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Chapter 1
General introduction

General introduction
Zebrafish as a model system
The zebrafish (Danio rerio) was recognized as an excellent vertebrate genetic model system
by the late George Streisinger in the 1980s. Zebrafish are relatively small and easy to maintain
in large numbers and are capable of producing many offspring. In addition, their embryos
develop outside the body and are transparent during the first days of development, which
facilitates imaging of various organs, such as the brain. Large forward genetic screens have
identified many mutations in different aspects of zebrafish development and have allowed
elucidation of functions of numerous genes in vertebrate development. Ever since, more
advanced genetic and molecular tools have constantly developed, which has stimulated
the extent of zebrafish research enormously. An important characteristic of the zebrafish
is maternally contributed protein and mRNA, which often mediates normal development
of a zebrafish mutant through gastrulation. During gastrulation, zygotic gene expression
is switched on. Most zebrafish mutants from forward screens are recessive lethal zygoticeffect mutations.
In this thesis, work is presented addressing zebrafish as a model organism for vertebrate
brain development and vertebrate adult brain homeostasis.
Neural induction in the zebrafish embryo
After fertilization of the oocyte, the zebrafish zygote goes through fast cleavages to form the
blastula, which consists of a homogeneous pool of cells that are heaped up at the animal
pole. During gastrulation, blastula cells invaginate and ingress to form the mesoderm germ
layer (Kimmel et al., 1995). The embryonic ectoderm germlayer does not invaginate and
will partially become induced as neuroectoderm that gives rise to all neural derivates in
the animal. In zebrafish, the process of neural induction is initiated around 5 hours postfertilization (hpf). Neural induction of the overlaying ectoderm is mediated by signaling
from a signaling center called the Spemann organizer, i.e. the shield in zebrafish, a dorsal
thickening of the blastula margin.
The shield is the source of Bone Morphogenetic Protein (BMP) antagonists such as Chordin,
Noggin and Follistatin. These organizer signals counteract BMP signaling in the dorsal
ectoderm, which is required for neural induction in this region (Fig. 1A). This model of
neural induction is known as the default model. However, inhibition of BMPs alone does not
induce neural plate formation, showing that in addition to BMP antagonists, other signals
are required for neural induction as well (reviewed by Stern, 2005). Wingless/Int (Wnt)
and Fibroblast Growth Factor (Fgf) signaling are required in the blastula before the onset
of gastrulation to suppress expression of BMPs in the dorsal blastula (Fig. 1A). However,
BMP, Wnt and Fgf signals are not sufficient for induction of sox2, which is vital for neural
plate induction. Recent studies have elucidated how induction of sox2 expression in the
prospective neural plate is regulated by expression of a set of transcriptional corepressors
during early and late gastrulation in the chick embryo, some of which are induced by early
Fgf signaling (Papanayotou et al., 2008).
In the early neural plate, expression of caudalizing factors is required to induce posterior
neural fates (reviewed by Wilson and Houart, 2004). This caudalization of the neural plate
is mediated by localized expression of signaling components and their antagonists, plus the
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Figure 1. Neural induction and
neurulation in the zebrafish embryo
(A) Zebrafish embryo at shield stage (6
hpf), with a fate map of the prospective
brain. BMP antagonists from the shield
organizer antagonize BMP signals from
the ventral epiblast to induce neural
fates. The anterior neural border (ANB)
produces Fgf and Wnts in order to induce
neural fate. Signals from the lateral
blastoderm margin (LBM) promote
posterior brain fates in the prospective
hindbrain regions. (B, C) Animal pole view
of shield (B) and tailbud (C) embryo with
outlines of prospective brain regions. Due
to convergence/extension movements
during gastrulation, the more lateral
regions of the neural epiblast have
moved medially, whereas the anterior
brain has moved ventrally, away from
the shield organizer. Insets show lateral
view of embryos with animal pole to
the top. (D-G) Schematic drawing of
zebrafish neurulation. The neural plate, a
columnar epithelium layer (D), converges
to the midline, with medial cells (yellow)
being displaced ventrally (E), forming the
neural keel. Next, the neural keel cells
fold inwards, forming a solid neural rod
(F), which cavitates to form a neural tube
(G). Dorsal-ventral (DV) patterning of the
neural tube is regulated by Shh signaling
from the notochord (NC), RA from the
paraxial mesoderm (PM) and BMPs and
Wnts from the dorsal neural tube. (A-C)
Adapted from Appel, 2000. (D-G) After
Lowery and Sive, 2004. NC, notochord;
PM, paraxial mesoderm; RA, retinoic
acid.

morphogenetic movements during gastrulation that move the anterior neural plate away
from caudalizing factors present in the zebrafish germ ring. Nodal signaling is involved in
mediating rostral extension movements, but also for development of mesendodermal
tissue that is a source of neural caudalization factors as shown by zebrafish Nodal signaling
mutants.
Neurulation in the zebrafish
At shield stage, the animal pole cells contribute to the presumptive anterior brain, whereas
the epiblast cells more posterior towards the shield and cells positioned laterally to the
animal pole-shield axis give rise to more posterior neural tissue (Fig. 1B). During gastrulation,
the epiblast cells converge and extend, displacing the shield organizer towards the vegetal
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pole (Fig. 1C). At the end of gastrulation, the neural plate starts to converge towards the
midline in the process of neurulation. In amniotes, the lateral edges of the neural plate fuse
dorsally, forming a hollow neural tube (primary neurulation). In the caudalmost part of the
amniote neural plate, secondary neurulation occurs.
In secondary neurulation, the lateral edges of the neural plate move towards the midline,
displacing midline tissue ventrally and eventually forming a solid neural rod that later
cavitates to form a hollow neural tube. In the zebrafish, the entire neural tube is formed by
secondary neurulation (reviewed by Lowery and Sive, 2004). First, neural keel is formed by
fusion of converging neural plate walls (Fig. 1D-G). Subsequently, vacuolization produces the
neurocoel. Thus, neural plate edge tissue contributes to the dorsal neural tube and midline
tissue contributes to the ventral neural tube. The ventralmost portion of the neural tube
develops into the floorplate with the basal and alar (roof) plate at intermediate and dorsal
positions, respectively.
Early neural plate patterning
Development of anterior-posterior (AP) patterning within the neural plate is mediated by
several pathways and signaling molecules, such as Wnt, Nodal, BMP and retinoic acid (RA).
Cells rostral to the anterior neural plate, also called the anterior neural ridge (ANR), produce
signals that promote telencephalic fates. One of these signals is mediated by Tlc, a secreted
Frizzled Related Protein family member that antagonizes Wnt signaling (Houart et al., 2002).
The presence of Wnt antagonists in the anterior neural plate counteracts signaling from
posteriorly expressed Wnts, leading to an AP gradient of Wnt signaling activity (Fig. 2A). The
ANR also expresses Fgf proteins, which may be downstream of Wnt suppression (Houart et
al., 2002). Fgf signaling is not required for telencephalon development per se, but instead
regulates regional patterning within the telencephalon. Low graded levels of BMPs are
required for proper development of tissue located in the neural plate margins such as the
anterior forebrain.
Dorsal-ventral (DV) patterning is regulated by mesendodermal tissue underlying the neural
plate (Fig. 1G; reviewed by Wilson and Maden, 2005). Sonic Hedgehog (Shh) signaling from
the mesendodermal notochord induces the floorplate in the overlaying neural tube, which
in itself induces ventral cell fates in the neural tube. BMP signaling from dorsal ectoderm
and the roofplate is required for inducing dorsal fates in the neural tube. Dorsal BMPs induce
expression of Wnts, which are required for proliferation. RA is released by the paraxial
mesoderm and is involved in induction of ventral and posterior neural fates (reviewed by
Maden, 2005).
Downstream of the AP patterning signaling pathways are several transcription factors (Fig.
2B; reviewed by Wilson and Houart, 2004). The homeobox sine-oculis (Six) family member
Six3 promotes forebrain fate in the neural plate by suppressing Wnt activity (Lavado et al.,
2007). Conversely, six3 expression is suppressed by Wnt activity (Braun et al., 2003). Wnt
promotes the expression of the Iroquois (Irx) protein Irx3 in the prospective midbrain region.
irx3 and six3 mutually suppress each other’s expression and thus, establish a complementary
expression pattern. In chick, it was shown that six3 and irx3 mediate different regional
responses to Fgf8 and Shh signaling by inducing specific anterior forebrain and posterior
11
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brain genes (Kobayashi et al., 2002).
Local signaling centers in the developing vertebrate brain
At ca. 5 somite stage, early regionalization of the neural plate is complete and stable and
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Figure 2. Neural plate patterning and early
brain regionalization
(A) Schematic drawing of the zebrafish
neural plate as viewed dorsally, showing the
prospective brain domains and the signals
controlling patterning. Organizer activity is
represented by a red line. (B) Dorsal view of
the neural tube at early somitogenesis stage
(maintenance initiated). Indicated below
are the overlapping expression patterns of
genes required to induce boundaries and
local secondary organizers. The pre ZLI region
is located at the interface between six3
anteriorly and irx3 and otx2 posteriorly. At the
pre MHB region, expression of wnt1 and pax2
is induced. (C) Dorsal view of the neural tube at
late somitogenesis (maintenance stabilized).
The ZLI is expressing shh, whose expression
is regulated by fezl2, irx1b and otx2. shh
in turn activates dlx2 and dbx2 expression,
which induces prethalamic and thalamic
fates, respectively. At the MHB, the organizer
molecule Fgf8 is expressed, which mediates
proper patterning of the abutting tectum and
cerebellum. The IsO genes (fgf8, wnt1, pax2
and eng2) maintain each other’s expression
in an interdependent regulatory loop. ANR,
anterior neural ridge; c, cerebellum; e, eye; d,
diencephalon; h, hindbrain; hy, hypothalamus;
m, midbrain; MHB, mid/hindbrain boundary;
pt, prethalamus; t, thalamus; tec, optic
tectum; tel, telencephalon; ZLI, zona limitans
intrathalamica.
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the so-called maintenance phase commences. This phase is characterized by expression
of several transcription factors in overlapping and/or exclusive domains (Fig. 2A, B). These
combinations of genes specify future brain domains. At the boundary of gene expression
domains, local signaling centers (secondary organizers) are positioned that often mediate
clonal restriction of cells to specific domains and provide signals that instruct cell fates in
neighbouring tissues (Fig. 2C; reviewed by Kiecker and Lumsden, 2005).
The zona limitans intrathalamica
In the diencephalon, the zona limitans intrathalamica (ZLI) is a local signaling centre located
at the boundary between the prospective prethalamus and thalamus (reviewed by Lim and
Golden, 2007). The zebrafish ZLI is characterized by expression of tiggy-winkle hedgehog
(twhh) and shh, which induces expression of prethalamic and thalamic pro-neural genes
in the abutting anterior and posterior diencephalic regions, respectively (Scholpp et al.,
2006). It is not completely understood how positioning of the ZLI is regulated. The pre-ZLI
region is characterized as a wnt8b-positive, lunatic-fringe (l-fng)-free wedge located directly
above the anterior tip of the notochord (Fig. 2B; Zeltser et al,. 2001). Expression of shh is
initiated basally at the floorplate and progresses dorsally along the ZLI (Scholpp et al., 2006).
However, the floorplate is dispensable for induction of Hh expression at the ZLI in zebrafish.
In chick, it has been proposed that signals, possibly long-range BMPs, from the alar plate
restrict the dorsal progression of shh at the ZLI (Zeltser, 2005). Some studies suggested that
the ZLI requires six3 and irx3 expression and forms at the interface between their expression
domains (Braun et al., 2003). However, Six3 knockout mice have a normal ZLI, showing that
six3 expression is not required per se (Kiecker and Lumsden, 2004). Other homeodomain
proteins expressed in the prospective diencephalon belong to the Drosophila orthodendicle
homolog Otx family. Similar to six3, expression of otx is suppressed by Wnt signaling (Fig.
2B, C; Rhinn et al., 2005). In the zebrafish, the anterior limit of otx1/2 expression marks the
presumptive ZLI (Fig. 2B; Scholpp et al., 2007). otx1/2 is required for inducing shh expression
at the ZLI, whereas irx1b expression in the prospective thalamus is required for limiting the
ZLI region caudally by repressing shh (Fig. 2C). In addition, the zinc finger gene fezl2 has
been shown to set the anterior limit of the ZLI in zebrafish by repression of shh expression
(Jeong et al., 2007).
The mid/hindbrain boundary
Another important secondary organizer is the isthmic organizer (IsO), which is located at the
mid/hindbrain boundary (MHB; reviewed by Wurst and Bally-Cuif, 2001, Raible and Brand,
2004). Positioning of the MHB depends on general posteriorization of the zebrafish neural
plate by Wnt8b signaling from the lateral blastoderm margin (Fig. 1A; Rhinn et al., 2005).
Wnt8b represses otx2 expression and induces expression of gastrulation box homeobox 2
(gbx2). The MHB is positioned at the interface between otx2 expression in the forebrain and
gbx2 in the hindbrain (Fig. 2B, C).
The organizing activity of the MHB was discovered by the finding that grafting the MHB
region in more anterior or posterior locations in the brain induced mes- (dorsal midbrain)/
metencephalic (cerebellum) fates (Martinez et al., 1991). Fgf8 and Wnt1 are the two secreted
factors produced by the IsO. The direct organizing ability of Fgf8 was shown by introduction
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of Fgf8-soaked beads into the diencephalon, which ectopically induced dorsal midbrain fates
(Crossley et al., 1996). Interestingly, misexpression of Wnt1 does not ectopically induce IsO
genes, but rather induces proliferation. Therefore, it seems plausible that Wnt1 is required
mainly for promoting proliferation in the dorsal midbrain and for maintenance of IsO genes
(see below).
Although the MHB is positioned at the otx2/gbx2 boundary, several studies using mice have
shown that loss of one of the two genes causes a shift in position, rather than loss of the
MHB (reviewed by Nakamura et al., 2005). For example, in Otx2-/- mice, the brain anterior
to rhombomere 3 (hindbrain) is missing. Conversely, the midbrain is expanded caudally in
Gbx2-/- mice and the cerebellum and rhombomeres 1-3 are lost. Ectopic expression of Otx2
by expressing it under the engrailed1 (eng1) promotor, caused caudal expansion of otx2
expression and concomittantly, a caudal shift of the MHB.
At the onset of somitogenesis, expression of the transcription factor paired box 2 (pax2) and
the secreted molecule wnt1 initiates at the otx2/gbx2 boundary (Fig. 2B). Subsequently,
expression of eng1/2, pax5 and fgf8 is induced (Fig. 2C). The expression domains of these
genes are broad upon induction, but are soon refined, so that wnt1 is expressed at the
posterior midbrain and fgf8 is expressed at the caudal part of the mid/hindbrain boundary.
It is presently largely unknown how the IsO genes are induced. In the chick and mouse,
the LIM homeodomain protein Lmxb1 was shown to be required for induction of wnt1
and fgf8 expression at the MHB (Matsunaga et al., 2002, Guo et al., 2007). In contrast,
knockdown of zebrafish lmx1b.1 and lmx1b.2 results in loss of the MHB constriction around
30 hpf, preceded by loss of wnt1, wnt3a and wnt10b at the 15-18 somite stage, whereas
fgf8 expression was lost only at 24 hpf (O’Hara et al., 2005). This indicates that between
vertebrates, the mechanisms underlying induction of IsO genes are subtly different.
The IsO genes do not depend on each other for their respective induction. However, they
are interdependently required for maintenance of their expression as disruption of one of
these genes abolishes maintenance of the MHB (reviewed by Wurst and Bally-Cuif, 2001). In
addition, misexpression of IsO genes, such as pax2/pax5 and eng in the chick diencephalon
represses the diencephalic marker pax6 and ectopically induces fgf8, wnt1 and other IsO
genes that instruct ectopic dorsal midbrain fate. Zebrafish mutants for several IsO regulatory
genes have provided more insight into the regulatory interaction underlying IsO maintenance.
In acerebellar(ace)/fgf8 zebrafish mutants, the MHB and cerebellum are lacking and AP
polarity of the optic tectum is disturbed (Reifers et al., 1998). In no isthmus (noi)/pax2a
zebrafish mutants, the midbrain, MHB and cerebellum are missing (Lun and Brand, 1998).
Pax2a was found to be important for expression of eng2/3 in the midbrain. A gradient of eng
in the dorsal midbrain is important for positioning the retinotectal innervation by inducing
expression of Ephrins.
Wnt/β-catenin signaling in early brain development
Canonical Wnt/β-catenin signaling
The Wnt signaling cascade represents an important pathway in development and disease.
In Wnt signaling, secreted Wnt ligands bind to a number of distinct receptors on the cell
membrane and, depending on the ligand in combination with its bound receptors activate
distinct downstream pathways; the canonical Wnt/β-catenin pathway, the noncanonical
14
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planar cell polarity (PCP) pathway or the Wnt/Ca2+-pathway (reviewed by van Amerongen et
al., 2008). In general, Wnt1, Wnt3a and Wnt8 are considered to elicit ‘canonical’ signaling,
whereas Wnt5a and Wnt11 are considered to be non-canonical Wnt ligands. The canonical
Wnt/β-catenin pathway is the best understood Wnt signaling cascade and plays an important
role in development and disease (reviewed by Clevers, 2006).
One of the key players and the effector of the canonical Wnt signaling is β-catenin that also
forms complexes with cadherin in adherens junctions at the cell membrane. A simplified
model of the Wnt/β-catenin pathway is as follows (Fig. 3). In the absence of Wnt ligands,
β-catenin is recruited into a cytoplasmic ‘destruction’ complex containing Axin as the
scaffold protein (Fig. 3A). Other components of this complex are the tumor suppressor
Adenomatous Polypolis Coli (Apc) and the kinases Casein Kinase 1 (CK1) and Glycogen
Synthase Kinase 3β (GSK3β). These kinases phosphorylate β-catenin, which is subsequently
recognized by a E3 ubiquitin ligase complex, TrCP, that mediates ubiquitination of β-catenin.
Ubiquitinated β-catenin is targeted for destruction by the proteasome. In active Wnt/βcatenin signaling, secreted Wnt molecules bind to Frizzled (Fz) and LRP5/6 receptors (Fig.
3B). Upon activation of Fz/LRP5/6 receptors, the cytoplasmic protein Dishevelled (Dvl)
is phosphorylated and by a presently unknown mechanism mediates the downstream
inactivation of GSK3β. In addition, Axin is recruited to the LRP5/6 receptor complex by
means of LRP5/6 phosphorylation by CK1 and GSK3β. In this way, the ‘destruction’ complex
is dismantled, causing free cytoplasmic non-phosphorylated β-catenin to accumulate. The
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resulting augmented pool of ‘free’ cytoplasmic β-catenin eventually causes translocation
of β-catenin to the nucleus, where it binds to lymphoid enhancer factor/T-cell factor (LEF/
TCF) transcription factors. In the absence of Wnt signals, LEF/TCF represses transcription of
target genes in a complex containing Groucho. β-catenin replaces Groucho from LEF/TCF
and converts it into a transcriptional activator. Among Wnt target genes are genes involved
in proliferation (c-myc, cyclinD1, sox2), but Wnt-dependent transcription of genes involved
in differentiation (ngn1, islet1) has been described as well (reviewed by Vlad et al., 2008).
Transcription of some components of the Wnt signaling pathway (lef1, dkk1, axin2) is
mediated by β-catenin signaling, thus presenting feedback mechanisms. Probably, the
Wnt/β-catenin transcriptional output depends on the status of the cell itself, depending
on environmental cues and developmental timing. Therefore, Wnt/β-catenin signaling is
context dependently capable of eliciting different and sometimes opposite responses.
Wnt/β-catenin signaling in early neural plate patterning
In early patterning of the neural plate, a gradient of Wnt signaling is present, low in the
anterior and high in the posterior neural plate (Kiecker and Niehrs, 2001). The anterior
neural plate is a source of local Wnt antagonism, which counteracts Wnt signals originating
in the posterior diencephalon (Houart et al., 2002). An example of such a Wnt antagonist
is Dickkopf1 (Dkk1), which inhibits binding of Wnt ligands to LRP5/6. Mice lacking the Wnt
antagonist Dkk1 have no head structures anterior to the midbrain (Mukhopadhyay et al.,
2001). Similarly, the forebrain is absent in zebrafish mutant for the Wnt target transcriptional
repressor headless/tcf3a or the intracellular Wnt antagonist masterblind/axin1 (Kim et al.,
2000, Heisenberg et al., 2001, Van de Water et al., 2001). Conversely, inactivation of Wnt/βcatenin signaling in wnt8 zebrafish morphants or zebrafish misexpressing dkk1 mRNA causes
enlargement of the anterior brain with reduction of posterior neural tissue (Shinya et al.,
2000, Nordstrom et al., 2002).
Once patterning of the neural plate is complete, Wnt/β-catenin signaling is important for
maintenance of patterned regions within distinct brain domains and ultimately, in making
the switch from proliferation into neuronal differentiation. The functions of Wnt/β-catenin
signaling during later stages of brain development will be discussed next.
The role of Wnt/β-catenin signaling in the isthmic organizer
Using transgenic reporters containing TCF/LEF binding sites, restricted β-catenin-dependent
transcription has been demonstrated in the zebrafish and mouse (Dorsky et al., 2002,
Maretto et al., 2003; Chapter 3 of this thesis). After establishment of brain divisions, the
most prominent activation of these reporters was noted in the dorsal midbrain and abutting
diencephalon and metencephalon.
wnt1 and wnt10b are expressed at the MHB and dorsal midline of the zebrafish midbrain.
In mice, Wnt1 is required for the MHB and midbrain and hindbrain development, as Wnt1
null mice lack these structures already at E9.5 (McMahon and Bradley, 1990; Thomas and
Capecchi, 1990). Similarly, specific deletion of β-catenin in wnt1-expressing region results in
deletion of the midbrain and hindbrain (Brault et al., 2001). In contrast, a deletion mutation
that ablates zebrafish wnt1 and wnt10b causes only mild defects from 24 hpf mainly in the
ventral portion of the MHB (Lekven et al., 2003). Since wnt3a and wnt8b are expressed in
16
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the dorsal most portion of the MHB, redundant activity of wnt1, wnt3a, wnt8b and wnt10b
was expected. Indeed, morpholino-mediated knockdown of wnt3a in wnt1/wnt10b mutants
caused complete loss of the MHB and loss of expression of MHB genes (Buckles et al., 2004).
Concomitantly, the midbrain is reduced and the cerebellum is lacking. Loss of wnt1, wnt10b
and wnt3a caused extensive apoptosis from 18 hpf in the midbrain and cerebellar region,
suggesting that the reduction of these structures may be induced by apoptosis.
In Wnt1 null mice expressing Eng2 under control a Wnt1 promotor in the posterior midbrain,
the midbrain and cerebellum, but not the MHB constriction were rescued (Danielian et al.,
1996), showing that Wnt1 functions mainly to maintain Eng2, which in turn maintains the
midbrain structure. In mice expressing Wnt1 from an Eng2 promotor, Wnt1 is ectopically
expressed from E8.5 in the posterior tectum and caudally expanded into the anterior
hindbrain (Panhuysen et al., 2004). Interestingly, the MHB was positioned normally in these
mice, suggesting that Wnt1 is not required for MHB positioning and patterning activity.
Expression of Fgf8, Pax2a and Eng1 was subtly expanded caudally, showing that Wnt1 is
needed to maintain their expression. However, there were no gross defects in patterning of
the cerebellum/hindbrain. The inferior colliculi, which correspond to the posterior aspect
of the dorsal midbrain, was dramatically increased in size. This increase was Wnt1 dosedependent and was due to increased numbers of proliferating cells and a reduction in cell
cycle length that was observed from E11.5. The absence of an earlier increase in proliferation
was explained as being due to saturated levels of Wnt1 at earlier stages. The Wnt1 effect
on proliferation is probably mediated through the cell cycle regulator CyclinD1, which
according to several reports may be a target of the Wnt/β-catenin pathway (Shtutman et al.,
1999, Yamaguchi et al., 2005). Thus, this study shows that Wnt1 is not required for signaling
activity of the IsO organizer, but rather for controlling proliferation of neural progenitors in
the midbrain region.
It is not clear how Wnt signaling mediates control of proliferation in the midbrain, although
some recent work has identified some probable involved partners. For example, the zincfinger transcription factors zic2a and zic5 have been shown to be regulated by LEF/TCF
transcription factors in the dorsal midbrain (Nyholm et al., 2007). In this study, depletion of
endogeneous LEF/TCF’s in the tectum by morpholino injection or by activating a dominant
repressor of Wnt target genes in hs:gfpΔtcf transgenic zebrafish caused reduction of zic2a
and zic5 expression at the dorsal midbrain. Conversely, activating Wnt signaling by β-catenin
overexpression caused induction of zic2a. Knockdown of zic2a/zic5 did not disturb midbrain
patterning to a large extent, but instead reduced proliferation of the dorsal brain from 15
hpf, without increasing apoptosis.
Wnt/β-catenin signaling in regulation of neural progenitor proliferation
As seen above, Wnt1-mediated Wnt/β-catenin signaling is involved in regulating proliferation
in the dorsal midbrain. Several Wnts, including Wnt1, have been shown to act as mitogenic
factors. Ectopic expression of Wnt1 or expression of dominant active β-catenin in chick
neural tube caused increased numbers of proliferating precursors and reduced numbers
of differentiated neurons (Megason and McMahon, 2002). No mitogenic activity of ectopic
Wnt1 was observed in the dorsal neural tube, which suggests that there is a dorsal-ventral
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gradient of Wnt signaling with saturating levels dorsally. Wnt signaling promotes proliferation
by controlling expression of cell cycle regulators such as cyclinD1 and cyclinD2 that promote
G1-S transition and that show increased expression upon ectopic Wnt1 or Wnt3a expression.
Interestingly, only Wnt1 and Wnt3a were found to mediate mitogenic activity.
Another example of Wnt/β-catenin signaling controlling proliferation is the finding that mice
expressing a constitutive active form of β-catenin expressed in nestin+ neural precursors,
have enlarged brains with increased cortical surfaces due to reduced cell cycle exit of neural
progenitors (Chenn and Walsh, 2002). Similarly, in mice carrying conditionally activated βcatenin from E8.5, spinal cord and midbrain tissue mass was increased due to increased
number of proliferating progenitors and reduced numbers of differentiated neurons (Zechner
et al., 2003). Conversely, inactivating β-catenin from E8.5 caused reduced CNS tissue mass
with decreased proliferation and increased ratios of differentiated neurons.
One important issue in Wnt/β-catenin signaling-related studies is that defects in proliferation
often occur simultaneously with patterning defects, which makes it difficult to resolve
whether proliferation defects indirectly result from mispatterning. In a recent study by
Bonner et al. (2008), distinct roles of Wnt/β-catenin signaling in spinal cord proliferation and
patterning were uncovered. Wnt/β-catenin signaling was shown to regulate proliferation in
the spinal cord between 12 and 18 hpf, but not from 18 to 24 hpf as observed using inducable
hs:dkk1-GFP transgenic zebrafish. Before 18 hpf, induction of dkk1 caused disruption of
dorsal progenitor identity, whereas induction of dkk1 at 18 hpf caused reduction of dorsal
spinal cord markers and a dorsal shift of an intermediate marker. Using cell cycle inhibitors,
the authors showed that reduction of proliferation did not disturb DV patterning. Tcf7 was
shown to mediate patterning of the dorsal spinal cord and proliferation in the ventral domain,
whereas Tcf3a/b was involved in regulation of proliferation, but not DV patterning of the
spinal cord. These results show that patterning defects can occur without accompanying
proliferation defects and vice versa.
Wnt/β-catenin signaling in regulation of neuronal differentiation
The common idea of the effects of active Wnt/β-catenin signaling on neural progenitors
(NPCs) is that it promotes proliferation of these cells. However, some data has suggested
that next to promoting proliferation, Wnt/β-catenin signaling can be required for inducing
neurogenesis as well.
For example, different responses of telencephalic NPCs to active Wnt/β-catenin signaling
have been observed, depending on their developmental timing (Hirabayashi et al., 2004,
Hirsch et al., 2007). Culturing NPCs derived from E11.5 to E13.5, but not from E10.5 mouse
neocortex in the presence of Wnt7a resulted in increased neuronal differentiation. This
finding was confirmed using in utero gene transfer using electroporation into the lateral
ventricle of mouse embryonic brain with constructs causing either loss or gain of Wnt/βcatenin function (Hirabayashi et al., 2004). In addition, expression of the proneural basic
helix-loop-helix (bHLH) transcription factor neurogenin1 (ngn1) was shown to be regulated
by Wnt/β-catenin signaling. These findings suggest that the effect of Wnt/β-catenin signaling
on developing neural precursors can context dependently result in opposite effects,
namely stimulation of proliferation or onset of neuronal differentiation, depending on the
developmental stage.
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Recent studies have shed light on the role of Wnt signaling in neurogenesis processes at
various stages of diencephalon development in the zebrafish.
In the diencephalon, different types of neurons develop simultaneously. Dopaminergic (DA)
neurons develop during early primary neurogenesis and most diencephalic progenitors
have exited cell cycle by 14 hpf in the zebrafish (Russek-Blum et al., 2008). During zebrafish
gastrulation, Wnt8b and Lef1 function upstream of the zinc-finger transcription factor Fezl
to specify the number of DA, but not of non-DA progenitors in the posterior tuberculum,
without affecting the total neural progenitor population (Russek-Blum et al., 2008).
Modulation of the number of DA progenitors by Wnt signaling is not regulated by cell cycle
dynamics changes or premature cell cycle exit, but rather by limiting the initial pool of neural
progenitors that will assume dopaminergic fate. In contrast, Wnt8b and Lef1 positively
modulate neurogenesis in a subset of neural progenitors in the posterior hypothalamus
between 22 and 36 hpf in zebrafish (Lee et al., 2006). This regulation of neurogenesis is
partially mediated through transcriptional activation by Lef1 of the SoxB1 family HMG-box
transcription factor sox3, which is expressed in progenitors and enables acquisition of neural
fates (Kan et al., 2004). These results show that various neuronal progenitor populations can
respond differently to Wnt/β-catenin signaling depending on time- and position-dependent
signals.
A dual role for Wnt signaling in control of proliferation and differentiation was shown in the
zebrafish hindbrain, where Wnt1 is required from 18 hpf within rhombomere boundaries
to promote expression of proneural genes and subsequent neurogenesis in adjacent nonboundary tissue as shown by using loss of and gain of Wnt functions (Amoyel et al., 2005,
Riley et al., 2004). In addition, Wnt1 functions indirectly through regulation of DeltaA by
proneural genes and lateral inhibition in non-boundary cells to restrict rhombomere
boundary domains. Interestingly, the number of proliferation cells and the expression of
the cell cycle regulator cyclinD1 was reduced upon Wnt1 morpholino-mediated knockdown,
showing that Wnt1 is required for maintenance of proliferation as well. In this case, the role
of Wnt1 in promoting neurogenesis is clearly linked to a patterning function, i.e. maintaining
and restricting the sharp rhombomere boundaries.
The outcome of Wnt/β-catenin signaling activity on developing neural precursors is clearly
influenced by developmental stage and region-specific factors. Several mechanisms could
elicit different responses to activation of Wnt/β-catenin signaling in neighbouring cells. For
example, different combinations of Wnt receptors can be present on different cell types,
resulting in different responses to the same Wnt ligands. Also, the combination of Wnt/
β-catenin signaling with exposure to other signaling pathways may result in differential
responses. In addition, it was recently shown that transcriptional responses to Wnt/βcatenin signaling depend on epigenetic modifications (Wőhrle et al., 2007). Further studies
are required to understand better how Wnt/β-catenin is reiteratively used to exert these
opposite effects during neural development.
Neurogenesis in the developing zebrafish brain
In the zebrafish, the generation of neurons in the central nervous system (CNS) occurs in
two consecutive phases, e.g. the primary and secondary neurogenesis. Primary neurons,
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which include primary sensory, inter- and motorneurons, develop rapidly during early
somitogenesis stages (Fig. 4A). However, some of these neurons are replaced by neurons
produced in secondary neurogenesis that occurs from 48 hpf. It is generally believed that
zebrafish secondary neurogenesis is comparable to neurogenesis process in amniote
embryos such as the mouse (Mueller and Wullimann, 2005).
Patterning of proneural fields
The spatial regulation of primary neurogenesis depends on many transcription factors, such
as high mobility group (HMG) proteins SoxD and Sox2, POU proteins, Zic family zinc fingers
and Iroquois proteins, which are induced by the early signals responsible for neural fate
induction and patterning (reviewed by Bally-Cuif and Hammerschmidt, 2003). Combinatory
Figure 4. Primary neurogenesis in
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expression of these proteins that induce or inhibit expression of proneural genes results
in the formation of distinct proneural fields in the neural plate (Fig. 4A). These proneural
fields are characterized by the expression of the proneural gene ngn1. Proneural fields are
interspaced by domains where neural fates are inhibited, such as the anterior neural plate,
MHB and longitudinal domains separating the proneural domains in the future hindbrain/
spinal cord. In the zebrafish, some members of the Hairy/Enhancer-of-Split (E/Spl) (Hes)
bHLH transcription factor family are expressed at these interneuronal domains, where they
inhibit neurogenesis by inhibiting ngn1 expression (Geling et al., 2003, Geling et al., 2004,
Bae et al., 2005). Unlike many Her genes, endogeneous expression of these specific Hes
genes (her3, her5, her9, her11 in zebrafish) is not regulated by Notch signaling, but is instead
determined by neural patterning signals. In contrast to these prepattern Her genes that
function independently of Notch signaling, Delta-Notch signaling is important in neuronal
differentiation.
The Delta-Notch signaling pathway
The Notch signaling pathway mediates short-range signaling between neighbouring cells
(Fig. 4B; reviewed by Yoon and Gaiano, 2005). The Notch protein family consists of single
pass transmembrane receptors. Upon binding of DSL (Delta, Serrate/Jagged in Drosophila/
vertebrates, Lag2 in C. elegans) ligands to Notch receptors, the intracellular domain is
cleaved sequentially at its S2 cleavage site by ADAM/TACE and at the S3/S4 cleavage sites by
the γ-secretase membrane complex (Fig. 5). These cleavages release the Notch intracellular
domain (NICD), which translocates to the nucleus to activate gene expression. In the absense
of NICD, the Notch pathway specific transcription factor CSL (CBF-1/RBP-Jκ in vertebrates,
Suppressor of Hairless (Su(H) in Drosophila, Lag-1 in C. elegans) represses transcription of
target genes by recruiting co-repressors and histone deacetylase complexes (Fig. 5). In the
presence of NICD, the co-repressors are displaced and co-activators, such as Mastermind
(MAM) are recruited to activate transcription of Hes genes. Since intracellular NICD levels
were observed to be very low, degradation of NICD seems elementary to proper control
of Notch signaling activity. Indeed, NICD activity in the nucleus is quickly restricted by
coordinated function of MAM, Ski-interacting protein (SKIP) and Fbw7/Sel10 that mediate
phosphorylation, ubiquitination and degradation of NICD. Recent findings have indicated
that endocytosis and different intracellular trafficking and modulation events of Delta ligands
and Notch receptors prevent ectopic activation of Notch signaling and thus, are required for
tight regulation of Notch signaling activity (reviewed by Fiúza and Arias, 2007).
Neurogenic precursor selection by lateral inhibition
Once the inter- and proneural fields are established within the neural plate, some proneural
precursors are selected for acquisition of final neuronal fates (Fig. 4C). This selection is
mediated by lateral inhibition, a process first discovered in Drosophila (Fig. 4A). Initially, all
precursors in proneural fields express similar levels of Delta and Notch (Fig. 4C, left panel).
However, small fluctuations in expression levels will cause cells with slightly higher Delta
levels to activate Notch signaling and transcription of Hes genes in neigbouring cells (Fig. 4C,
middle panel). In turn, Hes transcription factors repress expression of proneural bHLH genes,
such as ngn1 and ashaete-scute bHLH transcription factors. In signaling cells, expression
of ngn1 promotes expression of delta, thus representing a positive feedback loop. The
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downregulation of delta expression in signal-receiving cells and upregulation in signaling
cells eventually leads to amplication of initial small differences in Delta expression. Signaling
cells expressing high levels of Delta commit to differentiation, whereas the neighbouring
cells with activated Notch will repress neurogenic fates and instead, adopt an alternative
fate (Fig. 4C, right panel). This process of lateral inhibition causes the typical salt and pepper
distribution of ngn1-expressing cells within proneural fields.
Several zebrafish mutants carrying mutations in components of Delta-Notch pathway
have been identified that have provided new insight in the role of Delta-Notch signaling in
vertebrate neurogenesis. In zebrafish mindbomb (mib) mutants carrying mutations in an E3
ubiquitin ligase that mediates Delta endocytosis and efficient Notch signaling, overproduction
of primary neurons at expense of later born secondary neurons was observed (Itoh et al.,
2003). Mutations in different Delta ligands (deltaD, deltaA) and Notch receptors (notch1a)
have shown that several Delta and Notch proteins act redundantly in the zebrafish neural
plate.
In the zebrafish, initial proneural precursors express deltaA and ngn1 (Fig. 4C). Upon selection
of neural precursors by lateral inhibition, selected precursor cells additionally express
deltaB and other bHLH genes such as neuroD¸ and members of the ashaete-scute complex
(ascl1a, ascl1b) in order to exit the cell cycle to adopt final neuronal fate. Positional cues
subsequently influence expression of transcription factors, which determine the specification
of distinct neuronal cell types. For example, in the prospective spinal cord, a subset of
primary motorneurons (rostral primary (RoP), middle primary (MiP) express the LIM-domain
gene islet1 (isl1), whereas caudal primary (CaP) and variable primary (VaP) motorneurons
express isl2. Next to its role in lateral inhibition, Notch signaling is involved in making binary
neuronal fate choices in neurogenic precursors and in specifying oligodendrocyte fates from
neurogenic precursors (Park and Appel, 2003, Shin et al., 2007).
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From about 14 hpf, primary neurons initiate axonogenesis to establish connections involved
in early embryo responses. In the brain, the neurons are concentrated in several nuclei
with axon tracts connecting them (Fig. 4D). Reticulospinal neurons, such as the Mauthner
cells in rhombomere 4 (r4), extend their axons into the spinal cord and link sensory
information to motor neuron activity in the early escape response. In the spinal cord, the
primary motorneurons are located ventrally and are specifically positioned with respect
to somite boundaries in order to project axons to distinct part of the myotome. Several
types of interneurons are located medially, whereas the Rohon-Beard sensory neurons are
positioned dorsally.
The role of Notch signaling in maintenance of neural progenitor proliferation
Many studies have shown the importance of the Notch signaling pathways for maintenance
of neural progenitors. Reduced Notch signaling in the zebrafish mib mutant causes depletion
of neural precursors (Itoh et al., 2003). Similarly, in mouse with conditionally inactivated
Presenilin1 and 2 that are components of the γ-secretase complex that cleaves the Notch
receptor neural stem cells are depleted (Kim and Shen, 2008). Conversely, activation of the
Notch pathway blocks early neuronal differentiation neural precursors and maintains them
in a proliferative state and promotes differentiation of later emerging glial cell types, such as
oligodendrocytes in zebrafish (Park and Appel., 2003) and radial glia in mammals (reviewed
by Gaiano and Fishell, 2002). However, it is still largely unknown how Notch mediates these
effects. In the zebrafish early brain, Notch suppresses expression of a cell cycle inhibitor,
p57Kip2 (cdkn1c) in order to prevent cell cycle exit and neuronal differentiation of early
neural plate progenitors (Park et al., 2005). Surprisingly, only a few direct Hes target genes,
including the proneural bHLH factor mash1 and the cell cycle inhibitor p27 have been
identified so far (reviewed by Fischer and Gessler, 2007).
Secondary neurogenesis
Although it has not been extensively studied, it appears that secondary neurogenesis in
the zebrafish employs the same mechanisms and signaling pathways as used in primary
neurogenesis. Delta-Notch signaling components and several bHLH neurogenic genes have
clearly delineated specific expression domains, corresponding to differentiating regions
(Mueller and Wullimann, 2003 and 2005). Generally, as in other vertebrates, proliferating
precursors are located in ventricular zones, where delta and notch genes are expressed to
select neurogenic precursors by lateral inhibition (Fig. 4B, C). Newborn proneural precursors
expressing proneural genes migrate outwards towards the pial surface, where precursors
undergo final differentiation into mature neurons.
At 2 days post-fertilization (dpf), most brain domains contain differentiated neurons.
However, some regions, such as the optic tectum, dorsal thalamus and cerebellum show
delayed maturation. At 3 dpf, differentiated neurons have filled the intermediate region
between ventricles and pia and are now immediately bordering proliferating regions. At
5 days, proliferation is more restricted, as is expression of the proneural genes ngn1 and
neuroD. However, neuronal differentiation in some diencephalic domains and the cerebellum
is still ongoing. In these regions, proliferating precursors are not located near ventricles and
newborn neurogenic progenitors portray tangential migration (for example lateroventral)
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movements instead of the more widespread radial migration (for example lateral).
Neurogenesis in the adult zebrafish brain
Proliferation in the adult brain of mammalian and non-mammalian vertebrates
The capacity for proliferation and production of newborn neurons is high during brain
development and decreases as animals age. In the mammalian adult brain, de novo
production of neurons takes place within two restricted zones; the subependymal zone (SEZ)
in the telencephalic lateral ventricle and the subgranular zone (SGZ) in the hippocampal
dentate gyrus (Fig. 6A; reviewed by Zhao et al., 2008). The first zone produces interneurons
that migrate via the rostral migratory stream (RMS) to the olfactory bulb. The second zone
adds newborn granular neurons to the hippocampal dentate gyrus. There have been reports
of adult neurogenesis in other areas, but these studies were done on damaged brains and
it is at present unclear whether they are relevant for the ‘normal’ adult brain (reviewed by
Gould, 2007). In contrast, proliferation and neurogenesis are more widespread and occur at
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Figure 6. Proliferation and de novo neurogenesis in the vertebrate adult brain
(A) Lateral schematized view of the mammalian (mouse) forebrain, showing the location of neural stem/progenitor
cells (NPCs; orange) in the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone (SGZ) in
the hippocampal dentate gyrus. SVZ NPCs give rise to neuroblasts (pink) that migrate from the SVZ in the rostral
migratory stream (RMS) towards the olfactory bulb (OB), where they differentiate into OB interneurons (green).
In the hippocampus, the SGZ produces new dentate gyrus granule cells (blue). (B) Lateral schematized view of the
zebrafish adult brain, depicting the many proliferative (dark grey) zones that give rise to migrating neuroblasts
(pink) and newly differentiated neurons (yellow, blue, green). The proliferative zones in the zebrafish telencephalon
are analogous to the SVZ and SGZ proliferative zones in mammals. C, caudal; Ce, cerebellum; Di, diencephalon; h,
hindbrain; HC, hippocampus; OB, olfactory bulb; OT, optic tectum; R, rostral; RMS, rostral migratory stream; SGZ,
subgranular zone; SVZ, subventricular zone; Tel, telencephalon.
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much higher rates in the adult brain of fishes, amphibians, reptiles and birds (reviewed by
Chapouton et al., 2007, Kaslin et al., 2008). In teleost fish such as the zebrafish, proliferation
is present throughout the brain (Fig. 6B; Ekström et al., 2001, Zupanc et al., 2005, Adolf et
al., 2006, Grandel et al., 2006). Generally, proliferating zones are located near ventricles. In
addition, proliferating cells are localized at the telencephalic pial surface and the boundary
between the molecular layer and the granular layer in the cerebellum.
Using BrdU incorporation assays, which mark cells that have undergone S-phase, the highest
number of proliferating cells was identified in the telencephalon and cerebellum (Adolf et
al., 2006, Grandel et al., 2006, Hinsch and Zupanc, 2007). Similar to the mammalian RMS,
progenitors located in the zebrafish ventral telencephalon migrate tangentially towards the
olfactory bulb (OB) and generate GABA-and TH (catecholaminergic)-ergic neurons (Adolf et
al., 2006). In addition to new OB neurons, the ventral telencephalic progenitors also produce
de novo GABA- and TH-ergic neurons that migrate to the ventral subpallial nuclei (Adolf
et al., 2006, Grandel et al., 2006). In the di- and mesencephalon, most newborn neurons
migrate only a few cell-diameters away from their origin and are often found intermingled
with proliferating precursors (Grandel et al., 2006). Proliferating neuroblasts located in
the cerebellum migrate the largest distances in the adult brain and add large numbers of
neurons to the granular cell layer in the cerebellum (Zupanc et al., 2005, Grandel et al,
2006). In contrast, newborn cerebellar output-generating Purkinje cells were never observed
(Grandel et al., 2006).
Quantitive analysis has shown that almost 50% of newborn BrdU cells persist 1.5-2 years
after injection in the brain (Hinsch and Zupanc, 2007). Newborn granular neurons were
actually shown to persist up to almost 3 years, showing that in contrast to mammals, where
newborn neurons often die within months (Mouret et al., 2008, Ninkovic et al., 2007,
Kempermann et al., 2003, Kempermann et al., 1997) newborn neurons can function longterm in the zebrafish brain.
Importantly, a small subset of the newborn neurons were shown to acquire different
neurochemical identities (Grandel et al., 2006), suggesting that in contrast to mammalian
brain, de novo neurogenesis in the zebrafish produces mature, functional neurons of
different neurotransmitter subtypes in regions throughout the brain. The progenitors rarely
produce glial cells, showing that the differentiation in the adult zebrafish brain is mainly
neurogenic rather than gliogenic (Zupanc et al., 2005, Grandel et al., 2006).
Characteristics of neural stem cells (NSCs) and neural precursor cells (NPCs) in the zebrafish adult brain
In mammals, neural precursors cells (NPCs) have characteristics of neuroepithelial cells
in the early embryo. During later developmental stages, NPCs adopt radial glia cell fate
(reviewed by Merkle and Alvarez-Buylla, 2006). Eventually, they are present in the form of
slow-dividing astrocytes in the adult brain.
Some proliferating progenitor cells in the zebrafish telencephalon appear to have radial
glial cell identity as observed by colabelling of BrdU after a single pulse with the radial glia
markers Aromatase B (Pellegrini et al., 2007), BLBP (Adolf et al., 2006) and S100 (Chapter 6;
unpublished observations, J. Paridaen). Outside the zebrafish telencephalon, proliferating
progenitors rarely express glial markers (Pellegrini et al., 2007, see also Chapter 6).
Long-term BrdU studies have identified small numbers of slow-cycling, BrdU-retaining cells
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that were located mainly ventricularly in proliferative zones throughout the brain (Adolf
et al., 2006, Grandel et al., 2006). The location of these cells overlaps with expression of
the NPC/NSC marker sox2 (Adolf et al., 2006). This pool of cells may represent stem-cell or
long-lasting precursor cells, since they fulfill the main characteristics of stem cells; (a) slowcycling (proliferation-marker retaining), (b) selfrenewing and (c) retention in ventricular
proliferative zones.
At the mid/hindbrain junction, a pool of slowly-proliferating precursors expressing the E(spl)
bHLH transcription factor her5 was identified that gave rise to newborn neurons and at a
smaller rate, glial cells (Chapouton et al., 2006). These cells showed characteristics of NPC/
NSCs as they expressed NPC/NSC markers, such as BLBP/fabp7a, sox2, Musashi and Numb,
and were found to contain long-term self-renewing capacity.
Why is the neurogenic capacity of the zebrafish large in comparison to mammals?
The extensive capacity of generation and regeneration of the retina and brain (reviewed by
Kaslin et al., 2008, Zupanc and Zupanc, 2006; Raymond et al., 2006) of neurons in fishes,
amphibians and birds is striking when compared to the limited neurogenesis in mammals.
One factor in the large proliferation rates in zebrafish is its constant growth throughout
life. In order to be able to process ever increasing sensory input, the brain needs to grow.
In addition, neurogenesis may be suppressed in mammals for a number of reasons. For
example, integration of newborn neurons into an established neuronal network may lead
to network instability. Newborn neurons have been shown to be important for adaptability
and learning in new experiences, but also in clearing old memory traces (reviewed by Zhao
et al., 2008). A recent study showed that newborn OB neurons continuously replace old OB
neurons in mice (Imayoshi et al., 2008). In contrast, newborn dentate gyrus granule cells
are added to the existing population, a process that is important for spatial memory. In
support of the theory that adult mammalian neurogenesis is suppressed is the finding that
some regions outside the SVZ and SGZ have been shown to contain progenitors that when
cultured in vitro, are able to produce neurons and glia (reviewed by Gould, 2007). Possibly,
these quiescent progenitors may be stimulated to proliferate in certain conditions, such
as damage or disease. Indeed, upregulated proliferation has been observed in response
to seizures, ischemia and injury in mammals. However, the proliferating precursors mainly
produce glial cells that contribute to scarring. In contrast, teleost fish and amphibians are
known to have great ability for regeneration of injured regions in the CNS without scarring
(reviewed by Kaslin et al., 2007).
Ongoing and future studies addressing the mechanisms underlying the differences in
neurogenic potential between non-mammalian vertebrates and mammals will give
important insights into the regulation of adult brain neurogenesis and will potentially allow
development of more effective regenerative treatments for brain injury and neurogenerative
diseases in humans.
Neurogenesis in the developing zebrafish retina
The zebrafish retina and its development
Similar to higher vertebrates, the mature embryonic as well as the adult zebrafish retina
consists of 6 cell types, namely retinal ganglion (RGC), bipolar, amacrine, horizontal,
photoreceptor cells and Muller glia (reviewed by Livesey and Cepko, 2001). These cells are
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Figure. 7. Retinal neurogenesis in the zebrafish embryo
(A) Lateral schematized view of zebrafish eye. Anterior to the left, dorsal up. Prior to 28 hpf, the zebrafish neural
retina consists of multipotent precursors. At 28 hpf, the ventronasal precursors initiate cell cycle exit and differentiate
into retinal ganglion cells (RGCs; red arrow). RGC differentiation progresses across the retina (red arrow) and is
completed around 38 hpf. At 38 hpf, differentiation of inner nuclear cell types such as amacrine cells in initiated
ventronasally (green arrow). Similar to the RGC neurogenic wave, differentiation sweeps through the retina until
its completion at 48 hpf. At 48 hpf, the first photoreceptors differentiate in the ventronasal retina (purple arrow).
At 60 hpf, differentiation of the retinal neural cell types has completed. In addition, Müller glial cells with processes
extending throughout the retina are differentiating (light blue). Proliferative capacity remains in postembryonic
stages at the ciliary marginal zone (grey), which is located at the surface of the retina directly surrounding the lens.
(B) Horizontal section of zebrafish mature retina, indicating the position and morphology of the different cell types.
The retina is organized into 6 layers; the retinal pigment epithelium, the outer nuclear layer containing rod (orange)
and cone (pink) photoreceptors, the outer plexiform layer, the inner nuclear layer containing amacrine (green),
bipolar (yellow) and horizontal (blue) interneurons, the inner plexiform layer and the ganglion cell layer containing
RGCs (red) that transmit visual signals to the brain. A, anterior; D, dorsal; GCL, ganglion cell layer; INL, inner nuclear
layer; IPL, inner plexiform layer; le, lens; ONL, outer nuclear layer; OPL, outer plexiform layer; P, posterior; RPE,
retinal pigment epithelium; V, ventral. (B) Adapted from Goldsmith and Harris, 2003.

