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Abstract

:

Non-thermal plasma (NTP), defined as a partially ionized gas, is an emerging technology with several biomedical applications, including tissue regeneration. In particular, NTP treatment has been shown to activate endogenous biological processes to promote cell regrowth, differentiation, and proliferation in multiple cell types. However, the effects of this therapy on nervous system regeneration have not yet been established. Accordingly, the current study explored the effects of a nanosecond-pulsed dielectric barrier discharge plasma on neural regeneration. Following mechanical trauma in vitro, plasma was applied either directly to (1) astrocytes alone, (2) neurons alone, or (3) neurons or astrocytes in a non-contact co-culture. Remarkably, we identified NTP treatment intensities that accelerated both neurite regeneration and astrocyte regrowth. In astrocyte cultures alone, an exposure of 20–90 mJ accelerated astrocyte re-growth up to three days post-injury, while neurons required lower treatment intensities (≤20 mJ) to achieve sub-lethal outgrowth. Following injury to neurons in non-contact co-culture with astrocytes, 20 mJ exposure of plasma to only neurons or astrocytes resulted in increased neurite regeneration at three days post-treatment compared to the untreated, but no enhancement was observed when both cell types were treated. At day seven, although regeneration further increased, NTP did not elicit a significant increase from the control. However, plasma exposure at higher intensities was found to be injurious, underscoring the need to optimize exposure levels. These results suggest that growth-promoting physiological responses may be elicited via properly calibrated NTP treatment to neurons and/or astrocytes. This could be exploited to accelerate neurite re-growth and modulate neuron-astrocyte interactions, thereby hastening nervous system regeneration.
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1. Introduction


The central nervous system (CNS), consisting of the brain and spinal cord, has a limited capacity to regenerate following injury or neurodegenerative disease [1]. This lack of regenerative capability represents a huge financial burden and heavy strain on the quality of life for patients and caregivers. Each year in the US, more than 80,000 people are afflicted with severe traumatic brain injury (TBI), over 12,000 experience spinal cord injury (SCI), over 500,000 people suffer from stroke, and millions of people are diagnosed with chronic neurodegenerative diseases [2,3]. Following brain injury or neurodegenerative disease, successful regeneration often requires the reformation of long-distance communication fibers, referred to as axons. Long-distance axonal regeneration does not occur in the mature brain, and the formation of a glial scar, occurring after a severe injury, inhibits axon regeneration and cell migration [4]. Strategies to augment axonal regeneration and modulate the post-injury microenvironment are actively being investigated to promote healing and facilitate functional regeneration.



Non-thermal plasma (NTP), sometimes referred to as cold atmospheric plasma, has been investigated to facilitate wound healing and promote tissue regeneration. It is a partially ionized gas that consists of several physical (e.g., electric fields, ultraviolet light) and chemical (e.g., radical species and charged and neutral molecules) constituents [5]. NTP has previously been shown to directly affect biological processes, including the promotion of differentiation of osteoblasts and chondrocytes in vitro and enhancing limb autopod development ex vivo [6,7]. NTP has also been reported to enhance cell proliferation, migration, and tube formation in endothelial cells in vitro [8,9,10,11]. This has been associated with plasma-generated reactive oxygen species (ROS) and stimulation of growth factors including vascular endothelial growth factor (VEGF) and fibroblast growth factor-2 (FGF-2)—factors that stimulate angiogenesis and are crucial for tissue growth and wound healing [10,12,13,14]. Our group has also previously studied the effect of NTP on peripheral artery disease, where stimulation of vasculogenesis and angiogenesis are critical steps for treatment [15]. Following the plasma treatment of excised mice aortic rings, microvessel outgrowth was significantly enhanced. Furthermore, the total RNA isolated from NTP-treated rings showed that VEGF, matrix metalloproteinase-9 (MMP-9), and chemokine (C-X-C motif) ligand 1 (CXCL) 1) were upregulated after treatment over the control aortic rings. Not only are these factors critical for angiogenesis, but VEGF and MMP-9 have also been linked to the stimulation of neuron outgrowth [16,17]. Though the utility of NTP for neuronal regeneration has not been as widely studied, there are reports that NTP can direct in vitro differentiation of neural stem cells and protect against oxidative stress [18,19,20]. These effects have been attributed to NTP-generated nitric oxide (NO) and NTP-stimulated intracellular NO generation via the nitric oxide synthase. Therefore, taken together, we postulate that the NTP treatment of neural cells may stimulate the upregulation of similar factors and enhance neurite growth [20].



