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Abstract 
  

Spinal cord injury is an age-old problem that poses a significant burden on individuals, 

families, society, and the economy. Affected patients experience loss of sensory and motor 

functions, leading to considerable challenges in their daily lives. Unfortunately, progress in 

translating experimental treatments to humans has been limited due to the complex nature of spinal 

cord injury pathophysiology. Research in this field encompasses various aspects, including optimal 

timing of surgery, inflammation's role, and glial scar formation. Decades of research have 

emphasized the importance of axonal plasticity and rewiring for recovery following spinal cord 

injury. Nonetheless, the precise molecular mechanisms of axonal rewiring and treatments after 

SCI still require further understanding and development. 

 This thesis presents two complementary approaches to investigating circuit rewiring 

specificity following spinal cord injury and motor behaviors following a range of models of 

neurological disorders. In the first part, we explore the effects of synaptogenic gene therapy using 

fibroblast growth factor 22 (FGF22), aiming to enhance circuit rewiring and remodeling of the 

corticospinal tract after traumatic spinal cord injury. Our findings demonstrate FGF22's specific 

role in organizing synaptic input on relay neurons, particularly excitatory synapses. Additionally, 

our study contributes to the ongoing discussion on motoneuron degeneration post-SCI and 

highlights the corticospinal tract's involvement in spontaneous recovery of fine paw placement in 

mice. Finally, we established a therapeutic window for FGF22-mediated recovery.  

 Moreover, we present our work on developing Automated Limb Motion Analysis 

(ALMA), a deep learning-based toolbox for kinematic and ladder rung analysis. ALMA 

accelerates and enhances the accuracy of behavioral analysis across a range of animal models for 

neurological disorders. By reducing bias and improving reproducibility, this tool aids in the 

advancement of methods for behavioral analysis and promotes more reliable SCI research. 

 The focus of this thesis is to present our findings and put it in the context of existing 

research on SCI. Our future research aims to explore a multimodal approach combining FGF22 

synaptogenic gene therapy with other interventions to extend the therapeutic window. 

Furthermore, we plan to leverage the refined analysis capabilities of our ALMA toolbox to deepen 

our understanding of SCI and enhance treatment strategies. By integrating these advancements, 
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we aim to contribute to the ongoing efforts in SCI research and facilitate the development of more 

effective treatments. 
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Zusammenfassung 
 
Rückenmarksverletzungen sind ein seit Urzeiten bestehendes Problem, das eine erhebliche 

Belastung für Individuen, Familien, die Gesellschaft und die Wirtschaft darstellt. Betroffene 

Patienten erleiden den Verlust sensorischer und motorischer Funktionen, was zu erheblichen 

Herausforderungen in ihrem alltäglichen Leben führt. Der Fortschritt bei der Übertragung 

experimenteller Behandlungen auf den Menschen ist aufgrund der komplexen Natur der 

Pathophysiologie von Rückenmarksverletzungen begrenzt. Die Forschung in diesem Bereich 

umfasst verschiedene Aspekte, einschließlich des optimalen Zeitpunkts für eine Operation, der 

Rolle von Entzündungen und der Bildung von Gliazellnarben. Die Ergebnisse jahrzehntelanger 

Forschung haben die Bedeutung von axonaler Plastizität und neuronaler Umschaltung für die 

Genesung nach Rückenmarksverletzungen betont. Dennoch erfordert die Kenntnis der genauen 

molekularen Mechanismen der axonalen Umschaltung und der optimalen Therapie nach einer 

Rückenmarksverletzung weiterhin ein besseres Verständnis und eine Weiterentwicklung der 

Behandlungsmethoden. 

            Diese Arbeit präsentiert zwei komplementäre Ansätze zur Untersuchung der Spezifizität 

von Schaltkreisumschaltungen und motorischen Verhaltensweisen in verschiedenen Modellen 

neurologischer Störungen. Im ersten Teil erforschen wir die Auswirkungen einer synaptogenen 

Gentherapie unter Verwendung des Fibroblasten-Wachstumsfaktors 22 (FGF22) mit dem Ziel, die 

Umschaltung und Umgestaltung des kortikospinalen Trakts nach traumatischer 

Rückenmarksverletzung zu verbessern. Unsere Ergebnisse zeigen die spezifische Rolle von 

FGF22 bei der Organisation synaptischer Inputs auf Relais-Neuronen, insbesondere erregender 

Synapsen. Zudem etablieren wir ein therapeutisches Zeitfenster für eine durch FGF22 vermittelte 

Genesung. Darüber hinaus trägt unsere Studie zur laufenden Diskussion über die Degeneration 

von Motoneuronen nach Rückenmarksverletzung (SCI) bei und betont die Beteiligung des 

kortikospinalen Trakts an der spontanen Genesung der präzisen Pfotenplatzierung bei Mäusen. 

            Zudem präsentieren wir unsere Arbeit zur Entwicklung der automatisierten 

Gliedmaßenbewegungsanalyse (ALMA), einer auf Deep-Learning basierenden Toolbox für die 

kinematische und Sprossenleiter-Analyse. ALMA beschleunigt und verbessert die Genauigkeit der 

Verhaltensanalyse bei einer Vielzahl von Tiermodellen für neurologische Störungen. Durch die 

Verringerung von Verzerrungen und die Verbesserung der Reproduzierbarkeit trägt dieses Tool 
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zur Weiterentwicklung von Methoden für die Verhaltensanalyse bei und fördert zuverlässigere 

Forschung zu Rückenmarksverletzungen. 

            Der Schwerpunkt dieser Arbeit liegt darauf, unsere Ergebnisse vorzustellen und sie in den 

Kontext der vorhandenen Forschung über SCI zu stellen. Unsere zukünftige Forschung zielt darauf 

ab, einen multimodalen Ansatz zu erarbeiten, der die FGF22 synaptogene Gentherapie mit anderen 

Interventionen kombiniert, um das therapeutische Zeitfenster zu erweitern. Darüber hinaus planen 

wir, die verfeinerten Analysefähigkeiten unseres ALMA-Toolsets zu nutzen, um unser 

Verständnis von SCI zu vertiefen und Behandlungsstrategien zu verbessern. Durch die Integration 

dieser Fortschritte möchten wir zu den laufenden Bemühungen in der SCI-Forschung beitragen 

und die Entwicklung von wirksameren Behandlungen erleichtern. 
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1. Introduction  

 

1.1. Spinal cord injury: An ancient problem 

 

Spinal cord injury (SCI) represents a significant health problem in our current society. It 

poses a huge burden on patients, the economy, and society. In a scientific context, SCI is a very 

challenging and multifactorial problem that scientists have been trying to solve since the 

appearance of the scientific method. We will delve into the science of spinal cord injury in great 

depth in this PhD thesis. However, before we dive into that, I would like to take a quick historical 

voyage and present spinal cord injury in its historical context. 

As you will see, spinal cord injury is a problem as old as humankind itself. The oldest 

document that reports on 48 cases of traumatic injuries to the nervous system, of which 6 are cases 

of spinal cord injury, is an Egyptian papyrus carrying the name of its owner, Edwin Smith 

(Document. 1)1,2. Upon Smith’s death, the papyrus was properly translated by Egyptologist James 

Henry Breasted and published with commentary in 1930 3. 

The papyrus was well-organized, even by today's standards. The author of this work had a 

title section, examination, diagnosis, and treatment suggestions for each case 4. In this historical 

document, the author describes five cases of cervical and one case of lumbar spinal cord injury. 

The document also describes how these injuries were inflicted, for example, "fracture as a result 

of penetration injury" or "compression fracture." Furthermore, symptoms are described as 

"inability to rotate and bend the neck." It is also interesting to note that a “healer” suggested 

potential treatment verdicts for each case. For example, for one person with an open injury of the 

cervical spinal cord, the healer describes that they "intend to fight with", for another, he wrote "I 

can heal" and for one case, he wrote "that cannot be healed" 1. Some of the classifications and 

clinical assessments in this papyrus appear to be unchanged in comparison to modern medicine. 

 



Page | 8 
 

 

Document 1. The Edwin Smith papyrus. Description and treatment prognosis of 48 cases of traumatic 
injuries of nervous system. (Plates 6 and 7 of the Edwin Smith Papyrus, New York Academy of Medicine © 
Public Domain).  

 

Egyptians were not the only ones who tried to understand and treat spinal cord injuries. 

Later in human history, Hippocrates, the father of medicine, extensively described the problems 

associated with spinal cord injuries 5. According to Korres et al., Hippocrates was the first person 

to acknowledge that we need a basic understanding of the structure of the spine to comprehend its 

pathology, as interpreted from his text "On Joints" 6. Hippocrates also believed that the best course 

of action for spinal cord injuries was to allow the patient to recover on their own. He thought that 

lesions would heal spontaneously 6,7. This is an interesting concept since the work I will present in 

this thesis and the work of many other researchers at least partially supports this idea 8–10. 

 As we can see, spinal cord injury is a problem that was relevant in ancient Egypt and Greece 

and remains a significant issue in our modern world. In this thesis, I aim to provide significant 

background information to ensure that my work is understood in the right context. I will then 

present the results of our attempt to understand the basic science of spinal cord injury and explain 
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why we focused on gene therapy aiming at enhancing the basic remodeling processes that follow 

spinal cord injury. Additionally, I will discuss our work on spinal plasticity following injury and 

our efforts to develop a deep learning toolbox that will help us understand motor behavior in detail 

following spinal cord injury. 

 

1.2. Pathophysiology of Spinal Cord Injury 

 

A clear and detailed understanding of SCI biology is crucial for the development of new 

treatments. Pathophysiology is defined as the study of mechanisms that regulate „ the onset, 

development and outcome of diseases“ 11. According to the National Institute for Neurological 

Disorders and Stroke (NINDS), SCI can be defined  

  

“as damage to the tight bundle of cells and nerves that send and receive signals from  

 the brain to the rest of the body. The spinal cord extends from the lower part of the  

 brain down through the lower back.” 12. 

 

Depending on the area of injury, SCI will result in the loss of different sensory-motor 

functions. If a person receives a traumatic insult in the thoracic, lumbar, or sacral spinal area, it 

will result in paralysis termed paraplegia (Figure 1). A person with paraplegia would have 

functional problems below the injury area, while the function of the arms and hands remains intact. 

On the other hand, a person with tetraplegia experiences paralysis of the hands and arms as well13. 

 

SCI initially involves mechanical damage to the spinal cord, usually referred to as primary 

SCI. This first phase of SCI results in cell death, necrotic tissue damage, and disruption of the 

blood-spinal cord barrier (BSCB) 14.In this initial phase of SCI, not much can be done due to the 

mechanical nature of the damage. The common practice usually done within the first 24 hours after 

the injury is stabilization of the patients and decompression of the spinal cord 15. I will discuss this 

procedure in detail in the next chapter. 
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Figure 1. Segments and functions of the 
spinal cord. Depending on area of traumatic 
or non-traumatic injury of spinal cord, 
different functions can be affected. The 
illustration represents different segments of 
spinal cord, from cervical to sacral and its 
main functions. (This figure was reprinted 
with permition from Elsevier. Rupp, Rüdiger. 
"Spinal cord lesions." Handbook of clinical 
neurology 168 (2020): 51-65. © Copyright 
Elsevier 2020.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primary SCI is followed by secondary SCI, which is the result of a complex cascade of 

harmful events that occur after primary SCI 16. This involves a range of biological processes some 

of them involve neuroinflammation, oxidative stress,  glial scar formation and disruption of blood-

spinal cord barrier (Figure 2). 

 

Neuroinflammation: The role of inflammation following SCI is a point of debate in the 

field of SCI. It is generally believed that inflammation following SCI is beneficial due to the 

capacity of immune cells to clear tissue debris and promote neuroprotection 17. However, 

exacerbated and prolonged inflammation has been shown to be detrimental to neuronal survival,  
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Figure 2. Illustration of pathophysiology of spinal cord injury. Pannel A repsesent acute and subacute 
stage of SCI, inclusing inflammation, oxidative stress, axonal degeneration... etc. Pannel B represents 
chronic stage of SCI, including formation of CSPGs and glial scar formation. (The illustration is reprinted 
from: Katoh H, Yokota K, Fehlings MG. Regeneration of spinal cord connectivity through stem cell 
transplantation and biomaterial scaffolds. Frontiers in cellular neuroscience. 2019 Jun 6;13:248. Copyright 
© 2019 Katoh, Yokota and Fehlings. The article distributed under the terms of the Creative Commons 
Attribution License (CC BY)).  
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tissue repair, and functional recovery following SCI. Inflammation following SCI is followed by 

the infiltration of neutrophils and macrophages with activation of resident immune cells in the  

CNS - microglia18. It is known that the microenvironment of the injury site favors the polarization 

of macrophages to a more proinflammatory state, generally referred to as M1 macrophages. 

Excessive production of pro-inflammatory cytokines such as IL-1β and TNF-α can promote 

neuronal cell death and further prolong the neurotoxic effects of inflammation 19. In addition to 

these proinflammatory cytokines, overproduction of chemokines such as CCL2 and CXCL10 can 

promote the attraction of immune cells to the lesion site, further contributing to the destruction of 

CNS tissue 19. One mechanism by which IL-1β and TNF-α increase neuronal death is by triggering 

excess glutamate production 20. In addition to the reactivity of infiltrating cells, resident activation 

of microglia can further promote apoptosis, neuronal death, and even contribute to the maintenance 

of chronic pain following SCI 21. The mechanisms behind the negative effects of reactive microglia 

involve the production of reactive oxygen species (ROS)22, proinflammatory cytokines, and 

proteases 23. The production of ROS can cause oxidative stress leading to damage of neuronal 

structures, while proteases can damage the extracellular matrix and further promote tissue 

damage24. These damages are mediated by multiple signaling pathways, such as MAPKs-NF-κB 

and NLRP3 25. These pathways can promote apoptosis and pyroptosis of neurons. Pyroptosis is a 

form of programmed cell death that is triggered by proinflammatory signals 26. Overall, all these 

processes can contribute to prolonged and more severe secondary SCI, and therefore, creating a 

balance in having enough inflammation, but not too much, is considered a therapeutic target. 

 

Extracellular matrix (ECM): Another important factor that contributes to secondary SCI is 

the accumulation of ECM molecules, such as tenascins and chondroitin sulfate proteoglycans 

(CSPGs) 27. CSPGs play an important role in ECM during neural development and plasticity 28. 

However, following SCI, CSPGs inhibit axonal regeneration and function by contributing to glial 

scar formation 27. Studies are showing that the degradation of CSPGs could be beneficial in 

fostering axonal regeneration, remyelination, and is associated with functional recovery following 

SCI 29. In order to achieve this, the degradation of the glycosaminoglycan backbone of CSPGs is 

required to dampen the inhibitory effect of CSPGs 30. Therapeutic approaches targeting CSPGs 

most commonly involve the use of chondroitinase enzymes that can degrade CSPGs and blocking 

CSPG receptors 31. „The discovery of CSPG receptors, leukocyte common antigen-related (LAR), 
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and protein tyrosine phosphatase-sigma (PTPσ)“, helps devise potential new treatment strategies 

29. The studies are showing that treatment with chondroitinase can improve functional recovery in 

multiple different models of SCI 32, giving new hope for those suffering from SCI. 

 

Oxidative stress: ROS are chemically reactive molecules that contain „at least one oxygen 

atom and one or more unpaired electrons“ 33. In normal physiological conditions, ROS participate 

in cell signaling, survival, and differentiation 34. However, when there is an imbalance between 

antioxidants in the body and ROS, oxidative stress can occur 35. This can result in damage to CNS 

tissue and further promote secondary SCI. ROS can be produced by nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase and can promote the activation of the NF-kB pathway 

in microglia cells, leading to additional tissue damage 36. 

 

Disruption of blood vasculature: A significant problem caused by SCI is the disruption of 

blood flow and oxygen delivery to the spinal cord, referred to as post-traumatic ischemia 37. This 

ischemic dysfunction, or decreased blood flow and lack of nutrients to the spinal cord, can lead to 

further damage 35. The CNS and vascular system are intertwined and support each other's function. 

Initial vascular damage in the CNS is followed by vessel sprouting from various vascular plexuses 

in a very orchestrated manner 38. However, improper vascularization of CNS tissue over time will 

lead to the extension of secondary SCI. Molecular signals such as Notch, VEGF, and Hedgehog 

play an important role in this process 38. Further understanding of vasculature formation following 

SCI could help us prevent additional effects of secondary SCI. 

 

1.3. Spinal Cord Injury Today: Symptoms and Epidemiology 

The damage to the spinal cord can profoundly impact the movements, sensations, and 

overall physical and mental health of the affected person. A survey of 5,262 SCI patients shows 

that they have different priorities when it comes to the functions they would most like to recover. 

The most important functions to patients are motor function, hands, and mobility. Following that, 

bowel, bladder, and sexual functions were rated as highly important 39. Another study suggests 

that paraplegic patients prioritize the recovery of sexual and bladder/bowel functions as their 

highest concern 40. The loss of functions and the severity of disability can vary among patients 
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depending on the location of the damage. However, SCI affects individuals differently based on 

sex, age, and geographic location. 

Spinal cord injuries can be divided into two groups based on their cause: traumatic and 

non-traumatic spinal cord injuries. Traumatic spinal cord injuries (tSCI) occur as a result of 

traumatic insults such as contusions, compressions, or stabs to the spinal cord. They account for 

90% of all SCIs 12. The remaining 10% are non-traumatic SCIs (ntSCI) which are mainly caused 

by infections, cancer, and conditions like tumorous compression, vascular ischemia, vertebral 

spondylosis, and congenital diseases 39,41. Regardless of whether the injuries are tSCI or ntSCI, the 

economic burden on society and individuals is a significant concern, with lifetime costs ranging 

from 1.47 to 3.03 million US dollars per patient 41. 

According to the World Health Organization (WHO), the estimated global annual 

incidence rate ranges from 40 to 80 cases per million people 12. However, it's important to note 

that this data varies across different regions. For instance, the incidence rate in North America 

ranges from 12 to 57.8 cases per million, while in Asia, it is estimated to be between 7.5 and 40 

cases per million 41. In Europe, the annual incidence rate is estimated to be between 8.3 and 33.6 

per million. Among all countries, Denmark has the lowest rates, while Greece has the highest 

incidence rate 42. 

In Germany, cervical spinal cord injuries are the most common, followed by thoracic and 

lumbar spinal injuries. The primary cause of SCI in Germany is falls, accounting for 42.6% of all 

cases. Traffic accidents account for 36.7% of SCIs, while sports accidents represent 8.2% 43. 

Switzerland shares similar patterns with Germany regarding the most common causes of tSCI. 

Falls are the leading cause, accounting for 47% of cases, followed by sport-related injuries at 25% 

42. Scotland aligns with Germany and Switzerland in terms of the main cause of SCIs 44. Data from 

Scotland indicates a decrease in the incidence of tSCI over the last 20 years. 

In the past, complete injuries were more prevalent than incomplete injuries. However, in 

recent years, the proportion of incomplete injuries has increased compared to complete SCIs 45.  

This shift could potentially be attributed to the advancement of improved tools and classification 

strategies, which may have resulted in a previous tendency to erroneously classify injuries as 

complete when many of them could have been classified as incomplete.Regarding sex differences, 

males are more affected than females, and this pattern is consistent across different geographic 



Page | 15 
 

locations 41,42. In terms of age, the majority of patients are younger, with nearly two-thirds of new 

SCIs occurring in patients under 30 years old. Among these cases, 80% to 85% are males 46. 

 

1.4. Treatments 

As mentioned earlier, SCI is a debilitating disease that has a huge impact on personal lives, 

the affected person's family, society, and economy. Although SCI poses a significant burden, we 

still don't have a cure for the disease. However, there is still a lot we can do in some cases to 

prevent severe consequences associated with SCI. In this segment, we will discuss surgical 

procedures that can be utilized to minimize the severe consequences of the injury. We will also 

discuss current medications that, as you will see, have very limited and debatable effects. Next, 

we will talk about new promising strategies that involve a combination of rehabilitation training 

and neuromodulation. We will also examine the once very promising field of stem cell 

transplantation into SCI and see if this approach lives up to its promises. 

 

1.4.1. Surgical procedures 

 

One of the immediate actions that can be taken to improve outcomes after SCI, in most 

cases, is decompression or stabilization surgery. The main rationale for using a surgical approach 

to improve outcomes following SCI is based on basic research of secondary spinal cord injury. 

While primary spinal cord injury is mechanical in nature and cannot be addressed significantly, 

secondary SCI encompasses processes that could lead to worsened neurological deficits over time. 

Therefore, the main rationale for using surgery is to create an environment that minimizes 

secondary injury, reducing tissue damage. Decompressing the spinal cord can alleviate pressure in 

CNS parenchyma, relieve mechanical stretch and compression of neuronal tissue, restore 

microvascular blood flow, and reduce ischemia 47. 

One method used to assess stability and manage SCI is the Wizard of Oswestry, which 

involves asking three questions48: 

1. What is the extent of displacement? Would the spinal cord's current position worsen 

functional symptoms if left unchanged? 

2. Is the spinal cord stable? Would it maintain its position over time? 

3. Is there spinal cord tissue damage, and is there potential for healing? 
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In addition to functional assessment, X-ray, CT, and MRI can be used to evaluate the extent of 

damage. After gathering information, doctors will decide whether to proceed with surgery. A 

multidisciplinary survey conducted in the Netherlands revealed a bias in surgical procedures for 

different types of SCIs. Contrary to recommendations, patients with incomplete SCI receive 

surgical treatment with higher urgency than patients with complete SCI 49. 

Experimental research in animal models demonstrates that motor scores consistently 

improve with shorter compression durations. Improvement is gradual across all time groups, 

ranging from 2 hours to 6 weeks post-recovery 50. A cohort study in humans indicates that patients 

who undergo surgery within the first 24 hours following the injury have an average recovery of 

6.3 more motor points compared to those who have surgery beyond this 24-hour window 51. 

It's important to note that other parameters, such as blood pressure, play a crucial role in 

post-injury recovery and the surgical procedure itself. Research suggests that systolic blood 

pressure below 90 mm Hg should be promptly improved after SCI, while maintaining mean arterial 

blood pressure between 86 and 90 mm Hg during the first week following SCI 52. 

 

1.4.2. Medications 

 

Current medicament treatments for SCI are very limited and a point of discussion in 

scientific circles. Currently, two categories of drugs are used for the treatment of SCI patients: 

steroids and analgesics. The idea behind steroid therapy in the treatment of SCI comes from 

research on secondary spinal cord injury. As mentioned earlier (Section 1.2. - Pathophysiology of 

SCI), secondary SCI that develops days and weeks following the injury has a profound impact on 

patients' recovery. Steroid therapy aims to target exacerbated neuroinflammatory processes in the 

hope of preventing secondary tissue damage. The idea of using analgesics is to relieve patients 

from pain and is not directed towards affecting the injury site. 

The most commonly used medication in the past was methylprednisolone. Studies show 

that methylprednisolone is able to downregulate inflammatory cytokines, such as TNF-α and IL-

6, and reduce infiltration of neutrophils at the lesion site 53. However, according to the consensus 

statement from 2013 by the American Association of Neurological Surgeons (AANS) and the 

Congress of Neurological Surgeons (CNS), "the use of glucocorticoids in acute traumatic SCI is 
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no longer recommended."54 On the other hand, the position of the American Academy of 

Emergency Medicine states that "treatment with glucocorticoids remains an acceptable treatment 

option, though not a standard" 54. Survey data from Europe in 2018 show that 47% of surgeons 

still use methylprednisolone as a form of treatment for SCIs 55. 

 

1.4.3. Rehabilitation and neuromodulation 

 

Research from the past two decades provides strong evidence for the use of exercise 

training and neuromodulation in the treatment of SCI. The idea behind using neuromodulation and 

exercises is based on our understanding of circuit reorganization following SCI. I will discuss 

circuit plasticity and reorganization in detail in subsequent chapters. Briefly, the concept is that 

exercise and neuromodulation can help damaged circuits functionally adapt by utilizing spare 

tissue. As mentioned earlier, most SCIs are not complete, and typically, some healthy tissue is 

preserved. Through exercise training, we can encourage circuits to reorganize by reconnecting 

with preserved neurons, enabling functional recovery. 

In animal research, training paradigms are primarily divided into two categories: forced 

training (involving treadmill and forced swimming) and voluntary training (involving wheel 

running and enriched environment) 56. The rationale behind forced training is to utilize 

proprioceptive feedback to reactivate circuitry, while voluntary training assumes that voluntary 

initiation activates supraspinal centers that can reactivate remaining pathways and initiate 

reorganization 57. One way to enhance rehabilitation training is by incorporating neurostimulation 

alongside the training. A recent study published in Nature demonstrated that intensive training for 

five months, four to five days per week, combined with spatiotemporal epidural electrical 

stimulation (EES), can restore walking even a year after the injury 58. 

However, it is important to note that the timing of rehabilitation plays a crucial role in its 

effectiveness. According to expert opinion, the optimal time to commence rehabilitation training 

is when patients are "medically stable and can tolerate the required rehabilitation intensity" 59. 
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1.4.4. Stem cells 

 

Stem cell technology in the treatment of SCI was once a rare mainstream treatment popular 

among the general public. Initially, stem cell treatment for SCI gained a lot of popularity; however, 

over time, the excitement waned. 

The main idea behind stem cell therapy is based on the capacity of stem cells to differentiate 

into various cell types, including neurons and glial cells. In SCI treatments, embryonic or induced 

pluripotent stem cells can be used to replace damaged cells at the injury site, regulate secondary 

scar formation, and enhance axon elongation 60. 

A recent meta-analysis published in the BMC Medicine Journal examined 62 studies with 

a total of 2439 patients. This meta-analysis demonstrated that in 48.9% of patients, the ASIA 

impairment scale improved by at least one grade 61. However, 28 different types of side effects 

were reported, including spasms, neuropathic pain, urinary tract infections, and vomiting. Hence, 

the authors concluded that the clinical trials used in the meta-analysis had methodological 

weaknesses, and the current evidence is not strong enough to support the use of stem cells in SCI 

treatment. 

The main issue with stem cell therapies for SCI seem to be the lack of survival and integration of 

transplanted cells 62. If we manage to improve these two factors, we could hope for better 

outcomes. 

 

1.5. Methods for Studying SCI 

 

If we are to understand the current state of SCI research, we must first start by 

understanding how to approach testing our hypotheses. Researchers in the SCI field employ a wide 

range of methods, such as animal models and various labeling techniques that enable the study of 

regeneration, rewiring, and circuitry in general. Eventually, the use of behavioral testing alone or 

in combination with circuit-controlling methods (e.g. optogenetics and chemogenetics) is used to 

understand functional recovery.  
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1.5.1. Animal models 

 We could easily say that modern neuroscience would not have progressed as much as it 

has without the use of animal models. An analysis published in Nature Review Drug Discovery 

shows that 100 best-selling drugs used in modern medicine have been developed or could be 

correlated with phenotypes in animal models, particually mice 63,64. An experimental animal model 

can be defined as an attempt to mimic the causes and symptoms of human diseases in animal 

models using various methods, from mechanical (such as in SCI) to genetic engineering (such as 

in Parkinson's or Alzheimer's disease). 

In the field of spinal cord injury, researchers predominantly use three models: contusion or 

crush injury, hemisection and complete transection of the spinal cord 65,66. Each model has its own 

advantages and disadvantages. Contusion injury is usually performed using an impactor device 65. 

After removing the vertebra, the spinal cord is exposed, and then it is impacted and contused using 

different velocities and pressures. Contusion injury is more relevant to human SCI because the 

spinal cord is usually compressed by vertebrae in cases of human SCI due to mechanical impact. 

Contusion injury is usually more relevant when studying neuroinflammatory processes and 

secondary SCI. However, contusion SCI can often be variable and not easily reproduced. Another 

issue when using contusion injury is the inability to study specific tracts. To address this problem, 

models of spinal cord hemisection or complete transaction can be used . 

One of the most common models of SCI is dorsal hemisection, which involves a partial cut 

of the dorsal part of the spinal cord 8,56,57. The main aim of dorsal hemisection is to specifically cut 

certain tracts (e.g., corticospinal tract). The procedure typically involves an initial laminectomy 

and removal of the vertebra, followed by the precise use of fine microscissors to cut the spinal 

cord. In some instances, a complete transection can be achieved through a full cut. In contrast to 

contusion injury, spinal cord injury caused by dorsal hemisection is usually more reproducible 

when performed by an experienced researcher. In our work, we used dorsal hemisection performed 

at the thoracic 8 segment of the spinal cord. This allowed us to cut the dorsal and lateral 

corticospinal tracts, enabling us to study the remodeling of this tract rostral to the cut. 
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1.5.2. Labeling methods 

 

One important asset for studying SCI in experimental neuroscience is the use of viral 

vectors to label specific tracts or individual neurons. This allows visualization of neuronal shape, 

axonal projections, dendritic branching, and synapses. Adeno-associated viruses (AAVs) or 

retroviruses are commonly used in the field 67. 

