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Phencyclidine is an N-methyl-D-aspartate receptor (NMDAR) open channel blocker that causes schizophrenia-like symptoms in healthy humans and exacerbates psychoses in schizophrenics. In animals, PCP administration to immature rats causes wide spread neuronal death during brain development and results in behavioral deficits that resemble those observed in schizophrenic patients in later life. The purpose of this study was to investigate the mechanisms of PCP-induced neurotoxicity as well as the protection by lithium and brain-derived neurotrophic factor (BDNF). In corticostriatal slice cultures, we found that lithium and BDNF, inhibited PCP-induced caspase-3 activation and DNA fragmentation in a concentration-dependent manner, respectively. Lithium and BDNF also prevented the inhibitory action of PCP on the phosphatidylinositol-3 kinase (PI-3K)/Akt and extracellular regulated kinase (ERK) pathways and suppressed activation of the pro-apoptotic factor, glycogen synthase kinase-3β (GSK-3β), evoked by PCP. Furthermore, blocking either the PI-3K/Akt or the ERK pathway abolished the protective effects of lithium and BDNF. Western blot analysis revealed that the PI-3K/Akt and ERK pathways were stimulated by lithium and BDNF in parallel; however, inhibition of ERK and PI-3K cooperatively regulated GSK-3β activity by reducing its phosphorylation at serine 9. In vivo, acute PCP administration to rats on postnatal day (PN) 7 caused inhibition of Akt and ERK and activation of GSK-3β in the three brain regions examined (frontal cortex, striatum, and hippocampus). After the last dose of subchronic PCP administration on PN 7, 9, 11, inhibition of ERK was still found in the three regions, though it lasted for a much shorter period than after administration on PN 7 only; Inhibition of Akt was only observed in the frontal cortex; GSK-3β activity was not affected in any of the regions. Finally, subchronic PCP administration during brain development resulted in dysregulation of the PI-3K/Akt and ERK pathways upon PCP challenge in adolescence (PN 35). These studies strongly suggest that the PI-3K/Akt and ERK pathways are two important signaling transductions implicated in PCP-induced neurotoxicity in developing brains and in the protection of lithium and BDNF. 
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Chapter 1
Introduction
Phencyclidine 

Phencyclidine [1-(1-phenylcyclohexyl) piperidine or PCP] was developed in 1956 as a dissociative anesthetic (Zukin and Javitt, 1993) and widely used in clinic. However, due to patients reported post-surgical hallucinations, delirium, agitations and disoriented behavior, its clinical use was eventually withdrawn in mid-1960s (Johnson and Jones, 1990).


PCP has a broad pharmacology. PCP was reported to block ion channels, including voltage-dependent sodium and potassium channels as well as the nicotinic acetylcholine (nACh) receptor (ffrench-Mullen and Rogawski, 1989; Oswald et al., 1984). PCP also has affinity for sigma-receptor, dopamine and noradrenaline transporters (Contreras et al., 1993; Garey and Heath, 1976; Pubill et al., 1998).  However, the major action site of PCP is on THE N-methyl-D-aspartate receptor (NMDAR) (Anis et al., 1983), where PCP acts as a noncompetitive antagonist to block opened NMDAR channel (ffrench-Mullen and Rogawski, 1989; Javitt and Zukin, 1991; Johnson and Jones, 1990; Lodge and Anis, 1982). The affinity of PCP to this site of NMDAR is about 0.2-1.0 µM (Johnson and Jones, 1990; Lodge and Johnson, 1990), which is close to the plasma concentration of PCP in abusers (Javitt and Zukin, 1991). 
Although unsuccessful in the clinic, PCP is a very useful tool in the laboratory. PCP has long been recognized to produce symptoms that closely mimic nearly the full range of symptoms of schizophrenia in healthy individuals, including positive and negative symptoms, as well as cognitive deficits  (Cohen et al., 1962; Luby et al., 1959; Moghaddam, 2004).
Schizophrenia 

Schizophrenia is a complex neuropsychiatric disorder with prevalence of 0.5-1% throughout the world (Lewis, 2000b). This disease is characterized by the presence of ‘positive’ symptoms (additional to normal experience, such as hallucinations, delusions, thought broadcasting, thought insertion), ‘negative’ symptoms (lacking relative to normal experience, such as depression, anhedonia, social withdrawn), and cognitive deficits (McGlashan and Johannessen, 1996; Morris et al., 2005).  
Pathological changes have been found in schizophrenia brains, including enlargement of ventricles and cortical volume reductions (Lawrie and Abukmeil, 1998; Wright et al., 2000).  Using a meta-analysis of 58 Magnetic Resonance Imagings (MRI), Wright et al. (2000) reported a mean 2% decrease in cerebral volume and 26% increase of the total ventricular volume. Temporal lobes, amygdala, and hippocampus showed marked reduction (Wright et al., 2000). Evident reduction of thalamo-cortical projection neurons was found by several laboratories (Pakkenberg et al., 1991; Popken et al., 2000; Young et al., 2000). Recently, it has been demonstrated that the density of parvalbumin GABAergic interneurons decreased in superficial cortical layers (III and IV) of PFC (Beasley and Reynolds, 1997; Lewis, 2000a). 
The etiology of schizophrenia remains unknown, but genetic and environmental factors are involved. Currently, there are several hypotheses for the etiology of schizophrenia. The original one postulated that a hyperdopaminergic state result in symptoms of schizophrenia (Ananth et al., 2004; Gainetdinov et al., 2001). This theory is based on the observations that direct or indirect dopamine (DA) agonist, such as amphetamine and bromocriptine, produces positive-like symptoms in normal human. In addition, all current antipsychotics share a common property of blocking dopamine D2 receptors. Another theory proposed that schizophrenia symptoms could be caused by a hypoglutamatergic state. The strongest support for this theory comes from the facts that glutamatergic NMDA receptor antagonists, such as PCP, ketamine, and MK-801 produces more complete schizophrenia-like symptoms than DA agonists, including not only positive but also negative symptoms and cognitive deficits in both human and animals (Braff et al., 1978; Grillon et al., 1992; Klamer et al., 2005; Okuyama et al., 1995). This theory is also supported by genetic findings. Research showed that mice with only 5% of the normal levels of the NR1 subunit display schizophrenia-like behaviors, which could be ameliorated with haloperidol or clozapine (Mohn et al., 1999). Furthermore, several putative schizophrenia genes may be involved in regulating NMDAR mediated transmissions (Harrison and Weinberger, 2005).  More recently, research suggested a neurodevelopmental component for schizophrenia. This neurodevelopmental hypothesis proposes that brain damage during development in the pre- or post-natal period be the risk factor for manifestation of mental diseases including schizophrenia in later life (Lewis, 2002; Weinberger, 1987). Using brain imaging techniques, it was revealed that several brain changes have been presented at the first onset of schizophrenia and did not progress with the duration of the illness (Arnold et al., 1991; Jakob and Beckmann, 1986). These observations indicate that the lesion occurs early in the course of the disorder and precedes manifestation of the symptoms.  
The model of schizophrenia induced by PCP administration to neonatal rats
PCP administration during neonatal development reproduces neuronal death in brain regions that are also affected in schizophrenics, including the frontal cortex, hippocampus, and thalamus (Ikonomidou et al., 1999; Wang and Johnson, 2005).  More recently, our laboratory found that one dose of PCP administration on post natal day (PN)  7 resulted in a selective loss of parvalbumin-containing neurons in the superficial layers (II–IV) of the primary somatosensory, motor and retrosplenial cortices in young adult rodents (PN 56) (Wang et al., 2008), which is consistently observed in post-mortem brains of schizophrenics (Beasley and Reynolds, 1997; Lewis, 2000a). Increased cortex muscarinic M1/4 receptor expression was reported in adolescent and adult rats that received neonatal PCP exposure on PN 7, 9, 11 (du Bois et al., 2009). 
Importantly, schizophrenia-like behavioral deficits have been consistently observed in adolescent rats that received neonatal PCP insult. For example,  it was observed that acute PCP administration on PN 7 resulted in locomotor activity sensitization upon PCP challenge on PN 28 (Anastasio and Johnson, 2008). Subchronic PCP administration on PN 7, 9, 11 has been reported to evoke disrupted prepulse inhibition (PPI) of acoustic startles (Anastasio and Johnson, 2008; Rasmussen et al., 2007), cognition deficits (Broberg et al., 2008; Thomsen et al., 2009),  and social behavior withdraw (Anastasio et al., unpublished data). Some of these behavioral deficits could be prevented by antipsychotics (Anastasio and Johnson, 2008; Broberg et al., 2009). 
These observations demonstrated that brain lesion by PCP administration during neonatal development leads to not only neuropathological but also long-term behavioral changes that resemble those found in schizophrenic patients. This model targets the developmental origin of schizophrenia, though also incorporates the hypoglutamatergic hypothesis. This model also suggests that there is a correlation between PCP-induced neuronal death in developing brains and schizophrenia-like behavioral alteration in later life. Defining the mechanisms of NMDAR blockade by PCP-caused apoptosis in neonatal brains may allow elucidation of the neuropathology of psychotic diseases that involve a neurodevelopment component, such as schizophrenia. The main goal of the current study was to investigate the molecular mechanisms underlying PCP-induced apoptosis in developing brains. 
The role of NMDA receptor in neuronal survival during brain development
N-methyl D-aspartate receptor (NMDAR), along with AMPA and kainite receptor, belong to the ionotropic glutamatergic receptor family, which are permeable to calcium, sodium, and potassium. Functional NMDAR is heteromers (usually tetramers) composed of obligatory NR1 and combination of one or more of the four NR2 (A-D) subunits (Contestabile, 2000). Two unique features, voltage-sensitive block by extracellular Mg2+ and remarkably high permeability to calcium, enable NMDAR a pivotal role in neuronal excitability, plasticity, and survival in the central nervous system (Yoneda and Ogita, 1991).
Brain growth spurts, a period of rapid growth and synaptogenesis during brain development, occurs in the first 3 weeks in rodents and from the third trimester of gestation to several years after birth (Dobbing and Sands, 1979). During this critical stage, neuronal survival critically depends upon trophic support from neurotrophins, such as brain-derived neurotrophin factor (BDNF) and nerve growth factor (NGF), as well as neurotransmitters, such as glutamate (Pettmann and Henderson, 1998). The NMDAR is the principle mediator of glutamate trophic activity in the central nervous system (Balazs et al., 1988). Appropriate activation of NMDAR is essential for neuronal survival: over stimulating leads to excitotoxicity while under-stimulation causes neuronal apotosis. It has been consistently shown that NMDAR blockade by PCP, MK-801, or ketamine, causes widespread apoptotic neuronal death in developing brains (Hansen et al., 2004; Harris et al., 2003a; Ikonomidou et al., 1999; Wang and Johnson, 2005). The mechanisms underlying NMDAergic trophic support are not completely understood, although much research has suggested involvement of pro-survival signaling transductions coupled to NMDAR. Upon activation, NMDAR allows influx of calcium, leading to stimulation of many signaling transductions, among which the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and the phosphatidylinositol-3 kinase (PI3K)/Akt are two essential pathways that have been demonstrated to mediate the pro-survival action of NMDAR (Chandler et al., 2001; Crossthwaite et al., 2004). 
The ERK pathway: the ERK pathways is a well established signaling cascade that is prompted by NMDAR activation and is involved in neuron survival and plasticity (Chandler et al., 2001; Grewal et al., 1999; Krapivinsky et al., 2003). Activation of NMDAR elevates intracellular calcium and consequently leads to activation of Ras, a small G-protein (Yun et al., 1998), which in turn stimulates activation of Raf, MAPK/ERK kinase (MEK) and then ERK1/2. Once activated, ERK1/2 phosphorylates its extranuclear substrate ribosomal protein S6 kinase (RSK) and its intranuclear substrate mitogen- and stress-activated kinase (MSK). In the nucleus, ERK1/2, RSK, MSK phosphorylate transcription factors, such as cyclic AMP-responsive element -binding protein (CREB) (Thomas and Huganir, 2004). 
Activation of ERK1/2 is often employed by neurotrophins and neuroprotective drugs to prevent apoptosis induced by various insults. In cerebellar granule neurons, ERK signaling has been implicated in NMDA-mediated protection against glutamate toxicity as well as in BDNF-mediated neuronal survival (Bonni et al., 1999; Zhu et al., 2005). ERK1/2 activation has also been shown to be critical for BDNF protection of cortical neurons from hypoxia-induced apoptosis (Han and Holtzman, 2000). On the other hand, blocking NMDAR activity with MK-801 decreased ERK activity and activating ERK by transgenic synRas partially prevented MK-801-induced neuronal death in neonatal rats (Hansen et al., 2004). ERK1/2 prompts cell survival by both transcription-dependent and –independent mechanisms. It was found that ERK phosphorylates and thus inhibits the pro-apoptotic factor Bad at residue serine 112 through ERK-activated p90 ribosomal S6 kinase (Bonni et al., 1999; Jin et al., 2002); ERK also prompts neuronal survival via phosphorylating the transcription factor, cAMP response element-binding protein (CREB) at serine 133 and leads to transcription of genes involved in cell survival, such as bcl-2 and bdnf (Bonni et al., 1999).  
The PI-3K/Akt pathway: The PI-3K/Akt pathway is another signaling cascade that is activated upon NMDAR stimulation involved in NMDAR-mediated neuronal survival (Crossthwaite et al., 2004). It was found that a brief stimulation of NMDAR increased expression of the active form of Akt, which could be prevented by PI-3K inhibitor or by removal of extracellular calcium; on the other hand, blocking NMDAR or synaptic activity decreased basal expression of active Akt (Perkinton et al., 2002; Sutton and Chandler, 2002). To further support an interaction between PI-3K and NMDAR, it has been shown that one of the SH2 domains on the p85 regulatory subunit of PI-3K binds to tyrosine phosphorylated NR2B subunit of NMDAR and thus increases PI-3K activity (Hisatsune et al., 1999). 
Activated PI-3K catalyzes rapid generation of 3’phosphorylated phosphoinositides (PIP3), which recruit Akt to the inner side of the membrane where it is phosphorylated at serine 308 and thereby activated by phosphoinositide-dependent kinase (PDK) (Wymann and Pirola, 1998). Akt is a critical effector that mediates the pro-survival action of PI-3K in the central nervous system (Rodgers and Theibert, 2002; Zhao et al., 2006). Akt prompts cell survival through phosphorylating, and therefore inhibiting, multiple pro-apoptotic molecules. It has been reported that Akt phosphorylates Bad serine 136 and ultimately prevents cytochrome c release from the mitochondria (Datta et al., 1997; Kennedy et al., 1999). Akt also inhibits caspase-9 activity by phosphorylation at serine 196 (Cardone et al., 1998). In addition, Akt phosphorylates a member of the Forkhead family of transcription factors, FKHRL 1, resulting its association with protein 14-3-3 and retention in the cytoplasm, thereby preventing transcription of Fas ligands, which triggers apoptosis through the extrinsic pathway (Brunet et al., 1999). Finally, regulation of Glycogen synthase kinase (GSK)-3β has been implicated in PI-3K/Akt-dependent survival pathway in neurons (Chong et al., 2005). The PI-3K/Akt pathway prompts cell survival by phosphorylating GSK-3 β at serine 9 (S9) and thus inhibits its proapoptotic activity (Nair and Olanow, 2008; Shaw et al., 1997). 

