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We report a scanning electrochemical microscopy (SECM)-based receptor-mediated endocytosis
detection method. Epidermal growth factor receptor (EGFR), which is one of the key membrane
proteins associated with cancer, was used as a model for receptor-mediated endocytosis. EGFR
molecules on the outer cell membrane were detected by SECM by using alkaline phosphatase
(ALP) as a labeling enzyme. Since SECM detected the ALP activity on the outer membrane, the
procedure helped discriminate the EGFR on the outer membrane from the intracellular EGFR
involved in endocytosis. SECM showed a marked decrease in the current responses generated due
to ALP activity by 93% on addition of the epidermal growth factor, indicating clearly that EGF
triggered the endocytosis, which led to the withdrawal of most EGFRs from the outer membrane.

Introduction

Endocytosis is a process characterized by internalization
of extracellular molecules followed by engulfment of these
molecules by the cellular membrane to form an endocytic
vesicle. Receptor-mediated endocytosis is an important process
that negatively regulates the receptor-mediated signals by
reducing the surface concentration of the receptor itself
(down-regulation) and controls the strength and duration of
the signals downstream.” Then, the receptor is recycled back to
the plasma membrane. Epidermal growth factor receptor
(EGFR) is one of the key membrane proteins associated with
cancer.” Epidermal growth factor (EGF) binds to the EGFR,
and the activated EGFR initiates the signaling cascades,
thereby promoting cell proliferation, differentiation, apoptosis,
and migration. This signaling is controlled by EGF-triggered
endocytosis, which reduces the number of EGFR molecules
exposed to the outside medium. Therefore, various methods
have been established to study endocytosis of EGFR. Fluor-
escence measurement is an effective method for imaging of the
membrane protein, but visualization of the membrane protein
motion at the interface of the cellular membrane remains
difficult because long-term monitoring of fluorescence signals
induces photobleaching.® Sokolov and coworkers developed a
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labeling method for membrane proteins by using anti-EGFR
gold nanoparticles for monitoring endocytosis. The absorption
wavelengths of the nanoparticles trapped in the vesicle changed
according to the interparticle center—center distance; therefore,
this method was effective for monitoring the endocytosis
process.* However, identification of the starting point of
vesicle formation is quite difficult. Therefore, development of
an analytical tool that allows discrimination of the EGFR
molecules on the outer membrane from those of the inner
endocytic vesicles is necessary. Korchev and coworkers developed
scanning ion conductance microscopy (SICM) for visualizing the
surfaces of living cells,® and SICM has been reported to be
effective for visualizing the endocytic pit.6

Scanning electrochemical microscopy (SECM) is a useful
tool for analyzing biological samples in a noninvasive manner.
Since a localized chemical reaction and chemical concentration
near the sample under physiological conditions can be quanti-
tatively and noninvasively characterized as a Faradaic current
by scanning the microelectrode, SECM has been applied for
quantitative investigation of living cells.” ® The application of
SECM for investigation of living cells has several advantages.
First, SECM can selectively detect the cell membrane protein
at the outer membrane surface.’® In this study, the membrane
protein was labeled with an enzyme-labeled antibody. Recently,
this method was applied to determine the expression level of
membrane glycans.’? Simultaneous imaging of the inner and
outer sides of the cell was performed by fluorescence measure-
ment using an opfical fiber electrode.'? Second, SECM has a
high temporal and spatial resolution for monitoring cellular
phenomena that occur at various interfaces. Mirkin and
coworkers developed a nanoelectrode and inserted the electrode
into a cell for estimating the intracellular redox activity.'
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Fig. 1 (a) Schematic illustration of EGFR detection using SECM.
The EGF stimulation induced endocytosis was estimated by compar-
ing the PAP oxidation current responses of the non-stimulation (b-1)
and stimulation by EGF (b-2) cells.

Wightman and coworkers performed real-time monitoring of
neurotransmitter release associated with exocytosis.!* Unwin
and coworkers probed the dynamics of partitioning of electro-
active solutes between two immiscible phases using SECM.'
We estimated the degree of cell membrane permeability of the
electrochemical mediator by using a microelectrode.'® Previous
studies have shown that SECM is a suitable analytical tool for
monitoring various phenomena that occur at the cellular inter-
face. However, SECM monitoring of the membrane protein
motion at the cellular interface has not been reported. In this
study, we used SECM to investigate EGF-triggered endocytosis
(Fig. 1). EGFR was labeled with an alkaline phosphatase
(ALP)-labeled antibody for electrochemical detection. The
decrease in the expression level of EGFR induced by the
EGF-triggered endocytosis was estimated by comparing
the Faradaic current responses of the cells with and without
EGF stimulation. To the best of our knowledge, this is the first
study to report the detection of endocytosis by using SECM.

Experimental .

Materials

Primary antibodies (mouse anti-EGFR IgG [SC-120, Santa
Cruz Biotechnology, Santa Cruz, CA]), mouse anti-EGFR
1gG labeled with fluorescein isothiocyanate (FITC [sc-120 FITC,
Santa Cruz Biotechnology, Santa Cruz, CAJ), secondary anti-
bodies (goat anti-mouse IgG labeled with ALP [62-6522, Zymed)),
Alexa Fluor® 488 EGF complex (E13345) molecular probe,
recombinant human epidermal growth factor (BD Biosciences),
p-aminophenyl phosphate monosodium salt (PAPP; LKT Lab
Inc.), and poly(dimethylsiloxane) (PDMS; Dow Corning Toray
Co., Ltd.) were purchased and used as received. All other
chemicals were also used as received. All the solutions were
prepared using distilled water obtained using a Milli-Q water
system (Millipore, Japan).

Cell culture

A normal Chinese hamster ovary (CHO) and cells derived from
human epidermoid carcinoma cell line A431 were donated by the

Cell Resource Center for Biomedical Research (Tohoku
University). The EGFR/CHO (CHO transfected with EGFR)
cells used in this study were prepared according to the literature.!’
Normal CHO and A431 cells were cultured in RPMI-1640
medium (Gibco/Invitrogen, Tokyo, Japan) containing 10% fetal
bovine serum (FBS; Gibco), 50 pg mL™! penicillin (Gibco),
and 50 pg mL ™ streptomycin (Gibeo) at 37 °C in a humidified
atmosphere containing 5% CO,. The EGFR/CHO cells were
cultured in RPMI-1640 medium (Sigma) containing 10% FBS
(Gibeo), and 50 pg mL ™" G418 (Nacalai Tesque) at 37 °Cin a
humidified atmosphere containing 5% CO,.

EGFR labeling for fluerescence measurements

EGFR was visualized with a fluorescent-labeled EGF (Alexa
Fluor® 488 EGF complex) or a fluorescent-labeled antibody
(anti-EGFR IgG labeled with FITC). For fluorescence
labeling, the cells were reacted with RPMI-1640 containing
fluorescent-labeled EGF (1 pg mL™") or a FITC-labeled anti-
body (1 pg mL™) for 60 min at 4 °C, followed by thorough
washing with RPMI-1640.

