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la ansia por investigar es arrvancarle secvetos a la vida, .. el
descubrimiento cientifico, el encontrar algo que uno de momento se da
cuenta que es el primero que lo ve y que es algo con una trascendencia ...
Yo no conozco nada que produzca mds emocion.

Severo Ochoa (1905-1993)

Dans la vie, vien n'est d craindre, tout est d comprendre.

Marie Curie (1867-1934)
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ABSTRACT

Although it is well established that apoptotic mechanisms play a central role in neuronal
death after different types of CNS damage, little is known about the activation of apoptotic
pathways in glial cells which have been postulated to be important for the termination of the glial
response. It is remarkable that the classically defined main executioner of programmed cell death,
caspase-3, has recently been attributed a non-apoptotic role, participating in cellular events
including cell proliferation, cell cycle regulation, or cellular differentiation. Accordingly, the general
aim of this thesis was to analyze the putative role of the classic apoptotic and anti-apoptotic
pathways after acute excitotoxic damage to the immature rat brain. For this purpose, a well-
characterized in vivo model of excitotoxicity was used, where damage was induced by the
intracortical injection of N-methyl-D-asparate (NMDA) in postnatal day 9 rats. Cell death, apoptotic
and anti-apoptotic proteins were analyzed at different survival times after the lesion by enzymatic
assays and double immunofluorescence for confocal microscope analysis.

The first set of results demonstrated that although cleaved caspase-3 was found in some
damaged neurons showing TUNEL+ nuclei, cleaved caspase-3 was mainly observed in the nucleus of
activated astrocytes in the lesioned hemisphere as early as 4 h post-lesion, persisted until the glial
scar was formed at 7-14 days, and was marginally associated with TUNEL labeling. Caspase-3
enzymatic activity was significant during the first hours post-lesion and co-localized with the
presence of caspase-cleaved fragments of glial fibrillary acidic protein (CCP-GFAP) in astrocytes.
However, at longer survival times, when astroglial hypertrophy was observed, astroglial caspase-3
did not generally correlate with GFAP cleavage but instead was associated with de novo expression
of vimentin. Moreover, astroglial caspase-3 cleavage was not associated with cell proliferation.
These first results provided evidence for a non-traditional role of caspases in astroglial function,
suggesting that caspase activation may be important for astroglial cytoskeleton remodeling following
injury.

Secondly, in order to evaluate upstream pathways activating caspase-3 in neurons and glial
cells, the spatio-temporal activation of the intrinsic and extrinsic apoptosis pathways were
analyzed. In damaged neuronal cells of the ipsilateral cortex and hippocampus an important
contribution of the intrinsic mitochondrial pathway through caspase-9 activation was shown to
account for most of neuronal caspase-3 activation and apoptotic nuclei. However, neuronal caspase-8
showed a diminished correlation with caspase-3 and characteristically showed cortical layer
specificity. In glial cells, activation of caspase-9, caspase-8, and also p53, another putative caspase-
3 activating molecule, was only significant in cortical layer VI and the corpus callosum, suggesting
that astroglial caspase-3 does not generally correlate with classical upstream activating pathways.

In the third part of this thesis, inhibitor of apoptosis proteins (IAPs) and heat shock proteins
(HSPs), known inhibitors of cleaved caspase-3 in other cell types, were analyzed. Whereas neuronal
cells showed noticeable expression of HSC70/HSP70 and cIAP-2, these poorly correlated with
caspase-3 in this cell type. In astrocytes, survivin and the small HSP25/27 showed a strong
correlation with caspase-3 in several regions and throughout different survival times, pointing to
these proteins as relevant candidates for the blockade of caspase-3 enzymatic activity, which could
account for the absence of astroglial cell death.

In conclusion, this thesis has discerned new non-apoptotic roles of caspase-3 in astroglial
cells and suggests mechanisms for caspase-3 blockade in these glial cells, improving the
understanding of the mechanisms employed by astrocytes to cope with damage in the immature
brain.



RESUMEN

Los mecanismos apoptoticos han sido estudiados en profundidad, constituyendo un papel
substancial en la muerte neuronal tras diferentes tipos de dafio en el SNC. No obstante, muy poco se
sabe acerca de la activacion de los mecanismos apoptoticos en las células gliales y su relevancia en
la terminacion de la respuesta glial. La caspasa-3 ha sido definida clasicamente como al principal
ejecutora de la muerte celular programada, le han sido recientemente atribuidos otros papeles no-
apoptoticos, participando en acontecimientos celulares, incluyendo proliferacion celular, regulacion
del ciclo celular, y vias celulares apoptoticas y antiapoptoticas después de un dafio excitotoxico en
el cerebro inmaduro de rata. Para este proposito, se ha utilizado un modelo de excitotoxicidad bien
caracterizado, que consiste en la induccion de un dafio cerebral mediante una inyeccién intracortical
de N-methyl-D-asparate (NMDA) en ratas postnatales en el dia 9 de vida (P9). La muerte celular,
las proteinas apoptoticas y antiapoptéoticas fueron analizadas a distintos tiempos de supervivencia
después de la lesion por ensayos enzimaticos y analisis de doble fluorescencia con microscopia
confocal.

Los primeros resultados como la caspasa-3 clivada se presentaba en neuronas dafiadas con los
nicleos TUNEL+, aunque fue observada mayoritariamente en el nicleo de astrocitos activados en el
hemisferio lesionado sin asociacion con fragmentacion del ADN, desde tiempos tempranos las 4 horas
post-lesion (hpl) hasta la formacion de la cicatriz glial a los 7-14 dias, sin encontrarse asociacion con
marcaje con TUNEL. La actividad enzimatica de la caspasa-3 fue detectada a las primeras horas
post-lesion y coincidiendo con los fragmentos clivados por caspasas de la proteina acidica fibrilar
(CCP-GFAP) en astrocitos. Sin embargo, a largos tiempos de supervivencia, cuando surge la
hipertrofia astroglial, la caspasa-3 astroglial generalmente no correlaciond con el clivage de CCP-
GFAP, pero en cambio se relacioné con la expresion de novo de vimentina. Por otra parte, la caspasa-
3 clivada no se ha vinculado a proliferacion celular. Estes resultados iniciales mostraron la evidencia
de un no-tradicional papel de las caspasas en la funcion astroglial, sugeriendo que su activacion
puede ser importante para la reestructuracion del citoesqueleto después de un dafio.

Secundariamente, al evaluar las vias de activacion de la caspasa-3 en neuronas Yy celulas
gliales, la activacion espacio-temporal de las vias apoptoticas intrinseca y extrinseca fueron
analizadas. Se expresd principalmente en las neuronas dafiadas corticales e hipocampales, una
importante contribucion de la via intrinseca através de la gran proporcion de caspasa-9 activa con la
activacién neuronal de la caspase-3 y muerte celular. Por otra banda, la caspasa-8 presentd una
reducida correlacidon con la caspasa-3, y caracteristicamente presentd con especificidad en las capas
corticales. En las células gliales, la activacion de la caspasa-9, caspasa-8, y también p53, otra
molécula que activa la caspasa-3 indirectamente, fue solamente significante en la capa cortical VI 'y
en el corpus callosum, sugeriendo que la caspasa-3 astroglial no se correlaciona generalmente con las
clasicas vias de activacion.

La tercera parte de esta tesis se focalizd en el estudio de las moléculas antiapoptoticas,
como varios inhibitores de apoptosis (IAPs) y las heat shock proteins (HSPs), conocidas como
inhibidoras de la caspasa-3 clivada en otros tipos celulares. Las neuronas presentaron una apreciable
expresion de HSC70/HSP70 y cIAP-2, aunque estas pobremente se correlacionan con caspasa-3 en
este tipo celular. En astrocitos , la survivina y la chaperona HSP25/27 mostraron una fuerte
correlacion con caspasa-3 en varias regiones cerebrales y a varios tiempos de supervivencia, siendo
estas proteinas destacadas candidatas para el bloqueo de la actividad enzimatica de la caspasa-3, la
cual podria acumularse en ausencia de muerte astroglial.

En conclusion esta tesis ha destapado nuevos roles no apoptoticos de la caspasa-3 en células
astrogliales, sugeriendo mecanismos de bloqueo de la caspasa-3, ayudando a la mejor comprension de
los mecanismos empleados por los astrocitos para enfrentarse al dafio en el cerebro inmaduro.



RESUMO

Os mecanismos apoptoticos estudiaronse en profundidade, constituindo un papel substancial
na morte neuronal despois de diferentes tipos de dano no SNC. Nembergantes, moi pouco se sabe
acerca da activacion dos mecanismos apoptoticos nas células gliais e a sua relevancia na terminacion
da resposta glial. A caspasa-3 definiuse clasicamente coma principal executura da morte celular
programada, foéronlle recentemente atribuidos outros papeis non-apoptoticos, participando en
acontecementos celulais, incluindo proliferacion, regulacion do ciclo celular, e vias apoptoticas e
antiapoptoticas despois dun dano excitotéxico no cerebro inmaduro de rata. Para este proposito,
utilizaronse un modelo de excitotoxicidade ben caracterizado, que consiste na induccion dun dano
cerebral mediante unha inxeccion intracortical de N-methyl-D-asparate (NMDA) en ratas postnatais
no dia 9 de vida (P9). A morte celular, as proteinas apoptéticas e antiapoptoticas foron analizadas a
distintos tempos de supervivencia despois da lesion por ensaios enzimaticos e andlise de doble
fluorescencia con microscopia confocal.

Os primeiros resultados coa caspasa-3 clivada presentabanse en neuronas dafiadas cos
nGcleos TUNEL+, aunque foi observada maioritariamente no nacleo de astrocitos activados no
hemisferio lesionado sen asociacién con fragmentacion do ADN, dende tempos mais cedos, as 4 horas
post-lesion (hpl) ata a formacién da cicatriz glial ds 7-14 dias, sen encontrarse asociacion co
marcaxe con TUNEL. A actividade enzimatica da caspasa-3 foi detectada as primeiras horas post-
lesion e coincidindo cos fragmentos clivados por caspasas da proteina acidica fibrilar (CCP-GFAP) en
astrocitos. Sen embargo, a tempos longos de supervivencia, cando surxe a hipertrofia astroglial, a
caspasa-3 astroglial xeralmente non correlacionou co clivaxe de CCP-GFAP, pero si se relacionou coa
expresion de novo de vimentina. Por outra banda, a caspasa-3 clivada non se vinculou a proliferacion
celular. Estes resultados iniciais mostraron a evidencia dun non-tradicional papel das caspasas na
funcion astroglial, suxerindo que a sua activacion pode ser importante para a reestructuracion do
citoesqueleto despois dun dano.

Secundariamente, & evaluar as vias de activacion da caspasa-3 en neuronas e nas células
gliais, a activacion espacio-temporal das vias apoptéticas intrinseca e extrinseca foron analizadas.
Expresouse principalmente nas neuronas dafadas corticais e hipocampais, unha importante
contribucion da via intrinseca através da gran proporcion de caspasa-9 activa coa activacion
neuronal da caspase-3 e morte celular. Por outra banda, a caspasa-8 presentou unha reducida
correlacion coa caspasa-3, e caracteristicamente presentou especificidade nas capas corticais. Nas
células gliais, a activacion da caspasa-9, caspasa-8, e tamén p53, outra molécula que activa a
caspasa-3 indirectamente, foi soamente significante na capa cortical VI e no corpus callosum,
suxerindo que a caspasa-3 astroglial non se correlaciona xeralmente coas clasicas vias de activacion.

A terceira parte desta tesis focalizouse no estudio das moléculas antiapoptoticas, coma
varios inhibitores de apoptosis (IAPs) e as heat shock proteins (HSPs), conecidas coma inhibidoras da
caspasa-3 clivada noutros tipos celulares. As neuronas presentaron unha importante expresion de
HSC70/HSP70 e cIAP-2, anque estas pobremente correlacionabanse coa caspasa-3 neste tipo
celular. En astrocitos , a survivina e a chaperona HSP25/27 mostraron unha forte correlacion con
caspasa-3 en varias rexions cerebrais e a varios tempos de supervivencia, sendo estas proteinas
destacadas candidatas para o bloqueo da actividade enzimatica da caspasa-3, a cal podria
acumularse en ausencia de morte astroglial.

En conclusion esta tesis destapou novos roles non apoptoticos da caspasa-3 en células
astrogliais, suxerindo mecanismos de bloqueo da caspasa-3 e axudou a mellor comprension dos
mecanismos empregados polos astrocitos para enfrentarse 6 dano no cerebro inmaduro.



RESUM

S’han estudiat en profunditat els mecanismes apoptotics, constituint un factor substancial en la mort
neuronal després de diferents tipus de danys en el SNC. No obstant aixd, molt poc es sap sobre l'activacid dels
mecanismes apoptotics en les cél-lules glials i la seva rellevancia en la terminacid de la resposta glial. La
caspasa-3 ha estat definida classicament com la principal executora de la mort cel-lular programada i li han
estat atribuits recentment altres papers no apoptotics de participacido en esdeveniments cel-lulars, incloent-hi
la proliferacié cel-lular, la regulacié del cicle cel-lular, i la participacio en vies cel-lulars apoptotiques i
antiapoptotiques després d'un dany excito-toxic en el cervell immadur de rata. Per aquest proposit, s'ha
utilitzat un model de excitotoxicitat ben caracteritzat, que ha consistit en la induccio d'un dany cerebral
mitjancant una injeccié intracortical de N-methyl-D-asparate (NMDA) en rates postnatals en el 9¢ dia de vida
(P9). La mort cel-lular, les proteines apoptotiques i antiapoptotiques van ser analitzades a diferents terminis de
supervivencia després de la lesié per assaigs enzimatics i analisis de doble fluorescéncia amb microscopia
confocal.

Els primers resultats com la caspase-3 clivada es presentava en neurones danyades amb els nuclis
TUNEL+, encara que va ser observada majoritariament en el nucli d’astrocits activats en 'hemisferi lesionat
sense associacio amb fragmentacio del ADN, des de les 4 hores post-lesio (hpl) fins a la formacié de la cicatriu
glial als 7-14 dies, sense trobar-se associacié amb marcatge amb TUNEL. L'activitat enzimatica de la caspasa-3
va ser detectada a les primeres hores post-lesio i coincidint amb els fragments clivados per caspasas de la
proteina acidica fibrilar (CCP-GFAP) en astrocitos. No obstant aixd, sobre llargs terminis de supervivéncia, quan
sorgia la hipertrofia astroglial, la caspasa-3 astroglial generalment no es va correlacionar amb el clivage de
CCP-GFAP, perd en canvi es va relacionar amb |'expressié de novo de vimentina. Per altra banda, la caspasa-3
clivada no s'ha vinculat a proliferacié cel-lular. Aquests resultats inicials van mostrar l'evidéncia d'un paper gens
tradicional de les caspases en la funcio astroglial, suggerint que la seva activacido pot ser important per a la
reestructuracid del citoesquelet després d'un dany.

Secundariament, al avaluar les vies d'activacié de la caspasa-3 en neurones i cél-lules glials, l'activacid
espai-temporal de les vies apoptotiques intrinseca i extrinseca va ser analitzada. Es va expressar principalment
en les neurones danyades corticals i hipocampals, una important contribucid de la via intrinseca a través de la
gran proporcio de caspasa-9 activa amb l'activacié neuronal de la caspase-3 i mort cel-lular. Per altra banda, la
caspasa-8 va presentar una reduida correlacié amb la caspasa-3, i caracteristicament es va presentar amb
especificitat en les capes corticals. En les cél-lules glials, l'activacié de la caspasa-9, caspasa-8, i també p53,
altra molécula que activa la caspasa-3 indirectament, va ser significant tant sols en la capa cortical VI i en el
corpus callosum, suggerint que la caspasa-3 astroglial no es correlaciona generalment amb les classiques vies
d'activacio.

La tercera part d'aquesta tesi es va focalitzar en l'estudi de les molécules antiapoptdtiques, com
diversos inhibidors de |'apoptosis (IAPs) i les proteines heat shock (HSPs), conegudes com inhibidors de la
caspasa-3 clivada en altres tipus cel-lulars. Les neurones van presentar una apreciable expressio de
HSC70/HSP70 i cIAP-2, encara que aquestes es correlacionaven pobrament amb caspasa-3 en aquest tipus
cel-lular. En astrocits , la survivina i la chaperona HSP25/27 van mostrar una forta correlacié amb caspasa-3
en diverses regions cerebrals i a diversos terminis de supervivéncia, sent aquestes proteines destacades
candidates per al bloqueig de l'activitat enzimatica de la caspasa-3, la qual podria acumular-se en absencia de
mort astroglial.

En conclusid, aquesta tesi ha descobert nous rols no apoptotics de la caspasa-3 en cél-lules astroglials i
suggereix mecanismes de bloqueig de la caspasa-3, ajudant al coneixement dels mecanismes emprats pels
astrocits per enfrontar-se al dany en el cervell immadur.



1. INTRODUCTION

1.1. THE IDENTITY OF APOPTOTIC CELL DEATH

Programmed cell death was first described by Richard Lockshin in 1964 through his observations about
insect embryogenesis [1, 2]. Apoptosis, a term derived from the Greek words ap6 (from) and ptosis (fall),
a reference to the falling of leaves from trees, was coined by Kerr in 1972 [3]. In 1986, Robert Horvitz
established the molecular basis of this phenomenon. He reported specific cell death during the development
of the nematode Caenorhabditis elegans and cloned the genes responsible for cell death (CED genes) [4].
These studies led Horvitz to win the Nobel Prize in 2002. Stimulus causes the cells to respond to several
processes which end in death, described as either apoptotic, non-apoptotic cell death, or necrosis (for

review see [5]).

Apoptosis is considered a process of cell suicide that is regulated by complex molecular signalling
systems that trigger orderly, energy-dependent enzymatic breakdown of DNA, lipids and other
macromolecules. Throughout this process the cell morphology suffers several changes: the chromatin is
condensed, the nucleolus is disintegrated and the nucleus weight is reduced. The cell undergoes swelling
and grows denser, the cytoplasmatic organelles are condensed and the endoplasmatic reticulum is dilated,
but the mitochondria do not change morphologically [5]. The nucleus is fragmented and packaged into
vesicles, called apoptotic bodies, which may be phagocytosed and reused. In the central nervous system
(CNS) apoptotic cell death plays a key role in brain development and in neurodegenerative disease, trauma,

ischemia and other types of acute CNS damage.
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1.2. ACTIVATION OF APOPTOTIC PATHWAYS

1.2.1. Caspase-dependent cell death.

Caspases are aspartic acid-specific cysteine proteases, which become activated in most forms of cell
death. In the cell, caspases are localized in the nucleus, cytoplasm, endoplasmatic reticulum, and
mitochondrial intermembrane space, and they can be translocated to the plasma membrane [6, 7].
Currently, fourteen mammalian homologues of CED-3 have been cloned, characterized, and named
caspases 1 to 14. They can be divided into two blocks, one comprising inflammatory caspases (caspases-1,
-4, -5, -11, -12, -13, and -14), being primarily involved in procytokine activation [8], and the other
comprising caspases involved in apoptosis, both initiator and effector caspases (caspases-2, -3, -6, -7, -8, -
9, -10, and -12) (Table 1). After a cell receives an apoptotic signal, sequential activation of these caspases
takes place; i.e. an upstream initiator caspase processes and activates downstream effector caspase(s)
(Table 1). By this mechanism an apoptotic signal gets amplified rapidly, as proteolytic activation of pre-

existing molecules occurs instead of a much more slowly de novo-synthesis.

Group I: Inflammatory caspases Caspase-1
Caspase-4
Caspase-5
Caspase-11
Caspase-12
Caspase-13
Caspase-14
Group II: Apoptosis initiator caspases Caspase-2
Caspase-6
Caspase-8
Caspase-9
Caspase-10
Caspase-12
Group III: Apoptosis effector caspases Caspase-2
Caspase-3
Caspase-6
Caspase-7

Table 1. The caspase family. Group I: inflammatory caspases; Group II:
apoptosis initiator caspases; Group III: apoptosis effector caspases.
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1.2.2. Procaspases and their activation.

Caspases are present in cells as zymogens and they need to undergo proteolytic cleavage in order to
achieve their enzymatic activity. Caspases are expressed in most tissues as inactive proforms, which have
an amino-terminal pro-domain (23 to 219 kDa), a large subunit (~20 kDa), and a small subunit (~10
kDa). Prior to activation, both subunits dimerize with another cleaved caspase molecule and form an
active heterotetrameric structure. Upon activation, procaspases are proteolytically cleaved at the carboxyl
side of aspartate resides (Asp-X) to remove the pro-domain and release the large and small subunit [9,
10], which are assembled together to yield an active heterotetrameric caspase enzyme [11] (Figure 1).
Two related motifs in the N-terminal region of initiator caspases have been identified: the death effector
domain (DED), and the caspase recruitment domain (CARD). The DED is found in caspase-8 and -10,

and CARD is found in caspase-1, -2, -4 and -9.

Procaspases Cleavage Cleavage
site site

PRODOMAIN * LARGE SUBUNIT +SMALLSUBUNIT

e N A W <= Caspase-9
X X X

e [ 2 I W - -~ Caspase-8
X XX XX

X X

X X X

* PROCESSING

p17

Active
Caspase-3

Figure 1. Caspase structure and activation. Scheme of cleavage of the procaspases
(-8 and -9) at the specific Asp-X bonds leads to the formation of the active
caspase-3. The Caspase recruitment domains (CARD), the Death Effector Domains
(DED), and the large (pl7) and small (p10) catalytic subunits with N and C termini
are indicated.
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The active site consists of residues from both; thus, an active caspase molecule has two sites for
substrate binding and cleavage. Initiator caspases are activated by oligomerization and conformational
changes but do not require cleavage for activation. Executioner caspases require cleavage to the pl10/p20

peptide fragments to assemble and form activated enzymes [12, 13].

1.2.3. Caspase cascades: two pathways.
Two main pathways of apoptosis signalling have been well documented in the mammalian cells; the
“extrinsic” or death receptor-initiated pathway, and the “intrinsic” or mitochondrial pathway [14]. A

schematic representation of both pathways in response to different stimulus is illustrated in Figure 2.

1.2.3.1. Mitochondrial pathway or Intrinsic Pathway.

Mitochondria plays an important role in the execution process of the apoptotic program by acting as a
reservoir for a multitude of apoptogenic proteins [15-17]. After release from the mitochondria,
cytochrome ¢ associates with the apoptosis protease activating factor-1 (Apaf-1), 2'-deoxyadenosine 5'-
triphosphate (dATP), inducing a conformational change and triggering its oligomerization and the
subsequent recruitment and autoprocessing of inactive procaspase-9 to form the apoptosome complex,
hence initiating downstream caspase activation [18] (Figure 2). Activation of caspase-9 precedes the

maturation and activation of effector caspase-3 [19].

1.2.3.2. Death receptors pathway or Extrinsic Pathway.

Several extrinsic ligands can activate “death receptors’ of the tumor necrosis factor receptor (TNFR)
family, including: apoptosis antigen-1 (APO1/FAS/CD95), or tumor necrosis factor receptor-1 (TNFR1)
(Figure 2). The FAS ligand (FASL/CD95L) is a member of the TNF super family of cytokines, and
along with its receptor FAS, associate to inflammatory and immune responses in the CNS [20]. FASL-
mediated activation of FAS leads to the recruitment of FAS-associated death domain (FADD) and
promotes caspase-8 activation [21, 22] (Figure 2). Several caspase-8 molecules cause auto-activation and
processing of caspase-8 molecules which are then ready to activate downstream caspases [23-26],

resulting in cleavage of Bid to truncated Bid (tBid), a pro-apoptotic member of the Bcl-2 family.
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Figure 2. Proapoptotic and antiapoptotic signalling. Oxidative stress leads to the loss of mitochondrial membrane
potential and the release of cytochrome c, which involves the formation of Apaf-1, leading to the activation of the
intrinsic pathway via activation caspase-9 and effector caspase-3. In addition, ligand binding to fibroblast-associated
cell surface (FAS) or tumor necrosis factor receptor-1 (TNFR1) stimulate the extrinsic pathway in a series of steps
leading to the cleavage and activation of caspase-8, which activates effector caspase-3. Caspase-8 can also mediate
BH3-interacting domain (Bid) cleavage, resulting in translocation of truncated bid (tBid) to mitochondria providing a
link between intrinsic and extrinsic pathways. Key regulating proteins, such as apoptosis-inducing factor (AIF), Bcl-2
family proteins, the inhibitor of apoptosis protein (IAP), and heat shock proteins (HSP) converge upon
activation/inhibition of caspases and apoptotic cascades.

1.2.4. Main executor: Caspase-3.

Caspase-3 is a principal member of the cysteine protease family that is in charge of the execution of
apoptotic cell death. It appears to be the most abundant of the known caspases in the brain, the most
studied, and the convergence of all caspase-mediated pathways related to apoptosis. It is activated by
both intrinsic and extrinsic cell signalling pathways, by proteolytic cleavage into pl17 and pl2 subunits,
which heterodimerize to form the active enzyme [27]. During normal brain development, when more
than half of the neurons in some brain regions are removed through apoptosis, caspase-3 is highly
upregulated, playing an essential role. Procaspase-3 is highly expressed from E17 (17th embryonic day)
to P7 (7th postnatal day), decreasing after P14 (14th postnatal day) in the rat [28, 29]. The importance of
caspase-3 activation both in normal CNS development and after damage comes from studies using
specific inhibitors or genetically modified animals. As a result, caspase-3 null mice display considerable
neuronal expansion and unusually abnormal brain development, resulting in death by the second week of
life [30, 31]. In addition, specific inhibitors of this caspase have been shown to be neuroprotective in

different neurodegenerative conditions [32, 33].

1.2.5. Balance between proapoptotic and antiapoptotic molecules.

Apoptotic factors activated after an insult are usually accompanied by overexpression of molecules
aimed to inhibit them: the antiapoptotic proteins. The balance between concentrations of both groups will
finally determine if the cell will die or survive. Therefore, final effects of apoptotic caspase cascades
cannot be studied independently form antiapoptotic mechanisms and caspase-independent proapoptotic

pathways concomitant within the same cell.
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The family of proapoptotic and antiapoptotic Bcl-2 proteins located on the surface of
mitochondria appears to play a major role in the release of proapoptotic proteins and in regulating cell
death. The Bcl-2 family consists of several main subgroups, which are categorized according to their
anti- or pro- death function, and the presence or absence of conserved structural motifs - the Bcl-2
homology (BH) domains. The antiapoptotic group includes Bcl-2, Bcl-xs, Bcl-w and myeloid cell
leukaemia-1 (MCL1). The proapoptotic group includes B-cell lymphoma 2-associated protein X (Bax),
Bcl-2 agonist killer 1 (Bak), Bcl-2-related ovarian killer protein (Bok) and Bcl-x1, all of which have at
least BH1 and BH3 domains. Bax is essential for apoptotic death in most developing neurons and exists
in a stimuli-dependent equilibrium between an inactive soluble cytosolic form and an active
mitochondrial membrane-associated form that induces cytochrome c release and subsequent activation of

the execution phase of apoptosis.

The tumor suppressor p53 acts in response to a variety of cellular stresses to interfere with
cellular processes including cell cycle arrest, DNA repair, senescence and differentiation [34-36]. P53 is
also important in the control of apoptosis as it can engage both intrinsic and extrinsic apoptotic pathways
(Figure 2), mainly through transcriptional regulation of a growing number of target genes including the
proapoptotic Bcl-2 members Bax, PUMA, Apaf-1 and Noxa (Table 2) involved in the mitochondrial

pathway, and the death receptors TRAIL-R1 and FAS of the extrinsic pathway (Figure 2).