organized into 3 layers, namely the RGC layer (GCL), inner nuclear layer (INL) and outer
nuclear layer (ONL; Fig. 7B). The zebrafish retina develops from lateral invaginations of the
neural plate at 5 somite stage that form the optic cups. These consequently develop into the
neural retina and retinal pigment epithelium. At 28 hpf, cell cycle exit of neural progenitors
is initiated by short range signaling from the optic stalk and the first RGCs differentiate at the
ventronasal retina (Fig. 7A; Hu and Easter, 1999). RGC differentiation subsequently sweeps
dorsally through the retina in a wave-like manner (Fig. 7A). Successive neurogenic waves
produce post-mitotic cells in the INL from 38 hpf and photoreceptors between 43 and 48
hpf (Fig. 7A). From 60 hpf, all the retinal layers can be distinguished and most cells are
postmitotic. Retinal progenitors remain after these stages at the ciliary marginal zone (CMZ;
Raymond et al., 2006). Differentiation of Müller glial cells initiates around 48 hpf. These cells
are involved in establishing proper retinal lamination (Bernardos et al., 2005). In contrast to
higher vertebrates, the zebrafish adult retina has the capacity to regenerate. Regeneration
derives from retinal stem cells in the CMZ and a yet unidentified subpopulation of Müller glia
in the differentiated retina, which are able to regenerate photoreceptors and INL neurons
upon injury (Raymond et al., 2006).
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(A) Schematized pseudo-3-dimensional lateral view of zebrafish eye. The concentric rings around the lens indicate
the circumferential axis of the retina surface. The lines indicate the axial (in-out) axis of the retinal surface. Mitosis
of retinal precursors always occurs at the apical surface of the retina. In the zebrafish, early (< 30 hpf) mitoses
predominantly occur in the axial direction (blue) and are predominantly symmetric, meaning that they result in two
daughter cell types with identical fates. At later stages, the mitotic axis is mainly circumferential (red) and leads to
asymmetric division modes (daughter cells have different fates). (B) Schematized view of zebrafish neural retina,
with the apical surface to the top and basal surface (bordering the lens) to the bottom, representing the position
and divisions of retinal precursors during developmental time (left to right). Retinal precursors (dark and light grey)
are characterized by movement of their nuclei called the interkinetic nuclear movement (INM) between the apical
and basal surface, with S-phase occurring basally and M-phase (mitosis) occurring apically. In the zebrafish retina,
an apico-basal gradient of Notch (yellow) and Delta (blue) expression is present, which affects the fates of the
precursors during their INM. Two distinct movements can be distinguished that are related to the mode of division.
Non-neurogenic symmetrically dividing precursors (dark grey) show superficial INM (black dashed line), whereas
neurogenic asymmetrically and neurogenic symmetrically dividing precursor (light grey) show deeper basal INM
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another round of INM and cell division (light grey, right half of panel). The RGC-fated precursor soma (red, right half
of panel) moves towards the basal surface, retracts its apico-basal process and develops dendrites and an axon,
which projects towards the optic nerve (black arrow, right half of panel). A, anterior; D, dorsal; INM, interkinetic
nuclear movement; P, posterior; RGC, retinal ganglion cell; V, ventral.
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The limited number of differentiated cell types and progenitors that are organized in a simple
and highly stereotypic pattern make the vertebrate developing retina an excellent system
to investigate the mechanisms underlying regulation of neurogenesis, cell cycle progression
and cell cycle exit.
Interkinetic Nuclear Migration (INM) and mode of division in the retina
In the zebrafish at 24 hpf, the neural retina consists of a single layer of pseudostratified
neuroepithelium that is characterized by apico-basal nuclear movements of the retinal
progenitors. These interkinetic movements depend on cell cycle progression, with mitosis
occuring apically, perpendicular to the apical surface (Fig. 8A, B; reviewed by Baye and Link,
2008). The orientation of the cell divisions (radial or circumferential) and the distance that
progenitor nuclei migrate basally affect the mode of division (Fig. 8A, B; Das et al., 2003,
Poggi et al., 2005, Baye and Link, 2007). Early in retinal development (< 30 hpf), progenitors
tend to divide symmetrically with a radial division axis at the apical surface, whereas at
later stages (<45 hpf), asymmetric divisions in the circumferential axis predominate (Fig.
8A; Das et al., 2003). Although the nuclear movements of retinal progenitors are quite
heterogeneous, it has been shown that deep basal movement of the progenitor nucleus
tends to produce a neurogenic division (Fig. 8B; Baye and Link, 2007).
It has been proposed that the interkinetic nuclear movements (INM) of progenitor nuclei
functions to expose retinal progenitor nuclei to various amounts of apico-basal cues, thus
influencing cell fate decisions. Accordingly, disruption of progenitor cell apical-basal polarity
disrupted the deep basal INM and reduced the rate of neurogenic divisions (Baye and
Link, 2007). Recently, it has been shown that an apical-basal gradient of Notch signaling
components is present in the zebrafish retina (Del Bene et al., 2008). Expression of notch1a
was concentrated at the apical retinal epithelium, whereas delta was mainly expressed
basally (Fig. 8B). Concomittantly, expression of the Notch target gene her4.1 was highest
at the apical surface. Proliferating retinal progenitors are exposed to this gradient as they
migrate during INM. Zebrafish carrying a mutation in the microtubule motor protein
dynactin1, showed faster and more basal INM of retinal progenitors. This altered nuclear
migration reduced the exposure of retinal progenitors to apical Notch signaling, thus causing
premature cell cycle exit, overproduction of the early-born RGCs and reduction of later-born
retinal neuronal cell types.
Regulation of cell cycle progression and cell cycle exit in the retina
Progression of the cell cycle is regulated by cyclins and cyclin-dependent kinases (reviewed
by Besson et al., 2008). cyclin D1 (ccdn1) is expressed in the vertebrate retina and is required
for progression of G1- to S-phase. ccnd1 may be a direct target gene of Wnt/β-signaling in
vitro (Shtutman et al., 1999). In the zebrafish retina, Wnt/β-signaling promotes proliferation
of retinal progenitors and inhibits their cell cycle exit, probably through upregulation of
ccdn1 and c-myc (Fig. 9A; Masai et al., 2005, Yamaguchi et al., 2005). Notch signaling inhibits
cell-cycle exit and retinal neurogenesis (Fig. 9A, B; Yamaguchi et al., 2005). The exact effect
of Notch signaling on proliferation of retinal precursors remains elusive. Introduction of
NICD in the zebrafish has been shown to reduce cell proliferation and leads to premature
differentiation of Müller glia (Scheer et al., 2001). However, inhibition of Notch signaling
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abolished excess proliferation in a zebrafish histone deacetylase hdac1 mutant (Yamaguchi
et al., 2005), suggesting that Notch activity is required for maintenance of proliferation
in the retina. Interestingly, Wnt and Notch signaling appear to converge on regulation of
retinal progenitor proliferation, as at high levels of canonical Wnt signaling, Notch signaling
is dispensable for proliferation in the zebrafish retina (Yamaguchi et al., 2005). In the
zebrafish retina, Hdac1, which mediates histone modifications and is important in regulation
of transcription activity, was shown to be required for the switch from proliferation to
differentiation (Yamaguchi et al., 2005). Hdac1 antagonized both Wnt and Notch pathways
in order to promote cell cycle exit (Fig. 9A). It was proposed that Hdac1 is recruited in
complexes with transcriptional repressors to compete with β-catenin/LEF/TCF-mediated
transcription of target genes, such as ccnd1, but also with CSL/NICD-mediated transcription
of Notch target genes of the Hes/hairy family (Yamaguchi et al., 2005).
Exit from the cell cycle of retinal progenitors is regulated by The Cip/Kip family of cyclin kinase
inhibitors (CKIs; reviewed by Besson et al., 2008). The CKI p57Kip2 is specifically expressed
in retinal progenitors prior to their differentiation and drives cell cycle exit by suppression
of Ccnd1 function. p57Kip2 is required for the differentiation of photoreceptors, Müller glia
and a subset of RGCs in the zebrafish (Shkumatava and Neumann, 2005). Other cyclin kinase
inhibitors such as p27Kip1 may direct cell cycle exit in distinct populations of progenitors in
the zebrafish retina, similar to the mouse retina (Dyer and Cepko, 2001).
A number of signaling molecules have been implicated in retinal differentiation through
regulation of the cell cycle. Shh directs cell cycle exit by inducing p57kip2 expression. In the
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CyclinD1-mediated progression of the cell cycle. (B) Role of signaling pathways in inducing cell cycle exit and RGC
differentiation. Fgf and Shh converge on induction of ath5, which is required for induction of RGC fate, to promote
cell cycle exit and RGC differentiation. Notch may suppress RGC differentiation by inhibition of ath5 expression.
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absence of Shh, p57Kip2 cannot induce RGC differentiation, suggesting that cell cycle exit
alone is not sufficient for Shh-dependent retinal differentiation. Other evidence for a role
of Hh signaling in promoting cell cycle exit is the finding that activation of PKA, which in
turn inhibits Hh signaling by suppressing the transcriptional activity of the Hh transcription
factors Gli, suppresses cell cycle exit upstream of p27kip1 (Masai et al., 2005). Although it
has been hypothesized that Notch signaling might function upstream of Ccnd1 or p57Kip2,
overactivated Notch signaling does not affect proliferation rates or ccnd1 expression
(Yamaguchi et al., 2005). Therefore, a model is favored in which Notch signaling is required
for keeping retinal progenitors in an undifferentiated state, whereas Wnt promotes cell cycle
progression and Hh stimulates cell cycle exit (Fig. 9).
Signaling pathways in regulation of retinal neurogenesis
Upon cell cycle exit, retinal progenitors differentiate first into RGCs, followed by differentiation
of amacrine, horizontal and bipolar cells, cone and rod photoreceptors, and Müller glia.
These retinal cell types are derived from multipotent progenitors and their competence to
selectively generate certain cell types is strictly regulated by position and developmentalstage dependent cues. It has been proposed that short range (Fgf) signaling emerging from
the optic stalk and/or the nasal neural retina induces differentiation of the first ventronasal
patch of RGCs (Picker and Brand, 2005, Martinez-Morales et al., 2005). The subsequent
propagation of the RGC neurogenic wave is preceded by expression of ath5, the zebrafish
homologue of Drosophila atonal (Masai et al., 2000) and depends on Hedgehog (Hh)
signaling, as ath5 expression is reduced in zebrafish Hh signaling mutants and morphants
(Fig. 9A; Neumann and Nüsslein-Volhard, 2000, Masai et al., 2005). Correct timing of the
ath5 neurogenic wave progression does not seem to depend on retina-derived signals, but
instead on midline-derived Hh signals, since treatment with the Hh inhibitor cyclopamine
from 13 hpf or activation of PKA that inhibits Hh signaling-dependent transcription before
26 hpf caused delayed progression of the ath5 wave and delayed RGC differentiation (Kay et
al., 2005, Masai et al., 2005).
Next to this early signal, Hh signaling is cell-autonomously required again from 27 hpf for
maturation of ath5+ neuroblasts into terminally differentiated RGCs (Masai et al., 2005).
In zebrafish lakritz mutants that lack ath5, no differentiated RGCs are produced (Kay et al.,
2001). Instead, more later-born retinal neurons are produced, indicating that Ath5 is involved
in regulation of cell cycle exit of RGC precursors. ath5+ progenitors in the zebrafish retina
usually finish one round of mitosis before giving rise to one postmitotic RGC and one other
postmitotic cell type in the INL (amacrine or horizontal cell) or ONL (photoreceptor; Poggi et
al., 2005). Interestingly, in lakritz mutants, transplanted wild-type cells tend to preferentially
give rise to two or more RGCs in symmetric divisions, indicating that a feedback loop in which
mature RGCs inhibit production of new RGCs, exists. In Xenopus, it was shown that blocking
cell cycle exit or promoting cell cycle progression in ath5+ precursors caused reduction
of RGC fate in these cells (Ohnuma et al., 2002). Conversely, inducing cell cycle exit by
misexpression of the cell cycle inhibitor p27 caused more ath5+ precursors to assume RGC
fate. These data indicate that next to induction of the proneural gene ath5, other signals
such as expression of cell cycle inhibitors that may be induced by Hh signaling are required
for final cell cycle exit and RGC differentiation.
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Differentiation of amacrine cells that are located in the INL occurs mainly independently
of the earlier ath5-dependent RGC neurogenic wave (Kay et al., 2001), but also depends
on Hh signaling (Shkumatava et al. 2004, reviewed by Stadler et al., 2004). Thus, Sonic
Hedgehog (Shh) is secreted by differentiated neurons in the inner nuclear layer and induces
differentiation in nearby cells in the inner and outer nuclear layer. The Shh-neurogenic wave
depends on expression of the Iroquois homeobox gene irx1a, since knockdown of irx1a
abolishes shh-GFP expression and the concomitant shh-GFP neurogenic wave in transgenic
zebrafish and affects neurogenesis of all retinal cell types (Cheng et al., 2001).
At the last phase of retinal differentiation, Notch signaling is required to instruct differentiation
of Müller glia (Sheer et al., 2001, Bernardos et al., 2005). Overactivation of Notch promotes
gliogenesis at expense of differentiation of neuronal retinal cell types. Conversely, in the
absence of Notch signaling, Müller glia are lost and the retina is disorganized.
Role of nucleolar guanine nucleotide binding protein-like family members in regulation
of the cell cycle
Non-ribosomal functions of the nucleolus
In the nucleolus, transcription of rRNA from tandem repeats of rRNA genes in the Nucleolar
Organizing Regions, processing of pre-rRNAs and its assembly into ribosomes takes place
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(reviewed by Sirri et al., 2008, Boisvert et al., 2007). The nucleolus consists of three
subregions termed fibrillar centres (FC), dense fibrillar components (DFC) and granular
components (GC; Fig. 10A). rRNA transcription takes place in the FC/DFC region, whereas
pre-rRNA transcripts are mainly processed in the DFC. Ribosome subunits are assembled
in the GC region. The 47s ribosomal precursor transcript is cleaved into into 18S, 5.8S and
28S rRNA in the DFC. Subsequently, these rRNAs assemble with a number of ribosomal
proteins into 40S and 60S presubunits, which undergo a number of RNA processing steps in
the GC. During mitosis, components of the RNA polymerase machinery are phosphorylated
by CDK1-cyclin B, leading to discontinuation of rDNA transcription and disassembly of the
nucleoli. Upon exit from mitosis, the nucleoli reassemble and are functional throughout
interphase.
Next to its function in ribosome biogenesis, the nucleolus has been implicated in cell
cycle progression and as a transient storage/sequester compartment for various proteins
(reviewed by Boisvert et al., 2007). For example, the phosphatase Cdc14 is sequestered
into the nucleolus during interphase, hereby preventing induction of premature mitotic
exit by Cdc14 during DNA replication stages (Bloom and Cross, 2007). Another example is
the transient sequestering of telomerase reverse transcriptase in the nucleoli until late Sphase, when telomeres are replicated (Tomlinson et al., 2006). The nucleolus also plays
an important role in stress reponses. The tumor suppressor protein p53 is short-lived in
normal conditions, but is rapidly stabilized upon DNA damage, heat shock, hypoxia and
oxidative stress (Fig. 10B). Some stress signals induce nucleolar disorganization, allowing
regulation of p53 levels by a number of nucluolar proteins, such as ribosomal proteins L5,
L11, L23, but also nucleolin, Bop1, B23/nucleophosmin and p14ARF. p53 induces the cell cycle
inhibitor p21Cip1, which inhibits Cdk2/cyclinE and thereby induces G1 cell cycle arrest. The
stability of p53 is primarily regulated by MDM2 and p14ARF. MDM2 is an E3 ubiquitin ligase
that specifically targets p53 for proteasome degradation (reviewed by Toledo and Wahl,
2006). The tumor suppressor p14ARF is induced upon diverse stress signals and inhibits
MDM2-mediated degradation of p53 (reviewed by Gallagher et al., 2006). Since p14ARF is
predominantly localized in the nucleolus, it has been proposed that p14ARF functions by
sequestering MDM2 into the nucleolus, thus stabilizing p53.
A family of nucleolar HSR1_MMR1 Guanosine triphosphate (GTP)-binding proteins
GTP-binding proteins or GTPases are involved in essential processes such as intracellular
signal transduction, mRNA translation and intracellular transport. Their activity is regulated
by binding of GTP, which causes conformational changes and activates the protein.
Conversely, hydrolysis of GTP to GDP and phosphate renders the GTPase inactive (Bourne et
al., 1991, Sprang, 1997).
The YAWG/YlqF family of GTPases that contain MMR/HSR1 GTPase domains form a separate
family of GTPases that are characterized by a circular permutation of their GTPase domains
(Reynaud et al., 2005; Fig. 11A). Within this GTPase family, three proteins have been identified
that are predominantly localized in the nucleolus, guanine nucleotide binding protein-like
2 (Gnl2; also known as NGP-1), nucleostemin (Ns)/Gnl3 and Gnl3l (Fig. 11B). The related
GTPases Lsg1 and Gnl1 are localized mainly in the cytoplasm (Reynaud et al., 2005).
Gnl2 was identified as an autoantigen in a human breast tumor screen (Racevskis et al.,
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1996). Ns was identified to be specifically expressed in (embryonic) stem and tumor cells
and is involved in regulation of proliferation (Tsai and McKay, 2002, reviewed by Ma and
Pederson, 2008). The fission yeast Gnl3l homologue Grn1p was identified to play a role
in pre rRNA processing and cell growth (Du et al., 2006). Interestingly, Gnl3l, but not Gnl2
or Ns, was shown to possess transcriptional regulatory activity in vitro by competing with
steroid receptor coactivators for binding to the estrogen-related receptor γ (ERRγ) and
thus suppressing ERR-mediated transcription independently of Gnl3l’ nucleolar localization
(Yasumoto et al., 2007).
In Gnl proteins, the order and structure of the five GTP–binding motifs are highly conserved
(Fig. 11B; Reynaud et al., 2001, Meng et al., 2007). Next to the MMR-HSR1 GTP-binding
domain (G), Gnl proteins contain one/two basic (B) domains, one/two coiled coil domains
(C), an acidic domain (A) and several nuclear localization signals (Fig. 11B).
The shuttling of Gnl2, Ns and Gnl3l from the nucleoplasm to the nucleolus depends on
their GTP-binding state. In Ns and Gnl2 proteins, the B and G domains are required for their
nucleolar localization (Tsai and McKay, 2005, Meng et al., 2007). In contrast, Gnl3l nucleolar
localization requires the BC, but not the G-domain, although GTP-binding via G-domains
is involved in nucleolar accumulation of Gnl3l (Subba Rao et al., 2006, Meng et al., 2007).
Shuttling between the nucleolus and nucleoplasm of Gnl3l occurs at higher speeds than is
the case for Ns and Gnl2 that portray lower and similar shuttling speeds (Meng et al., 2007).
It is thought that this is due to unidentified nucleolar retention signal(s) located in the Ns
and Gnl2 G-domain, which appear to be absent in the Gnl3l G-domain (Meng et al., 2007).
The I-domain in Ns, Gnl2 and Gnl3l contains a nucleoplasm localization signal and prevents
non-GTP-bound protein from entering the nucleolus (Tsai and McKay, 2005, Subba Rao et
al., 2006, Meng et al., 2006, Meng et al., 2007).
Regulation of Ns nucleolar localization
Since Ns is expressed in tumors and cancer cell lines, it has received ample attention. Ns
appears to be important in promoting cell proliferation as either knockdown by siRNA or
overexpression of Ns caused reduced proliferation by disruption of cell cycle progression in
vitro (Tsai and McKay, 2002). In addition, Ns expression was found to be downregulated upon
differentiation of stem cells into progenitors in vitro (Tsai and McKay, 2002). Ns is mainly
localized in the GC of the nucleolus, where ribosome assembly takes place, and showed
little colocalization with 28S rRNA within the GC. This suggests that Ns is not involved in
rRNA transcription and ribosome assembly in vertebrates (Politz et al., 2005). However, in
C. elegans, the Ns homologue nst-1 was shown to function in rRNA biogenesis, although
localization of nst-1 was mainly to the GC, similarly to mammalian Ns (Kudron and Reinke,
2008).
Only few proteins have been identified that interact with Ns. For example, RSL1D1, a
nucleolar protein containing a ribosomal L1-domain, colocalizes and interacts via its
coiled-coil domain with Ns at its B- and G-domains. Mutation of the nucleolar targeting
sequences and knockdown of RSL1D1 in vitro suggested that RSL1D1 mediates Ns nucleolar
localization (Meng et al., 2006). In addition, Ns binds the multifunctional nucleolar protein
B23/nucleophosmin (Ma and Pederson, 2008).
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Ns interacts with MDM2 to control p53 activation
An important finding was the ability of Ns to interact with the tumor suppressor protein
p53 in vitro through binding of the Ns N-terminal B-domain to p53 (Tsai and McKay, 2002).
Ns knockdown causes G1 cell cycle arrest through increased expression of p53 and Mmd2.
Additional knockdown of p53 was able to prevent cell cycle arrest, indicating that Ns affects
Figure 12. Proposed activity
of Ns protein upon in vitro
depletion or overexpression
When Ns is depleted (left
panel), Mdm2 is sequestered
into the nucleolus by
increased binding of the
ribosomal proteins L5 and L22.
This causes p53 accumulation
and subsequent cell cycle
arrest through induction
of p21. Upon in vitro
overexpression of Ns, Mdm2mediated ubiquitination of
p53 is inhibited by binding of
nucleoplasmic Ns to Mdm2.
Thus, p53 is stabilized and
cell cycle arrest is induced
through p21 transcription.
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the cell cycle in vitro through p53 (Ma and Pederson, 2007). Interestingly, Ns depletion did
not disrupt nucleolar structure, indicating that p53 activation was not due to nucleolar stress
(Beekman et al., 2006, Dai et al., 2008).
Recently, it was shown that the Ns C-domain binds directly to the central acidic domain of
MDM2, which decreases its ubiquitinylation and degradation , causing inhibition of MDM2mediated p53-degradation (Dai et al., 2008). Conversely, Ns depletion also resulted in p53
activation by indirect inhibition of MDM2 through enhancement of binding of the ribosomal
proteins L5 and L11 to MDM2 (Fig. 12). However, upon knockdown of L5 and L11, cell cycle
and proliferation were only partially restored despite normal levels of p53 activity. This
result indicates that there are also p53-independent functions of Ns in regulation of the cell
cycle (see also Chapter 5 of this thesis).
One interesting question is how MDM2, which is mainly localized in the nucleoplasm,
interacts with endogenous predominantly nucleolar Ns. Possibly, certain stress signals
induce Ns redistribution to the nucleoplasm, where it can interact with MDM2 and other
proteins.
Nucleostemin function in in vivo model systems
In mouse LOF studies, Ns was shown to be essential for blastocyst formation (Zhu et al., 2006,
Beekman et al., 2006). Importantly, Ns+/- mouse embryonic fibroblast showed increased
senescence upon repeated passaging in vitro (Zhu et al., 2006).
In addition, Ns was found to bind to and increase degradation of the telomere-binding
protein TRF1 that blocks telomere elongation by telomerase in vitro. The authors proposed
that Ns might mediate TRF1 degradation and thus protect dividing cells from telomere
shortening and senescence.
E3-3.5 Ns-/- mouse embryos showed reduced cell numbers, suggesting impaired proliferation
(Beekman et al., 2006). However, all nuclei were morphologically normal, suggesting that
loss of Ns does not result in mitosis defects due to induction of mitotic or G2 DNA damage
check points, which would be expected to generate micro- or macronuclei. Cell viability
and nucleolar integrity were unaffected in Ns-/- embryos. Importantly, BrdU-incorporating
S-phase cells were absent and phosphohistone H3+ (PH3) M-phase cells were dramatically
reduced, suggesting that Ns is required for S-phase entrance. Strikingly, crossing Ns+/- mice to
p53 null mice did not rescue the survival and cell numbers of Ns-/- mutants, which confirms
the in vitro data suggesting that the function of Ns in proliferation in vivo is not mediated
by p53. Depletion of Ns by injecting antisense morpholino oligo (MO) to X-ns in Xenopus
embryos resulted in reduced proliferation, confirming an evolutionarily conserved function
of Ns in control of proliferation.
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Outline of this thesis.
This thesis documents the roles and the pathways they are involved in of several genes that
were identified from forward and reverse genetic screens. These genes function in various
aspects of neural development and of adult brain homeostasis. In Chapter 2, the function of
the intracellular Wnt/β-catenin antagonist Adenomatous Polyposis Coli (Apc) in pathfinding
of retinal ganglion axons through the optic nerve towards to optic tectum is analysed. In
Chapter 3, Apc is shown to be required for maintenance of secondary organizers and dorsal
midbrain survival during late maintenance stages of brain development. In Chapter 4, a
member of a family of nucleolar guanine nucleotide-binding protein-like (Gnl) proteins, Gnl2
that was identified in a forward screen and positionally cloned, and Gnl3/Nucleostemin,
recovered from a reverse screen, are shown to be required for proper timing of neurogenesis
in the zebrafish retina. In Chapter 5, the Gnl2 and Gnl3/Ns loss-of-function phenotypes
are observed to be only partially dependent on p53 activation. Finally, in Chapter 6, the
molecular and cellular consequences of loss of the Notch- and APP-processing protein
Presenilin1 on adult brain homeostasis are presented.
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Apc in retinal axon pathfinding
Abstract
The tumor suppressor Apc1 is an intracellular antagonist of the Wnt/β-catenin pathway. We
examined the effects of an Apc1 loss-of-function mutation on retino-tectal axon pathfinding
in zebrafish. In apc mutants, the retina is disorganized and optic nerves portray pathfinding
defects at the optic chiasm and do not project properly to the tectum. Wild-type cells,
transplanted into mutant retinae, acquire retinal ganglion cell fate and project axons that
cross at the mispositioned optic chiasm and extend to the contralateral tectum, suggesting
a function of Apc1 in axon pathfinding. These defects are caused mainly by stabilization of
β-catenin. These data demonstrate that Apc1 function is required for correct patterning of
the retina and proper retinal ganglion axon projections.

Introduction
In the developing vertebrate brain, the Wnt/β-catenin cascade acts in establishing brain
polarity, neuronal differentiation, stem cell induction and maintenance, and axonogenesis
(reviewed by Logan and Nusse, 2004). Different transduction cascades including the
canonical, planar cell polarity and Ca2+ pathways have been shown to transmit Wntmediated signals to the nucleus. Although it has been proposed that distinct Wnt ligands
mediate these separate cascades, it is probable that the same Wnt ligand can elicit different
responses depending on the cellular context (reviewed by van Amerongen et al., 2008). In the
canonical Wnt/β-catenin pathway, in the absence of Wnt ligands, glycogen synthase kinase3 β (GSK-3β), Axin/conductin, and Adenomatous Polyposis Coli (Apc) form a ‘destruction
complex’ that phosphorylates the key effector of the pathway, β-catenin, and targets it for
degradation by the proteasome. Upon binding of extracellular Wnt ligands to the receptor
complex consisting of Frizzled and LRP5/6, the ‘destruction complex’ of GSK-3, Axin and Apc
is inactivated through the action of Dishevelled. This results in an accumulation of β-catenin
in the cytoplasm and subsequent translocation to the nucleus, where it regulates target
gene transcription by interacting with TCF/LEF transcription factors.
Wnt signaling also plays a role in axonogenesis (reviewed by Charron and Tessier-Lavigne,
2005; Ciani and Salinas, 2005). An important question is how Wnts signal to the cytoskeleton
to direct axon growth. Regarding canonical Wnt signaling, it is conceivable that stabilization
of β-catenin not only leads to transcriptional target gene regulation, but could also modulate
cadherin-mediated adhesion potentially contributing to axon pathfinding or changes in
adhesion-mediated axon bundling (reviewed by Nelson and Nusse, 2004).
Apc is a key component of the Wnt/β-catenin cascade, acting as a scaffold to which β–
catenin and Axin/conductin bind. Mutations in Apc are responsible for familial adenomatous
polyposis, a hereditary colorectal cancer syndrome. Apc has been shown to participate
in cell fate determination, cell cycle regulation, apoptosis, cell adhesion and migration,
microtubule assembly and chromosome segregation (reviewed by Willert and Jones, 2006;
Senda et al., 2005). This variety of functions is reflected by the presence of a number of
specific domains in the Apc protein, such as those that mediate interaction with Axin and β47
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catenin, microtubules or actin cytoskeleton. Apc’s role in cell adhesion is mediated through
interactions with Rho GTPases, such as Asef. Apc has been shown to interact with E-cadherin
and plays a role in targeting cytoplasmic β-catenin to the cell membrane, where it promotes
interaction of β-catenin with E-cadherin. However, genetic and biochemical data have
demonstrated that the tumor suppressor function of Apc is dependent on its capacity to
bind and downregulate β-catenin.
Here, we show retinal disorganization upon loss of Apc1 in the zebrafish. Loss of Apc1 results
in defective RGC axon extension and pathfinding ensuing from complex interaction between
non-autonomous signals from the mispatterned brain in concert with cell-autonomous
malfunction of retinal axons. The majority of the observed abnormalities can be explained
by stabilization of β-catenin.

Results
Zebrafish apcCA50a/CA50a mutation results in hyperactivation of LEF/β-catenin signaling in the
retina
In a mutagenesis screen for mutations causing axon pathfinding errors in the developing
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Figure 1. The apcCA50a/CA50a mutation results in aberrant
LEF/β-catenin transcription
(A, B) In wild-type embryos at 28 hpf (A), TGFP is absent
from the retina. In apc mutants (B), TGFP is expressed in
the retinal epithelium surrounding the lens (arrow). (C,
D) At 36 hpf, TGFP is upregulated in the mutant lens and
retinal ganglion cell (RGC) layer (arrow in D). (E, F) Double
in situ hybridization to apc1 (blue) and gap43 (red), which
marks differentiating neurons developing axons at 36
(E) and 48 hpf (F) shows that apc1 is expressed in areas
of the retina that undergo differentiation. Dashed line
indicates eye circumference (A-D) Lateral view, anterior
to the left. (E, F) Ventral view, anterior to the left. (G, H)
gap43 expression in wild-type (G) and apc mutants (H)
at 48 hpf shows disorganization of the GCL layer in the
mutants. (I) apc1 expression in the GCL and INL of the
wild-type retina at 48 hpf. GCL, ganglion cell layer; INL,
inner nuclear layer, le, lens. Scalebar 50 µm.
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zebrafish brain (D.Z. and C.H., unpublished data), we recovered a mutant containing a
premature stop codon truncation of the encoded gene product at a Leu residue corresponding
to position 613 of the human protein (Hurlstone et al., 2003). This apc1 CA50a/CA50a allele,
further referred to as apc, was identified in a non-complementation assay with mutant
apc1hu745/hu745. From 36 hpf, the apc-/- mutation affects development of various embryonic
structures, among which the eye (Hurlstone et al., 2003), leading to lethality from 3 dpf.
Similar to apc1hu745/hu745 mutants, the apc mutant eye displayed coloboma (failure to close
the choroid fissure) and hyperpigmentation (not shown; (Nadauld et al., 2006; Hurlstone et
al., 2003). Heterozygous apc+/- embryos have normal eyes.
We investigated LEF/β-catenin-mediated transcriptional activity in the retina of apc TOPdGFP
(TGFP) transgenic embryos (Dorsky et al., 2002). At 28 hpf, TGFP expression was absent
from the wild-type retinal epithelium (Fig. 1A). In contrast, TGFP expression was present in
the basal retinal epithelium surrounding the lens in apc mutants (Fig. 1B). At later stages,
TGFP expression was induced in the mutant lens as well (Fig. 1C, D). In the mutant eye, apc
mRNA was strongly diminished from 30 hpf and eventually disappeared, presumably due
to nonsense mediated decay (data not shown). TGFP was induced in the mutant eye in the
regions corresponding to those that express apc in the wild-type eye i.e. the prospective
retinal ganglion cell layer (GCL) at 36 hpf (Fig. 1E) from where the transcripts spread to the
inner nuclear layer (INL) at 48 hpf (Fig. 1F, see also Fig. 1I). In wild-type retina, apc partially
overlapped with gap43, which marks differentiating neurons that are extending axons (Fig.
1E, F). Interestingly, in apc mutants, gap43 expression in the GCL was disorganized, with
aberrant labeling near the ciliary marginal zone (Fig. 1G, H).
Loss of Apc1 results in disorganization of the retina
Previous work in the apc1hu745/hu745 mutant has demonstrated a requirement for Apc1 in proper
retinal organization (Nadauld et al., 2006). Accordingly, histological analysis of apc mutant
eyes showed that the neural retina was disorganized (Fig. 2A, B). Since apc1 was expressed
in the GCL, we examined RGCs by irx1a expression (n=15) and zn8 immunolabeling (n=20). In
apc mutants, the RGC layer was highly irregular and disorganized (Fig. 2C-H). Concomitantly
to disorganization of the GCL, the size of the optic nerve head was reduced (Fig. 2I). To rule
out the possibility that the reduced ON size was due to reduced eye size, we normalized
ONH area for eye size (Fig. 2J). The mutant optic nerve head was smaller than the ratio over
eye size would predict, suggesting that the number of RGC axons contributing to the optic
nerve was reduced. In addition, the ratio of the GCL area to total eye area was increased,
indicating that the reduction in ONH size is not due to reduced RGCs (Fig. 2K).
Loss of Apc1 results in retinal axon pathfinding defects
In addition to being thinner, the optic nerve (ON) of apc mutants did not cross properly at the
optic chiasm (OC) in ~50 % of mutant embryos as observed using acetylated tubulin labeling
(n=120; data not shown). Moreover, pleiotropic retinal ganglion cell (RGC) axon pathfinding
defects were observed employing anterograde DiI labeling and zn8 antibody (Fig. 3A-I). In
25% of apc mutants, the ON displayed axons branching off immediately upon exiting the eye
(asterisk in Fig. 3E) or when nearing the midline (Fig. 3B). In 50% of mutants, a portion (Fig.
3C, E) of the retinal axons crossed over to the contralateral ON as observed using DiI labeling
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Figure 2. Loss of Apc function leads to mispatterning of the retina
(A-B) Transverse toluidine blue-stained sections of wild-type (A) and apc mutant (B) eyes. apc retina is abnormal,
with ectopic retinal pigment around the ON head (arrow). Ventral to the left. (C, D) Expression of irx1a, a marker for
RGCs, is expanded in apc mutants (arrow in D). (E, F) Lateral view of wild-type (E) and mutant (F) eye labeled with
α-zn8 antibody. Dashed line indicates eye outline as observed by DAPI. The RGC layer in apc mutants (F) is irregular
and disorganized. (G, H) Snapshots of a 3D reconstruction of wild-type (G) and apc (H) GCL as observed using zn8
immunolabeling. The eye is displayed at frontal view in the first frame and is rotated by 45° in each consecutive
frame. apc mutant RGC layer is disorganized, with asymmetric distribution of RGC around the lens and RGCs that
are not contained within the RGC layer (H). At the choroid fissure (arrow), RGCs are lacking. Widest diameter of
RGC layer is 170 µm. (I-K) The mutant optic nerve head (ONH) and eyes are significantly smaller as determined by
measuring ONH area (I) and the ratio of ONH size to eye size (J; Student’s t-test p<0.01). (K) The percentage of the
area covered by RGCs relative to the entire eye area shows that in apc mutants, there is a significant increase in the
GCL area size as compared to wild-types (p<0.05). (C-H) Lateral view, anterior to the left. le, lens; ONH, optic nerve
head. Error bars represent standard error of the mean (SEM). Scalebar 50 µm.

