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Abstract

Dominant mutations in presenilin1 (PS1) and presenilin2 (PS2) are a major cause of early-onset Alzheimer’s disease. In this report we
analyze the expression of the zebrafish presenilin1 (Psen1) and presenilin2 (Psen2) proteins during embryogenesis. We demonstrate that
Psen1 and Psen2 holoproteins are relatively abundant in zebrafish embryos and are proteolytically processed. Psen1 is maternally expressed,
whereas Psen2 is expressed at later stages during development. The Psen1 C-terminal proteolytic fragment (CTF) is present at varying levels
during embryogenesis, indicating the existence of developmental control mechanisms regulating its production. We examine the codepen-
dency of Psen1 and Psen2 expression during early embryogenesis. Forced overexpression of psen2 increases expression of Psen2
holoprotein, but not the N-terminal fragment (NTF), indicating that levels of Psen2 NTF are strictly controlled. Overexpression of psen2
did not alter levels of Psen1 holoprotein, CTF, or higher molecular weight complexes. Reduction of Psen1 activity in zebrafish embryos
produces similar developmental defects to those seen for loss of PS1 activity in knockout mice. The relevance of these results to previous
work on presenilin protein regulation and function are discussed. Our work shows that zebrafish embryos are a valid and valuable system
in which to study presenilin interactions, regulation, and function.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Alzheimer’s disease (AD) is a common, devastating neu-
rodegenerative disorder of the brain. Accumulation of dif-
ferent forms of !-amyloid peptide (A!) in extracellular
plaques is an early necessary step in the pathogenesis of the
disease. Early-onset familial AD (FAD) has been linked to
dominant mutations in the genes encoding amyloid precur-
sor protein (APP), presenilin1 (PS1), and presenilin2 (PS2).
These mutations are thought to alter the proteolytic process-
ing of APP, resulting in overproduction of the highly amy-
loidogenic 42-amino-acid residue (aa) form of the amy-
loid-! peptide (A!) (for reviews, see [1,2]). Two proteases,
the !- and "-secretases, are responsible for the generation of
A!. !-Secretase has been identified as a membrane-bound
aspartyl protease, whereas the presenilins (PSs) have been

linked to "-secretase activity [3,4]. The PS proteins are
thought to be involved in the normal proteolytic cleavage of
the C-terminal fragments of APP and are speculated to be
the actual "-secretase [5].
The PSs are highly conserved hydrophobic multipass

transmembrane (TM) proteins. Previous analyzes suggest
that they possess eight TM domains [6,7]. They are found
predominantly in the endoplasmic reticulum and Golgi ap-
paratus [8–10], but they have also been detected in the
plasma membrane, in the nuclear envelope, and in centro-
somes and kinetochores [11–14]. The PS holoproteins are
proteolytically cleaved to form N-terminal fragments (NTF)
and C-terminal fragments (CTF) that assemble into a het-
erodimer [10,15]. It is suggested that these endoproteolytic
derivatives are the functional units of PSs, based on evi-
dence that the PS1 NTF and CTF accumulate to 1:1 stoi-
chiometry in cell cultures and that there is a highly regulated
and saturable level of PS derivatives [16,17]. Further, cross-* Corresponding author.
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linking and coimmunoprecipitation data show that the NTF
and CTF of either PS1 or PS2 can be coisolated [18].
Levitan et al. [19] have demonstrated that coexpressed PS1
NTF and CTF participate in APP processing and Notch
signaling (see below), indicating that the PS1 fragments are
the active components of the PS1 protein. Nevertheless,
these authors also report that other components are neces-
sary for full activity. Indeed, the presenilin derivatives have
been shown to assemble into higher molecular weight
(HMW) complexes [20] in which PS1 is associated with
nicastrin [21].
There is accumulating evidence that the presenilins phys-

