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Abstract

We examined the role of the mechanistic target of rapamycin (mTOR) pathway in delayed 

diazoxide (DZ)-induced preconditioning of cultured rat primary cortical neurons. Neurons were 

treated for three days with 500 μM DZ or feeding medium and then exposed to three hours of 

continuous normoxia in DMEM with glucose or with three hours of oxygen-glucose deprivation 

(OGD) followed by normoxia and feeding medium. The OGD decreased viability by 50 percent, 

depolarized mitochondria and reduced mitochondrial respiration, whereas DZ treatment improved 

viability and mitochondrial respiration, and suppressed reactive oxygen species production, but did 

not restore mitochondrial membrane potential after OGD. Neuroprotection by DZ was associated 

with increased phosphorylation of protein kinase B (Akt), mTOR, and the major mTOR 

downstream substrate, S6 Kinase (S6K). The mTOR inhibitors rapamycin and Torin-1, as well as 

S6K-targeted siRNA abolished the protective effects of DZ. The effects of DZ on mitochondrial 

membrane potential and reactive oxygen species production were not affected by rapamycin. 

Preconditioning with DZ also changed mitochondrial and non-mitochondrial oxygen consumption 

rates. We conclude that in addition to reducing ROS production and mitochondrial membrane 

depolarization, DZ protects against OGD by activation of the Akt-mTOR-S6K pathway and by 

changes in mitochondrial respiration.
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Introduction

Ischemic stroke is a leading cause of morbidity and mortality. Currently, the only Food and 

Drug Administration-approved treatment for ischemic stroke is the use of tissue 

plasminogen activator (tPA) (Hacke et al. 2008). However, tPA therapy is beneficial only 

when given within a three-hour window after the onset of a stroke and is associated with risk 

of hemorrhagic stroke when administered to older patients (Floris et al. 2014). Recent 

studies have indicated that tPA administration given beyond the traditional three-hour 

window still has beneficial effects (Ahmed et al. 2010; Elijovich and Chong 2010; Hacke et 
al. 2004; Wahlgren et al. 2008), but the delay induced by missing the three-hour window 

increases the risk of neuronal injury. The time limitations for initiation of tPA, the increased 

chance of neuronal damage with delayed treatment, and the risk of administration to an older 

patient population illustrate the urgent need for new therapies.

Elucidating protective neural mechanisms may offer insights for developing novel 

treatments, used singly or in conjunction with tPA that may be effective for high-risk stroke 

patients. Preconditioning protects cells, and can be induced by the transient exposure of cells 

to a sub-lethal stimulus or pharmacological agents before a subsequent, potentially lethal 

stimulus (Busija et al. 2008). There are many preconditioning approaches. One proven 

approach is the opening of mitochondrial ATP-sensitive potassium channels (mitoKATP) 

with selective pharmacological agents (Busija and Katakam 2014).

Our laboratory has shown that opening mitoKATP channels pharmacologically with drugs 

such as diazoxide (DZ) (Domoki et al. 2005; Kis et al. 2003b; Kis et al. 2004; Lenzser et al. 
2005; Mayanagi et al. 2007a; Nagy et al. 2004; Rajapakse et al. 2003; Shimizu et al. 2002) 

and BMS-191095 (Busija et al. 2005; Gaspar et al. 2008b; Kis et al. 2004; Mayanagi et al. 
2007b) can protect the brain and cerebral vasculature against ischemic damage (Domoki et 
al. 1999; Kis et al. 2003b). However, mechanisms of protection are not completely 

understood and additional information is necessary to exploit this potential therapy.

The mTOR pathway has recently emerged as a master regulator of cell metabolism, 

autophagy, and mitochondrial metabolism (Laplante and Sabatini 2012). Most investigators 

have shown that mTOR activation is important for cell survival during ischemia (Chen et al. 
2012; Mao et al. 2013; Wang et al. 2012; Xie et al. 2013), but the involvement of the mTOR 

pathway in neuronal preconditioning by DZ is unclear. Activation of S6K, a downstream 

target of mTOR, is known to increase cell survival by upregulating Blastomyces adhesin 1, 

mouse double minute 2 homolog, protein kinase C, and phosphorylates translational factors 

such as eukaryotic translation initiation factor 4B, eukaryotic elongation factor 2-kinase, and 

ribosomal protein S6 which cause de novo protein synthesis (Fenton and Gout 2011).

