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Investigating axonal responses to injury in the mouse spinal cord

Binhai Zheng

Department of Neurosciences, University of California San Diego, USA

binhai@ucsd.edu

Understanding the fundamental principles and molecular mechanisms of cellular responses to
injury is critical to the development of restorative therapeutic strategies for spinal cord injury, brain injury,
stroke and a number of other neurological conditions. Our lab has focused on the molecular mechanisms
of axon growth and regeneration after injury in the mouse spinal cord. Using in vivo 2-photon imaging, we
discovered a fundamental intrinsic property of neuronal injury response: a surviving intact axonal branch
suppresses both the degeneration and regeneration of the injured axonal branch, thereby stabilizing the
remaining axon architecture. Using the corticospinal tract as the model system, we discovered that aging
diminishes the regeneration-promoting effect of targeting PTEN in the CNS. Together with data from
Wolfram Tetzlaff’s lab on the rubrospinal tract, these data documented an age-dependent decline in axon
regeneration in the adult mammalian CNS. Our unpublished data on the impact of age on the sprouting of
uninjured corticospinal axons provide both theoretical and practical considerations for promoting axonal
repair after CNS injury. In investigating new intrinsic regulators of CNS repair, we identified a novel
mediator of the glial response to injury. Understanding neuronal, glial as well as non-neural cellular
responses to CNS injury will all aid in the development of effective neural repair strategies.

References
1 Zheng, B., J.K. Lee, and F. Xie, Genetic mouse models for studying inhibitors of spinal axon regeneration. Trends Neurosci, 2006.

29(11): p. 640-6.
2 Lee, J.K., C.G. Geoffroy, A.F. Chan, K.E. Tolentino, M.J. Crawford, M.A. Leal, B. Kang, and B. Zheng, Assessing spinal axon

regeneration and sprouting in Nogo-, MAG-, and OMgp-deficient mice. Neuron, 2010. 66(5): p. 663-70.
3 Liu, K., Y. Lu, J.K. Lee, R. Samara, R. Willenberg, I. Sears-Kraxberger, A. Tedeschi, K.K. Park, D. Jin, B. Cai, B. Xu, L. Connolly,

O. Steward, B. Zheng, and Z. He, PTEN deletion enhances the regenerative ability of adult corticospinal neurons. Nat Neurosci,
2010. 13(9): p. 1075-81.

4 Chen, M. and B. Zheng, Axon plasticity in the mammalian central nervous system after injury. Trends Neurosci, 2014. 37(10): p.
583-593.

5 Geoffroy, C.G., A.O. Lorenzana, J.P. Kwan, K. Lin, O. Ghassemi, A. Ma, N. Xu, D. Creger, K. Liu, Z. He, and B. Zheng, Effects of
PTEN and Nogo Codeletion on Corticospinal Axon Sprouting and Regeneration in Mice. J Neurosci, 2015. 35(16): p. 6413-28.

6 Lorenzana, A.O., J.K. Lee, M. Mui, A. Chang, and B. Zheng, A surviving intact branch stabilizes remaining axon architecture after
injury as revealed by in vivo imaging in the mouse spinal cord. Neuron, 2015. 86(4): p. 947-54.

7 Chen, M., C.G. Geoffroy, H.N. Wong, O. Tress, M.T. Nguyen, L.B. Holzman, Y. Jin, and B. Zheng, Leucine Zipper-bearing Kinase
promotes axon growth in mammalian central nervous system neurons. Sci Rep, 2016. 6: p. 31482.

8 Geoffroy, C.G., B.J. Hilton, W. Tetzlaff, and B. Zheng, Evidence for an Age-Dependent Decline in Axon Regeneration in the Adult
Mammalian Central Nervous System. Cell Rep, 2016. 15(2): p. 238-46.

Supported by NIH/NINDS R01NS093055, R01NS054734, the Craig H. Neilsen Foundation and the Wings for Life Foundation.
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Epigenetic regulation and axon regeneration after axonal injury

Guo-li Ming

Department of Neuroscience, Perelman School of Medicine, University of Pennsylvania, USA

gming@mail.med.upenn.edu

Epigenetic mechanisms, including modifications of DNA and histones and non-coding RNAs,
allow an organism to respond to the environment through gene regulation beyond the heritable DNA
sequence. DNA methylation, as an epigenetic modification, is best known for its function in ensuring
transcriptional gene silencing to maintain cell type identity in differentiated cells, which was thought to be
a very stable epigenetic event. However, recent studies from multiple groups, including our, show that
dynamic DNA methylation and demethylation can be induced by stress or neuronal activity in post-mitotic
neurons and play important roles in gene expression, synaptic plasticity, learning and memory, as well as
neurological disease.  The role of epigenetic regulation in injury and repair is not well understood.  I will
discuss our recent work on the role of TET and TDG proteins involved in epigenetic DNA methylation
regulation as an intrinsic mechanism to suppress the expression of genes involved in axonal development
in mature DRG neurons.  And how injury unlocks this intrinsic barrier and resets the state of DRG
neurons and turns on the expression of genes, such as ATF3 and myc to enhance the regeneration. Our
study suggests an epigenetic barrier that can be removed by active DNA demethylation to permit axon
regeneration in the adult mammalian nervous system, which may have significant implications in
promoting axon regeneration in the CNS.

References
Weng YL, An R, Cassin J, Joseph J, Mi R, Wang C, Zhong C, Jin SG, Pfeifer GP, Bellacosa A, Dong X, Hoke A, He Z, Song H,
Ming GL. An Intrinsic Epigenetic Barrier for Functional Axon Regeneration. Neuron. 2017 Apr 19;94(2):337-346.e6. doi:
10.1016/j.neuron.2017.03.034.

Supported by
This work was supported by grants from AMRF and from NIH.
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Activity-dependent regulation of axonal remodelling following spinal cord injury

Florence M. Bareyre

Institute of Clinical Neuroimmunology, University Hospital, Ludwig-Maximilians University, Germany

Florence.bareyre@med.uni-muenchen.de

The rewiring of supraspinal axonal circuits mediates functional recovery after spinal cord injury.
This rewiring process critically depends on the selection of appropriate synaptic connections between
cortical projection and spinal relay neurons. To unravel the principles that guide this target selection, we
modulated NMDA receptor integrity and function, CREB-mediated transcription and neuronal firing of
relay neurons during injury-induced corticospinal remodeling. We show that (i) NMDA receptor (NMDAR)
signaling and CREB mediated transcription stabilize nascent CST-relay neuron contacts, (ii) these
activity-dependent signals are required during a critical period of the remodeling process, while their
inhibition does not affect mature or uninjured circuits and (iii) the selection of relay neuron partners is
computed in a postsynaptic activity-dependent competitive manner, which ultimately determines
patterning of corticospinal circuit rewiring.

References
1 Bareyre, F.M., Kerschensteiner, M., Raineteau, O., Mettenleiter, T.C., Weinmann, O., and Schwab, M.E. (2004). The injured

spinal cord spontaneously forms a new intraspinal circuit in adult rats. Nat. Neurosci. 7, 269-277.
1 Jacobi, A., Loy, K., Schmalz, A.M., Hellsten, M., Umemori, H., Kerschensteiner, M., and Bareyre, F.M. (2015). FGF22 signaling

regulates synapse formation during post-injury remodeling of the spinal cord. EMBO J. 34, 1231-43.
2 Kasthuri, N., and Lichtman, J.W. (2003). The role of neuronal identity in synaptic competition. Nature 424: 426-430.
3 Katz, L.C. and Shatz, C.J. (1996) Synaptic activity and the construction of cortical circuits. Science 274, 1133–1138.
4 Kerschensteiner M., Bareyre F.M., Buddeberg, B.S., Merkler, D., Stadelmann, C., Brück, W., Misgeld, T., and Schwab, M.E.

(2004). Remodeling of axonal connections contributes to recovery in an animal model of multiple sclerosis. J Exp Med. 200, 1027-
1038.

5 Lang, C., Bradley, P.M., Jacobi, A., Kerschensteiner, M., and Bareyre, F.M. (2013). STAT3 promotes corticospinal remodelling
and functional recovery after spinal cord injury. EMBO Rep. 14, 931-937.

6 Ruthazer, E.S., Akerman, C.J., and Cline, H.T. (2003). Control of axon branch dynamics by correlated activity in vivo. Science
301, 66-70.

Supported by
Work is supported by grants from the Deutsche Forschungsgemeinschaft (DFG, SFB 870 and SyNergy; EXC 1010), by the Munich
Center for Neurosciences (MCN) and the Wings for Life foundation.
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Accelerating axon regeneration through translational control mechanisms

Jeffery L. Twiss

Dept Biological Sciences, University South Carolina, USA

twiss@mailbox.sc.edu

PNS axons can autonomously synthesize new proteins and this intra-axonal protein synthesis
supports regeneration after nerve injury. Recent work has shown that mature CNS axons likely have the
capacity to synthesize proteins, and, in spinal cord, intra-axonal protein synthesis seems to be activated
when axons are provided a regeneration-supportive environment. Both the transport and translation of
axonal mRNAs are tightly regulated. A single mRNA can give rise to many copies of a protein through
multiple rounds of translation, which makes translational regulation an appealing target to modulate axon
growth. We have focused on intra-axonal translational control mechanisms, asking how mRNAs are
stored in axons and what determines their release from this storage. Axons of PNS and CNS neurons
contain stress granule-like structures that are used in other cellular systems for mRNA storage. Axonal
mRNAs colocalize with the stress granule protein G3BP1. G3BP1 is needed to aggregate stress
granules, and its phosphorylation on serine 149 blocks aggregation of stress granules. G3BP1PS149 levels
are increased in regenerating PNS axons compared to mature axons that have prominently aggregated
G3BP1. Expression of the acidic domain of G3BP1 increases intra-axonal protein synthesis and
accelerates axon growth in vitro and in vivo. This manipulation prevents chemical-induced stress granule
aggregation and triggers disassembly of axonal stress granule-like structures. Taken together, our data
emphasize that translational regulation of axonal mRNAs can be specifically targeted to facilitate axon
regeneration.

Supported by NIH (R01-NS041596, R01-NS089663 and P01-NS055976), the Department of Defense/ (W81XWH-13-1-0308), the
Dr. Miriam and Sheldon Adelson Medical Research Foundation, and the South Carolina SmartState Program at University of South
Carolina.
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Transport, integrins and regeneration

James Fawcett, Richard Eva, Menghon Cheah, Hiroaki Koseki, Bart Nieuwenhuis

John van Geest Centre for Brain Repair, Cambridge

jf108@cam.ac.uk

CNS axons fail to regenerate because of the inhibitory environment and because of an intrinsic
lack of regenerative ability. Why does this happen, and how can regeneration be stimulated? We have
studied these problems through the focus of integrin-mediated axon growth. We chose integrins as our
focus for two reasons; 1) Integrins can be a therapeutic and can enhance regeneration, 2) Changes in
integrin biology between growing and non-regenerating axons can indicate what has gone wrong with
growth mechanisms in mature CNS axons.

In order to grow through the extracellular matrix axons must first express appropriate integrins.
The main matrix glycoprotein in the damaged CNS is tenascin-C, but tenascin-C binding integrins are
absent in the mature CNS. For migratory events on tenascin-C alpha9 beta1 is the most effective integrin.
In cultures alpha9 transfection gives sensory axons the ability to grow prolifically on tenascin, but
transduction of DRG neurons in vivo only gives modest regeneration. The problem is that the CNS
inhibitory molecules CSPG and NogoA inactivate integrins, and for integrin manipulation to be effective it
has to be combined with an integrin activator, kindlin1. Co-expresson of alpha9 integrin and kindlin1 in
sensory neurons enables profuse long distance axon growth in the spinal cord and sensory recovery.

Neurons in the CNS lose regenerative ability with maturity. Studying integrins as an example of a
growth-related molecule can reveal reasons for this loss. Transport of integrins in corticospinal axons
becomes blocked at the axon initial segment as axons mature and integrins are only seen on dendrites.
Many other growth-related molecules are also excluded from mature axons, including ribosomes,
neurotrophin receptors and other growth factor receptors. How does this transport block occur? Integrin
transport and trafficking in axons relies on the GTPases Rab11 and Arf6 whose activation state regulates
transport and trafficking. Two Arf6 GEFs including EFA6 which is concentrated in the axon initial segment
are upregulated during maturation to reverse integrin transport to retrograde, so preventing integrin entry
into axons. Interventions to change Arf6 activation, enhance PIP3 signalling and demolish the axon initial
segment all promote regeneration.

We conclude that the main reason for failure of axon regeneration in the CNS is because mature
axons become increasingly specialized, with exclusion of many molecules needed for activation of
signalling pathways and axon growth. They therefore lack the ability to interact with their environment,
and to generate signals to drive regeneration.

7



8

Novel pathways of axon regeneration identified from large-scale genetic screen in C.
elegans

Yishi Jin

Neurobiology Section, University of California San Diego, USA

yijin@ucsd.edu

Using single axon injury assay in C. elegans, we identified several axon regeneration pathways
by systematic genetic screening for 654 selected C. elegans genes, based on their orthology to human
genes and potential neuronal function or known biochemical role. In subsequent studies, we revealed
rapid cellular dynamics in response to axon injury, and defined two novel signalling pathways.  One
involves the conserved microtubule regulator EFA-6, which rapidly redistributes from the cell cortex to
microtubule minus ends following axon injury. We showed that this relocalization is critical for its function
in repressing axon regrowth.

Another pathway operates at the level of RNA splicing, dependent on the CELF family RNA
binding proteins. In C. elegans the CELF protein UNC-75 is required for axon regeneration. Using CLIP-
seq and transcriptomic analyses, we identified a set of genes involved in synaptic transmission as mRNA
targets of UNC-75. In particular, UNC-75 regulates alternative splicing of two mRNA isoforms of the
SNARE Syntaxin/unc-64. Extending these findings to mammalian axon regeneration, we find that mouse
Celf2 expression is upregulated after peripheral nerve injury and that Celf2 mutant mice are defective in
axon regeneration. Our data delineate a post-transcriptional regulatory pathway with a conserved role in
regenerative axon extension.  In this meeting, I will describe novel findings through a continued
systematic genetic screening for additional 600 C. elegans genes.

References
1 Knowlton WM, Hubert T, Wu Z, Chisholm AD, Jin Y. A Select Subset of Electron Transport Chain Genes Associated with Optic

Atrophy Link Mitochondria to Axon Regeneration in Caenorhabditis elegans. Front Neurosci. 2017 May 10;11:263. doi:
2 Chen L, Liu Z, Zhou B, Wei C, Zhou Y, Rosenfeld MG, Fu XD, Chisholm AD, Jin Y. CELF RNA binding proteins promote axon

regeneration in C. elegans and mammals through alternative splicing of Syntaxins. Elife. 2016 Jun 2;5. pii: e16072. doi:
10.7554/eLife.16072.

3 Chen L, Chuang M, Koorman T, Boxem M, Jin Y, Chisholm AD. Axon injury triggers EFA-6 mediated destabilization of axonal
microtubules via TACC and doublecortin like kinase. Elife. 2015 Sep 4;4. doi: 10.7554/eLife.08695.

4 Chen L, Wang Z, Ghosh-Roy A, Hubert T, Yan D, O’Rourke S, Bowerman B, Wu Z, Jin Y, Chisholm AD. Axon regeneration
pathways identified by systematic genetic screening in C. elegans. Neuron. 2011 Sep 22;71(6):1043-57.

Supported by NIH, HHMI, Craig Neilsen Foundation
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A break in the spinal cord-gut-immune axis impairs recovery after spinal cord injury

Phillip G. Popovich, Kristina A. Kigerl, Jodie C. E. Hall

Center for Brain and Spinal Cord Repair, Department of Neuroscience1, The Ohio State University, USA

Phillip.Popovich@osumc.edu

The trillions of microbes that exist in the gastrointestinal tract have emerged as pivotal regulators
of mammalian development and physiology. Disruption of this gut microbiome, a process known as
dysbiosis, causes or exacerbates various diseases, but whether gut dysbiosis affects recovery of
neurological function or lesion pathology after traumatic spinal cord injury (SCI) is unknown. Data in this
report show that SCI increases intestinal permeability and bacterial translocation from the gut. These
changes are associated with immune cell activation in gut-associated lymph tissues (GALT) and
significant changes in the composition of both major and minor gut bacterial taxa. Post-injury changes in
gut microbiota persist for at least one month and predict the magnitude of locomotor impairment.
Experimental induction of gut dysbiosis in naïve mice prior to SCI (e.g., via oral delivery of broad-
spectrum antibiotics) exacerbates neurological impairment and spinal cord pathology after SCI.
Conversely, feeding SCI mice commercial probiotics (VSL#3) enriched with lactic-acid producing bacteria
triggers a protective immune response in GALT and confers neuroprotection with improved locomotor
recovery. Our data reveal a previously unknown role for the gut microbiota in influencing recovery of
neurologic function and neuropathology after SCI.

References
Gut dysbiosis impairs recovery after spinal cord injury. Kigerl KA, Hall JC, Wang L, Mo X, Yu Z, Popovich PG. J Exp Med. 2016 Nov
14;213(12):2603-2620. Epub 2016 Oct 17

Supported in part by grants from the NIH-NINDS and the Ray W. Poppleton Endowment (PGP).
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Cross-talk between microglia and infiltrating macrophages leads to suppression of
microglial function and reduction of microglia-mediated inflammation after spinal cord
injury

Samuel David

Centre for Research in Neuroscience, The Research Institute of the McGill University Health Centre, Canada

sam.david@mcgill.ca

Infiltrating macrophages and microglia play a key role in the injury response after spinal cord
injury (SCI) that contribute to secondary damage as well as repair.  Microglia and infiltrating macrophages
both contribute to the inflammatory response and participate in phagocytosis of damaged cells and tissue.
We have shown previously that microglia, the resident cells of the CNS, are the first to initiate
phagocytosis followed later by infiltrating macrophages after the begin to enter the CNS at 3-4 days after
SCI.  We now show that the phagocytic ability of microglia decreases with time after SCI. Our in vitro
microglia-macrophage co-culture studies show that macrophages (bone marrow-derived macrophages
[BMDMs]) reduce the ability of microglia to phagocytose myelin and reduce microglial mRNA expression
of proinflammatory cytokines, as well as a broader suppression of inflammatory and apoptotic pathway
genes detected by transcriptional profiling. This macrophage-mediated reduction of myelin phagocytosis
by microglia was found to be mediated by prostaglandin E2. Furthermore, microglia from CCR2 null mice
after SCI (in which there is a marked reduction in macrophage infiltration into the spinal cord), show an
increased proinflammatory phenotype, and the mice show worsening of locomotor recovery. These
results reveal a novel interaction between infiltrating macrophages and microglia that leads to reduction of
microglial activity and proinflammatory responses. These interactions may help to keep in check
microglia-mediated acute and chronic CNS inflammation after SCI and favor recovery.