Another moderator of neuronal outgrowth and regeneration following injury are localized glial cells in the microenvironment. Glial cells consist of several different cell types, including astrocytes, and promote neuron health and viability by maintaining homeostasis and providing support and protection for neurons. In the healthy CNS, astrocytes maintain neuron health through the secretion of proteins and neurotrophic factors [21]. Post-injury, astrocytes assume a reactive state and form a glial scar—a physical and chemical barrier to sequester the injured area. This barrier also impedes the penetration of regenerating axons. In their reactive state, astrocytes secrete transforming growth factor-beta (TGF-β) and FGF-1 and -2, as well as anti-inflammatory molecules IL-4 and -6 [21]. Therefore, we also propose that the stimulation of astrocytes with NTP under neuronal injury conditions may indirectly affect neuronal outgrowth via increased secretion of these factors by resident astrocytes.



In the present study, we tested the effects of a nanosecond-pulsed dielectric barrier discharge (nspDBD) plasma treatment on neurite regeneration or astrocyte regrowth. Primary cortical neurons or secondary cortical astrocytes, grown in 2D monolayers, were subjected to a scratch-trauma, exposed to NTP, and monitored up to 3 days post-injury and treatment. Neurons and astrocytes were also cultured using Transwell inserts, which kept the two cell types physically separated via a semi-permeable porous membrane (0.4 μm) but allowed for the exchange of astrocyte-secreted factors in the media. For this co-culture assay, NTP was used to treat neurons alone, astrocytes alone, or both the neurons and astrocytes following neuronal scratch. Subsequent neurite regeneration was measured. Our results showed that neural cell regeneration was enhanced across multiple modalities: (1) directly via plasma treatment of astrocytes; (2) directly via plasma treatment of neurons; and (3) indirectly via plasma-stimulation of astrocytes. The increase in neurite outgrowth following low-intensity plasma stimulation in non-contact co-culture was likely due to soluble factors secreted between neurons and astrocytes. Interestingly, we found non-linear effects of NTP, as sub-threshold stimulation did not elicit measurable changes, while high-level stimulation resulted in neuronal or astrocytic cell death. These results suggest that NTP may prove useful in altering the environment following CNS injury if deployed in a targeted capacity.




2. Materials and Methods


2.1. Cortical Neuron Harvest and Culture


Cortical neurons were isolated from embryonic day 18 Sprague Dawley rat pups (Charles River). Briefly, approximately 5–6 cortices were extracted and dissociated using 0.25% Trypsin + EDTA and DNase [22,23,24]. The cells were then plated in polystyrene dishes coated with 20 μg/mL poly-D-lysine (PDL) and 20 μg/mL laminin at a seeding density of 5.0 × 105 cells/cm2 in Neurobasal media (Gibco) supplemented with 2% B-27 and 0.25% L-glutamine. Each iteration of the experiment was done from different isolation to maintain heterogeneity and obtain more reliable results. The neurons extended neurites and formed immature neural networks over 3 days in vitro (DIV), at which time the scratch assay was performed.




2.2. Cortical Astrocyte Harvest and Co-Culture


Cortical astrocytes were isolated from postnatal day 0 Sprague Dawley rat pups (Charles River). Approximately 4 cortices were extracted and dissociated using 0.25% Trypsin + EDTA and DNase [22,23,24]. Astrocytes were passaged and purified over 4 weeks to ensure a pure population of astrocytes (99%), without contaminating neurons. The cells were then plated either in tissue culture-treated well plates for the astrocyte-only cultures or in commercially available Transwell inserts for co-culture experiments (Corning, Corning, NY, USA) at a seeding density of 5.0 × 104 cells/cm2 in DMEM/F-12 medium (Gibco, Dublin, Ireland) supplemented with 10% FBS.



