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Summary 

Spinal cord contusion injury leads to severe loss of grey and white matter and subsequent deficit 

of motor, sensory and vegetative functions below the lesion. In this study we investigated whether 

application of murine clonal embryonic neuroectodermal or undifferentiated human induced 

pluripotent stem cells (hiPSCs) can prevent the secondary damage in the spinal cord and induce 

functional recovery. 

Stem cells (NE-GFP-4C and SB5 cell lines) were grafted intraspinally or intravenously after 

thoracic spinal cord contusion injury. Control animals received cell culture medium intraspinally 

or intravenously. Functional tests (BBB, CatWalk, video-based kinematic analysis system) and 

detailed morphological analysis were performed to evaluate the effects of grafted cells. 

Stem cells applied either intraspinally or intravenously induced improved functional recovery 

compared with their controls. Morphologically, stem cell grafting prevented the formation of 

secondary injury and promoted sparing of the host tissue. Retrograde tracing studies showed a 

statistically significant increase in the number of FB-labeled neurons in different segments of the 

spinal cord, the brainstem and the sensorimotor cortex. The extent of functional improvement was 

inversely related to the amount of chondroitin-sulphate around the cavity and the astrocytic and 

macrophage/microglial reactions in the injured segment. The transplanted NE-GFP-4C cells 

integrated into the host tissue and differentiated into neurons, astrocytes and oligodendrocytes. 

However, the grafted hiPSCs differentiate preferentially along a neuronal lineage. The grafted cells 

produced biologically active molecules in a paracrine fashion for at least one week (NE-GFP-4C 

graft: GDNF, IL-6, IL-10, MIP-1 alpha; SB5 cells: GDNF, IL-10 and MIP-1 alpha). 

These data suggest that grafted neuroectodermal or human induced pluripotent stem cells are able 

to prevent the secondary spinal cord damage and induce significant regeneration via multiple 

mechanisms.  
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Introduction 

Incidence, types and consequences of spinal cord injury 

Spinal cord injury (SCI) results in irreversible tissue damage with usually very limited functional 

recovery. This injury is accompanied by motor, sensory and vegetative function losses, which 

diminishes the quality of life of both the patient and his/her family1-3. SCI also affects the society 

due to the expensive medical care, estimated to 1.5-3.0 million dollars per injured individual4. The 

annual incidence of SCI ranges from 30 to 70 cases per million people, resulting in over half 

million new patients in every year globally5. At present more than 27 million people are living 

worldwide with chronic motor dysfunction following SCI (National Spinal Cord Injury Statistical 

Center, USA). 

SCI etiologies can be subdivided into traumatic and non-traumatic injury. Approximately 90% of 

the SCI cases are traumatic injury and only 10% are caused by various diseases acquired at birth 

or later in life including tumors, spinal disc degeneration, arthritis or loss of oxygen related to 

surgical maneuvers6. Traumatic SCIs are mostly related to traffic or sports accidents and criminal 

cases, for example falling from heights or violence (gunshot, stab wound). In the past, accidents 

were the most common causes, but recently falling is the top factor which leads to SCI7. The 

number of fall-related and non-traumatic SCIs is expected to increase in the future due to the 

increasing average lifetime, especially in the highly developed countries8-10. 

Defining the level of the injury is based upon topographical parts of the spinal cord. Cervical SCIs 

are localized really close to the respiratory and heart centers of the medulla oblongata, so they have 

the most serious functional effects7. These circumstances also contribute to increased mortality 

following SCI. Epidemiology data shows that more than 50% of SCIs affect the cervical spinal 

cord and this tendency has increased in the recent years11. 

SCIs can also be distinguished as complete or incomplete. A complete spinal cord injury is defined 

with the absence of all motor and sensory functions distal to the level of injury. Incomplete injuries 

are characterized with some degree of remaining/recovered motor or sensory function below the 

lesion12,13. 

Experimental spinal cord injury models 



3 
 

While the vast majority of SCI patients get in the chronic phase without appropriate treatment, 

most of the therapies focus on the acute or subacute phase of the injury. A wide range of 

experimental models have been used to test the various regenerative/repair strategies, including 

grafts and scaffolds, cell-based approaches or neuroprotective (riluzole) and neuroregenerative 

(BDNF, GDNF, IL-6) agents14-24. 

Spinal cord transections models do not accurately reflect the pathophysiology of SCI25, thus these 

models are not really suitable for testing the posttraumatic neuroprotective treatments. Moreover, 

even the human injury types are variable, involving laceration, shear, contusion, compression 

and/or other mechanisms leading to severe tissue damage26,27. The various models of spinal cord 

contusion injury have been developed in order to investigate clinically more relevant processes 

such as inflammation, demyelination or excitotoxicity28-30. Most research teams are using thoracic 

models, because they are easily performed and involve little experimental mortality30. 

Pathophysiology of spinal cord contusion injury 

SCI has a complex pathophysiology characterized by a direct mechanical trauma (primary injury) 

followed by a rapid and progressive secondary cascade which causes further morphological and 

functional deficits31-33. The whole process can be subdivided into acute, subacute and chronic 

phases. 

The acute phase takes place seconds to minutes after the injury. The primary physical impact leads 

to direct damage of the nervous tissue. In this process hemorrhage, local oedema and necrosis26,34 

dominate the pathology of the cord. Physical forces are leading to the disruption of descending 

neuronal pathways17, which causes motor, sensory and vegetative deficits. 

The acute phase is followed by the subacute phase, which a cascade of secondary events, including 

ischemia, vascular disruption (which results in the increased permeability of the blood-spinal cord 

barrier), lipid peroxidation (caused by reactive oxygen species), inflammation, demyelination and 

accumulation of excitatory neurotransmitters such as glutamate34,35. A number of various immune 

cells (T lymphocytes, neutrophils and monocytes) invade the injury site and produce a set of 

proinflammatory cytokines36, which are leading to further progression of necrosis and apoptosis37. 

At the same time, activated microglia/macrophage cells get involved in the rapid removal of 

cellular debris which process has a beneficial effect for regeneration38,39. 
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In the subacute and chronic phases hypertrophied astrocytes along with other cells secrete 

inhibitory molecules, such as chondroitin sulfate proteoglycans, get locally upregulated. These 

extracellular deposits form a physical/chemical barrier which inhibits the process of axonal growth 

and regeneration40. The death of oligodendrocytes results in demyelinated/dysfunctional tracts 

related to retrograde degeneration of the damaged neurons. Finally, the loss of tissue volume leads 

to the formation of a large contusion cavity in the central part of the spinal cord34,41. 

These conditions described above are showing the complex and time-sensitive nature of SCI, 

which is a challenge for regenerative therapies and where optimization is crucial to success. 

Symptoms and current therapeutic strategies for spinal cord injury 

In order to determine the seriousness of SCI, the American Spinal Injury Association (ASIA) 

defined standards for neurological evaluation (AIS scale) of human individuals with SCI42 

(http://asia-spinalinjury.org). The purpose of the AIS scale is the detailed documentation of the 

injury and the sensory and motor level for each side of the body. The five-grade (A-E) scale can 

also define whether injuries are complete or incomplete. This can help predict the location of injury 

to the spinal cord, its severity, and prognosis through time, as well as further treatment 

opportunities43. 

The first event after SCI is the development of the spinal shock. This is a physiologic response to 

injury which is marked by initial depolarization of fibers immediately after the traumatic event. 

During spinal shock, the patient exhibits the condition of flaccid paralysis when muscles do not 

respond to stimuli (areflexia). This period may take from a few days to several weeks. After return 

of this reflex, the patient can be accurately evaluated for complete or incomplete form of the injury. 

Due to the various extent of loss of sensory and motor capabilities, patients are usually rendered 

paraplegic (paralysis of the lower limbs) or tetraplegic (paralysis of the four limbs). In addition, 

other symptoms, such as bladder dysfunction, respiratory and cardiac problems, deep venous 

thrombosis, chronic neuropathic pain and infections represent the most common and often lethal 

threats44. 

Nowadays surgical spine fixation in the acute phase36 and rehabilitation in the chronic phase45 are 

the standard of care for SCI. Although early decompression reduces the risk of respiratory 

deficiency and sepsis46, surgery is still associated with complications such as accidental durotomy 

or meningitis47. Earlier it was thought that high-dose methylprednisolone may have good effects 

http://asia-spinalinjury.org/
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on SCI, but at present there is no consensus on the efficacy of this approach48. Moreover, the 

administration of corticosteroids gradually became controversial because they had serious side 

effects such as sepsis, pulmonary embolism and gastrointestinal hemorrhage without measurable 

benefits for SCI outcome49-52. 

The only decent neuroprotective therapy which is likely to be effective for SCI is the 

administration of riluzole53-55, therefore SCI still remains one of the most challenging clinical 

conditions56. 

Stem cell transplantation as a potential therapy for spinal cord injury 

Cell transplantation is one of the most widespread and promising possibilities to induce 

morphological and functional improvement after SCI. Numerous multipotent or pluripotent cell 

types and their derivatives have been investigated in experimental models of SCI. The therapeutic 

potential of each varies depending on the cellular behavior, survival and proliferation, as well as 

the unique differentiation capacity after transplantation. Grafted cells and their derivatives are able 

to integrate into the host tissue or alter the lesion microenvironment rendering it permissive for 

regenerating axons. They are also involved in remyelination processes, trophic support or a 

combination thereof29,57-59. 

Neural stem cells (NSCs) and neural progenitor cells (NPCs) offer a great promise as a cell source 

for regenerative medicine in human SCI patients. A number of studies have shown the ability of 

transplanted NPCs to survive in the lesioned spinal cord and differentiate into neurons and glial 

cells, making them a major candidate for cell replacement therapy in SCI60-63. 

Embryonic stem cell-derived NSCs or NPCs were reported to have positive effects on SCI64,65. 

Embryonic stem cells (ESCs) are pluripotent cells that are able to differentiate into all cell types 

of the three germ layers including ectoderm. With this capacity they could be the optimal cell 

source after central nervous system injuries. They can produce growth and neurotrophic factors or 

anti-inflammatory cytokines to support the survival of injured neurons and initiate axonal 

regeneration66. Some of the stem cell-based therapeutic applications were able to induce both 

morphological and functional neuroprotection and/or regeneration64,67,68. These promising 

preclinical studies initiated a phase I clinical trial in 2009 by the Geron Corporation. The study 

used human ESC-derived oligodendroglia precursor cells. However, in 2011, these trials were 

discontinued as a result of financial considerations69. Unfortunately, the use of human embryonic 
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stem cell-based therapies often raises ethical issues. Moreover, they are allogeneic, which leads to 

immune rejection or require lifetime immunosuppression along other disadvantages. 