Apoptosis-inducing factor (AIF) is a mitochondrial intermembrane flavoprotein with
proapoptotic effects. It traslocates from mitochondria to nucleus in a caspase-independent pathway,
causing DNA fragmentation [19], usually earlier than the release of cytochrome c. Smac/DIABLO is
released from the mitochondria along with cytochrome c¢ [37] and it binds the inhibitors of apoptosis
(IAPs) and disengages them from activated caspases, thus promoting caspase activity and enabling the
execution of apoptosis. In fact, the balance between IAPs and Smac/DIABLO establishes a threshold for

caspase-3 activity [38].

Another pathway involved in stress response and apoptosis is mediated by mitogen-activated

protein kinases (MAPK), a family of proteins that has three major members: extracellular signal-
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regulated kinase (ERK), c-Jun N-terminal kinases (JNKs) and p38 MAP kinase (p38), playing a
significant role in neuronal survival or death. ERK is activated by growth factors or mitogens leading to
proliferation, differentiation, and survival via activation of neurotrophins, such as the brain-derived
neurotrophic factor (BDNF) [39]. On the other hand, JNK and p38 are preferentially activated by
oxidative stress and cytokines resulting in inflammation and apoptosis through activation of

mitochondrial related proapoptotic proteins [40].

Finally, nuclear factor kappaB (NFkB) has been found to respond to a broad range of stimuli
and conditions, including inflammatory cytokines, growth factors, adhesion molecules, cell surface
receptors, extracellular stress and intracellular oxidative stress. NFkB is crucial for inflammatory

reactions in the periphery and regulates expression of both apoptotic and antiapoptotic genes (Figure 2).

Pro-apoptotic Molecules Anti-apoptotic Molecules

AIF [19, 41-44] Akt [45-49]
Bad [50] Bcl-2 [51-54]
Bak [55] Bag-1 [56]
Bax [57-64] Bcel-x1 [65, 66]
Bid [67] Bel-w [68]
Bim [69] ERK [70-73]
JNK [74-78] MAPK [79-81]
Noxa [82, 83] NFkB [84, 85]
p38MAK [86] PEA-15 [87-91]
p53 [34, 83, 92-94] PI3K [95, 96]
Puma [97]

Table 2. Several Pro-apoptotic and Anti-apoptotic molecules.

Apoptotic and antiapoptotic mechanisms in neurons and glial cells after damage to the immature brain.



1.2.6. Main caspase substrates.

The latest results describing caspase-mediated cleavage events are: 1) to stop cell-cycle progression, 2)
breakdown of the structural components of the cell, 3) impairment of homeostatic and repair mechanisms,
and 4) cell detachment from the surrounding tissue. Caspases have an executioner role in death
mechanisms via the breakdown of cellular framework through activation, cleavage, and degradation of
different substrates (Table 3; left). Executor caspases cleave several intracellular membranes, and nuclear
proteins, with a preference for the DEVD/DXXD sequence [98], inducing disintegration of nucleolar
structure and Poly (ADP-Ribose) Polymerase-1 (PARP-1) cleavage, separating the DNA-binding domain,
essential for the stimulation of the enzyme, and the catalytic domain [99, 100]. Some caspases have
common substrates (caspase-3 and caspase-7 both cleave PARP), whereas others are more selective
(protein kinase C O (PKC9)is cleaved by caspase-3, but not by caspase-7), or have unique substrate
specificities (caspase-6 is the only caspase known to cleave lamins). An important mediator of cell cycle
progression, the retino blastoma protein (Rb), is also proteolytically cleaved during apoptosis [101]. To
date, the list of known caspase substrates includes almost 300 targets that belong to a variety of functional
groups (summarized in Table 3), not only well known proapoptotic substrates, but also other cell

components suggesting that caspases might also have additional non-apoptotic roles (see below).

1.2.7. Non-apoptotic roles of caspases.

Recent studies have suggested that activated caspases may also be important for several non-apoptotic
processes (Table 3; right columns, reviewed in [103, 104, 106, 108, 109]. In general, caspases are now
known to mediate cleavage of substrates that may be involved in the regulation of apoptosis-independent
processes such as proliferation, regulation of cell cycle, activation of survival pathways, spreading,
migration, differentiation, maturation, receptor internalization, and inflammation [104, 108]. Caspase-1 has
long been identified as the protease involved in IL-1 cytokine maturation. Particularly, active caspase-3 has
been involved in cellular processes such as cell differentiation, migration, or plasticity [110, 111] (Table 3),
by regulating cytoskeletal components such as actin, gelsolin, vimentin, cytokeratin, and the astroglial
GFAP, suggesting that caspases could potentially modulate the function of some of these proteins and thus

regulate cytoskeletal-mediated migration [112, 113].
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Caspase Substrates

Proapoptotic substrates

Non-apoptotic

Associated cellular process

substrates
Caspase-1  Calpastatin, procaspase-3/4, Bcl-X|, Pro-interleukin-1f Cytokine maturation
Pro-interleukin-18 Cytokine maturation
Caspase-3  DNA cleavage and repair Acinus Erythrocyte differentiation, enucleation
PARP, Acinus, DNA-PKcs, DFF, ICAD, Topoisomerase 1 Calpastatin Myoblast differentiation
EAAT2 Astrocyte glutamate transporter
Cytoskeletal and structural proteins GATA-1 Eryrthopiesis regulation
Vimentin, actin, GFAP, Frodin (alpha II-spectrin), Lamin Gelsli Out th and cell odi
A, Lamin B1, Gelsolin, 3 II-spectrin, p-Catenin, elsoun utgrowth and cell spreading
cytokeratin 18 GFAP Cytoskeletal remodeling
GLURI / GLUR4 Glutamate transport
Protein kinases of signal transduction
FAK Cytoskeletal regulation
Protein phosphatase 2A subunit Aa,, PKCt, PKC-related
kinase, PKN, PITSLRE kinase a2-1, MEKK-1, CaMK IV, | FLIPL T and B cell activation
Pro-interleukin-16, D4-GDP dissociation inhibitor, ] ]
Cytosolic phospholipase A, FOXO3a Proliferation
Lamin B Erythrocyte differentiation
Transcription Mst1/2 kinase Myoblast differentiation
Statl, NFkB p50, p65, IkB, RinglB, Steroid response p2lclpl/wafl , p27kipl Cell cycle regulation
element-binding proteins
p35 Caspase inhibition
Cell cycle and Replication PAK2 Cytoskeletal regulation, morphogical
changes
Replication Factor C large subunit, NuMA, HnRNP
proteins C1 and C2 PARP-1 Erythrocyte differentiation, Lens fiber
formation, T and B cell activation,
NFkB activation
Others PKCH Keratinocyte differentiation, TCR
signalling
Persemhn—l, BC1—2, BCI—XL, FLIPL, Bld, Bax, DCC, p53, PKCC Cell growth signalling
Cdc5, Huntington, Parkin, Persenilin-2, Dentatorubral
pallidalysian atrophy protein Plectin Cell spreading
PLA2 ROS decrease
Rb protein Cell cycle regulation
(retinoblastoma)
RasGAP Morphogical changes, adhesion,
cytoskeletal regulation
SLK Cytoskeletal regulation, actin assembly
Vimentin Cytoskeletal remodeling
Weel Cell cycle regulation
10 Apoptotic and antiapoptotic mechanisms in neurons and glial cells after damage to the immature brain.
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FAK Cytoskeletal regulation
Caspase-6  Cytokeratin 18, Lamin A p27"! Cell cycle regulation
PKCO TCR signalling
FAK Cytoskeletal regulation
Caspase-7  Cytokeratin 18, Mdm2, PARP, proteins, calpastatin, Steroid p21%l pp 7Pt Cell cycle regulation
response element-binding, Huntington, Hn-ribonuclear
protein C PKCO TCR signalling
TCR T chain TCR signalling
Weel Cell cycle regulation
Caspase-8  RIPKI, FLIP, Procaspases-3, -4, -7, 9 PAK2 Cytoskeletal regulation
Plectin Cell spreading
Weel Cell cycle regulation
PKCO TCR signalling
Caspase-9  PARP, Procaspase-3 SRPK2 RNA splicing
TCR T chain TCR signalling

Table 3. Caspases and their substrates in apoptotic leading to apoptosis and
non-apoptotic processes. Based on the following reviews: [8, 102-107].

In addition, in the brain, caspase-3 has been implicated in preconditioning. McLaughlin and coworkers
postulated that preconditioning induces cellular resistance through a caspase-3 mediated HSP70
upregulation mechanism, preserving the integrity of the mitochondrial membrane and acting downstream
of caspase-3 activation to inhibit cell death [114-116]. In some instances, caspases can also activate
survival pathways, such as the NFKB pathway [104]. However, caspase-8 was shown to interact with
RIP, NFkB-inducing kinase (NIK) and IKKs, resulting in increased kinase activity of the IKK-signal
complex [104]. Caspases may play a role in the regulation of the cell cycle by serving as additional
checkpoints to ensure that only healthy cells complete the cell cycle (Table 3; right columns). An
example in the arrest of cell cycle by action of several caspases is the cleavage of the Rb, mdm2, Weel,
cdc2, cdc27 and cyclin E. In addition, p21°""V4"! and p27**" are cleaved by caspase-3, caspase-7, and

caspase-8 and obstruct the activation of cyclin-cdk2 complexes, preventing progression from Gl to S

Apoptotic and antiapoptotic mechanisms in neurons and glial cells after damage to the immature brain.
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phase [117, 118]. Similarly, several reports have investigated the role of caspases in the induction of
proliferation [109] or differentiation [119]. Caspase-8 regulates T cell proliferation through T cell
receptor (TCR) stimulation [85] and a defect in the production of IL-2 by means of an unknown

mechanism.

1.3. INHIBITORY MOLECULES THAT BLOCK CELL DEATH.

1.3.1. Inhibitor of apoptosis proteins: IAPs.

Caspase proenzymes and active forms are controlled, under normal physiologic conditions, by
endogenous inhibitors such as inhibitor of apoptosis proteins (IAPs) or the Heat Shock Proteins (HSPs).
IAPs are a family of pro-survival genes that act downstream of caspase activation to directly bind and
inhibit activated caspases regulating their degradation at the level of the proteasome [120]. The
functional basis of IAPs are the baculoviral IAP repeat (BIR) domains through which they bind to and

inhibit caspases [121] (Figure 3).

BIR1 BIR2 BIR3

xiar -l il — >
carz S —( D
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Figure 3. Mammalian IAPs. BIR, baculovirus IAP repeat; RING, RING finger domain; CARD, caspase-
recruitment domain; LRR, leucine-rich repeats; NBS, nucleotide binding site. (Moditied from [122]).

Overall, there are two general types of BIR domains: Type I domains that bind to and inhibit
caspases; and Type II domain, which can also bind caspases, but act on the cell cycle as well (Figure 3).
Type I BIR domains are classified into: BIR1, -2, and -3. Binding of the linker region between BIRI
and BIR2 inhibits executor caspases-3 and -7, and BIR3 binds to and inhibits caspase-9. The BIRI1
domain has not caspase-inhibiting activity. Four of the mammalian IAPs: cellular inhibitor of apoptosis
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(cIAP)-1, cellular inhibitor of apoptosis (cIAP)-2, X-Chromosome-Linked Inhibitor of Apoptosis Protein
(XIAP), and Neuronal Apoptosis Inhibitory Protein (NAIP), contain all three BIR type I domains; the
other four IAPs, survivin, livin/ML-IAP, APOLLON/BRUCE, and testicular IAP (ts-IAP), contain either
only one BIR domain or type II BIR domains, but they can also inhibit caspases-3/-7 and -9 [122, 123].
In this regard, final cleavage of executor caspase-3 substrates does not only depend on caspase
activation, but also on the presence or not of specific IAPs that can block apoptotic pathways
downstream of effector caspase activation. In this sense, XIAP, cIAP-1, cIAP-2, NAIP and survivin have
been shown to inhibit caspase-3 in peripheral organs but also in the CNS, where several IAPs such
XIAP, cIAP-1 [122], NIAP [124] or survivin [125] have been show to provide neuroprotection against
ischemia [126], trauma [127], and other neurodegenerative paradigms, mainly through caspase-3
inhibition (Table 4). In addition, cIAP-2 has been shown to be one of the main factors contributing to
neuroprotection in preconditioning [116]. There is not yet a clear consensus on the function of the
different IAPs in the immature brain, although it is known that IAPs are much more frequent in the
neonate, and its overexpression is neuroprotective. Knockout of survivin is embryonically lethal; embryos

survive only 5 days due to cytokinesis failure [128].

Endogenous Inhibitors of Cell Type in CNS References
Caspase-3
XIAP Neurons, oligodendrocytes [38, 116, 126, 129-134]
cIAP-1 Neurons, astrocytes, Neural [131, 135, 136]
progenitor cells
cIAP-2 Neurons, oligodendrocytes, astrocytes —[116, 131, 134, 137]
NAIP Neurons [124, 133, 138-141]
Survivin Neurons, astrocytes, Neural [127, 128, 141, 142]
progenitor cells
HSP25/27 Neurons, astrocytes [143-151]
HSC70/HSP70 Neurons, oligodendrocytes, astrocytes — [152, 153]
HSP70/72 Neurons, astrocytes [114, 146, 154-156]
Hspl10 Neural crest cells [157]

Table 4. Endogenous Inhibitors of caspase-3 activation in the CNS.

Apoptotic and antiapoptotic mechanisms in neurons and glial cells after damage to the immature brain.
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1.3.2. Heat Shock Proteins and the stress response.

HSPs function as molecular chaperones and are crucial for recovery from stress-induced protein
damage increasing survival (for review [158]). An important function of HSPs is to act as protein
chaperones mediating transport of proteins into organelles such as lysosomes and endoplasmic reticulum
or folding nascent polypeptides during translation [159]. In response to stress, HSPs are induced and they
prevent formation of protein aggregates and contribute to the stabilization of denatured proteins and the
removal of damaged proteins for degradation, as well target them for destruction by the proteasome both
actions serving a protective role [160]. HSPs are classified into several multi-gene families based on their

amino acid sequences, functions and molecular weights from 10 to 174 kD. They are divided into

families of HSP27, HSP40, HSP60, HSP70, HSP90 and HSP110 with several functions in the cells

(Table 5).
HSP Chaperones Subcellular Apoptotic proteins References
Families or isoforms location chaperoning
HSP27 af-crystallin Cytosol Pro-caspase-3, Bax, Bcl-Xs, [161, 162]
cytochrome ¢, caspase-8
HSP20 Cytosol/nucleus Pro-caspase-3 [163]
HSP25/27 Cytosol/nucleus Procaspase-9, cytochrome c, [147, 148, 164-166]
procaspase-3, tBid, DAXX, Akt, [kB
HSP40 HSP47 Cytosol, endoplasmic Caspase-3, CHOP, Bax [149, 153, 167]
reticulum (ER)
HSP60 HSP60/HSP10-cyt  Cytosol Pro-caspase-3, active caspase-3, Bax [162, 168]
HSP60/HSP10-mit ~ Mitochondria Pro-caspase-3, Bcl-X1 cytochrome ¢ [169]
HSP70 HSC70 Cytosol/nucleus Caspase-3 [153, 170-172]
HSP71 Cytosol Caspase-3 [155]
HSP72 Cytosol/nucleus Caspase-3, Apaf-1, Fas [156, 173-175]
HSP70 Cytosol/nucleus/Mitochondria ~ Caspase-3, JNK, AIF, CHOP, Bax, [154, 159, 167, 176-
apoptosome, SEK kinase, Bid 181]
Grp78 (Bip) ER/Cytosol/nucleus Caspase-12, CHIP [140, 182-184]
HSP90 HSP90-a Cytosol/nucleus Apaf-1, ASK-1, IKK, Akt [150]
HSP90- Cytosol/nucleus NF-kB [150]
Grp94 ER Pro-caspase-3, active caspase-3 [185]
HSP110 HSP105 Cytosol/nucleus Pro-caspase-3, p38MAK, cytochrome ¢ [186, 187]
HSP110/104 Cytosol/nucleus Pro-caspase-3, caspase-9 [157]
Table 5. Mammalian HSPs: Nomenclature, subcellular location, and
proapoptotic proteins which they chaperone (taken from [158, 188, 189] and
[190)).
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Under normal conditions, certain HSPs are constitutively present and are named Heat Shock Cognates
(HSC) which are essential for the folding of nascent proteins and for protein translocation and for

maintaining multiprotein complexes.

HSP27 belongs to the family of small stress proteins that are constitutively abundant and interacts
with key elements of the apoptotic-signalling pathways. HSP27 blocks DAXX-mediated apoptosis and
inhibits its interaction with Fas and ASK-1, also prevents translocation of tBid onto the mitochondrial
membrane, regulating apoptosis through interaction with Akt (Figure 2). In addition, HSP27 stabilizes the
cytoskeleton as the proteolytic cleavage of actin by caspases has been proposed to have a role in the
specific and sequential changes of different regulators of the microfilament system during the apoptotic
process [164]. Overexpression of HSP27 was shown to reduce oxidative DNA damage by maintaining
the redox homeostasis and mitochondrial stability, as it can sequester cytochrome c¢ and procaspase-3
[148]. AP-crystallin, another small HSP of the same family, interferes in the processing of procaspase-3
precursor or it binds to the cleaved p24 fragment of caspase-3 before in undergoes maturation into a p20
subunit, and it can also mask Bax and Bcl-xs in the cytoplasm [161]. Mitochondrial HSP60 and its co-
chaperone HSP10 are chaperone proteins responsible for the folding of newly imported proteins encoded
by mitochondrial DNA, and they are associated with procaspase-3. HSP60 enhances its protease-
sensitivity and thus makes it more susceptible to the action of cytochrome c¢ [168, 169]. The HSP70
family is the most diverse, both constitutively and under stress conditions, acting as antioxidant against
ROS [171]. HSP70 is also known to antagonize apoptosis by binding to AIF released from the
mitochondria [191] or preventing the formation of the apoptosome by binding to Apaf-1 and blocking
the activation of caspase-9 or caspase-3 and the appearance of apoptosis after DNA damage [192].
Overexpression of HSP70 inhibits the translocation of Bax from the cytoplasm to the mitochondria and it
protects the cells from caspase-3 activation [154, 193]. HSP90 blocks apoptosis through its involvement
at different steps in the formation of active IKK or Akt complexes and the dissociation of NF-kB from
its inhibitor [194]. HSP90 and Akt promote cell survival by inhibition of JNK pathway through
phosphorylation and consequent inactivation of ASK-1. In addition, HSP90 participates in the inhibition

of Apaf-1 and in the formation of an inactive apoptosome complex [190] (Figure 2 and Table 5).
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Although HSP actions are not exclusive to the nervous system, in the brain overexpression of HSP
family members is neuroprotective against glutamate toxicity and oxidative injury and they provide

several neuroprotective mechanisms [160, 193].

1.4. PROAPOPTOTIC AND ANTIAPOPTOTIC MECHANISMS IN
EXCITOTOXIC CELL DEATH

Excitotoxicity is caused by pathological overactivation of glutamate receptors and is considered to be
one of the underlying mechanisms of neuronal death in hypoxia, ischemia, seizures and hypoglycemia,
and also in progressive neurodegenerative diseases [195]. In physiological conditions, glutamate is the
major excitatory neurotransmitter in the mammalian brain and a key mediator of intracellular
communication, plasticity, growth and differentiation [196], acting via metabotropic (mGluR) and
ionotropic receptors (iGluR). The ionotropic glutamate receptors are the major mediators of
excitotoxicity and, according to their differential agonist specificities, are named NMDA (N-methyl-D-
aspartate) receptor, AMPA (amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptor, and KA
(kainate) receptor [197]. In this sense, several glutamate agonists like NMDA, KA and AMPA have
been used in the last decades as models of CNS neurodegeneration. Ionotropic receptors act as ligand-
gated Ca®* channels and after prolonged activation intracellular Ca®* increases to concentrations that are
sufficient to trigger downstream processes that ultimately result in cell death [198] (Figure 2). Ca*
enters the cell and concomitant Na™ uptake is followed by an influx of chloride and water causing rapid
neuronal swelling and activation of various cascades including activation of catabolic enzymes such as
proteases, lipases and endonucleases, impairment of energy metabolism, decrease of adenosine
triphosphate (ATP), membrane depolarization [199], and generation of ROS, causing oxidative stress
that leads to the breakdown of the cell membrane, the cytoskeleton, the genomic DNA, and ultimately
causes cell death (Figure 4). ROS particularly responsible for oxidative stress include: O,, OH",
hydrogen peroxide (H,O,), NO and ONOO" (peroxynitrite). NO produced by activation of the neuronal
isoform of nitric oxide synthase (nNOS) in response to NMDA receptor stimulation, as well as from
activation of inducible NOS (iNOS), has been shown to be associated with mitochondrial dysfunction.

Whereas high concentrations of excitatory aminoacids induce necrotic cell death very rapidly, lower
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concentration of excitotoxins elicit apoptosis in a more delayed time course as it occurs in the ischemia
penumbra or lesion border in other acute CNS injuries. However, as previously stated, cell fate does
finally depend on the balance between apoptotic mechanisms and survival factors [200] (Figure 4).
Proapoptotic mechanisms start with the release of cytochrome ¢ from mitochondria to induce caspase
activation, and consequently, DNA fragmentation. Antioxidant enzymes expressed in response to
apoptotic stimulus eradicate the production of ROS. Bcl-2 proteins inhibit the proapoptotic molecules at
the mitochondrial level, and chaperones like HSPs and IAPs block caspases, confer resistance and
tolerance to damage. In this sense, the first step in limiting cell death is to fully understand the

mechanisms involved in apoptotic and survival processes (Figure 4).

I Excitotoxic 1 l Ischemic

<= Damage T~ = Damage =
tGlu JATP
tca» 4ROS

NMDA channel overactivation
Oxidative stress

Bcl-2
antioxidant Akt
enzymes HSPs
IAPs cyt c release
Resistance and Tolerance Caspases activation
to Damage !
! DNA fragmentation
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Figure 4. Schematic representation of the cell death mechanisms induced by
excitotoxic/ischemic damage and pro-survival factors responsible for the life
and death equilibrium after brain damage.

Apoptotic and antiapoptotic mechanisms in neurons and glial cells after damage to the immature brain.

17



18

1.5. ASTROCYTES IN RESPONSE TO INJURY: REACTIVE
ASTROGLIOSIS.

Astrocytes are the predominant glial cell population in the CNS and provide physical support to
surrounding neurons and vasculature and give trophic support to neurons by controlling extracellular
concentration and homeostasis of several ions and metabolites, including glutamate. A large proportion
of the glutamate taken up by astrocytes by their glutamate transporters GLAST and GLT1 (EAATI1 and
EAAT?) is converted to glutamine by an enzyme, glutamine synthethase (GS). Exclusively localized in
astrocytes, glutamine is then shuttled to neurons, which convert it back to the neurotransmitter
glutamate [195, 196, 201, 202]. A depletion of these astroglial transporters raises extracellular
glutamate concentrations and increases neuronal damage by excitotoxicity. In the normal CNS,
astrocytes are classically divided into three major types according to their morphology and spatial
organization: protoplasmic astrocytes in grey matter, fibrous astrocytes in white matter and radial
astrocytes surrounding ventricles. Glial fibrillary acidic protein (GFAP) is an intermediate filament
protein which is known to be expressed in astrocytes, although its precise contributions to astroglial
physiology and function are still not clear. The upregulation of GFAP following injury has been the
long-standing pathological observation and the main landmark of reactive astrogliosis in
neurodegenerative conditions and acute neuronal damage, including after excitotoxic cell death [203]. In
addition, injury-induced changes in intermediate filaments also induce de novo expression of vimentin,
which is expressed in the embryonic brain. Early astroglial activation can be seen within hours after
injury when the astrocytes generally show an increase of GFAP immunoreactivity associated to cell
hypertrophy and sometimes proliferation. The morphological and functional responses of astrocytes may
depend on the type of insult [204]. The absence of intermediate filament (IF) proteins in astrocytes
leads to attenuation of reactive gliosis with distinct pathophysiological and clinical consequences.
Studies with GFAP -/- and Vimentin -/- mice after trauma have proposed that the effect of reactive
astrocytes involves two stages: they may first play a beneficial role in the acute stage after CNS injury
and later act as inhibitors of CNS regeneration [205]. The absence of astrocyte IFs associates with the

diminished ability of astrocytes to respond to hypoosmotic stress. Astroglial cytoskeletal changes are
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accompanied by a reactive response that has been shown to have an important role for BBB (blood-
brain barrier) repair, reduced brain edema and regulation of blood flow by controlling the blood-CNS
interface. Reactive astrocytes are also involved in the regulation of extracellular ions and
neurotransmitter levels, as well as the repair of the extracellular matrix (ECM) by secreting ECM
proteins. However, whether prolonged reactive astrocytic response is beneficial in neuronal recovery is
still controversial. Astrocytes, together with microglial cells, endothelium and infiltrating leukocytes are
the major players of the inflammatory response after damage and they have been shown to produce
inflammatory cytokines such as IL-1, IL-6 and TNF-a, and the inflammatory enzyme iNOS, a key
molecule in oxidative stress [206-210]. In contrast, other factors such as TGF-f§ and trophic molecules
are also produced by astrocytes and may have protective roles [211]. As the damage progresses, a
proportion of the surviving astrocytes in the periphery gradually transform into a glial scar that seals
off the affected tissue. Nerve degeneration and neuron-astrocyte interaction through gap junction release
neurotrophins by astrocytes is essential for neuronal survival (for review [212]). Neuronal survival-
promoting factors released from astrocytes are neurotrophins such as nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), erythropoietin
and activity-dependent neuroprotective protein (for review, [212]). Studies in previous decades have
largely established that astrogliosis is a key event in the final lesion outcome after several types of
acute damage, but very little is known about the susceptibility of these cells to injury and the possible

cell death mechanisms contributing to the termination of the glial response.