In co-culture studies, astrocytes were plated in Transwells. Concurrently, primary cortical neurons were cultured in separate 24-well plates. After 3 days in culture, when planar cultures for both cell types were established, a scratch assay was performed only on the neuronal cultures, followed by plasma treatment of astrocyte cultures in the Transwell inserts or neuronal cultures in the 24-well plate, depending on the treatment group being tested. Following plasma treatment, the astrocyte-containing inserts were added to the neuron plate and cultured with neurons for the remainder of the experiment using neuronal media as described above.




2.3. Scratch Test and NTP Treatment


At 3 DIV, the cellular monolayer (astrocytes or neurons) was subjected to a focal mechanical disruption using a p200 pipette tip (Figure 1A). Astrocytes and neurons/neurites at the site of this scratch injury were physically disrupted, creating a gap across the culture. In this simple and reproducible model, over time, astrocytes regenerate into the gap, and neurons adjacent to the gap re-grow neurites across the gap. Immediately following mechanical disruption, the media was removed, and cells were washed with phosphate buffered saline (PBS). The PBS was then removed, and cultures were treated with NTP using a nanosecond-pulsed dielectric barrier discharge (nspDBD) system (Figure 1B) [25].



Neurons and astrocytes seeded in 24-well plates (1.6 cm diameter per well) while astrocytes alone were seeded in Transwell inserts (0.7 cm diameter) before subjected to NTP treatment. Two dielectric barrier discharge (DBD) electrodes were used in this study for NTP treatment to maximize the treatment area in wells and Transwell inserts. A flat DBD electrode (1.3 cm diameter) was used to treat monolayers of cells in 24-well plates (Figure 1C) while a pen electrode (0.3 cm diameter) was used to treat cells in Transwell inserts (Figure 1D). Both electrodes used a nanosecond pulser (FPB-20-05NM, FID GmBH, Burbach, Germany) to generate a high voltage pulse (29 kV, 2 ns rise times, and 20 ns pulse width), and, therefore, the pulse characteristics were the same. While the electrode geometries are different, several studies have demonstrated that the NTP treatment energy is the most crucial effector of biological response with the DBD plasma system [25,26,27]. Therefore, both the voltage and current of the discharge in the system was measured and energy per plasma pulse for both electrodes was calculated as previously described [28]: 0.9 mJ/pulse for the flat DBD electrode and 1.6 mJ/pulse for the pen electrode. The DBD electrodes were positioned 1 mm above the cells and plasma was generated in the gap between the electrode and the cells for 10 s. Using an external function generator (TG5011LXT, TTI, Fort Worth, TX, USA), the frequency of plasma pulses was adjusted, between 1 and 15 Hz, to control the energy of treatment. Astrocyte-only and neuron-only cultures were treated with 10, 20, 50, 90, or 140 mJ of plasma; the control group was not treated with plasma following the scratch test (n = 3 for each astrocyte culture group, and n = 11–13 for each neuron culture group). Neurons and astrocytes were independently treated in the co-culture group with several combinations of NTP intensities: 0 mJ Neurons/0 mJ Astrocytes, 0 mJ Neurons/20 mJ Astrocytes, 0 mJ Neurons/50 mJ Astrocytes, 20 mJ Neurons/0 mJ Astrocytes, 20 mJ Neurons/20 mJ Astrocytes, and 50 mJ Neurons/50 mJ Astrocytes. In the co-culture control group, neither astrocytes nor neurons were treated with NTP following the scratch test, but astrocyte-containing inserts were added to the neuronal cultures at the same time point as treated groups (n = 4–6 for each co-culture treatment group). Following NTP treatment, 0.5 mL of fresh, complete media was added back to each well. Cells were incubated at 37 °C with 5% CO2 until analysis. Cultures were imaged immediately after plasma treatment and at various time points 1 to 7 days post-injury, as described below.