The establishment of hiPSCs opened new ways on the horizon of regenerative therapies. The iPSCs 

can be produced from somatic cells such as dermal fibroblasts, keratinocytes or blood cells by 

transient overexpression of well-defined transcription factors, such as Oct3/4, Sox2, Klf4, and c-

Myc70,71 (known as OSKM factors). Human iPSCs display similar morphology, proliferation 

capacity, surface antigens expression, gene expression characteristics as ESCs70-73. Moreover, 

transplantation of autologous iPSC derivatives reportedly does not generate significant host 

immune response74,75. Compared to ESCs, autologous iPSCs also eliminate the ethical problems 

associated with embryonic tissue harvesting and the necessity of immunosuppression, because 

patients with SCI have a high risk of infection76. Various iPSCs-derived progenitors have been 

grafted into the injured spinal cord and considerable information has been gained about their 

survival, proliferation, and unique differentiation profile following transplantation75,77-81. The first 

clinical trial with iPSCs started in 2014 for age-related macular degeneration. However, 

experimental studies have shown that iPSCs may retain the epigenetic memory of the cell type of 

origin, resulting in the accumulation of DNA methylation errors82. Therefore, as safety is crucial 

to clinical use, more preclinical studies have yet to be performed to investigate the regenerative 

potential and safety of iPSCs. 

NE-GFP-4C neuroectodermal and SB5 human induced pluripotent stem cells 

Our laboratory has provided evidence that the immortalized neuroectodermal stem cell line NE-

GFP-4C (ATCC No.: CRL-2936), derived from the forebrain vesicle wall of p53-deficient 9-day-

old mouse embryos83 effectively prevents the death of motoneurons destined to die after a spinal 

ventral root avulsion injury84. NE-GFP-4C cells have been shown to differentiate into neurons, 

astrocytes and oligodendrocytes following transplantation into the spinal cord with a damaged 

motoneuron pool and induced the rescue of the vast majority of the injured motoneurons84,85. It 

has been proven that the grafted cells produce a secretome induced by the motoneuron damage 

which supported motoneuron survival84. In this study we hypothesized that transplantation of these 

cells into a contused spinal cord may lead to robust morphological regeneration and restoration of 

function after injury. 
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In our other study we used the SB5 hiPSC line that exhibited the characteristics of pluripotent stem 

cells, including the expression of embryonic stem cell markers and had the ability to differentiate 

in vitro into the three germ layers86. The SB5 line was generated by the Sleeping Beauty (SB) 

transposon gene delivery system which does not exhibit an integration bias towards particular 

genetic elements, thereby reducing the risk of insertional mutagenesis. Furthermore, the SB system 

minimizes the possibility of mobilizing endogenous transposon elements and offers an efficient 

and low-cost method for producing hiPSCs86. Based on the favorable properties of the SB5 cell 

line we wanted to test whether grafted hiPSCs are able to lead considerable morphological 

regeneration and/or tissue sparing and functional recovery after injury. 
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Aims of the study 

We intended 

1. to investigate the effect of transplanted NE-GFP-4C murine neuroectodermal and 

undifferentiated SB5 human induced pluripotent stem cells on functional recovery. 

2. to reveal the fate and differentiation capacity of transplanted cells and the changes in the 

microenvironment of the injured host tissue. 

3. to determine the set of bioactive molecules (secretome) which are responsible for the 

morphological and functional improvement.  
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Material and methods 

Statement of ethical approval 

The experiments were carried out with the approval of the Animal Protocol Review Board of City 

Government of Vienna and the Committee for Animal Experiments at the University of Szeged 

regarding the care and use of animals for experimental procedures (I./2120/2019., National Food 

Chain Safety Office). All the procedures were carried out in full accordance with the Helsinki 

Declaration on Animal Rights. Adequate care was taken to minimize pain and discomfort. Animals 

were given food and water ad libitum. 

Maintenance of NE-GFP-4C neuroectodermal and SB5 human induced pluripotent stem cell 

lines 

NE-GFP-4C cells83 were maintained on nuncloned petri dishes (Invitrogen, Waltham, 

Massachusetts, USA) in High glucose Dulbecco Modified Essential Medium (H-DMEM, Sigma-

Aldrich, St. Louis, Missouri, United States) supplemented with 10% fetal calf serum (FCS, Gibco, 

Thermo Fischer Scientific, Waltham, Massachusetts, USA) at 37 °C and 5% CO2. Cultures were 

passaged every second day using using trypsin/EDTA (Sigma-Aldrich, St. Louis, Missouri, United 

States). 

SB5 hiPSC cells86 were grown on Matrigel-coated (BD Biosciences, San Jose, Califormia, USA) 

6-well plates (Nunc) in mTESR-1 medium (Stem Cell Technologies, Vancouver, Canada), 

following the manufacturer’s instructions. Cells were cultured at 37°C in humidified atmosphere 

containing 5% CO2 and passaged once every week using Dispase (Stem Cell Technologies, 

Vancouver, Canada) treatment. 

Spinal cord injury model 

All together 90 female Sprague-Dawley rats (Animal Research Laboratories, Vienna, Austria, 

weighing 180-220 g body weight) and 80 female Fischer 344 rats (Biological Services, University 

of Szeged, Szeged, Hungary, 180–220 g body weight) were used throughout the experiments. 

All of the operations were carried out under deep ketamine-xylazine anaesthesia (ketamine 

hydrochloride [Ketavet, 110 mg/kg body weight]; xylazine [Rompun, 12 mg/kg body weight]) and 

sterile precautions. The surgical area was shaved and disinfected with 70% ethanol and povidone-

iodine (Betadine). A midline incision was made in the caudal thoracic area (T6 – T12), and the 

skin and superficial back muscles were retracted. Laminectomy was performed at the T11 vertebral 
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level, the dura mater was exposed and the spinal cord was contused using an Infinity Horizon 

impactor (IH-0400, PSI Services LLC, California, USA), applying 150 kdyn force. The wounds 

were then sutured in layers and the animals were given postoperative analgesia and saline (0.9%; 

5 ml) to prevent dehydration and received meloxicam (Metacam; 0,5 mg/kg body weight, 

Boehringer Ingelheim Vetmedica, Saint Joseph, Missouri, USA). Animals were allowed to recover 

and housed in standard rat cages at a controlled room temperature. Their bladders were manually 

expressed three times daily until return of reflexive bladder control. All animals were allowed to 

survive 2, 3 or 8 weeks (Sprague-Dawley rats) or 2, 3, 5 or 9 weeks (Fischer 344 rats) after injury. 

Transplantation of NE-GFP-4C neuroectodermal or SB5 human induced pluripotent stem 

cells after contusion injury 

Immediately or one week after injury, NE-GFP-4C cells were transplanted intravenously or 

intraspinally (depending on the experimental setup) using Hamilton pipettes (Sprague-Dawley 

rats). Intravenously 1x106 (delivered in 250 μL medium), intraspinally 5x105 stem cells (delivered 

in 2 μL medium) were injected into the tail vein or into the lesion cavity, respectively. In the case 

of intraspinal application a one week delay was applied based on the study by Peron et al. This 

study has shown that such delay of the transplantation significantly enhances the survival and 

proliferation of the grafted cells87. In a separate experimental group stem cells were grafted 

intraspinally mixed with human fibrin clot matrix (Baxter Healthcare Corporation, Westlake 

Village, California, USA, 500 I.U./mL). Control animals received medium or fibrin intraspinally 

(2 μL) or medium intravenously (250 μL) one week or medium intravenously (250 μL) 

immediately after injury. The following experimental groups (n=10) were established in this study: 

1) fibrin-1w-isp: fibrin was injected intraspinally 1 week after injury (control) 

2) medium-1w-isp: medium was injected intraspinally 1 week after injury (control) 

3) medium-immed-iv: medium was injected intravenously immediately after injury 

(control) 

4) medium-1w-iv: medium was injected intravenously 1 week after injury (control) 

5) NE4C-fibrin: stem cells in fibrin were transplanted intraspinally 1 week after injury 

6) NE4C-immed-iv: stem cells were transplanted intravenously immediately after injury 

7) NE4C-1w-iv: stem cells were transplanted intravenously 1 week after injury 

8) NE4C-1w-isp: stem cells were transplanted intraspinally 1 week after injury 
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One week after injury, SB5 hiPSCs were transplanted intravenously or intraspinally (depending 

on the experimental setup) into the spinal cord of Fischer 344 rats. This rat strain has poor 

susceptibility for developing inflammatory reactions88, so it is ideal for xenotransplantation 

experiments. In the case of intravenous administration 1x106 cells (delivered in 250 μL medium) 

were injected in the tail vein, while intraspinally 5x105 cells (in 2 μL medium) were slowly deliver 

into the lesion cavity, through the use of Hamilton pipette. Control animals received medium only 

intravenously (250 μL) or intraspinally (2 μL) one week after injury. The following experimental 

groups were set up in this study: 

1) medium-iv: medium injected intravenously 1 week after injury (control) n: 12 

2) medium-isp: medium injected intraspinally 1 week after injury (control) n: 16 

3) SB5-iv: hiPSCs transplanted intravenously 1 week after injury n: 24 

4) SB5-isp: hiPSCs transplanted intraspinally 1 week after injury n: 28 

Retrograde labeling 

Eight weeks after injury animals with long-term survival were deeply anaesthetized as described 

above. Laminectomies were made at the T13–L1 vertebral level (corresponding to the L2–L4 

spinal level) to expose the upper lumbosacral enlargement. The L3 spinal segment was identified 

and a right hemisection was performed. Fast Blue (FB) crystals (Dr. Illing Plastics GmbH, Groß-

Umstadt, Germany) were placed into the gap, the dura flap was placed to the hemisection area and 

the wound was closed in. Rats were kept alive for seven days after the labeling, then they were re-

anaesthetized and perfused transcardially. 

