Preconditioning effects of tumor necrosis factor-α and glutamate on calcium dynamics in rat organotypic hippocampal cultures
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Abstract

During cerebral ischemia, elevation of TNF-α and glutamate to pathophysiological levels in the hippocampus may induce dysregulation of normal synaptic processes, leading ultimately to cell death. Previous studies have shown that patients subjected to a mild transient ischemic attack within a critical time window prior to a more severe ischemic episode may show attenuation in the clinical severity of the stroke and result in a more positive functional outcome. In this study we have investigated the individual contribution of pre-exposure to TNF-α or glutamate in the development of ‘ischemic tolerance’ to a subsequent insult, using organotypic hippocampal cultures. At 6 days in vitro (DIV), cultures were exposed to an acute concentration of glutamate (30 µM) or TNF-α (5 ng/ml) for 30 min, followed by 24 h recovery period. We then examined the effect of the pretreatments on calcium dynamics of the cells within the CA region. We found that pretreatment with TNF-α or glutamate caused in a significant reduction in subsequent glutamate-induced Ca2+ influx 24 h later (control: 100.0±0.8%, n=7769 cells; TNF-α: 76.8±1.0%, n=5543 cells; glutamate: 75.3±1.4%, n=3859 cells; p<0.001). Antagonism of circulating TNF-α (using infliximab, 25 µg/ml), and inhibition of the p38 MAP kinase pathway (using SB 203580, 10 µM) completely reversed this effect. However glutamate preconditioning did not appear to be mediated by p38 MAP kinase signalling, or NMDAR activation as neither SB 203580 nor D-AP5 (100 µM) altered this effect. Glutamate and TNF-α preconditioning resulted in small yet significant alterations in resting Ca2+ levels (control: 100.0(0.9%, n=2994 cells; TNF-α: 109.7(1.0%, n=2884 cells; glutamate; 93.3±0.8%, n=2899 cells; p<0.001), TNF-α’s effect reversed by infliximab and SB 203580. Both TNF-α and glutamate also resulted in the reduction of the proportion (P) of responsive cells within the CA region of the hippocampus (control; P=0.459, 0.451≤x≥0.467, n=14968 cells, TNF-α; P=0.40, 0.392≤x≥0.407, n=15218; glutamate; P=0.388, 0.303≤x≥0.396, n=13919 cells), and in the depression of the frequency of spontaneous Ca2+ events (versus control: TNF-α: p>0.00001, D=0.0454; glutamate: p>0.0001, D=0.0534). Our results suggest that attenuation in resting Ca2+ activity and Ca2+ related responsiveness of cells within the CA region as a result of glutamate or TNF-α pre-exposure, may contribute to the development of ischemic tolerance.

1. Introduction

Physiological levels of glutamate and pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), play a key role in the regulation of synaptic plasticity within the hippocampus, the brain region involved in memory processing and consolidation 


(Malenka, 1994, Wittenberg and Tsien, 2002, Bliss and Collingridge, 1993, Albensi and Mattson, 2000, Pickering et al., 2005) ADDIN EN.CITE . During a cerebral ischemic event such as a stroke, a vast array of adverse conditions ensue, including hypoxia, energy failure, cytotoxic edema, glutamate-induced excitotoxicity and inflammation, and ultimately neuronal dysfunction, which may, under severe conditions, lead to Ca2+ dependent / independent cell death within the region of the insult 


(Dirnagl et al., 1999, Rosenberg, 1999, Barber et al., 2001) ADDIN EN.CITE . Neuronal damage within the hippocampal region during a cerebral ischemic event may result in difficulties in the formation of new memories (anterograde amnesia) and the recollection of memories prior to neuronal injury (retrograde amnesia) 


(Zola-Morgan et al., 1986, Batchelor et al., 2008) ADDIN EN.CITE . However the extent of neuronal injury and corresponding clinical manifestation may be reduced if the stroke patient experiences a mild transient ischemic attack (TIA) within a critical time window prior to this. This concept of ‘ischemic tolerance’ has been well documented in a clinical setting whereby stroke patients who have experienced a TIA prior to a more severe cerebral ischaemic event have an overall reduced infarct volume in the region of the insult and also result in a greater functional outcome, than those who did not experience a TIA 


(Castillo et al., 2003, Weih et al., 1999, Wegener et al., 2004, Moncayo et al., 2000) ADDIN EN.CITE . This effect can also be seen in experimental models of stroke, both in vivo 


(Barone et al., 1998, Kitagawa et al., 1990, Matsushima and Hakim, 1995) ADDIN EN.CITE  and in vitro 


(Pringle et al., 1999, Liu et al., 2000) ADDIN EN.CITE . 

Prolonged elevation of both glutamate and TNF-α have been shown to occur during cerebral ischemia, contributing to neuronal toxicity in the affected region 


(Bullock et al., 1995, Tuttolomondo et al., 2009, Liu et al., 1994, Zou and Crews, 2005) ADDIN EN.CITE . Although a TIA is a milder form of a cerebral ischemic insult, elevation of glutamate and TNF-α may persist for days after this event, and although at a lesser concentration, this elevation has been shown to contribute to the development of ‘ischemic preconditioning’, thus enhancing cellular defences against a more severe ischemic insult 


(Saha et al., 2009, Saha et al., 2006, Castillo et al., 2003, Wang et al., 2000, Lin et al., 2008) ADDIN EN.CITE .  To date, extensive research has been carried out in order to isolate the proposed mechanisms of ischemic tolerance caused by glutamate or TNF-α elevation as part of a TIA, such as upregulation of excitatory amino acid transporters , activation of TNFR2 receptor signalling (Marchetti et al., 2004), downregulation and/or moduation of specific TNF-α and glutamate receptor subtypes, upregulation of heat shock proteins (Kirino, 2002)  cytokine expression modulation, NFkB activation, transcription of neuroprotective mediators (Lin et al., 2008), ion channel activity modulation, which result in both neuroprotection at a cellular and network level 


(Lin et al., 2008, Kirino, 2002, Pradillo et al., 2006, Sairanen, 2001, Furukawa and Mattson, 1998, Glazner and Mattson, 2000, Cheng et al., 1994, Lee et al., 2005, Blondeau et al., 2001, Ginis et al., 2002, Marchetti et al., 2004, Park and Bowers, 2010) ADDIN EN.CITE  . As over-activation of the glutamate receptors on the postsynaptic membrane induce many of the neurotoxic pathways, the neuroprotective mechanisms induced by a TIA may work to reduce the sensitivity of the neurons to a subsequent neuronal insult through the reduction or counteraction of these receptors and their downstream signalling pathways. 