AAVs belong to the Parvoviridae family and are categorized as genus Dependoparvo virus 

because they require a helper virus to be infectious 68. The helper virus can be either a herpesvirus 

or adenovirus. AAVs are small, measuring just 25 nm, and can package linear single-stranded 

DNA 69. Depending on the research question, AAVs can infect receptors on the cell body for 

anterograde labeling of neuronal projections or enter neurons via axonal terminals for retrograde 

labeling to determine the origin of axonal projections. Different fluorophores such as green 

fluorescent protein (GFP) or red fluorescent protein (RFP) can be used for distinct labeling of 

different neuronal populations 70,71. 

AAVs have a low capacity for crossing the blood-brain barrier (BBB), so systemic 

injection in the blood with specific promoters has limited productivity. However, AAV9, a 

serotype of AAV, has some capacity to cross the BBB, albeit limited 72.  The Gradinaru's lab has 

driven a recent revolution in AAV viral vectors by using the method of directed evolution to create 

multiple new capsids with unique capacities. For example, the pUCmini-iCAP-PHP.eB capsid 

allows widespread expression in the central nervous system (CNS) 73. Systemic injection of 

rAAV.PHP.eB through the blood, via tail vein or retroorbital injection, enables wide CNS infection 

of neurons, astrocytes, and oligodendrocytes. Another recent capsid named B10 allows for specific 

targeting of neurons 74. These technologies, combined with the right plasmids, are opening new 

frontiers for studying CNS diseases. 

An alternative to AAVs, particularly for deciphering neural circuits, is the use of 

glycoprotein-deleted (ΔG) rabies viruses. These viruses are useful because they can travel trans-

synaptically from one neuron to another 75. Trans-synaptic transfer of the virus requires Rabies G, 

a protein expressed on the virus's surface that facilitates viral entry into neurons. By combining 

ΔG rabies virus and the expression of the G protein, researchers can control trans-synaptic 

transmission and target specific neurons 76,77. 
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In addition to viral vectors, researchers use neural tracers like biotinylated dextran amine 

(BDA) for anterograde tracing and Fluorogold or TexasRed for retrograde labeling of neurons 78–

80. All of these viral tools enable neuroscientists to study axonal regeneration and remodeling 

following SCI. 

 

1.5.3. Circuit controling strategies 

 

The same viral vectors used for labeling neurons, neuronal projections, or manipulating 

certain genes can also be utilized to regulate neuronal activity. The two main approaches for 

controlling neuronal activity are optogenetics and chemogenetics 81,82. Optogenetics involves 

activating or silencing neuronal activity using a light source, while chemogenetics achieves the 

same effect by targeting specific receptors with drugs that are not naturally found in the organism. 

Depending on the desired effect (activation or silencing), viral vectors can deliver light-sensitive 

ion channels that respond to different excitation wavelengths 83. Cation-selective 

channelrhodopsins are used to excite neurons, while anion-conducting channelrhodopsins are 

employed for silencing 84. In addition to delivering opsins to specific cell types, researchers often 

utilize sophisticated hardware such as optic fibers 85. 

Optogenetics offers both spatial resolution obtained through genetic engineering and viral 

vectors, as well as millisecond temporal resolution. This combination makes it a powerful tool for 

studying the function of specific cell types and circuits. In the field of SCI, researchers use 

optogenetics to silence specific brain or spinal neuronal populations and investigate their impact 

on motor and sensory functions. 

On the other hand, chemogenetics lacks the temporal resolution achievable with 

optogenetics but has the advantage of not requiring expensive hardware for controlling neuronal 

activity. Chemogenetics relies on a method called Designer Receptors Exclusively Activated by 

Designer Drugs (DREADDs) 86,87. The commonly used DREADD receptors are genetically 

modified muscarinic receptors, with the Gq-coupled DREADD (hM3Dq) used for activation and 

the Gi/o-coupled DREADD (hM4Di) for silencing neuronal activity 88,89. Control over the activity 

is achieved through the injection of clozapine-N-oxide (CNO), which acts as a ligand for the 

DREADD receptors 86. Some recent studies have raised concerns about CNO potentially affecting 

endogenous receptors 90, but further discussion on this point goes beyond the scope of my thesis . 
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1.5.4. Behavioral testing in animal models of SCI 

 

Being able to assess functional impairments following SCI adequately is one of the most 

important components of SCI research 91. Behavioral testing in animal models of SCI aims to 

understand neurophysiological responses to different injury models and evaluate effectiveness of 

potential treatments 92. In general, behavioral tests in SCI research can be divided into categories: 

those measuring sensory functions and those measuring motor functions 93. One test used to assess 

sensory functions is the von Frey test94, which measures mechanical allodynia in animals. 

A review analyzing 35 different behavioral tests shows that the most commonly used motor 

tests include the Basso, Beattie, and Bresnahan (BBB) scale, open-field test, footprint analysis, 

automated walkway test, and swim test 95. According to the authors, each of these tests has its own 

strengths and weaknesses, and researchers should carefully consider which test to use. One way to 

increase reliability and sensitivity to changes following SCI is by using a combined scoring 

method. Data shows that calculating a combined score from different behavioral tests provides a 

more comprehensive understanding of motor recovery and improves existing methods 96. 

In the context of my thesis, it is worth focusing on two behavioral methods: kinematic gait 

analysis and the ladder walking test. Kinematic analysis involves measuring velocity, limb 

position, distances, and acceleration of an object or system over time 97. In SCI research, kinematic 

analysis commonly focuses on the paw, legs, or whole limbs. It can involve different experimental 

paradigms such as the forced swim test or treadmill running test 98,99. The treadmill is often used 

in SCI research to assess the degree of impairment or recovery over time. Kinematic analysis 

enables precise measurements and comparisons between groups with different treatment 

procedures 97. The choice of testing methods depends on the research question. For example, 

kinematic analysis is useful for studying motor system recovery or adaptation after a contusion 

injury. However, if the goal is to understand the role of specific tracts, such as the corticospinal 

tract (CST), it may be better to use tests specifically designed for testing fine motor skills, such as 

the ladder walking test and skilled reaching task 100. 

The ladder walking test is commonly set up as a regular or irregular task. An irregular 

ladder rung is set up with uneven spacing between rungs, making it more difficult for the animal 

to walk on them and requiring precise motor control to adapt to unpredictable steps (Figure 3)101. 



Page | 23 
 

This task is particularly useful for studying the role of the forelimb or hindlimb CST in paw 

placement and fine motor control. 

 

Figure 3. Illustration of regular 
and irregular ladder rung. 
Depending on the research 
question, the rungs in a ladder can 
be spaced in various patterns and 
distances from each other. The 
walk is usually performed multiple 
times to enhance reliability. (The 
illustration reprinted from 
Copyright © 2022 Martins, 
Schiavo, Xavier and Mestriner101. 
The article distributed under the 
terms of the Creative Commons 
Attribution License (CC BY).). 

 

It is important to note that behavioral testing can be demanding and stressful for animals, 

and efforts should be made to minimize these burdens while still obtaining reliable data 93. 

 

1.6. Machine Learning in Behavioral Analysis 

 

We are currently witnessing a massive revolution in human history as artificial intelligence 

(AI) rapidly changes our world. Every sphere of our lives will be affected by this, including the 

field of behavioral analysis. 

Why now? 

Advancements in AI tools are enabled by three major factors: big data, hardware, and new 

software tools 102. Nowadays, we are more capable than ever of collecting large datasets on almost 

anything, thanks to easier data collection and storage . High computational capacity is made 

possible by affordable graphics processing units (GPUs) 103, which allow for massively 

parallelizable computations. This hardware evolution has been followed by the availability of 

open-source and free machine learning toolboxes such as TensorFlow 104, Keras 105, PyTorch 106, 

and Scikit-learn 107. 
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DeepLabCut 

Precise quantification of animal behavior is crucial for understanding the relationship 

between function and the brain and spinal cord. However, behavioral analysis can be time-

consuming and expensive, depending on the technology used. In 2018, Mathis and colleagues 

introduced an efficient method for markerless pose estimation called DeepLabCut (DLC) (Figure 

4)108. DLC is a framework that can estimate and track multiple body parts over time, across 

multiple species, using minimal training datasets and in a time-efficient manner. The DLC model 

allows for the localization of one body part, taking into account the labeling of other body parts. 

 

Figure 4. DeepLabCut for pose estimation. Illustration showcasing the capabilities of DeepLabCut in 
predicting various features across a diverse range of animal models and humans. (Reproduced with 
permission from Springer Nature. Article: Nath, Tanmay, et al. „Using DeepLabCut for 3D markerless pose 
estimation across species and behaviors.“ Nature protocols 14.7 (2019): 2152-2176.) 

 

DLC utilizes „transfer learning with deep neural networks“ to achieve this, employing a 

pretrained neural network architecture called ResNet-50108. ResNet-50, introduced by He et al. in 

2015, is a convolutional neural network with 50 layers that has been pretrained on millions of 

images 109. 

https://www.nature.com/articles/s41596-019-0176-0#Fig1
https://www.nature.com/articles/s41596-019-0176-0#Fig1
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To implement their deep learning network architecture, DLC uses TensorFlow, and for 

image manipulation and video processing, they utilize OpenCV 110, an open-source computer 

vision library. In 2022, the same lab published an upgraded version of DLC that enabled pose 

estimation of multiple animals in 3D space 111. DeepLabCut is currently the most widely used pose 

estimation tool. Although this thesis is based on DLC, it is worth mentioning that there are other 

pose estimation tools being developed and used, such as DANNCE, DeepPoseKit, LEAP, 

LiftPose3D, OptiFlex, SLEAP, and MARS 112–118. 

 

1.7. Neuroplasticity: Regeneration vs. Circuit Rewiring 

 

Within the realm of SCI, there are two main branches: researchers who study the 

regeneration of the central nervous system (CNS) and those who study the remodeling or plasticity 

of the CNS. According to Varadarajan et al. (2022), axonal regeneration can be defined as "axon 

regrowth and the subsequent innervation of target regions following injury, resulting in the 

recovery of neuronal function and behavior" 119. On the other hand, axonal reorganization or 

remodeling can be defined as "neuronal alteration of their output selectivity from a single to 

multiple areas to compensate for the lost function" 120. 

Regeneration of the CNS has long been a dream for humans. However, it is known that 

axons in the CNS don't have a high capacity for regrowth compared to axons in the peripheral 

nervous system (PNS), which are able to regenerate and regain function if peripheral nerves are 

damaged 121. The reasons for the low capacity of CNS axons to regenerate are usually explained 

by two factors: extrinsic and intrinsic properties of neurons and the CNS environment 122,123. These 

intrinsic inhibitory factors of CNS regeneration are the result of genetic and epigenetic regulations 

124. For example, Liu et al. (2013) identified miR-138, a microRNA, as one of the main suppressors 

of axonal regeneration 125,124, shedding light on the epigenetic regulation of axonal regeneration. 

Additionally, conditional knockout (KO) of phosphatase and tensin homolog (PTEN) promotes 

strong axonal regeneration following optic nerve injury by suppressing the mammalian target of 

rapamycin (mTOR) pathway 126. Similarly, conditional KO of suppressor of cytokine signaling 3 

(SOCS3) promotes strong axonal regeneration 127. All this evidence suggests that adult neurons 

have strong intrinsic factors that prevent them from promoting robust regeneration after damage. 
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In the context of evolution, it is interesting to think why neurons would evolve to have such 

limited regenerative properties. As we can see from the mentioned examples, we have evolved a 

network of genes that inhibit axonal regeneration. According to Seth Blackshaw, one of the 

evolutionary reasons for this limitation may be "selection for greater resistance to the spread of 

intra-CNS infections, which has led to both enhanced reactive gliosis and a loss of injury-induced 

neurogenesis and axonal regeneration" 128. The other hypothesis points out the importance of 

limiting tumorigenesis. According to this hypothesis, organisms with a high capacity for 

regeneration will have higher rates of CNS tumors, such as glioblastoma and neuroblastoma 128.  

Given the abundance of literature on the inhibitory intrinsic properties of adult neurons, it's 

tempting to assume that suppressing these inhibitory signals could hold the key to solving the 

axonal regeneration problem. However, evidence shows that the environment in the injury area 

plays a strong role in suppressing axonal regeneration. 

One of the first studies demonstrating the importance of the environment was a study by 

Ramon y Cajal S in 1928 129. According to James W Fawcett, Cajal and Tello were the first ones 

to implant a graft from the peripheral nervous system (PNS) into central nervous system (CNS) 

tissue and thereby show that there is something unique about the PNS that permits regeneration, 

in contrast to the CNS's non-permissive environment 130. Current research is pointing out the 

importance of molecules in the extracellular matrix, such as chondroitin sulfate proteoglycans 

(CSPGs), in inhibiting axonal regeneration. In a study conducted by Bradbury et al. (2002), 

intrathecal injection of chondroitinase ABC (chABC), an enzyme that digests the chondroitin 

sulfate glycosaminoglycans (CS-GAGs), can improve the expression of proteins that could 

promote the regenerative capacities of ascending and descending axons 131. Furthermore, a cluster 

of myelin inhibitory proteins, including Nogo-A132, myelin-associated glycoprotein (MAG) and 

oligodendrocyte myelin glycoprotein (OMgp)133, has been identified as potent inhibitors of axon 

regeneration. 

A recent study using spiny mice or Acomys cahirinus provides some novel insights into 

studying CNS regeneration. Acomys has long been known to have a high capacity for regenerating 

skin and internal organs 134. However, a recent study in the context of spinal cord injury (SCI) 

provides some promising insights 135. When compared to Mus musculus, Acomys showed 

decreased expression of genes related to inflammation and fibrosis, such as Serpine 1 and Timp1. 

In addition to inflammation-related differences, Acomys exhibits enhanced expression of Bmp2, 
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GDNF, and Shh, genes related to axonal guidance and growth. Furthermore, the study 

demonstrates structural differences in microglia and astrocytes when comparing Mus and Acomys. 

This research illustrates the importance of a multimodal approach in understanding and promoting 

axonal regeneration. 

As we can see, axonal regeneration is very limited in adult mammals, and multiple factors 

contribute to these limitations. In light of this, is there an alternative approach to augment 

functional recovery following SCI that goes beyond the emphasis on axonal regeneration? For a 

long time, it has been known that the CNS possesses some restorative capacity for motor functions 

following strokes or injuries, despite the significantly limited ability to regenerate. Thus, we 

observe both spontaneous recovery and a nearly absent CNS regenerative capacity. Even in 

humans some people regain some level of functional recovery following SCI, suggesting that 

mechanisms other than regeneration could be responsible for this spontaneous recovery. 

Prior to the beginning of the 21st century, the focus of neural plasticity research was on the 

reorganization of cortical maps and the central pattern generator (CPG) 124. According to Raineteau 

& Schwab's review of CNS plasticity literature, the motor cortex has the capacity to reorganize 

after limb amputation. They conclude the following: 

"Regardless of the species used, the results show that cortical territories controlling intact 

body parts tend to enlarge and invade cortical regions that have lost their peripheral 

target." 124 

The literature shows that in humans, even after chronic spinal cord injury and paralysis, 

cortical networks responsible for motoric functions remain active and responsive 136. However, 

these preserved cortical networks are not very helpful when spinal targets are unreachable. In the 

early 2001 a study used anterograde tracing of hindlimb CST to demonstrate increased sprouting 

of injured CST rostral to the lesion 137. As shown by the study, rats that didn't have CST injury had 

very few of these sprouts. However, four weeks after the injury, CST axons "send many collaterals 

into the cervical spinal cord, and dense innervation of intermediate laminae is observed". This 

simple study demonstrated that although the CST doesn't have a high capacity to regenerate at the 

lesion site, when it gets a lesion at the lumbar level, it has the capacity to sprout at the cervical 

level away from the lesion (Figure 5).  
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Figure 5. Sprouting of hindlimb CST rostral to spinal cord injury. A. In the intact condition, the 
hindlimb CST extends mostly undirectly from the motor cortex to the lumbar motoneurons, facilitating 
coordinated movements and precise paw placement in mice. B. However, following a dorsal 
hemisection, the connection between the hindlimb corticospinal tract (hCST) neurons and lumbar 
motoneurons is severed, resulting in impaired hindlimb function. Although the regenerative capacity 
at the lesion site is limited, this injury triggers an adaptive process rostral to the lesion. Over the course 
of three weeks, there is observable sprouting of the hindlimb CST from the dorsal to ventral region of 
the cervical spinal cord. This sprouting phenomenon represents a compensatory mechanism aimed at 
restoring neural connectivity and potentially improving hindlimb function. 
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This study was followed by the work of Bareyre et al. (2004), which for the first time 

explained the mechanism behind spontaneous recovery following incomplete spinal cord injury 8. 

To better understand this model we can break it down into four processes (Figure 6): 

1. Upon transection of the hindlimb CST, transected axons sprout rostrally from the lesion 

into the ventral area of cervical gray matter. 

2. In the next step, these newly sprouting hCSTs start contacting propriospinal neurons (long 

and short). These LPSNs reside in the ventral area of the cervical spinal cord (C4-C5) and 

directly project to lumbar motor neurons. 

3. Once this connection is established, a new "detour" circuit is formed, allowing the hCST 

to bypass the injury site and aid in spontaneous recovery. 

4. The last step of this process is the refinement stage. Twelve weeks after the injury, the 

contacts that helped bridge the lesion are maintained, while those that didn't are lost. 

 

The importance of these newly formed circuitries is further strengthened by recent publications 

that show neuronal activity is crucial for the establishment of the detour circuit and functional 

recovery. Now we know that CST axons select their LPSN partners based on their activity levels. 

Thus, preventing neuronal activity results in improper formation of the circuit and limited 

functional recovery 138. On the other hand, the combined activation of CST neurons and LPSNs 

could further strengthen circuit formation and promote better recovery 139. This formation of detour 

circuitry is not unique to just SCIs. Research shows that even in inflammatory lesions, such as 

EAE, the formation of new intraspinal circuitry can occur 140.  
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Figure 6. Detour circuit formation following SCI. A. The connection between the cortex and lumbar 

motoneurons is enabled by the hindlimb corticospinal tract (hCST) and interneurons. B. Following a dorsal 

hemisection, the connection between lumbar motoneurons and hCST neurons is disabled. However, as 

mentioned earlier, the hCST has the capacity to generate sprouts that extend rostrally from the lesion site. 

These sprouts from the corticospinal tract (CST) eventually contact long propriospinal neurons located in 

the ventral region of the cervical spinal cord. Since these long propriospinal neurons project to the lumbar 

motoneurons, this enables the reestablishment of the brain-lumbar motoneuron connection, ultimately 

leading to some degree of spontaneous recovery. This process is known as detour circuit formation. 
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1.8. Gene regulation of detour circut formation 

As described in the previous segment, one of the main mechanisms of adaptation after SCI 

is the de novo creation of intraspinal detour circuits of the CST 8. The last decade has provided us 

with new insights into the genes that regulate CST sprouting, the formation of contacts between 

CST sprouts and LPSNs, and the refinement stage of these circuits. This knowledge could help in  

designing new gene therapies for SCI. 

Previous research has shown that the signal transducer and activator of transcription 3 

(STAT3) plays an important role in the initial stages of CST remodeling 141. Sustained expression 

of STAT3 using viral vectors induces the formation of new CST collaterals and enhances 

remodeling following SCI. Furthermore, inhibiting the activity of the N-methyl-D-aspartate 

(NMDA) receptor could prevent the formation of new contacts onto LPSNs 138, resulting in worse 

functional recovery following SCI. Previous work from our lab, ground work for this thesis, shows 

that knock out of fibroblast growth factor 22 (FGF22) and it's receptors distrups normal hCST 

rewiring and spontaneous recovery in mice 142 (Figure 7).  

 

 

Figure 7. FGF22's Essential Role 

in Detour Circuit Formation. This 

figure highlights the critical role 

of FGF22 in the proper formation 

of detour circuits. The conditional 

knock-out of FGF22 in cervical 

LPSNs results in reduced contact 

with these neurons, thereby 

disrupting detour circuit 

formation and impeding 

spontaneous behavioral recovery. 

 

 

 

 

The work in this thesis is focused on the development of a synaptogenic gene therapy 

approach based on FGF22. Since FGF22 plays a crucial role in our work, it is necessary to delve 

deeper into the molecular biology and function of FGF22. 
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1.8.1 FGF22 – A synaptic organizer 

 

FGF22 is a fibroblast growth factor that belongs to the FGF family and shares similarity to 

FGF10 and FGF7, having 46% of amino acid identities143. The FGF22 cDNA was isolated from 

mouse skin and human placenta. Homology between mice and humans is high, with 87% of amino 

acids being identical 143. FGF22 signals through a set of four receptors, FGFR1 to FGFR4, and is 

known to play an important role in the regulation of cell migration, proliferation, tissue repair, and 

response to injury 144. 

In 2004, Hisashi Umemori and his colleagues published a paper demonstrating the 

important role of FGF22 in the field of neurobiology. Specifically, the authors used an in vitro 

assay with primary neurons and identified FGF22 as the main presynaptic organizing molecule. 

The paper showed that FGF22 promotes neurite branching and clustering of synaptic vesicles, 

providing the first evidence that FGF22 plays an important role in the maintenance of synapses in 

the mouse brain 144. These findings are further supported by a study showing the importance of 

FGF22 in the formation and maintenance of synapses between retinal ganglion cells and neurons 

in the lateral geniculate nucleus (dLGN) 145. Further studies conducted in the context of CA3 

pyramidal neurons have shown that FGF22 plays an important role in the specific differentiation 

of excitatory synapses 146,147. Mice lacking FGF22 had impaired differentiation of excitatory 

synapses on dendrites of CA3 pyramidal neurons. This novel understanding of FGF22's role in the 

presynaptic organization of excitatory synapses has opened the door for new potential treatments 

for epilepsy, autism, schizophrenia, or Tourette's syndrome146. A study using FGF22-deficient 

mice showed that compared to wild-type (WT) mice, FGF22-deficient mice were more resistant 

to generalized seizures 148, providing evidence of FGF22's involvement in epileptogenesis. 

New evidence is emerging that indicates the role of FGF22 in depression. Mice lacking 

FGF22 have preserved exploratory and locomotor behavior; however, they exhibit a depression-

like phenotype 149. This behavioral phenotype is characterized „by decreased sucrose preference 

and increased immobility in the forced swim test“149. 

It is important to note that synapse formation has different molecular mechanisms 

depending on developmental stages. Research shows that FGF22 plays an important role in the 

early stages of synapse formation, unlike SIRPα, which is involved in later stages of synapse 

maturation 150. This evidence emerged after blocking FGF22 with antibodies against it at different 
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time points during synapse formation in vitro. Additional data support the previous study by 

showing the importance of FGF22 in the first stages of synapse formation 151. The effect of FGF22 

in the early stages of synapse formation is regulated by a direct effect of FGF22; however, in the 

later stages, FGF22 acts on insulin-like growth factor (IGF2), which then acts on synapse 

stabilization. This provides evidence for both the direct and indirect roles of FGF22 in synapse 

differentiation and stabilization. Overall, these data provide further evidence indicating the 

involvement of multiple temporally and spatially defined presynaptic organizers in orchestrating 

synaptic activity in the brain. 

Relevant studies for our work demonstrate the importance of FGF22 in the context of spinal 

cord injury (SCI). Two studies are particularly relevant to the context of this thesis. The first study 

demonstrates the role of FGF22 in circuit remodeling following SCI 142. In brief, the authors of 

this work show that „FGF22 is expressed by spinal relay neurons, while its receptors, FGFR1 and 

FGFR2, are expressed by projections of corticospinal neurons“142. In both cases, when FGF22 or 

its receptors are missing, synapse formation and maturation are impaired, with consequences for 

circuit plasticity and remodeling. The second study presents another mechanism by which FGF22 

could play a role in SCI. Mainly, the data demonstrates that injecting FGF22 at the injury site could 

prevent neuronal loss caused by endoplasmic reticulum stress-induced apoptosis 152. 

Consequently, FGF22 administration is associated with axonal regeneration. 
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2. Open Questions and Aims 

 

Although the field of spinal cord research has made tremendous progresses in 

understanding the biology and behavior following spinal cord injury, there is still a lack of 

translation of that research from animal models. As discussed in this thesis, the regeneration 

capacities of the CNS are low. Even if we could promote long distance growth, those new axons 

would have to reach their specific targets without creating aberrant contacts that could worsen 

symptoms and spasticity. However, although long-distance regeneration does not occur 

spontaneously, circuit remodeling has been demonstrated to facilitate the recovery of function after 

incomplete SCI. Circuit rewiring enables supraspinal tracts to sprout rostral from the lesion site 

and create new intraspinal connections that bridge the lesion and enable functional recovery. 

 

A better understanding of each stage of new detour circuit formation, especially contact 

formation onto relay neurons, could help us design more effective therapies. Understanding how 

different genes regulate this process is a significant question. A previous study shows that the 

knockout of FGF22 and its receptors plays a crucial role in contact formation onto relay neurons 

during detour circuit formation. Now we asked whether the overexpression of this presynaptic 

organizer could lead to strengthened contact formation and enhanced functional recovery 

following spinal cord injury? The work presented in this thesis aimed to use viral vectors, 

specifically AAVs, and the dual-flox system to specifically overexpress FGF22 in LPSNs. By 

expressing FGF22 in LPSNs, we aimed to strengthen contact formation and increase the number 

of contacted LPSNs to promote circuit rewiring following SCI. The goal was to understand how 

this elevation of new contacts could affect ascending and descending neurons. To investigate this, 

we studied motoneuron degeneration in addition to the functional investigation of CST neurons 

using chemogenetics. The next aim extended to understanding the degree of recovery and 

investigating if there is a critical period in which gene therapy with FGF22 would have to be 

administered to achieve desirable functional outcomes. 

 

Precise understanding of circuit rewiring is followed by refined behavioral analysis. 

Behavioral analysis can provide valuable insights, but gathering reliable behavioral data is not 
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easy, partly due to the complex nature of animal behavior and partly due to the subjective nature 

of currently available methods. One of the questions we asked is if we could take advantage of 

new deep learning-based technologies, such as DeepLabCut, and build a toolbox capable of 

analyzing kinematics and paw placement following SCI in a more reliable and faster manner. We 

aim to build on DLC's capacity to estimate the position of different body parts and use that 

information to automatically compute a wide range of kinematic parameters. Additionally, we aim 

to create a graphic user interface that would make the toolbox useful even for those with limited 

programming backgrounds. We also asked ourselves how this new toolbox would generalize its 

capabilities to different animal models of neurological disorders, such as SCI, TBI, and EAE. The 

overall aim was to see if this new deep learning toolbox could provide insights into the basic 

understanding of recovery processes in these animals. 

 

To summarize, the main questions that I will try to address in this thesis are as follows: 

 

1) What is the functional role of hCST in detour circuit formation following SCI in 

mice? 

2) How does the use of synaptogenic gene therapy with FGF22 affect circuit rewiring 

and behavioral recovery following SCI? 

3) How does circuit rewiring affect contact formation on LPSNs, and what are the 

consequences of these newly formed contacts on lower motoneurons? 

4) Can we create a deep learning-based toolbox for more refined and reliable 

behavioral analysis, and can this toolbox be used for a wide range of animal models? 
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3. Results 

 

The work from this thesis resulted in two first author peer-reviwed publications. These 

publications are included in this results section: 

 

3.1.  Aljović, A., Jacobi, A., Marcantoni, M., Kagerer, F., Loy, K., Kendirli, A., ... & Bareyre, F. 

M. (2023). Synaptogenic gene therapy with FGF22 improves circuit plasticity and functional 

recovery following spinal cord injury. EMBO Molecular Medicine, e16111. 

https://www.embopress.org/doi/full/10.15252/emmm.202216111 

 

For this publication, I participated in conceptualizing experiments, generating, collecting and 

analyzing data, conducting visualizations, graphing, performing statistical analyses, and writing 

the original draft. I also reviewed and edited the content. Anne Jacobi shares first authorship on 

this article and made significant contributions to the conceptualization, data collection, and 

analysis. Maite Marcantoni assumed the responsibility of  collecting behavioral data from pan 

experiment and analyzing the data. Kristina Loy provided assistance in data analysis and method 

development. Arek Kendirli contributed to the development of methods. Jonas Bräutigam 

participated in data analysis. Luca Fabbio participated in the analysis process. Valérie Van 

Steenbergen played a role in conceptualization, analysis, and method development. Katarzyna 

Pleśniar participated in  the analysis. Martin Kerschensteiner participated in conceptualization, 

writing reviewing and editing. Florence M Bareyre participated in conceptualization, formal 

analysis, supervision, funding acquisition, validation, investigation, methodology, writing the 

original draft, project administration, and writing review and editing. 

