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DEDICATION

This review is dedicated to Professor A.I. Kostyukov, Head of the Department of Movements 
Physiology, Bogomoletz Institute of Physiology, NAS of Ukraine. It is through his leadership and 
dedicated efforts that the experimental direction described in this article has been successfully 
applied and advanced in Ukraine.

The in situ rat hindlimb neuromuscular preparation serves as a pivotal experimental model in physiology 
and biomedical research, enabling detailed investigations of skeletal muscle contractile function and neu-
romuscular transmission under conditions closely resembling the physiological state. This review article 
systematically consolidates knowledge of this model, tracing its evolution from inception to its contemporary 
multifaceted applications and directions for future development. The first section examines the historical 
prerequisites that facilitated the development of this method, which established the foundations for under-
standing the electrical nature of nerve impulses and synaptic transmission. The second section is dedicated 
to analyzing the contemporary utilization of this preparation in global scientific practice. It explores its 
role in detail, encompassing the study of fundamental mechanisms of muscle contraction and fatigue, the 
modeling of peripheral neuropathies, traumatic nerve and muscle injuries, and the investigation of muscle 
dysfunction in systemic pathologies such as sepsis, diabetes mellitus, and spinal cord injury. Specific at-
tention is given to the evolution of the methodology and its integration with modern electrophysiological 
approaches. The third section analyzes the prospects for future applications of the model. Its designation as 
a “gold standard” for the preclinical evaluation of novel therapeutic strategies is substantiated. New op-
portunities are discussed, including the integration of this model with nanotechnologies to study the impact 
of nanoparticles on NO-dependent regulation of muscle contraction, as well as its integration with systems 
biology technologies for a comprehensive analysis of neuromuscular function. The article emphasizes that, 
despite its classical status, the in situ rat hindlimb neuromuscular preparation remains an indispensable and 
relevant tool for addressing both fundamental and applied challenges in modern physiology and medicine.
Keywords: neuromuscular preparation, skeletal muscle, contractile force, rat, neuromuscular transmission, 
muscle fatigue, electrophysiology, review.

INTRODUCTION
The neuromuscular system, which includes 
motoneurons, peripheral nerves, neuromuscular 
synapses, and skeletal muscle fibers, serves as 
the final common pathway for executing all 
motor activities. Understanding its function in 
both physiological and pathological conditions 
is fundamental to the fields of physiology and 
medicine. Experimental models are crucial 

for this purpose. Among these, the in situ rat 
hindlimb neuromuscular preparation stands 
out as a methodological bridge between highly 
reductionist in vitro studies and the systemic 
complexity of in vivo experiments. This model 
maintains physiological integrity, including 
perfusion and thermoregulation, while allowing 
for precise control over nerve stimulation 
parameters and direct measurement of muscle 
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contractile force. The objective of this review 
is to provide a comprehensive analysis of this 
classical model, emphasizing its continued 
relevance.

The origin and spread
The history of neuromuscular function research 
is intricately intertwined with the emergence 
of electrophysiology. A significant milestone 
in this field was marked by the experiments of 
Italian physician and anatomist Luigi Galvani 
in the late 18th century. In his seminal studies, 
he demonstrated that electrical stimuli, whether 
produced by an electrostatic machine or a 
bimetallic arc (e.g., copper and iron), could elicit 
muscle contractions in a prepared frog’s leg [1]. 
These findings led Galvani to propose the theory 
of “animal electricity,” which suggested the 
existence of an intrinsic vital force within living 
tissues. This vitalistic notion ignited a vigorous 
scientific debate with physicist Alessandro 
Volta, who argued that the observed effects were 
due to an electrical current generated between 
two dissimilar metals in a moist environment, 
introducing the term “metallic electricity” [1]. 
Although Volta accurately identified the physical 
principle underlying current generation, his rigid 
stance temporarily hindered the exploration of 
biologically intrinsic electrical phenomena.

