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Abstract

:

The failure of the spinal cord to regenerate can be attributed both to a lack of trophic support for regenerating axons and to upregulation of inhibitory factors such as chondroitin sulphate proteoglycans including NG2 following injury. Lentiviral vector-mediated gene therapy is a possible strategy for treating spinal cord injury (SCI). This study investigated the effect of lentiviral vectors expressing Neurotrophin-3 (NT-3) and short-hairpin RNA against NG2 (NG2 sh) to enhance neurite outgrowth in in vitro and ex vivo transection injury models. Conditioned medium from cells transduced with NT-3 or shNG2 lentiviruses caused a significant increase in neurite length of primary dorsal root ganglia neurons compared to the control group in vitro. In an ex vivo organotypic slice culture (OSC) transduction with Lenti-NT-3 promoted axonal growth. Transducing OSCs with a combination of Lenti-NT-3/NG2 sh lead to a further increase in axonal growth but only in injured slices and only within the region adjacent to the site of injury. These findings suggest that the combination of lentiviral NT-3 and NG2 sh reduced NG2 levels and provided a more favourable microenvironment for neuronal regeneration after SCI. This study also shows that OSCs may be a useful platform for studying glial scarring and potential SCI treatments.
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1. Introduction


The inability of the spinal cord to regenerate after damage makes spinal cord injury (SCI) a devastating condition. Patients can suffer from partial or complete loss of sensation and motor function below the point of injury [1]. SCI represents a clear unmet medical need where new treatments are desperately required, and these need to be evaluated in preclinical studies prior to clinical trials [2]. Animal models of SCI have been developed to better understand the physiology of damage and repair [3]. These animal models are also important for evaluating the efficacy and safety of new therapies to promote regeneration and repair of damaged tissue. However, the animal-based models of SCI require substantial post-operative care and are time consuming and expensive [4]. Furthermore, there is an international effort to replace, reduce and refine animal-based studies (the three Rs). Taken together there is a need for other models of SCI which can be used to evaluate strategies to enhance regeneration and repair.



A promising alternative to in vivo models of SCI is the ex vivo organotypic spinal cord slice culture (OSC) model. This model allows the post-injury interaction of different cells within the spinal cord to be studied, including the interplay of neurons and the glial scar [5]. OSCs are slices that are prepared from the intact rat spinal cord which can be cultured for 2–3 weeks under appropriate conditions [6,7]. The cell populations present in vivo are maintained within OSCs along with three-dimensional connections between neurons, the extracellular matrix and supporting cells. OSCs can reduce some confounding factors found in vivo [7] while reproducing many of the post-traumatic events including some of the acute and secondary injury mechanisms [8,9,10,11,12]. OSC-based work offers the potential of reduced financial cost and faster assessment of therapeutic interventions [7]. OSCs are frequently prepared from neonatal animals, but studies with sections from adult rats showed that the spinal cord morphology and structural integrity was preserved with clear differentiation of white and grey matter [13]. Of course the ex vivo model cannot model the interplay between the immune system and the injury, nor can it be used for the functional/behavioural studies which need to be assessed in vivo.



One of the significant barriers to regeneration of neurons and repair of the spinal cord is the glial scar. This microenvironment, created primarily by reactive astrocytes, includes extracellular matrix (ECM) proteins, in particular chondroitin sulphated proteoglycans (CSPGs) such as brevican and NG2. Studies have shown that ex vivo injured OSCs recapitulate several elements of the glial scar (e.g., upregulation of NG2 and the increase in reactive astrocytes). These suggest that the ex vivo slice culture may be a useful model to assess strategies which modify the glial scar and to determine how these impact spinal cord regeneration and repair.



Lentiviral vectors are an attractive treatment option for central nervous system (CNS) diseases and injuries due to their capacity to transduce both dividing and non-dividing cells [14,15,16,17]. A range of studies have shown the efficient use of lentiviral vectors to overexpress genes of interest (e.g., heat shock protein-27) in stroke [18] and glial cell line-derived neurotrophic factor (GDNF) overexpression in Parkinson’s Disease [19]. Studies in SCI have utilised lentiviral delivery of neurotrophic factors (e.g., NT-3 and brain cell derived neurotrophic factor, BDNF) [20,21] and lentiviral delivery of chondroitinase ABC (ChABC) [22,23] to promote spinal cord repair. Lentiviral vectors encoding NT-3 have been shown to modulate neuronal support over time by promotion of neuronal survival, axonal growth and long distance regeneration [20,24,25,26]. The delayed administration of NT-3 has been shown to improve forelimb function after cervical SCI [27]. The use of NT-3 after SCI has been shown to promote myelination [28,29]. NT-3 has also been successfully administered to injured spinal cord in combination with biomaterials—including collagen, fibrin, Matrigel, hyaluronic acid and chitosan [30,31]. In addition, NT-3 has been used in combination with cell grafts in injured spinal cord [32].



Lentiviral vectors have also been used for targeted short hairpin RNA (shRNA) mediated knockdown of factors after SCI, including glial fibrillary acidic protein (GFAP), vimentin [33,34], NG2 [35,36] and receptor protein tyrosine phosphatase sigma (RPTPσ) and CSPG inhibition [37]. A mouse model of SCI treatment with shRNA against GFAP and vimentin (shGFAP and shVIM) demonstrated improved motor function and increased axonal regrowth and sprouting [34]. Stable expression of shGFAP and shVIM in the lesion site resulted in a significant reduction of astrogliosis. Donnelly et al. (2012) investigated a combinatorial approach using lentiviral vector-mediated shRNA against NG2 (NG2 sh) along with lentiviral-delivery of NT-3 in contused SCI rats. The injured rats showed an improvement in function 2 weeks post-treatment. These behavioural data were supported by the histological observation of increased numbers of neurons and decreased levels of NG2 protein, as well as reduced scar size at the lesion site [35].



NG2 (CSPG4-proteoglycan) is a transmembrane glycoprotein expressed in the intact CNS and upregulated after CNS injury [38,39,40]. NG2 has been reported to be involved in inhibition of axonal regeneration after SCI [40,41,42]. The use of ChABC enzymes to digest the glycosaminoglycan chains of NG2 and related proteoglycans promoted neurite outgrowth and axonal growth [43,44,45,46]. Transduction with a lentiviral vector encoding ChABC has been shown to promote functional recovery in the forelimb post-SCI by reducing chondroitin sulphate chains and enhancing axonal growth after a cervical contusion injury [22].



In this study, we investigated the effect of delivering a combination of Lenti-NT-3 and Lenti shNG2 using an ex vivo model of spinal cord transection injury. We hypothesised that Lenti shNG2 can be used to decrease the CSPG NG2 levels and that a combination of Lenti-NT-3 and Lenti shNG2 creates an improved microenvironment for axonal regrowth and sprouting in this ex vivo model that mimics in vivo studies.




2. Materials and Methods


2.1. Cell Culture


All cell culture media and reagents were purchased from Sigma-Aldrich (Dublin, Ireland). Human embryonic kidney 293T cells were cultured and maintained in HEK293T cell culture media (88% high glucose Dulbecco’s modified Eagle’s medium (DMEM), 10% foetal bovine serum (FBS), 1% penicillin streptomycin (PS) and 1% non-essential amino acid (NEAA)). Neu7 inhibitory rat astrocytes derived from neonatal rat cortical cultures were a kind gift from Professor James Fawcett, University of Cambridge, UK. The Neu7 cell line expresses a high level of CSPG NG2 protein [47] and is therefore a suitable cell line to investigate knockdown of NG2 in vitro. Neu7 cells were cultured and maintained in Neu7 culture medium (88% low glucose DMEM, 10% FBS, 1% PS and 1% L-Glutamine). All cells were maintained in a cell culture incubator at 37 °C in a 5% humidified CO2 atmosphere.




2.2. Dorsal Root Ganglia (DRG) Primary Cells


The protocol for harvesting dorsal root ganglia (DRG) neurons was adapted from [36,48]. Briefly, five Sprague Dawley P4 rat pups (Charles River UK Ltd., Margate, UK) at postnatal day (P) 4 were sacrificed by anaesthesia with 5% isoflurane followed by decapitation using a guillotine (Stoelting Co, Germany). DRGs were dissected from the vertebral columns under 16X magnification stereomicroscope (Wild, Switzerland) in sterile Petri dishes (100 mm diameter) Sarstedt (Numbrecht, Germany). Sterile ice-cold Hanks’ balanced salt solution (HBSS) was used to collect the DRG neurons. To inhibit mitosis and promote the survival of neurons, DRGs were cultured in medium containing 88% low glucose MEM, 15% FBS, 1% PS and 3% glucose supplemented with 0.02M 5-Fluro-2′-deoxyuridine, 0.8M uridine and 10ng/mL NGF and 1% L-glutamine at 37 °C in a 5% humidified CO2 atmosphere.




2.3. NT-3 and pWPT-GFP Lentiviral Vectors


The human NT-3-expressing lentiviral vector was created, produced and validated as described previously [36]. As an easy to visualise control for transduction, the pWPT-GFP lentiviral vector was used; this was a gift from Didier Trono (Addgene plasmid #12255).




