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Aims Excessive endothelial globotriaosylceramide (Gb3) accumulation is associated with endothelial dysfunction and
impaired endothelium-dependent relaxation in Fabry disease. In endothelial cells, KCa3.1 channels contribute to
endothelium-dependent relaxation. However, the effect of Gb3 on KCa3.1 channels and the underlying mechanisms
of Gb3-induced dysfunction are unknown. Herein, we hypothesized that Gb3 accumulation induces KCa3.1 channel
dysfunction and aimed to clarify the underlying mechanisms.

Methods
and results

The animal model of Fabry disease, a-galactosidase A (Gla) knockout mice, displayed age-dependent KCa3.1 channel
dysfunction. KCa3.1 current and the channel expression were significantly reduced in mouse aortic endothelial cells
(MAECs) of aged Gla knockout mice, whereas they were not changed in MAECs of wild-type and young Gla knockout
mice. In addition, KCa3.1 current and the channel expression were concentration-dependently reduced in Gb3-
treated MAECs. In both Gb3-treated and aged Gla knockout MAECs, extracellular signal-regulated kinase (ERK)
and activator protein-1 (AP-1) were down-regulated and repressor element-1 silencing transcription factor
(REST) was up-regulated. Gb3 inhibited class III phosphoinositide 3-kinase and decreased intracellular levels of phos-
phatidylinositol 3-phosphate [PI(3)P]. In addition, endothelium-dependent relaxation was significantly attenuated in
Gb3-treated mouse aortic rings.

Conclusion Gb3 accumulation reduces KCa3.1 channel expression by down-regulating ERK and AP-1 and up-regulating REST and
the channel activity by decreasing intracellular levels of PI(3)P. Gb3 thereby evokes KCa3.1 channel dysfunction, and
the channel dysfunction in vascular endothelial cells may contribute to vasculopathy in Fabry disease.
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1. Introduction
Fabry disease (OMIM #301500) is an X-linked recessive metabolic
disorder that arises secondary to the deficiency of lysosomal
a-galactosidase A (Gla), resulting in an excessive accumulation of globo-
triaosylceramide (Gb3) in the vascular endothelium in multiple organs
of the body, including the skin, kidneys, brain, and cardiovascular
system.1,2 The excessive vascular endothelial accumulation of Gb3 is
implicated in endothelial dysfunction in Fabry patients as well as Gla
knockout mice, an animal model of Fabry disease. According to clinical
studies, endothelial dysfunction is the common manifestation of various

cardiovascular diseases that are predominantly responsible for prema-
ture mortality in Fabry patients around the fourth to fifth decade of
life.3,4 In addition, several studies have demonstrated endothelial dys-
function in Gla knockout mice. In aged Gla knockout mice, the
expression of endothelial nitric oxide synthase (eNOS) is significantly
decreased and endothelium-dependent relaxation (EDR) is also
impaired compared with that of age-matched wild-type mice, suggesting
progressive Gb3 accumulation evokes endothelial dysfunction.5,6

Various cellular functions are modulated by ion channels. The
intermediate-conductance Ca2+-activated K+ (KCa3.1) channel con-
tributes to EDR through the modulation of the electrochemical
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driving force for Ca2+ entry7 and plays a significant role in the regu-
lation of vascular tone; this suggests that KCa3.1 channel dysfunction
may cause endothelial dysfunction and thereby vascular disease.8 In
addition, sphingolipids can produce cellular dysfunction by affecting
ion channels. Ceramide down-regulated the HERG K+ channel in
HEK 293 cells, and sphingosine inhibited voltage-operated Ca2+ chan-
nels in GH4C1 cells.9,10 Therefore, endothelial dysfunction, which is
found in Gla knockout mice, may be caused by Gb3-induced KCa3.1
channel dysfunction. However, it is unknown whether Gb3 accumu-
lation evokes KCa3.1 channel dysfunction.

Our data show that Gb3 induces KCa3.1 channel dysfunction and
thereby inhibits endothelial function. KCa3.1 channel dysfunction is
caused by at least two mechanisms: down-regulation of KCa3.1 chan-
nels and inhibition of KCa3.1 channel activity. Gb3 down-regulates
KCa3.1 channel via inhibition of the extracellular signal-regulated
kinase (ERK)/activator protein-1 (AP-1) pathway and up-regulation
of repressor element-1 silencing transcription factor (REST), and
inhibits the current by decreasing intracellular phosphatidylinositol
3-phosphate [PI(3)P] concentrations. These results explain the under-
lying mechanisms of endothelial dysfunction in Fabry disease.

