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Transendocytosis is impaired in CADASIL-mutant NOTCH3
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ARTICLE INFO ABSTRACT

Mutations in the human NOTCH3 gene cause cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy (CADASIL), but the pathogenesis of CADASIL has remained unclear. Recently, endocy-
tosis of the Notch ectodermal domain into ligand-expressing cells, called transendocytosis, has come to be con-
sidered critical for Notch activation. We hypothesized that the mutant NOTCH3 protein, particularly the
ectodermal domain of NOTCH3 (N3ECD), may be refractory to degradation on the cell surface due to impaired
transendocytosis. We established a co-culture system in which. HEK293 cells stably expressing one copy of
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Ié:ygr\%r;is. tetracycline-regulated NOTCH3 were cultured with NOTCH3 ligand Jagged1 (Jagl)-expressing HEK293 cells.
NOTCH3 We obtained three main results: first, the C185R mutant N3ECD on the cell surface was degraded significantly
Endocytosis more slowly than the wild N3ECD when NOTCH3 cells were co-cultured with Jagl-expressing cells. Second,
Transendocytosis both the wild-type and mutant NOTCH3-expressing cells increased HES1 expression on co-culture with
ligand-expressing cells. Third, vesicles containing N3ECD were observed in Jagl-expressing cells. Vesicles of mu-
tant N3ECD within the Jag1-expressing cells were significantly less in number than in the case of wild-type
N3ECD. These results indicated that the process of degradation of mutant N3ECD on the cell surface is disturbed
due to impairment of transendocytosis. Such disturbance on the surface of vascular smooth muscle cells may

contribute to the pathogenesis of CADASIL.
© 2011 Elsevier Inc. All rights reserved.
Introduction 2002; Shawber and Kitajewski, 2004) as well as the development of

most vertebrate organs (Artavanis-Tsakonas et al., 1999). NOTCH3 is
predominantly expressed in the VSMCs of late embryos and aduits
(Joutel et al., 2000), and defects in NOTCH3 result in abnormalities
of arterial structure and myogenic responses (Domenga et al., 2004).

Since the causative NOTCH3 mutations for CADASIL result in an
odd number of cysteine residues in the EGF-like repeats, the forma-
tion of abnormal disulfide bridges has been believed to affect ligand
binding and signal transduction (Joutel et al.,, 1997). However, it re-
mains unclear whether CADASIL mutations affect receptor trafficking
and signaling. Previous studies suggested that most of the mutations
located outside of the ligand-binding site did not impair the signal

Cerebral autosomal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy (CADASIL) is characterized by
migraine, cognitive impairment, depression, recurring subcortical in-
farcts, and dementia. Its pathological hallmark is systemic angiopathy
affecting mainly small and medium-size arteries. These vascular
lesions are characterized by degeneration of vascular smooth muscle
cells (VSMCs), strongly stained with antibody to the extracellular
domain of NOTCH3 (N3ECD), and exhibit the presence of granular
osmiophilic material (GOM) (Joutel et al, 2000; Ruchoux et al,
1994). NOTCH3 has been identified as a causative gene for CADASIL

(Joutel et al,, 1996), and the NOTCH3 mutations in CADASIL patients
are either missense mutations or small in-frame deletions coding
the EGF-like repeats of NOTCH3. The Notch signaling pathway is an
evolutionarily conserved intercellular signaling mechanism that con-
trols vascular development and homeostasis (Lawson and Weinstein,

* Corresponding author at: Department of Neurology, Kyoto Prefectural University
of Medicine, Kajiicho-465, Kamigyo-ku, Kyoto 602-8566, Japan. Fax: +81 75211 8645,
E-mail address: mizuno@koto.kpu-m.ac.jp (T. Mizuno).
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doi:10.1016/j.expneurol.2011.10.020

transduction activity of NOTCH3 (Low et al,, 2006; Monet-Leprétre

. etal., 2009). In addition, total loss of NOTCH3 did not cause CADASIL

pathology in knock-out-mice (Kitamoto et al., 2005), suggesting that
the mutant NOTCH3 protein plays a novel pathogenic role in gain of
toxic function rather than compromise the canonical NOTCH3 func-
tion. The cytotoxic effect of mutant NOTCH3 due to the increase in
endoplasmic reticulum (ER) stress has been hypothesized, based on
experiments using cultured cells (Takahashi et al., 2010). However,
previous studies were performed using overexpression of NOTCH3
in cultured cells. In general, misfolded mutant proteins overexpressed
in cultured cells accumulate in ER and consequently induce ER stress
(Mori, 2000). While the ER stress-induced cytotoxic effect of mutant
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NOTCH3 can explain the degeneration and loss of VSMCs in CADASIL,
it is unclear whether this effect of mutant NOTCH3 induces the path-
ological findings of CADASIL, such as abnormal accumulation of
N3ECD in vascular walls (Joutel et al., 2000, 2001).

The Notch receptor is believed to undergo a complex series of
proteolytic processing events. The first cleavage of the receptor, the
S1 cleavage, occurs in the Golgi apparatus by furin-like convertase
(Logeat et al,, 1998). The S2 cleavage occurs at the cell surface when
the receptor interacts with ligand, Jagged, or DSL (Delta/Serrate/
LAG-2), which are transmembrane proteins expressed on neighboring
cells (Brou et al, 2000). The S3 cleavage is followed by constitutive y-
secretase-dependent intra-membrane proteolysis, and releases the
Notch intracellular domain (NICD) into the cytoplasm. NICD then shut-
tles to the nucleus to associate with transcriptional cofactors of the
CBF1-Su(H)-Lag1 (CSL) family and activate target genes (Bray, 2006).
Recently, endocytosis of either the DSL ligands or the Notch receptor
itself into the cytoplasm has been recognized to play an important
role in regulating Notch signal (Bray, 2006; Fortini and Bilder, 2009;
Pratt et al, 2011). In addition, recent genetic and cellular biological
studies have shown that Notch is endocytosized into ligand-
expressing neighboring cells in Drosophila (Klueg and Muskavitch,
1999), and that endocytosis of Notch extraceliular domain (NECD) pro-
motes Notch proteolysis and downstream signaling in mammals
(Nichols et al, 2007). Therefore, endocytosis of NECD into ligand-
expressing cells, called transendocytosis, is now believed to be more
critical for Notch activation than proteolytic events (Nichols et al,
2007). ‘

We hypothesized that mutant NOTCH3 protein, particularly N3ECD,

. may be refractory to degradation on the cell surface due to impaired
transendocytosis into ligand-expressing cells with activation of Notch
signaling. This hypothesis can easily explain abnormal accumulation
of N3ECD in CADASIL vascular wall without accumulation of the intra-
cellular domain of NOTCH3 (N3ICD) or full-length protein, since mutant
NOTCHS3 is similarly cleaved as well as wild-type NOTCH3 and signaling
is activated normally. This hypothesis can also explain why mutant
N3ECD associates with accumulation of GOM (Ishiko et al., 2006),
close to the cell surface of VSMCs, and not within VSMCs.

To investigate the process of degradation and transendocytosis of
N3ECD, we established a co-culture system in which cells expressing
one copy of NOTCH3 using the Flp-In T-REx system were co-cultured
with ligand Jagged1 (Jag1)-expressing cells. This system enables alle-
viation of the effects of overexpression NOTCH3, such as ER stress.

Materials and methods
Stable cell lines

HEX293 and Flp-In T-REx 293 cells were grown in Ham's F12 con-
taining 10% fetal bovine serum and antibiotics. ¢cDNAs encoding
CADASIL mutation (C185R) and wild-type NOTCH3 carrying a hemag-
glutinin (HA) tag at the C terminus were donated. The Nhel-Xhol frag-
ments of these plasmids containing the Notch3-HA coding region
were cloned into the pcDNA5/FRT/TO vector (Invitrogen, Carlsbad,
CA, USA). These plasmids were co-transfected into Fip-In-T-REx 293
cells at the rate of 9:1 with Lipofectamine LTX (Invitrogen). Forty-

eight hours later, cells were selected in Ham's F12 with 200 pg/ml

hygromycin B, and screened for recombinant protein expression and
FRT recombination. For production of a stable cell line expressing
Jagged1 (Jagl)-HA protein, HEK293 cells were transfected with
Jag1-HA pIRES plasmid (Koutelou et al., 2008) and pEGFP-N1 using
Lipofectamine LTX. Stable cell lines were generated by recovering
and expanding individual colonies after culturing the cells for
2 weeks in the presence of Neomycin. GFP-positive colonies were
picked up, followed by confirmation of Jag1 expression by western
blotting (Supplemental Fig. 1).

oo - o

Western blotting

Cells were washed with PBS and extracted with PBS containing
0.5% Triton X-100 and protease inhibitor cocktail (Nacalai Tesque,
Kyoto, Japan). Samples were separated by 7.5% SDS-polyacrylamide
gel electrophoresis and transferred onto PVDF membranes (Millipore
Corp., Billerica, MA, USA). After blocking, the membranes were incu-
bated in primary antibodies (described below) overnight, washed,
and then incubated in alkaline phosphate-conjugated goat anti-
mouse IgG (Jackson ImmunoReseach Laboratories Inc., West Grove,
PA) or goat anti-rabbit IgG (MP Biomedicals, Soton, OH) for 3 h. Immu-
nosignals were detected with nitroblue tetrazolium chloride and 5-
bromo-4-chloro3’-indolylphsphatase p-toluidine salt reagents. The
band intensity was measured by Image ] analysis (Abramoff et al.,
2004).

