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ABSTRACT 
 

Nerve injuries and diseases are a rising problem leading to disability due to 

sensory and motor impairments often associated with neuropathic pain and in 

particular mechanical allodynia and hyperalgesia. The neurodynamic treatment 

(NDT) consisting of selective uniaxial nerve repeated tension protocols has been 

described to effectively reduce mechanical allodynia and hyperalgesia in 

neuropathic pain patients. Nevertheless, even if some studies on in vivo models 

reported the ability of NDT to promote pain modulation most of the biological 

effects involved are still unknown. Moreover, no standardized protocol of 

treatment is available.  

Neurodynamic tests are also reliable for the assessment of neuropathies in 

somatic nerves but no test is available for the autonomic nervous system, in 

particular the vagus nerve (VN). My thesis is focused on defining if NDT could 

promote biological changes related to nerve regeneration and mechanical pain 

modulation in somatic nerves. As reported in the first article in the thesis we 

have found that many clinical studies use flossing nerve techniques, but only a 

few clinical and most preclinical studies assess the effects of tensions techniques, 

which can induce changes in the peripheral and central nervous system related 

to neural plasticity and pain modulation. This led us to explore the dose-

dependent pro-regenerative and antiapoptotic effects of repeated tensions on 

sensory and motor neurons as described in the second article. In the third article 

presented, we explored the in vivo and ex vivo effects of NDT with a dosage 

defined by the in vitro to be more effective in neurite outgrowth cell survival and 
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differentiation. These experiments revealed that the NDT effects on sensory 

recovery and pain modulation were selectively induced by neuronal responses 

to mechanical stimulations and not to be dependent on other non-neural tissue. 

Moreover, the most relevant results obtained are that NDT increases the length 

of the neurites in sensory neurons, and after a nerve injury regulates the TACAN 

gene expression in the DRG, a mechanosensitive receptor, shared between 

humans and rats, responsible for mechanical allodynia and hyperalgesia. Finally, 

in the last article presented, through a cross-sectional double-blind sex-balanced 

study, we developed and explored the effects on symptoms and heart rate of a 

VN tensioning test in humans providing a validated clinical test for 

parasympathetic dysfunctions and diseases that was lacking.  

In conclusion, the results of my Ph.D. thesis show that repeated nerve 

tensioning, from a  therapeutic point of view, promotes nerve regeneration 

processes, sustained by neurons, can speed up the sensory-motor recovery after 

a nerve injury, and induces modulation of mechanical allodynia and hyperalgesia 

by affecting the gene expression of the mechanosensitive channel TACAN in the 

DRG. Also, from a diagnostic point of view, the neurodynamic test of the VN is 

a validated and reliable test to assess clinical conditions in which autonomic 

neuropathies and dysfunctions are suspected.  
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CHAPTER 1 
 

INTRODUCTION 

1.1  Nerve anatomy  
 
 

The peripheral nervous system (PNS) is located in every part of the human body 

and connects the innervated tissues (target tissues) to the central nervous 

system (CNS) (Garrett et al., 2021). The PNS’ main functions are sensory, motor 

and autonomic and are related to the types of neurons by which it is composed. 

Sensory functions correspond to the codification of stimuli in the peripheral 

tissues, the transduction of them in electrical signals, and the modulation of 

those signals through the synapsis with neurons located in the CNS. Motor 

functions consist of the conduction of electrical signals produced in the CNS that 

reach the muscle and the release of acetylcholine that induces muscle 

contraction. Autonomic functions control our organs and glands, are 

fundamental for the survival and homeostasis of the body, and are regulated by 

short and long loops of autonomic neurons that can be divided into 

parasympathetic and sympathetic depending on the type of neurotransmitters 

they release, the location of the cell body and the length of the axons (Jiman et 

al., 2020). 

The PNS is mainly composed of axons (Figure 1A) of neurons with their cell 

bodies located in ganglia or inside the CNS, Schwann cells that compose the 

peripheral glia, blood vessels that give the proper blood supply, and connective 

tissue that organizes and protects those delicate structures from the mechanical 

stresses (Kerns et al., 2019) induced by a physiological condition like joint 
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movements and muscle contraction or by interacting with the surrounding 

environment like landing from a jump.  

To properly deal with mechanical strain and compressions, the PNS has an 

intraneural wavy (Figure 1B)  structure able to maintain the integrity of the 

axons when nerves are stretched or compressed (Liu et al., 2012). Contrary to 

soft tissues like muscles, ligaments, and joint capsules, nerves move 

independently from surrounding tissues as shown by ultrasound and cadaveric 

studies. The PNS slides on its longitudinal axis similarly to tendons but with a 

very low degree of motion which for example is around 4.5 mm at the posterior 

midthigh for the sciatic nerve when in sitting position the knee extension is 

performed (Ellis et al., 2018), and 12.5 mm when the Straight leg raise test is 

performed (Ridehalgh et al., 2015). Also, very small degrees of lateral 

displacement of the sciatic nerve at the deep gluteal space during hip rotations 

had been described to be around 0.8-3 mm (Balius et al., 2021). 

Thanks to the wavy pattern of the nerve fibers the PNS can deal with mild 

compression and stretch-induced physiological movements (Figure 1B), but 

prolonged or acute high degree compressions or stretches are deleterious for its 

anatomical integrity and function (Bueno and Shah, 2008). 
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1.2  Nerve injuries and regeneration 
 
 

The structures that protect and isolate the axons and also nerve fibers in the 

PNS can be injured, and nerve traumas occur in approximately 3% of patients 

arriving at an emergency room after a physical trauma (Nadi et al., 2019) and 

are two and a half times more frequent than spinal cord injuries (Kumar et al., 

2018; Tapp et al., 2019; Padovano et al., 2020). Contrary to the central neurons 

Figure 1.(A) The figure reported in the 1999 publication by Marshall Devor decribes the length of 
the peripheral axon reaching the target tissue (left) and the central axon reaching the spinal cord 
(or brain stem) of a human DRG neuron with a 50 µm diameter soma, in the red square. (B) the 
figure reported in the 1883 publication by Jhon Mashall describes the macroscopic effects of 
mechanical tension on a longitudinal section of a somatic nerve on the left the unstretched nerve 
and on the right the stretched nerve(Marshall, 1883). 
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the peripheral nerves have the unique ability to regenerate (Fregnan et al., 

2020; Jara et al., 2020). Indeed, the injured axons distal to the site of the 

trauma undergo the process called Wallerian degeneration, which is a complex 

biological phenomenon that involves Schwann cells activation and neuronal 

reorganization in the way that distal nerve debris is removed and proximal axon 

regeneration is promoted till the target tissues is reached (Geuna et al., 2009; 

Fregnan et al., 2012; Cintron-Colon et al., 2022). The nerve regeneration 

requires time since peripheral nerve regeneration speed is around 1 mm/day 

and several biological and environmental factors can affect this process (Yamada 

et al., 2009; Geuna et al., 2016). Indeed, peripheral nerve regeneration is 

affected by a variety of factors and the most relevant are the type of lesion 

(partial or total)(Temiz et al., 2021), site of lesion (proximal or distal)(Sulaiman 

and Gordon, 2013), loss of nerve substance (>3mm)(Ducic et al., 2017), 

intraneural scar formation (Tos et al., 2015), age of the patient and tobacco use 

(Rodriguez-Fontan et al., 2020). Since nerve regeneration is fundamental to 

restore the loss of sensory, motor, and autonomic functions, due to the nerve 

injury, and a complete recovery is generally very rare, it is basilar to consider 

the anatomical integrity of the nerve as a fundamental goal to restore its function 

(Navarro et al., 2007; Niedermair et al., 2020; Taylor et al., 2021).  
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1.3  Neuropathic pain 
 
 
 
Neuropathic pain has been defined by the international association for the study 

of Pain (IASP) as “pain arising from a lesion like a nerve injury or disease like 

radiculopathy affecting the somatosensory system”, and it affects one person on 

ten worldwide (Van Hecke et al., 2014; Machado-Duque et al., 2020). In 

particular, persistent neuropathic pain develops in more than half of the patients 

undergone nerve surgery (Miclescu et al., 2019), and from 48% to 74% of the 

patients suffering from back pain develop neuropathic pain (Harrisson et al., 

2020). Notably, back pain, which is often associated with peripheral nerves 

inflammation, is still for three decades the leading cause of disability worldwide, 

possibly impacting society more than psychiatric, oncologic, and cardiovascular 

diseases combined (Hoy et al., 2014; Vos et al., 2016; Abajobir et al., 2017). 

Neuropathic back pain has indeed a very high cost in Italy, considering that the 

direct health-related cost is €2,046.67/per patient per year and the total cost 

(direct and indirect costs) per patient of €9,305/year (Liedgens et al., 2016). 

Chronic neuropathic back pain alarmingly affects people independently from 

their biological variables like sex, smoke, and body mass index (Juniper et al., 

2009; Edit et al., 2013; Bekar et al., 2014; Nuttall, 2015; Bendayan et al., 2017; 

Kreddig and Hasenbring, 2017; Wong et al., 2017; Jonsdottir et al., 2019; 

Hogans et al., 2021; Varallo et al., 2021), and social aspects like salary or 

educational level (Lallukka et al., 2014) leading to disability and loss of social 

participation (Keene et al., 2021). Chronic back pain has a tremendous impact 

on individual disability, social interactions, generating opioid addiction, and 
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macroeconomic issues (Dagenais et al., 2008; Beth Darnall, 2018; Mutubuki et 

al., 2020; Tölle et al., 2021). For example, chronic back pain pushes people to 

retire from work prematurely and stay at home inactively more than neoplasms, 

respiratory, cardiovascular diseases, and asthma combined (Schofield et al., 

2008).  

Chronic and acute neuropathic pain is a rising condition, with an increased 

incidence and prevalence in post-covid-19 patients (Attal et al., 2021; Meyer-

Frießem et al., 2021; Odozor et al., 2021), and nowadays the large improvement 

in medical interventions and increased opioid prescription did not reduce the 

impact of neuropathic pain on the world population (Loeser and Cahana, 2013a; 

Van Hecke et al., 2014; Beth Darnall, 2018; Blyth, 2018; Machado-Duque et al., 

2020; Yeh et al., 2020; Hogans et al., 2021). Indeed, is still difficult for clinicians 

to make a diagnosis, define and maintain an adequate therapy when neuropathic 

pain is involved  (Loeser and Cahana, 2013b; Beth Darnall, 2018; Blyth, 2018; 

Machado-Duque et al., 2020). It is also difficult to treat neuropathic pain with 

the available drugs, mainly antidepressants and antiepileptic, which are 

indicated for short-term treatments (one to three months) and are effective for 

one on two or sixteen patients (Finnerup et al., 2015, 2018; Terkelsen et al., 

2017). Therefore, it is of paramount importance to provide new effective drugs 

for the known mechanisms involved in mechanical allodynia and to understand 

which mechanisms of effective non-pharmacological interventions are 

modulated if unknown.  
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1.4 Neuropathic pain and mechanical allodynia 

 
Allodynia’s current definition by the IASP is "pain due to a stimulus that does 

not normally provoke pain". In particular, it is a stimulus-dependent process and 

the most common and disabling condition in neuropathic pain patients is 

allodynia induced by mechanical stimuli, defined as mechanical allodynia (Jensen 

and Finnerup, 2014; Lolignier et al., 2014). Indeed, mechanical allodynia can be 

described as perceiving light touch as painful or pain evoked by performing a 

physiological movement or a gentle muscle contraction. Patients suffering from 

neuropathic back pain complain that bending to reach an object on the ground 

or moving an object from one part to another of the house produces pain even 

if those tasks did not provoke pain in the week before the nerve inflammation 

onset. 

The exact etiology that produces mechanical allodynia is still undefined. 

However, it is clear that after a nerve injury unmyelinated and myelinated 

primary afferent neurons increase their activity sustaining a predominantly 

peripheral neuropathic pain process with stimuli dependent abnormal responses 

like mechanical allodynia and hyperalgesia (Woolf and Salter, 2000; Campbell 

and Meyer, 2006; Jensen and Finnerup, 2014; Truini, 2017). In particular, these 

processes are linked to changes in neurochemical, anatomical,  

electrophysiological properties or protein and gene expression in the DRG 

neurons (Shi et al., 2011; Kim et al., 2012; Xu et al., 2016; Prato et al., 2017; 

Truini, 2017; Beaulieu-Laroche et al., 2020; Bogen et al., 2020; Yeh et al., 

2020). 
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A considerable number of studies have revealed that changes in the DRG 

neurons gene expression modulate neuropathic pain and in particular, allodynia 

and hyperalgesia, which are disabling stimuli-dependent pain phenomena 

(Jensen and Finnerup, 2014).  Neuropathic mechanical allodynia and 

hyperalgesia had been described to be related to specific genes expression in 

the DRG responsible for regulating the mechanosensitive transmembrane 

channels for low threshold stimuli like PIEZO1, PIEZO2 (Kim et al., 2012; Qi et 

al., 2015; Zhao et al., 2016; Song et al., 2019; Wang et al., 2019a; Roh et al., 

2020), or for high threshold stimuli like TACAN (Tmem120A) (Cavanaugh et al., 

2009; Beaulieu-Laroche et al., 2020; Bogen et al., 2020), for Schwann cells 

activation and proliferation after a nerve injury like c-Jun (Zhuang et al., 2006; 

Sanna et al., 2020), and finally for the expression of Toll-like receptor-2 (TLR2), 

a receptor modulating the macrophages response (Yang et al.; Jurga et al., 

2016; Cobos et al., 2018). Indeed, it has been shown in healthy mice that the 

PIEZO1 and PIEZO2 increased activity induced by subcutaneous administration 

of a PIEZO1-specific agonist (Yoda1) or PIEZO1 and PIEZO2 overexpression in 

the DRGs in transgenic mice can induce mechanical allodynia (Qi et al., 2015; 

Zhang et al., 2019). On the opposite, the injection of methyl-β-cyclodextrin or 

depletion of PIEZO1 and PIEZO2 suppresses mechanical allodynia in a mice 

neuropathic pain model of nerve chronic constraint injury (CCI) (Borbiro and 

Rohacs, 2017; Wang et al., 2019a). Furthermore, it has been shown that 

suppression of TACAN expression with siRNA in the DRG of CCI rats induces 

mechanical allodynia suppression (Bogen et al., 2020). Also, the injection of 

Lipopolysaccharide from Rhodobacter sphaeroides, a TLR2 antagonist, 
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suppresses mechanical allodynia in murine models of CCI (Jurga et al., 2016; 

Cobos et al., 2018). The c-Jun expression has been also recently linked to 

mechanical pain by knocking out selectively JNK1, 2, and 3 in the DRG in mice 

(Sanna et al., 2020).  Notably, the processes assessed in murine models 

especially the expression of genes and proteins related to the phenomenon of 

allodynia, cell survival, or death are expressed in both murine and human DRG 

neurons (Kremer et al., 2018; Zaltsman et al., 2019; Beaulieu-Laroche et al., 

2020; Roh et al., 2020; Wang et al., 2020b),  and as described by Stephens and 

colleagues these changes are independent of the subject sex (Stephens et al., 

2019). 

 

 

1.5 Neurodynamic tests development 

 
A restriction of nerve movement, its compression, or neuropathy (Lundborg and 

Dahlin, 1996; Gao et al., 2013) can itself generate inflammation and pathology. 

It has also been shown that a subset of peptidergic C-fiber nociceptors can be 

sensitized by inflammatory mediators in mammalians, inducing an alteration of 

the mechanical force transduction in electrical signals, causing neuropathic pain 

with mechanical hyperalgesia and mechanical allodynia (Jensen and Finnerup, 

2014; Prato et al., 2017). Sensory neurons in somatic nerves can transduce 

mechanical stimuli due to the presence of mechanosensitive ion channels 

exposed on their cell membranes (Coste et al., 2010; Song et al., 2019; 

Beaulieu-Laroche et al., 2020). The first manual test to stretch a somatic nerve 

was developed and described by Charles Lasegue in “Considerations on Sciatica” 
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to help clinicians in the diagnosis of Sciatica (Lasegue, 1864) by rising the 

patients’ leg with the knee extended. Only more than one century later tests to 

stretch the nerves in the upper limbs and the femoral nerve was developed 

(Vanti et al., 2011; Lai et al., 2012; Nee et al., 2012a; Bueno-Gracia et al., 

2016). Cadaveric and in vivo studies with different imaging techniques had 

shown the nerve tension tests are biomechanically plausible (Manvell et al., 

2015; Shacklock et al., 2016; Tawa et al., 2017) 

The pioneering works of Dennis Bray and colleagues in the late 70s of the last 

century had shown that mechanical stimuli can affect the growth and orientation 

of axons in sensory neurons (Bray, 1979, 1984). Nowadays many studies had 

been published showing that neurons are mechanosensitive and 

mechanoresponsive and that mechanical stimuli are crucial for 

neurodevelopment and nerve repair (Pfister et al., 2006a, 2008; Loverde et al., 

2011; Magou et al., 2011; Higgins et al., 2013). Unfortunately, those data had 

never been adopted to develop modern neurodynamic concepts. Only in the last 

two decades some in vivo experiments conducted on small mammals, nerve 

injury models have detected that NDT can affect healing processes in the 

peripheral tissues and processes linked to neural plasticity in the nerves and the 

CNS as described below. The manual nerve stretch was adopted as a therapeutic 

tool, by exposing the spinal root and stretching for 5-6 minutes, and it was 

described to be an effective treatment to reduce pain in drug-resistant sciatica 

patients since the end of the 18th century (Macfarlane, 1878; Marshall, 1883). 

Historically it was believed that the nervous system may lack the ability to 

stretch and move, and NDT was advocated as a therapeutic option to restore 
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mechanical homeostasis and perfusion (Brown et al., 2011; Gilbert et al., 2015b, 

2015a; Boudier-Revéret et al., 2017). Neurodynamic tests had been developed 

to increase the load on somatic nerves and resistance perceived by the assessor 

during the manuevers was defined as a hallmark to discriminate the neural or 

non-neural origin of symptoms by the administration of sensitization manuevers 

distal or proximal to the site where symptoms were referred (Vanti et al., 2011; 

Lai et al., 2012; Manvell et al., 2015; Leoni et al., 2016).  

 

 

1.6 Neurodynamic from the clinic to the bench  
 

The selective repeated administration of uniaxial tensions to somatic nerves also 

known as neurodynamic treatment (NDT) has shown to be effective in short and 

long-term pain modulation and nerve conduction improvements detected by 

electrophysiology in long term neuropathic pain patients suffering from carpal 

tunnel syndrome (Wolny et al., 2017; Wolny and Linek, 2018, 2019; Talebi et 

al., 2020; Núñez de Arenas-Arroyo et al., 2021) or radiculopathies of somatic 

nerves in the upper or lower limbs (Basson et al., 2015; Mahmoud ELDesoky, 

2016; Yamin et al., 2016; Rajalaxmi M.V., Lavanya R., Kirupa K., Divya Mary 

S.M., 2020; Yun et al., 2020). The NDT effects are obtained by two types of 

techniques the sliding and the tensioning techniques (Coppieters and Butler, 

2008). Sliding techniques utilize combinations of joint and limb movements 

designed to promote nerve movement towards one end of the nerve tract, whilst 

tensioning techniques move the ends of a nerve tract in opposite directions 

thereby imposing (Coppieters et al., 2009; Ellis et al., 2012; Neto et al., 2017).  
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Most preclinical studies and a few clinical trials adopted the tensioning technique 

to describe the effects of NDT described on pain, nerve morphology, and protein 

expression in the nervous system in Figure 2 (Villafañe et al., 2012; Arumugam 

et al., 2014; Santos et al., 2014; Da Silva et al., 2015; Giardini et al., 2017; 

Lima et al., 2017; Zhu et al., 2018). For this reason, to provide clinically relevant 

and clinically translatable data on the NDT effects also in our studies, only the 

tensioning technique was adopted.  

 

 

Figure 2. Effects of repeated mechanical tension from preclinical and clinical researches. From the left are 
reported in each column the protocol durations and the effects of in vitro (left), in vivo (middle), and clinical 
studies (right) adopting the nerve tensioning technique.  

 

NDT significantly reduces pain and disability with long-term effects in 

neuropathic pain patients  (Basson et al., 2015; Mahmoud ELDesoky, 2016; 
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Yamin et al., 2016; Rajalaxmi M.V., Lavanya R., Kirupa K., Divya Mary S.M., 

2020; Yun et al., 2020). Also, hypoalgesic and antiallodynic short-term effects 

have been reported respectively in asymptomatic (Beltran-Alacreu et al., 2015; 

Gamelas et al., 2019; Martins et al., 2019) and neuropathic pain patients 

(Villafañe et al., 2012; Arumugam et al., 2014), suggesting a possible pain 

gating effect induced by repeated nerve mechanical tailored stretch. Since 

Sellheim pioneered the paravertebral block in 1905, the peripheral nerves and 

the DRG had become a therapeutic target for pain suppression, but no active 

role in pain gating of this structure had been hypothesized since the discovery 

of genes regulations described above (Adriani, 1980; Boezaart et al., 2009; 

Hussain et al., 2018). To define if one or more of these genes were regulated by 

the NDT was one of the aims of the research reported in this thesis. 

A restriction of nerve movement, its compression, or neuropathy (Lundborg and 

Dahlin, 1996) can itself generate nerve inflammation and pathology in the target 

tissues (Gao et al., 2013). In particular, peptidergic nerve fibers can be 

sensitized by inflammatory mediators, causing neuropathic pain detectable 

through the presence of mechanical hyperalgesia and mechanical allodynia 

(Jensen and Finnerup, 2014; Beaulieu-Laroche et al., 2020; Bogen et al., 2020). 

Peripheral nerves selective tension tests or neurodynamic tests are bed-side 

examinations reliable clinical tests validated for neuropathies detection of 

somatic nerves (Taenzer et al., 2000; Wasan et al., 2011; Verwoerd et al., 2016; 

Bueno-Gracia et al., 2017; Ekedahl et al., 2018; Koulidis et al., 2019). These 

tests are also adopted as treatment and assess the nerve response to 

mechanical stimuli which are transduced by stretch-sensitive ion channels in 
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peripheral nerves also present in parasympathetic axons and cell body 

membranes (Beaulieu-Laroche et al., 2020; Bogen et al., 2020). Several clinical 

trials have shown that NDT is an effective treatment to increase nerve functions 

and reduce pain in patients with neuropathies of the somatic nerves (Nee et al., 

2012b; Torres et al., 2015; Wolny et al., 2016; Basson et al., 2020; Plaza-

Manzano et al., 2020). Also, several preclinical studies on murine sciatic 

neuropathy models have shown that NDT resolves mechanical and thermal 

allodynia, which are very common and disabling symptoms among neuropathic 

pain patients (Ramos et al., 2020). NDT affects the protein expression of the 

Nerve Growth Factor (NGF) and Myelin Protein Zero (MPZ) in the nerve distal to 

the ligature (Da Silva et al., 2015), and in the homologous DRG and the spinal 

cord metameres involved by the somatic nerve lesion with pain modulation 

effects (Bertolini et al., 2009; Santos et al., 2012; Zhu et al., 2018). A recent 

literature review (Lutke Schipholt et al., 2021) reported that neural tensioning 

technique positively influenced various neuro-immune responses at the 

peripheral nerve injury site, but also at the corresponding DRG, spinal cord, and 

higher brain centers (Figure 2). Interestingly, the tensioning techniques used in 

these animal studies have shown remarkable results. For example, in rats with 

induced painful diabetic neuropathy, tensioning techniques alleviated 

mechanical hypersensitivity on the paw of the treated side compared to the 

untreated side or compared to animals who did not receive NDT (Zhu et al., 

2018). This improvement correlated with lower concentrations of pro-
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inflammatory cytokines (IL-1β and TNF-α) in the sciatic nerve and its branches 

only on the treated side. 

At the level of the DRG, tensioning techniques resulted in a decrease of 

Substance-P and transient receptor potential vanilloid 1 (TRPV1) expression, and 

an increase in m-opioid receptor expression in rats with a sciatic nerve injury 

(Santos et al., 2012). These are relevant changes, as TRPV1 upregulation 

contributes to mechanical allodynia and thermal hyperalgesia; Substance-P 

plays an important role in the development of chronic pain (Jang et al., 2004) 

and is responsible for the development of hyperalgesia in murine models (Hoot 

et al., 2011). Another study revealed that tensioning techniques were associated 

with a decrease in nerve growth factor (NGF) and glial fibrillary acidic protein 

(GFAP) in the DRG (Santos et al., 2012). Suppression of NGF overproduction in 

the DRG has been shown to attenuate neuropathic pain following a chronic 

constriction injury to the sciatic nerve (Dai et al., 2020). GFAP is a molecular 

marker for glial cell activity (astrocytes) and activated glial cells facilitate pain 

neurotransmission (Dubový et al., 2018b). A decrease in GFAP expression 

following tensioning techniques was also observed in the lumbar spinal cord. 