2. Methods

2.1 Animals and cell culture
A pair of Fabry mice, kindly provided by Dr Roscoe O. Brady of the
National Institutes of Health (Bethesda, MD, USA), was bred to acquire
a sufficient number of mice for this study. All mice were genotyped
using PCR as described previously.11 A minimum of 3 age-matched
mice were used for each group. Mice were fed an autoclaved diet and
water ad libitum. All mice were treated in accordance with the Animal
Care Guidelines of the Ewha Womans University, School of Medicine
and the National Institutes of Health Guide for the Care and Use of Lab-
oratory Animals.

Mouse aortic endothelial cells (MAECs) were isolated from mice as
described12,13 and 1,1′-dioctadecyl-3,3,3′,3′-tetramethyl-indocarbocyanine
perchlorate (DiI)-labelled acetylated low-density lipoprotein (DiI-Ac-LDL;
Biomedical Technologies, Inc., Stoughton, MA, USA) uptake was used to
demonstrate the endothelial nature from the isolated cells.

2.2 Electrophysiology
Electrophysiological methods have been described in detail elsewhere.14

In short, whole-cell currents were measured using ruptured patches. Cur-
rents were monitored in voltage-clamp modes with an EPC-9 (HEKA
Elektronik, Lambrecht, Germany). The holding potential of the whole-cell
experiment was 0 mV, and currents were monitored during agonist stimu-
lation by the repetitive application of 650 ms voltage ramps from –100
to + 100 mV (sampling interval 0.5 ms, 10 s intervals between ramps).

The standard external solution contained (in mmol/L): 150 NaCl, 6 KCl,
1.5 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, pH adjusted to 7.4 with NaOH.
The pipette solution for whole-cell recording contained (in mmol/L):
40 KCl, 100 K-aspartate, 2 MgCl2, 0.1 EGTA, 4 Na2ATP, 10 HEPES, pH
adjusted to 7.2 with KOH. For buffering free Ca2+, the appropriate
amount of Ca2+ was added in the presence of 5 mmol/L EGTA. KCa3.1
currents were normalized to cell capacitance and TRAM-34-sensitive
current was measured as KCa3.1 current.

2.3 Contraction measurement on isolated
aortic rings
Five to six-month-old mice were anaesthetized by an intraperitoneal injec-
tion of pentobarbital sodium (50 mg/kg body weight). The thoracic aorta
was dissected out and cut into rings of about 3 mm. Mechanical responses

were recorded from the aortic ring segments using a home-made myo-
graph. Each aortic ring was threaded with two strands of tungsten wire
(120 mm in diameter). One wire was anchored in the organ bath
chamber (1 mL) and the other was connected to a mechano-transducer
(Grass, FT-03) mounted on a three-dimensional manipulator. The
muscle chamber was perfused at a flow rate of 2.5 mL/min with oxyge-
nated (95% O2/5% CO2) Krebs/Ringer bicarbonate solution with a peri-
staltic pump. The composition (in mmol/L) of the Krebs solution was
NaCl 118.3, KCl 4.7, MgCl2 1.2, KH2PO4 1.22, CaCl2 2.5, NaHCO3

25.0, glucose 11.1, pH 7.4. Rings were precontracted with 1 mmol/L
U46619 and EDR was induced by acetylcholine (ACh).

2.4 Real-Time PCR and immunoblot analysis
RNA isolation was performed using the RNeasy Mini Kit (Qiagen, Valencia,
CA, USA), and RNA was then reverse transcribed using a High Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). PCRs
were performed on an ABI 7000 sequence detection system (Applied Bio-
systems) using a SYBR Green PCR Master Mix (Applied Biosystems).
Primers for the mouse KCa3.1 channel gene (Kcnn4) were 5′-
AAGCACACTCGAAGGAAGGA-3′ (sense) and 5′-CCGTCGATTCT
CTTCTCCAG-3′ (antisense), and primers for the mouse REST gene
(Rest) were 5′- GTGCGAACTCACACAGGAGA-3′ (sense) and 5′-AAG
AGGTTTAGGCCCGTTGT-3′ (antisense). mRNA expression was normal-
ized to the house-keeping gene, mouse Gapdh (5′-TCCATGACAACTTT
GGCATTG-3′ (sense) and 5′-TCACGCCACAGCTTTCCA-3′ (antisense).

