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ABSTRACT 

Spinal cord injury (SCI) results in irreversible functional impairments due to intricate molecular and 

cellular processes, leading to neuronal damage. Despite its significance, the immediate consequences 

of SCI, including the transient disappearance of reflex responses below the injury site, termed as spinal 

shock, have been underexplored due to the lack of consistent preclinical models. 

In the first part of this PhD thesis project, an in vitro preparaƟon of the isolated central nervous system 

(CNS) from neonatal rats was characterized. This preparation exhibited stable respiratory rhythms, 

evoked motor responses, fictive locomotor (FL) activities, and functional ascending and descending 

pathways. The in vitro CNS showed the crucial role of suprapontine centers in the modulation of 

spontaneous respiratory rhythms, electrically evoked reflexes, and spinal network activity. 

The second part of the project adopts a novel custom-made micro impactor to deliver a calibrated 

impact to the ventral surface of the thoracic spinal cord. Ventral root (VR) recordings continuously 

monitored baseline spontaneous activities and electrically-induced reflex responses before and after 

injury. Following the impact, an immediate transient depolarization occurred, coinciding with a rapid 

drop in tissue oxygen levels and significant cell death at the injury site, alongside complete 

disconnection of longitudinal tracts. Reflex responses were temporarily abolished, mimicking the 

progression of the spinal shock, while the coordination among motor pools during FL was affected. 

Perfusion with low chloride-modified Krebs medium amplified the depolarization, suggesting that 

chloride ions are implicated in the peak of the injury potential. Furthermore, remote changes in 

cortical glial cells were observed shortly after spinal injury. 

Eventually, various pharmacological agents were tested to mitigate injury-induced depolarization. 

Notably, only Transient Receptor PotenƟal Vanilloid 4 (TRPV4) antagonism successfully reduced the 

depolarization amplitude, indicating for the first time that mechanoreceptors sustain the immediate 

depolarization after a spinal trauma. The reappearance of VR reflexes was accelerated through the 

blockade of TRPV4 channels, gap junctions, and GABAergic transmission, although with distinct timing 

and yield.  

In conclusion, this study provides a novel experimental platform for investigating the immediate events 

following traumatic SCI, revealing the pivotal roles of chloride imbalance and mechanoreceptors in the 

cascade of pathological events that characterize acute SCI pathophysiology. 
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INTRODUCTION 

1. An overview on traumaƟc SCIs 

Spinal cord injury (SCI) is a neurological condiƟon characterized by a damage to the spinal cord caused 

by traumaƟc events such as falls, vehicle accidents, and violence, or non-traumaƟc factors such as 

tumors, degeneraƟve diseases, vascular condiƟons, infecƟons, toxins, or birth defects (Ahuja et al., 

2017; WHO, 2024). According to the World Health OrganizaƟon (WHO) in 2024 , the majority of SCI 

cases result from trauma, and globally over 15 million people live with SCI, with a higher prevalence in 

men (WHO, 2024). 

SCI involves a complex pathological process with both immediate and delayed Ɵssue damage (BenneƩ 

et al., 2024). The iniƟal traumaƟc damage named primary injury, produces immediate mechanical 

disrupƟon, dislocaƟon of the vertebral column and hemorrhage, hens sudden cell death and axonal 

disrupƟon at the region of the spinal cord within the first two hours post injury (Fig. I A;(Siddiqui et al., 

2015; Ahuja et al., 2017; BenneƩ et al., 2024). AŌer minutes to hours , the primary injury triggers a 

cascade of events named secondary injury, that worsen and amplifies the damage of spinal Ɵssue 

through the increase of extracellular glutamate leading to excitotoxicity and cellular death, 

inflammaƟon, oxidaƟve stress, edema, and apoptosis (Ahuja et al., 2017; Alizadeh et al., 2019). 

Following the acute phase, these processes evolve over Ɵme, and a subacute phase characterized by 

ongoing inflammaƟon and glial scar formaƟon at the site of impact occurs. The cascade of cell death 

mechanisms acƟvated during the acute (2 - 48 h post-injury;(Siddiqui et al., 2015) and subacute (48 h 

- 14 days post-injury;(Siddiqui et al., 2015) phases of SCI inflict more severe damage than the primary 

trauma. This evidence forms the foundaƟon for developing early neuroprotecƟve intervenƟons (Ahuja 

et al., 2017). Finally, the onset of the chronic phase leads to plasƟc rearrangements that can rarely lead 

to spontaneous recoveries and, more oŌen, to lifelong neurological impairments (Silva et al., 2014). 

An SCI demonstrates that the mature central nervous system (CNS) cannot regenerate nor repair itself 

aŌer traumaƟc insults in mammals (Varadarajan et al., 2022). In addiƟon to cell death, the limited 

regeneraƟve capacity of post-mitoƟc mature neurons (Kole et al., 2013), inflammatory responses, and 

glial scar formaƟon further impede recovery (Fry, 2001; Varadarajan et al., 2022) and vanish any 

spontaneous regeneraƟon aƩempts that take place right aŌer a neural lesion even in adult stage 

(Bradbury and Burnside, 2019). Moreover, inhibitory factors such as ChondroiƟn sulfate proteoglycan, 

myelin-associated inhibitors, and semaphorin 3A make the microenvironment of the injury non-

permissive to axonal regrowth (Bradbury et al., 2002; Huebner and StriƩmaƩer, 2009; Yang et al., 

2020a). Due to the mature human spinal cord's inability to self-repair, an SCI oŌen causes a permanent 

loss of sensory and motor control over the body parts innervated by spinal neurons located below the 

level of injury. Eventually, an SCI results in a long-life debilitaƟng condiƟon characterized by motor 
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paralysis and a variegated spectrum of funcƟonal deficits and complicaƟons. Depending on the level 

and severity of the lesion, aŌer an SCI, individuals may experience quadriplegia or tetraplegia, where 

all four limbs are affected, or paraplegia, which involves paralysis of the lower limbs while upper body 

funcƟon remains intact (Rupp et al., 2021). To date, there is no cure against paralysis, and current 

rehabilitaƟon focuses mainly on strengthening the able part of the body to compensate for the loss of 

voliƟonal motor control over the paralyzed limbs.  

Support in daily tasks mainly occurs through classical mobility aids, such as a wheelchair and crutches, 

and using newly introduced technologies, such as exoskeletons (Benabid et al., 2019) and advanced 

brain machine interfaces (Yang et al., 2020a). RoboƟc devices mainly aim to help movements and 

increase neural plasƟcity through repeƟƟve and funcƟonal movements. Brain machine interfaces 

(BMI), either surgically implanted or non-invasive transcranial types, record the brain signals and 

decode them to drive an assistant device known as BMI-controlled neuroprostheƟcs for motor 

funcƟons (Mekki et al., 2018; Yang et al., 2020b). In another version the processed informaƟon from 

the sensorimotor cortex is relayed into the electrical sƟmulator targeƟng disƟnct sites of the dorsal 

surface of the lumbosacral spinal cord (Lorach et al., 2023).  

Exoskeletons aid in supporƟng the body and move the joints through motorized actuators with 

different levels of assistance (Nepomuceno et al., 2024). They help to 

reduce spasƟcity, neuropathic pain, and improve the cardiovascular system by providing a moderate-

intensity exercise (Mekki et al., 2018). However, the benefits of exoskeletons in voliƟonal motor 

recoveries are highly related to the severity and level of the injury, but sƟll, controversial results do not 

suggest the same paƩern of mobility improvements (Nepomuceno et al., 2024). 

Another approach to modulaƟng neural circuits in clinics is using electrical spinal cord sƟmulaƟon 

(ESS;(Inanici et al., 2018). ESS can be delivered either epidurally or transcutaneously. Epidural 

sƟmulaƟon involves the surgical implantaƟon of electrodes directly onto the dura mater, providing 

direct and consistent acƟvaƟon of spinal circuits (Taccola et al., 2020; Choi et al., 2021). In contrast, 

transcutaneous sƟmulaƟon is a non-invasive approach through electrodes on the skin of the back over 

the spine (Rahman et al., 2022). These methods are reported to improve sensorimotor funcƟon and 

autonomic funcƟons by changing the corƟcal, subcorƟcal, and spinal transmission 

and, eventually neuronal network dynamics (Rahman et al., 2022). 

Despite these advancements reported in a minority of individuals with SCI, all the menƟoned strategies 

struggle to be introduced in clinics due to their lack of efficacy. This highlights the pressing need for 

more comprehensive and universally effecƟve therapeuƟc approaches. 
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2. Immediate effects of an SCI: the spinal shock 

One of the main missing Ɵles for the overall understanding of an SCI is the idenƟficaƟon of the 

immediate events that take place during a physical impact to the spinal cord. In parƟcular, it is sƟll 

unknown how the primary mechanical insult to the spinal Ɵssue contributes to trigger the subsequent 

cascade of pathological events known as secondary damage, which eventually extends Ɵssue damage 

and hinders the chances of achieving a funcƟonal recovery (Carlson et al., 1998). 