ically interact with the Notch signaling pathway [22,23].
The Notch receptors are transmembrane proteins that inter-
act with numerous signal transduction pathways and medi-
ate embryonic cell-fate decisions in both invertebrates and
vertebrates (see [24] for a review). In vertebrates, Notch
receptors are best known for their function in neurogenesis
and the process of somitogenesis (for reviews, see [25,26]).
In mouse embryos lacking Notch activity, excess neurons
differentiate and the formation of boundaries between
somites becomes irregular [27–29]. Mice lacking activity of
both the PS1 and PS2 genes show somite disorganization
similar to the Notch1 phenotype, whereas the phenotype of
mice lacking only PS1 is less severe, and mice lacking only
PS2 apparently develop normally [30–32].
The molecular mechanisms of Notch signaling are highly

conserved in evolution. Notch receptor activation is thought
to be initiated by binding of an extracellular ligand leading
to proteolytic cleavage within the transmembrane domain.
This is followed by translocation of the intracellular domain
of Notch (NICD) to the nucleus and subsequent association
with a CSL protein leading to activation of downstream
genes that regulate cell differentiation [33]. A mutation of
the intramembrane processing site of murine Notch1 was
shown to mimic the Notch1 loss of function phenotype in
mouse embryos, demonstrating that regulated intramem-
brane proteolysis of Notch1 is essential during embryogen-
esis [34]. Studies using presenilin-deficient mammalian cell
cultures have shown that presenilins are obligatory for pro-
cessing of Notch1 to release its intracellular domain [35–37]
and indicate that "-secretase activity is responsible for both
APP and Notch processing [38–40].
The early embryos of zebrafish are numerous, large,

easily accessible, and easy to manipulate genetically. They
represent an excellent system for analysis of early biochem-
ical and molecular biological events during embryogenesis
that may be more difficult to investigate in mammalian
systems. Zebrafish have become a popular model for inves-
tigation of human genetic diseases (e.g., [41]). Zebrafish
possess two presenilin genes orthologous to the mammalian
presenilins [42,43]. To test whether zebrafish embryos
might serve to investigate presenilin function we set out to
characterize the early embryological effects of changes in
presenilin protein expression and to compare these to what
is known about presenilin function in mice. We observed

that Psen11 is maternally expressed, whereas Psen21 is ex-
pressed after zygotic transcription has begun. In addition,
these proteins show varying levels of holoprotein and en-
doproteolytic fragment expression during development.
Previous reports have found that forced high-level of ex-
pression of human PS2 inhibits the synthesis of murine PS1
NTF and CTF. In contrast, we do not detect any decrease in
Psen1 CTF levels after overexpression of psen2. Further-
more, we show that zebrafish embryos microinjected with
morpholino antisense oligonucleotides to inhibit psen1
mRNA translation exhibit defects similar to those seen in
PS1 knockout mice. We discuss the implications of these
results for the relevance to human biology of research on
presenilin function in zebrafish.

Materials and methods

Animal ethics

This work was conducted under the auspices of The
Animal Ethics Committee of The University of Adelaide.

Production of antibodies

A synthetic peptide corresponding to the C-terminal
large loop epitope VDHQQHQLGPMQSTE (aa328–342)
of zebrafish Psen1 and a peptide corresponding to the N-
terminal epitope PSYNQDNAMSLPQDT (aa26–41) of ze-
brafish Psen2 were conjugated with diphtheria toxoid
through a cysteine residue added at the C-terminus of the
Psen1 peptide and at the N-terminus of the Psen2 peptide.
The peptides were used to immunize sheep and the serum
was affinity purified using a Thiol Sepharose 4B column
(Amersham Biosciences Ltd, London, UK) to which the
high-performance liquid chromatography purified synthetic
peptides were coupled following the manufacturer’s instruc-
tions.