GSK-3 β is an active pro-apoptotic factor that contributes to a broad spectrum of apoptotic conditions (Loberg et al., 2002; Pap and Cooper, 1998; Watcharasit et al., 2002). The kinase activity of GSK-3 β is regulated by post-translational phosphorylation of S9 or tyrosine 216 (T216). phosphorylation at blocks access of substrate to the catalytic site and inhibits its activity; in contrast, phosphorylation at T216 releases the inhibition of substrate access and facilitates activation of GSK-3 β (Meijer et al., 2004). Several kinases, including  Akt, protein kinase A (PKA), protein kinase C and p90Rsk, has been reported to phosphorylate GSK-3 β at S9 (Grimes and Jope, 2001). GSK-3 β may prompt cell death through both transcription and non-transcription dependent mechanisms. In the cytoplasm, GSK-3 β phosphorylates Bax, a pro-apoptotic Bcl-2 family member, on S163, driving its translocation to the mitochondrial membrane and consequent triggering the intrinsic apoptotic pathway by releasing cytochrome c from the mitochondria (Linseman et al., 2004). GSK-3 β also promotes apoptosis through regulating transcription factors, including inhibiting the survival-prompting transcription factor CREB and heat-shock factor-1 (Bijur and Jope, 2003), or activating the pro-apoptotic transcription factor p53 (Watcharasit et al., 2002).  
Lithium 

Lithium is a major and widely used mood-stabilizing agent for the acute and prophylactic treatment of bipolar disorder and recurrent depression(Burgess et al., 2001). Though lithium had been documented to process a calming effect on guinea pigs and to lessen manic symptoms in humans by Cade in 1949 (Mitchell and Hadzi-Pavlovic, 2000) and was licensed in the United States for the treatment of BPD in 1970, its precise mechanisms of action are still not fully understood.
In 1971, lithium was found to decrease the concentration of myo-inositol in the cerebral cortex of rats (Allison and Stewart, 1971). Later, it was proved that acute lithium inhibits inositol monophosphotase (IMPase) as a noncompetitive inhibitor of Mg2+ binding and of myo-inositol 1-phosphate binding (Allison et al., 1980; Berridge and Irvine, 1989). In 1996, Klein and Melton, for the first time, showed that lithium potently inhibits glycogen synthase kinase-3 β (GSK-3 β) with Ki of 2 mM (Klein and Melton, 1996). 
The breakthrough finding that lithium inhibits GSK-3 β led to extensive studies of the protective effects of lithium on various models. Lithium was found to protect against apoptosis induced by growth factor withdrawal (Bhat et al., 2000), β-amyloid administration (Alvarez et al., 1999), and excitotoxicity induced by glutamate and kainate (Chen et al., 2003; Hashimoto et al., 2002). In experimental animal models, lithium reduces irradiation-induced cerebellar degeneration (Inouye et al., 1995), focal ischemia-induced infarction in rat brains (Nonaka and Chuang, 1998) and quinolinic-acid induced lesions in rat striatum (Wei et al., 2001). Lithium may also be beneficial for other nerurodegenerative diseases, including Parkinson's disease, Alzheimer’s disease (Alvarez et al., 1999; Perez et al., 2003). As a result, more and more targets of lithium have emerged. Research showed that lithium may exert neuroprotection via activation of survival-promoting factors or signaling pathways, including BDNF (Hashimoto et al., 2002), the PI-3K/Akt (Chalecka-Franaszek and Chuang, 1999; Kang et al., 2003) and ERK pathways (Pardo et al., 2003). Lithium also suppresses expression of pro-apoptotic proteins, p53 and Bax (Chen and Chuang, 1999). 
GSK-3β activation has been suggested to be involved in neuronal apoptosis induced by NMDAR-blockade. Takadera and coworkers found that GSK-3β inhibitors prevented ethanol-, ketamine-, and ifenprodil-induced apoptosis in cortical cell cultures by inactivation of caspase-3 (Takadera and Ohyashiki, 2004; Takadera et al., 2004). These reports were the initial driving force for us to test the protective effect of lithium in PCP-induced neuronal death in developing brains.  We were also curious whether the protection of lithium involves other targets in addition to GSK-3β and focused our research on the PI-3K/Akt and ERK signaling pathways that are coupled to NMDAR. We hypothesized that lithium chloride inhibits PCP-induced neurotoxicity via stimulating the survival-promoting PI 3-K/Akt/GSK-3 and ERK pathways and tested this hypothesis in corticostriatal slice cultures. This study is summarized chapter 2. 
Brain-derived neurotrophic factor

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family, which also includes nerve growth factor (NGF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) (Hallbook et al., 1991; Lessmann et al., 2003). Similar to NMDAR-mediated glutamatergic transmission, BDNF is essential for the regulation of neuronal survival during brain development (Altar and DiStefano, 1998; Lohof et al., 1993). BDNF has been shown to be protective against apoptosis under numerous conditions. BDNF was found to mediate  NMDAR-regulated survival (Jiang et al., 2005; Xu et al., 2007) and decreased BDNF signaling was reported in NMDAR antagonist-induced neurotoxicity (Fumagalli et al., 2003; Semba et al., 2006). As an important factor involved in brain development, BDNF may also be implicated in the pathology of schizophrenia (Weickert and Kleinman, 1998). Reduced number of BDNF receptor, TrkB- and BDNF-positive neurons has been found in schizophrenic patients(Iritani et al., 2003). Consistently, significantly decreased concentration of BDNF has also been found in cortical areas and the hippocampus of schizophrenics (Durany et al., 2001). In animal models of schizophrenia, neonatal lesion with ibotenic acid in hippocampus leads to reduced BDNF mRNA in both cortex and hippocampus (Ashe et al., 2002; Lipska et al., 2001). In addition, administration of NMDA receptor antagonist MK-801 on post natal day 5 resulted in reduced BDNF expression (Fumagalli et al., 2003; Hansen et al., 2004), which could be prevented by olanzapine, an atypical antipsychotic for treatment of schizophrenia (Fumagalli et al., 2003). 
The mechanisms of BDNF neuroprotection have been extensively studied and well defined. BDNF acts on tropomyosin-related kinase receptor B (Trk B), which is a receptor tyrosine kinase. Upon binding of BDNF, the TrkB receptors are dimerized and subsequently anto-phosphorylated at the tyrosine residues in the intracellular domain, leading to activation of various signaling pathways, mainly including the ERK, PI-3K and phospholipase Cγ (PLC-γ) (Binder and Scharfman, 2004). Depending on cell type and the nature of apoptotic insult, these signaling pathways are differentially employed in the anti-apoptotic action of BDNF. In cortical neurons, BDNF prevented cell death due to DNA damage by activating the ERK pathway (Hetman et al., 1999). ERK is also the major pathway that is responsible for BDNF-induced cerebellar neuron survival (Bonni et al., 1999).  On the other hand, the PI-3K/Akt pathway is the major mediator for the prosurvival effects of  BDNF in the SH-SY5Y  neuroblastoma cell line (Encinas et al., 1999) as well as for the protective effects of BDNF against cortical neuronal death induced by serum withdrawal (Hetman et al., 1999). There are also conditions in which both ERK and PI-3K pathways are indispensable for BDNF protection (Almeida et al., 2005; Nguyen et al., 2009; Sun et al., 2008). With regard to apoptosis induced by NMDAR blockade during brain development, Hansen et al. (2004) reported that exogenous BDNF inhibited MK-801-induced apoptosis. However, the precise mechanisms were not studied. 


Another aim of the current research was to investigate the role of the PI-3K/Akt and ERK pathways in BDNF protection against neuronal apoptosis caused by NMDAR blockade during brain development. This study would help to gain further insight into the cellular mechanisms underlying apoptosis during brain development. This part of research is summarized in Chapter 3. 

This study also examined the role of the PI-3K/Akt and ERK pathways in PCP-induced apoptosis during development and behavioral defects in adolescence in vivo, in an effort to elucidate the pathology of diseases that involves a neurodevelopmental factor and to provide experimental support for therapeutic strategies of this kind of diseases. This part of study is summarized in Chapter 4. 
 Chapter 2

Lithium Protection of Phencyclidine-induced Neurotoxicity in Developing Brain: the Role of PI-3K/Akt and ERK Signaling Pathways

Phencyclidine (PCP) and other N-methyl-D-aspartate (NMDA) receptor antagonists have been shown to be neurotoxic to developing brains and to result in schizophrenia-like behaviors later in development. Prevention of both effects by antischizophrenic drugs suggests the validity of PCP neurodevelopmental toxicity as a heuristic model of schizophrenia. Lithium is used for the treatment of bipolar and schizoaffective disorders and has recently been shown to have neuroprotective properties. The present study used organotypic corticostriatal slices taken from postnatal day 2 rat pups to investigate the protective effect of lithium and the role of the phosphatidylinositol-3 kinase (PI-3K)/Akt and mitogen-activated protein kinase kinase/extracellular regulated kinase (MEK/ERK) pathways in PCP-induced cell death. Lithium pretreatment dose-dependently reduced PCP-induced caspase-3 activation and DNA fragmentation in layer II-IV of the cortex. PCP elicited time-dependent inhibition of the MEK/ERK and PI-3K/Akt pathways, as indicated by dephosphorylation of ERK1/2 and Akt. The pro-apoptotic factor glycogen synthase kinase-3β (GSK-3β) was also dephosphorylated at serine 9 and thus activated.  Lithium prevented PCP-induced inhibition of the two pathways and activation of GSK-3β.  Furthermore, blocking either PI-3K/Akt or MEK/ERK pathway abolished the protective effect of lithium, while inhibiting GSK-3β activity mimicked the protective effect of lithium. However, no crosstalk between the two pathways was found. Finally, specific GSK-3β inhibition did not prevent PCP-induced dephosphorylation of Akt and ERK. These data strongly suggest that the protective effect of lithium against PCP-induced neuroapoptosis is mediated through independent stimulation of the PI-3K/Akt and ERK pathways and suppression of GSK-3β activity. 
Introduction

Phencyclidine and other antagonists of the N-methyl-D-aspartate (NMDA) receptor-ion channel complex such as MK-801 and ketamine have been shown to cause schizophrenia-like symptoms in adult humans (Javitt and Zukin, 1991) and have been  used in animals to model this disease (du Bois and Huang, 2007). More recently, it has been shown that rats treated with PCP or ketamine during early postnatal development demonstrated schizophrenia-like behavioral changes during early adolescence or as young adults (Fredriksson et al., 2004; Harris et al., 2003b; Wang et al., 2001a, b). The ability of olanzapine to prevent PCP-induced neuroapoptosis and behavioral deficits suggests the usefulness of this model in studying the pathophysiology of schizophrenia (Wang et al., 2001). Determining the precise mechanisms of PCP-induced neurodevelopmental apoptosis may help form appropriate strategies for selecting druggable targets for the treatment of schizophrenia. 

During the third trimester in humans and the first three postnatal weeks in rodents, neuronal survival critically depends upon trophic support from neurotrophins, such as brain-derived neurotrophin factor (BDNF) and nerve growth factor (NGF), as well as neurotransmitters, such as glutamate (Pettmann and Henderson, 1998). It has been postulated that deprivation of glutamatergic trophic  support disrupts normal neuronal circuitry formation and may underlie the expression of some mental diseases in later life, including schizophrenia (du Bois and Huang, 2007). The NMDAR is thought to be the principle mediator of glutamate trophic activity in the central nervous system (Balazs et al., 1988). The mechanisms underlying NMDAergic trophic support are not completely understood, though involvement of pro-survival signaling transductions coupled to NMDAR has been proposed. For example, the extracellular signal-regulated kinase (ERK) signaling has been implicated in NMDA-mediated protection against glutamate toxicity in cerebellar granule neurons (CGN) 


(Zhu et al., 2005) ADDIN EN.CITE . Furthermore, in developing brain, NMDAR blockade by MK-801 decreased ERK activity, though ERK activation by transgenic synRas only partially prevented MK-801-induced neuronal death in neonatal rats 


(Hansen et al., 2004) ADDIN EN.CITE , implying the involvement of other pathways. 

The phosphotydlinositide-3 kinase (PI-3K)/Akt pathway is another well established pro-survival pathway and has been demonstrated to mediate the pro-survival action of NMDA in CGN  

(Zhang et al. 1998) ADDIN EN.CITE . PI-3K/Akt promotes cell survival by phosphorylating and inhibiting pro-apoptotic proteins such as caspase-9 


(Cardone et al., 1998) ADDIN EN.CITE  and the serine/threonine kinase, glycogen synthase kinase-3β (GSK-3β) 


(Cross et al., 1995) ADDIN EN.CITE . Recently, our laboratory demonstrated that PCP, a NMDAR channel blocker, inhibits the PI-3K/Akt pathway and activates GSK-3β both in cortical cell culture and in intact neonatal rats (Lei et al., 2008). Importantly, activation of the PI-3K/Akt pathway by enhancing synaptic NMDAR strength prevented PCP-induced neuroapoptosis (Lei et al., 2008). Furthermore, consistent with reports from other laboratories (Takadera and Ohyashiki, 2004; Takadera et al., 2004), we found that the anti-apoptotic property of the PI-3K/Akt pathway is largely mediated by inhibiting activity of GSK-3β, as GSK-3 siRNA and lithium,  prevented PCP-induced neuronal death (Lei et al., 2008). 

Lithium is currently used in the treatment of bipolar disorder, as well as schizoaffective disorder, though its therapeutic mechanism is uncertain (Burgess et al., 2001). Lithium has been shown to inhibit GSK-3β activity through direct or indirect mechanisms 


(Kirshenboim et al., 2004; Klein and Melton, 1996) ADDIN EN.CITE . Recently, increasing evidence suggests that lithium also protects against apoptosis induced by a variety of insults in cultured neurons, including growth factor withdrawal (Jin et al., 2005), β-amyloid administration (Alvarez et al., 1999), and glutamate treatment 


(Nonaka et al., 1998) ADDIN EN.CITE . Consequently, several targets other than GSK-3β have been proposed to account for lithium protection. For example, lithium has been shown to act on ERK, PI-3K, Akt, and phospholipase C 


(Kang et al., 2003; Pardo et al., 2003; Sasaki et al., 2006) ADDIN EN.CITE . Therefore, it is possible that lithium may prevent PCP-induced cell death in primary neuronal culture through mechanisms in addition to GSK-3β inhibition. 

This study was designed to investigate the potential protective effect of lithium on PCP-induced cell death as well as the underlying mechanisms in organotypic brain slice culture, an in vitro model that resembles living tissue in situ more closely than primary neuronal culture (Vickers and Fisher, 2004). We hypothesize that lithium protects against PCP-induced cell death by acting on the PI-3K/Akt and ERK pathways in organotypic culture.

Materials and Methods 

Animals

Timed pregnant female Sprague–Dawley rats were obtained on day 14 or 18 of pregnancy from Charles River (Wilmington, MA). They were housed individually with a regular 12-hour light: 12-hour dark cycle (lights on at 07:00 h. off at 19:00 h) with food and water available ad libitum. On postnatal day (PN) 2.5, the pups were killed by decapitation and their brains were removed and processed for slice culture as described below.

The protocol under which this study was performed was approved by the University of Texas Medical Branch Institutional Animal Care and Use Committee. 

Reagents

PCP was acquired from the National Institute on Drug Abuse (Rockville, MD) and dissolved in distilled water. Slice culture media including Hank's balanced salt solution, heat inactivated horse serum, OPTI-MEM medium, neurobasal medium and B-27 supplement were purchased from Invitrogen Corporation (Carlsbad, CA). 10% D-(+)-Glucose solution, 200 mM L-glutatmine, and penicillin/streptomycin solution were purchased from Sigma-Aldrich (St. Louis, MO). 7-amino-4-trifluorocumarin (AFC), the caspase-3 substrate acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluorocumarin (Ac-DEVD-AFC) and the caspase-3 inhibitor z-DEVD-FMK were purchased from MP Biomedicals (Livermore, CA).  Primary antibodies against phopho- GSK-3β (Ser9), phosphor-AKT (Ser473), phospho-p44/42 ERK (Thr202/Tyr204), total AKT, total ERK, total GSK-3 were obtained from Cell Signaling Technology, Inc. (Danvers, MA). Mouse monoclonal anti-actin antibody, HRP-conjugated anti-mouse and anti-rabbit secondary antibodies were obtained from Chemicon. Deoxynucleotidyl transferase (TdT) and biotin-16-dUTP were purchased from Roche Diagnostics (Indianapolis, IN). ABC Elite Kit and Vector SG peroxidase substrate were from Vector Laboratories (Burlingame, CA). LY294002 (PI-3K inhibitor), AR-A014418 (GSK-3β inhibitor), PD98059 (MEK inhibitor) were purchased from CalBiochem/EMD Biosciences. Akt inhibitor, triciribine (TCN, 


(Yang et al., 2004) ADDIN EN.CITE , was a generous gift from the laboratory of Dr. Xiaodong Cheng in UTMB. Lithium chloride was purchased from Sigma (St. Louis, MO). 

Drug treatments  

All experiments with brain slice cultures were done on day in vitro (DIV) 10. For experiments using PCP only, PCP (3 µM) was added to the medium at indicated time points before sampling. For experiments using lithium chloride (LiCl) or AR-A014418 (AR-A), drugs were added either 30 min (LiCl) or one hour (AR-A) before PCP (3 µM) and left in the medium with PCP until sampling.  For experiments using PI-3K, Akt, or ERK inhibitors, slices were preincubated with individual kinase inhibitors for an hour before LiCl treatment (10 mM) and then challenged with 3 µM PCP 30 minutes later without drug removal.  

Organotypic slice culture

This study used cultures of organotypic brain slices, an in vitro model that conserves the biologically relevant structural and functional features of in vivo tissues (Vickers and Fisher, 2004), while also allowing manipulation of drugs that can not easily gain access to the brain in vivo. Corticostriatal slice cultures were prepared as previously prescribed ⼁

(Wang and Johnson, 2007) ADDIN EN.CITE . In brief, 2.5 day-old rat pups were sacrificed by decapitation and the brains were cut into 400-μm-thick coronal sections under sterile conditions. Three adjacent frontal corticostriatal slices with morphology comparable to levels between A5.3 and A6.8 mm in P10 rats (Wang and Johnson, 2007) were cultured in inserts that have a porous and translucent membrane (Culture Plate Insert, MILLIPORE Co, Bedford, MA) at the interface between a CO2-enriched atmosphere and medium. The initial culture medium was a mixture of 25% inactivated horse serum, 25% Hank's balanced salt solution, and 50% OPTI-MEM culture medium, supplemented with 25 mM D-glucose and 1% penicillin/streptomycin. After three days, it was switched to serum-free, Neurobasal medium supplemented with 25 mM D-glucose, 1 mM glutamine, 2% B-27, and 1% penicillin/streptomycin; it was changed twice a week thereafter. Experiments were performed on DIV 10.

