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1 SUMMARY

Histone acetylation is a master epigenetic switch for active gene expression processes, and is
therefore considered as a diagnostic feature of ongoing gene expression activities. Aberrant
histone acetylation patterns and/or impaired function of histone acetylation machinery were
recently linked to manifestation of numerous neurodegenerative conditions such as
Hungtington’s disease, Alzheimer’s disease and amyotrophic lateral sclerosis. This PhD thesis
work shows loss of histone acetylation patterns in neurons following ischemic injury, and
further, it demonstrates protection against cerebral ischemic injury by enhancement of histone
acetylation by two different neuroprotective strategies: Ischemic preconditioning and
Trichostatin A pre-treatment. Histone acetylation and histone acetyltransferase (HAT)
enzyme CREB-binding protein (CBP) levels were rapidly decreased in neurons after ischemic
injury. Suppression of histone acetylation, by genetic as well as by pharmacological means,
exacerbated the neuronal damage by ischemic injury, suggesting that histone acetylation
balance is a determinant factor for neuronal susceptibility to ischemic insult. In contrast to
injurious ischemia, ischemic preconditioning enhanced histone acetylation levels in rat
primary cortical cultures as well as in mice brain, and proved significant neuroprotection
against cerebral ischemia. Enhanced histone acetylation levels were accompanied by
increased HAT enzyme activity in neuronal cells after ischemic preconditioning. Histone
deacetylase (HDAC) inhibitor Trichostatin A (TSA) increased histone acetylation levels and
conferred neuroprotection against cell culture as well as animal models of cerebral ischemia.
TSA up-regulated anti-apoptotic and anti-excitotoxic protein gelsolin expression in neuronal
cultures and in mice brain, and the down-stream protective pathways involved dynamic actin
remodelling, reduction in intracellular calcium overload and stabilisation of mitochondrial
membrane potential. TSA did not protect gelsolin knockout mice against brain ischemic
injury, underscoring gelsolin’s integral role for TSA-induced neuroprotection against cerebral
ischemic damage. Altogether, these results not only show a causal involvement of histone
hypoacetylation in the pathophysiological cascades after ischemic injury, but they also
demonstrate that histone acetylation enhancement by ischemic preconditioning and by TSA
pre-treatment confers robust protection against cerebral ischemic injury. Histone acetylation
enhancement indicates increased transcriptional activity as in the case of neuroprotective gene
expression during the acquisition of ischemia tolerance. On the other hand, loss of histone
acetylation probably reflects the loss of neuronal genomic fertility during pathological
4
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progression. Thus, enhancement of histone acetylation appears as an attractive avenue for
development of novel treatment strategies for the reduction of brain injury following cerebral
ischemia. Given that currently there is no effective treatment for stroke, results of this PhD
thesis suggests that HDAC inhibitors like TSA should be evaluated for their potential use for
clinical trials in stroke patients. Alternatively, CBP activators and/or agents that increase CBP
stabilization might be promising neuroprotective drugs.
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2 INTRODUCTION

2.1 CEREBRAL ISCHEMIA

Ischemic stroke, is the third leading cause of death and a major cause of long-lasting disability
in industrially developed countries, only surpassed by heart disease and cancer. It is a
pathological condition resulting from occlusion or hemorrhage of blood vessels supplying
oxygen and essential nutrients to the brain. In all cases, stroke ultimately induces death and/or
dysfunction of brain cells, as well as neurological impairments that reflect the location and
size of the ischemic brain area. Even though a large number of compounds have been proven
to reduce ischemic injury in experimental animal models, clinical trials have reported
disappointing results because of toxic side effects. At present the only FDA (US Food and
Drug Administration) approved treatment is to provide tissue plasminogen activator (tPA) to
re-open occluded blood vessels, however, due to a narrow time-window of 4,5 hours after the
stroke onset (Hacke, Kaste et al., 2008; ECASS III), this treatment is only appropriate for a
very small number of patients. Thus, research on the discovery of novel mechanisms and the
development of new drugs for treating cerebral ischemia are imperative.

2.1.1 Pathophysiology of cerebral ischemia

Cerebral ischemic event triggers a set of complex pathological mechanisms eventually leading
to death and/or dysfunction of brain cells. Excitotoxicity and ionic imbalance,
oxidative/nitrosative stress, inflammation and apoptosis are some of the ischemia-induced
pathophysiological processes, each of which has a distinct time frame, some occurring over
minutes, others over hours and days, causing injury to neurons, glia and endothelial cells
(Dirnagl et al., 1999; Lo et al., 2003; Gonzalez et al., 2006). Within the core of the ischemic
area, where blood flow is most severely restricted, excitotoxic and necrotic cell death occurs
within minutes. In the periphery of the ischemic area, where collateral blood flow can buffer
the full effects of the stroke, the degree of ischemia and the timing of reperfusion determine
the outcome for individual cells. In this ischemic penumbra cell death occurs less rapidly via
mechanisms such as apoptosis and inflammation (Dirnagl et al., 1999; Gonzalez et al., 2006).

6
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Dirnagl et al., 1999

Figure 1 Damaging cascades of events after focal cerebral ischemia. Temporal evolution of the cascades and
the impact of each pathological event on final outcome are reflected by the x- and y-axes, respectively.

2.1.1.1 Excitotoxicity and ionic imbalance
After ischemia, Na+/K+-ATPase and Ca2+-ATPase, which are vitally important ion pumps
found on the plasma membrane of neurons, can no longer function due to energy depletion.
Their impaired functions cause neuronal plasma membrane depolarization, release of
potassium into the extracellular space and entry of sodium and calcium into the cells (Caplan
et al., 2000). Consequently, calcium dependent proteases, lipases and DNases become active,
eventually leading to catabolism and death of many cells in the ischemic core. Furthermore,
membrane depolarization results in neurotransmitter release, most prominently the release of
the excitatory neurotransmitter glutamate, which plays a central role in the pathology of
cerebral ischemia (Simon et al., 1984). Increase in synaptic glutamate concentration overactivates its receptors, N-methyl-D-aspartate (NMDA) and α-amino- 3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) and metabotropic glutamate (mGlu) receptors, which in
return cause further membrane depolarization and greater calcium influx, exacerbating
excitotoxicity (Liu et al., 2006; Peng et al., 2006; Bruno et al., 2001).

2.1.1.2 Oxidative and nitrosative stress

Unlike other organs, the brain is especially vulnerable to reactive oxygen species due to

7
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neurons having relatively low levels of endogenous antioxidants (Coyle and Puttfarcken,
1993). High levels of intracellular calcium, sodium and ADP induce mitochondria to produce
deleterious levels of reactive oxygen species, and consequently overly abundant oxygen
radicals cause the destruction of cellular macromolecules and participate in signaling
mechanisms that result in apoptotic cell death (Halliwell, 1994; Sugawara and Chan, 2003;
Gonzalez et al., 2006). Moreover, there is a surge in production of superoxide, NO and
peroxynitrate, following reperfusion. Thrombolytic therapy has a 4,5 hour time window of
efficacy. Part of the reason for this limited time window is that the surge in production of free
radicals associated with delayed reperfusion brings a second wave of oxidative and nitrosative
stress that increases the risk of brain hemorrhage and edema.

2.1.1.3 Apoptosis

Mild ischemic injury preferentially induces cell death via an apoptotic-like mechanism rather
than necrosis. Because the ischemic penumbra sustains milder injury and preserves ATP,
apoptosis predominates in this region (Gonzalez et al., 2006). Triggers of apoptosis include
ionic imbalance, oxygen free radicals, death receptor ligation, DNA damage and protease
activation. Cytochrome c release from the outer mitochondrial membrane, an event which is
promoted or prevented by bcl-2 family of proteins, initiates the intrinsic apoptotic cascade. In
addition, extrinsic apoptosis pathway, which could be activated by inflammatory signals such
as TNF family of ligands, is also operative after ischemia (del Zoppo, 1997; del Zoppo et al.,
2000). Eventually, downstream effector caspases are activated targeting the substrates that
dismantle the cell by cleaving homeostatic, cytoskeletal, repair, metabolic and cell signalling
proteins (Namura et al., 1998).

2.1.1.4 Inflammation

Inflammation contributes to cerebral ischemic injury. Effects of individual components of the
inflammatory cascade, however, can be beneficial depending on the stage of tissue injury, the
magnitude

of

the

response

and

whether

the

inflammatory

component

also

activatesneuroprotective pathways (Bruce et al., 1996; Nawashiro et al., 2000; Zhang et al.,
8
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2000). After stroke immune cells can gain access to brain parenchymal tissue (Ross et al.,
2007).

Infiltration of bone marrow-derived cells into the ischemic brain persists for weeks following
stroke, and while the initial infiltration leads to worsening of tissue damage and exacerbation
of neurological deficits, subsequent aspects of the infiltration such as the phagocytosis of
debris and the release of cytokines that promote glial scar formation could be crucial for
effective wound healing. On the other hand, numerous cytokines and chemokines are
produced by activated endothelial cells, microglia, neurons, platelets, leukocytes, and
fibroblasts and contribute to ischemic brain injury (Gong et al., 1998; Huang et al., 2006). In
particular, IL-1, TNF-α and toll-like receptors (TLRs) are important inflammatory factors
with detrimental effects for stroke outcome (Huang et al., 2006; Zaremba et al., 2001;
Lehnardt et al., 2007; Cao et al., 2007; Ziegler et al., 2007). In contrast, TGF-β was reported
to play a neuroprotective role in the pathogenesis of stroke (Wiessner et al., 1993).

Dirnagl et al., 1999

Figure 2 Depiction of the major pathophysiological events evoked by cerebral ischemic injury. Glutamate
excitotoxicity, peri-infarct depolarisations, oxidative/nitrosative stress, apoptosis and inflammation contribute to
injury following brain ischemia.

9
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2.2 ENDOGENOUS NEUROPROTECTION AND ISCHEMIC PRECONDITIONING
IN BRAIN

Since the advent of recombinant thrombolytic agents, re-canalizing the occluded vessel and
reversing the ischemia in stroke patients has become feasible and was proven to be beneficial
if performed within 4.5 hours of stroke onset (Hacke, Kaste et al., 2008). However due to the
narrow time-window of 4.5 hours, this treatment is only applicable for a very small number of
patients. On the bench side, even though a large number of compounds have been so far
proven to reduce ischemic injury in experimental animal models, clinical trials have reported
disappointing results because of toxic side effects. Today, effective measures to protect
neurons exposed to ischemia are still fragmentary. Thus, research for gaining new insights
into endogenous neuroprotection, how brain protects itself against injury, has become crucial.
If induction of ischemic preconditioning/tolerance could be mimicked and further accelerated
by a drug treatment, that is safe and effective, this could tremendously improve the treatment
of stroke.

2.2.1 Ischemic preconditioning/tolerance

Ischemic preconditioning or ischemic tolerance is described as a brief episode of sub-lethal
ischemia which renders the brain resistant to subsequent, longer and severe ischemic insults.
Ischemic preconditioning represents endogenous protection and is probably a fundamental
cell/organ response to certain types or levels of injury. The terms 'tolerance' and
'preconditioning' were introduced for the first time by Janoff in 1964 (Janoff et al., 1964), and
ever since, the phenomenon of ischemic preconditioning has been observed in numerous
organs such as brain (Dahl et al., 1964; Kitagawa et al., 1990) and heart (Murry et al., 1986;
Meldrum et al., 1997) as well as in a wide range of species like the gerbil (Kirino et al., 1991;
Kato et al., 1991), the rat (Liu et al., 1992; Nishi et al., 1993; Simon et al., 1993) and the
mouse (Wu et al., 2001). Amongst various brain regions, hippocampus, cerebral cortex, basal
ganglia and thalamus were often reported to acquire ischemic tolerance (Kitagawa et al.,
1991). Measurement of cerebral blood flow showed that such tolerance was not accompanied
by an improvement of regional tissue perfusion during or after the ischemic episode that
induced tolerance (Matsushima and Hakim, 1995; Chen et al., 1996; Barone et al., 1998).
10
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Therefore, the state of ischemic tolerance seems to be based on the alteration of neurons
themselves at the cellular level.

2.2.2 The phenomenon ischemic preconditioning also exists in humans

An analogous process is believed to exist in human: Previous transient ischemic attacks (TIA)
are associated with better clinical outcome after subsequent stroke. In 1999, Blanco presented
a study demonstrating how transient ischemic attacks prior to fatal stroke could induce
ischemic tolerance (Blanco et al., 1999). In 26 patients with previous ipsilateral TIA 72 hours
prior to ischemic stroke, the Canadian Stroke Scale on admission, at 48 hours, at 7 days and at
3 months was significantly better than that recorded in the group without TIA. Furthermore,
more neurological deterioration and bigger infarct volumes were found in the group without
previous TIA. Another retrospective case-control study in 148 stroke patients, with and
without preceding TIA, showed that TIA before stroke was an independent predictor of mild
stroke (Canadian Neurological Scale score

6.5) (Weih et al., 1999). Similar results were

observed in more recent retrospective analyses (Moncayo et al., 2000; Arboix et al., 2004).
Wegener demonstrated that initial diffusion lesions tended to be smaller and final infarct
volumes were significantly reduced in patients with previous TIA (Wegener et al., 2004).

2.2.3 Mechanisms of ischemic preconditioning/tolerance

Mechanisms of ischemic preconditioning could be grouped into three components according
to the temporal profile of their development. The first component is the stress
sensor/signalling component that can detect various stressful conditions and convert the
information into intracellular signals. Hypoxia inducible factor (HIF), oxygen sensitive ion
channels, potassium channels, calcium and sodium channel families control cellular responses
for hypoxia in neurons as well as in many other cell types and belong to the sensor/signalling
component of tolerance development (Kemp et al., 2007). Once the danger is detected by the
cell, an appropriate cellular response is coordinated by the transducer component, which
includes various kinases such as p38 mitogen activated protein kinase (MAPK) (Nishimura et
al., 2003) and extracellular regulated kinases (ERK) (Jones and Bergeron, 2004), as well as
11
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transcription factors like signal transducer and activator of transcription (STATs)
(Digicaylioglu et al., 2001), cyclic AMP response-element binding-protein (CREB) (Meller et
al., 2005) and nuclear factor kappa B (NF-κB) (Digicaylioglu et al., 2001). Lastly, the effector
component represents the executive mediators of protection: Reactive oxygen species (ROS)
scavenger superoxide dismutase (SOD) (Danielisova et al., 2005), anti-apoptotic protein Bcl-2
(Liu et al., 2002), vascular endothelial growth factor (VEGF) (Bernaudin et al., 2002), nitric
oxide (NO) and hexokinase-2 are some of the most reported mediators of neuroprotection
conferred by ischemic preconditioning (Kirino et al., 2002; Dirnagl et al., 2003).

Ischemic preconditioning-induced neuroprotection may be the result of a combination of
different cellular and molecular pathways, with a net outcome of counteracting
pathophysiological cascades triggered by lethal ischemic insult. Ischemic tolerance thus
reflects a fundamental change in the cellular response to injury that shifts the outcome from
cell death to cell survival (Dirnagl et al., 2003). In fact, Stenzel-Poore, with a substantial
series of genome-wide gene expression analysis study, suggested that preconditioning may
lead to a fundamental reprogramming of the transcriptional response to ischemic injury,
ultimately conferring neuroprotection (Stenzel-Poore et al., 2003; Stenzel-Poore et al., 2004;
Stenzel-Poore et al., 2007). Although transcription factors, such as HIF, CREB and NF-κB are
already known to be driving neuroprotective gene expression upon an ischemic
preconditioning stimulus, we are today more aware that apart from the transcription factors
and DNA sequence, regulation of such transcriptional activity requires the cooperation of a
third party, namely epigenetic alterations of the DNA and histones. Indeed, these
modifications crucially regulate the accessibility of cognate regulatory DNA elements for
transcription machinery. Recent years have witnessed the emergence of growing evidence
supporting an integral role for epigenetic mechanisms in neuronal gene expression, yet
involvement of these mechanisms in brain ischemic preconditioning and neuroprotection is
mostly unknown.

2.3 EPIGENETICS

Epigenetics is conventionally defined as all mitotically and meiotically heritable changes in
gene expression patterns which are not coded in DNA sequence. Another
12
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definition, which includes the dynamic nature of chromatin modifications that are not
necessarily heritable but still result in changes in gene expression, describes epigenetics as the
structural adaptation of chromatin regions to register, signal or perpetuate altered activity
states (Bird et al., 2007). Epigenetic mechanisms define a cell’s identity by regulating its
characteristic pattern of gene expression and mainly include DNA methylation, RNA
associated post-transcriptional gene silencing and covalent modifications of histones, which
constitute nucleosomes, the basic subunits of the highly-ordered chromatin structure.

2.3.1 Nucleosome

The nucleosome core particle is the fundamental unit of chromatin structure in all eukaryotes.
It is an octamer, containing two copies of each of the four histone proteins, H2A, H2B, H3,
H4, and around which 146 bp of DNA is wrapped in 1¾ superhelical turns (Luger et al.,
1997). Wrapping of DNA around the nucleosome results in an approximately sevenfold
reduction in its length. Although this is only a small reduction in DNA length in comparison
to the several-thousand-fold length reduction necessary for compaction into metaphase
chromosomes, it is highly likely to be an essential initial step that enables higher-order
chromatin structure to assemble (Grunstein et al., 1992).

All core histone proteins have a similar structure with an N-terminal domain, a globular
domain and a C-terminal domain. It has been known for many years that the histone Nterminal tails are exposed on the surface of the nucleosome and that selected amino acid
residues could be subjected to a variety of enzyme-catalyzed, posttranslational modifications.
These include acetylation of lysines, phosphorylation of serines, and methylation of lysines
and arginines, and addition of small peptide ubiquitin. The current epigenetics defines the
nucleosome and its modified tail domains not solely as a structural packer of DNA but a
carrier of epigenetic information that determines both how genes are expressed and how their
expression patterns are maintained from one cell generation to the next.
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Figure 3 Major post-translational histone modifications. Acetylation, methylation, ubiquination, sumoylation
and phosphorylation of histones are the most investigated posttranslational histone modifications and they play
essential roles in gene expression regulation in physiological as well as in disease states.

2.3.2 Epigenetic modifications
Covalent histone modifications, DNA methylation and RNA-associated post-transcriptional
gene silencing have been so far the most investigated modifications that carry epigenetic
information. The histone tail modifications are likely to act in concert with the rather more
widely known mediator of chromatin structure and gene expression, namely methylation of
cytosine residues in CpG dimers through the action of DNA methyltransferases. Long-term
silencing, as found in imprinted genes or the female inactive X chromosome, is generally
associated with relatively high levels of CpG methylation. Current knowledge on the exact
mechanism(s) by which CpG methylation leads to gene silencing is still fragmentary, yet
there is evidence that, histone modifications are also involved. The methyl DNA-binding
protein MeCP2 can bind histone deacetylases, thereby targeting them to methylated DNA and
resulting in local histone deacetylation and suppression of transcription (Bird et al., 2002).
Conversely, experiments in the filamentous fungus Neurospora crassa have shown that DNA
methylation is dependent upon methylation of histone H3 lysine 9 (Tamaru et al., 2001).
Recent studies have shed light on the complexity of epigenetic information that could possibly
be carried in the histone tails. Currently, there are 50 different acetylated isoforms of the four
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core histones (H2B, H3, and H4 have 16 each and H2A has two). These isoforms can be
modified further by methylation of selected lysines and arginines (H3 and H4) and
phosphorylation of serine (H3, H4, H2B). Moreover, methylation can be attachment of one,
two, or three methyl groups, and there are other modifications, such as ubiquitination and
ADP-ribosylation (Hansen et al., 1998). The total number of possible histone isoforms,
carrying different combinations of tail modifications, that can mark the nucleosome surface,
can reach a total sum of many thousands. This vast information carrying potential of histone
tail modifications have given rise to the concept of a histone code (Strahl et al., 2000;
Jenuwein et al., 2001) or an epigenetic code (Turner et al., 2000), which is expected to be
much more sophisticated than the genetic code carried in DNA sequence.