We hypothesized that DZ-induced preconditioning results from activation of the mTOR 

pathway. We exposed primary rat neuronal cell cultures to an in vitro model of stroke: 

transient oxygen-glucose deprivation (OGD). Pharmacological inhibitors of mTOR as well 

as siRNA-targeting S6K were used to determine the mechanisms of DZ-induced 

preconditioning. We also addressed the effects of DZ-induced preconditioning on 
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mitochondrial membrane potential, reactive oxygen species (ROS) production, and 

mitochondrial oxygen consumption rate (OCR).

Methods

Animals

Thirty, pregnant, E-18, Sprague Dawley rats and their embryos (average of 10 per dam) were 

obtained from Harlan (Indianapolis, IN). Their use for these studies was approved by the 

Tulane University School of Medicine Animal Care and Ethics Committee. Animals were 

given access to food and water ad libitum.

Rat Primary Cortical Neuronal Cell Culture

Rats were deeply anesthetized with isoflurane and decapitated. Primary rat cortical neurons 

were isolated from E-18 rat fetuses as described previously (Deadwyler et al. 1993; Kis et al. 
2003b). After digestion and trituration, isolated cells were plated onto poly-D-lysine coated 

plates or dishes in a plating medium consisting of 60% DMEM, 20% F-12 HAM, 20% horse 

serum, and L-glutamine (0.5 mM). Cultures were maintained in a humidified 5% CO2 

incubator. After cell attachment, the plating medium was replaced with Neurobasal medium 

supplemented with B27 (2%), L-glutamine (0.5 mM), 2-mercaptoethanol (55 μM), and KCl 

(25 mM). Positive immunostaining for microtubule-associated protein-2 and negative 

immunostaining for glial fibrillary acidic protein verified that the cultures consisted of more 

than 99% neurons.

Materials

Diazoxide (500 μM, Sigma Aldrich, St Louis, MO, USA) was used to induce 

preconditioning, as described previously (Kis et al. 2003b). Rapamycin (R, 400 nM, Sigma 

Aldrich) and Torin-1 (2 nM, Tocris Biosciences, Bristol, United Kingdom) were used to 

inhibit the mTOR pathway. Diazoxide was dissolved in 0.1M NaOH and the other drugs 

were dissolved in dimethyl sulfoxide (DMSO). Vehicle controls were performed for each 

type of experiment. S6K targeted siRNA was purchased from Invitrogen (Grand Island, NY, 

USA) and dissolved in RNAse free water. For mitochondrial respiration measurements, 2 

μM oligomycin (ATP synthase inhibitor, Seahorse Biosciences, Billerica, MA, USA), 3.5 

μM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, an ionophore, Seahorse 

Biosciences), 1.5 μM antimycin (complex III inhibitor, Seahorse Biosciences), and 1.5 μM 

rotenone (a complex I inhibitor, Seahorse Biosciences) were all dissolved in DMSO.

Experimental Design

Protocols are presented in Figure 1A. Primary cortical neurons were cultured for 7 days in 
vitro (DIV). On the 7th day, cells were treated with (1) DZ, (2) R, (3) DZ+R, (4) DZ

+Torin-1, or (5) DZ+S6K-targeted siRNA (DZ+S6K siRNA) for 3 consecutive days. The 

S6K-targeted siRNA was added for 4 h before treating with DZ. On DIV 10, neurons were 

either subjected to OGD or maintained at normoxia, as described below. Mitochondrial 

membrane potential and ROS measurements were conducted immediately after OGD. 

Lysates were collected after 2 h of reoxygenation for Western blotting and viability assays 

and mitochondrial respiration assays were performed 24 h after reoxygenation.
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To document the effectiveness of DZ, we demonstrated that acute application of DZ to 

cultured neurons depolarized mitochondria (Fig. 1B) and increased ROS production (Fig. 

1C), as previously described (Busija et al. 2004; Kis et al. 2003b; Lenzser et al. 2005; 

Mayanagi et al. 2007a; Rajapakse et al. 2002).

Oxygen Glucose Deprivation

Briefly, 96-well cell culture plates and dishes were rinsed with PBS and the culture medium 

was replaced with glucose-free DMEM (Wappler et al. 2013). Cultured neurons were placed 

in a Shel Lab Bactron Anaerobic Chamber (Sheldon Manufacturing, Cornelius, OR, USA) 

containing anaerobic mixed gas (AMG; 5% CO2 - 5% H2 - 90% N2) at 37°C for 3 h. The 

5% H2 in the AMG removed remaining traces of oxygen-forming water on a platinum 

catalyst. The oxygen level was continuously monitored with an infrared gas analyzer 

(Illinois Instruments, Ingleside, IL, USA) and maintained at <0.1% during the experiments. 