(n=35) and zn8 labeling at 48 hpf (n=20; Fig. 3I). In 25% of mutants, a minority of retinal
axons project beyond the OC into the optic tract (arrowhead in Fig. 3C, E).
At 60 hpf, retinal axons were arrested near the midline and/or misprojected into the
contralateral optic nerve in 55% of apc mutants as observed with DiI labeling (n=22; data not
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shown). In 45% of mutants, a small subset of ON axons was projecting along the optic tract,
although only in 13% of apc embryos, some axons were nearing the optic tectum. However,
no axons were observed to terminate in the optic tectum (n=22; Fig. 3F, G).
In spite of RGC mispatterning, several groups of RGCs localized at the boundaries of the
RGC-field were able to project axons that contributed to the ON (Fig. 3J), suggesting that
disturbed retinal patterning does not cause the pathfinding defects. However, in rare cases,
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Figure 3. Axon pathfinding defects in apc mutants
(A-E) Whole-eye fills with DiI at 48 hpf show that in
most apc mutants, the optic nerve (ON) does not cross
properly. In 25% of embryos, the ON does not cross at the
optic chiasm and displays branching axons (arrow in B).
In 50% of mutants, a portion of the ON projects towards
the optic tract (arrowhead in C), while the remaining
axons project into the contralateral ON (arrow in C).
In some apc mutants with misprojecting ON into the
contralateral ON, the ON from the opposite eye appears
to initiate correct projection to the OT (arrowhead in E).
In addition, axons regularly branch off after exiting the
eye (asterisk in E). Ventral view. Outline of contralateral
eye is indicated with dashed lines. (F, G) Lateral view
of embryos with DiI labeled ON in wild-type (F) and
apc mutant (G) at 60 hpf. Overlay of fluorescence and
transmission images. Anterior to the left. In wild-type
embryos (F), the ON terminates in the OT (arrowhead).
In apc mutants (G), some RGC axons branch off the ON
(arrowheads) and the ON does not reach the tectum
(arrow). Inset – ON magnification. Dashed lines indicate
boundary between ventral midbrain and optic tectum.
(H-K) Dorsal flatmount view of RGCs and their projections
labeled with α-zn8 antibody at 48 hpf shows pathfinding
defects at the optic chiasm (arrow), whereas some
axons continue along the optic tract (arrowhead). Box
in (I) shows magnified area in (J, K). (J, K) Single confocal
planes of RGCs and their axons within the apc retina.
(J) Most disorganized groups of RGCs are able to extend
axons (arrowheads) towards the ONH (arrow). (K) In rare
cases, RGC misproject within the retina (arrowheads)
and do not contribute to the ON (arrow). Anterior is up.
(L, M) Expanded fgf8 expression in the optic stalk (os)
region of apc mutants (arrow). (N, O) In apc mutants,
pax2a expression is expanded towards the diencephalic
midline as indicated by the bars. (L, M) Ventral view. ce,
cerebellum; on, optic nerve; os, optic stalk; OT, optic
tectum; tn, tectal neuropil. Scalebar 50 µm.
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Figure 4. Axons from transplanted wild-type cells within the apc-/- retina are able to reach the tectum
(A, B) Transplantation of wild-type cells in retina of wild-type (A) or mutant (B) embryos. Frontal view showing
location of fluorescein-labeled transplanted wild-type cells (circled with dashed lines) and their axons projecting
to tectum (green) and acetylated tubulin labeling in red. The boundary between optic tectum and tegmentum
is indicated with dashed lines. In mutants (A), wild-type axons are able to cross at the optic chiasm (asterisk)
and project to the mutant tectum (arrow), similarly to the axons of wild-type cells transplanted into wild-type
embryos (arrow). Acetylated tubulin labeling in the OT neuropil is increased. Note the more ventral location of the
optic chiasm (asterisk) in transplanted mutant versus wild-type embryos. (C) Quantification of acetylated tubulin
labeling in tectum neuropil (boxed area in B) shows 4.2 fold increase of the axonal termination zone in apc mutants
upon transplantation with wild-type cells into the retina (Student’s t-test p<0.01). Error bars represent standard
deviation (SD). Abbreviations: tn, tectal neuropil. Scalebar 50 µm.

mutant RGC axons misprojected within the eye (Fig. 3K).
Defective branching of axons was present in tectal neuropil and cerebellum in >90% of
mutants at 48 hpf as well as in the anterior, postoptic and posterior commissures (not
shown), showing that axon pathfinding defects are not limited to RGC axons.
Axon pathfinding defects can be secondary to mispatterning of the diencephalon. Expression
of fgf8 and pax2a that are expressed in the optic stalk in early stages is expanded in the optic
stalks of apc mutants at 48 hpf. This indicates that mispatterning of the optic stalk/chiasm
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Figure 5. apc axon phenotype is mainly the result
of β-catenin stabilization
(A) Percentage of genotyped mutant, wild-type and
heterozygous sibling embryos, showing mutant
(white), intermediate (striped) or wild-type (black)
phenotypes upon injection with 300 or 450 pg
apc-GFP mRNA. The number of injected embryos
is indicated above the bars. Injection of apc-GFP
mRNA partially rescues the axonogenesis defects
as demonstrated by acetylated tubulin labeling as
scored over all affected brain domains. Uninjected
mutant controls show variable penetrance of axon
pathfinding defects (69%; n=13). Injection with 300
pg apc-GFP causes rescue of the mutant phenotype
(72%; n=32; p<0.05). Injecting 450 pg rescues 86%
of injected mutant embryos (n=14; p<0.01). 5%
of the sibling embryos were erroneously scored
as mutants. Statistics: two-tailed Fisher’s exact
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region may be involved in the pathfinding defects as well.
Apc1 is required within RGCs for correct retinal axon pathfinding
To investigate whether the ON phenotype was caused non-autonomously by mispatterning
or by a defect in RGC axon extension, fluorescein-labeled wild-type cells were transplanted
into mutant eye anlagen (Fig. 4A, B). Subsequently, RGC axons were examined by antifluorescein and acetylated tubulin immunostaining at 48 hpf. In contrast to the abnormalities
characteristic for mutant RGC axons (Fig. 3) the axons of transplanted wild-type RGCs exited
the eye properly within the optic nerve bundle and were able to cross the OC, although at
a more ventral position than in wild-type embryos (asterisk in Fig. 4A, B), and reach the
tectum (n=5; arrowhead in Fig. 4B), comparably to axons of wild-type cells transplanted
into wild-type embryos (Fig. 4A). Unexpectedly, the optic tectum neuropil that was highly
disorganized in apc mutants was partially rescued in the tectal lobe contralateral to the
transplanted eye (data not shown). Quantification of acetylated tubulin-labeled neuropil
in transplanted versus non-transplanted apc mutants shows a 4-fold increase in acetylated
tubulin labeled axons (Fig. 4C). Of note is that the neuropil axons do not originate from RGCs
and hence somehow non-autonomously respond to proper extension of wild-type RGCs
axon that do reach the mutant tectum. As mutant RGC axons do not reach the tectum (Fig.
3E, G), whereas transplanted wild-type RGC axons from the mutant retinae do, the data
suggest a role of Apc in axon growth and extension.
Stabilization of β-catenin underlies the apc phenotype
To verify that the apc phenotypes were due to the inability of mutant Apc to downregulate
β-catenin, we injected progeny of apc+/- fish with human Apc fragment containing β-catenin
and Axin binding domains (Apc-GFP AA1020-2032; Miller and Moon, 1997).
We examined whether Apc-GFP rescued axon phenotypes using acetylated tubulin labeling
(Fig. 5A). Full rescue was defined by rescue of brain axon pathways and commissures,
including the optic chiasm and the projections towards the tectum (Fig. 5B). Injection of
300 pg Apc-GFP mRNA resulted in full rescue of 72% of mutant embryos and partial rescue
in 16% of mutants. Injection of 450 pg Apc-GFP mRNA rescued the axon phenotype in 86%
of mutants (Fig. 5). Non-rescued mutants remained defective in several aspects of axon
branching. These data show that axonal defects are mainly the result of the loss of Wnt/βcatenin-dependent function of Apc1.

Discussion
Apc1 is required to restrict Wnt/β-catenin signaling during retinal patterning
Previous studies have shown that Wnt/β-catenin signaling is required for promoting
proliferation of retinal progenitors (Yamaguchi et al., 2005). In addition, a study using
apc1hu745/hu745 zebrafish showed retinal disorganization and reduced differentiation of
probability test for a table of frequency data. p-values are indicated above the bars. (B, C) Example of a wild-type
(B) and an apc mutant embryo labeled with α-acetylated tubulin antibody showing a normal and a defective optic
nerve crossing (arrow). Acetylated tubulin labeling of fully rescued apc mutants is indistinguishable from wild-type
controls. (B, C) Ventral view. Scalebar, 50 µm.
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photoreceptors (Nadauld et al., 2006). The photoreceptor and retinal pigment epithelium
defects were shown to depend on retinoic acid signaling and TGFP hyperactivation was only
observed in the lens. In this study, we used the apc1CA50a allele that truncates the Apc1 protein
N-terminally to its mutation cluster region (location of human APC mutations surrounding
β-catenin-binding sites) region and is therefore expected to cause a more severe phenotype
with respect to Wnt/β-catenin signaling than the apc1hu745 allele (data not shown; Hurlstone
et al,. 2003). The analysis of the mutant retinal phenotype revealed activation of TGFP in
the prospective GCL, suggesting that the ectopic activation of Wnt/β-catenin signaling may
underlie aspects of the RGC phenotype. In agreement with the expansion of GCL layer
characterized in this study, an expanded expression of ath5 that marks retinal progenitors
about to exit the cell cycle and differentiate into RGCs was noted in the apc1hu745/hu745 mutant
(Nadauld et al., 2006). At the moment, it is unclear whether the RGC defects in apc mutants
are due to attenuated retinoic acid signaling or activated Wnt/β-catenin signaling.
Novel insights regarding the role of Apc and Wnt/β-catenin signaling in RGC axon
pathfinding
Overactivation of Wnt/β-catenin due to loss of zygotic apc results in variable degrees of
retinal axon pathfinding defects along the retino-tectal tract. This phenotype likely results
from multiple defects. Retinal axons of wild-type RGCs transplanted into mutant eyes
properly exit the eye, suggesting that this phenotype is not due to mispatterning of the
mutant retina.
Non-autonomous effects due to mispatterning of the diencephalon are likely to be involved.
At the diencephalic midline, the establishment of boundaries between expression domains of
certain genes, like pax2a and shh, is important for positioning the optic chiasm and regulation
of axon guidance cues (Barresi et al., 2005; Heisenberg et al., 1999). The expansion of pax2a
and fgf8 at the optic stalks of apc mutants is similar to the aussicht mutant that also displays
retinal axon defects (Heisenberg et al., 1999). Possibly, ectopic pax2a at the midline disrupts
axon guidance cues in apc mutants. Although transplanted wild-type RGC axons are able to
cross the midline in apc mutants, the optic chiasm is mispositioned upon transplantation of
wild-type cells, suggesting that its mispositioning is secondary to brain mispatterning. Since
non-autonomous components of the apc phenotype cannot be excluded by our experiments,
further experiments are needed to elucidate the contribution of diencephalic mispatterning
to the apc defects. Expression of axon guidance molecules such as Netrins, Semaphorins,
Slits and Eph receptors/Ephrins could be examined and additional mosaic analysis using
mutant whole-eye transplantation into wild-type hosts could be performed.
The mosaic analysis data indicate that in addition to non-cell autonomous effects, cellautonomous components may also be involved in the apc retinal axon phenotype.
Transplanted wild-type RGC axons are able to overcome mispatterning defects at the
midline and extend along the optic tract to the tectum. Stabilization of β-catenin caused
by Apc1 LOF may affect axon outgrowth via altered transcription of potential target axon
guidance receptors, such as Ephs, in the navigating axon. Several studies have implicated
Apc and β-catenin in neurite growth in vitro. Stabilization of β-catenin in murine retinal
explants resulted in inhibition of retinal neurite growth, partly due to overactivation of Tcfmediated transcription (Ouchi et al,. 2005). Dendritic growth and arborisation is enhanced
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by stabilization of β-catenin through its function in cadherin/catenin complexes (Yu et al.,
2003). Apc is specifically enriched at tips of neurites and is required for specifying axon
polarity independently of its function in Wnt/β-catenin signaling (Votin et al., 2005; Shi et al.,
2004). Recently, it was shown that Wnt signals can induce changes in growth cone behavior
by affecting Apc localization at microtubules (Purro et al., 2008). Both transcriptionally active
and inactive stabilized β-catenin clustered at these Apc-enriched sites and inhibited neurite
outgrowth in vitro (Votin et al,. 2005). An interesting hypothesis is that subtle differences
in β-catenin signaling between neurites determine neuronal polarity, e.g. downregulation
of β-catenin would promote axons, whereas stabilization would promote dendritic growth.
Unexpectedly and in contrast to observations in vertebrates, even a combined loss of
Apc1 and Apc2 does not cause axon outgrowth defects in Drosophila (Rusan et al., 2008).
Hence, our in vivo data show that Apc1 function in axon outgrowth and extension may differ
between flies and vertebrates.
The rescue experiments employing Apc-GFP containing only β-catenin and Axin-binding sites
show that the axon pathfinding phenotype of apc mutants is mainly due to stabilization of βcatenin and is not due to loss of other Apc protein domains. However, in these experiments,
we cannot distinguish the contribution of stabilized β-catenin in complexes with N-cadherin
from its function in LEF/TCF-mediated transcription. Rescue experiments using Apc lacking
β-catenin and Axin-binding sites and β-catenin lacking domains necessary for LEF/TCFdependent transcription could help unravel contributions of Wnt-independent functions of
Apc and β-catenin, respectively, to the apc phenotype.
In summary, the zebrafish apc mutation shows that Wnt/β-catenin signaling is involved
in in vivo pathfinding of axons and provides an excellent opportunity to further study the
contribution of Apc1 structural protein function versus its role as an antagonist of Wnt/βcatenin pathway in vivo.

Material and Methods
Zebrafish embryos
Zebrafish embryos were raised and staged as described (Westerfield, 1995). apc1CA50a/CA50a is
a lethal recessive zygotic mutant.
In situ hybridizations and immunohistochemistry
Whole-mount in situ hybridizations were carried out as previously described (Joore et al,.
1994). Antisense DIG (Boehringer, Ingelheim, Germany) riboprobes were synthesized: apc1
(PCR-amplified with primers 5’-ccgtgtgtactgtgttgagg-3’and 5’-acaggagtgtcttcaatgga-3’), fgf8
(Reifers et al., 1998), gap43 (Reinhard et al., 1994), irx1a (Cheng et al., 2001), pax2a (Kelly
and Moon, 1995), TOPdGFP (Dorsky et al., 2002). Whole-mount immunohistochemistry
was performed using anti-acetylated tubulin (T6793; Sigma, St. Louis, MO; 1:250), antizn8 antibody (Developmental Studies Hybridoma Bank, Iowa; 1:100) and Cy3-labeled
secondary antibody (Jackson ImmunoResearch, Suffolk, UK). Histology was performed as
described (Diks et al., 2006). Images were obtained using a Zeiss Axioplan Stereomicroscope
(Oberkochen, Germany) equipped with a Leica (Wetzlar, Germany) digital camera and were
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adjusted for brightness and contrast using Adobe Photoshop7.0.
Embryo genotyping
DNA sequencing was performed using the primers: forward 5’-cacaatcctaacaagccattc3’, reverse 5’-acacattggtgagattgtgc-3’ and using competitive allele-specific PCR
(KASPar; Kbioscience, Hertfordshire, U.K.) with the primers: WT 5’-gaaggtgaccaagtt
catgctggttaaagtgctgactaaaaacgcca-3’, mutant 5’-gaaggtcggagtcaacggattggttaaagtgctgacta
aaaacgcct-3’ and common primer 5’-atctgcaccgttcccggagctt-3’.
Microinjection of mRNAs
One nl synthetic mRNA, prepared from Apc-GFP construct (Miller and Moon, 1997) using
the SP6 mMessage mMachine kit (Ambion, Austin, Texas), was injected into one-cell stage
embryos.
Transplantations
For eye transplantations, cells from late blastula donor embryos, injected with dextranfluorescein (10.000 MW, Molecular Probes D1820, Invitrogen, Carlsbad, CA), were
transplanted into the presumptive eye field of 1-somite apc1-/- hosts. Transplanted cells
were detected using anti-fluorescein antibody (Roche) and Alkaline Phosphatase- or Alexa
543-conjugated secondary antibody.
DiI labeling of optic nerve
DiI dissolved in chloroform (Molecular Probes, D282) was injected into the eye of fixed
embryos embedded in 1% agarose in PBS.
Imaging and Quantifications
Fluorescent labelings were imaged using a Leica TCS SPE confocal microscope and
measurements were made using Volocity (Improvision) and ImageJ (NIH). The optic nerve
head area and eye size were measured at their largest diameter on three confocal z-sections
with the eye mounted facing the lens using 500× magnification. The area size of the GCL was
determined by measuring the number of zn8-labelled pixels on maximum z-projections using
ImageJ (using thresholded images) and dividing it by the total area of the eye. For statistics,
a two-tailed Student’s t-test was performed. For 3D projections of zn8-labeled retinas, a zstack containing >120 sections at 0.5 µm each was rendered using Volocity software. A twotailed Fisher’s exact probability test for a table of frequency data was performed (Figure 5;
http://faculty.vassar.edu/lowry/fisher.html).
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Apc in brain development
Abstract
The tumor suppressor Apc1 is an intracellular antagonist of the Wnt/β-catenin pathway,
which is vital for induction and patterning of the early vertebrate brain. However, its role
in later brain development is less clear. Here, we examined the mechanisms underlying
effects of an Apc1 zygotic-effect mutation on late brain development in zebrafish. Apc1 is
required for maintenance of established brain subdivisions and control of local organizers
such as the isthmic organizer (IsO). Caudal expansion of Fgf8 from IsO into the cerebellum
is accompanied by hyperproliferation and abnormal cerebellar morphogenesis. Loss of apc1
results in reduced proliferation and apoptosis in the dorsal midbrain. Mosaic analysis shows
that Apc is required cell-autonomously for maintenance of dorsal midbrain cell fate. The
tectal phenotype occurs independently of Fgf8-mediated IsO function and is predominantly
caused by stabilization of β-catenin and subsequent hyperactivation of Wnt/β-catenin
signaling, which is mainly mediated through LEF1 activity. Chemical activation of the Wnt/
β-catenin in wild-type embryos during late brain maintenance stages phenocopies the IsO
and tectal phenotypes of the apc mutants. These data demonstrate that Apc1-mediated
restriction of Wnt/β-catenin signaling is required for maintenance of local organizers and
tectal integrity.

Introduction
In the canonical Wnt/β-catenin pathway, glycogen synthese kinase-3β (GSK-3β), Axin/
conductin and Adenomatous Polyposis Coli (Apc) form a ‘destruction complex’ that in the
absence of Wnt ligands phosphorylates β-catenin and targets it for degradation. Upon
binding of Wnts to the receptor-complex, the ‘destruction complex’ is inactivated, resulting
in accumulation of β-catenin and subsequent translocation to the nucleus. Here, β-catenin
regulates transcription via TCF/LEF factors.
In the developing vertebrate brain, reiterative Wnt/β-catenin signaling is required for
regionalization of the neural plate, induction of brain subdivisions and cell fate determination
(reviewed by Logan and Nusse, 2004). Studies manipulating components of the pathway
show that a gradient of negative regulators of the Wnt/β-catenin pathway, highest at the
anterior neural plate, is required for its correct patterning (Lekven et al,. 2001; van de Water
et al., 2001; Heisenberg et al., 2001; Mukhopadhyay et al., 2001; Kim et al., 2000).
Wnt/β-catenin signaling is also required for induction and maintenance of brain subregions
as demonstrated in Wnt1-/- mice, which fail to maintain mesencephalic and metencephalic
structures (Thomas and Capecchi, 1990; McMahon and Bradley, 1990). Surprisingly, Wnt1,
ectopically expressed in chick, does not affect expression of genes that participate in the
isthmic organizer regulatory network (Adams et al., 2000).
In the Wnt/β-catenin cascade, Apc1 acts as a scaffold to which β–catenin and axin/conductin
bind. Independently of Wnt/β-catenin signaling, Apc1 is involved in cell adhesion and
migration, microtubule assembly and chromosome segregation (reviewed by Hanson and
Miller, 2005; Senda et al., 2005). Here, we show that the loss of zygotic Apc function (LOF)
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results in brain patterning abnormalities caused by primary defects in local signaling centers.
Overactivation of the Wnt/β-catenin transcription causes expansion of the IsO territory
into the cerebellum. Independently of IsO-derived Fgf signaling, Apc1 LOF compromises
survival of the optic tectum in a cell-autonomous manner partly through LEF1-mediated
transcription. The majority of the observed abnormalities can be explained by stabilization
of β-catenin.

Results
Zebrafish apc1CA50a/CA50a mutation is a zygotic-effect mutation resulting in hyperactivation of
LEF/β-catenin signaling
In a mutagenesis screen for mutations causing axon pathfinding errors in the developing
zebrafish brain (D.Z. and C.H., unpublished data), we recovered a mutant containing a
premature stop mutation in apc1 at position 613 of the human protein (Hurlstone et
al,. 2003). This apc1CA50a/CA50a allele, further referred to as apc, was identified in a noncomplementation assay with mutant apc1hu745/hu745. After 36 hpf, the apc-/- mutation affects
development of various embryonic structures, (Fig. 1A, B; Hurlstone et al., 2003), leading to
embryo death from 3 dpf. apc+/- develop normally.
Expression of apc becomes progressively localized from 24 hpf to the brain (Suppl. Fig. 1AD). From 30 hpf, apc transcripts were reduced in the mutants, indicating nonsense-mediated
decay of apc mRNA (inset in Supp. Fig. 1D).
To evaluate whether loss of Apc resulted in aberrantly activated Wnt/β-catenin signal, we
mapped β-catenin transcriptional activity in progeny of apc heterozygous fish incrossed into
TOPdGFP (TGFP) transgenic fish, which reports LEF/β-catenin-mediated transcription (Dorsky
et al., 2002). At 24 hpf, upregulation of TGFP expression was observed in the dorsal midbrain
in some mutant embryos (Table 1), whereas at 36 hpf, all examined mutant embryos showed
expansion of TGFP (Fig. 1C, D; Table 1).

Table 1. Penetrance and severity of apc phenotypes increases between 24 and 48 hpf.
Percentage of genotyped embryos showing mutant phenotype:



wnt1
eng2
TOPdGFP
emx3
fgf8
Tunel

apc
92%

24hpf
siblings



15%

(n=26)

(n=40)

75%*
(n=12)
56%*
(n=18)
NC
(n=6)
NC
(n=5)
NC
(n=5)

38%
(n=34)
25%
(n=36)
NC
(n=14)
NC
(n=15)
NC
(n=15)

apc

30hpf
siblings

100%
(n=7)
100%
(n=21)
93%
(n=27)
93%
(n=14)
89%
(n=18)
NC
(n=9)

apc

36hpf
siblings

95%

0%

apc

42hpf
siblings

96%

0%

apc

48hpf
siblings

0%
(n=15)

(n=19)

(n=34)

(n=28)

(n=14)

3%

100%

0%

100%

(n=30)

(n=8)

0%
(n=6)
0%
(n=13)
0%

100%
(n=9)
91%
(n=34)
100%
(n=29)
100%

(n=28)

(n=23)

0%
(n=25)

0%

(n=19)

(n=5)

21%

100%

0%

100%

(n=39)

(n=8)

(n=12)

(n=7)

29%

78%

20%

96%

(n=42)

(n=27)

(n=15)

(n=26)

13%

100%

0%

100%

(n=39)

(n=19)

(n=22)

(n=20)

(n=30)

(n=46)

(n=39)

67%

12%

90%

(n=21)

(n=26)

(n=20)

3%
(n=33)

90%
(n=41)

(n=43)

NC
(n=28)



0%

94%

(n=20)

0%
(n=26)

0%
(n=46)

5%
0%


Due to subtlety of early mutant phenotypes, some wild-type embryos were scored as having mutant phenotypes.
Statistical significance was determined by Fisher’s exact probability test with p<0.01; exceptions are indicated
(*p<0.05); NC-no significant genotype/phenotype correlation.
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Figure 1. The apcCA50a/CA50a is a zygoticeffect mutation resulting in abnormal brain
development and aberrant LEF/β-catenin
transcription
Lateral view, anterior to the left. (A) Wild-type
and apc mutant embryo (B) at 36 hpf. Note
the enlarged otic vesicles, smaller irregular
eyes, smaller and flattened optic tectum
(arrow) and diencephalon (arrowhead) and
less discrete MHB. Dashed line indicates the
MHB. (C, D) In wild-type embryos at 36 hpf
(C), TGFP is restricted to the dorsal midline and
posterior boundary of the optic tectum. In apc
mutants (D), TGFP is expanded in the tectum,
hypothalamus and cerebellum (arrowhead
in inset D). Dashed lines indicate MHB and
cerebellum. (E, F) Microinjection of a translationblocking apc1 morpholino (zf-apc1 MO) into
progeny of apc+/- carriers results in exacerbated
phenotypes. (E) The phenotype was categorized
according to these categories: wild-type (black),
‘mild’ - reminiscent of apc zygotic phenotype
(gray), ‘severe’ - apc phenotype with additional
reduction of eye size, flattening of somites and
reduced embryo length (white). In uninjected
embryos, only wild-type and ‘mild’ phenotypes
were observed. (F) Graph showing the proportion
of embryos that show each phenotype. A portion
of the embryos in (E, F) was genotyped. Upon
injection of 0.1 mM MO, 29% of apc-/- embryos
showed a ‘severe’ phenotype (n=7). Upon
injection of 0.25 mM MO, 75% of apc-/- mutants
(n=8) acquired a ‘severe’ phenotype versus only
11% of heterozygous apc+/- embryos (n=19) and
14% of wild-types (n=7). Insets – dorsal view.
ce, cerebellum; hy, hypothalamus; MHB, mid/
hindbrain boundary; re, retina; ot, optic tectum;
ov, otic vesicle; tel, telencephalon. Scalebar 250
µm.
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The late onset of the apc phenotype is due to the presence of maternal apc that prevents
early defects
The late overactivation of TGFP in combination with the late occurrence of the described
phenotypes (Table 1) suggests that the presence of maternal apc mRNA and/or protein
mediates normal Wnt/β-catenin signaling in apc mutants until 24 hpf.
To test this hypothesis, knockdown of maternal apc1 transcripts in apc mutants was
performed by injecting a translation-blocking ATG-morpholino (MO) targeting apc1 in
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the progeny of apc+/- fish. We observed enhanced phenotypic severity in apc-/- and some
apc+/- morphants upon knockdown of apc1 (Fig. 1E, F), which indicates that the available
dosage of maternal apc1 transcripts moderates phenotypic severity in apc mutants. In these
compound mutant/morphants, the reduction of eye size was reminiscent of the mbl/axin1
mutant eye phenotype, which is preceded by mispatterning of the early neural plate (van
de Water et al., 2001). Therefore, it is likely that apc mutants injected with apc1-MO display
an earlier molecular phenotype as compared to uninjected apc mutants and that the apc
mutant represents a hypomorphic situation. Hence, apc is a mutation that functions as a
hypomorph revealing the loss of function of zygotic Apc.
Attenuation of the Wnt/β-catenin pathway through Apc is required for the maintenance of
brain organizers
Apc functions to limit diencephalon and maintain the zona limithans intrathalamica (ZLI)
In contrast to the mbl/axin1 mutant, expression of the regional neural plate markers emx3,
wnt1 and foxa2 was unaffected in apc tailbud embryos (data not shown). In mbl/axin1
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Figure 2. Loss of Apc function leads to mispatterning
of the forebrain
Lateral view,anterior to the left. (A-D) As compared to
wild-type embryos (A), emx3 expression expands into
ventral telencephalon (asterisk) and posterior ventral
hypothalamus (arrow) in apc mutants at 36 hpf (B).
At 42 hpf (C, D), emx3 further expands into anterior
dorsal hypothalamus (dashed line and arrowhead in
D) and the telencephalic-diencephalic boundary. (EH) wnt8b (E, F) and pax6.1 (G, H) expand rostrally into
the telencephalon and caudally into the thalamus
of apc mutants (F, H) at 48 hpf. Dashed line in (A-H)
indicates the telencephalic-diencephalic boundary.
An additional line in (G, H) indicates the ventral/
dorsal midbrain boundary. (I, J) In apc mutants,
shh expression is absent from the ZLI and anterior
dorsal hypothalamus at 48 hpf (J). Dashed line
indicates the ZLI. ad, anterior dorsal hypothalamus;
di, diencephalon, e, epithalamus; fp, floorplate; pv,
posterior ventral hypothalamus; t, thalamus; ZLI, zona
limitans intrathalamica. Scalebar 125 µm.
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mutants, the ventral telencephalon was dorsalized at 30 hpf as shown by emx3 labeling (van
de Water et al., 2001). Similarly, in apc mutants, expression of emx3 was expanded into the
ventral telencephalon from 30 hpf (Fig. 2A-D; Table 1). In addition, apc mutants ectopically
expressed emx3 at the tel-/diencephalon boundary and the posterior ventral hypothalamus
(Fig. 2B).
Expansion of the diencephalon was corroborated by the expansion of wnt8b (n=22 vs. n=69
wild-type; Fig. 2E, F) and pax6.1 (n=21 vs. n=50 wild-type, Fig. 2G, H) into the telencephalon.
wnt8b expression was abolished from the anterior hypothalamus (Fig. 2E, F). Expression of
pax6.1 and wnt8b was also expanded into the (epi)thalamus and pretectum.
The zona limitans intrathalamica (ZLI) acts as a signaling centre through Shh and divides the
diencephalon into prethalamus and thalamus (Scholpp et al., 2006; Kiecker and Lumsden,
2004; Hashimoto-Torii et al., 2003). In apc mutants, shh was absent at 48 hpf from the ZLI
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Figure 3. Loss of Apc function compromises the IsO
Lateral view, anterior to the left. (A-D) fgf8 expression expands in the ventral telencephalon and into the cerebellum
(asterisk) in apc mutants at 30 hpf (B). At 36 hpf (C, D), fgf8 is reduced in the habenula (arrowhead in D). (E-H) At
24 hpf, wnt1 expression is reduced in apc mutants (F) from the epiphysis and dorsal midline (arrowhead in F) and
entirely absent from the dorsal midline at 36 hpf (H). wnt1 is weakly expanded into the mutant cerebellum (arrow
in inset H). Inset – dorsal view. Dashed line indicates the midline. (I-L) At 24 hpf, eng2a expression is enhanced at the
apc MHB (arrow and arrowhead in J; compare to inset in I). At 30 hpf (K, L), eng2a is expanded into the cerebellum
(arrow in L and arrowhead in inset). Inset - dorsal view. Dashed line indicates cerebellum. ce, cerebellum; dm,
dorsal midline; ep, epiphysis; ha, habenula; MHB, mid/hindbrain boundary; tel, telencephalon. Scalebar 125 µm.
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(n=26 vs. n=46 wild-type; Fig. 2I, J), with onset at 36 hpf (n=9; data not shown). Hence,
Apc1-mediated suppression of Wnt/β-catenin signaling is required for the limitation of the
diencephalon and maintenance of the ZLI.
Apc is required for maturation of the isthmic organizer
Since Wnt/β-catenin signaling is required for maintenance of the mes- and metencephalon
(McMahon and Bradley, 1990), we assessed whether loss of Apc1 affected the isthmic
organizer (IsO)-mid/hindbrain boundary (MHB) in apc mutants. Expression of fgf8, eng1/2
and wnt1 at the MHB promotes the adjacent areas to develop tectal and cerebellar fates
(reviewed by Raible and Brand, 2004; Wurst and Bally-Cuif, 2001). From 30 hpf, fgf8
expression in apc mutants was expanded at the MHB (Fig. 3A-D; Table 1). Since Fgf8 and
Pax2a are mutually regulated at the MHB (Raible and Brand, 2004), we examined pax2a
expression. In the mutants, pax2a was subtly expanded within the MHB region (n=13; Fig.
5E, F).
Wnt1 and Eng2a also participate in the IsO regulatory network (Raible and Brand, 2004). In
apc mutants, wnt1 and eng2a were induced properly (data not shown). At 24 hpf, wnt1 was
reduced in the epiphysis and dorsal midline (Fig. 3E, F; Table 1). At 36 hpf, wnt1 expression
was weakly induced in the cerebellum (inset in Fig. 3H), whereas it was decreased at the
caudal midbrain (Fig. 3H, Table 1).
At 24 hpf, eng2a expression was upregulated at the MHB (Fig. 3I, J; Table 1). Similar to the
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Figure 4. Loss of Apc function results in unscheduled
proliferation in the cerebellum
Lateral view, anterior to the left. (A, B) Bodipy vital
staining marking cell membranes reveals that the
apc cerebellum (B) is enlarged and curves towards
the MHB (indicated with dashed line) as compared
to wild-type cerebellum (A). (C, D) Phosphohistone3 (PH3) immunolabelling that marks mitotic cells
identifies unscheduled increased proliferation in the
mutant cerebellum (D) as compared to wild-types
(A). Left dashed line indicates MHB, bifurcating
dashed lines on the right indicate boundary between
cerebellum and the hindbrain/rhombomere 1. (E)
The mutant cerebellum shows a significantly higher
number of PH3+ cells as determined by Student’s ttest (*p<0.01). Error bars represent standard error
of the mean (SEM). ce, cerebellum; hv, hindbrain
ventricle; MHB, mid/hindbrain boundary; ot, optic
tectum; rh, rhombomere1. Scalebar 15 µm.
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caudal expansion of fgf8 and wnt1, eng2a was expanded at 30 hpf into the cerebellum
(inset in Fig. 3L, Table 1). These data suggest that Apc1 LOF impacts the IsO only from 24
hpf onwards and is characterized mainly by expansion of fgf8, wnt1 and eng2a into the
cerebellum.
To examine the cellular mechanisms associated with expanded IsO gene expression into the
cerebellum, we investigated cerebellar morphology. The caudalmost part of the cerebellar
anlage, the upper rhombic lip (URL) is the source of granule cell precursors that migrate
anteriorly towards the MHB and subsequently migrate ventrally along the MHB (Koster and
Fraser, 2001). Bodipy ceramide labeling of the apc cerebellum revealed its disorganization.
The ventral part of the mutant cerebellar anlage was much thinner as compared to wildtype embryos, whereas the dorsal part was expanded and appeared curved (n=5; Fig. 4A,
B). Since overactivated Wnt/β-catenin as well as Fgf8 signaling may have a mitogenic effect,
proliferation was investigated. Prior to 36 hpf, no difference was noted in numbers of mitotic
phosphorylated histone H3 (PH3)+ cells (data not shown). However, at 48 hpf, the number
of PH3+ cells was increased in the apc cerebellum (Fig. 4C-E). The increased proliferation
was confirmed by pcna expression, which was induced in the mutant cerebellum (Suppl.
Fig. 4D, E).
As the expansion of fgf8 into the cerebellum was preceded by activation of ectopic βcatenin-dependent transcription (Suppl. Fig. 1E-H), we wished to determine the indirect
effects of ectopic Fgf8 signaling on the IsO. We blocked Fgf signaling from 24 hpf with the
Fgfr inhibitor SU5402 (Mohammadi et al,. 1997). Expression of spry4, a direct target of
Fgf8 signaling, was examined to validate the treatment (Fig. 5A-D). In 92% of untreated
mutants, spry4 mimicked expanded fgf8 expression (n=12; Fig. 5B). spry4 expression was
absent in embryos treated with 8 or 25 μM SU5402 (wild-type: n=39; apc: n=11; Fig. 5C,
D). In wild-type embryos, Fgf8 signaling regulates pax2a expression in the anterior domain,
since this domain was abolished upon SU5402 treatment (n=14; Fig. 5E, G). Upon inhibition
of Fgf signaling, pax2a expression in apc mutants was disrupted at the MHB (n=5; Fig. 5H),
indicating that ectopic Fgf8 signaling is responsible for the expanded pax2a expression (Fig.
5F).
In wild-type embryos, Fgf inhibition resulted in abolishment of eng2a expression from the
posterior midbrain (n=10; Fig. 5I, K), showing that this domain is maintained through Fgf.
In contrast, eng2a expression at the MHB did not differ between treated (n=4; Fig. 5L) and
untreated apc mutants (n=31; Fig. 5J), showing that eng2a expression at the MHB can be
maintained by Wnt/β-catenin signaling in the absence of Fgf signaling. The expansion of
eng2a expression into the cerebellum of untreated apc mutants was slightly diminished
upon SU5402 treatment (Fig. 5L), implying that in the cerebellum, Fgf and Wnt/β-catenin
act in concert. Upon SU5402 treatment, wnt1 expression in the mutant MHB and the weakly
induced expression in the mutant cerebellum disappeared (data not shown), suggesting
that fgf8 is required for wnt1 expression in both mutant and wild-type embryos. Since
wnt1 expression at the midbrain roof plate was already absent in untreated mutants and
remained so in treated embryos, it seems that ectopic fgf8 was not the primary cause of this
downregulation of wnt1 expression, but that is was rather due to overactivation of Wnt/β67
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A
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Figure 6. The IsO phenotype as revealed by
fgf8 labelling is mainly the result of β-catenin
stabilization
(A) Percentage of genotyped mutant, wildtype and heterozygous sibling embryos,
showing mutant (white), intermediate (gray)
or wild-type (black) phenotypes upon injection
of 300 or 450 pg Apc-GFP mRNA. The number
of injected embryos is indicated above the
bars. Injection of 450 pg Apc-GFP mRNA
completely rescues fgf8 patterning defects. (B,
C) LiCl treatments at 30 hpf induces expanded
expression at the MHB (arrow), telencephalon
and diencephalon (arrowheads) of the Fgf
target gene spry4 (C). Lateral view. Anterior
to the left. Statistics: two-tailed Fisher’s exact
probability test for a table of frequency data.
p-values are indicated above the bars. Scalebar
50 µm.
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catenin.
These data show that overactivation of Wnt/β-catenin signaling either directly or through
another signaling pathway affects the MHB midbrain component and cerebellum through
its action on eng2a, while it indirectly affects pax2a through ectopic Fgf8 signaling (model
in Fig. 5N).
Stabilization of β-catenin underlies the MHB phenotype
To verify that the apc phenotypes were due to the inability of mutant Apc to downregulate
β-catenin, we injected progeny of apc+/- fish with human Apc fragment containing β-catenin and Axin-binding domains (Apc-GFP AA1020-2032; Miller and Moon, 1997). fgf8 expression
was used as a read-out for the degree of rescue (Suppl. Fig. 2A-C). In a range of 300 pg
to 450 pg, we observed the dosage-dependent rescue of the mutant phenotype (Fig. 6A).
Interestingly, in partially rescued embryos, fgf8 expression that was lost from the anterior
and dorsal forebrain in apc mutants, was more readily rescued than the expansion of fgf8
at the MHB (Suppl. Fig. 2B, C), suggesting that different levels of Wnt/β-catenin antagonism
are required for restriction of Wnt/β-catenin signaling in distinct brain domains. Wild-type
embryos injected with concentrations up to 900 pg of Apc-GFP mRNA were unaffected.
slightly downregulated (arrowhead in L) as compared to untreated mutants (arrowhead in J;). Dashed line indicates
the MHB. Insets – dorsal view. (M) Schematic view showing expression of regulatory genes in the isthmic region.
(N) Model showing regulation of IsO genes by Fgf8 and Wnt/β-catenin. In wild-type embryos, Apc1 expression in
the cerebellum mediates restriction of Fgf8 expression by limiting Wnt/β-catenin signalling and thereby preventing
caudal expansion of the istmic markers pax2a, wnt1 and eng2a that are regulated by Fgf8. In apc mutants, the
restriction of Wnt/β-catenin signalling is lifted, and overactivated Wnt/β-catenin signalling causes direct caudal
expansion into the cerebellum and MHB of eng2a and indirect expansion of pax2a through ectopic Fgf8. wnt1
expression in the dorsal midbrain is not regulated by Fgf8 and hence remains absent in apc mutants (data not
shown). ba, branchial arches; ce, cerebellum; MHB, mid-hindbrain boundary; ot, optic tectum; ov, otic vesicle.
Scalebar 125 µm.
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To further corroborate the above findings, we tested whether late activation of Wnt/βcatenin signaling phenocopies the MHB phenotype of apc mutants. We employed LiCl,
which, among other effects, inhibits GSK3β and thereby stabilizes β-catenin, to activate
Wnt/β-catenin signaling at late stages in wild-type embryos (van de Water et al., 2001).
Incubating wild-type embryos at 24, 28 or 30 hpf in 0.3 M LiCl for 40 minutes caused subtle
morphological defects (Suppl. Fig. 3A). These defects, although less severe, resemble
the apc morphology (Fig. 1B, Hurlstone et al., 2003). To evaluate whether LiCl treatment
results in overactivation of Wnt/β-catenin signaling, expression of axin2, a direct Wnt/βcatenin target (Jho et al., 2002), was evaluated (Suppl. Fig 3B, C). After LiCl treatment, axin2
transcripts were upregulated in the dorsal brain and ectopically induced in the ventral brain
(n=19), implying that Wnt/β-catenin mediated transcription is indeed upregulated. One of
the hallmark phenotypes of the apc mutant is the upregulation of the direct Fgf target gene
spry4 due to induction of Fgf8. In embryos treated at 30 hpf, spry4 was upregulated 26 hours after LiCl treatment at the MHB (n=12; Fig. 6B, C). The induced spry4 expression
phenocopies spry4 expression at the MHB in apc mutants at this stage (see also Fig. 5B; data
not shown). In contrast to the apc mutants, where fgf8 was induced, LiCl treatment resulted
in reduction of fgf8 expression at the MHB (data not shown), which might reflect negative
feedback induced by spry4 upregulation (Fürthauer et al,. 2001). Although pulse treatment
with LiCl cannot mimic sustained overactivation of Wnt/β-catenin signaling as observed
in apc mutants, it does show that activation of Wnt/β-catenin signaling at late stages can
induce overactivation of Fgf signaling similar to that in apc mutants.
Apc is cell-autonomously required for cell survival in the optic tectum independently of
ectopic Fgf8 signaling
Since TGFP expansion was most striking in the optic tectum (OT), we next examined its
phenotype. At 48 hpf, the OT of apc mutants appeared opaque (Fig. 7A, B). We observed
disruption of otx2 and emx2 expression, but only after 36 hpf (otx2; n=26, Fig. 7C, D;
emx2; n=16, Fig. 7C’, D’). To evaluate whether the tectal collapse was caused by impaired
cell survival, we employed Tunel assay. Starting at 36 hpf, apoptotic cells were detected
throughout the tectum in mutant embryos (Fig. 7E, F; Table 1). Since Tunel detects “nicked”
DNA, initiation of the programmed cell death process must have occurred prior to 36 hpf
and most likely precedes the loss of otx2 and emx2. Since Wnt/β-catenin signaling has been
implicated in control of proliferation in the dorsal midbrain via Wnt1 (Panhuysen et al., 2004),
we investigated proliferation in the wild-type and mutant tectum using PH3 labeling, which
marks cells in M-phase of the cell cycle (Suppl. Fig. 4). At 28 hpf, there was no difference in
proliferation rates between wild-type and apc mutants (data not shown). Surprisingly, the
number of PH3+ cells in the tectum was decreased in apc mutants from 30 hpf (Suppl. Fig.
4A-C). In agreement, pcna expression in the dorsal midline and posterior domain of the
tectum was abolished in mutants, whereas it was induced in the cerebellum (Suppl. Fig. 4D,
E). These data suggest that the apoptosis in the apc tectum precedes loss of tectal marker
gene expression and thus, that loss of tectal markes, such as otx2 and emx2, appears to be
secondary to abnormal cell fates.
To examine whether indirect effects of ectopic Fgf8 from the IsO contributed to the OT
phenotype, we blocked Fgf8 signaling. Treatment with 8 μM SU5402 did not affect tectal
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Figure 7. Tectal cell death in apc mutants is not caused by ectopic Fgf8 signaling
All embryos at 48 hpf (A, B, E-N) Dorsal view, anterior to the left. (C-D;O-P) Transversal sections of the midbrain,
dorsal up. (A, B) Transmission images showing the collapsed ventricles (asterisk) and the opaque tectum (arrowhead)
in apc mutants (B). Dashed lines indicate OT outline, MHB and cerebellum. otx2 (C, D) and emx2 (C’, D’) expression
in optic tectum of apc mutants (D, D’) is abolished. Note the reduction in tectal tissue in mutants. Dashed line
indicates dorsal/ventral midbrain boundary. (E-H) Tunel assay shows that blocking ectopic Fgf8 signalling by 8 μM
SU5402 treatment (G, H) does not rescue cell death in the mutant tectum (H). (I-L) otx2 expression is mainly
unaltered in wild-type (K) and mutant embryos (L) upon SU5402 treatment. Dashed lines indicate OT outline. (M,
N) Tectum and MHB morphology of apc embryo at 48 hpf with wild-type cells transplanted into MHB is similar
to untransplanted apc embryo (compare to A, B). (N) Overlay with fluorescence to show location of transplanted
wild-type cells (green) in MHB (right panel - magnification of boxed area). Dashed lines indicate the MHB and
cerebellum. (O-P) Transverse sections of mutant embryos with transplanted wild-type cells (brown), stained for
otx2 (blue). otx2 is restored in wild-type cells transplanted into apc mutant tectum (boxes in O, O’ magnified in
P, P’). Arrowheads indicate single transplanted cells. Dashed line indicates dorsal/ventral midbrain boundary. ce,
cerebellum; ot, optic tectum; vm, ventral midbrain. Scalebar 125 µm.
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survival in wild-type embryos (n=31; Fig. 7E, G). In apc mutants, tectal survival was
comparable between treated (n=11; Fig. 7H) and untreated mutants (n=7; Fig. 7F). After
SU5402-treatment, otx2 was slightly reduced in ~70% of wild-type embryos (n=29; Fig. 7K),
as compared to untreated wild-types (n=23; Fig. 7I). Similarly to untreated mutants (n=10;
Fig. 7J), there was little otx2 expression in the tecta of treated mutant embryos (n=11; Fig.
7L). Hence, the OT disruption in apc mutants is not caused by ectopic Fgf8, but is directly
or indirectly caused by Wnt/β-catenin hyperactivation in the tectum or by other nonautonomous signals from the disrupted IsO.
To discriminate between these possibilities, we performed transplantations of cells from
wild-type donors into prospective midbrain of mutant hosts. Transplantation of wild-type
cells into the MHB of mutants did not improve MHB and OT morphology (Fig. 7M, N; compare
to Fig. 7A, B). Wild-type cells that were targeted into the OT of mutants were examined for
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Figure 8. Tectal phenotypes of apc mutants are mainly due to stabilization of β-catenin
(A-D, J, K) Lateral view. (F, G) Dorsal view. Anterior to the left (A, C) In apc mutants (B), lef1 expression is diffusely
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otx2 (Fig. 7O, O’). In sections of wild-type tecta (Fig. 7C), otx2 was expressed throughout the
tectum, whereas in mutants, only weak expression was present in the ventral and posterior
tectum (Fig. 7D). The majority of wild-type cells transplanted into mutant tecta expressed
otx2, suggesting that cell-autonomous Apc signaling could rescue otx2 expression in these
wild-type cells (two examples in Fig. 7O, O’; data from 3 independent experiments). In
some cases, mutant cells directly surrounding a group of transplanted wild-type cells also
expressed otx2, indicating that surrounding mutant cells may respond to non-autonomous
signaling from transplanted wild-type cells (data not shown).
Restriction of Wnt/β-catenin signaling is required for survival of the dorsal midbrain
To elucidate the mechanisms underlying the apc OT phenotype, we investigated which LEF/
TCF factor(s) mediate Wnt/β-catenin hyperactivation. As upregulation of TGFP reflects LEF1/
β-catenin signaling, we analyzed lef1 expression. In apc mutants from 36 hpf, lef1 expression
was diffused throughout the OT with loss of the focal expression present in wild-types (Fig.
8A, B). Expression of tcf7 and tcf4 that are also expressed in the OT was also affected in the
mutants (Fig. 8C, D; Suppl. Fig. 3D, E). We next investigated the function of Lef1 in mediating
the apc phenotype. Injecting 1 ng lef1 MO resulted in partial rescue of OT morphology (not
shown) and cell survival (n=12; Fig. 8E-G). Importantly, otx2 expression was also partially
restored in MO-injected apc mutants (Suppl. Fig. 3F-H). Injection of 1 ng lef1 MO had no
effect on cell survival or otx2 expression in wild-type embryos (n=48; Fig. 8E and data not
shown). These data show that the ectopic Wnt/β-catenin signaling leading to tectal cell
death is mainly transduced through Lef1.
Since lef1 MO injection could not fully rescue the phenotype, we examined whether
restoring the ability of Apc to destabilize β-catenin by injection of Apc-GFP mRNA could
rescue the cell death and loss of otx2 expression. Injection of 450 pg Apc-GFP caused strong
reduction of apoptosis (Fig. 8H, Suppl. Fig. 2D-F) in apc mutants, although in a proportion of
embryos, some apoptotic cells were still present (Suppl. Fig. 2E). Similarly, otx2 expression
was restored in the majority of injected apc mutants (Fig. 8I, Suppl. Fig. 2G-I), whereas a
small fraction of mutants still showed a subtle decrease in otx2 expression (Suppl. Fig. 2H).
To confirm that late activation of Wnt/β-catenin signaling causes tectal cell death, we treated
wild-type embryos with 0.3 M LiCl at 28, 30 and 34 hpf and examined apoptosis at 48 hpf.
Treatment at 28 hpf did not cause prominent cell death (2/11 embryos showed presence of
apoptosis; data not shown). Treatment at 30 (n=6; data not shown) and 34 hpf (n=15; Fig.
ventral midbrain boundary. (E-G) Microinjection of 1 ng of a translation-blocking lef1 morpholino into apc mutants
partially restores cell survival as shown by quantification of acridine orange (AO)+ cells (E) and Tunel assay (F,
G). (H, I) Percentage of genotyped mutant, wild-type and heterozygous sibling embryos, showing mutant (white),
intermediate (gray) or wild-type (black) apoptosis (H) and patterning (I) phenotypes upon injection of 450 pg apcGFP mRNA. Microinjection of 450 pg of apc-GFP mRNA into apc mutants significantly rescues cell survival (H) as
well as otx2 expression (I). The number of injected embryos is indicated above the bars. (J, K) Late LiCl treatment
of wild-type embryos at 34 hpf (K) phenocopies apoptosis in the apc mutant tectum (F) as observed by Tunel assay.
Inset – dorsal view. Statistics: (E) two-tailed Student’s t-test, *p<0.02; error bars represent SEM; (H, I) two-tailed
Fisher’s exact probability test for a table of frequency data, *p<0.01. ba, branchial arches; d, diencephalon; h,
hindbrain; MHB, mid/hindbrain boundary; ot, optic tectum; tel, telencephalon. Scalebar 100 µm.
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8J, K) caused mild and severe apoptosis throughout the brain, respectively. The cell death
phenotype caused by LiCl treatment at 34 hpf was, although more severe, very similar to
the distribution of apoptotic cells in apc mutants in the tectum, dorsal forebrain and retina
(Fig. 7F, 8F). Taken together, these findings suggest that late overactivation of Wnt/β-catenin
signaling in apc mutants is mainly transduced through Lef1 and causes extensive cell death
in the tectum.

