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Abstract

Analysis of the interplay between cell proliferatiand death has been
greatly advantaged by thaevelopment of CNS slice preparations. In slices,
interactions between neurons and neurons andiddecglls are fundamentally
preserved in a fashion close to the in vivo sitwatiln parallel, these
preparations offer the possibility of an easy expental manipulation. Two
main types of slices are currently in use: the eclices, which are short
living preparations where the major functions o# thtact brain (including
neurogenesis) are maintained, and the organotypltures, where the
maturation and plasticity of neuronal circuitries ielation to naturally
occurring neuronal death and/or experimeinalults can be followed over
several weeks in vitro. We will discuss here the im€mma
advantages/disadvantages linked to the use of AN&s sfor histological
analysis of neuronal proliferation and death, ad#l we the main findings
obtained in themost popular types of preparations, i.e. the calitic
hippocampal, cerebellar and retinal slices

1. General concepts and purpose of this review

The balance between cell proliferation and deathursla- mental in several
morphogenetic processes and ultimately determiries rhass, shape and
function of the various tissues and organs thaimfothe animal body.
Programmed cell deattfPCD) is a gene-regulated process that plays irapbrt
roles in several normal and pathological conditigkdsrr et al., 1972Wyllie,
1980. One form of PCD is apoptosis, a form of “cellidde” most often found
during embryonic development, but also in normdl ead tissue turnover
(Carrio et al., 1996; Oppenheatal., 2001; Oppenheim, 1985; Polakowska et al.,
1994; Zakeri andLockshin, 1994, 2002 Although the nervous tissue is
traditionally regarded as being fundamentally ctunstd by post-mitotic non-
proliferating cells, analysis of cell proliferatioand apoptosis has gained
increasing importance mainly considering that: noliRerative and/or apoptotic
events have been extensively character- ized ndy oliring embryonic
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development but also in seveaskas of the post-natal and adult brahivérez-
Buylla, 1997; Luskin, 1997; Gage, 1998; Lossi et 4998; Lossi and Merighi,
2003; Luskin, 19938 ii. Trophic factor deprivation often results apoptotic cell
death of target neuronBdin et al., 1995; Bredeseh995; Raff et al., 1994; Yao
and Cooper, 1995 and, iii. Links havebeen demonstrated between apoptosis,
neuronal activity anagignal transductionQunningham, 1982; Lee et al., 1993
Extensive work in the field has been carried outvitno on isolated neurons
and/or neural cell lines, whereas relatively fewdsts have been performed in vivo
(Lossi and Merighi, 2003 These studies are highly demanding in techracal
economic terms, and thus useful alternatives arallyssought, among which slice
brain preparations have obtained increasing suc&Ees from differentbrain
regions are very important tools for studying theucural, physiological and
pharmacological properties of neuronal circuithiey are relatively easy to
prepare, and because they retain the cytoarchigeafuhe tissue of origin, slices
have clearly evolved agshe predominant in vitro preparation used by
electrophysiologistsand, although to a lesser extent, histologistsrrmpheologists
and biochemists. As slice-based assay systems degroyood experi- mental
access and allow precise control of extracellulawiren- ments, they facilitate
research aiming to establish clear correlationsvéen structure and function, as
well as plasticity of neuronateractions under different experimental condsion
In addition, itis possible to adopt these ex vivo models for tbeeening of
therapeutic molecules or novel genéao main types of slice preparations are
currently in use in neuroscience research. Thealieec “acute” slices (often
simply referred to as slices) are short-lived preparatiossally amenable for
experiments in the range of a few hours. To ovegdnmsobvious limitation to
wider uses, attempts have been undertateerestablish alternative in vitro
preparations that could be used flong-term studies. On these grounds,
organotypic slice cultures were developed by takkdgantage of previous work
done on explant cultures of various anatomicalinsigSince then, organotypic
cultures have become an attractive alternative cmamaplement to acute slices,
and both the spectrum of possildelturing methods as well as the type of
applications have been considerably expanded. Aglites have come into use
mainly as alternatives telectrophysiology studies in vivo, since the greate
mechanicaktability that these preparations provided ovevivo models and the
control allowed over the composition of the extiatar environment have been
particularly advantageous in permittinggerform successful patch clamp studies.
In combination, these twoharacteristics have enabled detailed investigatimm
neuronaimembrane properties, cellular actions of neurotraitsrs, and synaptic
mechanisms. In addition, the development of mendbrnaermeant fluorescent
indicators has made it possible to empbmyute slices for studies on calcium
homeostasis that is linked, amoothers, to cell survivalBickler and Fahlman,
2004; Erin et al., 2003;ee et al., 2003; Turner et al., 200Therefore this latter
field of application has brought about a significant advaecg¢mof our
understanding of cell death mechanisms in an exygatal context where cell-to-
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cell interactions are fundamentally preserved.

Organotypic cultures of brain slices have becomewam more attractive tool for
neurobiological studies of cell proliferation amtkath in vitro since their
introduction over two decades adoriginally developed by Gahwiler in 1981,
cultured brain sliceeetain many essential architectural features ohthst tissue,
such as neuronal connectivity, cellular stoichiagneand glial-neuro-nal
interactions Gahwiler et al., 1997 The introduction of a relatively simple
method of culturing hippocampal slices on semipsrmmembranes bytoppini

et al. (1991) has furthelincreased their use in the study of the centraVvowes
system (CNS) under normal and pathological condktiowith thisapproach,
explanted tissues are layered onto a semiporousbnaae and fed by medium
on the underside of the membrane so that they epé &live at the air—liquid
interface inside a thifilm of fluid. Prior to this development, it was nesary to
grow cultures on coverslips in a chicken plasma cloidmgest tubeplaced in

a slowly rotating drum that periodically immerséxt tultures in medium, or to
employ Maximov chambers under static conditidnadner and Grosse, 1982
Both methods are no longecommonly used since they are technically
cumbersome and do npérmit optimum access to the slice for manipulation
Despite the above, comparatively few studies hawpleyed acute slices and
organotypic cultures as an alternative to shelies of the relationship between
cell proliferation and deattarried out in vitro on isolated neurons and/oviuo.
The purpose of this review is to provide comprehengformation about the
possibilities to use these preparations as a taolinvestigate neuronal
proliferation and death from a histological and dumnal viewpoint, and to
discuss the advan- tages/disadvantages of thesea@pps as compared to
more traditional methods in vitro or in vivo.

1.1. Slice preparations for the study of cell death angbroliferation in CNS

Brain slice models offer unique advantages oveeroith vitro approaches in that
they largely preserve the tissue architecture amintain neuronal activities
with intact functional localsynaptic circuitry for variable periods of time
according to thaifferent procedure of choic&ince it is possible to reduce the
number of animals employed in different experimetitere is no need for lengthy
animal surgery,or laborious monitoring of multiple physiologicabpameters
following in vivo manipulation, organotypic culttgehave gainedncreasing
importance in basic as well as applied researcimgldine past years.

1.1.1. Acute slices

1.1.1.1. General principles.
Acute slices have been prepared for a variety o5QGBgions, and are usually
obtained from young postatal animals, but older animals have also been
utilized. Thepreparation of acute slices is now a routinelyiedrout operation in
numerous laboratories, and certain areas of thm,brea. thehippocampus, are
particularly amenable to slicin@riefly, the brain is dissected free of the skuldl an
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rapidly placedinto a saline solution whose composition resembiet of the
cerebro-spinal fluid and is thus often referred soadificial cerebro-spinal fluid
(ACSF). Only with difficult samples (i.e. spinal ddmay it be necessary to employ
special molds to hold tissue during the slicinggedure or agarose embedding.
Slicing is performed with a vibrating microtome at high ampdié and veryslow
speed. Slice thickness varies according to speceneénthe types of experiments,
from 150 to 40Qum. It is commonly assumed that neuronal circuieyains its
stability in acute slices. However, it was recentlgmonstratedhat mature
hippocampal dendritic spines display a certain grafdplasticity (synaptogenesis)
in relation to chilling and rewarming of ACSF Kirov et al., 2004 In addition,
synaptogenesis induced by exposure to ice-cold AGH$es the concern that
morphological correlates of LTP might be obscureshecially in mature slices
(Bourne et al., 2007

1.1.1.2. Main disadvantages.

Acute slices of conventional thickness present s¢v@oblems when attempting
to study ion channels and neurotransmitters intivelasolation. Several barriers
including uptake mechanisms and degradative enzyaesslowor prevent the

diffusion of drugs and hence hamper accurate phaslobgical analysis. Pre-
and post-synaptic components dam difficult to isolate in electrophysiological
and imaging experi- ments.

1.1.2. Organotypic cultures

A number of pharmacological and genetic maniputetibavebeen demonstrated
to be successfully reproducible in organotyslices (see for examptého et al.,
2004; Pringle et al., 1996; Ray et &000. Therefore, not only has this approach
been employed for studgf normal brain development and function, but the
availability ofslice models that simulate essential features givio neurodegen-
eration has allowed for an array of treatments ¢o efficiently evaluated in
normal or injured tissues without the complicatiadexived from blood—brain
barrier or metabolic stability. On the othband, rearrangements of neuronal
circuitry often occur in these slices, in paraldth substantial amount of cell
death during the first days after explant, this ¢pgarticularly important in the
studyof apoptosis. We will thoroughly discuss all thesseies below.

11.2.1. General principles.
Organotypic cultures have been saessfully established from a variety of CNS
regions (seelable 1. Cultures are usually obtained from early post-nabal
lessfrequently, from embryonic material. Early postalgieriods (PQo P7) are
ideally suited for culturing because the cytoaettiibnicfundamentals are already
established in most areas, the braifaiger and easier to manipulate, and nerve
cells are more likely tsurvive explantation. However, for the main purgosé
our discussion, it should be kept in mind that the fRspost-natalveeks in
rodents are a critical period in relation to thealpeof naturally occurring
neuronal death (NOND) in several brain ar&dmss not only affects the degree of
5



cell death that one expects detect in preparations, but is also one of the main
reasons why earlypost-natal cultures from different CNS regions ligpvery
different behaviors regarding the differentiation of neuroaadl glial cells(see
below). Fetal tissues survive very well in sliceltates, but the organotypic
organization is often distorted and/or poorly presd, given that, earlier in
development, massive neuronal migration and maarrangements of neuronal
circuitry still occur. Taking thignto consideration, successful attempts have also
been made toulture adult specimemdpcke et al., 2007

Tissue slice co-cultures have also been develapkeidh allow for the analysis of
functional links across brain regions (Sele ). As mentioned, the two earlier
methods described Bgahwiler (1981)or Lindner and Grosse (198Based on the
use of either rolletubes or Maximov-type chambers have been showneto b
difficult to get into routine use, bearing a large experimevdaiability due to
thinning of tissues to a non-physiological cell mlayer. Thereforenost studies
now utilize various modifications of the origimamembrane interface methods
(Stoppini et al., 1991 The principle oimembrane interface culture methods is to
maintain brain slices on a porous membrane filterth&t interface between
medium and a humidified atmosphere. The medium gesvadequate nutrition to
tissues through the membrane via capillary actiBerdold and Casaccia-
Bonnefil, 1997; Noraberg et al., 2Q0% is important to note, however, that even
in cultures prepared with the membrane interfacahote there are some
properties that substantially differ from the clueaistics acquired during the
physiological brain maturation in vivo. For exampfkior- escent dye tracing
of single neurons in organotypic hippocampal sliseewed a more complex
pattern of dendritic branching, anchnsistently with this, a significant increase
in the frequency ofglutamatergic miniature synaptic currents, probably
reflecting anincreased number of total synapses Simoni et al., 2003 Similar
results were obtained in cerebellum where the dgweént ofPurkinje neurons
(PNs) was examined in organotypic cultureghiese preparations not only was it
found that PNs in explants froR?2 animals developed cytotypically in contrast to
the organotypi@appearance of P6 explants, but also that the PNridiertree was
normal in the absence of excitatory neurotransomssind BDNFsignaling
(Adcock et al., 2004; Fenili and De Boni, 2003

