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Abstract 

 

Following spinal cord injury, central nervous system neurons show extremely limited 

regenerative response and fail to reconnect with their targets resulting in permanent disabilities. 

However, a conditioning lesion, which triggers a regenerative response, shows that the ability 

of adult neurons to regenerate could be reactivated. The conditioning lesion is displayed by 

dorsal root ganglia (DRG) neurons, where an injury to their peripheral branches induces 

regeneration of their central branches, which would otherwise fail to occur. The first part of the 

thesis investigated novel signalling mechanisms required for the conditioning lesion paradigm. 

After a peripheral injury, an inflammatory response occurs with the rapid recruitment of 

macrophages at the lesion site, which have been shown to be required for the conditioning 

lesion effect. These cells produce high levels of reactive oxygen species (ROS) and create an 

oxidative environment around the axons, which led us to hypothesize that ROS may play an 

important role in the conditioning effect. We discovered that exosomal NOX2, a ROS-

producing complex, is released by macrophages, internalized by the axons and retrogradely 

transported in signalling endosomes to the somas promoting regeneration of DRG axons via 

oxidative inhibition of PTEN. In the second part, we have explored a novel paradigm where 

we combined the conditioning lesion with environmental enrichment, establishing a new 

“enriched” conditioning (EE+SNA) model. We found that EE+SNA induced an additive effect 

on axonal regeneration after SCI. Gene expression analysis of DRG after EE+SNA showed a 

striking upregulation of NOX2 pathway with upregulation of all the components of NOX2 

complex. Mechanistically, we showed that PKC-dependent STAT3 phosphorylation induces 

binding of STAT3 on hyper-acetylated NOX2 promoter regions and triggers neuronal intrinsic 

NOX2 expression. This, in turn, is required for EE+SNA-dependent redox signalling and for 

the regeneration of DRG sensory fibres after SCI. 
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Chapter 1: Introduction  

 

 

1.1 Spinal cord injury 

The spinal cord is a tubular structure formed of nervous tissue that extends from the medulla 

oblongata in the brainstem to the lumbar region of the vertebral column1. It is the main 

connection between the brain and the peripheral nervous system (Fig. 1) and functions 

primarily in the transmission of efferent signals from the motor cortex to the body, and from 

the afferent fibers of the sensory neurons to the sensory cortex1. It is also a center for 

coordinating many reflexes and it is the location of groups of spinal interneurons that form the 

neural circuits known as central pattern generators. These circuits are responsible for 

controlling motor instructions for rhythmic movements such as walking. Human spinal cord 

injuries are usually contusions or partial, rarely complete, transections. It is estimated that 

worldwide there are currently more than 2.5 million people suffering a spinal cord injury (SCI) 

and that about 150,000 new cases are reported every year (https://www.spinal-

research.org/injury/what-spinal-cord-injury). Failure of CNS axons to spontaneously 

regenerate results in often permanent sensory, motor, autonomic, or cognitive deficits. This, in 

turn, produces a heavy economic burden estimated at more than 1 billion per annum for the 

UK and Ireland (https://www.spinal-research.org/injury/what-spinal-cord-injury). Thus, 

effective therapeutic strategies to enhance regeneration of injured CNS axons thereby 

improving functional recovery are required. The first approach that has been used to induce 

regeneration in the CNS was to implant peripheral nerve graft into injured brain, spinal cord or 

retina. The results of these studies were published by Santiago Ramon y Cajal in his book 

Regeneration and Degeneration of the Nervous System2, where he concluded that attractive 

and trophic factors originating from peripheral nerves could promote regeneration of adult 

central neurons. These observations paved the way to modern approaches to the discovery of 

promising therapies for axonal regeneration and functional recovery after spinal cord injury. 
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Figure 1.  Anatomy of the spinal cord 

 

This figure represents the anatomy of the spinal cord form back and lateral view, as well as 

coronal sections of the 4 principal segments: cervical, thoracic, lumbar and sacral. 
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1.2 CNS regenerative failure: role of extrinsic factors 

The injured adult CNS has a non-permissive environment due to the presence of several 

inhibitory proteins and glycoproteins3-5, along with a deficiency of optimal trophic support6,7. 

Potent growth inhibitory molecules were found in CNS myelin: Nogo-A, myelin-associated 

glycoprotein (MAG) and oligodendrocyte/myelin glycoprotein (OMgp), the ephrins B3 and 

A3, the semaphorins 4D, 5A, and 3F are all strong growth inhibitory and have effects on a 

variety of neuronal cells in vitro8-10. The three major myelin inhibitors Nogo-A, MAG and 

OMgp share no homology but can bind to the same neuronal receptor, NgR1, which together 

with co-receptors p75NTR or TROY, and LINGO-1, mediates the inhibitory effect3,8,10,11. 

Nogo-A-induced inhibition seems to be working via the activation of the small GTPase signal 

transducer Rho, of the downstream Rho-associated protein kinase (ROCK), and actin 

regulators slingshot and cofilin3. Many other signalling pathways are involved in myelin 

inhibitory signalling including protein kinase C (PKC) and Epidermal Growth Factor Receptor 

(EGFR). Pharmacological inhibition of PKC was shown to stimulate regeneration of injured 

dorsal column axons12. Both in vitro and in vivo results indicate that PKC is one of the 

signalling mediators of myelin inhibition. However, the role of PKC in mediating axonal 

growth and regeneration remains unclear and contradictory results have been reported12-19. 

Additionally, it has been shown that myelin inhibition could also be mediated by the EGFR11. 

In fact, myelin inhibitors trigger EGFR phosphorylation and in vivo administration of EGFR 

inhibitors stimulate optic nerve regeneration20. An additional signalling molecule that is 

involved in the inhibition of myelin associated inhibitors is cyclic AMP (cAMP). It has been 

shown that cAMP levels are elevated in DRG neurons following a peripheral nerve injury and 

in vivo administration of the non-hydrolysable cAMP analogue dbcAMP following injury to 

the DRG dorsal roots axons results in regeneration of dorsal column fibres21,22. The effect that 

cAMP has on neurite outgrowth is due to the protein kinase A (PKA) dependent 

phosphorylation of the transcription factor cAMP response element binding protein (CREB)23. 

 

1.3 CNS regenerative failure: glial scar and neuro-inflammation 

The glial scar is a very important part of the response after brain and spinal cord injuries 

because it serves to separate both physically and molecularly zones of intense inflammation24.  

The astroglial component of the scar is formed by the rapid migration of astrocytes from the 

lesion epicenter outwards, driven by factors produced by inflammatory cells25. These reactive 

astrocytes proliferate and produce intermediate filament proteins, predominantly glial fibrillary 
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acidic protein (GFAP), vimentin, and nestin, leading to cellular hypertrophy of the astroglial 

layer26. Additionally, they contribute to production of a variety of potently growth inhibitory 

extracellular matrix (ECM) molecules, such as chondroitin sulfate proteoglycans (CSPGs)4,27. 

CSPGs are a major component of the glial scar and are composed of a protein core with one or 

more un-branched chondroitin sulfate glycosaminoglycan (CS-GAG) chains covalently bound. 

There are several types of CSPGs including neurcan, aggrecan, brevican, versican, phosphacan 

and NG2, which are both secreted and expressed at the cell surface of glial cells28-31. The 

endogenous function of CSPGs in the uninjured adult CNS is thought to be to limit structural 

plasticity and stabilise neuronal circuitry29,30,32 and it has been demonstrated that CSPGs 

contribute to a dense extracellular matrix structure known as perineuronal net33-35. However, 

after injury, CSPGs expression is associated with neuronal growth inhibition. Although CSPGs 

may block growth by sterically hindering growth-promoting adhesion molecules (such as 

laminins/integrins) and facilitating inhibition by chemo-repulsive molecules, such as Sema 3a 

and 5a36,37, several receptors appear important in conveying CSPG inhibition, including PTPσ, 

LAR, and Nogo receptors (NgR) 1 and 338-42. In particular, two members of the LAR subfamily, 

PTPσ and LAR, bind CSPGs with high affinity and mediate their suppression of axon 

elongation. Chondroitinase ABC (ChABC) is a bacterial enzyme that degrades CSPG 

glycosylated sugar chains, which are considered to confer much of the inhibitory properties of 

CSPGs. In vivo delivery of this enzyme enhances regeneration of CST fibres and the improve 

functional recovery following SCI43. More recently, ChABC delivery via lentiviral vectors has 

been shown to lead to significant neuroprotection and long-term functional repair following 

spinal contusion injury44. In addition to astrogliosis, a robust inflammatory response is initiated, 

which is predominantly exerted by macrophages45-47. These cells are derived mainly from two 

sources: resident microglia and blood monocytes48. Like astrocytes, microglia respond rapidly 

to injuries, migrating toward the lesion site where they participate in scar formation49. Several 

studies indicate that, in response to different combinations of factors, macrophages differentiate 

into “classically” (M1) or “alternatively” activated (M2) cells that differentially affect neuron 

survival and outgrowth47,50. After CNS injury, signalling pathways that polarize macrophages 

toward an M1 phenotype predominate46,47,50. M1 macrophages could be neurotoxic and cause 

axon dieback51,52, however, in injured brain, spinal cord, and optic nerve, macrophages are often 

associated with sprouting of injured axons (Fig. 2), which is in part mediated by their ability to 

release of neurotrophins and growth factors53,54. M2 macrophages may have more anti-

inflammatory properties and could be able to repair the injured CNS52. In fact, they promote 

robust neurite outgrowth via the release of activin-A, which has been shown to act on 
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oligodendrocytes thereby enhancing remyelination55. It is generally accepted that 

microglia/macrophage differentiation towards an M2 phenotype within damaged CNS tissues 

is associated with neuroprotection, however, there are limited data demonstrating a link 

between M2 macrophages and axonal regeneration in vivo.  
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Figure 2. Schematic of a lesion site in the spinal cord. 

 

This figure depicts a lesion site in the spinal cord. Macrophages are infiltrating the lesion 

epicenter (blue and red), which is surrounded by reactive astrocytes forming the borders of the 

lesion. Caudal to the injury, fibres belonging to the corticospinal tract are degenerating, a 

phenomenon called Wallerian degeneration, while rostral to the lesion some injured fibres 

dieback and some try to regrow their growth cone but find a non-permissive environment, 

which inhibits regrowth. (From Silver J et al. 2015 CSHL Perspectives in Biol) 
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1.4 CNS regenerative failure: intrinsic barriers 

During development, neurons extend axons establishing connections with their targets often 

located far away from their cell bodies56,57. However, the ability of developing neurons to 

extend their axons is dramatically diminished in the adult, suggesting a reduced intrinsic 

growth capacity of adult axons to regenerate following injury58-60. In the PNS, axon growth 

requires neurotrophins (NT), which support neuronal survival as well as elongation61,62. The 

neurotrophin family members neuronal growth factor (NGF), brain-derived neurotrophic factor 

(BDNF), NT3, and NT4 act via their corresponding receptor tyrosine kinases, TrkA, TrkB, and 

TrkC, which trigger a number of intracellular signalling pathways63,64. Among others, the 

phosphoinositide 3-kinases (PI3K)/serine/threonine protein kinase B (AKT) pathway and the 

Ras-activated rapidly accelerated fibrosarcoma (RAF)/extracellular signal-regulated kinases 

(ERK) pathway play important roles in stimulating axonal growth64,65. A growing body of 

evidence suggests that adult CNS neurons, in contrast to developmental neurons, possess a 

reduced capacity for axon growth. For retinal ganglial cells (RGCs), a dramatic reduction in 

axon elongation ability occurs around birth66. Recent studies suggest that the zinc-finger 

transcription family Kruppel-like factors (KLFs) are potential development-related modulators 

of axon growth ability. For instance, KLF4 has been shown to act as a potent inhibitor for axon 

growth of embryonic hippocampal neurons and RGCs and genetic deletion of KLF4 increases 

the number and length of regenerating RGC axons after optic nerve injury67. The suppressor of 

cytokine signalling 3 (SOCS3) have also been involved in the regulation of axonal 

regeneration. SOCS3 is known to suppress gp130-dependent JAK/STAT pathway68. In fact, it 

has been reported that SOCS3 deletion promoted robust axonal regeneration but SOCS3 

deletion in combination with gp130 deletion resulted in inhibition of axonal regeneration, 

indicating that the SOCS3 dependent regeneration works via the cytokine ligands of gp13069. 

Another well-established pathway capable of promoting CNS as well as PNS regeneration is 

mTOR/PTEN70-74. PTEN is a phosphatase that converts phosphatidylinositol (3,4,5) 

trisphosphate (PIP3) to phosphatidylinositol (4,5) bisphosphate (PIP2), antagonizing the effect 

of the phosphatidylinositol (3,4,5) trisphosphate kinase (PI3K). In fact, PTEN deletion leads to 

PIP3 accumulation, resulting in AKT activation74,75. AKT activation leads to phosphorylation 

and inhibition of tuberous sclerosis protein (TSC) complex which in turn results in subsequent 

engagement of Ras homolog enriched in brain (Rheb) to activate mTOR74,75. The application 

of rapamycin, an inhibitor of mTOR, abolished the regenerative effect of PTEN deficiency, 

suggesting that PTEN inhibitory effect on axonal growth is exerted via mTOR pathway71. 
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Additionally, PTEN deletion in cortical neurons promotes robust sprouting of CST axons past 

the lesion sites resulting in a significant number of regenerating CST axons across the lesion 

site and the formation of active synaptic contacts in different spinal cord injury models72. 

Furthermore, the deletion of mTOR upstream negative regulators, including PTEN, hamartin 

(TSC1) and tuberin (TSC2) in DRG neurons as well as RGCs increases axon regeneration in 

both the PNS and CNS71,76,77. All together, these findings suggest that PTEN/mTOR signalling 

is important in the regulation of axon regeneration.  

 

1.5 Peripheral nerve injury  

Peripheral nerves are composed of axons that convey signals between the central nervous 

system (CNS) and the rest of the body. Efferent neurons (motor and autonomic) receive signals 

through their dendrites from neurons of the CNS1, while afferent (sensory) neurons receive 

their signals through their connections with specialized cell types, such as muscle spindels, 

Paccinian or Golgi corpuscles among others1. These signals are sent to the CNS to provide 

sensory information to the brain and interneurons in the spinal cord when a reflex response is 

necessary78. In a peripheral nerve, fibers are organized in separate bundles called fascicles. Less 

than half of the nerves are enclosed within myelin sheaths; the remaining unmyelinated fibers 

travel along the surface of Schwann cells. All of the fascicles are surrounded by epineurium 

(vascular tissue) which encloses an individual nerve1 (Fig. 3). Multiple mechanisms, including 

traction, stretch, contusion, laceration (transaction), compression and ischemia (crush), thermal 

and electrical injuries, injection injuries and iatrogenic causes may result in peripheral nerve 

injury. The incidence of peripheral nerve injury (PNI) is estimated between 13 and 23 per 

100,000 persons per year in developed countries and results in partial or total loss of motor, 

sensory and autonomic function in the part of the body79. After nerve injury, peripheral axons 

have the ability to regenerate but reconnection with their targets is usually poor, causing 

permanent disability.  
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Figure 3. Anatomy of the nervous system and a peripheral nerve 

 

 

This figure shows (A) the anatomy of central and peripheral nervous system and (B) a detailed 

anatomy of a peripheral nerve.   
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1.6 DRG neurons and conditioning lesion 

Following nerve injury, a complex temporal and spatial sequence of molecular events enables 

regeneration of a peripheral nerve. In contrast, multiple intrinsic and extrinsic factors contribute 

to the general failure of axonal regeneration in the CNS. However, it has been shown that 

neuronal growth ability might be increased and the inhibition partiallyovercome21,80,81. This 

“conditioning” is elegantly displayed by DRG sensory neurons. DRG neurons are pseudo-

unipolar, meaning they have one axon that divides into two branches, one that projects into the 

peripheral nerve and another that enters the CNS via the dorsal root and projects along the 

spinal cord. Peripheral axons regenerate after injury, but the axons from the same cell body 

that run in the CNS fail to do so. Interestingly, if the peripheral branch is injured first, this 

increases the regenerative potential of the DRG neurons so that a subsequent injury to the axons 

in the CNS means they can now regenerate a short distance and overcome the inhibitory 

environment82. This is the conditioning lesion (CL) paradigm. It has been shown that injuries 

to peripheral and central axons elicit different molecular changes in DRG neurons, with only 

the former increasing the neuronal growth ability. However, the CL is not a clinically viable 

option, but could be used to identify targets that promote neuronal growth and induce axonal 

regeneration in the spinal cord21,81. The effects of the conditioning lesion require the modulation 

of gene transcription. Interestingly, a peripheral injury appears to partially trigger a 

recapitulation of the developmental growth state of the neuron by increasing the expression of 

growth-associated genes, such as GAP-43, CAP23, SPRR1A, other cytoskeleton components, 

and modulation of the neurofilament proteins83-93. Other modulated regeneration associated 

genes include transcription factors such as ATF-3, c-Jun, Sox11, and Smad1, translation 

regulators, and arginase 1 (a rate-limiting enzyme in polyamine biosynthesis) 94-102. 

 

1.7 Immune response after peripheral injury 

An injury to the CNS or PNS results in the upregulation of inflammatory mediators, including 

cytokines and chemokines, in neurons as well as glial cells 103,104. Wallerian degeneration is 

cellular and molecular process that happens to the nerve fibers distal to an injury and is part of 

an innate immune reaction or neuro-inflammation. The cellular response encompasses 

inflammatory activation of Schwann cells (SCs) and invasion of various types of immune cells, 

including macrophages, which produce and secrete cytokines and chemokines. It is well known 

that pro-inflammatory cytokines and chemokines play a key role in managing the invasion of 

macrophages and cleaning of the myelin debris during the early phase of Wallerian 
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degeneration 105. In fact, several studies provide evidence about the direct effects of cytokines 

on activating the intrinsic capacity of the neurons to regenerate their axons106,107. SCs in the 

injured area have the ability to support their own survival by secreting autocrine factors, 

thereby enhancing potential for axonal growth from the proximal end toward the distal 

stump108. During the first 24 hours following injury and before the arrival of blood-derived 

macrophages, SCs control demyelination by degrading myelin basic protein109. Signalling 

pathways between primary sensory neurons, SCs and immune cells are highly intertwined, and 

cytokines and chemokines are central components in this complex network110,111. Importantly, 

macrophage activation after nerve injury has been shown to be crucial for the conditioning 

injury dependent increase in regenerative capacity112-114. These studies show a dual role for 

macrophages, orchestrating the degeneration of the distal stump and stimulating regeneration 

of the proximal axons of the DRG neurons (Fig. 4). Macrophages have been the most studied 

immune cells in the context of spinal cord inflammation for many years and are now considered 

crucial for tissue repair and functional recovery, however, inflammation essentially implies 

sequential recruitment and activation of neutrophils and macrophages. Neutrophils are usually 

considered as the ‘bad guys’, bluntly accumulating in the inflammatory core of a tissue lesion, 

secreting proteases, oxidative and tissue-degrading enzymes, thereby creating a harmful 

environment. However, it has been recently shown that neutrophils are critical for myelin 

removal after peripheral nerve injury, as shown by effective myelin clearance by neutrophils 

in mice with CCR2+ macrophages deletion115. At the present, the specific activity of 

neutrophils in the spinal cord is largely unknown116. There is increasing evidence that 

neutrophils exert at least indirect beneficial effects, probably by initiating inflammation-

associated tissue repair117,118.  
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Figure 4. Dual Role of macrophages after peripheral nerve injury 

 

This figure depicts the dual role of macrophages after PNI. Distally, macrophages help tissue 

remodeling inducing degeneration of the distal stump. Proximally, they stimulate axonal 

regeneration via paracrine communication with neurons. (From Kwon et al. 2016, Neural 

Regen Res) 
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1.8 Injury-dependent pathways 

A major body of research has focused on the identification of the molecular mechanisms that 

promote a regenerative response enabling axonal regeneration and functional recovery119. It is 

considered that pro-regenerative cellular signalling after axon injury recapitulate some of the 

developmental processes that occur before synapse formation, thereby switching neurons from 

a synaptically active state back to a silent growth-competent state120,121. Additionally, in injured 

neurons, signalling after injury occur in two phases: an early phase that is orchestrated by a 

retrograde calcium wave that propagates towards the soma122,123 and a late phase characterized 

by the retrograde transport of signalling molecules by motor proteins124,125. A number of 

changes occur in an axon immediately after axotomy. Among these, perhaps the best 

characterized is the elevated calcium level in the injured axonal stumps. Calcium is back-

propagated to the cell soma by voltage-gated calcium channels (VGCCs), and, in turn, induces 

the release of additional calcium from internal stores in the endoplasmic reticulum (ER)123,124. 