 

Rights and permissions: 

© 2023 The Authors. Published under the terms of the CC BY 4.0 license. This is an open access 

article under the terms of the Creative Commons Attribution License, which permits use, 

distribution and reproduction in any medium, provided the original work is properly cited. 
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3.2. Aljović, A., Zhao, S., Chahin, M., de la Rosa, C., Van Steenbergen, V., Kerschensteiner, M., 

& Bareyre, F. M. (2022). A deep learning-based toolbox for Automated Limb Motion Analysis 

(ALMA) in murine models of neurological disorders. Communications Biology, 5(1), 131. 

https://www.nature.com/articles/s42003-022-03077-6 

 

For this publication I participated in designing experiments, performing experiments, doing the 

analysis, writing, creating graphs and visuals and editing manuscript. Shuqing Zhao shares first 

authorship. I performed surgical procedures together with Clara de la Rosa, and Maryam Chahin. 

Data collection and analysis were conducted by the author of this thesis, Shuqing Zhao, and Valerie 

Van Steenbergen. Shuqing Zhao was responsible for writing the code, which was subsequently 

edited and tested by the author of the thesis. I wrote the manuscript with Florence M Bareyre,  

Shuqing Zhao, and Martin Kerschensteiner. As a direct supervisor, Florence M Bareyre 

participated in each step of this process.  

 

Rights and permissions: 

This is an open access article distributed under the terms of the Creative Commons CC BY license, 

which permits unrestricted use, distribution, and reproduction in any medium, provided the 

original work is properly cited. 
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Abstract

Functional recovery following incomplete spinal cord injury (SCI)
depends on the rewiring of motor circuits during which suprasp-
inal connections form new contacts onto spinal relay neurons. We
have recently identified a critical role of the presynaptic organizer
FGF22 for the formation of new synapses in the remodeling spinal
cord. Here, we now explore whether and how targeted overexpres-
sion of FGF22 can be used to mitigate the severe functional conse-
quences of SCI. By targeting FGF22 expression to either long
propriospinal neurons, excitatory interneurons, or a broader popu-
lation of interneurons, we establish that FGF22 can enhance neu-
ronal rewiring both in a circuit-specific and comprehensive way.
We can further demonstrate that the latter approach can restore
functional recovery when applied either on the day of the lesion or
within 24 h. Our study thus establishes viral gene transfer of
FGF22 as a new synaptogenic treatment for SCI and defines a criti-
cal therapeutic window for its application.
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Introduction

Circuit rewiring following incomplete spinal cord injury is an impor-

tant component of functional recovery (Bareyre et al, 2004; Girgis

et al, 2007; Van Den Brand et al, 2012; Bradley et al, 2019; Engmann

et al, 2020; Brommer et al, 2021). One example of such plasticity is

the ability for hindlimb corticospinal projection pathways to

respond to incomplete thoracic lesions by the de novo formation of

intraspinal detour circuits that bypass the lesion site and reconnect

the upper corticospinal projection neurons to the lumbar spinal cord

(Bareyre et al, 2004; Lang et al, 2012). A critical step in this remod-

eling process is the formation of new synaptic contacts in the cervi-

cal spinal cord between supraspinal projections, in this case the

hindlimb corticospinal tract (hCST), and spinal relay interneurons,

in particular long propriospinal neurons. The functional significance

of such intraspinal detour circuits is well-established (Bareyre

et al, 2004; Courtine et al, 2008; Van Den Brand et al, 2012; Jacobi

et al, 2015; Loy et al, 2018; Bradley et al, 2019; Brommer et al,

2021), and the mechanisms that regulate their formation are thus of

high scientific and biomedical interest.

FGF22, a target-derived presynaptic organizer that is critical for

the establishment of new excitatory synapses during development

(Umemori et al, 2004; Terauchi et al, 2010; Dabrowski et al, 2015)

and the organization of synapses in adulthood (Pasaoglu & Schiko-

rski, 2016; Li et al, 2020), has emerged as an important endogenous

contributor to detour circuit formation. We could previously show

that FGF22 and its receptors FGFR1 and FGFR2 remain constitu-

tively expressed in the adult spinal cord. In addition, the genetic

ablation of FGF22 or its receptors limits the spontaneous formation

of new synaptic connections between corticospinal collaterals and

long propriospinal relay neurons and thereby impedes functional

recovery following spinal cord injury (Jacobi et al, 2015).

Here, we now explore whether and how the targeted overexpres-

sion of FGF22 can be harnessed to therapeutically support synapto-

genesis, circuit rewiring, and functional recovery after spinal cord

injury. We use viral gene transfer in combination with conditional

genetics and retrograde tracing to overexpress FGF22 into different
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populations of spinal interneurons and show that FGF22 expression

can guide improvements of circuit rewiring in the injured spinal

cord. By initiating FGF22 gene transfer at different time points after

injury and assessing the effects on functional recovery, we can fur-

ther define a critical window following injury during which FGF22

therapy has to be initiated to affect motor recovery. Together our

study reveals the potential of synaptogenic treatments to improve

circuit rewiring and functional recovery and characterizes the spa-

tial and temporal constraints of their application after spinal cord

injury.

Results

Targeting FGF22 gene therapy to long propriospinal neurons
enhances circuit rewiring

Following incomplete lesions of the spinal cord, the hindlimb corti-

cospinal tract (hCST) extends collaterals into the cervical spinal cord

where it forms intraspinal detour circuits by connecting to excitatory

spinal relay interneurons, namely long propriospinal neurons

(LPSN) that bypass the lesion site (Fig 1A). In order to specifically

restrict FGF22 to LPSN, we developed a targeted gene therapy

approach based on adeno-associated viruses (AAVs). Specifically

we cloned the FGF22 open reading frame and EGFP separated by a

p2A sequence into a AAV backbone in a Cre-dependent manner and

under the control of a human synapsin promoter (Fig EV1A and B).

In vitro infection of cortical neurons and quantification of the rela-

tive expression of FGF22 showed a more than 105 fold increase in

mRNA expression of FGF22 demonstrating the potency and efficacy

of our vector (Unpaired two-tailed t-test, P = 0.0406; Fig EV1C and

D). We then injected a retrograde AAV expressing the Cre recombi-

nase (retroAAV-Cre) into the lumbar spinal cord and the AAV

expressing FGF22 under the control of a DIO sequence (rAAV-hSyn-

DIO-FGF22-EGFP) into the cervical spinal cord, to obtain a specific

FGF22 overexpression and labeling of LPSNs (Fig1B–D). We see

about 13.04 � 2.8 LPSNs transduced per section indicating that

with this gene therapy strategy, we can direct FGF22 overexpression

to a predefined subpopulation of cervical spinal interneurons. To

analyze circuit formation following spinal cord injury, we first com-

bined the labeling of LPSNs with anterograde labeling of the hCST

using rAAV-mCherry injected 6 days prior to the injury. Since

FGF22 is a presynaptic organizer, we first evaluated the density of

excitatory boutons along the newly sprouting hCST collaterals.

While FGF22 overexpression in LPSNs did not alter the density of

boutons on these hCST collaterals (unpaired two-tails t-test,

P = 0.7634), it led to a more than twofold increase in the number of

vGlut1-expressing presynaptic boutons (unpaired two-tails t-test,

P = 0.0092; Fig 1E and F) indicating an increased maturation of

these excitatory boutons. As expected for an excitatory tract, no

inhibitory presynaptic boutons were observed with the marker

vGAT, and this did not change in response to FGF22 overexpression

(unpaired two-tails t-test, P = 0.1124; Fig 1E and F). This is in line

with previous reports that show that FGF22 organizes excitatory

synapses during development (Terauchi et al, 2010) and demon-

strate that overexpression of FGF22 can selectively increase the for-

mation or maturation of excitatory synapses in the injured adult

CNS. Next, we analyzed the formation of contacts between hCST

collaterals and spinal LPSN. Here, we observed that FGF22 overex-

pression in LPSNs leads to a significant increase in the number of

contacts formed by hCST collaterals onto these neurons (Mann–

Whitney test, P = 0.0476; Fig 1G and H). In line with this observa-

tion and the results presented above, the total intensity of vGlut-

positive inputs to LPSNs was increased as well confirming the

enhanced formation of excitatory circuit inputs to these spinal relay

neurons (Unpaired two-tailed t-test, P = 0.0026; Fig 1G and H).

Targeting FGF22 gene therapy to excitatory spinal neurons
increases cervical CST connectivity and survival of lumbar
motoneurons

As the formation of hCST-LPSN detour circuits is likely only one of

multiple remodeling processes that go on in the injured spinal cord

(Takeoka et al, 2014; May et al, 2017; Asboth et al, 2018; Engmann

et al, 2020), we next explored whether targeting FGF22 to larger

proportion of excitatory neurons in the spinal cord would lead to a

broader enhancement of CST connections to the cervical spinal

cord. For this purpose, we injected rAAV-hSyn-DIO-FGF22-EGFP

into the cervical spinal cord of vGlut2-cre mice (Fig 2A). When we

injected the rAAV expressing FGF22 (AAV-hSyn-DIO-FGF22-EGFP)

into the cervical cord of vGlut2-Cre mice, we obtained a specific

transduction of excitatory vGlut-positive neurons primarily located

in the intermediate region of spinal cord (184.2 � 35.1 neurons per

section; Fig 2B). To analyze changes in the hCST targeting of these

neurons following spinal cord injury, we combined the labeling of

excitatory cervical interneurons with anterograde labeling of the

CST using rAAV-mCherry as described above (Fig 2A). Consistent

with our previous data, we observed that overexpression of FGF22

in excitatory interneurons significantly increases the probability of

those neurons to be contacted by descending hCST collaterals,

strengthening the fact that FGF22 expression is sufficient to promote

the formation of excitatory contacts onto these neurons (Mann–

Whitney test, P = 0.0381; Fig 2C). This is important as it is likely

that not all these spinal interneurons are spontaneously involved in

remodeling processes following SCI and broader FGF22 overexpres-

sion might recruit additional interneurons to rewiring CST circuits.

We then reasoned that the transduction into cervical interneurons

could also trigger effects remotely by strengthening input from LPSN

onto other pools of neurons and focused in particular onto lumbar

motorneurons. We observed that lumbar motoneuron survival was

significantly increased after FGF22 overexpression in excitatory cer-

vical spinal interneurons (Mann–Whitney test, P = 0.0286; Fig EV2A

and B left). Interestingly, this effect was not apparent in case of

overexpression of FGF22 in a much more restricted subset of cervi-

cal LPSNs (Unpaired two-tailed t-test, P = 0.8551; Fig EV2B right)

indicating that a broad transduction of cervical neurons with FGF22

is required for this effect. The amount of synaptic puncta onto the

remaining motoneurons was, however, not altered with either

FGF22 overexpression approach (Fig EV2C–E).

Nonselective FGF22 gene therapy induces widespread circuit
remodeling in the injured spinal cord

As broader expression of FGF22 thus resulted in broader support of

spinal remodeling, we finally explored a nonselective FGF22 overex-

pression that could probably be most readily adapted to clinical
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settings as it does not depend on the Cre-recombinase to restrict

expression. To do so, we engineered a bicistronic construct includ-

ing FGF22 and EGFP separated by an ires2 sequence into an AAV

backbone under the control of a CMV promoter (Figs 3A and B and

EV3A). We verified transfection- and infection-efficiency in cell cul-

ture and in vivo and can show successful targeting of neurons,

including long propriospinal neurons (Fig EV3C) although we could

also detect a substantial infection of glial cells, in particular

◀ Figure 1. Targeted FGF22 overexpression in long propriospinal neurons triggers excitatory synapse formation.

A Illustration of axonal plasticity of the hindlimb corticospinal tract (hCST; detour circuit formation) following spinal cord injury.
B Schematic illustration of the experiment to overexpress FGF22 into long propriospinal neurons (LPSN) and time line.
C Representative confocal image of long propriospinal neurons expressing FGF22 (magenta) in cervical spinal cord.
D Viral distribution of control and FGF22 overexpressing AAVs in long propriospinal neurons (LPSN) with number of transduced neurons (n = 4–5 mice per group).
E Schematic illustration of the hCST collateral into the cervical cord and confocal images of hCST collaterals (green), stained for vGlut (red) and vGAT (blue) 21 days

following spinal cord injury. Insets represent 3D views generated in Imaris of the deconvolved confocal image.
F Quantification of bouton density and characterization of bouton between control and FGF22 overexpressing mice (n = 4–5 mice per group).
G Schematic illustration and representative confocal image of LPSN viral labeling (magenta) and CST collaterals (green). Insets represent 3D views generated in Imaris

of the deconvolved confocal image.
H Quantification of hCST contacts onto LPSNs and characterization of vGlut intensity onto individual LPSNs (n = 4–5 mice per group).

Data information: ns: P > 0.05; *P < 0.05 and **P < 0.01. Unpaired t-test for panel (D) and Mann–Whitney test for panels (F, H). The data are presented as means �
SEM. Scale bar for (C) equals 300 lm; (E) and (G) equals 10 lm. Inset is magnified ~ 2 times in (C) and insets are magnified 4 times in (E) and (G). Arrowheads in (C) rep-
resent labeled LPSNs. Asterisk in (E) represent individual hCST boutons positive for vGlut staining. Arrowheads in G represent putative contacts between hCST and LPSN.
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Figure 2. Targeted FGF22 overexpression in cervical excitatory neurons enhances hCST connectivity.

A Schematic illustration of the experiment to overexpress FGF22 into excitatory (vGlut2+) cervical neurons and time line.
B Viral distribution of control and FGF22 overexpressing AAVs in excitatory interneurons with number of transduced neurons (n = 5–4 mice per group).
C Schematic illustration and representative confocal image for vGlut2-Cre neuronal labeling (cyan) and hCST collaterals (white). Insets represent 3D views generated in

Imaris of the confocal image. Quantification of hCST contacts onto vGlut neurons (n = 4–6 mice per group).

Data information: ns: P > 0.05; *P < 0.05. Unpaired t-test for panel (B) and Mann–Whitney test for panel (C). Scale bar for C equals 50 lm. Insets are magnified ~ 4 times
in (C). The data are presented as means � SEM.
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astrocytes (see Materials and Methods). We first determined the

potential of the new vectors to promote circuit remodeling and

synaptogenesis by delivering rAAV-FGF22-EGFP prior to SCI

(Fig 3A). We analyzed the effects on corticospinal connectivity fol-

lowing injury by quantifying the number of exiting collaterals, their

boutons, and branching points into the cervical gray matter. While

the number of exiting collaterals did not change as a results of

global FGF22 overexpression (Unpaired two-tailed t-test, P = 0.2357;

Fig 3C), the number of boutons and the complexity of the collaterals

were markedly increased following treatment (Boutons: Unpaired

two-tailed t-test, P = 0.0393; Branching: Mann–Whitney test,

P = 0.0087; Fig 3D and E). We then analyzed the formation of con-

tacts between CST collaterals and spinal interneurons. To do so, we

made a distinction between the retrogradely labeled LPSN and other

cervical interneurons. Interestingly, we demonstrate that overex-

pression of FGF22 induced a significant increase in contact forma-

tion between CST collaterals and spinal interneurons transduced

with FGF22 (Unpaired two-tailed t-test, P = 0.0076; Fig 3F). To fur-

ther analyze effects on CST-LPSN circuits, we retrogradely labeled

LPSN in the cervical spinal cord and indeed found a selective

increase in contacts onto FGF22 overexpressing LPSN (Unpaired

two-tailed t-test, P = 0.0594; Fig 3G). Taken together, these results

indicate that global overexpression of FGF22 can both increase the

formation of CST-LPSN detour circuits and recruit additional spinal

interneurons to the remodeling process together resulting in a

marked enhancement of CST connectivity in the cervical spinal

cord.

Defining a therapeutic window for FGF22 gene therapy

To test whether delivering FGF22 can also be therapeutically applied

after SCI, we sought to assess recovery of motor function that could

be achieved when global FGF22 gene therapy was delivered either

immediately after the injury (acute treatment), 1 day after the injury

(early treatment: 1 dpi), or 5-day postinjury (late treatment: 5 dpi).

For all three application protocols, we evaluated functional recovery

using the ladder rung test that evaluates fine paw placement (Liebe-

tanz & Merkler, 2006; Loy et al, 2018; Aljovic et al, 2022; Fig 4A–E).

◀ Figure 3. Nonselective FGF22 gene therapy promotes widespread circuit rewiring.

A Schematic illustration and time line of the experiment, in which we administered FGF22 before the spinal cord lesion.
B Schematic of the location of fluorogold-labeled LPSN in control and FGF22 overexpressing mice. Quantification of the number of fluorogold-labeled LPSN. Each dot

represents individual animal (n = 6–7 animals per group).
C Schematic illustration of the hCST collateral exiting into the cervical cord and confocal images showing exiting hCST collaterals in control (left panel) and FGF22

treated (right panel) mice and quantification of the number of hCST collaterals that enter the cervical gray matter 3 weeks following spinal cord injury (n = 6 mice
per group).

D Quantification of branching points on newly formed cervical hCST collaterals in control and FGF22 treated mice (n = 6 mice per group).
E Schematic illustration of the boutons on cervical hCST collateral and confocal images showing putative synaptic boutons (arrows) on newly formed cervical hCST

collaterals at 3 weeks following spinal cord injury in a FGF22 (right) and a control (left) mice. Quantification of bouton density in control and FGF22 treated mice
(n = 6 mice per group).

F Schematic illustration of the hCST contacts onto relay neurons in the cervical cord and confocal images showing contacts between CST collaterals (red) and cervical
interneurons (cyan). Insets represent 3D views generated in Imaris of the confocal image. Quantification of the contacts between the hCST collaterals and cervical
interneurons neurons (n = 6 per group).

G Confocal images showing contacts between CST collaterals (red) and long propriospinal neurons (magenta) transduced with FGF22 (cyan). Quantification of the
contacts between the hCST collaterals and long propriospinal transduced with FGF22 or control virus (DP refers to double positive cells). Insets on the right are
magnification of the boxed area on the left (n = 6 mice per group).

Data information: ns: P > 0.05; *P < 0.05 and **P < 0.01. Unpaired t-test for panels (E, F) and (G) and Mann–Whitney test for panel (D). The data are presented as
means � SEM. Scale bar equals 50 lm in panel (C); 10 lm in panel (F, G). Images in (E) are magnified five times from (C). Arrowheads in (C) represent exiting CST collat-
erals. Arrowheads in (D) represent bouton on hCST collaterals. Arrowhead in (G) represents putative contact between hCST collateral and FGF22 overexpressing LPSN.

▸Figure 4. Postinjury therapeutic treatment with AAV-CMV-FGF22-ires-GFP triggers functional recovery in the ladder rung test.

A Schematic illustration of the experimental design for therapeutic postinjury treatment with FGF22 following spinal cord injury.
B Illustration of regular (left) and irregular (right) ladder rung used to test functional recovery following spinal cord injury.
C Time line of the experiment with FGF22 injection right after the onset of the spinal cord lesion (top). Quantification of the functional recovery in the regular (middle)

and irregular (bottom) ladder rung test in controls (gray) and FGF22 (orange) treated mice at baseline, at 3 days postinjury (“3 dpi”), 14 and 21 dpi after spinal cord
injury (n = 9–10 mice per group).

D Time line of the experiment with FGF22 injection 24 h after the onset of the spinal cord lesion (top). Quantification of the functional recovery in the regular (middle)
and irregular (bottom) ladder rung test in control (gray) and FGF22 (orange) treated mice at baseline, at 3 days postinjury (“3 dpi” or 2 days “2 dpi” for the late
treatment), 14 and 21 dpi after spinal cord injury (n = 9–10 per group).

E Time line of the experiment with FGF22 injection 5 days after the onset of the spinal cord lesion (top). Quantification of the functional recovery in the regular
(middle) and irregular (bottom) ladder rung test in control (gray) and FGF22 (orange) treated mice at baseline, at 3 days postinjury (“3 dpi”), 14 and 21 dpi after
spinal cord injury (n = 9–10 per group).

F Representative confocal image of CST boutons (green) and synapsin staining (red) and quantification of the percentage of bouton synapsin positive (n = 6–7 mice per
group).

G Representative confocal images of CST bouton (green) and bassoon staining (magenta) and quantification of the percentage of boutons that are bassoon positive
(n = 5–6 mice per group).

Data information: Insets in (F) and (G) represent 3D views generated in Imaris of the confocal images. *P < 0.05 and **P < 0.01. ANOVA with the �Sidak’s post hoc test in
(C–E) and t-test in (F, G). The data are presented as means � SEM. Scale bars equals 10 lm in (F, G). Arrowhead in (F) represents hCST bouton expressing synapsin.
Arrowhead in (G) represents hCST bouton expressing bassoon.
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We tested two ladder rung paradigms: In the first, the rungs are reg-

ularly spaced, to assess paw placements and general locomotion. In

the second paradigm, the rungs are irregularly spaced to better

assess the contribution of supraspinal input to sensory-motor inte-

gration during paw placement and locomotion. (Fig 4B). First, using

chemogenetics and specific silencing of the hindlimb motor cortex,
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we can show that recovery in the irregular ladder rung paradigm

depends, to some extent, on the reorganization of the hindlimb

motor cortex after injury (Fig EV4). Then, we used both recovery

paradigms to study the effects of nonselective FGF 22 gene therapy

initiated either immediately or 1 day after injury. In both cases, we

observed an improved performance of the mice on the irregular lad-

der rung both at 14 and 21 dpi (Fig 4C and D) indicating that an

enhanced corticospinal input to the lumbar motor circuits drives

improved behavioral recovery (acute treatment: ANOVA followed

by Sidak’s test 14 dpi P = 0.0061; 21 dpi P = 0.0093; early treatment:

ANOVA followed by Sidak’s test 14 dpi P = 0.0049; 21 dpi

P = 0.0129). In line with this interpretation, we did observe that

early initiation of FGF22 gene therapy (at 1 day after injury)

resulted in an enhanced maturation of presynaptic boutons along

the CST collaterals as more boutons expressed the synaptic vesicle-

associated protein synapsin and the active zone marker bassoon

(Fig 4F and G; Synapsin: unpaired two-tailed t-test P = 0.0028; Bas-

soon: Mann–Whitney test, P = 0.0159). Notably, the effect of FGF22

gene therapy on behavioral recovery was lost when the treatment

was started 5 days after the injury (Fig 4E), indicating that the addi-

tional time required for virus-mediated protein expression likely

moves FGF22 delivery past the time period when new CST contacts

are established (Lang et al, 2012). Taken together, our results reveal

the presence of a critical therapeutic window, in at least the first

24 h after the spinal cord injury, during which synaptogenic gene

therapy can improve the recovery of motor function.

Discussion

In this study, we used targeted gene therapy with rAAVs to overex-

press FGF22, a presynaptic organizer, in different populations of

spinal interneurons and determine the effect on circuit rewiring and

functional recovery following spinal cord injury. We show that tar-

geted gene therapy with FGF22 can improve circuit rewiring by

inducing synaptogenesis and synapse maturation. We show that

effects of FGF22 gene therapy are scalable as broader targeting

strategies recruited additional spinal interneurons to the remodeling

process. We further reveal that FGF 22 gene therapy, if initiated in

the first 24 h after the injury, allows for a significant recovery of

stepping and paw placements.

rAAV-based targeting strategies in the injured spinal cord

Here, we explored several approaches to selectively target FGF22

overexpression to different subpopulations of spinal neurons. We

took advantage of adeno-associated viruses AAV2/1 and either

drove the expression of FGF22 with a human synapsin or CMV pro-

moter. Both constructs resulted in a reliable transduction of spinal

interneurons around the site of injection in line with the neu-

rotropism of the AAV2/1 (Wu et al, 2006; Srivastava, 2016; B€uning

& Srivastava, 2019). However, it should be noted that in the case of

the CMV promoter, a sizable fraction of local astrocytes were trans-

duced as well which can be avoided by neuron-specific targeting

strategies. In the first part of the study, we therefore used Cre-

dependent rAAVs to restrict expression to subsets of cervical

interneurons, long propriospinal neurons, or excitatory interneu-

rons, by either using a retrograde rAAV expressing the Cre

recombinase or Vglut2-Cre mice. Moreover, systemic delivery strate-

gies could for example be combined with cell-type-specific promot-

ers such as mDLX for GABAergic neurons in the forebrain or

CAMKII for cortical excitatory neurons to achieve comprehensive

targeting of defined neuronal subpopulations (Haery et al, 2019).

The continuous evolution of rAAV serotypes including the recent

development of rAAV- PHP.eB further provides options for broad

CNS targeting based on systemic virus injection (Chan et al, 2017;

Dayton et al, 2018) and can allow the targeting of difficult cell type

to infect namely microglia for example (Lin et al, 2022). Based on

the availability of different serotypes, promoters as well as retro-

grade and conditional variants, rAAVs now provides a highly flexi-

ble tool set for experimental gene therapy in the central nervous

system.

Synaptogenic gene therapy with FGF22 can both potentiate CST-
LPSN detour circuits and recruit new interneurons to the spinal
remodeling process

We have previously demonstrated that long propriospinal neurons

—neurons that spontaneously form synaptic contacts with descend-

ing hindlimb CST collaterals in the cervical spinal cord following

incomplete thoracic injuries—express FGF22 in adulthood (Jacobi

et al, 2015). We show that targeted overexpression of this presynap-

tic organizer in subsets of spinal interneurons is sufficient to pro-

mote the formation of new synaptic contacts and thereby improve

circuit remodeling and functional recovery in the injured spinal

cord. Here, we specifically demonstrated the contribution of the

hindlimb motor cortex to the recovery of distinct aspects of motor

function using specific silencing with chemogenetics. Our results

demonstrate that the hindlimb motor cortex and its rewiring con-

tributes to part of the recovery of skilled paw placement following

spinal cord injury. It is likely that remodeling processes of many

supraspinal descending tracts and probably also of ascending sen-

sory tracts are required to explain the recovery of sensory-motor

function after injury.

It is now accepted that axonal plasticity at the lesion site and at

distant spinal and supraspinal locations occur in the injured adult

CNS, where they enable circuit rewiring and functional recovery

(Weidner et al, 2001; Bareyre et al, 2004; Girgis et al, 2007; Courtine

et al, 2008; Van Den Brand et al, 2012; Takeoka et al, 2014; Bradley

et al, 2019; Takeoka & Arber, 2019). These newly formed circuits

can be initiated spontaneously (Bareyre et al, 2004; Kerschensteiner

et al, 2004) and can be enhanced using manipulations that foster

axonal growth initiation (Yip et al, 2010; Bareyre et al, 2011;

Lang et al, 2013; Jack et al, 2018), neutralize plasticity restrictions

(Garc�ıa-Al�ıas et al, 2009; Engmann et al, 2020), and stimulate

activity-based rehabilitation (Van Den Brand et al, 2012; Shah

et al, 2013; Asboth et al, 2018; Bonizzato et al, 2021). Our study

demonstrates that a synaptogenic treatment approach delivered

before or up to 1 day after the injury can foster circuit formation fol-

lowing spinal cord injury. FGF22 is a target-derived organizer of

presynaptic differentiation that was shown to be critical for the

establishment of new excitatory synapses during development and

the organization of synapses in adulthood (Umemori et al, 2004;

Terauchi et al, 2010; Pasaoglu & Schikorski, 2016; Li et al, 2020). As

such, in adult mice, deletion of FGF22 was shown to trigger a

decrease in hippocampal excitatory synapses and causes a
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depression-like phenotype (Williams et al, 2016). Furthermore, abla-

tion of FGF22 in postsynaptic spinal interneurons or ablation of

FGF22 receptors in the presynaptic CST collaterals indicated that

FGF22 signaling important for the initial formation and maintenance

of new circuits in the injured spinal cord (Jacobi et al, 2015). Here,

we now show that this important endogenous regulator can also be

harnessed for therapeutic purposes. In this context, it is interesting

to note that not only contacts onto LPSN were increased but that a

broad range of spinal interneurons could, once transduced with

FGF22, attract additional CST synapses. This demonstrates the

potential of FGF22 in promoting postinjury synapse formation but

may also prompt us to be cautious regarding the development of

potential miswiring involving, for example, unlesioned tracts such

as the forelimb CST. Here, however, it is noteworthy that increased

contacts were only observed in the neurons that overexpress FGF22

and not their nontransduced neighbors. This indicates that the diffu-

sion of the secreted FGF22 is likely limited, maybe by binding to the

extracellular matrix, resulting in the existence of tissue gradients as

well-known, for example, for axon guidance molecules (Ch�edotal,

2019). The capability of FGF22 to attract contacts to defined neurons

can be further harnessed to selectively target the rewiring process to

defined neuronal circuits (as here demonstrated for CST-LPSN

detour circuits). Notably, the local release of FGF22 will not only

promote differentiation of synaptic boutons derived from hCST col-

laterals but also is very likely to also affect other supraspinal tracts

who run in the vicinity of FGF22 overexpressing neurons and may

enable them to contribute to postinjury circuit rewiring. In line with

this assumption, the chemogenetic silencing of the hindlimb motor

cortex we performed here indicates that part but not all the recovery

following FGF22 treatment is mediated by the hindlimb motor cor-

tex that encompasses the hCST.