2.4. shRNA Lentiviral Vectors Targeting NG2 Transcripts


Lentiviral vectors containing shRNAs targeting NG2 (Mission®shRNA) were purchased from Sigma-Aldrich (St Louis, MI, USA). In this study, five shRNAs originally designed to target mouse NG2 were tested for their ability to knockdown rat NG2. To select these shRNAs, the mRNA sequence of rat NG2 (NM_031022) was aligned with the sequence of mouse NG2 (NM_139001) using multiple sequence alignment T-coffee tools [49]. shRNAs which targeted regions of the mouse sequence which were identical or very similar to the rat sequence were selected (see Table 1). A vector containing a shRNA which does not target any mammalian transcript (non-targeting control; NTC) was used to control for the effect of transduction and/or selection with puromycin.




2.5. Titration of Lentiviral Vectors


Lentiviral vector preparations were titred by performing qPCR of genomic DNA to quantify the increase in gag sequences within the target cell genome post-transduction as described by Kutner et al. (2009) [50] and Sastry et al. (2002) [51]. To quantify an absolute number of gag sequences within a transduced cell population, gag standard curves were generated using plasmid DNA serially diluted to 107 to 103 copies per reaction. The qPCR reactions were performed in 10 µL total volume PCR reactions in triplicate using a primers pair specific for the gag sequence (GGAGCT AGACGATTCGCAGTTA and GGTTGTAGCTGTCCCAGTATTTGTC). The qPCR reactions were run on a StepOnePlus™ real time PCR machine using SYBR Green Master Mix (Thermo Fisher Scientific, Loughborough, UK). The cycling conditions were as follows: 95 °C for 15 min (polymerase activation) followed by 40 cycles of amplification (95 °C denaturation for 15 s, 55 °C annealing for 30 s, 72 °C elongation for 30 s) and a final extension at 72 °C for 30 s. To determine the total number of integrations in the wells of cells, the gag per genome value was multiplied by the number of cells seeded. In this study, we seeded 1 × 105 cells in one well of a six-well plate. To determine the titre in transducing units (TU/mL), the number of integrations per well of cells was divided by the volume of the vector preparation used to transduce the cells.




2.6. NT-3 ELISA


To ascertain the amount of NT-3 secreted by Lenti-NT-3-transduced cells, a DuoSet®ELISA Human NT-3 Kit was used according to the manufacturer’s protocol with some slight modification. Serial dilutions of standards, samples and detection antibody (200 ng/mL) were freshly prepared in 1% BSA in 1× PBS standards, and samples (50 µL volume) were added to the relevant wells. The plate was covered and incubated for 2 h at room temperature. The 96-well plate was washed three times with 400 µL wash buffer and blotted using clean towel paper. The streptavidin-HRP (1:200 dilution) was added into the well and incubated for 20 min. The 96-well plate was washed three times with 400 µL wash buffer and blotted with clean towel paper. The substrate solution was added and incubated for another 20 min. After 20 min of incubation, 50 µL of 2 N Sulphuric acid (H2SO4) stop solution was added to the well to halt the reaction. The absorbance was read at 540 to 570 nm wavelength using a Wallac Victor™ 3R Plate Reader (Perkin Elmer, Shelton, CT, USA). Each experiment was run in triplicate.



NT-3 ELISA was also used to determine the level of NT-3 protein in media isolated from spinal cord slices transduced with NT-3 lentiviral vector and combination lentiviral vector NT-3/NG2 sh1 vector. The media were harvested from transduced slices at days 3 and 7 post-transduction.




2.7. DRG Neurite Outgrowth Assay


DRG neurons were harvested as outlined above. Prior to DRG cell seeding, eight-well chamber slides (Ibidi GmbH, Martinsried, Germany) were coated with 5 µg/cm2 of bovine collagen type I (Corning BD Biosciences, USA) for one hour at room temperature to promote attachment of DRG neurons. A total of 1000 DRGs were seeded into each collagen-coated well and incubated with 200 µL DRG culture medium overnight.



To determine whether NT-3 produced by Lenti-NT-3-transduced cells was functional, 200 µL medium from 293T cells transduced with 1 × 108 TU/mL or 5 × 108 TU/mL of Lenti-NT-3 vector was used to culture DRG neurons for 3 days in vitro. As controls, DRGs were treated with 200 µL 293T medium from untransduced cells or with DRG culture medium.



To analyse the effect of shNG2 lentiviral vectors, 200 µL of medium from Neu7 cells transduced with shNG2 lentiviral vector (NG2 sh1, sh2, sh3, sh4 or sh5) was isolated and incubated with DRG neurons for 3 days in vitro. As controls, DRGs were treated with 200 µL Neu7 cell medium from untransduced cells, from cells transduced with the non-targeting control vector and with DRG culture medium. Each experiment was carried out in triplicate.




2.8. Immunocytochemical Staining


2.8.1. DRG Immunocytochemical Staining


DRG neurons were fixed with 4% paraformaldehyde (PFA) for 15 min then washed in 1× PBS three times. To block non-specific staining, the DRG neurons were incubated with 10% normal goat serum (NGS) in 1× PBS with 0.5% Tween-20 for 2 h at room temperature. The blocking solution was aspirated from the wells and replaced with βIII-tubulin (Cell Signalling Tech, Beverly MA, USA) primary antibody diluted (1:400) in 1× PBS overnight at 4 °C. DRGs were washed with 1× PBS three times and were incubated with goat anti-rabbit secondary antibody (1:200) Alexa 594 (Invitrogen, Loughborough, UK) for 2 h at room temperature. The DRGs were washed three times with 1× PBS. To counterstain the nuclei, the cells were incubated with 1µg/mL DAPI (Thermo Fisher Scientific) for 5 min at room temperature. The DRGs were washed with 1× PBS three times and were stored in 1× PBS prior to confocal imaging. Projected confocal image stacks of the immunostained DRGs were used in the stereological analysis of neurite outgrowth. Random fields of view (n = 6) were captured from each sample. ImageJ software was used to split the two channels (red immunostained DRGs and blue DAPI stained nuclei), and these were measured separately using the de-interleave ImageJ editing tool. The DRG images were inverted to greyscale. A square grid was generated using an ImageJ built-in macro, and this grid was placed on the top of the DRG images. To measure the total length per unit area of neurite outgrowth, the number of βIII-tubulin positive neurites crossing a line on the grid was counted (I). The distance between each line on the grid was measured (T). The total length of neurite outgrowth per unit area was estimated using the formula described by Donnelly et al. [36]: total length/unit area = π/2 × I/2 x T. The results are presented as mean ± SEM. The mean differences of DRG neurite length was analysed using one-way ANOVA between conditioned media from non-targeting control; DRG media only; conditioned media from NG2 sh1, sh2, sh3, sh4 and sh5 and transduced cell media followed by Tukey’s post-hoc test.




2.8.2. Neu7 Cell Immunocytochemical Staining


Immunocytochemistry was used to assess NG2 levels in Neu7 cells. Neu7 cells were seeded into eight-well chamber slides at 2000 cells per well in Neu7 cell culture medium and incubated overnight at 37 °C and 5% CO2/90% humidity. Medium was removed, cells were washed with 1× PBS, fixed with 4% PFA and nonspecific staining was blocked as above. An antibody against NG2 (AB5320, 1:200; Merck Millipore, Darmstadt, Germany), GFAP (Z0334; 1:200; DAKO, Glostrup, Denmark) or CS-56 (C8035; 1:200; Sigma-Aldrich ((Dublin, Ireland) was added. After 24 h of primary antibody incubation, the Neu7 cells were washed with 1× PBS three times (5 min/wash). The Neu7 cells were then incubated with secondary antibodies for 2 h at room temperature, washed and cell nuclei stained as above. Cells were imaged using confocal microscopy.





2.9. shNG2 Lentiviral Vector Transduction of Neu7 Cells


The efficiency of the shRNA NG2 knockdown was evaluated by measuring the decrease in NG2 protein levels produced by Neu7 cells. The five shNG2 vectors (NG2 sh1, 2, 3, 4 and 5) were used to transduce Neu7 cells. A non-targeting shRNA acted as a control for transduction and puromycin selection. A TurboGFP™ lentiviral vector was used to visualise transduced cells. Three days post-transduction, untransduced cells were killed by adding puromycin (4 µg/mL) to the culture medium until a control well of untransduced cells had all died. NG2 protein expression levels were evaluated using Western blot analysis and immunocytochemistry for NG2.




2.10. NG2 Western Blot


Cell extracts from Lenti-NG2 shRNA transduced and control cells (15 µg of protein in 30 µL of lysis buffer) were boiled at 95 °C for 5 min and separated on an 8% SDS PAGE gel then wet transferred to a PVDF membrane overnight at 90 mA on ice. Non-specific protein binding was blocked in 5% non-fat dry powdered milk in tris-buffered saline (TBS) and 0.1% Tween-20 (TBST) for 1 h at room temperature on a shaker at 90 rpm. After blocking, the membrane was washed in TBST three times then incubated in NG2 primary antibody (1:200) (Cell Signaling Technology, Beverly MA, USA) in 3% non-fat powdered milk in TBST overnight at 4 °C. The membrane was washed in TBST three times (5 min per wash) then incubated with an anti-rabbit secondary-HRP (1:10,000) in 3% non-fat powdered milk in TBST for 90 min on the shaker. The membrane was then washed in TBST three times (5 min per wash). The membrane was incubated with SuperSignal™ West Pico Chemiluminescent Substrate for 3 min prior to imaging. The blot was imaged using a LICOR Odyssey Imager (LICOR, Nebraska, USA).