1.6. NEURONS AND GLIAL CELLS HAVE DISTINCT SUSCEPTIBILITY
TO DAMAGE.

Although the primary focus of studies on cell death mechanisms has been on neurons, it is becoming
clear from both in vivo and in vitro studies that glial cells are also sensitive to apoptotic stimuli. The
explanation why, after the same apoptotic stimulus it can cause signalling, execution and regulation of
the apoptotic pathways in neurons and glial cells is in continuous study. Neurons are described as the
most vulnerable cell type to apoptotic damage, followed by oligodendrocytes, astrocytes, endothelial

cells, and microglia [213, 214]. In response to oxidative stress, glial cells are more resistant than neurons:
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studies in glial cultures show that following exposure to menadione the extent of oxidative damage to
mtDNA differed between glial cell types, with astrocytes being the most resistant and oligodendrocytes
as well as microglia being more sensitive [215]. Moreover, the capacity of mitochondrial DNA (mtDNA)
repair in cultured oligodendrocytes and microglia was significantly less than in cultured astrocytes,
correlating well with each cell type susceptibility to apoptosis [215]. Therefore, it is not the quantity of
initial damage that determines sensitivity, rather the amount of damage that persists. Thus, the level of
DNA damage at a particular time will reflect the rate of DNA damage versus the rate of repair. In vivo,
examples that implicate oligodendroglial susceptibility to apoptosis are: extensive white matter damage
that occurs after an ischemic insult; inflammatory demyelination, the hallmark of multiple sclerosis, and
periventricular leukomalacia, and the neuropathology seen in premature birth associated with severe
hypoxia. Furthermore, results of studies on the astroglial susceptibility to damage are still controversial.
It has been suggested that astroglial subpopulation susceptibility to damage is dependent on their GFAP
content [216], and that protoplasmic astrocytes are more susceptible and die more rapidly after ischemic
insults than neurons, implicating that glial dysfunctions may have major consequences in the
pathogenesis [217]. Cell type-specific vulnerability to different caspases was studied in neurons and
astrocytes, where recombinant caspase-3, -6, -7 or -8 were injected into primary neuronal cells. Only
caspase-6 was able to induce apoptosis in neurons and only caspase-3 induces apoptosis in astrocytes
[218]. However, it is well established that, in injury paradigms, astroglial cells cope with oxidative stress
and avoid cell death by increasing amounts of antioxidant and protective chaperone proteins.
Antioxidants are present in high concentrations in astrocytes, which protect the surrounding -cells
containing neurons from oxidative stress-induced cell death. Cu/Zn SOD overexpression is known to
provide astrocytes an increased resistance to oxidative damage [219], and it is recognized as one of the
main free radical scavengers in ischemia and excitotoxicity [220]. The remarkably high levels of
MnSOD, Cu/ZnSOD and total GSH within cell types determine the protection against cell death and the
cell depends on repair mechanisms for the removal of the damage to macromolecules such as DNA
[215]. Other astroglial protective mechanisms include small HSPs such as HSP27, which is seen in
reactive astrocytes [149] and has been shown to protect cells downstream of cytochrome c release.

Metallothionein-II (MT-II) is a metal-binding protein, which plays a key role in the detoxification of
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heavy metals and free radicals scavenging [221]. In addition, other neuroprotective proteins such as the
phosphoprotein enriched in astrocytes (PEA-15) can divert astrocytes from TNFa triggered apoptosis and
has been demonstrated in spinal cord reactive astrocytes [222, 223]. In addition, the ratio of pro- and
anti-apoptotic members of Bcl-2 family may determine neuron and glia vulnerability to apoptosis; in
astrocyte cultures the expression of Bcl-2 protein was greater compared with neurons, and astrocytes also
overexpress MAP kinases, phospho-ERK, and decreased Bax [224]. Finally, anti-apoptotic proteins like
IAP family have also been demonstrated in reactive astrocytes [127, 131, 225-228]. Therefore, the
presence of the above mentioned protective proteins in astrocytes might account for the absence of

massive astroglial cell death in CNS injury models by interfering with the apoptotic process.

1.7. ACTIVATION OF APOPTOTIC PATHWAYS IN ASTROCYTES.

The regulation of astrocyte apoptosis is essential in physiological and pathologic processes in the
CNS (for review, [212]). Astroglial cells do undergo cell death in vitro in a variety of situations, such
as calcium overload, oxidative stress, mitochondrial dysfunction, and treatment with apoptotic inducers
as staurosporine and ceramide [229] (Table 6). Glutamate exposition induces in astrocytes caspase-3
activation and DNA fragmentation. Oxidative stress by H,0O, exposure causes in astrocytes a loss of
mitochondrial membrane potentially followed by cytochrome c¢ release, caspase-3-like protease
activation, and induction of calpains, and also NF-kB activation. Cultured astrocytes treated with high
concentrations of NO donors lead to apoptosis, causing caspase-11 activation, p53, Bax, and DNA
fragmentation. In vivo, astrocytic apoptosis has been reported in conditions such as traumatic spinal
cord injury, traumatic brain injury [230, 231], ischemia/excitotoxicity [232, 233], and neurodegenerative
conditions where it has been shown that apoptosis occurs only in a few astrocytes (Table 6). In general,
in vivo studies have reported astroglial expression of several proapoptotic caspases, including caspase-3,
caspase-7, caspase-8, caspase-9 or caspase-11, and mitochondrial apoptotic proteins after oxidative
stress and neurodegenerative diseases (Table 6). Finally, astroglial cells also suffer from ER stress,
activation of caspase-12 and upregulation of ER-resident chaperones such as glucose-regulated proteins

(GRPs) [183, 234, 235].
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Apoptotic Mechanisms in Astrocytes

Evidence of caspases, apoptotic

gstI;;I:f’:iC molecules or features or cell References
death

In vitro Glutamate Caspase-3, DNA fragmentation, AP-1, NFkappaB  [236-238]
H,0,-induced Oxidative p53, DNA fragmentation, caspase-3, cytochrome [146, 239-244]
stress ¢, Bax, calpains, NFkappaB
Nitric oxide p53, Bax, PI3K [58, 220, 245, 246]
Irradiation Bax, caspase-3, DNA fragmentation [247, 248]
Ceramide JNK, Bax [80, 249]
Manganese Caspase-3, iNOS [250]
Oxygen and glucose CHOP, grp78, grp95, p38MAPK, Bax, [184, 224, 251, 252]
deprivation (OGD) procaspase-3, caspase-11, DNA fragmentation
Lipopolysaccharide (LPS) Caspase-11, p38MAPK, NO [253, 254]
Adenosine Apoptotic morphology and decreased cell number  [255]
Menadione Cytochrome ¢, caspase-9 [215]
S-100pB DNA fragmentation, NO [256]
Etanol-induced death GTPase RhoA, caspase-3, Rho kinase, [257-259]

p38MAPK, INK, COX-2

Saline solution DNA fragmentation [260]
Phytanic acid Cytochrome ¢ [261]

In vivo Hypoxia-Ischemia Cytoplasmic vacuoles, PARP-1, caspase-3, [50, 70, 71, 193, 211,

Excitotoxic injury

Spinal cord injury

Traumatic brain injury

cytochrome c, caspase-9, Bax, type-1
plasminogen activator inhibitor (PAI-1), Bad, p53,
DNA fragmentation, caspase-8, Bad

Caspase-3, caspase-9, DNA fragmentation, PARP

Caspase-3, caspase-8, caspase-9

Caspase-3, caspase-7, Bid, tBid, caspase-12,
caspase-8, caspase-9, DNA fragmentation

212, 228, 229, 251, 262-

283]

[284, 285]

[286-289]

[67, 127, 147, 230, 231,
235, 290-296]
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Amyotrophic lateral Caspase-3, DNA fragmentation, COX [297-299]
sclerosis
Diabetes Caspase-3, DNA fragmentation [300, 301]
Neurodegenerative Caspase-3, cytochrome ¢, nuclear condensation, [113, 302-315]
Diseases DNA fragmentation, Bax, Bcl-x, cytoplasmic

vacuoles

= Table 6. Apoptotic pathway proteins in astrocytes in vitro and in vivo.

1.8. IMMATURE BRAIN INJURY

Perinatal brain injury as a consequence of asphyxia, cerebral ischemia, cerebral hemorrhage, or
intrauterine infection is the main contributor to perinatal morbidity and mortality [276]. In addition, a
considerable number of infants who survive perinatal hypoxic/ischemic insults will develop cerebral
palsy, severe learning disabilities, and other disorders which are major causes of neurological disability
throughout life. In spite of this, studies of acute damage to the immature CNS are generally lacking,
although several lines of evidence suggest that the immature brain responds in a particular fashion to
brain injuries (for review [316]). This occurs, at least in part, since many of the adult gene expression
patterns, neural circuit organization, cell differentiation or myelination has not yet been achieved.
During nervous system development, apoptotic or programmed cell death (PCD) mechanisms are
triggered in the embryonic stage through postnatal age and are physiological processes of nervous cell
differentiation and maturation [6, 29, 317]. In the rat, from age E4 to P14 nearly half of the nervous
cells die and levels of proapoptotic proteins are increased in relation to the mature brain [276, 316,
318, 319]. Specifically, in regards to the brain’s response to ischemic or excitotoxic damage, age-
related differences are based in the different susceptibility to oxidative stress and the maturation of
NMDA receptor patterns at early age. Two features have been proposed for the immature brain that
renders it especially sensitive to oxidative stress: poor antioxidant capabilities and high concentration of
free iron. The increased vulnerability is subsequently explained by an inability to detoxify accumulated

H,O, due to a limited capacity of antioxidant enzymes, especially glutathione peroxidase. In the
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developing and immature CNS, NMDA receptors have subunit compositions that allow them to open
more easily in response to glutamate and to induce a higher calcium influx than mature receptors [320].
These receptor changes are predominantly responsible for the fact that the immature brain is far more
excitable and epileptogenic than the adult brain. During development, expression of the regulator NR2
subunits of the NMDA receptor change from a relatively high level of subtype 2B during the first 2
postnatal weeks in the rat, to a predominance of the 2A subunit in the adult. This is a developmentally
regulated alteration in the ratio of NR2A: NR2B is reflected in altered receptor properties [321],
including increased Ca™ flux. Although levels of NR2A relative to P21 are low in the P7 rat, there is a
higher level of basal phosphorylation, which would contribute to the increased excitability of the
NMDA receptor supporting normal cerebral development at this stage but also render it more
vulnerable to damage (for review [316]). On the other hand, the glial response and inflammatory
reaction after immature brain damage also differs considerably from that of the mature CNS. Injuries in
the neonatal periods have been shown to produce minimum astrogliosis, and, although scar increases
with age, it is commonly established that immature reactive astrocytes are more growth permissive than
adult astrocytes. Moreover, during the first two weeks of postnatal life in the rat two different types of
microglial cells coexist. In the white matter tracts there are amoeboid microglial cells which appear
during prenatal life deriving from monocytes or primitive/fetal macrophages and maintain several
macrophage characteristics such as the expression of major histocompatibility complexes (MHC). In the
gray matter there are primitive ramified microglial cells, a transition form towards the formation of
adult ramified microglial cells found in the mature CNS and derived from the progressive ramification
of amoeboid cells. This will ultimately have consequences for the outcome of brain injury to the

immature brain.
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Figure 5. Schematic representation of blood vessels, astrocytes, neurons and microglial cells after an excitotoxic
damage in the immature rat brain. Degenerating neurons present activation of NF-KXB and STAT3 and expression
of IL-6, and c-fos and c-jun before undergoing cell death. Reactive astrocytes express NF-KB and STAT3 in the
nucleus produce the cytokines IL-6, IL-18, TNFa, and TGF-B1 and induce expression of iNOS. Activated
microglia express IL-6 and IL-1B. Protective molecules such as the HSP27 and HSP47 are seen in astrocytes and

HSP32 in microglia. Antioxidant enzymes like CuZnSOD and MT-II are expressed also in astrocytes, [149, 209,
210, 322-326].
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In the last decade, our lab has focused on the study of the glial and inflammation response
following acute excitotoxicity to the postnatal day 9 rat brain. Neuronal degeneration in the damaged
cortex, striatum and hippocampus to a lower extent induce BBB disruption, leukocyte extravasations
and glial response. Astroglial activation includes changes in the cytoskeleton and migration,

proliferation, and increasing expression of distinct families of genes.

One of the first detectable molecules is the activation of transcription factors Signal transducer
and activator of transcription 3 (Stat3) and NFkB in the astroglial nuclei with a few hours after the
excitotoxic lesion (Figure 5) [327] and preceding upregulation of GFAP de novo vimentin expression,
cell hypertrophy and metabolic changes. Later on, astroglial cells express proinflamatory molecules; IL-
1, TNFa, IL-6 and iNOS, but also the anti-inflammatory cytokine TGF-f31, which is maintained until
the formation of the glial scar. Microglial cells increase lectin binding and express MHCI [328] and
MHCII to a lower extent. In addition, activated microglia express the inflammatory related enzyme
COX-2, the pro-inflammatory cytokine IL-1f, and also produce the anti-inflammatory cytokine TGF-f31
and the chaperone HSP32 [209]. As a consequence of oxidative stress, astroglial cells become nitrated
and activate caspase-3, but also induce expression of protective mechanisms like the antioxidant Cu/Zn
SOD and the metal binding proteins MT-II; and activate stream-activated chaperones like HSP47 and
HSP27 [149]. However, little is known about the susceptibility of astrocytes and glial cells in general
after acute immature damage and the activation of proapoptotic and antiapoptotic mechanisms within

these cells.
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2. AIMS

General aim and Hypothesis

The general purpose of this thesis was to study the apoptotic and anti-apoptotic
mechanisms in neurons and glial cells after acute excitotoxic damage to the immature rat
brain. Glial cells and, in particular, astrocytes show more resistance to death than neurons
after damage. Our hypothesis is that glial cells have a determined pattern in the expression of

molecules that award resistance in the balance between survival and death.
Specific aims
I. To analyze the spatial-temporal pattern of caspase-3 activation in
neurons and glial cells.

II. To determine the rate and temporal progression of neuronal and glial

apoptotic cell death in the damaged brain.

III. To study the spatial-temporal activation of the intrinsic and extrinsic

apoptosis pathways in neurons and glial cells.

IV. To evaluate possible alternative non-apoptotic roles of caspase-3 in

astroglial cells.

V. To evaluate several IAPs as candidates for caspase-3 inhibition in

astrocytes.

VI. To evaluate whether Heat Shock Proteins maybe involved in caspase-3

inhibition in astrocytes.
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ARTICLE |

" Caspase-3 activation in astrocytes tollowing postnatal excitotoxic damage
correlates with cytoskeletal remodeling but not with cell death or proliferation”

GLIA 55:954 - 965 (2007).
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Caspase-3 Activation in Astrocytes Following Postnatal
Excitotoxic Damage Correlates With Cytoskeletal
Remodeling but not With Cell Death or Proliferation

ABSTRACT

Caspase-3 has classically been defined as the main executioner of programmed cell death.
However, recent data supports the participation of this protease in non-apoptotic cellular events
including cell proliferation, cell cycle regulation, and cellular differentiation. In this study,
astroglial cleavage of caspase-3 was analyzed following excitotoxic damage in postnatal rats to
determine if its presence is associated with apoptotic cell death, cell proliferation, or cytoskeletal
remodeling. A well-characterized in vivo model of excitotoxicity was studied, where damage
was induced by intracortical injection of N-methyl-D-asparate (NMDA) in postnatal day 9 rats.
Our results demonstrate that cleaved caspase-3 was mainly observed in the nucleus of activated
astrocytes in the lesioned hemisphere as early as 4 h post-lesion and persisted until the glial scar
was formed at 7 - 14 days, and it was not associated with TUNEL labeling. Caspase-3
enzymatic activity was detected at 10 h and 1 day postlesion in astrocytes, and co-localized with
caspase-cleaved fragments of glial fibrillary acidic protein (CCP-GFAP). However, at longer
survival times, when astroglial hypertrophy was observed, astroglial caspase-3 did not generally
correlate with GFAP cleavage, but instead was associated with de novo expression of vimentin.
Moreover, astroglial caspase-3 cleavage was not associated with BrdU incorporation. These
results provide further evidence for a nontraditional role of caspases in cellular function that is
independent of cell death and suggest that caspase activation is important for astroglial
cytoskeleton remodeling following cellular injury.

VVC 2007 Wiley-Liss, Inc.
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ABSTRACT

Caspase-3 has classically been defined as the main execu-
tioner of programmed cell death. However, recent data
supports the participation of this protease in non-apoptotic
cellular events including cell proliferation, cell cycle regula-
tion, and cellular differentiation. In this study, astroglial
cleavage of caspase-3 was analyzed following excitotoxic
damage in postnatal rats to determine if its presence is
associated with apoptotic cell death, cell proliferation, or
cytoskeletal remodeling. A well-characterized in vivo model
of excitotoxicity was studied, where damage was induced by
intracortical injection of N-methyl-p-asparate (NMDA) in
postnatal day 9 rats. Our results demonstrate that cleaved
caspase-3 was mainly observed in the nucleus of activated
astrocytes in the lesioned hemisphere as early as 4 h post-
lesion and persisted until the glial scar was formed at 7-14
days, and it was not associated with TUNEL labeling.
Caspase-3 enzymatic activity was detected at 10 h and
1 day postlesion in astrocytes, and co-localized with caspase-
cleaved fragments of glial fibrillary acidic protein (CCP-
GFAP). However, at longer survival times, when astroglial
hypertrophy was observed, astroglial caspase-3 did not
generally correlate with GFAP cleavage, but instead was
associated with de novo expression of vimentin. Moreover,
astroglial caspase-3 cleavage was not associated with BrdU
incorporation. These results provide further evidence for a
nontraditional role of caspases in cellular function that is
independent of cell death and suggest that caspase activa-
tion is important for astroglial cytoskeleton remodeling
following cellular injury. ©2007 Wiley-Liss, Inc.

INTRODUCTION

Caspase-3 is considered one of the major executioners of
apoptosis and has classically been viewed as a terminal
event in the process of programmed cell death. Caspase-3
is proteolytically activated into two catalytic subunits of 10
kDa (p10) and 20 kDa (p20), which can cleave numerous
intracellular substrates including cytoskeletal elements,
degrading proteases, and nuclear enzymes involved in
DNA repair (Marks and Berg, 1999; Springer et al., 2001)
to name just a few. Accordingly, caspase-3 activation has
been described in neuronal cells following specific types

©2007 Wiley-Liss, Inc.

of central nervous system (CNS) insults including trau-
matic brain injury and ischemic/excitotoxic damage
(Beer et al., 2000; Brecht et al., 2001; Chen et al., 1998;
Manabat et al., 2003; Namura et al., 1998; Nath et al.,
2000; Pulera et al., 1998). In all of these conditions, the
participation of executioner caspase activation and sub-
sequent apoptosis in the neuronal cell death process has
largely been established both in the adult and postnatal
brain. Similarly, in vitro studies have also suggested
that caspase-3 proteolytic activity plays a crucial role in
excitotoxin-induced neuronal apoptosis (Allen et al.,
1999; Du et al., 1997; Tenneti and Lipton, 2000),
although caspase-3 activation and DNA fragmentation
often do not co-localize within the same cell at the same
time (Brecht et al., 2001). In addition, expression of cas-
pase-3 has been described in oligodendrocytes (Beer
et al., 2000; Nottingham and Springer, 2003) and astro-
cytes following CNS damage (Beer et al., 2000; Benjel-
loun et al., 2003; Mouser et al., 2006; Narkilahti et al.,
2003; Su et al., 2000).

Recent studies, however, provide substantial evidence
for caspase function in non-apoptotic cellular events such
as cell cycle regulation, migration, and differentiation in
a variety of cell types (McLaughlin, 2004; Schwerk and
Schulze-Osthoff, 2003). Although the preponderance of
data has emerged from work in the immune system and
peripheral organs, several studies have also suggested
non-apoptotic roles of caspase-3 in the CNS. Under
physiological conditions, caspase-3 has been implicated
in neuronal cytoskeletal changes (Rohn et al., 2004), in
synaptic remodeling (Dash et al., 2000; Shimohama
et al., 2001), in neuronal survival associated with pre-
conditioning (Garnier et al. 2003; McLaughlin et al.,
2003; Tanaka et al., 2004), in the differentiation of
cerebellar Bergmann glial cells (Oomman et al., 2004,
2005, 2006), and as a marker of astroglial subpopulations
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(Noyan-Ashraf et al., 2005). Accordingly, following
excitotoxic damage in the neonatal brain we have demon-
strated that presence of cleaved caspase-3 in nitrated
reactive astrocytes in the absence of cell death (Acarin
et al., 2005). Nevertheless, alternative roles for caspase-3
in CNS astrocytes after injury have not been described.

The first aim of the present study was to describe the
pattern, time course, and cellular distribution of cleaved
caspase-3 and TUNEL labeling after postnatal excito-
toxicity by using a well characterized in vivo lesion
model in the immature rat brain (Acarin et al., 1999a,b,
2002, 2005). Brain damage as a consequence of perinatal
cerebral hypoxia/ischemia and stroke is a major cause
of acute mortality and severe chronic disabilities, and
excitotoxicity is one of the crucial underlying mech-
anisms. Several evidences suggest that in comparison to
the adult brain, the immature brain responds in a parti-
cular fashion to brain injuries, partly due to the fact
that many of adult gene expression patterns, neural
circuits organization, cell differentiation, and myelina-
tion have not yet been completed (Ferriero, 2004;
Vannucci and Hagberg, 2004). Furthermore, as astro-
glial cells were the main cell type showing cleaved cas-
pase-3 but not apoptotic cell death after neonatal excito-
toxicity, the second aim was to elucidate the putative
role that caspase-3 may play in proliferation and cytos-
keletal reorganization in reactive astrocytes. Our find-
ings suggest a participation of this protease in astroglial
remodeling of intermediate filaments containing glial
fibrillary acidic protein (GFAP) and vimentin after
damage, more so than a contribution to cell death or
modulation of proliferation.

MATERIALS AND METHODS
Excitotoxic Lesions

Nine-day-old Long-Evans black-hooded rat pups of
both sexes were placed in a stereotaxic frame adapted
for newborns (Kopf) under isofluorane anaesthesia. The
skull was opened using a surgical blade, and 0.15 pL
of saline solution (0.9% NaCl, pH 7.4) containing 20
nmols of N-methyl-p-aspartate (NMDA) (Sigma, M-3262,
Germany) were injected into the right sensorimotor cor-
tex. Control animals received an injection of 0.15 pL of
the vehicle saline solution. After suture, pups were
placed in a thermal pad and maintained at normother-
mia before being returned to their mothers. Experimen-
tal animal work was conducted according to Spanish
regulations, in agreement with European Union direc-
tives. All experimental procedures were approved by
the ethical commission of the Autonomous University of
Barcelona. All efforts were made to minimize animal
suffering.

Survival Times and Sample Processing

Rats were sacrificed at 4 and 10 h and 1, 3, 5, 7, and
14 days after NMDA or saline injection. For histological
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procedures, rats were anesthetized by ether inhalation
and perfused intracardially with 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). Brains were post-
fixed in the same fixative for 2 h and sunk in a 30%
sucrose solution before being frozen with dry CO,. Coro-
nal sections (30-um-thick) were obtained using a Leitz
cryostat. For caspase-3 activity, rats were sacrificed by
decapitation, brains were quickly removed and the
cortices dissected out, frozen in liquid nitrogen and kept
at —80°C. A minimum of four NMDA-injected animals,
two saline-injected controls, and two intact controls
were used for each survival time and each procedure.

5'-Bromodeoxyuridine Administration

In another set of animals, the thymidine analogue
5'-bromodeoxyuridine (BrdU, Sigma Chemical, St Louis,
MO) that incorporates into the DNA of dividing cells
during S-phase, was used to label actively proliferating
cells. NMDA or saline injected animals were adminis-
tered intraperitonealy with BrdU (50 mg/kg) diluted in
0.05 M Tris base (TB, pH 7.4) every 2 h for 10 h before
sacrifice at 1, 3, 5, and 7 days after NMDA or saline
injection.

Immunohistochemistry and Histochemistry

After rinsing for 1 h in 0.05 M tris-buffered saline
(TBS), endogenous peroxidase was blocked with 2%
H505 in 70% methanol for 10 min. Sections were rinsed
in TBS and TBS + 1% triton X-100 and incubated in
blocking buffer (BB, TBS containing 10% FCS, and 1%
triton X-100) for 30 min. The sections were then incu-
bated overnight at 4°C and 1 h at room temperature
with either primary rabbit anti-cleaved caspase-3 (recog-
nizing the p17/19 kDa fragment, 1:200, Cell Signaling
Technology, 9661) or primary rabbit anti-cleaved caspase-3
(recognizing the pl7 subunit, 1:600, R&D Systems,
AF835) in BB. After washing, sections were incubated
for 1 h at room temperature with a biotin-conjugated
anti-rabbit secondary antibody (1:200, RPN1004, Amer-
sham Pharmacia), rinsed in TBS + 1% triton and incu-
bated for 1 h at room temperature with HRP-conjugated
streptavidin (1:400, PO364, Dakopatts). Finally, the per-
oxidase reaction product was visualized by incubating
the sections in 100 mL of TB containing 50 mg
3,3'diaminobenzidine (DAB) and 33 uL hydrogen perox-
ide. As negative controls for immunohistochemistry, sec-
tions were incubated in media lacking primary antibody.

Double staining procedures were used for the simulta-
neous visualization of cleaved caspase-3 and NeulN as a
neuronal marker; GFAP and vimentin as astroglial
markers; Adenomatus Polyposis Coli (APC) as a marker
for oligodendrocytes, GFAP-CCP as a marker of caspase-
cleaved GFAP, BrdU as a marker for proliferating cells,
and tomato lectin histochemistry to label microglial
cells. For double fluorescent labeling, sections were
processed for cleaved caspase-3 labeling as described
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earlier but using a Cy3-conjugated anti-rabbit secondary
antibody (1:1,000; PA4300V, Amersham Pharmacia).
Afterwards, sections were incubated overnight at 4°C
and 1 h at room temperature in either monoclonal
mouse anti-NeuN (1:1,000; MAB377, Chemicon); polyclo-
nal rabbit anti-GFAP (1:1,800; Z-0224, Dakopatts);
monoclonal mouse anti-vimentin (1:1,000; M0725, Dako-
patts); monoclonal mouse anti-APC (CC-1) (1:500, OP80,
Calbiochem); monoclonal mouse anti-BrdU (1:80, B5002,
Dakopatts); or polyclonal rabbit anti-CCP-GFAP (Mouser
et al., 2006) diluted in BB. Sections were then washed
in TBS + 1% triton X-100 and incubated for 1 h at room
temperature with either Cy2-conjugated anti-rabbit
secondary antibody (1:1,000; PA-42004, Amersham Phar-
macia) or Cy2-conjugated anti-mouse secondary antibody
(1:1,000; PA42002, Amersham Pharmacia). For tomato
lectin histochemistry, sections were incubated for 2 h at
37° in tomato lectin (1:150, L0651, Sigma) in TBS + 1%
triton X-100. After washing, sections were incubated for
1 h at room temperature with Cy2-conjugated avidin
(1:1,000; PA-42000, Amersham Pharmacia). Selected
mounted sections were stained with a fluorescent
nuclear marker by incubating slides for 10 min in a
DAPI (D9542, Sigma) solution at a concentration of
0.00125 pg/mL. After washing, sections were dehy-
drated, air-dried, and cover-slipped using DPX. Fluores-
cence and light microscopy digital images were captured
with a Nikon Digital Eclipse DXM1200 color camera
attached to a Nikon E-800 microscope. Confocal images
were obtained using a LEICA TCS SP2 AOBS confocal
microscope.

Terminal dUTP Nick End Labeling (TUNEL)
Staining and Double Labeling with Cleaved
Caspase-3, and Neuronal and Glial Markers

For TUNEL staining, tissue sections were rinsed in
Tris buffer (10 mM, pH 8) and EDTA (5 mM) and then
incubated in the same buffer plus Proteinase K (20 pg/mL)
for 15 min at room temperature. After several washes with
EDTA (5 mM), sections were incubated for 10 min in TdT
buffer (Tris 30 mM, 140 mM sodium cacodilate, 1 mM
cobalt chloride, pH 7,7). Sections were then incubated
in TdT buffer plus 0.161 U/uL; TdT enzyme (Terminal
Transferase, 3333566 Roche, Manheim, Germany) and
0.0161 nmol/pL of biotin-16-dUTP (1093070, Roche,
Manheim, Germany) for 30 min at 37°C. The reaction was
stopped by washing the sections in citrate buffer (300 mM
sodium chloride, 30 mM sodium citrate, 5 mM EDTA).
After several washes with TBS, sections were incubated
with HRP-conjugated streptavidin (1:400, SA5004, Vector
Laboratories) and the peroxidase reaction product was
visualized in a solution containing 0.02% DAB, 2.4%
nickel ammonium, 0.04% chloride ammonium, 0.2%
glucose D+, and 0.0027% glucose oxidase in 0.1 M acetate
buffer (pH 6.0).