Western blot analyses

Dechorionated and deyolked embryos were placed in
sample buffer [2% sodium dodecyl sulfate (SDS), 5%
!-mercaptoethanol, 25% v/v glycerol, 0.0625 M Tris–HCl
(pH 6.8), and bromphenol blue], heated immediately at
100°C for 2 min, and then stored at !20°C prior to sepa-
ration on 12% SDS–polyacrylamide gels. (We noted that
failure to heat embryos immediately after dissection re-
sulted in considerable presenilin protein degradation, espe-
cially for embryos at later stages of development.) Proteins
were transferred to nitrocellulose membranes using a semi-
dry electrotransfer system. For Western blotting with anti-

1 Renamed from zfPS1 [42] and Pre2 [43] following recommendations
from the Zebrafish Nomenclature Committee.
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Psen1-antibodies, the membranes were blocked with 5%
goat serum in phosphate-buffered saline containing 0.1%
Tween 20 (PBT) for 3–4 h at room temperature and incu-
bated with primary antibodies (1/5000 in PBT containing
2% goat serum) o/n at 4°C. Filters were washed four times
each for 15 min in PBT and incubated for 1 h in a 1/30,000
dilution of donkey antisheep IgG coupled to horseradish
peroxidase (Jackson ImmunoResearch Laboratories, Inc.,
Baltimore, PA, USA) in PBT containing 2% v/v goat serum.
For Western blotting with anti-Psen2 antibodies, the mem-
branes were blocked with 5% w/v skim milk powder in
PBT, incubated with a 1/1,000 dilution of primary antibod-
ies in PBT containing 2% w/v skim milk, washed in PBT,
and incubated with a 1/20,000 dilution of donkey antisheep
IgG (Jackson ImmunoResearch Laboratories, Inc.). For in-
cubation with anti-!-tubulin antibodies (Antibody E7, De-
velopmental Studies Hybridoma Bank, The University of
Iowa, IA, USA), the conditions were the same as for West-
ern blotting with anti-Psen1 antibodies except that the pri-
mary antibodies were diluted 1/200 and donkey antimouse
IgG secondary antibodies (Jackson ImmunoResearch Lab-
oratories, Inc.) were diluted 1/3,000. After incubation with
secondary antibodies all the membranes were washed four
times in PBT and visualized with luminol reagents (Sigma,
St. Louis, MO, USA) by exposure to X-ray films (X-Omat-
AR, Kodak Ltd, London, UK).

Generation of expression plasmids

Generation of the zebrafish psen2 cDNA was described
in Groth et al. [43]. For cloning into the mammalian ex-
pression vector pCS2" (kind gift of D. Turner, University
of Michigan), the psen2 insert was excised from the Blue-
script KS" vector using XbaI and HindIII and amplified by
polymerase chain reaction (PCR) using the following prim-
ers: 5#-CATCGATTCAGTCACATTTAAAGTTTCTC-3#
and 5#-GGCCTGTAAAAGTCTGTCAGATGTAG-3#. The
PCR product was cloned as a ClaI–StuI fragment into
pCS2". As a control, a psen2 expression vector containing
a stop codon mutation close to the open reading frame
was generated by PCR amplification using the following
primers: 5#-TTCTCTTCATGAATACCTAATAAAGT-
GAAGAGGACTCCTAC-3# and 5#-GTAGGAGTCCTCT-
TCACTTTATTAGGTATTCATGAAGAGAA-3# and the
Quick Change site-directed mutagenesis kit (Stratagene, La
Jolla, CA, USA).

RNA and morpholino injections

RNA was transcribed from the pCS2" expression vector
containing the psen2 construct or the psen2 mutant con-
struct using the mMessage mMachine kit (Ambion Inc.,
Austin, TX, USA). Approximately 1 nl of RNA at a con-
centration of 100 #g/#l was injected into one-cell embryos
(for Western analysis) or into one cell of two-cell-stage
embryos (for in situ transcript hybridization analysis). Mor-

pholino oligonucleotides were obtained from Gene Tools
(LLC, Corvallis, OR, USA). Two different anti-psen1 mor-
pholinos were designed to block Psen1 translation by bind-
ing to the 5# UTR or coding sequence, including the initi-
ation methionine of psen1 mRNA, based on the
manufacturer’s recommendations. The morpholino se-
quences were as follows: MoPsen1A, 5#-CAGCATTCTG-
CACTAAATCAGCCAT-3#; and MoPsen1B, 5#-ACTA-
AATCAGCCATCGGAACTGTGA-3#. The standard control
morpholino sequence, also from Gene Tools, was as follows:
5#-CCTCCTACCTCAGTTACAATTTATA-3#. Morpholino
oligonucleotides were dissolved in distilled water at a concen-
tration of 2 #g/#l and diluted to 1 #g/#l prior to injection.
Oligonucleotides were injected into two- to four-cell stage
embryos and incubated at 28.5°C until the desired develop-
mental stages.

