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Abstract
It is well established that brain ischemia can cause neuronal death via different signaling cascades.
The relative importance and interrelationships between these pathways, however, remain poorly
understood. Here is presented an overview of studies using oxygen-glucose deprivation of
organotypic hippocampal slice cultures to investigate the molecular mechanisms involved in
ischemia. The culturing techniques, setup of the oxygen-glucose deprivation model, and analytical
tools are reviewed. The authors focus on SUMOylation, a posttranslational protein modification
that has recently been implicated in ischemia from whole animal studies as an example of how
these powerful tools can be applied and could be of interest to investigate the molecular pathways
underlying ischemic cell death.
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Cerebral ischemia (stroke) is an extreme form of metabolic stress resulting from oxygen and
glucose deprivation that most commonly occurs when the blood supply to a part of the brain
is suddenly interrupted by occlusion of a vessel. Stroke is the third leading cause of death
after coronary heart disease and cancer in the industrialized part of the world, and is also the
single most common cause of severe disability (Dirnagl and others 1999; Lipton 1999).
Within the European Union there are an estimated 1.1 million new stroke victims each year
with an estimated total cost of €21.9 billion (Truelsen 2005). Furthermore, every 45 seconds
someone in the United States has a stroke with an estimated direct and indirect cost of $62.7
billion per year (Rosamond and others 2007). No effective treatment to promote recovery
from stroke exists; therefore, the understanding of the molecular mechanisms of cellular
damage involved is a critically important area of research to find ways of tackling this
highly debilitating condition. Moreover, because most people affected are older than 65,
better understanding of ischemia-induced cell damage is an important area of research for
the aging population.

Ischemia invokes a range of pathogenic mechanisms that are elicited by cellular energy
depletion and involve increased extracellular and excitotoxic glutamate, calcium overload,
mitochondrial dysfunction, and oxidative stress. In addition to their vital roles in normal
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cellular function, ischemia activates posttranslational protein modifications such as
phosphorylation and ubiquitination. These ischemia-evoked changes in posttranslational
modification are believed to play a major role in the pathological process proposed for acute
and delayed ischemic neuronal cell death (Althausen and others 2001; DeGracia and Montie
2004; Paschen and others 2007). Recently another posttranslational protein modification,
termed small ubiquitin-like modifier (SUMO) conjugation, has been shown to be involved in
normal neuronal function and in ischemia. Like ubiquitin, SUMO is conjugated to the lysine
residue of target proteins in a complex process (Fig. 1). Whereas ubiquitination usually
targets proteins for degradation at the proteasome, SUMO conjugation modifies the
interaction of target proteins with protein partners and thereby alters their subcellular
localization, activity, and stability (Pichler and Melchior 2002; Gill 2003; Seeler and Dejean
2003; Johnson 2004; Hay 2005, 2007; Martin, Wilkinson, and others 2007; Mukhopadhyay
and Dasso 2007; Zhao 2007). Importantly, SUMOylation is readily reversible by the
SUMO-specific family of SENP proteases, which cleave SUMO proteins from their
substrates, allowing cells to respond rapidly to varying cellular demands.

A broad range of animal models have been developed to study the mechanisms underlying
ischemic damage in an attempt to identify targets and possible therapeutic strategies for
stroke. Such models include in vivo models of focal and global ischemia, in vitro models of
glutamate receptor-mediated excitotoxicity, “chemical ischemia,” and more “ischemic-like”
oxygen-glucose deprivation (OGD)-induced damage in primary cell cultures as well as slice
cultures or acute slices (Goldberg and Choi 1993; Dawson and others 1996; Mei and others
1996; Kalda and Zharkovsky 1999; Hossmann 2008). Here we review the currently
available models for studies of mechanisms involved in stroke, focusing on the use of
organotypic hippocampal slice cultures exposed to OGD. To illustrate how this in vitro
model can be an invaluable tool to further understanding the molecular basis of ischemia, we
use the example of very recent work investigating roles of protein SUMOylation. The
effects of cerebral ischemia on SUMOylation are summarized and data from slice cultures
are compared with experimental in vivo models, particularly in respect to the possible
consequences for the affected cells.