2.11. Measurement of Corrected Total Cell Fluorescence (CTCF) of NG2 in Transduced Neu7 cells


The CTCF was determined for untransduced and transduced Neu7 cells immunocytochemically stained for NG2. In ImageJ a standard oval shape was drawn (153.96 mm2) and placed randomly on the top of each image. The fluorescence intensity was measured by measuring the area, integrated density and mean grey values of the area occupied by the box. In each image, eight random GFP-expressing cells (i.e., cells transduced with the shRNA vector) were selected and the mean intensity of NG2 protein signal was calculated from each image. The exposure time and gain were kept the same in each channel—GFP exposure/gain: 500/50, NG2 exposure/gain: 500/80 and DAPI exposure/gain: 500/80.




2.12. Animals


Sprague Dawley rats (Charles River UK Ltd., Margate, UK) were used in this study. All housing and surgical procedures carried out in this study were approved by the Animal Care Research Ethics Committee (ACREC) at the National University of Ireland, Galway. Postnatal day (P) 4 rat pups were sacrificed by anaesthesia with 5% isoflurane followed by decapitation using a guillotine (Stoelting Co, Germany). The bodies were kept in sterile dishes on ice prior to spinal cord harvesting. Spinal cord isolation was performed in a class II biological safety cabinet under aseptic conditions. The skin was incised using a sterile blade #10 (Swann-Morton, Sheffield, UK) along the midline of the dorsum. A small transverse incision was made on the sacral vertebrae. The spinal cords were flushed from the vertebral column using a 1ml syringe fitted with an 18G needle and filled with 1× ice-cold phosphate-buffered saline (PBS; pH 7.4) [52]. The spinal cords were suspended in ice-cold artificial cerebrospinal fluid (aCSF; pH 7.4) containing 126mM NaCl, 2.5mM KCl, 1.25mM NaH2PO4.H2O, 2mM CaCl2.2H2O, 2mM MgSO4.7H2O and 10mM glucose. The meninges were gently dissected away using sterile fine forceps in ice-cold sucrose aCSF using a stereomicroscope (Wild MZ32, Jena, Germany).




2.13. Spinal Cord Transection and Lentiviral Vector Transduction


Spinal cords were isolated from three litters of P4 pups with (12 pups per litter). From one litter, four spinal cords were placed into three separate Petri dishes. Each spinal cord was cut into pieces 1cm in length and transferred to sterile tissue chopper discs. Longitudinal sections of spinal cord were prepared and cultured as described previously [5,53]. In brief, spinal cord sections were cut to 350µm thickness on the McIIwain tissue chopper (Mickle Laboratory Engineering, Surrey, UK). The spinal cord tissue slices were transferred to 30 mm diameter Millicell® cell culture inserts (Catalogue number PICM0RG50: Merck Millipore, Darmstadt, Germany). The slices were selected from the middle of the spinal cord and had a good proportion of white and grey matter distribution. Two spinal cord slices were cultured on each insert in six-well trays containing 1 mL incubation media: 48% MEM, 25 mM Hepes, 25% heat-inactivated horse serum, 2 mM glutamine, 1% PS, 1% N-Acetyl L-Cysteine and 25% HBSS. Slices were maintained in spinal cord slice culture medium at 37 °C in a 5% humidified CO2 atmosphere. After 4 days in culture, the tissue slices were separated into: (1) control/uninjured group and (2) injured group. A transection injury was performed on the spinal cord slices within injury group midway along the length of the tissue slices using two sterile scalpel blades #10 (Swann-Morton, Sheffield, UK) attached to a scalpel handle arranged 460 µm distance apart. The injury created was complete through the full thickness from the top to bottom of each slice. The injury gap area decreased from days 3 and 10; however, the area of gap between the two sides was still visible after 10 days in culture. Medium was changed every two days.




2.14. NT-3 and shNG2 Lentiviral Vector Transduction of Spinal Cord Slices


To examine the effect of NT-3 lentiviral vector and combination lentiviral NT-3/sh1 NG2 knockdown on ex vivo spinal cord slices, the control and injured slices were either untransduced or else transduced with the following lentiviral vectors: non-targeting control, GFP, NT-3 and a combination of NT-3 with NG2 sh1. For transduction, on day 3, 166 TU of vector (GFP, non-targeting control, or sh1NG2) was pipetted onto each slice. The slices in the NT-3 group and combination NT-3/NG2 sh1 were transduced with 25 × 105 TU NT-3 lentiviral vector. The spinal cord slices were cultured for 7 days after lentiviral transduction.




2.15. Tissue Fixation and Immunohistochemistry


On day 7 post-transduction, medium was removed from each well and replaced with 1× PBS. The spinal cord slices were fixed with 4% PFA for 24 h at 4 °C. These slices were immunohistochemically stained for βIII-tubulin, a marker of neurons or for the CSPG NG2. The spinal cord tissue slices were washed in 1× PBS three times (5 min per wash). The spinal cord tissue on the inserts was transferred to 24-well trays by cutting the membrane of the inserts into smaller pieces to fit inside the 24-well tray wells. Immunohistochemical staining was performed on the tissue slices in the 24-well trays. To block nonspecific staining, the spinal cord slices were incubated with 10% NGS in 1× PBS with 0.5% Tween-20 for 2 h at room temperature. The blocking solution was removed and replaced with primary antibody solution diluted in 1× PBS blocking buffer overnight at 4 °C. Primary antibodies used in this study were mouse anti-βIII-tubulin (Merck Millipore, Germany; 1:100) and mouse anti-NG2 (Merck Millipore, Darmstadt, Germany; 1:200). After a 24 h primary antibody incubation, the slices were washed with 1× PBS three times (5 min per wash), then incubated with secondary antibodies for 2 h at room temperature. The secondary antibodies used in this study were goat anti-rabbit Alexa Flour 594 (Invitrogen, Loughborough, UK; 1:200) and goat anti-mouse Alexa Flour 488 (Invitrogen, Loughborough, UK, UK; 1:200). The slices were washed with 1× PBS three times (5 min per wash). To counter stain the cell nuclei, the slices were incubated with 1 µg/mL DAPI (Thermo Fisher Scientific) for 15 min at room temperature. The slices were washed with 1× PBS three times (5 min per wash) and were left in 1× PBS at 4 °C until ready for imaging. A negative control was carried out where the primary antibody was replaced with buffer.




2.16. Imaging


Confocal images of DRGs and Neu7 cells on eight-well chamber slides were captured using a 20X lens on an Andor spinning disc confocal microscope (Andor Technology Ltd., Bristol, UK). To examine the immunopositive cells, confocal z-stack images were captured at 1 µm z step distance apart. Spinal cord slices were also imaged using the Andor spinning disc confocal microscope at 10×. Projected confocal image stacks were captured of immunohistochemically stained spinal cord slices. All imaging was carried out using the same exposure time and emission gain for all spinal slices.




2.17. Stereology


Projected confocal images of control and injured spinal cord slices 7 days post-transduction were examined using stereology to determine the volume fraction (Vv) of βIII-tubulin and Vv NG2 transduced cells in the spinal cord slices. ImageJ software was used to generate a square grid. The Vv of the immunohistochemical staining was estimated by dividing number of intersection points on the grid resting on immunostained cells by the total number of intersection points on the grid resting on tissue.



Following culture, staining and imaging, the injured spinal cord slices were divided into three regions of interest: injury zone (IZ) i.e., the area of the lesion site; the scar zone (SZ) defined as a distance of 100 µm from the edge of the lesion site and the near scar zone (NSZ) defined as a 100 µm distance from SZ. The cuts through the slices leave blade marks on the inserts used to culture the slices which can easily be visualised through the microscope; these defined the injury zone. The Vv immunohistochemical staining was determined in each zone of interest.




2.18. Statistics


All data collected from the stereological analysis were saved in Microsoft Excel 2013 (Microsoft Office, USA). Statistical analysis was carried out using Minitab software (Minitab Incorporation, USA). All the results were illustrated using Graphpad Prism software (Prism 7, San Diego, CA, USA). To test for differences between the parameters examined in all molecular and in vitro data, a one-way analysis of variance (ANOVA) was performed followed by post-hoc Tukey’s test. For ex vivo slice culture analysis, a two-way ANOVA was carried out, followed by Tukey’s multiple comparison test. Statistical significance was set at probability (p) value less than 0.05, 0.01 and 0.001. All the results are presented as mean ± standard error of the mean (SEM).