In situ transcript hybridization on whole-mount zebrafish
embryos

Embryos were raised at 28.5°C and staged as previously
described [44]. In situ transcript hybridization was per-
formed as described [45] using single-stranded RNA probes
labeled with digoxigenin-UTP (Roche Ltd, Basel, Switzer-
land). Riboprobes against psen1, her1, and myoD transcripts
were synthesised from cDNA clones in the Bluescript SK
vector (Stratagene) using T7 RNA polymerase after PCR
amplification with M13 and M13R primers.

Results

Expression of Psen1 in early-stage zebrafish embryos

To examine the expression of zebrafish Psen1 protein
during embryogenesis, zebrafish embryos at different stages
of development were examined. Embryos at the one-cell
stage (0.5 h postfertilization, hpf, at 28.5°C) and shield
stage (6 hpf) and near the start and end of somitogenesis (12
and 24 hpf) were analyzed by Western blotting using an
affinity-purified polyclonal anti-Psen1 antibody (AbPsen1).
This antibody preparation is directed against residues 328–
342 of the Psen1 C-terminal loop region. AbPsen1 detected
a $43-kDa holoprotein and a lower molecular weight C-
terminal Psen1 derivative of between 25 and 32.5 kDa (Fig.
1). Both the Psen1 holoprotein and this C-terminal fragment
show similar molecular weights to those previously reported
for zebrafish [42]. In addition to the Psen1 CTF and holo-
protein, Western blots revealed HMW aggregates contain-
ing Psen1. The appearance of the HMW complexes is con-
sistent with previous observations [20]. These complexes
can withstand SDS-PAGE [46]. The specificity of the West-
ern blot signals was shown by competition experiments
using the peptide against which the antibody was raised
(Fig. 1, lane 5).
The Psen1 holoprotein, CTF, and the HMW complexes
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observed at the one-cell stage are provided maternally be-
cause activation of the zygotic genome occurs after this time
[44]. The Psen1 holoprotein is relatively abundant at the
four stages of zebrafish embryogenesis examined (Fig. 1).
However, the CTF of Psen1 is developmentally regulated
because its concentration steadily increases during embry-
ogenesis to 24 hpf. The continuous abundance of the ze-
brafish Psen1 holoprotein contrasts with results previously
found for cultured mammalian cells and in rodents, primates
(including humans) and transgenic mice, where PS1 protein
is seen predominantly as the$28-kDa N-terminal and$17-
kDa C-terminal fragments, rather than the full-length $43
kDa holoprotein [47]. Dewji et al. [48] claimed that the
endoproteolysis of the PS proteins in cells and tissue ex-
tracts is a preparative artifact. Also, Mercken et al. [49] and
Diehlmann et al. [50] have shown that the full-length PS1
holoprotein (and the endoproteolytic derivatives) can be
detected on Western blots of extracts from cultured mam-
malian cell lines and in human brains. In addition, Honda et
al. [51] detected full-length PS1 in the nuclear envelope in
cell cultures. Our observations of varying Psen1 CTF con-
centration argue against the artifactual nature of the endo-
proteolytic fragments and indicate that there are develop-
mental control mechanisms regulating Psen1 activities via
endoproteolytic fragment production during zebrafish de-
velopment.

Expression of Psen2 in early-stage zebrafish embryos

A polyclonal anti-Psen2-antibody (AbPsen2) was raised
against a synthetic peptide containing residues 26–41 of the

N-terminal domain of zebrafish Psen2. After affinity puri-
fication, this antibody was used for detection of Psen2
during zebrafish development. Interestingly, Psen2 is not
expressed maternally (64-cell stage) and appears at the
onset of gastrulation (6 hpf [43]). A protein of $52 kDa
corresponding to the Psen2 holoprotein and a smaller pep-
tide of $34 kDa corresponding to the active Psen2 N-
terminal fragment, were detected in 12-hpf embryos. Their
expression was considerably higher at 12 hpf than at 6 hpf.
The expression of PS2 holoprotein and increased PS2 ex-
pression has also been shown during brain development in
rat [52] and during differentiation of cortical and hippocam-
pal neurons in mice [53].