Table 1
Principal CNS areas

pmplnypd for slice

preparationscNs regions

Referenc
es

Cerebral cortex Annis et al., 1990, 1993; Baker et al., 1992; Beénal., 1991; Brussaard and Baker, 1995; Caesar, €t989;
Chattopadhyaya et al., 2004; Cheema et al., 2006h€sy-Theulaz et al., 1991; Dayer et al., 2008; Rio et al., 1996;
Gotz and Bolz, 1989; Humpel and Weis, 2002; Idaletl996; Jacobsen and Miller, 2003; Kiersteialgt1996; Leiman and
Seil, 1986; Molnar and Blakemore, 1999; Neely et2007; Patz et al., 2003; Plenz and Kitai, 199&tewitt and Wilson,
2007; Robertson et al., 1997; Romijn et al., 1988ss and Porter, 2002; Soares and Sotelo, 2004an7Alierand, 1991;
Vogt Weisenhorn et al., 1998; Wang and Johnson7;200rth et al., 1998;
Yamamoto et al., 1989; Zhou et al., 1993; Zinklgt2004

Striatum Aleksandrova et al., 2001; Gutierrez et al., 209dsli and H6sli, 1986; Humpel et al., 1996; leual., 1995; Lyng et al.,



2007; Mani et al.2005; Neely et al., 2007; Ostergaard, 1993; Patd.eP004; Studer et al., 1994; Snyder-Kellerlgt a
2008; Wirth and Wahle, 2003;
Zheng et al., 2005; Zhou et al., 1993

Hippocampus Aleksandrova et al., 2001; Bruce et al., 1995, 186ckner and Grosche, 2001; Chen et al., 2004hopakov et al., 1984;
Coltman et al.1995; De Simoni et al., 2003; Del Rio et al., 1999296; Diekmann et al., 1994; Gahwiler, 1981; Gtget
al., 2006a,b; Grimpe et al., 2002; Hafidi et al.99;9Hoareau et al., 2006; Hocke et al., 2007; Hailogn and Lauren, 2003;
Huuskonen et al., 2005; Ide et al., 1996;

Ikegaya et al., 2002; Jensen et al., 2004; Kamadh, £004; Keller et al., 1983; Koyama et al.020Laskowski et al., 2005;
LaVail andWolf, 1973; Ludwig et al., 2003; Marty and Ontern&enl997; Mohajerani and Cherubini, 2005; Molloylan
Kennedy, 1991; Morales et a2007, 2005; Muller et al., 1993; Newell et al., 398likonenko et al., 2003; Pomper et al.,
2001; Sadgrove et al., 2006, 2005; Scharonowa dvadgekow, 1980; Schousboe et al., 1993; Seminb, &084; Shetty
and Turner, 1999; Shin and Chetkovich, 2007;

Spahr-Schopfer et al., 2000; Vasilyev and Bari€i942 Victorov et al., 2001; Viktorov and Khaspek&®;76;

Vizard et al., 2008; Wang and Johnson, 2007; W4llen al., 2006; Wise-Faberowski et al., 2005

Basal forebrain Haas et al., 1998; Thomas et al., 1998; Wray etlaB9
Thalamus Magowan and Price, 1996; Okada et al., 2000; Zhadb.,e2003
Hypothalamus Baertschi et al., 1982; Belenky et al., 1996; Hoesal., 1998; Ikeda and Allen, 2003; Israel et 2008; Maurer and

Wray, 1997 Maurer and Wray, 1999; O’Neill et al., 2008; PatscPru et al., 1991; Rusnak et al., 2007; Shimizal.e
2008; Tominaga et al., 199%ominaga-Yoshino et al., 2007; Wray et al., 198893

Mesencephalon (whole) Af Bjerkén et al., 2008; Larsen et al., 2008; ®&ea et al., 2007

Inferior colliculus Corse et al., 1999; Gerkema et al., 1999; Hafidil.et1995, 2004; Israel et al., 2003; Jourdainl.et1898;
Pierre et al., 200Bubstantia nigra Holmes et al., 1995; Jaeger et al., 1989; Neebl.e2007; Ostergaard et al., 1996; Studer,
2001; Testa et al., 200Brainstem nuclei Eustache and Gueritaud, 1995; Jones et al., 1989%sSand Hafidi, 1996; Thomas et al.,
1998; Zhao et al., 2004

Cerebellum Audinat et al., 1990; Ayoub et al., 2005; Bousla@aeghlani et al., 2003; Bruckner and Grosche, 2Q@ivet et al., 1985;
Calvet and Calvet, 1988; Chedotal et al., 1996;ifxaet al., 2002; Gahwiler, 1984; Julien et 2008; Knopfel et al.,
1990; Kondoh et al2004; Lossi et al., 2004b; Mancini and AtchisonQ20Nagata et al., 2006; Nagata and Nakatsuji,
1994; Nunzi et al., 2001; Nunzi et &4Q003; Ono et al., 1994; Savill et al., 2005; Schaflaach et al., 2001; Soares and
Sotelo, 2004; Tanaka, 2007; Yuan et al., 1998

Spinal cord Baker et al., 1989; Bonnici and Kapfhammer, 2008;s€ et al., 1999; H6sli and Hésli, 1986; Kiaskov et al.,
2002; Li et al., 2008; Rakowicz et al., 2002; Riegkm1999; Shichinohe et al., 2008; Tolosa et 8082

Retina Chen et al., 1997; Gorba and Wahle, 1999; JohnsdriVaartin, 2008; Kaempf et al., 2008a,b; Reh andkea1988;
Rickman, 1999Viktorov et al., 2004, 2006

Cochlea Andreeva et al., 2006; Ficarella et al., 2007; Kbaal., 2007; Kesser et al., 2007; Qi et al., 2008
Sobkowicz et al., 2002; Zheng and Gao, 1996

Olfactory bulb De Marchis et al., 2001; Josephson et al., 2004

Co-cultures Baratta et al.,, 1996; Dammerman et al., 2000; Feagtkal., 2003; Gahwiler and Brown, 1985; Guidalet1997;

Heine et al., 2007; Ichinohe et al., 2000; Jaumarti Zigmond, 2005; Knopfel et al., 1989, 1990et.al., 1996;
Mariani et al., 1991; Mingorance et &Q04; Molnar and Blakemore, 1999, 1991; Neely gt24107; Oishi et al.,
2004; Ostergaard et al., 1996; Plenz and Aerts@®64d,b; Plenz and Kitai, 1998, 1996a; Rennie etl8P4; Snyder-
Keller et al., 2001; Snyder-Keller, 2004; Woodhaehsl., 1993;Woodhams and Atkinson, 1996

These exemplificative observations strongly sughesicuttingof projection axons,
which inevitably occurs during slice preparatidng. 1), leads to a compensatory
response over the course of the culture period,tlhaddamaged axons have a
chance to recover and reroute their processesrin feew neural connections.
Plasticity of connections was also confirmed in atitces. Forexample, when
cerebellar slices were co-cultured with slicedhefihferior olive some PNs became
reinnervated by the olivary axoiiSlariani et al., 199) Plasticity of organotypic
cultures is therefore a major differenwé¢h acute slice systems, where there are
few changes in neuroanatomy (if any), as they a&ed uwithin a few hours of
preparation.

11.22.Main disadvantages.

Organotypic slice cultures are matempt from drawbacks that somehow hamper
their use in certain experimental paradigms. Tis¢ fiisadvantage of slice cultures
is that not all areas of CNS are easily amenable taureu Theorganotypic
method is ideal for regions with a layered struethat can be aligned parallel to
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the plane of slicing and is idealgonfined inside the thickness of the slice itself
(Figs. 1 and 2 Theproduction of slice cultures from regions with sfgrantly out-

of- plane projections still remains challengingjnarily because a massive
neuronal loss can follow the interruption of aff#feefferent projections, with
significant rearrangements in synaptic circuitry.m®o interesting alternatives
have been proposed tovercome these problem&fkd€hen et al.,, 2006 As
mentioned, cultures can currently be produced mdioim embryonic or juvenile
donor animals (typically up to 12 days pos#ttal). Production of slice cultures
from older donors is possiblélowever, these cultures do not appear to be
useful for drug screening purposes due to their loability, given that only
around 5-10% remain viable for 3—-4 weelkBruce et al., 1995,1996.
Moreover, juvenile tissues are more resistant thdamicdamage than adult
ones, and this issue needs to be considered wlaamipy to use organotypic
cultures for the study agéchemia [(indroos et al., 2005

(A) Cerebral cortex (B) Hippocampus

(©) Cerebellum

Fig. 1. Schematic representations of the main trchiral features in cortical, hippocampal,
cerebellar and retinal slices. A: In cerebral corséices the afferent fibre systerfgreen)
primarily reach the granular cells (red circles)lafer Il. Efferent fibres (light blue) mainly
derive from large pyramidal neurons of layer V. IBate cut during slicpreparation and thus
degenerate in culture. B: In hippocampal slices dfferent fibre systems (green) mainly
derive from entorhinal cortex and septum. Effefféares (light blue) are mainly derived from
CA1l and CA3 pyramidal neurons. Both are cut dushge preparation and thus degenerate
in culture. In organotypic preparations there isignificant sprouting of the mossy fibres
(red), i.e. the axons of the granule cells (rectles). C: in cerebellar slices the afferent
systems (i.e. the mossy — black — and climbing $ibrgreen) are degenerated. Efferent
projections from PNs (blue) can be spared if nuctesairons are comprised within the slice.
Some PNs devoid of target become sklfiervated. Cerebellar slices are generally prodiuce
at a stage in which the EGL is still present onpls surface of the organ. The EGL contains
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premigratory CGCs (fuchsia circles). Mature CGQx(circles) form the IGL. D: in retinal
slices the efferent fibres, i.e. the axons of theCR@ed circles) are cut. Differentiation of the
photoreceptor (light blue—rods; blue—cones) ouggmsents is impaired as a consequence of
the lack of the pigment epithelium (not shown). Adbations: CN, cerebellar nucleus; DG,
dentategyrus; EGL, external granular layer; IGL, intergahnular layer; IPL, inner plexiform
layer; OPL, outer plexiform layer; RGCL, retinalmggion cell layer; WM, white matter.
Roman numerals indicate the layers of the ceradwakex. The thick black segment outside
the slice indicates the site of slice cutting framerconnecting structureBrojection fibres
are represented by dashed lines, to indicate tteat tindergo progressive degeneration in
culture.

The study of proliferation/apoptosis requires asalyof individual cells at
relatively high magnification. In this respedhe tendency of the cultures
prepared with the roller tube methtmdsignificantly and progressively thin in vitro
is theoretically veryadvantageous. However, since the method is timeurnimg
andrepeated tracking of individual live cells is madery difficult, these types
of organotypic preparations are, in practical termfklimited value for the
analysis of cell death. The air—medium interfacetho@ is preferable for
repeated observations of licells, since it is also possible to grow theseucak
inside incubators adapted to the microscope stsgaeetheless, some problems
are still encountered in imaging individual celtshagher power Eenili and De
Boni, 2003. Another drawback of the roller tube method is th#ense
migration of glial cells that results in disruptioh the architecture of the slice.
Such a migration is strongly reduced in culturegimled with the air—medium
interface procedure. However, in this case, a tarpastrocytes often grows on
the top of theculture, unless DNA synthesis inhibitors are ad¢ssk Section
3.6). This astrocytic carpet makes the penetrationinmihunocy- tochemical
reagents in labeling procedures more difficult. lyasbrganotypic slice cultures
do not have a functionakhscular compartment. Therefore, they cannot be tase
accurately model the diffusion and mechanisms of action oftesyscally
administered drugs, although this can be vieweddssntageous when trying to
assess whether or not a drug can directly affectndgrvous tissue independently
from the presence of the blood—brain barrier. Réiggrthis latter issue, however,
it must be taken intoonsideration that an in vitro model of the bloodhb barrier
hasrecently been developed after treatment of orggmotgultures with basic
fibroblast growth factor 2 (FGF-Bendfeldt et al., 2007

1.2. Methods for the study of cell proliferation and dedh in CNS slicepreparations

The usefulness of CNS slices in a wide range dflietuexamining neuronal
differentiation and fate is immediately appareranir the variety of methods
that have been developeshd/or adapted for assessing neuronal survival and
death in thes@reparations. Whereas many of these methods haare derived
directly from protocols that were originally deve&d in vivo,others have been
specifically developed for in vitro use. In gendsxrims, and irrespectively from
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the above, the procedures availatbefar fall into two main categories: those that
are suited to a direct observation of live prepanst and those that can only be
employed once cultures have been fixed and furtteregsed fohistology. It is
immediately obvious that the former only pernfitll exploitation of the
potentials of slice preparations. Thisbscause easy experimental manipulation
of slices/cultures imccompanied by the possibility to follow dynamispenses
overtime, and to monitor changes by appropriate means.