It is well documented that calcium flux as a result of neuronal activity can lead to a series of 

alterations in neuronal signalling and gene expression, resulting in both short-lived and long-

lasting changes. Similarly, in the case of axonal injury, the elevated calcium levels trigger 

signalling cascades spreading from the axonal stumps to their cell bodies57,126. An early 

increase of calcium at the injury site facilitates both the local translation of signal transducer 

and activator of transcription 3 (STAT3)127, importin-β128 and the binding of extracellular-

signal-related kinase (ERK) with importin-β, allowing for retrograde transport129. At a later 

phase after injury, the calcium-dependent enzyme adenylyl cyclase, cAMP increases the 

activity of several important proteins, including DLK123,130,131
. DLK enables the retrograde 

transport of several injury signalling proteins, including JUN N-terminal kinase (JNK), JNK-

interacting protein 3 (JIP3) and DLK itself, to the nucleus130. Retrograde transport of ERK 

signalling induces the translocation of the histone acetyltransferase PCAF to the nucleus129,132. 

Conversely, in DRG neurons, back-propagating calcium waves cause activation of protein 

kinase Cm (PKCm), which induces nuclear export of histone deacetylase 5 (HDAC5), resulting 

in enhanced histone acetylation and gene expression.13,16. This changes in subcellular 

localization of histone modifier enzymes causes a transition from repressive methylated 

chromatin into accessible acetylated chromatin133, allowing for the binding by regenerative 

transcription factors and expression of pro-regenerative genes13,132-134 (Fig. 5).  
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Figure 5. Early and late signalling events after nerve injury 

 

 

 

The figure represents some of the characterized signalling pathways involved in (A) early 

phase calcium-dependent pathways and (B) late phase transport-dependent signalling 

resulting in epigenetic reprogramming and expression or regeneration-associated genes 

(RAGs). (From Mahar and Cavalli, 2017 Nat Rev Neurosci) 
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1.9 Transcriptional responses after injury 

A peripheral nerve injury elicits the activation of numerous intracellular signalling pathways 

resulting in the upregulation of several transcription factors (TFs) that are crucial for the 

induction of a successful regenerative programme associated with regenerative axonal growth, 

synapse formation and functional recovery. This is achieved via the expression of numerous 

RAGs that include TFs, growth factors, cytoskeletal proteins, cytokines and other molecules 

involved in the regenerative response. TFs are DNA binding proteins able to activate or repress 

transcription of multiple target genes. Classical phospho-proteomic and microarray studies 

have identified nearly 400 axonal signalling networks linked to 39 TFs (26 TF families), 

involved in DRG injury response135. These include c-Jun, Jun D, activating transcription factor 

3 (ATF3), cAMP response element binding protein (CREB), STAT3, CCAAT/enhancer 

binding proteins (C/EBPs), p53, Oct-6, nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB), nuclear factor of activated T-cells (NFATs), Kruppel-like factors (KLFs), 

Sox11, SnoN, ELK3, P311, and E47 among others96,136-140. However, overexpression of a 

single RAG alone, including the transcription factors (TFs) ATF3 and STAT3 or the 

cytoskeletal protein GAP43, is not sufficient for effective regeneration83,94,141. For instance, 

constitutive expression of ATF3 increases axonal growth in the PNS after injury, but it does 

not promote neuronal regeneration in the CNS94. These findings demonstrate the necessity for 

a combined and cooperative intrinsic programme involving many RAGs for proper 

regeneration to occur. Transcription is affected not only by the availability and activation of 

TFs but also by chromatic accessibility at regulatory regions.  There is growing evidence that 

changes in chromatin accessibility affects expression of RAGs and regeneration potential in 

neuronal cells during development as well as after injury13,16,132,134,142-144. A chromatin 

immunoprecipitation screening of histone post-translational modifications in cortical neurons 

showed significant changes in histone marks at the promoter regions of several RAGs, 

indicating a reduction in chromatin accessibility during post-natal development145. 

Additionally, overexpression of the acetyl-transferase p300/CBP was shown to be able to 

increase regeneration of retinal ganglial neurons (RGNs), as well as increased levels of 

H3K18ac, the occupancy of p300 and acH3 on the promoter of several RAGs that also 

displayed increased gene expression143. Another study from the same group showed that the 

overexpression of the histone acetyltransferase PCAF was able to promote regeneration of 

sensory fibres after spinal cord injury and this was accompanied by increased level of H3K9ac 

and increased expression of RAGs132. Other non-histone epigenetic modification such as DNA 
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methylation and DNA 5-hydroxymethylation (5hmC) could be involved in the injury response. 

DNA methylation and 5hmC take places in CpG sites present in CpG-rich sequences termed 

CpG islands. They are major regulatory units and around 50% of CpG islands are located in 

gene promoter regions, 25% lie in gene bodies, often serving as alternative promoters146. It has 

been reported that CpG island methylation changes after nerve injury, however, none of the 

changes involved RAGs147. Two recent studies133,134 found that peripheral nerve injury results 

in increased level of TET3 and 5hmC in DRG and specific knock down (KD) of TET3 resulted 

in impaired peripheral nerve regeneration in correlation with reduced expression of several 

RAGs (Fig. 6). 
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Figure 6. Key signalling pathways relying on epigenetic control of axonal regeneration 

 

 

 

The figure summarizes epigenetic pathways upon an axonal injury in the peripheral and 

central nervous system in converging on the nucleus of a DRG neuron. The pathways 

depicted are based on in vivo and in vitro culture experimental evidence (from Palmisano 

and Di Giovanni, 2017 Neurotherapeutics) 
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1.10 Aims of the thesis 

This thesis aims to:  

(i) Investigate regenerative pathways after peripheral nerve injury, focusing on the role of 

macrophages and macrophage-neuronal paracrine communication in the conditioning lesion 

(CL) paradigm. 

(ii) Investigate the effect of combining injury-dependent (CL) and injury independent 

(Environmental Enrichment, EE) pathways on axonal regeneration after spinal cord injury and 

investigate the molecular mechanisms behind it. 

(iii) Discover novel molecular pathways that can be targeted and used as therapy for SCI. 
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Chapter 2: Reactive oxygen species regulate axonal 

regeneration through the macrophage derived 

exosomal NADPH oxidase 2 signalling in the injured 

axon 

 

 

 

2.1 Introduction 

 

 

2.1.1 Reactive oxygen species 

Reactive oxygen species (ROS) are small, volatile, highly reactive molecules that consist of 

radical and non-radical oxygen species formed by the partial reduction of oxygen. Molecular 

oxygen (O2) is relatively inactive but after reduction, oxygen derivatives are more likely to 

participate in chemical reactions. The main ROS produced in vivo, superoxide radical, has both 

reducing and oxidizing properties, reacting prevalently with metal ions and iron–sulfur 

clusters148. Reaction of superoxide with nitric oxide produces peroxynitrite, a strong oxidizing, 

nitrating and nitrosylating agent. Hydrogen peroxide (H2O2) is a weak oxidant reacting mainly 

with thiols. Reaction of hydrogen peroxide with Cl−, catalysed by myeloperoxidase, produces 

hypochlorite, an oxidant and chlorinating compound148. Reaction of H2O2 with transition metal 

ions gives hydroxyl radical (OH), the most reactive species occurring in vivo. OH reacts rapidly 

and indiscriminately with biomolecules of all classes, including nucleic acids, free nucleotides, 

proteins, lipids and carbohydrates. The high reactivity of ROS can induce oxidative damage 

producing DNA mutations, protein inactivation and cell death. 

 

2.1.2 Cellular sources of ROS  

Many enzymes and organelles can produce ROS within a cell. Mitochondria are the major 

source of ROS and produce them via the incomplete reduction of O2 to H2O in the electron 

transport chain. Enzymes like NADPH oxidases (NOXs), xanthine oxidase, cyclooxygenases, 

cytochrome p450 enzymes and lipoxygenases also can produce ROS in large quantities. 
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However, the very nature of the ROS produced is important, indeed, different ROS play 

different roles depending on the context. For instance, mitochondrial ROS can induce oxidative 

stress, which has been implicated in the malfunction of many cell types leading to diseases, 

including cardiovascular pathology, immunodeficiency, pulmonary and neurodegenerative 

diseases149-159. Unregulated ROS production has been linked to heart failure and 

cardiomyocytes cell death150,160-163 as well as mitochondrial function failure in 

neurodegenerative pathologies including Parkinson’s or Alzheimer’s diseases156,159,164-167. 

However, many recent studies have shown that NOX-dependent ROS production can function 

as signalling molecules, especially in immune cells where inflammatory stimuli are coupled 

with increased ROS production. The NOX-mediated release of ROS, also called oxidative 

burst, plays a crucial role in the elimination of invading microorganisms by macrophages and 

neutrophils and thereby serves as an inflammatory mediator168. 

 

2.1.3 ROS are signalling molecules  

Traditionally, ROS production has been associated with cellular and tissue damage 

contributing to aging, cancer and neurodegeneration169,170. More recently, physiological roles 

of ROS as signalling molecules have emerged, including the control of cell proliferation, 

differentiation and stem cell fate commitment171-174. The biological effects of cellular ROS 

generation depend on the several variables: the species produced, the amount, the diffusion 

distance as well as the intracellular compartment in which they are generated175. ROS can be 

generated within organelles and diffuse short distances into the cytoplasm and nucleus, 

allowing for quick and fine-tuned changes in signalling175. Neurons are unique cells as they 

possess long processes (axons and dendrites) and must transport molecules over long distances. 

Signalling via axonal transport is essential in the elongation process both during development 

or regrowth following a lesion124,176. ROS are ideally suited for this purpose, especially after 

an injury when an inflammatory response increases the local level of ROS. Several studies have 

shown a central role for ROS and redox signalling during regenerative responses in a variety 

of cell types including osteocytes, cardiomyocytes, skeletal muscle and neurons177-180. 

 

2.1.4 Axonal regeneration and conditioning injury 

During development, neurons can elongate their axons over long distances, some neurons, such 

as pyramidal neurons in the motor cortex extend axons over several meters to reach their targets 

in the spinal cord. When severed, developing axons are able to re-enter their growth state and 
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regenerate their axons181,182. Instead, the adult, mammalian CNS possesses a very restricted 

regenerative capacity, which is limited by inhibitory extrinsic factors as well as the presence 

of a non-permissive inflammatory microenvironment. Additionally, a reduced intrinsic growth 

potential results in the inability of neurons to initiate pro-regenerative signalling cascades. On 

the other hand, the adult PNS retains the ability to regenerate axons. It is well established that 

tissue repair after an injury, including heart, brain, liver and spinal cord damage, can be 

enhanced by a previous injury, a so-called conditioning lesion, which increases survival, 

regeneration and functional recovery183-185. L4-L6 dorsal root ganglia (DRG) neurons are 

affected by the sciatic conditioning lesion paradigm. Central branch axons would fail to 

regenerate in the CNS82,95. However, when a sciatic injury to the peripheral branch is performed 

prior to a central branch lesion, it triggers partial regeneration of central branch axons into the 

spinal cord82,95. Soon after sciatic injury, reactive leukocytes, such as macrophages and 

neutrophils, are recruited and surround the lesion site creating a highly oxidative 

microenvironment, which contributes to an early phase involving growth cone collapse186 and 

retraction as well as a late phase of tissue clearance and distal stamp degeneration187,188. 

Nonetheless, in light of the accumulate evidence in many different fields189, we postulated that 

ROS production and the subsequent modulation of redox state in neurons might also work as 

retrograde signals capable of modulating regenerative signalling pathways.  

 

2.1.5 Preliminary data and hypothesis 

RNAseq analysis performed on DRG neurons 24h after sciatic nerve injury showed that the 

genes and pathways that were modified by the injury were also differentially regulated by 

H2O2 induced redox signalling and, together, converged upon the NOX2 signalling177. This 

led us to hypothesize that NOX2-derived ROS may play an important role in the conditioning 

lesion dependent regeneration in DRG neurons.  
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2.2 Methods 

 

Mice 

Animal work was carried out in accordance to regulations of the UK Home Office. B6.Cg-

Tg(Thy1-YFP)HJrs/J (thy1-YFP, Jackson), B6(Cg)-Ncf1m1J/J (Ncf1-/-, Jackson), B6.129S-

Cybbtm1Din/J (gp91phox-/-/NOX2-/-, Jackson), Importin β1 3′ UTR-/- 190, and corresponding wild-

type littermates or C57Bl6/J (Harlan, UK) mice ranging from 4 to 8 weeks of age were used 

for all experiments.  For all surgeries, mice were anesthetized with isofluorane (5% induction 

2% maintenance) and a mixture of buprenorphine (0.1mg/kg) and carprophen (5mg/kg) was 

administered peri-operatively as analgesic. 

 

Sciatic nerve crush (SNC) and sciatic nerve axotomy (SNA) 

Sciatic nerve lesion experiments were performed under isoflurane anesthesia (5% induction, 

2% maintenance). The biceps femoris and the gluteus superficialis were separated by blunt 

dissection, and sciatic nerve was exposed. Sciatic injury was performed by crushing the nerve 

for 10” twice orthogonally to the common segment of the nerve at approximately 20 mm 

distally from L4-L6 DRG. Alternatively, to the crush, a sharp axotomy was performed. Sham-

operated mice that underwent exposure of the sciatic nerve without crush or axotomy were 

used as surgery controls. 24h after surgeries, sciatic nerves were dissected and post-fixed in 

4% PFA in PBS at 4°C for 1h and transferred to 30% sucrose O/N. Then the tissue was flash 

frozen in liquid N2 and embedded in Tissue-Tek OCT compound, frozen at -80°C and cut in 

10µm-sagittal sections.  

 

Sciatic nerve regeneration 

Seven days after sciatic nerve crush animals were deeply anesthetized and perfused 

transcardially. Sciatic nerves were dissected and post-fixed in 4% PFA in PBS at 4°C for 1h 

and transferred into 30% sucrose O/N. Then the tissue was flashed frozen in liquid N2 and 

embedded in Tissue-Tek OCT compound, and cut in 10µm-sagittal sections. Tissue sections 

were immunostained for SCG10 (Rabbit, Novus) a marker for regenerating axons85.  

Number of regenerating axons caudal to the axotomy and their distance from the lesion 

epicenter were analyzed in 4-6 sections per animal with a Nikon Eclipse TE2000 microscope 

with an optiMOS scMOS camera using 10x magnification. 
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Local delivery of compounds on the sciatic nerve 

For local compound delivery, 2.5µl of each compound or its corresponding vehicle (saline or 

DMSO) were slowly poured onto the nerve with a pipette to avoid damage on the nerve and 

allowed to penetrate the tissue for 20” prior performing the injury or the sham procedure before 

suturing the wound. Lack of complete entry of all the administered compound and diffusion 

and spreading of it along the exposed nerve, provoke the dilution of the administered stock 

concentration, considering the swelling and consequent change on the final volume, we 

estimated and validated that the actual concentration on the nerve is around 30 times lower than 

the administered stock for every compound. For retrograde transport experiments, 3µl of CtB 

(Invitrogen) was injected into the nerve prior to sciatic nerve crush and allowed to penetrate 

the tissue for 20” before suturing the wound. 

 

Drugs  

H2O2, NAC, SF1670, VAS2780 and MitoTEMPO were purchased from Sigma, LY294002 and 

CiliobrevinD from Calbiochem. Stock solutions of H2O2 (0.25mg/ml) and NAC (5mg/ml) were 

dissolved in saline. Stock solutions of SF1670 (20mM), VAS2780 (3mM), MitoTEMPO 

(3mM), LY294002 (13mM) and CiliobrevinD (100µM) were dissolved in DMSO. For each 

group treated with a drug, the respective control group received the same volume of vehicle. 

 

Western blot 

Proteins from either L4-L6 DRG, F11 cells, cultured BMDM or BMDM-derived exosomes 

were extracted using RIPA buffer with protease and phosphatase inhibitor cocktails (Roche). 

Total lysates were obtained by 30’ lysis on ice followed by 30’ centrifugation at 4ºC. Protein 

concentration of lysate was quantified using Pierce BCA Protein Assay Kit (Thermo 

Scientific). 10-50μg protein were loaded to SDS-PAGE gels and transferred to PVDF 

membranes for 2h. Membranes were blocked with 5% BSA or milk for 1h RT and incubated 

with gp91phox (1:200, Mouse, BD biosciences), p47phox (1:200, Rabbit, Santa Cruz), p-

p47phox (S345) (1:100, Rabbit, Sigma), p67phox (1:500, Rabbit, abcam), p22phox (1:100, 

Rabbit, abcam), CD63 (1:200, Rat, Biolegend), CD9 (1:500, Rat, BD), TSG101 (1:500, 

Mouse, GeneTex), PDI (1:500, Mouse, StressGene), LAMP2 (1:500, Mouse, SantaCruz), 

CD71 (1:500, Mouse, BD), α-actinin 4 (1:500, Rabbit, Abcam), H3 (1:1000, Rabbit, 

Abcam), SOD1 (1:100, Rabbit, Abcam), Rab7 (1:1000, Mouse, abcam), GFP (1:2000, Mouse, 

abcam), IMPA1 (1:1000, Rabbit, CST), SSH3 (1:1000, Rabbit, CST), PPP1R12 (1:5000, 

Rabbit, abcam), Src (1:1000, Rabbit, CST), PP1c (1:2000, Rabbit, abcam) or PTEN (1:1000, 



36 
 

Rabbit, CST) at 4ºC O/N. Following HRP-linked secondary antibody (GE Healthcare) 

incubation for 1h RT, membranes were developed with ECL substrate (Thermo Scientific). 

 

Protein thiol oxidation labeling 

In cell culture 

F11 neuroblastoma x DRG neuron hybrid cells (F11) were grown and maintained in Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum at 37°C and 

5% CO2. All experiments were performed on 70-90% confluent cell cultures. The cells were 

seeded in 15-cm plates and treated with Vehicle, 100µM H2O2 or 10µM NAC. For transfection 

experiments 2x107 cells per condition were electroporated with the Neon system (Invitrogen) 

at 900V 35msec 2 pulses with 1µg of GFP, p47phox WT or p47phox 3xS/D (mutations: 

S303D/S304D/S320D)191 expression plasmids. Chilled 100% TCA was added to a final 

concentration of 10% in the cell culture. Cells were collected by scraping and centrifugation. 

Cells were then lysed using micro pestles and proteins were precipitated by TCA/acetone. 

Reduced protein thiols were then blocked by resuspending the proteins in lysis buffer (200mM 

Tris, 6M Urea, 5mM EDTA, 0’05% SDS) containing 20mM of MMTS (Sigma) and incubated 

20’ at 50ºC. To remove the excess of MMTS proteins were precipitated with TCA/acetone. 

Oxidized thiols were then reduced by incubation of 30’ at 30ºC with lysis buffer with 20mM 

of TCEP (Sigma). To remove the excess of TCEP, proteins were precipitated by TCA/acetone. 

Oxidized thiols were then labeled by incubation for 2h at room temperature with 4mM of 

HPDP-biotin (Sigma), while negative protein controls were generated by not adding HPDP-

biotin. Proteins were precipitated with TCA/acetone to remove the excess of HPDP-biotin, and 

resuspended in lysis buffer and protein concentration was quantified by BCA (Thermo). The 

same protein amount for each condition was incubated with Neutravidin agarose resin 

(Thermo), and biotinylated proteins were eluted with Laemmli sample buffer, and subjected to 

Western blot analysis as previously described. 

