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The anatomical, electrophysiological and histological 
observations of muscle contraction units in rabbits: 
a new perspective on nerve injury and regeneration
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Abstract  
In the conventional view a muscle is composed of intermediate structures before its further division into microscopic muscle fibers. Our 
experiments in mice have confirmed this intermediate structure is composed of the lamella cluster formed by motor endplates, the 
innervating nerve branches and the corresponding muscle fibers, which can be viewed as an independent structural and functional unit. In 
this study, we verified the presence of these muscle construction units in rabbits. The results showed that the muscular branch of the femoral 
nerve sent out 4–6 nerve branches into the quadriceps and the tibial nerve sent out 4–7 nerve branches into the gastrocnemius. When each 
nerve branch of the femoral nerve was stimulated from the most lateral to the medial, the contraction of the lateral muscle, intermediate 
muscle and medial muscle of the quadriceps could be induced by electrically stimulating at least one nerve branch. When stimulating each 
nerve branch of the tibial nerve from the lateral to the medial, the muscle contraction of the lateral muscle 1, lateral muscle 2, lateral muscle 
3 and medial muscle of the gastrocnemius could be induced by electrically stimulating at least one nerve branch. Electrical stimulation of 
each nerve branch resulted in different electromyographical waves recorded in different muscle subgroups. Hematoxylin-eosin staining 
showed most of the nerve branches around the neuromuscular junctions consisted of one individual neural tract, a few consisted of two 
or more neural tracts. The muscles of the lower limb in the rabbit can be subdivided into different muscle subgroups, each innervated by 
different nerve branches, thereby allowing much more complex muscle activities than traditionally stated. Together, the nerve branches and 
the innervated muscle subgroups can be viewed as an independent structural and functional unit. This study was approved by the Animal 
Ethics Committee of Peking University People’s Hospital (approval No. 2019PHE027) on October 20, 2019.
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Introduction 
By mediating voluntary muscle movement, neuromuscular 
junctions play a key role in physiology (Rudolf et al., 2019; 
Lazaridis and Tzartos, 2020; Barrantes, 2021). The skeletal 
muscles innervated by the peripheral nerves coordinate to 
produce various complex and fine movements. Traditionally, 
the motor unit was thought to be the basic unit of muscle 
activity (Buchthal and Schmalbruch, 1980; Heckman and 
Enoka, 2012; Farina et al., 2016; Mani et al., 2018; Piasecki 
et al., 2018) and that the motor endplates (MEPs), formed 

by the terminal branches of motor nerves and the surface 
of muscle fibers, were uniformly distributed throughout the 
skeletal muscle (Jang et al., 2016; Liu et al., 2019; Rudolf et 
al., 2019; Chan et al., 2020; Chen et al., 2020). Excitation of 
a motor neuron generated electrical signals that induced 
muscle contraction through MEPs. The theory was that 
their summation resulted in a simple total contraction or 
relaxation of the muscle. Rather than that of a genetically 
fixed tissue specializing in producing tension, skeletal muscle 
is now considered a phenotypically plastic tissue that 
responds structurally and functionally to the nature of the 
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demands placed on it (Lindstedt, 2016). The complexity of 
the real muscle activities require further macroscopic study 
of its nerve innervation pattern to guide clinical treatment 
(Rudolf et al., 2019). The muscles around a joint, such as 
the infraspinatus muscle (Fabrizio and Clemente, 2014), 
participate in the formation and regulation of various complex 
joint activities, and their origins and terminations are not 
distributed at a certain anatomical point. The traditional 
opinion that “the coordination between muscle groups” 
explains complex limb movements limits the exploration of 
other possibilities. Certain clinical problems cannot be fully 
explained by traditional opinions, for example, when only 
a part of a muscle is injured, the electromyography (EMG) 
recorded by traditional methods could appear normal.