1.2.1. Methods for the study of cell proliferation in live slices

The most popular means to label proliferating dellsve slicepreparations is the
addition of nucleotide analogues to the AQ&H acute slices) or to the culture
medium (for organotypiccultures) followed by immunocytochemical
visualization (see
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calbindin

Fig. 2. Neurochemical characterization of post-hamarine cerebellar slices cultivated in_vitro
under static conditions. A—C: immunocytochemicabeling of CGCs. In C,nuclear zicl-
immunoreactivity (red) is specifically expressed Cs within the IGL. Note the presence of two
unlabeled ectopically glace_d PNs expressing GFer @feneticengineering (L7 mouse—qgreen). D
and E: Expression of GFP in the PNs of the L7 molke that the cultures are still immature since
PNs are not yet aligned into a single rdw.labeling of PNs with an anti-calbindin antibodyhe
PN axons (top) are directed toward the white mattér GFAP immunolabeling reveals the
presence of a carpet abtrocytes on the top of cultures. Abbreviation$PG green fluorescent
protein; IGL, internal granular layer; ML, molecullmyer; WM, white matter. Bars: A, B ard
=500pm; C =40um; E—G = 5Qum.

Becq et al.,, 2005; Liu et al.,, 2005; Nanobashviliak, 2005; Raineteau et al.,
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2006; Son et al., 2003; Zhang et al., 200heseapproaches have been very useful
for analysis of cell proliferationput only in fixed slices. Therefore, alternative
protocols would be ofmmediate advantage to label and track prolifecataells
whenthey are still alive.

To this purpose, dividing neural progenitor celissubven- tricular zone (SVZ) and
hippocampal slices were labeled different time points by means of a set of
retroviruses expressinfjuorescent proteins. Authors were thus able to operf
con-nectivity and lineage studies on newly generatdld deaectly invitro (Laplagne
et al., 2006; Noctor et al., 2002Dne issue of care is that viral transductiomedral
stem/progenitor cells can greatbffect differentiation Falk et al., 200 For
instance, adenovirdatansduction of neural progenitors induced a neadynplete
astrocytic differentiation (97% of cells) and bleckneurogenesidH(ghes et al.,
2002. Furthermore, several drawbacks are associatéd witial vectors, such as
cytotoxicity, limited transgene capacity, and diffices in producing pure and high-
titre stocks. As an alternative, non-viral transfat with FuGene6bwas used to
genetically manipulate neural stem/progenitor celNghout adversely affecting
their growth or perturbing lineageelection Tinsley et al., 2006 Such a method
is valuable forexamining the molecular mechanisms of cell fatesiheination in
vitro and is potentially suitable for slice studidsmother protocobf potential interest
is based on nucleofection, an improved method d#f electroporation Gartner et
al., 2009, given thatconventional electroporation has already been ssbtaky
employed to label single neurons in hippocampaksliHaaset al., 200L

1.2.2. Methods for the study of cell proliferation in fixed slices

Once slices are fixed they can be directly proceasedhole mount preparations or
further cut to obtain cryostat or parafBactions. Whereas the first approach allows
for a direct examina- tion of the entire slice, ahds an easier correlation with
previous electrophysiological and/or pharmacological maragohs, it is often
difficult to get a proper penetration of immunocytemicalreagents into the entire
depth of tissue. We have successfualsercome this problem by using very long
incubation steps in immunocytochemical procedumss lay adding the membrane
permeabilizing detergent Triton X100 to incubatioaffers. Alternatively, one can
cut microtome sections of the original sliathough with this approach it is generally
more difficult to correlate the histological data with previously fpened experi-
ments. We have been able to obtain good immunolegtacallabeling of paraffin
embedded acute slices, but not of organotgpitures. The latter, in fact, become
distorted during the embed- ding procedure andharg difficult to be sectioned along
specificspatial planedrrespectively of the procedure employed, directroscopic
observation of mitotic cells is clearly insufficientfor a correct
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estimation of the proliferating index (percentagke diwviding cells) due to the
(relatively) short duration of the M phase of taHl cycle and asynchronies of mitoses.
Therefore, the methods routinely in use rely on pwssibility of: i. Labeling
proliferating cells during the Bhase of their cycle by incorporation of exogenypusl
administered nucleotide analogues into the newhth®sized DNA when slicegre
kept alive (see above); ii. Directly visualizing Bitu certainmolecules that are
expressed during different phases of the cell cynte the cell is committed to division,
and are therefore regarded as specific markersligbrodiferation (Table 3. Among
the former, methods based on the use of nucleatidglogues such as 5-
bromodeoxyuridine (BrdU) or 5-iododeoxruridine (IdU) that are specifically
incorporated into the DNA amslibsequently visualized by immunocytochemistry are
highly specific and allow for a precise identification oé ghroliferatingcells and a
correct estimation of the proliferating index. Noadioactive BrdU labeling is now
generally employed as thechnique of choice because of its simplicity aack|of
safety restrictions linked to the handling of radioactiveaterial Miller and
Novakowski, 1988; Del Rio and Soriano, 1989; Sariah al.,1991, 1993 Several
anti-BrdU monoclonal antibodies are now commergialailable that can be
successfully employed to labeloliferating cells in situ. In addition, some athe
antibodies thatallow for the specific detection of BrdU or IdU havumseen
successfully employed in vivo for time window expeents Belecky-Adams et al.,
1996; Bravo and Macdonald-Bravo, 1987; Kondo andkida 1996; Lossi et al.,
2002b; Miller et al., 1991; Miller and NovakowskQ88; Sato et al., 1995; Yanik et
al., 1993. Application of BrdU labeling has been mainly diesttto organotypic
cultures, but very likely, similar experiments cha carried out on acute slices,
although there are few examples of ttyige of application. Similarly, time window
labeling with twodifferent DNA probes can also be used in slices. idteresting
feature of BrdU/IdU labeling is that once thmarker has been incorporated into the
parent cell DNA, it is therequally divided between the two daughter cells.
Therefore, thdabel can be traced over several cell generatamcsyrding to theell
cycle kinetic parameters and the duration of thpeearment (usually referred to as
days in vitro = DIV). By calculating the timmecessary for the halving of the tracers
into the newly generated

Table 2
Markers of cell proliferatio®

PCNA/Cyclin (mAb PC10) 36 kDa polypeptide whichsaes an auxiliary protein of DNA polymera@end is
expressed at thteansition of the phases /S of the cell cycle

Ki-67 nuclear antigen Nonhistone protein containing 10 ProGluSerThr (PE®®tifs which are associated with high

(MAbs Ki-67, KiS5, and turnover proteins and which plays a pivotal role in mainitain cell proliferation. It is

mib-1) expressed in the ;GS, Gand M phases of the cell cycle, but not in G
Phosphorylated histone H3 Histone protein specifieatpressed during the,@nd M phases of the cell cycle
Phosphorylated histone H2AX Histone protein exprdda DNA repair of double strand breaks, and & @& and M phases of the
cell cycleDNA polymerasea Key enzyme in DNA synthesis whose levels of agtigtadually decrease during development
Topoisomerase 8 (MAb KiS4) DNA-modifying enzyme. Th@&isozyme has a role in cell proliferation, and ipmessed in the S, &nd M
phases
Repp-86 (MAb KiS2) Proliferation-specific protein8@) expressed exclusively in the S, G2, and M phadethe cell cycle.

Telomerase Cellular reverse transcriptase thashelprovide genomic stability by maintaining the



integrity ofthe chromosome ends, the telomeres
Casein-kinase& Growth-related serine/threonine protein kinase
Transferrin receptor Glycoprotein participatingrimnsferrin uptake
Statin Nuclear protein specifically expressed in quies€eancycling) G phase cells

Argyrophilic nucleolar Proteins that accumulate in highly proliferatindlsseExpression is low for Gphase and high for S;G
organizer region phase
proteins (AgNORS)

a Modified fromLossi et al. (2002a)-see reference for further details.

cells it is thus possible to obtain reliable infaton on the length of the different

phases of the cell cycle (see for exantjussi et al.2002b; Contestabile et al., 2008
Immunocytochemical methods relying on the visudiliwa of specific markers can be
obviously employed as an alternative or in additiorBrdU/IdU immunolabeling after
slice fixation. Anumber of molecules associated to different phadeke cellcycle
have been characterized so far, and, in most iossaspecific antibodies have been
raised against them, allowing for situ detection. Other molecules, which have alsc
been proposed as cell proliferation markers, areenmwadirectly linked to cell cycle
events and, in general terms, only offer a rougimase of certain metabolic activities
which may be increased during cell replication eatthan on cell division itself (see
Table 3.

1.2.3. Methods for the study of cell death in live slices

Studies of cell death in live cells are usuallyriear out withfluorescent probes. Most
of these were originally developed fibow cytometry or use in vitro on isolated cell
preparations. Unddghese conditions, there are no problems of dyetpsian through
cellular membranes, and background staining isllyosbsent or irrelevant. When
applied to slice preparations, the thickness of alcate slice/organotypic culture
becomes a limiting factor to thmractical use of most of these stains, not onlyabee

it is possiblethat penetration is poor, but also because of backgl stainingFor
example, in organotypic cerebellar slices we haxfgegenced some difficulties in
proper labeling of dead cell with ethidiumomodimer-2 (EthD-2) due to high
background fluorescence. Therefore, the use marthesfe probes in slice imaging
still remains subjected to verification and needs to e dxploited.

1.2.3.1. Fluorescent nuclear stains.

Several fluorescent nuclear stains have been promsséools for the identification of
dead cells in the fluorescence/confocal microscepeT(able 3. Basically, these dyes
bind to DNA and can be divided into twoain categories according to their capacity
to penetrate (permeadyes) or not (impermeant dyes) the intact plasmeanionane of
living cells. Since, if compared to healthy neuronsjured nerve cells have
compromised membrane integrity, allowing otherwisgembrane-impermeable
molecules to pass through, impermealyes have been widely employed to the
purpose of detecting dead cells in alive prepanatio

Impermeant stains. The cell impermeant stain propidodide (Pl) is by far the most
commonly employed fluorescent dyeslice studiesKig. 3A and B). Together with
the less frequently used ethidium bromide (EtBthicdum homodimer-1 (EthD-1)
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and EthD-2, these probes can be used to detestatdlte stages tihe death process
(D’Agostino et al., 2007; Mironova et al., 2007; Sheda al., 1997. Ethidium dyes can
be excited with mercury- or xenon-arc lamps or \lith argon-ion laser, making them
suitable for fluorescence and confocal laser-scgnmiitroscopy. Pl an&thD-2 are
taken up by damaged cells and intercalated into DNpon DNA binding they
become intensely fluorescent and can be easily dfjednusing image analysis
software. In our experiencat is also possible to employ the same -culture
preparation forrepeated stainings at different intervals of tinted asubsequent
guantitative analysislhe family of SYTOX dyes is made by cell-impermeeydinine
dyes that are particularly good dead-cell staingT@GX Green isvirtually non-
fluorescent when free in solution but becorbaghtly fluorescent when binding to
nucleic acids with excitation and emission peakslar to fluorescein. SYTOX Blue
can be excited by a mercury lamp, but, unlike mialoge-fluorescent dyes, is also
efficiently excited by tungsten—halogen lamps anteiosources that have relatively
poor emission in the UV portion of thgpectrum. SYTOX Orange has shorter-
wavelength emission, as compared with PI, and nt lsea more efficiently excited
by conventional rhodamine filter sets. In addition, X Orange has a far greater
fluorescence enhancement upon binding DNA tharsdjgesting that it may have a
higher sensitivity as a dead-cell staiAlthough SYTOX stains have only been
employed sporadicallio stain dead neurons in slicddniemiya et al., 1993; Umihira
et al., 2002, they are of potential interest for further apations.We have successfully
employed SYTOX Green to stain dead cells darebellar slices prior to fixation.

