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The nervous system contains some of the most specialised, polarised and rapidly responsive 

cells in the body. This is best exemplified by the motor and sensory neurons, which possess 

axons that can reach lengths of over a meter in humans, yet can transmit electrical signals 

across this distance in only a few hundredths of a second. Having these extreme cellular 

extensions that can be more than six orders of magnitude longer than their cell bodies, puts a 

great strain on the neurons of the peripheral nervous system (PNS). Indeed, the efficient and 

repetitive propagation of unidirectional electrical signals (Purves et al. 2001), the long-range 

bidirectional delivery of cargoes between the cell body and axon terminals (Sleigh et al. 2019), 

and the local translation of crucial axonal transcripts (Dalla Costa et al. 2021) are but a few of 

the cellular processes at particular risk in cells with such extended morphology. 

 

Accordingly, neurons in the somatic division of the PNS are the primary site of pathology in 

many neurodevelopmental and neurodegenerative conditions, including amyotrophic lateral 

sclerosis (ALS), Charcot-Marie-Tooth disease (CMT) and spinal muscular atrophy (SMA). 

Additionally, given that they predominantly reside outside the central nervous system (CNS) 

and away from the protection of the blood-brain barrier, motor and sensory nerves are 

particularly sensitive to toxic substances, such as chemotherapeutics (Boyette-Davis et al. 

2018), and they can provide an efficient conduit to the CNS for viruses and neurotoxins (Surana 

et al. 2018; Tosolini & Sleigh 2020). Moreover, key components of the PNS are targeted in 

several different autoimmune disorders, including axonal and glial gangliosides in Guillan-

Barré syndrome (GBS) (Willison et al. 2016) and neuromuscular synaptic proteins in 

myasthenia gravis (Lang & Vincent 2009). 

 

Nevertheless, peripheral nerve subtypes are rarely equally impacted by pathology. For instance, 

large, fast-firing alpha motor neurons are most susceptible to ALS (Nijssen et al. 2017), not all 
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sensory modalities are necessarily affected in CMT (Gemignani et al. 2004), and SMA patients 

display greater weakness in proximal than distal muscles (Mercuri et al. 2022). This is almost 

certainly a product of fundamental morphological, molecular, and cellular distinctions in 

subclasses of motor and sensory neurons, as well as their supporting glia and target 

cells/tissues. However, the exact causes for disease-specific vulnerability-resistance axes 

remain largely unresolved. Fortunately, peripheral nerve diversity is being revealed by careful 

comparative molecular and anatomical studies in both animal models and humans (Usoskin et 

al. 2015; Blum et al. 2021; Nguyen et al. 2021; Yadav et al. 2022). Moreover, this is being 

complemented by neuropathological assessments across an ever-expanding arsenal of disease 

models (Nair et al. 2019; Devoy et al. 2021). 

 

To showcase some of the breadth and depth in anatomical studies of the PNS, we have 

compiled this Special Collection of articles on peripheral nerve anatomy in health and disease, 

concentrating on the somatic nervous system (Figure 1). We present 12 publications with a 

focus on comparative assessment of peripheral nerve development and structure, in order to 

better understand neuronal homeostasis, as well as dysfunction in disease. We begin with motor 

neurons and the motor unit, transition into sensory neurons, and conclude with glial cells of the 

PNS. 

 

The neuromuscular junction (NMJ) is the specialised synaptic contact formed between a distal 

terminal of a lower motor neuron and a muscle fibre. Action potentials arriving at the motor 

nerve terminal trigger release of the excitatory neurotransmitter acetylcholine (ACh), which 

diffuses across the synaptic cleft, binds to post-synaptic ACh receptors (AChRs) in the muscle 

membrane, ultimately eliciting muscle contraction. When motor neurons begin to deteriorate 

in peripheral nerve disorders, the NMJ has been identified as an early site of morphological 
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disruption. This has led to the generation of a “dying-back” hypothesis in ALS, positing that 

motor neuron degeneration is initiated at the NMJ and progresses in a distal-to-proximal 

fashion along the axon, prior to cell death (Dadon-Nachum et al. 2011). In this Collection, 

Alhindi et al. assess the evidence for the temporal disruption of motor neuron health in mouse 

models of ALS (Alhindi et al. 2022). By evaluating reported motor neuropathologies, it was 

identified that disturbed NMJ connectivity commonly precedes spinal cord motor neuron loss 

in mutant SOD1, TARDBP (TDP-43) and FUS mice. Thus, the NMJ is an early site of motor 

neuron degeneration that could be therapeutically targeted as part of a combinatorial strategy 

for treating ALS. 