Supported by a grant from the Canadian Institutes of Health Research.
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Wound healing and scarring mechanisms after spinal cord injury

Jae K. Lee

University of Miami School of Medicine, Miami Project to Cure Paralysis, Department of Neurological Surgery, USA

JLEE22@med.miami.edu

The inflammatory events immediately following spinal cord injury lead to leukocyte recruitment,
glial proliferation, and tissue/matrix remodeling. These complex cascades of cellular and molecular
processes eventually lead to the formation of a scar that is necessary for proper wound healing. However,
the extracellular environment of the scar also impedes proper regeneration of axons and
oligodendrocytes. Thus, a major research focus has been to develop strategies that can make the
extracellular environment more favorable to cellular regeneration without disrupting the wound healing
properties of the scar. Bone marrow-derived macrophages are major regulators of tissue environment,
and we have recently demonstrated that macrophages can be targeted to regulate scar formation and
improve cellular regeneration after spinal cord injury. Acute macrophage depletion can attenuate fibrotic
scar formation, and improve remyelination and tissue replacement by NG2 cells. In addition, when
combined with specific biomaterials, macrophages can promote wound healing and tissue repair at the
injury site. Thus, macrophages are major regulators of the wound healing process after spinal cord injury
that can be targeted for therapeutic purposes using clinically relevant strategies.

This work was supported by NINDS Grants R01NS081040 and R21NS082835, the Miami Project to Cure Paralysis, and the
Buoniconti Fund.
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Overcoming proteoglycan barriers to axon regeneration and sprouting in the chronically
paralyzed respiratory system

Philippa Warren1, Warren Alilain2, Jerry Silver3

1 School of Biomedical Sciences, University of Leeds, UK
2 Department of Neuroscience, Spinal Cord and Brain Injury Research Center, University of Kentucky, USA
3 Department of Neurosciences, School of Medicine, Case Western Reserve University, USA

jxs10@case.edu

The glial scar that develops after many types of CNS trauma as well as the perineuronal net that forms a
curtain around synapses throughout the CNS are major obstacles to axon regeneration, sprouting and functional
recovery after a variety of traumatic injuries to the brain and spinal cord.  The entrapment of axons by the scar
and net is due to the production of a family of potently inhibitory extracellular matrix molecules known as the
chondroitin sulfate proteoglycans (CSPGs). Because the sugar side chains are known to provide much of the
inhibitory properties of CSPGs, their effects can be almost totally removed by enzymatic digestion using local
intraparenchymal injections of chondroitinase ABC (ChABC), a bacterial enzyme that degrades chondroitin
glycosaminoglycan sugar chains away from their resident core proteins. Many labs have demonstrated that a
modest recovery of function can be achieved following acute SCI through application of ChABC. However, the
ability to recover function following chronic paralyzing SCI has always been a daunting prospect. Over 50% of
human spinal cord injuries cause deficits in respiratory motor function or complete paralysis of inspiratory
muscles. We wondered whether combining ChABC and a form of respiratory therapy called Intermittent Hypoxia
(IH) might achieve some meaningful amount of restoration of diaphragm function at greatly protracted, chronic
stages after cervical hemisection, where endogenous plasticity from the contralateral side well below the level of
injury may have been slowly occurring but functionally suppressed by the net. We have examined the potential for
restoration of this motor system up to 1.5 years following severe cervical (C2) hemisection where there is no
evidence of spontaneous recovery.  In spite of complete hemidiaphragm paralysis for up to 18 months, a single
injection of chondroitinase ABC into the ipsilateral phrenic motor pool could robustly restore near normal
diaphragm function mediated in large part by sprouting of the serotonergic system. Intermittent hypoxia
rehabilitation combined with this treatment minimally strengthened and refined the recovered activity to increase
the functional effects. The remarkable degree and speed of patterned respiratory motor recovery due solely to the
enzyme were completely unforeseen, being both greatly superior to that which occurs acutely and even gaining
strength over time. Indeed, our data uniquely establish that increasing plasticity can recover essentially normal
respiratory function after a near lifetime of diaphragm paralysis.  We have also now learned that our treatment
mediated recovery after chronic injury is likely permanent, since robust diaphragm activity remains intact for a full
6 months. However, importantly, when driven to excess, the effects of this combination strategy can cause
debilitating tonic activity of the ipsilateral hemidiaphragm that can, however, be abrogated by blockade of 5-HT 2
receptors. Through the controlled regulation of serotonergic sprouting, our treatment strategy triggered a
mechanism that ensured robust, patterned respiratory recovery regardless of time post injury. These data give
hope that we may functionally improve respiratory related motor system circuitry in the chronically injured human
population.
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Comparison of promoters and two serotypes of adeno-associated viruses for viral
transduction in the sensory-motor cortex
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The central nervous system (CNS) is known to be challenging for gene manipulation. Adeno-
associated virus (AAV) mediated gene delivery has been found to be the best method 1, 2. However, it is
essential to determine an optimal promoter and serotype for gene delivery into the cell type of interest.
The serotype determines the cell type that will mainly be transduced and the promoter will determine the
expression level of the exogenous gene. Another important factor is the size of the chosen promoter
since there is a narrow limit for packaging due to the limited packaging capacity of AAVs, which is roughly
4500 basepairs. Here, we performed a study with the promoters: cytomegalovirus (CMV), CMV early
enhancer/chicken β actin (CAG), synapsin (SYN), and phosphoglycerate kinase (PGK). We targeted layer
V cortical neurons that give rise to the corticospinal tract (CST) by injecting AAVs in the sensorimotor
cortex of rats and mice. We compared 1) the expression of AAV1-SYN-GFP and AAV5-SYN-GFP to
highlight the superior serotype to transduce layer V cortical neurons; 2) the efficiency of the promoters by
analyzing GFP expression levels using AAV1-CMV-GFP, AAV1-CAG-GFP, AAV1-SYN-GFP and AAV1-
PGK-GFP; 3) the double transduction efficiency of co-injection of AAV1-SYN-GFP and AAV1-SYN-
tdTomato in these neurons.
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Combined ChIP and RNAseq analysis identifies a Cited2-H3K27/H3K9ac-dependent
regenerative network at the core of opposed axonal regenerative ability between the
injured peripheral and central nervous system
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Regenerative failure is responsible for lack of functional recovery following central nervous
system injury, including after spinal cord injury (SCI). To date, there are no effective treatments that
overcome regenerative failure following SCI. Therefore, clarification of the molecular mechanisms
underlying regenerative failure remains a priority. In contrast to central nervous system axons, such as
those located in the spinal cord, which possess a limited regenerative capacity, axons in the peripheral
nervous system are able to mount a regenerative response. This provides an opportunity to identify key
regenerative mechanisms that could be exploited to enhance regeneration where it fails such as after
SCI.  A key model to assess differences in this regenerative capacity are the L4-L6 dorsal root ganglia
(DRG). These neurons are pseudounipolar in nature, extending one axonal branch towards the periphery
that regenerates after injury and one branch towards the dorsal columns of the spinal cord that does not.
In contrast to central branch injury, following injury to the peripheral branch, the neuron cell body is
able to mount a profound transcriptional response that drives the expression of key genes that direct
axonal outgrowth and regeneration. Given that histone acetylation facilitates gene expression, we
hypothesised that injury-induced signalling converges on the epigenome to enhance histone acetylation
and regenerative gene expression after sciatic nerve but not central branch injury.

To address this hypothesis, we performed a systematic investigation, integrating RNA and
ChIPseq for H3K9ac and H3K27ac after sciatic nerve (SNA) vs dorsal column axotomy (DCA). We
identified that (i) increased histone acetylation is associated with an enhanced expression of key
transcriptional and signalling dependent networks after SNA, which are not found following DCA,
contributing towards discriminating regeneration from regenerative failure. (ii) Bioinformatics analysis
revealed that central to several signalling networks, is Cited2, an interacting transactivator of the histone
acetyltransferases p300 and CBP. We found that Cited2 recruitment provides a dual role in enhancing the
activation of p300 and CBP to promote increased H3K27ac and H3K9ac, whilst bridging upstream
regenerative signalling through recruiting various transcription factors to the acetylated promoters.
Importantly, loss or gain of function of Cited2 inhibits or promotes DRG regenerative growth and histone
acetylation respectively. Next, (iii) we investigated FDA approved compounds that would preferentially
trigger the expression of Cited2, histone acetylation and the Cited2 signalling network as a means to
exploit the regenerative translational potential of Cited2 network modulation. We identified the FDA
approved HDAC inhibitor Panobinostat, which we then found to enhance H3K27ac and H3K9ac after SCI,
further enhancing the expression of Cited2 and a number of members of the Cited2 associated
transcriptional/signalling dependent networks. Lastly, we demonstrated that systemic administration of
Panobinostat can promote axonal regeneration, sprouting and functional recovery following experimental
spinal cord thoracic dorsal hemisection.
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Neuronal activity shapes the formation of neuronal detour circuits following spinal cord
injury
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Despite the limitations of axonal regeneration in the adult central nervous system
(CNS), incomplete spinal cord injury (SCI) is accompanied by limited functional recovery. This recovery
is attributed to compensatory neuroanatomical plasticity, where fibers sprout to establish new connections
(so called neuronal detour circuits) in adults. During embryonic development, the formation of neuronal
circuits is dependent on neuronal activity, which initiates the formation and stabilization of synapses and
is relevant for subsequent pruning of unnecessary connections. Little, however, is known about the
influence of neuronal activity on establishing detour circuits after CNS injury in adults.

In this study, we analyze how modulating activity of postsynaptic target cells affects the
establishment of detour circuits following SCI. We chose to focus on the detour circuit involving the
corticospinal tract (CST) due to its known plasticity and potential to remodel (Weidner et al. 2001). After a
thoracic dorsal hemisection in mice, the CST sprouts at cervical levels to make contacts onto target cells,
which in turn bridge the lesion and trigger functional recovery (Bareyre et al. 2004). In the cervical
region, at the location of these postsynaptic target cells, we manipulated activity-dependent processes by
(i) knocking out an NMDA-receptor subunit in floxed NR1 mice, (ii) suppressing CREB mediated
transcription using a dominant inhibitor of CREB and, finally, (iii) silencing neuronal firing using Gi-
DREADD.

These three types of manipulations of postsynaptic target cells differentially affected the post-
injury formation of detour circuits in the presynaptic neurons. In particular, we observed that CST
collateral sprouting in the cervical grey matter, the bouton density of these collaterals and the number of
contacted modulated cells are differentially affected in our three experimental settings. Furthermore, we
could show that, when neuronal firing was silenced in excitatory post-synaptic neurons, the CST
collaterals preferentially contacted cells expressing higher rather than lower or no amount of DREADDs.
We, therefore, believe that post-injury detour circuit formation involves contact competition, during which
presynaptic collaterals choose to contact cells exhibiting high neuronal activity. With these results we can,
hence, demonstrate that neuronal activity in the postsynaptic cell shapes the formation of detour
circuits following SCI.
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A new approach to drug discovery for axon regeneration
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Regrowth of axons is required for recovery from traumatic nervous system injury, yet functional
regeneration often fails, both in the central nervous system (CNS) and in the peripheral nervous system
(PNS). Kinases are attractive drug targets known to regulate axon growth. We screened >1600 kinase
inhibitors in a phenotypic bioassay utilizing CNS neurons. We used information theory and machine
learning to analyze kinase inhibition profiles of inhibitor compounds in relation to their effects on neurite
outgrowth. This enabled the deconvolution and validation of several candidate drug targets, including
previously known ones (e.g., Rho kinase, PKC), as well as kinases whose inhibition must be avoided
(anti-targets). Interestingly, one “target” kinase identified was S6 kinase 1 (S6K1), an mTOR target
generally thought to positively regulate axon growth. Follow-up experiments demonstrated that S6K1
inhibition led to increased axon growth in vitro and increased regeneration after injury in vivo, suggesting
that this kinase may be a novel drug target for improving regeneration. Homology among kinase catalytic
domains allows co-inhibition of multiple targets by individual compounds (“polypharmacology”). Our
approach efficiently predicted active compounds and identified several that inhibit multiple targets and no
anti-targets, thus providing a platform for systematic discovery of therapeutics with desirable
polypharmacology. Importantly, one kinase inhibitor with favorable polypharmacology was able to
promote neurite outgrowth in both CNS and PNS neurons, and promoted regeneration in two different in
vivo models of spinal cord injury.
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Regulatable gene therapy for restoring function after spinal cord injury
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Chondroitinase ABC (ChABC) is a promising preclinical treatment which promotes functional
recovery following spinal cord injury, by targeting inhibitory extracellular matrix molecules present in CNS
injuries1-3. We have previously demonstrated that a gene therapy approach, using a modified ChABC
gene compatible with expression and secretion by mammalian host cells4, confers sustained and long-
term delivery of ChABC to the injured spinal cord, leading to reduced tissue pathology and significant
improvements in functional recovery following contusion injury in adult rats5,6. To avoid potential
detrimental effects of chronic gene exposure, we have recently assessed a novel regulatable system
aimed at achieving tight control of therapeutic gene expression. This approach utilises a tetracycline-
controlled inducible system, whereby gene expression is turned on in the presence of the antibiotic
doxycycline. While Tet-On systems have been widely used for regulating heterologous gene expression,
the translation of regulatable systems has been limited by activation of an immune response directed
against the transactivator protein, resulting in T-cell mediated removal of cells expressing the therapeutic
transgene. A recent approach utilised a chimeric transactivator designed to evade the immune system
(GARrtTA, created by fusing a Gly-Ala repeat with the reverse tetracycline-controlled transactivator)
which was subsequently encoded into a lentiviral vector7. This system has been further developed to
create a novel immune evasive doxycycline-inducible ChABC (dox-i-ChABC) gene delivery system. Here
we use our novel dox-i-ChABC system to manipulate timing and duration of ChABC delivery to adult rats
with cervical contusion injuries and investigate its efficacy in promoting functional recovery. We
demonstrate efficacy of dox-i-ChABC in inducing high levels of ChABC gene expression and active
enzyme release, conferring extensive CS-GAG digestion. We exert tight temporal control over this
system, effectively removing ChABC treatment upon removal of doxycycline. This allows a comparison of
transient and sustained ChABC gene therapy paradigms. We demonstrate that both short term (2.5
weeks) and long term (8 weeks) dox-i-ChABC treatment resulted in improved forelimb function in a
horizontal ladder task and improved conduction of ascending dorsal column sensory axons, replicating
our previous findings with a non-inducible system. However, in reaching and grasping tasks which require
skilled hand and digit function, only long term dox-i-ChABC led to significantly improved function, with
improvements emerging around 5 weeks post-injury and continuing throughout the rest of the testing
period. The late emergence of functional recovery indicates enhanced neuroplasticity and connectivity,
and was correlated with enhanced VGlut1+ innervation in the injured spinal cord. Thus, our novel
immune-evasive gene switch enables regulated delivery of chondroitinase after spinal cord injury and
represents both an experimental tool to optimise and control ChABC delivery and understand the role of
timing in ChABC treatment, as well as a step towards creating a clinically applicable viral vector system.

1. Bradbury EJ, Moon LD, Popat RJ, King VR, Bennett GS, Patel PN, Fawcett JW, McMahon SB (2002) Chondroitinase promotes
functional recovery after spinal cord injury. Nature 416:636-640. 2. García-Alías G, Barkhuysen S, Buckle M, Fawcett JW (2009)
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WJ1, Horn KP, Hu H, Dick TE, Silver J (2011) Functional regeneration of respiratory pathways after spinal cord injury. Nature
475:196-200. 4. Muir EM, Fyfe I, Gardiner S, Li L, Warren P, Fawcett JW, Keynes RJ, Rogers JH (2010) Modification of N-
glycosylation sites allows secretion of bacterial chondroitinase ABC from mammalian cells. J Biotechnol 145:103–110. 5. Bartus K,
James ND, Didangelos A, Bosch KD, Verhaagen J, Yanez-Munoz RJ, Rogers JH, Schneider BL, Muir EM, Bradbury EJ (2014)
Large-scale chondroitin sulfate proteoglycan digestion with chondroitinase gene therapy leads to reduced pathology and modulates
macrophage phenotype following spinal cord contusion injury. J Neurosci 34: 4822-36. 6. James ND, Shea J, Muir EM, Verhaagen
J, Schneider BL, Bradbury EJ (2015) Chondroitinase gene therapy improves upper limb function following cervical contusion injury.
Exp Neurol 271:131-135. 7. Hoyng SA, Gnavi S, de Winter F, Eggers R, Ozawa T, Zaldumbide A, Hoeben RC, Malessy MJ,
Verhaagen J (2014) Developing a potentially immunologically inert tetracycline-regulatable viral vector for gene therapy in the
peripheral nerve. Gene Ther. 21:549-57.
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The mechanical control of neuronal regeneration
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During development and pathological processes, cells in the central nervous system (CNS) are
highly motile. Despite the fact that cell motion is driven by forces, our current understanding of the
mechanical interactions between CNS cells and their environment is very limited. We here show how
nanometer deformations of CNS tissue caused by piconewton forces exerted by cells contribute to
regulating CNS development and pathologies. In vitro, growth and migration velocities, directionality,
cellular forces as well as neuronal fasciculation and maturation all significantly depended on substrate
stiffness.  Moreover, when grown on substrates incorporating linear stiffness gradients, glial cells
migrated towards stiffer, while axon bundles turned towards softer substrates. In vivo atomic force
microscopy revealed stiffness gradients in developing brain tissue, which axons followed as well towards
soft. Interfering with brain stiffness and mechanosensitive ion channels in vivo both led to similar aberrant
neuronal growth patterns with reduced fasciculation and pathfinding errors. Importantly, CNS tissue
stiffness significantly changed after traumatic injuries. Ultimately, mechanical signals not only directly
impacted neuronal growth but also indirectly by regulating neuronal responses to chemical signals,
strongly suggesting that neuronal growth and regeneration are not only controlled by chemical signals –
as it is currently assumed – but also by the tissue’s local physical properties.
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Neurotechnologies to improve functional recovery after spinal cord injury
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Over the past decade, we developed a multipronged intervention that restored supraspinal control
over leg movements in animal models of spinal cord injury. The intervention acts over two time windows.
Immediately, electrochemical neuromodulation of spinal circuits enables motor control of the paralyzed
legs. In the long term, will-powered training regimens enabled by electrochemical neuromodulation and
robotic assistance promote neuroplasticity of residual connections—an extensive rewiring that
reestablishes voluntary control of movement. To identify the physiological principles underlying the
therapeutic effects of this intervention, we used computational modelling, inactivation techniques and
genetic manipulations. We found that our electrochemical neuromodulation therapy enables motor control
through the modulation of proprioceptive feedback circuits. This framework steered the design of spatially
selective spinal implants that specifically target these circuits to modulate muscle synergies responsible
for flexion and extension of the legs. To reproduce the natural activation pattern of these muscle
synergies during locomotion, we interfaced the leg motor cortex activity with the electrochemical
neuromodulation of the spinal cord. This wireless brain-spine interface instantly restored robust locomotor
movements of a paralyzed leg in a non-human primate model of spinal cord injury. Preliminary clinical
studies suggest that these concepts and technologies are directly translatable to therapeutic strategies to
augment motor recovery after spinal cord injury in humans.