Sacrifice of animals and maintenance of samples 

At the end of each experimental paradigm, rats were euthanized by overdose of ketamine-xylazine 

and perfused transcardially with saline containing heparin followed by 4% paraformaldehyde 

(PFA) in 0.1 mol/l phosphate buffer (pH 7.4) (all from VWR International, Radnor, Pennsylvania, 

USA). The spinal cord, brainstem and the brain of the animals were carefully dissected and placed 

into 4% buffered PFA for one day. The fixed tissues were cryoprotected in 30% sucrose in PBS 

containing 0.01% sodium-azide at 4°C until being embedded in Shandon Cryomatrix gel (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA). Parallel or serial transverse (25 μm or 30 μm 

thick) and longitudinal (16 μm thick) sections were cut on a cryostat (CM 1850, Leica, Wetzlar, 

Germany) and mounted onto gelatine-coated glass slides. 
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Quantitative assessment of the retrogradely labeled neurons 

The number of retrogradely labeled neurons was determined according to the method published 

by Bunge et al.89. Serial transverse sections (30 µm thick) were taken from the Th5, Th1, C6 and 

C2 spinal segments and every 5th or every 10th coronal section (30 µm thick) was used from the 

brainstem or from the cerebral cortex, respectively. In the case of the spinal cord serial sections, 

the FB-labeled neurons were mapped and their location was compared to that of the labeled 

neurons in the neighboring sections. Thus, double counting of the same neuron was avoided. 

Quantification of cavity length, cystic area and tissue sparing 

Every second transverse section from the T7-L1 segments containing the lesion cavity was stained 

with cresyl-violet 9 weeks after injury. The border between the intact tissue and the lesion cavity 

composed of small cysts was defined. Cavity length was determined by using the following 

equation: cavity length (mm) = section thickness (µm) x number of sections. The whole cystic 

cross sectional area (lesion cavity area) at the level of the epicenter was determined as follows: the 

number of pixels of the reference area (1 mm2) and that of the cystic area was computed through 

the use of the NIH ImageJ analysis software (imagej.nih.gov/ij). The pixel number of the cystic 

area was divided by that of the reference area and the result was expressed in mm2. The percentage 

of spared white and gray matter was determined in a similar manner. Briefly, the number of pixels 

of the spared white and gray matter was measured at the epicenter (0) and 0.3, 0.6, 0.9, and 1.2 

mm rostrally and caudally from it. Identical spinal cord segments of intact animals were used as 

reference values. The amount of spared white and gray matter in the lesioned animals was given 

as percentage of intact spinal cord values. 

Immuno- and lectin histochemistry 

Nonspecific binding sites were subsequently blocked with 3% normal donkey, goat or horse serum. 

Primary antibodies and lectin were used as follows: rat anti-M2 (mouse-specific astrocyte marker, 

DSHB, Iowa City, Iowa, USA, 1:400), rat anti-M6 (mouse-specific neuron marker, DSHB, Iowa 

City, Iowa, USA, 1:400), rat anti-MOG (mouse-specific oligodendrocyte marker, R&D Systems, 

Minneapolis, Minnesota, USA, 1:50, MAB2439), chicken anti-GFP (Merck-Millipore, 

Burlington, Massachusetts, USA, 1:1000, ab16901), mouse anti-SC-101 (human nuclear marker, 

Clontech Laboratories, Mountain View, California, USA, 1:500, Y40400,), mouse anti-SC-121 

(human cytoplasmatic marker, Clontech Laboratories, Mountain View, California, USA, 1:500, 

Y40410), mouse anti-SSEA4 (stage-specific embryonic antigen-4, R&D Systems, Minneapolis, 
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Minnesota, USA, 1:200, MAB1435), rabbit anti-Ki-67 (Abcam, Cambridge, United Kingdom, 

1:500, ab1667), rabbit anti-GFAP (Life Technologies, Carlsbad, California, USA, 1:400, 18-

0063), chicken anti-beta(III)-tubulin (TUBB3, Merck-Millipore, Burlington, Massachusetts, USA, 

1:1000, ab9354), rabbit anti-beta(III)-tubulin (TUBB3, Abcam, Cambridge, United Kingdom, 

1:1000, ab18207), mouse anti-beta(III)-tubulin (TUBB3, Abcam, Cambridge, United Kingdom, 

1:500, ab7751), rabbit anti-neurofilament 200kD (Abcam, Cambridge, United Kingdom, 1:500, 

ab8135), rabbit anti-5-HT (Abcam, Cambridge, United Kingdom, 1:100, ab10385), mouse anti-

CS-56 (Sigma-Aldrich, St. Louis, Missouri, USA, 1:200, C8035), biotinylated Griffonia 

Simplicifolia isolectin B4 (Vector Laboratories, Burlingame, California, USA, 1:200, B1205), 

rabbit anti-Eph-A4 (Santa Cruz Biotechnology, Dallas, Texas, USA, 1:500, sc-20721), goat anti-

ephrin-B2 (Santa Cruz Biotechnology, Dallas, Texas, USA, 1:500, sc-19227), rabbit anti-IL-1 

alpha (Abbiotec, San Diego, California, USA, 1:200, 250715), goat anti-IL-6 (R&D Systems, 

Minneapolis, Minnesota, USA, 1:200, AF-406-NA), rat anti-IL-10 (BioLegend, San Diego, 

California, USA, 1:200, 505011), rabbit anti-TNF-alpha (BioLegend, San Diego, California, USA, 

1:200, 250844), goat anti-MIP-1 alpha (R&D Systems, Minneapolis, Minnesota, USA, 1:200, AF-

450-NA), rabbit anti-NT-4/5 (Abbiotech, San Diego, California, USA, 1:200, 250792), rabbit anti-

BDNF (Abcam, Cambridge, United Kingdom, 1:200, ab72439), rabbit anti-GDNF (Abcam, 

Cambridge, United Kingdom, 1:200, ab18956), rabbit anti-VEGF (Santa Cruz Biotechnology, 

Dallas, Texas, USA, 1:200, sc-507) and rabbit anti-PDGF-A (Santa Cruz Biotechnology, Dallas, 

Texas, USA, 1:200, sc-7958). 

The following secondary antibodies were used: biotinylated horse anti-goat IgG (H+L, BA9500), 

biotinylated goat anti-rabbit IgG (H+L, BA1000), biotinylated horse anti-mouse IgG (H+L, 

BA2001), biotinylated goat anti-chicken IgG (H+L, BA9010) (all from Vector Laboratories, 

Burlingame, California, USA, 1:200). The immune reaction was completed by using Alexa Fluor 

488 goat anti-rabbit (1:400, A11008), Alexa Fluor 488 donkey anti-goat (1:400, A11055,), Alexa 

Fluor 546 donkey anti-goat (1:400, A11056), Alexa Fluor 546 goat anti-rabbit IgG (1:400, 

A11010), Alexa Fluor 594 donkey anti-rat IgG (1:400, A-21209), Alexa Fluor 594 donkey anti-

mouse (1:400, A21203), Streptavidin Alexa Fluor 546 Conjugate (1:400, S-11225), Streptavidin 

Alexa Fluor 405 Conjugate (1:400, S-32351), Streptavidin Alexa Fluor 488 Conjugate (1:400, S-

11223,) or the Alexa Fluor 546 TSA kit (Tyramide Signal Amplification; 1:800, T20933). Alexa 

Fluor antibodies were purchased from Thermo Fisher Scientific (Waltham, Massachusetts, USA). 
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The sections were covered using Vectashield mounting medium containing DAPI (Vector 

Laboratories, Burlingame, California, USA, 1.5 µg/ml; H-1000-10), which labeled the nuclei of 

the cells. Negative controls for the secondary antibodies were performed by omitting the primary 

antibodies. Immunoreactive sections were viewed with a BX-41 epifluorescent microscope 

equipped with a DP-74 digital camera (both from Olympus, Tokyo, Japan). 

Quantification of Eph-A4, ephrin-B2, GFAP, GSA-B4 and CS-56 reactions 2 or 3 weeks after 

injury 

To assess the density of Eph-A4+, ephrin-B2+, GFAP+, GSA-B4+ and CS-56+ reactivities in 

spinal cords of injured and treated animals (n=4 in each group), two sagittal sections (150 µm apart 

from each other) containing the lesion cavity were analysed for each marker. Microphotographs 

were taken and the whole spinal cord section area including the cavity and a 2 mm long extension 

of the tissue rostrally and caudally from the cavity ends was analysed. After measuring the relative 

densities (ImageJ, NIH), the values of transplanted spinal cords were divided by the relevant 

densities of the injured cords (control animals) and multiplied by 100. The background intensity 

of unstained samples was individually subtracted from the intensity of treated sections. 

Quantification of GFAP, GSA-B4 and CS-56 expression 9 weeks after injury 

To assess the density of GFAP+, GSA-B4+ and CS-56+ reactivities in spinal cords of injured and 

treated animals (n=4 in each group), two sagittal sections (150 µm apart from each other) 

containing the lesion cavity were analysed for each marker, 9 weeks after injury. 

Microphotographs were taken and the whole spinal cord section area including the cavity and a 2 

mm long extension of the tissue rostrally and caudally from the cavity ends was analysed using 

ImageJ software. The background intensity of unstained samples was individually subtracted from 

the intensity of treated sections. To correct for interanimal variations in the immunolabeling 

efficiency, we normalized the intensity of the immunolabeled tissue to the same section (uninjured 

area) 4 mm rostral to tip of the lesion area/grafted area. Data were expressed as fold increase 

immunointensity normalized to uninjured value. 

Quantification of 5-HT density 

For quantifying serotonergic fibres, analysis was performed according to the methods described 

by Karimi-Abdolrezaee and colleagues90. To assess 5-HT immunoreactivity, photographs were 

taken from cross sections of L2 ventral horns. The relative density of 5-HT immunoreactivity was 
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measured in the animals of the medium-1w-isp, NE4C-immed-iv, NE4C-1w-iv and NE4C-1w-isp 

groups (n=4 in each). To determine the final density, the background of unstained samples as 

reference intensity was subtracted from the intensity of immunoreactive samples. The density was 

then normalized to the uninjured value. 

