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Abstract

Twisted gastrulation (TWSG1), an extracellular regulator of bone morphogenetic protein (BMP)
signaling, is critical for embryonic brain development. Mice deficient in TWSG1 have abnormal
forebrain development manifesting as holoprosencephaly. The expression and potential roles of
TWSG1 in postnatal brain development are less well understood. We show that Twsgl is
expressed in the adult mouse brain in the choroid plexus (CP), hippocampus, and other regions,
with the strongest expression observed in CP. TWSG1 was also detected in a human fetal brain at
mid-gestation, with highest levels in the epithelium of CP. Bmpl, Bmp2, Bmp4-Bmp7 as well as
BmprlA and Bmprll, but not BmprIB, were expressed in CP. BMP antagonists Chordin (Chrd) and
Noggin were not detected in CP, however Chrd-like 1 and brain-specific Chrd-like (Brorin) were
expressed. Electrophysiological study of synaptic plasticity revealed normal paired-pulse
facilitation and long-term potentiation in the CA1 region of hippocampus in Twsg1 ™~ mice.
Among the homozygous mutants that survive beyond the first 2 weeks, the prevalence of
hydrocephalus is 4.3%, compared to 1.5% in a wild type colony (p=0.0133) between 3 and 10
weeks of life. We detected a high level of BMP signaling in CP in wild type adult mice that was
17-fold higher than in the hippocampus (p=0.005). In contrast, TGFp signaling was predominant
in the hippocampus. Both BMP signaling and the expression of BMP downstream targets Msx1
and Msx2 were reduced in CP in Twsg1~~ mice. In summary, we show that Twsg1 is expressed in
the adult mouse and human fetal CP. We also show that BMP is a branch of TGFf superfamily
that is dominant in CP. This presents an interesting avenue for future research in light of the novel
roles of CP in neural progenitor differentiation and neuronal repair, especially since TWSG1
appears to be the main regulator of BMP present in CP.
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Bone morphogenetic proteins (BMPs), members of the transforming growth factor beta
(TGFB) superfamily, are critical for prenatal development of the nervous system. BMPs
regulate numerous processes, including neural induction, neural crest formation, axon
guidance, spinal cord patterning, neuronal lineage commitment, and differentiation (Mehler
etal., 1997, Liu and Niswander, 2005). The activity of BMPs is modulated in the
extracellular space by several BMP-binding proteins, such as Follistatin, Noggin (NOG),
Chordin (CHRD), Twisted gastrulation (TWSG1) and others (Balemans and Van Hul,
2002), which regulate binding of BMPs to their receptors and subsequent activation of both
Smad-dependent and Smad-independent pathways (Sieber et al., 2009). In fact, it is the
antagonism of BMP signaling that is necessary for neural induction and neurulation
(Delaune et al., 2005, Di-Gregorio et al., 2007, Ybot-Gonzalez et al., 2007). Mice that are
deficient in BMP antagonists NOG and CHRD (Anderson et al., 2002) or TWSG1 (Petryk et
al., 2004) have severe defects in forebrain, midface, and jaw development, designated as
otocephaly, a phenotype that resembles agnathia-holoprosencephaly complex in humans
(Schiffer et al., 2002).

While the roles of BMPs during embryonic development have been extensively studied in
vertebrates, their roles in postnatal brain function are less well understood. BMPs and their
receptors are expressed in several regions in the adult rodent brain, including the
hippocampus and the choroid plexus, suggesting their continued physiological function
(Soderstrom et al., 1996, Ebendal et al., 1998, Soderstrom and Ebendal, 1999, Scott et al.,
2000, Fan et al., 2003). In the hippocampus, BMPs as well as NOG and CHRD regulate
neurogenesis (Tang et al., 2009), synaptic plasticity and learning behavior through a
presynaptic mechanism (Sun et al., 2007). Recent evidence suggests that inhibition of BMP
signaling by NOG promotes expansion of neural stem cells isolated from the adult
hippocampus (Bonaguidi et al., 2008). Several growth factors, including BMP7 and TGFp1,
are expressed in the choroid plexus and are present at high concentrations in adult
cerebrospinal fluid (CSF) (Johanson et al., 2000, Dattatreyamurty et al., 2001). BMP7 that is
contained in the CSF can induce dendritic growth in rat synaptic neurons. This activity is
inhibited by Follistatin, which is a BMP antagonist (Dattatreyamurty et al., 2001). Thus, it
seems that there are numerous emerging roles for the BMPs in the adult brain.