3. Results


3.1. Selection of shNG2 Lentiviral Vectors


The aim of this work was to determine the effect of Lenti-NT-3, either alone or in combination with Lenti-NG2 shRNA, on the microenvironment of the lesioned spinal cord using organotypic spinal cord slice cultures. Lentiviral vectors encoding shRNAs targeting the NG2 transcript of Mus musculus but not Rattus norvegicus were commercially available at the initiation of this study. Rat and mouse NG2 coding sequences were aligned, and two mouse shRNAs were identified which targeted sequences identical between the rat and mouse transcripts (NG2 sh1 and sh2, see Table 1). Three mouse NG2 shRNAs were identified which targeted a sequence with one mismatched nucleotide between the rat and mouse transcripts (sh3, sh4 and sh5; see Table 1). The lentiviral vectors used in this study are illustrated in Figure S1. As a control for transduction, selection and shRNA production, a non-targeting control (NTC) vector was used. This contains a shRNA insert that does not target any known mammalian transcript.




3.2. Cells Transduced with NT-3 Lentiviral Vector Produce Significant Levels of NT-3 Protein Which Is Able to Promote DRG Neurite Outgrowth


The 293T cells transduced with Lenti-NT-3 at 1 × 105, 5 × 105 or 10 × 105 TU/mL all produced significantly more NT-3 than untransduced cells demonstrated by ELISA validating the function of the vector (Figure 1). The levels of NT-3 produced by transduced cells (2438 pg/mL) are of biological relevance, as results obtained previously in our laboratory indicated that recombinant NT-3 protein at 100 pg/mL concentration (or higher) caused a significant increase in DRG neurite length [36]. The functional effect of NT-3 protein produced by Lenti-NT-3-transduced 293T cells (1 × 105 TU/mL or 5 x 105 TU/mL) was confirmed when conditioned media from these cells caused a significant increase in DRG neurite length compared to untransduced 293T cell media (Figure 2). These studies demonstrated that cells transduced with NT-3 lentiviral vector secreted functional NT-3 protein capable of promoting DRG neurite outgrowth. Interestingly, conditioned medium from 293T cells transduced with 5 × 105 TU/mL vector lead to a significantly greater increase in DRG length than medium from cells transduced with 1 × 105 TU/mL, even though both conditioned media contained similar levels of NT-3. The reasons for this difference are not yet understood.




3.3. Transduction with Lentiviral shNG2 Reduced NG2 Protein Neu7 Cells


The astrocytic cell line Neu7, which expresses NG2, was used to determine the ability of lentiviral shRNAs to knockdown rat NG2 protein [54,55,56]. Neu7 cells were transduced with each lentiviral vector encoding NG2 shRNA (sh1, sh2, sh3, sh4 or sh5). As a control, cells were transduced with a vector encoding a non-targeting shRNA. The puromycin resistance gene on the lentiviral vector allowed selection of transduced cells. Three of the tested shRNAs (NG2 sh1, NG2 sh2 and NG2 sh5) significantly reduced the level of NG2 protein compared to the non-targeting shRNA control and to untransduced cells as determined using Western blot analysis (Figure 3, Figure S2 and Table S1). NG2 sh1 treated cells showed the greatest decrease in NG2 protein level (96%) compared to non-targeting control treated cells.



Immunocytochemistry was performed to confirm the reduction in NG2 protein in Neu7 cells via measurement of total cell fluorescence intensity (Figure 4). In this experiment, the NG2 sh1, NG2 sh2 and NG2 sh5 lentiviral vectors caused a significant reduction of fluorescence intensity of NG2 protein in Neu7 cells compared to the non-targeting shRNA control group. Taken together, these results indicate that transduction with NG2 sh1, NG2 sh2 and NG2 sh5 lentiviral vector causes a significant reduction in NG2 protein in the astrocytic cell line Neu7 in vitro. Furthermore NG2 sh1 was able to significantly reduce NG2 protein production within 3 days of transducing Neu7 cells (Figure S3).




3.4. Lentiviral shNG2 Knockdown of NG2 Promotes DRG Neurite Outgrowth In Vitro


The astrocytic cell line Neu7 produces high levels of the CSPG NG2, and conditioned medium from these cells inhibits the outgrowth of DRGs [55]. These cells have been used as an in vitro model of neurite outgrowth inhibition such as that caused by the glial scar in SCI. Neu7 inhibition of neurite outgrowth was significantly reduced following transduction with all of shNG2 lentiviral vectors compared to cells transduced with the non-targeting shRNA vector (Figure 5). This was demonstrated by measuring the length of βIII-tubulin-stained DRG neurons in vitro (Figure 5A,B). These results suggest that lentiviral shRNAs against NG2 reduced levels of NG2 protein production by Neu7 cells and that these reduced levels of NG2 were not sufficient to inhibit neurite outgrowth in this in vitro functional assay.



These cell culture experiments demonstrated that transduction with NG2sh1, NG2sh2 and NG2sh5 shRNAs significantly reduced the level of NG2 protein produced by Neu7 cells and also significantly relieved the Neu7 inhibition of DRG cell outgrowth. NG2 sh1 was selected and used for the rest of the studies described here.




3.5. Spinal Cord Slice Cultures Transduced with NT-3 Lentiviral Vector Produce NT-3 Protein


To ascertain whether control and injured (transected) spinal cord slices transduced with Lenti-NT-3 vector alone or combination of Lenti-NT-3/NG2 sh1 vectors produce NT-3 protein, the conditioned media were collected 3 and 7 days post-transduction of the slice cultures and tested by ELISA (Figure 6). All of the OSCs transduced with NT-3 or NT-3/NG2 sh1 produced significantly more NT-3 protein than the untransduced OSCs or slices transduced with the non-targeting shRNA control vector (Figure 6). A comparison showed that the uninjured and injured slices produced similar levels of NT-3 after transduction with NT-3, but higher levels of NT-3 were measured in the conditioned media of slices transduced with a combination of Lenti-NT-3/NG2 sh1. The reason for this increased level of NT-3 following co-transduction with Lenti-NG2 sh1 is not yet understood. The levels of NT-3 measured at day 7 were lower than those observed at day 3 for slices transduced with NT-3 or with NT-3/NG2; however, they remained significantly higher than the control slices (Figure 6). Previous studies in our group have shown that there is not a significant decrease in cell viability between day 3 and day 10 post-injury [53]. As lentiviral transduction leads to integration in the host cell, this change is not because of the vector (unlike transient changes following transduction with other vectors such as adenoviral vectors), but this decrease may reflect changes in protein production by cells during the slice culture).




3.6. NG2 Expression Is Reduced in Ex Vivo Spinal Cord Slice Cultures 7 Days after Transduction with Lenti-NT-3/NG2 sh1


Having validated the functions of the Lenti-NT-3 and Lenti-NG2 sh1 vectors in vitro, the aim of this portion of the study was to determine whether these vectors altered the injury environment of an ex vivo OSC model of the injured spinal cord. We developed an ex vivo transection model of SCI and used stereology to show that the volume fraction (Vv) of NG2 proteoglycans increased significantly between day 3 and day 10 post-injury [5]. The OSC was analysed as 3 separate zones, the injury zone (IZ) i.e., the lesion site, the scar zone (SZ) defined as a distance of 100 μm from the edge of the lesion site and the near scar zone (NSZ) defined as a 100 μm distance from the SZ. Control or injured OSCs were cultured for 3 days, viral vector was added then the slices were maintained in culture for 7 days prior to analysis by immunostaining.



NG2 levels were quantified by immunostaining and stereological analysis to determine the Vv of NG2 staining. As expected, after injury to the slice and in the absence of transduction, the Vv NG2 increased in the regions adjacent to the injury (SZ and NSZ) (Figure 7 and Figure 8B). Following transduction with Lenti-NT-3/NG2 Sh1, the SZ and NSZ regions of transected OSCs showed significantly lower levels of NG2 staining than slices transduced with the non-targeting shRNA.



The analysis shows an interesting and as yet unexplained observation in the SZ and NSZ regions of injured slices where transduction with lentiviral non-targeting control shRNA caused a significant reduction in NG2 compared to untransduced slices. In addition, there appeared to be a significant increase in the Vv of NG2 in control and injured slices following Lenti-NT-3 transduction, but this was significantly reduced by transduction with the Lenti-NT-3/NG2 sh1 vector combination (Figure 8). This may be because NT-3 stimulates the production or proliferation of NG2-positive early precursor cells [57]



3.7. βIII-Tubulin Levels Are Increased in Ex Vivo Spinal Cord Slice Cultures Transduced with Lenti-NT-3/NG2 sh1



The Vv of βIII-tubulin staining in each region of the OSCs was assessed as a measure of the proportion of the OSC volume occupied by neurons. Within the IZ, as expected, injury led to a decrease in Vv βIII-tubulin compared to uninjured samples. Transduction with Lenti-NT-3 significantly increased the Vv βIII-tubulin compared to samples treated with a control vector suggesting a stimulation of axonal growth caused by the increase in NT-3 (Figure 9 and Figure 10A). The Vv βIII-tubulin was further significantly increased by transduction with a combination of Lenti-NT-3/NG2 sh1 compared to Lenti-NT-3 alone suggesting that a reduction in NG2 enhances axonal sprouting/growth. Likewise within the SZ a significant increase in the Vv βIII-tubulin was observed for OSCs transduced with Lenti-NT-3 vs. those transduced with a control vector. This increase was observed in both control and injured OSCs. Similar to results observed in the IZ, within the SZ, the Vv βIII-tubulin was further increased by transduction with the Lenti-NT-3/NG2 sh1 combination compared to Lenti-NT-3 alone, but only for injured OSCs (Figure 9 and Figure 10B). This suggests that a within the IZ and SZ, stimulation of axonal growth is enhanced by increased NT-3 and further enhanced by a reduction in NG2 (Figure 9 and Figure 10). Unexpectedly, the Vv βIII-tubulin in the SZ increased following injury in untransduced OSCs even though the Vv NG2 increased in the same samples.