For double labeling, TUNEL-stained sections were
incubated with either anti-NeulN, anti-GFAP, anti-APC,
or tomato lectin as described in the previous section
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but using biotin-conjugated secondary antibodies: biotin-
conjugated anti-rabbit secondary antibody (1:200,
RPN1004, Amersham) for GFAP or biotin-conjugated anti-
mouse secondary antibody (1:200, RPN1001, Amersham)
for NeuN and APC and incubated for 1 h at room tempera-
ture with HRP-conjugated streptavidin (1:400, PO364
Dakopatts). Sections incubated with tomato lectin were
directly incubated in the HRP-conjugated streptavidin
(1:400, PO364 Dakopatts). Finally, peroxidase reaction
product was visualized by incubating the slides in 100 mL
of tris buffer containing 50 mg DAB and 33 pL of hydrogen
peroxide.

For TUNEL fluorescent labeling and double immuno-
staining with cleaved caspase-3, free-floating sections
were first incubated with the primary antibody anti-
cleaved caspase-3 (1:1,000; Cell Signaling Technology,
9661), which was visualized by using Cy3-conjugated anti-
rabbit secondary antibody (1:1,000; PA-42004, Amer-
sham). Afterwards, sections were mounted on slides and
TUNEL labeling was performed as described above but
using Cy2-conjugated streptavidin (1:1,000; PA-42000,
Amersham Pharmacia) to visualize the staining.

Caspase-3 Activity Assay

Ipsilateral cortices of intact controls, saline-injected,
and NMDA-injected animals, were weighed and homoge-
nized in ice-cold Tris/HCl buffer containing a cocktail
of protease inhibitors. Homogenates were centrifuged
(12,000 rpm) for 10 min at 4°C and supernatants were
extracted and assayed for caspase-3 activity using
EnzCheck assay kit #1 containing Z-DEVD-AMC sub-
strate (E-13183 Molecular Probes, Invitrogene), follow-
ing Manufacturer’s instructions. Caspase activity was
measured in 50 pL of sample for 30 min using a fluori-
meter at 340/360 nm of excitation and 440/460 nm emis-
sion, using appropriate filters. Arbitrary fluorescent
units were converted into micromoles of AMC release
using a standard curve and standardized to total protein
in each sample. Enzyme activity is shown as micromolar
AMC released/mg total protein. As a control, the
protease inhibitor Ac-DVED-CHO was incubated with
alternate samples and controls to inhibit caspase-3-like
activity.

Cell Number Quantification

Digital images were captured at different magnifica-
tions with a Nikon Digital Eclipse DXM1200 color cam-
era attached to a Nikon E-800 microscope using the soft-
ware ACT-1 2.20 (Nikon Corporation). TUNEL-positive
cells, cleaved caspase-3-positive cells, and cleaved caspase-
3/GFAP double positive cells were counted in 20X micro-
graphs from the cortical lesion core. For the analysis of
TUNEL-GFAP double-labeled cells, TUNEL-positive and
double TUNEL/GFAP-positive cells of the same area
were counted in micrographs taken at 40X from the corti-
cal lesion core. In all cell counts, at least 10 consecutive
sections were counted for each animal and averaged.
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A minimum of three animals for each survival time were
used.

Data Processing and Statistical Analysis

All results are expressed as mean * standard error
mean (SEM). Statistical analysis was performed using
StatView software, where differences were evaluated
by one-way analysis of variance (ANOVA) followed by
Fisher’s PLSD post-hoc test comparisons to determine
significant differences (P < 0.05) between survival times
and cell types.

RESULTS

Injection of the excitotoxin NMDA into the right
sensorimotor cortex of postnatal day 9 rat pups caused a
lesion involving neuronal loss and a glial response in
the entire thickness of the cortex and the dorsal stria-
tum at the level of the injection site, which has been
previously described in detail (Acarin et al., 1996;
1999a,b, 2000a). Injection of a control saline solution
resulted in slight tissue disruption restricted to the area
of the needle track and a focal and transient glial
response that lasted until three days postinjection.

Distribution and Time Course of Cleaved
Caspase-3 Immunoreactivity and Caspase-3
Enzymatic Activity

Cleaved caspase-3 immunoreactivity in both intact
control and saline-injected brains, was seen in the
ventricle walls and meninges and in cells accumulated
in the cingulum of the corpus callosum (Fig. 1B). In
contrast, in NMDA-injected animals, cleaved caspase-3-
positive cells were found in the ipsilateral hemisphere at
all survival times examined. Both primary antibodies
used for the detection of cleaved caspase-3 (see methods
section) showed similar results. Cleaved caspase-3 label-
ing was commonly found in the nuclei, and in a minority
of cells in the perinuclear region (Fig. 1). At 4 h postle-
sion, scattered cleaved caspase-3-positive cells were
present in the damaged cortex (Figs. 1A,C), mainly
in the periphery of the degenerating area. At 10 h and 1
day postlesion, extensive dark cleaved caspase-3 stain-
ing was seen throughout the degenerating cortical area,
namely in the upper cortical layers and the medial cor-
tex, and in the ipsilateral dorsal striatum (Figs. 1D-F).
The maximum number of cleaved caspase-3-positive
cells in the neurodegenerating cortex was seen at day 1
(Fig. 2), when fainter caspase staining was also observed
in adjacent cortex and the corpus callosum. At days 3
and 5, cleaved caspase-3 staining was still evident in
the cortical neurodegenerative area (Figs. 1G-I) but the
number of positive cells was slightly diminished (Fig. 2).
In addition, cleaved caspase-3-positive cells were also
present in the dorsal striatum, and in the deeper cortical
layer VI even at caudal levels far from the lesioned area

957

(Fig. 1G). From day 7, the number of positive cells was
clearly reduced and cleaved caspase-3 immunoreactivity
became restricted to the glial scar, with darker staining
observed in the upper cortical layers and fainter stain-
ing in the lower cortical layers and corpus callosum
(Figs. 1J-L and 2).

The analysis of caspase-3 activity using a fluorimetric
assay showed no differences within the different post-
natal ages, both in intact controls and in saline-injected
controls. However, NMDA-injected cortices showed sig-
nificant enzymatic caspase-3 activity at 10 h and 1 day
postlesion, but this activity was not significantly differ-
ent from controls at shorter or longer survival times
(Fig. 3).

Identification of Cleaved Caspase-3 Positive Cells
by Double Labeling with Specific Cellular Markers

In control animals and in the contralateral hemi-
spheres of lesioned animals, cleaved caspase-3-positive
cells were identified as GFAP-positive astroglial cells in
the cingulum of the corpus callosum (data not shown).
In the damaged hemisphere of lesioned animals, cleaved
caspase-3 was seen both in neurons and astrocytes (see
Fig. 4). Mainly at 10 h and 1 day postlesion, cleaved cas-
pase-3 immunolabeling was observed in NeuN-positive
neuronal cells within the degenerating core and in
the proximal lesion border (Figs. 4A,B), but not in
the distant caudal cortex (Fig. 4C). Cleaved caspase-3
labeling in neurons was both nuclear and cytoplasmic
(Figs. 1E,F and 4B).

Colocalization of cleaved caspase-3 in the nuclei of
astroglial cells was evident in the damaged cortex and
the adjacent corpus callosum from 4 h postlesion, the
first survival time analyzed (Figs. 4D and 5). At 10 h
postlesion, when a decrease in GFAP immunoreactivity
is observed in the lesion core (Acarin et al., 1999b), dou-
ble-labeled cleaved caspase-3/GFAP-positive astrocytes
comprised 35% of the total number of cleaved caspase-3-
positive cells, the lowest percentage seen at all time
points examined (see Fig. 5). At day 1 postlesion, the
presence of cleaved caspase-3 was associated with astro-
glial hypertrophy and increased GFAP labeling (Figs.
4E,F) and by the onset of vimentin expression (Acarin
et al., 1999b). Astrocytes in cortical layer VI and in the
striatum showed stronger cleaved caspase-3 immunor-
eactivity than those located in the corpus callosum.
From 3 days postlesion, astrocytes were the main popu-
lation showing cleaved caspase-3 immunoreactivity (see
Fig. 5). At this time and at 5 days postlesion, increased
GFAP immunoreactivity and astroglial hypertrophy was
observed throughout the neurodegenerative area. The
observed astroglial hypertrophy was also associated with
vimentin immunoreactivity as well as the presence of
cleaved caspase-3 in the nucleus (Figs. 4G-H). From 7
days postlesion, reactive hypertrophied astrocytes lo-
cated in the glial scar showed cleaved caspase-3 immu-
noreactivity in the nucleus and strong GFAP (Fig. 4I)
and vimentin labeling.
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Fig. 1. Temporal and spatial distribution of cleaved caspase-3 immu-
noreactive cells at different survival times following a cortical excito-
toxic lesion in the immature brain. Lesioned area is encircled and
shown in light grey in the ipsilateral right hemisphere from 10 h post-
lesion (D, G, J). Cells strongly labeled for cleaved caspase-3 are shown
in black circles, whereas mildly positive cells are depicted in white cir-
cles. In the contralateral control hemisphere cleaved caspase-3 cells are

We did not find, at any survival time, colocalization
between cleaved caspase-3 immunoreactivity and tomato
lectin, a specific marker for either microglia/macrophages
or endothelial cells (Fig. 4J). In addition, colocalization
was not evident between cleaved caspase-3 and the APC-
positive oligodendrocytes (Figs. 4K-L).

Association Between Cleaved Caspase-3
and Proliferation

To assess the role of caspase-3 in cellular proliferation,
the cleavage of caspase-3 was examined in BrdU positive
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found in the cingulum of the corpus callsoum (left hemisphere in A, B).
In NMDA-injected ipsilateral hemisphere, immunoreactive cells are
seen in the cortex and corpus callosum at all survival times (A-L). cc,
corpus callosum; cx, cortex; VI, cortical layer VI. Scale bars = 10 pum.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

cells in animals injected with the thymidine analogue
prior to sacrifice. Few BrdU-positive cells showed cleaved
caspase-3 labeling in the nucleus, while the majority of
cleaved caspase-3 labeled nuclei did not show BrdU
incorporation at any survival times studied (Figs. 6A,B).

Association Between Cleaved Caspase-3 and the
Presence of Caspase-Cleaved GFAP Fragments

Presence of cleaved caspase-3 in astrocytes was asso-
ciated with the presence of caspase-cleaved GFAP fila-
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Fig. 2. Quantification of cleaved caspase-3 positive cells and TUNEL
positive cells in the excitotoxically injured cortex of postnatal rats at
different survival times (n = 4 for each labeling and survival time).
Cleaved caspase-3-positive cells outnumber TUNEL-positive cells at all
survival times (*P < 0.05). Maximum density of both cleaved caspase-3-
positive cells and TUNEL-positive cells is seen at day 1 postlesion
(*P < 0.05).

ments by using a recently described site-directed cas-
pase-cleavage antibody specific to GFAP, termed CCP-
GFAP (Mouser et al., 2006). CCP-GFAP immunostaining
was located within the lesion core from 10 h until
the last survival time examined, peaking at day 1. At
10 h and 1 day postlesion, CCP-GFAP was observed as
rounded beads in the cytoplasm of astrocytes, which dis-
played cleaved caspase-3 in their nuclei (Figs. 6E-H)
and were located in the lesion core and immediately sur-
rounding cortex (Fig. 6E). Interestingly, GFAP immunor-
eactivity was markedly reduced in those cell projections
showing CCP-GFAP immunolabeling (Figs. 6F-G). At
day 3 postlesion, only scattered reactive astrocytes
showed CCP-GFAP within the GFAP-positive filaments
(Fig. 6H), and were mainly located in the medial cortex
and the upper cortical layers. No association at all was
found at 7 days between CCP-GFAP and GFAP (Fig. 61),
and instead CCP-GFAP-positive structures were located
within lectin-labeled macrophages (data not shown).

Association Between Cleaved Caspase-3
and TUNEL Labeling

Saline-injection in controls resulted in only a few
number of TUNEL-positive cells, being located primarily
in the region of the needle track, where tissue disruption
occurs, and occasionally in the meninges. In NMDA-
injected animals, TUNEL-positive nuclei displaying con-
densed chromatin, pyknotic nuclei, or apoptotic bodies
were seen from 10 h until 7 days postlesion. Quantita-
tive analysis revealed a maximum number of TUNEL-
positive cells at 1 day postlesion and decreasing there-
after (see Fig. 2). TUNEL-positive apoptotic cells were
located in the cortical lesion site but also extended to
the dorsal striatum, the septum, and CA fields of the
rostral hippocampus, but were rarely found in the cor-
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Fig. 3. Caspase-3 enzymatic activity in the cortex of intact control
postnatal rats of 9 days of age (P9), P10, P12, P14, and P16 (n = 2 for
each age); and at different survival times following saline (n = 2 for
each survival time) or NMDA-injection (n = 4 for each survival time).
Caspase-3 enzymatic activity is significant at 10 h and 1 day postlesion
in NMDA-injected cortex (*P < 0.05) in comparison to both control and
lesioned cortices at 4 h, 3 or 7 days postlesion, when caspase-3 activity
was not different from controls.

pus callosum. In general, cleaved caspase-3-positive
nuclei always outnumbered those showing TUNEL-
labeling at all times examined (see Fig. 2). Although
some cells showed both cleaved caspase-3 and TUNEL
staining, many cleaved caspase-3-positive cells did not
colocalize with TUNEL and furthermore, many TUNEL-
positive cells did not display cleaved caspase-3 labeling
(Figs. 6C,D).

Double Labeling for TUNEL and Specific
Cell Markers

Qualitatively, we could observe that most TUNEL-
positive cells observed at all time points postlesion were
identified as NeuN-positive neuronal cells (Figs. 7A,B)
and that TUNEL/NeuN double labeled cells were more
frequent than cleaved caspase-3/NeuN double positive
cells (compare with Figs. 4A-C). TUNEL-positive neu-
rons often showed nuclear fragmentation (Fig. 7A) and
were located in the cortical degenerating area (Figs.
7A,B), cortical layer VI, the dorsal striatum, and the ros-
tral hippocampus CA field (data not shown).

In addition, although most lectin-positive microglial
cells did not show TUNEL labeling (Fig. 7C), some
microglia/macrophages with characteristic round or ame-
boid phagocytic forms at 5 days postlesion were found
(Fig. 7D).

Analysis of TUNEL/GFAP double-labeled sections
showed few astrocytes with TUNEL-positive nuclei, con-
trasting with the high presence of cleaved caspase-3 in
reactive astrocytes. At 10 h, when massive TUNEL
staining was observed in neuronal cells, only 8% of all
TUNEL-positive cells were astrocytes (Fig. 5). These
cells were found close to the tissue disrupted at the site
of the needle track, and in the corpus callosum (Figs.
7TE-F). At days 3-5, although astrocytes did not gener-
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Fig. 4. Identification of cleaved caspase-3-positive cells at different
survival times following a cortical excitotoxic lesion in the postnatal
brain. Caspase-3 (casp3) labeling is shown in red, whereas the neuronal
marker NeuN (in A-C), the astroglial markers GFAP (in D-F, H, and
I) and vimentin (VIM) (in G), the microglial marker tomato lectin (TL)
(in J), and the oligodendroglial marker APC (in K and L) are shown in
green. NeuN-positive neuronal cells do not generally show cleaved cas-
pase-3 labeling at 4 h postlesion (A), but labeling is seen in neurons at
10 h and 1 day postlesion (arrows in B) in the lesion core and the proxi-
mal border (B) but not in the distal caudal cortex (c). In contrast, astro-
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cytes show nuclear cleaved caspase-3 as early as 4 h postlesion (D) and
persists until the last survival time analyzed (I). Cleaved caspase-3
positive astrocytes are seen in the corpus callosum (cc) (F), the lesion
core and cortical border (H) and in the cortical glial scar (I). Cleaved
caspase-3 colocalizes with vimentin-positive astrocytes (G). In contrast,
no TL-positive cells (J) or APC-positive oligodendrocyte (K, L) show
cleaved caspase-3 labeling. cc, corpus callosum; cx, cortex; v, ventricle.
Scale bars = 10 um. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Fig. 5. Quantification of cleaved caspase-3/GFAP (A) and TUNEL/
GFAP (B) double positive cells in the excitotoxically damaged cortex at
different survival times. Data are shown as the percentage of cleaved
caspase-3 positive cells showing GFAP colocalization (A) (n = 4 for each
survival time), and percentage of TUNEL positive cells showing GFAP
colocalisation (B) (n = 3 for each survival time). GFAP-positive astro-
cytes are the majority of cleaved caspase-3 positive cells at 4 h and 3-7
days postlesion (A). Lower percentages are found at 10 h and 1 day

ally show TUNEL-positive nuclei, reactive astrocytes
were frequently seen surrounding TUNEL-positive
nuclei with their projections (Figs. 7G-I). At longer sur-
vival times, TUNEL staining was strongly reduced and
was not found in the majority of scar forming GFAP-
positive astrocytes (Fig. 7J). However, some reactive
astrocytes located in the upper and more superficial glial
scar and in the medial cortex showed TUNEL-positive
nuclei (Figs. 7K-L), representing 26% of the total num-
ber of TUNEL-positive cells identified (Fig. 5). It should
be noted that the number of TUNEL-positive cells at
this time is strongly reduced (Fig. 2). Analysis of double-
labeling for TUNEL and the oligodendroglial marker
APC showed few if any TUNEL-positive oligodendro-
cytes throughout all survival times analyzed (Fig. TM).

DISCUSSION

This study shows that following excitotoxic cortical
damage to the postnatal rat brain, cleaved caspase-3 can
be observed in some neuronal cells, the main cell type
undergoing apoptotic cell death, as classicaly reported.
However, the majority of cleaved caspase-3 was found in
the nuclei of activated astrocytes within the lesioned
hemisphere from early times and until glial scar forma-
tion. Neither microglial cells nor oligodendrocytes showed
cleaved caspase-3 immunoreactivity. Interestingly, astro-
glial caspase-3 cleavage did not generally correlate with
TUNEL labeling and apoptotic astrocytes were only seen
at specific times and regions.

Astroglial cells can undergo cell death in vitro in a va-
riety of situations such as calcium overload, oxidative

% of TUNEL+ cells showing GFAP-IR

10h 1d 3d 7d
B survival times

postlesion. Decreased immunoreactivity for GFAP within the lesion
core (see results) found at these times may account for the reduction in
the amount of double positive cells. In contrast, GFAP/TUNEL-positive
cells are a minority of TUNEL-positive cells at all survival times. How-
ever, percentage increases with time and in the cortical glial scar at 7
days postlesion, when the densitiy of TUNEL-positive cells at this time-
point is strongly diminished (see Fig. 2), GFAP/TUNEL-positive account
for 26% of all TUNEL-positive nuclei. IR, immunoreactivity.

stress, mitochondrial dysfunction, and treatment with
apoptotic inducers like staurosporine and ceramide
(Giffard and Swanson, 2005; Takuma et al., 2004),
although it has been established that they are more re-
sistant than neuronal cells (Xu et al., 2004). In this
regard, studies of astroglial cell death after different
types of acute injuries such as traumatic brain injury
(Beer et al., 2000; Newcomb et al., 1999) and ischemia/
excitotoxicity (Biran et al., 2006; Dihne et al., 2001),
have shown that apoptosis occurs only in few astrocytes,
in agreement with our findings in the injured neonatal
brain. Alternatively, non-apoptotic roles of caspase-3
need to be considered.

Cleaved Caspase-3 is Found
in the Astroglial Nuclei

The nuclear localization of cleaved caspase-3 in astro-
cytes has not only been previously demonstrated in
injury paradigms (Acarin et al., 2005; Benjelloun et al.,
2003; Johnson et al., 2005), but also in astrocytes of the
normal adult CNS (Noyan-Ashraf et al., 2005) and in
differentiating Bergmann glial cells (Oomman et al.,
2005). It is largely established that during apoptosis,
caspase-3 is the main protease responsible for the clea-
vage of nuclear proteins, like Poly(ADP-ribose) Polymer-
ase-1 (PARP-1), acinus, and lamins (Eldadah and Faden,
2000), inducing DNA damage and chromatin condensa-
tion. To date, however, very little is known about the
function of caspase-cleaved nuclear proteins that are
independent of apoptosis, but recent reports have suggested
several possible mechanisms. First, caspase-generated
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Fig. 6. Colocalization of cleaved caspase-3 with BrdU, TUNEL, and
CCP-GFAP immunolabeling at several days (d) postlesion. Cleaved cas-
pase-3 (casp3) (A-D and H) and GFAP (E-G, I, and J) are shown in
red. BrdU (A, B), TUNEL (C, D), and CCP-GFAP (E-J) are shown in
green. No colocalization is observed between cleaved caspase-3 and
BrdU incorporation (A, B). Colocalization between cleaved caspase-3
and TUNEL labeling is seen in some cells (arrows in C and D), but
TUNEL-negative and cleaved caspase-3-positive cells are more frequent
(arrowheads in C and D). At 10 h and 1 day postlesion CCP-GFAP is

fragments of PARP-1 can interact with Nuclear Factor
kappa B (NFkappaB) subunits and enhance NFkappaB
transcriptional activity (Lamkanfi et al., 2006), a tran-
scription factor present in the nucleus of postnatal reac-
tive astrocytes (Acarin et al., 2000b). Second, cleavage of
FoxO transcription factors, like FoxO3a, that contain a
conserved caspase-3 cleavage site (Charvet et al., 2003),
could also play a role in the modulation of gene expres-
sion during glial differentiation or astrogliosis. Third,
it has been suggested that caspase-3 could serve as
a mechanism of protein degradation required for the
cellular response to changes in extrinsic signals
(McLaughlin, 2004).

Presence of Caspase-Cleaved GFAP

One of the main findings of the present study was the
detection of beaded caspase-cleaved GFAP immunoreac-
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seen in GFAP-positive astrocytes in the lesion core and adjacent border
(arrows in E). CCP-GFAP shows a beaded immunoreactivity associated
to astroglial projections which usually display low GFAP content
(arrows in F and G). CCP-GFAP colocalizes with cleaved caspase-3
labeling within the lesion core (H). At 3 days, CCP-GFAP labeling is
clearly diminished and only few immunoreactive astrocytes remain
(arrow in I). No colocalization is seen at longer survival times (J). Scale
bars = 10 pum. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

tivity in astrocytes, colocalizing with cleaved caspase-3,
within the lesion core at 10-24 h postlesion, when cas-
pase-3 enzymatic activity was observed. Decreased
GFAP immunoreactivity induced by excitotoxicity and is-
chemia within the lesion core during the first 24 h post-
lesion is a well characterized event, both in the imma-
ture (Acarin et al., 1999b), adult (Dihne et al., 2001),
and aged brain (Castillo-Ruiz et al., 2007). As caspase-
generated GFAP fragments are not recognized by com-
monly used GFAP antibodies directed to the full length
molecule (Mouser et al., 2006), caspase-mediated clea-
vage of GFAP could, at least in part, explain the
decrease in GFAP immunoreactivity observed in the
lesion core at early times in several injury paradigms.
This decrease in GFAP, together with the existence of
astrocytes showing low GFAP content in gray matter
(Walz, 2000), obviously leads an underestimation of the
number of GFAP-positive astrocytes showing caspase-3
at early times (see Fig. 5).
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Fig. 7. Identification of TUNEL-positive cells at different survival
times following a cortical excitotoxic lesion. TUNEL labeling is shown
in gray-black (A-M) and NeuN (A, B), Tomato lectin (TL) (C, D), GFAP
(E-L), or APC (M) are shown in brown. The majority of TUNEL-positive
cells show NeuN labeling at different survival times (A, B). At 10 h and
1 day postlesion, TUNEL/NeuN double positive cells commonly display
fragmented nuclei (arrows in A). Double staining for TUNEL and TL
shows that whereas no colocalization is found at early times (C), some
macrophages at 5-7 days postlesion display TUNEL-positive nuclei
and/or TUNEL-positive material within the cytoplasm (inset in D). In
TUNEL/GFAP double labeled sections, scattered double positive cells

In Alzheimer’ disease brain (AD) and mouse models of
AD, caspase-cleaved GFAP colocalizes with cleaved cas-
pase-3 in beaded and/or fragmented processes of astro-
cytes located in plaque-rich regions and near blood ves-
sels (Mouser et al., 2006), a process thought to be asso-
ciated with cytoskeletal dismantling and cell death.

are found at 10 h in the needle track (E) and adjacent corpus callosum
(F). At days 1-5 postlesion, no double positive cells are found (G-J),
although close proximity between processes of GFAP-positive astrocytes
and TUNEL-positive nuclei is often observed (arrows in G and H, I). At
longer survival times, in the glial scar, scattered astrocytes located in
the upper cortical layers (arrows in K) and the medial cortex (arrow in
L) do show TUNEL-positive nuclei. No colocaization is seen between
TUNEL and the oligodendroglial marker APC (M). Cc, corpus callosum;
cx, cortex. Scale bars = 10 pm. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

However, in this model of acute postnatal injury, it is
unclear if cleavage of GFAP is associated with cell death
or contributes to cytoskeletal remodeling and associative
morphological changes. In this regard, it should be noted
that from 3 days postlesion, cleaved caspase-3 was found
in hypertrophied reactive astrocytes that did not immu-
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nolabelled for caspase-cleaved GFAP. Therefore, an
interesting hypothesis would be that caspase-3 is partici-
pating in astrocyte cytoskeletal remodeling processes, a
characteristic feature of astrogliosis, by cleaving inter-
mediate filament proteins at specific sites. In support of
this, we found that a majority of the reactive astrocytes
expressing vimentin also were positive for cleaved cas-
pase-3. Vimentin is specifically cleaved by caspase-3,
irreversibly dismantling intermediate filaments (Byun
et al.,, 2001), which may impact the integrity and dy-
namics of intracellular structures (Morishima, 1999).
Similarly, the GFAP sequence contains a single caspase
consensus sequence, DLTD?%¢ based on the general tet-
rapeptide motif DXXD recognized by caspases, and the
antibody CCP-GFAP used in this study was synthesized to
the downstream neoepitope that would be generated after
caspase cleavage of full length GFAP (Mouser et al., 2006).

Other Non-Apoptotic Roles of Caspase-3

An important conclusion of this study is that cleaved
caspase-3 is found in surviving reactive astrocytes, sup-
porting the hypothesis of a non-apoptotic role of astro-
glial cleaved caspase-3, as has been postulated in other
cell types, where non-apoptotic activities of caspases
include the regulation of cell proliferation and differen-
tiation (for review see McLaughlin, 2004; Schwerk and
Schulze-Osthoff, 2003). One of the first described non-
apoptotic roles of caspase-3 was the demonstration that
caspase-3 cleavage is a physiological step during T
lymphocyte activation and mitogenic induction (Miossec
et al., 1997; Wilhelm et al., 1998). Recently, caspase-3 was
characterized as a cell cycle-regulated protein considered a
mitotic check point in HeLa cells (Hsu et al., 2006).