Overexpression of psen2 and effects on Psen1 levels

Overexpression of human PS1 in mouse cell lines and
transgenic mice is followed by a decrease in the steady-
state levels of murine PS1 and PS2 derivatives. Likewise,
the levels of PS1 derivatives are lowered in cultured cells
overexpressing human PS2 [16]. The mechanisms under-
lying these findings are unknown although a model exists
whereby the PSs are processed by limiting cellular fac-
tors. To investigate if this regulatory regime can be
observed in our model system, we injected psen2 mRNA
into zebrafish embryos at the one-cell stage, allowed
them to develop until 6 hpf, and then analyzed the levels
of Psen1 and Psen2 on Western blots. To control for any
unrelated effects of mRNA injection, we also observed
the effects of injection of a mutant psen2 mRNA con-
taining a stop codon close to the start of the open reading
frame. (This mRNA encodes a short nonfunctional oli-
gopeptide and its injection produced no effects on pre-
senilin protein levels, data not shown.) Experimental
results were confirmed by complete replication at least
twice. Consistent with the results of Thinakaran et al.
[16], embryos injected with psen2 mRNA showed greatly
increased expression of the Psen2 holoprotein. However,
in contrast, we did not see an increased level of Psen2
NTF (Fig. 2A, Lane 2). Furthermore, the level of endog-
enous Psen1 holoprotein, CTF, and HMW complexes was
not altered in these embryos (Fig. 2B, lanes 1 and 2).
We also analyzed the transcriptional activity of psen1 in

zebrafish embryos overexpressing psen2. To achieve this
we overexpressed psen2 unilaterally in embryos by micro-
injection of psen2 mRNA into one cell at the two-cell stage
of development. The embryos were then fixed at 12 hpf and
whole-mount in situ hybridization was performed using an
antisense psen1 riboprobe. The levels of psen1 transcripts
on the psen2-injected side were unaltered compared to those
on the control sides of these embryos (data not shown).
Thus, Psen2 activity does not appear to regulate transcrip-
tion of psen1 in early zebrafish embryos.

Fig. 1. Western blot detection of Psen1 holoprotein and Psen1 CTF pro-
duced by zebrafish embryos. Protein extracted from five zebrafish embryos
was used per lane. Deyolked embryos were collected at the one-cell stage
(0.5 hpf, lane 1), the shield stage (6 hpf, lane 2), early somitogenesis (12
hpf, lane 3), and late somitogenesis (24 hpf, lane 4); resolved by SDS–
PAGE; and analyzed by immunoblotting with anti-Psen1-antibodies. Lane
5 shows an analysis of embryos at 6 hpf where the anti-Psen1 antibodies
were preincubated with the C-terminal Psen1 peptide. The bands corre-
sponding to the Psen1 holoprotein and the Psen1 CTF are indicated. The
lower panel shows Western analysis of !-tubulin concentration in each
sample as a gel loading control. Residual yolk in the samples causes some
distortion of the electrophoresis/blotting procedure.
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Anti-psen1 morpholino injections disrupt somite formation