In this study we have isolated the individual contribution of glutamate and TNF-α preconditioning to the development of ‘ischemic tolerance’ within the CA region of organotypic hippocampal cultures. In particular, we have evaluated this effect on subsequent glutamate-induced Ca2+ influx, Ca2+ homeostasis, the proportion of spontaneously active cells at rest and the frequency of spontaneous Ca2+ events within these cells. Using propidium iodide (PI) staining we assessed cell viability within the CA region 24 h after the glutamate and TNF-α preconditioning, in order to ensure that the pretreatments do not have a negative effect on cell viability. This technique was also used to investigate the modulatory effect of glutamate and TNF-α preconditioning on cell viability examined after 24 h submaximal glutamate exposure. As intracellular Ca2+ elevation during severe cerebral ischemia results in initiation of numerous Ca2+-mediated excitotoxic pathways 


(Barber et al., 2001, Beal, 1992) ADDIN EN.CITE , we infer that a reduction in glutamate-induced Ca2+ influx and overall Ca2+ dynamics may be yet another component contributing to the phenomenon of ‘ischemic tolerance’ by acute mild pre-exposure to glutamate and TNF-α.  
2. Materials and Methods

2.1 Organotypic hippocampal culture preparation

Organotypic hippocampal cultures (Stoppini et al., 1991) were prepared from P6-9 male/female Wistar rat pups, obtained from the biomedical facility, Conway Institute, University College Dublin, Ireland. All experimental procedures were approved by the Animal Research Ethics Committee of the Biomedical Facility at University College Dublin. Upon rapid decapitation, the brain was removed and placed in ice-cold Earles Balanced Salt Solution (EBSS, Gibco). The hippocampi were isolated and 400 µm thick slices were prepared using a Mc Ilwain tissue chopper. Slices were then transferred to 6-well culture plates, containing sterile Millicell culture inserts, and were maintained with a medium/air-interface in a humidified incubator at 35ºC, 5% CO2 for six days prior to treatment. The culture medium was composed of 25% heat-inactivated horse serum (Sigma), 50% EBSS, 25% Minimum Essential Medium (MEM, Gibco), 1 mM glutamine, 28 mM glucose, 25 mM HEPES, 100U/ml penicillin & 100 µg/ml streptomycin, pH 7.2. 

2.2. Drugs

Rat recombinant tumor necrosis factor-alpha (TNF-α) was obtained from R&D Systems, and was reconstituted in sterile phosphate buffered solution (PBS), with a final concentration of 0.03%. L-glutamic acid was obtained from Sigma, and was reconstituted in EBSS, a component of the organotypic medium. SB 203580 was obtained from Merck Biosciences, and reconstituted in DMSO giving a final concentration of 0.005%. D-2-amino-5-phosphonopentanoate (D-AP5) was obtained from Tocris, while the monoclonal antibody against TNF-α, infliximab, was a gift from M. Rowan, Trinity College Dublin. Both of these agents were reconstituted in sterile water.

2.3. Pretreatment of organotypic hippocampal cultures

For all experiments presented in this study, at 6 days in vitro (DIV) the cultures were transferred to treatment media containing 5 ng/ml TNF-α or 30 µM glutamate for 30 min. They were then transferred to fresh media for 24 h to allow recovery from this acute mild insult, before the experiments were carried out. The control cultures were exposed to media changes at the same time points as those which underwent TNF-α or glutamate pretreatment. 

2.3.1. Cell viability study 1: Effects of TNF-α / glutamate pretreatment on cell viability

In order to assess cell death within the CA region following 5 ng/ml TNF-α / 30 µM glutamate pretreatment, 2 µM PI was added to the fresh medium directly after pretreatment and remained in the culture medium for the 24 h recovery period. For the positive control, a toxic concentration of glutamate (5 mM) was added to the culture medium, along with 2 µM PI for 24 h in order to induce widespread cell death in the CA region (Fig. 1(A)). 

2.3.2. Cell viabilty study 2: Effects of TNF-α / glutamate pretreatment on subsequent glutamate- induced toxicity

After TNF-α / glutamate preconditioning and subsequent 24 h recovery period, the cultures were then exposed to a high concentration of glutamate (4 mM) for a further 24 h. This concentration has been shown in our lab and in other studies to induce approximately half-maximal neurotoxic effect on the cells of the CA region of organotypic hippocampal cultures 


(Zou and Crews, 2005) ADDIN EN.CITE . 2 µM PI was also added to the medium containing 4 mM glutamate for this 24 h period (Fig. 2(A)).

2.3.3. Calcium imaging studies

For experiments involving antagonists, the cultures were placed in media containing the antagonists 30 min prior to and during glutamate and TNF-α pretreatment. 100 µM D-AP5 and 10 µM SB 203580 were used to inhibit NMDA receptor and p38 MAP kinase signaling, respectively. The monoclonal antibody against TNF-α, infliximab (25 µg/ml) was used to directly antagonise the cytokine. After treatment with glutamate / TNF-α ± antagonists, the cultures were transferred to fresh culture medium for a 24 h recovery period, prior to calcium imaging (Fig. 3(A)). 

2.4. Cell Viability analysis; Propidium Iodide staining

In order to ascertain whether the concentrations of TNF-α or glutamate used during the preconditioning period were non-toxic to the cells of the CA region, and that they had a protective effect on subsequent glutamate toxicity, propidium iodide (PI) toxicity assay was used. PI is a polar compound which itself is non-toxic to viable cells as it cannot cross an intact cell membrane. However, in the case of dead and dying cells, where the cell membrane integrity is compromised, PI can freely enter the cell and bind to the nuclear DNA, generating its bright red fluorescence.

The cultures were exposed to PI for 24 h prior to imaging. In order to visualise the PI staining the cultures were first washed in cooled phosphate buffered solution (PBS) and the CA region of the cultures was then imaged using the Zeiss LSM Pascal laser-scanning confocal microscope (10x Zeiss Achroplan water immersion lens). PI was excited using 488 nm, and the corresponding emission wavelength was detected with the 562-588 nm band pass filter. In order to normalize against total cell area within the region the culture, the cells were then permeabilized using 20% methanol for 30 min followed by 3 washes in fresh chilled PBS. The cultures were then re-exposed to 2 µM PI for 10 min and re-imaged using the Zeiss LSM Pascal laser-scanning confocal microscope with the same settings as before. The images were analyzed using the EBImage plugin for the statistical analysis program R (Supplementary Fig. 3). A threshold image was generated to remove any non-specific background fluorescence. The proportion of pixels that were above the threshold level was then calculated. This was then repeated for the images captured post-permeablization, in order to obtain the proportion of pixels that occupied cellular space. The proportion of pixel area occupied by dead cells was expressed as a percentage of the total pixel area of all cells for each of the corresponding images.

2.5. Calcium dye loading

At 7 DIV (24 h post treatment) the cultures were individually cut out of the insert and transferred to Balanced Salt Solution (BSS) composed of  5.4 mM KCl, 1.8 mM CaCl2, 130 mM NaCl, 5.5 mM glucose, 20 mM HEPES, 2 mM MgSO4, pH 7.3, at room temperature. The cultures were then exposed to 3 µM Fluo-4 AM (Invitrogen) in BSS for 30 min or to 5 µM Indo-1 AM (Invitrogen) in BSS for 50 min, at room temperature prior to imaging.  