Indeed, aŌer injury, a temporary loss or depression of all or most spinal reflex acƟvity takes place 

below the lesion. This phenomenon, first described by Hall in 1841 (Hall, 1841), is called spinal shock, 

and the underlying mechanisms are not fully clarified (Fig. I B;(Ditunno et al., 2004). Spinal shock is 

parƟcularly profound in higher primates, especially humans (GuƩmann, 1970; Atkinson and Atkinson, 

1996; Smith and Jeffery, 2005). Studies demonstrated that full recovery of Ɵbial H-reflex aŌer SCI takes 

3-4 weeks in rats, 4-6 weeks in cats, and 12-16 weeks in humans (Ditunno et al., 2004). A spinal shock 

clinically persists for days or weeks, depending on which reflex is being tested for reappearance (Fig. 

II). However, when duraƟon is defined based on the iniƟal recovery of any reflex, then the spinal shock 

lasts no longer than 20-60 min, usually with the gradual recovery of delayed plantar response pursued 

by cutaneous, deep tendon, and bladder reflexes (Simpson et al., 1996; Ditunno et al., 2004). The 

reflexes remain suppressed for a longer Ɵme as they are originated from motor pools closer to the 

injury site (GuƩmann, 1970; Atkinson and Atkinson, 1996). Thus, a posiƟve correlaƟon between the 

distance of sacral dermatomes from the injury and the likelihood of retaining the reflexes has been 

observed. For instance, individuals with high-level cervical SCIs are more likely to retain sacral reflexes, 

such as the bulbocavernosus and anal wink reflexes (Atkinson and Atkinson, 1996; Ko et al., 1999).  

 

Fig. I. The progression of an acute SCI  
A. The primary mechanical injury produces cell death and axonal disrupƟon and leads to a secondary 
damage characterized a cascade of events in the acute phase, including hemorrhage, ischemia, 
inflammaƟon, and the release of cytotoxic products (from(Ahuja et al., 2017).  
B. The Ɵmeline of key events following an SCI encompassing the depolarizaƟon (injury potenƟal), 
excitotoxicity, ischemia, and edema. Among the numerous contributes to the acute SCI, the immediate 
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and transient depolarizaƟon, remains the least explored also in terms of its long-term consequences 
(modified from(Schwab et al., 2006). 
 

Fig. II. Recovery of reflexes following an SCI in human 
The reappearance of reflexes aŌer SCI varies among individuals and depends on which reflex is being 
tested. The delayed plantar reflex (DPR) is usually the first to reappear, followed by the polysynapƟc 
reflexes such as bulbocavernosus (BC), cremasteric (CM), abdominal wall reflex (AW),Babinski sign, and 
deep tendon reflex (DTR) (from(Ditunno et al., 2004).  

The terminaƟon of spinal shock occurs more rapidly in cases of incomplete lesions and usually does 

not follow the same paƩern of recovery in individuals with incomplete versus complete SCI (Ko et al., 

1999; Ko, 2018). Since spinal shock is a transient phenomenon and is considered an inevitable process, 

no specific treatment is recommended beyond the standard supporƟve measures already undertaken 

for spinal cord injury, such as hemodynamic and respiratory stabilizaƟon and surgical decompression 

(Fehlings and Perrin, 2005; Ziu et al., 2024). Nevertheless, the consequences triggered by spinal shock 

are unknown and may be permanent.  

The lack of reflex acƟvity has been mainly aƩributed both to the sudden disappearance of the 

predominantly facilitatory tonic influence exerted by descending supraspinal tracts (Sherrington, 1897; 

Mccouch et al., 1966), and to an increased presynapƟc inhibiƟon (Ashby et al., 1974; Calancie et al., 

1993). In addiƟon, depression of synapƟc acƟviƟes also depends on the hyperpolarizaƟon of spinal 

neurons due to an increased ouƞlux of potassium from the damaged site that also blocks the axon 

conducƟon in white maƩer tracts (Barnes et al., 1962; Eidelberg et al., 1975; Nacimiento and Noth, 

1999). Neurons are unable to generate acƟon potenƟals when sustained depolarizaƟon exceeds the 

acƟon potenƟal threshold, causing inacƟvaƟon of the membrane ionic channels responsible for acƟon 

potenƟal generaƟon. This results in hypo-excitability due to depolarizaƟon, leading to a state of 

“electrical silence” (Dreier, 2011). In addiƟon to these mechanisms, membrane shunƟng can further 

contribute to the suppression of neural acƟvity. This shunƟng inhibiƟon dampens neuronal excitability, 

reinforcing the overall suppression of synapƟc transmission and contribuƟng to the state of electrical 

silence following injury (Gao and Ziskind-Conhaim, 1995; Mazzone et al., 2021).  
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Experimentally, the dynamics of a spinal shock parallel those of the early depolarizaƟon of the enƟre 

spinal cord following a trauma, also known as injury potenƟal (Fig. III), which spreads rostrally and 

caudally from the site of impact. This early depolarizaƟon is sustained by a transient extracellular ionic 

disbalance (Goodman et al., 1985; Wang et al., 2015) and is analogous to the corƟcal spreading 

depression (SD), which exhibits a marked, enduring reducƟon in the intrinsic electrical acƟvity of 

neurons, eventually spreading from the original source out in all direcƟons with reported velocity of 
2-5 mm/min in human and involving increasingly distant parts of the cerebral cortex (Leao, 1944, 1947; 

Lauritzen et al., 2011). SD is defined as an electrochemical wave mediated by extracellular high 

concentraƟons of potassium (Grafstein, 1956) and glutamate (Harreveld, 1959), which acƟvate ligand-

gated and voltage-gated channels of adjacent neurons, astrocytes, microglia, and vascular smooth cells 

(Wendt et al., 2016; Lindquist, 2023). SD is characterized by an imbalance of homeostasis, neuronal 

swelling, and distorƟon of dendriƟc spines (Dreier, 2011). During SD, there is an iniƟal rise in the 

concentraƟon of potassium (K+), followed by a decrease in chloride (Cl-), calcium (Ca2+), and Sodium 

(Na+) concentraƟons (Kraig and Nicholson, 1978; Somjen, 2001). These ionic shiŌs disrupt the 

electrochemical gradients essenƟal for normal neuronal funcƟon and contribute to the pathological 

process observed during corƟcal SD.  

 

 

Fig. III. Injury PotenƟals and Reflex Recovery Following SCI 
A. Following traumaƟc SCI, an injury potenƟal appears, though it has not been fully recorded. The 
electrophysiological recording shown was obtained from the surface of the 8th thoracic spinal segment 
in a rat. The rectangle highlights a 4-minute gap in the recording (modified from(Goodman et al., 1985).  
B. Superimposed recordings of compound acƟon potenƟals (CAPs) demonstrate the reducƟon and 
subsequent recovery of reflex responses aŌer an ex vivo spinal cord compression and mimicking the 
effects of spinal shock (from(Wang et al., 2015).  

A corƟcal SD is triggered, among other causes such as migraine, aneurysm and stroke, by traumaƟc 

brain injuries (Hermann et al., 1999; Lauritzen et al., 2011; Dreier, 2011).  Experimentally, SD can be 

induced by various methods such as hypotonicity, low extracellular Cl- concentraƟons, applicaƟon of 
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KCl, and a pinprick injury (Streit et al., 1995; Gorji et al., 2004). These experimental condiƟons mimic 

the disturbances in ionic balance and mechanical stress that can occur in vivo, providing insight into 

the mechanisms underlying SD.  

In both amphibians and rodents, a compressive injury to the cord is followed both by SD-like waves 

characterized by a velocity of propagaƟon of around 2-15 mm/min, and by a rapid and reversible 

increase in extracellular concentraƟons of K+ ions (Lauritzen, 1994; Streit et al., 1995; Gorji et al., 2004; 

Windmüller et al., 2005; Lauritzen et al., 2011). InteresƟngly, electrically evoked potenƟals were 

transiently abolished during spinal SD waves, eventually returning to baseline values only aŌer about 

twenty minutes. This phenomenon suggests that spinal SD might determine areflexia aŌer spinal shock 

(Gorji et al., 2004). The same study also described how the SD evoked by an injury to the brain cortex 

reduced the excitability of neurons located in cervical spinal segments, indicaƟng that SD-like waves 

induced by an injury maintain a form of conducƟon among corƟcal and spinal structures (Gorji et al., 

2004). 