Control cell cultures were treated identically and incubated in glucose-containing DMEM 

(4.5 mg/ml) in a 5% CO2 cell culture incubator. OGD was terminated by removing the cell 

culture plates and dishes from the anoxic chamber and replacing the glucose-free DMEM 

with regular culture medium containing glucose. The cells were then maintained in a 5% 

CO2 incubator until determination of cell viability.

Quantification of cellular viability assay

Twenty-four hours after OGD, cell viability was assessed using the tetrazolium-based 

CellTiter 96 AQueous One Solution Assay (Promega, Madison, WI, USA). Twenty 

microliters of solution were added to the culture wells. Cultures were incubated for 1 h at 

37 °C followed by measurement of absorbance at λabs = 492 nm with a FLUOstar OPTIMA 

microplate reader (BMG Labtech GmbH, Offenburg, Germany). Results were compared 

with paired cultures exposed to the same neurotoxic stimulus on the same day and cell 

viability was expressed as the percentage of the corresponding control culture (untreated and 

not exposed to the lethal insult) using the following formula:

Mitochondrial respiration of neurons

Oxygen consumption rate was measured using a Seahorse XFe 24 analyzer (Fig. 2A), as 

described previously (Yao et al. 2011a; Yao et al. 2011b; Yao et al. 2013). Specially 

designed, poly-D-lysine coated 24-well plates were used to measure mitochondrial 

respiration in the cultured neurons. Fluorescent sensors measured the oxygen and proton 

fluxes present in the microchamber above the cells, which allowed calculation of the OCR. 

Neurons were washed twice with Assay Medium (Seahorse Biosciences) supplemented with 

5mM glucose (Sigma Aldrich) and 2mM pyruvate (Sigma Aldrich). Mitochondrial electron 

transport chain function was altered using serial injections of the drugs oligomycin, FCCP, 

and antimycin plus rotenone (Fig. 2A). Each assay was normalized to and expressed as a 

percentage of the baseline value.
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Western blots

Proteins were harvested by scraping neurons from the dishes in ice-cold NP40 lysis buffer 

(Invitrogen, Grand Island, NY, USA) supplemented with proteinase and phosphatase 

inhibitors and then homogenized and stored for protein estimation (Sigma Aldrich) (each 5 

μl/mL). Cell lysates were resolved using standard denaturing conditions: cells were 

homogenized and equal amounts of protein (30 μg) from the whole cell lysates were 

incubated with sodium dodecyl sulfate (SDS)/β-mercaptoethanol sample buffer at 100°C for 

5 min. Protein samples were separated by electrophoresis on a 4–20% SDS-PAGE gradient 

gel and proteins were transferred onto a nitrocellulose membrane and incubated in a Tris- 

buffered saline containing 0.1% Tween 20 with 5% Bovine Serum Albumin blocking 

solution for 1 h at room temperature followed by incubation with primary antibodies 

overnight at 4°C in the blocking solution. The membranes were washed three times in 

Tween 20 and incubated for 1 h in the blocking buffer with goat anti-rabbit IgG (1:5000, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) or goat anti-mouse IgG (1:5000, Santa 

Cruz) conjugated to horseradish peroxidase.

Protein levels were determined using the following primary antibodies: phosphorylated 

Akt Ser473 (p-AktSer473, 60 KDa, Cell Signaling, Danvers, MA), total Akt (60 KDa, Cell 

Signaling), phosphorylated mTOR Ser2448 (p-mTOR Ser2448, 298 KDa, Cell Signaling), total 

mTOR (289 KDa, Cell Signaling), phosphorylated S6K Thr389 (p-S6K Thr389, 70 and 85 

KDa, Cell Signaling), and total S6K (70 and 85 KDa, Cell Signaling). Chemiluminescence 

and autoradiography were used to visualize the final reaction of the primary antibodies and 

their respective horseradish peroxidase conjugated secondary antibody. β-actin was used as a 

house-keeping protein to ensure equal loading. Western blots for Akt and mTOR showed a 

single band at the appropriate molecular weight whereas two bands at appropriate molecular 

weights were present for S6K. We included both bands for S6K in our analyses.

For quantitative analysis, the immunobands were scanned and band intensities were 

quantified using Image J 1.3.1 software. Band intensities were normalized to β-actin 

(1:5000, Sigma Aldrich) and the control group’s normalized protein levels were considered 

as 100%.

siRNA transfection

Lipofectamine RNAiMax was used with silencer select siRNA targeting S6K (cat #4390771, 

ID: 29105) to transfect neurons on DIV 7. Cells were washed twice with Opti-MEM media. 