Caspase-3 Activity Assay 

Caspase-3 activity in slices was measured as previously described (Wang and Johnson, 2007). Briefly, slices were homogenized in ice-cold lysis buffer containing 25 mM HEPES (pH 7.4), 5 mM MgCl2, 1.5 mM EDTA, 1.0 mM EGTA, 1 mM dithiothreitol, 0.1% Triton X-100 and 1% protease inhibitor cocktail. After centrifuging the homogenates at 13,000 g for 5 min at 4°C, supernatants were collected for measurement of protein levels and caspase-3 enzymatic activity. All samples were prepared in two parallel sets. One set of the sample supernatants were incubated with the selective caspase-3 inhibitor, z-DEVD-FMK (0.5 μM) in an equal volume of assay buffer (100 mM HEPES, pH 7.4, 2 mM dithiothreitol, 0.1% CHAPS, and 1% sucrose), while the other set was incubated with equal volume of assay buffer without z-DEVD-FMK. Fifteen minutes after initiating the incubation, the enzymatic reaction was started by incubating 50 µl samples with 50 µl of the caspase-3 substrate Ac-DEVD-AFC (25 μM) that was dissolved in assay buffer in 96-well plate at 37°C for 60 min in darkness.  The resulting fluorescent product, 7-amino-4-trifluoromethyl-cumarin (AFC), was monitored using a microplate fluorometer (Fluoroskan Ascent, Labsystems, Helsinki, Finland) at excitation and emission wavelengths of 405 and 510 nm, respectively. Enzyme activity in each sample was calculated according to a standard curve constructed with concentrations of AFC ranging from 19.5 to 20,000 nM. Caspase-3 activity was calculated as the difference in apparent activities in duplicate-samples incubated with and without the caspase-3 inhibitor, and then normalized to protein concentration. The final caspase-3 activity shown in the figures was presented as percentage of the corresponding control group. 

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) 

After drug treatment, slices were fixed with ice-cold 2% paraformaldehyde in 0.1 M PB (pH 7.2) at room temperature for 1 hour and then washed with 0.01M PBS (pH 7.2). After dehydration and re-hydration in a sequential series of ethanol concentrations (70%, 90%, 100%), the slices were incubated with pepsin (0.04% in 10 mM HCl) for 15 min to digest protein and with 0.3% hydrogen peroxide in methanol for 10 min to quench endogenous peroxidase. Slices were then placed in TdT (terminal deoxynucleotidyl transferase) reaction buffer (30 mM Tris-HCl, pH 7.2, 140 mM Na cacodylate and 1 mM CoCl2) for 15 min after a thorough wash with PBS. To stain fragmented DNA, slices were reacted with biotin-16-dUTP (10 nmoles/ml) and TdT (200 U/ml) in the TdT buffer in a humidified chamber for 2 hours at 37°C and then incubated with ABC reagents (Avidin-Biotin-peroxidase Complex) for 60 min. Sliced were then stained using the Vector SG peroxidase substrate kit. Stained TUNEL-positive cells were quantified in a photomicrograph of layers II–IV of the parietal cortex in one microscopic field of each slice was taken using a computer-based image analysis program, SimplePCI (Compix Inc. Imaging Systems, Cranberry Township, PA).
Western blot analysis
Slices were collected and homogenized in 0.3 ml of sucrose buffer (320 mM sucrose, 25 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA) containing the protease inhibitor cocktail, phenylmethlylsulfonyl fluoride (PMSF, 10 μl/ml), phosphatase inhibitor cocktail I and II. After sitting on ice for 15 min, homogenates were centrifuged at 1,000 g for 5 min. The resulting pellets (P1) were dissolved in Tris buffer (50 mM Tris-HCl, 150 mM NaCl, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM EGTA) that was supplemented with 0.1% SDS, protease inhibitors cocktail, phenylmethlylsulfonyl fluoride (PMSF, 10 μl/ml) and phosphatase inhibitor cocktails I and II and used as the nuclear fraction.  The supernatants (S1) were further centrifuged at 10,000 g for 30 min. The resultant supernatants (S2) were collected as the cytoplasmic fraction and the pellet was discarded. After measuring protein concentration, equal amounts of protein (30 μg) were loaded and separated on 10% SDS-polyacrylamide gels with a Tris–glycine running buffer system and then transferred to a polyvinylidene difluoride (PVDF) membrane. After blocking in 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST), the membranes were incubated overnight at 4°C with specific antibodies [anti-phospho-Ser-9-GSK-3β (1:2,000), anti-phospho-Ser473-Akt (1:2,000), anti-phospho-Thr202/Tyr204 ERK1/2 (1: 2,000), anti-phospho-Ser133-CREB] and then incubated with HRP-conjugated anti-mouse or anti-rabbit secondary antibody for 1 hour at room temperature. After extensive washes in TBST, blots were visualized by enhanced chemiluminescence (ECL regular or plus) according to the manufacturer’s instruction. To ensure equivalent protein loading, membranes were stripped and re-probed with anti-actin antibody, which was subsequently used to normalize the western analyses. 

The bands were scanned and densitometrically analyzed using an automatic image analysis system (Alpha Innotech Corporation, San Leandro, CA). All target proteins were quantified by normalizing to β-actin re-probed on the same membrane and then calculated as percentage of the corresponding control group.  
Statistical analysis

 
All experimental data are presented as mean ± S.E. One-way ANOVA or two-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons, was used to determine differences among more than two groups. Differences were considered significant when p<0.05. 

Results 

 
It has been previously demonstrated that PCP causes neuronal apoptosis in developing rat brain ⼁

(Wang et al., 2001; Wang and Johnson, 2007) ADDIN EN.CITE  as well as in primary culture of dissociated neurons (Lei et al., 2008) and in organotypic corticostriatal slices (Wang and Johnson, 2007). PCP and dizolcipine (MK-801) are relatively potent blockers of open NMDA channels. In primary culture of dissociated cortical neurons, PCP-induced neurotoxicity is prevented by 10 μM NMDA (Lei et al., 2008). This strongly suggests that PCP-induced apoptosis is due to blockade of NMDA receptors. To further support this contention, we compared the potency of MK-801 and PCP as NMDA channel blockers to cause caspase-3 activation in cultured organotypic corticostriatal slices. As ionization is known to affect NMDA binding potency, it is important to note that the pKa values for MK-801 and PCP are 8.37 and 8.5, respectively 


(Dravid et al., 2007) ADDIN EN.CITE . The EC50 values for caspase-3 activation were determined to be 23±3 nM for MK-801 and 426±160 nM for PCP. The corresponding Ki values from published binding experiments are 3.8 nM and 52 nM (Javitt and Zukin, 1989). The calculated EC50/Ki values for MK-801 and PCP are 6.5 and 8.2, respectively.  The similarity in these values for PCP and MK-801 provides additional support for the contention that the PCP-induced increase in caspase-3 activity is mediated by blockade of the NMDA receptor. 
Lithium chloride protects corticostriatal slices from PCP-induced neurotoxicity  

Our previous study has demonstrated that staining of caspase-3 immunoreactivity was well correlated with caspase-3 enzymatic activity as well as with TUNEL staining (Wang and Johnson, 2007). Therefore, in the current study we used both caspase-3 activation and DNA fragmentation as detected by TUNEL as two indices of PCP-induced apoptosis. In this study, corticostriatal slices were first incubated with a series concentration of lithium (0, 0.3, 1, 3, 10 mM). 30 minutes later, PCP (3 μM) was added to the medium without washing lithium out. 12 hours after PCP treatment, slices were collected for either caspase-3 enzymatic assay or TUNEL staining. As previously reported, PCP caused robust caspase-3 activation and DNA fragmentation (as indicated by positive TUNEL staining) that was primarily restricted to layers II to IV in the cortex (Wang and Johnson, 2007). Lithium pretreatment prevented PCP-induced caspase-3 activation (F 6, 35 =23.365, p<0.001) and DNA fragmentation (F 5, 30 =8.671, p=0.001) in a concentration-dependent manner (Fig. 2.1). Lithium showed no protective effect at either 0.3 or 1 mM (p>0.05 vs. PCP).  3 mM lithium partially inhibited PCP-induced caspase-3 activation (p>0.05 vs. control, p>0.05 vs. PCP) and DNA fragmentation (p<0.05 vs. PCP; p<0.05 vs. control), while 10 mM lithium completely blocked PCP-induced cell death (p<0.001 vs. PCP). 10 mM lithium did not cause any toxicity to the slice (p>0.05 vs. control). 

PCP inhibits the PI-3K/Akt/GSK-3β and MEK/ERK pathways 

Upon activation, NMDAR allows calcium influx, leading to activation of the PI-3K/Akt/GSK-3β and MEK/ERK signaling pathways, which have been shown to mediate the pro-survival effect of NMDAR 攁

(Zhang et al., 1998; Lei et al., 2008) ADDIN EN.CITE . Therefore, we proposed that PCP may cause cell death by inhibiting the two NMDAR-coupled pro-survival pathways. To test this idea, PCP (3 μM) was added to medium on DIV 10 and incubated with slices for 0 hour, 30 minutes, 2 hours, 4 hours, 8 hours or 24 hours before sampling. Untreated slices were used as controls and are presented as “0 h after PCP” in the figure. Slices were then homogenized and total protein was extracted for western blot analysis of phosphorylation level as well as total level of Akt, GSK-3β, and ERK1/2, as described in material and methods.  As shown in figure 2.2, PCP caused time-dependent decrease in phosphorylation of ERK (F6, 55=13.742, p<0.001), Akt (F6, 69=14.298, p<0.001), and GSK-3β (F6, 57=5.898, p<0.001) without changing total protein levels (data not shown). However, the kinetics of dephosphorylation of the three kinases induced by PCP was different. PCP showed a fast and strong inhibitory effect on the ERK1/2 activity. 30 minutes after PCP treatment, p-ERK1/2 level already decreased to 49.8 % of the control level (p<0.05) and was stable at this level thereafter until 24 hour at the end of sampling (38.9 % of control, p<0.05). Compared to the action on p-ERK1/2, PCP-induced dephosphorylation of Akt and GSK-3 β was slower. No significant decrease of p-Akt was observed at the time points of 30 min and 1 h (p>0.05). 2 hours after PCP treatment, p-Akt decreased to 79.1% of control level (p<0.05) and continue to decrease with time. At 24 hours, p-Akt already decreased to 56.1 % of control (p<0.05).  Significant decrease of p-GSK-3β was observed at 1 h after PCP treatment (74.2 % of control, p<0.05) and lasted until 24 hours (48 % of control, p<0.05). These data suggest that PCP may cause cell death through inhibiting the PI-3K/Akt/GSK-3β and MEK/ERK1/2 pro-survival pathways. 

Lithium prevents PCP-induced inhibition of the PI-3K/Akt/GSK-3β and MEK/ERK pathways 

To determine whether PI-3K/Akt/GSK-3β and MEK/ERK1/2 pathways were also involved in lithium’s prevention of PCP-induced cell death, we first examined the effects of lithium on the kinetics of dephosphorylation of ERK, Akt, and GSK-3β induced by PCP.  Slices were incubated with PCP (3 μM) for 0 h, 30 min, 2 h, or 8 h in the presence or absence of LiCl (10 mM) that was added 30 minutes before PCP. Phosphorylation of ERK1/2, Akt and GSK-3β was measured by western blot analysis.  Two-way analysis of variance (ANOVA), with lithium treatment and time as two independent factors, revealed that pre-incubating slices with lithium for 30 minutes effectively prevented PCP-evoked dephosphorylation of ERK, Akt, GSK-3β (p<0.001, “without Li” vs “Li pretreatment”) (Fig. 2.3). More specifically, lithium pretreatment did not increase basal p-ERK1/2 (p>0.05), but significantly attenuated the PCP-induced decrease in p-ERK1/2 at the three time points examined (30 min, 2 h, 8 h) (p<0.05). Pre-incubating slices with lithium alone for 30 minutes increased basal p-Akt and p-GSK-3β by 27.2% (p<0.05) and 16.3% (p>0.05), respectively. This stimulating effect of lithium was suppressed 30 minutes after addition of PCP to the medium. Furthermore, the level of p-Akt and p-GSK-3β decreased significantly in the “without Li” group at the 2 h and 8 h time points (p<0.05), while they were still near the basal level in the “Li pretreatment” group (p>0.05). At 8 h, “Li pretreatment” significantly increased p-Akt and p-GSK-3β relative to the “without Li” group (p<0.05). Lithium pretreatment did not alter total protein levels of Akt, GSK-3β, or ERK.

The role of PI-3K/Akt/GSK-3β pathway in lithium-mediated protection
As has been shown above, we observed that PCP inhibits, while lithium pretreatment stimulates the PI-3K/Akt pathway. In order to investigate whether stimulation of this pathway contributes to the neuroprotective effects of lithium, we inhibited the PI-3K/Akt pathway pharmacologically with PI-3K inhibitor, LY294002 (30 μM), or with Akt inhibitor, TCN (10 μM). These inhibitors were incubated individually with the slice alone, or followed by lithium (10 mM) an hour later. Some slices were challenged with PCP (3 µM) 30 minutes after lithium treatment. Cell death was assessed 12 hours after PCP treatment by measuring caspase-3 activity and TUNEL-positive cells in the cortex. As shown in figure 2.4 and 2.5, pre-exposure to LY294002 (LY) or TCN completely abolished the protective effects of lithium (p<0.05 vs. PCP+Li; p>0.05 vs. PCP). We also noticed that LY294002 or TCN alone induced significant caspase-3 activation (P<0.005 and p<0.001, respectively vs. control) and caused widely distributed apoptosis in the cortex. It is conceivable that the residual neurotoxicity observed in the inhibitor+PCP+Li group is due to the intrinsic toxicity of the inhibitors; however, we also observed that the neurotoxicity induced by these inhibitors was largely reversed by lithium (p<0.001, Li+TCN vs. TCN; p<0.05, Li+LY vs. LY), thereby making this possibility unlikely. It is also notable that both PI-3K and Akt inhibitors potentiated neurotoxicity of PCP (p<0.05, PCP+inhibitor vs. PCP). Similar results were also observed with another PI-3K inhibitor, wortmannin (100 nM, data not shown).

Inhibition of PI-3K/Akt leads to dephosphorylation and activation of the pro-apoptotic factor GSK-3β 


(Pap and Cooper, 1998) ADDIN EN.CITE . Accordingly, we observed that PCP caused a significant decrease in p-GSK-3β (Fig.2) that was prevented by lithium pretreatment (Fig. 3). To further investigate the role of GSK-3β, we used a selective GSK-3β inhibitor, AR-A014418 


(Bhat et al., 2003) ADDIN EN.CITE . Slices were preincubated with the indicated concentrations of AR-A014418 for an hour before exposure to PCP (3 μM). It was found that AR-A014418 inhibited PCP-induced caspase-3 activation (F5, 24 =30.449, p<0.001) and DNA fragmentation as measured by TUNEL in the cortex in a dose-dependent manner (Fig. 2.6). Another specific GSK-3β inhibitor, SB216763 (10 µM), was also found to protect slices from PCP-induced cell death (data not shown). Taken together, these data indicate that activation of the PI-3K/Akt pathway and the resulting inhibition of GSK-3β plays a critical role in lithium protection of PCP neurotoxicity.  
The role of MEK/ERK pathway in lithium-mediated protection 

The MEK/ERK pathway is another possible signaling transducer involved in the trophic action of NMDAR activity in developing brain 


(Zhu et al., 2005) ADDIN EN.CITE . We have demonstrated that PCP inhibits ERK1/2 activity and lithium prevents the inhibition (Figs. 2 and 3). To investigate the contribution of MEK/ERK1/2 pathway activation to the protective effect of lithium, we used a MEK inhibitor, PD98059, to block ERK activation pharmacologically. Slices were treated with 30 μM PD98059 alone, or followed by lithium (10 mM) an hour later and then challenged with 3 μM PCP. Cell death was assessed 12 hours after PCP treatment. Unlike LY294002 or TCN, PD98059 alone did not cause significant caspase-3 activation (p>0.05, vs. control) or DNA fragmentation in the cortex (Fig. 7). However, the neuroprotection afforded by lithium against the PCP insult was significantly reduced by PD98059 exposure (p<0.001, vs. PCP+Li) (Fig. 2.7). This finding was confirmed with another MEK inhibitor, U0126 (10 µM data not shown). These data indicate that the MEK/ERK signaling pathway is also involved in lithium’s protection against PCP neurotoxicity. 
Lack of crosstalk between the PI-3K/Akt/GSK-3β and MEK/ERK pathways

The preceding data has shown that both the PI-3K/Akt/GSK-3β and MEK/ERK pathways were affected by PCP application and were involved simultaneously in the protective effects of lithium against PCP-induced neurotoxicity. Considering that PCP-induced dephosphorylation of ERK1/2 occurred much earlier than that of either Akt or GSK-3β (Fig. 2.2), we questioned whether ERK could be involved in either the inhibition of the PI-3K/Akt pathway by PCP or its activation by lithium pretreatment. To answer this question, we determined the phosphorylation levels of ERK, Akt, and GSK-3β in slices pre-incubated with either PI-3K or MEK inhibitors in the presence or absence of lithium and/or PCP. As expected, the PI-3K inhibitor, LY294002, specifically decreased the basal level of p-Akt and p-GSK-3β (p<0.001, vs. control), but had no effect on p-ERK1/2, while the MEK/ERK inhibitor, PD98059, selectively inhibited basal activity of ERK1/2. Furthermore, though lithium prevented PCP-induced dephosphorylation of ERK1/2, Akt and GSK-3β, LY294002 pre-exposure abolished the preventive effect of lithium on p-Akt and p-GSK-3β (p<0.001 vs. PCP+Li), but not that on p-ERK (p>0.05 vs. PCP+Li). Analogously, PD98059 blocked the preventive effect of lithium on p-ERK1/2 (p<0.001, vs. PCP+Li), but not that on p-Akt or p-GSK-3β (Fig. 2.8). These data strongly suggest that although both the MEK/ERK and PI-3K/Akt pathways are involved in lithium protection, there is no crosstalk between their activation, at least at the level of Akt and ERK. 
The role of GSK-3β in lithium protection 

Lithium is a well known GSK-3β inhibitor (Klein and Melton, 1996). In the above study, we observed that the PI-3K inhibitor, LY294002, blocked lithium’s prevention of PCP-induced dephosphorylation of GSK-3β, suggesting that lithium may inhibit GSK-3β activity indirectly in this model. To further investigate the role of GSK-3β in lithium’s protection against the PCP insult, we measured the activity of Akt and ERK in slices pretreated with the specific GSK-3β inhibitor, AR-A014418. Figure 2.9 shows that AR-A014418 alone had no effect on the basal phosphorylation level of Akt (p>0.01, vs. control) or ERK (p>0.1, vs. control). Moreover, although AR-A014418 blocked PCP-induced cell death (Fig. 2.6), it did not alter the inhibitory effect of PCP on p-Akt (p>0.05, PCP vs. PCP+AR-A) or p-ERK (p>0.1, PCP vs. PCP+AR-A) (Fig. 2.9). These data indicate that GSK-3β is the critical downstream factor that mediates protective effect of lithium.