Ex vivo 

L4-L6 DRG from 3 animals were pooled together 12h after sciatic nerve injury and collected 

in chilled MMTS containing lysis buffer. Tissues were then crushed using a micro pestle and 

centrifuged to remove tissue aggregates. Thiol oxidation labeling and immunoblotting was then 

performed as previously described. 
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Dorsal Root Ganglia (DRG) cell culture.   

Adult DRG were dissected and collected in Hank’s balanced salt solution (HBSS) on ice. DRG 

were transferred to a digestion solution (5mg/ml Dispase II (Sigma), 2.5mg/ml Collagenase 

Type II (Worthington) in DMEM (Invitrogen) and incubated at 37°C for 45 mins with 

occasional mixing.  Subsequently, DRG were transferred to media containing 10% heat 

inactivated FBS (Invitrogen), 1X B27 (Invitrogen) in DMEM:F12 (Invitrogen) mix and were 

manually dissociated by pipetting until no remaining clumps of DRG were observed. Next, 

dissociated cells were spun down, resuspended in media containing 1X B27 and 

Penicillin/Streptomycin in DMEM:F12 mix and plated at 3500/coverslip.  The culture was 

maintained in a humidified atmosphere of 5% CO2 in air at 37°C. For ex-vivo culture, mice 

underwent surgeries as previously described (refer to Sciatic nerve crush (SNC) and sciatic 

nerve axotomy (SNA) section) and 24h after surgery mice were sacrificed and L4-L6 DRG 

were collected and cultured for 12hr, fixed and stained.  

 

Preparation of L929 cells conditioned medium (LCCM) 

L929-cell conditioned medium (LCCM) was used as a source of macrophage colony 

stimulating factor (M-CSF). A confluent monolayer of L929 cells were incubated in 

DMEM:F12 supplemented with 10% of heat inactivated FBS for 7 days. Cell free supernatant 

was then harvested from the confluent monolayer, passed through a 0.22 μm membrane filter 

and kept at − 80 °C until use. 

 

Bone Marrow Derived Macrophages (BMDM) 

Bone marrow-derived macrophages (BMDM) were obtained as described previously 192. 

Briefly, mice were killed by cervical dislocation and bone marrow cells (BMC) were flushed 

from femoral shafts with PBS, washed with DMEM:F12 media with 10% heat inactivated FBS. 

BMCs were plated in 10 cm petri dishes at a concentration of 5x105 cells/plate with complete 

medium DMEM:F12 with 10% heat inactivated FBS complemented with 20% of LCCM. 3 

days after plating cells were supplemented with 5ml of fresh complete media. 6 days after 

plating, differentiated BMDM were activated by adding 100ng/ml LPS (Sigma). At day 7 cells 

were washed with PBS and harvested by gently scraping. For transfection experiments, 2x107 

cells per condition were electroporated with the Neon system (Invitrogen) at 1300V 35msec 1 

pulse with 1µg of GFP, p47phox WT or p47phox 3xS/D expression plasmids. 
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Exosome preparation 

BMDM were routinely seeded in 10cm petri dishes to a cell density of 3~4×106cells/well. 

Cultured BMDM were stimulated with 100 ng/ml LPS or vehicle. Culture medium was 

collected 24h later, centrifuged 5’ at 3000g to remove cells and debris, collect the supernatants 

and proceeded to exosome precipitation performed with Exoquick-TC Exosome precipitation 

solution (System Biosciences) according to manufacturer’s guidelines. 

Exosomal protein extracts were resuspended in the appropriate buffer for each downstream 

application.  

 

BMDM conditioned media 

Media (DMEM:F12 with Penicillin/streptomycin) was conditioned for 24h in WT, Ncf1-/- or 

NOX2-/- LPS-activated BMDM standard cultures, as previously described for exosome 

preparation. Exosome depleted WT conditioned media was obtained as the soluble fraction 

from the exosome purification. 

 

Electron microscopy 

Exosome pellets were placed directly on the grids and allowed to settle for 5 min, fixed and 

washed before being loaded onto carbon-coated Formvar 200 mesh EM grids (TAAB, UK). 

After incubation for 5 min (without drying), samples were fixed for 5 min in 2% 

glutaraldehyde and washed three in glass-distilled water. The grids were then stained for 

20 min with 3% aqueous uranyl acetate:2% methyl cellulose 1:9 (for negative staining) or 

with CD63 (mouse, Biolegend) and p22phox (Rabbit, Abcam) antibodies, and 6 or 12-nm 

gold particle-conjugated secondary antibodies before analysis on a JEM 1400Plus electron 

microscope (JEOL, Japan) operated at 120 kV. 

 

Microfluidic chambers 

Adult DRG cells were obtained as described above and 50.000 cells were plated onto the 

neuronal side of Standard Neuron Device (150µm microgroove barrier, Xona microfluidics) 

microfluidic current was forced towards the axonal side according to manufacturer’s 

guidelines.  Axonal side was treated with Vehicle/H2O2 or BMDM conditioned media, or 

alternatively seeded with 5x105 BMDM cells. For transfection experiments, 100µM Dynasore 

or DMSO was added to the culture. Neurons were then allowed to grow their axons across the 

grooves. 72h after cultures were fixed and stained. Axonal growth was analyzed measuring 
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only the axons that sprouted through the channels, the measurements was performed using 

ImageJ (Fiji) software. 

 

In vitro exosome administration on DRG cultures 

Exosomes from WT, Ncf1-/- or NOX2-/- LPS-activated BMDM were isolated as previously 

described (refer to Exosome preparation section) and resuspended in PBS. The equivalent of 

30µg of protein extracts of intact active exosomes from each genotype or PBS alone (vehicle), 

were administered to standard cultured dissociated DRG neurons, and were left allowed to 

grow for 24h. Fixation, staining and outgrowth analysis were performed as previously 

described (refer to DRG cell culture section). 

 

PKH67 staining  

Membranes from BMDM or exosomes were stained using PKH67 kit (Sigma) according to 

manufacturer’s guidelines. Briefly, BMDM or exosomes were harvested by centrifugation 

400g for 5' or 1500g for 30' respectively. Pellets were resuspended in 2 µM PKH67 dye 

solution, and incubated for 5’ at RT. Staining was stopped by adding an equal volume of 2% 

BSA for 1’. Cell suspension was centrifuged at 400g for 10’ at RT and pellets were washed 3 

times with 10 ml of complete medium.  Next, exosomes were centrifuged at 2000g for 30 min, 

without further washes. Pellets were finally resuspended in complete media. 

 

Plasmids 

pCDNA6.2emGFP was form Invitrogen. pEGFPc1humanp47phox was a gift of Prof Saito at 

the Laboratory of Molecular Pharmacology, Biosignal Research Center, Kobe University, 

Kobe, Japan; (http://www.jimmunol.org/content/173/7/4582.full). The S303D/S304D/S328D 

mutations (described in http://www.jbc.org/content/286/47/40693.full.pdf) were inserted in the 

context of wt vector by site directed mutagenesis (NEB Q5 site directed mutagenesis kit 

following manufacturer´s instructions).  

 

In vivo redox state detection in tissue sections 

In vivo oxidative levels were detected using DHE (5 mg kg−1; Invitrogen). DHE was 

administered intraperitoneally 1 hour before euthanizing. Alternatively, 3 µl of 2% 

oxyburst-BSA (Invitrogen) was injected in the nerve prior to SNC. For hydrocyanine–Cy3 

(ROSstar550, LICOR), DRG were freshly extracted and washed in ice-cold PBS–DTPA, 

http://www.jimmunol.org/content/173/7/4582.full
http://www.jbc.org/content/286/47/40693.full.pdf
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and subsequently incubated with 100 µM hydrocyanine–Cy3 in PBS for 30 min at 37 °C, 

washed once with PBS–DTPA, and fixed in 4% PFA. 

 

Immunohistochemistry 

Immunohistochemistry on tissue sections was performed according to standard procedures. For 

all antibodies used, antigen retrieval was performed submerging the tissue sections in 0.1M 

citrate buffer (pH 6.2) at 98°C for 5 minutes. Next, tissue sections were washed with PBS to 

remove the excess of citrate buffer and blocked for 1h with 8% BSA, 1% PBS-TX100. Finally, 

the sections were incubated with anti-NF200 (mouse, Millipore), p47phox (rabbit, Santa Cruz), 

p-p47phox (S345, rabbit, Sigma), gp91phox (1:200, Mouse, BD biosciences), ICAM1 (mouse, 

Abcam), CD11b/c (mouse, Novus), Rab7 (rabbit, Abcam), GFAP (rabbit, Millipore), p-Akt 

(S473) (rabbit, Cell Signalling), p-STAT3 (1:200, Rabbit, CST) and/or CTB (1:1000, List 

biological 703) antibodies at 4°C O/N. This was followed by incubation with Alexa Fluor 

conjugated goat secondary antibodies according to standard protocol (Invitrogen). All tissue 

sections were counterstained with DAPI (Molecular Probes). 

 

Microscopy 

Photomicrographs were taken with a Nikon Eclipse TE2000 microscope with an optiMOS 

scMOS camera using 10x or 20x magnification. Alternatively, for confocal imaging, a Leica 

TCS SP5 II confocal microscope was employed and confocal images were taken at 60X 

magnification and processed with the LAS-AM Leica software (Leica).  

 

Image analysis 

Image analysis was performed using ImageJ (Fiji) software. All analysis was performed by the 

same experimenter who was blinded to the experimental groups. 

 

Immunocytochemistry (ICC) 

Glass coverslips were coated with 0.1mg/ml PDL, washed and coated with mouse Laminin 

2ug/ml (Millipore). For myelin experiments, they were additionally coated with 4μg/cm2 rat 

myelin. Cells were plated on coated coverslips for 36h, at which time they were fixed with 4% 

paraformaldehyde/4% sucrose. Immunocytochemistry was performed by incubating fixed cells 

with anti-βIII Tubulin (Tuj1, mouse, Promega), then a goat secondary antibodies was used 

according to standard protocol (Invitrogen). All cells were counterstained with DAPI 

(Molecular Probes). 
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Image Analysis for IHC and ICC 

DRG photomicrographs were taken with a Nikon Eclipse TE2000 microscope with an 

optiMOS scMOS camera using 10x or 20x magnification. Using Image J, a constant 

fluorescence intensity threshold was set across samples. Based on the threshold, for each 

picture the intensity density (ID) of pixels were calculated in each channel and then divided by 

its respective number of cells (about 225 cells/picture). This was done in triplicate and blind to 

the experimental group. Approximately between 30 and 50 cells were analyzed per each animal 

per condition. 

 

Neurite Length Analysis 

Immunofluorescence was detected using a Nikon Eclipse TE2000 microscope with a optiMOS 

scMOS camera using 10x or 20x magnification. 5 fields per coverslip were included in the 

analysis.  All analyses were performed in blind. Neurite analysis and measurements were 

performed using Neurite J plugin for Image J software (Image J). Approximately between 30 

and 50 cells were analyzed per each animal per condition. 

 

Statistical analysis 

Results are expressed as mean ± SEM. Statistical analysis was carried out using GraphPad 

Prism 7. Normality was tested for using the Shapiro-Wilk test. Normally distributed data was 

evaluated using a two-tailed unpaired Student’s t-test or a one-way ANOVA when experiments 

contained more than two groups. The Bonferroni post-hoc test was applied when appropriate. 

The Mann-Whitney’s U-test was used for non-parametric evaluation. A threshold level of 

significance α was set at P<0.05. Significance levels were defined as follows:  * P<0.05; ** 

P<0.01; *** P<0.001.  All data analysis was performed blind to the experimental group. 
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2.3 Results 

 

 

2.3.1 p47-phox expression is increased after nerve injury and is required for redox-

dependent DRG outgrowth and regeneration 

It is well established that NOX2 complex translates inflammatory signals into increased 

superoxide production and the activation of the complex is initiated by the phosphorylation of 

its cytosolic subunits including Ncf1/p47phox and subsequent recruitment of the other 

cytoplasmic subunits Ncf2/p67phox and Ncf4/p40phox. After activation, they translocate to 

the membrane where they interact with a dimer formed by Cyba/p22phox and the catalytic and 

eponym subunit Cybb/gp91phox/NOX2193-195. After peripheral injury, a strong inflammatory 

response is mounted, with rapid recruitment and infiltration of immune cells into the injury 

site.  

Following injury, we observed a striking upregulation of NOX2 components including 

p47phox protein and the active form, p-p47phox, as well as the catalytic subunit gp91phox 

near the lesion site (Fig. 7 A-D). Importantly, as expected after a tissue injury, we found that 

p47phox was highly expressed in CD11b+ inflammatory cells (Fig. 7 B-B2). These data led us 

to hypothesize that NOX-derived ROS are important modulators of peripheral regeneration. 

To prove that NOXs, and no other ROS generating mechanisms, are the cellular source of ROS 

involved in the induction of DRG outgrowth as well as sciatic nerve regeneration, we first 

measured outgrowth in cultured DRG neurons following in vivo drug treatments. The 

treatments included administration of N-acetylcystein (NAC), a general ROS scavenger, 

MitoTEMPO, a mitochondrial ROS scavenger, and VAS2870, a pan-NOX inhibitor, onto the 

sciatic nerve at the time of the conditioning sciatic lesion. We found that neurite outgrowth 

induced by a conditioning sciatic lesion was blocked by NAC (Fig. 8 A-B) and by VAS2870 

(Fig. 8 E-F), but not by MitoTEMPO (Fig. 8 A-B), suggesting that NOX derived ROS are 

specifically involved in conditioning injury induced DRG outgrowth. Additionally, we cultured 

dissociated DRG neurons in microfluidic chambers, separating cell bodies from axons, and 

found that the delivery of H2O2 to the axonal compartment induced neurite outgrowth (Fig. 8 

C-D). This data suggests an axonal dependent ROS signal likely to be retrogradely transported 

and sufficient to induce neurite outgrowth in DRG neurons. Given the significant increase in 

p-p47phox expression after sciatic injury and that a pan-NOX inhibitor abolished conditioning-

dependent DRG outgrowth, we tested whether genetic disruption of NOX2 signalling via 
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deletion of the p47phox (Ncf1) subunit would impair axonal regeneration. We found that 

regeneration was significantly inhibited by the ablation of NOX2 signalling (Fig. 9 A-B). 

Together, these data show that NOX2 is required for ROS dependent DRG outgrowth and 

sciatic nerve regeneration. 
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Figure 7. p47phox and gp91phox are induced in the nerve after sciatic injury. 

A-B. Representative fluorescence for p47phox (p47) in a sham (A) and injured-SNC (B) nerve 

2h after surgery shows intense immunolabelling after injury (B) in a NF-200 positive sciatic 

nerve, while a very low signal is detectable in sham (A). Scale bar: 500µm b-b2. Shown is 

immunolabelling for p47phox in CD11b positive immune cells after SNC. Scale bar: 150µm 

C-D. Representative immunofluorescence for gp91phox in a sham (C) and injured-SNC (D) 

nerve 2h after surgery shows intense immunolabelling after injury (D) in a Tuj-1positive sciatic 

nerve, while a very low signal is detectable in sham(C). Scale bar: 100 

C 

D 
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Figure 8. ROS control DRG neurite outgrowth including after a conditioning sciatic nerve lesion. 

 

A. Shown is that NAC blocks DRG neurite outgrowth mediated by a conditioning lesion (SNC) 

(TUJ1 immunostaining, 12h), while mitoTEMPO does not.  H2O2 phenocopies DRG 

regenerative growth elicited by SNC. Scale bar: 50µm. B. Bar graphs display average DRG 

neurite length after SNC, NAC, mitoTEMPO and H2O2. N= 3 per condition in triplicate. Mean 

neurite length per cell ± s.e.m.  (**P<0.01, ***P<0.001) Indicate significant difference with 

respect to Sham (ANOVA followed by Bonferroni test).  C. Delivery of H2O2 on the neurite 

compartment of a microfuidics cell culture chamber elicits DRG neurite outgrowth (TUJ1 

immunostaining, 12h).  Scale bar: 250µm. D. Bar graphs display average DRG neurite length 

after H2O2. Mean fold change ± s.e.m. of average neurite length normalized vs Veh. N= 3 per 

condition in triplicate. (*P<0.05, **P<0.01) indicate significant difference with respect to Veh 

(ANOVA followed by Bonferroni test). E. DRG neurite outgrowth (TUJ1 immunostaining) after 

12 h in culture. SNC increases DRG outgrowth compared to sham, whereas the NOX inhibitor 
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VAS2870 blocks SNC-induced outgrowth. Scale bar, 50 µm. F. Neurite length of DRG. N= 3 

mice per condition in triplicate (VAS, VAS2870). Mean neurite length per cell ± s.e.m. 

**P< 0.0001). 
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Figure 9.  p47phox is required for axonal regeneration. 

 

 

 

A. Nerve regeneration after sciatic nerve axotomy and re-anastomosis (seven days) (asterisks 

indicate the injury site) is significantly reduced in Ncf1−/− compared to wild-type mice. Scale 

bar, 600 µm. B. The number of regenerating axons as a function of distance from the injury 

site, which is significantly reduced in Ncf1−/− mice. Data are mean number of regenerating 

axons ± s.e.m. N= 5 wild-type mice and N= 4 Ncf1−/− mice. *P< 0.05, **P< 0.01, 

***P< 0.001; significant difference versus wild-type (ANOVA followed by Bonferroni test, 

P= 0.0019). 
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2.3.2 Endosomal NOX2 is produced by immune cells and is required for sciatic 

regeneration 

Thus far, we have observed that p47phox is strongly upregulated at the injury site after sciatic 

injury and it is expressed in CD11b+ cells, suggesting that the increased p47phox comes from 

an extrinsic source such as macrophages, which are known to be recruited and activated after 

nerve injury and express high levels of the NOX2 complex. To investigate whether the axonal 

NOX2 complex comes from reactive macrophages and is required for DRG outgrowth, we 

cultured DRG neurons from WT mice, Ncf1-/- mice, or NOX2-/- (gp91phox-/-) mice in 

microfluidic chambers separating cell bodies from neurites, in the presence or absence of Ncf1-

/-, NOX2-/-, or wildtype activated bone marrow derived macrophages (BMDM) in the axonal 

compartment. Co-culture with wildtype but not Ncf1-/- or NOX2-/- macrophages led to 

enhanced neurite outgrowth compared to control neurons alone (Fig. 10 A-B). Importantly, 

when Ncf1-/- or NOX2-/- DRG neurons were co-cultured with WT BMDM, enhanced neurite 

outgrowth was maintained, strongly suggesting that macrophage derived NOX2/p47phox is 

required for neurite outgrowth (Fig. 10 A-B). To further investigate whether macrophage-

derived activated NOX2 complex is required for DRG neurite outgrowth, BMDM were 

transfected with a plasmid expressing a GFP-tagged, WT or constitutively active form of 

p47phox, which activates the NOX2 complex191 and then BMDM plated in the axonal 

compartment of the microfluidic chambers in the presence of the endocytosis inhibitor 

dynasore or vehicle. Interestingly, WT p47phox did not increase neurite outgrowth compared 

to GFP, however, the overexpression of constitutively-active p47phox enhanced neurite 

outgrowth of DRG neurons (Fig. 10 C). Importantly, Ncf1/p47phox localization in DRG 

neurons was strongly diminished when endocytosis was blocked by the dynamin-inhibitor 

dynasore (Fig. 11 A), which also significantly reduced p47phox-dependent neurite outgrowth 

(Fig. 11 C). We then stained BMDM for Ncf1/p47phox and found that it is indeed expressed 

in BMDM (Fig. 11 B) and translocated to axons and cell bodies of DRG neurons (Fig. 10 D-

E), where it localizes mainly in Rab7+ endosomes (96.02±1.18% of p47phox/Rab7double 

positive vesicles) (Fig. 10 D-E) and Trk+ signalling endosomes (94.91±0.76% of p47phox/trk 

double positive vesicles) (Fig. 11 C). Importantly, when we added BMDM-conditioned media 

from macrophages previously transfected with GFP or constitutively active Ncf1-GFP in the 

axonal compartment of cultured DRG neurons in the presence of dynasore, the internalization 

of Ncf1-GFP in neurites, including in Trk+ vesicles, was strongly reduced compared to vehicle 

(Fig. 11 D-F). As expected and in line with these findings, dynasore strongly reduced 

endocytosis of fluorescently labelled transferrin particles (Fig. 11 G). Together, these 
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experiments suggest that the NOX2 complex containing p47phox originates from activated 

macrophages and enters axons by endocytosis. In the axon, it localizes to neuronal endosomes 

and is retrogradely transported towards the soma, where it is required for the induction of DRG 

outgrowth. Therefore, we asked whether extracellular vesicles, such as exosomes, could be 

responsible for the delivery of NOX2 from macrophages to axons. To investigate this, we first 

assessed whether active NOX2 complex is present in activated BMDM-derived exosomes. 