2.6. Calcium Imaging & analysis; Fluo-4 AM

After dye loading, each culture was, in turn, transferred to a specially designed imaging chamber containing 1 ml BSS. The insert membrane was weighed down with a metal ring to stabilize the culture. The chamber was then placed on the imaging platform of the Zeiss Axioskop 2 FS, and fluorescence was detected using Zeiss LSM Pascal laser-scanning confocal microscope at 10x magnification (10x/0.95 NA Zeiss Achroplan water-dipping lens). With excitation at 488 nm, the emission fluorescence of the Ca2+-bound Fluo-4 AM dye was detected at 505-530 nm. For experiments involving acute glutamate stimulation, the CA region of the hippocampal cultures was imaged at a rate of 1 frame / s (1Hz) for 90 s. At the 20 s time point a bolus application of 30 µM glutamate was applied and remained in the imaging chamber hereafter. Analysis was carried out by random selection of a sample of cell bodies (50≤n≥250) from the CA region of each culture using the Zeiss Image Examiner software (Fig. 3(B)). Fluorescence intensity for each cell body at each timepoint was compiled and the mean resting fluorescence (f0) for each cell was calculated by averaging the fluorescence intensities of the first 20 s of the experiment, prior to glutamate stimulation. The data was then expressed as the normalized change in fluorescence intensity relative to the mean resting fluorescence (f-f0/f0), over time. Treatment groups within each experiment were then expressed as a percentage of the peak control response. 

In order to investigate spontaneous Ca2+ activity, the CA region of the cultures were imaged at a rate of 4 frames / s (4 Hz) for 400 s. It is important to note that scanning frequency may be too low to detect all spontaneous activity in real time. However, cells spontaneously firing at a higher frequency have a higher probability of being detected at a 4 Hz sampling rate. Therefore, the 4 Hz spontaneous event rate is analogous, but not equivalent, to the actual spontaneous firing rate. Analysis was carried out first by generating the maximum intensity projection image using LSM Image Examiner software to indentify individual cells. Using the EBImage plugin for the statistical analysis program R the fluorescence of each image was measured on a cell by cell basis (Supplementary Fig. 1). The first 20 frames were averaged as resting baseline fluorescence (f0) with the normalized fluorescence expressed as f/f0. The fluorescence change between consecutive time points was determined and the maximum changes in fluorescence for each cell was calculated. These values were used to create a frequency distribution and determine the quantity of fluorescence change that signified a spontaneously active cell. Cells whose fluorescence increased by 20% from one frame to the next, were considered to be spontaneously active at this timepoint. The total number of spontaneously active cells and the frequency of the activity were generated from this data.

2.7. Calcium Imaging & analysis; Indo-1 AM

After dye loading each culture was in turn, gently placed upside down and allowed to float in 1 ml BSS in a 35 mm glass-bottomed petri dish (Mat Tek Corp.). In this experiment the cultures did not require secure stabilisation, thus were not weighed down with the metal ring during imaging, avoiding the cells from being pressed against the bottom of the dish. This ensured minimal cellular stress and in particular, activation of stretch-activated channels. On the rare occasion that a culture came into contact with the base of the dish, the culture was discarded and excluded from the experiment. The petri dish was gently placed on the imaging platform of the Zeiss Axioskop 2 FS and imaged using a Zeiss LSM 510 META inverted confocal microscope. 2-3 sections of the CA region of the hippocampal cultures were imaged at 1 Hz for 25 s each at 40x magnification (40x Plan-Neo/1.3 NA Oil). Indo-1 AM was excited at 375 nm and Ca2+-bound / Ca2+ unbound Indo-1 emission was captured at 405 nm / 485 nm, respectively. The ratio of bound:unbound Indo-1 AM (F405:F485) was analyzed to give an indication of any changes in the average resting Ca2+ levels between the different treatment groups. The 40x images were then loaded into the EBImage plugin for the statistical analysis program R (Supplementary Fig. 2). In brief, a fluorescence threshold was obtained for each image to remove background staining and the watershed algorithm was then used to identify the boundaries of each cell within the image. The series of images representing the Ca2+-bound Indo-1 and the corresponding unbound Indo-1 over the 25 s of recording were then individually analyzed based on this template image. The resulting data was then expressed as the ratio of bound:unbound Indo-1 AM (F405:F485). Treatment groups within each experiment were then expressed as a percentage of the mean resting calcium levels in the control cultures.

2.8. Statistical Analysis

All statistical analysis of the data sets generated from PI staining, glutamate-induced Ca2+ response and resting Ca2+ experiments was carried out using a One-way ANOVA with a Bonferroni post-test. This data is expressed as mean ± SEM. For PI experiments, ‘n’ represents the number of cultures examined per treatment group, whereas in all other experiments ‘n’ corresponds to the pooled total number of cells examined over a number of experiments (≥3) of comparable design. A non-parametric Kolmogorov-Smirnov test was used to determine any statistical difference between the frequency distribution of spontaneous Ca2+ events from the different pretreatment groups.  The proportion (P) of spontaneously active cells was calculated using the exact Bayesian 95% confidence interval.

3. Results

3.1. Effect of acute pretreatment (30 min) of cultures with 5 ng/ml TNF-α or 30 µM glutamate in the CA region.

In order to assess whether the duration of exposure and the concentrations of TNF-α and glutamate used during preconditioning are non-toxic to the cultures, propidium iodide (PI, 2 µM) uptake into the cells of the CA region was measured 24 h after treatment using the Zeiss LSM Pascal laser-scanning confocal microscope (Fig. 1(A)). Quantification of PI uptake is indicative of the area of dead cells (Fig. 1(B)(i-iv)). The cultures were then permeabilized and re-exposed to PI in order to visualize total cell area within this region (Fig. 1 (B)(v-viii)). These images were used to calculate a percentage area of PI within dead cells versus total cell area.  As shown in Fig 1(C), the PI staining in the cultures treated with either 30 µM glutamate or 5 ng/ml TNF-α did not differ from the control cultures (control: 9.6±1.9%, n=17 cultures; TNF-α: 8.2±2.4%, n=12 cultures; glutamate: 5.7±1.3%, n=12 cultures; p>0.05). Treatment of the cultures with 5 mM glutamate for 24 h was used as the positive control and resulted in a significantly high PI staining compared to all other treatment groups (5 mM glutamate: 64.3±8.5%, n=9 cultures; versus all other groups, p<0.001).