Discussion
Novel features of Wnt/β-catenin signaling during maintenance of the developing brain
The zebrafish apc mutant allows studies on the effects of overactivation of Wnt/β-catenin
pathway on late brain development. Apc1 is required to maintain patterning within
established brain domains and for maintenance of the ZLI and IsO organizers. The patterning
defects of the apc mutant are accompanied by overactivation of a LEF/β-catenin reporter and
are mainly caused by overactivation of Wnt/β-catenin signaling. Such late analysis has been
precluded in mice, since loss of Apc leads to embryonic lethality (Oshima et al., 1995).
In contrast to the late brain phenotype of apc mutants, a mutation in mbl/axin1 causes
defects during neural plate regionalisation (van de Water et al., 2001; Heisenbert et al.,
2001). Expression of a limited number of regional neural plate markers did not reveal any
abnormalities in apc mutants. Instead, patterning defects occur from 24 hpf when brain
domains have been established. Injection of a translation-blocking apc1 morpholino into apc
mutants results in exaggeration of the brain phenotype and reduction of eyes reminiscent
of the mbl/axin1 phenotype (van de Water et al., 2001). Therefore, the late onset of the apc
phenotype appears to be due to the presence of maternal apc mRNA rescuing neural plate
regionalisation. The observed defects are probably caused by Wnt/β-catenin hyperactivation
during brain maintenance stages. First, the activation of TOPdGFP in conjunction with the
presence of the examined molecular phenotypes occurs only from 24 hpf (Table 1). Second,
treatment at 30 hpf or later with lithium that activates the Wnt/β-catenin pathway by
inhibiting GSK3β results in ectopic Fgf signaling as shown by its target spry4 as well as in
tectal apoptosis, resembling the apc mutant phenotypes. Furthermore, the fact that the
Fgf-dependent phenotypes could be modulated by SU5402 treatment from 24 hpf argues
in favour of a primary nature of these defects. However, it is challenging to pinpoint when
exactly mutant zygotic apc mRNA takes over from wild-type maternal apc transcripts. This
is illustrated by the fact that in some apc mutants, eng2a and wnt1 expression is affected
already at 24 hpf. Therefore, we cannot entirely exclude that some subtle defects may occur
prior to 24 hpf.
Restriction of Wnt/β-catenin signaling by Apc is required for maintenance of secondary
brain organizers and their adjacent territories
The ZLI organizer is determined early in development (Zeltser et al., 2001). From 36 hpf,
shh expression at the ZLI is not maintained in apc mutants. Importantly, at earlier stages,
there was no defect in shh expression, which is in agreement with the finding that shh is
required for induction of diencephalic markers between 12 somites and 24 hpf, but not
for their subsequent maintenance (Scholpp et al., 2006). It has been proposed that Wnt
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signaling from the mid/dorsal roofplate prevents dorsal expansion of shh at the ZLI during
its establishment (Zeltser, 2005; Robertson et al., 2004). It is therefore probable that ventral
expansion of Wnt/β-catenin signaling as reflected by TGFP downregulates shh expression at
the ZLI in apc mutants. However, to understand the consequences of this late downregulation
of shh at the ZLI, further research is required.
Another secondary organizer affected in apc mutants is the IsO. Caudal expansion of fgf8,
wnt1, pax2a and eng2a into the cerebellum coincides with expanded TOPdGFP expression.
Our data supports a model in which Wnt/β-catenin induces fgf8 and eng2a, while induced
Fgf8 induces pax2a, wnt1 and eng2a (Fig. 5M, N). This regulatory network is implicated
in early IsO maintenance (reviewed by Raible and Brand, 2004). We show here that this
network is functional at late maintenance stages as well. Fgf8 has been proposed to be
involved in promoting proliferation in the cerebellar anlage (Foucher et al., 2006; Koster and
Fraser, 2006). It is probable that the increased number of proliferating cells in the mutant
cerebellum is the consequence of the caudal expansion of fgf8, which may act independently
or synergistically with the locally induced mitogenic Wnt1. The data strongly suggest that
Apc-mediated restriction of Wnt/β-catenin signaling is essential for IsO maturation and for
proper cerebellar development.
Apc1 is required for proper proliferation and cell survival in the optic tectum
Loss of function studies in mice demonstrated that Wnt/β-catenin signaling is required for
proper IsO and tectal development. In Wnt1-/- mice, the midbrain and rostral metencephalon
are absent (McMahon and Bradley, 1990). In zebrafish morphants simultaneously lacking
wnt1, wnt10b and wnt3a, expression of pax2a, fgf8 and eng2a at the IsO is not maintained,
leading to extensive apoptosis in the midbrain and cerebellum (Buckles et al., 2004;
Lekven et al., 2003). Surprisingly, ectopic Wnt1 activation in the chick fails to affect the
patterning of the mesencephalic/metencephalic region (Adams et al., 2000). Consistently,
in mice, overexpression of Wnt1 in the IsO region results in overproliferation without
patterning defects (Panhuysen et al., 2004). Our data suggest that presence of downstream
antagonists such as Apc prevents the patterning defects upon overexpression of Wnt ligands.
Accordingly, such defects are revealed in zebrafish apc mutants. It is perhaps surprising that
loss of apc1 caused reduced proliferation in the tectum. An intriguing possibility is that
in the mutants, the early loss of wnt1 expression (Fig. 3E, F, Table 1), which is known to
act as a mitogenic factor in the dorsal neural tube by promoting expression of cell cycle
regulators (Megason and McMahon, 2002), leads to reduced proliferation. In this scenario,
Wnt1, as one of the Wnt ligands expressed at the midline of the midbrain roof plate,
would be required for proliferation in the wild-type tectum. This possibility is supported
by the observed hyperproliferation in the mutant cerebellum that is accompanied by weak
induction of wnt1. It has been proposed that in the dorsal neural tube, overactivation of
Wnt/β-catenin signaling does not induce hyperproliferation due to saturating levels of Wnt1
(Megason and McMahon, 2002). Possibly, endogeneous Wnt/β-catenin signaling in the
dorsal midbrain is already at saturated levels with respect to regulation of the cell cycle.
In this case, hyperactivation of Wnt/β-catenin signaling in apc mutants would not induce
increased proliferation rates. However, since we did not monitor proliferation rates before
28 hpf, we cannot exclude that differences in proliferation rates may exist at earlier stages.
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An alternative possibility is that reduced proliferation may be due to induction of apoptosis,
which is likely initiated around 30 hpf and is only detectable employing Tunel assay at about
36 hpf. Experiments employing a caspase inhibitor (zVADfmk; Sanders and Whitlock, 2003)
could reveal whether proliferation is restored when apoptosis is inhibited.
Our data demonstrate that regulation of Wnt/β-catenin signaling by Apc is required for tectal
survival. Previous studies have reported that either overactivation or reduction of canonical
Wnt signaling can lead to apoptosis (Boras-Granic et al., 2006; Hasegawa et al., 2002;
Damalas et al., 1999). The mosaic analysis suggests that Apc1 can act cell-autonomously
in maintaining proper expression of a tectal marker gene, otx2. Since loss of otx2 in the
mutants is most likely secondary to apoptosis, its recovery in transplanted wildtype cells may,
by inference, suggest their normal survival. Reintroducing the β-catenin- and Axin-binding
domains of Apc in apc mutants restored tectal cell survival. However, some mutant embryos
still portrayed low levels of apoptosis, indicating that β-catenin-independent functions of Apc
in cell adhesion may play a role in maintaining tectal integrity, possibly through interactions
with the cytoskeleton (reviewed by Hanson and Miller, 2005). Rescue experiments using Apc
lacking β-catenin and Axin-binding sites and a β-catenin construct lacking domains necessary
for LEF/TCF-dependent transcription could help unravel contributions of Wnt-independent
functions of Apc and β-catenin, respectively, to the apc phenotype. Hyperactivation of the
pathway in the tectum is chiefly mediated by Lef1, since knockdown of lef1 in apc mutants
partially rescued cell survival. However, tcf7 and tcf4 that are also expressed at low levels in
the dorsal brain (Veien et al,. 2005; Young et al,. 2002) are altered in apc mutants and may
be partially redundant with Lef1. Importantly, we cannot exclude that independently of its
role in Wnt/β-catenin signaling, Apc may act in other signaling pathways controlling cell
survival (Nadauld et al., 2006).

Material and Methods
Zebrafish embryos
Zebrafish embryos were raised and staged as described (Westerfield, 1995). apcCA50a/CA50a is
a lethal recessive zygotic mutant (Hurlstone et al., 2003). For all experiments, apc mutants
and a number of wild-type siblings were selected from the same clutches as indicated by
the experimental numbers throughout the text. All data shown are the result of two to three
independent experiments.
In situ hybridisations, immunohistochemistry and Tunel assay
Whole-mount in situ hybridizations (WISH) were carried out as previously described (Joore
et al., 1994). Antisense DIG (Boehringer, Ingelheim, Germany) riboprobes were synthesized:
apc1 (PCR-amplified with primers 5’-ccgtgtgtactgtgttgagg-3’and 5’-acaggagtgtcttcaatgga-3’),
emx2, emx3 (Morita et al., 1995), eng2a (Ekker et al., 1992), fgf8 (Reifers et al., 1998), lef1
(Dorsky et al., 1999), pax2a (Krauss et al., 1991), pax6.1 (Nornes et al., 1998), pcna (Koudijs
et al., 2005), otx2 (Li et al., 1994), shh (Krauss et al., 1993, tcf4 (Muncan et al,. 2007), tcf7
(Veien et al., 2005), TOPdGFP (Dorsky et al., 2002), wnt1 (Molven et al., 1991), wnt8b (Kelly
et al., 1995).
Whole-mount immunohistochemistry was performed using anti-PH3 antibody (Upstate
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Biotechnology, Lake Placid, NY, USA; 1:200) and Cy3-labeled secondary antibody (Jackson
ImmunoResearch, Suffolk, UK), using DAPI (Sigma) as a nuclear counterstain. Tunel assay
was performed as described (Diks et al., 2006).
Images were obtained using a Zeiss Axioplan Stereomicroscope (Oberkochen, Germany)
equipped with a Leica (Wetzlar, Germany) digital camera and were adjusted for brightness
and contrast using Adobe Photoshop7.0. Fluorescent images were acquired using a Leica
TCS SPE confocal microscope.
Embryo genotyping
DNA sequencing was performed using the primers: forward 5’-cacaatcctaacaagccattc3’, reverse 5’-acacattggtgagattgtgc-3’ and using competitive allele-specific
PCR (KASPar; Kbioscience, Hertfordshire, U.K.) with the primers: WT 5’gaaggtgaccaagttcatgctggttaaagtgctgactaaaaacgcca-3’, mutant 5’-gaaggtcggagtcaacggattgg
ttaaagtgctgactaaaaacgcct-3’ and common primer 5’-atctgcaccgttcccggagctt-3’.
Microinjection of mRNAs and morpholinos
Morpholino oligonucleotides (Gene Tools, Philomath, OR): zf-apc1 (designed to the apc1 5’- UTR):
5’-TGCAGCCATCTTGAACTATCTCTTG-3’; zf-lef1 (ATG) 5’-CTCCTCCACCTGACAACTGCGGCAT-3’
(Dorsky et al., 2002).
One nl synthetic mRNA, prepared from Apc-GFP construct (Miller and Moon, 1997) using
the SP6 mMessage mMachine kit (Ambion, Austin, Texas), was injected into one-cell stage
embryos.
Lithium and SU5402 treatment
0.3 M LiCl was applied for 40 minutes at 28 °C. After washing, embryos were cultured until
fixation.
SU5402 (8 and 25 µM, Calbiochem, La Jolla, CA (Mohammadi et al,. 1997) was added to
dechorionated embryos at 24 hpf. Embryos were cultured in the presence of SU5402 until
fixation.
Transplantations
One-cell donor embryos were injected with a 1:1 mixture of dextran biotin and dextran
tetramethylrhodamine (10.000 MW, Molecular Probes D1820, D1817; Invitrogen, Carlsbad,
CA). Cells of sphere stage donors were transplanted into shield hosts using an oil-filled
micro-injector (Woo and Fraser, 1997) and monitored until 48 hpf. Transplanted cells were
visualized using HRP-coupled ABComplex (DakoCytomation, Glostrup, Denmark) and DAB
(Sigma).
Live embryo labeling and imaging
To determine apoptosis in living embryos, one nl of a 50 µg/ml solution of Acridine Orange
(AO; Sigma) was injected into the yolk of anesthetised 42 hpf embryos. For live imaging of
cerebellum structure, embryos were incubated overnight in 10 µM of Bodipy TR methyl
ester (C34556, Invitrogene) and washed three times with embryo medium before mounting.
Embryos were mounted in 0.75% agarose in embryo medium on coverslips and imaged using
a Leica TCS SPE confocal microscope.
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Quantifications and statistical analysis
The number of PH3+ proliferating cells was counted within the tectum domain using
ImageJ (NIH) software on two confocal z-planes at comparable positions from each embryo.
Apoptotic cell numbers were determined by counting AO-labelled cells present within
the tectum domain on maximum z-projections using ImageJ software. Cell counts were
performed by an experimenter blind to the genotype of the embryos. For statistical analysis,
two-tailed Student’s t-test was performed using Microsoft Excel. A two-tailed Fisher’s exact
probability test for a table of frequency data was performed for the data presented in Fig.
1E, Fig. 6A, Fig. 8H, I and Table 1 (http://faculty.vassar.edu).
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Supplemental Figure 1. Expression of apc1 in wild-type and fgf8 and TGFP during development of apc mutants.
Lateral view. Anterior to the left. (A-D) apc1 expression in wild-type embryos during development. At 24 hpf (A)
and 30 hpf (B), apc1 is expressed in posterior telencephalon, cerebellum and ventral mid- and hindbrain. (C) At 36
hpf, apc1 expression expands dorsally into the tectum and into the anterior telencephalon. (D) At 48 hpf, apc1 is
present throughout the brain. Inset in D – apc1 expression in apc mutant is strongly reduced, indicating non-sense
mediated decay of mRNA. (E-H) Double WISH for fgf8 (blue) and TGFP (red). Insets - dorsal view. Dashed lines
indicate the dorsal midbrain midline, MHB and cerebellum. (E, F) At 30 hpf, fgf8 expression in mutants expands
into the domain ectopically expressing TGFP (arrowheads in F). (G, H) At 36 hpf, fgf8 partially overlaps with ectopic
TGFP in the cerebellum (arrowhead and asterisk in H). di, diencephalon; ce, cerebellum; h, hindbrain; MHB, mid/
hindbrain boundary; ot, optic tectum; tel, telencephalon; vm, ventral midbrain. Scalebar 125 µm.
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(A-C) Lateral view. (D-I) Dorsal view, with
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left. All embryos at 48 hpf.. Phenotypes
of fgf8 expression (A-C), apoptosis (D-F)
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Supplemental Figure 3. Optic tectum phenotypes in apc
mutants are mainly due to overactivated Wnt/β-catenin
signalling
Lateral view. Anterior to the left. (A) LiCl treatments at late
stages cause morphological defects in the eye (arrowhead),
otic vesicles and heart (arrow) similar to the apc phenotype.
(B, C) Upon late LiCl treatment at 30 hpf (C), the Wnt/βcatenin target gene axin2 is enhanced in the dorsal brain
and induced in the ventral brain (n=19; asterisk and arrow).
(D, E). tcf4 is expressed in the optic tectum of wild-types
(D), whereas it is absent from the mutant tectum (n=12;
E) Dashed lines indicate MHB and ventral/dorsal midbrain
boundary. (F-H) Loss of otx2 expression in the apc optic
tectum is restored to near wild-type expression levels (H)
upon Lef1 knock-down using 1ng of lef1 MO (strong rescue
in 50% of apc mutants; remaining mutants show weak
induction; n=23). Insets – dorsal view with eyes removed. d,
diencephalon; e, eye; ot, optic tectum; rh, rhombomere; vm,
ventral midbrain. Scalebar 125 μm.
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Supplemental Figure 4. Reduced proliferation in the tectum
of apc mutants
(A-C) At 30 hpf, confocal analysis identified fewer PH3+ mitotic
cells in the apc optic tectum (B) as compared to wild-types
(A). (C) The reduction of PH3+ cell numbers was augmented
during further development. (D, E) Reduced proliferation is
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expression of pcna in the apc cerebellum (arrows). Statistics:
two-tailed Student’s t-test, *p<0.01. Error bars represent
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Gnl2 and Ns in retinal neurogenesis
Abstract
Correct timing of neural differentiation requires a precise and coordinated regulation of cell
cycle progression, cell cycle exit and acquisition of a specific cell fate. In the vertebrate retina,
several signaling pathway converge in mediating cell cycle exit of dedicated precursors and
their subsequent differentiation into the different neuronal and glial cell types. Recently, a
family of novel nucleolar GTPases containing circularly permutated GTP-binding domains
was implicated in control of cell cycle progression and stem cell maintenance. Here, we
show using zebrafish mutants recovered from forward and reverse genetic screens that two
members of this nucleolar GTPase family, Guanine nucleotide binding-protein-like 2 (Gnl2)
and Gnl3/Nucleostemin (Ns) are required for correct timing of induction of neuronal and
glial cell fates in the retina. In both mutants, differentiation of the first retinal neuronal cell
type, ganglion cells is delayed, followed by delayed differentiation of later-born neuronal
and glial cell types. We show that in both mutants, cell cycle regulation is aberrant as the
cell cycle activator cyclinD1 fails to be timely downregulated, whereas expression of the cell
cycle inhibitor cdkn1c/p57kip2, which mediates cell cycle exit of retinal precursors in order
to undergo final differentiation, is delayed. These data suggest a role of Gnl2 and Ns in cell
cycle kinetics, specifically their requirement for timely cell cycle exit. Gnl2 and Ns function in
a partially redundant manner as gnl2/ns compound mutants portray synergistic exarcabated
phenotypes. This functional redundancy in conjunction with their partially overlapping, but
also mutually excluding expression in time and space, suggests a role for Gnl2 in regulating
proliferation mainly in early uncommitted precursors, whereas Ns appears to be mainly
responsible for regulation of proliferation in later-born neurogenic precursors.

Introduction
Neuronal differentiation during development is a tightly regulated process that requires
coordinated regulation of proliferation, cell cycle exit and cell fate decisions. In the
developing retina, neuronal and glial differentiation occurs in a highly organized manner
in space and time. In the vertebrate retina, six neuronal cell types and one glial cell type
develop that are contained within three layers, namely retinal ganglion cells (RGCs) within
the ganglion cell layer (GCL), amacrine, bipolar and horizontal cells in the inner nuclear layer
(INL) and rod and cone photoreceptors in the outer nuclear layer (ONL; reviewed by Livesy
and Cepko, 2001).
For proper and timely development of these different cell types, selected precursors must exit
the cell cycle and differentiate into each cell type on schedule. During initial differentiation
steps, a proportion of precursors is set aside that remains proliferative and uncommitted
in order to be available for induction and differentiation of later-born cell types. In the
zebrafish, all retinal cell types appear to develop from a homogeneous pool of precursors.
The first neuronal cell type to differentiate is the ganglion cell. The bHLH transcription factor
Ath5 is required for ganglion cell differentiation as has been shown in the zebrafish mutant
lakritz lacking ath5. Retinae of lakritz embryos are characterized by the absence of RGCs
and an excess numbers of later-born retinal cell types such as amacrine and photoceptor
cells (Kay et al., 2001). Although required, Ath5 does not appear to be sufficient to drive
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retinal precursors out of the cell cycle. In the zebrafish, cell cycle exit of dedicated retinal
precursors is at least partially mediated by p57Kip2, a cyclin kinase inhibitor (CKI), which in
turn is induced by Hedgehog signaling (Shkumatava and Neumann, 2005). Other signaling
pathways such as Wnt and Notch have been implicated in promoting proliferation of retinal
precursors (Yamaguchi et al., 2005) in part by promoting expression of positive cell cycle
regulators such as cyclins.
Guanine nucleotide binding protein-like proteins (Gnl) are nucleolar GTPases, among which
Gnl3 (also known as nucleostemin) is best known and has been implicated in control of
the cell cycle and stem cell fate (reviewed by Ma and Pederson, 2008). Gnl proteins are
characterized by circular permutation of their GTPase domains (Reynaud et al., 2005) and
nucleoplasmic-nucleolar shuttling that depends on their GTP-binding state (Meng et al.,
2007, Tsai and McKay, 2005). Apart from interactions of Nucleostemin (Ns) with the tumor
suppressor p53, their exact molecular function is largely unknown. Ns knockout mice die at
blastocyst stages due to complete block of proliferation, precluding further analysis of Ns
function in the mouse.
Here, we analyze effects of zygotic-effect mutations in gnl2 and ns, derived from forward
and reverse genetic screens, respectively, on zebrafish neuronal differentiation with focus
on retinal neurogenesis. Loss of Gnl2 and Ns causes a delay in neuronal differentiation in the
retina. Concomittantly, cell cycle markers fail to be timely downregulated and expression of
cell cycle inhibitors is delayed. Thus, the data show a role for Gnl2 and Ns in control of cell
cycle exit and differentiation of retinal precursors.

Results
A zebrafish mutation from a forward screen portrays unscheduled neuronal differentiation
The bw41c zebrafish mutant was recovered in a forward mutagenesis screen as aberrant
in early neuronal differentiation at 24 hours post-fertilization (hpf) (D.Z., unpublished data;
Suppl. Fig. 1). Morphologically, bw41c mutants are clearly distinguishable from wild-types
as early as 24 hpf as having reduced forebrain, slightly smaller eyes, enlarged epiphysis,
a thinner mid/hindbrain boundary (MHB) and a hyperinflated hindbrain ventricle (Fig.
1A, B). By 48 hpf, the constriction of the MHB resulting from the reduced tissue is more
pronounced (Fig. 1C, D). Homozygous embryos die around 5 days post-fertilization (dpf),
whereas heterozygous embryos develop normally.

Figure 1. The bw41c gene encodes guanine nucleotide binding protein like-2
(A-D) bw41c mutant phenotype at 24 (B) and 48 hpf (D). (A, B) The earliest clearly visible defects in bw41c mutants
are the reduced forebrain (arrow), slightly smaller eyes, thinner mid/hindbrain boundary (MHB; dashed lines) and
slightly hyperinflated hindbrain ventricle. (C, D) At 48 hpf, bw41c mutant embryos (D) are characterized by smaller
eyes, thinner MHB (dashed lines) and severe hyperinflation of the hindbrain ventricle. (E) Positional cloning of the
bw41c mutation by mapping of 1087 mutant embryos. Shown is the genomic candidate region, consisting of 3
overlapping bacterial artificial chromosomes (BACs; black bars) that cover about 350 kb (indicated below the bars)
of chromosome 16. The position of this region on the chromosome is indicated above the bars. The SNPs and SSLPs
used to position the mutation to this region and the numbers of recombinant mutant embryos for these polymorphic

88

Gnl2 and Ns in retinal neurogenesis
B

hv

bw41c

C

WT

D

bw41c

e

e

24 hpf

hv

e

---

WT

-

hv

--

e

- -

- -

A

hv

24 hpf
2 dpf

E
3/455
SNP6958

1/1087
SSLP41

28.2 Mb 40.1 Mb
0 bp

N

WT

phenotype (%)

R

rspo1

gnl2

G

a a c a g t c g a g g t
N
S
stop

bw41c

H

S

100

dnali1

356 kb

atpbd1b
snip1

G

zdhhc18
50

Gnl2 N B1

C

G

60

I

A C

B2

bw41c

a a c a g t t g a g g t
n=110

*p<0.01
n=93

80
60

gnl2 phenotype
intermediate phenotype
WT phenotype

I

C

726 AA

B - basic
C - coiled coil

hv

G - GTP-binding
I - intermediate

WT

A - acidic

J
e

e

- -

F

BX649265
151 kb

l3

41.7 Mb

40.5 Mb

CR524825
BX530064

Chr. 16

5/1087
SSLP63

0/1087
1/1087
SNP42898 SNP54257

--

Zv7:

2 dpf

hv

WT

+ gnl2
MO

40

24 hpf

20
0

uic

24 hpf

475 pg
WT gnl2

markers are indicated above the candidate region. Within the candidate region that is limited by SSLP41 on the left
and SNP54257 on the right are 7 genes that are schematically drawn underneath the bars. (F) Sequencing of the 7
candidate genes resulted in the discovery of a point mutation resulting in a premature stopcodon (c to t) at position
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Expression of proneural genes of the basic helix-loop-helix (bHLH) transcription factors
ashaete-scute complex-like 1a/b (ascl1a/b) and neurogenin1 (ngn1) mark different, often
complementary neurogenesis-competent regions in the developing brain (Müller and
Wullimann, 2005). The expression of these proneural genes was subtly altered in the bw41c
brain from 24 hpf (Suppl. Fig. 1A-P). At 24 hpf, expression of ascl1a was subtly enhanced
in the mutant diencephalon and hindbrain (Suppl. Fig. 1A, B), followed by expansion of
expression domains at 30 and 42 hpf (Suppl. Fig. 1C-F). Expression of ascl1b was expanded
in proneural clusters in the telencephalon, diencephalon and hindbrain from 24 hpf (Suppl.
Fig. 1G-L). Surprisingly, at 30 hpf but not prior to this time, ngn1-expressing clusters in
the telencephalon, diencephalon and tegmentum were reduced in size in bw41c mutants
(Suppl. Fig. 1M, N). At 42 hpf, however, ngn1 expression domains in the dorsal diencephalon,
tegmentum and hindbrain were expanded similarly to ascl1a/b (Suppl. Fig. 1O, P). To
evaluate whether proneural precursors deriving from the expanded proneural domains
would terminally differentiate, expression of HuC/D, which marks early postmitotic neurons,
was examined. Indeed, the neurogenic precursors underwent terminal differentiation, since
expanded HuC/D+ clusters, roughly corresponding to expanded expression of proneural
genes, were observed throughout the brain at 36 hpf (Suppl. Fig. 1Q, R). Together, these
data indicate that the bw41c mutation causes modified kinetics of neuronal differentiation
as proneural and neuronal markers are expanded in comparison to wild-type embryos ahead
of their normal differentiation program.
The bw41c gene encodes guanine nucleotide binding protein-like 2 (gnl2)
To identify the mutated gene in the bw41c mutant, bulked segregant analysis using
chromosome-specific sequence length polymorphisms (SSLPs) was used to place the
mutation on chromosome 16, followed by fine mapping using SSLPs and single nucleotide
polymorphism (SNPs; Guryev et al., 2006; Fig. 1E). Using 1087 mutant embryos, the bw41c
genomic candidate region was narrowed down to approximately 3.5 kb, consisting of 3
overlapping BAC clones and containing seven genes. Sequencing of these seven candidate
genes identified a premature stopcodon in exon 3 of guanine nucleotide binding protein-like
2 (gnl2; Fig. 1E), corresponding to position R53 in the B-domain of the zebrafish Gnl2 protein
(Fig. 1F, G). Since the mutation is located in the B-domain at the N-terminus, thus being Nterminal to the GTP-binding sites that are required for shuttling of Gnl2 to the nucleolus (Fig.
1G), the mutation is predicted to result in Gnl2 loss-of-function (LOF).
To confirm that loss of Gnl2 is responsible for the phenotype, we evaluated the potential of
wild-type gnl2 mRNA to restore morphology of the mutants. Injection of 475 pg, but not of
lower concentrations, of wild-type gnl2 mRNA partially rescued eye and body size (Fig. 1H).
Injection of higher doses of wild-type gnl2 mRNA in wild-types or bw41c mutants resulted
in lethality, which indicates that the level of gnl2 is tightly regulated.
To confirm that the bw41c mutation leads to gnl2 loss-of-function (LOF), we injected
translation-blocking morpholino antisense oligonucleotides (MO) into wild-type embryos.
Indeed, injection of 10 ng gnl2 MO into wild-types phenocopied the bw41c mutant phenotype
(n= 40; Fig. 1I, J, compare to Fig. 1A, B). This was corroborated by the finding that injection
of 0.5 ng gnl2 MO that only subtly affects ca. 25% of wild-type embryos into progeny of
bw41c heterozygous carriers resulted in severe exacerbation of the bw41c phenotype in
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82% of gnl2-/- (n=11) mutant embryos. In addition, injection of 0.5 ng gnl2 MO induced
bw41c-like phenotype in 53% of gnl2+/- (n=17) as opposed to the very mild phenotype in
30% of wild-type embryos (n=10). Hence, the specificity of gnl2 MO is confirmed by its
synergistic action with loss of one gnl2 allele in heterozygous bw41c/gnl2S embryos. Since
the phenotype of gnl2-/- mutant embryos injected with 0.5 ng gnl2 MO was exacerbated as
compared to uninjected gnl2-/- embryos, it is plausible that the bw41c mutation behaves as a
hypomorph. This hypomorphy is caused by the presence of maternal mRNA and/or protein
that masks the complete Gnl2 LOF phenotype, a phenomenon typical for zebrafish zygoticeffect mutations.
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Figure 2. The gnl3/nucleostemin mutant and its phenotype
(A) In a Tilling reverse genetic screen, a nonsense mutation resulting in a premature stopcodon at position E117
in exon 5 of guanine nucleotide binding protein-like 3 (gnl3), also known as nucleostemin (ns), was identified. (B)
The top panel shows multiple alignment of Ns orthologues in Drosophila melanogaster (dm), Homo sapiens (hs),
Mus musculus (mm) and Danio rerio (dr) that reveals conservation of the mutated sequence. Below is a schematic
drawing of the Ns protein with the position of the nshu3259 mutation indicated by the vertical black line. Since the
mutation is located upstream in the protein and N-terminally to the GTP-binding domains that are required for
nucleolar shuttling, it is predicted to result in loss of Ns function. (C-F) The earliest visible defects that emerge
around 24 hpf in ns mutants (D) are the reduced forebrain (arrow), slight reduction in eye size, thinner mid/
hindbrain boundary (MHB; dashed lines) and slightly hyperinflated hindbrain ventricle. (E, F) At 48 hpf, ns mutant
embryos (F) are characterized as having smaller eyes, thinner MHB (dashed lines) and severe hyperinflation of the
hindbrain ventricle. (G) Injection of 500 pg of wild-type ns mRNA results in partial rescue of the nshu3295 phenotype.
The partial rescue consisted of increased size of the total embryo, head and eyes. Number of embryos injected
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Figure 3. Expression of gnl2 and ns transcripts during brain and retinal development
(A-E) Expression of gnl2 in wild-types (A-C) and gnl2 mutants (D, E). At 24 hpf (A), gnl2 is expressed throughout
the brain with higher expression levels in the dorsal diencephalon, retina (A’), optic tectum and hindbrain. At
30 hpf (B), expression pattern of gnl2 is more restricted (B) and at 48 hpf (C), gnl2 expression is present only in
the retina (see also C’), dorsal diencephalon, posterior optic tectum and hindbrain. In the retina, gnl2 expression
is progressively restricted from ubiquitous with higher levels in retinal precursors directly surrounding the lens
(outline indicated by dashed circle) at 24 (A’) and 30 hpf (B’) to restricted to the ciliary marginal zone at 48 hpf
(C’). (D, E) gnl2 expression in the gnl2 mutant brain is reduced at 30 hpf (D), but ubiquitously increased at 48 hpf
(E). (F-J) Expression of ns in wild-types (F-H) and ns mutants (I, J). At 24 (F) and 30 hpf (G), ns is expressed in the
dorsal diencephalon, retina (see also F’), optic tectum and hindbrain. At 48 hpf (H), ns expression is present only
in the retina (see also H’), dorsal diencephalon, posterior optic tectum and hindbrain. In the retina, ns expression
is progressively restricted from ubiquitous with higher levels in retinal precursors directly surrounding the lens
(outline indicated by dashed circle) at 24 (F’) and 30 hpf (G’) to restricted to the ciliary marginal zone at 48 hpf (H’).
(I, J) Expression of ns in the ns mutant brain is reduced at 30 (I) and 48 hpf (J), indicating non-sense mediated decay
of the mutant transcript. All images are lateral view with anterior to the left and dorsal to the top. Boxed insets
show lateral view of dissected eye with outline of the lens indicated with the dashed circle). d, dorsal diencephalon;
h, hindbrain; ot, optic tectum. Scalebar 125 µm.