Exosomes were isolated from the supernatant of LPS activated BMDM, which allowed us to 

confirm the presence of the main components of the activated NOX2 complex – namely, 

p47phox, NOX2 (i.e. gp91phox), p22phox, p67phox and p-p47phox. The fraction showed the 

presence of the exosome markers CD9, CD63 and Tsg101, but was free from other membrane 

derived organelle markers, such as PDI, alpha-actinin and caveolin-3 (Fig. 12 A-B). 

Additionally, we performed morphological and size characterization of the purified fraction by 

transmission electron microscopy (TEM). Furthermore, we detected the presence of CD63+ 

vesicles and of the NOX subunit p22phox in CD63+ vesicles in our fraction via double 

Immunogold TEM (Fig. 12 C). Finally, we tested whether NOX2 containing exosomes from 

activated BMDM derived media were able to induce neuronal outgrowth. We used microfluidic 

chambers in order to selectively deliver BMDM-derived supernatant to the axons. We found 

that the delivery of WT BMDM complete supernatant to the axonal compartment increased 

axonal outgrowth (Fig 12 D-E). This increase was abolished when we delivered Ncf1-/- or 

NOX2-/- BMDM complete media as well as exosome depleted WT BMDM medium (Fig 12 

D-E). To further confirm that macrophage derived NOX2 is needed for axonal regeneration of 

DRG sensory axons, we performed a sciatic nerve injury and measured axonal regeneration in 

transgenic mice lacking NOX2 (gp91phox) specifically in macrophages (LysM-

Cre/NOX2fl/fl), versus their WT (LysM/NOX2fl/fl) littermates. We found that 3 days after 

sciatic nerve crush the number of regenerating axons (SCG10+) was significantly reduced in 

LysM-Cre/NOX2fl/fl mice, demonstrating that macrophage derived NOX2 is required for 

sciatic nerve regeneration (Fig. 12 F-G). 
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Figure 10. Macrophage-derived active NOX2 complexes are secreted via exosomes, 

incorporated into endosomes of DRG and are required for DRG neurite outgrowth.  
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A-B. DRG neurite outgrowth in microfluidic chambers separating the cell bodies from neurites 

through microchannels delimited by dashed lines (TUJ1, a). Quantification of the average 

neurite outgrowth (B). Wild-type, Nox2−/− or Ncf1−/− DRG were plated alone or in 

combination with wild-type, Nox2−/− or Ncf1−/− BMDMs plated on the neurite compartment 

after LPS activation. Scale bar, 250 µm. Data are represented as mean fold change of neurite 

length ± s.e.m. versus vehicle-treated wild-type DRG. N= 5 independent experiments for 

vehicle-treated wild-type DRG and wild-type DRG with wild-type BMDMs and N= 3 

independent experiments for the other groups. **P< 0.005, ***P< 0.001; significant 

difference versus vehicle-treated wildtype DRG (ANOVA followed by Bonferroni test, 

P< 0.0001). C. DRG neurite length in microfluidic chambers (72 h) and after plating with 

BMDMs in the neurite compartment expressing control green-fluorescent protein (GFP) or an 

active phospho-mutant p47phox3×–GFP (see d for representative images) in the presence of 

DMSO or dynasore. Data are mean fold change of average neurite length ± s.e.m. versus GFP 

DMSO. N= 3 for vehicle-treated p47phox and N= 6 for the other groups. **P< 0.005; 

significant difference versus GFP DMSO (ANOVA followed by Bonferroni test, P= 0.0001). 

D-E. z-stack fluorescent images showing GFP expression of p47phox3×–GFP after 

electroporation in LPS-activated BMDMs, in DRG neurites (D) and DRG cell bodies (E). 

p47phox–GFP co-localizes with the endosomal marker RAB7 (arrows). Scale bars, 25 µm. 
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Figure 11. BMDM derived exosomes containing active NOX2 internalize into the neuron 

via a dynamin dependent mechanism. 

 

 

A. Bar graph shows the percentage of GFP positive DRG neurons after plating in microfluidic 

chambers together with Ncf1-GFP electroporated BMDM and after dynasore versus vehicle 

(DMSO). B-C Z stack fluorescent images showing GFP expression of Ncf13xS/D-GFP after 

electroporation in LPS-activated BMDM, in macrophages (B), DRG neurites (C). Ncf1-GFP 

co-localizes with the endosomal marker Rab7 (B) and with Trk (C) (arrows). Scale bar: 25µm 
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(B) and 100µm (C). Data is expressed as percentage of GFP+ DRG cells ± s.e.m. vs total DRG 

neurons on the grooves. N= 3. (**P<0.01) indicate significant difference versus GFP-DMSO 

(Student’s T test). D-E. Dynasore delivered in BMDM conditioned media over DRG neurites 

after electroporation of GFP or Ncf1-GFP inhibits endocytosis of vesicles in DRG neurites.  

GFP and Ncf1-GFP co-localize with the endosomal marker Trk. Scale bar: 100µm. F. Bar 

graph shows the amount of GFP positive vesicles in DRG neurites after Veh or Dynasore pre-

incubation. Data is expressed as average number of GFP+ puncta per 200µm of neurite (2-3 

neurites per cell; 6-7 cells per well) ± s.e.m. N= 3. (**P<0.01, ***P<0.005) indicate 

significant difference versus GFP-Veh (ANOVA followed by Bonferroni test). G. Dynasore 

delivered in culture media blocks endocytosis into DRG neurites of transferrin-Alexa 594 

labelled nanoparticles. Scale bar: 100µm. 
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Figure 12. BMDM-derived exosomes contain an active NOX2 complex and induce NOX-

dependent DRG outgrowth and nerve regeneration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A-B. Representative immunoblotting from BMDM protein extracts and BMDM-derived 

exosomal fractions (Exo) from inactivated and LPS-activated BMDMs, data show expression 

of active NOX2 complex subunits, gp91phox, p67phox, p-p47phox (S345), p22phox and of 

exosomal proteins CD9, CD63 and TSG101 after LPS stimulation (A). Non-exosomal proteins 
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are not expressed in exosomal fractions (B). Experiment performed four times with similar 

results. C. DRG neurite outgrowth in microfluidic chambers separating the cell bodies from 

axons through microchannels delimited by dashed lines (TUJ1). DRG were plated alone or in 

combination with wild-type, Nox2−/− or Ncf1−/− BMDM-conditioned medium (CM), or CM 

depleted from exosomes (CM-Exo) plated in the axonal compartment. Scale bar, 250 µm. D. 

Quantification of average neurite outgrowth. Data are mean fold change of average neurite 

length ± s.e.m. versus vehicle. N= 3 independent experiments. *P<0.05; significant difference 

versus vehicle (ANOVA followed by Bonferroni test, P= 0.047). E. Electron micrographs of 

negatively stained purified exosomes. N= 53 vesicles. Scale bar, 200 nm. F’F’’. Electron 

micrographs of purified exosomes show double immunogold labelling of exosome marker 

CD63 (gold particles of 6 nm) and NOX2 subunit p22phox (gold particles of 12 nm) in vesicles. 

Scale bars, 200 nm. Experiment performed twice from three independent samples each time, 

with similar results. G. Nerve regeneration after SNC (three days) (asterisks indicate the injury 

site) is significantly reduced in LysM-cre; Nox2fl/fl compared to wild-type Nox2fl/fl mice. Scale 

bar, 600 µm. H. Number of regenerating axons, positive for regenerative marker superior 

cervical ganglia-10 (SCG-10), per distance from the injury site. Data are mean regenerating 

axons ± s.e.m. N= 6 nerves. *P< 0.05; significant difference versus wild-type (ANOVA 

followed by Bonferroni test, P= 0.0341). 
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2.3.3 Axonal NOX2 is retrogradely transported in axonal endosomes via 

importinß1/dynein after sciatic injury 

The presence of NOX2 complex along the axons and its increased expression in the cell body 

at longer time points after injury suggest that the NOX2 complex is transported from the injury 

site within the axons to the cell body, moreover, in vitro NOX2 staining shows dotted 

localization along the axons suggesting that it travels via endosomes after injury. Indeed, 

confocal imaging of injured nerves showed the presence of an active phosphorylated form of 

p47phox localizes in Rab7 positive endosomes (Fig. 13 C). The localization of active NOX2 

in axonal endosomes suggests the presence of ROS production inside these vesicles. To 

investigate this, we administered the membrane impermeable ROS dye Oxyburst-BSA to the 

lesion site at the time of injury and observed that it also localized in Rab7 positive endosomes 

(Fig. 13 D), suggesting that the NOX2 complex is in an active ROS producing state in these 

organelles. In order to address the role of axonal trafficking mechanisms in the transfer of 

NOX2 complex from the injury site to the cell body, we adopted both pharmacological and 

genetic approaches to disrupt axonal retrograde signalling. Given that axonal retrograde 

transport is mainly supported by dynein and associated cargo proteins, including importin β1, 

we used the dynein inhibitor ciliobrevin D (CbD) and knockout mice carrying an axonal 

importin β1 deletion (Impβ1-3'UTR-/-) to determine whether transport of activated NOX2 was 

inhibited when retrograde transport was impaired. Nerve injury–dependent enhancement of p-

p47phox levels was significantly reduced in the sciatic nerve and DRG in both ciliobrevin D 

treated and in Impβ1-3'UTR-/- mice (Fig. 13 A-B), suggesting inhibition of retrograde transport 

of activated NOX2 complex. Taken together, these data show that NOX2 dependent oxidative 

signalling depends on macrophages and, upon internalization into the axons, it gets transported 

to the DRG cell bodies using the axonal retrograde transport machinery. 
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Figure 13. p47phox expression in DRG requires importin-β1 and dynein and is present in 

Rab7+ endosomes after injury in the sciatic nerve and in the DRG. 

 

 
 

A. Representative immunofluorescence for p-p47phox in sciatic nerves after crush (SNC) in 

wild-type, importin-β1 3’ UTR −/− and wild-type treated with CbD. B. A significant reduction 

in anti-p-p47phox immunosignal in CbD-treated wild-type and in Impnb 3′ UTR−/− mice 

compared to wild-type mice after SNC as a function of distance from the injury. Data are mean 

fluorescence intensity ± s.e.m. of p-p47phox. N= 3 mice. *P< 0.05, **P< 0.01, ***P< 0.001; 

significant difference compared to wild-type (ANOVA followed by Bonferroni test, P< 0.0001). 

C. Confocal micrographs of immunofluorescence for p-p47phox, Rab7 and DAPI in the sciatic 

nerve 12h after SNC show that p-p47phox localizes in Rab7+ endosomes (arrowheads and 

inset). Scale bar: 60 µm. D. Confocal micrographs of immunofluorescence Rab7 combined 

with in vivo oxidative levels detection by Oxyburst-BSA and DAPI in the sciatic nerve 6h after 

SNC show that ROS production localizes in Rab7+ endosomes (arrowheads and inset). Scale 

bar: 12µm. 

 

A 
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2.3.4 Nerve injury induces NOX-dependent redox signalling required for PTEN oxidation 

in DRG neurons 

Given that retrograde transport is required to deliver NOX dependent ROS to the cell body and 

its blockage impairs neuronal outgrowth and regeneration of sensory axons, we hypothesized 

that oxidative events were involved in regulating signalling molecules important for axonal 

growth. Reversible oxidation on Cysteines (Cys) is a crucial post-translational modification in 

signal transduction196. To identify putative targets of NOX-induced signalling, we performed 

a KEGG pathway analysis of differentially regulated genes from previous RNAseq 

experiments, by selecting for pathways and transcription hubs that were enriched in the 

differentially regulated genes after sciatic nerve axotomy (SNA) and/or H2O2 but not after 

SNA+NAC (not shown). Next, we selected key regulatory proteins from these pathways whose 

activity can be regulated through Cys oxidation, leading to a short list of 6 proteins: 2 protein 

kinases (Src and SSH3), 2 inositol phosphatases (IMPA1 and PTEN), and 2 protein 

phosphatase subunits (PP1C and PPP1R12) (not shown). We then carried out biotin tagging of 

oxidized Cys to measure differential protein oxidation after administration of H2O2 versus 

NAC or vehicle in differentiated cells from the DRG-hybridoma, F11 cell line. Of the 6 proteins 

tested, PTEN was the most differentially oxidized protein of the group (Fig. 14 A-B), although 

H2O2 does not change PTEN protein expression (Fig. 14 C-D). Therefore, we measured PTEN 

oxidation state in DRG after sciatic nerve injury. Indeed, we found that PTEN was significantly 

oxidized in DRG after sciatic nerve injury (Fig. 13 E-F). We then asked whether NOX2 

oxidizes PTEN by measuring PTEN expression after labelling of oxidized Cys following 

overexpression of p47phox-GFP, a p47phox active 3xS\D mutant (p47phox3X)-GFP or of a 

control GFP plasmid (Fig. 14 I). These analyses revealed that expression of constitutively 

active p47phox3X led to the oxidation of PTEN (Fig. 13 G-H). Cys oxidation of PTEN leads 

to the formation of a disulfide bond with consequent enzymatic inactivation197. Since PTEN 

antagonizes the PI3K-Akt signalling pathway by dephosphorylating phosphoinositides, we 

assessed levels of phosphorylation of the PI3K target Akt after sciatic injury in wildtype and 

Ncf1-/- mice. Indeed, we found that pAkt expression was increased in wildtype but not in Ncf1-

/- DRG neurons after sciatic injury (Fig. 14 K-L). To test whether PI3K signalling was required 

for DRG outgrowth after nerve injury, we delivered LY294002, a PI3K pharmacological 

inhibitor, in vivo at the time of sciatic injury in wildtype mice. LY294002 had no effect in non-

injured animals but impaired the injury-dependent conditioning effect upon DRG outgrowth in 

wildtype mice and phenocopied deficient outgrowth observed in Ncf1-/- mice (Fig. 14 M-N). 

Finally, in vivo inhibition of PTEN activity with the PTEN inhibitor SF1670 in wildtype and 
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Ncf1-/- mice stimulates DRG outgrowth similarly to a conditioning lesion and is able to 

overcome the lack of DRG outgrowth after conditioning lesion observed in Ncf1-/- mice (Fig. 

14 M-N). In summary, these data demonstrate that upon injury, activated macrophages release 

exosomal NOX2 complex into injured axons, which is endocytosed and incorporated in 

signalling endosomes that are retrogradely transported to the cell body. Finally, NOX2 induces 

ROS dependent inhibition of PTEN that triggers the activation of PI3K-pAKT signalling 

required for DRG axonal outgrowth. 
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Figure 14. Nerve injury and NOX2 oxidize PTEN and endosomal NOX2–PTEN–PI3K–p-

Akt pathway is required for DRG regenerative outgrowth.     

 

 

A. Immunoblotting after oxidized thiol-labelling from F11 DRG-like cell line. PTEN is strongly 

oxidized after H2O2. NC, negative control. B. Quantification of oxidized thiol-labelled 

proteins. Data are mean fold change ± s.e.m. versus vehicle (Veh). N= 3 independent 

experiments. ***P< 0.001; significant difference versus sham (ANOVA followed by Bonferroni 

test, P< 0.0001). C-D. PTEN protein level after H2O2 treatment. Data in D are mean fold 

change ± s.e.m. n = 3 independent experiments. E-F. Immunoblotting after oxidized thiol-
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labelling shows PTEN oxidation in DRG isolated after SNC. Data in F are mean fold change 

± s.e.m. versus PTEN band pixel intensity of sham. N= 3 independent experiments. G-H. 

Immunoblotting after oxidized thiol-labelling in F11 cells following overexpression of 

p47phox–GFP, p47phox3×–GFP, GFP or H2O2. Data in H are mean fold change ± s.e.m. 

versus GFP. N = 3 independent experiments. *P < 0.05; significant difference versus GFP 

(ANOVA followed by Bonferroni test, P = 0.025). I. Immunoblotting showing expression of 

proteins following electroporation with p47phox–GFP, p47phox3×–GFP, GFP transfections 

or H2O2 treatment. Experiment performed three times with similar results. K-L. 

Immunofluorescence of p-Akt and NF-200 in DRGs (K) after SNC in wild-type and Ncf1−/− 

mice. Scale bar = 150 µm. Data in L are mean fold change ± s.e.m. (fluorescence intensity) 

versus wild-type sham. N = 4 mice. *P = 0.028; significant difference versus wild-type sham 

(ANOVA followed by Bonferroni test, P < 0.0199). M-N. DRG neurite outgrowth (TUJ1) (m) 

and quantification of average neurite length (n) in wild-type and Ncf1−/− mice. m, Scale bar, 

50 µm. N. N = 3 mice per condition. Mean neurite length per cell ± s.e.m. *P < 0.05; significant 

difference versus respective sham DMSO (ANOVA followed by Bonferroni test, P = 0.0011). 
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2.4 Discussion 

 

 

After an injury, neurons display very limited regenerative response. In fact, damaged central 

axons do not regenerate, whereas injured peripheral axons, such as the sciatic nerve, show 

limited functional regeneration. Throughout history, many approaches have been adopted to 

tackle the problem, however the success has been very limited, due to the complexity of cell 

types and responses involved. Upon nerve injury a cascade of events take place that contribute 

to the failure of functional regeneration. Inflammation is one of the first and strongest response 

that occurs following an injury and includes infiltration of leukocytes at the injury site and the 

production of pro-inflammatory chemokines and cytokines106,107,109,111,198-200. Normally, 

inflammatory processes fade away as the healing process develops; this second phase is 

characterized by the resolution of the inflammation with the production of anti-inflammatory 

modulators. However, upon CNS injury the inflammatory response lasts longer and 

inflammatory cells display both pro- and anti-inflammatory phenotypes50,201. It is well 

established that, amongst other leukocytes, macrophages play a pivotal role in debris clearing 

as well as tissue remodeling. For instance, it has been shown that after SNI reactive 

macrophages and Schwann cells are required to remove the distal resected axon debris, a 

process known as Wallerian degeneration103,105. Microglial cells are CNS resident 

macrophages, they play a key role in synaptic pruning during brain development202. Their roles 

after injury are complex and include classical phagocytic processes such as infiltration in the 

damaged tissue and removal of dead cells and cell debris but also production of soluble 

inflammation modulators important for paracrine cell-to-cell communication between immune 

cells and parenchymal cells189. It has been shown that infiltrated leukocytes and macrophages 

mediate the activation of intrinsic regenerative responses in target cells via cell-to-cell 

communication203, occurring through different mechanisms, the most widely described are 

those dependent on the release of soluble factors, such as cytokines or growth factors which 

have been extensively described, as well as extracellular vesicles, which have been recently 

shown to be important mediator of cell-to-cell communication in regenerative responses after 

injury189. Mice that have been depleted of macrophages show a reduced conditioning lesion 

effect resulting in decreased DRG outgrowth and axonal regeneration112,113,204. We have 

characterized a novel mechanism through which inflammatory cells, such as macrophages, 

enhance axonal outgrowth and regeneration of DRG neurons by modulating oxidative 
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signalling. Mechanistically, we have shown that immediately after sciatic nerve injury (within 

2h), activated macrophages are recruited to the lesion site where they release exosomes 

containing active NOX2 complex, which are in turn internalized by axons via endocytosis. 