Lipofectamine RNAiMax and siRNA were dissolved in Opti-MEM. Recommended dilutions 

of the siRNA (25 – 50 pmol) and lipofectamine mixtures were incubated at room 

temperature for 5 min and then added to cultured neurons for 4 h before resuming 

pharmacological treatment with DZ. Lipofectamine RNAiMax with Opti-MEM was used as 

a vehicle control. The negative control (cat #4390843) was non-targeting siRNA with 

comparable chemical modifications as the S6K targeted siRNA. To confirm knock downs, 

we performed Western blots after 72 h of transfection on total Akt, mTOR, and S6K and 

conducted viability assays on normoxic neurons and 24 h after OG.

Dutta et al. Page 5

J Neurochem. Author manuscript; available in PMC 2017 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mitochondrial membrane potential (ΔΨm) (Rhodamine Assay)

The ΔΨm was analyzed using the Rhodamine 123, as previously described (Carvalho et al. 
2014). Neuronal cultures in 96-well plates were loaded in the dark with Rhodamine (0.025 

nM) in a 5% CO2 incubator (for cells maintained at normoxia) or in the OGD chamber (for 

cells undergoing OGD). After 45 min loading, the existing DMEM was replaced with 

phenol-free DMEM with glucose (normoxic control) or without glucose (OGD). Rhodamine 

fluorescence was measured with a FLUOstar OPTIMA microplate reader (λex = 505 nm). 

Data were expressed as a percentage of the intensity of the untreated control culture as 

follows:

Electron paramagnetic resonance (EPR)

For these experiments, neurons were cultured in 30 mm dishes and pre-treated with DZ, DZ

+R, or regular medium. For measurement of ROS, we used the spin probe 1-hydroxy-3-

methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH, Noxygen Science Transfer & 

Diagnostics, Elzach, Germany), as described previously (Katakam et al. 2014; Mrakic-

Sposta et al. 2012). A 10 mM CMH solution was prepared in Krebs-Hepes buffer (KHB) 

containing 25 μM deferoxamine methane-sulfonate salt (DF) chelating agent and 5 μM 

sodium diethyldithio-carbamate trihydrate (DETC) at pH 7.4. Dishes were washed with 

KHB containing DF and DETC and allowed to stabilize in the temperature and gas 

controller Bio III unit for 20 min and then CMH was added (200 μmol/L). After 15 min, 20 

μL of the supernatant was transferred into the EPR capillary tube (Noxygen Science Transfer 

& Diagnostics), and placed in an E-scan spectrometer (Bruker, Billerica, MA) for data 

acquisition. The reaction of the probe with the neuronal ROS generated a spectrum which 

was sequentially recorded for 5 min to calculate the ROS production rate. The EPR signal 

was proportional to the unpaired electron numbers and transformed into micromoles per min 

(μmol · min−1). Neuronal lysates were collected from each dish for protein analysis and 

normalization as described in the “Western blots” section.

Statistical Analysis

All data are expressed as mean ± standard error of the mean (mean ± SEM) and analyzed 

using ANOVA (for experiments using more than 2 groups) and the Tukey post hoc test or a 

t-test (for experiments using 2 groups). A p < 0.05 was considered statistically significant. 

Information concerning sample sizes is presented in the figure legends.

Results

Viability of neurons

There were no differences in OCR between DZ treated and control neurons under normoxic 

conditions without OGD. Oxygen consumption rate was consistently higher in DZ compared 

with untreated neurons 24 h after OGD (Fig. 2 B, C, D, E). After normalization of values for 

Dutta et al. Page 6

J Neurochem. Author manuscript; available in PMC 2017 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OCR to baseline values for DZ treated and control neurons, DZ-treated neurons subjected to 

OGD showed significantly elevated OCR 24 h post-OGD following oligomycin (Fig. 2C), 

FCCP (Fig. 2D), and antimycin/rotenone (Fig. 2E) when compared to untreated neurons 24 

h post-OGD.

Neurons showed significantly reduced viability 24 h after exposure to 3 h OGD when 

compared with untreated, normoxic cells (from 102.6±1.9% to 50.2 ± 2.2%, Fig. 3A).

