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Generall Introduction

Genera// Introduction
Microtubuless and microtubule associated proteins
AA wide variety of cellular and organ functions is closely associated
with,, and often critically depends on, the characteristic shape and
morphologicall make up of an individual cell. Neurons for example have a
complexx three dimensional architecture that allows them to synaptically
connectt to other cells and transmit electrical signals. For other ceils, their
morphologicall plasticity critically determines their function. Muscle cells e.g.
c a nn change their shape rapidly that enables movement and the
transductionn of force, while still remaining a very stable entity. Maintenance
off cellular morphology in response to environmental challenges, is to a large
extentt attributed to the cellular cytoskeleton. Whether or not cells rely on
morphologicall flexibility, they all require a constant maintenance and
adaptationn of their internal structural elements in order to meet external
demands. .
Particularlyy during development a highly adapative structural
morphologyy is required to enable cells to engage in processes as diverse as
celll division, growth and neuronal migration. Next to these aspects of
structurall support, cytoskeletal elements allow a cell to orchestrate its
extensivee intracellular vesicle transport that is required for e.g. secretion or
neurotransmission.. In the next section we will further address cytoskeletal
makee up as well as some other important factors involved in the dynamic
regulationn of cytoskeletal stability.
Microtubules s
Inn eukaryotic cells the cytoskeleton is composed of aggregated,
filamentouss structures that are categorized into different categories;
microtubuless (MTs), that are composed of tubulin proteins; intermediate
filamentss and microfilaments, that are composed of actin. In the nervous
systemm each cell type has a unique composition of cytoskeletal proteins that
iss generally assumed to be important for the specific function of that cell
type.. These cytoskeletal components are by no means passive structural
elementss as their maintenance is continuously and dynamically regulated.
Thee dynamic regulation of cytoskeletal plasticity is an essential prerequisite to
enablee and facilitate crucial cellular processes like cell division, migration
andd plasticity.
Off the different cytoskeletal components, the microtubuli are
abundantt and highly enriched in the nervous system, with tubulin subunits
makingg up over 10% of the total amount of brain protein. These high
expressionn levels are likely related to the complex architecture of the various
specificc classes of neurons, that may require special adaptations from their
cytoskeleton.. Electron microscopy studies have revealed MTs to consist of
holloww tubular structures. The walls of these tubules are formed by linearly
arrangedd globular subunits, that are composed of heterodimers of a and f3
tubulinn subunits.
MTss are organized in a highly dynamic manner; growth is possible
throughh the addition of tubulin dimers, but they can also depolymerize.
Growthh takes place primarily at the end of the MT and is determined by
10 0
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polarity:: the plus end is the fast growing side, whereas the minus end grows
muchh slower. Most MTs are orientated with their minus end towards the
centerr of the cell, but exceptions also exist. In dendrites for example, the
orientationn can be either way.
Inn the center of the cell lies the centrosome, also known as the MTorganizingg center, which is important for microtubular attachment, cell
orientationn and polarity. Within the centrosome lies a pair of cylindrical
structuress called the centrioles. During cell division these centrioles duplicate
andd move towards opposite sides of the nucleus where they form the poles
off the mitotic spindle. Besides a variety of posttranslational modifications
includingg phosphorylation, the biochemical diversity of MTs is further
increasedd by the binding of so-called MT associated proteins (MAPs) which
cann bind to the microtubular surface (Alberts et al., 1994; Brady et al., 1999).
MAPs s
Ann important function of MAPs is that they promote microtubular
stabilization.. It has been proposed that the wide diversity of MAPs known to
datee might help to establish functionally different compartments of the cell.
Inn neurons e.g., the MAP tau is enriched in axons, whereas MAP2 is selectively
expressedd in dendrites and the cell body. The MAPs kinesin and dynein are
so-calledd MT-dependent motor proteins. These motor proteins can be used
forr organelle transport and migration. As such they are important in for
examplee axonal transport, but they also play an important role during mitosis.
Tablee 1 gives an overview of all brain specific MAPs excluding those that act
ass molecular motors.
Spatiall expression

Temporall expression

absentt during development, increasing between p!0-p20
axons,, dendrites pericardia
earlyy development, decreasing between p!0-p20
axons,, dendrites pericardia
absentt during early development, increasing after p20
dendritee spicific
abundantt from tate embryonic development
dendritee spicific
highh in newborn rats, decreased after p20
dendritee spicific
dependentt on isoform
enrichedd in axons
developmentt and adult
wholee soma
latee prenatal development, adult GCL and SVZ
wholee soma
earlyy prenatal development
wholee soma, including mitotic spindles
developmentt as well as adult
wholee soma, enriched in terminal segments
developmentt as well as adult
soma a

MAPP l a
MAPIb(MAPS) )
MAP2oo (MAP2)
MAP2bb (MAP2)
MAP2C C
tau u
L1S1 1

DCX X
DCL L
DCK2 2

DCDC2 2

TableTable h Spatiotemporal expression of brain specific microtubule associated proteins (MAPs).
MAPI,, MAP2 and tau are in this thesis referred to as classical MAPs. Comparisons of their expression
patternss have been extensively described [Chauhan and Siegel, 1997; Dehmelt and Halpain, 2005) and
referencess therein. The expression of different tau isoforms is described amongst others by Chauhan and
Siegell (Chauhan and Siegel, 1997). Expression of LIS1 is described in several studies [Reiner et al., 1995;
Shmuelii and Reiner, 2000; Meyer, 2002). Expression of DCX is described in many studies [des Portes et al.,
1998;; Matsuo et al., 1998; Francis et al.. 1999: Gleeson et al., 1999; Qin et al., 2000; Nacher, 2001: Meyer,
2002;; Brown et al., 2003; Capes-Davis et al., 2005, chapter 2; Couillard-Despres et al., 2005).
Characterizationn of the DCLK gene is described in [Burgess et al., 2000; Lin et al., 2000; Vreugdenh.il et al.,
2001;; Burgess et al., 2002; Engels et al., 2004; Deuel et al., 2006: Koizumi et al., 2006; Shu et al., 2006, chapter
2).. DCDC2 is described in (Meng et al„ 2005). DCK2 is described in [Edelman et a!., 2005). In this thesis we
mooo the soatiotemooral exaression of DCL.
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Alsoo MAPs without a specific motor function can be critically
engagedd in cell division. Most of these MAPs including MAP4 (non neuronal)
XMAP2300 and XMAP310 (both xenopus specific MAPs) increase MT stability
andd prevent MT collapse, a process in which MTs shrink rapidly. During mitosis
thesee MAPs are localized in mitotic spindles, probably to arrange the spindle
architecture.. Mitosis is a process that requires tight regulation and
coordination.. One way by wich this can be done is by phosphorylation by
celll cycle dependent kinases (CDKs) of various plasticity related proteins.
Generallyy speaking the affinity of MAPs for MT reduces upon their
phosphorylation.. There is now also one MAP known as XMAP215 that does
nott prevent MT collapse (Andersen, 2000), but increases MT dynamics and
turn-over.. Recent data show that lack of the XMAP215 Drosphila homologue
"minii spindles" is essential to prevent MT pause in interphase (Brittle and
Ohkura,, 2005).
Ass expected, dysregulation in the expression or phosphorylation of
thesee important proteins can have considerable implications for cellular
functioning.. Indeed, various MAPs have been implicated in both
developmentall as well as adult onset disorders like cancer, frontotemporal
dementiaa and Alzheimer's disease.
Inn this thesis, we will focus on the functional roles of two specific MAPs
thatt are selectively expressed in the central nervous system. Chapter 2 of this
thesiss will focus on the recently discovered MAP called Do'ublecortin-like
(DCL),, a novel splice variant of the doublecortinlike kinase gene, that is
abundantlyy expressed during early cortical development when structural
plasticity,, i.e. ongoing neurogenesis and migration, is extensive. The second
partt of this thesis will elaborate on the classic MAP tau, that is involved in
cellularr plasticity of developing cells but is best known for its involvement in
thee neurofibrillary tangle pathology in Alzheimer's disease (AD) and frontal
temporall lobe dementia with Parkinsonism (FTDP-17).
Inn the remainder of this introduction we will focus on the
developmentt of the early neocortex and the hippocampus, discuss specific
stagess of their pre- and postnatal maturation and further address the role of
(hyperphosphorylated)) tau in AD and FTDP-17.
I..

The neocortex and DCL

Thee neocortex
Thee cerebral cortex is a prominent part of the mammalian brain. In
thee human cortex, only a relatively small proportion is involved in encoding
sensoryy information and orchestrating movements. A much larger area is
thoughtt to be involved in attending to complex stimuli, the identification and
selectionn of relevant stimuli, the recognition of related objects and the
planningg of appropriate responses. These functions are here collectively
referredd to as cognition, and the areas involved in these processes are
namedd association cortices. A lot of these so called "higher" functions as
welll as language skills and abstraction are considered typically human. The
12 2
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associationn cortices are typically affected in human disorders like aphasia,
mentall retardation, age related cognitive decline and dementia in which
particularlyy these skills are disturbed.
Anatomically,, the cerebral cortex consists of a relatively thin outer
layerr of multilayered neuronal tissue that spans the entire cerebrum, and
coverss extensive white matter tracts. The phylogenetically oldest parts of the
cortexx are the paleocortex and the hippocampal cortex, which consist of
fourr and three layers respectively. However, the largest part of the cerebral
cortexx is from an evolutionary perspective, relatively novel and referred to as
neocortex.. This part of cortex typically consists of six different cell layers,
whichh can be distinguished by differences in cell density, cell size and shape,
andd different inputs and outputs . These layers are interconnected on the
verticall axes, through radial or columnar connections, but also in the
horizontall plane, through lateral connections (Purves, 2000),
Neocorticall development
Thee extensive morphological alterations that the neuroepithelium
undertakess as it develops into a complex multilayered neocortex, have been
studiedd for over a century now. Still, only very little is known about the
molecularr factors that control cell birth, neuronal differentiation, migration to
thee appropiate layers and the establishment of functional contacts. The
developmentall orchestration and establishment of this complex multilayered
structuree obviously requires equally complex regulatory mechanisms.
Unravelingg the determinants that control the orchestration of this laminated
architecturee may not only contribute to our understanding of the evolution of
corticall functions during ontogeny but could also provide important insights
inn how cortical developmental disorders arise.
Corticall development originates from the thin neurepithelium out of
whichh a complex 6-layered cortex is formed in a socalled inside-out manner.
Onee of the first and inner layers, the ventricular zone (VZ) is characterized by
rapidd cell division and massive precursor population expansion starting at
embryonicc day (E) 8.5 in murine development (fig 1). The first neurons then
leavee the VZ and migrate in a radial direction towards the pial surface. They
establishh the preplate (PP) around E10-E11 which is separated from the VZ by
aa thin axonal layer called the intermediate zone (IZ). The preplate consists of
bothh Cajal-Retzius cells and subplate cells. At E12-E13, a second wave of
cellss then splits the PP in a marginal zone (MZ) and the subplate (SP), the
neuronall layer formed in between is called the cortical plate (CP). Within the
MZZ remain the Cajal-Retzius cells which are essential for the formation of the
neocortexx (Soriano and Del Rio, 2005). The remaining layers of the adult
cortexx are being formed by sequential waves of new neurons crossing the IZ
andd the CP between El4 and E18. Finally, during middle and late cortical
developmentt a second zone of mitotically active cells is formed between
thee VZ and the IZ, the subventricular zone (SVZ). With the exception of the
CP,, all these zones are specific for the embryonic brain, and have no direct
13 3
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counterpartss in the adult cortex anymore such that they are unrecognizable
inn the mature nervous system (Angevine a n d Sidman, 1961; Marin-Padilla,
1971;; Rakic, 1974; Hattan a n d Heintz, 1999; Aboitiz et al., 2001; G u p t a et al.,
2002). .

AA

B

FigureFigure ). Development of the mammalian neocortex
A..

Schematic representation of the developing mammalian neocortex. There are 4 developmental
stagess recognizaPle: 1. During early corticogenesis (in the mouse starting around E8) the first cells
bornn in the ventricular zone (VZ) start migrating towards the periphery. The VZ is characterized by
itss high mitotic activity throughout the prenatal period. 2. Around EIO the first wave of cells
reachess its destination and forms the transient preplate (PP), the layer of migration is called the
intermediatee zone (IZ). 3. Around El3 a second wave of cells that has migrated away from the
VZZ splits the PP into the superficial marginal zone (MZ) and the deeper subplate (SP) to form the
corticall plate (CP) in between. 4. Subsequent waves of mitosis and migration follow, these cells
crosss the previously formed layers of the CP and thus always ends up directly under the MZ. After
(Aboitizz et al.. 2001).

B..

Schematic representation of the 6 layered adult mammalian neocortex. Left drawing:
Impressionn of a Golgi stained section showing the different neurons their neuritic extensions. Right
drawing:: Impression of a Cresyl violet stained section showing all cell bodies remaining in the
cortex.. I: lamina zonalis (embryonic marginal zone): II: lamina granularis externa: III: lamina
pyramidalis:: IV: lamina granularis interna: V: lamina ganglionaris: VI: lamina multiformis. Lamina II
untill VI originate from the embryonic CP. After K. Brodmann

Differentt modes of migration
Inn the later stages of cortical d e v e l o p m e n t , i.e. after El3 in mouse,
thee majority of the cortical neurons reach their destination using a pialorientedd m o d e of migration by which cells start from the ventricular side a n d
m i g r a t ee radially t o w a r d s the outer pial surface. Also, while m i g r a t i n g ,
s e c u n d a r yy divisions o c c u r in higher zones as w e l l . However, not all
n e o c o r t i c a ll neurons are born in the VZ nor d o they use radial migration
selectively.. At the same time, a n d perpendicular to the mainly excitatory
pyramidall neurons, waves of GABAergic interneurons e.g., born in the ventral
ganglionicc e m i n e n c e (the later striatum), migrate in a tangential manner (i.e.
inn a horizontal d i r e c t i o n , following the ventricular wall) a n d enter the
14 4
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neocortexx in later stages of development where they interconnect and
synapsee onto the pyramidal cells of specific cortical layers (reviewed by
(Corbinn et a L 2001; Kriegstein and Noctor, 2004).
Withinn the mammalian early neocortex, cortical patterning involves
radiallyy migrating cells that find their destination in a so-called inside-out
manner.. This refers to the principle that the first cells that are formed cross the
1ZZ and stop migrating in the most inner layer. Subsequent cells produced later
duringg development will have to cross and pass the IZ and other, earlier
formedd layers [Marin-Padilla, 1971). This developmental pattern contrasts e.g.
withh that of the reptilian cortex, which is formed in an outside-in manner
wheree the first cells to be produced end up in the outermost layer, whereas
youngerr cells are added to and remain in the inner layers. Also in the
mammaliann brain, other than the neocortex, cortical regions like the
hippocampall dentate gyrus, are developed in an outside-in manner
(reviewedd by (Aboitiz et aL 2001). In this section we will further focus on the
prevailingg inside-out mode of migration in the neocortex that is of relevance
forr chapter 2.
Radiall migration in the mammalian neocortex is accomplished in two
ways:: nuclear translocation and locomotion. Thraditionally, neuronal
migrationn was thought to be exclusively radial glia-guided (Rakic, 1972).
Radiall glia cells attached to the border of the VZ send their fibers towards
thee pial surface and traverse the entire CP. As their terminal end feet are
anchoredd near the outer surface of the pia, they span the entire width of the
developingg cortex and can function as a scaffold for subsequent waves of
migratoryy neurons. The radial glia nucleus typically resides in the VZ or SVZ.
Duringg locomotion, newly formed neurons migrate away from their site of
birthh towards their destination in the cortical plate. They use the radial glia
celll as scaffold to guide their migration, with a leading process in the
directionn of the pial surface and a VZ oriented trailing process.
Locomotionn generally takes place after E15-E16 in mouse, whereas at
earlierr stages, when the cortical layers are still much smaller, the
predominantt mode of neuronal migration is nuclear translocation. This form
off radial migration is glia-independent and is characterized by precursors
whichh have their somata in the VZ and send their leading processes all the
wayy to the pial surface, which is still possible around E12-E13 because the
corticall plate is a very thin layer then and only relatively short distances need
too be crossed. Shortening of the leading process results in movement of the
nucleuss towards the leading edge, until it reaches its destination in the
preplate. .
AtAt later stages of development this type of migration continues to
occurr in the upper half of the cortical plate. At this time the cortical plate
hass expanded dramatically and neurons cannot extend their processes all
thee way. Instead, neurons first migrate by locomotion (radial glia
dependent).. Once their leading process has attached to the pial surface,
thee mode of migration switches towards radial-glia independent nuclear
translocationn (Rakic, 1972; Schmechel and Rakic, 1979; Rakic and 9, 1990;
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Rakic,, 2000; Aboitiz et al., 2001; Lambert de Rouvroit et aL 2001; Nadarajah
etal.,, 2001;Kriegstein and Noctor, 2004).
Besidess facilitating and guiding the process of radial migration it is
noww known that radial glia cells themselves can also function as neuronal
precursors.. Studies using viral mediated GFP transfection of mitotic cells in the
embryonicc VZ revealed that many of the mitotically active cells adopt a
radiall glial phenotype, while a population of tightly associated daughter
cellss adopts a neuronal phenotype. Subsequent labeling of GFP expressing
cellss with BrdU revealed that the only cells that remained mitotically active
weree the ones expressing the radial glia marker vimentin. Thus, radial glia
takess on a new role as it can divide asymmetrically to produce glia as well as
neurons.. Although it was shown before that glia and neurons could be
derivedd from the same progenitors in vitro, this was the first in vivo evidence
showingg the clonal relation between neurons and glia. Recent findings even
showw that these cells are the predominant neuronal precursors in the
ventricularr zone (Noctor et al., 2001; Anthony et al., 2004).
MAPss involved in cortical development
Ass stated previously, the field exploring the signaling pathways that
regulatee cortical development is relatively new. The first indications that
specificc molecular factors are crucial in this stage, were provided by studies
onn human neurodevelopmental disorders, that appeared often are the result
off specific mutations. In various cortical development disorders, specific
MAPss appeared to be involved. A few examples are discussed now.
US1 US1
Onee of the best known cortical developmental disorders is
lissencephalyy ("smooth brain"). Pathologically, the disease is characterized
byy a thickened, disorganized cortex that lacks gyri and sulci. Patients with this
diseasee suffer from severe mental retardation and epilepsy. In the early
eighties,, the disease was shown to be due to mutations on chromosome 17
(Dobynss et al., 1983; Reiner et al., 1993) and the gene was called after
lissencephalyy type 1; LIS 1.
SubsequentSubsequent studies have shown that LIS1 acts as a MT binding protein
(MAP)) (Sapir et al., 1997; Sapir et al., 1999). Remarkable insight into the
functionn of LIS1 actually came from a homologue found in a filamentous
funguss Aspergillus nidulans. During fungus development, reproduction is
accomplishedd by nuclear division and subsequent nuclear migration.
Analysiss of many mutants has shown that the process of nuclear migration is
mediatedd by MT stabilization requiring e.g.the aspergillus LIS1 homologue.
Doublecortin Doublecortin
AA few years after the discovery of LIS 1, a gene involved in another
typee of lissencephaly was characterized. As this gene is located on the Xchromosome,, the syndrome in males is referred to as X-linked lissencephaly. It
iss characterized by a rudimentary four-layered cortex. In heterozygous
femaless this mutation leads to a less severe disease called the double cortex
16 6
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syndrome.. In this syndrome the layering of the cortex is relatively normal, but
withinn the white matter, an extra c o r t i c a l layer is present. The protein it
e n c o d e dd was c a l l e d d o u b l e c o r t i n (DCX) after the most c h a r a c t e r i s t i c
featuree of the syndrome in females (des Portes et al., 1998).
Soonn afterwards it was shown t h a t d o u b l e c o r t i n is a MAP t h a t
promotess microtubular stabilization a n d is selectively involved in neuronal
migrationn (Francis et al., 1999; Gleeson et al., 1999). A more r e c e n t study
usedd in utero application of RNAi to show that DCX expression is essential for
alll radially migrating neurons to cross the intermediate zone a n d enter the
corticall p l a t e (Bai et al., 2003). The function of doublecortin c a n be highly
c o m p r o m i z e dd by phosphorylation of two serines, one of which is known to b e
m u t a t e dd in the doublecortin syndrome (Schaar et al., 2004; Tanaka et al.,
2004).. Doublecortin is also expressed in various adult brain areas w h e r e
neurogenesiss takes p l a c e , like the subventricular zone a n d subgranular zone
off the d e n t a t e gyrus (Brown et al., 2003; Yang et al., 2004; Couillard-Despres
ett al., 2005), while it is also expressed in an isolated manner throughout the
adultt t e l e n c e p h a l o n (Nacher, 2001). It is now generally considered a reliable
markerr for newborn, migratory neurons (Brown et al., 2003; Yang et al., 2004;
Couillard-Despress et al., 2005).
DCL DCL
Soonn after the discovery of DCX, a g e n e with high h o m o l o g y was
d e t e c t e dd in rat a n d human c a l l e d doublecortin-like kinase (DCLK) b e c a u s e
off the presence of a kinase d o m a i n a t the C-terminal e n d of the g e n e
(Matsumotoo et al., 1999). Figure 2 shows the DCLK g e n e a n d its t w o MT
bindingg splice variants. Only very recently has it b e e n shown that both DCLK
a n dd DCX are essential for the formation of axonal projections across the
midline,, a n d for neuronal migration, indicating their roles might b e partially
r e d u n d a n tt (Koizumi et al., 2006). Whereas single DCX or DCLK mutant m i c e
displayedd minor effects, DCLK/DCX d o u b l e knockouts were perilethally a n d
displayedd a dysorganized cortex. Moreover, axonal defects were f o u n d in
m a n yy brain areas. Also in culture a x o n a l o u t g r o w t h a n d transport w e r e
disturbedd (Deuel et al., 2006).
DCX-exons s
DCX-- mRNA
DCX-DCLKK corresponding exons (DCX exon
66 and 7 correspond to DCL exon 7 and 8)

DCLK-- exons 2 H W r > H - 11

2 3 4 5 6 7 8 9

LHHHHP310111213

DCLK-- mRNA
DCL-- mRNA
FigureFigure 2. DCLK genomic structure

14 151617 18 19 20

Non-translatedd exon
Exonn neither in DCLK nor in DCL transcribed
Exonss present in all DCLK mRNA variants
Exonss not present in DCL

Forr comparison also the DCX genomic structure is shown, black exons share high homology. For
clarityy only the DCLK splice products DCLK and DCL are shown, which both contain the Nterminall MT binding domain. There are also two mRNAs produced that do not contain this
sequence,, being CARP and CPG16. DCL does not contain the C-terminal calcium/calmodulinedependentt protein kinase domain of DCLK. DCLK proteins can either contain or lack exon 19.
Afterr (Burgess etal., 2002).
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Inn contrast to DCX however, DCLK was found in the mitoticatly active
VZZ and was found to regulate the formation of bipolar mitotic spindles during
mitosiss (Shu et al., 2006). Another splice variant of this gene, called
doublecortinn like (DCL) has been described; this lacks the kinase C-terminus
off the DCLK gene (Engels et al., 2004). Similar to DCLK, DCL is critically
involvedd in migration providing radial process stability and plays a crucial role
inn mitosis. In the addendum of this thesis the functional role of DCL is
characterizedd in more detail. Since to date a detailed distribution of any
DCLKK product particularly during early development in rodents was lacking
wee studied the spatio-temporal expression pattern of DCLK in Chapter 2. We
comparedd DCL expression to that of DCX to provide insight in the differential
andd overlapping roles of the two genes.
Openn question: What is the spatio-temporal expression of DCL and DCX
proteinn during early cortical development? Does it indicate differential
roless for DCL and DCX during this period? (Chapter 2)
Interestingly,, both the function and expression of the second MAP
studiedd in this thesis, namely protein tau, shows remarkable parallels to DCLK
products.. Not only is tau a MAP involved in axonal outgrowth, we also show
inn chapter 3 that tau plays a crucial role in neurogenesis. Like DCL and DCLK,
tauu is involved in both neurogenesis and growth of cellular extensions.
Moreover,, DCLK plays a role in the earlier developmental stages of E9
too E13, whereas DCL is involved in later stages. Similarly, in the expression of
tauu isoforms a switch occurs from the smaller towards the larger tsoforms (the
latterr having a higher affinity for MTs). This switch occurs much later in
development,, namely in the second postnatal week in mice. Tau might
thereforee be of particular relevance for brain areas that develop specifically
inn this period. Therefore, we set out to study the relevance of tau in
hippocampall development (Chapter 3). In parallel to the previous section
onn DCL and cortical development we will now first describe the
hippocampall formation, its development and functional relevance before
linkingg it to tau changes.
III

The developing hippocampus and protein tau

Thee Hippocampus
HippocampalHippocampal Anatomy
Thee hippocampus is phylogenetically one of the oldest parts of the
cerebrall cortex. In the rodent brain the hippocampus consists of 2
interlockingg curved "C-like" structures that extend in a frontal-caudal
orientationn from dorsal-medial towards ventral-lateral. In a cross section,
theree are roughly four areas to be distinguished; the dentate gyrus (DG), the
hippocampuss proper or cornu ammonis (CA), the subicular complex and the
parahippocampall cortex. In this thesis, the word hippocampus refers to the
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h i p p o c a m p u ss p r o p e r a n d the d e n t a t e gyrus c o m b i n e d (fig 3, see also
sectionn color figures).

AA

B

FigureFigure 3. Hippocampal layers and connectivity
A..

Hippocampal layers. Layers of the cornu ammonis (CA1 and 3). SO: stratum oriens; SP: stratum
pyramidale;; SR: stratum radiatum; SL-M: stratum lacunosum-moleculare. Layers of the dentate
gyrus.. SM: stratum moleculare: SG: stratum granulare; H: hilus

B..

The three synaptic circuitry of the hippocampus. Direction of signalling and synaptic transmission
iss indicated by arrows in axonal projections. LPP: lateral perforant path; MPP: medial perforant
path;; MF: mossy fibers; AC: anterior commisure; SC: schaffer collaterals

DevelopmentDevelopment

of the Dentate

Gyrus

Thee majority of the brain's neurons are formed before birth. There are
onlyy f e w e x c e p t i o n s ; for e x a m p l e the c e r e b e l l u m is primarily f o r m e d
postnatallyy (Goldowitz a n d Hamre, 1998; W a n g a n d Zoghbi, 2001). Also,
neurogenesiss in the rostromigratory stream (RMS) (Doetsch et al., 1997;
G a r c i a - V e r d u g oo e t a l . , 1998) a n d the d e n t a t e gyrus (DG) of the
hippocampuss continue to o c c u r into a d u l t h o o d . In both areas neurogenesis
startss prenatally but a substantial part of the cells is formed after birth as well.
Inn a d u l t h o o d , the rate of neurogenesis declines after a few weeks a n d is then
m a i n t a i n e dd at a low f r e q u e n c y u p until old a g e (Schlessinger et al., 1975;
Bayerr a n d 1, 1980; Heine et al., 2004). Regarding its relevance for this thesis
w ee will now further focus on the DG.
Duringg late gestation, granule cell precursors originating from the wall
off the lateral ventricle migrate into the immature h i p p o c a m p u s to r e a c h the
futuree d e n t a t e gyrus. While some cells differentiate into granule neurons,
otherss remain a precursor p h e n o t y p e a n d thus are c a p a b l e of reproduction
(Altmann a n d Das, 1967). In rat, the p e a k of neurogenesis is in the first t w o
weekss after birth a n d a b o u t 85% of the cells are g e n e r a t e d after birth
(Schlessingerr et al., 1975; Bayer a n d 1, 1980). In m i c e this high rate of
neurogenesiss continues until a t least the 3 rd postnatal w e e k (Altman a n d
Bayer,, 1975). From the e n d of the second postnatal w e e k into a d u l t h o o d ,
granulee cell precursors, w h i c h are now l o c a t e d in the hilus/subgranular zone,
dividee a n d p r o d u c e d a u g h t e r cells, as will be discussed in the section "Adult
neurogenesis". .
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Thee adult DG is composed of three main layers, the molecular layer,
thee granular layer and the polymorphous layer, also called hilus. The CA can
bee subdivided into CA3 and CA1. The transitional region between CA1 and
CA3,, called CA2, is small and, in conventionally stained tissue, only
distinguishablee to the experienced observer, and often neglected. All the
subdivisionss of the CA area are composed of the same layers when scanning
fromm the outside towards the DG; the stratum oriens, stratum pyramidale,
stratumm radiatum and stratum lacunosum moleculare (fig 3a).
Bothh the DG and the CA have clearly defined borders where most
neuronall ceil bodies reside. Based on the characteristic shape of these cell
bodies,, this layer is called the granular cell layer in the DG and the pyramidal
celll layer in the CA. The DG granular cells extend all their dendrites outwards
intoo the molecular layer. The major source of input for these dendrites comes
fromm the entorhinal cortex from where perforant path axons extend into the
molecularr layer. On the opposite side, axons extend from the DG granular
cellss traversing through the hilus [these axons are called the mossy fibers),
makingg connections with the CA3 pyramidal neurons. CA3 pyramidal
neuronss send dendrites outwards (referred to as the basal dendrites) but also
inwardss (the apicai dendrites) where they do not only synapse with the
mossyy fibers but also with the perforant path in the molecular layer. At the
outerr side the axons extend from the CA3 pyramidal cells into the stratum
oriens.. These axons cross the pyramidal layer and are connected to the
apicall dendrites of CA1 pyramidal neurons. These fibers are termed the
Schafferr collaterals. The axons from these cells, also extending from the
stratumm oriens, project to the entorhinal cortex (fig 3b).
Mostt hippocampal pyramidal and granular cells communicate with
eachh other via the excitatory neurotransmitter glutamate. There is also a
small,, diverse group of neurons, which are not restricted to the granular or
pyramidall layer, that use the inhibitory neurotransmitter y-amino butyric acid
(GABA).. These neurons are located in e.g. the stratum radiatum and other
areass and are referred to as interneurons (Lopes da Silva et al., 1990;
Scharfmann et al., 2000).
HippocampalHippocampal Function
Althoughh the hippocampus, as a part of the limbic system, is critically
involvedd in novelty and fear related responses, the best understood function
off the hippocampus is in learning and memory. Earlier studies have provided
severall seminal observations, from which the case of H.M. is the most cited
one.. In this patient, damage of the medial temporal lobe, in particular the
hippocampus,, resulted in antrograde amnesia. These studies were the first to
providee convincing evidence for the critical involvement of
the
hippocampuss in the formation of new memories (Scoville and Milner, 1957).
Evidencee from animal studies has shown that the hippocampus is also
involvedd in spatial memory (Olton et al., 1978; Winson, 1978). One of the most
widelyy used paradigms nowadays to test such abilities is the Morris Water
maze,, a paradigm in which rodents learn to find an escape platform in an
opaquee waterbath by navigation on spatial cues. After lesioning of the
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hippocampuss the animal cannot perform this task anymore (Morris et a!.,
1982).. It has been shown that the hippocampus contains so-called place
cellss that fire only when the animal is at a particular location and it has also
beenn shown that humans have these place cells (reviewed by (Leutgeb et
al.,, 2005)). A famous study that made use of PET scans illustrated that in
humanss too, the hippocampus is involved in retrieving spatial information. It
wass shown that London taxi drivers show increased hippocampal activity
whenn answering question concerning specific routes through the city
[Maguireetal.,, 1997).
Althoughh spatial memory is the most prominently studied function of
thee hippocampus, also other types of memory have been related to the
hippocampus.. For example object recognition in humans and primates is
knownn to be related to the hippocampal formation and associated cortices
(Zola-Morgann and Squire, 1993). Also in rodents, the object recognition test
(ORT)) can be used to test memory. In this test the animal's inborn curiousity is
usedd to discriminate between a familiar object and a novel one. An animal
rememberingg having explored a familiar object before, will have more
interestt in the novel one. These tests are attractive to apply in the study of
memoryy in rodent since it involves low stress levels for the animal, the animal
usess various cues including tactile, visual and odour stimuli, and the ORT
requiress little motor or sensory skills. Moreover, comparable tests for humans
exist,, facilitating the integration of rodent studies in the exploration of human
memory. .
LTPLTP a cellular basis for memory?
QuestionsQuestions regarding the cellular basis for learning and memory, and
howw e.g. the hippocampus processes spatial types of information form an
importantt focus of current research. It is generally thought that at least part
off a memory trace is represented by changes in synaptic connectivity.
Followingg a learning experience, the circuitry is thought to be remodelled in
suchh a way that relevant information is transmitted more efficiently than
previouslyy (Cajal). Hebb suggested that repeated stimulation was the actual
triggerr for these changes to occur (Hebb, 1949). Bliss went on to show that
suchh plastic changes can be brought about in the brain (Bliss and GardnerMedwin,, 1973). Brief high frequency stimulations in the hippocampal area
cann induce lasting increases in the excitatory postsynaptic potential. This
formm of potentiation can last for hours up to a year and is therefore referred
too as long-term potentiation (LTP), and as such an attractive mechanism by
whichh memory traces could be stored (Abraham et al., 2002; Abraham,
2003).. Although a direct causal Jink between LTP and memory still has to be
shown,, many studies have shown that manipulations in LTP can affect spatial
memoryy (Morris et al., 1986; Bach et al., 1995; Schmitt et al., 2005). Also
recognitionn memory has been correlated to hippocampal LTP (Wang et al.,
2004a). .
Itt has to be noted though that there are also situations known in
whichh LTP and spatial memory are not correlated (Vaillend et al., 2004;
Niisatoo et al., 2005), indicating that memory might be a much more complex
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phenomenonn than we understand at present. For example next to LTP also
long-termm depression exists. Although the latter receives much less attention
inn literature it is likely to be as relevant for memory as LTP. Although slightly
beyondd the scope of this thesis, the intracellular mechanisms that can
inducee LTP will be briefly introduced. A central event, nescessary for LTP to
occurr is a postsynaptic rise in intracellular calcium. This rise in calcium can
inducee morphological and functional changes pre- and post-synaptically
whichh subsequently facilitate neurotransmission. This alteration in synaptic
efficacyy is regulated by many different signalling cascades which will not be
elaboratedd upon here. In the glutamatergic synapse, which are the most
commonn ones in the hippocampus, a rise in calcium can be accomplished
followingg activation of the N-methyl-D-aspartate (NMDA) receptors. As
explained,, LTP is induced upon high-frequency stimulation. The NMDA
receptorr has specific features that makes it suitable to respond especially to
thesee kinds of stimuli. Like other channels, it is a glutamate-driven cation
channel,, but it is unique in that it conducts calcium and only opens if a
voltagee dependent magnesium block is relieved. Thus its opening depends
onn a presynaptic signal (glutamate release) and a postsynaptic action
(membrane-depolarization).. Hence, situations in which this channel is
openedd can be accomplished by high freqency stimulation, while at the
samee time that the post-synaptic cell is still depolarized from a previous
stimulus,, glutamate is already released due to a novel pre-synaptic
depolarization.. However, NMDA is not the only mediator in LTP. For example
inn the CA3 region LTP can be induced in the presence of the NMDA-receptor
blockerr D-2-amino~5-5-phosphonovalerate (APV), showing that also other
sourcess of calcium can induce LTP. Since it has been shown that both
calciumm entry and depolarization are essential features of this NMDA
receptorr dependent form of LTP, it is thought that it is mediated by voltagedependent-caiciumm channels (VDCCs). LTP in the CA1 and medial perforant
pathh as studied in this thesis is mediated by both NMDA-receptors and
voltagee gated calcium channels. For a seminal review about LTP and
memoryy we refer to (Lynch, 2004).
Onee of the reasons why particularly calcium is such a potent
mediatorr of LTP, is that it indirectly can excert genomic effects. Upon a
calciumm rise phosphorylation cascades are activated leading to the
assemblyy of transcription factors on the DNA. Thus all kinds of proteins can be
producedd that can be involved in for example strengthening the synapse,
facilitatingg the formation of new synapses or facilitating axonal transport.
Alsoo structural proteins can be produced leading to morphological changes
thatt facilitate synaptic contact. In this regard dendritic spines form a very
interestingg field. Spines are small extensions of the dendritic tree and most
synapsess are located on spines. Rather than stable entities, spines are highly
motile,, and the spine density, their shape and size change continuously
(Fischerr et al., 1998). It has e.g. been shown that the spine size increases
uponn high frequency stimulation (Fukazawa et al., 2003; Lang et al., 2004;
Matsuzakii et al., 2004; Okamoto et al., 2004). Also, the induction of LTP was
shownn to be associated with the formation of new spines (Engert and
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Bonhoeffer,, 1999; Goldin et al., 2001; Nagerl et al., 2004), reviewed by (Segal,
2005).. LTP is a form of plasticity that mainly takes place at the level of the
synapse,, but this plasticity could also be mediated at the level of the
individuall cell or by the addition of new cells to the circuit. In this perspective,
neurogenesiss is currently receiving a lot of attention as a novel form of
structurall plasticity in the adult brain that could be involved in learning and
memory. .
Inn the next section we will discuss adult neurogenesis, which is now
alsoo seen as an acttractive mechanism involved in memory storage. Unlike
LTPP which can to occur in many different areas of the brain, neurogenesis
onlyy takes place in the hippocampal DG and in the subventricular zone
(SVZ),, and therefore it can only be involved in types of memory that are
directlyy ot indirectly related to those locations. For the hippocampus it might
bee involved in spatial memory. Whether neurogenesis in the SVZ is also
involvedd in learning, is less clear although there is some evidence that it
mightt be involved in olfactory learning (Rochefort et al., 2002).
Adultt neurogenesis
Itt has been a dogma for many years that the adult brain consists of a
fixedd population of neurons, which cannot be renewed anymore. Although
alreadyy in the 1960s several studies using [H3] thymidine had demonstrated
thee occurrence of cell birth in selected regions of the adult brain (Altman,
1963;; Altman and Das, 1965; Altman, 1969), this for a long time failed to
changee the traditional view that neurogenesis was an insignificant event in
adultt brain. This attitude is likely explained by its low frequency as determined
byy the methods available at the time, and by the lack of functional
relevance,, or parallels in primate or human brain. The field was significantly
changedd when adult neurogenesis in songbirds was identified and
correlatedd to seasonal song learning (reviewed by (Nottebohm, 2004)).
Anotherr contribution was a methodological advance provided by the
introductionn of in vivo labeling of cytogenesis using bromodeoxyuridine
incorporationn (BrdU) (Gratzner and 4571, 1982), a synthetic thymidine
analoguee that is incorporated into the DNA and can later be detected by
(double)) immunohistochemistry. This technique has facilitated and increased
thee possibilities for phenotypic identification of newborn cells, the study of
theirr maturation and survival, and their detailed quantification. This is why it
remainss an important method of choice nowadays, even though several
otherr approaches have been developed.
MethodologicalMethodological considerations
Althoughh BrdU allows to visualize adult cytogenesis in great detail and
withh relative ease, one of its disadvantages is that it is sensitive to peripheral
metabolismm and selective membrane passage e.g. by the blood brain
barrier.. BrdU is rapidly degraded by the liver and hence represents only a
snaphott of 2 hours bio availability. Also, it will be diluted by subsequent
divisionss and becomes undetectable in later progeny of the newborn celts.
Ass BrdU is based on in vivo labelling of cycling cells followed by specific
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survivall times, which requires injections in live animals it excludes this
techniquee for e.g. use in post mortem human brain studies. As an alternative,
variouss endogenous proliferation markers have been developed and
characterized,, many of which had already been extensively characterized in
tumourr biology and oncological research. These markers allow the study of
celll birth, proliferation rate, early neuronal differentiation or specific stages of
thee cell cycle in adult brain tissue, without the need for prior in vivo injections.
Onee frequently used endogenous proliferation marker is Ki-67, a
nuclearr antigen that is expressed in all phases of the cell except GO [Endl
andd Gerdes, 2000). To enable cellular differentiation into a neuronal
phenotype,, Ki-67 expression has to be downregulated. Ki-67 antisense
treatmentt e.g. strongly reduces the thymidine uptake in cell lines, indicating
ann important role for Ki-67 in the cell cycle [Duchrow et al., 2001). The Ki-67
antibodyy MIB-1 is a well established marker for proliferation in tumor biology,
andd its expression pattern is highly comparable to BrdU labelling with short
survivall times (Kee et al., 2002). By the use of microwave antigen retrieval
techniquess it is now possible to study Ki-67 immunolabeling also in heavily
fixedd post-mortem human brain material.
Anotherr relatively novel marker for neurogenesis is doublecortin
(DCX),, a MAP involved in the migration of young neurons. In the adult DG, it
hass proven very useful in identifying a young population of newly formed
neurons.. Using parallel BrdU doubielabeling, expression of DCX in the adult
hippocampuss was e.g. shown to start approximately 4 days after a cell is
born.. Its expression peaks at about 2 wks after the birth of an adult
generatedd cell, and is absent again from 4 weeks of age onwards, more or
lesss coinciding with the period when mature neuronal markers like NeuN start
too become expressed (Brown et al., 2003).
Usingg combinations of these and other methods like viral-mediated
genee transfer (van Praag et al., 2002), it has now been firmly established that
functionall neurogenesis does occur in the adult mammalian brain such
asnrodentt and primate species, including humans, but is even conserved in
invertebratess (Eriksson et al., 1998; Schmidt and Demuth, 1998; Zupanc, 2001;
Scotto-Lomossesee et al., 2003). Even though the exact role of neurogenesis in
thee mammalian brain is not known, its evolutionary conservation indicates an
importantt role, possibly in learning.
Thee two most prominent areas where neurogenesis is found in the
mammaliann brain are 1) the subventricular zone, where neurons are born
thatt migrate along the rostromigratory stream (RMS) into the olfactory bulb,
andd 2) the hippocampus. Especially the latter area receives a lot of attention
becausee of its importance in learning and memory. Within the hippocampus
thee border of the dentate gyrus and hilus is the site where new neurons are
generatedd during adulthood (fig 3). Cells are born in the sub granular zone
(SGZ),, a 3 cell layer thick border zone between the granular cell layer (GCL)
andd the hilus. Out of a population of precursor cells, adult generated cells
proliferatee before migrating into the GCL, where they, in a period of 2-3
weeks,, mature and start to form dendrites and synapses by which time they
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aree fully a n d functionally i n t e g r a t e d into the h i p p o c a m p a l circuit (fig 4, see
alsoo section color figures).

OO Dividing stem cell
## Post-mitotic progenitor

# Immature neuron
Mature neuron

FigureFigure 4. Adult neurogenesis in the hippocampal DG
A..
B..

Nissl stained section showing the dentate gyrus.
In a thin layer of cells on the border of the granular cell layer (GCL) and the hilus called the
subgranularr zone (SGZ) remain stem cells which continuously produce new neurons. After a
daughterr cell has left the cell cycle, it migrates into the GCL where it becomes a fully
functionall neuron in about 4 weeks time. Proliferating cells can be stained using Ki-67
antibodies.. Immature neurons (of 3 days to 21 days old) can be stained using doublecortin
antibodies.. After (Christie and Cameron, 2006).

Interestingly,, there are m a n y factors that m o d u l a t e h i p p o c a m p a l
neurogenesis,, either the proliferation or survival rate of the adult g e n e r a t e d
cells.. Rodents housed e.g. in an enriched environment, or m i c e that were
a l l o w e dd access to a running w h e e l , all h a d increased numbers of n e w
neuronss after a p p r o p i a t e survival times, that was paralleled by a n increased
p e r f o r m a n c ee in h i p p o c a m p u s related learning paradigms (van Praag et al.,
1999;; Kitamura et al., 2003; K e m p e r m a n n et al., 2004). On the other h a n d ,
stresss is one of the most p o t e n t inhibitors of neurogenesis a n d aspects of
learningg (Gould et al., 1997; T a n a p a t et al., 1998; Heine et al., 2004). It is
importantt to dissociate cell birth from cell maturation, since these different
stagess c a n be regulated by different mechanisms. Voluntary running e.g. is
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knownn to stimulate proliferation of hippocampal progenitors (van Praag et
al.,, 1999;Nayloretal., 2005).
Withinn the hippocampus resides a specific populations of neuronal
progenitorss (Type 2) recognizable by their morphological characteristics and
nestinn expression. These specific progenitors increase after running but not
afterr enriched environmental housing (Kronenberg et al., 2003). Precursors
thatt are past the nestin expressing stage, do not respond to running
anymore.. On the other hand enriched environment increased the number of
neww neurons without affecting proliferation of undifferentiated precursor
cells.. It is rather the fate of the newborn cells that was shifted by increasing
thee amount of neurons at the expense of gliogenesis (Kempermann et al.,
1997,, 1998;NilssonetaL 1999; Kempermann et al., 2002).
Althoughh these studies have revealed correlations between changes
inn neurogenesis and learning performance, the question remains whether this
iss a causal relation and how functionally relevant the phenomenon of adult
neurogenesiss is (Leuner et al,, 2006). Similar to the above discussion on the
correlationn of learning and memory with LTP, neurogenesis is likely involved in
certainn aspects of memory, but the process of memory formation itself is
probablyy too complex to allow a simple one-on-one correlation. In
contradictionn to synaptic types of plasticity which occur in many brain areas,
neurogenesiss is a very rare and selective process, and likely to only
contributee to types of learning involving the hippocampus. One of the most
constructivee studies, stretching beyond a correlational line of argueing, is the
observationn that newborn cells are much more plastic than older ones, and,
interestingly,, show more LTP compared to older cells (Schmidt-Hieber et al.,
2004).. Thus if processes like LTP, dendritic growth and synapse formation are
relevantt for learning and memory, new neurons can play an important role
sincee their individual capacity to facilitate such processes is larger.
Importantly,, also damage to the hippocampus, as e.g. can occur
selectivelyy in epilepsy or ischemia, is known to stimulate neurogenesis (Parent
ett al., 1997; Covolan et al., 2000; Blumcke et al., 2001; Jiang et al., 2001; Jin et
al.,, 2001; Sun et al., 2003). Although in epilepsy neurogenesis is known to be
farr from beneficial to the system, as aberrant rewiring occurs, this
phenomenonn has been regarded as an attemt to repair the brain. Also in
Alzheimer'ss disease (AD), a disorder in which the hippocampus is severely
affected,, increased expression of specific cell cycle proteins such as cyclins
andd PCNA has been observed [Smith and Lippa, 1995; Arendt et al., 1996;
Kondratickk and Vandre, 1996; McShea et al., 1997; Nagy et al., 1997; Vincent
ett al., 1997; Busser et al., 1998; Yang et al., 2003). After a description of
Alzheimer'ss disease and how it might affect memory we will further discuss
thee possible relevance of neurogenesis related phenomena also in this
disease. .
Alzheimer'ss disease.
Consistentt with its important role in memory and cognition, selective
damagee to the hippocampal area is known to impair memory function. In
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Alzheimer'ss disease (AD), progressive and severe memory impairment
occurs,, that is paralleled by reductions in hippocampal volume and specific
neuropathologicall alterations in specific subregions of the hippocampus.
Amongstt the many other areas affected in AD, the hippocampus is one of
thee first and most severely damaged ones. While the diagnosis of AD partly
reliess on a clinical diagnosis by which the nature and severity of memory loss
andd cognition is established (Reisberg et al., 1982), a final diagnosis can only
bee made post mortem that consists of a quantitative rather than qualitative
criteriaa that are a.o., the extent and numbers of two pathological hallmarks,
namelyy senile plaques and neurofibrillary tangles in selected brain regions
(Braakk and Braak, 1991). Plaques are extracellular deposits of a protein
calledd p amyloid (AB) that is derived from an amyloid precursor protein
(APP),, whereas tangles are intracellular inclusions consisting of heavily
hyperphosphorylatedd tau proteins.
Anotherr common feature of the AD brain is a marked reduction in
acetylcholinee levels, particularly of the cholinergic projections into the
hippocampus.. This is a.o. caused by alterations in neurons of the nucleus
basaliss of Meynert, which provide one of the major cholinergic inputs to the
hippocampus.. Remarkably, despite the widespread pathology and robust
volumee loss in the AD brain, actual cell loss have only been demonstrated in
aa few areas, like the locus coeruleus [Tomlinson et al., 1981; Hoogendijk et al.,
1999;; Zarow et al., 2003), the hippocampal CA1 area (Mizutani et al., 1990;
Westt et al., 1994) and the nucleus basalis of Meynert (Geula and Mesulam,
1999;; Wu et al., 2005) although contradictory evidence exists on the latter as
well(SalehietaL,, 1994).
Besidess the specific neuropathological hallmarks, potent
inflammatoryy responses take place in the AD brain that involve the
activationn of astrocytes and microglial cells. Presumably, gliosis takes place in
responsee to the deposition of pathological proteins (Akiyama et al., 2000;
Medaa et al., 2001; Nagele et al., 2004). Glial activation is hence generally
seenn as a secondary maladaptation in AD that worsens the situation, rather
thann a primary causal event.
Inn almost all AD patients, additional and extensive amyloid pathology
iss present in the vasculature, which is referred to as cerebral amyloid
angiopathy,, and which correlates well with cognitive impairment
(Mandybur,, 1975; Jellinger, 2002). Recent literature even suggests that
angiopathyy might actually be an important factor contributing to dementia.
Variouss causal mechanisms for cerebral amyloid angiopathy have been
proposedd in association with AD, including hypoperfusion, altered blood
brainn barrier function, vascular remodeling, aberrant angiogenesis and
reducedd Afi clearance (Castellani et al., 2004; Nicoll et al., 2004; Zlokovic,
2005). .
Thesee neuropathological alterations are also observed in control
groupss and quantitative criteria determine the distinction between control
andd AD groups. As the best correlate of memory impairment is not made
withh the extent of the plaque or tangle load, but with the decrease in
synapticc density (DeKosky and Scheff, 1990; Coleman and Yao, 2003), many
27 7

GeneralGeneral Introduction
researcherss believe that synaptic changes and synaptic loss is probably one
off the underlying causes of memory impairment (Walsh and Selkoe, 2004).
However,, it is important to realize that immunocytochemical markers for
synapticc density are often activity dependent, and could reflect an effect
ratherr than the cause of memory impairment, particularly when studied in
postmortemm tissue.
APPAPP and AD
Forr the larger part of the AD affected population the actual cause of
thee disease is unknown. However, in a small subset of patients, specitic
mutationss are known to cause dementia. These familial cases of dementia
havee so far been linked to mutations in at least three genes: the Amyloid
Precursorr protein (APP), and the presenilin-1 and 2 genes. Presenilins are part
off the larger y-secretase complex which is involved in the cleavage of pamyloid.. Mutations in the above genes all favor the production of the larger,
42-433 residues long p-amyloid protein which accumulates in AD (reviewed by
Walshh and Selkoe, 2004). The above has led researchers to hypothesize that
amyloidd deposition and plaques are a primary and central phenomenon in
AD,, that would subsequently be followed by tau alterations, eventually
leadingg to functional deficits, and dementia. This is referred to as the
"amyloidd cascade hypothesis" (Hardy and Higgins, 1992). However, this is
hardd to combine with the observation that no linear correlation exists
betweenn plaque load and cognitive impairments in AD, nor with the many
sporadicc cases in which mutations do not play a major role, observations in
transgenicc mice in which plaques only develop after the occurrence of
functionall deficits (Moechars et al., 1999), an extensive but confusing in vitro
literaturee in which both deleterious as well as growth promoting effects ot
amyloidd (fragments) have been reported. Additional arguments in favour
andd against this hypothesis have been discussed eisewhere in detail (Van de
Ness et al., 1994; Terry, 1996; Neve and Robakis, 1998; Salehi et a!., 1998;
Robinsonn and Bishop, 2002).
Itt was shown that not the plaques per se, but rather the smaller
soluablee accumulations of p-amyloid, called oligomers, are highly toxic
(Walshh et al., 2002). Since APP is a large transmembrane protein that can
undergoo alternative splicing, different parts of the protein have been studied
inn response to injury and have been proposed to e.g. act as adhesion
molecule,, regulator of neuronal processes (outgrowth, arborization,
synaptogenesiss etc), signalling molecule and regulator of cell survival/
death.. Currently, it remains unknown how exactly either p-amyioid or APP
interferee with neuronal transmission, or what their normal, physiological role is
(reviewedd by Reinhard et al., 2005).
NeurofibrillaryNeurofibrillary Tangles and tau
Inn addition to the APP- and PS-based familial dementias, mutations in
tauu protein are known to cause a specific and rare type of dementia, called
frontotemporall dementia with parkinsonism (FTDP-17). Clinically, the first
alterationss noticable are behavioral inhibition leading to profound
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personalityy alterations, parallelled by "Parkinson-like" motor disturbances. As
thee disease further develops, also m e m o r y b e c o m e s severely i m p a i e d
(reviewedd by (Foster et al., 1997)). Neuropathologically, these patients are
characterizedd by a profound volume loss of the frontal cortical regions, that
iss a c c o m p a n i e d by an extensive neurofibrillary tangle pathology. As plaques
aree largely absent, FTDP-17 provides a clear e x a m p l e of a " t a n g l e only"
disorder,, a n d suggests that t a u d y s f u n c t i o n i n g is i n v o l v e d in m e m o r y
i m p a i r m e n t .. Yet, similar to APP, the e x a c t functions of t a u , a n d the
mechanismss by which it causes d e m e n t i a are not fully understood.
Tauu is a MAP that plays a n i m p o r t a n t role in the stabilization of
microtubuli.. O n e of the characteristics of the g e n e is a C-terminus that
containss 4 MT binding repeat sequences. Alternative splicing c a n lead to tau
proteinss with either 3 or 4 repeat sequences (tau-3R or -4R), the latter having
aa higher affinity for MT. Besides these C-terminal r e p e a t sequences, tau also
containss 2 N-terminal repeat sequences, the function of which is so far poorly
u n d e r s t o o d .. Hence, u p o n splicing, 6 tau isoforms with either 0, 1 or 2 Nterminall sequences (tau-ON, IN or 2N), c o m b i n e d with 3R or 4R c a n b e
p r o d u c e dd (Buee et al., 2000; Lee a n d 5534, 2001; G o e d e r t a n d Jakes, 2005)
(figg 5). These different isoforms h a v e different MT binding affinities a n d c a n
therebyy differentially modulate MT stability. In addition, MT affinity of tau c a n
b ee a l t e r e d by post-translational processes, the most important of w h i c h is
phosphorylation.. In general, t a u phosphorylation reduces its affinity for MT
therebyy allowing a more flexible cytoskeleton.