Once internalized, NOX2-containing vesicles are transported retrogradely via importin/dynein-

dependent mechanism to the cell body leading to increased levels of the unstable ROS 

superoxide, which are rapidly transformed into the more stable signalling molecule H2O2 by 

the enzyme superoxide dismutase 1 (SOD1). Importantly, we have shown that active NOX2 

and SOD1 are present in axonal Rab7+ endosomes177, via endosomal IP (data not shown, ref 

161), and that these endosomes produce ROS derived from an external source, via co-

localization with the membrane impermeable ROS probe oxyburst-BSA. This NOX-dependent 

increase in H2O2 levels lead to increased redox signalling that is, in turn necessary for DRG 

outgrowth and axon regeneration. Blocking ROS signalling using a generic ROS scavenger 

such as NAC, or by using a NOX inhibitor, drastically reduced DRG outgrowth and 

regeneration. Additionally, genetic deletion of NOX2 in macrophages significantly reduced 

peripheral nerve regeneration, finally proving that paracrine NOX2 is required for nerve 

regeneration and DRG conditioning. Mechanistically, NOX2 signalling occurs via oxidative 

inhibition of PTEN activity that in turn activates the PI3K/Akt pathway, which is required for 

DRG regenerative reprogramming after nerve injury. PTEN loss of function is known to 

promote axonal regeneration in the CNS as well as the PNS71-74, our finding of PTEN oxidation 

provides a mechanism through which the PTEN pathway is modulated and supports the idea 

for a central role of redox signalling in the control of axonal regeneration. Interestingly, it has 

been shown that ROS production and NOX oxidative signalling can be activated by 

intracellular signalling pathways, such as PI3K or MAPK38 and that NOX downstream 

signalling may affect the phosphorylation and activity of several transcription factors205-209. 

However, the redox mechanism involved in the signalling pathways important for regenerative 

events, including neurotrophin signalling, transcriptional and epigenetic modifications, as well 

as phosphorylation cascades and how this activates NOX2 signalling remain still unclear. The 

nature of ROS produced is also important: we have shown that mitochondrial ROS are not 

involved in the DRG neurite outgrowth program whilst localized sub membrane NOX-

dependent ROS production is strongly involved in DRG regenerative growth. In fact, ROS 

increase in neurons and in other cells has been long thought to be detrimental, often leading to 

cell death, indeed, we show that high levels of ROS do lead to axonal damage. However, 

specifically timed and fine-tuned presence of low levels of ROS is required for axonal 

regeneration suggesting that the indiscriminate use of antioxidant therapies after nerve damage 
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may reduce the already limited regenerative ability of axons. Moreover, our findings suggest a 

novel mechanism of paracrine ROS signalling in nerve regeneration that might be exploited to 

create targeted therapies for axonal damage. In fact, exosomes might be engineered to target 

specific surface receptors and transport ROS producing molecules like NOX, allowing for a 

tailored regulation of positive redox signalling promoting the regeneration of specific injured 

neuronal fibres.  
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Chapter 3: Neuronal intrinsic redox signalling 

contributes to axonal regenerative ability in the CNS  

 

 

3.1 Introduction 

 

 

3.1.1 Injury-dependent and injury-independent pro-regenerative pathways  

After a spinal cord injury, axonal regeneration fails to occur leading to permanent functional 

impairment. The traditional approaches that have been used to discover pathways able to foster 

axonal regeneration and improve functional recovery include the study of (i) developmental 

dependent pathways56,61,64,210-212 (ii) pathways contributing to invertebrates’ regeneration213-216 

(iii) injury dependent pathways involved in the well-established model of the conditioning 

lesion82,112,127,128,130,184,185,204 (iv) systematic screening of potential regeneration associated 

genes217-220. Recently, a novel approach that takes advantage of injury independent mechanisms 

has been explored. Among the different injury independent stimuli, it is known that the 

environment we live in potently affects our bodies and cells, and the modulation of our 

environment has been found to regulate many biological processes including 

development221,222, neurogenesis and stem cell differentiation223,224, learning and memory223-

226 as well as inflammation responses227,228. Importantly, several studies have demonstrated 

how environmental enrichment (EE) affects immune homeostasis and inflammatory responses, 

synaptic plasticity as well as injury responses222,225,227,229. It is known that EE modulates 

dendritic arborization and synaptic plasticity in the hippocampus during learning and memory 

tasks223,224,230. It has been also shown that EE affects neurogenesis in the hippocampus as well 

as stem cell differentiation and function in the brain and in other organs223,224,231,232. 

Furthermore, several studies have shown that exposure to EE can change the inflammatory 

response including the number and activation of leukocytes, which led to the attenuation of 

inflammatory pain after nerve injury227,228,233-236. Importantly, a recent study form our lab 

showed that EE promotes axonal regeneration after peripheral and central nervous system 

injuries237. These studies demonstrate how both injury-dependent and independent pathways 

can be used to promote axonal regeneration. However, it is not known whether they work via 

similar mechanisms and whether combining injury-dependent and independent pathways could 
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achieve an additive or synergistic effect on the intrinsic regenerative program to increase the 

regenerative potential of neurons after injury. 

 

3.1.2 Preliminary data and hypothesis 

Comparing RNAseq data from DRG after EE or the conditioning lesion paradigm (refer to 

introduction section), showed that these two conditions display a very different pattern of 

differentially regulated genes and pathways (Fig. 15). However, EE and conditioning lesion 

generate similar regenerative responses (Fig. 16), leading us to hypothesize that combining 

injury independent (EE) and injury dependent (SNA) regenerative mechanisms could work 

synergistically to further promote regenerative potential of DRG neurons.  
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3.2 Methods 

 

 

Mice 

Animal work was carried out in accordance to regulations of the UK Home Office. B6(Cg)-

Ncf1m1J/J (Ncf1-/-, Jackson), B6.129S-Cybbtm1Din/J (gp91phox-/-/NOX2-/-, Jackson), B6(Cg)-

Cybbtm1.1Abk/J (NOX2fl/fl, Jackson), B6.129S1-Stat3tm1Xyfu/J (STAT3flox, Jackson) and 

corresponding wild-type littermates or C57Bl6/J (Harlan, UK) mice ranging from 4 to 8  weeks 

of age Were used for all experiments.  For all surgeries mice were anesthetized with isoflurane 

(5% induction 2% maintenance) and a mixture of buprenorphine (0.1mg/kg) and carprophen 

(5mg/kg) was administered peri-operatively as analgesic. 

 

Animal housing 

Animals were kept on a 12 hr light:dark cycle with food and water provided ad libitum. 

Standard housing for mice consisted of 26x12x18 cm3 cages housing 4 mice with tissue paper 

for bedding, a tunnel and a wooden chew stick. Animals were kept in enriched environment or 

standard housing for 10 days, before they underwent any surgical procedure, as previously 

described237. The enriched environment housing consisted of 36x18x25 cm3 cages housing 8 

mice with tissue paper for bedding, a tunnel and a wooden chew stick. EE cages also received 

additional nesting material which included nestlets, rodent roll and sizzle pet (LBS biotech). 

EE cages continually contained a hanging plastic tunnel (LBS biotech) and a plastic igloo 

combined with a fast-track running wheel (LBS-biotech). In addition to this EE cages received 

a wooden object (cube, labyrinth, tunnel, corner 15) (LBS biotech) that was changed after 5 

days to help maintain a novel environment. The EE cages also received 15 g fruity gems (LBS 

biotech) every 5 days to encourage exploratory and natural foraging behaviour.  

 

Dorsal column axotomy (DCA) 

Surgeries were performed as previously reported.  Mice were anesthetized and a T9 

laminectomy (approximately 20 mm from L4-L6 DRG) was performed in order to expose the 

spinal cord, the dura mater was removed, taking care of not damaging the spinal cord. A dorsal 

column axotomy was performed with fine forceps (FST). For the control laminectomy surgery, 

the dura mater was removed but the dorsal column axotomy was not performed. 6 weeks after 

spinal cord injury animals were deeply anesthetized and perfused transcardially. Spinal cords 
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were dissected and post-fixed in 4% PFA in PBS at 4°C for 1h and transferred to 30% sucrose 

O/N. Then the tissue was flash frozen in liquid N2 and embedded in Tissue-Tek OCT 

compound, frozen at -80°C and cut in 20µm-sagittal sections.  

 

Sciatic nerve crush (SNC) and sciatic nerve axotomy (SNA) 

Briefly, sciatic nerve lesion experiments were performed under isoflurane anesthesia (5% 

induction, 2% maintenance). The biceps femoris and the gluteus superficialis were separated 

by blunt dissection, and sciatic nerve was exposed. Sciatic injury was performed by crushing 

the nerve for 10” twice orthogonally to the common segment of the nerve at approximately 20 

mm distally from L4-L6 DRG. Alternatively to the crush, SNA involved a complete transection 

using microscissors. Sham-operated mice that underwent exposure of the sciatic nerve without 

crush or axotomy were used as surgery controls. 24h after surgeries, sciatic nerves were 

dissected and post-fixed in 4% PFA in PBS at 4°C for 1h and transferred to 30% sucrose O/N. 

Then the tissue was flash frozen in liquid N2 and embedded in Tissue-Tek OCT compound, 

frozen at -80°C and cut in 10µm-sagittal sections. 

 

Local delivery of compounds or viral particles on the sciatic nerve  

For local compound delivery, 2.5µl of each compound or its corresponding vehicle (saline or 

DMSO) were slowly poured onto the nerve with a pipette to avoid damage on the nerve and 

allowed to penetrate the tissue for 20” prior performing the injury or the sham procedure before 

suturing the wound. Lack of complete entry of all the administered compound and diffusion 

and spreading of it along the exposed nerve, provoke the dilution of the administered stock 

concentration, considering the swelling and consequent change on the final volume, I estimated 

and validated that the actual concentration on the nerve is around 30 times lower than the 

administered stock for every compound. For retrograde tracing and transport and experiments, 

3µl of Dextran-584 (Life Technology) or CTb (Invitrogen) were injected into the nerve prior 

to dorsal column axotomy or sciatic nerve crush. For AAV virus delivery to DRG neurons, 

2.5µl ofAAV5-GFP (SignaGen Laboratories) or AAV5-Cre-GFP (SignaGen Laboratories) 

were injected into the sciatic nerve with a Microliter syringe (Hamilton) and allowed to 

penetrate the tissue for 20” before suturing the wound. 
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Drugs  

PKC inhibitor Gö 6983 (Abcam, ab144414, UK) and PKC activator Ingenol-3-angelate (I3A) 

(Abcam, ab144280) were purchased from Abcam. Solutions of 2uM Gö 6983 and 500nM 

Ingenol-3-angelate and vehicle were dissolved in DMSO. For each group treated with a drug, 

the respective control group received the same volume of vehicle. 

 

Western blot 

Proteins from either L4-L6 DRG, F11 cells, cultured BMDM or BMDM-derived exosomes 

were extracted using RIPA buffer with protease and phosphatase inhibitor cocktails (Roche). 

Total lysates were obtained by 30’ lysis on ice followed by 30’ centrifugation at 4ºC. Protein 

concentration of lysate was quantified using Pierce BCA Protein Assay Kit (Thermo 

Scientific). 10-50μg protein were loaded to SDS-PAGE gels and transferred to PVDF 

membranes for 2h. Membranes Were blocked with 5% BSA or milk for 1h RT and incubated 

with gp91phox (1:200, Mouse, BD biosciences), p47phox (1:200, Rabbit, Santa Cruz), p-

p47phox (S345) (1:100, Rabbit, Sigma), p67phox (1:500, Rabbit, abcam), p22phox (1:100, 

Rabbit, abcam), H3 (1:1000, Rabbit, Abcam), STAT3 (1:500, Mouse, CST), p-STAT3 

(1:1000, Rabbit, CST), pPKC (1:1000, Rabbit, CST), PKC (1:1000, Rabbit, Abcam) or 

GAPDH (1:1000, Rabbit, CST) at 4ºC O/N. Following HRP-linked secondary antibody (GE 

Healthcare) incubation for 1h RT, membranes were developed with ECL substrate (Thermo 

Scientific). 

 

Dorsal Root Ganglia (DRG) cell culture 

Adult DRG Were dissected and collected in Hank’s balanced salt solution (HBSS) on ice. DRG 

were transferred to a digestion solution (5mg/ml Dispase II (Sigma), 2.5mg/ml Collagenase 

Type II (Worthington) in DMEM (Invitrogen) and incubated at 37°C for 45 mins with 

occasional mixing.  Subsequently, DRG Were transferred to media containing 10% heat 

inactivated FBS (Invitrogen), 1X B27 (Invitrogen) in DMEM: F12 (Invitrogen) mix and were 

manually dissociated by pipetting until no remaining clumps of DRG Were observed. Next, 

dissociated cells were spun down, resuspended in media containing 1X B27 and 

Penicillin/Streptomycin in DMEM:F12 mix and plated at 3500/coverslip.  The culture was 

maintained in a humidified atmosphere of 5% CO2 in air at 37°C. For ex-vivo culture, mice 

underwent surgeries as previously described and 24h after surgery mice were sacrificed and 

L4-L6 DRG Were collected and cultured for 12hr, fixed and stained.  
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Plasmids 

pCDNA6.2emGFP was form Invitrogen. pEGFPc1humanp47phox was a gift of Prof Saito at 

the Laboratory of Molecular Pharmacology, Biosignal Research Center, Kobe University, 

Kobe, Japan; (http://www.jimmunol.org/content/173/7/4582.full).All STAT3 plasmids 

generated contain the same pEGFP-C1 backbone which was derived by excising Sp1 from the 

pEGFP-SP1 vector plasmid, gift from Beatrice Yue (Addgene plasmid #39325, Cambridge, 

MA USA). The pEGFP-SP1 vector was XhoI/KpnI digested in a sequential restriction digest 

releasing the 2355 bp Sp1 gene to yield the pEGFP-C1 expression vector. Klenow fragment of 

DNA Polymerase I (New England Biolabs, Ipswich, MA, USA) was used to blunt ends. 

Expression vector for ligation with SD STAT3 was blunted after XhoI digestion. Alkaline 

phosphatase (New England Biolabs) was used to dephosphorylate ends of vector. Mouse 

S727D mutant STAT3 was amplified from pCDNA3-S727D-STAT3, gift from Jie Chen 

(Addgene plasmid # 73364) using primers stat3F and stat3R. The 2393 bp amplicon was 

purified using the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). The purified 

PCR product was first HindIII digested folloId by Klenow fragment DNA Pol I blunting and 

KpnI digestion. The SD STAT3 insert was ligated into the expression vector, pEGFP-C1, using 

T4 DNA Ligase and T4 DNA Ligase Buffer (10X) (New England Biolabs). pLEGFP-WT-

STAT3 and pLEGFP-Y705F-STAT3 plasmids were gifts from George Stark (Addgene 

plasmids #71450 #71445). pLEGFP-WT-STAT3 and pLEGFP-Y705F-STAT3 (Figure 2.3b) 

plasmids were both digested with HindIII to release the 2337 bp mouse STAT3 fragments. The 

WT-STAT3 and YF-STAT3 fragments were ligated into separate pEGFP-C1 expression 

vectors. Agarose gel electrophoresis was routinely used throughout the course of this project, 

after restriction digests and PCR amplification of SD STAT3. Agarose gel electrophoresis was 

carried out on a 1% agarose gel in TAE buffer. Ethidium bromide was added to agarose to a 

final concentration of 0.5 μg/mL, folloId by separation at 100 V for 45 - 75 min. Gels Were 

visualized using an Ultraviolet Transilluminator (UVP, Cambridge, England). Each STAT3 

plasmid construct was introduced into 100 μl of DH5α competent cells by heat shock 

transformation. The transformed cells were incubated in Lysogeny Broth (LB) medium 

supplemented with 1 M MgCl2, 1 M MgSO4 and 2 M glucose at 37°C for 1 h with shaking. 

Cells were centrifuged at 5000 rpm for 5 min and plated on LB agar plates with 100 μg/mL of 

kanamycin. Colonies Were picked and cultured in LB medium and kanamycin (100 μg/mL) 

overnight at 37°C with shaking. Plasmid DNA purification was performed following the 

QIAprep Spin Miniprep (Qiagen) protocol. After confirming the validity of STAT3 plasmid 

http://www.jimmunol.org/content/173/7/4582.full
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constructs, the plasmid DNA was purified following the EndoFree Plasmid Maxi (Qiagen) 

protocol for a larger yield of DNA. 

 

In vivo redox state detection in tissue sections 

In vivo oxidative levels were detected using hydrocyanine–Cy3 (ROSstar550, LICOR). 

DRG were freshly extracted and washed in ice-cold PBS–DTPA, and subsequently 

incubated with 100 µM hydrocyanine–Cy3 in PBS for 30 min at 37 °C, washed once with 

PBS–DTPA, and fixed in 4% PFA. 

 

Immunohistochemistry 

Immunohistochemistry on tissue sections was performed according to standard procedures. For 

all antibodies used, antigen retrieval was performed submerging the tissue sections in 0.1M 

citrate buffer (pH 6.2) at 98°C for 5 minutes. Next, tissue sections Were washed with PBS to 

remove the excess of citrate buffer and blocked for 1h with 8% BSA, 1% PBS-TX100. Finally, 

the sections Were incubated with anti-p47phox (rabbit, Santa Cruz), p-p47phox (S345, rabbit, 

Sigma), gp91phox (1:200, Mouse, BD biosciences), p-STAT3 (1:200, Rabbit, CST 9145), CTB 

(1:1000, List biological 703), Tuj1 (1:1000, Promega G7121), vGlut1 (1:1000, Synaptic system 

135302), vGAT1 (1:500, Synaptic system 131011), and/or p-PKC (1:1000, CST 9371) 

antibodies at 4°C O/N. This was followed by incubation with Alexa Fluor conjugated goat 

secondary antibodies according to standard protocol (Invitrogen). All tissue sections were 

counterstained with DAPI (Molecular Probes). 

 

Immunocytochemistry (ICC) 

Glass coverslips were coated with 0.1mg/ml PDL, washed and coated with mouse Laminin 

2ug/ml (Millipore). Cells were plated on coated coverslips for 24h, at which time they were 

fixed with 4% paraformaldehyde and then cryoprotected using 4% sucrose. 

Immunocytochemistry was performed by incubating fixed cells with anti-βIII Tubulin (Tuj1, 

mouse, Promega G7121), p-STAT3 (1:1000, Rabbit, CST 9145) and p-PKC (1:1000, Rabbit, 

CST 9371) antibodies at 4°C O/N. This was followed by incubation with Alexa Fluor 

conjugated goat secondary antibodies according to standard protocol (Invitrogen). All cells 

were counterstained with DAPI (Molecular Probes). 
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Image Analysis for IHC and ICC 

DRG photomicrographs were taken with a Nikon Eclipse TE2000 microscope with an 

optiMOS scMOS camera using 10x or 20x magnification. Using Image J, a constant 

fluorescence intensity threshold was set across samples. Based on the threshold, for each 

picture the intensity density (ID) of pixels were calculated in each channel and then divided by 

its respective number of cells (about 225 cells/picture). This was done in triplicate and blind to 

the experimental group. Approximately between 30 and 50 cells were analyzed per each animal 

per condition. 

 

Neurite Length Analysis 

Immunofluorescence was detected using a Nikon Eclipse TE2000 microscope with an 

optiMOS scMOS camera using 10x or 20x magnification. 5 fields per coverslip were included 

in the analysis.  All analyses were performed in blind. Neurite outgrowth measurements and 

analysis were performed using Neurite J plugin for Image J software (Image J). Approximately 

between 30 and 50 cells were analyzed per animal per condition. 

 

Quantification of axonal regeneration 

For each spinal cord after dorsal column injury, the number of fibers rostral to the lesion and 

their distance from the lesion epicenter was analyzed in 4-6 sections per animal with a 

fluorescence Nikon Eclipse TE2000 microscope with an optiMOS scMOS camera using 10x 

or 20x magnification. The lesion epicenter (GFAP or DAPI) was identified in each section at 

10X magnification. The fluorescence intensity of labeled axons rostral to the lesion site was 

normalized to the fluorescence intensity of labeled axons caudal to the lesion site in all the 

analyzed sections for each animal, obtaining an inter-animal comparable ratio.  