Diazoxide treatment caused a significant increase in the viability of neurons 24 h after OGD 

(72.5% ± 4.1, p < 0.05, Fig. 3A). Mitochondrial membrane potential was significantly 

reduced by OGD (34.8% ± 4.2, p<0.05 Fig. 3B) when compared with normoxia. Diazoxide 

treatment reduced membrane potential significantly during normoxia (63.4% ± 3.9, p<0.05) 

and after OGD (10.3% ± 2.6, p < 0.05, Fig. 3B) and also reduced ROS production during 

normoxia (59.7% ± 9.9, p<0.05) and following OGD significantly (57.6% ± 4.9, p < 0.05, 

Fig. 3C).

Mechanisms of protection by DZ

Neither DZ nor DZ+R produced significant effects on baseline viability. Inhibition of the 

mTOR pathway with co-application of R abolished the protective effect of DZ on neuronal 

viability after OGD (Fig. 3A). However, co-application of R alone did not prevent 

mitochondrial depolarization or suppression of ROS production by DZ after OGD (Fig. 3B–

C). Application of Torin-1 alone in untreated, control neurons decreased viability to 75.3 

± 1.8% compared with neurons not receiving Torin-1 (data not shown). Following OGD, 

viability in DZ+Torin-1 treated neurons was reduced (40.7 ± 2.7%). Despite the fall in 

baseline viability with DZ + Torin-1, the percentage difference in viability following OGD 

(48%) was similar to that observed in untreated neurons (50%), and less than in neurons 

treated with DZ alone.

Oxygen-glucose deprivation decreased phosphorylation/total protein levels of Akt, mTOR, 

and S6K significantly in untreated neurons (Fig. 4A–C). Treatment of the neurons with DZ 

did not change phosphorylation of these proteins under control conditions, but increased 

phosphorylated/total levels of Akt (73.4% ± 7.5, p < 0.05), mTOR (171.9% ± 33.9, p < 

0.05), and S6K (290.5% ± 72.4, p < 0.05) after OGD significantly when compared with 

untreated neurons after OGD (Fig. 4A–C). Co-application of R with DZ blocked the 

increase in phosphorylation of Akt, mTOR, and S6K seen with DZ alone after OGD (Fig. 

4A–C).

The validity of the S6K targeted siRNA was measured using western blots 72 h after 

treatment. The S6K siRNA significantly reduced total levels of S6K but not the total levels 

of mTOR or Akt (Fig. 5 A). Additionally, the S6K-targeted siRNA reduced neuronal 

viability significantly at normoxia (Fig 5 B). S6K knock-down alone reduced neuronal 

viability at baseline (74.1% ± 4.2). Co-application of DZ with S6K siRNA showed a similar 

reduction at baseline (78.8% ± 7.3). After OGD, neurons with S6K knock down alone as 

well as with DZ+S6K siRNA treatment showed reduced viability (41.6 ± 4.1% and 38.5 

± 5.7%, respectively) (Fig. 6 A). When corrected for baseline effects, the difference in 

viability in DZ+S6K siRNA treated neurons was approximately 49% which was similar to 
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that observed in untreated neurons exposed to OGD as well as DZ+R neurons exposed to 

OGD (Fig. 3A). The siRNA transfection reduced phosphorylated/total S6K protein level to 

84.4 ± 2.5% of baseline during normoxia and co-treatment with DZ+S6K siRNA had a 

similar effect in reducing phosphorylated S6K (87.3 ± 13.9%) (data not shown). After OGD, 

phosphorylation of S6K in the knock down alone group was reduced to 49.5 ± 3.2% and was 

reduced to 52.8± 15.4% in the DZ+S6K siRNA group (Fig. 6 B).

Discussion

There are two significant findings from our study. First, we found that increased cell survival 

after OGD is associated with altered mitochondrial and non-mitochondrial oxygen 

consumption in DZ-preconditioned neurons. Second, we found that the mTOR pathway, 

culminating with S6K phosphorylation, plays an important role in mediating DZ-induced 

preconditioning. Although previous studies have suggested that mitochondrial depolarization 

and decreased ROS production are important mediators of DZ-induced preconditioning 

during OGD, our study indicates a more significant involvement of the Akt-mTOR-S6K 

pathway.