2.3.3 Histone acetylation

Studies on histone acetylation were the first association between a histone tail modification
and a particular functional state of chromatin (Allfrey et al., 1963). Transcriptionally active
chromatin fractions were enriched in acetylated histones (Pogo et al., 1966; Hebbes et al.,
1988), whereas regions of transcriptionally silent heterochromatin were found to be
underacetylated (Jeppesen et al., 1993). Histone acetylation therefore is a diagnostic feature of
transcriptionally active chromatin sites. Acetylation of the histone tails result in loss of
positive charge, thereby weaker affinity for DNA binding. Consequently, chromatin becomes
more open and conducive to transcription. Nevertheless, more sophisticated and multi-layered
epigenetic mechanisms are also known to be involved and that the functional effects of tail
modifications are likely to depend on the specific amino acids that are modified. It is now
known that specific tail modifications are recognised and bound by distinct proteins, which in
return recruit protein complexes associated to either repressive or permissive transcriptional
events.

The setting of specific patterns of histone acetylation, residue-specific modifications, reflects
the specificities of histone acetyltranferase (HAT) or deacetylase (HDAC) enzymes. Both
HATs and HDACs constitute extensive enzyme families and are often found as a catalytic
subunit in multiprotein complexes whose other components confer genomic targeting and
other capabilities (Ng et al., 2000; Grant et al., 1999).
15
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Figure 4 Illustration of euchromatin and heterochromatin. These accessible or condensed nucleosome fibers
contain posttranslationally modified histones with acetylated (Ac), methylated (Me) and phosphorylated Nterminals

2.3.4 Histone acetyltransferase (HAT) families

Histone acetyltransferases (HATs) are the group of enzymes which transfer the acetyl moiety
from acetyl coenzyme A (acetyl Co A) onto one or more lysine residues contained within the
N-terminal tails of histone proteins. Sequence analysis of HAT proteins reveal that they fall
into distinct families that show high sequence similarity within families but poor to no
sequence similarity between families (Kuo et al., 1998). Each HAT family appears to have a
distinct substrate preference, and different families tend to appear in different functional
contexts. Gcn5/PCAF, MYST, TAFII250 and Creb-binding protein (CBP)/p300 are some of
the most studied HAT families so far. Among those, CBP/p300 family, including CBP and its
close homologue P300, is fundamentally important in various signal modulated transcriptional
events (Eckner et al., 1994). The ability of CBP/p300 to enhance transcription is believed to
be accomplished in two modes. First, by acting as a bridging factor thus recruiting the RNA
polymerase II holoenzyme via interaction with general transcription factors (ManteuffelCymborowska et al., 1999) and, second, by acetylation of histones via their HAT activity
(Ogryzko et al., 1996). Nucleosomal histones H3 and H4 are the preferred substrates (Schiltz
et al., 1999). Both CBP and p300 proteins were shown to interact with a diverse set of
sequence-specific transcription factors such as E2F, p53, MyoD, c-Myb and HIV-tat
(Snowden et al, 1998). Homozygous knockout mice of either CBP or p300 display, among
several other malformations, defects in neural tube closing and are embryonic lethal (Yao et
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al., 1998). Despite the sequence similarity, both CBP and p300 have non-overlapping
functions, such that both proteins are required for normal development.

2.3.5 Histone deacetylase (HDAC) families

Classification of mammalian histone deacetylases (HDACs) is based upon similarity to their
yeast homologs. HDACs 1, 2, 3, and 8 comprise the class I HDAC family. In general, these
HDACs are expressed ubiquitously, consist primarily of a deacetylase domain and almost
exclusively exhibit a nuclear localization. Class II HDACs are made up of two subgroups:
class IIa HDACs include HDACs 4, 5, 7, and 9, class IIb HDACs consists of HDACs 6 and
10. The additional non-catalytic region of class II HDACs is believed to facilitate protein
interactions and therefore class II HDACs are thought to display a wider range of interaction
partners. All members of class II HDACs are observed both in the cytoplasm and nucleus (de
Ruijter et al., 2003).

2.3.6 Regulation of histone acetyltransferase and deacetylase enzyme activities

Like most other signaling components of cellular response, signal induced activity of HATs
and HDACs are regulated mainly by phosphorylation. In addition to the recruitment of HATs
to transcriptional complexes, phosphorylation enhances their acetyltransferase activity and
facilitates transactivation of target promoters. Important in neuronal context, during activitydependent CBP engagement and after N-methyl-D-aspartate (NMDA) treatment, CBP was
phosphorylated at serine 301 in a CAMK-IV-dependent manner (Impey et al., 2002). Type-I
PKA and p42/p44 MAPK were also reported to phosphorylate CBP (Liu et al., 1998).
Regulation of HDACs, on the other hand, may broadly be divided into two categories
involving each of the two classes of mammalian HDACs. A general mode of regulation for
HDAC class-I proteins involves association with proteins that modulate their deacetylase
activity and recruitment to genomic arena, whereas class-II HDACs are regulated by subcellular compartmentalization, where active nucleocytoplasmic trafficking delimits the
availability of these enzymes for epigenetic utilization. Both these processes are dependent on
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signal-induced phosphorylation events which might result in different functional outcome in
the case for each specific HDAC enzyme (de Ruijter et al., 2003).

2.3.7 Histone acetylation homeostasis

The histone acetylation machinery, which consists of HAT and HDAC enzyme families, is
one of the ultimate regulatory switches of gene expression. In addition to their involvement in
transcriptional regulation, HAT–HDAC system involves in the modulation of other
chromatin-associated processes like replication, site-specific recombination and DNA repair,
thereby plays a major role in determining the overall cell fate. Regulation of transcription may
require exchange of HDAC complexes with those containing HAT activities. This kinetic
balance between HAT and HDAC enzymatic activities in steady-state cells confers stability to
the cellular homeostasis by coordinating gene expression and repression on both temporal and
spatial basis and is therefore referred to as ‘acetylation homeostasis’ underscoring the vitality
of regulated histone acetylation for maintaining cellular homeostasis. Perturbations in the
acetylation balance have been associated with aetiopathologies of variuos human diseases,
including multiple leukemias (Gayther et al., 2000; Kouzarides et al., 1999; Carapeti et al.,
1999; Redner et al., 1999).

In neurons, as in other types of cells, histone acetylation equilibrium is maintained very
stringently and any perturbation in the harmony between the HAT and HDAC dose and
activity is not appreciated. It is now evident that histone acetylation balance is dramatically
impaired during neurodegenerative conditions and neurodegeneration-coupled HAT loss
could be the main molecular event underpinning the forfeiture of neuronal acetylation
homeostasis. Among all HATs, loss of CBP appears to be pivotal in facilitating
neurodegenerative cascade of events, partly because of its ability to regulate transcription
factor CREB, which has been well-documented to display neuroprotective functions (Lonze et
al., 2002; Lonze et al., 2002; Jin et al., 2001). Upon their translocation into nucleus,
polyglutamine containing neurotoxins selectively enhanced ubiquitination and degradation of
CBP (Nucifora et al., 2001; Jiang et al., 2003). CBP’s proteosomal degradation was also
reported during Alzheimer’s disease (AD) progression (Marambaud et al., 2003).
Furthermore, caspase-6-dependent CBP proteolysis was demonstrated in low K+ shock model
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of neurodegeneration (Rouaux et al., 2003), as well as in Alzheimer brain. The same authors
also reported decrease in p300 protein levels during some neurodegenerative conditions.

2.3.8 Pharmacological manipulation of histone acetyltransferase and deacetylase
activities

Like many enzymes, the enzyme families that modify core histones or reorganize chromatin
structure are susceptible to pharmacological inhibition. Since these enzymes regulate patterns
of gene expression by targeting selected genes or chromosome regions, the therapeutic
potential of such inhibitors is enormous, particularly for treating cancers or other diseases
which manifest aberrant patterns of gene expression. The enzymes most closely studied to
date are the HDACs, for which a wide range of inhibitors are currently available. Some of
these agents have proven to be remarkably effective at selectively inhibiting the growth of
human tumour cells (Marks et al., 2001). In October 2006, the US Food and Drug
Administration (FDA) approved the first drug of this new class, SAHA, vorinostat (1,
Zolinza, Merck) for the treatment of cutaneous T cell lymphoma. HDAC inhibitors are
categorized in different classes based on their chemical structures (de Ruijter et al., 2003).
The various classes of HDAC inhibitors include hydroxamates, short chain fatty acids, cyclic
peptides and benzamides. Trichostatin A (TSA), suberoyl anilide bishydroxamide (SAHA),
scriptaid, pyroxamide and oxamflatin are examples of hydroxamates. Among hydroxamates,
TSA was the first to be characterized 19 years ago (Yoshida et al., 1990). TSA inhibits both
class I and class II HDACs and due to its high potency as an HDAC inhibitor, effective in
nanomolar concentrations, TSA has been used as the core chemical structure for synthesis of
new HDAC inhibitors (Furumai et al., 2001). Crystal structure studies of hydroxamates, such
as TSA and SAHA have revealed that these inhibitors work by binding to the zinc ion in the
HDAC active site and abolishing the deacetylase activity (Finnin et al., 1999).

Despite the substantial progress made in the study of HDAC inhibitors, very little has so far
been done regarding pharmacological manipulation of HAT activity. Amongst the very few
HAT inhibitors, garcinol and curcumin were shown to penetrate cellular membranes and
inhibit acetylation of histones in vivo (Balasubramanyam et al., 2003; Balasubramanyam et
al., 2003; Lau et al., 2000).
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Figure 5 Pharmacological inhibition of histone acetyltransferase (HAT) and histone deacetylase (HDAC)
enzymes. HAT inhibition by curcumin or HDAC inhibition by Trichostatin A, respectively, results in closed –
off- or open –on- local chromatin environment for transcriptional events.

2.3.9 Epigenetic mechanisms and neuroprotection against cerebral ischemia

Our group has previously demonstrated that aberrant DNA methylation is associated with
augmented brain injury after mild middle cerebral artery occlusion (MCAo) in mice (Endres
et al., 2000). Suppression of DNA methylation, by genetic as well as by pharmacological
means, conferred resistance to ischemia. Furthermore, single dose intracerebroventricular
Trichostatin

A

administration

shortly

before

ischemia

onset

proved

significant

neuroprotection against mild MCAo in mice. With this study, our group not only
convincingly documented the ability of DNA demethylating and histone acetylation
enhancing agents to ameliorate the brain ischemic damage, but also evidenced that various
epigenetic mechanisms could be indeed involved in pathophysiological cascades following
mild brain ischemia. In primary mouse cortical cultures subjected to hypoxia, HAT enzyme
CBP was selectively expressed in cells with morphologically intact cell nuclei, and not in
cells with condensed or fragmented nuclei indicative of irreversibly damaged neurons,
supporting a role for transcriptional activation by CREB and CBP in neuronal cell-survival
programs following cerebral ischemia (Jin et al., 2001). A number of studies have so far
successfully manipulated neuronal vulnerability by influencing the dose and/or enzymatic

20

Histone acetylation and neuroprotection

Introduction

activity of histone acetyltransferases (HATs) and histone deacetylases (HDACs), thus
focusing on the importance of balanced acetylation status in neuronal vitality. Oxidative
stress, reported to be associated with many neurodegenerative diseases, including Alzheimer's
disease (AD), Parkinson's disease, Huntington's disease (HD), stroke, multiple sclerosis and
Friedreich's ataxia, failed to induce neuronal apoptosis when cells were treated with HDAC
inhibitors (Ryu et al., 2003). Similarly, HDAC inhibitors like TSA and suberoylanilide
hydroxamic acid (SAHA) arrest polyglutamine toxicity (McCampbell et al., 2001; Steffan et
al., 2001). Yet, in the context of cerebral ischemia, whether balanced function of histone
acetylation machinery thus histone acetylation homeostasis is impaired in neurons following
ischemic injury, and whether protective properties of HDAC inhibitors against cerebral
ischemia is through restoration of aberrant histone acetylation levels is still not known.
Furthermore, in relation to brain ischemic preconditioning transcription factor CREB is
known to drive neuroprotective gene expression, however involvement of its co-activator
CBP and histone acetylation events in these processes remains to be investigated.

2.4 HYPOTHESES

Throughout my PhD thesis project I have focused on the following questions:

1

Does ischemic injury impair histone acetylation pattern and/or histone acetylation

machinery in neuronal cells?

Aberrant histone acetylation levels and loss HAT enzyme CBP were previously associated to
deterioration processes during numerous neurodegenerative conditions. In my PhD thesis
project, I investigated whether neuronal histone acetylation and CBP protein levels were also
impaired following ischemic injury. I further tested whether suppression of CBP protein
availability/function alters neuronal susceptibility to ischemia.

2 Does ischemic preconditioning enhance histone acetylation levels in neuronal cells?
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Scientific output in recent years define histone acetylation as a master epigenetic mechanism
for the regulation of gene expression, and enhanced histone acetylation patterns could be
referred as diagnostic signature of on-going active gene expression events. It is presently
well-known that acquisition of ischemic tolerance in brain, in most parts, is dependent on
novel neuroprotective gene expression. Yet, current knowledge on epigenetic involvement in
brain ischemic preconditioning phenomenon is poor. Here, I examined whether histone
acetylation levels were enhanced in neuronal cultures and in mice brain after ischemic
preconditioning stimuli. I further investigated if HAT enzyme activity was altered in neurons
following preconditioning ischemia.

3

Does histone acetylation enhancement by Trichostatin A confer neuroprotection

against ischemic injury, and what are the mechanisms involved?

Increasing number of scientific work has so far underscored a multi-facet beneficial role of
HDAC inhibitors against various neurodegenerative conditions. In the cerebral ischemia
context, our group has previously demonstrated that single dose intracerebroventricular
Trichostatin

A

administration

shortly

before

ischemia

onset

proved

significant

neuroprotection against mild ischemic injury in mice. Here, I investigated whether
Trichostatin A provides neuroprotection against cerebral ischemia through its HDAC
inhibitory function and further characterized mechanisms of neuroprotection by Trichostatin
A.
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Cell culture media and supplements

Product

Supplier

B27 Supplement

Gibco (Karlsruhe, Germany)

Collagen-G solution

Biochrom (Berlin, Germany)

D-(+)-glucose

Sigma (Taufkirchen, Germany)

Dulbecco’s phosphate-buffered saline

Biochrom (Berlin, Germany)

(DPBS)
Foetal calf serum (FCS)

Biochrom (Berlin, Germany)

Foetal calf serum, Gold (FCS.Gold)

PAA (Linz, Austria)

Glutamate

Sigma (Taufkirchen, Germany)

HEPES

Biochrom (Berlin, Germany)

Insulin (Insuman Rapid)

Sanofi Aventis (Frankfurt, Germany)

L-Glutamin

Biochrom (Berlin, Germany)

MEM-Earle

Biochrom (Berlin, Germany)

Neurobasal medium (NBM)

Gibco (Karlsruhe, Germany)

Penicillin/ Streptomicin

Biochrom (Berlin, Germany)

Poly-L-Lysin

Biochrom (Berlin, Germany)

3.1.2 Chemicals

Product

Supplier

Ammonium persulphate (NH4)2S2O8

Sigma (Taufkirchen, Germany)

β-mercaptoethanol

Merck (Darmstadt, Germany)

β-NADH

Sigma (Taufkirchen, Germany)

Bromphenol blue

Sigma (Taufkirchen, Germany)

Calcium chloride (CaCl2)

Sigma (Taufkirchen, Germany)
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Coomassie brilliant blue G

Fluka (Munich, Germany

Curcumin

Sigma (Schnelldorf, Germany)

Dimethylsulphoxide (DMSO)

Sigma (Taufkirchen, Germany)

Dipotassium phosphate (K2HPO4)

Sigma (Taufkirchen, Germany)

DTT

Bio-mol (Hamburg, Germany)

EDTA

Sigma (Taufkirchen, Germany)

Ethanol

J.T. Baker (Deventer, Holland)

EGTA

Sigma (Taufkirchen, Germany)

Fluo-4 AM dye

Molecular Probes, Invitrogen (Karlsruhe,
Germany)

Glycerol

Merck (Darmstadt, Germany)

Glycine

Sigma (Taufkirchen, Germany)

Harris haematoxylin (Papanicolaou solution

Merck (Darmstadt, Germany)

1a)
Hydrochloric acid (HCl)

Sigma (Taufkirchen, Germany)

Isofluorane (Forene)

Abbott (Switzerland)

ImmunoFluor Mounting Medium

ICN Biochemicals (Costa Mesa, CA, USA)

Isopentane

Roth (Karlsruhe, Germany)

Kodak Biomax Light-1 X-ray films

Sigma (Taufkirchen, Germany)

LumiGLO reagent and peroxide

NEB (Franfurt a. M., Germany)

Lauryl sulphate (SDS)

Sigma (Taufkirchen, Germany)

LDH-standard TruCal-U

Greiner, DiaSys (Flacht, Germany)

Magnesium chloride (MgCl2)

Serva (Heidelberg, Germany)

Magnesium sulphate, heptahydrate

Sigma (Taufkirchen, Germany)

Methanol

Roth (Karlsruhe, Germany)

Milk powder (blocking grade)

Roth (Karlsruhe, Germany)

Monosodium phosphate (NaH2PO4)

Sigma (Taufkirchen, Germany)

Monopotassium phosphate (KH2PO4)

Sigma (Taufkirchen, Germany)

Nonidet P 40 (NP40)

Sigma (Steinheim, Germany)

Paraformaldehyde

Merck (Darmstadt, Germany)

Ponceau S solution

Sigma (Taufkirchen, Germany)

Potassium chloride (KCl)

Sigma (Taufkirchen, Germany)

Potassium dihydrogenphosphate (KH2PO4)

Merck (Darmstadt, Germany)
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Merck (Darmstadt, Germany)

(K2HPO4)
Potassium monohydrogenphosphate

Merck (Darmstadt, Germany)

trihydrate (K2HPO4 3H2O)
Propidium iodide

Sigma (Steinheim, Germany)

Rotiphorese gel (30% acrylamid, 0,8%

Sigma (Taufkirchen, Germany)

bisacrylamid)
Sodium bicarbonate (NaHCO3)

Sigma (Taufkirchen, Germany)

Sodium chloride (NaCl)

Roth (Karlsruhe, Germany)