Further away from the site of injury, in the NSZ Lenti-NT-3 also resulted in an increase in Vv βIII-tubulin compared to the control transduction suggesting enhanced axonal growth (Figure 9 and Figure 10C). However, unlike the IZ and SZ, transduction with a combination of Lenti-NT-3 and NG2 sh1 did not lead to a statistically significant increase in Vv of βIII-tubulin compared to Lenti-NT-3 alone in either control or injured OSCs. This suggests that at some distance from the glial scar, where NG2 is not as abundant, knockdown of NG2 does not enhance axonal outgrowth (Figure 7, Figure 8, Figure 9 and Figure 10). Thus, the greatest increase in Vv βIII-tubulin-positive staining in injured OSCs was observed following delivery of a combination of NT-3 and NG2 sh1 vectors.





4. Discussion


Ex vivo models of SCI allow researchers to mimic in vivo injury and to optimise novel interventions before moving into preclinical studies supporting the three Rs (replacement, reduction, refinement) of animal usage. Here we describe an ex vivo rat model of spinal cord transection injury for testing a lentiviral vector-based treatment to overcome the inhibitory environment for regeneration at the lesion site. To our knowledge this is the first report testing a lentiviral vector in an organotypic slice culture model of SCI.



Neurotrophic factors are widely recognised as potential therapeutic factors in the treatment of SCI [58,59]. Many studies have shown that NT-3 can increase neurite outgrowth and improve functional outcomes in vivo. We show here that transduction with the NT-3 lentiviral vector leads to a significant increase in NT-3 protein production in vitro in cultured cells (Figure 1) and ex vivo in organotypic spinal cord slice cultures (Figure 6). The NT-3 produced by transduced cells was able to promote an increase in DRG neurite length compared to control cell medium (Figure 2). These findings are consistent with work by Donnelly et al. [36] who showed that Lenti-NT-3-transduced cells secreted NT-3 at sufficient levels (>100 pg/mL) to promote neurite outgrowth [36].



NG2 is regarded as one of the key CSPGs that causes axonal growth inhibition at the lesion site following an SCI [40,42]. Gene therapy approaches whereby an inhibitory gene is knocked down using shRNA have proved a promising approach in the potential treatment of SCI [60,61]. Here, Lenti-NG2 sh1 knockdown of the rat NG2 protein was validated in Neu7 cells (Figure 3 and Figure 4). This NG2 knockdown was sufficient to relieve the inhibition of DRG neurite outgrowth caused by Neu7 conditioned medium (Figure 5). We demonstrate here that the combination of Lenti-NT-3/NG2 sh1 causes significant reduction of NG2 protein in ex vivo spinal cord slice cultures compared to the non-targeting control group (Figure 7 and Figure 8). This is consistent with the observations in an in vivo contusion model of SCI where rats were treated with combination Lenti-NT-3/NG2 shRNA [35]. This suggests that the organotypic slice culture model represents a potentially meaningful alternative to in vivo SCI models for studying strategies to target the glial scar.



We examined βIII-tubulin expression as a marker of neurons in the IZ, SZ and NSZ. The Vv βIII-tubulin was significantly higher in injured spinal cord slice cultures transduced with combination of Lenti-NT-3/NG2 sh1 than those treated with the non-targeting control in all zones examined (Figure 9 and Figure 10). These results suggest that a combination of Lenti-NT-3 and Lenti-NG2 sh1 promote a positive microenvironment for axonal regrowth by reducing NG2 expression and increasing NT-3 levels.



In addition, our results also showed significant βIII-tubulin expression following transduction with Lenti-NT-3 alone compared to non-targeting control (even without a reduction in NG2 protein), in particular in the IZ, suggesting that the increase in axonal growth, is localised and appeared to be short distance sprouting at the lesion site compared to Lenti-NT-3/NG2 sh1 transduced slices (Figure 9). This result is in agreement with Taylor et al., who suggest that the growth of axons after Lenti-NT-3 transduction is short distance growth and the neurotrophic stimulus alone is not enough to stimulate long distance axonal outgrowth and sprouting [20].



We have shown using cultured cells and organotypic spinal cord slice cultures that the NT-3 coding sequence and shRNA sequences against NG2 protein can be efficiently delivered using lentiviral vectors. The combination of neurotrophic support (via Lenti-NT-3) and downregulation of NG2 (via Lenti-NG2 sh1) provides a positive microenvironment for axonal growth and less inhibitory glial scar activity around the injury site in this ex vivo model of SCI. The results obtained using this ex vivo model of injury are consistent with in vivo studies suggesting that this ex vivo injury model may be a valid one for assessing the initial feasibility of strategies to enhance neuronal regeneration in a manner consistent with the three Rs.



However, the ex vivo OSC has a number of limitations which means it cannot replace all in vivo studies. Firstly, because the slice culture system lacks a blood supply throughout the study, the effect of blood circulating immune cells (e.g., monocytes and macrophages) which infiltrate the damaged tissue and respond to cytokines post-injury cannot be ascertained using this ex vivo system. Tissue resident microglia/macrophages do accumulate at the edges of slices due to damaged caused by the cutting and slicing procedures and in injured regions. Secondly, this study used slices derived from newborn (P4) pup spinal cords as these reportedly have better neuronal survival and a more consistent longitudinal fibre tract development than slice culture from animals beyond P6 [62]. Slice cultures from adolescent/adult animals (8 weeks and over) have been reported, but these were observed to have decreased vitality and tissue organisation compared to neonatal slices [8] OSC models based on neonatal spinal cords may not reflect the known differences between SCI responses in neonatal and adult animals; for example, studies in vivo demonstrated a more intense and extensive astrogliosis in adults following SCI than in neonatal animals [63]. There may be differences in the susceptibility of cells to be transduced with viral vectors between the developing and the adult spinal cord. Ideally this study would be repeated with slices derived from the spinal cords of mature rats in order to compare the way the vectors function in neonatal and adult rats. Thirdly, this model was used to assess relatively short term changes in the spinal cord post-injury (7 days), whereas SCI in humans is a complex and dynamic environment in which changes occur over much longer periods of time. Finally, perhaps the most significant drawback of using this system is that functional and behavioural assessment cannot be conducted to evaluate a new therapy, nor can complications such as allodynia be measured. Thus, although the model is useful for initial evaluations of new therapies, in vivo testing for efficacy and safety is still required.








Supplementary Materials


The following are available online at https://www.mdpi.com/2079-7737/9/3/54/s1, Figure S1: Schematic diagram of the shNG2, TurboGFPTM and pWPT-GFP vectors. Figure S2: Immunoblot of NG2 and Actin showing full blot and molecular weight markers. Table S1: Relative NG2/ β-actin intensities from 3 separate immunoblots. Figure S3: NG2 sh1 lentiviral vector significantly reduces NG2 protein in Neu7 cells in vitro.





Author Contributions


A.P. contributed to concept/design, acquisition of data, data analysis/interpretation, drafting of the manuscript, revision of the manuscript and approval of the article, P.D. contributed to data analysis/interpretation and approval of the article, S.M. contributed to concept/design, data analysis/interpretation, drafting of the manuscript, critical revision of the manuscript and approval of the article, L.H. contributed to concept/design, data analysis/interpretation, drafting of the manuscript, critical revision of the manuscript and approval of the article. All authors have read and agreed to the published version of the manuscript.




Funding


Funding for this project was provided by the Malaysia Ministry of Education and the College of Medicine, Nursing and Health Science at the National University of Ireland Galway.




Acknowledgments


The authors acknowledge the facilities, scientific and technical assistance (Mark Canney and Kerry Thompson) of the Centre for Microscopy and Imaging (www.imaging.nuigalway.ie) and the Genomics Facility at the National University of Ireland, Galway. Both facilities are co-funded by the Irish Government’s Programme for Research in Third Level Institutions, Cycles 4 and 5, National Development Plan 2007–2013.




Conflicts of Interest


The authors declare no competing interests, financial or other.