These changes were associated with a reduction in mechanical and thermal 

hyperalgesia and allodynia in the paw of the treated side (Santos et al., 2012). 

Glial cells and brain-derived neurotrophic factor (GDNF and BDNF) expression 

are increased in the midbrain following a sciatic nerve injury causing neuropathic 

pain in rats. Glial cells are implicated in the development of persistent pain and 

BDNF released from activated microglia contributes to the nociceptive 

transmission. Remarkably, tensioning techniques resulted in a reduction of 
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GDNF and BDNF expression in the midbrain equal to uninjured rats (Giardini et 

al., 2017). Also, tensioning techniques resulted in an increased expression of 

endogenous opioid receptors (Kappa-opioid receptors) in the periaqueductal 

gray (Santos et al., 2014). Furthermore, the rats who received tensioning 

techniques had increased tibialis anterior muscle strength and improved their 

locomotion compared to nontreated injured rats.  

Studies applying tensioning techniques following a sciatic nerve crush injury or 

a chronic constriction injury in rats have shown a successful preventive effect 

against intraneural scar formation (Lima et al., 2017), anti-allodynic and 

neurotrophic effects able to speed up the nerve regeneration processes (Santos 

et al., 2012; Da Silva et al., 2015). In particular, distal to the injury site, it was 

observed an increased axon number with myelin sheaths of normal thickness 

and less inter-axonal fibrosis after NDT has been shown in rats compared to 

controls with the same sciatic nerve injury who did not receive the intervention 

(Da Silva et al., 2015). Although there is a growing understanding of how 

mechanical forces influence tissues (Mueller and Maluf, 2002; Topp and Boyd, 

2006), there is quite poor evidence on biological processes involved when they 

are applied to nerves. In addition, an extreme heterogeneity of NDT protocols 

available in the literature is not supportive of an appropriate, effective, and safe 

use of NDT in clinical practice. Indeed, the available NDT protocols are different 

for the amount of nerve elongation (from 0.8% to 15% of the total nerve rest 

length)(Driscoll et al., 2002; Coppieters et al., 2006; Sharma et al., 2016), for 

the elongation speed (from one to five seconds) (Wang et al., 2015; Sharma et 

al., 2016), for the number of stimuli (from three to three series of 60 repetitions) 
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(Torres et al., 2015; Wolny et al., 2016), and the stretch duration (from one to 

30 seconds) (Torres et al., 2015; Sharma et al., 2016). For these reasons, a 

standardized NDT protocol is suitable for neuropathic pain management and the 

detection of the effects related to allodynia and hyperalgesia in the nervous 

system is of paramount importance.  

 

 

1.7 Neurodynamic and the autonomic nervous system 
 

The vagus nerve is the longest cranial nerve in our body (Cunningham and 

Martínez, 2021). It connects the brain to our organs in the thoracic and 

abdominal cavities and it exclusively rules the parasympathetic responses in the 

target tissues and organs in the neck, thorax, and upper abdomen (Zandstra et 

al., 2021). The vagus nerve composes the so-called brain-gut axis and its 

integrity is fundamental for a person's wellbeing and survival (Fung et al., 2017). 

Autonomic peripheral neuropathies are cryptic conditions impacting the brain-

gut communications increasing the risk of neurodegenerative diseases and other 

acute life-threatening conditions like heart attack, atrial fibrillation, and sudden 

cardiac death.  Autonomic neuropathies are conditions difficult to be detected 

that increase hemodynamic instability (Ang, L. et al., 2020), post-surgery 

complications (Lankhorst et al., 2015; Suarez-Roca et al., 2019), and sudden 

death in obese and diabetic patients (Freeman, 2005; Santos Breder and 

Sposito, 2019; Williams et al., 2019; Malaty et al., 2021). Patients with COVID-

19 have an increased prevalence of cardiac arrhythmias (Ho et al., 2020) with 

an estimated incidence of 15% in post-COVID-19 patients (Malaty et al., 2021). 
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Indeed, autonomic neuropathies are a raising health problem and it is 

fundamental to have a reliable clinical tool that investigates selectively VN 

neuropathies.  

Since NDTs are effective in stimulating positive effects in peripheral nerves it 

would be useful to validate a VN neurodynamic test and to investigate its effects 

on these pathophysiological conditions and other conditions like diabetes-related 

gastrointestinal alterations, cardiac neuropathies, and arrhythmias secondary to 

coronavirus infection (Garamendi-Ruiz and Gómez-Esteban, 2019; Santos 

Breder and Sposito, 2019; Malaty et al., 2021). 

No clinical data are available on mechanical stimulation of the autonomic 

nervous system but, it has been established that the invasive mechanical 

stimulation on the surgically exposed cervical tract of the vagus nerve (VN) for 

5 minutes significantly ameliorates survival rates in sepsis models by reducing 

the serum level of tumor necrosis factor α (TNFα) (Huston et al., 2007). These 

data on the mechanical responsiveness of the VN are promising for the 

development of a neurodynamic test of this cranial nerve with relevant and 

multiple clinical applications. Also, it has been established that the invasive and 

non-invasive stimulation on the cervical tract of the vagus nerve (VN) 

ameliorates survival rates in sepsis models (Huston et al., 2007), promotes heart 

and lungs regeneration in preclinical models (Brandt et al., 2019; Chen et al., 

2020), HR variability in cardiological patients (Kobayashi et al., 2013), and 

symptoms improved in people with pharmacoresistant problems such as acute 

and chronic pain, dementia, psychiatric illness, consciousness disorder and 

epilepsy (Kirchner et al., 2000; Schachter, 2006; Corazzol et al., 2017; Breit et 
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al., 2018; Dong and Feng, 2018; Johnson and Wilson, 2018). NDT induces 

augmented nerve activation through the production of antidromic action 

potentials produced by stretch-sensitive ion channels in peripheral nerves also 

present in the VN that are exposed on the axons and cell body membranes (Zeng 

et al., 2018; Huo et al., 2021), for these reasons the validation of a 

neurodynamic test of the VN could be very impacting on several health issues 

difficult to be assessed and treated by modern medicine.  
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CHAPTER 2 
 

AIM OF THE STUDY 

 
 
The aim of this Ph.D. thesis is twofold: first, to explore and deepen the biological 

mechanisms induced by NDT able to promote nerve regeneration and pain 

modulation to define a standardized NDT protocol; second, to validate a vagus 

nerve neurodynamic test, to assess autonomic neuropathies and reporting the 

normative data on symptoms and changes in heart rate induced by the test in 

males and females.   

To reach the first aim we used in vitro (sensory and motor cell lines), ex-vivo 

(DRG explants), and in vivo models (median and ulnar crush nerve injury in 

rats). In particular, for in vitro and ex-vivo experiments, NDT was performed 

using a bioreactor, built ad hoc, that allowed to administer uniaxial repeated 

tension protocols on sensory and motor neurons cell lines and DRG explants.  

Starting from the parameters of NDT described in the literature (Driscoll et al., 

2002; Coppieters et al., 2006; Torres et al., 2015; Wang et al., 2015; Sharma 

et al., 2016; Wolny et al., 2016) we aimed to define a protocol of repeated 

mechanical stretch (NDT) to define the most effective dosage, translatable in 

clinical practice, by assessing a possible dose-dependent effect. Morphological 

changes, protein expression related to cell survival, and the expression of genes 

related to mechanical allodynia and hyperalgesia in the DRG were assessed. NDT 

for in vivo experiments, adopting a median and ulnar nerve crush injury model 

in rats, was administered by hand performing a combination of neck, arm, and 
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hand movements able to increase the tension on the injured neural tissue. In all 

experiments, tension was administered until initial resistance was felt by the 

clinician, since it is a hallmark used in clinical practice for neurodynamic 

protocols, and to monitor the animal behaviors the treatment was administered 

to awake animals. Behavioral tests were adopted to assess the NDT effects on 

mechanical pressure, mechanical pain, and motor tasks involving gross and fine 

movements of the upper limbs. We have assessed through morphological 

analysis the nerve portion distal to the injury site, and the gene expression of 

TACAN and TLR2 in the DRG, which are receptors involved in the condition of 

mechanical allodynia and hyperalgesia.  

As regards the second aim of this thesis, considering that VN neuropathies are 

life-threatening conditions often very difficult to be screened and none of the 

tests available in the clinic are selective to study the pathophysiology of the VN, 

we decided to validate nerve selective tension tests or neurodynamic tests of 

the VN since these are bedside examinations and reliable clinical tests able to 

detect neuropathies of the somatic nerves (Wasan et al., 2011; Bueno-Gracia et 

al., 2016; Verwoerd et al., 2016; Ekedahl et al., 2018; Koulidis et al., 2019). 

Taking advantage of the VN anatomy and innervation, we intended to collect 

normative data for heart rate (HR) variations induced by the test in males and 

females and to describe the relationship between symptoms induced during the 

test and any autonomic dysfunction-related symptom.  
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ABSTRACT
Tensioning techniqueswere the first neurodynamic techniques used therapeutically in the 
management of people with neuropathies. This article aims to provide a balanced evidence- 
informed view on the effects of optimal tensile loading on peripheral nerves and the use of 
tensioning techniques. Whilst the early use of neurodynamics was centered within 
a mechanical paradigm, research into the working mechanisms of tensioning techniques 
revealed neuroimmune, neurophysiological, and neurochemical effects. In-vitro and ex-vivo 
research confirms that tensile loading is required for mechanical adaptation of healthy and 
healing neurons and nerves. Moreover, elimination of tensile load can have detrimental effects 
on the nervous system. Beneficial effects of tensile loading and tensioning techniques, con
tributing to restored homeostasis at the entrapment site, dorsal root ganglia and spinal cord, 
include neuronal cell differentiation, neurite outgrowth and orientation, increased endogen
ous opioid receptors, reduced fibrosis and intraneural scar formation, improved nerve regen
eration and remyelination, increased muscle power and locomotion, less mechanical and 
thermal hyperalgesia and allodynia, and improved conditioned pain modulation. However, 
animal and cellular models also show that ‘excessive’ tensile forces have negative effects on the 
nervous system. Although robust and designed to withstand mechanical load, the nervous 
system is equally a delicate system. Mechanical loads that can be easily handled by a healthy 
nervous system, may be sufficient to aggravate clinical symptoms in patients. This paper aims 
to contribute to a more balanced view regarding the use of neurodynamics and more 
specifically tensioning techniques.

KEYWORDS 
Neurodynamics; tensioning 
techniques; neuropathic 
pain; mononeuropathy; 
polyneuropathy; 
radiculopathy; carpal tunnel 
syndrome

Introduction

Neurodynamic techniques are commonly utilized with 
either an assessment focus (i.e. to assess the mechanosen
sitivity of the nervous system) or treatment focus. Within 
a treatment paradigm, neurodynamic techniques refer to 
therapeutic methods (manual techniques or exercises) 
which (1) facilitate movement between the nervous system 
and its interfacing tissues (e.g. by mobilizing the nervous 
system itself, including the internal neural connective tis
sue layers, or the structures that surround the nervous 
system) or (2) reduce the mechanical loading on the ner
vous system (e.g. adopting a posture or joint position that 
unloads the nervous system). The aim of these therapeutic 
techniques is to restore the altered homeostasis in and 
around the nervous system [1].

When considering techniques that are aimed at 
mobilizing the nervous system itself, a biomechanical 
distinction can be made between ‘tensioning techni
ques’ and ‘sliding techniques’ [2]. Both aim to mobilize 
the nervous system [3,4], but tensioning techniques 

are associated with a considerable increase in nerve 
strain, whereas with sliding techniques the nervous 
system can be mobilized without substantial increases 
in strain [2,5,6].

Historically, tensioning techniques were the first 
described neurodynamic treatment techniques. They 
were derived from the neurodynamic tests (previously 
called neural tension tests). Because tensioning techni
ques use elements of neurodynamic tests that are 
aimed to reproduce or provoke the patient’s symp
toms [7], they may be contraindicated. In order to 
mobilize the nervous system, but without provoking 
or exacerbating symptoms, sliding techniques were 
developed [5]. A sliding technique consists of two or 
more joint movements whereby movements which 
load the nervous system are simultaneously counter
balanced by movements that unload the nervous sys
tem. For example, throwing a dart can be considered 
a sliding technique for the median nerve (and 
a tensioning technique for the ulnar nerve). 
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A backhand frisbee throw can be considered 
a tensioning technique for the median nerve (and 
a sliding technique for the ulnar nerve) (Figure 1).

Because sliding techniques are associated with 
greater nerve excursion with less strain [2–4,8], 
a common misconception is that sliding techniques 
are clinically superior to tensioning techniques. They 
are indeed biomechanically different, but there is no 
clinical evidence that one type of technique is more 
effective than another. Each type of technique most 
likely has its place depending on the stages of tissue 
healing and aims of the intervention.

Traditionally, neural mobilization has been based 
within a mechanical paradigm. This is not surprising, 
as ‘entrapment’ neuropathy suggests a mechanical 
cause, and longitudinal and transverse nerve move
ment is reduced in conditions, such as carpal tunnel 
syndrome [9] and cervical radiculopathy [10]. However, 
there is now a greater understanding that the effects of 
neural mobilization are also – and perhaps predomi
nantly – neurophysiological, neurochemical and 
neuroimmune.

Interestingly, the beneficial effects of neurodynamic 
techniques in animal models of nerve injury have all 
been demonstrated following tensioning techniques 

[11–16]. The aim of this article is therefore to provide 
a re-appraisal of neurodynamic tensioning techniques. 
We will focus on the effects of tensile loading on 
neurons and nerves in-vitro and ex-vivo, from animal 
models and human trials, to highlight beneficial effects 
of moderate nerve tension. We already want to empha
size that by no means are we advocating a re- 
introduction of nerve stretching or vigorous neurody
namic techniques. We always have and will continue to 
advocate to err on the side of caution in the manage
ment of people with neuropathies and to base treat
ment and technique selection on sound clinical 
reasoning. We hope this paper will provide important 
context for this clinical reasoning process for clinicians 
who use (or do not use) neurodynamic techniques in 
their clinical practice.

A structure designed to handle tension

During functional activities, the peripheral nervous 
system needs to be able to accommodate substantial 
amounts of nerve tension and elongation. Composite 
limb movements typically expose peripheral nerves to 
approximately 5 to 10% strain [17], although some 
authors report much higher increases up to 20% strain 

Figure 1. Examples of functional sliding and tensioning techniques. Throwing a dart is a sliding technique for the median nerve (A: 
wrist extension loads the median nerve; elbow flexion simultaneously unloads the median nerve; B: Elbow extension loads the 
median nerve; wrist flexion simultaneously unloads the median nerve), but a tensioning technique for the ulnar nerve (A: wrist 
extension and elbow flexion both load the ulnar nerve; B: elbow extension and wrist flexion both unload the ulnar nerve). 
Conversely, a frisbee backhand throw is a sliding technique for the ulnar nerve (C: elbow flexion loads the ulnar nerve and wrist 
flexion simultaneously unloads the ulnar nerve; D: wrist extension loads the ulnar nerve; elbow extension simultaneously unloads 
the ulnar nerve), but a tensioning technique for the median nerve (C: wrist and elbow flexion both unload the median nerve; D: 
wrist and elbow extension both load the median nerve).
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[18–20]. Because form and function follow each other, 
the nervous system is structurally designed to handle 
nerve strain well.

Peripheral nerves are heterogeneous structures. 
They exhibit non-linear viscoelastic responses to ten
sile loading [21,22]. Furthermore, although the well- 
organized, multilayered structure of the extracellular 
matrix bears considerable mechanical loads, the 
response of peripheral nerves to mechanical load is 
also characterized by their ability to glide, bend and 
twist [22]. Neuroprotective architectural features, such 
as their unique undulating pattern, may also offer 
additional protective strength [23]. In addition, 
mechanical properties of peripheral nerves are not 
equal along their length [24], revealing a complex tis
sue ultrastructure [25]. A recent model of nerve layer 
connections has been proposed to explain the com
plex (whole) nerve response to stretch [26]. This model 
suggests that the mesoneurium, epineurium, and peri
neurium are coupled via viscoelastic physical connec
tions and interact with a loosely coupled perineurium 
and endoneurium, allowing axons to glide and unravel 
throughout the length of the nerve. Collectively, these 
mechanical features allow nerves to straighten without 
bearing significant stresses while maintaining func
tional and structural integrity of the delicate axons 
within [26].

Beneficial effects of tensile loading

The following sections present findings from in-vitro, 
ex-vivo (including cadaveric), and animal and human 
in-vivo research which has assessed the effects of ten
sile loading on nerves (Figure 2.).

1. Evidence from the Petri dish

Mechanical stimuli are fundamental for tissue healing 
since they affect cell differentiation and tissue renewal 
in physiological and pathological conditions, from 
embryo development to wound healing [27–29]. 
Mechanical load applied directly to nerves can activate 
intracellular processes responsible for nerve myelina
tion and nerve homeostasis. In-vitro experiments per
formed on human and rodent neurons have shown 
that stretch promotes cell differentiation (a process in 
which immature neurons acquire an adult phenotype 
with neurites connecting to other surrounding neu
rons, via neurites outgrowth). This process is funda
mental in nerve repair following injury. For example, 7 
days of intermittent mechanical stretch (10% strain at 
0.25 Hz, for 120 minutes/day), applied to sensory neu
rons maintained in culture for an extended period of 
time (human neuroblastoma cell line; SH-SY5Y)), pro
moted processes linked to nerve regeneration (i.e. 

Figure 2. The effects of tensile loading of the nervous system from (A) evidence from the Petri dish, (B) evidence from animal 
models, and (C) evidence from human trials.
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neurite outgrowth and cell differentiation) [30]. 
A study examining sensory and motor neurons 
demonstrated that repeated application of tensile 
load (between 0.1–1% strain) resulted in dose- 
dependent neurite outgrowth, cell differentiation, 
and modulation of mechanosensitive ion channel 
expression with a plausible anti-nociceptive effect 
[31,32].

Progressive uniaxial tension for 14 days applied to 
ex-vivo DRG explants from rats significantly enhanced 
the outgrowth and orientation of neurites [33–35]. 
A tailored mechanical stretch (with a strain of 0.1–1% 
for cultured neurons and up to 10% for DRG explants) 
had positive effects on neurite outgrowth and pain 
modulation [27,30,36,37]. Higher levels of stretch had 
negative effects on neurons, such as impaired neurite 
regeneration and increased neuronal death 
[27,33,34,36–38].

2. Evidence from animal models

Following a peripheral nerve injury, a cascade of 
neuro-immune responses occurs resulting in neuroin
flammation and neuromodulation [39]. In severe nerve 
injuries, this occurs not only at the injury site, but also 
more proximal along the neuraxis: at the correspond
ing DRG [40], the dorsal horn of the spinal cord [41] 
and higher brain centers, such as in the midbrain [42], 
thalamus [43], nucleus accumbens, and prefrontal cor
tex [44]. Neuro-immune responses are defined as sub
stances or processes (such as neuropeptides, 
cytokines, hormones and altered gene expression) 
involved in interactions between the immune system 
and the nervous system [45]. These neuro-immune 
responses play an important role in the generation 
and maintenance of neuropathic pain following 
a nerve injury. Most of these insights originate from 
animal models of peripheral nerve injuries associated 
with severe axonal damage. More recently however, 
local and remote neuro-immune responses (e.g. in the 
DRG and spinal cord) have been demonstrated in peo
ple with lumbar radiculopathy [46].

A recent literature review [47] revealed that neural 
mobilization positively influenced various neuro- 
immune responses at the peripheral nerve injury site, 
but also at the corresponding DRG, spinal cord and higher 
brain centers. Interestingly, the type of treatment techni
ques used in these animal studies all mimicked tensioning 
techniques, with remarkable results. For example, in rats 
with induced painful diabetic neuropathy, tensioning 
techniques alleviated mechanical hypersensitivity on the 
paw of the treated side compared to the untreated side or 
compared to animals who did not receive neural mobili
zation [13]. This improvement correlated with lower 

concentrations of pro-inflammatory cytokines (IL-1β and 
TNF-α) in the sciatic nerve and its branches only on the 
treated side.

At the level of the DRG, tensioning techniques 
resulted in a decrease of Substance-P and transient 
receptor potential vanilloid 1 (TRPV1) expression, 
and an increase in m-opioid receptor expression in 
rats with a sciatic nerve injury [12]. These are rele
vant changes, as TRPV1 upregulation contributes to 
mechanical allodynia and thermal hyperalgesia; 
Substance-P plays an important role in the develop
ment of chronic pain [48] and is responsible for the 
development of hyperalgesia in rats [49]. Another 
study revealed that tensioning techniques were 
associated with a decrease in nerve growth factor 
(NGF) and glial fibrillary acidic protein (GFAP) in the 
DRG [12]. Suppression of NGF overproduction in the 
DRG has shown to be related to neuropathic pain 
attenuation following a chronic constriction injury to 
the sciatic nerve [50]. GFAP is a molecular marker for 
glial cell activity (astrocytes) and glial cell activation 
is a phenomenon linked to neuropathic pain [51]. 
A decrease in GFAP expression following tensioning 
techniques was also observed in the lumbar spinal 
cord, associated with a reduction in mechanical and 
thermal hyperalgesia and allodynia [12].

Glial cells and brain-derived neurotrophic factor 
(BDNF) expression are increased in the midbrain follow
ing a sciatic nerve injury causing neuropathic pain in 
rats [14]. Glial cells are implicated in the development of 
persistent pain and BDNF released from activated 
microglia contributes to the nociceptive transmission. 
Remarkably, tensioning techniques resulted in 
a normalization of glial cells and BDNF expression [14]. 
Also in the midbrain, tensioning techniques resulted in 
an increase in endogenous opioid receptors (Kappa- 
opioid receptors) in the periaqueductal gray [16]. 
Furthermore, the rats who received tensioning techni
ques had increased tibialis anterior muscle strength and 
better locomotion compared to injured rats who did 
not receive neural mobilization [16].

Tensioning techniques following a sciatic nerve 
crush injury or a chronic constriction injury in rats 
resulted in reduced intraneural scar formation [15], 
anti-allodynic and neurotrophic effects able to speed 
up the nerve regeneration processes [11,12]. A severe 
sciatic nerve constriction injury can cause significant 
axonal loss (i.e. Wallerian degeneration) distal to the 
injury site. Increased numbers of axons with myelin 
sheaths of normal thickness and less inter-axonal fibro
sis after treatment (tensioning techniques) have been 
shown in rats compared to controls with the same 
sciatic nerve injury who did not receive the interven
tion [11]. In contrast, when injured nerves are not 
exposed to mechanical stimuli, nerve regeneration 
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diminishes due to increased intraneural scar tissue 
formation, leading to mechanical allodynia and hyper
algesia [11,12,15].

3. Evidence from human trials

In larger human clinical trials, neural mobilization is 
typically part of a multimodal intervention [52–55]. If 
neural mobilization is evaluated as a unimodal inter
vention, different neurodynamic techniques are often 
combined [52,53], making it impossible to isolate the 
effects of tensioning techniques. A few smaller studies 
that evaluate the immediate effects of tensioning tech
niques are, however, available. Tensioning techniques 
enhanced conditioned pain modulation in people with 
chronic neck pain [56]. Tensioning techniques had no 
effect on pain intensity in people with chronic neck 
pain [56], and decreased pain intensity in computer 
users with elbow pain [57].

Ultrasound shear wave elastography investigations 
in healthy young adults revealed that nerve stiffness 
adapts to both short and long-term tensile mechanical 
stimuli [58,59] (Figure 3). For example, sciatic nerve 
stiffness at the onset of stretch pain decreased follow
ing maintaining a nerve tension position (long-sitting, 
maintained twice for 3 minutes) [58]. Similarly, a rando
mized controlled trial revealed a decrease in sciatic and 

tibial nerves’ stiffness following a neural tensioning 
style regime (total loading stimuli of 7.5 hours over 
12 weeks), compared to a muscle stretching style 
regime [59].

There is a growing body of evidence of in-vivo 
studies supporting that mechanical properties of 
human peripheral nerves are altered in various periph
eral neuropathies, such as those associated with nerve 
compression [60], metabolic syndrome [61], and radi
culopathies [62–64]. Interestingly, a preliminary study 
reported that a 3-min slump (static) stretch resulted in 
an immediate decrease in sciatic nerve stiffness in 
people with unilateral sciatica [65].

Too much of a good thing?

