Hydroxylase inhibition reduces synaptic transmission and protects against a glutamate-induced ischemia in the CA1 region of the rat hippocampus
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A1R

Adenosine 1 receptor

aCSF

Artificial cerebrospinal fluid

AMPA

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

CREB

cAMP response element binding protein

DMOG
 
Dimethyloxallyl glycine

DPCPX

8-cyclopentyl-1,3-dipropylxanthine

EBSS

Earle’s balanced salt solution

fEPSP

Field-Excitatory postsynaptic field potentials

HIF-1α

Hypoxia inducible factor-1 alpha

IKK

IκB kinase

KO

Knock Out

MEM

Minimum essential medium

NBQX

2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline -7-sulfonamide

NFkB

Nuclear factor kappa B

NMDAR

N-methyl D-aspartate receptor

PBS

Phosphate buffered saline

PFA

Paraformaldehyde

PHD

Prolyl hydroxylase

PI 

Propidium iodide

PPF

Paired pulse facilitation

pVHL

Hippel-Lindau tumor-suppressor protein

TBS

Tris-buffered saline 

TdT

Terminal deoxynucleotidyl transferase

TUNEL

Terminal deoxynucleotidyl transferase nick end labeling

ABSTRACT

The discovery of hydroxylases as oxygen sensors and key regulators of hypoxia-induced gene expression has made them a novel target for manipulating the transcriptional response to hypoxia for therapeutic benefit. In this study we have investigated the effect of prolyl hydroxylase inhibition on synaptic activity in hippocampal slices and compared this to the changes occurring following exposure to hypoxia. Furthermore, we investigated a potentially protective role for hydroxylase inhibition against a glutamate-induced ischemic insult in the CA1 region of organotypic hippocampal cultures. Application of the hydroxylase inhibitor, dimethyloxallyl glycine (DMOG), depressed synaptic transmission. Both hypoxia and DMOG exhibited a reversible reduction in synaptic transmission, enhanced paired pulse facilitation (p<0.05) and inhibited N-methyl D-aspartate receptor (NMDAR) activity (p<0.01). However the effects of DMOG were adenosine A1 receptor independent. Our results also suggest a potential therapeutic application for PHD inhibitors in cerebral ischemia, since DMOG protected the CA1 region in organotypic hippocampal slices against a glutamate-induced ischemic insult. 
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 INTRODUCTION

Stroke is a major cause of death and disability (Rothwell, 2001). More than 80% of all strokes are a result of cerebral ischemia, whilst the other 20% are due to cerebral hemorrhage (Mohr et al., 1978). The pathophysiology of cerebral ischemia comprises several aspects, which together co-operate in mediating cell death. Hypoxic stress, which occurs when oxygen demand exceeds supply, is one of the main components of an ischemic insult, together with over-excitation of the neuronal tissue, mitochondrial dysfunction and oxygen radical release, hypercapnia, tissue acidosis, damage of the blood-brain-barrier and recruitment of inflammatory mediators. The hippocampus, particularly the CA1 region, is highly sensitive to hypoxic/ischemic episodes, which may trigger excitotoxic events as a consequence of profound depolarization of neurons and glia, accumulation of glutamate in the extracellular space and over-activation of N-methyl-D-aspartic acid (NMDA) receptors (Dirnagl et al., 1999; Kreisman et al., 2000). Growing evidence suggests that a variety of factors may be involved in achieving a state of tolerance during hypoxia. One of the earliest mechanisms conferring tolerance to brain ischemia is the adenosine A1 receptor (A1R) dependent block of voltage-dependent calcium channels and subsequent inhibition of presynaptic glutamate release, (Scholz and Miller, 1996), the presynaptic inhibition of vesicular glutamate exocytosis 


(Capogna et al., 1996) ADDIN EN.CITE  and the activation of potassium channels via A1R (Heurteaux et al., 1995). A1R activation during hypoxia has also been observed to prevent the impairment of long-term potentiation in the hippocampus (Batti & O’Connor, 2009). 

One of the key regulators of the transcriptional response to hypoxia is hypoxia inducible factor-1 alpha (HIF-1α), which promotes the expression of genes involved in angiogenesis, erythropoiesis, energy metabolism, vasodilatation, and cell survival (Schofield and Ratcliffe, 2004). In neurons and other cell types HIF-1α is constitutively transcripted at high level, although in the presence of available O2, its degradation via the proteasome system is tightly regulated by oxygen sensitive hydroxylase enzymes. Members of the 2-oxoglutarate-dependent dioxygenase superfamily, namely prolyl 4-hydroxylase (PHDs) represent the key regulators of this mechanism. Using iron, oxygen and 2-oxoglutarate, they hydroxylate specific proline residues (Pro-402 and Pro-564) in the HIF-1α molecule, making it a target for ubiquitination by an E3 complex containing the von Hippel-Lindau tumor-suppressor protein (VHL), which leads to proteasomal degradation (Semenza, 2004). In hypoxic conditions, PHD activity is reduced and HIF-1α accumulates within the cell, translocates to the nuclei, dimerises with HIF-1β and activates gene expression. So far, three isoforms of PHD, which regulate HIF-1 stability have been identified; PHD1, PHD2 and PHD3. The discovery of PHDs as key regulators of HIF expression has made them a novel target for regulating the transcriptional response to hypoxia. However, it is still unclear whether the effects of PHD inhibition and HIF-1α transactivation in the brain are principally advantageous or trigger pro-death mechanisms (Aminova et al., 2008). Dimethyloxallyl glycine (DMOG), a prolyl hydroxylase inhibitor is a potent activator of the HIF-1α pathway and has also been demonstrated to induce the NFkB pathway in a cell culture model (Cummins et al., 2006). 