3. Acute consequences of an SCI on remote districts of the CNS 

The occurrence of any neuronal changes in the brain aŌer SCI remains a subject of debate, with 

conclusions spanning from the absence of cellular loss (Crawley et al., 2004) to extensive retrograde 

neurodegeneraƟon (Feringa and Vahlsing, 1985; Hains et al., 2003). While corƟcal reorganizaƟon can 

facilitate funcƟonal recovery, it also holds the potenƟal for maladapƟve outcomes such as phantom 

sensaƟons and neuropathic pain. Detailed studies on spinal cord contusion in mice have described SCIs 

as complex events affecƟng the enƟre CNS, seldom leading to cogniƟve changes and depressive-like 

behaviors, oŌen associated with reacƟve microglia and chronic neuronal loss in the hippocampus and 

cerebral cortex (Wu et al., 2014). By 14 days post-SCI, microglial acƟvaƟon significantly increases, as 

their morphology shiŌs from a resƟng to an acƟvated state in both the hippocampus and cerebral 

cortex, accompanied by significant changes in cell-cycle-related gene expression (Wu et al., 2014). The 

same evidence has been displayed in the in vitro chemical model of neonatal SCI where digesƟng 

microglia was acutely expressed at the site of injury (Taccola et al., 2010). Moreover, as early as two 

hours aŌer thoracic injury in rats, the cytoplasmic calcium-binding protein S100b rises in both serum 

and cerebrospinal fluid (CSF), peaking at six hours post-injury (Cao et al., 2008). S100b is released by 

mainly astrocytes to support neurite outgrowth and offer protecƟon against oxidaƟve stress (Nasser 

et al., 2015). S100b levels correlate with the severity of the injury (Cao et al., 2008), as confirmed by a 

chemical in vitro model of SCI study (Mazzone and Nistri, 2014). Furthermore, S100b has been 

considered as an early biomarker for excitotoxic damage following an SCI (Mazzone and Nistri, 2014). 

FuncƟonal reorganizaƟon of motor cortex is also occurring aŌer an SCI and is influenced by several 

factors. The extent of reorganizaƟon can vary widely, from negligible changes to significant corƟcal 
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remapping (Moxon et al., 2014). This variability is criƟcally dependent on the species, the age at which 

the injury occurs, the duraƟon since the injury, and the behavioral acƟviƟes and therapeuƟc 

intervenƟons post-injury (Moxon et al., 2014).  

SCI can induce reorganizaƟon of the cerebral cortex and thalamus through both anterograde and 

retrograde mechanisms (Nardone et al., 2013). Studies have shown a neuronal death of the cerebral 

cortex in acute phase following a thoracic transecƟon in rats. Axotomized pyramidal cells in the primary 

motor cortex undergo apoptosis as a direct result of being severed from the corƟcospinal tract, with 

approximately 40% of these cells exhibiƟng signs of apoptosis one week aŌer injury. Notably, the 

number of axotomized cells showing signs of apoptosis decreases over Ɵme, with fewer cells displaying 

apoptoƟc markers at 2-4 weeks post-injury (Hains et al., 2003). Furthermore, following thoracic SCI, 

axotomized corƟcospinal axons originaƟng from the hindlimb sensorimotor cortex sprout in the 

cervical spinal cord and rewire to establish a new forelimb corƟcospinal projecƟon from the rostral 

region of the previously hindlimb cortex (Ghosh et al., 2010). 

Furthermore, studies showed following a thoracic SCI, sensory deafferentaƟon leads to alternaƟons in 

the plasƟcity of the cortex (Endo et al., 2007). As early as three days post-injury, corƟcal representaƟon 

in response to spared forelimb sƟmulaƟon enlarges and invades adjacent sensory-deprived hindlimb 

territory in the primary somatosensory cortex (Endo et al., 2007). Gene regulaƟon in sensory-deprived 

areas also changes, with the Nogo receptor, a regulator that restricts experience-dependent plasƟcity, 

being downregulated, and brain-derived neurotrophic factor (BDNF), a key signaling molecule in 

synapƟc plasƟcity, being upregulated within the first day following SCI (Endo et al., 2007). AddiƟonally, 

increased expression of cell-cycle-related genes and proteins is detected chronically in the 

hippocampus and cerebral cortex  (Wu et al., 2014).  

In terms of more acute effects, within 10-30 minutes from mid-thoracic transecƟon of the spinal cord, 

corƟcal spontaneous acƟvity becomes more silent, and forepaw-evoked responses from the primary 

somatosensory cortex enlarge in amplitude (Aguilar et al., 2010).  In the hemisecƟon model, increased 

corƟcal forepaw responses become significant within 30 minutes in the contralateral cortex and aŌer 

2.5 hours in the ipsilateral cortex, whereas corƟcal spontaneous acƟvity reduced significantly in both 

hemispheres by 2.5 hours post-hemisecƟon (Yagüe et al., 2014). The observed increase in forepaw 

responses may be aƩributed to the unmasking of pre-exisƟng excitatory connecƟons, facilitated by the 

removal of corƟcal inhibiƟon (Jacobs and Donoghue, 1991; Nardone et al., 2013). A reducƟon in GABA 

(gamma-aminobutyric acid) that inhibits excitatory horizontal connecƟons in the cerebral cortex leads 

to higher excitaƟons in the cerebral cortex (Raineteau and Schwab, 2001). 

InvesƟgaƟng the complex interacƟons between anatomical changes due to SCI and sensorimotor 

cortex reorganizaƟon is essenƟal for idenƟfying early and non-invasive biomarkers in the brain. Such 
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biomarkers would measure the extent of SCI's impact on structural integrity, would improve prognosƟc 

assessments, and refine clinical trials (Nardone et al., 2013). Studies suggest chronic inflammatory 

changes (Wu et al., 2014); however, it remains unknown whether immediate pathological signals are 

transiently triggered in the brain right aŌer an impact to the spinal cord. The presence of such acute 

pathological signs could provide novel markers to have a beƩer characterizaƟon of the severity of a 

lesion and predict potenƟal recoveries. 

4. Spontaneous recoveries from SCI 

Although intrinsic recovery potenƟal aŌer an SCI is poor, some scaƩered and unpredictable 

spontaneous neurologic recoveries have been reported with more prevalency in cases of tetraplegia 

compared to paraplegia, and incomplete compared to complete injury (Kirshblum et al., 2004, 2021).  

The majority of changes in the American Spinal Injury AssociaƟon (ASIA;(Rupp et al., 2021) Impairment 

Scale and motor recovery occur within the iniƟal 6–9 months post-injury, with the most rapid 

improvements observed in the first three months (Burns and Ditunno, 2001; Kirshblum et al., 2021) 

therefore studies of treatments yield the best results when administered promptly aŌer an injury 

(FawceƩ et al., 2007). A cohort clinical study invesƟgated the relaƟonship between Ɵme to 

rehabilitaƟon and outcomes in traumaƟc SCIs, showing that earlier rehabilitaƟon improves funcƟonal 

status at discharge (Herzer et al., 2016). 

The prognosis for neurological recovery is highly variable and is primarily determined by the iniƟal 

severity of the injury (Ahuja et al., 2017). In less severe injuries, a substanƟal spontaneous regain of 

funcƟons plateaued at 4-6 months aŌer injury (Burns and Ditunno, 2001; Geisler et al., 2001), and less 

substanƟal recovery occurs within five years (Kirshblum et al., 2004). More senior age is associated 

with lessened neurological and funcƟonal recovery following spinal cord injury. Moreover, there is 

insufficient evidence to suggest that gender significantly impacts neurological recovery (Kirshblum et 

al., 2021). 

Endogenous mechanisms enable some levels of parƟal regeneraƟon of an injured spinal cord. In cases 

of incomplete SCI, iniƟal funcƟonal recovery typically occurs within the first days to weeks post-injury, 

primarily due to the reversal of metabolic changes at the lesion site (Raineteau and Schwab, 2001; 

Lynskey, 2008). Following the iniƟal demyelinaƟon around the lesion site, spontaneous parƟal 

remyelinaƟon can occur through the invasion of Schwann cells or the acƟvaƟon of oligodendrocyte 

progenitors. ReorganizaƟon in incomplete SCI potenƟally occurs through synapƟc plasƟcity in pre-

exisƟng circuits and anatomical plasƟcity, involving the growth of new axonal branches and dendrites 

as compensatory collateral sprouƟng (Raineteau and Schwab, 2001; Ahuja et al., 2017).  

The most spontaneous funcƟonal recovery occurs within the zone of parƟal preservaƟon, which can 

oŌen lead to a slight funcƟonal recovery (FawceƩ et al., 2007). Studies in mice suggest that in models 



9 
 

with damage to the dorsal corƟcospinal tract (CST), which comprises 96% of CST axons, the intact 

dorsolateral CST (3%) and ventral CST (1%) are crucial for spontaneous funcƟonal motor recovery 

(Hilton et al., 2016; Rasmussen and Carlsen, 2016). 

The underlying processes driving spontaneous funcƟonal recovery remain largely elusive. Specifically, 

the relaƟve contribuƟons of axonal regeneraƟon and compensatory mechanisms employed by intact 

neurons to this recovery process are not fully understood (Rasmussen and Carlsen, 2016). Thus, 

spontaneous recoveries sƟll challenge our understanding of the pathophysiological mechanisms of an 

SCI and of the residual potenƟal of the cord to repair spinal circuits. Understanding the mechanisms 

behind spontaneous recovery from SCI could provide criƟcal insights into new therapeuƟc strategies. 