As described above, mechanical loading, including 
tensile forces, is fundamental to maintain the home
ostasis in the nervous system. However, the response 
is influenced by the characteristics of tensile loading, 
such as the magnitude, duration, rate of loading and 
frequency [66]. For example, 8% nerve strain exposed 
to an animal nerve [67,68] caused immediate reduc
tion of intraneural blood flow, with total occlusion 
(leading to ischemia) at 15% strain (if sustained for 
up to one hour) [68–70]. Nerve conduction becomes 
impaired from 8% strain of an animal nerve [67] with 

Figure 3. The median nerve, imaged using shear wave elastography, at the level of the mid-forearm when (A) relaxed and (B) 
when on stretch. Note: colored elastogram presents nerve shear wave velocity (metres/sec) (an index of nerve stiffness).
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conduction block from 10% to 12% strain, sustained 
(sustained for up to one hour) [70]. Furthermore, as 
little as 3–5% strain of experimentally inflamed animal 
nerve resulted in increased neural mechanosensitivity 
[71]. Nerve elongation has also been shown to 
decrease the cross-sectional area of a peripheral 
nerve [72], a phenomenon believed to result in 
increased intraneural pressure with associated 
adverse effects [22,68,73]. To the authors’ knowledge, 
there are no studies that have investigated the effect 
of ‘excessive’ tensile forces on neuroimmune 
responses both locally and at remote sites along the 
neuraxis, but it is likely that symptom flare following 
too much tensile loading, which often has a delayed 
onset, is also related to an increase in 
neuroinflammation.

Clinical reflections

From the research described above, what do these 
values of nerve tension and strain mean for clinical 
practice? During forward-bending in standing, sciatic 
nerve strain has been reported to reach 10.5% strain 
[74], whilst composite movements of the upper limb 
expose the median [20], radial [19] and ulnar [18] 
nerves to 18%, 12% and 10% strain respectively. 
During neurodynamic testing, it has been reported 
that the straight-leg raise test increased tibial nerve 
strain to 12.5%, whilst the median nerve neurodynamic 
test exposed the distal median nerve (proximal to the 
wrist) to 4% strain [17]. However, some care is required 
when interpreting these values. Comparison of nerve 
strain between and within different methods (i.e. cada
ver versus animal) is difficult as strain calculations 
require an accurate measure of nerve length at rest, 
and this is different between studies, which may 
explain the sometimes vastly different strain values 
reported in the literature.

Systematic reviews with and without meta-analyses 
reveal the clinical efficacy of neurodynamic techniques 
(which typically combine sliding and tensioning exer
cises, and techniques to mobilize the structures that 
surround the nervous system) for various conditions 
[75–79]. Basic science studies revealed the potential 
working mechanisms of neurodynamic techniques 
(see above). However, the translation of these findings 
to clinical recommendations remains challenging, if 
not impossible. For example, all studies that used ani
mal models to document the effects of tensioning 
techniques used nerve injury models that are much 
more severe than the neuropathies patients who seek 
physiotherapy care present with. The nerve injuries are 
also uniformly the same for all animals, with a selective 
lesion to the nerve without damage to joints or inter
vertebral discs, and animals are typically young with
out comorbidities.

It has also been difficult to directly determine nerve 
strain from human research, which presents 
a significant limitation (to date) when interpreting the 
effects of tensile forces upon the nervous system. In- 
vivo, human studies have examined shear-strain at the 
nerve-muscle interface [80], ultrasound shear wave 
elastography to measure nerve shear wave velocity 
(an index of nerve stiffness) [59,81] (Figure 3), and 
indirect measures of nerve strain calculated from 
excursion values [74]. Future technologies that allow 
direct quantification of nerve strain through human 
research will be of great interest to this field.

The rate of tension application is important to 
consider also. It is believed that sudden stretching 
trauma has the potential to be more damaging 
compared to more gradual tension applied within 
appropriate limits [67]. For example, fast eccentric 
muscle contractions have been shown to induce 
functional and structural damage in interfacing ani
mal [82,83] and human [84] nerves. Clinically, neu
rodynamic techniques are typically promoted to be 
performed as dynamic techniques rather than sus
tained or static holds [85,86]. Furthermore, tension
ing techniques are promoted within limits of 
perceived passive resistance [53,87], a feature that 
has been adopted also in animal models with ben
eficial results [27,34]. Making evidence-based 
recommendations regarding the precise frequency 
and number of repetitions of neurodynamic techni
ques, including tensioning techniques, is proble
matic given the large variability reported in the 
literature [85,88]. For example, a systematic review 
of lower-limb neural mobilization techniques for 
healthy people and people with low back pain 
revealed technique application duration between 
60 and 300 seconds with repetitions ranging 
between 1 and 45 [88].

As mentioned earlier, tensioning techniques are 
considered more biomechanically challenging than 
sliding techniques, and as such careful clinical rea
soning is essential when using and prescribing 
them, particularly in regard to mitigating symptom 
flare and/or clinical deterioration [79]. Although 
there are many benefits of tensile loading to the 
nervous system, there is also a risk that movement- 
based techniques, in particular tensioning techni
ques, may be temporarily aggravating peripheral 
neuropathic pain [89].

Conclusion

The studies summarized within this article illustrate 
the beneficial effects of optimal mechanical load to 
healthy and pathological nerves. The research 
shows that repeated mechanical tension on animal 
peripheral nerves applied by tensioning techniques 
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has positive effects on nerve biomechanics, nerve 
repair and nerve regeneration processes, promoting 
multi-level changes in the peripheral and central 
nervous systems. Notably, these changes are 
induced in the cells of the peripheral and central 
nervous system and are linked to pain modulation 
and normal nerve function restoration. However, 
the optimal tension dosage to apply in clinical con
ditions remains the challenge. Not enough tension 
may result in little effects, whereas too much ten
sion will undoubtedly exacerbate symptoms. It 
should be noted, that the optimal dosage for apply
ing nerve tension in people with neuropathies has 
not been established and is unlikely to be estab
lished any time soon. A dosage that works well in 
one patient, may be too much or too little for 
another person. Therefore, judicious use of neuro
dynamic techniques, including tensioning techni
ques, should always consider multiple aspects and 
how they interact, such as the clinical presentation, 
nature of the symptoms, levels of irritability, patho
physiology, stages of healing, beliefs of the patient. 
Frequent re-assessments continue to play an impor
tant role.
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The neurodynamic treatment 
induces biological changes 
in sensory and motor neurons 
in vitro
Giacomo Carta1,2,3, Giovanna Gambarotta1,2, Benedetta Elena Fornasari1,2, Luisa Muratori1,2, 
Marwa El Soury1,2, Stefano Geuna1,2, Stefania Raimondo1,2* & Federica Fregnan1,2

Nerves are subjected to tensile forces in various paradigms such as injury and regeneration, joint 
movement, and rehabilitation treatments, as in the case of neurodynamic treatment (NDT). The 
NDT induces selective uniaxial repeated tension on the nerve and was described to be an effective 
treatment to reduce pain in patients. Nevertheless, the biological mechanisms activated by the NDT 
promoting the healing processes of the nerve are yet still unknown. Moreover, a dose–response 
analysis to define a standard protocol of treatment is unavailable. In this study, we aimed to define 
in vitro whether NDT protocols could induce selective biological effects on sensory and motor neurons, 
also investigating the possible involved molecular mechanisms taking a role behind this change. 
The obtained results demonstrate that NDT induced significant dose-dependent changes promoting 
cell differentiation, neurite outgrowth, and neuron survival, especially in nociceptive neurons. 
Notably, NDT significantly upregulated PIEZO1 gene expression. A gene that is coding for an ion 
channel that is expressed both in murine and human sensory neurons and is related to mechanical 
stimuli transduction and pain suppression. Other genes involved in mechanical allodynia related to 
neuroinflammation were not modified by NDT. The results of the present study contribute to increase 
the knowledge behind the biological mechanisms activated in response to NDT and to understand its 
efficacy in improving nerve regenerational physiological processes and pain reduction.

Every day, nerves are subjected to tensile forces as a consequence of joint movements or rehabilitation treatments 
after a nerve injury1. In many cases, the positive effects of applying tensile forces on nerves are exploited to facili-
tate the healing process2–8. For example, the neurodynamic treatment (NDT), which is a non-pharmacological 
intervention consisting of a combination of physiological movements that induce selective repeated uniaxial 
tension on the nerve2,9,10, was described to be an effective treatment to reduce pain in drug-resistant sciatica 
patients11,12 since the end of the eighteenth century. Several clinical trials have shown that NDT is an effective 
treatment to increase nerve functions and reduce pain in patients with neuropathies of the somatic nerves13–17. 
Also, several preclinical studies on murine sciatic neuropathy models have shown that NDT resolves mechanical 
and thermal allodynia, which are very common and disabling symptoms among neuropathic pain patients18. 
NDT affects the protein expression of Nerve Growth Factor (NGF) in the homologous dorsal root ganglia (DRG) 
and the spinal cord metameres involved by the nerve lesion3,19,20. Although there is a growing understanding of 
how mechanical forces influence tissues21,22, there is quite poor evidence on biological processes involved during 
this phenomenon on nerves. The recent discoveries on nerve-related neuropathic models have identified the 
specific gene expression in the DRG and the spinal cord related to neuropathic pain and mechanical allodynia. 
TLR2 (Toll-like receptor-2) and YAP (Yes-associated protein) are significantly upregulated in the DRG neurons in 
several neuropathic pain models, and their suppression is linked to the suppression of mechanical allodynia23–25. 
In particular, TLR2, is a receptor mediating the macrophage recognition of ligands from microbes that promote 
inflammation in the DRG and spinal cord neurons. Several studies have shown that TRL2 depletion induces 
mechanical allodynia suppression through the signalling pathway of myeloid differentiation factor-88 adaptor 
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protein (MyD88)/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) in DRG cells26. YAP is 
a transcriptional regulator, its overexpression and nuclear accumulation in the DRG and spinal cord neurons, 
like motor neurons, is associated to neuroinflammation after a nerve injury and neuropathic pain leading to 
mechanical hypersensitivity in naive animals24,27. Also, the nerve injury-dependent mechanical allodynia is 
suppressed in YAP knock-down rats and using siRNA against YAP in the spinal cord. The expression of c-JUN 
(a gene involved in nerve degeneration) in the DRG and the spinal cord has been linked to neuropathic pain 
conditions and neuroinflammation28,29. Also, c-Jun in these neurons has been identified as one of the main hub 
genes in several neuropathic pain conditions and its suppression is linked to pain relief in several neuropathic 
pain animal models30–33. The gene expression in DRG neurons encoding for mechanosensitive ion channels has 
been shown to affect the perception of mechanical painful stimuli. In particular, TACAN suppression, an ion 
channel that is co-localized with TRPV1 (transient receptor potential cation channel subfamily V member 1) in 
non-peptidergic nociceptors in the human and murine DRGs34–36, is significantly linked to the suppression of 
mechanical hyperalgesia induced by local and systemic inflammation36. Furthermore, the upregulation in the 
DRG of PIEZO1, an ion channel that is responsible for the sensation of non-noxious stretch and compression 
forces, is linked to the mechanical pain suppression in humans and animal models of neuropathic pain37–39.

NDT protocols available in literature are extremely heterogeneous concerning the number of repeated stimuli 
(from three to three series of 60 repetitions)14,16, the amount of nerve elongation (from 0.8 to 15% of the total 
nerve rest length)40–42, the elongation speed (from one to five seconds)6,42 and the time of stretch duration (from 
1 to 30 s)16,42. Despite the positive results obtained from clinical and preclinical studies that link NDT-induced 
pain reduction and allodynia improvement to changes in the peripheral and central nervous system, funda-
mental aspects to obtain standardized treatment protocols have not yet been defined. To overcome this lack of 
knowledge, the aim of the present research is threefold: (1) to define whether a single set of repeated mechanical 
stimuli could induce biological and morphological changes in neurons; (2) to define whether NTD could lead 
to negative effects on neurons and (3) to investigate whether those changes have a dose-dependent behavior.

In the field of biomedical research in vitro experiments are mandatory to avoid animal use as much as 
possible9. Nevertheless, to obtain in vitro data suitable to be translated in humans, it is fundamental to adopt a 
biological model with the same features of human cells. Taking into account this aspect, to assess the effects of 
NDT, we selected a mouse motor neuron-like cell line (NSC-34)43–46 and a rat nociceptive sensory neuron-like 
cell line (50B11)47,48 as biological models. Indeed, although not all the biological processes are shared among 
different species, in our research we focused on genes linked to neuropathic pain and stress mechanisms that 
are expressed in mice, rats, and humans35,37,49–51.

Results
Effects of neurodynamic treatment protocols on cell morphology.  Morphological analyses were 
performed to assess specifically the possible beneficial or toxic effects of NDT protocols on cell differentiation, 
a process that is related to nerve healing and sensitive to environmental stimuli2,45,47,52–55. Also, effects on neu-
rite growth, a process that is fundamental for neural repair and target tissue re-innervation7,45,47, and neurites 
orientation2,56–61.

Representative images of NSC-34 (motor) and 50B11 (sensory) neurons for each type of experimental pro-
tocol are reported in Fig. 1A. A significant and dose-dependent response of NDT protocols was detectable for 
both cell lines (Fig. 1B). The differentiation ratio was significantly higher in NSC-34 cells treated with both LR 
and HR protocols (Fig. 1B, Table 1 Supplementary for statistical analysis) than in cells belonging to CTR IN or 
CTR OUT groups. In particular, the median value of the differentiation ratio was 12.00 points (95% CI: 5.25–25) 
in the LR protocol, 8.6 points (95% CI: 5.5–30) in the HR protocol, and 2.11 points in the CTR OUT protocol 
(95% CI: 1.33–4). The CTR IN protocol differentiation ratio of 2.00 points (95% CI: 1.47–2) was not statistically 
different from the CTR OUT. Similar results were detected in 50B11 cells with a significantly higher differentia-
tion rate in LR and HR protocols compared to CTR IN and CTR OUT groups (Fig. 1B, Table 1 Supplementary 
for statistical analysis). Notably, the differentiation ratio of the LR group was significantly higher than the CTR 
OUT protocols of 11.33 points and of 7.29 points in the HR protocol. Also, the CTR IN protocol has shown a 
differentiation ratio significantly higher than the CTR OUT protocol of about 5.19 points.

No significant differences were detected on neurite length for all experimental groups compared to CTR 
OUT in motor neurons (Fig. 1B, Table 1 Supplementary for statistical analysis). However, a significantly higher 
neurite length of about 60 µm was detected for the LR and HR protocols compared to the CTR IN group. Also, 
the sensory neurons treated with LR and HR protocols had significantly longer neurites when compared to those 
observed in the CTR OUT protocol. The neurites were significantly longer than those of the CTR OUT protocol 
by about 63.03 μm in the LR protocol and by about 31.28 μm in the HR protocol. Interestingly, the neurites 
length of the CTR IN protocol was significantly greater than that of the CTR OUT protocol of about 35.62 μm. 
No significant differences were detected between all protocols on neurites orientation for motor and sensory 
neurons (Table 1 Supplementary for statistical analysis). In an experimental design where the neuronal models 
received two different NDT protocols where the CTR OUT represents the sham group, the results showed that 
both NDT treatments induce a significant increase in cell differentiation and neurites outgrowth, while neurite 
orientation is not affected.

Effects of neurodynamic treatment protocols on cell apoptosis.  Proteins were analyzed to assess 
specifically the possible beneficial or deleterious effects of NDT protocols on neuron survival and death. In par-
ticular, the expression of Bax (a pro-apoptotic protein) and Bcl2 (an anti-apoptotic protein) was quantified. A 
not-pro-apoptotic behavior was induced on sensory and motor neurons by NDT protocols showing the absence 
of negative effects on cell survival (Fig. 2). Surprisingly, the Bax and Bcl-2 ratio revealed relevant changes in the 
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Figure 1.   Effects of different neurodynamic treatment protocols on cell morphology. (A) Representative 
images of NSC-34 and 50B11 neurons stained with βIII-tubulin are reported for each type of experimental 
protocol. Scale bar: 100 µm. Red boxed regions correspond to zoom panels (down), which highlight the cells 
features following the treatment. (B) Quantitative analysis of differentiation ratio, neurites length, and neurites 
orientation. Values in the graphics are expressed as mean ± SD. For normally distributed data with comparable 
variances, One-way ANOVA was carried out, while Kruskal–Wallis-test was used for nonparametric data; 
asterisks show statistically significant differences; p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.000.
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survival cell profile induced by NDT protocols: a dose-dependent response and anti-apoptotic behavior was 
found for 50B11 cells with a significant effect for HR protocol compared to CTR OUT (F[3, 20] = 3.18; p < 0.05; 
95% CI: − 1.21 to 0.54; ηp

2 = 0.374, large effect). No significant difference was detectable between the CTR IN and 
the CTR OUT protocols (F[3, 20] = 0.68; p = 0.902; 95% CI: − 0.96 to 1.56; ηp

2 = 0.374, large effect). No significant 
anti-apoptotic effects were detected for NDT and CTR IN protocols on NSC-34 cells (F[3, 20] = 0.03; p = 0.992; 
ηp

2 = 0.005, small effect).

Effects of neurodynamic treatment protocols on gene expression.  Gene expression linked to 
immune response mediated mechanical allodynia (TLR2) and neuropathic pain (YAP, c-JUN) was evaluated in 
sensory and motor neurons after two different NDT protocols (HR and LR; Fig. 3A). Differently, gene expression 
linked to mechanical hyperalgesia (TACAN) and mechanical stimuli detection (PIEZO1) was evaluated only in 
sensory neurons (50B11) since those ion channels play a key role in the sensory stimuli transduction from the 
periphery to the central nervous system (Fig. 3B).

No significant difference between all experimental groups was detectable for TLR2 expression in sensory 
neurons (50B11) (F[3, 20] = 3.61; p < 0.03 ; ηp

2 = 0.351, large effect) and motor neurons (NSC-34) (F[3, 20] = 1.90; 
p = 0.161; ηp

2 = 0.214, large effect). Moreover, significant differences of YAP expression were not detectable 
between the different protocols in both sensory (F[3, 20] = 0.37; p = 0.77; ηp

2 = 0.053, small effect) and motor 
neurons (F[3, 20] = 1.92; p = 0.158; ηp

2 = 0.214, large effect).
The c-JUN expression revealed no significant differences between all experimental groups in both 50B11 and 

NSC-34 (respectively F[3, 20] = 0.77; p = 0.524; ηp
2 = 0.103, small effect; and F[3, 20] = 0.77; p = 0.12; ηp

2 = 0.237, 
large effect). Since TACAN and PIEZO1 ion channel functions are related to sensory stimuli transduction, only 
50B11 cell line was assessed for the expression of those genes.

The expression of ion channels linked to mechanical hyperalgesia (TACAN) revealed no significant differ-
ences, among all protocols (F[3, 20] = 2.42; p = 0.098; ηp

2 = 0.267, large effect).
Interestingly, a significant dose- dependent behavior was detected between the HR and CTR IN protocols (F[3, 

20] = 4.18; p = 0.013; ηp
2 = 0.382, large effect) and between HR and CTR OUT protocols for PIEZO1 expression 

(F[3, 20] = 4.11; p = 0.019; ηp
2 = 0.381, large effect).

Figure 2.   Effects of different neurodynamic treatment protocols on protein expression. Protein expression 
analysis for Bax and Bcl2 markers on untreated neuronal cells (CTR IN), cells positioned in the bioreactor but 
untreated (CTR OUT), and cells treated with low (LR) and high (HR) repetitions of neurodynamic treatment. 
Experiments were carried out in biological quintuplicate (n = 5). On the left, representative western blots are 
shown; actin was used as a loading control. Upper panels correspond to NSC-34 cells; lower panels correspond 
to 50B11 cells. Asterisks (*) identify unspecific bands. The samples derive from the same experiment and gels/
blots were processed in parallel. Full-length blots and gels are presented in Supplementary Figs. 1–2. In the 
right panels, the quantitative analysis of all samples is shown. Values in the graphics are expressed as mean ± SD. 
One-way ANOVA was carried out (data are normally distributed with comparable variances); asterisk shows the 
statistically significant difference (*p ≤ 0.05).
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Figure 3.   Quantitative gene expression analysis of mechanical allodynia and neuropathic pain markers. 
Relative quantification (2−ΔΔCt) of genes was evaluated by qRT-PCR to assess benefits or side effects induced 
by neurodynamic protocols on sensory and motor neurons. TATA-binding protein (TBP) was used as a 
housekeeping gene to normalize data. All data were calibrated to CTR OUT samples. Values in the graphics 
are expressed as mean ± SD. One-way ANOVA was carried out (data are normally distributed with comparable 
variances). (A) Expression of TLR2, YAP, and c-JUN is reported to assess the effects of NDT on mechanical 
allodynia and neuropathic pain. No statistically significant differences with CTR OUT were observed. (B) 
Expression of TACAN and PIEZO1 is reported to assess the effects of NDT on mechanical hyperalgesia and 
mechanical anti-nociception in sensory neurons 50B11; asterisks show statistically significant differences 
(*p ≤ 0.05).
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To summarize, the gene expression results showed no significant changes induced by NDT on genes involved 
in neuroinflammation and neuropathic pain (TLR2, YAP, c-JUN) in both motor and sensory nociceptive neurons 
revealing no effects in promoting allodynia or mechanical pain. A significant positive effect was detected for the 
HR protocol in the sensory nociceptive neurons with an upregulation of PIEZO1, a low threshold mechanosensi-
tive ion channel, responsible for mechanical pain suppression and non-noxious mechanical stimuli transduction.

Discussion
In this study, two different dosages of NDT were tested on sensory and motor neurons to deepen the knowledge 
of the biological mechanisms activated in response to repeated tensile forces administration.

To our knowledge, this is the first in vitro model of NDT using motor and sensory neuron cell lines and 
it shows that a treatment, commonly used in rehabilitation programs to relieve pain and reduce disability in 
patients, promotes neuroplasticity and regenerative processes selectively on neurons without any detectable 
negative effect.

Higgins and colleagues have previously demonstrated using a human neuroblastoma cell line (SH-SY5Y), 
that seven days of continuous progressive mechanical stimuli promote differentiation and neurite outgrowth 
similar to NGF administration2. Unlike other experiments, in this study, we have shown that a single session of 
mechanical stimuli (NDT) is sufficient to affect the cell differentiation in both sensory and motor neurons. We 
have also determined that neurite outgrowth is strongly promoted more in sensory than in motor neurons by 
both NDT tested protocols. As regards the orientation of regenerating axons, we hypothesized that the induced 
uniaxial tension with our bioreactor could influence the orientation of axonal growth leading to fiber alignment. 
Indeed, several in vitro studies have shown that continuous linear mechanical stretch can guide the neurites to 
follow the direction of the administered force2,58,59. In our study, both in sensory and motor neurons, the neurites 
orientation was not affected by the uniaxial tension created by the NDT. This was probably due to the fact that 
our protocols were administered once, and not for days or weeks as was performed in other studies, and that the 
stretch was intermittent and not progressive. To better understand the biological effects of mechanical stimuli on 
neurons, we analyzed proteins linked to cell survival and genes linked to mechanical allodynia and hyperalgesia 
that have been described in neuropathic pain models.

The cell survival analysis performed, evaluating the ratio between Bax (a pro-apoptotic protein) and Bcl2 (an 
anti-apoptotic protein) expression, demonstrated that 30 repetitions of mechanical stimuli (HR protocol) had a 
significant anti-apoptotic effect in sensory nociceptive neurons, promoting cell wellbeing.

Based on the in vivo experimental results on neuropathic pain models treated with NDT3,6,7,18,20, a pain 
modulation effect was described in particular on mechanical pain and mechanical allodynia. Since allodynia is 
linked to an upregulation of YAP, TLR2, or c-JUN23–25,28,29,62 (genes linked to neuroinflammation and immune 
response) in the DRG and spinal cord, we assessed in motor and sensory neurons their expression profiles.

The lack of significant differences between the experimental protocols has shown that the NDT protocols were 
not able to promote pro-allodynic responses mediated by the activation of TLR2, YAP, and c-Jun. Otherwise, the 
analysis performed on sensory nociceptive neurons, derived from rat DRG (50B11), revealed a beneficial effect of 
NDT in terms of upregulation of PIEZO1 due to HR protocol administration, in accordance with data reported 
in previous studies that have shown that the PIEZO1 mechanism can suppress mechanical pain37–39. Moreover, 
our data also suggest that NDT does not promote mechanical allodynia as it does not modulate TACAN expres-
sion, which is mainly involved in inflammation-mediated mechanical pain35,36. Its worth mentioning that all 
these molecules and their mechanisms are common in rodents and humans37–39,49–51 giving our results a high 
translatability to clinical conditions.

In summary, we have for the first time assessed the effects of NDT protocol dosages on neuronal cells showing 
positive dose-dependent response linked to morphology, protein, and gene expression levels. Considering that 
our experiments were not performed on neuropathic pain models, our observations related to the upregulation 
of the PIEZO1 gene, can only lead us to hypothesize a specific pathway activated by mechanical stimuli for pain 
modulation. Indeed, further future studies on ex vivo and in vivo neuropathic pain models will be essential to 
confirm if this is the key-pathway that NDT activates to induce a pain modulation effect.