EGFR labeling with ALP for electrochemical measurements

EGFR was labeled with an ALP-labeled antibody for electro-
chemical detection. In the case of EGFR labeling with an
ALP-labeled antibody, the cells were reacted with RPMI-1640
containing an anti-EGFR antibody (1 pg mL™!) for 90 min at
37 °C, followed by thorough washing with RPMI-1640. The
cells were then reacted with RPMI-1640 containing an ALP-
labeled secondary antibody (ALP-labeled IgG) (1 pg mL™Y) for
90 min at 37 °C, followed by thorough washing with RPMI-1640.

Preparation of a cell-patterned substrate

Cell patterns were developed using the polydimethylsiloxane
(PDMS) microstencil method. Linear (width, 300 pm) and
circular (diameter, 500 pm) patterns of the microstencils were
prepared using a CO, laser beam (Universal Laser Systems,
Scottsdale, Arizona, USA). The cells (106 cells per mL, 100 pL)
were seeded on a 35 mm Petri dish (Falcon), sealed with the
PDMS microstencil, and incubated for 2 h to allow the cells to
adhere to the dish. The excess nonadherent cells were then
removed by washing with RPMI-1640. After incubation with
RPMI-1640 for 1 day, the stencil was peeled off from the dish,
and SECM measurement was performed.

SECM measurements

The measurements were performed in a 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)-based saline solution
(10 mM HEPES, 150 mM NacCl, 4.2 mM KCl, and 11.2 mM
glucose; pH 9.5) containing 4.7 mM PAPP and 10% FBS for
detecting the ALP-labeled EGFR. ALP catalyzes the hydrolysis
of PAPP to yield p-aminophenol (PAP) as an enzymatic product,
which was detected electrochemically using the microelectrode
probe of SECM set at +0.30 V vs. Ag/AgCl (Fig. 1a). A disk-
type platinum electrode with a 20 pm diameter (Rg 3.0) was used
as a SECM microelectrode probe. A fine Pt wire was inserted
into a glass capillary, and shielded by thermal fusing of the
glass. Finally, the tip of the capillary was carefully polished to
give a disk-type microelectrode. Electrochemical current was
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measured on the basis of a two-electrode configuration by
using an Ag/AgCl electrode as the reference electrode. The
details of the SECM system have been reported previously.®

Results
SECM imaging of cell patterns

SECM is suitable for noninvasive investigation of the activity
of patterned biomolecules. In the past, micro-patterned mam-
malian cells and enzymes were quantitatively characterized by
using SECM.'®" Previously, we have shown that EGFR at
the cell surfaces can be visualized using ALP as a labeling
enzyme. In this study, we used a similar method to investigate
the EGFR expression level at the surfaces of CHO, EGFR/
CHO, and A431 cells patterned on a solid substrate. EGFR
was successively labeled with anti-EGFR and ALP-labeled
secondary antibodies. Fig. 2 shows the SECM image of these
cells with a line-and-space pattern. The probe electrode of
SECM was set at a voltage of +0.30 V and scanned at a
distance of 20 um from the dish to detect the oxidation of the
PAP delivered from the labeled ALP. The current responses
were based on the electrochemical oxidation of PAP at the
SECM probe. Since the ALP labeled on EGFR catalyzes the
hydrolysis of PAPP to form PAP, the SECM images can
indicate the expression levels of EGFR at the cellular surfaces
of 3 different cells. A431 cells showed large current responses,
and EGFR/CHO cells showed clear responses, while normal
CHO cells showed no obvious signals. This result shows good
agreement with the previous results.®

Influence of pH on endocytosis

The SECM-based measurement of ALP activity was performed
in a relatively high pH solution. A previous study had shown

(2) Optical image
_CHO _

EGERICHO__ Ad3]

(b) SECM image

7 T T T T

Fig. 2 SECM image of the EGFR expression level of patterned
different kinds of cells. (2) Optical microscopy image, (b) SECM
image. The electrode was set at 20 pm above the substrate, and the
scan rate was 100 pm s, The scan range was 7.0 mm x 3.0 mm, and
the step size was 100 pm.

(2) pH 7.4, 4°C

(¢) pH 9.5, 4°C

(b)pH 7.4, 37°C (d)pH 9.5, 37C

Fig. 3 Investigation of the effect of pH on the EGFR endocytosis.
Fluorescent images showed the localization of the EGFR after labelled
and stimulated Alexa Fluor® 488 EGF complex. The cells were
incubated for 1 hour in phosphate buffer of (a) pH 7.4, 4 °C,
(b) pH 7.4, 37 °C, (©) pH 9.5, 4 °C, (d) pH 9.5, 37 °C.

that electrochemical measurement in a solution with pH 9.5
did not cause fatal damage to living cells as long as the
measurement period was within several hours.”® In this study,
we investigated the influence of high pH on the endocytosis of
living cells by using fluorescent-labeled EGF. The labeled
EGF binds to EGFR and triggers endocytosis of the vesicles
with EGF-EGFR complexes. Fig. 3 shows the fluorescence
images of the cells that were stimulated with EGF and
incubated for 1 h in a buffer solution of pH 7.0 or 9.5. When
the cells were incubated at 4 °C, clear fluorescence signals were
observed on the cell surface [Fig. 3(a) and (¢)], indicating that
EGFR molecules were present on the cell surface at 4 °C. In
contrast, vesicles with high fluorescence intensity were observed
inside the cells after incubation for 1 h at 37 °C. Thus, it is
obvious that endocytosis does not proceed at 4 °C even in the
presence of EGF. Notably, no remarkable differences were
observed in the formation of vesicles in the fluorescence images
at pH 7.4 and 9.5 [Fig. 3(b) and (d)]. This result indicated that
high pH did not influence receptor-mediated endocytosis.

Endocytosis-induced decrease in the EGFR levels at the cell
surface

EGF-induced endocytosis promotes changes in the EGFR
expression level on the cell surface. This change was measured
using fluorescence and electrochemical techniques. In the
fluorescence measurements, anti-EGFR IgG labeled with
FITC was used to visualize EGFR at the cell surface. In the
electrochemical measurements, an ALP-labeled antibody was
used to detect EGFR on the cell surface on the basis of
electrochemical responses. The cells were incubated with
EGF in RPMI-1640 medium for 1 h at 37 °C. After the
stimulation with EGF, the EGFR expression levels on the cell
surface were detected by fluorescence and electrochemical
measurements.

Fig. 4 shows the optical and fluorescence images of EGFR/
CHO cells with and without EGF stimulation. Although the
EGF-induced change in the cell shape was quite difficult to
recognize in the optical image, the fluorescence signal slightly
decreased after stimulation with EGF. This decrease was
possibly caused by EGF-triggered endocytosis to decrease
the levels of EGFR molecules at the cell surface. However,
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Fig. 4 Investigation of the EGFR expression level of (2) non-stimulated
and (b) EGF stimulated EGFR/CHO cells by fluorescent measurement.
Fluorescent images showed the expression level of the EGFR. The
EGFR was labeled with anti-EGFR IgG FITC conjugated.

although we used confocal microscopy for imaging, it was
difficult to discriminate the EGFR on the surface from intra-
cellular EGFR because of the motion of the cellular membrane.