Regulation of BMPs by BMP-binding proteins plays a central role in controlling ligand
availability and threshold dependent biological outcomes. While there is some evidence for
the roles of NOG, CHRD, and Follistatin in BMP function in adult rodent brain, much less is
known about the postnatal expression and function of TWSG1. TWSGL1 can bind and inhibit
BMP activity either directly or in a complex with CHRD (Ross et al., 2001, Petryk et al.,
2005, Wills et al., 2006). TWSG1 may also enhance BMP signaling by promoting
degradation of CHRD by Tolloid and CHRD-independent mechanisms (Larrain et al., 2001,
Zakin and De Robertis, 2004). We have previously reported 44% incidence of HPE in
Twsgl homozygous mutant mice in C57BL/6 background that, along with craniofacial
defects, leads to neonatal lethality (Petryk et al., 2004, MacKenzie et al., 2009). The purpose
of this paper was to examine whether Twsgl is expressed in the adult mouse brain in the
areas in which Bmps and their receptors are expressed, identify the molecules with which
TWSG1 could potentially interact in these regions to modulate BMP signaling, and
determine whether those mutants that do not manifest overt HPE and survive beyond the
neonatal period have any evidence of neurologic impairment.
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EXPERIMENTAL PROCEDURES

Animals

Generation and genotyping of Twsgl~~ mice in C57BL/6 background were performed as
previously described (Petryk et al., 2004). Wild type (WT) C57BL/6 mice were obtained
from Taconic Farms, Inc. (Albany, NY, USA). Age-matched Twsgl~/~ and control male
mice at 1-3 months of age were used in this study following protocols approved by the
University of Minnesota Institutional Animal Care and Use Committee.

RT- PCR and Real-time Q-PCR

Total RNA was extracted from tissues with TRIzol Reagent (Invitrogen, Carlsbad, CA,
USA) and purified using RNeasy (Qiagen, Valencia, CA, USA). Each RNA column was
treated with DNase | to remove genomic DNA. First strand cDNA was synthesized from
total RNA (3ug) using SuperScript 111 System (Invitrogen) with oligo(dT)20 primer in a
total reaction mixture of 20 pl. Each reaction was diluted with distilled water to a final
volume of 50 pl and 1 pl of the cDNA pool was subject to RT-PCR or Q-PCR analysis with
primer pairs designed by PerlPrimer (Marshall, 2004). Primer sequences are included in
Table 1. Primers for Msx1 (Park et al., 2006) and Msx2 (Berdal et al., 2009) were previously
published. RT-PCR conditions were 94°C for 6 min: 1cycle, followed by 94°C for 45 sec,
58°C for 45 sec, and 72°C for 45 sec: 30 cycles and 72°C for 10 minutes.

Q-PCR was carried out by Roche LC480 system using SYBR Green PCR Master | (Roche)
in a final volume of 20 ul. PCR conditions were 95°C for 5min: 1cycle, followed by 95°C
for 10 sec, 58°C for 10 sec, and 72°C for 20 sec: 45 cycles. The transcriptional levels were
normalized with g-actin transcriptional levels in the same samples. The expression level of
Twsgl in CP was calibrated as 1. Triplicate measures of each sample were conducted to
ensure the consistency of the amplification. Data were analyzed with Roche LightCycler 480
SW1.5.

Western blot

Mouse brain tissue was harvested from adult C57BL/6 mice, homogenized, passed through a
20G needle in modified RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% Triton
x-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA) and centrifuged for 10min at 4
°C. Brain homogenates were separated by SDS-PAGE followed by transfer onto PVDF
membranes and blocked with Odyssey blocking buffer (LI-COR, Lincoln, NE) containing
0.1% (v/v) Tween 20. Membranes were incubated overnight at 4° C with anti-P-Smad1/5/8
(Cell Signaling Technology, Danvers, MA) (1:250), anti-P-Smad2 (Cell Signaling
Technology) (1:1000), and anti-GAPDH (ABCam, Cambridge, MA) (1:5000) antibodies
and washed before incubation with species-appropriate fluorescent conjugated secondary
antibodies for 1h at room temperature. After washing to remove trace detergent, membranes
were analyzed using an Odyssey Infrared Imaging System (LI-COR; Millennium Science,
Surrey Hills, Australia) using the manufacturer’s protocol.

Immunostaining of mouse brains

Brains were perfused with 10% buffered formalin and embedded in 2% agarose, 50 um
coronal sections were cut with vibrating-blade microtome (Leica VT1000s, Nussloch,
Germany) in cold PBS. Structure of brain ventricular systems was observed with DAPI
staining under Zeiss LSM710 confocal microscope. Sections from adult mice were
incubated with primary monoclonal anti-TWSG1 antibody at 1:100 (R&D), 4°C overnight.
After incubation with fluorescently labeled secondary antibody (Alexa Fluor 555) at 1:200
for 1 hour at room temperature, Z stack images were captured and processed using a Zeiss

Neuroscience. Author manuscript; available in PMC 2011 August 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun et al. Page 4

LSM710 confocal microscope. Sections without incubation of primary antibody served as
control.