Protective effects of hypoxic pre-conditioning are well established in cerebral ischemia models and the use of prolyl hydroxylase inhibitors as pharmacological mimetic of hypoxia has opened an opportunity to a possible therapeutic strategy for pharmacologic pre-conditioning (Dirnagl et al., 2003; Fraisl et al., 2009; Harten et al., 2009; Ratan et al., 2004). Systemic administration of DMOG, 24 hours before the onset of ischemia, significantly reduced post-ischemic infarct size in rabbit hearts, an effect  likely due to the observed attenuation by the drug of serum levels of the pro-inflammatory cytokine IL-8 and myocardial PMN infiltration (Ockaili et al., 2005).  Furthermore, Cummins et al. (2008) have recently demonstrated protective effects of prolyl hydroxylase inhibitor in an in vivo model of colitis. Most recently, it has been discovered that selective PHD1 inhibition resulted in protection of primary cortical cultures and hippocampal cell lines from oxidative death in a glutamate-based model of ischemia and that the protective action of PHD inhibitors was HIF-1α- and CREB-independent (Siddiq et al., 2009). A neuronal phenotype for PHD (PHD3-/- KO mice) has recently been reported (Bishop et al., 2008). PHD3 was shown to be required for proper anatomical and physiological integrity of the sympatho-adrenal system, regulation of neuronal apoptosis, and reduced catecholamine secretion. However, the potential effects of prolyl hydroxylase inhibition, independent of transcriptional response have been poorly documented.

In this study, we have examined the effects of prolyl hydroxylase inhibition on transcriptional and acute non-transcriptional changes in synaptic transmission in rat hippocampal slices and compared this to those occurring following mild hypoxic exposure. We further investigated the putative therapeutic application of preconditioning with prolyl hydroxylase inhibition against a glutamate-based ischemic insult. 

Experimental procedures

Animals 

Male Wistar rats (50-85 g, 4 weeks old) were used for this study. All experimental procedures were approved by the Animal Research Ethics Committee of the Biomedical Facility at University College Dublin, in accordance with the European legislation. Animals were anaesthetised using isoflurane (4%) and decapitated by guillotine. The brain was immediately removed and placed in chilled artificial cerebrospinal fluid (aCSF) of the following composition (in mM): NaCl 120; NaHCO3 26; NaH2PO4 1.25; KCl 2.5; Glucose 10; MgSO4 2; CaCl2 2. 350 µm transverse hippocampal slices were prepared using a Leica VT 1000S Vibroslice. Slices were then left to recover for at least 1 hr at room temperature, bubbled with 95%O2/5%O2. Slices were transferred to a submerged recording chamber and continuously perfused with aCSF bubbled with 95%O2/5%CO2 from a 100 ml reservoir at a flow rate of 8.5 ml/min and a temperature of 30oC. The aCSF composition was similar to that used during dissection except for lowered MgSO4 (1.2 mM). All drugs used were exposed to the slice via the perfusate. NMDA-fEPSPs were pharmacologically isolated with application of NBQX (2µM) in low MgSO4 aCSF (0.3 mM).

Electrophysiology 

Field excitatory postsynaptic potentials (fEPSPs) were elicited by stimulation of the Schaffer collateral pathway of the CA1 region of the hippocampal slice using aCSF-filled monopolar glass electrodes at a frequency of 0.033 Hz. The stimulating electrode was connected to a S48 Stimulator (Grass Instrument; Massachusetts, USA) via Grass SIU5 stimulus isolation unit. The recording electrode was connected to an Axopatch 1D via a CV-4 headstage, which amplified evoked responses 1000-fold. fEPSPs were acquired at 20 kHz and filtered at 5kHz. Stimulus strength was adjusted to give 30-40% maximal response. To elicit paired-pulse facilitation (PPF), the Schaffer pathway was stimulated twice (50-ms inter-pulse interval) and the synaptic facilitation quantified as the ratio of (fEPSP2/fEPSP1) slope. Recordings were acquired and analysed off-line using the software package WCP (J. Dempster, Strathclyde).

Exposure to hypoxia and PO2 measurement

As previously described, during fEPSP recording, exposure to hypoxia was induced by switching the gas passing through the circulating solution from 95% O2/5% CO2 to 95% N2/5% CO2 (Batti & O’Connor, 2009). Re-oxygenation was induced by switching the gas from 95% N2/5% CO2 to 95% O2/5% CO2. Using a pO2 monitor (OXILITETM) to perform fluorescence-quenching oxymetry, oxygen profiles within the hippocampal tissue were obtained during hypoxia and re-oxygenation phases. The oxygen probe was positioned inside the hippocampal slice at a depth of approximately 100 µm from the surface of the slice. Changes in pO2 were monitored every 5 s. The detection range of the probe is 0-200mmHg. 

