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Abstract
Presenilin-1 (PS1) is a transmembrane protein that is in many cases responsible for the
development of familial Alzheimer’s disease. PS1 is widely expressed in embryogenesis and is
essential for neurogenesis, somitogenesis, angiogenesis, and cardiac morphogenesis. To further
investigate the role of PS1 in the brain, we inactivated the PS1 gene in Wnt1 cell lineages using
the Cre-loxP recombination system. Here we show that conditional inactivation of PS1 in Wnt1
cell lineages results in congenital hydrocephalus and subcommissural organ abnormalities,
suggesting a possible role of PS1 in the regulation of cerebrospinal fluid homeostasis.

1. Introduction
Presenilin-1 (PS1) is a transmembrane protein expressed ubiquitously in human and mouse
tissues (Sherrington et al., 1995; Lee et al., 1996), and is in many cases responsible for the
development of early-onset familial Alzheimer’s disease (Cruts and Van Broeckhoven,
1998a,b). Full-length PS1 undergoes endoproteolytic cleavage, generating stable N- and C-
terminal fragments (NTF and CTF) that interact with other proteins to form a
macromolecular complex with γ-secretase activity. This enzyme is required for the
regulation of intramembrane proteolysis of amyloid precursor protein (APP), Notch, and
cadherins (De Strooper et al., 1999; Marambaud et al., 2003; Koo and Kopan, 2004). PS1
also has an important role in the turnover of β-catenin, a molecule essential in Wnt signaling
and cell adhesion (Kang et al., 2002; Gottardi and Gumbiner, 2004).
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Earlier studies of PS1-knockout null mice have contributed to our understanding of the in
vivo developmental functions of PS1 in neurogenesis, somitogenesis, angiogenesis, and
cardiac morphogenesis (Shen et al., 1997; Wong et al., 1997; Handler et al., 2000; Koizumi
et al., 2001; Yuasa et al., 2002; Nakajima et al., 2003, 2004). The role of PS1 in the perinatal
and postnatal stages, however, has not been examined because PS1 null mice die perinatally.
A new approach using the Cre-loxP system allow for the production of mice that
conditionally lack PS1 and examination of the PS1 function during the perinatal and
postnatal periods (Yu et al., 2001; Saura et al., 2004; Nakajima et al., 2009).

Hydrocephalus is typically divided into noncommunicating or communicating subtypes
(Fishman 1992). Noncommunicating hydrocephalus is caused by an obstruction within the
ventricular system, such as a tumor, that prevents cerebrospinal fluid (CSF) proximal to the
obstruction from draining into the subarachnoid space, where it is reabsorbed into the
venous sinuses. Communicating hydrocephalus results from impaired absorption of CSF
despite patent CSF pathways. Both communicating and noncommunicating hydrocephalus
occur congenitally or are acquired secondary to trauma, tumor, hemorrhage, or infection
(Guyot and Michael, 2000; Yoshioka et al., 2000). The development and progression of
congenital hydrocephalus is not yet well understood. Only one hydrocephalus gene,
L1CAM, has been identified in humans (Jouet et al., 1993). The mutations are distributed
over the functional protein domains of L1CAM protein. The exact mechanisms by which
these mutations cause a loss of L1CAM function remain unclear.

In the present study, we examined the role of PS1 using mice conditionally lacking PS1 in
the neural crest cell lineages and found a hydrocephalic pathology in the mutant mice. Our
findings suggest a possible role of PS1 in the regulation of CSF homeostasis.

2. Results
2.1 Congenital hydrocephalus in Wnt1-cre PS1-conditional knockout (cKO) mice

In the previous study, we crossed floxed PS1 and Wnt1-cre mice (Danialian et al., 1998; Yu
et al., 2001; Saura et al., 2004) and generated mice lacking PS1 in the neural crest cell
lineages (Nakajima et al., 2009). In contrast to PS1 null mice, which die perinatally (Shen et
al., 1997; Koizumi et al., 2001; Nakajima et al., 2003, 2004), the Wnt1-cre PS1-cKO mice
are viable with no obvious phenotypic abnormalities for several days after birth. Although
20% to 40% of mice exhibit reduced weight at 5 weeks of age, the remaining mice mature
and do not show abnormal phenotypes in appearance (Nakajima et al., 2009). In the present
study, we observed that nearly all mutant mice developed hydrocephalus at 5 weeks of age
(Fig. 1), irrespective of their weight or sex. Histologic analyses revealed enlargement of the
lateral and third ventricles in the mutant brains (Fig.1 B and D). Analyses of young mutant
mice revealed enlarged ventricles in three of four brains at 4 days of age and three of three
brains at 7 days of age (data not shown), indicating that the hydrocephalus of the mutants is
congenital. No gross histologic abnormalities were detected, however, other than
hydrocephalus.