In Vivo Models of Ischemia
To simulate the different clinical forms of brain ischemia, an array of experimental models
have been established using different animals including rats, mice, gerbils, and pigs, which
are now believed to be an excellent model for ischemic studies because the structure of the
cortex closely resembles that of humans (Traystman 2003). These models allow the
possibility of interrupting blood flow to the brain in several ways: acutely or slowly,
completely or incompletely, focally or globally, permanently or transiently (Hossmann
2008). Global brain ischemia can be achieved by cardiac arrest or selective arrest of cerebral
circulation. In the rat, the most widely established method of complete or near complete
global brain ischemia is the coagulation of both vertebral arteries, followed one day later by
the transient occlusion of both common carotid arteries (four-vessel occlusion; Pulsinelli and
Brierley 1979). To study the effects of perinatal hypoxia-ischemia, unilateral common
carotid artery ligation followed by exposure to systemic hypoxia (8% oxygen) in the
postnatal day 7 rat has been proved an extremely useful model of the pathophysiology of
pediatric stroke (Vannucci and Vannucci 2005). Another important model is the infusion of
endothelin-1 near the middle cerebral artery. This procedure is undertaken in the conscious
animal (Sharkey and others 1993), allowing acute and longterm behavioral studies
(Callaway and others 1999). In addition to different surgical and experimental techniques,
multiple animal models have also been used to investigate global interruption of cerebral
blood flow (Levine and Payan 1966; Hossmann 2008).
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Experimental focal brain ischemia is the most powerful model of ischemic stroke.
According to epidemiological studies (Bogousslavsky and others 1988; Wolf and others
1992), focal ischemia in the territory of the middle cerebral artery is the most common cause
of clinical stroke. In experimental stroke research, this situation is reflected by the
preferential use of middle cerebral artery occlusion models in the rat or mouse. Furthermore,
this model is advantageous compared with its permanent counterparts because it allows for
reperfusion of the tissue after various periods of time after occlusion (usually between 30
and 120 minutes), thereby causing different severities of stroke.

The efficacy of any stroke model can be evaluated by estimating the tissue loss and
functional deficits it causes. The extent of tissue damage is most commonly estimated by
staining fresh brain tissue with tripenthyltetrazolium chloride (TTC) (Bederson 1986), which
labels only viable cells. This gives a very quick, albeit rough, estimate of the size of the
lesion. Another more sensitive method of lesion-size estimation is to count the number of
surviving neurons using stereological sampling methods (Gundersen and others 1988). In
this method, thin brain sections are immunohistochemically stained and the neurons counted
or the remaining striatal area measured. Alternatively, one can use a ballistic approach that
utilizes basic principles of light propagation combined with computerized image analysis in
unstained slide-mounted sections that has been reported to be superior to more conventional
staining approaches (Callaway and others 2000). When evaluating the efficacy of any stroke
treatment in patients, the long-term functional outcome is of utmost importance. Therefore,
estimating the functional deficits of the rats or mice following stroke is just as important as
any measurement of tissue loss. Sensory, motor, and cognitive deficits after experimental
stroke can be estimated using various behavioral tests (Schallert and others 2002).

In Vitro Models of Ischemia
To better understand the molecular injury pathways of brain ischemia, in vitro models have
been used increasingly in recent years. In these models, primary neuronal cultures (Goldberg
and Choi 1993), organotypic cultures (Vornov and others 1994; Cimarosti and others 2001;
Cimarosti, Zamin, and others 2005; Cimarosti and others 2006), or acute brain tissue slices
(Whittingham and others 1984; Cimarosti, Siqueira, and others 2005) are usually incubated
in deoxygenated, glucose-free medium (OGD) to mimic the interruption of the supply of
oxygen and nutrients to the brain parenchyma. Because in vivo cerebral ischemia often
consists of both reversible ischemia and blood flow reperfusion, the cultures or slices are
often incubated in normal medium in an oxygen atmosphere environment following the
induction of in vitro ischemia to simulate the in vivo blood flow reperfusion period. Other
ways to imitate in vivo ischemic conditions have used glutamate receptor mediated
excitotoxicity (Choi 1987; Frandsen and others 1989) and “chemical ischemia” (Kume and
others 2002).

Organotypic Slice Cultures
Slices of developing brain tissue can be grown for several weeks as organotypic slice
cultures. This in vitro culture of postnatal brain provides a system in which the
cytoarchitecture and connectivity of different anatomical regions, as well as the functional
relationships and interactions with neighboring cell types (i.e., neurons and astrocytes), are
relatively well preserved (Gähwiler and others 1997). Organotypic cultures are an invaluable
intermediate between simpler cell lines and in vivo models. Moreover, judicious
experimental design can result in slice culture studies requiring far fewer animals to be
killed to gain sufficient reliable data than in vivo experiments.