Western Blot analysis

Acute hippocampal slices were prepared from male Wistar rats (50–85 g). Both hippocampi were rolled out separately and cut into 350 µm slices using a McIlwain tissue chopper. Following 1 h of recovery period at room temperature, slices were incubated in the recording chamber for 30 min. Perfused aCSF was bubbled with 95%O2/5%CO2, for exposure to hypoxia aCSF was pre-bubbled with 95%N2/5%CO2 for 15 min before incubating slices. DMOG was applied to the slice via the perfusate. Slices were then transferred to ice-cold RIPA lysis buffer (Sigma) (300 µl per 18 slices). After sonication, homogenates were then centrifuged for 10 min at 13000 rpm at 4ºC. The pellet was discarded and supernatant used for protein concentration assay (BCA Protein Assay Reagent, Pierce) and loading sample preparation. Samples, of equal protein concentration, were separated by 10% or 8% SDS-PAGE, transferred to nitrocellulose and probed with anti-HIF-1α monoclonal antibody (Novus Biologicals) anti-Phospho-IKK-alpha (Ser180)/IKK-beta (Ser181) (Cell Signaling), anti-IKK-beta (Cell Signaling), anti-beta-actin (Sigma) and secondary anti mouse- and anti rabbit-HRP linked antibodies (Cell Signaling). Bands were scanned and quantified by densitometry using ImageJ software. 

Preparation of organotypic hippocampal cultures

Cultures were prepared as described previously (Stoppini et al., 1991). Post-natal day 8-10 Wistar rats were decapitated and their brain quickly dissected and placed into ice-cold Earle’s balanced salt solution (EBSS). Both hippocampi were rolled out separately and cut into 400 µm slices using McIIwain tissue chopper. Slices were then separated and arranged onto organotypic inserts (3 per insert, Millicell). The slices were grown using an interface method with 1 ml organotypic medium supplying the under-surface of the slice and kept at 35ºC and 5% CO2 in air. The organotypic medium consisted of 50% MEM, 25% EBSS, 25% heated inactivated horse serum (Sigma) and supplemented with 2 mM glutamine, 28 mM D-glucose, 5000U/ml penicillin/streptomycin and 25 mM HEPES.

Preconditioning with DMOG and cell death induction

DMOG was applied at 8 and 10 days in vitro (DIV) and left for 48 hours each time. At 12 DIV fresh medium was applied and left for 24-48 hours prior to experimentation. At 13-14 DIV organotypic cultures were incubated for 24 hours with glutamic acid (5 mM) (Sigma Aldrich). After each treatment, slices where incubated in fresh medium and left for 48 hours before being assessed for viability. 

Cell death detection

Propidium Iodide staining

Following treatment, slices were incubated in fresh medium with PI (2µM) for 48 hours. Cultures were assessed for cell viability. Slices where then washed twice in ice cold PBS and fixed in 20% methanol/PBS solution at 4°C for 30 min. Slices where then incubated in 6.7 µM PI in PBS for 10 min and washed three times. As fixed cells are permeable to PI, we used this second staining to calculate the total amount of cells. Data resulting from the staining before fixation was counted as “cell death” values, whilst those from post-fixation and further PI incubation were counted as “cell total” values.

dUTP nick end labeling histochemistry

The experiments were carried out using FragELTM DNA Fragmentation Detection Kit, Fluorescent-TDT Enzyme (Calbiochem). Briefly after 48 h of recovery post-insult, organotypic hippocampal cultures were fixed in 4% paraformaldehyde (PFA) (in 1X PBS) for 10 min at room temperature. After 1 wash in TBS (20 mM Trizma base pH 7.6, 140 mM NaCl) slices were incubated for 14-18 h in 0.5% TritonX/PBS at 4ºC Following 10-20 min of incubation with equilibration buffer, slices were incubated with the labeling reaction mixture (57 μl of Fluorescein-FragELTM TdT Labeling reaction mix and 3 μl of TdT enzyme) at 37ºC for 1 hour. A further incubation for 3 min with Hoechst staining (Invitrogen), 1:500, at room temperature followed. Slices were then washed three times and mounted on microscope slides, using Fluorescein-FragELTM as mounting media. Positive control was generated incubating the slice after the permeabilisation step in DNAsi 1000U/ml in TBS/1mM MgSO4 for 20 min at room temperature. Negative control was generated omitting the TdT enzyme from the labeling reaction mixture.

