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Background: There is a compelling evidence from animal models that early exposure to clinically relevant general anesthetics (GAs) interferes with brain development, resulting in long-lasting cognitive impairments. Human studies have been inconclusive and are challenging due to numerous confounding factors. Here, we employed primary human neural cells to analyze ketamine neurotoxic effects focusing on the role of glial cells and their activation state. We also explored the roles of astrocyte-derived extracellular vesicles (EVs) and different components of the brain-derived neurotrophic factor (BDNF) pathway.

Methods: Ketamine effects on cell death were analyzed using live/dead assay, caspase 3 activity and PARP-1 cleavage. Astrocytic and microglial cell differentiation was determined using RT-PCR, ELISA and phagocytosis assay. The impact of the neuron-glial cell interactions in the neurotoxic effects of ketamine was analyzed using transwell cultures. In addition, the role of isolated and secreted EVs in this cross-talk were studied. The expression and function of different components of the BDNF pathway were analyzed using ELISA, RT-PCR and gene silencing.

Results: Ketamine induced neuronal and oligodendrocytic cell apoptosis and promoted pro-inflammatory astrocyte (A1) and microglia (M1) phenotypes. Astrocytes and microglia enhanced the neurotoxic effects of ketamine on neuronal cells, whereas neurons increased oligodendrocyte cell death. Ketamine modulated different components in the BDNF pathway: decreasing BDNF secretion in neurons and astrocytes while increasing the expression of p75 in neurons and that of BDNF-AS and pro-BDNF secretion in both neurons and astrocytes. We demonstrated an important role of EVs secreted by ketamine-treated astrocytes in neuronal cell death and a role for EV-associated BDNF-AS in this effect.

Conclusions: Ketamine exerted a neurotoxic effect on neural cells by impacting both neuronal and non-neuronal cells. The BDNF pathway and astrocyte-derived EVs represent important mediators of ketamine effects. These results contribute to a better understanding of ketamine neurotoxic effects in humans and to the development of potential approaches to decrease its neurodevelopmental impact.
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INTRODUCTION

Prolonged and multiple exposure of general anesthetics (GAs) have been reported to impair the development of the immature brain by inducing neurotoxicity and impacting the cerebral cytoarchitecture (Jevtovic-Todorovic et al., 2003; Jevtovic-Todorovic, 2016, 2018). Most studies were mainly conducted in rodents and non-human primates. Far fewer studies have been conducted in humans, have focused mainly on cognitive and behavioral changes, and are not conclusive (Davidson et al., 2016; Sun et al., 2016; McCann and Soriano, 2019; McCann et al., 2019). Studies of developmental neurotoxicity of anesthetics in humans are challenging, behavioral assessments are difficult and must account for other confounding factors. These include inability to dissociate the effects of anesthetics from the surgical process, underlying pathologies for which the surgery was required, and the stress of illness and surgery. These factors are especially important when extrapolating studies from animals to humans, which have their brain growth spurt at different times (Dobbing and Sands, 1979). In addition, recent reports have highlighted the differences in the functions of various cells in the central nervous system (CNS) in humans and rodents (Akter et al., 2020). Therefore, there is a need to analyze GAs neurotoxic effects and mechanisms in reliable human models to supplement pre-clinical animal studies.

There is now powerful evidence for the role of non-cell autonomous mechanisms in various pathological conditions in the CNS which shows that neurotoxicity is strongly affected by changes in both neuronal and non-neuronal cells (Ilieva et al., 2009; Meyer et al., 2014; Kim et al., 2016; Zanghi and Jevtovic-Todorovic, 2017; Zhang et al., 2019; Zhou et al., 2019). These mechanisms are especially relevant to glial cells, including astrocytes, oligodendrocytes and microglia, all of which exhibit structural and functional interactions with neurons. Although some studies have demonstrated a role of astrocytes (Zhang et al., 2019; Zhou et al., 2019) and microglia (Baud and Saint-Faust, 2019) in GA effects, the non-cell autonomous effects of different human glial cells in this process have not been consistently identified and studied.

Extracellular vesicles (EVs) have been recently identified as a major mechanism for intercellular communication in the CNS (Basso and Bonetto, 2016). These vesicles carry a specific cargo consisting of RNA molecules, proteins and lipids which play important roles in both physiological and pathological pathways. In the CNS, EVs play a critical role in neuron-glia interactions (Datta Chaudhuri et al., 2020) and dysregulated EV-related communication has been implicated in a variety of pathological conditions, including stroke, brain injury and neurodevelopmental disorders. However, the role of EVs in the neuron-glia crosstalk during GA-induced neurotoxicity has not been yet defined.

While gamma-amino-butyric acid type-A receptors (GABAAR) (Weir et al., 2017) and N-methyl-D-aspartate receptors (NMDAR) (Sachana et al., 2018) represent major factors in GA-induced neurotoxicity, other mechanisms related to cell apoptosis and autophagy, calcium concentrations and epigenetic modifications have been also implicated (Lei et al., 2012; Twaroski et al., 2015; Yu et al., 2017). In addition, the regulation of neurotrophin expression, in particular brain-derived neurotrophic factor (BDNF), has been implicated in a variety of pathological conditions in the CNS (Fukumoto et al., 2019) including GA-induced neurotoxicity (Lu et al., 2006; Ozer et al., 2015).

This study is based on the hypothesis that the non-cell autonomous interaction of glial and neuronal cells plays an important role in ketamine-induced neurotoxicity and that this interaction is mediated, at least in part, via extracellular vesicles. Here, we analyzed the effects of ketamine on the functions of human neural cells and the cellular and molecular mechanisms that mediate these effects. We found that ketamine induced cell death in neurons and oligodendrocytes and promoted the activation of astrocytes and microglia toward the pro-inflammatory A1 and M1 phenotypes, respectively. We demonstrated an enhanced neurotoxic effect of ketamine in neuron-glia co-cultures indicating an important contribution of both cell and non-cell autonomous mechanisms. Finally, we identified the BDNF/pro-BDNF/BDNF-AS pathway as a major pathway and extracellular vesicles as potential mediators of ketamine neurotoxicity.



MATERIALS AND METHODS


Materials

Human BDNF and Active Pro-BDNF ELISA Kits (DEIA-XY2236) were obtained from Creative Diagnostics (Shirley, NY, United States). Human IL-13 (ab178014) and IL-1β (ab214025) ELISA kits, were obtained from Abcam (Cambridge, MA, United States).



Neural Cell Cultures

Human hTERT immortalized human fetal microglial cells (Bier et al., 2020) and astrocytes were obtained from Applied Biological Material (Richmond, BC, Canada). Human neurons and oligodendrocyte precursor cells were obtained from ScienCell (Carlsbad, CA, United States). The different cells were maintained in growth media and conditions recommended by the manufacturers. All cells employed in this study were tested for mycoplasma contamination (Mycoplasma PCR Detection Kit) and found negative.



Experimental Protocols

Cell cultures were treated with different ketamine concentrations for 6 h, the culture medium was changed and cells were then analyzed following 24–48 h as indicated in the specific experiments. Co-cultures of neurons and glial cells were maintained in neuronal cell medium (ScienCell) and in these experiments, individual glial cultures were maintained in the same medium.

All experiments were performed in medium containing EV-depleted serum. EV-depleted FBS was prepared by overnight centrifugation (100,000 × g, 4°C) followed by filtration of the supernatant in a 0.22 μm filter.

Treatment of astrocytes with GW4869 to inhibit EV secretion and silencing of BDNA-AS in these cells were performed prior to their co-culture with neurons.



Microglia and Astrocyte Activation State

Human microglia cells and astrocytes were analyzed for the expression of M1 and M2 or A1 and A2 markers, respectively using real-time-PCR, Western blot analysis and ELISA.



Cell Growth and Proliferation

Cells were plated at a concentration of 2,000 cells/well in 96 wells. Cell proliferation was determined using the ViaLight plus kit (LT07-221, Lonza, Walkersville, MD, United States) according to the manufacturer’s guidelines.



Cytotoxic Assays


LDH Assay

Cells were treated with different concentrations of ketamine. Following treatment, the cells were analyzed for cell death using LDH assay (MAK066-1KT, Sigma-Aldrich (St. Louis, MO, United States).



Live/Dead Assay

The live/dead cell assay (MP03224, Molecular Probes, Invitrogen) was performed as described previously (Jiang et al., 2016). Briefly, calcein AM and EthD-1 were added to the culture medium at a final concentration of 1 μM for calcein AM and 2.5 μM for EthD-1 and the relative live/dead cell number was then analyzed.