The basic requirements are simple: a stable substratum, culture medium, sufficient
oxygenation, and incubation at a constant temperature of 36 °C (Fig. 2). Under the correct
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conditions, neurons continue to differentiate and develop a tissue organization that closely
resembles that observed in situ. Most often brain tissue from rats and mice, including
transgenic mice (Teter and others 1999; Olsson and others 2004), has been used for
organotypic slice cultures, but other species including rabbits (Savas and others 2001), pigs
(Meyer and others 2000), and human fetal brain tissue (Bauer and others 2001; Walsh and
others 2005) have also been used successfully. The brain area most commonly grown in
slice culture is the hippocampus (Kristensen and others 2003; Noraberg 2004) because of its
very well-characterized anatomy and because it is one of the brain regions most susceptible
to stroke-induced damage.

The two main culturing methods for slices of brain tissue are the roller drum technique
introduced by Gähwiler (Gähwiler 1981) and the interface cultures developed by Stoppini
(Stoppini and others 1991). Slices maintained in stationary culture with the interface method
are ideally suited to address questions requiring a three-dimensional structure, whereas
slices cultured in roller tubes often remain the method of choice for imaging experiments.

Roller Drum Method
In roller tube cultures, the tissue is embedded in either a plasma clot or in a collagen matrix
on glass coverslips and then undergoes continuous slow rotation (Gähwiler 1981).
Oxygenation of these slices is assured because the slow rotation results in a continuous
changing of the liquid-gas interface. The roller drum technique of slice cultures yields thin
cultures that present certain advantages over other in vitro systems. Slice cultures of
hippocampus retain important anatomical features and much of the synaptic organization of
the intact tissue (Gähwiler 1981). Individual cells in roller drum cultures can be viewed with
phase-contrast microscopes; the cultures are easily manipulated and diffusion barriers for
exogenously applied substances are limited compared with resting cultures of the Stoppini
type (Stoppini and others 1991). Also, long-term culturing permits recovery from dissection
trauma and allows adaptation to the in vitro environment. Due to the flattening of the
cultures to a quasi-monolayer, and their growth on glass coverslips, roller drum cultures are
ideally suited for experiments using conventional light microscopical analysis. The
disadvantages of this culture system, compared with interface cultures, include a lower
degree of cellular organization and a partial loss of a distinct brain anatomy.

Interface Method
Most hippocampal slice cultures are now prepared using the interface method (Stoppini and
others 1991) in which slices are placed at the air-medium interface on semiporous
membranes and kept stationary during the entire culturing process. They obtain oxygen from
above and nutrients from the medium below. Cultures are usually prepared from six- to
eight-day-old (P6–8) rats, although attempts to culture adolescent or adult rat brain tissue
have been made (Xiang and others 2000; Leutgeb and others 2003; Hassen and others 2004).
Slices can be cultured from a few days up to 2 months (Gatherer and Sundström 1998;
Routbort and others 1999; Bausch and McNamara 2000; Holopainen and others 2001; Xiang
and others 2004). However, the most common length of time in culture is approximately two
weeks. The laminated structure of the hippocampus and the characteristic morphological
organization is well preserved and the maturation of different cell types, synaptic contacts,
and receptor expression resembles that seen in vivo (Dailey and others 1994; Frotscher and
others 1995; Gähwiler and others 1997; Holopainen and Lauren 2003).

Methods of Inducing Ischemic-like Conditions in Slices
Oxygen-Glucose Deprivation (OGD)—The most widely used method to induce stroke-
like energy failure conditions in hippocampal slice cultures is to combine deprivation of
oxygen and glucose. This insult can be accomplished in several ways, including the use of
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anoxic chambers (Cimarosti and others 2001; Valentim 2003; Cimarosti, Jones, and others
2005; Cimarosti and others 2006) or submersion in glucose-free medium bubbled with
nitrogen (Frantseva and others 1999). Importantly, the results obtained using OGD have
proved consistent and reproducible between different labs suggesting that this approach can
simulate the in vivo situation better than, for example, direct neuronal exposure to glutamate
agonists to elicit excitotoxicity.