It is possible that there is a structure that forms an 
intermediate link between the large-scale skeletal muscle and 
the microscale motor unit. In our previous studies, in vivo 
injection of fluorescent α-bungarotoxin was combined with 
the 3-Dimensional Imaging of Solvent-Cleared Organs protocol 
and ultramicroscopy to determine the 3D distributions of the 
MEPs in different skeletal muscles. Our results showed that 
the MEPs in these muscles were not evenly distributed, rather, 
they were distributed in lamellar clusters (Yin et al., 2019). 
Our electrophysiological experiments showed that contraction 
of different muscle subgroups of the gastrocnemius could 
be induced by electrically stimulating each nerve branch of 
the tibial nerve individually. Therefore, we proposed that the 
MEPs, the innervating nerve branches and corresponding 
muscle fibers can be regarded as an independent structural 
and functional unit, which we termed muscle contraction unit 
(MCU). Using a denervated and nerve-repairing mice model, 
we found that after denervation, the originally lamellar-cluster 
distributed MEPs in the gastrocnemius gradually disintegrated 
and diffused. After subsequent nerve-repairing, the diffused 
MEPs gradually recovered to the original lamellar-cluster form 
(Yin et al., 2019).

In this study, the anatomy of the nerve branches around the 
neuromuscular junctions in the muscles of the lower limb in 
rabbits was investigated. Electrophysiological experiments and 
hematoxylin-eosin (HE) staining were performed to assess the 
MCU in rabbits.
 
Materials and Methods
Animals
Five adult female New Zealand rabbits (about 2.5-kg weight, 
10 weeks old) were all purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd. (animal production 
license No. SCXK (Jing) 2016-0006 and animal usage license 
No. SYXK (Jing) 2017-0022) and kept in the animal rooms 
of Peking University People’s Hospital (22–26°C at room 
temperature, 12/12-hour in light/dark cycle and 60–65% 
relative humidity), food and water were available ad libitum. 
The animal experiment design was approved by the Animal 
Ethics Committee of Peking University People’s Hospital 
(approval No. 2019PHE027) on October 20, 2019.

Anatomy
The rabbits were anesthetized by isoflurane (RWD Life science 
Co., Ltd., Shenzhen, Guangdong Province, China) inhalation. 
After anesthetization, the left lower limb was shaved and 
sterilized. Then, the left quadriceps, gastrocnemius and their 
innervating nerves (the muscular branch of the femoral nerve 
and tibial nerve) were exposed carefully. The number of nerve 
branches around the neuromuscular junction into the muscle 
was recorded.

EMG
Paired recording electrodes (Xi’an Friendship Medical 
Electronics Co., Ltd., Xi’an, Shaanxi Province, China) were 
placed in the distal and proximal part of each muscle 

subgroup, with the reference electrode placed in the gluteus 
maximus. Parameters (Medlec Synergy, Oxford Instruments, 
Surrey, UK) were set as 0.09–0.12 mA in current strength to 
elicit an AP, five pulses per second in frequency, 0.1 ms in 
duration (Dario et al., 2001; Ujiie et al., 2017) We tried a range 
of stimuli strengths and chose the same strength to stimulate 
each nerve branch and recorded the action potential elicited 
in the muscle subgroups.  

HE staining
The rabbits were euthanized by excessive CO2 inhalation. 
The tissues (about 1 cm × 1 cm × 0.5 cm in size) around each 
neuromuscular junction into the muscle were dissected and 
placed in 4% paraformaldehyde for 12 hours. Then the fixed 
tissues were rinsed with phosphate buffered saline twice, 
passed through gradient alcohols for dehydration and xylene 
for transparency. The tissue was then paraffin-embedded 
before being cut into 5-μm-thick sections (Fischer et al., 
2008). After HE staining, the sections were embedded with 
neutral resin and then observed under an optical microscope 
(Leica, Wetzer, Germany). 

Results
Anatomical characteristics of femoral nerve and tibial nerve 
in rabbit
The regional anatomy showed that the muscular branch of 
the femoral nerve sent out 4–6 nerve branches innervating 
the quadriceps; the tibial nerve sent out 4–7 nerve branches 
innervating the gastrocnemius (Figure 1A and B). The number 
of nerve branches of the muscular branch of the femoral 
nerve and the tibial nerve was shown in Table 1.

Electrophysiological outcomes when stimulating each nerve 
branch of femoral nerve and tibial nerve
Paired recording electrodes were placed sequentially 
from the lateral to the medial. The recording electrodes 
in the quadriceps and gastrocnemius were placed as is 
shown in Figure 1A and B. When stimulating each nerve 
branch respectively, relative independent muscle subgroup 
contraction was induced and different EMGs were observed in 
each muscle subgroup.