2.2 Hydrocephalus is associated with abnormalities of the subcommissural organ (SCO)
and the Sylvian aqueduct in Wnt1-cre PS1-cKO mice

Because the SCO and the Sylvian aqueduct are often affected in mice exhibiting
hydrocephalus, we examined the structures in Wnt1-cre PS1-cKO mice. The SCO is located
in the roof of the third ventricle at the entrance of the Sylvian aqueduct, and spans the rostral
part of the aqueduct (Rodríguez et al., 1998; Meiniel, 2007). Analyses of coronal sections
obtained from mutant mice revealed deformations of the SCO and dilation of the third
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ventricle (Fig.2 B, D, and F). In mutant brains, the SCO in the caudal part of the aqueduct
was obviously reduced in size and the aqueduct exhibited intensive stenosis (Fig.3).

The major function of the SCO is thought to be the secretion of high molecular weight
glycoproteins that facilitate CSF flow. To examine whether the SCO was properly
differentiated in Wnt1-cre PS1-cKO mice, we performed immunohistochemical analyses.
Reduced expression of the SCO-glycoproteins was revealed by immunostaining using
AFRU and Mab4A6 antibodies, both of which react with the SCO-glycoproteins
(Fernández-Llebrez et al., 2001; Rodríguez et al., 1998) (Fig.2 B and D). Relative levels of
the SCO-immunostaining density with Mab4A6 antibodies were 100 ± 0.7 (mean ± SEM,
n=3) in controls versus 88.4 ± 2.2 (n=3) in the mutants (p=0.007). To evaluate the presence
of Reissner’s fiber, we prepared 30-μm thick cryosections and stained them with Mab4A6
antibody. Reissner’s fiber was detected in the rostral part of the 4th ventricle in the control
mice, but not in the mutant mice (Fig. 2 I-L). In the mutant mice, only small aggregates were
detected in the rostral part of the 4th ventricle, indicating the substantial loss of Reissner’s
fiber in the Sylvian aqueduct of the mutant mice.

To examine the state of the ependymal cells, we performed immunohistochemistry for
vimentin, an ependymal marker protein. We found that vimentin immunoreactivity was
increased in the ependymal cells, but not in the SCO region, of the mutant mice. The shape
of the ependymal cells along the 3rd ventricle was also abnormal in the mutant mice (Fig. 2
E-H).

2.3 Restricted deficiency of PS1 in Wnt1-cre PS1-cKO brains
To identify the areas lacking the PS1 gene in Wnt1-cre PS1-cKO brains, X-gal analysis was
performed using ROSA26 reporter mice (Mao et al., 1999) crossed with the Wnt1-cre mice.
X-gal staining suggested a defect of the floxed PS1 gene in the cerebellum, midbrain, and
medial habenula (Fig.4 A). PS1 gene defect was also suggested in the SCO, ependymal
cells, and choroid plexus of the third and fourth ventricles (Fig.4 B, C and D).

Reduced PS1 protein levels in the mutant mice were confirmed by Western blot analyses.
PS1 protein levels in the mutant mouse cerebellum were obviously reduced, although those
in the mutant mouse cortex were comparable to those in control mice (Fig.5). It is well
established that β-secretases process APP to generate membrane-tethered APP-CTF (APP-
stub) and that PS1 is required for further cleavage of the APP-stub at the γ-secretase site to
produce Aβ peptides (Price and Sisodia, 1998). Deficiency of PS1 protein function was
revealed by the appearance of the APP-stub in the mutant mouse cerebellum (Fig.5).

3. Discussion
To examine the possible role of PS1 in the neural crest cell lineage, we developed Wnt1-cre-
induced PS1-cKO mice lacking PS1 in tissues comprising the neural crest-derived cells and
analyzed the pathology of the mutant brains in detail. The pathologic analyses revealed a
consistent abnormality of enlarged ventricles in the mutant brains. The sites of mutant brain
parenchyma showing pathologic alterations included the SCO, ependymal cells, and the
Sylvian aqueduct. These findings suggest a possible role of PS1 in the regulation of CSF
homeostasis.