Noteworthy fluorescence wastained in fixed material. The Zh indicators Newport
Green (NG), Fluozin-3 and Zinpyrare non-toxic and impermeable to the membrane o
healthy cellsThese indicators have been successfully used & &optotic cells in

a fashion similar to PIStork and Li, 2006

Permeant stains. Hoechst 33342 (bisbenzimide) is&\Bnselective, double strand
DNA-selective cell permeant dye belongg to the Hoechst family, which is widely
employed in cycle

Table 3
Fluorescent nuclear stains for dead cells.
Stain Type of Membrane Suppliers Notes
fluorescence permeability
Pl Red | NA We have compared labeling efficiency of Pl (see &igo 3A
and B) and EthD-2 or Dead R&din LIVE/DEAD Reduced
EthD-1 Red I NA Biohazard
EthD-2 Red I NA Cell Viability Kit #1 (Invitrogen) in organotypicuitures,
EtBr Red I NA and found considerably lower efficiency for EthD-240 Red",
Newport Green SEEw | Invitrogen, USA associated with stronger background staining
All these Z#" indicators display both nuclear and cytosolic
Fluozin-3 Green | Invitrogen, USA fluorescence
Zinpyr-4 Green | Neurobiotex, USA United States

Biological, USA
Invitrogen, USA
Invitrogen, USA
Invitrogen, USA
NA

SYTOXBIlue Blue
SYTOX Green Green
SYTOX Orange Red/Orange
Hoechst 33342 Blue

Does not require UV excitation

P
Acridine orange Green/Orange-Red P NA Higher sensitivity (?)
YO-PRO-1 Green p Invitrogen, USA Can be excited by most common light sources, igoraion laser
SYTO 13 Green p Invitrogen, USA Fluorescence shift in dead cells
SYTO 16 Green P Invitrogen, USA Nuclear stain for early apoptotic cells
SYTO 17 Red P Invitrogen, USA
S

DAPI NA




Abbreviations: | = impermeant; NA = not applicabheeans that reagent can be easily obtained
from different sources; P = permeant; S = semiparrhe
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Fig. 3. Cell death in post-natal murine cerebedlares cultivated in vitro under static conditions;

A: Pl staining of dead cells at 4 DIV. An area o226 mn? is shown in themicrograph with 12
labeled nuclei. The extent of cell death variessierably among different slices and PI stained
nuclei are unevenly distributed in individual sBceTherefore accurate quantification and
statistical analysis are mandatory to obtain ceaestdata from different sets of experiments. B =
quantitative analysis of the coursecadl death in slices after Pl staining. Note thegre is a peak
of death immediately after explantation followed &ystabilization from 4 DIV onward. Each
square representssangle experiment (one culture dish containing 3hdes). The number of
dead cells has been calculated after automatedingusf all Pl stained nuclei in slices using the
Imaged NIH software. C and D: Apoptotic CGCs (ap)organotypic slices display the same
characteristic ultrastructural features observedivo, i.e. a highly electrondenswmicleus with a
pyknotic-like appearance as a consequence of chimengcandensation. Cytoplasm alterations
become more evident as apoptosis proceeds totlge $D).Abbreviations: DIV, days in vitro;
EGL, external granular layer; IGL, internal gramuiayer; PI, propidium iodide. Bars: A = 50n; C
and D = 1um.

studies. It shows an intense fluorescence when boutitecondensed chromatin in
apoptotic cells. The rate of uptake in dyicgjls is correlated with low intracellular
pH, and permeability ahis probe theoretically allows for the stainingcefls at very
early stages of the apoptotic program, when plasma marabrare stilintact Oikkes
et al., 2007; Hurtado et al., 2002; Kaul et alQ2ZXKress and Reynolds, 2005
Acridine orange is another permeant probe whichbeen employed to distinguish
live neurons from those undergoing apoptosis, bywhgusts property to shift
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fluorescence from green, mabrmal pH, toward brilliant orange-red, in the pss
of acidification. Further application of EtBr allowsrfdetection ofmecrotic nuclei.
An algorithm of automatic quantification based omag®a analysis was also developed
for use with these two stainMifonova et al., 200/ YO-PRO-1 iodide is a nucleic
acid stain that crosses the plasma membranes pfamocells brightly staining dying
cells with a green fluorescence. YO-PRO-1 stainrerapoptotic cells at a stage when
other dyes such as PI are still excludédnnell et al., 2006; Idziorek et al., 1995
SYTO dyes form a large family of cell permeant aparprobeswith somewhat lower-
affinity for nucleic acids, which passivetiffuse through the membranes of most
cells. These UV- or visibleght-excitable dyes can be used to stain RNA ahADn
both live and dead cells. SYTO 13 was used in conjunctiorh vidt to study
glutamante-induced apoptosis in cerebellar gracells (Ankar-crona et al., 1995
4’-6-diamino-2-phenylindole (DAPI) associates wille minor groove of dsDNA. It
shows a blue fluorescence that can be exeiidda mercury lamp or the UV lines of
the argon-ion laser. Bindingf DAPI to dsDNA produces an intense enhancement of
fluores- cence. Therefore, DAPI is often used asreegc nuclear countestain that
allows easy identification of the highly condensadlai of apoptotic cells.

1.2.3.2. Fluorescent cytoplasm, mitochondrial and ambrane stains As for the
nuclear stains, many of these dyes of potenti@rastfor the study of cell death in
tissue slices were originally developkmt use in flow cytometric analysis. Basically,
the stains of thigroup can be used to visualize apoptotic cellsabyng advantagef
certain metabolic alterations which (more or legecHically) take place during PCD.
Cytoplasm stains. Reduction of the intracellulargdtén occurs as an early event in
apoptosis and may precede DNrPagmentation. The fluorescent carboxy dye
SNARF-1 is a dual pH emission indicator which shffom deep red (about 640 nm)
in basic conditions to yellow-orange (about 580 nmjer acidic pHlts cell permeant
acetoxymethyl (AM) esther can be added diretdlyhe incubation medium, and the
dye becomes trapped inside ttedls after hydrolyzation of the esther groups with
the cytosol.Shifting of the emission spectrum of SNARF-1 allofes monitoring
changes in the intracellular pH that occur in apsist Meisenholder et al., 1996
Increased oxidative activity is another early eveantPCD. Numerous dihydro,
colorless, non-fluorescent leuco-dye deriva- tiveS8umrescein and rhodamine are
readily oxidized back to thdluorescent parent dye and can thus be used as
fluorogenic probes for detecting apoptofiarzynkiewicz et al., 1994; France-Lanord
et al., 1997; Hines and Allen-Hoffmann, 1996

Mitochondrial stains. A number of fluorescent stamwen be employed to monitor
apoptosis by taking advantage of thieruption of mitochondrial homeostasis that occurs

as adistinctive feature of the early phases of PCD.1J(,5 ,6,6 - tetrachloro-1,1

,3,3 -tetraethylbenzimidazolylcarbocianineiodide) and JC-9 (3,3dimethyl-a-
naphtoxacarbocyanine iodidaje two mitochondrial fluorescent dyes that shibinfra
green to aed fluorescent product as the mitochondrial mendg@otential increases
in relation to apoptosis. JC-1 has been employaemh&byze mitochondrial changes
in hippocampal neuronsH@lts- berg et al., 1998 The fluorescent probes Mito
Tracker Red CMXRos or Mitolracker Green FM can be used to monitor
apoptosis-induced mitochondrial membrane depoldoiza(Banki et al., 1996;
Fernandez et al., 1995Remarkably, Mito Tracker Red CMXRasirvives aldehyde
fixatives.Calcein AM is converted into calcein after enterthg cell anddisplays a
green fluorescence. Upon opening of the mitochohdoermeability transition
18



pore (MTP) the dye enters the mitochon- drial matéiven that MTP is involved in
apoptosis, the uptake atlcein through the MTP can be used to study neldiron
death (Gillessen et al., 2002 Other mitochondrial stains of interest are rhoohee
123 (Liu et al., 200}, and a number of carbocyanine dyes with shogtl @likains.

Plasma membrane stains. Annexin V is a 35.8 kD&eprahat possesses a strong
anticoagulant activity and belongs to a family afotpins with high calcium-
dependent affinity foaminophospholipids, among which phosphatidylsel(iR& -
Dachary-Prigent et al., 1993The latter is a major componentmsma membranes
and is usually almost completely segregateth&écytoplasmic face of the membrane.
Early on in apoptosis, PS externalized as a means of recognition and uptdke o
apoptotic cells by phagocytefadok et al., 1992 Translocation omembrane PS,
which occurs in apoptotic celléachary-Prigenet al., 1993 can be visualized in
living cells by using the dyenerocyanine 450 that undergoes a strong increase ir
fluorescenceconcurrently with the loss of cell membrane asymnyné¢hat follows

PS displacement. In addition, fluorochrome-Annexincdhjugates (Annexin V-
fluorescein [FITC], Annexin V-Cy3, andlnnexin V-Alexa Fluor 488) can be used for
the visualization of thecomplexes between Annexin V and PS in apoptotiaareu
(Zhanget al., 1998 We have experimented, albeit with limited suesctse use of the
Vybrant apoptosis Assay Kit #1 (Invitrogen, USA)stain organotypic cerebellar slices.
The kit employs a combination of SITOX Green anché&xin V-Alexa Fluor 488 to
stain necroticand apoptotic cells. Annexin V-Alexa Fluor 488 Iwbg could be
observed under the fluorescence/confocal microséopea verylimited amount of
time (less than half an hour) and did not survixation.

1.2.3.3.Biochemical assays.

Numerous means are availableassess cell death from a biochemical standpoint.
Their discussions beyond the purpose of this review that, as maetl, mainly
aims to analyze the histological applications afestechniques fothe study of cell
death. We will only briefly mention below a fgmpular biochemical methods that
have been used in support. Measurement of lactetgddogenase (LDH) activity
in culture medium has been commonly used to quacdifi death in primary cultures
(Koh and Choi, 1987and organotypic sliceBfuce et al.,1995; Noraberg et al.,
1999. The tetrazolium dye 3-(4,5-dimethlythiazol-2-ylBajiphe- nyltetrazolium
bromide (MTT) is metabolically converted from alg&l soluble dye to insoluble
purple precipitates within thenitochondria of live cells. Therefore, quantitative
analysis of MTTconversion is also suitable for assessment of waability in
organotypic slicesGonnelly et al., 2000; Eve et al., 2007

1.2.4. Methods for the study of cell death in fixed slices

1.2.4.1. Light microscopy.

Fluorescent tracers. Fluoro-Jade is an interessipecific and selective tool to
identify degenerating neurons undergoing degemeratin fixed preparations
(Schmued et al., 1997 A peculiarity of this type of stain is that Fluoradéanot
only labelsneuronal cell bodies, but also dendrite and axacgsses. Fluoralade
has recently been used for detection of dead dellBippocampal organotypic
cultures after endoplasmic reticulggn strdsscOur et al., 2007



Immunocytochemistry. The number of molecular maskef apoptosis that can be
immunocytochemically detected in tissue samplesskpsnentially grown in the past
years, and reviewinthis matter is outside the scope of the presecudson.Table 4
simply gives an overview of the most widely empldyseeagents together with
critical notes about specificity for apoptotic cellkhe table does not take into
consideration the Bcl-2 familymembers given the complexity and, at times,
counteracting actions of these proteins in nerdescevival (seeLossi and Merighi,
2003.