A mutation of gnl3/nucleostemin results in phenotypes similar to loss of gnl2
Gnl3/nucleostemin (Ns) is the closest family member of Gnl2 and has been implicated in cell
cycle control and stem cell maintenance (Tsai and McKay, 2002). To compare the function
of Gnl2 and Ns in regulation of neuronal differentiation, we employed the Tilling method
(Wienholds et al., 2004) to generate a nonsense mutation in the ns gene. We identified a
nonsense mutant allele, nshu3259, further referred to as ns that contained a premature stop
codon in exon 5 of the ns gene corresponding to position E117 in the zebrafish Ns protein
(Fig. 2A, B). The resulting phenotype is reminiscent of the phenotype of another ns mutant
allele generated by a viral integration screen (Amsterdam et al., 1999; see also www.zfin.
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org). This similarity and the fact that the ns mutation resides N-terminal to the G-domains
required for nucleolar-nucleoplasm shuttling of Ns (Fig. 2B), suggest that the ns mutation
represents Ns LOF.
Homozygous ns mutants are morphologically distinct from wild-type siblings around 22 hpf.
At 24 hpf, when phenotypic penetrance approximates 100%, ns mutants were characterized
by reduced forebrain, expanded epiphysis, reduced MHB and hyperinflated hindbrain
ventricle (Fig. 2C, D). At 48 (Fig. 2E, F) and 72 hpf (not shown), ns mutants were generally
smaller than their wild-type siblings, including smaller eyes and heads. ns+/- embryos were
phenotypically normal. To confirm that the ns phenotype is due to ns LOF, wild-type ns
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(A, B) Phenotypes of gnl2, ns and gnl2/ns compound mutants at 36 (A) and 72 hpf (B). At 36 hpf, gnl2/ns compound
mutants (bottom right) show enhanced reduction of the forebrain (arrow) and optic tectum, a more rounded eye
shape, with enhanced hyperinflation of the hindbrain ventricle as compared to the single gnl2 (bottom left) and
ns (top right) mutants. At 72 hpf (B), the total length of the compound mutant is dramatically reduced (bottom
panel) as compared to the slight reduction of ns and moderate reduction of gnl2 total embryo length (middle
panels). Furthermore, the head and eye size reduction is enhanced in compound mutants, indicating synergistic
phenotypes. (C) Injection of 475 wild-type gnl2 mRNA into ns mutants (left) or 500 pg wild-type ns mRNA into gnl2
mutants was able to partially restore head and eye size, indicating that Gnl2 and Ns have compensatory capacities
and therefore, may have at least partially overlapping functions. Number of embryos injected indicated above the
bars. Statistics: two-tailed Fisher’s exact probability test for a table of frequency data with p-values indicated above
the bar (*p<0.01). (A, B) Lateral view, anterior to the left and dorsal to the top. e, eye; hv, hindbrain ventricle; ot,
optic tectum. Scalebar 250 µm.
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mRNA was injected into progeny of ns+/- fish. Injection of 500 pg wild-type ns mRNA, but
not of lower concentrations, partially rescued the embryo size, including eye size (Fig. 2G).
Injection of higher doses of ns mRNA caused lethality.
Gnl2 and Ns have (partially) redundant functions.
To investigate possible redundant functions of Gnl2 and Ns, expression of their transcripts
was determined (Fig. 3). Prior to 24 hpf, gnl2 and ns were expressed throughout the embryo,
with highest levels of expression in the eyes and brain (data not shown; see also www.
zfin.org at the gene expression page). At 24 hpf, gnl2 was expressed throughout the brain,
with higher levels of expression in the optic tectum, retina and hindbrain (Fig. 3A, A’). At
30 hpf, gnl2 expression concentrated to the optic tectum, retina and hindbrain, whereas
it was diminished in the remaining brain domains (Fig. 3B, B’). At 48 hpf, gnl2 expression
was restricted to the posterior tectum and hindbrain, dorsal diencephalon and to the
ciliary marginal zone (CMZ) in the retina, which is tiny ring of cells surrounding the lens that
retain proliferative activity (Fig. 3C, C’). These expression domains correlate to regions of
the zebrafish brain and retina that remain proliferative. In the gnl2 mutants, expression of
gnl2 was decreased at 30 hpf, initially suggesting non-sense mediated decay of the mutant
transcript (Fig. 3D). Intriguingly, gnl2 expression was upregulated throughout the mutant
brain at 48 hpf (Fig. 3E), suggesting a compensatory transcriptional response. Expression
levels of ns throughout the brain (Fig. 3F, G) were generally more restricted as compared to
gnl2 expression at 24 and 30 hpf (Fig. 3A, B). Similarly to gnl2 expression, high levels of ns
expression correlated with regions containing proliferative activity such as the optic tectum,
retina and hindbrain (Fig. 3F-H). At 48 hpf, ns was expressed in the optic tectum, dorsal teland diencephalon, hindbrain and in the retinal CMZ (Fig. 3H). In ns mutants, ns transcripts
were decreased at 30 and 48 hpf (Fig. 3I, J), indicating non-sense mediated decay of the
mutant transcript.
Although we do not know the expression of Gnl2 and Ns proteins in the zebrafish, the
similarities and overlapping expression patterns of gnl2 and ns mRNAs in combination
with their similar morphological phenotypes suggest that Gnl2 and Ns may function
redundantly. In order to investigate this, gnl2/ns compound carriers were generated
and the phenotypes of their progeny, of which 1/16 is expected to portray a compound
Figure 5. Delayed RGC differentiation in the gnl2 and ns mutant retina
(A-F) Expression of ath5 that marks retinal progenitors during last cell cycle prior to acquisition of retinal ganglion
cell (RGC) fate and proceeds in a wave-like manner through the retina is at 36 hpf absent apart from a few cells in
gnl2 mutants (B), whereas it was reduced, but normally patterned in ns mutants (C). At 48 hpf, the ath5 expression
wave was completed in gnl2 (E) and ns (F) mutants. (G-L) Expression of the RGC marker irx1a at 36 hpf was absent
and reduced in gnl2 (H) and ns (I) mutants, respectively. At 48 hpf, the irx1a expression in the ganglion cell layer
was relatively normal in ns mutants (L), whereas it was disorganized and reduced in gnl2 mutants (K). (M-R)
Immunolabelings to the RGC marker zn8 (red) with DAPI nuclear counterstaining (blue) at 48 (M-O) and 72 (P-R)
hpf show that the gnl2 GCL remains disorganized and reduced at 72 hpf (Q) as compared to 48 hpf (N), which
suggests impaired RGC differentiation. In ns mutants, the GCL layer, which is incomplete at 48 hpf (O) has extended
from the central retina to surround the lens (dashed circle) at 72 hpf (R), suggesting that RGC differentiation was
delayed, but does occur eventually. Insets show single fluorescence view of Zn8 (red) and DAPI (blue). Dashed
circle indicates the outline of the lens. (A-L) Lateral view of dissected left eyes, anterior to the left. (M-R) Maximum
projection of confocal z-stacks of laterally mounted embryos, anterior to the left and dorsal up. Scalebar 25 µm.
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phenotype, were examined. Prior to 36 hpf, compound gnl2/ns mutants did not appear
much different from the gnl2 single mutant. From 36 hpf onwards, double mutants were
recognizable as having a synergistic phenotype resulting in further reduction of eye size and
more severe hyperinflation of the hindbrain ventricle (Fig. 4A). At 72 hpf, the body length of
the compound mutants was dramatically reduced as compared to the wild-type and gnl2 or
ns single mutant siblings (Fig. 4B). Furthermore, the reduction of head and eye size was even
more pronounced. These synergistic phenotypes suggest that gnl2 and ns indeed function
redundantly.
To investigate their redundancy further, we tested whether misexpression of wild-type gnl2
or wild-type ns mRNA was able to improve the ns and gnl2 mutant phenotypes, respectively.
Indeed, injection of 475 pg of wild-type gnl2 mRNA into ns mutants was able to partially
restore head and eye size (Fig. 4C). Conversely, injection of 500 pg of wild-type ns mRNA
into gnl2 mutants resulted in partial rescue (Fig. 4C), indicating that gnl2 and ns are able to
compensate at least partially for loss of the other gene.
Loss of Ns and/or gnl2 causes delayed cell cycle exit and delayed differentiation of retinal
progenitors
The decrease of expression levels of gnl2 and ns during development are reminiscent of
the decrease in proliferation that occurs as brain development proceeds. In addition, the
remaining expression domains at 48 hpf such as the posterior tectum and CMZ in the retina
represent regions that are known to maintain their proliferative capacity in postembryonic
stages. These facts are highly suggestive of a function of gnl2 and ns in proliferation. This
possibility is supported by the published in vitro data that suggest a role for Ns in cell cycle
control.
Control of proliferation and neuronal differentiation has been extensively studied in the
zebrafish retina. The zebrafish retina is easily accessible for analysis of cell fate acquisition as
it consists of a highly ordered structure containing a limited number of neuronal cell types.
In order to investigate the gnl2 and ns mutant phenotypes in relation to proliferation and
differentiation further, we turned to analysis of retinal neurogenesis in gnl2, ns and gnl2/ns
compound mutants.
Prior to 28 hpf, all neural retina precursors are proliferating. Expression of the bHLH
transcription factor ath5 marks retinal progenitors preceding cell cycle exit and is first induced
in the ventronasal retina (Kay et al., 2001, 2005). Subsequently, its expression progresses
through the retina, preceding the wave of retinal ganglion cell (RGC) differentiation. In gnl2
mutants, only a few cells expressing ath5 were present in the retina at 36 hpf, contrasting its
broad expression in wild-type retinae (Fig. 5A, B). At 48 hpf, ath5 expression in gnl2 mutants
was present throughout the prospective RGC layer, similarly to ath5 expression in wild-types
(Fig. 5D, E), suggesting a delay in RGC proneural commitment and persistence of precursor
fate. In contrast, ath5 expression in ns mutants was relatively normal at 36 hpf, but failed to
become timely downregulated at 48 hpf (Fig. 5A, C, D, F), suggesting extended maintenance
of proneural precursor fate.
Expression of irx1a, a marker for differentiated RGCs, whose expression progresses in a wavelike pattern subsequent to ath5, was initially absent in gnl2 mutants (Fig. 5G, H) and was
reduced and disorganized at 48 hpf (Fig. 5J, K), suggesting a failure of proneural precursors
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to terminally differentiate on schedule. In ns mutants, RGC differentiation was delayed as
there was little irx1a expression at 36 hpf (Fig. 5G, I). However, irx1a expression catches up
and has spread through the retina at 48 hpf in ns mutants (Fig. 5J, L). These data suggest
delayed proneural commitment in gnl2 mutants and delayed terminal RGC differentiation in
the ns and gnl2 mutant retina. Immunolabeling to zn8 that labels mature RGCs corroborates
the delay in RGC differentiation (Fig. 5M-R). At 72 hpf, the RGC layer (GCL) in ns mutants was,
although reduced in size, normally patterned (Fig. 5P, R, Fig. 6A, C). In contrast, the GCL in
gnl2 mutants remained poorly differentiated with RGCs being localized only in the central
retina behind the eye (Fig. 5P, Q, Fig. 6A, B). In gnl2/ns compound mutants, differentiated
RGCs were only present in a small portion of the central retina, showing a synergistic effect
of loss of Gnl2 and Ns on RGC differentiation (Fig. 6A-D).
These data indicate a clear difference between gnl2 and ns mutant as to how these mutations
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affect RGC differentiation. In gnl2, the proneural wave is delayed, which is followed by
delayed and reduced final RGC differentiation. In contrast, ns mutants show a normal
proneural wave and show only a delay in terminal RGC differentiation.
Loss of gnl2 and/or ns does not lead to cell fate changes in the retina
Hypothetically, loss of gnl2 and/or ns may lead to cell fate alterations and transdifferentiation
of proneural precursors into neuronal cell types other than RGCs or even into glia. To evaluate
this possibility, expression of markers for other retinal cell types was investigated.
Differentiation of amacrine cells that starts around 35 hpf was reduced at 48 hpf in gnl2
and ns mutants as observed using HuC/D labeling, which labels RGCs and amacrine cells
in the inner nuclear layer (INL; Fig. 6E-G). Next, photoreceptors that start to differentiate
around 43 hpf, were examined using the zpr1 antibody (Fig. 6H-K). In gnl2 mutants,
zpr1+ photoreceptors were present only in the central retina (Fig. 6I). In ns mutants, the
photoreceptors were present almost throughout the outer nuclear layer (ONL), indicating
their normal differentiation (Fig. 6J). In gnl2/ns compound mutants, no photoreceptors
were observed (Fig. 6K). Müller glial cells are the last cell type in the zebrafish retina that
undergo differentiation at 48 hpf. As examined using zrf1/GFAP labeling, Müller glial somata
were present in the GCL in relatively normal pattern in ns mutants (Fig. 6N) and appeared to
properly extend processes towards the apical surface. In contrast, Müller glial somata and
their processes were reduced in gnl2 mutants (Fig. 6M). In addition, there was an ectopic
expression of zrf1 in tissue directly surrounding the lens or in the lens itself. In compound
gnl2/ns mutants, Müller glia were almost entirely absent (Fig. 6O).
DAPI nuclear counterstaining (Fig. 6I-K) and histological stainings (data not shown) clearly
showed disorganized retinal structures in gnl2, ns and gnl2/ns compound mutants. In gnl2
mutants, the GCL, INL and ONL could be distinguished at 4 dpf, but the layers appeared
disorganized (Fig. 6I). In contrast, ns mutants showed normal layering at 4 dpf, although
the layers were reduced in width (Fig. 6J). Compound gnl2/ns mutant retinal layering was
strongly disorganized (Fig. 6K).
Taken together, these data show that the impaired RGC differentiation due to loss of gnl2 or
ns is not accompanied by adoption of alternate cell fates by the retinal neural precursors.
In addition, the data show that the timing of neuronal and glial differentiation is affected
more strongly in gnl2 mutants that do not attain normal differentiation of these cell types
at all. The combined loss of gnl2 and ns causes even more severe delay in differentiation up
to a point that the last retinal cell types to differentiate (photoreceptors and Müller glia) are
absent or strongly reduced. Since the mutants start dying around 5 dpf, the data suggest
that in the gnl2 and compound mutants, the differentiation does not catch up as is the case
in ns mutants.
Loss of gnl2 and ns results in increased expression of cell cycle markers
Delayed terminal neuronal differentiation of retinal precursors may be due to the inability
of precursors to properly exit the cell cycle. In the zebrafish retina, the cell cycle regulator
CyclinD1 (Ccnd1) promotes proliferation, whereas p57Kip2 inhibits G1-S-phase transition
by inhibiting proliferating cell nuclear antigen (PCNA)-mediated DNA replication (Watanabe
et al., 1998) as well as by inhibiting cyclinD-CDK4/6 complexes (reviewed by Besson et al.,
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2008). In wild-type retinae, ccnd1 expression that is present throughout the retina at 28 hpf,
is progressively restricted during retinal neurogenesis to become limited to only the CMZ at
48 hpf (Fig. 7A). In gnl2 and ns mutants, ccnd1 remained expressed in the central retina (Fig.
7B, C), indicating that retinal precursors remained in cell cycle instead of exiting the cell cycle.
Conversely, expression of the CDK inhibitor cdkn1c/p57kip2 that is required for cell cycle exit
in the retina was reduced in the gnl2 retina at 36 hpf (not shown). At 48 hpf, p57kip2 was
present in gnl2 and ns retinae (Fig. 7D-F), whereas it was already downregulated in the wildtype retina, suggesting a delayed cell cycle exit in both mutants.
Loss of gnl2 leads to premature cell cycle exit and neurogenesis in the brain
The above data show that in the gnl2 mutant retina, cell cycle exit and terminal neuronal
differentiation are delayed. In addition, retinal precursors continue to express cell cycle
regulators and show delayed expression of cell cycle exit markers. Surprisingly, the loss
of Gnl2 causes premature neuronal differentiation in the developing brain (Suppl. Fig.1).
These data suggest that Gnl2 may regulate neurogenesis differently in the brain and retina.
Expression of the cell cycle regulator ccnd1 was upregulated and expanded at 28 and 48 hpf
in the gnl2 mutant brain similarly to the continued expresion of ccnd1 in the retina (Fig. 8A,
B, E, F). In contrast to the retinal context, where p57kip2 was reduced at 36 hpf, p57kip2
was expanded in the 36 hpf brain as compared to the wild-types (Fig. 8C, D), suggesting that
in the brain, premature cell cycle exit occurs at 36 hpf. At 48 hpf, p57kip2 expression in the
brain was reduced in the fore- and dorsal midbrain as compared to wild-types (Fig. 8G, H).

Discussion
Gnl2 and Ns have redundant functions during retinal differentiation
Here, we show that mutations in gnl2 or ns cause delayed cell cycle exit and neuronal
differentiation of retinal precursors. In gnl2 mutants, expression of ath5, which marks
neurogenic precursors, and its progression through the retina was delayed. In contrast,
timing of ath5 induction and its progression was relatively normal in ns mutants. Both
mutants showed a reduction and delay in retinal ganglion cell formation. Differentiation
of other retinal cell types was also reduced, suggesting a general delay of differentiation
in the retina due to loss of Gnl2 or Ns. The prolonged expression of a cell cycle activator
(ccnd1) and delayed expression of a cell cycle inhibitor (cdkn1c/p57kip2) in gnl2 and ns
single mutants suggests that the delayed differentiation is due to retinal precursors failing
to exit the cell cycle on time.
The synergistic further delay of neuronal differentiation in gnl2/ns compound mutant
retinae indicates that Gnl2 and Ns have at least partially redundant functions in cell cycle
exit and neurogenesis. The differences in phenotype between gnl2 and ns mutants can be
due to several reasons. First, expression of gnl2 and ns transcripts suggest that ns expression
is more restricted than that of gnl2 during early development (<48 hpf). Regarding their
respective requirements for cell cycle progression, an attractive hypothesis is that Gnl2
is required for initial proneural commitment, whereas Ns is required for terminal RGC
differentiation. Hence, Gnl2 may function in unrestricted primary precursors, whereas Ns
may function in later neurogenic precursors. This possibility is supported by the fact that the
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synergistic effect on phenotype severity in gnl2/ns compound mutant becomes apparent
only from 36 hpf, suggesting that at this stage, the additional loss of Ns causes aggravation
of the loss of gnl2 phenotype. Of note is that the loss of maternally provided protein and/or
mRNA might be different between the genes and may mask earlier phenotypes. Therefore,
it would be very interesting to analyze proliferation, expression of cell cycle regulators and
neurogenesis in gnl2 and ns mutants that have been injected with gnl2 and ns translationblocking morpholino’s to reduce contribution of maternally provided mRNA.
A role for Gnl2 and Ns in cell cycle progression
In vitro as well as in vivo knockdown of Ns causes G1-S phase arrest and reduced proliferation
(Tsai and McKay, 2002, Beekman et al., 2006, Zhu et al., 2006, Ma and Pederson, 2007, Dai et
al., 2008). This cell cycle arrest may be mediated by p53 activation, which is known to mediate
G1 and/or G2-M cell cycle arrest (reviewed by Vousden, 2006). In contrast, ns mutants only
show phenotypes starting around 24 hpf, suggesting that presence of maternal Ns protein
and/or mRNA mediates normal early development and may masks possible effects on
proliferation at later stages as well. At present, we do not know whether and if so, how cell
cycle progression and proliferation rates are affected upon loss of Gnl2 and Ns. Preliminary
data suggest that the number of mitotic cells is reduced in gnl2 and ns mutant retinae at 34
hpf (J.P., data not shown). Possibly, loss of Gnl2 and Ns leads to cell cycle arrest. However,
we show here that in the retina, slowing of the cell cycle does not lead to premature cell
cycle exit. Cell cycle exit of retinal progenitors can be forced by overexpression of the CKI
p57Kip2 in zebrafish (Shkumatava and Neumann, 2005). The delayed expression of p57Kip2
in gnl2 and ns mutants suggests that the delayed neuronal differentiation is due to defective
cell cycle exiting, which could be downstream of reduced p57Kip2 expression. However, at
later stages, p57kip2 expression and cell cycle exit are induced, suggesting that Gnl2 and Ns
do not act by direct regulation of CKIs such as p57Kip2, but rather by slowdown of cell cycle
progresion per se and thus, of cell cycle exit. To test this hypothesis, further experiments are
required. For example, FACS analysis for DNA content using propidium iodide is expected to
determine progresion of distinct cell cycle phases. As we do not know the cell cycle kinetics
in the mutant retinae, applying a BrdU pulse to mark cells at S-phase and determine the
fraction of BrdU+ cells that express the mitotic marker phosphohistone-3 at several time
points after the BrdU pulse, would be very informative, as it provides an estimation of cell
cycle length. We have initiated these experiments.
How to reconcile the differential effects of Gnl2 LOF on neuronal differentiation in the brain
versus retina?
The fact that Gnl2 LOF causes premature neuronal differentiation in the brain and delayed
neuronal differentiation in the retina is puzzling. Actually, based on the in vitro data on Gnl
protein function in proliferation, one would expect that loss of Gnl2 would cause a reduction
in proliferation rates. Our preliminary data support this possibility (J.P., data not shown).
This could either result in cell death or premature exit from the cell cycle and premature
differentiation. Programmed cell death is present in gnl2 and ns mutant brains (data not
shown; see also Chapter 5 of this thesis). In addition, the data shown here suggest that in
the gnl2 mutant brain, premature cell cycle exit and premature neuronal differentiation
occur as well. Simultaneously, cell cycle exit and neuronal differentiation are reduced in the
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gnl2 retina.
A possible explanation for this discrepancy is that the relation of cell cycle kinetics and
neurogenesis is different between the brain and retina. Several studies have presented
observations that support this possibility. In the mouse developing brain, progenitors
undergoing neurogenic divisions have been shown to have a longer cell cycle than progenitors
undergoing proliferative (uncommitted) divisions (Calegari et al., 2005). In addition, forcably
lenghtening the cell cycle by specific inhibition of cyclin-dependent kinases was sufficient
to trigger premature neurogenesis in the mouse telencephalon (Calegari et al., 2003). In
contrast, in the zebrafish retina, the cell cycle progression slows down from an average
cycling period of ca. 10 hours prior to 16 hpf to ca. 40 hours between 16 and 24 hpf. Between
24 and 36 hpf, cell cycle progressison speeds up again to a cell cycle period of about 9 hours
between 24 and 36 hpf (Li et al., 2000). This period of shorter cycle times corresponds to
the cell cycle exit and differentiation of retinal neural precursors. Hence, dividing neurogenic
progenitors in the zebrafish retina tend to have shorter cell cycles (Baye and Link, 2007).
Activation of Hedgehog signaling in Xenopus and zebrafish causes shortening of G1 and
G2 phases and premature cell cycle exit (Locker et al., 2006). In the zebrafish mutant
disarrayed, the cell cycle is lenghtened as shown by BrdU/PH3 labelings concomittantly to
delayed differentiation of all retinal cell types (Baye and Link, 2007). Unfortunately, there is
no data published on the relation of longer cell cycle and neurogenesis in the brain of these
disarrayed mutants, preventing further conclusions.
These data support the hypothesis that in the brain, cell cycle lenghtening promotes
neurogenesis, whereas in the retina, cell cycle shortening promotes neurogenesis. Further
experiments will be required to determine how this is differentially regulated between brain
and retina.

Material and methods
Zebrafish embryos and fish maintenance
Zebrafish embryos were raised and staged as previously described (Westerfield, 1995). The
gnl2bw41c mutation was recovered in a forward genetic screen, whereas the nshu3259 mutation
was generated in reverse genetic screen using the Tilling method (Wienholds et al., 2004).
All mutant embryos were genotyped by nested PCR, followed by Taqa1 restriction and
fragment length electrophoresis for gnl2 and DNA sequencing for ns mutants, using the
following primers: PCR1 gnl2-1 5’-ggtgcctgtctgttaatcaag-3’, gnl2-4 5’-gcgctatacacgcatttaac3’ ; PCR2 gnl2-2 5’-5’-ttacacatttgccacagacc-3’, gnl2-3 5’-tgcagcaaagacattggtag-3’ and
PCR1 ns-1 5’-taggt caacattgcccaac-3’, ns-4 5’- gagagtatcaaacacatgcagag-3’; PCR2 ns-2 5’tttctcactattccaggttcg-3’, ns-3 5’-tgttgagttcttggcatttg -3’.
Plasmid construction.
pCS2+MT-d-Gnl2 (MT; myc-tagged expression vector) and pCS2+MT-d-Ns constructs
were constructed as follows. Full-length 2.2 kB Gnl2 (NM_213224) and 1.6 kB Ns (NM_
001002297) cDNAs were obtained by reverse transcription of 48 hpf wild-type zebrafish
embryo-derived total RNA, followed by PCR using Phusion proofreading Taq polymerase
(Finnzyme, Espoo, Finland) according to manufacturer’s instructions. The primers used
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were: Gnl2-F 5’-ttgaattcaaagatgttaagg-3’, Gnl2-R 5’-aactcgagttatcgcttggctcgatt-3’ and Ns-F 5’ttgaattcagacatgaagagaccga agttgaag-3’, Ns-R 5’-aactcgagttacacaaagtctgtgtt-3’ that contained
a EcoRI and XhoI restriction site, respectively. Subsequently, the PCR product was cloned
into the EcoRI-XhoI sites of the pCS2+MT expression vector. All constructs were verified by
sequencing.
In situ hybridizations and immunohistochemistry.
In situ hybridizations and immunohistochemistry were performed as previously
described (Diks et al., 2006). DIG-labeled riboprobes were synthesized according to
manufacturer’s instructions (Roche ): ascl1a, ascl1b (Allende and Weinberg, 1994),
ath5 (Masai et al., 2000), irx1a (Cheng et al., 2001), ngn1 (Blader et al., 1997). gnl2
and ns probes were synthesized by direct riboprobe synthesis using T3 RNA polymerase
on purified PCR products for gnl2 exon 13 and ns exons 10 to 15 that were obtained
using the following primers: Gnl2-exon13F 5’-taatacgactcactataggAGGCGATGC
TGGAAATG, Gnl2-exon13R 5’-aattaaccctcactaaagggGGAGAAGTGCTTTGACTTGG-3’ and
Ns-exon10-15F 5’-taatacgactcactataggCAACAGTGCAATCAGCAG-3’, Ns-exon10-15R 5’aattaaccctcactaaagggGTCAGGTCAGTGTTGACTGG-3’. Probes to ccnd1 (NM_131025) and
p57kip2/ cdkn1c (NM_001002040) were synthesized on PCR products using the following
primers: Ccnd1-exon1/2F 5’-taatacgactcactataggGACTCGAGCTCCAGCTTTC-3’, Ccnd1exon1/2R 5’-aattaaccctcactaaagggAGGAAGTTGGTGAGGTTCTG-3’, and Cdkn1c-exon1F 5’taatacgactcactataggAAACAAACGTCGGCTCAC-3’, Cdkn1c-exon1R 5’-aattaaccctcactaaaggg
GAGGACTGAAGAACGAGCTG-3’. As a template for PCR, cDNA, synthesized from 48 hpf
zebrafish embryo-derived total RNA was used. All PCR products were verified by sequencing.
Antibodies used were α-zn8 (ZIRC, 1:50), α-zrf1 (ZIRC, 1:1000), α-zpr1 (ZIRC, 1:10), α-HuC/
D (Molecular Probes, 1:200), followed by a Cy3-conjugated secondary antibody (Jackson
ImmunoResearch, Suffolk, UK).
Microinjections.
A translation-blocking morpholino oligonucleotide was designed to the ATG of gnl2 (5’TCCCCTTGAATTTTGCCTTAACCAT-3’; Gene Tools, Philomath, OR) and was injected into onecell stage embryos using pulled glass micro-pipettes. Capped mRNAs were synthesized using
the mMESSAGE mMACHINE kit (Ambion). Wild-type gnl2 and ns mRNA was injected in a
range of 400 to 500 pg into one-cell stage embryos.
Imaging.
In situ images were obtained using a Zeiss Axioplan Stereomicroscope (Oberkochen,
Germany) equipped with a Leica (Wetzlar, Germany) digital camera. Fluorescent labelings
were imaged using a Leica TCS SPE confocal microscope using 20× magnification. Images
were adjusted for brightness and contrast using Adobe PhotoshopCS2.
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Suppl. Fig. 1. Expression of proneural and neuronal differentiation markers in the developing gnl2 mutant brain
(A-F) Expression of the proneural factor ascl1a is subtly expanded in gnl2 mutant diencephalic proneural clusters
(arrow in B) and hindbrain (arrowheads) at 24 hpf. At 30 hpf, ascl1a expressing clusters of gnl2 mutants are
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hpf, expression of ascl1b is slightly expanded in the gnl2 mutant midbrain (arrow in L) and hindbrain (arrowheads).
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Role of p53 in Gnl2 and Ns mutant phenotypes
Abstract
The tumor suppressor p53 is important mediator of damage-induced cell cycle arrest and
programmed cell death. p53 levels are tightly regulated by the E3 ubiquitin ligase Mouse
double minute homolog 2 (Mdm2). A nucleolar GTPase, nucleostemin (Ns) regulates p53
activity by interacting with Mdm2. Here, we show that p53 activation underlies programmed
cell death-induction in zebrafish carrying null mutations for ns and a related nucleolar
GTPase, gnl2. Transcriptome changes in gnl2 mutants show upregulation of components
of the p53-mediated programmed cell death pathway, such as bax and gadd45a. Genes
involved in positive control of the cell cycle, such as the histones hist2h2l and h2afx, and
in cell cycle arrest such as cdkn1bl and ccng1¸ are also upregulated, indicating changed
cell cycle kinetics in gnl2 mutants. Several genes encoding ribosomal proteins involved
in ribosome biogenesis, such as rpl22l, rps16 and rpl30, were downregulated, indicating
that ribosome biogenesis and subsequent protein synthesis levels may be affected. In the
developing retina of gnl2 mutants, cell cycle exit and differentiation of neuronal cell types
is delayed. Additional ablation of p53 in compound gnl2/p53 zygotic-effect mutants does
not rescue impaired retinal ganglion cell differentiation. The data suggest that the impaired
neurogenesis in gnl2 mutants may not depend on activated p53 signaling and p53-mediated
cell cycle arrest.

Introduction
The tumor suppressor p53 mediates stress- and damage-induced arrest of the cell cycle.
Under normal physiological conditions, p53 levels are kept low through activity of an E3
ubiquitin ligase named Mouse double minute homolog 2 (Mdm2) that targets p53 for
degradation by the proteasome. Under stress conditions, such as DNA damage, hypoxia
and oxidative stress, Mdm2-mediated degradation of p53 is inhibited as a consequence of
inhibition of or sequestering of Mdm2 into the nucleolus. It has been shown that nucleolar
sequestering of Mdm2 is mediated by the tumor suppressor p14ARF and that various other
nucleolar proteins such as the ribosomal proteins L5, L11 and L23 can inhibit Mdm2 activity
(reviewed by (Gallagher et al., 2006; Gilkes et al., 2006). The release from Mdm2-mediated
degradation leads to stabilization of p53 and transcriptional activation of p53 target genes
(reviewed by (Riley et al., 2008), such as p21 that inhibits cyclin-CDK complexes, thereby
inducing G1 cell cycle arrest (reviewed by Besson et al., 2008).
A novel family of nucleolar guanine nucleotide binding protein-like (Gnl) proteins that contain
circularly permutated GTP-binding domains was shown to shuttle between the nucleoplasm
and the nucleolus depending on their GTP-binding state (Meng et al., 2007; Tsai and McKay,
2005). The best known Gnl family member, Gnl3 (better known as nucleostemin (Ns), has
been linked to cancerous state and maintenance of stem cell fate through its function in
cell cycling and was shown to interact with Mdm2 and p53 (reviewed by (Ma and Pederson,
2008b). Although Gnl proteins have the capacity to shuttle between the nucleoplasm and
nucleolus, Gnl family members were observed to mainly reside in the nucleolus (Tsai and
McKay, 2002; Tsai and McKay, 2005). Nucleolar versus nucleoplasmic localization of Ns and
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a related Gnl protein, Gnl2, depends on a number of protein domains, i.e. the N-terminal
basic (B) domain, the GTP-binding sites and the intermediate (I) protein domain that
contains a nucleoplasm localization signal preventing non-GTP bound protein from entering
the nucleolus (Meng et al., 2006; Meng et al., 2007; see also Chapter 1 of this thesis).
Reportedly, Ns is upregulated in several cancer cell lines and its downregulation is associated
with initiation of differentiation (Tsai and McKay, 2002). In vitro knockdown of Ns causes
p53-mediated G1 cell cycle arrest as a consequence of enhanced sequestering of Mdm2 to
the nucleolus through enhanced binding to the ribosomal proteins L5 and L22 (Dai et al.,
2008). The authors proposed that Ns competes with the ribosomal proteins L5 and L22 for
binding to Mdm2. Hence, in the absence of Ns, Mdm2 is sequestered into the nucleolus by
L5 and L22. Surprisingly, not only knockdown, but also overexpression of Ns, induces p53stabilization through enhanced Ns binding to and inhibition of Mdm2. These results suggest
that the levels of Ns should be tightly regulated in order to sustain cell cycling.
In mice, Ns is essential for blastocyst formation, since Ns-/- murine null embryos are arrested
at blastocyst stages due to a complete block in proliferation (Beekman et al., 2006; Zhu et
al., 2006). Strikingly, crossing Ns+/- mice to p53 null mice did not improve survival of Ns-/mice (Beekman et al., 2006). In agreement, combined in vitro knockdown of the ribosomal
proteins L5 and L22 and Ns caused only partial rescue of proliferation, although p53 activity
levels were normal (Dai et al., 2008). These data suggest that there are also p53-independent
functions of Ns in regulation of the cell cycle.
Although hypothetically similar to Ns, the mechanism of action and function of Gnl2, a Ns
related protein, is unknown. Here, we examine the gene expression profile of zebrafish
gnl2 mutants that was recovered from a forward genetic screen for mutations affecting
neurogenesis. The molecular signature of Gnl2 loss-of-function (LOF) is characterized by
upregulation of p53, mdm2 and other members of the p53-apoptosis pathway. In addition,
several ribosomal proteins are downregulated. Examination of the role of p53 upregulation
in zebrafish gnl2 and ns mutants shows that p53 activation is mainly responsible for causing
the extensive apoptosis present in gnl2 and ns mutant brains and retinae. In contrast, we
show that aberrant retinal neurogenesis described previously (Chapter 4 of this thesis) does
not depend on zygotic p53 activation.