In the CNS, caspase activation may also play a role in
neuronal cell dispersion and correct morphology (Rohn
et al., 2004), and non-apoptotic neuronal caspase-3 clea-
vage occurs during normal hippocampal neuronal func-
tion such as in long-term potentiation processes (Dash
et al., 2000), and in the soma and nerve endings of the
adult brain, suggesting a contribution of this caspase to
the regulation of synaptic plasticity (Shimohama et al.,
2001). In addition, caspase-3 activation and substrate
cleavage has been reported in the absence of cell death
in gerbil hypoxia (Garnier et al., 2004) and in ischemic
tolerance where neuronal caspase-3 is essential for the
neuroprotective effect of preconditioning (Garnier et al.
2003; McLaughlin et al.,, 2003; Tanaka et al., 2004).
Furthermore, other studies have also demonstrated a
role of caspase-3 in the maturation of cerebellar granu-
lar cells during development (Oomman et al., 2004) and
the differentiation of neural progenitor cells in the olfac-
tory bulb (Fernando et al., 2005; Yan et al., 2001). Pro-
genitor cells that divide and migrate through the rostral
migratory stream en route to the olfactory bulb, show
cleaved caspase-3 but no signs of cell death (Yan et al.,
2001). In the present study, despite the fact that astro-
glial cells do undergo proliferation in this model of post-
natal excitotoxicity (unpublished findings) no association
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was found between nuclear caspase-3 and BrdU incor-
poration.

With regards to glial cell differentiation, Oomann and
coworkers, who have described cleaved caspase-3 in
Bergmann glia during postnatal development in the
absence of apoptotic or proliferation markers, have
demonstrated a role of this protease in differentiation
processes (Oomman et al., 2004, 2005, 2006). In addi-
tion, it was recently shown that constitutive non-apopto-
tic expression of the cleaved form of caspase-3 occurs in
the nuclei of a subpopulation of astrocytes in the cere-
bellar cortex, hippocampus, and spinal cord of adult rats
of different strains, which show expression of the so-
dium dependent glutamate transporter (EAAT1, GLAST)
(Noyan-Ashraf et al., 2005). In relation to this, it was
recently reported that the other glutamate transporter
EAAT2, also expressed predominantly in astrocytes, is
cleaved by caspase-3, leading to a drastic and selective
inhibition of the transporter (Boston-Howes et al., 2006).
In view of all these findings, it is becoming evident that
caspase-3 may have unique, nontraditional roles in
astrocytes that may be important to determine changes
in cell phenotyping either during differentiation or after
injury.

In conclusion, this study demonstrates for the first time
that immature brain damage causes astroglial caspase-3
cleavage without associated apoptotic death. Alternative
roles for capase 3 were examined, but no correlation
was seen between caspase-3 and cell proliferation.
Instead, this work suggests a novel role for cleaved cas-
pase-3 in the cytoskeletal remodeling associated with
astrogliosis.
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Distinct Spatial and Temporal Activation of Caspase
Pathways in Neurons and Glial Cells After Excitotoxic
Damage to the Immature Rat Brain

ABSTRACT

Although cleaved caspase-3 is known to be involved in apoptotic cell death mechanisms in
neurons, it can also be involved in a nonapoptotic role in astrocytes after postnatal excitotoxic
injury. Here we evaluate participation of upstream pathways activating caspase-3 in neurons and
glial cells, by studying the intrinsic pathway via caspase-9, the extrinsic pathway via caspase-8,
and activation of the p53-dependent pathway. Nmethyl-D-aspartate (NMDA) was injected
intracortically in 9-day-old postnatal rats, which were sacrificed at several survival times
between 4 hr postlesion (pl) and 7 days pl. We analyzed temporal and spatial expression of
caspase-8, caspase-9, and p53 and correlation with neuronal and glial markers and caspase-3
activation. Caspase-9 was significantly activated at 10 hpl, strongly correlating with caspase-3. It
was present mainly in damaged cortical and hippocampal neurons but was also seen in
astrocytes and oligodendrocytes in layer VI and corpus callosum (cc). Caspase-8 showed a
diminished correlation with caspase-3. It was present in cortical neurons at 10 - 72 hpl, showing
layer specificity, and also in astroglial and microglial nuclei, mainly in layer VI and cc. p53
Expression increased at 10 - 72 hpl but did not correlate with caspase-3. p53 was seen in
neurons of the degenerating cortex and in some astrocytes and microglial cells of layer VI and
cc. In conclusion, after neonatal excitotoxicity, mainly the mitochondrial intrinsic pathway
mediates neuronal caspase-3 and cell death. In astrocytes, caspase-3 is not widely correlated
with caspase-8, caspase-9, or p53, except in layer VI-cc astrocytes, where activation of upstream
cascades occurs.
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Distinct Spatial and Temporal Activation
of Caspase Pathways in Neurons and Glial
Cells After Excitotoxic Damage to the

Immature Rat Brain

Sonia Villapol,* Laia Acarin, Maryam Faiz, Bernardo Castellano, and

Berta Gonzalez

Medical Histology, Faculty of Medicine, Department of Cell Biology, Physiology and Immunology,
Institute of Neurosciences, Autonomous University of Barcelona, Bellaterra, Spain

Although cleaved caspase-3 is known to be involved in
apoptotic cell death mechanisms in neurons, it can
also be involved in a nonapoptotic role in astrocytes af-
ter postnatal excitotoxic injury. Here we evaluate partic-
ipation of upstream pathways activating caspase-3 in
neurons and glial cells, by studying the intrinsic path-
way via caspase-9, the extrinsic pathway via caspase-
8, and activation of the p53-dependent pathway. N-
methyl-D-aspartate (NMDA) was injected intracortically
in 9-day-old postnatal rats, which were sacrificed at
several survival times between 4 hr postlesion (pl) and
7 days pl. We analyzed temporal and spatial expression
of caspase-8, caspase-9, and p53 and correlation
with neuronal and glial markers and caspase-3 activa-
tion. Caspase-9 was significantly activated at 10 hpl,
strongly correlating with caspase-3. It was present
mainly in damaged cortical and hippocampal neurons
but was also seen in astrocytes and oligodendrocytes
in layer VI and corpus callosum (cc). Caspase-8
showed a diminished correlation with caspase-3. It was
present in cortical neurons at 10-72 hpl, showing layer
specificity, and also in astroglial and microglial nuclei,
mainly in layer VI and cc. p53 Expression increased at
10-72 hpl but did not correlate with caspase-3. p53
Was seen in neurons of the degenerating cortex and in
some astrocytes and microglial cells of layer VI and cc. In
conclusion, after neonatal excitotoxicity, mainly the mito-
chondrial intrinsic pathway mediates neuronal caspase-
3 and cell death. In astrocytes, caspase-3 is not widely
correlated with caspase-8, caspase-9, or p53, except in
layer VI-cc astrocytes, where activation of upstream cas-
cades occurs. © 2007 Wiley-Liss, Inc.

Key words: neonatal;
oligodendrocyte

microglia;  astrocyte; p53;

Caspases are cystein proteases expressed as inactive
precursors that undergo proteolytic maturation into a
large subunit (p20) and a small subunit (p10), which
combine to form an active tetramer. Upon activation,

© 2007 Wiley-Liss, Inc.
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initiator caspases such as caspase-8, -9, -10, and -2 cleave
executioner caspases-3, -6, and -7, which are effector
proteases degrading structural proteins, signaling mole-
cules, and DNA repair enzymes (Marks and Berg, 1999;
Salvesen and Dixit, 1999; Hengartner, 2000; Fischer
et al.,, 2003; Kumar, 2007). Accordingly, activation of
executioner caspases, mainly caspase-3, has been viewed
as the terminal event in apoptosis. However, emerging
evidence suggests a broader role for caspases in cell
proliferation, cell cycle regulation, differentiation, and
gene expression (Schwerk and Schulze-Osthoft, 2003;
McLaughlin, 2004) and implies that the cell type and
environment play an important role in defining the con-
sequences of caspase activation.

The most common events ensuing from caspase-3
activation are the intrinsic and extrinsic pathways of apo-
ptotic cell death through caspase-9 and caspase-8 activa-
tion, respectively. The mitochondrial intrinsic pathway is
triggered by cellular stress signals such as DNA damage,
1onic dysfunction, and subcellular relocalization of proa-
poptotic proteins. The key event in this pathway is mi-
tochondrial cytochrome ¢ release and its binding with
APAF, which facilitates apoptosome formation that acti-
vates caspase-9 by proteolysis and dimerization, activat-
ing downstream eftector caspase-3 (Costantini et al.,
2002; Kumar, 2007). The extrinsic pathway can be
induced by several stimuli that activate death receptors
belonging to the tumor necrosis factor (TNF) family,
including FAS receptor (CD95), TNF receptor-1
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(TNFR1), DR4, and DR5. Ligand binding to these
receptors induces formation of a death-inducing signal-
ing complex (DISC) that recruits procaspase-8 via bind-
ing to the adaptor protein Fas-associated death domain-
containing protein (FADD). This recruitment results in
caspase-8 activation by self-cleavage and oligomerization
and subsequent activation of caspase-3 (Strasser et al.,
2000; Thorburn, 2004; Kumar, 2007). Additionally, in
certain cell types, the extrinsic pathway has the ability to
cross-talk with the intrinsic pathway by caspase-8 cleav-
age of the Bcl-2 family member Bid. Truncated Bid
(tBid) translocates to the mitochondria, where it induces
cytochrome c¢ release and caspase-9 activation, providing
an amplification mechanism (Velier et al., 1999; Fulda
and Debatin, 2004; Stefanis, 2005). Another molecule
involved in the apoptotic cascade and caspase-3 activa-
tion is the tumor suppressor and transcription factor p53
(Lane, 1993). In addition to its role in cell cycle control,
p53-dependent transcriptional activation of proapoptotic
genes has been hypothesized to regulate cell death in
response to DNA damage resulting from oxidative stress,
a common pathological mechanism in excitotoxicity and
ischemia (Sakhi et al., 1994, 1996; Didier et al., 1996;
Renolleau et al., 1997; Mattson, 2003). p53 Induces
nucleosomal fragmentation and activates transcription of
Bax and other proapoptotic proteins involved in cyto-
chrome c¢ release from the mitochondria and caspase
activation (Eizenberg et al., 1996).

We have previously described (Acarin et al., 2007)
how, after excitotoxicity to the postnatal day 9 rat brain,
active caspase-3 is found in some neuronal cells under-
going apoptotic cell death, as expected. However, wide-
spread caspase-3 was observed mainly in reactive astro-
cytes, mainly in the absence of apoptotic signs. Caspase-
3 activation was not seen, at any time, in microglia or
oligodendrocytes. Accordlngly, the aim of the present
study is to investigate whether caspase-9, caspase-8, and
p53 pathways are activated in caspase-3-negative cells
(oligodendrocytes and microglia), caspase-3-positive cells
undergoing apoptosis (neurons), and caspase-3-positive
cells in the absence of cell death (astrocytes). For this
purpose, we have analyzed the distribution, time course,
and cell type showing expression of these molecules and
their correlation with caspase-3 activation at several sur-
vival times postlesion.

MATERIALS AND METHODS
Excitotoxic Lesions and Tissue Processing

Nine-day-old Long Evans black-hooded rats pups of
both sexes weighing 12—20 g (Janvier, France) were anesthe-
tized with isoflurane (Baxter International Inc.) before receiv-
ing an intracerebral injection of 20 nmol N-methyl-D-aspar-
tate (NMDA; Sigma-Aldrich, St. Louis, MO) diluted in
0.15 pl saline solution (0.9% NaCl) at a rate of 0.05 pl/min
using an automatic injector. All intracerebral injections were
made into the right sensorimotor cortex at the level of the coro-
nal suture (2 mm lateral to bregma and at 0.5 mm depth) using
a stereotaxic frame (Kopf Instruments), as described previously

ID: haquek Date: 13/7/07 Time: 13:26

(Acarin et al., 1996). Control animals followed the same pro-
cedure, but received an injection of 0.15 pl saline solution.
After 4, 10, 24, and 72 hr and 7 days postinjection, rats were
anesthetized and perfused intracardially with 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4). Brains were post-
fixed for 4 hr and cryoprotected in 30% sucrose solution
before being frozen with dry CO,. Six NMDA- and two sa-
line-injected animals were used for each of the five survival
times. Controls aged 9, 10, 12, and 16 days were also used.
Our experimental animal work was conducted according to
Spanish regulations in agreement with European Union direc-
tives and was approved by the ethical commission of the Au-
tonomous University of Barcelona.

Immunohistochemistry for Caspase-38,
Caspase-9, and p53

Coronal sections (30-pm-thick) were obtained with a
Leitz cryostat. Free-floating parallel sections were processed
for endogenous peroxidase inactivation and blocked in 0.05
M Tris-buffered saline (TBS), pH 7.4, containing 10% fetal
calf serum and 1% Triton X-100 for 1 hr. Afterward, sections
were incubated overnight at 4°C with either one of the fol-
lowing primary antibodies: 1) mouse monoclonal antibody
recognizing the proform and active form of caspase-8 (p20
subunit; 1:200, sc-5263; Santa Cruz Biotechnology, Santa
Cruz, CA); 2) rabbit polyclonal antibody anti-active caspase-9
(p18 subunit; 1:200, catalog No. 3151-100; Biovision); 3)
goat polyclonal antibody anti-p53 (1:200, sc-5263; Santa Cruz
Biotechnology). As negative controls, sections were incubated
in media lacking the primary antibody. After several washes,
sections were incubated for 1 hr with either biotinylated anti-
mouse secondary antibody (1:400, RPN1001V1; Amersham,
Arlington Heights, IL; for caspase-8), biotinylated anti-rabbit
secondary antibody (1:400, RPN1004V1; Amersham; for cas-
pase-9), or biotinylated anti-goat secondary antibody (1:400,
RPN1025V; Amersham; for p53). Specific labeling was visual-
ized by incubation with avidin-peroxidase (1:400, P0364;
Dakopatts) for 1 hr with a subsequent 3,3'-diaminobenzidine
(DAB)-hydrogen peroxide developing procedure.

Double Immunofluorescence Labeling for
Cleaved Caspase-3 and Cell-Specific Markers

For double labeling, immunohistochemistry for active
caspase-8, active caspase-9, and p53 was carried out as
described above but wusing cy3-conjugated anti-mouse
(1:1,000, PA43002V; Amersham), cy3-conjugated anti-rabbit
(1:1,000, PA430024V; Amersham), and cy3-conjugated anti-
goat (1:1,000, 705-165-003; Jackson Immunoresearch, West
Grove, PA) as secondary antibodies. After rinsing, sections
were incubated with one of the following primary antibodies:
1) rabbit anticleaved caspase-3 (p17 or pl19 subunit; 1:700,
No. 9661; Cell Signaling, Beverly, MA); 2) rabbit antiglial
fibrillary acidic protein (GFAP; 1:1,000, Z-0224; Dakopatts)
for astroglial labeling; 3) monoclonal mouse antineuronal nu-
clear antigen (NeulN; 1:500, MAB377; Chemicon, Temecula,
CA), for neuronal labeling; and 4) rabbit antiadenomatous
polypopsis coli (APC; 1:500, OP80; Calbiochem, La Jolla,
CA) as an oligodendroglial marker. Immunostaining was

Journal of Neuroscience Research DOI 10.1002/jnr
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visualized with either cy2-conjugated anti-rabbit secondary A
antibody (1:1,000, PA-42004; Amersham) or cy2-conjugated 2000 "
anti-mouse secondary antibody (1:1,000, PA-42004; Amer- < mlasioned cortex
sham). For microglial labeling, sections were processed for F e b i
tomato lectin histochemistry by incubating with the biotinyl- ! Wisaionnd corol by
ated lectin from Lycopersicon esculentum (tomato lectin; 1:150, » Oysaline control hp
L-9389; Sigma, St. Louis, MO), followed by Cy2-conjugated § 1000 1 *
streptavidin (1:1,000, PA-42000; Amersham). Selected sections g
from all double-labeling techniques were incubated for 5 min 500
with a 0.00125 pg/ml solution of 4,6-diamino-2-phenylindole I i E i
(DAPI) in a Tris buffer. 0 ifs:l ; ; ;
4h 10h 24h 72h
Cell Counting and Confocal Analysis time post-injection
Digital images of DAB-reacted coronal sections proc- B TR

essed for caspase-8, caspase-9, and p53 were captured with the
X10 objective of a Nikon E-800 microscope attached to a
Nikon Digital Eclipse DXM1200 camera and analyzed for
positive cell counting. Cells were counted in three to five
images per section in three or four sections for each of the
three to five animals for each labeling, treatment, and survival
time. Data are shown as mean £ SEM. In addition, double-
immunofluorescent sections were analyzed for colocalization
using a Leica TCS SP2 AOBS confocal microscope, and semi-
quantitative analysis of the amount of double-labeled cells was
carried out with the X20 objective of a Nikon E-800 micro-
scope in a minimum of three sections per animal for each
double labeling and survival time.

Statistical Analysis

In total, 10 saline-injected animals, 30 NMDA-injected
animals, and 20 intact control animals were used. Statistical
analysis was carried out in Statview software. Significance
among the five postlesion time intervals was determined by
one-way analysis of variance (ANOVA) with Fisher’s post hoc
test, and P < 0.05 was considered significant.

RESULTS

Cortical injection of NMDA into the right sensori-
motor cortex of 9-day-old rats caused neuronal degener-
ation accompanied by a glial response in the cortex at
the level of the injection site and surrounding tissue
extending to the corpus callosum, hippocampus, and
dorsal striatum (Acarin et al., 1996, 1999ab). Saline
injection resulted in a mild glial response restricted to
the needle track and slight expression of proapoptotic
molecules but no neuronal death (Acarin et al., 2007).

Activation of the Apoptotic Intrinsic Pathway
Through Caspase-9

In noninjected control animals, no caspase-9
expression was seen at any time point analyzed. Still,
caspase-9 was observed in a few cells in the cortex of
saline-injected control animals. In NMDA-lesioned ani-
mals caspase-9 activation was mainly seen in the cortex,
hippocampus, and striatum. Slight expression was also
seen in the corpus callosum. Cortical caspase-9 activation
was seen predominantly at 10 hr postlesion (hpl) in the
lesion core and in the adjacent cingulate cortex, and

Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 1. Temporal and spatial pattern of caspase-9 activation in the cor-
tex and hippocampus of excitotoxically damaged immature brain. A:
Quantification of active caspase-97 cells in cortex and in hippocampus
(hp) of saline-injected controls and NMDA-lesioned animals. A signifi-
cant increase in active caspase-9" cells was seen in the hippocampal
region and the lesioned cortex at 10 hpl (*P < 0.05 in relation to
saline-injected). B: Active caspase-9 positive cells were located in the
lesion core (LC) of the damaged cortex with a few also in the corpus
callosum (CC) at 10 hpl. C: Active caspase-9 was associated with intra-
cellular granular staining (arrowheads). D: Caspase-9 expression was also
found in the cornu ammonis (CA1) of the ipsilateral hippocampus at 10
hpl. E: High magnification of boxed area in D. F: In the hippocampus,
active caspase-9 was observed in the neuronal soma (arrowhead). Scale
bars = 50 um in B,D; 20 um in C,E,F. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.|

slight expression was also observed in caudal layer VI
(Fig. 1A—C). In the hippocampus, caspase-9 activation
was also seen only at 10 hpl and aws restricted to the
cornu ammonis (CA) field, mainly CA1 (Fig. 1A,D.E).
Caspase-9 was found showing granular intracellular stain-
ing (Fig. 1C), homogeneously distributed in the soma
(Fig. 1F), and in the nucleus (Fig. 2C,F, I).
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Cellular distribution of caspase-9 was analyzed
using double immunohistochemistry for active caspase-9
and specific markers for neurons (NeuN), astrocytes
(GFAP), oligodendrocytes (APC), and microglia (TL;
Fig. 2, Table I). Caspase-9 activation was most fre-
quently seen in neuronal cells of the cortical lesion core
(Fig. 2A—C) and in the hippocampus (Fig. 2D-F) at 10
hpl. In addition, caspase-9 was also seen in some GFAP™
astrocytes located within the lesion core and in the adja-
cent white matter (Fig. 2G-I, Table I). Microglial cells
did not generally show caspase-9 activation but were fre-
quently seen in association with caspase-9' cells in the
lesion core (Fig. 2J-L) as well as in scattered oligoden-

drocytes in the corpus callosum (Fig. 2M—O, Table I).

L
cx\

Activation of the Apoptotic Extrinsic
Pathway Through Caspase-8

In noninjected control animals, no caspase-8
expression was seen at any postnatal age analyzed. In

ID: haquek Date: 13/7/07 Time: 13:26

casp9+NeuN+DAPI

\

casp9+NeuN

e 1y

It

Fig. 2. Active caspase-9 (casp9) in neurons (NeuN),
astrocytes (GFAP), microglia (TL) and oligodendro-
cytes (APC). Active caspase-9 was mainly found in
neurons of the cortical lesion core (arrows in A—C)
and in the hippocampal CA1 (arrowheads in D-F).
In the cingulum, caspase-9 was seen in astrocytes
(arrows in G-I). Microglia/macrophages were often
seen surrounding caspase-9" cells (arrows in J-L).
Some oligodendrocytes in the corpus callosum also
showed active caspase-9 (arrowheads in M—=O). Cas-
pase-9 is shown in red; specific cell markers, NeuN,
GFAP, TL, and APC, are shown in green; DAPI
nuclear staining is shown in blue. CAl, cornu
ammonis region 1; CC, corpus callosum; CX, cor-
tex; CG, cingulum. Scale bars = 50 pum in C
(applies to A—C); 50 um in F (applies to D-F);
20 pm in I (applies to G-I); 20 pm in L (applies to
J-L); 50 pm in O (applies to M—O). [Color figure
can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

casp9+TL+
. #DAPI

- e

saline-injected control animals, caspase-8 was present
only in a few cells restricted to the needle track, but
expression never extended to the cortical parenchyma.
In contrast, in NMDA-lesioned animals, caspase-8
immunolabeling was observed mainly in the lesioned
cortex (Fig. 3A-D). In addition, scattered cells were also
seen in hippocampus, dorsal striatum, and corpus cal-
losum (Fig. 3E). In the lesioned cortex, overall caspase-8
immunolabeling significantly increased from 10 hpl,
showed peak expression at 24 hpl, and decreased from
72 hpl. No differences were seen at 7 days postlesion
(dpl; Fig. 3A). The time course of cortical caspase-8,
however, was highly dependent on layer specificity (Fig.
3B). Layers I-III showed a significant increase in cas-
pase-8-expressing cells from 10 hpl and peak expression
at 24 hpl (Fig. 3B-D,F), which decreased by 72 hpl
(Fig. 3B). In layers IV and V, expression was not as pro-
nounced, and the appearance of caspase-8" cells was
slightly delayed, increased at 10 hpl, and peaked at
24-72 hpl (Fig. 3B,C). In layer VI, caspase-8 activation

Journal of Neuroscience Research DOI 10.1002/jnr
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TABLE I. Semiquantitative Analysis of Neuronal, Astroglial, Microglial and Oligodendroglial Labeling for Caspase-9, Caspase-8,
and p53 at Different Survival Times Following Excitotoxicity in the Immature Rat Brain*

Caspase-9 Caspase-8 p53
Time (hr) Cell type LC vI/CC HP LC VI/CC HP LC VI/CC HP
4 (n=06) Neurons + —/+ - —/+ - 4 — —/+ _
Astrocytes - —/+ - — —/+ —/+ — —/+ _
Microglia —/4+ —/+ - - - — — 4 _
Oligodendrocytes - - — — - — — — _
10 (n = 6) Neurons +++ + ++ +++ + + ++ + -
Astrocytes + ++ + + ++ —/+ + + —/+
Microglia —/4+ —/+ — + — — + ++ —
Oligodendrocytes - ++ — — —/+ — — — —
24 (n = 6) Neurons ++ + —/+ ++ ++ + +++ + +
Astrocytes + ++ — + ++ —/+ + 4+ 4
Microglia - - - ++ ++ - + ++ —
Oligodendrocytes - —/+ - —/+ + — _ _ _
72 (n = 6) Neurons —/+ + —/+ + +++ ++ + ++ +
Astrocytes —/+ —/+ - + 4+ + —/+ 4+ _
Microglia + —/+ - + —/+ — + 4 _
Oligodendrocytes - —/+ - —/+ — - — — _

*LC, lesion core; VI/CC, cortical layer VI/corpus callosum; HP, hippocampus; —, no labeled cells; 4+/—, very occasional labeled cells; +, less than
half the cells were labeled; ++, more than half the cells were labeled; and +-++, most cells were labeled.

was further delayed, showing some positive cells at 10 hpl
and the maximal number of caspase-8" cells at 72 hpl
(Fig. 3B,H,I). In all cortical layers, caspase-8 immuno-
staining was predominantly perinuclear and sometimes
located in the nucleus of cortical cells (Fig. 3F,I). In the
corpus callosum, however, immunolabeling was usually
seen in the cytoplasm (Fig. 3E,G).

Cell-specific expression of caspase-8, analyzed by
double immunohistochemistry using specific markers,
showed that the majority of caspase-8" cells in the dif-
ferent cortical layers were neurons (NeuN™; Fig. 4A—C),
especially in layers I-V at 10-24 hpl and in layer VI at
72 hpl (Table I). Additionally, caspase-8 labeling was
also found in the nucleus of reactive GFAP™ astrocytes
(Fig. 4D-F, Table I) mostly located in layer VI and the
corpus callosum. Microglial cells showing nuclear cas-
pase-8 immunoreactivity were also seen in the lesion
core and layer VI, mainly at 24 hpl (Fig. 4G—I, Table I).
Finally, occasional caspase-8 labeling was also seen in oli-
godendrocytes in the cingulum and corpus callosum
(Fig. 4]-L, Table I).

Correspondence Between Caspase-9/Caspase-8
and Caspase-3 Activation

To determine whether caspase-3 activation resulted
from the intrinsic pathway (by caspase-9 activation) or
the extrinsic pathway (by caspase-8 activation), double
immunofluorescence for active caspase-3 and either
active caspase-9 or caspase-8 was performed (Fig. 5). As
previously reported (Acarin et al., 2007), in the excito-
toxically lesioned postnatal brain, caspase-3 activation
was significantly increased from 10 to 72 hpl and
showed peak values at 24 hpl, in correspondence with
the time course of caspase-8 labeling but delayed in rela-
tion to caspase-9 activation. In general, in the lesioned
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cortex, density of caspase-3" cells was always higher
than that of caspase-9" or caspase-8™ cells (Fig. 5A—M).
However, at 4 and 10 hpl, the ratio between density of
caspase-9" cells and caspase-3" cells showed maximal
values of 0.78 and 1.02, respectively. Notably, correla-
tion between caspase-3 and caspase-9 was strongly
diminished from 24 hpl, when maximal caspase-3 activa-
tion was found. In contrast, the ratio between density of
caspase-3 " cells and caspase-8" cells was uniform from 4
to 72 hpl, showing ratio values between 0.45 and 0.29.