In organotypic hippocampal slices subjected to OGD, CA1 pyramidal cells are the most
susceptible to cell death, whereas dentate gyrus (DG) granule cells are the most resistant
(Fig. 3). The high susceptibility of CA1 combined with the high resistance of DG to OGD
faithfully reproduces the selective vulnerability to ischemia in vivo (Newell and others
1990). In rodent models of transient ischemia, a brief insult induces selective neuronal death
in the CA1 region, which develops over the following two to four days after ischemia, a
phenomenon known as delayed neuronal cell death (Chen and others 1998). In organotypic
hippocampal slice cultures, OGD induces neuronal death within 24 hours in the CA1 region,
and the damage extends to the CA3 region during the following 72 hours (Cho and others
2004).

“Chemical Ischemia”—An alternative in vitro model that simulates certain aspects of
ischemic brain injury is “chemical ischemia.” In this model, sodium azide or sodium
cyanide, inhibitors of oxidative metabolism, often together with 2-deoxyglucose, an
inhibitor of glycolysis, are used to induce hypoxia and hypoglycemia in cultures (Bernaudin
and others 1998; Imura and others 1999; Kume and others 2002). Sodium azide, either alone
or combined with 2-deoxyglucose, has been used to induce chemical ischemia in cell
cultures (Varming and others 1996; Grammatopoulos and others 2004), brain slices
(Cavallini and others 2005), and in in vivo experiments (Bennett and others 1996; Vecsei
and others 2001), but its precise mechanism of action remains unclear. The effects are
usually attributed to cytochrome c oxidase—respiratory chain complex IV—inhibition
(Duranteau and others 1998), although several other mechanisms (i.e., cell depolarization,
binding to other metalloenzymes, and oxidation to nitric oxide by catalase) have not been
ruled out (Bennett and others 1996; Lardinois and Rouxhet 1996; Varming and others 1996).
Sodium cyanide provides a rapid and controllable loss of ATP (Vornov and others 1994;
Myers and others 1995) and preserves the accessibility of cultures for subsequent
manipulation. Several studies have shown that there is an activation of NMDA receptors and
production of nitric oxide and other reactive oxygen species during cyanide toxicity (Patel
and others 1991, 1993; Akira and others 1994; Vornov 1995; Gunasekar and others 1996),
molecular mechanisms likely involved in neuronal delayed death after ischemia.

Glutamate and Excitotoxins—The pathophysiological role of glutamate in cerebral
ischemia is based on the buildup of excess glutamate in the extracellular space (Benveniste
and others 1984), which leads to activation of both ionotropic and metabotropic glutamate
receptors (Choi 1992). Studies using glutamate-induced excitotoxicity mimic only one
consequence of the energy failure associated with cerebral ischemia. However, this approach
does enable investigation of the specific roles of individual glutamate receptors via the use
of subtype-specific agonists or antagonists and receptor-modulating agents. Studies in
hippocampal slice cultures exposed to N-methyl-D-aspartate (NMDA), α-amino-3-
hydroxy-5-methyl-4-isoxazole propionate (AMPA), and kainic acid (KA) are consistent
with observations in vivo in terms of the susceptibilities of different populations of neurons
(Nadler and others 1980; Moncada and others 1992; Bruce and others 1995; Kristensen and
others 2001).
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Quantification of Neuronal Cell Death
In most of slice culture studies investigating neurodegeneration, and in particular studies
using OGD, the cellular uptake of the fluorescent dye propidium iodide (PI), which only
enters and stains cell nuclei after loss of cell membrane integrity, has been used as a marker
for dead or dying cells (Fig. 3; Macklis and Madison 1990; Noraberg and others 1999;
Cimarosti and others 2001; Valentim and others 2003; Cimarosti, Zamin, and others 2005;
Cimarosti and others 2006). Alternative markers of neurodegeneration include Fluoro-Jade
(FJ), a fluorescent stain for degenerating neurons, lactate dehydrogenase (LDH) release to
the culture medium, cell loss in Nissl cell staining, loss of immunohistochemical staining for
microtubule-associated protein 2 (MAP2), and shrinkage of neuronal nuclei stained by
Hoechst 33342 (bisbenzimide; Haug 1973; Vassault 1983; Schmued and others 1997;
Noraberg and others 1999). Also, changes in the Timm sulfide silver staining, normally
visualizing zinc-containing terminals that are abundant in the hippocampus, are commonly
used to monitor the terminal fields of hippocampal pathways in the normal adult rat during
development and after postlesional reorganization (Haug 1973; Zimmer and Gahwiler
1987).

