-intensity activities, 
repeated moderate contractions, and rapid, powerful maximal 
contractions [10]. MHC isoforms are commonly used as classification 
criteria and are regarded as molecular markers for fiber types [42, 43]. 
Under specific conditions, alterations in MHC isoform expression can 
be prompted [44]. According to Jakubiec-Puka et al., upon 
reinnervation, the soleus muscle recovered its normal MHC pattern 
within 10 days, with an increased proportion of type I isoform. In 
contrast, in the reinnervated fast muscle, the IIb/IIa ratio continued to 
decrease [45]. Huey et al. investigated these changes at the mRNA 
level [46]. In the tibialis anterior muscle, the type IIb MHC mRNA was 
significantly reduced by day 4 following denervation and remained 

decreased for up to a month. Meanwhile, type IIa mRNA increased 
significantly by day 7, staying elevated until day 14 before returning 
to control values [46]. The results of this experiment show that the 
lumbrical muscle is predominantly composed of Type IIa intermediate 
fibers and Type IIb fast-twitch fibers. In contrast, the interosseous 
muscle mainly consists of Type I slow-twitch fibers and Type IIa 
intermediate fibers, which can provide a theoretical basis for 
understanding the changes in fiber types of the lumbrical and 
interosseous muscles in mice after nerve injury.

Compelling experimental evidence demonstrates that when a 
target muscle is reinnervated by an alternative donor nerve, its fiber-
type profile can undergo a significant shift to mirror that of the donor 
nerve’s original musculature [15, 41]. For instance, Bergmeister et al. 
showed that after transferring the high-capacity ulnar nerve to the 
lateral head of the biceps – a muscle normally innervated by the 
musculocutaneous nerve – the reinnervated biceps underwent a 
transformation from a predominantly fast type IIb fiber population to 
one rich in slower, more fatigue-resistant type I and IIa fibers, 
characteristic of native ulnar-innervated muscles like the lumbricals 
[15]. Furthermore, this plasticity extends beyond somatic motor 
inputs; even aberrant autonomic reinnervation, as observed in 
denervated facial muscles, can drive a complete phenotypic switch, 
converting the muscle to a purely intermediate type IIa profile [41]. 
Together, these studies establish that any change in efferent neural 
drive, whether intentional through surgical nerve transfer or 
spontaneous via collateral sprouting, will inevitably alter the 
functional properties of the target muscle. Therefore, our baseline 
data revealing the precise, heterogeneous fiber-type signatures of 
the intrinsic hand muscles are not merely descriptive. They serve as a 
crucial physiological benchmark. Preserving or restoring this native 
fiber-type architecture is paramount for maintaining the delicate 
balance of force, speed, and endurance required for dexterous hand 
function.

The baseline data established in this study have significant 
implications for neuroengineering and the development of next-
generation neural interfaces for hand function restoration. In BCIs or 
peripheral nerve stimulation systems, algorithms must simulate the 
natural contraction speeds, force profiles, and fatigue properties 
dictated by the underlying muscle fiber-type composition. Our 
quantitative characterization of MHC isoform distributions across 
intrinsic hand muscles provides a physiological blueprint that can be 
directly integrated into stimulation protocols to generate more 
naturalistic and fatigue-resistant grasping motions. Importantly, 
recent advances in implantable neurotechnology – such as our fully 
implantable multisite optogenetic stimulation system (FIMOSS) – 

Figure 6.  Ulnar nerve innervation in the hand of mice. (A) The ulnar nerve was completely harvested from the wrist distally and then photographed. Scale bar 
= 1,000 μm. (B) Schematic representation of ulnar nerve innervation in the hand.



42   C. CHEN ET AL.

now enable long-term, sub-nerve-resolution interrogation and 
modulation of peripheral nerve plexuses in vivo [12]. Building on our 
earlier multisite optogenetic stimulation device (MOSD) [47], which 
demonstrated acute fascicle-specific control of forelimb movements 
in mice, FIMOSS offers a powerful platform for chronic 
electrophysiological and behavioral studies following nerve injury or 
reconstructive surgery [12]. By combining our anatomical and fiber-
type mapping with such high-precision neuromodulation tools, 
future neuroprosthetic strategies can be tailored not only to target 
specific motor fascicles but also to deliver stimulation patterns 
calibrated to the contractile phenotype of their innervated muscles 
– thereby enhancing functional fidelity in ulnar-territory reanimation 
and beyond.

In conclusion, we have studied the innervation of the lumbrical 
and interosseous muscles of the mouse forepaw by the ulnar nerve, 
as well as the muscle fiber types of the third DIM and fourth lumbrical 
muscle, which are innervated by the ulnar nerve. This study did not 
investigate the pathological changes following ulnar nerve injury. In 
future research, we will further explore nerve regeneration and the 
recovery of intrinsic hand muscle function after ulnar nerve injury in 
mice, using the fully implantable optoelectronic stimulation system 
we have developed.
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