Immunocytochemistry

Cells (1x10°) were plated on round cover glasses (13 mm in di-
ameter) with tetracycline (2 pg/ml). After being washed with PBS,
they were then fixed with 4% paraformaldehyde for 30 min and
permeabilized with 0.1% Triton X-100 in PBS for 5 min. After washing
with PBS, cells were incubated with the primary antibodies (1:100) in
a blocking solution (Nacalai Tesque) overnight. After three washes
with PBS, the cells were incubated with fluorescein isthiocyanate
(FITC)-conjugated anti-mouse IgG (1:500) or Alexa Fluor 546-
conjugated anti-rabbit IgG (1:500) for 4 h at room temperature.
After washing and staining with 4/,6-diamidino-2-phenilindole
(DAPI) (Dojindo, Kumamoto, Japan), the cells on the cover glasses
were mounted on glass slides in an aqueous mounting medium
(GEL/MOUNT; Biomeda, Foster City, CA, USA) and imaged using a
BZ-9000 fluorescence microscope (KEYENCE, Osaka, Japan) and with
8-bit resolution by taking single z-stack steps.

Antibodies

The following antibodies were used in immunocytochemistry
and western blotting: mouse monoclonal anti-NOTCH3 antibody
(Abnova, Taipei, Taiwan), rabbit polyclonal anti-NOTCH3 antibody
(Abcam, Cambridge, USA), rabbit monoclonal anti-Jagged1 antibody
(Cell Signaling Technology, Danvers, MA, USA), mouse monoclonal
anti-HA antibody (Roche, Basel, Schweiz) and mouse monoclonal
panactin antibody (Thermo Scientific, Waltham, MA, USA).

Ligand/receptor co-culture assay

Stable HEK293 cell lines expressing wild-type or mutant NOTCH3
(2% 10°) were plated overnight in 35 mm dishes until 50% confluent
with tetracycline 2 pg/ml. The Jaggedl-expressing or GFP cells
(2% 10°) were mixed with either dish. After 24 h, total RNAs were
prepared from these cultures for examination of Notch signaling
activity. Preparation of total RNA was performed with the RNeasy
Micro Kit (QJAGEN, Hilden, Germany) and synthesis of cDNA was per-
formed with the ThermoScript RT-PCR System (Invitrogen). The level
of expression of HES-1 gene was measured by quantitative PCR as an
index of Notch3 activity.

The PCR primer sequences for HES1 and G3PDH were as follows:
HES1, forward primer, 5'-TGAAGGATTCCAAAAATAAAATTCTCTGGG-'3;
reverse primer, 5-CGCCTCTTCTCCTCATAGGCTTTGATGAC-3, G3PDH,
forward primer, 5-ATGATTCTACCCACGGCAAG-'3; reverse primer 5/~
CTGGAAGATGGTGATGGGTT-'3. Quantitative PCR was carried out
using the Thermal Cycler Dice Real Time System (Thermal Cycler Dice,
Takara Bio Inc, Otsu, Japan). The PCR amplification was performed for
40 cycles of 95 °Cfor 5 s and 60 °C for 30 s using SYBR premix EX Taqll
(Takara Bio Inc.).
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Biotinylation experiment

Cultures of the stable HEK293 cell lines in 35 mm dishes were
incubated with 0.25 mg/ml! Sulfo-NHS-SS-biotin (Pierce, Rockford,
USA) for 1 h at 4 °C. Cells were washed three times with TBS and
subsequently lysed with 1% TritonX-100 and protease inhibitor
cocktail (Nacalai) in TBS. The lysate was incubated with 100 ug of
streptavidin-coated magnetic beads (Promega Corporation, Madison,
WI, USA) overnight at 4 °C. The beads were magnetically captured
and washed with 500 pl ice-cold PBS twice. Biotinylated proteins
were recovered in 50yl of SDS/PAGE loading buffer and further
processed by western blotting. The biotinylated proteins captured
by streptavidin-coated beads were confirmed by western blottin,
(Supplemental Fig. 2). :

Statistical analysis

Values are presented as means - SD. Statistical analysis was per-
formed using Bonferreni and one-way ANOVA with Dunnett's multi-
ple comparison post hoc test (Dr. SPSS 11, SPSS Inc., Chicago, IL, USA).
Values of P<0.05 were considered significant.

Results
NOTCH3 expression in HEK293 cells

We first assessed NOTCH3 expression with transient transfection
in cultured cells. However, transiently transfected NOTCH3 proteins
exhibited a tendency to form aggregates intracellularly with either
wild-type or C185R mutant, and consequently caused cell death.
To alleviate the effects of NOTCH3 overexpression, we established
stable HEK293 cell lines carrying one copy of wild-type (W) or
C185R mutant NOTCH3 using the Flp-In T-REx system regulated
by tetracycline. Three colonies for each construct were selected for
subsequent experimentation. The 280 and 95kDa bands were
detected with an antibody to N3ICD in the stable cell lines expres-
sing NOTCH3 induced by tetracycline (Figs. 1A and B, left). The

A
IB: anti-N3ICD

280 >
95 > = =
V_Ci185R W C185R
kDa Tet on Tet off

Wild-type C185R

anti-N3ECD antibody detected two immunoreactive bands at 280
and 210kDa (Fig. 1B, right). The results of western blotting
indicated that the 280, 210, and 95 kDa bands corresponded to the
full length of NOTCH3, N3ECD, and N3ICD, respectively. We
examined the expression and localization of NOTCH3 in our
established cells immunocytochemically (Fig. 1C). Both wild-type and
C185R mutant NOTCH3 were similarly detected on the cell surface.
No difference was detected in proliferation between wild-type and
mutant cell lines.

Degradation of wild-type and mutant NOTCH3

Our stable NOTCH3 cell lines expressing one copy of both wild-
type and C185R mutation did not have the propensity to form intra-
cellular aggregates, nor did they tend to suppress proliferation. We
therefore evaluated degradation of NOTCH3 protein in wild-type
and C185R mutation cells using the tetracycline-regulating system.

Each stable cell line was incubated with tetracycline (Tet-on) for
two days, and then cells were incubated for one to five days in the
absence of tetracycline (Tet-off) (Fig. 2A). Each cell lysate was sub-
jected to western blotting with anti-N3ECD (upper), anti-N3ICD
(middle), and anti-actin (lower) antibodies, and relative band inten-
sities were calculated with the Tet-off 0 day band intensity consid-
ered 100%. Two days after Tet-off, full length (FL), N3ECD, and
N3ICD levels were decreased to 20-30%, and these turnover rates
did not differ between the wild-type and C185R mutant (Figs. 2A, B).

Degradation of wild-type or mutant NOTCH3 with ligand-expressing
cells :

While NOTCH3 is degraded by the multi-vesicular body pathway in
the NOTCH3-expressing cell itself (Bray, 2006), NOTCH3 is speculated
to be transendocytosized and degraded by the ligand-expressing cells.
To evaluate the effects of ligand on the degradation of NOTCH3, we
designed a co-culture assay of NOTCH3-expressing cells with Jagged1-
expressing cells. After the HEK293 cells expressing wild-type or
C185R mutant NOTCH3 were incubated with tetracycline for one day,