A major advancement in this domain oc
curred in the mid-19th century, largely due to 
the contributions of German physiologist Emil 
du Bois-Reymond [2]. Utilizing galvanometers, 
he conclusively demonstrated the presence of 
an electrical potential on the surface of nerve 
and muscle cells at rest (known as the “current 
of injury”) and its transient decrease during 
excitation - the “negative variation.” This 
represented the initial documentation of what is 
now recognized as the action potential, providing 
evidence that living tissues generate their own 
electrical signals and thus transitioning the 
concept from vitalism to quantifiable biophysics 
[2]. The pivotal step toward understanding the 
mechanism of signal transmission from nerve 
to muscle was taken by French physiologist 

Claude Bernard. Through a series of experiments 
in the 1840s and 1850s, he employed the toxin 
curare, known for its paralytic effects [3]. 
Bernard demonstrated that in a prepared frog 
neuromuscular preparation, curare inhibited 
muscle contraction in response to nerve stimu
lation while leaving the muscle’s ability to 
contract upon direct electrical stimulation 
unaffected [3]. This led him to conclude that 
the action of the poison was localized at the 
neuromuscular junction rather than within 
the nerve or muscle itself. Consequently, he 
provided the first functional evidence for 
the existence of a specialized structure - the 
neuromuscular synapse - transforming the 
understanding of muscle activation from a 
vague flow of “animal spirits” into a discrete, 
mechanistic event occurring at a specific site.

Despite its foundational significance, the 
classic frog neuromuscular preparation presented 
considerable limitations in extrapolating results 
to humans. These limitations stem from the 
poikilothermic nature of amphibians, alongside 
notable differences in neuromuscular junction 
morphology, muscle fiber composition, and 
regenerative capacity compared to mammals 
[4]. The necessity for a model with greater 
physiological and clinical relevance prompted the 
transition to warm-blooded animals, particularly 
rodents [5]. Thus, the in situ (from Latin “on 
site”) preparation emerged and gained favor. In 
the context of neuromuscular physiology, this 
term refers to an experimental model in which 
the target muscle is surgically isolated from 
surrounding tissues in an anesthetized animal, 
while its primary nerve and vascular supplies 
remain intact [6]. This approach enables the 
maintenance of physiological body temperature 
and adequate blood perfusion, which are 
critically important for studying metabolically 
dependent processes, such as muscle fatigue 
[7]. The use of this preparation has undergone 
numerous variations and modifications, but its 
fundamental design has remained consistent 
since its initial application. This design typically 
involves the surgical transection of the distal 
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tendon of the hindlimb muscle, most commonly 
the m. soleus or m. gastrocnemius (Fig. 1A), 
providing access to the innervating nerve 
(Fig. 1B), and connecting the muscle to a 
force transducer and the nerve to an electrical 
stimulator (Fig. 1C).

The foundational studies that established 
the groundwork for the standardization of this 
method were conducted between the 1960s 
and 1980s. These investigations focused 
on fundamental properties, including the 
development of end-plate potentials in neonatal 
rats, the differentiation of muscle fiber types, and 
the effects of disuse atrophy using the hindlimb 
suspension model [8]. These pioneering efforts 
not only standardized surgical techniques 
but also demonstrated the model’s ability to 
explore phenomena that are not applicable to 
amphibians, particularly fiber-type-specific 
responses to unloading.

As a result, the in situ preparation has carved 
out a distinct and valuable niche among various 

experimental methodologies. Unlike in vitro 
models (isolated muscle in solution), it maintains 
physiological perfusion, facilitating the study of 
ischemia or fatigue processes that rely on blood 
supply and metabolite clearance [9]. In contrast 
to in vivo studies (e.g., behavioral tests in 
freely moving animals), where it is challenging 
to identify the sources of weakness (central 
versus peripheral), the in situ model allows for 
the direct stimulation of the peripheral nerve, 
thereby circumventing the influence of the 
central nervous system (brain and spinal cord) 
[10]. This capability enables the formulation 
of precise questions regarding the functional 
capacity of the peripheral neuromuscular unit 
under near-physiological conditions. The 
model isolates the dependent variable (muscle 
contractile force) from the complexities of 
central motor control, establishing it as the 
“gold standard” for the quantitative assessment 
of the intrinsic functional potential of the 
neuromuscular system.