Image Acquisition

All images were captured using confocal microscopy and used for quantitative analysis of PI, TUNEL and Hoechst staining (12-bit; 1024 x 1024 pixels). A 10x/0.8W water dipping lens (Zeiss Achroplan) was used for PI staining; a 40x/0.8W water dipping lens (Zeiss Achroplan) was used for TUNEL staining. Three images for PI staining and five for TUNEL staining were captured for the CA1 region of each slice. For PI staining images on the same area were captured twice, before and after the second staining with PI, so as to determine cell death and cell total in the same area, respectively. The specific area imaged was kept consistent between slices. With the first imaging step we used the red channel and the transmitting light as references to define the surface of each slice. From this point we then calculated the distance at which the image was taken. The same depth was then kept for imaging carried out after the second staining. 

Automated image analysis:

Image analysis was conducted using the software package EBImage (http://www.ebi.ac.uk/~osklyar/EBImage/) for the R statistical programming environment. Cell death/cell total ratios were calculated for each slice. Briefly taking the immunofluorescently-labelled organotypic culture, the red and blue channel were first defined for each PI and Hoechst labelled image, respectively and every pixel within the image (1024 x 1024) was assigned an intensity value between 0 and 1. Using the red and the blue channel as a reference, size and thresholds were set in order to select only those pixels likely to represent labelled nuclei. Total red pixel values were automatically calculated for each image. For the green channel a further separation was applied in order to change the absolute threshold (50% of the maximum intensity). For PI staining cell death and cell total values from each slice were separately added to each other. Cell death/cell total ratios were then calculated for each slice. For TUNEL staining cell death/cell total ratios referred to the TUNEL/Hoechst ratios. 

Data Analysis

All fEPSP slope measurements are presented as a percentage of baseline recordings. Baseline measurements represent the average of all fEPSPs recorded over 30 min and prior to drug/hypoxic treatment. Data are presented as mean ± sem and calculated based on 5 min recordings (10 measurements). Data were analyzed for statistical significance using the non parametric, Mann-Whitney unpaired test and Wilcoxon matched paired test for paired pulse facilitation analysis; P values < 0.05 were considered significant.  SDS-PAGE densitometry was calculated using the software ImageJ. Data were expressed as fold changes from control conditions and analysed using Mann-Whitney unpaired test; p values<0.05 were considered significant. For viability assays values were expressed as percentage of the maximum dead cell value; briefly, cell death/cell total ratios were calculated for each image and then normalised by the average of ratio values calculated for “glutamate treated slices” images. Data were presented as mean ± sem. Statistical comparisons among groups were made using one-way ANOVA test with Bonferroni as post-test. P<0.05 was considered statistically significant.

Drugs  

Dimethyloxallyl glycine (DMOG) was obtained from Cayman Chemical; 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) and 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX) were obtained from Tocris Bioscience. All agents were dissolved in dimethyl sulfoxide (DMSO) with a final concentration of less than 0.05% in aCSF. Solvent controls were carried out at equal concentrations for each drug.

RESULTS

Hypoxia-induces HIF-1α accumulation and depresses the fEPSP in hippocampal slices. 

In agreement with previous studies carried out on cultured cells, exposure to decreased oxygen tension increased HIF-1α in the hippocampal tissue. Acute hippocampal slices exposed for 30 min at 30±0.5°C in a hypoxic environment, obtained by perfusion with 95%N2/5%CO2 (pO2 in the aCSF at the surface of the slice was 42.1±3.7 mmHg, n=3, data not shown), gave rise to an accumulation of the transcription factor HIF-1α when compared to control slices left for the same period with 95%O2/5%CO2 (measured by SDS-PAGE for HIF-1α analysis; 3.7±0.34 fold increase from basal expression measured in control conditions; n=3; p<0.05 Figure 1A). fEPSP slope decreased during hypoxia (22.9±3.4% of control after 15 min, n=10). There was a small but non significant increase in the fEPSP slope during the 2hr period of hypoxia. Re-oxygenation after 2 hr of exposure to hypoxia reversed the inhibition of the fEPSP (93.89±5.0% of control, 10 min after re-oxygenation, n=6). Representative fEPSPs during normoxia (1) hypoxia (2 and 3) and re-oxygenation (4) are shown in Figure 1B. Using fluorescence quenching oxymetry we measured the oxygen tension in the hippocampal slices, during the switching of gas bubbled through the perfusate from 95% O2/ 5%CO2 to 95%N2/ 5% CO2. There was a rapid reduction of pO2, which reached 8.2±1.4 mmHg (1% O2), 4 minutes after the switch (Figure 1C). The oxygen probe was positioned 100 µm inside the hippocampal tissue using a micromanipulator, a depth that was similar to that of the recording electrode. The sub-physiological temperature range of 30-32°C was chosen in order to minimize slice injury, prior to exposure to hypoxia and to maximize the modulatory effects of hypoxia on synaptic transmission (Taylor and Weber, 1993).

Figure 1 here

Prolyl hydroxylase inhibition reduces synaptic transmission. 