Compared with LDH efflux, PI uptake has the advantage of directly depicting the
susceptible hippocampal subfields and main cell types affected. LDH efflux, however, can
be useful for measuring extensive cell death, because it does not reach its maximum level at
a stage where PI uptake is already saturated. Consistent with the general concept that PI
uptake requires cell membrane damage, whereas LDH release requires cell lysis, PI uptake
appears to occur earlier than LDH efflux in the course of cell damage (Koh and Choi 1987;
Macklis and Madison 1990; Noraberg and others 1999). Overall, PI uptake represents an
earlier and more sensitive marker than LDH efflux and an invaluable marker for
quantification of neuronal cell death in organotypic slice cultures. Staining with FJ
(Schmued and others 1997) has confirmed that PI stains degenerating neurons.
Immunocytochemical staining for MAP2, a marker of neuronal structural integrity, is also a
very sensitive marker to neurotoxic effects in organotypic slice cultures (Noraberg and
others 1999), but because it involves the use of antibody labelling is more complicated than
PI staining.

Advantages and Disadvantages of In Vitro Models of Ischemia
In vitro models of ischemia have been widely used (Tanabe and others 1998; Cimarosti and
others 2001; Carpenedo and others 2002; Cimarosti, Zamin, and others 2005; Noraberg and
others 2005; Cimarosti and others 2006) and organotypic slice cultures offer many
advantages over in vivo techniques to study the molecular mechanisms of brain ischemia.
These include:

• immediate and direct access to the extracellular compartment due to the lack of a
blood-brain barrier;

• elimination of any contribution from blood components; direct control of the
environment, e.g., ion and nutrient availability, tissue temperature;

• tissue morphology relatively unchanged from the intact animal because
intercellular connections are preserved; and

• excellent preparation for quantitative pharmacology, electrophysiology, and
imaging studies.

As in in vivo models (Johansen and others 1986; Diemer and others 1992; Davoli and others
2002), CA1 pyramidal neurons are the most vulnerable cells in hippocampal slice cultures
exposed to OGD (Newell and others 1990; Laake and others 1999). For many years,
selective neuronal vulnerability has been presumed to reflect the inherent vulnerability and
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connectivity of the neuronal population. However, despite progress in delineating these
mechanisms, the long recognized selectivity of ischemic neuronal loss is still not fully
understood, but it has been proposed that differences in astrocyte vulnerability or sensitivity
to functional change are central to differential regional neuronal loss (Ouyang and others
2007). The typical time course of neuronal cell death following global ischemia in vivo,
which involves delayed inflammatory and apoptotic components (Abe and others 1995;
Kirino 2000), is not easy to replicate in slice cultures although this might be achievable by
culturing of hippocampal slices from adolescent or adult rats or mice (Xiang and others
2000; Hassen and others 2004). Furthermore, the integrated mechanisms of ischemic brain
damage and the effect of drug interventions are readily studied in rodent in vivo models,
which for these purposes are more suitable than in vitro models (Ginsberg and Busto 1989).
The intact brain preserves the blood-brain barrier, the complex neural networks, and
interactions among neurons and nonneuronal cells; however, this complexity does not
permit detailed studies of particular molecular mechanisms and isolated cellular events. For
in vitro screening of drugs, dispersed cell culture systems are widely used; however, the loss
of tissue-specific architecture, mechanical and biochemical cues, and cell-cell
communication is not representative of the cellular environment found in organisms.
Organotypic slice cultures with preservation of the basal cellular and connective
organization and several fundamental in vivo-like characteristics are an attractive additional
tool. They have intermediate levels of complexity between primary cell cultures and intact
animals. In addition, many synaptic components are expressed at steady levels in long-term
hippocampal slice cultures, allowing for detailed investigations of synaptic function (Bahr
and others 1995).

Organotypic cultures are also well suited for both confocal imaging and viral transgenesis
(Fig. 4). Although they are not much more transparent than brain tissue of a young animal,
they are much thinner than any conventional acutely cut slice as they flatten with time in
culture. The thickness of a slice in culture depends on the thickness of the original slice and
the time in vitro. Usually at the time of the experiment only a few cell layers remain.
Compared with acute slices, slice cultures are more mechanically stable, and they have flat,
relatively clean surfaces that reduce light scattering, giving a better clarity of image.