2.4. Microscopy and Immunocytochemistry


Phase-contrast micrographs were acquired across all cultures using a Nikon Eclipse Ti (QiClick Melville, NY, USA) beginning immediately after scratch application (and plasma treatment if applicable) and then again at 3 and 7 days post-injury (6 and 10 DIV, respectively). At 3 days post plasma treatment (6 DIV), cells were also labeled with antibodies to allow for visualization of axon outgrowth and structure using established immunocytochemistry protocols [23]. Briefly, cultures were fixed with 4% formaldehyde, permeabilized with Triton-X, and labeled for the neuronal marker β-tubulin III (1:500; Sigma T8578, St. Lousi, MO, USA) and HOECHST nuclear counterstain (1:10,000, Invitrogen H21491, Carlsbad, CA, USA), as described previously [23]. Cultures were fluorescently imaged using a Nikon A1RSI laser-scanning confocal microscope.




2.5. Image Quantification, Data Analysis, and Statistical Testing


Images from all culture conditions and time points were analyzed and scored for gap distance and number of cells in the gap using Nikon Elements Basic Research software (4.10.01) and Fiji. Briefly, a grid overlay was used to choose 10 consistent points across the culture in each image to measure the distance between the two edges of the scratch region at the specified point beginning immediately following the scratch assay to obtain the original gap distance. This was accomplished using the phase-contrast images, initially captured in Nikon Elements Basic Research, with the grid overlay implemented in Fiji. The distance of cell migration or process outgrowth (astrocyte cultures) or neurite outgrowth (neuron cultures) was thus measured as the furthest extending cell or neurite across the middle of the gap at each of the 10 grid points by researchers blinded to the experimental group. The percentage of the gap distance remaining was calculated based on the original width of the gap for each treatment and at each time point post-injury. To determine statistical significance, GraphPad Prism 7 was used to perform two-way analysis of variance (ANOVA) on astrocyte-only data, as two variables (time and intensity of plasma stimulation were compared); whereas one-way ANOVA was conducted on neuron-only cultures and co-cultures (only the effect of plasma stimulation was compared). Where significant differences existed between groups, Tukey’s multiple comparisons posthoc test was used in all cases (p < 0.05 required for all statistical tests). Data are represented as the mean percentage of gap closure ± standard error of the mean (SEM).





3. Results


3.1. Direct Treatment of Astrocytes with NTP (20–90 mJ) Led to Increased Astrocyte Infiltration


Planar astrocytes were subjected to a scratch assay and immediately followed with NTP treatment. Regrowth assessment was performed at one, two, and three days post-treatment. Astrocyte cultures subjected to 140 mJ of plasma treatment were completely ablated, resulting in no measurable cells present. Therefore, these were excluded from further analysis. Across all other groups, significant gap reduction was observed over time. Astrocyte ingrowth into the scratch region was observed such that gap length was significantly reduced at each time point relative to previous time points (p < 0.05) (Figure 2). Astrocytes treated with ≤90 mJ plasma exhibited healthy morphology with no signs of distress. At one day post-treatment, cultures treated with both 50 mJ and 90 mJ plasma displayed a statistically significant reduction in mean gap area when compared to the untreated group (p < 0.05 and p < 0.01, respectively). At two days following treatment, cultures treated with 20 mJ plasma along with 50 mJ and 90 mJ exhibited a significant reduction in the mean gap distance (p < 0.05, p < 0.01, and p < 0.05, respectively). Lastly, at three days post-treatment, only cultures treated with 50 mJ plasma resulted in significantly decreased mean gap distance as compared to the control groups (p < 0.05) (Figure 2).