Sodium deoxycholate (C24H39NaO4)

Sigma (Taufkirchen, Germany)

Sodium fluoride (NaF)

Sigma (Taufkirchen, Germany)

Sodium orthovanadate (Na3VO4)

Sigma (Taufkirchen, Germany)

Sodium pyruvate (CH3COCOONa)

Sigma (Taufkirchen, Germany)

Sulphuric acid (H2SO4)
TEMED

Sigma (Taufkirchen, Germany)

Thiazolyl blue tetrazolium bromide (MTT)

Sigma (Taufkirchen, Germany)

Thimerosal

Sigma (Schnelldorf, Germany)

Trichostatin A (TSA) (T8552)

Sigma (Schnelldorf, Germany)

Trizma-base

Sigma (Steinheim, Germany)

Trizma-HCl

Sigma (Taufkirchen, Germany)

TMRE

Molecular Probes, Invitrogen (Karlsruhe,
Germany)

Trypsin/EDTA

Biochrom (Berlin, Germany)

Tween-20

Sigma (Taufkirchen, Germany)

3.1.3 Antibodies, reagents and kits

Product

Supplier

Alexa 488 phalloidin dye

Invitrogen (Karlsruhe, Germany)

BCA protein assay kit (23225)

Pierce, Bonn (Germany)

BCA protein assay kit, reducing agent

Pierce (Bonn, Germany)

compatible (23250)
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Donkey anti-goat HRP-linked (sc-2020)

Santa Cruz (Santa Cruz, CA, USA)

Donkey anti-rabbit HRP-linked (NA934)

GE Healthcare (Buckinghamshire, UK)

Goat anti-actin HRP-linked (sc-1616)

Santa Cruz (Santa Cruz, CA, USA)

Goat Anti-rabbit HRP-conjugate (12-348)

Millipore (Schwalbach/Ts.,Germany)

(ELISA)
HAT assay kit (17-289)

Millipore (Schwalbach, Germany)

Hoechst 33258, bis-benzimide

Sigma (Taufkirchen, Germany)

LumiGlo, enhanced chemiluminesce (ECL)

New England Biolabs (Frankfurt am Main,

Reagent

Germany)

Mouse anti NeuN

Chemicon (Temecula, CA, USA)

Prec Plus Std Kaleidoscope

Bio-rad (Munich, Germany)

Protease inhibitor cocktail

Roche (Mannheim, Germany)

Rabbit anti-acetylated histone H2B (07-373)

Millipore (Schwalbach/Ts.,Germany)

Rabbit anti-acetylated histone H3 (06-599)

Millipore (Schwalbach/Ts.,Germany)

Rabbit anti-acetylated histone H4 (06-598;

Millipore (Schwalbach/Ts.,Germany)

06-866)
Rabbit anti-acetylated histone H4 (AHP418)

Serotec (Duesseldorf, Germany)

Rabbit anti-acetyl-Lysin (06-933 for WB;

Millipore (Schwalbach/Ts.,Germany)

07-129 for ELISA)
Rabbit anti-CBP (A-22) (sc-369)

Santa Cruz (Santa Cruz, CA, USA)

Rabbit anti-histone H4 (05-858)

Millipore (Schwalbach/Ts.,Germany)

Rabbit anti microtubule associated protein 2

Millipore (Schwalbach/Ts.,Germany)

(MAP2) (AB5622)
Rabbit anti murine gelsolin

Dr Kwiatkowski (Harvard Medical School,
Boston, MA, USA)

Sytox Green, nucleic acid stain

Invitrogen (Karlsruhe, Germany)

3.1.4 Tools and equipment

Product

Supplier

Blotting chamber

Trans-Blot Semi-Dry Transfer Cell, Biorad
(Munich, Germany)
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Cell culture incubator

Nuaire, COTECH (Berlin, Germany)

Centrifuge, Universal 30 RF

Thermo Electron (Oberhausen, Germany)

Cryostat, Cryo-Star HM 560

MICROM International (Walldorf, Germany)

Criterion cassettes

Bio-rad (Munich, Germany)

Criterion precast gel, 4-20%

Bio-rad (Munich, Germany)

Cytofluor reader

CytoFluor II, PerSeptive Biosystems
(Framingham, MA, USA)

Electrophoresis chamber

Criterion, Biorad (Munich, Germany)

Fluorescent microscope, DMRA2

Leica (Wetzlar, Germany)

Inverted contrasting microscope, DM IL

Leica (Wetzlar, Germany)

Multi-well cell culture plates

Falcon (Franklin Lakes, NJ, USA)

Nitrocellulose membrane

Bio-rad (Munich, Germany)

OGD chamber, Concept 400

Ruskinn Technologies (Bridgend, UK)

pH metre, pH100

VWR International (Darmstadt, Germany)

Plate reader
Power supply, Power Pack 200

MRX Revelation, Thermo Labsystems
(Dreieich, Germany)
Bio-rad (Munich, Germany)

Sonicator, Sonorex Super 10P

Bandelin Electronic (Berlin, Germany)

Streptavidin coated microwell plate (20-183)

Upstate, Millipore (Schwalbach, Germany)

Whatman paper

Biometra (Göttingen, Germany)

3.1.5 Animals

Animal

Supplier

C57Bl/6 mouse

Charles River Laboratories (Sulzfeld,
Germany)

CBP+/- mouse (E16-17) (F2 of

Dr. Barco (Institute for Neuroscience,

C57BL/6J and DBA background)

Alicante, Spain)

Gsn -/- mouse (mixed 129/SV×C57Bl/6
background)

Dr. Fink (Institute for Pharmacology and

129SV mouse

Charles River Laboratories (Sulzfeld,

Toxicology, Bonn, Germany)

Germany)
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Wistar rat (E17-18)

Forschungseinrichtungen für experimentelle
Medizin (FEM), Charite (Berlin, Germany)

3.2 Methods

3.2.1 Primary Neuronal Cell Cultures

Culture plates were pre-treated by incubation with poly-L-lysin (5 µg/ml in PBS w/o) for 1
hour at room temperature, rinsed with PBS and incubated with collogen coating medium
(modified Eagle’s medium supplemented with 5% FCS GOLD, 1% Pen/Strep, 10 mM
HEPES and 0.03 w/v collagen G) for 1 hour at 37°C. After rinsing of plates twice with PBS,
cortical cells were plated in 24-well plates (for OGD experiments) or in six-well plates (for
Western Immunoblotting experiments) in wells in starter medium, at a density of 200,000
cells/cm²; 300,000 cells/well for 24-well plates and 1,500,000 cells/well for 6-well plates. For
immunocytochemistry, cells were seeded on glass cover slips in 24-well plates. Cultures were
kept at 36.5°C and 5% CO2, and were fed every four day, from the fourth day in vitro (DIV
4) on with cultivating medium (starter medium without glutamate) by replacing half of the
medium. All experiments were carried out between DIV 8-DIV 10 and condition of the
cultures was assessed by light microscopy, prior to experiments.

In

our

primary

cortical

cell

culture

system,

as

previously

demonstrated

by

immunocytochemistry (using antibodies against glial fibrillary acidic protein for astrocytes,
OX42 for microglia, NeuN for neurons and choline acetyl transferase for cholinergic
neurons), neuronal purity was always higher than 90% until DIV 14; Less than 10%
astrocytes until DIV 14 and less than 1% microglia until DIV 28 was present in our near-pure
neuronal cultures (Lautenschlager et al., 2000).

It should be noted that sister cultures were used within every individual in vitro experiment
carried out during this PhD thesis project, i.e OGD vs. OGD control cultures. All culture
plates were handled in the same manner regarding the routine cell culture procedures. Cortical
cells were plated in 24-well plates for OGD experiments and in 6-well plates for western
immunoblotting due to the ease of experimental handling.
28

Histone acetylation and neuroprotection

Materials & Methods

3.2.2 Pre-treatment with Trichostatin A

3.2.2.1 Pre-treatment of primary cortical cultures with Trichostatin A

TSA was dissolved in 0.01% ethanol to generate a 3 mM stock solution, with subsequent
dilutions in medium to reach final concentrations of 25–500 nM. TSA was applied to cortical
neuronal cell cultures on in vitro day 8 (DIV 8) for varying durations (from 6 hours to 24
hours) according to experimental planning, or for 12 or 24 h before OGD. Vehicle-treated
cultures received 0.01% ethanol in medium.

3.2.2.2 Pre-treatment of mice with Trichostatin A
Animal experiments were performed according to institutional and international guidelines.
All surgical procedures were approved by the local authorities. Male 129/SV wildtype mice
(18–22 g, BfR, Germany), and gelsolin (gsn)−/− along with gsn+/+ mice (both in a mixed
129/SV × C57Bl/6 background because the gelsolin null-state is not viable in a pure C57Bl6
background, see (Endres et al., 1999) were housed with ad libitum food and water access.
TSA was obtained from Sigma-Aldrich, dissolved in 50 µl dimethyl sulfoxide and injected
intraperitoneally (i.p.) at a dose of 1 or 5 mg kg− 1 body weight for 14 days. Control (i.e.,
vehicle) mice were daily i.p. injected with the identical volume of dimethyl sulfoxide.

3.2.3 Injury Paradigms

3.2.3.1 Combined oxygen-glucose deprivation (OGD) as injury paradigm in vitro

Animal experiments were performed according to institutional and international guidelines.
All surgical procedures were approved by the local authorities. As the paradigm of ischemic
injury, we used combined oxygen-glucose deprivation (OGD) which is a widely used model
to study neuronal ischemia in vitro. 24-well plates were used for OGD and OGD experiments
were performed between on DIV 8 and DIV10. Length of OGD experiments were between 30
min to 60 min for ischemic preconditioning experiments, whereas for injurious ischemia it
lasted for 120min to 180 min. In all experimental paradigms, however, the procedure was as
following; Culture medium was removed from cells and preserved. Cells were rinsed twice
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with warmed PBS, placed in OGD chamber (a humidified, temperature controlled (36+/0.5°C) chamber at PO2 < 2mmHg). PBS was replaced by warmed balanced salt solution
(BSS0), which was put into the chamber 6-12 hours prior to the performance of the OGD
experiment. OGD was terminated by taking the culture plates out of the OGD chamber and
replacing BSS0 by warmed conditioned medium (of 50% fresh cultivating medium and 50%
the preserved cell culture medium (Bruer et al. 1997; Harms et al. 2004). Subsequently,
culture plates were returned to normoxic cell culture incubator. OGD control, sister cultures
went under the same washing and experimental procedures, except that they were maintained
in the normoxic cell culture incubator after replacing the PBS by BSS20 for the same duration
as OGD, followed by return of the conditioned medium. The condition of the cells at various
time points after OGD was determined morphologically by phase contrast microscopy. At
various time points after OGD, aliquots of the medium were saved for the analysis of LDH
activity and/or subsequent propidium iodide (PI) staining of cells or MTT reduction test were
carried out.

3.2.3.2 Middle cerebral artery occlusion (MCAo) as injury paradigm in vivo

Animal experiments were performed according to institutional and international guidelines.
All surgical procedures were approved by the local authorities. Mice were anesthetized for
induction with 1.5% isofluorane and maintained in 1.0% isoflurane in 70% N2O and 30% O2
using a vaporizer. Ischemia experiments were essentially performed as described ([Endres et
al., 1999] and [Endres et al., 2000]). In brief, brain ischemia was induced with an 8.0 nylon
monofilament coated with a silicone resin/hardener mixture (Xantopren M Mucosa and
Activator NF Optosil Xantopren, Haereus Kulzer, Germany). The filament was introduced
into the left internal carotid artery up to the anterior cerebral artery. Thereby, the middle
cerebral artery and anterior choroidal arteries were occluded. Filaments were withdrawn after
30 min or 1 hour to allow reperfusion. Regional cerebral blood flow (rCBF) measured using
laser-Doppler-flowmetry (Perimed, Jarfälla, Sweden) fell to less than 20% during ischemia
and returned to approximately 100% within 5 min after reperfusion in either group (P > 0.05).
Core temperature during the experiment was maintained at 36.5 °C ± 0.5 °C with a feed-back
temperature control unit. As control, sham-operated mice underwent identical surgery but did
not have the filament inserted.
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3.2.4 Ischemic preconditioning paradigms

3.2.4.1 Brief combined oxygen-glucose deprivation (OGD) as ischemic preconditioning
stimulus in vitro

As the paradigm of ischemic preconditioning in vitro, I exposed primary cortical cultures to
brief period of combined oxygen-glucose deprivation (OGD) for 30 min to 1 hour. Cells were
seeded out in 24-well plates and ischemic preconditioning experiments were performed
between DIV 8 and DIV 9. The experimental procedure was as following; Culture medium
was removed from cells and preserved. Cells were rinsed twice with warmed PBS and placed
in OGD chamber (a humidified, temperature controlled (36+/-0.5°C) chamber at PO2 <
2mmHg). In the chamber, PBS was replaced by warmed balanced salt solution (BSS0), which
was put into the chamber 6-12 hours prior to the performance of the experiment. The
experiment was terminated by taking the culture plates out of the OGD chamber and replacing
BSS0 by warmed conditioned medium (mixure of fresh cultivating medium [50%] and the
preserved cell culture medium [50%] ) (Bruer et al. 1997; Harms et al. 2004). Subsequently,
culture plates were returned to normoxic cell culture incubator. Control, sister cultures went
under the same washing and experimental procedures, except that they were maintained in the
normoxic cell culture incubator after replacing the PBS by BSS20 for the same duration as for
the experiment, followed by return of the conditioned medium. The condition of the cells at
various time points after OGD was determined morphologically by phase contrast
microscopy. At 24 hours after the preconditioning, LDH activity in the medium was measured
to ensure that the ischemic preconditioning itself was not injurious to neuronal cultures.

3.2.4.2 Brief middle cerebral artery occlusion (MCAo) as ischemic preconditioning
stimulus in vivo

Mice were anesthetized for induction with 1.5% isofluorane and maintained in 1.0%
isoflurane in 70% N2O and 30% O2 using a vaporizer. Brain ischemic preconditioning was
induced with an 8.0 nylon monofilament coated with a silicone resin /hardener mixture
(Xantopren M Mucosa and Activator NF Optosil Xantopren, Haereus Kulzer, Germany) by
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introduction of the filament into the left internal carotid artery up to the anterior cerebral
artery. Thereby, the middle cerebral artery and anterior choroidal arteries were occluded.
Filaments were withdrawn after 5 min to allow reperfusion. Core temperature during the
experiment was maintained at 36.5 °C ± 0.5 °C with a feed-back temperature control unit. As
control, sham-operated mice underwent identical surgery but did not have the filament
inserted.

3.2.5. Cell Death Assays

3.2.5.1 Lactate Dehydrogenase (LDH) assay

We assessed neuronal injury by the measurement of LDH in the medium by means of a
kinetic photometric assay (at 340 nm) (Koh and Choi, 1987) at 24 h after the injury paradigm.
Lactate dehydrogenase (LDH), which is a cytosolic enzyme present in most eukaryotic cells,
releases into culture medium upon cell death due to damage of plasma membrane. The
increase of the LDH activity in culture supernatant is, therefore proportional to the number of
lysed cells. The LDH assay measures the reduction in co-factor ß-NADH used in the LDHdriven reaction, at the excitation wave-length of 340nm. Accordingly, 50µl of culture media
were pipetted into 96-well plates and mixed with 200 µl of β-NADH solution (0.15 mg/ml in
1x LDH buffer). Measurement was started rapidly after addition of the reaction substrate
pyruvate (50 µl of 22.7 mM pyruvate-solution). Optical density was measured at 340 nm
using a microplate reader, by 10 counts with 30 sec intervals, followed by calculation of
results using a LDH-standard (Greiner).

3.2.5.2 Propidium Iodide staining of cells

PI staining of neuronal cell cultures was performed as described previously (Harms et al.
2004). Briefly, cortical neurons were incubated for 1 min with 0.02 mg/ml PI (stock solution,
1 mg/ml; 1: 50) in medium with gentle shaking, and rinsed once with PBS. Conditioned
medium was reapplied and phase contrast and fluorescent pictures were taken immediately
using an inverse fluorescence microscope with a digital camera (Leica Microsystems,
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Wetzlar, Germany). Cell counts were performed from merged phase contrast micrographs and
red fluorescent pictures stained with PI. Neurons with dendrites which did not show any PIpositive signal in their nuclei were designated as intact, viable neurons. Mean intact neurons
in 16 representative high-power fields were counted.

3.2.5.3 MTT reduction test

In addition to LDH assay and MTT reduction test, we also assessed neuronal viability after
the injury paradigm by MTT reduction test. It is a standard cell vitality test which relies on the
reduction

of

yellow

MTT

dye

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) to insoluble purple formazan crystals by a mitochondrial enzyme of living cells.
Briefly, cortical cells were incubated for 30 min at 37°C with 0.05 mg/ml Thiazolyl blue
(Sigma), followed by addition of 10% SDS in 0.01 M HCl for lysing of the formazan crystals.
After an interval of one day, optical density was measured at 550 nm in a plate-reader
(Thermo Labsystems, MRX).

3.2.6 Phalloidin Staining

3.2.6.1 Phalloidin Staining of primary cortical cultures

Phalloidin staining was essentially performed as described previously (Harms et al. 2004).
Briefly, cells were fixed for 10 min in 4% paraformaldehyde in PBS and subsequently
membranes were permeabilized by treatment with 0.1% Triton-X-100 in PBS for 5 min. Cells
were then incubated in Alexa 488 phalloidin dye at a concentration of 1 U / 200 µL PBS for
20 min, washed twice with PBS and prepared for microscopy using ImmunoFlour Mounting
Medium (ICN). Images were acquired using a Leica Fluorescence Microscope with a 100× oil
immersion objective. After the taking of photomicrographs, methanol extraction of phalloidin
was carried out for (semi)quantitative measurements of phalloidin-bound F-actin levels.
Fluorescence intensity was measured at 485-nm excitation and 530-nm emission wavelength
in a Cytofluor reader (CytoFluor II, PerSeptive Biosystems, Framingham, MA, USA).

3.2.6.2 Phalloidin Staining of mouse brain slices
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Phalloidin staining was essentially performed as described previously (Harms et al., 2004).
Briefly, brain sections were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for
10 min and then permeabilized by treatment with 0.1% Triton X-100 in PBS. Sections were
then incubated in Alexa 488 phalloidin at a concentration of 200 µl PBS/ unit over 20 min and
washed twice in PBS.

3.2.7 Measurement of intracellular Ca2+ in primary cortical cultures
Intracellular free Ca2+-levels were assessed semi-quantitatively according to Minta et al.
(1989) by loading cells with 5 µM of cell-permeant fluorescent calcium-indicator dye Fluo-4
AM for 45 min at room temperature. Dye loading was carried out either during or after
exposure of the cortical cultures to combined oxygen–glucose deprivation. Subsequently,
cells were rinsed three times with PBS and the fluorescent signal was measured using a multiwell fluorescence plate reader (CytoFluor II, PerSeptive Biosystems, Framingham, MA,
USA). Data are presented as difference in relative fluorescence units (RFUs) between
indicated treatments and controls or % of relative fluorescence of controls.