Slice cultures are relatively amenable to expression of exogenous proteins via various
methods of DNA delivery. They can be transduced with viral vectors, and it is also possible
to combine the virally mediated gene expression with application of dyes to reveal details of
intercellular connectivity (Kasparov and others 2002). The ability to genetically manipulate
the organotypic cultures also makes them an attractive model for studying the cellular and
molecular mechanisms of synaptic plasticity. Virus-mediated gene transfer of β-
galactosidase or green fluorescent protein (GFP) has been efficiently used in slice cultures,
and the infected slices showed no cytotoxic effects (Miyaguchi and others 2000).
Alternatively, individual neurons in brain slice cultures can be transfected using
micropipettes loaded with plasmid DNA expression constructs (Neumann and others 1999).
Electroporation-mediated transfection has been used to visualize GFP-tagged proteins to
analyze subcellular trafficking and targeting in single living neurons in cultured slices
(Rathenberg and others 2003). Moreover, transgenic mice, expressing fluorescent proteins in
neurons and glia, provide new opportunities for real-time microscopic monitoring of
degenerative and regenerative structural changes. Organotypic cultures from these
transgenic mice, combined with detailed visualization by time-lapse fluorescence
microscopy, have great potential for investigating both major irreversible and minor
reversible structural changes in neurons and glia induced by neurotoxins and other
neurodegenerative compounds and conditions (Haber and others 2006; Noraberg and others
2007).
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Study of the Molecular Mechanisms Involved in Brain Ischemia
Preconditioning, Postconditioning, and Hypothermia

Several studies have shown that exposure of animals to a mild sublethal ischemic insult,
known as preconditioning, induces resistance to a subsequent otherwise lethal insult, a
phenomenon known as tolerance (Tasaki and others 1997). In neonatal (P6–8) hippocampal
slice cultures and in cultures from juvenile (P20–30) rats, preconditioning by exposure to 15
and 5 minutes of OGD, respectively, induced tolerance to a subsequent prolonged OGD
period (Xu and others 2002; Hassen and others 2004). The molecular mechanisms leading to
this increased neuronal resistance to ischemic injury are still not entirely clear, but a number
of possible induction pathways, including activation of glutamate receptors and changes in
the concentration of intracellular free calcium, have been proposed (Dirnagl and others
2003; Bickler and Fahlman 2004; Gidday 2006).

Recently, it has been hypothesized that modified reperfusion following a prolonged
ischemic episode may also confer ischemic neuroprotection, a phenomenon termed
postconditioning (Pignataro and others 2008). Postconditioning has been shown to reduce
ischemic volume both in vivo and in vitro, with levels of neuroprotection equivalent to that
observed in models of ischemic preconditioning. The postconditioning stimulus appears to
result in the prolonged activation of Akt, a prosurvival protein kinase that has been
associated with mediating ischemic protection in the heart and in the brain (Yano and others
2001), and has also been shown to mediate intrinsic protection to ischemia in models of
ischemic preconditioning. Postconditioning may represent a novel endogenous
neuroprotective approach that, due to its postevent time window of effectiveness, has
translational relevance to reperfusion and thrombolitic treatments in acute brain ischemia.

Reducing the temperature of the brain is one of the few ways to clinically reduce ischemic
damage in patients (Gagliardi 2000). Protection by low temperature has been demonstrated
experimentally in vivo (Johansen and others 1993; Olsson and others 2003), and
hypothermia has also been shown to reduce OGD-induced neuronal cell death in
hippocampal slice cultures (Frantseva and others 1999; Feiner and others 2005). Modest
decreases in brain temperature confer robust protection, both in vivo and in vitro (Ginsberg
and others 1992; Bruno and others 1994; Barone and others 1997; Maier and others 2001).
Although the neuroprotective effects of hypothermia have been attributed to reductions in
the metabolic rate (Chopp and others 1989), glutamate accumulation (Globus and others
1988; Busto and others 1989; Lo and Steinberg 1992), and reductions in excitotoxicity
(Bruno and others 1994), the detailed mechanisms remain unknown.