Extracellular field excitatory postsynaptic potential (EPSP) recordings, paired-pulse
facilitation (PPF), and long-term potentiation (LTP)

Mice were decapitated after anesthesia, hippocampal slices (350 um thick) were cut in ice-
cold artificial CSF containing (in mM) 250 sucrose, 25 NaHCOs3, 25 glucose, 2.5 KCI, 1.25
NaH,POy4, 2 CaCl,, and 1.5 MgCl, (pH 7.3, 320 mOsm). The slices were recovered in a
submerged chamber at room temperature (24-25°C) in carbogen-bubbled ACSF, containing
125 mM NaCl in place of 250 mM sucrose, for at least 2 hours before the start of recordings.
Recordings were made in a standard interface chamber at 30°C (Fine Science Tools, Foster
City, CA, USA) with 1 ml/min perfusion speed. A test pulse is given by a custom designed
platinum bipolar electrode (MX21CEPMS1, FHC) for stimulating Schaffer collaterals at
0.05 ms duration and every 20 seconds. Field excitatory postsynaptic potential (FEPSP) was
recorded by 1-2MQ glass recording in the stratum radiatum of CA1 in the hippocampal
slice. Data were acquired through Axonclamp B and Pclamp 8 software. PPF was examined
at 25, 50, 100, and 200 ms inter-stimulus intervals with stimulation strength correlated to
30% of the maximal fEPSP. Stimuli intensity correlated to 50% maximal fEPSP slope was
used for baseline and induction of LTP. Induction protocol is theta burst stimulation (TBS)
which entailed 4 trains of 10 bursts of 4 stimuli with 20 s, 200 ms, and 10 ms intervals
between trains, burst, and stimuli, respectively (Sun et al., 2007).

Autopsy study

A legal autopsy was performed at the Institute of Pathology, Medical University of
Innsbruck, Austria, following death of a human fetus for acute placental reasons at 23+
weeks gestation. The study was approved by the Institutional Ethics Committee. The
measurements and body weight of the fetus were: 590 g, crown-heel length 30.5 cm, crown-
rump length 21 cm, foot length 4.5 cm, occipitofrontal circumference 20.5 cm, biparietal
diameter 5.8 cm, shoulder circumference 21.5 cm, thorax circumference 17 cm, abdominal
circumference 19 cm, and pelvic circumference 14 cm. All values correspond to a fetus of
23 — 24 weeks of gestation. Examination of the central nervous system was performed by a
pediatric pathologist (CS).

Immunohistochemistry

Immunohistochemistry was performed to examine localization of TWSG1 in the normal
human fetal brain at mid-gestation. The specimens were fixed in 10% neutral buffered
formalin for approximately 24 h at room temperature, cut into slices of 5 mm of thickness,
embedded in paraffin blocks and sectioned serially at 5 pm thickness. After treatment with
0.5% H,05, in methanol and blocking serum, these sections were incubated with monoclonal
antibody against human TWSG1 (Novus Biologicals, Littleton, CO, USA) at 1:25 dilution at
room temperature for 32 min. Subsequently, sections were incubated with Discovery
Universal Secondary Antibody (Ventana Medical Systems, Tucson, AZ, USA), and
automatically stained using a Ventana Autostainer (Discovery XT) with an avidin-biotin
peroxidase complex method and counterstained with hematoxylin. Negative controls
contained no primary antibody.

Statistics and data analysis

Unpaired t tests were used for mutants and control littermates for in vitro or in vivo
experiments, with a Type | error rate of a = 0.05 (two-tailed). All experimental data are
expressed as mean + SEM. A Chi-square test was performed to determine if the difference
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in the incidence of hydrocephalus between WT and Twsgl~/~ mice was statistically
significant.

RESULTS

Expression pattern of Twsgl in a mouse adult brain

It has been previously shown that Twsgl is expressed in the developing mouse brain
(particularly telencephalon) as early as the neural plate stage (Graf et al., 2001, Zakin et al.,
2005). According to the Allen Mouse Brain Atlas (Allen Institute for Brain Science, Seattle,
WA, USA), Twsgl is also expressed in the adult mouse brain in the choroid plexus,
hippocampus, and cerebellum (Fig. 1A, B, also available from: http://mouse.brain-map.org)
(Lein etal., 2007). Amplicons of Twsgl could be detected by RT-PCR in the hippocampus,
choroid plexus, cerebellum and cortex isolated from 1-month-old WT mice, but not from
Twsg1~~ mice (Fig. 1C). Q-PCR was performed to quantitate Twsg1 expression in various
brain regions (Fig. 1D). The highest level of expression was found in the choroid plexus,
followed by cerebellum, thalamus, cortex, hippocampus, brain stem, and olfactory bulb.
Presence of TWSGL1 protein was confirmed by immunohistochemistry in the choroid plexus
(Fig. 2A, C), hippocampus (Fig. 2E), specifically CA3 (Fig. 2F), cerebellum (Fig. 2G), and
cortex (Fig 2H). TWSG1 was immunodetected on cell surface and in the extracellular
matrix, consistent with it being a secreted protein (Melnick et al., 2006).