Fig. 1. Key stages in the preparation of the in situ rat hindlimb neuromuscular preparation: A – Surgical transection of the distal 
tendon of the hindlimb muscle; B – Isolation of the innervating nerve; C – Connection of the muscle to a force transducer and 
the nerve to an electrical stimulator
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Current applications in experimental 
physiology and medicine
Despite the development of novel technologies, 
the in situ preparation remains a primary 
instrument for characterizing the fundamental 
properties of skeletal muscle. It allows for the 
construction of classic relationships, such as the 
force-frequency and force-length relationships, 
which are foundational to understanding the 
mechanisms of muscle contraction regulation 
[5]. This model is particularly valuable for the 
study of muscle fatigue—a transient reduction in 
maximal contractile force resulting from intense 
activity [11]. The use of standardized fatiguing 
stimulation protocols permits the investigation of 
the relative contributions of various mechanisms 
to fatigue development: from impairments 
at the level of neuromuscular transmission 
(assessed, for example, by changes in the M-
wave amplitude) to metabolic alterations within 
the muscle fiber, such as the accumulation of 
inorganic phosphate and a reduction in pH [12]. 
Furthermore, the model allows for the detailed 
study of more complex phenomena, such as 
post-tetanic potentiation and the concurrent 
development of potentiation and fatigue. The 
latter manifests as an increase in the force of 
submaximal contractions while maximal tetanic 
force is already declining, which has been 
demonstrated at the level of individual motor 
units [13]. A unique advantage of the in situ 
preparation is the ability to precisely localize the 
primary site of fatigue development. A standard 
experimental approach involves stimulating the 
nerve until a significant reduction in contraction 
force is observed. At this point, the stimulation 
is switched from the nerve to direct stimulation 
of the muscle belly. If force recovers upon 
direct stimulation, it indicates that the muscle 
fibers themselves are not yet exhausted, and the 
impairment has occurred at a higher level—most 
often at the neuromuscular junction (e.g., due 
to neurotransmitter depletion). Conversely, 
if the force does not recover, it indicates 
a predominantly metabolic, intramuscular 
origin of the fatigue [9]. This simple yet 

robust experimental design allows for a clear 
differentiation between transmission fatigue and 
contraction fatigue.

The in situ preparation is widely used 
for the quantitative assessment of functional 
deficits in models of peripheral neuropathy. 
This applies both to genetic models, such as 
in C57Bl/6 mice with hereditary neuropathy, 
where this model was used to identify nerve 
conduction and synaptic transmission deficits 
correlating with impaired motor coordination 
[14, 15], and to models of traumatic nerve 
injury. The most common model involves rat 
sciatic nerve injury via crushing (crush injury) 
or complete transection (axotomy) [16]. Post-
injury, the in situ preparation is used for the 
objective evaluation of the denervation degree 
and for monitoring the process of functional 
recovery (reinnervation) over time. To this end, 
parameters such as the amplitude and latency of 
the compound muscle action potential (CMAP), 
as well as the maximal isometric contraction 
force in response to nerve stimulation, are 
recorded [17]. This approach allows bridging 
the gap between structural and functional 
data. For example, histological analysis can 
reveal the number of regenerating axons, while 
behavioral tests, such as the Sciatic Functional 
Index (SFI), assess overall limb usage. However, 
histology does not answer whether the newly 
formed contacts are functional, and behavioral 
tests can be confounded by the development of 
compensatory motor strategies by the animal. 
The in situ preparation provides the crucial 
link: it directly measures the functional output 
(force) that the reinnervated muscle can generate 
in response to maximal nerve stimulation. This 
provides a quantitative, objective assessment 
of successful functional recovery, which is the 
true endpoint of regeneration, making the model 
indispensable for evaluating the efficacy of 
therapeutic interventions aimed at stimulating 
nerve recovery [18].