 Grégoire Courtine
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Neural devices to promote plasticity and recovery following spinal cord injury
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Neuroprosthetic devices have tremendous potential to improve quality of life after spinal cord
injury. Neuroprostheses that record and stimulate neural activity have progressed from animal studies
(Moritz et al 2008) to human trials (Ajiboye et al 2017; Bouton et al 2016), including the approach of using
brain activity to control Functional Electrical Stimulation (FES) of paralyzed hand muscles. Another
promising method for restoring movement and enhancing rehabilitation is direct stimulation of the spinal
cord. Both transcutaneous (Gad et al 2017; Gerasimenko et al 2015) and intraspinal stimulation  can
activate neural circuits distal to an injury, leading to either direct muscle contraction (Moritz et al 2007;
Mushahwar et al 2004; Sunshine et al 2013) or facilitating therapy enabling volitional movements (Kasten
et al 2013; McPherson et al 2015). A recent case study of cervical transcutaneous stimulation resulted in
both immediate and sustained improvements in hand and arm function. A participant with chronic C3
tetraplegia (ASIA D) improved nearly all measures of hand motor function tested after only 4 weeks of
skin surface stimulation paired with physical therapy. Physical therapy alone did not lead to further
improvements, but benefits were sustained over a three month follow-up period without further treatment.
The participant converted from INSCI level C3 to C4 during stimulation, and retained these gains
throughout follow-up.
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Modulating neural activity to repair the corticospinal system after spinal cord injury
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Most spinal cord injuries are incomplete. An important target for neural repair to restore lost motor
function is to promote the connections of spared descending spinal pathways with spinal motor circuits.
Whereas there are many different descending pathways, the corticospinal tract (CST) is most associated
with skilled motor functions. CST loss following injury leads to movement impairments and paralysis. To
restore motor function after spinal cord injury will require repair of the damaged CST.

Our development studies identified that neural activity of the corticospinal motor system is critical
for establishing specific and strong connections between the CST and spinal motor circuits for arm
control. These developmental studies have informed neural activity-based strategies for repair of the
damaged CST in developing animals and in maturity.

In my presentation, I will discuss how the loss of CST activity by motor cortex inactivation can
trigger not only skilled motor impairments, but also: 1) changes in spinal interneurons and their local
connections, 2) microglial proliferation, and 3) reactive sprouting of the active CST and primary afferent
fibers in the inactivated side of the spinal cord. These changes are also observed after CST lesion
(pyramidal tract section). I will also show that increasing CST activity by motor cortex electrical stimulation
in maturity activates a growth program that promotes CST axon sprouting and the formation of spinal
connections. Using electrical stimulation-based neuromodulatory strategies, I will show how activity-
dependent CST plasticity promotes recovery of skilled motor function after a cervical spinal injury.

In conclusion, knowledge of the effects of modulating corticospinal system activity informs the
mechanisms underlying anatomical and functional changes after injury and contributes to development of
therapies to help restore function.
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Neural interfaces for the cervical spinal cord
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I will describe progress towards a robust, implantable closed-loop neural interface that links
cortical activity to spinal cord stimulation, providing an artificial motor pathway to restore movement to
upper-limbs paralysed by neurological injury. I will argue that long-term operation of such an interface
could function not only as a neural prosthesis, but also to modulate spinal cord excitability and induce
lasting neuroplastic changes to cortico-spinal networks. I will review a range of approaches using
implanted electrodes to activate different spinal networks, and show how the scientific principles revealed
by these experiments can also be applied to improve the design of non-invasive strategies for movement
rehabilitation.
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Rewiring damaged pathways via a computer interface
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Functional loss of limb control in individuals with spinal cord injury or stroke can be caused by
transection of descending pathways those connects cortical to spinal network, although neural circuits
locate above and below the impaired site remains their function. I will show an artificial neuronal
connection (ANC) that bridges supra-spinal system and spinal network beyond the lesion site restore lost
function. The ANC was produced by a brain-computer interface that can detect the neural activity and
converted in real-time to activity-contingent electrical stimuli delivered to nervous system. A promising
application is to bridge impaired biological connections, a paradigm that was demonstrated for cortically
controlled electrical stimulation of paralyzed forearm muscles. Our results documented that brain could
learn to incorporate such ANC into normal behavior. ANC have clinical potential for restoring walking
ability in patients with spinal cord injury (SCI). A clinical application of the ANC is the volitional walking in
could be restored by muscle-controlled non-invasive magnetic stimulation to lumbar spinal cord. Patients
with severe SCI could regain voluntarily-controlled walking which are initiate, stop walking and change the
step cycles through ANC. These paradigms have numerous potential applications, depending on the
input signals, the computed transform and the output targets.
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There is a major movement underway to enhance data sharing in across the spectrum of
scientific and biomedical research. The National Institutes of Health and other funding bodies from
around the world have recently focused on increasing sharing, publication, and citation of research data
and metadata to improve scholarly communication, reproducibility and translation across biomedicine.
Major journals are responding by demanding that data and metadata underlying publications be made
available in public repositories for reuse to fuel novel discoveries from pooled information. The
fundamental data-sharing principal being championed by US governmental funding agencies is that data
be made FAIR (Findable, Accessible, Interoperable, and Reusable).

For many practicing neuroscientists these increasing demands by journals and funders that raw
data be made available as a primary work-product of research is not intuitive and flies in the face of
traditional norms of scholarly communication.

Thus, an approach that is straightforward, intuitive and useful, as a laboratory tool for recording
and storing data is needed to bridge the gap. This will allow the direct transfer of raw data into a large-
scale data collection. Such a product for the field of spinal cord injury in parallel to the development of an
international Open Data Commons (ODC) for Spinal Cord Injury is currently evolving with support from
multiple funding sources. This ODC will allow uploading of published and unpublished (e.g., “negative
data”) under the FAIR share principle. As this is considered a community effort development of the ODCs
for SCI requires ongoing community participation.
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Specific neurite growth inhibitory factors restrict plastic and regenerative neurite growth in the
adult CNS. The membrane protein Nogo-A is a well characterized neurite growth inhibitor in the adult
CNS. Nogo-A activates a RhoA cascade via multisubunit receptor complexes. Function blocking
antibodies against Nogo-A have been applied to rats and macaque monkeys with spinal cord injuries as
well as animals with large stroke lesions of the sensory-motor cortex. In the spinal cord, injured fibres
showed enhanced regenerative sprouting as well as long-distance regeneration with formation of large
terminal arbors. Spared fibre tracts showed enhanced compensatory sprouting, often covering relatively
long distances. In animals with cortical strokes, fibres from the intact corticobulbar or corticospinal system
crossed the midline, supplying functional innervation to the denervated brain stem and spinal cord under
the influence of anti-Nogo-A antibodies. Functional recovery, including bladder function after large,
incomplete spinal cord lesions, was improved. Many functions could be further enhanced by intense
rehabilitative training. Pharmacogenetically silencing of the sprouted, midline crossing corticospinal fibres
in the stroke animals abolished the regained skilled forelimb movements. - Antibodies against human
Nogo-A were shown to be well tolerated and safe after 4 weeks of continuous intrathecal application.
They are currently entering a Phase II multicentre European clinical trial for acute cervical spinal cord
injury and a Phase I/II trial for stroke.
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Neural stem cell therapy in spinal cord injury: myelin stimulates axonal outgrowth
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Axon regeneration after spinal cord injury (SCI) is attenuated by growth inhibitory molecules
associated with myelin. Here we report the surprising finding that myelin stimulates the growth of axons
emerging from neural stem cells (NSCs) placed into sites of adult SCI.  When plated on myelin
substrates, neurite outgrowth from rat multipotent neural progenitor cells (NPCs) and human induced
pluripotent stem cell (iPSC)-derived NSCs is enhanced 3-fold. In vivo, rat NPCs and human iPSC-derived
NSCs extend greater numbers of axons through adult white matter than gray matter, preferentially
associating with host myelin. Mechanistic investigations excluded Nogo receptor signaling as a mediator
of stem cell-derived axon growth, but transcriptomic screens of NPCs identified the cell adhesion
molecule “neuronal growth regulator 1 (Negr1, or neurotractin/kilon)” as a mediator of permissive axon-
myelin interactions, and neural progenitor cells from Negr1-null mice exhibit significantly reduced
outgrowth on myelin. The stimulatory effect of myelin-associated proteins on NPCs is developmentally
regulated and involves direct activation of the extracellular signal-regulated kinase (ERK). These
stimulating properties of myelin on NSC axon outgrowth offer profound advantages for neural repair after
SCI.

Supported by Veterans Administration, NIH, CIRM, Craig H. Neilsen Foundation, Wings for Life
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A sensitized IGF1 treatment restores corticospinal axon-dependent functions

Zhigang He
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USA
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A major hurdle for functional recovery after both spinal cord injury and cortical stroke is the limited
regrowth of the axons in the corticospinal tract (CST) that originate in the motor cortex and innervate the
spinal cord. Despite recent advances in engaging the intrinsic mechanisms that control CST regrowth, it
remains to be tested whether such methods can promote functional recovery in translatable settings.
Here we show that post-lesional AAV-assisted co-expression of two soluble proteins, namely insulin-like
growth factor 1 (IGF1) and osteopontin (OPN), in cortical neurons leads to robust CST regrowth, and the
recovery of CST-dependent behavioral performance after both T10 lateral spinal hemisection and a
unilateral cortical stroke. In these mice, a compound able to increase axon conduction, 4-aminopyridine-
3-methanol, promotes further improvement in CST-dependent behavioral tasks. Thus, our results
demonstrate a potentially translatable strategy for restoring cortical dependent function after injury in the
adult.
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High-throughput proteomics and transcriptomics comparison of rat versus salamander
spinal cord injury identifies angiogenesis as a key regenerative process in both species
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Mammalian spinal cord injuries are characterized by maladaptive inflammation and severe
remodelling of the extracellular matrix, leading to gliosis and fibrosis. There is very little positive wound
healing and functional repair. In contrast to mammals, urodela including amphibian salamanders and
axolotls, have the ability to regenerate their injured tissues including the spinal cord. Tissue repair is
characterized by resolution of inflammation, no fibrosis or scarring and complete regain of function. Here,
to identify potentially useful regenerative mechanisms, we performed a computational comparison of
high-throughput rat and axolotl gene expression profiling from RNA-seq data. Differential gene expression
was also validated at the protein level using high-throughput quantitative proteomics of rat spinal cord
contusion injury.

Multi-parametric comparative analysis using the axolotl as the reference species identified two
distinct and tightly clustered networks of molecules, one representing genes with regenerative capacity
and another containing non-regenerative transcripts. Systems-wide analysis revealed that the
regenerative gene network was enriched in extracellular matrix molecules and was dominated by type I
collagen, the classic component of fibrosis outside of the CNS, and collagen-associated molecules.
These extracellular proteins together with cellular proteins characteristic of the vasculature, indicated a
robust angiogenic response and collectively returned angiogenesis as their key biological ontology term.
Surprisingly, the matrix-angiogenesis cluster was almost entirely common in both rats and axolotls and all
genes were highly upregulated in both species. Proteomics analysis validated the upregulation of multiple
matrix-angiogenesis transcripts at the protein level after rat spinal cord injury, while transcription factor
analysis identified the archetypal transcription factor Sp1 as the key regulator of this gene signature.
Immunohistological analysis indicated a dramatic accumulation of type I collagen in the rat spinal cord
injury epicentre. Collagen did not appear to form loose fibrotic matrix but was almost exclusively
associated with neovessels expressing the endothelial progenitor markers CD34 and Tie2. Functional
analysis indicated that rat lesions were dominated by a very large number of aberrant and disorganized
neovessels with conceivably very little functional capacity or the ability to enhance tissue repair. In
contrast, only a very small proportion (~10%) of vessels expressed mature endothelial markers (CD31,
RECA and vWF) in both early (2wks) and late (12wks) time points post-injury. Type I collagen was likely
produced by PDGFRbeta-positive adventitial fibroblasts originating from the sulcal vessels and in turn,
infiltrating endothelial progenitors used this collagen to make new microvessels.

In summary, our work identified that angiogenesis after spinal cord injury represents an essential
regenerative biological process. In contrast to axolotls, angiogenesis after rat spinal cord injury was
excessive and disordered. The vascular supply is never functionally or anatomically reconstituted. New
strategies exploring the ability of macrophages to drive functional angiogenesis need to be explored and
the gene regulatory mechanisms of the axolotl can be utilised to identify important genes and
transcription factors.
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Understanding the fundamental biological mechanisms responsible for nerve injury-dependent
signals controlling the regenerative programme is key to our ability to design strategies for the
enhancement of regeneration and recovery after nerve damage. ROS, including superoxide and
hydrogen peroxide, have long been recognized to cause cellular and tissue damage oxidizing both DNA
and membranes via oxidative stress, eliciting cell dysfunction and death, contributing to cellular ageing,
cancer and neurodegeneration. In contrast to this canonical thinking, more recently, a physiological role
for ROS in cellular signalling has emerged. This includes the control of cell proliferation, differentiation
and metabolism including regulating stem cell quiescence and cell fate commitment. ROS affect key
intracellular signalling pathways, downstream trophic factors and inflammatory molecules such as PI3K,
p38MAPK, and JNK dependent cascades. Direct reversible oxidation of proteins such as phosphatases
and transcription factors is at the core of the signalling role for ROS.

Here, we show that ROS are required for axonal regeneration and functional recovery after spinal
injury. We found that ROS production in the injured sciatic nerve and dorsal root ganglia requires
CX3CR1-dependent recruitment of inflammatory cells, which in turn, once recruited and activated on the
lesion site, release exosomes that contain functional NADPH oxidase 2 (NOX2) complexes. These
exosomes are then incorporated into injured axons via endocytosis. This multivesicular bodies mature
into axonal endosomes, once in axonal endosomes, active NOX2 oxidase is retrogradely transported to
the cell body via an importin-ß1/dynein dependent mechanism. Endosomal NOX2 oxidizes PTEN, leading
to its inactivation, thereby stimulating PI3K-pAkt signalling and regenerative outgrowth. Challenging the
view that ROS are exclusively involved in nerve degeneration, we propose a novel role for ROS in axonal
regeneration and recovery of function via a NOX2-PI3K-pAkt signalling pathway.

Supported by Henry Smith foundation, Leverhume trust, Hertie Foundation, Wings for Life, DFG, Start up funds-Division of Brain
Sciences, Imperial College London, National Institute for Health Research (NIHR) Imperial Biomedical Research Centre

30
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Despite identification of numerous efficacious interventions in rodent models of spinal cord injury,
none has yet advanced to successful clinical translation. Pet dogs’ predilection for sustaining spinal cord
injury, typically due to intervertebral disc herniation or vertebral column fracture, makes them a suitable,
economic, large-animal clinical model in which putative interventions can be evaluated prior to human
clinical trials.

There is a wealth of experimental evidence supporting the efficacy of chondroitinase ABC in
promoting axonal regeneration, neuroplasticity and functional recovery after spinal cord injury.
Chondroitinase ABC is a commercialized bacterial enzyme, which selectively breaks down chondroitin
sulfate proteoglycans in the glial scar and perineuronal nets. In this randomized 60-dog trial, we examined
the safety and therapeutic effect of intraspinal-delivered chondroitinase ABC using a number of pre-
defined primary (pelvic-thoracic limb coordination) and secondary (skin sensitivity, urinary bladder
compliance and motor- and sensory-evoked potentials) outcome measures.

The treatment group progressively regained pelvic-thoracic limb coordination during the 6-month
follow-up period (β = -0.486; 95% CI: -0.901/-0.072; P = 0.022) compared with controls, which remained
unchanged. Three of the 30 dogs (10%) in the treatment group also regained the ability to walk unaided
by 6 months, which occurred in none of the controls, suggesting that there may be a more highly
treatment-responsive subgroup. Further, clinical improvement in the treatment group occurred without
evidence of abnormal skin sensitivity (a surrogate for neuropathic pain) compared with the controls as
evaluated by clinical examination and von Frey filament testing.

In contrast, the secondary outcome measures remained unchanged. Urinary bladder compliance
in the treatment group did not improve over the course of the study compared with the controls (β = -
0.013; 95% CI: -0.109/0.083; P = 0.794), despite a transient increase evident at 1month. Transcranial
magnetic motor-evoked potentials and somatosensory-evoked potentials also showed no change over
the 6 month post-treatment follow-up period.

This clinical trial provides evidence that the therapeutic effects of chondroitinase ABC extend to a
non-experimental population, implying that its effects are sufficiently robust to overcome the higher inter-
individual variability that is inevitable in clinical populations. This study also provides a platform for future
investigations in which the dose, route and timing of chondroitinase ABC administration, as well as patient
selection, can be adjusted to maximize the therapeutic benefit, especially if a more highly treatment-
responsive subgroup can be identified within the more general population of treatment candidates.

Supported by International Spinal Research Trust in 2013 and 2016.
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Circuit-level mechanisms underlying electrochemical neuromodulation of the lumbar
spinal cord

Kay Bartholdi1*, Quentin Barraud1*, Pavel Musienko2*, Emanuele Formento3, Thomas Hutson4, Andreas
Rowald1, Silvestro Micera3,5, Simone Di Giovanni4, Marco Capogrosso6, Grégoire Courtine1

1 Center for Neuroprosthetics and Brain Mind Institute, School of Life Sciences, Swiss Federal Institute of Technology
(EPFL), Switzerland

2 Pavlov Institute, Russia
3 Bertarelli Foundation Chair in Translational Neuroengineering, Center for Neuroprosthetics and Institute of

Bioengineering, School of Bioengineering, EPFL, Switzerland
4 Imperial College London, UK
5 The BioRobotics Institute, Scuola Superiore Sant’Anna, Italy
6 University of Fribourg, Switzerland
* These authors contributed equally to this work

gregoire.courtine@epfl.ch

Epidural electrical stimulation (EES) of the lumbar spinal cord reversed paralysis of the lower
limbs in rodent and primate models of spinal cord injury (SCI), as well as a number of clinical case
studies. However, the neural structures and circuits through which EES enables motor pattern formation
remain poorly understood. Using genetic deletion and calcium imaging of proprioceptive neurons, we
demonstrate that EES activates proprioceptive feedback circuits, and probably low-threshold
mechanoreceptor afferent circuits. We next sought to exploit this knowledge to enhance the facilitation of
movements with EES. The activation of noradrenergic alpha2 pathways is the main clinical intervention to
diminish over-excitability of proprioceptive feedback circuits in people with spasticity. We thus
hypothesized that targeted modulation of alpha2 noradrenergic receptors may augment the facilitation of
movement with EES. We found that alpha2a receptors are prominently expressed on proprioceptive
afferent fibers, whereas alpha2c receptors regulate the transmission of low-threshold mechanoreceptor
information in the dorsal horn. Based on this knowledge, we built a computational model that identified
beneficial and detrimental interactions between EES and these noradrenergic circuits. This understanding
guided the design of a circuit-specific electrochemical neuromodulation therapy that gated the effects of
EES towards proprioceptive feedback circuits. This intervention reestablished robust locomotion in
paralyzed mice, rats, and cats. These findings establish a mechanistic framework to design
electrochemical neuromodulation therapies that reverse paralysis.

Supported by SNF Sinergia, ERC
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Next-generation tissue-engineered constructs for the delivery of olfactory ensheathing
cells in spinal cord repair
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Olfactory ensheathing cells (OECs) represent a promising cell candidate for spinal cord repair1.
They demonstrate convincing efficacy data in animal models2 and they can be safely harvested from
human patients in the clinical setting3. Nevertheless, following injection into the spinal cord parenchyma,
around only 1 % of OECs remain at the lesion site 10 days after transplantation4. Despite this, and with as
few as 500 cells remaining at the lesion site, significant functional improvements have still been observed
relative to control injections. Indeed, those cells that remain at the lesion site appear to survive up to 13
weeks, yet the majority of cells are not present at the lesion site acutely after injection4. Therefore, given
that OECs are likely to exert their major therapeutic effect in the time shortly after transplantation5, a loss
of cells may represent a major shortcoming in current delivery methods.