Although it is well-established that DZ protects mitochondrial integrity and calcium 

handling after anoxia (Busija and Katakam 2014), this is the first report showing elevated 

OCR in response to DZ treatment 24 h after an anoxic event, indicating a more robust 

electron transport chain function in preconditioned neurons and/or increased non-

mitochondrial oxygen consumption. During normoxia, vehicle and DZ treated neurons 

behaved similarly and showed the normal profile observed in most cell types after 

administration of oligomycin, FCCP, and antimycin/rotenone. Thus, in both groups during 

normoxia, oligomycin reduced OCR by more than 60%, FCCP increased OCR by more than 

60%, and antimycin/rotenone decreased OCR by 80%. Since OCR values were almost 

identical in the vehicle and DZ treated neurons during normoxia, despite a dramatically 

reduced mitochondrial membrane potential and ROS production in the DZ group, we 

concluded that membrane potential and ROS availability have minimal effects on OCR in 

healthy neurons. However, OGD changed the OCR profiles for both treatment groups. First, 

vehicle-treated neurons showed a 50% reduction in OCR following oligomycin whereas DZ-

treated neurons showed a smaller drop in OCR. Therefore, at baseline, ATP synthesis may 

be driven by oxidative phosphorylation, but after an ischemic insult there is an uncoupling 

effect which is more pronounced in the DZ preconditioned neurons. A similar uncoupling 

effect was reported previously by mitoKATP activation (Costa et al. 2006; Pamenter et al. 
2008). Second, adding FCCP, which allowed us to determine the maximal respiratory 

capacity, showed reductions in OCR for vehicle and DZ-treated neurons after OGD 

compared with normoxia. However, the reduction in OCR was less in the DZ-treated 

neurons, thereby indicating that OGD exhausts the maximal capacity of neurons and DZ 

treatment allows for a partial preservation of the maximal capacity. Third, antimycin/

rotenone administration reduced OCR less after OGD than in normoxic neurons, indicating 

increased involvement of non-mitochondrial mechanisms. Therefore, after OGD, neurons 

appear to consume more oxygen via non-mitochondrial enzymes, especially in DZ treated 

neurons.

Dutta et al. Page 8

J Neurochem. Author manuscript; available in PMC 2017 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We considered the involvement of oxygen consuming reactions such as those involving 

nitric oxide synthase (NOS), cyclooxygenase (COX), and heme-oxygenase (HO). 

Specifically, our lab has shown that the depolarization of mitoKATP channels using DZ leads 

to activation of the NOS pathway in cultured endothelial cells and cerebral blood vessels 

(Katakam et al. 2013; Rutkai et al. 2014). Additionally, Alcindor et al (2004) concluded that 

COX-2 mediates the protection imparted by DZ in pharmacological preconditioning in a 

canine model of myocardial infarction. Similarly, Zeng and colleagues (2012) found that DZ 

pre-treatment enhanced HO-1 expression which led to increased resistance to liver ischemia-

reperfusion injury in rodents. There is some literature suggesting cross-talk between 

mitochondria and NADPH oxidases (Bedard and Krause 2007; Dikalov 2011; Nazarewicz et 
al. 2013) and between vasorelaxant effects of DZ and cytochrome P450 (Oyekan et al. 
1994). Santos and colleagues (2002) showed that in the ischemic heart, DZ pre-treatment 

allowed more efficient energy transfer between mitochondrial and non-mitochondrial 

enzymes upon reperfusion. A reduction in oxygen consumption has also been shown in 

Alzheimer’s disease (Yao et al. 2011a), ischemia-reperfusion injury (Porter et al. 2014), and 

hypoxic insult of cardiomyocytes (Neary et al. 2014). Finally, Kelly et al. (2014) reported 

that the inhibition of the PI3K-mTOR pathway decreases OCR in several cancer cell lines, 

supporting our premise that this axis is important for DZ-induced preconditioning. Further 

studies are needed to confirm that mitochondrial respiration is enhanced and the mTOR 

pathway is activated in vivo by pre- and post-conditioning with DZ.

Increased viability of neurons by DZ treatment after OGD was associated with increased 

phosphorylation of Akt, mTOR, and S6K, which are essential components of the cellular 

protection pathway. Thus, DZ treatment resulted in increased levels of phosphorylation 

compared with vehicle treated neurons of Akt, mTOR, and S6K after OGD. Furthermore, by 

using two structurally and mechanistically distinct inhibitors of mTOR, R and Torin-1, 

which counteracted the effects of DZ treatment, we have provided pharmacological evidence 

that the mTOR-S6K signaling pathway is essential for DZ to exert its protective effects 

against the anoxic insult of neuronal cells. To supplement and verify our findings with 

pharmacological inhibitors, we used a siRNA approach designed to impair S6K. Similar to 

our pharmacological approaches, we found that siRNA against S6K prevented DZ from 

increasing neuronal viability as well as reduced S6K phosphorylation after OGD. Thus, our 

three lines of evidence using viability assays, protein expression, and siRNA knockdowns 

provide strong support for a critical role of the Akt-mTOR-S6K pathway in protecting 

neurons against anoxic stress in DZ treated neurons.