The versatility of the in situ preparation 
allows its use for studying a wide spectrum 
of pathological conditions affecting skeletal 
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muscle. The model is applied to study the 
functional consequences of direct muscle 
trauma [19] and ischemia-reperfusion (I/R) 
injury. Analysis of contraction mechanograms 
allows for the differentiation of dysfunctions, 
for instance, those caused by amputation 
(atrophy of inactivity of muscles that have 
lost load due to the cutting off of part of the 
limb whose movement they provided) versus 
ischemic dysfunction [20]. The preparation is 
critically important for studying the chronology 
of I/R injury, as it is the restoration of blood 
flow (reperfusion) that triggers a cascade of 
pathological reactions, including an oxidative 
burst (production of reactive oxygen species) 
and inflammation, often leading to greater 
damage than the ischemia itself [21]. The 
classic model for studying disuse atrophy, 
which mimics the effects of prolonged bed rest 
or exposure to microgravity, is rat hindlimb 
suspension [8]. Using the in situ preparation, 
the loss of muscle mass and force is quantified, 
revealing fiber-type-specific effects (e.g., 
greater atrophy of the slow-twitch soleus muscle 
compared to fast-twitch muscles) and reduced 
fatigue resistance [22]. The model is adapted 
to study how systemic pathological processes 
affect neuromuscular function. For example, in 
models of acute inflammatory pain, it allows for 
the quantification of isometric force reduction 
and testing the efficacy of anti-inflammatory 
agents, such as water-soluble C60 fullerenes 
[23]. In sepsis models, the preparation helped 
establish that muscle weakness (so-called critical 
illness myopathy) is primarily associated with 
reduced motoneuron excitability rather than with 
primary muscle or nerve damage [24]. In rats 
with a model of type 2 diabetes (Goto-Kakizaki 
line), it was shown that muscle energetics 
are compromised only during high-intensity 
contractions - a nuance that would be difficult 
to detect by other methods [25]. Thus, the in situ 
preparation acts as a diagnostic tool, enabling 
the identification of the “weakest link” in the 
neuromuscular control chain during systemic 
diseases, differentiating between central and 

peripheral causes of weakness.
Following experimental spinal cord injury 

(SCI) in rats, typically modeled by contusion 
or compression at the thoracic level, hindlimb 
paralysis develops. The in situ preparation is 
used to assess the state of the neuromuscular 
apparatus below the level of injury. It allows 
for the quantitative characterization of the 
profound muscle atrophy and force loss that 
arise from chronic disuse and the loss of 
supraspinal control. Furthermore, this model 
is a critically important tool for evaluating the 
effectiveness of therapeutic interventions. For 
example, it has been shown that the application 
of functional electrical stimulation (FES) to 
paralyzed muscles can partially preserve their 
mass and force. Moreover, the restoration of 
mechanical loading on the bones, resulting from 
FES-induced contractions, has a positive impact 
on bone tissue, preventing the development 
of osteoporosis, a frequent complication of 
SCI. Thus, although the primary goal of SCI 
research is the restoration of conductivity in 
the spinal cord, the in situ preparation allows 
for the quantitative assessment of the peripheral 
apparatus. This is important, as any central 
recovery strategy will be ineffective if the 
muscles to which connections are restored have 
already atrophied to a non-functional state. 
The model permits the testing of concomitant 
therapies aimed at maintaining the health of the 
peripheral neuromuscular system, ensuring that 
a functional muscle is ready to respond to the 
signal in the event of central pathway recovery.

The classic variant of the in situ preparation 
is based on mechanography - the recording 
of mechanical force from single (twitch) 
or submaximal contractions. The modern 
developmental trend, however, favors the 
study of the muscle response to complex 
electrostimulation signal pools, which consist 
of segments with varying frequencies of 
efferent stimulation. These allow for the study 
not only of the muscle response itself but also 
of the subtle interactions between different 
components of the muscle response. This 
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holds fundamental value and is particularly 
relevant for establishing the biomechanical 
foundations of therapy and for assessing the 
recovery of limb motor function during the 
post-traumatic rehabilitation period. An example 
of the operational window of a program that 
controls electrostimulation and mechanogram 
recording in such a modern experimental design, 
using the in situ rat hindlimb neuromuscular 
preparation, is presented in Fig. 2. Here, the 
lower trace displays the three-component nerve 
electrostimulation, and the upper trace reflects 
the three-component muscle response. As can 
be observed, each component of the muscle 
response exhibits its own distinct dynamics of 
change across the three illustrated repetitions of 
identical combined stimulation pools.