Muscle contraction 
When each branch of the main muscle branch of the femoral 
nerve was electrically stimulated from the lateral to the 
medial respectively, it was found that contraction of the lateral 
muscle (LM), intermediate muscle and medial muscle (MM) 
of the quadriceps could be induced. For the femoral nerve, 
which consisted of six nerve branches, electrical stimulation of 
individual nerve branches 2–5 from the lateral to the medial, 
induced contractions of LM, intermediate muscle, and MM. 
However, when electrically stimulating the nerve branch 1 
and nerve branch 6, no contraction of the muscle subgroup 
was observed (Table 2). For the tibial nerve, which consisted 
of four nerve branches, when lateral nerve branches 1–3 and 
the medial nerve branch were electrically stimulated from the 
lateral to the medial respectively, the individual contractions of 
LM1–3, and MM of the gastrocnemius were observed (Table 3).

Table 1 ｜ The number of nerve branches of the muscular branch of the 
femoral nerve

Nerve
Number of nerve 
branches Number of animals

The muscular branch of the 
femoral nerve

4 1

5 2
6 2

The tibial nerve 4 1
5 2
7 2
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EMG
The EMG waves recorded in different muscle subgroups were 
different when each nerve branch was electrically stimulated 
(Figure 2A–F). For the femoral nerve, which consisted of 
six nerve branches, EMGs were recorded in the quadriceps 
when each of nerve branches 2–5 were electrically stimulated 
individually but EMGs were not recorded when either nerve 
branch 1 (Figure 2A) or nerve branch 6 (Figure 2F) was 
stimulated. When electrically stimulating nerve branch 2, 
EMGs can be recorded in channels 1–5, with the major waves 
in channel 1 and 3 upward and the major waves in channel 
2, 4, and 5 downward. The waves with the largest amplitude 
occurred in channels 3 and 5 (Figure 2B). When stimulating 
nerve branch 3, EMGs were recorded in channels 1–5, with the 
major waves in channels 1, 2, 4 and 5 upward and the major 
waves in channel 3 downward. The waves with the largest 
amplitude were in channel 5 (Figure 2C). When stimulating 
nerve branch 4, EMGs were recorded in channels 1–5, with the 
major waves in channels 2, 4, and 5 downward, and the major 
waves in channels 1 and 3 upward. The waves with the largest 
amplitude were obtained in channels 3 and 5 (Figure 2D). When 
stimulating nerve branch 5, EMGs can be recorded in channels 
1–5, with the major waves in channels 2, 4 and 5 downward 
and the major waves in channels 1 and 3 upward. The wave 
with the largest amplitude was in channel 3 (Figure 2E). The 
tibial nerve consists of four nerve branches. EMGs could be 
recorded in the gastrocnemius when any one of the lateral 
nerve branches 1–3, or the medial nerve branch was electrically 
stimulated. When stimulating lateral nerve branch 1, EMGs can 
be recorded in channel 1 and channel 3, with the major wave in 
channel 1 downward, and the major wave in channel 3 upward. 
The wave with the largest amplitude was associated with 
channel 1 (Figure 3A). When stimulating lateral nerve branch 
2, EMGs can be recorded in channel 2, with the major wave 
downward (Figure 3B). When stimulating lateral nerve branch 3, 
EMGs can be recorded in channels 3 and 4, both major waves. 
The largest amplitude wave was seen in channel 3 (Figure 
3C). When stimulating the medial nerve branch, EMGs were 

recorded in channel 4, as a major downward wave (Figure 3D). 
Tissue morphology of the nerve branches around the 
neuromuscular junction into the muscle
HE staining of the tissues showed that around the nerve’s 
entrance into the muscle most of the nerve branches 
consisted of individual neural tracts (Figure 4A), but a few 
nerve branches consisted of more than two neural tracts after 
the nerves entrance into the muscle (Figure 4B).