3.2. Effect of TNF-α / glutamate preconditioning on subsequent glutamate toxicity.

In order to verify that both, the concentration and duration of glutamate / TNF-α preconditioning are optimum to induce neuroprotection, we compared the cell death within the CA region of cultures induced by 24 h 4 mM glutamate exposure, to those which underwent glutamate / TNF- α pretreatment 24 h prior to this subsequent glutamate exposure (Fig. 2(A)). Our results show that indeed pretreatment of the organotypic cultures with 30 µM glutamate or 5 ng/ml TNF-α 24 h prior to prolonged submaximal toxic glutamate exposure did result in a reduction of PI staining within the CA region of the hippocampal cultures (Fig. 2(B)). Upon quantative analysis of PI uptake we confirmed that glutamate / TNF-α preconditioned the cultures to the subsequent glutamate insult (Fig. 2(C): Control: 2.2±0.3%, n=24 cultures; TNF-α: 7.7±0.6%, n=21 cultures; glutamate: 8.9±1.2%, n=22 cultures; Vs. 4 mM glutamate only: 40.9±3.4%, n=23 cultures; p>0.001).

3.3. Effect of TNF-α / glutamate preconditioning on subsequent glutamate-induced Ca2+ mediated response.

Using LSM image examiner software, the changes in cellular calcium within the CA region of the cultures, in response to acute glutamate (30 µM) stimulation was analysed, 24 h post TNF-α / glutamate preconditioning (Fig. 3). Pretreatment with 30 µM glutamate or 5 ng/ml TNF-α (30 min), 24 h prior to glutamate stimulation resulted in a 25% reduction in the glutamate-induced Ca2+ response of the cells in the CA region of the hippocampal cultures (Fig. 4(B): control: 100.0±0.8%, n=7769 cells; TNF-α: 76.8±1.0%, n=5543 cells; glutamate: 75.3±1.4%, n=3859 cells; p<0.001). Application of the anti-TNF-α antibody infliximab (25 µg/ml), 30 min prior to and during TNF-α exposure reversed TNF-α’s preconditioning effect (Fig. 5(A): TNF-α + infliximab: 111.7±2.1%, n=1787 cells, p<0.001). Inhibition of the p38 MAP kinase pathway with SB 203580 (10 µM) also resulted in a complete reversal of TNF-α’s effect on glutamate-induced Ca2+ influx, 24 h post treatment (Fig 5(A): TNF-α + SB: 104.7(1.3%, n=1579 cells, p>0.05). 

Inhibition of the p38 MAP kinase pathway (SB 203580, 10 µM), prior to and during glutamate pretreatment did not alter the response of the cultures to glutamate stimulation 24 h later (Fig. 5(B): glutamate: 75.3±1.4%, n= 3859 cells; glut + SB: 76.4±1.6%, n= 811 cells; p>0.05). NMDA receptor antagonism (D-AP5, 100 µM) during glutamate preconditioning also had no effect on the glutamate preconditioning observed (Fig. 5(B): glut + D-AP5: 70.1±1.5%, n=2746 cells; p>0.05).  Preconditioning with the antagonists alone did not alter subsequent glutamate-induced Ca2+ response compared to the control (Fig. 5: Infliximab only: 96.2± 1.1%, n=2109 cells; SB 203580 only: 94.4(1.0%, n=1203 cells; D-AP5 only: 100.9±1.3%, n=1256 cells. p>0.05).

3.4. Effect of TNF-α and glutamate preconditioning on resting calcium levels in the CA region 24h post treatment.

It is possible that the preconditioning effects of TNF-α and glutamate on subsequent glutamate-induced Ca2+ influx is in part due to changes in resting Ca2+ levels within the cells of the CA region of the hippocampal cultures prior to the second insult. In order to investigate this, the ratio-metric analysis of mean intracellular Ca2+ levels over 20 s was analysed using Indo-1 AM and the Zeiss LSM 510 META inverted confocal microscope. It must be noted that in this experiment synaptic transmission was not blocked, thus may be a contributing factor to the results obtained. We found that TNF-α preconditioning caused a small and significant increase, whereas glutamate caused a small but significant decrease in the mean resting Ca2+ levels within the cells of the CA region of the hippocampal cultures, measured 24 h post preconditioning (Fig. 6(C)). 

Inhibition of the p38 MAP kinase pathway with 10 µM SB 203580 during TNF-α preconditioning resulted in a reversal of the TNF-α mediated elevation of the mean resting Ca2+ levels, to below control levels (control: 100.0(0.9%, n=2994 cells; TNF-α: 109.7(1.0%, n=2884 cells; TNF-α + SB: 91.4(1.0%, n=2395 cells; p<0.001), whereas antagonism of TNF-α with infliximab caused the mean resting Ca2+ levels to return to control levels (Fig. 6(C)(i): TNF-α + infliximab: 102.2(1.1%, n=697 cells, p>0.05). Pretreatment with the antagonists alone did not alter mean resting Ca2+ levels compared to the control (Infliximab only: 105.1(1.6%, n=405 cells; SB 203580 only: 95.79(1.2%, n=474 cells; p>0.05). As with p38 MAP kinase pathway inhibition during TNF-α preconditioning, SB 203580 also induced a further reduction in the mean resting Ca2+ levels during glutamate preconditioning (control: 100.0(0.9%, n=2994 cells; glutamate; 93.3±0.8%, n=2899 cells; glut + SB: 80.8±0.7%, n=2362 cells; p<0.001). Inhibition of NMDAR activity (D-AP5, 100 µM) during glutamate preconditioning caused a further reduction in the mean resting Ca2+ levels compared to glutamate preconditioned cultures (Fig. 6(B)(ii): Glut + D-AP5: 78.7±0.9%, n=2230 cells; p<0.001). Preconditioning with D-AP5 or SB 203580 alone did not alter mean resting Ca2+ levels compared to control (D-AP5 only: 101.7±1.3%, n=430 cells; SB 203580: 95.79(1.2%, n=474 cells; p>0.05).

3.5. Effect of TNF-α and glutamate preconditioning on the proportion and of spontaneously active cells and the frequency of their spontaneous calcium events within the CA region.

In order to investigate whether changes in spontaneous activity of the cells at rest contribute to the effect of TNF-α and glutamate preconditioning on mean resting Ca2+ levels (Result 3.3.), we analyzed the proportion of spontaneously firing cells and frequency of Ca2+ events within these active cells  24 h post TNF-α / glutamate pretreatment. Analysis of the relative changes in Ca2+-bound Fluo-4 fluorescence at a rate of 4 Hz showed that both glutamate and TNF-α preconditioning caused a significant reduction in the proportion (P) of cells which are spontaneously active (Fig. 7(A): control; P=0.459, 0.451≤x≥0.467, n=14968 cells, TNF-α; P=0.400, 0.392≤x≥0.407, n=15218 cells; glutamate; P=0.388, 0.303≤x≥0.396, n=13919 cells). We also found a reduction in the frequency of spontaneous Ca2+ events within the active cells of the cultures pretreated with glutamate or TNF-α compared to controls (Fig. 7(B): control Vs. TNF-α: p>0.00001, D=0.0454; control Vs. glutamate: p>0.0001, D=0.0534). There was no significant difference between the reduction of spontaneously active cells and the depression of frequency of Ca2+ events within the active cells of the cultures pretreated with  TNF-α or glutamate.