Fig. 5 shows the SECM images of the ALP-antibody-
labeled EGFR/CHO cells with and without EGF stimulation
together with the corresponding optical images. The labeled
ALP catalyzes the hydrolysis of PAPP to yield PAP. The
SECM image of cells without the stimulation shows clear
responses of the oxidation current at the area of the cell
pattern, indicating that SECM can also be used for characterizing
the EGFR molecules present on the cell surface. The stimulation
with EGF markedly decreased the signal response in the

@)

Optical image

SECM

85 pA

1500% 1500 pm

(b)

1500 1500 ym

Fig. 5 SECM images of ALP labelled microstencil-patterned EGFR/
CHO cells. (a) Non-stimulated and (b) EGF stimulated cells. The
electrode was set at 20 pm above the substrate, and the scan rate was
50 m s~!. The scan range was 1500 pm x 1500 pm, and the step size
was 50 pm.

150
109.2 pA
100
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Q.
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Fig. 6 The current response of EGF stimulated cells and non-stimulated
EGFR/CHO cells. The current response was measured by single scan data
on the cells pattern.

SECM image. Since the EGFR molecules on the cell surface
were detected using SECM, the decrease in the responses
indicated the EGF-triggered-endocytosis-induced decrease in
the levels of EGFR molecules at the surface. Fig. 6 shows the
peak current obtained from the single-scan data on the ALP-
antibody-labeled EGFR/CHO cell pattern developed using the
previously described 1:vroc¢=,dure.8 The current responses before
and after stimulation with EGF were found to be 109.2 pA
and 7.8 pA, respectively. Because of the clear difference in the
current responses, we think that SECM measurements are
particularly suitable for detecting endocytosis-related events.

Conclusions

In this study, we developed an SECM-based methodology
for investigating EGF-triggered endocytosis. This method is
suitable for evaluating changes in the EGFR expression level
during EGF-triggered endocytosis. SECM enables quantitative
evaluation under physiological conditions without having to
peel the cells from the culture dish. The current response of the
ALP-labeled EGFR/CHO cells investigated using an antibody
decreased by 93% after stimulation with EGF. Furthermore,
SECM also helped to obtain clear images with adequate
spatial and temporal resolutions of the cells before and after
occurrence of endocytosis-related events. This methodology is
applicable to other biomembrane-related phenomena.
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ing points of the row/column electrodes to form a 4 x 4 microwell array. Amperometric signals at the
individual microwells could be detected separately on the basis of redox cycling of localized electroac-
tive species occurring between the electrodes. Immobilization and hybridization of DNA could block the
redox cycling of Fe(CN)s*~ [Fe(CN)s>~ at the designated microwells, resulting in the reduction of current
response. This device had been used to detect DNA hybridization with excellent sensitivity (0.03 pM)
and selectivity. The device can be applied to comprehensive and high-throughput detection and imaging

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Imtroduction

The detection of DNA hybridization is of central importance to
the diagnosis and treatment of genetic diseases, for the detection of
infectious agents, and for reliable forensic analysis. Hence, various
DNA biosensors have been developed based on the immobilization
of a single-stranded DNA (ssDNA) probe onto a surface to rec-
ognize its complementary DNA target sequence by hybridization.
Contrary to DNA biosensors that allow single-shot measurements,
DNA arrays allow simultaneous detection and analysis of patterns
of expression of thousands of genes in a single experiment [1-4].
Hence, the development of DNA arrays would be more desirable.
Because fluorescence measurement usually has a high sensitiv-
ity and a variety of tools for performing the measurements are
commercially available, many DNA arrays based on fluorescence
detection are developed [5-10]. Although DNA arrays based on flu-
orescence detection are a powerful tool that provides complex and
informative data from nucleic acid sequences, they need fluores-
cence scanners that are inherently costly and not transportable
[11], which limited the widespread use of DNA fluorescence arrays
for point-of-care testing or as a routine diagnostics tool. Another
alternative form of detection utilized in DNA array is electrochem-
ical detection, which possesses the advantages of high sensitivity,

* Corresponding author at: Advanced Institute of Materials Research, Tohoku Uni-
versity, 2-1-1 Katahira, Aoba, Sendai 980-8579, Japan.
E-mail address: matsue@bioinfo,che tohoku.ac.jp (T. Matsue),

small size, low cost, and compatibility with micromanufacturing
technology [12,13]. So far, various DNA arrays based on electro-
chemical detection have been developed [14-21]. All above arrays
were performed by connecting each electrode to a corresponding
bond pad in the 1:1 mode. However, the number of individually
addressable electrodes is limited, due to sufficient space for bond
pads is not available on the chip border.

Recently, anovel multipoint addressable electrochemical device
has been reported [22,23]. This device consists of orthogonally
arranged arrays of rows and columns of electrodes. Based on the
local redox cycling at the crossing points of the row and col-
umn electrodes, electrochemical responses at 11 x 11 crossing points
were rapidly detected by using only 2 n bonding pads for the
external connection. Based on the detection system, a series of
apparatus for biological assay had been developed [23-25]. On the
basis of the previous researches [22-25], here, we demonstrate
a new amperometric approach for high-throughput detection
of DNA hybridization. The principle was based on immobiliza-
tion and hybridization of DNA inhibited the redox cycling of
Fe(CN)g4~/Fe(CN)g3~ at the designated microwells due to the nega-
tively charged sugar phosphate backbone of DNA[26,27], resulting
in decrease of the amperometric signal, and which can be used to
assay DNA hybridization. To the best of our knowledge, this is the
first report on the amperometric detection of DNA hybridization
using this novel multipoint addressable electrochemical device.
It is envisioned that this device can be applied to comprehen-
sive and high-throughput detection and imaging of biochemical
species.

0925-4005/$ - see front matter, Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
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2. Experimental
2.1. Materials

Capture DNA (sequence: 5-SH-CCAGTGAGCTTCCCGTTCA-3'),
target DNA (sequence: 5'-TGAACGGGAAGCTCACTGG-3') and mis-
matched probes (sequence: 5-TTTCCGCTGAGTCCAGATT-3') were
bought from Nihon Gene Research Laboratories Inc. DNA solutions
were prepared by dissolving DNA into 30mM pH 7.4 phosphate
buffer solutions (PBS) containing 0.1M NaCl and 5mM KCl.

Primer and positive photoresist (51818) were purchased from
Shipley Far East Ltd., Japan. Negative photoresist (SU-8 3005) was
bought from Nippon Kayaku Co. Ltd., Japan. K4[Fe(CN)s ] was bought
from Wako Pure Chemical Industries, Ltd. All chemicals were used
as received, and solutions were prepared using Milli-Q reagent
water (Milli-Q, Millipore, 18.2-M£2 resistivity).

2.2. Microelectrode array fabrication

An electrode array was constructed on a glass substrate using a
photolithographic method [22,28]. The glass substrates were con-
secutively cleaned by ultrasonication in acetone and 2-propanol. A
primer and positive photoresist were spin-coated at 3000 rpm for
305 on the glass substrate, followed by baking at 95°C for 5min.
Then, the substrate was irradiated with UV light for 13 s through
a chromium mask with microelectrode patterns. After developing,
Ti, Pd and Au were deposited on the substrate by sputtering to cre-
ate a Ti/Pd/Au multilayer. The electrode pattern was revealed using
alift-off technique by immersing the electrode substrate in an ace-
tone bath, then the substrate was dried to form an electrode array
consisting of four microband electrodes (thickness: 300 nm; width:
100 pum; band interval: 900 wm, each electrode). This microelec-
trode array can be used as the column or row electrodes array due
to the different arrangement.