For immunoblot analysis, 30 mg of protein from cell homogenates was
subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis
(7.5–12% gels), and proteins were then transferred to a nitrocellulose
membrane. Membranes were blocked for 1 h with TBST (10 mmol/L
Tris–HCl, 150 mmol/L NaCl, and 1% Tween 20, pH 7.6) containing 5%
bovine serum albumin at room temperature. The blots were incubated
for 3 h with primary antibody against primary KCa3.1 antibody (IK1;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), p-ERK (Cell Signaling
Technology, Beverly, MA, USA), or Class III phosphoinositide 3-kinase
(PI3K; Cell Signaling Technology), followed by incubation with horseradish
peroxidase-conjugated secondary antibodies for 1 h. Bands were visual-
ized by chemiluminescence. Data collection and processing were per-
formed using a luminescent image analyzer LAS-3000 and Image Gauge
software (Fuji-Film, Tokyo, Japan).

2.5 Electrophoretic mobility shift assay (EMSA)
EMSAs were performed using a double-stranded oligonucleotide for AP-1
(5′-CTGCGCTTGATGACTCAGCAGCCGGA-3′). For the binding
reaction, nuclear protein extract (10 mg) was incubated in a total
volume of 20 mL in a binding buffer containing 10 mmol/L HEPES,
pH 7.5, 5% glycerol, 50 mmol/L KCl, 1 mmol/L dithiothreitol, and 1 mg
poly (dI-dC), and radiolabelled DNA (about 40 000 cpm) for 30 min at
room temperature. DNA–protein complexes were resolved in a pre-
electrophoresed 6% non-denaturing polyacrylamide gel at 48C. Sub-
sequently, the gel was dried under vacuum and exposed to film.

2.6 Fluorescence confocal microscopy
MAECs were grown on glass coverslips precoated with 1% gelatin and incu-
bated in growth medium containing 10 mg/mL of DiI-Ac-LDL at 378C for 4 h.
After washing with PBS to remove free DiI-Ac-LDL, cells were fixed with
3.7% paraformaldehyde, permeabilized with 0.25% Triton X-100, and
blocked for 1 h at room temperature in PBS with 10% BSA. After washing,
cells were incubated overnight at 48C with a diluted (1:50) primary KCa3.1
antibody, washed again and incubated for 1 h at room temperature with a
secondary antibody, Alexa Flour 555 donkey anti-goat IgG (1:1500; Molecu-
lar probes, Eugene, OR, USA). After that, the cells were counterstained with
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). The mounted cover-
slips were viewed under a confocal microscope (Carl Zeiss, Gottingen,
Germany) and photographed as described previously.15
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2.7 Tissue preservation and
immunohistochemistry
The abdominal aorta and inferior vena cava were removed and fixed by
immersion in a periodate-lysine-2% paraformaldehyde solution overnight
at 48C. Tissues were cut transversely into 1 to 2 mm thick slices and pro-
cessed for immunohistochemical studies using a horseradish peroxidase
technique. Slices of tissue were embedded in paraffin.

Four-micrometer sections were deparaffinized with xylene and
hydrated in a graded series of ethanol. After rinsing in tap water, sections
were incubated with 3% H2O2 for 30 min to eliminate endogenous per-
oxidase activity. The sections were treated with blocking serum for
30 min and incubated overnight at 48C in primary KCa3.1 antibody.
After being washed in PBS, the sections were incubated for 2 h with
the peroxidase-conjugated donkey anti-goat IgG Fab fragment (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) diluted 1:100 in
PBS. After being rinsed with Tris–HCl buffer, the sections were
exposed to a mixture of 0.05% 3,3′-diaminobenzidine and 0.01% H2O2

for 5 min at room temperature. The sections were dehydrated with
graded ethanol and xylene, mounted in Permount, and examined by
light microscope.