We hypothesise that, by retaining more cells at the lesion site, and through creating a more
permissive extracellular repair environment, it may be possible to improve the therapeutic potential of
OECs. Accordingly, we have begun to explore the use of carrier biomaterials, in combination with OECs,
as part of next-generation tissue-engineered delivery approaches. Specifically, we have begun to
investigate the use of GMP-ready hydrogels, and to explore the effect of tuning extracellular physical and
chemical cues on optimizing the OEC response. We have also developed a novel protocol to robustly
characterize the mechanical properties of viscoelastic spinal cord tissue, and we are now using this to
develop mechanically-appropriate OEC constructs, suitable for interface with the CNS. Furthermore, we
have observed significant differences in OEC behavior between culture in 2-D and 3-D extracellular
environments, and we have taken important steps to identify and develop materials suitable for use in a
surgical setting. This work represents a novel approach for delivering OECs and may allow their capacity
for CNS repair to be enhanced in the future.
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In spinal cord diseases, demyelination plays a significant role in the generation and progression
of the neurodegenerative lesion. Transplantation of oligodendrocytes for the recovery of demyelinated
axon, represents a promising avenue for the treatment of demyelinating disorders including spinal cord
injury. However clinical application is hindered by the lack of adequate cell sources. Our group has
described a population of neural stem/progenitor cells that resides in the adult leptomeninges and can be
isolated from small meningeal biopsies. These cells can be expanded and differentiate with our highly
efficient multi-step protocol into neural lineages. With this work, we aim to assess meningeal-derived
oligendrocytes in vivo remyelinating potential. We developed a model of in vivo spinal cord demeylination
by injecting in the spinal cord parenchyma the demyelinating drug lysophosphatidylcoline (LPC). After 7
days from the injection of LPC, we transplanted 6x105 eGFP-labelled meningeal-derived oligendrocytes in
the site of the demyelinated area and analysed their fate and myelinating potential 21 days after the
transplantation. Immunfluorescence analysis revealed that eGFP meningeal-derived oligodendrocytes
were localized in the spinal cord parenchyma and express the myelin-specific protein, MBP. Importantly,
Luxol Fast Blue analysis of spinal cord sections showed a statistical significant increase of the percentage
in myelin of the transplanted LPC-treated group compared to the control LPC-treated group. In
conclusion, our data highlight the remyelinating potential of meningeal-derived oligodendrocytes
suggesting that meningeal-derived oligodendrocytes transplantation may be exploited as an important
strategy in regenerative therapies of demyelinating disorders including spinal cord injury.
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The role of serum response factor mediated gene expression in traumatic brain injury
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Traumatic brain injury (TBI) is a highly heterogeneous disease process, which can result in
temporary or persisting impairments of cognitive, motoric and psychosocial functions 1,2. Overall TBI is
caused by the impact of an external mechanical force to the head, leading to the primary brain injury 1,2.
The subsequently induced cascades of biochemical responses can be either neuro-protective or
detrimental, causing further neuronal damage summarized as secondary injury 1–3. These molecular TBI
responses mediate a gene expression response including genes, which are associated with neuronal
degeneration, regeneration, as well as inflammation 3. Among the upregulated genes after TBI, immediate
early genes (IEGs) like c-Fos, as well as the activating transcription factor 3 (Atf3) gene, have been
described 3.  However, the exact role of the TBI induced IEG expression is so far not fully understood.
The expression of many IEGs is regulated by the MADS box transcription factor Serum Response Factor
(SRF). In the brain, SRF is functionally involved in activity-induced gene regulation, learning and memory,
neuronal cell migration, myelination, axon growth, dendritic branching and growth cone morphology4.
Furthermore, earlier findings emphasise a possible neuro-protective and neuronal regeneration-
stimulating function of SRF during peripheral nerve injury 5,6. To elucidate the functional role of SRF and
IEGs in TBI pathophysiology, we study the molecular mechanisms following a controlled cortical impact
(CCI) TBI in neuron-specific, inducible Srf knockout mice. Using real-time qPCR we could show a rapid
and transient TBI induced expression of IEGs in the cortex and hippocampus already within the first hour
after CCI. Thereby the expression of different IEGs (Egr1, Egr2, Egr3, Atf3, Arc, Npas4 and Ptgs2)
revealed a clear SRF dependency. In addition, the ablation of SRF led to a higher weight loss and a
hyperactive phenotype in the open-field test after TBI. These first results emphasise a possible functional
involvement of SRF in the molecular processes after TBI.  To reveal effects of SRF ablation on
neurological and motor recovery, as well as memory formation after TBI, we perform further behaviour
assays. In addition, we employ immunohistochemistry to study the role of SRF on TBI mechanisms like
neuronal loss, apoptosis, degeneration, synaptic plasticity and inflammation. We will thereby acquire a
better understanding of the molecular mechanisms following the primary injury and might reveal putative
protective strategies for TBI treatment.
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Fever worsens neurological outcome in patients with acute traumatic spinal cord injury
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Traumatic spinal cord injury is a catastrophic event with poor prognosis that primarily affects
young people. Here, we investigated whether fever that occurs in the first few days after a spinal cord
injury is detrimental. We recruited 44 patients aged 18–70 years, with acute, severe spinal cord injuries
(American Spinal Injuries Association grades A–C). Temperature was measured from the axilla. We
defined normothermia as 36.5–37.5 0C, low fever 37.6–37.9 0C and high fever ≥38 0C. A pressure probe
and a microdialysis catheter were placed on the spinal cord surface at the injury site. From the injury site,
we monitored for up to a week intraspinal pressure and spinal cord perfusion pressure as well as tissue
glucose, lactate, pyruvate, glutamate and glycerol. Patients had surgery within 72 hours of injury to
instrument the spine and insert the monitoring probes. Our data indicate that fever occurs frequently after
spinal cord injury (37 % of the time). Compared with normothermia, high fever was associated with higher
spinal cord perfusion pressure (median 72 versus 78 mmHg) due to increased vasopressor dosage. High
fever was associated with significantly more deranged injury site metabolism than normothermia, i.e.
lower tissue glucose (median 1.7 versus 3.2 mM), higher lactate (7.2 versus 5.0 mM), higher glutamate
(median 6.4 versus 5.7 M) and higher lactate-to-pyruvate ratio (median 36.6 versus 28.6). The
detrimental effect of high fever on injury site metabolism was evident over a wide range of spinal cord
perfusion pressures. High fever was detrimental for injury site metabolism only when the peripheral white
cell count was elevated. We also computed the fever burden for each patient as follows: We recorded the
maximum temperature each day minus 38. Fever burden is the sum of all days with a positive result for
the first 14 days, categorised into none, low, medium or high. In univariate logistic regression analysis,
higher fever burden correlated with less neurological improvement at 20 months post-injury: 10 % of
patients with high fever burden improved by at least one American Spinal Injuries Association grade
compared with 70 % patients with no fever burden. Multivariate logistic regression analysis showed that
the adverse effect of higher fever burden on neurological outcome was independent of American Spinal
Injuries Association grade on admission and patient age. We thus propose that fever in patients with
acute traumatic spinal cord injury should be aggressively treated to improve neurological outcome.
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The potential of omega-3 polyunsaturated fatty acids in ameliorating central neuropathic
pain following spinal cord injury
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Background and Aims: Microglia are known to be involved in spinal cord injury-induced central
neuropathic pain (SCI-CNP), which affects about 41% of SCI patients and lacks effective treatments. We
previously showed that the omega-3 polyunsaturated docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA) attenuated macrophage infiltration and microglial activation in rats with compression SCI.
Here, we examined if these compounds could attenuate SCI-CNP in adult male rats with contusion SCI.
Methods: Primary microglial cultures were prepared from rat pups at postnatal days 3-5. Cells were
treated for 4 hours with DHA or EPA at different concentrations when simultaneously exposed to
lipopolysaccharide (LPS). Some cells were fixed and processed for immunocytochemistry, and others
were harvested for assessing TNF-α and IL-1β mRNA levels using qPCR. To determine the in vivo effects
on SCI-CNP, a contusion model of SCI was used (MASCIS; 10g, 12.5mm height). DHA (250nmol/kg) or
EPA (1000nmol/kg) was administered intravenously 30 minutes after injury and then every 3 days with
the same dose up to 6 weeks. Complex pain-related rodent behaviours including burrowing, thigmotaxis
and PEAP were examined. Rats were then perfused and spinal cords processed for neurochemical
analysis.
Results: DHA (0.8µM) and EPA (32µM) significantly reduced the number of proinflammatory microglia in
vitro when compared to LPS only. TNF-α and IL-1β mRNA levels were also significantly reduced by
DHA/EPA treatment. In spinal contused animals, DHA/EPA treatment significantly attenuated brainstem
and cerebral PEAP responses to at-level mechanical stimuli, as well as pain-related burrowing and
thigmotaxis behaviours. Microglial and astrocyte activation were significantly decreased at the injury site
and at L4/5 levels in spinal contused rats that received DHA/EPA treatment.
Conclusions: Our in vitro and in vivo data suggest that DHA and EPA are efficacious in preventing SCI-
CNP development. Future studies will explore their potential in treating already established SCI-CNP.
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Worldwide, spinal cord injuries (SCIs) are known to be one of the major causes of para- and
tetraplegia, leading to the loss of both motor and sensory functions. While complete injuries often lead to
permanent deficits, partial lesions of the spinal cord can be followed by some level of recovery. Using the
corticospinal tract as a model   we demonstrated in the past that this recovery was in part due to axonal
remodeling (Bareyre et al, 2004; Lang et al, 2013; Jacobi et al, 2015). With this project, we aimed to
determine whether sensory axons can remodel following partial spinal lesion in mice and therefore
focused on ascending DRG axons. A right dorsal column lesion was performed in order to lesion DRG
axons unilaterally and ascending axons were labeled using adeno-associated viruses expressing YFP.
We then retrogradely labeled relay neurons in the spinal cord by injecting a rabies virus expressing
mCherry into the cuneate nucleus – the normal targeting area of DRG axons. We assessed the sprouting
of DRG axons, their contacts to spinal interneurons and characterized these relay neurons. We show that
DRG sensory axons significantly increase their sprouting following SCI compared to controls. We also
show that these added sensory collaterals contact several populations of interneurons in the spinal cord.
We investigated the localization and characterized the nature of these contacted interneurons using a
wide range of immunohistochemical and genetic markers to further understand the remodeling process in
sensory axonal tracts. Following injury, we show that contacted interneurons are heterogeneous in term
of neurotransmitters expression and in term of their localization in the spinal cord. Finally, to determine
whether axonal remodeling mediates recovery of sensory processing, we conducted behavioral
assessments following dorsal column lesion using the baton test and the forelimb placing response. We
could show that as early as 3 weeks post-injury, mice recover up to 90% of their sensory inputs. This
recovery was abolished by relesioning of the tract therefore showing that the remodeling of sensory
connections described earlier in the study is responsible for the recovery of sensory function following
spinal cord injury.
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Spinal cord injury (SCI) is a highly debilitating trauma with no effective treatments. The post-injury
environment is complex and non-permissive for axonal regeneration due to extrinsic factors (e.g. the
presence of a glial scar, cystic cavities, and inhibitory molecules such as CSPGs) and intrinsic factors
(e.g. the developmental decline in expression of the intracellular signaling molecule, cAMP)(1). So far, no
single therapy for SCI has been successful. Therefore, a combinatorial approach is more likely to be
effective. One of the most promising new avenues of treatment is to combine growth-promoting and
tissue-engineering strategies to create a permissive and encouraging environment for injured spinal nerve
processes to regrow.

Elevated levels of cAMP have frequently been associated with the ability of neurons to sprout and
extend neurites, even in the presence of growth inhibitory molecules. Traditionally thought to signal solely
through PKA, cAMP is now known to also signal via Epac, a guanine nucleotide exchange factor, which
has been shown to promote dorsal root ganglion (DRG) neuron outgrowth in vitro. Two isoforms of Epac
(Epac 1 and 2) have been identified, with Epac2 more restricted to neural tissues and upregulated after
birth (2,3). The results reported herein demonstrate that specific activation of Epac 2 significantly
promotes neurite outgrowth of cultured postnatal rat cortical neurons and is able to overcome the
inhibitory effect of CSPGs.

With the aim to find an effective combinatorial strategy, we have explored the suitability of two
novel self-assembling hydrogels for spinal repair (4). These hydrogels are synthetic polymers that have 3-
D nanostructured networks with similarity to native extracellular matrix and can be functionalised with
growth-promoting drugs. The mechanical properties of the hydrogels can be tuned to resemble that of
CNS tissues. Here, we first used in vitro preparations such as primary rat DRG neurons and DRG
explants to assess neurite outgrowth in 2-D and 3-D environments provided by the hydrogels, and we
also examined the effects of the functionalisation of the gels with a specific Epac2 agonist on neurite
outgrowth. Then we carried out experiments to determine if the hydrogels, in conjunction with Epac2
activation, supported axon sprouting using an established ex vivo model of SCI using organotypic
postnatal rat spinal cord slices(5). Our results demonstrate the potential of combining Epac2 activation
with novel 3-D growth-supporting hydrogels for spinal repair that needs to be further assessed using
appropriate in vivo models of SCI.
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Spinal cord injury at the cervical level can interrupt projections from the medulla to the phrenic
motonucleus at C3-C5. Since diaphragmatic innervation originates from the phrenic motonucleus1,
cervical spinal cord patients often experience breathing impairment. Despite the vast amount of research
devoted to restoration of breathing, therapies have thus far met with minimal clinical success. However,
we propose that an important variable has largely been ignored in the search for methods to induce
regeneration and plasticity. Genetic factors contributing to plasticity after SCI could significantly contribute
to respiratory motor recovery. The ApoE gene is known to influence risk of Alzheimer’s Disease, with the
E4 allele representing a greatly increased risk of AD compared to ApoE32, which is the most common
isoform in the human population. ApoE4 has also been shown to inhibit peripheral nerve regeneration
and delay central nervous system recovery3,4. Therefore, we have begun to investigate the impact of
human ApoE3 and E4 alleles on respiratory motor plasticity using both in vitro and in vivo models. Rat
dorsal root ganglia exposed to these human ApoE proteins have been evaluated for growth and plasticity
potential. Additional studies have focused on mitochondrial energetics in cells of both genotypes in order
to elucidate a potential mechanism for the inhibitory effects of ApoE4 on neural regeneration and
plasticity. The genetic component of neural plasticity, which has thus far been overlooked, could provide
insight into how best to approach treatment for spinal cord injury patients and initiate a shift towards
personalized medicine in the field of SCI.
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Introduction: There is increasing evidence to suggest that ‘closed-loop’ stimulation, delivered in
consistent temporal relation to endogenous brain activity, can strengthen nervous system connectivity
through associative plasticity mechanisms [1,2]. This may be beneficial for rehabilitation following
neurological injury [3,4,5]. Additionally, it has been reported that the dose, or number of repetitions,
received by patients during rehabilitation is often insufficient and that only large doses of therapy lead to
clinically meaningful improvements [6,7]. Our objective is to develop a device that exploits this to improve
rehabilitative outcomes for the upper limb following stroke and spinal cord injury (SCI).
Material and Methods: We have developed a simple upper limb task that enables brain activity to be
inferred from behaviour using simple, low-cost and robust sensors. Functional electrical stimulation (FES)
is then delivered to upper limb muscles coincident with the inferred motor commands. The task is cyclical
and requires minimal supervision, enabling a large number of repetitions to be completed.
Results: A preliminary study with stroke survivors demonstrated task suitability and a 2-week pilot study
(n = 3) demonstrated functional improvements measured using the Action Research Arm Test (ARAT). A
second study with 7 SCI volunteers found a statistically significant improvement in the ARAT score after
training, and these improvements were restricted to the trained limb. A small number of stroke and SCI
volunteers showed clinically significant improvements as measured by the ARAT (> 5 point increase) and
these were still clinically significant 1 week later.
Discussion: These promising pilot studies warrant further work to increase the sample size and to test
our hypothesis that improvements may be due to associative plasticity mechanisms.
Conclusion: A novel closed-loop task for upper limb rehabilitation has been developed. It has been
demonstrated that a select group of SCI and stroke volunteers are able to use the device with mostly
positive qualitative feedback. Functional improvements as measured by the ARAT have been
demonstrated in both SCI and stroke volunteers. In some cases, clinically meaningful improvements have
been maintained for more than 1 week.
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Spinal cord injury (SCI) is a devastating condition with very limited treatment options. Today
rehabilitation of patients is the most beneficial therapy for an individual suffering from an incomplete SCI,
but the underlying mechanism of motor improvement remains elusive.

We used a thoracic dorsal hemisection model in mice to mimic an incomplete spinal cord injury
which interrupts the main corticospinal tract (CST), one important motor tract in mice. To model a
voluntary self-motivated rehabilitation paradigm mice had a 24/7 access to complex running wheels to
exercise after SCI. Behavioral assessment of motor function revealed that mice in the rehabilitation group
showed a faster and improved recovery in hindlimb stepping abilities compared to controls.

We next sought to investigate intraspinal axonal circuitry and plasticity. After dorsal thoracic
hemisection the hindlimb CST forms a detour circuit with intraspinal long propriospinal neurons to re-relay
the synaptic input from the motor cortex to the lumbar motor neurons (Bareyre et al. 2004). We found that
trained mice show an increase in hindlimb CST collateral length and number and an earlier and increased
detour circuit formation. Increased sprouting and collateral length was also confirmed at the thoracic
injury site. Another main player in hindlimb stepping is the serotinergic wiring in the lumbar corticospinal
tract giving rise to an automated rhythmic hindlimb stepping pattern called the central pattern generator
(CPG). We found that voluntary wheel running increases the wiring between serotinergic fibers and
ChAT+ lumbar motor neurons thereby increasing CPG activation (Cabaj et al., 2017). In summary, our
rehabilitation paradigm mimics the improvement in patients and we found that it increases wiring and
plasticity throughout the injured spinal cord thereby facilitating coordinated stepping in a mouse model of
an incomplete spinal cord injury.
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In an effort to replenish the population of glial cells lost after spinal cord injury (SCI), much focus
has been placed on promoting the proliferation of NG2 cells (polydendrocytes) within the injury
microenvironment. To date, these cells have been implicated in many aspects of CNS repair, including
astrocyte and oligodendrocyte replacement. Unfortunately, robustly promoting the proliferation and
differentiation of these progenitor cells has been an ongoing struggle in the study of spinal cord injury.
Previous work in our lab has focused on modulating SOCS3 signaling in NG2 cells with the goal of
promoting an increase in their proliferation and differentiation into the injury site. Using the CreLox
system, we have combined the deletion of SOCS3 specifically in NG2 cells with the depletion of
infiltrating macrophages via administration of clodronate liposomes, which leads to an increase in many
cytokines. Interestingly, this combined approach resulted in a robust increase in the proliferation of NG2
cells into the injury epicenter at 4 and 8 weeks after contusive SCI. In addition, an increased number of
neurofilaments were observed in the injury epicenter as well as increased NG2-derived Schwann cells
after the combined treatment. Taken together, these data indicate an important role for cytokine signaling
in NG2 cell activity and demonstrate the pro-regenerative capacity of this combined treatment approach.
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In birds and mammals, the segmented pattern characteristic of the vertebral column appears
early during embryo development through the formation of repeated units called somites. Later in
development, somites contribute to structures like cartilage, bones and skeletal muscle. Spinal nerves
that grow from the spinal cord to innervate peripheral tissues have to avoid mechanical obstruction by the
developing vertberal column. In this context, somites express molecular cues that guide navigating axons
and ensure the functionality of the developing spinal cord and vertebral column. In particular, each somite
contains a ‘no-go’ region expressing repellent molecules that restrict neuronal growth to specific exit
points of the spinal cord (1,2).