Expression of p53

Noninjected and saline-injected control animals
showed slight expression of p53. In contrast, NMDA-
lesioned animals showed changes in p53 expression
mainly in the ipsilateral cortex and the corpus callosum,
but mild hippocampal expression was also seen. Cortical
p53 expression was significantly increased from 10 to 72
hpl (Fig. 6A), with peak expression at 24 hpl (Fig.
6A,B), and down-regulation to control values at 7 dpl
(data not shown). In the corpus callosum, the density of
p53" cells was slightly lower but showed a similar time
course (Fig. 6A,B). Both in the cortex (Fig. 6C) and in
the corpus callosum (Fig. 6D), labeling was usually cyto-
plasmatic. The analysis of double immunostaining for
specific cellular markers showed that p53 was expressed
mainly in neurons located within the cortical lesion core
(Fig. 7A—C, Table I) and in astrocytes of cortical layer
VI and the adjacent corpus callosum (Fig. 7D-F, Table
I). However, some astrocytes in the lesion core and in
the hippocampus were also p53" (data not shown).
Some microglial cells also showed p53 expression (Fig.
7G-I, Table I). No p53 expression was detected in oli-
godendrocytes. Notably, colocalization between p53 and
active caspase-3 was only occasionally found (Fig. 7]-L).
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Fig. 3. Temporal pattern of caspase-8 expression in distinct regions of
the damaged immature brain. A: Quantification of caspase-8 expres-
sion in the damaged cortex showed a significant increase (*P < 0.05
in comparison with saline controls) from 10 hpl to 24 hpl, when peak
expression was seen, and then decreased, but was still significant by 72
hpl. B: Temporal caspase-8 expression was layer specific in the cortex
at the different survival times postinjury. There were significant differ-
ences in the number of caspase-8* cells in layers I-III compared with
layers IV/V and layer VI at 24 and 72 hpl (*P < 0.05). Cell density in
layers I-III was significantly higher at 10-24 hpl and lower at 72 hpl.
Maximal number of caspase-8" cells was seen at 24 hpl in layers I-III
(*P < 0.05 in comparison with other time points), at 24-72 hpl in

DISCUSSION

This study shows that, after postnatal excitotoxicity,
neurons in the cortical lesion core activate the intrinsic
pathway mainly through caspase-9, but also the extrinsic
pathway through caspase-8 and the p53-dependent path-
way. Activation of these pathways is maintained until

ID: haquek Date: 13/7/07 Time: 13:26

b

“
e e 4
.

L L d
layers IV/V (*P < 0.05), and at 72 hpl in layer VI (*P < 0.05). C:
Differential caspase-8 expression in the damaged cortical layers.
Caspase-8 was seen mainly in layers I-IV at 24 hpl. D: Localization of
caspase-8 in the nucleus of some cells (arrowheads) at 10 hpl in cortical
layer III. High magnification is shown in E. E: Scattered caspase-87
cells (arrowhead) in the corpus callosum at 24 hpl. High magnification
showing cytoplasmic labeling is shown in G. No labeling was seen in
the striatum (str). H: Caspase-8 expression (arrowhead) in cortical layer
VI at 72 hpl. I: High magnification shows nuclear and cytoplasmatic
labeling. Scale bars = 50 um in C-E,H; 20 pm in F,G,I. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com. |

24 hpl, when maximal neuronal caspase-3 activation and
apoptosis have been shown to occur in this lesion model
(Acarin et al.,, 2007). In astrocytes, the previously
reported widespread activation of caspase-3 in the ab-
sence of cell death (Acarin et al., 2007) is shown here
generally not to correlate with activation of upstream
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Fig. 4. Caspase-8 (casp8) in neurons (NeuN), astro-
cytes (GFAP), microglia (TL), and oligodendrocytes
(APC). Most caspase-8-positive cells were neurons
as seen in the cortex at 24 hpl (arrowheads in A-C).
Caspase-8 was also found in some astrocytes (arrow-
head in D-F) located in layer VI and the corpus cal-
losum. Caspase-8 was also found in some microglia/
macrophages within the lesion core (arrowhead in
G-I). Oligodendrocytes in the corpus callosum were
also found to express caspase-8 (arrowheads in J-L).
Caspase-8 is shown in red; specific cell markers
NeuN, GFAP, APC, and TL are shown in green.
CC, corpus callosum; CG, cingulum; CX, cortex.
Scale bars = 20 pm in C (applies to A—C); 20 pm
in F (applies to D-F); 20 pum in I (applies to G-I);
20 pm in L (applies to J-L). [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com. |

pathways mediated by caspase-8, caspase-9, and p53. Acti-
vation of these pathways is only relevant in astrocytes of
cortical layer VI and the adjacent corpus callosum.

Activation of Caspase Pathways in Neuronal Cells

We show here an important participation of the
mitochondrial pathway in cortical and hippocampal neu-
rons within the first 10 hpl, when maximal caspase-9
activation colocalized with caspase-3 in these cells, pre-
ceding previously reported caspase-3 and TUNEL"
maximal cell density at 24 hpl (Acarin et al., 2007). As
shown in the present report, caspase-9/caspase-3 double-
labeled neurons frequently displayed apoptotic features
and cytoplasmic vacuolation. Excitotoxicity by overesti-
mulation of glutamate receptors induces an increase in
reactive oxygen species that alters mitochondrial respira-
tion and cytochrome ¢ release and activates the intrinsic

Journal of Neuroscience Research DOI 10.1002/jnr
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apoptotic pathway (Mattson, 2003). In this sense, it is
thought that neuronal cells largely use the intrinsic path-
way to undergo apoptotic cell death, not only after exci-
totoxicity (Henshall et al., 2001) but also in other injury
paradigms, such as focal and global ischemia (Benchoua
et al., 2001; Cao et al., 2002; Cho et al., 2003; Ferrer
et al.,, 2003; Love, 2003; Ding et al., 2004) and trau-
matic brain injury (Yakovlev and Faden, 2001; Knoblach
et al., 2002), in adult animals. In the immature brain, in
agreement with our study, neuronal caspase-9 activation
occurs within the first 24 hr after hypoxia-ischemia and
traumatic brain damage (Felderhoft-Mueser et al., 2002;
Khurana et al., 2002; Benjelloun et al., 2003; Hagberg,
2004) and caspase-9 blockade induces some degree of
neuroprotection after hypoxia-ischemia (Feng et al.,
2003Db).

In addition to caspase-9, damaged cortical neurons
show a reduced and somewhat delayed activation of the
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Fig. 5. Colocalization of caspase-8 and caspase-9 with caspase-3 in the
lesioned cortex at different survival times postlesion. A: Mean ratio values
for caspase-8/caspase-3 and caspase-9/caspase-3 at 4, 10, 24, and 72 hpl.
Highest correlation is seen at 10 hpl in the ratio of caspase-9/caspase-3
double-labeled cells. The caspase-8/caspase-3 ratio is uniform and always
lower than 0.5. Representative images of caspase-9/caspase-3 double label-
ing in the lesioned cortex at 10 hpl (B—G) and caspase-8/caspase-3 labeling
at 24 hpl (H-M). The majority of caspase-9" cells colocalized with
caspase-3 (B—G) and showed condensed nuclei, as seen with DAPI nuclear
staining (G). Lower amounts of caspase-8" cells colocalized with caspase-3
(H-J). Caspase-8 and -9 are shown in red; caspase-3 is shown in green;
DAPI nuclear staining is shown in blue. cx, Cortex. Scale bars = 50 pm
in D (applies to B-D); 50 pm in G (applies to E-G); 50 pum in J (applies to
H-J); 50 pm in M (applies to K-M). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com. |

extrinsic pathway through caspase-8 (peak values at 24
hpl), which can also contribute to caspase-3 activation
and cell death (Schulze-Osthoft et al., 1998; Thorburn,
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Fig. 6. Temporal pattern of p53 expression in the cortex and corpus
callosum after immature brain injury. A: Quantification of cells
expressing p53. There was a significant increase in p53™" cells at all
times from 10 hpl to 72 hpl in the cortex (*P < 0.05) and corpus
callosum (cc; #P < 0.05) compared with saline-injected controls ani-
mals. B: p53 Expression was seen in cells in the damaged cortex and
cingulum of the cc. Higher magnification images of p53-expressing
cells in the cortex (arrowheads in C) and the cingulum of the corpus cal-
losum, where cytoplasmic labeling was seen in cells resembling astrocytes
(arrowheads in D). CC, corpus callosum, CX, cortex. Scale bars = 50
mm in B; 20 pm in C,D. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.|

2004), according to several lines of evidence suggesting
that the death receptor pathway participates in the neu-
ronal death after excitotoxicity, ischemia, and trauma, in
both the adult and the immature brain (Velier et al.,
1999; Krupinski et al., 2000; Northington et al.,
2001a,b; Beer et al., 2001; Benchoua et al., 2001; Qiu
et al., 2002; Felderhoff~Mueser et al., 2002; Feng et al.,
2003a; Li et al., 2006). In this regard, neurons express
the death receptors FAS and TNFR1 (Rosenbaum
et al., 2000; Northington et al., 2001a; Qiu et al., 2002;
Felderhoff-Mueser et al., 2002; Ferrer et al., 2003; Hen-
shall et al., 2003), which correlates with injury-induced
neuronal and glial expression of their ligands FASL and
TNFa, respectively (Choi and Benveniste, 2004; Swan-
son et al.,, 2004; Planas et al., 2006). Particularly after
postnatal excitotoxicity, we have previously shown
TNFa production at 1024 hpl by neurons and astro-
cytes located in the lesion border and in cortical layer VI
(Acarin et al., 2000a), the same area where we find
delayed up-regulation of caspase-8. Interestingly, during

Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 7. p53 Expression in neurons (NeuN), astrocytes (GFAP), and
microglia (TL) and correlation with caspase-3 (casp3). p53 Expres-
sion was seen in neurons in the cortical lesion core (A—C; arrow-
heads), and in some astrocytes of layer VI and the corpus callosum
(D-F; arrowheads). p53" Microglia/macrophages were present in
the lesioned cortex (G-I; arrowheads). Only scattered p53" cells
colocalized with caspase-3 (J-L). p53 Is shown in red; specific cell
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p53+NeuN

CX

p53+casp3

markers NeuN, GFAP, and TL and caspase-3 are shown in green;
DAPI nuclear staining is shown in blue. CC, corpus callosum;
CX, cortex. Scale bars = 50 pm in C (applies to A—C); 50 um in
F (applies to D-F); 50 pm in I (applies to G-I); 50 pm in L
(applies to J-L). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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early postnatal life and in this area, neurons are either
layer VI or remnants of subplate neurons, a transient
population of cells highly vulnerable to excitotoxicity
and hypoxia/ischemia (Ghosh et al., 1990; Ghosh and
Shatz, 1993; Allendoerfer and Shatz, 1994; McQuillen
et al., 2003; McQuillen and Ferriero, 2005). Their
depletion leads to failure of thalamocortical innervation
or abnormal thalamocortical connections, depending on
the age when the insult occurs (Ghosh et al.,, 1990;
Ghosh and Shatz, 1993; McQuillen and Ferriero, 2005).

Caspase-3 can also be activated by the p53 path-
way, essentially after excitotoxicity (Sakhi et al.,, 1994),
where oxidative stress occurs (Acarin et al., 2002, 2005).
Although we have observed p53 expression in damaged
neurons, there was little correlation between p53 and
caspase-3. Insofar as p53-induced caspase-3 activation is
mediated either through the intrinsic mitochondrial
pathway by inducing Bax expression (Culmsee and
Mattson, 2005) or through the extrinsic pathway by acti-
vation of DRS5 receptor and caspase-8 (Finnberg and El-
Deiry, 2004), it is likely that the time-frame between
p53 expression and caspase-3 activation may be too long
to find both molecules at the same time in the same cell.

Glial Activation of Caspase Pathways in
Layer VI and Adjacent White Matter

Widespread —astroglial activation of caspase-3
(Acarin et al., 2007) does not correlate with activation
of upstream caspases-8 and -9, the main initiators of
caspase-dependent apoptotic cascades. This finding, to-
gether with the fact that new roles for caspase-3 have
been reported (Schwerk and Schulze-Osthoft, 2003;
McLaughlin, 2004), leads to the suggestion that other
signaling mechanisms involved in astroglial cell activation
might also cleave caspase-3.

The differential expression of caspase proteins in
glial cells located in layer VI and adjacent white matter
deserves discussion. Caspase-9, caspase-8, and p53 were
found in layer VI and corpus callosum astrocytes, where
astroglial cells show increased GFAP and cell hypertro-
phy and display nuclear active caspase-3 in the absence
of cell death (Acarin et al., 1999b, 2007). Similarly, fol-
lowing hypoxia-ischemia in postnatal day 7 rats, activa-
tion of the intrinsic pathway in astrocytes has been
reported in the penumbra, an area of delayed neurode-
generation, but not in the lesion core (Benjelloun et al.,
2003). To our knowledge, no description of caspase-9
activation in astrocytes has been reported after adult
brain damage. In contrast, astroglial activation of caspase-
8 occurs after adult brain trauma and in vitro paradigms
(Beer et al.,, 2001; Wosik et al., 2001; Falsig et al.,
2004), but this is the first study reporting caspase-8 in
astrocytes after immature brain injury. It should be noted
that caspase-8 immunoreactivity may be interpreted ei-
ther as caspase-8 activation or as expression of procas-
pase-8, in that the antibody used has been shown to rec-
ognize both the active form and the 55-kDa proform of
this caspase after immature brain damage (Northington
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et al., 2001a). However, the presence of active caspase-8
and/or changes in procaspase-8 expression demonstrates
the involvement of the extrinsic pathway and upstream
receptor activation. In this regard, after in vitro and in
vivo stimuli, astrocytes express FASR and TNFR1 on
their surface (Botchkina et al., 1997; Choi and Benve-
niste, 2004; Yin et al., 2004; Kuno et al., 2006). How-
ever, astrocytes are known generally to be resistant to
FAS-mediated cell death (Choi et al., 1999; Lee et al.,
2000), and astroglial FAS activation is related to cytokine
and chemokine release, including interleukin-6 (IL-6),
IL-8, and monocyte chemoattractant protein-1 (MCP-1)
through nuclear factor-xB (NFxB) activation (Choi and
Benveniste, 2004). Similarly, activation of astroglial
TNFR1 receptors mediates production of MCP-1, cell
adhesion molecules such as ICAM-1, and neurotrophic
factors (Yin et al., 2004; Kuno et al., 2006). Therefore,
caspase-8 1In astrocytes may constitute a step in the
FASR and/or TNFR1 astroglial inflammatory response,
insofar as it is localized in the cell nuclei and correlates
with activation of NFKB (Acarin et al., 2000b) and pro-
duction of TNFa and IL-6 (Acarin et al., 2000a) in layer
VI and corpus callosum reactive astrocytes. This corre-
spondence has been demonstrated in lymphocytes, where
caspase-8 signaling induces activation of NFkB, and
whether caspase-8 mediates inflammatory or apoptotic
cell death depends, at least in part, on activation levels of
this caspase (Alam et al.,, 1999; Lamkanfi et al., 2007;
Lemmers et al., 2007).

Finally, astrocytes also express p53 in this region, as
has previously been demonstrated after ischemia (Chung
et al., 2002). Besides its participation in oxidative stress-
mediated cell death of astrocytes (Yung et al., 2004), and
in correlation with the absence of astroglial death that
we have previously described (Acarin et al., 2007), p53
has also been implicated in cell cycle exit and differentia-
tion in astroglial cell lines in vitro (Kokunai et al.,
1998).

With regard to microglial cells, in the present
work, we show that only significant expression of
caspase-8 and p53 was seen in layer VI and corpus cal-
losum in the excitotoxically damaged postnatal brain.
This occurs in the absence of microglial caspase-3 activa-
tion in this model (Acarin et al., 2007). The lack of cas-
pase-9 activation in microglia agrees with other studies
of immature and adult brain damage (Krupinski et al.,
2000; Benchoua et al., 2001; Henshall et al., 2001; Kno-
blach et al., 2002; Benjelloun et al., 2003). Notably,
caspase-9 activation is implicated in the monocytic dif-
ferentiation to macrophages in response to macrophage
colony-stimulating factor (M-CSF), where cleaving of
caspase-9 precedes caspase-3 activation and subsequent
cleavage of acinus protein in the absence of cell death
(Sordet et al., 2002). It should be noted that activation
of M-CSF receptors is a well-established mechanism of
microglial activation, mediating proliferation, cytokine
release, and phagocytosis (Imai and Kohsaka, 2002), and
the lack of caspase-9/caspase-3 activation in these cells
could imply differential signaling cascades of this receptor
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in peripheral monocytes vs. endogenous microglial cells.
Finally, only significant activation of caspase-9 was seen
in oligodendrocytes at 10 hpl, although this occurs in
the absence of caspase-3 activation or TUNEL staining
in this cell type, as previously described (Acarin et al.,
2007).

In conclusion, after postnatal excitotoxicity, well-
known activators of caspase-3, mainly the mitochondrial
intrinsic pathway, mediate neuronal caspase-3 activation
associated with apoptotic cell death. However, in astro-
glial cells, where caspase-3 activation is not generally
related to cell death but to cell adaptation mechanisms
such as cytoskeletal changes (Acarin et al., 2007), cleav-
age of caspase-3 is not preceded by activation of intrinsic
and extrinsic pathways. Further studies are needed to
elucidate putative alternative mechanisms of caspase-3
activation in glial cells.
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Survivin and Heat Shock Protein 25/27 colocalize with
cleaved caspase-3 in surviving reactive astrocytes
following excitotoxicity to the immature brain

ABSTRACT

Following immature excitotoxic brain damage, distinct patterns of caspase activation have been
described in neurons and glial cells. Neuronal cells show activation of the mitochondrial
pathway, caspase-3 cleavage and apoptotic cell death, while reactive astrocytes show caspase-3
clevage that is not always correlated with enzymatic protease activity and does not generally
terminate in cell death. Accordingly, the aim of the present study was to evaluate the astrocytic
colocalization of cleaved caspase-3 and several anti-apoptotic proteins of the inhibitor of
apoptosis proteins family (IAPs), such as survivin and clIAP-2, and the Heat Shock Proteins
(HSPs) family, HSP25/27 and HSC70/HSP70, which can all prevent caspases from cleaving
their substrates. At several survival times ranging from 4 hours to 14 days after cortical
excitotoxic damage induced by N-methyl-D-aspartate (NMDA) injection at postnatal day 9 in rat
pups, single and double immunohistochemical techniques were performed in free floating
cryostat sections and sections were analyzed by confocal microscopy. Our results show that
survivin and HPS25/27 are mainly expressed in reactive astrocytes of the damaged cortex and
the adjacent white matter. In addition, both molecules strongly colocalize with cleaved caspase-
3. Survivin is mainly located in the nucleus, like cleaved caspase-3; while HSP25/27 is
cytoplasmatic but very frequently found in cells showing nuclear caspase-3. cIAP-2 was mostly
found in damaged neurons but also in glial scar reactive astrocytes and showed -certain
correlation with caspase-3. Hsc70/Hsp70 was only expressed in injured neurons and did not
correlate with caspase-3. Thus, we conclude that mainly survivin and HSP25/27 may participate
in the inhibition of cleaved caspase-3 in reactive astrocytes and may be involved in protecting
astrocytes after injury.
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ABSTRACT

Following immature excitotoxic brain damage, distinct
patterns of caspase activation have been described in
neurons and glial cells. Neuronal cells show activation of the
mitochondrial pathway, caspase-3 cleavage and apoptotic
cell death, while reactive astrocytes show caspase-3 clavage
that is not always correlated with enzymatic protease
activity and does not generally terminate in cell death.
Accordingly, the aim of the present study was to evaluate
the astrocytic colocalization of cleaved caspase-3 and several
anti-apoptotic proteins of the inhibitor of apoptosis proteins
family (IAPs), such as survivin and cIAP-2, and the Heat
Shock  Proteins (HSPs) family, HSP25/27 and
HSC70/HSP70, which can all prevent caspases from
cleaving their substrates. At several survival times ranging
from 4 hours to 14 days after cortical excitotoxic damage
induced by N-methyl-D-aspartate (NMDA) injection at
postnatal day 9 in rat pups, single and double
immunohistochemical techniques were performed in free
floating cryostat sections and sections were analyzed by
confocal microscopy. Our results show that survivin and
HPS25/27 are mainly expressed in reactive astrocytes of the
damaged cortex and the adjacent white matter. In addition,
both molecules strongly colocalize with cleaved caspase-3.
Survivin is mainly located in the nucleus, like cleaved
caspase-3; while HSP25/27 is cytoplasmatic but very
frequently found in cells showing nuclear caspase-3. cIAP-2
was mostly found in damaged neurons but also in glial scar
reactive astrocytes and showed certain correlation with
caspase-3. HSC70/HSP70 was only expressed in injured
neurons and did not correlate with caspase-3. Thus, we
conclude that mainly survivin and HSP25/27 may
participate in the inhibition of cleaved caspase-3 in reactive
astrocytes and may be involved in protecting astrocytes
after injury.

INTRODUCTION

Acute damage to the immature and adult brain induces
neuronal activation of caspase cascades that culminate in
apoptotic cell death. We have recently described that
excitotoxic damage to the immature rat brain results in
activation of the mitochondrial pathway through caspase-9 in
neuronal cells, and correlates with activation of the executioner
caspase-3 and neuronal apoptotic cell death in different brain
regions (Acarin et al., 2007; Villapol et al., 2007). In addition,
cleavage of caspase-3 is also observed in astroglial cells within
hours after the damage and until glial scar formation one week
later. At early survival times, astroglial cleavage of caspase-3
correlates with enzymatic activity of caspase-3 and the presence
of caspase-mediated cleavage of their main cytoskeletal protein,
glial fibrillary acidic protein (GFAP) (Acarin et al., 2007,

Villapol et al., 2007). However, from one day post-lesion,
cleaved caspase-3 is still present in astrocytes but no enzymatic
caspase-3 activity is detected and very little astroglial cell death
occurs (Acarin et al., 2007). Studies of apoptotic cascades in
peripheral tissues (see (McLaughlin, 2004) for review) show
that cleaved caspase-3 may be present without causing
significant substrate proteolysis of cellular components and
inducing subsequent apoptosis. These studies suggest that
powerful intrinsic cell signaling mechanisms exist which limit
executioner caspases protease activity. Accordingly, several
families of proteins such as the Inhibitors of Apoptosis (IAP)
and the heat shock proteins (HSP) have been shown to block the
activity of cleaved caspase-3, both in the nervous system and in
peripheral organs. IAPs are a family of pro-survival proteins
that act downstream of caspase cleavage to directly bind and
inhibit the activity of caspase-9 and the executor caspases -3
and -7, halting the apoptotic process. Their activity is based on
the presence of two general types of baculoviral IAP repeat
(BIR) domains: Type I domains which most commonly bind
and inhibit caspases, and Type II domains which can bind
caspases but can also act on the cell cycle. Four of the existing
mammalian [APs, including cIAP-1, cIAP-2, XIAP, and NAIP,
contain three type I BIR domains. The other four IAPs, named
livin,  APOLLON/BRUCE, ts-IAP/ML-IAP and survivin
contain only one BIR domain or type Il domains, and can
therefore participate in cell cycle regulation besides their role in
caspase inhibition (Clem et al., 1996). After damage to the
CNS, several IAPs including XIAP, cIAP-1, NIAP and survivin
have been shown to provide neuroprotection against ischemia
and trauma, mainly through caspase-3 inhibition in neuronal
cells (see (Robertson et al., 2000; Ferrer and Planas, 2003) for
review). In addition, survivin is expressed in reactive astrocytes
after adult traumatic injury, where it has been shown to
participate in cellular proliferation and it has been shown to
colocalize with caspase-3 (Johnson et al., 2004; Johnson et al.,
2005). HSPs are molecular chaperones involved in the
regulation of cellular homeostasis and cell survival (for review
(Sreedhar and Csermely, 2004)). Under normal conditions,
HSPs are essential for the folding of nascent proteins, protein
translocation and maintenance of multi-protein complexes.
After stress or cell damage, they prevent formation of protein
aggregates and either contribute to the re-folding of denatured
and misfolded proteins or target them for destruction by the
proteasome (Sreedhar and Csermely, 2004).
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HSPs are a multi-protein family that range in molecular size
from 10 to 110 kD and are divided into HSP10, HSP25/27,
HSP40, HSP60, HSP70, HSP90 and HSP110 subfamilies with
distinct functions within the cells. HSC70/HSP70 is present in
two forms in the brain, the constitutively expressed HSC70 and
the inducible form of the protein, named HSP70 (Rubio et al.,
2002; Giffard et al., 2004). HSP70 is able to prevent the
formation of the apoptosome by binding to Apaf-1 and blocking
the activation of caspase-9 and caspase-3, and inhibiting the
appearance of apoptosis after DNA damage (Matsumori et al.,
2005). After acute brain damage, such as ischemia, trauma, and
oxidative injury, overexpression of HSP70 protects neuronal cells
against injury (Sharp et al., 1999; Giffard et al., 2004; Yenari et
al., 2005). The family of low molecular weight HSP, including
HSP25/27, stabilizes the cytoskeleton and the proteolytic
cleavage of actin and reduces oxidative DNA damage by
sequestering cytochrome ¢ and procaspase-3 (Concannon et al.,
2003). We and other laboratories have described the upregulation
of small heat shock proteins of the HSP25/27 family in reactive
astrocytes following immature (Sanz et al., 2001; Acarin et al.,
2002) and adult brain damage (Kato et al., 1995; Plumier et al.,
1996; Anguelova and Smirnova, 2000; Currie et al., 2000;
Nishino and Nowak, 2004).

According to this, the aim of the present study was to
determine whether following excitotoxic immature brain damage,
the IAPs, survivin and cIAP-2, and the HSPs, HSP70 and
HSP25/27, colocalize with active caspase-3 in reactive astrocytes
showing cleavage of this executor caspase in the absence of cell
death.

MATERIALS AND METHODS

Excitotoxic lesions and tissue processing

Neonatal Long Evans black-hooded rat pups of both genders
were used on postnatal day 9 (P9) (Janvier, France). They were
anesthetized with isofluorane (Baxter International Inc) and
received an intracerebral injection of 20 nmol of N-methyl-D-
aspartate (NMDA) (Sigma-Aldrich, St. Louis, MO, USA) diluted
in 0.15 pl of saline solution (0.9% NacCl) at a rate of 0.05 pl/min
using an automatic injector. Saline-control animals received an
injection of 0.15 pul of the saline solution as vehicle. All
intracerebral injections were made into the right sensorimotor
cortex at the level of the coronal suture (2 mm lateral of bregma
and 0.5 mm depth) using a stereotaxic frame (Kopf Instruments).
After 4, 10, 24 and 72 hours, and 7 and 14 days post-injection,
rats were anesthetized and perfused intracardially with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH=7.4). Brains
were removed and immersed in the same fixative for 4 hours at
4°C and cryoprotected in 30% sucrose solution before being
frozen with dry CO,. Four NMDA-injected and 2 saline-injected
animals were used for each of the five survival times. Our
experimental animal work was conducted according to Spanish
regulations in agreement with European Union directives and was
approved by the ethical commission of the Autonomous
University of Barcelona.

Single immunohistochemistry for survivin, cIAP-2,
HSP25/27 and HSC70/HSP70

Coronal sections (30-pum-thick) were obtained using a Leitz
cryostat. Free-floating parallel sections were processed for
endogenous peroxidase inactivation and blocked in 0.05 M Tris-
buffered saline (TBS) pH=7.4, containing 10% fetal calf serum
and 1% triton X-100 for 1 hour. Afterwards, sections were
incubated overnight at 4°C with either one of the following
primary antibodies: rabbit polyclonal antibody anti-cIAP-2
(1:400, AB3615, Chemicon); rabbit polyclonal antibody anti-

survivin  (1:2000, IMG-5754, Imgenex); rabbit polyclonal
antibody anti-HSP25 (recognizing both HSP25 and HSP27,
1:400, SPA-801, Stressgen) or mouse monoclonal antibody anti-
Hsc/Hsp70 (1:200, SPA-820, Stressgen). As negative controls,
sections were incubated in media lacking the primary antibody.
After several washes, sections were incubated for 1 hour with
either biotinylated anti-rabbit secondary antibody (1:400,
RPN1004V1, Amersham) or biotinylated anti-mouse secondary
antibody (1:400, RPN1001V1, Amersham). Specific labeling was
visualized by incubation with avidin-peroxidase (1:400, P0364,
Dakopatts) for 1 hour and subsequent 3, 3’-diaminobenzidine
(DAB)-hydrogen peroxide developing procedure. Sections were
dehydrated through a graded series of ethanol, cleared in xylene
and coverslipped.