References


	



Alizadeh, A.; Dyck, S.M.; Karimi-Abdolrezaee, S. Traumatic Spinal Cord Injury: An Overview of Pathophysiology, Models and Acute Injury Mechanisms. Front. Neurol. 2019, 10, 282. [Google Scholar] [CrossRef] [PubMed]

	



Lammertse, D.P. Clinical trials in spinal cord injury: Lessons learned on the path to translation. The 2011 International Spinal Cord Society Sir Ludwig Guttmann Lecture. Spinal Cord 2013, 51, 2–9. [Google Scholar] [CrossRef] [PubMed]

	



Sharif-Alhoseini, M.; Khormali, M.; Rezaei, M.; Safdarian, M.; Hajighadery, A.; Khalatbari, M.M.; Safdarian, M.; Meknatkhah, S.; Rezvan, M.; Chalangari, M.; et al. Animal models of spinal cord injury: A systematic review. Spinal Cord 2017. [Google Scholar] [CrossRef] [PubMed]

	



Pandamooz, S.; Nabiuni, M.; Miyan, J.; Ahmadiani, A.; Dargahi, L. Organotypic Spinal Cord Culture: A Proper Platform for the Functional Screening. Mol. Neurobiol. 2016, 53, 4659–4674. [Google Scholar] [CrossRef]

	



Patar, A.; Dockery, P.; Howard, L.; McMahon, S. Analysis of reactive astrocytes and NG2 proteoglycan in ex vivo rat models of spinal cord injury. J. Neurosci. Methods 2019, 311, 418–425. [Google Scholar] [CrossRef]

	



Ravikumar, M.; Jain, S.; Miller, R.H.; Capadona, J.R.; Selkirk, S.M. An organotypic spinal cord slice culture model to quantify neurodegeneration. J. Neurosci. Methods 2012, 211, 280–288. [Google Scholar] [CrossRef]

	



Morrison, B., 3rd; Saatman, K.E.; Meaney, D.F.; McIntosh, T.K. In vitro central nervous system models of mechanically induced trauma: A review. J. Neurotrauma 1998, 15, 911–928. [Google Scholar] [CrossRef]

	



Sypecka, J.; Koniusz, S.; Kawalec, M.; Sarnowska, A. The organotypic longitudinal spinal cord slice culture for stem cell study. Stem Cells Int. 2015, 2015, 471216. [Google Scholar] [CrossRef]

	



Pohland, M.; Glumm, R.; Stoenica, L.; Holtje, M.; Kiwit, J.; Ahnert-Hilger, G.; Strauss, U.; Brauer, A.U.; Paul, F.; Glumm, J. Studying axonal outgrowth and regeneration of the corticospinal tract in organotypic slice cultures. J. Neurotrauma 2015. [Google Scholar] [CrossRef]

	



Weightman, A.P.; Pickard, M.R.; Yang, Y.; Chari, D.M. An in vitro spinal cord injury model to screen neuroregenerative materials. Biomaterials 2014, 35, 3756–3765. [Google Scholar] [CrossRef]

	



Pinkernelle, J.; Fansa, H.; Ebmeyer, U.; Keilhoff, G. Prolonged minocycline treatment impairs motor neuronal survival and glial function in organotypic rat spinal cord cultures. PLoS ONE 2013, 8, e73422. [Google Scholar] [CrossRef] [PubMed]

	



Krassioukov, A.V.; Ackery, A.; Schwartz, G.; Adamchik, Y.; Liu, Y.; Fehlings, M.G. An in vitro model of neurotrauma in organotypic spinal cord cultures from adult mice. Brain Res. Brain Res. Protoc. 2002, 10, 60–68. [Google Scholar] [CrossRef]

	



Cho, J.S.; Park, H.W.; Park, S.K.; Roh, S.; Kang, S.K.; Paik, K.S.; Chang, M.S. Transplantation of mesenchymal stem cells enhances axonal outgrowth and cell survival in an organotypic spinal cord slice culture. Neurosci. Lett. 2009, 454, 43–48. [Google Scholar] [CrossRef] [PubMed]

	



Naldini, L.; Blomer, U.; Gallay, P.; Ory, D.; Mulligan, R.; Gage, F.H.; Verma, I.M.; Trono, D. In vivo gene delivery and stable transduction of nondividing cells by a lentiviral vector. Science 1996, 272, 263–267. [Google Scholar] [CrossRef]

	



Blomer, U.; Naldini, L.; Kafri, T.; Trono, D.; Verma, I.M.; Gage, F.H. Highly efficient and sustained gene transfer in adult neurons with a lentivirus vector. J. Virol. 1997, 71, 6641–6649. [Google Scholar] [CrossRef]

	



Hutson, T.H.; Foster, E.; Moon, L.D.; Yanez-Munoz, R.J. Lentiviral vector-mediated RNA silencing in the central nervous system. Hum. Gene Ther. Methods 2014, 25, 14–32. [Google Scholar] [CrossRef]

	



Sakuma, T.; Barry, M.A.; Ikeda, Y. Lentiviral vectors: Basic to translational. Biochem. J. 2012, 443, 603–618. [Google Scholar] [CrossRef]

	



Shi, Y.; Jiang, X.; Zhang, L.; Pu, H.; Hu, X.; Zhang, W.; Cai, W.; Gao, Y.; Leak, R.K.; Keep, R.F.; et al. Endothelium-targeted overexpression of heat shock protein 27 ameliorates blood-brain barrier disruption after ischemic brain injury. Proc. Natl. Acad. Sci. USA 2017, 114, E1243–E1252. [Google Scholar] [CrossRef]

	



Kelly, M.J.; O’Keeffe, G.W.; Sullivan, A.M. Viral vector delivery of neurotrophic factors for Parkinson’s disease therapy. Expert Rev. Mol. Med. 2015, 17, e8. [Google Scholar] [CrossRef]

	



Taylor, L.; Jones, L.; Tuszynski, M.H.; Blesch, A. Neurotrophin-3 gradients established by lentiviral gene delivery promote short-distance axonal bridging beyond cellular grafts in the injured spinal cord. J. Neurosci. 2006, 26, 9713–9721. [Google Scholar] [CrossRef]

	



Bonner, J.F.; Blesch, A.; Neuhuber, B.; Fischer, I. Promoting directional axon growth from neural progenitors grafted into the injured spinal cord. J. Neurosci. Res. 2010, 88, 1182–1192. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, R.R.; Muir, E.M.; Alves, J.N.; Rickman, H.; Allan, A.Y.; Kwok, J.C.; Roet, K.C.; Verhaagen, J.; Schneider, B.L.; Bensadoun, J.C.; et al. Lentiviral vectors express chondroitinase ABC in cortical projections and promote sprouting of injured corticospinal axons. J. Neurosci. Methods 2011, 201, 228–238. [Google Scholar] [CrossRef] [PubMed]

	



Bartus, K.; James, N.D.; Didangelos, A.; Bosch, K.D.; Verhaagen, J.; Yáñez-Muñoz, R.J.; Rogers, J.H.; Schneider, B.L.; Muir, E.M.; Bradbury, E.J. 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. 2014, 34, 4822–4836. [Google Scholar] [CrossRef] [PubMed]

	



Kusano, K.; Enomoto, M.; Hirai, T.; Tsoulfas, P.; Sotome, S.; Shinomiya, K.; Okawa, A. Transplanted neural progenitor cells expressing mutant NT3 promote myelination and partial hindlimb recovery in the chronic phase after spinal cord injury. Biochem. Biophys. Res. Commun. 2010, 393, 812–817. [Google Scholar] [CrossRef] [PubMed]

	



Bradbury, E.J.; Moon, L.D.; Popat, R.J.; King, V.R.; Bennett, G.S.; Patel, P.N.; Fawcett, J.W.; McMahon, S.B. Chondroitinase ABC promotes functional recovery after spinal cord injury. Nature 2002, 416, 636–640. [Google Scholar] [CrossRef] [PubMed]

	



Hou, S.; Nicholson, L.; van Niekerk, E.; Motsch, M.; Blesch, A. DEPENDENCE OF REGENERATED SENSORY AXONS ON CONTINUOUS NEUROTROPHIN-3 DELIVERY. J. Neurosci. Off. J. Soc. Neurosci. 2012, 32, 13206–13220. [Google Scholar] [CrossRef]

	



Lynskey, J.V.; Sandhu, F.A.; Dai, H.N.; McAtee, M.; Slotkin, J.R.; MacArthur, L.; Bregman, B.S. Delayed intervention with transplants and neurotrophic factors supports recovery of forelimb function after cervical spinal cord injury in adult rats. J. Neurotrauma 2006, 23, 617–634. [Google Scholar] [CrossRef]

	



Hwang, D.H.; Kim, H.M.; Kang, Y.M.; Joo, I.S.; Cho, C.S.; Yoon, B.W.; Kim, S.U.; Kim, B.G. Combination of multifaceted strategies to maximize the therapeutic benefits of neural stem cell transplantation for spinal cord repair. Cell Transpl. 2011, 20, 1361–1379. [Google Scholar] [CrossRef]

	



Yang, Z.; Zhang, A.; Duan, H.; Zhang, S.; Hao, P.; Ye, K.; Sun, Y.E.; Li, X. NT3-chitosan elicits robust endogenous neurogenesis to enable functional recovery after spinal cord injury. Proc. Natl. Acad. Sci. USA 2015, 112, 13354–13359. [Google Scholar] [CrossRef]

	



Ziemba, A.M.; Gilbert, R.J. Biomaterials for Local, Controlled Drug Delivery to the Injured Spinal Cord. Front. Pharmacol. 2017, 8, 245. [Google Scholar] [CrossRef]

	



McMahon, S.S.; Nikolskaya, N.; Choileain, S.N.; Hennessy, N.; O’Brien, T.; Strappe, P.M.; Gorelov, A.; Rochev, Y. Thermosensitive hydrogel for prolonged delivery of lentiviral vector expressing neurotrophin-3 in vitro. J. Gene Med. 2011, 13, 591–601. [Google Scholar] [CrossRef] [PubMed]