My PhD project aims at giving a molecular characterization of this proces using RNA-sequencing
and differential gene expression. This study led to the identification of molecules that are crucial for
adhesive/mechanical properties of somites and for neuronal navigation. Importantly, one candidate
repellent molecule previously uncharacterized in this system, Fibulin-2, is also expressed in the adult
central nervous system and is increased following traumatic injury (3). We found that Fibulin-2 is
upregulated in astrocytes stimulated with inflammatory cytokines.

This exciting result supports the idea that molecules that are repulsive to neuronal growth during
development may also play a role in regulating connectivity and plasticity in the adult central nervous
system. In particular, these repellent molecules may account for the absence of regeneration in patients
with traumatic brain injury or spinal cord injury. Thus, the developing vertebral column system can provide
insight in the role of somite cues in blocking neuronal growth and enables to identify novel repellent
molecules as therapeutical targets in brain or spinal cord injury.
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Injury to the nerves may result in long lasting deficits in motor function and/or sensory perception,
if the injured nerve cannot heal properly. Although, spontaneous regeneration of axons in the periphery is
possible, it is often limited due to the amount of lost nerve tissue at the injury site and the slow
regeneration rate of the axons (approximately 1 mm/day) [1].

Here, we screened a library of 35 so called self-assembling peptides (SAPs) for enhancing the
regeneration rate of peripheral nerve injuries. SAPs are able to form large fibrillar networks via non-
covalent bindings in aqueous solutions [2]. In a first approach, the SAPs were used as surface layer in a
cell culture of dorsal root ganglia (DRG) neurons. Out of those 35 SAPs we chose three candidates,
which showed improved neuronal outgrowth in vitro for further experiments. These SAPs, namely BL4
(amino acid sequence: CKFKFQF), MG3a (amino acid sequence: Fmoc-KIKIQI) and MG7 (amino acid
sequence: RGDKIKIQIC) enhanced neuronal outgrowth in a concentration dependent manner. Moreover,
by using these SAPs as surface layer also Schwann cells displayed more growth and overall attachment.
To test if the selected SAPs will also enhance peripheral nerve regeneration in vivo, the mouse facial
nerve axotomy model was used [3]. So far, the buccal and marginal branches of the facial nerve in mice
have been cut unilaterally and a solution of fluorescently labeled BL4 was applied to the transected
nerves. As control, animals were treated with PBS after the nerve transection. During a regeneration
period of approximately three weeks the functional regeneration was documented by recording the
animals’ whisker movement. Additionally, a retrograde tracer was injected into the animals’ whisker pad
and histological analysis of regenerated axons was performed.

Self-assembling peptides have the potential to be beneficial in various systems of regeneration,
as the SAPs can easily be modified depending on their desired function. Possible applications also
include the central nervous system or bone tissue regeneration.

References
1 Sulaiman W., Gordon T., 2013. Neurobiology of Peripheral Nerve Injury, Regeneration, and Functional Recovery: From Bench

Top Research to Bedside Application. The Ochsner Journal 13:100–108
2 Münch J., 2013. Peptide nanofibrils boost retroviral gene transfer and provide a rapid means for concentrating viruses. Nature

Nanotechnology, 8, 130-136
3 Moran L.B., Graeber M.B.¸ 2004. The facial nerve axotomy model. Brain Research Reviews, 44, 154– 178

Acknowledgments
I would like to thank my co-operation partners of the Institute of Organic Chemistry III of Ulm University, especially MSc. Stefanie
Sieste, MSc Thomas Mack and MSc. Jasmina Gacanin. Furthermore, I thank the Bundeswehrkrankenhaus Ulm for financing this
project.

46



47

AMPK as regenerative inhibitory signalling after nerve and spinal injury

Guiping Kong1,3, Elisabeth Serger2,4, Luming Zhou1,3, Ilaria Palmisano2, Eilidh McLachlan2,4, Radhika
Puttagunta1, Simone Di Giovanni1,2

1 Laboratory for NeuroRegeneration and Repair, Center for Neurology, Hertie Institute for Clinical Brain Research,
University of Tuebingen, Germany
2 Molecular Neuroregeneration, Division of Brain Sciences, Department of Medicine, Imperial College London, UK
3 Graduate School for Cellular and Molecular Neuroscience, University of Tuebingen, Germany
4ISRT PhD fellow, Graduate School for Neuroscience, Division of Brain Sciences, Department of Medicine, Imperial
College London, UK

e.serger16@imperial.ac.uk

While axonal regeneration and partial functional recovery in the injured peripheral nervous
system (PNS) occur, axonal regeneration fails in the central nervous system (CNS) such as after a spinal
cord injury (SCI), strongly contributing to unsuccessful functional recovery. Lack of regeneration in the
spinal cord can be partially enhanced by an injury to the peripheral branch (conditioning lesion) or by
overexpression in DRG neurons of selected regeneration-associated genes. We hypothesize that key
retrograde signalling following peripheral but not central axonal injury regulates pathways that control the
regenerative phenotype. Therefore, we believe that the combined investigation of protein as well as gene
expression changes in the “DRG-axonal signalling unit” after central versus peripheral nerve injury is
critical to identify crucial regenerative pathways. We performed combined RNAseq from DRG and
proteomics from sciatic axoplasm in mice following an equidistant sciatic or spinal cord axotomy to
investigate differential molecular responses in the “DRG-axonal signalling unit”. Integrated bioinformatics
analysis of the RNAseq and proteomics data followed by axonal injury experimental approaches identified
key regulatory metabolic mechanisms involving AMPK signalling in the control axonal regeneration.
Conditional deletion of AMPK alpha1 but not alpha2 promotes significant axonal regeneration of sensory
ascending DRG axons across an injured spinal cord. Both AMPK upstream and downstream pathways as
well as the impact of AMPK deletion on neurological recovery are currently being investigated.
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Spinal cord injuries can have a severe impact on a patient’s life and restoring upper limb and
hand function is one of the highest priorities for tetraplegic patients. The aim of this study is to develop a
targeted neurorehabilitation programme designed to maximize and restore useful upper limb, hand and
digit function. To achieve this, behaviorally trained Lister Hooded rats were implanted bilaterally in their
forelimbs with electromyography (EMG) electrodes plus an epidural stimulation electrode over the
dominant side of their motor cortex (based on left or right handedness during tasks).

Pilot experiments were conducted to ensure successful cortical stimulation and recordings of
EMG signals after electrode implantation. These showed that EMG signals can be successfully recorded
and the implantation process does not affect the animals’ performance in behavioral tasks. Furthermore,
the cortical stimulation successfully produced motor evoked potentials.

We then assessed the potential for using targeted neurorehabilitation to improve upper limb
function in spinal contused rats, with the aim of determining the optimal combinatorial paradigm. Clinically
relevant spinal contusion injuries were performed (using an Infinite Horizon impactor; 225kD at level C5-
C6) and different combinations of the following treatments were applied: behavioral rehabilitation
(intensive training on skilled forelimb tasks), neurophysiological rehabilitation (repeated electrical
activation of pathways important in forelimb function) and intraspinal injections of lentiviral Chondroitinase
ABC (to enhance neuroplasticity within the spinal cord). Rehabilitation and treatment were specifically
focused on elbow extension, pronation, and digit dexterity.

Our aim was to determine the extent of recovery over a chronic time course of targeted
neurorehabilitation and to establish whether different treatment combinations will reveal different levels of
recovery. Animals underwent their neurorehabilitation paradigm for 5 days/week over 11 weeks post
injury and improvements were determined by weekly assessments of behavioral function and weekly
recordings of evoked muscle activity. At the study endpoint, voluntary muscle activity was also recorded.
This work provided essential information on the temporal effects of these treatments, and helped identify
key time points during recovery and rehabilitation. We found that the group who received the full
combination of treatments showed increased voluntary muscle activity, the largest evoked EMG
responses and increased synaptic density around spinal motor neurons. Surprisingly, this did not
translate to improved behavioural function. These findings indicate that a novel combination rehabilitation
paradigm can lead to enhanced neuroplasticity. However, other factors such as timing of administration
need to be considered for the therapy to translate into functional recovery following spinal cord injury.
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Classical histology requires mechanical sectioning and collection of tissue followed by staining or
immunohistochemistry. Tissue can be inaccurately represented by sections lost or damaged during
mechanical processing, while tissue staining can be frustrated by contaminated and non-specific
reagents. Mechanical disruption issues can be circumvented with 3D imaging and sectioning in silico by
various techniques, but we were keen to develop a non-destructive methodology to image ex vivo tissues
already destined for tissue processing to maximize information gained from valuable samples. To this
end, we developed an x-ray computed tomography methodology to image paraffin embedded spinal
cords which are a common tissue preparation for histology.

X-ray computed tomography traditionally relies on detecting differential absorption of x-rays
passing through an object. Dense features like bone or tumours are more opaque to x-rays and appear
darker than surrounding tissue. Subtler differences like those found within soft tissues are not detected by
this method as they do not block the passage of x-rays to differing degrees. However, x-rays can be
attenuated or ‘slowed’ as they pass through a material and by exploiting this feature tissue contrast can
be drastically enhanced and soft tissue features visualized in what is known as phase contrast imaging.

Using the tomography beamline i13-2 at the Diamond Light Synchrotron facility, we have
developed a protocol which can highlight white and gray matter within the spinal cord along with the
extent and size of a spinal cord contusion site after injury. We have now applied this methodology to
characterise the physical evolution of the spinal cord injury contusion model over multiple time points after
injury. Scans through a 30 mm length of spinal cord take ~40 minutes and the combination of an effective
pixel size of ~1.6 µm with phase-contrast and an ex vivo stain mean the internal spinal cord vasculature
can be discerned at the capillary level along with large motor neurons and axonal projections. This
methodology has the potential to reveal novel insights into tissue features underlying the developing
cavity and SCI epicentre.

In further work, we have advanced ultra-high resolution tomography to visualize cell bodies and
myelinated axons throughout the spinal cord. We present promising data from these studies including a
dissection of myelinated axon diameters and neuronal cell bodies through the dorsal root ganglia. This
technology could in future be applied to map the cytoarchitecture of the entire CNS, with possible future
developments enabling definitive mapping of connectivity across the entire central and peripheral nervous
system.

Supported by UK MRC, Guy’s and St Thomas hospital through the King’s Bioscience Initiative. Work at Diamond Light was part of
project MT-12538.
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Peripheral neuronal injuries are frequently modelled by surgical approaches that include nerve
transections with scissors or scalpels. Thereby, the nerve surrounding tissue and its resulting immune
response is only mildly targeted. To comply a rodent trauma model, combining a simultaneous injury of
nerve surrounding tissue and neuronal crush injury, which is a more common form of injury in for example
human spinal cord injury [1], a drop-tower based trauma model was employed to specifically target a
single cranial nerve fiber tract, the facial nerve (FN).

In this new trauma model, gene expression, histological and functional facial motoneuron (FMN)
regeneration, immune cell activation and muscular damage were analyzed and compared to an
established surgical approach.

In the surgical, as well as traumatic facial nerve injury, a strong induction of regeneration
associated genes (RAGs), such as ATF3, Sprr1a, Grp and Sprr2j could get detected in the FMNs 4 days
after facial nerve injury. In histological approaches, both injury models led to neuronal inflammation in
FMNs through microglia and astrocyte activation. The Wallerian degeneration due to surgical and
traumatic neuronal injuries was clearly detectable in the distal parts of the FN. Neuronal regeneration
analyzed histologically and functionally, was proven to be faster and more effective after traumatic injury.
Besides the injury-related effects on neuronal structures of the FN, traumatic injury by drop tower led to
additional impact on nerve surrounding tissues. The expression of the stress reporter Atf3 in the nerve
adjacent muscle indicated damaging of the tissue that already revealed signs of regeneration by the
activation of satellite cells.

Additionally, traumatic injury led to a strong infiltration of immune cells that was absent in the
surgical approach. In all above mentioned analysis, the new drop tower based trauma model induced a
neuromuscular injury to FN successfully. Therefore, it is likely to be used in several other neuronal trauma
injury studies to additionally include injury related processes of nerve surrounding tissues.

[1] Spinal Cord Injury: Hope Through Research. 2016. 17.06.1016]
Available from: http://www.ninds.nih.gov/disorders/sci/detail_sci.htm
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Infiltrating macrophages influence many pathological processes after spinal cord injury, but the
intrinsic molecular mechanisms that regulate their function are poorly understood. Dissecting
macrophage-specific functions from those in other cell types as well as understanding how their functions
change over time has been a major hurdle. To investigate the transcriptional profile of macrophages after
SCI, we performed RNA sequencing on macrophage-specific mRNA obtained directly from the injured
mouse spinal cord using the RiboTag method. Our data show that macrophages are best described as
foam cells at 7 days after SCI with lipid catabolism representing the main biological process and
canonical nuclear receptor pathways as their potential mediators. Genetic deletion of a lipoprotein
receptor, CD36, reduces macrophage lipid content and improves lesion size and locomotor recovery after
SCI. Using mutant mice that lack myelin, we show that myelin debris is the major contributor to foamy
macrophage formation. Therefore, myelin debris clearance by macrophages leads to foam cell formation
that contributes to SCI pathology.
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Background: The nature of central nervous system (CNS) inflammation is strongly influenced by events
in the peripheral organs. Indeed, the presence of a pronounced systemic inflammatory response in the
context of CNS injury can be extremely detrimental, worsening functional outcome. This is evident in both
traumatic brain injury (TBI) and spinal cord injury (SCI) with secondary damage to other organs commonly
reported following the primary injury. Here, we sought to investigate the role that circulating extracellular
vesicles (EVs) play in outcome of TBI and the impact that EVs, stimulated by a non-CNS inflammatory
lesion, can have on the outcome of injury.
Methods: C57Bl/6 mice received either a TBI or an SCI, and blood, brain, liver and spleen were collected
at 2, 6, 12, or 24h. The quantity of isolated plasma-derived EVs using tuneable resistive pulse sensing.
Immunohistochemistry and molecular biology were employed to assess the inflammatory response at
both the site of injury and in the peripheral tissues. Finally, in a comorbidity study we evaluated the effects
of lipopolysaccharide (LPS) stimulated EVs derived from either in vitro macrophage or endothelial cell-
lines or murine plasma on the outcome of TBI.
Results: CNS inflammation was confirmed following both TBI and SCI by an increase in infiltrating
neutrophils and activated resident microglia, as well as breakdown in the blood-brain and blood-spinal
cord barrier respectively. An increase in neutrophil recruitment to the liver and spleen after TBI and SCI
was shown, indicative of an acute peripheral response. In parallel, the number of circulating EVs
increased after both injuries. SCI exhibited a more pronounced inflammatory response in both the CNS
and the periphery than TBI, with greater neutrophil and activated microglia cell densities. Similarly, EV
concentration was greater after SCI than TBI and particles were of a larger size. Macrophage-derived
EVs from culture were found to exacerbate peripheral and CNS inflammation, at a cellular and molecular
level, after TBI to a greater extent than endothelial cell-derived EVs, suggesting that the cellular origins of
EVs may determine their function.
Conclusions: Selectively targeting EVs from macrophage/monocyte populations is likely to be of value in
reducing the impact of the systemic response on the outcome of TBI injury. It is necessary to demonstrate
the impact of exogenously administered EVs on the outcome of SCI. Differences in both CNS and APR
inflammation, as well as the EV response following injury, could produce data distinct from the TBI data.

References
1 Anthony, D. & Couch, Y. (2014) The systemic response to CNS injury. Experimental Biology. 258:105-111.
2 Yanez-Mo, M. et al. (2015) Biological properties of extracellular vesicles and their physiological functions. J Extracell Vesicles.

4:27066.
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Neuregulin-1 gene therapy as a strategy to promote repair after spinal cord injury
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The injured spinal cord maintains some capacity for spontaneous repair, although this is suboptimal.
Understanding the cellular and molecular mechanisms underlying endogenous repair may provide a
route to exploit and enhance these processes in order to improve functional outcome after spinal cord
injury (SCI). We have identified neuregulin-1 (Nrg1) to be essential for Schwann cell-mediated
spontaneous remyelination of injured spinal axons within the dorsal columns and to be a significant
contributor to spontaneous locomotor recovery. We found that Nrg1 ablation in adult mice leads to
complete failure of Schwann cell-mediated remyelination after contusive SCI. The type III isoform
appears to be critical for this process, while other Nrg1 isoforms regulate different repair mechanisms.
Importantly, we found that conditional Nrg1 ablation leads to chronic demyelination and conduction
failure in dorsal column axons and worse functional outcome in mice with clinically relevant spinal
contusion injuries. Here we took an overexpression approach to test the hypothesis that enhancing
Nrg1 type III is beneficial for myelin repair and functional outcome after SCI. We delivered Nrg1 type III
by AAV (AAV8-NRG1). Our data shows that AAV vector expression of Nrg1 type III significantly
stimulates myelination of sensory neurons in vitro. We are currently assessing whether overexpression
of Nrg1 type III in vivo by means of this approach can promote improved remyelination and functional
repair after SCI.
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Following spinal cord injury, the extracellular matrix undergoes significant remodeling. Scar
formation is associated with upregulation of molecules known to be inhibitory to functional recovery,
including chondroitin sulfate proteoglycans (CSPGs). Removal of CSPG glycosaminoglycan chains by
the bacterial enzyme Chondroitinase ABC (ChABC) renders the matrix more permissive to repair,
however this may be curtailed by diminished enzyme activity. We have previously demonstrated that
gene therapy administration of a modified ChABC gene, compatible with expression and secretion by
mammalian host cells, confers sustained and widespread delivery of ChABC to the injured spinal cord
following single administration. This treatment resulted in dramatic reduction in pathology and
significant improvements in functional recovery following clinically relevant spinal contusion injury at
both thoracic and cervical levels in adult rats. We now use a novel immune-evasive dual vector system
to enable regulated gene therapy and exert greater control over ChABC expression. Using this system
(dox-i-ChABC), doxycycline administration results in high expression of the ChABC gene and extensive
enzymatic degradation of inhibitory components present in the extracellular matrix. We further
demonstrate the level of control over gene expression following removal of doxycycline using this
system. Following cervical contusion injury in adult rats we demonstrate that dox-i-ChABC treatment
for an initial 2.5 week period results in significant recovery of forelimb function in the horizontal ladder
task and a significant increase in the ability of ascending sensory dorsal column axons to conduct action
potentials through the lesion. We further reveal an additional benefit to long-term dox-i-ChABC
treatment, where sustained treatment for 8 weeks results in continued improvement in skilled reaching
and grasping, as measured by performance in the Whishaw Window task. Thus dox-i-ChABC
represents both an experimental tool to optimise and control ChABC delivery, to understand the role of
timing in ChABC treatment, and a step towards increasing clinical feasibility of ChABC gene therapy.