3.2. Neurite Outgrowth was Unaffected by NTP Treatment ≤50 mJ


Planar primary cortical neuron cultures were subjected to a scratch assay and NTP treatment. Neurite infiltration into the gap area was assessed at three and seven days post plasma treatment (6 and 10 DIV, respectively). Neurons appeared to be more sensitive to plasma treatment as treatment with 90 and 140 mJ NTP resulted in widespread cell death (Figure 3C). These groups were excluded from further analysis. Although neurite regeneration significantly increased over time, no statistical differences were found with NTP treatment (Figure 3). However, the trend suggested that treatment with 20 mJ plasma increased neurite outgrowth compared to control groups at 6 DIV (Figure 3). Neurite outgrowth increased over time, as is evident by a reduced percentage gap distance at 10 DIV (7 days post plasma treatment) when compared to 6 DIV, with 10 DIV cultures exhibiting the same trends as those seen at 6 DIV (Figure 3D,F). The immunocytochemical analysis confirmed the neuronal phenotype of surviving cells and was indicative of neurite outgrowth and the health of the neuron-only cultures treated with 0 mJ–50 mJ of plasma at 6 DIV (3 days post-treatment) (Figure 3B).




3.3. The Presence of NTP-Treated Astrocytes Resulted in Increased Neurite Re-Growth


Planar primary neuron cultures were plated in 24-well plates, subjected to a scratch assay, and treated with NTP directly. Independently, planar astrocytes were cultured in Transwell plates and NTP-treated prior to being added to the 24-well plate of neurons. Thus, the astrocytes and neurons were cultured together to allow for indirect contact through secretion of factors. Untreated astrocytes co-cultured with neurons subjected to a scratch assay provided the baseline capacity of astrocytes to promote healing. We observed widespread neuronal death in cultures where both astrocytes and neurons were treated with 50 mJ plasma. Therefore, these groups were excluded from further analysis. Growth was observed over time, and at three days following 20 mJ treatment of either astrocytes or neurons (while the other cell type was untreated), there was significantly increased neurite outgrowth (p < 0.01) (Figure 4). Interestingly, at seven days post-treatment, when both neurons and astrocytes were treated with 20 mJ NTP and co-cultured together, neurite outgrowth was not enhanced as compared to the control group (Figure 4E, F). At three days post-treatment (6 DIV), the immunocytochemical analysis confirmed the neuronal phenotype of cells in the 24-well plate and was indicative of neurite outgrowth and the health of neurons in the co-culture system treated with 0 mJ–50 mJ of plasma (Figure 4B).





4. Discussion


Nervous system trauma and neurodegeneration often result in permanent functional deficits due to the limited regenerative capacity of the brain and spinal cord. In the current study, we assessed the effects of non-thermal plasma treatment on neuroregeneration by performing an in vitro scratch assay on monolayer cultures of astrocytes, neurons, and astrocyte-neuron co-cultures. Immediately following the scratch, cultures were treated with nspDBD plasma, and the effect of treatment on astrocyte re-growth/migration or neurite outgrowth was measured. In the past, typical DBD plasma systems used for biological applications generated non-uniform plasma, characterized by a filamentary structure. These structures are potentially problematic as they may cause localized heating and damage to the surfaces they contact [29,30]. This was largely a result of the applied electric field in the discharge gap as well as the topographically uneven treatment surfaces, such as tissue [29,30,31]. Development of the more sophisticated DBD system, which supplied high voltage over nanosecond rise times was shown to generate a more uniform plasma over uneven surfaces [29,31]. Our group has previously characterized energy-dependent responses of several different cell types (e.g., epithelial, fibroblast, macrophage, etc.) to NTP used in this study [11,28,32,33]. These studies established the plasma parameters and treatment energies used in the present work for stimulation of migration and neurite outgrowth of neurons and astrocytes with minimal lethality.



When astrocyte monolayer cultures were treated with plasma, the infiltration of astrocytes into the gap area was seen over time, as expected (Figure 2B). This suggests that at a lower intensity plasma treatment, cell viability or proliferation were not affected. Interestingly, cultures treated with 50 mJ plasma consistently yielded decreased mean gap distance when compared to time-matched untreated control cultures (Figure 2B). These results suggest that plasma treatment of astrocytes may have persistent effects that lead to increased astrocyte proliferation, migration, or hypertrophy, consequently leading to increased gap closure. Although the mechanism by which this phenomenon is occurring requires further investigation, these results suggest that plasma treatment has a direct effect on astrocytes, which may impact neuron or neurite outgrowth.