Methods
Bioreactor description.  As suggested by Sherman and colleagues, a nerve stretch model requires a tool to 
obtain a controllable, repeatable, mechanical insult63. Therefore, to have a reasonable translational power, since 
the NDT is performed by the assessor’s hands, we had to consider the manual administration of the mechanical 
stimuli as a fundamental feature of our bioreactor. Since to our knowledge, no bioreactors available on the mar-
ket can produce uniaxial repeated stretch by hand, we built a bioreactor ad hoc (Fig. 4A, B). A detailed descrip-
tion of the bioreactor can be found in Table 1. Bioreactor sterilization was performed under a cell culture hood 
by an ethanol 99% wash and with a UV lamp for 30 min.

Cell culture.  Neuroblastoma  ×  spinal cord cells (NSC-34) were grown in Dulbecco’s Modified Eagle’s 
Medium (DMEM, containing 4.5  g/l glucose) with the addition of 10% heat-inactivated fetal bovine serum 
(FBS; INVITROGEN), 1% (4 mM) l-glutamine, 1% (0.1 mg/ml) streptomycin, and 100 U/ml penicillin64. The 
differentiation medium consisted of DMEM-F12 supplemented with 4 mM l-glutamine, 0.1 mg/ml streptomy-
cin, 100 U/ml penicillin, 1% FBS, and 1 μM retinoic acid.

Immortalized nociceptive sensory neuronal cell line obtained from dorsal root ganglia (50B11) were grown 
in neurobasal medium (LIFE TECHNOLOGIS, GIBCO) supplemented with 10% FBS (INVITROGEN), 2% B27 
(Life Technologies), 0.22% glucose and 0.2 mM glutamine65. The differentiation medium consisted of Neurobasal 
medium added with 50 μM forskolin. Where not specified, reagents were provided by Sigma-Aldrich.
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NSC-34 and 50B11 cells were seeded on type I collagen pre-coated silicon membranes (FLEXCELL)2 at a 
density of 15×103 cells per cm2. The medium was changed into a differentiation medium two days after seeding 
the culture. The differentiation medium was changed every two days.

NSC-34 cells differentiate after 2 days and maintain their differentiation state for 8 days45 while 50B11 cells 
differentiate after 2 days and maintain their differentiation state for 4 days47,48.

Figure 4.   The Bioreactor for in vitro Neurodynamic treatment model. (A) The device consists of three 3 mm 
Forex layers covered with UV-resistant D-c-fix® and divided into two parts puzzled possibly to be driven 
horizontally by the user to induce neurodynamic treatment protocols. (B) Type I collagen pre-coated silicon 
membrane cut in rectangular shape is clipped into the device and the stretch is administered by hand when 
turning the wheel to the right. (C) The device and the membrane are shown in cross-section. Initially, the 
membrane is positioned in the device and clipped. To induce the stretch, the wheel is turned to the right, 
stretching uniaxially the membranes with constant gravity force. Stretch is repeated by turning the wheel to the 
left until the initial position is reached and turned again to the right with different repetitions depending on the 
treatment protocols.

Table 1.   Detailed features of the bioreactor used for mechanical stimulation.

Mechanical and physical features of the bioreactor

Speed and strain of the uniaxial stretch are regulated by hand with negligible shear stresses on other planes

Gravity is kept constant

Suitable to be used under a class II cell culture hoods

Materials are compatible with 99% ethanol washes and UV sterilization process

Small dimensions are useful to handle the device (9.7 mm high, 140 mm large and 134.5 mm long), to reduce the possible risk of contami-
nation, and to avoid the waste of materials

Possibility of visually monitoring the amount of membrane elongation (electronic caliber)

Materials commercially available to build the bioreactor

A triple layer of 3 mm FOREX (expanded PVC) for the core structure

UV resistant plastic sheet 0.09 mm thick D-C-FIX for the cover

LEGO wheels (one 8 teeth; three 24 teeth) and bars (five 100 mm bars) to produce the bioreactor movements

Two paperclips to keep the silicon membranes attached to the bioreactor

Three plastic cable pins with stainless steel nails covered in nickel to keep the clips and the caliber jointly liable with the bioreactor core

A carbon fiber composite digital thickness gauge with an accuracy of ± 0.1 mm/ ± 0.004 was added to the bioreactor for real-time visual 
feedback of the elongation induced by the user
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Cell stretch model parameters.  To assess the effects of NDT, the parameters of mechanical stimuli 
administration were standardized. The silicon membrane elongation was defined as “strain” and the amount 
of membrane elongation reported as a percentage value was defined as “strain rate”. The strain rate was stand-
ardized and refined starting from parameters described in literature. In particular, Clark and colleagues have 
described from in vivo experiments that the optimal nerve elongation promoting nerve regeneration must be 
less than the 12% of the nerve length, between 6 and 9%66. Nevertheless, silicon membranes compared to nerves 
have no elastic reserve, meaning that mechanical stimuli applied to the membranes are directly transmitted to 
the membranes of the neurons seeded on it. Indeed, the stretch force reached when a resistance was perceived by 
the bioreactor user was quantified using a mean value of the strain induced and was determined to be between 
28 and 283 Pa. Those values are lower than the mean strain resistance of the cell membrane of motor neurons 
(500 Pa) and of sensory neurons (3000 Pa)67–69. As a matter of fact, during the NDT treatment, the tissue resist-
ance perceived by the clinician, while the test maneuvers are performed, is used as a standardized hallmark to 
start the treatment16,70–72. For this reason, the amount of the strain rate was set to a range of 0.1–1% of the dis-
tance between the two clips of the bioreactor in which the membrane was inserted (31.7 mm; see Fig. 4C). This 
amount of strain corresponded to the measured onset of the resistance to a strain of the membranes, clipped 
in the bioreactor, perceivable by the bioreactor user. Notably, the strain rate adopted was between 0.02 and 
0.5% of the membrane length, which as described by Rivera & Shah, is the normal mechanical resistance range 
of peripheral nerves1 Moreover, a higher amount of speed, elongation, and duration of the stretch in prelimi-
nary trials induced toxic effects leading to massive cell detachment in 10–30 min after the administration of 
the protocol. The dosage and speed for the Low Repetitions (LR) protocol were set as described by Wang and 
colleagues since the parameters were fitting with the criteria reported above and they were also effective as a 
neurodynamic protocol in preventing muscle atrophy after sciatic nerve injury in rabbits6. To study a possible 
dose–response behaviour on neurons a High Repetitions (HR) protocol was performed, fitting with the same 
parameters described above, but threefold more intense. Both these protocols could be also suitable for future 
ex vivo and in vivo studies on neuropathic pain mechanisms. An estimated sample of 7 membranes from each 
group of treatment (effect size f = 0.90; Power [1 − β err prob] = 0.95; α = 0.05; Actual power = 0.97) was evaluated.

Treatment.  NSC-34 and 50B11 cells seeded on silicon membranes pre-coated with type I collagen (FLEX-
CELL)2, were incubated 48 h in differentiation medium; then, they were moved into the bioreactor and treated 
with the protocols reported below and then returned into the differentiation medium till the end of the experi-
ment (two and five days after the procedure, for respectively 50B11 and NSC-34 cells).

A Low Repetitions (LR) protocol of NDT was administered to the membranes as described by Wang and 
colleagues6, with a cycle of 1 s of stretch (strain rate of about 0.1 and 1% of the membrane rest length), with 
5 s to return at the starting position for 10 times. A High Repetitions (HR) protocol followed the same stretch 
parameters of the LR, but 30 repetitions were administered.

To assess the environmental effects of nourishment privation57, induced by the treatment protocols reported 
above, a sham control, in which membranes were taken off from the medium and positioned in the bioreactor 
for 90 s (calculated as the mean amount of time between LR and HR protocols in which the membranes were 
left out of the medium), without the application of mechanical stimuli, was included in the experiment. This 
experimental group was named “control out” (CTR OUT).

Finally, it was defined the “control in” (CTR IN) protocol, in which membranes were left in the differentia-
tion medium for all the duration of the experiment; the comparison with CTR OUT protocol allowed to assess 
the effect of taking the membranes out off the medium. Positive effects were defined as those changes linked to 
nerve regeneration or pain suppression like cell survival, neurite outgrowth, and modulation of genes linked 
to neuropathic pain and mechanical allodynia. On the opposite, negative effects were defined as those changes 
induced by the NDT and linked to apoptosis and regulation of the genes linked to pain promotion.

Immunofluorescent imaging.  After 5 and 2  days of culture for NSC-34 and 50B11 respectively, cells 
were fixed in 4% PFA for 15  min, washed in 0.1  M phosphate buffer (pH 7.2), and processed for immuno-
fluorescence analysis. Samples were permeabilized and blocked in 0.1% Triton X-100, 10% normal goat serum 
(NGS, VECTOR LABORATORIES INC.), 0.02% NaN3 in Dulbecco’s phosphate-buffered saline (PBS; without 
Ca +  + and Mg + +) for 1 h and incubated overnight with anti-βIII-tubulin (mouse, monoclonal, 1:1000, SIGMA-
ALDRICH) primary antibody in PBS; then, after 3 washes at room temperature (RT) in 0.1 M phosphate buffer 
(pH 7.2), the secondary antibody goat anti-mouse Alexa fluor 488 (1:200, MOLECULAR PROBEC) in PBS 
was incubated for 1 h at RT. Cells were mounted with a Dako fluorescence mounting medium, the long edges 
of the membranes were mounted parallel to the long edge of the coverslips. Images were acquired using a Zeiss 
LSM800 confocal laser microscopy system (ZEISS, Jena, Germany) in a 40 × magnification.

An estimated sample of 25 images, in which all cells were assessed, from each group of treatment (effect size 
f = 0.40; Power [1 − β err prob] = 0.95; α = 0.05; Actual power = 0.95) was analyzed. The images were randomly 
acquired from the central portion of the silicon membranes, from a blinded assessor. From confocal cell images, 
measurements were performed by ImageJ software.

Differentiation ratio, neurite length, and orientation.  The undifferentiated and differentiated cells 
were manually counted following the criteria described by Maier and colleagues45, considering that differenti-
ated cells are characterized by having more than two neurites with at least one of them demonstrating a length 
that is at least two folds longer than the smallest cell diameter; values were calculated by the ratio between num-
bers of differentiated and undifferentiated cells for each image. Neurite lengths and orientations were manually 
measured in all cells as described by Song and colleagues56, starting from the soma to the end of each neurite. 
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Only the longest neurite of each differentiated neuron was acquired and the orientation of a neurite was defined 
as the angle relative to the stretch force direction and the neurite outgrowth56.

RNA isolation, cDNA preparation, and quantitative real‑time PCR.  RNA extraction, retro-tran-
scription, and quantitative real-time PCR (qRT-PCR) were performed as previously described73, using 0.75 µg 
RNA/sample for retro-transcription. The average value of CTR OUT ΔCt was used as a Ct calibrator for relative 
quantification. Data normalization was performed adopting TBP (TATA box binding protein) as a housekeeping 
gene as described in our previous research74.

The assessed genes are reported in Table 2; in sensory neurons 50B11 only PIEZO1 and TACAN expression 
was assessed to detect any effect of NDT on mechanical pain suppression or promotion.

Western blot analysis.  Following RNA extraction, total proteins were extracted with TRIzol Reagent 
according to the manufacturer’s instructions (INVITROGEN, THERMOFISHER). The Laemli buffer (2.5% 
sodium dodecyl sulfate, 0.125 M Tris-HCl, pH 6.8) at 100 °C was used to dissolve the protein pellet. To deter-
mine the protein concentration, the Bicinchoninic Acid assay kit (SIGMA) was used where equal protein quanti-
ties (50 μg) were loaded into each lane after being resolved by 12% SDS-PAGE. Western blot analysis was carried 
out as previously described75. Table 2 reports the list of primary and secondary antibodies.

Statistical analysis.  Statistical analyses were performed using R Statistical Software 2020 version (Foun-
dation for Statistical Computing, Vienna, Austria)76. The analyses were performed using the car77 and rstatix78 
packages, and plots reported in the manuscript figures were performed using the ggpbur package79.

If the normality of the variables assessed was observed (Levene test), One Way Analysis Of Variance (ANOVA) 
was adopted to assess differences between normally distributed continuous variables with Tukey post-hoc correc-
tion. Not normally distributed variables were assessed using the Dunn Kruskal–Wallis multiple comparisons with 
Bonferroni post-hoc method. The effect size was estimated adopting the partial eta squared (ηp

2; 0.010 = small 
effect; 0.059 = medium effect and 0.138 = large effect)80 and for non-normally distributed variables, otherwise 
epsilon squared (εp

2) was used (effects: small < 0.08, medium 0.08–0.26, large > 0.26). Confidence Intervals (CI) 
at 95% were calculated and a statistical significance level of 0.05 was implemented throughout. Values were 
expressed as mean ± SD (standard deviation). The level of significance was set at p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 
(***), and p ≤ 0.0000 (****).

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.

Table 2.   Sequences of primers used for quantitative real-time PCR and antibodies used for western blot 
analysis.

Gene Sequence Amplicon length (bp) Accession number

TLR2
Forward: 5′-CAA​ACT​GGA​GAC​TCT​GGA​AGC​
AGG​-3′
Reverse: 5′-CAC​ACA​GGT​AGC​TGT​CTG​CC-3′

125 NM_198769.2 NM_011905.3

YAP
Forward: 5′-CTT​CCT​GAT​GGA​TGG​GAG​
CAAGC-3′
Reverse: 5′-CTG​GTT​CAT​GGC​AAA​ACG​AGG​
GTC​-3′

120 NM_001034002.2 NM_001171147.1

c-JUN
Forward: 5′-ACG​ACC​TTC​TAC​GAC​GAT​
GCCC-3′
Reverse: 5′- GGG​TCG​GCC​AGG​TTC​AAG​G-3′

116 NM_010591.2 NM_021835.3

PIEZO1 Forward: 5′-ACT​CCT​GGC​CGG​CCT​CCC​-3′
Reverse: 5′-AGG​CGA​CCT​GTG​TGA​CCT​GG-3′ 122 NM_001077200

TACAN
Forward: 5′-TGC​AGC​AGG​ACT​TCC​AAG​GTA​
TCC​-3′
Reverse: 5′-CGC​TTC​TTC​TGG​CGT​GTG​ATA​
GAG​-3′

115 NM_001010945.1

Antibodies for Western blot analysis

Code Dilution Host Source

Primary antibodies

actin A5316 1:4000 Mouse Sigma

Bax SC-23959 1:600 Rabbit Santa Cruz Biotechnology Inc

BcL2 SC-492 1:200 Rabbit Santa Cruz Biotechnology Inc

Secondary antibodies

HRP conjugated-anti-rabbit 7074 1:15,000 Goat Cell Signaling

HRP conjugated-anti-mouse 7076 1:15,000 Goat Cell Signaling
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Abstract  

Somatic nerve injuries are a rising problem leading to disability associated with neuropathic pain 

commonly reported as mechanical allodynia (MA) and hyperalgesia. Growing evidence has shown 

that these symptoms are strongly dependent on specific processes in the dorsal root ganglia (DRG). 

The neurodynamic treatment (NDT), consisting of selective uniaxial nerve repeated tension 

protocols, effectively reduces pain and disability in neuropathic pain patients31. Nevertheless, the 

biological mechanisms induced by the NDT in nerve regeneration promotion and pain modulation 

remain poorly characterized. We aimed to define both in vivo and ex vivo, how NDT could promote 

nerve regeneration and modulate the processes in the DRG linked to MA and hyperalgesia.  

For in vivo experiments, we adopted the rat unilateral median and ulnar nerve crush model. We 

compared to control rats (animals subjected only to nerve injury), animals treated with NDT for 3 

weeks after injury, and animals treated with NDT both 10 sessions before and 3 weeks after nerve 

injury. Behavioural tests, morphological and morphometrical analysis, gene and protein expression 

analysis revealed that NDT promotes nerve regeneration processes, speeds up sensory-motor 

recovery, and modulates mechanical pain by affecting, in the DRG, the expression of TACAN, a 

mechanosensitive receptor, shared between humans and rats, responsible for MA and hyperalgesia.  

The DRG explant ex vivo model has shown that NDT increases neurite regrowth and confirmed the 

modulation of TACAN. In conclusion, the NDT can be safely adopted in clinical practice after nerve 

injuries to promote functional recovery and pain modulation. 

 

Keywords: Neuropathic pain, neurodynamic, nociceptor, allodynia, regeneration, motor recovery, 

non-pharmacological treatment, dorsal root ganglia, gene expression. 

 

  



Introduction  

Neuropathic pain and disability are common conditions in patients suffering from peripheral 

nervous system (PNS) injuries or pathologies 40,77.  In particular, when PNS injuries occur, they are 

often associated with sensory and motor impairment or loss of function distal to the lesion site. 

Unfortunately, the interventional procedure improvement and opioid prescriptions did not reduce 

the burden of neuropathic pain which is still a clinical challenge in terms of making a diagnosis, 

defining and maintaining an adequate therapy 11,55,56.  

After a nerve injury, unmyelinated and myelinated primary afferent neurons increase their activity 

sustaining a predominantly peripheral neuropathic pain process with stimuli that are dependent on 

abnormal responses like mechanical allodynia (MA) and hyperalgesia 46,87,96. These conditions are 

related respectively to a pain perception for non-painful pressure or stretch and exaggerated pain 

for painful stimuli. These processes are linked to changes in neurochemical, anatomical,  

electrophysiological properties or protein and gene expression in the dorsal root ganglia (DRG) 

neurons 9,13,63,73,87,102. More in detail, MA and hyperalgesia are related to the expression of specific 

genes in the DRG, like the high threshold mechanosensitive channel TACAN (Tmem120A) 9,13,23 or 

the Toll-like receptor-2 (TLR2), a receptor modulating the macrophage response 25,47,75,100. Indeed, 

it has been shown that depletion or suppression of these genes suppresses MA and hyperalgesia 

9,13,25,47. Notably, these mechanisms causing MA and hyperalgesia related to neuropathic pain are 

highly conserved in both murine and human DRG neurons 4,9,51 and the modulation of receptors and 

mechanosensitive channels expressed by peripheral sensory neurons has been demonstrated to be 

a promising strategy in the treatment of neuropathic pain 13,22,47,90. Also, RNA-Seq studies on DRG 

after nerve injuries in rats revealed that these genes are independently expressed from sex 3,24,78. 

The selective repeated administration of uniaxial tensions to somatic nerves, also known as 

neurodynamic treatment (NDT), has shown to be effective in pain modulation and nerve conduction 



improvements detected by electrophysiological assessment in long term neuropathic pain patients 

suffering from carpal tunnel syndrome 81,93–95 and radiculopathies of somatic nerves in the upper or 

lower limbs 8,31,57,66,98,103. NDT significantly reduces pain and disability with long-term effects in 

neuropathic pain patients. Also, hypoalgesic and anti-allodynic short-term effects have been 

reported respectively in asymptomatic 10,35,58 and neuropathic pain patients 6,37,89. Despite the 

effectiveness of NDT in modulating neuropathic pain, the biological mechanisms induced by this 

treatment remain poorly characterized. Our previous studies have shown that NDT induces dose-

dependent pro-regenerative and antiapoptotic effects on sensory and motor neuronal cell lines 20, 

but, as far as we know, no data on MA and hyperalgesia modulation are available. In the current 

study, we aimed to investigate in vivo if the NDT modulates the neuropathic pain and promotes 

motor-sensory recovery after a nerve crush injury26,79. To further explore the relevance of possible 

pain modulation processes induced by NDT in the DRG, we adopted an ex-vivo model of DRG 

organotypic explant which was subjected to neurodynamic treatment through a bioreactor 

previously validated for this purpose 20.  

 

Methods 

Animals 

In vivo surgical and treatment protocols 

Adult female Wistar rats approximately weighting 230-250 gr (Charles River Laboratories, Milan, 

Italy) were used in the present study and a proper sample size (n= 18; 6 for each experimental group) 

was calculated based on grasping strength (370 ± 90 gr; ηp
2= 0.14 large) after a median nerve crush 

injury in rat upper limbs reported by Ronchi and colleagues 68 (effect size f = 0.403; Power [1 − β err 

prob] = 0.95; α = 0.05; Actual power = 0.97). Animals were housed in large cages at the animal facility 

of Neuroscience Institute Cavalieri Ottolenghi (NICO; Ministerial authorization DM 182 2010-A 3-



11-2010) in humidity and temperature-controlled room with 12-hour light/dark cycles. Free access 

to water and standard chow was provided ad libitum. Humane endpoint criteria were adopted to 

adequately measure and minimize any animal pain, discomfort, or distress. The study conditions 

were conformed to the guidelines of the European Union’s Directive EU/2010/63. Also, approval by 

the Ethic Experimental Committee of the University of Turin (Ministry of Health project number 

864/2016) was obtained before the research began. As reported in Figure 1A, animals were 

randomly divided into 3 experimental groups: (i) 6 rats subjected to crush injury but not treated, 

used as control (NO NDT); (ii) 6 rats subjected to crush injury and treated with an NDT protocol from 

the third day after surgery until day 24 (NDT POST; described further below); (iii) 6 rats subjected to 

crush injury and treated with NDT both 12 days before nerve injury (5 days/week) and for 24 days 

after injury with the same posology of the NDT POST group (NDT PRE+POST). 

 

Figure 1 Treatment protocols, and timeline of the assessments. (A) The colored lines of the figure represent the duration of NDT 
protocols administrated 5 days/week, 30 sessions each day of treatment in orange (NDT POST) and green (NDT PRE+POST). (B) 
Assessments performed at each time point are reported in the colored frames 

 



The surgical interventions were carried out under deep anesthesia using Tiletamine + Zolazepam 

(Zoletil) i.m. (40 and 5mg/kg). After trichotomy, the median and ulnar nerves of the left forelimb 

were exposed from the axillary region of the arm above the elbow (Figure 2A). The nerve crush 

injury was performed administering a pressure of 17.02MPa for 30 consecutive seconds 68 to the 

middle third of the nerves using a flat tip clamp as reported in Figures 2B and C.  

 

Figure 2. A-C: crush injury protocol. (A) After a 2 cm skin incision along the medial aspect of the long axis of the arm above the elbow, 
the median and ulnar nerve were isolated and exposed. (B) Median and ulnar nerves were crushed with a non-serrated clamp for 30 
sec. (C) The crushed area was checked to make sure there was no loss of continuity of the connective components of the nerves. D-
H: Neurodynamic tensioning treatment was administered to the injured side only (left side) to awake animals. The neurodynamic 
test from the neutral position (D) consisted of contralateral neck side flection (E), shoulder abduction and elbow extension (F), wrist 
extension (G), and fingers extension (H) performed until the clinician perceived resistance to mobilization. 

 



The protocol of NDT tensioning was administered once a day, with 1 sec of stretch (till resistance 

was felt by the clinician), and 5 sec to return at the starting position for 30 times 20,91, within the 

time window 1:00 pm to 3:00 pm 5 days/week until day 24 post-injury (figure 2D-H). The rat neck 

was kept in contralateral lateral side flexion (right side flexion) by gently and firmly surrounding its 

neck with the right thumb and index fingers. The clinician gently brought the shoulder into 

abduction, elbow in extension, writs, and fingers in extension by gently pinching the paw with the 

left thumb on the back of the paw and abducing the left index finger. The progression of the 

manoeuvres was performed until resistance was perceived. Indeed, the perception of passive tissue 

resistance is a standardized and reliable hallmark for NDT administration reported in clinical and 

preclinical studies 7,17,20,85. The rats were awake during treatments and were free to withdraw the 

paw anytime during the manipulations and experimental tests. 

 

Behavioral tests 

All reported behavioral tests were administered four days before the nerve crush and 4, 8, 12, 15, 

19, and 22 days after the nerve injury with the same chronological order as they are listed below, 

starting from sensory tests. The scores obtained before nerve injury, from sensory and motor 

behavior tests, were adopted as a reference to define the physiological normal response. 

 

Sensory assessment 

Von Frey Test 

The Von Frey 41 calibrated monofilaments were adopted to define non-noxious, noxious pressure 

threshold before nerve injury, and anesthesia or MA after the injury. The touch threshold (non-

noxious pressure threshold) was defined by observing the lack of paw movement or withdrawal 



when the filament was bending and the rat was keeping his weight on the assessed paw. The noxious 

pressure or mechanical pain threshold was defined as the presence of paw withdrawal also 

associated with licking and flicking behaviors. The anesthesia for pressure or puncture painful 

stimuli was defined as the lack of reactions related to stimuli administration after the nerve injury. 