Discussion

This study found that pre-incubation with lithium protected corticostriatal slices from PCP neurotoxicity by a mechanism that prevented caspase-3 activation. Our data strongly suggest that the protective effect of lithium is mediated through stimulation of the PI-3K/Akt and MEK/ERK pathways and inhibition of GSK-3β indirectly.   

The PI-3K/Akt/ GSK-3β pathway has been most convincingly implicated in neuronal survival afforded by neurotrophic factors and by NMDAR in cerebellar granule neurons 


(Xifro et al., 2005; Zhang et al., 1998) ADDIN EN.CITE . NMDAR may activate PI-3K via Ras activation through calcium influx from the channel (Hetman and Kharebava, 2006). It has been demonstrated that the NR2B subunit, when phosphorylated at the tyrosine residue near the C-terminal, recruits the binding domain of the regulatory p85 subunit of PI-3Kinase via the SH2 domain, thus leading to activation of PI-3K 


(Hisatsune et al., 1999) ADDIN EN.CITE . This lab has previously showed that PCP treatment reduced the activity of Akt, a downstream effector of PI-3K, both in dissociated cortical culture and in intact rat pups (Lei et al., 2008). Furthermore, Lei and co-workers demonstrated that inhibitors of either Akt or PI-3K attenuated the protection against PCP neurotoxicity afforded by activation of L-type calcium channels or potentiation of synaptic activity in dissociated cortical culture, indicating that inhibition of PI-3K/Akt signaling may account for PCP-induced cell death (Lei et al., 2008).   

Here, we show that PCP caused similar inhibition of Akt activity in organotypic culture (Fig.2). In the presence of lithium, inhibition of Akt by PCP was significantly reduced (Fig.2). In addition, PI-3K or Akt inhibitors abolished the protective properties of lithium (Fig. 4 and 5), indicating that lithium may protect against the PCP insult through activating the PI-3K/Akt pathway. However, we also observed that blocking the PI-3K/Akt pathway with either LY294002 or TCN caused significant toxicity in the brain slices. It is conceivable that the neurotoxicity observed in the PCP+Li+inhibitor experimental group may be the result of the intrinsic or residual toxicity of the inhibitor itself. To exclude this possibility, we included a Li+inhibitor group in the analysis. We found that lithium attenuated the toxicity of the inhibitors greatly. These data suggest that blockade of the PI-3K/Akt pathway abolishes the protective effect of lithium against PCP. Together, these results strongly support our hypothesis that the PI-3K/Akt pathway is an essential anti-apoptotic pathway involved in lithium’s protection against PCP-induced cell death. 

The Ras/MEK/ERK pathway is another possible player in PCP neurotoxicity and lithium protection in this model. This pathway is activated by calcium influx through NMDA receptors 


(Krapivinsky et al., 2003) ADDIN EN.CITE  and has been studied extensively in NMDAR-mediated long-term potentiation (LTP) (Thomas and Huganir, 2004). Decreased ERK activity has been observed in neonatal rats injected with MK-801 


(Hansen et al., 2004) ADDIN EN.CITE . In addition, Hansen et al (2004) demonstrated that transgenic synRas activation inhibited MK-801-induced developmental neurodegeneration by 40%, indicating a significant role of ERK inhibition in NMDAR blockade-induced neurotoxicity. In accordance with these findings, we also observed a rapid and long-lasting inhibition of ERK1/2 by PCP in cultured corticostriatal slices (Fig. 2), probably by uncoupling NMDAR and ERK signaling via blockade of calcium influx. Lithium pretreatment prevented PCP-inhibition of ERK1/2, as well as PCP-induced apoptosis (Fig. 1&3). Furthermore, blocking ERK1/2 activity with the MEK inhibitor, PD98059, abolished lithium protection (Fig. 7). These data further suggest that the MEK/ERK1/2 pathway plays a role in NMDAR-blockade-induced neurotoxicity in the developing brain and that activation of the MEK/ERK1/2 pathway is involved in lithium protection in this model.  

The PI-3K/Akt and MEK/ERK pathways play different roles in neuroprotection observed under different conditions. For example, activation of the PI-3K/Akt pathway was shown to be necessary for BDNF protection against serum withdrawal in cortical neurons, but not for BDNF-mediated protection against DNA damage 


(Hetman et al., 1999) ADDIN EN.CITE . In contrast, activation of the MEK/ERK pathway, but not the PI-3K/Akt pathway, was required for protection both by low concentrations of NMDA against glutamate excitotoxicity in cerebellar granule neurons 


(Zhu et al., 2005) ADDIN EN.CITE  and for BDNF protection against camptothecin-induced apoptosis in cortical culture 


(Hetman et al., 1999) ADDIN EN.CITE . Under certain situations, activation of both pathways is required. For example, protection of BDNF against glutamate-induced apoptosis in hippocampal neurons is mediated by both pathways, though crosstalk between the two pathways has been reported 


(Almeida et al., 2005) ADDIN EN.CITE . In this study, we found that blocking either the PI-3K/Akt or the MEK/ERK pathway attenuated lithium protection, suggesting involvement of both pathways. However, no crosstalk between these pathways was found, as the MEK inhibitor, PD98059, only specifically suppressed the stimulating effect of lithium on PCP-induced inhibition of ERK, while it had no effect on p-Akt or p-GSK-3β. Further, the PI-3K inhibitor, LY294002, selectively blocked the preventive effect of lithium on PCP-induced dephosphorylation of Akt and GSK-3β, but not ERK (Fig. 8). These data strongly suggest that though the two pathways equally contributed to lithium protection, their stimulation by lithium is independent. However, it is possible that they may share other common targets downstream. 

In this model, our data suggest that GSK-3β is likely such a downstream common target. Indeed, Takadera and co-workers have shown that GSK-3β inhibitors prevented ethanol-, ketamine-, and ifenprodil-induced apoptosis in cortical cell cultures by inactivation of caspase-3 鸁

(Takadera and Ohyashiki 2004; Takadera et al. 2004) ADDIN EN.CITE . Recently, our laboratory reported that inhibition of GSK-3β by siRNA or other GSK-3β inhibitors, including lithium, blocked PCP-induced cell death in dissociated cortical cell cultures (Lei et al., 2008). Consistent with these reports, the present study using organotypic corticostriatal slice cultures found that PCP caused time-dependent activation of GSK-3β by decreasing phosphorylation at serine 9. Lithium and another specific GSK-3β inhibitor, AR-A014418, also prevented PCP-induced cell death. Noticeably, unlike lithium, AR-A014418 did not alter PCP-inhibition of Akt and ERK activity, implying that neither Akt nor ERK activation is required for the protection afforded through GSK-3β inhibition. This strongly suggests that GSK-3β is the critical downstream factor that mediates PCP-induced cell death as well as lithium-mediated protection. In addition, the PI-3K inhibitor, LY294002, attenuated the inhibitory effect of lithium on GSK-3β (Fig. 8), indicating that unlike AR-A014418, lithium inhibited GSK-3β activity indirectly in this system. It is quite possible that stimulation of the PI-3K/Akt and MEK/ERK pathways by lithium may finally converge on GSK-3β inhibition to counteract PCP-induced neurotoxicity. However, this hypothesis is confounded by the observation that the MEK inhibitor, PD98059 showed no effect on phosphorylation of GSK-3β at serine 9. It has been reported that ERK activation protects cortical neurons from GSK-3β activation-induced apoptosis through an unknown mechanism that is independent of serine 9 phosphorylation 


(Habas et al., 2006; Hetman et al., 2002) ADDIN EN.CITE . Thus, it is possible that in this model, PI-3K/Akt and ERK may be activated by lithium through different mechanisms to suppress the pro-apoptotic activity of GSK-3β.

In summary, these data confirmed our previous report of the role of the PI-3K/Akt/GSK-3β survival pathway in PCP-induced apoptosis in dissociated culture (Lei et al., 2008) and extend these findings by demonstrating that PCP also inhibits the MEK/ERK1/2 survival pathway in corticostriatal slices. Most importantly, the present study demonstrates that the protective effect of lithium against PCP-induced neuroapoptosis in the cortical slice is mediated through co-stimulation of the PI-3K/Akt and MEK/ERK pathways as well as through the indirect suppression of GSK-3β activity. Finally, the ability of lithium to provide neuroprotection against PCP-induced neurotoxicity lends support to this paradigm as a cellular model of the symptoms of schizophrenia, mania and other disorders that are well known to be significantly dampened by lithium therapy.
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Figure 2.1. Effect of lithium on PCP-induced cell death.  Corticostriatal slices were pretreated with various concentrations of lithium chloride (LiCl) on DIV 10 and then challenged with PCP (3 µM) 30 minutes later without washing LiCl out. Cell death was assessed 12 hours after PCP treatment by measuring caspase-3 activity or TUNEL staining in the cortex. Untreated slices were used as control (CTRL). A. Lithium blocked PCP-induced caspase-3 activation dose-dependently. B. Representative pictures showing TUNEL-positive staining in the cortex. C. Quantitative analysis of TUNEL-positive staining. * p< 0.05 vs. CTRL; # p<0.05 vs. PCP. N=5-6. One-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons.
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Figure 2.2. Temporal effect of PCP on phosphorylation of ERK1/2, Akt and GSK-3β in cultured corticostriatal slices.  Corticostriatal slices were incubated with PCP (3 μM) for 30minutes, 1, 2 , 4 , 8, or 24 hours on DIV 10 and total protein was extracted for western blotting analysis of phosphorylation of Thr202/Tyr204-ERK1/2, Ser473-AKT and Ser9-GSK-3β. Untreated slices were used as control and presented as “0 h after PCP” in the figure. Phosphorylation levels of ERK, Akt, and GSK-3β were normalized to β-actin re-probed on the same membrane and then calculated as percentage of control (0h after PCP). * p-ERK, p< 0.05 vs. control (0 h); # p-Akt, p< 0.05 vs. control (0 h); ^ p- GSK-3β, p< 0.05 vs. control (0 h). N=6. One-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons.  
[image: image3.jpg]A B .. ot C_w
140 I A —e— Without Li = il i
i : d —o— Li pretreatment O 140 1 vithout 1 &
g —e— Without Li ——l& ‘ T —<o— Li pretreatment
o 120 < —o— Li pretreatment = 120 o
=] o S 120 ; _ A
S 100 1 = 5
o 100 S 100 X 100 ¢
O qa S——
=) O
X 80 ° © 8o
o1 . 80 1s)
e -+
T 60 - = % 60
o : &
i Q60 2
L 40 A Q 40
o o
20 40 T T T 20 T T T
' ' ‘ 0h 30 min 2h 8 h after PCP ;
oh 30 min 2h 8h after PCP oh 30 min 2l Sl sferbob

] ——— T LT ——
At [ S—————————— | At _ At @

LiCl - + - + - + - + LiCl = LiCl =





Figure 2.3. Effects of lithium on temporal kinetics of PCP-induced dephosphorylation of ERK1/2 (A), Akt (B) and GSK-3β (C) in cultured corticostriatal slices. On DIV 10, corticostriatal slices, preincubated with or without lithium chloride (LiCl, 10 mM) for 30 minutes,  were incubated with PCP (3 µM) for 0, 30 minutes, 2 hours, or 8 hours. Untreated slices were as control and presented as “0 h after PCP” in the “without Li” group. The group treated with LiCl (10 mM) alone for 30 minutes was presented as “0h after PCP” in the “Li pretreatment” group. Phosphorylation levels of ERK (A), Akt (B), and GSK-3β (C) were normalized to β-actin re-probed on the same membrane and presented as percentage of control. &: p<0.05, “without Li” vs. “Li pretreatment”, two-way ANOVA, with time and LiCl treatment as two independent factors. * p<0.05 vs. control; # p<0.05 vs. “0h after PCP” of the “Li pretreatment” group; ^ p<0.05, “without Li” vs. “Li pretreatment” at the same time point; Student-Newman-Keuls test for multiple comparisons following two-way ANOVA.  N=5-6. 
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Figure 2.4. Inhibition of PI-3K blunts the protective effects of lithium on PCP-induced cell death. Corticostriatal slices were preincubated with LY294002 (LY, 30 µM) for 1 hour before lithium chloride (LiCl, 10 mM) treatment. PCP (3 µM) was added 30 minutes after LiCl. Cell death was assessed 12 hours after PCP treatment by measuring caspase-3 activity or TUNEL staining in the cortex. Untreated slices were used as control (CTRL). A. Effect of LY on lithium prevention of caspase-3 activation induced by PCP. B. Representative TUNEL-positive staining in the cortex. * p< 0.05 vs. control; # p<0.05 vs. PCP alone; ^ p<0.05 vs. PCP+Li.; & p<0.05 vs. LY alone. N=5. One-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons.  
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Figure 2.5. Akt inhibition diminishes the protective effects of lithium on PCP-induced cell death. Corticostriatal slices were preincubated with Akt inhibitor, triciribine (TCN, 10 µM)) for 1 hour before lithium chloride (LiCl, 10 mM) treatment. PCP (3 µM) was added 30 minutes after LiCl. Cell death was assessed 12 hours after PCP treatment by measuring caspase-3 activity or TUNEL staining in the cortex. Untreated slices were used as control (CTRL). A. Effect of TCN on lithium prevention of caspase-3 activation induced by PCP. B. Representative TUNEL-positive staining in cortex. * p< 0.05 vs. control; # p<0.05 vs. PCP; ^ p<0.05 vs. PCP+Li.; & p<0.05 vs. TCN alone. N=5-6. One-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons.  
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Figure 2.6. Effect of the GSK-3β inhibitor, AR-A014418, on PCP-induced cell death. Corticostriatal slices were pretreated with indicated concentrations of AR-A014418 on DIV 10 for 1 hour and then challenged with PCP (3 µM). Cell death was assessed 12 hours after PCP treatment by measuring caspase-3 activity or TUNEL staining in the cortex. Untreated slices were used as control (CTRL). A. AR-A014418 (AR-A) blocked PCP-induced caspase-3 activation. B. Representative TUNEL-positive staining in the cortex. * p< 0.05 vs. control; # p<0.05 vs. PCP.  N=5. One-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons.  
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Figure 2.7. MEK inhibition attenuates the protective effects of lithium against PCP-induced cell death. Corticostriatal slices were preincubated with PD98059 (PD, 30 μM) for 1 hour before lithium chloride (LiCl, 10 mM) treatment. PCP (3 µM) was added 30 minutes after LiCl. Cell death was assessed 12 hours after PCP treatment by measuring caspase-3 activity or TUNEL staining in the cortex. Untreated slices were used as control (CTRL). A. Effect of PD98059 on lithium inhibition of caspase-3 activation induced by PCP. B. Representative TUNEL-positive staining in the cortex. * p< 0.05 vs. control; # p<0.05 vs. PCP; ^ p<0.05 vs. PCP+Li. N=5-6. One-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons.   
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Figure 2.8. Relationship between MEK/ERK and PI-3K/Akt/GSK-3β pathways.  Corticostriatal slices were pretreated with PI-3K inhibitor, LY294002 (LY), or ERK inhibitor, PD98059 (PD) for 1 hour before they were incubated lithium chloride (LiCl, 10 mM) and then challenged with PCP (3 µM) 30 minutes later. Slices were collected 8 hours after PCP treatment for western blot analysis of phosphorylation of Thr202/Tyr204-ERK1/2, Ser473-Akt and Ser9-GSK-3β. Untreated slices were used as control (CTRL). Phosphorylation levels of ERK, Akt, and GSK-3β were normalized to β-actin re-probed on the same membrane and calculated as percentage of the control. PLLY: PCP+Li+LY; PPDL: PCP+PD+Li. * p< 0.05 vs. control; # p<0.05 vs. PCP; ^ p<0.05 vs. PCP+Li. One-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons.  