2.8 PI(3)P mass strip assay
Extraction, detection, and quantification of PI(3)P were performed with a
PI(3)P Mass Strip Kit (Echelon Biosciences, Inc., Salt Lake City, UT, USA),
according to the manufacturer’s instructions. After extraction of neutral
and acidic lipids and phase split step, the organic (lower) phase was trans-
ferred and dried in a vacuum dryer. Dried lipid samples were reconsti-
tuted and spotted onto a PI(3)P strip. Primary and secondary PI(3)P
detector solutions were added sequentially to this strip. Finally, PI(3)P
was detected with a chemiluminescent developing solution and visualized
with the LAS-3000.

2.9 Chemicals
Cells were loaded with Gb3 (Matreya, Pleasant Gap, PA, USA) by incubat-
ing the cells in Gb3-added culture medium at 378C or by adding Gb3 to
the pipette solution at the concentration of 5 or 15 mmol/L. PI(3)P
(#P-3016; Echelon Biosciences, Inc.,) was applied to the pipette solution
at 100 nmol/L. TRAM-34 (Sigma-Aldrich, St Louis, MO, USA) and
1-EBIO (Tocris Bioscience, Ellisville, MO, USA) were applied to the
bath solution at 10 and 100 mmol/L, respectively. Gb3, TRAM-34, and
1-EBIO were dissolved in DMSO, and PI(3)P were dissolved in 1:2:0.8
CHCl3:MeOH:H2O.

2.10 Statistical analysis
Pooled data are given as mean+ SEM. Statistical evaluation of data was
performed by Student’s t-test or ANOVA Tukey’s test. Values of P ,

0.05 were considered significant: *P , 0.05 vs. control.

3. Results

3.1 KCa3.1 current and the channel
expression are markedly reduced in aged
Gla knockout mice
We first compared age-dependent changes in the KCa3.1 current in
MAECs isolated from wild-type and Gla knockout mice. In the whole-
cell patch-clamp configuration, an outward current was activated by
loading cells with 1 mmol/L Ca2+ in the patch pipette (Figure 1).
The current/voltage (I/V ) curve produced by ramp pulses was linear
at potentials negative to +50 mV and bent towards an abscissa at
potentials positive to +50 mV. This Ca2+-activated current was
further augmented by the KCa3.1 channel activator 1-EBIO and

completely inhibited by the KCa3.1 channel-specific inhibitor
TRAM-34. These data suggest that the activated current is KCa3.1
current. No significant difference of current density at +50 mV was
observed in MAECs from 4-week-old, 20-week-old, and
36-week-old wild-type mice (Figure 1A, B and E), whereas the
current density was significantly reduced by 45.3 and 80.3%, respect-
ively, in MAECs from 20-week-old and 28-week-old Gla knockout
mice when compared with the current density in MAECs from
4-week-old Gla knockout mice (Figure 1C–E). In contrast, there was
no significant difference in current densities between 4-week-old
wild-type and Gla knockout mice (Figure 1F). These data suggest
that KCa3.1 current densities are significantly decreased in an age-
dependent manner in Gla knockout MAECs but not in wild-type
MAECs.

Since down-regulation of the KCa3.1 channel may reduce the
current, mRNA expression of the gene encoding the KCa3.1
channel (Kcnn4) and the channel protein expression were compared
in MAECs isolated from age-matched wild-type and Gla knockout
mice using real-time PCR (Figure 2A), immunocytochemistry
(Figure 2B), and immunoblot analysis (Figure 2C). Their expressions
were not changed age-dependently in wild-type MAECs, whereas
the expressions were significantly reduced in aged Gla knockout
MAECs. In addition, we further examined the KCa3.1 channel
expression in vivo. Compared with wild-type (28-week-old), the
KCa3.1 channel expression was markedly reduced in endothelial
cells from aorta of age-matched Gla knockout mice (Figure 2D).

In Gla knockout mice, Gb3 accumulates in various types of cells,
including endothelial cells, in an age-dependent manner. Thus, we
hypothesized that the accumulated Gb3 reduces KCa3.1 current and
the channel expression in aged Gla knockout mice.