B
Lanel :anti-N3ICD

Lane2 :anti-N3ECD

lane 1 2

Fig. 1. Expression of wild-type and C185R mutant NOTCH3 in stable HEK 293 cells induced by the Fip-In T-REx system. A. Stable cell lines transfected with vector (V), wild-type (W),
or C185R mutant (C185R) NOTCH3 were generated using Flp-In integration. Expression of either wild-type or C185R NOTCH3 protein was confirmed by immunoblotting with the
antibody to intracellular domain of NOTCH3 (anti-N3ICD). Cells were incubated with tetracycline (Tet on) or without tetracycline (Tet off). The full length (FL) and NOTCH3 intra-
cellular domain (N3ICD) were detected when cells expressing wild-type or C185R mutant NOTCH3 were cultured with tetracycline. No band was detected when cells were cultured
without tetracycline. B. Cell lysate from stable cells of wild-type NOTCH3 were subjected to immunoblotting analysis using anti-N3ICD:Lane 1 or anti-NOTCH3 extracellular domain
(N3ECD):Lane 2. The immunoreactive bands at 280 and 95 kDa were detected with anti-N3ICD antibody indicating FL and N3ICD, respectively, while the bands at 280 and 210 kDa
with anti-N3ECD antibody indicating FL and N3ECD, respectively. C. Immunocytochemical analysis of single-copy transformants of either wild-type or C185R mutant NOTCH3 using
anti-N3ECD antibody revealed the distribution of NOTCH3 at the cell surface. Scale bar: 10 pm.
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Fig. 2. Degradation of wild-type and C185R mutant NOTCH3. A. Stable cell lines were treated with tetracycline (Tet-on) for two days, and cells were then incubated for one to five
days in the absence of tetracycline (Tet-off). Each cell fysate was subjected to western blotting with anti-N3ECD (upper), anti-N3ICD (middle), and anti-actin (lower) antibodies. FL,
N3ECD, and N3ICD of wild-type or mutant NOTCH3 were similarly degraded within 5 days. Open arrowheads, closed arrowheads (black), and closed arrowheads {gray) indicated
FL, N3ECD, and N3ICD of NOTCH3, respectively. Asterisks indicate non-specific bands. B. The relative band intensity of each cell lysate on western blotting in panel A was calculated
with Tet-off 0 day band intensity considered 100%. The degradation of FL, N3ECD, and N3ICD did not differ significantly between wild-type and C185R NOTCH3. Values represent
means = SD of data from three independent experiments. Open triangles: W-ECD, closed triangles (black): W-FL, closed triangles (gray) W-ICD, open squares: C185R-ECD, closed
squares (black): C185R-FL, closed squares (gray): C185R-ICD,

the Jaggedl-expressing cells (293-Jagl) or the GFP-expressing cells
(293-GFP) as a control were co-cultured. The following day, the medi-
um was changed to one without tetracycline and then the cells were
incubated for one to five days (Fig. 3A). The efficiency for co-culture sys-
tem on Notch signal was confirmed by HES1 signaling activity with
_ quantitative RT-PCR (Fig. 3B). In addition, we ascertained that HES1
signal was derived from NOTCH3 cells, because HES1 signals from
293-Jagl and 293-GFP were similar (Supplemental Fig. 3). To evaluate
degradation of NOTCH3 under co-culture conditions, western blotting
of total cell lysate in each sample was performed. The relative band
intensity of each cell lysate on western blotting was calculated with
Tet-off 0 day band intensity considered 100%. One day after Tet-off,
turnover of wild-type NOTCH3 FL was significantly reduced by co-
culture with 293-Jag1 cells. On the other hand, C185R mutant did not
significantly differ in FL turnover between 293-Jagl and 293 GFP co-
cultured cells (Figs. 3C, D). Turnover of N3ECD and N3ICD did not differ
significantly between wild-type and C185R mutant,
Since the large proportion of NOTCH3 proteins was degraded
during initial 2 days, we examined the turnover of NOTCH3 protein
with greater sampling frequency within the first 2 days. The degradation

of N3FL, N3ECD and N3ICD did not significantly differ in the first 2 days
(Supplemental Fig. 4).

NOTCHS3 kinetics on the cell surface

In the examination using total lysate, wild-type and C185R mutant
NOTCH3 displayed modest change in turnover of FL form under 293-
Jagl co-culture conditions. A large amount of NOTCH3 protein is
assumed to exist inside cell organelles such as endoplasmic reticulum
(ER) or lysosomes (Karistrom et al., 2002; Takahashi et al,, 2010). We

. next evaluated the degradation of NOTCH3 on the cell surface. Similarly,

NOTCHS3 cells were co-cultured with 293-Jag1 or GFP cells in medium
containing tetracycline. We then performed cycloheximide (CHX)-
chase analysis to stop protein synthesis, since cell surface NOTCH3 is a
short-lived protein. Tetracycline was removed from the medium and
CHX (50 pg/ml) was added to suppress the translation of NOTCH3. Cell
surface proteins were biotinylated by Sulfo-NHS-SS-Biotin, followed by
streptavidin pull-down assays and western blotting, after 0, 3, and 6 h
of CHX-chase (Fig. 4A). The vast majority of the protein captured by
the streptavidin beads was N3ECD, and neither FL nor NICD, indicating

Fig. 3. Degradation of wild-type or C185R mutant NOTCH3 with ligand-expressing cells. A. HEK293 cells expressing wild-type or C185R mutant NOTCH3 were co-cultured with
HEK293 expressing Jagl (293-Jagl) or HEK293 expressing GFP (293-GFP) cells for one day. For evaluation of the turnover of FL, N3ECD, and N3ICD from wild-type (W) or
C185R mutant NOTCH3, co-cultured cells were chased in medium without tetracycline for 0-5 days. The total lysate of each cell was analyzed by western blotting with anti-
N3ECD anti-N3ICD, and anti-actin antibodies. B. Expression of HEST was assessed by real-time PCR. HES1 was significantly more activated in either wild-type or C185R mutant
NOTCH3 co-culture with 293-Jag1 than co-culture with 293-GFP. Values represent the means 4 SD of data from three independent experiments. ™ indicates P<0.01 compared
to co-culture with 293-GFP. C. Western blotting of NOTCH3 using total cell lysate. FL of wild-type NOTCH3 with 293-Jag1 after Tet-off decreased more rapidly than without
293-Jag1. FL of mutant NOTCH3 exhibited no significant difference with and without 293-Jag1. Both N3ECD and N3ICD were degraded similarly in HEK293 expressing wild-type
or mutant NOTCH3 with or without 293-Jag1. Upper left: co-culture of W-NOTCH3 with 293-GFP, upper right: W-NOTCH3 with 293-Jagl, lower left: C185R NOTCH3 with 293-
GFP, and lower right: C185R NOTCH3 with 293-Jag1. Open arrowheads, closed arrowheads (black), and closed arrowheads (gray) indicate FL N3ECD and N3ICD, respectively. As-
terisks indicate non-specific bands. D. FL of W-NOTCH3 with 293-Jag1 was degraded significantly more rapidly than C185R with 293-Jag1 or W-NOTCH3 with 293-GFP at Tet-off
1 day. The degradation of N3ECD and N3ICD did not differ significantly between wild-type and C185R NOTCH3. The relative band intensity of each cell lysate on western blotting
was calculated with Tet-off O day band intensity considered 100%. Values represent means + SD of data from three independent experiments. * indicates P<0.05 when the relative

band intensity of the FL of W-NOTCH3 with 293-Jag1 was compared with the FL of W-NOTCH3 with 293-GFP. Open triangles: co-culture of W-NOTCH3 with 293-GFP, closed tri-
angles (black): W-NOTCH3 with 293-Jag1, open squares: C185R with 293-GFP, closed squares (black): C185R with 293-Jag1.
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Fig. 4. NOTCH3 kinetics on the cell surface A. Wild-type or C185R NOTCH3 cells were plated with tetracycline and co-cultured with ligand-expressing cells as in Fig. 3. After tetra-
cycline was removed from the medium, cycloheximide (CHX) (50 pug/mi) was added to stop NOTCH3 synthesis. Cell surface proteins were labeled with biotin and captured in strep-
tavidin beads. NOTCH3 among biotinylated surface proteins and total lysates was analyzed by western blotting at 0, 3, and 6 h after discontinuation of synthesis. B. Western blotting
of cell surface proteins. Biotinylated wild-type N3ECD with 293-Jag1 reduced more rapidly than C185R with 293-Jag1. Open arrowheads and closed arrowheads indicate FL, and
N3ECD, respectively. Upper left: co-culture of W-NOTCH3 with 293-GFP, upper right: W-NOTCH3 with 293-Jag1, lower left: C185R NOTCH3 with 293-GFP, and lower right:
C185R NOTCH3 with 293-Jagl. SA-beads indicate the biotinylated proteins captured by streptavidin beads. Input indicates 5% of the protein extract from the total lysates that
were removed before pull down with magnetic beads coupled to streptavidin. C. Biotinylated wild-type N3ECD with 293-Jagl was degradated significantly more rapidly than
biotinylated C185R N3ECD with 293-Jag1 or W-NOTCH3 with 293-GFP at 3 and 6 h after CHX was added. The relative band intensity of each cell lysate on western blotting was
‘calculated with Tet-off 0 day band intensity considered 100%. Values represent means +SD of data from three independent experiments. * indicates P<0.05 when the relative
band intensity of the W-NOTCH3 with 293-Jag1 was compared with C185R NOTCH3 with 293-Jagl. Open triangles: co-culture of W-NOTCH3 with 293-GFP, closed triangles
(black): W-NOTCH3 with 293-Jag1, open squares: C185R with 293-GFP, closed squares (black): C185R with 293-Jag1.