Targeted inactivation of the PS1 gene in mice results in
malformation of the axial skeleton and ribs. These abnor-
malities are preceded by mild defects in somite formation
that are characteristic of mice heterozygous for null muta-
tions in genes that contribute to the Notch signaling path-
way [30,31,54]. Targeted reduction of gene activity in ze-
brafish embryos is possible by injection of antisense
morpholino oligonucleotides (morpholinos [55]) that block
transcript translation. To examine whether reduction of
Psen1 activity in zebrafish embryos has the same effect as in
mice, we designed two anti-psen1 morpholinos, MoPsen1A
and MoPsen1B, directed against nonoverlapping regions of
the psen1 transcript. These were injected into fertilized
zebrafish eggs at the two- to four-cell stages during which
morpholinos can rapidly spread into all cells. To confirm
reduction of Psen1 activity, we examined extracts taken
from these embryos at 16 hpf on Western blots. The Psen1
CTF was greatly reduced in embryos injected with either
MoPsen1A or MoPsen1B compared to uninjected embryos
or embryos injected with a nonfunctional, control morpho-
lino. Interestingly, Psen1 holoprotein and the HMW com-
plexes persist in the morpholino-injected embryos. Presum-
ably, the Psen1 holoprotein and the HMW complexes are
already present when morpholino injection occurs. Alterna-
tively, the apparent persistence of the Psen1 holoprotein and
the HMW complexes may be due to continued translation of
a Psen1 isoform(s) derived from an alternatively spliced
mRNA(s) that does not bind our morpholino oligonucleo-
tides.

her1 expression oscillates within the cells of the pre-
somitic mesoderm (PSM) such that waves of expression
emerge from the tailbud and progress through the PSM in a
caudal-to-rostral direction. The most anterior wave fades
just before morphological somites can be distinguished,
and, at the same time, new waves of expression emerge
from the tailbud [56]. Notch pathway signaling is required
for her1 oscillation [57]. Notch receptor signaling requires
presenilin activity for the cleavage and release of the active
intracellular domain of the receptor [34]. To determine
whether reduction of Psen1 activity affects Notch signaling
in zebrafish embryos, we examined the pattern of her1
transcription during active somitogenesis (16 hpf) after in-
jection of MoPsen1B morpholinos. As expected, loss of
Psen1 activity resulted in loss of waves of her1 expression.
The stripes of her1 expression became nearly uniform
throughout the PSM (Fig. 3.89% of embryos, n % 18). This
is consistent with the uniform her1 expression seen in em-
bryos homozygous for the mutations deadly seven (des)/
Notch1 and after eight (aei)/DeltaD [57]. We also analyzed
myoD expression in MoPsen1B-injected embryos. This
gene is expressed segmentally in the somitic mesoderm of
zebrafish and so examination of myoD expression allows
easy visualization of defects in somite formation. In
MoPsen1B-injected embryos the somitic domains of myoD
expression were less extensive laterally, less regular, and
less well organized (Fig. 4, 96%, n % 24) than in uninjected
or control morpholino-injected embryos. These changes in
myoD expression contrast with the effects seen in Notch1
and DeltaD mutants, where only the first seven to nine
somites are formed [58]. However, our somitic phenotype is
consistent with that seen in mice lacking PS1 activity that
have a milder phenotype than Notch1 null mutant mice due
to the partially redundant activity of murine PS2 [32]. Like
mice, zebrafish embryos lacking Psen1 activity also show
defective brain development (data not shown).

Fig. 3. Reduction of Psen1 protein in immunoblots of Anti-psen1 morpho-
lino-injected zebrafish embryos. (Lane 1–4) Detection of Psen1 in protein
extracts of 16 hpf embryos (5 embryos per lane). (Lane 1) Uninjected
embryos. (Lane 2) Embryos injected with standard control morpholino.
(Lane 3) Embryos injected with MoPsen1A morpholinos. (Lane 4) Em-
bryos injected with MoPsen1B morpholinos.

Fig. 2. Overexpression of Psen2 does not inhibit synthesis of Psen1 in
zebrafish embryos at 6 hpf. (A) Protein extracts from 20 psen2 mRNA-
injected zebrafish embryos (lane 2) or 20 uninjected embryos (lane 1) were
analyzed by immunoblotting using anti-Psen2 antibodies. Psen2 holopro-
tein is indicated. (B) Protein extracts from five psen2 mRNA-injected
zebrafish embryos (lane 2) or five uninjected embryos (lane 1) were
analyzed by immunoblotting using anti-Psen1-antibodies. (C) Western
analysis of !-tubulin concentration in each sample as a gel loading control
(protein from five embryos per lane).
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Discussion