4. Discussion

In this study we have investigated the individual contribution of TNF-α and glutamate in a preconditioning protocol while monitoring altered Ca2+ homeostasis and Ca2+ mediated responsiveness in organotypic hippocampal slice cultures. By exposing these cultures (6 DIV) to an acute (30 min) mild concentration of glutamate or TNF-α we were able to ascertain any preconditioning effects on resting Ca2+ levels and on the responsiveness of the cells to subsequent glutamate-induced Ca2+ flux. We also examined the proportion of spontaneously active cells within the CA region of the hippocampal cultures and the frequency of spontaneous Ca2+ events in those cells 24 h post the preconditioning event.  As the CA region of the hippocampus is known to be the most vulnerable region to ischemia and excitotoxicity 


(Bernardino et al., 2005, Schmidt-Kastner and Freund, 1991) ADDIN EN.CITE , we first carried out a propidium iodide (PI) assay in order to elucidate whether the duration of exposure (30 min) and concentrations of TNF-α (5 ng/ml) and glutamate (30 µM) were themselves non-toxic to the organotypic cultures (Fig. 1). Our results show that there is no significant difference between the PI staining (indicative of the area occupied by dead and / or dying cells) seen in the CA region pretreated with glutamate or TNF-α when compared to controls, measured 24 h post-treatment. Using 30 min exposure to 5 ng/ml TNF-α or 30 µM glutamate as our ‘preconditioning stimuli’, we then investigated whether they had any effect on subsequent toxicity induced by 24 h exposure to 4 mM glutamate (Fig. 2(A)). This concentration has been shown to induce approximately half-maximal neurotoxic effect on the cells of the CA region of organotypic hippocampal cultures 


(Zou and Crews, 2005) ADDIN EN.CITE . We found that both TNF-α and glutamate preconditioning, 24 h prior to subsequent 4 mM glutamate exposure, was sufficient to significantly reduce the extent of toxicity induced by 4 mM glutamate alone (Fig. 2).

Under conditions of severe cerebral ischemia, excessive glutamate release from the presynaptic terminal occurs as a result of energy failure and neuronal dysfunction (Barber et al., 2001). High levels of glutamate reached in the synaptic cleft during a severe ischemic insult can induce rapid excitotoxicity, resulting in overstimulation of postsynaptic glutamate receptors. There is a strong correlation between the changes in intracellular Ca2+ which are induced by excessive glutamate receptor activation and cell death 


(Hartley et al., 1993, Choi, 1987) ADDIN EN.CITE  via both activation of apoptotic and necrotic pathways 


(Ankarcrona et al., 1995, Kruman and Mattson, 1999) ADDIN EN.CITE . Our results show that mild exposure of the hippocampal cultures to glutamate or TNF-α for 30 min resulted in a reduction in glutamate-induced Ca2+ elevation within the cells of the CA region to 24 h later, compared to control conditions (Fig. 4(B)). As excessive intracellular Ca2+ elevation is associated with the induction of neurotoxicity, we propose that the pre-exposure of the cultures to glutamate or TNF-α may have resulted in desensitization of the cells to the glutamate-induced Ca2+ response, acting as a mode of ‘ischemic tolerance’ against the second insult. This preconditioning effect may be due to both glial and neuronal changes, resulting in upregualtion of neuroprotective mediators and EAAT’s, alteration of receptor subunit expression along with modulation of pro- and anti-inflammatory cytokine expression. This in turn may have effects directly and / or indirectly on the neuronal network as a whole, altering synaptically evoked spiking, spontaneous spike generation and synaptic activity. It must also be noted that although organotypic hippocampal cultures best represent the synaptic morphology of the hippocampus in vivo (De Simoni et al., 2003), the complexity of the synaptic network and the intricate association of neuronal and glial cells within this region, contribute to the difficulty of interpretation of our findings.

Many studies to date have shown that the p38 MAP kinase pathway is strongly activated by factors such as TNF-α 


(Raingeaud et al., 1995) ADDIN EN.CITE . Indeed over-activation of this pathway during cerebral ischemia has been attributed to the induction of cell death 


(Rivera-Cervantes et al., 2004, Wang et al., 2003) ADDIN EN.CITE . In this study we investigated whether acute activation of this pathway during mild exposure to TNF-α contributed to its preconditioning effect. We found that inhibition of the p38 MAP kinase pathway with SB 203580 (10 µM), before and during TNF-α exposure resulted in a complete reversal of TNF-α’s effect on glutamate-induced Ca2+ influx, 24 h post treatment (Fig. 5(A)). This data strongly suggests that the preconditioning effect of TNF-α on subsequent Ca2+ response to glutamate may be due to activation of the p38 MAP kinase pathway. Indeed, it has been shown in primary cultures that pretreatment with TNF-α may decrease the Ca2+ response of the cells to subsequent NMDA or AMPA exposure, which was largely abolished by NFkB inhibition 


(Glazner and Mattson, 2000, Furukawa and Mattson, 1998) ADDIN EN.CITE . As the p38 MAP kinase signalling pathway can activate NFkB transcriptional activity, our study supports this finding. NFkB may induce many cellular activities which may contribute to the overall reduction of glutamate-induced Ca2+ influx, such as enhanced glutamate reuptake 


(Pradillo et al., 2006) ADDIN EN.CITE , upregulation of intracellular Ca2+ agents 


(Cheng et al., 1994) ADDIN EN.CITE , and / or increased expression or buffering capacity of Ca2+ extrusion pumps, KCa2.2 translocation / upregulation and subsequent co-localization with the NMDAR’s on the neuronal membrane 


(Dolga et al., 2008) ADDIN EN.CITE . Alteration of intracellular and cellular expression of various proteins due to downstream p38 MAP kinase signalling, may in turn result in modulation of synaptic signalling as such to minimise cellular damage under ischemic conditions (Fukunaga and Miyamoto, 1998, Sweatt, 2004). 