Prolyl hydroxylase inhibitors have previously been shown to activate both HIF-1α and NFkB pathways in a cultured cell model (Cummins et al., 2006). Here we have investigated the effects of DMOG (1 mM) on HIF-1α accumulation and IKKα/β phoshorylation in acute hippocampal slices. Using anti-HIF-1α and anti-P-IKKα/β antibodies we found that 30 min incubation of hippocampal slices with DMOG significantly increased HIF-1α expression in the tissue (5.0 ± 0.9 fold increase from basal expression measured in control conditions; n=3; p<0.05; Figure 2A) and the phosphorylation of ser 180 and ser 181 residues of IKKα and IKKβ, respectively (1.6 ± 0.2 fold increase from control conditions; n=3; p<0.05; Figure 2B). The effect of DMOG on synaptic transmission in the Schaffer collateral pathway of the hippocampus was then analysed over a 20 and a 100 min time course (Figure 2C). We show that DMOG gives rise to a gradual decrease of the fEPSP, which was statistically significant 20 min after application of the prolyl hydroxylase inhibitor and reached a maximum effect of 74.3 ± 5.3% of the fEPSP baseline, 70 min after application (n=5; p<0.01; Figure 2D). DMOG had a significant inhibitory effect on the fEPSP at 100 µM and 1mM but not at 10 µM. Similar to hypoxic depression, the effect of prolyl hydroxylase inhibition on the fEPSP was reversible 30 min after wash out (98.6 ± 7.9%; n=4; p<0.05; Figure 2E). In order to investigate whether the effect of DMOG (1 mM) on the fEPSP involved A1R activation, we used the selective A1R antagonist DPCPX (200 nM) prior to DMOG application. Treatment with DPCPX 20 min prior to DMOG application did not affect the DMOG-induced decrease in fEPSP slope (86.5 ± 4.8%, 80 min after DPCPX application and 60 min after DMOG application n=4, p<0.05 when compared to control slices; p>0.05 when compared to DMOG 1 mM treated slices; non-parametric Mann Whitney test; figure 2E). This may suggest that the effect of DMOG on the fEPSP is  independent of A1R activation. 

Figure 2 here

Prolyl hydroxylase inhibition modulates paired pulse facilitation and NMDARs

Hypoxic depression has a pre-synaptic component and also prevents NMDAR over activation during hypoxia (Arrigoni et al., 2005; Nader et al., 1998). We analysed changes in paired pulse facilitation (PPF) as an indication of presynaptic changes (Wu and Saggau, 1994), after DMOG application and compared this to those occurring following mild hypoxic exposure. We found a small but significant increase in PPF 70 min after DMOG application (147.1  ± 2.7% versus 132.6 ± 3.6% of control baseline PPF; n=5; p<0.05; Figure 3A). PPF also increased during hypoxic exposure, an effect that was reversed once tissues were re-oxygenated (144.6 ± 3.2% and 118.9 ± 2.6, respectively versus 125.8 ± 0.8% of baseline PPF; n=5 p<0.01; Figure 3B). 

Prior application of the AMPA receptor antagonist NBQX (2µM) and reduction of MgSO4 from 1.2 mM to 0.3 mM allowed a selective and stable recording of NMDA-fEPSPs. Application of DMOG after 20 min stable baseline recordings, gave rise to a rapid reduction of the fEPSP amplitude, which was significant 10 min after application (72.8 ± 3.0% and 46.9 ± 4.7% 10 and 60 min after DMOG application, respectively versus 100.0 ± 6.4% and 95.8 ± 11.9% controls; n=5; p<0.01; Figure 3C). This effect is likely to be based on transcription-independent mechanisms. In order to compare these changes with those occurring during hypoxic depression, we also analysed the pharmacologically isolated NMDA/fEPSP during exposure to hypoxia. As previously documented, (Sebastiao et al., 2001) NMDAR activity was in part suppressed by mild hypoxic exposure, and reversed by re-oxygenation of the tissue (40.5 ± 5.2% 30 min after exposure to hypoxia versus 99.0 ± 11.0% controls, n=5 p<0.01 and 73.6 ± 3.5% 30 min after re-oxygenation; Figure 3D).  At the end of experiments AP-5 was added to the aCSF to demonstrate that the signal was NMDA receptor mediated (Figure 3C and D).

Figure 3 here

Prolyl hydroxylase inhibition protects against glutamate-induced tissue injury 

We applied glutamate (5mM) onto the CA1 region of 13 DIV organotypic hippocampal cultures for 24 hours prior to investigating the effects of DMOG pre-conditioning. Lower concentrations of glutamate did not result in significant cell damage (data not shown). Propidium Iodide (PI) staining is a marker for cell death detection as it permeates only the damaged membranes and thus binds the nucleic acids of only dead cell.  PI based red staining, reached a maximum value after 24 h treatment with glutamate (5 mM) and this effect was significantly reversed by DMOG preconditioning (Figure 4A). Lower concentrations of glutamate did not result in significant cell damage (data not shown). Each cell death/cell total ratio was expressed as percentage of the maximum cell death found in the glutamate treated group. Cell death/cell total ratio in glutamate treated group were significantly different from controls, “DMOG preconditioning” and “DMOG preconditioning and glutamate” groups (100.0 ± 6.5% glutamate treated; n=5 versus 4.1 ± 1.5% control; n=9; 33.0 ± 10.0% DMOG; n=9, and 18.7 ± 6.0% DMOG-glutamate; n=5, respectively; p<0.005 Figure 4B). Interestingly DMOG preconditioning on its own caused a small increase in cell death/cell total, when compared to controls (p<0.05). 