Distribution of TWSG1 in human fetal brain

To determine if TWSG1 can also be detected in a human brain, we elected to study a fetal
brain at mid-gestation (23 weeks gestation), partly due to limited availability of a normal
human adult brain tissue and also because many of the brain regions in which Twsgl is
expressed in an adult brain are already present in utero. The molecular layer of the cerebral
cortex was immunoreactive for TWSG1 (Fig. 3A, arrowheads). Cortical neurons were
immunoreactive on the surface and remarkably, there was intense staining in the perikarya
of some neurons with rosette pattern formation (Fig. 3B, arrows). No significant
immunoreactivity was observed in the striatum and in the subcortical white matter (not
shown). Ventricular neuroepithelium of the 4™ ventricle showed moderate immunoreactivity
(Fig. 3D). The strongest expression was observed in the choroid plexus (Fig. 3F with inset).
From rostral to caudal all papillary projections of the choroid plexus showed an intense
signal of the lining epithelium, while no signal was seen in the fibrovascular core of the
papillary projections. In the cerebellum (not shown), TWSG1 was detected in the molecular
layer, but not in the external granular layer. Immunoreactivity was seen in the perikarya of
Purkinje cells. Weak immunoreactivity was detected in the internal granular layer.
Expression in the dentate nucleus was faint. In all experiments negative controls showed no
immunoreactivity for TWSG1.

Normal hippocampal synaptic function in Twsgl~/~ mutants

Previously, we demonstrated that loss of CHRD, another potent BMP inhibitor, leads to
enhanced synaptic plasticity and spatial learning suggesting a role for BMP signaling in
regulating hippocampal activity (Sun et al., 2007). As there was high expression level of
Twsgl in the hippocampus, we sought to determine if Twsgl mutants show similar synaptic
defects in the hippocampus. To avoid the effect of severe morphological change on the
function of the hippocampus, we used adult Twsgl ™~ mice with a normal-appearing brain
on gross and microscopic examinations. We found no significant difference in hippocampal
long-term synaptic plasticity between Twsgl knockout mice and control mice. Twsgl ™~
mice showed both normal LTP and PPF in the CAL region of hippocampus (Fig. 4). Using
field potential recordings from the CA1 region of the hippocampus, we found that Twsgl ™~
mice showed normal excitatory transmission in the hippocampus compared to controls (Fig.
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4A). PPF, a form of short-term plasticity between Schaffer collaterals and CA1 dendrites,
was not significantly different in extracellular field recordings from Twsgl mutant slices
(Fig. 4B). With a series of inter-pulse intervals, from 25ms to 200ms, Twsgl ™~ slices
showed a normal PPF ratio. With an interface chamber, TBS protocol induced robust LTP in
both genotypes (WT, 152.49+ 5.49 vs. Twsgl ™, 152.30+ 5.85, p=0.98 Fig. 4C).

Severe hydrocephalus in TWSG1-deficient mice

The strongest expression of Twsgl was in the choroid plexus in both mice and humans.
Since the main function of the choroid plexus is the production of CSF, we wanted to
determine if and at what frequency Twsgl~/~ mice manifest hydrocephalus. We previously
reported that only 18% of Twsgl ™~ mice in C57BL/6 background survive beyond the
perinatal period (Petryk et al., 2004). The current survival rate is higher at 44% (297 out of
675 homozygotes), likely due to selective breeding techniques, which included the use of
surviving homozygous males as breeders (Table 2). The frequency of craniofacial defects
has not changed (45%). The remaining 11% of mice die either at birth or within the first 48
hours to 2 weeks of life without any external defects, suggesting that other organ systems
may be involved. Among the homozygous mutants that survive beyond the first 2 weeks,
4.3% develop severe hydrocephalus (compared to 1.5% prevalence in our WT colony,
p=0.0133) between 3 and 10 weeks of life, which is accompanied by significant growth
failure, gait imbalance, lethargy, and closed eyes. The hydrocephalic Twsgl ™~ mice have
dome-shaped heads and increased brain volume (Fig. 5).

The coronal sections of enlarged brains from Twsgl ™~ mice showed dramatic enlargement
of the ventricles and thinning of the cerebral cortex (Fig. 6B, D) in comparison to WT
control sections (Fig. 6A, C). The hippocampus of the mutants was compressed and pushed
toward the midline, and the periaqueductal gray matter was compressed and atrophic (Fig.
6D). With continuous sectioning, we could not detect a clear opening within the aqueduct in
hydrocephalic mutants (Fig. 6F, H), whereas in WT mice we could see a stepwise increase
of the aqueduct’s diameter from the third ventricle to the fourth ventricle (Fig. 6E, G). We
did not detect any tumor-like structure inside the aqueduct of mutants, which argued against
obstructive hydrocephalus. The fourth ventricle of Twsgl~/~ mice showed normal
morphology (Fig. 6J) and there was no overgrowth of the choroid plexus in any of the
ventricles (Fig. 6L) compared to WT (Fig. 61, K).

