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Ischemic tolerance is an endogenous protective mechanism in which exposure to a sublethal  

preconditioning stimulus results in resistance to subsequent otherwise lethal ischemic insult (Gidday, 

2006; Stenzel-Poore et al., 2007; Obrenovitch, 2008; Dirnagl et al., 2009). Because the 

preconditioning stimulus is known to generate an epigenetic reprogramming of the brain leading to 

inhibition of programmed cell death or augmentation of cell survival, the acetylation/deacetylation 

system appears to be an ideal candidate as a possible neuroprotective mediator in the development of 

ischemic tolerance (Thompson et al., 2013).  

 

Post-translational (epigenetic) modifications of chromatin architecture, such as acetylation, 

methylation, phosphorylation, and ubiquitination at specific amino acid residues of histone proteins, 

have profound effects on the maintenance of nuclear homeostasis and on gene expression. Histone 

acetyl-transferases (HATs) and histone deacetylases (HDACs) represent two enzyme families that 

catalyze the interconversion between permissive and repressive chromatin structures: acetylation at 

lysine-rich amino-terminal tails of core histone proteins results in charge neutralization and a more 

relaxed and transcriptionally active chromatin structure, deacetylation shifts the balance towards 

chromatin condensation, thereby silencing gene expression. During normal conditions, the enzymatic 

activities of HATs and HDACs remain in a harmonized state of balance that is a prerequisite of 

neuronal survival. Under conditions of neurodegeneration, it has been repeatedly demonstrated that 

histone acetylation generally decreases, reflecting a derangement of the acetylation/deacetylation 

homeostasis (see for reviews: Saha and Pahan, 2006; Abel and Zukin, 2008). 

http://www.ncbi.nlm.nih.gov/pubmed/25623965


Numerous studies have demonstrated that in experimental models of cerebral ischemia in vivo there 

is an imbalance in the acetylation/deacetylation homeostasis that can be prevented by using HDAC 

inhibitors that restore histone acetylation levels (see for reviews: Faraco et al., 2006; Langley et al., 

2009; Gibson and Murphy, 2010; Schweizer et al., 2013). The results of the present study extend 

these findings to an in vitro model of cerebral ischemia, i.e. rat organotypic hippocampal slices 

exposed to 30 min OGD, demonstrating that the same reduction in histone H3 acetylation levels and 

the same neuroprotective effects of HDAC inhibitors can be observed in neonatal cerebral tissue that 

is cultured until maturity for two weeks and then exposed to ischemic-like artificial conditions. 

 

Using this preparation, we evaluated the role of histone acetylation/deacetylation in an in vitro model 

of preconditioning, exposing the slices to 30 min oxygen-glucose deprivation (OGD), which leads to 

CA1 injury 24 h later: tolerance was induced by exposing the slices to preconditioning bouts of 

NMDA (3 mM for 60 min) 24 h prior to the toxic OGD challenge. Under these conditions, CA1 

damage induced by OGD was reduced. Preconditioning with NMDA evoked an immediate but mild 

increase in histone H3 acetylation in K18, that appears to be necessary for the development of 

tolerance to OGD. A mild increase in the acetylation of histone H3 is expected to result in an increase 

in expression of neuroprotective  proteins or downregulation of pro-inflammatory genes. In this study, 

we show that the mild increase in acetylation induced by NMDA preconditioning is associated with 

a downstream increase in ERK 1/2 phosphorylation, a crucial prosurvival signaling pathway in 

models of ischemic tolerance (Shamloo et al., 1999; Choi et al., 2006; Gao et al., 2010; Gerace et al., 

2012).  

 

We have previously reported that pharmacological preconditioning with NMDA and DHPG in 

cultured hippocampal slices promotes the mild activation of PARP, which mediates a neuroprotective 

response by activating the downstream mediators Akt and ERK1/2 without the consumption of 

cellular NAD and ATP (Gerace et al., 2012). In the present study, we observed that the increase in 

PAR formation evoked by NMDA preconditioning was prevented by the HDAC inhibitor SAHA and 

that the preconditioning- induced increase in histone acetylation was similarly prevented by the PARP 

inhibitor TIQ-A, thus suggesting a possible interaction between PARP and HDAC activities in the 

development of ischemic tolerance, that appears to converge in the activation of ERK1/2 signaling.  

 

Our study suggest that under conditions of lethal cellular stress, such as those evoked by cerebral 

ischemia, there is dramatic reduction in histone acetylation that is responsible for neuronal death, 

whereas, following exposure to a sublethal preconditioning stimulus that leads to the development of 

ischemic tolerance, mild activation of PARP and histone cooperate in producing a neuroprotective 



response.We propose a hypothetical model (Fig. 6) in which the normal homeostatic HAT/ HDAC 

balance, that is typical of healthy cells, is shifted by neurodegenerative conditions (including ischemia 

or OGD) towards a prevalence of HDAC over HAT, which results in excessive deacetylation, a 

dramatic reduction in acetylation, condensation of chromatin with silencing of gene expression, and 

neuronal death. HDAC inhibitors, that restore acetylation to normal levels, are able to attenuate post-

ischemic injury. Following NMDA preconditioning, mild activation of PARP leads to a slight 

prevalence of HAT over HDAC that is responsible for mild histone acetylation, a more relaxed 

chromatin with expression of neuroprotective genes, and neuroprotection, possibly mediated by the 

phosphorylation of the ERK1/2 signaling pathway. On the other hand, exposure to SAHA under 

preconditioning conditions leads to a dramatic cellular HAT/HDAC imbalance, with abnormal 

increase in acetylation that blocks PARP activity, extremely relaxed chromatin with transcriptional 

derangement or possible expression of apoptotic genes, and neuronal death.  

 

 

Figure 6. Hypothetical model providing a possible explanation for the mechanisms of protection and 

neurodegeneration evoked by preconditioning and OGD in organotypic hippocampal slices. (A) Relationship 

between the levels of histone acetylation observed in our models and neuronal death or survival. Under control 

conditions (black circle), acetylation levels are set at 100% and the HAT/HDAC ratio is balanced. Neuronal 

death induced by OGD is associated with a significant reduction of acetylation (white circle, bottom) caused 

by a prevalence of HDAC > HAT, excessive deacetylation, condensation of chromatin, and silencing of gene 

expression, all of which are prevented by the use of HDAC inhibitors (HDACi). Preconditioning induces a 

mild activation of acetylation (grey circle), which confers protection to the cells possibly because it is 

associated with a more relaxed chromatin and expression of neuroprotective genes. The use of HDAC 

inhibitors under these conditions dramatically increases the HAT > HDAC ratio and histone acetylation (white 

circle, top), resulting in extremely relaxed chromatin, possible expression of apoptotic genes and neuronal 

death. 



In conclusion, our results suggest that preconditioning with appropriate pharmacological stimuli may 

promote an unexpected neuroprotective mechanism triggered by the sublethal activation of two 

otherwise harmful molecular mediators such as poly (ADP-ribosyl)ation and histone acetylation. 

These findings shed light on the molecular definition of an endogenous neuroprotective mechanism 

and may be helpful in designing new strategies for the treatment of cerebral ischemia and in the 

therapeutic use of HDAC or PARP inhibitors as drugs. 
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