Molecular biology. DNA fragmentation in small sibbgomers is a biochemical
hallmark of apoptosis. Nucleosom&8INA ‘“ladders” can be appreciated after
electrophoretic separation of DNA in agarose getsaxre a consequence of the action
of DNA nucleases on the chromatin, to produce doubledgt#chiDNAfragments
with a size reflecting oligomers of the nucleoson(@g/llie et al., 19834 An
important advance in the detection of dying cefissitu by light and fluorescence
microscopy was the development of a seakemolecular biology protocols which can
be generally referred tas in situ end-labeling (ISEL) techniques. Thesshngues
were originally developed for studies in preparationbeotthan slicesand, with the
exception of the TUNEL procedure (see below) theye only rarely been used in
thick tissue slices. Each of the ISEechniques utilizes a different DNA modifying
enzyme to attaclabeled nucleotides to the free ends of fragmemé@bA. In fact,
cleavage of the DNA during the apoptotic procesy tyiald double-stranded mono-
and/or oligonucleosomes of low moleculaeight, as well as “nicks” (single strand
breaks) in high moleculaweight DNA. These DNA strand breaks can be detebied

enzymatic labeling of the freeO30H termini with modifiednucleotides, usually
dUTP linked to a fluorochrome, biotin, digoxigenin (DIG). The ISEL techniques
include the in situ nick translation witbNA polymerase 1Gold et al., 1993; Jin et al.,
1999 or unmodifyedl' 7 polymeraseWood et al., 1993 the end labeling with terminal

Table 4
Main molecular markers of apoptosis in use for imonytochemical stain

Molecular marker Example references Suppliers Notes

Cleaved-Caspase 1 Arai et al., 2006; Taylor et al., 1997; Zhang Cell Signaling Technology, USA Involvement in neuronal apoptosis is still undebate

et al., 2003a Santa Cruz Biotechnology, USA
Cleaved-Caspase De la Rosa and De Pablo, 2000; Friedlander Abcam, UK Caspase-3 (CPP-32, Apoptain, Yama, SCA-1) isiaakit
3, and 9 and Yuan, 1998; Kuida, 2000; Lindholm Cell Signaling Technology, USA executioner of apoptosis, as it is either partialiytotally
and Arumae, 2004; Springer et al., 2001 Santa Cruz Biotechnology, USA responsible for the proteolytic cleavage of many ke

proteins such as the nuclear protein PARP-1. Atitima

of caspase-3 requires proteolytic processing dafidstive
zymogden into activated p17 and p12 fragments
Caspase-9 (ICE-LAP6, Mch6) is an important memli¢he
caspase family. Upon apoptotic stimulation, cytoome c
released from mitochondria associates with the @& k
procaspase-9/Apaf 1. This complex processes prasas®
into a large active fragment (35 kDa or 17 kDa) amsimall
fragment (10 kDa). Cleaved caspase-9 further pesses
other caspase members, including caspase-3 andseagp
to initiate a caspase cascade, which leads to agispt
Immunostaining with antibodies raised against tleaed
fragments of these two caspases detects apopsitic c
with very high specificity
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Cleaved-Caspases Allsopp et al.,, 2000; Guo et al., 2006; Abcam, UK
6, 7, 8, and 12 Hartmann et al., 2001; Horowitz et al., 2004 BD Pharmingen, USA injury
lvins et al., 1999; Jin et al., 2001; LeBlanc Cell Signaling Technology, USA
et al., 1999; Nakagawa et al., 2000; Neekhr
et al., 2007; Russo et al., 2004; Sharma anc
Rohrer, 2004; Siniscalco et al., 2008; Velier
et al., 1999; Wootz et al., 2004; Zhang et al

Data are mainly referred to neurodegeneration and/o

Cleaved PARP-1

IAPs Smac/Diablo

2000, 2003b, 2006; Zhao et al., 2008a

Koh et al., 2005; Lossi et al., 2004a

Lotocki et al., 2003; Perrelet et al., 2004;
Siegelin et al., 2005

Cell Signaling Technology,

Cell Signaling Technology,
Novus Biologicals, USA
R&D Systems, USA

USA

USA

PARP-1, a 116 kDa nuclear poly (ADP-ribose) polyasey; is
involved in DNA repair in response to environmersgmess.
Cleavage of PARP-1 facilitates cellular disassem®Blgaved
PARP-1 immunostaining is a reliable marker of cells
undergoing apoptosis

Smac/Diablo is a 21 kDa mammalian mitochondriatgiro
that functions as a regulatory component duringpagsis
Upon mitochondrial stress, Smac/Diablo is rele&ssd
mitochondria and competes with caspases for binofing
IAPs (inhibitor of apoptosis proteins)

FADD Fuchs et al., 2005; Kim and Park, 2005; Cell Signaling Technology, USA FADD (Mort 1) functions as an important adaptor in
Wu et al., 2005 Stressgen, Canada coupling death signaling from membrane receptors
Santa Cruz Biotechnology, USA to caspase 8
aFodrin Emgard et al., 2003; Rohn et al., 2001; Cell Signaling Technology, USA Data are mainly referred to neurodegeneration and/o
Springer et al., 1999 injury
AIF Plesnila et al., 2004; Sanders and Parker, Cell Signaling Technology, USA AIF is an ubiquitously expressed flavoprotein tHayp a
2002; Zhang et al., 2002 critical role in caspase-independent apoptosis.ié\IF
normally localized to the mitochondrial intermenea
space and released in response to apoptotic stimuli
c-Myc Ferrer et al., 2001; Rong et al., 2003; Santa Cruz Biotechnology, USA The proto-oncogene c-myc encodes the transcrifsaiior
Ueno et al., 2006 c-Myc, which is of great importance in controllicell
growth and vitality. Reduction of c-myc expressaon its
inappropriate expression can be associated withiael
apoptosis
Daxx Junn et al., 2005; Raoul et al., 2005; Cell Signaling Technology, USA Loss of Daxx in mice leads to embryonic lethalitiyhwv

Shinoda et al., 2003

extensive developmental apoptosis, suggestingegaool
Daxx directly or indirectly in suppressing cell dea

deoxynucleotidyl transferase (TdT&vrieli et al.,, 1992; Golet al.,, 1993 and the ligation of DIG-labeled double
stranded DNAragments with T4 DNA ligas&(denko and Hornsby, 1996; Losgial., 19938

1.2.4.2. Ultrastructural analysis.
stereotypical ultrastructural changes in cell motphy and thus, at least in theory,
tool for an unequivocal
identification of apoptotic cellsF{g. 3 and C). Changes in cell ultrastructure
during apoptosiaffect both nuclear and cytoplasm morphology. Narckhanges

blebbing of

electron microscopy (EM)

include chromatin

fragmentation of the nucleus
Cytoplasmic changes consist of condensation amgphfeatation of the cell body
into membrane-bound vesicleghich contain ribosomes, morphologically intact
mitochondria and nuclear material. It should bessted that all these changes
take place at rather late stages of the apoptotigram and thaapoptotic cells
are rapidly cleared from tissue by phagocytess¢i and Merighi, 2008 This
explains why ultrastructural analysis is often ffistent for the detection of
apoptosis in tissue sections unless a very largellpbon of cells is undergoing
PCD. Therefore, although electron microscopy is likdlg thost specifitool for
the identification of apoptotic cells in situ, itflars severapitfalls mainly related

to its dramatically low degree of sensitivign additional problem, when using
slice preparations, is th@eservation of proper ultrastructure for EM anislys
We havebeen able to properly process organotypic cerabsliaes to this
purpose Fig. 3C and D), but not acute slices.

Apoptosis

condensation,
into highly electrameke apoptotic bodies.

representthe ideal
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2. Study of cell proliferation and death in acute slies

In acute slice preparations of most brain regionsuronal functions are
preserved for few hours only. Since the effectgrofwvth factors or neurotoxic
agents are often manifested beyond this time saal#e slices have only
occasionally been employed for studies on cellifgm@tion and death, although
attempts havdbeen made to develop alternative protocols allowtimg slices

obtained from newborn rodents to stay alive forleatst 24 hMetzger et al.,

2005. The literature specifically related to analysis @blferation/ death in

acute slices is discussed below.

2.1. Neurogenesis and NOND

Despite short viability of acute slices, BrdU lahgl and electrophysiology
experiments demonstrated that adult (P60-7)pddampal neurogenesis (see
also Sectior8.2.]) is main- tained $nyder et al., 20Q1 and recent observations
havesuggested a critical role of fibroblast growth faateceptor 1 (FGFR1) in
the generation of neuronal progenitors in the dermgsirus (DG) Ehao et al.,
2007). A direct analysis of NOND in acute slices has bgmrformed only
occasionally. Very initial studies on slice prepsmas of therat medulla oblongata
and pons maintained for 5 h in vitdemonstrated a significant occurrence of
apoptotic cells, likely as eonsequence of the cutting procedurinfichsen, 198p
Apop-tosis has been observed also in acute spinal doebs btainedafter partial
nerve injury Moore et al., 2002 More recentlycaspase-3 activity was studied in
rat hippocampal slices, in parallelith the electrophysiological characteristics of
extracellularresponses to paired-pulse stimulation of SchaffeoBaterals inthe
CAl subfield Kudriashova et al., 2008 Maximal caspase-&ctivity was observed
in slices with low responsiveness to single affesgimulation, a fact indicative of
decreased efficacy dfynaptic interactions. This phenomenon was unmlate
depres-sion of neuronal excitability, since paired-puldenslation increased the
synaptic efficacy in response to a second stimdihuss restoring population spike
amplitudes to normal values. Moreover, in “damdgestices with impaired spike
generationcaspase-3 activity was close to the normal leveh se “healthy” slices.
Authors have interpreted these data as suggediate high caspase-3 activity in
hippocampal slices is involved in maitenance of synaptic plasticity but not
necessarily related tpoptosis.

2.2. Experimental cell death

In the rat cerebellar slice preparation, exposoréypoxiaelicited by a 30 min
exposure to ACSF continuously gassed wab% Np: 5% CCO induced a
characteristic type of toxicity of PNesembling an equally characteristic type of
excitotoxic-mediated “dark cell degeneration” Barenberg et al.,, 2001
Morphologically,PNs exhibited a marked rounded appearance withplagmic
darkening, nuclear condensation and cytoplasmic ualas. Using gel
electrophoresis, genomic DNA obtained from sliggsesared tdoe fragmented into
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small size oligomers. However, PNs failedetchibit apoptotic bodies, evidence
of phagocytosis, spherical- or crescent-shapedwahitia aggregations, or TUNEL-
positive stain-ing. Conversely, ultrastructural analyses of theelgellar granule
cells (CGCs), revealed the presence of apoptotdieBoand discrete spherical
collections of chromatin clumping as well as phagdosis, suggesting that the
oligonucleosomal-sized DNA fragments were primardyerived from these
neurons.

3. Study of cell proliferation and death in organotyptc slices

The literature specifically related to analysis efuronal proliferation/death in
organotypic slices is discussed below, wghrticular emphasis on cerebral
cortex, hippocampus, cerebelluamd retina. Other CNS areas and glia will also be
mentioned briefly.