By idenƟfying the endogenous processes that promote parƟal regeneraƟon future treatments may be 

designed to enhance the endogenous recovery potenƟal.  

5. TraumaƟc injuries to the immature spinal Ɵssue 

Pediatric spinal injuries, accounƟng for 1-10 % of all SCIs (Carreon et al., 2004), occur with higher rates 

at cervical segments compared to adults due to cephalo-cervical disproporƟon (Hagan et al., 2022). 

However, children demonstrate significantly higher rates of spontaneous funcƟonal recovery than 

adults (Eleraky et al., 2000; Wang et al., 2004). The pediatric spinal cord's greater elasƟcity contributes 

to disƟnct injury paƩerns and enhanced neurological recovery (Eleraky et al., 2000). In parƟcular, 

cervical injuries in children, especially those that are incomplete, tend to have more posiƟve prognoses 

compared to similar injuries in adults (Dickman et al., 1989; Eleraky et al., 2000). Furthermore, children 

who survive the iniƟal hospitalizaƟon aŌer an SCI show a higher long-term survival rate compared to 

other age groups (Dickman et al., 1989). 

ComparaƟve studies on traumaƟc injuries indicate that plasƟcity and regeneraƟon capacity of 

developing mammalian spinal Ɵssue are significantly higher than adults (Wang et al., 2004; Stewart et 

al., 2022). Neonatal mammals exhibit a superior capacity for repair, parƟcularly in the sprouƟng of 

growing neurites, compared to adults (Woodward et al., 1993). Moreover, five weeks aŌer spinal 

transecƟon in two-week-old rats, most tracts, including rubrospinal, vesƟbulospinal, and 

reƟculospinal, demonstrated axonal regeneraƟon (Wakabayashi et al., 2001). Similarly, in one-day-old 

cats, the hemisecƟon of the spinal cord showed that corƟcospinal projecƟons reroute around the 

lesion, sparing motor funcƟon, a phenomenon not observed in adults (Bregman and Goldberger, 

1982). Indeed, in neonatal SCIs, where the suprasegmental structures and inhibitory descending 

pathways are not yet fully developed, reflexes recover more rapidly (GuƩmann, 1970; Kunkel-Bagden 

et al., 1992)  

Moreover, aging alters the acute pathophysiology of SCI by enhancing inflammatory responses and 

altering subcellular microenvironments. It is also associated with reduced trophic factor and cytokine 
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secreƟon, impaired axon growth, and diminished recruitment of macrophages at the lesion site 

(Stewart et al., 2022). Both experimental and clinical studies confirm that younger individuals exhibit 

greater neuronal plasƟcity, including the ability to reroute neural pathways and promote axonal 

sprouƟng, leading to improved neurological outcomes following SCI (Wang et al., 2004). However, 

further invesƟgaƟon is needed to elucidate the pathophysiological mechanisms underlying neonatal 

SCIs, with the goal of understanding the mechanisms at the base of the enhanced recovery in children 

and potenƟally extending these benefits to all individuals with SCI. 

6. Current models of SCI: strengths and weaknesses 

Obstacles to the comprehension of a spinal shock and the related early transient changes in the enƟre 

CNS reside in some technical challenges that arise from the preclinical models currently available. 

There is no unique experimental model of SCI in a specific animal that comprehensively addresses all 

scienƟfic inquiries since the models tend to the standardizaƟon, but clinical lesions are extremely 

variegated in terms of type, level, site, and severity (Ahuja et al., 2017). Thus, adopƟng a variety of 

experimental approaches is essenƟal to address diverse research quesƟons, ranging from 

understanding the mechanisms of SCI to exploring potenƟal regeneraƟve outcomes and enhancing 

funcƟonal recovery. The choice of the level of the spinal cord, type of injury, and species is pivotal in 

advancing research (Sharif-Alhoseini et al., 2017; Fouad et al., 2020). Numerous SCI models have been 

introduced encompassing contusion, compression, complete and incomplete transacƟons, dislocaƟon, 

distracƟon, ischemic models, chemical and electric models (Cheriyan et al., 2014; Sharif-Alhoseini et 

al., 2017). The experimental models include studies performed on in vitro Ɵssues for invesƟgaƟng basic 

mechanisms, as well as experiments on fully anestheƟzed in vivo animals for more translaƟonal 

purposes. The most commonly used preclinical SCI models are contusion, which effecƟvely replicates 

the neuropathology of human injuries, and trans- hemisecƟon, which is ideal for studying anatomical 

regeneraƟon (Sharif-Alhoseini et al., 2017). Rodent SCI models are widely used because they are 

affordable and resemble human pathology, parƟcularly in the development of large cysƟc caviƟes at 

the injury site (Kjell and Olson, 2016; Sharif-Alhoseini et al., 2017). AddiƟonally, the progression of an 

SCI is faster in rodents, thus four weeks aŌer the injury is enough to reach chronic phase that require 

several months in larger mammalians. Albeit the cyst is absent in mice models; however, geneƟcally 

modified mouse allows to manipulate clusters of specific cells to idenƟfy the disƟnct role of certain 

neuronal populaƟons in the pathophysiology of SCI (Ma et al., 2001; Kjell and Olson, 2016). Despite 

the significant advantages offered by in vivo SCI models, they present technical limitaƟons when it 

comes to capturing the immediate events following a traumaƟc injury. For example, the earliest 

electrophysiological recording of injury potenƟal has been conducted only four minutes aŌer the 

injury, leaving instants following a physical trauma unexplored (Goodman et al., 1985). Indeed, any 



11 
 

interference generated by standard experimental impactors masks electrophysiological recordings. 

Moreover, due to ethical concerns, the animal must be completely anestheƟzed before the injury in 

all in vivo models, which is not a real replicate of the unpredictable trauma in human. Studies have 

indicated that certain anestheƟcs possess neuroprotecƟve properƟes. These effects are thought to 

arise from their ability to modulate various cellular and molecular pathways involved in secondary 

injury mechanisms following the iniƟal trauma (Ishikawa et al., 2014). Isoflurane and barbiturates, in 

parƟcular, have demonstrated the ability to miƟgate cell death induced by excitotoxicity and ischemia, 

offering significant neuroprotecƟon (Park et al., 2005; Ishikawa et al., 2014). Isoflurane, for example, 

induces delayed precondiƟoning against spinal cord ischemic injury through the release of free 

radicals, as observed in rabbit models (Sang et al., 2006). Propofol another anestheƟc, has been found 

to offer neuroprotecƟon by reducing motoneuron loss against kainite-induced excitotoxicity in the 

spinal cord (Kaur et al., 2016). Similarly, ketamine, acƟng as a noncompeƟƟve NMDA (N-methyl-D-

aspartate) receptor antagonist, has shown strong protecƟve effects against spinal cord 

ischemia/reperfusion injury and has been effecƟve in preserving anƟoxidant acƟvity within spinal cord 

Ɵssues (Yu et al., 2008). These findings suggest that the use of in vitro models of SCI can eliminate the 

confounding effects of anestheƟcs in animal experiments, ensuring more accurate assessments of SCI 

intervenƟons. 

Monitoring the long-term recovery aŌer chronic SCI in in vitro models is unfeasible; however, their 

reproducibility makes them excellent tools for invesƟgaƟng post-traumaƟc events in both acute and 

secondary injury (Patar et al., 2019). Various techniques such as spinal cord strips, isolated spinal cord 

preparaƟons, organoids, and organotypic slice culture (OSC) in rodents are widely employed to 

emulate compression (Fehlings and Nashmi, 1995; Shi and Blight, 1996; Kouhzaei et al., 2013; Wang 

et al., 2015; Ramirez et al., 2021), weight drop (Krassioukov et al., 2002; Pandamooz et al., 2019), 

transecƟon (Weightman et al., 2014), and chemical injury (Takeda et al., 1993; Taccola et al., 2008, 

2010) models. The adopƟon of neonatal preparaƟons in vitro presents the opportunity to avoid any 

drug-induced anesthesia at the Ɵme of the injury, miƟgaƟng the risk of systemic cardiovascular 

instability and subsequent network depression or hypoxic neuronal damage induced by chemical 

anestheƟcs (Nout et al., 2012; Shabbir et al., 2015; Bajrektarevic and Nistri, 2016).  

7. A novel in vitro model to mimic calibrated impacts to neonatal spinal cords  

Since the introducƟon of the pioneering device by Allen (Allen, 1911), various modificaƟons of the 

original weight drop impactor have been developed and standardized for use with adult rodents 

(Wrathall et al., 1985; Kwo et al., 1989; Basso et al., 1996). However, only a few studies have described 

SCI models using immature spinal Ɵssues (Petruska et al., 2007; Ichiyama et al., 2011). To address 

technical arƟfacts and avoid the effects of anestheƟcs, the use of the isolated spinal cord from neonatal 
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rats has been proposed (Taccola et al., 2010; Mladinic et al., 2013). This approach allows for the 

examinaƟon of developing Ɵssue under controlled condiƟons and offers potenƟal insights into acute 

pediatric injuries (Carreon et al., 2004).  