Then four microwells with 100 pm width, 100 pm length, and
5 um depth, were further fabricated on each column electrode

" using SU-8 3005 (thickness: 5 wm) on one microelectrode array;
thereby, 16 microwells were fabricated on the column-electrode
substrate, as shown in Fig. 1A.

2.3. Immobilization and hybridization of DNA on the sensing
array

First, the substrates were cleaned before the measurements.
Then, the capture DNA was immobilized in the 16 microwells of
the column electrode via an Au-S linkage. The column electrode
was rinsed carefully with PBS solution. Different concentrations of
target DNA were carefully added into the microwells at each of the
four corners by the pipette, and incubated for 2h in a humidified
incubator. After these, 4.0 mM Fe(CN)g %~ solution containing 0.1M
KCl was applied to cover the column electrode surface and filled
in every microwell. Then another microelectrode array (worked
as row electrode) without assemble of microwells was carefully
attached orthogonally on the column-electrode substrate face-to-
face with double-sided adhesive paper (thickness, 10 um; Lintec
Co.,Japan)in order to assemble the microelectrode/microwell array
with microwells arranged at the 16 crossing points. Thus a device
is obtained, as shown in Fig. 1B.

2.4, Instrumentation

The detection system is shown in Fig. 2A. Three channels
(W1-W3) of a multichannel potentiostat (HA-1010 mM4, Hokuto
Denko, Corp., Tokyo, Japan) were used for potential control and cur-
rent acquisition. The potentiostat was connected to the electrodes
by a multiplexer, and the data were controlled and collected by a

program developed by LabVIEW through an AD/DA converter (PXI-
2529 and PXI-6723, respectively, National Instrument, Austin, TX).
An Ag/AgCl and a Pt wire were used as the reference and counter
electrodes, respectively.,

2.5. Amperometric scanning procedure

Thereference and counter electrode were laid near the device, as
shown in Fig. 1C. Electrochemical detection was performed as fol-
lows: a voltage (V¢ =0.0 V) was applied to all the column electrodes
through W1 of the potentiostat. At the same timea different voltage
(Vr=0.6V) was applied to row electrode 1 (R1) through W3 of the
potentiostat for 2 s to precondition the systemand stabilize the cur-
rent, while the other row electrodes (R2-R4) were set at V¢ through
W1. Then, column electrode 1 (C1) was connected to W2 set at V,
and the current data were transferred to a PC. This read-out pro-
cess was sequentially repeated from C1 to C4 with a read-out time
interval of 20 ms in each step. All the current responses through
W2 were read out, while W1 was used only for potential control.
Sinceall row electrodes were connected to W1 (set at V) during the
above process, noredox cycling was expected at the crossing points
on R2-R4 during scanning. The same measurements were sequen-
tially repeated for the other row electrodes (R2-R4) to address and
acquire all the responses at every crossing point. The total detection
time for the 16 addressing points was less than 9s.

3. Results and discussion
3.1. Principle of detection

The principle of multipoint detection of DNA hybridiza-
tion is shown in Fig. 3(A). When redox compounds showing
reversible electrochemical behavior, such as Fe(CN)s*~ [Fe(CN)s3-,
are present in the interspaces between the column and row elec-
trodes, redox cycling between the column and row electrodes
proceeds only at crossing points set at appropriate potentials, and
amplifies the electrochemical signal. The efficiency of the redox
cycling is sensitive to the presence of molecules at the electrode sur-
face. DNA hybridization at the electrode surface partially blocks the
redox cycling, thereby decreasing the electrochemical responses.

Fig. 3(B) shows the reduction current at column electrodes with
a bare surface, with immobilized probe DNA, and with hybridized
DNA in a 4.0mM Fe(CN)s%~ solution. When the potential of the
row electrode was stepped from 0.0V to 0.6V, redox cycling of
Fe(CN)g4~/Fe(CN)g3~ proceeded between therow and column elec-
trodes. The reduction current of Fe(CN)s3~ at the column electrode
increased rapidly after the potential step and soon showed a steady-
state. The level of steady-state current became lower when the
column electrode was modified with probe DNA (curve b). A fur-
ther decrease was observed after hybridization (curve c). Formation
of the negatively charged sugar phosphate backbone of DNA at
the electrode surface reduces the efficiency of redox cycling of
Fe(CN)g4~/Fe(CN)e3~, resulting in a decrease in the current signals,
and thereby allowing the detection of specific DNAs.

3.2. Electrochemical imaging and detection

Capture DNA was immobilized in all 16 microwells via a
thiol-Au linkage. Then, different concentrations (0.05, 0.1, 0.5,
and 1pM) of target DNA solution were added to the microw-
ells at the four corners (A, B, C and D, respectively), as shown in
Fig.4(A). Because the gap between the rowand column electrodes is
10 pm, redox cycling was expected {29] and the reduction current
was acquired, and which can amplify the current responses [30].
Fig. 4(B) is the amplified amperometric imaging of the 16 microw-
ells, which clearly shows that the responses at the four corners are
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Fig. 1. Optical photographs of (A) the row electrode with microwells, (B) the device consisted of orthogonally arranged arrays of rows and columns of electrodes, and (C) the

use of the device with reference electrode (RE) and counter electrode (CE).
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Fig. 2. (A)Schematic diagram of the addressable microelectrode array detection system. The dashed part represents the working area of the device viewed from the top. (B)
Side view of a crossing point. Local redox cycling occurs at the crossing points of the column and row electrodes.

lower than those of other areas, indicating that dsDNA efficiently
inhibits the redox cycling of Fe(CN)s*~ [Fe(CN)s>~ in the microwells
located at the crossing points of the row and column electrodes. It
is also found that the response decreases with increasing concen-
tration of target DNA, as shown in Fig. 4(C). The responses show
obvious concentration dependencein the range of 0.05 ~ 1 wM. The
linear range of this array is wider than the published one [19]. And
this DNA array has a detection limit of 0.03 uM (defined as S/N =3),
which is similar to the previous report [31].

3.3. Specificity and reproducibility of the microelectrode

We also investigated the influence of a mismatched probe
(1 M, sequence: 5-TTTCCGCTGAGTCCAGATT-3'). Capture DNA
was chemically immobilized by a thiol~Aulinkage in eight microw-
ells, then the target DNA or mismatched DNA was added to the
designated microwells shown in Fig. 5(A). Fig. 5(B) shows the his-
togram of the amplified current responses at different crossing

points modified with different DNAs. Immobilization of capture
DNA in the microwells decreased the current responses, whereas
no decrease in the current signal was observed when the tar-
get DNA was added into bare microwells. This result indicates
that the target DNA does not physically adsorb onto the microw-
ells. A significant decrease in the current responses was observed
when the target DNA was introduced into the capture DNA-
immobilized microwells. On the other hand, the presence of the
mismatched DNA only led to a slight decrease in the current
response. The above results demonstrate that this device can be
used for multipoint addressable detection of DNAs with well speci-
ficity.