Western Blot Analysis

Western blot analysis was performed as previously reported (Jiang et al., 2016; Bier et al., 2018). Briefly, cell lysates were solubilized with RIPA buffer supplemented with PhosSTOP and Complete Phosphatase/Protease Inhibitor Cocktails (Roche Diagnostics) and protein content was analyzed using a standard BCA assay. Protein extract (20–30 μg per sample) were loaded on sodium dodecyl sulfate-polyacrylamide electrophoresis gels and transferred to PVDF membranes that were probed with the specific antibodies as detailed. Bound antibodies were visualized with an enhanced chemiluminescence detection kit (Amersham Pharma-Biotech). Equal loading was verified using an anti actin antibody. The following primary antibodies were used: Anti-TrkB (Cat# sc-136990, 1:500), anti-p75 (Cat# sc-13577, 1:1,000), and anti-EAAT2 antibodies (Cat# sc-365634, 1:500) (Santa Cruz Biotechnology). Anti-cleaved PARP1 (AB3820, 1:1,000), Anti-cleaved caspase 3 (ab2303, 1:500), anti-C3 (ab97462, 1:500) anti-S100A10 (ab76472, 1:500) and exosome panel antibody (ab275018) (Abcam, Cambridge, MA United States). Anti-mouse and anti-rabbit HRP secondary antibodies (1:10,000, Pierce).


Caspase 3 Activity

Caspase 3 activity was performed using a fluorometric assay according to the manufacturer’s instructions (abcam). The data were calculated as fluorescence units/mg protein and presented as fold increase over the control level.



Quantification of Cytokine Secretion

Supernatants were collected and stored at −80°C. Pro-BDNF, BDNF, IL-1, and IL-13 secretion were quantified using enzyme-linked immunosorbent assays (ELISA) according to the manufacturer’s instructions. The concentrations of the specific cytokines were calculated using a standard curve and were expressed as picograms per milliliter.



Real-Time PCR

Total RNA was extracted using RNeasy mini kit according to the manufacturer’s instructions (Qiagen, Frederick, MD, United States). Reverse transcription reaction was carried out using 2-μg total RNA as previously described (Morgoulis et al., 2019; Bier et al., 2020). Briefly, reactions were run on an ABI VIIA7 Sequence Detection System (Applied Biosystems, Foster City, CA, United States). Cycle threshold (Ct) values were obtained from the ABI QuantStudio software. S12 ribosomal protein levels were used as controls. The primer sequences are described in Supplementary Table 1.



Phagocytosis Analysis

Human microglial cells were treated with ketamine and phagocytosis was determined using the pHrodoTM Green zymosan bioparticle assay (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. Briefly, microglia were incubated with a solution of pHrodo Green zymosan bioparticles in Live Cell Imaging Solution (0.5 mg/ml) for 2 h and the level of phagocytosis was analyzed using fluorescence plate reader at Ex/Em 509/533.



Preparation of Extracellular Vesicles

Isolation of EVs from culture supernatants was performed using the ExoQuick-TC Ultra kit (SBI, Palo Alto, CA, United States) according to the manufacturer’s instructions. The protein content of the isolated EVs was determined using the Micro BCA assay kit (ThermoFischer Scientific, Oregon City, OR, United States), and the EV markers CD63 and CD81 were analyzed by Western blot. The quantification of the isolated EVs was performed using the ExoELISA-Ultra CD63 and CD81 kits (SBI, Palo Alto, CA, United States) according to the manufacturer’s instructions and as recently described (Bier et al., 2020). For EV treatment, 2 × 108 EVs were administered to the cultured cells.



Nanoparticle Tracking Analysis

Concentration and size distribution of isolated EVs were analyzed using NanoSight LM10 equipped with sCMOS camera and 405 nm laser (Malvern Instruments, MA, United States). Briefly, samples were thawed to room temperature and diluted with PBS to a concentration of approximately 108 particles/ml. The EVs were injected into sample chamber and analysis of 60 s for each sample was captured at 25°C and processed using NTA 3.3 software.



Statistical Analysis

Cultures were viewed microscopically and randomly assigned to the different experimental groups. All data collection and analysis were performed blinded to treatment groups. Data are representative or presented as the mean values ± SD of three to six independent experiments. The statistical difference between two groups was determined using unpaired, two-tailed student’s t-test. For comparisons between multiple groups a one-way ANOVA with Bonferroni-corrected post hoc was performed. P-value of < 0.05 was considered significant.



RESULTS


Ketamine Induces Cell Death of Cultured Neuronal Cells

Ketamine has been reported to induce neurotoxicity in a variety of cellular and animal models. However, the effects and mechanisms of ketamine in human neural cells are just beginning to be understood. Here, we studied the effects of ketamine on human cultured neural cells focusing mainly on the role of the neuron-glial crosstalk. We first examined the neurotoxic effects of ketamine on human neuronal cultures. Based on multiple in vitro studies (Baker et al., 2016; Zhang et al., 2019; Kamp et al., 2020), we employed different ketamine concentrations (10–150 μM, Supplementary Figure 1A) and treatment time points (100 μM ketamine, 6 and 24 h, in neurons, Supplementary Figure 1B and oligodendrocyte progenitor cell, Supplementary Figure 1C. Human neuronal cultures exhibited a dose-dependent increased cell death in response to ketamine treatment (6 h, 25–150 μM) as assessed with dead/live assay (Figure 1A), increased caspase 3 activity (Figure 1B) and expression of cleaved PARP1 (Figure 1C). In view of the similarities in ketamine effects after 6 and 24 h, we used a 6 h ketamine treatment in the following experiments.
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FIGURE 1. Neurotoxic effects of ketamine on human neuronal cells. Human neurons were treated with ketamine for 6 h. The medium was replaced with fresh medium and% dead cells was determined following 48 h using the live/dead assay (A), caspase 3 activity (B) and analysis of cleaved PARP by Western blot analysis (C). The results are the means ± SD of three different experiments analyzed in quadruplet (A,B) or a representative of three independent experiments (C) ***P < 0.001.




Ketamine Induces a Relative Increase in A1 Astrocytic Phenotypes

Glial cells are implicated in the pathogenesis of multiple diseases and pathological conditions in the CNS. Astrocytes undergo activation into distinct reactive astrocyte subtypes in response to specific pathological conditions. Recently two main phenotypes of reactive astrocytes have been reported, namely, A1 and A2. It is currently accepted that there is an array of intermediate activation states that play major roles in various pathological conditions (Guttenplan et al., 2020). An increased A1 phenotype has been associated with neurodegenerative diseases and aging (Clarke et al., 2018; Yun et al., 2018; Miyamoto et al., 2020).

We analyzed the effect of ketamine on the expression of the recently reported A1 (C3) and A2 (S100A10)-specific markers (Liddelow and Barres, 2017; Liddelow et al., 2017; Hinkle et al., 2019) using RT-PCR and Western blot analysis. Treatment with ketamine induced an upregulation of C3 mRNA (Figure 2A) and protein (Figure 2B) levels while decreasing the expression of S100A10 (Figures 2A,B), suggesting that this treatment promotes astrocyte activation toward the A1 phenotype. We also analyzed the expression of EAAT2 which mediates the uptake of glutamate by astrocytes and found that ketamine treatment decreased the mRNA (Figure 2C) and protein (Figure 2D) levels of this glutamate transporter.
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FIGURE 2. Ketamine induces activation of astrocytes and microglia cells. Human astrocytes were treated with ketamine and were analyzed after 48 h for the expression of A1 (C3) and the A2 (S100A10) markers using RT-PCR (A) and Western blot analysis (B). The expression of the glutamate transporter EAAT2 mRNA was analyzed using RT-PCR (C) and Western blot analysis (D). Human microglia cells were treated with ketamine and the relative expression of M1 and M2 markers was analyzed using RT-PCR (E). The ketamine treated microglia cells were also analyzed for secretion of IL-1β (F) and IL-13 (G) using ELISA and for phagocytosis using the pHrodoTM assay (H). The results are the means ± SD of a three independent experiments (A,C,E,H) or are a representative of three independent experiments (B,D,F,G). *P < 0.05, **P < 0.01, and ***P < 0.001.


In contrast to its effects on neurons, ketamine did not induce a significant effect on cell death in treated astrocytes (Supplementary Figure 2A).