Due to the positive effects on cell proliferation and migration seen in astrocyte cultures, as well as the known ability of plasma treatment to increase secretion of growth factors in vitro, direct plasma treatment of neurons was also analyzed. It should be noted that neurite outgrowth, and not neuronal proliferation, was the chosen metric due to the negligible proliferative capabilities of primary cortical neurons, though our measurements also account for any migration of the neuronal somata at the periphery of the scratch zone. Neurite outgrowth did not statistically differ between plasma-treated groups (Figure 3D,F), but a trend was present, suggesting 10 mJ and 20 mJ plasma treatment resulted in greater—and denser—neurite outgrowth and gap closure (Figure 3). A similar trend was observed at a later time point post plasma treatment. While it is possible that direct plasma treatment did not affect the rate of neurite outgrowth, further investigation into the effects of plasma treatment and optimal frequencies on neurons and axons, as well as longer-term implications may be required.



As discussed, direct stimulation of astrocytes resulted in increased infiltration, and the plasma treatment of neurons did not yield a decrease in neurite outgrowth. Therefore, a co-culture system was utilized in which neurons and/or astrocytes could be plasma treated independently, and where the cells do not come in direct contact with one another. Here, neurons in the lower chamber were only exposed to the factors secreted into the media by astrocytes due to the semi-permeable membrane. When only astrocytes in the co-culture system were treated with 50 mJ of plasma, neurite outgrowth occurred at a rate similar to co-cultures that had not been treated—thus, there was no measurable effect of the plasma. However, when only neurons or only astrocytes were treated with a lower intensity of plasma (20 mJ), significant neurite outgrowth and decreased gap distance were observed (Figure 4D,F). Notably, treating both neurons and astrocytes with 20 mJ plasma did not affect neurite outgrowth (Figure 4). These observations suggest an interplay between the stimulation of one population of cells and the presence of another, such as the presence of healthy astrocytes that are secreting growth factors promoting neurite outgrowth. Since increased gap infiltration was observed when both astrocytes and neurons were treated with low plasma intensities independently, it is possible that (1) low treatments of neurons promoted neurite outgrowth, while little to no effect was due to treatment of astrocytes; (2) treatment of astrocytes led to increased secretion of growth factors, yielding increased neurite outgrowth; and (3) stimulation by plasma treatment promoted both neurite outgrowth and the secretion of factors by astrocytes—the combination of which resulted in increased neurite outgrowth. However, overstimulation may not have beneficial effects as observed by a lack of neurite enhancement following the treatment of both astrocyte and neurons in the co-culture. Therefore, highly mediated NTP treatment intensities must be further investigated and optimized to promote neuronal regeneration. Further studies are needed to determine the mechanism responsible for the phenomenon, such as identifying the optimal levels of plasma treatment on neurons and astrocytes and elucidating the mechanisms within each cell type that are responsible for promoting neurite outgrowth.



One possible mechanism by which plasma might enhance neural outgrowth is similar to that seen in stress preconditioning mechanism(s). It is well-documented in the hypoxia/ischemia field that exposure to mild “mini-insults” results in the development of injury tolerance, making neurons more resilient to future damage [34]. Preconditioning hypoxic insults have even been reported to enhance axonal regeneration in sensory and motor neurons [35]. Preconditioning is thought to involve a variety of factors including transcription factors and protein kinases, as well as redox-sensitive proteins [34]. It is possible that plasma treatment could also be generating mild mini-insults that activate the same tolerance pathways as hypoxic/ischemic preconditioning. Since non-thermal plasma contains reactive oxygen and nitrogen species, low exposure levels could induce brief oxidative stress resulting in protection from stronger stress at a later time. In fact, Horiba and colleagues have reported that pre-treating fibroblasts with a plasma-activated media protected them from later oxidative stress [36]. Along these lines, plasma could perhaps be utilized pre-surgery as a way to promote recovery after damaging procedures; however, future studies will be required to assess the efficacy of any putative preconditioning effects of plasma treatment.