[image: image9.jpg]160

B D FRK
1 p-AKT
x

PCP+AR-A

#
| %

CTRL

o o

—

(1412 40 %) [oA8] uonejlioydsoyd

140
120

- - o o - (-
o =T (N

AR-A

PCP

p-ERK

Actin

p-Akt

Actin




Figure 2.9. Effect of the GSK-3β inhibitor, AR-A014418, on PCP-induced dephosphorylation of Akt and ERK. Slices were pre-incubated with AR-A014418 (AR-A, 10 µM) on DIV 10 for 1 hour and then challenged with PCP (3 µM). Slices were collected 8 hours after PCP treatment and used for western blot analysis of phosphorylation of Thr202/Tyr204-ERK1/2 and Ser473-Akt. Untreated slices were used as control (CTRL). Phosphorylation levels of ERK and Akt were normalized to β-actin re-probed on the same membrane and calculated as percentage of control (CTRL). * p< 0.05 vs. control. One-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons.  

Chapter 3

Brain-derived Neurotrophic Factor Prevents Phencyclidine-induced Apoptosis in Developing Brain by Parallel Activation of the PI-3K/Akt and ERK Pathways 

Phencyclidine is an N-methyl D-aspartate receptor (NMDAR) blocker that has been reported to induce neuronal apoptosis during development and schizophrenia-like behaviors in later life. Brain derived neurotrophic factor (BDNF) has been shown to prevent neuronal death caused by NMDAR blockade, but the precise mechanism is unknown. This study examined the role of the phosphatidylinositol-3 kinase (PI3K)/Akt and extracellular signal-regulated kinase (ERK) pathways in BDNF protection of PCP-induced apoptosis in corticostriatal organotypic cultures. It was observed that BDNF inhibited PCP-induced apoptosis in a concentration dependent fashion. BDNF effectively prevented PCP-induced inhibition of the ERK and PI-3K/Akt pathways and suppressed GSK-3β activation. Blockade of either PI-3K/Akt or ERK activation abolished BDNF protection. Western blot analysis revealed that the PI-3K inhibitor LY294002 prevented the stimulating effect of BDNF on the PI-3K/Akt pathway, but had no effect on the ERK pathway. Similarly, the ERK inhibitor PD98059 prevented the stimulating effect of BDNF on the ERK pathway, but not the PI-3K/Akt pathway. Co-application of LY294002 and PD98059 had no additional effect on BDNF-evoked activation of Akt or ERK. However, concurrent exposure to PD98059 and LY294002 caused much greater inhibition of BDNF-evoked phosphorylation of GSK-3β at serine 9 than did LY294002 alone. Finally, BDNF or GSK-3β inhibitor prevented PCP-induced suppression of cyclic-AMP response element binding protein (CREB) phosphorylation. These data demonstrate that the protective effect of BDNF against PCP-induced apoptosis is mediated by parallel activation of the PI-3K/Akt and ERK pathways, consequent inhibition of GSK-3β and activation of CREB.  

Introduction 
The non-competitive glutamatergic NMDA receptor antagonist, phencyclidine (PCP),  has long been recognized to induce acute schizophrenia-like symptoms in humans (Javitt and Zukin, 1991; Luby et al., 1962). Schizophrenia is a severe neuropsychiatric disorder which affects approximately one percent of the population worldwide. Unfortunately, its etiology and pathophysiology are poorly defined. Reduced glutamatergic and increased dopaminergic transmission have been hypothesized to represent a major deficit in schizophrenia (Jentsch and Roth, 1999; Marc et al., 1999). Since the symptoms of schizophrenia do not appear until early adulthood, Weinberger et al (1987) postulated that the etiology of schizophrenia may involve developmental factors.  It suggested that aberrant apoptosis during early brain development disrupts normal neuronal circuitry formation and may underlie the expression of some mental diseases in later life, including schizophrenia (Benes, 2000; Weinberger, 1987).  Interestingly, it has been consistently shown that blocking the NMDAR during brain development triggers neuronal death in brain regions in a pattern that is similar to the neuropathology observed in post-mortem brains of schizophrenics (Ikonomidou et al., 1999; Wang and Johnson, 2005). Furthermore, animals that received perinatal administration of PCP or MK801 developed schizophrenia-like behaviors in later life, some of which could be prevented by anti-psychotics (Anastasio and Johnson, 2008; Beninger et al., 2002; Wang et al., 2001b). These data suggest that a perinatal PCP insult may be suitable for modeling the pathology of schizophrenia and that knowledge of the mechanisms of PCP-induced apoptosis in developing brain may provide insight into the cellular basis of schizophrenia-like behaviors and suggest novel pharmacotherapeutic approaches. 

The mechanisms underlying neuronal death following NMDAR blockade are incompletely understood. Recently, this laboratory reported that PCP inhibits the phosphatidylinositol-3 kinase (PI3K)/Akt and extracellular signal-regulated kinase (ERK) pathways that normally serve a trophic function during early development (Lei et al., 2008; Xia et al., 2008). Further, stimulating these pathways prevented PCP-induced apoptosis. The potential for preventing PCP-induced apoptosis by diminishing the pro-survival effects of NMDAR activation caused us to further investigate the role of brain-derived neurotrophic factor (BDNF), a neurotrophin that promotes neuronal survival via the ERK and PI-3K/Akt pathways (Hetman et al., 1999). Indeed, several laboratories have demonstrated that NMDAR-regulated survival is mediated via BDNF (Jiang et al., 2005; Xu et al., 2007) and decreased BDNF signaling might participate in NMDAR antagonist-induced neurotoxicity (Fumagalli et al., 2003; Semba et al., 2006). BDNF has also been shown to prevent MK801-induced death in cultured cortical neurons, though the precise mechanisms were not investigated (Hansen et al., 2004). However, using HSP-70 expression as an indicator of toxicity, it was reported that activation of the BDNF receptor, TrkB, had no influence on MK-801-induced neurotoxicity in the posterior cingulate cortex of mouse brain (Väisänen et al., 2003). This inconsistency prompted us to investigate the effect of BDNF on PCP-induced neuronal death in organotypic corticostriatal cultures, using caspase-3 activation and DNA fragmentation as two indices for neuronal apoptosis. We also determined the cellular mediators of BDNF activity, mainly focusing on the roles of the ERK and PI-3K/Akt pathways. 
Materials and Methods 

Animals

Timed pregnant female Sprague–Dawley rats were obtained on day 14 or 18 of pregnancy from Charles River (Wilmington, MA). They were housed individually with a regular 12-hour light: 12-hour dark cycle (lights on at 07:00 h, off at 19:00 h) with food and water available ad libitum. On postnatal day (PN) 2.5, the pups were killed by decapitation and their brains were removed and processed for slice culture as described below. All experiments were conducted in accordance with the NIH and the University of Texas Medical Branch at Galveston Institutional Animal Care and Use Committee.

Reagents

PCP was acquired from the National Institute on Drug Abuse (Rockville, MD) and dissolved in distilled water. Slice culture media including Hank's balanced salt solution, heat inactivated horse serum, OPTI-MEM medium, neurobasal medium and B-27 supplement were purchased from Invitrogen Corporation (Carlsbad, CA). 10% D-(+)-Glucose solution, 200 mM L-glutamine, and penicillin/streptomycin solution were purchased from Sigma-Aldrich (St. Louis, MO). 7-amino-4-trifluorocumarin (AFC), the caspase-3 substrate acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluorocumarin (Ac-DEVD-AFC) and the caspase-3 inhibitor z-DEVD-FMK were purchased from MP Biomedicals (Livermore, CA).  Primary antibodies against phopho-GSK-3β (Ser9), phospho-AKT (Ser473), phospho-p44/42 ERK (Thr202/Tyr204) were obtained from Cell Signaling Technology, Inc. (Danvers, MA 01923). Mouse monoclonal anti-actin antibody, HRP-conjugated anti-mouse and anti-rabbit secondary antibodies were obtained from Chemicon (Temecula, CA). Deoxynucleotidyl transferase (TdT) and biotin-16-dUTP were purchased from Roche Diagnostics (Indianapolis, IN, USA). ABC Elite Kit and Vector SG peroxidase substrate were from Vector Laboratories (Burlingame, CA). LY294002 (PI-3K inhibitor), AR-A014418 (GSK-3β inhibitor), PD98059 (ERK inhibitor) were purchased from CalBiochem/EMD Biosciences. BDNF was purchased from Sigma (St. Louis, MO). The Akt inhibitor, triciribine (TCN, 


(Yang et al., 2004) ADDIN EN.CITE , was a generous gift from the laboratory of Dr. Xiaodong Cheng at the University of Texas Medical Branch, Galveston, TX. 
Organotypic slice culture

Corticostriatal slice cultures were prepared as described in page 15, chapter 2.
Caspase-3 Activity Assay 

12 hours following PCP treatment, slices were collected and homogenated for caspase-3 activity assay as described in page 15, chapter 2. 
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)                                                                         
 
12 hours following PCP treatment, slices were collected and fixed in 2% para-formaldehyde for TUNEL staining as described in page 16, chapter 2. 
Western blot analysis
Slices were collected at 8 hours following PCP treatment for western blot analysis of phosphor-Akt, -GSK-3β, -ERK1/2 as well as total level of Akt, GSK-3β, and ERK1/2. Detailed process was described in page 17, chapter 2. 

Statistical analysis

 
All experimental data are presented as mean ± S.E. One-way ANOVA, followed by Student-Newman-Keuls test for multiple comparisons, was used to determine differences among more than two groups. Differences were considered significant when p<0.05. 

Results 
BDNF prevents PCP-induced apoptosis 

Cultured corticostriatal slices were challenged with 3 µM PCP and cell death was assessed 12 h after the insult by measuring caspase-3 and DNA fragmentation using TUNEL staining. A series of increasing concentrations of BDNF was added to the medium 1 hour before PCP treatment. As has been demonstrated previously (Wang and Johnson, 2007), PCP caused robust caspase-3 activation and wide-spread DNA fragmentation in the superficial layers of the cortex (Layer II to IV) (Fig 3.1A and B). BDNF pretreatment dose-dependently prevented PCP-induced caspase-3 activation and DNA fragmentation; full protection was observed at a concentration of 50 ng/ml (Fig 1. A and B).  

To clarify the mechanism of BDNF’s protective effect, the Trk B receptor inhibitor, K252a (500 nM), was added to medium 1 hour prior to BDNF (50 ng/ml). In the presence of K252a, BDNF could no longer inhibit PCP-induced caspase-3 activation (Fig 1C). K252a alone did not cause significant caspase-3 activation. These data indicate that BDNF protection against PCP neurotoxicity is mediated through the Trk B receptor. 

The role of PI-3K/Akt and ERK pathways

Upon binding to the TrkB receptor, BDNF activates several signaling pathways that are important for neuronal survival, including the ERK and PI-3K/Akt pathways (Hetman et al., 1999). PCP has been found to decrease levels of the active or phosphorylated forms of ERK and Akt in developing brains (Xia et al., 2008). Therefore, we investigated whether protection of BDNF against PCP neurotoxicity involves activation of these two pathways. We examined the effect of BDNF on the activity of the two signaling cascades by Western analysis using antibodies that specifically recognize the activated/phosphorylated forms of ERK and Akt. Preincubation with BDNF (50ng/ml) was found to effectively prevent ERK and Akt inhibition by PCP (Fig 3. A, B). 

In order to determine whether activation of these pathways are important for BDNF protection, the activation of PI-3K/Akt or ERK pathways by BDNF was blocked pharmacologically with a PI-3K inhibitor (LY294002, 30 µM), an Akt inhibitor (TCN, 10 µM), or an ERK inhibitor (PD98059, 30 µM). We found that in the presence of these signaling inhibitors, BDNF protection against PCP-evoked caspase-3 activation was completely abrogated (Fig 3.2. A, B, C). This strongly suggests that BDNF protects against PCP-induced apoptosis by counteracting the inhibitory effect of PCP on the PI-3K/Akt and ERK pro-survival pathways and further, that both pathways are indispensable. Control experiments revealed that LY294002 and TCN alone induced significant caspase-3 activation in the corticostriatal slices (p<0.05, vs control). Interestingly, BDNF was able to reverse the toxicity of each inhibitor (p<0.05, inhibitor alone vs inhibitor +BDNF). 
Relationship between the PI-3K/Akt and ERK pathways
To define the relationship between the ERK and PI-3K/Akt pathways involved in BDNF protection in the cortical slice system, we determined the effect of inhibiting one pathway with a specific kinase inhibitor on the action of BDNF on the other pathway. The results revealed that the ERK inhibitor PD98059 blocked BDNF’s effect on phosphorylation of ERK, but not that of Akt (Fig. 3.3 A); likewise, the PI-3K inhibitor LY294002 specifically blocked BDNF activation of Akt, but had no effect on ERK (Fig 3.3. B). Concurrent exposure to PD98059 and LY294002 did not further decrease BDNF-evoked phosphorylation of Akt or ERK. These data suggest that the two pathways are stimulated by BDNF in parallel. However, they may act cooperatively on a downstream target. 

The role of GSK-3β in BDNF protection

GSK-3β is a pro-apoptotic factor that is normally phosphorylated at serine 9 and inactivated (Cross et al., 1995). The PI-3K/Akt pathway has been reported to promote neuronal survival through inhibition of GSK-3β activity by increasing phosphorylation of the serine 9 residue (Pap and Cooper, 1998). In this study, we also investigated the role of GSK-3β in BDNF protection. Slices were pre-incubated with BDNF for 1 hour before they were challenged with PCP and collected 8 hours later for western blot analysis of GSK-3β-ser-9 phosphorylation. As previously reported (Xia et al., 2008), PCP caused significant GSK-3β activation/dephosphorylation and BDNF pretreatment effectively prevented this activation (Fig 3.3. C). 

To investigate the mechanism by which BDNF inhibits GSK-3β, we assessed the effect of BDNF on GSK-3β phosphorylation in the presence of the PI-3K inhibitor, LY294002, or the ERK inhibitor, PD98059, or both. The results of this experiment revealed that blocking the PI-3K/Akt pathway with LY294002 significantly attenuated BDNF-evoked phosphorylation of GSK-3β on serine 9. On the other hand, blocking ERK with PD98059 showed no effect. However, concurrent exposure to PD98059 and LY294002 caused a significantly greater inhibition of BDNF-evoked phosphorylation of GSK-3β at serine 9 than did LY294002 (Fig. 3.3C). These data suggest that ERK signaling may act as a regulator for the action of the PI-3K/Akt pathway on GSK-3β-ser phosphorylation. 