3.1. Cerebral cortex

3.1.1. Neurogenesis and NOND
Development of the cerebral cortex starts with tenerationof post-mitotic
neurons from proliferating neuroblasts in thentricular zone (VZ). To this, a
migratory phase follows thaventually leads to the shaping and differentiatbdn
the maturdayered cortex. Apoptosis also occurs during thi#reeprocess, anthe
balance of proliferation and death ultimately deiees notonly the fate of
individual cells, but also and more importantlye thiring of cortical circuitry (see
Caviness et al., 1995; Caviness ahmkahashi, 1995; Rakic, 1995; Rakic and
Caviness, 1995 Our knowledge of cell death, cell cycle kinetiasd migration of
post- mitotic cells from the VZ in organotypic slice awlés undernormal
conditions is quite extensive, since cultures ol@di fromE14 embryos maintain
the morphology of the different zones of theocortical wall (seeHaydar et al.,
1999a,b; Martinez-Cerdeni o et al., 2DQ6 addition, by using Dil-labeled slices it
was possibléo study the assembly of the radial glia in pafabethe division ofthe
parent cells Mliyata et al., 200l Analysis of cell death with the TUNEL
method has demon- strated that there is very ptitbggrammed cell death (about
5%) in the VZ up to 3 DIV, whereas it appears that duration of the cellycle
almost doubles as compared to the in vivo situatiBy calculating the
clearance rate of apoptotic cells in cultures, aswoncluded that cells die as a
result of the injury during thpreparation of the slicé-({g. 1A) and that, similarly
to in vivo, therels a very low level of further cell death in theltaung phase
(Haydar et al., 1999a; Takahashi et al., )989keeping with thesebservations,
it has been very recently shown that a networlsysfchronized spontaneous
bursts is maintained in slices. Thebarsts activate ionotropic glutamate
receptors and thereby promote neuronal survitatk et al., 2008
Finally, it is of interest that human cortical tissslices obtained by autopsy have
been shown to survive well in vitro up to 78 DiNereby permitting a series of
experimental manipulations to be performed, inagigdiell transfection\(erwer
et al., 2002
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3.1.2. Experimental cell death

3.1.2.1. Excitatory amino acid neurotoxicity. Cortical slices have been extensively
employed for the study of excitatory amino ac&lrotoxicity. Effects of n-methyl-
D-aspartate (NMDA), kainate, anda-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid hydrateAMPA) on neuronal death have been characterizethdy
use of PIFluoro-Jade, and measurement of LDH activity, assiiits showed good
correlation between different markers, and with tbbservations in vivo
(Hasegawa et al., 1998; Yoshikawa et E398; Zimmer et al., 2000In cultures it
was also possible to study the modulation exfcitotoxicity. After different
types ofpharmacological manipulations, it was demonstraked severadrugs
are capable of inducing death by activation of NMBMPA receptors and/or
their subunits Jakano-Okuda et al., 2006hirakawa et al., 2005, 2006; Wang
et al.,, 200h For examplethe ability of tetraethylammonium to enhance
ischemic neuronaldeath suggests that BK(Ca) channels constitute an
endogenous system to protect cortical neurons fsmmemic injury, leading to
prevention of NMDA receptor over-activatiokgtsuki et al., 2006 Additionally,

it was shown that tumor necrosis factor (TNF) a agldtamate can act
synergistically to induce neuronal cell death. tbese bases, it was speculated
that the TNF a potentiation gfutamate neurotoxicity (through the blockade
of glutamatetransporter activity) may represent an importantcimaism of
neurodegeneration associated with neuroinflammation. general terms, the
neurotoxicity through glutamate-NMDA receptors (idative stress—see below)
appears to be dependent upon CRE8u and Crews, 2005%nd NF-kappaB DNA
transcription Zou andCrews, 2005 Excitatory amino acid neurotoxicity mainly
induces apoptosis, although necrosis was also observedyrding to different
experimental paradigms. Focal swellings (varices)ti along dendrites are
considered to be a hallmark of acute excitotaacironal injury. NMDA-induced
necrotic neuronal death in slipeeparations was largely suppressed by a blocker
of the volume-sensitive outwardly rectifying (VSOR) Cl-channeB®R Cl-channels
exert dual, reciprocal actions on neuronal exciiotty by servingas major anionic
pathways both for varicosity recovery aft@ashout of an excitotoxic stimulant,
and for persistent varicosifyprmation under prolonged excitotoxic insults lesi
to necrosis ircortical neuronsifioue and Okada, 207

a.1.2.2.Ischemia. Organotypic cortical cultures have been widelgployed to study
the consequences of ischemia-induced injdoring perinatal development by
oxygen and glucose deprivatid®@GD). It was demonstrated that OGD induces
apoptosis and profound dysfunction in subplate neurons and |ayepyramidal
cortical neurons, and that NMDA receptors play aical role inearly ischemia-
induced neuronal damagdallgprecht et al., 2006 Other studies shed some light on
the molecular pathways that aestivated during the apoptotic process. These
studies showed th&ad phosphorylation plays a prominent role in th&vation of

the survival factor Akt with subsequent reduction oftaghrome c-mediated
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apoptosis [irai et al., 200 Exposure of cortical slices to 40%, instead @¥02 Op
(the usual concentration that is reache8% CCp incubators) significantly improved
the overall thickening oslices, cell production, layer formation. It alsocoyded
betterspatial resolution by preventing the loss of tramspcy thataccompanies cell
death Miyata et al., 200R These effects have been explained by postulating
release from the VZ of protectivactors against OGDOavaliere et al., 20061t was
also hypothesizethat the SVZ neuroblasts respond to 40%v@th a more intense
dynamic migratory and proliferative behavioZh@ng et al., 2007 Although
excitotoxicity and OGD may share some of the catlihechanisms eventually
leading to death, there are clearly some differenicethe pathways that are
activated under these twdifferent experimental conditions. For example,
cytotoxicity of NMDA on rat cerebrocortical slice cultures was patgted by
addition of glycine or d-serine. In contrast, apgx induced byYDGD was not
affected by exogenous glycine or d-serine, althdoighkade of NMDA receptors
by MK-801 abolished cell deatiKatsuki et al., 2007

3.2. Hippocampus

3.2.1. Main histological features

The hippocampus is by far the best characterizedh af thebrain in slice
cultures since it has been subjected to extemsiMédisciplinary investigations
(seeTable 1. Readers are thueferred to existing reviews specifically dealing
with this issue (e.gGahwiler et al., 1997; Holopainen, 200Since we will only
briefly mention here some fundamental concepts which valp lputthings in
the right perspective to understand the usefuloedsstype of preparation in the
histological analysis of neuronal celleath and proliferation. Typical
hippocampal slice cultures are obtained from R8dEnts, but older rats (P30)
have also been employed. Cultures banmaintained in vitro for several weeks,
during which thedevelopmental maturation continues ex vivo, inapar with
characteristic morphological rearrangement. Durthg prepara-tion afferent
fibers are cut and, thereafter, degenerktg. (1B). Although one might expect
that synaptic rearrangements atsmcur under this condition, few such changes
have been observedll neuronal types (the granule cells, the pyrarhitaurons
andthe interneurons) that exist in vivo are well preged in cultures and, broadly
speaking, maintain their morphology. Thus, mimitig the in vivo situation, the
mossy fibers, i.e. the DG granule aetbns, are never seen to cross the CA3—CAl
border Zimmer andGahwiler, 1983 Similarly, CA1 pyramidal cells make few
contacts with other CAl1l or CA3 pyramidal cellSahwiler, 1983 Some
differences have however been reported as regattetdendritic arborization of
the granule cells that is significantly reducedvitno, likely as a consequence
of the deafferentation. Anothsignificant difference is the collateral sproutirig o
the mossy fibers which progressively increasesemtblecular layers of the DG.
The degree of sprouting depends on the positiongalbhe septohippocampal
axis from which individual slices have been obtdinand is considerably
reduced in hippocampal-entorhinal cortex co-cufiurBeorganization of the
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processes of the granule cells is likely at thasbatthe progressive increase of
their excitatory activity as cultures become older. Samithanges haveeen
observed after lesion and excitotoxic neuronal dpam@ vivo. Immediately
after explantation, the density of synaptic corstal#creases, but after a few DIV
the development ofsynapses essentially parallels synaptogenesis tum si
Pyramidalcells display normal synaptic transmission andtmig. Branch-ing

of neuronal processes and connections among neumorease with time in
culture, and come very close to the situationvivo. In particular, confocal
microscopic analysis demonstratiht slices cultured for 1, 2, or 3 weeks in
vitro were developmentally equivalent to brain efiaddissected at post-natidy
14, 17 or 21, respectively, in the number of prynaranchesthe total length of
neurons, outgrowth of apical dendrites amine density e Simoni et al.,
2003. The morphological characteristics of oligodendresyare verysimilar to
those in vivo. Conversely, the layer-specific dmttion of astrocytes is lost, and
astrocytes appear not to reach fakhturation. Microglial cells were shown to be
activated followingexplantation, but they progressively return to sting state
after about a week in vitradplopainen, 2006

3.2.2. Neurogenesis and NOND

In the DG cell proliferation and apoptosis occusotighoutlifetime. The
relationship between the two processes is complege for example
Kempermann, 2002; Lehmann et al., 2008 vivo, it was originally assumed
that the number of proliferatingheurons correlates with that of those
undergoing apoptosis nonly during development, but also throughout lifel a
in different experimental conditionsGould et al., 1991; Heine et al., 20p4a
However, it was subsequently shown that the twonesveare, in part,
independent from each othéddine et al., 20049b Obviously, it would be
advantageous to analyze the relationship of thepmwoesses in slice cultures
because one has, for example, plossibility to experimentally manipulate the
system to specificallplock proliferation or apoptosis. However, analysiscell
proliferation and death in hippocampal slices immpticated bythe notion that,
when prepared from P6-7 rats, DG granule cellssilegroliferating whereas the
CA1-CA3 pyramidal neurons and th@erneurons are post-mitotielglopainen,
2005H. Also, neurogen- esis within the DG appears tocuocnormally after
BrdU/NeuNdouble labeling, and newly generated cells prdiked for at least 4
weeks following slice labelingRaineteau et al., 20D4 The occurrence of
normal neurogenesis was confirmed in cultures obthifrom transgenic
animals where it was possible to track the migmagmmthways of neuronal
precursors over a period of 45 dapsgto et al., 2001; Sun et al., 2001

More Cajal-Retzius cells (a population of transipimneer neurons in layer | of
the cortex that play essential roles in corticoge)avere reported to survive than
in vivo, where mosbf these cells undergo cell death during the tpwodt-natal
week el Rio et al., 1996 Apart from this study, little attention has bged up to
now to NOND in hippocampal slices, as the majasitéreports have been focused
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on analysis of cell death induced byamy of experimental insults.

3.2.3. Experimental cell death

An interesting feature to take into consideratidmew critically considering the
results of the numerous types of experiments aimiog clarify the
mechanism(s) of experimental cell death in hippqEalinorganotypic cultures is
the existence of a regiongbecificity in the response of neurons to the indaabf
cell death. Such specificity is indeed observed astnexperimental paraigms,
as will be apparent from the following discussion.

3.2.3.1. Serum deprivation and drugs affecting protein syntlesis andcytoskeleton.
Serum deprivation is one of the most wideigployed paradigms to induce death
of several types of dissociated neurons in primamtures. The inclusion of
serum in culturenedium is thus often found to be necessary for teaance of
neuronal cells, unless specifically formulated cloaiidefined media are
employed. In hippocampal organotypic cultures, sedeprivation induced cell
death within 6 h in DG granule cells and hilar ineurons, whereas neurons from
other hippocampalregions were spared. Cell death was abolished by
cycloheximide,a protein synthesis blocker, and depolarizing cotmagons of
kainate. These data indicate that protein syntfeegiendent PCccurs in the DG
upon trophic support withdrawal, and suggest tteatronal activity contributes to
maintenance of certain hippocapal neurons in sliceRfvera et al., 1998Given
that a proper trophic support is provided, a vsgriet bioactive molecules and
experimental manipulations have been employeddode death in hippocampal
slices. Susceptibility teell death not only appears to be obviously depeinda
the type of inducer employed, but it is also diyicelated to the type afeurons
and the stage of tissue maturation at the timeplaat. For example, after 7 DIV
cultures are subjected to apoptosis upon colchicegeement, whereas at longer
survival time (21 DIV) theybecome resistantK(istensen et al., 2003 Similar
results were obtained with a series of other cygletkin-disrupting drugs anedad

to conclude that DG granules were primarily affdctbut notthe pyramidal
neurons Kim et al., 2002 Endoplasmic reticulum stress is another expeariaie
condition leading to death of hippocampal neurdieironal loss appears &ffect
the various areas of hippocampus (DG > CA1l > CARh Wifferent intensities,
and to be associated with the activatiorcagpase 1XKpsuge et al., 200&nd 3
(Lacour et al., 2007

3.2.3.2. Excitatory amino acid neurotoxicity. Kainate-induced deattakes the form
of a strictly region-specific, irreversible, neccofirocess that affects the CAS3,
but not CA1 neuronsHolopainenet al., 2003 However, other authors have
observed a massivdeath of pyramidal neurons in the CA1 and CA3 negio
exposed toNMDA. Morphologically, the neuronal death was inisthcase
neither apoptotic nor necrotic but had the hallmarkautophagyRorsello et al.,
2003. The excitotoxic neuronal injury induced kainic acid can be dose-
dependently attenuated by antioxidants throughbitibh of reactive oxygen
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species generation, amditochondrial dysfunctionKim et al., 2008. Resistance
to kainate (and glutamate) is also observed alitex delivery of the HSV-anti-
apoptotic protein ICP10PK by the replication incatgmt virus mutant DeltaRR
(Gober et al., 2006; Laing et al., 2008