Double immunofluorescence labeling for cIAP-2,
survivinp, HSP25/27 and HSC70/HSP70 with cell
specific markers and caspase-3

For double labeling, sections were processed with antibodies
against Hsc70/Hsp70, cIAP-2, survivin or Hsp25 as described
above, but incubated with either secondary cy3-conjugated anti-
mouse antibody (1:1000, PA43002V, Amersham) (for
Hsc70/Hsp70) or secondary cy3-conjugated anti-rabbit antibody
(1:1000, PA430024V, Amersham) (for survivin, Hsp25, and
cIAP-2). After rinsing, sections were further incubated with either
one of the following primary antibodies: polyclonal rabbit anti-
cleaved caspase-3 (pl7 or pl9 subunit) (1:700, #9661, Cell
Signaling) for caspase-3 labeling; polyclonal rabbit anti-Glial
Fibrillary Acidic Protein (GFAP) (1:1000, Z-0224, Dakopatts),
monoclonal mouse anti-GFAP (1:700, #3670, Cell Signaling), or
monoclonal mouse anti-vimentin (1:1000, Chemicon, MO0725)
for astroglial labeling; and monoclonal mouse anti-Neuronal
Nuclear Antigen (NeuN) (1:500, MAB377, Chemicon) or
monoclonal mouse anti-microtubule Associated Protein 2
(MAP2) (1:1000, Chemicon, MAB3418), for neuronal labeling.
Immunostaining was visualized with either cy2-conjugated anti-
rabbit secondary antibody (1:1000, PA-42004, Amersham) or
cy2-conjugated anti-mouse secondary antibody (1:1000, PA-
42004, Amersham). Selected sections of all double labeling
techniques were incubated for 5 min with a 0.00125pug/ml
solution of 4, 6-diamino-2-phenylindole (DAPI) in Tris buffer.
Immediately after, sections were rinsed in TBS and TB,
dehydrated and mounted and coverslipped.

Cell counting and statistical analysis

Digital images of DAB-reacted and double immunofluores-
cent coronal sections were captured with the 20X and 40X
objective of a Nikon E-800 microscope attached to a Nikon
Digital Eclipse DXM1200 color camera. For the quantification of
double labeled cells, cells were counted in 3-5 images per section
and brain region and in 3-4 sections for each of the 3 animals per
labeling and survival time. Statistical analysis was carried out
using Statview software. Statistical significance was determined
by one-way analysis of variance (ANOVA), with Fisher’s post
hoc test and p<0.05. In addition, for colocalization studies,
immunofluorescent labeled sections were analyzed using a
LEICA TCS SP2 AOBS confocal microscope.

RESULTS

Cortical injection of the excitotoxin NMDA into the right
hemisphere of postnatal day 9 rat pups caused a lesion involving
neuronal loss and a glial response in the entire thickness of the
cortex and surrounding areas, extending to the corpus callosum,
dorsal striatum and rostral hippocampus, which has been
previously described in detail (Acarin et al., 1999a; Acarin et al.,
1999b; Acarin et al., 2001).
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Figure 1. Survivin expression in the damaged immature brain. Intensive staining is seen in the ipsilateral cortical lesion core at 24 hpl (hours post-
lesion) (A), although low survivin expression is also seen in the contralateral cortex (B). A high magnification showing survivin expression in the
cytoplasm of star-shaped cells (arrowheads in C) and pyramidal cells (arrow in C) in the lesion core. At 72 hpl, survivin is localized in cell nuclei of
the corpus callosum (D), and at 7 days post-lesion is confined to the glial scar (E). Neuronal survivin expression is also observed in the ipsilateral
hippocampus (F, inset in G) at 72 hpl, and in the contralateral hippocampus to a lesser extent (H, inset in I). Abbreviations: cc (corpus callosum); CL
(contralateral hemisphere); cx-CL (contralateral cortex); cx-IL (ipsilateral cortex); hp-CL (contralateral hippocampus); hp-IL (ipsilateral
hippocampus); IL (ipsilateral hemisphere); LC (lesion core). Scale bars =20 pm.

Excitotoxic ~damage induced activation of the
mitochondrial apoptotic pathway through caspase-9 in
neuronal cells followed by caspase-3 activation and TUNEL
labeling (Acarin et al., 2007, Villapol 2007). However, in
reactive astrocytes, caspase-3 activation was not correlated
with cell death (Acarin et al., 2007) and persisted until two
weeks post-lesion. Injection of a control saline solution
resulted in mild tissue disruption restricted to the area of the
needle track, with slight expression of pro-apoptotic
molecules and a focal and transient glial response that lasted
until 3 days post-injection.

Survivin expression is mainly found in the
ipsilateral hemisphere but mild staining is also
observed in contralateral brain regions

In the ipsilateral hemisphere of saline-injected control
animals, survivin was observed in a few cells in cortical areas
and hippocampus (data not shown). In NMDA-lesioned

animals, survivint cells were seen mainly in the damaged
cortex, corpus callosum and hippocampus in the ipsilateral
hemisphere (IL) (Fig. 1A, C-F), but milder survivint cells
were also found in corresponding areas of the contralateral
hemisphere (CL) (Fig. 1B, H). In the IL cortex, at 10-24
hours post-lesion, survivin labeling was mainly nuclear and
perinuclear (Fig. 1C) and found in the lesion core. From 24
hours, survivin expression increased and spread to the
cortical lesion border and the corpus callosum, where
labeling was mainly observed in the cytoplasm (Fig. 1C, D).
At 72 h post-lesion, cortical survivin expression was found in
the lesion border and broadening to cortical layer VI. By 7
days post-lesion staining was confined to layer VI and corpus
callosum in both hemispheres, but restricted to the cortical
glial scar in star-shaped cells in the IL (Fig. 1E).
Additionally, survivin+ cells were also seen throughout the
hippocampus (Fig. 1F,G), mainly in the IL hemisphere,
although some labeling was seen in the CL hippocampus
(Fig. 1H,]T).
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Figure 2. Confocal immunofluorescence showing survivin (red) in neurons (NeuN and MAP-2; green in A and B, respectively) and astrocytes
(GFAP; C-G) or astrocytes colocalizing with cleaved caspase-3 (casp3, green, H) or survivin with cleaved caspase-3 (casp3, green I) and DAPI
nuclear staining is shown in blue. Survivin positive neurons are seen in damaged cortical areas at 10 hours as shown by NeuN double labeling in the
lesion border (A), or in the lesion core with MAP-2 (B) at 24 hpl. Other survivin expressing areas include the hippocampal pyramidal layer where
survivin positive cells colocalize with GFAP (arrows in C). However, the main area showing survivin expression is the lesion border, where survivin
staining is cytoplasmatic and localized to GFAP positive (D) and in the degenerating damaged cortex, both in the lesion core where survivin is also
found in reactive astrocytes at 24 hpl (E and F). High survivin expression is also found in the subventricular zone, a germinative area where a few
cells colocalized with GFAP (G). Cleaved caspase-3 in astrocytes (arrows in H) and with survivin in cortical area at 72 hpl, which colocalized in the
nucleus (arrowheads) of cells in the cortical lesion core (I). Abbreviations: CA (cornu ammonis); cc (corpus callosum); cx (cortical area); LB (lesion
border); LC (lesion core); SVZ (subventricular zone). Scale bars = 20 pm.

survivin were also seen (Fig. 2C), mainly at 72 hours post-
lesion, when 48.7+7.4% of survivin+ cells were astrocytes in
the hippocampus (Fig. 3). In the damaged cortex, astroglial
survivin was found in the nucleus and/or cytoplasm (Fig. 2D-F)
of reactive astrocytes present in the lesion core (Fig. 2E) and
the lesion border (Fig. 2F), mainly at 72 hours post-lesion,

Survivin is expressed in neurons and astrocytes in
regions showing cleaved caspase-3

Survivin was observed in the soma of MAP-2+ and NeuN+
neurons in the cortical lesion border (Fig. 2A) and in the lesion
core (Fig. 2B), mainly at 10-24 hours post-lesion. However, at

longer survival times, neuronal survivin expression also
expanded to adjacent non-damaged cortical areas (data not
shown). Neuronal survivin expression was also seen in the CA
field of the hippocampus (Fig. 2C) from 10 to 72 hours post-
lesion, when GFAP+ astroglial cells expressing nuclear

when astrocytes were 35.6x52% and 37.9+3.7% of all
survivint cells, respectively (Fig. 3). Noteworthy, the highest
percentage of survivint/GFAP+ was found in the corpus
callosum, where astrocytes represented 45.8+2.4% of all
survivin+ cells at 24 hours post-lesion, and 61.9+7,8% at 72



hours post-lesion (Fig. 3). Finally, there was a considerable
amount of survivint cells in the subventricular zone (SVZ), one
of the neurogenic niches, where a few cells also showed
colocalzation with GFAP (Fig. 2F).

The analysis of survivin and cleaved caspase-3 showed that at
24 and 72 hours post-lesion, when maximum astroglial caspase-
3 occurs (Fig. 2H) (Acarin et al., 2007), colocalization was
mainly observed in cells showing survivin expression in the
nucleus (Fig. 21), in the cortical lesion core at both times and in
the lesion border at 72 hours post-lesion (Table 1). Double-
labeled survivint/caspase-3+ cells were also found in the
hippocampus and the corpus callosum.
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Figure 3. Percentage of survivin positive cells showing GFAP
colocalization in the cortical lesion core (LC), lesion border (LB),
hippocampus (HP) and corpus callosum (CC) at 24 and 72 hours post-
lesion. Data is shown as mean + sem. Although maximun colocalization
is found in the cc at both times (*, p<0.05) all areas show survivin +
astrocytes, mainly at 72 h post-lesion.

cIAP-2 is expressed in neurons mainly in the lesioned
cortex

In the CL hemisphere, some cIAP-2 positive cells were
observed (data not shown) but expression was limited. In the IL
hemisphere, cells expressing cIAP-2 were observed in the
damaged cortex, the adjacent corpus callosum, and the
hippocampus to a lesser extent. In the damaged cortex and
adjacent white matter, cIAP-2 expression was first observed at
4 hours post-lesion, but increased at 10-24 hours post-lesion,
when cytoplasmic cIAP-2 labeling was found in the deeper
cortical layers (layer VI) at the level of the lesion core and in
the cingulum of the corpus callosum (Fig. 4A). Noteworthy,
cIAP-2 labeling was generally more intense in the cortical
lesion border and layer VI than in the lesion core itself (Fig.
4A, B). It was mainly found in cells showing neuronal
morphology, which did not correlate with GFAP labeling (Fig.
4C). However, at 7 days post-lesion, when the glial scar is
formed, a few reactive astrocytes showed cIAP-2 expression in
the corpus callosum (Fig. 4D) and in the cortex (Fig. 4E).
Finally, colocalization between cIAP-2 and cleaved caspase-3
(Fig. 4F) was observed in some cells within the lesion core and
in the lesion border at early survival times (Table 1), mainly in
cells showing neuronal morphology.

HSP25/27 is expressed in reactive astrocytes in the
damaged cortex and strongly colocalizes with cleaved
caspase-3

In the CL hemisphere of lesioned animals and in both
hemispheres of saline-injected animals, expression of
HSP25/27 was very low (data not shown). However, in the IL
hemisphere of lesioned animals, HSP25/27 was mainly present
in the damaged cortex and adjacent white matter, although

some HSP25/27+ cells were also observed in the striatum and
the hippocampus (Fig. 5). In the cortex, HSP25/27 was first
induced at 10 hours post-lesion, when labeling was seen in the
lesion core, the lesion border and in the adjacent non-damaged
cortex. At 24-72 hours post-lesion, HSP25/27 was strongly
increased (Fig. SA) and was mainly expressed in astroglial cells
(Fig SA—F, 6A, B, 7), although some neuronal cells in the
lesion border (Fig. SA) and in the hippocampus were also
HSP25/27+. In the cortex, HSP25/27+ astrocytes were
observed in the lesion core (Fig. 6A-B, 7), where they
represented 68.4+4.7% of all HSP25/27+ cells; in the lesion
border, mainly at 24 hours post-lesion in the medial areas (Fig.
5A, B), and in cortical layer VI (Fig. 5A, D). Moreover,
52.6+8.2% of all HSP25/27+ cells in the corpus callosum were
reactive astrocytes (Fig. 5A, C, 6C, 7) while in the
hippocampus astrocytes constituted only the 17.8+3.1% of cells
(Fig. SA, E, 7). HSP25/27 labeling in reactive astrocytes was
principally cytoplasmatic and displayed thick and fine astroglial
branches (Fig. 5F). Noteworthy, not all GFAP+ reactive
astrocytes and vimentin+ astrocytes expressed HSP25/27 (Fig.
6 A, B). From 7 days post-lesion, astroglial HSP25/27
expression remained in the glial scar, corpus callosum (Fig. 6C)
and in cortical layer VI. The colocalization analysis between
HSP25/27 and cleaved caspase-3 showed a strong correlation
of both markers (Table 1), with a very high proportion of
double labeled cells in the damaged cortex (Fig. 6D, E) and in
the adjacent corpus callosum, mainly at 24-72 hours post-
lesion, when caspase-3 is mostly located in reactive astrocytes
(Acarin et al., 2007).

Table 1. Summary of colocalization between survivin, HSP25/27, and
cIAP-2 with cleaved caspase-3 at different survival times after
excitotoxic damage.

Cleaved Caspase-3

Survivin clAP-2 HSP25/27

24h 72h  24h  72h 24h 72h

et ++ ++ + et ot
Cortical lesion core
+ ot + ++ ++ ot
Cortical lesion border
++ + -+ - -+ +
Hippocampus
+ ++ -+ + -+ et

Corpus callosum

The table shows semi quantitative analysis of the colocalization of
cleaved caspase-3 with survivin, HSP25/27, and cIAP-2 in subfields of
the damaged cortex, hippocampus and corpus callosum, determined by
a qualitative analysis of double immunoreactive cells at 24 and 72
hours after NMDA injection. -, no double labeled cells; -/+, very few
double cells; +, scattered labeled cells; ++, approximately half of cells
double labeled; +++, the majority of labeled cells; ++++, virtually all
cells double labeled.

HSC70/HSP70 is induced in cortical neurons and
shows poor correlation with caspase-3 activation

HSC70/HSP70 was transiently induced in the IL cortex and
mostly found in layers I-IV (Fig. 6G), although scattered
HSC70/HSP70+ cells were observed in the hippocampus. In the
cortex, HSC70/HSP70 immunoreactivity increased at 24-72
hours post-lesion, mainly in pyramidal cells (Fig. 6G) and
sometimes extended to the lesion border. Colocalization studies
showed no correlation between HSC70/HSP70 and GFAP
immunostaining (Fig. 6G), and only an occasional occurrence
of HSC70/HSP70+/caspase-3+ double labeled cells (Fig. 6H).
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CIAP-2/GFAP

Figure 4. Light microscopy showing cortical cIAP-2 (A), and confocal immunofluorescence cIAP-2 (red; B-F) containing astrocytes (GFAP; green;
B-E) and cleaved caspase-3 (casp3; green; F). In the ipsilateral cortex, cIAP-2 is expressed in neuronal soma (arrowheads in A) or in cells showing a
branched morphology (arrows in A) in the corpus callosum. In the cortical lesion core, cIAP-2 positive cells do not colocalize with GFAP at 24 hours
post-lesion (B), and only a small amount of astrocytes shown cIAP-2 in the cortical lesion border at 72 hours post-lesion (arrow in C). At 7 days post-
lesion, cIAP-2 is observed in astrocytes in the corpus callosum (arrow in D), and the glial scar (arrow in E). In the cortical lesion core, cIAP-2 was
expressed in the nucleus and cytosol of cells showing nuclear cleaved caspase-3 (arrow in F). DAPI staining for nuclei. Abbreviations: cc (corpus
callosum); cx (cortical area); LB (lesion border); LC (lesion core). Scale bars =20 pm.

DISCUSSION

In this study we describe that different endogenous anti-
apoptotic proteins, mainly survivin, of the IAP family of
proteins, and Hsp25 of the HSP family of chaperones,
colocalize with active caspase-3 in reactive astrocytes
following excitotoxic brain damage. In addition, the anti-
apoptotic protein cIAP-2 was also expressed in corpus callosum
and glial scar reactive astrocytes at 7 dpl when astroglial
response peaks in this lesion model (Acarin et al., 1999b). As
colocalization of these protective molecules is found at
different survival times when caspase-3 activity and astroglial
cell death does not occur (Acarin et al., 2007), our findings
suggest that these proteins may be partly responsible for the
blockade of caspase-3 activity downstream of its cleavage, as
has been previously described in other cell types (Vassina et al.,
2006), and might contribute, in this way, to the protective
mechanism developed by reactive astroglial cells in order to
cope with tissue damage and oxidative stress after brain injury.

Survivin and cIAP-2 protect surviving astrocytes
showing caspase-3 cleavage

Several members of the IAP family of proteins have been
shown to inhibit cleavage-activated caspase-3 directly, blocking
apoptotic effector events downstream of this caspase (Peng et
al., 2005) and providing safeguard mechanisms against

minimum activation of the caspase apoptosis cascade by setting
up an endogenous threshold level for caspase activation.

Survivin has different splicing variants which have been
shown to be able to inhibit caspase function by two different
mechanisms: through direct blocking of the enzymatic activity
of caspase-3 once it has been proteolytically activated (Tamm
et al., 1998; Shin et al., 2001), and through the ubiquitination of
caspase-3, leading to its degradation by the proteasome (Vegran
et al., 2005), therefore being a suitable candidate for the anti-
apoptotic protective mechanisms developed by glial cells after
brain injury. Survivin expression has long been studied in
astrocytomas and other glia-derived tumors (Kajiwara et al.,
2003), in which it has been shown to play an important role in
tumor progression and malignancy. However, very few studies
have analysed survivin expression after acute brain damage
(Johnson and Howerth, 2004; Johnson et al., 2005). To our
knowledge, this is the first work reporting survivin expression
after immature brain injury, although expression of this cell
death regulator plays an important role in the anti-apoptotic cell
protection mechanism of neuronal precursor cells during CNS
embryogenesis when its deletion induces increased caspase-3
and caspase-9 activities massive neuronal death due to
deregulated apoptosis, and death early in life (Jiang et al.,
2005). We here suggest that survivin may also play a role in
neuronal apoptosis regulation following acute excitotoxicity in
the immature brain, as it was found in neuronal cells of the
injured cortex and adjacent hippocampus where we have
described neuronal activation of the mitochondrial pathway
through caspase-9 and TUNEL labeling (Acarin et al., 2007,
Villapol et al., 2007).
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Figure 5. HSP25/27 distribution in the injured hemisphere at 72 hours post-lesion (A). HSP25/27 + cells predominate in the medial cortex (B),
medial corpus callosum (C), cortical layer VI (D), and hippocampal CA (E). HSP25/27 positive cells show ramified morphology (arrows in F) or
nuclear morphology (arrowheads in F) in the cortical neurodegenerative area. Abbreviations: CA (cornu ammonis); cc (corpus callosum); cx (cortical
area); hp (hippocampus); LB (lesion border); LC (lesion core); ly VI (cortical layer VI). Scale bars =20 pm.

In addition, we have observed a significant colocalization of
this IAP in reactive astrocytes showing cleaved caspase-3, in
agreement with the pattern of survivin expression following
adult traumatic brain injury (Johnson and Howerth, 2004;
Johnson et al., 2005), where astroglial survivin expression was
correlated with the lower incidence of TUNEL labeling in this
glial cell population. Interestingly, survivin gene expression has
been recently shown to be regulated by the Signal Transducer
and Activator of Transcription 3 (STAT3) (Gritsko et al., 2006)
a transcription factor activated in astrocytes from 2 hours until
14 dpl after postnatal excitotoxicity (Acarin et al., 1998, 2000),
which could account for astroglial survivin expression.

Besides its role in cell death regulation, survivin is largely
known for its function as a cell division regulator in cancer
cells (Altieri, 2004, 2006), showing cell cycle expression
regulation with a robust expression in G2/M phase (Li et al.,
1998). Following postnatal excitotoxicity, we here describe that
survivin is found in the germinal SVZ where proliferating
precursor cells are found (Faiz et al., 2005). However, it should
be noted that cleaved caspase-3 is also found in these
progenitor cells (S. Villapol, unpublished results), and survivin
could also play an anti-apoptotic role in these cells. Finally, it is
interesting to note that survivin is here described to colocalize
with cleaved caspase-3 in reactive astrocytes, but this caspase
does not correlate with 5’-bromodeoxyuridine (BrdU)
incorporation in astrocytes in this model (Acarin et al., 2007),

in agreement with the results by Johnson et al. following adult
traumatic injury, reporting only 12% colocalization between
survivin+ astrocytes and the proliferating cell nuclear antigen
(PCNA), although the majority of proliferating cells are
astrocytes (Johnson et al.,, 2004). In general, these findings
suggest an outstanding anti-apoptotic role of survivin, more
than the control of proliferation in reactive astrocytes.

cIAP-2 is another member of the IAP family which is also
considered a physiologically relevant inhibitor of caspase-3
(Nishihara et al., 2003) by means of its high affinity towards
the cleaved form of caspase-3, but not its non-processed
precursor (Roy et al., 1997). We here describe cIAP-2
expression mainly in neuronal cells following immature
excitotoxicity, as has been previously reported after trauma in
the adult (Keane et al., 2001), however colocalization between
cleaved caspase-3 and cIAP-2 was not as relevant as the other
anti-apoptotic proteins evaluated. Interestingly, cIAP-2 was
specifically expressed in the cytosol of glial scar reactive
astrocytes at 7 days post-lesion, but not throughout the
evolution of the astroglial response. To our knowledge, reports
on the astroglial expression of cIAP-2 are very scarce; cIAP-2
is expressed in astrocytomas (Liu et al., 2006), but only
recently it has been reported in reactive astrocytes following
treatment with the anti-apoptotic factor granulocyte colony
stimulating factor (G-CSF) after ischemia (Solaroglu et al.,
2006).
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Figure 6. Confocal immunofluorescence showing cortical HSP25/27 (red), Vimentin (green in A), GFAP (green in B and C), and cleaved caspase-3
(casp3, green; D and E). In the injured cortex, at 24 hours post-lesion, HSP25/27-labeled cells are identified as reactive astrocytes by their labeling
with vimentin (A) and GFAP (B) at 24 hpl. Astroglial cells become further hypertrophied at longer survival times, 14 days, and they also express
HSP25/27 in the medial corpus callosum (C). HSP25/27 positive astrocytes are also seen in the lesion border at 72 hours post-lesion, where numerous
cells shown nuclear cleaved caspase-3 and HSP25/27 in the cytoplasm (D) and in the nucleus (E). Hsc70/Hsp70 is found in pyramidal cortical
neurons (F) and does not colocalize with GFAP (G), and only very occasionally colocalize with cleaved caspase-3 (arrows in H). Scale bars = 20 pm.

HSP25/27 may provide anti-apoptotic and
cytoskeletal protection to reactive astrocytes

A few years ago we described that a subpopulation of
reactive astrocytes induced HSP25/27 expression after acute
damage to the immature rat brain, both in traumatic injury
(Sanz et al., 2001) and excitotoxicity (Acarin et al., 2002). We
here show that this molecular chaperone strongly colocalizes
with the presence of cleaved caspase-3 in the absence of cell
death, therefore suggesting an anti-apoptotic role of HSP25/27
in astrocytes, as has been demonstrated in other cell types
(Concannon et al., 2003). It should be noted that of all
molecules analyzed in this study, HSP25/27 is the anti-
apoptotic protein that shows the highest expression in
astrocytes and the strongest colocalization with cleaved
caspase-3. It is now established that several types of cells
induced to accumulate HSPs become more tolerant to a variety
of cytotoxic insults, supporting the idea that HSPs are able to
prevent cell death and promote survival (Latchman, 2004;
Sreedhar and Csermely, 2004). In particular, several
mechanisms have been proposed to account for the
cytoprotective effects of HSP25/27, including its role as
molecular chaperone facilitating repair/destruction of damaged

proteins, modulation of oxidative stress, direct interaction with
key components of the caspase apoptotic cascade, and
protection of cytoskeletal components (Concannon et al.,
2003). As a chaperone with a well-known ability to interact
with different proteins, HSP25/27 has been shown to inhibit the
intrinsic mitochondrial apoptotic pathway through interaction
with cytochrome c after its release from the mitochondria, and
pro-caspase-3, preventing the correct formation of the
apoptosome complex (Pandey et al., 2000; Concannon et al.,
2001; Garrido et al., 2001; Paul et al., 2002), and inhibit the
death receptor extrinsic caspase pathway (Mehlen et al., 1995;
Mehlen et al., 1996; Arrigo et al., 2007). Noteworthy, it has
recently been shown that HSP27 is able to directly associate
with caspase-3, inhibiting caspase-3 activity and preventing
apoptosis (Voss et al.,, 2007), which could explain the
colocalization between HSP25/27 and caspase-3 we here
describe in reactive astrocytes. In addition to its anti-apoptotic
properties, HSP25/27 has long been recognized as a potent
regulator of cytoskeletal dynamics potentiating stabilization of
actin microfilaments by preventing their disaggregation
following stressful conditions (Guay et al., 1997; Concannon et
al., 2003).
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Figure 7. Percentage of HSP25/27 + cells showing GFAP
colocalization in the cortical lesion core (LC), lesion border (LB),
hippocampus (HP) and corpus callosum (CC) at 24 and 72 hours post-
lesion. Data is shown as mean + sem. Maximum amount of double
labeled cells is found in the LC, LB and CC at 24 hpl (¥, p<0.05) and
percentage of colocalization is maintained at the LC and CC, but
slightly diminished in the LB. Colocalization is low in the hippocampus
at both times.