 

RNA sequencing 

RNA sequencing was performed using RNA from whole DRG tissue and from large diameter 

laser microdissected DRG neurons in 3 biological replicates. For whole DRG RNAseq, sciatic 

L4-L6 DRG Were extracted from 2 mice per sample and stored in RNase later (Qiagen). DRG 

tissue was crushed with RNAse free micropestle and RNA was extracted using RNAeasy kit 

(Qiagen), according to manufacturer’s protocol. Residual DNA contamination was removed 

by on column DNase I treatment (Qiagen) for 15 min at room temperature. RNA concentrations 

and quality were measured using Agilent 2100 Bioanalyzer (Agilent). RNA with RIN factor 

above 7.5 was used for library preparation. Libraries Were prepared at Ospedale San Raffaele 
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(Milan) using the TruSeq mRNA Sample Preparation kit (Illumina) and sequenced using 

Illumina HiSeq 2500 100-cycle, pair end sequencing. Gene ontology (GO) and KEGG (Kyoto 

Encyclopedia of Genes and Genomes) were performed on the differentially expressed genes 

with DAVID (Database for Annotation, Visualization, and Integrated Discovery (http://david.

abcc.ncifcrf.gov/)) using a threshold of P<0.05. Functional GO clustering was performed using 

ClueGO in Cytoscape (http://www.cytoscape.org): (Bonferroni P<0.05) (GO tree interval 

min3, max8) (GO selection min 4, 1%) (K score 0.3).  Differentially expressed proteins and 

genes that resulted enriched in the GO functional clustering were uploaded into STRING to 

build a protein-protein interaction network. The network was visualized by Cytoscape, where 

each node represents a differentially regulated gene (RNA-seq) or protein (proteomic) and 

edges represent protein-protein interactions. 

 

RNA Extraction and cDNA synthesis  

DRG Were dissected as previously described (refer to DRG extraction section) and were 

collected in an Eppendorf tube containing 200 μL/tube of RNA-Later solution. Tubes were left 

at -20°C overnight and the day after tissue was crushed with a pestle and lysed by adding 200 

μL/tube of freshly prepared RLT lysis buffer (RNeasy Protect Mini Kit, Qiagen) and 

mercaptoethanol. RNA was extracted following standard procedure using the RNeasy Protect 

Mini protocol (Qiagen) including DNase I digestion step. Total RNA extracted was converted 

to first-strand cDNA using the SuperScript® III First-Strand Synthesis System kit 

(ThermoFisher Scientific). For HEK-293 cell experiment, cells were lysed by adding 600 μL/Ill 

of freshly prepared RLT lysis buffer (RNeasy Protect Mini Kit, Qiagen) and mercaptoethanol. 

Cell lysates were transferred to Eppendorf tubes and RNA was extracted following standard 

procedure using the RNeasy Protect Mini protocol (Qiagen) including DNase I digestion step. 

Total RNA extracted was converted to first-strand cDNA using the SuperScript® III First-

Strand Synthesis System kit (ThermoFisher Scientific). 

 

PCR and Quantitative PCR  

Taq DNA Polymerase (New England Biolabs) was used in the PCR amplification of SD 

STAT3 from the pCDNA3-S727D-STAT3 vector plasmid. The PCR was performed on a 

Mastercycler Pro (Eppendorf, Hamburg, Germany). The thermal cycle profile consisted of 1 

cycle (5 min at 94°C; 2 min at 52°C; 7 min at 72°C) and a further 40 cycles (1 min at 94°C; 1 

min 54°C; 1 min 72°C).  



74 
 

All qPCR was carried out using SYBR Green I (2X) contained within the Platinum SYBR 

Green qPCR SuperMix-UDG kit (Thermo Fisher Scientific). Reactions were performed in 

triplicates and analyzed on a 96-Ill plate in a final PCR reaction volume of 20 μL using 7900HT 

Fast Real-Time PCR System (Applied Biosystems, Foster City, CA USA). The thermal cycle 

profile consisted of 45 cycles composed of 4 stages (5 min at 95°C; 20 sec at 95°C, 20 sec at 

56°C, 20 sec at 72°C) and a final dissociation stage. The threshold cycle (Ct) data after each 

run was exported from SDS v2.4. The Ct data for the precipitated DNA in the anti-pSTAT3 

ChIP was first normalized against the 5% input. The normalized precipitated DNA values were 

expressed as fold change relative to the negative control, IgG. The Ct data derived from the 

Reverse Transcription-qPCR on the total RNA Were first normalized to the endogenous 

reference gene GAPDH and expressed as fold change relative to the control (Sham for DRG 

and eM-EGFP for HEK cell experiments, respectively). qPCR optimization against a 6-fold 

dilution of mouse genomic DNA was carried out prior to PCR run to determine optimal 

primer/DNA concentrations and annealing temperature. 

 

Chromatin immunoprecipitation (ChIP)  

A freshly prepared solution of 1% formaldehyde (Merck #F8775) was added to crushed sciatic 

DRG for in vivo crosslinking (15 min, room temperature) of the protein-DNA complexes. 

Crosslinking was quenched by addition of 2.5 M glycine for 5 min and centrifugation (2500 g, 

3 min, 4°C). The pellet was washed 4 times with Phosphate Buffered Saline (PBS) + Protease 

Inhibitor (PI) (Merck KGAa #11873580001,nd resuspended in Lysis Buffer 1 (1 M Hepes-

KOH, 5 M NaCl, 0.5 M EDTA, 50% glycerol, 10% NP-40, 10% Triton X-100). The lysed cells 

were rocked at 4°C for 10 min and centrifuged (2000 g, 5 min, 4°C). Pellet resuspended in 

Lysis Buffer 2 (Tris-HCl, 5 M NaCl, 0.5 M EDTA, 0.5 M EGTA). Nuclei collected by 

centrifugation (2000 g, 5 min, 4°C) and resuspended in Lysis Buffer 3 (Tris-HCl, 5 M NaCl, 

0.5 M EDTA, 0.5 M EGTA, 10% Na-Deoxycholate, 20% N-lauroylsarcosine). The nuclear 

DNA was sonicated with Bioruptor (Diagenode, Liege, Belgium) to an average length of 200-

800 bp. Dynabeads Protein G (Invitrogen #10004D, Carlsbad, CA USA) Were washed in 

blocking solution (1x PBS, 0.5% BSA, ddH2O) 3 times. Input was 5% of nuclear DNA samples 

and stored at –80°C. Beads were resuspended in blocking solution and anti-pSTAT3 (Cell 

Signalling Technology #9145, Leiden, Netherlands) or nonreactive rabbit IgG (negative 

control) and left to incubate for 6 h on rotating platform at 4°C. A final PBS wash is carried 

out to remove any excess antibody. For preclearing of the nuclear DNA, the solution was 

incubated with washed Dynabeads for 6 h. After incubation, the precleared DNA was added to 
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the preblocked antibody/Dynabead solution and incubated overnight on a rotating platform at 

4°C. The DNA/antibody/Dynabead solution was washed 5 times in Wash Buffer (1 M Hepes-

KOH pH 7.6, 5 M LiCl, 0.5 M EDTA, 10% NP-40, 10% Na-Deoxycholate, ddH2O) and 1 time 

in TBS (20 mM Tris pH 7.6, 150 mM NaCl). Elution buffer was added to 

DNA/antibody/Dynabead samples as Ill as the input samples and left to incubate at 65°C 

overnight for crosslink reversal. The DNA/antibody solution was separated from the 

Dynabeads and purified using the QIAquick PCR Purification Kit (Qiagen).   

 

Oligonucleotides  

All primers were supplied by Eurofins Genomics (Ebersberg, Germany).   

PCR based cloning of SD STAT3  

2 primers, stat3F (5’ CCCAAGCTTGGGAAGCTTGATGGCTCAGTGGAACCAGCTG 3’) 

and  

stat3R (5’ GCCCCATGGGGCGGTACCGTTATAGAATAGGGCCCTTGTC 3’), were 

designed for the PCR amplification of SD STAT3 from the pCDNA3-S727D-STAT3 vector 

plasmid. Stat3F was designed for amplification of the sense strand of SD STAT3 sequence and 

introduction of a HindIII restriction site at the 5’ end. Stat3R was designed for amplification of 

the nonsense strand of SD STAT3 and introduction of a KpnI restriction site at the 5’ end. 

Sanger sequencing of STAT3 plasmid constructs  

7 forward primers were designed for Sanger sequencing of the pEGFP-WT/YF/SD-STAT3 

plasmid constructs. 1 primer each was designed for sequencing of the WT and YF STAT3 

plasmid constructs and 5 primers for the SD STAT3 plasmid.  

stat3wt: 5’ GTAAGACCCAGATCCAGTCC 3’  

stat3yf: 5’ GTAAGACCCAGATCCAGTCC 3’ 

stat3sd1: 5’ GCAAGAGTCCAATGTCCTCT 3’  

stat3sd2: 5’ GCAATGGAGTACGTGCAGAAG 3’  

stat3sd3: 5’ AGACTCTGGGGATGTTGCTG 3’  

stat3sd4: 5’ TCAGGGTGTCAGATCACATG 3’  

stat3sd5: 5’ AAGGAGGAGGCATTTGGAAAG 3’  

 

Primers 

6 primer pairs were designed for the qPCR analysis of the RNA isolated from DRG tissue. The 

mRNA templates for the 6 NOX2 subunit coding sequences (CDS) were derived from NCBI 

nucleotides database (NCBI-website). Primers were designed on the sequence spanning an 
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intron and an exon, when possible, in order to avoid aspecific amplification of the respective 

gene. All primers produce a 150-400 bp PCR product. NCBI Primer-BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to ensure that primers were 

optimally designed with an appropriate balance between template specificity and 

thermodynamic stability. 

gp91phox sense 5′- GAGTCACGCCCTTTGCCTCC -3′  

antisense 5′- CTCAAAGGCATGCGTGTCCC -3′ 

p22phox sense 5′- ACCTGACCTCTGTGGTGAAGC -3′  

antisense 5′- GGCAATGGCCAAGCAGACG -3′ 

p47phox sense 5′- CAACAGCGTCCGATTCCTGC -3′  

antisense 5′- TCGATGGATTGTCCTTTGTGCC -3′ 

p67phox sense 5′- GGAACTGAAGCTCAGCGTGC -3′  

antisense 5′- ACCCACCGTATGCTCACACC -3′ 

Rac1 sense 5′- TTTTCCCCAGCTTTGGGTGG -3′  

antisense 5′- GTGTCTCCAACTGTCTGCGG -3′ 

NOX3 sense 5′- AGCTCTGTAGCATGCCGAGG -3′  

Antisense 5′- TGGGTCGCCCATAGAAAGCC 

Jun sense 5′- AGCGCCTGATCATCCAGTCC -3′  

Antisense 5′- TCGTCGGTCACGTTCTTGGG 

6 primer pairs were designed for qPCR analysis of the DNA isolated from the anti-pSTAT3 

ChIP. The DNA templates for the 6 subunit genes that constitute NOX2 Were derived from the 

Mouse Genome Assembly GRCm38.p6 using Ensembl (https://www.ensembl.org/). Primers 

were designed upstream of the first exon sequence that is not part of the CDS (5’UTR). All 

primers produce a 150-400 bp PCR product. NCBI Primer-BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to ensure that primers were 

optimally designed with an appropriate balance between template specificity and 

thermodynamic stability.  

CYBA: sense 5’ AAGTGACTTACGCCTCTGGC 3’  

antisense 5’ TTGAGGTCCGCAGAACCAGC 3’  

CYBB: sense 5’ CTTATAACACTTCATCCAGGG 3’  

antisense 5’ CCATTCAGCACACCATCATCG 3’  

NCF1: sense 5’ CATGGTGTCGGTAGAACAGG 3’  

antisense 5’ TCCTGCAGGGCACTCTTAGG 3’  

NCF2: sense 5’ TTCAGCACTCTCCCGGAGG 3’  



77 
 

antisense 5’ TGTCAGGATGCAGGGGACC 3’  

NCF4: sense 5’ CACCAGAGACAGGCACTGAG 3’  

antisense 5’ CCTCACACGTCTTCTCAGCC 3’ 

6 primer pairs were designed for the qPCR analysis of RNA transcripts extracted from the 

HEK-293 cells transfected with a DNA plasmid expressing STAT3. The mRNA templates for 

the 6 subunit genes that constitute NOX2 Were derived from the RefSeq human reference 

genome assembly using the NCBI Nucleotide Database 

(https://www.ncbi.nlm.nih.gov/nuccore/). The primers were designed to span an exon-exon 

junction and produce a 150-400 bp PCR product.  NCBI Primer-BLAST was used to ensure 

that primers were optimally designed with an appropriate balance between template specificity 

and thermodynamic stability.  

CYBA: sense 5’ CCAGTGGTACTTTGGTGCC 3’  

antisense 5’ CACAGCCGCCAGTAGGTAG 3’  

CYBB: sense 5’CTTCACTCTGCGATTCACACC 3’    

antisense 5’ AGACCTCCGGATGGTTTTGG 3’  

NCF1: sense 5’ GTCCTGACGAGACGGAAGAC 3’  

antisense 5’ CGTCTTTCCTGATGACCCAC 3’  

NCF2: sense 5’ ATGTTCAACGGGCAGAAGGG 3’  

antisense 5’ CCAGGGGCTTTGGAACTAGG 3’  

NCF4: sense 5’ CGGAAAGTCAAGAGCGTGTC 3’  

antisense 5’ TCGTAGGGATGGCAGGAAGG 3’  

RAC1: sense 5’AGCCGATTGCCGATGTGTTC 3’  

antisense 5’ GACCCTGCGGATAGGTGATG 3’ 

 

Behavioral assessment of sensorimotor function 

Mice were trained daily for 1-week pre-surgery before baseline measurements and then 

assessed on day 3 post-surgery and weekly thereafter. All behavioral testing and analysis were 

done by an observer blinded to the experimental groups. 

Grid walk 

The grid walk consists of a 50 cm × 5 cm plastic grid placed between two vertical 40 cm high 

wood blocks. The mesh is formed by 1 cm × 1 cm spaces.  Mice were allowed to run the grid 

walk 3 times per session. The number of total steps and missteps per run for each hind paw 

were analyzed by a blind investigator.  

Adhesive removal 
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An 8 mm diameter adhesive pad was placed on each hind-paw. The mouse was then placed 

into plexi-glass box and the time until it first contacted each of the adhesive pads was recorded, 

followed by the time until it removed the adhesive pads from each hind-paw. The maximum 

time allowed for each animal was 5 mins. Each animal was tested twice per time-point and 

values represent the average time from both hind paws from both runs. 

 

Statistical analysis 

Results are expressed as mean ± SEM. Statistical analysis was carried out using GraphPad 

Prism 7. Normality was tested for using the Shapiro-Wilk test. Normally distributed data was 

evaluated using a two-tailed unpaired Student’s t-test or a one-way ANOVA when experiments 

contained more than two groups. The Tuckey’s post-hoc test was applied when appropriate. 

The Mann-Whitney’s U-test was used for non-parametric evaluation. A threshold level of 

significance α was set at P<0.05. Significance levels were defined as follows:  * P<0.05; ** 

P<0.01; *** P<0.001.  All data analysis was performed blind to the experimental group. 
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3.3 Results 

 

 

3.3.1 EE+SNA increases regeneration potential of ascending sensory fibres after SCI 

In a recent study from our lab, we showed that exposure to EE for 10 days increases the 

regeneration potential of proprioceptive neurons in the DRG after SCI237. This increase was 

comparable to the one observed after performing a sciatic nerve axotomy SNA as a 

conditioning lesion prior to the SCI237. Importantly, when we compared differentially 

expressed genes in SNA versus EE, we found that the two conditions display a remarkably 

different set of differentially expressed (DE) genes, signalling pathways as well as histone mark 

levels (Fig. 15). Therefore, we hypothesized that the combination of the two conditions 

(EE+SNA, refer to Fig. 16 A for a timeline of the experiment) could promote a greater 

regenerative effect. Indeed, when we combined EE and SNA, we observed a remarkable 

increase in DRG neurite outgrowth in vitro (Fig. 16 A-B) and in axonal regeneration of DRG 

sensory fibres after spinal cord dorsal over-hemisection in vivo compared to EE or SNA alone 

(Fig. 16 C-E), suggesting an additive effect. Interestingly, H3K27ac staining of DRG sensory 

neurons in the four conditions showed an increased level of this histone mark after EE Sham 

and EE+SNA. However, no differences were found between EE and EE+SNA, suggesting that 

the increase in these histone marks relies mainly upon EE (Fig. 16 F-G). Together, these data 

show that EE+SNA, which we will be discussed as enriched conditioning, is able to maximize 

the regenerative ability of ascending sensory fibres. 
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Figure 15. Gene expression analysis of DRG after EE or SNA. 

 

 

 

A. Venn diagram showing the number of genes (mRNA expression levels) and the extent of 

overlap among the three conditions SH+SNA and EE Sham (each has been normalized to 

respective sham and to background from the whole RNAseq dataset for gene enrichment 

analysis, FDR: 0.05 and FC: 1.5, N=3 animals/group). B-C. Gene ontology analysis of 

molecular functions of the genes modulated by EE Sham and SH SNA (P-value > 0.05) in DRG 

neurons showing a modulation of very different pathways between the 2 conditions. D-F. 

Quantification of the levels of H4K8ac (D), H3K27ac (E) and H3K9ac (F) showing that EE 

Sham selectively increases H4K8ac and H3K27ac and SH SNA selectively increases H3K9ac.  
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Figure 16. Combination of EE and SNA (EE+SNA) induces increase in DRG regenerative 

growth in vitro and DRG ascending fibers in vivo after SCI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Timeline of the experimental plan. Mice were put in EE for 10 days, after that they received 

a SNA (EE+SNA), and 24h later, they underwent SCI. 5 weeks after SCI, the retrograde tracer 

CTb was injected in the sciatic nerve and 7 days after (6 weeks after SCI) the mice were 

perfused and the SC dissected. B1. Representative images of cultured DRG neurons from the 

four groups showing differential outgrowth. B2. Quantification shows a significant increase in 
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outgrowth (Beta3-Tubulin) after EE+SNA compared to either EE or SNA alone. Scale bar, 50 

µm. C. Representative images of the spinal cord from the four groups showing regeneration of 

CTB (red) positive sensory axons and DAPI (blue) to determine the lesion site (marked with 

dashed line). Scale bar, 200 µm. D-E. Quantification revealed a significant difference in the 

fluorescence intensity (D) and distance past the lesion site (E) of CTB positive regenerating 

axons between the EE SNA and EE Sham groups, EESNA and SH SNA groups and between the 

EE Sham and SH Sham groups (mean ± SEM, Two-way repeated measures ANOVA, Tukey’s 

post-hoc *** P<0.001, N= 10/group). F. Representative images of H3K37ac in PARV+ 

proprioceptive DRG neurons in the four conditions showing a significant increase after EE 

Sham and EE+SNA, compared to SH Sham. Scale bar=50 µm. G. Quantification of H3K37ac 

in the four conditions showing a significant increase after EE Sham and EE+SNA, compared 

to SH Sham (mean ± SEM, Two-way repeated measures ANOVA, Tukey’s post-hoc * P<0.05, 

N= 6/group).  
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3.3.2 RNAseq of DRG neurons showed upregulation of NOX2 complex after EE+SNA 

In order to elucidate the molecular mechanisms underlying the EE+SNA-dependent 

regenerative response, we performed RNA sequencing from sciatic DRG following SH SNA, 

EE Sham and EE+SNA, whose expression profiles were compared to control animals (SH 

Sham), 24h after SCI. We found 4023 DE genes following SH SNA, 789 following EE Sham 

and 4601 following EE+SNA. Interestingly, EE+SNA and SH SNA have about 60% of DE 

genes in common, while EE+SNA has only a small percentage of DE genes in common with 

EE Sham (~3%), only ~2% of the DE genes are shared between all the conditions, as shown 

by the Venn diagram (Fig. 17 A). About 40% of DE transcripts were exclusively found 

following EE+SNA (Fig. 17 A). To gain insight into the molecular pathways specifically 

modulated by EE+SNA, we performed Gene Ontology (GO) and Molecular Functions (MF) 

clustering of DE genes across each experimental group. While GO and MF analysis showed a 

degree of similarity between EE+SNA and SH SNA, we observed selected signalling pathways 

specifically associated with EE+SNA (Fig. 17 B). These include NADPH (NOX)-dependent 

redox signalling and phosphate activity (Fig. 17 B). Importantly, NOX-dependent oxidation 

regulates and is in turn regulated by phosphate activity177,238-243.  