Ketamine Increases Microglia M1 Phenotypes

Microglia have been implicated in the pathogenesis of various diseases in the CNS via regulation of neuroinflammation, synapse function and glutamine homeostasis (Zhang et al., 2017; Clark et al., 2019). In addition, microglia activation and polarization into M1 subtype has been implicated in the activation of A1 astrocytes (Yun et al., 2018; Clark et al., 2019). Human microglia cells were treated with ketamine and the relative expression of commonly used M1 (IL-1 and CD86) and M2 (CD206 and IL-13) markers were determined using RT-PCR. Ketamine treatment induced a relative shift toward M1 polarization (Figure 2E). Similarly, treatment of astrocytes with ketamine decreased IL-13 (Figure 2F) and increased IL-1β (Figure 2G) secretion as determined by ELISA. We also found that ketamine treatment decreased microglia phagocytosis as demonstrated in Figure 2H. Similar to its effects in astrocytes, ketamine did not induce a significant cell death in the microglia cells (Supplementary Figure 2B).



Ketamine Inhibits Cell Proliferation and Induces Cell Death in Oligodendrocyte Progenitor Cells

Finally, we analyzed the effects of ketamine on the function of oligodendrocyte progenitor cells. Treatment with ketamine significantly decreased the proliferation of these progenitor cells (Figure 3A) and induced cell death in these cells in a dose-dependent fashion as determined by the live/dead assay (Figure 3B) and caspase 3 activity (Figure 3C). Thus, in contrast to microglia and astrocytes, neurons and oligodendrocyte progenitor cells exhibited an increased sensitivity to the neurotoxic effects of ketamine.
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FIGURE 3. Ketamine inhibits cell proliferation and increases cell death in oligodendrocyte precursor cells. Human oligodendrocyte progenitor cells were treated with ketamine and analyzed 48 h later for cell proliferation (A) and cell death using the live/dead assay (B) and caspase 3 activity (C). The results are the means ± SD of four independent test analyzed in triplicates. *P < 0.05 and ***P < 0.001.




Ketamine Differentially Modulates the BDNF Pathway in Human Neural Cells

Brain-derived neurotrophic factor (BDNF) plays important roles in neuronal growth and development and has been implicated as a mediator of GA neurotoxic effects (Lu et al., 2006; Ozer et al., 2015; Cavalleri et al., 2018; Fleitas et al., 2018). We focused on five main components of the BDNF pathway: mature BDNF, pro-BDNF, the lncRNA BDNF-AS and the expression of the BDNF receptors, p75 and TrkB.

Treatment with ketamine decreased the expression (Figure 4A) and secretion (Figure 4B) of BDNF from cultured neurons. This effect was already observed at a concentration of 25 μM. In contrast, ketamine increased the secretion of pro-BDNF, as measured by ELISA (Figure 4C).
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FIGURE 4. Ketamine regulates the BDNF pathway in neurons and astrocytes. Human neurons were treated with ketamine and the expression of BDNF mRNA was determined using RT-PCR (A) and BDNF secretion by ELISA (B). Pro-BDNF secretion was analyzed using ELISA (C) and the expression of p75NTR and TrkB was analyzed using Western blot analysis (D). The effect of ketamine on BDNF (F) and pro-BDNF (G) secretion in astrocytes was analyzed using ELISA. The expression of the lncRNA BDNF-AS was analyzed using RT-PCR in both neurons (E) and astrocytes (H). The results are the means ± SD of three independent experiments analyzed in quadruplets or are a representative of three independent experiments (D). *P < 0.05, **P < 0.01, and ***P < 0.001.


Brain-derived neurotrophic factor and pro-BDNF exert opposite effects via their preferential binding to TrkB and p75, respectively (Zheng et al., 2016; Fleitas et al., 2018). Therefore, an increased pro-BDNF secretion may promote neuronal cell death via binding to p75. We then analyzed the expression of TrkB and p75 in the cultured neurons and found that ketamine induced a modest upregulation of p75 but had no significant effect on the expression of TrkB in these cells (Figure 4D).

Another important component of the BDNF pathway is the lncRNA BDNF-AS. This lncRNA is transcribed from the opposite strand of BDNF and acts as a negative regulator of BDNF expression (Pruunsild et al., 2007; Zhang et al., 2018). We found that ketamine induced upregulation of BDNF-AS expression (Figure 4E), an effect that can contribute to the decrease in BDNF expression in the ketamine-treated cells.

Ketamine-treated astrocytes also exhibited a decreased BDNF (Figure 4F), an increased pro-BDNF secretion (Figure 4G) and a large increase in BDNF-AS expression (Figure 4H).



Ketamine Induces an Increased Cell Death in Co-cultured Neuronal and Glial Cells

We then analyzed the effects of ketamine in co-cultured neurons and glial cells using transwell plates with a 1 μm filter that allows only the transfer of soluble factors. Treatment of co-cultured neurons and astrocytes with ketamine resulted in enhanced neuronal cell death compared to neurons cultured alone. In contrast, no significant effects were observed on the cell death of the co-cultured astrocytes (Figure 5A). Similar effects were observed in co-cultures of microglia and neurons. Thus, ketamine treatment increased cell death of co-cultured neurons but had no significant effect on the death of co-cultured microglia cells (Figure 5B). In contrast, ketamine treatment of co-cultured neurons and oligodendrocyte progenitor cells resulted in increased cell death of the oligodendrocytes, without a significant effect on neuronal cell death (Figure 5C).
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FIGURE 5. The role of neuron-glia interactions in the neurotoxic effects of ketamine. Neurons and astrocytes (A), neurons and microglia (B) or neurons and oligodendrocytes (C) were plated alone or co-cultured in transwell plates with a 1-μm filter. The co-cultures were treated with ketamine and caspase 3 activity was determined for the cultured cells after 48 h. The results are the means ± SD of six independent experiments analyzed in triplicates. ***P < 0.001 (co-cultured neurons vs. neurons alone (A,B) or co-cultured oligodendrocytes vs. oligodendrocytes alone (C). **P < 0.01 and ***P < 0.001 (ketamine-treated cells vs. controls).


These results clearly demonstrate the complex and important neuronal-glial cell interactions in the neurotoxic effects of ketamine.



EVs Play a Role in the Neurotoxic Effect of Ketamine

Extracellular vesicles play a role in the intercellular communication of neurons and glial cells (Basso and Bonetto, 2016; Datta Chaudhuri et al., 2020). To delineate the roles of EVs in the neuron-glial cell interactions in ketamine-treated cells, we isolated EVs from ketamine-treated astrocytes and examined their effects on neurons. The isolated EVs were analyzed by NTA for size distribution and concentration (Supplementary Figure 3A), for the expression of CD63 and CD81 using Western blot analysis (Supplementary Figure 3B), and for their amount using CD63 (Supplementary Figure 3C) and CD81 (Supplementary Figure 3D) ELISA. Ketamine treatment increased the secretion of both CD81 and CD63 + EVs by the treated astrocytes (Supplementary Figures 3C,D).

Extracellular vesicles isolated from astrocytes treated with ketamine for 24 h were added to cultured neurons for 48 h. As presented in Figure 6A, EVs isolated from ketamine-treated astrocytes induced neuronal cell death, whereas neurons treated with EVs from untreated cells (control) did not exhibit a significant increase in cell death, similar to that of untreated neurons (medium).
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FIGURE 6. Astrocyte-secreted EVs mediate the increased neurotoxic effects of ketamine in neuron-astrocyte co-cultures. Cultured neurons were treated with EVs isolated from control or ketamine-treated astrocytes. Percent of dead cells was determined after 48 h (A). To further analyze the role of EVs secreted from astrocytes, these cells were pre-treated with GW4869 (20 μM) prior to ketamine treatment. The treated astrocytes were then co-cultured with neurons and treated with ketamine (50 μM). Neuronal cells death was analyzed after 48 h (B). A similar treatment of GW4869 was performed in neuronal cells cultured alone (B). The expression of BDNF-AS in EVs isolated from control and ketamine-treated astrocytes was analyzed by RT-PCR (C). EVs isolated from astrocytes that were silenced for BDNF-AS and then treated with ketamine were added to neuronal cultures. Cell death was determined after 48 h (D). The results are the means ± SD of six independent experiments analyzed in quadruplets. **P < 0.01 and ***P < 0.001.