Results
Gene expression changes upon loss of Gnl2
A zebrafish mutant from a forward genetic screen was previously shown to contain a mutation
in the guanine nucleotide binding protein-like 2 (gnl2) gene, leading to loss of zygotic Gnl2
function (Chapter 4 of this thesis). Morphologically, gnl2 mutants are recognizable from
about 22 hpf as having reduced forebrain, slightly smaller eyes and a thinner mid/hindbrain
boundary (MHB; Fig. 1A).
The S. cerevisiae orthologue of Gnl2, Nog2p, is involved in ribosome biogenesis (Saveanu
et al., 2001). Since little is known about the function of Gnl2 in vertebrates, we set out to
examine the gene expression profile of gnl2 mutant versus wild-type embryos by means of a
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micro-array. In order to limit the contribution of secondary induced gene expression changes
as much as possible, we examined the gene expression at the onset of the morphologically
apparent, but extremely subtle, phenotype at 22 hpf (Fig. 1A, B). As a control for embryo
sorting efficiency with respect to phenotype-genotype correspondence, half of the testsorted gnl2 mutant embryos were genotyped and the other half used for RNA isolation. Of
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Figure 1. Gene profile in 22 hpf gnl2 mutant versus wild-type embryos
(A, B) Earliest morphologically apparent phenotype of gnl2 mutants at 22 hpf, consisting of reduced forebrain
(arrow and dashed lines), a thinner mid/hindbrain boundary (MHB) and smaller eyes. (C) Differentially expressed
genes upon loss of Gnl2 at 22 hpf, categorized according to Gene Ontology (GO) function. A GO function was found
for 23 out of the 44 total downregulated genes and 64 out of 96 total upregulated genes. (D-I) Confirmation of
reduced expression of gnl2 (D, E) and increased expression of the direct p53 transcriptional targets mdm2 (F, G)
and ccng1 (H, I) in gnl2 mutants (E, G, I) as shown by in situ hybridization. (A, B, D-I) Lateral view, anterior to the
left. Scalebar 125 μm.
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the test-sorted collected embryos, 92% were genotypically gnl2-/- mutants (n=75), with the
remaining 8% consisting of gnl2+/- siblings.
Statistical analysis revealed 96 significantly up- and 44 downregulated genes with an at least
1.5-fold change in expression and a p-value <0.05 (Suppl. Table 1). Of these genes, 64 upand 26 downregulated genes had a known Gene Ontology (GO) biological process function
(Fig. 1C).
Functional characterization of the downregulated genes showed that about 30% of
downregulated genes are regulators of transcription (zbtb16, rdbp, vsx2, otp, pcid2, sox2,
pias4) or genes encoding proteins involved in ribosome biogenesis (rpl22l1, rps16, rpl30,
gnl2). Furthermore, several pro-apoptotic and apoptosis-mediating genes (dedd1, dap1b,
gadd45gl, dnase1l3) were downregulated. In the upregulated group of genes, many
components of the p53-cell death pathway were present (p53, bnip3, bax, vrk2, gadd45al,
sesn3, casp8, ccng1). Importantly, expression of mdm2, which is a direct target of p53, was
also upregulated. Several genes involved in positive regulation of cell cycle progression
(hist2h2l, h2afx), but also cell cycle arrest (ak1, np, cdkn1bl, ccng1, sesn3) were upregulated
as well. In addition, several transcription factors (p53, fos, foxo5, gtf3a) and regulators of
transcription (hdac10, cited2) showed enhanced expression. Almost 25% of the upregulated
genes are involved in protein modifications such as (de)phosphorylation, or in mediating
protein degradation.
To confirm the micro-array results, in situ hybridizations were performed on gnl2 mutant,
and wild-type, heterozygous gnl2 siblings for two direct transcriptional targets of p53,
mdm2 (Wu and Levine, 1997) and ccng1 (Okamoto and Beach, 1994). In agreement with the
microarray data, in situ hybridizations showed reduction of gnl2 (Fig. 1D, E) and induction
of mdm2 (Fig. 1F, G) and ccng1 expression (Fig. 1H, I) in the gnl2 mutant brain at 22 hpf.
Expression of these genes was indistinguishable between wild-type and gnl2+/- embryos.
p53 activation causes apoptosis in gnl2 and ns mutants
Since p53 that is prominantly upregulated in gnl2 mutants is known to activate programmed
cell death, we examined cell survival in gnl2 and ns mutants. Indeed, more apoptotic cells
were observed throughout the brain of gnl2 (n=8. Fig. 2B) and ns mutants (n=6; Fig. 2C) at
30 hpf as compared to wild-types (Fig. 2A). The highest occurrence of apoptotic cells was
observed in the dorsal midbrain and hindbrain. At 30 hpf, sporadic apoptotic cells were also
observed in the retina. At 48 hpf, severe apoptosis was present throughout the gnl2 brain
(n=6; Fig. 2E). In ns mutants, dramatic apoptosis was observed in the optic tectum with
lower levels of apoptosis in the tel- and diencephalon, and hindbrain (Fig. 2F). To evaluate
the contribution of p53 activation to the gnl2 and ns phenotypes, a p53 translation-blocking
morpholino was injected and apoptotic cells were evaluated at 30 (data not shown) and 48
hpf by Tunel assay (Fig. 2G-I). Injection of 1 ng of p53 MO, a concentration previously shown
to rescue apoptosis induced by mdm2 knockdown (Langheinrich et al., 2002), dramatically
reduced the occurrence of apoptosis throughout the brain and retinas in both mutants
(n=16 ns and n=13 gnl2 mutants versus n=57 wild-type/heterozygous siblings; Fig. 2H, I),
albeit not rescuing the cell survival completely. These results were confirmed using Acridine
orange staining to detect apoptotic cells in live embryos (data not shown). The contribution
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(A-I) Tunel assay showing apoptotic cells in gnl2 and ns mutants at 30 (A-C) and 48 hpf (D-F). At 30 hpf, apoptotic
cells are present in the gnl2 (B) and ns (C) dorsal midbrain and hindbrain. At 48 hpf, dramatic apoptosis is present
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survival in wild-types (D, G). (J-Q) Morphological defects such as smaller eyes, reduced forebrain and optic tectum,
thinner MHB and hyperinflated hindbrain ventricle (K, M) are improved upon injection of p53 MO into gnl2 (O)
and ns (Q) mutants. Injection of p53 MO had no effect on wild-type morphology (J, L, N, P). All images lateral view,
anterior to the left. di, diencephalon; e, eye; h, hindbrain; ot, optic tectum; tel, telencephalon. Scalebar 125 μm.
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of activated p53 signal to the phenotype is reflected in ameliorated optic tectum, MHB and
the hindbrain ventricle inflation (Fig. 2J-Q). However, the eye and head size of the MOinjected mutants remained noticeably smaller in comparison to their wild-type siblings (Fig.
2J-Q).
Taken together, these data show that the activation of p53 caused by loss of Gnl2 or Ns
induces programmed cell death. However, the reduction of head and eye size observed in
gnl2 and ns mutants is only partially rescued upon knockdown of p53, suggesting that the
phenotypes are not completely due to p53 activation. Alternatively, we deal here with a
partial knockdown and higher concentrations of p53 MO would be required to completely
rescue the phenotype.
p53 activation is not involved in delayed neuronal differentiation in the gnl2 retina
As knockdown of p53 does not appear to rescue the mutant cell death phenotype fully,
we investigated p53-dependence of other phenotypes. We previously showed that Gnl2
LOF causes a delay and ultimate failure of proper differentiation of retinal ganglion cells
(RGCs), which is the first neuronal cell type to start differentiation in the retina around 30
hpf (Chapter 4 of this thesis). This delay in RGC differentiation might be due to a slowdown in
cell cycle progression, as expression of markers for cell cycle exit is delayed in gnl2 mutants
and numbers of mitotic cells are reduced (data not shown; see also Chapter 4 of this thesis).
To evaluate whether p53 activation causes delayed cell cycle progression and followed by
delayed terminal differentiation, we investigated RGC differentiation in gnl2 mutants upon
reduction of p53. Translation-blocking morpholino’s are usually active only during the first
2 days of zebrafish development and their activity at 3 dpf cannot be established with
certainty. Since the retinal differentiation starts rather late (only after 1.5 dpf) we ablated
zygotic p53 function by crossing gnl2 mutants into a previously described zebrafish tp53M214K
mutant line, generated by Tilling (Berghmans et al., 2005).
Expression of irx1a that marks immature differentiating RGCs was examined at 36 and 48
hpf. The irx1a expression domain that proceeds in a wave through the retina from 30 to
38 hpf in wild-types (Fig. 3A), was absent in single gnl2 (n=8; Fig. 3B) and compound gnl2/
p53 mutants (n=3; Fig. 3C) at 36 hpf. At 50 hpf, irx1a expression had extended through the
ganglion cell layer (GCL) in wild-types to completely surround the lens (Fig. 3D). In contrast,
the irx1a expression domain was irregular and did not completely surround the lens in single
gnl2 (n=6; Fig. 3E) and compound mutants (n=3; Fig. 3F) at 50 hpf, indicating a similar delay
in RGC differentiation in gnl2 and gnl2/p53 compound mutants.
To evaluate whether RGC differentiation eventually catches up, we examined RGC
differentiation at 48 (not shown) and 72 hpf using zn8 immunolabeling that marks mature
RGCs. In gnl2 mutants at 72 hpf (Fig. 3H, K), differentiated RGCs were only present in the central
retina, whereas in wild-types (Fig. 3G, J), the GCL completely surrounded the lens, suggesting
that RGC differentiation is impaired. In gnl2/p53 compound mutants, differentiation of RGCs
was impaired similarly to single gnl2 mutants, as differentiated RGCs were observed only
in the central retina at 48 (n=4; not shown) and 72 hpf (n=3, Fig. 3I, L). These results were
confirmed by analysis of expression of ath5, which marks retinal progenitors during the last
cell cycle before differentiating into RGCs and was reduced in a similar fashion in gnl2 and
gnl2/p53 mutants (data not shown). Of note is that a slight increase in RGCs as observed by
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Fig. 3. Zygotic loss of p53 does not restore impaired RGC differentiation in gnl2 mutants
(A-F) Expression of the early RGC-marker irx1a at 36 (A-C) and 50 hpf (D-F). In wild-types, irx1a expression proceeds
in a wave-like manner through the retina at 36 hpf (A) to completely surround the lens at 50 hpf (D). In gnl2 mutants,
irx1a expression is absent at 36 hpf (B) and fails to properly extend throughout the ganglion cell layer (GCL) at
50 hpf (E). The irx1a expression domain of gnl2/p53 compound mutant is absent at 36 hpf (C) and disorganized
at 50 hpf (D). (G-L) Immunolabeling to zn8 (green) that marks mature RGCs with DAPI nuclear counterstaining
(blue) shows lack of a fully formed GCL in gnl2 mutants at 72 hpf (H, K). In gnl2/p53 compound mutants (I, L),
differentiated RGCs were present only in the central retina and had failed to extend around the lens, in contrast
to wild-types where the GCL had extended to completely surround the lens (G, J). The optic nerve size was similar
between single and compound mutants (arrowheads in K, L). (A-F) Lateral view of dissected eyes, anterior to the
left, dorsal up. (G-I) Lateral view, anterior to the left, dorsal up. (J-L) Dorsal view, anterior to the left. Dashed lines
indicate outline of the lens. Scalebar 25 μm.

zn8 and irx1a expression appeared to be present in the central retina of a minority of gnl2/
p53 compound mutants, suggesting that minor contribution of p53 activation to impaired
neurogenesis to the central retina only, cannot be excluded with certainty.

Discussion
In this study, we show the transcriptome changes upon loss of a nucleolar GTPase, Gnl2. The
gene profile shows activation of the p53-mediated cell death pathway as well as changes
in expression of several transcription factors, cell cycle regulators and ribosomal proteins
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involved in protein translation. These data suggest that next to the previously proposed
interactions between the Gnl2-related protein Ns with the p53-Mdm2 regulatory loop, Gnl2
may regulate p53 activity in a similar manner to Ns.
Loss of the nucleolar GTPases Ns or Gnl2 leads to p53 activation
Ns is a nucleolar GTPase that has recently been implicated to function in control of p53
activity by regulation of the E3 ubiquitin ligase Mdm2 (Dai et al., 2008). Since Ns is mainly
localized in the nucleolus and Mdm2 in the nucleoplasm, it is probable that nucleoplasmic
Ns-Mdm2 interaction occurs only in situations in which Ns is relocated to the nucleoplasm.
Nucleoplasmic relocalization of Ns is predicted to happen during nucleolar dismantling
during mitosis and in certain (nucleolar) stress situations. Previous in vitro studies have
reported that both overexpression or depletion of Ns leads to cell cycle arrest through
activation of p53, supporting a model in which Ns-depletion causes ribosomal proteinmediated sequestering of Mdm2 and Ns overexpression causing increased binding to and
inhibition of nucleoplasmic Mdm2 (Dai et al., 2008). A recent study, however, has proposed
a different mechanism. The authors showed that Ns-Mdm2 interactions occurs when Ns
is released into the nucleoplasm and that this interaction stabilizes Mdm2 by inhibiting
its ubiquitination and degradation, preventing p53 activation (Meng et al., 2008). These
conflicting data indicate that the exact mechanisms and functions of Ns during physiological
conditions remain unknown.
The relevance of the p53-related proposed function of Ns in vivo also remains unresolved,
since survival of Ns-\- mice was not restored upon crossing to p53 null mice (Beekman et
al., 2006). We show here that the apoptosis in the zebrafish ns mutant can be reduced
by knockdown of p53, which suggests that in ns mutants, the induction of programmed
cell death is p53-dependent. However, the observation that ns mutants remain smaller in
size as compared to wild-types suggests that loss of Ns may affect other processes such as
proliferation as well. Indeed, our preliminary data suggest reduction of mitotic cell numbers
in gnl2 and ns mutants (data not shown).
It has not been examined yet whether Gnl2 can interact with p53 and Mdm2 in a similar
fashion to Ns. Here, we show that loss of Gnl2 leads to upregulation of tp53 and mdm2
expression. Since mdm2 and tp53 itself are direct targets of p53-mediated transcription
(Berghmans et al., 2005), mdm2 upregulation suggests that p53 transcriptional activity
is increased and thus that p53 is stabilized. However, further functional and biochemical
experiments are required to confirm a direct interaction between Gnl2 and p53/Mdm2.
Our results show that concomitant to the loss of Gnl2, p53 activation leads to activation
of programmed cell death (reviewed by Kuribayashi and El-Deiry, 2008) through likely
direct p53-mediated transcription of the pro-apoptotic genes bnip3 (Fei et al., 2004), bax
(reviewed by Zinkel et al., 2006), gadd45a (Kastan et al., 1992) and ccng1 (Kimura and
Nojima, 2002; Zhao et al., 2003). The p53 activation also leads to upregulation of several
genes that mediate cell cycle arrest, such as sesn3 (Budanov and Karin, 2008).
Hypothetically, p53 stabilization may, apart from inducing apoptosis, (temporarily) induce
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cell cycle arrest at the G1 or G2-M phase checkpoints. In the gnl2 mutant retina, induction
of apoptosis appears to be accompanied by slowing of cell cycle progression and delayed
final cell cycle exit, which precedes differentiation into mature RGCs (Chapter 4 of this
thesis). Importantly, we show here that reduction of p53 function in gnl2 mutants does not
appear to restore the timing of RGC differentiation in gnl2 mutants. One drawback of these
data is the fact that maternal wild-type p53 mRNA and/or protein may mask early aspects
of the contribution of p53 activation to the gnl2 phenotype. An argument supporting the
relevance of our data is that p53M214/M214K mutants showed restistance to radiation-induced
apoptosis already at 24 hpf (Berghmans et al., 2005). Hence, the contribution of maternally
provided p53 is likely to be small, certainly so in view of the late onset of RGC differentiation
phenotypes (>30 hpf). To confirm depletion of p53 in gnl2/p53 compound mutants, p53
activity could be checked by analyzing transcription of direct p53 target genes, such as
mdm2 and p21/ckdn1a.
Although p53-mediated cell cycle arrest may be prevented by deletion of p53, it is possible
that loss of Gnl2 induces cell cycle arrest by other mechanisms. Currently, we are investigating
the distinct phases of the cell cycle by FACS analysis in order to find out whether cell cycle
arrest occurs at all in gnl2 and ns mutants, and which phase of the cell cycle is affected. One
clue from preliminary data is the irregular shape and reduced number of phosphohistone-3
labeled mitotic nuclei in ns and gnl2 mutants (data not shown), which suggests that G2M phase transition and/or M-phase may be affected. This would fit well with previously
published observations of G2-M phase cell cycle arrest upon in vitro depletion of Ns (Meng
et al., 2008). Further experiments that examine cell cycle progression in gnl2 and ns mutants
depleted of p53 will be required to establish the exact contribution of p53 activation to the
cell cycle arrest in these mutants.
p53-independent functions of Gnl2
Apart from its interaction with Mdm2, Ns has previously been shown to interact with a
number of nucleolar proteins, such as nucleophosmin and RSL1D1 (Ma and Pederson,
2008a; Meng et al., 2006). Two recent studies have found that Ns is required for processing
of pre-rRNA into mature rRNA in C. elegans and human cell lines (Kudron and Reinke,
2008; Romanova et al., 2008). The altered expression of a number of ribosomal and other
proteins involved in translation in gnl2 mutants suggests that Gnl2 LOF may affect ribosome
biogenesis as well. The changes in expression of a number of genes involved in cell cycle
control suggests that, although these changes may be indirect or compensatory, other cell
cycle components apart from protein synthesis and p53 regulation may be affected by loss
of Gnl2.

Material and Methods
Zebrafish embryos and fish maintenance
Zebrafish embryos were raised and staged as previously described (Westerfield, 1995). The
gnl2bw41c mutation was recovered in a forward genetic screen, whereas the nshu3259 mutation
was generated in a reverse genetic screen using the Tilling method (Wienholds and Plasterk,
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2004). All mutant embryos were genotyped by nested PCR, followed by Taqa1 restriction
and fragment length electrophoresis for gnl2 and DNA sequencing for ns mutants, using the
following primer pairs: PCR1 gnl2-1 5’-ggtgcctgtctgttaatcaag-3’, gnl2-4 5’-gcgctatacacgcattt
aac-3’ ; PCR2 gnl2-2 5’-5’-ttacacatttgccacagacc-3’, gnl2-3 5’-tgcagcaaagacattggtag-3’ and
PCR1 ns-1 5’-taggtcaacattgcccaac-3’, ns-4 5’- gagagtatcaaacacatgcagag-3’; PCR2 ns-2 5’- tttct
cactattccaggttcg-3’, ns-3 5’-tgttgagttcttggcatttg -3’.
Microarray hybridization and analysis
Total RNA was isolated from 40 gnl2 and 40 wild-type embryos at 22 hpf using Trizolchloroform, followed by isopropanol precipitation. Subsequently, RNA quality was checked
using capillary gel electrophoresis (BioAnalyzer, Agilent Technologies, Santa Clara, CA, USA).
Complementary DNA (cDNA) synthesis cDNA was generated using the low RNA input linear
amplification kit and labeled with Cy3 or Cy5-CTP (Perkin-Elmer, Waltham, MA, USA). Upon
purification using Rneasy column (Qiagen, ) and fragmentation, labeled cRNA was hybridized
to the zebrafish 22K 60-mer oligonucleotide microarray (G2518A-001, Agilent) at 60 °C for
17 hours. Subsequently, slides were scanned using a microarray slide scanner (Agilent).
Two independent biological repeats starting from independent total RNA isolations were
performed. Genes with Fold-Change > 1.5, were selected and uploaded (www.genetools.no)
for gene ontology analysis according to the Gene Ontology category “biological process”.
In situ hybridizations, immunohistochemistry and Tunel assay
In situ hybridizations and immunohistochemistry were performed as previously described
(Diks et al., 2006). DIG-labeled riboprobes were synthesized according to manufacturer’s
instructions (Boehringer, Ingelheim, Germany): ath5 (Masai et al., 2000), irx1a (Cheng et
al., 2001). Antibodies used were α-zn8 (ZIRC, Eugene, OR, USA; 1:50), followed by a Cy3conjugated secondary antibody (Jackson ImmunoResearch, Suffolk, UK). Tunel assay was
performed as described previously (Diks et al., 2006).
Microinjections
1 ng of p53 morpholino oligonucleotide (5’-GCGCCATTGCTTTGCAAGAATTG-3’; Langheinrich
et al., 2002; Gene Tools, Philomath, OR) was injected into one-cell stage embryos using
pulled glass micro-pipettes.
Imaging
In situ and Tunel images were obtained using a Zeiss Axioplan Stereomicroscope (Oberkochen,
Germany) equipped with a Leica (Wetzlar, Germany) digital camera Fluorescent labelings
were imaged using a Leica TCS SPE confocal microscope. Images were adjusted for brightness
and contrast using Adobe PhotoshopCS2.
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Supplemental Data
Supplemental Table 1. Differentially expressed genes in the gnl2 mutant at 22 hpf.
FC

Accession number

gene

-3.81

NM_213224

gnl2

Gene description

-2.52

NM_199635

zbtb16

-2.49

TC292700

rdbp

-2.43

ENSDART00000004535

rpl22l1

-2.42

AI332111

-

-2.29

NM_131450

rrm2

ribonucleotide reductase M2 polypeptide

-2.13

CN021167

mylk4

myosin light chain kinase family, member 4

guanine nucleotide binding protein-like 2 (nucleolar)
zinc finger and BTB domain containing 16
negative elongation factor E (NELF-E)
ribosomal protein L22-like 1
EST

-2.10

CK676039

-

-2.03

NM_212719

cyp17a1

EST

-2.00

Q9DA70

-

-1.94

NM_199554

gldc

-1.88

Q9I9M3

dedd1

death effector domain-containing 1

-1.82

NM_131573

dap1b

death associated protein 1b

-1.79

NM_131462

vsx2

visual system homeobox 2 protein

-1.77

NM_131605

fabp7a

fatty acid binding protein 7, brain, a

-1.72

TC289829

rps16

-1.70

NM_199905

-

-1.65

NM_131100

otp

-1.62

NM_205636

ccdc95

coiled-coil domain-containing protein 95.

-1.62

TC268925

hadhb

dehydrogenase/3-ketoacyl-Coenzyme A thiolase

-1.62

NM_199779

pdia4

protein disulfide isomerase associated 4

-1.62

TC293546

eomesa

-1.62

NM_001007381

pcid2

PCI domain containing 2

-1.61

NM_001002594

sgce

sarcoglycin, epsilon

-1.61

AL719470

-

-1.60

NM_194376

ptma

-1.59

CN019163

-

-1.59

NM_213226

gadd45gl

-1.58

AL714971

-

-1.57

NM_213118

sox2

cytochrome P450, family 17, subfamily A, polypeptide 1
EST
glycine dehydrogenease (decarboxylating)

40S ribosomal protein S16
hypothetical protein zgc:56148
orthopedia protein

eomesodermin homolog a

EST
prothymosin, alpha
EST
growth arrest and DNA-damage-inducible, gamma like
EST
SRY-box containing gene 2

-1.57

NM_199870

ythdf3

-1.57

NM_001002543

zgc:92791

YTH domain family 3

-1.56

NM_203479

rtn4rl2a

reticulon 4 receptor-like 2 a

-1.55

TC281646

dnase1l3

deoxyribonuclease I-like 3

-1.55

NM_194388

tuba1

tubulin, alpha 1

-1.54

NM_212991

hnrpkl

heterogeneous nuclear ribonucleoprotein K, like

-1.54

NM_199653

dbr1

debranching enzyme homolog 1

-1.53

ENSDART00000016113

rpl30

ribosomal protein L30

zgc:92791
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FC

Accession number

gene

-1.53

NM_212971

ccni

-1.52

NM_175576

plp1a

proteolipid protein 1a

-1.51

Q6IS20

pias4

protein inhibitor of activated STAT, 4

-1.51

BC050513

hnrpa0l

heterogeneous nuclear ribonucleoprotein A0, like

-1.51

NM_200185

tuba8l4

tubulin, alpha 8 like 4

-1.50

NM_153669

tram

1.50

NM_213022

ywhag

1.50

NM_199645

eif4ebp1

eukaryotic translation initiation factor 4E-binding protein 1

1.50

NM_131146

cyp26a1

cytochrome P450, subfamily XXVIA, polypeptide 1

1.52

NM_194418

sepw2b

selenoprotein W, 2b

1.52

NM_207101

b3galt2

UDP-Gal:betaGlcNAc beta 1,3-galactosyltransferase, polypeptide 2

1.52

O42495

-

1.53

BC056746

cdkn1bl

1.53

ENSDART00000026821

-

1.53

NM_001003866

gtf3a

general transcription factor IIIA

1.55

NM_130921

nccrp1

nonspecific cytotoxic cell receptor protein 1

1.55

NM_200144

upp2

1.55

Q7PV92

casps4

1.55

CK016047

-

1.55

NM_001005932

tars

1.55

NM_001003459

crhbp

1.57

NM_13132

lcp1

1.57

O88396

grpel2

1.58

NM_001003993

ak1

adenylate kinase isoenzyme 1

1.59

Q7T1B0

hbbe2

hemoglobin beta embryonic-2

1.59

NM_212982

fancl

fanconi anemia, complementation group L

1.60

NM_001002228

rhbdf1

rhomboid family 1

1.61

NM_201308

cnk

polo-like kinase 3

1.61

NM_001002462

dusp23

1.61

Q7RTV5

-

1.62

NM_131798

bcmo1

1.62

Q6NYG0

np

1.63

NM_199775

hdac10

1.63

NM_205641

txn2

1.63

NM_200117

hist2h2l

1.63

TC290770

-

1.63

NM_001002100

zgc:86896

1.64

NM_001003856

rbm12

1.64

NM_001002126

guk1

1.65

NM_001002454

gtpbp10

1.65

CK865583

-
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Gene description
cyclin I

translocating chain-associating membrane protein
3-monooxygenase/tryptophan 5-monooxygenase activation protein, gamma
polypeptide

EST
cyclin-dependent kinase inhibitor 1b, like
EST

uridine phosphorylase 2
caspase short class
EST
threonyl-tRNA synthetase, cytoplasmic
corticotropin releasing hormone binding protein
lymphocyte cytosolic plastin 1
GrpE protein homolog 2, mitochondrial precursor

dual specificity protein phosphatase 23
beta-carotene 15,15’-monooxygenase 1
nucleoside phosphorylase
histone deacetylase 10
thioredoxin, mitochondrial precursor
histone 2, H2, like
hypothetical protein
swan (RNA binding motif protein 12)
guanylate kinase
GTP-binding protein 10
EST
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FC

Accession number

gene

1.65

CO350465

-

Gene description

1.66

NM_001001815

igf2b

insulin-like growth factor 2b

1.68

NM_200220

stard10

START domain containing 10

1.68

Q6NVV7

-

1.69

O14730

riok3

serine/threonine-protein kinase RIO3

1.70

P52198

rnd2

Rho family GTPase 2

1.70

NM_201073

h2afx

H2A histone family, member X

1.70

NM_200062

rrs1

1.71

NM_001006045

cited2

Cbp/p300-interacting transactivator 2

1.71

NM_213181

ptp4a3

protein tyrosine phosphatase type IVA, member 3

1.71

AL718997

znf593

zinc finger protein 593

1.72

NM_213635

he1

1.73

NM_198363

tob1a

transducer of ERBB2, 1a

1.75

NM_201307

ndel1b

nudE nuclear distribution gene E homolog like 1

1.78

Q10751

ace

1.79

BC083506

gapdh

glyceraldehyde-3-phosphate dehydrogenase

1.79

Q6QNY1

bloc1s2

biogenesis of lysosomal organelles complex-1, subunit 2

1.80

NM_001006074

tpk1

1.81

CO355987

-

1.83

NM_200373

sri

1.85

NM_200100

hig1

1.86

BM316955

-

1.87

NM_212939

zgc:85932

1.88

NM_212770

cpn1

1.98

CK707186

-

EST

1.98

CK026189

-

EST

2.02

Q14353

gamt

2.03

CN325859

-

2.06

NM_001005999

ctsll

2.16

NM_212693

bnip3

2.18

NM_001002039

fga

2.28

CN022313

-

2.32

Q9JKD3

scamp5

2.35

NM_001002506

lyrm1

2.37

NM_001002734

tspan18a

2.54

BG985817

-

EST

-

ribosome biogenesis regulator homolog

hatching enzyme 1

angiotensin I converting enzyme

Thiamin pyrophosphokinase 1
EST
sorcin
hypoxia induced gene 1
EST
hypothetical protein
carboxypeptidase N, polypeptide 1

guanidinoacetate N-methyltransferase
EST
cathepsin L, like
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3
fibrinogen alpha chain
EST
secretory carrier membrane protein 5
LYR motif containing 1
tetraspanin 18a
EST

2.68

Q6Q414

rpl1p

2.74

NM_200140

rasl11b

acidic ribosomal protein P1

2.83

BU670730

fst

2.86

Q9GZR2

rexo4

RNA exonuclease 4 homolog

2.97

NM_198067

mmp2

matrix metalloproteinase 2

ras-like, family 11, member b
follistatin
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FC

Accession number

gene

3.13

NM_205569

fos

v-fos FBJ murine osteosarcoma viral oncogene homolog

3.19

NM_131562

bax

bcl2-associated X protein

3.37

NM_131085

foxo5

forkhead box O5

3.46

NM_001002352

rspo1

R-spondin-1 precursor

3.49

NM_200501

parp3

poly(ADP-ribose) polymerase family, member 3

3.62

TC281840

-

4.12

BC056806

gtpbp1l

GTP binding protein 1, like

4.18

NM_181499

tnnt1

troponin T1, skeletal, slow

4.24

NM_131433

igf2

insulin-like growth factor 2 precursor

4.32

NM_201170

vrk2

vaccinia related kinase 2

4.66

NM_200576

gadd45al

growth arrest and DNA-damage-inducible, alpha like

4.81

Q9H299

sh3bgrl3

SH3 domain binding glutamic acid-rich protein like 3

4.87

NM_131327

tp53

5.19

NM_131364

mdm2

murine double minute 2 homolog

5.53

NM_199481

ccng1

cyclin G1

5.64

Q7T2M5

ulp2

Ubiquitin-like protein 2

6.55

AI477462

-

6.61

NM_213519

sesn3

sestrin3

8.15

NM_131510

casp8

caspase 8

33.95

NM_213336

ctsba

cathepsin B, a
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Gene description

hypothetical protein

tumor protein p53

EST
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Psen1 in the adult zebrafish brain
Abstract
Presenilin1 (Psen1) is the active component of the γ-secretase complex that processes
Amyloid Precursor Protein (APP) and the cell membrane receptor Notch. Missense
mutations in PSEN1 cause early-onset familiar Alzheimer’s disease in humans. Here, we
show the effects of Psen1 loss-of-function on gene expression and cell fates in the adult
zebrafish brain. Both neurogenesis and gliogenesis were impaired as shown by expression of
marker genes as well as gene expression profiling. Reduced proliferation was accompanied
by reduction of neural progenitor/radial glia markers. Reduction of the Notch target gene
her4.1 suggests that impaired Notch signalling underlies these phenotypes. Hence, Psen1
function is essential for maintenance of proliferation and populations of neural progenitors
as well as for proper cell fate choices in the adult zebrafish brain.

Introduction
Alzheimer’s disease (AD) is the most prevalent dementia causing progressive neuropathology
and cognitive malfunction (reviewed by Blennow et al., 2006). Dominantly inherited
missense mutations in the presenilin 1 and 2 (PSEN) genes are the major cause of earlyonset Familiar Alzheimer’s disease (FAD). PSENs are the enzymatically active components
of the γ-secretase complex that further consists of Aph1, Pen-2 and Nicastrin. It mediates
intramembrane-cleavage of Amyloid Precursor Protein (APP), Notch receptors and other
type I transmembrane proteins (reviewed by Selkoe and Wolfe, 2007). FAD-PSEN mutations
cause increased production of neurotoxic Aβ42 relative to Aβ40 (Kumar-Singh et al., 2006),
which is thought to initiate AD pathogenesis. PSENs have also been implicated in γ-secretaseindependent functions, such as turnover of β-catenin, intracellular calcium homeostasis and
others (reviewed by Parks and Curtis, 2007).
In addition to aberrant processing of APP, cleavage of the Notch receptor is affected by
most FAD-PSEN mutations, suggesting that impaired Notch signaling may contribute to
FAD pathogenesis (De Strooper, 2007; Shen and Kelleher, 2007; Wolfe, 2007). The Notch
signaling pathway is vital for cell fate regulation during development (Diks et al., 2008; Selkoe
and Kopan, 2003) and is required for maintenance of neural progenitors in the adult brain
(Breunig et al., 2007; Mizutani et al., 2007; Shimojo et al., 2008). Notch signaling is initiated
by binding of DSL family transmembrane ligands to the Notch receptor on neighboring cells
(reviewed by Louvi and Artavanis-Tsakonas, 2006). Subsequent proteolytic cleavages of
the Notch receptor generate an intracellular fragment, Notch ICD, that translocates to the
nucleus and associates with a CSL family transcription factor, promoting transcription of
E(Spl)/hairy and other target genes (reviewed by Hurlbut et al., 2007).
The perinatal lethality of Psen1 knockout mice has hindered systematic analysis of Psen1
function in the adult vertebrate. Mice lacking Psen1 die perinatally due to ribcage defects
and accompanying respiratory failure (Shen et al., 1997). Psen1 conditional knockout
mice (Psen1 cKO), in which expression of Psen1 is selectively eliminated in most forebrain
neurons from postnatal day 18 onwards, show no obvious histological defects and have a
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subtle impairment of long-term spatial memory (Yu et al., 2001) and reduced enrichmentinduced neurogenesis in the dentate gyrus (Feng et al., 2001). In contrast, ablation of
both Psens in forebrain neurons in Psen1 cKO/Psen2-/- mice leads to dramatic reduction of
cortical thickness due to widespread progressive neurodegeneration (Saura et al., 2004).
Gene expression profiling of various mouse Psen KO and transgenic models has identified
that some genes regulated by Psen1 are implicated in AD pathophysiology, such as genes
involved in neural plasticity, oxidative stress and metabolism (Dickey et al., 2003; Mirnics et
al., 2005; Mirnics et al., 2003).
Like mammals, the zebrafish genome encodes two presenilins (Groth et al., 2002; Leimer
et al., 1999). In contrast to the mammalian brain, the zebrafish shows widespread de novo
proliferation and neurogenesis in the adult brain (Adolf et al., 2006; Grandel et al., 2006;
Zupanc et al., 2005). Here, we report the consequences of loss-of-function mutations in
zebrafish psen1 for gene expression and cell fate specification in the adult brain. In contrast
to mouse Psen1 knockouts, psen1-/- mutant zebrafish are viable and fertile. Loss of Psen1
resulted in attenuated proliferation and reduction of expression of markers characteristic
of neural progenitor cells (NPC). In the cerebellum, we observed a reduction of glia and
impaired de novo neurogenesis. The Notch target gene her4.1 was locally downregulated in
the mutant, suggesting that impaired Delta/Notch signaling may underlie some of the cell
fate changes. Although transcriptome analysis revealed up-regulation of stress response
genes, widespread neurodegeneration as evident in the mouse Psen1 cKO/Psen2-/- double
mutant was not apparent.

Results
Loss-of-function alleles of psen1
By employing the tilling technique (Wienholds and Plasterk, 2004), we isolated two mutant
alleles of the psen1 gene containing premature stop codons at position E232X and C408X,
named psen1hu2547 and psen1hu2548, respectively (Fig. 1A, B). The first stop codon resides Nterminal to the aspartates in transmembrane domain (TM) 6 and 7 that are critical for γsecretase activity (Fig.1B). The stop codon in the second allele is located in TM8.
Both mutations resulted in loss of Psen1 protein, as shown by Western blotting (Suppl. Fig.
1) employing an antibody against the Psen1 C-terminal fragment (CTF; (Nornes et al., 2003).
Since psen1hu2547 (referred to as psen1-/-) was recovered first, the majority of experiments
were performed using this mutant allele. Key findings were confirmed by analysis of the
psen1hu2548 allele.
psen1-/- zebrafish embryos show a very mild somite phenotype (data not shown) reminiscent
of the more severe ribcage defects of Psen1-/- mouse embryos (Shen et al., 1997). Remarkably,
in contrast to Psen1 null mice, homozygous psen1hu2547 and psen1hu2548 mutant adult zebrafish
are viable and fertile. Histological analysis revealed slightly enlarged brain ventricles (Fig.
1C-F). Other brain abnormalities such as overt neurodegeneration or hemorrhages were
not observed.
Differential gene expression in the brain of psen1 mutants
As a first step to delineate the phenotypic consequences of lack of Psen1 function, we
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Figure 1. Nonsense mutations in psen1
generated by Tilling
(A) Domain structure of the Psen1
protein.
Grey
bars
represent
transmembrane domains. Yellow dots
mark the aspartates required for γsecretase catalytic activity. Red squares
show location of nonsense mutations
in psen1hu2547 and psen1hu2548 alleles
in exons equivalent to human PSEN1
exons 7 and 12, respectively. Asterisk
marks the location of the Psen1-CTF
antibody epitope. (B) Sequence traces
for wild-type, psen1hu2547+/- (E232X) and
psen1hu2548+/- (C408X) heterozygous
founder carriers at the position of
the premature stop codons (X). (C-F)
Transverse sections of 8-month old
wild-type and psen1-/- brains at the
level of the midbrain (C, D) and corpus
cerebelli (CCe; E, F), stained with
hematoxylin and eosin (HE) (level of
sectioning indicated by vertical lines
in cartoons). Arrows indicate enlarged
ventricles in psen1-/- (D, F) as compared
to wild-type (C, E). Scalebar 250 µm.
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carried out gene expression profiling with cDNA from adult wild-type (WT) versus mutant
brains. Subsequent statistical analysis revealed 83 significantly up- and 101 downregulated
genes with at least a 1.5-fold change in expression and a p-value <0.05 (Suppl. Table 1). Of
these differentially expressed genes, 78 and 92, respectively, had a known Gene Ontology
(GO) function (Suppl. Fig. 2A). Of the upregulated genes, 24% are involved in regulation
of transcription, including immediate early genes (IEGs) (fos, egr1 (zif268), egr2a/b, junb,
btg2, dusp1/2/5/6, ier5). Several of these transcription factors, such as egr1 and fos, are
rapidly induced upon neuronal activity and various pathological stimuli, such as seizures and
hypoxia, and are involved in synaptic plasticity and learning (reviewed by Davis et al., 2003;
Farivar et al., 2004). Indicative of damaging effects of the mutation was upregulation of
genes involved in apoptosis and response to stress/DNA damage (dnajb1, gadd45a/b, plk2,
rap2ip, pdcd4b, cebpb, hsp90a), and cell cycle control (mcm7, plk2/3, cdc5). Interestingly,
several genes (reverbb2, per4, cry1b) involved in regulation of circadian rhythms were
upregulated as well, suggesting a disruption of the biological clock in the mutants.
Importantly, expression of genes that promote neuronal maturation (btg2, sox11b, sox4b)
and oligodendrogenesis (sox9a, qki, mef2) was increased, whereas expression of radial glial
cell markers (gfap, cyp19a1b) was reduced in psen1-/- brains. Among the other downregulated
genes, many were related to cellular metabolism and molecular transport (Suppl. Fig. 2B;
Suppl. Table 1). Downregulation of several proteasome subunit-encoding genes (psme1/2,
psmb7/9a/11/12) possibly results in impaired clearance of proteins. Also, expression of a
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number of genes involved in immune response/inflammation (mpeg1, trac, lgals9l1, irf1,
mhc1uea, mhc1uba) was reduced, suggesting impaired response to inflammation, which
may be related to the immune response deficiencies of murine B-lymphocytes lacking both
Psens in mice (Yagi et al., 2008). Employing qRT-PCR, we confirmed the differential regulation
of 13 selected genes representative of the aforementioned groups including psen1 (Suppl.
Fig. 2B). This strongly underscores the significance of the microarray results.
Psen1 is predominantly expressed in glial cells
To further investigate the function of Psen1 in the adult brain, we examined its expression.
psen1 mRNA (not shown) and Psen1 protein were expressed predominantly in ventricular
zones throughout the brain (Fig. 2A, B; Suppl. Fig. 3A-L) and the pial surface of the
telencephalon (Suppl. Fig. 3A-D), areas known to contain proliferating cells as well as neural
progenitors (Adolf et al., 2006; Grandel et al., 2006). Psen1 protein was strongly expressed
in a subpopulation of cells expressing the glial marker S100 (Fig. 2A, B, Suppl. Fig. 3A-L).
Subcellularly, Psen1 was localized mainly in the cytoplasm and membrane (Fig. 2A’) consistent
with the reported expression in mammals (Wen et al., 2002). In the telencephalon (Suppl.
Fig. 3A-D) and optic tectum (Fig. 2A, Suppl. Fig. 3E-H), Psen1 was co-expressed with S100
in cells that show characteristics of radial glia such as small periventricular nuclei and long
cytoplasmic processes extending towards the pial surface. In the cerebellum, Psen1 was
expressed in glia located in the Purkinje cell layer (PCL; Fig. 2B, Suppl. Fig. 2I-L). Since Psen1
expression overlaps with known proliferative zones (Adolf et al., 2006; Grandel et al., 2006;
Zupanc et al., 2005), we examined Psen1 expression in relation to PCNA+ proliferating cells.
In the telencephalon, PCNA+ cells did not express Psen1 at high levels, although they were
often surrounded by Psen1/S100+ glia (data not shown). In the cerebellum, which contains
the highest levels of proliferation in the zebrafish (Hinsch and Zupanc, 2007), PCNA+ cells
in the midline of the molecular layer (ML) were surrounded by, but rarely overlapped with
S100+ cells expressing high levels of Psen1 (Fig. 2B’). Of note is that PCNA+ cells expressed
low levels of Psen1 (Fig. 2B’). In comparison, Psen2 protein was expressed ubiquitously
throughout the brain at low levels (Suppl. Fig. 3M-X), with higher expression levels in a
subset of neurons and glia, suggesting overlapping as well as mutually exclusive domains of
Psen1 and Psen2 expression.
Expression of radial glia/neural progenitor markers is reduced in psen1-/- brain
The adult zebrafish brain is characterized by a large population of radial glia cells, which
were shown to proliferate and produce new neurons in the telencephalon (Pellegrini et al.,
2007). Since Psen1 was highly expressed in a subset of S100+ radial glia, we investigated the
state of neural stem cells (NSC) and progenitor cells (NPC) by analyzing sox2 that delineates
NPC/NSC populations in vertebrates (Adolf et al., 2006; Ninkovic and Gotz, 2007; Suh et
al., 2007). sox2 expression was reduced in most ventricular zones of the mutant brain as
compared to WT (Suppl. Fig. 4A, B and 5A, B). In the mutant cerebellum, sox2+ cells were
specifically absent from the granular cell layer (GCL; Fig. 2C, D). Surprisingly, whereas sox2+
cells in WTs were predominantly located in the PCL, in the mutants sox2+ cells were also
found in the ML (Fig. 2C, D).
Since BLBP/fabp7a is a known radial glial marker as well as a direct Notch target (Anthony
et al., 2005), we examined expression of fabp7a. Consistent with reduced sox2 expression,
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Figure 2. Psen1 LOF causes reduced
expression of radial glia/NPC markers
(A, B) Immunolabelings for Psen1 at the
level of the midbrain (A, A’) and CCe
(B, B’) in 12 month old wild-type fish.
(A) Psen1 (red) is expressed in S100+
(green) radial glial somata (arrow) and
their processes in the periventricular
granular zone (PGZ) of the optic tectum
(OT). (A’) Magnification of boxed area
in (A). Psen1 is expressed mainly in the
cytoplasm/membrane
(arrowhead).
(B) In the CCe, PCNA+ proliferating
cells (blue) are surrounded by Psen1+/
S100+ cells. (B’) Magnification of boxed
area in (B), showing high levels of Psen1
in PCNA-/S100+ cells (asterisk) and low
levels of Psen1 in PCNA+/S100- cells
(arrowhead). (C-F) Expression of NPC/
NSC markers in the wild-type CCe (C, E)
in comparison to psen1-/- CCe (D, F) as
observed by in situ hybridization. (C, D)
sox2+ cells are reduced in the mutant
granular cell layer (GCL; arrowheads,
n=4). (E, F) Expression of fabp7a is
reduced in the GCL (arowheads) n=4).
All sections are transverse at rostrocaudal (RC) levels indicated with lines
in cartoons. Scalebar 25 µm.
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fabp7a expression was also diminished in most brain regions (Suppl. Fig. 4C, D and 5C,
D). Similar to the changes in sox2 expression, fabp7a-expressing cells were lost from the
granular cell layer (GCL; Fig. 2E, F). Strikingly, the prominent processes of fabp7a+ and S100+
radial glia cells lining the tectal ventricle in the midbrain were reduced in length (Suppl.
Fig. 5C-F). This suggests that next to the reduction of the number of radial glial cells, their
morphology might be affected as well.
Attenuated proliferation and de novo neurogenesis in psen1-/- cerebellum
Proliferation and de novo neurogenesis occur at many locations in the adult zebrafish brain
(Adolf et al., 2006; Grandel et al., 2006; Hinsch and Zupanc, 2007; Zupanc et al., 2005).
Newly generated cells can differentiate into different subtypes of neurons and, albeit at a
low rate, into glia.
To evaluate the effect of Psen1 LOF on neurogenesis in the zebrafish brain, we first investigated
proliferation rates in psen1-/- brains. Since the highest proliferation rates in teleost brains are
found in the cerebellum, we focused our analysis on the valvulae (Val) and corpus cerebelli
(CCe; Fig. 3A, B). Proliferation rates were determined with BrdU incorporation to mark cells
in the S-phase of the cell cycle and immunolabeling for PCNA that is expressed throughout
most of the cell cycle. A single BrdU pulse followed by a 4 hour chase revealed reduced
numbers of BrdU+ cells in the Val (Fig. 3C, Suppl. Fig. 4A, B) and CCe (Fig. 3F, Suppl. Fig. 4E,
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F) of the mutants. The reduced proliferation was further corroborated by quantification of
PCNA+ cells (Fig. 3D, G). The S-phase cells that we assessed in the 4-hour chase represent
a population of migratory proliferating cells that originally derive from stem cells located at
the midline of the cerebellar ML and subsequently divide and migrate in the course of ~ 10
days through the ML to the GCL to eventually acquire neuronal i.e. granule cell fate in both
Val and CCe (Fig. 3A, B; Zupanc et al., 2005).
To examine whether loss of Psen1 affects de novo neurogenesis, a BrdU-pulse was followed
by a 2-week chase and terminally differentiated neurons were identified by HuC/D labeling
(Fig. 3E, H). Most BrdU+ cells have acquired neuronal cell fates as observed by BrdU+/HuC/
D+ labeling (Suppl. Fig. 6C, D, G, H), demonstrating continuous neurogenesis in psen1-/brains. Importantly, the number of BrdU+/HuC/D+ cells/volume was significantly reduced
in the psen1-/- Val- (Fig. 3E) and CCe-GCL (Fig. 3H) in comparison to WTs. Reduced de novo
neurogenesis was also observed in the psen1hu2458 allele (11.2 ± 4.36 BrdU+/HuC/D+ cells in
WT vs 5.1 ± 1.6 in psen1hu2458; p<0.05; data not shown).
The reduced contribution of de novo neurogenesis is consistent with a significant reduction
in total granule cells/volume in the CCe-GCL (1362 ± 44 total cells in WT vs 1292 ± 32 in
psen1-/-, p<0.05; data not shown).
Together, these data show that in the ML of the Psen1 mutant cerebellum, fewer cells
proliferate, resulting in reduced numbers of newborn neurons in the GCL.
Figure 3. Reduced proliferation
and neurogenesis in psen1-/Val
cerebellum
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rates in the CCe-ML. (H) De novo production of neurons in the CCe-GCL is reduced in psen1-/- mutants as observed
by a decrease in BrdU+/HuC/D+ cells/volume. Shown is mean ± SD. Statistical analysis: *p<0.02, **p<0.05 using
1-tailed Mann-Whitney test.
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Loss of Psen1 results in reduced numbers of glia and increased numbers of Purkinje cells in
the cerebellum
Since the microarray results suggested a perturbed acquisition of glial fates, we quantified
the number of S100+ glia and compared it to the number of HuC/D+ neurons in the cerebellar
PCL of mutant versus wild-type animals. The number of S100+ cells in the ML + PCL was
reduced by 45% (Fig. 4A-C), suggesting that the loss of Psen1 results in a reduced number
of glia in this cerebellar region. In agreement with an apparent increase in the density of
neuronal somata in the mutant PCL as observed by Nissl staining (Fig. 4D, E), the number
of HuC/D+ Purkinje and eurydendroid neurons in the PCL was increased by 56% in psen1WT
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Figure 4. Cell fate alterations in the
psen1-/- cerebellum
(A, B) Increased number of HuC/D+
Purkinje cells in the Purkinje cell layer
(PCL; arrows) and decreased number
of S100+ glia (arrowhead) in psen1-/cerebellum (B) versus wild-type (A). (C)
Quantification of HuC/D+ cells/volume
and S100+ cells/volume shown as
percentage of WT cell counts in the
wild-type and psen1-/- CCe-PCL and
-ML. (D, E) Nissl labeling of 8-month
old wild-type (D) and psen1-/- CCe (E)
shows increased numbers of Purkinje
cell somata (arrowhead) in the PCL. (F,
G) Expression of a Notch target gene
her4.1 is reduced in the psen1-/- PCL
(arrowhead in G). In rare cases, her4.1+
cells are present in the ventral most
portion of the CCe-ML (arrow). (A,
B) Sagittal, (D-G) transverse sections.
Level of sectioning is indicated in
cartoons. Shown in (C) is mean ± SD.
Statistical analysis: *p<0.05, **p<0.02,
using 1-tailed Mann-Whitney test.
Scalebar 25 µm.
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animals (Fig. 4A-C). This is unexpected as the density of granule neurons in the Val- and
CCe-GCL was decreased in psen1-/- due to reduced de novo neurogenesis (Fig. 3). Hence, loss
of Psen1 exerts regionally distinct effects on neurogenesis in the cerebellum.
/-

Loss of Psen1 is consistent with local impairment of Notch signaling
The cell fate changes in psen1-/- mutants are consistent with the requirement of the Notch
pathway for glial fate specification (Gaiano and Fishell, 2002). Hence, we examined the
status of Notch signalling by evaluating expression of her4.1, the zebrafish homologue of the
mouse Notch target Hes5 that is reduced in Psen1-/- mice (Handler et al., 2000). Strikingly,
her4.1-expressing cells were dramatically reduced in the cerebellar PCL (Fig. 4F, G), which is
consistent with the reduced numbers of S100+ glia (Fig. 4A-C. In addition, her4.1 expression
was locally downregulated in the telencephalon (not shown) and midbrain (Suppl. Fig. 5G,
H).