Analysis of the differentiation properties of SB5 hiPSCs 

These analyses were performed based on previously described methods91,92. To quantify the 

differentiation pattern of engrafted cells (n=4 in each transplanted group), we immunostained 

sagittal sections of the spinal cords containing hiPSCs and derivatives at 1 and 2 weeks after 

transplantation. For Ki-67 labeling, we randomly selected three tissue sections that were 90 µm 

apart from each other. Images taken by confocal microscopy at 60x magnification were used for 

quantitative analysis. The numbers of SC-101 or SC-121/DAPI-positive cells were counted in 5 

randomly selected fields per section. Next, those SC-101 or SC-121/DAPI-positive cells were 

counted that were colabeled with Ki-67 or beta(III)-tubulin/TUBB3 and their percentages were 

given. SSEA-4 quantifiaction, the number of DAPI-positive cells were counted. Next the 

DAPI/SSEA-4-colabeled cells were counted and their ratio was given. 

Quantification of bioactive molecules secreted by NE-GFP-4C cells or host tissue 

To quantify the density of immunoreactivity of the factors in spinal cords of medium-1w-isp and 

NE4C-1w-isp animals (n=4 animals in each group), two sagittal sections (150 µm apart from each 

other) excluding the lesion or grafted area were analysed for each marker. Using the ImageJ 

software, we measured the relative density of immunochemical fluorescence signal of factors 

along a 2 mm long extension of the tissue rostrally and caudally from the cavity ends or grafted 

area taking the total width of the cord. Then, the GDNF, IL-6, IL-10 and MIP-1 alpha intensities 

were divided by the outlined area to calculate the mean net intensity/unit area. We determined the 

level of background/autofluorescence by imaging unstained samples. This reference intensity was 

then subtracted from the average intensity to determine the net final. 

Quantification of factors produced by the grafted SB5 hiPSCs 

Quantification of the factor expression by grafted cells was performed using ImageJ software 

according to Tieng et al.93,94. Briefly, images were taken by confocal microscopy at 120x 

magnification. The numbers of GDNF-, IL-10- and MIP-1 alpha-immunoreactive pixels were 
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measured in 5 randomly selected area/animal. Data was normalized with DAPI positive nuclei 

number. Data were expressed as percentage of marker/DAPI ratio. 

BBB open field locomotor score 

The Basso, Beattie, Bresnahan (BBB) locomotor rating scale95 was performed on day 3 and then 

every week after injury for 8 weeks (n=8 in each group). Two observers, unaware of experimental 

procedures tested the animals. Rats were assessed in an open field (150 × 100 cm) for 4 minutes 

at a similar time of the day for each testing. We randomly allocated the injured animals into 

experimental groups in the manner that all groups consisted of animals with comparable range of 

BBB scores as well as group average. This randomization ensured the presence of equivalent 

locomotor deficits across the groups before the beginning of treatment. 

Analysis of locomotion pattern in the NE-GFP-4C study – CatWalk gait analysis 

To determine and analyze the parameters of the movement pattern, the 'CatWalk' automated 

quantitative gait analysis system96 (Noldus, Wageningen, The Netherlands) was used (n=8 each in 

groups). The following parameters were taken into account during the analysis: max area, print 

area, stride length, swing duration and swing speed. We measured these parameters eight weeks 

after the injury. Animals had a 2-week-long training period before the contusion injury. Data were 

evaluated by the CatWalk® software96,97. 

Analysis of locomotion pattern in the SB5 hiPSCs study 

Between the 4th and the 8th postoperative week video-based kinematic analysis was carried out 

(n=8 in each group). The hair of the rats was shaved off from the hind limbs and the skin was 

marked by a black pen above the major joints. We used a plexiglass runway equipped with a mirror 

system to be able to record the position of the hind limb from both lateral and rear-view aspects. 

Two high resolution and high-speed cameras (GoPro Hero 3+ Black Edition, GoPro; San Mateo, 

California, USA; DFK 22AUC03, The Imaging Source, Bremen, Germany) were used to during 3 

to 4 step cycles. The animals were trained prior to the measurements to walk from one end of the 

runway to the other reaching a shelter and were tested every week postoperatively. By comparing 

specific single video frames, we measured six different parameters to get detailed information on 

the recovery. The lateral placing parameter is the angle enclosed by the axis of the tarsus and the 

longitudinal axis of the animal. We measured this parameter from ventral mirror view. The Toe 

off angle (TOA) is the angle enclosed by the floor plate and the line formed by the tarsal and 



17 
 

metatarsal bones. Ankle flexion (AF) which is an angle enclosed by the tarsus and the tibia was 

measured. Knee flexion (KF) has been determined as the angle enclosed by the tibia and the femur 

at the first moment of the stance phase. We measured these last 3 parameters from lateral view. 

The angle enclosed by the metatarsus and the surface and the tarsus-surface angle were observed 

from rear-view aspect. A methodological manuscript detailing the description of the above set up98 

and analysis is currently being prepared for publication. 

Statistical analysis and image processing 

All results were analyzed using SPSS version 24.0 (IBM, Armonk, New York, USA). The paired 

T test, the one-way ANOVA or the (repeated measures) two-way ANOVA test followed by 

Tukey's all pairwise multiple comparison procedure were used to compare the data. Comparisons 

of quantitative immunohistochemistry data were carried out by using the Student’s t-test or one-

way ANOVA with Tukey’s post-hoc test. Data are presented as mean +/- Standard Error of Mean 

(SEM), and p < 0.05 was considered to be significant. 

Graphs were created by Microsoft Office Pro Plus 2016 (Microsoft, Redmond, Washington, USA). 

Graphs and representative images were further processed using the GNU Image Manipulation 

Program (GIMP 2.10.0, www.gimp.org). 
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Results 

NE-GFP-4C neuroectodermal stem cells induce morphological and functional 

recovery via multiple mechanisms 

General observations, functional improvement and CatWalk gait analysis 

The BBB open field test was used at regular intervals to assess locomotor recovery (n=8 in each 

group). After the contusion injury, all animals displayed strong motor impairment. During the first 

week no weight supported stepping was observed in all groups (Fig. 1A). Intraspinal application 

of stem cells (NE4C-1w-isp) or medium (medium-1w-isp) on week 1 after the injury induced a 

plateau in locomotor recovery. This phenomenon is due to the minimally invasive nature of 

intraspinal grafting of cells or injection of medium. In contrast, systemic application of stem cells 

(NE4C-immed-iv, NE4C-1w-iv) or medium (medium-1w-iv) did not induce any drop in locomotor 

recovery (Fig. 1A). Four weeks after the injury the animals that received intraspinal grafts 

displayed the same BBB scores as the intravenously grafted groups. From 5 to 8 weeks after injury 

consistent plantar stepping with predominant parallel paw position and consistent fore- and hind 

limb coordination could be observed in the animals that received systemic and intraspinal grafts. 

Interestingly, animals whose spinal cord cavity was filled with NE-GFP-4C cells mixed with fibrin 

(NE4C-fibrin) had more impaired locomotion than their controls (fibrin-1w-isp; Fig. 1A-B). These 

animals showed occasional weight supported dorsal or plantar stepping without fore- and hind 

limb coordination. 

The results of the automated gait analysis (CatWalk) confirmed our functional observations on 

freely moving animals (n=8 in each group) (Fig. 1C). We evaluated the print and maximum area 

of hind limb, swing duration, swing speed and stride length 8 weeks after injury. The animals of 

the NE4C-fibrin group could not be processed for CatWalk® analysis as these rats displayed only 

occasional weight support. The functional recovery was significantly improved in the 

intravenously and intraspinally grafted groups (NE4C-immed-iv, NE4C-1w-iv and NE4C-1w-isp) 

compared with their controls (Fig. 1C). 

  



19 
 

 

Fig 1. Locomotor analysis of the grafted animals and their controls. (A) Open field locomotor test (BBB) shows 

significant improvement in all grafted animals compared to their controls, but the NE4C-fibrin ones which showed a 

decline of their locomotor pattern from week 6 onwards. (B) Enlarged view of the graphs in A from week 5 onwards. 

Note the grouping of locomotor scores in the grafted and control groups except for the NE4C-fibrin animals. Asterisk 

represents significant difference between each grafted group and its control at various time points (with exception of 

the NE4C-fibrin group). (C) Semiautomated CatWalk gait analysis of the animals in the various groups 8 weeks after 

injury. Note the significantly improved parameters of the grafted animals compared with their controls. The NE4C-

fibrin animals could not be evaluated in the CatWalk locomotor analysis system as in many instances they did not 

produce well-recordable runs. Data are expressed as mean ± SEM. (n=8 in each group) * = significant difference 

between the intraspinally or intravenously grafted animals compared with the control ones. 

  



20 
 

Stem cells induce tissue sparing 

Within the injured segment a large, centrally located cystic cavity was formed containing cellular 

debris. The morphological analysis involved measuring the rostrocaudal distribution of spared 

gray and white matter in the injured segments 8 weeks after the injury (n=4 in each group). Both 

the intravenous and intraspinal application of stem cells resulted in significantly improved tissue 

sparing relative to the controls. The highest percentage of spared tissue was detected in those 

animals that received intraspinal grafts (NE4C-1w-isp) (Fig. 2A). The intravenously treated 

animals (NE4C-immed-iv and NE4C-1w-iv) also displayed high, but non-significantly lower 

amount of spared tissue compared with the intraspinally treated animals (Fig. 2A). The greatest 

amount of white matter localized to the ventral and ventrolateral parts of the spinal cord in these 

groups. In contrast, in animals treated with stem cells mixed with fibrin (NE4C-fibrin), the spared 

white and gray matter was smaller than in all the other groups (Fig. 2A). 

The basic parameters of the cavity such as lesion area at the epicenter (cystic area) and length of 

the cavity on week 8 following the injury revealed that both the intravenously and intraspinally 

treated animals (NE4C-immed-iv, NE4C-1w-iv, NE4C-1w-isp) had significantly smaller cavity 

length and lesion area than their controls (n=4 in each group). No significant difference was found 

in animals that received their stem cells embedded in fibrin (NE4C-fibrin) compared with their 

control group (Fig. 2B-C). 
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Fig. 2. Intraspinally or intravenously grafted NE-GFP-4C cells enhance tissue sparing. (A) Considerably 

improved gray matter sparing is seen rostro-caudally to the injury epicenter in the treated groups Similarly, 

significantly more white matter tissue sparing is detected in all the treated groups (NE4C-immed-iv, NE4C-1w-iv and 

NE4C-1w-isp, except the NE4C-fibrin animals). (B-C) Bar charts show the results of the morphometric analysis of 

the cavity. All the treated animals except the NE4C-fibrin group showed significantly smaller lesion area and cavity 

length compared with their controls. Data are expressed as mean ± SEM. (n=4 in each group) * = significant difference 

between the intraspinally or intravenously grafted animals and their controls. 
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Retrograde neuronal tracing analysis, preservation of serotonergic innervation following 

intraspinal grafting 

Next, we evaluated whether axonal regeneration/sparing was promoted by the grafted stem cells. 