In our laboratory, a newly designed low-noise calibrated micro impactor provides precise traumaƟc 

injuries to the neonatal rodent spinal cord (Giuliano Taccola and John Fischeƫ, 2023). This device 

enables us to deliver different injury intensiƟes and calibraƟons, facilitaƟng the examinaƟon of early 

injury events. The device's low-noise design and stability at the impact site ensure conƟnuous and 

stable DC recordings during and aŌer the impact, without arƟfacts that could corrupt signal 

acquisiƟon. Because the impactor is carefully shielded, it minimizes mechanical interference from 

convenƟonal impactors’ engines and pistons, which can otherwise affect electrophysiological 

recordings near the lesion site. It also enhances consistency in injury severity between animals by 

skipping variability from breathing and heartbeat.  

To our knowledge, no other electrophysiological setups are available for recording spinal potenƟals in 

real-time. Existing attempts have recorded data only after a delay of over four minutes post-impact, 

following electrode replacement and repositioning, which undermines the reliability of pre-injury 

controls (Goodman et al., 1985). Using this setup, we can quanƟfy the immediate events triggered by 

a physical insult to the spinal cord and conƟnuously track their propagaƟon both caudally to adjacent 

spinal segments and rostrally to brain structures. AddiƟonally, we can evaluate any spontaneous 

funcƟonal recoveries within the neonatal spinal circuitry at least in the first 3 hours aŌer trauma. 
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AIMS OF THE STUDY 

The principal goal of this study is to invesƟgate the immediate consequences of traumaƟc SCI, a topic 

that has not been extensively explored. By introducing a novel in vitro model of SCI, this research seeks 

to enhance our understanding of the early events following spinal cord trauma while conƟnuously 

monitoring the preparaƟon. The aim of the PhD project has been divided into three more targeted 

sub-aims: 

Phase 1: CharacterizaƟon of a novel in vitro preparaƟon of the enƟre CNS isolated from neonatal 

rats. 

• Probe the viability and funcƟonality of the novel in vitro model of enƟre CNS from neonatal rats 

• Examine the rhythmic spontaneous respiratory acƟvity from upper cervical VRs and assess changes 

in respiratory paƩerns following the ablaƟon of higher brain centers. 

• InvesƟgate conducƟon velocity of electrically induced responses though both ascending and 

descending white maƩer. 

• Analyze motor-evoked responses elicited by electrical sƟmulaƟon of various brain regions. 

• Explore the role of supraspinal structures in modulaƟng motor output. 

Phase 2: DescripƟon of the early events occurring aŌer a calibrated SCI in vitro using a customized 

micro-impactor. 

• Validate the use of a novel impactor for simulaƟng a contusive SCI in vitro and verify funcƟonal 

and histological disconnecƟon of the cord aŌer the traumaƟc damage. 

• Probe the spontaneous respiratory rhythm before and aŌer the injury. 

• Monitor the dynamics of motor reflex responses around the Ɵme of injury. 

• Examine the acƟvity of spinal locomotor circuits and cord oxygenaƟon before and aŌer the injury. 

• Examine the ionic disbalance associated with early events following the injury. 

• Ascertain any immediate consequences in the brain aŌer a spinal cord trauma. 

Phase 3: Explore any pharmacological modulaƟon of the early events following an SCI. 

• Characterize the neurochemistry of the immediate phase of spinal cord injury. 

• Explore the pharmacological modulaƟon of the early events occurring aŌer an SCI. 

• Examine the dynamic of reflex recovery aŌer spinal cord trauma in the presence of 

pharmacological agents. 
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MATERIAL AND METHOD (PLEASE SEE THE ENCLOSED ARTICLES) 
1. GABAergic Mechanisms Can Redress the Tilted Balance between ExcitaƟon and InhibiƟon in Damaged Spinal Networks  
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2. SupraponƟne Structures Modulate Brainstem and Spinal Networks 
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3. A focal traumaƟc injury to the spinal cord causes an immediate and massive spreading depolarizaƟon sustained by chloride ions, with transient network dysfuncƟon and remote corƟcal glia changes 
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4. An electrophysiological study about the pharmacological manipulaƟon of the immediate consequences of a spinal trauma reveals a crucial role for TRPV4 antagonism. 
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DISCUSSION 

1. A novel in vitro preparaƟon of the enƟre CNS 

Modulatory influences of supra-ponƟne structures on brainstem and spinal networks 

The intricate tapestry of neural circuits emerges from the complex interplay and integraƟon of 

countless neurons. Understanding the funcƟon of these circuits necessitates a holisƟc approach that 

considers the coordinated acƟvity of diverse CNS regions. To unravel the complexiƟes of neural 

processing, invesƟgaƟng how different CNS structures modulate one another is paramount. By 

examining these interconnecƟons, researchers can elucidate the mechanisms underlying physiological 

CNS funcƟon, as well as pathological condiƟons. This integraƟve perspecƟve is essenƟal for developing 

effecƟve therapeuƟc strategies targeƟng specific neural circuits (Behrens and Sporns, 2012). 

Physiologists have long uƟlized parƟal preparaƟons of the nervous system to invesƟgate neural circuits 

and understand the physiology of the nervous system (Clarac et al., 2004b). The preparaƟon of spinal 

cord or brainstem-spinal cord of various neonates such as lamprey (Cohen and Wallén, 1980; Grillner 

et al., 1991), amphibians (Wheatley et al., 1992), chicks (O’Donovan et al., 1992), rodents (Otsuka and 

Konishi, 1974; Suzue, 1984; Smith and Feldman, 1987) have been extensively used to invesƟgate the 

spinal intrinsic motor acƟviƟes and respiratory rhythm generaƟon. Neonatal partial CNS in vitro 

preparations with attached peripheral organs provide valuable insights into complex physiological 

interactions that are difficult to study in isolated tissues or in vivo models (Kerkut and Bagust, 1995). 

By preserving sections of the CNS alongside peripheral organs, these preparations allow for the 

investigation of neural circuits in a more integrated context with sensory feedback. They are 

particularly advantageous for studying motor and autonomic functions, as they enable real-time 

monitoring of physiological responses, such as respiration and motor output, in response to 

experimental manipulations. For example, the spinal cord-rib preparation allows for the monitoring of 

inspiratory and expiratory activities during central chemoreceptor activation, as well as the evaluation 

of internal intercostal muscle activity (Smith et al., 1990; Iizuka, 1999). The heart-brainstem 

preparation allows for detailed studies of cardiovascular and respiratory neurons, phrenic nerve 

activity, the integrity of central coupling between the respiratory rhythm generator and cardiac vagal 

motor neurons, and analysis of medullary cardio-respiratory neurons (Paton, 1996). Additionally, in 

vitro preparations from adult turtles, with the shell attached, allow researchers to study the neural 

generation of the scratch reflex (Keifer and Stein, 1983). Finally, spinal cord-legs preparations offer 

insights into the role of passive limb movements in spinal network activity. Studies on these 

preparations have shown that continuous passive limb training can modulate hindlimb rhythmic 

activity, providing a model for exploring spinal network plasticity and motor output (Dingu et al., 2018). 

Moreover, spinal cord-brainstem preparaƟons have been deemed sufficient for studying motor 
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outputs originaƟng from or controlled by lower brain centers, such as those involved in respiraƟon or 

locomotor acƟviƟes in neonates (Clarac et al., 2004b). While these experimental models of parƟal CNS 

have provided valuable insights, a preparaƟon that allows to trace the modulaƟon of brain on spinal 

neurons is compelling to beƩer understand the integraƟve physiology of neural circuits for motor 

output. Indeed, even at this early stage of development, descending input from higher brain centers 

can significantly influence the properƟes of rhythmic motor outputs (Mohammadshirazi et al., 2023). 

The first aƩempt to introduce a more complete CNS preparaƟon in vitro was with the neonatal 

opossum, which is developmentally equivalent to embryonic day 14 in rats and lacks a cerebellum 

(Nicholls et al., 1990; Eugenıń and Nicholls, 2000). The subsequent development of an enƟre CNS 

preparaƟon from neonatal rats (Mohammadshirazi et al., 2023) adopted a mammalian model more 

widely used for SCI studies, with a more developed experimental preparaƟon than opossum although 

limited to the first three post-natal days of survival in vitro.  