that only the mature form on NOTCH3 was located on the cell surface. between wild-type and C185R mutation (Figs. 4B, C). On the other
Input proteins indicate intracellular N3ECD and N3FL before pull down hand, N3ECD on the cell surface was significantly decreased to 20-30%
with magnetic beads coupled to streptavidin. The degradation of intra- 6 h after CHX when wild-type NOTCH3 cells were co-cultured with
cellular N3ECD and N3FL was modest within 6 h (Fig. 4B). In the absence 293-Jag1 (Fig. 4B, upper right panel, Fig. 4C). However, induction of
of 293-Jag1, there was no difference in half-life of cell surface N3ECD N3ECD degradation by 293-Jag1 was less observed in C185R mutation

Fig. 5. NOTCH3 exists in ligand-expressing cells. A. NOTCH3 cells were treated with 2 pg/mi tetracycline for 24 h and then 293-Jag! or 293-GFP was added and incubated for two
days with tetracycline. The cells were fixed and double-stained with antibody. The left pahels represent wild-type and C185R NOTCHS3 stained with anti-N3ECD antibody (red). The
middle panels represent Jag1 or GFP-expressing cells (green). The right panels show an overlay (merge). Vesicles stained with anti-N3ECD antibody exist within wild-type as well
as C185R NOTCH3 cells. Vesicles stained with anti-N3ECD antibody also exist within 293-Jagt (open arrow). Scale bar: 10 pm. B. The proportion of ligand-expressing cells with
N3ECD-positive vesicles on co-culture. 293-Jagl or GFP cells with N3ECD-positive vesicles were quantified manually by counting cell numbers and scored as the percentage of
the total number of 293-Jag1 or GFP cells. The percentage of 293-Jag1 cells with N3ECD-positive vesicles on co-culture with W-NOTCH3 was about 70%, and significantly higher
than with C185R NOTCH3. The percentage of cells with N3ECD-positive vesicles was also significantly higher in 293-Jag1 than in 293-GFP on co-culture with W-NOTCH3. * indicates
P <0.05 relative to co-culture of W-NOTCH3 cells with 293-Jag1 cells. C. The percentage of N3ECD-positive vesicles in NOTCH3 cells was similar with either co-culture combination.
Values represent means - SD of data from three independent experiments. ‘




A. Watanabe-Hosomi et al. / Experimental Neurology xxx (2011) xxx—xxx . 7

(Fig. 4B, lower right panel, Fig. 4C). The C185R mutant N3ECD on the cell NOTCHS3 exists in ligand-expressing cells
surface (closed squares) was degraded significantly more slowly than the

wild NOTCH3 (closed triangle) when NOTCH3 cells were co-cultured The Notch pathway is activated by the endocytic trafficking of li-
with Jagl expressing cells. This result indicates that degradation of  gands and receptors, particularly when the receptors are internalized
mutant NOTCH3 on the cell surface was retarded. into signal-sending cells in transendocytosis (Bray, 2006; Nichols
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etal,, 2007; Pratt et al., 2011). We speculated that CADASIL mutation
may delay N3ECD degradation via its transendocytosis. We then
immunocytochemically investigated the transendocytosis of N3ECD
into 293-Jag1 cells. On this analysis, punctate signals were detected
in 293-Jagl cells with anti-N3ECD antibody when wild-type NOTCH3
cells were co-cultured (Fig. 5A, upper panel; arrows). This observation
suggests incorporation of wild-type N3ECD into 293-Jag1 cells via its
transendocytosis. Although some vesicles stained by anti-N3ECD anti-
body were detected within the 293-Jagl cells when mutant NOTCH3
cells were co-cultured, transendocytic vesicles of mutant N3ECD were
fewer in number than those of wild-type N3ECD (Fig. 5A, third panels).
Transendocytosis was quantified by counting N3ECD-positive vesicles
in the 293-Jagl or GFP cells manually (Fig. 5B). The N3ECD-positive
vesicles were detected in about 70% of 293-Jag1 cells on co-culture of
wild-type NOTCH3 with 293-Jagl cells, suggesting that NOTCH3
transendocytosis is possible, as previously reported for Notchl
(Nichols et al., 2007). On the other hand, in other combinations of co-
culture, the N3ECD-positive vesicles were detected in about 30% of
293-Jagl or GFP cells. Efficient transendocytosis of wild-type N3ECD
may contribute to the rapid degradation of N3ECD on the cell surface,
and disturbance of the transendocytosis of the mutant N3ECD may
yield accumulation of mutant N3ECD on the cell surface. There were
no differences in the proportion of N3ECD-positive vesicles within the
NOTCHS3 cells with either combination (Fig. 5C).

Discussion

We detected vesicles of N3ECD within most Jagl-expressing cells
and increase in HES1 expression in NOTCH3 cells on co-culture of
Jagl-expressing cells. Our findings are in agreement with a recent
proposed model by Nichols et al. (2007) for the transduction of bio-
logical signals in the Delta/Notch pathway (Nichols et al., 2007).
They proposed that Notch activity is promoted by transendocytosis
that mechanically stresses the Notch heterodimer, resulting in pro-
teolytic activation of Notch. They observed that the Notch1 extracel-
Iular domain (N1ECD) including Notch1 receptors was transferred
to and taken up by ligand-expressing cells, and that these events cor-
relate with activated NICD in the nucleus of contacted Notch cells. In
addition, both dissociation of receptor and internalization of NECD

" into ligand-expressing cells require Notch maturation by furin pro-
cessing, but occur independent of ADAM proteolysis. We confirmed
transendocytosis of wild-type N3ECD as well as N1ECD in our co-
culture systemn.

Interestingly, N3ECD vesicles in the ligand-expressing cells accumu-
lated less on co-culture with mutant NOTCH3 cells than with wild-type
NOTCHS3 cells. These present findings suggested that transendocytosis
of mutant NOTCH3 by ligand-expressing cells might be disturbed. Our
findings for NOTCH3 kinetics on the cell surface showed that the
C185R mutant N3ECD was degraded significantly more slowly than
the wild-type N3ECD. These findings suggest that the complex of mu-
tant N3ECD and ligand can be left on the cell membrane due to the
impairment of transendocytosis, while wild-type N3ECD is rapidly
taken up and endocytosized by ligand-expressing cells. The previous
study revealed that mutant N3ECD could be accumulated on the cell
surface of HEK293 cells transiently expressing mutant NOTCH3 with
direct administration of Notch ligand (Haritunians et al,, 2002). In the

case of Notch1, the complex of N1ECD and ligands was detected on

the cell surface of both Notch and ligand-expressing cells when
Notch1 cells were co-cultured with Delta like 1 or jagged (Nichols
et al, 2007). Opherk et al. (2009) showed that CADASIL-associated mu-
tations significantly enhance NOTCH3 multimerization mediated by
disulfide bonds compared with wild NOTCH3 in vitro (Opherk et al,
2009). In addition, accumulation of N3ECD was detected within the
GOM deposits (Ishiko et al., 2006), suggesting that mutant NOTCH3
may associate with accumulations of GOM. GOM deposits are located
extracellularly, close to the cell surface of VSMCs, and not within

VSMCs. In our study, we demonstrated the possibility that mutant
N3ECD remains on the cell surface, compatible with the pathological
findings of CADASIL. Our study can also explain the strong N3ECD stain-
ing around small arteries in CADASIL brain (Joutel et al,, 2000).

Our study revealed that some N3ECD vesicles in the ligand-
expressing cells accumulated when mutant NOTCH3 cells were co-
cultured either with or without ligand-expressing cells. This result
raises a question that mutant NOTCH3 may suppress endocytosis
and inhibit Notch signal. However, this is unlikely, since Notch signal
was activated sirnilarly by both wild-type and mutant NOTCH3, based
on results of HES1 induction. Previous studies generating NOTCH3
mutant protein on co-culture with Notch ligand also showed that
the NOTCH3 mutant protein did not affect cleavage, binding capacity
to the Notch ligand, or CBF1 activation (Haritunians et al., 2005; Low
et al,, 2006).

Takahashi et al. (2010) observed that mutant NOTCH3 is more
prone to form aggregates than wild-type NOTCH3 and that the
mutant aggregates are resistant to degradation, leading to their accu-
mulation in the ER (Takahashi et al, 2010). They speculated that
aberrant disulfide linking in mutant NOTCH3 increases the formation
of aggregates and impairs the interaction with ER chaperones and
proteases for efficient degradation, ultimately impairing cell prolifer-
ation. We used the Flp-In T-REx system in this study because we
found toxic effects of NOTCH3 overexpression on cell growth in our
preliminary experiments (data not shown). The Flp-In T-REx system
has the advantage of expressing one copy of NOTCH3 in HEK293,
since one copy of mutant NOTCH3 is more representative of the pa-

- thology of CADASIL more than overexpression of mutant NOTCH3.