MA was defined by observing paw withdrawals elicited by the pressure that before the nerve injury 

induced no paw withdrawals. Animals were acclimatized individually for 15 minutes in a Plexiglas 

box (28x20x14 cm) with a metal grid on the bottom (0.3x0.4 cm). The assessment was started for 

each side with a filament with 5 grams (gr) bending force applied with uniform pressure to the 

palmar surface of the paw for 5 seconds. A progressive series of 5, 10, 15, 20, and 25 g was applied 

till a change in response pattern was elicited and confirmed by 4 additional applications of the 

previous pressure eliciting no responses and 4 of the reached pressure eliciting responses 42. When 

rats did not respond to any filament a score of 45 g was assigned 74. 

 

Pinprick test 

A modified pinprick test score on pain 21, assessing the withdrawal responses to 4 consecutive pin 

administration to the hind paw was adopted as follows: “0” for the absence of withdrawal response, 

“1” when the rat slowly removes the paw from the pin, “2” when the paw was quickly removed, and 

“3” when the rat quickly removed the paw flicking and licking it.  

 

Nerve irritability to tension 

22 days after the injury, mechanical nerve irritability was assessed at the injured side by recording 

the number of paw withdrawals during 30 consecutive nerve tensions administered until resistance 

was perceived by the clinician. Tensions were administered at 0.5Hz frequency (five times higher 



rate than treatment protocols; 0.5/sec tension/release) able to induce a windup or temporal 

summation phenomenon, consisting in transiently increased responsiveness of spinal neurons to 

nociceptive peripheral fibers repeated stimulations 1,99. This test assessed the performance of the 

pain descending inhibitory system and central sensitization to pain, processes that NDT possibly affects as 

reported in the literature 69,71  (Supplementary Video).  

 

Motor performances 

 

Grissini Test 

The forepaws' dexterity was assessed and quantitatively measured through the modified Cappellini 

handling test described by Tennent and colleagues 82, using “grissini”, typical Italian breadsticks. In 

brief, a 70mm long grissini piece (Ø 6mm diameter; Roberto S.r.L. TV, Italy), was given to the rat and 

the time to eat the entire piece and the number of adjustments (defined as any observed 

replacement or removal of the paw on the grissini after it started eating) were video-recorded and 

later analyzed by observing slowed videos at ~ 50% of real-time speed.  

 

Rope Test 

The global strength of upper limbs and coordination were quantitatively assessed through the Rope 

Climbing test 19,83. The rat was positioned at the bottom of the vertical 160cm rope and was 

persuaded to climb it by gently touching the tail. The time from the climbing of the rat start until 

the crossing of the entrance on the top platform (40x40cm) was recorded. Rats were gradually 

trained to climb for 10 days before the surgery, as described by Diogo and co-workers 21, with a daily 

increment of 20cm rope. 



Grasping Test 

The grasping test was performed to assess the finger flexors strength as described by Papalia and 

colleagues 61 by holding the rat by its tail and lowering it towards the grid of the BS-GRIP Grip Meter 

device (2Biological Instruments, Varese, Italy) till a firm grip was observed, then the rat was pulled 

upward till the grip was lost and the highest force was recorded by the device. The mathematical 

mean value obtained by three consecutive attempts was used for statistical analysis. 

 

Morphological and morphometrical analysis of nerves 

After 24 days from the nerve crush, animals were sacrificed by an intraperitoneal Zoletil+Xilazina 

(>60 and >10 mg/kg) injection. The median and ulnar nerves of both sides were isolated and excised 

5 mm above and 10 mm below the middle third of their brachial portion (site of injury for the left 

side), and DRGs of the brachial plexus of both sides were excised and samples were harvested as 

described below. Then, the flexor digitorum superficialis and profundus tendons were cut, and the 

entire muscle bellies were excised from the surrounding soft tissues and muscles. Finally, the muscle 

wet mass was weighted using an electronic analytical balance with a precision of 0.1 gr 91.  

 

Resin embedding and high-resolution light microscopy 

As previously described 68, a segment of the median and ulnar nerves distally to the injury site was 

removed for the high resolution light microscopy. The same nerve portion (middle third of the 

brachial part) was also removed from the not injured side. As previously described 38, the proximal 

stumps were marked with a 7/0 stitch, and the nerves were fixed in 2.5% purified glutaraldehyde 

and 0.5% saccharose in 0.1M Sorensen phosphate buffer for 5-6 h at 4°C. The samples were washed 



in a 1.5% saccharose in 0.1M Sorensen phosphate buffer solution and post-fixed in 2% osmium 

tetroxide for 2h. The dehydration of the samples was performed with cycles of 5 minutes in ethanol 

from 30° to 100° and two cycles of 7 minutes in propylene oxide.  

After 1 hour in a 1: 1 mixture of propylene oxide and Glauerts' mixture of resins overnight, samples 

were embedded in Glauerts’ mixture of resins (made of equal parts of Araldite M and the Araldite 

Harter, HY 964, Sigma Aldrich). In the resin mixture, 0.5% of the plasticizer dibutyl phthalate (Sigma 

Aldrich) was added. For the final step, 2% of accelerator 964 was added to the resin to promote the 

polymerization of the embedding mixture, at 60°C. 

A 2.5 μm thick semi-thin transverse section was cut (Leica Microsystems Ultracut UCT 

ultramicrotome, Wetzlar, Germany) at the distal stump of each sample and stained using Toluidine 

blue for high-resolution light microscopy and stereological analysis. The following parameters were 

assessed: (1) total number of myelinated fibers, (2) myelinated fiber density; (3) diameter of 

myelinated fibers and axons; (4) myelin thickness; (5) axon diameter/fiber diameter ratio (g-ratio); 

and (6) intraneural collagen ratio, that was obtained by subtracting the total cross-sectional nerve 

area from the total area of nerve fibers assessed. The nerve section images used for the analysis 

were randomly selected through a 2D dissector probe to obtain unbiased representative samples of 

myelinated nerve fibers and analyzed by an assessor blinded to the treatment and side of the sample 

following the method previously described 36.    

An estimated sample of 33 random pictures from each protocol, 6 from each sample (n= 99, effect 

size f = 0.5; Power [1 − β err prob] = 0.95; α = 0.05; Actual power = 0.95) was evaluated based on 

the effect of crush injury on nerve morphology previously reported 68. 

 

 



Dorsal root ganglia explants 

To confirm that the NDT effects on rat sensory performances were induced by processes modulated 

by the peripheral sensory neurons, NDT protocol was performed on DRG explants.  

Rats (n=6, 250-280 gr) were sacrificed by a lethal anesthetic overdose of Zoletil + Xilazina (>60 and 

>10 mg/kg) by intraperitoneal injection. The vertebral spine from C3 to L5 was surgically dissected 

and the vertebral body and spinal processes were removed to gain ventral access to the spinal cord. 

Under the operative microscope, DRG were localized in the intraforaminal region, removed, 

isolated, and collected in a 100x20mm Petri dish with 6 mL of F12 medium (Gibco, Carlsbad, CA, 

USA). The fine forceps and fine blades were used to remove the pre and post-ganglionic branches 

and to reduce the fibrous capsule surrounding the ganglia to allow the neurites extension.  The DRG 

were seeded on type I collagen pre-coated silicon membranes (Flexcell®) 43 and incubated at 37°C 

for 150 minutes in a 40 µL drop of Geltrex Matrigel (Thermo Fisher Scientific, Waltham, MA, USA) 

diluted 1:1 in serum-free medium (SFM) 33 containing 50 ng/ml nerve growth factor (NGF; 

Invitrogen, Karlsruhe, Germany) and 1 ng/ml Vitamin C (Sigma-Aldrich Co, MO, USA). Finally, 3 ml of 

differentiation medium (SFM with 50 ng/ml NGF; 1 ng/ml Vitamin C) were added to cover 

Matrigel/SFM drops on the silicon membranes in 60x15mm Petri dish (BD Falcon); DRG were 

maintained at 37°C with 5% CO2. 

 

Ex vivo NDT protocols 

The DRG seeded on the silicone membranes were incubated 48 h in differentiation, then moved 

into a previously validated manual bioreactor 20, and treated with the protocol of repeated uniaxial 

tensions (NDT). After the NDT protocol was administered, the membranes were returned into the 



differentiation medium till the experiment ended (48 h after the treatment administrations and 96 

h from seeding the DRG on the membranes). 

As described in our previous study 20 an NDT protocol with 1 sec of stretch (strain rate of about 0.1 

and 1% of the membrane rest length, 0.01-0.36 mm), and 5 sec to return at the starting position for 

30 times was adopted. This protocol was the same daily administered for the in vivo experiments of 

this study.  

A sham control named “control out” (CTR OUT) was designed to assess the environmental effects 

of nourishment privation induced by the treatment protocols reported above. It consisted of 

keeping the membranes with DRG off from the medium for 180 sec, corresponding to the time in 

which NDT treated membranes with DRG were positioned in the bioreactor 54. Finally, a “control in” 

(CTR IN) protocol, was determined leaving the membranes in the medium for the duration of the 

entire experiment. The changes induced by the NDT linked to pain suppression and nerve 

regeneration, like modulation of genes linked to MA, neuropathic pain, neurite outgrowth, and cell 

survival, were defined as “positive effects”.  On the contrary, the changes linked to pain promotion 

and cell apoptosis were defined as “negative effects”. An estimated sample of 10 membranes for 

each protocol (effect size f = 0. 835; Power [1 − β err prob] = 0.95; α = 0.05; Actual power = 0.96) 

was evaluated based on the NDT effects on neurite length of nociceptive sensory neurons 20. 

 

Immunohistochemistry  

The DRG explants were fixed in 4% PFA for 15 min and a previously described protocol was adopted 

20, incubating overnight with primary antibody anti-βIII-tubulin (mouse, monoclonal, 1:1000, 

SIGMA-ALDRICH) diluted in PBS and secondary antibody goat anti-mouse Alexa Fluor488 (1:200, 



MOLECULAR PROBEC) diluted in PBS. Explants were mounted with a Dako fluorescence mounting 

medium; the silicon membrane long edges were mounted parallel to the coverslip long edges 20. 

The DRG explants neurites were evaluated adopting the Sholl analysis method 84. 

Images were acquired using a Leica SP5 confocal microscope (Leica Microsystems) equipped with a 

40x oil immersion objective (HCX PL APO lambda blue 40.0x1.25 OIL UV). From the ImageJ plugin 

Neurite-J described by Torres-Espín and colleagues, the parameters considered were: the distance 

of the longest neurite (Dmax), the maximum number of neurites (Nmax), and the Sholl critical value, 

defined as the distance from the organotypic culture center where the maximum number of 

interception was detected 84.  

 

Quantitative real‑time PCR (qRT-PCR) analysis 

For in vivo experiments, a pool of DRG from the brachial plexus of the crushed and of the not injured 

side (from each animal) was collected immediately after animal sacrifice and immediately frozen in 

dry ice and stored at -80° C.  

For ex vivo experiments, the medium was removed from the petri dish, membranes were 

immediately scraped with TRIzol Reagent (Invitrogen, ThermoFisher) and DRGs were collected in 

DNA LoBind tube 1.5 ml (Eppendorf). 500 μl TRIzol was used at room temperature for each sample 

and samples were immediately frozen in dry ice and stored at -80° C.  

Total RNA was extracted with TRIzol Reagent according to the manufacturer’s instructions, and 0.75 

μg RNA/sample was retro-transcribed. For in vivo experiments, the calibrator for the relative 

quantification was the average of the samples obtained from the not injured side in the NO NDT 



group, while for ex vivo experiments the calibrator was the average of the CTR IN samples. TATA-

box binding protein (TBP) was adopted as a reference gene 20. 

PCR primers are reported in Table 1   

Table 1. Sequences of primers used for quantitative real-time PCR  

Gene Sequence Amplicon 

length (bp) 

Accession number 

TLR2 forward: 5’-CAAACTGGAGACTCTGGAAGCAGG-3’ 

reverse: 5’-CACACAGGTAGCTGTCTGCC-3’ 

125 NM_198769.2 

NM_011905.3 

TACAN forward: 5’-TGCAGCAGGACTTCCAAGGTATCC-3’ 

reverse: 5’-CGCTTCTTCTGGCGTGTGATAGAG-3’ 

115 NM_001010945.1 

 

 

Western Blot  

After RNA extraction with TRIzol Reagent, proteins were extracted following manufacturer’s 

instructions 34, and protein pellets were dissolved in Laemli buffer (2.5% sodium dodecyl sulfate, 

0.125 M Tris-HCl, pH 6.8) at 100 °C. The Bicinchoninic Acid assay kit (SIGMA) was used to determine 

protein concentration. 50 μg protein for each sample was resolved onto a 12% polyacrylamide 

denaturing gel; western blot analysis was performed as previously described 20. Primary and 

secondary antibodies are listed in Table 2. Bands were quantified through Image Lab version 6.1.0 

build 7 software (2020; Bio-Rad Laboratories, Inc.). For in vivo experiments, data were expressed 

relative to the mean value of the quantified bands belonging to the healthy nerve (obtained from 

the not injured side of the “NO NDT” samples), while for ex vivo experiments data were expressed 

relative to the mean values of the quantified bands of “CTR IN” samples. 

Table 2. Antibodies used for Western Blot analysis 

Primary antibodies 

  Code Dilution Host Source 

Actin A5316 1:4000 Mouse Sigma-Aldrich 

Bax SC-23959 1:600 Rabbit Santa Cruz Biotechnology 

Inc. 

Bcl-xL SC-8392 1:600 Mouse Santa Cruz Biotechnology 

Inc. 

TACAN 17455-1-ap 1:1000 Rabbit Proteintech Europe 



TLR-2 SC-166900 1:300 Mouse Santa Cruz Biotechnology 

Inc. 

Secondary antibodies 

  Code Dilution Host Source 

HRP conjugated-

anti-rabbit 
7074 1:15000 Goat Cell Signaling  

HRP conjugated-

anti-mouse 
7076 1:15000 Goat Cell Signaling  

 

Statistical analysis 

R Statistical Software (Foundation for Statistical Computing, Vienna, Austria) was adopted to 

perform statistical analyses 64. The analyses were performed using the rstatix 49 and car 32 packages, 

and the ggpbur 48 package was used to perform plots reported in the figures. 

The data normality was assessed through the Shapiro-Wilk and Levene test, and if normality 

assumption was detected, data from in vivo experiments were assessed using a Two-way Analysis 

Of Variance (ANOVA) considering the factors treatment X side. For data obtained from the 

behavioral analysis, the factors time X treatment were considered. One-Way ANOVA was used to 

assess differences between continuous variables from ex vivo experiments, and Tukey post-hoc 

correction was used for between-group comparisons. The Dunn Kruskal-Wallis multiple 

comparisons with Bonferroni post-hoc method were adopted for not normally distributed variables 

to assess between-groups comparisons. The partial eta squared (ηp
2) was adopted to estimate the 

effect size for normally distributed variables (ηp
2; 0.010= small effect; 0.059= medium, and 0.138= 

large effect) otherwise epsilon squared (εp²) was used for non-normally distributed variables 

(effects: small <0.08, medium 0.08–0.26, large >0.26) 52,67,92.  

Confidence Intervals (CI) at 95% were calculated and a statistical significance level of 0.05 was 

adopted. Values were expressed as mean ± SD (standard deviation). The level of significance was 

set at p <.05 (*), p <.01 (**), p <.001 (***), and p <.000 (****). 

 

Data availability 



On reasonable request, the datasets used in this study are available from the corresponding author. 

  



Results 

 

Changes in animal behavior tests induced by the neurodynamic treatment   

 

To assess the possible positive and protective effects of NDT on peripheral nerve after injury, 

promoting nerve function recovery and pain modulation, different NDT protocols were followed, as 

described in materials and methods (Figure 1).  

4 days before nerve injury, sensory and motor behavior tests were performed and the baseline 

performance homogeneity among all groups was assessed to detect possible differences (see Table 

S1). No sensory test scores significantly differed from each experimental group. Among motor tests, 

only the time spent on eating the 7 cm breadstick (grissini test speed) reported a significant 

difference between the NDT PRE-POST and the NO NDT group (Table S1; F [2,15] = 4.25; p=.035). 

The behavioral tests were then performed 4, 8, 12, 15, 19, and 22 days after surgery.  Results are 

reported in Figure 3 e 4. Results of two-way ANOVA statistical analysis are reported in Table S2. 

  

Sensory changes 

The two-way ANOVA revealed that the overall mechanical pain threshold (Figure 3A) at the injured 

side was significantly lower in the NDT POST and NDT PRE+POST groups compared to the NO NDT 

group (p=.000; 95% CI: 3.59 – 10.45; p =.003; 95% CI: 1.33– 8.19). In particular, the NDT POST group 

showed a significant treatment effect at days 8 and 12 with a lower mechanical pain threshold 

compared to the NO NDT group, which had shown a lack of mechanical pain responses till day 15 

after surgery (p=.000; 95% CI: 6.85 – 34.81; p =.000; 95% CI: 18.52 – 46.48). Also, the NDT PRE+POST 

compared to the NO NDT group showed a significant interaction between the 2 factors time and 



treatment effect at 12 days (p=.000; 95% CI: 1.33– 8.19). Interestingly, the NO NDT group reported 

a significantly lower mechanical pain threshold at 19 days compared to the NDT PRE+POST group 

(p=.048; 95% CI: 0.43– 14.6), which can be described as mechanical allodynia. No significant changes 

were detected for the mechanical pain threshold on the not injured side (Table S2).  

The overall touch threshold at the injured side (Figure 3B) was significantly lower in the NO NDT 

group compared to the NDT POST and NDT PRE+POST groups at 8 and 15 days post-injury (p = 0.024; 

95% CI: 0.22 – 3.83; p=.0005; 95% CI: 1.17 – 4.78). The touch threshold was also measured at the 

contralateral not injured side and a significant overall lower threshold (p=.004; 95% CI: 0.56 – 3.49) 

in the NO NDT compared to the NDT PRE+POST group was detected (data not shown).  

The Pain Behaviour Scale (Figure 3C) showed that normal pain behaviors after the nerve injury were 

restored significantly early in the NDT POST and NDT PRE+POST groups compared to the NO NDT 

group. Indeed, the NO NDT group lacked a normal pain response until 15 days after the nerve crush.  

Furthermore, the NDT POST group had a significant effect at 8 and 12 days with higher scores (closer 

to the normal pre-surgery values) than the NO NDT group (p=.0003; 95% CI: 0.23 – 1.43; p =.000; 

95% CI: 0.23 – 1.43). Also, a significant effect was detected for the NDT PRE+POST at 12 days with a 

higher score than the NO NDT group (p=.0003; 95% CI: 0.23 – 1.43).  

Finally, the number of withdrawals for repeated high frequency neurodynamic tests to assess 

descending pain modulation effects (Figure 3D) measured at 22 days after injury was significantly 

lower in the NDT POST and NDT PRE+POST groups compared to the NO NDT group (F[2,15]= 6.894, 

p=.008; 95% CI: 0.43– 5.57 and 0.76– 5.90; η2
p = 0.479, very large effect).  

 

 

 



 

 

 

 

Figure 3. Sensory assays. (A and B) Mechanical pain threshold and touch threshold at the paw of the 

median and ulnar nerve crush injured side obtained by Von Frey monofilament administration at 

each experimental time point (x-axis) and expressed in grams (gr). (C) Pain behaviors at the Pinprick 

test are recorded when four consecutive pin administrations are given to the forepaw. (D) The 

number of withdrawals, at 22 days after injury, was recorded during 30 consecutive neurodynamic 

tests of the upper limb. Data are expressed as mean ± SD. The analysis compared all groups to the 

control group (NO NDT) with ANOVA for repeated measures (data are normally distributed with 

comparable variances). Differences at each time point between groups are reported * p <.05, *** p 

<.0001, and **** p <.0000, comparing the group NDT POST to the NO NDT group, or # and ####, p 

<.05 and p <.000, comparing the NDT PRE+POST to the NO NDT group. Overall differences between 

groups are reported £ p <.05 ££££ p <.000 comparing the NDT POST to the NO NDT group and $$$ 

p<.001 comparing the NDT PRE+POST to the NO NDT group. 

  



Motor changes  

The speed in eating the 7 cm grissini revealed no significant interaction between time and treatment 

factors as shown in Figure 4A. An overall significantly lower speed was detected comparing the NDT 

PRE+POST to the NO NDT group (Table S2; p=.007; 95% CI: 3.34 – 24.83).  The number of paw 

adjustments performed while eating the grissini (Figure 4B) was not significantly different among 

groups and within time (Table S2).  

A significant overall effect for treatment was detected on the climbing speed (Figure 4C and Table 

S2) between NDT POST and NO NDT group and NDT PRE+POST and NO NDT group (p=.009; 95% CI: 

5.46 – 46.97; p=.0005; 95% CI: 13.26 – 54.77). Finally, no significant differences were detectable 

among groups at the grasping test (Figure 4D), where all animals showed signs of grip strength 

recovery starting from 12-15 days after the nerve injury.  

Finally, the rat total weight and the flexor digitorum superficialis and profundus wet muscle weight 

were not significantly different among all groups (Table S2). 

  



 

 

 

Figure 4. Motor assays. (A and B) Speed and number of paw adjustments recorded while rats are 

eating 7 cm grissini pieces, at different time points after nerve injury and repair. (C) Speed in 

climbing a 160 cm vertical rope expressed in seconds (sec). (D) Grasping strength was recorded by 

the device as maximal resistance to pull the grid of the device with the injured side paw. Data are 

expressed as mean ± SD. The analysis compared all groups to the control group (NO NDT) with 

ANOVA for repeated measures (data are normally distributed with comparable variances). 

Differences at each time point between groups are reported # p <.05, comparing the NDT PRE+POST 

to the NO NDT group. Overall differences between groups are reported £££ p <.001 comparing the 

NDT POST to the NO NDT group and $$ p <.01 comparing the NDT PRE+POST to the NO NDT group. 

Detailed data of the statistical analysis are reported in Table S2.  

 

High-Resolution Light Microscopy  

To study the possible effect of NDT on peripheral nerve regeneration, we performed stereological 

and morphometrical analysis on both the “healthy” median nerves (the contralateral nerve, not 

injured) and the regenerated nerves, 24 days after the crush lesion. 



From a morphological point of view, the regenerated median nerves belonging to the three 

experimental groups showed the typical aspect of nerve regeneration with smaller nerve fibers and 

thinner myelin sheath compared to contralateral not injured nerves (Figure 5A). Quantitative 

analysis showed a significant higher total number of myelinated fibers in the injured side compared 

to the not injured side (Figure 5B) only for the NO NDT group (F[1, 156]= -17.67; p=.02; 95% CI: -

2214.93 – -371.85; η2
p =0. 102, medium effect), while no significant effect of side x treatment were 

detected in the two treated groups (F[1, 156]= 0.001; p=.999; η2
p =0.000, very low effect). The axon 

and fiber diameter were significantly different between the two sides for all the experimental 

groups (Figure 5D and E), without any significant difference between the treatment groups (F[1, 

156]= 195.95; p=.000; 95% CI: -2.36 – -1.77; η2
p = 0.557, very large effect).  The same results were 

observed in myelin thickness evaluation (Figure 5F), with thinner myelin in the injured side 

compared to the not injured side, for all experimental groups (F[1, 156]= 266.38; p=.000; 95% CI: 

2.69– 3.43; η2
p = 0.631, very large effect). A significant difference between sides in the NO NDT 

group was reported for the g-ratio values (F[1, 156]= 16.68; p=.0001; 95% CI: 0.68– 0.71; η2
p = 0.097, 

small effect; Figure 5G), and a significant higher g-ratio between injured NO NDT and NDT POST 

groups was observed (F[2, 156]= 6.74; p=.0015; η2
p = 0.041, small effect). Finally, a significant 

difference was detected between the injured and not injured sides in all groups for intraneural 

fibrosis (F[1, 156]= 239.27; p=.0001; 95% CI: 41.62 – 52.75; η2
p = 0. 605, very large effect; Figure 5H). 

Notably, the NDT POST group reported a significant lower ratio of intraneural collagen compared to 

the NO NDT group at the injured side (F[1, 156]= 1.99; p=.02; 95% CI: 0.01 – 0.21;  η2
p =  0.025, small 

effect).  

The same analyses were performed also on the ulnar nerve, with similar results (data not shown). 

 

 

 

 



 

Figure 5. Morphological and morphometric analysis. (A)  High magnification light microscopy representative images of toluidine blue-

stained semi-thin cross-sections of uninjured median nerves and injured median nerves after 24 days from the lesion, for each 

treatment. Scale bar: 20 µm. (B–H) Stereological assessment of morphological changes during nerve regeneration. (B) number of 

myelinated fibers; (C) myelinated fiber density; (D) axon diameters; (E); fiber diameters; (F) myelin thickness; (G) axon diameter/fiber 

diameter ratio (g-ratio); (H) intraneural collagen area. Data are expressed as mean ± SD. The analysis compared all groups and sides 

to the control group (NO NDT) with a Two-way ANOVA (data are normally distributed with comparable variances). Differences are 

reported *p <.05, **p <.01, ***p <.001, and ****p <.0000. 