The role CREB in BDNF protection
BDNF has been found to exert its neuroprotective effects through phosphorylation of CREB at serine 133 (Finkbeiner, 2000; Finkbeiner et al., 1997). Therefore, we proposed that BDNF inhibition of GSK-3β results in CREB activation. We first examined the effect of PCP on CREB activity. Slices were incubated with PCP for various times (0, 0.5, 2, 4 and 8 h) and then collected for western blot analysis of phospho-CREB-ser133. We found that PCP decreased CREB phosphorylation in a time-dependent manner. Two hours after PCP treatment, the phospho-CREB level was decreased by about 50% and remained at this level until the end of the experiment (8 h) (Fig 3.4.A). BDNF pretreatment prevented the decrease of phospho-CREB induced by PCP (Fig 3.4.B). Suppressing GSK-3β activity with the GSK-3β inhibitor AR-A014418 also restored the phospho-CREB level to normal (Fig 3.4. C). 
Discussion

BDNF and NMDAR-mediated glutamate transmission have been long recognized as two important factors for supporting neuronal survival during brain development (Balazs, 2006; Binder and Scharfman, 2004). This study is the first to investigate the mechanisms of BDNF protection in neuronal apoptosis caused by NMDAR blockade. It was observed that exogenous application of BDNF prevented PCP-induced apoptosis in cultured brain slices from developing brains and further, that this protective effect of BDNF is dependent on stimulation of both the ERK and PI-3K/Akt signaling cascades. Activation of these two pathways cooperatively regulates activity of GSK-3β. It was also demonstrated that inactivation of GSK-3β prevented PCP-induced inhibition of CREB inhibition, a key player in BDNF-mediated cell survival (Finkbeiner, 2000; Finkbeiner et al., 1997).
Among the Trk family, BDNF binds specifically to TrkB receptor with high affinity, but also binds to the p75 neurotrophin receptor (p75NTR) with low affinity. Activation of trkB has been shown to be essential for the survival-promoting actions of BDNF (Reichardt, 2006). In this study, inhibition of Trk B activation with K252a abolished the neuroprotective effect of BDNF, suggesting that the survival-promoting effect of BDNF is indeed, mediated through TrkB receptors. Upon binding of BDNF, the TrkB receptor activates multiple signaling cascades, including the phosphatidylinositol 3-kinase (PI3K)/Akt pathway as well as the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway (Hetman et al., 1999). Depending on the cell type and the nature of apoptotic insult, these signaling pathways are differentially involved in BDNF protection. In cortical neurons, BDNF prevented cell death due to DNA damage by activating the ERK pathway (Hetman et al., 1999). ERK is also the major pathway that is responsible for BDNF-induced cerebellar neuron survival (Bonni et al., 1999).  On the other hand, the PI-3K/Akt pathway is the major mediator for the prosurvival effects of  BDNF in the SH-SY5Y  neuroblastoma cell line (Encinas et al., 1999) as well as for the protective effects of BDNF against cortical neuronal death induced by serum withdrawal (Hetman et al., 1999). There are also conditions in which both ERK and PI-3K pathways are indispensable for BDNF protection (Almeida et al., 2005; Nguyen et al., 2009; Sun et al., 2008). With regard to apoptosis induced by NMDAR blockade during brain development, Hansen et al (2004) reported that exogenous BDNF inhibited MK-801-induced apoptosis, though the underlying mechanisms were not studied. However, these authors did report that the expression of constitutively active Ras enhanced ERK activity and prevented MK-801induced apoptosis, suggesting a role of the Ras/ERK pathway. In agreement with that report, we observed that BDNF prevented PCP-induced inhibition of ERK activity (Fig. 3.3A). Furthermore, blocking ERK activation with PD98059 abrogated BDNF protection (Fig. 3.2A). These data provided strong support for the involvement of ERK in protection by BDNF. On the other hand, we also found that BDNF prevented PCP-induced inhibition of the PI-3K/Akt pathways (Fig. 3.3B). In support of the involvement of this pathway, inhibitors of either PI-3K or Akt largely attenuated BDNF protection (Fig. 3.2A and 3.2B). Interestingly, we previously demonstrated that the protection by lithium against PCP-induced apoptosis also requires activation of both the ERK and PI-3K/Akt pathways (Xia et al., 2008). Considering that PCP treatment inhibits both ERK and PI-3K pathways, and these two pathways are simultaneously involved in the pro-survival effects of NMDAR activation (Almeida et al., 2005), we postulate that activation of both pathways is essential and necessary to rescue cell death in developing brains caused by NMDAR blockade.  

A major goal of this study was to elucidate the relationship between the PI-3K/Akt and ERK pathways involved in BDNF protection. As shown in Fig. 3, chemical inhibition of PI-3K activation with LY294002 specifically decreased phosphorylation of Akt, while it had no effect on the phosphorylation of ERK. On the other hand, inhibition of ERK with PD98059 inhibited ERK phosphorylation, but had no effect on Akt phosphorylation. These data indicate that though both the ERK and PI-3K/Akt pathways are involved, they are activated by BDNF independently. This result is contradictory to the finding in hippocampal neurons that there is a crosstalk between the two pathways activated by BDNF to prevent glutamate-induced cell death (Almeida et al., 2005). In that study, the PI-3K inhibitor LY294002 blocked BDNF-induced ERK activation.  There is a previous report showing that protection of BDNF against hypoxic toxicity in cortical neurons also involves both PI-3K and MAPK pathways, but in that study, no interaction between the two pathways was found (Sun et al., 2008). That is, LY294002 did not affect BDNF-induced ERK phosphorylation and the ERK inhibitor U0126 did not affect BDNF-induced Akt phosphorylation. It is possible that cell type and the specific nature of the insult determine not only the involvement of the diverse signaling pathways, but also their relationship to BDNF. In our cortical slice model, the ERK and PI-3K/Akt pathways are independently activated by BDNF. 

This independent activation and simultaneous contribution of the PI3-K/Akt and ERK pathways to the protection afforded by BDNF against PCP-evoked apoptosis may be due to a common mechanism that is downstream of the two pathways. Indeed, based on the observation that GSK-3β inhibitor AR-A0144418 prevented PCP-induced cell death without altering inhibition of PCP on ERK and Akt activity, we have proposed that GSK-3β is the most likely candidate (Xia et al., 2008). GSK-3 β has been demonstrated to be an important inducer for neuronal apoptosis and to be crucial for PI-3K-mediated neuronal survival (Hetman et al., 2000) and in this study, we observed that LY294002 prevented BDNF-evoked GSK-3β phosphorylation at serine 9, while PD98059 did not. Importantly, however, concurrent exposure to PD98059 and LY294002 caused significantly greater inhibition of BDNF-evoked phosphorylation of GSK-3β at serine 9 than did LY294002 alone. These data imply that the ERK pathway may act as a regulator for PI-3K/Akt inhibition of GSK-3β activity and provides support for our hypothesis that GSK-3β is the key downstream target that mediates the anti-apoptotic effects of activating the PI-3K/Akt and ERK pathways. The mechanism by which ERK regulate the activity of GSK-3β in our model is unclear. It has been reported that ERK activation protects cortical neurons from GSK-3β activation-induced apoptosis through an unknown mechanism that is independent of serine 9 phosphorylation (Habas et al., 2006; Hetman et al., 2002). Recently, in the HepG2 cell line, it was reported that ERK phosphorylates GSK-3β at the threonine 43 residue, which in turn facilitated its consequent phosphorylation by other kinases at serine 9 (Ding et al., 2005).  Although we did not determine the possible site on which ERK might phosphorylate GSK-3β, it is quite possible that in this model, ERK might regulate GSK-3β activity by phosphorylating other GSK-3β residues that would facilitate its phosphorylation at serine 9 by PI-3K/Akt. 

CREB has been shown to be the key mediator for BDNF-mediated cell survival (Finkbeiner, 2000; Finkbeiner et al., 1997). Muting the transcriptional activity of CREB impaired the ability of BDNF to induce transcription of bcl-2 and diminished BDNF protection in cerebellar neurons (Bonni et al., 1999). CREB can be phosphorylated at serine 133 and therefore is activated by various kinases, including ERK, Akt and GSK-3ß (Bonni et al., 1999; Du and Montminy, 1998; Salas et al., 2003). In accordance with reports from other groups (Hansen et al., 2004), we found that blocking the NMDAR with PCP during brain development decreased CREB-ser-133 phosphorylation time-dependently. We observed that BDNF pretreatment restored CREB ser-133 phosphorylation back to its normal level. The GSK-3β inhibitor AR-A014418 mimicked BDNF in that it prevented PCP-induced CREB dephosphorylation, suggesting that BDNF may increase CREB activity by inhibiting GSK-3 β activity. Taken together, this study demonstrated that BDNF prevents PCP-induced neuronal apoptosis in developing brain by activating the PI-3K/Akt and ERK pathways in parallel and further, it is shown for the first time that these two pathways act cooperatively to suppress GSK-3β activity. Finally, it is demonstrated that in this preparation, CREB activation by BDNF is downstream to GSK-3β suppression. The detailed mechanism by which CREB interferes with the apoptotic cascade in this model is unknown and awaits resolution.
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Figure 3.1. TrkB receptor activation is required for BDNF protection against PCP-induced cell death. A: BDNF prevented PCP-induced aspase-3 activation in a concentration-dependent manner; B: Representative TUNEL staining showing that BDNF dose-dependently prevented PCP-induced apoptosis in the superficial layers of the cortex. C: The TrkB inhibitor, K252a, abolished the protective effect of BDNF. K252a (500 nM) was added to the medium 1 h before BDNF and PCP (3 µM) was added 1 h after BDNF. Slices were collected 12 h after the addition of PCP. N=5-6 for all experiments. *: p< 0.05, vs Con (no treatment); # p<0.05 vs PCP; ^: p<0.05, vs PCP+BDNF (one-way ANOVA). 
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Figure 3.2. BDNF protection against PCP-induced neurotoxicity is mediated by activation of PI-3K/Akt and ERK pathways. Inhibition of PI-3K (A), Akt (B), or ERK (C) activation attenuated BDNF protection against PCP neurotoxicity. Either the ERK inhibitor PD98059 (30 µM), the PI-3K inhibitor LY294002 (30 µm), or the Akt inhibitor TCN (10 µM) was added 1 h before BDNF (50ng/ml). PCP (3 µM) was added 1 h after BDNF. Slices were collected 12 h after PCP treatment. N=6. *: p< 0.05, vs control (no treatment); # p<0.05 vs PCP; ^: p<0.05, vs PCP+BDNF; &: p<0.05, vs kinase inhibitors alone (one-way ANOVA). 
[image: image12.jpg]>
w
A

C

140 12047
# # =
=120 100 4 £ 120
2 ° 5 #8
& 100 £ gol S 100
(] Q o
N (&) ©
5 50 “ X 80
= S 60 - = %
< . A o N
~ 60 o = 5 60 A
= Qo
- X 40 ™
QX: 40 < & 401
& < 20 | 7 A&
& 20 O 20
o
0 04 0l
PCP - + + + + N PCP - + + + + + PCP - + + + + +
BDNF - - + + + + BDNF - . * + + BDNF - . + + + +
1Y294002 - A i . i N LY294002 - . + - + LY204002 . i N i .
PD98059 - - = £ + + PDO8059. - - - - * + PD98059 - - - s + +
PERKI/2 | e S sw— o — p-Akt GEEED == — - P-GSK-3p WP S SRS S S
. -— R S—— W — — T — W —
Actin | Actin | === Sctin | e — —— — — —




Fig 3.3. Relationships between the PI-3K/Akt and ERK pathways that are activated by BDNF. The ERK inhibitor, PD98059 (30 µM), or the PI-3K inhibitor, LY294002 (30 µm), or both, were added 1 h before BDNF (50ng/ml) treatment. PCP (3 µM) was added 1 h after BDNF. Slices were collected 8 h after PCP. N=6. *: p< 0.05, vs control (no treatment); # p<0.05 vs PCP; ^: p<0.05, vs PCP+BDNF; &: p<0.05, vs PCP+ BDNF+ LY294002 (one-way ANOVA). 
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Fig 3.4. The GSK-3 inhibitor AR-A014418 mimicked the stimulatory effect of BDNF on PCP-induced CREB dephosphorylation/inactivation. BDNF (50 ng/ml) or AR-A014418 (AR-A, 10 µM) was added 1 h before PCP (3 µM) and slices were collected 8 h after PCP treatment. N= 3-6*: p< 0.05, vs control (0 h, no treatment); # p<0.05 vs PCP (one-way ANOVA).
Chapter 4

Differential Effects of Acute and Subchronic Phencyclidine Exposure of Perinatal Rats on the PI-3K/Akt and ERK Signaling Pathways
Previous research found that acute PCP administration on PN 7 caused cell death in the cortex, striatum, and hippocampus, whereas only the cortex showed pronounced cell death after exposure to subchronic PCP on PN 7, 9, 11. In addition, subchronic PCP administration during early postnatal development resulted in schizophrenia-like behavioral deficits in adolescence and in adults. The PI-3K/Akt and ERK pathways have been implicated in PCP induced-neuronal death in vitro, as well as in some psychiatric disorders. Therefore this study was designed to investigate the effect of differential PCP exposure paradigms on the PI-3K/Akt and ERK pathways. We found that PCP altered the signaling activity in an age- and brain region-dependent pattern that is similar to that of the neuronal death. Acute PCP inhibited decreased the phosphorylation of Akt, GSK-3β, and ERK1/2 to a significant extent in the frontal cortex, striatum, and hippocampus, indicative of inhibition of the PI-3K/Akt and ERK pathways. Although subchronic PCP administration inhibited the ERK pathway in all three regions, the Akt pathway was inhibited only in the cortex. GSK-3β activity was altered in none of the brain regions after exposure to subchronic PCP. We also examined the response of these signaling pathways in the frontal cortex to PCP challenge in adolescent rats (PN35) that received saline or PCP treatment on PN 7, 9, 11. No differences in the basal levels of either p-ERK or p-GSK-3β were found between saline and PCP groups, but basal p-Akt level was increased by perinatal PCP treatment. PCP challenge on PN35 caused a decrease of p-ERK, and an increase of p-Akt and p-GSK-3 β in the saline group, but no alteration in the PCP treated animals. These data suggest that these alterations in PI-3K/Akt and ERK signaling pathways are involved in the mechanisms underlying PCP-induced neuronal death and behavioral deficits. 

Introduction 

PCP is a non-competitive NMDA receptor blocker that is known to produce schizophrenia-like behaviors in healthy human and exacerbate symptoms in schizophrenics (Javitt and Zukin, 1991; Luby et al., 1962). Animal models of neonatal PCP exposure reproduce neuronal death that is similar to the pathology of post-mortem brain of schizophrenics as well as behavioral deficits that mimic schizophrenia in humans (Ikonomidou et al., 1999; Wang and Johnson, 2005). This model has been proven useful for understanding the pathological mechanism of schizophrenia (Anastasio and Johnson, 2008; Beninger et al., 2002; Broberg et al., 2009).  

Neuronal death induced by NMDAR blockade is dependent on age, brain region, and pattern of drug exposure. For example, Ikonomidou (1999) reported that NMDA antagonists, including MK801, PCP, and ketamine, triggered wide-spread apoptosis in the brain between 0 day and 14 days of age. Neurons are most sensitive to insult by NMDAR antagonists on PN 7. On PN 21, only a very low level of apoptotic neurons was detected in the brain after MK-801 injection (Ikonomidou et al., 1999). Our laboratory extended this finding and reported that the pattern of PCP exposure also affects the severity of neuronal apoptosis as well as sensitivity of brain regions (Wang and Johnson, 2005).  This study revealed that one dose of PCP injection on PN 7 caused cell death throughout the brain, including most prominently the frontal cortex, striatum, and hippocampus. On the other hand, subchronic PCP injections on PN 7, 9, 11, respectively, evoked evident apoptosis only in the cortex and to a lesser extent after the last dose on PN 11 than that observed immediately after the first dose on PN 7. The mechanisms that underlie this “tolerance” in the other brain regions are unknown, but nevertheless, this allows this paradigm to be used to produce a relatively selective model of cortical neuronal death.

Many studies suggest that intracellular signaling pathways play an essential role in the regulation of neuronal survival and brain function. Among these pathways, the PI-3K/Akt and ERK pathways are particularly important in regulating neuronal growth and survival during brain development (Kennedy et al., 1997; Toker, 2000; Whitmarsh and Davis, 1996; Xia et al., 1995). Moreover, the PI-3K/Akt and ERK pathways have been shown to couple to activation of NMDAR and be the major mediators for NMDAR-afforded neurotrophic support during brain development and maturation (Chandler et al., 2001; Sutton and Chandler, 2002; Zhang et al., 1998; Zhu et al., 2005). PCP has been demonstrated to inhibit the PI-3K/Akt and ERK pathways in vitro, while activation of these two pathways prevented PCP-induced cell death, suggesting that PCP-induced cell death is a result of blocking the trophic effects of activating these pathways (Xia et al, 2008; Lei et al, 2008). 


Neonatal PCP exposure on PN 7, 9, 11 has been shown to result in behavioral deficits in animals in adolescent or adult rats that mimic to some extent the symptoms of schizophrenia in humans, which in turn, could be prevented by treatment with antipsychotics (Anastasio and Johnson, 2008; Beninger et al., 2002; Broberg et al., 2009). Dysregulation of signaling cascade, including the ERK, Akt/GSK-3 pathwhays, has been suggested to be involved in psychiatric disorders and in the actions of psychotomimetics and antipsychotic drugs (Ahn et al., 2006; Lu et al., 2004; Svenningsson et al., 2003; Valjent et al., 2004). We hypothesized that altered signaling transduction plays a role in the altered behavioral responses caused by PCP insult at critical neonatal ages. 

To clarify the role of the signaling pathways in PCP-induced cell death and behavior deficits, the present study examined the differential effect of acute and subchronic PCP treatment during a critical stage of neonatal development on activity of the PI-3K/Akt and ERK pathways.  We also determined the effect of PCP challenge on the two signaling pathways in adolescent rats (PN 35) that received subchronic saline or PCP exposure on PN 7, 9, and 11.  

Materials and Methods

Animals

Timed pregnant female Sprague–Dawley rats were obtained on day 14 or 18 of pregnancy from Charles River. They were housed individually with a regular 12-hour light: 12-hour dark cycle (lights on at 07:00 h, off at 19:00 h) with food and water available ad libitum. After parturition, male and female pups from all dams were combined and randomly cross-fostered to each dam. Each litter consisted of ten to twelve pups with approximately equal numbers of each gender. All experiments were conducted in accordance with the NIH and the University of Texas Medical Branch at Galveston Institutional Animal Care and Use Committee.

Reagents

PCP was acquired from the National Institute on Drug Abuse (Rockville, MD, USA) and dissolved in saline. Primary antibodies against phopho-GSK-3β (Ser9), total GSK-3β,  phospho-AKT (Ser473), total Akt, phospho-p44/42 ERK (Thr202/Tyr204), total ERK1/2 were obtained from Cell Signaling Technology, Inc. (Danvers, MA 01923). Mouse monoclonal anti-actin antibody, HRP-conjugated anti-mouse and anti-rabbit secondary antibodies were obtained from Chemicon (Temecula, CA). 