In this study preconditioning of the cultures with a mild concentration of glutamate induced a similar level of tolerance to a subsequent glutamate-induced Ca2+ response as did TNF-α preconditioning (Fig. 4(B)). Glutamate receptor activation has previously been shown to induce unknown interactions with TNFRs 


(Cumiskey et al., 2007) ADDIN EN.CITE , and glutamate itself can stimulate the release of pro-inflammatory cytokines such as TNF-α 


(Chaparro-Huerta et al., 2005) ADDIN EN.CITE . Indeed the p38 MAP kinase pathway is also involved in the downstream signaling of NMDAR’s and of both TNFR’s (TNFR1 & TNFR2), which have been shown to be activated in both neuronal and glial cells in an animal model of stroke whereby the middle cerebral artery is temporarily occluded 


(Irving et al., 2000) ADDIN EN.CITE . Hence it could be possible that it is the secondary action of TNF-α and/or its receptor activity contributes to this preconditioning response seen by glutamate pretreatment. However, inhibition of this pathway (SB 203580, 10 µM) prior to and during glutamate pretreatment, did not reverse its effect on the subsequent Ca2+ response of the cultures to glutamate 24 h later (Fig. 5(B)). Thus, this data suggests that neither activation of the p38 MAP kinase pathway, nor knock-on TNF-α release are involved in the glutamate preconditioning effect on subsequent glutamate-induced Ca2+ responses.

Ca2+ entry into neuronal cells during glutamate stimulation is primarily via NMDAR’s, and excessive stimulation of these receptors is one of the main contributors to the development of glutamate neurotoxicity 


(Mayer and Miller, 1990, Arundine and Tymianski, 2003, Rivera-Cervantes et al., 2004) ADDIN EN.CITE . Interestingly, some studies suggest that acute sub-lethal NMDAR activity during a TIA may be required for development of ischemic preconditioning (Soriano et al., 2006), and that inhibition of its receptors may attenuate its effect (Kato et al., 1992). However, the role of NMDA activity in the development of ischemic tolerance remains controversial, as many confounding variables influence the result such as concentration, duration of exposure, recovery period and type of neurotoxic insult induced. For example, Pringle et al. (1999) reported an NMDA-mediated preconditioning effect in organotypic cultures exposed to excitotoxic glutamate concentrations (5-10 µM), but not to excitotoxic NMDA concentrations 


(Pringle et al., 1999) ADDIN EN.CITE . 

In our in vitro model of glutamate preconditioning we found that antagonism of NMDAR’s (D-AP5, 100 µM) during glutamate pretreatment did not reverse the depression in the Ca2+-mediated response to glutamate 24 h post treatment. In order to verify that the concentration of D-AP5 used was effective at inhibiting NMDAR’s in our culture system, we tested its effects acutely by stimulating a control culture with 30 µM glutamate in the presence of D-AP5. 100 µM D-AP5 during glutamate stimulation resulted in an attenuation of the glutamate-induced Ca2+ influx to approximately 15% of control conditions (data not shown). This confirms that this concentration of D-AP5 is sufficient to inhibit the NMDAR’s in organotypic hippocampal cultures during pretreatment with glutamate, thus NMDAR’s may not be involved in this glutamate-induced preconditioning event in our cultures. It is important to note that in this experiment it is possible that the concentration of glutamate used was insufficient to activate NMDAR’s to the extent required to induce activation of NMDAR-mediated neuroprotective downstream signalling resulting in changes in Ca2+ dynamics. It is also possible that at this concentration, glutamate mediated NMDAR activation may induce other neuroprotective mediators which do not affect Ca2+ dynamics, such as upregulation of anti-apoptotic factors, excitatory amino acid transporters (EAAT’s), heat shock proteins (HSP’s), anti-inflammatory cytokine expression modulation and NFkB activation 


(Lin et al., 2008, Kirino, 2002, Pradillo et al., 2006, Sairanen, 2001, Furukawa and Mattson, 1998, Glazner and Mattson, 2000, Cheng et al., 1994, Lee et al., 2005) ADDIN EN.CITE . However, the underlying mechanism of glutamate-mediated preconditioning effects on cellular Ca2+ dynamics remains inconclusive. We have also found that antagonism of the AMPA/kainate receptor (DNQX, 50 µM), and the metabotropic glutamate receptors (MCPG, 500 µM) failed to reverse this effect in our in our model of glutamate preconditioning (data not shown). 

In order to evaluate whether the glutamate preconditioning effect on subsequent glutamate-induced Ca2+ influx is due to changes in resting Ca2+ levels, we analyzed the resting intracellular Ca2+ levels using the ratiometric dye Indo-1, 24 h post treatment with glutamate (Fig. 6 (C)(ii)). Glutamate preconditioning caused a small but significant decrease in resting Ca2+ levels compared to the control. As excitotoxic glutamate exposure results in sustained elevation of intracellular Ca2+ which in turn may lead to loss of Ca2+ homeostasis and delayed neuronal cell death (de Erausquin et al., 1990), this supports our findings that at this concentration, glutamate is non-toxic to the cells of the CA region of the organotypic cultures (Fig. 1).  As discussed previously, acute elevation of cellular factors (such as ceramide, reactive oxygen species, Ca2+) during the preconditioning period may induce the transcriptional activity of factors such as NFkB resulting in upregulation of Ca2+ buffering systems such as calbindin 


(Batini et al., 1997) ADDIN EN.CITE , increased activity of Ca2+ pumps such as smooth endoplasmic reticulum Ca2+ pumps (SERCA) or perhaps increased expression of Ca2+ extrusion pumps on the neuronal membrane. It may also be possible that desensitization of the NMDAR’s occurred during the glutamate preconditioning. These factors would work to reduce intracellular Ca2+, and would also account for the decrease in the concentration of intracellular Ca2+ reached within the cells during stimulation with glutamate. Interestingly, inhibition of the NMDAR during glutamate preconditioning caused a further reduction in resting Ca2+ levels compared to the glutamate preconditioned cultures (Fig. 6 (C)(ii)). We also found that inhibition of the p38 MAP kinase pathway during glutamate preconditioning also resulted in a further reduction in resting Ca2+ levels. This suggests that both NMDAR and p38 MAP kinase activation may play important roles in the regulation of resting Ca2+ levels within the cell under physiological conditions. Unlike glutamate preconditioning, we found that the preconditioning of the hippocampal cultures with 5 ng/ml TNF-α, caused a small increase in resting Ca2+ levels, measured 24 h post TNF-α exposure (Fig 6(C)(i)). Since TNFR and p38 MAP kinase inhibition during TNF-α pretreatment resulted in a reversal of the TNF-α preconditioning effect on subsequent glutamate-induced Ca2+ influx, we investigated whether this inhibition would also abolish the TNF-α mediated elevation in resting Ca2+ levels seen 24 h post treatment. Ratio-metric analysis with Indo-1 AM, showed that co-exposure of TNF-α with infliximab or SB 203580 during the preconditioning phase reversed the TNF-α-mediated elevation of resting Ca2+ levels (Fig. 6(C)(i)). As is the case with p38 MAP kinase inhibition during glutamate pretreatment, SB 203580 in the presence of TNF-α pretreatment also resulted in a lowering of resting Ca2+ to below control levels (Fig. 6(C)(i)). This data suggests that this pathway is involved in mediating normal Ca2+ homeostasis. It is important to note that synaptic transmission was not blocked during the recording of resting calcium levels. Thus, any changes in the average resting calcium levels within the cells of the CA region which underwent different treatments may be due to a variety of exclusive and non-exclusive events, such as alteration of synaptic activity and firing, modulation of Ca2+ extrusion pump mechanisms and / or Ca2+ buffering systems. In order to isolate the contribution of any potential changes in basal spontaneous calcium activity within the cells of the CA region to this overall changes seen in mean resting cellular calcium levels we analysed changes in Fluo-4 fluorescence within individual cells at a rate of 4 Hz over 400 s. We found that both glutamate and TNF-α preconditioning resulted in a reduction in the proportion of spontaneously active cells within the CA region (Fig. 7(A)). A depression of the frequency of spontaneous Ca2+ events within these cohort cells was also found (Fig. 7(B)). This suggests that the whole cellular system within the CA region has been attenuated under resting physiological conditions perhaps due to desensitization of its receptors, hyperpolarization of the cells, or upregulation of intracellular Ca2+ buffering systems. This in turn may explain the reduced Ca2+ response seen upon subsequent glutamate stimulation.