Activation of the mTOR pathway has been implicated in several disorders of the nervous 

system. Li and colleagues (Li et al. 2010b) showed that mTOR activation is involved in the 

beneficial effects of ketamine in the acute treatment of depression. In addition, Kumar et al. 
(2013) reported that mTOR activation promoted remyelination of nerves in a multiple 

sclerosis mouse model. Moreover, the mTOR complex and its main downstream kinase, 

S6K, are thought to be key players in the outcome of an ischemic insult to neurons and 

astrocytes as shown in both in vitro and in vivo models (Chen et al. 2012; Mao et al. 2013; 

Pastor et al. 2009; Shi et al. 2011; Wang et al. 2012; Xie et al. 2013). Our results are in 

agreement with several other studies which have demonstrated that neuroprotective 

mechanisms such as ischemic preconditioning (Kis et al. 2003a), and agents such as 
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phosphatase and tensin homolog deleted on chromosome 10 (PTEN) inhibitor BPV, 

melatonin, dehydroepiandrosterone, and atorvastatin can activate the mTOR pathway (Jin et 
al. 2012; Koh 2008; Li et al. 2010a; Mao et al. 2013). Significantly, previous studies in our 

laboratory showed that BMS-191095 (Gaspar et al. 2008b) and NS1619 (Gaspar et al. 
2008a), two distinct preconditioning agents, also activate the Akt pathway.

Acute treatment with DZ depolarized mitochondria and increased ROS production whereas 

chronic treatment with DZ maintained the depolarized state of mitochondria but reduced 

ROS production during normoxia and OGD conditions: results that concur with our previous 

findings. A new finding is that co-application of R with DZ in the preconditioning paradigm 

did not prevent mitochondrial depolarization or reduced ROS production while eliminating 

neuronal protection. Thus, inhibiting ROS production or maintaining depolarized membrane 

potentials at the onset of OGD probably are not sufficient alone to ensure neuronal survival. 

Activation of pro-survival signaling pathways, such as those involving Akt-mTOR-S6K, also 

appear to be required. Additionally, the fact that DZ-preconditioned neurons showed 

increased OCR but unchanged ROS production indicates more energy production vs. free-

radical generation.

In conclusion, our findings show that the change in mitochondrial respiration induced by 

DZ-induced preconditioning is an important component of neuronal survival after OGD and 

support the hypothesis that the mTOR pathway is activated after DZ-induced 

preconditioning (Fig. 7). Associated with changes in membrane potential and ROS 

production, our data suggest changes in electron transport chain activity and the Akt-mTOR-

S6K signaling cascade contributes to the increased survival of neurons with DZ 

preconditioning. The current therapeutic option, tPA, has limited use (Kirkman et al. 2014). 

Our studies in neurons using a DZ-preconditioning model against OGD suggest that the 

mTOR pathway and mitochondria are potential therapeutic targets for high-risk patients.
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Figure 1. 
(Panel A) Schematic illustration of experimental design for experiments conducted in 

cultured rat neurons. To validate acute effects of diazoxide (DZ), mitochondrial membrane 

potential (Panel B) and ROS production (Panel C) were measured in normoxic neurons 

after 15 min DZ application. As expected, DZ depolarized mitochondria and increased ROS 

production. n = 6 repetitions of both experiments from 3 independent cultures. 288 wells per 

treatment for mitochondrial membrane potential measurement and 6 dishes for each group 

measuring ROS. * = p < 0.05 vs. untreated neurons. Data are expressed as mean ± SEM.
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Figure 2. 
(Panel A) Schematic illustration showing protocol for measuring mitochondrial respiration 

in the form of OCR via serial injections of oligomycin, FCCP, and antimycin/rotenone in a 

Seahorse XFe 24 analyzer (adapted from http://www.seahorsebio.com). (Panel B): 
Representative tracings showing OCR in untreated (dark bars) and DZ-treated (open bars) 

neurons 24 h after OGD. DZ preconditioning significantly increased OCR when normalized 

for baseline in response to oligomycin (Panel C), FCCP (Panel D), and antimycin/rotenone 

(Panel E) injections 24 h after return to normoxia after OGD. The “control” designation 

refers to normoxic neurons not previously exposed to OGD. n = 4 repetitions of the 

experiment from 4 independent cultures, 80 wells per treatment. # = p < 0.05 vs. untreated 

OGD neurons. Data are expressed as mean ± SEM.