Figure 4 here

Further analysis of apoptotic cell death was carried out using dUTP nick end labeling (TUNEL) staining on fixed organotypic slices; tunel-fluorescein was captured by the green channel and it stained the apoptotic nuclei and nuclear membrane. Hoechst staining was captured by the blue channel and stained the cell total nuclei. Merge images were added in order to visualise the overlapping of the two stains (Figure 5A). Each cell death/cell total ratio was expressed as percentage of the maximum found in the glutamate treated group. In line with PI staining data, we found a significant increase of the cell death/cell total ratio after glutamate treatment comparing to controls (100.0 ± 25.6%, n=12 versus 8.6 ± 4.9% controls, n=15; p<0.001), which was reversed by preconditioning with DMOG (38.7 ± 9.8% n=15; p<0.05; Figure 5B).

Figure 5 here
DISCUSSION

We have used prolyl hydroxylase inhibition with the aim of pharmacologically mimicking acute hypoxic exposure and investigated these effects on synaptic transmission. We provide novel evidence for an acute modulatory role of PHD inhibition on synaptic transmission in the CA1 region of hippocampal slices, effects which shared some similarities with an hypoxia-induced depression of synaptic transmission. We also report a protective role for prolyl hydroxylase inhibition against a glutamate based ischemic insult in this region. The effects of the prolyl hydroxylase inhibitor, DMOG, implicates a role for hydroxylases in hypoxia-induced synaptic depression. 

The reduction in synaptic transmission observed in the CA1 region of the hippocampus in response to oxygen withdrawal has long since been described as a common neuronal adaptive mechanism in response to hypoxia triggered by adenosine accumulation, followed by A1R activation and aimed to reduce the cellular work and protect the neuronal tissue from energy withdrawal (Fujiwara et al., 1987; Lipton and Whittingham, 1982). We reproduced a mild hypoxic insult in order to trigger these mechanisms of earliest neuronal adaptation in the Schaffer collateral pathway and compared them with the effects occurring following the exposure to prolyl hydroxylase inhibition. We used young animals (4 weeks old) for our electrophysiological studies in order to be able to compare this data with that of the organotypic culture model, which requires the use of animals at the first 10 postnatal days. Using extracellular field recordings in the Schaffer collateral pathway of acute hippocampal slices we report a reduction in fEPSP following exposure to hypoxia that was reduced to 77% of the baseline fEPSP recording, 15 min after hypoxia. This effect was reversible once the tissue was re-oxygenated. Although not significant, a general recovery of the fEPSP within the 2 hours of exposure to hypoxia was observed. This may be due to a desensitisation  of A1R mediated response, which has been demonstrated to be caused by the activation of other adenosine receptors 


(Dunwiddie et al., 1997, Lopes et al., 2002) ADDIN EN.CITE  and is likely due to an internalisation  of A1 adenosine receptors in nerve terminals 


(Coelho et al., 2006) ADDIN EN.CITE . The pO2 measurement performed within the hippocampal tissue changed from values above the measurable threshold (>200 mmHg) to 8 mmHg, 4 min after exposure to hypoxia (see also Batti and O’Connor, 2009). Using SDS PAGE technique we also showed that hippocampal slices under these hypoxic conditions demonstrated an increase in expression of the transcription factor HIF-1α, suggesting a transcriptional responsiveness of the tissue to the hypoxic environment. 

The discovery of prolyl 4-hydroxylase (PHDs) as key regulators of HIF expression has made them a novel target for regulating the transcriptional response to hypoxia. The potential therapeutic role for PHD inhibitors in ischemic insult has become a subject of great interest. With the present study we report that application of the PHD inhibitor DMOG caused a gradual and reversible reduction of the fEPSP slope measured in the Schaffer collateral pathway. Concentrations of 100 µM or above had a significant effect. This is in agreement with previous work carried out in cultured cells by Cummins et al., (2006) who demonstrated that 30 min incubation of hippocampal slices with DMOG gave rise to the accumulation of HIF-1α and the phosphorylated form of IKKα and IKKβ. Concentrations of DMOG greater than 100 (M would seem to be required by most laboratories 


(Ockaili et al., 2005, Cummins et al., 2006, Lomb et al., 2007) ADDIN EN.CITE . Thick brain slice preparations may also require more than a ten fold greater concentration of agent for effect than for example cultured cell preparations due to diffusion and other differences. However there are specificity issues of using an inhibitor at high concentrations and there is a possibility of more than one pathway and PHD isoform being modulated. With this in mind other laboratories have selectively inhibited PHD with siRNA and knock out strategies. 