In addition to the increasing complexity 
of tensiometry methodology, modern research 
increasingly combines this approach with 
multi-channel recording of electrophysiological 
signals. This includes electromyography (EMG) 
for assessing the compound electrical activity of 
the muscle, as well as the registration of evoked 
potentials (EPs) from the nerve or even the 
spinal cord. Such integration allows for a more 
holistic understanding of neuromuscular system 
function. For example, in nociception studies, the 
preparation can be used to simultaneously assess 

how a painful stimulus affects reflex pathways 
and motor output, using EPs as an objective 
correlate of nociceptive information processing 
[26]. This transforms the model from a mere 
instrument for measuring motor output into a 
platform for studying sensorimotor integration. 
While classic mechanography answers the 
question, “What force can the muscle develop?” 
the integration of EMG adds the answer to 
“How is the muscle electrically activated during 
this contraction?” and EP recording allows 
understanding of “How is sensory information 
(e.g., pain) processed by the nervous system 
to modulate this activation and the resultant 
force?” This evolution signifies a transition from 
a purely biomechanical assessment to a true 
neurophysiological investigation, enabling the 
correlation of sensory input, neural processing, 
and motor output within a single controlled 
experiment.

Future prospects for using
Based on the extensive applications reviewed, 
it can be concluded that the in situ rat hindlimb 
preparation is, and will continue to be, an 
essential tool in the preclinical research pipeline. 
It offers objective, quantitative functional data for 
assessing the efficacy of novel pharmacological 
agents [27], cellular therapies, and rehabilitation 

Fig. 2. An example of the Spike2 software operational window is presented, which controls electrostimulation and mechanogram 
recording within a contemporary research design utilizing the in situ rat hindlimb neuromuscular preparation. The lower trace 
illustrates the three-component nerve electrostimulation, while the upper trace depicts the corresponding three-component muscle 
response
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protocols [18] aimed at treating a diverse 
range of neuromuscular and musculoskeletal 
disorders. The model’s ability to produce 
distinct, dose-dependent functional outcomes 
provides advantages over purely behavioral or 
histological assessment methods for various 
preclinical objectives.

One of the most promising directions for 
future research involves the investigation of 
complex regulatory pathways that modulate 
muscle contraction. Central to this is nitric 
oxide (NO), a universal signaling molecule 
produced in skeletal muscle by nitric oxide syn-
thase (NOS) enzymes [28]. The effects of NO 
on contractile function are dichotomous: direct 
effects, mediated by protein nitrosylation, typi-
cally suppress force and metabolism, acting as 
a “brake” [29], while effects mediated through 
cyclic guanosine monophosphate (cGMP) en-
hance contractile power and speed, facilitating 
a phenotypic shift from “slow-to-fast” type [30]. 
Additionally, NO is a critical regulator of local 
blood flow, glucose uptake, and mitochondrial 
biogenesis [28]. The therapeutic potential of NO 
is constrained by this dual nature of its action 
and its short half-life. A significant challenge 
lies in developing methods for NO delivery or 
modulation of its production that selectively 
activates beneficial cGMP-mediated pathways 
while mitigating detrimental direct effects. 
Nanotechnology presents a promising solution, 
particularly through the use of nanoparticles for 
targeted and controlled delivery of NO donors. 
Notably, research has shown that systemic ad-
ministration of water-dispersible single-walled 
carbon nanotubes activates NOS in spontane-
ously hypertensive rats [31]. This development 
paves the way for utilizing the in situ prepara-
tion as an optimal platform for testing such 
nanotherapeutic agents. The model facilitates 
the simulation of a clinical scenario (systemic 
administration of the nanoconstruct) while con-
currently enabling direct, real-time measurement 
of functional outcomes—specifically, muscle 
contractile force. This capability addresses the 
critical question: “Is a given NO-modulating 

nanoparticle capable of specifically enhancing 
cGMP-dependent contractile properties without 
inducing a direct inhibitory effect?” Such a level 
of functional specificity is unattainable in cell 
cultures and challenging to interpret in whole-
animal behavioral studies.