The eggs of zebrafish are large and, unlike mammals, are
fertilized externally. Thus, zebrafish embryos are easily
accessible from the earliest stages of development. Because
their food reserve is limited, these embryos do not grow
extensively during development. This allows direct compar-
ison of protein concentrations at different developmental
stages simply by comparing extracts from equal numbers of
embryos. The large embryos of zebrafish are also very
amenable to forced overexpression or repression of gene
expression by injection of mRNA or morpholino antisense
oligonucleotides respectively. Since zebrafish are verte-
brates and have presenilin proteins very similar to those in
humans, we sought to characterize the expression and in-
teractions of these proteins using zebrafish embryos.
We have shown previously that, despite the ubiquitous

presence of psen2 mRNA from fertilization onward, Psen2
protein cannot be observed until after the onset of gastru-
lation. Thus, Psen2 expression is probably under posttran-

scriptional control [43]. Production of a polyclonal antibody
against the C-terminal of Psen1 has allowed us to examine
its developmental expression. Unlike Psen2, Psen1 protein
can be detected before activation of the zygotic genome.
However, Psen1 is similar to Psen2 in that the absolute
levels of these proteins change during development. Thus,
total Psen1 levels are lowest during early cleavage stages
and steadily increase during embryogenesis up to 24 hpf.
Our observations indicate that presenilin activity is, ap-

parently, regulated at the level of holoprotein endoproteoly-
sis and/or the stability of the proteolytic fragments. During
early development the level of Psen1 holoprotein appears
constant but the relative concentrations of the CTF and the
HMW complexes vary. This argues against an autocatalytic
mechanism of presenilin endoproteolysis as suggested by
Wolfe et al. [59]. Alternatively, the maternally provided
Psen1 holoprotein may show differential stability relative to
zygotically synthesized Psen1 or an alternatively spliced
form of psen1 mRNA may exist encoding a holoprotein
isoform not subject to endoproteolysis. Indeed, Psen1 ho-

Fig. 4. Inhibition of Psen1 function leads to disruption of somite formation. Dorsal views, anterior to the left, of the presomitic mesoderm (A–C) and anterior
to the top of somites (D–F) in 16-hpf embryos. (A–C) In situ hybridization of her1 in wild-type (A), control-injected (B), andMoPsen1B morpholino-injected
(C) embryos. (D–F) In situ hybridization of myoD in wild-type (D), control-injected (E), and MoPsen1B- morpholino-injected (F) embryos. The bracket in
F indicates disorganized somites. Scale bars: (A–C) 30 #m, (D–F) 50 #m.
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loprotein apparently persisted after blockage of translation
of psen1 mRNA despite the loss of the CTF. Also, the
phenotype produced by loss of the CTF following morpho-
lino antisense oligonucleotide injection suggests that the
holoprotein and HMW complexes have insufficient "-secre-
tase activity to facilitate Notch signaling in the embryo.
The relative stability of the Psen1 and Psen2 holopro-

teins is in contrast to observations using cultured mamma-
lian cells and transgenic mice by Thinakaran et al. [47].
These authors reported that the holoproteins are immedi-
ately processed into N- and C-terminal fragments. In trans-
fected cells, PS1 holoprotein has been shown to have a short
half-life, whereas the cleaved derivatives are stable for over
12 h [10,60]. It has been suggested that excess uncleaved
PS1 holoprotein is degraded [15,61]. However, apparently
more stable presenilin holoproteins have been observed in
other in vivo systems [49–51,53]. The fact that we have
been able to observe changes in the ratio of the holoproteins
and the proteolytic fragments over developmental time sug-
gests that presenilin activity may be dynamically regulated
in cells via protein stability, in particular the endoproteoly-
sis of the holoprotein to the NTF and CTF. This would
explain the wide variety of observations seen in many lab-
oratories working with a variety of experimental systems.
Previously it has been assumed that presenilin NTF and