In addition, Flp-In T-REx 293 cells in this system are derived from
the HEK 293. The fundamental nature of the Flp-In T-REx 293 cells
is similar to HEK 293, which are the most popular cell lines expressing
mutant NOTCH3 in the other previous studies. In our experiment,
some vesicles stained with anti-N3ECD antibody were observed
within either wild-type or mutant NOTCH3 cells, but no toxicity was
detected for surviving and proliferating cells and there was also no
difference in the degradation of NOTCH3. Our data supported that
the vesicles stained with NOTCH3 antibodies might be a physiological
condition such as endosome or lysosome (Kanwar and Fortini, 2004).

Several issues remain in the investigation of the degradation of
mutant NOTCH3. In our biotinylation experiments on cell surface pro-
teins, we could not determine whether N3ECD resides in NOTCH3
cells or ligand-expressing cells. To determine with precision the
mechanism of degradation of N3ECD on the cell surface, further stud-
ies will be necessary. Whether our results showing the impairment of
transendocytosis could be observed in smooth muscle cells is an im-
portant next issue. To elucidate the pathomechanism of CADASIL,
other NOTCH3 mutations, particularly those occurring within the
ligand binding site, should be verified. Nevertheless, our findings
raise the possibility that degradation of mutant NOTCH3 on the cell
surface might play a key role in the pathogenesis of CADASIL, and
that clearance of mutant NOTCH3 will become a target of effective
treatment or alleviation of CADASIL.
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ABSTRACT

We report a biopsy-proven and genetically determined case with leukoencephalopathy showing autosomal
dominant inheritance and pre-senile dementia. A 51-year old woman gradually developed a decline in cog-
nitive functions with aphasia and epileptic seizures. Four of her family members were diagnosed as having
dementia in their forties to sixties. Five years later she became apathetic and bed-ridden. Brain MRI initially
showed fronto-temporal dominant cerebral atrophy with multiple small lacunar-like lesions in the deep
white matter, but these white matter lesions became diffuse at an advanced stage. Such possibilities as hered-
itary vascular or fronto-temporal dementia were clinically suspected, but her family members requested a
definitive diagnosis. Brain biopsy showed severe loss of myelin and axons in the white matter with relatively
preserved cortical structure. The remaining axons disclosed irregular shapes with the formation of many
spheroids, and these findings were consistent with a histopathological diagnosis of neuroaxonal dystrophy.
DNA analysis disclosed a novel heterozygous ¢.2345 G > A (p.782Arg > His) mutation in exon 18 of the colony
stimulating factor 1 receptor gene (CSFIR). Hereditary diffuse leukoencephalopathy with axonal spheroids

should be included in the differential diagnosis of familial occurrence of pre-senile dementia.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Leukoencephalopathy or leukodystrophy is characterized patho-
logically by extensive degenerative and/or demyelinating lesions in
cerebral white matter and produces various clinical manifestations
such as behavioral and/or mood changes, dementia, motor impair-
ment and epilepsy [1]. The hereditary form of this disorder is rare,
but recent advances in diagnostic techniques have made it possible
to make a correct pre-mortem diagnosis for some diseases including
cerebral autosomal dominant or autosomal recessive arteriopathy
with subcortical ischemic leukoencephalopathy (CADASIL [2,3] or
CARASIL {4,5]). Recently, another unique form of the disease, heredi-
tary diffuse leukoencephalopathy with axonal spheroids (HDLS) [6],
has been noted. To date, more than 20 families have been reported
with HDLS [7,8] or familial pigmentary orthochromatic leukodystro-
phy (POLD) [9,10], both of which are now regarded as a single disease
entity because of their clinical and pathological similarities {8,11].
Rademakers et al. [12] have just reported that HDLS is caused by mu-
tations in the colony stimulating factor 1 receptor gene (CSFIR). We
here describe an HDLS case with a novel mutation in CSFIR.

* Corresponding author at: Department of Medicine (Neurology and Rheumatology),
Shinshu University School of Medicine, Matsumoto 390-8621, Japan. Tel.: + 81 263 37
2671; fax: +81 263 37 3427.

E-mail address: ikedasi@shinshu-u.acjp (S. Ikeda).

0022-510X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jns.2012.03.012

2. Case report

A 51-year-old woman was admitted to our hospital because of
gradual cognitive decline. At first she had difficulty in doing simple
calculations and driving a car, and had to quit her job. Then her
daily activities including house-keeping works. became clumsy. On
admission, attention and verbal fluency were remarkably disturbed
and her score on a Mini Mental State Examination (MMSE) was 20/
30 points. MRI showed fronto-temporal atrophy with hyperintense
multiple small lesions in the deep cerebral white matter (Fig. 1a, b
and c), and she was thus thought to have some form of vascular
dementia, although she had no hypertension, hyperlipidemia or dia-
betes mellitus. Thereafter, her neuropsychiatric and neurological
symptoms rapidly progressed, and she fell into an apathetic state
with frequent epileptic seizures. When we re-examined her at age
56, she showed mutism, forced grasping, snout and palmomental
reflexes, and spastic tetraparesis with hyperactive deep tendon reflexes.
MRI revealed progression of brain atrophy with diffuse white matter
lesions (Fig. 1d, e and f). It was reported that four other family
members were affected by a similar disorder, indicating an autosomal
dominant inheritance (Fig. 2). Her husband and daughter desired a
definitive diagnosis for possible treatment and/or prevention of disease
progression, so after obtaining informed consent from family members
and approval from the local ethics committee, a brain biopsy was
performed in the right frontal lobe.
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Fig. 1. Serial MRI flair images. The first examination showed multiple small lacuna-like lesions in deep white matter (a, b and c), but in the second examination (d, e and f) these
small lesions had become confluent, revealing extensive high signal intensity areas in cerebral white matter

3. Neuropathological findings

Two small pieces of brain tissue were processed for routine histo-
logical, immunohistochemical and electron-microscopic examinations.
Microscopically, widespread loss of myelinated fibers was seen in the
white matter (Fig. 3a and b) where remaining axons showed irregularly
shaped spheroids: these spheroids were clearly seen with hematoxylin
and eosin (H&E) and Bodian staining (Fig. 3¢), and were also slightly
positively stained by periodic acid Schiff (PAS). They were immuno-
positive for phosphorylated neurofilament (Fig. 3d), but there were
few pigmented macrophages. Electron microscopy of axonal spheroids
showed numerous degenerative structures such as dense bodies
(Fig. 4a), lamellar structures (Fig. 4b) and roughly arranged filaments.
There was no conspicuous change in the cerebral cortex including
vascular structures.

, | £

- 4. DNA analysis

We extracted genomic DNA from her peripheral blood leukocytes
using Gentra Puregene Blood Kit (Qiagen), and exons 12-22 of the
CSFIR were amplified by polymerase chain reaction (PCR). Direct
sequence analysis of the PCR-amplified DNA revealed a novel hetero-
zygous ¢.2345 G>A (p.782Arg>His) mutation in exon 18 (Fig. 5a).
This mutation was not found in 80 Japanese control individuals.

5. Discussion

The clinical picture of HDLS is as follows [11,13]: age of onset
ranging from 8 to 78 years (average: 39 years), autosomal dominant
inheritance, and dementia with leukoencephalopathy. Neuropsychi-
atric symptoms including depression, anxiety, behavioral changes
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Fig. 2. Family pedigree. An arrow indicates the proband (the present patient). I-1: Her grandfather developed dementia in his seventies and died at the age of 73. I-1, 3 and 4: they )
started to suffer from progressive cognitive decline in their fifties and sixties, and died in their seventies. lli-4: Her cousin developed dementia in his forties and died at the age of 55.
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Fig. 3. Neuropathological and immunohistochemical findings of the biopsied specimen. Severe loss of myelinated fibers is seen in the cerebral white matter (a and b}, (Kliiver-Barrera
stain, b: higher magnification of the framed area in a) (bar in b= 50 pm). The asterisk in a indicates cerebral cortex. The number of axons is reduced and there are large spheroids 20
to 50 pm in diameter (c¢) (Bodian stain, bar= 50 yum). These spheroids are positively immunolabeled by an anti-phosphorylated neurofilament (d) (SMi-31, Sternberger Monoclonals,

Baltimore, MD, x2000) (immunoperoxidase staining, bar =50 pm).

and cognitive disturbance usually precede neurological manifesta-
tions, with the latter consisting of spastic paresis, parkinsonism, atax-
ia, and epilepsy. Clinical manifestations in our patient were very
similar to those of the previously reported patients with HDLS
[11,13], and she was definitively diagnosed by brain biopsy. It is sup-
posed that the cerebral white matter lesions start in the frontal lobes
and/or corpus callosum and that the earliest lesions are multifocal
[9,14]. The initial MRI of our patient confirmed the presence of multi-
focal small lesions in the deep white matter, indicating that she was
affected by vascular dementia. However, subsequent MRI examina-
tions disclosed that these small lesions became confluent during the
progression of the disease, ultimately producing extensive white mat-
ter lesions with predominant involvement of the frontal and temporal
lobes. The serial neuroimages of our patient were therefore useful in
understanding the disease progression of HDLS.