3.2.33.Ischemia Hippocampal slices are widely used as a modelksdiemia-
induced neuronal death, given that a brief ischamsalt induces a selective
neuronal loss in the CAl region, which developsthe form of a delayed
apoptosis Kinley et al., 2004; Holopainen, 2005; Bali et aD07. Activation of
caspase 3 was visually illustrated by confocal ascopy, demonstrating a
region-selective increase in active caspase 3 Isigwhich temporally preceded
cell death Cho et al., 2004 Nonethelessyltrastructural examination of nerve
cells in organotypic cultures of rat hippocampugased to an anoxic insult,
revealed themorphological features typical for both necrosisd apoptosis
(Naganska and Matyja, 2001lt was also shown that ionotropglutamate
receptors and glutamate transporters are involmettha necrotic neuronal cell
death induced by OGIBOnde et al.2005. In addition, experiments in murine
organotypic cultures after genetic engineering cordd the intervention of
excitatory amino acid glutamate transporter 2 (ERATin the increased
vulnerability to neurodegeneration of CA1l pyramidedurons $elkirk et al.,
200H. Glutamate neurotoxicity in hippocampalices is exacerbated by
clusterin, a glycoprotein known to be upregulatedirdy tissue involution in
response to hormonal changes, injury or other gistances leading to
apoptosisidakkoum et al., 2008 and by a deficiency in cellular prion protein
(Rangel et al., 20Q7 Also, a transient exposure to specio-inflammatory
stimuli can prime hippocampal neurons sus- cegiibito a subsequent
excitotoxic insult Bernardino et al.2008. On the other hand, hypothermia was
shown to be protective against CA1 and CA3 neuroalhbdeath induced by OGD
(Feiner et al., 200% Interestingly when hippocampal slices were stilej@ to
hypoxia and subsequently re-oxigenated, the ingiahse ofapoptosis was
followed by stem cell proliferation, neuronal proger cell differentiation, and
targeted migration to the site of pyramidal neutdoas ¢Zhou et al., 2004
Increasedheurogenesis in hippocampal slices has also besenadafollowing
treatment with the p38 mitogen-activated proteinake inhibitor SB239063
(Strassburger et al., 2008

3.234.AB neurotoxicity. A number of slice studies have been devoted & th
analysis of beta-amyloid peptide (Ab) toxicayming to shed more light on
the pathogenesis of Alzheimdisease (AD). Treatment of P35 cultures with Ab
resulted in a time-and concentration-dependent increase in neuronatyjn
whereas immature slices were shown to be resi@Baaote et al., 1996Fardito

et al.,, 200). These observations substantiatedcibreelation between neuronal
susceptibility and aging in therganotypic model. Similarly to what occurs in
vivo, plaque-like Abaggregates can also be observed in slidasr(s-White et al.,
19989 and appeared to be enhanced by treatment withsflaming growth
factor-beta (TGF-b). It was also shown that TGFehAtarget Ab to neurons in
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association with increased ApoE releadar¢is-White et al., 2004 In addition,

a low-density lipoprotein receptor-related prote(ihRP) antagonist, RAP,
was able taeffectively block TGF-b2-mediated targeting of Ao CA1l neuronsn
both organotypic hippocampal cultures and intaairbrinfusedwith AB. The
utility of hippocampal organotypic slices as a moaestudy Ab neurotoxicity
was confirmed very recently by analysisAmes dwarf mice. In these animals,
characterized by a long lifespan and a marked d@ontex to cellular stress,
neurons are resistant to Ab-induced tau hyperplmgtdtion and changes in
apoptosis-regulatory protein levechrag et al., 2008

3.3. Cerebellum

3.3.1. Main histological features

Cerebellar cultures have been obtained from aivelat wide developmental
interval from late embryonic to early or late pos#&tal animals. Typically, the
range goes from E17 to P8. Slicingassociated with a deafferentation of the
cerebellar cortex, since thmossy and climbing fibers (the two morphological
types of axongseaching the cortex) are cut during the preparapogcedures
(Fig. 1C). Efferent connections from the cortex, i.e. @axens of thePNs, may be
spared in slices containing the cerebellar nutilat trepresent the main synaptic
target of these neuronRoller tube cultures obtained from PO to P1 micarash
many ofthe features of the adult mouse cerebellum in yopont et al.2006;
Lonchamp et al., 2006 In cultures obtained with thenterface method, the
maturation of PNs was used by some autlasr&a means to study culture vitality
and architecture. It was thglown that the age of donor animals at the monfent o
the explants is critical to the subsequent cultdeselopment Kenili and De
Boni, 2003. When slices are obtained from P2 mice PNs deeseloytotypically,
but some were ectopically located; instead whemk@ were used, PNs develop in
an organotypic manneFig. 2. The availability of genetically engineered mice in
which PNs have been specifically tagged by a repgeee is advantageous for
betterculture characterization. Among the genes contniguto themolecular
identity of PNs is Purkinje cell protein 2 (Pcp-Zhisgene was identified via the
cDNA clones PCD5 Nordquist et al.,19889 and L7 QOberdick et al.,, 1988,
1990 and is noteworthypecause Pcp-2 mRNA and the 99-amino-acid cytoptasmi
protein itencodes have been found only within cerebellar &MNbkretinal bipolar
neurons ordquist et al., 1988; Oberdick et al., 19887GFP mice have been
developed where expression of GFP in PNkisen by the Pcp-2 promoteri{ang

et al.,, 200), and we are currently employing these mice inucalexperiments
(Fig. 2C—E). PNs expressing GFP in these cultures displayed Iapaiarized
morphology with a single apical dendritic arboriaat extending across the
molecular layer. The distal dendritic branches areered with spines. In certain
instances, it is possible to encounter ectopicglsiced PNs in IGL. These
ectopically placed cellslisplayed a series of abnormal morphological festur
such as th@resence of multiple primary dendrites, emittindadpendentiendritic
trees Fig. 2C). An organotypic development of PNs was confirnedter
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immunocytochemical staining for 28 kDa calbpoin in cultures obtained from
P6-8 mice after 8 DIV. Immunola- beled PNs argatbit arranged in a few rows
(Fig. 2F), but, after sufficient maturation of the cultuseattained, they formed
a monolayer, as occurs in vivaadssi and Gambino, 2008In slicesdevoid of
nuclear neurons, a large number of PN axons ruk toathhe PN layer and it was
suggested that these cells are extensiselfyinnervated@upont et al., 2006

Plasticity of cerebellar cultures appears to bglyaafluenced by the addition, in
certain experiments, of DNA synthesis inhibitors arder to prevent glial cell
proliferation Qupont et al., 2006 We currently do not employ these inhibitors
because their use would obviously also affect nmalrproliferation, as this may
be one ofthe factors responsible for the reduction (to abmng fourth) ofthe
CGC to PN ratio in organotypic cultures where DNAthesis isblocked. Dupont
et al. (2006)used a panel of antisera fmmunocytochemically identify the
different types of cerebellar neurons in their ads. These included antibodies
against calbindin to label the PNs, Kv3.1b potassahannel to labehe CGCs,
parvalbumin and glutamic acid decarboxylase (GADabel the interneurons. We
have also successfully employed a sehafkers to this purposé-ig. 2. Among
them, the astrocytienarker glial fibrillary acidic protein (GFAP), ana\sral
neuronal markers for some of the neurons whichdatected in theleveloping
and mature cerebellar cortex, such as, for exanZtd, and 2, two zinc finger
proteins, and PAX6, a transcription factor, elpressed in CGCs at different
developmental stages.

3.3.2. Neurogenesis and NOND

No studies have specifically addressed the issuseofogenesis in cerebellar
organotypic slices. This is likely because proateyn, differentiation and
migration of CGC precursors have been extensivalestigated in vivo (see
Altman and Bayer, 1997Data on cell death mainly regard the PNs and may be
summarized as follows. Most PNs in rodent cereb@liganotypic cultures die
when the explant is made from P1 to P5, but thayiwe well when taken
before or after these agePupont et al., 2006; Fenilhind De Boni, 2003;
Ghoumari et al., 2000, 20p5Althoughquantitative data on PN death during
development are stifragmentary, there is increasing evidence sugggdhat
theseneurons, similarly to most other central neuromslango PCD (foreview,
seelLossi and Gambino, 2008In cultures from the P@ouse cerebellum, PNs
undergo massive apoptosis within the fiB& h in vitro, and display typical
ultrastructural features. Theselude DNA fragmentation, caspase 3 activation,
and a strong dependency on expression of the pwivalu factor bcl-2
(Ghoumari et al., 20051t is of interest to recall here thapoptosis of PNs in
P3 cerebellar slices was strongly reduced follovalmgination of microglia, by

a mechanism similar to thaeported in vivo Marin-Teva et al., 2004 In
addition, the steroid analog mifepristone protecR2] PNs from death. This
effect did not involve the classical steroid nuclesceptors, but was consequent
to PN membrane depolarizatio@loumari et al.200§. These results suggest
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a role of excitatory inputs in PBurvival during early post-natal development.
In keeping with this suggestion, co-culturing cerebellar slices with
glutamatergic inferior olivary neuron preparatiomsade it possible to rescue
PNs from apoptosisMariani et al., 199)1L

Data on NOND in other types of cerebellar neurgesticularly CGCs, are
relatively abundant in vivd_pssi and Gambino, 20p&ut largely incomplete in
organotypic cultures. There may be several readonsthis paucity of
information. First, whereas frofR3 onward PNs consistently express calbindin
and are thus easilgetected by simple, reproducible, immunocytochemica
proce- dures, there is a much more complex arraynaifkers for the other
cerebellar cortical neurons, strictly related te g#tage of explant and the degree
of slice maturation in vitro. Second, CGCs are st numerous cell types in
CNS and their counting in slices made difficult by a series of technical
difficulties. Third, rodenCGCs undergo massive apoptosis in vivo in the R®-P1
interval, butalso appear to die as a consequence of the exgppemt@ur studies in
P7 murine cerebellar cultures after Pl staining aesirate thatthere is a
massive cell death during the first 3 DIV, with ubbsequent stabilizatior-ig.

3A and B). Although we have ndlirectly labeled CGCs in these preparations,
the remarkably higlmumber and the laminar distribution of Pl labeladlai
strongly suggest that most of them belong to CGCs. In keepuith this
suggestion, ultrastructural examination of slicas konfirmed thgresence of
apoptotic CGCs in the granular layers of the fograerebellar cortexHig. 3C
and D). Therefore, only in cultures older than ¥ Dloes the extent of NOND
appear to be safely comparable to the in vivo dodilt is also worth noting that
we did not find any difference in the extent andeticourse of Pl staining between
cultures grown in the presence or absence of sdrumvo, we have previously
shown that only apoptotic CGCs in the IGL were inmopositive for the
cleaved caspase 3 executioner casphbsssi et al., 2002b By biolistic gene
delivery in an organotypislice preparation, we have subsequently been able t
confirm thesefindings and to demonstrate that the absence ofasas|3
activation in the external granular layer (EGL)tbé& cerebellacortex was not
due to an increased clearance of cleaved caspasen@nopositive cells, but
rather to occurrence or differentechanisms of apoptosis in the proliferating
CGCs that populate the EGL versus the post-mito@Cs in IGL (ossi et al.,
2004b.