 

While gauging NMJ disruption, Alhindi et al. exposed the breadth of different muscles 

analysed across ALS mice. Since muscles and their innervating motor neurons can display 

large differences in neuropathology both in human disease and model mice (Murray et al. 2008; 

Liu et al. 2013; Sleigh et al. 2014), it is important that comparative morphological studies 

across several muscles are conducted to get an improved understanding of selective motor 

neuron vulnerability. This knowledge may then be harnessed to identify therapeutically-

targetable contributors to disease (Boyd et al. 2017; Kline et al. 2017; Sleigh et al. 2020a). To 

aid in this endeavour, Villarroel-Campos et al. provide a step-by-step protocol for the 

dissection and intravital imaging of the mouse epitrochleoanconeus (ETA) muscle, along with 

baseline data on fibre type composition (Villarroel-Campos et al. 2022). The ETA is a thin 

muscle found in the proximal forelimb that can be wholemount processed and imaged, which 

facilitates accurate and detailed morphological analyses of the neuromuscular system. The 

simple and rapid ETA dissection method will enable more varied assessments of rodent 

muscles to elucidate motor neuron vulnerability-resistance spectra in disease. 
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Much of what we know about the mammalian NMJ has been garnered through analyses of 

rodent muscles, resulting in part from the prevalence of laboratories working with mice and 

rats, combined with a relative paucity of large mammalian models due to time, financial and 

ethical constraints. However, it is becoming evident that, although they function in a similar 

manner, rodent neuromuscular synapses are not only architecturally distinct from their human 

counterparts, but they also display more pronounced and rapid age-related changes (Jones et 

al. 2017; Alhindi et al. 2021). That is not to say that the study of rodent neuromuscular synapses 

is not of high importance, rather that the identification of mammalian species with 

morphologically similar NMJs to humans will provide more physiologically-relevant 

neuromuscular models for testing of pre-clinical therapeutics (Boehm et al. 2020). In a review 

discussing this important issue, Cahalan et al. present an overview of heterogeneity at the 

mammalian NMJ and probe evolutionary relationships between key species for similarities and 

differences in pre- and post-synaptic morphology (Cahalan et al. 2022a). In addition, 

conditions afflicting the PNS of large mammals are highlighted, as are the translational benefits 

of scrutinising the NMJ across species. 

 

In light of the importance of examining a range of models, in a second study, Cahalan et al. 

present techniques for the regional dissection of equine muscles with subsequent 

immunohistochemical staining to identify and morphologically assess NMJs (Cahalan et al. 

2022b). Larger animals generally have larger muscles, which often require sectioning for 

neuromuscular analyses. Through adapting a fibre-teasing approach, Cahalan et al. (2022b) 

avoid the necessity for sectioning, thereby reducing potential artefacts caused by muscle 

cutting. Combined with the ImageJ-based platform NMJ-morph (Jones et al. 2016), the 

techniques were used on several different distal pelvic-limb muscles from ponies and identified 

considerable variation in neuronal and endplate morphology between muscles. Furthermore, 
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pony NMJ architecture was revealed to be similar to that of humans, with endplates displaying 

a ‘nummular’ (i.e., coin-shaped) appearance, suggesting that this large mammalian species may 

provide more relevant insight into the human NMJ than rodents. 

 

During early post-natal development, work primarily performed in rodents indicates that the 

mammalian NMJ undergoes a well-characterised series of morphological alterations that 

mould the neuromuscular architecture to better suit the environment experienced after birth 

(Sanes & Lichtman 1999). For instance, post-synaptic endplates are initially contacted by 

multiple motor neurons and through a process called synapse elimination they become mono-

innervated. Mirroring this maturation, post-synaptic AChR clusters transition from simple, 

circular structures, often described as being “plaque-like”, to more complex, branched, 

“pretzel-like” assemblies, as the post-synaptic membrane invaginates and the receptors migrate 

to closely appose the overlying motor neuron (Marques et al. 2000). However, the molecular 

mechanisms driving these structural alterations at the NMJ have not been fully clarified. In a 

review of post-synaptic NMJ maturation, Medina-Moreno & Henríquez discuss the importance 

of local actin re-arrangement in determining areas of low AChR density to aid plaque-to-pretzel 

endplate transition (Medina-Moreno & Henríquez 2022). Furthermore, small Rho GTPases 

were highlighted to play a critical role in regulating AChR cluster stability; thus, it is proposed 

that small Rho GTPases enable assembly of structures akin to actin-rich scaffolds called 

podosomes to facilitate post-synaptic NMJ maturation. 