Our data demonstrated that precollicular decerebraƟon and pontobulbar transecƟon alter the 

frequency and duraƟon of spontaneous respiratory bursts. This evidence indicates that, even at the 

early postnatal stages,  a descending modulatory input from higher brain centers modulates features 

of the respiratory rhythm such as duraƟon, shape and rhythm (Mohammadshirazi et al., 2023). This 

observaƟon is consistent with experiments in adult in vivo animals, showing that various regions, 

including the caudal hypothalamus, midbrain, and cortex, play crucial roles in controlling respiraƟon 

(Horn and Waldrop, 1998). 

Although descending tracts like the corƟcospinal tract are not fully developed in early neonatal rats 

(Lakke, 1997; Clarac et al., 2004a), the local microcircuits of the spinal cord are modulated by 

supraponƟne structures (Mohammadshirazi et al., 2023). Our invesƟgaƟon reveal that the ablaƟon of 

supraponƟne structures alters motor reflex responses from VRs and retrograde responses of DRs, 

suggesƟng that supraspinal centers exert remarkable control over spinal reflex circuitry, likely through 

descending pathways that modulate spinal neuron excitability (Mohammadshirazi et al., 2023). 

Previous research has idenƟfied the motor cortex, brainstem reƟcular formaƟon, and cerebellum as 

key supraspinal regions involved in modulaƟng spinal reflexes (Gernandt and Gilman, 1961; Chen and 

Wolpaw, 1995). AddiƟonally, our data show that a midthoracic transecƟon perturbs the acƟvity of 

central paƩern generators (CPGs), reducing the total duraƟon and coordinaƟon of ficƟve locomotor 

cycles (Mohammadshirazi et al., 2023). This aligns with the current view about the CPG acƟvity as 

iniƟated and fine-tuned by inputs from descending locomotor commands originaƟng from neurons in 

the brainstem and midbrain (Kiehn, 2006). 

It must be considered that neonatal CNS preparaƟons developmental stage introduces some 

limitaƟons. In neonates, neural circuits are sƟll undergoing maturaƟon, with descending pathways 
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oŌen underdeveloped (Lakke, 1997; Clarac et al., 2004a) and the organizaƟon of corƟcal neurons not 

yet fully established (Marín, 2013; Lim et al., 2018). These factors may influence the extent to which 

findings translate to adult systems. AddiƟonally, neonatal neurons exhibit disƟnct membrane 

equilibrium properƟes that can affect their excitability and neurotransmission, parƟcularly in response 

to inhibitory signals (Mazzone et al., 2021). Another key consideraƟon is the heightened regeneraƟve 

capacity observed in neonatal Ɵssues, which is typically much lower in mature CNS Ɵssue (Wang et al., 

2004; Stewart et al., 2022). This can lead to differences in injury recovery dynamics and the 

effecƟveness of therapeuƟc intervenƟons. Despite these limitaƟons, neonatal preparaƟons remain an 

invaluable model for invesƟgaƟng foundaƟonal processes in CNS development and trauma, offering a 

controlled plaƞorm to explore early-stage injury mechanisms and potenƟal repair strategies. 

Moreover, adopƟng neonatal preparaƟons is the most insighƞul tool to invesƟgate the 

pathophysiology of pediatric injuries that mainly had been inferred from adult preclinical models. 

Future perspecƟves 

The in vitro preparaƟon of the enƟre CNS from neonatal rats offers a versaƟle plaƞorm with extensive 

research applicaƟons. This approach provides an opportunity to invesƟgate diverse issues such as 

neural development, motor circuits, and trauma. In developmental research, the preparaƟon allows 

for detailed studies of the maturaƟon of neural circuits and the establishment of funcƟonal 

connecƟvity in rodents. It can be explored how geneƟc factors and environmental influences shape 

neural development, shedding light on plasƟcity and mechanisms underlying neurodevelopmental 

disorders. 

This model enables us to invesƟgate how descending inputs from supraspinal centers modulate 

rhythmic spinal cord acƟvity and reflex motor outputs, enhancing our understanding in the intricate 

mechanisms involved in movement control. The preparaƟon where the limbs remain aƩached, also 

provide the possibility to invesƟgate the integraƟon between limb movement and higher funcƟons 

such as respiraƟon (Apicella and Taccola, 2023). 

AddiƟonally, this in vitro preparaƟon has been replicated in mice, further extending its applicaƟons 

also including transgenic animals. By integraƟng optogeneƟc and chemogeneƟc techniques, the 

precise manipulaƟon and study of specific neuronal populaƟons and circuits can be invesƟgated in 

geneƟc disease models as well. 

The preparaƟon is parƟcularly valuable for studying spinal cord or traumaƟc brain injury (TBI). By 

inducing calibrated and consistent lesions, researchers can monitor real-Ɵme electrophysiological, 

biochemical, and molecular changes throughout the CNS. This facilitates detailed exploraƟon of injury-

induced depolarizaƟon, neurochemical alteraƟons, and short-term potenƟal recovery processes, as 
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well as the evaluaƟon of any therapeuƟc intervenƟons aimed at reducing cell damage and promoƟng 

repair. 

Overall, the in vitro preparaƟon of the enƟre CNS from neonatal rats offers a comprehensive tool for 

studying development, the funcƟonal organizaƟon and integraƟon among neural circuits, trauma, with 

the added flexibility of extending these studies to geneƟcally modified experimental models. 

2. InvesƟgaƟng the immediate consequences of an SCI  

Immediate depolarizaƟon following a physical damage to the cord 

The immediate phase following a traumaƟc SCI, defined as the first 2 hours post-injury, is characterized 

by necroƟc cell death, ischemia, hemorrhage, edema, mechanical disrupƟon of cell membranes, and 

a surge in extracellular glutamate to excitotoxic levels (Siddiqui et al., 2015). The majority of 

destrucƟon following an SCI is aƩributed to secondary injury mechanisms that develop over 1-2 hours 

to 2 days aŌer the injury (Norenberg et al., 2004). However, understanding the dynamics of the 

immediate damage and idenƟfying the iniƟal factors that start the deadly cascade of the secondary 

injury require further invesƟgaƟon. 

In this study, we uƟlized electrophysiological recordings at the actual moment of spinal cord damage 

to invesƟgate the earliest consequences of a traumaƟc SCI (Mohammadshirazi et al., 2024). By uƟlizing 

the isolated preparaƟon of the CNS that excludes the influence of blood circulaƟon and peripheral 

nervous system, we were able to narrow our invesƟgaƟon to the direct effects of the injury on the CNS 

itself, providing a clearer understanding of the immediate neurogenic responses to trauma. 

We validated our in vitro SCI model through several key assessments. Histological analysis confirmed 

neuronal loss at the lesion site, while no morphological or funcƟonal changes were observed in motor 

pools below the injury. The disconnecƟon of ascending tracts was assessed by the absence of cervical 

ventral root responses to electrically evoked sƟmulaƟon of the sacrocaudal afferents following the 

injury. AddiƟonally, the disappearance of rhythmic expiratory bursts from lumbar ventral roots 

confirmed the disrupƟon of descending tracts (Mohammadshirazi et al., 2024). 

In the present research, we observed a rapid depolarizaƟon within approximately 200 ms following 

the onset of the impact, with recovery occurring over the next 15 minutes (Mohammadshirazi et al., 

2024). The occurrence of injury potenƟals triggered by physical impact to the spinal cord has been 

previously documented, even though not conƟnuously recorded (Goodman et al., 1985; Wang et al., 

2015). Several factors suggest the observed depolarizaƟon in our study is a genuine physiological 

response rather than an arƟfact: 1) the absence of depolarizaƟon when the device operated without 

contacƟng the preparaƟon; 2) consistent peak of depolarizaƟons with consecuƟve impacts at short 

intervals; 3) the lack of injury potenƟal at the peak of high-potassium-induced depolarizaƟon; 4) the 

inability of the depolarizaƟon to propagate through a severed preparaƟon; and 5) absence any DC 
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deflecƟons when the impact was inflicted to a heat-inacƟvated anoxic spinal cord (Mohammadshirazi 

et al., 2024).  

The observed depolarizaƟon was accompanied by a drop in Ɵssue oxygen levels, both of which 

recovered over the same Ɵmeframe. While changes in spinal cord oxygen levels can be considered 

indirect evidence of neuronal acƟvity, similar profiles of oxygen levels and injury potenƟal suggest a 

causal relaƟonship between injury and an increased oxygen consumpƟon by cells. AddiƟonally, the 

drop in oxygen levels during perfusion with high concentraƟon of potassium further supports the 

connecƟon between Ɵssue oxygen content and neuronal acƟvity.  

Moreover, as the severity of the injury increased, the magnitude of the depolarizaƟon intensified as 

well. The varying latencies of injury-induced depolarizaƟon recorded from different roots indicated 

that this depolarizaƟon spread from the ventral injury site to rostral, caudal, and dorsal regions. 

AddiƟonally, following the injury electrically induced responses transiently disappeared and 

spontaneous acƟviƟes largely reduced. 