To further analyze the effects of EVs in the neurotoxic effects of co-cultured astrocytes, we employed the membrane neutral sphingomyelinase (nSMase) inhibitor, GW4869 which has been shown to reduce the secretion of EVs by blocking the ceramide-dependent budding of intraluminal vesicles (ILV) into the lumen of MVBs (Trajkovic et al., 2008). Astrocytes were treated with GW4869 (20 μM) prior to ketamine treatment of these cells in co-culture with neurons. We demonstrated that this treatment decreased EV secretion using CD63 ELISA (Supplementary Figure 3D). We found that GW4869 treatment partially abrogated the increased neurotoxic effect of astrocytes (Figure 6B) in the co-culture setting, whereas no significant effect of GW4869 on neuronal cell death was observed when these cells were cultured alone (Figure 6B). Altogether, these results indicate that EVs secreted from ketamine-treated astrocytes play at least a partial role in the increased neurotoxic response of co-cultured neurons.

Extracellular vesicles secreted from ketamine-treated astrocytes expressed higher levels of BDNF-AS compared to untreated cells (Figure 6C). To analyze the role of BDNF-AS in the neurotoxic effects of EVs isolated from ketamine-treated astrocyte, we silenced the expression of BDNF-AS in these cells. The cells were then treated with ketamine and EV were isolated. We found that the expression of BDNF-AS was significantly decreased in the EVs isolated from the silenced cells (Supplementary Figure 3F). EVs from ketamine-treated cells silenced for BDNF-AS exerted a significantly smaller increase in neuronal cell death compared to EVs isolated from cells transfected with a control siRNA (Figure 6D). These results indicate that the delivery of BDNF-AS by EVs secreted by ketamine-treated astrocyte plays a role in the neurotoxic effects of these EVs.



DISCUSSION

General anesthetics have been reported to induce neurotoxic effects in the developing brain that can be manifested in long-term cognitive impairments in rodent and primate models and in pediatric patients. However, the cellular and molecular mechanisms that are involved in GA effects and in particular the role of the neuron-glia interactions are not fully understood. Designing protective measures or alternative anesthetics require the understanding of the mechanisms that mediate GA neurotoxic effects. Although various studies aiming to delineate pathways that mediate these processes were reported in the last several years, most of them were performed in rodents (Jevtovic-Todorovic, 2016; Lin et al., 2017; Luo et al., 2020a).

Recent reports highlighted the differences in human and rodent neural cells and the need to employ reliable models to further understand the effects of GA in human cells and to supplement the animal model studies (Zhao and Bhattacharyya, 2018; Akter et al., 2020). Indeed, various studies reported the use of immortalized glial cells as reliable human models for analyzing specific therapeutic targets for various diseases including autism (Tsilioni et al., 2020), neuroinflammation (Timmerman et al., 2018; Chiavari et al., 2019) and for analyzing the crosstalk of glioma with glial cells (Henrik Heiland et al., 2019; Bier et al., 2020; Zeng et al., 2020). In these studies, we employed primary and immortalized human neural cells and analyzed the contribution of glial cells and neuron-glial interactions to ketamine’s neurotoxic effects and underlying molecular mechanisms. We demonstrated that the human neural cells employed in this study exhibited similar modes and dose-dependent responses to ketamine as previously reported studies in rodent and human cultured cells (Baker et al., 2016; Zhang et al., 2019; Kamp et al., 2020).

Astrocytes play major roles in various pathological conditions in the brain due to their key functions in hemostasis, maintenance, and glutamate uptake. Recently, astrocytes were demonstrated to undergo specific modes of activation depending on the pathological conditions in the brain (Liddelow and Barres, 2017; Hinkle et al., 2019; Koller and Chakrabarty, 2020). A1 astrocytes are induced by pro-inflammatory microglia, express specific markers such as C3 and are associated with various pathological conditions including neurodegenerative diseases and aging (Liddelow et al., 2017; Clark et al., 2019; Li et al., 2020). In contract, A2 astrocytes are induced by different stimuli like hypoxic conditions and exert neuroprotective effects (Li et al., 2019). It is now understood that the expression of specific genes and markers that is associated with each activation state appear to be pathology and brain region-dependent and multiple intermediate activation states are being identified (Guttenplan et al., 2020; Escartin et al., 2021). We report for the first time that ketamine increased the expression of the A1 activation marker, C3 and decreased the expression of the A2 marker S100A10. Additional studies are needed to further characterize the activation of astrocytes by ketamine and RNA sequencing studies are currently being performed to further define the specific gene and non-coding RNAs expressed in these cells.

Ketamine also downregulated the expression of the glutamate transporter, EAAT2 in astrocytes. Astrocytes represent the main cells in the brain that remove glutamate from the synaptic cleft via membranal glutamate transporters (Mahmoud et al., 2019). Because of this important role, changes in astrocyte activation and function can result in glutamate-related pathological conditions. The effect of ketamine on the expression of EAAT2 in human astrocytes has not been previously described. However, there are studies demonstrating that ketamine significantly increases synaptic glutamate release in cortex and striatum while decreasing the expression of membrane EAAT2 as part of the mechanism of the psychogenic effect of ketamine (Lisek et al., 2017). In addition, ketamine in clinical concentrations, inhibits glutaminergic transmission from astrocytes to neurons (Zhang et al., 2019).

Ketamine also increased the expression of M1-proinflammatory markers in microglial cells. Microglia play major roles during brain development by providing neuronal neurotrophic support and phagocytosis of apoptotic cells during this process (Al-Onaizi et al., 2020). In the mature brain microglia regulate synaptic organization and neuronal excitability, myelin turnover, inflammatory responses and injury and repair mechanisms (Wake and Fields, 2011). Similar to macrophages, microglia can differentiate to different subtypes with relative characteristics of M1/M2 phenotypes consisting of a broad array of activation profiles (Nakagawa and Chiba, 2014; Tang and Le, 2016). Various neuroinflammatory and neurological diseases are characterized by a relative increase in M1 microglia-related factors such as TNF-α and IL-1β (Zhang et al., 2017; Huang et al., 2019). The relative increase in M1 phenotypes by ketamine is in line with its effects on the A1 activation of astrocytes. Altogether, ketamine may upregulate neuroinflammation and neurotoxicity by promoting microglia and astrocyte activation.

Ketamine induces demyelination in the developing brain (Patel and Sun, 2009). However, its effects on human oligodendrocytes have not been reported. We found that oligodendrocyte progenitor cells, exhibited an increased cell death in response to ketamine, similar to the effect observed in neurons. Therefore, our results may provide a cellular basis for the demyelinating effects of ketamine.

Ketamine and other GAs induce neurotoxicity and long-term cognitive impairments via various molecular mechanisms including changes in apoptosis-related genes, secretion of cytokines and neurotrophic factors (Zuo et al., 2016). We focused on the effect of ketamine on the BDNF pathway and found that ketamine decreased BDNF secretion from both neurons and astrocytes, while increasing the secretion of pro-BDNF in these cells. Moreover, ketamine also increased the expression of the p75NTR in the treated neurons. Changes in the levels of BDNF/pro-BDNF in the CNS have been reported in various neurological conditions and as potential mechanisms of neuronal cell death (Luo et al., 2019, 2020b). BDNF exerts neurotrophic effects via binding to both p75NTR and TrkB, while pro-BDNF binds only to the p75NTR receptor and activates a variety of processes involving synapse structure and function, and cell death (Teng et al., 2005). The increased p75NTR and pro-BDNF expression are associated with a variety of pathological processes such as memory impairment (Buhusi et al., 2017), increased susceptibility to epileptic seizures (Riffault et al., 2018) and neuronal apoptosis (Teng et al., 2005).

Ketamine impacted the levels of BDNF also by increasing the expression of the lncRNA BDNF-AS in neurons and to a larger degree in astrocytes. This lncRNA is transcribed from the opposite strand of BDNF and acts as a negative regulator of BDNF expression (Pruunsild et al., 2007; Lipovich et al., 2012). Indeed, BDNF-AS has been associated with multiple CNS injuries (Zhang and Wang, 2019), neonatal hypoxia/ischemia-induced brain injury (Qiao et al., 2020), Parkinson’s disease (Palasz et al., 2020) and neuronal aging (Pereira Fernandes et al., 2018). Altogether, the decreased expression of BDNF and the increased expression of BDNF-AS, p75NTR and pro-BDNF in the ketamine-treated cells may represent one of the major pathways of the neurotoxic effects of ketamine.