Congenital hydrocephalus is a human disease with a high mortality rate and the incidence of
the disease is approximately 1 in 1500 births (Schurr et al., 1953). Hydrocephalus can result
from an overproduction of CSF by the choroid plexus, failure to drain the CSF at the
subarachnoid space, and blockage of the CSF flow through the narrow Sylvian aqueduct.
Indeed, stenosis of the Sylvian aqueduct is considered to be the primary cause of congenital
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hydrocephalus, occurring with a high probability (Pérez-Fígares et al., 2001). Here, we
demonstrated that the Wnt1-cre PS1-cKO mice showed stenosis of the Sylvian aqueduct
(Fig.3), suggesting that the stenosis is the direct cause of hydrocephalus in the mutants.

Although Wnt1-cre-induced PS1-cKO mice showed hydrocephalus with stenosis of the
Sylvian aqueduct, the severity of the symptoms was moderate compared to those of other
hydrocephalus models such as hyh mutant mice (Jiménez et al., 2001; Wagner et al., 2003)
or mice with conditional knockout of the Pten or β-catenin gene (Ohtoshi, 2008). The mice
in these other models show severe hydrocephalus with total obstruction of the CSF flow,
referred to as the noncommunicating hydrocephalic subtype. The partial obstruction of the
CSF circulation in the Wnt1-cre-induced PS1-cKO mice with stenosis of the Sylvian
aqueduct is referred to a the communicating hydrocephalic subtype, and might cause only
moderate hydrocephalic symptoms.

In addition to the stenosis of the aqueduct, we uncovered developmental defects of the SCO
and the ventricular ependymal cells in the mutant mice (Fig.2). The SCO and the ventricular
ependymal cells are thought to facilitate the flow of CSF through the confining canals of the
ventricular system (Rodríguez et al., 1998; Meiniel, 2007). We found the reduced
immunostaining with the antibodies against the SCO-glycoproteins (Fig.2). The secretion of
the SCO-glycoproteins from the SCO is thought to be required to maintain the patency of
the Sylvian aqueduct (Huh et al., 2009), suggesting that the reduced secretion of the SCO-
glycoproteins is the cause of the aqueduct stenosis.

In the present study, we clearly demonstrated the lack of Reissner’s fiber in the 4th ventricle
of the mutants, that is the structure formed by polymerization of the glycoproteins produced
by the SCO. This finding is consistent with the hypothesis that Reissner’s fiber is
indispensable to maintain the patency of the Sylvian aqueduct (Pérez-Fígares et al., 1998;
Vio et al., 2000; Pérez-Fígares et al., 2001).

Expression of SCO-glycoproteins and vimentin was altered in the SCOs and the ventricular
ependymal cells, respectively, where PS1 is suggested to be lacking in the mutant brains
(Figs. 2 and 4). These changes in the protein expression might result from the PS1
deficiency: PS1 affects the activities of Notch and β-catenin and these PS1-regulated
proteins have crucial roles in developmental gene expression (Gottardi and Gumbiner, 2004;
Koo and Kopan, 2004). The defects in the SCO might cause the hydrocephalus with stenosis
induced by the lack of Reissner’s fiber, or the defects in the ventricular ependymal cells
might lead to the disease. Taking into account the possibility that the SCO derives from the
ependymal layer (Rodríguez et al., 1998; Meiniel, 2007), abnormalities in the ependymal
cells in a broad sense could induce the hydrocephalus.

Abnormal SCO development is a common feature in rodents that display congenital
hydrocephalus (Meiniel, 2007; Huh et al., 2009). In particular, the consistent SCO defects in
mice carrying mutations in Wnt1 cell lineages is noteworthy. Ectopic engrailed 1 expression
and deficiency of huntingtin as well as PS1 in the dorsal midline cell-lineages all lead to
hydrocephalus and SCO defects in mice (Louvi and Wassef, 2000; Dietrich et al., 2009),
suggesting essential roles of the SCO in CSF homeostasis.

4. Experimental procedures
4.1 Animals

All mice were maintained under a controlled temperature and photoperiod (23°C, 12h light
and 12h dark) with food and water provided ad libitum. All experimental procedures
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followed the Guideline for Animals Experimentation prepared by the Animal Care and Use
Committee of Matsuyama University.

PS1 floxed mice were described previously (Yu et al., 2001). Wnt1-cre transgenic mice
(Danielian et al., 1998) were obtained from Jackson Laboratory (#003829; Bar Harbor, ME,
USA). The Wnt1-cre transgene has been used extensively to inactivate floxed genes in
almost all neural crest cell lineages (Chai et al., 2000; Jiang et al., 2000; Brewer et al.,
2004). Rosa-cre-reporter mice (Rosa26-LacZ floxed mice; Mao et al., 1999) were also
obtained from Jackson Laboratory (#003504). Mice with a C57BL/6J and 129 hybrid
background were used.