3.2 Exogenously added Gb3 inhibits KCa3.1
current and channel expression
To test the hypothesis, we examined whether exogenously added
Gb3 reduces KCa3.1 current in MAECs. Gb3 was added to the
culture media, and cells were incubated for 2 h. KCa3.1 current
then was activated by loading MAECs with 2 mmol/L Ca2+ via the
patch pipette, and further activated by 1-EBIO. The KCa3.1
current was significantly decreased by incubation with Gb3. When
compared with the vehicle-treated control, exposure to 5 or
15 mmol/L Gb3 reduced current density at +50 mV by 30.0 and
56.7%, respectively (Figure 3A and B). These results suggest that
exogenously added Gb3 inhibits KCa3.1 current in a concentration-
dependent manner. In addition, we examined whether exogenously
added Gb3 reduces KCa3.1 channel expression in MAECs. mRNA
and protein expression of KCa3.1 channel were significantly
reduced in Gb3-treated cells in a concentration-dependent
manner (Figure 3C–E), consistent with the results from age-matched
wild-type and Gla knockout mice.

3.3 Gb3 down-regulates the KCa3.1 channel
by inhibiting ERK/AP-1 pathway and
up-regulating REST
To further evaluate the molecular mechanisms of KCa3.1 channel
down-regulation by Gb3, we examined whether Gb3 could affect
the signal transduction pathways related to KCa3.1 channel
expression, the ERK/AP-1 pathway,8 and REST.16 The binding of
nuclear extract to synthetic oligonucleotides containing an AP-1
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consensus sequence was inhibited in Gb3-treated (Figure 4A) and aged
Gla knockout MAECs (Figure 4B), suggesting that Gb3 can specifically
inhibit AP-1 DNA-binding activity. The prominent decrease of AP-1
DNA-binding activity was detected at 15 min after Gb3 treatment,
and activity was further decreased with an increase in treatment dur-
ation of up to 1 h (data not shown). To investigate whether Gb3 med-
iates AP-1 via mitogen-activated protein kinase (MAPK)-signalling
pathways, we assessed the phosphorylation of ERK1/2 (p-ERK1/2)
by immunoblot analysis. p-ERK1/2 levels were significantly reduced
in Gb3-treated (Figure 4C) and aged Gla knockout MAECs
(Figure 4D). In addition, mRNA expression of REST was significantly
up-regulated in Gb3-treated (Figure 4E) and aged Gla knockout
MAECs (Figure 4F). These data suggest that the accumulated Gb3

down-regulates KCa3.1 channel by inhibiting the ERK/AP-1 pathway
and up-regulating REST in Gb3-treated and aged Gla knockout
MAECs.

3.4 Gb3 inhibits KCa3.1 current by
decreasing intracellular levels of PI(3)P
In addition to down-regulation of the KCa3.1 channel, Gb3-induced
reduction in KCa3.1 current may be evoked by the decrease in
KCa3.1 channel activity. KCa3.1 channel was reported to be activated
by PI(3)P,17,18 which is produced by PI3K from phosphatidylinositol.
Among the PI3K classes, class III produces only PI(3)P. Therefore, we
assessed the changes of class III PI3K by Gb3. Class III PI3K