Based on our co-culture experiments with NTP-treated astrocytes, plasma may also have utility in the mediation of glial scars, which contribute to the inability of axons in the CNS to regenerate following injury or trauma. A glial scar is comprised of reactive astrocytes that secrete various inhibitory growth factors, leading to defects in the axon growth cone, and, thus, the inability to regenerate. Therefore, glial scars act as both a physical barrier through which axons are unable to penetrate, and a chemical barrier that secretes factors inhibiting axon growth in order to sequester the injured area. There are several factors that are upregulated in the injury micro-environment by many of the cells present in the CNS. These factors include TGFβ-1 and -2, which have been implicated in macrophage-induced glial scarring [37,38]. TGFβ-2 has been associated with the increased production of inhibitory molecules, such as proteoglycans [39,40]. Controlled plasma treatment may affect the expression of TGF-β leading to decreased expression of the proteoglycans, thus, allowing regenerating axons to penetrate through the glial scar [41,42,43]. Additionally, FGF-2 and an inflammatory cytokine, interferon γ (IFNγ) are known to have a role in glial scar induction, with a direct increase in glial scarring correlated to increased levels of IFNγ [44] FGF-2 and IFNγ are believed to modulate one another after injury [45]. Therefore, as previous studies have shown that plasma treatment increases FGF-2 secretion [11], this can be used to decrease the expression of IFNγ that has a known effect on formation of the glial scar. These outcomes suggest that controlled and finely tuned plasma treatment of the chronic glial scar—which is comprised of >95% astrocytes—may create more favorable conditions for regeneration and, thereby, promote axon regeneration across the otherwise inhibitory environment.