4.2 Histology, immunohistochemistry, and detection of β-galactosidase (lacZ) activity
For hematoxylin and eosin staining, brains were fixed in 4% paraformaldehyde in Mg2+-,
Ca2+-free phosphate buffered saline [PBS(−)] at 4°C, embedded in paraffin, and sectioned at
a thickness of 4 μm.

For immunohistochemistry with paraffin sections, brains were fixed in 4%
paraformaldehyde in PBS(−) at 4°C, embedded in paraffin, and sectioned at a thickness of 4
μm. Antigen retrieval was performed after deparaffinization and rehydration by treating the
slides with boiling Target Retrieval Solution (DAKO no. S1700, Carpinteria, CA, USA) for
40 min. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen
peroxide in distilled water for 10 min. The sections were incubated overnight with rabbit
antiserum (AFRU; Rodríguez et al., 1998) or mouse monoclonal antibody (Mab4A6;
Fernández-Llebrez et al., 2001) against SCO-glycoproteins or rabbit monoclonal anti-
vimentin antibody (Abcam, Tokyo, Japan, ab92547). After washing in PBS(−),
immunoreactivity was detected with the ENVISION+ system HRP Rabbit (DAKO, #K4003)
or M.O.M. Kit (Vector, Burlingame, CA, USA) for detecting mouse primary antibody and
diaminobenzidine.

For immunohistochemistry with cryosections, brains were perfused with 4%
paraformaldehyde in PBS(−), postfixed with the 4% paraformaldehyde solution for 2 days,
and rinsed with PBS(−). The brains were serially immersed into 10%, 20%, and 30%
sucrose in PBS(−), embedded in OCT compound (Sakura Finetechnical, Tokyo, Japan), and
sectioned at a 30-μm thickness using a cryostat. The sections were stored at −80°C until use.
The sections were thawed and refixed with the 4% paraformaldehyde solution for 30 min.
Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide in
PBS(−) for 5 min. The sections were incubated overnight with mouse monoclonal Mab4A6
antibody. Immunoreactivity was detected using a M.O.M. Kit (Vector, Burlingame, CA,
USA) and diaminobenzidine.

Mouse brains were stained for β-galactosidase activity according to standard procedures.
The brains were embedded in OCT compound (Sakura Finetechnical, Tokyo, Japan) without
fixation and sectioned at a thickness of 30 μm. After slight drying, the brain sections on
glass slides were fixed in 4% paraformaldehyde in PBS(−) for 5 min, and washed with
PBS(−) three times. The sections were stained for 24 to 48 h with X-gal staining solution
containing 0.2% X-gal, 2 mM MgCl2, 5 mM potassium ferrocyanide, and 5 mM potassium
ferricyanide in 100 mM sodium phosphate (pH8.0). After staining, the tissues were
counterstained with eosin.

For measurement of the total brain and ventricle areas on the brain sections, and of the
immunostaining densities with Mab4A6, we used Image J, an image processing and analysis
program (Dr. Wayne Rasband, NIH, Bethesda, MD, USA).
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4.3 Western blot analysis
Brain tissues were homogenized with a glass Dounce homogenizer in RIPA buffer
containing 50 mM Tris-HCl (pH8.0), 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1%
NP40, 0.5% NaDOC, and Complete protease inhibitor cocktail (Boehringer Mannheim
GmbH, Mannheim, Germany) and centrifuged for 30 min at 20,000xg. After sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (12.5% polyacrylamide), the extracted
proteins (50 μg) were transferred to a polyvinylidene difluoride membrane (BioRad
Laboratories, Hercules, CA, USA). The blots were probed with the appropriate antibodies,
which were detected using the ECL Plus Western Blotting Detection System (GE Healthcare
UK Limited, Little Chalfont Buckinghamshire, UK). Rabbit anti-PS1-NTF antibody and
anti-PS1-CTF antibody were described in Koizumi et al. (2000). Anti-APP-CTF antibody
was purchased from Sigma (Sigma, St. Louis, MO, USA), which was developed in rabbit
using a synthetic peptide corresponding to the C-terminal of human APP-695 (amino acids
676-695) conjugated to keyhole limpet hemocyanin as the immunogen. Rabbit anti-actin
antibody was also obtained from Sigma.