Although the disease concept of HDLS had been established, the
underlying genetic background remained unclear. Very recently, 14
different mutations in CSFIR were identified in 14 families with
HDLS and all were located in exons 12-22, encoding the intracellular
tyrosine kinase domain of CSF1R protein [12}, indicating that CSF1R-
dependent abnormal phosphorylation of tyrosine residues is a key
event in the development of HDLS. Indeed, a transient expression
study in cultured HelLa cells has shown that autophosphorylation on

multiple tyrosine residues is disturbed in several mutant CSF1R pro-
teins {12]. The p.R782H identified in our patient is also located in
the tyrosine kinase domain and p.R782 is strongly conserved between
species and within members of the CSF1/platelet-derived growth fac-
tor (PDGF) family of tyrosine kinase (Fig. 5b). In silico analysis using
PolyPhen-2 indicated that the change was probably damaging. 1t is,
therefore, very likely that p.R782H is a disease-causing mutation in
our patient.

One of the pathologic hallmarks of HDLS is the presence of numer-
ous neuroaxonal spheroids in cerebral white matter. However, it is
still controversial whether the spheroids are caused by primary axo-
nal damage or not [11]. CSFIR is mainly expressed in microglial
cells in the brain, and is involved in the regulation, survival, prolifer-
ation and differentiation of microglial cells [12]. Therefore, the molec-
ular process of microglial dysfunction to spheroid formation needs
further investigation to clarify the pathogenesis of HDLS.

Finally, an ante-mortem diagnosis of HDLS is quite difficult
because of the limitation of diagnostic approaches. As a result, HDLS
patients have been often misdiagnosed with CADASIL, fronto-temporal
dementia, motor neuron disease with dementia, multiple sclerosis, or
Binswanger disease [11]. In particular, the differentiation of HDLS from
CADASIL seems to be rather difficult on the basis of clinical pictures
and neuroimages [13,15]. Molecular analysis of CSFIR is, therefore,

Fig. 4. Electron micrographs of spheroids. A swollen axon is packed with degenerative structures, such as dense bodjes (a). Another swollen axon contains myelin-figure structures

(b) (bars =1.5 pm).



118 M. Kinoshita et al. / Journal of the Neurological Sciences 318 (2012) 115-118

a
g?emrgca GCG CGT AAC GTG CTG s!’)’e"ies protein 7?2
v A A R N iV L Human CSF1R CIHRDVAARNVLLTNGH
, , A, Dog CSF1R CIHRDVAARNVLLTSGR
Mouse Csflr CIHRDVARRNVLLTSGH
Rabbit CSFIR CIHRDVAARNVLLTSGH
Xenopus csflr CIHRDVAARNVLVSHGR
Zebrafish csflra CIHRDVAARNVLLTNSR
Human PDGFRA CVHRDLAARNVLLAQGK
Human FLT3 CVHRDLAARNVLVTHGK
Human RET LVHRDLAARNILVAEGR
Human FGFR1 CIHRDLAARNVLVTEDN

Fig. 5. Molecular analysis of CSFIR. Sequencing result of exon 18 of CSFIR indicates a heterozygous ¢.2345 G>A (p.782Arg > His) substitution in the patient (a). cDNA and protein
numberings are relative to NM_005211.3 starting at the translation initiation codon and NP_005202.2, respectively. The comparison of amino acid alignment around p.782R in the
protein tyrosine kinase domain between human CSF1R and several CSF1R orthologues and human CSF1/PDGF receptor paralogues is shown (b). The p.782R is completely conserved
among CSF1R orthologues and CSF1/PDGF receptor paralogues. Data are based on Protein ID (Ensembl genome browser 65, available at http://asia.ensemblorg/); they are as
follows: human CSFIR (ENSP00000286301), dog CSF1R (ENSCAFP00000026920), mouse Csf1r (ENSMUSP00000025523), rabbit CSF1IR (ENSOCUP00000020310), Xenopus csf1r
(ENSXETPOO000061910), zebrafish csfira (ENSDARPO0000089365), human PDGFRA (ENSP00000257290), human FLT3 (ENSP00000241453), human RET (ENSPO0000347942),

and human FGFR1 (ENSP00000380280).

very valuable for differential diagnosis in patients with familial adult-
onset dementia with prominent white matter lesions in brain imaging.
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Abstract

Background: Reduced cerebrovascular reactivity (CVR) is an
important step in the pathogenesis of cerebral autosomal
dominant arteriopathy with subcortical infarcts and leuko-
encephalopathy (CADASIL). The present study utilized quan-
titative single photon emission computed tomography
(SPECT) with the autoradiographic (ARG) method and reac-
tive hyperemia peripheral arterial tonometry (RH-PAT) to as-
sess vasoreactivity in intracranial arteries and in peripheral
arteries in patients with CADASIL. Methods: Quantitative
SPECT studies were conducted in eight patients with CADA-
SIL, while RH-PAT analysis was conducted in eight CADASIL
patients and in eight age-matched normal subjects. Quanti-
tative SPECT studies with the ARG method were performed
at baseline and after administration of acetazolamide. Re-
gional cerebral blood flow (rCBF) values were measured us-
ing stereotactic extraction estimation (SEE) methods. The
rCBF of CADASIL patients was averaged in the bilateral fron-

tal, temporal, parietal, and occipital lobes as well as in the
limbic system, cerebellar hemisphere, whole cerebral cortex
and basal ganglia. The CVR index from acetazolamide stress
of intracranial arteries was calculated in each area. Vasoreac-
tivity of peripheral arteries was estimated by the reactive hy-
peremia index (RHI) measured with a PAT device before and
after interruption of arterial flow. Results: Average RHI after
post-deflation was lower in CADASIL patients than in normal
subjects. RHI correlated significantly with CVR in all brain ar-
eas in CADASIL patients. Conclusions: Vasoreactivity is re-
duced in peripheral arteries and in intracranial arteries in pa-
tients with CADASIL. Copyright © 2011 S, Karger AG, Basel

Introduction

Cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL) is
ahereditary microangiopathy due to Notch3 mutation [1],
leading to migraines, recurrent cerebral infarction, and
vascular dementia. Notch3 is mainly expressed in vascu-
lar smooth muscle cells (VSMCs) and is preferentially ex-
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pressed in small arteries of the adult human brain [2].
Histological examination of systemic arteries from pa-
tients with CADASIL has revealed thickening of the arte-
rial wall and degeneration of VSMCs [3]. Therefore, de-
generation of VSMCs is thought to represent an impor-
tant step in the pathogenesis of CADASIL [4]. Early
reduced cerebrovascular reactivity (CVR) in intracranial
arteries, which may be related to dysfunction of VSMCs,
has been demonstrated by various modalities, such as
magnetic resonance imaging (MRI) bolus tracking meth-
ods [5], single photon emission computed tomography
(SPECT) [6], transcranial Doppler (TCD) sonography
with acetazolamide [7].

Histologic examination of systemic arteries from
transgenic (Tg) mice overexpressing mutant human
NOTCHS3 has revealed the destruction of VSMCs and the
accumulation of granular osmiophilic materials around
VSMCs, which is a specific diagnostic feature of CADA-
SIL [8]. Systemic arteries from mutant NOTCH?3 Tg mice
also have reduced vascular reactivity in response to phys-
iological stimuli [9]. Human pathological studies of skin
arteries and cerebral arteries from CADASIL patients
have also revealed destruction of VSMCs and the accu-
mulation of granular osmiophilic materials [10]. Al-
though the disease pathology affects mainly the tunica
media, endothelial changes and dysfunction have been
also reported [11-13]. Moreover, a recent large prospec-
tive cohort study showed that atherosclerosis has an im-
pact, although small, on the clinical and brain MRI in
CADASIL patients [14]. Ultrasound [12] and laser Dopp-
ler techniques [15] have demonstrated that flow-medi-
ated vasodilation (FMD) of the brachial artery is reduced
in peripheral vessels in CADASIL patients. Endothelial
dysfunction in cerebral vessels has also been shown using
the TCD method with L-arginine [13]. However, intra-
cranial and peripheral vasoreactivity have not been
compared within the same CADASIL patient, and the re-
lationship between intracranial vasoreactivity and pe-
ripheral vasoreactivity in CADASIL patients remains un-
known.