Retrograde labeling (n=5 in each group) with the fluorescent dye Fast Blue (FB) from the right L3 

segment revealed that significantly higher numbers of FB-labeled propriospinal neurons were 

found in the Th5, Th2, C6 and C2 spinal segments in animals treated with stem cells (NE4C-

immed-iv, NE4C-1w-iv and NE4C-1w-isp) than in their controls. The number of retrogradely 

labeled neurons in the NE4C-fibrin group was not statistically different from the control groups 

(Fig. 3A). 

Both the total number of FB cells in the brain stem and their numbers in the selected brain stem 

nuclei (reticular formation, lateral vestibular nucleus and inferior olivary nucleus) projecting 

distally to the lesion site were significantly higher compared with their controls. This was also the 

case for layer V neurons in the motor cortex whose axons rarely were able to project into the distal 

spinal cord. Only the intraspinally grafted animals (NE4C-1w-isp) showed an exception as these 

rats displayed significantly greater numbers of retrogradely labeled pyramidal cells compared with 

the controls and the intravenously grafted animals (NE4C-immed-iv, NE4C-1w-iv; Fig. 3A). 

In contrast, the raphe nuclei of animals that received intraspinal grafts (NE4C-1w-isp) displayed 

significantly more FB-labeled neurons than those of intravenously grafted animals (NE4C-immed-

iv, NE4C-1w-iv) or their controls (Fig. 3B). 

Serotonergic fibers reportedly exert strong supraspinal influence on locomotion99-101. Sprouting of 

the remaining 5-HT+ fibers caudally to a contusion injury is found to be limited by successful 

therapeutic approaches90. Accordingly, descending serotonergic fiber density was measured 

caudal to the injury in the ventral horn of the L2 spinal segment of intravenously and intraspinally 

grafted animals (NE4C-immed-iv, NE4C-1w-iv, NE4C-1w-isp) and in the control group (medium-

1w-isp). We found a 5-to-5.7 fold increase of 5-HT+ fiber density in the control and in the 

intravenously grafted groups. In contrast, a small, 1.8 fold increase of density was observed in the 

intraspinally grafted animals compared to the uninjured value (Fig. 3B). 
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Fig. 3. Morphometric analysis of the connections between the segments caudal to the lesion and various parts 

of the CNS cranial to that. (A) Numbers of neurons retrogradely labeled from the right L3 hemisegment. Note the 

significantly higher numbers of labeled cells in the grafted animals compared with their controls, especially in the 

brain stem. The greatest number of retrogradely labeled cells was always found in the intraspinally treated animals. 

(B) Retrograde labeling results in the raphe nuclei (left panel) and serotonergic immunochemical densities (right panel) 

expressed as fold increase caudally to the lesion normalized to the uninjured level. Note the considerable number of 

retrogradely labeled raphe neurons and the lack of sprouting in the NE4C-1w-isp animals. Data are expressed as mean 

± SEM (n=5 in each group).  * = significant difference between the intraspinally or intravenously grafted animals and 

their controls. 
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Modulation of the lesion environment 

Next, we investigated whether the grafted cells have the potential to alter the microenvironment 

of the lesion rendering it permissive for regenerating axons. Therefore, we examined the densities 

of astrocytes and microglia/macrophages, the expression of Eph-A4 and ehprin-B2 molecules and 

the deposition of chondroitin sulfate proteoglycan (CSPG) 2 and 3 weeks after the injury around 

the lesion cavity (n=4 in each group) (Fig. 4.). 

Both intraspinal or intravenous applications of stem cells induced significant reduction of 

astrocytosis at both time points indicated by significantly lower GFAP densities in these cords 

compared with their controls. Decreased GFAP densities were accompanied in these animals by 

limited CS-56+ depositions (Fig. 4A-B). However, strong astrocytic reaction was detected in 

animals that received stem cells in fibrin glue (NE4C-fibrin). Accordingly, CS-56 densities in these 

animals were as high as in their controls. Moreover, microglia/macrophage densities paralleled 

that of the astrocytes indicating a close link between the proliferation of these cell types. 

Earlier studies have shown that following spinal cord injury, EphA receptor subtypes and their 

ephrin ligands are upregulated and these interactions may create an environment that is 

unfavorable for neurite outgrowth and functional regeneration102-104. The EphA4-ephrinB2 binding 

reportedly induces collapse of neural growth cones in the presence of reactive astrocytes105,106. 

While EphA4 expression did not change significantly in the systemic and intraspinal treatment 

groups, ephrinB2 expression was found significantly lower in the intraspinally grafted animals 2 

and 3 weeks after injury. The same effect was noted in the systemic treatment group only on week 

3 (Fig. 4A-B). 
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Fig. 4. The results of density measurements of CS-56, GFAP, Ephrin-B2, Eph-A4 and GSA-B4 reactivities in 

the lesion areas of grafted and control animals 2 and 3 weeks after injury. (A): Grafted spinal cords display 

moderately-strongly decreased densities in cases of CS-56, GFAP, Ephrin-B2 and GSA-B4 reactivities compared with 

their controls 2 weeks after the injury. (B): In contrast, 3 weeks after the contusion injury all the grafted cords displayed 

strongly decreased densities of the above markers. Asterisk indicates significant difference between the grafted groups 

and their controls. Note the higher number of significant differences 3 weeks after the lesion. Data are expressed as 

mean ± SEM (n=4 in each group). * = significant difference between the intraspinally or intravenously grafted animals 

and their controls. 
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Differentiation of the grafted cells in the injured cord 

To determine the differentiation potential of the grafted stem cells in the injured cord, we analyzed 

the expression of murine markers that are able to uniquely identify grafted mouse cells in a rat 

environment (Fig. 5). 

One week following intravenous transplantation (NE4C-immed-iv, NE4C-1w-iv) only M2-

positive astrocytes could be seen in the injured cord and all these cells disappeared by the end of 

the investigation period. Stem cell-derived astrocytes settled down mainly in the wall of the cavity 

and expressed the glial marker GFAP (Fig. 5A, A’, B, B’). 

In contrast, the intraspinally grafted stem cells (NE4C-1w-isp) differentiated into neurons (M6+) 

and astrocytes (M2+) one week after transplantation (Fig. 5C, C’ D, D’). Stem cell-derived 

oligodendrocytes could not be detected at this stage. The majority of these stem cell-derived 

neurons and astrocytes also expressed beta(III)-tubulin/TUBB3 and GFAP, respectively (Fig. 5C”, 

D”). The grafted cells filled the cystic cavity without migrating out of it to the surrounding spinal 

cord tissue. At the end of the survival period stem cell-derived neurons, astrocytes and 

oligodendrocytes (MOG+) were found in the wall of the cavity (Fig. 5E, F, G). Neurofilament 

200kD+ and MOG+ profiles were observed in close relationship to each other indicating that the 

stem cell-derived oligodendrocytes might have contributed to the remyelination of naked axons 

(Fig. 5G’). 

The eGFP expression of the grafted cells had decreased or ceased, suggesting that the eGFP 

expression pattern diminishes with differentiation confirmed by our earlier study, too84.  
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Fig. 5. Fate and differentiation of the grafted NE-GFP-4C cells are shown in the various grafting paradigms. 

(A-B) The derivatives of the intravenously grafted NE-GFP-4C cells (A-A’: NE4C-immed-iv, B-B’: NE4C-1w-iv) 

settled in the wall of the contusion cavity 1 week after grafting are displayed. Most of the M2-positive cells express 

GFAP. A’ and B’ show randomly selected high magnification fields. (C-D) Differentiation of intraspinally grafted 

NE-GFP-4C cells in the contusion cavity 1 week after grafting results in the appearance of glial and neuronal 

derivatives at the periphery of the graft. Boxed areas are shown in C’-C” and D’-D”. C’-C”: High numbers of M6 

positive neuronal derivatives are expressing beta(III)-tubulin/TUBB3. D’-D”: M2 positive astroglial cells also co-

express GFAP. E-G: Intraspinally grafted stem cell derivatives remain in the wall of the cavity at the end of the 

survival period (8 weeks after grafting). Apart from the neuronal and glial stem cell-derived cells (E-F) MOG positive 

oligodendrocytes are also present in the wall of the cavity (G) and appeared to be in close relation with NF200kD 

positive axons (G’). Note that eGFP expression pattern diminishes with differentiation (A, B, C, D, E, F, G). Dashed 

line indicates the graft-host border. A, B: 250 µm, A’, B’: 20 µm, C, D: 500 µm, C’, D’: 20 µm, C”: 10 µm; D”: 20 

µm, E, F, G: 250 µm, G’: 10 µm  
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Factors produced by grafted stem cells induce functional recovery in the intraspinally 

grafted animals 

In case of intraspinal grafting the transplanted cells are opposed to the wall of the cavity. The fact 

that only limited numbers of graft-derived cells settled in the wall of the cavity suggested that there 

is a paracrine secretory mechanism acting on the host spinal cord. To determine the factors secreted 

by the grafted cells, we analyzed the expression of 10 factors (BDNF, GDNF, IL-1 alpha, IL-6, 

IL-10, TNF-alpha, MIP-1 alpha, NT-4/5, VEGF, PDGF-A), thought to exert beneficial effects on 

the damaged cord. Four out of the ten factors were found to be expressed in the graft (GDNF, IL-

6, IL-10 and MIP-1 alpha) (Fig. 6). GDNF showed strong expression patterns both in the host cord 

and in the graft (Fig. 6A, A’, A”). Strong IL-6 expression was confined to the grafted cells 

accompanied by weaker staining in the host spinal cord (Fig. 6B, B’, B”). IL-10 and MIP-1 alpha 

expressions showed similar distribution pattern to that of GDNF, but the expression of these two 

factors within the host cord was restricted to the tissue located ventral to the cavity (Fig. 6C, C’, 

C”, D, D’, D”). Interestingly, the control group animals (medium-1w-isp) that did not receive any 

graft showed no expression of the various factors (Fig. 6E, F, G, H). Comparison of 

immunoreactivity of all four factors across the control (medium-1w-isp) and grafted (NE4C-1w-

isp) experimental spinal cords revealed a robust increase in GDNF, IL-6, IL-10 and MIP-1 alpha 

expression in the host tissue of grafted group (n=4 in each group) (Fig. 6I). 
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Fig. 6. Expression of the various factors produced by the intraspinally grafted NE-GFP-4C stem cells and host 

spinal cord tissue 1 week after grafting. (A-D): The graft and the host tissues express GDNF, IL-6, IL-10 and MIP-

1a. A’-D’ show the strong expression pattern of these factors within the graft (boxed areas taken from the graft region). 