4.4 Statistics
Statistical significance was determined by a two-tailed paired Student’s t-test. A p value of
less than 0.05 was considered statistically significant.
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Fig. 1.
Dilated ventricles in Wnt1-cre PS1-cKO brains.
Parasagittal (A, B) and coronal (C, D) brain sections of control (A, C) and Wnt1-cre PS1-
cKO (B, D) mice, 5-weeks old, were stained with hematoxylin and eosin. Note the dilation
of the lateral ventricles (black arrows in B and D) and third ventricles (while arrows in D).
(E) Ventricle areas (lateral ventricles and third ventricles) and total brain areas of coronal
sections from control (n=6) and Wnt1-cre PS1-cKO (n=8) mice were measured with Image J
and the percentage of ventricle areas relative to the total brain areas was calculated. Values
are mean ± SD. *: The percentages differed significantly between control and Wnt1-cre
PS1-cKO brains (P < 0.005). Bar=5 mm (A, B), 3 mm (C, D).
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Fig. 2.
Abnormalities of the SCO and ependymal cells in Wnt1-cre PS1-cKO mice.
Four-μm-thick coronal paraffin sections through the SCO of control (A, C, E, G) and Wnt1-
cre PS1-cKO (B, D, F, H) mouse brains, 5-weeks old, were stained immunohistochemically
with anti-SCO-glycoproteins (AFRU for A, B; Mab4A6 for C, D) or anti-vimentin (E-H)
antibody. (G) and (H) show the views at a higher magnification of the areas marked by the
boxes in (E) and (F), respectively. Note the deformed SCOs (B, D, F) in the mutants.
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Immunoreactivity for SCO-glycoproteins is reduced in the mutant SCOs (arrows in B and
D). The ependymal cells in the mutants are an unusual shape and vimentin expression in the
cells is increased (arrows in H). Thirty-μm-thick coronal cryostat sections through the
rostral part of the 4th ventricle of control (I, K) and Wnt1-cre PS1-cKO (J, L) mouse brains,
5-weeks old, were stained immunohistochemically with anti-SCO-glycoproteins antibody
(Mab4A6). Note the lack of Reissner’s fiber in the mutants (J, L), compared with the control
(Reissner’s fiber is indicated by an arrow in K). 3V=3rd ventricle. 4V=4th ventricle. Bar=0.2
mm (A, B), 0.1 mm (C, D), 0.1 mm (E, F), 0.03 mm (G, H), 0.05 mm (I, J), 0.02 mm (K, L).

Nakajima et al. Page 11

Brain Res. Author manuscript; available in PMC 2012 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Reduced SCO and stenosis of the Sylvian aqueduct in Wnt1-cre PS1-cKO mice.
Rostral to caudal coronal sections stained with hematoxylin and eosin from control (A, C, E)
and Wnt1-cre PS1-cKO (B, D, F) mouse brains, 5-weeks old. Note the reduced formation of
the SCO (white thin arrow in B) and the stenosis of the Sylvian aqueduct (white arrows in D
and F) in the mutants. 3rd V=third ventricle, Aq=Sylvian aqueduct. Bar=0.4 mm
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Fig. 4.
Restricted Wnt1-cre mediated recombination in the brains.
Sagittal (A) and coronal (B, C, D) brain sections of Wnt1-cre (Tg/+); Rosa26-LacZ (floxed/
+) mice, 5-weeks old, were stained with X-gal reagent. The presence of a conditional
Rosa26-LacZ allele allowed for X-gal staining of cells in which loxP sites were recombined
with the Wnt1-cre allele. Note that the X-gal staining is restricted to the cerebellum (A, D),
midbrain (A), and medial habenula (A, B). Strong β-galactosidase staining is also present in
cells forming the SCO (C), ependymal cells (C), and choroid plexuses in the 3rd (B) and 4th
ventricles (D). 3V=third ventricle, 4V=fourth ventricle, CB=cerebellum, CP=choroid
plexus, DG=dentate gyrus, EC=ependymal cell, MB=midbrain, MH=medial habenula,
SCO=subcommissural organ. Bar= 2 mm (A), 0.1 mm (B), 0.05 mm (C), 0.2 mm (D).
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Fig. 5.
Western blotting for PS1.
Western blot analyses of protein lysates from the cortex (lanes 1 and 2) and cerebellum
(lanes 3 and 4) of the control (lanes 1 and 3) and Wnt1-cre PS1-cKO (lanes 2 and 4) mice.
Anti-PS1-NTF, anti-PS1-CTF, anti-APP-CTF, or anti-actin antibody was used to stain the
blotted proteins. Note the reduction of PS1-NTF and -CTF band intensities and the
appearance of the APP-stub in the mutant cerebellum (lane 4).

Nakajima et al. Page 14

Brain Res. Author manuscript; available in PMC 2012 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