Additionally, the untapped devices are used to repeat above
modified process (immobilization and hybridization of DNA) and
electrochemical experiment. It is found that current responses in
each microwells changed +4%. And after the repeated measure-
ment (10 times), the current responses kept about 95%, which
shows this DNA array has well reproducibility and stability.
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Fig. 3. (A) Principle of multipoint detection of DNA hybridization. (B) Amperometric responses at different gold microelectrodes; curves a, b, and c are the bare gold
microelectrode, the ssDNA-modified, and the dsDNA-modified microelectrode, respectively. The potential of the row electrode was stepped from 0.0V to 0.6 V at the point
indicated by the arrow.
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Fig. 4. Detection of DNA hybridization. (A) Schematic of the modification of DNA, and (B) imaging of the amplified reduction current responses at the 16 crossing points.
The capture probes were modified at all crossing points, and different concentrations (0.05, 0.1, 0.5, and 1 M) of target DNA were modified at the four corners (A, B, C,
and D, respectively), (C) The relationship between different concentrations of target DNA and reduction currents. Data points represent means= SD of three independent
experiments.

3.4, Prospect of this device forensic applications. For example, it can be used to simultane-
ous detection of the HIV-1 and HIV-2 oligonucleotides [19] and

Based on aboveresults, it is envisioned that this device hasappli- different food-contaminating pathogenic bacteria [20].
cations in high-throughput DNA assays, such as DNA diagnostics, Although the present method is suitable for high-throughput

gene analysis, fast detection of biological warfare agents, and DNA assays, the present method may be unsuitable for highly
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sensitive DNA detection (e.g. detection of DNAin blood) becausethe
sensitivity of the present device is not very high compared to that
of conventional methods (e.g. fluorescence and PCR methods). We
think that this kind of device can be used for a simple test for a sam-
ple with large amounts of DNA fragments. Itis necessary toimprove
the sensitivity for a detailed analysis. It is important for improving
the sensitivity of the assay to reduce the gap between therow elec-
trode and column electrode and to amplify electrochemical signals.
Wolfrum et al. have reported over 1000-fold electrochemical signal
amplification based on rapid redox cycling between plane parallel
electrodes inside a nanochannel (height, 55nm)[32]. Therefore, itis
expected to amplify significantly electrochemical signals by reduc-
ing the gap between the row electrode and column electrode of the
present device,

4. Conclusions

We have devised a high-throughput amperometric DNA assay
using a novel addressable electrochemical device. Immobilization
and hybridization of DNA in microwells decrease theamperometric
responses from redox cycling at the crossing points of row and col-
umn electrodes. The observed current decrease demonstrates that
we have successfully performed multipoint, and addressable detec-
tion of target DNA. Additionally, this device has good selectivity to
specific DNA. This methodology will afford aninexpensive platform
for comprehensive, high-throughput assays in clinical diagnosis.
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ABSTRACT Background: The relationship between fibroids and infertility remains a critical and unresolved question. During the implan-

tation phase, it is known that uterine peristalsis is dramatically reduced, which is thought to facilitate implantation of the
embryo to the endometrium. In the previous study, using a cine MRI mode, we found that less than half of the patients with
intramural fibroids exhibited abnormal uterine peristalsis during the mid-luteal phase. In the present study, we further inves-
tigated whether myomectomy for patients in the high peristalsis group is a constructive method to normalize uterine peristalsis.
Methods: The frequency of junctional zone movement was evaluated using a cine MRI mode during the mid-luteal phase.
Fifteen infertility patients, who had intramural myomas and exhibited abnormal uterine peristalsis (=2 times/3 min) in their
first MRI, underwent myomectomy and a second MRI. After receiving the second MRI, patients underwent infertility treat-
ment for at least 8 months, and pregnancy rate was evaluated prospectively.

Results: Among 15 patients, the frequency of uterine peristalsis was normalized (0 or 1 time/3min) in 14 patients. Following
myomectomy and second MRI test, 6 of the 15 patients achieved pregnancy (n = 15, pregnancy rate: 40%).

Conclusions: The presence of uterine fibroids might induce abnormal uterine peristalsis in some patients, leading to infertil-
ity, and myomectomy may improve fertility in these patients. Journal of Minimally Invasive Gynecology (2012) 19, 63-67
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The relationship between myomas and infertility remains
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subserosal. It is generally accepted that the anatomic loca-
tion of a uterine myoma is an important factor in determining
a patient’s course of treatment [1]. Meta-analyses have
consistently demonstrated a detrimental effect of submuco-
sal, but not subserosal, myomas on treatment outcomes.
However, conclusions regarding intramural myomas are
conflicting [1,2]. Moreover, because the pregnancy rate
after myomectomy of intramural myomas has varied
widely among previous studies, firm conclusions on the
significance of myomectomy on fertility cannot be drawn
[2]. Therefore management of intramural type myomas con-
tinues to be difficult. To address this problem, we focused on
the mechanisms through which intramural myomas may in-
fluence fertility. It is believed that myomas might interfere
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with the process of embryo implantation [3]. This detrimen-
tal effect on implantation may be mediated by the occur-
rence of abnormal uterine contractility [2,4].

During the implantation phase, it is known that uterine
peristalsis is dramatically reduced, which is believed to
facilitate implantation of the embryo to the endometrium.
In a previous study, we examined the frequency of uterine
peristalsis with a cine magnetic resonance imaging (MRI)
meode display [5]. Among 51 patients with infertility harbor-
ing intramural myomas, 22 patients (43%) exhibited a high
frequency of uterine peristalsis (=2 times/3 min), whereas
29 patients (56%) exhibited a low frequency of peristalsis
(0 or 1 time/3 min) during the implantation phase. Moreover,
after the MRI examination, 10 of 29 patients (34%) with
uterine myomas in the low-frequency group achieved
pregnancy, whereas none of 22 patients (0%) in the high-
frequency group achieved pregnancy, implying that abnor-
mal peristalsis of patients with uterine myomas plays
a role in infertility. After our first study, some of the patients
with uterine myomas who did not achieve pregnancy under-
went myomectomy. In this study, we examined the effect of
myomectomy on uterine peristalsis and pregnancy rate in
patients with high peristalsis.

Materials and Methods

The inclusion criteria for this study were as follows: (1)
Patients who were infertile for at least 24 months with intra-
mural uterine myomas. The patients who had severe symp-
toms related to myomas were recruited to this study if their
infertility period was longer than 12 months; (2) Patients
who had no other significant infertility factors in the screen-
ing test, such as anovulation, corpus luteum insufficiency,
tubal disease, or abnormal semen analysis of the partner;
(3) Patients who underwent myomectomy; (4) Patients who
underwent MRI before and after myomectomy (referred to
as first and second MRI, respectively) and during the time
of implantation window (luteal phase day 5-9) and who ex-
hibited abnormal uterine peristalsis with a frequency of uter-
ine peristalsis that was >2 times/3 min before surgery.