In contrast, A”-D” show the interface region between the graft (g) and the host (h) tissues with varying extent of 

expression intensity in the host (boxed areas taken from the graft-host interface). (E-H) None of these factors was 

found to be expressed in the spinal cords of control animals (medium-1w-isp). (I) Quantification of all four factors 

revealed an increased level of GDNF, IL6, IL-10 and MIP-1a immunoreactivity in intraspinally grafted group (NE4C-

1w-isp) compared with controls (medium-1w-isp). Dashed line indicates the graft-host border. Data are expressed as 

mean ± SEM (n=4 in each group). * = significant difference between the NE4C-1w-isp group and the control group 

(medium-1w-isp). Scale bars: A-H: 500 µm, A’-D’, A”-D”: 100 µm 
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Grafted SB5 human induced pluripotent stem cells improve the outcome of 

spinal cord injury 

Hind limb locomotor pattern has been improved following intraspinal transplantation of 

hiPSCs 

Hind limb locomotor recovery was assessed using the BBB open field test and kinematic analysis 

measures (n=8 in each group) (Fig. 7). 

During the first week, injured rats showed no weight supported stepping. At week 1, injured rats 

were randomized into four experimental groups to ensure equivalent deficits across the groups. 

The animals showed frequent to consistent weight supported plantar steps and occasional 

consistent weight supported plantar steps at week 5 in all groups. At weeks 6 and 7 the stem cell-

treated animals (SB5-iv, SB5-isp groups) showed a slight increase in BBB score compared to their 

controls. From 1 to 8 weeks after injury, we found a statistically significant interaction only 

between the SB5-isp and their controls at weeks 6–8 after injury. These rats showed consistent 

weight supported plantar steps and consistent fore- and hind limb coordination (Fig. 7A, B). 

The kinematic analysis of transplanted and control rats was evaluated for metatarsus surface angle, 

tibia-surface angle, lateral placing, knee flexion, tarsus off angle and ankle flexion. During pre-

injury training, all rats accurately accomplished the test. After SCI, all the four groups (medium-

iv, medium-isp, SB5-iv and SB5-isp animals) demonstrated deficits in hindlimb placements. 

Consistent with the BBB results, all groups showed a non-significantly improvement up to week 

5. From week 6 onwards the rats that received hiPSCs treatment intraspinally (SB5-isp) 

progressively improved until week 8 (Fig. 7C). The kinematic analysis assessments also revealed 

that the SB5-isp animals displayed a consistent improvement in the metatarsus surface angle, tibia-

surface angle, lateral placing knee flexion, tarsus off angle and ankle flexion in hindlimb placement 

in contrast to control animals that displayed slight recovery after SCI. Only the intraspinally 

grafted animals (SB5-isp) were able to approach the intact pre-training values and showed 

statistically significant improvement compared with their controls (Fig. 7C). 
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Fig. 7. Intraspinal hiPSC transplant improves locomotor function. (A) Open field locomotor test (BBB) shows 

significant improvement of intraspinally grafted animals (SB5-isp) compared with their controls, although the SB5-iv 

animals showed no significant recovery of their locomotor pattern from week 6 onwards. (B) Enlarged view of the 

graphs in A from week 6 onwards. Asterisks represent significant difference between intraspinally grafted (SB5-isp) 

group and its control group at various time points. (C) Kinematic analysis of the animals in the various groups after 

injury. Note the significantly improved parameters of the grafted animals (SB5-isp) compared with their controls. 

Data are expressed as mean ± SEM (n=8 in each group). * = significant difference between the intraspinally grafted 

animals (SB5-isp) and their controls (medium-isp). 
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Intraspinally grafted hiPSCs enhance tissue sparing 

Histomorphometric analysis was performed to quantify spinal cord tissue changes 9 weeks after 

SCI (n=4 in each group) (Fig. 8). Within the injured segment a large, centrally located cystic cavity 

was formed containing cellular debris or trabecula. The greatest amount of intact-looking white 

matter localized to the ventral and ventrolateral parts of the spinal cord in the experimental groups 

(Fig. 8A). Reduced cystic tissue was observed in the epicenter and 0.5 mm rostrally and caudally 

to the injury epicenter in grafted animals. Significantly decreased lesion area was identified at 1 

mm and 2 mm rostrally and at 1.5 mm and 2 mm caudally to injury in the spinal cord of animals 

in the SB5-isp group (SB5-isp vs. medium-isp group, Fig. 8B). Quantification of spared tissue in 

injured spinal cords based on cresyl-violet staining indicated that a significantly greater amount of 

tissue was preserved in the animals of the intraspinally grafted group compared with its controls 

(SB5-isp vs. medium-isp group, Fig. 8C). 
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Fig. 8. Intraspinally grafted hiPSCs promote tissue sparing. (A) Representative images taken at 100 μm rostral to 

the SCI lesion epicenter. (B) Quantification of cystic area shows that intraspinal hiPSC treatment resulted in 

considerably reduced size of injury following SCI. (C) Improved tissue sparing is seen rostro-caudally to the injury 

epicenter in the intraspinally grafted group (SB5-isp). Significantly more tissue sparing was detected in the 

intraspinally treated group (SB5-isp group) compared with its control (medium-isp). Data are expressed as mean ± 

SEM (n=8 in each group). * = significant difference between the intraspinally grafted animals (SB5-isp) and its 

control. Scale bar: 500 µm. 
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hiPSCs treatment leads to improved connections as revealed by retrograde 

tracing 

Next, we evaluated whether axonal regeneration/sparing was promoted by the grafted hiPSCs. 

Labeling of propriospinal and supraspinal neurons in the spinal cord and brain was evaluated by 

placing the retrograde tracer (Fast Blue) caudally to the injury into the right L3 segment, the 

numbers of retrogradely labeled neuronal somata in the spinal cord, brain stem and brain were 

determined (n=4 in each group). These data refer to the number of neurons above the injury site 

which axons take up the tracer in the caudal spinal cord segment. Significantly higher numbers of 

FB-labeled propriospinal neurons were found in the Th5, Th1, C6 and C2 spinal segments in 

animals treated with hiPSCs (both SB5-iv and SB5-isp) than in their controls (Fig. 9). It should be 

noted that the number of retrogradely traced neurons decreased with the distance from the labeled 

segment. We also identified retrogradely labeled neurons in the brain stem (particularly in the 

reticular formation, raphe nuclei) and in the somatomotor cortex. Following intraspinal 

implantation of hiPSCs significantly higher number of retrogradely labeled neuronal somata were 

found in the different brain regions. In the case of systemic (iv) delivery of hiPSCs (SB5-iv), non-

significantly higher number of FB+ neurons were found in these supraspinal locations compared 

with their controls (Fig. 9). 
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Figure 9. Morphometric analysis of the connections between the segments caudal to the lesion and various 

cranial parts of the CNS. (A) Numbers of neurons retrogradely labeled from the right L3 hemisegment are shown. 

Note the significantly higher numbers of labeled cells in the spinal cord of the hiPSC treated animals (SB5-iv, SB5-

isp) compared with their controls (medium-iv, medium-isp). The greatest number of retrogradely labeled cells was 

always found in the intraspinally treated animals. (B) Significantly greater numbers of traced neurons are found in the 

brain stem, reticular formation, the raphe nuclei and the somatomotor cortex of intraspinally transplanted animals as 

compared with their controls. Note the limited regenerative capacity in the case of intravenous delivery of stem cells. 

Data are expressed as mean ± SEM (n=4 in each group). * = significant difference between the intraspinally or 

intravenously grafted animals and the control ones in A. * = significant difference between the intraspinally grafted 

animals and their controls in B. 
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hiPSC treatment influences the astroglia and microglia/macrophage reaction 

Next, we investigated whether the hiPSC treatment has the potential to alter the microenvironment 

of the lesion rendering it permissive for regenerating axons. Therefore, we examined and 

quantified the densities of astrocytes and microglia/macrophages and the deposition of chondroitin 

sulphate proteoglycan (CSPG) 9 weeks after the injury around the lesion cavity (n=4 in each group) 

(Fig. 10). Analysis of the immunostained sections showed differences in the amount of GFAP, 

CS-56 and GSA-B4 expression among the groups (Fig. 10A, C, E). Both intraspinal and 

intravenous application of hiPSCs induced significant reduction of astrocytosis indicated by 

significantly lower GFAP densities in these cords compared with controls (SB5-isp, SB5-iv vs 

their controls, p < 0.05, Fig. 10B). While hiPSC treatment altered the GFAP immunointensity, 

marked reduction of CS-56 immunoreactivity could be observed compared to controls (SB5-isp, 

SB5-iv vs. their controls, p < 0.01, Fig. 10D). Similarly, microglia/macrophages in the lesion sites 

of grafted animals showed significantly reduced microgliosis (GSA-B4 lectin histochemistry) 

compared with the control groups (SB5-isp, SB5-iv vs. their controls, p< 0.01 Fig. 10F). However, 

grafting of hiPSCs induced significantly decreased microglia/macrophage densities at week 8 after 

grafting compared with the intravenous hiPSC treatment (SB5-isp vs SB5-iv, p < 0.01). 
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Fig. 10. Modulation of the lesion environment. (A, C, E) Low magnification images of parasagittal spinal cord 

sections show the GFAP, CS-56 and GSA-B4 reactivity 9 weeks after the injury around the lesion area in the various 

experimental groups. (B, D, F) Quantification of GFAP, CS-56 and GSA-B4 reactivities in the sagittal sections of the 

spinal cord revealed a decreased level of all examined markers in hiPSC-treated groups (SB5-iv, SB5-isp) compared 

with the control groups (medium-iv, medium-isp). Data are expressed as mean ± SEM (n=4 in each group). *p < 0.05 

* = significant difference between the intraspinally (SB5-isp) or intravenously (SB5-iv) grafted animals and the 

control animals in B. ***p < 0.01 *** = significant difference between the intraspinally or intravenously grafted 

animals and the control animals in D and F. §§§p < 0.01 §§§ = significant difference between the intraspinally grafted 

animals (SB5-isp) and the intravenously treated animals (SB5-iv) in D and F. Scale bar in A: 200 µm.  
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Intraspinally grafted iPSCs differentiate preferentially along a neuronal 

lineage 

To examine the feasibility of hiPSCs transplantation as a therapeutic tool for SCI, we grafted the 

cells into an injury cavity 1 week after SCI. One, two, four and eight weeks after transplantation, 

immunohistochemical analyses were performed to examine the survival, migration, proliferation 

and differentiation patterns of the grafted hiPSCs in the injured spinal cords. hiPSCs were mapped 

for expression of human SC-121 (reacts with a human cytoplasmic protein) and SC-101 (reacts 

with any human cell nucleus) in adjacent sections. At these early survival times, the hiPSCs did 

not migrate yet away from the graft (Fig. 11 and Fig. 12). 