Identification of BMP ligands, receptors, and binding proteins in the choroid plexus

Since TWSG1 can interact with BMPs, CHRD, and CHRD-like proteins, we examined the
expression of BMP ligands, their receptors, and antagonists in the choroid plexus and other
brain regions (Fig. 7). We were particularly interested in identifying potential TWSG1
partners in the choroid plexus where Twsgl expression was the highest. All Bmps tested
(Bmpl, Bmp2, Bmp4-Bmp7) as well as BmprlA and Bmprll, but not BmprIB, were expressed
in the choroid plexus. Chrd, Chrd-like 2 and Nog were not detected in the choroid plexus,
however Chrd-like 1 and brain-specific Chrd-like (Brorin) were expressed in the choroid
plexus (as well as other brain regions), albeit at low levels.

Dominant role of BMP branch of the TGF@ pathway in choroid plexus and its regulation by

TWSG1

While Smads 1, 5, and 8 are main signal transducers for the BMPs, Smads 2 and 3 serve
mainly as substrates for the TGFB pathway (Massague et al., 2005). We detected a very high
level of BMP signaling in the choroid plexus in WT adult mice that was 17-fold higher than
in the hippocampus (p=0.005) (Fig. 8A, B). In contrast, TGFp signaling was predominant in
the hippocampus, at a 1.8-fold higher level than in the choroid plexus (p=0.03). BMP
signaling was significantly reduced in the choroid plexus in Twsgl mutants to approximately
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20% signal intensity of the WT (p=0.042) (Fig. 8C, D), suggesting that TWSG1 acts as a
BMP agonist in the choroid plexus. The level of P-Smad1,5,8 was very low in the
hippocampus and there was no significant difference between WT and Twsgl~/~ mice (not
shown). The expression of downstream targets of BMP signaling, Msx1 and Msx2
(Ovchinnikov et al., 2006), was also reduced in the choroid plexus and the hippocampus in
Twsgl~/~ mice (p<0.05) (Fig. 9A, B).

DISCUSSION

The analysis of postnatal phenotype of Twsgl~/~ mice in C57BL/6 background was
previously hampered by high prevalence of perinatal lethality (Petryk et al., 2004). Increased
survival of the mutants by using surviving homozygous males as breeders allowed us to
study hippocampal function in these mice. We have previously shown that CHRD
contributes to hippocampal plasticity and spatial learning and that Chrd null mice have
increased presynaptic transmitter release from hippocampal neurons, resulting in enhanced
PPF and LTP (Sun et al., 2007). Since TWSG1 and CHRD form tripartite complexes with
BMPs, inhibiting their activity (Ross et al., 2001), and both are expressed in the
hippocampus, we sought to determine if Twsgl mutants would show similar synaptic defects
in the hippocampus. We found no significant difference in either PPF or LTP between
Twsgl ™~ and WT mice. This indicates that in spite of overlapping expression patterns,
TWSG1 and CHRD may have different functions. Even though we did not find defects in
synaptic plasticity in the absence of TWSG1, the function of BMPs in the hippocampus is
not limited to regulating neuronal plasticity. Neurogenesis continues in adult life and
inhibition of BMP signaling, for example by NOG, promotes the expansion of the
hippocampal neural precursors in vitro (Bonaguidi et al., 2008).

The high level of expression of Twsgl and robust BMP signaling in the choroid plexus are
intriguing. Choroid plexus is the main site of CSF secretion, although 10-30% of CSF also
arises from the interstitial space (Brodbelt and Stoodley, 2007). CSF overproduction has
been reported in mice (Lindeman et al., 1998), but it is a very rare cause of hydrocephalus in
the absence of choroid plexus adenoma or carcinoma (Rickert and Paulus, 2001). Excessive
production of CSF or insufficient reabsorption results in communicating hydrocephalus as
opposed to non-communicating hydrocephalus due to CSF pathway obstruction (Zhang et
al., 2006a). Hydrocephalus can also be divided into congenital and acquired. The latter is
usually due to malformations, tumors, infections or hemorrhage that impair flow of the CSF.
The most common cause of congenital hydrocephalus is stenosis of the aqueduct of Sylvius,
although in some cases stenosis may also be the result, not the cause, of congenital
hydrocephalus due to an increase in intracranial pressure (Landrieu et al., 1979, Willems et
al., 1987). Twsgl ™~ mice manifest postnatal hydrocephalus, but at a low incidence of 4.3%
compared to 1.5% in our WT colony of C57BL/6 mice. True incidence may be higher, but is
difficult to determine due to high (56%) perinatal mortality rate. The early onset of
presentation of hydrocephalus in Twsgl~/~ mice and absence of an obstructive lesion
implycongenital communicating hydrocephalus with secondary aqueductal stenosis.