Gene and protein expression 

Gene expression analysis on DRG of both ipsilateral (injured) and contralateral (not injured) sides 

was performed 24 days after nerve injury to detect any differences between sides and to assess 

possible systemic NDT effect. Genes linked to MA mediated by the immune response (TLR2) and by 

the mechanosensitive channels induced by TNFα (TACAN) were evaluated comparing the 

treatments and sides from in vivo experiments (Figure 6A). No significant treatment effect was 

detected for the TLR2 gene expression (F[2,30]= 1.00; p=.38; ηp
2= 0.063, small effect; F[2,18]= 0.673; 

p=.418; ηp
2= 0.022, small effect). Interestingly, a significant lower TACAN expression was detected 

between NDT POST and NO NDT groups, both in the injured and not injured sides (F[2,30]= 1.002; 

p=.02; 95% CI: 0.01 – 0.18; ηp
2= 0.063, small effect; and F[2,30]= 5.08; p=.03; 95% CI: 0.01 – 0.28; 

ηp
2= 0.022, small effect). Finally, in the NO NDT group, a significant difference was also observed 

between the injured and not injured sides (Figure 6A; F[1,30]= 1.002; p=.04; ηp
2= 0. 022, small 

effect), while such difference was not observed in the other two experimental groups. 

The protein expression of TLR2 and TACAN was also evaluated in the DRG comparing the treatments 

and sides, as represented in Figure 6B. No significant difference between treatment and sides were 

detectable at protein level for TLR2 and TACAN (F[2,18]= 0.087; p=.91; ηp
2= 0.010, small effect; and 

F[2,18]= 0. 012; p=. 99; ηp
2= 0. 001, very small effect).  



 
Figure 6. Gene and protein expression analysis of markers linked to mechanical allodynia and apoptosis expressed in the DRG. Panel 
A: Beneficial or side effects induced by the neurodynamic protocols on DRG were assessed adopting the relative quantification (2-

ΔΔCt) of genes by qRT-PCR. Data normalization was performed considering TATA-binding protein (TBP) as a housekeeping gene. All 
data were calibrated to NO NDT Not Injured samples. Panel B: a representative western blot is shown (original membranes from 
representative samples were taken from are reported in Figure S1); actin was used as a loading control. Asterisks (*) in panel B 
identify unspecific bands. Values in the graphics are expressed as mean ± SD. Respectively Two-way and One-way ANOVA were 
carried out (data are normally distributed with comparable variances). *p <.05 

 

 

Neurodynamic effects on DRG explant 

To further confirm that the NDT protocol induced selective DRG neuron responses, the DRG explants 

from healthy rats were subjected to NDT (30 repetitions) using a previously validated manual 

bioreactor 20, and analyses were performed two days after the treatment (Figure 7). A significant 

NDT effect was observed on the neurite length (Dmax; F[2, 27]= 5.14; p=.005; ηp
2 =0.3, large effect). 



Indeed, a significantly higher Dmax was detected between NDT and both the CTR OUT and CTR IN 

groups (Figure 7B and Table S3). No significant differences were detected for the maximum number 

of neurites (Nmax) and Sholl Critical Value among the three experimental groups (Table S3 and Fig 

7B).   

Gene expression analysis showed no significant differences for the expression of TLR2 (Figure 7C), 

(F[2,26]=2.08; p=.145; 95% CI: 0.46 – 1.01; η2=0.138, medium effect). Interestingly, a significant 

effect of treatment was detected for TACAN expression (F[2,26]=5.28; p=.0132; 95% CI: 0.66 – 0.91; 

η2=0.289, large effect). In particular, a significant downregulation of TACAN expression was detected 

in the NDT group compared to sham treatment (CTR OUT) group (F[2, 26]= 5.28; p=.039; 95% CI: 

0.01 – 0.39), and in the CTR IN group compared to CTR OUT group (F[2, 26]= 5.28; p=.017; 95% CI: 

0.04 – 0.44). 

Finally, NDT treatment induced a significant anti-apoptotic behavior compared to the sham 

treatment (CTR OUT) (F[2,23]= 4.78; p=.02; 95% CI: 2.14 – 20.51; ηp
2= 0.294, medium effect; Figure 

7D), as demonstrated by a lower Bax/Bcl-XL ratio in the NDT group. 



 

Figure 7. Effects of neurodynamic treatment on cell morphology, gene and protein expressions on dorsal root ganglia (DRG) explants. 
Panel A: Representative images of rat organotypic dorsal root ganglia neurons stained with βIII-tubulin reported for each type of 
experimental protocol. Scale bar: 400 µm. Panel B: Quantitative analysis of the distance of the longest neurite (Dmax), the maximum 
number of neurites (Nmax), and the Sholl critical value, defined as the distance from the organotypic culture center. Values in the 
graphics are expressed as mean ± SD. Panel C: Gene expression analysis of markers linked to mechanical allodynia and neuropathic 
pain. Beneficial or side effects induced by the neurodynamic protocols on dorsal root ganglia explants were assessed adopting the 
relative quantification analysis (2-ΔΔCt) of genes by qRT-PCR. Data normalization was performed considering TATA-binding protein 
(TBP) as a housekeeping gene. All data were calibrated to CTR OUT sample). Panel D: BAX and Bcl-xL protein expression in DRG 
explants. Protocols are described as follows: not treated (CTR IN), sham-treated (CTR OUT), and treated (NDT) with 30 repetitions of 
neurodynamic treatment. Experiments were carried out in a biological octuplicate (n=28). Asterisks (*) in panel D identify unspecific 
bands. Values in the graphics are expressed as mean ± SD. For normally distributed data with comparable variances One-way ANOVA 
was carried out, while Kruskal-Wallis-test was used for nonparametric data; asterisks show statistically significant differences with 
CTR OUT (sham sample); *p <.05, and ** p <.01.  

 



Discussion  

The repeated and selective nerve tensioning or flossing techniques, in which NDT consists, are non-

pharmacological treatments able to modulate pain and, in particular, mechanical neuropathic pain 

in humans and animals 8,57,66,81,93–95,98,103.  NDT has been demonstrated to induce a selective 

response in sensory and motor neurons in vitro in a dose-dependent manner 20. In addition, 

multilevel changes in the central nervous system have been reported in the literature. In particular, 

it has been demonstrated that NDT induces significant changes in nerve growth factor (NGF), glial 

fibrillary acidic protein (GFAP) expression in the homologous DRG and spinal cord 70, and increases 

the expression of the µ-opioid receptor in the DRG 39. In a rat neuropathic pain model, NDT affected 

the expression of GFAP and brain-derived neurotrophic factor (BDNF) proteins in ventral 

posterolateral thalamus nucleus and periaqueductal gray 71 and the k-opioid receptor expression in 

the periaqueductal gray 69. Notably, all these processes are related to pain modulation but none of 

them has been defined to be selective for mechanical allodynia and nerve regeneration induced by 

NDT. Our aims were therefore to assess the effects of NDT on sensory-motor recovery and 

mechanical neuropathic pain modulation and its possible involvement in nerve regeneration after a 

nerve injury.  

The current study shows that the NDT stimulates nerve regeneration, promotes neuronal cell 

survival, improves behavioral tests, and reduces intraneural fibrosis, following the available 

evidence reported in the literature on NDT used in clinical and preclinical studies 8,16,39,69–71,89,91,104. 

Also, NDT prevents ipsilateral and contralateral mechanical threshold lowering induced by the nerve 

crush injury which are phenomena sustained by a multilevel PNS plasticity and systemic processes 

28,29,45,86.  

Contrary to other studies on NDT described in the literature, in which animals under anesthesia are 

subjected to NDT protocols 39,69–71,91,104, in our study we deliberately kept the animal awake. This 



allows the clinician to feel the tissue resistance, including muscle contraction, as it happens in the 

clinical settings to tailor properly the treatment with real-time feedback. Also, the number of paw 

withdrawals to repeated high frequency nerve tensions were recorded showing increased irritability 

of the neural tissue to mechanical stress only in the not treated group. Indeed, at the time in which 

this test was administered, sensory recovery for touch and pain was restored for all groups (Figures 

2 and 3), and the test frequency, five times higher than treatment, was able to elicit temporal 

summation 1,99. These data confirm that NDT can promote pain descending modulation effects as 

confirmed by an increased expression of the µ-opioid receptor in the DRG and k-opioid receptor in 

the periaqueductal gray detected in neuropathic pain models of rats treated with NDT protocols 

39,69.   

Our data from ex vivo experiments show that the NDT induces an anti-apoptotic effect in the DRG 

neurons as demonstrated by a lower Bax/BclxL ratio compared to the sham treatment (CTR OUT). 

Taken together these data confirm that the NDT is well tolerated without any risk for side or 

negative effects for nerve healing processes or animal discomfort.  

Our results show that NDT administered after nerve injury downregulates TACAN expression, but 

not TLR2 (selectively related to immune-mediated mechanical allodynia) 25, in the ipsilateral and 

contralateral DRG. Moreover, our results on ex vivo DRG explants confirmed TACAN downregulation 

induced by NDT treatment. These data support the hypothesis that TACAN expression in the DRG 

gives a direct indication of nociceptive neurons activation after a nerve injury 13 and that NDT is 

effectively modulating MA and hyperalgesia mechanisms in sensory neurons. As observed by Zhu 

and colleagues in a rat neuropathic pain model, the NDT induced MA and hyperalgesia suppression 

with significant changes in IL-1β and TNFα protein expression in the sciatic nerve but not in the DRG 

104. 



Since Sellheim pioneered the paravertebral block technique in 1905 to suppress local pain before 

and after surgery 60, the peripheral nerves and the DRG had become a therapeutic target for pain 

suppression 2,12,44. Only the recent discovery of gene regulation in the DRG and the studies on 

intraforaminal lidocaine injection on short-term phantom limb pain suppression 13,25,50,88,101 led to 

the hypothesis that the DRG can be a pain driver also responsible for pain gating effects. A growing 

body of evidence shows that DRG stimulation induces a reduction in pain responses for mechanical 

stimuli 27,65,76,88,97,101.  Indeed, even if the DRG was not included in the pain gate control theory 

postulated by Melzack and Wall 59, the short and long term effects reported in our ex vivo and in 

vivo experiments, in agreement with the literature, confirm that changes observed in the DRG were 

related to mechanical pain modulation in animals. For these reasons, we suggest that the DRG plays 

a relevant role in the pathophysiology of pain, and not only nociception, especially when the pain-

related phenomenon is stimuli-dependent like allodynia and hyperalgesia. In addition, we have 

shown that administration of tailored tension to the nerves affects stimuli-dependent pain by 

affecting receptor expression in the DRG.  

In this study, we also pointed out our attention to the possible involvement of NDT in nerve 

regeneration processes. The morphometric analyses had shown that the number of myelinated 

fibers is similar between injured and not injured sides only in treated groups, even if they are 

significantly smaller as normally occurs in regenerating nerves. Notably, only the post-treated group 

had shown, after injury, a significantly higher maturation of the myelinated fibers (g-ratio) and a 

lower amount of intraneural collagen deposit than the NO NDT group. According to our data, Lima 

and colleagues 53 have shown that NDT significantly reduces the intraneural scar tissue formation 

after sciatic nerve crush injury. We suggest that a plausible NDT effect on intraneural collagen 

deposit possibly leads to lower intraneural pressure that causes aberrant or irregular low rate 



nociceptor discharge, as shown by Bove and co-workers 14, and affects positively nerve 

regeneration. 

The NDT positive effects were confirmed also by ex vivo experiments. Indeed, one session of 30 

repeated strains, administered for 3 minutes, induced a higher neurites length of about one 

millimeter if compared to sham treatment (CTR OUT). These morphological changes together with 

our previous in vitro studies 20 and behavioral tests from animals suggest that NDT promotes a faster 

nerve regeneration after a nerve injury with tactile and nociception early recovery. 

These pro-regenerative effects may be crucial for the injured nerve to prevent distal atrophic 

processes and to reach the target tissue to recover normal sensibility or muscular performance in 

the case of sensory or motor neurons as in the case of the present experiment 5,18,80,91. Indeed, the 

results of the motor tests revealed that NDT prevents gross motor function deficits observed at 

the rope test without compromising the dexterity and strength of the forelimb, at the grasping 

and grissini test, over time 19,21,82,83. 

NDT modulates pain in pre-clinical and clinical studies showing effects only on the treated side 15,104. 

Our data provide evidence that NDT prevents sensitization to normal mechanical stimuli that we 

observed by the significantly lowered mechanical threshold in the untreated rats on both sides, 

suggesting that NDT may activate metameric or systemic processes avoiding nerve sensitization to 

mechanical stimuli. Even if some pain behaviors related to contralateral DRG changes after a nerve 

injury had been described in the literature 28,30,45,86, only a few clinical studies have shown in healthy 

subjects that NDT improves the mobility of the contralateral untreated limb 62,72. We provide 

evidence that NDT administered before nerve injury modulates pain with a significant antiallodynic 

effect for mechanical stimuli 19 days after nerve injury, with no significant difference in TACAN gene 

expression in the ipsilateral and contralateral DRG assessed 24 days after the injury when compared 

to controls. Results obtained have also shown that NDT pretreatment induces a delayed sensory 



recovery for mechanical pain stimuli at 12 days instead of 8 days obtained in the NDT POST group. 

Similar beneficial effects between pre and post NDT treated on motor tasks were detected except 

for the speed in the grissini piece consumption that was significantly higher in the pretreated than 

the control group. For these reasons, it is worth further exploring the mechanisms induced by NDT 

before the injury and studying those that are involved in sensory modulation at the contralateral 

side to nerve injury. 

In conclusion, our study shed light on how the NDT is an intervention able to promote nerve 

regeneration and mechanical pain suppression, which nowadays is still a very common condition 

particularly difficult to treat with existing therapies. We have also shown that the NDT affects a 

specific pathophysiological mechanism responsible for mechanical allodynia and hyperalgesia by 

modulating the TACAN expression and not TLR2. We provided evidence that NDT is not a time-

consuming intervention for neuropathic pain treatment, and we suggest starting the administration 

early after acute nerve injury (2-4 days after trauma).  Our data, together with those available in the 

literature, showed that NDT is an effective non-pharmacological intervention for nerve injuries and 

neuropathic pain management. In addition, since it does not require any electronic device or 

expensive tool it is also a sustainable intervention affordable for any health care system worldwide, 

with negligible environmental impact. 

No data were available in the literature to define the proper dosage and posology of NDT treatment 

to be adopted in the clinical settings, increasing the risk of under or over-treating the patient. We 

believe it is worth translating the NDT protocol described in our experiments in the clinical setting 

to promote nerve recovery after injury or to treat neuropathic pain of the limbs and/or trunk, 

radiculopathies, and diabetic neuropathy. 
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Table S1. Baseline values of animal sensory and motor profiles  

Sensory assessment 

 NO NDT NDT POST NDT PRE-POST df F η2
p P 

Mechanical pain 
threshold injured 
side (gr) 

20.8 ± 2.04 17.5 ± 4.18 18.3 ± 4.08 2, 15 1.413 .159 .274 

Mechanical pain 
threshold not 
injured side (gr) 

18.3 ± 4.08 20  ±  8.94 19.2 ± 4.92 2, 15 0.103 .014 .902 

Touch threshold 
injured side (gr) 

15 ± 0 13.3 ± 2.58 15  ±  3.16 2, 15 1 .118 .391 

Touch threshold not 
injured side (gr) 

15 ± 0 13.3 ± 2.58 14.2 ± 2.04 2, 15 1.154 .133 .342 

Pain behavior to 
noxious stimuli 

2 ± 0 2 ± 0 2.17 ± 0.408 2, 15 1 .118 .391 

Number of paw 
withdrawals on 30 
repeated nerve 
tensioning 

1.83 ± 1.84 3.33 ± 3.08 3.67 ± 2.58 2, 15 0.88 .105 .435 

Motor assessment 

Grissini test  
speed (sec) 

66.5 ± 11.8 76.3 ± 12.5 86.3 ± 10.9* 2, 15 4.247 .362 .035 

Grissini test number 
of adjustments 

48.3 ± 14.0 41 ± 9.84 48.3 ± 9.81 2, 15 .83 .1 .455 

Grasping test (gr) 617 ± 39.5 614 ±  94.1 613 ± 87.1 2, 15 0.004 .0005 .996 

Rope test (sec) 57.8  ± 25.2 32.2 ± 13.3 42.3 ± 31.2 2, 15 1.684 .183 .219 

Animal weight (gr) 238 ± 9.56 237 ± 5.88 239 ± 6.43 2, 15 0.079 .01 .925 



 

 

  

Table S2.  ANOVA for repeated measures results from behavioral assays (η2
p: partial eta squared) 

Sensory assays 

 Time Treatment Time x Treatment 

Variable F p η2
p F p η2

p F p η2
p 

Mechanical pain 

threshold injured 

side (gr) 

68.971 .0000 .798 12.357 .0000 .191 8.918 .0000 .505 
 

Touch threshold 

injured side (gr) 

5.23 .0001 .23 8.016 .0006 .132 
 

1.131 .343 .114 

Mechanical pain 

threshold not 

injured side (gr) 

2.274 
 

.042 .115 1.553 
 

.216 .029 0.797 .652 .084 
 

Touch threshold 

not injured side (gr) 

5.481 .0001 .238 5.547 .005 .096 0.73 .72 .077 

Pain behavior to 

noxious stimuli 

43.333 
 

.0000 .712 3.9 .023 .069 5.533 .0000 .387 
 

Motor assays 

Grissini test  
speed (sec) 

2.405 .043 .12 5.081 .008 .104 0.637 .779 .067 

Grissini test 

number of 

adjustments 

3.0020  .015 .147 2.817 
 

.065 .06 1.651 .105 .158 

Grasping test (gr) 300.04  .000 .945 0.729  .485 .014 0.858  .591 .089 

Rope test (sec) 1.7638  .114 .092 8.3343  .0004 .137 0.8732  0.576 .091 

Animal weight (gr) 23.395  .0000 0.51 1.778 .181 .073 0.522  .720 .044 

 Treatment Side Treatment x Side 

Wet muscle weight 

(gr) 

10.309 .00039 .407 157.01
2 

.0000 .84 1.023 .372 .064 



 

 

Table S3. Morphological characteristics of DRG explants  

 CTR IN CTR OUT NDT F[df] 95% CI P 

Dmax (µm) 1552   ±447 1465  ±368 2200  ±524 7.92 [2,27] 234.85 - 1235.14 .003 

Nmax 188   ±92.1 94.2  ±89.6 153   ±69.5 3.15[2,27] 131.74 - 243.46 .06 

Sholl Critica Value 148  ±267 160   ±137 278  ±323 0.79 [2,27] -19.96 - 314.96 .46 

Values are reported as means ± Standard Deviation (SD). CTR IN, Control group; CTR OUT, sham treatment group; 
NDT, neurodynamic protocol (30 repeated tensions); the distance of the longest neurite; Nmax, the maximum 
number of neurites; One-way ANOVA was carried out (data are normally distributed with comparable variances); 
df, degree of freedom; 95% CI, 95% Confidence Intervals; P, level of significance (P <.05).  



Figure S1. Blots of DRG from in vivo experiments from 6 - Chemiluminescence detection was performed 

with Clarity Western ECL Substrate (BIORAD) Anti-TACAN (A) and Anti-TLR2 (B) with the equivalent β-Actin 

bands are reported. 
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Background: The vagus nerve (VN), also called the pneumogastric nerve, connects
the brainstem to organs contained in the chest and abdomen. Physiologically, VN
stimulation can rapidly affect cardiac activity and heart rate (HR). VN neuropathy can
increase the risk of arrhythmias and sudden death. Therefore, a selective test of VN
function may be very useful. Since peripheral neurodynamic tests (NDT) are reliable for
the assessment of neuropathies in somatic nerves, we aimed to validate a novel NDT to
assess VN activity, namely, the VN-NTD.

Methods: In this cross-sectional double-blind, sex-balanced study, 30 participants (15
females) completed a checklist of autonomic dysfunction symptoms. During the VN-
NDT administration, HR and symptoms (i.e., mechanical allodynia) were monitored in
parallel to a real-time ultrasonography imaging (USI) and motion capture analysis of the
neck. The VN-NDT impact on HR and its accuracy for autonomic symptoms reported
in the last 7 days were tested.

Results: The VN-NDT induced a significant HR reduction of about 12 and 8 bpm
in males and females [t(1, 119) = 2.425; p < 0.017; ηp

2
= 0.047, 95% confidence

interval (CI): 0.93–9.18], respectively. No adverse events were observed during VN-NDT.
A substantial interexaminer agreement between the evaluators in symptoms induction
by VN-NDT was detected [F (1, 119) = 0.540; p = 0.464; ηp

2
= 0.005, low effect].

Notably, mechanical allodynia accuracy for gastrointestinal dysfunctions was excellent
(p < 0.05; 95% CI: 0.52–0.73; p < 0.001; 95% CI: 0.81–0.96).

Conclusions: The novel VN-NDT is a valid and accurate test capable of detecting VN
activation with high sensitivity. Data provided are suitable for both sexes as a hallmark of
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HR variation due to VN normal response. The proposed VN-NDT may be reliable as daily
routine neurological examination tests for the evaluation of neuropathic signs related to
neuroinflammation of the VN.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT04192877.

Keywords: vagus nerve stimulation, heart rate, diagnostic test, ultrasound, neuropathic pain

INTRODUCTION

Several health-related conditions have prominent and clinically
important manifestations including autonomic peripheral
neuropathies (APN) (Freeman, 2005). The main causes
described in the literature are diabetes, amyloidosis, immune-
mediated, neoplastic, paraneoplastic, hereditary, secondary to
infectious diseases, and intoxications (Oaklander and Nolano,
2019). The pathophysiology of neurodegenerative disorders
often involves a microbiota–gut–brain axis perturbation (Fung
et al., 2017). Cranial neuropathies due to acute diseases like
Zika virus-associated Guillain–Barré syndrome (Parra et al.,
2016), local lesions like in schwannomas of the vagus nerve (VN)
(Sunaryo et al., 2012), and iatrogenic damage of the VN can affect
nerve function with critical immediate (bradycardia and cardiac
asystole) or delayed consequences (Nazir et al., 2017; Aggarwal
et al., 2018).

Autonomic neuropathies are conditions difficult to be
detected that increase hemodynamic instability (Ang et al., 2020),
postsurgery complications (Lankhorst et al., 2015; Suarez-Roca
et al., 2019), and sudden death in obese and diabetic patients
(Freeman, 2005; Santos Breder and Sposito, 2019; Williams
et al., 2019; Malaty et al., 2021). Patients with coronavirus
disease 2019 (COVID-19) have an increased prevalence of cardiac
arrhythmias (Ho et al., 2020) with an estimated incidence of
15% in post-COVID-19 patients (Malaty et al., 2021). Since APN
is a growing health problem, it is of paramount importance
to have a reliable clinical tool that investigates selectively VN
neuropathies. Ultrasound imaging (USI) is the most reliable
and cost-effective imaging tool to assess VN morphology (Anil
and Tan, 2011; Kasehagen et al., 2018), but morphological
changes alone cannot predict the clinical conditions of patients.
A “gold standard” to assess only the VN functioning level
excluding its interaction with the sympathetic system is missing,
so general autonomic response tests, involving sympathetic and
parasympathetic responses, are used with no negligible side
effects and risks like retinal detachment, syncope, chest pain,
and arrhythmias (Valsalva maneuver, tilt-table protocols, lower
body negative pressure, noradrenaline spillover, etc.) (Fujii et al.,
2004; Schrezenmaier et al., 2007; Pstras et al., 2016; Fajgenbaum
et al., 2018; Ehrman et al., 2020). Therefore, a selective and
reliable test to assess VN functions with no or possibly negligible
side effects is necessary. Peripheral nerve selective tension tests
or neurodynamic tests (NDT) are bedside examinations and
reliable clinical tests validated for the detection of neuropathies
of the somatic nerves (Taenzer et al., 2000; Wasan et al., 2011;
Bueno-Gracia et al., 2016; Verwoerd et al., 2016; Ekedahl et al.,
2018; Koulidis et al., 2019). NDTs assess the nerve response to

mechanical stimuli which are transduced by stretch-sensitive ion
channels in peripheral nerves also present in the VN axons and
cell body membranes (Beaulieu-Laroche et al., 2020; Bonet et al.,
2021). Therefore, the aim of the present study was threefold: (1) to
describe and validate a tool for selective VN assessment as NDT
of the VN (VN-NDT), (2) to collect normative data to define a
hallmark of physiological spectrum in males and females for heart
rate (HR) variations induced by the VN-NDT maneuvers, and (3)
to describe the relationship between symptoms induced during
the VN-NDT and any autonomic dysfunction-related symptom.