In detail, the patients had regular menstrual cycles of about
28 days. Their basal levels of serum follicle-stimulating hor-
mone, leutinizing hormone and prolactin on menstrual cycle
days 3 to 5 were within normal range (criteria: follicle-
stimulating hormone 3.5-12.5 mIU/mL., leutinizing hormone
2.4-12.6 mIU/mL, and prolactin 4.9-29.3 ng/mL). Their se-
rum estradiol and progesterone concentrations in the midlu-
teal phase were greater than 100 pg/mL and 10 ng/mlL,
respectively. The patients had no tubal obstruction detected
on hysterosalpingography. Sperm concentration of the partner
was at a level greater than 20 X 10%/mL. (World Health Orga-
nization, 1992). After screening tests were performed, ovarian
functional status was monitored predominantly by basal body
temperature (BBT) chart. Ovulation was determined by anal-
ysis of BBT graphs, wherein a rise in temperature of at least
0.2° C above the preceding 6 days that was completed in

less than 48 hours and sustained for at least 11 days indicated
that ovulation had occurred [6]. All patients included in this
study showed unequivocal biphasic cycles in their BBT chart.
We designated the day showing elevated temperature of at
least 0.2° C as luteal phase day 1. MRI was performed before
and after myomectomy during the time of implantation win-
dow (luteal phase days 5-9), judged retrospectively by BBT
chart (evaluated by gynecologists O.Y., T.H.). The
conditions for cine mode have been described elsewhere
[5,7]. MRI studies were performed with a 1.5-T magnet unit
(MRI machine from Siemens Medical Systems at Takino-
gawa Clinic or from GE Healthcare at Teikyo University)
with a 6-ch array coil. Under quiet respiration, a total of 30 se-
rial images were obtained by single-shot fast spin-echo
sequence (echo time and repetition time [TR/TE] = 6000/
78 msec, field of vision = 240 mm, slice thickness =
10 mm, matrix = 256 X 256), every 6 seconds/3 min in the
midsagittal plane of the uterus. All images in 1 study were
summated into 1 image and displayed sequentially on the
cine mode display at 250-millisecond intervals. Subsequently,
conventional axial and sagittal To-weighted images (TR/TE
= 4000—4720/90-111 msec) and axial T;-weighted images
(TR/TE = 400-550/7.0-8.5 msec) were obtained to detect
uterine myomas. One radiologist (T.H) interpreted the images
without information about patients’ menstrual cycles. Evalu-
ation points included (1) perception of movement of the junc-
tional zone on the cine mode display and (2) frequency of that
movement, if perceivable. Patients were divided into 2 groups
on the basis of the frequency of uterine peristalsis; less than
2 times/3 min (low-frequency group) and greater than or equal
to 2 times/3 min (high-frequency group), as described [8].
Infertility treatments were performed as described [5].
Briefly, ovarian follicle growth was checked frequently,
with transvaginal ultrasonography, in the absence of any
drugs (natural cycle) or with clomiphene citrate or human
menopausal gonadotropin for 2 to 3 courses, respectively.
Clomiphene citrate (50-100 mg) was started on cycle day 5
for 5 days. Human menopausal gonadotropin was adminis-
tered for 75 to 150 m IU on cycle day 3 and continued
according to ovarian response. The size of the follicles was
monitored until the diameter of the leading follicle reached
18 mm or greater, and the timing of ovulation was estimated.
In some cases, human chorionic gonadotrophin at a dose of
5000 IU was administered. Intrauterine insemination was per-
formed when motile sperm concentration was <20 X 10%/
mL. Luteal phase support was not performed. After the first
MR, the patients received infertility treatment at Teikyo Uni-
versity for at least 4 months before undergoing myomectomy.
In this study, 15 patients fulfilled the criteria. Of the 15 pa-
tients undergoing myomectomy, 1 case was an abdominal
myomectomy, 7 cases were laparoscopic myomectomies,
and 7 cases were laparoscopically assisted myomectomies,
a procedure that used a small abdominal incision to remove
the myomas. The patients’ characteristics are summarized
in Table 1. The infertility period shown in Table 1 is the timing
when the first MRI was obtained. One patient (case 3 in
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Table 1
Characteristics of patients and the findings of first MRI
Infertility Number Maximum

Case Age Infertility period (mo.) of myomas diameter (mm)

1 41  Sec 48 6 120

2 37  Prm 51 2 75

3 29  Sec 4 1 73

4 38  Prim 24 6 50

5 38  Sec 21 3 45

6 38 Prim 24 5 55

7 37  Prim 24 10 50

8 41  Prim 60 1 ' 80

9 37  Sec 5 55
10 38  Prim 52 2 85
11 36 Prim 2 45
12 37  Prim 24 1 30
13 37  Prim 24 10 .70
14 36 Prm 72 1 50
15 40  Prim 84 1 60
Prim = primary; Sec= secondary.
Fifteen infertility patients, who had intramural myomas and exhibited abnormal
uterine peristalsis (>2 times/3 minutes) in their first MRI, underwent myomec-
tomy and a second MRI. Clinical characteristics, including age, primary or sec-
ondary infertility, the period of infertility (month), the number of myomas and
the maximum diameter (mm) of myoma at their first MRI test are shown.

Table 1) visited our hospital and underwent the first MRI test
at 4 months of her infertility period. She had severe
hypermenorrhea and wasrefractory to the infertility treatment
for 8 months; therefore she underwent myomectomy at 12

months of her infertility period. After the second MRI, which
was obtained after myomectomy, patients resumed infertility
treatment and continued for at least 8 months with the treat-
ment strategy described above, with the exception of one pa-
tient who chose in vitro fertilization (IVF) treatment.

Data regarding age, number of myomas and maximum
diameter of myomas were expressed as median with
minimum-maximum range. The difference in pregnancy
rate was analyzed by 2 X 2 contingency table analysis.

Results
The Effect of Myomectomy on Uterine Peristalsis

Fifteen patients with infertility who had intramural myo-
mas and exhibited abnormal uterine peristalsis underwent
myomectomy and a second MRI test. In the second MRI
test, we confirmed that that all uterine myomas observed be-
fore surgery had been removed.

The frequency of uterine peristalsis was evaluated before
and after surgery (Table 2). In patients who exhibited high
peristalsis before surgery (=2 times/3 min, n = 15), the
uterine peristalsis was normalized in 14 patients (0 or
1 time/3 min), whereas 1 patient (case 11) continued to ex-
hibit high uterine peristalsis (5 times/3 min before surgery,
and 3 times/3 min after surgery).

Pregnancy after Myomectomy

After myomectomy and the second MRI, patients
resumed infertility treatment for at least 8 months, and the

Table 2
Frequency of uterine peristalsis before and after surgery (per 3 minutes), surgical procedure, and pregnancy
Peristalsis frequency Peristalsis frequency Time to Time of
Case (before surgery) (after surgery) Operation Pregnancy pregnancy (mo.) treatment (mo.)
1 6 0 Abdominal YES 3
2 6 1 LAM YES 5
3 4 1 M YES 4
4 4 1 LAM YES 1
5 3 0 LAM YES 2
6 3 0 LAM YES 4
7 3 1 LAM No 16
8 4 0 LM No 15
9 3 1 LAM No 13
10 4 0 LM No 12
11 5 3 LM No 11
12 4 0 LM No 11
13 5 0 LAM No 9
14 4 0 M No 8
15 2 0 M No 9
Abdominal = abdominal myomectomy; LAM = laparoscopically assisted myomectomy; LM = laparoscopic myomectomy.
Fifteen patients with infertility, who had intramural myomas and exhibited abnormal uterine peristalsis (=2 times/3 minutes) in their first MRI, underwent myomectomy and
a second MRL The frequency of uterine peristalsis per 3 minutes before and after surgery is shown. The surgical procedure of abdominal myomectomy, laparoscopically
assisted myomectomy, or laparoscopic myomectomy was shown. After myomectomy, the range of fertility treatment period (month) for both those who conceived (Yes)
and those who did not (No) was shown.
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pregnancy rate was evaluated (Table 2). Six of 15 patients
achieved pregnancy (n = 15, pregnancy rate: 40%). In detail,
5 conceptions were achieved in a natural cycle, in which
patients underwent ultrasonography to check follicular
growth and received instruction with regard to the timing
of intercourse (cases 1-5), and 1 case (case 6) was achieved
with IVF techniques, which was done at an infertility clinic
elsewhere. This patient had not attempted IVF techniques be-
fore undergoing myomectomy and did not try non-IVF treat-
ment after the surgery. All 6 pregnancies were intrauterine
and reached term. The birth rate was 6 of 15 patients (40%).