The exact mechanism of congenital hydrocephalus is not always clear. In mice
overexpressing Tgfs1, the primary mechanism is deposition of extracellular matrix
molecules laminin and fibronectin in perivascular astrocytes, which presumably results in
altered production and/or reabsorption of CSF (Galbreath et al., 1995, Wyss-Coray et al.,
1995, Crews et al., 2004). Other proposed mechanisms include cortical thinning due to
reduced proliferation of neural progenitor cells with secondary expansion of the ventricles
(Zhang et al., 2006b), impaired function of the ciliated ependymal cells lining the ventricles
(Davy and Robinson, 2003), disruption of neural cell adhesion (Rosenthal et al., 1992), or
altered neural cell fate in neuroepithelial cells (Chae et al., 2004). Low incidence of
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hydrocephalus in Twsg1 ™~ mice precludes detailed mechanistic studies. Cell-specific
deletion or overexpression of Twsgl owing to a conditional design, for example in Wnt1 cell
lineages (Dietrich et al., 2009), may provide a better model to study the mechanism of
hydrocephalus in these mice in the future. Reduction in BMP signaling in Twsg1~~ mice
strongly implicates the role of BMP pathway in the pathogenesis of hydrocephalus. This is
consistent with the observation that disruption of Msx1, a downstream target of BMPs, also
leads to hydrocephalus (Ramos et al., 2004).

It is interesting to speculate that abnormal development of telencephalon and congenital
hydrocephalus may be linked. For example, Otx2 mutants in C57BL/6 background have
severe loss of rostral head structures, while heterozygous mice display a spectrum of
otocephalic phenotypes, similar to those observed in Twsgl~~ mice (Matsuo et al., 1995).
Interestingly, in CBA background, 13% of heterozygotes develop hydrocephalus between 4
weeks and 6 months of life (Makiyama et al., 1997). Likewise, 80% of Cdo ™/~ mice
manifest HPE due to reduced Sonic hedgehog signaling in the ventral forebrain (similar to
Twsgl~/~ mice), but those that survive beyond the perinatal period without overt signs of
HPE develop hydrocephalus (Zhang et al., 2006b). Existence of either HPE or
hydrocephalus in the same mouse knockouts and variable severity of the craniofacial
phenotypes depending on the gene dosage and genetic background, suggest that these
phenotypic manifestations may represent a continuum and that in spite of successful survival
residual cellular defects persist and may lead to a later manifestation as hydrocephalus.

Aside from regulation of CSF production, choroid plexus regulates other processes during
both embryonic and postnatal brain development and function. Choroid plexus forms early
in embryogenesis and is already well differentiated at E12.5 in mice. It is a source of
nutrients, morphogens, growth factors, and humoral factors that are important for
maintaining brain homeostasis, including neurohumoral and neuroimmune interactions
(Strazielle and Ghersi-Egea, 2000, Redzic et al., 2005). Recent studies provide evidence for
novel roles of choroid plexus and BMPs contained in the CSF in differentiation of neural
progenitors (Lim et al., 2000, Krizhanovsky and Ben-Arie, 2006, Buddensiek et al., 2009)
and neuronal repair after ischemic brain injury (Johanson et al., 2000, Martinez et al., 2001).
The BMP-mediated inhibition of neurogenesis can be blocked by BMP inhibitors,
underscoring the importance of BMP regulation in this process. Upregulation of several
growth factors, including Tgfs1, has been observed in choroid plexus following ischemic
and traumatic brain injury, suggesting the roles of growth factors in mediating epithelial
recovery and brain repair (Johanson et al., 2000). Growth factors that are synthesized and
secreted by the epithelial cells of the choroid plexus into the CSF may also affect other brain
regions, for example the hippocampus. A regulatory role of TWSG1 cannot be excluded in
neuronal repair, especially in light of the data that TWSG1, along with CHRD-like 1,
regulate BMP homeostasis in the proximal tubule under normal conditions and during
regeneration following ischemic kidney injury (Larman et al., 2009). Chrd-like 1 is also
expressed in the choroid plexus, placing it in the region conducive to its interactions with
TWSG1. The similarity between the regenerative processes in the epithelia of the renal
tubules and choroid plexus is further enhanced by the observation that TGFp1 is upregulated
in the epithelium of the renal tubules as well as choroid plexus following ischemic injury
(Johanson et al., 2000).