Tauu genomic structure
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FigureFigure 5. Tau genomic organization and adult brain protein products.
Tauu gene. Of 14 exons, exons 2, 3 and 10 (white box) are alternatively spliced. Constitutive
exonss are shown in black.
Thee six tau isoforms produced in adult mouse brain. Exons 9-12 each encode a MT-binding
repeatt sequence (grey box). By alternative splicing E10 can be deleted giving rise to tau with
33 repeat sequences (tau-3R). Otherwise tau containing 4 repeat sequences is produced (tau4R).. Furthermore, tau mRNA can also be spliced at the N-terminus, thus splice variants can be
obtainedd containing neither exon 2 or 3 (ON), only exon 2 (IN) or both exon 2 and 3 (2N).
Aminoo acid numbers are to the right. After (D'Souza and Schellenberg, 2005).
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Off interest, extensive phosphorylation and alternative splicing of tau
occurr also during early development when a plastic cytoskeletal make up is
aa prerequisite to allow division and e.g. migration of cells. During early
postnatall devefopment, a characteristic shift in the main tau isoforms occurs.
Whereass mainly tau-3R isoforms are being expressed in the early stages, at
approximatelyy 12 days after birth, tau 3R expression diminishes and is
replacedd by mainly tau-4R isoforms in mouse brain. In the adult murine
hippocampuss the switch towards tau-4R isoforms is complete, whereas in
humann adults tau-3R and 4R isoforms are expressed in equal amounts
(Goedertt et al„ 1989; Kosik et aL 1989; Larcher et al., 1992; Takuma et al.,
2003). .
Duringg development, phosphorylation is furthermore extensive,
whereass in healthy adults, phosphorylation is generally low, except when
neuropathologyy occurs and tau becomes hyperphorphorylated. Indeed tau
phosphorylationn is high also in proliferating cells (Pope et al., 1994; Preuss et
al.,, 1995; lllenberger et al., 1998; Tatebayashi et al., 2006). The lower MT
affinityy of tau during development due to the expression of 3R isoforms and
phosphorylation,, likely reflects the need for a plastic cytoskeleton that is
requiredd for motility, migration and e.g. division of young neuronal precursors.
Phosphorylationn of tau is difficult to control. However, isoform
expressionn can be relativily easily and specifically altered by transgenic
approaches.. In Chapter 3 we tested the longstanding hypothesis that the
tau-3RR to 4R isoform switch In the second postnatal week is indeed involved
inn maturation of the brain in general and neuronal differentiation in
particular.. Our focus was especially on the hippocampus because the DG is
knownn to develop largely in the first two postnatal weeks and because of the
occurencee of adult neurogenesis.
Openn questions: What are the structural consequences
andd functional relevance of the tau 3R to 4R isoform
switchh during early postnatal development? (Chapter 3)
Inn contrast to the healthy adult situation, tau is heavily
phosphorylatedd at many specific residues in the AD and FTDP-17 affected
brain.. Certain epitopes that are only phosphorylated in the diseased brain
aree considered disease specific. This phenomenon is referred to as tau
hyperphosphorylation.. It has been suggested that especially the
hyperphosphorylationn of tau is crucial for the development of memory
impairmentss (Avila, 2006). Various studies indicate a strong positive
correlationn between the extent of tangle pathology in e.g. the hippocampus
andd cortex and the severity of the cognitive decline. Not only have
alterationss in various specific protein phosphatases been found in AD brain
(Liuu et al., 2005), experimentally modulating kinase or phosphatase activity
wass reported to cause an increased phosphorylation of tau, neuropathology
andd memory impairments (Arendt et aL, 1998). However, these kinases are
nott very selective, and these results have proven difficult to reproduce (Van
Damm et aL, 1998). In addition to phosphorylation, alternative splicing of tau is
30 0

Chapterr f
importantt in dementia since several of the FTDP-17 mutations are known to
favourr tau-4R production. Also in AD, most tangles contain tau-4R, that is
overrepresentedd relative to 3R (Hutton et al., 1998; Spillantini et al., 1998;
D'Souzaa et al., 1999; Hasegawa et al., 1999). However, there is also a
populationn of FTDP-17 mutations which does not affect splicing. Since AD
andd all forms of FTDP-17 and several other taupathies all involve tau
hyperphosphorylationn this is thought to be an essential event leading to
memoryy impairments. In Chapter 4 the effect of such a tau mutation is tested
inn the absense of tau hyperphosphorylation.
ADAD and FTDP-17 transgenic mouse models
Followingg the discovery of the involvement of APP, PS and tau
mutationss in dementia, many transgenic mice models have been created in
orderr to mimic aspects of the pathology of dementia, to better understand
itss etiology and to test putative pharmacological compounds. With the wide
rangee of possibilities these transgenic mice offer, animal modeling has
becomee a prominent field within dementia research. This section is not
aimedd to give a complete overview but will highlight only some important
aspectss of the current animal models within the scope of this thesis, and put
thee currently used tau mice models in perspective. Recent reviews cover this
inn more detail (Gotz et al., 2004; Spires and Hyman, 2005).
Tauu transgenic mouse models can roughly be divided in two groups:
Modelss developed to recapitulate FTDP-17 or AD symptomatology, and
thosee aimed to understand the biological role of tau protein. Starting with the
latterr group, tau-KO models are worth mentioning. As stated above, the MAP
tau,, and especially tau-4R is a potent stabilizer of MT. Tau has also been
shownn to promote neuritic outgrowth, morphogenesis and synaptic
connectivityy in vitro (Caceres and Kosik, 1990; Ebneth et al., 1998; GonzalezBillaultt et al., 2002; Mandelkow et al., 2003). Therefore, it was quite surprising
thatt tau KO mice failed to show a severe phenotype (Harada et al., 1994;
Dawsonn et al., 2001), and only some minor defects in fear conditioning and
axonall outgrowth have been reported (Ikegami et al., 2000). Thus it was
concludedd that tau is functionally redundant as the role of tau is likely
replacedd by other MAPs like MAP IB (Takeietal., 2000; Dawson et al., 2001).
Thee lack of a major phenotype in tau-KO mice suggests that a gain of
functionn rather than a loss of function is involved in FTDP-17. To test this
hypothesiss many models have been generated, over-expressing one or more
isoformss of either normal or mutated tau, in the absence or presence of
endogenouss tau (Lee et al., 2005). FTDP-17 mouse models recapitulate many
off the symptoms of the human disorder and display severe tauopathy, often
withh premature death, memory impairment (Tachibana et al., 2000;
Arendd ash et al., 2004; Pennanen et al., 2004) a n d severe
hyperphosphorylationn of tau at later ages (Chen, 2005; Terwel et al., 2005).
Generally,, these tau transgenic models were developed to induce
tanglee formation. However, recent research has shown that tangles per se
aree not essentia! to induce memory impairments (Santacruz et al., 2005;
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Taniguchii et aL, 2005). Therefore, in this thesis the traditional question of how
tangle-formationn takes p l a c e a n d how it c a n b e s t o p p e d , is rephrased. In
c h a p t e rr 4 w e questioned w h a t aspects of FTDP-17 p a t h o l o g y are actually
causingg memory impairments in the first p l a c e . To this aim w e studied a
m o d e ll that displays tau-hyperphosphorylation a n d p a t h o l o g y , but only at
laterr ages. Rather than reconfirming that tau-phosphorylation is associated
withh m e m o r y deficits, w e choose to study these animals well before the
a p p e a r e n c ee of any such p a t h o l o g i c a l deficits to address the question
w h e t h e rr it is the tau phosphorylation that is essential for memory deficits to
occur,, or whether m u t a t e d tau itself c a n cause these effects.
Openn questions: What are the structural and functional
consequencess of the FTDP-17 related tau P301L mutation itself,
ass opposed to the ensuing tau hyperphosphorylation as it
developss over time? (Chapter 4)
Alzheimer'sAlzheimer's disease and neurogenesis
Inn the AD h i p p o c a m p u s various cell c y c l e markers are expressed. As
too its o c c u r r e n c e , most authors reasoned that the expression of e.g. cyclins or
PCNAA does not reflect the birth of new cells but w o u l d rather reflect a n
a b e r r a n tt response of d a m a g e d cells t h a t a t t e m p t to ( a p p a r e n t l y
unsuccesfully)) r e - e n g a g e in cell cycle. The so-called e c t o p i c expression of
thesee markers in AD is r e g a r d e d as a pre-stage of apoptosis (Smith a n d
Lippa,, 1995; Arendt et al„ 1996; Kondratick a n d Vandre, 1996; McShea et al.,
1997;; Nagy et al., 1997; Vincent et al., 1997; Busser et al., 1998; Yang et al.,
2003).. One p a p e r describes an increase of cell-cycle markers but also of
DCXX (Jin et al., 2004a) In a cohort of senile AD patients, suggesting that
neurogenesiss is increased in the h i p p o c a m p a l C A 1 . In c h a p t e r 5 this issue is
adressedd in more quantitative detail in a younger, presenile AD cohort.
Openn questions: Is neurogenesis altered in the hippocampus of presenile
ADD cases? (Chapter 5)
Alsoo in the a n i m a l literature c h a n g e s in neurogenesis h a v e b e e n
r e l a t e dd to both APP a n d PS mutations (Jin et al., 2004b; Chevallier et al.,
2005).. This literature is far from conclusive as both reductions a n d increases in
neurogenesiss h a v e b e e n f o u n d in m i c e models with altered expression of
APPP / A b e t a or PS variants (Dong et al., 2004; W a n g et al., 2004b; Wen et al.,
2004).. Especially in PS mutants this is surprising as presenilins d o not only affect
APPP c l e a v a g e but also Wnt signalling, w h i c h is involved in neurogenesis
(Chevallierr et aL, 2005). Interestingly, to d a t e there are no reports in which
c h a n g e ss in t a u expression are c o r r e l a t e d with c h a n g e s in neurogenesis.
Givenn the prominent role many other MAPs play in mitosis (Andersen, 2000),
includingg DCL a n d DCLK which directly a f f e c t neurogenesis (Shu et al., 2006)
( V r e u g d e n h i ll et a l . , s u b m i t t e d ) , a n d t h e p u t a t i v e role of t a u in
n e u r o d e v e l o p m e n t ,, alterations in (mutant) t a u expression p r o b a b l y c o u l d
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providee an interesting direct link to neurogenesis. Therefore, we paid
particularr attention to the role of neurogenesis in tau transgenic models
(Chapterr 3 and 4).
Aimm and outline of this thesis.
Inn this thesis, we focus on two proteins, i.e. the novel MAP DCL and
thee more well known protein tau, and their roles in structural plasticity during
earlyy cortical development and in relation to structural and functional effects
onn h i p p o c a m p a l d e v e l o p m e n t , respectively. Extensive further
characterizationn of DCL is presented in the addendum.
Followingg the general introduction, Chapter 2 constitutes a detailed
spatio-temporall mapping of DCL protein expression during early cortical
development.. This protein shares common functions and expression patterns
withh both DCX and DCLK. In this study we also found some striking differences
inn the expression of DCX and DCL pointing to a unique role for DCL in
precursorr mitosis and radial migration that is different from that of DCX,
particularlyy during the earliest stage of cortical development prior to E 10,
Inn chapter 3 we focus on the structural consequences and functional
relevancee of the tau 3R to 4R isoform switch during early postnatal
development.. It has been argued for a long time that this switch must be
involvedd in the postnatal maturation of the brain. To test this hypothesis we
studiedd the consequences of interference with this isoform switch. This was
donee by making use of a mouse that represents a humanized tau 4R
transgenee in a mouse tau knock-out background. These mice lack all six
mousee isoforms of tau and only express the longest human tau 2N/4R isoform
fromm approximately PND12 onwards.
Followingg this focus on MAPs during brain development, we
subsequentlyy addressed the role of tau and neurogenesis in (hippocampal)
pathologyy in chapters 4 and 5. The P301L mouse model reflects many of the
symptomss observed in human FTDP-17. In addition to its endogenous tau
levels,, these mice over-express a mutated form of tau (P301L) that causes
FTDP-177 in humans. To separate the structural and functional consequences
off the tau mutation from the ensuing tau hyperphosphorylation that
developss over time in these mice, we address in chapter 4 on plasticity
relatedd parameters like LTP, memory, dendritic arborization and neurogenesis
assessedd in young P301L mice at ages when the tauopathy and age-related
accumulationn of tau hyperphosphorylation is still absent.
Havingg shown a role for tau in neurogenesis in the KOKI model, and
givenn the frequent occurence of cell cycle changes in AD, we subsequently
questionedd whether neurogenesis is altered in the hippocampus of presenile
ADD cases as reported in chapter 5.
Inn chapter 6, our results are discussed in relation to the current literature and
futuree possibilities.
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Abstract t
Duringg early corticogenesis, radial glia-derived neural progenitors
dividee and migrate along radial fibers to their designated positions within the
corticall plate. The microtubule-associated proteins doublecortin (DCX) and
doublecortin-likee kinase (DCLK) are critically involved in migration and
division,, respectively, and may function in a partially redundant pathway
duringg cortical development. Since little is known about the role of these
proteinss during early stages of corticogenesis, when neurogenesis is
extensive,, we performed a detailed analysis of the spatiotemporal expression
off DCX and DCL from E9 onwards.
DCLL and DCX were expressed in a clearly differential manner before
El3.. DCL was already expressed from E9 onwards with a strong overlap with
thee radial glia marker vimentin. DCX expression in contrast, started only
modestlyy from E10/E11 onwards. DCL was found mainly in the inner layers of
thee developing cortex before El3, often in mitotic cells in the VZ and in pial
orientedd radial fibers emerging from them, whereas DCX was primarily
expressedd in fibers in the outer region of the preplate (PP). After E13, DCX
wass largely overlapping with DCL except for the VZ. As development
continues,, DCL levels were further reduced contrary to DCX that remained
highh until birth.
Inn conclusion, the present study demonstrates a differential
spatiotemporall expression pattern for DCX and DCL during early
corticogenesis,, consistent with the different functional roles of these two
proteins.. Given the distribution and involvement in neuronal precursor mitosis
ass well as radial fiber stability of DCL, it appears to have a unique role
particularlyy in the early neuroepithelium. This could be of considerable
relevancee for the formation of the initial precursor pool that eventually
determiness number and complexity of the adult neocortex.
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Introduction n
Duringg cortical development, a complex multi-layered neocortex is
formedd through a carefully orchestrated series of ceil divisions and migratory
eventss (for recent reviews see (Aboitiz et al., 2001; Gupta et al., 2002:
Nadarajahetal.,, 2002)).
Ass early as E8.5, the first precursors leave the ventricular zone (VZ) and
migratee radially to establish the preplate (PP) around E10 which is covered
byy the pial surface (PS), and separated from the VZ by a thin axonal layer
calledd the intermediate zone (IZ). A second wave of cells around El2 then
splitss the preplate into the marginal zone (MZ) and the subplate (SP). The
neuronall layer formed in between is called the cortical plate (CP). The
remainingg outer layers of the adult cortex are established by sequential
wavess of new neurons crossing the IZ and the CP (Angevine and Sidman,
1961;; Rakic, 1974), mainly between E14 and E18, and in an inside-out manner
(Marin-Padilla,, 1971).
Afterr E12, new neurons depend heavily on radial glia fibers as a
scaffoldd for migration by locomotion, whereas prior to El2, migration occurs
primarilyy by means of nuclear translocation (Rakic, 1972; Schmechel and
Rakic,, 1979; Kriegstein and Noctor, 2004). Radial glia cells (RGCs) are not only
importantt as scaffold, recent evidence even indicates that these cells divide
andd generate neurons themselves. As such, they are considered the
predominantt neuronal precursors during cortical development (Noctor et al„
2001;; Anthony etal., 2004).
Thee proteins controlling precursor division and (guided) migration
duringg these periods, are largely unknown. A key event in both migration and
divisionn is the controlled stabilization of microtubuli, the major cytoskeletal
elementss in neurons, by microtubule-associated proteins (MAPs). Recent
geneticc studies have identified a number of microtubule associated proteins,
suchh as Lisl and doublecortin (DCX) (des Portes et al., 1998) that are crucially
implicatedd in cortical development. Mutations in the DCX gene cause the
doublee cortex syndrome, characterized by subcortical band heterotopias.
Functionall studies have further shown that DCX is a MAP (Francis et al., 1999;
Gleesonn et al., 1999) essential for radially migrating neurons to cross the IZ
andd enter the CP (Bai et al., 2003). Soon after the discovery of DCX, a gene
withh high homology was described in rat and human, called doublecortinlikee kinase (DCLK). We have recently reported on a novel splice variant of this
gene,, called doublecortin like (DCL) that also promotes microtubule stability,
butt lacks the kinase C-terminus of the DCLK gene (Engels et al., 2004). DCL is
criticallyy involved in mitosis of neuroblasts and in radial process stability
(Vreugdenhil,, submitted), functions that complement and partly overlap with
DCXX and other DCLK variants recently shown to be involved in mitosis,
migration,, axonal outgrowth and microtubule-associated vesicle transport
(Deuell et al., 2006; Koizumi et al., 2006; Shu et al., 2006).
Evenn though the functions of the related proteins DCX and DCL
appearr synergistic as both promote microtubule stability, little is known about
theirr spatiotemporal distribution and possible differences therein which could
pointt to a specific role of each protein during early neurodevelopment. We
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thereforee examined the spatiotemporal distributions of DCL and DCX from
earlyy embryonic development onwards. In view of its putative role as
neuronall precursor we also investigated possible overlap with radial glia.
Despitee their high sequence homology and considerable functional overlap,
wee show that DCX and DCL have a distinct differential distribution during
earlyy corticogenesis, supporting their different functional roles.
Materialss and Methods
Animalss and tissue preparation
CD11 mouse embryos of embryonic day (E) 9, 10, 11, 13, 15, 17 were
obtainedd by caesarean sections of pregnant females. Mouse embryos were
washedd in 0.1M phosphate buffered saline (PBS), fixed in
methanol/acetone/waterr 40:40:20 (Franco et al., 2001} for four hours and
storedd in 70% ethanol. After dehydration in a graded ethanol series of 70, 80,
90,, 96 and 100% ethanol of 90 min each, embryos were incubated in 1butanoll overnight and e m b e d d e d in Paraplast Plus [Kendall, Tyco
Healthcare)) at 60 C for two hours. Subsequently, sections of 6 um thick were
obtainedd using a Leica Wetzlar microtome. Every fourth section was
mountedd on Superfrost Plus slides (Menzel) and stained with 0.25% cresylviolet
acetatee for orientation.
Antibodies s
Thee generation of the SN370 anti-DCL antibody used in this study has
beenn described in detail before (Vreugdenhil et a/., 2006)(Kruidering et al.,
2001).. This antibody recognizes the C-terminus of DCL, that shares 70% amino
acidd homology with human DCX (Vreugdenhil et al., 1999) and also
recognizess other splice-variants of the DCLK gene including DCLK-short (also
knownn as CaMLK (Kruidering et al., 2001)). During embryonic development, a
singlee 40kD protein band is stained by anti-DCL (Vreugdenhil et al, submitted)
whichh might indicate cross-reactivity with the 40 kD DCX. However, as
numerouss DCX+ cells are not stained by anti-DCL, this indicates that anti-DCL
iss specific for DCL and does not cross-react with DCX. In line with this notion,
knock-downn of the DCL gene by si-RNA ablated anti-DCLK immunostaining in
inin vitro studies (Vreugdenhil et a/., submitted). For DCX, the C-18 antibody
wass used (Santa Cruz) that has been described and validated before in
detaill (Couillard-Despres et al., 2005; Boekhoorn et al., 2006; Boekhoorn et al.,
inn press).
Forr immunohistochemistry, the biotinylated secondary antibodies
anti-goatt (1:1000; Jackson ImmunoResearch) for C-18, anti-rabbit (1:200;
Vectorr Laboratories) for SN370 and anti-mouse (1:200; Amersham
Biosciences,, UK) for vimentin were used. The primary antibodies were used at
thee following dilutions: DCX C-18 at 1:200 for immunohistochemistry and at
1:1000 for immunofluorescence; DCL SN370 at 1:100 for immunohistochemistry
andd at 1:50 for immunofluorescence and vimentin at 1: 50 for
immunohistochemistryy and at 1:150 for immunofluorescence (Sigma-Aldrich).
Forr immunofluorescence, secondary antibodies conjugated to
AlexaFluor4888 (1:400 anti-goat; Molecular Probes, Oregon, USA), Cy3 (1:400
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anti-rabbit;; Jackson Immunoresearch) or AlexaFluor647 (1:400 anti-mouse;
Molecularr Probes, Oregon, USA) were used.
Immunohistochemistrv v
Too study the early distributions of DCX, DCL and vimentin, sections of
thee developing mouse cortex were mounted on Superfrost Plus slides and
driedd overnight at
. They were then dewaxed twice in xylene for 10 min
andd hydrated in a graded ethanol series for 5 min each. After rinsing in
filteredd water [Aquadest), sections were postfixed in Zamboni-mix (2% PFA /
0.1%% Picric Acid / 0.025% gluteraldehyde / 0.1 M phosphate buffer [pH 7.4])
forr 5 minutes and washed in 0.1 M tris buffered saline (TBS) [pH 7.6].
Inn order to retrieve masked antigen epitopes, sections to be
immunostainedd for vimentin were pre-treated in a microwave by placing
themm in 0.1 M citrate buffer [pH 3] and heated for 15 min initially at 800 W and
thenn at 200 W to prevent air bubbles from causing tissue damage. After
coolingg to room temperature, endogenous peroxidase activity was blocked
byy 0.1% hydrogen peroxide treatment for 20 min. Primary antibodies were
appliedd in 0.25% gelatin / 0.1% triton X-100 in 0.1M TBS [pH 7.6] (Supermix) for
11 hour at room temperature and then overnight at
.
Subsequently,, sections were washed with 0.1M TBS and incubated
withh the secondary antibody for 1.5 hour at room temperature. Signal
amplificationn was done using Avidin-biotin complex (ABC) Elite kit (Vector
Laboratories,, Burlingame) for 1.5 hour (1:800), that was further amplified with
biotinylatedd tyramide (1:500) and 0.01% peroxide for 30 min, followed by
anotherr 45 min incubation with ABC (1:800). Sections were washed between
eachh step with 0.1M TBS [pH 7.6] and finally twice with 0.05 M tris buffer, pH
7.6.7.6. Chromogen was 0.05% diaminobenzidine (DAB) dissolved in 0.05 M TB
[pHH 7.6], Sections were counterstained with 0.25% cresylvioletacetate and
embeddedd in Entellan (Merck).
Immunofluorescence e
Sectionss were prepared as described above, including MW
pretreatmentt for vimentin. Primary antibody was added to 1% BSA/0.1% Triton
X-100/3%% donkey normal serum/TBS (TBS++) and incubated for one hr at
roomm temperature and then overnight at 4 .
Secondaryy antibody was dissolved in 0.1M TBS [pH 7.6], and added to
thee sections for two hours after washing with 0.1M TBS. Sections were
mountedd in Vectashield containing DAPI and examined using a Zeiss LSM510
confocall microscope. Immunofluorescence was visualized using the
followingg filter settings: 633 nm, LP 650 filter; 543 nm, BP 560-615 filter; 364 nm
andd 351 nm, BP 385-470 filter; 488 nm, BP 505-530 filter. To allow comparison of
relativee expression-levels, each slide was investigated using the exact same
laserr and filter settings for a specific staining.
Nomenclature e
Forr nomenclature we made use of the atlases of Schambra and
Altmann (Schambra et al., 1992; Altman and Bayer, 1995).
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Results s
Att E9, DCX immunoreactivity was completely absent (figure 1A, color
figure),, whereas expression of b o t h DCL a n d vimentin w e r e a l r e a d y
substantiall (figure IB, C) a n d particularly high throughout the inner wall of
thee third ventricle, t h e n e o c o r t i c a l neuroepithelium a n d t h e dorsal a n d
ventrall d i e n c e p h a l o n , including the thalamus a n d hypothalamus. Generally
lowerr levels were found in the walls of the optic vesicles (Schambra et al.,
1992;; A l t m a n a n d Bayer, 1995). As shown in figure I D a n d H, DCL a n d
vimentinn were expressed in the ventricular zone (VZ) as well as the preplate
(PP)) with some DCL+ fibers also in the intermediate zone (IZ)(figure ID). The
regionall expression of DCL a n d vimentin was almost completely overlapping
att this a g e in the VZ, e x c e p t for that vimentin was expressed a t higher levels
inn the PP.

AA

a*

DCX

B

:

v3

MM | §fl rw- IPfö- "

yz^^,Jyz^^,J y 4 ; # ^ ^c#^
E

*f f

VZ Z
FigureFigure I. DCL expression in the neuroepithelium at E9.
Midlevell coronal sections of the developing mouse neuroepithelium. DCX (A) is absent at E9, whereas DCL
iss already abundantly expressed particularly in the VZ (arrowheads) (B), as well as in the preplate (PP) . In
thee intermediate zone (IZ), occasionally a DCL positive radial fiber (left arrowhead in D) is seen. The pattern
off DCL closely resembles that of the radiol glia marker vimentin (C and H). Higher magnifications reveal
manyy mitotic cells in the VZ express DCL (E, F) while also radially migrating cells leaving the VZ (arrow in G)
andd short radial fibers are DCL+ (arrows in lower part of D). Apoptotic cells do not express DCL (arrowhead
inn I).
Abbreviations:: V3: 3rd ventricle, H; hypothalamus. OV: optic vesicle: DD (T): dorsal diencephalon
(thalamus).. Scale bar in A is 100 um. Scale bar in D is 10 urn.

40 0

ChapterChapter 2
Manyy of the DCL+ cells in the VZ clearly were in mitosis (IE, F and G)
andd never was DCL immunoreactivity observed in apoptotic cells (Fig 11). The
morphologyy of most DCL+ cells in the VZ was that of a mitotic cell with a
roundd or ovioid, condensed soma and a nucleus in obvious telophase or
anaphasee (Fig IE, F). Frequently the chromatin was organized into individual
pairss of chromosomes positioned opposite of each other with a cleavage
planee visible, and of which both the polar and kinetochore microtubules
weree DCL+. Strikingly, most DCL+ mitotic cells had a DCL+ process that
extendedd from the VZ cells in a radial manner and could often be traced to
thee PP or pial surface (Fig 1D, see also Fig 2 E, F and G).
Att E10, some very weak DCX expression was seen only in the PP of the
fronto-laterall part of the LV epithelium (L), whereas the rest of the cortex was
devoidd of DCX immunoreactivity (figure 2A, color figure, H; arrow in A). This
wass in contrast to the abundant expression of vimentin and DCL throughout
thee lateral (L) and medial parts (M) of the LV wall. Between individual cortical
layers,, DCX distribution (figure 2 A, H) differed from that of DCL (figure 2B, E, F
andd G) and vimentin (figure 2C, I and J). DCL and vimentin expression, quite
comparablee to E9, were high in the PP and prominent in the VZ with
expressionn in radial fibers in the IZ (Fig 2A,B,C).
Alsoo in the dorsal diencephalon DCX was observed in the VZ, in
mitoticc cells traversing their radial fibers into the IZ (Fig 3A and B, color figure).
Mitoticc cells were also observed in the IZ, in close contact with radial fibers
(Figg 3C) In the lower spinal cord (Fig 3D), some DCX+ fibers were observed
ass well as in a few lower dorsal root ganglia, whereas DCL expression, similar
too the distribution in the diencephalon, was prominent in the inner wall of the
dorsall spinal cord neuroepithelium (4th ventricle) with many DCL+ radial fibers
traversingg to the DRG (figure 3E). Frequent mitotic cells that were DCL+ or
closelyy associated to DCL+ fibers, were present in this neuroepithelium as
well. .
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FigureFigure 2. DCL expression in the lateral ventricle wall at E10.
Coronall sections of the lateral ventricle (A-C). At E10, only a tiny rim of DCX expression in the PP is observed
laterallyy (L. arrow in A) and only in the dorsal region of the neuroepithelium surrounding the LV (H). In contrast.
DCLL is abundantly expressed at El0 (B. E, F. G), particularly in the thinner, medial parts (M) of the
neuroepitheliumm (arrow in B) but also in the dorsal regions of the neocortex. High power microphotographs (EG)) show DCL expression in the PP and especially in the VZ. often in mitotic cells (E, F, G) frequently possessing
radiall fibers oriented towards the PP and pial surface (arrowheads in E). Vimentin expression (2 C) is largely
comparablee to DCL expression at this age, with radial fibers originating from the VZ, extending through the IZ
(I)) and towards the PP (J). Asterisks indicate the LV wall. M; denotes the medial side and L the lateral side as
shownn in more detail in figure 4. Scale bar in A is 100 urn. Scale bar in E is 10 um.

FigureFigure 3. DCL expression in the neuroepithelium and spinal cord at E10.
Inn the neuroepithelium of the ventral and dorsal diencephalon (coronal sections A-C), DCL is higly
expressedd in mitotic cells in the VZ and in many radial fibers (A-C). Also at short distances away from the VZ,
mitoticc cells are found in the IZ (C). Contrary to the diencephalon, in the caudal part of the spinal cord,
bothh DCX and DCL expression occurs in dorsal root ganglia (DRG). though with a differential expression (D
andd E resp.). DCL is expressed in the ventricular wall in radial fibers oriented towards the DRG as well as in
thee DRG, whereas DCX expression is confined to the DRG alone. Scale bars in B and D are 10 um.
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AtAt El 1, DCX immunoreactivity was prominent in the remainder of the
dorsall telencephalon, particularly in the PP where many DCX+ fibers were
visiblee with a tangential orientation. DCX localization in the LV was, similar to
E10,, largely absent from the medial part of the LV (figure 4A, location of the
areaa shown in fig 4A is indicated in fig 2A with M, color figure) wall and
slightlyy increased in the fronto-lateral part of the LV wall (location of the area
shownn in fig 4G is indicated in fig 2A with L). In the spinal cord, abundant
DCXX immunoreactivity was present in DRGs in both middle and lower regions
(Figg Kand M).
DCLL expression at El 1 was weak in the fronto-lateral part of the LV
wall,, (figure 4H), whereas higher levels were present in in the medial part
(figuree 4B). In the VZ and IZ, both DCL and vimentin were expressed in an
overlappingg manner. Particularly at these ages E 10 and 11, many DCL+
mitoticc cells were present (4C,D and F). Whereas many DCL+ cell bodies
weree in mitosis, only one occasional DCX+ mitotic cell was observed in the PP
(figuree 4E). In the spinal cord, lower DCL levels were observed (4L and N).
Contraryy to DCX, DCL was observed in rostrocaudally orientated fibers (Fig
N).. Vimentin expression was abundant in all parts of the LV wall (figure 41).
Too address possible overlap between vimentin, DCX and DCL
expressionn at El 1, regional differences were further investigated using double
immuno-fluorescentt labeling and confocal analysis (figures 5, color figure).
DCXX hardly showed any overlap with DCL and was primarily expressed in the
PPP and not in the VZ where DCL was prominently expressed (Fig 5A-C). DCL
andd vimentin expression paterns were comparable and were shown before
(Vreugdenhill et al., submitted) to have a nearly complete overlap in the VZ.
DCL++ cells displayed morphological characteristics of RGCs with an ovioid
somaa in the VZ and pia! oriented DCL+ radial fibers crossing the IZ. In the
spinall chord, double staining was present for DCX and DCL in the
tangentiallyy oriented fiber, whereas the dorso-ventrally oriented radial fibers
weree only DCL+ and not DCX+ (Figure 5D).
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FigureFigure 4. DCL expression in the neocortex, LV and spinal cord at El 1.
Figuree A and B represent higher magnifications of the medial part of the cortex as shown in fig 2A
(depictedd as M). although at a different age, while G-l are taken from the lateral side of the cortex as
shownn in fig 2A (L). At the medial side of the neuroepithelium of the LV, no DCX expression is observed (A),
inn contrast to DCL (B), which is robustly expressed in pial oriented radial fibers (arrow) extending from the VZ
towardss the MZ and in mitotic cells (arrowhead. C, D and F), Only in one occasion DCX expression was
observerdd in what appears to be a mitotic cell in the CP (arrow in E). In the neuroepithelium at the lateral
sidess of the LV, DCX is only expressed in the PP (G) and DCL expression is very weak in the PP, MZ, IZ and
ventricularr zone (VZ), and largely overlapping with vimentin (I). In the spinal cord (saggital sections K-N),
DCXX expression (K. M) becomes appearent in the DRG (right arrow in K) and is also seen in fiber bundles of
thee vagal nerve oriented towards the pericardial cavity (left arrow in K). DCL (L, N) is not only found in
DRGs,, albeit at generally lower levels, but also in rostrocaudally oriented fibers (N), but not in cellular
profiles,, nor in apoptotic cells. Scale bars in B, D and N are 10 pm. Scale bar in J is 20 and in L is 250 pm.
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figurefigure 5. Multiple immunofluorescent analysis of DCL and DCX expression in the neocortex and spinal cord
att E l l .
Fluorescentt double labelings of the neuroepithelium (A) confirm the differential expression pattern of DCX
andd DCL; DCL is expressed at particularly high levels in the VZ (arrows) and at considerably lower levels in
thee PP. DCX is mainly and more robustly expressed in the PP. In the spinal chord (D) DCX and DCL partly
overlapp in what appears to be tangential fibers, whereas DCL is additionally, and selectively, expressed in
radiall fibers. Scale bars in C and D are 30 and 12 um, respectively.

Att El3, the distribution of DCX a n d DCL was strikingly similar in regions
likee the thalamus a n d hypothalamus (figure 6A, B, color figure). In general,
i m m u n o r e a c t i v i t yy of DCL+ elements (Fig 6B) in the t e l e n c e p h a l o n a n d
particularlyy the VZ was clearly r e d u c e d w h e n c o m p a r e d to previous ages.
DCXX immunoreactivity was a b u n d a n t in the u p p e r parts of the spinal c o r d ,
thee pons, t e c t u m , thalamus a n d in the t e l e n c e p h a l o n (Fig 6A), where it was
seenn in tangential fibers in the IZ a n d at the CP (Fig 6D). DCX at this a g e was
neverr seen in mitotic cells but only in fibers. In the t e l e n c e p h a l o n , overlap
withh DCL (Figure 6B a n d E) was high, w h i c h was no longer expressed in the
VZ.. There was little overlap with vimentin (figure 6C,F), the expression of w h i c h
wass high in the VZ. In the thalamus a n d hypothalamus, expression of vimentin
wass low. In the spinal c o r d , vimentin was expressed in the DRGs a n d in the
lowerr lumbal regions of the spinal c o r d , where it was often found in cellular
profiles.. This was in contrast to vimentin in the t e l e n c e p h a l o n , c e r e b e l l u m
a n dd striatum w h e r e expression was mainly in a radial p a t t e r n ( d a t a not
shown).. A r e m a r k a b l e finding was the DCL expression in the o l f a c t o r y
epitheliumm of the nasal cavity (Fig 6G, H) a n d the expression of DCX a n d of
DCLL in fibers entering the optic vesicle through the eye stalk (Fig6 K,L). In
contrastt to DCX, DCL was expressed at the basis of the d e v e l o p i n g retina,
a g a i nn in close association with many mitotic cells residing in that area (inset
inn L), a l t h o u g h at low levels. In several parts of the midbrain both radially
(arrows)) a n d tangentially (arrowheads) o r i e n t a t e d fibers were o b s e r v e d ,
immunopositivee for both DCX a n d DCL (figure 61 a n d J).
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FigureFigure 6. DCL expression in neuronal tissues at El3.
Comparedd to El 1 and DCX levels (Fig A and D). DCL expression in the VZ is reduced at E13 (Fig B and E).
Thee overall expression pattern of DCL in other areas like the spinal cord DRGs, thalamus, pons and CP in the
midbrainn (B) is generally comparable to that of DCX at this age (A), but differs from vimentin expression at
thiss age (C) that is strongly reduced e.g. in the thalamus and hypothalamus. Higher magnifications of the
developingg neuroepithelium surrounding the 3V show extensive DCX expression in the CP (D) and a strong
reductionn in DCL (E) expression in the CP. IZ . Strikingly, DCL expression was completely absent in the VZ. This
contrastss with vimentin, that is expressed in CP and VZ (F).
Additionall regions that showed considerable DCL expression were the olfactory epithelium (OE) (G and H)
wheree high levels were found in the outer layer close to the nasal cavity (NC), as well as in radial fibers
orientedd towards the outer layer (H). DCX is not expressed in this region (not shown). In the developing pons
(PP in A) both DCX (I) and DCL (J) are expressed in tangentially (arrowheads) and radially (arrows) oriented
fibers.. Also in optic fibers (OF) of the developing eye (K, L), DCX (K) and DCL (L) expression was found, with
lowerr levels for DCL. In the basal layer of the developing retina only DCL and not DCX was expressed, often
inn association with mitotic cells (arrows, higher magnification in inset in L).
Scalee bar in A is 1 mm. Scale bar in E, J and L is 50 urn. Scale bar in G is 250 um. Scale bar in H 10 um.
abbreviations:: ctx: cortex; b g : basal ganglia; thai: thalamus; ht: hypothalamus; mb: midbrain; C:
cerebellum;; p: pons; nc: nasal cavity.
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Whilee DCX expression in the upper part of the spinal c o r d was high,
DCLL p r e d o m i n a t e d in the lower half (Figure 7 A a n d B, color figure). DCX+
fiberss were often orientiated dorso-ventrally (Fig 7C), whereas DCL+ fibers
weree generally oriented in a rostro-caudal manner in lower regions (figure

FigureFigure 7. Differential expression of DCX and DCL in spinal cord and dorsal root ganglia at El3.
Sagittall section showing DCX to be primarily expressed in the upper DRGs in fibers with a dorso-ventral
orientationn (arrow in A, C), whereas DCL is abundant in more caudally located, rostrocaudally orientated
fiberss (B. D). Scalebar in B is 500 pm. Scalebar in D is 50 pm.

Att E15, DCX expression was reminiscent of t h a t a t El3 with large
numberss of DCX+ fibers throughout the IZ, CP, SP a n d MZ of the neocortex
(Figg 8A, color figure). Also, man y radial fibers were observed in the spinal
c o r dd (data not shown). Expression of DCL in the neocortex on the other h a n d
h a dd further d e c l i n e d (Fig 8B) a l t h o u g h the d e v e l o p i n g t o n g u e showed
intensee immunoreactivity at this a g e (Fig 8E) in contrast to the olfactory
epitheliaa that were now d e v o i d of signal ( d a t a not shown). The pattern of
vimentinn expression was not altered a n d mainly limited to the VZ (figure 8C).
Att El 7, DCX expression was mainly present in the neocortex a n d
spinall c o r d (Fig 8F). A w e a k signal was still o b s e r v e d in the d e v e l o p i n g
t o n g u e ,, a n d very little in the striatum (data not shown). DCL expression in the
t o n g u ee was c o n s i d e r a b l e , while also in the intestine, occasionally sparse
immunoreactivityy was seen (not shown). Otherwise, no remarkable changes
o c c u r r e d ,, e x c e p t for a further decline in overall DCL expression to very low
levelss (figure 8G). Figure 8H shows unaltered vimentin staining.
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FigureFigure 8. DCL expression at E15 and E17.
Whereass DCX expression in the neuroepithelium remains high in MZ/PP and IZ (A). DCL expression (B) in
thee lateral epithelium of the lateral ventricles has further declined. Vimentin (C) is weakly expressed
throughoutt the neuroepithelium but especially high in the VZ. Although in the CNS. DCX expression is
higherr than expression of DCL. DCL expression exceeds that of DCX in the developing tongue. DCL and
DCXX positive cells reside at the tongue base in fibers orientated in different directions (D and E). At El 7.
DCLL expression has further declined (G) and is nearly undetectable in the ventricular zone. DCX (F) is
noww also expressed in the MZ. Vimentin expression remains stable (H). Scale bar in C is 10 pm, scale bar in
EE indicates 100 pm. Scalebar in G is 50 pm.
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Figuree 9 (color) summarizes the main findings in this study. An
i m p o r t a n tt switch occurs b e t w e e n E l l a n d El3. Whereas at E l l DCL is
expressedd in the VZ, IZ a n d PP, it is only expressed in the IZ a n d PP at El3. In
contrast,, DCX is only expressed in the PP at El 1, but in the IZ as well as the PP
att El3 (. Fig 9A). Note that the spatial distribution of DCL coincides with the
o c c u r e n c ee of the nuclear translocation m o d e of migration. Also the levels of
expressionn of DCL a n d DCX c h a n g e d
in o p p o s i t e directions (Fig 9B).
Whereass DCL expression was a b u n d a n t at E9, it d e c r e a s e d after El 1. DCX
expressionn started very modestly at E10-11 a n d increased rapidly thereafter.
Att El 7, DCX was still present at high levels.
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FigureFigure 9. Summary of the observed findings.
Thiss scheme summarizes the main observations in this study. A. Spatial distribution of DCX, DCL and vimentin
att El 1 and E13. B. Level of DCX and DCL expression during development.

Discussion n
Thee MAPs DCX a n d DCLK are critically involved in the orchestration of
structurall plasticity c h a n g e s during cortical d e v e l o p m e n t . Previous studies
havee indicated the functional roles of DCX a n d the DCLK splice variant DCL
too b e synergistic, a n d largely o v e r l a p p i n g d u r i n g the later stages of
corticogenesis.. Whereas b o t h proteins are highly homologous a n d promote
microtubulee stability, DCL has b e e n additionally i m p l i c a t e d in proliferation,
mitosiss a n d radial process stabilization ((Vreugdenhil, submitted). The present
studyy is the first to address that issue by studying the d e t a i l e d spatiotemporal
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mappingg of DCL and DCX protein expression during early corticogenesis. We
showw that in contrast to later stages, DCL and DCX are differentially
distributedd between E9 and El3. Also, onset of DCL protein expression in the
VZZ started already from E9 onwards, thereby preceding the onset of DCX
expression.. DCL distribution is consistent with a posible role in nuclear
translocation,, the predominant mode of migration in that period. Secondly,
afterr E13, DCL expression declined and largely disappeared from particularly
thee VZ. This suggests that DCL and DCX are active at different stages of
corticall development and thus may subserve different functions.
Ass to the first finding, recent reports have highlighted the involvement
off the DCLK gene (Shu et al., 2006) in corticogenesis and more specifically
neurogenesiss in the VZ, Yet, expression of these DCLK variants has so far only
beenn studied after El3 (Burgess et al., 2000: Lin et al., 2000; Vreugdenhil et al.,
2001;; Burgess et al., 2002; Engels et al., 2004; Deuel et al., 2006; Koizumi et al.,
2006;; Shu et al., 2006) in the mouse even though the most robust
neurogenesiss occurs before that period. These DCLK variants were found in
thee outer layers of the developing cortex, but not the inner VZ, where DCL is
expressed.. One study reported high expression of DCLK in a.o. the VZ until
E199 and also in mitotic cells at E13 (Shu et al., 2006), an age at which we
foundd hardly any DCL expression in mitotic cells anymore. DCL expression in
ourr study rather peaked at earlier ages like E9/10. Clearly, the occurrence, at
E13,, of DCLK but not DCL immunopositive mitotic cells in the study by Shu et
at.,, indicates that DCL is not selective for mitotic cells per se.
Inn contrast to DCLK, DCL expression is considerably diminished at later
ages,, highlighting the selectivity of DCL downregulation. In addition to the
outerr cortical layers, the expression of DCLK-long occurred also in the
developingg retina and dorsal root ganglia. This pattern is clearly reminiscent
off that of DCX, which we found to display a nearly complete overlap with
DCLL mainly after El3 (Francis et al., 1999; Gleeson et al., 1999).
Together,, this indicates a strong synergy of DCL with DCX and other
DCLKK variants in the later stages of corticogenesis, whereas DCL appears to
havee a more selective role during earlier phases. DCL is expressed at high
levelss in the VZ and IZ, where it is seen in radial fibers and mitotic cells. Its
expressionn in radial fibers likely reflects microtubule stabilization of the early
piall oriented processes enabling neuroblast displacement over short
distances.. Interestingly, the period of DCL expression matches that of nuclear
translocation,, an early type of migration by which neuroblasts translocate
theirr somata through radially oriented processes, typically restricted to E1013.. DCX during that period is either absent, or expressed in very low levels in a
patternn that does not overlap with DCL, suggesting an exclusive role of DCL
inn this period. After the nucleus has reached its destination in the PP/CP, the
trailingg process detaches from the VZ, consistent with our observations that
DCLL is no longer expressed in the VZ after E12. A crucial role for DCL in radial
fiberr stability is further supported by our earlier studies in which DCL
knockdownn in utero ablated the radial fiber patterning in the embryonic
cortexx and strongly reduced embryo survival (Vreugdenhil, submitted).
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Takingg these data together, DCL may be selective for RGCs migrating by
meanss of nuclear translocation.
Thee expression of DCL in mitotic cells was not exclusive for the early VZ
orr cortex alone, but also occurred in the developing retina, where its
temporall pattern paralleled the period of neurogenesis from El0.5 to E13
(Hindss and Hinds, 1974; Brown et al., 1998; Rapaport et al., 2004; Lee et al.,
2005).. The decline in DCL expression after E13 parallels the gradual
disappearancee of the large numbers of mitotic cells from the VZ and is
consistentt with a role of DCL in mitotic spindle stability in addition to radial
processs stabilization. In our previous studies, endogenous expression of DCL
couldd only be identified in neuroblastoma cell lines, but not in any other type
off cell line investigated, suggesting that DCL, in addition to its role in radial
fiberr stability is selective for ceils with a general neuroblast phenotype
{Vreugdenhil,, submitted), a function so far not attributed to DCX.
Additionall support for this concept comes from our vimentin double
labelingss demonstrating DCL expression in a subpopulation of radial glia cells
(RGCs).. DCL is clearly not expressed in all RGCs since after E13 the patterns
off vimentin and DCL expression diverge and are no longer overlapping in the
VZ.. As recently demonstrated, RGCs not only serve as a scaffold for migratory
neuronss but can also generate new neurons themselves and are therefore
consideredd neuronal precursors in the early neuroepithelium (Noctor et al.,
2001;; Anthony et al., 2004). It is tempting to speculate that a subpopulation
off early RGCs selectively utilize DCL for microtubule stabilization.
Embryonicc days 9-12 are critical for cortical development as the initial
precursorr pool is formed and rapidly expanding during that period. Factors
affectingg these processes will affect the eventual size and complexity of the
postmitoticc cortical cell population. Indeed, mutations in genes associated
withh mitotic spindle stability like microcephalin and abnormal spindle in
microcephalyy (ASPM), are associated with microcephaly, a human condition
characterizedd by a small cortex (Bond and Woods, 2006). In view of this, DCL
iss of great relevance for early corticogenesis. It is interesting in this respect
thatt DCLK knockdown mice, that also lack DCL, but not DCX, show only a
veryy mild phenotype, whereas only after DCLK/DCX double knockdown, a
severee phenotype of hypoplastic or absent fiber tract formation developed
(Koizumii et al., 2006), suggesting that DCX and DCLK cooperate in axonal
tractt development and mediate the migration and positioning of cortical
neuronss within the correct lamina. Alternatively, further genetic redundancy
mayy be present with the DCK2 gene (Edelman et al., 2005).
Inn conclusion, the present study demonstrates a differential
spatiotemporall expression pattern for DCX and DCL during early
corticogenesis,, consistent with different functional roles. Given its current
distributionn and involvement in neuronal precursor mitosis as well as radial
fiberr stability, DCL appears to have a selective and important role in the
earlyy neuroepithelium while it cooperates with DCX and shares functional
redundantt roles in later stages of corticogenesis.
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Disturbancee of the tau-3R to 4R switch affects early neurogenesis and
maturationn of the dentate gyrus resulting in an enlarged hippocampus that is
paralleledd by improved memory function.
Kristinaa Sennvik*, Karin Boekhoorn*, Reena Lasrado*, Dick Terwel, Steven
Verhaeghe,, Hubert Korr, Christoph Schmitz, Takami Tomiyama, Hiroshi Mori,
Harmm Krugers, Marian Joels, Hana Dawson, Ger J.A. Ramakers, Paul J.
Lucassenn and Fred Van Leuven
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Abstract t
Inn the h i p p o c a m p a l d e n t a t e gyrus (DG), most neurons are f o r m e d in
thee first t w o postnatal weeks, w h e r e a f t e r neurogenesis steaply declines.
Preciselyy around this period, also a switch in expression from the cytoskeleta!
proteinn tau-3R to the -4R isoform occurs. Given the role of t a u in structural
plasticity,, this switch c o u l d b e i m p l i c a t e d in h i p p o c a m p a l m a t u r a t i o n . To
d e f i n ee the differential roles of the tau-3R a n d -4R isoforms in n e u r o n a l
m a t u r a t i o n ,, w e first s t u d i e d p r o l i f e r a t i o n , d i f f e r e n t i a t i o n a n d neuritic
o u t g r o w t hh in primary h i p p o c a m p a l cultures in a tau knockout b a c k g r o u n d .
A b s e n c ee of t a u increased cell-birth, whereas o u t g r o w t h of neurites a n d
neuronall differentiation were d e c r e a s e d . Introduction of the tau-4R isoform
r e v e r t e dd these effects, whereas i n t r o d u c t i o n of tau-3R only modestl y
increasedd neurite o u t g r o w t h . To examine the relevance of these findings in
vivo,vivo, w e subsequently studied humanized tau knock-out/knock-in m i c e , in
w h i c hh only h u m a n tau-4R/2N is expressed on a mouse t a u null b a c k g r o u n d
fromm postnatal d a y 12 onwards, a n d a t low expression levels, preventing
a x o n o p a t h y .. These KOKI mice showed a transient increase in h i p p o c a m p a l
proliferationn in both CA a n d DG subregions from the second until the fourth
w e e kk of a g e , a less c o m p l e x DG neuronal morphology at 2 months of a g e
a n dd increased doublecortin expression, indicative of e n h a n c e d numbers of
y o u n gg neurons. The net o u t c o m e , as c o n f i r m e d also at later ages, was a
lastingg a n d significant increase in b o t h h i p p o c a m p a l neuron n u m b e r a n d
v o l u m ee in tau-KOKI m i c e . This structural alteration was paralleled by an
i m p r o v e dd cognitive function, but not by changes in long term potentiation.
Wee c o n c l u d e that the 3R to 4R t a u isoform switch is critically involved in
h i p p o c a m p a ll maturation.
Introduction n
Thee m i c r o t u b u l e a s s o c i a t e d p r o t e i n (MAP) t a u is i n v o l v e d in
morphogenesis,, axonal outgrowth a n d vesicle transport (Caceres a n d Kosik,
1990;; Ebneth et al., 1998; Gonzalez-Billault et al., 2002; M a n d e l k o w et al.,
2003),, most likely by regulating microtubule (MT) dynamics. Upon tau binding
e.g.,, MT stability increases. The affinity of protein tau for MT c a n b e altered by
phosphorylationn a n d alternative splicing (Andorfer a n d Davies, 2000; Buee et
al.,, 2000; Goedert a n d Jakes, 2005). The latter gives rise to 6 tau variants with
eitherr 3 or 4 MT binding repeats, with the 4 r e p e a t (tau-4R) variants having a
higherr MT affinity than 3R tau (Goedert et al., 1996; Buee et al., 2000; Lee a n d
5534,2001). .
Thee shortest tau-3R/0N isoform p r e d o m i n a t e s in early stages of
d e v e l o p m e n tt in both humans a n d rodents. While adult human brain contains
a p p r o x i m a t e l yy e q u a l levels of tau-3R a n d tau-4R isoforms, a p r a c t i c a l l y
c o m p l e t ee switch from 3R to tau-4R expression occurs in rodent brain in the
s e c o n dd post-natal week that is m a i n t a i n e d throughout adult life [Goedert et
al.,, 1989; Kosik et al., 1989; Larcher et al., 1992; Takuma et al., 2003). It has
b e e nn speculated that the tau-3R to -4R switch is related to structural plasticity
c h a n g e ss during specific d e v e l o p m e n t a l processes like axonal o u t g r o w t h ,
pathfindingg a n d synaptogenesis. These processes al! require a more d y n a m i c
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cytoskeletonn than in adulthood (Bunker et al., 2004). Indeed, specific MAPs
aree involved in neuronal migration and mitotic spindle formation (Andersen,
2000;; Boekhoorn et al., 2006; Shu et al., 2006), while also differential effects of
tau-3RR and tau-4R on microtubule dynamics have been reported (Levy et al.,
2005).. In this respect, the hippocampal dentate gyrus (DG) is an interesting
areaa as the majority of DG neurons is formed in the first two postnatal weeks.
Afterr this period, a steep decline in neurogenesis occurs, that coincides with
thee decline in 3R and onset of tau-4R expression (Altman and Bayer, 1975;
Schlessingerr et al., 1975; Bayer and 1, 1980). We therefore hypothesized that
thee tau-3R to -4R isoform switch is of particular relevance for the DG and DGspecificc processes like neurogenesis and neuronal maturation.
Intronicc mutations in the tau gene result in a perturbed isoform ratio
andd cause fronto-temporal dementia (FTD)(Hutton et al., 1998; Spillantini et
al.,, 1998; D'Souza et al., 1999; Hasegawa et al., 1999). In general, but not
always,, these mutations cause an up-regulation of tau-4R expression (Hogg
ett al., 2003). Although difficult to separate completely from the additional
effectss of tau hyperphosphorylation, this suggests that altered tau-4R/3R
isoformm ratios are directly implicated in cognition and pathology. To address
this,, several tau transgenic mouse lines have been generated, including lines
withh altered tau-isoform ratios without mutations (Ishihara et al., 1999;
Spittaelss et al., 1999; Gotz et al., 2004; Terwel et al., 2005}). Although these
reportss confirm important roles of the different tau isoforms, most focus on
changess during aging, whereas its role during early postnatal development
hass received little attention.
Too address the morphological and functional relevance of the
differentt tau isoforms and particularly 4R during hippocampal maturation, we
heree first studied tau-3R and tau-4R specific effects on proliferation,
differentiationn and axonal outgrowth in primary hippocampal cultures from a
murinee tau null background. Next, we examined the functional role of
particularlyy the 4R isoform in more detail in vivo, making use of a humanized
tauu knock-out/knock-in (tau-KOKI) mouse strain, in which all endogenous
murinee tau is deleted and only the longest isoform of human tau, tau-4R/2N,
iss expressed from the second post-natal week onwards (Terwel et al., 2005).
Notably,, this time-window largely coincides with the switch from tau-3R to
tau-4Rtau-4R and with the post-natal maturation of the rodent hippocampus
(Goedertt et al., 1989; Stanfield and Cowan, 1979; Takuma et al., 2003). Given
itss relevance for structural plasticity, our main focus was on proliferation and
morphologicall changes. As both theb DG and tau are also important for
cognition,, we subsequently addressed LTP and memory performance as
well. .