The engrafted hiPSCs survived remarkably, expressed SSEA-4, proliferated within the injured 

spinal cord and formed clusters or showed disperse distribution patterns (Fig. 11A-G”). The 

intensity of SC-121 immunostaining was stronger within the clusters formed by grafted cells than 

in their vicinity (Fig. 11E-G). The proliferation capacity of the clusters was evaluated with Ki-67 

immunostaining and appeared to be low (Fig. 11E’). In contrast, around the clusters more Ki-67+ 

cells were displayed at both survival time points (Fig. 11E’-F’). Quantitative analysis showed that 

1 and 2 weeks after transplantation, 26-29% of the SC-121-positive and 29-33% of the SC-101-

positive grafted cells were Ki-67 positive (n=4 in each time point) (Fig. 11H). 

Using cellular markers, we investigated the differentiation pattern of hiPSCs in the SB5-isp group 

at these early survival time points (Fig. 12). Our findings demonstrated that the majority of the 

transplanted hiPSCs differentiated along a neuronal lineage as demonstrated by TUBB3/SC-121 

and TUBB3/SC-101 co-expression at both experimental time points (TUBB3/SC-121: ~ 66% at 1 

week and ~73% at 2 weeks; TUBB3/SC-101: ~62% at 1 week and ~74% at 2 weeks; n=4 in each 

time point; Fig. 12A-E). These findings suggest that grafted hiPSCs promote preferential 

differentiation toward the neuronal lineage. We did not observe any hiPSC-derived cells 

expressing GFAP 1 week after transplantation (Fig. 12F-G). 

At 4 weeks after hiPSC transplantation, sporadically observable SC-121-positive or SC-101-

positive profiles were present in the grafted area. At 8 weeks after grafting, phagocytosed SC-121+ 

cellular fragments were readily observed in GSA-B4-positive macrophages (data not shown).  
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Fig. 11. Transplanted hiPSCs proliferate within the injured spinal cord. Low and high-power images show the 

extent of hiPSC survival within the injured spinal cord 1 and 2 weeks after transplantation. (parasagittal sections 

A-G’’). (A-C) Expression of the embryonic stem cell marker SSEA-4 by the grafted hiPSCs 1 and 2 weeks after 

transplantation. (D) Cell quantification proved that the engrafted hiPSCs had a pluripotency fate identified by SSE-4 

expression (44.5% ± 5.1 and 40% ± 2.4; 1 week or 2 weeks after grafting, respectively). (E) The grafted hiPSCs 

displayed high Ki-67 positivity in the contusion cavity 1 and 2 weeks after grafting. (E’) Some engrafted hiPSCs form 

clusters (asterisks) while others remained dispersed. The enlarged figures in F and F’ show the grafted hiPSCs (SC-

121+, in red) with their DAPI-labeled nuclei, out of these many display Ki-67 positivity (green). (G-G’’) The 

transplanted cells (SC-121, red) showed high proliferative capacity (Ki-67, green) 2 weeks after transplantation. 

Arrowheads in the boxed area point to Ki-67+ nuclei associated with SC-121+ cells within the cluster. (H) Bar diagram 

shows the proliferative activity of grafted hiPSCs. Note that 26.5% ± 5.5 and 29.2% ± 1.5 (1 week or 2 weeks after 

grafting, respectively) of SCS-121+ hiPSCs were positive for Ki-67. Data are expressed as mean ± SEM. (n=4 in each 

time point) h: host, g: graft. Scale bars: A: 250 µm, C: 25 µm, E: 500 µm E’: 250 µm, F’: 50 µm, G: 25 µm, G’: 250 

µm. 
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Fig. 12. Neuronal differentiation of the intraspinally grafted hiPSCs in the injured rat spinal cord 1 and 2 weeks 

after transplantation. (A and A’) Differentiation of intraspinally grafted hiPSCs in the contusion cavity 1 week after 

grafting leads to the appearance of stem cell-derived neuronal populations in the graft. Host neurites around the lesion 

site were localized within or very close to the graft. (A’) Boxed area taken from the graft region shows the mixture of 

neurites of both host and graft origin. (B-B’’) Confocal images demonstrate differentiation of hiPSCs (red) along a 

neuronal lineage identified by TUBB3/beta(III)-tubulin (green) expression. (C) Notable beta(III)-tubulin/TUBB3 

(green) immunoreactivity was observed within the graft 2 weeks after grafting. (D-D’’) Colocalization of hiPSCs (red) 

cells with beta(III)-tubulin/TUBB3 protein (green) 2 weeks after transplantation. (E) Our quantitative analysis 1 and 

2 weeks after transplantation showed that the grafted cells mainly expressed beta(III)-tubulin/TUBB3 (66.1% ± 6.7 

and 73.3% ± 5.5, one and two weeks after grafting, respectively; n=4 in each time point). (F-F’’) The grafted hiPSCs 

did not show any GFAP immunoreactivity 1 week after grafting. GFAP-positive immunoreactivity can be seen among 

the GFAP negative transplanted cells close to the host – graft interface. (G) Higher magnification clearly shows 

presence GFAP-positive processes among the grafted hiPSCs. Dashed line indicates the graft-host border. In A-B’’ 

and D-D’’ arrows show SC-121-positive grafted cells (red) that were colocalized with TUBB3 (green) and TUBB3+ 

host-derived neurites in C. Data are expressed as mean ± SEM. (n=4 in each group) g = graft, h = host; Scale bars: A: 

500 µm, A’: 250 µm, B’: 25 µm, C: 250 µm, D’: 25 µm, F: 500 µm, F’ 100 µm; G: 10 µm. 
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Protein expression pattern of neurotrophic factors and cytokines in the grafted cells 1 week 

after transplantation 

To determine the protein production (secretome) of SB5 cells in vitro, first we analyzed the 

expression of 10 factors (BDNF, GDNF, IL-1 alpha, IL-6, IL-10, TNF-alpha, MIP-1 alpha, NT-

4/5, VEGF, PDGFA), a selection based on our earlier results84,107. Strong immunoreactivity of 

GDNF, TNF-alpha and VEGF was found in vitro in undifferentiated SB5 cells (data not shown). 

Three out of the ten factors were found to be expressed in the graft (GDNF, IL-10 and MIP-1 

alpha) (Fig. 13). None of these factors was found to be expressed in the host spinal cords (Fig. 

13A, A’, C, C’, E, E’). The expression of the factors was characterized by granular appearance. 

IL-10 showed similar distribution pattern to that of GDNF while weak MIP-1 alpha expression 

was confined to the grafted cells (Fig. 13B’, D’, E’, G). Interestingly, controls or SB5-iv group 

showed no expression of the various factors within injured cords 2 weeks after the injury (data not 

shown). 
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Fig. 13. Expression of the various factors produced by the intraspinally grafted hiPSCs 1 week after grafting. 

Longitudinal sections of grafted spinal cord show the expression of IL-10, GDNF and MIP-1 alpha 1 week after 

transplantation within the graft. (A-B’ and C-D’) The grafted hiPSCs expressed IL-10 and GDNF 

immunohistochemically detectable only in the graft. (E-F’) Relatively weak MIP-1 alpha expression could be 

observed within the graft. Higher magnification clearly shows the presence of factors in the cytoplasm in the boxed 

area of B’, D’ and F’. (G) Quantitative analysis of the immunostainings in fluorescence images. The numbers of IL-

10, BDNF and MIP-1 alpha immunoreactive pixels were normalized to that of DAPI positive pixels. Data were 

expressed as percentage of marker/DAPI ratio ±SEM. Scale bar: A: 200 µm, B: 100 µm.  
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Discussion 

Transplanted NE-GFP-4C and SB5 cells induce tissue sparing and improved functional 

recovery 

Both intraspinal and intravenous application of NE-GFP-4C neuroectodermal stem cells and SB5 

undifferentiated hiPSCs decreased the extent of secondary damage in the injured cords. The 

significant amount of spared tissue made it possible to maintain the temporarily compromised 

connections between the intact regions above and below the injury site. These changes led to 

improved functional recovery confirmed by the results of BBB test, CatWalk gait analysis and 

video-based kinematic system. 

The considerable white matter sparing in the NE-GFP-4C treated animals was further supported 

by the fact that the lumbar cord segments of grafted animals displayed limited sprouting of 5-HT 

fibers as compared with control cords. The intraspinal grafting of SB5 cells also preserved 

serotonergic fibers (data not shown). These phenomena are in agreement with previous works that 

have reported enhanced plasticity of serotonergic fibers leading to improved recovery of 

locomotion90,108. The descending serotonergic tracts directly modulate the locomotor function109 . 

Disruption of the serotonergic pathways following SCI prevents the activation of locomotor central 

pattern generator and results in a subsequent depletion in 5-HT110. 

The tissue sparing yielded higher number of retrogradely labeled neurons in the spinal cord and 

the various brain regions of grafted animals compared with the controls. In our both studies higher 

number of retrogradely labeled brain stem neurons could be detected in stem cell grafted groups 

compared with controls. Regeneration of the axons of brain stem neurons is essential for locomotor 

recovery in the rat following SCI110,111. Thus regeneration/sparing of these neurons has the 

potential to improve functional recovery if they reach or retain their connection with the targets 

distal to the lesion. 

It was surprising to see that human fibrin treatment alone did not improve the functional outcome. 