3.2.8 Assessment of mitochondrial membrane potential by TMRE Assay

Tetramethyl rhodamine ethyl ester (TMRE) (Molecular Probes) was used to assess
mitochondrial membrane potential as described (Heiskanen et al., 1999). The membrane
potential-dependent dye tetramethylrhodamine ethyl ester (TMRE; Molecular Probes,
Invitrogen) selectively stains for mitochondria with an intact membrane, as described
previously (Cregan et al., 2002). An interval of 24 h after the injury paragigm, TMRE was
added (100nM) into the cell culture medium, incubated at 37°C for 40 min and replaced with
fresh

cultivating

medium.

To

assess

mitochondrial

TMRE

uptake,

fluorescence

photomicrographs were taken, followed by measurement of fluorescence signal in a multiwell fluorescence plate reader at an excitation wave-length of 530 nm and an emission wavelength of 594 nm.
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3.2.9 Western immunoblotting

3.2.9.1 Western immunoblotting of proteins from primary cortical cultures

For total cellular protein extraction, cortical cells were lysed in ristocetin-induced platelet
agglutination (RIPA) buffer [50 mM Tris pH 7.4, 150 mM NaCl, 0.1% w/v sodium dodecyl
sulphate (SDS), 1% w/v Triton X-100, 1% w/v sodium deoxycholate and protease inhibitor
cocktail (Roche)] (100 µl RIPA buffer was used per well of 6 well-plate), incubated on ice for
15 min and clarified at 12 000 ×g for 5 min at 4°C. Supernatants were collected and stored at 80°C for later use. For extraction of nuclear proteins, cortical cells were lysed in cell lysis
(CL) buffer [10 mM HEPES, 2 mM magnesium chloride, 1 mM EDTA, 1 mM EGTA,
10 mM potassium chloride, 1 mM dithiothreitol (DTT), 10 mM sodium fluoride, 0.1 mM
sodium vanadate, 1% Nonidet P 40, protease inhibitor cocktail (Roche)] (100 µl CL buffer
was used per well of 6 well-plate), incubated on ice for 15 min and clarified at 12 000 ×g for
1 min. Supernatants were collected as cytoplasmic protein fraction and stored at -80°C for
later use. Pellets were further used for extraction of nuclear proteins in nuclear lysis (NL)
buffer [25 mM HEPES, 500 mM sodium chloride, 5 mM magnesium chloride, 10 mM
sodium fluoride, 1 mM dithiothreitol (DTT), 10% glycerol, 0.2% Nonidet P 40, protease
inhibitor cocktail (Roche)], incubated on ice for 10 min, sonicated for 1 min at 4°C and
clarified at 12 000 ×g for 5 min. Supernatants were collected and stored at -80°C for later use.
Twenty micrograms of cell or nuclear lysate were denatured by boiling in equal volume of
sample buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromphenol blue and
0.125 M Tris HCl pH 6.8) for 5 min. Samples were electrophoretically separated using 4–20%
gel for SDS-PAGE, transferred onto nitrocellulose membranes, blocked in blocking buffer
(5% w/v milk in PBS) for 1 h at room temperature. Primary antibodies (0.2 to 1 µg/ml) were
incubated in blocking buffer overnight at 4 °C on a rotary platform with gentle agitation.
Membranes were subsequently probed with secondary HRP-conjugated anti-mouse, antirabbit IgG or anti-goat antibodies (diluted 1:5000) in blocking buffer for 1 h at room
temperature on a rotary platform with gentle agitation. Equal loading was confirmed by
probing the membranes with anti-actin (1:1000, Santa Cruz) and anti-histone H4 (1:1000
Upstate) antibodies. Detection was carried out using the enhanced chemiluminescence assay
(Cell Signaling Technologies). For negative controls, primary antibodies were omitted which
revealed no visible staining.
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3.2.9.2 Western immunoblotting of proteins from mouse brain
For total cellular protein extraction, mice brains were lysed in ristocetin-induced platelet
agglutination (RIPA) buffer [50 mM Tris pH 7.4, 150 mM NaCl, 0.1% w/v sodium dodecyl
sulphate (SDS), 1% w/v Triton X-100, 1% w/v sodium deoxycholate and protease inhibitor
cocktail (Roche)] (100 ml RIPA buffer was used per brain hemisphere), incubated on ice for
15 min and clarified at 12 000 ×g for 5 min at 4°C. Supernatants were collected and stored at 80°C for later use. For extraction of nuclear proteins, mice brains were lysed in cell lysis (CL)
buffer [10 mM HEPES, 2 mM magnesium chloride, 1 mM EDTA, 1 mM EGTA, 10 mM
potassium chloride, 1 mM dithiothreitol (DTT), 10 mM sodium fluoride, 0.1 mM sodium
vanadate, 1% Nonidet P 40, protease inhibitor cocktail (Roche)] (1ml CL buffer was used per
brain hemisphere), incubated on ice for 15 min and clarified at 12 000 ×g for 1 min.
Supernatants were collected as cytoplasmic protein fraction and stored at -80°C for later use.
Pellets were further used for extraction of nuclear proteins in nuclear lysis (NL) buffer
[25 mM HEPES, 500 mM sodium chloride, 5 mM magnesium chloride, 10 mM sodium
fluoride, 1 mM dithiothreitol (DTT), 10% glycerol, 0.2% Nonidet P 40, protease inhibitor
cocktail (Roche)], incubated on ice for 10 min, sonicated for 3 x 15 sec at on ice and clarified
at 12 000 ×g for 5 min. Supernatants were collected and stored at -80°C for later use. Twenty
micrograms of cell or nuclear lysate were denatured by boiling in equal volume of sample
buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromphenol blue and
0.125 M Tris HCl pH 6.8) for 5 min. Samples were electrophoretically separated using 4–20%
SDS-PAGE, transferred onto nitrocellulose membranes, blocked in blocking buffer (5% w/v
milk in PBS) for 1 h at room temperature. Primary antibodies (0.2 to 1 µg/ml) were incubated
in blocking buffer overnight at 4 °C on a rotary platform with gentle agitation. Membranes
were subsequently probed with secondary HRP-conjugated anti-rabbit IgG or anti-goat
antibodies (diluted 1:5000) in blocking buffer for 1 h at room temperature on a rotary
platform with gentle agitation. Equal loading was confirmed by probing the membranes with
anti-actin (1:1000, Santa Cruz) and anti-histone H4 (1:1000 Upstate) antibodies. Detection
was carried out using the enhanced chemiluminescence assay (Cell Signaling Technologies).
For negative controls, primary antibodies were omitted which revealed no visible staining.

3.2.10 ELISA-based Histone Acetyltransferase (HAT) Activity Assay
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Nuclear proteins from primary cortical cultures were extracted using the same protocol as
utilized for western immunoblotting analysis of proteins. Accordingly, cells were lysed in cell
lysis (CL) buffer [10 mM HEPES, 2 mM magnesium chloride, 1 mM EDTA, 1 mM EGTA,
10 mM potassium chloride, 1 mM dithiothreitol (DTT), 10 mM sodium fluoride, 0.1 mM
sodium vanadate, 1% Nonidet P 40, protease inhibitor cocktail (Roche)] (100 µl CL buffer
was used per well of 6 well-plate), incubated on ice for 15 min and clarified at 12 000 ×g for
1 min. Supernatants were collected as cytoplasmic protein fraction and stored at -80°C for
later use. Pellets were further used for extraction of nuclear proteins in nuclear lysis (NL)
buffer [25 mM HEPES, 500 mM sodium chloride, 5 mM magnesium chloride, 10 mM
sodium fluoride, 1 mM dithiothreitol (DTT), 10% glycerol, 0.2% Nonidet P 40, protease
inhibitor cocktail (Roche)], incubated on ice for 10 min, sonicated for 1 min at 4°C and
clarified at 12 000 ×g for 5 min. Supernatants were collected and stored at -80°C for later use.
wells of a streptavidin coated strip plate were pre-coated with 100µl of 1µg/ml reconstituted
histone H4 (Catalog # 12-405) for 30 minutes at room temperature, washed 5 times with TBS
and blocked with 200µl of 3% BSA for 30 minutes at 30°C. Subsequently, 50 µl of HAT
reaction cocktails, which include HAT assay buffer, 100 µM acetyl-CoA, dd-water and 5µg
nuclear extract, were added into each well and incubated for 20 min at 30° a rotary platform
with gentle agitation. After washing with TBS, 100µl of 1:250 anti-acetyl-Lysine antibody
was added into the wells in blocking solution, incubated for 1.5 hours at room temperature,
followed by washing and incubation with 100µl of 1:5,000 Goat Anti-Rabbit IgG, HRP
conjugate in blocking solution for 30 minutes at room temperature. TMB Substrate Mixture
(100 µl per well) was used to generate HRP-based colorimetric signal, which was measured
subsequently in a plate reader at a wavelength of 450nm.

3.2.11 Immunochemical staining

3.2.11.1 Immunocytochemistry of primary cortical cultures

For immunocytochemical analysis of primary cortical cultures, cells were seeded onto glass
cover slips, fixed with 4% paraformaldehyde in PBS for 10 min, permeabilized with 0.1%
Triton-X in PBS (8.5 min) and exposed to blocking solution (PBS containing 5% donkey
serum and 0.2% Tween-20) for 1 h at room temperature (22°C). Cultures were incubated with
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primary antibodies raised against Map-2 (1 : 250), murine gelsolin (1 : 100) or acetylated
histone H4 (1 : 250), separately for 60 min at room temperature (22°C), with subsequent
rinsing with PBS and development with donkey secondary antibodies conjugated with FITC,
rhodamine X for 45 min at room temperature (22°C) (1 : 250). DNA counterstaining was
performed with Hoechst 33258 for 5 min at room temperature (22°C) at a final concentration
of 2 µg/ml in H2O, followed by extensive washing in H2O and preparation for microscopy
using ImmunoFluor Mounting Medium (ICN Biochemicals, Costa Mesa, CA, USA). Images
were acquired using a Leica fluorescence microscope with a × 40 oil immersion microscope
and a digital camera.

3.2.11.2 Immunohistochemistry of mouse brain slices
Animals were deeply anesthetized and perfused transcardially with 4% paraformaldehyde in
0.1 M phosphate buffer. Tissue was essentially processed as described previously
([Katchanov et al., 2001] and [Kronenberg et al., 2005]). Briefly, after postfixation for 48 h in
4% paraformaldehyde brains were transferred to 30% sucrose in 0.1 M phosphate buffer for
dehydration. Forty micrometers of coronal sections were cut from a dry ice-cooled block on a
sliding microtome (Leica, Bensheim, Germany) and cryoprotected. Sections were stained free
floating with antibodies diluted in Tris-buffered saline containing 3% donkey serum and 0.1%
Triton X-100 ([Katchanov et al., 2001] and [Gertz et al., 2006]). Immunostaining followed the
peroxidase

method

with

biotinylated

secondary

antibodies

(all:

1:500,

Jackson

ImmunoResearch Laboratories, West Grove, PA), ABC Elite reagent (Vector Laboratories,
Burlingame, CA) and diaminobenzidine (Sigma) as chromogen. For immunofluorescence
FITC-, RhodX- or Cy5-conjugated secondary antibodies were all used at a concentration of
1:250. Fluorescent sections were coverslipped in polyvinyl alcohol with diazabicyclooctane
(DABCO) as anti-fading agent. Images were recorded using a Leica fluorescence microscope
with a 40× oil immersion objective and a digital camera.

3.2.12 Neurological Scoring of Mice- Determination of functional deficits

Animals were scored for neurological sensory–motor deficits from 0 (no deficit) to 3 (severe
deficit) with minor modifications as described (Bederson et al., 1986). The rater was naïve to
the treatment groups.
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3.2.13 Measurement of physiological variables
In randomly selected animals, the left femoral artery was cannulated with a PE 10 catheter for
blood pressure, heart rate and blood gas determination as described previously (Endres et al.,
1999). Arterial blood samples were analyzed for pH, arterial oxygen pressures, and partial
pressures of carbon dioxide.

3.2.14 Determination of brain lesion size
Animals were sacrificed at 24 h after brain ischemia. Brains were snap-frozen in isopentane
for cryostat sectioning. Ischemic lesion size was measured by computer-assisted volumetry of
serial 20 µm-thick hematoxylin stained brain coronal cryostat sections (2 mm apart). Lesion
volume was determined by summing the volumes of each section directly or indirectly using
the following formula: contralateral hemisphere (mm3) − undamaged ipsilateral hemisphere
(mm3). The difference between direct and indirect lesion volumes is likely to be accounted for
by brain swelling.

3.1.15 Statistical evaluation
Data were pooled from at least two to three representative experiments and presented as
mean ± SEM or mean ± SD. For statistical analysis Student's t-test (lesion volumes), ANOVA
on ranks (cell viability after OGD in CBP-deficient cultures and Bederson deficit scores) test
and one-way ANOVA followed by Tukey's post hoc (for all the other data, i.e. cell viability,
calcium and mitochondrial membrane potential data) were utilized as applicable (SigmaSTAT
statistical software). P < 0.05 was considered statistically significant.
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4 RESULTS

4.1 HISTONE ACETYLATION AND NEURONAL ISCHEMIC INJURY

4.1.1 Histone acetylation levels decrease in neurons following injurious combined
oxygen-glucose deprivation

Impaired histone acetyltransferase (HAT) enzyme activity and consequent aberrant histone
acetylation status were implicated in pathophysiology of numerous neurodegenerative
diseases (Jin et al., 2001; Rouaux et al., 2003; Jiang et al., 2003). Here, my aim was to
investigate whether histone acetylation patterns alter in neurons also following ischemic
injury. For this purpose, rat primary cortical cultures were exposed to injurious combined
oxygen glucose deprivation (OGD) for 2 to 3 hours, and nuclear proteins were extracted at the
termination of OGD as well as at 1, 12 and 24 hours after the ischemic damage. Protein
samples were subsequently subjected to sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), followed by western immunoblotting using antibodies against
acetyl-histone H4 and acetyl-histone H3. Acetylation loss of both histone H4 and histone H3
was evident at all time points examined after OGD (Figure 6). In OGD control cultures
histone acetylation levels maintained consistent at all time points. Anti-actin antibody was
employed for the demonstration of equal protein loading.

Figure 6 Histone acetylation levels decrease in neurons after exposure to injurious combined oxygenglucose deprivation. Primary cortical neurons underwent a damaging OGD for 2 to 3 hours. Subsequently
nuclear protein extraction was carried out at different time points after the ischemic insult. 20 µg of protein was
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subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and membranes were
incubated with antibodies against acetyl-histone H4, acetyl-histone H3 and actin. The image represents the
results of three independent experiments.

4.1.2 CREB-binding protein (CBP) is rapidly depleted in neurons following injurious
combined oxygen-glucose deprivation

Loss of CBP protein has been suggested to occur in different neurodegenerative disease
models including Huntington’s and Alzheimer’s Diseases (Nucifora et al., 2001, Jiang et al.,
2003, Marambaud et al., 2003). CBP was particularly targeted by caspase 6 at the very early
stages of neuronal apoptosis in an in vitro oxidative stress model (Rouaux et al., 2003). To
investigate whether CBP protein levels are altered also following neuronal ischemic injury, rat
primary cortical cultures were exposed to combined oxygen glucose deprivation (OGD) for 2
to 3 hours, and nuclear proteins were subsequently extracted at the termination of OGD as
well as at 3, 6 and 24 hours time intervals after the ischemic damage. Samples were subjected
to SDS-PAGE protein electrophoresis, followed by western immunoblotting using an
antibody against CBP. Loss of CBP protein was evident at all time points examined after
OGD (Figure 7A). Whilst there was a weak CBP band at 3 hours after OGD, no detection was
obtained either at 6 or 24 hours. In control cultures, CBP protein bands were consistently
present at all time points of protein extraction following OGD. Actin antibody was employed
for the demonstration of equal protein loading.

In addition, immunocytochemical stainings were carried out on rat primary cortical cultures
after their exposure to injurious OGD. Cultures were fixated immediately after the ischemic
insult and an antibody directed against CBP was used for immunocytochemistry, as well as
Sytox Green staining for nucleic acids (green). In agreement with the western immunoblotting
data, photomicrographs revealed a decrease in CBP protein (red) levels in neurons following
injurious OGD (Figure 7B). CBP protein was no longer evident particularly in neurons with
prominent apoptotic morphology (see arrows).
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A

B

Figure 7 CBP is depleted in neurons following injurious oxygen-glucose deprivation. (A, B) Primary
cortical neurons underwent injurious OGD. (A) Subsequently, nuclear protein extraction was carried out at
different time points after the ischemic insult. 20 µg of protein was subjected to sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) and membranes were incubated with antibodies against CREBbinding protein (CBP) and actin. (B) For immunocytochemistry, cortical cells were fixated immediately after
OGD. Nuclear staining (green), CBP (red). Scale bar, 30µm. The images are representative results of three
independent experiments.
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4.1.3 Curcumin, a CBP’s HAT activity inhibitor, exacerbates injury by combined
oxygen-glucose deprivation

Having shown CBP’s rapid depletion following injurious OGD, we next investigated whether
CBP’ HAT function is associated to neuronal susceptibility to ischemic damage in vitro. For
this purpose, curcumin, an inhibitor of CBP’s HAT activity was employed (Balasubramanyam
et al., 2003). Rat primary cortical cultures on in vitro day 9 (DIV9) underwent an injurious
combined oxygen-glucose deprivation (OGD) of 2 to 3 hours. Neurons were continuously
treated with curcumin both during and after OGD until the assessment of cellular damage.
Twenty-four hours after OGD, lactate dehydrogenase (LDH) release into the medium was
measured as an indirect measurement of cell death. In addition, MTT test was employed as a
life/death assay.

OGD caused injury to cortical cultures, by means of increased LDH release into the medium.
However, the injury was further enhanced by 4µM and 16µM curcumin treatment of cultures
(Figure 8A). Noteworthy, curcumin treatment by itself did not result in any basal toxicity in
sister cultures under normoxic conditions (data not shown). These data was also supported by
MTT test. Measurement of MTT 24 hours after OGD revealed further reduction in neuronal
survival by curcumin treatment of cortical cultures following injurious OGD (Figure 8B).