Supported by UK Medical Research Council, International Spinal Research Trust
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Introduction: In addition to the initial destruction of neural tissue, SCI can also lead to tissue
dysfunction and inefficient conduction in spared neural pathways which contribute to symptoms the
patient will experience(1). Non-invasive brain stimulation techniques are safe and painless and iTBS
has been found to be a reliable paradigm of modulating the strength of synapses (2), hence, we
hypothesize that by using iTBS in people with incomplete SCI to increase the efficiency of spared
descending corticospinal tracts, there may be improvements in sensorimotor deficits and spasticity.
Clinical studies have been conducted using repetitive transcranial magnetic stimulation (rTMS)
paradigms to treat pain, spasticity and sensorimotor deficits in SCI, however, due to small sample sizes
and inconsistent findings, firm conclusions cannot be made regarding the efficacy of rTMS as a
therapeutic tool in SCI as the trials appear to be underpowered. Furthermore, no clinical study has
investigated the therapeutic role of iTBS in a SCI population, therefore, to assess our ability to
successfully conduct a large clinical trial in the future, we conducted a feasibility study.
Methods: This was a randomized, single-blind (participant), sham-controlled crossover trial with a two-
week washout in adults with incomplete cervical SCI suffering from spasticity at a single spinal injuries
centre. iTBS consists of 3 stimuli at 50Hz repeated at 200ms intervals for 2-seconds, with an inter-train
interval of 8-seconds which was repeated for a total of 600 pulses over 200 seconds. Active iTBS was
delivered to the hand representation of primary motor cortex at 80% resting motor threshold with a
circular coil in 10 sessions. We had a prespecified criteria for feasibility and obtained clinical outcome
measures for spasticity (Modified Ashworth Scale (MAS), Visual Analogue Scale, Leeds Arm Spasticity
Impact scale), sensorimotor function (American Spinal Injuries Association impairment scale) and pain
(visual analogue scale).
Results: Three of the four criteria for feasibility were met as late drop outs from the study occurred due
to distance required to travel to participate. No related adverse events were encountered, and
preliminary analysis found upper limb MAS scores to be significantly lower for active iTBS than sham
iTBS with no other statistically significant findings.
Discussion: Despite not all the predetermined feasibility criteria being met, we conclude that a larger
adequately powered trial is feasible with modifications to the study protocol taking into account feedback
from participants and our spinal patient and public involvement panel. We estimate that a sample size
of 55 participants in a cross-over trial will achieve a power of 80% to detect the minimal clinical important
difference on a numerical rating scale for spasticity which this feasibility study indicates is achievable
in a reasonable timeframe. Future research into optimizing the intervention protocols of non-invasive
brain stimulation techniques are also warranted as this is still a developing field.
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Microglia and infiltrating monocyte derived macrophages (MDMs) play pivotal roles in
inflammation during spinal cord injury (SCI). Based on their ontogeny and transcriptional profiles,
microglia and MDMs are distinct cell types, however, it is not known whether they influence each other’s
functions in areas of CNS damage.

We have previously reported that after traumatic SCI, a reduction in phagocytosis of tissue
debris by microglia coincides with MDM infiltration. Therefore, we hypothesised that the presence of
MDM in the injured spinal cord can affect microglial functions, which may play a role in long term
recovery after injury.

To investigate this, we isolated microglia from SCI lesions before and after MDM infiltration,
and assessed their phagocytic function. We found that microglial phagocytosis was significantly
reduced with increasing numbers of MDMs in the SCI lesion. To directly assess communication
between microglia and MDMs, we developed a novel in vitro assay using microglia and peripherally
derived macrophages, in a bilaminar co-culture system, with both primary adult mouse and human cells.
We used this assay to assess the ability of microglia and macrophages to influence one another’s to
phagocytic function. Flow cytometry revealed that macrophages suppressed phagocytosis of myelin by
microglia, while microglia reciprocally increased phagocytosis by macrophages. Furthermore, we show
that the suppressive effect of macrophages on microglia is dependent on prostaglandin EP2 receptor
signalling. We also found the presence of macrophages significantly suppressed the pro-inflammatory
cytokines, TNF, IL-1 and IL-6, in mouse and human microglia, while microglia significantly increased
the expression of IL-1, in macrophages. EP2 receptor signaling pathways were upregulated during
inflammation and the suppressive effects of macrophages were replicated by Butaprost, an EP2
agonist, in microglia. Finally, to block MDM signaling to microglia in vivo after SCI we used ccr2rfp/rfp

(ccr2 null) mice. In these mice, MDM infiltration was almost abolished. Lack of MDMs in the spinal cord
resulted in reduced motor recovery and long term microglial activation, suggesting a beneficial role of
macrophage signaling to microglia after SCI.

These studies are the first to reveal direct communication between MDMs and microglia. They
show that microglia and macrophages differentially regulate each other’s function in terms of
inflammatory cytokine expression and phagocytic activity, and that prostaglandin E2 signaling via the
EP2 receptor is responsible for these effects in microglia. Replicating the suppressive effects of
macrophages on microglia may reduce long term microglial activation after SCI and provide new
insights for therapeutic strategies in SCI.
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Introduction The identification of biomarkers to determine the severity and/or prognosis following
spinal cord injury (SCI) would be beneficial in ensuring that patients are correctly assigned to the most
suitable treatment and rehabilitation regimes. Further, a greater understanding of the biological
processes that occur following SCI and how these may lead to the release of proteins into peripheral
body fluids is needed to identify appropriate systemic biomarkers. This study has aimed to characterise
the blood proteome following SCI in two pre-clinical rat models and further to compare how these
proteins compare to previously published proteome datasets of SCI bloods.
Methods Pooled rodent blood samples from either 24h or 7 days after a contusion SCI (serum; n=5) or
from 14 days or 116 days post-complete transection SCI (plasma; n=8) and their sham-injured
counterparts were subjected to independent (contusion or complete injury) isobaric tags for absolute
and relative quantitation (iTRAQ) LC-MS/MS proteomic analyses (St Andrews’ Proteomic Facility).
Proteins with no iTRAQ ratios; identified from less than 2 peptides; with ratio p-value >0.05 and with
fold changes (FC) <±1.2 were removed from further analysis. Pathway analysis of the proteome
changes was completed using IngenuityTM to assess associated biological functions. Further, a
literature search was completed to identify studies which have assessed the cerebrospinal fluid (CSF)
and/or blood proteome following SCI.
Results Thirteen and 54 proteins were differentially abundant (≥±2.0 fold change) between the
contusion SCI and sham injured animals at 24h and 7 days post-injury, respectively. When comparing
complete injured and sham injured rats 14 days post-SCI, 7 proteins were differentially abundant in the
plasma and 12 proteins were differentially abundant 116 days post-injury. Pathway analyses of the
differentially abundant proteins were completed using Ingenuity which highlighted changes in liver X
receptor/ retinoic X receptor activation and acute phase response signalling as key functional pathways
that are differentially regulated in both models of SCI. Further, a thorough PubMed search, led to the
identification of four studies that had assessed the CSF and/or blood proteome following SCI, from
which one study showed changes in common with the proteins identified in our study (Alpha-1-acid
glycoprotein, C-reactive protein, Fibrinogen gamma chain, Haemoglobin subunit alpha-1/2).
Discussion This study provides greater insight into the rodents’ biological response to SCI, with similar
processes being likely to occur in humans. Blood proteins which are altered as a result of both complete
and incomplete SCI have been identified which may have potential as prognostic biomarkers for SCI.
We are in the process of validating candidate biomarkers in the rodent models and in human bloods
following SCI.
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Injury to the adult mammalian central nervous system (CNS) leads to permanent deficits in
sensory and motor function. Dorsal root ganglion (DRG) neurons are essential for sensorimotor function
as they receive and convey sensory information from the environment to motor circuits in the spinal
cord and ultimately, the brain. Here, we show that exposing mice to environmental enrichment (EE)
prior to an injury induces a long-lasting increase in the regenerative potential of DRG neurons, priming
them for robust axon regeneration after injury in both the peripheral and central nervous systems. The
EE-mediated increase in axon regeneration is dependent on proprioceptive afferent feedback and
increased neuronal activity leading to epigenetic reprogramming via CREB Binding Protein (CBP)-
dependent histone acetylation. This results in gene expression changes in proprioceptive DRG
neurons, increasing their intrinsic growth capacity. These findings highlight prior exposure to EE as a
robust physiological means of priming sensory neurons for enhanced axon regeneration. Finally, we
were able to mimic exposure to EE by delivering a small-molecule activator of the acetyltransferase
CBP/p300 after spinal cord injury that promoted axonal regeneration and functional recovery.

Supported by Leverhulme Trust, Hertie Foundation, Wings for Life, Henry Smith Charity; start-up funds from the Division of
Brain Sciences Imperial College London, and National Institute for Health Research (NIHR) Imperial Biomedical Research
Centre

59



60

A novel therapy for spinal cord injury: removing perineuronal nets to enhance regeneration
and plasticity in the adult rat
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There is currently no cure for spinal cord injury (SCI). Perineuronal nets (PNNs) are dense
pericellular extracellular matrix structures found throughout the central nervous system and their
formation has been linked with the termination of developmental plasticity. Removal of perineuronal
nets (PNNs) via injection of chondroitinase ABC has been demonstrated to open a window of plasticity
and regeneration to promote recovery after SCI. ChABC has proven beneficial to recovery alongside
other treatments including rehabilitation, however, poses significant hurdles in regards to human
application. PNNs are composed of a variety of proteoglycans and glycoproteins built upon a
hyaluronan (HA) backbone. We hypothesised that removal of HA using a licensed oral drug, hyaluronan
inhibitor (HAi), will be able to remove PNNs and enhance recovery after acute SCI. We demonstrated
that oral administration of HAi removes PNNs in the spinal cord particularly in the ventral horn. Rats
with T9 contusion injury showed enhanced recovery in hindlimb locomotor function when HAi is
administered in combination with rehabilitation training. And that the HAi treatment and training does
not alter tactile sensitivity with SCI. This result suggests that HAi could be a potential new treatment for
SCI.
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The study of the mechanisms supporting spontaneous regeneration after peripheral nerve
injury has led to a better understanding of what is lacking in the non-regenerating central nervous
system (CNS) following injury, including the expression of regeneration-associated genes (RAGs). In
support of this, an injury to the peripheral nervous system (PNS) prior to or following a CNS injury
(conditioning lesion) leads to long-term sustained axonal regeneration in the CNS, such as after spinal
cord lesions 1,2. While extracellular signals after axotomy lead to an immediate axonal calcium wave
and regenerative intracellular signaling cascades, the induction of a regenerative gene expression
program is needed for sustained axonal regeneration necessary for functional recovery 3. Dynamic
regulation of chromatin structure is central to the neuronal RAG response 4. We have previously shown
this to be partially dependent upon the epigenetic modifying enzyme and histone acetyltransferase
p300/CBP associated factor (PCAF), which is activated post-axotomy via MEK-dependent
phosphorylation, facilitating PCAF occupancy on regenerative gene promoters 5. Although PCAF as
well as related epigenetic modifications are involved in transcriptional initiation, a fully coordinated
epigenetic and transcriptional program responding to axonal signaling is likely required for sustained
axonal regeneration. However, how axotomy shapes the molecular interaction between the epigenetic
and transcriptional environments remains elusive, limiting regenerative therapeutic options. Here, we
investigate the transcriptome (RNAseq) of wildtype and PCAF null mouse dorsal root ganglia (DRG)
following a peripheral nervous system (PNS) conditioning lesion, a known inducer of axonal
regeneration in the non-permissive central nervous system (CNS). Therefore, we have isolated PCAF-
dependent RAGs which lend further insight to key mechanistic pathways in axonal regeneration.
Moreover, we used this dataset to find essential PCAF co-transcriptional regulators (Specificity Protein
1, SP1, and MYC Associated Zinc finger protein, MAZ), which we have confirmed via DRG neurite
length analysis following siRNA knockdown as well as overexpression. Furthermore, we have combined
transcription factor enrichment, GO and pathways analysis to understand which upstream pathways
are involved in the regulation of these transcriptional switches and PCAF-dependent RAGs. By defining
key PCAF-dependent transcriptional regulators of essential RAGs in the regenerative process we are
able to find a common upstream pathway that may be activated therapeutically to induce long-distance
regeneration of the central nervous system following traumatic spinal cord injury.
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Introduction Spinal cord injury (SCI) not just causes sensorimotor paralysis, but also more severe
autonomic (e.g. cardiovascular) dysfunction.1 Up to 90% of the individuals with cervical or high thoracic
SCI suffer from autonomic dysreflexia,2,3 a pathological condition where daily activities (e.g. distended
bladder or bowel routine) instigate immense uncontrolled surges in blood pressure (BP; up to 300
mmHg).4 Episodes of autonomic dysreflexia can occur up to 40 times/day (mean= 11 times/day)7

potentially leading to intracranial hemorrhage, seizures, cardiac arrhythmias, and death, severely
impacting the quality of life after SCI.8 Primary causes underlying the development of AD after SCI
include (a) loss of medullary control of sympathetic pre-ganglionic neurons and, (b) the aberrant
sprouting of nociceptive afferent fibres within the spinal cord.8 We used a combination approach to
simultaneously enhance supraspinal axon regeneration and to reduce nociceptive sprouting to promote
cardiovascular recovery after SCI.
Methods Male Wistar rats (n=40) received a T3 spinal transection. Treatment strategy included the
combination of regenerative approach (peripheral nerve grafts (PNGs) spanning the lesion and
intrathecal delivery of chondroitinase enzyme) and rehabilitative approach (passive cycling exercise; 1
hr/day, 5 days/week). Control groups received only one of the approaches. Resting BP, heart rate and
pressor response to colorectal distension (CRD) were assessed terminally using radiotelemetry.
Functional regeneration across PNGs was determined via stimulus-driven units below the lesion upon
electrical stimulation at cervical level.
Results The combination approach led to significant functional recovery compared to the untreated
group. Specifically in response to CRD, the combination group showed 52.5 % reduction in systolic BP
elevation (66.5 vs. 31.57 mmHg, p<0.0001), 39.3% reduction in diastolic BP elevation (37.4 vs. 22.7
mmHg, p<0.001), 45.4% reduction in mean arterial pressure elevation (47.1 vs. 25.7 mmHg, p<0.001)
and nearly complete abolishment of bradycardia (-86.3 vs. -6.8 bpm, p<0.01). Stimulus-driven neuronal
activity across PNGs confirmed the functional re-connection of regenerating axons. Evaluation of the
control groups suggests that the functional recovery is driven by regeneration and not by exercise.
Neuroanatomical tract tracing and histological studies are underway to investigate the mechanisms
underlying recovery.
Conclusion The combination approach leads to significant recovery of cardiovascular function after
SCI, which is likely mediated by vasomotor regeneration.
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Bilateral organization is a prominent feature throughout the motor system. Reticulospinal and
corticospinal descending pathways can contact spinal circuits on either side of the cord, while sensory
afferents can exert influence on both sides of the cord through spinal commissural circuits. These
pathways play a role in the organization of movements across the midline, but have been mostly studied
for lumbar spinal circuits. This organization at the cervical level is important to consider for the recovery
of hand and upper limb function following motor damage.

Major deficits following spinal cord injury include muscle weakness and reduced ability for
voluntary motor control. These arise primarily from a reduced corticospinal drive to spinal cord circuits
and motoneurones. As spinal cord injuries are usually incomplete, descending pathways past the site
of damage are often spared to varying degrees. By understanding how bilateral descending pathways
interact at the level of the spinal cord, we can consider which surviving pathways offer a potential for
modulation of the spinal circuits that have now been deprived of corticospinal drive.

We recorded the extracellular activity of spinal cord interneurons in acutely anaesthetized
monkeys (n=2), and characterized their inputs though electrical microstimulation of relevant pathways.
To characterize descending inputs, we implanted electrodes bilaterally in the corticospinal tract (CST)
and reticular formation (RF). To characterize sensory inputs,

we implanted nerve cuffs bilaterally in median and radial nerves at the upper arm. In addition,
we implanted microwires in the finger pads of the thumb and index finger to allow us to identify cells
with cutaneous inputs from the fingers. Using multiple multichannel probes (U-probe, 24 channels) we
were able to record responses of multiple interneurons to these inputs, in the lower cervical segments
(C7-T1).

We find that a sizeable fraction (57%) of cervical interneurons (n=207) responded to stimulation
of the contralateral CST. Of these, 63% responded to sensory stimulation of the ipsilateral limb (either
nerves or finger pads) and 21% to stimulation of the contralateral upper limb. A much higher fraction
responded to stimulation of the RF – 70% of neurons with CST inputs also responded to either ipsilateral
or contralateral RF. Spinal interneurons were equally likely to respond to stimulation of either ipsilateral
or contralateral RF (60% vs 56% respectively). Overall, >95% of interneurons with CST inputs
responded to either sensory or descending stimulation from either upper limb or either RF, and 67%
showed a response to contralateral sensory or RF inputs.