Moreover, animals treated with NE-GFP-4C cells embedded in human fibrin had more impaired 

functional outcome, including its own control group. This phenomenon can be explained on the 

basis of recent findings that prove the rather negative effect of mammalian fibrin matrices on the 

injured spinal cord in contrast to non-mammalian (salmon) fibrin112. It can also be argued that the 

disintegrating mammalian fibrin matrix may have induced a consequent degeneration/death of the 
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grafted stem cells leading to tertiary damage within the contused cords replacing the regenerative 

effects of the stem cells. 

Grafted NE-GFP-4C and SB5 cells modulate the lesion microenvironment from inhibitory 

to permissive 

Inhibitory factors upregulated after spinal cord injury and this leads to the inhibition of axon 

growth113. In addition, external barriers set limitations to regeneration. Therefore, we investigated 

whether the grafted cells have the potential to alter the microenvironment of the lesion rendering 

it permissive for regenerating axons. 

Grafting of NE-GFP-4C neuroectodermal stem cells induced significantly lower 

astrocyte/microglia reaction than found in the control spinal cords. This resulted in lower amounts 

of CS-56 and ephrin-B2 in the microenvironment of the lesion and these favorable changes 

rendered the glial scar permissive for axonal regeneration114,115. It appears feasible that these 

changes (astrocyte/microglia downregulation along associated with low densities of CS-56 and 

ephrin-B2) all induced an altered lesion microenvironment which promoted the regeneration of 

injured axons. 

The hiPSC treatment also had the potential to alter the microenvironment of the lesion rendering 

it permissive for regenerating axons. Analysis of the immunostained sections showed differences 

in the amount of GFAP, CS-56 and GSA-B4 expression among the groups. Both intraspinal and 

intravenous application of hiPSCs induced significant reduction of astrocytosis indicated by 

significantly lower GFAP densities in these cords compared with controls. While hiPSC treatment 

altered the GFAP immunointensity, marked reduction of CS-56 immunoreactivity could be 

observed compared with controls. Similarly, microglia/macrophages in the lesion sites of grafted 

animals displayed significantly reduced microgliosis (GSA-B4, lectin histochemistry) compared 

with the control groups. 

Animals treated with human fibrin alone or NE-GFP-4C cells embedded in fibrin had more 

extensive gliosis and microglia/macrophage reactions than the control animals. 

Intraspinally grafted NE-GFP-4C and SB5 cells have different fate and differentiation 

capacity 

In vivo experiments from other laboratories have shown that the survival of transplanted cells is 

greater in the injured spinal cord than in the intact environment73,116. However, the inhibitory 
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factors of the injured cord make the environment unfavorable for the grafted cells to generate new 

neurons or myelinating oligodendrocytes91,117-119. The cellular density of grafted cells also 

influences the cell fate and differentiation capacities120-122. 

To determine the differentiation potential of grafted NE-GFP-4C neuroectodermal stem cells we 

used murine markers that were able to uniquely identify grafted mouse cells in a rat environment. 

The intraspinally grafted stem cells (NE4C-1w-isp) differentiated into neurons (M6+) and 

astrocytes (M2+) from one week after transplantation. Stem cell-derived oligodendrocytes could 

not be detected at this stage. The majority of these stem cell-derived neurons and astrocytes also 

expressed beta(III)-tubulin/TUBB3 and GFAP, respectively. The grafted cells and their derivatives 

filled the cystic cavity without migrating out of it to the surrounding spinal cord nervous tissue. At 

the end of the survival period stem cell-derived neurons, astrocytes and MOG+ oligodendrocytes 

were found in the wall of the cavity. NF200kD+ and MOG+ profiles were observed in close 

relationship to each other indicating that the stem cell-derived oligodendrocytes might have 

contributed to the remyelination of naked axons. The eGFP expression of the grafted cells had 

decreased or ceased, suggesting that the eGFP expression pattern diminishes with differentiation 

confirmed by our earlier study, too84. 

The iPSC-derived neural stem/progenitor cells are characterized by low expression level of 

immune-related proteins and immunosuppressive effects. The grafted SB5 cells were located in 

the lesion area and did not migrate away from the graft. The transplanted cells formed clusters of 

living cells within the graft area and approximately 27% of the grafted cells were positive for Ki-

67. The low proliferative rate in the cell clusters combined with vigorous proliferation in the 

periphery of the graft suggested that the lack of cell migration and cluster formation may have 

induced extensive differentiation. Further analysis with neuronal markers (beta(III)-

tubulin/TUBB3) showed that approximately 75% of the grafted cells differentiated into a neuronal 

lineage. In contrast to other studies no glial differentiation was found among the grafted human 

iPSCs. Although we clearly observed the close association of transplanted cells with endogenous 

astroglial processes at the graft-host border, no GFAP-positive grafted cells were detected. Our 

results suggest that the transplanted hiPSC failed to differentiate into mature myelin-forming 

oligodendrocytes, too. These observations suggest that the microenvironment of the injured spinal 

cord restricts the differentiation capacities of engrafted iPSCs and the cell source is crucial for the 

fate of the transplanted cells. 
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Intraspinally grafted NE-GFP-4C and SB5 cells produce a set of bioactive molecules 

Increasing number of studies suggests that the grafted stem cells are able to secrete neurotrophic 

factors and cytokines which modify the lesion microenvironment via paracrine mechanisms123. 

Our results suggest that the grafted NE-GFP-4C stem cells may contribute to the improved 

functional recovery following contusion injury by a dual mechanism. The mechanism of action is 

based on the major paracrine immunomodulatory and neurotrophic effect and, to a much lesser 

extent on a cellular replacement mechanism. It appears evident that the grafted NE-GFP-4C cells 

produce a set of cytokines (IL-6, IL-10 and MIP-1 alpha) and GDNF. As reported by our laboratory 

earlier, NE-GFP-4C cells did not produce any of these factors in culture84. Accordingly, the grafted 

cells start factor production after a short period of time following grafting and this suggests the 

presence of a strong communicative interaction between the injured host tissue and the grafted 

cells. 

Similarly to the results of NE-GFP-4C stem cell transplantation the intraspinally grafted hiPSCs 

produced bioactive molecules including cytokines (IL-10 and MIP-1 alpha) and the neurotrophic 

factor GDNF. The expression of these factors by grafted hiPSCs indicates a strong signaling and 

modulatory process in the injured spinal cord.  

Previous reports have shown, that cellular GDNF delivery promotes sensory and proriospinal 

axonal elongation following spinal cord injury and GDNF overexpression increased the 

differentiation of grafted cells toward a neuronal fate124-127. The efficacy of GDNF to enhance 

axonal growth through and beyond the injury site has been proven by several studies85,125,128. 

Moreover, local spinal neurons and glial cells can also be rescued by GDNF treatment during the 

acute phase of the injury129 and neosynaptogenesis has reportedly been enhanced, too130. 

IL-6 proved to be neuroprotective against excitotoxicity-induced cell death in the CNS via a 

distinct pathway131,132. In vitro administration of IL-6 enhances neurite outgrowth of neurons 

accompanied by increased expression of growth associated genes22. 

IL-10 is a strong anti-inflammatory cytokine of the immune system and has a neuroprotective 

effect in the CNS, too. Administration of IL-10 after traumatic or excitotoxic spinal cord injury 

promoted survival of the injured neurons and improved the motor recovery by acting on the injured 

neurons133. GDNF and IL-10 have a potent survival effect on injured neurons after spinal cord 
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injury, reduce secondary damage and improve motor function133-138. Moreover, IL-10 treatment 

reportedly induces functional improvement following SCI and increases axon sparing139,140. 

The exact role of MIP1-alpha is not fully understood in the injured CNS, however, results from 

our laboratory earlier suggested that it may have a modulatory effect after SCI107. 

Intravenously transplanted NE-GFP-4C and SB5 cells 

Previous studies have shown that intravenous cell treatment is a promising strategy to induce both 

morphological and functional recovery following subacute SCI141-143. Intravenous infusion of stem 

cells for the treatment of SCI had a protective effect on blood vessels, reduced the area of spinal 

cord cavitation and promoted the restoration of motor function142,144-146.  

The intravenously transplanted NE-GFP-4C cells differentiated only into astrocytes and settled 

down mainly in the wall of the cavity. With the use of this transplantation paradigm only IL-10 

was expressed around the lesion and no stem cell derivatives were found at the end of the survival 

period. The intravenous application of NE-GFP-4C cells was able to reduce the 

microglia/macrophage reactions in the affected spinal cord segments. These positive changes were 

associated with higher number of FB+ neurons. This could lead to improved functional recovery. 

In the case of intravenously transplanted SB5 cells we did not find graft-derived cells in the host 

cord. Similarly to the NE-GFP-4C study the intravenous application of hiPSCs was also able to 

reduce the microglia/macrophage reactions and deposition of chondroitin-sulphate, but no 

significant tissue sparing was observed in the affected segment. Interestingly, intravenous hiPSC 

application uniquely increased the number of retrogradely labeled neurons in the spinal cord. 

Despite the higher number of retrogradely labeled neurons and decrease of glia reaction and 

deposits of CSPGs in the injured spinal cords, we could detect only moderate locomotor recovery 

in these animals. Our results also confirmed the rapid clearance of the intravenously administered 

hiPSCs (data not shown). 

These results suggest that intravenously applied NE-GFP-4C and SB5 cells may exert their 

primary effects outside the spinal cord perhaps by altering the immune-mediated secondary 

pathological events after spinal cord injury. This phenomenon requires further studies to elucidate 

the exact mechanism of action. 
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Conclusions 

In summary we can state that grafted NE-GFP-4C neuroectodermal stem cells and the 

undifferentiated SB5 hiPSCs are able to induce tissue sparing, morphological and functional 

recovery after spinal cord contusion injury. This effect is mainly due to paracrine secretion 

mechanism of the transplanted cells producing neurotrophic factor and cytokines, including 

GDNF, IL-6 and IL-10 and MIP-1 alpha. The secreted factors appeared to have rendered the 

microenvironment axonal growth-permissive and prevented the death of damaged neurons and 

glial cells otherwise destined to die. These results have supported the functional multipotency 

feature of stem cells that allows them to adapt to the lesion environment84,107,147,148, which suggests 

the presence of a strong communicative interaction between the injured host tissue and the grafted 

cells, leading to the release of a “lesion-induced secretome” by the grafted cells. 
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