In summary, we show that Twsgl is expressed in the adult mouse and human fetal choroid
plexus. We also show that BMP is a branch of TGFf superfamily that is dominant in the
choroid plexus. This presents an interesting avenue for future research in light of the novel
roles of choroid plexus in neural progenitor differentiation and neuronal repair, especially
since TWSG1 appears to be the main regulator of BMP present in the choroid plexus.
Presence of hydrocephalus and HPE in TWSG1-deficient mice suggests that congenital
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hydrocephalus may be a developmental anomaly and mutations in developmental pathways
(or their regulatory proteins) may contribute to the pathogenesis of this disease.
Understanding the roles of growth factors in brain homeostasis has therapeutic implications
because, as secreted factors, they can be administered intrathecally. For example,
intraventricular administration of hepatocyte growth factor in a mouse model of TGFp1-
induced hydrocephalus results in an improved CSF flow and a reduction of
ventriculomegaly (Tada et al., 2006). Expression of TWSG1 protein in fetal brain suggests a
potential role for TWSG1 in normal human brain development as well.
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Figure 1. Expression pattern of Twsgl in a mouse adult brain

(A) In situ hybridization image from Allen Brain Atlas; sagittal section, 55 days old male.
Twsgl is expressed in the choroid plexus, hippocampus, and cerebellum. (B) Close-up view
of the choroid plexus with digital analysis of signal intensity. (C) RT-PCR data showing
expression of Twsgl from different brain regions of WT mice, and absence of the transcript
in Twsg1~~ mice. (D) Q-PCR data showing the highest level of Twsg1 expression in the
choroid plexus compared to other brain regions; no signal is detected from Twsgl~/~
hippocampus (KO). BS, brain stem; CP, choroid plexus; CR, cerebellum; CX, cerebral
cortex; HP, hippocampus; OB, olfactory bulb; TH, thalamus;. Beta-actin is the reference
gene for the reactions. Scale bars: 824 um in A and 314 um in B.
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Figure 2. Immunolocalization of TWSGL1 in adult mouse brain

(A) TWSGL1 is detected at highest level in choroid plexus. (B) Negative control (no primary
antibody). (C) Higher magnification of the region in A (box) showing patch-like staining of
TWSG1 on cell surface and in the extracellular matrix in the choroid plexus. (D) Negative
control. (E) Hippocampus. (F) Higher magnification of the region in E (box); CA3 region of
hippocampus shows patch-like TWSG1 staining. (G) Purkinje cell layer (white arrow)
shows high TWSG1 expression in cerebellum. Weak immunoreactivity is present in the
granular layer (green arrow), but not molecular layer (yellow arrow). (H) Cortical neurons
show weak immunoreactivity for TWSG1, particularly in layer 1I/111. Scale bars: 200 pm in
AB,E G Hand20 uminC, D, F.
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Figure 3. Immunolocalization of TWSG1 in human fetal brain at mid-gestation

(A) Cerebral cortex. Arrowheads point to the molecular layer. (B) Cerebral cortex. Intense
staining in the perikarya of neurons with rosette pattern formation (Fig. 6B, arrows). (C)
Control staining of fetal brain without primary antibody (negative control); 630x
magnification. (D) Ventricular epithelium of the 41 ventricle showed moderate
immunoreactivity. Arrowheads point to the ependymal epithelium. (E) Negative control;
100x magnification. (F) Choroid plexus. The strongest expression was observed in the
choroid plexus. Inset at 630x magnification, all papillary projections of the choroid plexus
show an intense signal of the lining epithelium, whereas no signal is seen in the
fibrovascular core of the papillary projections. Scale bars: 20 um in A-D and inset and 200
uminE, F.
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Figure 4. Electrophysiological evaluation of synaptic plasticity in the hippocampus

(A) Normal input-output curve in hippocampal synaptic transmission in Twsgl ™~ mice.
Relationship between the slope of fEPSP (field excitatory postsynaptic potential) and
stimulation strength for Twsgl™'~ and WT mice. Data are expressed as mean + SEM. (B)
Normal Paired-pulse facilitation (PPF) in Twsgl~~ hippocampal slices. PPF was measured
as the ratio between the slopes of fEPSPs evoked by the second and first pulses and plotted
for several inter-pulse intervals (ISI). Field EPSPs were evoked with a stimulus that evoked
30% of the maximal fEPSP. Values represent mean £ SEM. (C) TBS protocol induced a
similar level of LTP in Twsgl™~ and WT slices. Mean amplitudes of fEPSPs recorded 020
min before induction of LTP were set as a baseline. Above the summary plot are shown an
average baseline sweep and a sweep 1 hour after induction.
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Figure 5. Severe hydrocephalus in TWSG1-deficient mice

(A) WT male mouse at 1 month of age. (B) A gross view of a WT brain. (C) Twsgl ™~ mice
have smaller body size but larger brain volume (D) in comparison with WT littermates in
C57BL/6 background. Knockout mice show enlarged head with dome-shape skull and partly
closed eyes. Scale bars: 2 mm in B, D.