Discussion

During the implantation phase, it is well known that uter-
ine peristalsis is dramatieally reduced, which is believed to
facilitate implantation of the embryo to the endometrium
[8-10]. Using a cine mode MRI display, we have
confirmed that no uterine corporal peristalsis was noted in
the healthy volunteers during the mid- and late-luteal phases
[7]. Furthermore, in the previous study, we found that less
than half of the patients with intramural myomas exhibited
abnormal uterine peristalsis during the mid-luteal phase.
Interestingly, in the high-frequency peristalsis group, no
patients achieved pregnancy, whereas one third of patients
in the low-frequency peristalsis group achieved pregnancy
in the presence of myomas [5]. These data suggest that abnor-
mal uterine peristalsis caused by intramural myomas could
be one of the factors causing infertility. To further examine
this hypothesis, we investigated whether myomectomy for
patients in the high-frequency peristalsis group is a construe-
tive method to normalize uterine peristalsis. Here, we exam-
ined the same patients assessed in the previous study.

As shown in Table 2, myomectomy reduced the frequency
of abnormal peristalsis in all patients, and the peristalsis rate
returned to normal range (0 or 1 time/3 minutes) in 14 of
15 patients. Moreover, 6 of 14 patients achieved pregnancy
after myomectomy.

A correlation between uterine peristalsis rates and preg-
nancy has previously been demonstrated [9,10]. With
ultrasonography, Fanchin et al [9] examined the uterine peri-
stalsis of patients with infertility who do not have uterine
abnormalities and found a negative correlation between the
frequency of uterine peristalsis on the day of embryo transfer
and pregnancy outcome. These results suggest that high-
frequency endometrial waves on the day of embryo transfer
may negatively influence transfer outcome, perhaps by
expulsion of the embryos from the uterine cavity [9].

Likewise, our previous data suggest that abnormal uterine
peristalsis has a negative impact onimplantation. In that study
of 22 patients who exhibited high-frequency peristalsis, none
achieved pregnancy (pregnancy rate; 0 of 22 patients [0%])
[5]. In this study, we found that myomectomy returned
peristalsis rates to normal in these patients, with a subsequent
increase in pregnancy rates (6 of 15 patients [40%]). Although
there is a possibility of type I error because of the small sample

number, the pregnancy rate was improved significantly after
surgety (p <.0012). Therefore these data might also suggest
that abnormal uterine peristalsis has a negative impact on
implantation.

In response to myomas, increased peristalsis may act as
a mechanism to expel embryos from the uterus. Alterna-
tively, estrogen is known to induce uterine peristalsis [11],
and increased aromatase expression has been observed in
uterine myomas [12]. Thus the elevated aromatase might
result in elevated tissue estrogen concentration, which, in
turn, could increase the rate of peristalsis. However, the pre-
cise mechanism by which myomas induce peristalsis
remains unclear and requires further study.

In summary, we found that myomectomy reduced the fre-
quency of uterine peristalsis in patients who had exhibited an
abnormally high frequency of peristalsis before surgery.
Moreover, we found that myomectomy increased the preg-
nancy rate in patients who had exhibited a high frequency
of peristalsis. These findings suggest that the presence of
uterine myomas might induce abnormal uterine peristalsis
in some patients, leading to infertility, and that myomectomy
may improve fertility in these patients.

Although the management of intramural type myomas
continues to be difficult [1,2], cine mode MRI might have
the potential to select patients who should undergo surgery.
Because this study was preliminary, we made clinical
decisions for the treatment of myomas not on the basis of
the findings of cine mode MRI but on the traditional
therapeutic strategy in which patients who were refractory
to the infertility treatment had a choice to undergo
myomectomy. Further randomized study with an increased
number of subjects is warranted.
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Activin-A is induced by interleukin-16 and tumor
necrosis factor-a and enhances the mRNA expression
of interleukin-6 and protease-activated receptor-2 and
proliferation of stromal cells from endometrioma
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 Objective: To exa

 the egulatlonand the function of activin-A in stromal cells derived from endometrioma.
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Endometriosis is a gynecological condition in women of reproductive
age, of which the primary symptoms are infertility and pain.
Endometriosis is defined as the presence of viable endometrial glands
and/or stroma outside of the uterine cavity. Although the etiology of
endometriosis is unknown, multiple lines of evidence suggest that
inflammation plays a pivotal role in the pathogenesis of the disease
(1-4). We have shown that aberrant secretion of cytokines, such as
interleukin (IL)-6, IL-8, and monocyte chemoattractant protein-1, in
endometriotic tissue plays a role in modulating the inflammatory
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response. Moreover, we have demonstrated an association between
protease-activated receptor (PAR)-2 and endometriosis.

PARs, which are members of the seven-transmembrane G-pro-
tein-coupled receptor family, are known to be important mediators
of inflammation (5). We have reported that PAR-2 activation leads
to the development of endometriosis by promoting endometrioma
stromal cell (BoSC) growth and inflammation (6), while the
formation of endometriotic lesions was suppressed in PAR-2
knockout mice (7).

Activins, which are a member of the TGF (transforming growth
factor) - superfamily, are homodimers of inhibin/activin-{ subunits.
Inhibins are heterodimers of inhibin-« and inhibin/activin-@ subunits
(8). Although activins are originally isolated as a factor that
stimulates pituitary glands to secrete FSH (8), several studies pro-
vide evidence that activins also take part in inflammatory processes.
For example, increased expression of activin-A has been shown in
several inflammatory lesions, including ulcerative colitis, Crohn’s
disease, and interstitial pulmonary fibrosis (9, 10). Recent studies
have demonstrated that activin-A and its receptors are expressed
in endometriotic lesions (11, 12). Additionally, in vitro studies
have demonstrated an increase in activin-A secretion from eutopic
endometrium in women with endometriosis (12, 13).

These findings suggest that activin-A might be involved in the
development and progression of endometriosis. However, the reg-
ulation of activin-A expression and its effect on the endometrium

0015-0282/$36.00
doi:10.1016/j.fertnstert.2011.05.006



is unknown. In the present study, we examined the regulation of
activin-A expression in EoSC, focusing on inflammatory stimuli.
Additionally, we examined the effect of activin-A on cultured
EoSC.”

MATERIALS AND METHODS

Reagents and Materials

Dulbecco’s minimum essential medium (DMEM)/Ham’s F12 (F12) medium,
0.25% trypsin-ethylenediamineteraacetic acid (EDTA), and deoxyribonuclease
I were from Invitrogen. Fetal bovine serum (FBS), type I collagenase, and
antibiotics (mixture of penicillin, streptomycin, and amphotericin B) were
purchased from Sigma. Recombinant human activin-A was from R&D Systems.