All be it a more representative model of the hippocampus in vivo, it is important to note that the association and interaction of neuronal cells with the surrounding glia in our organotypic hippocampal cultures, which play an essential role in modulating normal synaptic transmission, add yet another level of complexity to our results. It is possible that TNF-α and glutamate preconditioning effect on resting Ca2+ levels and Ca2+ response to glutamate stimulation may be due to altered glial activity and / or release of gliotransmitters which alter neuronal activity. Indeed, glial cells express both TNF-α and glutamate receptors on their membrane, thus they can be modulated by these agents 


(Gottlieb and Matute, 1997, Benveniste and Benos, 1995) ADDIN EN.CITE . It is possible that glutamate and TNF-α may alter the buffering capacity of glial cells to mop up glutamate from the synaptic cleft. However, glial cells themselves also have the capacity to release glutamate and TNF-α as gliotransmitters which may directly affect neuronal signalling (Newman, 2003). All of these confounding variables must be taken into account, which highlights the intricacy of the hippocampal system and the corresponding complexity of the signalling involved in the generation of ‘ischemic tolerance’. Future studies in primary hippocampal neuronal / glial cultures may elucidate the individual contribution of neurons and glia to the extent of glutamate and TNF-α -mediated preconditioning effects on Ca2+ dynamics. 

In conclusion, this study has demonstrated that TNF-α and glutamate preconditioning has the capacity to alter mean resting cellular Ca2+ levels, the frequency of Ca2+ events within spontaneously active cells at rest and glutamate evoked Ca2+ elevation within the cells of the CA region of the hippocampus. As Ca2+ is a well-established mediator of neuronal cell death and is strongly associated with glutamate-induced excitotoxicity the data also suggest that the preconditioning effect of TNF-α and glutamate on glutamate-induced Ca2+ influx may contribute to their neuroprotective properties. Although glutamate and TNF-α pretreatment induce analogous levels of desensitisation of the cells under resting conditions and in response to acute glutamate stimulation, their downstream signalling pathways involved in this response do not converge. TNF-α preconditioning is mediated by the p38 MAP kinase pathway, while the mode of glutamate mediated preconditioning remains elusive. Glutamate and TNF-α have opposing effects on resting Ca2+ levels which supports the proposal that they have distinct modes of preconditioning. 
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Legends
Figure 1.

Assessment of the effect of TNF-α / glutamate preconditioning on cell viability within the CA region of organotypic hippocampal cultures using propidium iodide (PI) staining. (A) Timeline of the experimental protocol. (i) At 6 DIV, the cultures were exposed to 5 ng/ml TNF-α or 30 µM glutamate for 30 min (green bar). They were then placed in fresh medium (orange bar) containing 2 µM PI (red bar) for 24 h prior to imaging.  (ii) For the positive control, the cultures were exposed to 5 mM glutamate (blue bar) in the PI medium (red bar) for 24 h before imaging.

(B) (i-iv) Cell Death. 10x confocal images showing PI uptake into dead cells of the CA region. (i) Control (ii) 5 ng/ml TNF-α pretreatment (iii) 30 µM glutamate pretreatment (iv) Positive control: 5 mM glutamate pretreatment for 24 h. (v-viii) Total Cell. 10x confocal images of total cell area within the CA region for each culture. The respective cultures were permeabilized using 20% methanol and re-exposed to 2 µM PI. Scale bar = 100 µm. (C) Proportion of red pixels corresponding to the area of cell death within the CA region of the organotypic hippocampal cultures, calculated from 9-17 cultures per group and expressed as the mean proportion ± SEM. These results were compiled from a least three experiments of comparable design. (***p<0.001).
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Figure 2.

Preconditioning effect of TNF-α / glutamate treatment on subsequent excitotoxic glutamate insult. (A) Timeline of experimental protocol. At 6 DIV the cultures were treated with 5 ng//ml TNF-α or 30 µM glutamate (green bar) for 30 min, then placed in fresh media for 24 h to recover (orange bar). They were then exposed to a submaximal excitotoxic concentration of glutamate (4 mM) for a further 24 h. 2 µM PI (red bar) was also added to the glutamate solution at this stage in order visualise dead or dying cells. After 24 h incubation period, the cultures were washed in ice-cold PBS and imaged using Zeiss LSM Pascal laser scanning confocal microscope. (B) (i-iv) 10x confocal images showing PI uptake into dead cells of the CA region. (i) Control (ii) Post 24 h exposure to 4 mM glutamate (iii) 5 ng/ml TNF-α pretreatment 24 h prior to 3 mM glutamate exposure (iv) 30 µM glutamate pretreatment 24 h prior to 4 mM glutamate exposure. (v-viii) 10x confocal images of total cell area within the CA region for each culture. The respective cultures were permeabilized using 20% methanol and re-exposed to 2 µM PI. Scale bar = 100 µm. (C) Proportion of red pixels corresponding to the area of cell death within the CA region of the organotypic hippocampal cultures, calculated from 9-12 cultures per group and expressed as the mean proportion ± SEM. These results were compiled from a least three experiments of comparable design. (***p<0.001).
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Figure 3:

Experimental design and analysis: The effect of glutamate / TNF-α preconditioning on subsequent glutamate-induced calcium influx measured 24 h after the preconditioning treatment. (A) Timeline of the experimental protocol. At 6 DIV the cultures were treated with 5 ng//ml TNF-α or 30 µM glutamate (green bar) for 30 min, then placed in fresh media for 24 h to recover (orange bar). For experiments involving antagonists, the cultures were placed in media containing the antagonists (blue bar) 30 min prior to and during glutamate and TNF-α pretreatment. After 24 h recovery period in fresh media the experiment was carried out. (B) Experimental analysis of glutamate-induced calcium influx. (i-iii) 10x confocal images of the CA region of a typical hippocampal culture loaded with 3 µM Fluo-4, imaged using a Zeiss LSM Pascal laser scanning confocal microscope at 1 Hz for 90 s. The top right hand corner displays the fluorescence gradient which correlates to an increase in calcium-bound Fluo-4. Scale bar = 100 µm. (i) Baseline fluorescence within the cells of the CA region at the 0 s timepoint. A sample of cell bodies (50>n<250) were individually circled using LSM image examiner software. (ii) Peak increase in calcium-bound Fluo-4 fluorescence within the cells of the CA region 2 s post stimulation with 30 µM glutamate (i.e. at 22 s timepoint). (iii) Calcium-bound Fluo-4 fluorescence within the cells at 90 s timepoint. Fluorescence intensity returns to within resting levels approx 5 s post glutamate stimulation. (iv) A sample of 3 cell bodies from the culture shown in the red rectangular box in fig (i-iii) at the beginning of the experiment (t0) and during peak glutamate-induced increase in calcium–bound Fluo-4 fluorescence (t22). The calcium-bound Fluo-4 fluorescence profile of each of these cells for the duration of the experiment is generated by the software, as shown below the confocal images. The arrow indicates the application of 30 µM glutamate at 20 s, which remains in the chamber for the duration of the experiment hereafter.
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Figure 4.

Effect of TNF-α & glutamate pretreatment on subsequent glutamate-induced calcium influx. (A) 10x confocal images of CA region of organotypic hippocampal culture at 7 DIV, loaded with 3 µM Fluo-4 in BSS. Confocal images were captured at a rate of 1 Hz for 90 s. (i) Resting Ca2+-bound Fluo-4 fluorescence levels within the cells of the CA region at 0 s timepoint (t0) (ii) Peak increase in calcium bound Fluo-4, 2 s post application of 30 µM glutamate in BSS to the imaging bath (t22). (iii) Confocal image taken 70 s post glutamate application (t90). Fluorescence returned to within baseline levels within 5 s post glutamate application. Pseudocolour scale corresponding to changes in intracellular calcium is seen in top right of each image. Scale bar = 100 µm. (B) (i) Timecourse of the relative change in fluorescence in response to 30 µM glutamate application at the 20 s timepoint (indicated by the arrow). Glutamate remained in the imaging chamber for the duration of the experiment hereafter. (ii) Maximum relative change in fluorescence in response to glutamate application. Both glutamate and TNF-α preconditioning resulted in a reduction in glutamate-induced Ca2+ response. Data is expressed as the mean ± SEM normalised maximum change in fluorescence from the pooled total number of cell bodies analysed from at least 20 slice cultures from 10 experiments of comparable design. (***p<0.001).
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Figure 5.

Effect of TNF-α / glutamate pretreatment on relative intracellular Ca2+ changes within CA region of organotypic hippocampal cultures in response to glutamate stimulation. All antagonists were applied for 30 min prior to, and during pretreatment phase. Cultures recovered for 24 h before experimentation. (A(i)) + (B(i)) Time course of normalized relative changes in intracellular fluorescence in response to application of 30 µM glutamate at 20 s timepoint (indicated by the arrow). Glutamate remained in the imaging chamber for the remainder of the experiment hereafter. 

(A)(ii) + (B)(ii) Normalized maximum relative change in fluorescence in response to 30 µM glutamate application. (A)(ii) Pretreatment with 5 ng/ml TNF-α / 30 µM glutamate caused a significant depression of the glutamate-induced Ca2+ response. Inhibition of the p38 MAP kinase pathway, with SB 203580 (10 µM) and TNF-α antagonism with Infliximab (25 µg/ml) during TNF-α pretreatment, abolished its effect. (B)(ii) Neither NMDAR antagonism (100 µM D-AP5) nor inhibition of the p38 MAP kinase pathway (SB 203580, 10 µM) reversed the effect of glutamate preconditioning on subsequent glutamate-induced calcium influx.  Data is expressed as the mean ± SEM normalised maximum change in fluorescence from the pooled total number of cell bodies analysed from at least 8 slice cultures from ≥ 3 experiments of comparable design (***p<0.001, **p<0.05).
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Figure 6.

Changes in resting Ca2+ levels 24 h post TNF-α and glutamate preconditioning. (A) Timecourse of the experimental protocol used to investigate the effect of TNF-α / glutamate preconditioning on resting cellular calcium. At 6 DIV, the cultures were treated with 5 ng/ml TNF-α or 30 µM glutamate for 30 min (green bar), then placed in fresh media (orange bar) for 24 h recovery period before experimentation (red arrow). For experiments involving antagonists, the cultures were exposed to the antagonists 30 min prior to, and during TNF-α / glutamate exposure. (B) 40x confocal images of CA region of organotypic hippocampal culture at 7 DIV loaded with ratiometric dye Indo-1 AM in BSS. Images were captured at a rate of 1 Hz, for 25 s. (i) Ca2+-bound Indo-1 emission fluorescence captured at 405 nm. (ii) Unbound Indo-1 emission fluorescence captured at 485 nm. (iii) Co-localization of Ca2+ bound- and calcium free- Indo-1 emission fluorescence. (C) F405/485 ratio of Ca2+-bound/unbound Indo-1 AM in cultures pretreated for 30 min with 5 ng/ml TNF-α or glutamate, 24 h before experimentation (x-axis). (i) TNF-α pretreatment resulted in a small but significant elevation of resting calcium levels. This effect was reversed by p38 MAP kinase inhibiton with SB 203580 (10 µM) and by TNF-α antagonism with Infliximab (25 µg/ml). (ii) Glutamate pretreatment resulted in a small depression of resting calcium levels. This effect was further enhanced by NMDAr antagonism with D-AP5 (100 µM) or p38 MAP kinase inhibition by SB 203580 (10 µM). All data is presented as a percentage of the control and expressed as the mean (± SEM) fluorescence ratio of Ca2+ – bound : unbound Indo-1 taken from the cell bodies of the CA region of at least nine cultures from three experiments of comparable design   (***p<0.001, **p<0.05).
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Figure 7.

 Effect of TNF-α and glutamate preconditioning on resting calcium activity of the cells of the CA region. The experimental protocol is analogous to that described in Figure 3(A). (A) (i) Proportion of spontaneously active cells within the CA region, at rest. (ii) Table of statistical analysis results (exact Bayesian 95% confidence interval). Pretreatment with TNF-α or glutamate resulted in reduction of the proportion of spontaneously active cells within the CA region, 24 h post treatment. (B) (i) Cumulative frequency curve of the frequency of spontaneous calcium events within the active cells at baseline activity. TNF-α or glutamate pretreatment resulted in a reduction in the overall occurance of spontaneous calcium events within the spontaneous active cells. (ii) Table of statistical analysis results (Kolmogorov-Smirnov statistical test). Data was taken from cell bodies within the CA region of at least nine cultures, incorporating three experiments of comparable design.
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