 

Neuromuscular morphology not only changes during early post-natal development, but also 

throughout life in response to environmental triggers. For instance, in muscles, exercise can 

induce vascular bed expansion, increase fibre size, and alter fibre type proportions, contributing 

to greater functional capacity (Schiaffino & Reggiani 2011). Electrophysiological and 
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morphological adaptations must also occur in motor neurons to ensure their properties match 

the muscle fibres they innervate for performance optimisation (Stifani 2014). To evaluate 

adaptations in motor neuron size and the abundance of C-boutons, which are neuromodulatory 

synapses on motor neuron cell bodies that amplify motor output (Deardorff et al. 2014), 

Kissane et al. used a rat model of functional overload in which removal of tibialis anterior 

muscle increases demand on the synergistic extensor digitorum longus (EDL) muscle (Kissane 

et al. 2022). After three weeks of overload, the EDL shifted to a slower, more aerobic identity, 

determined by having increased fatigue resistance and reduced force output, while the 

innervating motor neurons mirrored these changes by decreasing cell body area. Contrastingly, 

C-bouton size and number were unaffected, suggesting that plasticity of these excitatory 

synapses is not required to alter force output in response to chronic muscle overload. 

 

Dominant intermediate CMT type C (DI-CMTC) is a genetic peripheral neuropathy caused by 

mutations in the YARS1 gene, which encodes a tyrosine-charging tRNA synthetase (Jordanova 

et al. 2006). Patients display muscle weakness and wasting, as well as sensory dysfunction, 

predominantly in the hands and feet. Mutations in serine palmitoyltransferase-encoding 

SPTLC1 cause hereditary sensory and autonomic neuropathy type 1 (HSAN1), which results 

in loss of pain and temperature sensation usually manifesting in the lower limbs during late 

adolescence (Bejaoui et al. 2001; Dawkins et al. 2001). To better understand the 

pathomechanisms underlying DI-CMTC and HSAN1, Hines et al. characterised two new 

mouse models for inherited peripheral neuropathy – YarsE196K and Sptlc1C133W (Hines et al. 

2022). YarsE196K mice precisely recreate the human disease allele, but only displayed CMT-

relevant phenotypes as homozygotes (e.g., reduced motor axon calibres), which does not 

replicate the heterozygous nature of human DI-CMTC. Contrastingly, Sptlc1C133W 

heterozygotes accurately model human HSAN1 genetics (homozygosity was lethal) and 



 8 

displayed a relevant biochemical phenotype (i.e., elevated toxic deoxysphingoid bases), but 

showed no axon loss or dysfunction. Nonetheless, these two mouse models recreate important 

aspects of their respective conditions, which if harnessed appropriately (Tadenev & Burgess 

2019), will ensure that they are valuable additions for neuropathy research. 

 

Sensory neurons represent a population of cells required for detecting and relaying innocuous 

and noxious external stimuli to the CNS. With cell bodies resident in dorsal root and trigeminal 

ganglia, pseudo-unipolar axons that project both to the spinal cord and to the periphery, and 

specialised axon terminals, sensory neurons are highly compartmentalised. Middleton et al. 

provide a thorough description of this structural organisation of sensory neurons and explain 

its importance to neuronal function (Middleton et al. 2022). Beginning with distal axon 

terminals (focusing on cutaneous afferents) and working back to the nodes of Ranvier, cell 

bodies and, finally, central projections into the spinal cord dorsal horn, key morphological 

features of each sub-cellular structure and how they drive function are detailed. Moreover, 

anatomical changes that occur due to nerve injury and their relationship with neuropathic pain 

(i.e., resulting from nervous system damage or disease) are described. 

 

Continuing the theme of using diverse models to study PNS function and dysfunction, Adalbert 

et al. describe experiments in which they dissociated and cultured primary sensory neurons 

from dorsal root ganglia (DRG) of adult horses (Adalbert et al. 2022). Mixed sensory neuronal 

populations were viable for at least three months and shown to develop long neurites, which 

were used to study mitochondrial morphology and trafficking. Mitochondria were smaller and 

transported more quickly in sensory projections than in supporting glial cells. Primary DRG 

cultures from horses will be a useful tool for studying the impact of several, prevalent equine 

peripheral nerve diseases (Cahalan et al. 2022a), and can be compared with cultures from 
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chickens (Powell et al. 2014), mice (Sleigh et al. 2020b) and dogs (Ganchingco et al. 2019), 

amongst others, to determine whether there are differences in basic cellular processes (e.g., 

axonal transport) between species.  