A number of pathways were significantly regulated in SNA and EE+SNA. However, GTPase 

activity and DAG-PKC signalling pathways were significantly upregulated in EE+SNA 

compared to SNA alone (Fig. 17 B). We next generated protein-protein interaction networks 

(Cytoscape) of NADPH (NOX)-dependent redox signalling, phosphate activity GTPase 

activity and DAG-PKC signalling pathways that identified the NOX oxidase family at the 

center of this signalling network (Fig. 17 C). Based on these findings, we hypothesized that 

redox signalling could contribute to EE+SNA-dependent regeneration of DRG axons after SCI. 

Surprisingly, when we analysed the genes represented in the NADPH (NOX)-dependent redox 

signalling GO cluster, we found that the 5 subunits forming the NOX2 complex were all 

upregulated exclusively following EE+SNA, compared to EE Sham or SH SNA alone (Fig. 18 

A). In contrast, NOX1 expression was downregulated, while we found a modest increase in 

NOX4 expression (Fig 18 A). To further validate the upregulation of NOX2 complex, we 

performed qRT-PCR from DRG and found that the 5 subunits including gp91phox, p22phox, 

p40phox, p47phox, and p67phox were significantly upregulated following EE+SNA (Fig. 18 

B). Next, we analyzed the protein expression of NOX2 complex using immunofluorescence in 

DRG tissue. Staining for the subunits and p47phox and gp91phox showed an upregulation after 

SH SNA and a further increase following EE+SNA in both the number of positive cells and in 

their fluorescence intensity (Fig. 19 A-D -). Next, immunoblotting analysis from whole DRG 
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confirmed a significant upregulation of p47phox, p22phox, gp91phox as well as p-p47phox 

following EE+SNA (Fig. 18 C-D). The additional subunits of NOX2 complex p40phox and 

p67phox could not be investigated because of the lack of suitable antibodies. Additionally, we 

analyzed the activation of NOX2 complex by immunostaining for the regulatory subunit 

phospho-p47phox (p-p47phox), as marker of NOX2 activation. We found that p-p47phox was 

upregulated by SH SNA, but further upregulated by EE+SNA (Fig. 19 E-F). Importantly, we 

observed an upregulation of NOX4 at the protein level by immunostaining after SNA but no 

further upregulation after EE+SNA (Fig. 20 A-B), supporting the idea that the NOX2 complex 

is selectively upregulated in DRG neurons by EE+SNA. 
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Figure 17. Gene expression and pathway analysis of DRG after EE+SNA 
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A. Venn diagram showing the number of genes (mRNA expression) and the extent of overlap 

among the three conditions SH+SNA, EE Sham and EE+SNA (each normalized to respective 

sham and to background from the whole RNAseq dataset for gene enrichment analysis, FDR: 

0.05 and FC: 1.5, n = 3animals/group). B. Gene ontology analysis of molecular functions of 

the genes modulated by SNA, EE Sham and EE+SNA (p-value > 0.05) in DRG neurons plotted 

in heatmap showing an EE+SNA specific upregulation of the clusters phosphatases activity 

and NADPH-dependent redox signalling. C. Gene network analysis of the EE+SNA specific 

clusters phosphatases activityand NADPH(NOX)-dependent redox signalling in combination 

with the GTP activity and DAG/PKC signalling clusters specifically upregulated after 

EE+SNA, showing NOX genes at the center of the network. 
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Figure 18. EE+SNA induces upregulation of NOX2 complex in DRG at a transcriptional 

level  

 

 

A. mRNA expression analysis (fold change vs SH Sham) of the genes in the superoxide-

generating NADPH oxidases cluster showing that EE+SNA is the only condition capable to 

induce expression of the entire cluster. B. quantitative RT-PCR analysis of NOX2 complex 

mRNA levels in DRG neurons in the four conditions showing that all NOX2 components are 

significantly upregulated after EE+SNA compared to controls (mean ± SEM, Two-way 

repeated measures ANOVA, Tukey’s post-hoc * P<0.05, N= 3animals/group. C. 

Immunoblotting from DRG extracts showing that NOX2 complex expression is increased in 

EE+SNA. D. Quantification of immunoblotting shows a significant increase in NOX2 complex 

expression after EE+SNA ((mean ± SEM, One-way ANOVA, Tukey’s post-hoc * P<0.05 n = 

3animals/group) 
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Figure 19. Immunostaining of the NOX2 components gp91phox, p47phox and p-p47phox 

in DRG neurons after EE+SNA 

 

A-C. Representative immunostaining for p47phox (A), gp91phox (B) and p-p47phox (C) in 

DRG sensory neurons in the four conditions. D-F. Bar graphs display the difference 

fluorescence intensity of p47phox (D), gp91phox (E) and p-p47phox (F) in DRG neurons 

showing an increase after SNA and a further significant increase in fluorescence intensity after 

EE+SNA compared to all of the other conditions. NOX4 shows no difference between SNA and 

EE+SNA (mean ± SEM, One-way ANOVA, Tukey’s post-hoc * P<0.05 ** P<0.01 **** 

P<0.0001, N = 3animals/group, scale bar=50 µm). 
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Figure 20. NOX4 expression in DRG. 

 

 

A. Representative images of NOX4 immunostaining in DRG sensory neurons in the four 

conditions. B. Quantification of NOX4 fluorescence intensity in DRG (mean ±, One-way 

ANOVA, Tukey’s post-hoc * P<0.05, N = 3animals/group, scale bar=50 µm). 
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3.3.3 Neuronal NOX2 is required for EE+SNA-mediated regeneration and ROS 

production 

Thus far, we reported an upregulation of active NOX2 in DRG neurons at the gene and protein 

levels after EE+SNA. Next, we asked whether the neuronal expression of the structural subunit 

gp91phox of the NOX2 complex is required to mediate EE+SNA-dependent neurite outgrowth 

and regeneration of sensory neurons. To achieve specific neuronal gp91phox deletion in DRG 

neurons, we injected an AAV5-Cre-GFP or a control AAV5-GFP in the sciatic nerves of 

NOX2fl/fl mice to transduce the DRG neurons, and allowed expression for 4 weeks. The mice 

were then exposed to SH, EE, SH-SNA or EE+SNA for ten days, after which we cultured the 

sciatic DRG neurons from neuronal NOX2 conditional knock out (cKO) and controls for 12 

hours. Analysis of DRG neurite outgrowth showed that neuronal NOX2 deletion significantly 

attenuated the EE+SNA-dependent increase in outgrowth (Fig. 21A-D), however, it had no 

effect on EE Sham or SH-SNA (Fig. 21 A-D). These results suggest that neuronal NOX2 is 

required for the EE+SNA dependent increase in DRG neurite outgrowth.  

In a recent publication from our lab, we found that macrophage NOX2 cKO blocked the SNA-

dependent increase in regenerative growth177, thus we decided to rule out the possibility that 

macrophage derived NOX2 was also involved in EE+SNA-dependent outgrowth. To this end, 

we cultured DRG neurons from macrophage NOX2 specific conditional KO mice (LysM-Cre/ 

NOX2fl/fl mice244) after exposure to EE+SNA to find that DRG neurite outgrowth was not 

affected (Fig. 21 A-D). To investigate whether NOX2 was needed for EE+SNA-dependent 

sensory axonal regeneration, we performed a spinal cord dorsal over-hemisection in neuronal 

NOX2 cKO mice that had been exposed to EE+SNA or SH Sham. Seven weeks after the SCI, 

regeneration of sensory axons was identified using the axonal tracer cholera toxin subunit B 

(CtB) that was injected bilaterally in the sciatic nerve one week before sacrificing the mice. 

Impressively, exposure to EE+SNA was followed by a significant increase in axonal regrowth 

into and past the spinal lesion site. Neuronal cNOX2 KO completely abolished the EE+SNA-

dependent axonal regrowth to the level observed in control conditions (SH Sham), where the 

axonal front is retracted from the spinal lesion border (Fig. 22 D-E).  

We then investigated whether exposure to EE+SNA resulted in an increase in NOX2-

dependent reactive oxygen species (ROS) in the DRG. Therefore, we first characterized the 

temporal dynamics of ROS production after EE+SNA vs control SH Sham 1 day after SNA, 

and 3, 7 and 42 days after SCI. DRG were extracted and incubated with hydrocyanine-Cy3, a 

pan-ROS probe (timeline of the experiment in Fig 22 A). The oxidation of the probe in the cells 

results in the emission of fluorescence thus allowing for visualization of ROS levels. We found 
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that EE+SNA enhanced ROS 1 day after SNA (Fig 22 B-C) in line with an increase in NOX2 

expression identified by RNAseq, RT-PCR and protein expression experiments. The increase 

in hydrocyanine-Cy3 after EE+SNA compared to SH Sham was maintained 3 and 7 days after 

SCI (Fig. 22 B-C), however, this was lost 42 days after SCI. Importantly, the elevation in 

hydrocyanine-Cy3 signal was blocked in neuronal NOX2 cKO mice at all the time points 

analyzed (Fig. 22 B-C).  

Taken together, these data show that neuronal NOX2 is required for EE+SNA-dependent 

increase in regeneration of ascending sensory DRG fibers and for the sustained increase in ROS 

levels.  
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Figure 21. Neuronal but not macrophage specific deletion of NOX2 blocks EE+SNA 

dependent regenerative growth of cultured DRG neurons 

 

  

 

A. Shown is that neuronal (B) NOX2-/- blocks DRG neurite outgrowth mediated by EE+SNA 

(TUJ1 immunostaining, 12h), while (C) macrophage NOX2-/- does not, compared to WT (A).  

B. Bar graphs display average DRG neurite length in neuronal and macrophage NOX2 -/- in 

the four conditions (mean ± SEM, One-way ANOVA, Tukey’s post-hoc * P<0.05 ** P<0.01 

*** P<0.001 compared to SH Sham, ##P<0.01 compared to EE+SNA WT, n = 

4animals/group). Scale bar, 40 µm.   
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Figure 22. Neuronal NOX2 KO blocks EE+SNA dependent regeneration of 

ascending DRG sensory fibres and EE+SNA dependent ROS production in 

DRG. 
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A. Timeline of the HydroCy3 experiment. Mice were put in EE for 10 days, after that they 

received a SNA (EE+SNA), and 24h later, they underwent SCI. DRG were dissected and 

incubated with the panROS probe HydroCy3, after EE+SNA before SCI (pre) and at 3d, 7d 

and 6 weeks after SCI,  before fixing them in PFA. B. HydrocyanineCy3 levels are significantly 

increased after EE+SNA before (pre) and 3 days after spinal cord injury and shows a trend at 

7 days after SCI. HCy3 staining is reduced to Sham levels in EE+SNA NOX2 KO DRG. C. Bar 

graphs display the increase in hydrocyanineCy3 after EE+SNA and the decreased in EE+SNA 

NOX2 KO DRG at the time points analysed (mean ± SEM, Two-way repeated measures 

ANOVA, Tukey’s post-hoc * P<0.05 ** P<0.01, n = 3animals/group, scale bar=50 µm). D. 

Representative images of the spinal cord from the three groups showing regeneration of CTB 

(red) positive sensory axons and DAPI (blue) to determine the lesion site (marked with dashed 

line). Scale bar, 200 µm. E. Quantification revealed a significant difference in the fluorescence 

intensity past the lesion site of CTB positive regenerating axons between the EE+SNA WT 

compared to either EE+SNA NOX2 KO or SH Sham WT groups (mean ± SEM, Two-way 

repeated measures ANOVA, Tukey’s post-hoc * P<0.05 ** P<0.01, n = 6animals/group scale 

bar=400 µm).I.  
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3.3.4 Active STAT3 is required for NOX2 complex expression 

Since we observed an EE+SNA-dependent induction of the NOX2 complex at the mRNA and 

protein level, we investigated which transcription factors (TFs) could be responsible to drive 

the expression of subunits of the NOX2 complex. P-Scan TF analysis245 identified STAT3 as 

the highest ranked TF (Fig. 22 A and Table 1), implicating it in the transcriptional regulation 

of NOX2. Thus, we investigated the activation of STAT3 (pSTAT3) in DRGs by 

immunoblotting and observed a significantly increased in pSTAT3 following EE+SNA, 

compared to the SH Sham control (Fig 23 B-C). In order to ascertain whether pSTAT3 occupies 

the promoters of NOX2 complex genes, we performed Chromatin Immuno-Precipitation 

(ChIP) of pSTAT3 followed by qPCR analysis of the promoter regions of NOX2 complex 

genes from DRG following EE+SNA. Exposure to EE+SNA significant increased pSTAT3 

occupancy on NOX2 complex members as compared to SH Sham (Fig. 23 D). Successful TF 

occupancy and transcriptional activation typically require histone acetylation at gene 

promoters246,247; EE strongly induces histone acetylation in DRG neurons237 while SNA alone 

is not followed by increased gene expression of the NOX2 complex. Therefore, we 

hypothesized that EE+SNA induces histone acetylation at NOX2 promoter regions facilitating 

occupancy by pSTAT3, increasing the transcription of NOX2 complex genes. Indeed, ChIP for 

H3K27ac showed enrichment at the same promoters occupied by pSTAT3, including CYBB, 

Ncf1 and Ncf2 (Fig. 23 E).  

These data show that pSTAT3 occupies hyperacetylated NOX2 promoter regions after 

EE+SNA in vivo.  

To characterize whether active STAT3 and histone acetylation are required to drive gene 

expression of NOX2 complex genes, we transfected HEK293T cells with a constitutively 

active, a dominant negative, or a wildtype STAT3, in presence or absence of the pan-HDAC 

inhibitor panobinostat, which increases histone acetylation. We found that only the 

constitutively active STAT3 in combination with Panobinostat, a pan-HDAC inhibitor, was 

able to induce the expression of all NOX2 complex genes, suggesting that STAT3 activation 

is necessary and sufficient to induce transcription of hyperacetylated NOX2 genes (Fig 23 F).  
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Figure 23. The TF STAT3 is activated by EE+SNA and involved in EE+SNA dependent 

NOX2 expression of DRG neurons. 

 

 

 

A. STAT3 binding sequence found on the genes analysed; letters represent the relative 

enrichment for each gene at that position. B. Immunoblotting from DRG extracts showing that 

pSTAT3/STAT expression is increased in EE+SNA (N=1). C. Quantification shows a 

significant increase of pSTA3 after EE+SNA compared to Sham. (mean ± SEM, One-way 

ANOVA, Tukey’s post-hoc * P<0.05, n = 3animals/group). D-E. Bar graphs represent 

quantitative RT-PCR analysis of NOX2 complex genes after Chromatin Immuno-Precipitation 
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for pSTAT3 (D) or H3K27ac (E) express as fold change of DNA enrichment of compared to 

IgG. The bar graph shows an increase in NOX2 components precipitation from DRG after 

EE+SNA compared to Sham (mean ± SEM, One-way ANOVA, Tukey’s post-hoc * P<0.05 *** 

P<0.001, n = 5animals/group). F. Bar graph showing increased NOX2 subunits mRNA 

expression in HEK292T cells transfected with a constitutively active form of STAT3 only in 

presence of the HDACs inhibitor Panobinostat, compared to WT or dominant negative 

transfected cells in presence or absence of Panobinostat (mean ± SEM, One-way ANOVA, 

Tukey’s post-hoc * P<0.05 ** P<0.01, N = 3). 
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3.3.5 STAT3 is required for EE+SNA dependent axonal regeneration  

In order to establish whether neuronal pSTAT3 is required for EE+SNA-dependent axonal 

regeneration, we conditionally deleted STAT3 in DRG neurons by injecting an AAV5 Cre-

GFP in the sciatic nerves of STAT3fl/fl mice 4 weeks before performing a spinal cord injury. In 

order to assess sensory axon regeneration in vivo, we injected the CtB axonal tracer in the 

sciatic nerves 1 week before sacrificing the animals at 8 weeks after spinal cord dorsal 

overhemisection.  Deletion of neuronal STAT3 partially blocked the EE+SNA conditioning 

effect after SCI (Fig 24 A-C) as shown by the absence of regenerating axons within and past 

the spinal lesion site, phenocopying the conditional deletion of NOX2 in DRG neurons.  

Moreover, we found that STAT3 conditional deletion significantly reduced the expression of 

NOX2 complex proteins such as gp91phox. In fact, the percentage of gp91phox double positive 

cells were significantly decreased in Cre injected STAT3flox DRG neurons after EE+SNA 

compared to GFP injected littermates (Fig. 24 D-F). Altogether, these data show that, following 

EE+SNA, STAT3 is a key TF responsible for NOX2 complex expression and the regeneration 

of DRG axons.  
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Figure 24. STAT3 deletion in DRG blocks EE+SNA dependent axonal regeneration and 

NOX2 complex expression 

 

 

 

A-B. Representative images of the spinal cord from STAT3flox animals exposed to SH Sham 

or EE+SNA in combination with overexpression of GFP (A) or Cre-GFP (B) in DRG, showing 

regeneration of CTB (red) positive sensory axons and DAPI (blue) to determine the lesion site 

(marked with dashed line). Scale bar, 200 µm. C. Quantification revealed a significant 

difference in the fluorescence intensity past the lesion site of CTB positive regenerating axons 

between the EE SNA GFP and SH Sham, this difference was abolished in EE+SNA Cre-GFP 

expressing DRG fibres. (Mean ± SEM, Two-way repeated measures ANOVA, Tukey’s post-

hoc, ** P<0.01, **** P<0.0001 N = 6/group). D-E. Representative images of DRG neurons 

from STAT3flox mice injected with GFP (D) or Cre-GFP (E). F. Quantification of the 

percentage of double positive GFP/p47phox DRG neurons shows an increase after EE+SNA 

GFP compared to SH Sham which is blocked in EE+SNA DRG expressing Cre-GFP (mean ± 

SEM, Two-way repeated measures ANOVA, Tukey’s post-hoc ** P<0.01, *** P<0.001 N = 

6/group, scale bar=50 µm).  

  

* 
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3.3.6 EE+SNA-dependent increase in PKC signalling pathway is involved in STAT3 

phosphorylation in DRG neurons 

We next investigated which signalling pathways might be responsible for phosphorylating 

STAT3 and NOX2 expression following EE+SNA. The RNAseq GO analysis of the EE+SNA-

dependent DE genes showed that diacylglycerol/protein kinase C (DAG/PKC) and GTPase 

signalling were the highest enriched pathways after EE+SNA and are functionally connected 

to NOX signalling (Fig. 17 C). Given that DAG and GTPases are classical activators of 

PKC248,249, which can phosphorylate STAT3250,251, our analysis suggested involvement of PKC 

signalling in EE+SNA dependent STAT3 phosphorylation and axonal regeneration. Since 

phosphorylated PKC is shuttled to the inner cell membrane where it carries out its kinase 

function, localization of pPKC at the plasma membrane is an indication of PKC activity. 