Finally, it is important to note that FGF22 can have beneficial

effects beyond supporting circuit rewiring. It has been for examples

shown that FGF22 when delivered at the injury site immediately fol-

lowing spinal cord injury in mice can increase neuron survival,

improve tissue density, and prevent ER stress-induced apoptosis

(Zhu et al, 2020). This study thus demonstrates that local FGF22

delivery can support the survival of injured neurons at the site of

injury, while our approach now demonstrates that FGF22 can also

enhance the organization of synapses and the rewiring of healthy

cells remote from the injury site. Synaptogenic therapies, of course,

are in principle not restricted to FGF22 as a number of additional

presynaptic organizers such as neuroligin or WNT7a have been

identified (Hall et al, 2000; Scheiffele et al, 2000). In addition, most

effective results might ultimately be obtained by a combination of

different synaptogenic molecules as such molecules often act in con-

cert as shown for cerebellar mossy fibers where several presynaptic

organizers contribute to presynaptic differentiation (Hall et al, 2000;

Scheiffele et al, 2000; Jacobi et al, 2014). Interestingly, we demon-

strate that overexpression of FGF22 in all cervical excitatory relay

neurons does not only increase presynaptic differentiation in cervi-

cal CST collaterals but also increase motoneuron survival in the

lumbar cord. Although we could not detect an increase in contacts

onto surviving motoneurons from the projecting cervical excitatory

neurons, it is likely that more efficient contact formation between

cervical spinal interneurons transduced with FGF22 increases the

descending tonic input onto motoneurons, thereby enhancing their

survival and preventing their degeneration (Han et al, 2019).

The first day(s) after injury represent a window of opportunity
for FGF22 gene therapy

As our gene therapy approach is efficient to increase new circuit wiring

following SCI, we then determined when such an approach has to be

initiated to trigger functional recovery. We used the ladder rung test

(Metz & Whishaw, 2009; Jacobi et al, 2015; Loy et al, 2018; Aljovic

et al, 2022) which, among other parameters, provides a readout for

successful CST rewiring since constant step-length adaptations

requires supraspinal input (Liebetanz & Merkler, 2006). We demon-

strate that when delivered at the time of injury or within 1 day later

(1 dpi), gene therapy with FGF22 triggers a significant improvement in

CST-dependent stepping abilities in the irregular ladder rung test. Per-

formance in the regular ladder rung test showed a trend toward

improvement that, however, did not reach significance. This is in line

with previous observations demonstrating that rhythmic locomotion,

as the one necessary for the regular ladder rung test, is known to be

essentially under the control of spinal central pattern-generating net-

works, relying also on afferent cutaneous and proprioceptive feedback

(Pearson, 1995; Gerasimenko et al, 2010; Klarner & Zehr, 2018). The

findings that some improvement was observed here as well might indi-

cate that rewiring of local circuits is enhanced by FGF22 therapy as

well. Critically, however, all beneficial effects on ladder rung perfor-

mance were lost when the administration of the rAAV gene therapy is

delayed until 5-days postinjury.

This demonstrate the existence of a critical time window of

endogenous axonal remodeling after injury, during which therapeu-

tic intervention can influence the remodeling of new circuits and that

is likely specific to the mode of action of the therapy. Since the action

of FGF22 on the organization of the presynapse is relatively rapid at

least in vitro (Terauchi et al, 2016), it is likely that its therapeutic

action is primarily timed by the formation of new hCST collaterals

into the cervical cord that takes about 1–2 weeks to establish (Lang

et al, 2012). This time frame is likely to allow the overexpression of

an adequate amount of FGF22 and its action to organize the presy-

naptic boutons (Terauchi et al, 2016) if viral gene transfer is induced

shortly after the injury but not if treatment induction is delayed for

longer times (in our case 5 days). This is in line with previous stud-

ies that demonstrate that the success of spinal cord therapies either

pharmacological, cell-based, or rehabilitative that target circuit

rewiring critically depends on their timing (Van Den Brand

et al, 2012; Lang et al, 2013; Yu et al, 2013; Jacobi et al, 2015; Hilton

et al, 2016; Kadoya et al, 2016; Han et al, 2019; Brommer

et al, 2021). It would be interesting to explore whether the therapeu-

tic window of synaptogenic genes therapies could be extended by

combination with approaches that can re-open the critical window

for circuit plasticity (Pizzorusso et al, 2002; Carulli et al, 2010; More-

craft et al, 2016; Dum�enieu et al, 2021). While such an extended

therapeutic window would clearly further broaden the applicability

of synaptogenic gene therapies, it is noteworthy that a postinjury

window does appear to exist during which virus-based gene delivery

can still modulate the endogenous remodeling process.

In summary, we demonstrate here that synaptogenic treatments

like the viral delivery of FGF22 that promote the organization of the

presynapse can foster the plasticity of healthy supraspinal axons in

areas remote from the lesion and thereby contribute to recovery of

function. Given the broad range of acute, subacute, and chronic

neurological conditions in which synapse loss contributes to disease
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pathology, such synaptogenic treatment concepts could prove to be

of substantial biomedical relevance.

Materials and Methods

Mice

All animal procedures were performed according to the institutional

guidelines and were approved by the Government of Upper Bavaria

(animal protocol 55.2-1-54-2,532-135-15), and all the methods were

performed in accordance with the relevant guidelines and regula-

tions. Mice were maintained on a 12-h light/ 12-h dark cycle with

food and water ad libitum. Adult female C57Bl/6j and adult female

VGlut2-Cre (RRID:IMSR_JAX:016963) mice aged of 8–12 weeks at

the start of the experiment (Vong et al, 2011) were used for this

study. No sample size estimate was performed.

Plasmid design and virus production

pAAV-hSyn-DIO-FGF22-P2A-eGFP (rAAV-DIO-FGF22-P2A-eGFP)

was created by inserting p2a-eGFP sequence from pLentiCas9-p2a-

eGFP plasmid at the Ncol and BsrGI site of pAAV-hSyn-DIO-eGFP

backbone. The coding sequence for FGF22 was amplified from

pAAV-CMV-FGF22-ires2-hrGFP and inserted upstream of the P2a

sequence. P2a-eGFP fragment was amplified from pLentiCas9-p2a-

eGFP using the following primers: The forward primer (26-mer):

TCTCGTCTGGATCCGGCGCAACAAAC and the reverse primer (38-

mer): TATGGCGCGCCCTACTTGTACAGCTCGTCCATGCCGAG. The

coding sequence for FGF22 was amplified from pAAV-CMV-FGF22-

ires2-hrGFP plasmid by using the following primers: The forward

primer (36-mer): GTTATGCTAGCGCCACCCCGGGCGGATCC-

GAATTCG and the reverse primer (26-mer): CGGATCCAGACGA-

GACCAAGACTGGC. Three fragments were assembled by using

Gibson Assembly master mix (NEB E2611) according to the manu-

facturer protocol. Genomic titers were as following: rAAV-DIO-

FGF22-P2A-eGFP, 4.4 × 1010 genome copies/ml; rAAV-DIO-eGFP,

1.1 × 1011 genome copies/ml.

pAAV-CMV-FGF22-Ires2-hrGFP (rAAV-FGF22-Ires2-hrGFP) was

created by inserting an Ires sequence from pIres2-DsRed2 (BD Bio-

science) at the HincII site of pAAV-CMV-MCS. The coding sequence

for FGF22 was inserted upstream of the Ires sequence. Humanized

Renilla reniformis green fluorescent protein (hrGFP) was excised

and inserted downstream of the Ires sequence. The control pAAV-

CMV-hrGFP (rAAV- hrGFP) used was created by exchanging the

GFP sequence of the pAAV-CMV-GFP (a kind gift of Hildegard

B€uning; University of Cologne) with the same hrGFP sequence used

above. Recombinant AAV chimeric virions containing a 1:1 ratio of

AAV1 and AAV2 capsid proteins and the foreign gene were gener-

ated as previously described (Lang et al, 2013; Jacobi et al, 2015;

Bradley et al, 2019). Genomic titers were as follows: rAAV-FGF22-

Ires-hrGFP, 1.11 × 1012 genome copies/ml; rAAV-hrGFP, 1.1 × 1012

genome copies/ml.

Primary neuronal culture

We used postnatal day 1–3 vGlut2-Cre pups (The Jackson Labora-

tory) to dissect cortices. Enzymatic dissociation in 0.25% trypsin–

EDTA supplemented with 100 U ml�1 DNAse, for 10 min at 37°C,

was followed by mechanical dissociation. Cells were plated on poly-

D-Lysine coated glass in 24-well plates. Cultures were kept in a

37°C, 5% CO2 incubator in Neurobasal-A media supplemented with

0.5% penicillin/streptomycin, 0.5% B27 and 2 mM Glutamax. After

3 days in vitro, cells were infected with AAV2/1-hSyn-DIO-FGF22-

EGFP and AAV2/1-hSyn-DIO-EGFP (� 10,000 MOI). Media was

changed every 3 days. Neurons were fixed at 14 days in vitro.

Surgical procedures

For all surgical procedures, mice were anesthetized with an i.p.

injection of midazolam/medetomidin/fentanyl (Medetomidin

0.5 mg/kg, Orion Pharma; Midazolam 5.0 mg/kg, Ratiopharm; Fen-

tanyl 0.05 mg/kg, B.Braun) on a heating pad (38°C). For pain man-

agement, meloxicam (Metacam�, Boeringer Ingelheim) was

administered 6 h after antagonization and every 12 h for 72 h.

Thoracic dorsal hemisection
The skin over the vertebral column was incised, and the 8th tho-

racic vertebra was carefully exposed. A laminectomy was per-

formed, followed by a dorsal hemisection of the spinal cord with

fine iridectomy scissors as previously described (Loy et al, 2018;

Bradley et al, 2019). This lesion bilaterally transects the main dorsal

and minor dorsolateral corticospinal tract (CST), leaving the ventral

white matter intact.

Stereotactic labeling of the hindlimb motor cortex
To label the hindlimb corticospinal tract (CST) fibers in the nonse-

lective experiments, we pressure injected 1 ll of 10% biotinylated

dextran amin (BDA, in 0.1% phosphate buffer [PB], 10,000 MW,

Life Technologies) in the hindlimb motor cortex of each hemi-

sphere. Stereotactic injections were performed 14 days prior to sac-

rifice with a finely pulled glass micropipette connected to a syringe

at the following coordinates: �1.3 mm rostro-caudal, 1 mm lateral

from bregma and 0.6 mm depth. The micropipette remained in

place 3 min following the injection. In LPSN and vGlut experiments,

labeling of the hindlimb motor cortex was caried out using

rAAV8.hSyn.mCherry (Addgene, #114472-AAV8). 0.2 ll of the virus

was injected using the same coordinates that were used for BDA

labeling.

FGF22 overexpression in LPSNs
FGF22 was overexpressed in LPSN by pressure injection of 0.5 ll of
rAAV-DIO-FGF22-P2A-eGFP in the third/fourth cervical segment of

the spinal cord and injection of 0.4 ll of retrograde rAAV.hSyn.Cre

(Addgene, #105553-AAVrg) in lumbar (L1/2) region of the spinal

cord. The skin over the vertebral column at the 4th cervical vertebra

was carefully exposed and laminectomy was performed. The dura

was carefully removed, and rAAV-DIO-FGF22-P2A-eGFP was

injected bilaterally into the spinal cord at the following coordinates:

�0.4 mm from central vein and 0.9 mm depth. The same procedure

was performed for the injection of the control virus (rAAV-DIO-

eGFP). To express Cre recombinase in long propriospinal neurons,

we first exposed the skin over the first lumbar spinal segment and

performed laminectomy to expose the spinal cord. The dura was

carefully removed and retrograde rAAV.hSyn.Cre (Addgene,

#105553-AAVrg) was injected bilaterally into the spinal cord at the
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following coordinates: �0.3 mm from central vein and 0.8 mm

depth. After each virus injection, the capillary micropipette was left

in the spinal cord for 3 min and then carefully removed to prevent

any backflow. In the hindlimb motor cortex silencing experiment,

we overexpressed FGF22 in propriospinal neurons by systemic

blood injection of rAAV.PHP.eB.hSyn.DIO.FGF22.EGFP that has the

ability to cross the blood–brain barrier and infect all neurons (titer:

1 × 1012 vg/mouse). Cell specificity was achieved by retrograde

AAV.hSyn.Cre (Addgene, #105553-AAVrg) injection in lumbar 1/2

region of spinal cord (Titer: 7 × 1012 vg/ml; 1:1 dilution; 0.2 ll per
side). The virus was bilaterally injected into the spinal cord at the

following coordinates: �0.4 mm from central vein and 0.9 mm

depth. In this experiment, we used a PHP.eB systemic injection in

order to increase the number of propriospinal neurons infected by

targeting several segments of the cervical cord and obtain a behav-

ioral readout.

FGF22-specific overexpression in vGlut2 neurons
FGF22 overexpression in vGlut2 neurons is performed by injection of

0.5 ll of rAAV-DIO-FGF22-P2A-eGFP in the 4th segment of the cervical

spinal cord in vGlut2-Cre expressing mouse line (The Jackson Labora-

tory, #028863). In brief, the skin over the vertebral column at the 4th

cervical vertebra was exposed following with laminectomy. After care-

fully removing dura, the rAAV-DIO-FGF22-P2A-eGFP was injected

bilaterally into the spinal cord at the following coordinates: �0.4 mm

from central vein and 0.9 mm depth. The capillary micropipette was

left in the spinal cord for 3 min following the injection and then slowly

removed to prevent any backflow. For the control group, the same pro-

cedure was performed using the rAAV-DIO-eGFP virus.

Labeling of long propriospinal neurons (LPSNs) in the nonselective
overexpression experiment
Long propriospinal neurons were labeled by pressure injection of

0.5 ll of 2% Fluoro-GoldTM (Fluorochrome, LCC) in the first lumbar

spinal segments of the spinal cord (thoracic vertebral level T12)

9 day prior to sacrifice. The skin was incised, and the space

between the last thoracic and first lumbar vertebra was exposed.

The dura was carefully opened, and Fluorogold was injected bilater-

ally into the spinal cord (coordinates from central vein �0.6 mm,

0.8 mm depth). The capillary was left in place for 3 min after injec-

tion. rAAV-CMV-FGF22-hrGFP injection into the cervical cord were

performed at various time points: Pretreatment: 3 days before T8

hemisection; Acute post-treatment: T8 hemisection and rAAV-CMV-

FGF22-hrGFP injected at the same time; Therapeutic windows treat-

ment: rAAV-CMV-FGF22-hrGFP injected 24 h after T8 hemisection;

post-treatment: rAAV-CMV-FGF22-hrGFP injected 5 days after T8

hemisection. rAAV-CMV-FGF22-hrGFP transduced neurons, includ-

ing long propriospinal neurons but also a sizable fraction of glial

cells, in particular astrocytes (1/3 and 2/3 ratio respectively).

Silencing of hindlimb motor cortex
To silence the hindlimb motor cortex, we bilaterally injected rAAV-

hSyn-hM4D(Gi)-DREADD-mCherry (Addgene: #50475-AAV8; Titer:

7 × 1012 vg/ml). Stereotactic injections were performed 2 weeks

prior to behavioral testing with a finely pulled glass micropipette

connected to a syringe at the following coordinates: �1.3 mm

rostro-caudal, 1 mm lateral from bregma and 0.6 mm depth.

Clozapine-N-Oxide (CNO) was delivered ip at 1 mg/kg.

Tissue processing and IHC

Tissue processing
Brains and the cervical enlargement C3-C5 of the spinal cords were

dissected and postfixed overnight in PFA, then transferred to 30%

sucrose/PBS solution overnight. 30 lm thick coronal sections of the

cervical enlargement was cut using a cryostat, collected, and pro-

cessed free floating. To visualize CST collaterals, the BDA signal

was amplified by incubation with ABC Complex (Vector Laborato-

ries) overnight at 4°C. After a 30-min tyramide amplification

(Biotin-XX, TSA Kit #21, Life Technologies), sections were incubated

overnight with Streptavidin-conjugated Alexa Fluor 647 or

Streptavidin-conjugated Alexa Fluor 594 (1:500, Life technologies).

Immunohistochemistry
All primary antibodies were incubated at 4°C overnight. In cases

where rAAV-mediated expression of GFP was restricted to 7 days,

the GFP signal was amplified using an anti-GFP antibody (A11122;

Life Technologies) followed by a Goat Anti-Rabbit-488 secondary

antibody (Life Technologies; both 1:500). In order to characterizes

contacts onto interneurons, we stained with Rabbit anti-vGlut1

(1:500; Synaptic Systems, #135303), Rabbit anti-vGlut1/2 (1:500;

Synaptic Systems, #135503), Guinea pig anti-vGAT (1:1,000; Synap-

tic Systems, #131308), rabbit anti-Synapsin (1:500; Millipore), and

mouse anti-Basson (1:200; ENZO) antibodies. In order to label moto

neurons, we co-stained with rabbit anti-ChAT antibody (1:100;

Abcam, #ab178850) and NeuroTrace435 (1:200; ThermoFisher,

#N21479). Primary antibodies were diluted in 0.3% Triton 20 and

PBS. All secondary antibodies were kept for 2 h at room tempera-

ture with gentle shaking. Secondary antibodies used are as follows:

anti-rabbit AF647 (1:500; ThermoFisher, #A32795), anti-guinea pig

Cy3 (1:500; Jackson ImmunoResearch, #706-165-148), anti-guinea

pig AF633 (1:500; Sigma Aldrich, #SAB4600129).

Image acquisition and quantifications

All quantifications were performed by an observer blinded from

treatment and injury status. Samples were coverslipped with Vec-

tashield (Vector Laboratories). All imaging was performed at room

temperature. Automated confocal scanning was performed with a

FV10-ASW microscopy software on an upright Olympus FV1000

confocal microscope system and with a Leica SP8 system. We used

standard filter sets, and acquisition settings were kept constant

between control and treatment groups for each experiment. All anal-

ysis was performed blindly with respect to control and treatment

groups.

Quantification of exiting BDA labeled CST collaterals into the gray
matter
CST collaterals entering the cervical gray matter were imaged on a

FV1000 Olympus confocal microscope (UPLSAPO 20×O/0.85) and

counted on 10 consecutive z-stacks for each animals. The total

length of CST collaterals and branching was calculated and normal-

ized to the number of labeled CST axons. To correct for differences

in interanimal tracing efficiency, we normalized the number of col-

laterals by the number of labeled fibers in the white matter dorsal

column (from three sections) to express a ratio of exiting collaterals

per main CST fibers.
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Quantifications of boutons along CST collaterals
We used Leica SP8 system with HC PL APO 40×/1.30 Oil CS2

objective. Confocal images were first deconvolved using Huy-

gens (SVI). Deconvolution used a theoretical point spread func-

tion based on the optical properties of the imaging system. For

bouton density analysis, we used Imaris Software to quantify

area of CST collaterals, followed by the spot detection tool in

Imaris to quantify bouton number. Boutons were identified by

their brightness, size, and rounded shape profile in relation to

locally adjacent axonal structure. In particular, we defined bou-

tons as rounded structures about three times brighter (pixel

value) or at least about two times bigger (maximum Feret

diameter) than their adjacent collateral and we trained experi-

menter to assess such structures. To determine bouton density,

we divided the number of boutons by area of analyzed collat-

erals. To determine whether detected boutons are vGlut or

vGAT positive, we used a defined threshold for staining inten-

sity and spot detection tool in Imaris.

Contact analysis onto LPSN
For interneuron (LPSN and excitatory interneurons) imaging, we

used an inverted Leica SP8 system with HC PL APO 40×/1.30 Oil

CS2 objective. We used a 405 nm excitation laser with white light

laser (470–670 nm) to scan tissue sections. To collect fluorescence

emission, we used gated hybrid detectors and PMTs. In the LPSN

experiment, GFP+ cells were 3D reconstructed and rendered. Cell

surface then was masked on the CST channel, and contacts were

quantified using a spot detection tool. For vGlut and therapeutic

treatment experiment, the analysis was manually performed using

the Fiji Software. For the nonselective experiment, we used a

FV1000 confocal microscope with a 40× objective to image and ana-

lyze the proportion of contacts between LSPN and CST collaterals in

10 consecutive sections of the cervical spinal cord (level C3–C5).

The number of LPSN and of cervical interneurons contacted by CST

collaterals as well as the total number of LPSN labeled and the total

number of contacts were counted. The proportion of LPSN con-

tacted by CST collaterals was then calculated as the ratio of all LPSN

contacted by collaterals over the total number of LPSN. The number

of total contacts was also calculated and normalized according to

the number of labeled fibers in the main CST tract and labeled

LPSN.

Motoneuron analysis
Prior to any image analysis, all images were randomly renamed

using a custom-made script. This helped us minimize bias in the

analysis. Cell counting plugin in Fiji was used to manually quantify

the number of motoneurons. For vGlut quantification on motoneu-

rons, we used Imaris. First NeuroTrace+ and ChAT+ cells were iden-

tified, and 3D surfaces rendered. The surface was masked on vGlut+

channel. Finally, a spot detection tool in Imaris was used to quantify

the number of vGlut+ synapses.

Behavior analysis

Prior to behavioral testing, we habituated all animals on the

regular ladder rung. In this task, mice are asked to cross a 1-

m-long horizontal metal-rung runway with either regular gaps

of 1 cm (regular walk) or varying gaps of 1–2 cm (irregular

walk) between the rungs. One day before spinal cord injury,

we recorded animals performing regular and irregular ladder

rung tests. Mice had to perform three complete runs to be

used in the analysis. A hindlimb error was defined as a com-

plete miss or slip from the rung at the moment of the place-

ment of the paw onto the rung. After spinal cord injury, mice

were again tested at 14- and 21-day postinjury. In order to

have unbiased analysis, all videos were renamed, and number

of footfalls were quantified by two independent scientists. In

the hindlimb motor cortex silencing experiment, upon recovery,

mice were tested at 28-day postinjury followed by CNO (1 mg/

kg) injection. 30-min post-CNO injection, animals were tasted

again on the irregular ladder rung. We retested the mice after

24 h (Day 29) which represents at least a partial CNO washout

(Rogers et al, 2021).

Statistical analysis

In all figures, results are presented as mean � standard error

of mean (SEM). Statistical analysis and graphical data illustra-

tion were performed using GraphPad Prism 7 for Windows

(GraphPad Software). All data were tested for normality using

the D’Agostino-Pearson omnibus normality test. For parametric

data sets, we used unpaired t-test and for nonparametric data,

we used Mann–Whitney test. In order to analyze behavioral

outcomes, we were using repeated-measures ANOVA followed

by �Sidak’s multiple comparisons test. Statistical significance

levels are indicated as follows: *P < 0.05; **P < 0.01;

***P < 0.001.

The paper explained

Problem
There is to date no therapy that can prevent the devastating conse-
quences of spinal cord injury. While transected spinal axons are
unable to spontaneously regenerate for long distances, the rewiring of
neuronal circuits can enable functional recovery in the damaged cen-
tral nervous system. Here, we investigate whether promoting such cir-
cuit rewiring by viral gene therapy with FGF22, a presynaptic
organizer, can improve circuit plasticity and recovery of motor func-
tion following spinal cord injury.

Results
Here, we have targeted FGF22 gene therapy to either long propriospinal
neurons, all excitatory interneurons, or spinal neurons in general to
demonstrate differential effects on synapse formation and neuronal
rewiring. We further demonstrate that such FGF22 gene therapy can
also improve recovery of motor function after spinal cord injury. By ini-
tiating FGF22-targeted gene therapy at different postinjury time points,
we also demonstrate the temporal constraints of its application and
define a critical window for synaptogenic interventions.

Impact
Our study establishes that synaptogenic treatment strategies initiated
within the first day after the insult can improve circuit rewiring and
functional recovery following spinal cord injury. As synapse loss is a
common feature of many neurological conditions, we propose that it
is worthwhile to further explore the biomedical relevance of synapto-
genic treatment strategies.
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Data availability

All data and codes generated in this study are available from the

corresponding author upon reasonable request. This study includes

no data deposited in external repositories.

Expanded View for this article is available online.
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Figure EV1. Testing viral constructs in primary cortical neurons.

A, B Illustration of plasmid construct and double inverted cre-lox system for conditional FGF22 overexpression.
C qPCR quantification of Fgf22 overexpression in cultured HEK cells (n = 3 replicates per condition). Data are expressed as mean � SEM.
D Representative confocal images of in vitro cortical neurons from vGlut2-cre mice (green) infected with (left) rAAV-hSyn-DIO-EGFP and (right) with rAAV-hSyn-DIO-

FGF22-EGDP. Scale bar equals 20 lm.
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Figure EV2. FGF22 triggers motoneuron survival when delivered to vGlut-cre mice.

A Representative confocal images of ChAT-based motoneuron immunostaining (red).
B Quantification of motoneuron survival following FGF22 overexpression in excitatory neurons (left) and LPSN (right) (4–8 mice per group; green: unlesioned mice; gray:

lesioned mice treated with control virus and magenta: lesioned mice treated with FGF22 virus).
C (Left) Representative confocal images of motoneurons (red: ChAT staining and white: Neurotrace 435) and vGlut staining (yellow). (Right) 3D surface rendered in

Imaris Software, showing quantification of vGlut puncta on a motor neuron.
D Quantification of vGlut spots onto motoneurons, normalized to neuron surface area in LPSN experiment. Results are represented as percentage of control (n = 5–8

animals per group).
E Quantification of vGlut projections onto motoneurons. Results are represented as percentage of control (n = 4–5 per group).

Data information: *P < 0.05 and **P < 0.01. Unpaired t-test for panel (B) (unlessioned vs. control) and Mann–Whitney test for panel (B) (control vs. FGF22). Unpaired t-
test for panel (B) (LPSN experiment) and panels (D) and (E). Scale bar for (A) equals 50 lm and for (C) left 30 lm and for (C) right 5 lm. Arrowheads in (A) represent ChAT+

motoneurons. Arrowheads in (C) represent vGlut contact onto motoneuron. Data are expressed as mean � SEM.
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A Illustration of plasmid construct used for
therapeutic treatment.

B Representative images of plasmids tested in HEK
cells.

C Representative confocal images of long
propriospinal neuron retrogradely labeled with
FluoroGold (blue), FGF22 overexpression (green)
and CST collateral (white) contacting FGF22
overexpressing neuron.

Data information: Scale bar in (B) equals � 30 lm
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Figure EV4. Chemogenetic silencing of the hindlimb motor cortex demonstrates its contribution to functional recovery following spinal cord injury.

A Time line of the experiment in which FGF22 is overexpressed in long propriospinal neurons and silencing DREADDs are delivered to the hindlimb motor cortex.
B Confocal images of the DREADDs expressing neurons retrogradely labeled with AAV-Cre (Neurotrace: blue; Retrogradely labeled neurons: green; DREADD+ neurons:

red). Scale bar equals 100 lm.
C Longitudinal quantifications of mistakes in the irregular ladder rung at baseline, 3-day postinjury (dpi), 14 dpi, 28 dpi before CNO administration (green dots), 28 dpi

30 min after CNO administration (red dots) and 29 dpi (CNO washout; gray dots) and scheme of the ladder rung task.