Experimentall procedures
Generationn of transgenic tau-KOKI mice
Thee tau knock-out-knock-in strain of human tau-4R (tau-KOKI) was
engineeredd to inactivate the endogenous murine tau gene and to replace it
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withh a single copy of the t h y l - human tau-4R/2N recombinant DNA
construct.. The construct ligated into the mouse thy-1 gene expression
cassettee was identical to the one used in generating the tau-4R transgenic
micee (Spittaeis et al., 1999). The excised insert was ligated in the BamHI site of
thee pBluescript vector, followed by ligation into a unique Smal site of a 1.9 kb
Nott I fragment encoding the hygromycin B phosphotransferase gene driven
byy the phosphoglycerate kinase (PGK) promoter, [Umans et al., 1999). The
totall insert of this construct was excised to remove vector sequences and
ligatedd in the unique Ncol site in exonl of the mouse tau gene, partially subclonedd from the 129 mouse strain (Harada et al., 1994). The targeting vector
wass linearized by Notl restriction, purified and electroporated into embryonic
stemm (ES) cells and cultured in selective media containing hygromycin, by
standardd procedures (Umans et al., 1999; Dewachteret al., 2002).
Singlee colonies were expanded for genotyping by southern blotting
withh different probes against external and internal fragments of the murine
andd human tau gene and the marker gene. ES cell colonies with the desired
homologouss recombination were sub-cultured and genotyped again before
microinjectionn into 4 day old blastocysts isolated from pregnant C57/BI6
femalee mice. Re-implantation into pseudo-pregnant CD1 females by uterine
transferr resulted in coatcolor chimeric mice proving germline transmission of
thee ES cells. Offspring from the chimeras were crossed with FVB/N mice and
theirr offspring genotyped by southern blotting of tail DNA with the same
probess described above. Heterozygous transgenic mice were mated to
establishh the tau-KOKI strain. Breeding was continued by backcrossing into
FVB/NN for 8 generations to obtain homozygous humanized tau-KOKI mice in
thee FVB/N background. Homozygous and heterozygous tau-KOKI mice were
continuouslyy differentiated by the two independent PCR reactions for the
recombinedd and for the wild-type mouse tau gene.
Westernn blotting
Snapp frozen brain tissue was homogenized in 2 ml of 0.1 M MES Buffer
(pHH 6.4), 0.5 mM MgCI2, 1 mM EDTA, 1 mM EGTA, 1 mM DIT, 0.2 mM PMSF, 20
mMM NaF, 0.2 mM Na3V04, 1 uM okadaic acid, 5 ug/ml leupeptin, 5 ug/ml
pepstatin,, 5 |jg/ml soybean trypsin inhibitor, 1% sodium deoxycholate, 1%
Triton-X-1000 and 0.1% SDS. After centrifugation, aliquots of the supernatant
brainn extract were denatured in SDS and reduced with 2-mercaptoethanol
byy heating for 10 min at
.
Forr cell lysates, cells were scraped in a small volume of cold PBS,
pelletedd and lysed in PBS containing 1% Triton X-100, 0.9% NaCI, 0.05 mM
orthovanadatee and the complete protease inhibitor mixture (Roche,
Vilvoorde,, Belgium). The protein content was assayed by bicinchoninic
proteinn assay (Pierce, Polylab, Antwerp, Belgium). From each sample, the
equivalentt of 20 ug protein was diluted in SDS-PAGE sample buffer and
denaturedd and reduced at
C for 5 min.
Proteinss were separated by SDS-PAGE on 8% or 4-20% Tris-glycine gels
(Novex,, Gent, Belgium) after which they were transferred to nitrocellulose
membraness that were subsequently blocked with fat-free milk, probed
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sequentiallyy with primary and secondary antibodies and developed (ECL,
Amersham,, UK).
Celll culture
Embryonicc hippocampal neuronal cultures were prepared from El 7.5
foetusess from tau-KOKI and WT FVB/N mice according to standard
proceduress (Banker and Cowan, 1977; Dawson et al., 2001). Following gross
dissectionn and tissue dissociation by trypsin and trituration, the cells were
seededd on glass coverslips (Menzel-Glaser) coated with poly-L-lysine (Sigma,
Stt Louis, MA, USA) at 1 mg/ml in 0.1 M borate buffer, pH 8.5}, at a density of
100,0000 cells/13 mm 2 coverslip. Cells were cultured on an astroglial feeder
layerr in Neurobasal/B27 medium supplemented with 2 mM L-glutamine and
0.1%% v/v penicillin-streptomycin (Invitrogen, Gent, Belgium). Some cultures
weree pulsed with 10 pM S-phase marker BrdU (Sigma, St Louis, MA, USA) and
leftt for 6 h, to allow immunocytochemical detection of proliferating cells.
DNADNA constructs and transfection
Recombinantt DNA constructs for tau-3R and tau-4R described in
(Vandebroekk et al., 2005) were subcloned into the pcDNA3 vector
(Invitrogen,, Gent, Belgium) and transfected into hippocampal cells by
electroporation.. Immediately after dissociation of the hippocampal tissue,
1066 cells were mixed with 10 pg DNA in 0.5 ml Hanks balanced salt solution
(Invitrogen,, Gent, Belgium) and eiectroporated (0.2 kV, 960 uf). Transfected
cellss were plated on glass coverslips coated first with poly-L-lysine as above,
andd additionally with 10 ug/ml laminin (Invitrogen, Gent, Belgium). The
transfectionn rate was quantified by immunocytochemical staining for protein
tau,, as described below, and ranged between 15-25%.
ImmunocytochemicalImmunocytochemical staining
Cellss were fixed with 4% paraformaldehyde in 0.1M phosphate
bufferedd saline (pH 7.4) (PBS) for 10 min. For BrdU staining, the cells were
treatedd with 2N HCI for 10 min as well. Non-specific binding was blocked with
10%% fetal calf serum in 0.1% Triton-X100 PBS (blocking buffer). Cells were
stainedd with primary antibody at
C overnight. Dilutions as follows: HT-7
(1:2,500),, JRF5 (1:2,500), BrdU (1:100), nestin (1:1,000), NeuN (1:1,000), SMI-312
(1:10,000),, Blll-tubulin (1:1000), doublecortin (1:5,000) and MAP-2 (1:1,000).
Afterr washing with 0.1% Triton-X100 in PBS, the cells were incubated with
biotinylatedd anti-goat, anti-mouse, anti-rabbit or anti-rat IgG (1:500, Vector)
inn blocking buffer, then with avidin-biotinylated peroxidase complex
(Vectastainn ABC Elite, Vector labs, Burlington, CA, USA). The peroxidase
reactionn was developed using 3,3'-diaminobenzidine (DAB), 0.3% H202 in TrisHCI,, pH 7.6. Alternative substrates for DAB, used as indicated in the results
section,, were Vector SG or VectaRed peroxidase substrate. For double
labeling,, the cells were treated with 3% H202 in PBS for 10 min after the first
primaryy antibody staining was developed, then re-stained with the second
primaryy antibody. Programmed cell death of hippocampal cultures was
quantifiedd by TUNEL staining (Promega, Leiden, the Netherlands) according
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thee manufacturers protocol. DNase digestion treatment was used as positive
control.. After completed staining, cells were counterstained with
hematoxylin,, dehydrated in graded ethanol and xylene solutions and
mountedd in DePex. All experiments were repeated on three or more
independentt cell preparations and cultures. At least 1500 cells per group
weree scored for each experiment, using a Axioplan 2 (Zeiss) microscope at
40x.. Group comparisons were made with the Kruskal-Wallis method and
subsequentt post-hoc tests were performed using the Mann-Whitney test.
Dataa are presented as average values standard error of the mean (mean
SEM). .
NeuriteNeurite outgrowth quantification
Neuritee outgrowth was assayed by culturing the cells in a filter-based,
compartmentalizedd culture system, according to the manufacturers
instructionn (Chemicon, Heule, Belgium). Hippocampal neurons were seeded
onn laminin coated membrane inserts in 24 well-plates at a density of 100,000
cellss per well and cultured in Neurobasal/B27 medium with glutamine and
pencillin/streptomycinn for 4 or 10 days, as described above. The membrane
insertss were removed and the neurites present at the opposite side of the
membranee were quantified and in some experiments visualized by
immunostaining.. Group comparisons were made with the Kruskal-Wallis
methodd and subsequent post-hoc tests were performed using the MannWhitneyy test. Data presented as average values
standard error of the
meann (mean
.
Antibodies s
Antibodyy HT-7 (Innogenetics, Gent, Belgium) specifically recognizes
humann tau, whereas antibody JN-RF.5 (generous gift from M. Mercken)
reactss only with murine tau. Antibody RD3 (USBiological) specifically detects
tau-3RR (de Silva et al., 2003). Antibody R2 and RD4 (UsBiological) are specific
forr the second repeat domain and thereby for tau-4R isoforms (de Silva et al.,
2003;; Takuma et al., 2003). Antibody tau-5 (BD, Aalst, Belgium) detects all tau
species.. The BrdU antibody (Abeam, Cambridge, UK or Roche Diagnostics,
Thee Netherlands) was used to detect newly generated cells of 1 month old.
Antibodiess against Nestin (Abeam, Cambridge, UK) and NeuN (Chemicon,
Heule,, Belgium) detect non-proliferating precursor cells and differentiated
neurons,, respectively. The antibody to doublecortin (C-18, Santa Cruz, CA,
USA)) detects young, migratory neurons. SMI-312 is a mixture of monoclonal
antibodiess (Sternberger, Lutherville, MD, USA) that stains medium and high
molecularr weight neurofilaments specifically in axons. Antibodies against Bllltubulinn {Promega, Leiden, Belgium), and MAP-2 (Sigma, St Louis, Ml, USA)
weree used as indicated in the results section.
Immunohistochemistry y
Unlesss otherwise noted, mice were anaesthetized (Nembutal) and
transcardiallyy perfused with ice-cold saline. Brains were immersion-fixed in A%
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paraformaldehydee for 24 h and used for vibratome sectioning (30 |jm) or
embeddedd in paraffin and sectioned serially (10 pm).
Forr BrdU immunohistochemistry, P30 mice were injected
intraperitoneal^^ with 5 mg/mi BrdU dissolved in 0.007 M NaOH/0.9% NaCI) at
aa dose of 50 mg/kg, for seven consecutive days. The mice were sacrificed
fourr weeks post-injection and BrdU-labeled nuclei were visualized as
describedd earlier (Heine et al., 2004). After blocking endogenous peroxidase
withh 1% H2O2 in 0.05 M Tris buffered saline pH 7.6 (TBS) for 20 min and
denaturingg DNA in 50% hot formic acid and 2N HCI, free-floating sections
weree stained with the primary antibody mouse a-BrdU (1: 3000, Roche,
Switzerland}} diluted in phosphate buffer containing 0.1% bovine serum
albuminn (BSA), 0.3% Triton X-100 and 1% goat serum for 1 h at room
temperaturee and then overnight at
. Sections were then incubated with
biotinylatedd sheep a-mouse IgG (1: 200) for 2 h, followed by 2 h with avidinbiotinn complex (ABC) (1:1000) (Vector Laboratories, Amsterdam, The
Netherlands).. Chromogen was developed with diaminobenzidine (0.50
mg/mll in 50 mM Tris.HCI, 0.01% H202) for 30 min. The sections were washed,
mounted,, counterstained with hematoxylin, dehydrated in graded alcohols
andd xylene and covered with Entallan (Merck, Brussels, Belgium).
Forr doublecortin staining, sections were incubated for 1 h at room
temperaturee and overnight at 4 C with the primary antibody 1:1500 in 0.25
%% gelatin, 0.5% triton-X-100, 0.1 M TBS (defined hereafter as Supermix). The
biotinylatedd anti-goat Ig secondary antibody (1:200 in Supermix) was applied
forr 2 h at room temperature. Reaction with avidin-biotin complex, as above,
wass enhanced by incubation with biotinylated tyramide, 1:500, and 0.01%
H2O22 for 30 min, followed by another round of amplification with avidin-biotin
andd DAB chromogen development
Tau-3RR detection was done with the same protocol, using 0.05 M TBS,
1:1000 dilution of the primary antibody (RD3, USBiological) and a 15 min
microwavee pretreatment at pH6 (0.01 M citrate buffered). Tau-4R detection
wass done using 0.05 M TBS 1:10 dilution of the primary antibody (RD4,
USBiological)) and a 15 min microwave pretreatment at pH9 (0.01 M Tris HCI).
DABB staining was intensified using 0.04% nickieammoniumsulphate
Terminall deoxynucleotide transferase (TdT)-mediated biotinylated
UTPP nick-end labelling (TUNEL), which identifies cells undergoing
programmedd cell death, was performed on 10 pm thick paraffin sections.
Sectionss were first re-hydrated and nick-end labeled with TdT and biotin-16dUTPP as previously described (Lucassen et al., 2004). Sections were washed,
mounted,, counterstained with hematoxylin, dehydrated in graded alcohols
andd xylene and covered with Entallan. At least 4 individual mice were used
forr each age group and at least 3-4 separate sections from each for
qualitativee and quantitative analysis. All statistical analyses were carried out
usingg a 2-way ANOVA.
Stereoiogicall analysis
Quantificationn of the number of neurons was performed by first
estimatingg the volume of the region by means of the point-counting method
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andd Cavalieri's principle. Neurons were counted by registering cells within 3dimensionall optical dissectors systematically and randomly spaced
throughoutt the region. (West, 1993). Post-processing section thickness was
measuredd at each dissector location. Only cells with typical neuronal
morphology,, including a clearly delineated nucleolus, were counted within
thee optical dissector frame using a lOOx oil-immersed objective.
AA series of the developing hippocampus was collected at ages p7,
pi5,, p28, p60 and pi80. For every age, at least 15 systematically sampled
sectionss per animal were analyzed. For each genotype, 3 mice per age
weree analyzed. For the DG, the molecular, granular and hilar regions were
combined,, for the CA, the pyramidal cell layer was analyzed. To address
whetherr the early alterations were lasting, cytoarchitectual changes were
alsoo assessed at the age of 6 months in an independent and differently
processedd cohort (n=7). Total numbers of cells in specified brain regions were
quantifiedd in 30 pm sagittal cryostat sections stained with cresyl-violet. A
seriess of systematically sampled sections throughout the hippocampus was
preparedd of which every 10th section was analyzed, totalling 10-15
independentt sections per mouse brain.
Too address the contribution and possible parallels with a tau knockout
condition,, Ki-67 and DCX immunostaining and cytoarchitectual analysis was
alsoo performed on "regular" tau deficient mice of the same age. These mice
weree generated as described before in detail (Dawson et al., 2001) and
immunohistochemicall procedures were identical to those for the WT and
KOKII mice, as described above.
Golaii impregnation staining
Inn order to study structural properties of individual neurons, Golgi
impregnationn was performed. To that end, mice were decapitated, their
brainss removed and placed in Golgi-Cox solution (1.04 % potassium
dichromate,, 1.04 % mercury chloride, 0.83 % potassium chromate in double
distilledd H20). After rinsing in H2O for 5 min and dehydration in 70 % EtOH
(overnight),, 96 % EtOH (overnight), 100 % EtOH (8 h), 1:2 EtOH/ether
overnight,, brains were saturated by consecutive overnight incubations in 3 %,
66 % and 12 % celloidine. The celloidine was cleared with chloroform before
2000 um coronal sections were cut. Staining was developed by a 5 min wash
inn H2O, 30 min in 16 % ammonia, a 2 min wash in H20, 7 min incubation in 1%
sodiumm thiosulphate, a 10 min rinse in H2O, followed by dehydration for 5 min
inn 70 % EtOH, 5 min in 96% EtOH, 5 min in butanol, and 5 min in Histoclear
(Biozym,, Landgraaf, The Netherlands). Sections were mounted in Histomount
(Nationall diagnostics, Atlanta, Georgia).
Inn the thick impregnated sections, dentate granule cells were
selectedd from the middle third of the inner pyramidal blade at approximately
Bregmaa "2.54 mm. Pyramidal cells were selected from the same level of the
CA11 area opposite to the middle third of the supra pyramidal blade of the
DG.. If neurons were completely stained and horizontally orientated within the
section,, 99 Z-stacks of 1 u.m were recorded with the program Image-Pro Plus,
versionn 5.1.1.38 (Media Cybernetics, Inc. ©), using an Axioplon 2 (Zeiss)
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c a m e r aa ( M e d i a C y b e r n e t i c s , Inc.), a t a 40x m a g n i f i c a t i o n [PlanA p o c h r o m a t ) .. The drawing tool NeuroDraw (Image-Pro Plus, d e v e l o p e d by K.
d ee Vos, J. v a n Heerikhuize a n d C.W. Pool, Netherlands Institute for Brain
Research,, Amsterdam) was used to d e t e r m i n e total dendritic length per
neuron,, number of dendrites per cell, cell a r e a , length per dendrite, number
off d e n d r i t i c ramifications, n u m b e r of terminal segments, m e a n terminal
segmentt length a n d the m e a n inter segment length (Ramakers et al., 1998).
Statisticall analysis was carried out using the Mann-Whitney test.
Electrophvsioloav v
Afterr d e c a p i t a t i o n , brains were quickly r e m o v e d a n d kept at
C in
artificiall cerebrospinal fluid (ACSF) containing: 120 m M NaCI, 3.5 m M KCI, 5.0
m MM M g S 0 4 , 1.25 m M NaH2P04, 0.2 m M CaCI2, 10 m M D-glucose a n d 25 m M
N a H C 0 3 ,, gassed with 95% 0 2 a n d 5% C 0 2 . The right hemisphere was
immersionn fixed for histology, the left hemisphere was used for field potential
r e c o r d i n g s .. For Schaffer c o l l a t e r a l r e c o r d i n g s , 400 pm transversal
h i p p o c a m p a ll sections were p r e p a r e d with a tissue c h o p p e r ; for perforant
p a t hh recordings, 400 um horizontal forebrain sections were o b t a i n e d using a
vibroslicerr (Leica VT 1000S). After 1 h of i n c u b a t i o n at RT in o x y g e n a t e d
r e c o r d i n gg ACSF (120 m M NaCI, 3.5 m M KCI, 1.3 m M M g S 0 4 , 1.25 m M
N0H2PO4,, 1.25 m M CaCI2, 10 m M D-glucose a n d 25 m M N a H C 0 3 ) , slices
w e r ee transferred to a recording c h a m b e r a n d perfused with o x y g e n a t e d
ACSFF at 31.5
.
Bipolar,, stimulating e l e c t r o d e s isolated w i t h stainless steel w e r e
p l a c e dd in the Schaffer collaterals or in the perforant p a t h to record field
excitatoryy postsynaptic potentials (fEPSPs) using a glass microelectrode (2-5
MOO filled with ACSF) p l a c e d in the stratum radiatum of the CA1 or the middle
thirdd of the molecular layer of the DG, respectively. To evoke robust LTP in the
DG,, y-aminobutyric a c i d m e d i a t e d activity was b l o c k e d by a d d i n g 10 | J M
bicucullinee methiodidine (Sigma, St Louis, Ml, USA ) to the ACSF.
Beforee baseline recording c o m m e n c e d , the maximal fEPSP amplitude
a n dd slope w e r e d e t e r m i n e d by gradually increasing the stimulus intensity
(interstimuluss interval was 60s) until t h e response was s a t u r a t e d . The
relationshipp b e t w e e n the stimulus intensity a n d the e v o k e d response was fit
t oo a Bolzmann e q u a t i o n : R(i)=Rmax/(l+exp(i-ih)/(S)), in w h i c h R(i) is the
responsee a t stimulus intensity (i), Rmax is the m a x i m a l response, ih is the
intensityy a t w h i c h the half-maximal response is observed a n d slope factor S is
thee index that describes the slope of the stimulus-response curve, ih was used
too r e c o r d baseline responses for a t least 20 min. Recordings in w h i c h the
baselinee was not stable or the maximal fEPSP a m p l i t u d e was less than 1.5 mV
weree rejected.
Afterr baseline recordings, paired-pulses with interstimulus intervals of
50,, 100, 200 a n d 500 ms were tested in the DG to m a k e sure the m e d i a l
p e r f o r a n tt p a t h was stimulated. Recordings t h a t s h o w e d p a i r e d pulse
facilitationn w e r e discarded. If all criteria w e r e met, LTP was e v o k e d in b o t h
thee CA1 a n d the DG using a theta burst p r o t o c o l consisting of t w o trains of
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fourr pulses at 100 Hz intermitted by 200 rns. This procedure was repeated five
timess with an interval of 30 s. After theta burst stimulation, LTP was recorded
forr 60 min. All statisticall analyses were carried out using a 2-way ANOVA.
Behaviorall testing
Micee were housed in groups of 3-7 animals in the behavioral testing
roomm at least 30 min before the experiments commenced. Two cohorts of 5
andd 9 weekss of age old WT FVB/N and tau-KOKI mice were subjected to the
followingg behavioral tests.
First,, general motor ability was assessed by rotarod testing with a
revolving,, horizontal rod of diameter 3.2 cm (Med Associates, Georgia,
Vermont).. After one (5 week old mice) or two (9 week old mice) training
sessionss of 5 min at 16 revolutions per minute (rpm), the mice were placed on
thee rod and the speed was increased from 4 to 40 rpm over 3 min. The time
thatt the mice stayed on the rod was recorded electronically.
Exploratoryy and motor activities were determined in an open field
setting.. Each mouse was placed for 5 min on an elevated, white opaque
plasticc surface of 52x52 cm without bordering-walls. The travel-path was
recordedd on a computer and analyzed using d e d i c a t e d software
(Ethovision-Noldus,, Wageningen, The Netherlands). The center of the open
fieldd was defined as an inner square of 40x40 cm, and the time spent in the
centerr and in the periphery was calculated.
Hippocampuss dependent learning and memory were analyzed using
thee object recognition test (ORT) as previously described (Dewachter et al.,
2002;; Boekhoorn et al., 2006). Individual mice were habituated on day 1 for
twoo sessions of 5 min in a plastic box (52x52x40 cm), with a white opaque
floorr and black walls softly illuminated from below. On day 2, in the
acquisitionn phase mice were familiarized for 10 min with two identical objects
placedd in two adjacent quadrants of the box. The time that the animal spent
exploringg an object with its snout directed towards the object within nostril
reach,, was recorded manually. Travel paths were recorded and analyzed
usingg dedicated software. In the actual memory-retention trial of 10 min
duration,, performed after a delay of either 1 or 3.5 h, the mice were
confrontedd with one familiar and one novel object. The novel object and its
positionn on either side of the familiar object was randomized to avoid
preferencess not based on novelty. The level of discrimination (d2) was
calculatedd by the equation d2= (b-a)/(b+a), in which a and b are the
explorationn times spent on the old and novel objects, respectively. All
statisticall analyses were carried out using a 2-way ANOVA.
Results s

Generationn of tau transgenic mice deficient in murine tau and expressing
humann tau-4R/2N.
Thee tau knock-out/knock-in (tau-KOKI) mouse strain was designed to
inactivatee the endogenous murine tau gene and replace it by a single copy
off the thyl-tau-4R recombinant DNA construct (Spittaels et al., 1999; Terwel
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ett al., 2005). This construct was incorporated into a genomic fragment of 4
kB,, previously used to knock-out the mouse tau gene activity completely
(Haradaa et al., 1994). This construct was targeted to exonl of the mouse tau
gene,, inactivating it (knock-out) and inserting a single copy of the thyl-tau4RR construct (knock-in). This single copy number generated low expression
levelss of the human tau-4R transgene (Fig.lA) preventing the axonopathy
inflictedd by tau-4R overexpression (Spittaels et al., 1999; Terwel et al., 2005).
Recombinationn in ES cells yielded 336 independent hygromycin
resistantt ES cell colonies, of which six were correctly recombined as
genotypedd by Southern blotting. One ES cell-line yielded appreciable coatcolourr chimeras, from which one male offspring was mated to FVB/N females
too produce F1 offspring with the correctly recombinant tau gene.
Heterozygouss breeding was performed for eight generations with
FVB/NN mice to finally breed homozygous tau-KOKI mice in this background
thatt were maintained as an independent strain by inbreeding. Mice were
initiallyy genotyped by Southern blotting (Fig. IB) and later routinely identified
byy two independent PCR reactions, detecting the thy1-tau-4R construct
(positivee criterion) and the normal exonl of the murine tau gene (negative
criterion)) (Fig. 1C). Complete deficiency of murine tau was demonstrated at
thee protein level by western blotting of brain tissue from tau-KOKI mice with
antibodiess against human and murine tau (Fig. ID). Only human tau-4R
(htau-4R)) was expressed (Fig. ID).
Thee post-natal expression of three different mouse tau-4R isoforms, i.e.
tau-4R/0N,, 4R/1N and 4R/2N, in brains ot WT FVB/N mice is thus replaced
solelyy by the human tau-4R/2N isoform in tau-KOKI mice. It must be noted
thatt the level of expression of the human tau-4R transgene is never higher
thann that of the corresponding mouse isoform and in this respect the tauKOKII mice do not "overexpress" human tau (Terwel et al., 2005) but rather
reflectt a knockdown situation.
Untill six months of age, homozygous tau-KOKI mice were
phenotypicaliyy indistinguishable from WT FVB/N mice with respect to body
weight,, behaviour in the home-cage, rearing and grooming, fertility,
frequencyy and size of litters. Only late in life do tau-KOKI mice become
hamperedd in their sensory motor functions, most likely related to 4R
expressionn (Terwel et al., 2005).
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Schematicc representation of recombinant DNA construct (upper) used to target exon I (black
box)) of the mouse tau gene (middle). Triangles represent loxP sites that are not relevant for the
currentt study. BSSK+ denotes the pBluescript cloning vector. PGK-hyg represents the phosphoglyceratee kinase-hygromycin marker gene used for positive selection of the ES cells. The thyl-fau-4R
constructt was introduced into the uniaue Ncol restriction site in exon l of the tau genomic
fragment.. Correct homologous recombination of exon l of the tau gene (lower panel) as
demonstratedd by southern blotting of genomic DNA from ES cells or mouse tails, restricted with
BamHII (B) and Kpnl (K), respectively.
Southernn blot with the 3 probes of mouse tail DNA isolated from non-transgenic (WT), tau-KOKI
heterozygouss (KOKI/het) and tau-KOKI homozygous (KOKI/hom) mice restricted with Kpnl. The size
off the restriction fragments is indicated on the left, whereby the upper band (l l .2 kb) was
diagnosticc for the recombined tau gene.
PCRR for the thyl-tau-4R transgene and for exonl of the mouse tau gene in non-transgenic (WT),
tau-KOKII heterozygous (KOKI/het) and tau-KOKI homozygous (KOKI/hom) mice. Size of amplicons is
indicatedd on the left.
Westernn blots of brain extracts from mice (aged 6 weeks) with antibody tau5 recognizing both
murinee and human tau; antibody JRF-5 specific for murine tau; antibody HT-7 specific for human
tau.. Eaual amounts of brain protein extract were loaded from non-transgenic (WT), tau-KOKI
heterozygouss (KOKI/het) and tau-KOKI homozygous (KOKI/hom) mice. Apparent molecular weight
ass indicated (kDa).
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Effectss of hTau-4R expression on primary hippocampgl cultures derived from
tau-KOKII mice
Givenn the complexity of the described model we first set out to study
thee effects of Tau knock-out and subsequent Tau-4R or -3R introduction in
vitro,vitro, where they can be separated. To this aim primary hippocampal
culturess derived from El 7.5 tau-KOKI embryos were used.
Htau-4RR could not be detected at 4 DIV in tau-KOKI cultures (Fig. 2A-B, color).
Betweenn 4 DIV and 10 DIV, htau-4R expression increased and reached stable
levelss at 10 DIV. Expression of endogenous murine tau was absent at all times
inn these cultures, whereas western blotting revealed the expected full range
off different murine tau isoforms in lysates of WT cultures, with an excess of
murinee htau-4R at 4 DIV and exclusively htau-4R at 10 DIV (Fig. 2A). These
biochemicall data were complemented and confirmed by parallel
immunocytochemicall staining (Fig. 2B).
Proliferationn is suppressed and neuronal proloferation promoted in the
absencee of tau-4R
Hippocampall cultures were labeled and stained for the S-phase
markerr BrdU and for the neuronal marker NeuN. At 4 DIV, the BrdU labeling
indexx (LI) was significantly increased (p = 0.00005) in tau-KOKI compared to
WTT cultures, as was the ratio of the precursor marker Nestin (p = 0.005}. In
contrast,, the ratio of NeuN positive (NeuN+) cells was decreased (p =
0.0018)(Fig.. 2C-E). These data indicated that in the absence of protein tau,
thee population of proliferating precursors (BrdU+ cells and Nestin+ cells)
significantlyy expands while differentiation into a mature neuronal phenotype
(NeuN++ cells) is significantly reduced. At 10 DIV, htau-4R expression was
abundantt and indeed the BrdU-LI in tau-KOKI cultures decreased to levels
similarr to those in WT cultures, while Nestin expression was decreased
comparedd to WT cultures of the same age (p = 0.0018). Moreover, the
percentagee of NeuN+ cells was increased (p = 0.0209). Thus, tau-4R
expressionn reduces proliferation and cell birth and promotes neuronal
differentiation. .
TUNELL staining revealed the ratio of cells undergoing programmed
cetll death in 4 DIV cultures to be less than 10%, with no differences observed
betweenn cultures from tau-KOKI and WT mice (data not shown). At 10 DIV,
thee number of TUNEL positive cells was higher than at 4 DIV, but still not
significantlyy different between the two genotypes, indicating that
programmedd cell death was contributing neither importantly nor
differentiallyy to the observed differences between tau-KOKI and WT primary
hippocampall cultures.
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FigureFigure 2. Tau expression affects proliferation, differentiation and axonal outgrowth In primary hippocampal
culturess from tau-KOKI mice
A..

B..
C..
D..
E..
F..
G..
H..

Western blotting for total tau (antibody tau5) and human tau (antibody HT-7) in cell lysates from nontransgenicc (WT) and tau-KOKI primary hippocampal cultures analyzed at 4 DIV and 10 DIV. Asterisks
denotee unspecific bands reacting with the secondary antisera. Apparent molecular weight as indicated
(kDa).. Tau is expressed at 10 DIV but not at 4 DIV in tau-KOKI cultures, in WT cultures the predominant tau
isoformm is of the 4R variant.
Immunocytochemical staining for total tau (antibody tau5] and human tau (antibody HT7) shows again
thatt tau is expressed at 10 DIV butt not at 4 DIV in tau-KOKI primary cultures.
The BrdU labeling index (LI) in hippocampal cell cultures at 4 DIV is increased in tau-KOKI mice but
normall at 10 DIV compared to non-transgenic [WT] mice at 4 and 10 DIV.
The percentage of NeuN positive celts is decreased in hippocampal cell cultures from tau-KO<l mice at
44 DIV but increased at 10 DIV compared to non-transgenic mice [WT).
The percentage of nestin positive cells in hippocampal cell cultures from tau-KOKI is increased at 4 DIV
nutt decreased at 10 DIV compared to non-transgenic (WT) mice.
Representative BrdU, NeuN and nestin staining of primary hippocampal cultures from tau-KOKI mice at 4
DIV. .
Relative neurite protein levels are decreased in hippocampal cell cultures from tau-KOKI at DIV 4 but
normall at DIV 10 compared to non-tronsgenic [WT] mice.
Representative axon-specific staining with antibody SMI-312 showing delayed axonal outgrowth in
primaryy hippocampal cultures from tau-KOKI mice at 4 DIV, which is completely restored at 10 DIV
comparedd to non-transgenic (WT) mice.

Inn total, more than 1500 cells per group were scored from at least 3 different cell culture preparations. Data
presentedd as normalized average OD values SEM. Statistical analysis by Mann-Whitney test, * = p = 0.05 and
*** = p = 0.01 relative to control.

Tau-4RR promotes axonal and neuritic outgrowth
Thee nature of the delayed neuronal maturation and differentiation in
tau-KOKII cultures was further explored by analyzing neurite and axonal
outgrowthh in vitro. Quantification of total neurite outgrowth of primary
hippocampall cultures showed that Tau-KOKI primary cultures had
significantlyy lower neurite outgrowth at 4 DIV compared to WT cultures (p =
0.0495).. At 10 DIV, when Tau-4R is robustly expressed in tau-KOKI cultures, this
phenotypee was almost fully rescued and similar to WT cells (Fig. 2G).
Wee subsequently immunostained primary cultures with the axonspecificc marker SMI-312 (Fig. 2H). The results showed a marked decrease in
axonall development at 4 DIV, due to the absence of tau and consistent with
thee delay in differentiation. Again, this delay of the tau-KOKI cultures was
restoredd at 10 DIV when htau-4R was fully expressed. No marked differences
weree observed between tau-KOKI and WT primary cultures when stained for
thee dendritic marker MAP-2, for the early neuronal marker doublecortin or for
Glll-tubulinn (data not shown).
Thee effects of tau-4R are isoform specific
Next,, we investigated whether the changes in proliferation and
neuronall differentiation in tau-KOKI primary ceils could be restored by
introductionn of protein tau expression (i) at an earlier time point in neuronal
developmentt and/or (ii) in an isoform-specific mode. We transfected tauKOKII primary cultures with vectors to express either the human tau-3R/2N or
tau-4R/2NN isoform. Transfection by electroporation was performed prior to
plating.. At 4 DIV, the cultures contained comparable levels of either the
htau-3RR or htau-4R isoform (Fig. 3A-B).
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F/guree 3. Primary h i p p o c a m p a l cultures from tau-KOKI mice transfected with human tau-3R and tau-4R at
4DIV. .
A ..

Western b l o t t i n g for t o t a l t a u ( a n t i b o d y tau5) in cell lysates f r o m tau-KOKI p r i m a r y h i p p o c a m p a l
cultures.. U n t r a n s f e c t e d (U), v e c t o r - o n l y (V), htau-3R t r a n s f e c t e d (tau-3R) a n d htau-4R (tau-4R)
t r a n s f e c t e dd neurons. A p p a r e n t m o l e c u l a r w e i g h t as i n d i c a t e d (kDa).
B..
I m m u n o c y t o c h e m i c a l staining for t o t a l t a u in v e c t o r - o n l y t r a n s f e c t e d , htau-3R t r a n s f e c t e d a n d
htau-4RR t r a n s f e c t e d El 7.5 h i p p o c a m p a l tau-KOKI cell cultures, s h o w i n g t a u constructs a r e b e i n g
expressed. .
C..
BrdU l a b e l i n g i n d e x (LI) shows p r o l i f e r a t i o n is o n l y r e d u c e d in h t a u - 4 R t r a n s f e c t e d El 7.5
h i p p o c a m p a ll tau-KOKI cell cultures, not in htau-3R t r a n s f e c t e d cultures c o m p a r e d t o cultures
expressingg the e m p t y v e c t o r .
D..
The p e r c e n t a g e of N e u N positive cells is only i n c r e a s e d in htau-4R t r a n s f e c t e d El 7.5 h i p p o c a m p a l
tau-KOKII cell cultures, not in htau-3R t r a n s f e c t e d cultures c o m p a r e d to cultures expressing t h e
e m p t yy v e c t o r .
E..
Relative neurite p r o t e i n levels shows t h a t b o t h htau-3R a n d htau-4R t r a n s f e c t i o n i n c r e a s e neuritic
o u t g r o w t hh in E l 7 . 5 h i p p o c a m p a l tau-KOKI c e l l cultures c o m p a r e d t o cultures expressing t h e
e m p t yy v e c t o r , a l t h o u g h t h e e f f e c t of htau-4R is m o r e robust.
Inn t o t a l , m o r e t h a n 1,500 cells per g r o u p w e r e s c o r e d f r o m at least 3 different c e l l p r e p a r a t i o n s . D a t a are
n o r m a l i z e dd a v e r a g e O D values SEM. Statistical analysis by Kruskal-Wallis test a n d b y M a n n - W h i t n e y test
ass p o s t - h o c test, * = p = 0.05 a n d ** = p = 0.01 in c o m p a r i s o n to v e c t o r c o n t r o l values, # = p = 0.05 a n d
# ## = p = 0.01 in c o m p a r i s o n to htau-3R t r a n s f e c t e d cell values.
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Tau-KOKII primary cultures transfected with htau-4R, but not those with
htau-3R,, showed a reduced BrdU LI (p < 0.05), similar to that of WT cultures at
44 DIV (Fig. 3C). Similarly, expression of htau-4R but not of htau-3R, strongly
increasedd the fraction of NeuN+ cells in tau-KOKI cultures compared to that
off WT cultures (p < 0.05) (Fig. 3D). In addition, transfection of tau-KOKI primary
culturess with either of the tau isoforms significantly increased neurite
outgrowthh at 4 DIV (p < 0.05) (Fig. 3E), implying that both isoforms have the
capacityy to promote neurite extension and/or stabilization. Expression of the
htau-4RR isoform did, however, generate a 3-fold larger increase in neurite
proteinn levels than the htau-3R isoform, indicating that in this respect again
thee htau-4R isoform dominated over htau-3R.
Inn addition, subsequent staining with the axon-specific antibody
cocktaill SMI-312 revealed that only htau-4R promoted axonal outgrowth
(dataa not shown). These experiments suggest that the function of tau-3R
duringg fetal and early post-natal murine maturation is far less prominent than
thatt of tau-4R and its absence may have well been compensated by other
MAPss (Harada et al., 1994; Dawson et aL, 2001).
Developmentall regulation of tau expression in vivo
Inn order to study the role of different tau isoforms in early
development,, neurogenesis and hippocampal maturation in vivo, we
investigatedd the tau-KOKI mouse model. This allows investigation of relevant
neuronss (e.g. cells in the DG) in their natural environment as well as an
examinationn of complex functions in which the DG circuit participates. First,
tauu expression levels were analyzed in a developmental series. As show in
figuree 4A, tau-4R/2N expression was initiated around PI2 to reach robust
levelss around P21 in both KOKI and WT mice (Fig. 4A). The timeline of tau-4R
expressionn was validated by western blotting with the tau-4R isoform specific
antibodyy R2 (Takuma et al., 2003) (Fig. 4A). This time-window overlaps with
thatt of the isoform-switch from tau-3R to tau-4R in WT mice (Takuma et al.,
2003)) and with post-natal maturation of the murine hippocampus (Stanfield
andd Cowan, 1979).
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FigureFigure 4. Developmental regulation of tau expression.
A.. Timeline of expression of protein tau in brain of non-transgenic and tau-KOKI mice. Total brain lysates from
micee at indicated ages as analyzed by Western bloffing with antibody tau5 for human and mouse tau and
antibodyy R2 specific for the second microtubule binding domain in tau-4R. Asterisks denote unspecific bands
detectedd by the secondary antisera. Apparent molecular weight is indicated (kDa). In non-transgenic mice
beforee birth only 3R isoforms are being expressed. Between p i and p i 5 also tau-lN/4R expression is high,
reducingg after pi5. At this age expression of tau-0N/4R and tau 2N/4R increases. In tau-KOKI mice tau 2N/4R
expressionn starts already at p l 2 (not shown).
B.. Tau-3R immunohistochemistry in the developing hippocampus. Tau-3R immunohistochemistry was present in
thee WT at p7. At p i 5 it was only detectable in the frrppocampal DG. at p28 it was detected in a subpopulation
off cells in the SGZ, from p60 onwards tau 3R expression was virtually absent (data not shown). Tau-3 was not
expressedd in tau-KOKI mice.
FigureFigure 5. Tau-4R expression in WT and KOKI brain
A.. In the WT hippocampus, highest tau 4R expression is found in the hilus and CA3 stratum radiatum; staining is
prominentt in the mossy fibers, consistent with previous observations on tau (Dawson et al., ) and the concept of
tauu enrichment in axons.
B.. Tau-4R expression is additionally enriched in large axonal tracts of e.g. the brainstem (pons), both in WT and in
KOKII brain (picture from WT).
C-F F
Differencess in tau-4R expression between WT (left column) and KOKI (right column) at higher power.
C.. Within the hippocampal DG subfield, tau-4R expression is markedly reduced in the hilus. Also, an inverse tau4RR expression is evident in the DG molecular layer. Tau-4R expression in the WT is high in the inner molecular layer
butt lower in the outer molecular layer, tau-4R expression in the KOKI mice appears low in the inner molecular
layerr and higher in the outer molecular layer.
D.. Within the CA3 subfield, the considerable expression levels of tou-4R in the mossy fiber tract (stratum
radiatum)) in WT are absent in KOKI mice.
E.. Within the CAl subfield tau-4R expression is low in both WT and tau-KOKI mice.
F.. In the basal ganglia, but also in various other areas including the hippocampus and cortex (data not shown)
smalll 4R positive cells are seen with a high perinuclear expression of tau-4R (arrows). These cells were only
presentt in WT mice from p28 onwards but were not observed in tau-KOKI mice. Their morphology resembles that
off glial cells although their shape and localization suggests they might also be interneurons.
Picturee A is taken from a p i 5 brain, picture C from p i 8 0 WT and KOKI brains. The rest of the pictures are taken
fromm p28 brains. Abbreviations: Hippo: hippocampus: BrSt: Brainstem: OML: outer molecular layer: IML: inner
molecularr layer: SL-M; stratum lacunosum-moleculare: SR: stratum radiatum: SP: stratum pyramidale: SO: stratum
oriens:: BasG: basal ganglia
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FigureFigure ó. Developmental dynamics of cell-birth and apoplosts in non-transgenic and tau-KOKI mice
A.. Example of Ki-67 immunohistochemical staining for proliferating cells in the dentate gyrus. Quantitative
analysiss at different developmental stages reveals a significant increase in Ki-67 positive proliferating cells
startingg at p i 5 in the hilus, CA1 and CA3and at p28in the SGZ and CA1.
B.. Analysis of apoptotic cells by tunel staining reveals a significant reduction of apoptosis at pl5 in the CA. In
thee DG the same trend appears. After pi 5 apoptosis is a rare event.
C.. Volume analysis of the DG [GCL+hilus) and CA pyramidal cell layer show that at p7 the total volume of the
DGG but not the CA is reduced in tau-KOKI mice compared to non-transgenic mice (WT). At p!5 volumes of
bothh the tau-KOKI CA and the DG are not different from the non-transgenic mice. At p28 the DG volume is
increasedd in tau-KOKI mice.
HIL:: hilus, GCL: granular cell layer, SGZ: subgranular zone. Data presented as average values
analysiss by 2-way ANOVA. Statistically significant differences (p<0.05) indicated by asterisks.

SEM. Statistical

Inn terms of isoform expression the major difference between tau KOKI
andd WT mice is that tau KOKI mice express no tau before PI2, and only 4R/2N
tauu after that period, whereas WT mice express tau-3R before birth, and
betweenn pO and p l 2 , while after pl2, 4R/0N and 4R/2N are expressed in
approximatelyy equal amounts. Furthermore, WT mice exhibited 3R
immunoreactivityy (IR) in both CA and DG at p7; at p i 5 , tau 3R IR was only
seenn in the DG, while at later ages 3R staining was almost completely absent
(Figg 4B). As expected, 3R staining was absent in htau-KOKI mice at any age
(dataa not shown). In contrast tau 4R IR was apparent at pl5 in both WT and
KOK!! mice and remained visible until later ages (Fig 5). Tau 4R IR was present
fromm p i 5 onwards in both the KOKI and WT cortex, basal ganglia (Fig 5F) and
brainstemm (Fig 5B). However, within the hippocampus (Fig 5A) DG (Fig 5C)
andd CA3 (Fig 5D) hippocampal 4R expression level in the htau-KOKI mice
wass generally lower than in WT, also at later developmental stages. Tau-4R
expressionn in the DG molecular layer was switched from high expression in
thee inner molecular layer in WT mice towards high expression in the outer
molecularr layer in tau-KOKI mice [Fig 5C). In the CA1 tau-4R expression was
extremelyy low in both tau-KOKI and WT mice (Fig 5E). Concluding, unlike the
CA11 where tau expression is low in both WT and tau-KOKI the CA3 and DG of
htau-KOKII mice resembled the early stages seen in the cell cultures
describedd above, as tau-4R expression is clearly reduced compared to WT
whilee tau-3R expression is largely absent. Remarkable was the high tau-4R
somall staining in small cells (possibly interneurons) in WT but never in tau-KOKI
micee (Fig 5F). These cells were abundant in the basal ganglia but also
observedd in the CA3 and DG. Immunoblotting with a panel of phosphospecificc antibodies (AT-180; AT-8; AT-270 and AD-2) revealed that except for
AT-1800 from the second postnatal week, tau phosphorylation is not increased
inn these mice (data not shown).
Increasedd proliferation and reduced apoptosis during early postnatal
developmentt lead to increased volume and cell number in the tau-KOKI
hippocampus s
Too asses the effect of tau-4R knock down on proliferation in vivo we
quantifiedd Ki-67 expression in tau-KOKI hippocampus. The number of KÏ-67+
proliferatingg cells was significantly increased in the KOKI at p i 5 in the hilus
andd the CA area, and at p28 in the SGZ. (Fig. 6A). In addition, apoptosis was
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FigureFigure 7. Cell birth, survival and hippocampal size in tau-KOKI, tau-KO and non-transgenic mice at 2 months
off age
A.. Pictures of the immunohistochemical markers doublecortin (OCX), staining young migrating neurons, and
BrdU.. a marker for survival, used to label 3-4 wks old cells,
B.. The amount of Ki-67 positive cells in the DG is not different from WT in tau-KOK! mice. However, the total
amountt of DCX positive cells is increased in both the SGZ and GCL of tau-KO mice compared to controls.
C.. The amount of Ki-ó7 positive cells in the DG is not different from WT in tau-KO mice, except for the CA
wheree cell-birth is increased in tau-KO mice. However, the total amount of DCX positive cells is increased in
bothh the SGZ and GCL of tau-KO mice compared to controls.
D.. The total amount of BrdU positive cells is increased in the SGZ in tau-KOKI mice. The total amount of BrdU
positivee ceils is increased in both the SGZ and GCL of tau-KOKI mice.
E.. DG volume is increased in tau-KOKI mice, this is not accompanied by any changes in cellular density,
howeverr the total number of cells has increased. Also the CA pyramidal volume is increased.
HIL:: hilus, GCL: granular cell layer, SGZ: subgranularzone. Data presented as average values of total positive
celll number per hemisphere SEM. Statistical analysis by 2-way ANOVA. Statistically significant differences
(p<0.05)) indicated by asterisks.

reducedd in tau-KOKI mice at p15 (Fig. 6B). At p60, ki-67 expression in
KOKIss was not different from WT (Fig 7B), as was the case at 6m of age (data
nott shown).
Too study whether the increased proliferation and reduced apoptosis
wouldd affect hippocampal size or cytoarchitecture in tau-KOKI mice, the DG
andd CA pyramidal layer volume were studied stereologically during early
maturationn (Figure 6C). At p7, DG volume was significantly reduced in TauKOKII mice. A more detailed analysis showed that this was due to a reduction
off size particularly in the hilar region (data not shown), an effect that is likely
attributablee to the lack of tau-3R expression (a situation that In vitro reduces
neuriticc growth). At p l 5 there were no significant differences in both DG and
CAA volume between the two genotypes; apparently, at this age the earlier
reductionn in size had been overcome. At p28, DG volume was even
significantlyy enlarged in htau-KOKI mice. Also at two months of age, volumes
off both the DG as well as the CA pyramidal cell layer were significantly
increasedd in htau-KOKI mice, in the absense of significant changes in cellular
densityy demonstrating the presence of higher cell numbers (Fig. 7E).
BrdUU labeling of adult generated cells after one month survival (Fig
7A,D,, color figure) confirmed that indeed increased numbers of newborn
cellss at p28 did survive in KOKI mice. Additional immunolabeling for DCX, a
markerr for immature neurons, showed that increased numbers of young cells
hadd adopted a neuronal phenotype (Fig 7A, B). To study whether this was
indeedd a lasting effect, a separate and larger cohort of animals was
investigatedd at 6 months of age using a stereological/disector approach
thatt again showed both volume and
number of neurons in the
hippocampuss of tau-KOKI mice to be significantly increased by about 20%.
Thee increased volume in CA1 (p<0.005) was paralleled by increased numbers
off pyramidal cells in CA1 (pO.001) and of granular cells in the DG (p<0.003)
(dataa not shown).
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Thee present data suggest that in htau-KOKI mice between p7 and
p288 a net increase in cell number occurs, with lasting consequences into
adulthood.. To possibly relate these transient effects on neurogenesis to tauknockk down, we also studied proliferation and survival in regular tau KO mice
(Dawsonn et al., 2001). At 2 months of age, DCX labeling was increased in tau
KOO mice in the absence of changes of Ki-67 labeling in the DG. In the CA1 of
thesee mice, however, proliferation was increased [Fig 7C).
Thesee data suggest that tau-4R is involved in promoting differentiation
inn the early postnatal phase. A decreased or delayed onset of tau-4R
expressionn may h e n c e explain a slower rate or onset of
differentiation/maturation.. This is supported by the reduced dendritic length
inn KOKI mice representing a larger proportion of relatively younger cells, as
welll as by the alterations in the cell-birth and neurogenesis rates during
development.. Given their timing, i.e. during a period when neurogenesis is
maximal,, these changes have far reaching and longlasting effects and are
likelyy to contribute to the increased hippocampai volumes and cell numbers
att both 2 and 6 months of age.
Reducedd dendritic outgrowth in tau-KQKI DG, but not CAT
Ass mentioned above, 4R tau expression was reduced in the htau-KOKI
hippocampaii CA3 region and DG but not in the CA1 area (Fig4B). As this
conditionn led in vitro to a reduced neuritic outgrowth, we reasoned that also
inin vivo neuritic architecture could be altered. Analysis of Golgi-Cox silver
impregnatedd cells revealed a significant decrease in dendritic arborization
mainlyy in the DG of tau-KOKI mice [p = 0.001), and a reduction in the overall
dendriticc tree (p = 0.001) (Fig. 8A-C). The number and segment lengths of the
dendritess were similar in tau-KOKI and WT mice, although the number of
filopodiaa was decreased in tau-KOKI mice (p = 0.014) (Fig. 8D-F). None of
thesee parameters were altered in the CA1 region.
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A.. The total dendritic tree is reduced in size in tau-KOKI mice DG (n=45 for both genotypes).
B.. However the total dendrite number per cell (brances directly deriving from the soma) is unaffected DG
(n=455 for both genotypes).
C.. But the average dendritic length (length per branch deriving from te soma) per cell is reduced in tauKOKII mice (tau-KOKI: n=101. WT: n=91).
D.. The average dendritic length of tau-KOKI mice is reduced by a reduction in the number of branchpoints
perr dendrite (tau-KOKI: n= 101. WT: n=91).
E.. Not by a change in the inter- or terminal-segment length(tau-KOKI: n=41. WT: n= 40).
F.. The average number filopodia per 20 um counted at 90-HO urn from the soma, but not the number of
spiness was reduced in tau-KOKI cells (tau-KOKI: n=41, WT: n= 40).
Dataa presented as average values SEM. Statistical analysis of spines and filopodia was by 2-way ANOVA.
Thee rest of the data were analyzed using a Mann-Whitney U test. Statistically significant differences (p<0.05)
indicatedd by asterisks.
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Noo differences in LTP in CAI and DG
Next,, we set out to define the possible functional consequences of
ann enlarged hippocampal formation, the occurrence of more and relatively
youngerr neurons and the reduced size of the individual dendritic tree in the
DG.. In order to closely correlate functional properties with morphological
alterationss we recorded LTP in both the CA1 and DG in the same mice as
weree used for the neurogenesis analysis described above. The three major
determinantss of basal transmission -as fitted with a Boltzmann equation-, i.e
1}} maximal amplitude or slope, 2} half maximal stimulation intensity and 3) a
factorr proportional to the slope of the Boltzmann curve, were not different in
CA11 nor DG between tau-KOKI and WT mice (Table 1), neither were any
differencess found in LTP at any time-point during one hour recordings (Fig.
9A). .
WTT CA1

KOKI CA1

WT DG

KOKI DG

Slope e
Rmaxx (mV/ms)
\\hh (arbitrary units)
Slopee factor

-2.26

0.67

-3.27

0.54

-1.69

0.56

-1.50

0.46

196

8.93

191

3.34

197

3.82

191

0.31

-5.99

8

-4.90

3

-4.13

5

-2.58

0.46

-3.01

0.37

-2.97

0.23

-1.82

0.11

-1.82

0.11

Amplitude e
R™** (mV)
I,, (arbitrary units)

196

Slopee factor

-6.78

7

182
1

-5.23

3
6

193

0

189

3

-4.31

0.69

-4.28

0.50

TableTable I. Basal neurotransmission is unchanged in tau-KOKI mice, irrespective whether it was recorded in
thee CA1 or in the DG.
Valuess are mean SEM. Rmax, Maximal response; Ih, half maximal stimulation intensity. Averages are of the
samee animals as LTP was recorded in.

Increasedd memory performance in tau-KOKI mice
Inn view of the occurrence of motor deficits particularly in older tau
transgenicc mice, we first tested various general behavioral and motor
parameterss before addressing memory function. Assessment of open field
performancee revealed a reduced level of anxiety in tau-KOKI mice as
indicatedd by the increased time spent in the center of the open field (Fig.
9B).. However, locomotor activity of tau-KOKI mice was unaffected in the
openn field (Fig. 9C) and also in the rotarod test tau-KOKI mice performed
identicall to WT mice (Fig. 9D}.
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FigureFigure 9. Functional analysis of tau-KOKI mice and non-transgenic controls at 2 months of age
A.. In the absence of changes in basal parameters (data not shown) LTP is unaffected in both the CA1 and
DGG of tau-KOKI mice compared to non-transgenic (WT) mice. 20 recordings at Ih determined the baseline of
whichh the average was set at 100%, before induction of LTP by theta burst stimulation at t=0. Data presented
ass average values SEM. Statistical analysis by 2-way ANOVA.
B.. Tau-KOKI mice spend more time in the center of the field, indicative of reduced anxiety.
C.. Tau-KOKI locomotor activity is unaffected as indicated by their total traveled distance in the open field.
D.. Tau-KOKI mice had no signs of motor-impairments, indicated by a good performance in the rotarod test,
E.. Both Tau-KOKI and non-transgenic (WT) mice had a good performance using the object recognition test
withh an interval of lh.
F.. Whereas in a object recognition paradigm with a 3.5h interval non-transgenic mice had no recollection of
thee familiar object anymore, object recognition was still very high in Tau-KOKI mice.
G.. Since explorative behavior of Tau-KOKI mice in the training phase of the object recognition test was
unaffectedd changes in the testing phase are more likely the result of changes in memory than to altered
explorativee behavior due to reduced anxiety.
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A.. Contrary to the animals recorded at 2 months of age tau-KOKI mice of 5 wks of age do not behave
differentlyy from WTs in the open field test.
B.. Also their performance in the rotarod was indistinguishable from WT animals.
C.. Yet their object recognition performance with a 3.5h interval between training and testing was
significantlyy improved (p= 0.037).
nn WT vs tau-KOKI was 12 vs I I resp.