Discussion
Viable psen1-/- zebrafish allow analysis of Psen1 function in the adult vertebrate brain
We report here the identification and characterization of two mutant alleles of the zebrafish
psen1 gene. Both alleles contain premature stop codons, lack detectable protein expression
and thus likely represent loss-of function alleles. In striking contrast to mouse Psen1 mutants
(Shen et al., 1997), the zebrafish lacking Psen1 are viable and fertile. Although zebrafish
psen1-/- embryos appear to recapitulate the molecular phenotypes of Psen1-/- mouse
embryos, such as downregulated her4.1 (Hes5) and upregulated deltaA (Dll1) (data not
shown; Handler et al., 2000), these defects appear to be compensated for in the zebrafish
during further development; a role that appears to have been taken over by the related psen2
gene, since injection of psen2 translation-blocking MO resulted in exacerbated phenotypes
(data not shown). Irrespective of the causes of these differences between mouse and fish,
these zebrafish mutants offer a unique opportunity to investigate the function of Psen1 in
the adult vertebrate organism.
Psen1 knockout mouse die perinatally due to rib cage defects, consequent respiratory
failure and brain hemorrhages. The only data on Psen1 function in the adult vertebrate
brain is derived from studies of conditional knock-out mice using forebrain-specific neuronal
promoters, in which only subtle memory and neurogenesis deficits were observed (Feng et
al., 2001; Yu et al., 2001). Psen2-/- mice survive with no defects in brain morphology (Herreman
et al., 1999), whereas Psen1 cKO/Psen2-/- mice show severe neuronal degeneration (Feng et
al., 2004; Saura et al., 2004).
Although the histological analysis of the psen1-/- zebrafish brain did not reveal hemorrhages,
the gene profiling identified downregulation of genes involved in angiogenesis (acvrl1,
angptl4; Ito et al., 2003; Lamouille et al., 2002) and maintenance of blood-brain barrier
integrity (cldn5; Nitta et al., 2003). Upregulation of DNA damage/stress response genes, such
as gadd45a/b and several Hsp proteins, in conjunction with downregulation of anti-oxidant
genes and proteasome components suggests that LOF of Psen1 causes cellular stress and
damage. However, no overt neurodegeneration was observed up till 26 months of age.
Differential gene expression in psen1-/- brains
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The analysis of the gene expression profile in psen1-/- brains allows direct comparison of the
Psen1 LOF molecular signature in the fish with mouse Psen1-/- models (Suppl. Table 2). The
stringent classification revealed a total of 184 differentially regulated genes.
Comparison of the transcriptome alterations in psen1-/- zebrafish brains to Psen1-/- mouse
embryos (Mirnics et al., 2003) revealed a few genes that were differentially regulated in both
models. However, these common genes did not fit a particular functional profile (Suppl.
Table 2). Comparison with the profile of Psen1 cKO (Mirnics et al., 2005) revealed that 9 out
of 85 differentially regulated genes were also altered in the psen1-/- zebrafish, albeit in the
opposite direction (Suppl. Table 2). Four of these genes are IEGs (fos, egr2a/b, dusp1/6) that
are believed to play a role in synaptic plasticity and memory formation were upregulated in
zebrafish, but downregulated in the mouse model. Expression of IEGs such as egr1/zif268
does not depend on de novo protein synthesis and is induced by several stimuli, such as
neuronal activity and LTP, but also upon seizure activity, brain injury and hypoxic conditions
(reviewed by Farivar et al., 2004, Davis et al., 2003). It has been shown that enriched
environments result in upregulation of the same IEGs in APPswe/hdeltaE9 transgenic mice
(Lazarov et al., 2005; Suppl. Table 2). Interestingly, the zebrafish psen1-/- gene expression
profile is most similar to the transcriptome profile of this model (Suppl. Table 2). It is unclear
whether IEG induction in psen1-/- represents compensatory activity due to stress responses
or due to increased neuronal activity. Experiments investigating synaptic plasticity in psen1/fish might distinguish between these possibilities.
Next to gene profiling of Psen1 cKO, the transcriptome of mice expressing the FAD-PSEN1
deltaE9 transgene was also determined (Mirnics et al, 2005). Strikingly, 7 out of 9 genes that
were in common with the zebrafish psen1-/- gene profile were upregulated, including 3 IEGs
(fos, junb, dusp1), suggesting that the hdeltaE9 mutation behaves similarly to the zebrafish
psen1-/- with respect to synaptic plasticity. Upregulation of DNA damage/stress response
genes, such as gadd45a/b and several Hsp proteins, in conjunction with downregulation of
anti-oxidants, such as selenoproteins and components of mitochondrial respiratory chain
(cox6bl, uqcrq, ndufv1) suggest that the effects of Psen1 LOF are potentially damaging. In
support, proteasome activity appears to be reduced in psen1-/- brains, which might result
in reduced clearance of aberrant proteins. The downregulation of proteasome machinery
components, such as psmb9 and psme2 may be secondary to increased expression of the
IEG egr1/zif268 that is known to inhibit these components. Accordingly, downregulation
of proteasome machinery has been suggested to play a role in establishment of synaptic
plasticity (James et al., 2006). The observed upregulation of several cell cycle-related
genes (plk2/3, mcm7, cdc5) may represent an attempt to compensate for reduced NPC
proliferation.
Interestingly, ca. 15% of the differentially expressed genes in this microarray data set are
possibly implicated in AD pathogenesis according to current literature (asterisk in Suppl.
Table 1).
Loss of Psen1 function causes impaired neurogenesis in the adult zebrafish brain
In contrast to mammals, teleost brains contain numerous radial glia cells (Adolf et al., 2006;
Pellegrini et al., 2007; unpublished observations, C. Lam), a finding that has been linked to
their immense capacity to generate neurons throughout life. Psen1 expression is detectable
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in the adult neurogenic regions and overlaps with that of radial glia markers such as S100. In
the psen1 mutants, several proliferative regions show reduced expression of the neurogenic
NPC marker sox2 and radial glia marker fabp7a, which suggests a diminished potential for
neurogenesis in these regions. Consistent with a direct role of Psen1 in proliferation, we
observed a reduction in PCNA+ and BrdU-incorporating progenitor cells in the cerebellum,
which was consistent with the reduced production of granule neurons of psen1-/- mutants.
These findings suggest that Psen1 is an important regulator of neurogenesis in the
cerebellum.
As high Psen1 expression generally did not co-localize with PCNA expression, the reduced
proliferation may be a consequence of Psen1 loss in slowly dividing precursors. Since we
detected low levels of Psen1 immunoreactivity in PCNA+ cells in the cerebellar ML, we
cannot rule out that Psen1 functions cell-autonomously in fast proliferating cells of the
cerebellum. Alternatively, an intriguing possibility, supported by recent work in mice, is that
non-autonomous signaling from Psen1-expressing glia to neighboring NPC/NSC is required
for their optimal proliferation (Choi et al., 2008).
Cell fate alterations in the Purkinje cell layer of the psen1-/- cerebellum
S100+ glial cells were diminished in the cerebellar PCL. Consistently, the microarray data
show reduction of the astrocyte-marker gfap and the aromatase cyp19a1b that is specifically
expressed in zebrafish radial glia (Pellegrini et al., 2007). Consistently, Psen1-/- mouse
embryos also show a reduction of radial glia markers (Louvi et al., 2004; Wines-Samuelson
and Shen, 2005). The upregulation of several oligodendrogenesis-stimulating genes suggest
that there might be a cell-fate switch from astrocyte/radial glia towards oligodendrocytes.
Increased expression of socs3 as found in our microarray data has been shown previously
to inhibit astrogliogenesis by negatively regulating the transcription factor stat3, which is
an activator of gfap transcription and is involved in NSC maintenance (Gu et al., 2003, Cao
et al., 2006, Herrmann et al., 2008, Zhu et al., 2008). Interestingly, socs3 overexpression
stimulates neurogenesis and causes downregulation of Notch target genes (Cao et al., 2006,
Zhu et al., 2008).
Concomitant with the decrease in S100+ glia, an increase of Purkinje neurons was observed,
suggesting that a shift in cell fate from glia to neurons may have occurred. There is a striking
difference between differentiation of the two main cerebellar neuronal types during adult
teleost brain homeostasis as numerous granule neurons are added throughout life, whereas
the de novo neurogenesis of Purkinje cells is, reportedly, small (Hinsch and Zupanc, 2007;
Zupanc et al., 2005). We speculate that this innate difference between these neuronal cell
types in the cerebellum may underlie apparently contradictory increase in Purkinje cell and
reduction in granule cell numbers. Possibly, during embryonic development, premature
neuronal differentiation occurs in the psen1-/- cerebellum, being reflected in premature
differentiation and a cumulative increase of Purkinje neurons. This explanation is supported
by findings in mouse embryos, where ablation of psen1 caused premature neuronal
differentiation, reduced proliferation and defective cortical neuronal migration (Handler et
al., 2000; Hartmann et al., 1999; Louvi et al., 2004; Yuasa et al., 2002). These similarities
suggest that the regulatory role of Psen1 in the adult zebrafish brain resembles that of
murine Psen1 in the embryonic mouse brain.
It has been shown that Notch is required for glia development (Gaiano et al., 2000; Kiyota
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et al., 2008; Komine et al., 2007; Mizutani and Saito, 2005; Mizutani et al., 2007; Tanigaki et
al., 2001). Strikingly, the reduction of glial cells in the mutant cerebellum is accompanied by
reduction of the Notch target her4.1, suggesting that Notch signalling in the psen1 mutant
PCL is impaired. The local reduction of her4.1 in psen1-/- brains is reminiscent of reduced Hes5
in Psen1-/- mouse embryos (Handler et al., 2000). In the cerebellar ML, her4.1 expression was
completely lost from glia-like cells, which may be analogous to Bergmann glia in mammals,
and are hypothesized to be dormant NSCs (Alcock et al., 2007; Sottile et al., 2006). BLBP
genes such as fabp7a, whose expression is downregulated in psen1-/- zebrafish brain, have
also been shown to be regulated by Notch signaling (Anthony et al., 2005). Hence, our data
support roles for Notch signaling in maintenance of NSC/NPC and its instructive role in glial
fate-specification in the adult zebrafish brain. Next to its role in γ-secretase and processing
of APP and Notch, Psen1 has numerous other functions including cell fate decisions (Sardi
et al., 2006), cell adhesion, calcium regulation and regulation of β-catenin and PI3K/Akt
(reviewed by (Parks and Curtis, 2007). Loss of these functions may have also contributed to
the molecular signature as well as to the phenotypes of the psen1 mutants.

Material & Methods
Fish care and generation of zebrafish psen1-/- mutant lines
Zebrafish maintenance and breeding were carried out as described (Westerfield, 1995).
All animal experiments were approved by the Animal Care Committee of the Royal Dutch
Academy of Science according to Dutch legal ethical guidelines. ENU mutagenesis was
performed on TL males (Wienholds and Plasterk, 2004) and exons 6-8 and 11 of the zebrafish
psen1 gene were sequenced on F1 generation DNA. The genotype of all fish was established
by sequencing. Experiments were performed on 15 to 17 months old fish, unless stated
otherwise. WT and psen1-/- fish were matched for age and sex.
Genotyping of psen1-/- mutant fish
Nested PCR was performed with the following primer sets: psen1hu2547: exon6-8: PCR1
- 5’-AAATACAAGCCTACACACAACC-3’, 5’-GAAACCCATTTGGGAAGTG-3’; PCR2 – 5’-CAAGT
TTGACATTTGCATGG-3’, 5’-GAACGCAGAAGAATGAACG-3’; psen1hu2548: exon11: PCR1 – 5’TCTTTGGACTCTGATTTAATGG-3’, 5’-GAATCCAGTCACATGTCCAG-3’; PCR2–5’-CAGTCCGTC
AGACAATCAAC-3’, 5’-CACGTTTCCCTGAAGAGC-3’, followed by DNA sequencing.
Western Blot
Brains and fins were isolated from 15 month old zebrafish, lysed and ground in RIPA buffer
(150 mMNaCl, 20 mM Tris pH 8.0, 10 mM Na2HPO4, 5 mM EDTA, 200 uM Na-orthovanadate,
10% Glycerol, 1% NP-40, 1% Sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 1ug/ml aprotinin).
Laemli buffer was added and samples were boiled for 5 minutes. Samples were loaded on
SDS-polyacrylamide gels and transferred to a PVDF membrane by blotting with transfer
buffer (50 mM Tris pH 8.0, 40 mM Glycin, 0.0375% SDS and 20% methanol). Blots were
incubated for 3h in blocking buffer (5% horse serum in PBS-Tween20 (T) and incubated
overnight at 4oC in 2% horse serum in PBS-T and 1:5000 anti-Psen1-CTF antibody (Nornes
et al., 2003). Blots were washed in PBS-T and incubated with the appropriate secondary
antibody. After washing in PBS-T, the blots were developed by ECL.
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Microarray procedure and analysis
Total RNA from 3-4 brains of 17-month old adult psen1hu2547 or wild-type fish was extracted
using RNeasy mini columns (Qiagen) and quality-checked using NanoDrop 1000 (Thermo
Scientific) and formaldehyde gel electrophoresis. cDNA was generated and labeled with Cy3
or Cy5-CTP using the low RNA input linear amplification kit (Perkin-Elmer). Upon purification
and fragmentation, labeled cRNA was hybridized to the zebrafish 22K 60-mer oligonucleotide
microarray (G2518A-001, Agilent Technologies, Santa Clara, CA, USA) at 65 ºC for 17 hours.
Three independent biological repeats were performed. Arrays were scanned at 10 µm
resolution with a dual-laser scanner (GenePix 4000B, Molecular Devices) using the GenePix
6 software and stored as 16-bit TIFF files. The raw data was transformed and normalized as
described in (Yang and Churchill, 2007). A locally weighted regression smoother (LOESS) was
applied to correct intensity-dependent signal patterns (Yang et al., 2002). All the hybridized
chips for mutant vs WT comparisons were scaled to a common median absolute deviation
from median (MAD) of the logarithmic fold change (M value; Yang et al., 2002). Statistical
analysis was based on the assumption that the majority of genes are not changed in their
expression and that the overall up- or down-regulated genes compensate each other in
sum. Genes with |Fold-Change| > 1.5, were selected and uploaded to Genetools (www.
genetools.no) for gene ontology analysis according to the Gene Ontology category “biological
process”.
Real-time quantitative PCR
Total RNA (1 μg) from pooled adult brains was used to generate cDNA using MMLV reverse
transcriptase (Promega), primed with random hexamers (Invitrogen). Optimized primers
were designed using real-time PCR design software (www.genscript.com/ssl-bin/app/
primer). The sample reaction was performed in duplo, including a non-template control and
consisted of 2 μl of cDNA template (diluted 1:6), 2 μl each of the primers (used at 5 μm; see
Table 1) and 2X SYBR green fluorescent label (Qiagen) in a final volume of 20 μl. Real-time
PCR was performed on an ABI Prism 7000 sequence detection system (Applied Biosystems)
with the following cycling parameters: 50 °C x 2 min, 95 °C x10 min and 40 cycles of 95
°C x15 secs, 60 °C x 1 min. Profiles of the gene expression were collected and compiled
using SDS software (Applied Biosystems). Three biological replicates were conducted. For
quantitative data analysis, a comparative Ct (cycle threshold) method was used to calculate
the change (x-fold) in gene expression (Livak and Schmittgen, 2001). Obtained Ct values
were normalized against efl-α (ΔCt), which has previously been validated as a reference
gene (Tang et al., 2007).
Table 1. Primers used for real-time PCR
Gene
btg2
cebpd
fos
gfap
gstm
junb
kbtbd10
mhc1
npffl
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Entrez		
NM_130922
NM_131887
NM_205569
NM_131373
NM_212676
NM_213556
NM_198979
NM_131471
NM_183346

Primer forward			
CTTTGCCGGACGGATAATAA		
AAAGCAGAGACAAGGCGAAG		
TCAGGAGTTCACGGATCTGA		
TGAAGCTCTGCAAGACGAGA		
GATATACGCGGGCTTGCTC		
CTCACACCTGCAGCCAACTA		
CTCGTCAGCTCAGGAGGAAA		
TATGTGGGCTATGGGAAGGA		
TCTCAGAGATACGAGCGCAA		

Primer reverse
GGAACCAATGGTGCTGGTAG
TTTAAGCGCGTCTGCTACAA
AGCAGCCATCTTGTTTCGTT
ATCCACATGAACCTGTTGGG
TGTGTTTGCGAGCGATGTAT
TGCTGGAAGTGATGAGGATG
ACCACAGTTGTGTGCTGAGG
CTTGTCCGTTTCTCTGCCA
CTGTCGGGTTTGCGTTATTT

Psen1 in the adult zebrafish brain
per4
psen1
socs3
spry4

NM_212439
NM_131024
NM_199950
NM_131826

GTAAGCCAGAGAGGCTGCAC		
CAAGCCTGGCTGTTCTTCTC		
AAGGTGCAGTTTCAGCTGGT		
GAGTCAAGGGTTCCTCACCA		

GTCTCCACTGATGCGACAAA
AGTGGATGCAGATCATTCCC
TGCCTGATTCAGTCTTCACG
CACCTCACAGCGGGATAAAT

Histology, immunohistochemistry and in situ hybridizations
Fish were processed for histological sectioning at 10 µm and stained using standard HE and
Nissl solutions. BrdU incorporation and labeling was performed as previously described
(Adolf et al., 2006). Fish were fixed at 4-hour or 2-week intervals after the BrdU pulse. Brains
were processed and sectioned using a vibratome (50 μm sections; Leica, Wetzlar, Germany).
The sections were further processed for immunostaining as previously described (Adolf et al.,
2006). Antibodies used were: rabbit anti-s100β (1:400; DakoCytomation), mouse anti HuC/D
(1:300; Molecular Probes), mouse anti-PCNA (1:100, EuroDiagnostica), zebrafish anti-Psen1
CTF (1:250) and anti-Psen2 (1:200; Nornes et al., 2003), mouse anti-BrdU (1:100, M0477;
DakoCytomation), rat anti-BrdU (1:200, ab6326; Abcam). After immunolabelings, sections
were counterstained with DAPI (Sigma) and mounted on coated slides using Aquamount
(Polyscience). Sections were analyzed with a Leica SPE confocal microscope using 400× or
higher magnification.
In situ hybridizations were performed as described (Adolf et al., 2006). Probes used for in
situ hybridizations were: fabp7a (clone IMAGp998A0111841Q1, RZPD, Berlin, Germany),
her4.1 (Bruce Appel), sox2 (Vincent Cunliffe). After hybridizations and washings, brains were
embedded in 3% agarose in PBS and vibratome sectioned at 50 µm.After staining, sections
were mounted on coated slides and photographed with a Zeiss Axioplan stereomicroscope
equiped with a Leica digital camera.
Quantifications of immunolabellings
Cells were counted on complete z-stacks (PCNA, 4 hr BrdU chase) or two to three confocal
planes (2 wk BrdU chase, HuC/D, S100) on two 50 µm vibratome sections per animal. Counts
were scored in a predefined volume, identical for the images of all animals. Exception was
made for the valvula molecular layer where proliferating cells are not uniformly distributed.
Here, the counts of PCNA+ cells and BrdU+ cells in the 4-hour chase were scored on the
entire ML-valvulae. There was no significant difference in size between WT and psen1-/valvulae. Scoring was performed for each experiment either manually or automatically using
tresholding and particle analysis tools in ImageJ software (NIH) by an experimenter blind
to animal genotype. Automatic counting was checked manually for accuracy. For statistical
analysis, a non-parametric Mann-Whitney U test was performed using SPSS16.0 software.
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Supplemental Figure 1. Absence of Psen1 protein in psen1 mutants
(A, B) Western blot using antibody raised against the zebrafish Psen1 CTF on psen1hu2547– (A) and psen1hu2548-derived
(B) lysates. (A) Lane 1, marker; lane 2, wild-type brain; lane 3, psen1hu2547 brain; lane 4, wild-type fin; lane 5, psen1hu2547
fin. (B) Lane 6, wild-type fin; lane 7, psen1hu2548 fin; lane 8, wild-type brain; lane 9, psen1hu2548 brain; lane 10, marker.
In wild-types (lane 2, 4, 6, 8), a ~31kD band indicates the Psen1 CTF (arrowheads). In both mutant alleles, this
band is absent, demonstrating loss of Psen1 protein. However, we cannot exclude that a truncated Psen1 protein
is present in the psen1hu2547 allele (A; lane 3, 5), as the antibody used would not recognize this truncated form of
Psen1 protein (see Fig. 1A for position of the α-Psen1 antibody epitope). The absence of a truncated protein in the
psen1hu2548 allele (b; lane 7, 9) suggests that the nonsense mutation in this allele causes complete loss of protein,
thus being a full null mutation.
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Supplemental Figure 2. Transcriptome changes in psen1hu2547 mutant brains
(A) Categorization of differentially regulated genes (1.5<FC<-1.5, p<0.05) grouped according to GO biological
process for 78 (out of 83 total) upregulated genes and 92 (out of 101 total) downregulated genes. (B) Confirmation
of microarray data by qRT-PCR of selected genes and comparison of the fold-changes (FC) obtained by the two
methods. FC values are derived from 3 biological replicates, error bars are SEM.
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and Psen2 expression in
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(blue) and S100 (green) for
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(A-L) Psen1 protein is mainly
expressed in glia and largely
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s100 (arrows), but rarely with
PCNA+ proliferation cells (C,
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(M-X) Psen2 protein is mainly
expressed within a subset of
HuC/D+ neurons (arrows),
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s100+ glia (arrowheads).
Psen2 and Psen1 expression)
are both highly expressed near
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(asterisk). Note the high level
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vessels (yellow arrow). Boxed
areas magnified in insets.
All sections transverse at
levels indicated in cartoons.
Scalebar 100 µm, insets in
(M-X) 25 µm.
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Supplemental Figure 4. Reduction of NPC markers
in 17 month old psen1-/- telencephalon
(A, B) Expression of the NPC marker sox2 is
reduced in psen1-/- at the dorsal/ventral subpallium
(arrowheads) and dorsal and posterior pallium,
which are the equivalents to the mammalian
neocortex and hippocampus, respectively (n=4).
Boxed area magnified in (A’, B’) shows loss of single
sox2+ cells within the telencephalic tissue. (C, D)
The radial glia marker fabp7a is reduced in the
outer telencephalic surface and ventricular zones
(arrowhead, n=4). Boxed area magnified in (C’,
D’). All sections transverse at levels indicated in
cartoons. Scalebar 100 µm.
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Supplemental Figure 5. Reduction of NPC markers
and the Notch target her4.1 in psen1-/- midbrain
(A, B) Expression of sox2 is reduced in the
periventricular zone (PGZ; arrow) of the psen1/optic tectum (b; n=4). Boxed area magnified in
(A’, B’). (C, D) Expression of the radial glia-marker
fabp7a is reduced in the ventricular zones of the
psen1-/- midbrain (D, arrows; n=4). Box magnified in
(C’, D’). (E, F) S100 (red) and HuC/D (green) double
labeling at the midbrain shows reduced extension
of S100+ radial glia processes (arrowheads) towards
the pial surface in psen1-/- (F; n=4) as compared to
wild-type (E). HuC/D+ neurons are round-shaped
in psen1-/- instead of elongated as in WT (arrow).
(G’, G’’, H’, H’’) Single channel fields. (G, H) her4.1
expression is reduced in ventricular zones of the
psen1-/- midbrain (H; n=4 as compared to WT (g;
arrowheads). (A-D, G, H) Transverse, (E, F) sagittal
sections. Level of sectioning is indicated or boxed in
cartoons. Scalebar (A-D, G, H) 100 µm, (E, F) 40 µm.
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Supplemental Figure 6. Representative examples showing reduced proliferation and de novo neurogenesis in
the psen1-/- cerebellum
Immunolabelings to BrdU (green), the glia marker S100 (red) and DAPI (blue) after a 4-hour BrdU chase (A, B, E,
F) and to BrdU (green), the neuronal marker HuC/D (red) and S100 (blue) after a 2-week BrdU chase (C, D, G, H).
Boxed regions are magnified in insets. (A, B) Reduction of BrdU-incorporating S-phase cells in psen1-/- Val-ML (arrow
in B) as compared to wild-type (A). (C, D) In the mutants (D), reduced numbers of HuC/D+ neurons differentiate in
the Val-GCL from BrdU+ cells (D, D’) after a 2 week BrdU chase. (E, F) Reduction of proliferation in the CCe-ML of
psen1-/- mutants (F) as compared to wild-type (E). (G, H) De novo neurogenesis of granule cells in the CCe is reduced
in mutants (H). All sections are transverse at RC levels indicated in cartoons. Scalebar 50 µm.
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Supplemental Table 1. Up- (82) and downregulated (101) genes in psen1-/- mutant brains.
Accession

Gene description

NM_199601

fumarylacetoacetate hydrolase (fumarylacetoacetase)

TC282253

gene

FC

p-value

fah

4.12

0.0005

similar to DnaJ (Hsp40) homolog subfamily B member 1

dnajb1

3.95

0.0001

NM_214748

brix domain containing 1

bxdc1

3.04

0.0007

NM_205569

v-fos FBJ murine osteosarcoma viral oncogene homolog

fos

2.96

0.0002

NM_203460

alcohol dehydrogenase 8b

adh8b

2.96

0.0008

NM_201097

forkhead box M1-like

foxm1l

2.78

0.0011

Early growth response protein 1 (Krox24)

egr1

2.78

0.0015

NM_131884

CCAAT/enhancer binding protein, beta

cebpb

1.64

0.0404

NM_130997

early growth response 2b

egr2b

2.68

0.0003

NM_199950

suppressor of cytokine signaling 3

socs3

2.65

0.0014

neural orphan nuclear receptor NUR77

nur77

2.60

0.0019

HMG box transcription factor Sox9a

sox9a

2.54

0.0200

NM_212750

jun B proto-oncogene, like

junbl

2.48

0.0003

NM_183341

early growth response 2a

egr2a

2.45

0.0016

NM_213031

growth arrest and DNA-damage-inducible, beta

gadd45b

2.38

0.0008

NM_212676

glutathione S-transferase M

gstm

2.25

0.0023

NM_200846

Putative ADP-ribosylation factor-like protein 5C

arl5c

2.16

0.0085

NM_200842

Protein quaking (HqkI)

qki

2.16

0.0091

NM_130922

B-cell translocation gene 2

btg2

2.15

0.0014

NM_001003451

dual specificity phosphatase 2

dusp2

2.09

0.0007

NM_001005306

solute carrier family 39 (zinc transporter), member 13

slc39a13

1.99

0.0146

spry4

1.96

0.0042

sox11b

1.93

0.0127

plk2

1.91

0.0079

mcm7

1.84

0.0024

TC280328

NM_001002173
TC294869

NM_131826

sprouty homolog 4

NM_131337

SRY-box containing gene 11b

NM_001099245
NM_212569

polo kinase 2
MCM7 minichromosome maintenance deficient 7

implicated
in AD

*

*

*

*

NM_001002176

GLY1; Threonine aldolase

zgc:91912

1.84

0.0022

NM_200149

Rap2 interacting protein

rap2ip

1.84

0.0137

NM_201308

polo-like kinase 3

plk3

1.81

0.0090

*

ENSDART00000046280

lipoprotein lipase

lpl

1.81

0.0026

*

hsp90a2

1.81

0.0049

dedd1

1.81

0.0050

jun

1.80

0.0088

dusp1

1.80

0.0042

lipin 1

lpin1

1.80

0.0019

similar to AXIN1 up-regulated 1

axud1

1.80

0.0177

NM_001007366

visinin-like 1

vsnl1

1.77

0.0461

NM_001005948

Transmembrane gamma-carboxyglutamic acid protein 1
precursor

prrg1

1.73

0.0043

NM_199798

GTP-binding protein RAD (RAS associated with diabetes)

rrad

1.73

0.0017

akr7a3

1.73

0.0103

NM_001045073
TC270852

death effector domain-containing 1

NM_199987

v-jun sarcoma virus 17 oncogene homolog

NM_213067

dual specificity phosphatase 1

NM_001044353
TC291927

NM_001002369
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*

*
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Accession
NM_001002493

Gene description
Jun dimerization protein 2

gene

FC

p-value

jdp2

1.72

0.0050

NM_212565

dual specificity phosphatase 5

dusp5

1.71

0.0033

NM_200901

SRY (sex determining region Y)-box 4b

sox4b

1.70

0.0036

NM_214683

scaffold attachment factor B

safb

1.69

0.0154

NM_198978

programmed cell death 4b

pdcd4b

1.68

0.0232

NM_131628

sodium channel, voltage-gated, type VIII, alpha a

scn8aa

1.68

0.0309

NM_198817

starmaker

stm

1.68

0.0067

NM_199629

nuclear factor of kappa light inhibitor, alpha b

nfkbiab

1.67

0.0074

rab7

1.65

0.0100

NM_001002178

Rab7

NM_131065

rev erb beta 2

reverbb2

1.65

0.0046

NM_198363

transducer of ERBB2, 1a

tob1a

1.65

0.0077

NM_212439

period homolog 4

per4

1.65

0.0286

NM_200881

hydroxysteroid (17-beta) dehydrogenase 12a

hsd17b12a

1.63

0.0127

slc38a4

1.62

0.0092

NM_001005944

solute carrier family 38, member 4

NM_199783

kelch-like 11

klhl11

1.61

0.0071

NM_201202

Histone H2A-Bbd type 2/3

h2afb3

1.59

0.0282

NM_200995

Aminoacylase-1

acy1

1.59

0.0225

NM_199771

ras-related C3 botulinum toxin substrate 1

rac1

1.58

0.0161

WAS/WASL interacting protein family, member 2

wipf2

1.58

0.0055

NM_001002165
NM_214812

FERM_C

zgc:85963

1.58

0.0068

NM_213219

A kinase (PRKA) anchor protein 8-like

akap8l

1.58

0.0238

olfactomedin 1

olfm1

1.58

0.0473

spon1b

1.58

0.0302

atxn3

1.56

0.0101

gadd45a

1.56

0.0069

ephrin A1

efna1

1.56

0.0258

Microfibril-associated glycoprotein 4

mfap4

1.56

0.0091

TC270628

cryptochrome 1b

cry1b

1.55

0.0378

TC280312

similar to Myelin expression factor 2

myef2

1.55

0.0265

NM_131328

heat shock protein 90-alpha

hsp90a

1.55

0.0084

NM_194380

dual specificity phosphatase 6

dusp6

1.54

0.0137

NM_198912

peptidase D

pepd

1.54

0.0076

AB127939

brevican

bcan

1.53

0.0197

CO350313

DR_AOV_FL09_C08 adult ovary cDNA

NM_001003486
NM_131517

spondin 1b

NM_201104

ataxin 3

NM_001002216
BC059630
NM_212889

growth arrest and DNA-damage-inducible, alpha

EST

1.53

0.0086

mapre3

1.53

0.0431

immediate early response 5

ier5

1.53

0.0221

NM_212598

RNA binding motif protein, X-linked

rbmx

1.52

0.0197

NM_200495

Heterogeneous nuclear ribonucleoprotein A1

hnrnpa1

1.52

0.0058

NM_200094

splicing factor 3a, subunit 1

sf3a1

1.51

0.0314

NM_201084

CDC5 cell division cycle 5-like

cdc5l

1.51

0.0208

NM_200593

splicing factor, arginine/serine-rich 1

sfrs1

1.51

0.0189

NM_001002170

Microtubule-associated protein RP/EB family member 3

NM_001007197

implicated
in AD

*

*
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gene

FC

p-value

implicated
in AD

NM_131317

myocyte enhancer factor 2d

mef2d

1.51

0.0077

*

zgc:110340

1.51

0.0066

smad1

-1.50

0.0199

arr3l

-1.51

0.0095

sepw1

-1.51

0.0153

sid4

-1.51

0.0026

BC091458

uncharacterized protein C8orf4

AY309268

smad1

NM_001002405
NM_178287

arrestin 3, retinal (X-arrestin), like
selenoprotein W, 1

TC268758

secreted immunoglobulin domain 4

TC281523

similar to dihydrodiol dehydrogenase (dimeric), like

dhdhl

-1.52

0.0330

egl nine homolog 3

egln3

-1.52

0.0244

pki

-1.53

0.0168

NM_213310
TC274142

similar to cAMP-dependent protein kinase inhibitor (PKI)

NM_199708

basic leucine zipper and W2 domains 1

bzw1a

-1.53

0.0109

NM_199875

elongation of very long chain fatty acids protein 7

elovl7

-1.53

0.0083

TC282716

orthologue of O-sialoglycoprotein endopeptidase

-1.53

0.0071

NM_153643

activin A receptor type II-like 1

acvrl1

-1.53

0.0067

TC271103

macrophage expressed gene 1

mpeg1

-1.54

0.0071

TC282195

similar to lysyl hydroxylase {Homo sapiens}

-1.54

0.0082

BC090903

ectonucleotide pyrophosphatase/phosphodiesterase
family member 6 precursor

enpp6

-1.54

0.0270

NM_200070

family with sequence similarity 49, member B

fam49b

-1.55

0.0088

NM_200092

B-cell receptor-associated protein 31

bcap31

-1.55

0.0177

BC045986

makorin, ring finger protein, 2,

mkrn2

-1.56

0.0066

BC068410

glial fibrillary acidic protein

gfap

-1.56

0.0198

NM_001002554

Diamine acetyltransferase 2

sat2

-1.56

0.0140

NM_001002343

GBP; Guanylate-binding protein (GBP)

NM_213394
NM_001005976

zgc:92185

-1.56

0.0044

glutathione S-transferase, alpha-like

gstal

-1.57

0.0130

complement component 1, q subcomponent, C chain

c1qc

-1.57

0.0250

NM_198338

solute carrier family 4, anion exchanger, member 1

slc4a1

-1.57

0.0408

NM_200017

elongation factor-1, delta

eef1d

-1.57

0.0476

NM_131590

invariant chain-like protein 1

iclp1

-1.57

0.0031

NM_201113

Homer protein homolog 3

homer3

-1.58

0.0046

NM_200895

phosphoserine aminotransferase 1

psat1

-1.58

0.0497

NM_001003519

phospholipid transfer protein precursor

pltp

-1.59

0.0072

NM_001006594

ATP-binding cassette, sub-family B (MDR/TAP), member
3 like 1

abcb2l1

-1.60

0.0028

tubulin, gamma complex associated protein 2

tubgcp2

-1.61

0.0062

NM_001002695

NM_200122

cytochrome c oxidase subunit VIb isoform 1

cox6b1

-1.61

0.0096

NM_001002401

mitochondrial ribosomal protein L24

mrpl24

-1.61

0.0087

NM_001002065

peptidylprolyl isomerase D (cyclophilin D)

ppid

-1.62

0.0486

T-cell receptor alpha TCRa-L1

trac

-1.63

0.0067

AF424545
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NM_212811

dnaJ (Hsp40) homolog, subfamily C, member 2

dnajc2

-1.63

0.0073

NM_178297

selenoprotein P, plasma, 1a

sepp1a

-1.63

0.0205

NM_183346

neuropeptide FF-amide peptide precursor like

npffl

-1.63

0.0047

NM_213265

V-type ATP synthase subunit I

zgc:85975

-1.64

0.0204

*

*

*

*

*

*

*
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Gene description

NM_131177

junction plakoglobin

NM_213408

solute carrier family 25 (mitochondrial carrier: glutamate),
member 22

NM_131246
NM_131734
NM_200421

cyclic 3’,5’-adenosine monophosphate phosphodiesterase

NM_131802

ceruloplasmin

NM_131375

proteasome activator subunit 1
DNA polymerase epsilon subunit 4

pole4

NM_001020584
TC291456
NM_001006044

gene

FC

p-value

jup

-1.64

0.0027

slc25a22

-1.65

0.0040

lactate dehydrogenase A4

ldha

-1.65

0.0162

glutathione S-transferase pi

gstp1

-1.65

0.0163

*

zgc:64213

-1.65

0.0185

*

cp

-1.65

0.0075

psme1

-1.66

0.0107

-1.66

0.0228

-1.67

0.0166

homologue to phospholemman precursor (FXYD domaincontaining ion transport regulator 1)
Claudin-5

cldn5

-1.68

0.0041

opn1lw1

-1.68

0.0036

Xylulose kinase

xylb

-1.68

0.0072

Cold-inducible RNA-binding protein

cirbp

-1.69

0.0169

NM_212730

sideroflexin 2

sfxn2

-1.69

0.0105

NM_178290

selenoprotein T, 1a

selt1a

-1.70

0.0127

NM_213156

actin related protein 2/3 complex, subunit 1B

arpc1b

-1.72

0.0097

zgc:92791

-1.72

0.0065

anxa3b

-1.73

0.0067

serp2

-1.75

0.0053

selenoprotein N

sepn1

-1.75

0.0029

nudE nuclear distribution gene E homolog like 1

ndel1b

-1.77

0.0498

fut8

-1.77

0.0009

NM_131175

opsin 1, long-wave-sensitive, 1

NM_200379
TC290860

NM_001002543

proteasome_beta_type_7; proteasome beta type-7
subunit

NM_001007302

annexin A3b

NM_200184
NM_001004294
NM_201307
TC296098

serine (or cysteine) proteinase inhibitor, clade E (nexin,
plasminogen activator inhibitor type 1), member 2

Alpha-(1,6)-fucosyltransferase

NM_200103

KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein
retention receptor 2

kdelr2

-1.77

0.0028

NM_131374

proteasome activator subunit 2

psme2

-1.77

0.0044

ubiquinol-cytochrome c reductase, complex III subunit VII

uqcrq

-1.78

0.0151

peroxiredoxin 6

prdx6

-1.79

0.0048

enoyl Coenzyme A hydratase, short chain, 1, mitochondrial

echs1

-1.79

0.0063

NM_212612

DEAD (Asp-Glu-Ala-Asp) box polypeptide 5

ddx5

-1.80

0.0076

NM_200350

ERO1-like

ero1l

-1.80

0.0027

NM_131391

proteasome (prosome, macropain) subunit, beta type, 9a

psmb9a

-1.81

0.0092

NM_212708

solute carrier family 16 (monocarboxylic acid
transporters), member 3

slc16a3

-1.83

0.0201

NM_213643

hemochromatosis type 2

hfe2

-1.84

0.0325

NM_194379

carbonyl reductase 1-like

cbr1l

-1.85

0.0030

NM_181761

annexin A2a

anxa2a

-1.86

0.0036

NM_200072

lectin, galactoside-binding, soluble, 9 (galectin 9)-like 1

lgals9l1

-1.87

0.0013

NM_131676

proteasome (prosome, macropain) subunit, beta type, 11

psmb11

-1.91

0.0040

NADH dehydrogenase (ubiquinone) flavoprotein 1

ndufv1

-1.94

0.0305

irf1

-1.98

0.0023

NM_001002495
NM_200805
NM_001004529

NM_001003747
NM_205747

interferon regulatory factor 1

implicated
in AD

*
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Gene description

gene

FC

p-value

proteasome (prosome, macropain) subunit, beta type, 10

psmb12

-1.98

0.0013

NM_199333

pyruvate kinase, muscle

pkm2

-1.99

0.0124

NM_201044

ring finger protein 13

rnf13

-2.02

0.0121

NM_200872

Autophagy protein Apg6

apg6

-2.05

0.0044

NM_200785

Retinal cone rhodopsin-sensitive cGMP 3’,5’-cyclic
phosphodiesterase subunit gamma

pde6h

-2.06

0.0079

NM_213401

stathmin-like 4

stmn4

-2.06

0.0049

homologue to protein kinase C, epsilon

prkce

-2.07

0.0127

NM_131585

ferritin, heavy polypeptide 1

fth1

-2.07

0.0026

NM_198804

phosphoglycerate mutase 1

pgam1

-2.12

0.0168

NM_200586

myoglobin

mb

-2.16

0.0125

NM_131024

presenilin

psen1

-2.27

0.0229

zgc:85725

-2.28

0.0028

eef2k

-2.31

0.0097

TC274233

NM_001003744

H_N_K_Ras_like; H-Ras/N-Ras/K-Ras subfamily

NM_001002740

elongation factor-2 kinase

angptl4

-2.42

0.0011

NM_178293

TC293680

vasotocin neurophysin

vsnp

-2.49

0.0008

NM_213131

Malate dehydrogenase, mitochondrial precursor

mdh2

-2.49

0.0015

NM_199569

eukaryotic translation initiation factor 2, subunit 1 alpha,
like

eif2s1l

-2.56

0.0012

NM_131642

cytochrome P450, family 19, subfamily A, polypeptide 1b

cyp19a1b

-2.93

0.0007

nt5dc4

-3.26

0.0163

NM_001004549

5’-nucleotidase domain-containing protein 4

NM_212895

retinol binding protein 1b, cellular

rbp1b

-3.42

0.0005

NM_198979

kelch repeat and BTB (POZ) domain containing 10

kbtbd10

-5.28

0.0013

similar to Neuroserpin precursor (Serpin I1)

serpini1

-5.37

0.0023

NM_131705

major histocompatibility complex class I UEA gene (

mhc1uea

-7.66

0.0103

NM_131471

major histocompatibility complex class I UBA gene

mhc1uba

-19.4

0.0001

TC282784

148

Angiopoietin-related protein 4 precursor

implicated
in AD
*

*

*

*

*

*

1.67

jdp2

nfkbiab

1.8

1.72

dusp1

2.15

btg2

2.09

2.16

qki

1.81

2.25

gstm

lpl

2.38

dusp2

2.45

2.65

socs3

gadd45b

2.68

egr2b

egr2a

2.76

cebpd

2.6

2.78

egr1

2.48

2.78

foxm1l

junbl

2.96

fos

nurr77

FC

3.95

dnajb1

E14.5

E12.5 E14.5

Mirnics et al.,
2003

Dickey et al.,
2003

Adult
(17-18 months)

Mouse

Cui et al., 2004

Adult
(6 months)

Mouse
Adult
(6 months)

Mouse

Psen1 cKO/
Psen2-/-

Beglopoulos et
al., 2005

This study

Mouse
embryo
(E12.5, E14.5)

Psen1-/hypomorph

reference

Adult
(17-18 months)

Age

mAPP + mPsen1
tg

Forebrain
neurons
(CAMKII )

Zebrafish

Model

Psen1-/-

special
conditions

psen1-/-

Mutant/
transgene

Downregulated

gene

Upregulated

Mirnics et al.,
2005

Forebrain
neurons
(CAMKII )

Adult
(3 months)

Mouse

Psen1 cKO

Mirnics et al.,
2005

Adult
(3 months)

Mouse

hdeltaE9
PENS1 tg

Lazarov et al.,
2005

enriched
environment

Adult
(? months)

Mouse

APPswe/
hdeltaE9
PSEN1 tg

Costa et al.,
2007

enriched
environment

Adult
(6 months?)