Furthermore, HSP25/27 can also interact with other
cytoskeletal components, including several intermediate
filaments like GFAP and vimentin in astroglial cells (Perng et
al., 1999; Lee et al., 2005). In cell lines, HSP27 can interact
with both the intermediate filament and the soluble
intermediate filament proteins within the cell cytoplasm,
preventing filaments from forming non-covalent filament-
filament interactions that could induce pathological
aggregations (Perng et al., 1999), and can physically associate
with vimentin, avoiding morphological alterations of vimentin-
containing filaments and disruption of intermediate filament
networks (Lee et al., 2005). Interestingly, and in relation to this
protective role, we have previously described, after postnatal
excitotoxic damage, caspase targeting of GFAP by
demonstrating the presence of caspase-cleaved GFAP
fragments within the first 24 hours post-lesion (Acarin et al.,
2007), when astroglial expression of HSP25/27 protein is still
very low (Acarin et al., 2002). In this regard, we here suggest
that following immature brain damage, HSP25/27 plays a key
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4. SUMMARY OF RESULTS AND
GENERAL DISCUSSION

4.1. NEURONAL CELLS

4.1.1. Apoptotic cell death and caspase-3 activation.

After a CNS acute injury early necrotic cell death is known to take place and is followed at later
survival times by a delayed apoptotic death. Specifically, after excitotoxic damage to the immature
brain, neuronal cell death has been demonstrated to occur as a necrosis/apoptosis continuum with
progressive morphological characteristics [329]. Technically, it should be noted that the sensitivity and
specificity of experimental methods might determine whether apoptosis is detected [283, 330, 331]. In
this thesis, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL)
technique was used, which identifies 3 -OH end of DNA-strand breaks as a marker of DNA damage or
repair. TUNEL staining was performed in order to look for evidences of DNA breakdown, one of the
main features of apoptosis [283, 332]. DNA fragmentation is subject to problems of sensitivity, but
evidence of caspase activation and demonstration of apoptotic bodies by DAPI staining or by Hoechst
33258 staining that allow visualization of nuclear chromatin clumping are considered a complementary
method for demonstrating the presence of apoptotic features. Article I shows that following an
excitotoxic lesion in the immature cortex the majority of cells undergoing apoptotic cell death were
identified as neurons in the damaged cortex, hippocampus, and in the penumbra cortical area from 10
to 72 hours post-lesion (hpl), when DNA fragmentation decreases. Neuronal apoptosis occurred
simultaneously was coexistent with cleaved caspase-3 staining observed at early times post-lesion in the
neurodegenerative area, specifically in the medial cortex, lesion core, lesion border, and hippocampus,
and a significant increase in caspase-3 enzymatic activity in the lesioned hemisphere. For the majority

of the examined brain regions, neuronal caspase-3 immunoreactivity was clearly concentrated in the
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nucleus of the cell and sometimes in soma and axonal prolongations. A nuclear localization of activated
caspase-3 suggests the association of this protease with specific nuclear structures, as cleaved caspase-3
is the principal responsible for the cleavage of proteases that produces damage and destruction of
nuclear DNA. These results are in agreement with other reports which have described neuronal
apoptosis after injury in the neonatal rat brain [53, 320, 333-340].
4.1.2. Caspase-9 and caspase-8 activation in neurons in cortical damaged areas.
Caspase-3 neuronal activation occurs together with activation of the mitochondrial pathway as
shown by an increase in the levels of active caspase-9 (article II). The peak of caspase-9 activation was
at 10 hpl, and was followed by the principal increase in caspase-3 in the neurons and the presence of
TUNEL + cells in most neurodegenerating arcas at 24 hpl. The correlation of caspase-3 with caspase-9
at 10 hpl was found to be especially significant, as the number of caspase-3 + cells were roughly
equivalent to the amount of caspase-9 + cells, at a time when both caspases were mainly observed in
neuronal cells (Figure 6). In contrast, caspase-8 activation in the lesion core was strongly dependent on
cortical layers specificity. At early times, the most significant expression was in layers I, II and III,
where the lesion core is located, and after 24 hpl, caspase-8 expression was most important in layers
V-VI. In these layers, caspase-8 was sometimes seen to colocalize with caspase-3, but not as
significantly as the caspase-3/caspase-9 correlation, and only during the peak of both caspases, implying
that the link between caspase-8 and caspase-3 was only transient and region specific. These results
emphasize the involvement of the intrinsic pathway over the extrinsic pathway in neuronal death in the
lesion core and medial cortex where the excitotoxic stimulus is greater and the mitochondrial damage
predominates, however it should be mentioned that it might also coexist with other apoptotic pathways
or with necrotic cell death. Moreover, in surrounding cortical areas and layer VI the mostly delayed
involvement of caspase-8 activation was also observed, demonstrating that caspase-3 upstream
activation pathways are also acting through death receptors. Of special interest is layer VI where
subplate neurons reside. These neurons are highly studied after prenatal and early postnatal stroke

because they are extremely susceptible to apoptotic cell death in the immature brain [321, 341, 342].
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Figure 6. Summary of results showing a schematic representation of apoptotic pathways and endogenous inhibitors
in astrocytes, neurons and microglial cells after an excitotoxic damage in the immature rat brain. Degenerating neurons
show activation of caspase -3 and -9 and undergo apoptotic cell death. Caspase-8 is expressed in the nucleus of some
microglial cells. In addition, some antiapoptotic proteins cIAP-2 or HSC70/HSP70 are also expressed; reactive
astrocytes show survivin and Hsp25 in the nucleus and cleaved caspase-3 in the absence of cell death, but with
caspase-cleaved fragments of glial tibrillary acidic protein (GFAP-CCP) in the cytoskeleton.
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Notably, the number of TUNEL+ neurons seen in this experimental model always outnumbered
those showing activation of caspase-3, caspase-9, caspase-8 or p53, suggesting an important
contribution of other caspases or caspase-independent mechanisms of neuronal cell death, as has been
suggested in other acute injury models both in adults and neonates (see [16, 343, 344] for review). One
of the main candidates of caspase-independent mediators of cell death is the Apoptosis inducing factor
(AIF), which is released form the mitochondria and reaches the nucleus where it can directly induce
chromatin condensation and large scale DNA fragmentation [19, 345]. After NMDA excitotoxicity in
cortical neurons in vitro, it is believed that AIF translocation, mitochondrial membrane depolarization
and phosphatydil serine exposure on the cell surface occur prior to activation of the intrinsic pathway
and caspase-3 cleavage [346], thus AIF would be faster in driving apoptotic cell death than caspase-3.
The involvement of AIF and caspase-3 in neuronal apoptosis could establish a way for future
approaches to reduce damage through combinatory methods, by inhibiting both caspase-dependent and
caspase-independent apoptotic pathways as a therapeutic target for neuroprotection after acute injury.

4.1.3. Endogenous inhibitors in neurons.

All apoptotic mechanisms triggered in neurons after excitotoxic damage have been described to be
counteracted by anti-apoptotic mechanisms. After studying diverse IAPs and HSPs, (article III) survivin
expression, which is also seen in the contralateral hemisphere, was found in the soma of neurons
located in the lesion core and lesion border and ipsilateral hippocampus. Several caspase-3 + neurons
also expressed nuclear cytoplasmatic survivin but the majority of survivin + cells belonged to
astroglials populations. Another studied TAP, cIAP-2, showed a cytoplasmatic staining in the lesion
core, layer VI neurons and the lesion border. These TAPs may block apoptotic molecules and rescue
neurons from death in regions where excitotoxic damage was not strong at specific times after injury,
as it has been shown in other models of acute injury, both in the adult and postnatal brain [126, 133,
225, 347, 348]. Heat stress chaperones were also analyzed and expression in neurons was also found.
HSP25/27 was expressed in the soma of neurons, restricted to the lesion border and hippocampus, but
it was predominant in glia. However, HSC70/HSP70 was the main neuronal chaperone expressed both
in the contralateral and ipsilateral hemispheres, principally affecting pyramidal neurons in layers I-1V

and in the hippocampus. Even so, the neuroprotective role of this chaperone in this neonatal
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excitotoxicity model is highly questioned, as it is rarely found to colocalize with caspase-3 in neurons.
In another injury model, HSP72, a member of HSP70 subfamily, was also detected in the penumbra
region expressed in the cytosol of surviving neurons playing a role in the inhibition of the
mitochondrial pathway [343]. Apoptosis represents a target that potentially expands the therapeutic
window for acute injury treatment because it appears to involve different mechanisms than necrosis and

may occur in areas of milder ischemic injury, even days after the initial insult [349].

4.2. OLIGODENDROCYTES AND MICROGLIAL CELLS

In this thesis no considerable presence of cleaved caspase-3 or DNA fragmentation was found in
microglia/macrophages (article 1), and few cells showed nuclear caspase-8 and p53 in the nucleus
(article II and Figure 6), mainly in the lesion core and layer VI. Activation of these molecules can be
generally interpreted as playing a non-apoptotic role in microglial cells. In this sense, some studies
have shown that caspase-8 may also be involved in other cellular functions like proliferation,
differentiation, migration, or motility [26, 350-352], which could account for its activity in this cell
type. With respect to oligodendrocytes, only a few TUNEL positive cells were seen (article I), they did
not show evidence of cleaved caspase-3, sporadic caspase-9 and caspase-8 labeling in the cingulum and
corpus callosum, and no p53 expression was detected. These results were unexpected as
oligodendrocytes are vulnerable to be susceptible to excitotoxic damage [353-355], and periventricular
leukomalacia [356] due to white matter damage is one of the leading pathological mechanisms of
immature brain injury [357-359]. Studies in vivo have demonstrated that the oligodendrocytes show
caspase-11 dependent-apoptotic death stimuli, induced by cytokines, nitric oxide, and oxidative stress
[360]. Other works demonstrate that oligodendrocytes die through caspase-3 activation after perinatal
hypoxia-ischemia [272]. Thus, a possibility is that the oligodendrocytes in our model are dying at very
early times in white matter both by necrotic cell death, through other executor caspases and direct
cleavage of nuclear substrates, or through autophagy as a possible protective mechanism in early stages

of programmed cell death as was suggested in a transgenic model of dysmyelination [361].
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4.3. ASTROCYTES

Apoptotic pathways at later times are glutamate-independent and may be triggered by other stimuli,
including oxidative stress, acidosis, and calcium imbalance, which can mainly affect astrocytes.
Elucidating whether astroglial cell death and activation of apoptotic pathways occurs after postnatal
excitotoxicity was the main goal of this thesis, therefore its study has provided for the majority of

results and discussion (see Figure 6).

4.3.1. Caspase-3 activation but reduced astrocytic death.

The first surprising result of this thesis was the finding that cleaved caspase-3 was present in
astrocytes from 10 hpl, when double-labeled cleaved caspase-3/GFAP-positive astrocytes accounted for
35% of the total number of cleaved caspase-3 + cells. Later on, astrocytes accounted for the 70% of
cleaved caspase-3 + cells. In contrast, the analysis of TUNEL/GFAP double-labeled sections displayed
few astrocytes with TUNEL-positive nuclei. The number of astrocytes that died from apoptosis
accounted from 10% of TUNEL + cells at 10 hpl, until less than 30% of the total number of TUNEL
+ cells identified at 7 dpl, when the total amount of TUNEL+ is very low (Article I). This finding
opened several questions which generally constituted the aims of the thesis; to answer whether
activation of caspase-3 upstream pathways were found in astrocytes, whether caspase-3 was inhibited in
astrocytes downstream of its cleavage or whether caspase-3 might have alternative non-apoptotic roles

in astrocytes.

4.3.1.1. Why and how can caspases show activation but not activity?

One possibility to explain how astrocytes show cleaved caspase-3 in the nucleus but not protease
activity and cell death execution is that the amount of cleaved caspase-3 may not have been sufficient
to cause DNA fragmentation. This phenomenon has been reported in cell cultures treated with
staurosporine in a fascinating study that discovered that overexpression of a cDNA engineered for a
chimeric caspase-3 protein, which resulted in active caspase-3 in the cells, did not induce any of the
changes typical of apoptosis [362], and no visible cell morphological changes, due to low or

insufficient caspase activity. In the results of this thesis, despite the appearance of a pl7 fragment of
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caspase-3 which is bound by the antibodies used, there was no evidence for enzymatic activity later

than 24 hpl, when caspase-3 cleavage is mainly found in astrocytes (article I).

4.3.2. Upstream apoptotic pathways in astrocytes
4.3.2.1. The caspase cascade upstream of caspase-3 activation.

After cleaved caspase-3 was observed in astrocytes with no apparent morphology of apoptosis
(article I), it was then studied whether activation of the main initiator caspases were activated at early
times after excitotoxicity (article II). In astrocytes, the intrinsic mitochondrial pathway through caspase-
9 activation was found to be much less important than in neurons, it was only observed in a few
astrocytes in corpus callosum and lesion core at early times. Activation of the apoptotic extrinsic
pathway through caspase-8 was more relevant, with a layer specific pattern, affecting astrocytes mainly
in layer VI and the corpus callosum, and also important to note, caspase-8 labeling was also found in

the nucleus of reactive GFAP astrocytes.

It should be noted that the active form of caspase-8 could not be detected by Western blot (data
not shown) as has been published in another model of immature brain damage, using the same antibody
[340], so we could assume that mainly the proform was detected. However, global results show that
neither caspase-8 nor caspase-9 precede the activation of caspase-3 in astrocytes especially because
caspase-3 is so widespread. Studies in ischemia have shown that both embryonic and mature astrocytes
express a significant level of CD95 (Fas/APO-1) receptors, but only mature astrocytes are likely to
undergo CD95-mediated apoptosis [313]. Other studies suggest that astroglial death can also implicate
activation of the NF-kB inflammatory pathway instead of executing caspase-dependent cell death [85],
although its relevance in vivo in acute models of damage is not clear. It should also be noted that
other upstream caspases are thought to contribute to cell death via caspase-3-dependent pathways that
are excluded from extrinsic and intrinsic pathways, and include mainly caspase-2, caspase-6, caspase-11
or caspase-12. In this regard, several in vitro studies have shown the importance of ER stress in
astrocytes and caspase-12 activation as the main initiator caspase that cleaves caspase-3 [234] in this
situation. Caspase-12 is activated by the release of Ca™ from ER independently of caspase-8 or

caspase-9 [363]. In this sense, astroglial caspase-12 is activated in acidosis conditions leading to

Apoptotic and antiapoptotic mechanisms in neurons and glial cells after damage to the immature brain. 85



86

activation of caspase-3 [184, 229], but no expression of this caspase was found in the excitotoxic
model used here (data not shown). Even though most of previous studies tried to show that caspase-12
might cleave effector caspases such as caspase-3 and caspase-7, other studies have shown a direct
evidence of caspase-12 as a substrate for caspase-3 [364].

4.3.2.2. Could caspase-3 be autocleaved?

An interesting point is that in specific conditions and depending on the intensity of apoptotic
stimulus, caspase-3 may suffer from auto-cleavage and not display sufficient catalytic capacity [218,
362]. This was described as an inefficient self-activation of caspase-3, and previous evidence suggests
that adding a longer prodomain to a catalytic caspase domain generates a self-activating caspase. This
should not exclude the possibility, however, that a small initial amount of caspase-3 activation is a
positive feedback mechanism in which active caspase-3 cleaves procaspase-3, not unlike what occurs
specifically in astrocytes under excitotoxic conditions where it is typically recovered as fully processed
active protease. This auto-cleavage could partly of explain the absence of upstream apoptotic pathways
in specific cell types like astrocytes.

4.3.2.3. Other pro-apoptotic molecules in astrocytes.

Another explanation for the absence of activation of extrinsic and intrinsic caspase upstream
pathways could be the presence of other pro-apoptotic proteins that might play an important role in the
interaction of the caspase cascade and end up in caspase-3 activation. Thus, caspase-3 activity has been
linked with activation of the MAPKSs, JNK, p38, p53, c-jun, and c-fos, albeit through the activation of
intervening kinases. Pro-apoptotic protein expression may mainly reflect similar or different cellular
events in different subtypes of nervous cells depending on the area of expression in the brain and the
time-course after injury. In article II of this thesis the importance of the pattern of p53 expression in
neurons and astrocytes was highlighted. Whereas p53 expression in neurons most likely signifies the
activation of pro-apoptotic DNA damaged-induced apoptosis [365, 366]. P53 expression in astroglial
cells might be a sign of differentiation, metabolic activation and cell cycle arrest, possibly to allow for
repair of damaged DNA [36, 365]. However, it should be noted that caspase-3 could be activated by
p53-mediated activation of caspase-8 and caspase-9. Even so, in a study on cisplatin-induced renal cells

apoptosis it was seen that 50% of apoptotic cell death is mediated by p53, and that p53 activates
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caspase-3 independently of either caspase-8, caspase-9 or mitochondrial dysfunction [367]. However, in

our model no colocalization between caspase-3 and p53 nuclear translocation was observed (article II).

4.3.3. Caspase-3 blocking: inhibitors of apoptosis, heat shock proteins and
nitric oxide.
The resistance of astrocytes to caspase-3 downstream events and apoptotic death remains highly
controversial. However, several hypothetical mechanisms have been proposed which might be the
presence of strong endogenous inhibitors of cleaved caspase-3, such as the IAPs, HSPs, and/or other

specific conditions like are discussed here.

4.3.3.1. Why is caspase-3 activated but does not have apoptotic target
molecules in astrocytes? Different ways to block caspase-3 activity.

Active caspase-3 is formed by two pl7/pl2 heterodimers and mainly induces the cell to undergo
apoptosis by proteolyzing key cellular targets. The IAP family of proteins bind to activated caspase-3
and functionally sequester it or target it to the proteasome for degradation via C-terminal RING finger
domains, which acts as an E3 ubiquitin ligase [368]. This family of anti-apoptotic proteins has several
candidates; one of them is survivin [142], which has been shown to block the activity of caspase-3
once activated [123], and in vivo studies after TBI have shown that a large majority of astrocytes, but
few neurons, express survivin both in the cytoplasm and the nucleus colocalize with active caspase-3
[142]. This is in agreement with what is described here after excitotoxic damage (article III), where
cleaved caspase-3 is found in reactive astrocytes and an important contribution of survivin in blocking
caspase-3 is demonstrated. Moreover, cIAP-2 is known to monoubiquitinate executioner caspases, but
this modification is not normally associated with proteasome targeting and degradation as it might
sequester active caspases from death substrates [369]. In this thesis it is described how astrocytes
occasionally express nuclear cIAP-2 at later times in the corpus callosum and glial scar in cortical
regions (article III). However, recent attention has focused on heat shock proteins as regulators of cell
death and survival. Hence, the molecular mechanism by which HSPs family members inhibit the
proteolytic maturation of caspase-3 is likely to be different from IAP family members. HSP27 may be

inhibiting death receptor upstream of cleaved caspase-3; with an inhibition of both mitochondrial and
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death receptor apoptotic pathways [143, 162, 370, 371]. HSP27 also binds to intermediate filaments
such as GFAP to manage the intermediate filament network in astrocytes [372]. As HSP25/27 was
expressed in reactive astrocytes, both in cytoplasm and nucleus, colocalizing with cleaved caspase-3, it
is suggested that this chaperone might provide a checkpoint in the regulation of apoptosis by interaction
with caspase-3. Finally, although presence of HSC70/HSP70 in astrocytes after neonatal excitotoxicity
was not found (article III), other works have shown that HSP70 can block both apoptotic and necrotic
astroglial death, and it is considered an especially interesting target for anti-ischemic therapy [193, 227,
267, 373] as it has been suggested that HSPs could contribute to astroglial survival when facing
excitotoxicity and hypoxia-ischemia.

In addition, other endogenous caspase-3 modulating mechanisms which have not been explored
here could potentially be expressed in astrocytes. Phosphoprotein enriched in astrocytes-15 kDa (PEA-
15) is a protein that acts as a caspase-8 inhibitor in astrocytes [223, 374] and inhibits both apoptosis
and proliferation in normal damaged astrocytes, as well as in gliomas [375]. PEA-15 is capable of
protecting reactive astrocytes from apoptosis in hippocampus and corpus callosum using a model of
astrogliosis occurring along motor neurons degeneration [374]. In addition to elucidating the reasons
behind which the astrocytes express natural inhibitors of caspase-3, it will be necessary to know if
these inhibitors are being released by the astrocytes at some time determined by the evolution of the
cerebral lesion. Also, it is intriguing to better understand the role that astrocytes play in neighboring
cell survival when releasing caspase-3 inhibiting molecules, and its upstream pathways. In function of
this working hypothesis, astrocytes could play a fundamental role in the tolerance to damage and the
maintenance of its survival, crucial for neuroprotection.

4.3.3.2. Putative role of NO in caspase-3 inhibition in astroglial cells.

After excitotoxic damage, reactive astrocytes show nitration of cytoplasmatic proteins and lack
DNA fragmentation, but on the other hand, have cleaved caspase-3 in the nucleus ([322] and article I).
NMDA receptors drive Ca”* influx, which in turn activates the predominant NOS [376]. Activation of
NOS generates NO, which leads to the formation of peroxynitrite [273], a potent oxidant that is formed
by the rapid reaction of NO with superoxide anion radicals, predominating over the scavenging of ROS

by superoxide dismutase. Nitration is the main footprint of peroxynitrite formation and induces
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dysfunction of different proteins [377]. In this sense, S-nitrosylation of caspase-3, caspase-9, ASKI,
and JNK block their activity and inhibit apoptosis, whereas S-nitrosylation of metalloproteinases, IKKb
and NF-kB promotes cell death (for review [378]). NO supplied by exogenous NO donors serves in
vivo as an anti-apoptotic regulator of caspase activity via S-nitrosylation of the Cys-163 residue of
caspase-3 [379] [380], but controversial studies in culture have demonstrated that peroxynitrite (ONOO-
) donor SIN-1 also induces apoptosis of astrocytes [220]. In view of the ambivalent capabilities of NO
to act either in a pro-apoptotic or in an anti-apoptotic fashion depending on cell type and NO dosage, a
complex spectrum of NO-mediated control of apoptosis is conceivable. In this sense, if a function of
NO in the inhibition of astroglial caspase-3 is taken into account, the presence of nitrated species in
reactive astrocytes [322] could be associated to the inhibition of caspase-3 and the NO induced S-
nitrosylation of the cleaved fragment of caspase-3 which ultimately prevents the ability to recognize its

substrates and could provide an antiapoptotic strategy.

4.3.4. Other roles for cleaved caspase-3

Previous reports have suggested that caspase-3 is capable of regulating non-apoptotic functions in
certain cell types [103, 381-386]. In accordance with these suggestions, several functions of caspase-3
have been exposed.

4.3.4.1. Caspase-3 and cytoskeletal remodeling.

One of the possible non-apoptotic roles of caspase-3 in astrocytes is the cleavage of intermediate
filaments, such as GFAP or vimentin, as first suggested by the group of T. Rohn, showing that
astrogliosis can be associated to cleavage of filaments by caspases [113]. This study involving
Alzheimer’s disease dementia demonstrated that caspase-mediated cleavage of GFAP and the activation
of caspase-3 do not imply that astrocytes are dying through apoptosis as the cleavage of GFAP by
caspases reflects the turnover of GFAP in reactive astrocytes, rather than over apoptosis [113].
However, in some astrocytes, this prolonged activation may induce apoptosis. The death of these
reactive astrocytes can directly and/or indirectly affect functions and survival of the neighboring
neurons [205]. In this thesis, astrocytes showing nuclear caspase-3 and intermediate filaments that were

cleaved by caspase-3 were described (article I). It is possible that a “subapoptotic’ activation of
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caspase-3 serves one or more important functions, such as mediating cytoskeletal remodeling. It has
been described that active caspase-3 initially appears in the cytoplasm at early stages of apoptosis and
later in the nucleus [387]. This observation suggests the possibility that the enzymatic action of
caspase-3 is first focused in the damage and cleavage of GFAP in the cytosol, involved in the process
of cytoeskeletal remodeling and astrogliosis, and later after injury when its catalytic activity has
decreased, it translocates to the nucleus, playing an unknown function or with a major susceptibility to
be inhibited by endogenous inhibitors. This hypothesis would correlate with studies where it was seen
that the catalytic activity of caspases can be graded to process the cleavage of specific substrates [388].
On the other hand, remodeling of intermediate filaments of reactive astrocytes can interrupt or cleave
caspase-3 apoptotic substrates and can subsequently induce the translocation of caspase-3 to the nucleus
where it does not have sufficient catalytic activity to cleave the habitual apoptotic substrates.
4.3.4.2. Nuclear caspase-3 and proliferation.

The activation of caspase-3 in the nucleus has become almost synonymous with apoptosis as active
caspase-3 is principally responsible for the cleavage of nuclear proteases that produces damage and
destruction to nuclear DNA, mainly PARP [263]. However, evidence has accumulated that activated
caspase-3 is involved in a number of non-apoptotic processes participating in the cell cycle progression,
proliferation and preconditioning [105]. BrdU (5-bromodeoxyuridine) is currently the most commonly
used DNA replication marker which becomes incorporated into proliferating cell nuclei during S-phase.
When the role of caspase-3 in astroglial proliferation was analyzed through the use of BrdU (article I)
no double labeling of BrdU with cleaved caspase-3 was found, implying that astroglial cleaved caspase-
3 are not necessary associated to proliferative role. Similarly, other studies have demonstrated
constitutive, non-apoptotic activation of caspase-3 in the nuclei of Bergmann glia and a subpopulation
of astrocytes in the cerebellar cortex, hippocampus, and spinal cord of rats of different strains of both
sexes [389], suggesting that some nuclear substrates cleaved by caspase-3 can potentially be adaptive
cellular responses and anti-apoptotic processes. Finally, another explanation could be that activated
caspase-3 may be associated with specific nuclear structures, preventing access of activated caspase-3

to the normal protein substrates that lead towards apoptosis [390].
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4.3.4.3. Glutamate transporters are also caspase targets.

Clearance of glutamate from the extracellular space at the synapse is necessary for normal
neuronal signalling, and is primarily accomplished by Na" dependent transporters in astrocytes. Glial
cells possess the glutamate transporters GLAST and GLT-1 (EAATI1, EAAT2) to remove extracellular
glutamate, which allows for neuroprotection. This is in agreement with previous reports where the use
of antisense oligonucleotides and subsequently inhibition of these transporters can induce the expansion
of damage [391]. Interestingly, subpopulations of astrocytes that have GLAST receptors, such as the
Bergmann glial cells, show constituently active caspase-3 without showing apoptotic morphology [389].
In relation to this, caspase-3 has been shown to activate an intermediate filaments protein named RhoA
(a key protein involved in cytoskeleton regulation modulating neurogenesis and neural plasticity), that
is thought to be linked to these receptors supporting its glutamate transport activity and favoring post-
injury recovery, triggering anti-apoptotic mechanisms. In addition, in other cell types, RhoA directly
interacts with fragmented vimentin filaments and plays an importance role in its remodeling. Therefore,
it could be hypothesized that astroglial caspase-3 could be also implicated through RhoA in modulation
of the glutamate transporters [259]. For this it would be necessary to first verify that RhoA can cleave
the glutamate transporters of certain glial subpopulations (Glut-1, GLAST) and that caspase-3 has a

preferred place of cleavage in RhoA and other filaments, such as Vimentin or GFAP.
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5. CONCLUSIONS

General conclusion

The general conclusion of this study is that following excitotoxic damage to the

immature cortex, astrocytes are highly resistant to DNA fragmentation, although cleaved

caspase-3 is present in response to stimulus and could be responsible for cytoskeletal remodeling

occurring in gliosis. In addition, astrocytes show expression of HSP25/27, a member of the heat

shock protein family, and survivin, an inhibitor apoptosis protein, which can contribute to the

blockade of astroglial caspase-3 in this animal model.

Specific conclusions

II.

III.

Iv.

VI.

Neuronal cleaved caspase-3 is mainly associated with apoptotic cell death at early

times post-injury.

Cleaved caspase-3 is mainly observed in astroglial nuclei and is not associated with

TUNEL-labeling and apoptotic morphology.

The intrinsic pathway, through caspase-9, is mainly activated in neurons in cortical

and hippocampal regions, but also in a few astrocytes in the corpus callosum.

The extrinsic pathway through caspase-8 is activated in some cortical neurons but is

layer specific. This pathway is also activated in some astrocytes and microglia.

Cleaved caspase-3 is not associated with proliferation correlates with caspase-cleaved

GFAP filaments.

Survivin and HSP25/27 are highly expressed in astrocytes and colocalize with
caspase-3, however HSC70/HSP70 and cIAP-2 are mainly expressed in neurons and

rarely colocalize with caspase-3.
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