Memoryy p e r f o r m a n c e was assessed using the o b j e c t recognition test
(ORT)) as this is a h i p p o c a m p u s - d e p e n d e n t task of memory-retention that
generatess low stress levels, d e p e n d s on visual as well as tactile stimuli, a n d is
suitablee for transgenic m i c e (Dewachter et al., 2002); Boekhoorn et al, 2006).
Alll m i c e were first familiarized with one object, a n d after a delay of either 1
orr 3.5 hr, they were c o n f r o n t e d with the familiar a n d with a novel object. The
levell of discrimination (d2) was defined by the time spent exploring the the
novell object relative to the novel one.
Tau-KOKII m i c e p e r f o r m e d similarly to WT mice at the 1 hr delay ORT
test,, with high d2 values, indicating that all mice r e m e m b e r e d the familiar
o b j e c tt well (Fig. 9E). At the 3.5 h delay test, the tau-KOKI mice still recognized
thee familiar object, with d2 values similar to those at 1 hr. In contrast, the WT
micee failed to distinguish the familiar from the novel o b j e c t a n d spend equal
amountss of time exploring both objects after 3.5 hr delay (p = 0.021) (Fig. 9F).
Thiss index of superior memory retention of the tau-KOKI m i c e in this task was
observedd in two i n d e p e n d e n t experiments, using cohorts of m i c e of 9 (Fig. 9)
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andd 5 weeks of age (Fig 10). Moreover, the total exploration time during
trainingg (el) was unaffected in Tau-KOKI mice, showing that the ORT effects
weree due to alterations in learning and memory rather than to different
explorationn strategies as a possible result of changes in anxiety (Fig. 9G). In
agreementt with the latter, in the 5 wks old cohort, improved ORT
performancee was found in the absence of any change in open field
behavior. .
Discussion n

Mostt neurons of the hippocampal DG are formed in the first two
postnatall weeks, whereafter neurogenesis rapidly declines. Hence we
suspectedd that the parallel isoform switch from tau-3R to -4R around this
periodd was relevant for maturation of this area. This study for the first time
showss that the lack of tau-4R is responsible for increased precursor division,
andd decreased neuritic elongation and neuronal differentiation in vitro. Also
inin vivo, a relative reduction in expression of tau-4R in the hippocampal DG
ledd to a delay in the decline in cell birth and a delay in dendritic outgrowth.
Thee net result of this was a transient but increased early production rate of
DGG cells that resulted in an enlarged hippocampus and better memory
functionn in adulthood. These data suggests that the tau-3R to 4R isoform
switchh is not only of relevance for neuronal maturation, but also for the steap
declinee of neurogenesis occuring in the DG after the second postnatal week.
Thee tau-KOKI mouse model was generated to help define the role of
tauu in a mouse strain that expresses only the human tau-4R isoform
specificallyy in neurons and in a mouse tau-null background. The tau-KOKI
micee were, consistent with the idea of redundancy of tau, normally viable
andd fertile and only developed minor sensorimotor problems at advanced
agee (18-24 months) (Terwel et al., 2005). However, the tau-KOKI model in fact
representss a complete tau-KO before pi2, whereas only tau-2N/4R is being
expressedd after this period at low levels in the hippocampus, and in absence
off any hyperphosphorylation (Terwel et al., 2005). To dissociate the effects of
aa lack of tau-3R from reduced tau-4R expression in the DG, we will first discuss
thee actions of tau on neuronal maturation in vitro, where tau-3R and -4R
effectss can be separated.
Tau-3RR and -4R affect neuronal differentiation differently
Itt is well known that MAPs play critical roles during CNS
developmentall processes like e.g. mitotic spindle stability or migration
(Tombess et al., 1991; Riederer et al., 1993; Oudega et al., 1995; Andersen,
2000;; Charrasse et al., 2000) (Shu et al., 2006). Even though several studies
supportt an important role for protein tau in axonal extension, neuronal
polarityy and neuritic outgrowth (Coceres and Kosik, 1990; Liu et al., 1999;
Dawsonn et al., 2001), we here show for the first time that tau-4R is also
criticallyy involved in the neuronal progenitor fate.
Tau-3RR and -4R were known to have differential effects on
microtubulee stability (Utton et al., 2001; Levy et al., 2005), but their differential
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effectss on neuronal maturation and neurogenesis had not been addressed
before.. The current experiments show that both tau-3R and -4R promote
neuriticc outgrowth whereas only 4R-tau reduces cell-birth and stimulates
neuronall differentiation. The actions of tau-4R are hence twofold in that it
reducess cell-proliferation and increases differentiation, both promoting
neuronall maturation. These data support the assumption that tau-3R is less
potentt in inducing neuronal maturation than tau-4R.
Postnatall tau-3R to -4R switch induces DG maturation
Thee hippocampal DG is one of the few brain areas that largely
maturess postnatally, with massive neurogenesis ending at the first two weeks
afterr birth (Altman and Bayer, 1975; Schlessinger et al., 1975; Bayer and 1,
1980;; Goedert et a L 1989; Andorter and Davies, 2000) leaving only low
frequenciess in adult life. In this study we show that protein tau is an important
factorr involved in this period as relative reductions in tau-4R expression in the
DGG of KOKI mice induces the decline in cell proliferation to occur less rapidly,
interestingly,, at two months of age the rate of cell birth is again identical to
thatt of WT animals despite the lower expression levels of 4R tau in the htouKOKII DG. We suggest that once hippocampal maturation is completed the
rolee of tau becomes less important.
Celll birth declined less rapidly in KOKIs at pi5 in the hilus and at p28 in
thee SGZ compared to the WT situation. During embryonic and early postnatal
development,, neuronal precursors derived from the lateral ventricle wall
migratee towards the DG. While on this migratory tract, they maintain the
possibilityy to divide. Once the precursors have reached the DG some of them
willl differentiate into granule cells whereas others keep their precursor
characteristicss (Altman and Das, 1967). The former population first migrates
fromm the hilus to the SGZ and then undergoes differentiation while migrating
intoo the GCL. Interestingly, the spatiotemporal order of the changes in
proliferationn appear to closely follow this migratory pattern; although at p7
noo differences are present, the first increase in Ki67+ cells is in the hilus at pi5,
wheree precursors enter the DG, followed by an increase in the SGZ at p28,
thee final destination for most precursors, indicating the transient nature of the
structurall change induced by the isoform switch.
Quantificationn of the numbers of BrdU+ cells 4 wks after injection in
animalss of one month of age demonstrated that the enhanced numbers of
newbornn cells at approximately p28 do indeed survive. Additional DCX
immunostainingss indicate many of them maintain an immature neuronal
phenotype.. CA and DG cell numbers at 6 months of age confirm that the
increasee in cell number is lasting. Apparently, the strong precursor expansion
andd extensive neurogenesis during the early postnatal period are very
sensitivee to disturbances in tau protein or isoform expression, with
considerablee consequences for the eventual structural make up of the adult
hippocampus. .
Inn addition to increased neurogenesis, a significant decrease in
apoptosiss occurred in the tau-KOKI hippocampus at pl5, an effect that has
likelyy also contributed to the increased adult hippocampal size. It is so far
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unresolvedd whether the change in apoptosis is a direct consequence of the
tauu changes or rather a secundary effect balancing initial alterations in DG
turnover,, which provides also the major input for the CA. Recent studies have
shownn that apoptosis and cell-birth in the DG are closely related processes
thatt might be regulated by the same proteins {Heine et al., 2004; Wheatley
andd McNeish, 2005; Ricard et al., 2006).
Interestingly,, apoptosis was not only decreased in the DG but also in
thee CA area. Also Ki-67 immunoreactivity was increased in this area at p l 5
indicatingg that the actions of tau-4R on structural plasticity are not limited to
thee DG alone. Despite changes in cell-birth and apoptosis, the number of
DCX-- or BrdU-labeted cells was not altered in the CA of KOKI mice. Possibly,
thee population of cells undergoing apoptosis in KOKI and WT mice represents
aa more mature population of cells. We conclude that hippocampal
subregionn specific factors may determine the eventual maturation of
newbornn cells into neurons.
Thee close parallel between the Ki-67 and DCX data obtained from
"conventional"" tau-KO mice and from the tau-KOKI mice suggests that some
off the effects in the KOKI mice may be attributable to low levels of tau. One
off the parameters in which the KOKI and tau-KO mice differed, was the CA
areaa in which Ki67+ cell numbers were increased at 2 months of age in the
tau-KOO mice but not in tau-KOKI mice (Fig 6E). This is probably due to the fact
thatt tau expression in the adult CA1 in tau-KOKI mice is comparable to WT 4R
levels. .
Golgii analysis showed that dendritic length is significantly reduced in
thee DG of KOKI mice, which could be the result of proportional increases in
thee relative number of young granule cells, as such cells generally have a less
developedd dendritic tree. Another possibility is a direct effect of reduced
tau-4RR expression in the absence of tau-3R expression. In this respect, it is
interestingg that also in 4DIV tau-KOKI cultures, neuritic outgrowth was
reduced.. Since younger neurons are primarily located close to the SGZ, and
theree was no obvious correlation between the dendritic length of the
individuall granular cell and its position within the granular cell layer, i.e. either
closerr to or further from the hilar border (not shown), we conclude that the
latterr explanation of reduced tau 4R expression is the most likely one.
Moreover,, a significantly reduced DG volume was found in KOKI mice
att p7. Detailed analysis of these data revealed this was not due to volume
changess in the GCL nor were there differences in cell-birth, which implies the
following.. Firstly, it shows that tau (albeit only proven for tau-3R) can affect
neuriticc outgrowth in vivo independent of changes in neurogenesis. With
time,, these volume changes could have been compensated for by
increasedd cell-numbers, which would explain why no or opposite volume
differencess are seen at p i 5 and later ages. Secondly, it clearly demonstrates
thatt the effects on proliferation are 4R specific, as also demonstrated in vitro.
Moree vouna DG granule cells improves memory performance
Too study the functional consequences of an increased hippocampal
sizee and a relatively younger age of the DG granule cell population, we
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studiedd memory function by means of an object recognition task. We chose
thiss test as it involves low stress levels, depends on short-range visual as well as
tactilee stimuli and, as performed here, involves hippocampal activation
(Broadbentt et al., 2004; Wright et al., 2004; Boekhoorn et al., 2006). Tau-KOKI
micee performed better in the ORT than did WT mice, indicative of improved
memoryy function. Although we showed the performance of KOKI mice was
nott hampered by motor impairments, their open field performance was
altered,, indicative of some anxiety related changes. Although we cannot
completelyy exclude that this has interfered with ORT performance, it did at
leastt not alter the explorative behavior of the mice towards the objects in the
trainingg phase (Fig 8G).
Cognitivee performance in tau-KO mice has, to our knowledge, so far
onlyy been studied by one group before (Takei et al., 2000) reporting only
minorr impairments in fear conditioning. Given the fact that both tau-KOKI
andd tau KO have altered open field behavior, a fear conditioning paradigm
mayy have yielded different results than an ORT paradigm, which involves low
stresss levels. Another reason why the earlier study is difficult to compare with
thee presently found improvement in memory performance, is the age of the
micee that was much higher in the other study.
Inn theory, the mean reduction in size of the individual granule cells or
thee increased granule neuron number could underlie the improved ORT
performancee of the KOKI mice. Since younger granule cells display
enhancedd LTP as compared to older ones (Schmidt-Hieber et al., 2004), a
populationn relatively enriched in young cells could provide a possible
mechanismm by which an improvement in memory function might be
explained.. However, LTP was unaltered in tau-KOKI mice, Athough this does
nott exclude that LTP at the synaptic level in individual younger cells is
enhanced,, such changes were apparently not sufficient to contribute to
changess in overall DG LTP. We therefore propose that the increased granule
celll number, rather than the individual cellular properties, is responsible for
thee improved memory function in tau-KOKI mice.
Inn conclusion, we have shown for the first time that tau-4R, both in vivo and in
vitro,vitro, reduced neuronal precursor division and promotes neuritic elongation
andd neuronal differentiation, whereas 3R only induces minor increases in
neuritee elongation. This led us to conclude that the tau-3R to -4R isoform
switchh is of particular relevance for the early maturation of the hippocampal
DGG granule cells as well as for the coinciding decline in cell birth.
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ImprovedImproved memory in young Tau-P301L mice
Abstract t
Thee microtubule binding protein tau is i m p l i c a t e d in
neurodegenerativee tauopathies including frontotemporal dementia with
Parkinsonismm (FTDP-17) caused by diverse mutations in the tau gene.
Hyperphosphorylationn of tau is considered crucial in the age-related
formationn of neurofibrillary tangles (NFT) correlating well with neurotoxicity
andd cognitive defects. Transgenic mice expressing FTD mutant tau-P301L
recapitulatee the human pathology with progressive neuronal impairment
andd accumulation of NFT. Here, we studied tau-P301L mice for parameters of
learningg and memory at young age, before hyper-phosphorylation and
tauopathyy were apparent. Unexpectedly, in young tau-P301 L mice
increasedd long-term potentiation in the dentate gyrus (LTP) was observed in
parallell with improved cognitive performance in object recognition tests.
Neitherr tau phosphorylation, neurogenesis nor other morphological
parameterss that were analyzed could account for these cognitive changes.
Thee data demonstrate that learning and memory processes in the
hippocampuss of young tau-P301L mice are not impaired and actually
improvedd in the absence of marked phosphorylation of human tau. We
concludee that protein tau plays an important beneficial role in normal
neuronall processes of hippocampal memory, and conversely, that not tau
mutationss per se, but the ensuing hyperphosphorylation must be critical for
cognitivee decline in tauopathies.
Introduction n
Proteinn tau is a microtubule-associated protein (MAP) involved in the
assemblyy and stabilization of microtubuli (MT). The affinity of tau for MT is
activelyy regulated by phosphorylation and by changes in the ratio of its
isoforms,, containing either 3 or 4 MT binding domains (tau-3R, tau-4R) (Buee
ett al., 2000). In an increasing number of neurodegenerative disorders,
includingg Alzheimers disease (AD), intracellular accumulation of
hyperphosphorylatedd tau as neurofibrillary tangles (NFT) parallel memory
disturbancess (Tolnay et al., 1999). In a diverse group of inherited tauopathies,
knownn as frontotemporal dementia with Parkinsonism (FTDP-17), mutations in
thee tau gene located on chromosome 17 are the underlying genetic causes.
ADD and FTDP-17 patients share the diagnostic accumulations of
hyperphosphorylatedd tau as NFT (Goedert and Jakes, 2005).
FTDP-177 mouse models show that increased phosphorylation of tau
resultss in severe tauopathy, often with premature death (for recent review
seee (Lee et al., 2005). Furthermore, FTDP-17 modeling transgenic mice have
memoryy impairment (Tatebayashi et al., 2002; Arendash et al., 2004;
Pennanenn et al., 2004) and severe hyperphosphorylation of tau at later ages
(Chen,, 2005; Sun et al., 2005; Terwel et al., 2005).
Inn most studies, memory was tested when phosphorylation of tau was
evident.. In the present study, we questioned whether mutant tau per se
alterss memory and learning, i.e. in the absence of increased phosphorylation
andd before NFT formation. We analyzed transgenic mice expressing tau88 8
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P301LL in the human tau-2N/4R isoform, in an otherwise normal genetic
backgroundd (Terwel et al-, 2005). Hippocampal learning and memory was
studiedd at young age, when phosphorylation of tau is normal or even
somewhatt lower than in wild-type mice [Terwel et al., 2005). Moreover, the
behaviorall tests were performed prior to the onset of any motor defects, as
testedd by rotarod performance that showed motor impairment in older tau
transgenicc mice (Lee et al., 2005; Terwel et al., 2005). Long term potentiation
(LTP)) in both the CA1 and dentate gyrus (DG) was measured in parallel with
aa hippocampus-dependent memory task that imposes a low level of stress,
i.e.. the object recognition task (ORT). The CA1 is early and severely affected
inn AD, while the DG is severely affected in FTDP-17 patients (van Swieten et
al.,, 1999; Kobayashi et al., 2003; Bronner et al., 2005). Adult neurogenesis was
studiedd as a possible factor contributing to tau related changes in
hippocampall memory function (Gould et al., 1999; van Praag et al., 1999;
Shorss et al., 2002; Jin et al., 2004; Shors, 2004), particularly since disruption or
overr expression of human protein tau affects the cell cycle, neuronal
maturationn and axonal elongation (Takei et al., 2000; Dawson et al., 2001;
Zhaoo et al., 2003; Andorfer et al., 2005). A second factor possibly contributing
too hippocampal memory function, i.e. the morphology CA1 pyramidal and
DGG granular cells, was also studied in detail. The surprising outcome of
improvedd learning and memory in young tau-P301L mice was however not
correlatedd with increased neurogenesis nor with changes in hippocampal
morphology. .
Materialss and methods
Transgenicc mice
Unlesss indicated otherwise, 8 to 10 week old male tau-P301L
transgenicc mice in the FVB/N genetic background (Terwel et al., 2005) were
comparedd to age- and sex-matched FVB/N non-transgenic mice. In the
transgenicc mice, the longest human tau isoform bearing the P301L mutation
(tau-4R/2N-P3011 L) is expressed under control of the mouse thyl gene
promoter,, resulting specifically in neuronal expression only, which begins in
thee second week post-natally. Several independent founder lines were
obtainedd and phenotyped initially, demonstrating similar genotypic and
phenotypicc characteristics. We selected one strain for further experiments,
basedd on a very similar expression of the tau-P301L transgene as the
previouslyy characterized tau-4R strain (Spittaels et al., 1999; Spittaels et al.,
2000)) and both strains were characterized in extensive detail (Spittaels et al.,
1999;; Terwel et al., 2005). Homozygous tau-P301L mice obtained by
inbreedingg are normally fertile and transmit the transgene in a stable manner
too their offspring.
Behaviorall testing
Micee were housed in groups from 3 to 7 animals per cage and
placedd in the behavioral testing room at least 30 min before the experiments
commenced.. Two age groups of mice, 5 and 9 weeks old, were subjected to
thee following tests, performed in chronological order as described below.
89 9

ImprovedImproved memory in young Tau-P301Lmice
First,, motor ability was tested by rotarod, on a revolving, horizontal rod
off 3.2 cm in diameter (Med Associates, Georgia, Vermont). After one (5
weekk old mice) or two (9 week old mice) training sessions of 5 min at 16
rotationss per minute (rpm), the mice were finally tested on the rod,
acceleratingg from 4 to 40 rpm over a 3 min period. The time that mice
remainedd on the rod was recorded automatically.
Exploratoryy and motor capacities were subsequently analyzed in an
openn field setting. Each mouse was placed for 5 min on an elevated, white
opaquee Plexiglas surface of 52x52 cm without bordering-walls, dimly lit from
underneathh with fluorescent tubes. The travel path was recorded by a video
cameraa linked to a computer and analyzed using dedicated software
(Ethovision,, Noldus, Wageningen, The Netherlands). The center of the open
fieldd was defined as an inner square of 40x40 cm, and the time spent in the
centerr was calculated.
Learningg and memory characteristics were analyzed by means of the
objectt recognition test (ORT) (Dewachter et al., 2002). Individual mice were
habituatedd on day 1 for 2 sessions of 5 min in a Plexiglas box (52x52x40 cm),
withh a white opaque floor and black walls softly illuminated from underneath.
Onn day 2, in the acquisition phase, mice were presented for 10 min with 2
identicall objects placed in 2 adjacent quadrants of the box. The time the
animall spent exploring an object, with its snout directed towards the object
withinn 2 cm, was recorded manually. The travel paths were recorded by
computerizedd video imaging and analyzed using dedicated software, as
above.. A 10 min retention trial was given after a delay of either 1 or 3.5 hr.
Duringg the retention trial the mice were confronted with one familiar and one
novell object. We used two sets of identical objects. Combinations of objects,
andd their positions in the box (left, right) were randomized to avoid
preferencess not based on novelty. However, after analysis neither wild-type
(WT)) nor P301L mice showed a preference for the different objects, or for left
orr right side of the box. After each trial objects were cleaned to eliminate
odorr cues. The level of discrimination (d2) was calculated by the formula d2=
(b-a)/(b+a),(b-a)/(b+a), in which a and b are the exploration times spent on the old and
novell objects, respectively. Furthermore, exploration time during acquisition
andd retention, and the absolute discrimination index, d l (=b-a) were
analyzedd (data not shown).
Electrophvsioloav v
SliceSlice preparation and recording conditions.
Afterr decapitation between 9:00 and 10:00 a.m., brains were
immediatelyy removed and kept at 4 C in artificial cerebrospinal fluid (ACSF)
containing:: 120 mM NaCI; 3.5 mM KCI; 5.0 mM MgSCu; 1.25 mM NOF^PCM; 0.2
mMM CaCb; 10 mM D-g!ucose; 25 mM NaHC03, gassed with 95% O2 and 5%
CO2.. The right hemisphere was immersion fixed for histology; the left
hemispheree was used for field potential recordings. For Schaffer collateral
recordings,, 400 um transversal hippocampal sections were prepared using a
tissuee chopper; for perforant path recordings, 400 um horizontal forebrain
sectionss were obtained using a vibroslicer (Leica VT 1000S). After Ih of
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incubationn at room temperature in oxygenated recording ACSF (120 mM
NaCI;; 3.5 mM KCI; 1.3 mM MgSCu; 1.25 mM NahbPCU; 1.25 mM CaCb; 10 mM
D-glucose;; 25 mM NaHCC>3), slices were transferred to a recording chamber
andd perfused with oxygenated ACSF at 31.5 .
Bipolar,, stainless steel, isolated (except for the tip) stimulating
electrodess were placed in the Schaffer collaterals or in the perforant path to
recordd field excitatory postsynaptic potentials (fEPSPs) using a glass
microelectrodee (2-5 MQ filled with ACSF) placed in the stratum radiatum of
CA11 or the middle third of the molecular layer of the DG, respectively. To
evokee robust LTP in the DG, y-arninobutyric acid mediated activity was
blockedd by adding 10 uM bicuculline methiodide (Sigma Chemicals) to the
ACSFF (Alfarezetal., 2003).
StimulationStimulation protocol
Beforee baseline recording commenced the maximal fEPSP amplitude
andd slope were determined by gradually increasing the stimulus intensity (60
ss interstimulus interval) until the response saturated. The relationship between
thee stimulus intensity and the evoked response was fit to a Bolzmann
equation:: R(,)=Rmax/(]+exp(i-ih)/(S)), in which R® is the response at stimulus
intensityy (\), Rma* is the maximal response, 'iu is the intensity at which the halfmaximall response is observed and slope factor S is the index that is
proportionall to the slope of the stimulus-response curve. The half maximal
stimulationn intensity was used to record baseline responses for at least 20 min.
Recordingss in which the baseline was not stable or the maximal fEPSP
amplitudee was <1.5 mV were rejected.
Afterr baseline recordings, paired-pulse responses with inter stimulus
intervalss of 50, 100, 200 and 500 ms were tested in the DG to make sure the
mediall perforant path was stimulated. Recordings that showed paired pulse
facilitationn were discarded. If all of the above criteria were met, LTP was
evokedd in both the CA1 and the DG using a theta burst protocol consisting
off two trains of four pulses at 100 Hz intermitted by 200 ms. This procedure
wass repeated five times with an interval of 30 s. After theta burst stimulation,
LTPP was recorded for 60 min.
Brainn histology
Thee histological experiments described below were performed on the
samee animals, with the other hemisphere used for electrophysiological
recordings,, except for the histological Golgi-staining, which was performed
onn a separate set of mice of the same age. After decapitation, the right
cerebrumm was immersion fixed in 4% paraformaldehyde in 0.1 M phosphate
bufferedd saline (PBS; pH 7.4} for 7 days. The hemisphere was washed in PBS,
equilibratedd in 30% sucrose overnight and frozen on dry ice after which 30
Mmm coronal sections were cut using a sliding microtome. The left cerebrum
wass used for field potential recordings as described above.
Totall volume and cellular density of the DG and other hippocampal
subb regions were determined by a stereological approach as described
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(Heinee et al., 2004a). In short, every 10th section was hematoxylin stained and
usedd to determine the total volume of the granular cell layer (GCL), the hilus
andd the total CA1, calculated according to Cavalieri's direct estimator. On
eachh section, areas of interest were photographed using a standard
magnification,, and surface areas were measured on a Macintosh computer,
usingg the public domain program Object-Image (an extended version of NIH
Image,, developed at the U.S. National Institutes of Health and at the
Universityy of Amsterdam; available from http://simon.bio.uva.nl). Total
volumee was calculated using the formula V=£Ax7", where £A is the sum of
areaa measurements and T is the intersection distance (300 pm).
Thee same sections were used to determine the three-dimensional
numericall density of neurons (NV, neurons per cubic millimeter) in the
granulee cell layer (GCL), using the optical dissector method. Counting frames
weree placed randomly over the GCL. Individual neurons were visualized
(Zeisss Axiophot microscope, lOOx, NA 1.30 oil objective) and counted,
accordingg to the dissector approach, if their nuclear profile was present and
iff they were positioned within the counting frame or intersected by its
inclusionn edges [i.e. the top and the right edges). Per hippocampus at least
1000 dissectors were used to calculate the numerical density (NV) of neurons
fromm NV=£Q/£VDIS, where £Q is the sum of the neurons counted in all
dissectorss and £VDIS is the sum of the dissector volumes. One dissector
volumee is 7.5 x 104 pm3, as calculated from VDIS=aDISxh, where aDIS is the
areaa of the square counting frame, measuring 50 um on a side, and h the
dissectorr height of 30 pm.
Golgii staining
Micee were decapitated and their brains removed and placed in
Golgi-Coxx solution (1.04 % potassium dichromate, 1.04 % mercury chloride,
0.833 % potassium chromate, dissolved in double distilled water). After rinsing
inn water for 5 min and dehydration in 70% EtOH (O/N), 96% EtOH (O/N), 100%
EtOHH (8 h), 1:2 EtOH/ether (O/N), brains were saturated by consecutive
overnightt incubations in 3%, 6% and 12% celloidine. Celloidine was cleared
withh chloroform before 200 pm coronal sections were cut. Staining was
developedd by a 5 min rinse in water, 30 min in 16% ammonia, a 2 min rinse in
water,, 7 min in 1% sodium thiosulphate, a 10 min rinse in water, followed by
dehydrationn for 5 min in 70 % in EtOH, 5 min in 96% EtOH, 5 min in butanol,
andd 5 min in Histo-clear (Biozym, Landgraaf, The Netherlands). The sections
weree mounted in Histomount (National diagnostics, Atlanta, Georgia) under
glasss cover-slips.
Inn the thick impregnated sections, dentate granule cells were selected from
thee middle third of the inner pyramidal blade at approximately Bregma -2.54
mm.. Pyramidaf cells were selected from the same level of the CA1 area
oppositee to the middle third of the inner pyramidal blade of the DG. If
neuronss were completely stained and horizontally orientated within the
section,, 99 Z-stacks of 1 pm were recorded with the program Image-Pro Plus,
versionn 5.1.1.38 (Media Cybernetics©, Inc.), using an Axioplan 2 (Zeiss)
microscope,, equipped with an Evolution QEi FAST (monochrome, 12 bit)
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cameraa (Media Cybernetics©, Inc.), at a 40x magnification (PlanApochromat).. The drawing tool NeuroDraw (Image-Pro Plus, developed by K.
dee Vos, J. van Heerikhuize and C.W. Pool, Netherlands Institute for Brain
Research,, Amsterdam) was used to determine total dendritic length per
neuron,, number of dendrites per cell, cell area, length per dendrite, number
off dendritic ramifications, number of terminal segments, mean terminal
segmentt length and the mean inter segment length (Ramakers et al., 1998).
Immunohistochemistrv v
Immunohistochemistryy for phosphorylationnndependent human tau
withh Mab HT7 (Innogenetics, Gent, Belgium, 1:10,000) and for the specific
phospho-epitopee Ser(P)39VSer(P)4^(AD2, A. Delacourte, 1:1000), Thr(Ppi
(ATI80,, Innogenetics, Gent, Belgium, 1:250) and Ser(P)202/|hr(P)205 (AT8,
Innogenetics,, Gent, Belgium, 1:1000) was as described before (Terwel et al.,
2005).. In short, mice were anesthetized with pentobarbital (120 mg/kg,
intraperitoneal^),, and fixed by transcardiac perfusion with 4%
paraformaldehydee in phosphate buffered saline (PBS, 2 ml/min for 10 min).
Thee brain was removed, post-fixed overnight in 4% paraformaldehyde, and
storedd in PBS, 0.1% sodium azide at 4 . Saggital sections (40 urn) were cut,
rinsedd in PBS, and treated with 1.5% H2O2 in 50% methanol to inactivate
endogenouss peroxidases. Nonspecific binding of antibodies was blocked by
treatmentt with 10% fetal calf serum, 3% bovine serum albumin in PBS
(blockingg buffer). The sections were incubated at room temperature
overnightt with primary antibodies in blocking buffer and 0.1% Triton X-100.
Thee sections were then incubated for 1 h with goat anti-mouse or anti-rabbit
IgG-horseradishh peroxidase, diluted 1:500 in blocking buffer and 0.1% Triton X100.. Next, the sections were washed with PBS and 50 mM Tris.HCI (pH 7.6) for
55 min and developed with 3,3'-diaminobenzidine (DAB), 0.3% H2O2 in 50 mM
Tris.HCII (pH 7.6) for 3-5 min.
Westernn blotting
Westernn blotting was performed as described (Terwel et al., 2005) on
extractss of isolated hippocampi of 3 individual mice per genotype and agegroup.. The total amount of tau was detected using Mab Tau-5 (Pharmingen,
1:1000)) and selected phospho-epitopes were detected with Mabs AT8
(1:200),, AD 180 (1:200) and AD2 (1:5000). Tau-4R isoforms were specifically
detectedd with the rabbit polyclonal antibody directed against the second
microtubulee binding domain (Takuma et al., 2003).
Analysiss of neurogenesis
Sincee hippocampal LTP and learning and memory have been related
too parallel changes in neurogenesis, we analyzed 3 different neurogenesis
markers,, (i) doublecortin, as a cumulative marker for young, migratory
neuronss [3 days to 3 weeks of age) (Couillard-Despres et al., 2005); (ii) the
birthh date marker BrdU, and (iii) Ki-67, an endogenous DNA binding protein
presentt only in proliferating cells.
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BrdUBrdU
immunohistochemistry
Too study the effects of m u t a t e d tau on adult g e n e r a t e d cell survival, 1
m o n t hh old mice were injected in the morning with BrdU (5 m g / m l dissolved in
0.0077 M NaOH/0.9% NaCI, i.p.) at a dose of 50 m g / k g , r e p e a t e d for seven
consecutivee days. The m i c e were sacrificed 4 weeks after the first injection.
Afterr blocking e n d o g e n o u s peroxidase with 1% H2O2 for 20 minutes a n d
d e n a t u r i n gg DNA in hot f o r m a m i d e a n d 2 N HCI, free-floating sections were
i n c u b a t e dd in the primary a n t i b o d y mouse a-BrdU (Roche Diagnostics, The
N e t h e r l a n d s ,, 1:3000), d i l u t e d in p h o s p h a t e b u f f e r / 0 . 1 % b o v i n e serum
albumin/0.3%% Triton X-100/1% g o a t serum for 1 h a t r o o m t e m p e r a t u r e a n d
thenn overnight a t 4
. The rest of the p r o c e d u r e was identical to that
describedd elsewhere (Heine et al., 2004b).
DoublecortinDoublecortin
immunohistochemistry
Sectionss were rinsed in 50 m M Tris buffered saiine (TBS, pH 7.6) for 3
timess 5 min. After blocking e n d o g e n o u s peroxidase activity by 2% H2O2,
sectionss were i n c u b a t e d for 1 hr at room t e m p e r a t u r e a n d overnight at 4 C
withh the primary g o a t anti-doublecortin antiserum (C-18, Santa Cruz) (diluted
1:6000 in 0.25 % gelatin/0.5% Triton X-100 in TBS. The s e c o n d a r y a n t i b o d y
(donkeyy anti g o a t Ig, 1:500) was a p p l i e d for 2 hr a t r o o m t e m p e r a t u r e .
Subsequentlyy the reaction was amplified for 2 hrs with the Elite Vectastain
avidin-biotinn c o m p l e x [ABC kit; Vector Laboratories, Burlingame). The signal
wass further amplified with biotinylated tyramide (1:500) a n d 0.01% peroxide
forr 30 min followed by 45 min incubation with ABC. DAB was used to visualize
a n t i b o d yy labeling.
Ki-67Ki-67
immunohistochemistry
Thee Ki-67 antigen is a 345 to 395 kDa non-histone protein complex present in
proliferatingg cells during G i , S, G2 a n d M, but not the Go phase of the cell
c y c l ee (Gerdes et al., 1984; Endl a n d Gerdes, 2000; Duchrow et al., 2001). Ki-67
iss widely used in tumor biology a n d considered a g o o d proliferation marker.
Moreover,, numbers of cells visualized with BrdU labeling after a short survival
timee are highly c o m p a r a b l e to the numbers o b t a i n e d with Ki-67 staining (Kee
etal.,2002). .
M i c r o w a v ee a n t i g e n r e t r i e v a l was a p p l i e d b e f o r e a n t i b o d y
i n c u b a t i o n .. Sections were m o u n t e d on Menzel Superfrost Plus glass sections.
Afterr air-drying, sections were p l a c e d in 400 ml 0.01 M citrate buffer (pH 6.0)
a n dd h e a t e d in a household m i c r o w a v e d e v i c e starting a t 800 W a n d
graduallyy d e c r e a s i n g to 100 W o n c e boiling c o m m e n c e d . Sections were
a l l o w e dd to c o o l d o w n to RT. The following p r o c e d u r e was identical to that
usedd for doublecortin immunohistochemistry, however, instead of 0.05 M TBS,
0.11 M TBS was used. The primary a n t i b o d y solution was 1:1500 (NCL-Ki67p
Novocastra,, New Castle, UK). The secondary a n t i b o d y solution was 1:200
(biotinylatedd anti- rabbit, Amersham Life Sciences).
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Statisticall analysis
Exceptt for the Golgi d a t a , which were analyzed using a
nonparametricc Mann Whitney U test, differences between strains were tested
usingg a two-way ANOVA.
Results s

Tauu expression and phosphorylation
Previously,, we analyzed the phosphorylation status of protein tau in
wholee brain and in spinal cord, and its progression with age. We observed
thatt in young tau-P301L mice, mutant tau was less phosphorylated than wildtypee tau-4R in brain of age-matched tau-4R mice, which differ only in the
mutationn (Terwel et al., 2005).
Heree we compared specifically the phosphorylation status of tau in
thee hippocampal formation in both the transgenic strains, and relative to
non-transgenicc mice, all at age 2 months. First, IHC with mAb HT7 specific for
humann tau demonstrated expression in all hippocampal sub-areas in tauP301LL mice (Fig 1, color figure). Some differences in localization, i.e. tau-P301L
moree in somatodendritic compartments than tau-4R, were evident in the
CA1,, dentate gyrus and perforant pathway (Fig 1). Secondly, IHC with Mabs
AT8,, ATI80 and AD2, directed against specified phospho-epitopes, revealed
thatt in brain of tau-P301L mice, less phosphorylated epitopes were present
thann in tau-4R mice, and even hardly more than in non-transgenic mice (Fig
1). .
Sincee IHC is not well suited for quantitative estimations, we quantified
byy western blotting the IHC results, using the same phospho-epitope specific
antibodiess AT8, ATI80 and AD2, as well as the pan-tau antibody Tau-5.
Particularlyy the AT8 epitope was less abundant in hippocampal extracts from
tau-P301LL mice, but also the other phospho-epitopes were less prominent
(Figg 2). The lesser phosphorylation of transgenic tau-P301L was also inferred
fromm its higher electrophoretic mobility in SDS-PAGE (Fig 2) as observed
previouslyy (Terwel et al., 2005).
Proteinn tau-isoforms with 3 or 4 microtubule binding domains were
differentiatedd in western blotting with an antiserum that specifically
recognizess the second microtubule binding domain present only in tau-4R,
andd not in tau-3R (Takuma et al., 2003). The data unequivocally demonstrate
thatt the tau isoforms expressed in brain of young adult mice examined here
wass tau-4R (Fig 2, lower panel), in accordance with the reported complete
post-natall switch in expression from tau-3R to tau-4R in mouse brain (Andorfer
andd Davies, 2000; Takuma et al., 2003).
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Tau-P301L

Tau-4R

FigureFigure I. Immunohistochemistry for human tau and phosphorylated tau in the hippocampus of young
nontransgenicc and of tau-4R and tau-P301 L transgenic mice.
Humann protein tau was detected with mAb HT7 in the hippocampal formation of tau-P30lL a n d tau-4R
transgenicc mice (8 weeks of age) but not in nontransgenic mice (FVB/N). IHC with the phosphorylationspecificc antibodies AD2, AT8, and ATI80 demonstrated less phosphorylation in tau-P30lL mice. Except for
IHCC with HT7, all sections were counterstained with hematoxylin (original magnification, 5x).

Thee current observation ot lesser phosphorylation of tau-P301L relative
too tau-4R are c o m p l e t e l y c o n f o r m our previous findings in brain a n d spinal
c o r dd of older tau-P301L transgenic m i c e (Terwel et al., 2005). Although in
y o u n gg mice, tau-P301L is relatively less phosphorylated at the AT8 a n d AD2
epitopes,, no immunoreactivity at all was d e t e c t e d with M a b ATI00, which
definess a typical p a t h o l o g i c a l e p i t o p e (Terwel et al., 2005). Moreover, the
electrophoreticc mobility of tau-P30lL was not markedly slow, w h i c h further
underliness the minimal d e g r e e of post-translational phosphorylation.

96 6

ChapterChapter 4
Wee therefore conclude that in young tau-P301L mice the
phosphorylationn of protein tau in the hippocampus is, if anything, lower than
inn age-matched non-transgenic mice.
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FigureFigure 2. Western blotting for human tau and phosphorylated tau in the hippocampus of young nontransgenic
andd tau-4R and tau-P301 L transgenic mice.
Proteinn extracts from the hippocampus of nontransgenic mice (FVB) and tau-P30ll_ and tau-4R transgenic
micee (n 3, each) were analyzed by Western blotting with mAbTau5 to detect total tau (i.e., mouse tau and
transgenicc human tau). Western blotting with phosphorylation-dependent antibodies AT8, AT180. and AD2
demonstratedd that transgenic tau-P30lL was less phosphorylated than wildtype mouse tau and transgenic
tau-4R.. Only tau-4R isoforms were present as demonstrated with antibody 2R (bottom panel) directed against
thee second microtubule binding domain in protein tau-4R (Takuma et al., 2003). The different tau-4R isoforms
aree indicated. Protein loaded was threefold higher for the nontransgenic than for the transgenic mice to
compensatee for the overexpression relative to endogenous mouse tau for different levels of the epitopes and
forr differences in titer and avidity of the respective antibodies. Samples loaded for tau-P30lL and tau-4R
transgenicc mice were eguivalent to 2.8 g of protein for mAbs Tau-5 and AD2, 9 g for mAb ATI80, 18 g for mAb
AT8,, and 5.6 g for 2R antibody.
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WTCA11
(nn = 12)
Slope e
Rmax(mV/ms))
It,It, (arbitrary units)
Slopee factor
Amplitude e
Rmax(mV/ms))
llhh {arbitrary units)
Slopee factor

P301LCA1
(n = 7)

WT DG
(n = 7)

P301LDG
(n = 5)

- 2.3 0.6
196 4
- 0.6 0.7

- 2.2
4
200 6
-9.8
8

-1.7 0.7
197 9
-4.1
7

-1.8 0.7
206 8
- 7.0 3.2

-3.0
1
196 3
- 8.8 0.7

-2.4
188
-7.1

-1.8
193
- 4.3

- 2.2 0.3
199 + 6
-6.2
3

2
4
3

4
10
2.9

Tabiee I. Basal neural transmission in tau-P30U transgenic and nontransgenlc mice.
Basall neural transmission is unchanged in tau-P30l L transgenic mice, whether recorded in the CA1 or DG.
Valuess are mean SEM. Rmax, Maximal response: lh. half-maximal stimulation intensity.

Electrophysiology y
Too characterize typical hippocampal properties, we recorded field
potentialss and induced LTP in brain sections, both in the DG and in CA1. By
fittingg the input-output curves to a Bolzmann equation, the three major
determinantss for basal transmission were calculated, i.e. maximal amplitude
orr slope of the fEPSP, half maximal stimulation intensity and slope factor
[Tablee l). None of these parameters were significantly different in brain
sectionss of young tau-P301L mice compared to age-matched nontransgenlcc mice, regardless of whether recording was in the CA1 or DG.
LTPP in the CAl area was unaffected (Fig 3A), but LTP in the DG was
significantlyy increased in brain sections from tau-P30lL mice, both when
analyzedd over the complete l hr recording period (p= 0.031, F=6.28, n=5]
andd over the last 5 minutes of the session (p=0.036, F=5.84, n=5) [Fig 3B).
Sincee facilitated LTP in the DG is potentially indicative of improved
cognition,, the mice were tested for motor and cognitive parameters.
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FigureFigure 3. Long-term potentiation in
CA11 and DG of young mice at 9
weekss of age.
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transgenicc mice. B, LTP in the DG is
significantlyy increased in tau-P301L
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Behaviorall testing
Priorr to t h e o b j e c t r e c o g n i t i o n test (ORT), the basal m o t o r a n d
b e h a v i o r a ll parameters were tested by rotarod a n d o p e n field tests. TauP301LL m i c e fell off the rotating rod significantly earlier than non-transgenic
m i c ee (182 +/- 39 sec vs 268+/- 12 sec; m e a n + / - SEM, p=0.039, F= 4.86, n=10
a n dd 11 respectively) indicating some motor impairment already at the y o u n g
a g ee of 9 weeks. Locomotor activity in an o p e n field revealed that tau-P301L
m i c ee traveled overall significantly more distance than non-transgenic m i c e ,
i.e.. 2030 +/- 292 c m vs 1223+/- 136 c m , p=0.006, F= 9.74, n = l 1 a n d 10
respectively).. Both genotypes exhibited e q u a l relative times spent in the
c e n t e rr of the o p e n field (17.2+/- 4.9 % vs 417.9+/- 3.0 %) demonstrating no
differencee in anxiety or exploratory behaviour.
Wee then substantiated whether the electrophysiological c h a n g e , i.e.
i n c r e a s e dd LTP in the DG was p a r a l l e l e d by c o n c u r r e n t a l t e r a t i o n of
h i p p o c a m p a ll memory f u n c t i o n , by subjecting the m i c e to t h e o b j e c t recognitionn task (ORT). Tau-P301L mice p e r f o r m e d similar to non-transgenic
m i c ee in ORT with a 1 hr delay. High d2 values i n d i c a t e d that both groups h a d
aa g o o d recall of the familiar o b j e c t (0.49 +/-0.05 vs 0.45+/-0.11, respectively
111 wild-type vs 10 transgenic mice). At the 3.5 h interval, however, the non-
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transgenicc mice showed low d2 values, indicating they h a d low recall of the
familiarr object in contrast to tau-P301 L m i c e that performed similar at the 3.5
hrr as at the 1 hr interval (Fig 4), demonstrating that they still recognized the
familiarr object. Since this difference was highly significant (p=0.046, F= 4.65),
w ee c o n c l u d e that young tau-P301L m i c e display improved memory in this
taskk c o m p a r e d to a g e - m a t c h e d non-transgenic mice.
ORTT 3.5 h delay

ORT:: 1 h delay
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Figuree 4. Object recognition in young mice at 9 weeks of age.
Youngg age-matched nontransgenic and tau'P301L transgenic mice were assessed in the object
recognitionn task with l h and 3.5 h delay intervals after acquisition. Both genotypes showed a similar
preferencee for the novel object at l h, whereas at 3.5 h. the preference of the tau-P301L transgenic mice
forr the novel object remained high, as opposed to the decline in nontransgenic (WT) mice [*p = 0.02) This
demonstrationn of improved memory was also observed in younger tau-P301 L mice [ot 5 weeks of age) (for
details,, see Results, Behavioral testing). Error bars represent SEM.

Sincee the rotarod test p o i n t e d to motor problems, w e additionally
testedd even younger tau-P301L mice in ORT, i.e. at the a g e of 5 weeks. At this
a g e ,, neither a m o t o r i m p a i r m e n t was e v i d e n t in the r o t a r o d test nor
increasedd travel distance in the o p e n field (results not shown). Nevertheless,
alsoo at a g e 5 weeks the tau-P30lL m i c e performed significantly better in ORT
att the 3.5 h interval than a g e - m a t c h e d non-transgenic mice (0.42+/-0.07 vs
0.05+/-0.09,, p=0.0l1, F=8.00, n = 1 2 a n d 10 respectively).
Hippocampall morphology
Too address possible m o r p h o l o g i c a l correlates of the increased LTP in
thee DG a n d the improved cognition, w e investigated structural changes in
severall h i p p o c a m p a l subareas of tau-P301L m i c e in direct c o m p a r i s o n to
non-transgenicc m i c e of the same a g e , same g e n d e r a n d same g e n e t i c
b a c k g r o u n d .. No major differences w e r e observed in the v o l u m e of the
h i p p o c a m p a ll subregions or in cellular density (Fig 5).
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Totall v o l u m e of t h r e e h i p p o c a m p a l s u b a r e a s
perr h e m i s p h e r e w a s not d i f f e r e n t in tau-P301L
t r a n s g e n i cc m i c e r e l a t i v e t o a g e - m a t c h e d
n o n t r a n s g e n i cc m i c e (WT). Cell density in the D G
g r a n u l a rr layer w a s similar in a g e - m a t c h e d t a u P301LL a n d n o n t r a n s g e n i c m i c e (WT) (see Results
forr details a n d discussion of o t h e r p a r a m e t e r s ) .
Errorr bars r e p r e s e n t SEM. G C L : g r a n u l a r c e l l
layer. .
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FigureFigure 5. V o l u m e of the h i p p o c a m p a l f o r m a t i o n .

_c c

Thenn w e analysed the m o r p h o l o g y of CA1 a n d DG a t the individual,
singlee cell level by Golgi i m p r e g n a t i o n . Various parameters of the dendritic
treee were measured, i.e. cell a r e a , dendritic length, number of dendritic
ramifications,, number of terminal segments, m e a n terminal segment length
a n dd m e a n intersegment length.
Totall number of dendrites

Totall number of basal dendrites

Dendriticc length

Dendriticc length

-apicall

basal

FigureFigure 6. Dendritic m o r p h o l o g y in y o u n g tau-P301 L t r a n s g e n i c m i c e .
Exampless of G o l g i - C o x i m p r e g n a t e d cells in D G a n d C A 1 a r e s h o w n . Q u a n t i t a t i v e analysis of G o l g i - C o x
i m p r e g n a t e dd cells in t h e D G (A) as well as t h e C A I (B) r e v e a l e d n o m a j o r d e n d r i t i c c h a n g e s in different
cellularr p a r a m e t e r s in t h e tau-P301L t r a n s g e n i c m i c e r e l a t i v e t o a g e - m a t c h e d n o n t r a n s g e n i c m i c e (WT)
(seee Results for details). Error bars represent SEM.

Twoo parameters eventually relevant for the problem a t h a n d , e.g.
totall dendritic length a n d total number of dendrites, were not different in
eitherr brain region of tau-P301L a n d non-transgenic mice (results not shown).
Onn the other h a n d , in CA1 the a r e a of individual soma was significantly
smallerr in tau-P30lL mice (160+/- 6 um_, n=41) than in non-transgenic mice
(1800 +/- 6 um_, n= 44) ( p O . 0 1 ) . The length of the terminal b r a n c h of the
a p i c a ll dendrites was i n c r e a s e d from 46+/-2 um in non-transgenic m i c e
(n=44)) to 52 +/- 2 urn in tau-P301L m i c e (n=41)(p=0.037). In the DG, the
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intersegmentt length was increased from 22.2 +/- 1.7 pm in non-transgenic
micee (n=91) to 28.8 +/- 2.2 u.m in tau-P301L mice (n=98) (p=0.018). All other
parameterss did not differ between the two genotypes.
Neurogenesis s
Stereologicall measurements were performed using three
independentt markers for different stages of the neurogenesis process: DCX
ass marker for young migrating neurons, Ki-67 as marker for cycling cells and
BrdUU as a "cell-age" marker, analysed here 4 weeks after injection of BrDU
(Figg 7, color figure). Neither of these markers revealed a major difference in
eitherr the number of newborn, of proliferating or of surviving young neurons
inn tau-P301L mice compared to non-transgenic mice [Table 2).
Thee analysis therefore excludes that changes in basal neurogenesis
contributedd to the demonstrated functional alterations in the hippocampus
off young tau-P301 L mice.
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FigureFigure 7. Newborn cells and survival in young tau-P301L transgenic mice.
Differentt markers were examined to aefine putative changes in cell genesis and/or turnover. A, D,
Immunohistochemistryy for doublecortin marks young neurons. B, E, BrdU was analyzea 4 weeks after
injectionn as a measure of cell age (see Results for details). C, Immunohistochemistry for the Ki-67 antigen as
aa marker of proliferating cells. A-C show an overview of the dentate gyrus, and representative individual
cellss or groups of cells are illustrated in D and E. Sections were counterstained with hematoxylin.
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hiluss (WT) hilus{P301L) ) SGZZ (WT)
1 1088
5
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26844
4
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3
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555 2
944
9
7600 t 70
1844
3
25733
3
1633
5
2566 33 313
77400
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Fablee 2. Cell birth and survival is unchanged In tau-P301 L transgenic mice
Thee markers used are Ki-67, which labels proliferating cells; BrdU, a marker for cell survival (4 weeks); and
DCX,, which labels young migrating neurons. The numbers indicate total cells per hemisphere SEM. The
numberr of animals per group is in parentheses [WT vs P301L). SGZ, Subgranular zone.