Data information. ns: P > 0.05; *P < 0.05 and **P < 0.01. For general group difference one-way repeated-measures ANOVA was used. In order to assess recovery of indi-
vidual mice paired t-test was used (panel C).
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ARTICLE

A deep learning-based toolbox for Automated Limb
Motion Analysis (ALMA) in murine models of
neurological disorders
Almir Aljovic1,2,3,5, Shuqing Zhao 1,2,3,5, Maryam Chahin1,2,3, Clara de la Rosa1,2,3,

Valerie Van Steenbergen 1,2, Martin Kerschensteiner 1,2,4 & Florence M. Bareyre 1,2,4✉

In neuroscience research, the refined analysis of rodent locomotion is complex and cum-

bersome, and access to the technique is limited because of the necessity for expensive

equipment. In this study, we implemented a new deep learning-based open-source toolbox

for Automated Limb Motion Analysis (ALMA) that requires only basic behavioral equipment

and an inexpensive camera. The ALMA toolbox enables the consistent and comprehensive

analyses of locomotor kinematics and paw placement and can be applied to neurological

conditions affecting the brain and spinal cord. We demonstrated that the ALMA toolbox can

(1) robustly track the evolution of locomotor deficits after spinal cord injury, (2) sensitively

detect locomotor abnormalities after traumatic brain injury, and (3) correctly predict disease

onset in a multiple sclerosis model. We, therefore, established a broadly applicable auto-

mated and standardized approach that requires minimal financial and time commitments to

facilitate the comprehensive analysis of locomotion in rodent disease models.
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Research into neurological conditions often attempts to
uncover how the structural and functional deficits of
individual neurons and circuits relate to behavioral

outcomes1. Over the years, a number of elaborate tools based on
chemogenetics, optogenics, and connectomics have been designed
to manipulate and record the structure and function of individual
circuits and circuit elements2–6; nevertheless, a full understanding
of the consequences of such interventions can only be achieved
using refined behavioral analysis.

To this extent, a wide range of behavioral tests have been
developed that can detect specific aspects of behavior in a range of
neurological conditions7–9. Although such tests have substantially
improved our ability to selectively monitor deficits, for example in
motor function, the evaluation tools are still hampered by a
number of limitations. These include a lack of automatization,
which makes such tests both highly time-consuming or suscep-
tible to observer bias. For example, the use of the open field10 to
assess locomotor behavior in rodents requires two independent
investigators trained to distinguish between the subtle paw and
tail positions that could be prone to interpretation. Another
limitation is often the high costs of recording and analysis
equipment11, which often restricts access to a few specialized labs.
Such limitations also affect the evaluation of locomotion that
plays a central role in disease-related neuroscientific research, as
many common neurological conditions caused by trauma,
ischemia, or inflammation prominently affect walking abilities.

Unraveling the complexity of locomotion is best approached via
the generation of gait parameters based on the precise position of
the limbs. Since Hildebrand’s early description of the notion of
gait12, several tests have been designed to evaluate limb motion and
paw placement. Early work relied on collecting footprints13–15 from
an animal after inking the paws, but the data that could be retrieved
were often incomplete due to rapid drying of the ink, and analysis
was cumbersome to perform. Later systems, including the use of the
commercial automated Catwalk® system, which uses foot placement
to derive a range of gait parameters that reflect locomotion on a
static ramp, offered important improvements16,17. The Catwalk®

system has proven quite useful in the analysis of gait parameters in
rodents subjected to genetic manipulation or injuries18,19. However,
this system also has some limitations, as the tracking of light-furred
rodents can be difficult, and potential mistakes in the tracking of
footprints need to be manually corrected by the experimenter. In
addition, the system is static and does not allow the locomotion
speed to be controlled. The gait can also be recorded at variable
speeds while the animal is running on a treadmill using three-
dimensional video recordings coupled with a kinematic tracing
system15 or using the well-established motion-capture system
VICON with eight infrared cameras20–22. Both require reflective
markers to be manually and bilaterally attached at key joints (for
example, iliac crest, lateral malleolus, the tip of the toe, etc.), and use
of the latter system is further limited by the cost of the acquisition23.
Therefore, recent new advances have been made to improve and
facilitate locomotion tracking. A key step has been the development
of the DeepLabCut (DLC) method that provides a markerless
approach to labeling and tracking moving joints (DeepLabCut24)
and, thereby, facilitates the kinematic analysis of gait as well as arm
movements in animals and humans25–28. However, even this
approach requires substantial specialized expertise and processing
times to translate the limb coordinates into kinematic profiles and
parameters that quantify the distinct aspects of locomotion.

Here, we describe how we overcame this final challenge by
developing an open-source computational “toolbox”, Automated
Limb Motion Analysis (ALMA), which provides a fully auto-
mated and comprehensive analysis of locomotion and fine paw
placement in mice with minimal costs, time requirements, and
previous expertise. This toolbox which is based upon pose

estimation obtained from deep lab cut (DLC) and includes a
graphical user interface (GUI) with functionalities for automated
kinematic parameter computation and automated footfall detec-
tion, kinematic data analysis with random forest classification and
principal component analysis, and visualization of the gait kine-
matics. To make it amenable to as many users as possible, we
used only inexpensive equipment (custom-made ladders and a
commercial treadmill) and a single standard high-speed action
camera. We applied this toolbox to mouse models of common
traumatic and inflammatory diseases of the brain and spinal cord
to demonstrate its capability to robustly and sensitively monitor
the evolution of locomotor deficits in a broad range of neurolo-
gical conditions. Notably, our results show that such an auto-
mated comprehensive analysis can delineate the specific
parameters of the locomotor function that are best suited to track
injuries of the brain or spinal cord or are sensitive enough to
predict disease onset during the prodromal phase of a multiple
sclerosis model.

Results
Pipeline for automated limb motion analysis: DLC markerless
labeling, model training, and automated kinematic analysis
and footfall detection in mice. In this paper, we present a new
open-source toolbox for the analysis of gait kinematic parameters
of locomotion and fine paw placement in mice. To do so, we
focused on two behavioral tasks that were applied to mice:
walking on a treadmill (Fig. 1a) to determine gait kinematic
parameters and walking along ladders (Fig. 1b) with regularly or
irregularly spaced rungs to analyze fine paw placement. All tasks
were filmed with a GoPro 8 camera positioned parallel to and at a
fixed distance and angle from the treadmill and ladder. We used
DLC to perform markerless limb tracking of six hindlimb joints
(toe, metatarsophalangeal joint (MTP), ankle, knee, hip, and iliac
crest) for treadmill kinematic analysis, and of limb extremities for
the ladder rung paradigm. (Fig. 1a, b). For both analyses, we
focused only on the hindlimb trajectories.

We then trained the neural network model for body part
coordinate extraction For each behavioral paradigm, 2D body part
coordinates were obtained using a deep residual network model
(ResNet-50), which was trained and refined using DLC (Fig. 1a, b).
By choosing the most representative frames through k-means
clustering, we were able to obtain a finetuned deep residual network
model that can reliably detect body part coordinates using only up
to 450 manually labeled frames, as described in the methods. We
then performed automated kinematic analysis on the coordinate
data obtained from the treadmill task and extracted a selection of 44
kinematic parameters that best reflected the locomotion of the
hindlimbs according to the literature20,29, which could also easily be
expanded depending on the study goal. We grouped those
parameters into five main categories: joint angles, spatial variability,
the temporal feature of gait, limb endpoint trajectories, and
dragging (Fig. 1a and Supplementary Table 1). These parameters
could then be classified and compared using random forest and
principal component analyses (PCA) to extract the most important
parameters (Fig. 1a). Our toolbox also allows via a scree plot the
visualization of the percentage of explained variance for all
components of the PCA. For the ladder rung analysis, we
performed automated detection of hindlimb footfalls (Fig. 1b),
which were manually validated. Three parameters were then
extracted, the number, depth, and duration of footfalls (Fig. 1b).

Tracking locomotion after spinal cord injury with the ALMA
toolbox. We first tested the applicability of our toolbox for
analyzing overground locomotion following spinal cord injury
(SCI) (Fig. 2a). To do so, mice walking on a treadmill were
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recorded with a GoPro 8 camera (Fig. 2b), and we used DLC to
perform markerless labeling of the six hindlimb joints as descri-
bed above (Fig. 2c and Supplementary Video 1). The ALMA
toolbox then automatically detected the treadmill speed and
adjusted the body part coordinates accordingly. The adjusted
body part coordinate data were then used to extract stride onsets
and offsets, as well as to distinguish the stance and swing phases
(Fig. 2d and Supplementary Fig. 1). This procedure enabled

automated kinematic parameter extraction for each stride
(Fig. 2d). We validated the reliability of the extracted data with
baseline recordings to check the reproducibility of the 44 para-
meters measured. To do so, we tested and re-tested mice on
consecutive days on the treadmill task at baseline (e.g., before
injury), and we found that reliability was excellent for all para-
meters measured (Fig. 2e; r= 0.9985, P < 0.0001, Pearson’s cor-
relation) between the initial test and the re-test conditions.

Fig. 1 Automated behavioral analysis using ALMA toolbox. a Schematic of ALMA toolbox application to treadmill recordings for the generation of gait
kinematic parameters. First, treadmill videos were recorded with a GoPro 8 camera placed parallel to the treadmill. Then, markerless limb labeling and
modeling was trained and refined using ResNet-50 and DeepLabCut (DLC) and coordinates were extracted. Coordinates were tracked for six hindlimb
joints (toe, metatarsophalangeal (MTP) joint, ankle, knee, hip, and iliac crest) in the treadmill kinematic paradigm, and the coordinates were processed
using the toolbox to generate hindlimb trajectories. This allowed the generation of 44 kinematic parameters that represented joint angles, spatial variability,
limb endpoint trajectories, temporal features of gait, and dragging. Data processing was conducted in ALMA to obtain principal component analysis and
random forest classification of the parameters. b Schematic of ALMA toolbox application to the ladder rung recordings for the generation of footfall
parameters. First, ladder rung videos were recorded with a GoPro 8 camera placed parallel to the ladder. Then, markerless limb labeling and modeling was
trained and refined using ResNet-50 and DLC, and coordinates were extracted. Coordinates could be tracked for all four paws. The toolbox used the
automated footfall detector to extract limb tracing and footfall detection. The on- and off-set of locomotor errors (footfalls) were estimated using signal
processing methods and subjected to manual validation. Three parameters, the number, depth, and duration of the footfalls, were extracted. Px pixels.
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For the SCI experiment, we used mice that were first tested in the
Basso Mouse Scale (BMS)10 and showed at least one point of
recovery over time (BMS score baseline 9 ± 0; BMS score 3 days
post-injury (dpi) 3.86 ± 1.08 and BMS score 21 dpi 6.29 ± 0.81).
We then analyzed the treadmill recordings collected before spinal
cord injury and at 3 and 21 days following SCI in these mice and
generated the adjusted hindlimb trajectories (Fig. 2f). Those tra-
jectories were profoundly altered in SCI mice at 3 days post-
injury (dpi) but had partially recovered by 21 dpi (Fig. 2f). We
applied random forest classification to the data for the animals
based on the 44 extracted parameters, and we could predict the
injury status to a 98% accuracy when we compared baseline to
animals at 3 dpi, and the recovery status to a 94% accuracy when
we compared 3 dpi to 21 dpi animals. The step height, knee joint
flexion, and knee joint extension showed the highest Gini

impurity-based feature importance (Fig. 2g). We then compared
the gait of the mice before and after spinal cord injury using
principal component analysis of our 44 kinematic parameters and
determined that the data for injured mice at 3 dpi clustered
separately from those of the mice at baseline, while mice at 21 dpi
were clustered in between, again indicating incomplete recovery
of locomotor function (Fig. 2h). PC1 and PC2 together repre-
sented 58% of the variance, with PC2 better reflecting the
between-group differences (Fig. 2h). After calculating the factor
loadings, we identified three parameters that best-represented
PC2 and were, thus, most likely to track SCI-related differences
(Fig. 2h). Step height, knee joint extension, and dynamic time
warping (DTW) demonstrated significant alterations at 3 dpi,
and recovered over time until they were no longer significantly
different from baseline (Fig. 2h and Supplementary Table 2).
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Our analysis thus suggests that these kinematic parameters are
best suited to monitor locomotor deficits resulting from an
incomplete spinal cord injury. In addition, we validated a subset
of kinematic parameters by manually labeling the different joints
and the onset of step cycle detection, and found no significant
differences with the parameters obtained through the automatic
method (Supplementary Fig. 2). Importantly, those changes are
specific of SCI as our toolbox could not pick up any gait kine-
matic changes following sham injury (Supplementary Fig. 3).

Tracking skilled paw placement after spinal cord injury with
the ALMA toolbox. While overground locomotion strongly
depends on the function of intraspinal circuits, skilled paw pla-
cement requires supraspinal input and is, thus, commonly used to
assess the regeneration and remodeling of descending motor
tracks, including corticospinal projections. We, therefore, asses-
sed whether the ALMA toolbox could also be used to monitor
skilled paw placement following spinal cord injury (Fig. 3a). To
this end, we recorded mice walking on a horizontal ladder with
regularly or irregularly spaced rungs. Similar to the overground
locomotion experiment, all videos were recorded using a single
GoPro 8 camera, and we used DLC to perform markerless
labeling of the hind paws (Fig. 3b and Supplementary Video 2).
We then applied ALMA to determine footfall characteristics with
a peak detection algorithm (Fig. 3c, d and Supplementary Fig. 4).
The parameters extracted from ALMA showed that spinal cord
injury caused an increase in the mean number and depth of
footfalls at 3 dpi, while the mean duration of the footfalls was
only slightly increased, for the ladder with regularly spaced rungs
(Fig. 3e). Those parameters remained altered over a prolonged
period so that they remained different from baseline at 21 dpi
(Fig. 3e). Similarly, in the ladder with irregular rungs experiment,
the mean number of footfalls and duration of footfalls were found
to increase at 3 dpi and remained elevated till 21 dpi. However,
the mean number of footfalls significantly recovered from 3 to 21
dpi. The mean depth of footfalls was, in this case, unchanged
throughout the study period (Fig. 3f). We also calculated the total
duration and total depth of the footfalls on the ladders with
regularly and irregularly spaced rungs and observed a significant
increase in the total depth and total duration at 3 dpi and 21 dpi
(Fig. 3g). Finally, we compared the ALMA automated detection of
the number of footfalls using a deviation algorithm with (i) the
semi-automatic detection (that includes a manual correction
provided by the GUI) and (ii) a fully manual count of the

mistakes. In both cases, we found a highly significant correlation
(Fig. 3h) confirming that the ALMA toolbox can provide precise
quantification of skilled paw placement. While there is a slight
overestimation through the fully automated detection (see
“Methods”), the fully manual quantification and the semi-
automated quantifications with ALMA are similar (Fig. 3h).

The ALMA toolbox can reveal behavioral consequences of
traumatic brain injury. Next, we wanted to determine whether
our toolbox, which was initially designed to reveal motor
abnormalities related to spinal cord pathology, was also capable
of detecting the locomotor changes induced by neurological
conditions primarily affecting the brain. This is of particular
importance for traumatic brain injuries, as it has often been
challenging to detect and reliably quantify motor deficits arising
from such insults, in particular in the acute injury phase30,31.
We, therefore, induced moderate brain injury in mice using a
traumatic brain injury (TBI) impactor and recorded the loco-
motion and paw placements of mice walking on the treadmill
and ladders, respectively, before and 1 day and 10 days after
traumatic brain injury (Fig. 4a). We applied the ALMA toolbox
as described above and initially analyzed the treadmill record-
ings (Fig. 4b, c). The findings showed that the limb trajectories
were strongly affected at 1 dpi and had partially recovered by 10
dpi (Fig. 4d). We applied random forest classification to all
animals at baseline and 1 dpi based on the 44 extracted para-
meters, and we were able to demonstrate the parameters with
the highest Gini impurity-based feature importance (step
height, hip joint, hip joint amplitude, and hip joint flexion) and
predict the injury status with 83% accuracy. This indicates that
our toolbox makes it possible to robustly detect even the subtle
locomotor changes induced by a moderate TBI (Fig. 4e). We
then used principal component analysis to reduce the dimen-
sionality of our data and determine the individual movement
parameters that best identified differences between the groups.
We found that data for mice at baseline clustered closer to the
data for the mice at 10 dpi than to those at 1 dpi, indicating that
the injury and recovery effects can be ascertained based on the
kinematic parameters (Fig. 4f). As PC1 represented almost 40%
of the variance, we plotted the principal component analysis
scores and demonstrated the above-mentioned effects at 1 dpi
(Fig. 4f). Based on PC1, we identified the top three parameters
that contributed to the differences: step height, stride length,
and DTW distance. These parameters showed significant

Fig. 2 ALMA analysis of gait changes in spinal cord injured mice tested on the treadmill. a Timeline of the traumatic spinal cord injury (SCI) experiment.
b Schematic of the treadmill system used to record the behavior of mice during the SCI experiment. c Schematic of DeepLabCut (DLC) markerless joint
labeling. Six joints were labeled: iliac crest, hip, knee, ankle, metatarsophalangeal joint (MTP), and toe. d Representation of hindlimb trajectories (left panel)
before the adjustment in ALMA (top; green, swing; gray, stance) and after adjustment with ALMA (bottom; green, swing; gray, stance). Note, that after
adjustment, swing and stance were efficiently separated. Representation of automatic stride extraction from the toe coordinates and frame number (right
panel). e Quantification of parameter reliability; baseline data were tested and re-tested and demonstrated a high correlation coefficient (r= 0.9985,
P < 0.0001; Pearson’s correlation coefficient). f Photographic images (top) of mice running on the treadmill showing the markerless labeling of hindlimb
joints using DLC at baseline, 3 dpi, and 21 dpi, and hindlimb trajectories for baseline (cyan), 3 dpi (fuchsia), and 21 dpi (orange). g Random forest
classification (RFC) of 44 parameters extracted from the ALMA toolbox for the analysis of gait following spinal cord injury and accuracy injury status
prediction based on the 44 parameters using confusion matrices for 3 dpi vs. 21 dpi (Gini impurity-based feature importance for RFC: knee joint extension,
0.125; knee joint flexion, 0.112; step height, 0.097. RFC prediction accuracy: baseline vs. 3 dpi 98% and 3 dpi vs. 21 dpi 94%, tested in n= 84–92 step
cycles). h Principal component analysis of data obtained on the treadmill and processed with the ALMA toolbox for spinal cord injury, and plot of scores of
PC2 that represent 22.3% of the variability (principal component analysis, PC1 36.1%, PC2 22.3%, repeated-measures one-way ANOVA followed by
Tukey’s test; baseline vs. 3 dpi [P= 0.022]; baseline vs. 21 dpi [P= 0.920], 3 dpi vs. 21 dpi [P= 0.044]; n= 7). i Quantitative evaluation of parameters
associated with PC2, such as step height, knee joint extension, or dynamic time warping (DTW) y plane, at baseline, 3 dpi, and 21 dpi. Repeated-measures
one-way ANOVA followed by Tukey’s test was used to analyze knee joint extension (baseline vs. 3 dpi, P= 0.005; baseline vs. 21 dpi, P > 0.999; 3 dpi vs.
21 dpi, P= 0.005; n= 7), Friedman and Dunn tests were used for DTW y plane (baseline vs. 3 dpi, P= 0.004; baseline vs. 21 dpi, P > 0.999; 3 dpi vs. 21 dpi,
P= 0.049; n= 7), Repeated-measures one-way ANOVA followed by Tukey’s test was used to analyze step height (baseline vs. 3 dpi, P= 0.063; baseline
vs. 21 dpi, P= 0.012; 3 dpi vs. 21 dpi, P > 0.999; n= 6). In all panels, data are presented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001. Px pixels.
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changes at 1 dpi and later recovery at 10 dpi, indicating that our
toolbox can also detect changes in locomotion following brain
lesions (Fig. 4g and Supplementary Table 3).

We then analyzed the ladder task recordings using the ALMA
toolbox (Fig. 4h). We extracted the three footfall parameters
described previously and demonstrated that mice with brain

injuries displayed an increased number of footfalls in the regular-
rung ladder task, which returned to baseline at 10 dpi (Fig. 4i). In
contrast, the irregular-rung ladder performance was unaffected by
moderate traumatic brain injury. Taken together, these results
indicate that the ALMA toolbox can be applied to assess
neurological conditions of the brain and is capable of sensitively
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tracking both alterations in locomotor kinematics and foot
placement after TBI.

The ALMA toolbox can monitor disease symptoms and predict
disease onset in a multiple sclerosis model. Finally, we sought to
investigate the applicability of our toolbox for assessing neuro-
logical conditions with a less predictable disease course, such as
those caused by CNS inflammation. Therefore, we induced a
commonly used mouse model of multiple sclerosis, experimental
autoimmune encephalomyelitis (EAE), by immunizing mice with
the myelin oligodendrocyte glycoprotein (MOG). We then
recorded the locomotion of the mice on the treadmill at baseline,
disease onset (defined as the first day with clinical symptoms),
disease peak (3 or 4 days after onset), and recovery (10 or 11 days
after onset; Fig. 5a, b). As expected, as the disease progressed, the
mice developed ascending paresis and paralysis that strongly
altered their hindlimb trajectories at the peak of the disease (and
precluded the use of the ladder tests). While the hindlimb tra-
jectories recovered slightly over the next few days, they remained
clearly distinct from the baseline pattern (Fig. 5c). The principal
component analysis confirmed that the data formed distinct
clusters at the onset, peak, and recovery of disease compared to
baseline (Fig. 5d). As PC1 represented 76.1% of the variability, we
plotted the scores in PC1 to recapitulate the evolution of motor
systems (Fig. 5e) and extracted the key parameters clustering with
PC1. Those parameters (stride length, stride height, toe–crest
distance, and dragging percentage) all showed significant changes
at the peak of the disease and tended towards a later recovery,
indicating that our toolbox is well suited to monitoring the
locomotor alterations resulting from the formation and resolution
of inflammatory lesions (Fig. 5f and Supplementary Table 4).

We next examined whether this refined analysis of locomotion
kinematics is sufficiently sensitive to pick up the prodromal stages
of the disease, which are not apparent in classical EAE scoring
(based on simple observations of mouse mobility). In this context,
we were particularly interested in whether we could detect the
more subtle locomotor alterations associated with the initial
formation of the lesions, which can predict the subsequent onset
of overt disease symptoms (defined as the first day of detectable
symptoms in the EAE score; often seen as tail paralysis). This
would be useful, as it is often important to precisely initiate
interventions, e.g., pharmacological treatment, when CNS lesions

first start to form, as, once initiated, the CNS inflammatory
process can self-perpetuate. Therefore, we used the ALMA
toolbox to analyze the treadmill recordings starting 3 days prior
to disease onset (defined by the EAE score). Using random forest
classification, we found we could predict whether and when the
mice would subsequently show EAE symptoms with 75%
accuracy 3 days before onset, with 78% accuracy 2 days before
onset, and with 86% accuracy 1 day before onset (Fig. 5g). This
illustrated the ability of our toolbox to accurately predict whether
an immunized mouse will develop overt disease symptoms in the
prodromal disease phase and even predict the day of onset. This
renders the initial formation phase of CNS lesions amenable
to study.

Discussion
The quantitative assessment of locomotor performance is critical
in the analysis of physiological gait patterns and their perturba-
tions in neurological diseases. Conventional evaluation strategies
often rely on resource-intensive and time-demanding observation
and analysis setups. Together with the specialized expertise
required to operate these setups, these demands currently prevent
the broad application of refined locomotor analyses in basic and
clinical neuroscience. In this study, we used deep-learning stra-
tegies to implement ALMA, an open-source toolbox that facil-
itates refined analysis of overground locomotion and skilled paw
placement at a fraction of the cost of specialized behavioral set-
ups. ALMA is fully automated, saving time and preventing
observer bias, and it can be used without previous expertise
through its user-friendly interface. Therefore, ALMA makes a
comprehensive analysis of locomotion accessible to every research
group interested in revealing the behavioral consequences of
nervous system dysfunction and disease.

The use of machine-learning approaches to the study of behavior
in both rodents and humans has dramatically increased in the last 5
years24–27,32. An important step in this process was the develop-
ment, by Mathis and colleagues, of a markerless method (DLC24) to
label the joints and follow their motion reliably over time. Here, we
made use of this method to mark important joints in mice and
import the DLC coordinates to track locomotion and fine paw
placements. Alternatively, our toolbox can also be efficiently used
with coordinates generated through other techniques, such as
VICON, the newly published DANNCE28 methods or any other

Fig. 3 ALMA analysis of fine paw placement in spinal cord injured mice in the ladder rung test. a Timeline of the traumatic spinal cord injury experiment.
b Schematic of the ladder rung system used to record the fine paw placement of mice during the spinal cord injury experiment indicating the DeepLabCut
(DLC) markerless paw labeling (yellow, red, dark blue and light blue dots). c Photographic image of a mouse running on the treadmill showing the
automatic detection of footfall, as predicted in time and space by the toolbox. d Automated detection algorithm used to predict footfalls in space and time.
e Quantitative parameters extracted from ALMA for the regular walk showing the mean number, mean depth, and mean duration of footfalls for all time
points (cyan, baseline; purple, 3 dpi; and orange, 21 dpi). Repeated one-way ANOVA followed by Tukey’s test was used to the analyze the regular ladder
rung results (mean no. footfalls, baseline vs. 3 dpi [P= 0.0002], baseline vs. 21 dpi [P= 0.021], 3 dpi vs. 21 dpi [P= 0.223]; mean depth, baseline vs. 3 dpi
[P= 0.003], baseline vs. 21 dpi [P= 0.013], 3 dpi vs. 21 dpi [P= 0.612]; and mean duration, baseline vs. 3 dpi [p= 0.053], baseline vs. 21 dpi [P= 0.131], 3
dpi vs. 21 dpi [P= 0.838]; n= 6). f Quantitative parameters extracted from ALMA for the regular walk showing the mean number, mean depth, and mean
duration of footfalls for all time points (cyan, baseline; purple, 3 dpi; and orange, 21 dpi). Repeated one-way ANOVA followed by Tukey’s test was used to
the analyze the irregular ladder rung results (mean no. footfalls, baseline vs. 3 dpi: [P < 0.0001], baseline vs. 21 dpi [P < 0.0001], 3 dpi vs. 21 dpi
[P= 0.002]; mean depth, baseline vs. 3 dpi [P= 0.745], baseline vs. 21 dpi [P > 0.999], 3 dpi vs. 21 dpi [P > 0.999]; and mean duration, baseline vs. 3 dpi,
P= [0.028], baseline vs. 21 dpi [P= 0.028], 3 dpi vs. 21 dpi [P > 0.999]; n= 6). g Quantitative evaluation of the total depth and total duration of footfalls
for all time points (cyan, baseline; purple, 3 dpi; and orange, 21 dpi). Repeated one-way ANOVA followed by Tukey’s test was used to analyze total footfall
depth on regular ladder rungs (baseline vs. 3 dpi, P= 0.0047; baseline vs. 21 dpi, P= 0.043; and 3 dpi vs. 21 dpi, P= 0.175; n= 6), total depth on irregular
ladder rungs (baseline vs. 3 dpi, P < 0.0001; baseline vs. 21 dpi, P < 0.0001; 3 dpi vs. 21 dpi, P= 0.0039; n= 6), total duration on regular ladder rungs
(baseline vs. 3 dpi, P= 0.0042; baseline vs. 21 dpi, P= 0.173; 3 dpi vs. 21 dpi, P= 0.101; n= 6), and total duration on irregular ladder rungs (baseline vs. 3
dpi, P < 0.0001; baseline vs. 21 dpi, P= 0.004; 3 dpi vs. 21 dpi, P= 0.041; n= 6). h Correlation between the ALMA automatic detection of the number of
footfalls using the deviation algorithm and a fully manual detection (left panel; r= 0.9845, P < 0.0001; Pearson’s correlation coefficient) and between the
ALMA semi-automatic detection of the number of footfalls using the deviation algorithm and a fully manual detection (left panel; r= 0.9989, P < 0.0001;
Pearson’s correlation coefficient). In all panels, data are presented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001. Px pixels, dpi days post-injury.
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excellent pose estimation platforms such as SLEAP (sleap.ai33),
MARS34, and DeepPoseKit35.