CTF levels are coordinately regulated through the endopro-
teolytic cleavage event that generates the active, het-
erodimeric protein. However, recent data shows that the
regulation is more complex. Kirschenbaum et al. [62] re-
ported that, after proteolytic cleavage of mammalian PS1
holoprotein, the level of CTF is regulated by glycogen
synthase kinase-3! (GSK-3!). In addition, they found that
PS1 CTF is produced in excess and that surplus heterodimer
is degraded following its forced generation. Furthermore,
cyclin-dependent kinase-5/p35 has also been found to reg-
ulate PS1 CTF levels [63], whereas casein kinase I and II
regulation of PS2 has been reported by Walter et al. [64].
We observed that the concentration of Psen1 CTF appears
to be regulated throughout zebrafish development indepen-
dently of holoprotein concentration. This suggests that con-
trol mechanisms other than simple regulation of holoprotein
cleavage are responsible for varying the concentration of the
endoproteolytic fragments during development and supports
the conclusion of others that the amounts of NTF and CTF
are not regulated by proteolytic cleavage of the PS holo-
proteins. The relatively high levels of presenilin proteins in
zebrafish embryos may ensure an adequate source of active
fragments during the rapid cell divisions that occur during
their early development.
We found that overexpression of psen2 in zebrafish em-

bryos has no effect on Psen1 protein levels. This inability to
see codependent regulation of Psen1 and Psen2 levels in
developing embryos may be due to the tight developmental
regulation of these proteins during early embryogenesis. We
were unable to boost levels of Psen2 NTF despite a sever-

alfold increase in Psen2 holoprotein after mRNA injection.
This contrasts with the observations of Thinakaran et al.
[16], who saw increases in PS1 and/or PS2 holoprotein and
endoproteolytic fragment levels after induced transcription
in transgenic mice and cell lines. These authors observed
that limits exist to overexpression of the endoproteolytic
fragments but not the holoprotein. However, it is apparent
that these limits in fragment concentration lie far above the
normal endogenous levels of these fragments. It may be
that, in the early zebrafish embryo, tight regulation of Psen1
and Psen2 activities is achieved by expression of their
proteolytic fragments at the maximal levels allowable by
limiting cellular factors. That Psen2 holoprotein overex-
pression does not lead to downregulation of Psen1 levels is
not surprising considering the dramatic changes in endoge-
nous Psen2 protein levels that normally occur during early
development. It is difficult to conceive of any advantage that
would be conferred by codependent regulation of Psen1 and
Psen2 levels during these dramatic changes in Psen2 ex-
pression. Our results suggest that the levels of endoproteo-
lytic fragments of Psen1 and Psen2 are regulated indepen-
dently in early zebrafish embryos.
Anti-psen1 morpholino-injected zebrafish embryos

show defects in somitogenesis consistent with partial loss
of Notch signaling in the presomitic mesoderm. Similar
defects are seen in PS1 knockout mice, confirming the
orthologous activities of the murine PS1 and zebrafish
psen1 genes. Expression of myoD is disrupted in embryos
injected with morpholinos blocking psen1 mRNA trans-
lation. However, these embryos do not display the ubiq-
uitous myoD expression seen in embryos treated with a
"-secretase inhibitor that is thought to block all preseni-
lin activity [65]. This implies that, in zebrafish as in the
mouse, there is some functional redundancy between
Psen1 and Psen2.
Both PS1 and PS2 have been implicated in the control

of cell fate decisions during mouse embryonic develop-
ment through mediation of Notch1 receptor processing
[34,66]. However, whereas PS1-deficient mice show dis-
ruption of somite formation and other developmental
processes, similar effects have not been found in PS2-
deficient mice, which appear to develop normally
[30,32,66]. Nevertheless, redundancy in activity exists
between the PS1 and PS2 genes because the PS1-defi-
ciency defects are not as severe as those in mice lacking
both presenilins [32]. Similarly, the defects that we have
observed from loss of zebrafish Psen1 activity are not as
severe as those seen in embryos treated with "-secretase
inhibitor [65] which closely resemble the Notch1-defi-
ciency phenotype. Thus, loss of presenilin1 activity in
mice and zebrafish does not completely abolish Notch
signaling. These parallels in presenilin activity in the
mouse and zebrafish systems further validate the use of
zebrafish embryos to investigate human disease genes.
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