Discussion n

Thee current study demonstrates tor the first time that neuronal
expressionn of a mutant protein tau does not impair hippocampal functions
perper se. On the contrary, the remarkable and unexpected increase in LTP in
thee DG of young tau-P30l L mice was paralleled by a significant
improvementt in cognitive performance in the object recognition task. At this
youngg age, no tau-pathology was evident and the phosphorylation of
proteinn tau was normal or, if anything, less than in age-matched nontransgenicc mice. Finally, no major morphological or neurogenic
abnormalitiess were detected.
Ourr previous biochemical and pathological analysis of the tau-P30lL
micee already established the progressive and age-related nature of the
phosphorylationn of protein tau, leading to conformational changes and
extensivee neurofibrillary pathology (Terwel et al., 2005). The progressive
morbidityy with age is accompanied by progressive motor defects, and
increasingg hyper-phosphorylation. In the early stages of life, phosphorylation
off protein tau is low without any signs of axonal dilations or inclusions (Terwel
ett al., 2005), this study.
Thee combined data lend strong support to the hypothesis that not
mutantt tau itself, but the progressive hyper-phosphorylation with age is
criticall in FTDP-17 tauopathies, inflicting or at least signaling the onset of
memoryy impairment and neuro-degeneration. Moreover, the current data
pointt to an important physiological function of protein tau in contributing to
memoryy performance in the hippocampus.
Tauu transgenic mice including those expressing tau-P301L, have
shownn cognitive impairment (Arendash et al., 2004; Pennanen et al., 2004;
Santacruzz et al., 2005). Most of these transgenic mice were tested, however,
whenn tau hyperphosphorylation and pathology was already evident. Most
recently,, suppression of tau-P301L expression in an inducible transgenic
modell ameliorated memory functions, without reversing the tauopathy
(Santacruzz et al., 2005). All these data are in line with our previous and our
currentt study, while the combined results demonstrate that hyperphosphorylatedd tau, and not NFT must be the cause of the observed
memoryy defects. This conclusion is based on observations that hyperphosphorylationn of tau invariably precedes the formation of any tau
aggregatess in al! model systems studied (see introduction). In analogy with
thee evolution of concepts in the "refined" amyloid cascade hypothesis
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proposingg soluble oligomers rather t h a n insoluble polymers of a m y l o i d
peptidess t o b e the a c t u a l culprits in AD (Selkoe, 2005), w e underwrite the
hypothesiss that not NFT are detrimental for neuronal functions (Andorfer et
al-,, 2005) but the soluble isoforms of abnormally phosphorylated tau (Terwel
e t a l . ,, 2005; this study).
M o t o rr i m p a i r m e n t has b e e n o b s e r v e d in t a u transgenic m i c e ,
progressingg with a g e (Lewis et al., 2000; Arendash et al., 2004; Ikeda et al.,
2005;; Terwel et al., 2005). To exclude possible c o n f o u n d i n g parameters, w e
performedd rotarod a n d o p e n field experiments prior to cognitive testing. The
higherr l o c o m o t o r activity of tau-P301 L m i c e at a g e 9 weeks in the o p e n field
corroboratess the increased explorative activity in other tau transgenic m i c e
(Tanemuraa et al., 2002; Pennanen et al., 2004). H i p p o c a m p a l alterations are
knownn to a f f e c t explorative activity (Decker et al., 1995; Harley a n d Martin,
1999;; Crusio, 2001). Using a d e m a n d i n g t e s t - p r o t o c o l in the r o t a r o d
p a r a d i g m ,, i.e. involving less training sessions than in a previous study (Terwel
ett al., 2005), w e demonstrate that 5 w e e k old tau-P301L m i c e d o not suffer
a n yy m o t o r d e f i c i t . Importantly, the c o g n i t i v e i m p r o v e m e n t was not
i n f l u e n c e dd to a n y d e g r e e by hyperactivity or m o t o r problems, since t a u P301LL m i c e a t 5 weeks of a g e displayed a similar i m p r o v e m e n t in memory
p e r f o r m a n c ee in the o b j e c t r e c o g n i t i o n p a r a d i g m , w i t h o u t showing a n y
alterationss in motor or l o c o m o t o r faculties. Thereby, the improved cognitive
p e r f o r m a n c ee in the ORT task, is not related to nor c a u s e d by motor disabilities
orr problems.
Thee alternative test for cognitive p e r f o r m a n c e , i.e. the water-maze
task,, p r o v e d not suitable for tau-P301L m i c e as this test d e p e n d s heavily on
swimmingg ability a n d p e r f o r m a n c e is n e g a t i v e l y i n f l u e n c e d by m o t o r
defects.. Although the FVB mouse strain carries the retinal degeneration g e n e
thatt c a n h a m p e r visual tasks, particularly a t older a g e (Pugh et al., 2004). In
contrast,, the ORT task depends on short-range visual, as well as tactile stimuli,
iss less stressing t h a n the w a t e r m a z e task, a n d requires limited motor skills.
Interestingly,, a similar i m p r o v e m e n t in learning p e r f o r m a n c e of tau-P301L
m i c ee are observed in a water maze task, in an i n d e p e n d e n t strain of t a u P301LL m i c e with a different genetic b a c k g r o u n d (A. Blokland, Maastricht a n d
H.J.. Schroder, Koln; personal communication).
Moreover,, h i p p o c a m p a l LTP in CA1 h a v e b e e n d e m o n s t r a t e d t o
correlatee well with memory functions measured by ORT [Miller et al., 2002;
W a n gg et a l . , 2004). The suggestion t h a t ORT w o u l d not d e p e n d o n
h i p p o c a m p a ll functions [Mumby, 2001) was largely b a s e d on tests with short
delayy protocols in w h i c h animals were tested i m m e d i a t e l y (minutes) after
training.. Recent studies d e m o n s t r a t e t h a t the d e l a y length determines
h i p p o c a m p a ll involvement ( H a m m o n d et al., 2004) a n d this is crucial for
o b j e c tt r e c o g n i t i o n a t longer d e l a y (hours) like w e studied here. We d o
a c k n o w l e d g e ,, h o w e v e r , t h a t a s s o c i a t e d structures like perirhinal a n d
postrhinall cortex may influence ORT p e r f o r m a n c e (Bussey et al., 1999; Kesner
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ett al., 2001) and alterations in these brain regions could contribute to the
changess observed in the young tau-P301 L mice.
Thee current data illustrate the clear correlation between improved
memoryy performance and increased LTP in the DG but not CA1
hippocampall areas. To define possible causes of these interesting regional
effects,, we analysed several cellular and structural correlates. Adult
neurogenesis,, uniquely occurring in the DG, has been implicated in memory
functionn (Gould et al., 1999; van Praag et al., 1999; Shors et al., 2001; Shors et
al.,, 2002). Despite improvements in cognition and LTP in the DG, no changes
inn either proliferation or survival of the newborn cells, nor in the extent of
neurogenesiss were observed in the tau-P301L mice. The tau-P301L mice
therebyy represent an example of improved cognition not accompanied or
paralleledd by alterations in neurogenesis, proving that the mutant tau protein
affectss hippocampal functions through other mechanisms.
Sincee only relative minor changes were observed in dendritic
properties,, and in other morphological parameters of hippocampal neurons,
andd only in DG, we conclude that subtle intracellular effects must underlie
thee changes in LTP and cognition. One possibility is a differential stabilization
off microtubuli by tau that could contribute importantly to vesicular transport
(Zhangg et al., 2005) and in turn to synaptic plasticity and memory. The
traffickingg of NMDA and AMPA receptors, critically implicated in LTP and
memoryy formation (Davis et al., 1992; Malinow and Malenka, 2002; Bast et al.,
2005)) depends heavily on stable MT-mediated transport (Setou et al., 2002;
Yuenn et al., 2005). Possibly, MT stability is improved in the tau-P301L mice
despitee a possibly reduced binding of mutant tau (Hong et al., 1998; Perez et
al.,, 2000; Zhang et al., 2004), which coufd, however, be balanced by the
higherr concentration of tau. Moreover, the mutant tau-P301L is embedded in
thee tau-4R isoform, which binds more avidly to MT than the tau-3R isoform.
Whetherr the alterations are the result of expression of mutant tau or
over-expressionn of tau-4R is unresolved. Although tau-2N/4R mice are
availablee that overexpress the same isoform as the tau-P301L mice, evidently
withoutt the mutation, the same experiments cannot be performed in these
micee since they suffer a severe axonopathy (Spittaels et al., 1999; Terwel et
al.,, 2005). On the other hand, an interesting analogy is observed in
transgenicc mice that overexpress p25, since these, also unexpectedly,
showedd improved hippocampus-dependent memory functions (Angelo et
al.,, 2003). The calpain-truncated cdk5 activator subunit p25 is associated
withh pathological hyperphosphorylation of tau, and was expected to induce
neurodegenerationn (for review see (Tsai et al., 2004). Increased tau
phosphorylationn was not observed in young p25 transgenic mice, but tau
expressionn was increased (Angelo et al., 2003). This is consistent with the
hypothesiss that increased concentration of protein tau, and not the mutation
perr se, underlies the improved cognitive performance in young tau-P301L
mice. .
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Althoughh the present transgenic mice replicate many features of the
correspondingg human tauopathy, including adult onset, progressive
neurodegeneration,, accumulation of abnormal tau-aggregates and
prematuree death, we are not aware of any reports of similar improvements in
memoryy performance in young adult human subjects bearing tau-P301L or
otherr FTDP-17 mutations. In part, this could also be due to the clinical
heterogeneityy of FTDP-17 patients (Ingram and Spillantini, 2002). Alternatively,
improvedd hippocampal functioning may be unique to the present type of
transgenicc model that is essentially different from the human situation in that
itt expresses only the 2N/4R splice variant of tau.
Inn summary, we describe an unexpected parallel improvement in
hippocampall LTP and memory in young tau-P301L mice, prior to the onset of
hyperphosphorylationn or aggregation of protein tau. We thereby
demonstratee that not the tau-P301L mutation per se is critical for cognitive
decline,, but conclude that excess phosphorylation of tau, triggered by the
mutationn is pathogenic. Moreover, the results highlight an important novel
rolee for protein tau in hippocampal memory function.
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Increasedd proliferation reflects glial and vascular-associated changes, but
nott neurogenesis in the presenile Alzheimer hippocampus.
Karinn Boekhoorn, MSci, Marian Joeis, PhD and Paul J. Lucassen, PhD
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Abstract t
Adultt proliferation and hippocampal neurogenesis are stimulated by
injury.. In agreement, aberrant cell-cycle-related protein expression has been
reportedd in senile Alzheimer's disease (AD), where the hippocampus is
particularlyy affected. Recently, increased expression of Doublecortin (DCX),
aa neurogenesis marker, was reported in senile AD. Here, we addressed
whetherr proliferative and neurogenic responses also occur in younger, i.e.
presenilee AD cases, using immunohistochemistry for Ki-67, GFAP and DCX.
Increasedd numbers of Ki-67+ cells with a healthy, non-mature appearance
weree found in CA1-3. These were mainly due to glial and vasculatureassociatedd changes, while DCX immunostaining appeared sensitive to
postmortemm breakdown. We found no indications for altered dentate gyrus
neurogenesis.. Our data obtained using validated methodology in a well
characterized,, presenile cohort thus differ from data obtained in senile AD.
Theyy reflect clear differences in proliferative responsivity, particularly in the
gliaa and vascular components and suggests different underlying
mechanismss in these groups.
Introduction n
Alzheimer'ss disease (AD) is clinically characterized by progressive
dementia.. Neuropatho-logically, the hippocampus is one of the first and
mostt severely damaged structures in AD. Extensive pathology, with large
numberss of neurofibrillary tangles (NFTs) and p amyioid (Ap) plaques, are
characteristicc of the AD hippocampus (Braak and Braak, 1991). Also,
prominentt inflammatory responses take place in AD, that involve the
activationn of microglia and astrocytes (Akiyama et al., 2000; Meda et al.,
2001;; Nagele et al., 2004). In addition, almost all AD patients (around 90%)
showw cerebral amyloid angiopathy (CAA), that correlates with cognitive
impairmentt (Mandybur, 1975; Jellinger, 2002) and may play an important role
inn AD pathogenesis (Castellani et al., 2004; Nicoll et al., 2004; Zlokovic, 2005).
Inn addition to these well-known processes, various cell-cycle related
eventss have been identified in AD. For instance, an increased expression of
variouss cyclins and cyclin-dependent kinases has been reported in the
hippocampuss in AD (Smith and Lippa, 1995; Arendt et al., 1996; Kondratick
andd Vandre, 1996; McShea et al., 1997; Vincent et al., 1997; Busser et al.,
1998).. Most authors suggest this ectopic expression occurs in AD-affected
degeneratingg cells. However, one recent publication shows increased
expressionn of doublecortin (DCX), a marker for new neurons, in a senile
cohortt of AD patients [Jin et al., 2004a). These studies are especially
interestingg since the hippocampal dentate gyrus (DG) is one of the few brain
areass where adult neurogenesis occurs, albeit at very low rates in aged
subjectss (Heine et al., 2004). In rodents, proliferation and neurogenesis is
stimulatedd by hippocampal damage (Parent et al., 1997; Covolan et al.,
2000;; Kuhn et al., 2001; Radley et al., 2003). Interestingly, Ap can also exert
neurogenicc effects on stem cells in vitro (Ohsawa et al., 1999; LopezToledanoo and Shelanski, 2004). Changes in neurogenesis have furthermore
beenn reported in some mouse models for AD (Jin et al., 2004b; Chevallier et
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al.,, 2005), although these results are still far from conclusive (Haughey et a L
2002;; Dong et aL 2004; Wang et aL 2004; Wen et aL 2004; Boekhoorn et aL
2006). .
Possiblee proliferative and compensatory responses are considered
moree likely to occur in younger presenile patients than in older AD patients,
whilee the former condition generally also has a more aggressive nature and
shorterr disease duration. To address whether proliferative changes are
indeedd different in a younger versus older AD group, we studied a well
definedd cohort of presentie AD cases and performed a detailed quantitative
immunohistochemicall inventory on the hippocampus, using the proliferation
markerr Ki-67 (Gerdes et aL, 1991). Subsequently, we investigated associations
withh gliogenesis and vasculature using GFAP and Von Willebrand Factor
(VWF)) immunohistochemistry, respectively.
Mostt reports have examined cell-cycle changes predominantly in
closee association with AD affected neurons (Arendt et aL, 1996; Busser et aL,
1998).. This ectopic expression is presumed to be associated with celt death
ratherr than cell birth. Since this was not the topic of our investigation, we
heree specifically focused on Ki-67 expression in apparently healthy, small,
presumablyy precursor cells, and excluded Ki-67 expression- if any- in mature
profiles.. DCX immunohistochemistry was further applied as a new marker for
adultt generated, migrating neurons in rodents. Unlike Bromodeoxyuridine
(BrdU)) immunocytochemistry, DCX does not require prior injections in live
subjects.. As such, DCX has an interesting potential to detect neurogenesis in
humann brain as well (Francis et aL, 1999; Brown et aL, 2003; Jin et aL, 2004a;
Raoo and Shetty, 2004; Couïllard-Despres et aL, 2005).
Materialss and methods
Subjects s
Humann hippocampal tissue was obtained through the rapid autopsy
programm of the Netherlands Brain Bank (Coordinator: Dr. R. Ravid). The
Netherlandss Brain Bank abides to all local ethical legislation. All tissue was
obtainedd with informed consent of the donor or next of kin to perform brain
autopsyy and the subsequent use of brain tissue for scientific purposes.
Permissionn to use the medical records was also requested in advance.
Hippocampall tissue of 9 AD patients and 10 controls was studied.
Patientss ranged from 63 to 70 years of age. Based on the medical and
neuropathologicall records, careful selection and matching was performed.
Subjectss with Reisberg stages 3-7 (Reisberg et aL, 1982) and Braak stages
(Braakk and Braak, 1991) 5 and 6 were assigned to the AD group whereas
subjectss with Reisberg stage 0 and Braak stage 0-2 were assigned to the
controll group. Post mortem delay (PMD) was on average 9.7 h 5.9 (SD) for
thee control subjects and 5.2 h 1.1 (SD) for the AD patients. The presenile AD
patientss had a mean disease duration of 8.6 years. Further
clinicopathologicall details are presented in Table 1.
Nonee of the control subjects were reported to suffer at the moment
off death, or to have suffered before, from a known neurological or
psychiatricc disease. Also controls did not suffer from brain metastases, or from
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otherr conditions, like ischaemia, that might have affected the integrity of the
bloodd brain barrier or endothelial cells. Controls also did not exhibit
prolongedd arterial blood pressure changes, prolonged fever or the presence
off multiple brain lesions, nor was brain irradiation applied. Moreover, as this
mayy possibly influence neurogenesis, none of the selected subjects were
treatedd with synthetic steroids, antidepressant drugs or brain irradiation, at
anyy time during their life. For subject 95-092, particular attention was paid
whenn analysing the results because of the cytostatic drug treatment until
death.. Also patients 96-129 and 97-157 suffered from cancer. But
chemotherapyy was not continued until death. Ki-67 countings for all 3
patientss were well within the average range of the conmtrol group.
Thee AD group had been clinically assessed as having "probable AD"
byy excluding other possible causes of dementia by history, physical
examinationn and laboratory tests (McKhann et al., 1984). For every subject, a
standardd set of hippocampal and neocortical brain areas has been carefully
investigatedd (Ravid and Swaab, 1993) using Bodian Silver, H&E, Nissl, Alz-50 as
welll as Congo red staining for amyloid angiopathy changes (by
neuropathologistss Prof. Dr. F.C. Stam and Dr. W. Kamphorst, Free University,
Amsterdam).. The presence or absence of large numbers of amyloid plaques
andd amyloid angiopathy, tangles and dystrophic neurites in the above areas
weree noted. Further microscopical examination failed to find any obvious
malformations,, infiltrations or neoplasms in either group of patients. Final
diagnosiss was established by relating this neuropathoiogical examination to
thee outcome of the clinical diagnosis.
Alll AD patients displayed extensive neuropathology in the neuronal
fibree network, and an extensive presence of plaques and tangles, whereas
tissuee from the control subjects was free of any such changes. The AD
patientss displayed abundant amyloid angiopathy in all cases.
Brainn tissue
Att autopsy, the hippocampus proper was dissected at a midanterior-posteriorr level and fixed in 10% buffered formalin at room
temperaturee for different periods of time, ranging from 30 - 646 days (see
Tablee 1 for details). Tissue was then dehydrated in graded ethanols and
embeddedd in paraffin and serial sections were cut on a microtome at 8 urn.
Sectionss were then mounted on Superfrost Plus slide (Menzel-Glaser).
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N B BB no Sex x
Controls s
90-009 9 m m
91-045 5 m m
95-0S2 2 f f
96-129 9 m m
97-042 2 f f
97-043 3 m m
97-157 7 m m
98-003 3 m m
98-036 6 f f
00-018 8 1 1
mean n
SD D
AD D
92-103 3
94-082 2
95-087 7
97-113 3
98-060 0
98-147 7
09-124 4
00-052 2
00-068 8
mean n
SD D

ff
mm
ff
mm
mm
mm
ff
ff
ff

p o s i t i v e econtrol l
97-005 5 f f

A g ee (yr)

67 7
66 6
63 3
70 0
65 5
68 8
69 9
65 5
69 9
69 9
677 1
2.3 3
63 3
64 4
69 9
67 7
66 6
67 7
69 9
65 5
66 6
66.2 2
2.0 0
69 9

PMD(h) )
Agee of
onn sett yr)

65 5

51 1
58 8
64 4
NO O
56 6
52 2
63 3
55 5
47 7
555 8
588

Fixation n
timee (d)
646 6
83 3
41 1

Braak k
stage e
ND D
11
00
00
11

177 00
3.20 0
66 25
7:30 0
12:50 0
10:10 0
5:55 5
22:10 0
6:15 5
5:35 5
9:42 2
5:55 5

56 6
39 9
38 8
45 5
43 3
52 2
30 0
1077 5
189.8 8

4:55 5
555 5
4.00 0
3.00 0
55 10
55 05
55 45
66 20
6.30 0
5:12 2
1:06 6

63 3
100 0
47 7
38 8
36 6
36 6
31 1
37 7
54 4
49.1 1
211 7

66
66
66
55
66
66
55
66
66

7:10 0

40 0

22

22
00
11
11
11

ightt ( g j
1430 0
1188 8
1216 6
1280 0
1O30 0
1547 7
U75 5
1265 5
1264 4
1153 3
12848 8
157.5 5
934 4
1218 8
1150 0
1280 0
1055 5
1296 6
1098 8
954 4
1030 0
11128 8
133.0 0
1276 6

ND D
43 3
43 3
32 2
33 3
33 3
33 3
ND D
33 3
33 3

thromboemboli i
tractuss d i g e s t i w s bleeding
m a mm macarci n o m a
pancreass c a r c i n o m a
carriiacc arrest
Heartt attach
prostatee cancer with m e t a s t a s e s
CVA A
cardiogenicc shock
cachexia a

33 3
44 4
33 3
43 3
44 4
44 4

myocardiall infarction
aspirationn p n e u m o n i a
pneumonia a
cardiacc arrest
cachexia,, refusal of nutntion
pneumonia a
43 3 dehydration n
N D D cachexia a
N D D pulmonaryy problems

43 3 l e u k e m i a a

TableTable I. Clinic opathological details of the subjects used in this study.
Patientt 97-005 was included as a positive control for Ki-67 staining. Apo E; Apo E genotype, f; female, m;
male,, PMD: past mortem delay, NBB no.; Netherlands Brain Bank number, ND; not determined, AD;
Alzheimerr cases, CVA; cardiovascular accident.
*,, PMD and brain weight are significantly lower in AD patients compared to controls (p= 0.038 and 0.02
respj respj
**.**. Patient 00-018 was diagnosed with vascular type dementia, declaring the high Reisberg stage.

Methodologicall validation
Ki-677 immunohistochemistry is unaffected by PMD (Bowers et al.,
2003).. Masking of this epitope occurs after prolonged fixation, and
microwavee enhanced antigen retrieval (AR) is essential for formalin fixed
tissuess (Smith and Lippa, 1995; Nagy et al., 1997; Del Bigio, 1999; Blumcke et
al.,, 2001). AR is generally done for short periods, and at neutral pH values. For
longg fixation times, as in our patient cohort, more vigorous AR procedures are
suggested,, that are proportional to an increased heating duration and/or
thee use of lower pH values (Taylor et al., 1994). AR for Ki-67 at pH ó.O was e.g.
alreadyy suboptimal for tissue fixed longer than 24 h (Munakata and
Hendricks,, 1993; Suurmeijer and Boon, 1993). For the MIB-1 /Ki-67 antibody, AR
att low pH is optimal (Shi et al., 1995). We compared the following pH values:
pHH 1.0 (0.1 M HCL), pH 3.0 (0.01 M citrate buffer), pH 6.0 (0.01 M citrate
buffer)) and pH 9.0 (0.01 M Tris).
Too validate the Ki-67 staining protocol, we studied 4 positive control
tissuess known to contain large numbers of proliferating cells and fixed for
prolongedd periods of time. First, brain tissue of 3 human foetuses of 23 weeks
off gestation was studied. Sections were cut at the level of the hypothalamus
andd associated cortical areas including the basal telencephalon, a foetal
structuree that appears as a stream of proliferating and migrating neurons at
thesee ages (Letinic and Kostovic, 1997). Secondly, colon biopsies,
pathologicallyy confirmed as healthy, were obtained from a male control of
700 years of age, formalin-fixed and paraffin-embedded. The colon holds
largee numbers of proliferating cells in the basal parts of the crypts of
Lieberkuhn,, whereas apoptotic cells predominate at the lumenal side.
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Thirdly,, young rat hippocampal tissue of 10 days old was included as large
numberss of proliferafing cells are present at this age. Finally, brain sections
fromm a patient suffering from leukemia were included as positive control for
eachh experiment (subject 97-005, Table 1).
DCXX is a relatively novel marker for human brain. In view of the well
knownn sensitivity of particularly dendritic markers to postmortem decay
(Swaabb and Uylings, 1988), DCX IR was first studied in a series of postmortem
ratt brains (8-10 weeks of age, n=2 per group) that were left at room
temperaturee for 1, 3, 8, 12 and 24 hours after death. Six urn thick sections
weree stained for DCX according to the protocol described below. Paraffin
sectionss of perfused brain were included for comparison.
Immunohistochemistrv v
Tablee 2 lists the antibodies used for immunohistochemistry. The Ki-67
antigenn is a 345 to 395 KDalton non-histone protein complex present only in
thee nucleus of proliferating cells during Gi, S, G2 and M, but not the Go phase
off the cell cycle (Endl and Gerdes, 2000). Ki-67 antisense treatment strongly
reducess thymidine uptake in cell lines, indicating an important role in the
cell-cyclee (Duchrow et a!., 2001). Of the various Ki-67 antibodies tested in
pilott studies (NCL-Ki67p (Novocastra), Ki67 (Zymed), Ki67 Ab-3 (Immunocor)
andd MIB-1 (Dako)), the MIB-1 antibody yielded the best results on human
brain.. The MIB-1 antibody is furthermore a well-accepted tool in the
detectionn of proliferation in tumour biology (Kee et al., 2002).
manufacturer r
1stt Antibody
DakoCytomation,, Glostrup, Denmark
MIB-1(antii Ki-67) mouse monoclonal
Novocastra,, New Castle, UK
NCL-KI677 rabbit polyclonal
SantaCmzz Biotechnology
antiDCXX goat polyclonal
Monosann B.V.,Uden, NL
antiGFAPP mouse monoclonal clone 6F2
DakoCytomation,, Glostrup, Denmark
antiVWFF rabbit polyclonal
2ndd Antibody
biotinylatedd anti mouse
Amersham Life Sciences
biotinylatedd anti rabbit
Amersham Life Sciences
biotinylatedd anti goat
Jackson Laboratories

concentration n
1:250 0
1:1500 0
1:200 0
1:10 0
1:400 0
1:200
1:200
1:500

TableTable 2. Detailed information on the antibodies used in this study

Forr ail washes and antibody incubations, 0.1 M Tris buffered saline
(0.155 M) pH 7.6 (TBS) was used. Mounted hippocampal sections were cleared
inn xylene and hydrated in graded ethanols and then placed in plastic Coplin
jarss for microwave pre-treatment. AR was performed for 15 min with 2x200 ml
bufferr in a household microwave device starting at 800 W and gradually
decreasingg to 100 W once boiling commenced. After 30 min of subsequent
coolingg at room temperature, endogenous peroxidase activity was blocked
forr 15 min with 0.5% peroxide treatment. Five percent normal goat serum
(NGS)// 0.5% Triton X-100 was applied for 30 min to prevent aspecific binding.
Incubationn of the first antibody was in 0.25 % gelatin/0.5% triton X-100 in TBS
(Supermix)) for 1 h. It was then incubated overnight at
. The secondary
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antibodyy was amplified with the Elite Vectastain avidin-biotin complex (ABC)
kitt (Vector Laboratories, Burlingame) and biotinylated tyramide (1:500, kindly
providedd by Dr I. Huitinga, Neth. Inst, for Brain Research, Amsterdam} and
0.01%% peroxide for 30 min, followed by a 45 min incubation with ABC. The last
22 washes were in 0.05 M tris buffer, which was also used to dissolve
diaminobenzidinee (DAB) as a chromogen and for Ki-67 staining with 0.04 %
nickell intensification.
Often,, an association of Ki-67+ cells with the vasculature was readily
apparent,, and only in a few cases, it appeared somewhat difficult to
establishh this unequivocally. In a sample of sections adjacent to Ki-67 stained
ones,, and taken from various patients, we subsequently confirmed an
endotheliall origin of the Ki-67+ cells using immunolabelings for Von
Willebrandd Factor (VWF). The same protocol as for Ki-67 was used except for
MWW pretreatment in 0.01 M citrate buffer at pH 9.0.
DCXX immunohistochemistry on human hippocampal sections was
performedd according to the same protocol as for Ki-67, except the
microwavee pretreatment was at pH 6.0.
Forr GFAP immunohistochemistry, deparaffinized sections were
pretreatedd in 10 mM citrate buffer at pH 6.0 in a microwave oven for 10 min.
Thee pretreatment was followed by immersion in 0.3% H2O2 in methanol for 30
min.. PBS containing 1% (w/v) bovine serum albumin (BSA; Boehringer
Mannheim,, Germany) was used in all subsequent steps. Preincubation of the
sectionss with normal rabbit serum (DAKO, Glostrup, Denmark) for 10 min was
followedd by incubation with a GFAP-specific monoclonal mouse antibody at
roomm temperature for one hour. After washing, the slides were incubated
withh a biotin-conjugated rabbit anti-mouse F(ab')2 secundary antibody
(DakoCytomation,, Glostrup, Denmark; 1:500 dilution) for 30 min, and
streptavidin-biotinn horseradish peroxidase complex (streptABComplex;
DakoCytomation,, Glostrup, Denmark; 1:200 dilution) for 60 min. Colour was
developedd (3 min) using 3,3'-diaminobenzidine (0.1 mg/ml, 0.02% H2O2) as
chromogen. .
Morphometry y
Crosss sectional areas of the main hippocampal subregions, i.e., DGGCL,, hilus, CA1/2 and CA3 were determined in cresyl violet stained sections
adjacentt to the midlevel sections stained for Ki-67. The public domain
programm "Object image", an extended version of "NIH Image", was used.
Quantification n
Forr each patient, 3-4 sections at comparable midlevels of the
hippocampuss were used. Numbers of Ki-67 positive nuclear profiles were
determinedd in the DG, hilus, CA3, CA1-2 of the hippocampus. Specific care
wass exerted to exclude Ki-67 staining in mature neurons and only include
non-mature,, healthy looking Ki-67 IR nuclear profiles, (i.e. cells without a large
somaa or extensive neurites visible). As double labelling for phenotypic
analysiss with mature neuronal markers is not possible, specific attention was
paidd to the location of Ki-67 IR profiles over the various subregions. Subareas
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knownn to be largely occupied by a specific cell type were denoted as either
a)) neuron-rich (e.g. the granular layer of the DG and the pyramidal layer of
CAA areas}, b] glia-rich areas (like the stratum radiatum), or c) associated with
bloodd vessels. The number of Ki-67 positive cells was normalized to the cross
sectionall area of the subregion involved and expressed per mm 2 .
Subsequently,, immunohistochemistry for VWF and GFAP was performed on
adjacentt sections.
Inn view of our PMD test series, DCX-labeled human hippocampal
sectionss were scored by distinguishing DCX IR cellular profiles from the small
granularr elements frequently present in the DG. Cellular profiles were scored
separately,, while semiquantitative scores were assigned for the granular
pattern,, ranging from 0 for no IR present, to 1) weak DCX signal in small parts
off the region of study, to 2) weak DCX IR detected in considerable parts of
thee region, to 3) moderate levels of DCX IR throughout the region, to 4)
abundantt DCX-IR throughout the region.
GFAPP staining was assessed semiquantitatively for the main
hippocampall subregions, including the granular cell layer (GCL), subgranular
zonee (SGZ), molecular layer (Mol), hilus (hil) and CA1 region, as well as
associatedd cortical white (Cx WM) and grey matter (Cx GM). A scoring
rangee from - (no GFAP immunoreactivity apparent) to +/- (modest), +
(moderate),, ++ ( strong) and +++ (extensive GFAP immunoreactivity and
activatedd astroglia present) was used.
Statisticall analysis
Havingg established that the data were normally distributed, Ki-67
resultss were analyzed using a parametric two-tailed student's t-test. DCX
qualitativee numerical scores of the extent of the granular staining in the SGZ
weree analyzed non-parametrically using a Mann Whitney U test.
Results s

Morphometry y
Measurementt of the cross-sectional area of the various hippocampal
subareass revealed a significant decrease (p = 0.034) of the CA1/2 region in
ADD compared to controls (Fig. 1). Other subareas did not differ significantly
betweenn the two groups.
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FigureFigure 1 Averaged cross

fAfA

control

HH AD

sectionall areas of the
hippocampall sub-regions.
Thee cross sectional area o(
CA1/22 was significantly
decreasedd in AD patients
comparedd to controls (p =

WiVmVm WiVmVm
0.034}. .

CAI/2 2

CA3 3

hilus s

DG G

Ki-677 Antigen retrieval (AR) optimization
Thee AR test series revealed a clear improvement at pH 1.0 over other
pHH values. Using pH 1.0, large numbers of Ki-67 positive, proliferating cells
weree found in the ganglionic e m i n e n c e a n d t e l e n c e p h a l o n , while clear a n d
isolatedd Ki-67 positive cells were d e t e c t e d outside these regions. In contrast,
t r e a t m e n tt at pH 3.0 displayed no signal a t all, while a t pH 6.0 a n d pH 9.0,
stainingg was only present in locations with high proliferation, but with high
b a c k g r o u n dd levels a n d a poor signal to noise ratio. Notably, the isolated Ki-67
positivee cells l o c a t e d outside the zone of massive proliferation were only
observedd with AR a t pH 1.0. Application of our p r o t o c o l on intestinal tissue
(Fig.. 2A), yielded man y Ki-67 positive cells a t the basol (arrows, Fig. 2A), but
noo a p i c a l / l u m e n a l side of the villi (arrowheads), thus excluding possible
crossreactivityy with non-proiiferative or a p o p t o t i c cells that p r e d o m i n a t e the
latterr r e g i o n . Secondly, the h i p p o c a m p u s of a 10-day-old rat (Fig. 2B)
revealedd large amounts of Ki-67 positive cells, often found in pairs or clusters
(arrows),, in hilus a n d granule cell layer (GCL). Finally, a control subject
(patientt # 97-005, see Table 1] t h a t suffered from leukaemia displayed
extensivee Ki-67 staining in b l o o d cells t h r o u g h o u t the h i p p o c a m p u s a n d
cortexx (Fig. 2C). In conclusion, retrieval at pH 1.0 was found to b e optimal [Shi
ett al., 1995) for tissue with prolonged fixation times, a n d this condition was
subsequentlyy a p p l i e d to our experimental tissues.
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FigureFigure 2. Positive controls showing Ki-67 signal in proliferating cells
Loww power photomicrographs are shown on the left, details on the right. Figure A shows Ki-67 positive,
proliferatingg cells at the basal side of the crypts of Lieberkuhn in a non-counterstained section of human colon,
ann area where abundant proliferation occurs (arrows). Positive cells are absent from the apical (lumenal) side of
thee crypts (arrowheads), a region where apoptosis is known to prevail. In 10-day-old rat hippocampus (B). Ki-67
identifiedd large amounts of dividing and proliferating cells in the hilus and DG (arrows) and in smaller amounts
alsoo in other areas of the hippocampus of animals this age (arrowhead). In the entorhinal cortex of a patient
whoo suffered from leukaemia (C), many Ki-67 positive cells were found inside blood vessels (arrows). Scale-bars
onn the overviews indicate 100 urn, whereas scale-bars on the details (right side) indicate 20 um.
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Ki-677 quantification in AD brains
Ki-677 positive cells were found at very low frequencies in the
hippocampuss of AD patients and controls (Fig. 3A-C). Nuclear Ki-67 staining
wass present often in doublets or pairs close to each other (Fig. 3D-G), or in
cellss in close contact with the vasculature (Fig. 3B). Never was Ki-67 staining
observedd in tangle-like structures, nor in mature cellular or neuronal profiles,
orr with characteristics suggestive of apoptosis. This was expected based on
thee absence of Ki-positive cells from the lumenal side of the intestinal villi (see
above).. Specific attention was further paid to one patient that received
chemotherapyy until death and one suffering from leukemia. The Ki-67 counts
off the former patient were within the range of the control group, suggesting
thee drugs had not passed the blood-brain barrier. The patient suffering from
leukemiaa (Fig 2C) consistently showed strong staining of many proliferating
cellss within the vasculture.
Quantificationn of the mean number of Ki-67 positive cells in all
hippocampall subregions together yielded a significant increase in the AD
hippocampuss (p = 0.018). This was mainly due to an increased proliferation in
CA1-33 (p = 0.015](see Fig. 4). Further subdivision in 3 phenotypic groups (Fig.
5}} revealed proliferation in neuron-rich areas to be almost exclusively present
inn the DG of both groups [Fig. 5D). Virtually no Ki-67 positive cells were found
withinn the pyramidal neuron layers of CA1-3. The increased proliferation in
CA1-33 in AD was largely attributable to cells located in glia-rich areas, such
ass the stratum radiatum, and to blood vessel associated cells. Additional
stainingss for VWF in a series of adjacent sections confirmed in all cases that
thee Ki-67+ cells reside in VWF+ blood vessels (Fig. 6).
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FigureFigure 3. Ki-67 immunohistochemistry identifies adult proliferation in sub-regions of the adult human
hippocampus. .
Exampless of Ki-67 positive cells present in neuron-rich areas (A), blood vessels (B) or glia rich areas (C. D).
Notee that the frepuency of the Ki-67 positive cells is very low. Figure A shows the subgranular zone (SGZ)
andd granular cell layer (GCL) of the DG with a Ki-76 positive cell at the border of the SGZ. Figure B shows
aa blood vessel (lumen is depicted by the asterisk) associated cell (arrow). Figure C shows positive cells
(arrow)) in the polymorphous layer (PML) of the DG, a relatively glia-rich area. Figure D shows the positive
cellss in C in detail, illustrating a recently separated doublet. Figure E-G are representative examples of
Ki-677 positive cells often present as doublets. Arrows indicate pairs of proliferating and/or clearly dividing
cellss that are about to separate. Proliferation was observed in control subjects (E. G) and AD patients (AD,, F). Scale-bar in C: 50 urn. Scale-bars in the rest of the figure are 20 um.
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Figuree 4. Quantification of Kl-67 labelled cells In the hippocampus of AD patients and controls.
Inn the entire hippocampus proliferation was significantly increased in AD patients compared to
controll subjects (second right pair of bars, p = 0.019), This was mainly due to increasea proliferation in
thee CA1-3 area [most right pair of bars, p = 0.015). Numbers are normalized for the total hippocampal
surfacee for each individual patient. Similarly, the average of CA1 to 3 has been determined. Error bars
indicatee SEM.
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Figuree 5 Quantification of subtypes of Ki-67 positive cells in the AD hippocampus.
A;; CA'/2. B; CA3, C: hilus. D: DG, E; total.
Prolifera*ionn in neuron rich areas (neuronj is aimos1 completely fmited to the DG (Figure D). but not
differentt between groups. Proliferation in glia rich areas (g'ia) and bloodvessels (vascular) occurs in all
areass of the hippocampus. Within the differentcategories. proliferation did not differ significantly
be'weenn AD patients and controls. The increase in proliferative eel! number is mainly due to increases in
proliferationn in fne g:ia-rich areas and bloodvesses associated cells ana not from neuron-rich areas, that
iss only present in the DG-SGZ and not aifferent between groups.
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FigureFigure 6. Proliferation in endothelial cells.
(A)) Ki-67 positive cells (arrows) are located inside a Von Willebrandt Factor (VWF) positive vessel (B),
indicatingg their endothelial origin. VWF immunohistochemistry was performed on adjacent sections.
GCL;; granular cell layer. Scale-bar in overview indicates 100 um, in the detail 10 pm.
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GFAPP immunohistochemistrv
GFAPP immunostaining revealed extensive astrogliosis in the cortical
whitee and grey matter in AD as compared to controls, with local differences
inn the hippocampus (Fig. 7, color figure). In control subjects, faint GFAP IR
wass apparent in the hilus and SGZ, while the CA1 region was generally
devoidd of GFAP IR. In AD, abundant astrogliosis was found in these regions.
Withinn the DG, in almost all AD patients (8/9) and in only 1 control subject, an
extensivee GFAP IR and large numbers of GFAP positive reactive astrocytes
weree apparent in the SGZ (Fig. 7E, Table 3) and hilus (Fig. 7F+G). Also, these
astrocytess often appeared in clusters (Fig. 7F). Many of their protrusions
frequentlyy extended into the GCL (Fig. 7H) that was otherwise devoid of
GFAPP staining. In 2 AD cases, reactive astrocytes were found in the
molecularr layer, and in 4 cases, astrocytes were also present in the GCL (Fig.
7H+I,, Table 3).
Controls s
NBBB n o
90-009 9
91-045 5
95-092 2
96-129 9
97-005 5
97-042 2
97-043 3
97-157 7
98-003 3
98-036 6
00-018 8

sex x age e pmd d
67 7<17:00 0
mm
66 6 3:20 0
mm
63 3 6:25 5
ff
70 0 7:30 0
mm
69 9 7:10 0
ff
65 5 12:50 0
ff
68 8 10:10 0
mm
mm
69 9 5:55 5
65 5 22:10 0
mm
69 9 6:15 5
ff
69 9 5:35 5
ff

AD D
NBBB n o .
92-103 3
94-082 2
95-087 7
97-113 3
98-060 0
98-147 7
99-124 4
00-052 2
00-068 8

sex x age e pmd d
ff
63 3 4:55 5
64 4 5:55 5
mm
69 9 4:00 0
ff
67 7 3:00 0
mm
66 6 5:10 0
mm
67 7 5:05 5
mm
ff
69 9 5:45 5
ff
65 5 6:20 0
ff
66 6 6:30 0
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Tablee 3. Semiquantitative scoring of GFAP imnwnohistochemlstry in the hippocampus and associated
cortex. .
Expressionn is scored as: -; no, + / - ; weak, +/-; modest, +; moderate and ++; strong GFAP expression, and
+++;; extensive GFAP expression with astrogliosis. N8B; Netherlands brain bank number, pmd; post mortem
delayy (h), SGZ: subgranular zone, GCL: granular cell layer, mol; molecular layer, CAl pyr; pyramidal layer of
CAI,, CAI rad; stratum radiatum of C A l , CX GM; associated cortex gray matter, CXWM; associated cortex
whitee matter.
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FigureFigure 7. Glial Fibrillary Acidic Protein (GFAP) immunohistochemistry
A.. Very little signal is present in the CA1 area of a control subject immunostained for GFAP.
B.. Conversely, abundant gliosis and many GFAP positive reactive astrocytes (arrow) are present in
CA11 and cortical grey matter of an AD patient. C. Abundant glia staining is seen in the hilus and SGZ
off most of the AD patients with only occasionally glial activation apparent in the molecular layer. D. In
mostt controls subjects, very little glial activation was found in the SGZ, GCL or molecular layer.
E.. In AD patients, abundant glial activation in the SGZ (arrows) and hilus was often observed.
F.. Detail of E showing clusters of GFAP positive astrocytes (arrow) present in the SGZ,
(G)) and hilus (H). Often GFAP positive protrusions were extended and traversed through the GCL into
thee molecular layer. I. Only in a few cases, abundant activation of GFAP positive astrocytes was
seenn within the GCL and the molecular layer.
SGZ;; Subgranular zone, mol; molecular layer, H; hilus. GCL: granular cell layer.
Magnificationn in A, B, D, E, M, H and I: 250x, C: 100x. F and G: 400x
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Doublecortinn {PCX) immunohistochemistry
Forr DCX, PMD effects were studied first on the rat PMD series. In tissue
obtainedd from perfused brains, DCX IR was strongly expressed throughout the
SGZ,, where it extensively labeled neuronal cell bodies as well as their
dendritess (Fig. 8B, color figure), traversing the GCL and reaching into the
molecularr layer (Fig. 8A). After 1 h of PMD, a clear reduction was already
apparentt in DCX IR. The reduction was particularly apparent in the dendritic
componentt (Fig. 8C, D and F), showing further progression with increased
PMD.. Also, weaker soma staining was detectable (Fig. 8D and G) at 8 and
12hh of PMD (Fig. 8D, E and G). At 12 h of PMD, most DCX positive cells in the
SGZZ had further shrunken in size, whereas a smaller amount of cells was
detectablee at a PMD of 44 h. The number of DCX IR cellular elements per
hemispheree was not strongly reduced by PMDs up to 12 h, as the average
numberr of DCX IR cells per 4 hippocampal levels was 46, 35, 47, 47 and 18
forr PMDs of 1, 3, 8, 12 and 44 hrs, respectively. In addition, at 8 and 12 hrs of
PMD,, a granular staining pattern became apparent mainly in the hilus and
SGZZ (Fig. 8E+I), likely representing DCX breakdown during PMD.
Inn human brain, very few examples (4 cells in a total of 19 patients) of
isolated,, DCX positive, cellular profiles were seen in the hilus and SGZ (Fig. 8J,
KK and M). DCX positive cellular profiles were never seen in the CA pyramidal
layerr or stratum radiatum. Also, many small granular elements, similar to those
appearingg in the postmortem rat series, were frequently observed in hilus,
GCLL and molecular layer of both groups (Table 4). In outer borders of the
tissue,, DCX positive corpora amylacea were often seen. DCX IR dendrites
weree not observed in the human hippocampus. Between subjects,
considerablee variation in the number of DCX positive granular elements was
present,, that could not be directly related to fixation time or postmortem
delayy (Table 4). Quantification of the number of granular elements in the SGZ
andd hilus yielded no significant differences between the groups (MannWhitneyy U rank sum test; p = 0.38).
Inn view of the increase in granular elements in our PMD series, we
concludee that only the cellular elements inside the SGZ, reflect DCX levels
presentt antemortem. Their numbers were very low and did not change
significantlyy with PMDs up to 8 hrs. Therefore, the presence of a discernable
nuclearr membrane and a nucleolus should be a morphological criterium
whenn addressing DCX IR somata in tissue matched for preferably short PMDs.
Whenn comparing identified cells in the 2 groups, the numbers of DCX
IRR cellular profiles were too low to draw any conclusions. Given the effect of
PMDD which will continue to contribute to the variability of the data, and the
veryy low frequency of DCX positive cellular elements, e.g. increasing the
numberr of sections would still not be sufficient to draw any reliable and
meaningfull conclusions.
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FigFig 8. DCX Immunohlstochemlsfry
A.. Representative illustration of the arrangement of newly generated neurons in the two blades of the adult
mousee dentate gyrus as shown by doublecortin immunohistomistry [perfused brain tissue). Prominent
stainingg of branching apical dendrites is visible that traverse the granular cell layer and cross the inner and
middlee molecular layers to often reach into the outer molecular layer {OML, arrows).
B.. High magnification showing the typical distribution pattern of the microtubule associated protein
doublecortinn in rodent brain that is prominent in the soma as well as in the dendrites (arrowheads).
C.. Representative illustration of a DCX positive neuron in the rat dentate gyrus (immersion fixed) after a 1
hourr post mortem delay. A prominent reduction in immunoreoctivity is apparant, not only in the soma, but
evenn more so in the dendrites.
D.. DCX immunoreoctivity of a rat brain with a PMD of 8 hours, showing only some DCX staining of the soma
(arrows)) remaining in the GCL, yet very little, if any, dendritic staining remains present. *; hilus
E.. At 12 h PMD, DCX soma staining is very weak in rat brain, while an additional, granular staining pattern is
apparentt in the SGZ and hilus (arrows).
F.. High magnification of newly born neurons in the SGZ/GCL after 3 h PMD, illustrating poor dendritic
stainingg (arrowhead).
G.. High magnification of a DCX positive, newly born neuron in the rat DG after a PMD of 8 hours. Note the
presencee of a nucleolus (arrow) and the complete absence of dendritic staining, as compared to figs A
andd B.
H.. Illustration of probably the remnant of a DCX positive cell, in the SGZ after a PMD of 12 h.
I.. The hilar region of a rat at a PMD of 8 h, illustrating the occurrence of an abundant granular staining DCXIRR pattern (arrows).
J.. DCX positive cell clearly positioned in the SGZ of the human DG of an Alzheimer patient.
K.. Higher magnification of J.
LL Illustration of the granular pattern of DCX immunostaining in the human hippocampus, that was mainly
foundd in the SGZ (arrows)/hilus area.
M.. DCX positive soma in the hilar/SGZ border of an AD patient. The arrow indicates the presence of a
nucleolus.. The inset shows a similor example in the hilus.
N.. DCX staining in the hippocampal SGZ of an AD patient, showing both granular staining (arrows) and an
occasionall cellular profile.
Magnificationss in A: lOOx; B. I, K and L: 400x; C, F, G, H, K. M and N; lOOOx; D and E. J: 250X
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Discussion n

Usingg a maximized immunohistochemical protocol for Ki-67, we
presentedd data supporting the hypothesis that adult hippocampal
proliferationn is increased also in presenile AD. in the GCL of the DG, the only
neuronn rich area where Ki-67 was found, no differences were present
betweenn control subjects and presenile AD patients. This suggests that no
differencess in neurogenesis existed between groups. The increased amount
off Ki-67 positive cells in the entire AD hippocampus was attributable to gliarichh areas and cells associated with the vasculature. Based on these results,
andd on our additional DCX, GFAP and VWF stainings, we conclude that
increasedd proliferation in the CA areas of presenile AD brains does not reflect
neurogenesiss but rather represents glial proliferation and vasculature
associatedd changes.
Enhancedd proliferation in presenile AD
Hippocampall proliferation in the adult and elderly human brain is a
raree phenomenon (Eriksson et al., 1998; Del Bigio, 1999). As only neutral AR
conditionss have been used for Ki-67 in earlier studies, the extent of
proliferationn in AD, though, may have even been underestimated [Smith and
Lippa,, 1995; Del Bigio, 1999). AR of particularly nuclear antigens was shown to
heavilyy depend on heat as well as pH (Lucassen et al., 1995; Shi et al., 1995)
andd clear improvements of immunoreactivity have been reported after AR
att acidic pH values, particularly when fixation duration was prolonged (Taylor
ett al., 1994; Shi et al., 1995). The present pH 1.0 incubation is simple and
providess an optimal Ki-67 retrieval without the need for combined treatments
orr ultra rapid microwave devices. So far, only one study has demonstrated
thee actual occurrence of dividing cells in humans using BrdU double labeling
(Erikssonn et al., 1998). The BrdU numbers as reported by Eriksson et al. are in
thee same order of magnitude as the Ki-67 numbers presently found in
patientss of comparable ages. We therefore conclude, together with other
studiess (Blumcke et al., 2001; Duchrow et al., 2001; Kee et al., 2002), that Ki-67
iss a reliable and effective proliferation marker for human brain. Based on
bothh the BrdU and Ki-67 protocols it can furthermore be concluded that the
numberr of proliferating cells in the adult human brain is indeed very low,
bothh in healthy and diseased brains.
Althoughh the number of Ki-67 positive cells was low, we still observed
aa considerable increase in the hippocampus of presenile AD compared to
controll subjects. Previous studies have reported increased expression of
variouss cell cycle related proteins in AD (Nagy et al., 1997; Vincent et al.,
1997;; Busser et al., 1998; Jin et al., 2004a). The occurrence of proliferative and
celll cycle-related changes in close association with AD pathology has been
interpretedd as attempts of endangered neurons to start a new cell cycle,
thatt may in some conditions, lead to cell death (Smith and Lippa, 1995;
Kondratickk and Vandre, 1996; Busser et al., 1998; Herrup et al., 2004). A major
differencee with the present study is that, even though we focused on nonmature,, healthy appearing Ki-67 IR nuclear profiles, mature celts with ectopic
Ki-677 immunoreactivity were not observed at all in presenile AD. This suggests
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thatt the ectopic cell cycle protein expression is characteristic for senile rather
thann presenile AD, Even though the age of the present cohort is relatively
young,, AD pathology is extensive and disease duration generally short.
Hence,, this subgroup represents a pathophysiology quite different from senile
AD. .
Thee presence of "cycling" neurons in senile AD, that is, ectopic
expressionn of proliferation markers in mature neurons, may indicate that
thesee cells are "stuck" in a cycle that can not be completed (Yang et al.,
2003),, or, alternatively, may reflect an early stage of cell death [Raina et al.,
2001;; Herrup et al., 2004). The former is consistent with the fact that most
"cycling"" neurons were seen in older AD cohorts (> 70 years of age), and in a
separatee group of mildly cognitively impaired patients (Yang et al., 2003},
whichh is often considered a prodromal state for AD. This would indicate that
celll cycle changes in adult neurons may require more time to develop, and
mayy only appear in elderly individuals or senile AD patients with a long
diseasee duration. Alternatively, the attempts of the mature neuronal
populationn to re-enter the cell cycle could have been unsuccessful in
presenilee AD patients and may have caused an early abortive exit through
apoptosis.. Although this latter theory does not support the concept of
"cycling"" neurons with a long lasting presence (Yang et al., 2003), it is
consistentt with the present reduction in CA1-2 cross sectional area in
presenilee AD, and with various papers indicating that (forced) re-entrance
intoo the cell cycle induces cell death in mature neurons under in vitro
conditionss (Busser et al., 1998; Raina et al., 2001; Herrup et al., 2004}. One
otherr possibility might be that in presenile AD more plasticity remains as
comparedd to senile cases, which would allow the brain to more efficiently
respondd to the occurrence of deleterious events, by preferentially inducing
ann abortive exit from the cell cycle.
Neurogenesis,, astrogliosis and anaioaenesis
Ass to the future phenotype of Ki-67 positive cells, technical limitations
needd to be considered. Ki-67 positive cells cannot be double labeled with
gliaa or neuronal markers, since Ki-67 is rapidly degraded once a cell starts to
differentiatee (Gerdes et al., 1991; Scholzen and Gerdes, 2000). To our
knowledge,, only two papers have reported Ki-67 double-labelling in human
brain,, but this was with immature markers, like nestin, characteristic of
undifferentiatedd cell types, and only in very young (i.e. 2-19 months of age}
brainss (Blumcke et al., 2001; Abraham et al., 2004). We, therefore, were
confinedd to inferring the differentiation i) from the location of Ki-67 positive
cellss and ii) through staining with more specific markers in adjacent sections.
Sincee staining with the marker of young migrating cells DCX turned out to be
sensitivee to PMD, data regarding neurogenesis in human brain obtained with
thiss marker need to be considered with some care. However, as nearly all
cellss in the DG granule cell layer are of neuronal origin, typefication based
onn location is in this case unlikely to be incorrect.
Basedd on the location of Ki-67 positive cells and data from our
additionall stainings, we presently found no indication for enhanced
129 9

ProliferationProliferation in Alzheimer hippocampus
neurogenesiss in the brains of presenile AD patients. This is at variance with a
recentt study in which proliferation markers and DCX expression were found
too be increased in the hippocampus of an older AD cohort (Jin et al., 2004a).
Whilee carefully validating the use of DCX immunohistochemistry for
postmortemm brain, we found DCX, like many other microtubule associated
proteinss and dendritic elements (Swaab and Uylings, 1988], to be prone to
degradationn during PMD. In fact, DCX IR dendrites had already disappeared
afterr 1 h PMD, while DCX IR somata became smaller and more difficult to
detect.. Their numbers appeared to be stable for up to 8-12 hours PMD, but
thee appearance of granular elements at these PMDs likely reflect artefacts
thatt hamper the correct interpretation of DCX in human brain. We conclude
thatt care should be taken, particularly in matching for PMD, when
interpretingg DCX IR in PMD brain.
Ourr semiquantitative comparisons failed to detect any difference in
DCXX IR between control and AD cases. Clearly, we do not reproduce the
robustt and even increased expression of DCX in AD as reported recently (Jin
ett al., 2004a). This discrepancy may relate to differences in
immunohistochemicall protocols, antibodies or differences in AR. Also,
inclusionn criteria for DCX positive neurons may have been different between
thee two studies and it may be inferred that DCX IR granular elements, which
aree abundantly present in the SGZ particularly at longer PMDs (as used in the
ADD group by Jin et al.), were included in their study, but not in the present
analysis.. Moreover, we have spend great effort to quantify our
irnmunocytochemicall data in a region-specific manner. By contrast, the
conclusionn by Jin et al. that neurogenesis is increased in AD is primarily based
onn western blots for DCX and PSA-NCAM done on whole hippocampal
homogenatess of a few patients (n=3). This approach not only lacks
morphologicall detail on e.g the DG, but is also sensitive to brain atrophy,
whichh occurs in AD, and may cause a bias in relative protein concentrations.
Ass the cohort in the paper by Jin et al. was furthermore on average 10 years
olderr (mean age; 77.6) than the cohort in our study, and PMD was longer in
theirr AD than in their control group, an additional possibility is that age and
PMDD have contributed to the present discrepancy.
Followingg our extensive and validated protocol, the number of Ki-67
positivee cells was nevertheless found to be enhanced in presenile AD, while
noo indication for enhanced dentate neurogenesis could be obtained. We
thuss considered the possibility of enhanced gliogenesis and angiogenesis.
Astrocytee activation is characterized by hypertrophy of cellular processes,
upregulationn of GFAP and reexpression of nestin (Wilhelmsson et al., 2004).
Classicc astrogliosis is known to occur extensively in the senile AD cortex and
CA11 region. However, we here found a robust astrogliosis in the SGZ, an area
generallyy not characterized by a heavy plaque load. Yet, in the molecular
layerr of the entorhinal cortex too, activated astrocytes loaded with Afi are
presentt in the absence of amyloid plaques (Nagele et at., 2004), indicating
thatt other factors than amyloid plaques may trigger astrogliosis. The present
robustt GFAP immuno staining in the hilus and SGZ, but not in control subjects

130 0

ChapterChapter 5
wass paralleled by an upregulation of KÏ-67+ cells, which suggests that also
gliaa proliferation may take place.
Ourr data on proliferative responses in glia-rich regions are consistent
withh recent reports on gliogenetic changes and an increased cell cycle
proteinn expression in glia (Bondolfi et al., 2002; Gartner et al., 2003;
Hoozemanss et al., 2005; Wharton et al., 2005) in the AD hippocampus, and
increasedd expression of cyclins in astrocytes in APP23 transgenic mice
(Bondolfii et al., 2002; Gartner et al., 2003). As to the functional importance of
thiss phenomenon, we conclude that in addition to intracellular upregulation
off GFAP, this may also represent division and production of more astrocytes
followingg pathological activation. Alternatively, as astrocytes have recently
beenn identified as neuronal precursors in development (Noctor et al., 2001;
Gotzz et al., 2002), their proliferation could be an attempt to compensate for
thee loss of normal glial or neuronal functions.
Ourr current data further show that Ki-67 IR is increased in endothelial
structuress of presenile AD brains, as confirmed by VWF expression. Cerebral
amyloidd angiopathy CAA is currently being studied intensively as it may play
ann important role in AD etiology (Vagnucci et al., 2003; Castellani et al., 2004;
Nicolll et al., 2004; Zlokovic, 2005). Various causal mechanisms for CAA have
beenn proposed in association with AD, including hypoperfusion, altered
bloodd brain barrier function, vascular remodeling, aberrant angiogenesis
andd reduced Ap clearance. Regarding the angiogenic changes, total
corticall capillary length is known to be reduced in AD (Wu et al., 2005). Also
manyy pro-angiogenic changes are seen in AD, including increased
expressionn of vascular entothelial growth factor (VEGF) and transforming
growthh factor-p (TGF-p) (Kalaria et al., 1998; Tarkowski et al., 2002), changes
thatt can be mediated by reactive astrocytes (Salhia et al., 2000). Also Ap
itselff can induce fibroblast growth factor (FGF) expression (Cantara et al.,
2004),, cyclln Dl expression in brain pericytes (Rensink et al., 2004) and in vitro
angiogenesiss (Zand et al., 2005).
Ass vascular structure appears impaired in AD, the increased Ki-67 IR
inn vascular cells may reflect an aberrant response that could contribute to
vascularr dysfunction. This could be due to the lack of essential factors for
angiogenesis,, such as the mesenchyme homeobox 2 gene (Wu et al., 2005)
whichh is absent in AD. We propose that vascular-associated Ki-67 expression
inn the presenile AD hippocampus is either non-functional or even
dysfunctional,, as vascular function is compromised in AD.
Inn conclusion, significantly increased numbers of Ki-67 IR cells were
foundd in the presenile AD hippocampus, and were mostly accounted for by
gliaa cells and cells associated with the vasculature. No indications for
increasedd neurogenesis were apparent. We presently observed a significant
volumee loss in the CA1 area. This is well documented in AD, but with
considerablee variation to its extent (ranges of 12% - 86% reported) [Bobinski et
al.,, 1997; Simic et al., 1997; Rossler et al., 2002). Clearly, if replacement of
diseasedd hippocampal neurons is attempted, it has been unsuccessful. In
contrastt to senile AD, a prominent activation of glia cells and the vasculature
occurss in presenile AD.
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Summaryy & Discussion
Summary y
Neuronss o f t e n h a v e a c o m p l e x dendritic tree a n d an extensive
axonall organization, w h i c h requires specific properties from the neuronal
cytoskeletonn to e n a b l e structural m a i n t e n a n c e a n d stability. In contrast to
thee rather rigid n a t u r e of postmitotic neurons, during various d y n a m i c
processess like neuronal birth, migration a n d g r o w t h , rather a flexible a n d
a d a p t a t i v ee c y t o s k e l e t o n is r e q u i r e d . These r e o r g a n i z a t i o n s of t h e
c y t o s k e l e t o nn of i m m a t u r e neurons are r e g u l a t e d by b i n d i n g of a . o .
microtubulee associated proteins (MAPs) to cytoskeletal elements. However,
alsoo plastic c h a n g e s in m a t u r e neurons, like alterations in synaptic
connectivity,, might be regulated by MAPs.
MAPss are an important class of structural proteins characterized by
thee presence of one or more microtubule (MT) binding sequence(s). Upon
MAPP binding, MTs are stabilized a n d tubulin polymerization is e n h a n c e d . The
affinityy of a MAP for MTs is further regulated through alternative splicing a n d
phosphorylation.. Many MAPs are exclusively expressed in the nervous system
w h e r ee they are involved in growth as well as structural stability of neurons.
Exampless include tau, but also novel members, like the doublecortin (DCX)
a n dd doublecortin-like kinase (DCLK) g e n e products, w h i c h are i m p o r t a n t
a.o.,, in brain d e v e l o p m e n t .
Aim:: In the present thesis we have tried to establish a role for the MAPs
tauu and DCL in structural plasticity during development and adulthood,
includingg mitosis and radial migration but also in synaptic plasticity, LTP
andd learning and memory.
Inn this thesis, w e h a v e focused on t w o MAPs: 1) the DCLK splice
variantt doublecortin-like (DCL) that was studied in relation to early cortical
d e v e l o p m e n tt a n d radial migration, a n d 2) on (mutant) tau in relation to
structurall a n d synaptic plasticity a n d m e m o r y f u n c t i o n . Also, w e studied
structurall plasticity changes in the human brain in presenile Alzheimer cases.
Doublecortinn (DCX) is a recently discovered MAP that is a b u n d a n t l y
expressedd in a.o., the embryonic cortex. It is involved in the migration of
n e w b o r nn cells from the ventricular zone (VZ) to their final destination in the
corticall plate. Mutations in the DCX g e n e severely disturb neuronal migration
a n dd i n d u c e a doublecortex syndrome in humans. Recently, a related g e n e
c a l l e dd doublecortin-camkinase-like (DCLK) has b e e n discovered. One of its
splicee variants doublecortin-like (DCL) was shown to b e involved in mitosis
a n dd radial fiber stability of neuronal precursors. These latter studies are
presentedd in the addendum of this thesis.
Althoughh the DCX a n d DCLK genes share at least partly overlapping
functions,, specific differences exist as well, e.g. in their s p o t i o t e m p o r a l
expressionn patterns. DCX e.g., in contrast to DCLK, does not a p p e a r to b e
involvedd in cell birth. To further c o m p a r e different aspects of DCX a n d DCL,
w ee p e r f o r m e d a d e t a i l e d spatiotemporal analysis of the expression of b o t h
proteinss throughout embryonic d e v e l o p m e n t . In Chapter 2 w e show that DCL
iss a l r e a d y expressed from E9 onwards a n d decreases after E13. DCX
expressionn on the other h a n d , starts modestly at El 1 a n d is still present at El 7.
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Moreover,, DCL was expressed in the VZ, the intermediate zone and CP,
whereass DCX is not expressed in the VZ. Before E12, DCL and DCX expression
doo not overlap, indicating clearly different roles in the important early phase
off cortical development when precursor expansion is extensive. Finally, DCL Is
foundd to be specifially associated with mitotic cells and with vimentin positive
radiall glia cells and radial fibers in the VZ. This suggests that DCL could be
involvedd in early neurogenesis.
Off the classical MAPs, especially protein tau has been extensively
studiedd because of its involvement in the tangle pathology in dementia.
Uponn alternative splicing six different tau isoforms can be formed, containing
eitherr 3 or 4 repeats (tau-3R or tau-4R). In rodents, tau-3R is primarily
expressedd during development, whereas expression switches to mainly tau4RR from the second postnatal week onwards. This period largely coincides
withh a phase of extensive neurogenesis during the formation of the
hippocampall dentate gyrus (DG) that is completed around week 3, after
whichh neurogenesis is strongly reduced.
Inn Chapter 3 we addressed the role of tau in DG development and
moree specifically focused on the 3R to 4R switch around the first 2 weeks of
life,, and on the possible functional consequences for hippocampal
development.. Therefore, the effect of tau deletion was tested (by others) in
primaryy hippocampal cultures. Deletion of the tau gene increased cell birth,
decreasedd differentiation and decreased neuritic outgrowth. All these
effectss could be reversed by expression of tau-4R, whereas tau-3R could only
partiallyy reverse neuritic outgrowth but failed to affect cell birth or
differentiation.. To test the relevance of these tau functions for hippocampal
development,, we subsequently made use of a transgenic mouse tau knockout,, human 4R tau knock-in (KOKI) mouse model. These mice lack all mouse
tauu isoforms, whereas tau-4R is expressed from the second postnatal week
onwardss at reduced levels in the hippocampus. These mice show a transient
increasee in cell birth from the second postnatal week. At two months of age,
celll birth was again reduced to levels comparable to those in wild types. This
increasedd cell birth was reflected by increased DG neurogenesis and
eventuallyy by an increased number and volume of the adult hippocampus.
However,, the size of the individual dendritic tree of DG granular neurons was
significantlyy reduced at two months of age, suggesting a more immature
populationn of cells. Only in the developing wildtype hippocampus, tau-4R
hass an inhibitory effect on neurogenesis, whereas in adult mice, tau-4R exerts
stimulatoryy effects on neuritic outgrowth. We subsequently tested the
consequencess of these structural alterations for hippocampal functioning
andd found that memory function was significantly improved in KOKI mice in
ann object recognition task (ORT), but this was not associated with altered LTP.
MTT affinity of tau can also be influenced by phosphorylation as this
reducess MT binding. Phosphorylation is high during development, where it is
associatedd with cell birth, but low in adulthood. However, in Alzheimer's
diseasee (AD) and frontotemporal dementia (FTD), a familial form of dementia
oftenn caused by tau mutations, tau is again heavily phosphorylated.
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Hyperphosphorylationn of tau is thought to be relevant for memory
impairmentss in AD and FTD.
Too test this, we studied in Chapter 4 memory function in tau
transgenicc mice bearing the FTD mutation P301L. These mice recapitulate
manyy of the features of FTD including axonopathy and memory impairments
thatt are paralleled by tau hyperphosphorylation at later ages. We
hypothesizedd that memory was not affected before the onset of
hyperphosphorylationn and therefore studied these mice at young adult ages
off 2 months. Surprisingly, ORT performance was improved in P301L mice,
whichh was associated with increased LTP. No changes were noted in any
morphologicall parameter like neurogenesis or individual structure of the
dendriticc tree. Thus, in mice bearing the P301L tau mutation, hippocampal
functioningg is not impaired, but rather improved before the onset of tau
phosphorylation.. These results show that tau can directly affect learning and
memory.. They also indicate 1) that tau plays an important beneficial role in
normall processes underlying hippocampal memory, clearly beyond "merely"
thee control of cellular morphology, and 2) that not tau mutations per se, but
ratherr the ensuing hyperphosphorylation must be critical for the cognitive
declinee in tauopathy.
Wee showed in Chapter 3 that tau affects neurogenesis during
development.. Albeit at a much lower pace, neurogenesis continues to
occurr also in the adutt DG. Since insults or damage to the hippocampus
causess compensatory responses in neurogenesis in rodent models,
neurogenesiss might be affected by the pathological manifestations
occurringg in Aizheimer's disease. Therefore, in Chapter 5, we studied
proliferativee changes in the AD affected hippocampus of a cohort of
presenilee cases. We showed that the expression of the proliferation marker Ki6767 was increased in AD, which was attributed to changes in glia-rich areas
andd cells associated with the vasculature but not to changes in neuron rich
areas.. Based on these results and on additional DCX, GFAP and VWF
stainings,, we conclude that increased proliferation in the AD hippocampus
doess not reflect neurogenesis but rather represent glial proliferation and
vasculature-- associated changes.
Previously,, MAPs were always considered to solely act as microtubule
stabilizers.. Recent data including the results presented in this thesis now show
thatt MAPs are involved in various different functions in the nervous system,
includingg migration, mitosis, structural and synaptic plasticity as well as
memoryy function. Although many of these MAP functions might be
conservedd amongst different proteins, differences in expression patterns,
numberr of microtubule binding sites, projection domains and
phosphorylationn sites between MAPs and MAP isoforms are likely to represent
functionall differences. Indeed in this thesis we have shown a functional
differencee between tau-3R and tau-4R, matching the switch in their
developmentall expression. Furthermore, the differential spatiotemporal
expressionn of DCX and DCL matches their different functions. Together, the
differentt roles of these MAPs provide a better insight in their respective roles
duringg early development.
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II..