Experimental design

For acute PCP treatment, PCP (10 mg/kg) was injected subcutaneously on postal natal day 7 at various time points (0, 2, 4, 8 h) before sacrifice. For consistency, all pups were killed by decapitation at about 1700 hrs. 

For subchronic treatment, PCP (10 mg/kg) was injected subcutaneously on posta natal day 7, 9, 11, respectively. The last dose of PCP was injected at various time points (0, 2, 4, 8 h) before sampling. Again, for consistency, all pups were killed by decapitation at around 1700 hrs.

To study the effect of neonatal PCP treatment on the activity of the PI-3K/Akt and ERK pathways upon PCP challenge in adolescence, rat pus were injected with PCP (10 mg/kg, s.c) or equivalent volume of saline (10 ml/kg) on postal natal day 7, 9, 11, respectively and then on post natal day 35, they were challenged with PCP (4 mg/kg, s.c) and then killed by decapitation 30 min or 4 h after PCP injection. The groups of animals that did not receive PCP challenge on PN 35 were expressed as 0 h in the figures. 

After decapitation, the brains were removed as quickly as possible and the frontal cortex, striatum, and hippocampus were dissected on ice immediately and flash frozen in liquid nitrogen. The frontal cortex was defined as a 2 mm section corresponding to 4.7–2.7 mm anterior to Bregma. The striatum and hippocampus were taken as whole regions. Brain samples were stored at -80 °C and used for western blot analysis in a week.

Western blot analyses

Brain tissues were sonicated in 0.5 ml lysis buffer (50 mM HEPES, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 20 mM NaF, 0.5% NP40) containing the protease inhibitor cocktail and PMSF (phenylmethlylsulfonyl fluoride, 10 μl/ml), phosphotase inhibitor cocktail I and II (Sigma). After sitting on ice for 15 min, sonicates were centrifuged at 10,000 × g for 10 min. The supernatant was collected for immediate use or stored at −80 °C for later use. After measuring protein concentration using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL), equal amounts of protein (30 μg) of sample were loaded and separated on 10% SDS-polyacrylamide gels with a Tris–glycine running buffer system and then transferred to a polyvinylidene difluoride membrane. After blocking the membranes with 10% non-fat milk in Tris-buffered saline (TBS), the blots were incubated with primary antibodies (anti-phospho-serine-9-GSK-3 β, total GSK-3 β,  anti-phosho-threnine473-AKT, total AKT, anti-phospho-ERK42/44 total ERK42/44, phosphor-serine 897-NR1) in 5% non-fat milk in TBS overnight at 4 degree. Following three washes in 0.1% TBST (TBS+0.1%Tween-20), 5 minutes each wash, the membranes were incubated with either horseradish peroxidase conjugated anti-mouse or anti-rabbit (Zymax) secondary antibody for 1 hr at room temperature.  After comprehensive washing in TBST, blots were visualized with enhanced chemiluminescence plus Western blotting detection reagents (Amersham Biosciences, Piscataway, NJ). To assure equivalent loading, each membrane was striped and then re-probed with anti-actin antibody (Chemicon, Temecula, CA). Protein band density was measured using an automatic imaging analysis system (Alpha Innotech Corporation, San Leandro, CA). 

Total protein levels of ERK, Akt, and GSK-3β in the same samples were determined in another membrane. Membranes were incubated with anti-ERK, anti-Akt, or anti-GSK-3β antibodies at a dilution of 1:1000 for 2 h at room temperature and then with secondary antibodies for 1 h. Blots were developed as indicated above. Equivalent protein loading was determined by stripping and reprobing the membrane with anti-actin antibody. 

Statistical analysis

All experimental data are presented as the mean ± S.E. One-way ANOVA (acute and subchronic PCP treatment) with Student-Newman-Keuls post hoc test, or two-way ANOVA (subchronic-adolescence PCP challenge) was used to determine differences among more than two groups. Differences were considered significant when p<0.05.

Results

Differential effects of acute and subchronic PCP treatment on the PI-3K/Akt and ERK pathway in the cortex

Frontal cortex (Fig. 4.1): Acute PCP injection caused significant decrease (about 60%) in the phosphorylation of ERK1/2 in the frontal cortex that was observed at 2 h and lasted until the end of experiment (8 h).  The phosphorylation of Akt at serine 473 was decreased at 2 h and recovered at 8 h after PCP injection. The phosphorylation of GSK-3β at serine 9 was decreased at 4 h after PCP injection, and was still significantly lower than control at 8 h after the drug treatment. Total ERK, AKT, and GSK-3β in the cortex was not altered by PCP at any time point sampled. 

A significant decrease in the phosphorylation of ERK1/2 was still observed in the cortex on PN 11 after the last dose of repeated PCP injection on PN 7, 9, and 11. However, in this regimen, ERK1/2 phosphorylation recovered at 8 h after the last dose of PCP. Subchronic PCP injection also inhibited Akt activity, although this inhibition was only about twenty percent. Unlike the acute treatment, subchronic PCP injection did not alter the phosphorylation of GSK-3β at any time point in this study. 

No changes in total ERK, AKT, or GSK-3β levels in the frontal cortex were observed after either acute or subchronic PCP treatment. 

Striatum (Fig. 4.2): The response of the signaling pathways to acute PCP injection in the striatum was very similar to that observed in the cortex. PCP caused a significant decrease in the phosphorylation of ERK1/2, Akt-ser 473 and GSK-3-ser-9 from 2 h after treatment to the end of experiment (8 h). 

Subchronic PCP also resulted in an obvious decrease of phosphorylation of ERK1/2 in the striatum, which is significantly lower than normal level at 0.5, 2, 4 h but returned back to control level at 8 h after the last dose of PCP. Subchronic PCP treatment did not alter phospho-Akt or phospho-GSK-3β levels. As in the frontal cortex, no changes in total ERK, AKT or GSK-3β levels were observed after either acute PCP or subchronic PCP treatment in the striatum. 

Hippocampus (Fig. 4.3): Similar to that observed in the cortex and striatum, PCP caused a significant and long-lasting inhibition in ERK activity in the hippocampus, as indicated by the dephosphorylation of ERK1/2 observed at 2 h and lasting to 8 h. Phosphorylation level of Akt was decreased about twenty percent 2 h after acute PCP injection. Decreased of phosphorylation of GSK-3β was not obvious until 4 h after PCP injection, though it lasted at least to 8 h. 


Dephosphorylation of ERK1/2 caused by the subchronic PCP regimen appeared at 0.5 h but lasted for a shorter period (from 0.5 to 2 h) in the hippocampus, compared to that caused by acute PCP injection.  Subchronic PCP treatment did not cause any changes to either phospho-Akt or phospho-GSK-3β in the hippocampus. Again, as observed in the frontal cortex and striatum, no changes of total ERK, AKT, and GSK-3β levels were observed after acute PCP and subchronic PCP treatment in the hippocampus. 

Effect of neonatal PCP treatment on the activity of the PI-3K/Akt and ERK pathways in the frontal cortex upon PCP challenge in adolescence (Fig. 4.4)
No difference in the basal phospho-ERK level was found between adolescent rats that received either saline or PCP during neonatal development. However, the two groups of animals responded differently to PCP challenge at PN 35. In rats that received saline injection on PN7, 9, 11, PCP challenge (4 mg/kg) caused an apparent short-lived ERK dephosphorylation at 30 min (which returned to normal at 4 h). However, in rats that received PCP injection (10 mg/kg) on PN7, 9, 11, no statistically significant decrease of phosphor-ERK1/2 was detected after PCP challenge.

A higher basal phospho-Akt level was found in the brains of rats that received PCP insult on PN 7, 9, 11, compared to that in the brains of rats that received saline injections instead. PCP challenge caused a robust increase in the phosphorylation of Akt at 4 h in saline treated rats, whereas no alteration was observed in PCP-treated rats after PCP challenge. 

No difference in the basal phospho-GSK-3β level was found in adolescence between rats that received saline and those that received PCP during neonatal development. Agrees with the change of phospho-Akt, PCP challenge caused a robust increase of phosphorylation of GSK-3β at 4 h in saline treated rats, whereas no change was observed in PCP-treated rats. 

Discussion

Previous research found that acute PCP exposure on PN 7 caused cell death in cortex, striatum, and hippocampus, whereas only the cortex showed pronounced cell death after subchronic PCP exposure on PN 7, 9, 11, respectively (Wang and Johnson, 2005). Similar to this pattern, we found in the present study that while acute PCP inhibited both the PI-3K/Akt and ERK pathways in the above three brain regions, following subchronic PCP administration, inhibition of the PI-3K/Akt pathway was unique to the cortex. That is, although subchronic PCP treatment resulted in an inhibition of the ERK pathway in all three brain regions, only the Akt pathway was significantly affected in the cortex. GSK-3β activity was not altered in any of the brain regions after exposure to subchronic PCP. The similarity in the age and brain region patterns between cell death and signaling changes caused by acute and subchronic PCP treatment paradigm strongly suggest that inhibition of the PI-3K/Akt and ERK pathways are the cellular basis for PCP-induced neuronal death in developing brains.  It should be pointed out that although neuronal death still occurred in the cortex after subchronic PCP treatment, no activation of the pro-apoptotic factor, GSK-3β, was detected. Instead, a slight inhibition (about 20%) of its up-stream effector, Akt, was found.  Akt prompts cell survival through phosphorylating, and therefore inhibiting, multiple pro-apoptotic molecules. It has been reported that Akt phosphorylates Bad and ultimately prevents cytochrome c release from the mitochondria (Datta et al., 1997; Kennedy et al., 1999). Akt also inhibits caspase-9 activity by phosphorylation of ser-196 (Cardone et al., 1998). In addition, Akt phosphorylates a member of the Forkhead family of transcription factors, FKHRL 1, resulting its association with protein 14-3-3 and retention in the cytoplasm, thereby preventing transcription of Fas ligands, which triggers apoptosis through the extrinsic pathway (Brunet et al., 1999). Since no changes in GSK-3β phosphorylation were apparent in the presence of Akt inhibition, we suspect that Akt may trigger apoptosis through other targets in the cortex after subchronic PCP exposure. 

In contrast to lack of cell death and alterations in Akt and GSK-3β phosphorylation status, subchronic PCP treatment still caused ERK inhibition in the striatum and hippocampus.  One significant difference between acute and subchronic exposure is the duration of ERK inhibition. That is, in the acute PCP regimen, inhibition of ERK lasted until the end of experiment (8 h) in all the three regions examined; on the other hand, in the subchronic PCP regimen, ERK phosphorylation recovered by 4 h in the hippocampus  and by 8 h in both the cortex and striatum. It might be that inhibition of the ERK pathway alone is insufficient to produce cell death. In fact, in contrast to inhibition of the PI-3K/Akt pathway, inhibition of ERK activation with PD98059 or U0126  did not affect neuronal viability (Han and Holtzman, 2000; Hetman et al., 1999; Rossler et al., 2004; Xia et al., 2008). It may be that ERK functions as a cellular self-defense mechanism in neurons that are activated by potential apoptotic stressors.  Another possibility is that a more prolonged ERK inhibition by PCP would be necessary to evoke apoptosis in the striatum and hippocampus.   


Subchronic PCP administration during neonatal development has been demonstrated to induce behavioral deficits in adolescence that mimic both negative and positive aspects of schizophrenia in humans, including hyperlocomotor activity and disrupted prepulse inhibition (Anastasio and Johnson, 2008; Beninger et al., 2002; Broberg et al., 2009). In this study, we found that subchronic PCP exposure during development also resulted in altered cellular responses in adolescence. The basal level of active Akt is significantly higher in the frontal cortex of rats that received subchronic PCP on PN 7, 9, 11, compared to that of the rats that received saline injection. In addition, the two groups of animals showed differential responses to PCP challenge.  Decreased ERK phosphorylation and increased Akt and GSK-3β phosphorylation was found in saline treated animals, while no alterations were observed in PCP-treated animals. These data imply that there is a correlation between the cellular changes and the behavioral changes caused by neonatal PCP exposure. Future experiments should determine whether antipsychotics, which blocked PCP-induced behavioral deficits (Anastasio and Johnson, 2008; Wang et al., 2001b), can also correct the differential responses of the PI-3K/Akt and ERK signaling transduction to PCP challenge. 

Another interesting phenomenon observed in this study is that RK1/2 activity is consistently inhibited, although to different extent and by different temporary pattern, by all the three PCP treatment paradigms, Akt and GSK-3β activity are differentially regulated. For example, acute PCP decreased both p-Akt and p-GSK-3β; subchronic PCP administration only reduced p-Akt level in the cortex; in adolescence rats, PCP increased both p-Akt and p-GSK-3β levels in the frontal cortex.  This finding is similar to that found with ethanol, a drug that has also been shown to inhibit NMDA channel function. Chandler and Sutton (2002) reported that acute ethanol injection on PN 5 decreased the activity of ERK, Akt, and GSK-3β in the cortex, while only active ERK showed a decrease following ethanol injection on PN21. Ahn et al found that acute MK-801 decreased ERK phosphorylation (Ahn et al., 2006), but increased Akt and GSK-3β phosphorylation in the frontal cortex in adult rats (Ahn et al., 2005). These observations suggest that Akt and ERK activation are differentially regulated by NMDAR and the dissociated regulation of Akt and ERK by NMDAR blocker PCP contradicts findings from other laboratories showing that the PI-3K/Akt and ERK pathways are both coupled to NMDAR (Chandler et al., 2001; Sutton and Chandler, 2002). Furthermore, it has been shown that NMDAR activation may lead to activation of the two pathways through a common upstream target that bifurcates to ERK and Akt at the level of Ras (Chandler et al., 2001; Sutton and Chandler, 2002). The discrepancy between this theory and the observation in the present study may suggest a developmental uncoupling of Akt from NMDAR, or developmental alternation of p-Akt regulation by NMDAR activation. 

Finally, in neuronal cultures that were prepared from neonates or fetal tissue, NMDAR antagonists have been shown to reduce phosphorylation of ERK, Akt and GSK-3β to a significant extent and for a long time period (Hansen et al., 2004; Lei et al., 2008; Sutton and Chandler, 2002; Xia et al., 2008). In this study, we demonstrated that acute PCP exposure on PN 7 in vivo caused a long-lasting decrease in ERK, Akt and GSK-3β phosphorylation status. However, in mature brains, acute PCP injection caused a short lasting, moderate decrease of about twenty percent in ERK phosphorylation, but an increase in Akt and GSK-3β phosphorylation in the frontal cortex. These data suggest that the properties of neuronal culture from young animals are much more comparable to neurons in developing brains in vivo. 

In summary, this study found that acute and subchronic PCP administration to neonatal rats caused changes of the PI-3K/Akt and ERK pathways in a pattern dependent on age- and brain region that is similar to the pattern underlying neuronal death. In addition, subchronic PCP administration during neonatal development leads to differential responses of the PI-3K/Akt and ERK to PCP challenge in adolescence. This study provides support for a correlation between cellular signaling pathways and cell death caused by PCP as well as a neurochemical basis for the behavioral deficits observed in adolescence following the insult of neonatal PCP treatment. 
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Figure 4.1. Differential effect of acute and subchronic PCP administration on the activity of the PI-3K/Akt and ERK pathways in the cortex of developing brains. PCP (10 mg/kg, s.c) was injected on postnatal day (PN) 7 (acute) or on PN 7, 9, 11 (subchronic). Samples were collected at indicated times after the last dose. A&C: Representative western blots showing the temporary effects of acute (A) or subchronic (C) PCP administration on p-Erk1/2, p-Akt and p-GSK-3β from 0 hrs (control) to 8 hrs.  B&D: Quantitative analysis of the Western blot band intensity of p-Erk1/2, p-Akt and p-GSK-3β after acute (B) and subchronic (D) PCP administration. Non-treated animals were used as controls and expressed as PCP (0 h) in the figure. *: p<0.05, vs control. N=7. One-way ANOVA followed by All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method).  
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Figure 4.2. Differential effect of acute and subchronic PCP administration on the activity of the PI-3K/Akt and ERK pathways in the striatum of developing brains. PCP (10 mg/kg, s.c) was injected on postnatal day (PN) 7 (acute) or on PN 7, 9, 11 (subchronic). Samples were collected at indicated times after the last dose. A&C: Representative western blots showing the temporary effects of acute (A) or subchronic (C) PCP administration on p-Erk1/2, p-Akt and p-GSK-3β from 0 hrs (control) to 8 hrs.  B&D: Quantitative analysis of the Western blot band intensity of p-Erk1/2, p-Akt and p-GSK-3β after acute (B) and subchronic (D) PCP administration. Non-treated animals were used as controls and expressed as PCP (0 h) in the figure. *: p<0.05, vs control. N=7. One-way ANOVA followed by All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method).  
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Figure 4.3. Differential effect of acute and subchronic PCP administration on the activity of the PI-3K/Akt and ERK pathways in the hippocampus of developing brains. PCP (10 mg/kg, s.c) was injected on postnatal day (PN) 7 (acute) or on PN 7, 9, 11 (subchronic). Samples were collected at indicated times after the last dose. A&C: Representative western blots showing the temporary effects of acute (A) or subchronic (C) PCP administration on p-Erk1/2, p-Akt and p-GSK-3β from 0 hrs (control) to 8 hrs.  B&D: Quantitative analysis of the Western blot band intensity of p-Erk1/2, p-Akt and p-GSK-3β after acute (B) and subchronic (D) PCP administration. Non-treated animals were used as controls and expressed as PCP (0 h) in the figure. *: p<0.05, vs control. N=7. One-way ANOVA followed by All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method).  
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Figure 4.4. Influence of neonatal subchronic PCP exposure during neonatal development on the activity of the PI-3K/Akt and ERK pathways upon PCP challenge on post natal day 35. Three doses of PCP (10 mg/kg, s.c) or equivalent volume of saline (10 ml/kg) was injected on post natal (PN) day 7, 9, 11, respectively and then withdrawn. On PN 35, the rats were administrated a challenge dose of PCP (4 mg/kg, s.c) and the frontal cortex was collected either 30 minute or 4 hours after challenge. Animals that received no PCP challenge served as controls and were expressed as Saline+PCP 0 h in the saline group and PCP+PCP 0h in the PCP group. N=5. A: *: P<0.05, Saline+PCP 0h vs Saline+PCP 30 min, non-pared t-test. B and C: *: P<0.05, vs Saline+PCP 0 h. Two-way ANOVA followed by All Pairwise Multiple Comparison Procedures (Student-Newman-Keuls Method).