5. Conclusions


Our results suggest that astrocytes may be responsive to properly calibrated nanosecond-pulsed dielectric discharge plasma treatment, which can directly enhance their growth as well as improve their ability to enhance neuronal regeneration following trauma. However, non-linear responses were observed with respect to the plasma “dose”, as low intensities (≤10 mJ) did not elicit measurable changes, while high intensities (≥90 mJ) generally resulted in widespread cell death. Intermediate intensities (10 mJ–50 mJ) elicited a physiological response resulting in improved neural cell regeneration across multiple modalities: (1) directly via plasma treatment of astrocytes; (2) directly via plasma treatment of neurons; and (3) indirectly via plasma-stimulation of neurons or astrocytes. Interestingly, increased neurite outgrowth was not observed when both neurons and astrocytes were treated with plasma at the same time, further complicating effective dosages and treatment paradigms. Further work is required to elucidate the mechanism(s) of physiological response to plasma, and, in turn, the mechanism by which astrocyte stimulation led to improved neuronal regeneration. Such studies include cytokine analysis to determine which are being secreted and what their mechanisms of action are. In addition to studies with isolated cell types, more representative models of the neuronal injury microenvironment should be used to investigate the downstream consequences of plasma treatment on multiple cell types and their subsequent effect on each other. These results suggest that NTP may have utility to alter the environment following CNS injury if deployed in a targeted capacity to create more favorable conditions for neurite regeneration. The utilization of plasma treatment following neural injury is a unique and novel approach that may address current challenges in the field of neuroregeneration.
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Figure 1. Non-thermal plasma (NTP) was applied to neural cultures using a nanosecond-pulsed dielectric barrier discharge (nspDBD) system for all plasma treatments. (A) Primary neurons were plated in 24-well plates, subjected to mechanical disruption via a scratch assay, and treated with NTP 3 days after plating. For the co-culture group, astrocytes cultured in Transwell inserts were added to neuronal cultures at this point, and cell/neurite infiltration into the gap was assessed at 6–10 DIV. (B) A nanosecond-pulser was used to generate and deliver high voltage (HV) pulses to the dielectric barrier discharge (DBD) electrode. A function generator was used to control NTP treatment energy by setting the frequency of pulses and the duration of treatment. A z-positioner was used to fix the position of the (C) flat DBD electrode or the (D) pen DBD electrode 1 mm above the cells treated in 24-well plates or Transwell inserts, respectively. 
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Figure 2. NTP treatment of astrocytes resulted in increased cell/process infiltration. (A) Phase-contrast images showing astrocyte infiltration into the gap area 0–3 days post-treatment with 0 mJ, 20 mJ, 50 mJ, and 90 mJ plasma. Dashed lines in images on day 0 and day 1 were added to assist visualization of scratch boundaries. Scale: 250 µm. (B) Astrocyte infiltration was significantly increased over time, as expected. Interestingly, one day post-treatment with 50 mJ and 90 mJ of plasma led to significant astrocyte infiltration into the gap area, two days following treatment, 20 mJ, 50 mJ, and 90 mJ plasma treatment all led to significant reduction in mean gap distance, and three days post-treatment, only 50 mJ plasma resulted in reduced mean gap distance when compared to time-matched untreated control cultures (bars represent standard error of the mean (SEM); * p < 0.05; ** p < 0.01). 
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Figure 3. Plasma treatment of neuronal cultures alone did not affect neurite outgrowth into the gap area. (A) Phase/Contrast images showing neurite infiltration into the gap area at three days post-treatment (6 DIV) when treated with 0, 10, 20, and 50 mJ plasma. Scale: 250 μm. While a trend towards increased neurite outgrowth was observed with treatment of 20 mJ plasma, no statistical significance is seen due to plasma treatment. (B) Confocal reconstruction of plasma-treated cultures labeled positively for the neuronal marker, b-tubulin III (green) and nuclear counterstain, HOECHST (blue) three days post-treatment. Qualitative assessment of cultures indicates that neurons and extending neurites remained healthy three days post-treatment when treated with ≤50 mJ plasma. Scale: 150 μm. (C) Higher magnification phase-contrast images clearly showing the difference between cultures where plasma treatment reduced neurite outgrowth (90 mJ treatment) and cultures where plasma treatment increased neurite outgrowth (20 mJ treatment). Scale: 100 μm (D) Quantification of neurite outgrowth at three days post-treatment (6 DIV). No significant difference in neurite outgrowth was observed when compared to control, untreated groups. (E) Phase-contrast images of neuron-only cultures seven days post plasma treatment with 0, 10, 20, and 50 mJ plasma. Scale: 250 μm. (F) Quantification of neurite outgrowth at seven days post-treatment (10 DIV). No significant neurite outgrowth was observed when compared to untreated groups. (D,F) Bars represent SEM. 
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Figure 4. Astrocyte stimulation with plasma increased neurite outgrowth under co-culture conditions. (A) Phase/Contrast images showing neurite infiltration into the gap area at three days post-treatment (6 DIV) when neurons were treated with 0 mJ or 20 mJ plasma and astrocytes were treated with 0 mJ or 50 mJ plasma. Scale: 250 μm. (B) Confocal reconstruction of neurons labeled for the neuronal marker, b-tubulin III (green) and nuclear counterstain, HOECHST (blue) at three days post plasma treatment. Qualitative assessment of cultures indicates that neurons and extending neurites remained healthy three days post-treatment when treated with ≤50 mJ plasma. Scale: 150 μm (C) Higher magnification of cultures to show increased, healthy neurite outgrowth three days following no plasma treatment of neurons and 20 mJ treatment of astrocytes (top), and unhealthy cultures following 20 mJ treatment of both neurons and astrocytes (bottom). Scale: 100 μm. (D) Quantification of remaining gap distance at 6 DIV (three days post plasma treatment). When neurons were left untreated but astrocytes were treated with 20 mJ and vice versa, neurite outgrowth into the gap area was significantly increased compared to the untreated control cultures. (E) Phase-contrast images showing neurite outgrowth into the gap area seven days post-treatment (10 DIV) in a subset of treatment groups. Scale: 250 μm. (F) Quantification of the remaining gap distance shows that by seven days post-treatment, cultures where neurons were treated with 20 mJ plasma and astrocytes were untreated exhibited a significantly decreased gap distance than untreated cultures. (D,F) Bars represent SEM; * p < 0.05,** p < 0.01). 
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