There is now powerful evidence for non-cell autonomous mechanisms in which neurotoxicity is strongly affected by changes in both neuronal and non-neuronal cells in almost every pathological condition in the brain (Lobsiger and Cleveland, 2007; Ilieva et al., 2009). Although there are some studies demonstrating a role of astrocytes (Zhang et al., 2019; Zhou et al., 2019) and microglia (Baud and Saint-Faust, 2019) in GA effects, the non-cell autonomous effects of different glial cells were not consistently studied and identified. Our co-culture studies indicate that ketamine treatment of astrocytes and microglia increased co-cultured neuronal cell death, while neuronal treatment increased the apoptosis of co-cultured oligodendrocytes, indicating a major contribution of the neuron-glia effects to the neurotoxic effect of ketamine. One potential mechanism for the ketamine neurotoxicity in co-cultured cells is the increased pro-BDNF that is associated with the increased cell death in neurons and oligodendrocytes via activation of the p75 pathway.

Another potential and novel mechanism of ketamine effect is mediated by EVs. We showed for the first time that ketamine increased the amount of EVs secreted by astrocytes and that these EVs induced cells death in neuronal cells. In addition, inhibition of EV secretion in astrocytes abrogated the increased neuronal cell death observed in co-cultures. Indeed, EVs have been implicated as important components of neuron-glia intercellular communication (Yin et al., 2020) and as mediators of various pathological conditions in the brain (Budnik et al., 2016; Hill, 2019). We also demonstrated that ketamine treatment of astrocytes increased the expression of BDNF-AS in EVs secreted from these cells. We further found that the increased secretion of this lncRNA was associated with the cytotoxic effects of the EVs on neuronal cells. Current ongoing studies aim to analyze the cargo of the EVs secreted by the ketamine-treated astrocytes and additional neurotoxic factors involved in their effects.

In summary, we demonstrated multicellular ketamine effects on human neural cells, an increased expression of A1 astrocytes and M1 microglia markers and that ketamine induces neurotoxic effects by both cell autonomous and non-cell autonomous mechanisms. Moreover, we identified important and integrated roles of multiple components of the BDNF pathway in ketamine neurotoxic effects. Finally, we demonstrated for the first time that ketamine treatment affects the secretion, cargo and function of astrocyte-derived EVs. The secreted EVs increase neuronal cell death and act as important mediators of neuron-astrocyte interactions in the neurotoxic action of ketamine. These findings may have a broad implication in the short- and long-term effect of this GA (Figure 7).
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FIGURE 7. A diagram summarizing the roles of neuron-glia interactions, the BDNF pathway and extracellular vesicles in ketamine’s effects. The effects of ketamine on various components of the BDNF pathway, the interactions of neuron and glial cells and the role of EVs as mediators of these interactions are depicted in this diagram.




DATA AVAILABILITY STATEMENT

The authors acknowledge that the data presented in this study must be deposited and made publicly available in an acceptable repository, prior to publication. Frontiers cannot accept a manuscript that does not adhere to our open data policies.



AUTHOR CONTRIBUTIONS

CB and DP: concept and design. CB and SC: development of methodology and data acquisition. CB, DP, AB, and VJ-T: data analysis and interpretation. CB, DP, AB, ML, and SK: writing and review of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

DP received a Proposal Development Grant from Henry Ford Health System. CB was supported by the Hermelin Brain Tumor Center, Department of Neurosurgery, Henry Ford Health System. Support was provided solely from institutional and/or departmental sources.


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.691648/full#supplementary-material


ABBREVIATIONS

BDNF, brain-derived neurotrophic factor; CNS, central nervous system; EVs, extracellular vesicles; GABAAR, gamma-amino-butyric acid type-A receptors; GAs, general anesthetics; NMDAR, N-methyl -D-aspartate receptors.


REFERENCES

Akter, M., Kaneko, N., and Sawamoto, K. (2020). Neurogenesis and neuronal migration in the postnatal ventricular-subventricular zone: similarities and dissimilarities between rodents and primates. Neurosci. Res. 167, 64–69. doi: 10.1016/j.neures.2020.06.001

Al-Onaizi, M., Al-Khalifah, A., Qasem, D., and ElAli, A. (2020). Role of microglia in modulating adult neurogenesis in health and neurodegeneration. Int. J. Mol. Sci. 21:6875. doi: 10.3390/ijms21186875

Baker, S. C., Shabir, S., Georgopoulos, N. T., and Southgate, J. (2016). Ketamine-Induced apoptosis in normal human urothelial cells: a direct, N-Methyl-d-Aspartate receptor-independent pathway characterized by mitochondrial stress. Am. J. Pathol. 186, 1267–1277. doi: 10.1016/j.ajpath.2015.12.014

Basso, M., and Bonetto, V. (2016). Extracellular vesicles and a novel form of communication in the brain. Front. Neurosci. 10:127. doi: 10.3389/fnins.2016.00127

Baud, O., and Saint-Faust, M. (2019). Neuroinflammation in the developing brain: risk factors, involvement of microglial cells, and implication for early anesthesia. Anesth. Analg. 128, 718–725. doi: 10.1213/ANE.0000000000004032

Bier, A., Berenstein, P., Kronfeld, N., Morgoulis, D., Ziv-Av, A., Goldstein, H., et al. (2018). Placenta-derived mesenchymal stromal cells and their exosomes exert therapeutic effects in duchenne muscular dystrophy. Biomaterials 174, 67–78.

Bier, A., Hong, X., Cazacu, S., Goldstein, H., Rand, D., Xiang, C., et al. (2020). miR-504 modulates the stemness and mesenchymal transition of glioma stem cells and their interaction with microglia via delivery by extracellular vesicles. Cell Death Dis. 11:899. doi: 10.1038/s41419-020-03088-3083

Budnik, V., Ruiz-Canada, C., and Wendler, F. (2016). Extracellular vesicles round off communication in the nervous system. Nat. Rev. Neurosci. 17, 160–172. doi: 10.1038/nrn.2015.29

Buhusi, M., Etheredge, C., Granholm, A. C., and Buhusi, C. V. (2017). Increased hippocampal ProBDNF contributes to memory impairments in aged mice. Front. Aging Neurosci. 9:284. doi: 10.3389/fnagi.2017.00284

Cavalleri, L., Merlo Pich, E., Millan, M. J., Chiamulera, C., Kunath, T., Spano, P. F., et al. (2018). Ketamine enhances structural plasticity in mouse mesencephalic and human iPSC-derived dopaminergic neurons via AMPAR-driven BDNF and mTOR signaling. Mol. Psychiatry 23, 812–823. doi: 10.1038/mp.2017.241

Chiavari, M., Ciotti, G. M. P., Navarra, P., and Lisi, L. (2019). Pro-Inflammatory activation of a new immortalized human microglia cell line. Brain Sci. 9:111. doi: 10.3390/brainsci9050111

Clark, D. P. Q., Perreau, V. M., Shultz, S. R., Brady, R. D., Lei, E., Dixit, S., et al. (2019). Inflammation in traumatic brain injury: roles for toxic A1 astrocytes and microglial-astrocytic crosstalk. Neurochem. Res. 44, 1410–1424. doi: 10.1007/s11064-019-02721-2728

Clarke, L. E., Liddelow, S. A., Chakraborty, C., Munch, A. E., Heiman, M., and Barres, B. A. (2018). Normal aging induces A1-like astrocyte reactivity. Proc. Natl. Acad. Sci. U S A. 115, E1896–E1905. doi: 10.1073/pnas.1800165115

Datta Chaudhuri, A., Dasgheyb, R. M., DeVine, L. R., Bi, H., Cole, R. N., and Haughey, N. J. (2020). Stimulus-dependent modifications in astrocyte-derived extracellular vesicle cargo regulate neuronal excitability. Glia 68, 128–144. doi: 10.1002/glia.23708

Davidson, A. J., Disma, N., de Graaff, J. C., Withington, D. E., Dorris, L., Bell, G., et al. (2016). Neurodevelopmental outcome at 2 years of age after general anaesthesia and awake-regional anaesthesia in infancy (GAS): an international multicentre, randomised controlled trial. Lancet 387, 239–250. doi: 10.1016/s0140-6736(15)00608-x

Dobbing, J., and Sands, J. (1979). Comparative aspects of the brain growth spurt. Early. Hum. Dev. 311, 79–83.

Escartin, C., Galea, E., Lakatos, A., O’Callaghan, J. P., Petzold, G. C., and Serrano-Pozo, A. (2021). Reactive astrocytes nomenclature, definitions and future directions. Nat. Neurosci. 24, 312–325.