Therefore, we first assessed whether pPKC localizes to the neuronal cell membrane following 

EE+SNA vs SH-SNA or SH Sham. The percentage of DRG neurons expressing membrane 

bound pPKC was significantly higher following EE+SNA than following SH-SNA or SH Sham 

(Fig. 25 A-B), suggesting enhanced PKC activity.  Next, we assessed whether PKC activity 

was required for EE+SNA mediated STAT3 phosphorylation and DRG neurite outgrowth. We 

modulated PKC activity by delivering the small molecule PKC activator I3A or inhibitor 

Gö6983 in DRG cultures from mice exposed to SH Sham and then measured neurite outgrowth 

and STAT3 phosphorylation compared to EE+SNA. We found that the PKC activator 

significantly enhanced DRG neurite outgrowth and that PKC inhibition significantly reduced 

EE+SNA-dependent neurite outgrowth (Fig. 25 C-D). Importantly, PKC activation or 

inhibition increased or reduced STAT3 phosphorylation respectively (Fig. 25 E-F). Taken 

together, our data show that EE+SNA induces STAT3 phosphorylation in DRG neurons via 

increasing PKC dependent STAT3 phosphorylation, and that PKC activity is partially 

responsible for EE+SNA-dependent neurite outgrowth. 
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Figure 25. EE+SNA-dependent increase in PKC signalling pathway is involved in STAT3 

phosphorylation in DRG neurons. 

  

 

 

A. Representative images of DRG neurons stained for pPKC. Scale bar, 100 µm. B. 

Quantification of the percentage of membrane bound pPKC in DRG neurons shows an increase 

after SNA and a further increase after EE+SNA. C. Representative images of cultured ex-vivo 

DRG neurons from SH Sham, SH Sham treated with PKC activator, EE+SNA, EE+SNA treated 

with PKC inhibitor showing differential outgrowth. Scale bar, 50 µm. D. Quantification shows 

a significant increase in outgrowth (Beta3-Tubulin) after SH Sham + PKC activator and 

EE+SNA compared to control Sham and a reduction of EE+SNA-dependent outgrowth in the 

presence of PKC inhibitor. E. Representative images of cultured ex-vivo DRG neurons stained 

for pSTAT3 from SH Sham, SH Sham treated with PKC activator, EE+SNA, EE+SNA treated 

with PKC inhibitor showing differential pSTAT3 expression. Scale bar, 40 µm. F. 

Quantification shows a significant increase in pSTAT3 after SH Sham + PKC activator and 

EE+SNA compared to control Sham and a reduction of EE+SNA-dependent pSTAT3 

expression in the presence of PKC inhibitor (mean ± SEM, Two-way repeated measures 

ANOVA, Tukey’s post-hoc ** P<0.01, *** P<0.001 N = 6/group, scale bar=50 µm). 
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3.3.7 Overexpression of a constitutively active form of p47phox subunit (p47-3X) in DRG 

induces axonal regeneration and synaptic plasticity after SCI 

Lastly, we investigated whether activating the NOX2 complex would be able to promote 

regeneration of DRG sensory axons following SCI. To this end, we injected an AAV8 

expressing a constitutively active, phosphorylated form of p47phox (p47-3xS\D mutant – 

GFP177,191), or GFP as a control, into the sciatic nerves in order to activate NOX2 signalling in 

DRG neurons. A spinal cord dorsal hemisection was performed 4 weeks after viral transduction 

and the axonal tracer Dextran was injected 1 week before sacrificing the animals 8 weeks after 

the SCI. Anatomical analysis of DRG axon regeneration showed multiple p47phox-GFP 

positive axons regenerating rostral to the lesion site as opposed to the GFP control animals 

whose axons retracted from the lesion site (Fig. 26 A-C). GFP positive fibres showed good co-

localization with Dextran labelled fibres (Fig. 26 D); additionally, no spared fibres were found 

above the lesion site, at the T2 spinal level (Fig. 26 E), demonstrating that GFP labelled axons 

rostral to the lesion are regenerating fibres. In addition to promoting axon regeneration, p47-

3X-GFP overexpression also increased the number of vGlut1 and vGAT positive boutons 

(putative excitatory and inhibitory synapses) apposed to choline acetyl transferase (ChAT) 

positive motor neurons below the injury (Fig. 26 F-I). This suggests spinal circuit 

reorganization and sprouting of group-Ia proprioceptive afferents below the injury, which is 

associated with functional recovery252. To address whether overexpression of p47-3X was able 

to promote functional recovery of sensory tasks, we carried out the adhesive tape removal test 

that measures the time the animals take to detect (first contact) and remove (time to removal) 

an adhesive tape placed on their hind paw. Indeed, we found that p47-3X overexpression 

induced a significant functional improvement in both the time to first contact and time to 

remove the tape (Fig. 26 J-K). Interestingly, we did not observe any improvement in motor 

function by measuring the number of missteps when animals were made to run on a grid 

(gridwalk test) (Fig. 26 L). Finally, to gain further insight into the functional relevance of the 

regeneration observed, we stained cords of p47-3X injected animals with vGlut1 and found co-

localization of dextran regenerating fibres with the pre-synaptic marker vGlut1 beyond the 

lesion site (Fig. 26 M-N), suggesting that this regenerating fibres are forming new and 

potentially active synapses. Taken together, these data suggest that AAV mediated 

overexpression of active NOX2 promotes plasticity and regeneration of DRG sensory axons as 

well as improvements in sensory function after SCI. 
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Figure 26. Overexpression of a constitutively active form of p47phox subunit (p47-3X) in 

DRG induces regeneration and synaptic plasticity after SCI. 
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A. Representative images of the spinal cord from GFP or constitutively active p47phox 

expressing DRG showing regeneration of Dextran (red) positive sensory axons and DAPI 

(blue) to determine the lesion site (marked with dashed line). Scale bar, 400 µm. B-C. 

Quantification revealed a significant difference in the fluorescence intensity (B) and distance 

past the lesion site (C) of GFP positive regenerating axons between the CA p47phox and GFP 

groups. D. Shown is that CA p47phox - GFP fibres co-localize with dextran regenerating 

fibres. Scale bar, 200 µm. E. Shown is a coronal section of the spinal cord at T1 level (above 

the lesion site), showing the absence of spare GFP or Dextran fibres in a CA p47phox injected 

animal, Inset is a close up of the dorsal columns. Scale bar, 200 µm. F-H. ChAT labelled motor 

neurons (red) below the injury site show a significant increase in inhibitory (VGAT1 in green, 

F-G) and excitatory (VGlut1 in green, H-I) Ia sensory afferences in CA p47phox compared to 

GFP group (mean ± SEM, Two-way repeated measures ANOVA, Tukey’s post-hoc ** P<0.01, 

N = 9/group). Scale bar, 50 µm. I-L. Shown is improvement of sensorimotor function in p47-

3X group in the adhesive tape test (time to first contact in J and removal time in K) compared 

to GFP group, plot of gridwalk test showing no difference between the groups (L). M. Shown 

is co-localization of dextran with vGlut1 past the lesion site in a p47-3X cord. The fibre tips 

(red) co-localize with the pre-synaptic marker vGlut1 (green) in synaptic bouton-like structure 

(yellow) (Arrows in M and high magnification in N1-3. Scale bar, 50 µm). Scale bar 200 µm. 
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3.4 Discussion 

 

 

In this study, we discovered a novel experimental model that we call enriched conditioning 

that maximizes the regenerative ability of sensory axons following SCI. We found that 

combining injury independent, i.e. EE, and injury dependent, i.e. SNA approaches, induced an 

additive effect on the axonal regeneration of DRG neurons, displaying remarkable regeneration 

of ascending sensory fibres beyond the lesion site. We also investigated the molecular 

mechanisms underpinning enriched conditioning. Specifically, we found that enriched 

conditioning induces PKC-dependent STAT3 phosphorylation in DRG neuronal nuclei. The 

phosphorylated STAT3 drives expression of the NOX2 complex by occupying the 

hyperacetylated NOX2 promoters due to the EE-dependent increase in H3K27 acetylation. 

STAT3 is required for NOX2 expression in DRG neurons and for axonal regeneration elicited 

by EE+SNA. We also found that the expression of NOX2 complex in DRG neurons is required 

for EE+SNA-dependent axonal regeneration. Lastly and importantly, overexpression of active 

NOX2 is able to promote plasticity and regeneration of sensory axons after SCI and partial 

recovery of sensory function.  

The role of the PKC signalling pathway in axonal regeneration is still unclear, as there are 

several contradictory studies, reporting both positive and negative effects. For instance, it has 

been shown that intrathecal infusion of the PKC inhibitor Gö6976 induces regeneration of 

descending CST axons as well as of ascending sensory fibres12,15. However, other studies 

showed that increased PKC signalling is associated with sciatic nerve regeneration and that 

overexpression of specific PKC isoforms could promote DRG outgrowth as well as RGC 

regeneration13,17,19. In line with these studies, we found that the EE+SNA dependent increase 

in DRG outgrowth is associated with PKC activation and a downstream increase in STAT3 

phosphorylation. The activation of STAT3 or NOX2 pathways after injury have been 

previously reported136,141,177,253, however, this is the first evidence of STAT3 dependent NOX2 

expression promoting the regeneration of DRG axons, highlighting the importance of neuronal 

derived NOX2 signalling. The evidence that STAT3 is critical for NOX2 expression further 

emphasizes the central role of this transcription factor in the control of axon 

regeneration136,141,253. 

Although a conditioning lesion (SNA) promotes macrophage-dependent exosomal release of 

NOX2 complexes into injured axons177, enriched conditioning  (EE+SNA) triggers an increase 
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in intrinsic neuronal NOX2 complex expression that leads to significantly increased axonal 

regeneration after SCI compared to conditioning alone. This difference in regenerative ability 

can be explained by the fact that, after SNA, NOX2-dependent signalling, including the 

inhibition of PTEN, takes place over a short time frame (24h only) and relies solely on 

macrophage derived exosomal NOX2 release and axonal retrograde transport. On the contrary, 

the intrinsic neuronal transcriptional activation of NOX2 induced by enriched conditioning is 

supported by epigenetic mechanisms such as histone acetylation at NOX2 promoters. These 

epigenetic mechanisms are likely to allow maximal transcriptional activity over time, as 

suggested by recent studies where their role in axonal regeneration has been established132-

134,143,144,254-256. Importantly, in a previous study from our lab we found that exposure to EE 

strongly enhances the acetylation of H3K27 and H4K8237, as opposed to SNA, which enhances 

the acetylation of H3K9 only and to a much lower level132. In line with this, we found that 

enriched conditioning induces an enduring increase in NOX2 dependent redox signalling as 

suggested by elevated ROS levels up to one week following SCI. NOX2 signalling likely 

affects the oxidation of several PTPs (upregulated in RNA-seq GO-MF after EE+SNA), which 

are known to be regulated by redox signalling in many processes, including in axonal 

regeneration177,238-243. In line with this, we have previously shown that NOX2-dependent 

oxidative inhibition of PTEN induces axonal regeneration in DRG neurons177. This poses the 

question whether the same mechanism is involved in the NOX2-dependent enriched 

conditioning axonal regeneration. While we cannot exclude the involvement of PTEN 

oxidative inhibition, we believe that additional pathways are associated with NOX2 dependent 

ROS production after EE+SNA, however, further studies are needed to prove this hypothesis. 

Compared to our previous finding that macrophage-dependent exosomal NOX2 is required for 

conditioning-dependent peripheral regeneration177, this study represents an important advance 

as it shows that AAV-mediated activation of neuronal NOX2 promotes axonal plasticity and 

regeneration of sensory axons and partial recovery of sensory function after SCI. While this 

work suggests potentially druggable targets within the DAG/PKC-STAT3-NOX2 signalling 

axis, it also strongly suggests that the indiscriminate use of post-injury antioxidant treatment 

should be avoided. 

Similarly, to the classical conditioning paradigm that over the years offered a number of novel 

molecular mechanisms to be targeted for axonal regeneration, we believe that the enriched 

conditioning model will represent an improved platform for the discovery of novel regenerative 

molecular mechanisms and targets. In fact, while our data show that the PKC-STAT3-NOX2 

pathway is a crucial component of the regenerative phenotype, our full RNAseq data suggests 
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that additional mechanisms are implicated. In summary, we have described the optimization of 

central nervous system sensory axonal regeneration that overcomes the current limits set by the 

classical conditioning lesion. We have also provided a novel mechanism whereby sensory 

neurons convey environmental injury-dependent and independent signals onto intracellular 

pathways that induces redox signalling that is in turn necessary and sufficient to promote CNS 

axon regeneration. Unravelling the complex and fleeting nature of ROS signalling could help 

to develop effective therapies to promote tissue regeneration and repair in both the peripheral 

and central nervous system. 
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Chapter 4: Discussions 

 

 

 

4.1 General discussion 

 

 

This thesis aimed to investigate and characterize novel druggable signalling pathways capable 

of enhancing the intrinsic regenerative capacity of DRG neurons to promote axonal 

regeneration and functional recovery. The second chapter characterized a novel paracrine 

mechanism of communication between immune cells, such as macrophages, and axons after a 

peripheral sciatic nerve injury. We demonstrate that macrophage derived exosomal NOX2 is 

required for reprogramming DRG neurons into a pro-regenerative state. Specifically, we have 

shown that upon injury macrophages are recruited on the injury site and release exosomes 

loaded with active NOX2 complex. These exosomes get endocytosed by the axons and travel 

retrogradely via a dynein/importin-3 dependent mechanism in Rab7+ endosomes to reach the 

soma where they oxidize and inhibit PTEN thereby inducing the PI3K-Akt regenerative 

pathway. The third chapter explored a novel enriched conditioning paradigm in the context of 

spinal cord injury. We combined an injury independent regenerative condition (EE) with the 

well-known conditioning injury paradigm (SNA) and found that the two conditions (EE+SNA) 

work synergistically to promote long-distance axon regeneration after SCI. Gene expression 

analysis of whole DRG after EE+SNA showed a striking increase of the NOX2 signalling 

pathway as well as an increase in the DAG-PKC signalling pathway. The PKC dependent 

phosphorylation of STAT3 is involved in its accumulation in DRG nuclei where it drives 

NOX2 transcription. Finally, we have shown that NOX2 dependent redox signalling is 

increased in DRG neurons after EE+SNA and that it is necessary and sufficient to promote 

regeneration after SCI. ROS are rapidly scavenged by cells via different antioxidant systems, 

this helps to maintain the homeostasis and avoid prolonged exposition to potentially 

detrimental compounds. Glutathione, SODs and hydrolases are used by the cells to neutralize 

ROS; however, controlled ROS production can work as a key signalling mechanism important 

for many intracellular and extracellular pathways. In fact, we found that spatial and temporal 

regulation of ROS in the axons, which is achieved via paracrine cell-to-cell exchange of ROS 
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producing vesicles as well as via transcriptional regulation, is key to direct redox signalling to 

the subcellular compartments where target signalling proteins are located. In fact, endocytosis 

of NOX2 containing vesicles serves perfectly to this aim. Moreover, to achieve augmented 

regenerative capacity, we found that DRG neurons regulate intrinsic transcription of NOX2, 

adding a new layer of regulation of redox signalling. Importantly, the discovery that extrinsic 

immune derived as well as intrinsic redox signalling are required for DRG regeneration has 

potential implications for peripheral nerve injury as well as spinal cord injury. High levels of 

ROS have long been thought to be detrimental for cells and is strongly correlated to neuronal 

cell death and degeneration in many neurodegenerative diseases, stroke and injury, fostering a 

wide use of antioxidant therapies for many diseases including nerve damage. However, recent 

studies demonstrated the pro-regenerative role of ROS in different organisms and organs. 

Recent works in zebrafish indicate a role for paracrine ROS in the orchestration of the wound 

healing response leading to tissue and axonal regeneration257,258. In addition to the nervous 

system, ROS are essential regulators of bone repair and the regenerative ability of osteocytes 

is modulated by redox signalling189. Additionally, several studies have shown that ROS are 

required for the developing cardiomyocyte proliferative response, especially via the NOX4 

isoform, however, their role in adult cardiomyocytes remains unclear178,189. In line with these 

findings, our studies strongly suggest that fine-tuned regulation of sub-threshold levels of ROS 

are not detrimental but needed to activate the pro-regenerative programme and therefore 

antioxidants may in fact reduce the already limited regenerative ability of axons. 
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4.2 Limitations and perspectives 

 

 

Chapter 2 and 3 demonstrated the importance of both paracrine extrinsic and neuronal intrinsic 

redox signalling by identifying a NOX2 as a novel regenerative pathway involved in axonal 

regeneration in the PNS and the CNS. Importantly, Chapter 3 tried to harness regenerative 

redox signalling via a potentially clinically relevant viral vector mediated gene therapy, through 

expressing a constitutively active form of the NOX2 organizer subunit p47phox, which was 

able to promote regeneration as well as functional recovery. This is a promising translational 

approach; however, a number of limitations are to be taken into consideration. Stably over-

expressing NOX2 in DRG neurons could result in long term detrimental oxidative stress; ROS 

production after EE+SNA is increased after 3 and 7 days but returns to Sham levels at longer 

time points (6 weeks), by intrinsic antioxidant system and/or other transcriptional and post-

transcriptional mechanisms, suggesting that a prolonged over-expression of NOX2 could be 

detrimental and it is downregulated. Additionally, increased NOX2 signalling could lead to off 

target effects. For instance, it is known that p47phox can also activate NOX1 signalling259 , 

which could result in non NOX2 specific target oxidation and oxidative stress. It is noteworthy 

to mention that p47phox-3X overexpression did not kill DRG neurons, neither in vitro nor in 

vivo, however, a temporal profiling of the oxidative state of NOX2 over-expressing neurons 

may be required. 

Another potentially translational way of modulating NOX2 signalling is to use a small 

molecule activator. For example, the natural compound phytol (3,7,11,15-tetramethyl-2-

hexadecene-1-ol, MW 296.53) enhances NOX activity. Phytol shows remarkable in vivo 

efficacy as it completely blunts autoimmune inflammation260 and induce oxidative burst in 

phagocytes261.  

One limitation of this approach is that there are currently no NOX2 specific activators available 

and specificity is crucial to get the correct spatio-temporal production of ROS to successfully 

promote axonal regeneration. Moreover, we do not know whether increasing NOX2 signalling 

in other cell types, such as macrophage/microglia, astrocytes or endothelial cells, after a spinal 

cord injury could be detrimental. 

Finally, EE+SNA triggers a complex response in DRG, with the modulation of over 4600 genes 

belonging to many signalling pathways. NOX2 is a key factor involved in the EE+SNA-

dependent axonal regeneration, however, additional pathways are likely to be involved. 
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Neurons are unique cells that possess long and highly branched processes (axons and 

dendrites), which need to transport molecules and signals over long distances.  Indeed, axonal 

transport is essential for axonal elongation during development as well as regrowth after 

injury124,125.  

It has been reported that axonal transport is increased after conditioning injury (SNA)124,262 and 

preliminary data from our lab showed that EE can independently enhance axonal transport. 

These data could suggest that the combination of EE and SNA could result in further increased 

axonal transport and retrograde signalling and thus promote axonal regeneration. 

The complexity and systemic nature of the EE response has been extensively reported, as it 

affects many systems, organs and cells. In the present study, we focused on DRG neuron and 

found that NOX2-dependent redox signalling is required for regeneration of ascending sensory 

fibres. However, it could be proposed that exposure to EE could promote axonal regeneration 

and plasticity of several spinal circuits, including sensory and motor tracts. This could suggest 

that NOX2 signalling might be important for regeneration and functional recovery of other 

spinal tracts beyond the sensory system, including descending motor tracts, such as the 

corticospinal, reticulospinal and rubrospinal tracts, however, further studies are needed to 

understand the exact impact of NOX2 signalling on axonal regeneration and repair. 
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4.3 Conclusions 

 

 

In conclusion, this thesis has characterized a novel regenerative pathway involved in redox 

dependent regulation of axonal regeneration. Specifically, chapter 2 described a paracrine 

redox mechanism of communication between macrophages and neurons capable of promoting 

PNS regeneration. Chapter 3 explored the intrinsic capability of neurons to induce NOX2 

transcription and activation, and subsequent redox dependent axonal regeneration in a novel 

model of “enriched” conditioning (EE+SNA). Despite the growing importance of redox 

signalling in tissue regeneration, little is known about their short- or long-term effects or the 

spatial distribution within injured organs. Unravelling the complex and fleeting nature of ROS 

signalling could help the discovery of more effective therapies and get us one step closer to the 

craved philosopher’s stone of tissue repair. 
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