Discussion
Traditionally, the movement of a limb resulted from the 
coordinated activities of multiple muscle groups under the 
fine control of the nervous system. The functional activity 
of a single muscle was considered to be simple, i.e., either 
the whole muscle contracted or the whole muscle relaxed. 
The traditional model has significant limitations in explaining 
the motion of a joint. Corresponding to the complex joint’s 
movements, the muscles around the joints are usually cross-
joint distributed. Some muscles (e.g., supraspinatus and 
infraspinatus) were distributed from multiple anatomical 
points rather than an individual point (Fabrizio and Clemente, 
2014; Rudolf et al., 2019). Accordingly, we speculate that 
these muscles are likely to perform much more complex 
activities than simple whole-block contractions or relaxations.

Previous anatomical studies and EMG studies have indicated 
that even a single belly muscle has several compartments 
(MacFadden and Brown, 2010; Wickham and Brown, 2012; 
Méndez et al., 2013; Larsen et al., 2014; Watanabe et al., 
2016). Our earlier studies also revealed the presence of fascia-
like tissues within the gastrocnemius, which suggested that 
there might be an intermediate structure in the muscle (i.e., 
muscle subgroups) before its division into microscopic muscle 
fibers. Our later experimental study in mice confirmed this 
intermediate structure (i.e. the lamellar cluster of MEPs, the 
innervating nerve branches and the corresponding muscle 
fibers) that can be considered an independent structural and 
functional unit (Yin et al., 2019).

In the present study, we performed further observations 
in rabbits. Local anatomy indicated that peripheral nerves 
sent out several nerve branches around its entrance into 
the muscle. Electrophysiological testing of nerve function 
has been increasingly used in the field of peripheral nerve 
injury and regeneration (Aminoff, 2004; Uzun et al., 2006; 
Karşidağ et al., 2008; Patel et al., 2018; Wang et al., 2019; 
Taylan and Barishaner, 2020). Our electrophysiological 
findings revealed that when electrically stimulating each nerve 
branch individually, relatively independent muscle subgroup 
contraction was induced and different EMGs was observed 
in each muscle subgroup. From the histological perspective, 
HE staining indicated that most of the nerve branches around 
the neuromuscular junction consisted of one individual neural 
tract. However, a small number of nerve branches consisted 
of two neural tracts, which indicated that these nerve 
branches would develop new fine branches after entering the 
muscle. This suggested that the lower limb muscles of the 
rabbit can be further divided into muscle subgroups, which 
are innervated by different dominant nerve branches and 
consequently participate in the formation of more complex 
muscle activities. We concluded that, in rabbits, the nerve 
branches and their innervated muscle subgroups could be 
viewed as an independent structural and functional unit, 
an MCU. The MCUs link the muscles and the motor units 
to better interpret various complex and elaborate muscle 
activities.

This study has some limitations. The present study focused 
on anatomical and functional descriptions without statistical 
analysis. The sample size of this study was small, making this 
a preliminary, exploratory study. Additional techniques could 
be applied that further investigate the structural basis of the 

Table 2 ｜ Contractions of the subgroups of the quadriceps when 
electrically stimulating each branch of the muscle branch of the femoral 
nerve individually

Nerve trunk NB1 NB2 NB3 NB4 NB5 NB6

LM + +
IM + + +
MM + +

All separated branches of the muscle branch of the femoral nerve were 
named, for example NB1, from the lateral to the medial, respectively. IM: 
Intermediate muscle of quadriceps; LM: lateral muscle of quadriceps; MM: 
medial muscle of quadriceps; NB: nerve branch. + represents the contraction 
of the corresponding muscle subgroup when the femoral nerve trunk or each 
nerve branch is stimulated.

Table 3 ｜ Contractions of the subgroups of the gastrocnemius when 
electrically stimulating each branch of the tibial nerve