Fleitas, C., Pinol-Ripoll, G., Marfull, P., Rocandio, D., Ferrer, I., Rampon, C., et al. (2018). proBDNF is modified by advanced glycation end products in Alzheimer’s disease and causes neuronal apoptosis by inducing p75 neurotrophin receptor processing. Mol. Brain 11:68. doi: 10.1186/s13041-018-0411-416

Fukumoto, K., Fogaca, M. V., Liu, R. J., Duman, C., Kato, T., Li, X. Y., et al. (2019). Activity-dependent brain-derived neurotrophic factor signaling is required for the antidepressant actions of (2R,6R)-hydroxynorketamine. Proc. Natl. Acad. Sci. U S A. 116, 297–302. doi: 10.1073/pnas.1814709116

Guttenplan, K. A., Weigel, M. K., Adler, D. I., et al. (2020). Knockout of reactive astrocyte activating factors slows disease progression in an ALS mouse model. Nat. Commun. 11:3753. doi: 10.1038/s41467-020-17514-9

Henrik Heiland, D., Ravi, V. M., Behringer, S. P., Frenking, J. H., Wurm, J., Joseph, K., et al. (2019). Tumor-associated reactive astrocytes aid the evolution of immunosuppressive environment in glioblastoma. Nat. Commun. 10:2541. doi: 10.1038/s41467-01910493-6

Hill, A. F. (2019). Extracellular vesicles and neurodegenerative diseases. J. Neurosci. 39, 9269–9273. doi: 10.1523/jneurosci.0147-18.2019

Hinkle, J. T., Dawson, V. L., and Dawson, T. M. (2019). The A1 astrocyte paradigm: new avenues for pharmacological intervention in neurodegeneration. Mov. Disord. 34, 959–969. doi: 10.1002/mds.27718

Huang, M., Li, Y., Wu, K., Yan, W., Tian, T., Wang, Y., et al. (2019). Paraquat modulates microglia M1/M2 polarization via activation of TLR4-mediated NF-κB signaling pathway. Chem. Biol. Interact. 310:108743. doi: 10.1016/j.cbi.2019.108743

Ilieva, H., Polymenidou, M., and Cleveland, D. W. (2009). Non-cell autonomous toxicity in neurodegenerative disorders: ALS and beyond. J. Cell Biol. 187, 761–772. doi: 10.1083/jcb.200908164

Jevtovic-Todorovic, V. (2016). General anesthetics and neurotoxicity: how much do we know? Anesthesiol. Clin. 34, 439–451. doi: 10.1016/j.anclin.2016.04.001

Jevtovic-Todorovic, V. (2018). Monkey business: the importance of mounting behavioural evidence for anaesthesia-induced developmental neurotoxicity. Br. J. Anaesth. 120, 617–619. doi: 10.1016/j.bja.2018.02.001

Jevtovic-Todorovic, V., Hartman, R. E., Izumi, Y., Benshoff, N. D., Dikranian, K., Zorumski, C. F., et al. (2003). Early exposure to common anesthetic agents causes widespread neurodegeneration in the developing rat brain and persistent learning deficits. J. Neurosci. 23, 876–882.

Jiang, W., Finniss, S., Cazacu, S., Xiang, C., Brodie, Z., Mikkelsen, T., et al. (2016). Repurposing phenformin for the targeting of glioma stem cells and the treatment of glioblastoma. Oncotarget 7, 56456–56470. doi: 10.18632/oncotarget.10919

Kamp, J., Olofsen, E., Henthorn, T. K., van Velzen, M., Niesters, M., Dahan, A., et al. (2020). Ketamine pharmacokinetics. Anesthesiology 133, 1192–1213. doi: 10.1097/ALN.0000000000003577

Kim, C., Lee, H. J., Masliah, E., and Lee, S. J. (2016). Non-cell-autonomous neurotoxicity of alpha-synuclein through microglial toll-like receptor 2. Exp. Neurobiol. 25, 113–119. doi: 10.5607/en.2016.25.3.113

Koller, E. J., and Chakrabarty, P. (2020). Tau-Mediated dysregulation of neuroplasticity and glial plasticity. Front. Mol. Neurosci. 13:151. doi: 10.3389/fnmol.2020.00151

Lei, X., Guo, Q., and Zhang, J. (2012). Mechanistic insights into neurotoxicity induced by anesthetics in the developing brain. Int. J. Mol. Sci. 13, 6772–6799. doi: 10.3390/ijms13066772

Li, T., Chen, X., Zhang, C., Zhang, Y., and Yao, W. (2019). An update on reactive astrocytes in chronic pain. J. Neuroinflamm. 16:140. doi: 10.1186/s12974-019-1524-2

Li, T., Liu, T., Chen, X., Li, L., Feng, M., Zhang, Y., et al. (2020). Microglia induce the transformation of A1/A2 reactive astrocytes via the CXCR7/PI3K/Akt pathway in chronic post-surgical pain. J. Neuroinflamm. 17:211. doi: 10.1186/s12974-020-01891-5

Liddelow, S. A., and Barres, B. A. (2017). Reactive astrocytes: production, function, and therapeutic potential. Immunity 46, 957–967. doi: 10.1016/j.immuni.2017.06.006

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 481–487. doi: 10.1038/nature21029

Lin, E. P., Lee, J. R., Lee, C. S., Deng, M., and Loepke, A. W. (2017). Do anesthetics harm the developing human brain? an integrative analysis of animal and human studies. Neurotoxicol. Teratol. 60, 117–128. doi: 10.1016/j.ntt.2016.10.008

Lipovich, L., Dachet, F., Cai, J., Bagla, S., Balan, K., Jia, H., et al. (2012). Activity-dependent human brain coding/noncoding gene regulatory networks. Genetics 192, 1133–1148. doi: 10.1534/genetics.112.145128

Lisek, M., Ferenc, B., Studzian, M., Pulaski, L., Guo, F., Zylinska, L., et al. (2017). Glutamate deregulation in ketamine-induced psychosis-a potential role of PSD95, NMDA receptor and PMCA interaction. Front. Cell Neurosci. 11:181. doi: 10.3389/fncel.2017.00181

Lobsiger, C. S., and Cleveland, D. W. (2007). Glial cells as intrinsic components of non-cell-autonomous neurodegenerative disease. Nat. Neurosci. 10, 1355–1360. doi: 10.1038/nn1988

Lu, L. X., Yon, J. H., Carter, L. B., and Jevtovic-Todorovic, V. (2006). General anesthesia activates BDNF-dependent neuroapoptosis in the developing rat brain. Apoptosis 11, 1603–1615. doi: 10.1007/s10495-006-8762-3

Luo, A., Tang, X., Zhao, Y., Zhou, Z., Yan, J., and Li, S. (2020a). General anesthetic-induced neurotoxicity in the immature brain: reevaluating the confounding factors in the preclinical studies. Biomed. Res. Int. 2020:7380172. doi: 10.1155/2020/7380172

Luo, R. Y., Luo, C., Zhong, F., Shen, W. Y., Li, H., Hu, Z. L., et al. (2020b). ProBDNF promotes sepsis-associated encephalopathy in mice by dampening the immune activity of meningeal CD4(+) T cells. J. Neuroinflamm. 17:169. doi: 10.1186/s12974-020-01850-0

Luo, L., Li, C., Du, X., Shi, Q., Huang, Q., Xu, X., et al. (2019). Effect of aerobic exercise on BDNF/proBDNF expression in the ischemic hippocampus and depression recovery of rats after stroke. Behav. Brain Res. 362, 323–331. doi: 10.1016/j.bbr.2018.11.037

Mahmoud, S., Gharagozloo, M., Simard, C., and Gris, D. (2019). Astrocytes maintain glutamate homeostasis in the CNS by controlling the balance between glutamate uptake and release. Cells 8:184. doi: 10.3390/cells8020184

McCann, M. E., de Graaff, J. C., Dorris, L., Disma, N., Withington, D., Bell, G., et al. (2019). Neurodevelopmental outcome at 5 years of age after general anaesthesia or awake-regional anaesthesia in infancy (GAS): an international, multicentre, randomised, controlled equivalence trial. Lancet 393, 664–677. doi: 10.1016/s0140-6736(18)32485-1

McCann, M. E., and Soriano, S. G. (2019). Does general anesthesia affect neurodevelopment in infants and children? BMJ 367:l6459. doi: 10.1136/bmj.l6459