Chapter 5

Conclusions and Future Directions
PCP treatment during neonatal development has been demonstrated as a useful model to study the pathophysiology of schizophrenia. It was found that a single dose of PCP administration to rodents during brain development (the first three weeks after birth in rodents) caused wide-spread neuronal death in brain regions that are also affected in schizophrenics, including the frontal cortex, hippocampus, and thalamus (Ikonomidou et al., 1999; Wang and Johnson, 2005). Particularly, acute PCP injection on PN 7 resulted in a selective loss of parvalbumin-containing GABAergic interneurons in the superficial layers (II–IV) of the primary somatosensory, motor and retrosplenial cortices in young adult rodents (PN 56) (Wang et al., 2008). Interestingly, decreased density of parvalbumin GABAergic interneurons has also been found in the superficial cortical layers (III and IV) of PFC of schizophrenics (Beasley and Reynolds, 1997; Lewis, 2000a). Moreover, increased muscarinic M1/4 receptor expression was found in the cortex of adolescent and adult rats that received neonatal PCP exposure on PN 7, 9, 11 (du Bois et al., 2009). Importantly, animals that received acute single PCP administration on PN 7 or subchronic PCP administration on PN 7, 9, 11 showed schizophrenia-like behavioral deficits in adolescence or adult, including disrupted PPI of acoustic startle, increased locomotor activity, cognition deficits and social behavior withdrawn (Anastasio and Johnson, 2008; Thomsen et al., 2009). Some of these deficits could be prevented by antipsychotics (Anastasio and Johnson, 2008; Broberg et al., 2009). These observations suggest that lesion of developing brain by PCP administration during brain development results in not only neuropathological, but also long-term behavioral deficits that resemble those of schizophrenia. In addition, these studies suggest a correlation between PCP-induced neuronal death during brain development and schizophrenia-like behavioral alteration in later life. Defining the mechanisms of apoptosis in neonatal brains and the long-term deficits in later life caused by NMDAR blockade during brain development may allow elucidation of the neuropathology of psychiatric diseases that involve a neurodevelopmental component, such as schizophrenia and help form appropriate strategies for selecting targets for treatment of these diseases. The current study was designed to investigate the role of the PI-3K/Akt and ERK pathways in PCP-induced neuronal death and behavioral deficits, using both in vitro and in vivo models.
Organotypic slice culture was used as the in vitro model in this study. This preparation is superior to dissociated neuronal culture in that it retains certain architectural feathers of the cortex and thus resembles living tissue in situ more closely (Vickers and Fisher, 2004). Using this preparation, we found that PCP caused time-dependent dephosphorylation of Akt-Ser473, GSK-3β-Ser9, and ERK1/2- Thr202/Tyr204, indicative of inhibition of the pro-survival PI-3K/Akt and ERK pathways that are coupled to the NMDAR. The well known GSK-3β inhibitor, lithium chloride prevented PCP-induced caspase-3 activation and DNA fragmentation in a concentration dependent manner. However, further study found that lithium not only blocked PCP-induced GSK-3 β activation, but also prevented the inhibitory effect of PCP on Akt and ERK. Moreover, blocking either the PI-3K/Akt or ERK pathways pharmacologically with the PI-3K inhibitor LY294002, Akt inhibitor triciribine, or ERK1/2 inhibitor PD98059, abolished the protective action of lithium. Furthermore, LY294002 specifically prevented lithium-evoked phosphorylation of Akt and GSK-3β, but not that of ERK1/2. Similarly, PD98059 selectively prevented lithium-evoked phosphorylation of ERK1/2, but not that of Akt or GSK-3β. The specific GSK-3β inhibitor, AR-A014418, also prevented PCP-induced apoptosis dose-dependently, but did not alter the inhibitory effect of PCP on Akt and ERK1/2. These data suggested that PCP may evoke neuronal apoptosis by inhibiting the PI-3K/Akt and ERK prosurvival pathways. Lithium blocks PCP-induced apoptosis via stimulating activation of the PI-3K/Akt and ERK pathways in parallel and consequent inhibition of GSK-3β. These data also suggested that the GSK-3β might be a downstream target for the PI-3K/Akt and ERK1/2 pathways. 

To further investigate the role of the PI-3K/Akt and ERK1/2 pathways, brain-derived neurotrophic factor (BDNF) was used. BDNF is known to prompt activation of the PI-3K/Akt and ERK1/2 pathways and has been demonstrated to be neuroprotective under various conditions. Similar to the results obtained with lithium, activation of the PI-3K/Akt and ERK1/2 pathways are both necessary for the protective effect of BDNF and the two pathways are activateD by BDNF in parallel. In addition, this study found that although ERK inhibitor PD98059 did not alter the action of BDNF on Akt or GSK-3β, concurrent application of PD98059 and LY294002 caused much greater inhibition of BDNF-evoked phosphorylation of GSK-3β at Ser9 than did LY294002 alone. This data provided support for our above speculation that GSK-3 β might be the common effector that is downstream to both the PI-3K/Akt and ERK1/2 pathways. Finally, BDNF or GSK-3β inhibitor prevented PCP-induced suppression of cyclic-AMP response element binding protein (CREB) phosphorylation at serine 133. 

In vivo, we examined changes of the PI-3K/Akt and ERK signaling transduction in several brain areas following acute single dose of PCP administration on PN7 or subchronic administration of 3 doses of PCP on PN 7, 9, and 11. Consistent with those observed in organotypic slice culture, we found that acute PCP treatment caused remarkable and long-lasting decrease of phosphorylation of Akt, GSK-3β, and ERK1/2 in the frontal cortex, striatum, and hippocampus. Although subchronic PCP administration also inhibited the ERK pathway in all three regions, the duration is much shorter than that observed after acute PCP injection.  Akt activity was inhibited only in the cortex, but not the striatum or hippocampus. GSK-3β activity was altered in none of the brain regions after exposure to subchronic PCP. We also examined the response of these signaling pathways in the frontal cortex to a PCP challenge (4 mg/kg) in adolescent rats (PN 35) that received saline or PCP treatment on PN 7, 9, 11. No differences in the basal levels of either p-ERK or p-GSK-3β were found between saline and PCP groups, but basal p-Akt level was increased by neonatal PCP treatment. PCP challenge on PN35 caused a decrease of p-ERK, and an increase of p-Akt and p-GSK-3 β in the saline group, but no alteration in the PCP group. 
This is the first study to investigate the role of the PI-3K/Akt and ERK pathways simultaneously as well as the interaction between the two pathways in PCP-induced neurotoxicity in developing brains as well as of the protection of lithium and BDNF. This study provided strong evidence that PCP causes neuronal death during brain development via inhibition of the PI-3K/Akt and ERK pathways and the protection of lithium and BDNF against this kind of neuronal death is mediated by stimulation of the two pathways in parallel. In addition, this study also proposed that the behavioral deficits observed in later life following PCP treatment during neonatal development may involve dysregulation of the PI-3K/Akt and ERK pathways. 
The current research also reveals several obvious future studies. First, the western blot analysis result indicates that the ERK pathway may act cooperatively with the PI-3K/Akt to regulate the activity of GSK-3β through serine 9 phosphorylation-independent mechanism(s). However, further studies are required to firmly establish this possibility. It would be more convincing if the effect of the ERK inhibitors on the activity of GSK-3β could be tested directly using an enzyme assay. Moreover, it would be valuable to identify the mechanism of ERK regulation of GSK-3β. Although GSK-3β has been shown consistently as a downstream effector to the PI-3K/Akt pathways in the nerves system, regulation of GSK-3β activity by ERK was documented. It has been reported that ERK activation protects cortical neurons from GSK-3β activation-induced apoptosis through an unknown mechanism that is independent of serine 9 phosphorylation (Habas et al., 2006; Hetman et al., 2002). Recently, in the HepG2 cell line, ERK was found to phosphorylate GSK-3β at the threonine 43 residue, which in turn facilitated its consequent phosphorylation by other kinases at serine 9 (Ding et al., 2005). Though it is still speculative that ERK could also phosphorylate GSK-3β at threonine 43 in the brain, starting with this site should be a good choice. It also could be that ERK regulates GSK-3β activity via some intermediator. To identify the precise mechanism(s) would provide insight into the signaling complexes that are involved in a number of CNS diseases and in the protection by drugs.  
Moreover, the downstream targets of the PI-3K/Akt and ERK pathways and GSK-3β need to be determined. Both of the PI-3K/Akt and ERK have been shown to exert protection through transcription-dependent and –independent mechanism (Bonni et al., 1999; Brunet et al., 2001). In the current study, we reported that PCP decreased protein expression of the phosphorylated/active form of CREB, while BDNF and GSK-3β inhibitor increased it, indicating the transcription mechanism is involved. Future study for a role of the non-transcription factors, such as Bad, Bax, Bcl-2 in the protection of lithium and BDNF in PCP-induced neuronal death would help to reveal more targets in the treatment of psychiatric disorders.   
Finally, it has been suggested that there is a causal relationship between neuronal death occurring during brain development and the behavioral deficits in later life (du Bois and Huang, 2007). The current study suggests that dysregulation of the PI-3K/Akt and ERK pathway might be the neurochemical basis for neuronal death as well as schizophrenia-like behavioral outcomes caused by PCP treatment during neonatal development. To establish this possibility, it would be highly supportive to examine the effect of drugs that possess similar protective mechanisms as lithium and BDNF on PCP-induced cell death during neonatal development as well as the schizophrenia-like behavioral alterations in later life.  
Although we have demonstrated the protective effect of lithium chloride and BDNF against PCP-induced cell death in vitro, the test of lithium protection in vivo was not successful. The preliminary experiment showed that systemic administration of lithium to pups at the dosage of 5 mEq/kg was toxic, while 1 mEq/kg was not effective. As it is known, lithium has very narrow therapeutic index. The EC50 of lithium to prevent PCP-induced caspase-3 activation in cultured organotypic brain slices is about 2 mM (Xia et al., 2008), while the desired serum concentration of lithium is about 0.6 to 1.5 mEq/L (Amdisen, 1980). On the other hand, BDNF is a large molecular that can’t penetrate the blood-brain barrier easily and not suitable for systemic administration. As a result, a drug that has similar neuroprotective properties as lithium or BDNF and is suitable for systemic administration could be beneficial. There are several candidates for this purpose. 

This first one is estrogen. Estrogen has been shown to play a protective role in schizophrenia (Rao and Kolsch, 2003) as well as other neurodegenerative disorders such as Alzheimer’s (AD) and Parkinson’s (PD) diseases (Bourque et al., 2009; Pike et al., 2009). Furthermore, studies found that the neuroprotection by estrogen are mediated through activating the PI-3K/Akt and MEK/ERK pathways (Lebesgue et al., 2009; Quesada et al., 2008). We hypothesize that estrogen would prevent PCP-induced neuronal death in developing brains. Olanzapine, an atypical antipsychotic, could be another candidate. Olanzapine has been successfully used in clinic for treatment of schizophrenia for years. Recently, it has been shown to prevent PC12 cell death induced by serum withdrawn and to stimulate the PI-3K/Akt and ERK pathways (Bai et al., 2002; Lu et al., 2004). The nicotinic receptor agonist might also be a promising candidate. Brain nAChRs have been reported to be involved in neurodegeneration and neuroprotection, both in vivo and in vitro. Studies in vitro showed that nicotine inhibited NMDAR mediated neurotoxicity in cortical neuron culture via α7 nAChR(Akaike et al., 1994). In addition, stimulation of α4β2 nAChR blocked beta-amyloid induced cell death in rat cortical neurons (Kihara et al., 1997; Kihara et al., 1998). In vivo, nicotine and the α7 nAChR agonist, GST-21, prevented glutamate neurotoxicity and focal ischemia (Shimohama et al., 1998). The mechanisms underlying the protection of nAchRs agonists includes increasing production of neurotrophic factors, such as BDNF (Maggio et al., 1998), inhibiting cytochrome c release (Li et al., 2002), activating the survival-prompting PI-3K/Akt pathway (Kihara et al., 2001), and inhibiting NO-formation (Shimohama et al., 1996). Recently, it was found that the α7 nAChR agonist SSR180711 prevented impaired Y-maze performance produced by neonatal administration of PCP on PN 7, 9, 11 (Thomsen et al., 2009). 

In the future, we would like to test the protective effects of the above mentioned drug candidates (estrogen, atypical antipsychotics, and nAChR agonists) on PCP-induced neuronal apoptosis in organotypic cultures first and then in vivo. Their acute effect on the activity of the PI-3K/Akt and ERK pathways in the developing brain will also be examined. To investigate the relationship between cell death during brain development and behavioral deficits in adolescence or adult, the effect of these drug candidates on the development of schizophrenia-like behaviors will be also tested in adolescence, using behavioral models that mimic the positive, negative and cognitive deficits in schizophrenics, including locomotor activity, PPI of acoustic startle, and social behaviors. 
The PI-3K/Akt and ERK pathways have also been linked to the actions of antipsychotics. Antipsychotics are the most common treatment for schizophrenia. Currently, the antipsychotics are divided into two classes: the typical and atypical antipsychotics (Bishara and Taylor, 2008). The typical antipsychotic, such as haloperidol, improves effectively the positive symptoms of schizophrenia; however, this class of drugs offer little effect on the negative and cognitive symptoms and elicit extrapyramidal side effects (Bjorndal et al., 1980). The atypical antipsychotics, such as clozapine, have been shown being beneficial for negative symptoms and cognitive function and cause no extrapyramidal side effects (Brar et al., 1997; McGurk, 1999). Another distinct difference between the two classes of antipsychotics is that typical antipsychotics bind to the dopamine D2 receptors with high affinity as and antagonist, while the atypicals possesses strong 5-HT2 antagonistic and weak D2 antagonistic properties (Bishara and Taylor, 2008; Kuroki et al., 2008). Recent research found that the two classes of antipsychotics also showed distinct regulation of the signaling pathways in the brain. In mouse, it has been shown that haloperidol increased while clozapine decreased ERK activation in dorsal striatum area (Pozzi et al., 2003); whereas the opposite regulation was observed in rat frontal cortex (Ahmed et al., 2008).  Moreover, inhibition of ERK activation evoked by clozapine attenuated clozapine suppression of conditioned avoidance response in rats, a test for antipsychotic efficacy (Arnt, 1982; Browning et al., 2005).   In mouse, clozapine corrected methamphetamine-induced cognitive deficits, probably through restoring ERK phosphorylation in the frontal cortex, that which haloperidol did not (Kamei et al., 2006). Haloperidol and clozapine have also been shown to regulate GSK-3 activity in rat prefrontal cortex through different mechanisms (Roh et al., 2007).  Our laboratory has demonstrated the differential efficacy of antipsychotics to ameliorate behavioral deficits induced by PCP treatment during neonatal development (Anastasio and Johnson, 2008; Wang et al., 2001b). In the current study, we found that PCP insult during neonatal development resulted in differential responses of the PI-3K/Akt and ERK pathways upon PCP challenge in adolescence. Moreover, the basal level of active form of Akt is significantly higher in rats that received PCP administration during neonatal development than that received saline administration. These observations suggest the typical and atypical antipsychotics may regulate the PI-3K/Akt and ERK pathways differentially that are affected by PCP administration during neonatal development. To characterize the action of the typical and atypical antipsychotics on the PI-3K/Akt and ERK pathways in adolescent rats that received saline or PCP treatment would help to elucidate the contribution of these signaling pathways to psychiatric disorders that involve a developmental component and to the action of the antipsychotics. Hopefully, these researches could contribute to more effective but less toxic drug therapy for treatment of schizophrenia. 
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