	



Alto, L.T.; Havton, L.A.; Conner, J.M.; Hollis, E.R., 2nd; Blesch, A.; Tuszynski, M.H. Chemotropic guidance facilitates axonal regeneration and synapse formation after spinal cord injury. Nat. Neurosci. 2009, 12, 1106–1113. [Google Scholar] [CrossRef] [PubMed]

	



Desclaux, M.; Teigell, M.; Amar, L.; Vogel, R.; Gimenez, Y.R.M.; Privat, A.; Mallet, J. A novel and efficient gene transfer strategy reduces glial reactivity and improves neuronal survival and axonal growth in vitro. PLoS ONE 2009, 4, e6227. [Google Scholar] [CrossRef] [PubMed]

	



Desclaux, M.; Perrin, F.E.; Do-Thi, A.; Prieto-Cappellini, M.; Gimenez, Y.R.M.; Mallet, J.; Privat, A. Lentiviral-mediated silencing of glial fibrillary acidic protein and vimentin promotes anatomical plasticity and functional recovery after spinal cord injury. J. Neurosci. Res. 2015, 93, 43–55. [Google Scholar] [CrossRef]

	



Donnelly, E.M.; Madigan, N.N.; Rooney, G.E.; Knight, A.; Chen, B.; Ball, B.; Kinnavane, L.; Garcia, Y.; Dockery, P.; Fraher, J.; et al. Lentiviral vector delivery of short hairpin RNA to NG2 and neurotrophin-3 promotes locomotor recovery in injured rat spinal cord. Cytotherapy 2012, 14, 1235–1244. [Google Scholar] [CrossRef]

	



Donnelly, E.M.; Strappe, P.M.; McGinley, L.M.; Madigan, N.N.; Geurts, E.; Rooney, G.E.; Windebank, A.J.; Fraher, J.; Dockery, P.; O’Brien, T.; et al. Lentiviral vector-mediated knockdown of the NG2 [corrected] proteoglycan or expression of neurotrophin-3 promotes neurite outgrowth in a cell culture model of the glial scar. J. Gene Med. 2010, 12, 863–872. [Google Scholar] [CrossRef]

	



Zhou, H.X.; Li, X.Y.; Li, F.Y.; Liu, C.; Liang, Z.P.; Liu, S.; Zhang, B.; Wang, T.Y.; Chu, T.C.; Lu, L.; et al. Targeting RPTPsigma with lentiviral shRNA promotes neurites outgrowth of cortical neurons and improves functional recovery in a rat spinal cord contusion model. Brain Res. 2014, 1586, 46–63. [Google Scholar] [CrossRef]

	



Sandvig, A.; Berry, M.; Barrett, L.B.; Butt, A.; Logan, A. Myelin-, reactive glia-, and scar-derived CNS axon growth inhibitors: Expression, receptor signaling, and correlation with axon regeneration. Glia 2004, 46, 225–251. [Google Scholar] [CrossRef]

	



Ampofo, E.; Schmitt, B.M.; Menger, M.D.; Laschke, M.W. The regulatory mechanisms of NG2/CSPG4 expression. Cell Mol. Biol. Lett. 2017, 22, 4. [Google Scholar] [CrossRef]

	



Levine, J. The reactions and role of NG2 glia in spinal cord injury. Brain Res. 2016, 1638, 199–208. [Google Scholar] [CrossRef]

	



Greenwood, K.; Butt, A.M. Evidence that perinatal and adult NG2-glia are not conventional oligodendrocyte progenitors and do not depend on axons for their survival. Mol. Cell Neurosci. 2003, 23, 544–558. [Google Scholar] [CrossRef]

	



Hackett, A.R.; Lee, J.K. Understanding the NG2 Glial Scar after Spinal Cord Injury. Front. Neurol. 2016, 7, 199. [Google Scholar] [CrossRef] [PubMed]

	



James, N.D.; Shea, J.; Muir, E.M.; Verhaagen, J.; Schneider, B.L.; Bradbury, E.J. Chondroitinase gene therapy improves upper limb function following cervical contusion injury. Exp. Neurol. 2015, 271, 131–135. [Google Scholar] [CrossRef] [PubMed]

	



Kwok, J.C.; Yuen, Y.L.; Lau, W.K.; Zhang, F.X.; Fawcett, J.W.; Chan, Y.S.; Shum, D.K. Chondroitin sulfates in the developing rat hindbrain confine commissural projections of vestibular nuclear neurons. Neural Dev. 2012, 7, 6. [Google Scholar] [CrossRef]

	



Moon, L.D.; Asher, R.A.; Rhodes, K.E.; Fawcett, J.W. Regeneration of CNS axons back to their target following treatment of adult rat brain with chondroitinase ABC. Nat. Neurosci. 2001, 4, 465–466. [Google Scholar] [CrossRef]

	



Kilcoyne, M.; Sharma, S.; McDevitt, N.; O’Leary, C.; Joshi, L.; McMahon, S.S. Neuronal glycosylation differentials in normal, injured and chondroitinase-treated environments. Biochem. Biophys. Res. Commun. 2012, 420, 616–622. [Google Scholar] [CrossRef]

	



Fok-Seang, J.; Smith-Thomas, L.C.; Meiners, S.; Muir, E.; Du, J.S.; Housden, E.; Johnson, A.R.; Faissner, A.; Geller, H.M.; Keynes, R.J.; et al. An analysis of astrocytic cell lines with different abilities to promote axon growth. Brain Res. 1995, 689, 207–223. [Google Scholar] [CrossRef]

	



Levin, E.; Diekmann, H.; Fischer, D. Highly efficient transduction of primary adult CNS and PNS neurons. Sci. Rep. 2016, 6, 38928. [Google Scholar] [CrossRef]

	



Notredame, C.; Higgins, D.G.; Heringa, J. T-Coffee: A novel method for fast and accurate multiple sequence alignment. J. Mol. Biol. 2000, 302, 205–217. [Google Scholar] [CrossRef]

	



Kutner, R.H.; Zhang, X.Y.; Reiser, J. Production, concentration and titration of pseudotyped HIV-1-based lentiviral vectors. Nat. Protoc. 2009, 4, 495–505. [Google Scholar] [CrossRef]

	



Sastry, L.; Johnson, T.; Hobson, M.J.; Smucker, B.; Cornetta, K. Titering lentiviral vectors: Comparison of DNA, RNA and marker expression methods. Gene 2002, 9, 1155–1162. [Google Scholar] [CrossRef] [PubMed]

	



Kennedy, H.S.; Jones, C., 3rd; Caplazi, P. Comparison of standard laminectomy with an optimized ejection method for the removal of spinal cords from rats and mice. J. Histotechnol. 2013, 36, 86–91. [Google Scholar] [CrossRef] [PubMed]

	



Patar, A.; Dockery, P.; Howard, L.; McMahon, S.S. Cell viability in three ex vivo rat models of spinal cord injury. J. Anat. 2019, 234, 244–251. [Google Scholar] [CrossRef] [PubMed]

	



Smith-Thomas, L.C.; Fok-Seang, J.; Stevens, J.; Du, J.S.; Muir, E.; Faissner, A.; Geller, H.M.; Rogers, J.H.; Fawcett, J.W. An inhibitor of neurite outgrowth produced by astrocytes. J. Cell Sci 1994, 107 Pt 6, 1687–1695. [Google Scholar]

	



Fidler, P.S.; Schuette, K.; Asher, R.A.; Dobbertin, A.; Thornton, S.R.; Calle-Patino, Y.; Muir, E.; Levine, J.M.; Geller, H.M.; Rogers, J.H.; et al. Comparing astrocytic cell lines that are inhibitory or permissive for axon growth: The major axon-inhibitory proteoglycan is NG2. J. Neurosci. 1999, 19, 8778–8788. [Google Scholar] [CrossRef] [PubMed]

	



Laabs, T.L.; Wang, H.; Katagiri, Y.; McCann, T.; Fawcett, J.W.; Geller, H.M. Inhibiting glycosaminoglycan chain polymerization decreases the inhibitory activity of astrocyte-derived chondroitin sulfate proteoglycans. J. Neurosci. 2007, 27, 14494–14501. [Google Scholar] [CrossRef]

	



Kumar, S.; Biancotti, J.C.; Yamaguchi, M.; de Vellis, J. Combination of growth factors enhances remyelination in a cuprizone-induced demyelination mouse model. Neurochem. Res. 2007, 32, 783–797. [Google Scholar] [CrossRef]

	



Hodgetts, S.I.; Harvey, A.R. Neurotrophic Factors Used to Treat Spinal Cord Injury. Vitam. Horm. 2017, 104, 405–457. [Google Scholar] [CrossRef]

	



Keefe, K.M.; Sheikh, I.S.; Smith, G.M. Targeting Neurotrophins to Specific Populations of Neurons: NGF, BDNF, and NT-3 and Their Relevance for Treatment of Spinal Cord Injury. Int. J. Mol. Sci. 2017, 18, 548. [Google Scholar] [CrossRef]

	