Meyer, K., Ferraiuolo, L., Miranda, C. J., Likhite, S., McElroy, S., Renusch, S., et al. (2014). Direct conversion of patient fibroblasts demonstrates non-cell autonomous toxicity of astrocytes to motor neurons in familial and sporadic ALS. Proc. Natl. Acad. Sci. U S A. 111, 829–832. doi: 10.1073/pnas.1314085111

Miyamoto, N., Magami, S., Inaba, T., Ueno, Y., Hira, K., Kijima, C., et al. (2020). The effects of A1/A2 astrocytes on oligodendrocyte linage cells against white matter injury under prolonged cerebral hypoperfusion. Glia 68, 1910–1924. doi: 10.1002/glia.23814

Morgoulis, D., Berenstein, P., Cazacu, S., Kazimirsky, G., Dori, A., Barnea, E. R., et al. (2019). sPIF promotes myoblast differentiation and utrophin expression while inhibiting fibrosis in Duchenne muscular dystrophy via the H19/miR-675/let-7 and miR-21 pathways. Cell Death Dis. 10:82. doi: 10.1038/s41419-019-1307-9

Nakagawa, Y., and Chiba, K. (2014). Role of microglial m1/m2 polarization in relapse and remission of psychiatric disorders and diseases. Pharmaceuticals (Basel) 7, 1028–1048. doi: 10.3390/ph7121028

Ozer, A. B., Demirel, I., Erhan, O. L., Firdolas, F., and Ustundag, B. (2015). Effect of different anesthesia techniques on the serum brain-derived neurotrophic factor (BDNF) levels. Eur. Rev. Med. Pharmacol. Sci. 19, 3886–3894.

Palasz, E., Wysocka, A., Gasiorowska, A., Chalimoniuk, M., Niewiadomski, W., and Niewiadomska, G. (2020). BDNF as a promising therapeutic agent in parkinson’s disease. Int. J. Mol. Sci. 21:1170. doi: 10.3390/ijms21031170

Patel, P., and Sun, L. (2009). Update on neonatal anesthetic neurotoxicity: insight into molecular mechanisms and relevance to humans. Anesthesiology 110, 703–708. doi: 10.1097/ALN.0b013e31819c42a4

Pereira Fernandes, D., Bitar, M., Jacobs, F. M. J., and Barry, G. (2018). Long non-coding RNAs in neuronal aging. Noncoding RNA 4:12. doi: 10.3390/ncrna4020012

Pruunsild, P., Kazantseva, A., Aid, T., Palm, K., and Timmusk, T. (2007). Dissecting the human BDNF locus: bidirectional transcription, complex splicing, and multiple promoters. Genomics 90, 397–406. doi: 10.1016/j.ygeno.2007.05.004

Qiao, L. X., Zhao, R. B., Wu, M. F., Zhu, L. H., and Xia, Z. K. (2020). Silencing of long non-coding antisense RNA brain-derived neurotrophic factor attenuates hypoxia/ischemia-induced neonatal brain injury. Int. J. Mol. Med. 46, 653–662. doi: 10.3892/ijmm.2020.4625

Riffault, B., Kourdougli, N., Dumon, C., Ferrand, N., Buhler, E., Schaller, F., et al. (2018). Pro-Brain-Derived neurotrophic factor (proBDNF)-Mediated p75NTR activation promotes depolarizing actions of GABA and increases susceptibility to epileptic seizures. Cereb. Cortex 28, 510–527. doi: 10.1093/cercor/bhw385

Sachana, M., Rolaki, A., and Bal-Price, A. (2018). Development of the Adverse Outcome Pathway (AOP): chronic binding of antagonist to N-methyl-d-aspartate receptors (NMDARs) during brain development induces impairment of learning and memory abilities of children. Toxicol. Appl. Pharmacol. 354, 153–175. doi: 10.1016/j.taap.2018.02.024

Sun, L. S., Li, G., Miller, T. L., Salorio, C., Byrne, M. W., Bellinger, D. C., et al. (2016). Association between a single general anesthesia exposure before age 36 months and neurocognitive outcomes in later childhood. JAMA 315, 2312–2320. doi: 10.1001/jama.2016.6967

Tang, Y., and Le, W. (2016). Differential roles of M1 and M2 microglia in neurodegenerative diseases. Mol. Neurobiol. 53, 1181–1194. doi: 10.1007/s12035-014-9070-5

Teng, H. K., Teng, K. K., Lee, R., Wright, S., Tevar, S., Almeida, R. D., et al. (2005). ProBDNF induces neuronal apoptosis via activation of a receptor complex of p75NTR and sortilin. J. Neurosci. 25, 5455–5463. doi: 10.1523/jneurosci.5123-04.2005

Timmerman, R., Burm, S. M., and Bajramovic, J. J. (2018). An overview of in vitro methods to study microglia. Front. Cell Neurosci. 12:242. doi: 10.3389/fncel.2018.00242

Trajkovic, K., Hsu, C., Chiantia, S., Rajendran, L., Wenzel, D., Wieland, F., et al. (2008). Ceramide triggers budding of exosome vesicles into multivesicular endosomes. Science 319, 1244–1247. doi: 10.1126/science.1153124

Tsilioni, I., Pantazopoulos, H., Conti, P., Leeman, S. E., and Theoharides, T. C. (2020). IL-38 inhibits microglial inflammatory mediators and is decreased in amygdala of children with autism spectrum disorder. Proc. Natl. Acad. Sci. U S A. 117, 16475–16480. doi: 10.1073/pnas.2004666117

Twaroski, D., Bosnjak, Z. J., and Bai, X. (2015). MicroRNAs: new players in anesthetic-induced developmental neurotoxicity. Pharm. Anal. Acta 6:357. doi: 10.4172/2153-2435.1000357

Wake, H., and Fields, R. D. (2011). Physiological function of microglia. Neuron Glia Biol. 7, 1–3. doi: 10.1017/s1740925x12000166

Weir, C. J., Mitchell, S. J., and Lambert, J. J. (2017). Role of GABAA receptor subtypes in the behavioural effects of intravenous general anaesthetics. Br. J. Anaesth. 119(Suppl._1), i167–i175. doi: 10.1093/bja/aex369

Yin, Z., Han, Z., Hu, T., Zhang, S., Ge, X., Huang, S., et al. (2020). Neuron-derived exosomes with high miR-21-5p expression promoted polarization of M1 microglia in culture. Brain Behav. Immun. 83, 270–282. doi: 10.1016/j.bbi.2019.11.004

Yu, D., Li, L., and Yuan, W. (2017). Neonatal anesthetic neurotoxicity: insight into the molecular mechanisms of long-term neurocognitive deficits. Biomed. Pharmacother. 87, 196–199. doi: 10.1016/j.biopha.2016.12.062

Yun, S. P., Kam, T. I., Panicker, N., Kim, S., Oh, Y., Park, J. S., et al. (2018). Block of A1 astrocyte conversion by microglia is neuroprotective in models of Parkinson’s disease. Nat. Med. 24, 931–938. doi: 10.1038/s41591-018-0051-5

Zanghi, C. N., and Jevtovic-Todorovic, V. (2017). A holistic approach to anesthesia-induced neurotoxicity and its implications for future mechanistic studies. Neurotoxicol. Teratol. 60, 24–32. doi: 10.1016/j.ntt.2016.12.004

Zeng, A., Wei, Z., Rabinovsky, R., Jun, H. J., El Fatimy, R., Deforzh, E., et al. (2020). Glioblastoma-Derived extracellular vesicles facilitate transformation of astrocytes via reprogramming oncogenic metabolism. iScience 23:101420. doi: 10.1016/j.isci.2020.101420

Zhang, F., Zhong, R., Li, S., Fu, Z., Cheng, C., Cai, H., et al. (2017). Acute hypoxia induced an imbalanced M1/M2 activation of microglia through NF-κB signaling in Alzheimer’s disease mice and wild-type littermates. Front. Aging Neurosci. 9:282. doi: 10.3389/fnagi.2017.00282

Zhang, H., Li, D., Zhang, Y., Li, J., Ma, S., Zhang, J., et al. (2018). Knockdown of lncRNA BDNF-AS suppresses neuronal cell apoptosis via downregulating miR-130b-5p target gene PRDM5 in acute spinal cord injury. RNA Biol. 15, 1071–1080. doi: 10.1080/15476286.2018.1493333

Zhang, L., and Wang, H. (2019). Long non-coding RNA in CNS injuries: a new target for therapeutic intervention. Mol. Ther. Nucleic Acids 17, 754–766. doi: 10.1016/j.omtn.2019.07.013