Figure 1 Decrease of KCa3.1 current in aged Gla knockout mouse aortic endothelial cells (MAECs). (A–D) Current densities (upper panels) are
shown at a membrane potential of +50 mV (circles), and I/V relationships (lower panels) were obtained at the points marked by closed circles of
the upper panels. (E) Summary of KCa3.1 current densities at +50 mV in wild-type (black bars; n ¼ 9–12) and Gla knockout MAECs (white bars;
n ¼ 9–13). (F) Current densities at +50 mV against [Ca2+]i were compared between 4-week-old wild-type and Gla knockout MAECs. Bar graphs
represent mean+ SEM. *P , 0.05 vs. 4-week-old wild-type MAECs.
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Figure 2 Down-regulation of KCa3.1 channel in aged Gla knockout MAECs. (A–C) KCa3.1 channel mRNA and protein expressions were compared
in MAECs isolated from age-matched wild-type and Gla knockout mice using real-time PCR (A), immunocytochemistry (B), and immunoblot analysis
(C). Relative mRNA and protein levels were expressed as a ratio of the age-matched wild-type MAECs (n ¼ 3–7). Immunocytochemistry shows
KCa3.1 channel labelling (green), uptaked DiI-Ac-LDL fluorescence (red) and nuclear staining with DAPI (blue); combined images are also presented.
*P , 0.05 vs. age-matched wild-type MAECs. (D) In vivo localization of KCa3.1 channel protein in aorta from 28-week-old wild-type (a and b) and
age-matched Gla knockout mice (c and d). ‘L’ indicates lumen. Enlargements of black boxes (dotted line) in a and c were shown in b and d, respectively.
n ¼ 3 per experimental paradigm.
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expression was decreased in both Gb3-treated (Figure 5A) and aged
Gla knockout MAECs (Figure 5B). Furthermore, intracellular levels of
PI(3)P were significantly decreased by Gb3, suggesting that Gb3
reduces KCa3.1 channel activity by decreasing intracellular levels of
PI(3)P (Figure 5C). Next, we examined whether PI(3)P recovers the
KCa3.1 current reduced by Gb3 (Figure 5D). Gb3 and PI(3)P was
applied to MAECs via the patch pipette. KCa3.1 current was
decreased by Gb3 in a concentration-dependent manner and the
decreased current was recovered by PI(3)P (n ¼ 4). Furthermore,
PI(3)P restored the reduced KCa3.1 current in aged Gla knockout

MAECs (n ¼ 4; Figure 5E). These results suggest that Gb3 can
inhibit KCa3.1 channel activity by decreasing intracellular levels of
PI(3)P.

We then evaluated whether Gb3 directly changes the gating
properties of the KCa3.1 channel. Single-channel recording was per-
formed using inside-out membrane patches. Gb3 (15 mmol/L) did
not change open probability, open-time distribution, and single-
channel conductance of the channel (data not shown), suggesting
that Gb3 does not change the gating properties of the KCa3.1
channel directly.

Figure 3 Decrease of KCa3.1 current and the channel expression in Gb3-treated MAECs. (A) Current densities (upper panels) are shown at a mem-
brane potential of +50 mV (circles), and I/V relationships (lower panels) were obtained at the points marked by closed circles of the upper panels. (B)
Summary of KCa3.1 current densities at +50 mV in MAECs (n ¼ 4–7). (C–E) KCa3.1 channel mRNA and protein expressions were measured using
real-time PCR (C), immunoblot (D) and immunocytochemistry (E). Relative mRNA and protein levels were expressed as a ratio of the vehicle-treated
control. Immunocytochemistry shows KCa3.1 labelling (green), uptaked DiI-Ac-LDL fluorescence (red) and nuclear staining with DAPI (blue); com-
bined images are also presented. *P , 0.05 vs. vehicle-treated control.
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Figure 4 ERK/AP-1 pathway and REST regulation in Gb3-treated or aged Gla knockout MAECs. The levels of AP-1, p-ERK and REST were com-
pared in MAECs incubated in Gb3-containing culture media (A: for 1 h, C and E: for 2 h) or in MAECs isolated from age-matched wild-type and Gla
knockout mice (B, D, and F ) using EMSA (A and B), western blotting (C and D) and real-time PCR (E and F ), respectively. (A–B) Down-regulation of
AP-1 in Gb3-treated (A) and aged Gla knockout MAECs (B). The upper arrow indicates complexes of AP-1, and the lower arrow the labelled oligo-
nucleotide. (C–D) Down-regulation of p-ERK in Gb3-treated (C) and age-matched Gla knockout MAECs (D). (E–F ) Up-regulation of REST. Relative
protein or mRNA levels were expressed as a ratio of the vehicle-treated control or age-matched wild-type MAECs. *P , 0.05 vs. vehicle-treated
control (C and E) or age-matched wild-type MAECs (D and F ).
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3.5 Exogenously added Gb3 inhibits EDR
of wild-type mouse aortic rings
It was reported that EDR to ACh was significantly attenuated in
vessels from Gla knockout mice.5,6 However, it is still unknown
whether the impaired EDR in Gla knockout mice is related to the
KCa3.1 channel inhibition by Gb3. Thus, we examined whether
exogenously added Gb3 inhibits EDR. Since vascular smooth
muscle contraction to U46619 was not blunted in Gla knockout
mice,5,6 isolated mouse aortic ring from wild-type mice was con-
tracted by U46619 (1 mmol/L) and then EDR was evoked by ACh
(1 mmol/L). TRAM-34 (10 mmol/L) partially inhibited ACh-induced