Neuroscience. Author manuscript; available in PMC 2011 August 25.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Sun et al. Page 18

Figure 6. Ventricular system in Twsgl_/_ mice and controls

(A) Coronal section through WT brain. (B) Coronal section through a Twsg1 ™~ brain with
hydrocephalus showing enlarged lateral ventricles and third ventricle; the asterisk indicates
the lateral ventricle. Also the cortex is atrophic and much thinner than control. (C) WT
brain; arrow points to the periaqueductal grey matter. (D) Compressed hippocampi and
aqueduct. (E-H) Serial sections through the aqueduct; DAPI staining with pseudocolor. (G)
WT aqueduct; the largest opening is at midbrain interaural -1mm level. (H) Closed aqueduct
in a mutant. (I, J) Normal fourth ventricle and (K,L) normal choroid plexus tissue in the
dorsal part of third ventricle. There was no evidence of papilloma in any of the ventricles.
Scale bars: 2 mm in A-D, 100 um in E-H, 200 um in I-L.
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Figure 7. Expression of BMP ligands, their receptors, and BMP-binding proteins in a mouse
brain at 1 month of age by RT-PCR

The brain regions tested included hippocampus (HP), cerebellum (CR), cerebral cortex
(CX), and choroid plexus (CP). All Bmps tested, BmprlA, Bmprll, Chrd-like 1 and Brorin
were expressed in the choroid plexus, but not Chrd, Chrd-like 2, or Nog.
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Figure 8. Comparison between the levels of BMP and TGFp signaling in the choroid plexus and
the hippocampus by western blotting

(A) Representative image shows the western blot double-staining with anti-P-Smads and
GAPDH antibodies. (B) BMP signaling is more active in the choroid plexus than in the
hippocampus in WT mice. Conversely, P-Smad2 signaling is significantly lower in the
choroid plexus than in the hippocampus. (C) Representative gel image shows reduced P-
Smad1/5/8 signal in Twsgl~/~ choroid plexus with GAPDH as a control. (D) The graph
shows significantly lower P-Smad1/5/8 level in Twsgl~/~choroid plexus compared to WT.
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Figure 9. Downstream targets of BMP signaling pathway are suppressed in Twsgl‘/‘ choroid
plexus and hippocampus

Both Msx1 and Msx2, two major BMP regulated genes in neural tissues, are reduced in
Twsg1~/~ choroid plexus and hippocampus. The samples were obtained from 3 wild type

and 3 Twsg1 ™/~ mice.
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PCR primer sequences

Table 1

Gene Forward [5-3'] Reverse [5'-3]

Bmpl TTTCAAAGAGGTGGATGAGTG  AAGAAGTCAAATTGCAGGGAG
Bmp2 TGGAAGTGGCCCATTTAGAG TGACGCTTTTCTCGTTTGTG
Bmp4 TCCATCACGAAGAACATCTG TAGTCTGGTGTCCAGTAGTC
Bmp5 CTGGCTTGTCTTTGATATCAC TATTATAATCTCCAGCACTGGG
Bmp6 GCTGGAATTTGACATCACAG CCGTTGTAGTCTGAAGAACC
Bmp7 TCAACCTAGTGGAACATGAC GATAGACTGTGATCTGGAAGG
Bmprla CTTCTCCAGCTGCTTTTGCT ATAGCGGCCTTTACCAACCT
Bmprlb ATGTGTTTCTGGAGGTATAGTG GCTCTGTCCACAAGTATCTG
Bmprll TGGCAGTGAGGTCACTCAAG TTGCGTTCATTCTGCATAGC
Chordin CAGTGACACAGAAGATTCCT TTTGAAGGACATCACAGCTC
Chordin-like1 CAAGTCATGCGAATACAATGG AGGTAAGAATGTCTTGCTTCTC
Chordin-like2 CAATATCCCTGCAGTCAACC GTGGTAGATTCCTTTCACCAG
Brorin AGACCTACCAGACTTTGGAG CCTCTTCATAAGTGCAGTGAC
Noggin AAGAAGCTGAGGAGGAAGTT GACTTGGATGGCTTACACAC
Twsgl CTGAACTGGAACATCGTCTC GCAGTCATCAAAGTAAACCAC
s-actin GTGTGATGGTGGGAATGGGT GGTCTCAAACATGATCTGGGTC
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Table 2

Survival rate of Twsgl ™~ mice born to Twsgl*/~ dams in C57BL/6 background

Frequency | Outcome

44% Survive beyond 3 weeks of life, smaller size, short/kinky tails, normal fertility; 4.3% develop severe hydrocephalus.

45% Die within the first 24 hours of life due to craniofacial defects (holoprosencephaly, midline facial defects, agnathia, cyclopia,
proboscis, anterior truncation)

11% Die at birth or within the first 48 hours to 2 weeks of life without external craniofacial defects.
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