To demonstrate that Curcumin has indeed the expected effect on histone acetylation, primary
cortical cultures were treated with curcumin at doses of 1, 4 and 16µM for 12 hours, nuclear
proteins were extracted, followed by western immunoblotting using antibodies against acetylhistone H4 and acetyl-histone H3. Acetylation levels of histone H4 as well as histone H3 were
reduced with the increasing doses of Curcumin, the decrease being evident particularly at 4
and 16µM doses (Figure 8C). Actin antibody was employed for the demonstration of equal
protein loading.
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Figure 8 Curcumin exacerbates neuronal damage caused by oxygen-glucose deprivation. (A, B) Primary
cortical neurons were subjected to injurious OGD and were treated with curcumin both during and after the
ischemic insult. (A) At 24 hours after OGD, release of lactate dehydrogenase (LDH) into the culture medium
was measured as an indirect marker of cell death. Data are presented as the increase in LDH release relative to
sister cultures in normoxic conditions. (B) At 24 hours after OGD, MTT reduction test was carried out to
measure cell viability. Data are presented as percentage in comparison to vehicle-treated cultures. *p < 0.05 and
**p<0.001 versus vehicle. (C) Primary cortical neurons were treated with curcumin at doses of 1, 4 and 16µM
for 12 hours, nuclear proteins were subsequently extracted and 20 µg of protein was subjected to sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Membranes were incubated with antibodies against
acetyl-histone H4, acetyl-histone H3 and actin. The image represents the results of two independent experiments.
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4.1.4 CBP-deficient neurons are more susceptible to injury by combined oxygen-glucose
deprivation

To test whether CBP’s restrained function is indeed causally linked to increased susceptibility
to ischemic damage, we performed experiments utilizing primary cortical cultures from CBP
+/- (CBP-deficient) mice. Cultures from wild-type as well as from CBP-deficient mice
underwent injurious OGD for different durations of 1 hour 15 minutes to 1 hour 55 minutes
on in vitro day 9 (DIV9). According to personal experience, murine cortical neurons show
more sensitivity to damage compared to cortical neurons from rat, therefore the duration of
OGD was reduced to yield similar cellular damage and comparable increases in LDH levels.
Twenty-four hours after OGD, lactate dehydrogenase (LDH) release into the medium was
measured as an indirect measurement of cell death. In addition, phase-contrast
photomicrographs were taken to visualise the results.

Increasing durations of OGD increased severities of injury to cortical cultures, as measured in
the release of LDH into the culture medium. Injury was further exacerbated in primary
cortical cultures partially deficient in CBP compared to wild-type cultures, reaching statistical
significance particularly after longer OGD durations (1 hour 35 minutes and 1 hour 55
minutes) (Figure 9A). As seen in OGD control conditions, cortical cultures of the two
genotypes had similar basal LDH levels, indicating that cellular health under normoxic
conditions were comparable. These data were also supported by phase-contrast
photomicrographs, showing higher injury in CBP-deficient cultures after OGD in comparison
to wild-type cultures. The photomicrographs presented were taken from the control cultures
and cultures exposed to the highest OGD duration of 1 hour 55 minutes (Figure 9B).

To study whether CBP deficiency has indeed the expected effect on histone acetylation levels,
nuclear proteins were extracted from CBP+/- and wild-type cultures and western
immunoblotting was carried out using antibodies against acetyl-histone H4 and acetyl-histone
H3. Acetylation levels of both histones H4 and histone H3 were clearly reduced in CBPdeficient neuronal cultures (Figure 9C). Actin antibody was employed for the demonstration
of equal protein loading.
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Figure 9 Primary cortical cultures from CBP-deficient mice are more susceptible to injury by oxygenglucose deprivation. (A, B) Primary cortical neurons were prepared from CBP-deficient (CBP +/-) mice or
wildtype (wt) littermates. Cultures were subjected to 1 hour 15 min to 1 hour 55 min combined oxygen-glucose
deprivation (OGD). (A) Twenty-four hours after OGD, release of lactate dehydrogenase (LDH) into the culture
medium was measured as an indirect marker of cell death. (B) Subsequently representative phase-contrast
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photomicrographs were taken. At baseline (in normal conditions) there was no difference between wt and CBP
+/- cultures, in regard to LDH release into medium. *P < 0.01 for CBP-deficient vs. corresponding wild-type
culture; One-way ANOVA on ranks. (C) Nuclear proteins were extracted from CBP-deficient as well as from
wild-type cultures, 20 µg of protein was subjected to sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and membranes were incubated with antibodies against acetyl-histone H4, acetylhistone H3 and actin. The image represents the results of two independent experiments. Scale bar, 30µm.

4.2 HISTONE ACETYLATION AND BRAIN ISCHEMIC PRECONDITIONING

4.2.1 Brief non-injurious ischemia protect mice brain against following severe middle
cerebral artery occlusion

Ischemic preconditioning in brain is described as brief ischemic episode protecting brain
against subsequent prolonged otherwise lethal ischemic insult. In my project, a so-called
“focal-focal” model was employed as an in vivo model of ischemic preconditioning.
Accordingly, mice underwent a 5 minutes filamentous occlusion of left middle cerebral artery
(MCAo), which was not injurious (data not presented). Following an interval of 24 hours, the
same artery was occluded for 30 minutes as the injurious ischemic attack. Animals were
sacrifised after a reperfusion period of 24 hours, and brains were snap-frozen. Cryostat
sectioning of the brains, Hematoxylin staining of the sections and determination of cerebral
lesion volumes by computer-assisted volumetry on serial coronal sections were carried out
subsequently.

Short (5 minutes) left MCAo 24 hours prior to severe (30 minutes) left MCAo conferred
significant reduction in cerebral infarct volumes (figure 10A and B). Similar results were
obtained when lesion volumes were corrected for brain oedema (data not shown). Figure 10B
confirms that preconditioned mice had smaller cerebral lesion areas in all anterior to posterior
coronal brain sections, with the exception of the most anterior area. Despite the reduction in
the brain lesion size, a difference between preconditioned vs. sham mice was not evident in
Bederson neurological sensorimotor deficit scores at 24 hours after the ischemic stroke (data
not presented).
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Figure 10 Ischemic preconditioning protects mice brain against injury by middle cerebral artery occlusion
and reperfusion. The effect of previous 5 min filamentous MCA occlusion on cerebral infarct volume (A) and
areas (B) following 30 minutes filamentous MCA occlusion and 24 hours of reperfusion, compared with notpreconditioned C57Bl/6 mice. Brain lesion volumes were determined quantitatively on 20 µm thick,
hematoxylin-stained brain cryostat sections as described before (Endres et al., 1999); n=10 animals per groups;
Student's t-test; *P<0.05.

4.2.2 Brief sub-lethal ischemia protects neuronal cultures against following severe
combined oxygen-glucose deprivation

Rat primary cortical cultures were subjected to a short episode of combined oxygen-glucose
deprivation (OGD), ranging from 30 minutes to 1 hour on in vitro day 8 (DIV 8), as the
preconditioning stimulus. After an interval period of 48 hours, preconditioned as well as
control sister cultures were exposed to severe OGD, as the injurious ischemia. Lactate
dehydrogenase (LDH) assay and MTT test were employed as cellular death/viability assays.

As presented in figure 11A, OGD caused increase in LDH release into the medium
significantly reduced when the cultures had previously undergone a short ischemic episode.
Results obtained from MTT test also showed that OGD caused decrease in neuronal viability,
and this decrease was partly prevented by ischemic preconditioning (figure 11B).
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The protective effect was abrogated when the time interval between ischemic preconditioning
OGD was shorter than 24 hours (data not shown). Ischemic preconditioning by itself did not
cause a significant increase in LDH release (data not shown).

A

B

Figure 11 Ischemic preconditioning protects cortical neurons against combined oxygen-glucose
deprivation (OGD). (A, B) Primary cortical neurons were exposed to a brief oxygen-glucose deprivation on in
vitro day 8 (DIV 8) and 48 hours afterwards subjected to damaging OGD of 2 to 3 hours. (A) At 24 hours after
OGD, release of lactate dehydrogenase (LDH) into the culture medium was measured as an indirect marker of
cell death. Data is presented as the increase in LDH release, after the substruction of LDH values of sister
cultures in normoxic conditions. *P < 0.001 vs. vehicle. (B) At 24 hours after OGD, MTT mitochondrial
viability test was carried out as a cellular life/death assay. Data is presented as percentage relative to sister
cultures in normoxic conditions, which represents 100 % neuronal viability. *P < 0.001 vs. preconditioning
control.

4.2.3 Ischemic preconditioning enhances histone acetylation levels in rat primary
cortical cultures and in mice brain

It is widely accepted that ischemic preconditioning in brain is mostly dependent on novel
gene expression and that histone acetylation is an ultimate switch for active gene expression
processes. After establishing experimental models of ischemic preconditioning,
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we next aimed at testing whether ischemic preconditioning stimulus alters histone acetylation
levels. In vitro, rat primary cortical cultures were subjected to a short episode of OGD, as the
preconditioning stimulus, followed by extraction of nuclear proteins at the termination of
OGD as well as at 1 hour, 12 hours and 24 hours after the preconditioning stimulus. Protein
samples were subjected to SDS-PAGE and acetylation of histone H4 and histone H3 were
determined by western immunoblotting. Figure 12A demonstrates a dynamic alteration of
histone H4 and histone H3 acetylation in cortical cultures upon exposure to the ischemic
preconditioning stimulus. Enhancement of histone H4 acetylation displayed a biphasic
pattern: It was most prominent at 1 hour and 24 hours, and was less pronounced, though still
evident, at 12 hours after the preconditioning stimulus. Increase in histone H3 acetylation, on
the other hand, was most evident at immediately and 1 hour after the preconditioning
ischemia. In another set of experiments, we examined histone acetylation changes at 1 hour
after ischemic preconditioning and observed enhancement of histone H4, histone H3 as well
as histone H2B acetylation levels (Figure 12B). Anti-actin antibody was employed for the
demonstration of equal loading.

In vivo, mice were sacrificed after reperfusion intervals of 1 hour, 6 hours and 18 hours,
following 5 minutes left middle cerebral artery occlusion (MCAo). Whole hemisphere nuclear
protein extracts were subjected to SDS-PAGE and acetylated histone H4 levels as well as that
of histone H3 and histone H2B were determined by western immunoblotting. Figure 12C
demonstrates enhancement of histone H3 and histone H2B acetylation levels 1 hour after
preconditioning MCAo. Increase in histone H3 and histone H2B acetylation levels were
similar in both ipsilateral, in which middle cerebral artery was occluded, and also in
contralateral hemisphere, which did not experience any arterial occlusion. Histone H4
acetylation, on the other hand, did not differ in preconditioned vs. control brains. No change
in histone acetylation level was detected for any of the three histones at later time points, 6 or
18 hours, following ischemic preconditioning stimulus in vivo (data not shown). Anti-actin
antibody was employed for the demonstration of equal loading.
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Figure 12 Histone acetylation levels are increased in rat cortical neurons and in mice brain following
ischemic preconditioning. (A, B) Rat primary cortical neurons underwent a brief period of oxygen-glucose
deprivation (OGD) and subsequently nuclear protein extraction was carried out for western immunoblotting at
different time points after the preconditioning stimulus. Twenty µg of protein was subjected to SDS-PAGE and
membranes were incubated with antibodies against Ac-histone H4, Ac-histone H3, Ac-histone H2B and actin
after stripping and reprobing the same membrane. (C) Immunoblots show the effect of 5 min filamentous MCA
occlusion on histone acetylation in both ipsilateral and contralateral brain hemispheres of mice, 1 hour after the
preconditioning stimulus. Twenty µg brain lysate was subjected to SDS-PAGE and acetylation of histone H4,
Ac-histone H3, Ac-histone H2B was analyzed by Western immunoblotting. Images are representative of three
independent experiments.
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4.2.4 Ischemic preconditioning enhances histone acetyltransferase (HAT) activity in rat
primary cortical cultures

Having

demonstrated

increased

histone

acetylation

patterns

following

ischemic

preconditioning in vitro as well as in vivo, we next tested whether histone acetyltransferase
activity is enhanced in neuronal cultures after ischemic preconditioning as acetylation reaction
of histones is driven by members of histone acetyltransferase (HAT) family. An ELISAbased enzyme activity assay was employed to measure total cellular histone acetyltransferase
activity. Primary cortical cultures were subjected to a short episode of OGD, as the
preconditioning stimulus, followed by extraction of nuclear proteins at 1 hour. Using 5 µg of
nuclear proteins total cellular HAT activity was measured on histone H4 coated microwell
plates and an antibody against acetyl-lysine residues was employed to recognise acetylation of
histone H4. Subsequent to incubation with a secondary antibody and development of HRP
reaction, measurement of optic density at 450 nm revealed increase in overall histone
acetyltransferase activity in rat primary cortical cultures 1 hour after their exposure to
preconditioning ischemia (figure 13).

Figure 13 Histone acetyltranferase activity is
increased in cortical neurons after ischemic
preconditioning.
underwent

a

brief

Primary
period

cortical
of

neurons

oxygen-glucose

deprivation (OGD) and subsequently nuclear protein
extraction was carried out at 1 hour for ELISA-based
enzyme activity assay. Five µg nuclear protein was
used to measure total HAT activity on histone H4
coated microwell plates. Data was pooled from three
independent experiments, and presented as the
percentage relative to not-preconditioned control
samples. Values (mean +/- SD) in OD at 450nm are
145.8 +/- 22.9 and 199 +/- 25.7. *P < 0.05
preconditioned vs. control sample.
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4.3 NEUROPROTECTION BY TRICHOSTATIN A (TSA) PRE-TREATMENT

4.3.1 Trichostatin A pre-treatment protects neuronal cultures against ischemic injury

Our aim was to test whether enhancing histone acetylation by the potent HDAC inhibitor
Trichostatin A (TSA) protect primary cortical cultures against combined oxygen-glucose
deprivation (OGD). For this purpose, rat primary cortical cultures were pre-treated with
300nM TSA for 12 or 24 hours and then subjected to 120 min - 150 min OGD on in vitro day
9 (DIV9), along with the vehicle treated cultures. Twenty-four hours later, cultures were
stained with propidium iodide (pi) dye to quantify cell death. Photomicrographs were taken
subsequently and dead vs. living cells were counted. While healthy cells are spared,
propidium iodide dye penetrates into dead cells through fragmented cellular membranes and
marks the genetic material of dead cells.

Exposure of primary cortical cultures to OGD resulted in marked reduction in the number of
living cells, yet neurons were significantly protected when they were treated with 300nM
TSA prior to OGD (Figure 14A). Representative photomicrographs are presented in figure
14B. Pre-treatment regimes with lower doses of TSA and for shorter durations did not afford
neuroprotection (data not shown). Pre-treatment regime of 300nM TSA for 12 or 24 hours did
not cause any basal toxicity to primary cortical cultures. Approximately 30 percent cell death
observed in OGD control cultures, similar both in vehicle and TSA treated, represents
normally occuring cell death in culture conditions.
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Figure 14 Trichostatin A pretreatment protects primary cortical cultures against combined oxygenglucose deprivation (OGD). Cortical cultures were pre-treated with 300nM TSA for 12 h or 24 hours on DIV 8
and subsequently subjected to 2 to 3 hours of OGD on DIV9. (A) At 24 hours, cell counts were performed on
merged phase contrast and propidium iodide (PI)-stained photomicrographs (B). Data are presented as the
percentage of non-PI-stained vs. total number of neurons per high-power field; *P < 0.001 vs. vehicle. Scale bar,
30 µm.

4.3.2 Trichostatin A pre-treatment protects mice brain against ischemic injury

After the demonstration of its neuroprotective properties in vitro, we next tested whether TSA
also afford neuroprotection in an in vivo model of cerebral ischemia. 129/Sv mice were
treated with TSA, or vehicle, at a dose of 5mg/kg body weight for fourteen days by daily
intraperitoneal injections, and went under surgery of filamentous middle cerebral artery
occlusion for 1 hour. Animals were sacrificed after a reperfusion period of 24 hours and
brains were snap-frozen. Cryostat sectioning of the mice brains, Hematoxylin staining of the
sections and determination of cerebral lesion volumes by computer-assisted volumetry on
serial coronal sections were subsequently carried out.

TSA pre-treatment conferred significant reduction in cerebral infarct volumes compared to
vehicle treated group (figure 15A). Results were also similar when lesion volumes were
54

Histone acetylation and neuroprotection

Results

corrected for brain oedema with a different calculation (58+/-4mm³ vs. 76+/-5mm³ in TSA vs.
vehicle treated mice, n=10 per group, P<0.05, Student’s t-test). Cerebral lesion areas were
smaller in all five anterior to posterior coronal brain sections (figure 15B). We also tested a
lower TSA dose however treatment of mice with TSA at a dose of 1mg/kg body weight for
fourteen days did not afford protection in our model of ischemic stroke.

A

B

Figure 15 Trichostatin A pre-treatment protects mice from middle cerebral artery occlusion and
reperfusion. The effect of trichostatin A (TSA) pre-treatment on cerebral infarct volume (A) and area (B)
following 1 hour filamentous MCA occlusion and 24 hours of reperfusion compared with vehicle-injected
129/Sv mice. Cerebral infarction volume was determined quantitatively on 20 µm thick, hematoxylin stained
brain cryostat section as described (Endres et al., 1999); n=10 animals per group; Student's t-test; *P<0.05,
**P<0.01; and ***P<0.005.

Table 1 Physiological parameters in 129/Sv mice

Parameter

Vehicle

TSA

MABP [mmHg]

94.3 ± 2.8

94.6 ± 3.1

PH

7.31 ± 0.01

7.36 ± 0.02

PaCO2 [mmHg]

42.7 ± 1.0

43.1 ± 1.2

PaO2 [mmHg]

120.7 ± 1.8

117.6 ± 3.7

Mean arterial blood pressure was measured via a femoral artery catheter. Fifty microliters of blood were
withdrawn for blood gas determination. Animals were weighted and rectal (core) temperature was measured. N =
5 animals per group. There were no statistically significant differences between groups.
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Neuroprotective effects of TSA were not due to changes in physiological parameters, which
might influence the course of brain ischemia/reperfusion. Table 1 shows that blood pressure,
blood gases (PaO2, PaCO2, pH) and temperature did not differ between TSA vs. vehicle
treated mice.

Bederson neurological sensorimotor deficit scores were taken 24 hours after the ischemic
stroke, before the sacrifice of mice. As Table 2 demonstrates TSA treated animals displayed
better scores compared to vehicle treated group, however this effect was not significant
(P=0.12), which might well be due to the low number of animals used in the study (n=10).
There was no difference in Bederson scores between mice treated with vehicle or 1mg/kg
TSA, a treatment protocol which was also not protective.

Table 2 Neurological Sensorimotor Deficit Score

SCORE
Group

N

0

1

2

3

median

25%

75%

Vehicle

10

0

2

7

1

2.0

2.0

2.0

TSA

10

1

4

5

0

1.5

1.0

2.0

Wildtype 129/Sv mice were pre-treated with trichostatin A (TSA) or vehicle (5 mg/kg body weight given daily
by intraperitoneal injection for 14 days; see Methods). Neurological scoring was performed by the use of a
previously published method performed at 24 hours after 1-hour MCA occlusion/reperfusion (Bederson et al.,
1986). The numeral scores are as follows: 0, normal motor function; 1, flexion of contralateral torso on lifting
the whole animal by the tail; 2, circling to the contralateral side; 3, loss of walking or righting reflex.

4.3.3 Trichostatin A treatment increases histone acetylation levels in primary cortical
cultures and in mice brain

Next, whether the neuroprotective TSA treatment regimes enhance histone acetylation
patterns was examined in neuronal cultures. For this aim, primary cortical cultures were
treated with increasing concentrations of TSA for 24 hours and with 300nM TSA for different
durations. Nuclear extracts were subsequently subjected to SDS-PAGE and antibodies against
histone H4, acetyl-histone H4 and acetyl-Lysin, recognising both acetyl-histone H4 and H3,
were used for western immunoblotting. Figure 16A demonstrates that 300 and 500nM TSA
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increased histone H4 as well as H3 acetylation, whilst lower doses or shorter treatment
protocols, which also did not afford neuroprotection against OGD, did not enhance
acetylation of histones. Anti-histone H4 antibody was employed for the demonstration of
equal loading.