Mouse

APPswe/
hdeltaE9
PSEN1 tg
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1.54

1.53

1.53

-1.54

-1.56

-1.56

-1.57

-1.58

-1.58

-1.6

-1.65

-1.68

-1.73

-1.75

-1.77

-1.78

dusp6

bcan

mapre3

enpp6

mkrn2

gfap

c1qc

homer3

psat1

abcb2l1

ldha

cldn5

anxa3b

serp2

fut8

uqcrq

pde1b E14.5

lgals1 E14.5

E12.5

fut9

E12.5 E14.5

ldh1 E14.5

abca1 E14.5

E14.5

mkrn1 E14.5

E14.5

E14.5

E12.5

abcc6

C1qα/β

ennp2

slc38a2

hsd17b1

lgals2

C1qβ

olfm3

per3

per2

Supplemental Table 2. Comparison of zebrafish psen1-/- gene profile to previous publications concerning several mouse Psen1 models.
In cases of common change in gene families, the appropriate gene name is indicated.

-7.66

-19.44

mhc1uea

mhc1uba

-2.06

1.55

myef2

pde6h

1.58

olfm1

-1.86

1.59

h2afb3

-1.87

1.62

slc38a4

anxa2a

1.63

hsd17b12a

lgals8l1

1.65

per4
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In this thesis, we have employed forward genetics to generate zebrafish carrying mutations
that affect various aspects of neural development. This work is presented in Chapters 2
to 5 of this thesis. Positional cloning of these mutants led to identification of a previously
published mutation in the adenomatous polyposis coli gene in Chapter 2 (Hurlstone et al.,
2003) and the identification of a mutation in a relatively unknown nucleolar GTPase gnl2 in
Chapter 4. A reverse genetic approach was used in Chapter 4 and 6, where we specifically
generated non-sense mutations in zebrafish nucleostemin (ns), a family member of gnl2
and in presenilin1 (psen1) in order to study their role in neural development and adult brain
homeostasis. Below, the most important findings described in this thesis are summarized
and future directions and possibilities are discussed.
A role for Apc and Wnt/ß-catenin signaling in in vivo axon pathfinding
Several studies have suggested that the Wnt antagonist Adenomatous polyposis coli (Apc) is
involved in neuronal polarity and axon outgrowth in vitro (Purro et al., 2008; Shi et al., 2004;
Votin et al., 2005). Apc binds to microtubule ends and directs their stabilization (Zumbrunn
et al., 2001). Binding of Apc to microtubules is promoted by inhibition of GSK3ß through
activation of the PI3K pathway (Zhou et al., 2004). In addition, Apc is enriched at polarized
neurite tips that will form the future axon (Votin et al., 2005). Contrasting with these findings
is the observation that combined depletion of both Apc1 and Apc2 in Drosophila has no
effect on axon polarization and outgrowth, mitotic spindles and other processes involving
microtubule (Rusan et al., 2008), indicating that in vivo, Apc may not be not required for
axon outgrowth.
Regulation of ß-catenin levels appears to affect axonogenesis as stabilization of ß-catenin
negatively affects dendrite outgrowth (Ouchi et al., 2005; Votin et al., 2005; Yu and Malenka,
2003). However, it is unclear whether and to what extent ß-catenin-mediated transcriptional
activation contributes to neurite outgrowth defects as transcriptionally inactive stabilized ßcatenin also inhibited neurite outgrowth in vitro (Votin et al., 2005). In contrast, in murine
retinal explants, activation of Lef-1 mediated transcription as well as stabilization of ß-catenin
inhibited axon outgrowth, indicating that ß-catenin-TCF/LEF-mediated transcriptional
activation may contribute to inhibition of axon outgrowth (Ouchi et al., 2005).
In Chapter 2 of this thesis, we show that loss of Apc1 in zebrafish causes retinal axon
pathfinding defects in vivo. Mosaic analysis suggests that Apc is required cell-autonomously
within projecting retinal ganglion cells in order to extend axons, although a contribution
of patterning defects of the diencephalic migratory substrate cannot be fully excluded.
The pathfinding defects appear to be mediated mainly by stabilization of ß-catenin, as
reintroduction of an Apc fragment containing only ß-catenin and Axin binding sites in apc
mutants could rescue the axon pathfinding defects. However, these results do not clarify
whether the rescue is due to direct interaction of Apc and ß-catenin in the Wnt ‘destruction’
complex and subsequent suppression of ß-catenin/TCF/Lef-mediated transcription or by
reduction of ß-catenin levels in cell-adhesion complexes and its effect on Apc in growth
cones. Future experiments that investigate whether Apc lacking ß-catenin and Axin binding
sites or transcriptional inactive ß-catenin is able to rescue the axon pathfinding defect could
aid in deciphering the role of Wnt/ß-catenin activation in axon extension and pathfinding.
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The results in Chapter 2 do show that in vertebrates, the Wnt/ß-catenin-independent
functions of Apc in microtubule binding and cell adhesion (Hanson and Miller, 2005) are
not essential for axon pathfinding in vivo. Since no further data on Apc function in axon
pathfinding in vivo has thus far been published, the zebrafish apc mutant can be a valuable
tool to further distinguish the contribution of the Wnt-dependent and Wnt-independent
role of Apc and ß-catenin in axon outgrowth.
Functions of Wnt/ß-catenin signaling in late stages of brain development
Most studies on the role of Wnt/ß-catenin signaling in brain development have focussed
on early stages and have shown that Wnt/ß-catenin signaling is essential for proper anteroposterior patterning of the neural plate. For example, the zebrafish mutants mbl/axin
and headless/tcf3 show expansion of the posterior brain at expense of anterior neural
tissue (Heisenberg et al., 2001; Kim et al., 2000; van de Water et al., 2001). Next to early
patterning, Wnt/ß-catenin is also involved in control of proliferation and differentiation of
neural lineages. For example, in mice, the presence of constitutive active or conditionally
activated ß-catenin causes hyperproliferation of the brain and spinal cord through positive
regulation of neural precursor proliferation (Chenn and Walsh, 2002; Zechner et al., 2003).
In addition to promoting precursor proliferation, Wnt/ß-catenin signaling has been shown
to promote neuronal differentiation in vitro and in vivo (Hirabayashi et al., 2004; Hirsch et
al., 2007; Lee et al., 2006).
Challenging questions in studying the roles of Wnt/ß-catenin signaling in brain development
are how the different functions and effects of activated Wnt/ß-catenin signaling on
patterning, proliferation and differentiation converge to mediate distinct steps of brain
development and how these separate functions can be uncoupled. Recently, an attempt
has been made to distinguish the distinct roles of Wnt/ß-catenin signaling in dorso-ventral
patterning and regulation of proliferation in the zebrafish early spinal cord (Bonner et
al., 2008). The authors were able to distinguish the effects of inhibition of Wnt/ß-catenin
signaling on patterning versus proliferation by using cell cycle inhibitors and morpholino’s
to several TCF/LEF transcription factors and showed that patterning defects can occur
independently of proliferation defects.
Previous studies have implied a role for Wnt/ß-catenin signaling and specifically of the
Wnt ligand Wnt1 in early development of the midbrain and cerebellum (McMahon and
Bradley, 1990; Thomas and Capecchi, 1990). It is thought that Wnt1 is required to maintain
expression of isthmic organizer (IsO) genes such as fgf8 and pax2 as well as of eng2 in the
midbrain. Overexpression of Wnt1 in mice by expressing Wnt1 from an Eng2 promotor or by
viral overexpression in chick caused subtle caudal expension of IsO genes, but did not affect
general IsO and midbrain patterning (Adams et al., 2000; Panhuysen et al., 2004). Instead,
in mice, ectopic Wnt caused hyperproliferation of the dorsal midbrain, probably through
upregulation of the cell cycle regulator cyclinD1.
Our results in Chapter 3 show that restriction of Wnt/ß-catenin signaling is required during
late stages of brain development as well in order to maintain and limit isthmic organizer
activity, dorsal midbrain survival and to regulate proliferation. Loss of the intracellullar
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Wnt/ß-catenin antagonist Apc results in overactivation of ß-catenin- and TCF/LEF-mediated
transcription in the dorsal midbrain and at the mid/hindbrain boundary (MHB). It has been
shown previously that the IsO genes are interdependent for maintenance of their expression
at early IsO maintenance stages (Raible and Brand, 2004; Wurst and Bally-Cuif, 2001).
We show that ß-catenin signaling is required for maintenance of the IsO regulatory loop,
consisting of fgf8, wnt1, pax2a and eng2a, at late stages of brain development as well.
Survival of the dorsal midbrain appears to be independent of Fgf8 expansion and signaling
at the MHB, showing that cell-autonomous restriction of Wnt/ß-catenin within the optic
tectum is required for its survival. Several factors may contribute to the induction of
apoptosis in the optic tectum. Although it is unlikely that apoptosis is caused by loss of
Wnt/ß-catenin-independent functions of Apc, since reintroduction of an Apc fragment
consisting of only ß-catenin and Axin-binding sites in apc mutants could restore survival,
we cannot exclude that the apoptosis results from cell adhesion defects. Apc provides a link
between the membrane and cytoplasmic pools of ß-catenin by promoting distribution of
E-cadherin and ß-catenin to the plasma membrane, where they interact in cadherin-catenin
adherens junction (Aoki and Taketo, 2007; Bienz and Hamada, 2004). Thus, Apc promotes
cell adhesion and previous work has shown that reintroduction of wild-type Apc can restore
cell adhesion defects in Apc mutant colon cell lines (Faux et al., 2004). Some studies have
reported activation of apoptosis upon stabilization of ß-catenin or loss of Apc (Damalas et
al., 1999; Hasegawa et al., 2002). The apoptosis observed upon conditional inactivation
of Apc in neural crest cells was p53-independent (Hasegawa et al., 2002), suggesting that
overactivation of Wnt/ß-catenin does not induce apoptosis through p53 activation. Possibly,
transcriptional activation of presently unknown Wnt/ß-catenin target genes mediates
induction of apoptosis pathways.
The fact that loss of Apc caused reduced proliferation in the dorsal midbrain seems difficult
to reconcile with the previously described hyperproliferation observed upon overactivation
of Wnt/ß-catenin signaling or ectopic Wnt1 activity (Chenn and Walsh, 2002; Panhuysen et
al., 2004; Zechner et al., 2003). There are several possible explanations for this apparent
discrepancy. Wnt1 is a known mitogenic agent in the dorsal neural tube and dorsal midbrain
(Megason and McMahon, 2002; Panhuysen et al., 2004). However, increased expression
of Wnt1 did not result in enhanced proliferation of the dorsal neural tube, which was
hypothesized to be due to saturated levels of endogenous Wnt/ß-catenin in the dorsal
neural tube (Megason and McMahon, 2002). Possibly, endogenous levels of Wnt/ß-catenin
are saturated in the dorsal midbrain at early stages, preventing increased proliferative rates.
In addition, programmed cell death that is apparent from 36 hpf may result in ablation of
supernumerary cells in the dorsal midbrain. Interestingly, in the cerebellum, an increase in
proliferation was noted that was accompanied by weak induction of wnt1 expression. This
finding suggests that in the cerebellum, the level of endogenous Wnt/ß-catenin signaling
has not reached saturation.
The role of nucleolar GTPases in cell cycle exit and timing of neuronal differentiation
In Chapter 4, we found that a mutant from our forward genetic screen that is characterized by
neuronal differentiation defects contains a mutation in a relatively unknown nucleolar GTP159
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ase, named gnl2. Since a related GTPase called Gnl3/Nucleostemin (Ns) has been the main
focus of studies addressing the function of this family of nucleolar GTPases, we generated a
ns zebrafish knockout allele using a reverse genetic screen. In vitro and in vivo studies have
implied that Ns is required for maintaining proliferation as knockdown of Ns causes reduced
proliferation due to impaired cell cycle progression (Ma and Pederson, 2008). The role of Ns
in the cell cycle appears to be mediated at least in part through the tumor suppressor p53,
since depletion of Ns causes p53 activation and subsequent G1 cell cycle arrest through
inhibition of its degradation by the E3 ubiquitin ligase Mdm2 (Dai et al., 2008). Contrasting
results have been obtained when overexpressing Ns, which according to several studies
causes p53 activation through increased binding of ribosomal proteins to and subsequent
inhibition of Mdm2 (Dai et al., 2008). However, a recent study implied that Ns only interacts
with Mdm2 during disassembly of the nucleolus and subsequent nucleoplasmic relocalization
of Ns, which occurs during mitosis and nucleolar stress situations and that Ns interactions
with Mdm2 results in its stabilization and thus, increased p53 turnover (Meng et al., 2008).
Hence, the exact mechanisms and function of Ns in different cell cycle phases and
physiological ‘unstressed’ conditions remain unknown.
In our studies presented in Chapter 4 and 5, we show that Gnl2 and Ns are required for
correct timing and induction of neuronal differentiation in the zebrafish retina.
Rather surprising was the finding that in the gnl2 mutant zebrafish brain, neuronal
differentiation occurred ahead of schedule, whereas in the retina, neuronal differentiation
was delayed. We hypothesize that these contradicting results may be explained by different
effects of Gnl2 loss-of-function (LOF) on cell cycle exit in brain and retinal neural precursors.
The cell cycle inhibitor p57Kip2 is expressed specifically in embryonic neural precursors
that are about to exit cell cycle and initiate terminal differentiation (Besson et al., 2008).
In the gnl2 mutant retina, expression of p57kip2 is delayed, whereas it is prematurely
expressed and expanded in the early gnl2 brain. At the same time, expression of the G1-S
phase transition promoting gene cyclinD1 is enhanced in both brain and retina, suggesting
prolonged duration of the cell cycle. In the light of previously published data on the effect
of Ns depletion on the cell cycle, these results are rather surprising as one would expect
to see reduced proliferation due to a block in the cell cycle, similar to what was observed
in Ns-/- mice (Beekman et al., 2006; Zhu et al., 2006). However, the presence of maternal
wild-type mRNA and/or protein in zebrafish mutants may mask a complete block in cell
cycle progression. Injection of Gnl2 or Ns translation-blocking morpholino’s into gnl2 and ns
mutants, respectively, probably cause a more dramatic effect on proliferation.
Seeing the delayed downregulation of cell cycle regulators such as cyclinD1 and delayed
expression of the cell cycle exit mediator p57kip2, it appears that in gnl2 and ns zebrafish
mutants the cell cycle is slowed down. Slowdown of the cell cycle could result in different
outcomes in the brain and retina. In the mouse brain, it has been proposed that longer cell
cycle lengths are related to neurogenic divisions (Calegari et al., 2005; Calegari and Huttner,
2003). In the zebrafish and Xenopus retina, however, neurogenic division of neural precursors
has been linked to shorter cell cycle periods (Baye and Link, 2007; Li et al., 2000; Locker et al.,
2006). Hence, slowdown of cell cycle progression resulting in premature differentiation in
the brain and delayed differentiation in the retina may explain the apparently contradicting
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effects of Gnl2 LOF. To confirm this hypothesis, further experiments are required. For
example, cell cycle inhibitors or cell cycle activators could be used to artificially slow down
or speed up cell cycle progression to investigate the effects of changed cell cycle lengths on
neural differentiation in the brain and retina. Currently, we are determining the average cell
cycle length and estimated phases-length in gnl2 and ns mutants by use of BrdU that marks
cells that underwent S-phase and label BrdU and PH3 that marks mitotic cells at several
stages after a BrdU pulse. In addition, using propidium iodide and FACS analysis, the DNA
content and thus, the proportion of cells in each phase of the cell cycle can be determined.
These approaches are expected to clarify whether the cell cycle is indeed slowed and which
phase(s) of the cell cycle are affected by loss of Gnl2 or Ns.
Another remaining question is how and if regulation of Gnl2 and Ns activity depends on
interactions with signaling pathways involved in regulating proliferation and differentiation
in neural development. At this moment, we do not know what causes the delayed expression
of p57kip2 and delayed downregulation of cyclinD1 in the gnl2 and ns retina. Sonic hedgehog
signaling regulates expression of the cell cycle inhibitor p57kip2 that is required for cell cycle
exit in the zebrafish retina (Shkumatava and Neumann, 2005). Wnt and Notch signaling are
required for maintaining proliferation and inhibition of cell cycle exit of retinal precursors,
respectively, in the zebrafish retina (Yamaguchi et al., 2005). Upstream of both Wnt and Notch,
the histone deacetylase Hdac1 suppresses their activity in order to mediate transition from
proliferation to differentiation. This interaction is probably mediated by direct competition
with Wnt and Notch transcriptional effectors for activation of their respective target genes.
It is possible that changed activities of Shh, Wnt and/or Notch signaling contribute to the
Gnl2 and/or Ns phenotypes. Preliminary data suggest that ns, but not gnl2 mutants, display
an increased activity of Notch signaling as readout by expression of a direct Notch target
gene her4.1, which appears to contribute to delayed retinal ganglion cell differentiation
(J.P., unpublished observations). As increased levels of the Hairy/Enhancer-of-Split (E/Spl)
transcription factor Hes1 maintains precursor proliferation by suppressing expression of
the cyclin-dependent kinase inhibitor p27kip1 (Murata et al., 2005), it is possible that in
ns mutants, increased Notch signaling contributes to the observed delay in cell cycle exit.
Although it is not clear how loss of Ns would affect Notch transcriptional activity, it is an
interesting observation that will be pursued in further experiments.
p53-dependent and p53-independent functions of Gnl family members
In vitro data suggest that depletion of Ns causes p53 activation (Ma and Pederson, 2008).
However, crossing Ns+/- mice to p53+/- did not result in increased survival of Ns-/-;p53-/- mice
as compared to Ns-/- that die during blastocyst stages due to complete block in S-phase
progression (Beekman et al., 2006). We show in Chapter 5 that the extensive apoptosis in
zebrafish gnl2 and ns mutants is mainly due to p53 activation. Possibly, activation of p53
prolongs cell cycle checkpoints, thus slowing the cell cycle and delaying cell cycle exit and
terminal differentiation. However, timing of ganglion cell differentiation in gnl2 mutants
is not improved upon p53 inactivation, suggesting that the differentiation defects occur
independently of p53 activation. To confirm that slowdown of cell cycle progression is not
caused by p53 activation, we are currently comparing the cell cycle length between gnl2 and
gnl2/p53-depleted embryos.
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Apart from its ability to interact with Mdm2/p53, Ns has been recently suggested to act
in ribosome biogenesis (Kudron and Reinke, 2008). Ns was found to interact with Pes1,
DDX21 and EBP2, which are nucleolar proteins involved in late processing steps of pre-rRNA
into pre 60S ribosome subunits (Romanova et al., 2008). Depletion of Ns in vitro caused
relocalization of DDX21 and EBP2, but not of Pes1 and several other nucleolar proteins.
In addition, both depletion and overexpression of Ns changed the rates of pre 32S rRNA
processing into 28S rRNAs, suggesting that Ns is required for ribosome biogenesis and
protein synthesis. Knockdown of several zebrafish nucleolar proteins involved in ribosome
biogenesis has been described and often leads to nucleolar stress-induced p53 activation
and subsequent induction of apoptosis similar to what occurs in gnl2 and ns mutants
(Azuma et al., 2006; Chakraborty et al., 2009; Iwanami et al., 2008). Therefore, it is possible
that disturbed ribosome biogenesis contributes to the gnl2 and ns phenotypes.
Presenilin1 is required for maintenance of proliferation and neurogenesis in the adult
vertebrate brain
In Chapter 6, we analyze two knockout alleles of Presenilin1 (Psen1). In contrast to murine
Psen1-/-, the zebrafish psen1-/- survive into adulthood. In conditional Psen1 knock-out
(cKO) mice that affects only a subset of forebrain neurons, subtle defects in memory and
neurogenesis were observed (Feng et al., 2001; Yu et al., 2001). Thus, our zebrafish psen1-/model has allowed analysis of the function of Psen1 in the adult vertebrate brain.
Transcriptome analysis of wild-type and psen1-/- brains suggests that despite the presence
of only subtle histological defects, the loss of Psen1 causes activation of stress responses. In
addition, the transcriptome changes have indicated altered expression of a number of genes
that have previously been implicated in Alzheimer’s disease.
The loss of Psen1 causes reduction of proliferation rates and numbers of newborn granule
cells in the cerebellum. Concomitantly, expression of neural stem/progenitor cell (NSC/NPC)
markers is reduced. This suggests that Psen1 is required to maintain NSC/NPC populations
in the adult brain. In addition, populations of (radial) glia are reduced throughout the
brain. Psen1 is involved in cleavage of the Notch receptor and release of its intracellular
mediator NICD. Notch signaling is required for maintenance of NSC/NPCs in the embryo
(Androutsellis-Theotokis et al., 2006; Hitoshi et al., 2002; Mizutani et al., 2007) and for
development of (radial) glial cells (Breunig et al., 2007; Gaiano et al., 2000; Kiyota et al., 2008;
Komine et al., 2007; Mizutani et al., 2007; Tanigaki et al., 2001). Therefore, it is probable that
impaired Notch signaling as observed by reduced expression of a direct Notch target her4.1
contributes to the reduced maintenance of NSC/NPCs and to subsequent reduction in de
novo neurogenesis in the adult psen1-/- brain. However, since Psen1 is involved in processing
of other transmembrane substrates, such as APP, and also has γ-secretase-independent
functions, i.e. in calcium homeostasis (reviewed by Parks and Curtis, 2007), we cannot
exclude contribution of defects that are not linked to impaired Notch signaling.
In contrast to Psen2-/- mice that show no morphological defects (Herreman et al., 1999),
Psen1 cKO/Psen2-/- mice show severe neurodegeneration and memory defects (Feng et al.,
2004; Saura et al., 2004), suggesting redundant function of Psen1 and Psen2 in vertebrates.
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Future experiments using a zebrafish psen2-/- that we identified from a reverse screen (J.P.,
unpublished observations) could further examine the distinct and overlapping functions of
Psen1 and Psen2 in vertebrate neural development and adult brain homeostasis.
Relevance of the zebrafish psen1-/- model for human disease
Missense mutations in PSEN1, PSEN2 and amyloid precursor protein (APP) are the main causes
of familial Alzheimer’s disease (FAD) in humans. These FAD mutations are hypothesized to
lead to increased production of Aß42, a peptide that is released during processing of APP
by ß- and γ-secretase complexes (De Strooper, 2007; Shen and Kelleher, 2007; Wolfe, 2007).
However, there is no consensus on the exact nature of FAD mutations and the course of the
pathogenic process leading to Alzheimer’s disease. The increased levels of Aß42 production
suggests that they represent gain-of-(toxic) function. On the other hand, many FAD
mutations cause reduced production of NICD and AICD, suggesting loss-of-function. Since
FAD mutations are dominantly inherited, it has been proposed that missense PSEN mutation
behave in a dominant-negative manner with respect to the remaining wild-type alleles and
cause partial LOF of γ-secretase-mediated processing of APP and other substrates (Shen
and Kelleher, 2007). One of the proposed possiblities is that FAD mutations cause decreased
catalytic activity of γ-secretase leading to increased production of Aß42 relative to Aß40, a
shorter non-toxic form that is mainly produced by wild-type γ-secretase.
However, many questions regarding the contribution of aberrant Aß42 production and
impaired processing of the Notch receptor and other γ-secretase substrates to the pathogenic
process remain unanswered. In our zebrafish psen1-/- model, we did not observe formation
of amyloid plaques up to 26 months of age as evaluated by silver staining and Congo Red
staining (J.P., unpublished observations). Analysis of neural development and adult brain
homeostasis in psen1-/- zebrafish transgenic for human FAD mutations could provide new
insight into the underlying mechanisms of human FAD pathogenesis, especially regarding
the status of Notch signaling in relation to maintenance of NSC/NPCs during embryonic and
adult stages.
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Samenvatting
De zebravis als model in de ontwikkelingsbiologie
De ontwikkelingsbiologie beschrijft de processen die plaatsvinden tijdens het ontstaan van
een geheel organisme uit één bevruchte eicel. Tijdens dit proces ontstaan verschillende
organen met een verscheidenheid aan verschillende celtypen en groeit het embryo. Om de
embryonale ontwikkeling te bestuderen, wordt veelal gebruik gemaakt van diermodellen,
zoals bv. de muis (mus musculus), de fruitvlieg (Drosophila) en ook van de zebravis. De
onderliggende mechanismen die zorgen dat een eicel uitgroeit tot een compleet organisme
zijn namelijk vergelijkbaar (geconserveerd) tussen mens en dier, zelfs in een relatief
eenvoudig gewerveld dier zoals de zebravis. De informatie die nodig is voor normale
ontwikkeling is vastgelegd in het genetisch materiaal (DNA), wat zich als chromosomen
in de kern van cellen bevindt. Op het DNA zijn kleine pakketjes informatie aanwezig; elk
pakketje codeert voor één eiwit, welk verschillende functies kan hebben in de cel, zoals bv.
bouwsteen of boodschapper-molecuul. Deze pakketjes heten genen. Er wordt geschat dat
een mens minimaal 20.000 genen heeft. Van deze genen en de bijbehorende eiwitten is
maar van een klein deel bekend wat voor functie het heeft.
Als een gen belangrijk is voor bv. een bepaald onderdeel van de embryonale ontwikkeling,
kun je voorstellen dat een fout in dit gen zorgt voor afwijkingen in het embryo. Dit gegeven
kun je gebruiken om te onderzoeken welke genen bij welke processen van ontwikkeling
belangrijk zijn.
Hierbij kun je gebruik maken van twee manieren: de eerste manier is dat je willekeurig fouten
(mutaties) in het DNA van een modelorganisme zoals de zebravis aanbrengt en vervolgens
kijkt welke processen door deze fouten verstoord worden (voorwaartse genetica, ‘forward
genetics’). Mutatie van een gen zorgt vaak voor verstoring van bepaalde aspecten van de
normale ontwikkeling (bv. van een specifiek deel van de hersenen). Deze verstoringen
noemen we fenotypes. Elke mutant (1 mutatie in 1 gen) heeft zo een uniek fenotype,
waarna er uitgezocht wordt welk gen precies gemuteerd is. Een andere methode is het
gericht mutaties aanbrengen in een bepaald gen, waarna er gekeken wordt óf en welke
processen verstoord worden (terugwerkende genetica, ‘reverse genetics’). Op deze manier
onderzoeken ontwikkelingsbiologen welke genen belangrijk zijn voor normale ontwikkeling
van het embryo.
De zebravis is een uitstekend modelorganisme voor het bestuderen van embryonale
ontwikkeling, omdat de embryo’s buiten de moeder ontwikkelen en de eerste dagen
doorzichtig zijn. Hierdoor kan je bepaalde organen gemakkelijk onder de microscoop bekijken.
Ook ontwikkelt een zebravisembryo zich zeer snel; binnen 24 uur na de bevruchting heeft een
zebravis al een hart, ogen, oren en hersenen en na 2 dagen zwemt het al rond. Ook al zit een
zebravisembryo eenvoudiger in elkaar dan een mensenembryo, de mechanismen en genen
die belangrijk zijn voor ontwikkeling van zowel mens als zebravis zijn geconserveerd. In het
onderzoek beschreven in dit proefschrift heb ik gebruik gemaakt van zebravisembryo’s en
volwassen zebravissen om te bekijken welke genen betrokken zijn bij hersenontwikkeling.
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Ontwikkeling van de hersenen in het embryo
Zoals eerder gezegd lijken de processen die plaatsvinden tijdens de embryonale ontwikkeling
van de mens en dier veel op elkaar. Dit geldt ook voor ontwikkeling van de hersenen. De
hersenen van een zebravis zijn veel kleiner en eenvoudiger dan die van de mens. Toch zijn er
veel overeenkomsten. Zo ontstaat de aanleg van de hersenen en het ruggenmerg al vroeg
in het embryo. Een deel van het embryo krijgt door verschillende signalen uit andere (b.v.
ondergelegen) delen van het embryo de bestemming hersenen. Op dat moment lijkt dit
deel op een ovale schijf en wordt neurale plaat genoemd. De randen van deze neurale plaat
vouwen vervolgens naar boven en binnen, waardoor er een lange buis ontstaat (neurale
buis). De voorste delen van deze buis groeien uit en krijgen een aantal vouwen. Uit dit deel
ontstaan de hersenen. Uit het achterste deel van de neurale buis ontstaat het ruggenmerg.
De hersenen bestaan uit een aantal onderdelen: de voorhersenen (telencephalon en
diencephalon), middenhersenen (mesencephalon) en achterhersenen (metencephalon). Bij
de mens is een deel van de voorhersenen (telencephalon) zo erg uitgegroeid dat het zich
heeft dubbelgevouwen en over de rest van de hersenen heen ligt.
Om de verschillende delen van de hersenen te maken, krijgt elk deel van de neurale buis
specifieke signalen van omliggend weefsel. Door deze code van signalen ‘weet’ elk deel
tot welk hersenonderdeel het moet uitgroeien. Dit heet patroonvorming (‘patterning’). De
signalen die patroonvorming bewerkstelligen behoren vaak tot signaleringscascades. Een
signaleringscascade zorgt ervoor dat een signaal (van) buiten de cel via receptoren (een
soort ‘antennes’) op het celmembraan doorgegeven wordt aan elke cel, waarna die cel bv.
nieuwe eiwitten gaat aanmaken die horen bij een specifieke celfunctie (bv. een zenuwcel/
neuron).
Er zijn een aantal signaleringscascades die belangrijk zijn voor de hersenontwikkeling, zoals
bv. het Wnt/β (‘beta’)-catenin signaleringscascade. Wnt/β-catenin signalering is betrokken
bij het ontstaan van normale patroonvorming (juiste onderverdeling in wat uiteindelijk
verschillende hersengebieden worden) in de neurale plaat. Ook is het belangrijk bij het
reguleren van celdeling (‘proliferatie’) van zogenaamde voorlopercellen (cellen zonder
specifieke functie als bv. hartcel of huidcel), maar ook bij het overgaan van een voorlopercel
naar een specifiek celtype (‘differentiatie’ van bv. een neuron).
In Hoofdstuk 2 en 3 beschrijf ik de functie van een eiwit dat onderdeel is van het Wnt/βcatenin signaleringscascade, genaamd Apc. In een zebravislijn die een mutatie in het apc
gen bevat, is er toegenomen activiteit van Wnt/β-catenin signalering in de hersenen. Deze
toegenomen activiteit verstoort normale ontwikkeling van de oogzenuw. De oogzenuw
bestaat uit axonen (uitlopers) van een speciaal type zenuwcellen in de retina (oog),
genaamd retinale ganglion cellen (RGCs). De RGCs zijn normaal gezien aanwezig in een
komvormige laag rondom de lens. Deze RGC laag is in de apc mutant verstoord. De uitgroei
en het pad van de oogzenuw is ook verstoord; minder RGC axonen groeien uit het oog en
de RGC axonen die het oog uitkomen volgen niet het normale pad naar het optisch tectum
in de middenhersenen. Een ander defect in de apc mutante hersenen is dat cellen in het
optisch tectum na 1.5 dag doodgaan. Ook is de functie van zogenaamde lokale signaalcentra
verstoord. Signaalcentra zijn speciale plaatsen in de hersenen die signalen sturen naar
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omliggend weefsel en zo er voor zorgen dat dit omliggende weefsel zich tot het juiste weefsel
ontwikkelt. Eén zo’n signaalcentrum ligt aan de grens tussen de midden- en achterhersenen
(‘mid/hindbrain boundary’, MHB). Deze zorgt tijdens vroege stadia van hersenontwikkeling
voor patroonvorming in de dorsale (bovenzijde) van de middenhersenen wat uitgroeit
tot optisch tectum, en voor patroonvorming van de kleine hersenen (cerebellum). Het is
niet bekend wat de functie van de MHB tijdens latere stadia van ontwikkeling is. In de apc
mutant laten we zien dat de MHB ook tijdens latere ontwikkeling belangrijk is voor het
onderhouden van het cerebellum. Onze data in Hoofdstuk 3 laten zien dat Apc belangrijk is
voor het beperken van Wnt/β-catenin signaleringsactiviteit in het optisch tectum en in de
MHB om zo celdood in het optisch tectum en het verstoren van normale ontwikkeling van
het cerebellum te voorkomen.
In Hoofstuk 4 wordt de rol van twee relatief onbekende genen genaamd gnl2 en gnl3/
nucleostemin in differentiatie van zenuwcellen in de hersenen en in de retina beschreven.
Gnl2 en Nucleostemin (Ns) eiwitten behoren tot een familie van speciale GTP-ases die zich
voornamelijk in de nucleolus bevinden. GTPases zijn eiwitten die wisselen tussen GDP en
GTP-gebonden toestand, wat fungeert als een soort schakelaar die het eiwit respectievelijk
uit- en aanschakelt. Over Ns is bekend dat het een rol speelt in de regulatie van proliferatie
en er wordt aangenomen dat het een functie in stamcellen heeft. Er is niet veel bekend over
de functie van Ns en Gnl2 in levende organismen (in vivo). We laten zien dat verlies van
Gnl2 of Ns leidt tot kleinere embryo’s, met kleinere ogen en een kleiner hoofd. Om de rol
van Gnl2 en Ns in differentiatie en proliferatie beter te bestuderen, hebben we ons gericht
op de retina. De retina bevat net als hersenen ook zenuw- en gliacellen, die zich in een
heel vastomlijnd en strak patroon ontwikkelen. In gnl2 en ns mutanten is de differentiatie
van RGCs (eerstgeboren neuronen in de retina), maar ook die van cellen die later vormen,
verstoord. De expressie van genen die betrokken zijn bij regulatie van celdeling is ook
verstoord, wat erop wijst dat voorlopercellen waarschijnlijk niet op tijd stoppen met delen
en gaan differentiëren.
Interessant is dat in tegenstelling tot de retina, waar differentiatie vertraagd is, vervroegde
differentiatie optreedt in de hersenen van gnl2 mutanten. Dit wordt wellicht veroorzaakt
door een intrinsiek verschil tussen de hersenen en de retina in hoe de lengte van de
celdelingscyclus samenhangt met neuronale differentiatie. Dit is een interessante bevinding
voor verder onderzoek.
In Hoofdstuk 5 wordt de rol van het tumor suppressor eiwit p53 in het ontstaan van de
gnl2 en ns phenotypes bestudeerd. p53 speelt een belangrijke rol in het stoppen van
celdeling als er schade in een cel is (zoals DNA schade). Het is eerder aangetoond in vitro
(in gekweekte cellen) dat het Ns eiwit met p53 interacteert en dat verlies van Ns leidt tot
verhoogde concentraties van p53. Dit zorgt voor verminderde celdeling. Er is echter ook
data die suggereert dat de rol van p53 in vivo in het ontstaan van ns mutante phenotypes
klein is. We hebben dit bestudeerd in onze zebravis gnl2 en ns mutanten door de p53
concentratie omlaag te brengen met een zogenaamd morpholino. Wat we zagen is dat de
uitgebreide celdood die optreedt in gnl2 en ns mutanten, vrijwel verdwenen is. Dit geeft
aan dat p53 overactivatie leidt tot celdood in gnl2 en ns mutanten. Ook hebben we gekeken
naar differentiatie van RGCs in de retina van gnl2 en gnl2/p53 dubbel mutanten. Hier zagen
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we geen verbetering van RGC differentiatie, wat zegt dat p53 activatie in gnl2 mutanten
niet leidt tot vertraagde differentiatie. Onze data laten zien dat p53 activatie inderdaad een
beperkte rol lijkt te hebben in differentiatie, maar verder onderzoek moet nog uitwijzen of
het een rol speelt in veranderde celdeling in gnl2 en ns mutanten.
In Hoofdstuk 6, tenslotte, wordt de rol van Presenilin-1 (Psen1) in de volwassen hersenen
beschreven. Psen-1 is een bekend eiwit, wat onder meer betrokken is bij het ontstaan
van een genetische variant van ziekte van Alzheimer. Psen-1 is een onderdeel van het γ
(‘gamma’)-secretase complex dat verschillende transmembraan eiwitten zoals Amyloid
Precursor Protein (APP) en de Notch receptor klieft. Over de functie van Psen-1 in adulte
hersenen is weinig bekend. In Psen-1 mutante muizenembryo’s zijn verschillende defecten
m.b.t. celdeling en neuronale differentiatie aangetoond. Deze mutanten gaan dood bij de
geboorte door longproblemen. We hebben zebravis psen-1 mutanten gemaakt die i.t.t. tot de
muis mutanten, overleven en volwassen stadia bereiken. Om de rol van Psen-1 in volwassen
hersenen te bekijken, hebben we eerst de expressie bepaald. Psen-1 komt voornamelijk tot
expressie in glia-cellen (dit zijn steuncellen voor zenuwcellen). De expressie van stam- en
voorlopercelmarkers in de mutante hersenen is verlaagd. Dit geeft aan dat de populaties
van stam- en/of voorlopercellen verminderd kunnen zijn. In zebravishersenen treedt i.t.t.
hersenen van zoogdieren zoals de muis en de mens, in hoge mate celdeling op en worden
constant nieuwe neuronen aangemaakt. De celdelingsactiviteit en het aantal nieuwgemaakte
neuronen is verlaagd in psen-1 mutanten. Ook is transcriptie van een gen wat door Notch
signaleringsactiviteit wordt gestuurd verlaagd. Dit geeft aan dat de verminderde proliferatie
een gevolg kan zijn van verminderde activiteit van Notch signalering. In de toekomst kunnen
de zebravis psen-1 mutanten gebruikt worden om verder te bestuderen wat de functie van
Psen-1 is en hoe een verstoorde functie van Psen-1 bijdraagt aan het ontwikkelen van een
vorm van de ziekte van Alzheimer. Ook kunnen deze zebravis mutanten uitstekend gebruikt
worden bij het zoeken naar nieuwe geneesmiddelen die verstoorde Psen-1 functie kunnen
verbeteren.
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