Dutta et al. Page 17

J Neurochem. Author manuscript; available in PMC 2017 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.seahorsebio.com


Figure 3. 
(Panel A) DZ treatment led to increased neuronal viability 24 h after 3 h OGD compared 

with untreated neurons. The “control” designation refers to normoxic neurons not previously 

exposed to OGD. Co-application of R with DZ blocked the protective effects exerted by DZ. 

n = 6 independent cultures, 96 wells per treatment. (Panel B): DZ reduced mitochondrial 

membrane potential during normoxia and after OGD. DZ+R also chronically depolarized the 

mitochondria similar to DZ alone. R in the absence of DZ failed to depolarize the 

mitochondria during normoxia. Exposure to OGD resulted in mitochondrial depolarization 

in all groups and DZ treatment with or without R enhanced the depolarization. The profile of 

mitochondrial membrane potential in the neurons treated with R was similar to that of 

untreated neurons. n = 6 independent cultures, 96 wells per treatment. (Panel C): DZ 

treatment alone or co-application with R reduced ROS production during normoxia and this 

effect was maintained after OGD. Thus, DZ+R treated neurons behaved similarly to DZ 

treated neurons and showed reduced ROS production. n = 6 repetitions of the experiment 

from 6 independent cultures, 96 wells per treatment. * = p < 0.05 vs. untreated normoxic 

neurons, # = p < 0.05 vs. untreated OGD neurons. Data are expressed as mean ± SEM.
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Figure 4. 
DZ administration increased Akt, mTOR and S6K phosphorylation in cultured neurons. 

(Panel A): Akt phosphorylation decreased during OGD and this effect was attenuated by DZ 

administration. The “control” designation refers to normoxic neurons not previously 

exposed to OGD. Co-administration of R with DZ decreased Akt phosphorylation in control 

cells and prevented the preservation of Akt phosphorylation after OGD. (Panel B): 
Phosphorylation of mTOR decreased following OGD in untreated neurons but was increased 

by DZ treatment after OGD. In contrast, co-application of R with DZ decreased mTOR 

phosphorylation under control conditions and did not increase mTOR phosphorylation 

following OGD. (Panel C): Phosphorylation of S6K fell during OGD in untreated neurons 

but increased in the DZ treated neurons. Rapamycin administration blocked increased S6K 

phosphorylation in DZ treated neurons. n = 4 repetitions of the experiments from 4 

independent cultures, 8 dishes per group. * = p < 0.05 vs. untreated normoxic neurons, # = p 

< 0.05 vs. untreated OGD neurons. Data are expressed as mean ± SEM.
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Figure 5. 
Confirmation of S6K knockdown using S6K-targeted siRNA. (Panel A): Knockdown of 

S6K using siRNA decreased total S6K level significantly (* = p < 0.05), but not total mTOR 

and Akt levels. n = 3 repetitions of the experiment from 3 independent cultures, 6 dishes per 

group. * = p < 0.05 vs. untreated normoxic neurons. (Panel B): S6K siRNA decreased 

viability at normoxia in neurons significantly in untreated and DZ-treated neurons. n = 3 

repetitions of the experiment from 3 independent cultures, 144 wells per treatment. * = p < 

0.05 vs. DZ - treated normoxic neurons. Data are expressed as mean ± SEM.
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Figure 6. 
S6K-targeted siRNA blocked DZ-induced preconditioning in neurons. (Panel A): Knock 

down of S6K blocked survival of neurons after OGD. n = 3 repetitions of the experiment 

from 3 independent cultures, 144 wells per treatment. (Panel B): Administration of S6K 

siRNA blocked increased phosphorylation of S6K normally seen with DZ administration 

after OGD in neurons. Both bands for phosphorylated S6K were included in the 

determinations of phosphorylated/total S6K values. Upper panel shows original Western 

blots and lower panel represents summarized data. The DZ viability and S6K 

phosphorylation data after OGD have been shown previously in Figures 3A and 4C. These 

data are presented as grey bars to indicate prior use. n = 3 repetitions of the experiment from 

3 independent cultures, 6 dishes per group. # = p < 0.05 vs. DZ - treated OGD neurons. Data 

are expressed as mean ± SEM.
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Figure 7. 
Schematic illustration showing the main signaling events occurring during DZ 

preconditioning in neurons. DZ administration initiates preconditioning by depolarizing 

mitochondria and increasing ROS production. Protection against OGD develops following 

the activation of the Akt-mTOR-S6K signaling cascade resulting in increased viability of 

neurons and preservation of OCR following OGD.
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