The future of physiological research lies 
in the integration of data obtained across dif-
ferent experimental levels. While the in situ 
preparation provides “top-down” functional 
data, modern biology increasingly depends on 
“bottom-up” approaches, including genomics, 
proteomics, and metabolomics. The potential 
for integration is significant. After conduct-
ing a functional experiment using the in situ 
preparation, the interrogated muscle can be im-
mediately frozen for comprehensive molecular 
analysis. These technologies generate large 
datasets of molecular changes (e.g., “protein 
X expression increased,” “metabolite Y con-
centration decreased”). However, these lists 
often lack physiological context, and it can be 
unclear which of the thousands of changes are 
functionally significant. By first performing a 
detailed functional characterization using the 
in situ preparation and subsequently conduct-
ing molecular analysis on the same tissue, 
the functional data (e.g., “a 30% decrease in 
fatigue resistance”) serves as a physiological 
“anchor.” This approach enables researchers 
to correlate specific molecular changes with 
particular functional deficits, identify causal 
relationships, and establish priority therapeutic 
targets. Such integration transforms the classic 
physiological preparation into a vital component 
of 21st-century systems biology.

CONCLUSIONS

The in situ rat hindlimb neuromuscular prepara
tion has evolved significantly, transitioning 
from a tool for exploring fundamental concepts 
originating in the 18th century to a modern, 
versatile platform for biomedical research. 
Despite its established status, it remains a 
dynamic and adaptable model, continuously 
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aligning with emerging scientific objectives. Its 
enduring value is rooted in its ability to deliver 
reliable, quantitative, and mechanistically 
grounded data concerning the functional status of 
the peripheral neuromuscular system. This makes 
it an essential resource for both fundamental 
physiological research and the development and 
preclinical evaluation of innovative diagnostic, 
therapeutic, and rehabilitative strategies across 
a wide range of diseases.
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Нервово-м›язовий препарат in situ задньої кінцівки 
щура є однією з ключових експериментальних моделей 
у фізіології та біомедичних дослідженнях, що дозволяє 
проводити детальне вивчення скоротливої функції 

скелетних м›язів та нервово-м’язової передачі в умовах, 
максимально наближених до фізіологічних. Ця оглядова 
стаття систематизує знання про дану модель, простежуючи 
її еволюцію від часу її появи до сучасних багатогранних 
застосувань та векторів подальшого розвитку. У першій 
частині розглядаються історичні передумови виникнення 
методу, які заклали основи розуміння електричної природи 
нервового імпульсу та синаптичної передачі. Друга 
частина статті присвячена аналізу сучасного використання 
препарату в світовій науковій практиці. Детально 
розглядається його роль у вивченні фундаментальних 
механізмів м›язового скорочення та втоми, моделюванні 
периферичних нейропатій, травматичних пошкоджень нер-
вів та м’язів, а також у дослідженні м’язової дисфункції при 
системних патологіях, таких як сепсис, цукровий діабет та 
травма спинного мозку. Окрему увагу приділено еволюції 
методики та її інтеграції з сучасними електрофізіологіч-
ними підходами. У третій частині аналізуються перспек-
тиви подальшого застосування моделі. Обґрунтовується її 
статус «золотого стандарту» для доклінічної оцінки нових 
терапевтичних стратегій. Розглядаються нові горизонти, 
що відкриваються завдяки поєднанню даної моделі з 
нанотехнологіями для вивчення впливу наночастинок 
на NO-залежну регуляцію м›язового скорочення, а 
також її інтеграції з технологіями системної біології для 
комплексного аналізу нервово-м›язової функції. Стаття 
підкреслює, що, незважаючи на свою класичність, нер-
вово-м’язовий препарат in situ задньої кінцівки щура 
залишається незамінним та актуальним інструментом 
для вирішення фундаментальних і прикладних завдань 
сучасної фізіології та медицини.
Ключові слова: нервово-м’язовий препарат, скелетний 
м’яз, сила скорочення, щур, нервово-м’язова передача, 
м’язова втома, електрофізіологія, огляд.
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