Reflex responses evoked through sacrocaudal afferents and recorded from lumbar ventral roots 

disappeared at the peak of depolarizaƟon, gradually recovering in a manner reminiscent of spinal 

shock, where reflexes temporarily vanish below the injury site (Mohammadshirazi et al., 2024). This 

finding aligns with previous reports that compound acƟon potenƟals are reduced and subsequently 

recover following ex vivo spinal cord compression (Wang et al., 2015, 2016). InteresƟngly, the 

reappearance of the first reflex response after the impact was not correlated to the amplitude of the 

injury potential. This evidence suggests that these two events rely on two different mechanisms. 

The immediate depolarization following SCI initially triggers network overexcitation, and this is likely 

followed by a depression of network excitability due to inactivation of voltage dependent sodium 

channels. Our data demonstrate that the injury altered various aspects of electrically induced fictive 

locomotor activity, particularly affecting the alternation between left and right, flexor and extensor 

(Mohammadshirazi et al., 2024). This changes underscore the importance of balanced network activity 

in excitation and inhibition, which is crucial for the expression of locomotor patterns necessary for 

rhythmic activation of limb extensor and flexor muscles (Mazzone et al., 2021). Excitatory 

neurotransmission, primarily mediated by glutamate, plays an essential role in locomotion, as its 

pharmacological blockade halts locomotor activity (Cazalets et al., 1992). Additionally, the inhibition 

mediated by GABA and glycine is essential for maintaining the motor pattern alternating between 

bilateral motor pools, and between flexor- and extensor-related commands (Cazalets et al., 1994). 

When this inhibitory transmission is blocked, the CPG's alternation is suppressed, leading to the 

emergence of slow, synchronous rhythmic motor discharges (Mazzone et al., 2021). This matter 
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suggests that the neurotransmission imbalance, which likely begins immediately following spinal cord 

injury, contributes to the compromised function of fictive locomotion. 

Role of chloride ion in SCI pathophysiology 

An SCI leads to a substanƟal increase in the extracellular concentraƟon of various neurotransmiƩers, 

including GABA. Experimental studies have demonstrated a marked elevaƟon in GABA levels following 

an iniƟal glutamate surge at the lesion site 40 min aŌer SCI in vivo, which rapidly recovers to pre-injury 

levels (Panter et al., 1990; McAdoo et al., 2000; Mazzone et al., 2021). It has been suggested that the 

elevaƟon of GABA plays a crucial role in restoring locomotor network acƟvity aŌer injury by 

counterbalancing the excessive excitaƟon induced by glutamate, thereby prevenƟng excitotoxic 

damage (Mazzone et al., 2021). 

In mature neurons, acƟvated GABAA receptors allow chloride (and HCO3-) ions to enter the 

postsynapƟc neuron. This influx of chloride ions can hyperpolarize the neuron, making it less likely to 

fire. However, in early postnatal life, the chloride concentraƟon gradient is reversed, leading to chloride 

ions exiƟng the neuron. This net movement of chloride ions sustains an inward current that depolarizes 

the neuron, increasing its excitability. This depolarizing effect of GABA, despite being excitatory, 

ulƟmately acts as an inhibitor in neonatal spinal neurons due to its shunƟng effect and the inacƟvaƟon 

of voltage-gated sodium channels, which limits the impact of incoming excitatory signals (Gao and 

Ziskind-Conhaim, 1995; Mazzone et al., 2021). A good example of inhibitory depolarizing nature of 

GABA is physiologically shown in adult DRGs in which spinal afferents are involved in the presynapƟc 

inhibiƟon regulaƟng pain-related and sensory-motor input (Willis, 1999; Rudomin, 2009). 

The Sodium Potassium Chloride Cotransporter 1 (NKCC1) and Potassium Chloride Cotransporter 2 

(KCC2) are essenƟal chloride-caƟon cotransporters that regulate chloride homeostasis and neuronal 

excitability (Mazzone et al., 2021). The balance between KCC2 and NKCC1 expression shiŌs 

dramaƟcally during development. In neonates, NKCC1 predominates, while KCC2 becomes more 

prominent in adults (Blaesse et al., 2009). The higher expression of NKCC1 in neonates contributes to 

a more posiƟve chloride equilibrium potenƟal. This causes chloride ions to flow out of neurons, leading 

to depolarizaƟon and increased neuronal excitability.  In contrast, in adults, the increased expression 

of KCC2 lowers intracellular chloride levels, reaching the mature chloride homeostasis and reducing 

the overall neuronal excitability (Mazzone et al., 2021). 

Following an SCI, a disrupƟon in the balance between NKCC1 and KCC2 expressions have been 

observed. This disrupƟon is characterized by the downregulaƟon of KCC2 and the upregulaƟon of 

NKCC1, resulƟng in a shiŌ in the chloride equilibrium potenƟal towards a more depolarized state. This 

shiŌ increases neuronal excitability and may contribute to the development of neuropathic pain and 

muscle spasƟcity and hyperreflexia (Cramer et al., 2008; Boulenguez et al., 2010; Hasbargen et al., 
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2010). Many studies have demonstrated that pharmacological manipulaƟon or alteraƟon of gene 

expression to decrease NKCC1 and increase KCC2 levels can restore chloride homeostasis and 

ameliorate hypersensiƟvity, spasƟcity, and promote funcƟonal recovery following SCI (Mazzone et al., 

2021).  

Our findings indicate that a low-chloride modified Krebs soluƟon enhances the peak amplitude of 

injury potenƟals (Mohammadshirazi et al., 2024), likely by changing the driving force for chloride 

currents. This suggests that the iniƟal depolarizaƟon following spinal cord injury is sustained, at least 

in the immature Ɵssue, by significant chloride conductance. We hypothesize that the immediate 

overflow of chloride ions triggered by a physical injury to spinal tissue sustains a surge of extracellular 

chloride concentrations, possibly changing the equilibrium potential of chloride ions. This early 

excitatory phase may set the stage for ongoing disturbances in chloride channels conductance across 

neuronal membranes throughout the chronic phase. However, the neonatal spinal cord exhibits an 

immature chloride gradient (Gao and Ziskind-Conhaim, 1995), which offers a model closer to the post-

SCI environment, where the chloride equilibrium shiŌs toward an immature state. Although spasƟcity 

typically emerges in the chronic phase, it is possible that the molecular mechanisms underlying 

spasƟcity, such as dysregulated intracellular chloride concentraƟons, begin with the iniƟaƟon of the 

injury potenƟal making the raƟonale for any acute anƟspasƟc intervenƟons targeƟng chloride 

channels. 

Remote transient changes in corƟcal astrocytes 

Although the effects of SCI and its pathophysiology close to the injury site have been extensively 

studied, the broader implicaƟons for distant brain structures remain less explored. By adopƟng an 

innovaƟve experimental plaƞorm, we were not only able to invesƟgate the immediate 

electrophysiological events in the spinal cord at the moment of injury, but also examine the early 

pathophysiological changes occurring in regions remote from the injury site. We observed a transient 

lower density of astrocytes expressing calcium-binding protein S100b (Donato, 1999; Gonzalez et al., 

2020) in the primary motor cortex within 25 minutes aŌer the injury, and in the primary and secondary 

somatosensory cortex two hours post-injury (Mohammadshirazi et al., 2024). Considering that the 

experiments were performed during the peak of astrogenesis in rats, astrocyte density in the cerebral 

cortex was evaluated to indicate the potenƟal effects of spinal injury. The observed decrease in 

astrocyte density is likely due to a slowdown in corƟcal astrogenesis in response to the spinal damage 

rather than the selecƟve loss of astrocytes. Moreover, the glial expression of S100 might influence 

calcium-dependent processes such as neurotransmiƩer release, glutamate uptake, and modulaƟon of 

synapƟc acƟvity (Donato, 2001). S100 proteins can be released into the extracellular space during 

inflammaƟon, and they can act as damage-associated molecular paƩerns and trigger inflammatory 
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responses, contribuƟng to condiƟons such as neurodegeneraƟve diseases and mulƟple sclerosis 

(Gonzalez et al., 2020). Contrariwise, S100b has been shown to have neuroprotecƟve effects under 

certain condiƟons, promoƟng neuronal survival and reducing oxidaƟve stress (Gerlach et al., 2006; 

Gonzalez et al., 2020). Studies have confirmed that injured neuronal and glial cultures release S100b, 

highlighƟng its protecƟve role (Ellis et al., 2007). Our findings suggest a reducƟon in glia that express 

S100b following SCI. Albeit the reducƟon in S100b should be considered detrimental for 

neuroprotecƟon, paradoxically it may play a beneficial role in the immediate inflammatory response. 

Future perspecƟves 

The findings presented in this study open several avenues for future research aimed at further 

unraveling the complex pathophysiological mechanisms triggered by SCI. A criƟcal area for 

invesƟgaƟon is the immediate cascade of events following SCI. The rapid depolarizaƟon observed 

within milliseconds of injury likely iniƟates a series of biochemical and cellular processes that shape 

long-term outcomes. By focusing on this criƟcal Ɵme window and dissecƟng the iniƟal event, we can 

gain deeper insights into the mechanisms that influence the progression of SCI. Moreover, 

understanding the immediate changes following a physical trauma may suggest translaƟonal studies 

aimed at limiƟng accidental damages to the cord during the most delicate spinal surgeries. 