General Discussion
Fromm the mid eighties onwards, the expression of various, now
classicall MAPs has been described in the adult brain and during
developmentt (Bernhardt and Matus, 1982; Bernhardt et al., 1985; Calvert and
Anderton,, 1985; Black et al., 1986). Of these proteins, tau has been studied
mostt extensively because of its role in AD and FTD. Consequently, the focus
off tau research has been mainly on the adult and even aged brain. Thus,
althoughh their role in growth and neuronal maturation is well recognized, the
majorityy of MAP research focussed on the adult and aged brain.
However,, the recent discovery of a new family of proteins including
DCXX and DCL, has also stimulated a strong interest in the role of MAPs during
development.. The implementation of state-of-the-art technologies like
spatiotemporall controlled transgene expression, in utero RNA silencing as
welll as imaging of migrating precursors has allowed the detailed study of
MAPP functioning during development and further established their important
rolee in developmental disorders like e.g. lissencephaly (Edelman et al., 2005;
Deuell et al., 2006; Koizumi et al., 2006; Shu et al., 2006).
Soo far, tau related dementia and DCX related developmental
disorderss have been studied separately. However, both fields share the
commonn hypothesis that disturbed MAP expression leads to neuronal
dysfunctioning.. Therefore the underlying mechanisms could well be
overlapping.. Moreover, the important role of other MAPs during
developmentt and the developmentally regulated switch in tau isoform
expressionn suggest that also tau might be of relevance for
neurodevelopment.. Thus both fields could benefit from an integration and
synthesiss of their separate developments. For example, phosphorylation of
DCXX is thought to have great impact on its functioning, yet only 3 kinases
andd 1 phosphatase have been described (Gdalyahu et al., 2004; LoTurco
andd 2, 2004; Reiner et al., 2004; Schaar et al., 2004; Tanaka et al., 2004;
Shmuelii et al., 2006). In the tau field, however, aberrant phosphorylation is
criticallyy implicated in the role of tau in neuropathology and many kinases
andd phosphatases are already known, while the effects of tau
phosphorylationn on microtubule dynamics have been extensively
documentedd (Stoothoff and Johnson, 2005; Avila, 2006). Since homology in
thee MT binding domains is high, knowledge about phosphorylation especially
inn these regions could be extrapolated from tau to other MAPs and add to
ourr knowledge of the diversity in the functional roles of developmentally
regulatedd MAPs. Probably, similar sites are phosphorylated by the same
kinases,, and the effect on MT binding is likely to be comparable.
Onee of the conclusions to be drawn from the studies focusing on MAPs
duringg development has been that MAPs cannot be regarded "merely" as
stabilizerss of microtubules, which are involved in maintenance and
stabilizationn of cellular shape. Rather, MAPs are regulators of highly dynamic
processess in the cell such as growth and even cell division. With the general
consensuss that afso the adult brain is highly plastic during e.g. learning
processes,, in diseased conditions, and even in "rest" when e.g. hippocampal
neurogenesiss is occurring, the novel field of cortical development might
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reveall functions of MAPs that are also of relevance for adulthood and
normall brain functioning. In this thesis for example, we show that the classical
proteinn tau plays a subtle, yet important regulatory role in the development
off the hippocampus and is involved in aspects of memory function in that
area.. Given the possible relevance for both fields, I will here try to integrate
ourr experiments in relation to MAPs and cortical development with those
relatingg to tau and dementia.
MAPss and cortical development
Thee formation of the neocortex heavily depends on the proper
spatiotemporall orchestration of precursor mitosis, migration and neuronal
differentiation.. All these processes require tight regulation of microtubular
cytoskeietall stability. Non surprisingly mutations in MAPs have serious
consequencess for the formation and viability of the neocortex and
hippocampus. .
Usingg DCX knock out strategies in mice, it was shown that DCX is
essentiall for hippocampal lamination in the mouse (Corbo et a L 2002}, by
regulatingg migration of newly formed neurons. Using an in utero RNAi
approach,, it was subsequently shown that DCX is essential also for the
laminationn of the neocortex of rats. DCX knockdown at El4 resulted in a
disruptionn of radial migration that led to the formation of sub cortical band
heterotopiass within the intermediate zone and later the white matter,
resemblingg the doublecortex syndrome. Secondly, many neurons did migrate
awayy from the VZ but ended up in the wrong cortical layer (Bai et a!., 2003).
Thuss using a KO approach, a migration defect was only found in the
hippocampus,, whereas an in utero RNAi approach led to a severe defect in
corticall lamination, similar to the human situation.
Recentt experiments based upon the RNAi approach in both rats and
mice,, show that these differences are species related, and the sub cortical
bandd heterotopias and laminar displacement occur only in rats but not in
micee (Ramos et a!., 2005). These findings indicate that in the mouse other
proteinss might carry out the function of DCX as well. As such, DCLK products
aree interesting candidates.
Thee DCLK gene, giving rise to both DCL and DCLK, shares a high
homologyy with DCX. Whereas DCLK KO causes only a very mild phenotype,
i.e.. a selective axonal disruption in the corpus callosum (Deuel et al., 2006;
Koizumii et al., 2006), deletion of both DCX and DCL resulted in a severe
phenotypee with a high (postnatal) lethality as well as disrupted cortical
migration,, abnormal dendritic morphology, axonal elongation, and
defectivee trafficking of synaptic vesicles (Deuel et al., 2006; Koizumi et al.,
2006).. Strikingly, RNAi targeting of either DCX or DCLK resulted in a similar
disruptionn of cortical migration. In this case, a possible species difference was
nott involved as all experiments were done in mice (Koizumi et al., 2006). As
possiblee explanations compensatory mechanisms are more likely to occur in
aa KO strategy than in a quick RNAi approach. Another difference is that RNAi
affectss only a small population of cells, whereas in a KO approach all cells
aree affected. The authors argue that lack of DCLK in some cells might have a
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largerr impact than when all cells lack DCLK. Finally, the targeting of RNAi
mightt not be completely selective, and also other RNAs might be affected.
Clearly,, the novel method of RNAi is elegant, provides a quick and locationandd time-specific knockout situation. However, the different results obtained
byy KO and RNAi approaches need to be addressed in more detail in order to
findd out the exact functions of these genes. In the addendum of this thesis
thee DCLK splice variant DCL, is described. In early stages, RNAi mediated
DCLL knock down in utero was lethal. Later knock down of this gene at E14
ledd to severe disruptions in the extension of radial fibers and cortical
migrationn remimiscent to the result obtained after DCLK and DCX RNAi.
Similarr to DCLK, DCL is expressed in mitotic cells in the VZ, and regulates
spindlee morphology. Thus, although their functions might be overlapping,
DCX,, DCL and DCLK all are critically involved in cortical development.
Obviously,, also other, "classical" MAPs are important for cortical
development.. Double inactivation of both MAPlb and MAP2 disturbed
corticall development, by disrupting migration and impaired axonal
outgrowthh (Teng et al., 2001). Also double inactivation of both the MAPlb
andd tau gene led to impaired migration and axonal outgrowth (Takei et al.,
2000).. As all these MAPs act through stabilization of microtubules, their
functionss have been regarded as highly redundant, which is probably why a
singlee knock-out of either MAP2 or tau does not produce a phenotype, or
mutationss in the MAPlb gene alone cause a milder defect than MAPlb/Tau
orr MAPI b/MAP2 double mutants (Takei et al., 2000; Teng et al., 2001).
Thesee synergistic roles for several MAPs reveal the relevance of MAP
functions.. The fact that different MAPs are distributed over different genes
mightt provide the cell with a tool for the conservation of these essential
proteinn functions, which could still be carried out should one of the genes
becomee damaged or mutated, or its expression dysregulated. Although the
functionss of many MAPs might be overlapping, their differences might also
bee of relevance.
Alll MAPs are characterized by one or more microtubule binding
repeatt sequence(s) which share high homology but have a highly variable
acidicc tail (Bielas and Gleeson, 2004). The relevance of these microtubulebindingg domains for MAP functioning is demonstrated by mutations in DCX in
thiss domain which cause migration defects (reviewed by (Feng et al.,
2001b)).. Also the mutations in protein tau that cause dementia are often
locatedd within these microtubule binding domains (reviewed by (Spillantini et
al.,, 1998;TolnayetaL, 1999))
Althoughh these basic microtubule-binding sequences of MAPs share
highh homology, the acidic tails, or projection domains, of these proteins vary
considerablyy in size and composition. Over-expression of MAPs leads to
excessivee microtubule binding and greatly enhances stability and bundling
off microtubules. The spacing of the microtubules within these bundles seems
too be controlled by the length of their projection domains (Chen et al., 1992).
Moreover,, also interactions of mainly the MAP2 projection domain have
beenn described between organelle membranes (Linden et al., 1989; Maas et
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a l . ,, 2000; Farah et a l . , 2005), a c t i n m i c r o f i l a m e n t s (Sattilaro, 1986;
C u n n i n g h a mm et al., 1997; Tsukada et a L 2005), neurofilaments (Leterrier et al.,
1982;; Hirokawa et al., 1988) a n d signalling molecules (Harada et al., 2002).
Thus,, whereas the MT binding sequences of the MAPs share a similar function
a n dd are of great relevance for MAP function, their highly variable projection
domainss p r o b a b l y determine the MAPs specific function that distinguishes
t h e mm from e a c h other. Since their shared functions h a v e n o w b e e n
characterizedd quite well, the challenge for future MAP research lies within the
c h a r a c t e r i z a t i o nn of these more subtle ways of (inter)action w h i c h m a k e
MAPss unique.
Thee strong individual roles of these proteins is not only d e m o n s t r a t e d
byy their unique s e q u e n c e but also by their s p a t i o t e m p o r a l expression
patternss that are variable a n d selective yet temporally restricted. Whereas
M A P l bb e.g. is only expressed during d e v e l o p m e n t , MAP2a expression is
absentt during that period but increases from d a y 20 after birth. Also spatial
expressionn patterns of neuronal MAPS are also highly variable. MAP2 is barely
expressedd in the 24-month-old rat h i p p o c a m p u s a n d neocortex. On the
o t h e rr h a n d , M A P I a is a b u n d a n t l y present in these areas a t this a g e
((Chamberss et al., 2000} a n d references therein). Also at the sub cellular level
theree are m a r k e d differences. Whereas MAP2a, b a n d c are specific for
dendrites,, t a u is enriched in axons (Mandell a n d Banker, 1995). Together,
thesee differences reinforce specific f u n c t i o n a l roles for these different
proteins. .
Differentiall expression of DCL a n d PCX during cortical d e v e l o p m e n t
Althoughh the expression of classical MAPs like t a u is relatively well
c h a r a c t e r i z e d ,, the expression of the recently discovered DCX a n d DCLK
splicee variants is so far poorly studied. Our spatiotemporally m a p p i n g of the
expressionn of DCX a n d DCL (Chapter 2) r e v e a l e d that the onset of DCL
expressionn c o m m e n c e s before that of DCX a n d DCLK, w h i c h m a y explain
thee strong i m p a c t of the lack of DCL expression on the survival of the animal.
Clearly,, the earlier c h a n g e s in expression o c c u r during d e v e l o p m e n t , the
moree cells are a f f e c t e d by it. Furthermore, the DCL pattern of expression
b o t hh in time a n d localization, fitted well with the nuclear translocation m o d e
off migration. By carefully analyzing differences in expression patterns, novel
insightt is provided a b o u t the overlap a n d differences b e t w e e n of DCL a n d
DCX. .
Althoughh for the expression of other DCLK variants w e have to rely on
literature,, the comparison of DCL with DCLK expression is of interest. Whereas
DCLKK is only expressed from E12 onwards (Deuel et al., 2006), DCL expression
peakss before E13 (Chapter 2). Moreover, DCL expression declines after E13
a n dd is no longer expressed in the VZ from that time onwards, whereas DCLK is
presentt until birth a n d at least until El 7 present in the VZ/SVZ (Shu et al., 2006).
Consistentt with its functional role in mitosis a n d neuroblasts, DCL appears only
too b e involved in early neurogenesis b e f o r e E13, whereas DCLK is only
expressedd afterwards a n d ilikely to b e involved in neurogenesis throughout all
stagess until at least El7. This difference in expression of DCL a n d DCLK might
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alsoo b e related to the different modes of migration, w h i c h is mainly nuclear
translocationn before E12 a n d radial glia g u i d e d after E12. Contrary to DCX
a n dd DCLK, DCL expression coincides with nuclear translocation, suggesting a
rolee for DCL in this process.
Recently,, a few novel MAPs were discovered that c o n t a i n DCX like
MTT binding domains as well. The first one, c a l l e d DCDC2 was f o u n d to b e
associatedd with dyslexia a n d is expressed in the d e v e l o p i n g a n d adult brain.
Inn utero DCDC2 RNAÏ reduces migration speed of neuronal precursors (Meng
ett al., 2005). Another MAP is c a l l e d doublecortin-kinase 2 (DCK-2). Like DCLK
itt contains b o t h MT b i n d i n g s e q u e n c e s a n d a kinase d o m a i n . Upon
autophosphorylationn it loses its MT binding affinity. Interestingly, this MAP is
alsoo widely expressed in the adult brain, where it is localized in growth cones
(Edelmann et al., 2005). From a temporal perspective w e propose that the first
proteinn to be expressed is DCL, already present from E9 onwards. After El2 its
functionss are taken over by DCLK that is involved in mitosis, o u t g r o w t h a n d
migrationn a n d by DCX, primarily involved in migration. DCK-2 a n d DCDC2
aree also expressed in the adult brain. A l t h o u g h a t this a g e mitosis a n d
migrationn are of less relevance, it might play an important role in growth, as
d oo the other MAPs.
Conclusionn 1: The edata ain nchapter r 22 show that t although hliterature e
suggestss their functions sin ncortical l developmentt might be partially y
npatterns s of f DCLL and DCXX are
overlapping, , thee early ex pression
x
distinctivelyy different.

AA d e v e l o p m e n t a l role for protein tau
Interestingly,, the isoform switch from DCL towards DCLK, resembles to
somee extent that of protein tau but at a different d e v e l o p m e n t a l stage. Also
thee expression of protein t a u switches from one isoform, i.e. the 3R form that
predominatess before the s e c o n d postnatal week, to mainly the 4R isoform
afterr this time p o i n t . Also f u n c t i o n a l l y the t a u a n d DCLK g e n e s are
c o m p a r a b l ee as also protein t a u also a p p e a r s to b e i n v o l v e d in b o t h
neurogenesiss (Chapter 3), the e l o n g a t i o n of neuritic extensions [Chapter 3)
a n dd migration (Takei et al., 2000). This suggests that neurogenesis, neuritic
elongationn a n d migration might be tightly linked processes since they c a n b e
influencedd by the same genes such as DCLK or t a u . Interestingly, whereas
bothh DCLK a n d DCL are involved in neurogenesis, in the case of tau only the
4RR splice v a r i a n t a p p e a r s t o b e i n v o l v e d in neurogenesis. Also the
mechanismm by which they are involved appears different. For DCL a n d DCLK
thee expression level is crucial, as b o t h d e c r e a s e d or increased expression
leadd to mitotic arrest (Shu et al., 2006), absence of tau-4R clearly does not
l e a dd t o r e d u c t i o n s in neurogenesis ( C h a p t e r 3) but rather stimulates
neurogenesis.. Over-expression of a tau-4R mutant, as occurs in the P301L
m o d e ll (Chapter 4) does not have any effect on neurogenesis.

141 1

6

SummarySummary & Discussion
Thee mechanisms by which DCLK splice variants and tau-4R regulate
neurogenesiss might be quite different. If tau were to act in a similar manner
ass DCL it would be expressed in mitotic spindles, which at present has not
beenn reported, in Chapter 3 we found that tau-4R was mainly expressed in
axonall and dendritic compartments of the cell. The mechanism by which
tau-4RR acts on neurogenesis might thus be opposite to that of DCLK splice
variants.. Whereas tau-4R promotes neuritic elongation and cellular
differentiationn and thereby reduces possibilities for the cell to return to the
celll cycle, DCL and DCLK are located within mitotic spindles and can alter
spindlee morphology, and thus actively engage in mitosis, thereby possibly
determiningg migration and differentiation at later stages. It would be
interestingg to know if and how tau can directly affect neurogenesis in more
detail. .
Tauu is well known to be subject to conformational alterations
followingg (hyper)phosphorylation by many different kinases. Although this
subjectt is mainly studied in relation to pathological processes, tau
phosphorylationn is likely to be a functional process like is the case for e.g.
OCXX phosphorylation. At present it is known that DCX can be phosphorylated
byy at least four different kinases, i.e. JNK, cdk5, MARK and/or PKA (Reiner et
al.,, 2004). DCX can be dephosphorylated by protein phosphatase 1 (Shmueli
ett al., 2006) which is mediated by neurabin II (Tsukada et al., 2006).
Phosphorylationn by cdk5 detaches DCX from microtubules in vitro; in vivo it
localizess DCX to fine perinuclear MTs but not large MT bundles in proximal
processes,, which led authors to argue that in cdk5 phosphorylated form DCX
mightt be involved in nuclear translocation (Tanaka et al., 2004).
Phosphorylationn by MARK and PKA also reduced MT affinity, and is involved
inn growth and migration (Schaar et al., 2004). Moreover, phosphorylation by
JNKK was essential for the localization of DCX in growth cones. Indeed
expressionn of constitutive phospho-mutants increased neuritic outgrowth
(Gdalyahuu et al., 2004). Thus these data show that selective phosphorylation
cann direct the MAP DCX to different sites within the cell, that are associated
withh different functions exerted at those specific sites. It would be interesting
too study such processes during development also in relation to protein tau,
whichh is highly phosphorylated only during development.
Conclusionn 2: Similar to the novel MAPs DCL and DCLK, protein tau is also
involvedd in neurogenesis. Whereas both DCL and DCLK appear directly
relatedd to neurogenesis, tau-4R but not tau-3R, inhibits neurogenesis.

MAPss in relation to learning and memory
Thee previous section has illustrated the relevance of MAPs in
developmentall processes like neurogenesis, migration and growth. Although
obviouslyy most abundant during development, these processes continue to
occurr into adulthood at strongly reduced frequencies and in only a few
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brainn areas. In e.g. the hippocampus, neurogenesis and synaptic plasticity
havee been implicated in learning processes.
Microtubuless and LTP
Ass one of the possible substrates for learning and memory, LTP
stronglyy depends on structural plasticity through reorganization of the
dendriticc tree and spines, as well as on MT mediated transport. This is
exemplifiedd by a group of proteins referred to as SCGlO-related neuronal
Growthh Associated Proteins (nGAPs), including stathmin, SCG10 and RB3.
Thesee proteins are upregulated in response to cortical and hippocampal
lesions.. A common feature is that contrary to MAPs, nGAPs are potent
microtubulee destabilizing factors (Mori et al., 2002). Interestingly, several
correlationss are known between these proteins and LTP. RB3 is e.g. up
regulatedd after seizure or LTP induction (Beilharz et al., 1998) while SCG10 is
upregulatedd only after LTP induction in the hippocampus [Peng et al., 2003,
2004).. Interestingly, deletion of stathmin, a protein normally expressed at high
levelss particularly in the amygdala, leads to reduced LTP in that area as well
ass reduced fear conditioning and other fear related behaviors. These data
showw that alterations in microtubule dynamics can disturb LTP and behavior
(Shumyatskyy et al., 2005). This implies that MT stabilizing factors such as MAPs
cann exert opposite effects on microtubule dynamics, and can interfere with
LTP,, learning and memory.
Soo far, only one MAP is reported to be responsive to LTP induction,
namelyy MAP2. Upregulation of MAP2 after LTP induction in the CA1 and DG
orr after NMDA receptor activation has been regarded an adaptation to
facilitatee the production of new synaptic contacts (Johnston and Morris,
1994;; Roberts et al., 1998; Alier and Morris, 2004). Conversely, hippocampus
specificc MAP1B knock out mice show reduced LTP (Zervas et al., 2005),
confirmingg the involvement of MAPs in LTP. Not only rmicrotubule-stabilizing
factorss like MAP2 but also -destabilizing factors are up regulated after LTP, as
explainedd above. Probably, in response to the induction of LTP, appropriate
morphologicall and/or synaptic adaptations are required for which
microtubulee growth needs to take place, either facilitated by MAP2 and/or
MAP1B,, but without loosing microtubule flexibility, which would explain why
e.g.. also nGAPs are up regulated. As elaborated upon in the introduction
alsoo during cell division MT polymerization needs to be enhanced without
affectingg MT stability. Thus, MAP related mechanisms leading to growth might
bee comparable to those mediating cell division.
Wee infer, based on chapter 3 of this thesis, that altered expression of
tauu can affect LTP. This implies an important role for tau in LTP and learning
andd memory. Whereas MAP2, which is expressed in dendrites, regulates
postsynapticc cytoskeletal adaptations, the axonal protein tau might affect
presynapticc adaptations of the cytoskeieton. Since upregulation of MAP2 is
associatedd with LTP. We argue that increased tau expression in the P301L
modell might be responsible for the increased LTP. Another option is that the
introductionn of the P301L mutation itself is involved in this effect. One might
arguee that the mutation reduces MT affinity, and thus that MT plasticity is
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enhancedd in the P301L model, which would be beneficial for LTP. Even if this
weree the case overexpression of tau would suffice to overcome this effect.
Thuss over expression of tau-4R even though mutated would increase tau
bindingg to MT. Therefore, we propose that increased tau binding rather than
decreasedd tau binding is beneficial for LTP. In the section "concluding
remarkss and future directions" we elaborate upon possible research options
too test this idea.
Interestingly,, for MAP2 it was suggested that an increased expression
afterr LTP induction is needed for microtubule growth in order to facilitate
morphologicall changes preceding alterations in network properties
(Johnstonn and Morris, 1994; Roberts et al., 1998; Alier and Morris, 2004).
Althoughh in tau-P301L mice no major changes occur in any of the
morphologicall parameters studied (hippocampal size, dendritic size, number
off spines and filopodia), subtile morphological alterations might still play a
rolee in our tau P301L model. The morphology of granular neurons under
normall conditions may be unaffected by increases in tau expression, as was
shownn in chapter 4, whereas after the induction of LTP, morphological
adaptationss such as dendritic outgrowth, spine and synapse formation may
bee promoted in tau-P301 L animals compared to WT animals.
Remarkably,, we find upregulation of DG LTP in the P301L model
(Chapterr 4) but we find no effect on DG LTP in the tau KOKI mice (Chapter
3).. This could be related to the endogenous expression of tau-4R in the DG,
whichh is very low in WT animals anyway. In the P301L mice model, an overexpressionn of tau-4R occurs, a change that can affect LTP. The reduction, on
thee other hand, of tau expression in the KOKI model may have an opposite
effect.. In view of the low tau level in the WT situation, an even further
reductionn in tau expression may not have important consequences for LTP.
However,, tau knockdown in the KOKI animals clearly affects neurogenesis
andd neuritic outgrowth showing that tau knockdown, even if expression in
thee WT is very low, can have robust effects on other cellular processes.
MAPss and learning and memory.
Tauu has been studied extensively in relation to and learning and
memoryy processes in relation to changes in its expression and
phosphorylationn in AD and related tauopathies. As discussed in Chapter 4,
thee role of tau in learning and memory in animal models has so traditionally
b e e nn studied only w h e n severe t a u o p a t h y , including
tau
hyperphosphorylationn and tangle accumulation, were already prominent
(Tatebayashii et al., 2002; Arendash et al., 2004; Pennanen et al., 2004;
Ramsdenn et al., 2005). Generally speaking, most mouse models show
memoryy impairments that increase with age, parallel to tau phosphorylation
andd the accumulation of tau . Since tau knock out animals failed to show a
severee phenotype (Harada et al., 1994; Dawson et al., 2001), except for
somee minor impairments in fear conditioning and axonal outgrowth under in
vitroo conditions [Ikegami et al., 2000), it was concluded that tau is
functionallyy redundant and most likely replaced by other MAPs like MAP1B
(Takeii et al., 2000; Dawson et al., 2001).
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Thee role of tau in cognition in dementia and in AD models has been
regardedd as a gain of tau (dys)function under pathological conditions,
leadingg to neurofibrillary tau accumulations a n d subsequent
neurodegeneration,, eventually causing memory deficits. In a recent
induciblee mouse model, tauopathy rapidly developed following the onset of
mutantt tau expression, which coincided with impairments in memory
function.. Surprisingly, when expression of the mutant tau was turned off
again,, memory improved while the tau accumulation continued to increase
(Santacruzz et al., 2005}. These data suggest that tau can affect learning and
memoryy independent of tau accumulation. A possible mechanism by which
thiss might be caused was proposed by Mandelkow and colleagues who
suggestedd that the increased tau expression might cause impaired
antrogradee vesicle transport, which might impair learning and memory
directlyy (Mandelkow et al., 2003). However, more insightful data come from
aa recent study showing that hyperphosphorylated tau can reduce MT
stabilityy by actively binding normal tau but also MAPI and 2. Once
hyperphosphorylatedd tau is polymerized in paired helical filaments and
tangless it loses this property (Del C. Alonso et al., 2006). Using constitutively
active,, and inducible phosphomutants it was shown that especially
temporallyy regulated phosphorylation by GSK-3 in the absense of tau
accumulationn is enough for memory deficits to occur (Engel et al., 2006;
Plattneretal.,, 2006).
Thesee data contribute to the accumulating evidence showing MAPs
contributee to learning and memory. Increased MAP expression is regarded as
beneficiall for the neuron in general and for learning and memory in
particular,, as it is supposed to facilitate morphological adaptations needed
forr LTP and memory. At least, it has been shown that LTP induction increases
MAP22 expression (Johnston and Morris, 1994; Roberts et al., 1998; Alier and
Morris,, 2004) while after contextual learning, MAP2 expression is also
increasedd (Woolf, 1998; Woolf et al., 1999). Conversely, MAP1B KO reduces
LTPP (Zervas et al., 2005). Although MAP1B deletion in mice does not lead to
impairedd spatial learning in the watermaze, these animals have impaired
motorr performance and altered retinal functioning, suggesting neuronal
functioningg is impaired in these mice (Pangratz-Fuehrer et al., 2005).
Althoughh not completely comparable, overexpression of KIF 17, a
memberr of the kinesin super family of motor proteins responsible for transport
alongg microtubules (Hirokawa and Takemura, 2004), is associated with
enhancedd spatial and working memory (Wong et al., 2002). It needs to be
mentionedd though, that these motor proteins have completely different
functionn than the classical MAPs.
Consideringg these data, a role for MAPs in neurotransmission is
emerging.. Consistent with this we show in Chapter 4 that increased
expressionn of protein tau itself rather than the mutated form of tau, that leads
too improved LTP and memory performance in young animals. Moreover, they
aree in line with the genera! assumption that the deleterious effects of tau on
memoryy and learning in P301L mice are explained by the subsequent tau
pathologyy such as tau hyperphosphorylation.
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Inn chapter 4 increased expression of mutant protein tau is associated
withh improved ORT performance. In chapter 3, tau expression is decreased in
thee DG of the tau-KOKI model, which also appears to be related to an
increasee in ORT performance. These differential changes might be explained
byy the pleiotrophic function of tau. In Chapter 3 a relative lack of tau-4R
expressionn in the DG is related to early increases in proliferation that result in
moree neurogenesis and eventually in an enlarged hippocampus. At 2
monthss of age, proliferation is back to its normal levels, yet ORT performance
remainss increased at this age. We propose that this improvement in learning
andd memory is not directly linked to tau functioning per se, but rather relates
too the increased hippocampal volume and cell number resulting from the
developmentall changes. The tau-P301L model described in chapter 4, by
contrast,, has no such early neurogenic or morphological changes, yet
memoryy is improved also in these mice. We proposed therefore that this is
relatedd to other functional aspects of tau, probably axonal transport.
Appearently,, tau knock-down has an effect on other tau functions (those
relatedd to development) than tau over-expression, mainly affecting tau
functionss related to synaptic plasticity.
Itt needs to be noted that the memory improvement in both tau-KOKI
andd tau-P301L mice are based on LTP and ORT studies. The ORT since is a
simplee test for memory associated to the hippocampus and prefrontal cortex
and,, Compared to the more widely used morris watermaze the ORT has
severall advantages. Firstly, it is one of the less stressfull memory tests
available.. Since stress can seriously hamper memory this is an important
feature.. Moreover, there are several indications that stress responses in tautransgenicc mice are altered (Tanemura et al., 2002; Pennanen et al., 2004}.
Secondly,, the ORT involves less motor skills, an advantage relevant especially
forr the P301L mice, which develop severe impairments at later ages which
aree already present at 2 months of age, although less severe (Terwel et al.,
2005),, chapter 4. Finally, both tau-transgenic strains were generated on a
FVBB background. The FVB strain is characterized by mutations in the
retinovisionn gene, which causes visual impairments (Pugh et al., 2004). Since
thee watermaze requires navigation relying primarily on spatial visual cues, this
wass not a good test for the FVB strain. The object recognition test relies not
onlyy on visual but also on tactile stimuli, which makes it a more suitable test
forr our current studies.
Althoughh the ORT is a very reliable way to test memory in the present
mousee models, this does not nescessarily predict that animals also perform
betterr in other learning paradigms. It is tempting to speculate that especially
inn reversal paradigms as used in the watermaze and radial maze, the tau
presentedd tau transgenic strains could perform less well, since improved longtermm memory, and memory consolidation may have taken place at the
expensee of the learning of new information. To confirm the memory
improvementss in these tau-transgenic mice one could opt for additional
studiess using e.g. the wholeboard test or the radial maze. Both of these test
requiree limited motor or visual skills, while also stress levels are relatively low.
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Conclusionn 3: Increased MAP expression could facilitate LTP and learning
andd memory through morphological alterations such as dendritic growth.
Althoughh LTP as well as memory are Improved in young tau-4R overexpressingg P301L mice (Chapter 4), no evidence was found that this is
mediatedd through adaptations in dendritic morphology, indicative for tau
functionss beyond morphological maintenance and adaptations.

Neurogenesiss and AD
Soo far, we have discussed the role of MAPs in neurogenesis and
migrationn during development. Although at a more limited scale,
neurogenesiss continues to occur after birth, particularly in the adult
hippocampall DG adult where it is thought to play an important role in
learningg and memory but also in response to injury [for a more detailed
discussionn of adult neurogenesis see Chapter 1). Given their role in structural
plasticityy MAPs are likely involved in neurogenesis. As AD is associated with
aberrantt expression of the MAP tau with hippocampal damage, known to
stimulatee neurogenesis, we will here discuss the role of neurogenesis in AD in
relationn to learning and memory.
Forr approximately a decade now, re-expression of various cell cycle
markerss is known to occur in mature cell profiles in the AD hippocampus
(Smithh and Lippa, 1995; Arendt et al., 1996; Kondratick and Vandre, 1996;
McSheaa et al., 1997; Nagy et al., 1997; Vincent et al., 1997; Busser et al., 1998;
Yangg et al., 2003). Since mainly tangled neurons in both the DG and the CA
expressedd these markers, this has generally been regarded as a maladaptive
processs and a failing cellular response that does not lead to the birth of new
cells.. Re-expression of these markers was rather regarded as causing
abortivee exit hence causing pre-stage of apoptosis, or alternatively, as a
longlastingg cell cycle arrest, leading to cellular dysfunctioning.
Withh the parallel developments in the field of adult neurogenesis it
becamee evident that relatively hippocampal specific damage such as that
inflictedd by hypoxia or epilepsy, induced increases in proliferation and
neurogenesis,, possibly as a compensatory response following cell loss (Parent
ett al., 1997; Covolan et al., 2000; Blumcke et al., 2001; Jiang et al., 2001; Jin et
al.,, 2001). Subsequently, the hypothesis was put forward that the reexpressionn of cell cycle markers like e.g. PCNA and cyclins in AD could also
bee part of a regenerative process that may lead to the production of new
neuronss in the adult brain. So far, only one article recently reported
increasedd expression of DCX and other immature neuronal markers in a
cohortt of senile AD cases, suggesting that neurogenesis may actually be
increasedd in AD (Jin et a!., 2004a).
Ass no information was available in the literature on younger, i.e.
presenilee patients, in which the disease is more severe and often runs a faster
147 7

Summaryy & Discussion
course,, we chose in chapter 5 to address these questions in more detail.
However,, in a well-characterized cohort of presenile cases, we were unable
too replicate the data by Jin et al. and rather found that the cell-cycle marker
Ki-677 was increased in AD but only in non-neuronal compartments like glia
cellss and the vasculature.
Variouss reasons could have explained the discrepancies with the Jin
ett al., paper. One possibility is the difference in age of the cohort; Jin et al
focusedd on a senile group of patients, a condition generally associated with
aa slow deterioration over time. As it is assumed that the cognitive decline
generallyy follows the onset and occurrence of the neuropathology, a key
differencee with the presenile cases is that in this group, the presenile form
runss a much faster course and the pathology is often much more severe and
widespread.. As such, any reaction to hippocampal injury is expected to be
moree prominent in this group, particularly since also responses in structural
plasticityy are expected to be larger in younger individuals. Despite this, no
indicationss were found for increases in neurogenesis in presenile AD.
ADD is a very heterogeneous disease with a wide range in age of
onset,, and disease duration. Neuropathologically, a profound overlap
betweenn controls and AD cases exists in the number and extent of the
plaque-- and tangle pathology. Although AD etiology is still poorly
understood,, it is tempting to speculate that these large clinical and
pathologicall differences might actually evolve from different etiologies.
Hence,, one possibility is that neurogenesis is increased in senile but not in
presenilee AD, since these types of AD have different characteristics and
possiblyy different underlying causes. Clearly, initial expectation that changes
inn neurogenesis might be more obvious in presenile AD compared to senile
ADD does not hold true. However, the present data in chapter 5 and the data
byy Jin et al. are not enough to conclude that senile AD affects neurogenesis
butt not pre-senile AD, because both studies were performed using a
completelyy different approach and also methodological issues may have
leadd to the contradictory data.
Onee of the markers used in the Jin et al., study was DCX. DCX is
expressedd in the adult brain in those areas where neurogenesis continues to
occur,, i.e. the SVZ and the DG. Previous studies have shown DCX-expressing
youngg neurons to accurately reflect modulations in adult neurogenesis rate
{Brownn et al., 2003; Rao and Shetty, 2004; Couillard-Despres et al., 2005).
Importantly,, unlike BrdU, DCX does not require previous injections in live
subjects.. As such, it held considerable promise for application in postmortem
humann brain tissue. However, we showed that DCX, like many other MAPs
(Swaabb and Uylings, 1988) is very sensitive to degradation during postmortemm delay. Already after 1 h of PMD, a completely different pattern of
immunoreactivityy appeared in our rat PMD series, while the dendritic staining
patternn disappeared rapidly. DCX IR remained only in a very disperse
granularr pattern, clearly not resembling normal neuronal morphology. We
concludedd that for human tissue with variable PMDs, as used by Jin et al.,
DCXX is unreliable for the detection of quantitative differences in
neurogenesis.. Moreover, these authors used western-blots of hippocampal
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homogenatess of only a small selection of their patients (n=3) to quantify their
dataa and no morphological information or quantification was available
aboutt the nature, localization or the condition of the cells
immunocytochemicallyy expressing early neuronal markers.
Neurogenesiss and AD models: APP processing
Ass also described above, the use of human "end stage" brain
materiall for the study of neurogenesis is hampered by methodological
pitfalls.. Not only is the large variation in PMD a serious concern, there is also a
largee variation in the course of the disease, treatment and background of
eachh individual. Moreover, commonly used immunohistochemical
proceduress for studying neurogenesis like timed BrdU injections and
subsequentt stereological quantification are cumbersome and technically
veryy difficult to perform in humans. Neurogenesis has recently also been
studiedd in various mouse models of AD in an attempt to better link changes
inn neurogenesis to specific aspects of the disease such as tauopathy or
amyloidd pathology. We will first discuss APP and PS1 mutant or deletion
studies. .
Somee authors have shown that hippocampal neurogenesis is
decreasedd in mice over expressing the APPsw (Tg2576) mutation (Dong et
al.,, 2004) and mice in which the PS1 gene is replaced by a mutated PS1
variantt (Ml46V) (Wang et al., 2004). Other authors point to the specific stage
off the amyloid pathology occurring in these animals. They show that
neurogenesiss is unaffected as long as Ap pathology is absent but that it is
decreasedd as soon as plaque pathology becomes evident in either an Ap
peptidee injection model or in a PD APP mutant mouse model resp. (Haughey
ett al., 2002; Donovan et al., 2006). Together, these studies suggest that Ap
pathologyy decreases rather than increases neurogenesis (Yang et al., 2006).
Byy contrast, it has been shown that in vitro, aggregated Ap 42 but not
thee soluble and smaller forms of Ap, increase neurogenesis (Lopez-Toledano
andd Shelanski, 2004). Also in the SVZ, infusions of APP increased neurogenesis
(Caillee et al., 2004). It has further been suggested that neurogenesis in the
SVZZ might be regulated by astroglial expression of APP (Yasuoka et al., 2004).
Conversely,, in PS1 knock out mice, a reduced amyloid production is found,
whichh was associated with a reduction in the hippocampal increase in
neurogenesiss after environmental enrichment. Also this effect was mainly on
proliferationn and not so much on survival of the newborn cells (Feng et al.,
2001a).. These results appear rather contradictory to those showing that Ap
pathologyy reduces neurogenesis (Haughey et al., 2002; Dong et al., 2004;
Wangg et al., 2004; Donovan et al., 2006). It is important to note however, that
exceptt for the in vitro data (Lopez-Toledano and Shelanski, 2004), these
studiess have been performed in the absence of pathology (Caille et al., 2004
;; Yasuoka et al., 2004; Feng et al., 2001), thus these results are not conflicting
withh the hypothesis that neurogenesis decreases after amyloid pathology.
Consideringg the important role of both APP and PS1 in embryonic
developmentt as regulators of Wnt signaling (Caricasole et al., 2003;
Chevallierr et al., 2005; Wines-Samuelson and Shen, 2005; Chen and Tang,
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2006),, both genes may be important regulators of neurogenesis during
development.. Therefore, the results presented in this section showing
increasedd neurogenesis could reflect a developmental role of APP rather
thann a pathological one.
Whereass Ap or APP might promote neurogenesis in the young and
developingg brain and in adult brains in which the pathological forms of Ap
aree still absent, changes in neurogenesis might be rather different or even
contradictory,, once pathology occurs. Indeed the number of neurons is
increasedd in the neocortex of APP23 mice at 8 months of age when no signs
off pathology were present yet, whereas at 27 months of age these mice had
developedd a considerable plaque load, which was negatively correlated to
thee number of neurons (Bondolfi et al., 2002). Mice overexpressing mutated
PS11 (A2546E) showed an increase in neurogenesis compared to mice that
overexpresss WT PS1. Importantly, also this was an effect only seen in earlier
stagess of development and not at later ages, thus supporting the hypothesis
thatt APP dysregulation can increase neurogenesis but only in a development
dependentt manner. Mice overexpressing the PS1 A246E mutation developed
noo Ap pathology, thus it is indeed not surprising that they did not show
decreasedd neurogenesis in later stages (Chevallier et al., 2005). Therefore,
alsoo this study points to the relevance of the developmental or pathological
stagee for the effect of amyloid on neurogenesis. This assumption is further
supportedd by studies of Wen et al who first showed increased neurogenesis in
thee hippocampus in a cohort overexpressing WT PS1 but not in a group of
animalss over expressing mutated (P117L) PS1 (Wen et al., 2002). In a later
studyy these same authors found decreased neurogenesis in mutant PS1 overexpressionn and no effect of WT over-expression (Wen et al., 2004). The only
differencee between their studies was the age of the animals, which was
higherr in the latter study. These studies show that the effect of WT PS1 on
neurogenesiss is either positive or neutral depending on the age of animals
whereass mutated PS1 had a neutral or negative effect on neurogenesis
dependingg on the age of the animals.
Concluding,, the effect of increased or mutated Ap production on
neurogenesiss appears to be dependent on two factors: the developmental
stagee of the animal and the presence or absence of pathology. Obviously,
thesee two parameters are not independent of each other since most PS1 or
APPP mutated mice show increasing pathology with age. Altered APP or PS1
expressionn can increase neurogenesis in younger animals in the absence of
App pathology, but it decreases neurogenesis in later stages, when Ap
pathologyy is present.
Itt needs to be noted that one animal study does not fit within this
hypothesis.. Namely, Jin et al. showed that neurogenesis is increased in the
hippocampuss of PDAPP mice that bear both the Swedish and Indiana
mutations.. These effects were found both at 3 months of age, still in the
absencee of plaques, and at 1 year of age, at which time many plaques
weree present in the hippocampus. Within the SV2 the difference of this study
withh others is even more striking since there is no change in cell birth at 3
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monthss of age whereas there is an increase at 1 year of age (Jin et al.,
2004b).. These data in fact suggest quite the opposite, namely that amyloid
pathologyy increases neurogenesis.
Interestingly,, various cell-cycle events were found to be increased in
severall strains of APPswe mutant mice (Yang et al., 2006), resembling the
situationn in human AD in which ectopic expression of these markers has
repeatedlyy been reported. The cells expressing these markers were postmitoticc neurons. Therefore, the authors in this paper disagree with the
conclusionn of Jin et al. on increased neurogenesis in AD, but suggest that
ratherr than producing new neurons, these cells have an apoptotic fate. A
secondd conclusion that can be drawn is that these studies indicate that
amyloidd affects cell-birth rather than survival of neurons, a conclusion also
supportedd by Jin et al (Jin et al., 2004b), although this might be different old
underr in vitro conditions (Lopez-Toledano and Shelanski, 2004).
Iff we try to translate the above data to the human AD hippocampus
thiss would predict that neurogenesis is decreased rather than increased.
However,, neurogenesis in this situation is increased according to Jin et al. (Jin
ett al., 2004a) or unaffected according to our own data. One obvious
explanationn could be t that human AD is of course much more than altered
APPP expression alone. For example also changes in tau expression could play
ann important role in this, although our own data show that changes in tau
expressionn might only affect neurogenesis in a specific developmental
periodd (chapter 3). Moreover, although APP pathology might not directly
stimulatee neurogenesis, the resulting damage and cell loss could increase
celll birth, as it does e.g. in ischemia.
Proteinn tau and neurogenesis
Consideringg the wealth of data on neurogenesis in relation to amyloid
expression,, it is remarkable that so far very few data have been reported on
thee possible link between protein tau and neurogenesis. This is especially
strikingg since literature on cultured neurons suggests an important role for tau,
andd for other MAPs as well for that matter, in structural plasticity changes
duringg development that include cytokinesis, neuronal maturation and
neuriticc outgrowth (Caceres and Kosik, 1990; Andersen, 2000; GonzalezBillaultt et al., 2002; Shu et al., 2006); all processes tightly linked to
neurogenesis.. Furthermore, tau phosphorylation occuring in AD closely
resembless tau phosphorylation during mitosis (Cross et al., 1996; Preuss and
Mandelkow,, 1998; Delobel et al., 2002b). Moreover, many of the cell cycle
alterationss in AD are found in, or in close association with, the tangle
pathology.. Together, this indicates a role for tau in mitosis and neurogenesis.
However,, the question remains if and how tau affects cell birth and whether
itt acts as an inhibiting or a stimulating factor.
Selectivee tau isoforms were found to act as cell cycle inhibitors. Tau4R,, but not tau-3R, and most of the tau mutations studied, were e.g. shown
too inhibit Xenopus oocyt maturation (Delobel et al., 2002a), observations
consistentt with our own data showing that expression of tau-4R but not tau3RR inhibits neurogenesis both in vivo and in vitro (Chapter 3).
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Itt is thought that for mitosis to o c c u r fast microtubule growth needs to
t a k ee p l a c e without the microtubules losing their flexibility or the ability to
u n d e r g oo catastrophe, an event in w h i c h rapid shrinkage of MT length occurs.
Ass such the search a n d c a p t u r e m o d e l is still a leading hypothesis: A c c o r d i n g
too this m o d e l MTs grow randomly out of the centrosome. When they m e e t a
c h r o m o s o m ee they b i n d a n d MTs are stabilized; if not, they u n d e r g o
c a t a s t r o p h ee a n d shrink b a c k to the centrosome (Mitchison a n d Kirschner,
1984a,, b). Whereas the recently discovered MAP XMAP215 e.g. facilitates
b o t hh g r o w t h a n d c a t a s t r o p h e , wild t y p e t a u itself facilitates g r o w t h but
m a k e ss microtubules very rigid, h e n c e p r e v e n t i n g the o c c u r r e n c e of
catastrophee (Noetzel et al., 2005). Therefore, also these d a t a suggest that if
t a uu plays a role in mitosis it is likely a n inhibitory role. Also in vivo the t a u
m u t a t i o nn P301S was f o u n d to b e associated with overexpression of the cell
c y c l ee d e p e n d e n t kinase inhibitors p21Cipl a n d p27Kipl (Delobel et al., 2006)
thatt are known to inhibit mitosis. Moreover, the tau P301L mutation leads to a
c h a n g e dd regulation of cyclins, i n d u c i n g cell c y c l e arrest in the G2 a n d M
phasee (Zhao et al., 2003).
Thee a b o v e d a t a suggest t h a t overexpression of wild t y p e t a u or
m u t a t e dd tau is unlikely to promote neurogenesis. This conclusion is in line with
ourr o w n d a t a showing that overexpression of m u t a t e d P301L t a u in the
a b s e n c ee of hyperphosphorylation does not affect proliferation nor n e w b o r n
celll survival in the h i p p o c a m p u s ( c h a p t e r 4). Also in the KOKI m o d e l ,
r e d u c e dd tau expression is a s s o c i a t e d with increased neurogenesis in a
specificc p e r i o d during p o s t n a t a l m a t u r a t i o n , a g a i n consistent with the
inhibitoryy role of tau in mitosis as suggested by several authors (Zhao et al.,
2003;; Noetzel et al., 2005; Delobel et al., 2006) (Chapter 3).
Thee conclusion that t a u c a n inhibit neurogenesis does not imply that
neurogenesiss is inhibited in AD because of tau overexpression. In AD, a large
proportionn of tau is e x p e c t e d to hyperphosphorylated w h i c h m a y l e a d to
r e d u c e dd MT binding, a n d c o u l d result in r e d u c e d tau functioning. Possibly,
thiss c o u l d lead to increased neurogenesis.
Thuss for AD this w o u l d m e a n that whereas altered APP processing is
likelyy to decrease neurogenesis, increased tau phosphorylation m a y actually
resultt in the opposite effect. To test these hypotheses it w o u l d b e interesting
too study the effect of t a u phosphorylation on mitosis in e.g. h i p p o c a m p a l
culturess or in in vivo mouse models.