To investigate whether the neuroprotective TSA treatment regimes also enhance histone
acetylation patterns in mice brain, we treated 129/Sv mice with TSA at doses of 1 and 5
mg/kg body weight for fourteen days by daily intraperitoneal injections. After the last
injections, total brain nuclear extracts were subjected to SDS-PAGE and acetylation of
histone H4 was determined by western immunoblotting. Figure 16B shows the increase of
histone H4 acetylation by 5 mg/kg TSA. TSA at 1mg/kg dose nor conferred neuroprotection
against middle cerebral artery occlusion, neither did it increase histone H4 acetylation. Actin
antibody was

employed

for

the

demonstration

of

equal

loading.

In

addition,

immunohistochemical stainings were performed on coronal brain sections of vehicle- or TSA
(5

mg/kg)-treated

mice

using

anti-acetyl

histone

H4

antibody.

Representative

photomicrographs shows enhanced stainings with acetyl-histone H4 antibody within the
striatum/corpus callosum/cortex and hippocampus regions, and confirms the western
immunoblotting results (Figure 16C). Noteworthy, a neuronal expression pattern for
acetylated histone H4 was observed in our stainings.

A
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Figure 16 Trichostatin A enhances histone acetylation in primary cortical cultures and in mice brain. (A)
Primary cortical neurons were treated with different concentrations of TSA for the indicated durations and
subsequently nuclear protein extraction was carried out for western blotting. Twenty µg of protein was subjected
to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and incubated with polyclonal
antibodies against acetyl-lysine (top panel; recognizing Ac-histone H3 and H4), Ac-histone H4 and histone H4
after stripping and reprobing the same membrane. (B, C) Immunoblots and immunocytochemical stainings
showing the effect of TSA treatment on histone acetylation patterns in brains of 129/Sv mice treated with TSA at
1 and 5 mg/kg body weight daily given intraperitoneally for 14 days. (B) Brain tissue lysates were subjected to
SDS-PAGE and acetylation of histone H4 was analyzed by immunoblotting. Actin was used as internal loading
control. (C) Paraformaldehyde-fixed 40 µm-thick coronal brain sections of vehicle- or TSA (5 mg/kg)-treated
mice were subjected to anti- Ac-histone H4 immunostaining. Photomicrographs show expression in the
striatum/cortex and hippocampus regions, respectively. Scale bar, 200 µm. Representative results of three
independent experiments with similar results are shown.

4.3.4 Enhancement of histone acetylation by Trichostatin A renders neurons more
resistant to ischemic injury

The following experiment was performed to investigate whether enhancement of histone H4
acetylation by TSA is causally linked to its neuroprotective effects. Rat primary cortical
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neurons were pre-treated with 300nM TSA for 24 hours and then subjected to 120min OGD.
Immunoctytochemical staining was performed after 24 hours, with antibodies for the neuronal
marker microtubule associated protein MAP2 (green), acetylated (Ac) histone H4 (red) and
nuclear Hoechst 33258 dye (blue). As presented in the photomicrographs of Figure 17B
different levels of histone H4 acetylation was observed in individual neurons. Neurons were
counted and classified in groups according to the acetylation levels of histone H4 in their
nuclei, low- vs. high-acetylated, and the result was presented as the figure 17A. Naive
neuronal cultures displayed less than 20% high-acetylated neurons, upon TSA treatment this
number was dramatically increased to more than 80%. MAP2 is a neuronal marker which has
been previously reported to be very sensitive to ischemic insult (Harms et al. 2001).
Following OGD the number of MAP2-positive, healthy, neurons was three-fold higher in
TSA pre-treated cultures, demonstrating once again TSA’s neuroprotective properties.
Nevertheless, the most important finding of this experiment was that neurons surviving the
ischemic insult both in vehicle- and TSA pre-treated cultures had high histone H4 acetylation
levels in their nuclei. Noteworthy, dead neurons which show morphology characteristic to
apoptosis also presented an intense signal after acetylated histone H4 staining. Taken all
together, these data however suggest that high-acetylated neurons are more likely to survive
an ischemic insult.

A

59

Histone acetylation and neuroprotection

Results

B

Figure 17 Trichostatin A enhances histone acetylation levels in cortical neurons. (A, B) Primary cortical
neurons were pre-treated with 300 nM TSA for 24 hours and then subjected to 150 min of oxygen-glucose
deprivation (OGD). At 24 hours, immunocytochemical staining was performed with antibodies raised against the
neuronal marker microtubule-associated protein Map-2 (green), acetylated (Ac)-histone H4 (red) and Hoechst
33258 (blue). The fractions of dead Map-2-positive neurons (dagger), low-acetylated living Map-2-positive
neurons (open arrow) and high-acetylated living Map-2-positive neurons (filled arrow) were determined.
Twohundred Map-2-positive neurons per group were evaluated and divided into three different groups (highacetylated living neurons, low-acetylated living neurons and dead neurons) using a fluorescence microscope and
a digital camera without changing the lightexposure time during the process. The acetylation status was
evaluated in Map-2-positive viable neurons with dendrites and intact nuclear morphology (visualized by Hoechst
DNA counterstaining), whereas dead neurons and those exhibiting nuclear shrinkage, blebbing or chromatin
condensation were not considered. Counts were performed in two independent experiments with at least three
different cover slips per group. Scale bar, 30 µm.
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4.3.5 Trichostatin A up-regulates gelsolin expression in cortical neurons and in mice
brain

Our group has previuosly reported anti-apoptotic and anti-excitotoxic properties for gelsolin
protein (Harms et al. 2004). Previously, my MSc thesis presented that TSA enhanced histone
H4 acetylation levels at gelsolin gene promoter region in primary cortical cultures and that the
subsequent result of this event was increase in gelsolin mRNA levels (Meisel et al. 2006).
Here, to test whether TSA’s effect on gelsolin transciption is also translated into its protein
levels, rat primary cortical cultures were treated with different concentrations of TSA for 24
hours and with 300nM TSA for different durations. Cellular protein extracts were subjected to
SDS-PAGE, followed by western immunoblotting using antibodies against murine gelsolin
and histone H4. TSA up-regulated gelsolin protein levels in a time and concentration
dependent manner (Figure 18A). Importantly, these increases were in agreement with the
enhancement of histone H4 as well as histone H3 acetylation by TSA treatment (Figure 16). A
significant up-regulation of gelsolin was observed with TSA only at the doses of 300nM and
500nM and with the treatment durations for 12 and 24 hours. TSA treatment with lower
doses, 25nM-100nM, as well as for shorter time duration, 6 hours, did not result in any
prominent up-regulation of gelsolin protein, neither did they afford neuroprotection against
OGD. Anti-histone H4 antibody was utilized for the demonstration of equal protein loading.

To address the question of whether up-regulation of gelsolin protein and enhancement of
histone acetylation levels occur within the same individual neurons, immunocytochemistry
was performed on cortical cultures treated with 300nM TSA for 24 hours and antibodies
against gelsolin (green), acetylated (Ac) histone H4 (red) and Hoechst 33258 dye (blue) were
used. Immunocytochemistry followed by high resolution confocal laser scanning microscopy
demonstrated that individual neurons with high histone H4 acetylation pattern in their nuclei
also expressed increased gelsolin levels in their cell body (Figure 18B).

To examine whether TSA exerts a similar effect on gelsolin expression also in mice brain,
129/Sv mice were treated with TSA at the doses of 1 and 5mg/kg body weight for fourteen
days, by daily intraperitoneal injections. Thereafter, whole brain cellular extracts were used
for western immunoblotting. Figure 18C shows dose dependent up-regulation of gelsolin
protein in mice brain upon TSA treatment. Importantly 1mg/kg TSA, a dose which neither
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afforded neuroprotection nor enhanced histone H4 acetylation in vivo, did not up-regulate
gelsolin protein in mice brain. Anti-actin antibody was utilized for the demonstration of equal
protein loading. Immunohistochemistry was carried out on brain slices of mice confirmed the
up-regulation of gelsolin after the neuroprotective TSA treatment and suggested a neuron
specific expression pattern (Figure 18D). Double-labeling fluorescent immunohistochemistry
indeed demonstrated the up-regulation of gelsolin in neuronal marker (NeuN+) positive
neurons (Figure 18E). The photomicrographs were taken from a neuron-rich brain region,
hippocampus, to better present up-regulation of gelsolin protein by TSA.

A

B
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Figure 18 Trichostatin A up-regulates gelsolin expression in cortical cultures and in mice brain. Primary
cortical neurons were treated with different concentrations of TSA for the indicated durations and were subjected
to western immunoblotting. (A) Twenty µg of protein was subjected to sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and incubated with polyclonal antibodies against murine gelsolin and histone
H4 after stripping and reprobing the same membrane. (B) Primary cortical neurons were seeded on glass cover
slips and treated with 300 nM TSA on the ninth day in vitro (DIV9). Cells were fixed after 24 hours and
immunocytochemistry was performed. Gelsolin (green), ac-histone H4 (red) and Hoechst staining (blue) were
shown in the same cells after treatment with vehicle or TSA. Scale bar, 30 µm. (C) Immunoblots and (D)
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immunohistochemical stainings of sections from frontoparietal cortex and hippocampus showing the effect of
TSA treatment on gelsolin expression in brains of 129/Sv mice treated with TSA at 1 and 5 mg/kg body weight
daily given intraperitoneally for 14 days. (E) Up-regulation of gelsolin (red) by TSA in neurons of hippocampal
CA1 region. Neuronal marker NeuN (green). Scale bars, (D) 100 µm (cortex) and 25 µm (hippocampus), (E) 20
µm. Representative results of three independent experiments with similar results are shown.

4.3.6 Trichostatin A confers actin filament remodelling

Gelsolin was previuosly reported to sever actin microfilaments, conferring remodelling of
actin cyctoskeleton (Kwiatkowski et al. 1988, Harms et al. 2004). We therefore examined
whether filamenteous actin dynamics are altered upon TSA-induced gelsolin up-regulation.
Rat cortical cultures were treated with 300nM TSA for different durations, followed by
phalloidin-fluorescein staining. The photomicrographs indeed revealed that filamenteous actin
levels were reduced in parallel to enhancement of histone H4 acetylation after TSA treatment
(Figure 19A). Importantly, these two events occured within the same individual neurons as
the merged photomicrographs clearly demonstrate. Methanol extraction of bound phalloidin
and subsequent photometric quantification, using a fluorescence plate reader, revealed
significant decrease in filamenteous actin levels by 300nM TSA treatment (Figure 19B).
Noteworthy is that the decrease in filamentous actin levels reached statistical significance
only after TSA treatments for 12 hours or longer.

We further tested whether TSA’s effect on actin cytoskeleton still persists in neurons after
their exposure to oxygen glucose deprivation (OGD). For this purpose, rat primary cortical
cultures were pre-treated with 300nM TSA for 12 hours, subjected to OGD and subsequently
cells were fixed at different time intervals. Phalloidin-fluorescein staining of actin
cytoskeleton was followed by methanol extraction of F-actin bound phalloidin. Data obtained
from photometric quantification is presented as figure 19C. OGD decreased actin
microfilament levels to approximately 80% of baseline, yet TSA-induced differences in
filamentous actin levels were sustained at all time points following OGD.
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Figure 19 Effects of Trichostatin A on filamentous actin. Primary cortical neurons were seeded on glass cover
slips and pre-treated with 300 nM TSA or vehicle (control) for 12 hours (A, C) or 6, 12 and 24 hours (B). (A)
Following end of the treatment, neurons were fixed with 4% paraformaldehyde, stained with phalloidin–
fluorescein (green) and immunostained against acetylated (Ac)-histone H4 (red). Scale bar, 30 µm. (B)
Phalloidin–fluorescein was extracted and fluorescence was quantified. *P < 0.001 vs. vehicle treatment. (C) In a
different subset of experiments, at 12 hours following TSA or vehicle (control) treatment, cultured neurons were
subjected to oxygen-glucose deprivation (OGD) or normoxia as control treatment, and subsequently fixed with
4% paraformaldehyde at the indicated time points, and stained with phalloidin–fluorescein. Phalloidin–
fluorescein was then extracted by methanol and fluorescence signal was quantified. *P < 0.0001 vs. vehicle
treatment, #P < 0.0001 vs. OGD control. RFU; Relative fluorescence units

65

Histone acetylation and neuroprotection

Results

4.3.7 Trichostatin A reduces intracellular calcium overload caused by ischemic injury

Intracellular calcium overload is considered to be a central player in ischemic neuronal cell
death (Choi, 1995). Our group has previously reported that gelsolin exerts anti-excitotoxic
effects following cerebral ischemia via remodelling actin cytoskeleton and also stabilising
calcium channels (Endres et al. 1999). Here, whether TSA has effect on intracellular calcium
overload triggered by oxygen-glucose deprivation was investigated. Rat primary cortical
cultures were pre-treated with 300nM TSA for 12 hours and subjected to OGD on in vitro day
9 (DIV9). It is well known that major calcium influx take place both during the ischemic
event and also directly after reperfusion/re-oxygenation. Thus the cultures were loaded with
calcium binding fluorescent dye Fluo-4 AM either during OGD or immediately after OGD

and subsequently measured the fluorescent signal after a dye incubation period of 45min. In
either paradigm significantly lower intracellular calcium levels were observed when the
cultures received TSA treatment prior to OGD (figure 20A and 20B). Moreover, the
differences in fluorescence signal intensities between TSA and vehicle pre-treated cultures
persisted throughout subsequent repetitive measurements at 10min intervals for one hour after
the first measurement (data not shown).

A

B
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Figure 20 Trichostatin A decreases calcium influx following combined oxygen-glucose deprivation.
Primary cortical neurons were pre-treated with 300 nM TSA for 24 hours and subjected to 150 min OGD.
Calcium indicator fluorescent dye Fluo-4 AM was loaded either during (A) or immediately after (B) OGD.
Fluorescent signal intensities were measured following an incubation period of 45 min. Values (mean±SEM) in
relative fluorescence units (RFU) are 90.4±3.7, 92.4±3.9, 550.9±1.3, and 358.1±1.6 in (A), and 133.9±2.3,
136.8±2.5, 453.6±1.2, and 334.2±1.1 in (B) *P < 0.001 for TSA vs. vehicle.

4.3.8 Trichostatin A prevents loss of mitochondrial membrane potential caused by
ischemic injury

After assessment of intracellular calcium levels, we measured loss of mitochondrial
membrane potential by tetramethyl rhodamine ethyl ester (TMRE) fluorescence, which is an
event implicated in cell death cascades mediated by the mitochondria. For this purpose, rat
primary cortical cultures were pre-treated with 300nM TSA for 12 hours and subjected the
cultures to oxygen-glucose deprivation on in vitro day 9 (DIV9). Twenty-four hours
afterwards TMRE was added into culture medium and photomicrographs were taken
following an incubation period of 40min. Figure 21A demonstrates the loss of mitochondrial
membrane potential, by means of loss of fluorescence signal intensity, however this loss was
clearly prevented in cultures which were treated with TSA prior to OGD. Subsequent
measurements of fluorescent signals are presented as figure 21B. Four different OGD
durations carried out on sister cultures yielded the result that only longer durations of OGD
caused statistically significant loss of mitochondrial membrane potential, although the loss
was detectable after all four OGD durations. Importantly, OGD-caused mitochondrial
dysfunction was prevented when cultures were pre-treated with TSA. TSA‘s effect was
evident in all durations of OGD, milder as well as more severe forms of the ischemic insult.
Neuroprotection by TSA was also confirmed in experiments by measurement of lactate
dehydrogenase (LDH) release into the medium (data not shown).
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Figure 21 Trichostatin A decreases loss of mitochondrial membrane potential following combined
oxygen/glucose deprivation. Primary cortical neurons were pre-treated with 300 nM TSA for 12 hours and
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subjected to various durations of OGD. (A) Loss of mitochondrial membrane potential was measured 24 hours
after OGD. TMRE was added into the culture wells and photomicrographs were taken after an incubation period
of 40 min. (B) Subsequently fluorescent signal was measured in a multiwell fluorescence plate reader. There
were no significant differences between TSA vs. vehicle pre-treated cultures in the control conditions. n=8.
*P<0.001 for TSA vs. vehicle in each OGD condition. #P<0.05 for corresponding vehicles in control vs. OGD
2:30 hours and control vs. OGD 2:45 hours. Scale bar, 100µm.

4.3.9 Trichostatin A pre-treatment does not protect gelsolin-deficient mice against brain
ischemic injury

My MSc thesis has previously presented TSA’s failure in protecting gelsolin-deficient murine
neuronal cultures against ischemic insult, underscoring gelsolin as an integral perpetrator of
TSA’s neuroprotective effects (Meisel et al., 2006). Here, we tested whether gelsolin has a
similar role in neuroprotection by TSA in vivo. For this purpose, gelsolin-deficient and wildtype mice were pre-treated with the neuroprotective TSA pre-treatment regime, 5mg/kg body
weight of TSA for fourteen days by daily intraperitoneal injections. Subsequently mice
underwent operation of filamentous middle cerebral artery occlusion for 1 hour. After a
reperfusion period of 24 hours, animals were sacrificed and brains were snap-frozen. Cryostat
sectioning of the brains and hematoxylin staining of the sections were followed by
determination of cerebral lesion volumes by computer-assisted volumetry on serial coronal
brain sections.

TSA pre-treatment did not afford neuroprotection of gelsolin-deficient mice against MCAo
for 1 hour. TSA as well as vehicle pre-treated mice had similar cerebral lesion volumes and
anterior to posterior lesion areas (Figure 22A and B). An indirect method for measuring lesion
volume, corrected for brain oedema, did not change the lack of protection by TSA in gelsolindeficient mice (60+/-14 vs 58+/-8 mm³ in TSA vs. vehicle pre-treated mice, n=10 per group).
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Figure 22 Trichostatin A does not protect gelsolin knockout mice against MCAo/reperfusion. The effect of
Trichostatin A (TSA) pre-treatment (5 mg/kg body weight daily for 14 days given intraperitoneally) on cerebral
infarct volume (A) and area (B) following 1 hour filamentous MCA occlusion and 24 hours of reperfusion
compared with vehicle-injected gelsolin knockout mice. Cerebral infarction volume was determined
quantitatively on 20 µm-thick, hematoxylin stained brain cryostat sections, as described previously (Endres et al.,
1999). n=10 animals per groups.

4.3.10 TSA confers actin remodelling in wild-type but not in gelsolin-deficient mice
brain

Gelsolin severs actin microfilaments, conferring remodelling of actin cyctoskeleton
(Kwiatkowski et al. 1988, Harms et al. 2004). As presented above, Trichostatin A upregulation of gelsolin protein was followed by significantly reduced levels of filamentous
actin in rat primary cortical neurons (figure 19). Here, we examined whether TSA’s
modulatory effect on actin cytoskeleton is present also in brains of wild-type vs. gelsolindeficient mice.