 

For many years, neurons have been the primary focus of research on the nervous system, with 

glial cells being thought of as the sidekick, simply supporting their neuronal partners. However, 

it is becoming increasingly clear that glia are an equal, reciprocal companion and are essential 

for the development and function of the nervous system (Allen & Lyons 2018). The roles of 

glia include, delivery of trophic and metabolic support, provision of physical and electrical 

insulation, and coordination of the nerve injury response; however, their precise functions are 

situation- and location-dependent. Highlighting this, Reed et al. provide a comprehensive 

review of the underappreciated diversity of glial cell subtypes in the PNS (Reed et al. 2022). 

Through discussion of their developmental origin, morphology and function, a rich 

heterogeneity of peripheral glia are identified, including myelinating, Remak, and terminal 

Schwann cells, as well as lesser known counterparts, such as boundary cap-derived, perineurial, 

and satellite glia. Given that peripheral glial cells are the primary site of pathogenesis in several 

neurological disorders (e.g., CMT type 1) and contribute to others (e.g., ALS and SMA), it is 

vital that the complexity of glia-nerve interactions in the PNS becomes increasingly well 

understood. 

 

Integral to this last point, a plethora of subtype-specific methods are required to elucidate glial 

cell function, and dysfunction in disease. Unfortunately, several types of peripheral glia are 

relatively understudied (e.g., perineural), especially compared to PNS neurons; nevertheless, 

varieties of Schwann cell have been the focus of intensive research since their initial description 

in the mid 19th century. Demonstrating this, Negro et al. have compiled a thorough review of 
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the wide-ranging in vitro and in vivo techniques and models available to study mammalian 

Schwann cell development, morphology and function (Negro et al. 2022). After outlining the 

importance of Schwann cells, descriptions of methods to study myelinating, non-myelinating 

(i.e., Remak), and terminal Schwann cells are provided to guide those entering the Schwann 

cell field. 

 

Gangliosides are sialic acid-containing glycosphingolipids found throughout the body, 

predominantly in plasma membranes. They are enriched in the CNS and PNS, both in glia and 

neurons, and they play important roles in neuronal development and homeostasis (Schnaar 

2016). Mutations in ganglioside biosynthesis genes cause complex neurodevelopmental and 

neurodegenerative disorders (Sandhoff & Harzer 2013), while gangliosides themselves can act 

as receptors for autoantibodies, including those that cause the severe acute paralytic neuropathy 

GBS (Willison et al. 2016). In the final article of the Collection, McGonigal & Willison review 

the importance of gangliosides in the formation and organisation of the mammalian node of 

Ranvier, the specialised axonal domain found between myelin-forming cells that enables 

saltatory conduction (McGonigal & Willison 2022). After describing the network of 

gangliosides and other glycolipids at the node, the ramifications of widespread and tissue-

specific ganglioside deficiencies in transgenic mice are examined, both in relation to 

ganglioside function and to the study of autoimmune-driven injury at the node of Ranvier. 

 

In summary, improving our understanding of peripheral nerve anatomy, along with the 

temporal progression and selective susceptibility of sub-populations of peripheral nerves in 

disease models, will undoubtedly help to reveal major pathomechanisms underpinning these 

devastating disorders. This will require the study not only of motor and sensory neurons, but 

the wide array of cells essential to PNS development and function, including muscle fibre types 
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and the assortment of glia. By increasing knowledge of the cellular diversity of the PNS 

through careful anatomical and molecular work, we will develop a more holistic understanding 

of the nervous system that will aid the development of more targeted therapeutics for peripheral 

nerve disorders. 
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Figure 

 

 

Figure 1. Peripheral nerve anatomy in health and disease. In this Special Collection, we 

present 12 articles that showcase important anatomical work on the somatic nervous system, 

focusing on motor neurons (Articles 1 to 7), sensory neurons (Articles 7 to 9) and peripheral 

glia (Articles 10 to 12). AChRs, acetylcholine receptors; DRG, dorsal root ganglion; NMJs, 

neuromuscular junctions. Created with BioRender (https://Biorender.com). 
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