EDR in endothelium-intact aortic rings (Figure 6A). On the other
hand, U46619-induced contraction was not changed by TRAM-34
in endothelium-denuded aortic rings (Figure 6B). These results
suggest that KCa3.1 channel inhibition impairs EDR. Then we exam-
ined the effect of Gb3 on EDR (Figure 6C–E). Precontracted endo-
thelium-intact aortic ring was relaxed by ACh in a
concentration-dependent manner (Figure 6D and E) and
ACh-induced EDR was maintained up to 500 s after ACh application
(Figure 6C). In contrast, when the aortic ring was treated by Gb3
(15 mmol/L) for 2 h, ACh-induced EDR was decreased in magnitude
(Figure 6D and E) and not maintained for such a long time
(Figure 6C). The relaxed aortic ring was re-contracted with time in

Figure 5 Gb3-induced PI(3)P decrease and KCa3.1 current inhibition (A and B) Expression of class III PI3K was tested by immunoblot in MAECs
incubated with Gb3-containing culture media for 2 h (A) or in MAECs isolated from 28-week-old wild-type and Gla knockout mice (B). b-actin or
a-tubulin was used to assess equal loading of the samples. (C) Representative PI(3)P strip. PI(3)P was extracted and detected using a PI(3)P Mass
Strip Kit. (D and E) KCa3.1 current was activated by 2 mmol/L [Ca2+]i. Gb3, PI(3)P or Gb3 plus PI(3)P was applied to 4-week-old wile-type (D) or
28-week-old Gla knockout MAEC (E) via the patch pipette. Current densities are shown at a membrane potential of +50 mV (circles), and I/V
relationships were obtained at the points marked by closed circles. Summary of KCa3.1 current densities at +50 mV (n ¼ 3–5) is presented on
the right panel. *P , 0.05 vs. vehicle-treated control (A, C, and D) or 28-week-old wild-type MAECs (B) or 28-week-old Gla knockout MAECs (E).
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spite of the presence of ACh. We, then, examined whether Gb3
affects nitrovasodilator-induced relaxation in endothelium-denuded
aortic rings (Figure 6F). Precontracted aortic ring was relaxed by
sodium nitroprusside in a concentration-dependent manner and
sodium nitroprusside-induced relaxation was not changed by Gb3
(15 mmol/L) treatment for 2 h, suggesting that Gb3 does not
affect the reactivity to NO of vascular smooth muscle. These
results suggest that EDR is attenuated by KCa3.1 channel inhibition
and Gb3.

4. Discussion
We have shown that Gb3 modulates KCa3.1 channel in MAECs of
aged Gla knockout mice and Gb3-treated MAECs by decreasing the
protein expression and the channel activity. Gb3-induced down-
regulation of p-ERK and AP-1 and up-regulation of REST lead to a
decrease in KCa3.1 channel expression. In addition, the Gb3-induced
decrease in intracellular PI(3)P concentrations reduces the KCa3.1
current in Gb3-treated and aged Gla knockout MAECs. These findings
represent the first direct evidence for the underlying mechanisms of
Gb3-induced KCa3.1 channel dysfunction, which may be implicated
in the endothelial dysfunction of Fabry disease.

These results were obtained by measuring KCa3.1 channel
expression and activity in both Gla knockout and Gb3-treated
MAECs. In the course of these two measurements, KCa3.1 channel
dysfunction was observed quite consistently, with similar channel dys-
function observed in both aged Gla knockout and Gb3-treated
MAECs. In Gla knockout mice, Gb3 was accumulated in endothelial

cells, which plateaued at 12 to 16 weeks.19 Therefore, Gb3 may be
saturated in endothelial cells of 28-week-old Gla knockout mice. In
addition, since the plasma concentration of Gb3 ranges from 6.7 to
15.4 mmol/L in patients with classic Fabry disease,20 the Gb3 concen-
tration used in this study (up to 15 mmol/L) is within the range
observed in Fabry disease. Therefore, we suggest that accumulated
Gb3 evokes KCa3.1 channel dysfunction in Gla knockout mice.