Zhang, Y., Wu, S., Xie, L., Yu, S., Zhang, L., Liu, C., et al. (2019). Ketamine within clinically effective range inhibits glutamate transmission from astrocytes to neurons and disrupts synchronization of astrocytic SICs. Front. Cell Neurosci. 13:240. doi: 10.3389/fncel.2019.00240

Zhao, X., and Bhattacharyya, A. (2018). Human models are needed for studying human neurodevelopmental disorders. Am. J. Hum. Genet. 103, 829–857. doi: 10.1016/j.ajhg.2018.10.009

Zheng, X., Lin, C., Li, Y., Ye, J., Zhou, J., and Guo, P. (2016). Long noncoding RNA BDNF-AS regulates ketamine-induced neurotoxicity in neural stem cell derived neurons. Biomed. Pharmacother. 82, 722–728. doi: 10.1016/j.biopha.2016.05.050

Zhou, B., Chen, L., Liao, P., Huang, L., Chen, Z., Liao, D., et al. (2019). Astroglial dysfunctions drive aberrant synaptogenesis and social behavioral deficits in mice with neonatal exposure to lengthy general anesthesia. PLoS Biol. 17:e3000086. doi: 10.1371/journal.pbio.3000086

Zuo, D., Lin, L., Liu, Y., Wang, C., Xu, J., Sun, F., et al. (2016). Baicalin attenuates ketamine-induced neurotoxicity in the developing rats: involvement of PI3K/Akt and CREB/BDNF/Bcl-2 pathways. Neurotox. Res. 30, 159–172. doi: 10.1007/s12640-016-9611-y


Conflict of Interest: AB was employed by Precise Cell Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Penning, Cazacu, Brodie, Jevtovic-Todorovic, Kalkanis, Lewis and Brodie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neuron-Glia Crosstalk Plays a Major Role in the Neurotoxic Effects of Ketamine via Extracellular Vesicles



		INTRODUCTION



		MATERIALS AND METHODS



		Materials



		Neural Cell Cultures



		Experimental Protocols



		Microglia and Astrocyte Activation State



		Cell Growth and Proliferation



		Cytotoxic Assays



		LDH Assay



		Live/Dead Assay







		Western Blot Analysis



		Caspase 3 Activity







		Quantification of Cytokine Secretion



		Real-Time PCR



		Phagocytosis Analysis



		Preparation of Extracellular Vesicles



		Nanoparticle Tracking Analysis



		Statistical Analysis







		RESULTS



		Ketamine Induces Cell Death of Cultured Neuronal Cells



		Ketamine Induces a Relative Increase in A1 Astrocytic Phenotypes



		Ketamine Increases Microglia M1 Phenotypes



		Ketamine Inhibits Cell Proliferation and Induces Cell Death in Oligodendrocyte Progenitor Cells



		Ketamine Differentially Modulates the BDNF Pathway in Human Neural Cells



		Ketamine Induces an Increased Cell Death in Co-cultured Neuronal and Glial Cells



		EVs Play a Role in the Neurotoxic Effect of Ketamine







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fcell-09-691648-g005.jpg
Caspase 3 Activity —

Fold Change/Control

»

»H

N

o

m Control = Ketamine

*%

Neurons

Astrocytes

Neurons

AR

=]
1

m Control = Ketamine

*k%

Caspase 3 Activity —
Fold Change/Control
N »

Astrocytes Neurons

Caspase 3 Activity —

co-culture

Fold Change/Control

= = m Control m Ketamine

*k

Neurons Oligo Neurons Oligo

co-culture

Microglia

Neurons Microglia

co-culture





OPS/images/fcell-09-691648-g006.jpg
% Dead Cells

50

40

30

20

10

Relative BDNF-AS Expression

Ketamine

L —

N

Medium Control 50 100
Ketamine - uM
2 3
1 4
o .
Control Ketamine

GW4869

70 - 15 = Vehicle = GW4869

dekk

60 - |

30 +

% Dead Cells
:

20 -
10 A

Control Ketamine Control Ketamine

Neurons

BDNF-AS
siRNA

Neurons-Astrocytes

Caspase 3 Activity —
Fold Change/Control
N w £y (3] »

—
1

i

o

1i

Control Control
Con siRNA - +
BDNF-AS siRNA - -

Control Ketamine Ketamine
~ + =
+ - +





OPS/images/fcell-09-691648-g007.jpg
-~
“u

-
'/
4

- —
--~~~~
-~

A1>A2






OPS/images/fcell-09-691648-g001.jpg
% Dead Cells

50

40

30

20

10

Control

C
0.6 -
o e Ketamine (uM) 0 50 100
£ 05 - wok
2 c Cleaved PARP =~ = "= ===
S0
s9 04 4
<+ i e e —
“t" | e Actin
gl i
g § 0.3 dekk i
@ ©
23 0.2 23
@ O 5
o g 2 24
< 0.1 A g
_- I 1
o - 0
Control 25 50 100 150 0 50 100

Ketamine - uM Ketamine - pM





OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Neuron-Glia Crosstalk Plays
a Major Role in the Neurotoxic
Effects of Ketamine via
Extracellular Vesicles





OPS/images/fcell-09-691648-g002.jpg
>

Relative mRNA Expression

Relative mRNA Expression [TI]

3.5

3]

B

m Control = Ketamine 25 = Ketamine 50

Ketamine 150

= Ketamine 100

S100A10 C3

= Ketamine 25 = Ketamine 50

Ketamine 150

= Control
» Ketamine 100

*kk

*kk [

IL-13 — pg/ml

CD86

IL-1

CD206 IL-13

I

Relative Phagocytosis/Control

Ketamine (uM) 0 25 50 100

— ——

c3
S100A10 === == — —
Actin

= C3 =S100A10

Arbitrary units
o - N w - o

25
Ketamine (uM)

50 -
40 -

30 -

20 -

0 25 50
Ketamine (uM)

1.4 -
1.2
0.8 -
0.6
0.4 -
0.2 -

Control 25 50 100

(@)

-

N

o
y

100 -

<]
o
1

2]
o
1

»
o
1

N
o
1

Relative EAAT2 mRNA Expression

100

Control

Ketamine - pM

Ketamine (uM) 0 50 100

EAAT2 e o =

Actin

Arbitrary units

G

IL-1B — pg/ml

50 100
25 50 100 150 Ketamine (uM)
Ketamine - uM
200 -
150 -
100 -
50 -
0 -
0 25 50 100

Ketamine (M)





OPS/images/fcell-09-691648-g003.jpg
<

50 -
0
0
0
0
0 -

SlI9D pPe3a %

ek

150

Fekk

100

k%

50

I I T T T T |
© © O o o o o
N O o O < «

- -
oljuod Jo 9, - uonjesajljold |12d

50 100 150

25

25

Control

Ketamine (uM)

*kk

150

dedek

100

dedede

sk

wu goy — @duequosqy

Aoy ¢ asedse)

50
Ketamine (uM)

25

Control






OPS/images/fcell-09-691648-g004.jpg
&)

21

< uoissaidx3a yN¥W 4

dekk

100

50

25

Neurons
Control

T
(=
o
-

T
(=
0
-

1043U0D JO % - UOIRIIIS ANAF-0.d

250 -
200 -

25

Control

0 -

T
o
N

60 -
40

T
o
(=]

140 - Neurons

120 -
100 -

1043u09 jJO % - Uoi3II3S INAg

150

Neurons

100

50

25

Control

i

-

10
o

o

NQag 2Alje|sy

Ketamine - uM

Ketamine - pM

L.

Astrocytes

Neurons

11

ok

I *.*

*

r
o
<
-

120 -
100 -
80 -
60 -
40 -
20 -

0 A

103U0D jJo % - Uon3II3S INAY

dkk

100

*okk

2.5 -

0 -

-

5

o

LLl uoissaidxa yNyw sy-INag 2AieIRY

Ketamine - uM

()

Neurons

Ket 50 Ket 100

up75 = TrkB

Ket0

- ©” o~ -
s)un Aenigry

p75"m — - -
1R S ——
Actin s

Ketamine (uM) 0 50 100

50 100

Ketamine - pM

25

|

100

Control
Ketamine - uyM

25 50

Control

I

Astrocytes

Kk

Astrocytes

(] N
uoissaidxg
VNYW SY-4ANQag aA1eey

0 -

-~

Fkk

300 -

0 -

T
o
o
N

T
o
o
-

Control

50 100
Ketamine - uM

25

Control

O 103u07 jo0 % - uonaidas JNAg-0id








OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





