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Effects of ketamine on apoptosis and neurogenesis of rat cortical neural stem progenitor cells
Background: Ketamine, an N-Methyl-D-aspartate (NMDA) receptor antagonist, is widely used as an anesthetic, analgesic, or sedative in pediatric clinical settings and also is popular among pregnant illicit drug users.  Current studies show that ketamine induces neurotoxic effects in developing brains and cultured forebrain neurons (late prenatal, early postnatal stages) in different species. Few if any studies have investigated the potential toxic effects of ketamine on the developing embryonic brain.  Neurogenesis of neural stem progenitor stem cells (NSPCs), the precursors of cortical neurons, astrocytes, and oligodendrocytes, plays a critical role in maintaining normal cortical structure and functions during embryonic brain development. Plus, PI3K/Akt signaling pathway is involved in cellular survival and the proliferation of NSPCs. This study explores the time- and dose-dependent effects of ketamine on apoptosis and neurogenesis of rat cortical NSPCs and their possible intracellular mechanisms relating to PI3K pathway.    
Methods: NSPCs were isolated from embryos of timed-pregnant Sprague-Dawley rats at embryonic day 17 and cultured as monolayers in a DMEM/F12 serum-free medium with mitogens (bFGF and EGF). Prepared NSPCs were treated by varying concentrations of ketamine (0, 1, 10, 20, 20, 50, and 100 µM) for 24 hours or were exposed to 10 µM of ketamine for different durations (0, 1/2, 1, 2, 4, 6, 8, 10, 12, 18, 24, and 48 hrs). In proliferation detection experiments, 10 µM of BrdU was administrated together with ketamine to label the proliferating cells. In a default differentiation study, treated NSPCs underwent a 3-week differentiation phase in differentiation media.  Cells from all experiments were immunostained with specific antibodies to detect apoptosis (active caspase-3), proliferation (BrdU and Ki67), and differentiation (Tuj-1 for neurons).  LDH assay was utilized to detect necrosis in the cultures exposed to ketamine. Additionally, Western-blot assay was employed to test the changes of phosphorylated Akt in ketamine-treated NSPCs. 

 Results: Extremely high concentrations of ketamine (100 µM) significantly induce apoptosis in NSPCs. Differences in necrosis were not observed among the different concentrations. Ketamine 10 µM (a clinically relevant concentration) did not promote apoptosis during the different durations tested. In the proliferation assays, all concentrations of ketamine, especially 100 µM significantly reduced the numbers of BrdU+ cells (S phase).  All concentrations suggestive of ketamine overdose (above the clinically relevant concentration of 10 µM: 20, 50, and 100 µM), decreased the numbers of Ki67+ cells (G1, S, G2, M phases) significantly.  Ketamine exposure longer than 24 hrs also decreased proliferation of NSPCs. In the differentiation assays, ketamine promoted more NSPCs to differentiate into neurons significantly in dose- and time- dependent manners. Also, ketamine decreased the phosphorylation of Akt protein in NSPCs exposed to high dose of ketamine (100 uM). 
Conclusion:  A clinically relevant concentration of ketamine can significantly reduce proliferation and increase neuronal differentiation in rat cortical NSPCs, thus disturbing normal neurogenesis in dose/time dependent manners. This indicates that ketamine exposure may result in further abnormalities and disorders of cortical structure and function in the developing rat brain.  Further studies using cultured human NSPCs and animal in vivo studies will be required to ascertain the clinical applicability of these results.  