The present study shows that Gb3 induces a rapid down-regulation
of KCa3.1 channel protein. The mechanism for this might be due to
defective synthesis, since Gb3 inhibited ERK/AP-1 pathway and
up-regulated REST. However, a rapid down-regulation of the
channel protein suggests another possibility. As shown in HERG
channel,9,21 a rapid down-regulation of the channel protein could be
caused by internalization and increased degradation of the channel.
Thus, further studies are required to distinguish whether Gb3 facili-
tates internalization and degradation of the channel.

In the previous research, we suggested reactive oxygen species
(ROS) inhibit ERK 1/2 phosphorylation in human endothelial cells,22

and it is already reported that Gb3 induces ROS generation in endo-
thelial cells.23 Therefore, ROS produced by Gb3 accumulation could
down-regulate p-ERK, resulting in the inhibition of KCa3.1 channel
expression. However, the effect of ROS on ERK is still controversial,
since ROS-induced ERK activation was also reported.24 The modu-
lation of ERK pathway by Gb3 needs to be clarified in detail.

Since inhibition of ERK or PI3K can suppress eNOS expression,22,25

down-regulated p-ERK and PI3K by Gb3 could contribute to the
impaired EDR by reduction in NO production. In addition, REST
also affects EDR via KCa3.1 channel modulation, since augmented

Figure 6 Effect of the KCa3.1 channel inhibitor TRAM-34 and Gb3 on ACh-induced EDR Mouse aortic rings were exposed to Gb3 by perfusing
rings with Gb3 (15 mmol/L)-contraining Krebs/Ringer bicarbonate solution for 2 h (C–E). (A) ACh-induced EDR was partially inhibited by the KCa3.1
channel blocker TRAM-34. (B) Effect of TRAM-34 on the contraction of endothelium-denuded mouse aortic ring. (C) Effect of Gb3 on ACh-induced
EDR. EDR was evoked by 1 mmol/L ACh in control (black line) and Gb3-incubated aortic ring (gray line). (D) A concentration-dependent
ACh-induced EDR in control (black line) and Gb3-incubated aortic ring (gray line). (E and F ) Summary (n ¼ 6) of vasorelaxation by ACh (E) or
sodium nitroprusside (F) in control (closed circle) and Gb3-incubated aortic ring (open circle). Sodium nitroprusside-induced relaxation was
measured in endothelium-denuded aortic rings. The magnitude of relaxation at each treatment was expressed as a percentage of initial
U46619-induced contraction. *P , 0.05 vs. control.
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REST decreased KCa3.1 channel expression. In fact, KCa3.1 channels in
endothelial cells regulate Ca2+ influx, thereby determining EDR.7

Thus KCa3.1 channel dysfunction impairs EDR. Therefore, impaired
EDR found in Gla knockout mice may be caused by various mechan-
isms: PI3K inhibition, p-ERK down-regulation, REST up-regulation, or
KCa3.1 channel dysfunction. According to recent researches using
KCa3.1 knockout mice,26,27 KCa3.1 deficiency has a severe impact on
ACh-induced EDR, resulting in the significant increase in arterial
blood pressure. These results could explain uncontrolled hyperten-
sion in Fabry patients.28

Since endothelium-independent relaxation was normal in the aorta
from Gla knockout mice,6 Gb3 seems to have no effect on vascular
smooth muscles. This might be, at least partially, explained by the
absence of Gb3 effect on KCa1.1 channel. KCa1.1 channel, known as
large-conductance Ca2+-activated K+ channel, is expressed in
mouse aortic smooth muscle cells.29 KCa1.1 current and the
channel expression were not affected by Gb3 (data not shown),
suggesting that Gb3 might have no effect on KCa1.1 channel.

In conclusion, the identification of the KCa3.1 channel as a target for
Gb3 raises important questions about the contribution of this inter-
action to the process of Fabry disease. The KCa3.1 channel is
expressed in various cells, including endothelial cells, fibroblasts, pro-
liferating smooth muscle cells, microglia, and lymphocytes.30 Given
the significant role of the KCa3.1 channel in the cellular functions of
these cells, it is noteworthy that the Gb3 content of cells, including
endothelial cells, can be correlated with the progress of Fabry
disease. Thus, KCa3.1 is a potential therapeutic target for the disease.
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