To translate these limb and joint coordinates into locomotor
patterns on a treadmill or horizontal ladder and to subsequently
extract the parameters of gait and footfall, we used model train-
ing. In healthy mice, this allowed us to define a list of 44 hindlimb
parameters— validated with almost perfect re-test reliability
(r= 0.9985)—that best represent gait features but can also be
increased or made more comprehensive to meet one’s needs. It is
remarkable that this highly robust kinematic analysis can not
only be achieved with a fully automated analysis pipeline but also
that it can be achieved with the use of an affordable single-action
camera. Particularly as, to date, scientists have had to rely on the
use of high-end cameras and software modules to manually
extract gait cycles and parameters in the analysis of kinematic
behavior. Previous techniques came with several pitfalls, includ-
ing high software costs, limited troubleshooting support, and
cumbersome and time-consuming post-experimental processing.
In contrast, the ALMA toolbox simply requires the import of
DLC output using a GUI and allows the extraction of the final
gait kinematic parameters. Another important aspect of our

approach is that the ALMA toolbox allows the tracking of loco-
motor patterns based on side-view camera recordings, which,
while harder to model, provide much more gait parameters
compared with the bottom-view recordings used in the catwalk
approach or in recent automated approaches19,27. As demon-
strated here, 2D side-view tracking and analysis provides
important information on each joint angle, step height, and body
support, which is missing in top- or bottom-view recordings of
gait analysis.

In addition to kinematic analysis, the ALMA toolbox offers the
first automated analysis of the number, duration, and depth of
footfalls on regularly and irregularly spaced ladder rungs. This is
an important improvement for those investigating skilled paw
placement, as it replaces a cumbersome analysis protocol that had
to be performed frame by frame36,37. The analysis of skilled paw
placement is complementary to the obtention of kinematic
parameters, as it provides a readout of the damage and recovery
of supraspinal circuits18,38. Finally, it should be noted that while
we focused our analysis on both the gait and footfall aspects of
mouse hindlimb movements, the ALMA toolbox should (with
minor modifications) be equally suitable for the analysis of

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03077-6

8 COMMUNICATIONS BIOLOGY |           (2022) 5:131 | https://doi.org/10.1038/s42003-022-03077-6 | www.nature.com/commsbio

www.nature.com/commsbio


forelimb function, forelimb–hindlimb coordination, or the
tracking of locomotor function in larger rodents such as rats.

We further showed that the ALMA toolbox can be applied to a
range of neurological conditions and enables the automated
tracking of locomotor deficits in mice with traumatic and
inflammatory injuries of the brain and spinal cord. Using spinal
cord injury models, we confirmed that tracking of locomotor
deficits is robust, as demonstrated by the high reproducibility and
the correct prediction of injury status. As spinal cord injuries lead
to pronounced locomotor deficits, a large number of studies have
used behavioral testing strategies to assess the functional out-
comes of genetic or therapeutic modulations20,21,39–45. Impor-
tantly, using ALMA, we find profound disturbances in gait and
fine paw placement at acute time points following incomplete
spinal cord injury and demonstrate a recovery at more chronic
time points. This is similar to previous reports that use similar
spinal cord injury models18,20,29,38,46,47. The application of the
ALMA toolbox in such models should both improve the relia-
bility of the analysis (as observer and selection biases are
removed) and provide a more refined view of locomotor dis-
turbance and recovery, as it allows the operator to precisely
determine which component or components of locomotor func-
tion are regulated by a specific circuit modulation or therapeutic
intervention.

The locomotor deficits observed after spinal cord injury are
pronounced compared with the less obvious deficits resulting
from mild-to-moderate brain injuries. It has often been challen-
ging to detect and reliably monitor locomotor deficits following
such brain injuries in mice, particularly in the early phase when
the effects are subtle30,31. Our findings showed that the kinematic
tracking of gait parameters, in particular, step height, stride
length, and DTW (which measures the similarity between two
step sequences), allowed us to sensitively reveal both the emer-
gence of locomotor deficits (1 day after injury) and their recovery
(by 10 days after injury). Interestingly, while pronounced
abnormalities of locomotion were observed at the initial record-
ing after injury, the animals later recovered a movement pattern
almost identical to the pattern observed at baseline. This is clearly
distinct from the comparably incomplete recovery process
observed after spinal cord injury and may indicate that the per-
sistence of intraspinal circuits is critical for re-establishing the

“original” physiological movement pattern, while the reorgani-
zation of intraspinal (but not supraspinal) circuits results in a
compensatory adaption of the movement pattern.

In comparison to studies of the injured brain and spinal cord,
only a few attempts have been made to apply refined behavioral
testing to models of inflammatory CNS damage, such as the EAE
model48–50. One limitation has been, that, due to the dis-
seminated nature of inflammatory infiltration, which results in
variable neuronal tracking systems being affected in different
mice, inter-individual differences in the pattern of locomotor
changes are to be expected. For this purpose, targeted EAE
models have been developed that allow inflammatory lesions to
be directed to a predetermined anatomical location in the brain or
spinal cord51–53. However, the stereotactic injection procedure
required for the induction of such models limits their application,
e.g., for studying disease initiation. Here we were able to show
that the comprehensive kinematic analysis generated by the
ALMA toolbox allows for the refined monitoring of locomotor
deficits, even in classical disseminated EAE models. While such
locomotor symptoms can also be tracked by the classical EAE
scoring scale, which is based on visual inspection of the walking
abilities of mice, kinematic analysis provides a number of
advantages. First, the ALMA toolbox allows for fully automated
and standardized analyses, removing observer bias and, thereby,
making behavioral assessments more comparable between dif-
ferent observers and labs. Second, it stands to reason that the
quantitative assessment of 44 distinct gait parameters should be
more sensitive to differences in locomotor function compared
with visual inspection. This is particularly important when eval-
uating the behavioral consequences of therapeutic manipulations
targeting neuronal protection and repair54 that are expected to
lead to more subtle changes in locomotor function. Third, and
related to the latter, our current analysis showed that the ALMA
toolbox is able to accurately predict the onset of overt motor
symptoms up to 3 days before the onset of disease can be detected
by conventional EAE scoring. This indicates that even subtle
motor symptoms that arise during this stage55, which are pre-
sumably related to the formation of the first CNS lesions, can be
detected by the ALMA toolbox. Our toolbox thus facilitates stu-
dies of the prodromal stage of the disease and its targeted mod-
ulation by therapeutic interventions.

Fig. 4 ALMA monitoring of gait changes and differences in fine paw placement in brain-injured mice. a Timeline of the traumatic brain injury
experiment. b Schematic of the treadmill system used to record the behavior of the mice during the traumatic brain injury experiment. c Photographic
images of the mice running on the treadmill showing markerless labeling of hindlimb joints using DeepLabCut (DLC) at baseline. d Hindlimb trajectories for
baseline (top, cyan), 1 dpi (middle, purple), and 10 dpi (bottom, orange). e Random forest classification (left) of the 44 parameters extracted from the
ALMA toolbox for the analysis of gait following traumatic brain injury, and confusion matrix (right) for determining prediction accuracy of the injury status
based on the 44 parameters (Gini impurity-based feature importance for RFC: hip joint, 0.061; step height, 0.059; hip joint amplitude, 0.056; hip joint
flexion, 0.047: RFC prediction accuracy: baseline vs. 1 dpi 83%; tested in n= 282–481 step cycles). f Principal component analysis of data obtained from
the treadmill task and processed with the ALMA toolbox, and plot of PC1 scores that represent 37.8% of the variability and associated factor loadings
(principal component analysis, PC1 37.8%, PC2 14.7%; repeated one-way ANOVA followed by Tukey’s test, baseline vs. 1 dpi [P= 0.012], baseline vs. 10
dpi [P= 0.665], 1 dpi vs. 10 dpi [P= 0.014]; n= 6). g Quantitative evaluation of factors associated with PC1, i.e., step height, stride length, and dynamic
time warping (DTW) distance, at baseline, 1 dpi, and 10 dpi. Repeated one-way ANOVA followed by Tukey’s test was used to analyze step height (baseline
vs. 1 dpi, P= 0.0095; baseline vs. 10 dpi, P= 0.730; 1 dpi vs. 10 dpi, P= 0.033; n= 6), stride length (baseline vs. 1 dpi, P= 0.0214; baseline vs. 10 dpi,
P= 0.855; 1 dpi vs. 10 dpi, P= 0.0517; n= 6), and DTW distance (baseline vs. 1 dpi, P= 0.001; baseline vs. 10 dpi, P= 0.9943; 1 dpi vs. 10 dpi, P= 0.0012;
n= 6). h Schematic of the ladder rung system used to record the behavior of mice during the traumatic brain injury experiment, and photographic images
of a mouse running on the treadmill showing markerless labeling of hindlimb paws using DLC at baseline and showing the algorithm detection of footfall.
i Quantitative evaluation of three parameters extracted from ALMA for footfalls at baseline, 1 dpi, and 10 dpi. Friedman followed by Dunn’s test was used to
analyze the regular ladder rung mean no. footfalls (baseline vs. 1 dpi, P= 0.0315, baseline vs. 10 dpi, P= 0.2557; 1 dpi vs. 10 dpi, P= 0.1583), mean depth
(baseline vs. 1 dpi, P= 0.1299; baseline vs. 10 dpi, P= 0.0628; 1 dpi vs. 10 dpi, P > 9999), and mean duration (baseline vs. 1 dpi, P > 0.9999; baseline vs. 10
dpi, P > 0.9999; 1 dpi vs. 10 dpi, P > 9999; n= 6) and the irregular ladder rung mean no. footfalls (baseline vs. 1 dpi, P= 0.3371; baseline vs. 10 dpi,
P= 0.9370; 1 dpi vs. 10 dpi, P > 0.9999; n= 6), mean depth (baseline vs. 1 dpi, P= 0.0534, baseline vs. 10 dpi, P > 0.9999; 1 dpi vs. 10 dpi, P= 0.0534;
n= 6) and mean duration (baseline vs. 1 dpi, P > 0.9999; baseline vs. 10 dpi, P= 0.9370; 1 dpi vs. 10 dpi, P= 0.3371; n= 6). In all panels, data are
presented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001. Px pixels, dpi days post-injury.
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While we have outlined the real advantages of using ALMA to
analyze gait and fine paw placements in the context of CNS
damage, ALMA also comes with inherent limitations. For
example, gait analysis was, in this paper, performed only on
hindlimbs. This can be easily circumvented by further using pose
estimation to label the forelimb joints which would allow the
generation of gait parameters for the forelimb and the generation

of coupling data between forelimbs and hindlimbs. Likewise,
ALMA currently provides the investigators with the two main
components of the PCA following analysis. Using a scree plot
(also provided in the toolbox), more components can be visua-
lized and studied. For the determination of mistakes in the ladder
rung test, we used a “deviation peak detection” algorithm that
slightly overestimates the raw number of mistakes. This can be

Fig. 5 ALMA monitoring of locomotor changes in mice that developed experimental autoimmune encephalomyelitis and accurate prediction of disease
development during the prodromal phase. a Timeline of the EAE experiment. b Schematic of treadmill system used to record the behavior of the mice
during the EAE experiment. c Photographic images of mice running on the treadmill (left) showing markerless labeling of hindlimb joints using DeepLabCut
(DLC) at baseline (top), onset of disease (middle), and disease recovery (bottom), and hindlimb trajectories (right) for baseline (top), onset of disease
(middle), and disease recovery (bottom). d Principal component analysis of data obtained on the treadmill and processed with the ALMA toolbox. e Plot of
the PC1 scores that represent 76.1% of the variability and associated factor loadings (Kruskal–Wallis followed by Dunn’s test; baseline vs. peak, P= 0.0104;
onset vs. peak, P= 0.0418; baseline vs. recovery, P= 0.9806; peak vs. recovery, P > 0.9999). f Quantitative evaluation of factors associated with PC1, i.e.,
stride length, step height, toe–crest distance, and dragging, at baseline and different stages of EAE (Kruskal–Wallis followed by Dunn’s test; stride length,
baseline vs. peak [P < 0.0001], onset vs. peak [P= 0.0231], baseline vs. recovery [P= 0.0019], peak vs. recovery [P > 0.9999]; n= 6; step height, baseline
vs. peak [P= 0.0002], onset vs. peak [P= 0.0020], baseline vs. recovery, [P= 0.0382], peak vs. recovery [P > 0.9999]; toe–crest distance, baseline vs.
peak [P= 0.0737], onset vs. peak [P= 0.0036], baseline vs. recovery [P= 0.0382], peak vs. recovery [P= 0.7374]; and dragging (%), baseline vs. peak
[P < 0.0001], onset vs. peak [P= 0.0082], baseline vs. recovery [P= 0.0039], peak vs. recovery [P > 0.9999]; n= 6). g EAE clinical score and prediction
of the disease onset based on random forest classification in the prodromal phase (3, 2, and 1 days before onset) using ALMA. In all panels, data are
presented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001. Px pixels, dpi days post-injury.
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circumvented, as we describe in the paper, by manual validation
of the number of mistakes within the GUI in our semi-automatic
detection. Alternatively, other algorithms (also implemented in
the toolbox) could be used such as the “threshold” or “baseline
correction” algorithms but pose additional constraints on
recording set-ups.

Taken together, we provide a user-friendly open-source tool-
box that requires minimal time and resource commitments; is
applicable to a wide range of neurological conditions affecting the
brain and spinal cord; and provides an unbiased, robust, and
comprehensive assessment of locomotion.

Methods
ALMA toolbox. This research aimed to provide a toolbox for the analysis of gait
and footfall in mouse models of neurological disorders. This toolbox includes a
graphical user interface (GUI) with functionalities for (i) automated kinematic
parameter computation, (ii) automated footfall detection, (iii) data analysis of the
computed kinematic parameters with random forest classification and principal
component analysis, and (iv) visualization of gait kinematics. The ALMA toolbox is
an open-source Python repository for the automatic processing of DLC coordi-
nates, gait cycle detection, and kinematic parameter extraction. Parameters
extracted from ALMA include joint angles, limb endpoint trajectories, drag, tem-
poral features of gait, and spatial variability. This last category represents a range of
pairwise dynamic time warping (DTW) parameters that measure similarity
between limb endpoint trajectories despite different duration and speede32. Fol-
lowing kinematic parameter extraction, the ALMA toolbox enables the use of
machine-learning algorithms, such as random forest classification and principal
component analysis, to reduce dimensionality and identify the most relevant
kinematic parameters in the scope of health and disease. In addition to automated
kinematic analysis, the toolbox GUI provides a code for the accurate detection of
footfalls during fine motor tasks (e.g., traversing ladder rungs) for manual vali-
dation of each footfall. Details and the open-source toolbox can be found at https://
github.com/sollan/alma.

Feature labeling and model training. To train the DLC model, we used ~450
image frames from different disease models (spinal cord injury, traumatic brain
injury, and EAE) and time points. To predict hindlimb kinematic positions, we
manually labeled six different body parts (toe, MTP joint, ankle, knee, hip, and iliac
crest) in all ~450 image frames. The model was trained for up to 650,000 iterations
using a deep residual network structure (ResNet-50), based on the pretrained
model weights from DLC. To detect footfalls in the ladder rung test, we manually
labeled all four paws on ~200 image frames for different mouse models (see above)
and time points. The ResNet-50 model was trained for 400,000 iterations, based on
the pretrained model weights from DLC. To train our models, we used a computer
with 64 GB RAM, AMD Ryzen 9 3900 × 12-Core Processor x 24, and GeForce RTX
2080 Ti 11 GB graphics card. Our trained models for kinematic and footfall
analyses are publicly available.

To perform random forest (RF) classification following gait analysis, we used
scikit-learn56. To build the classifiers, ALMA provides several built-in functions
such as outlier removal, assignment of group labels to the single gait cycle
kinematic data, and concatenation of the kinematic data from different groups into
a single data frame. For the random forest hyperparameters, we followed the
default from the random forest classifier function in sklearn, which was sufficient
for learning the mapping57. Specifically, we used 100 decision trees in each RF
classifier, with Gini impurity as the splitting criterion. We did not set a maximum
depth for the trees and allowed an unlimited number of leaf nodes. The individual
trees were built with samples from the entire training dataset. Importantly, we
created new classifiers for each assay (i.e., one RF classifier for healthy vs. 3 dpi,
another for healthy vs. 21 dpi, and so on). We used a 75%/25% split of training and
testing data. As there was roughly an equal amount of data from the healthy/
disease conditions, we based the splitting on random selection. The accuracy results
presented in this paper were based on test data not included in the training set to
demonstrate the generalizability of the models.

Animals. We used C57bl6 female mice of 2–4 months of age. The mice were kept
in our animal facility under a regular day/night cycle (12 h/12 h). Animals had
constant access to food and water. All animal experiments were carried out in
accordance with the German animal welfare guidelines and previously authorized
by the local regulatory committees (Regierung von Oberbayern).

Spinal cord injury. Mice were anesthetized with MMF (medetomidin 0.5 mg/kg,
Orion Pharma; midazolam 5.0 mg/kg, Ratiopharm; fentanyl 0.05 mg/kg, B. Braun).
Once the mice presented no reflex reaction from paw pinching, their backs were
shaved and a laminectomy was performed at T8 levels. The dura was exposed, and
a dorsal hemisection was performed using irridectomy scissors38,58 (Bradley
et al.58; Loy et al.59). After the hemisection, the wound was closed, and the skin was

sutured. An antagonist mix was given (atipamezole 2.5 mg/kg, flumazenil 0.5 mg/
kg, and naloxon 1.2 mg/kg), and mice were kept on a heating pad until completely
awake. Mice received meloxicam (Metacam, 1.5 mg/ml oral suspension) at 12, 24,
and 48 h following the injury.

EAE. Active EAE was induced in female mice by subcutaneous injection of 400 μg
of purified recombinant MOG (N1-125) in complete Freund’s adjuvant (freshly
made by adding 10 mg/mL Mycobacterium tuberculosis H37 Ra, Sigma-Aldrich).
Then, 400 ng of pertussis toxin (Sigma-Aldrich) were administered intraper-
itoneally (i.p.) on days 0 and 2 after immunization60. The mice were weighed daily
and scored for neurological deficits according to the following EAE scores: 0, no
clinical signs; 0.5, partial tail weakness; 1, tail paralysis; 1.5, gait instability or
impaired righting ability; 2, hindlimb paresis; 2.5, hindlimb paresis with dragging
of one foot; 3, total hindlimb paralysis; 3.5, hindlimb paralysis and forelimb paresis;
4, hindlimb and forelimb paralysis; 5, death.

Stages of the disease were defined as follows: disease onset was defined as the
first day with clinical symptoms in the EAE score, disease peak occurred 3 or 4 days
after onset, and recovery occurred 10 or 11 days after onset).

Traumatic brain injury. Mice were anesthetized by intraperitoneal MMF injection.
Once the mice presented no reflex reaction from paw pinching, they were put on a
stereotaxic frame (Precision Systems & Instrumentation, LLC). A skin incision was
made followed by the drilling of a window on the right skull hemisphere, which
was positioned rostrocaudal, between the bregma and lambda and under the
sagittal suture. Mice were then placed on the TBI-0310 impactor (Precision Sys-
tems & Instrumentation, LLC) to undergo traumatic brain injury (TBI). The tip of
a 3-mm diameter steel rod was used to induce injury to the somatosensory cortex
according to the following settings: 6 m/s, 150 ms dwell time, 0.5 mm depth61. Mice
were removed from the impactor, the skull window was repositioned and sealed
with Vetbond glue (3 M Vetbond, 3 M United States), and the skin was stitched.
Mice were placed on a heating pad and injected with the antagonist mix before
receiving a subcutaneous glucose injection (glucose 5% B. Braun Infusionslösung).

Behavior setup for kinematics. Mice were recorded using a GoPro 8 camera at
120 frames per second while running on a treadmill (Harvard Apparatus; speed
varying from 2 cm/s to 25 cm/s depending on the disease model; Supplementary
Fig. 1). The distance between the treadmill and camera was 14.5 cm, and the
camera was placed equidistant from the two ends of the treadmill. We chose this
camera position to obtain comprehensive information on joint angles, spatial
variability, and limb endpoint trajectories, which are missing from bottom
recordings of gait analysis. Each mouse was recorded for at least 1 min to sample
enough step cycles. Every incomplete step cycle was automatically excluded by the
toolbox. To extract meaningful datasets, a minimum number of 1200 frames were
captured, i.e., 10 s of recording. One prerequisite to accurate data extraction was
the blind selection of frames with representative step cycles (no pause in animal
locomotion, no grooming, no back turns etc.). When the animal’s limbs are
completely dragging, our algorithm will only compute parameters that are inde-
pendent to the step cycles. All preprocessing and processing steps undertaken by
the ALMA toolbox can be found in Supplementary Fig. 1. We tested the validity of
the automated kinematic analysis methods of ALMA by computing a selection of
temporal and spatial kinematic parameters through manual labeling and quanti-
fication, based on a subset of the video data recorded at baseline (Supplementary
Fig. 2). The manual validation was done using a custom-written Python script
using OpenCV (openCV.org). An experienced observer labeled the body parts used
for markerless pose estimation (toe, MTP, ankle, knee, hip, iliac crest) in more than
200 frames from a video recording at baseline (120 fps, treadmill speed 30 cm/s).
We then calculated the Euclidean distance between the body part coordinates
generated by manual labeling and markerless tracking from DLC. We then com-
puted a number of kinematic parameters for up to seven-step cycles based on
manually determined step onsets, using both manually labeled coordinates and
automatically detected coordinates.

Behavior setup for a ladder rung. Mice were recorded using a GoPro 8 camera at
120 frames per second while making four consecutive runs on our custom-made
ladders. In this test, the animals had to cross 1-m horizontal ladders, and footfalls
were recorded. We evaluated the rhythmic locomotion in the regular walking task
on a ladder with evenly spaced rungs and the animal’s fine coordination paw
placement ability using irregularly spaced rungs (irregular walking task). The
camera was placed 17.5 cm distant from the ladder equidistant from the two ends.
Animals were habituated on a ladder with regularly spaced rungs before any
experiment was performed (2/3 habituations each for a total max. time of 3 min).
We used DLC to perform markerless labeling of the hind paws and then applied
ALMA to determine footfall characteristics with a peak detection algorithm. In the
toolbox, we included three preprocessing algorithms that accommodate a range of
different recording conditions and can be chosen by the experimenter. Here we
chose to use a preprocessing procedure based on the deviation algorithm that
shows a great correlation with manual counting. In particular, we used the
“deviation” algorithm in automated ladder rung analysis, based on peak detection
applied to the raw y-coordinate signal output from markerless pose estimation
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methods, to determine mistakes. In order to avoid missed footfalls, we set a low
prominence (footfall depth) threshold in the peak detection step, leading to a
slightly higher number of false positives due to the signal-noise ratio. To reduce the
number of false positives while using the “deviation” algorithm, we then adjusted
the prominence threshold in the peak detection function. The data generated by
ALMA in this paper include a manual validation step using the graphic interface
provided in ALMA. We also validated fully manually all datasets obtained using
ALMA by manually counting all mistakes made by the animals. To do so, we only
analyzed consecutive steps of the hindlimbs. Therefore, the last step before or after
any interruptions were not scored. Placements were considered a mistake when
mice either totally missed a rung or if they slipped from a rung (deep or slight slip).
Placements were considered as correct when the mice correctly placed all the feet
or only a portion of the foot on the rungs. Then the number of mistakes over a
standard distance was calculated quantitatively. All data preprocessing and analysis
steps undertaken by the ALMA toolbox can be found in Supplementary Fig. 3.

Basso mouse scale. All mice with SCI were evaluated preoperatively and at 7 and
21 dpi. The scores regarding the locomotor ability of mice were given according to
the original paper10 by fully trained observers.

Statistics and reproducibility. All results are given as mean ± standard error of
the mean (SEM) in the figures. In the expanded tables, data are given as mean ±
standard deviation (SD). Statistical analysis and the construction of the graphs for
data illustration were carried out on GraphPad Prism 8.4.3 for Windows
(GraphPad Software). All datasets were tested for normality using the
Shapiro–Wilk test. Parametric data from the SCI and TBI experiments were ana-
lyzed using repeated-measures ANOVA and Tukey’s post hoc test. Nonparametric
datasets from the SCI and TBI experiments were analyzed using the Friedman test
followed by the Dunn post hoc test. Datasets from the EAE experiments were
analyzed with the Kruskal–Wallis test followed by the Dunn post hoc test, as they
were distributed non-normally. To determine correlation, we used Pearson’s cor-
relation coefficient. In order to classify animals we used random forest classifica-
tion, based on individual step cycles. Feature importance in the Random Forest
Classification was determined by Gini impurity-based feature importance which
ranged between 0 and 1. Statistical significance levels are indicated as follows:
*P < 0.05; **P < 0.01; ***P < 0.001.

Reproducibility. All experiments in this study include at least five biological
replicates. The number of replicates (ns) is mentioned in the text or figure legend.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data generated and analyzed in this study are included in this published article or are
publicly available on Figshare repository62.

Code availability
We have provided the code for the ALMA toolbox at https://github.com/sollan/alma and
Zenodo63.
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Supplementary Figure 1: Detailed flowchart of the ALMA computations used to obtain 

kinematic parameters  

a- Flowchart of the experiment, including selection of injury paradigm, behavior recording, video 

preprocessing, DeepLabCut (DLC) markerless labeling, model training, and coordinate export. b- 

Workflow of the ALMA toolbox, with a user-friendly graphical user interface (GUI) for choosing 

kinematic analysis, and the computational steps used to identify important parameters and 

perform group clustering. c- ALMA allows the user to extract gait patterns and analyze the 44 

parameters. 

 

 



 

Supplementary Figure 2: Validation of gait parameters computed with ALMA 

a- Comparison of the step cycle onset determination using either the ALMA toolbox (black dots) 

or two independent investigator performing the detection manually and separately (green square 

and red triangle). b- Comparison of the automatic calculation of 5 gait parameters using ALMA 

and of the manual validation (blue: automated detection with ALMA; grey: manual analysis). 

 

 

 

 



 

Supplementary Figure 3: ALMA analysis does not detect any changes of gait in sham 

injured mice tested on the treadmill  

a- Timeline of the sham experiment. b- Schematic of the treadmill system used to record the 

behavior of mice. c- Schematic of DeepLabCut (DLC) markerless joint labeling. Six joints were 

labeled: iliac crest, hip, knee, ankle, metatarsophalangeal joint (MTP), and toe. d- Quantitative 

evaluation of the same parameters as in Figure 2, such as step height, knee joint extension, or 

dynamic time warping (DTW), at baseline, 3 and 21 days post-sham surgery. Repeated one-way 

ANOVA was used to analyze knee joint extension (p = 0.440; n = 4), step height (p=0.458; n=4) 

and DTW y plane (p=850; n = 4). In all panels, data are presented as mean± SEM; *p < 0.05; **p 

< 0.01; ***p < 0.001. dpi: days post-injury. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4: Detailed flowchart of ALMA computations used to obtain footfall 

parameters  

 a- Flowchart of the experiment, including choice of injury paradigm, behavioral recording, video 

preprocessing, DeepLabCut (DLC) markerless labeling, model training, and coordinate export. b- 

Workflow of the ALMA toolbox, with a user-friendly graphical user interface (GUI) for selecting 

ladder rung analysis, and computational steps to identify the number, depth, and duration of 

footfalls. c- Each detected footfall can be visualized and manually validated or excluded before 

final data are generated by ALMA. 

 

 

 

 



 

Supplementary Table 1: Description and mathematical formulae for parameters calculated 

by the ALMA toolbox. 