Although it is unlikely that this organization remains unchanged following injury, our results
highlight that in the intact lower cervical spinal cord, there are many crossed and uncrossed pathways
that could modulate the activity of interneurons deprived of CST inputs. Utilization of these pathways
for recovery of function following injury remains to be examined further.
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Upon neuronal injury, protein synthesis is initiated locally in axons independently of cell bodies.
How is this subcellular specificity in translation achieved? We show that mTOR is upregulated and
activated at the lesion site in injured axons, due to local translation of mTOR mRNA. We further show
that mTOR controls local translation in injured axons, including regulation of its own translation and that
of retrograde injury signaling molecules such as importin β1 and STAT3. Deletion of the mTOR 3’UTR
in mice reduced mTOR in axons and decreased local translation after nerve injury. Both
pharmacological inhibition of mTOR in axons or mTOR 3’UTR deletion decreased proprioceptive
neuronal survival after nerve injury. Thus, localization at the RNA level provides spatiotemporal
regulation of mTOR pathways.
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Methods to restore respiratory function following chronic cervical spinal cord injury (SCI) have
not been extensively studied. This represents a major gap in our current understanding as the primary
cause of morbidity and mortality following cervical SCI is respiratory motor dysfunction. The loss of this
activity after SCI is caused by disruption to supraspinal control of motor pathways.  We have previously
shown that formation of the chondroitin sulphate proteoglycan (CSPG) rich perineuronal net is the major
impediment to sprouting and reawakening of the residual cross-phrenic pathway that can lead to
restoration of respiratory motor function. Indeed, our data demonstrate that robust and rapid recovery
of respiratory motor function is possible up to 1.5 years following severe cervical spinal cord hemisection
injury through a combination of enzymatic degradation of perineuronal net associated proteoglycans
and rehabilitative conditioning. We now provide evidence that this recovery is essentially permanent,
lasting up to six months following the cessation of treatment. Our combination treatment strategy
mitigates these effects through CSPG breakdown by intraspinal injection of chrondroitinase ABC
(ChABC) and intermittent hypoxia (IH) training to increase respiratory drive and synaptic strength.
Following conclusion of our treatment strategy, immunohistochemistry has revealed that the
extracellular matrix does not reform normally, perhaps suggestive of on-going plasticity. Further, we
provide evidence that our combination treatment strategy allows for re-innervation of diaphragm
neuromuscular junctions (NMJs) previously denervated due to paralysis induced atrophy. In addition,
we provide data describing the ventilatory response of our animals throughout treatment detailing how
our recovered animals respond to environmental challenge. Collectively, these data demonstrate the
significant restoration of diaphragm function and nerve activity at chronic points following cervical SCI
due to matrix modification, induction of plasticity and facilitation of drive. Indeed, our results indicate
that essentially complete recovery of motor function in this model of spinal cord trauma may not be
limited by time after injury.
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The average age at the time of spinal cord injury (SCI) has steadily increased from the average
age of 29 years old in the 1970’s to the current age of 42 years old. Recent findings from our group and
others demonstrate that middle-aged mice exhibit worse functional deficits and exacerbated tissue
damage after SCI. This is associated with age-dependent increases of reactive oxygen species (ROS)
production, NADPH oxidase (NOX) activity and pro-inflammatory macrophage activation. Despite these
age-specific differences, clinical therapies are being examined in individuals regardless of age and are
based upon preclinical data generated almost exclusively using young animals. The purpose of the
current study is to test the extent to which age affects the efficacy of SCI treatment. Specifically, we
hypothesize that the effectiveness of apocynin, a NOX inhibitor for SCI, is age-specific. We applied
mild-to-moderate contusion injury at the thoracic level (T9 laminectomy, 50 kdyn Infinite Horizons) to 4-
month-old (4MO) and 14 MO mice. We treated mice with apocynin (5 mg/kg, intraperitoneal injection)
or vehicle (1% DMSO) at 1 and 6 hours post injury, then daily for 1 week. We examined the effect of
apocynin treatment on functional and anatomical recovery from SCI. Our results show that apocynin
effectively improves functional recovery and decreases lesion volume in 14 MO but not in 4 MO SCI
mice. This suggests that apocynin may exhibit age-dependent neuroprotection by blocking excessive
NOX-mediated ROS production. To the best of our knowledge, our data is the first to identify age as a
critical regulator for SCI treatment efficacy. Age therefore needs to be considered as an important
clinical variable to tailor therapeutic interventions and best serve the diverse SCI community.
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Regeneration of injured axons within the adult central nervous system (CNS) is an ongoing
challenge with many obstacles. Both intrinsic and extrinsic mechanisms limit repair of mature axons,
namely the growth-inhibiting environment created around axons following injury, as well as intrinsic
signalling mechanisms inhibiting axonal repair. In contrast to mature, aged neurons, embryonic cortical
neurons have a high capacity for plasticity, regeneration and repair. This may be due to the fact these
cells express growth-promoting proteins called integrins. Integrins are heterodimeric transmembrane
receptors involved in mediating cell-cell and cell-matrix interactions. Within the adult CNS, integrin
expression is downregulated resulting in reduced plasticity and growth. Literature indicates increasing
integrin expression in adult CNS axons can promote axonal elongation and neurite outgrowth1, 2, 3,
however recent research suggests exogenous expression of integrin in vivo results in the inability of
integrins to localize within adult CNS axons remaining localised to the cell body4. With this in mind, this
project aims to rebuild the CST whilst increasing the expression of certain integrin subunits using induced
pluripotent stem cells as a vehicle. Using a combination of western blotting and immunofluorescence
techniques, we determined both the endogenous expression level of integrin within iPSC-derived neural
progenitor cells (NPCs) as well as the expression level following viral-mediated transduction.
Furthermore, integrin-expressing NPCs grow significantly longer neurites when grown on inhibitory
substrates such as tenascin-C.  With a regenerative approach in mind, we have grafted iPSC-derived
neural progenitor cells into cerebral cortex of neonatal rodents to determine survival and differentiation
phenotypes of these cells. Using specific coordinates, wild type and integrin-expressing hNPCs were
transplanted into layer V of the sensorimotor cortex of naïve P0-aged Sprague Dawley rats. Following
grafting, animals were perfused at the following time points: 2, 4, 6, 7 and 8 weeks. We show that wild
type hNPCs survive and extend axonal projections through the brainstem pyramidal tracts for up to 8
weeks in vivo. Further IHC analysis demonstrate that grafted cells express deep-layer cortical neuron
markers and, as expected, induce a host immune response. In analysis of integrin-expressing hNPC
transplants we have demonstrated that the grafted NPCs retain their exogenous integrin expression
within the axonal compartment up to 8 weeks in vivo and extend axons through the brainstem.
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Spinal cord injury (SCI) leads to permanent disabilities for which effective treatments are limited.
Previously, we have demonstrated that heparins modified by selective desulphation (mHeps) reduce
features of astroglyosis1,2. mHeps are a class of glycomolecules with structural similarities to resident
heparan sulfates (HS) that comprise repeating disaccharide units with variable sulphation patterns. They
are key modulators of cell signalling by both sequestering ligands, chemokine/cytokines in the ECM and
acting as cofactors in the formation of ligand-receptor complexes. To assess whether mHeps could be a
possible treatment strategy for SCI repair and not adversely affect other neural cell types, we treated
mixed neural cultures with mheps and examined their effect on myelination and neurite outgrowth. Using
myelinating co-cultures (MC) subjected to mechanical injury (scalpel blade cut, MC-Inj) or antibody-
mediated demyelination (MC-DeMy), we demonstrate that the degree and positions of the sulphate
moieties on mHeps are crucial for their biological effects. Specifically, monosulphated compounds at C2
and N positions have the greatest effect on promoting neurite outgrowth and (re)myelination, whereas,
highly sulphated heparin isoforms had detrimental effects. No effects of mHeps were seen on naturally
developing MCs (MC-Dev), suggesting that the beneficial/detrimental effects of mHeps were due to
interactions with factors secreted during the injury process. Comparison of the secreted factors from the
various MCs illustrated differences in the profile of chemokines/cytokine released. We propose that
desulphated mHeps may be novel therapeutics for SCI repair.
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Traumatic spinal cord injury (SCI) disrupts motor system function and it is increasingly appreciated that
it also disrupts immune system function1. These changes are clinically relevant, as inflammation may
promote medical consequences of SCI and/or inhibit functional recovery and has been observed in
persons with acute or chronic SCI1-4. Notably, infections are the leading cause of mortality and were
recently identified as an independent risk factor for poor neurological outcome after SCI5-7.  The cellular
and molecular mechanisms contributing to increased infection susceptibility and chronic inflammation in
individuals after SCI are poorly understood, limiting therapeutic options.

To advance our understanding of immune alterations induced by SCI, we performed transcriptional
profiling of whole blood in persons with chronic (≥1 year from initial injury) SCI. Participants were
individuals with SCI (N=31) or able-bodied (N=26), mostly male and of similar ages (P<0.06). Participants
with SCI were injured for 15.7±2.3 years (mean±SEM). Injuries occurred mostly above the thoracic level
T5 (74%) and 52% were AIS grade A. There were 1816 differentially expressed genes in participants with
SCI, compared to able-bodied participants (FDR=0.05). Although this was a pilot study, we explored
potential differences in gene expression by injury severity and level. There were 1254 genes differentially
expressed in participants with AIS A injuries, compared to able-bodied participants (FDR=0.05).
Consistent with the proposed importance of sympathetic nervous system innervation of immune organs1,
there were 2226 genes differentially expressed in participants with SCI at levels T5, compared to able-
bodied participants (FDR=0.05). Analysis using Kyoto Encyclopedia of Genes and Genomes (KEGG)10

identified genes differentially expressed in participants with SCI at levels ≥T5 were enriched in pathways
related to insulin signalling, Natural Killer (NK) cell mediated cytotoxicity and adipocytokine signalling,
among others. Using an independent modular analysis of blood gene expression11, we identified
significant under-expression of modules related to NK cells, B and T cells. Conversely, we identified
significant overexpression of 6 distinct modules related to inflammation. These data identify specific
molecules and signalling pathways that may impact immune function, overall health and survival in
persons living with SCI.
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The inhibitory extracellular matrix (ECM) in a spinal lesion site is a major impediment to axonal
regeneration in mammals. In contrast, the ECM in zebrafish allows substantial axon regrowth, leading to
recovery of movement. However, little is known about regulation and composition of the growth-promoting
ECM. Here we demonstrate that activity of the Wnt/β-catenin pathway in fibroblast-like cells in the lesion
site is pivotal for axon regrowth and functional recovery. Wnt/β-catenin signalling induces expression of
col12a1a/b and deposition of Collagen XII, which is necessary for axons to actively navigate the non-
neural lesion site environment. Overexpression of col12a1a rescues the effects of Wnt/β-catenin pathway
inhibition and is sufficient to accelerate regeneration. We demonstrate that in a vertebrate of high
regenerative capacity, Wnt/β-catenin signalling controls the composition of the lesion site ECM and we
identify Collagen XII as a promoter of axonal regeneration. These findings may have implications for
regenerative medicine.
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Ependymoradial glial cells (ERGs) in the spinal cord of adult zebrafish are progenitor cells that
integrate a number of signals to generate neurons after a lesion. This does not occur in mammals. It is
therefore important to elucidate how reception of these signals in ERGs is facilitated. Lrp2 is an endocytic
receptor for signalling molecules. We show here that Lrp2 is present on the apical surface of ERGs and
co-localises in vesicles with endogenous sonic hedgehog (Shh), a critical factor for neuronal development
and regeneration. Tagged Shh, injected into the ventricle, is also rapidly internalised and co-localised with
Lrp2+ vesicles. In an lrp2 mutant, Shh uptake was inhibited, but spinal development was unaltered.
However, after a lesion in adult mutants, the population of progenitor cells was expanded at the expense
of regenerated motor neurons. Moreover, rosettes of epithelial-like cells frequently formed in the lesioned
spinal cord of mutants, but never in wildtypes. This demonstrates a regeneration-specific role for Lrp2 in
motor neuron generation from spinal progenitor cells that may, at least in part, be mediated by the
function of Lrp2 as an Shh receptor.
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Regeneration of injured central nervous system (CNS) neurons after a spinal cord injury (SCI) is
very limited resulting in patients with an SCI being paralysed for the rest of their life. The inability to
regenerate stems from a lack of intrinsic pro-regenerative properties and expression of extrinsic inhibitory
factors, such as chondroitin sulfate proteoglycans (CSPGs) and tenascin-C. However, this inhibition can
be partially overcome by the presence of tenascin-C binding integrins, particularly α9β1, expressed in
sensory axons. We have shown previously that viral overexpression of α9 integrin and its activator
kindlin1 in dorsal root ganglia (DRG) neurons resulted in long-distance regeneration of the central branch
after a dorsal root crush where the axons regenerated along the original path of innervation [1]. In this
study, we further investigate the potential of α9 integrin/kindlin1 overexpression in DRG neurons by
challenging it with a central lesion, a dorsal column crush. We overexpressed α9 integrin/kindlin1 or GFP
as a control in four DRGs (C5-C8) with a concurrent C4 dorsal column crush in adult rats that either
underwent a conditional lesion in the brachial plexus or a sham surgery. Six weeks after the central injury
we investigated if overexpression of α9 integrin/kindlin1 results in regeneration in the lesioned spinal cord.
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Contusion of the cervical segments is the most common form of traumatic spinal cord injury
observed in clinical settings. Patients surveys have identified improvements in upper limb function as a
top priority for individuals that have suffered this type of injury1,2. However, no clinical solution is available
to date for the recovery of skilled arm movements. Electrical neuromodulation therapies of the spinal cord
have been shown to enhance lower limb function in numerous preclinical models, from rodents3 to
primates4, as well as a number of clinical case studies5. Despite this success, and the high priority of
improved upper limb function for the SCI patient community, efforts to translate this promising technique
to the cervical spinal cord and upper limbs have so far been minimal. Given the complex patterns of
muscle activation required for the execution of skilled arm movements, adaptation of epidural electrical
stimulation to the cervical spinal cord necessitates a thorough understanding of the functional specificity
that is achievable with multi-electrode arrays. Importantly, the specificity of such interfaces should be
compared between preclinical animal models to ensure translatability to human applications. Here we
present functional and anatomical data indicating that lateralised epidural stimulation of the cervical spinal
cord effectively targets specific upper limb motor pools, dependent on the rostrocaudal location of the
stimulation site, in both rats and non-human primates. Targeted pharmacological preparations uncovered
the pivotal role of proprioceptive feedback circuits in the generation of motor responses to epidural
electrical stimulation of the cervical spinal cord. Taken together, these results establish a conceptual
framework for the design of targeted cervical implants to facilitate upper limb movements after spinal cord
injury.
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Elucidating the role of human ApoE4 in CNS regeneration
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Promising spinal cord injury (SCI) therapies in animal models have failed to translate into the
human population. One potential explanation is that individuals have a genetic predisposition which can
either enable or discourage regeneration and sprouting following SCI. The clinically relevant ApoE4 allele,
present in 25% of the human population, corresponds to an increased incidence of Alzheimer’s disease
(AD) and an earlier age of onset. Its role in spinal cord injury is poorly understood and remains
ambiguous despite suggestive data implicating its involvement. Indeed, SCI patients with at least one
ApoE4 allele had less motor recovery and a longer rehabilitation period than counterparts expressing
ApoE31. Animal studies indicate that ApoE4 corresponds to impaired peripheral nerve regeneration2 and
deficits in mitochondrial respiratory function,3 which is necessary for robust regeneration.4 Our preliminary
data comparing dorsal root ganglion (DRG) neurons from transgenic mice expressing either human
ApoE3 or ApoE4 indicate that ApoE4 expressing neurons have reduced neurite complexity and
decreased neurite outgrowth compared to those expressing ApoE3. The current study elucidates the
effects of ApoE4 on CNS regeneration and sprouting in vitro and in vivo. We propose that the ApoE4
specific aversions towards regeneration and sprouting may represent a barrier to successful SCI
treatment in individuals carrying the ApoE4 allele.

References
1 Jha, A. et al. Apolipoprotein E epsilon4 allele and outcomes of traumatic spinal cord injury. The Journal of Spinal Cord Medicine

31, 171-176 (2008)
2 Comley, L. H. et al. ApoE isoform-specific regulation of regeneration in the peripheral nervous system. Human Molecular Genetics

20, 2406-2421, doi:10.1093/hmg/ddr147 (2011)
3 Nakamura, T., Watanabe, A., Fujino, T., Hosono, T. & Michikawa, M. Apolipoprotein E4 (1–272) fragment is associated with

mitochondrial proteins and affects mitochondrial function in neuronal cells. Molecular Neurodegeneration 4, 1-11,
doi:10.1186/1750-1326-4-35 (2009)

4 Han, S., Baig, H. S. & Hammarlund, M. Mitochondria Localize to Injured Axons to Support Regeneration. Neuron 92, 1308-1323,
doi:10.1016/j.neuron.2016.11.025 (2016)

Supported by Startup funds to WJA from the University of Kentucky College of Medicine.

75



76

Delayed treatment of forelimb muscles with an AAV1 encoding human Neurotrophin-3
normalizes muscle afferent connectivity, treats abnormal proprioceptive reflexes,
reduces forelimb spasms
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Brain and spinal injury reduce mobility and often impair sensorimotor processing in the spinal
cord leading to spasticity. Here, we establish that complete transection of corticospinal pathways in the
pyramids impairs locomotion and leads to increased spasms and excessive mono and polysynaptic low
threshold spinal reflexes in rats. Treatment of affected forelimb muscles with an adeno-associated viral
vector (AAV) encoding human Neurotrophin-3 at a clinically-feasible time-point after injury reduced
spasticity. Neurotrophin-3 normalized the short latency Hoffmann reflex to a treated hand muscle as well
as low threshold polysynaptic spinal reflexes involving afferents from other treated muscles.
Neurotrophin-3 also enhanced locomotor recovery. Furthermore, the balance of inhibitory and excitatory
boutons in the spinal cord and the level of an ion cotransporter in motor neuron membranes required for
normal reflexes were normalized. Our findings pave the way for Neurotrophin-3 as a therapy that treats
the underlying causes of spasticity and not only its symptoms.
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Clinical trial of the soft extra muscle glove to assess orthotic and long-term functional
gain following chronic incomplete tetraplegia: preliminary analysis of functional and
muscle coherence data
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High level spinal cord injury (SCI) can result in severe impairment of hand function which
significantly affects activities of daily living (ADL)1, and has been rated as the most important problem by
this cohort2. Rehabilitation of impaired hand function following SCI is a priority during subacute
rehabilitation with the goal of regaining functional independence. However, during chronic SCI it is
possible no regular hand therapy is performed, which exacerbates residual function, placing additional
strain on the individual, relatives and the clinical caregivers.
Individuals with chronic SCI may require orthotic devices that not only help them regain their ADL, but
which also facilitates long-term recovery of neuromuscular function. This study aims to determine the
assistive and therapeutic benefit of using a soft robotic glove for ADL at home. Individuals with chronic
tetraplegia were provided with a SEM Glove unit to practice ADL for a total of 12 weeks.  Recovery of
hand function was assessed with user questionnaires, neurophysiological and functional outcome
measures, before, at 6, 12 weeks and 6 weeks following home use of the glove (18 weeks). Currently the
study has recruited eight participants. Improvement in hand function has been observed during the 12-
week glove training programme with an improvement in user satisfaction and with dynamometer
measures. Furthermore, neurophysiological evidence for increased beta band muscle-muscle coherence
was identified during training, suggesting improvement in corticospinal drive to the hand muscles during
grasping3.
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Following injury, peripheral nervous system (PNS) axons mount a regenerative response while axons that lie
in the central nervous system (CNS) fail to regenerate1. The dorsal root ganglia (DRG) bipolar neurons with a cell
body that extends one axon in the peripheral nerves and one in the CNS spinal cord are a well-suited model to
investigate the molecular mechanisms of this differential regenerative ability.  A sciatic nerve lesion elicits gene
expression changes, including in regenerative pathways, which are radically distinct from those that follow a spinal
cord lesion. While recent evidence suggest that epigenetic modifications can underlie this differential gene expression
response2-5, a systematic study of epigenetic states upon regenerative vs non-regenerative axonal injury is still
missing.  This could be of paramount importance for the understanding of the core gene regulatory mechanisms
discriminating axonal regeneration versus regenerative failure, and could suggest specific strategies to reprogram
neurons into a regenerative state. To this end, we have performed combined transcriptomic with epigenomic studies
including RNA-seq, ChIPseq for the selected histone modifications H3K27ac, H3K27me3 and H3K9ac and ATACseq
(Assay for Transposase-Accessible Chromatin sequencing) that explores chromatin accessibility, from L4-L6 DRG in
response to a peripheral (sciatic nerve axotomy- SNA,) vs a central spinal (dorsal column axotomy- DCA) axonal
injury.

The RNAseq showed that SNA leads to a more robust transcriptional response than DCA, leading to
significantly higher number of differentially expressed genes. In particular, upregulated genes after SNA are involved
in regulation of transcription, cell proliferation, developmental and biosynthetic processes, while SNA downregulated
genes are related to ion transport, axonogenesis and synapse formation. Interestingly, about 40% of the genes
differentially expressed upon DCA show an opposite regulation after SNA. These genes are mainly involved in
transcription regulation, cytoskeleton remodelling, signalling, energy metabolism and epigenetic regulation. The
combinatorial RNAseq vs ChIPseq analysis revealed that increased H3K27ac/H3K9ac occupancy at the gene
promoter correlates with the upregulation of genes related to regenerative signalling and transcriptional regulation,
exclusively after SNA. In contrast, following DCA, downregulated genes related to transcription were found enriched
for the repressive histone mark H3K27me3. This is in line with ATACseq data that showed changes in chromatin
accessibility between differentially regulated genes following SNA vs DCA including genes and pathways involved in
regenerative signalling. Together, this suggests that a looser chromatin conformation characterized by active
H3K9/K27ac histone marks represents the epigenomic signature distinguishing the orchestration of the transcriptional
regenerative response, exclusively after peripheral axon injury.