Wild-type and gelsolin-deficient mice were treated with 5mg/kg body weight of TSA, or
vehicle, for fourteen days by daily intraperitoneal injections. After last injections, animals
were sacrificed and brains were snap-frozen. Phalloidin-fluorescein as well as nuclear
Hoechst 33258 staining was carried out on coronal brain sections. Representative
photomicrographs which were chosen from a neuron-rich brain region, hippocampal CA1
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area, are presented as figure 23. In wild-type mice TSA reduced filamentous actin levels, by
means of reduction in fluorescent signal intensity, confirming our in vitro results. As
expected, vehicle treated gelsolin-deficient mice appeared to have higher levels of
filamentous actin in comparison to vehicle treated wild-type mice. Unlike in wild-type mice,
however, TSA treatment did not reduce filamentous actin levels in gelsolin-deficient mice.

Figure 23 Effects of Trichostatin A on
filamentous actin levels in mice brain tissue.
Phalloidin stainings (green) on 20 µm-thick
coronal brain sections from wild-type and
gelsolin-deficient mice treated with TSA 5mg/kg
body weight for 14 days. The images show
neurons

from

hippocampal

CA1

region,

counterstained with Hoechst 33258 nuclear dye
(blue). Scale bar, 10 µm.
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5 DISCUSSION

5.1 HISTONE ACETYLATION AND NEURONAL ISCHEMIC INJURY

In recent years, numerous publications demonstrated dramatic impairment in histone
acetylation balance during neurodegenerative conditions and neurodegeneration-coupled
histone acetyltransferase (HAT) loss, in particular loss of CREB-binding protein (CBP), was
proposed to be the main molecular event underpinning the forfeiture of neuronal acetylation
homeostasis. Yet, involvement of histone acetylation as well as histone acetylation machinery
in the pathophysiological cascades triggered by brain ischemic damage was not clearly
studied. Here, the present work not only demonstrates rapid decrease in histone acetylation
and CBP protein levels in neurons after ischemic insult, but it also evidences causal
involvement of these events in the deterioration processes following neuronal ischemic injury.

5.1.1 Histone acetylation and CREB-binding protein (CBP) levels rapidly decrease in
neurons following ischemic injury

A central role has been attributed to CBP loss of function during manifestation of
neurodegenerative conditions such as polyglutamine (polyQ) diseases (Hughes et al., 2002;
Taylor et al., 2003; Jiang et al., 2006), spinocerebellar ataxia type 7 (SCA7) (Takahashi et al.,
2002), spinal and bulbar muscular atrophy (SBMA) (McCampbell et al., 2000) and
Huntington’s disease (HD) (Steffan et al., 2000). In an apoptotic model of primary neurons,
Boutillier and colleagues described CBP as a substrate of apoptotic caspases, alternatively to
its classical proteasomal degradation (Rouaux et al., 2003). In this neuronal death context,
histone acetylation levels were also decreased. Here, we demonstrate histone hypo-acetylation
and CBP’s rapid depletion in the context of neuronal ischemic injury. Acetylation levels of
core histones, histone H4 and histone H3, as well as CBP protein levels rapidly decreased in
neuronal cultures after their exposure to damaging combined oxygen-glucose deprivation, and
this decrease sustained throughout later time points after the ischemic insult. Histone H4 and
histone H3 being the preferred substrates of CBP’s HAT function, yet to this date we still do
not know whether decrease in histone H4 and histone H3 acetylation levels after neuronal
ischemia is the consequence of loss of CBP HAT activity or whether other HATs and/or
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HDACs are also involved. Our data is also consistent with reports showing reduction in
histone acetylation levels after cerebral ischemic injury in mice (Ren et al., 2004; Faraco et
al., 2006). Yet, any involvement of HAT or HDAC enzymes was not indicated in these
investigations. In full agreement with a previous report (Jin et al., 2001), our
immunocytochemical staining revealed that CBP protein was particularly absent in neurons
with characteristic apoptotic nuclei indicative of irreversibly damaged neurons following
ischemic injury (see arrows in figure 7B).

5.1.2 Loss of CREB-binding protein (CBP) is causally associated to extent of damage
caused by neuronal ischemia

Heterozygous mutations of CBP gene leads to Rubinstein-Taybi Sydrome (RTS) in humans.
While homozygous mutations of either CBP or p300 results in mouse lethality at embryonal
stages, mice carrying a heterozygous mutation of CBP on one allele showed deficits in LTP
and memory consolidation (Korzus et al., 2004; Alarcon et al., 2004). CBP’s exogenous
expression reversed neurotoxicity in several neurodegenerative disease models, where its
endogenous levels were depleted, indicating a causative link rather than an end-effect in the
pathological scenario (Taylor et al., 2003; Jiang et al., 2006). Here, we present data
suggesting importance of CBP’s intact function for neuronal survival following ischemic
injury. Curcumin, a specific inhibitor of CBP and p300 HAT activities (Balasubramanyam et
al., 2004) exacerbated neuronal damage caused combined oxygen-glucose deprivation.
Significantly, curcumin at 4µM and 16µM doses, the doses which prominently reduced
acetylation levels of histone H4 and histone H3, further enhanced neuronal ischemic damage.
Unlike HDAC inhibitors, currently available HAT inhibitors are poor in specificity and
curcumin might exert pleiotropic effects apart from its CBP and p300 HAT inhibitory
function. Therefore, we utilized CBP-deficient (heterozygous) mice to confirm that CBP’s
protein availability and/or functionality is indeed important for neuronal survival following
ischemic injury. Here, we present that primary cortical cultures from CBP-deficient mice
show drastic enhancement of susceptibility to injury by oxygen-glucose deprivation,
compared to wild-type cultures. Our ischemia model, particularly more severe oxygenglucose deprivations for 95 minutes and 115 minutes, caused damage to cortical cultures. Yet,
the damage was much higher when the cultures were heterozygous for CBP, underscoring
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once again a causal link, rather than a simple correlation, between reduced CBP protein
availability and increased neuronal injury after ischemia. We also show that acetylation levels
of histone H4 and histone H3 are clearly reduced in CBP-deficient neurons, compared to
wild-type littermate cultures. Importantly under normal conditions (in OGD control cultures),
cultures of both genotype presented similar LDH levels in media, indicating comparable
cellular health in culture. In fact, CBP’s restricted functionality and subsequent histone
hypoacetylation was shown to occur in parallel with the pathological deterioration processes
in a Huntington Disease model, where its exogenous expression restored histone acetylation
levels and reversed neurotoxicity (Jiang et al., 2006). Whether its exogenous expression could
rescue CBP-deficient cultures from ischemic damage in our model is currently under
investigation.

5.2 HISTONE ACETYLATION AND BRAIN ISCHEMIC PRECONDITIONING

Many different mechanisms have been so far proposed to be involved in the development of
brain ischemic preconditioning, including early events involving opening of neuronal
membrane channels and delayed events like expression of neuroprotective genes. Yet, once
the ischemic preconditioning stimulus is perceived by the cell, little is known on the nature of
events occurring at the epigenome level, eventually leading to the induction of
neuroprotective gene expression. Histone acetylation is an integral switch for active gene
expression processes, thus is a diagnostic feature of ongoing gene expression activities. The
present work provides the first demonstration of histone acetylation involvement in brain
ischemic preconditioning. Here, we show that ischemic preconditioning leads to enhancement
of histone acetylation in rat primary cortical cultures as well as in mice brain and suggest that
this epigenetic modification might be a tool utilized by neuronal endogenous protective
programs to up-regulate neuroprotective gene expression in response to brief ischemia.

5.2.1 Brief ischemia protects mice brain against subsequent ischemic injury

A wide range of animal models have so far been developed in the field of cerebral ischemic
preconditioning. Reduced atmospheric pressure in combination with reduced oxygen
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concentration was used to precondition neural tissue, a model which was also established and
utilised previously in our lab (Prass et al., 2003, Miller et al., 2001; Romanovskii et al., 2001).
Choice of the experimental model is of obvious importance to differentiate between
experimental phenomena and potential clinical relevance, and clinically seen multiple
transient ischemic attacks are most likely to be analogous to the experimental tolerance to
focal ischemia induced by prior exposure to transient focal ischemia. Accordingly, in our
focal-focal ischemic preconditioning model, mice had an initial 5 minutes occlusion of left
middle cerebral artery which was followed by 30 minutes occlusion of the same artery 24
hours later. Although most animals were scored with Grade II according to Bederson
neurodeficit scoring, cerebral lesion volumes were significantly smaller in the group which
had brief occlusion of MCA previously. Control (sham-operated) mice underwent the same
operational procedure except for the actual 5 minutes occlusion of MCA.

5.2.2 Brief ischemia protects neuronal cultures against subsequent ischemic injury

Apart from the wide range of in vivo models developed for the investigation of ischemic
preconditioning in brain, there have been also important reports derived from works in cell
culture models. Grabb demonstrated that murine cortical cultures, containing both neurons
and glia, exhibited 30–50% less neuronal death than controls following a 45–55 min period of
oxygen–glucose deprivation, when the cultures were exposed to 5-30 minutes of oxygen–
glucose deprivation 24 hours previously (Grabb et al., 1999). Neuroprotection was lost if the
time between preconditioning stimulus and severe insult was decreased to 7 hours or
increased to 72 hours. In our model, we subjected rat primary cortical cultures to brief
preconditioning oxygen-glucose deprivation of 30 to 60 minutes, followed by an injurious
prolonged oxygen-glucose deprivation of 2 to 3 hours, with an interval of 24 or 48hours.
Experiments with either intervals conferred significant neuroprotection. Differences in the
durations of preconditioning and injurious ischemia in different studies are likely to be due to
the experimental system variables such as neuronal cultures from murine vs. rat, age of
cultures, and use of near-pure neuronal vs. mixed neuronal-glial cultures. According to
personal experience, murine primary neuronal cultures are more susceptible to ischemic
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damage in comparison to neuronal cultures of rat. Indeed, use of near-pure neuronal cultures,
with less than 10% astroglial contamination on in vitro day 14 (Lautenschlager et al., 2000),
underscored that neuroprotection achieved in our model was probably due to intrinsic
neuronal properties. Demonstration of ischemic preconditioning in vitro in near-pure neuronal
cultures is consistent with the view that ischemic preconditioning in vivo could be
predominantly explained by alterations in brain parenchyma rather than alterations in blood
flow or systemic response to ischemia, and this view is also further supported by reports
showing that preconditioning does not alter regional cerebral blood flow associated with a
subsequent lethal ischemic insult (Matsushima and Hakim, 1995; Chen et al., 1996).

5.2.3 Mechanisms of brain ischemic preconditioning

The requirement of 24 hours interval for the acquisition of ischemic preconditioning
underpins the novel gene expression dependent delayed pattern of ischemic tolerance in our
experimental systems. Many research papers have so far described pivotal effectors of
delayed ischemic preconditioning in brain, some of which include heat-shock proteins, Bcl-2,
BCL-xL, brain derived neurotrophic factor (BDNF), adrenomedullin, iNOS, VEGF,
erythropoietin, p21 and hexokinases (Sharp et al., 2004; Chen et al., 1997; Ruscher et al.,
2002; Prass et al., 2003; Yanamoto et al., 2004). In the genomic arena, evidence strongly
suggest that transcription factors such as hypoxia inducible factor (HIF), cAMP response
element binding protein (CREB) and nuclear factor-κB (NF-κB) are driving the expression of
these neuroprotective genes for the acquisition of ischemic tolerance (Blondeau et al., 2001;
Simakajornboon et al., 2001; Digicaylioglu et al., 2001; Hara et al., 2003; Meller et al., 2005).

With a genome-wide approach, Stenzel-Poore analyzed cerebral gene expression alterations
after ischemic preconditioning. Micro-array analysis revealed changes in gene expression
patterns with little overlap among the conditions of injurious ischemia, ischemic
preconditioning, or both. Authors suggested that preconditioning may lead to a fundamental
reprogramming of the transcriptional response to ischemic injury, ultimately conferring a
neuroprotective phenotype (Stenzel-Poore et al., 2003; Stenzel-Poore et al., 2004; StenzelPoore et al., 2007).
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5.2.4 Involvement of histone acetylation in brain ischemic preconditioning

Despite numerous reports indicating major transcriptional activity following ischemic
preconditioning, our current knowledge on the epigenomic cooperation towards the induction
of neuroprotective gene expression is fragmentary. Certainly, the switching “on–off” of gene
expression is the province of transcription factors and we now know the major transcription
factors in the context of neuronal ischemic preconditioning, yet we are still at the brink of
comprehending how factors other than the primary DNA sequence regulate the ability of these
transcription factors to activate gene expression machinery. It is presently well-known that
histone acetylation is a master epigenetic mechanism for the regulation of gene expression
and enhanced histone acetylation patterns could be referred to as diagnostic signs of “genomic
fertility”, indicating ongoing active gene expression processes. Here, our work provides the
first demonstration of enhancement of histone acetylation after cerebral ischemic
preconditioning. In our in vitro model, brief preconditioning ischemic episode increased
acetylation levels of histone H4, histone H3 and histone H2B in neuronal cultures. Ischemic
preconditioning induced increase in histone acetylation levels followed a dynamic pattern,
suggesting that the rapid increases in histone acetylation levels following brief ischemia might
be due to increased HAT and/or decreased HDAC enzyme activity, while the delayed increase
at 24 hours could also be due to an increase of HAT and/or decrease of HDAC enzyme gene
expressions.

In our in vivo system, brief preconditioning ischemic episode increased acetylation levels of
histones in mice brain. Five minutes occlusion of left middle cerebral artery increased
acetylation levels of histone H3 and histone H2B in mice brain one hour after the
preconditioning stimulus. Strikingly, in brains of preconditioned animals, acetylation of the
both histones was increased to a similar extent in both ipsilateral and also in contralateral
hemispheres. Unlike the in vitro findings, acetylation levels of histone H4 was not altered at
any of the time points examined after preconditioning. Certainly, this discrepancy in the
induction of histone acetylation by ischemic preconditioning stimuli in vitro vs. in vivo could
be attributed to several factors. Firstly, our in vitro system consists of near-pure neuronal
cultures, while protein samples from mice brain are rather heterogenous in origin, having
neuronal as well as glial and endothelial components. Although the exact cellular proportion,
neuronal vs. glial and endothelial, is not known, it is expected that slight alterations of any
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protein or posttranslational modification level restricted to only one cellular population is not
easily detected by western immunoblotting technique using whole hemisphere protein lysates.
Furthermore,

we evidence that

brief preconditioning ischemia

enhances

histone

acetytransferase activity in neuronal cultures. Total cellular histone acetytransferase activity
was increased in rat primary cortical cultures one hour after the preconditioning stimulus.
However, we still do not know which HAT family might specifically be responsible for this
alteration. On the other hand, while involvement of histone acetylation in brain ischemic
preconditioning phenomenon has not been reported previously, HAT enzyme CBP was
already linked to neuronal ischemic preconditioning by others (Meller et al., 2005). Using
chromatin immunoprecipitation assay, Simon and colleagues strikingly revealed that it was
not the binding of CREB, but of CBP to bcl-2 CRE site that increased after preconditioning
ischemia, and blocking CBP binding to the bcl-2 CRE with U0126 (a kinase inhibitor)
reduced bcl-2 expression and abrogated ischemic tolerance. Investigations for CBP’s
involvement in our ischemic preconditioning models are underway. It could be also equally
interesting to test whether histone acetylation levels are altered at bcl-2 promoter region, as
well as at the promoters of other prominent neuroprotective genes, following ischemic
preconditioning stimulus. Moreover, whether reduced HDAC enzyme activity could also be
involved in ischemic preconditioning-induced histone acetylation enhancements remain to be
investigated.

5.3 NEUROPROTECTION BY TRICHOSTATIN A PRE-TREATMENT

Here, we present that HDAC inhibitor Trichostatin A (TSA) increases histone acetylation
levels, up-regulates neuroprotective protein gelsolin and ultimately confers neuroprotection
against ischemic injury in mice brain as well as in primary cortical cultures of rat. In an in
vivo model, TSA increased levels of histone acetylation and gelsolin expression, an antiapoptotic and anti-excitotoxic protein, in mice brain and significantly reduced cerebral infarct
volumes after middle cerebral artery occlusion (MCAo). In rat primary cortical cultures, TSA
increased histone acetylation levels, up-regulated gelsolin protein and subsequently led to
neuroprotection against combined oxygen-glucose deprivation (OGD). Previously, it was
presented in my MSc thesis that TSA failed in protecting gelsolin-deficient cortical cultures
from oxygen-glucose deprivation. Here, we show that TSA does not afford protection of
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gelsolin-deficient mice against middle cerebral artery occlusion, further underscoring
gelsolin’s integral role for TSA-induced neuroprotection against cerebral ischemic damage.
Alterations of filamentous actin cytoskeleton, reduction in ischemia-led intracellular calcium
overload and stabilization of mitochondrial membrane potential were the underlying downstream mechanisms of neuroprotection by TSA.

5.3.1 Histone deacetylase inhibitors are already in clinical use

Histone deacetylase inhibitors, like TSA, reside among the most promising anticancer agents
that are potent inducers of growth arrest, differentiation, apoptosis of transformed cells and
inhibition of angiogenesis (Liu et al. 2006). In October 2006, the US Food and Drug
Administration (FDA) approved the first drug of this new class, SAHA, vorinostat (1,
Zolinza, Merck) for the treatment of cutaneous T cell lymphoma. Several other HDAC
inhibitors are currently investigated in clinical trials. HDAC inhibitors have shown significant
activity against a variety of hematological and solid tumors at doses that are well tolerated by
patients, both in monotherapy as well as in combination with other drugs. Activities of both
histone acetyltransferases and histone deacetylases have been reported to affect angiogenesis,
cell-cycle arrest, apoptosis, terminal differentiation of different cell types, and the
pathogenesis of malignant disease (Chung et al., 2002). Therefore, functions of histone
deacetylase inhibitors as anticancer agents are manifold.

5.3.2 HDAC inhibition in experimental models of neurodegenerative and psychiatric
diseases

Recent years have witnessed a tremendous increase in the number of studies suggesting
HDAC inhibitors as novel treatment strategies against neurological diseases. Pharmacological
inhibition of HDAC activity was shown to protect neurons in numerous models of
neurodegeneration including spinal muscular atrophy (Avila et al., 2007), Huntington´s
disease (Ferrante et al., 2003; Hockly et al., 2003; Ryu et al., 2003), amyotrophic lateral
sclerosis (Ryu et al., 2005; Petri et al., 2006), experimental autoimmune encephalitis (Camelo
et al., 2005) and neuronal oxidative stress (Langley et al., 2005; Langley et al., 2008) which is
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a common pathological event in many neurodegenerative conditions, independent of different
aetiologies. Mutant htt and other polyglutamine-expansion proteins have been reported to
sequester CREB-binding protein (CBP), causing inhibition of its HAT activity. Consequent
histone hypoacetylation was reported to be reversed by HDAC inhibitor administration in
Drosophila as well as in mouse models of polyglutamine pathogenesis (Steffan et al., 2001).
SAHA and sodium butyrate were shown to ameliorate motor impairments, improve body
weight, delay neuropathological effects and extend survival (Ryu et al., 2003; Hockly et al.,
2003). Sodium butyrate appears to be a potential therapeutic agent for two other
polyglutamine-expansion diseases, namely spinal and bulbar muscular atrophy (SBMA) and
dentatorubral-palludoluysian atrophy (DRPLA) (Minamiyama et al., 2004; Ying et al., 2006).
HDAC inhibitors were also suggested to be effective against several psychiatric disorders.
Depression is one of these pathological conditions in which there is strong evidence
suggesting histone acetylation as a valid therapeutic target (Tsankova et al., 2007).
Furthermore, some anti-depressant agents such as valproic acid, an anti-convulsant and moodstabilizing drug, were reported to exert HDAC inhibitory functions (Faraco et al., 2006). Eric
Nestler and co-workers reported that the tricyclic anti-depressant imipramine, partly by
reducing levels of HDAC 5, increased histone acetylation at BDNF promoter region in the
hippocampus. Imipramine overcame chronic social defeat stress, prevented hypermethylation
of the BDNF locus and reversed its subsequent downregulation (Tsankova et al., 2006).
Sodium butyrate improved performance in tail suspension test, a mouse model of
antidepressant efficacy, and further enhanced the efficacy of selective serotonin re-uptake
inhibitor fluoxetine (Schroeder et al., 2007).