SUMOylation
An intriguing recent observation is that massive increases in protein SUMOylation occur in
hibernating animals, suggesting that increase in SUMO conjugation could be a protective
response, shielding neurons from damage caused by low blood flow during hibernation
torpor (Lee and others 2007). This hypothesis has been supported by the observation that
both transient and permanent global or focal cerebral ischemia induce a rapid, dramatic, and
long-lasting increase in SUMO conjugation (Cimarosti and others 2008; Yang and others
2008a, 2008b). After transient focal cerebral ischemia, increased SUMO conjugation was
particularly prominent in neurons located at the border of the ischemic territory where
SUMO-conjugated proteins translocated to the nucleus (Yang and others 2008b). We also
have data showing that protein SUMOylation increases in organotypic slice cultures
following OGD with a biphasic time course and particularly for higher molecular weight
proteins (Fig. 5). Many SUMO conjugation target proteins are transcription factors (Seeler
and Dejean 2003; Heun 2007). Further, multiple, as yet unknown, synaptic proteins are
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conjugated by SUMO (Martin, Nishimune, and others 2007). For the majority of substrates,
the functional consequences of SUMO attachment are not well understood. Nonetheless, it is
becoming increasingly apparent that protein SUMOylation is involved in diverse cellular
processes beyond its roles in the nucleus including cell signaling, plasma membrane
depolarization, and signal transduction (Johnson 2004; Wilson and Rosas-Acosta 2005;
Kerscher and others 2006; Martin, Wilkinson, and others 2007; Scheschonka and others
2007). Thus, the increased SUMO conjugation induced by cerebral ischemia is likely to
have a major effect on the fate of cells exposed to a transient reduction or interruption of
blood supply, and the SUMOylation process could provide an exciting new target for
therapeutic intervention.

SUMO transgenic animals are not available yet with which to investigate the role of SUMO
conjugation in the pathological process triggered by cerebral ischemia and culminating in
neuronal cell death, to establish whether it is a protective or toxic stress response, or simply
an epiphenomenon not directly related to the pathological process. Because intact
SUMOylation pathways are an absolute requirement for viability in eukaryotic cells
(Hayashi and others 2002; Nacerddine and others 2005), the production of simple knockout
animals is unlikely to be a viable option, although conditional knockouts may prove useful.
Therefore, in vitro models such as organotypic cultures exposed to OGD will be a valuable
method for the investigation of the potential neuroprotective effects of SUMOylation.
Genetically manipulating the levels of SUMO, by overexpressing recombinant SUMO or
enzymes involved in the SUMO conjugation pathway, such as SENP (deconjugating
enzyme) or Ubc9 (conjugating enzyme), in the slice cultures exposed to OGD would allow
evaluation of the effects of SUMOylation on neuronal function and survival. It has recently
been shown that overexpressing SUMO increased the tolerance of neuroblastoma SHSY5Y
cells to transient OGD, whereas blocking SUMO conjugation, by expressing a dominant
negative form of the SUMO-conjugating enzyme Ubc9, increased the extent of cell death
(Lee and others 2007). Conversely knocking down SUMO, SENP, and/or Ubc9 by RNAi
approaches will also provide valuable information.

Elucidating the mechanisms underlying ischemia-induced SUMO conjugation and clarifying
its suggested neuroprotective role could help to design strategies to block or activate this
reaction and thus to intervene with the fate of postischemic neurons. One approach to dissect
out such a specific molecular mechanism is to explore in vitro models and then test clearer
hypotheses on in vivo models, which are more likely to subsequently translate into
neuroprotective therapies of the future.