 

 

 

 

 

stance duration (s) (Frame no. at start of swing phase – frame no. at start of step cycle) / frame rate
swing duration (s) (Frame no. at end of step cycle – frame no. at end of stance phase) / frame rate
swing percentage (%) no. frames of swing phase / step cycle duration
stance percentage (%) no. frames of stance phase / step cycle duration
max velocity during swing (cm/s) maximum endpoint velocity during step cycle
cycle duration (s) (step cycle end frame no. – step cycle start frame no.) / Frame Rate
cycle duration (# frames) correction
cycle velocity (cm/s) stride length (cm) / [cycle duration (no. frames) * frame rate (frames / s)]
stride length (cm) ((toe x coordinate at step cycle end) – (toe x coordinate at step cycle start)) / pixel-to-centimeter ratio
mean toe-to-crest distance (cm) mean of 2D Euclidean distance from toe to iliac crest during the step cycle
max toe-to-crest distance (cm) Maximum 2D Euclidean distance from toe to iliac crest during the step cycle
min toe-to-crest distance (cm) Minimum 2D Euclidean distance from toe to iliac crest during the step cycle
toe-to-crest distance SD (cm) Standard deviation of 2D Euclidean distance from toe to iliac crest during the step cycle
step height (cm) (treadmill y coordinate – minimum toe y coordinate during step cycle) / px-to-cm ratio
drag duration (s) (no. frames where Butterworth filtered toe y coordinate > treadmill y coordinate) / frame rate
drag percentage (%) drag duration / swing duration
mtp joint extension (deg) maximum MTP joint angle within step cycle
mtp joint flexion (deg) minimum MTP joint angle within step cycle
mtp joint amplitude (deg) Maximum – minimum MTP joint angle within step cycle
mtp joint SD (deg) Standard deviation of MTP joint angles within step cycle
ankle joint extension (deg) maximum ankle joint angle within step cycle
ankle joint flexion (deg) minimum ankle joint angle within step cycle
ankle joint amplitude (deg) Maximum – minimum ankle joint angle within step cycle
ankle joint SD (deg) Standard deviation of ankle joint angles within step cycle
knee joint extension (deg) maximum knee joint angle within step cycle
knee joint flexion (deg) minimum knee joint angle within step cycle
knee joint amplitude (deg) Maximum – minimum knee joint angle within step cycle
knee joint SD (deg) Standard deviation of knee joint angles within step cycle
hip joint extension (deg) maximum hip joint angle within step cycle
hip joint flexion (deg) minimum hip joint angle within step cycle
hip joint amplitude (deg) Maximum – minimum hip joint angle within step cycle
hip joint SD (deg) Standard deviation of hip joint angles within step cycle
DTW distance x plane 5 strides mean mean of x coordinate (1D) DTW distance of 5 adjacent valid strides
DTW distance x plane 5 strides SD standard deviation of x coordinate (1D) DTW distance of 5 adjacent valid strides
DTW distance y plane 5 strides mean mean of y coordinate (1D) DTW distance of 5 adjacent valid strides
DTW distance y plane 5 strides SD standard deviation of y coordinate (1D) DTW distance of 5 adjacent valid strides
DTW distance xy plane 5 strides mean mean of x-y coordinate (2D) DTW distance of 5 adjacent valid strides
DTW distance xy plane 5 strides SD standard deviation of x-y coordinate (2D) DTW distance of 5 adjacent valid strides
DTW distance x plane 10 strides mean mean of x coordinate (1D) DTW distance of 10 adjacent valid strides
DTW distance x plane 10 strides SD standard deviation of x coordinate (1D) DTW distance of 10 adjacent valid strides
DTW distance y plane 10 strides mean mean of y coordinate (1D) DTW distance of 10 adjacent valid strides
DTW distance y plane 10 strides SD standard deviation of y coordinate (1D) DTW distance of 10 adjacent valid strides
DTW distance xy plane 10 strides mean mean of x-y coordinate (2D) DTW distance of 10 adjacent valid strides
DTW distance xy plane 10 strides SD standard deviation of x-y coordinate (2D) DTW distance of 10 adjacent valid strides
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Supplementary Table 2: Quantitative measurement of 44 spinal cord injury kinematic 

parameters obtained by ALMA at baseline, 3 dpi, and 21 dpi. Data are presented as mean ± 

SD.  

Mean SD Mean SD Mean SD
stance duration (s) 0.272501 0.02778 0.324468 0.073975 0.278786 0.070118
swing duration (s) 32.66743 3.330316 38.89727 8.868065 33.42085 8.405765
swing percentage (%) 20.01785 2.378841 13.24887 6.097586 17.69423 5.598283
stance percentage (%) 5.030653 0.438425 3.736301 1.115117 4.370403 0.794919
max velocity during swing (cm/s) 0.128701 0.022238 0.154144 0.038008 0.131397 0.029552
cycle duration (s) 0.1438 0.01839 0.170325 0.04709 0.147389 0.04209
cycle duration (no. frames) 0.531433 0.05752 0.521877 0.040124 0.519481 0.034092
cycle velocity (cm/s) 0.468567 0.05752 0.478123 0.040124 0.480519 0.034092
stride length (cm) 2.479889 0.449962 2.395532 0.286082 2.627573 0.375719
mean toe-to-crest distance (cm) 3.053605 0.345247 2.819122 0.346363 3.044387 0.365592
max toe-to-crest distance (cm) 2.006263 0.492077 2.083746 0.247717 2.274772 0.372092
min toe-to-crest distance (cm) 0.316346 0.065982 0.226115 0.059471 0.239906 0.094296
toe-to-crest distance SD (cm) 0.418506 0.082368 0.129611 0.071069 0.357871 0.253824
step height (cm) 53.82473 4.310894 41.64993 16.02726 48.72549 9.950884
drag duration (s) 172.4974 4.808273 165.2026 9.880856 169.1852 4.10966
drag percentage (%) 110.9118 25.12176 111.1831 8.887672 120.9324 13.46444
mtp joint extension (deg) 61.58558 21.94498 54.01952 8.439814 48.25288 13.17755
mtp joint flexion (deg) 21.04034 9.049714 17.2016 2.713314 15.7355 4.239146
mtp joint amplitude (deg) 115.2692 5.197123 127.5739 19.01481 115.0247 10.9949
mtp joint SD (deg) 66.17388 14.55343 72.41404 20.717 68.1328 12.41157
ankle joint extension (deg) 49.09534 16.15845 55.15981 12.69716 46.89194 9.688858
ankle joint flexion (deg) 16.1417 4.982632 18.40307 4.211443 15.79921 3.228546
ankle joint amplitude (deg) 126.2849 6.819535 103.8706 13.36608 126.2695 6.818621
ankle joint SD (deg) 84.43803 15.08882 76.30352 13.38735 95.49433 8.506513
knee joint extension (deg) 41.84686 14.68188 27.56712 4.866101 30.77513 11.23552
knee joint flexion (deg) 14.05208 4.855436 8.731922 1.816848 9.909117 3.596147
knee joint amplitude (deg) 101.0559 15.50737 98.99893 10.52836 108.8717 16.53888
knee joint SD (deg) 59.93486 6.361746 65.05851 11.32375 73.21607 6.771436
hip joint extension (deg) 41.12103 15.67308 33.94042 10.02455 35.65567 12.97713
hip joint flexion (deg) 14.0558 5.617646 11.42244 3.801759 12.06421 4.75993
hip joint amplitude (deg) 0.002212 0.001304 0.008046 0.008611 0.003418 0.003746
hip joint SD (deg) 0.004198 0.002956 0.044267 0.049751 0.014499 0.019797
DTW distance x plane 5 strides mean 846.4958 459.622 881.9535 240.2091 825.1326 359.3023
DTW distance x plane 5 strides SD 672.7041 528.8476 672.214 280.0555 621.6206 364.4608
DTW distance y plane 5 strides mean 390.5996 356.6238 187.8594 208.1919 336.4633 414.1873
DTW distance y plane 5 strides SD 366.6243 419.538 165.2883 231.8537 281.3317 412.1286
DTW distance xy plane 5 strides mean 1114.693 641.9847 1011.349 295.3583 1064.549 581.26
DTW distance xy plane 5 strides SD 842.2055 728.3903 745.0359 348.713 744.0106 551.4335
DTW distance x plane 10 strides mean 850.8711 467.0968 847.5654 241.5939 852.2332 403.8618
DTW distance x plane 10 strides SD 932.5275 836.09 836.4553 423.1833 862.8633 607.68
DTW distance y plane 10 strides mean 393.4395 361.2572 189.993 211.1147 345.7809 439.7726
DTW distance y plane 10 strides SD 540.5131 687.5086 243.453 377.3961 414.5704 667.7815
DTW distance xy plane 10 strides mean 1120.609 654.5719 979.3329 302.8977 1097.534 629.7265
DTW distance xy plane 10 strides SD 1180.169 1176.488 950.7398 559.1539 1044.252 898.6512

Parameters
Baseline 1DPI 10DPI
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Mean SD Mean SD Mean SD
stance duration (s) 0.121824 0.015986 0.118299 0.013777 0.120694 0.010487
swing duration (s) 0.114017 0.009108 0.132097 0.019376 0.119472 0.013917

swing percentage (%) 0.488084 0.036879 0.520157 0.040942 0.494563 0.028555
stance percentage (%) 0.511916 0.036879 0.479843 0.040942 0.505437 0.028555

max velocity during swing (cm/s) 60.76525 4.108749 56.56078 4.905492 59.04529 5.090353
cycle duration (s) 0.235841 0.018705 0.250396 0.020603 0.240166 0.021154

cycle duration (no. frames) 28.27267 2.242367 30.0175 2.469888 28.79111 2.535994
cycle velocity (cm/s) 24.03619 1.860084 21.56867 2.675134 23.06046 2.2548

stride length (cm) 5.467224 0.185781 5.049387 0.356628 5.303987 0.263472
mean toe-to-crest distance (cm) 2.697055 0.07725 2.629069 0.187952 2.749006 0.154402
max toe-to-crest distance (cm) 3.040595 0.085559 3.046766 0.208821 3.128813 0.175387
min toe-to-crest distance (cm) 2.308645 0.08491 2.265401 0.166957 2.341604 0.170356
toe-to-crest distance SD (cm) 0.226423 0.024947 0.233403 0.029264 0.243264 0.027067

step height (cm) 0.470995 0.033842 0.364227 0.064624 0.454162 0.045857
drag duration (s) 0.002077 0.003029 0.005172 0.004947 0.002338 0.001843

drag percentage (%) 0.003694 0.005337 0.012383 0.00921 0.004401 0.003797
mtp joint extension (deg) 175.5036 1.753417 174.4127 2.896869 173.6816 4.232018

mtp joint flexion (deg) 123.8531 5.63525 121.8831 8.1265 119.2426 2.745881
mtp joint amplitude (deg) 51.65052 5.020858 52.52962 6.924255 54.43905 5.164657

mtp joint SD (deg) 17.18208 1.634765 17.42373 2.517821 18.12524 1.821725
ankle joint extension (deg) 113.137 3.532662 110.5983 4.017837 116.4725 3.75105

ankle joint flexion (deg) 72.58927 6.516049 70.93998 4.489512 71.86161 3.429244
ankle joint amplitude (deg) 40.54775 6.41054 39.65832 5.788168 44.61088 1.698437

ankle joint SD (deg) 13.77948 2.039465 13.10895 2.07707 15.14024 0.585989
knee joint extension (deg) 126.6993 3.974741 125.9935 4.241151 125.8478 6.535263

knee joint flexion (deg) 97.21903 6.4127 93.84855 2.810883 93.93848 5.141963
knee joint amplitude (deg) 29.48023 3.394054 32.14492 5.872531 31.90928 3.259213

knee joint SD (deg) 10.19764 1.280341 10.94247 1.958866 10.78471 1.174599
hip joint extension (deg) 103.7711 5.299289 102.7507 5.37069 103.9755 5.317694

hip joint flexion (deg) 66.78887 4.757523 68.67242 2.336178 68.20187 4.316921
hip joint amplitude (deg) 36.98223 4.181746 34.07829 5.372466 35.77363 5.799337

hip joint SD (deg) 12.54367 1.501702 11.5638 2.17545 12.27671 2.055408
DTW distance x plane 5 strides mean 540.3867 212.6678 917.2769 398.675 534.6435 104.9336

DTW distance x plane 5 strides SD 327.3784 158.1207 733.6116 448.5399 324.158 116.3877
DTW distance y plane 5 strides mean 166.5777 69.33384 437.2623 299.5536 180.2077 101.5493

DTW distance y plane 5 strides SD 121.3037 67.77559 431.9553 348.5609 119.0592 81.1103
DTW distance xy plane 5 strides mean 678.5163 252.6987 1203.494 534.4544 700.3912 178.0202

DTW distance xy plane 5 strides SD 373.6489 178.48 941.5367 599.772 378.0759 135.8761
DTW distance x plane 10 strides mean 506.2561 178.4697 864.9111 331.0459 507.8059 99.62951

DTW distance x plane 10 strides SD 373.0266 190.7426 937.0467 579.7646 386.655 154.4982
DTW distance y plane 10 strides mean 160.743 69.26296 421.6389 268.3219 179.0769 98.20865

DTW distance y plane 10 strides SD 156.472 104.2623 618.8024 497.2211 144.4497 102.226
DTW distance xy plane 10 strides mean 639.7849 222.8888 1146.656 459.0672 674.2344 179.8192

DTW distance xy plane 10 strides SD 435.1609 228.9883 1244.121 801.8841 455.6019 177.9623
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Supplementary Table 3: Quantitative measurement of 44 traumatic brain injury kinematic 

parameters obtained by ALMA at baseline, 1 dpi, and 10 dpi. Data are presented as mean ± 

SD.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 4: Quantitative measurement of 44 EAE kinematic parameters 

obtained by ALMA at baseline, onset, peak, and disease recovery. Data are presented as 

mean ± SD.  

Mean SD Mean SD Mean SD Mean SD
stance duration (s) 0.146172 0.021181 0.166544 0.034631 0.041576 0.085221 0.117007 0.094296
swing duration (s) 0.143492 0.02733 0.22568 0.101962 0.088798 0.179719 0.165939 0.144439
swing percentage (%) 0.495995 0.028928 0.529939 0.056731 0.145752 0.289219 0.37551 0.299778
stance percentage (%) 0.504005 0.028928 0.470061 0.056731 0.07647 0.151742 0.291157 0.236909
max velocity during swing (cm/s) 55.23709 6.070852 43.76049 14.91701 5.247924 11.64308 17.98196 16.41625
cycle duration (s) 0.289664 0.04528 0.392224 0.125119 0.130375 0.264851 0.282946 0.227153
cycle duration (no. frames) 34.72497 5.428173 47.01979 14.99922 15.62934 31.75039 33.9196 27.23115
cycle velocity (cm/s) 21.32164 3.180192 13.95752 6.834312 1.151734 2.285712 4.397505 3.680455
stride length (cm) 5.489372 0.458125 4.2186 1.133514 0.633855 1.285671 1.615061 1.358392
mean toe-to-crest distance (cm) 2.898692 0.104501 2.625188 0.391537 4.351212 1.279366 2.550672 0.885827
max toe-to-crest distance (cm) 3.380931 0.148423 3.167334 0.378405 0.810533 1.608925 1.794892 1.457816
min toe-to-crest distance (cm) 2.405055 0.099778 2.155158 0.37814 0.577336 1.15541 1.134799 0.89133
toe-to-crest distance SD (cm) 0.295517 0.042003 0.300388 0.06008 4.123457 2.43996 1.095595 1.277788
step height (cm) 0.507989 0.088267 0.459763 0.316867 0.029749 0.074518 0.11031 0.109696
drag duration (s) 0.001847 0.001666 0.009414 0.008313 0.792686 0.411622 0.35366 0.501278
drag percentage (%) 0.003411 0.003624 0.024853 0.026162 0.812266 0.372855 0.388467 0.475522
mtp joint extension (deg) 172.4644 5.188135 174.9312 2.198022 37.61502 74.64835 116.9898 90.67581
mtp joint flexion (deg) 114.7451 4.99702 118.5715 8.143236 25.38119 50.97598 78.39111 68.54693
mtp joint amplitude (deg) 57.7193 2.620203 56.35964 8.379902 12.23383 25.88711 38.59871 43.29083
mtp joint SD (deg) 18.76039 0.564562 17.79579 2.016047 3.556986 7.498147 12.01286 13.35917
ankle joint extension (deg) 125.5605 4.080133 121.0429 9.008408 34.3132 68.67215 75.6245 64.88876
ankle joint flexion (deg) 71.97364 3.663684 63.82674 14.01654 16.00861 36.60254 32.20136 27.09573
ankle joint amplitude (deg) 53.58688 3.543148 57.21616 12.92742 18.30459 37.48068 43.42315 41.96718
ankle joint SD (deg) 17.66814 0.666776 18.39213 3.990212 5.757634 12.07673 14.16803 13.79047
knee joint extension (deg) 129.3757 8.336228 123.4652 12.36152 30.03759 59.64383 60.33684 67.80817
knee joint flexion (deg) 98.84365 8.789085 86.01011 11.70408 13.77771 27.39063 38.80837 44.38005
knee joint amplitude (deg) 30.53206 2.168625 37.45506 11.33907 16.25987 32.26862 26.04695 21.51931
knee joint SD (deg) 9.745117 0.811088 11.41107 2.957107 4.586983 9.123891 7.766365 6.494424
hip joint extension (deg) 108.181 9.849253 111.5816 17.06113 28.04826 56.10665 79.83668 63.1816
hip joint flexion (deg) 68.45421 7.654095 69.0225 12.13957 12.57397 24.9621 57.7005 46.57007
hip joint amplitude (deg) 39.7268 6.568989 42.55913 8.897696 15.47429 31.69255 22.13618 18.49006
hip joint SD (deg) 13.30313 2.258298 13.76168 2.435751 4.489437 9.219224 7.271831 6.142711
DTW distance x plane 5 strides mean 45857.23 11021.48 36800.65 9766.16 7474.34 15456.18 21758.33 21287.55
DTW distance x plane 5 strides SD 32826.21 10174.48 25932.21 8784.094 4711.648 9523.548 16527.97 17595.52
DTW distance y plane 5 strides mean 1101.058 864.0492 1315.66 1528.281 297.5328 614.0889 1178.543 1781.837
DTW distance y plane 5 strides SD 1138.067 1038.172 1441.36 1879.303 295.5045 606.3933 1329.691 2207.134
DTW distance xy plane 5 strides mean 46079.74 11160.51 37059.56 9888.306 7530.001 15579.8 21903.38 21442.29
DTW distance xy plane 5 strides SD 32831.51 10118.97 26047.36 8881.842 4737.676 9574.174 16642.99 17773.13
DTW distance x plane 10 strides mean 83589.18 20562.34 67016.07 17302.3 13693.9 28453.32 35830.49 34471.14
DTW distance x plane 10 strides SD 66035.47 20131.86 54801.45 18180.48 10072.3 20333.21 28886.19 27767.73
DTW distance y plane 10 strides mean 1227.397 1005.883 1597.406 2151.07 410.9481 832.2065 671.244 902.5316
DTW distance y plane 10 strides SD 1655.829 1508.576 2385.219 3425.706 536.9708 1069.159 1002.274 1499.278
DTW distance xy plane 10 strides mean 83770.21 20630.15 67359.04 17446.34 13746.2 28563.51 35895.63 34523.01
DTW distance xy plane 10 strides SD 65996.02 20080.61 54917.09 18265.47 10117.34 20421.81 28961.03 27854.55
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4. Discussion  

 

4.1. Theoretical Framework 

 As mentioned earlier in the thesis, spinal cord injury is a multifactorial condition with 

perturbations that range from molecular and synaptic dysfunction, to the fine interplay between 

the immune and nervous systems, and ultimately results in behavioral impairments. Consequently, 

it requires a system level understanding and innovative tools to tackle this problem. Unfortunately, 

the field of spinal cord injury has not provided many treatments that could be translated clinically 

to help those who are suffering. This situation may require rethinking our current approach. The 

rise of gene therapy in humans promises a new way to approach the treatment of those with spinal 

cord injury. As you can see from our results, gene therapy using synaptogenic peptides could help 

lessen some symptoms following SCI. Further in the discussion, I will put these findings in the 

context of the current state of the SCI field. 

 Furthermore, in this work, we aimed to tackle the problem of behavioral reproducibility in 

animal research. It is no secret that the field of spinal cord injury suffers from a lack of translation 

of animal research to humans 153. In the FORE-SCI replication studies 154, out of four very 

impactful SCI papers that reported significant improvement after treatment, none of them were 

completely reproduced. Three papers were not reproduced at all, including treatment with 

minocycline 155, human erythropoietin 156 and treatment with transplantation of olfactory lamina 

propria 157. Treatment with Nogo receptor blocker was partially reproduced. This poses a 

significant problem for the translation of this research into potential treatments. This lack of 

reproducibility is not unique to the SCI field; this problem is found across the field of neuroscience 

158. There are multiple reasons for the lack of reproducibility in the SCI field, but one that could 

be addressed is introducing less bias in behavioral analysis. This is the problem we were trying to 

tackle by developing an unbiased deep learning approach to kinematic analysis following SCI.  

 In the following pages, I will provide a summary of our main findings, followed by an 

analysis and interpretation of our data in the context of current SCI research. Following this, I will 

discuss the implications of our work and provide recommendations for future research. 
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4.2. Enhancing circuit rewiring using FGF22 gene therapy 

 The first step in detour circuit formation following spinal cord injury is the sprouting of 

the corticospinal tract (CST) 137,8. The CST sprouts rostrally from the lesion to the ventral spinal 

cord, where it contacts relay neurons or in this context long propriospinal neurons (LPSNs) 8. 

These neurons further project to lumbar motor neurons, bypassing the injured dorsal spinal cord. 

Numerous studies have demonstrated that this process is essential for spontaneous recovery 

following spinal cord injury 138,141. 

 However, not much work has been done on specifically enhancing the contacts between 

newly sprouted CST axons and LPSNs. Thus far, we know that the activity of LPSNs is a 

prerequisite for CST sprouting 138,159. However, the specific molecular mechanism behind this is 

still unknown. As we demonstrated earlier, FGF22 is a powerful organizer of excitatory synapses. 

Using a model of detour circuit formation, we decided to create a viral vector to specifically deliver 

FGF22 to LPSNs with the aim of overexpressing it and potentially creating more excitatory 

contacts onto these neurons. Our hope was that more excitatory inputs mediated by FGF22 could 

result in better recovery following SCI.  

 In order to achieve specific overexpression, we took advantage of the double-floxed 

inverted open-reading frame (DIO) strategy. This strategy allows us to achieve cell-specific 

overexpression of FGF22 only in the presence of Cre recombinase. Briefly, we used AAV vectors 

to inject DIO-FGF22 into the cervical spinal cord, where our LPSNs reside. This resulted in 

widespread infection of rAAV in the cervical spinal cord, but due to the DIO strategy, FGF22 is 

only expressed if Cre is present. To achieve specificity of LPSNs, we injected retrograde rAAV 

(retro-AAV) expressing the Cre recombinase into the lumbar spinal cord. This serotype of rAAV 

has the capacity to enter neurons through axon terminals 160 and travel to the soma of these cells. 

Once retro-rAAV traveled from the lumbar spinal cord to the cervical LPSNs, the latest will start 

expressing the Cre recombinase. This will result in the cutting of the floxed sequences and the 

activation of FGF22 overexpression in LPSNs.  

One of the main advantages of our approach is the cell specificity we have managed to 

achieve. This allows us to establish causal relationships in circuit rewiring following spinal cord 

injury (SCI). Previously, studies primarily focused on the lesion site and potential regulation of 

injury-related mechanisms, such as neuronal cell death. In a recent study by Zhu et al., the authors 
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demonstrated that administering FGF22 directly to the spinal cord lesion can improve neuronal 

survival by regulating stress-induced apoptosis. This, in turn, resulted in enhanced recovery in 

injured mice 152. However, our research shows that specific FGF22 overexpression can regulate 

circuit rewiring away from the lesion area, particularly rostral to the lesion site. We have found 

that this mechanism is distinct from the prevention of cell apoptosis. A potentially more intriguing 

and effective approach might involve utilizing both mechanisms: promoting circuit rewiring using 

synaptogenic gene therapy in addition to FGF22 injection directly into the lesion core. This could 

potentially extend the therapeutic window and improve the overall extent of recovery. 

 One potential issue with this approach is that retrograde AAV also infects interneurons in 

the lumbar spinal cord, causing Cre overexpression. Since rAAV-DIO-FGF22 is not present in the 

lumbar spinal cord, this should not have any significant effects on the treatment. However, it is 

known from previous work that Cre recombinase can be toxic to mammalian cells if present for 

too long and overexpressed too much 161,162. Although this could affect general recovery following 

spinal cord injury, it did not mask the effect of FGF22 since our controls also have Cre 

overexpression.  

 To assess the impact of our specific synaptogenic gene therapy involving FGF22 on newly 

sprouted collaterals, we first analyzed the bouton density and the ratio of excitatory and inhibitory 

inputs on these sprouts. Our analysis showed that there was no significant difference in the bouton 

density between the control animals and those treated with FGF22. However, when we compared 

the proportion of excitatory vGlut-positive boutons between the two groups, we observed that 

FGF22 treatment led to an increase in the number of excitatory boutons compared to the control 

treatment. Furthermore, we did not observe any significant differences in the number of inhibitory 

vGAT-positive puncta between the two groups.  

Our data align with previous literature that highlights the significance of FGF22 in 

maintaining and forming excitatory synapses 144–146. A study published in 2010 demonstrated that 

the knockout of FGF22 in CA3 pyramidal neurons led to approximately a 30% reduction in vGlut+ 

synapses, while having no impact on vGAT+ synapses 146. Furthermore, the authors observed 

changes in vGlut intensity, which we were also able to corroborate in our study.  

The next step was to check if LPSN neurons overexpressing FGF22 received more contacts 

from the corticospinal tract. Although the effect was not large, we could confirm that FGF22 
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overexpression drove more sprouting CST collaterals to connect with these neurons. Additionally, 

these contacts exhibited a higher intensity of vGlut expression, suggesting successful rewiring. 

This effect is comparable to recent work done by Van Steenbergen et al., (2023), which showed 

similar levels of vGlut puncta and contacts on LPSNs upon chemogenetic stimulation of these 

neurons 139.  

A careful observer may notice that the control group had no contacts, which might appear 

contradictory to our previous claims that detour circuit formation occurs. However, this can simply 

be explained by insufficient labeling of the CST in this specific experiment. Labeling was equally 

present in both groups, indicating that even with low chances of observing these contacts, the 

FGF22 group yielded a visible effect. 

4.3. Identifying the key cell type behind alterations 

The formation of corticospinal detour circuits is an elegant model for studying remodeling 

processes following injuries to the central nervous system (CNS). However, this is not the only 

remodeling circuit that contributes to recovery after spinal cord injury (SCI). To investigate the 

broader effects of FGF22 on axonal plasticity following SCI and gain a better understanding of 

the cell types involved in this remodeling process, we chose to use the vGlut-Cre mouse line 163. 

By injecting our rAAV-DIO-FGF22 into the vGlut-Cre mouse line, we successfully achieved 

overexpression of FGF22 in excitatory neurons of the cervical spinal cord.  

Our results demonstrated that excitatory neurons with FGF22 overexpression were more 

likely to be contacted compared to control neurons. This evidence suggests that FGF22 may have 

a broader impact that extends beyond a single remodeling process. Based on this data, we can 

propose synaptogenic treatments that go beyond merely remodeling the corticospinal tract via 

LPSNs. Remodeling of the rubrospinal and reticulospinal tracts 164,165 could potentially use the 

same plasticity proposed here to enhance functional recovery. 

4.4. Preventing motoneuron degeneration through FGF22-induced circuit rewiring 

Furthermore, we were interested in whether the enhanced rewiring between hCST and 

propriospinal neurons from the cervical spinal cord would affect lumbar motor neuron plasticity. 

Initially, we demonstrated that cervical overexpression of FGF22 does not impact the contact of 

excitatory propriospinal neurons with motor neurons. FGF22 treatment did not alter the number of 
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vGlut puncta on these neurons either. This suggests that there is limited synaptic plasticity 

occurring in the lumbar spinal cord as a result of FGF22 treatment. 

Subsequently, we investigated the degeneration of motor neurons and whether additional 

contacts on LPSNs in the cervical spinal cord could prevent the degeneration of lumbar motor 

neurons. In summary, our data shows that a drop in the number of motoneurons can be rescued 

with FGF22 overexpression in the cervical spinal cord. This effect was not observed in the LPSN 

experiment, suggesting that the number of contacted neurons in the cervical spinal cord is an 

important factor in preventing motoneuron degeneration. 

It is important to note that the effect of motoneuron degeneration contributes to the ongoing 

debate about whether this degeneration occurs following SCI. In a 1997 paper, Yato et al. 166 

demonstrated that moderate SCI would not lead to motoneuron loss; however, severe contusion 

would result in motoneuron atrophy. Data from human SCIs suggest that motoneuron loss does 

occur, but this loss is mainly visible at the epicenter of the lesion and around the lesion 167. In 

contrast, a paper by Yokota et al. (2019) argues that even after complete spinal cord injury, the 

number of motoneurons remains unchanged, even during the chronic phase of the disease. 

Nevertheless, they showed that presynaptic input was decreased 18. This data is supported by 

another study demonstrating that the number of motoneurons does not change following SCI, but 

dendritic atrophy is predominantly observed in motoneurons 168.  