Reactive hyperemia peripheral arterial tonometry
(RH-PAT) is a novel noninvasive technique to assess pe-
ripheral microvascular endothelial function by measur-
ing changes in digital pulse volume during reactive hy-
peremia [16]. RH-PAT can assess peripheral vasoreactiv-
ity more accurately and more easily than FMD [17, 18].In
addition, while brachial artery flow-mediated dilation
measures single conduit artery vasodilatation, the PAT
hyperemic response largely reflects vasodilatation in dig-
ital microvessels.

Vasoreactivity in CADASIL

We hypothesize that the vasoreactivity of intracranial
arteries and peripheral arteries are reduced in CADASIL
patients. To test this hypothesis, the present study uti-
lized quantitative N-isopropyl-p-'#*I-iodoamphetamine
(***I-IMP) SPECT with the autoradiographic (ARG)
method and RH-PAT to assess vasoreactivity in intracra-
nial arteries and in peripheral arteries in patients with
CADASIL.

Materials and Methods

Subjects

Eight CADASIL subjects (three males and five females; mean
age 54.6  13.1 years, range 42-75 years) from six families were
recruited for this study. All CADASIL patients were diagnosed
with CADASIL according to clinical symptoms, imaging studies
and detection of a Notch3 mutation. Eight aged-matched normal
subjects (five males and three females; mean age 48.9 * 5.3 years,
range 40-57 years) were recruited for PAT analysis. Mini-mental
state examination (MMSE) and modified Rankin Scale (mRS)
were evaluated in all CADASIL patients.

Image Acquisition and Analysis

MRI was performed at the time of the study using a 1.5T MR
instrument (Gyroscan Intera Nova; Philips Medical Systems, Best,
The Netherlands). The severity of white-matter lesions (WML) on
a fluid-attenuated inversion recovery (FLAIR) image was classi-
fied into four different grades, as previously reported [19].

Two quantitative SPECT studies with the ARG method were
performed within a 7-day period. The first study was performed
as a baseline study, and the second study was performed following
acetazolamide injection on a separate day from the first study. For
both studies, a 185 MBq dose of *?*I-IMP (Nihon Mediphysics,
Hyogo, Japan) was injected intravenously with the subject at rest
in a sitting position with the eyes open. Measurement of regional
cerebral blood flow (rCBF) was performed in accordance with the
ARG method, as previously reported [20]. One-point arterial
blood sampling was performed from the brachial artery at 10 min
after the start of 2’I-IMP injection for the assessment of whole
blood radioactivity concentration. SPECT examination was start-
ed 22 min after the intravenous *’I-IMP injection and was con-
ducted for 16 min using a triple-head gamma camera system
(PRISM IRIX; Picker International, Cleveland, Ohio, USA)
equipped with low energy, parallel collimators. The SPECT im-
ages with a 128 X 128 matrix were reconstructed using ordered-
subset expectation maximization (OSEM) reconstructions with
four iterations and 12 subsets. Attenuation correction was per-
formed using Chang’s method, and scatter was corrected with the
triple-energy window method. For the acetazolamide stress study,
acetazolamide (1 g) was administered intravenously starting 10
min before the beginning of **I-IMP injection. For each subject,
data obtained from 2*I-IMP SPECT images were analyzed with
three-dimensional stereotactic surface projections (3D-SSP) using
image-analysis software (iSSP version 5, Nihon Mediphysics, Hyo-
go, Japan), which was modified based on the NEUROSTAT pro-
gram [21, 22], and data were normalized to the mean global activ-
ity. Stereotactic extraction (SEE) estimation was conducted with
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Table 1. Clinical data from eight CADASIL patients

Table 2. rCBFs before and after acetazolamide injection, and
rCVRs in the cerebral whole cortex and in each brain area in pa-

Case Age Gender Notch3 - MMSE mRS Severityof tients with CADASIL
e mutation - ‘score MRI WML e -
1 49 TFemale RIS2C 30 0 C © ml100g/min. ACZinjection %
2 42 Female R332C 24 3 D Soeh e mlA00 g/ming o
3 68 Female R141C 20 4 D B
4 47 Male R141C 30 0 D Frontal 37.7£64 63.8%+11.4 74.6£47.6
5 45 Male C106R 29 0 C Temporal 354%6.8 61.3X11.1 79.9%52.7
6 67 Female  CI06R 22 0 D Parietal 41.1%8.1 68.3%12.6 72.1%49.3
7 45 Female R141C 24 0 C Occipital 45.7£10.6 7331104 69.3%£51.7
8 75 Male R141C 22 4 D Limbic 37.0%7.0 61.0£89 71.3+46.2
Cerebellar 43.4%+120 64.3110.1 56.1%+42.1
Severity of WML in the FLAIR Lnaging was classified by  Whole cortex 384%7.0 64.3£10.6 73.1148.0
Chabriat’s method [15]. Brain stem 34.1+74 51.7+7.7 56.9+38.7
analysis software (SEE version 2.1, Nihon Mediphysics, Hyogo, Ja- Statistical Analysis

pan) to quantify rCBF in each area. The accuracy of rCBF values
obtained by this technique in combination with ARG methods is
supported by a previous study, which documented the utility of
SEE and 3D-SSP programs with ARG methods to objectively as-
sess the severity of hemodynamic brain ischemia [23]. The whole
brain was divided into segments according to SEE methods (level
1; cerebrum, cerebellum, brainstem, level 2; lobe level classifica-
tion), and the rCBF values (ml/100 g/min) of CADASIL patients
were averaged in the bilateral frontal, temporal, parietal, and oc-
cipitallobes as well as in the limbic system, cerebellar cortex, whole
cerebral cortex and brainstem. CVR index from acetazolamide
stress of intracranial arteries was calculated as follows:

rCVR (%) = ([acetazolamide challenge rCBF - resting rCBFl/

resting rCBF) X 100.

Endothelium-Dependent FMD

To investigate endothelial vasomotor function using RH-PAT,
digital pulse amplitude was measured with a PAT device placed
on the tip of each finger (Endo-PAT 2000; Itamar Medical, Cae-
sarea, Israel). After baseline pulse amplitude was measured for
5 min, arterial flow was interrupted for 5 min by placing a cuff on
the left proximal forearm at 200 mm Hg occlusion pressure. After
releasing the pressure, pulse amplitude was recorded electroni-
cally in bilateral fingers and was analyzed with a computerized
automated algorithm. Reactive hyperemia index (RHI) of periph-
eral arteries was calculated as follows:

RHI = (test/baseline ratio of test arm)/(test/baseline ratio of
control arm) X baseline correction factor.

The augmentation index was defined as the ratio of height of
the peak above the shoulder of the wave to the pulse pressure. It
was calculated automatically by analyzing the waveform of the
PAT signal, averaged from multiple signals during the baseline
period. Peripheral pulsation was intact, and arteriosclerosis oblit-
erans was excluded in these subjects.

This study protocol was approved by the ethical committee of
Kyoto Prefectural University. Written informed consent was ob-
tained from all subjects.
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Data are expressed as mean * SD. Regional CBF before and
after acetazolamide injections were compared using the paired t
test. Regional CBF before or after acetazolamide injection and
CVRin each area were compared among CADASIL patients using
the analysis of variance (ANOVA) test. RHI was compared be-
tween CADASIL and normal subjects using the Mann-Whitney
test. Correlations between CVR and RHI were determined by the
Piason test. A p value <0.05 was considered to represent statistical
significance. Statistical analyses were performed with Dr. SPSSII
for Windows (SPSS Japan Inc., Tokyo, Japan).

Results

Clinical Data

The clinical characteristics of eight CADASIL patients
are summarized in table 1. mRS ranged from 0 to 4 (0 in
five patients, 3 in one patient, and 4 in two patients).
MMSE score ranged from 20 to 30. Three patients (cases
1, 5,7) had nodular or moderate periventricular hyperin-
tensities on FLAIR images (score C), while five patients
(cases 2, 3, 4, 6, 8) had confluent lesions or severe periven-
tricular hyperintensities (score D). WMLs in the anterior
part of the temporal lobes, which are typical MRI find-
ings in CADASIL, were observed in six patients (cases 1,
3,4,6,78).

SPECT Study

Table 2 summarizes rCBFs before and after acetazol-
amide injection and rCVRs in each brain area in CADA-
SIL patients. The averaged rCBFs before and after acet-
azolamide injection were comparatively lower in the
temporal lobe and limbic system than in the occipital
lobe, but the averaged rCBFs before or after acetazol-

Fujiwara etal.