MATERIALS AND METHODS

Study Design
Since no selective test for the VN exists, a validation process
was performed ex novo taking advantage of the available data
reported in the literature. An a priori power analysis was
performed referring to Cohen’s kappa coefficient values reported
by Martínez-Payá et al. (2015) (k = 0.66; k = 0.94) studying the
USI during a neurodynamic test. A sample size of 30 subjects
provided a statistical power of 0.90 assuming a moderate strength
of agreement between two evaluators and correct classification
of subjects as positive of 0.50 with an alpha of 0.05. Also,
considering an HR reduction induced by the test similar to
the one described by Antonino et al. (2017) (η2

= 1.134), 13
subjects for each sex were identified to provide a statistical
power of 0.96 with an alpha error of 0.05 and 1 − β error of
0.95. Estimating a 20% dropout rate, we enrolled 36 subjects
in the study. An expert (a physical therapist with more than
12 years of experience in neurodynamic test administration)
and a novice examiner (a medical doctor with no training in
neurodynamic tests) blinded to their judgments performed the
maneuver sequences of VN-NDT to every participant on the VNs
of participants on both sides.

Participants voluntarily took part in the examination after an
explanation of all the risks and benefits, and they all signed the
written informed consent form according to the Declaration of
Helsinki. Before data collection, the study was approved by the
University Bioethics Committee (protocol 139870-14/03/2019)
and registered on www.ClinicalTrials.gov (trial registration
number: NCT04192877) on December 5, 2019. Subjects were
enrolled from December 12, 20191. Participants were asked to
not consume tea, caffeine, energy drinks, alcohol, and tobacco
within 2 h of the study and avoid them 24 h before the study.
Subjects were blinded to the expertise level of the evaluators, and

1https://bit.ly/3kkhZQL
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the results were communicated only when the assessment was
completed. Also, USI during the VN-NDT was performed by
an expert medical doctor, currently a licensed USI international
instructor in critical and acute care. The test results were available
to the participants and evaluators only at the end of the study.

Settings
The study was conducted in the Posture and Movement Analysis
Laboratory of the Department of Electronics, Information, and
Bioengineering, Politecnico di Milano.

Inclusion/Exclusion Criteria and
Motivation
Subjects were included if they were between 18 and 70 years old
and sober. Subjects were excluded if they reported significant
neck pain or headache [with Numeric Pain Rating Scale (NPRS)
greater than 3/10] (Salaffi et al., 2004), pregnancy, recent neck or
cardiac surgery or significant trauma in the preceding 3 months,
cancer or inflammatory disorders, spinal cord or cauda equina
signs, widespread neurological disorders affecting the tone of the
upper limb and neck muscles, or underlying diseases, such as
diabetes mellitus.

Procedures and Data Collection
Data collection was performed in a standardized order:
(1) fulfillment of self-report questionnaires, (2) neurological
examination, (3) VN-NDT under USI and motion capture
analysis assessment (MCA), and (4) short-term autonomic
response (STAR) measured based on HR.

Self-Report Questionnaires
Epidemiological data (Supplementary Table 1), diagnosis,
medication prescribed, a checklist of AD symptoms, and signs
were declared by every participant (Terkelsen et al., 2017). An
11-item Likert scale was also administered to assess the perceived
health status (PHS: 100 the best, 0 the worst health status ever).

Neurological Examination
A segmental neurological examination was performed to confirm
that the participants had no signs of nerve conduction loss. In
short, dermatomes from C2 to C5 were evaluated bilaterally
with a 10-g monofilament (Paisley et al., 2002). The presence of
mechanical allodynia as a sign of central sensitization (Jensen and
Finnerup, 2014) was assessed by asking the participants to keep a
clothes peg on the middle fingernail for 5 s and on the middle
earlobe (to assess sensitization away from the “assessed area”) of
both sides (Egloff et al., 2011).

Sensory discrimination was tested by administering a
random sequence of 10 nociceptive and tactile stimuli on
the skin of the neck (using a Neuropen R©, Owen Mumford
Ltd., Woodstock, United Kingdom). The upper limb NDT
(ULNDT) was administered bilaterally to assess any subclinical
neuropathic condition involving the neck or upper limbs
(Schmid et al., 2009).

Participants were instructed to verbally stop the test
immediately when any type of tension, discomfort, or unpleasant
sensation was felt during the sequence of passive movements of

the VN-NDT. The location of the symptom and behavior were
defined using a pain drawing tool at the end of every single
test (Bertilson et al., 2007), and their intensity was rated (NPRS)
(Salaffi et al., 2004).

Vagus Nerve Neurodynamic Test
The VN emerges from the medulla of the brainstem and reaches
the coeliac and mesenteric plexi in the abdomen passing through
the jugular foramen (Verlinden et al., 2016) of the skull, between
the internal carotid artery and the jugular vein in the neck and
between the cardiac and pulmonary plexi in the thorax. The VN-
NDT was developed starting from its morphology, selecting a
combination of physiological movements that induce a higher
mechanical tension on the nerve (Figure 1A). The subjects were
assessed supine on an examination table, and evaluators were
standing at the cranial short side of the table.

Upper cervical flexion and contralateral lateral flexion were
selected for loading the intracranial part (Verlinden et al., 2016).
Ipsilateral neck rotation was added to load the cervical tract.

Considering that the VN has afferent endings that are
mechanosensitive (Zeng et al., 2018; Besecker et al., 2020),
discrimination between VN and other tissues was performed
while holding the head of the subject in the final pose,
gently pushing the upper abdomen caudally and cranially to
load and unload the thoracic tract. The test was positive
(indicating abnormal responses) if discrimination maneuvers
changed the symptoms of the subject indicating a neurogenic
source; otherwise, it was declared negative (Schmid et al., 2009).
To standardize the test, all participants were placed in the supine
position without a pillow in a room at 25◦C for 30 min as
described by Fujii et al. (2004).

Short-Term Autonomic Response
Short-term autonomic response was assessed as described by
Devalle and coworkers, which is a reliable outcome for the
autonomic response to pain even in subjects with disturbances
of consciousness, comparing the HR values (fingertip portable
pulse oximeter Intermed SAT-200) at rest (10 s after the ULNDT
administration) and after a 10-s window holding the end position
of the VN-NDT (Devalle et al., 2018). Moreover, we verified that
no chances in HR were induced by abdominal compression alone.
To avoid any placebo/nocebo response, HR was blinded to the
assessors and participants.

Ultrasound Imaging and Motion Capture
Analysis Protocols
Protocols defined by Martinoli and coworkers for the detection
of the anterior tubercle of C6 (Martinoli et al., 2002) and the
cervical tract of the VN (Giovagnorio and Martinoli, 2001) were
adopted. Participants were assessed in a supine position on a
medical table and real-time USI was performed by the medical
doctor standing near to the right long edge of the table, while
the assessor performing the neurodynamic test was standing near
to the short edge of the table where the head of the participant
was (Figure 1 and Supplementary Figure 1). Axial scans were
obtained using the inferior margin of the thyroid as an initial
reference from which the probe was moved laterally to the region
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FIGURE 1 | Sequence of the vagus nerve neurodynamic test (VN-NDT) with (1) starting position with upper cervical spine in flexion. (2) Contralateral lateral flexion.
(3) Ipsilateral neck rotation. (4) The end position of the test with gentle movements of the upper abdomen caudally and cranially as discrimination maneuverers.

of the transverse processes. The probe was moved cranially till the
anterior tubercle of C6 was detected. Distance between the VN
and C6 anterior tubercle (VN–C6) was measured at rest and at
the final position of the VN-NDT to quantify the lateralization
or proximalization of the VN induced by the test, suggesting
an increased or decreased tension on the wire-like structure
of the VN. Esaote R© MyLab Alpha (Esaote S.p.A, Genoa, Italy)
USI equipment was used with a 5–7-MHz convex array probe
(Figure 1B). All subjects were screened for thyroid problems at
the end of the assessment.

Throughout the whole duration of the VN-NDT and real-
time USI assessment, the three-dimensional head orientation
of the subjects was recorded at 100 Hz with an optoelectronic
motion capture system (Smart-DX, BTS S.p.A., Milan, Italy).
A cluster with three retroreflective markers (diameter: 15 mm)
was secured on the head of the subject using an elastic band;
three additional markers were fixed on the acromion and the
sternum (Supplementary Figure 1). The rest and final head
positions were manually annotated upon explicit communication
by the USI operator. System calibration was conducted according
to the guidelines of the manufacturers and returned an average
error in marker position of 0.35 mm, on a working volume of
2.6× 1.8× 2.5 m3.

Data Analysis
Differences from baseline were checked, as well as the effects
between and within factors among symptoms induced by the

test and perceived AD signs and symptoms. Custom routines
were developed within Smart Analyzer (version 1.10.465, BTS
S.p.A) to extract kinematic data. Three-dimensional coordinates
were smoothed with a fourth-order low-pass Butterworth filter
with a cutoff frequency of 1 Hz. A local reference system
fixed on the head was defined: the x-axis was anteroposterior
and pointed forward; the y-axis was craniocaudal and pointed
upward; the z-axis was mediolateral and pointed to the right of
the subject. The acromial and sternum markers defined a local
trunk coordinate system (Zago et al., 2020), with an analogous
axes convention, that served as a reference for head orientation
(Supplementary Figure 1).

Head lateral inclination on the frontal plane (positive to the
right), axial rotation on the transverse plane (positive to the left),
and flexion (negative)–extension (positive) angles on the sagittal
plane were computed as the Euler angles (XYZ rotation sequence)
between the head and trunk reference frames, respectively. The
initial position, i.e., that assumed by the participants laying down
on the bed before the test initiation, was taken as neutral (all
angles equal to zero). An explanatory representation of head
rotations during the test is depicted in Figure 4A.

To provide an indirect measure of the vagal strain level, we
also measured the distance between the sternum and right (or
left) head marker, according to the side the test was performed
on. The ratio between final and initial values was termed as head
displacement ratio: higher values indicate larger head motion
and vagal strain.
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TABLE 1 | Differences between sexes at baseline characteristics and reported autonomic signs and symptoms (experienced during the last 7 days).

Variable F M Total/cases (%) p

Epidemiologic data

Age, years 31.68 ± 11.08 31.64 ± 13.44 31.7 ± 12.0 0.99

Education Bachelor’s degree Bachelor’s degree Bachelor’s degree 0.15

Smoke 0 0.14 ± 0.36 2 (6.7) 0.13

BMI 22.4 ± 3.37 23.2 ± 2.37 22.8 ± 2.92 0.45

NRS (0–10 points) 0.66 ± 1.19 1.1 ± 1.62 0.87 ± 1.4 0.39

Health status (0–100 points) 82.81 ± 13.9 87.14 ± 12.04 84 ± 13 0.38

HR at rest (bpm) 76 ± 12.22 74.57 ± 11.59 75.3 ± 11.7 0.75

Autonomic checklist

At least one autonomic symptom 0.56 ± 0.51 0.36 ± 0.51 14 (46.7) 0.28

Nausea 0.12 ± 0.34 0 2 (6.7) 0.18

Orthostatic hypotension 0.31 ± 0.48 0.14 ± 0.36 7 (23.3) 0.29

Digestion alterations 0.32 ± 0.48 0.33 ± 0.48 7 (23.3) 0.29

Breathing alterations (shortness of breath) 0 0 0 –

Voice changes 0 0 0 –

Altered deglutition 0.06 ± 0.25 0 1 (3.3) 0.36

Perceived augmented HR 0.19 ± 0.4 0.07 ± 0.27 4 (13.3) 0.37

Perceived reduced HR 0.06 ± 0.25 0 1 (3.3) 0.36

Burning sensation in the stomach 0.25 ± 0.45 0.28 ± 0.47 8 (26.7) 0.83

Constipation 0.06 ± 0.25 0 1 (3.3) 0.36

Diarrhea 0.06 ± 0.25 0 1 (3.3) 0.36

Vomiting 0.06 ± 0.25 0 1 (3.3) 0.36

Augmented lacrimation 0 0 0 (0) –

Reduced lacrimation 0.12 ± 0.34 0 2 (6.7) 0.183

Augmented salivation 0 0 0 (0) –

Reduced salivation 0 0 0 (0) –

Head and neck sweating attacks 0.06 ± 0.25 0 1 (3.3) 0.36

Head and neck skin dryness 0.06 ± 0.25 0 1 (3.3) 0.36

Sleep alteration 0.34 ± 0.48 0.14 ± 0.36 7 (23.3) 0.29

Numeric values are reported as means ± standard deviation (SD); nominal values are reported as medians. The checklist was administered to all participants and answers
are expressed as the number of subjects having symptoms and percentage (%).
HR, heart rate; AD, autonomic dysfunction; APN, peripheral neuropathies; p, level of significance (p < 0.05).

Statistics
Statistical analyses were performed within SPSS v.20.0 (IBM
Corp., Armonk, NY, United States). Paired Student’s t-tests
were used to detect differences from rest to end position in
terms of STAR and VN–C6 distance. As an effect size measure,
Cohen’s d was used. The agreement in reporting test outcomes
between the two operators was computed as Cohen’s kappa
(Martínez-Payá et al., 2015).

Receiver operating characteristic (ROC) curves were adopted
to define the sensibility, specificity, and positive and negative
likelihood ratios of the VN-NDT-related symptoms to predict
VN dysfunctions or neuropathies. The overall diagnostic
accuracy of the VN-NDT was defined by the area under the curve
(AUC); a value of 0.5 was deemed as no discrimination, a value
from 0.7 to 0.8 as acceptable, from 0.8 to 0.9 as excellent, and
more than 0.9 as outstanding (Sarkar and Midi, 2010). CI at
95% was calculated and a statistical significance level of 0.05 was
implemented throughout.

A two-way analysis of variance (ANOVA) for repeated
measures with a 2 × 2 full-interaction design was adopted to test
changes on the side (test administered on the right or left of the

participant) and operator factors (experienced, not experienced)
on the following variables: tests positivity, symptoms location,
anatomical and physiological parameters assessed at rest and end
of the VN-NDT, angular rotations, and head displacement ratio.
The two-way ANOVA for repeated measures was also adopted to
define differences between sexes and HR variations induced by
the VN-NDT test. The effect size of each factor was computed as
partial eta-squared (ηp

2): a value of ηp
2 of 0.010 was considered a

small effect, a value of 0.059 a medium effect, and a value of 0.138
a large effect (Richardson, 2011).

RESULTS

As can be seen in Table 1, 46.7% of the participants had at least
one symptom of the AD checklist (nine females and six males);
23.3% of the subjects had experienced in the previous 7 days an
episode of orthostatic hypotension (five females and two males),
and one-fourth reported gastrointestinal symptoms (six females
and three males).
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The STARD flowchart (Figure 2) shows that six out of the 36
participants were not able to perform the experiments because of
work or family issues. Notably, the sample size actual power was
not affected by the loss of participants since 20% of the dropout
was calculated as reported above. The age of the participants
was not significantly different between males and females [t(1,
30) = −0.01; p = 0.992; 95% CI: −9.22 to 9.21]. Twenty-
one out of 30 subjects were pain-free, five reported low back
pain, three leg pain, and one facial pain. Five participants had
a medical diagnosis with drug prescriptions: two for asthma,
one for hyperthyroidism, one for gastric reflux, and one for
hypertension and gastric reflux. No alteration was detected at
the neurological examination for all participants. Four subjects
reported mechanical allodynia of the right ear lobe. The ULNDT
was positive on both sides in two subjects and on one side in four
subjects. Cohen’s kappa of 0.67 (95% CI: 0.49–0.85; p < 0.001)
defined that VN-NDT reliability was significantly substantial.

No significant differences were detected between the sides
and positive or negative tests between the two evaluators
(Supplementary Table 1) nor the type and location of symptoms
provoked [F(1, 119) = 0.540; p = 0.464; ηp

2
= 0.005, low

effect]. Tension or mechanical allodynia in the suboccipital
ipsilateral neck portion was reported in 66.7 and 5% of the cases,
respectively. No adverse events (nausea, vomiting, hypotension,
or neurological symptoms) were recorded during and after the
VN-NDT administration.

The HR of the participants (Figure 3A) at rest
(75.33 ± 11.61 bpm, n = 30) displayed no significant differences
between females and males [t(1, 119) = −0.672; p = 0.502;
ηp

2
= 0.004, 95% CI: −5.64 to 2.78]. Intriguingly, the VN-NDT

induced a significant HR reduction in all participants [F(1,
119) = 89.919; p < 0.000; ηp

2
= 0.432, very high effect]. The

HR drop was of 8 (±12.13) in females and 11.63 (±10.02) bpm
in males and resulted statistically different between females
and males [t(1, 119) = 2.425; p = 0.017; ηp

2
= 0.047, 95% CI:

0.93–9.18]. Notably, even when mild pain was provoked, an HR
reduction was recorded confirming a selective VN stimulation
by the VN-NDT (Devalle et al., 2018).

Anatomical and Biological Variables
The USI revealed no variations nor pathologies of the cervical
portion of the VN (Giovagnorio and Martinoli, 2001). The
VN-NDT induced a significant overall reduction of the VN–
C6 distance (Figure 3B) of about 0.1 mm [t(1, 119) = 2.48;
p < 0.01; d = 0.2; 95% CI: 0.03–0.3]. The VN–C6 distance
was significantly higher on the right side at rest and in the
VN-NDT end position of 0.30 and 0.34 mm, respectively [t(1,
118) = 3.24; p < 0.002; d = 0.592; t(1, 118) = 3.83; p < 0.000;
d = 0.699, respectively]. USI identified a significant interaction
(Supplementary Table 1) for side factor [F(1, 119) = 14.98;
p < 0.000; ηp

2
= 0.114] and between operator but not for

side factor and VN–C6 distance [F(1, 119) = 0.032; p = 0.571;
ηp

2
= 0.003]. Also, no significant interaction between sexes of

the participants and VN–C6 changes before and after the test was
detectable [F(1, 119)= 0.378; p= 0.540; ηp

2
= 0.003]. These data

indicate a higher distance on the right side between C6 and VN,
but the degree of tension induced by the VN-NDT is similar to
each side and not dependent on the sex of the participants.

Head Kinematics
To reach the VN-NDT final position, the neck of the subject
was moved to stretch one VN each time, from the anatomical
position of rest, of about 52◦ (±11◦) of ipsilateral to the
tested side rotation, 12◦ (±8.5◦) of contralateral lateral flexion,
and 12◦ (±8.5◦) of flexion (Figure 4A), which indicates that
the test was performed in a normal cervical range of motion
not able to overstress muscle ligaments and joints of this
anatomical region. Neither head inclination nor head flexion–
extension significantly changed between sides relative to the
assessor factor (Supplementary Table 3). Conversely, the head

FIGURE 2 | STARD flowchart of the vagus nerve neurodynamic test (VN-NDT).
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FIGURE 3 | (A) Effect of the VN-NDT on HR in males and females. Values in the graph are expressed as mean ± SD. Two-way ANOVA was carried out (data are
normally distributed with comparable variances); asterisk shows the statistically significant difference between sexes (*p ≤ 0.05 and ****p ≤ 0.0001). (B) Ultrasound
imaging axial scans of the (i) right vagus nerve at rest and (ii) the final position of the neurodynamic test. The red arrow indicates the vagus nerve and the yellow arrow
indicates the anterior tubercle of C6 in male or female participants (no differences between sexes were detected by USI, p = 0.54).

was more laterally rotated by about 4◦ [F(1, 119) = 6.29;
p = 0.015; ηp

2
= 0.101] when the left side was tested, as

prompted in Supplementary Figure 2 and Supplementary
Table 3. Consistently, a slightly but significantly higher head
displacement ratio was observed on the left side [Supplementary
Figure 2D, F(1, 119) = 6.211; p = 0.016; ηp

2
= 0.1, medium-to-

large effect], especially when the novice assessor performed the
test [F(1, 119)= 6.969; p= 0.011; ηp

2
= 0.111, medium-to-large

effect]. No significant side-by-operator interaction was found.

Autonomic Symptoms Detection
Accuracy
The onset of tension or mechanical allodynia in the suboccipital
ipsilateral region during the VN-NDT showed a significant ability
to detect AD-related symptoms (Figure 4B and Supplementary
Table 3). In particular, burning sensation in the stomach was
significantly detected by tension and mechanical allodynia in the
neck with an accuracy of 0.62 and 0.89, respectively (p < 0.026;
95% CI: 0.52–0.73; p < 0.001; 95% CI: 0.81–0.96; Table 2). Levels
of PHS inferior or equal to 80 on 100 were significantly detected
by neck tension (Figure 4B) with an accuracy of 0.61 (p < 0.045;
95% CI: 0.51–0.72).

DISCUSSION

This study indicates that the proposed VN-NDT induces a
consistently moderate HR reduction in subjects of both sexes.
Therefore, we propose it as a sensitive, fast, and riskless screening

test for vagal function assessment which could be useful in the
assessment of autonomic nervous system neuropathies.

Our data validate the proposed VN-NDT as a selective tool for
VN function assessment. The collected normative data define the
hallmark of physiological spectrum in males and females for HR
variations induced by the VN-NDT and suggest a relationship
between symptoms induced during the test and some autonomic
dysfunction-related symptoms.

As described by Velten et al. (2020), autonomic symptoms
related to orthostatic hypotension are commonly reported in
20% of the healthy population. Indeed, none of the participants
had a diagnosis related to an autonomic disease, but many had
experienced 1 week before the test at least one symptom related to
autonomic dysregulation. In particular, orthostatic hypotension
and altered digestion were the more prevalent conditions. The
VN-NDT induces an HR reduction greater than those reported
with Valsalva maneuver (VM) (Schrezenmaier et al., 2007),
VN transcutaneous, or direct electrical stimulation (Clancy
et al., 2014; Anand et al., 2020). Indeed, the VN-NTD induces
a consistent and significant HR reduction of about 8 bpm in
females and 12 bpm in males, respectively, likely triggered
by the stretch-sensitive baroreceptor fibers traveling in the
nodose and petrosal sensory ganglia of the VN (Berthoud and
Neuhuber, 2000; Zeng et al., 2018; Norcliffe-Kaufmann, 2019;
Besecker et al., 2020). Although neck torsion during the test
was performed in a physiological mid-range of motion and the
hands of the assessor were positioned on the head and upper
cervical spine of the participant, we cannot exclude a role for the
esophageal intraganglionic laminar endings in mechanical
stress transduction (Zagorodnyuk and Brookes, 2000;
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FIGURE 4 | (A) Head orientation at the end of the neurodynamic test (R: head inclined on the right of the subject; L: head inclined on the left of the subject). (i)
Inclination, (ii) rotation, and (iii) flexion/extension. The three dotted vertical lines in the graphs represent the three movements of the VN-NDT combined from the left to
the right: upper cervical flexion, contralateral later flexion, and ipsilateral rotation, respectively. (B) ROC curves of symptoms related to vagal dysfunctions or
autonomic peripheral neuropathies detected by the onset of tension (left) and pain (right) in the neck during the vagus nerve neurodynamic test. PHS, perceived
health status; HR, heart rate.

Brookes et al., 2013). A somewhat similar effect on HR has
been found in normotensive humans during prolonged
submaximal mandibular extension (60% of the maximal
interincisal distance), prevented by minimal mandibular
extension keeping a wooden tongue depressor between the
incisors (Del Seppia et al., 2016, 2017). We cannot definitively
rule out that similar effects are triggered by the two maneuvers,
but the VN-NDT maneuvers did not induce any remarkable
changes in the temporomandibular joint, prevented by the
upper cervical flexion. Also, the effects on HR were detected
at a short latency of 10 s of test administration, while the

effects of the prolonged mandibular extension were recorded
after 10 min of submaximal mandibular extension (Del
Seppia et al., 2016; Devalle et al., 2018). Considering those
data, we can reasonably hypothesize a marginal role of the
glossopharyngeal nerve stretch reflex enrolment in the VN-NDT
cardiac effects.

The VN-NDT is less invasive than the VM and other
neural provocative tests (Schrezenmaier et al., 2007; Ehrman
et al., 2020), since no side events were recorded, and no
stress is applied to the cardiocirculatory system (Pstras
et al., 2016). Also, no active participation of the tested
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TABLE 2 | The vagus nerve neurodynamic test accuracy.

Tension Pain (mechanical allodynia)

Variable Sensitivity Specificity +LR −LR Sensitivity Specificity +LR −LR

Digestion alterations 1 0.81 5.26 0

Perceived augmented HR 0.67 0.90 6.7 0.37

Burning sensation in the stomach 0.35 0.90 3.5 0.72 1 0.77 4.35 0

Any APN symptoms 0.67 0.65 1.91 0.51 1 0.46 1.85 0

Number of symptoms

More than 1 0.45 0.80 2.2 0.7 1 0.67 3.03 0

More than 7 0 0.90 0 1.1 0 0.96 0 1.04

PHS (80 < on 100) 0.47 0.75 1.88 0.71

Results about symptoms-induced diagnostic features in detecting vagal impairment and APN-related symptoms of the vagus nerve neurodynamic test are reported above
(only significant predicted symptoms using ROC curves were reported). Sensitivity, specificity, and positive and negative likelihood ratios are reported (+LR, −LR).
HR, heart rate; PHS, perceived health status.

subjects is required, which is particularly useful in subjects
with communication problems like in the case of intensive
care patients with COVID-19 and with disturbances of
consciousness. The USI and the motion capture analysis
confirmed that the VN-NDT induces a standardized
anatomical reduction of the bone–nerve distance, which
can stretch the VN and provoke symptoms related to
autonomic dysfunctions.