Conclusionn 4: Although both APP processing and tau might be related to
neurogeneticc changes during development, no evidence was found for
changess in neurogenesis in presenile AD (chapter 5). The increased
proliferationn in presenile AD rather reflects changes in glia and the
vasculature. .
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Concludingg remarks and future directions
Inn previous studies, MAPs have often been regarded "solely" as
importantt proteins in the stability of MT, allowing MTs to grow more quickly.
Whenn MAPs detach from the cytoskeleton, e.g. upon phosphorylation,
growthh is slowed down and MTs become more plastic. Contributing to this
vieww was the observation that even though the MAPs form a large family
andd many new ones continue to be discovered MAP functions were shown
too be highly redundant. Consequently, many have regarded the role of
MAPss primarily as simple regulators of cellular morphology. As shown and
reviewedd in the present thesis, this view is currently changing. MAPs are not
onlyy involved in structural stability and morphology, but also in cellular
processess like mitosis, radial migration and differentiation during early cortical
development.. Moreover, as shown in chapter 4, tau also appears to be
directlyy implicated in structural plasticity in adulthood, affecting learning and
memoryy processes. These functions are unique for individual MAPs, although
memberss of the same family might share functions, like DCX and DCLX share
theirr role in migration.
Interestingly,, several MAP interacting organelles have been
described,, including the RER, mitochondria and the plasma membrane
(Lindenn et al., 1989; Maas et al., 2000; Farah et al., 2005), cytoskeletal
elementss and proteins involved in signalling cascades. This suggests that
additionall novel functions of tau exist that go beyond regulation of MT
stabilityy and might be associated to e.g. transport of proteins to organelles.
Thesee specific MAP functions are mainly attributed to their projection
domains,, thus not to the MT binding sequences, which are highly diverse
amongstt MAPs. In my view one of the challenges of future MAP research lies
withinn these domains that make each MAP unique, and might associate
themm with specific functions.
Inn chapter 4 we show over-expression of mutated tau to have a
positivee effect on memory and learning, notably in the absence of any major
cellular,, neurogenic or pathological changes. Obviously, it would be of
interestt to link these effects to either over-expression of tau-4R or the
presencee of the P301L mutations. Although in theory repeating these
experimentss in non-mutated tau-4R over-expressing mice would answer the
question,, this would be practically very difficult as the mice develop a severe
axonopathyy including motor defects already at early ages (Terwel et al.,
2005). .
Obviously,, also subtle morphological changes, or alterations in the
presynapticc compartment could have a large impact on the changes in
cognitionn in the P301L mice. Other interactions with e.g. the cytoplasma
membrane,, axonal transport or the trafficking of vesicles could well be
involvedd in the tau-mediated changes that evoke increased LTP and
memory.. Clearly, the full mechanism has not been unraveled yet.
Earlierr I mentioned that it would be of mutual interest to integrate
MAPP studies from the developmental field with studies focusing on dementia.
Indeed,, at least my personal understanding of the role of tau during
hippocampa!! development has benefited greatly from the studies on DCX
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andd DCLK. Moreover, for reasons explained below, the same type of
researchh as in the DCX field might aid us in designing new experiments to
increasee our understanding of the physiological role of tau. Firstly, the novel
fieldd of corticogenesis has demonstrated their great importance in plastic
processess such as neurogenesis, migration and growth. Also, protein tau is
knownn to be involved in migration and growth, and the isoform switch during
thee second postnatal week indicates it plays an important role in early
development.. However, the latter role has, perhaps also because of the lack
off proper tools, received little attention so far.
Wee show in chapter 3 of this thesis for the first time that protein tau is
involvedd in development of the hippocampus by specifically regulating
neurogenesiss and neuronal differentiation. As such the role of tau appears
quitee comparable to e.g. that of DCL in cortical development. However, the
mostt prominent role of LIS 1, DCX and DCL, is in migration. In the early
postnatall as well as in the adult hippocampus, proper migration of newborn
cellss is important too. Regarding the present increase in expression of DCX in
tau-KOKII mice it would be conceivable that protein tau also plays a role in
thiss process. Direct imaging of live migration e.g. using virally labeled
newbornn cells as e.g. Noctor et al did in the developing cortex may provide
aa means to study such questions in the tau-KOKI model (Noctor et al., 2001).
Althoughh redundancy remains a theoretical problem, this is unlikely
consideringg the clear effect of tau knock down on both neurogenesis and
differentiationn (Chapter 3).
Inn chapter 3 we have not focused on the role of tau phosphorylation
inn development. It is not unlikely that phophorylation plays a prominent role
here,, in analogy to the different functions of DCL, which can e.g. be exerted
throughh phosphorylation directed translocation, as explained in section II.
Therefore,, it would be challenging to study the influence of phosphorylation
directedd mutations on different possible functions like mitosis, migration or
growth,, or even just on intracellular localization of tau. Although in vivo this
wouldd be difficult, these types of experiments should be possible in culture
systems. .
Inn conclusion, in this thesis we show that MAPs, important regulators of
MTT stability, are involved in much more processes than "merely"
maintenancee of cellular morphology. Rather, they are mediators of dynamic
processess like cell division, growth, migration and plasticity. In the future it will
bee of great relevance to pinpoint and further characterize these functions
moree specifically and to specify the signaling cascades involved.
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Abstract. .
Duringg corticogenesis, progenitors divide within the ventricular zone
andd rely on radial process extension enabling them to migrate along these
radiall glia cell (RGC) scaffolds to the proper layers of the cerebral cortex.
Althoughh the micro tubule-associated proteins doublecortin and
doublecortin-likee kinase (DCLK) are critically involved in dynamic
rearrangementt of the cytoskeletal machinery thereby allowing migration,
littlee is known about their role early in corticogenesis. Here we show that a
splice-variantt of DCLK, doublecortin-like (DCL), is expressed from ED8
onwardss throughout the early neuroepithelium. It is localized in mitotic cells,
RGCss and radial processes. DCL knockdown using RNAi in vitro induces
spindlee collapse in dividing neuroblastoma cells, whereas overexpression
resultss in elongated and asymmetrical mitotic spindles. In vivo knockdown of
DCLL significantly reduces cell number in the inner proliferative zones and
dramaticallyy disrupts most radial processes. Our data emphasize the pivotal
rolee of DCL in mitotic spindle integrity during early neurogenesis and
demonstratee that DCL is essential for RGC proliferation and their radial
processs stability.
Introduction n
Earlyy cortical development relies on the precisely orchestrated
synchronizationn of precursor pool expansion through cell division and
migrationn along the extending fibers of radial glia cells (RGCs) to their
designedd positions within the cortical plate (Noctor et al., 2001; Gupta et al.,
2002;; Kriegstein and Noctor, 2004; Noctor et al., 2004). A key event in
migrationn is controlled rearrangement of the neuronal cytoskeleton,
consistingg of actin, microtubels and microtubule-associated proteins
(MAPs)fFengg and Walsh, 2001). During corticogenesis this complex
cytoskeletall network undergoes drastic changes during different
developmentall stages (Feng and Walsh, 2001; Haydar et al., 2003b; Xie et al.,
2003;; Bielas and Gleeson, 2004; Solecki et al., 2004). While the factors
involvedd in migration are becoming increasingly clear, little is known about
thee dynamic regulation of microtubular and cytoskeletal elements of earlier
processes,, like nuclear translocation, mitotic spindle assembly and neuronal
proliferation.. Recent evidence indicates that RGCs not only guide the
leadingg processes of migratory neurons, but can also undergo cell divisions
andd generate neurons themselves. As such, they represent an intermediate
stagee in the stem-cell lineage of the CNS (Alvarez-Buylla et al., 2001)
[Malatestaa et al., 2000; Noctor et al., 2001; Gotz et al., 2002; Malatesta et al.,
2003;; Anthony et al., 2004; Haubensak et al., 2004).
Manyy human cortical developmental disorders such as lissencephaly
andd doublecortex syndrome are associated with genetic defects in MAPrelatedd neuronal migration (Taylor et al., 2000; Feng and Walsh, 2001; Bielas
andd Gleeson, 2004). For example, doublecortin (DCX) induces
phosphorylation-dependentt microtubule stabilization and is mainly important
forr neuronal migration and correct cortical layering (des Portes et al., 1998;
Gleesonn et al., 1998; Francis et al., 1999; Gleeson et al., 1999; Horesh et al.,
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1999;; Taylor et al., 2000; Bai et al., 2003; Gdalyahu et al., 2004; Schaar et al.,
2004;; Tanaka et al., 2004). Whereas DCX mutations cause migratory and
corticall positioning defects in humans (des Portes et al., 1998; Gleeson et al.,
1998),, DCX null mice, paradoxically, show no cortical malformations (Corbo
ett al., 2002). This suggests the presence of related, complementary genes.
Indeed,, in the human and rodent genome doublecortin-like kinase (DCLK) is
present,, that has substantial sequence identity similar to DCX. The complex
humann DCLK gene is subject to extensive alternative splicing, generating at
leastt nine different proteins (Matsumoto et al., 1999; Burgess et al., 2002;
Engelss et al., 2004). Although the DCLK gene exerts important roles in
calcium-dependentt neuroplasticity and apoptosis in adulthood (Burgess et
al.,, 2001; Kruidering et al., 2001) little is known about its role in CNS
development.. One transcript, DCLK-long, is expressed during development
fromm ED 12 onwards (Omori et al., 1998; Mizuguchi et al., 1999; Lin et al., 2000)
andd is, similar to DCX, capable of microtubule polymerization (Omori et al.,
1998;; Mizuguchi et al., 1999; Burgess et al., 2000; Lin et al., 2000). Interestingly,
thee analogue of DCLK in C. elegans, zyg-8, is involved in mitotic spindle
positioningg (Gonczy, 2001), suggesting a role for DCLK in cell division.
Additionally,, the DCLK gene has recently been implicated in mitotic spindle
formationn (Shu et al., 2006), migration (Koizumi et al., 2006) and microtubuleassociatedd vesicle transport (Deuel et al., 2006). Given this, the DCLK and
DCXX genes may function in a partially redundant pathway during cortical
developmentt (Koizumi et al., 2006).
Thee recent suggestion that distinct domains of DCLK have different
developmentall functions (Burgess et al., 2002; Koizumi et al., 2006; Shu et al.,
2006;; Weimer and Anton, 2006) raises the question as to whether DCLKderivedd proteins can have an exclusive role during early corticogenesis when
DCXX is absent. This period (E8-E12) is poorly characterized for DCLK, but is of
greatt interest because specific factors controlling division and migration at
thesee early ages will directly impact the development of the progenitor pool.
Ass a result, it may affect layer formation and cortical cell number.
Moreover,, the main mode of migration between E9-12 is through
somall or nuclear translocation. The migration shifts to a different mode after
El2,, when migratory neuronal precursors begin to rely heavily on RGC
scaffoldd guidance (Schmechel and Rakic, 1979; Gupta et al., 2002; Marin
andd Rubenstein, 2003; Kriegstein and Noctor, 2004). Here, we demonstrate
thatt DCL, a poorly characterized splice-variant of the DCLK gene, plays a
majorr role in early corticogenesis regulation, and is not only important for
RGCC or neuronal precursor division but also for radial fiber stability.
Materialss and methods.
Cloningg of the Murine DCL
Wee have cloned a novel CaMK-related peptide (CARP) (Vreugdenhil
ett al., 1999). As the predicted C-terminal amino acids of CARP are highly
similarr to the C-terminal 17 amino acids of DCX and located on a single exon
(exonn 8 in Figure 1A), we suspected an alternative splice product of the
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DCLKK g e n e , which c o u l d c o m b i n e this exon with upstream l o c a t e d DCX-like
exons.. To test this, w e h a v e d e v e l o p e d a n antisense primer 1 A:
C T G G A A T T C T T A C A C T G A G T C T C C T G A GG
(EcoRl
site
underlined)
correspondingg to the s t o p - c o d o n region of the CARP-specific exon a n d a
sensee primer 2S: GCAGGTTCTCACTGACATTACCG corresponding to exon 3
off the murine DCLK g e n e . As p r e d i c t e d , in 30 cycles of PCR, w e amplified a
4577 b p f r a g m e n t using mouse e m b r y o n i c cDNA as a t e m p l a t e a n d
polymerasee Pful (Stratagene).
DNAA s e q u e n c e analysis c o n f i r m e d the DNA s e q u e n c e was DCLK
specific.. Subsequently, a DCL c D N A e n c o d i n g the c o m p l e t e DCL protein
w a ss a m p l i f i e d using
CCAGGATCCACCATGTCGTTCGGCAGAGATATG
(BamHll site underlined) as a sense a n d 1A as an antisense primer. It was cut
withh BamHl a n d EcoRl a n d subcloned in the expression plasmid p c D N A 3.1
[InVitrogen,, G r o n i n g e n , The Netherlands). A DCL-EGFP c o n s t r u c t was
g e n e r a t e dd by subcloning a Kpnl/EcoRV DCL fragment from pcDNA3.1 .DCL in
theSmal/Kpnll site of pEGFP-Cl (Clontech; see also Figure 1).
Inn situ hybridization
DCLL mRNA includes exon 8 (Figure 1), w h i c h is absent in most other
DCLKK transcripts, e x c e p t for CARP. Because CARP is expressed a t very low
levelss during e m b r y o n i c d e v e l o p m e n t [see RT-PCR experiments) w e h a v e
d e v e l o p e dd
a
40-mer
antisense
oligonucleotide
5'TTTGCTGTTAGATGCTTGCTTAGGAAATGGGAAACCTTGA-3',, c o m p l e m e n t a r y
too position 280-241 of AF045469 a n d specific to exon 8. Therefore, the ISH
signalss o b t a i n e d with these probes represents DCL a n d not DCLK-long. As a
negativee control w e have used
5'-TTTGATGTTATATGCTTGATTAGGACATGGGACACCTGGA-3',, w h i c h contains
66 mismatches (underlined). Both oligonucleotides were e n d - l a b e l l e d with a33PP dATP (NEN Life S c i e n c e Products, H o o f d d o r p , The N e t h e r l a n d s ,
2000Ci/mmol,, 10 mCi/ml) using terminal transferase, a c c o r d i n g to the
m a n u f a c t u r e r ss instructions [Roche M o l e c u l a r Biochemicals, Almere, The
Netherlands).. In situ hybridization a n d visualization of the signals w e r e
performedd as described before (Vreugdenhil, 2001; Engels et al., 2004).
Antibodies s
Thee anti-DCLK-antibody t h a t specifically recognizes DCL a t these
agess [see Figure 4), has b e e n described previously (Kruidering et al., 2001).
Mousee monoclonal anti-a-tubulin was o b t a i n e d from Sigma. G o a t polyclonal
a n t i - d o u b l e c o r t i nn (C-18) a n t i b o d y , r h o d a m i n e - c o n j u g a t e d s e c o n d a r y
antibodiess a n d horseradish p e r o x i d a s e - c o n j u g a t e d s e c o n d a r y antibodies
weree from Santa Cruz Biotechnology, Inc.
Celll culture a n d treatments
Alll c e l l c u l t u r e c h e m i c a l s w e r e o b t a i n e d f r o m Life S c i e n c e
Technologies,, Inc. unless otherwise stated. All cells were m a i n t a i n e d at
,
5%% C 0 2 . COS-1 cells were cultured in D u l b e c c o ' s modified Eagles m e d i u m
(DMEM),, supplemented with 100 units/ml penicillin, 100 m g / m l streptomycin,
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andd 10% Fetal Bovine Serum. NG108-15 and N115 cells were cultured in
DMEMM without sodium pyruvate, supplemented with 100 units/ml penicillin,
1000 mg/ml streptomycin, hybridoma (HAT) mix, and 10% Fetal Bovine Serum.
Forr transient transfection experiments, cells were cultured on plates or
coverslipss coated with poly-L-lysine.
siRNAA experiments
Forr siRNA experiments, the mouse neuroblastoma cell-line NIE-115
{ATCCC number CRL-2263) was used because it was found to endogenously
expressess DCL (data not shown). Three different synthetic RNA oligo's, 5'GCTCACTCCTTCGAGCAGGTT-3'' and 5'-CCTGCTCGAAGGAGTGAGCTT-3'
(annealedd siDCL-1), 5'-CAAGAAGACGGCUCACUCCTT-3' and 5'GGAGUGAGCCGUCUUCUUGTT-3''
( a n n e a l e d siDCL-2) a n d
5'GAAAGCCAAGAAGGUUCGATT-3'' and 5'-TCGAACCUUCUUGGCUUUCTT-3'
(annealedd siDCL-3) in which the 3' thymidines are deoxynucleotides, were
obtainedd from Eurogentec. For gene silencing, 60 pmol siRNA duplex was
dissolvedd in 50 ml opti-MEM [Life Technologies) and mixed by pipetting with
33 ml oligofectamine reagent (Invitrogen), and dissolved in 12 ml opti-MEM.
Afterr 20 minutes of incubation at room temperature, the volume was
increasedd with 32 ml opti-MEM and the total mixture (100 ml) was added to
thee cells (500 ml). After 48 hours, gene silencing was tested by Western blot
analysiss and immunofluorescence.
Immunocvtochemistrv v
Cellss were transfected as described above. At the indicated times,
culturedd cells were fixed with 80% aceton in water onto coverslips. Following
aa washing and block with 5% Normal Goat Serum (NGS, Sigma) in PBS,
primaryy antibody incubation was followed by rhodamine-conjugated
secondaryy antibodies. Nuclei were stained with 0.2mg/ml Hoechst 33258 and
imagess were obtained with an Olympus AX70 fluorescent microscope
coupledd to a Sony 3CCD color video camera operated by AnalysisR
softwaree (Soft Imaging System, Corp.).
Too obtain information on its in vivo role, DCL protein distribution was mapped
inn CD 1 mouse embryos of ED 9, 10 and 11 that were dissected, shortly
washedd in PBS and then fixed for 4 h in methanol/acetone/water
(40:40:20)(MAW).. They were then stored for 2 weeks in ethanol 70% and
embeddedd in Paraplast Plus (Kendall, Tyco Healthcare, Mansfield, MA 02048,
USA).. 6 um thick sections were cut. After clearing and rehydration, aspecific
bindingg was reduced using 1% milkpowder solution (Campina, The
Netherlands)) in PBS. The primary DCL antibody was applied at a 1:50 dilution
inn 0.25 % gelatin/0.5% triton X-100 in TBS (Supermix). The secondary antibody
wass biotinylated anti-rabbit (Amersham Life Sciences, 1:200) that was
amplifiedd two times with avidin-biotin (ABC) Elite (Vector Laboratories,
Burlingame}} and biotinylated tyramide (1:500) with 0.01% peroxide.
Chromogenn was visualized with diaminobenzidine (DAB), and sections were
counterstainedd with cresyl violet.
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Forr comparison, DCX protein distribution was studied in adjacent sections
usingg the C-18 Doublecortin antibody (Santa Cruz Biotechnology, South Cruz
CA,, USA} at a 1:75 dilution. The same protocol was used as above, except for
omissionn of the blocking step and the use of a biotinylated anti-goat
secundaryy antibody.
Immunofluorescence e
Sectionss were mounted on Superfrost Plus slides (Menzel-Glaser),
dewaxed,, hydrated and incubated in Zamboni-mix (2% PFA/0.1% Picric
Acid/0.025%% gluteraldehyde/O.lM phosphate buffer [pH 7.4]). To retrieve
maskedd antigen epitopes, microwave pretreatment was performed in 0.1M
citratee buffer [pH 3] for 15 min. Primary antibodies were C-18 (used at 1:100),
3700 [used at 1:50) and vimentin (used at a 1:150 dilution in 1 % BSA/0.1 % Triton
X-100/3%% donkey normal serum/TBS (TBS++)). Secondary antibody was
conjugatedd to Alexa Fluor488 (1:400 anti-goat; Molecular Probes, Oregon,
USA),, Cy3 (1:400 anti-rabbit; Jackson Immunoresearch) or Alexa Fluor647
(1:4000 anti-mouse; Molecular Probes, Oregon, USA). Sections were mounted
inn Vectashield containing DAPI or Hoechst and examined using a Zeiss
LSM5100 confocal microscope.
Proteinn extraction and Western blotting
Mousee tissue and cells were solubilized with lysis buffer (20mM
triethanolaminee pH 7.5, 140mM NaCI, 0.05% deoxycelate, 0.05% dodecyl
sodiumm sulfate, 0.05% triton X-100), supplemented with CompleteTM EDTAfreee protease inhibitor mixture (Roche Molecular Biochemicals) and
centrifugedd at 16,000xg for 30 minutes. Supernatant was collected and the
proteinn concentration was determined using the Pierce method. Equal
amountss of protein were seperated by SDS-PAGE, transferred to immobilon-P
PVDFF membranes (Millipore). Blots were blocked in Tris-buffered saline, 0.2%
Tweenn 20 (TBST), with 5% milk and incubated with primary and horseradish
peroxidase-conjugatedd secondary antibodies. Antibody binding was
detectedd by ECL (Amersham Pharmacia Biotech).
Inn utero electroporation
Alll experiments with embryos including the IUE, were approved by the
animall experimental committee of the University of Leiden. All animal use
andd care during IUE were in accordance with institutional guidelines,
Universityy of Utrecht Experimental Animal Committee protocol # 05.08.076.
Thee IUE experiments using DCL siRNA were performed in C57BI/6JolaHsD mice
purchasedd from Harlan Laboratories (Horst, The Netherlands). Euthanization
wass performed by cervical dislocation. The day of the vaginal plug was
consideredd embryonic day 0.5 (E0.5) and the day of birth as postnatal day 0
(P0). .
Cellss lining the ventricle of the developing cortex were transfected with DCL
siRNAA in vivo by means of in utero electroporation (IUE). Timed, pregnant
C57BI/6JolaHsDD mice were anaesthesized with a cocktail of
Ketamine/Xylazinee (100mg/kg and 10mg/kg, respectively). Following
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laporatomy,, plasmid DNA (2 mg/ml for the control plasmids pCMV-YFP and 2
mg/mll for pSuper-DCL183 and p$uper-DCL183mismatch in Tris-buffered 0.02
%% Fast Green) was injected through the uterine wall into one of the lateral
ventricless of El4.5 embryos using calibrated pulled glass capillaries (WPI,
Sarasota)) in a survival surgery set-up. Doublestranded small hairpin DNA was
subclonedd in pSuper (Brummelkamp et a L 2002) with DNA sequence for
pSuper-DCLL 183: CCAAGCTAAGATGTCTTTA and for pSuper-DCL mismatch:
CCACGCTAAGCTGTCTTTA.. One hemisphere was used for the mismatch or
thee DCL siRNA, whereas the contralateral hemisphere served as an internal
control.. A series of five unipolar squarewave current pulses (33 V max) were
deliveredd over the embryo's head using 'Tweezertrodes' [BTX, Harvard
Apparatus).. Embryos were placed back into the dam and gestation was
allowedd to proceed. Embryos were harvested one day later and processed
forr immunocytochemistry. Only embryos showing effective electroporation
withinn the target area were included in the analyses.
Picturess were taken using either a Zeiss Axioplan epifuorescence
microscopee or a Leica TCS NT confocal microscope. Alexa488 was excited
att 488 nm, Alexa555 at 5Ó8 nm and emissions were detected at 500-540 nm
andd 580-650 respectively. Excitation of the two fluorophores was performed
sequentially. .
Dataa analysis
Att least 3 embryos per group (control versus DCLi) were analysed per
tirnepoint.. Only animals in which the cortex was broadly transfected were
includedd in the analysis. Optical fields of 3-7 sections per animal, at least 80
urnn apart, and at the same neuroanatomical level in each group, were
capturedd with MCID software. A 10X objective of a Zeiss Axioplan was used
andd a bin of 0.2 mm wide was placed in the center of the transfected area.
Thee length of each embryonic zone [proliferative/ventricuiar zone (PZ),
intermediatee zone (IZ) and cortical plate (CP) was measured per bin in each
opticall field. YFP-positive cells were quantified per zone in each optical field.
Dataa were normalized to total number/mm2, averaged for each embryo,
pooledd and tested for significance by one-way analysis of variance (ANOVA;
a=5%)) and expressed as mean SEM.
Results s

DCL,, a microtubule-associated protein, is abundantly expressed during the
earliestt stages of neocortical development and precedes the onset of PCX
expression n
DNAA sequence analysis of a DCL cDNA clone revealed an open
readingg frame of 362 amino acids with a predicted molecular mass of 40 kDa
(Figuree IB) that also showed a 73% amino acid identity (81% similarity) with
mousee DCX over the entire length (see Figure 1). We have shown that, similar
too DCX, DCL is a microtubule associated protein (MAP) that can stabilize
microtubuless (Figure 2, color figure).
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figuree I. Genomic organization of DCL and alignment with DCX.
(A):: Genomic organization of the DCLK gene and the cloning strategy of the DCL cDNA. Only the exonintronn structure of the DCL part is indicated including the recently identified exon 8 encoding the common
3'' end of CARP as well as DCL (Vreugdenh.il. 2001). Exons are represented by rectangles and indicated by
arabicc numbers: introns are solid lines. The DCL transcript derived form this part of the DCLK gene is
indicatedd below (DCL) the genomic structure. The ORF is represented by a rectangle, non-translated
seauencess by lines. The part of the protein that overlaps with the unipue synthetic peptide sequence used
too generate the DCLK antibody is indicated in (non-hatched) grey, ana involves the combined spliced
sequencee of exon 7 and 8. The synthetic oligonucleotide, used in the ISH experiments and labeled by 33P.
iss indicated below the DCL mRNA. It is complementary to the 3'-untranslated region that is derived from
exonn 8. This exon is incorporated in the DCL mRNA but not in that of DCLK-long. The location of the primers
usedd to clone DCL, is indicated by arrows. The position of siDCL-1. -2 and -3 used to silence expression of
DCLL are indicated by bars.
(B):: Alignment of the mouse DCL protein with DCX. Identical residues are dark grey and conserved
substitutionss are light grey. The two DCX domains and the SP-rich domain are indicated by arrows.
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FigureFigure 2. DCL is a MAP.
Too confirm DCL is a MAP, three experiments were conducted. Firstly, expression of DCL in transfected COS-1
cellss resulted in a fibrillar somal staining pattern overlapping the microtubular distribution (Panel I A-C).
Overexpressionn of DCL lead to clear bundling of microtubule filaments (see also Fig. 6). Secondly, exposure
too 10 mg colchicine, a compound that depolymerizes and disrupts tubulin microtubules, revealed around
90%% of the DCL transfected cells to be resistant to 1-hr colchicine treatment (Panel I D+F). Thirdly,
recombinantt DCL polymerizes microtubules in a dose-dependent manner in an in vitro polymerization
assayy as described before l3 (Panel II). This shows that DCL, like DCLK-long and DCX, can directly
polymerizee and stabilize microtubules.
Legend:: Green represents DCL: red represents a-tubulin a n d yellow indicates co-localization. Blue
representss (nuclear) DNA. Arrows in F indicate DCL-associated microtubule bundles, which are resistant to
colchicinee treatment. Also note the clear association of DCL with a centrosome in A. Scale bar is 10 mm.
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FigureFigure 3. DCL mRNA expression
I.. RT-PCR analysis of DCL mRNA expression in the embryonic brain. cDNA, reverse transcribed from RNA from
mousee embryonic brains at ages ED8 to ED 18, and from adult brain was used with DCL specific primers. Actin
primerss were used as a positive control for cDNA synthesis and a minus reverse transcription [-RT] 'cDNA'
samplee was used as a negative control,
II,, In situ hybridization (ISH) analysis of DCL mRNA expression in the embryonic brain. ISH of a transversal brain
sectionn at embryonic day (ED) 8 [A] and sagittal sections at ED10 and ED12 [B and C, resp.). A saggital
sectionn of EDI 2 was hybridized with a mismatch oligonucleotide as negative control (D). On ED8, clear signals
weree detected in the neuro-epithelium (ne). On ED10, clear signal was detected in the neuro-epithelium of
thee neuronal tube [n.e. o.n.t.(/early spinal cord, and in the diencephalon (di) and mesenceophalon (me).
Onn ED 12 strong signal was observed in the main neurogenic regions surrounding the ventricles. No signal was
observedd in the mismatch control. !v - lateral ventricle; mo -medulla oblongata, mt - metencephalon, mvmesenchephalicc vesicle, nc - neopaltial cortex, rh - rhombencephalon, te - telencephalon, tv - telencephalic
vesicle,, IV v - 4th ventricle. Scale bar; 1 mm; exposure time: 14 days).

Too study a possible role for DCL in early neurogenesis, we first
analyzedd the spatio-temporal expression pattern of DCL mRNA during early
embryonicc development. RT-PCR with DCL specific primers clearly showed
mRNAA expression in embryo heads of ED8 and ED10, with the highest
expressionn found at ED12 and ED14, (Figure 31). The expression slowly
declinedd after ED 14. In contrast to DCL, expression of CARP, a closely related
butt different splice variant (see methods and [Vreugdenhil et al., 1999) was
nearlyy absent during embryonic development (Figure 31).
Usingg in situ hybridization with an oligonucleotide probe recognizing
thee 3'UTR of the DCL transcript but not the DCLK-long transcript (see methods
andd Figure 1 A) we observed DCL mRNA expression from ED 8 onwards, along
thee length of the early neuroepithelium, a major site of neurogenesis (Noctor
ett al., 2001; Haubensak et al., 2004} (Figure 3IIA). At ED10, when massive
precursorr division occurs, substantial DCL expression was found in the early
diencephalon,, telencephalon, mesencephalon and neural tube (Figure 3IIB).
Consistentt with our immunocytochemical data (see below), DCL expression
att EDI2 was greatly elevated throughout the main neurogenic regions of the
developingg CNS, relative to ED8/10 (Figure 3IIC). Mismatch controls yielded
noo signal (Figure 3IID).
Westernn blot analysis of embryonic brain homogenates probed with
ann antibody that selectively recognizes DCL during development (Figure 4)
andd (Kruidering et al., 2001), revealed a 40 kDa protein and no other DCLKrelatedd immunoreactive bands (e.g. the 80kd DCLK-long (Burgess et al.,
2002)) or 80kd DCK2 protein (Edelman et al., 2005); Figure 5). DCL protein on
blott was already expressed from ED10 onwards with the highest levels of DCL
proteinn found at ED12 and ED14 after which expression levels gradually
declined.. In contrast to DCL, DCX protein expression was not detected until
EDD 12, not even after prolonged exposure (Figure 5B).
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FigureFigure 4. Characterization ot the antibody recognizing DCL.
Thee generation of the anti-DCLK antibody used in this study has been described in detail before (Kruidering et
al.,, 2001). This antibody recognizes the C-terminus of DCL. that shares 70% amino acid homology with human
DCXX (Vreugdenhil et al., 1999) and also recognizes other splice-variants of the DCLK gene including DCLKshortt (also known as CaMLK (Kruidering et al.. 2001)) that are, however, only expressed in adult brain ond not
duringg development. Specificity of anti-DCL was analyzed by overexpressing DCX and DCL in COS- 1 cells
andd assessing possible cross-reactivity by Western blot. Anti-DCLK strongly recognized DCL (lane 3-5) whereas
onlyy some weak cross-reactivity was observed with DCX (lane 2). On the other hand, the DCX antibody raised
againstt the C-terminal 17 amino acid of DCX, strongly recognized DCX (lone 2) and not DCL (lane 3-5). Thus,
anti-DCLKK strongly recognizes DCL whereas the DCX antibody is specific for DCX alone and not for DCL.
Thee weak cross-reactivity of anti-DCLK with DCX is not relevant in vivo as in our confocal studies DCX-positive
fiberss failed to stain with anti-DCLK (Fig. 3 III). In addition, knock down of DCL by si-RNA lead to a complete
disappearancee of anti-DCLK immnunostaining (Fig.4) indicating a high specificity of the anti-DCLK antibody
forr DCL. Lane 1: COS-1 cell lysate transfected with empty vector.

Figuree 5. Western blot analysis of DCL and DCX in
embryonicc lysates obtained at ED8 to ED18.
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Wee next p e r f o r m e d i m m u n o c y t o c h e m i s t r y t o m a p the spatiot e m p o r a ll distribution of DCL protein a t ED 8, 9, 10, a n d 11. DCL was
expressedd in the main neuroepithelia from ED 9 onwards, an a g e at which
DCXX is still absent (Figure 6, c o m p a r e B with C, color figure). At ED 10 a n d 11,
DCLL was strongly a n d selectively expressed in the t e l e n c e p h a l o n ,
d i e n c e p h a l o n ,, dorsal root a n d s y m p a t h e t i c g a n g l i a e . g . whereas n o n neuronall tissues were DCL negative (Figure 6A). DCL was expressed in many
radiall processes originating from the neuroepithelia a n d extending radially
towardss the pial surface. Transversal cross-sections illustrated a differential,
a n dd only partly o v e r l a p p i n g distribution p a t t e r n of DCX a n d DCL. DCX
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expressionn commenced around E l l , primarily in tangentially-orientated
processess in the early cortical plate/marginal zone (Figure 6H}, whereas DCL
wass prominently expressed throughout the ependymal zone from ED 9
onwardss (Figure 6CD.FJ and J) that was DCX negative at that age. Striking
DCLL immunoreactivity was found in mitotic cells throughout the VZ, the
neocortexx and neural tube as well as in blast-like cells engaged in cell cycle
[Figuree 6E, F, K-O}. In these mitotic cells, DCL was also found associated with
centrosome-likee structures (Figure 6M), kinetochore microtubules (Figure 6K)
andd polar microtubules (Figure 6J).
Too confirm the role for DCL as a neuronal precursor marker and to
addresss its possible overlap with DCX, we performed triple
immunofluorescentt labeling for DCL, DCX, and the intermediate filament
proteinn vimentin which identifies neurogenic radial glia (Noctor et al., 2001;
Gotzz et al., 2002; Malatesta et al., 2003; Anthony et al., 2004) (Figure 7, color
figure).. Triple labeling revealed a differential distribution pattern of DCL and
DCXX in early development with a nearly complete overlap of DCL expression
withh vimentin-positive cells at El2 (Figure 7G-J) mainly in the VZ, but also in
individuall mitotic cells (Figure 7K-N). Vimentin+, DCL+, DCX+ triple labeled
cellss were only seen in the IZ (white cells in Figure 7N), consistent with the
presencee of migratory neuronal precursors undergoing secondary divisions in
thesee regions (Kriegstein and Noctor, 2004). In contrast, DCX (Figure 7L) did
nott overlap with vimentin (Figure 7K,N and P) in other regions of the
neocortexx or spinal cord. Many long DCL+ radial processes were devoid of
DCXX signal (Figure 70). DCL+ mitotic cells in the VZ displayed vertical as well
ass horizontal cleavage plane orientations (Figure 7D, C, K, L and M). Taken
together,, DCL mRNA and protein expression are abundant in the main
neurogenicc regions during early cortical development, where it occurs in
radiall processes and mitotic cells. The spatiotemporal distribution of DCL is
differentt from that of DCX and the onset of expression of DCL precedes that
off DCX.
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FigureFigure 6. Immunocytochemical analysis of DCL and DCX protein expression in the embryonic brain.
A:: At ED 11, DCL protein (sagittal section) is found throughout the telencephalon and diencephalon (left
andd right, respectively). DCL is found in the outer layers close to the pia as well as in the inner VZ
(arrowheads;; see also below). Non-neuronal tissue like the mandibular component of the first branchial
archh (M) e.g., is devoid of any signal. IV; fourth ventricle. Sar represents 150 pm.
BB + C: Adjacent transversal (coronal) sections from the early neuroepithelium at ED 9 immunostained for
DCXX (8) and DCL (C). DCX is absent at this age [arrowheads in B), whereas DCL is abundantly expressed in
thee inner ependymal (upper 2 arrows in C) and outer, early preplate/MZ region (lower arrow pointing
leftwardd in C). Bar represents 25 um.
D:: Sagittal section of the neuroepithelium of the neural tube at EDI 1, showing abundant expression at the
luminall border (arrowheads), while in the developing neuronal tissue, various mitotic cells express DCL
(arrows).. Bar represents 70 um.
E:: Detail of a DCL+ mitotic cell in the neocortical VZ. Arrowhead points to the chromosomes oriented in the
midlinee cleavage plane. Bar represents 5 um.
F:: DCL expression in the neuroepithelium and VZ (arrowhead on the left) of the early telencephalon at
ED10.. Many DCL+ processes extend radially towards the pial surface (arrowheads in upper left corner}. In
thee preplate [arrowhead on the right), DCL is also found in tangentialty orientated processes. DCL+ mitotic
cellss in the IZ are also visible [arrows). Bar represents 15 Mm.
G:: Immunostaining for the intermediate filament protein vimentin that identifies neurogenic radial
glia,, shows immunopositive cellbodies (arrow) in the lumenal surface [asteriks) and radial processes running
throughh the VZ and SVZ (EDI 1).
H+l;; Transversal cross-sections illustrating the differential, yet partly overlapping distribution of DCX and DCL.
DCXX is expressed at EDI 1 (H) in the upper preplate and CP/MZ (arrow). In contrast, DCL is already strongly
expressedd at ED9 (I) in the VZ/ependymal layer [arrowhead to the left), with DCL+ radial processes
extendingg towards the IZ (arrowhead on the right). The ventricular layer [asteriks in H) is devoid of DCX, but
nott of DCL signal. Bar represents 5 um.
J:: Detail of the VZ at ED9 showing DCL expression in processes radially extending into the SVZ and IZ (middle
arrowhead).. Also a mitotic cell lacking DCL expression between the chromosomes (right arrowhead) is
visible.. Bar represents 12 |jm.
K:: Detail of the VZ showing DCL+ dividing cells, that appear to be in telophase (left) a n d anaphase
(middle),, with o vertical cleavage plane. The cell on the left is likely in telophase or may represent two ceils
inn interphase. A DCL+ cell on the right is visible with DCL expression between the chromosomes, with a
horizontall cleavage orientation (arrowheads). Bar represents 3 pm.
L:: DCL immunoreactivity in the VZ at EDI 1, in prophase and telophase cells (arrowheads) and in a blast-like
precursorr cell in metaphase/anaphase (arrow). Bar represents 10 mm.
M:: Two DCL+ mitotic cells in the neuroepithelium displaying expression between chromosomes (upper
arrow)) as well as in structures resembling centrosomes [lower arrows). Bar represents 1.5 um.
N+O:: DCL immunoreactivity in dividing cells in anaphase II / telophase II (N) and in metaphase/anaphase I,
withh the chromosomes clearly visible (arrow in O), and in a radially extending process (arrowheads). Bars
representt 1 (jm.
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FigureFigure 7. Confocal analysis of DCL and DCX protein expression in the embryonic brain.
A-D;; DCL expression in the VZ (ED10)(D) and in mitotic cells at the ventricular surface (arrow in D). DCL but
nott DCX (fig C). is associated with kinetochore microtubules (A; arrow) as well as polar microtubules (arrow
inn B). Blue stain; Hoechst identified chromatin. Mitotic cells are DCX negative (inset C, see E.F.M.N&O),
indicatingg a function of DCL different from DCX at these ages. Bars represent 5 pm (A+B), and 12um (D).
E-F.. At El 1. many DCL+ precursor cells (arrows) are found in the VZ and SVZ (arrows in F). These blast cells
resemblee those shown in Figure 5D, E and F, and are DCX negative. DCX + processes are in close
appositionn to, but not overlapping with, the mitotic DCL positive blasts (inset E). Bars represent 20 (F) and 5
um(E). .
G-J.. Triple labeling of the neuroepithelial layer of an El3 mouse reveals expression of DCL in vimentin+
radiall glial/neural precursors (merged image in J). A mitotic cell oriented close to the ventricular surface is
visiblee (H; arrow). Bar represents 12 pm.
K-N.. Triple labeling (El 1) showing DCL expression in vimentin+ RGC throughout the neuroepithelium and VZ
(upperr arrowhead in K and M), and in neuroblasts in the SVZ/IZ (arrow on the left in K and M). This
distributionn pattern is distinctly different from DCX (shown in L), with weak expression in a.o. tangentially
orientedd migratory fibers in the VZ/SVZ, and expression in the early preplate/primitive plexiform zone (PPZ)
(H).. Only in the second proliferative layer between (S)VZ and PPZ, where migrating precursors undergo M
phase,, are vimentin+, DCX+ and DCL+ triple labeled cells found (white; lower right arrow and cell on the
leftt in N). Precursors in the VZ/lower SVZ are only double positive for vimentin and DCL (pink cells; upper
rightt arrow). P: pial surface. Bar represents 35 pm.
O.. DCX and DCL colabeling of the spinal cord (El 1) reveals DCL expression at upper and lower border
regionss (arrows) with long processes (arrowheads) extending radially, amidst of extensive (nonoverlapping)) DCX expression.
P.. Unlike DCL, DCX expression is not expressed in vimentin+ RGC (2 lower arrows) in the neural tube at El 1.
Onlyy very rarely is colabeling seen (upper arrow), indicating neuronal migration under guidance of RGCs.
Barr in O and P represents 18 pm.

Too address whether DCL is associated with a neuroblast p h e n o t y p e ,
w ee screened a large number of different cell lines a n d f o u n d that DCL is
expressedd endogenously only in neuroblastoma cell lines (Figure 8).
11

A: :
B: :

We*»*** *

FigureFigure 8. DCL is a phosphoprotein, that is endogenously expressed in neuroblastoma, but not in other cell lines
Too study DCL subcellular functions, various cell lines were screened for endogeneous DCL expression, which was
onlyy found in neuroblastoma lines, and not in any non-neuroblastoma cell line, including PC 12 cells (data not
shown).. In the neuroblastoma cell line N1E-115. a 40 kDa immunoreactive doublet co-migrated with the doublet
resultingg from overexpressing DCL (Panel B). RT-PCR experiments and Western blot analysis failed to detect any
DCXX signal using DCX-specific primers and antibodies (data not shown) showing that this 40 kDa band was not
duee to DCX. The doublet disappeared after incubation with phosphatase, demonstrating that DCL. similarly to
DCX.. is o phosphoprotein.
A:.. Screening by Western blot analysis of various cell lines. Lane 1: COS-1 cells, lane 2: Hela cells, lane 3: NG108155 cells, lane 4: NS20Y cells, lane 5: N1E-115 cells, lane 6: molecular weight marker, lane 7: SHSY5 cells. Three
moree non-neuroblastoma cell lines were screened including PCI2 cells, that also failed to reveal any
endogenouss DCL expression (data not shown),
B:: DCL is a phosphoprotein. NG108-15 lysates stained with anti-DCL. Lane 1: untreated lysate, lane 2: lysate
incubatedd at 37 C without phosphatase, lane 3: lysate incubated at 37 C with phosphatase. Lane 4-6 are
similarr as 1-3 but after DCL overexpression. Note that endogenous DCL comigrates with overexpressed DCL in
lanee 4-6.
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FigureFigure 9. DCL knock-down leads to deformation of mitotic spindles.
I:: Effectiveness of RNA interference to knock-down DCL.
Westernn blot analysis of DCL expression in N1E-115 cells with (1 to 3) and without (4) siRNA treatment performed
inn duplo. Three different siRNA molecules targeting DCL were used: siDCL-1 (lanes 1), siDCL-2 (lanes 2) and siDCL33 (lanes 3). SiDCL-2 and 3 induce an effective knock-down (80% and 90% respectively) while siDCL-1 failed to do
so.. and was subsequently used a control for the siRNA procedure. As a reference, the same membrane was restainedd with alpha-tubuiin.ll: Confocal analysis of mitotic neuroblastoma cells treated with DCL siRNA. In nontreatedd mitotic cells (A-C), DCL (A) colocalizes with alpha-tubulin (B). The merged image (C) indicates DCL
associationn with polar and kinetochore microtubuli (arrow). Transfection with siDCL-1 (D-F) foiled to induce DCL
knockdownn (D), and left the mitotic spindle intact (E). Effective DCL knockdown by siDCL-2 (G-l) or siDCL-3 (J-L)
nott only caused all immunoreactive DCL signal to disappear (G, J), but also induced collapse and deformation
off the mitotic spindles H, K). Green=DCL, Red=alpha-tubulin, Yellow=merged. Scale bar; 10 um.
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Suppressionn of DCL function by siRNA affects microtubule architecture and
disruptss the mitotic spindle in neuroblastoma cells.
Functionall aspects of DCL were addressed using three different siRNA
moleculess against DCL (see Figure 1A). Western blot analysis indicated that
siDCL-11 failed to knock-down DCL protein (data not shown), which might
relatee to the lack of TT dinucleotides at the 3'-end in this antisense strand.
SiDCL-11 was subsequently used as a negative control for possible off-target
effects.. Compared to non-treated and siDCL-1, transfection with siDCL-2 and
siDCL-33 induced a knock-down of respectively 80% and >90% (data not
shown). .
Ourr immunohistochemical data suggested a role for DCL in
proliferativee division of neural precursors. Therefore, we have studied dividing
N1E-1155 cells after DCL knock-down by siRNA technology. Strong DCL
immunoreactivityy was observed in all dividing N1 E-l 15 cells during
metaphasee or early anaphase (see Figure 9A and D, color), a-tubulin
colabelingg confirmed that DCL was expressed in association with the mitotic
spindless and near the centrosome, suggesting a role for DCL in mitotic
spindlee formation. Indeed, DCL knockdown by siDCL-2 and siDCL-3 caused a
dramaticc collapse of the mitotic spindle (Figure 9G-L) in approximately 40%
off all dividing cells (10 out of 24 cells in metaphase in two independent
experiments)) for siDCL-2 and in all dividing cells (30 out of 30, in two
independentt experiments) transfected with siDCL-3. Inefficient knockdown
byy siDCL-1 left DCL colocalization as well as the mitotic spindle unchanged
(Figuree 9D-F), while also the centrosome appeared normal when DCL was
knockedd down. Clearly, DCL is involved in mitotic spindle stability in
neuroblastomaa cells. Combined with DCL's in vivo distribution, this indicates a
rolee for DCL in neuronal precursor division.
DCLL overexpression induces elongated and aberrant mitotic spindles.
Next,, we tested the effect of DCL-overexpression on mitotic spindle
formationn in dividing COS-1 cells, a cell line that does not express DCL
endogenously.. Consistent with our earlier observations, DCL colabeled
mitoticc spindles in transfected COS-1 cells (see Figure 10, color). DCL gain-offunctionn in these cells induced two different phenotypes; the first, observed in
20%% (n=126) of the dividing COS-1 cells analyzed, was characterized by DCL
colabelingg with a-tubulin. This phenotype is similar to the endogeneous
patternn in dividing NlE-l 15 cells (Figure 10D-F). The second phenotype was
presentt in 80% of the cells in M phase and was characterized by abnormally
orientedd (Figure 10B), elongated, asymmetrical, monopolar mitotic spindles.
Thiss phenotype was also characterized by an aberrant segregation of the
chromosomess (blue stain in Figure 10C). The elongated, asymmetrical
spindless of cells overexpressing DCL were clearly different from the
stereotypicall bipolar spindles in control cells ('ref' in inset in Figure 10B). This
indicatess that DCL can regulate mitotic spindle stability and formation.
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FigureFigure W. DCL overexpression in dividing COS-1 cells.
A-C:: A normally dividing COS-1 cell stained with alpha-tubulin is shown as reference ("ret" in inset).
Overexpressionn of DCL (Green, A) leads to often unilateral, elongation of the mitotic spindle microtubules (B).
Thee mitotic spindle length, indicated by arrows, of transfected cells was enhanced compared to nontransfectedd cells (ref: reference length). DNA is stained with DAPI (blue).
D-l:: DCL overexpression in COS-1 cells during cell division revealed two phenotypes; one very similar (D-F) to
wildtypee COS-1 cells, in which DCL (D) largely colocalizes with a-tubulin (E). Similarly to the dividing N1E-115
cells.. DCL (in green) is also associated with kinetochore microtubuli and overlaps with mitotic spindles (alphatubulinn in red). The predominant other phenotype revealed a profound elongation and monopolar
orientationn of the mitotic spindles (G-l). Green=DCL (A, D. G), Red=alpha-tubulin (B,E,H), Yellow=merged (C. F,
I).. Scale bar is 10 mm.

RNAA interference in utero demonstrates an in vivo role for DCL in radial
processs stability a n d progenitor division.
Too study the in vivo role of the DCLK g e n e in RGC proliferation a n d in
stabilityy of the radial processes, w e p e r f o r m e d in utero electroporation (IUE)
usingg RNA-interference in cells lining the ventricle of the d e v e l o p i n g cortex.
Plasmidss e n c o d i n g effective short-hairpin RNA molecules were selected for
DCLL knock d o w n by transfection of neuroblastoma cells a n d monitoring the
e n d o g e n o u ss DCL protein levels by Western Blot analysis. As n e g a t i v e
controls,, w e used mismatch short hairpin siRNA molecules a n d e m p t y vector.
Thee most e f f e c t i v e plasmid, pSuper-DCL183 a n d its m i s m a t c h c o n t r o l
(pSuper-DCL183m),, were used for IUE. To visualize transfected cells, plasmids
weree co-transfected with plasmids e n c o d i n g Yellow Fluorescent Protein (YFP)
a n dd i m m u n o c y t o c h e m i c a l l y d e t e c t e d using a n a n t i b o d y against GFP/YFP
(1:3000;; Molecular Probes). IUE with pSuper-DCL183 p e r f o r m e d at E13.5
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yieldedd a 0% (n=16) survival rate compared to 40% (n=20) survival for the
controll plasmids pCMV-YFP. This indicates a specific lethal effect of DCL
knockk down at this particular time of development. Therefore, we applied
IUEE at El4.5 yielding 92% survival in 70% of the embryos and also showed YFP
expressionn for the control plasmids. This is compared to 84% survival of which
73%% expressed. YFP+ cells containing the siRNA for DCL were found
coextensivee with spots of reduced or absent DCL immunoreactivity,
indicatingg the effectiveness of RNAi of DCL. This is comparable to the in vitro
findingss (Figure 11C, color).
Embryoss transfected with empty vector or mismatch controls at E 14.5
andd collected 24 hours later revealed proper cortical development and
largee numbers of YFP-expressing almond-shaped progenitors in the
proliferativee zone (PZ), whereas animals collected after longer survival times
didd not survive (not shown). Radial fibers spanning all embryonic cortical
zoness with tight endfeet at the pial surface were present. One day after
transfectionn with pSuper-DCL183, cell number in the PZ was significantly
reduced,, and occasionally, YFP+ cells accumulated in the upper region of
thee SVZ/VZ (Figure 1 IF). Cortical thickness of the PZ, IZ and CP did not differ
betweenn the groups (data not shown). When expressed as percentage of all
cellss in PZ and IZ, no differences were observed between numbers of cells
(dataa not shown). This lack of difference indicates no changes in migration or
positionall mismatch, thus implying that all cells are affected in a similar
mannerr and their position has not changed as a result of the knockdown.
Structurall organization of the dividing precursors was aberrant and many of
thee remaining cells had an enlarged, multipolar morphology, and lacked, or
onlyy had a very short, leading and/or trailing process (Figure 11C, F, K, M),
typicall of radial migrating neurons. Quantification revealed a significant
reductionn in the number of YFP+ cells between the control and DCL RNAi
groupp (Figure 110) in the PZ (control, 3752.3 400.9; pSuper-DCL183, 2180.7
115.64;; P < 0.05*). Thus, the decrease in number of cells in the PZ may reflect
aa decrease in progenitor proliferation at the PZ/IZ boundary.
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FigureFigure N, In utero electroporatton of DCL reduces cell number in the SVZ/VZ and severely disturbs radial
fiberfiber organization.
A;; Control plasmids pCMV-YFP delivered into E 14.5 embryonic brain labeled many neural progenitors in
SVZ/VZZ (asteriks) and on extensive network of radial processes spanning the entire thickness of the cortex
withh a dense rim of pial endfeet (arrow, detail in J). Mismatch control plasmids revealed identical results
(detailss in H).
B;; Knockdown of DCL after pSuper-DCL183 delivery induced a profound reduction in SVZ/VZ precursor
numberr and an almost complete ablation of the radial processes, with small cells in the IZ (arrowhead) and
veryy few pial endfeet remaining (arrow).
C;; DCL knockdown reduces DCL immunoreactivity (red). At the top right end border of a pSuper-DCL)83
transfectedd zone, DCL is abundant, compared to the inner layers in the transfected zone on the left
(asterisk),, that are DCL negative. YFP+ cells are frequently accompanied by "dark holes", devoid of DCL
signall (arrow in C, and in CI (only red channel shown)), indicating effective DCL protein knockdown.
Controll plasmids did not alter DCL immunoreactivity (C2 and also I).
D+E;; After control plasmid delivery, the SVZ/VZ showed numerous dividing (arrows) and migrating
precursorss (inset), with straight radial fibers (arrowheads). DCL knockdown reduced progenitor number,
withh the remaining ones displaying an aberrant, disorganized and often multipolar cell shape (arrows,
inset).. Processes of these cells, if any, were aberrant and generally very short (arrowheads in E, inset),
F;; Overview of the aberrant organization of cells in the PZ and the shortened and aberrantly oriented
processess in IZ and CP after DCL knockdown.
G:: Detail of a straight, long radial fiber in the IZ after control vector delivery.
H;; A similar fiber after delivery of the pSuper-DCL183 mismatch control, A straight and long process with
tightt endfeet at the pial surface is seen (arrowhead).
I:: Detail of a cell transfected with control vector, with a normally appearing process without any
detectablee effect on adjacent DCL immunoreactivity (red).
J;; Details of the radial processes in the CP and their end feet (arrowhead) at the pial surface after control
plasmidd delivery. Knockdown of DCL caused very few, if any endfeet to reach the pia (no detail shown,
butt see B and F)
KK + L; Detail of the IZ after DCL knockdown (left is SVZ/VZ, to the right is CP}, showing many aberrantly
organized,, shortened, curly, twisted, and occasionally obliquely oriented (lower right arrow in L) individudl
processess (arrows) and small cellular elements in the inner zones (arrowhead in K).
M;; Example of a clearly disorganized cell shape in the SVZ/VZ after RNAi for DCL.
N;; Example of a curly and turning (arrow) process in the IZ after RNAi for DCL.
O;; Numbers of electroporated cells in the proliferative zone (PZ) and IZ dre significantly reduced in the PZ.
Inn the CP, no differences were found (not shown).
Barss represent 20 urn (A), 15 pm (C+F), 10 pm (D+K), 3 mm (GJ,M,N,L) and 7 pm (H).

Furthermore,, a profound reduction in the extent and number of
individuall radial processes was apparent, particularly in the IZ and CP, where
manyy shortened and twisted radial processes (Figure 1 IB, C) were observed.
Also,, very few endfeet had reached the pial surface as compared to empty
vectorr or mismatch controls (Figure 11A and B). Individual processes in the IZ
weree often distorted, twisted and sometimes obliquely oriented (Figure 1 IE, F,
G,, H). The straight, long processes observed in both empty vector and
mismatchh controls, were never seen in embryos electroporated with pSuperDCL1833 indicating a crucial role for DCL in the stabilization of microtubules as
partt of the cytoskeletal organization inherent of normal radial glia fiber
formation.. Together, these data demonstrate a critical role for DCL not only
inn mitotic spindle formation but also in the stability of the radial fiber network.
Discussion. .