Hutson, T.H.; Foster, E.; Dawes, J.M.; Hindges, R.; Yanez-Munoz, R.J.; Moon, L.D. Lentiviral vectors encoding short hairpin RNAs efficiently transduce and knockdown LINGO-1 but induce an interferon response and cytotoxicity in central nervous system neurones. J. Gene Med. 2012, 14, 299–315. [Google Scholar] [CrossRef]

	



Liu, G.M.; Luo, Y.G.; Li, J.; Xu, K. Knockdown of Nogo gene by short hairpin RNA interference promotes functional recovery of spinal cord injury in a rat model. Mol. Med. Rep. 2016, 13, 4431–4436. [Google Scholar] [CrossRef] [PubMed]

	



Bonnici, B.; Kapfhammer, J.P. Spontaneous regeneration of intrinsic spinal cord axons in a novel spinal cord slice culture model. Eur. J. Neurosci. 2008, 27, 2483–2492. [Google Scholar] [CrossRef] [PubMed]

	



Barrett, C.P.; Donati, E.J.; Guth, L. Differences between adult and neonatal rats in their astroglial response to spinal injury. Exp. Neurol. 1984, 84, 374–385. [Google Scholar] [CrossRef]








[image: Biology 09 00054 g001 550] 





Figure 1. 293T cells produce significantly more NT-3 protein following transduction with NT-3 lentiviral vector. Graph shows the concentration of NT-3 protein, determined by ELISA, in media from untransduced (UT), 1 × 105 TU/mL, 5 × 105 TU/mL and 10 × 105 TU/mL. Lenti-NT-3-transduced 293T cells after 3 days in culture. Mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. n = 3. Tukey’s post-hoc test using one-way ANOVA. 
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Figure 2. NT-3 produced from 293T transduced cells promotes neurite outgrowth in vitro. Photomicrographs show representative images of projected confocal images of dorsal root ganglia (DRG) neurons after treatment with media from untransduced cells (UT), DRG media (positive control), media from 293T cells transduced with 1 × 105 TU/mL or 5 × 105 TU/mL of NT-3 lentiviral vector (A). Scale bar = 200 μm. Graph shows the neurite length per unit area measured using stereology. Significance compared to untransduced cell media is shown (B). Data shown as mean neurite length per unit area ± SEM. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. n = 3. Tukey’s post-hoc test using one-way ANOVA. 
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Figure 3. NG2 sh1 and NG2 sh2 lentiviral vectors significantly reduce NG2 protein in Neu7 cells. Graph shows Western-blot-based quantitation to ascertain the knockdown efficacy of non-targeting control, NG2 sh1, NG2 sh2, NG2 sh3, NG2 sh4 and NG2 sh5 in Neu7 cell at the protein level. All the samples were normalised to β-actin. The statistical significance is presented compared to cells treated with non-targeting control. * p ≤ 0.05,** p ≤ 0.01, *** p ≤ 0.001. n = 3. Tukey’s post-hoc test using one-way ANOVA. 
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Figure 4. NG2 sh1, NG2 sh2 and NG2 sh5 lentiviral vectors significantly reduce NG2 protein in Neu7 cells in vitro. Photomicrographs show representative projected confocal images of corrected total fluorescence of untransduced control (A), non-targeting control (B), NG2 sh1 (C), NG2 sh2 (D), NG2 sh3 (E), NG2 sh4 (F), NG2 sh5 (G), negative control (no primary antibody) (H) and GFP control (I) after 10 days of puromycin selection. Graph shows the corrected total cell fluorescence of NG2 protein (J). Scale bar = 50 μm. Mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. n = 3. Tukey’s post-hoc test using one-way ANOVA. Significance is reported in comparison to the cells transduced with the non-targeting control. 
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Figure 5. The conditioned medium from shNG2 lentiviral vector transduced Neu7 cells promotes neurite outgrowth in vitro. Photomicrographs show representative projected confocal images of DRG neurons after treatment with conditioned media (CM) from untransduced Neu7 cells (UT), DRG media, non-targeting control, NG2 sh1,NG2 sh2, NG2 sh3, NG2 sh4 and NG2 sh5 (A). Scale bar = 100 μm. Graph shows the neurite length per unit area (in μm/mm2) measured using stereology compared to non-target control (B). Mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, compared to non-target control. n = 3. Tukey’s post-hoc test using one-way ANOVA. 
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Figure 6. NT-3 protein is released into conditioned media after Lenti-NT-3 transduction of spinal cord slices. Graph shows the NT-3 protein concentration (in pg/mL) measured in the media harvested from control and injured, untransduced and transduced spinal cord slices. The culture media were harvested at days 3 and 7 and untransduced slices were used as a control. Mean ± SEM, + p ≤ 0.001 significant increase from day 3 and 7 untransduced control group, * p ≤ 0.001 significant increase from day 3 and 7 untransduced injured group. The mean differences were analysed using two-way ANOVA. n = 3 litters (12 pups per litter) which relates to six slices per control group per time-point and nine slices per injured group per time-point for each litter. 
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Figure 7. Confocal images showing NG2 levels in untransduced and lentiviral vector transduced control and transection injured ex vivo spinal cord slices. Photomicrographs show projected confocal images of NG2 (red) in untransduced (A,B), non-targeting control (C,D), Lenti GFP transduced (E,F), Lenti-NT-3-transduced (G,H) and Lenti-NT-3/NG2 sh1 transduced (I,J) control and injured slices, respectively. * = injury zone (IZ); dashed lines separate the regions of interest examined: scar zone (SZ) and near scar zone (NSZ). SZ and NSZ were 100 μm in width. Scale bar = 100 μm. 
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Figure 8. Vv of NG2 in untransduced and lentiviral vector transduced control and transection injured ex vivo spinal cord slices. Graphs show Vv NG2 immunohistochemical staining at the IZ (A), SZ (B) and NSZ (C). UT = untransduced, NTC = non-targeting control. Mean ± SEM. * p ≤ 0.001 significant increase from NTC, + p ≤ 0.001 significant decrease from NTC, $ p ≤ 0.001 significant difference between control and injured groups, ns indicates no significant difference compared to the NTC or between control and injured groups. The mean differences were analysed using two-way ANOVA. n = 3 litters (12 pups per litter) which relates to six slices per control group per time-point and nine slices per injured. 
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Figure 9. Confocal images showing βIII-tubulin expression in untransduced and lentiviral vector transduced control and transection injured ex vivo spinal cord slices. Photomicrographs show projected confocal images of βIII-tubulin (purple) in untransduced (A,B), non-targeting control (C,D), Lenti GFP transduced (E,F), Lenti-NT-3-transduced (G,H) and Lenti-NT-3/NG2 sh1 transduced (I,J) control and injured slices, respectively. * = injury zone (IZ). Dashed lines separate the regions of interest examined; SZ and NSZ were 100 μm in width. Scale bar = 100 μm. 
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Figure 10. Vv βIII-tubulin in untransduced and lentiviral vector transduced control and transection injured ex vivo spinal cord slices. Graphs show Vv βIII-tubulin immunohistochemical staining at the IZ (A), SZ (B) and NSZ (C). UT = untransduced, NTC= non-targeting control. Mean ± SEM. * p ≤ 0.001 significant increase from NTC, $ p ≤ 0.001 significant difference between control and injured slices in each group, # p ≤ 0.01 significant difference between NT-3 and NT-3/NG2 sh1. ns indicates no significant difference compared to the NTC or between control and injured groups. The mean differences were analysed using two-way ANOVA. n = 3 litters (12 pups per litter) which relates to six slices per control group per time-point and nine slices per injured group per time-point for each litter. 
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Table 1. Summary of sequence alignment of shRNA targeting NG2 between Rattus norvegicus and Mus musculus. The mismatched base pairs between two species are shown in cyan as shown in NG2 sh3, sh4 and sh5. Key: sh: short hairpin RNA; CSPG4: chondroitin sulphate proteoglycans 4.
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ShRNAs

	
Species

	
DNA Sequences Targeting CSPG4 (NG2)

	
Alignment






	
NG2 sh1

	
Rattus norvegicus

	
…GGGACAAGCGTGGCAACTTTATCTA…

	
Match




	
Catalogue number TRCN0000348358

	
Mus musculus

	
…GGGACAAGCGTGGCAACTTTATCTA…




	
NG2 sh2

	
Rattus norvegicus

	
…GCATAGAAGATTTCAGTGTTAATGG…

	
Match




	
Catalogue number TRCN0000098337

	
Mus musculus

	
…GCATAGAAGATTTCAGTGTTAATGG…




	
NG2 sh3

	
Rattus norvegicus

	
…GGGTATCTCCACGTAGCCAATAGT…

	
One base mismatch




	
Catalogue number TRCN0000334788

	
Mus musculus

	
…CCCTATCTTCACGTAGCCAATAGT…




	
NG2 sh4

	
Rattus norvegicus

	
…CAATACCCTACACGTACTTTCAACC…

	
One base mismatch




	
Catalogue number TRCN0000348354

	
Mus musculus

	
…CAATACCCTACGCGTACTTTCAACC…




	
NG2 sh5

	
Rattus norvegicus

	
…GCAACCAACTTGTGGAAGATTTC…

	
One base mismatch




	
Catalogue number TRCN0000098338

	
Mus musculus

	
…GCAACCAACTTGTGGAACATTTC…
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