The test accuracy and interrater agreement are comparable
or higher than other clinical tests commonly used in the
neurological assessment for neuropathic conditions like sensory
testing, manual muscle testing, and nerve mechanosensitivity
(Schmid et al., 2009; Terkelsen et al., 2017; Reshef et al., 2019).

Notably, mechanical allodynia—which is a common symptom
when nerves receive prolonged exposure to inflammatory
cytokines (Jensen and Finnerup, 2014; Beaulieu-Laroche et al.,
2020; Bonet et al., 2021)—provoked by the VN-NDT had the
best test accuracy in detecting digestion alterations and burning
sensation in the stomach. Indeed, gastrointestinal dysfunctions
are very common in acute and chronic APNs (Freeman, 2005;
Oaklander and Nolano, 2019; Gutierrez et al., 2020; Marathe
et al., 2020). Since the perioperative and postsurgery risks of
cardiovascular side events (Lankhorst et al., 2015; Ho et al., 2020;
Malaty et al., 2021) are higher in post-COVID-19 patients and
patients with APN, which are difficult to be studied, it is possible
to adopt the VN-NDT as a sensitive, faster, and riskless screening
test. Yet, the test does not require other instruments than a finger
pulse oximeter and a medical examination table, which makes it
usable in low- and high-income countries.

Here, we report for the first time that a sequence of neck
movements can systematically affect HR, both in males and
females, suggesting a key role of the stretch on the neck
portion of the VN in HR modulation. Gutierrez and coworkers
reported that a patient with acute sensory and autonomic
neuropathy had her symptoms relieved by neck movements
(Gutierrez et al., 2020) which are included in the VN-NDT.
Therefore, we can argue that studying the VN-NDT effects
can be helpful in diagnosis and symptoms management in
autonomic dysfunctions. Indeed, neurodynamic tests had
been adopted successfully as treatment interventions for

peripheral neuropathies. For instance, it has been established
that invasive and non-invasive stimulation on the cervical tract
of the VN ameliorates survival rates in sepsis models (Huston
et al., 2007) and promotes heart and lung regeneration
in preclinical models (Brandt et al., 2019; Chen et al.,
2020), HR variability in cardiological patients (Kobayashi
et al., 2013), and symptoms improvement in people with
pharmacoresistant problems such as acute and chronic pain,
dementia, psychiatric illness, consciousness disorder, and
epilepsy (Kirchner et al., 2000; Schachter, 2006; Corazzol et al.,
2017; Breit et al., 2018; Dong and Feng, 2018; Johnson and
Wilson, 2018).

Since the VN-NDT can induce an effective VN stimulation,
it would be useful to investigate its effects on these
pathophysiological conditions and other conditions like diabetes-
related gastrointestinal alterations, cardiac neuropathies, and
arrhythmias secondary to coronavirus infection (Garamendi-
Ruiz and Gómez-Esteban, 2019; Santos Breder and Sposito, 2019;
Malaty et al., 2021).

CONCLUSION

The tests currently available for APN are neither selective nor
sex-specific for evaluating the parasympathetic nervous system
and can have troubling side effects. The proposed VN-NDT
is a reliable, sensible, and sustainable screening test to assess
parasympathetic activity and VN alterations also in patients
with verbal/communication problems. The physiological HR
changes induced by the VN-NDT are provided for healthy males
and females. The VN-NDT can be safely incorporated into
bedside assessment routines and pretreatment routine tests for all
conditions in which APN is suspected and to discriminate APN
from neck musculoskeletal problems.
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CHAPTER 4 
 

DISCUSSION 

 
4.1 Effects of the neurodynamic treatment at the cell level 
 
 
The novelty brought by our in vitro experiments are many, and one of the most 

relevant is that we have described for the first time that a manual treatment, 

such as the NDT, can induce a dose-dependent response in target cells defining 

the beneficial effects reported by patients are not dependent on placebo effects 

and that specific mechanism are involved. Our data shows that NDT induces 

selective changes in neurons confirming that neurons are the target cells of this 

treatment. In particular, our results from in vitro experiments have confirmed 

that not only sensory but also motor neurons are mechanosensitive and 

mechanoreactive in a dose-dependent manner. The cell responses to tailored 

mechanical stimuli, with the same features as those administered in the clinical 

settings, are related to neural plasticity and regeneration processes.  

The obtained results have also shown that NDT can regulate the gene expression 

of PIEZO1 (and not PIEZO2) mechanosensitive ion channels responsible for the 

transduction of light stretch and compressions related to the perception of touch 

in sensory neurons and it has been hypothesized to be involved in pain 

modulation (Coste et al., 2010; Zhao et al., 2016; Wang et al., 2019a; Marshall 

and Patapoutian, 2020; Roh et al., 2020; Lewis and Grandl, 2021). The ex vivo 

and in vivo experiments had shown that NDT regulates the expression in sensory 

neurons of TACAN and TLR2 which are receptors involved in mechanical allodynia 
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and hyperalgesia with an antiallodynic and anti-hyperalgesic effect (Jurga et al., 

2016; Cobos et al., 2018; Arenas and Lumpkin, 2020; Bogen et al., 2020). 

A significant anti-apoptotic effect had been reported from in vitro and ex vivo 

experiments in sensory neurons two days after a single session of NDT protocol 

administration without any pro-apoptotic effect. It is indeed fundamental for 

nerve recovery after an injury that cell death of neurons is prevented by the 

activation of antiapoptotic processes since the lack of this event is responsible 

for impaired regeneration with increased loss of nerve function (Kotulska et al., 

2005). 

Also, from in vitro experiments we have observed that NDT in both sensory and 

motor neurons increased significantly the number of differentiated cells 

compared to the untreated. The reactivation of neurons after a nerve lesion is 

observed by a dendritic arbor restoration and axonal regrowth of those neurons 

that got their axons injured is a key process for nerve regeneration (Navarro, 

2016; Dubový et al., 2018a).  

Another remarkable effect we have observed from in vivo and ex vivo 

experiments is that NDT induces a significant neurite outgrowth which is a 

fundamental therapeutic effect promoting neural plasticity and nerve 

regeneration (Wang et al., 2019b; Gordon, 2020). Indeed, the increased axonal 

regeneration speed is a useful factor to reach the target tissue in a short amount 

of time avoiding atrophy and restoring faster the nerve functions lost or impaired 

after the nerve injury. Our experiments have shown that not only the sensory 

neurons are affected by the NDT, as this treatment had been largely used for 

pain management, but also motor neurons regeneration processes are induced. 
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As shown by Wang and colleagues muscular atrophy prevention after a sciatic 

nerve crush in rabbits was obtained, by the same NDT protocol adopted in our 

experiments, by regulating the expression of Murf-1 in the innervated muscle, 

but a clear effect on motor neurons of NDT was lacking in the literature (Wang 

et al., 2015). 

Notably, our experiments have shown that the direction of the neurite outgrowth 

is not significantly affected by the NDT. These data are supported by results 

obtained by Kampanis and coworkers who demonstrated that a single session of 

repeated mechanical tensions applied to DRG explants by a robotic bioreactor 

does not affect the orientation of the neurites (Kampanis et al., 2021). Other 

experiments performed on DRG explants treated with progressive tensions, 

increased day by day for weeks, have shown that the orientation of the neurites 

follows the force direction applied by the bioreactor (Pfister et al., 2006b, 2006a, 

2008; Loverde et al., 2011; Feng et al., 2015; Magou et al., 2015). Despite the 

latter studies, in which the orientation of the fiber was significantly affected by 

the progressive elongations during their regrowth, the treatment protocol 

performed with a robotic bioreactor cannot be translated into clinical practice 

since no progressive nerve tension is possible to be applied day by day and the 

parameters of the stretches required a 24 hours intervention for weeks. On the 

contrary, the same parameters adopted in our in vitro and ex vivo experiments 

were easily adopted for in vivo experiments being also suitable to be translated 

in the clinical settings. 
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4.2 Effects of the neurodynamic treatment at the tissue level 

 

Evidence on rat neuropathic pain models reported in the literature has shown 

that NDT with tensioning technique induces local effects in the site of the nerve 

injury. In particular, De Silva and coworkers, adopting a chronic constriction 

injury neuropathic pain model, described that 10 sessions of NDT,  administered 

14 days after surgery, induces an NGF and myelin protein zero increased protein 

expression in the injured nerve observed 24 days after the nerve injury (Da Silva 

et al., 2015). Zhu and colleagues, adopting a rat diabetic neuropathic pain 

model, have shown that NDT significantly reduces the IL-1β and TNFα protein 

expression only in the treated nerve (Zhu et al., 2018). Lima and coworkers 

reported that NDT administered after a nerve crush injury of the sciatic nerve in 

rats significantly prevented the intraneural scar formation (Lima et al., 2017) 

and the results we have obtained have shown the same responses. Notably, the 

dosage of the NDT we adopted in our in vivo experiments compared to this study 

was six times less in terms of the number of tensions (30 tension compared to 

180 tensions), and it had provided significant beneficial results on animal 

behaviors, nerve morphology, and gene expression related to mechanical pain.  

Increased intraneural fibrosis forms a physical obstacle for axonal regeneration 

causing a lack or impaired nerve regeneration (Wang et al., 2019b).  Indeed, 

the prevention of intraneural scar tissue formation is a fundamental aspect for 

nerve function and regeneration essential to maintain its normal elasticity and 

blood supply (Lundborg, 1988; Tos et al., 2015; Bove et al., 2019). We 
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confirmed that NDT prevents intraneural fibrosis providing a minimal dosage 

able to induce this fundamental beneficial effect. 

 

 

4.3 Effects of the neurodynamic treatment on animal behaviors 
 
 
NDT has shown to be effective in pain modulation and nerve conduction 

improvements detected by electrophysiological assessment in long term 

neuropathic pain patients suffering from carpal tunnel syndrome (Wolny et al., 

2017; Wolny and Linek, 2018, 2019; Talebi et al., 2020) and radiculopathies of 

somatic nerves in the upper or lower limbs (Basson et al., 2015; Mahmoud 

ELDesoky, 2016; Yamin et al., 2016; Rajalaxmi M.V., Lavanya R., Kirupa K., 

Divya Mary S.M., 2020; Yun et al., 2020). Also, animal studies provided evidence 

that NDT promotes the upregulation of molecules related to neural plasticity in 

the PNS and CNS (Santos et al., 2012, 2014; Da Silva et al., 2015; Giardini et 

al., 2017; Martinez et al., 2018), but no data on dose-response and gross and 

fine motor performances were available yet. After defining the optimal NDT 

dosage based on in vitro experiments, we aimed therefore to assess the effects 

of NDT on sensory-motor recovery and its possible involvement in nerve 

regeneration after a nerve injury.  

In our experiments, animals treated with NDT had reported a significant early 

restoration of pressure mechanical pain and normal pain behaviors compared to 

untreated animals. As reported above from in vitro and ex vivo experiments an 

increased neurite length coupled with antiapoptosis induced by the NDT protocol 

may reduce the recovery time for sensory neurons. We observed in rats that 
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contrary to the mechanical pain sensibility, the responsiveness to non-noxious 

mechanical pressure in the forepaw was not lost 4 and 12 days after the nerve 

injury. However, increased responsiveness to non-noxious pressure was only 

observed, on both injured and not injured sides, in untreated rats, while NDT 

had shown to protect against this pressure hypersensitivity, by maintaining the 

threshold to non-noxious stimuli same as pre-injury values. Increased activity 

of unmyelinated and myelinated primary afferent neurons is related to 

predominantly peripheral neuropathic pain process with stimuli dependent 

aberrant responses like dysesthesia, hyperalgesia, and allodynia, and is a 

common condition in most of the neuropathic pain conditions (Woolf and Salter, 

2000; Campbell and Meyer, 2006; Jensen and Finnerup, 2014; Truini, 2017; 

Shin et al., 2021). In particular, these processes are linked to changes in 

neurochemical, anatomical,  electrophysiological properties or protein and gene 

expression in the DRG neurons (Shi et al., 2011; Kim et al., 2012; Xu et al., 

2016; Prato et al., 2017; Truini, 2017; Beaulieu-Laroche et al., 2020; Bogen et 

al., 2020; Yeh et al., 2020). 

Notably, we observed that NDT affects muscles performance in high demanding 

tasks like climbing a rope but not fine finger movements like eating a grissini 

piece. In a rabbit sciatic nerve crush injury model, it was observed that calf 

muscle atrophy was prevented, by an NDT protocol with the same parameters 

used in our experiments but with a lower dosage (10 tensions 6 days/week) for 

a longer treatment time (4 weeks), and this effect was associated to a significant 

lower MuRf-1 expression in the denervated muscles (Wang et al., 2015). To be 

noted, our in vitro experiments have shown that NDT induces neurotrophic 
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effects also in motor neurons promoting the differentiation and the neurites 

outgrowth, suggesting a regenerative effect of NDT also on the motor component 

of the PNS. 

To summarize, our experiments have shown that pain modulation and early 

nerve recovery is promoted by NDT for both sensory and motor components, 

and this is a crucial aspect for atrophy prevention and functional recovery after 

a nerve injury that most of the cases are not generally totally restored (Jia et 

al., 2014; Van Hecke et al., 2014; Smith et al., 2020). 

 
 
4.4 Translatability of the neurodynamic treatment 
 
 
Many studies have been published on the neuroplastic effects induced by 

mechanical repeated or progressive stimulation in vitro or ex vivo. However, 

none of them can be translated in clinical settings for therapeutic intervention 

for several reasons. The main issue is the duration of the protocols described 

(from hours to weeks of repeated stimuli) impossible to be incorporated in a 

clinical context and also the amount of elongation varying from 1-5mm/day is 

not a clear reproducible condition (Bray, 1979; Loverde et al., 2011; Higgins et 

al., 2013; Loverde and Pfister, 2015; Kampanis et al., 2021).  

To promote the clinical translatability of the NDT protocols defined in our 

experiments we have also adopted the tension perceived by the clinician during 

the maneuvers as a hallmark to administer the interventions. Indeed, this 

reference, which is used in clinical practice to tailor the tension parameters and 

not overstretch the nerve (Basson et al., 2017, 2020; Calvo-Lobo et al., 2018), 

had shown to induce similar beneficial effects on cell culture, DRG explants, and 
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animals. Also, we took advantage of our in vitro experiments results and selected 

the more effective dosage in promoting neural plasticity and ion channels 

regulation for in vivo and ex vivo experiments. The cycles of tension and 

relaxation (1/5sec) and dosage of our NDT protocol consisting of 30 tensions 

administered in 3 minutes makes it very suitable to be adopted in all clinical 

conditions this intervention is required. 

Some studies on manual therapy effects on neuropathic pain administered the 

interventions to awake rats (Bove et al., 2019; Wang et al., 2020a), but none 

of them administered NDT protocols (Bertolini et al., 2009; Santos et al., 2012; 

Da Silva et al., 2015; Wang et al., 2015; Giardini et al., 2017; Lima et al., 2017; 

Martinez et al., 2018; Zhu et al., 2018). To our knowledge, we have for the first 

time administered NDT on awake animals, and it led us to observe the absence 

of pain behaviors or sensitization to nerve tensions during the treatment of the 

injured nerves in these animals. 

Notably, the posology adopted on in vivo experiments, consisting in 3 minutes 

5 days/week for 3 weeks of treatment, is similar to the one used for both 

hospitalized and ambulatory patients.  

Finally, the regulation of the receptors' expression in the DRG and the processes 

related to cell survival and neural plasticity we have observed in our studies, are 

well conserved and shared mechanisms in humans (Kotulska et al., 2005; 

Kremer et al., 2018; Arenas and Lumpkin, 2020; Beaulieu-Laroche et al., 2020).  

For these reasons, we truly believe that the standardized NDT protocol we 

adopted for in vivo and ex vivo experiments is suitable to be translated into 
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clinical practice supported by strong evidence of its effects on cell survival, 

neural repair, and pain modulation processes. 

 

 

4.5 Neurodynamic to treat neuropathic pain 
 
 
The NDT is an effective non-pharmacological intervention commonly used in 

rehabilitation settings to reduce pain and disability in neuropathic pain patients 

and clinical and preclinical studies have shown that it can promote nerve 

functions recovery by restoring the proper nerve conduction (Wolny et al., 2017; 

Wolny and Linek, 2018). Also, hypoalgesic and anti-allodynic short-term effects 

have been reported respectively in asymptomatic (Beltran-Alacreu et al., 2015; 

Gamelas et al., 2019; Martins et al., 2019) and neuropathic pain patients 

(Villafañe et al., 2012; Arumugam et al., 2014). Previous studies on animals 

provided evidence that NDT promotes the regulation of molecules related to 

neural plasticity and receptor expression involved in the pain modulation at 

several levels in the PNS and CNS (Santos et al., 2012, 2014; Da Silva et al., 

2015; Giardini et al., 2017; Martinez et al., 2018), but no data on specific effects 

of NDT on mechanical allodynia and hyperalgesia mechanisms were available 

yet. In particular, we focused on the effects of receptors modulation expressed 

in sensory neurons since it is emerging as a promising neuropathic pain target 

(Broad et al., 2009; Borbiro and Rohacs, 2017; Cobos et al., 2018; Mikhailov et 

al., 2019; Zhang et al., 2019; Beaulieu-Laroche et al., 2020; Bogen et al., 2020; 

Roh et al., 2020). Mechanical allodynia is a result of several processes like 

changes in receptors expression in the DRG like for example TACAN, a 
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mechanosensitive channel linked to neuroinflammation, or TLR2 linked immune 

response (Jurga et al., 2016; Cobos et al., 2018). Notably, our experiments on 

the median and ulnar nerves injury model have revealed that the mechanical 

pain modulation effect induced by NDT is due to the selective modulation of the 

TACAN channel in the DRG (Arenas and Lumpkin, 2020; Bogen et al., 2020). 

Also, we confirmed that NDT prevented sensitization phenomena related to the 

descending pain modulation system by showing a significantly lower number of 

paw withdrawals only in treated animals for repeated nerve tensions 22 days 

after nerve injury.  Indeed, is reported in the literature that NDT protocols in 

rats significantly regulated the expression of k- and m-opioid receptors in the 

DRG and periaqueductal grey, which are fundamental for pain suppression 

mechanisms  (Santos et al., 2014; Da Silva et al., 2015; Giardini et al., 2017; 

Martinez et al., 2018). 

Considering that the NDT antiallodynic and anti-sensitization effects we have 

observed in our experiments are shared mechanisms between humans and rats 

and that none of the drugs available for neuropathic pain management is 

effective for all patients (Finnerup et al., 2015, 2018), it is fair to consider NDT 

as a useful time effective clinical tool for those patients suffering for neuropathic 

mechanical pain. 

 
 
 
4.6 Reliability of the neurodynamic tests and vagus nerve test validation 
 
 
Tension tests of peripheral nerves or neurodynamic tests are bed-side 

examination clinical tests validated for somatic nerves neuropathies and reliable 



119 
 

for radiculopathies detection (Schmid et al., 2009; Urban and Macneil, 2015; 

Verwoerd et al., 2016; Koulidis et al., 2019). These tests consisting of a 

combination of physiological movements can progressively load the nerve tested 

assessing the normal nerve mechanosensitivity that in case of neuropathic 

conditions is impaired.  

The VN neurodynamic test we have developed stressing the cervical thoracic and 

upper abdominal portion of the VN is biomechanical plausible since it has induced 

a significant anatomical displacement in the neck of this structure. Notably, we 

took advantage of the VN mechanical stimulation of the test to monitor not only 

subjective reported symptoms, but also the effects on the heart which is a VN 

target organ. We have discovered that the VN tension test induces a sensation 

of tension in the ipsilateral side of the upper neck and a remarkable and transient 

negative dromotrophic effect (causing a heart rate reduction) significantly higher 

in males. Notably, the test accuracy and inter-rater agreement between an 

expert and a novel assessor are comparable or higher than other clinical tests 

commonly used in the neurological assessment for neuropathic conditions like 

sensory testing, manual muscle testing, and reflexes testing (Schmid et al., 

2009; Tawa et al., 2017; Terkelsen et al., 2017; Ekedahl et al., 2018). The great 

advantage brought by this test is that it is possible to assess the symptoms 

described by the patient but also the signs of heart rate reduction to establish a 

VN alteration or sensitization. The VN is the principal component of the 

parasympathetic nervous system and the main responsible for interoception 

(Bonaz et al., 2018), and brain-gut axis dysfunctions are prodromal disorders 

associated with neurological diseases, such as Alzheimer’s disease, Parkinson’s 
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disease, multiple sclerosis, and amyotrophic lateral sclerosis (ALS)(Tremlett et 

al., 2017). 

Moreover, several health-related conditions have prominent and clinically 

relevant manifestations linked to a VN and autonomic system impairment 

(Freeman, 2005; Lyon, 2018). Diabetes, amyloidosis, immune-mediated, 

neoplastic, paraneoplastic, hereditary, secondary to infectious diseases, and 

intoxications (Oaklander and Nolano, 2019) are the leading causes described in 

the literature. Many invasive and non-invasive interventions stimulating the 

cervical tract of the VN reported positive results on symptom improvement in 

people with high social impact problems such as acute and chronic pain, 

dementia, psychiatric illness, stroke, cranial dysfunctions, consciousness 

disorder, and epilepsy (Johnson and Wilson, 2018; Möller et al., 2018; Darrow 

et al., 2020). For these reasons the VN is not only a time-effective test to assess 

pathological conditions in which an autonomic neuropathy is suspected but also 

as shown by our experiments on somatic nerve injury, it is fair to explore its 

effectiveness as a therapeutic tool for the diseases reported above, after an 

appropriate standardization of the treatment protocol.  
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4.7 Limitations 
 

We have considered only adult animals in our experiments, making the results 

obtained not suitable for developmental ages in which the observed processes 

could be modulated differently. Our data are supported by clinical and preclinical 

effects of NDT on pain and nerve conduction changes however it is desirable to 

perform future clinical studies to assess if the NDT protocol we have defined is 

effective in all acquired neuropathic pain conditions and if children have different 

responses from adults. Like for drugs administration, it is clinically plausible to 

consider a lower dosage in children than the one adopted in our experiments but 

no proper indications are possible to be defined. The VN tension test we have 

validated in healthy subjects revealed a different HR reduction between males 

and females, however, no data are available on its effects on other innervated 

organs in the thorax or abdominal cavity. Since VN electrical stimulation 

reported remarkable effects of increased activation of the CNS functioning, and 

on a large number of degenerative or drug-resistant diseases, it is also suitable 

in the future to evaluate the possible entities of these effects also induced by 

the test.   
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CHAPTER 5 
 

 
CONCLUSIONS 

 
 
The results obtained in the experiments performed for the present Ph.D. thesis 

have significantly increased the knowledge of the NDT effects on peripheral 

nerve healing processes and pain modulation. In particular, we have observed 

that NDT promotes cell differentiation, neurites outgrowth in sensory and motor 

neurons, and antiapoptosis in sensory neurons. These are all fundamental 

processes for neuroplastic changes inducing nerve regeneration and proper 

functional recovery, which are highly impacting problems common after nerve 

injuries, and in neuropathic pain conditions. Our results had also shown that NDT 

activates specific processes promoting mechanical allodynia and hyperalgesia 

modulation modulating the expression of the mechanosensitive receptor TACAN 

in the DRG.   

NDT is a non-pharmacological treatment and a cost-effective intervention and 

we have defined a proper dosage that can be safely adopted requiring at least 3 

minutes/day to be effective. The NDT protocol that was developed and refined 

for our in vitro, ex vivo, and in vivo experiments, was designed to be easily 

translated in clinical practice to treat neuropathic pain patients with dosage and 

posology of one session for 5 days/week, very suitable for clinical settings. 

Also, we have validated in humans the VN tension test that is a non-invasive 

and selective test to assess autonomic neuropathies and normal vagal function 

on heart rate modulation. To our knowledge, this is the first clinical tool that 

selectively assesses the parasympathetic function in humans. Based on the 
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encouraging data obtained from in vitro, ex vivo, and in vivo studies on NDT in 

somatic nerves it is also useful to explore the VN tension test as a therapeutic 

tool for those conditions involving autonomic neuropathies and all conditions in 

which VN stimulation is reported to have beneficial effects, with an appropriate 

previous protocol validation. 
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