Fig. 1. Representative pulse amplitude
tracing in CADASIL patients (b) and in
normal subjects (a). The x- and y-axes rep-
resent time and pulse volume amplitude,
respectively. Sequential pulse amplitude of
the bilateral second fingers was recorded
before and after interrupting arterial flow
for 5 min using a cuff placed on the fore-
arm. Each gray area represents a region of
interest for the automated calculation.
RHI was calculated as follows: RHI =
(A/B)/{(C/D) X baseline correction factor. 0
RHI was lower in CADASIL patients than a

Test arm

Baseline period Occlusion (5 min)

U G

RHI=2.36 RHI=1.74

Test period

10 20 0 10 20
Time (min) b Time (min)

in normal subjects.

amide injection did not differ significantly among dif-
ferent brain areas. The averaged rCBF values of the
whole cerebral cortex were significantly higher after ac-
etazolamide injection (64.3 % 10.6 ml/100 g/min) than
before acetazolamide injection (38.4 * 7.0 ml/100 g/
min). The rCBF in each cerebral cortex significantly in-
creased after acetazolamide injection, and the mini-
mum value of rCVR was 69.3 & 51.7% in the occipital
lobe while the maximum value was 79.9 = 52.7% in the
temporal lobe.

Post-Occlusive Hyperemic Test (Endo-PAT 2000)

Representative pulse amplitude tracing in CADASIL
and control patients is illustrated in figure 1. In the con-
trol patients, the pulse amplitude rose rapidly after fore-
arm cuff deflation in the hyperemic fingertip, with max-
imal response occurring in the 60- to 90-s postdeflation
interval. In the contralateral arm, only minimal increase
or no increase was seen after deflation. Averaged RHI was
significantly lower in CADASIL patients (1.49 % 0.17)
than in normal subjects (2.18 * 0.62; p = 0.01) (fig. 2;
table 3). These results suggest that the postdeflation hy-
peremic response in peripheral arteries was abnormal in
CADASIL patients.

There were no significant differences between the CA-
DASIL patients and normal subjects in terms of age, sys-
tolic and diastolic blood pressure, or laboratory test re-
sults (table 3). The relationship between CVR from SPECT
study and RHI from RH-PAT was assessed (fig. 3) and
demonstrated a significant correlation between averaged
CVR in the whole cortex and RHI (r = 0.872, p = 0.005).
There was also a significant correlation between CVR in
any area of the brain and RHI (frontal, parietal, temporal,
and occipital lobes and limbic system, cerebellar cortex
and brainstem, r = 0.823, 0.842, 0.887, 0.896, 0.910, 0.895,

Vasoreactivity in CADASIL

p=0.01

0 T T
Control CADASIL

Fig. 2. Scatter plot of RHI in CADASIL patients and in normal
subjects. Averaged RHI was significantly lower in eight CADASIL
patients than in eight normal subjects (1.49 * 0.17vs.2.18 £ 0.62,
respectively).

Table 3. Clinical characteristics and indices from PAT analysis of
CADASIL patients and normal subjects

Characteristic CADASIL Control p value
(n=8) (n=8)

Age, years 546+ 13.1  48.9*53 NS

Men/women 3/5 5/3 NS

Systolic BP, mm Hg 117.6*+114 1200*10.1 NS

Diastolic BP, mm Hg 71.6%£105  80.0X95 NS

RHI 149%0.17 2.18%0.62 0.01

Augmentation index 8.14*1621 10.86%2573 NS

BP = Blood pressure; NS = not significant.
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Fig. 3. Correlation between CVR and RHI of the whole cortex (a), frontal cortex (b), temporal cortex (c), and
parietal cortex (d). CVRs in the whole cortex and each cortex correlated with RHI.

and 0.901, respectively; p = 0.012, 0.009, 0.003, 0.003,
0.002, 0.003, and 0.002, respectively). In contrast, there
was no correlation between RHI and MMSE, RHI and
mRS, CVR and MMSE, CVR and mRS.

Discussion

The present study used IMP-ARG and RH-PAT to
demonstrate that vasoreactivity was reduced in both pe-
ripheral arteries and in intracranial arteries in patients
with CADASIL. Among the various findings, this study
showed that the hyperemic response after postdeflation
was lower in CADASIL patients than in normal control
subjects. Previous studies have documented the utility of
Endo-PAT in the assessment of peripheral vasomotor

132 Cerebrovasc Dis 2012;33:128-134

function [16]. Digital hyperemic response as measured by
Endo-PAT may be induced by production of nitric oxide
(NO) during occlusion of peripheral artery, since previ-
ous studies demonstrated that an endothelial NO syn-
thase inhibitor blunted the increase in digital pulse vol-
ume amplitude during reactive hyperemia {24]. The re-
duction of average RH-PAT index in patients with
coronary endothelial dysfunction [25] and the strong re-
lationship between the PAT ratio and multiple vascular
risk factors [26] suggests that RH-PAT can accurately de-
tect endothelial dysfunction and assess peripheral vaso-
motor function. In CADASIL patients, altered endotheli-
al-dependent vasodilatation in cerebral and forearm
arteries and higher levels of asymmetrical dimethylargi-
nine, a NO endogenous inhibitor, have been found [12, 13,
27]. These data, in combination with other studies show-
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ing a pathological change in VSMCs and endothelial cells
in patients with CADASIL, suggest that the reduction of
the reactive hyperemic response may be mediated by ab-
normalities in NO-induced relaxation of VSMCs in pa-
tients with CADASIL.

Previous reports using venous occlusive plethysmog-
raphy demonstrated a reduction of forearm blood flow
in CADASIL patients, possibly because of impaired en-
dothelium-dependent vasodilation in resistance arteries.
By contrast, the FMD and the pulse wave method did not
show any reduction in endothelium-dependent vasodila-
tion in conduit arteries [12]. Further, Gobron et al. [15]
reported no alteration in the post-occlusive hyperemic
response of CADASIL patients when using a laser Dopp-
ler flow meter attached to the finger. However, the de-
layed response of time to peak and whole duration time
in the post-occlusive hyperemia was much larger in CA-
DASIL patients than in normal control subjects. In com-
parison to ultrasound or laser Doppler techniques, RH-
PAT has the advantage of being able to evaluate vascular
tone in the peripheral arterial beds quantitatively and ac-
curately after occlusive hyperemia, because the PAT bio-
sensor imparts a uniform sub-diastolic pressure field
and because simultaneous recording can exclude the sys-
temic vascular response. Indeed, use of this technique in
the present study allowed the characterization of abnor-
malities in peripheral vasoreactivity in CADASIL pa-
tients.

Brulin et al. [28] showed that marked destruction of
smooth muscle cells in skin vessels and in brain vessels
in patients with CADASIL resulted in a decrease of vessel
wall thickness andloss of extracellular matrix area, there-
by contributing to vessel wall weakness and hypotonicity
of the central and peripheral arteries. These and other
findings support the notion that there is dysfunction of
arterial tone in the central and peripheral arteries in hu-
mans as well as in Tg animals with CADASIL [9, 29]. In-
deed, the significant correlation between CVR and RH-

PAT in the present study suggested dysfunction in both
the cerebral and peripheral arteries in CADASIL patients
and that assessment of central vascular function may be
more easily (although indirectly) assessed through char-
acterization of peripheral vascular function in patients
with CADASIL.

The present study has several limitations. First, the
number of CADASIL patients included in the present
study was small, which precluded comprehensive statisti-
cal analysis. Second, the spatial resolution and quantifi-
cation of rCBF using the SPECT scanner was low when
compared with positron emission tomography (PET),
particularly when employed in the white matter. To im-
prove quantitative evaluation in SPECT study, the present
study applied IMP-SPECT with the ARG and the SEE
method. Previous studies have demonstrated that rCBF
measurements with the IMP-SPECT method correlated
well with that obtained by PET [20]. Further, the SEE
method of quantifying rCBF within different brain re-
gions can obviate the technical issues or bias associated
with arbitrary selection of a specific brain area [21-23].
Third, different methods were used to evaluate vascular
reactivity in intracranial arteries and in peripheral arter-
ies. Specifically, peripheral vasoreactivity was evaluated
with RH-PAT induced by hyperemia, while intracranial
vasoreactivity was evaluated by SPECT with an acetazol-
amide challenge. Still, previous studies have reported that
the average RH-PAT index significantly correlated with
the coronary blood flow response to acetylcholine [25,
30], which suggests that Endo-PAT can accurately assess
vasoreactivity regardless of the vascular beds or specific
stimulus. In conclusion, the present study demonstrated
that the vasoreactivity of peripheral and intracranial ar-
teries is reduced in patients with CADASIL. The correla-
tion between the reduction in peripheral and central va-
soreactivity suggests that RH-PAT may be a useful non-
invasive strategy to predict intracranial vasoreactivity in
patients with CADASIL.

Godfrain C, Tournier-Lasserve E: The ect-
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