Furthermore, transcription factor enrichment analysis of RNAseq and ChIPseq datasets in combination with
published CTCF ChIP-sequencing data6 showed that injury-dependent genes are also enriched for CTCF binding
sites. CTCF is a well-known chromatin folding organizer and gene expression regulator recently shown to be required
for synapse formation, dendritic arborisation and correct development of neural networks in the brain7,8. Specifically,
we found that CTCF enriched injury-dependent genes are mainly involved in axonogenesis, growth cone and actin
cytoskeleton organisation, synapse regulation and ion transport, suggesting that CTCF may play an important role in
driving the regenerative transcriptional program. To provide a proof of principle that proper chromatin folding is
required for axonal regeneration, we studied axonal regeneration after neuronal specific CTCF deletion6. Consistent
with our hypothesis, CTCF null mice failed to respond to conditioning-dependent increase in DRG outgrowth and
showed drastically reduced axonal regeneration after sciatic nerve injury, paving the path for CTCF as a chromatin
folding organiser in the context of axonal regeneration.

[1] Afshari, F.T., S. Kappagantula, and J.W. Fawcett, 2009. 11: p. e37, [2] Lindner, R., R. Puttagunta, and S. Di Giovanni, 2013.
10(4): p. 771-81, [3] Puttagunta, R., et al., Nat Commun, 2014. 5: p. 3527 [4] Cho, Y., et al., Cell, 2013. 155(4): p. 894-908 [5]
Finelli, M.J., J.K. Wong, and H. Zou, J Neurosci, 2013. 33(50): p. 19664-76 [6] Sams, D.S., et al., Cell Rep, 2016. 17(9): p. 2418-
2430 [7] Ong, C.T. and V.G. Corces, Nat Rev Genet, 2014. 15(4): p. 234-46 [8] Hirayama, T., et al., Cell Rep, 2012. 2(2): p. 345-57.
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The current study tested whether transplantation of exogenous mitochondria into the contused rat
spinal cord results in 1) their incorporation into various host cell types, 2) improving overall bioenergetics
of host cells, and 3) increasing long-term functional neuroprotection. For visualization of transplanted
mitochondria, we used transgenically modified PC12 cells in which mitochondria were labelled with tGFP,
and for clinical relevance, we also used mitochondria isolated from rat soleus muscle. Freshly isolated
tGFP (50, 100 or 150 µg/cord) or muscle (50 or 100 µg/cord) mitochondria were microinjected into the
penumbra of severely contused spinal cords within 1 hr after spinal cord injury (SCI) at L1/L2 (250 kdyn
using IH Impactor) in adult female Sprague-Dawley rats. Depending on outcome measures, they survived
24 hr, 48 hr, 7 days or up to 6 weeks. Results showed that transplantation of either tGFP or muscle
mitochondria significantly maintained bioenergetics of injured spinal cord tissues 24 hr after injury, with
maximum effects at the 100ug dosage. Confocal imaging showed prominent rostrocaudal spread of
exogenous tGFP mitochondria from injection sites after 24-48 hr that dissipated by 7 days. At the earlier
time points, tGFP mitochondria co-localised conspicuously with microglia/macrophages and endothelial
cells, with less incidences in astrocytes and oligodendrocytes, and none in neurons. Assessments of
hindlimb functional recovery (BBB-LRS) and paw withdrawal latencies (Von Frey hair) over 6 weeks after
transplanting 100ug tGFP or muscle mitochondria showed no significant differences in over-ground
locomotion or mechanical hypersensitivity compared to vehicle-injected injured groups. Morphometric
analyses further showed no differences in grey or white matter tissue sparing. In summary, intraspinal
injections of mitochondria after contusion SCI improved cellular bioenergetics acutely, but such
maintenance of respiration did not translate into improved long-term functional neuroprotection.
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Recovery from traumatic spinal cord injury (SCI) usually fails due to a cascade of cellular and
molecular events that compromise neural tissue reconstitution by giving rise to glial scarring and cavity
formation. We designed a scaffold material for SCI treatment containing only chitosan and water as
fragmented physical hydrogel suspension (Chitosan-FPHS), with defined degree of acetylation (DA),
polymer concentration, and mean fragment size. Implantation of Chitosan-FPHS alone into rat spinal cord
immediately after a bilateral dorsal hemisection promoted reconstitution of spinal tissue and vasculature,
and diminished fibrous glial scarring: with astrocyte processes primarily oriented towards the lesion, the
border between lesion site and intact tissue became permissive for regrowth of numerous axons into, and
for some even beyond the lesion site. Growing axons were myelinated or ensheathed by endogenous
Schwann cells that migrated into the lesion site and whose survival was prolonged. Interestingly,
Chitosan-FPHS also modulated the inflammatory response, and we suggest that this might contribute to
tissue repair. Finally, this structural remodelling was associated with significant, long-lasting gain in
locomotor function recovery. Because it effectively induces neural tissue repair, Chitosan-FPHS
biomaterial may be a promising new approach to treat SCI, and a suitable substrate to combine with other
strategies.
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A significant number of FDA approved drugs have demonstrated efficacy in preclinical spinal cord
injury (SCI). These studies predominantly used thoracic models and treated within one hour after injury.
However, most human injuries occur at cervical levels (>65%), and such short windows of intervention
used in animal studies are difficult to translate in human trials. We therefore created a team of research
staff to assess the effects on functional recovery of the most promising FDA approved drugs when these
are administered 3 hours after a cervical spinal cord hemi-contusion injury with the goal of finding robust
treatments that could be taken forward into clinical trials.
In 5 experiments, we tested 9 different FDA approved drugs (riluzole, valproic acid, fluoxetine, metformin,
inosine, rosuvastatin, acetyl-l-carnitine, glibenclamide, tamoxifen) that had been previously reported to
improve functional recovery in SCI lab models.

None of the 9 treatments improved recovery compared to control groups in either a distal limb
fine motor task (Montoya staircase: retrieval of food pellets from a staircase, or fruit-loop eating score),
nor a proximal limb motor task (cylinder rearing task). We also did not observe any sparing of residual
spinal cord tissue for the 6 treatments so far analysed. However, mRNA expression changes in injured
spinal cord tissue indicate appropriate changes in gene expression early after injury indicating the drugs
are biologically active at the injury site.
In the light of this series of failures in our paradigm, we decided to reduce our injury force by 20% to 120
kdyn and to start treatment at 1 hour (n=19) and 3 hours (n=19) after cervical hemi-contusion injury
(control n = 19). In the primary outcome of distal forelimb use there was no difference in the Montoya
staircase task at any of the time points. Similarly, in the cylinder rearing task we did not observe robust
differences among the groups at 3, 5 or 7 weeks after injury, however there was a trend for improvement
in both the 1 and 3 hour glibenclamide treated groups.
As in previous replication studies, establishing robustness in preclinical models is challenging and
possible reasons will be discussed.

Supported by Rick Hansen Foundation, Blusson Integrated Cures Partnership

81



82

Delegate list

First Name Last Name Company Email Address
Warren Alilain University of Kentucky warren.alilain@uky.edu

Yazi Al’joboori UCL y.al’joboori@ucl.ac.uk
David Allan David Allan Healthcare davidballan@btinternet.com

Melissa Andrews University of St Andrews mra5@st-andrews.ac.uk
Daniel Anthony University of Oxford daniel.anthony@pharm.ox.ac.uk

Mark Bacon ISRT mark@spinal-research.org
Florence Bareyre Ludwig Maximilians University Florence.Bareyre@med.uni-muenchen.de

Sue Barnett University of Glasgow Susan.Barnett@glasgow.ac.uk
Quentin Barraud EPFL quentin.barraud@epfl.ch

Kay Bartholdi EPFL kay.bartholdi@epfl.ch
Richard Bartlett UCL richard.bartlett.11@ucl.ac.uk
Katalin Bartus King’s College London katalin.bartus@kcl.ac.uk

Catherina Becker University of Edinburgh catherina.becker@ed.ac.uk
Thomas Becker University of Edinburgh thomas.becker@ed.ac.uk

Osuagwu Bethel National Spinal Injuries Centre bethel.osuagwu@smsr.org.uk
John Bixby University of Miami jbixby@med.miami.edu

Armin Blesch Indiana University School of Medicine ablesch@iupui.edu
Ona Bloom Feinstein Institute/Hofstra Northwell obloom@northwell.edu

Xuenong Bo Queen Mary University of London x.bo@qmul.ac.uk
Liz Bradbury King’s College London elizabeth.bradbury@kcl.ac.uk

Nicole Brazda Düsseldorf University nicole.brazda@uni-duesseldorf.de
Rob Brownstone UCL r.brownstone@ucl.ac.uk

Srinivasa Budithi Midlands Centre for Spinal Injuries Srinivasa.budithi@rjah.nhs.uk
Emily Burnside King’s College London emily.burnside@kcl.ac.uk

William Cafferty Yale University william.cafferty@yale.edu
Bernie Conway University of Strathclyde b.a.conway@strath.ac.uk
Sylvie Coupaud University of Strathclyde sylvie.coupaud@strath.ac.uk

Ian Curtis ISRT research@spinal-research.org
Sam David McGill University sam.david@mcgill.ca

Francesco De Virgiliis Imperial College London francesco.de-virgiliis14@imperial.ac.uk
Carmen Denecke Ludwig Maximilians University Carmen.Denecke@med.uni-muenchen.de
Simone Di Giovanni Imperial College London s.di-giovanni@imperial.ac.uk
Thanos Didangelos King’s College London athanasios.didangelos@kcl.ac.uk

Sean Doherty UCL sean.doherty.15@ucl.ac.uk
Sissi Dolci University of Verona sissi.dolci@univr.it
Nick Donaldson UCL n.donaldson@ucl.ac.uk

Lynsey Duffell UCL l.duffell@ucl.ac.uk
Veronica Estrada Düsseldorf University veronica.estrada@uni-duesseldorf.de
Richard Eva University of Cambridge re263@cam.ac.uk
James Fawcett University of Cambridge jf108@cam.ac.uk
Karim Fouad University of Alberta karim.fouad@ualberta.ca
Isaac Francos Quijorna King’s College London isaac.francos_quijorna@kcl.ac.uk

82



83

Kristian Franze University of Cambridge kf284@cam.ac.uk
Matthew Fraser National Spinal Injuries Unit for Scotland matthewfraser@nhs.net
Mathew Gallagher St George’s University of London magallag@sgul.ac.uk
Marieta Georgieva University of Aberdeen marieta.georgieva.10@aberdeen.ac.uk

Ali Gharooni University of Sheffield aagharooni1@sheffield.ac.uk
Nicolas Granger University of London NGranger@cave-vet-specialists.co.uk

Charlene Granier Ludwig Maximilians University Charlene.Granier@med.uni-muenchen.de
Rylie Green Imperial College London rylie.green@imperial.ac.uk
Andy Greenhalgh McGill University andrew.greenhalgh@mail.mcgill.ca

James Guest University of Miami JGuest@med.miami.edu
Alba Guijarro Belmar University of Aberdeen albaguibel@hotmail.com

Barbara Haenzi University of Cambridge bh432@cam.ac.uk
Lydia Hager University of Kentucky hager1252@uky.edu
Jodie Hall The Ohio State University jodie.hall@osumc.edu
Ram Hariharan Princess Royal Spinal Injuries Centre Ram.Hariharan@sth.nhs.uk

Zhigang He Children’s Hospital Boston zhigang.he@childrens.harvard.edu
Arnau Hervera Abad Institute for Bioengineering of Catalonia hervera@gmail.com
John Hick ISRT research@spinal-research.org

Ed Hodkin Newcastle University E.Hodkin1@newcastle.ac.uk
Hilary Hu Texas A&M University hilaryhu2018@gmail.com

Wenlong Huang University of Aberdeen w.huang@abdn.ac.uk
Charlotte Hulme ISTM Keele University c.hulme1@keele.ac.uk
Thomas Hutson Imperial College London t.hutson@imperial.ac.uk
Ronaldo Ichiyama University of Leeds R.M.Ichiyama@leeds.ac.uk

Andy Jackson Newcastle University andrew.jackson@ncl.ac.uk
Nicholas James EPFL nicholas.james@epfl.ch

Nick Jeffery Texas A&M University njeffery@cvm.tamu.edu
Yishi Jin University of California San Diego yijin@ucsd.edu

Linda Jones Craig H. Neilsen Foundation linda@chnfoundation.org
Sotiris Kakanos King’s College London sotiris.kakanos@kcl.ac.uk
Peter Kirkwood UCL Institute of Neurology peter.kirkwood@ucl.ac.uk

Naomi Kleitman Craig H. Neilsen Foundation naomi@chnfoundation.org
Bernd Knöll Universität Ulm bernd.knoell@uni-ulm.de
Timea Konya ISRT timea@spinal-research.org

Jessica Kwok University of Leeds J.Kwok@leeds.ac.uk
Rosi Lederer Wings for Life rosi.lederer@wingsforlife.com

Jae K Lee University of Miami JLee22@med.miami.edu
Ying Li UCL Institute of Neurology ying.li@ucl.ac.uk

Daqing Li UCL Institute of Neurology daqing.li@ucl.ac.uk
Modinat Liadi UCL m.liadi@ucl.ac.uk

Susan Lindsay University of Glasgow susan.lindsay@glasgow.ac.uk
Ann Logan University of Birmingham a.logan@bham.ac.uk

Kristina Loy Ludwig Maximilians University kristina.loy@med.uni-muenchen.de
Rachel Maggard University of Kentucky rachel.maggard@uky.edu

83



84

Jack Martin City University of NY School of Medicine jmartin@ccny.cuny.edu
Verena May Wings for Life verena.may@wingsforlife.com

Eilidh McLachlan Imperial College London e.mclachlan14@imperial.ac.uk
Stephen McMahon King’s College London stephen.mcmahon@kcl.ac.uk

Dana McTigue The Ohio State University dana.mctigue@osumc.edu
Claire Meehan Copenhagen University claire@sund.ku.dk
Adina Michael-Titus Queen Mary University of London a.t.michael-titus@qmul.ac.uk

Lindsay Milich University of Miami lmm278@miami.edu
Guo-Li Ming University of Pennsylvania gming1@jhmi.edu

Lawrence Moon King’s College London lawrence.moon@kcl.ac.uk
Chet Moritz University of Washington ctmoritz@uw.edu

Hans Werner Müller Düsseldorf University hanswerner.mueller@uni-duesseldorf.de
Bart Nieuwenhuis University of Cambridge bn246@cam.ac.uk

Yukio Nishimura National Institute for Physiological Sciences nishimura-yk@igakuken.or.jp
Fatiha Nothias CNRS fatiha.nothias@upmc.fr

Ilaria Palmisano Imperial College London ipalmisa@ic.ac.uk
Marios Papadopoulos St George’s University of London mpapadop@sgul.ac.uk

Phil Popovich The Ohio State University Phillip.Popovich@osumc.edu
Mariel Purcell National Spinal Injuries Unit for Scotland margaret.purcell@ggc.scot.nhs.uk

Radhika Puttagunta University Hospital Heidelberg Radhika.Puttagunta@med.uni-heidelberg.de
Alexander Rabchevsky University of Kentucky agrab@uky.edu

Ann Rajnicek University of Aberdeen a.m.rajnicek@abdn.ac.uk
Paul Reier University of Florida reier@ufl.edu
John Riddell University of Glasgow j.s.riddell@bio.gla.ac.uk

Naomi Roopnarine King’s College London naomi.roopnarine@kcl.ac.uk
Joy Roy Chowdhury RJAH Orthopaedic Hospital joy.chowdhury@rjah.nhs.uk

Julia Schaeffer University of Cambridge julia.schaeffer13@gmail.com
Martin Schwab University of Zurich schwab@hifo.uzh.ch

Elisabeth Serger Imperial College London e.serger16@imperial.ac.uk
Derryck Shewan University of Aberdeen d.shewan@abdn.ac.uk

Jerry Silver Case Western Reserve University jxs10@po.cwru.edu
Eleni Sinopoulou King’s College London esinopoulou1@gmail.com

Sylvia Soares University P & M Curie sylvia.soares@upmc.fr
Merrick Strotton King’s College London merrickstrotton@gmail.com

Jared Sydney-Smith King’s College London jdsydney-smith@hotmail.co.uk
Julian Taylor Stoke Mandeville Hospital juliantaylorgreen@yahoo.es
Marco Terenzio Weizmann Institute of Science marco.terenzio@weizmann.ac.il

Wolf Tetzlaff University of British Columbia ICORD tetzlaff@icord.org
Mark Tuszynski University of California San Diego mtuszynski@ucsd.edu

Jeff Twiss University of South Carolina twiss@mailbox.sc.edu
Anna Varone University of Aberdeen a.varone@abdn.ac.uk
Joost Verhaagen Netherlands Institute for Neuroscience J.Verhaagen@nin.knaw.nl

Philippa Warren University of Leeds P.M.Warren@leeds.ac.uk
Yuting Wei University of Aberdeen r01yw16@abdn.ac.uk

84



85

Rebecca Wright Nature Neuroscience Rebecca.Wright@nature.com
Stephanie Yahn University of Miami slyahn@med.miami.edu

Abi Yates University of Oxford abi.yates@some.ox.ac.uk
Ping Yip Queen Mary University of London p.yip@qmul.ac.uk

Bei Zhang University of Kentucky bei.zhang@uky.edu
Binhai Zheng University of California San Diego binhai@ucsd.edu

85



42
0m

m
380mm

42
0m

m

380mm

SID
E : O

NE

SID
E : T

W
O

Please note orders are subject to a +/- 3% manufacturing tolerance on the final quantity. The finished product may vary from bag to bag as each is

manually placed on the machine and the article itself is man made so can differ. Sizing of artwork & placement is subject to a +/- 5% basis. Pantones

are matched to the pantone matching system not screen or desktop printer representations. Coated pantones are used as standard unless specified.

It is important to check this proof carefully.Final approval will lead directly to  print.

PMS 000 C PMS 000 C PMS 000 C

PMS 000 C PMS 000 C PMS 000 C

PMS 000 C PMS 000 C PMS 000 C

TBC
TBC
38 x 42
White
5 oz Cotton
Long
12/10/16
000 x 000

PMS 000 C PMS 000 C PMS 000 C

PMS 000 C PMS 000 C PMS 000 C

PMS 000 C PMS 000 C PMS 000 C

TBC
TBC
38 x 42
White
5 oz Cotton
Long
12/10/16
000 x 000

1

Network Meeting2017

International Spinal Research Trust
80 Coleman Street, London EC2R 5BJ
T +44 (0)20 7653 8935 
info@spinal-research.org  
www.spinal-research.org
International Spinal Research Trust is a registered charity 1151015.
A registered company limited by guarantee in England and Wales 8409361.