Despite the electrophysiological similarities of PHD inhibition and the hypoxic-induced depression observed in our work, we found that the A1 receptor, the main mediator of hypoxic depression, is not involved in the DMOG action on synaptic activity. We also observed a different time course of the synaptic depression following exposure to hypoxia and DMOG application. With this in mind it might be expected that the hypoxia-induced and DMOG-dependent depression of synaptic transmission would not be mutually occlusive. The effect of DMOG may thus be related to other mechanisms, for example those which affect the probability of presynaptic neurotransmitter release. Our effects on PPF were small and using extracellular techniques its interpretation as a pre-synaptic indicator of change is not as yet substantiated.  However its effect may also be due to an interaction with Ca2+ channels, or alternatively there may be an interaction between the PHD inhibitor and presynaptic vescicular exocytosis of glutamate. The high affinity between dimethyloxallyl glycine and glycine may also support the hypothesis that DMOG can antagonize the glycine effect as a co-factor in NMDAR activation. This would explain the rapid decrease of the NMDAR component of the EPSP following DMOG application. 
The isolated NMDA-mediated fEPSPs were shown to be reduced to about 50% following DMOG application.  Similarly NMDA-fEPSPs recorded during exposure to hypoxia showed a significant reduction in amplitude (60% decrease from baseline recordings), which was in part reversed by re-oxygenation. Such a rapid effect of DMOG on the NMDA-EPSP suggests a non-transcriptional mechanism of action. It is difficult from these data to decipher a pre and/or postsynaptic action of DMOG and more experiments using intracellular recordings will need to be carried out to determine this. 

Since the effect of mild hypoxic exposure on the reduction of fEPSP has been largely described as a neuroprotective adaptive mechanism, established to prevent the over-activation of NMDA receptors and thus excitotoxicity (Sebastiao et al., 2001) and because of the similarities reported here between the effects of PHD inhibition on the fEPSPs and hypoxic depression, we went on to investigate potential therapeutic implications of PHD inhibition on a glutamate-induced ischemic insult.  We reproduced mechanisms of ischemia-induced excitotoxicity based on the observation that overstimulation of glutamate receptors promotes neuronal cell death (Pellegrini-Giampietro et al., 1999; Rothman and Olney, 1986). We therefore assessed the action of preconditioning with dimethyloxallyl glycine in an organotypic hippocampal cultures in vitro model against a glutamate-induced ischemic insult. Using viability assays to assess the integrity of the CA1 region following glutamate excitotoxicity, we report a significant increase in cell death/cell total ratio in glutamate treated groups. Such toxic effects were significantly prevented with DMOG pre-treatment. Surprisingly, we found that DMOG preconditioning on its own had small but significant detrimental effects when compared to non treated animals. This may be explained by the study of Aragones et al., (2008) who observed that the selective inhibition of PHD1 alters the oxidative metabolism and impairs oxidative muscle performance of the skeletal muscle in healthy conditions. 

In summary we report an acute modulatory action of the prolyl hydroxylase inhibitor, DMOG on synaptic transmission in the CA1 region of the hippocampus. The changes observed shared similarities with hypoxic depression occurring as adaptive and neuroprotective response to hypoxia. Both events give rise to a reversible reduction in synaptic transmission, may have a pre-synaptic component and involved NMDAR activity. However they do not refer to the same receptor activation. We have also observed that preconditioning with DMOG protected the CA1 region of organotypic hippocampal slices from glutamate-induced excitotoxicity. We conclude that hydroxylases regulate synaptic transmission of the Schaffer collateral pathway of the hippocampus and that hydroxylase inhibition is a potential new treatment for cerebral ischemia.
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Legends

Figure 1

Hypoxia induced- HIF-1α accumulation and depression of the fEPSP 

(A) Hippocampal slices exposed to hypoxia for 30 min demonstrated increased HIF-1α expression. All values mean ± sem. *p<0.05; n=3. C=control exposure, H=exposure to hypoxia (B) Time course showing the changes in fEPSP slope recorded in the Schaffer collateral pathway, 15 min after the switch of the perfusate from 95%O2/5%CO2 to 95%N2/5%CO2 (top) and 10 min after re-oxygenation (below) of the perfusing medium. Occurrence of hypoxia caused a gradual reduction of the fEPSP (n=10). Black arrow indicates the exposure to hypoxia. Re-oxygenation of the perfusate after 2 hr of hypoxia recovered the fEPSP (n=6). fEPSP slope values represent recording every 30 s. All values mean ± sem. On the right, averaged representative fEPSPs are shown at the time points indicated by the numbers (C) pO2 levels measured by fluorescence quenching oxymetry within the hippocampal slice during exposure to hypoxia. pO2 rapidly decreased to ~8 mmHg within 3 minutes from the occurrence of hypoxia n=4. 
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Fig. 2. Acute role for dimethyloxallyl glycine (DMOG) on synaptic transmission. (A) Hippocampal slice homogenates incubated for 30 min with DMOG 1mM demonstrated increased HIF-1α expression and (B) increased activation of IKKα/β when compared to control conditions. All values are mean±sem. p<0.05; n=3. C, control exposure; H, exposure to hypoxia and D, DMOG 1mM. (C) Normalized (fEPSP) slope in the absence (○) or presence of DMOG 1 mM (●) is shown over an 80 min time-course. Upon washout the effects of DMOG were reversible. (D) Prior application of DPCPX does not affect the inhibition of the fEPSP slope by DMOG. Each point in C and D represents the average of 5 min recordings. All values are the mean±sem, n=5. (E) Bar graph summarizing the normalised fEPSP slope measured 70 min after application of vehicle and DMOG (10 µM, 100 µM, 1 mM), 20 min after wash out and 70 min and 90 min after DMOG (1mM) and DPCPX (200 nM) application (from the left to right). Changes compared to control slices are shown; *P<0.05, **P<0.01. Data are presented as percentage of change from the baseline values and represent the average of 10 min recordings. All points are mean ± sem, n=5 for controls and DMOG 1mM and n=4 for DMOG 10µM, 100µM, wash out and DPCPX+DMOG groups.
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Figure 3