Concluding Remarks
Recent studies in animals found that one particular cellular process, called SUMOylation
and which involves the conjugation of SUMO proteins to other proteins, is significantly
activated following stroke. Future progress, however, is likely to require reliable in vitro
models of ischemia that enable researchers to manipulate the SUMOylation pathway and
investigate the effects of such manipulations on cell survival. Organotypic hippocampal
slice cultures exposed to OGD have been widely used as an in vitro stroke model, showing
similarities with the in vivo models of ischemia. This in vitro model of ischemic lesion is
likely to prove an invaluable tool to study the molecular mechanisms involved in brain
ischemia, and especially to further understanding the role of ischemic-induced
SUMOylation.
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Fig. 1.
Schematic of the SUMOylation pathway. SUMOylation comprises three enzymatic steps
that culminate in the formation of an isopeptide bond, between the carboxyl group of the C-
terminal glycine of SUMO and the substrate ε-amino group of a specific lysine residue. The
initial step in SUMOylation is ATP dependent and involves the activation of the C-terminus
of the SUMO protein by the enzyme E1. Once activated, the SUMO protein is transferred to
a SUMO-conjugating enzyme (E2) called Ubc9. Ubc9 binds substrate proteins directly and,
in conjunction, with one of the several SUMO protein ligases (E3s), subsequently mediates
the transfer of the SUMO protein to its target protein. However, it should be noted the
involvement of E3 is not always required for efficient SUMOylation. Importantly, despite
being a covalent modification substrate, SUMOylation is highly labile and readily reversible
by the SUMO-specific family of SENP proteases. This highly dynamic system allows cells
to respond rapidly to varying cellular demands. SUMO = small ubiquitin-like modifier.
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Fig. 2.
Slice preparation and culturing followed by oxygen-glucose deprivation (OGD). (A)
Decapitate rats one by one with large scissors and remove the brain quickly. (B) Isolate the
hippocampi. (C) Section transversely at 400 μm by McIlwain tissue chopper, and place the
slices in chilled Hanks’ balanced salt solution (HBSS). (D) Place six slices on each
membrane insert in culture trays with six wells, each well containing 1 mL of culture
medium (see composition below). (E) Place culture trays in incubator at 36 °C with 5%
CO2. Change the medium twice a week for two weeks. After 14 days in vitro, expose the
cultures to OGD. Transfer the inserts to sterilized petri dishes and rinse twice with OGD
medium (see composition below). Incubate the inserts in 1 mL of OGD medium for 10
minutes. Exchange for OGD medium previously bubbled with nitrogen for 15 minutes. (F)
Transfer the petri dishes containing the slice cultures to an anaerobic chamber. Close the
chamber and inject a mixture of N2 with 5% CO2 for 10 minutes at 8 L/min. Keep the
chamber in the incubator for 45 minutes at 37 °C. Remove the dishes from the chamber and
wash the slices twice with HBSS. Return to culture medium and incubate for 24 hours. Add
7.5 mM propidium iodide (PI) and incubate for 1 hour. Examine the cultures in an inverted
fluorescent microscope fitted with a rhodamine filter. Photograph the slices and analyze
using Scion Image software. Culture medium: minimum essential medium (50%), horse
serum (25%), and HBSS (25%) supplemented with (mM, final): glucose 36, glutamine 2,
HEPES 25, NaHCO3 4, and penicillin/streptomycin 1% (pH 7.3). OGD medium composed
of (mM): CaCl2 1.26, KCl 5.36, NaCl 136.89, sucrose 36.08, KH2PO4 0.44, Na2HPO4 0.34,
MgCl2 0.49, MgSO4 0.44, HEPES 25, and penicillin/streptomycin 1% (pH 7.2).
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Fig. 3.
Propidium iodide (PI) staining indicating cell death following oxygen-glucose deprivation
(OGD). After 45 minutes of OGD, cultures were returned to culture medium and incubated
in the presence of O2 to mimic the reperfusion that usually follows an ischemic episode in
vivo. (A) Photographs of the slices showing PI staining in control and OGD slices at 6 and
24 hours’ exposure to OGD. (B) Quantification of cellular damage in CA1 performed by
using Scion Image software (www.scioncorp.com). The area where PI fluorescence was
detectable above background levels was determined using the “density slice” option of the
software and compared with total CA1 area to obtain the percentage of damage. Data
represent mean ± SEM values, n = 15 slices per group. *indicates significant difference from
control cultures; #indicates significant difference from all other groups (one-way ANOVA
followed by Duncan’s test, P < .001).
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Fig. 4.
Expression of GFP Sindbis virus in pyramidal CA1 neurons of long-term organotypic
hippocampal slice cultures. Fourteen-day in vitro P8 hippocampal slices were infected
overnight by bath applying approximately 2 μL of virus directly onto the slice.
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Fig. 5.
Changes in protein conjugation by SUMO-2/3 following oxygen-glucose deprivation
(OGD). Organotypic hippocampal slice cultures were exposed to 45 minutes of OGD and
then permitted 1, 6, or 24 hours of recovery. Protein SUMOylation was evaluated by
Western blot analysis. Most strikingly, there is a marked increase in SUMOylation of higher
molecular weight proteins that run as a smear on the gel at 1 hour and 6 hours that
diminishes by 24 hours. (A) Representative pattern of SUMO-2/3 immunoreactivity detected
using anti-SUMO-2/3 antibody from Zymed. (B) Cumulative SUMO-2/3 results showing
quantified data from separate immunoblots using slices from four different cultures. The
results are presented as percentages of control ± SEM. *indicates significant difference from
control cultures (one-way ANOVA followed by Duncan’s test, P < .05).
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