Further studies are required to address these issues. One potential reason for the diversity 

of data may be the analysis of different levels of the lumbar spinal cord. In our study, we focused 

on L5 motoneurons, where we observed a high number of motor neurons. This allowed us to detect 

small effect sizes of spinal cord injuries (SCI). Another possible explanation could be the varied 

use of animal models. It is evident from the literature that using rats, mice, or even different strains 

of mice can yield varying results across a plethora of measures 169–171. 

4.5. Role of CST in mouse model of SCI 

 The corticospinal tract is a primary tract of interest in the field of spinal cord injury. While 

there is strong evidence of its function in rats, cats, and primates 172, evidence for its specific motor 

function in the mouse nervous system is limited. The available evidence from cats and humans 

strongly suggests that CST's function primarily lies in precision walking and skilled movements, 
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rather than general locomotion 173,174. Here, we provide evidence for partial function of hCST 

following SCI in mice. Using chemogenetics, specifically hM4D(Gi)-DREADDs, we 

stereotactically expressed this synthetic receptor in hCST neurons using AAVs. Three weeks after 

SCI, when intraspinal detour circuits should have formed 8, we measured functional recovery on 

irregular ladder rung to assess precise and skilled walking abilities. We showed that mice 

spontaneously recover following dorsal hemisection. We then injected animals with CNO to 

silence hCST and observed a partial drop in recovery upon CNO injection, suggesting hCST 

involvement in recovery of skilled walking after dorsal hemisection. 

It is important to note that this functional disruption is minimal, which could be due to 

several reasons. One reason might be the limited labeling of hCST neurons. As evident from viral 

labeling with hM4D(Gi)-DREADD-mCherry, only a small subset of hCST neurons are labeled. 

We could try to enhance this by using already available mouse lines like Emx-Cre 175 and injecting 

a higher volume of rAAV-DIO-hM4D(Gi)-DREADDs virus. This approach would help us control 

the specificity of hM4D(Gi) expression while allowing us to target more hCST neurons. The other 

approach would be to test different or multiple injection sites in the brain to target more hCST 

neurons. In this work, we used the following stereotactic coordinates to silence hCST: 1.3mm 

posterior and 1.1mm lateral from bregma. However, recent evidence suggests that the best 

coordinates for labeling hCST are 1mm posterior and 1.5mm lateral from bregma 176. Testing these 

different coordinates might give us more conclusive results. 

Additionally, it is worth noting that the model of dorsal hemisection we utilize in our 

studies is not completely specific to the cut of just hCST. With dorsal hemisection of the mouse 

spinal cord, we inevitably injure rubrospinal, cuneate, gracile tracts, and partially reticulospinal 

tract 177. The mechanisms of intraspinal detour formation are not unique to hCST, so it is expected 

that even after silencing hCST, other remodeling tracts will be partially responsible for 

spontaneous recovery after SCI in mice. With this in mind, even if we silence all hCST neurons, 

it is not expected that mice will completely lose their spontaneously gained motor function. 

Our findings are also supported by  a paper published in Cell by Zighang He’s lab, in 2017 

178. In this paper, the authors used human diphtheria toxin to ablate hCST neurons and determine 

their function in mice. To achieve specificity, they used the Emx-Cre mouse line and injected 

HiRet vector with flip-excision (FLEX) human diphtheria toxin receptor (HiRet-FLEX-DTR) in 



Page | 85 
 

hCST. When evaluating behavioral outputs in healthy animals, the authors showed that after 

ablating almost 90% of hCST, mice retained normal gait patterns with no signs of perturbation of 

limb coordination during ground walking and no signs of dragging were observed. However, when 

they evaluated fine motor control of hind limbs, they saw significant deficiencies on irregular 

ladder rungs. This deficit was not observed in forelimbs. These data are in line with our 

experiments, where our observed effect is also seen only in irregular ladder rungs, specifically 

focusing on faults and not just slips. The evidence against the role of hCST in ground locomotion 

in rats was also provided in Muir et al., (1999) paper, where the authors strongly concluded the 

following: 

"Complete recovery from corticospinal tract transection provides unequivocal evidence 

that input from the corticospinal tract is not essential for normal overground locomotion 

in the rat." 179. 

In summary, these studies suggest that researchers should primarily focus on irregular ladder rungs 

when studying the function of hCST following SCI in mice. 

However, it is worth mentioning that activation of hCST neurons, although intuitive, will 

not necessarily lead to better functional recovery. As shown by Van Steenbergen et al., 2023, sole 

activation of hCST with chemogenetics won't induce a significant boost to spontaneous recovery 

following SCI. To unlock this potential, coordinated neurostimulation or cervical relay neurons in 

combination with stimulation of hCST are needed to boost recovery in mice 139. 

  Furthermore, our previous data on unilateral traumatic brain injury show that even when 

the entire motor cortex is damaged, mice lose fine motor control of hindlimbs for just one day, 

returning to their baseline levels after 24 hours 180. This suggests incredible functional plasticity, 

likely due to the uninjured contralateral motor cortex taking over the function. 

Overall, our findings significantly contribute to the understanding of hCST involvement in 

the spontaneous functional recovery observed after dorsal hemisection in mice. However, it is 

crucial to conduct additional experiments with a larger sample size and implement more stringent 

controls to address potential confounding factors in behavioral testing. Moreover, it is essential to 

examine the potential impact of CNO on the animals, independent of any silencing effects on CST. 
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4.6. Widespread FGF22 overexpression affect circuit remodeling  

 The strategies described in the previous section are circuit-specific and have helped 

disentangle circuit mechanisms. However, the complex procedure of multiple viral injections may 

pose an issue for translating this research to humans. With this in mind, we decided to test 

nonselective FGF22 gene therapy to promote widespread expression and functional recovery. To 

do this, we designed a pAAV-CMV-FGF22-GFP plasmid, which we packaged into an AAV2/1 

virus. We injected this virus directly into the cervical 4-6 spinal cord and achieved broad 

expression of FGF22 in this region. This approach allows us to enhance all remodeling circuits, 

not just hCST, to obtain optimal functional recovery. Our data shows that nonselective FGF22 

overexpression away from the thoracic lesion results in increased branching of hCST sprouting 

collaterals, as well as denser boutons along these collaterals. In line with circuit-specific 

experiments, we observed a higher percentage of interneurons contacted in the group with FGF22 

overexpression compared to control animals. Additionally, we labeled LPSN neurons by injecting 

a retrograde tracer into the lumbar spinal cord. With this, we demonstrated that even with 

nonselective expression of FGF22, we can affect intraspinal hCST remodeling and enhance 

contacts onto LPSNs. Essentially, confirming our previous experiments. 

The novelty of this approach lies in the fact that we used FGF22 overexpression in the 

cervical spinal cord, unlike most treatments that target the lesion site. This allowed us to support 

the natural processes of supraspinal tracts for remodeling. 

 One downside of this approach is that the CMV promoter used in this plasmid construct is 

not specific to neurons. Studies have shown that the CMV promoter can be used to manipulate 

astrocytes 181, oligodendrocytes 182, and endothelial cells 183. Our data indicates that our approach 

does result in targeting a significant proportion of astrocytes. This could potentially be a 

confounding factor and is worth further investigation. Some limited evidence suggests that Fgf22 

mRNA is expressed in neonatal and adult astrocytes 184, indicating a possible role. One potential 

role could be in shaping intraspinal circuits, which is worth further investigation since astrocytes 

are known to play a role in reshaping and refining newly formed neural circuits 185. 

 We should also be cautious not to overemphasize the benefits of creating additional 

contacts on intraspinal neurons. Widespread induction of new contacts in the cervical spinal cord 

could potentially disturb network activity of these neurons, resulting in the activation of inhibitory 
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neurons to regulate this intraspinal network activity, potentially resulting in spasms. Contemporary 

research suggests that a small proportion of inhibitory neurons can control a large network of 

excitatory neurons 186, which is worth investigating in our context where a vast network of neurons 

is being manipulated. In this context, it is worth noting that not all plasticity is adaptive. Plasticity 

in the spinal cord could potentially result in non-adaptive changes, such as maladaptive pain 

through off-targeting inputs on pathways for nociception sensitization 187. 

 One way we could further improve our widespread approach is to avoid intraspinal 

injections of AAVs. Direct injection with  pulled glass pipettes, which we used in our study, can 

cause moderate degree of glial activation and infiltration of immune cells. In fact, this could be 

considered a stab injury, another widely used injury model188. As a result, the activation of glial 

and immune cells could additionally regulate intraspinal circuit rewiring. Although injections are 

performed in both control and experimental animals, this could minimize the effect we observe 

between the two groups. One alternative approach we could use is subpial injection of our AAVs. 

In a recent study published in the Journal of Molecular Therapy 189, the authors used subpial 

injection of AAV9 to manipulate inhibitory neurons and reverse neuropathic pain. The injection 

sites appear intact, while broad expression of AAV9 is achieved. However, this carries the 

potential risk of viruses like AAV9 spreading beyond the area of subpial injection, preventing us 

from drawing strong conclusions about the precise mechanism behind potential improvements. 

4.7. Critical window for behavioral recovery 

 After establishing the precise circuitry effects and specific cell types contributing to 

FGF22-mediated circuit rewiring, we decided to evaluate the extent to which our FGF22-based 

gene therapy approach contributes to functional recovery in spinal cord injury (SCI). In accordance 

with previous research 178 and our silencing of hCST experiment, we decided to use the ladder 

rung test to assess these potential therapeutic effects. To determine if there is a critical window in 

which FGF22 must be overexpressed to have an effect, we designed three experimental paradigms:  

1. Acute treatment ;  

2. Early treatment;  

3. Late treatment. 
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 In each experiment, we used different time points for rAAV-FGF22 injections following 

SCI. In the acute treatment, rAAV-FGF22 was injected on the day of the injury, early treatment 

involved injecting rAAV-FGF22 one day after the injury, and late treatment consisted of injecting 

rAAV-FGF22 five days after the injury. In summary, our results show that delivering rAAV-

FGF22 immediately and one day after the injury, but not five days after the injury, significantly 

improves functional recovery. These effects are most clearly visible when we use the CST-specific 

test - irregular ladder rung. When examining synapse formation and bouton maturity one day 

following SCI, we observed a higher percentage of Synapsin-positive boutons, indicating that 

these collaterals are more likely to form connections with other neurons. Additionally, we observed 

a higher percentage of Bassoon-positive boutons, further suggesting that these boutons are more 

mature and ready to transmit information. 

Previous studies have also demonstrated the significance of a therapeutic window in the 

treatment of SCI. It is already well established that clinical management, specifically surgical 

decompression after the injury, is most beneficial if performed within 24 hours after spinal cord 

injury 190,191. In addition to surgical decompression, treatments with diazoxide, riluzole, and IL6 

all show that early treatment yields the most beneficial effects on recovery 192–194. In most cases, 

including ours, a viral approach is used to deliver the therapeutic agent. However, expression of 

viral vectors is not immediate, and it can take from a few days up to 2 weeks to achieve full 

expression of viral constructs. This is why alternative approaches, such as non-viral nanoparticles, 

could be helpful in extending these therapeutic windows 195,196. However, this approach might have 

other downsides, such as not being able to achieve cell specificity. 

 On the other side of therapy approaches for SCI are non-pharmacological methods, like 

exercise treatments 56,57,197–199. These treatments attempt to reactivate and rewire supraspinal and 

spinal circuits even weeks and years following SCI. In a recent study published in Nature, human 

subjects were able to regain some level of motor function when exposed to epidural electrical 

stimulation and rehabilitation training even 12 months post-injury 58. 

 One potential way to further supplement rehabilitation programs could be combining our 

synaptogenic gene therapy with FGF22 and rehabilitation together. FGF22 overexpression in 

specific subpopulations of neurons could further facilitate the effects of rehabilitation on circuit 

plasticity. This could be a potential next step in our research. 
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 An additional line of work could explore reactivating critical windows of plasticity in the 

spinal cord. It is well known that corticospinal  circuit rewiring occurs within the first three weeks 

after SCI, after which the circuit undergoes a refinement state 8,141,175. This could be one 

interpretation of the limited therapeutic window with rAAV-FGF22. Injecting rAAV-FGF22 five 

days post-injury might already be too late, since by the time the rAAV infects the cell and the cell 

starts overexpressing FGF22, the critical plasticity window might have been missed. To 

circumvent this, we could try to reopen these plasticity windows even months after the injury and 

then introduce synaptogenic treatment with rAAV-FGF22. One hypothesized approach to 

reactivate plasticity could involve the disruption of perineuronal networks (PNNs). One way in 

which PNNs restrict plasticity is by solidifying already established neuronal interactions, resulting 

in resistance to change. Interrupting this process could enable the potential establishment of new 

connections, thus allowing circuits to rewire 200. 

4.8. Evaluating gait patterns post SCI with ALMA 

Among several methods to evaluate behavior in rodents, two methods are used frequently 

for testing motor behavior.  One is kinematic analysis, which focuses on a detailed understanding 

of limb and joint movements 201, and the other is paw placement using ladder rung or grid walk 

tests 202,203. The ALMA toolbox was developed to assist in the analysis of both of these approaches.  

In summary, we demonstrated that ALMA is capable of reliably detecting the onset of the 

step cycle and extracting 44 kinematic parameters to describe motor behavior following SCI. One 

common problem with multiple behavioral analysis, or big data analysis in general, is the false 

discovery rate 204. In our case, computing a high range of parameters could very likely result in 

some parameters being statistically significant when comparing across groups. However, this 

difference may not be grounded in reality and might not have particular relevance. This is 

commonly due the experimentator bias. To address this problem in our work, we decided to use 

parameter ranking with the random forest classification (RFC) algorithm 205. To do so, we used a 

training dataset and a validation dataset. These datasets consisted of step cycles of healthy and 

injured mice tested 3 and 21 days after the injury. Our RFC model achieved great accuracy in 

assigning mice to their categories. The Gini index computed, which enables us to identify the 

importance of parameters, shows that following spinal cord injury, knee joint extension, knee joint 

flexion, and step height are the most important parameters used to classify mice into their 
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respective categories. In addition to RFC, we used principal component analysis (PCA) to reduce 

the dimensionality of our data. As our results indicate, although PCA is commonly used to reduce 

the dimensionality of kinematic data, RFC could be combined with PCA or could even completely 

replace PCA. 

It is worth noting that our dataset still shows quite some sample variation even within 

control uninjured animals. However, this does not represent variation of pose estimation using 

DLC and data analysis using ALMA; this is simply variation that represents real behavior. This 

variation reflects how mice adapt after the lesion. The strategies of adaptation can be influenced 

by factors such as lesion size, shape, and blood supply, as well as the environment in which the 

animals are recovering206–208. It is important to note that the reliability of behavioral data cannot 

be fully compensated by sophisticated machine learning analysis. Therefore, it is up to researchers 

to plan a well-designed experiment with enough controls and animals to ensure accurate results 

209.  

The current state of the art in the field of kinematic analysis is the camera motion capture 

system. One such system, frequently used in human and rodent studies of SCI, is the Vicon System 

210,211. Unlike deep learning models trained on large datasets to recognize and digitally mark points 

of interest, motion capture systems (MCS) use cameras and reflective markers placed on the 

desired joints, allowing for skeleton reconstruction in 3D space. This technology is remarkable; 

however, there are a few limitations being overcome by deep learning tools like DLC. One of the 

main issues with MCS is its cost. MCS systems can be very expensive, and the additional cost of 

maintenance usually goes beyond what an ordinary lab can afford. However, even if one owns the 

system, there are additional practical issues when using small animals. One major problem is that, 

for example, mice remove reflective markers or that the markers are too large to be placed on small 

body parts like toes or ankles. This is why pose estimation tools can be more appropriate for 

smaller animals and animals undergoing repeated behavioral testing over prolonged periods of 

time. Nonetheless, if one still considers using MCS for their behavioral experiment, they could 

easily adapt ALMA and use it to compute kinematic parameters and run RFC and PCA on those 

parameters. 

One of the main improvements that ALMA brings to the field is the automatic detection of 

a gait cycle. In order to make sense of the gathered data, one must first define a unit of analysis. 
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In kinematic analysis, that would be a gait cycle. A gait cycle can be defined as "the time interval 

between two successive occurrences of the repetitive events of walking" 212. A gait cycle is usually 

divided into two phases: Stance and Swing phase. The way these phases would be defined, prior 

to computing kinematic parameters, is that a human observer would go frame by frame and 

manually annotate each of these gait phases. This task can be very time-consuming and 

monotonous, making it a perfect target for automation. Using toe position on the x-axis, we 

managed to make this process automatic. When compared to two human annotators, ALMA almost 

perfectly aligned with manual human annotation. 

It is important to keep in mind that ALMA uses a biased method for computing kinematic 

parameters. All features of kinematics are already defined based on existing literature 213. 

However, other approaches are possible. In the study by Dunn et al. (2021), the authors used an 

unsupervised machine learning approach to unbiasly identify novel behaviors and potential 

changes that might be detected as a result of treatment or intervention 114,214. Specifically, after 

pose detection in rats, the authors used a combination of wavelet spectrograms and t-Distributed 

Stochastic Neighbor Embedding (t-SNE) to cluster features and identify specific behaviors. The 

other tools, such as uBAM, could be used for unsupervised behavior analysis 215. This approach 

has benefits over ALMA in cases where authors want to describe and identify novel behaviors. 

However, this approach might be unnecessarily complicated in cases where researchers are 

interested in motor behavior following SCI, where meaningful effects should result in clear 

parameter changes (e.g., step height, ankle flexion, or dragging). 

4.9. Evaluating fine paw placement using ALMA 

In contrast to numerous attempts to automate kinematic analysis, limited attention has been 

given to automating the analysis of paw placements on ladder rungs. In our study, we successfully 

developed a tool that uses pose estimation to automatically detect slips and faults during ladder 

rung tests. Furthermore, we offer a user-friendly graphical interface (GUI) that allows researchers 

to verify each identified slip. To validate our tool, we used a model of SCI as described earlier. 

When compared to manual quantification of footfalls, we found a very high correlation between 

ALMA detection and human manual counting. ALMA footfall detection can also provide depth of 

the footfall and duration of each footfall, which may be useful when trying to detect subtle 

disturbances in paw placement and control. 
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The ladder rung walking test was developed by Metz and Whishaw in 2002 to enable 

researchers to evaluate forelimb and hindlimb placing, stepping, and coordination 202. The grid 

walking test is another frequently used test for fine paw placement and stepping 216. Although our 

toolbox is primarily developed for the ladder rung test, with slight adaptation, it could be used for 

automatic analysis of the grid walking test. 

It is crucial to note that although the ladder rung test appears simple to quantify, numerous 

variables complicate the automatic quantification process. Firstly, during ladder rung walks, mice 

sometimes stop and rest their paws between the rungs. For a human observer, it is easy to determine 

whether the mouse is resting or too stressed to continue. However, if we use any baseline values 

that represent the ladder and define a footfall as an event in which the predicted position of the 

paw is below this value, we may often predict that it was a footfall when the mouse is resting its 

paw, resulting in a false positive detection. We noticed in our work that, due to this unpredictable 

behavior, we would usually have an overestimation of footfalls. However, this is easily correctable 

using our GUI interface, which takes the user to each predicted footfall, showing where it starts 

and where it ends, and allowing the user to manually adjust the start and end of the footfall or 

accept or reject individual footfalls. Applying filters to remove some of these mistakes would be 

challenging since a footfall can occur immediately followed by resting behavior. This is why we 

deemed it best to validate each individual footfall quickly with the ALMA GUI. 

 Secondly, another common issue is mouse turning in the middle or end of the walking task. 

If habituated well, most mice can complete a single run without stopping and turning. Sometimes, 

however, a mouse may decide to stop in the middle of the run and turn on the other side, during 

which it usually makes a footfall-like behavior. This is not something that would be easy to assign 

to a particular experimental intervention and is often observed in healthy animals as well. Using 

automatic analysis, it becomes difficult to distinguish real footfalls from mistakes that occur during 

mouse turning. 

 To avoid these issues in the future, AI could interpret this behavior (footfall) in the broader 

context of mouse behavior. If we were to follow a human decision-making process in this analysis, 

we could see that in both problems (resting paws and mouse turning), one needs to understand the 

context of the behavior to decide whether something is a footfall or just natural behavior. One way 

to avoid this problem is to label more features. Instead of just labeling toes, like in our case, we 
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could use additional features to put a "footfall" in context. For example, we could label the nose, 

ears, and tail and, based on that, infer whether the mouse is turning or resting its paw, using that 

information to automatically remove wrongly detected footfalls. 

 

4.10. ALMA analysis of TBI mice 

After extensively testing ALMA's capacities to analyze kinematics and fine paw 

placements on a model of spinal cord injury, we decided to extend our analysis to models of 

traumatic brain injury (TBI) and experimental autoimmune encephalomyelitis (EAE). First, we 

focused on TBI, more specifically on controlled cortical impact injury (CCI). The CCI model is 

established by exposing the cortex and then using a pneumatic impactor to hit the brain 217, 

resulting in injury to neural and glial tissue and cognitive and motor impairments 218. 

Although TBI can cause severe tissue damage, it is sometimes challenging to detect 

functional motor impairments following the injury. It is worth noting that cognitive impairment 

tends to be more prominent in these animals, whereas motor impairment is either non-existent or 

very subtle. In light of this, considering that kinematics is seldomly performed in TBI research, we 

decided to employ ALMA to provide a comprehensive characterization of motor behavior after 

TBI. To analyze kinematics with ALMA, we recorded animals prior to TBI, 1 day after TBI, and 

10 days following TBI. After successfully computing kinematic parameters using ALMA, we ran 

RFC to see if we could correctly classify animals into respective groups. Our results show that we 

can correctly distinguish between healthy animals and animals that were tested 1 day after TBI but 

not 10 days after TBI. When we rank the parameters that are most important for performing this 

classification, we see that 1 day after the injury, mice show more variable hip joint flexion, smaller 

step height, and step length. In addition to kinematic changes, mice made more mistakes on the 

ladder rung test, but this change was transient and lasted only 1 day after the injury. 

Here, we demonstrated that ALMA can be used to detect subtle motor impairments in mice. 

Some of these impairments are very subtle; for example, differences in step height impairment are 

only a few millimeters, and ALMA can detect changes of this size. 

One important point to keep in mind when interpreting these results is that our focus of the 

analysis was on hindlimbs, excluding forelimbs. This decision was influenced by the fact that 



Page | 94 
 

ALMA, originally developed for SCI research, primarily emphasizes hindlimb involvement.. 

Some reports show no changes in hindlimbs following TBI but significant changes in forelimbs 

219. Another important point to keep in mind is that the model we used focused on one hemisphere 

of the brain while the other one remained intact. This provides space for quick functional plasticity, 

which could be one of the potential explanations for seeing changes for a short period of time. This 

quick recovery following CCI is supported by a paper that utilized the CatWalk test for analyzing 

kinematic parameters 220. This paper shows that following CCI, mice had impairment of various 

dynamic and static parameters, but these effects were short-term and most visible in the first 3 

days post-impact. All effects were gone 7 days after the injury. One very important point that the 

authors of this paper are raising to explain this short-term impairment and differences between 

groups is the following:  

"CCI led to a significant change in the temporal profile of CatWalk XT® 

parameters within the first week after CCI in mice. If this difference is due to a 'failure to 

learn' or 'failure to habituate' or if it resembles 'actual' impairment of gait needs to be 

studied in further experiments."  

This is a very important point since the animals have cortical and probably subcortical injury that 

could lead to failure to learn and habituate, and these animals could present with gait impairment 

behavior although no gait systems are actually impaired. As a control experiment, it would be 

interesting to test these animals with learning tasks and try to see if these impairments are present 

and if they are also transient or would stay long term. 

One way to improve our toolbox would be to include more parameters but also focus on 

different camera views. In all of our experiments, we used a lateral view because that enables us 

to see angles, step height, or joint movements. However, we could additionally improve our 

experimental design and toolbox to include the bottom view as well. As demonstrated in the paper 

by Weber et al., we could implement mirrors to get this information from the same recording 221. 

This would enable us to study dynamic coordination between all four limbs instead of just focusing 

on the lateral view, which enables us to analyze a maximum of two limbs. Bottom view would, in 

addition to coordination, enable us to use DLC to label digits or implement some other 

segmentation algorithms 222 to classify and analyze the size and shape of paws and potential digit 
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positions. Implementing these segmentation and classification algorithms could help us discover 

and classify some novel behaviors. 

4.11. ALMA's predictive accuracy for EAE onset 

„Experimental autoimmune encephalomyelitis (EAE) is an animal model used to study 

autoimmune problems associated with the central nervous system (CNS)“, particularly multiple 

sclerosis (MS) 223. After validating our toolbox for use in spinal cord and brain injury, we decided 

to test it in the context of EAE. Disease progression in EAE is typically measured using a scoring 

system called the "clinical score," which ranges from 0 to 5 and is highly correlated with motor 

deficits following EAE induction 224. While this scale is reliable, it only provides an overall state 

of EAE animals, without a detailed description of their kinematics. 

Using ALMA, we were able to further characterize the kinematic behavior of EAE mice. 

We found that some parameters, such as step length and height, slightly recovered, while others, 

like toe-crest distance, almost completely recovered. However, it's important to note that a more 

detailed explanation of mouse behavior during EAE doesn't necessarily mean the detection of more 

subtle differences during an experimental intervention. For example, if we are studying the effect 

of gene X knock-out on the development of EAE score and don't see any differences with the EAE 

clinical score, we are unlikely to see those differences with ALMA either. 

Our kinematic data, when reduced using factorial analysis or PCA, showed almost perfect 

correlation between human scoring and ALMA analysis. This suggests that the EAE clinical score 

is already effective at detecting significant and meaningful differences between experimental 

conditions. ALMA can help us elaborate more on what is different, but not necessarily better than 

the standard clinical score, if there is a difference. One study also shows that making the EAE 

clinical scale more refined, by introducing a longer scale system, results in the same statistical 

differences between groups and does not bring more power in detecting differences 225. 

What is most exciting about this analysis is the possibility of using machine learning, in 

this case RFC, to predict if animals will get sick before an experimenter scores the onset of the 

disease. To evaluate this, we created RFC models based on gate cycles from baseline, healthy 

animals, and one, two, or three days before a human scorer judged that animals started to get sick. 

Our data show that we can predict, with 75% accuracy, three days before a human scorer, that 
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animals are getting to be different when compared to baseline. As we approach onset, the 

likelihood of correct classification increases from 78% two days before onset to 86% one day 

before onset of the disease. This gives ALMA huge potential for predicting the disease in 

prodromal phases. Having this capability enables us to ask new questions about potential new 

treatments or fundamental questions about underlying biological mechanisms that might explain 

how the disease emerges in the first place. 
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5. Conclusions and Outlook  

 

This thesis aimed to enhance our understanding of axonal and synaptic plasticity following 

spinal cord injury (SCI) and to develop new tools for improving reliability and promoting recovery 

after SCI. Initially, we provided further evidence supporting the involvement of the hindlimb 

corticospinal tract in precise walking in mice. Subsequently, we deepened our understanding of 

motoneuron degeneration following SCI. The key contribution of our research lies in the 

development of a synaptogenic gene therapy approach that enhances circuit rewiring after SCI. 

Additionally, we determined a critical period for administering the virus to achieve significant 

recovery effects. Subsequent to our work on synaptogenic gene therapy, we developed a deep-

learning toolbox for comprehensive screening of locomotor and skilled animal movements in 

various models of neurological disorders. 

While our work has provided valuable contributions to the field, numerous questions still 

remain unanswered. It is evident that a single intervention is unlikely to yield robust recovery 

following SCI. However, the timely combination of different interventions could promote further 

axonal plasticity and improve overall recovery outcomes. We should explore other potent 

molecules that may contribute to remodeling. Additionally, investigating the effects of gene 

modulation at the lesion site in combination with gene modulation rostral to the lesion could 

potentially enhance recovery following SCI. Moreover, determining the most effective approach 

for utilizing advanced behavioral analysis to screen for consistent markers of recovery is essential. 

Our future work will be precisely focused on implementing a multimodal approach to 

further facilitate plasticity in injury conditions. This approach will combine behavioral 

interventions, such as voluntary and planned exercise, with synaptogenic molecules to enhance 

circuit rewiring. Additionally, we will supplement these interventions with molecules aimed at 

preventing the progression of secondary spinal cord injury, covering all critical points that could 

result in better outcomes. By integrating these strategies, we aim to maximize the potential for 

recovery and improve overall treatment effectiveness. 
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