3.3.3. Experimental cell death

3.3.3.1. Excitatory amino acid neurotoxicity. Initial studies under-taken to
characterize the type of cell death that followsvation of glutamate receptors
demonstrated a different susceptibility tfe various cerebellar neurons to
excitotoxic insults. Application dNMDA led to necrosis of differentiating CGCs
and deep nuclear neurons, whereas kainate led ath d& the Golgi cells.
Interestingly, the toxic effects of both agonistera prevented ithey were
dissolved into a solution containing a reduced amoficalcium. AMPA induced
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the degeneration of most PNs togethath a population of Golgi cells. Three
modalities could be discerned: an acute one, inchvimeurons underwent a
rapid necrotic degeneration; a delayed one, in kvhieurons appeared to be only
mildly affected immediately after a 30 min exposuret then underwent a
protracted degeneration during the postincuba-gerod (1.5—-3 h); and, finally, a
slow toxicity, which took placeluring long (2 h) exposures to AMPA. The two
latter mechanisms were likely apoptotiGarthwaite and Garthwaite, 1986,
199)). Isoflurane (a commonly employed anesthetic) predmomming reduced
the neuronal injury/death that followed glutamaezeptor overstimulation.
This neuroprotection may be protein kinase C (PKaDyd nitric oxide synthase
(NOS)-dependen#Zhengand Zuo, 200b

33.3.2.Ischemia. OGD was responsible for significant PN injamnyd death, an effect
reverted by preconditioning with isofluran@heng and Zuo, 2003, 20p%or
morphine Lim et al., 2004 Also, hypothermic preconditioning induces an acute
phase of neuroprotection in OGD. This neuroprotection dependsaotivation of
adenosine Al receptors, KATP channels, Ras, andcib@ NOS(Yuan et al.,
2004, 200%. The conseqguences of cerebellar ischeomathe electrical activity of
PNs have also been investigated. In ostady the dominant cause of the
electrophysiological dysfunctioomf PNs was linked to an activation of AMPA
receptors. Thglutamate activating these receptors is releas#u lipo exocytosis (at
early times) and by reversal of a glutamate trariesp@Hamann et al., 2005 By
two-photon cellular imaging, thechemia-induced functional deterioration of PNs

was shown tde accompanied by cytoplasm Zrarise and prevented by BAPTA
infusion Zhao et al., 2008b Therefore, ischemia destabilizes #pke encoding of

PNs by raising cytoplasm @4 without a need for glutamate, which is then
responsible for their excitotoxic death.

3.4. Retina

Organotypic retinal cultures have been prepareah feaplantsand/or slices Kig.
1D). In both cases a normal cytoarchitectural dgwalent was achieved
(Hofmann, 200k Retinae are usuallgdissected free from the retinal pigment
epithelium (RPE) duringulture preparation. Under these conditions, deratnt

in vitro was very similar to that in vivo, except for thelkaof differentiationof the
photoreceptor outer segments that was found toceperdlenton the contact with
the RPE. In rodent retina, the majority of cellgatentiate during the first 2 weeks
after birth. Therefore, retinae from P2 rats that a@ften used for explantation are
highly immature, and have a tendency to display a redutteckness,
particularly at the level of the ganglion cell laythat tends talisappear as a
consequence of the retinal ganglion cell (R@Xdptomy (Caffe et al.,, 1989;
Pinzon-Duarte et al., 2004, 2008 novel organotypic culture method of P0-14
mouse retinaexplants has recently being introduced. Retinal ledmoounts
were cultivated on poly-D-lysine/laminin coated ewslips. After 7 DIV, explants
were treated with varying concentrations of dlutamate and cell death was
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accessed with TUNEL andnmunocytochemistry. In contrast to previously
published metheds using slice or floating whole-mount culturess #x vivo
culture system presented here combines accessibitt experi- mental
manipulation, and adherence of whole-mount cultumesa substrate with a
significant preservation of retinal cell typasimbers and morpholog¥ih et al.,
2007. Even more recently, retinae explanted from adats were cultured in
serum-free medium (B27/N2) and tissue viability wassessed by gross
morphology, Pl uptake, cell survival quantifica- ntioactivated caspase-3
expression, and immunohistochemistxplants were viable for at least 17 DIV
and expressed severabrkers of neuronal differentiation. They also nukeid in
vivo glial reactivity to transplantationJohnson and Martin, 20R8Additional
new methods for culturing the adult mammalian eetwere also developed
(Kaempf et al., 2008b; Kobuch et al., 2008 this case the entire adult porcine
retina was cultivated togethearth the RPE. After 3 DIV, a limited nuclear loss
and a significanteduction in apoptotic cells was observed in reRRE cultures
compared to retinal cultures alone, in parallelhwitecreased Mu ller cell
hypertrophy. This approach has proved useful imag that bevacizumab, a
molecule used for treatment ekudative age-related macular degeneration, is
well tolerated byRGCs and photoreceptors even at concentration®livafgher
than those used clinicall)kK@empf et al., 2008a

3.5. Others

Spinal cord slice cultures have frequently beenleyga as ann vitro model of
amyotrophic lateral sclerosis (ALS). P8 rat slioas be grown in culture for
several weeks and retain goadchitecture of the grey matter. In these slices
there is an apparemeduction in the number of ventral horn motornesrdikely
as a consequence of axotomy. Chronic inhibitioglatamate transporters led
to slow motor neuron degeneration that could beckdd by non-NMDA
receptor antagonistsCorse et al., 1999; Kaal et al., 200@pparently, motor
neurons in the slicpreparation also have the adult GIluR2 subunit ellasbn
of their AMPA receptors, as NMDA receptor antagonisexre noteffective in
protecting against motor neuron deaothstein et al.1995. By chronically
exposing slices to slightly increased concentratiai glutamate, leading to

chronic C&* overloadand shortage of ATP, the continuous drain of energy
made motor neurons more vulnerable to glutamateitgx(Albin and Green-
amyre, 1992 This model mimicked one of the most characterisaits of ALS,

i.,e. the selective motor neuron vulnerability. $8lee motor neuron death
appeared to be apoptotic, and could be totally Klldcby anti-oxidants, and
partially by an AMPA inhibitor, 6- cyano-7-nitroquinooxaline-2,3-dione
(CNQX) (Kaal et al., 200D Protection against glutamate-induced motor neuron
death in organotypic spinal cord cultures is aldtered by huperzine A,
citicoline, and vascular endothelial growth facfdEGF), threemolecules with
neuroprotective abilitiedHemendinger et al2008; Matyja et al., 2008; Tolosa et
al., 2008. Interestingly, BDNFwas not neuroprotective in these -cultures,
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although spinal motor neurons express TrkB recefitan et al., 199% In view

of these results, the organotypic glutamate toxioibdel may provide a useful
predictive preclinical model for ALS in forecastinige outcome of these trials.
In keeping with this possibility, spinal comrganotypic cultures have recently
been used as a tool to test tlesponse of motor neurons to serum IgGs from
ALS patients (i et al., 2008 Finally, neurodegeneration in dopaminergic
neurons (a wellknown cause of Parkinson’s disease in vivo) hasnbee
successfullyeproduced in striatal slicesdsta et al., 2005

3.6. Glial cells in organotypic cultures
Astrocytes represent the most numerous populatiomon- neuronal cells in the

brain, but microglia represent approximately 15%hefadult brain glia population.
A third major type of glia isepresented by the oligodendrocytes that produee th
myelin sheets of central axons. The interplay betweenetlggial cells andthe
neurons has critical roles during normal developnanwellas in disease, and
this issue is beginning to be addressed in sligdies.

3.6.1. Astrocytes

As mentioned previously, if cultures are not mamgd in thepresence of DNA
inhibitors, a layer of astrocytes becomes appavanthe surface of slices even in
the absence of activating stimuwdind proliferation of astrocytes on the surface of
cultures obtained with the air interface methodegpp to be a common feature of
this type of preparation({g. 2G). Immediately following explanta- tion in these
cultures not only is there an extensive prolifenatf astrocytes (mostly reactive
type Il), but also of microglia anfibroblastic cells. This leads to the formation
of a type Il astrocytiglial cover on the top of the sectioned surfaceernshs the
majority of type | astrocytes and fibroblasts arefic®d tooutgrowth zones at
the substratum/culture interface. The inhibi- tioihastrocytic proliferation may
have consequences in ttypoarchitectonic rearrangement that follows thaah
phase okexplant growth in culture. For example, if the asytic proliferation
is inhibited, persistence of long-distance growiolg tyrosine hydroxylase-
positive nerve fibers is seen in ventral mesencéapbaltures Af Bjerke n et al.,
2008. Astrocytes in slices are capable of respondingntaraay ofexperimental
challenges as in vivo. For example, a brief appbcaof NMDA or induction of
endoplasmic reticulum stress activated hippocangsaiocytes l(acour et al.,
2007; Pizzi et al., 20040utgrowth, proliferation and migration of theseagli
cells were enhanced when slices were treated whlibitors of proteoglycan
synthesis Berglo f et al., 2008 or with TNFa Marschinke andStro mberg,
2008. In keeping with this latter finding, inhibitor$é the Rho-kinase, which down
regulate TNFa, decreased the numbtmreactive astrocytes (as well as retinal
Mueller cells, andmicroglia) and GFAP immunoreactivity in retinadufa et al.,
20098.

3.6.2. Microglia
Brain microglia comes from both infiltrating bloodonocytes and resident
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progenitor cells. Evidence supporting the presesfcendogenous proliferating
microglia has been provided in slices, dyallenge with several stimuli inducing
proliferation. For examplédgcal proliferation (activation) of microglia in sponse
to injury was described in neocortical slic&digson et al., 2002 and to TNFain
mesencephalic slicesMarschinke and Stro mberg, 2008Microglial cells in
hippocampal slices respond normallyttansient application of specific stimuli
mimicking inflammation, with a pronounced prolifecat followed, in certain
circum- stances, by apoptotic-like deattagkowski et al., 2007; Bernadino et
al., 2008. In keeping with this observation, aniiflammatory treatment with
the p38 mitogen-activated protein
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kinase inhibitor SB239063 decreases the number dfvased microglia
(Strassburger et al., 2008/ery recently, an assay system was developeduidy

in vitro prion toxicity. In this system, bysing cerebellar slices from transgenic
mice where microglialrelease of nitrite, proinflammatory cytokines and
chemokines was abolished, it was demonstratedniihabglial activation repre-
sents an efficacious defensive reaction againsh plimeased-alsig et al., 2003

3.6.3. Oligodendrocytes

Culture models have proved useful in research amomal demyelination and
oligodendrocyte degeneration. A brief applitceon of NMDA to organotypic
hippocampal slices induced oligodendrocyte degdio@rasecondary to an
astrocytic reponséelreatment with a chimeric derivative of interletH@n(IL-6)
and soluble IL-6 receptor resulted in preserving mydbasic protein (MBP)
production Pizzi et al., 200% This result is consistent withe protective role of
IL-6 shown in vivo.Cerebellar slices demonstrated significant myelbmatfter
1 week in culture. Treatment of the cultures at I¥ With the bioactive lipid
lysolecithin produced marked demyelination, as mheiteed by immunostaining
for several myelin components. After a transienmgelinating insult with
lysolecithin, cultures recovered with de novo odlgadrocyte differentiation
(Birgbaueret al., 200 No evidence for oligodendrocyte proliferatiorshmeen
detected in slicesCho et al., 200/ In other experiments Mvas shown that
hypoglycemia inhibits oligodendrocyte develoment and myelination, and
triggers apoptotic cell death in oligodendrocyteeqgorsor cells Yan and
Rivkees, 200B

4. Conclusion

Brain slices represent very useful tools for analys cell proliferation and
death in neurons and glia. Slices can be eaditpined from several areas of
CNS, and novel techniques are stkveloped to maintain in vitro not only
embryonic or early postnatal tissue, but also the adult brain. Changes in
neuronal circuitryand synaptic plasticity that follow the preparatmmnexplants
havemostly been characterized in detail, and can beldoentally related to
degeneration of the projection pathways that aggiiably severed while slicing
the brain. Neurogenesis and NONDt only can be monitored in acute slices, but
also in organotypiccultures that can be maintained alive and amen#able
experi- ments for several weeks. To this purpdseijlli be crucial in thefuture

to develop additional specific fluorescent probed #ibw for dynamically
tracking individual cells over time. Organotymltices have also proven useful
to the study of amino aciéxcitotoxicity, ischemia, and neurodegenerative
diseases. Alltogether these properties make them an attractivernaltive/
complement to experimentation in vivo and singli stedies.
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