Understanding the protecƟve roles of GABA and chloride during this period, and how their imbalance 

contributes to chronic condiƟons such as spasƟcity and neuropathic pain, could lead to novel 

therapeuƟc intervenƟons focused on restoring chloride homeostasis in the injured spinal cord. Early 

intervenƟons aimed at modulaƟng chloride transporters like NKCC1 and KCC2, while leveraging the 

protecƟve role of GABAergic signaling, could offer a unique opportunity to miƟgate the long-term 

consequences of SCI and support rehabilitaƟon efforts. 

The observed astrocyƟc responses in corƟcal regions distant from the injury site present an intriguing 

area for further research. The transient reducƟon of cells expressing S100b in these areas suggests a 

potenƟal systemic response following SCI, which may play a significant neuroprotecƟve role. 

Understanding the dynamics of S100b expression and its impact on neuronal survival and synapƟc 

funcƟon could yield valuable insights into the brain’s adapƟve response to spinal trauma. These 

responses may contribute to longer-term pathologies, highlighƟng the importance of studying distant 

neurophysiological effects alongside local injury mechanisms.  

Future work could also focus on idenƟfying early corƟcal biomarkers to predict the severity of SCI and 

tailor therapeuƟc intervenƟons. AddiƟonally, a deeper understanding of individual variability in 

response to SCI may pave the way for personalized treatment approaches, opƟmizing care for each 

spinal cord injured person. By addressing the earliest events post-injury, we stand a beƩer chance of 

reducing long-term damage and enhancing the effecƟveness of rehabilitaƟon strategies. 



129 
 

3. Pharmacological manipulaƟon of injury potenƟal 

Role of TRPV4 following an SCI 

To miƟgate the transient hypoxia and the neuronal damage at the site of the injury, neurochemicals 

that selecƟvely target ion channels involved in the acute phase of SCI were tested to reduce the iniƟal 

depolarizaƟon caused by SCI. To limit the transient suppression of the motor reflexes during the spinal 

shock the same neurochemicals were applied up to two minutes aŌer the trauma, and the peak of 

electrically induced VR potenƟals were monitored (Mohammadshirazi and Taccola, 2024).  

InteresƟngly, among all treatments only RN1734 significantly reduced the peak amplitude of 

immediate injury potenƟals following SCI (Mohammadshirazi and Taccola, 2024). 

Transient receptor potenƟal vanilloid 4 (TRPV4), also referred to as osmo-sensiƟve transient receptor 

potenƟal channel (OTRPC4), vanilloid receptor-related osmoƟcally acƟvated channel (VR-OAC), 

vanilloid receptor-like (VRL-2), and TRP-12 (Garcia-Elias et al., 2014), is a member of the TRP ion 

channel family (Wissenbach et al., 2000). This non-selecƟve caƟon channel is permeable to calcium, 

potassium, magnesium, and sodium (Kumar et al., 2018) and is acƟvated by various sƟmuli, including 

mechanical stress, osmoƟc changes, heat, acidic pH, citrate, and oxidaƟve stress (Garcia-Elias et al., 

2014; Liu et al., 2020). TRPV4, which is expressed by astrocytes and neurons, contributes to 

depolarizing the cell membrane upon stretch acƟvaƟon and modulates ligand-gated ion channels such 

as GABAA and glycine receptors  (Hong et al., 2016; Qi et al., 2018). 

Following SCI, TRPV4 expression significantly increases in a few hours aŌer the trauma, with levels 

correlaƟng with the severity of the injury (Kumar et al., 2020). InhibiƟon or geneƟc suppression of 

TRPV4 within one hour post-SCI has been shown to enhance neuroprotecƟon by prevenƟng 

endothelial damage and preserving the blood-spinal cord barrier. This approach also aƩenuates 

neuroinflammaƟon and reduces glial scarring at the injury site, with parƟal motor recovery observed 

in the hindlimbs (Kumar et al., 2020). The elevaƟon of TRPV4 expression in the acute phase of SCI has 

been linked to the inflammatory response (Kumar et al., 2020; Kumar and Han, 2022). In our 

experimental seƫng the lack of blood circulaƟon prevents inflammatory response. However, TRPV4 

channels were sƟll acƟvated following the injury. This suggests that TRPV4 acƟvaƟon in SCI is not solely 

dependent on the inflammatory response but may occur as a result of mechanical stretch of 

membranes as well.  Along with other ionotropic receptors, TRPV4 may contribute to the extracellular 

ion imbalance that drives both injury potenƟals and the transient suppression of reflexes during spinal 

shock.  

Moreover, our data indicates that aŌer a physical trauma to the spinal cord, carbenoxolone accelerates 

the parƟal recovery of motor evoked responses. However, both RN1734 and bicuculline fully restore 

the responses, with RN1734 acƟng faster than bicuculline (Mohammadshirazi and Taccola, 2024). 
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Physical trauma acƟvates TRPV4 channels, causing an influx of caƟons into the cells. Blocking these 

channels significantly reduces the injury potenƟal to 39 % compared to untreated injured cords. 

Following the injury-induced depolarizaƟon, reflex responses disappear due to overexcitaƟon. As the 

baseline repolarizes, reflex responses reappear and progressively increase unƟl they return to their 

original amplitude in about 30 minutes. Our data showed no correlaƟon between the injury-induced 

depolarizaƟon amplitude and the Ɵming of the first reflex response reappearance in control groups. 

However, when TRPV4 channels are blocked, the injury potenƟal is smaller and the baseline recovers 

sooner than in control experiments. In this case, the reflex responses also recover faster. It can be 

hypothesized that the pharmacological blockage of TRPV4 channels prevents the acƟvaƟon of a 

subsequent cascade of events that sustain further reflex inhibiƟon. Indeed, the flow of caƟons caused 

by acƟvaƟon of TRPV4, acƟvates the gap juncƟons, prolonging the depolarizing state of motor pools. 

Therefore, blocking gap juncƟons with carbenoxolone leads to a parƟal recovery of reflex responses 

around the first minute following the physical trauma. AŌerwards, the injury-induced depolarizaƟon 

sustained by the acƟvaƟon of TRPV4 also would recruit GABAergic neurons. Thus, blocking GABAergic 

receptors by bicuculline restored reflexes in two minutes aŌer the injury, a faster recovery than in 

untreated injured spinal cord. In conclusion, the injury-induced depolarizaƟon is sustained by the 

acƟvaƟon of TRPV4 channels that results in the acƟvaƟon of the gap juncƟons and GABAergic 

transmission. 

Future perspecƟves 

The findings presented in this study offer important insights into the early molecular events following 

SCI, with parƟcular emphasis on the essenƟal role of TRPV4 in iniƟaƟon of injury-induced 

depolarizaƟon. Our data indicate that a selecƟve inhibiƟon using RN1734 leads to a marked reducƟon 

in the peak of injury potenƟals. This underscores TRPV4 as a promising target in limiƟng accidental 

damages during spinal surgeries for controlling network excitability and reducing subsequent neural 

damage.  

Moreover, the downstream signaling pathways triggered by TRPV4, along with its interacƟons with gap 

juncƟons and GABAergic transmission during spinal shock, represent compelling areas for therapeuƟc 

intervenƟon. Further research is needed to refine the Ɵming of agents like RN1734, carbenoxolone, 

and bicuculline and as well as delayed applicaƟons of these agents to opƟmize their potenƟal 

therapeuƟc impact and promote faster reflex recovery. A deeper understanding of these early-phase 

molecular processes will be crucial for advancing neuroprotecƟve strategies and creaƟng new 

therapeuƟc opportuniƟes to miƟgate secondary injury and enhance funcƟonal recovery for individuals 

with SCI. 
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CONCLUSION 

This PhD project aimed to invesƟgate the immediate consequences of traumaƟc SCI and explore 

strategies to limit them. To achieve this, a recently developed in vitro preparaƟon of the enƟre CNS 

from neonatal rats was employed, which offered a real-Ɵme seƫng for studying SCI. A custom-made 

calibrated impactor was used to deliver precise traumaƟc damage to the spinal cord. Following the 

characterizaƟon of the injury-induced depolarizaƟon, various pharmacological intervenƟons were 

tested to miƟgate this iniƟal damage. This research idenƟfied the mechanism behind the first event 

following traumaƟc spinal cord injury, presenƟng a novel therapeuƟc target for the SCI field. These 

findings offer promising potenƟal for further validaƟon in preclinical studies and eventual clinical 

translaƟon. Overall, this work advances the understanding of SCI pathophysiology and lays the 

groundwork for future therapeuƟc developments. 
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