5.3.3 Induction of cell death vs. cell protection by HDAC inhibitors

The apparent paradox between the cell death inducing effect of HDAC inhibition in cancer
cells and the protective effect in the central nervous system may be explained by differences
in the signalling pathways of cell death vs. survival in cancer cells vs. differentiated postmitotic neurons. Moreover, acetylation patterns at neuronal genes are strikingly different in
neuronal vs. non-neuronal tissues (Huang et al., 1999, Roopra et al., 2001). The situation
within the CNS, however, maybe even more complex, as a number of studies that have used
HDAC inhibitors to ascertain HDAC involvement in neuronal survival have provided
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conflicting results. For instance, while inhibition of HDACs were shown to block neuronal
loss in Drosophila and mouse models of HD (Steffan et al., 2001; Hockly et al., 2003;
Ferrante et al., 2003), there were reports suggesting that treatment of cerebellar granule
neurons (CGNs) with HDAC inhibitors actively induced apoptosis (Salminen et al., 1998;
Boutillier et al., 2002; Boutillier et al., 2003). However, it should be pointed out that the
HDAC inhibitor doses used in these studies were much higher than the neuroprotective TSA
doses we utilized in our study. Other studies in CGNs have reported that VPA causes
induction of alpha-synuclein and confers neuroprotection against glutamate excitotoxicity
(Leng et al., 2006). It was also demonstrated that HDAC inhibitors enhance neuronal cell
death by neurotoxins (Kim et al. 2004).

The opposing effects of HDAC inhibitors amongst various neurodegeneration paradigms may
well be explained by the tissue and stage-specific expression of different classes of HDACs.
In this connection, it is noteworthy to point out that HDACs are non-redundant in their
biological function (De Ruijter et al., 2003; Lehrmann et al., 2002; Glaser et al., 2003; Verdin
et al., 2003; Marks et al., 2004). HDACs targets include histones and non-histone proteins
which regulate gene expression and proteins involved in regulation of cell cycle progression,
and cell death (Lehrmann et al., 2002; Johnstone and Licht, 2003; Warrener et al., 2003; Di
Gennaro et al., 2004; Marks et al., 2004; Rosato and Grant, 2004; Drummond et al., 2005).
Different HDACs associate with different co-repressors and activators. The expression of
different HDACs through embryonic development changes with different stages of
embryogenesis, and targeted disruption of different HDAC family members, therefore, result
in different pathologies (Marks et al., 2004; Sengupta and Seto, 2004; Drummond et al.,
2005). Evidence suggests that members of HDAC family may have opposing actions, even
within the CNS, as is the case for HDAC 5 and 9 in mammalian neuronal survival and HDAC
1 and 3 in C. elegans neuronal survival (Morrison et al., 2007). Therefore, it is not surprising
that broad spectrum HDAC inhibitors could yield confusing results, and such inhibition could
conceivably cause undesirable side effects. Synthesis of inhibitors against specific HDACs is
currently a major focus of the studies conducted in the field.
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5.3.4 Trichostatin A protects against cerebral ischemia

Here, we successfully utilized TSA against in vitro and in vivo models of cerebral ischemia.
TSA caused a significant reduction in cerebral infarct volumes after filamentous middle
cerebral artery occlusion (MCAo) for one hour. TSA was given to mice at a dose of 5mg/kg
body weight by daily intra-peritoneal injections for 14 days prior to the experimental stroke.
In agreement with this result, TSA pre-treatment at a concentration of 300nM for 12 or 24
hours protected rat primary cortical cultures against combined oxygen-glucose deprivation
(OGD). Measurement of lactate dehydrogenase (LDH) in medium conferred that
neuroprotective TSA pre-treatment regimes did not cause any basal toxicity to neurons in cell
culture conditions. In line, there was no evidence of intoxication of mice following 14 days of
TSA treatment at 5mg/kg body weight dose. Neuroprotective TSA treatment regimes
enhanced acetylation of histone H4 in mice brain, acetylation of histone H4 as well as histone
H3 in primary cortical cultures, and consequently up-regulated neuroprotective protein
gelsolin both in mice brain and in rat primary cortical cultures. Gelsolin is an actin-severing
protein which was reported, by our group as well as by others, to exert anti-apoptotic and antiexcitotoxic effects (Harms et al., 2004). In my MSc thesis, I had already demonstrated that
TSA enhanced histone H4 acetylation levels at gelsolin promoter region and consequently
increased gelsolin mRNA levels in rat primary cortical cultures. This data not only evidenced
a causal link between histone acetylation enhancement and increased gelsolin expression, but
it also underscored the targeted neuroprotective gene induction by TSA. Here, we present that
gelsolin mRNA increase is also translated into its protein levels in vitro as well as in vivo.
Immunocytochemical approach demonstrated that neurons which had high histone acetylation
levels in their nuclei also displayed increased gelsolin immunoreactivity in their cell body.
My MSc thesis previously showed that primary cortical cultures of gelsolin-deficient mice
were not protected by TSA against oxygen-glucose deprivation. In line, here we demonstrate
that TSA did not afford protection of gelsolin-deficient mice against middle cerebral artery
occlusion, further highlighting gelsolin’s integral role for TSA-induced neuroprotection
against cerebral ischemic injury. Besides, our immunocytochemical stainings revealed a
heterogenous histone acetylation pattern in cortical cultures, with or without TSA treatment,
and neurons with highly acetylated nuclei appeared to survive ischemic insult better,
suggesting once again a causal link between histone acetylation and neuronal susceptibility to
ischemic damage. We suggest that, in addition to gelsolin-mediated neuroprotection, TSA by
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increasing number of neurons with highly-acetylated nuclei could increase the number of
neurons surviving the injury caused by combined oxygen-glucose deprivation.

5.3.5 Other HDAC inhibitors are also beneficial against cerebral ischemia

Neuroprotective effects against cerebral ischemic injury were also suggested for other HDAC
inhibitors such as valproic acid (VPA), sodium butyrate, sodium phenyl butyrate and SAHA.
Subcutaneous injection of VPA at a dose of 300 mg/kg immediately after ischemia was found
to decrease infarct size and reduce ischemia-induced neurological deficit scores measured at
24 and 48 hours after the ischemic onset (Ren et al., 2004). VPA treatments resulted in a timedependent increase in acetylated histone H3 and heat shock protein 70 (HSP70) expression in
the cortex and striatum of rat. Although reported to be well-tolerated by rats, admittedly
300mg/kg VPA used in this study is much higher than 5mg/kg TSA dose we used in our
study, underscoring the potency of TSA as an HDAC inhibitor. Using VPA in experiments
could obviously be advantageous that it is already a clinically available drug, on the other
hand, the dose 300mg/kg body weight in rats once again appears to be far higher than the dose
used for the treatment of epileptic, bipolar and/or headache patients, which ranges from
500mg to 3000mg for 70kg average human body weight. These dose discrepancies of VPA in
rats vs. humans may well be explained by different farmacokinetics in two species.
Nevertheless whether VPA inhibits HDACs in humans at its currently used therapeutic doses
and what dose could be required for achievement of neuroprotection against stroke by VPA in
humans remain to be investigated.

In another study SAHA reduced infarct size in a mouse model of focal cerebral ischemia
when administrated intraperitoneally twice, immediately and 6 hours after the ischemic onset
(Faraco et al., 2006). Similar to our in vitro findings, histone H3 acetylation levels were
markedly decreased in the ischemic brain tissue subjected to 6 hours of middle cerebral artery
occlusion. SAHA treatment of mice not only increased histone H3 acetylation levels but also
led to upregulation of neuroprotective proteins Hsp70 and bcl-2 in mice brain. Sodium phenyl
butyrate (4-PBA) is another clinically available drug which was also shown to confer
neuroprotection in a mouse model of hypoxia-ischemia (Qi et al., 2004). The underlying
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mechanisms of neuroprotection by 4-PBA were suggested to be via inhibition of ER stressmediated apoptosis and inflammation. Recently, an anti-inflammatory effect in association
with protection against cerebral ischemia was also attributed to TSA in a rat permanent
middle cerebral artery occlusion (pMCAo) model. Post-pMCAo injections with three HDAC
inhibitors, trichostatin A (0.5 mg/kg), VPA (300mg/kg) and sodium butyrate (300mg/kg)
decreased brain infarct volume (Kim et al., 2007). Similar to our in vitro results and findings
of others, authors reported a marked decrease in the acetylation levels of histone H3 in the
ischemic brain (Ren et al., 2004; Faraco et al., 2006), which was prevented by treatment with
VPA, sodium butyrate or TSA. In addition to induction of neuroprotective genes such as heatshock protein 70 and bcl-2, post-insult treatment with VPA or sodium butyrate also
suppressed microglial activation, reduced the number of microglia and inhibited other
inflammatory markers in the ischemic brain. We currently do not know whether any antiinflammatory effect of TSA plays a role in the neuroprotection achieved in our study.

In the present study, we employed TSA, a potent inhibitor of HDAC class I and II families. It
inhibits HDACs at nanomolar concenrations in vitro and in vivo at much lower doses
compared to other HDAC inhibitors. Side effects of high-dose drug intake might thereby be
avoided, increasing tolerability in living organisms. It is probably due to this reason that
chemical structure of TSA was taken as a template to develop novel potent and specific
HDAC inhibitors for potential therapeutic use (Furumai et al., 2001). TSA was first isolated in
1976 as an anti-fungal antibiotic (Tsuji et al. 1976) and like suberoylanilide hydroxamic acid
(SAHA) it belongs to the hydroxamic acid family of HDAC inhibitors. Interestingly both
TSA and SAHA appear to have relatively brief effects on histone acetylation in vivo. In
humans, oral SAHA has been shown to induce a rapid increase in acetylated histones in blood
within 2 hours, with a return to baseline levels by 8 hours (O´Connor et al., 2006). Avila and
co-workers observed transient increases in gene expression 2-6 hours after TSA dosing in a
mouse model of spinal muscular atrophy (Avila et al., 2007). Similarly, Faraco reported that a
single dose of SAHA transiently increased histone acetylation within the normal brain with a
~8-fold increase within 6 hours, maintained up to 12 hours and returned back to baseline by
48 hours (Faraco et al., 2006). In our current experimental system, only 5 mg/kg for 14 days
TSA conferred relevant changes in histone acetylation and gelsolin expression while 1 mg/kg
for 14 days TSA failed to do so. Accordingly only 5 but not 1 mg/kg TSA provided stroke
protection. We previously followed pre-treatment protocols with single dose TSA treatment
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or pre-treatment for up to 4 days. These treatment regimes neither increased histone
acetylation nor did they afford neuroprotection (data not shown), which might be explained
by the dynamic and reversible nature of histone acetylation. Therefore, a protocol of 14 days
continuous TSA pre-treatment of mice was chosen in this project. We had no possibility to
measure TSA levels in plasma and CNS tissue, yet there was no evidence of intoxication and
the behaviour of the animals was apparently normal. Physiological parameters in TSA-treated
animals were within normal limits. Due to the differences in metabolism between mouse and
man, however, it is not clear which dose would be necessary to achieve augmentation of
histone acetylation and up-regulation of gelsolin expression in human brain.

5.3.6 Induction of gelsolin by Trichostatin A and subsequent down-stream events

Our data suggests that up-regulation of actin-severing protein gelsolin is an integral mediator
of neuroprotection by TSA against experimental cerebral ischemia. Gelsolin-deficient
(gsn -/-) mice or cortical cultures from gelsolin-deficient mice were not protected against
ischemic injury by the neuroprotective TSA pre-treatment protocols. Gelsolin is an 85 kDa
protein widely expressed throughout the nervous system which has a critical role in actin
filament dynamics (Kwiatkowski et al., 1988; Witke et al., 1995). It severs actin filaments and
caps the growing ends of filaments thereby leading to net actin filament disassembly. It
should be noted that the induction observed with the 1 mg/kg/day TSA dose was somewhat
less pronounced (but clearly evident) for histone acetylation than for gelsolin, while 5
mg/kg/day TSA dose induced strong increase in the levels of both acetylated histone and
gelsolin protein. Previously, my MSc thesis evidenced a causal link between enhancement of
histone acetylation and up-regulation of gelsolin expression, by presenting that TSA enhanced
histone acetylation levels at the gelsolin promoter region (Meisel et al., 2006). We and others
previously identified the putative mechanism by which gelsolin provides stroke protection:
Brain ischemia promotes neuronal depolarization, which activates voltage-dependent calcium
channels and ligand-gated calcium channels via the release of glutamate. Subsequently,
massive calcium influx into the cells leads to activation of death-promoting intracellular
enzymes. Calcium also activates gelsolin, which in turn mediates dynamic changes, net
depolymerisation, in the actin filament network. This actin remodeling event leads to channel
rundown, inactivation and stabilization of intracellular calcium levels (Hoshikawa et al.,
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1994; Furukawa et al., 1997; Endres et al., 1999). Similarly, agents that induce actin
depolymerization such as cytochalasin A also provide stroke protection. Moreover, actin
reorganization in the postsynaptic density leading to transient retraction of dendritic spines
was recently proposed by Simon’s group to be a novel mechanism underlying neuroprotection
by rapid ischemic tolerance (Meller et al., 2008) Here, we demonstrate that TSA caused
reduction in filamentous actin levels and that this reduction sustained even after exposure of
cortical cultures to combined oxygen-glucose deprivation. In vivo, we showed that
filamentous actin levels were decreased in brains of wildtype but not gelsolin-deficient mice
by TSA treatment. Noteworthy, our group has previously reported increased levels of
filamentous actin in gelsolin-deficient neurons (Harms et al., 2004). Other than filamentous
actin cytoskeleton, we studied intracellular calcium levels and presented that neuroprotective
TSA pre-treatment of primary cortical cultures significantly decreased oxygen-glucose
deprivation-triggered intracellular calcium overload. Further, alterations in mitochondrial
membrane potential was examined, as gelsolin is known to exert specific anti-apoptotic
properties via stabilization of mitochondrial permeability transition which is also mediated by
actin remodeling (Harms et al., 2004). Indeed, oxygen-glucose deprivation-caused loss of
mitochondrial membrane potential was preserved when cortical neurons were pre-treated with
TSA.

5.3.7 Other gene targets of HDAC inhibitors

Other authors also observed pronounced up-regulation of gelsolin amongst a large number of
genes by several HDAC inhibitors, however, obviously gelsolin could not be the only gene
induced by TSA (Hoshikawa et al., 1994; Mielnicki et al., 1999; Han et al., 2000). Heat shock
protein 70 (HSP70) and Bcl-2 were prominently up-regulated by several HDAC inhibitors in
brain tissue as well as in cultured neuronal cells and play a major role in cerebral ischemiaprotection (Ren et al., 2004; Faraco et al., 2006; Kim et al., 2007). Other candidate genes
induced by HDAC inhibition that were implicated in cell survival and maintenance and hence
may contribute to stroke-protection include p21WAF/Cip1, e2f1, glutamate receptor 2
(GluR2), brain-derived neurotrophic factor (BDNF), glucose regulated protein 78 and glial
cell line-derived neurotrophic factor (Langley B et al., 2008; Nakano et al., 1997; Sowa et al.,
1997; Martinez-Balbas et al., 2000; Huang et al., 2002; Ryu et al., 2003; Bown et al., 2000).
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In addition to enhancing acetylation of histones, TSA, VPA and sodium butyrate may exert
their neuroprotective effects through acetylation of the transcription factor SP-1 which
facilitates the expression of neuroprotective protein HSP70 (Ren et al., 2004). Overall, altered
histone acetylation in response to cellular injury is a gene and promoter-specific regulatory
event rather than a general phenomenon operating over large expanses in the genomic arena
(Huang et al., 2002). In vitro studies have shown that only a small percentage (2%) of genes
in the human genome become transcriptionally active in response to HDAC inhibition (Van
Lint et al., 1996; Marks et al., 2001).
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6 CONCLUSION

The most significant findings of my PhD thesis could be concluded as following:

1 Histone acetylation and HAT enzyme CBP levels are dramatically lost following neuronal
ischemic injury. Constraint function and/or availability of CBP, by genetic as well as by
pharmacological means, and consequent histone hypoacetylation resulted in increased
susceptibility to neuronal ischemic injury. These findings underpin CBP’s intact function and
histone acetylation homeostasis as determinant factors for neuronal survival after ischemic
injury. In addition to cerebral ischemia, given the diversity of the affected neuronal
populations and aetiopathologies of the diseases, such as polyglutamine diseases, Alzheimers
disease and amyotropic lateral sclerosis, loss of CBP function and/or availability and
subsequent

histone

hypoacetylation

could

be

postulated

as

common

traits

of

neurodegeneration. Thus, CBP activators and/or drugs that increase CBP stabilization could
reveal as potent neuroprotective drugs.

2

In contrast to injurious ischemia, ischemic preconditioning stimuli increase histone

acetylation levels in neuronal cultures and in mice brain and confer robust protection against
in vivo and in vitro models of brain ischemic injury. Total cellular HAT activity was
enhanced in neurons after ischemic preconditioning stimulus. I speculate that histone
acetylation enzyme machinery might be part of an endogenous neuroprotective program
which, in response to ischemic preconditioning stimulus, open chromatin environment for
expression of neuroprotective genes necessary for the acquisition of ischemia tolerant state.

3

The HDAC inhibitor TSA enhances histone acetylation levels and confers robust

neuroprotection against in vitro and in vivo models of brain ischemic injury. TSA upregulated gelsolin protein levels in neuronal cultures and in mice brain, and the down-stream
protective pathways involved dynamic actin remodelling, reduction in intracellular calcium
overload and stabilisation of mitochondrial membrane potential. TSA did not protect gelsolin
knockout mice against cerebral ischemia, a result which underscored gelsolin up-regulation as
the predominant mechanism of neuroprotection by TSA. Altogether, these results suggest that
HDAC inhibition and consequent up-regulation of gelsolin protein appear as an attractive
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novel prophylactic treatment strategy for reducing brain injury following cerebral ischemia.
Given that currently there is no effective treatment for stroke, HDAC inhibitors like TSA
should be evaluated for their potential use for clinical trials in stroke patients.
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