The effect of DMOG on paired pulse facilitation and NMDAR activity: comparison with hypoxic depression. 

(A) Paired pulse facilitation (PPF) significantly increased 80 min after DMOG 1 mM application and (B) 30 min hypoxic exposure and reached baseline values 30 min after re-oxygenation. Data are expressed as percentage of the ratio between the slopes of second and the first pulse (P1/P2 %) and calculated based on 5 min recordings (10 measurements). All points are the mean ± sem, n=5; *p<0.05; **p<0.01 Wilcoxon matched paired test. On top left, averaged representative paired pulse fEPSP of recordings in absence (1) and 80 min after DMOG 1 mM application (2); On top right representative paired pulse fEPSP of recordings 30 min after baseline (3) and 30 min after hypoxic exposure (4); the corresponding enlargement of these traces is also shown.  (C) NMDA-fEPSPs in absence (○) or presence of DMOG 1 mM (●). ** p<0.01; n=5; Mann-Withney test. On top averaged representative NMDA-fEPSP in DMOG treated slices at the time-points indicated. (D) NMDA-fEPSPs in control (○) or hypoxia-exposed (●) slices. ** p<0.01; n=5; Mann-Withney test. On top averaged representative NMDA-fEPSP in hypoxia exposed slices at the time-points indicated. The grey bar in C and D indicates the treatment with D-AP 5 at the end of the experiments.
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Figure 4

The effects of DMOG preconditioning and glutamate induced excitotoxicity.

(A) 12 DIV cultures were exposed to 24 h of glutamate (5 mM) or vehicle (1), in absence (2) or presence of prior DMOG pre-conditioning (3), and then left to recover for further 48h in fresh medium with propidium iodide (PI) (2µM). DMOG (1 mM) was applied at 8 and 10 DIV cultures and removed before glutamate application. For each slice10X confocal images were taken before (1,2 and 3) and after (4,5 and 6) fixation and additional incubation with PI  (6.7 µM) in the same area corresponding to the CA1 region. Data resulting from the staining before fixation was counted as “cell death” values, whilst those from post-fixation and further PI incubation were counted as “cell total” values. (B) Bar graph showing cell death/cell total ratios expressed as percentage of maximum achieved by glutamate (5 mM) treatment. For each slice values of cell death coming from 3 separated images on the CA1 region were summed and then divided against the sum of values calculated from the correspondent 3 “cell total” image. Average of cell death/cell total calculated from glutamate treated slices was used as normalising value for all ratios. One way ANOVA test and Bonferroni post test were used for statistical analysis. ***P<0.005 between Glutamate group (n=5 slices) and control (n=9 slices), DMOG (n=9 slices), DMOG glutamate (n=5 slices) groups; * p<0.05 between control and DMOG group. Experiments were carried out with tissue from 3 animals.
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Figure 5

DMOG protects hippocampal cells from glutamate-induced apoptosis. 

(A) 12 DIV cultures were exposed to 24 h of glutamate (5 mM) or vehicle (1), in absence (2) or presence of prior DMOG pre-conditioning (3), and then left to recover for further 48h in fresh medium. After fixation, and Tunel/Hoechst five 40X images were captured on the CA1 region of each slice, using confocal microscope. The green Tunel staining for apoptotic nuclei and the blue Hoechst staining for total nuclei are shown in control, glutamate and DMOG-glutamate images (1 and 4, 2 and 5 and 3 and 6, respectively) on the left the corresponding merged images are shown (7,8 and 9). (B) Bar graph showing Tunel/Hoechst ratios expressed as percentage of maximum achieved by glutamate (5 mM) treatment. For each image value of cell death calculated from Tunel staining was divided against the correspondent Hoechst values. The average of Tunel/Hoechst ratio calculated from the “glutamate treated group” was used as normalising value for all ratios. One way ANOVA test and Bonferroni post test were used for statistical analysis. Groups: Glutamate (n=12 images in 3 slices), control (n=15 images in 3 slices), DMOG (n=11 images in 3 slices), DMOG glutamate (n=15 images in 3 slices); *p<0.05, ***p<0.005.

[image: image5.png]Control

(% of max)

-
(23
[
[
(o]

X

=
>

=
v
=
[

-

£
[
=

=

-

Glutamate

DMOG-Glutamate _




PAGE  
22