Nerve trunk LNB1 LNB2 LNB3 MNB

LM1 + +
LM2 + +
LM3 + +
MM + +

The branches of the tibial nerve were named, for example, LNB1–3 from 
the lateral to the medial, respectively, whereas the most medial branch 
was named the MNB. LM1: Lateral muscle 1 of the gastrocnemius (lateral 
muscle1); LM2: lateral muscle 2 of the gastrocnemius (lateral muscle2); LM3: 
lateral muscle 3 of the gastrocnemius (lateral muscle3); LNB: lateral nerve 
branch; MM: medial muscle of the gastrocnemius (medial muscle); MNB: 
medial nerve branch. + Represents the contraction of the corresponding 
muscle subgroup when the tibial nerve trunk or each nerve branch is 
stimulated.
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Figure 1 ｜ The placement of paired recording electrodes in the femoral nerve (A) and tibial nerve (B) for electrophysiological study in rabbits. 
The muscle branches of the femoral nerve were named, for example, NB1–4 from the lateral to the medial, respectively. The branches of the tibial nerve 
were named LNB1–3, from the lateral to the medial, whereas the most medial branch was named MNB. IM: Intermediate muscle of quadriceps; LM: lateral 
muscle of quadriceps; LNB: lateral nerve branch; MM: medial muscle of gastrocnemius; MNB: medial nerve branch; NB: nerve branch. Red dots represent the 
placement of the paired recording electrodes in channel 1. Yellow dots represent the placement of the paired recording electrodes in channel 2. Green dots 
represent the placement of the paired recording electrodes in channel 3. Blue dots represent the placement of the paired recording electrodes in channel 4. 
Purple dots represent the placement of the paired recording electrodes in channel 5.

Figure 2 ｜ Electrophysiology when electrically stimulating each branch of muscle branch of the femoral nerve in rabbits.
(A–F) Electrically stimulating nerve branch 1 (A), nerve branch 2 (B), nerve branch 3 (C), nerve branch 4 (D), nerve branch 5 (E) and nerve branch 6 (F), 
respectively from the lateral to the medial. Electrophysiology parameters: Vertical calibration, 10 mV; horizontal calibration, 50 ms. Each trace was generated by 
the same strength of electrical stimulus.

Figure 3 ｜ Electrophysiology when 
electrically stimulating each branch of 
the tibial nerve in rabbits. 
(A–D) Electrically stimulating lateral nerve 
branch 1 (A), lateral nerve branch 2 (B), 
lateral nerve branch 3 (C), and medial 
nerve branch (D). Electrophysiology 
parameters: Vertical calibration, 10 mV; 
horizontal calibration, 50 ms. Each trace 
was generated by the same strength of 
electrical stimulus.

Figure 4 ｜ Typical micrograph of the hematoxylin and eosin staining of the 
tissues around the neuromuscular junction in the lower limb in rabbits.  
(A) Nerve branch around the neural entrance into the muscle consisting of 
an individual neural tract (MNB to MM). (B) Nerve branch around the neural 
entrance into the muscle consisting of two neural tracts (NB2 to LM). LM: 
lateral muscle of quadriceps; MM: medial muscle of gastrocnemius; MNB: 
medial nerve branch; NB2: nerve branch 2. Arrows represent neural tract. 
Scale bars: 200 μm in original images, and 100 μm in enlarged images.

MCUs in rabbits, such as the three-dimensional distributions 
of the innervating nerve branches and the MEPs in the 
muscles. Different techniques may be more amenable for 
larger sampling to give statistical validity. The identification 

and characterization MCUs in other muscles, such as the 
upper limb muscles, would support a general theory. We 
speculate that the number of MCUs and MEPs lamella clusters 
in the upper limb muscles may be less than in the lower 
limb muscles owing to their more elaborate structural and 
functional differentiations. A small number of nerve branches 
consisted of two neural tracts, therefore, the number and 
boundary of MCUs in each muscle require further animal 
experiment studies. 

The results of this experimental study will be instructive in 
clinical research. In particular, recording electrodes should 
be placed based on distributions of the MCUs in EMG, which 
could indicate neuromuscular pathway disorders in a more 
precise way. Generally, our results may provide far-reaching 
implications from a clinical perspective, including patients who 
need muscle transplantation owing to trauma or other factors 
(Chuang, 2008; Barrera-Ochoa et al., 2017; Yi Lee et al., 2019). 
It would be important for clinicians to identify and use intact 
MCUs when performing nerve–muscle transplantation to 
preserve the structural and functional integrity of the MCUs. 

In conclusion, the muscles of the lower limb in the rabbit 
can be subdivided into different muscle subgroups, each 
innervated by different nerve branches, thereby allowing 
much more complex muscle activities than traditionally stated. 
Together, the nerve branches and the innervated muscle 
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subgroups can be viewed as an independent structural and 
functional unit.
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