Wee have shown that the DCLK splice variant DCL is a predominant
MAPP during early corticogenesis. DCL regulates mitotic spindle stability,
precursorr proliferation and integrity of the radial fiber network, which will form
thee early radial scaffold, enabling neuronal migration during later
developmentall stages.
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Ourr results provide an important addition to the current knowledge
onn DCIX as they specifically address the role of DCL during the early stages
off cortical development. Microtubule stabilization of the early pial oriented
processess allows somal or nuclear translocation, a process by which
neuroblastss translocate their somata along radially oriented processes. The
processess are typically restricted to El0-13, the period when DCL is
abundantlyy expressed. During that period, DCX is either absent, or expressed
inn a pattern that does not overlap with DCL, suggesting an important and
exclusivee role of the DCLK gene during early corticogenesis.
Asidee from the expression in radial fibers, DCL is selectively found in
RGC/neurall progenitors. Recent data has shown that RGCs are the source of
most,, if not all, neurons generated during cortical development, with
neuronall progeny being derived from clonally related RGCs (Malatesta et
al.,, 2000; Alvarez-Buylla et al., 2001; Noctor et al., 2001; Gotz et a!., 2002;
Malatestaa et al., 2003; Rakic, 2003; Anthony et al., 2004). The selective
expressionn of DCL in vimentin-positive neurogenic RGCs in mitotic cells and in
neuroblastomaa cell lines is consistent with the concept suggesting DCL is a
RGC/precursor-specificc MAP. Indeed, microtubules but not microfilaments,
weree already shown to be critically involved in the polarized morphology of
RGCss (Li et al., 2003). This centralization of neurogenesis and radial glia raises
thee interesting possibility that one cell type early in development is critical for
division,, initial neuronal production, radial process extension and hence for
corticall architecture.
Recentt findings by us and others (Shu et al., 2006) on the role of DCLK in
mitoticc spindle formation substantiate a crucial role for spindle stabilization in
neuronall proliferation and differentiation. The stability and length of the
mitoticc spindle had already been shown to affect the fate of daughter cells
inn D. melanogaster; the generation of daughter cells with different sizes and
phenotypess depends on the asymmetric formation of the spindles during
anaphasee (Kaltschmidt, 2000). Similarly, in C. elegans, the orthologue of the
mammaliann DCLK gene zyg-8 is involved in asymmetric division of the onecelll stage in embryos. Also, zyg-8 is associated with mitotic spindles and
promotess microtubule assembly during anaphase (Gonczy, 2001). Mutations
inn zyg-8 disrupt division of the one-cell stage of C. elegans embryos,
suggestingg evolutionary conserved functions for the mammalian DCLK and
zyg-88 with regards to spindle formation.
Neurogenicc radial glia can generate neurons directly through
asymmetricc cell division, or indirectly through generation of intermediate
progenitorss or transit amplifying cells that migrate to the
subventricular/intermediatee zone (SVZ/IZ), where it divides symmetrically to
producee two daughter neurons. The vimentin+, DCX+ and DCL+ triple
stainedd cells in the SVZ/IZ (see Figure 6) represent the secondary, neurogenic
divisionss of migratory intermediate progenitors (Haydar et al., 2003a;
Haubensakk et al., 2004; Kriegstein and Noctor, 2004; Noctor et al., 2004). This
illustratess interactions between DCL and DCX in these layers (Deuel et al.,
2006;; Koizumi et al., 2006). In the inner VZ, DCL, but no DCX expression occurs
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inn mitotic cells, with horizontal or vertical cleavage planes (Figure 6),
indicatingg no preference for a specific mode of division.
Thee nearly complete depletion of the radial fiber network after in
uteroo knockdown of DCL demonstrates a critical role in the regulation of
radiall fiber stability. Interestingly, electroporation of DCL RNAi, but not of
emptyy vector controls, at ED13.5 resulted in 0% survival rate. A similar rate
wass obtained at survival times longer than 32 h after DCL knockdown at
El4.5.. Together, this indicates an essential role of the initial radial fiber
networkk in normal development. In recent in utero knockdown studies
considerablyy longer survival times were obtained after knockdown of DCLK.
RNAii was applied at E13 and could be studied 3 to 6 days later. In addition,
noo changes in radial fiber integrity were reported in this study. A possible
explanationn may lie in their RNAi construct that targets the full length DCLK
longg transcript but is not capable of targeting the DCL transcript (Shu et al.,
2006).. Thus, these different phenotypes may pinpoint DCL as a selective
proteinn necessary for radial fiber formation (Koizumi et al., 2006; Shu et al.,
2006).. Other possible explanations include the precise time-point of analysis
(ED177 versus ED14 in our study) as well as the methodology used (in utero
lentivirall delivery versus in utero electroporation of a large cortical swatch in
ourr study). In theory, DCL knockdown could also have contributed to the
poorr survival rates by affecting precursor proliferation. However, a recent
studyy showed that despite changes in precursor number after DCLK
manipulationn in utero, survival of these embryos was not affected (Shu et al.,
2006).. As radial fibers were not altered, it is tempting to speculate that it is the
radiall fiber loss after DCL knockdown that influences embryo survival. The
exactt mechanism of how disturbances in the radial fiber network may
inducee premature death requires further study.
Givenn the early, prominent role for DCLK, one would expect a severe or even
lethall phenotype in DCLK mutants. Yet, loss of the full length DCLK, the DCLK
DCX-likee isoform, or the kinase domain containing isoforms of DCLK, results in
aa preserved neocortical lamination (Deuel et al., 2006; Koizumi et al., 2006).
Similarr discrepancies between acute RNAi mediated knockdown and germ
linee knockout have been described for the DCX gene. These result in a
severee or very mild phenotype, respectively (Corbo et al., 2002: Bai et al.,
2003).. This suggests that other genes could have compensated for the loss of
DCXX function in DCX knockout mice. Indeed, only double DCLK/DCX null
micee display disrupted cortical lamination (Koizumi et al., 2006; Shu et al.,
2006).. Recent evidence (Ramos et al., 2005) further indicates that the RNAi
effectt for DCX is rat-specific, as knock down of DCX in mice failed to induce
subcorticall band heterotopia. This bears considerable relevance to the
relativelyy mild phenotypes in DCLK mouse mutants (Deuel et al., 2006;
Koizumii et al., 2006), which could relate to genetic redundancy with another
recentlyy described DCK2 gene (Edelman et al., 2005). The levels of DCK2
weree indeed not altered in DCLK homozygous null mice brains [Koizumi et al.,
2006). .
Variouss genes associated with the centrosome and spindle formation
aree key elements in mitosis regulation. Mutations in the genes for
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microcephalinn and abnormal spindle in microcephaly (ASPM), are
associatedd with microcephaly, a human condition characterized by a small
cortexx (Woods, 2004). Since DCLK regulates mitotic spindle formation in early
neuronall progenitors, mutations in this gene are likely to affect the precursor
pool.. This is confirmed by the in utero knockdown of DCL. DCL thus seems of
potentiall interest for studies aimed at understanding genetic disorders
relatedd to altered brain size.
Inn conclusion, during cortical development, two related proteins, DCX and
DCL,, are expressed that both promote microtubule stability. But, in contrast
too recent studies on the DCLK gene, DCX and DCL differ in their early spatiotemporall expression pattern and function. Although their functions at later
stagess of corticogenesis appear synergistic and largely overlapping, DCX is
mainlyy involved in the stabilization of microtubules during neuronal migration
afterr El2. DCL expression, in contrast, starts earlier, i.e. around E8, and is
involvedd in stabilization of radial processes and in mitosis of neurogenic
precursorss through spindle stabilization. This early developmental expression,
inn contrast to other DCLK splice variants, is of particular general relevance as
progenitorr pool expansion and neuronal production are extensive during this
period.. Interference with these processes may ultimately determine cortical
numberr and brain size. We demonstrate that DCL is crucial for precursor
proliferationn and stability of the early radial glial scaffold and propose it may
provee to be of great interest for our understanding of early neurogenesis and
off disorders associated with alterations in initial neuronal production, like
microcephaly. .
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Voorr een groot aantal orgaanfuncties is de karakteristieke vorm van
individuelee cellen van essentieel belang. Hersencellen, ofwel neuronen,
hebbenn lange uitlopers die contact maken met andere cellen, waardoor
elektrischee signalen van de ene cel naar de andere kunnen worden
doorgegeven.. De meeste neuronen hebben vele wijdvertakte "antennes"
genaamdd dendrieten, die signalen ontvangen, maar ze hebben maar een
uitloperr die signalen verzendt, het axon. Deze specifieke morfologie vereist
aanpassingenn van het cytoskelet, het cellulaire geraamte. Dit geraamte
bestaatt onder meer uit lange stevige microtubili (MT), polymeren van
tubulinee subunits. Deze zijn essentieel om een cel vorm en stevigheid te
gevenn maar ze zijn ook betrokken in bijvoorbeeld het transport van eiwitten.
Inn plaats van statisch zijn deze MT juist zeer dynamische eenheden, constant
onderhevigg aan groei en afbraak.
Dee eisen die aan het cytoskelet gesteld worden zijn afhankelijk van
dee staat waarin een cel zich verkeert; terwijl volwassen cellen gebaat zijn bij
eenn stevig, onvervormbaar geraamte, hebben delende, groeiende en
migrerendee cellen juist een cytoskelet nodig dat flexibel is en snel kan
groeienn en krimpen. De eisen waaraan het cytoskelet van neuronen moet
voldoenn zijn dus anders in het zich ontwikkelende brein dan in een volwassen
brein.. Er zijn echter ook in het volwassen brein situaties denkbaar waarin
morfologischee plasticiteit wordt vereist van neuronen. Bijvoorbeeld tijdens
leerprocessenn worden contacten tussen neuronen versterkt. Een manier
waaropp men denkt dat dit kan plaats vinden is bijvoorbeeld door groei van
dendrietenn en dus ook van MTs.
Omm aan deze veranderende eisen aan het cytoskelet te kunnen
voldoenn zijn allerlei adaptaties aan MT mogelijk. Een daarvan is het binden
vann MT geassocieerde eiwitten (MAPs), waardoor MT steviger worden en
polymerisatiee (en dus MT groei) wordt gestimuleerd. Leden van de MAP
familiee van eiwitten worden gekenmerkt door een of meerdere MT bindende
domeinen.. De affiniteit van MAPs voor MT, en daarmee dus hun
stabiliserendee werking, kan op verschillende manieren worden gereguleerd.
Doorr alternatieve splicing kan het aantal MT bindende domeinen worden
aangepast,, over het algemeen geldt dat hoe meer MT bindende domeinen
hett eiwit heeft, hoe beter MT worden gestabiliseerd. MAP binding aan MT
wordtt negatief beïnvloed door fosforylatie van de MAP, waardoor het MT
bindendee domein a.h.w. wordt afgeschermd van de MT. Een groot aantal
MAPss is specifiek voor het brein. Sommige van deze eiwitten zijn lang bekend
enn veelvuldig bestudeerd, zoals bijvoorbeeld het eiwit tau, dat een
belangrijkee rol speelt in de ziekte van Alzheimer (AD). De laatste jaren zijn er
ookk een fors aantal nieuwe leden van deze familie ontdekt, zoals
bijvoorbeeldd doublecortin (DCX), dat een belangrijke rol speelt in de
ontwikkelingsstoorniss lissencephalie, gekenmerkt door mentale retardatie en
epilepsie. .
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Inn dit proefschrift is geprobeerd de rol te achterhalen van twee
specifiekee MAPs; tau en doublecortin-like (DCL), in morfologische
veranderingenn van neuronen. We hebben ons gericht op plastische
processenn tijdens de ontwikkeling, zoals celdeling, groei en migratie, maar
ookk op veranderingen in het volwassen brein, zoals tijdens leerprocessen en
ziekte. .
DCXX is e e n r e c e n t o n t d e k t e MAP d i e o n d e r a n d e r e h o o g t o t
expressiee komt in d e embryonale cerebrale cortex. Het is van b e l a n g voor d e
migratiee van pasgeboren voorlopers van neuronen van d e ventriculaire zone
(VZ)) naar hun e i n d b e s t e m m i n g in d e corticale plaat (CP). Mutaties in het
DCXX g e n leiden tot e e n ernstige verstoring van dit migratieproces w a t in
mensenn leidt tot het z o g e n a a m d e d o u b l e cortex syndroom. Doordat cellen
niett naar d e juiste l o c a t i e in d e cortex migreren ontstaat er e e n t w e e d e
b a n dd v a n cellen net onder d e cortex. N o g recenter is er e e n g e n o n t d e k t
mett grote homologie, het z o g e n a a m d e doublecortin-camkinase-like (DCLK)
g e n .. Een van d e eiwitten die van dit g e n afgelezen wordt is doublecortin-like
(DCL).. Dit eiwit lijkt v a n b e l a n g t e zijn voor zowel deling van n e u r o n a l e
voorloperss (de radial glia) als d e groei van hun radiele uitlopers. In het
a d d e n d u mm v a n dit proefschrift w o r d t d e functie v a n DCL u i t g e b r e i d
beschreven. .
Hoewell d e functie v a n d e DCX en DCLK g e n e n dus o p zijn minst
gedeeltelijkk o v e r l a p p e n d is zijn er ook belangrijke verschillen. Zo is DCX niet
betrokkenn in celdeling. O m deze verschillen duidelijker in kaart te b r e n g e n
h e b b e nn w e in hoofdstuk 2 spatiotemporele expressie van d e eiwitten DCX en
DCLL tijdens d e embryonale ontwikkeling van d e muis met elkaar vergeleken.
Ditt b r a c h t a a n het licht d a t DCL al o p E9 h o o g tot expressie komt en af
n e e m tt v a n a f E13. DCX d a a r e n t e g e n , is pas v a n a f E10/11 zeer b e p e r k t
aanwezig,, van El3 tot E17 is het zeer prominent aanwezig. Vóór El3 was ook
d ee spatiele expressie van DCL sterk afwijkend van die van DCX. Terwijl DCL
h o o gg tot expressie komt in d e VZ en d e CP, wordt DCX specifiek tot expressie
g e b r a c h tt in d e CP. Na El3 w o r d e n DCX en DCL b e i d e n tot expressie
g e b r a c h tt in zowel d e CP als d e intermediate zone (de laag tussen d e CP en
d ee VZ). Zowel d e v r o e g e expressie van DCL alsmede d e locatie in d e VZ,
w a a rr juist in deze vroege periode veel neurogenese plaats vindt, duiden o p
e e nn belangrijke rol van DCL in neurogenese.
Wellichtt d e meest b e k e n d e MAP is het eiwit " t a u " , w a t uitgebreid
bestudeerdd is en wordt in v e r b a n d met zijn betrokkenheid in AD. Het tau g e n
b e v a tt 4 M T - b i n d e n d e d o m e i n e n . Door a l t e r n a t i e v e splicing k u n n e n
eiwitproductenn met 3 of 4 MT-bindende d o m e i n e n w o r d e n g e v o r m d (tau-3R
enn tau-4R). Tau-3R heeft e e n lagere affiniteit voor MT d a n tau-4R. Tijdens d e
ontwikkelingg van het muïzenbrein w o r d e n vooral tau-3R p r o d u c t e n g e v o r m d ,
inn d e 2 e week na d e g e b o o r t e vindt e e n omslag plaats van d e expressie van
tau-3RR naar tau-4R. De 2 e postnatale w e e k is e e n belangrijke fase voor d e
ontwikkelingg v a n d e h i p p o c a m p u s , e e n belangrijk g e b i e d voor leren en
g e h e u g e nn w a t is a a n g e d a a n in AD. In tegenstelling tot d e meeste a n d e r e
h e r s e n g e b i e d e n ,, die g e v o r m d w o r d e n voor d e g e b o o r t e , w o r d e n d e
meestee cellen van d e d e n t a t e gyrus (DG) van d e h i p p o c a m p u s in d e eerste
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tweee weken na de geboorte gevormd. Na deze 2e week neemt
neurogenesee snel af, terwijl groei en migratie nog wat langer door gaan. Het
iss aannemelijk dat de verschillende tau isovormen een belangrijke rol spelen
inn de ontwikkeling van de hippocampus.
Inderdaadd is door Kristina Sennvïck aangetoond dat tau deletie in
primairee hippocampale celcultures leidt tot toename in celdeling, terwijl
neuronalee differentiatie en de groei van uitlopers vertraagd werd. Door in
dezee cultures zonder tau de 4R isovorm tot expressie te brengen, kunnen al
dezee veranderingen worden opgeheven. Expressie van tau-3R daarentegen
kann alleen de uitgroei van uitlopers gedeeltelijk normaliseren, terwijl het geen
remmendd effect heeft op celdeling of een stimulerend effect op neuronale
differentiatie.. Dit wijst er dus op dat tau-4R een veel groter effect heeft op de
maturatiee van neuronen dan tau-3R. Om te bestuderen wat het effect is van
dee verschillende isovormen in het intacte brein hebben we in hoofdstuk 3
gebruikk gemaakt van het zogenaamde tau knock-out/ knock-in (tau-KOKI)
model.. In dit model komt geen tau-3R tot expressie terwijl tau-4R alleen
aanwezigg is vanaf de 2e postnatale week. In de hippocampus blijkt de
expressiee van tau-4R erg laag in KOKI's. De gereduceerde expressie van tau4RR was geassocieerd met een toename in celdeling in DG in de 2e
postnatalee week, 8 weken na de geboorte was de geboorte van nieuwe
cellenn vergelijkbaar met controle muizen. De transiënte toename in
celdelingg leidt tot de productie van meer neuronen en dus tot een grotere
hippocampus.. Dendrietbomen van deze cellen zijn op 8 weken echter wel
kleinerr dan die van controles. Blijkbaar heeft tau-4R alleen een remmend
effectt op celdeling in de ontwikkeling terwijl het stimulerende effect op de
groeii van uitlopers tot uiting komt op een leeftijd van twee maanden. Deze
morfologischee verandering in de KOKI hippocampus hebben een positief
effectt op het gedrag van de muis in de object recognition test (ORT), een
testt voor geheugen, maar zijn niet gerelateerd aan veranderingen in LTP in
dee hippocampus.
Dee affiniteit van tau voor MT wordt niet alleen beïnvloed door
alternatievee splicing, ook fosforylatie reduceert de affiniteit van tau voor MT.
Tauu fosforylatie is hoog tijdens de ontwikkeling, waar het geassocieerd is met
celdeling,, maar laag in volwassen hersenen. Echter in AD en in
frontotemporalee dementie (FTD, een familiare dementie veroorzaakt door
mutatiess in het tau gen), is tau gehyperfosforyleerd. Dit betekent dat tau
meerr gefosforyleerd is dan tijdens de ontwikkeling. Dit gehyperfosforyleerde
tauu accumuleert in zieke cellen, genaamd "tangles". Men vermoedt dat
hyperfosforylatiee van belang is voor de geheugen verlies in AD en FTD.
Omm dit te testen hebben we in hoofdstuk 4 gebruik gemaakt van tau
transgenee muizen met de FTD mutatie P301L Deze muizen vertonen FTD
karakteristiekenn zoals axonopatie en toenemende geheugendefecten
parallell aan toenemende tau hyperfosforylatie. Als deze dieren worden
getestt in de ORT op een leeftijd van twee maanden, voordat
hyperfosforylatiee optreedt, blijkt verrassend genoeg dat ze beter leren dan
controlee dieren. Ook LTP is toegenomen in de DG van jonge P301L muizen.
Dezee veranderingen waren onafhankelijk van morfologische veranderingen
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zoalss neurogenese en de grootte van de dendrietboom. Deze resultaten
latenn in de eerste plaats zien dat tau mutaties op zich niet leiden tot
geheugendefecten,, in dit geval blijkt de mutatie op zich juist gunstig is voor
hett leervermogen van de muis. Het is dan ook aannemelijk dat tau
hyperfosforylatiee een belangrijke rol speelt in geheugenproblemen in FTD.
Eenn tweede belangrijke conclusie die aan deze resultaten kan worden
verbondenn is dat tau een belangrijke rol speelt in processen die ten
grondslagg liggen aan geheugen formatie, en dat dit niet gerelateerd is aan
morfologischee veranderingen. Op deze manier heeft tau dus duidelijk meer
functiess dan "alleen" maar het onderhouden of aanpassen van cellulaire
morfologie. .
Inn hoofdstuk 3 hebben we laten zien dat tau effect heeft op
neurogenesee tijdens de ontwikkeling. Hoewel op veel kleinere schaal, vindt
neurogenesee ook plaats in de volwassen DG. Aangezien ook schade aan de
hippocampuss invloed heeft op neurogenese is het mogelijk dat
neurogenesee is veranderd in AD. Daarom hebben we in hoofdstuk 5
veranderingenn in proliferatie bestudeerd in een preseniel cohort van AD
patiënten.. Expressie van de proliferatiemarker Ki-67 was toegenomen in de
ADD hippocampus. Dit verschil kan worden toegedicht aan een toename in
proliferatiee in de vascutatuur en in regionen waar zich relatief veel glia
bevinden.. Gebaseerd op deze resultaten en in combinatie met markers voor
glia,, jonge neuronen en de vasculatuur concluderen we dat neurogenese
niett is toegenomen in dit cohort van AD patiënten, maar dat proliferatie in
bloedvatenn en glia weldegelijk is veranderd.
MAPss worden gezien als MT stabilisators. Recent onderzoek zoals ook
beschrevenn in dit proefschrift laat zien dat als zodanig MAPs een belangrijke
roll spelen in plastische processen zoals deling, groei, migratie, en leren en
geheugen.. Hoewel veel MAPs en hun verschillende isovormen overlappende
functiess hebben is het aannemelijk dat verschillen in expressiepatronen, het
aantall MT-bindende domeinen en mogelijkheden voor fosforylatie
representatieff zijn voor verschillende MAP functies. Zo laten we bijvoorbeeld
zienn dat de tau-3R en tau-4R verschillende functies hebben in de
ontwikkeling.. Ook de nauw gerelateerde eiwitten DCX en DCL hebben een
verschillendd expressiepatroon dat gerelateerd is aan hun verschillende
functies.. Hiermee hebben we laten zien dat ook subtiele verschillen in MAPs
enn MAP isovormen zeer relevant zijn voor hun functioneren. Door deze
functionelee verschillen in kaart te brengen ontstaat ook een beter inzicht in
dee processen waarin MAPs betrokken zijn.
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Naa alle zakelijke mededelingen is het dan nu de hoogste tijd om ook
iedereenn die van belang was voor de tot stand koming van dit boekje te
bedanken. .
Allereerstt natuurlijk mijn begeleider Paul. Dankjewel voor de vele
kerenn dat ik binnen kon vallen. Als ik dan (veel later dan gepland en
compleett vergeten waarom ik ook al weer binnenkwam) weer de deur uit
gingg zag de wereld er altijd een stuk zonniger uit. Motiverend vermogen is
misschienn wel het belangrijkste kenmerk van een goede begeleider.
Misschienn minder voor de hand liggend maar erg belangrijk gebleken is ook
jee diplomatieke talent. Waar bommen op ontploffen stonden wist jij toch
altijdd net op tijd met veel tact het ontstekingsmechanisme te verwijderen
zodatt de gekozen paden bewandelbaar bleven. Ze zouden meer mensen
alss jij naar het Midden-Oosten moeten sturen! Natuurlijk ook mijn promotor
Mariann erg bedankt. Hoewel je rol altijd op de achtergrond was maakte jou
inputt op cruciale momenten vaak wel het verschil. Waar ik jullie allebei
misschienn nog wel het meest voor wil bedanken is het vertrouwen wat jullie
mijj hebben gegeven. Ondanks dat de resultaten vaak lang op zich lieten
wachtenn heb ik altijd mijn eigen weg kunnen gaan. Dit heeft een onmisbare
bijdragee geleverd aan mijn persoonlijke ontwikkeling en het plezier waarmee
ikk tot op het laats aan mijn project heb gewerkt, toch de belangrijkste
redenenn waarom ik destijds aan mijn promotie ben begonnen.
Opp het lab was Suharti de allereerste die op mijn pad kwam en in
weiddee in de histologie. Mijn steun en toeverlaat vanaf het begin tot het
tochh iets voortijdige eind... Ik weet niet hoe ik je moet bedanken. Paranimf
pastt niet bij jou bescheidenheid maar hier kom je er mooi niet onderuit: Je
bentt een schat!!!!! Els, als ik alle kleine en grote dingen zou moeten noemen
waarvoorr ik (en met mij vele anderen) je voor zou moeten bedanken,
zoudenn de drukkosten van dit proefschrift veel te hoog uitvallen, daar begin
ikk dus maar niet aan. Hopelijk volstaat het te zeggen dat ik me goed kan
voorstellenn dat het pensioen waar jij je zo op verheugt, sommige mensen
tochh wel enigszins nerveus maakt (of in ieder geval zou moeten maken!).
Vann de histologenclub wil ik ook graag Willem even noemen. Als mensen mij
proberenn te vertellen dat de wetenschap je vroeg of laat toch een beetje
stoffigg maakt, dan hoef ik maar aan jouw schaterlach, tot ver buiten je eigen
labb hoorbaar, te denken om te weten dat het ook anders kan. Na de oude
generatiee histologen de nieuwe: José en Edwin, het is aan jullie om de fakkel
overr te nemen!
Mett de overschakeling naar electrofysiologïe kwam ook een hele
anderee set steunpilaren in beeld. Harm, Henk, natuurlijk waren jullie
onmisbaarr maar degene aan wie ik in deze periode het allermeest heb
gehadd is Olof. Waar Suharti mij in het histologie lab bij het handje heeft
genomenn heb jij dat in dat andere lab gedaan. En na een dag vol ploeteren
enn gare plakken was er altijd een flauwe grap van jou en een dikke zucht
vann mij, waarna toch weer opnieuw een poging werd ondernomen.
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allee leuf. Vroeger was dat natuurlijk de groep van Jack (waarvan Jurgen de
echtee die hard is gebleken), maar ook alle nieuwe koffiedrinkers; Edwin en
Annelïess zorg dat de (taart)traditie wordt doorgegeven! Koffiekoning van
allee tijden is natuurlijk Rob, want een koffiepauze is pas echt een pauze als ie
opgeluisterdd wordt in typisch Robberiaans verhaal.
Dankk niet alleen aan mensen maar ook aan dingen. De deur
waarachterr alles mogelijk was: Brabantse gezelligheid, Amsterdamse
gevatheid,, vrouwenpraat, mannenhumor, positieve discriminatie, gein en
ongein,, roddels, verzuchtingen, verwensingen, lounge, house en regelrechte
teringherrie.. Godzijdank kan de deur van 4.22 dicht! Natuurlijk waren de echt
belangrijkee factoren al die lieve, gezellige, behulpzame en bijzonder(irritant)ee mensen die achter deze deur vroeg of laat hun plekje vonden:
Amos,, Vivi, Els, Deborah, Neeltje, Olof, Solange, Charlotte, Jose, Min Zhao ik
benn er trots op dat de naam Karin ook in dit rijtje voor komt. Als er een
nadeell zit aan de letters Dr. voor je naam dan is het wel dat je dan echt
definitieff je plekje in 4.22 op moet opgeven. Ik hoop dat deze plaats nog
aann vele AIO's en ander gespuis een veilige haven mag bieden.
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Hendrik,, Angela en vele anderen, ik hoop dat jullie net zoveel van mij
geleerdd hebben als ik van jullie!
Alss moderne AIO heb ik het genoegen gehad met verschillende
mensenn buiten de UvA te mogen samenwerken. Allereerst Fred; wie had
gedachtt dat twee kleine buurlandjes, waarin men dezelfde taal spreekt toch
zoo verschillend konden zijn? Hoewel we het niet altijd eens waren wil ik hier
tochh hier mijn oprechte dank uiten voor de manier waarop onze
samenwerking,, altijd tot in de puntjes georganiseerd, is verlopen, en de
gastvrijheidd waarmee ik werd ontvangen. Grote bewondering ook voor je/
uww (misschien toch niet helemaal dezelfde taal?} scherpte op de momenten
datt dat nodig was. En tja, eerlijk is eerlijk, zonder Belgische bijdrage had dit
proefschriftt er toch heel anders uit gezien. Natuurlijk op deze plaats ook alle
dankk aan Barbara, die, behalve dat ze mij tijdens mijn Ie bezoek aan
Leuvenn heeft ingewijd in de ethologie, me ook een enorm gezellige tijd heeft
bezorgd.. Kristina, thank you for all the chats and laughs. En dan Dick, altijd
bereidd om een en ander te bediscussiëren. Verder natuurlijk ook Christina,
Peterr and last but not least Herman, allemaal hebben jullie bijgedragen aan
hett succes van onze samenwerking.
Erno,, hoewel de gezamenlijke inspanning toch niet helemaal tot het
gewenstee resultaat heeft geleid, moet ik zeggen dat ik met veel plezier aan
onss project heb gewerkt. Het heeft gezorgd voor een enorme verbreding
vann mijn promotieproject en ben ik in aanraking gekomen met een bijzonder
interessantt veld. Ik heb vee! geleerd op allerlei vlakken, ik had het niet willen
missen!! Meer goeden dingen komen uit Leiden, Melly, ook jij bedankt! Ger,
bijj mijn opmerking (ik geloof tijdens een borrel): "Het zou wel leuk zijn om..."
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wass jou respons "Je bent van harte welkom.". Grote dank voor de
vanzelfsprekendheidd waarmee jij, Ellen, Elly en Joop me hebben geholpen!
Eenn groot voorbeeld voor hoe men in de wetenschap met elkaar om zou
moetenn gaan.
Aangezienn ik waarschijnlijk de eerste AIO zou zijn die er in zou slagen
werkk en privé gescheiden te houden wil ik hier ook alle lieve vrienden en
familiee bedanken. Te beginnen bij Stefan en Angela, hoe kan het eigenlijk
ookk anders; nadat we samen onze eerste wankele stappen in de
wetenschapp hebben gezet, staan jullie tot op het allerlaatste moment van
mijnn opleiding nog steeds naast me!
Dann is er natuurlijk ook nog een groep mensen die zich verbindt met
dee term "zachte kern". Bedankt voor alles wat met plezier te maken heeft,
dee broodnodige ontspanning na iedere inspanning! Natuurlijk nemen van
dezee groep mijn medemutsjes een speciaal plekje in. Lieve Suus en Maaike,
bedanktt voor alle girl power, door een voorbijganger mooi samengevat met
dee uitroep: "D'r staan d'r drie!".
Ookk Reinier verdient een speciaal plekje. Hoewel Maarten zich
gelukkigg mag prijzen met het bestaan van 2 significant others, vrees ik dat
hett de komende tijd toch tot 1 1/2 zal worden gereduceerd. Ik weet dat
iederee actie een cascade van reacties teweeg brengt, ook bij jou. Maar
mett zo'n kei in de buurt kunnen dat alleen maar hele positieve dingen zijn!
Mam,, pap, Pim, woorden schieten tekort: bedankt dat jullie er zijn!
Enn dan. Maarten, degene die het feest pas echt compleet maakt.
Hadd je ook zo achter me gestaan als je had kunnen voorzien wat de
gevolgenn zouden zijn? Ik had je vast geen andere keus gegeven. Het enige
watt ik ter verdediging kan zeggen is dat liefde niet wordt gemeten in plaats
enn tijd. Hoewel deze woorden waarschijnlijk nog een veel slechtere maat zijn
restt mij niet zoveel anders. IK HOU VAN JE!

Liefss Karin
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Chapterr 1
Figuree 3. Hippocampal layers and connectivity
A,, Hippocampal layers. Layers of the cornu ammonis [CA1 and 3). SO: stratum oriens; SP: stratum pyramidale;
SR:: stratum radiatum; SL-M: stratum lacunosum-molecuiare. Layers of the dentate gyrus. SM: stratum
moleculare;; SG: stratum granulare; H: hilus
B,, The three synaptic circuitry of the hippocampus. Direction of signalling and synaptic transmission is
indicatedd by arrows in axonal projections. LPP: lateral perforant path; MPP: medial perforant path; MF: mossy
fibers;; AC: anterior commisure; SC: schaffer collaterals
FigureFigure 4. Adult neurogenesis In the hippocampal DG
A.. Nissl stained dentate gyrus.
B.. In a thin layer of cells on the border of the granular cell layer (GCL) and the hilus called the subgranular
zonee [SGZ] remain stem cells which continuously produce new neurons. After a daughter cell has left the cell
cycle,, it migrates into the GCL where it becomes a fully functional neuron in about 4 weeks time. Proliferating
cellss can be stained using Ki-67 antibodies. Immature neurons [of 3 days to 21 days old) can be stained using
doublecortinn antibodies. After (Christie and Cameron, 2006).

Chapterr 2
FigureFigure 1 DCL expression in the neuroepithelium at E9.
Midlevell coronal sections of the developing mouse neuroepithelium. OCX [A] is absent at E9. whereas DCL is
alreadyy abundantly expressed particularly in the VZ (arrowheads) (B), as well as in the preplate (PP) . In the
intermediatee zone (IZ), occasionally a DCL positive radial fiber (left arrowhead in D] is seen. The pattern of DCL
closelyy resembles that of the radial glia marker vimentin [C and H). Higher magnifications reveal many mitotic
cellss in the VZ express DCL (E, F) while also radially migrating cells leaving the VZ (arrow in G) ond short radial
fiberss are DCL+ (arrows in lower part of D). Apoptotic cells do not express DCL (arrowhead in I).
Abbreviations;; V3; 3rd ventricle, H; hypothalamus, OV; optic vesicle; DD (T): dorsal diencephalon (thalamus).
Scalee bar in A is 100 (jm. Scale bar in D is 10 pm,
xx
FigureFigure 2. DCL expression in the lateral ventricle wait at E10.
Coronall sections of the lateral ventricle (A-C). At E10, only a tiny rim of DCX expression in the PP is observed
laterallyy (L, arrow in A] and only in the dorsal region of the neuroepithelium surrounding the LV (H). In contrast,
DCLL is abundantly expressed at E10 (B, E, F, G), particularly in the thinner, medial parts (M) of the
neuroepitheliumm (arrow in B) but also in the dorsal regions of the neocortex. High power microphotographs (EG)) show DCL expression in the PP and especially in the VZ, often in mitotic cells (E, F, G) frequently possessing
radiall fibers oriented towards the PP and pial surface (arrowheads in E). Vimentin expression (2 C] is largely
comparablee to DCL expression at this age, with radial fibers originating from the VZ, extending through the IZ
(l)) and towards the PP (J). Asterisks indicate the LV wall. M; denotes the medial side and L the lateral side as
shownn in more detail in figure 4. Scale bar in A is 100 urn. Scale bar in E is 10 ym.
FigureFigure 3. DCL expression in the neuroepithelium and spinal cord at E10.
Inn the neuroepithelium of the ventral and dorsal diencephalon (coronal sections A-C), DCL is higly expressed
inn mitotic cells in the VZ and in many radial fibers (A-C). Also at short distances away from the VZ, mitotic cells
aree found in the IZ (C). Contrary to the diencephalon, in the caudal part of the spinal cord, both DCX and
DCLL expression occurs in dorsal root ganglia (DRG), though with a differential expression (D and E resp.]. DCL is
expressedd in the ventricular wall in radial fibers oriented towards the DRG as well as in the DRG, whereas DCX
expressionn is confined to the DRG alone. Scale bars in B and D are 10 um.
FigureFigure 4. DCL expression in the neocortex, LV and spinal cord at El 1.
Figuree A and B represent higher magnifications of the medial part of the cortex as shown in fig 2A (depicted
ass M), although at a different age, while G-l are taken from the lateral side of the cortex as shown in fig 2A (L).
Att the medial side of the neuroepithelium of the LV, no DCX expression is observed (A), in contrast to DCL (B),
whichh is robustly expressed in pial oriented radial fibers (arrow) extending from the VZ towards the Ml and in
mitoticc cells (arrowhead, C, D and F). Only in one occasion DCX expression was observerd in what appears to
bee a mitotic cell in the CP (arrow in E). In the neuroepithelium at the lateral sides of the LV, DCX is only
expressedd in the PP (G) and DCL expression is very weak in the PP, MZ. IZ and ventricular zone (VZ), and largely
overlappingg with vimentin (I). In the spinal cord (saggital sections). DCX expression becomes appearent in the
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DRGG (right arrow in K) and is also seen in fiber bundles of the vagal nerve oriented towards the pericardial
cavityy (left arrow in K). DCL is not only found in DRGs, albeit at generally lower levels, but also in rostrocaudally
orientedd fibers (arrowhead in J], but not in cellular profiles, nor in apoptotic cells (arrow in j). Scale bars in B, D
andd N are 10 jjm. Scale bar in J is 20 and in L is 250 urn.
Figuree 5. Multiple immunofluorescent analysis of DCL and DCX expression in the neocortex and spinal cord at
Ell. .
Fluorescentt double labelings of the neuroepithelium (A] confirm the differential expression pattern of DCX and
DCL;; DCL is expressed at particularly high levels in the VZ (arrows) and at considerably lower levels in the PP.
DCXX is mainly and more robustly expressed in the PP. In the spinal chord (D) DCX and DCL partly overlap in
whatt appears to be tangential fibers, whereas DCL is additionally, and selectively, expressed in radial fibers.
Scalee bars in C and D are 30 and 12 pm, respectively.
FigureFigure 6. DCL expression in neuronal tissues at E13.
Comparedd to El 1 and DCX levels [Fig A and D), DCL expression in the VZ is reduced at E13 (Fig B and E). The
overalll expression pattern of DCL in other areas like the spinal cord DRGs, thalamus, pons and CP in the
midbrainn (BJ is generally comparable to that of DCX at this age (A), but differs from vimentin expression at this
agee (C) that is strongly reduced e.g. in the thalamus and hypothalamus. Higher magnifications of the
developingg neuroepithelium surrounding the 3V show extensive DCX expression in the CP (D) and a strong
reductionn in DCL (E) expression in the CP, IZ . Strikingly, DCL expression was completely absent in the VZ. This
contrastss with vimentin, that is expressed in CP and VZ (F).
Additionall regions that showed considerable DCL expression were the olfactory epithelium [OE) (G and H)
wheree high levels were found in the outer layer close to the nasal cavity (NC), as well as in radial fibers
orientedd towards the outer layer (H). DCX is not expressed in this region [not shown]. In the developing pons (P
inn A) both DCX (I) and DCL [J) are expressed in tangentially (arrowheads) and radially (arrows) oriented fibers.
Alsoo in optic fibers (OF) of the developing eye (K, L), DCX (K) and DCL (L) expression was found, with lower
levelss for DCL. In the basal layer of the developing retina only DCL and not DCX was expressed, often in
associationn with mitotic cells [arrows, higher magnification in inset in L).
Scalee bar in A is 1 mm. Scale bar in E, J and L is 50 ^m. Scale bar in G is 250 urn. Scale bar in H 10 urn.
abbreviations:: ctx: cortex; bg: basal ganglia; thai: thalamus; ht: hypothalamus; mb: midbrain; C: cerebellum;
p:: pons; nc: nasal cavity.
Figuree 7. Differential expression of DCX and DCL In spinal cord and dorsal root ganglia at El 3.
Sagittall section showing DCX to be primarily expressed in the upper DRGs in fibers with a dorso-ventral
orientationn (arrow in A, C), whereas DCL is abundant in more caudally located, rostrocaudally orientated
fiberss [B. D). Scalebar in B is 500 pm. Scalebar in D is 50 pm,
Figures.. DCL expression at El 5 and El 7.
Whereass DCX expression in the neuroepithelium remains high in MZ/PP and IZ (A), DCL expression (B) in the
laterall epithelium of the lateral ventricles has further declined. Vimentin (C) is weakly expressed throughout
thee neuroepithelium but especially high in the VZ. Although in the CNS, DCX expression is higher than
expressionn of DCL, DCL expression exceeds that of DCX in the developing tongue. DCL and DCX positive cells
residee at the tongue base in fibers orientated in different directions (D and E). At El 7, DCL expression has
furtherr declined (G) and is nearly undetectable in the ventricular zone. DCX (F) is now also expressed in the
MZ.. Vimentin expression remains stable (H). Scale bar in C is 10 pm, scale bar in E indicates 100 urn. Scalebar in
GG is 50 um.
Figuree 9. Summary of the observed findings.
Thiss scheme summarizes the main observations in this study. A. Spatial distribution of DCX, DCL and vimentin at
Ell 1 and E13. B. Level of DCX and DCL expression during development.

Chapterr 3
Figuree 2 Tau expression affects proliferation, differentiation and axonal outgrowth in primary hippocampal
culturess from tau-KOKI mice
A.. Western blotting for total tau (antibody tau5) and human tau (antibody HT-7) in cell lysates from nontransgenicc (WT) and tau-KOKI primary hippocampal cultures analyzed at 4 DIV and 10 DIV. Asterisks denote
unspecificc bands reacting with the secondary anfisera. Apparent molecular weight as indicated (kDa). Tau is
expressedd at 10 DiV but not at 4 DIV in tau-KOKI cultures, in WT cultures the predominant tau isoform is of the
4RR variant.
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B.. Immunocytochemical staining for total tau (antibody touSJ and human tau (antibody HT7] shows again that
tauu is expressed at 10 DIV but not at 4 DIV in tau-KOKI primary cultures.
C.. The BrdU labeling index (LI) in hippocampal cell cultures at 4 DIV is increased in tau-KOKI mice but normal
att 10 DIV compared to non-transgenic (WT) mice at 4 and 10 DIV.
D.. The percentage of NeuN positive cells is decreased in hippocampal cell cultures from tau-KOKI mice at 4
DIVV butt increased at 10 DIV compared to non-transgenic mice (WT),
E.. The percentage of nestin positive cells in hippocampal cell culturzzes from tau-KOKI is increased at 4 DIV nut
decreasedd at 10 DIV compared to non-transgenic (WT) mice.
F.. Representative BrdU, NeuN and nestin staining of primary hippocampal cultures from tau-KOKI mice at 4
DIV. .
G.. Relative neurite protein levels are decreased in hippocampal cell cultures from tau-KOKI at DIV 4 but
normall at DIV 10 compared to nan-transgenic (WT) mice.
H.. Representative axon-speciftc staining with antibody SMI-312 showing delayed axonal outgrowth in primary
hippocampall cultures from tau-KOKI mice at 4 DIV, which is completely restored at 10 DIV compared to nontransgenicc (WT] mice.
Inn total, more than 1500 cells per group were scored from at least 3 different cell culture preparations. Data
presentedd as normalized average OD values SEM. Statistical analysis by Mann-Whitney test, * = p = 0.05 and
*** = p = 0.01 relative to control.
Figuree 7A. Pictures of the immunohistochemical markers doublecortin (DCX), staining young migrating
neurons,, and BrdU, a marker for survival, used to label 3-4 wks old celts.

Chapterr 4
FigureFigure I. Immunohistochemistry for human tau and phosphorylated tau in the hippocampus of young
nontransgenicc and of tau-4R and tau-P301 L transgenic mice.
Humann protein tau was detected with mAb HT7 in the hippocampal formation of tau-P301L and tau-4R
transgenicc mice [8 weeks of age) but not in nontransgenic mice (FVB/N). IHC with the phosphorylationspecificc antibodies AD2, AT8. and AT180 demonstrated less phosphorylation in tau-P301L mice. Except for IHC
withh HT7, all sections were counterstained with hematoxylin (original magnification, 5x).
figurefigure 7. Newborn cells and survival In young tau-P301 L transgenic mice.
Differentt markers were examined to define putative changes in cell genesis and/or turnover. A, D,
Immunohistochemistryy for doublecortin marks young neurons. B, E, BrdU was analyzed 4 weeks after injection
ass a measure of cell age (see Results for details]. C, Immunohistochemistry for the Ki-67 antigen as a marker of
proliferatingg cells. A-C show an overview of the dentate gyrus, and representative individual cells or groups of
cellss are illustrated in D and E. Sections were counterstained with hematoxylin.

Chapterr 5
FigureFigure 7. Glial Fibrillary Acidic Protein (GFAP) immunohistochemistry
A.. Very little signal is present in the CA1 area of a control subject immunostained for GFAP.
B.. Conversely, abundant gliosis and many GFAP positive reactive astrocytes (arrow) are present in CA1 and
corticall grey matter of an AD patient. C. Abundant glia staining is seen in the hilus and SGZ of most of the AD
patientss with only occasionally glial activation apparent in the molecular layer. D. In most controls subjects,
veryy little glial activation was found in the SGZ, GCL or molecular layer.
E.. In AD patients, abundant glial activation in the SGZ (arrows) and hilus was often observed.
F,, Detail of E showing clusters of GFAP positive astrocytes (arrow) present in the SGZ,
(G)) and hilus (H), Often GFAP positive protrusions were extended and traversed through the GCL into the
molecularr layer. I. Only in a few cases, abundant activation of GFAP positive astrocytes was
seenn within the GCL and the molecular layer.
SGZ;; Subgranular zone, mol; molecular layer, H; hilus, GCL; granular cell layer.
Magnificationn in A, B. D, E, M. H and I: 250x, C: lOOx, F and G: 400x
Figg 8. DCX Immunohistochemistry
A.. Representative illustration of the arrangement of newly generated neurons in the two blades of the adult
mousee dentate gyrus as shown by doublecortin immunohistomistry (perfused brain tissue). Prominent staining
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off branching apical dendrites is visible that traverse the granular cell layer and cross the inner and middle
molecularr layers to often reach into the outer molecular layer (OML, arrows).
B.. High magnification showing the typical distribution pattern of the microtubule associated protein
doublecortinn in rodent brain that is prominent in the soma as well as in the dendrites [arrowheads].
C.. Representative illustration of a DCX positive neuron in the rat dentate gyrus (immersion fixed] after a 1 hour
postt mortem delay. A prominent reduction in immunoreactivity is apparant, not only in the soma, but even
moree so in the dendrites.
D.. DCX immunoreactivity of a rat brain with a PMD of 8 hours, showing only some DCX staining of the soma
(arrows)) remaining in the GCL, yet very little, if any, dendritic staining remains present. *; hilus
E.. At 12 h PMD, DCX soma staining is very weak in rat brain, while an additional, granular staining pattern is
apparentt in the SGZ and hilus (arrows).
F.. High magnification of newly born neurons in the SGZ/GCL after 3 h PMD, illustrating poor dendritic staining
(arrowhead). .
G.. High magnification of a DCX positive, newly born neuron in the rat DG after a PMD of 8 hours. Note the
presencee of a nucleolus (arrow) and the complete absence of dendritic staining, as compared to figs A and
B. .
H.. Illustration of probably the remnant of a DCX positive cell, in the SGZ after a PMD of 12 h.
I.. The hilar region of a rat at a PMD of 8 h. illustrating the occurrence of an abundant granular staining DCX-IR
patternn (arrows).
J.. DCX positive cell clearly positioned in the SGZ of the human DG of an Alzheimer patient.
K.. Higher magnification of J.
L.. Illustration of the granular pattern of DCX immunostaining in the human hippocampus, that was mainly
foundd in the SGZ (arraws)/hilus area.
M.. DCX positive soma in the hilar/SGZ border of an AD patient. The arrow indicates the presence of a
nucleolus.. The inset shows a similar example in the hilus.
N.. DCX staining in the hippocampal SGZ of an AD patient, showing both granular staining (arrows) and an
occasionall cellular profile.
Magnificationss in A: lOOx; B, I, K and L: 400x; C, F, G, H, K, M and N: 1000x; D and E, J; 250X

ADDENDUM M
figuree 2. DCL Is a MAP.
Too confirm DCL is a MAP, three experiments were conducted. Firstly, expression of DCL in transfected COS-1
cellss resulted in a fibrillar soma! staining pattern overlapping the microtubular distribution (Panel I A-C).
Overexpressionn of DCL lead to clear bundling of microtubule filaments (see also Fig, 6). Secondly, exposure to
100 mg colchicine, a compound that depolymerizes and disrupts tubulin microtubules, revealed around 90% of
thee DCL transfected cells to be resistant to 1-hr colchicine treatment (Panel I D+F).
Legend:: Green represents DCL; red represents a-tubulin and yellow indicates co-localization. Blue represents
(nuclear)) DNA. Arrows in F indicate DCL-associated microtubule bundles, which are resistant to colchicine
treatment.. Also note the clear association of DCL with a centrosome in A. Scale bar is 10 |jm.
figurefigure 6. Immunocytochemlcal analysis of DCL and DCX protein expression in the embryonic brain.
A:: At ED 11, DCL protein (sagittal section) is found throughout the telencephalon and diencephalon (left and
right,, respectively). DCL is found in the outer layers close to the pia as well as in the inner VZ [arrowheads; see
alsoo below). Non-neuronol tissue like the mandibular component of the first branchial arch (M) e.g., is devoid
off any signal. IV; fourth ventricle. Bar represents 150 um.
BB + C: Adjacent transversal (coronal) sections from the early neuroepithelium at ED 9 immunostained for DCX
(B)) and DCL (C). DCX is absent at this age (arrowheads in B), whereas DCL is abundantly expressed in the
innerr ependymal (upper 2 arrows in C) and outer, early preplate/MZ region (lower arrow pointing leftward in
C].. Bar represents 25 um.
D:: Sagittal section of the neuroepithelium of the neural tube at EDI 1, showing abundant expression at the
luminall border (arrowheads), while in the developing neuronal tissue, various mitotic cells express DCL
(arrows).. Bar represents 70 um.
E;; Detail of a DCL+ mitotic cell in the neocortical VZ. Arrowhead points to the chromosomes oriented in the
midlinee cleavage plane. Bar represents 5 um.
F:: DCL expression in the neuroepithelium and VZ (arrowhead on the left) of the early telencephalon at ED10.
Manyy DCL+ processes extend radially towards the pial surface (arrowheads in upper left corner). In the
preplatee (arrowhead on the right), DCL is also found in tangentially orientated processes. DCL+ mitotic cells in
thee IZ are also visible (arrows). Bar represents 15 um.
G:: Immunostaining for the intermediate filament protein vimentin that identifies neurogenic radial
glia,, shows immunopositive cellbodies (arrow) in the lumenal surface (asteriks) and radial processes running
throughh the VZ and SVZ (EDI 1).
H+l:: Transversal cross-sections illustrating the differential, yet partly overlapping distribution of DCX and DCL,
DCXX is expressed at EDI 1 (H) in the upper preplate and CP/MZ (arrow). In contrast, DCL is already strongly
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expressedd at ED9 (I) in the VZ/ependymal layer (arrowhead to the left), with DCL+ radial processes extending
towardss the IZ (arrowhead on the right). The ventricular layer [asteriks in H) is devoid of DCX, but not of DCL
signal.. Bar represents 5 um.
J:: Detail of the vz at ED9 showing DCL expression in processes radially extending into the SVZ and IZ (middle
arrowhead).. Also a mitotic cell lacking DCL expression between the chromosomes (right arrowhead) is visible.
Barr represents 12 |jm.
K:: Detail of the VZ showing DCL+ dividing cells, that appear to be in telophase (left) and anaphase (middle),
withh a vertical cleavage plane. The cell on the left is likely in telophase or may represent two cells in
interphase,, A DCL+ cell on the right is visible with DCL expression between the chromosomes, with a horizontal
cleavagee orientation (arrowheads). Bar represents 8 urn.
L:: DCL immunoreactivity in the VZ at EDI 1, in prophase and telophase cells (arrowheads) and in a blast-like
precursorr cell in metaphase/anaphase (arrow). Bar represents 10 mm.
M:: Two DCL+ mitotic cells in the neuroepithelium displaying expression between chromosomes (upper arrow)
ass well as in structures resembling centrosomes (lower arrows). Bar represents 1.5 pm.
N+O:: DCL immunoreactivity in dividing cells in anaphase II / telophase II (N) and in metaphase/anaphase I,
withh the chromosomes clearly visible [arrow in O), and in a radially extending process (arrowheads). Bars
representt 1 um.
FigureFigure 7. Confocal analysts of DCL and DCX protein expression In the embryonic brain.
A-D;; DCL expression in the VZ [EDIO)(DJ and in mitotic cells at the ventricular surface (arrow in D). DCL, but not
DCXX [fig C), is associated with kinetochore microtubules (A; arrow) as well as polar microtubules (arrow in B).
Bluee stain; Hoechst identified chromatin. Mitotic cells are DCX negative (inset C, see E,F,M.N8,0), indicating a
functionn of DCL different from DCX at these ages. Bars represent 5 pm (A+B), and 12um (D),
E-F.. At E l l , many DCL+ precursor cells (arrows) are found in the VZ and SVZ (arrows in F). These blast cells
resemblee those shown in Figure 5D, E and F, and are DCX negative. DCX + processes are in close apposition
to,, but not overlapping with, the mitotic DCL positive blasts [inset E), Bars represent 20 (F) and 5 urn [E).
G-J.. Triple labeling of the neuroepithelial layer of an E13 mouse reveals expression of DCL in vimentin+ radial
glial/neurall precursors (merged image in J). A mitotic cell oriented close to the ventricular surface is visible (H;
arrow).. Bar represents 12 jjm.
K-N.. Triple labeling (Ell) showing DCL expression in vimentin+ RGC throughout the neuroepithelium and VZ
(upperr arrowhead in K and M), and in neuroblasts in the SVZ/IZ (arrow on the left in K and M). This distribution
patternn is distinctly different from DCX (shown in L), with weak expression in a.o. tangentially oriented migratory
fiberss in the VZ/SVZ, and expression in the early preplate/primitive plexiform zone (PPZ) (H). Only in the second
proliferativee layer between [SJVZ and PPZ, where migrating precursors undergo M phase, are vimentin+. DCX+
andd DCL+ triple labeled cells found (white; lower right arrow and cell on the left in N), Precursors in the
VZ/lowerr SVZ are only double positive for vimentin and DCL (pink cells; upper right arrow). P: pial surface. Bar
representss 35 um.
O.. DCX and DCL colabeling of the spinal cord (El 1) reveals DCL expression at upper and lower border regions
(arrows)) with long processes (arrowheads) extending radially, amidst of extensive (non-overlapping) DCX
expression. .
P,, Unlike DCL, DCX expression is not expressed in vimentin+ RGC (2 lower arrows) in the neural tube at El 1,
Onlyy very rarely is colabeling seen (upper arrow), indicating neuronal migration under guidance of RGCs. Bar
inn O and P represents 18 um.
FigureFigure 9. DCL knock-down leads to deformation of mitotic spindles.
I;; Effectiveness of RNA interference to knock-down DCL.
Westernn blot analysis of DCL expression in N1E-115 cells with (1 to 3) and without [4) siRNA treatment
performedd in duplo. Three different siRNA molecules targeting DCL were used: siDCL-1 (lanes 1), stDCL-2 (lanes
2)) and siDCL-3 (lanes 3), SiDCL-2 and 3 induce an effective knock-down [80% and 90% respectively) while
siDCL-11 failed to do so, and was subsequently used a control for the siRNA procedure. As a reference, the
samee membrane was re-stained with alpha-fubulin,
II:: Confocal analysis of mitotic neuroblastoma cells treated with DCL siRNA. In non-treated mitotic cells (A-C),
DCLL (A) colocolizes with alpha-fubulin (B). The merged image (C) indicates DCL association with polar and
kinetochoree microtubuli (arrow), Transfection with siDCL-1 (D-F) failed to induce DCL knockdown (D), and left
thee mitotic spindle intact (E). Effective DCL knockdown by siDCL-2 (G-l) or siDCL-3 [J-L) not only caused all
immunoreactivee DCL signal to disappear (G, J), but also induced collapse and deformation of the mitotic
spindless H, K). Green=DCL, Red=alpha-tubuiin. Yellow=merged. Scale bar; 10 urn.

FigureFigure W. DCL overexpresslon in dividing COS-1 cells.
A-C:: A normally dividing COS-1 cell stained with alpha-fubulin is shown as reference ("ref" in inset).
Overexpressionn of DCL (Green, A) leads to often unilateral, elongation of the mitotic spindle microtubules (B),
Thee mitotic spindle length, indicated by arrows, of transfected cells was enhanced compared to nontransfectedd cells (ref; reference length). DNA is stained with DAPl (blue).
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D-l:: DCL overexpression in COS-1 cells during cell division revealed two phenotypes; one very similar (D-F) to
wildtypee COS-1 cells, in which DCL (D) largely colocalizes with a-tubulin (E). Similarly to the dividing N1E-115
cells.. DCL [in green] is also associated with kinetochore microtubuli and overlaps with mitotic spindles (alphatubulinn in red). The predominant other phenotype revealed a profound elongation and monopolar orientation
off the mitotic spindles (G-1). Green=DCL (A. D, G), Red=alpha-tubulin (B,E,H), Yellow=merged (C, F, I). Scale
barr is 10 Mm.
FigureFigure 11. In utero electroporatton of DCL reduces cell number in the SVZ/VZ and severely disturbs radial fiber
organization. .
A;; Control plasmids pCMV-YFP delivered into E 14.5 embryonic brain labeled many neural progenitors in
SVZ/VZZ (asteriks) and an extensive network of radial processes spanning the entire thickness of the cortex with
aa dense rim of pial endfeet (arrow, detail in J). Mismatch control plasmids revealed identical results (details in
H). .
B;; Knockdown of DCL after pSuper-DCL183 delivery induced a profound reduction in SVZ/VZ precursor number
andd an almost complete ablation of the radial processes, with small cells in the IZ (arrowhead) and very few
piall endfeet remaining (arrow).
C;; DCL knockdown reduces DCL immunoreactivity (red). At the top right end border of a pSuper-DCL183
transfectedd zone, DCL is abundant, compared to the inner layers in the transfected zone on the left (asterisk),
thatt are DCL negative. YFP+ cells are frequently accompanied by "dark holes", devoid of DCL signal (arrow in
C,, and in CI (only red channel shown)), indicating effective DCL protein knockdown. Control plasmids did not
alterr DCL immunoreactivity (C2 and also I).
D+E;; After control plasmid delivery, the SVZ/VZ showed numerous dividing (arrows) and migrating precursors
(inset),, with straight radial fibers (arrowheads). DCL knockdown reduced progenitor number, with the
remainingg ones displaying an aberrant, disorganized and often multipolar cell shape (arrows, inset). Processes
off these cells, if any, were aberrant and generally very short (arrowheads in E, inset).
F;; Overview of the aberrant organization of cells in the PZ and the shortened and aberrantly oriented
processess in IZ and CP after DCL knockdown.
G:: Detail of a straight, long radial fiber in the IZ after control vector delivery.
H;; A similar fiber after delivery of the pSuper-DCL183 mismatch control, A straight and long process with tight
endfeett at the pial surface is seen [arrowhead),
I;; Detail of a cell transfected with control vector, with a normally appearing process without any detectable
effectt on adjacent DCL immunoreactivity (red).
J;; Details of the radial processes in the CP and their end feet (arrowhead) at the pial surface after control
plasmidd delivery. Knockdown of DCL caused very few, if any endfeet to reach the pia (no detail shown, but
seee B and F)
KK + L; Detail of the IZ after DCL knockdown (left is SVZ/VZ, to the right is CP), showing many aberrantly
organized,, shortened, curly, twisted, and occasionally obliquely oriented (lower right arrow in L) individual
processess (arrows) and small cellular elements in the inner zones (arrowhead in K).
M;; Example of a clearly disorganized cell shape in the SVZ/VZ after RNAi for DCL.
N;; Example of a curly and turning (arrow) process in the IZ after RNAi for DCL.
O;; Numbers of electroporated cells in the proliferative zone (PZ) and IZ are significantly reduced in the PZ. In
thee CP, no differences were found (not shown).
Barss represent 20 Mm (A), 15 Mm (C+F), 10 Mm (D+K), 3 mm (GJ.M.N.L) and 7 MID (H).
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FigureFigure 3. Hippocampal layers and connectivity
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FigureFigure I. DCL expression in the neuroepithelium at E9.
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FigureFigure 2. DCL expression in the lateral ventricle wall at E10.
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FigureFigure 5. Multiple immunofluorescent analysis of DCL and DCX expression in the neocortex and spinal cord at
Ell. .
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FigureFigure 7A. Pictures of the immunohistochemical markers doublecortin (DCX), staining young migrating
neurons,, and BrdU, a marker for survival, used to label 3-4 wks old cells.
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FigureFigure 6. Immunocytochemical analysis of DCL and DCX protein expression in the embryonic brain.
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FigureFigure 7. Confocal analysis of DCL and DCX protein expression in the embryonic brain.
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Figuree 9. DCL knock-down leads to deformation of mitotic spindles.
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FigureFigure 10. DCL overexpression in dividing COS-1 cells.
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FigureFigure 1I. In utero electroporation of DCL reduces cell number in the SVZ/VZ and severely disturbs radial fiber
organization. .
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