Patients and Samples

Tissue specimens were obtained from 28 patients with ovarian endometrioma
undergoing laparoscopy after obtaining written informed consent under
a study protocol approved by the Institutional Review Board of the
University of Tokyo. All patients had regular menstrual cycles, and none
had received hormone treatment for at least 3 months before surgery.
Endometriotic tissue samples were obtained from the cyst wall of an ovarian
endometrioma under sterile conditions and were histologically confirmed.

Isolation and Culture of Human EoSC

Primary EoSC culture was conducted as described elsewhere (14). Briefly,
endometriotic tissue was dissected free of underlying parenchyma, minced
into small pieces, incubated in DMEM/F12 with type I collagenase (2.5
mg/mL) and DNase I (15 U/mL) for 1-2 hours at 37°C, and separated using
serial filtration. Debris were removed using a 100-um nylon cell strainer
(Becton Dickinson), and dispersed epithelial glands were eliminated with
a 70-um nylon cell strainer. Stromal cells remaining in the filtrate were
collected by centrifugation, resuspended in DMEM/F12 with 10%
charcoal-stripped FBS, penicillin (100 U/mL), streptomycin (100 ug/mL),
and amphotericin B (250 ng/mL), and plated onto 100-mm dishes (Iwaki).
‘When the cells became confluent after 2 days, they were dissociated with
0.25% trypsin, harvested by centrifugation, and replanted in 6-well plates
at 2 x 10° cellsfwell. They were kept at 37°C in a humidified 5% COy/
95% air environment until they were grown to confluence over the course
of 2 days. Purification of the stromal cell population was confirmed by
immunocytochemical staining for the following antibodies: vimentin
(stromal cells), cytokeratin (epithelial cells), and CD45 (monocytes and other
leukocytes). The purity of the stromal cell was more than 98%, as judged by
positive cellular staining for vimentin and negative cellular staining for
cytokeratin and CD45.

Treatment of Cultured EoSC

Cultured EoSC were treated with IL-18 (10 ng/mL; Genzyme) or tumor ne-
crosis factor (TNF)-« (10 ng/mL; Genzyme) without FBS for 6 or up to 48
hours. In the experiment for mRNA expression, EoSC were cultured for 6
hours (n = 5). To examine the activin-A release into the medium, EoSC
were plated to 12-well plates with 1 mL of DMEM/F12 with or without
IL-18 or TNF-a. After incubation for 6, 24, and 48 hours, respectively,
supernatants were collected and stored at —80°C until assay (n = 3). To
examine the effect of activin-A on EoSC, cultured EoSC were stimulated
with activin-A (0-300 ng/mL) without FBS for 6 hours to check mRNA
levels. To examine the involvement of the activin receptor in activin-
A-inducing responses in EoSC, SB431542 (10 uM), activin receptor-like
kinase (ALK) -4, -5, and -7 inhibitor, or DMSO (control) was added 1
hour before activin-A stimulation (n = 3).

Reverse Transcription (RT) and Quantitative Real-Time
Polymerase Chain Reaction (PCR) Analysis

Total RNA was extracted from EoSC, using the RNeasy minikit (Qiagen). RT
was performed using Rever Tra Dash (TOYOBO). One microgram of total
RNA was reverse transcribed in a 20-uL volume. For the quantification of
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various mRNA levels, real-time PCR was performed using LightCycler
(Roche Diagnostic GmbH), according to the manufacturer’s instructions.
The PCR primers were selected from different exons of the corresponding
genes to discriminate PCR products that might arise from possible chromo-
somal DNA contaminants. Especially, as activins are homodimers of inhibin/
activin-g subunits and inhibins are heterodimers of inhibin-« and inhibin/ac-
tivin-@ subunits (8), the mRNA of the inhibin-« subunit and the inhibin/acti-
vin-BA and -8B subunits was examined, respectively.

The primer sequences were as follows: inhibin-a subunit (NM_002191:
369--388 and 602--582), inhibin/activin-SA subunit (NM_002192: 505-526
and 673-653), inhibin/activin-gB subunit (NM_002193: 1184-1204 and
1325-1305), PAR-2 (NM_005242: 369-389 and 549-530), and GAPDH

002046 628-648 and 1079-1060). PCR conditions were as follows:
1L-6, 40 cycles of 95°C for 10 seconds, 66°C for 8 seconds, and 72°C for
12 seconds; PAR-2, 40 cycles of 95°C for 10 seconds, 64°C for 10 seconds,
and 72°C for 8 seconds; GAPDH, 35 cycles of 95°C for 10 seconds, 64°C for
10 seconds, and 72°C for 18 seconds; inhibin-& subunit, inhibin/activin-8A
subunit, and inhibin/activin- $B subunit, 40 cycles of 95°C for 10 seconds,
55°C for 10 seconds, and 72°C for 8 seconds. After amplification, melting
curve analysis was performed. Relative expression of each mRNA was
normalized by GAPDH mRNA.

Cell Proliferation Assay

To examine the effect of activin-A on the cell number of EoSC, preconfluent
EoSCs in 96-well plates were treated with vehicle (phosphate-buffered sa-
line) or activin-A (100 ng/mL) in DMEM/F12 without serum for 48 hours.
After 48 hours of stimulation, cell numbers were measured with a cell count-
ing kit (CCK-8; Dojindo), based on the method of colorimetric assay. Briefly,
media were replaced with DMEM/F12 without serum and 10 ul of the
CCK-8 solution was added to each well and incubated for 1 hour in the incuba-
tor. Absorbance was measured at 450 nm using a microplate reader. The data
were shown as a ratio to controls (mean & SD) from four different experiments.

ELISA

The concentration of activin-A in supernatant was measured in triplicate us-
ing specific ELISA kits (Quantikine; R&D Systems). The sensitivity of the
assay was 3.6 pg/mL. The intra-assay and interassay coefficients of variation
were <5% in the assays. The data obtained were shown as a relative ratio to
the basal level of 6 hours of culture.

Statistical Analysis

Data were analyzed by Student’s #-test for paired comparison and one-way
ANOVA with post hoc test for multiple comparisons using Statview software
(SAS Institute Inc.). P<.05 was considered statistically significant.

RESULTS

mRNA Expression of Inhibin/Activin Subunits in EoSC

As shown in Figure 1, with IL-18 and TNF-a stimulation for 6
hours, the inhibin-a subunit mRNA of cultured EoSC was un-
changed. There was an approximately 3- to 4-fold (n = 5; P<.01)
increase in inhibin/activin SA subunit mRNA expression with
IL-18 or TNF-« stimulation compared with each control sample,
while expression of the inhibin/activin-$B subunit was reduced by
more than 50% with these stimuli (n = 5, P<.01).

Activin-A Concentration in Supernatant of EoSC

In EoSC, the basal level of activin-A release into the medium was
increased in a time-dependent manner (Fig. 2). In the presence of
IL-18 or TNF-«, the concentration of activin-A was over 3- to
5-fold higher than that of each control sample throughout the
48-hour culture period (n = 3; P<.01). Compared with IL-
18- and TNF-a-stimulated EoSC, IL-18 rather than TNF-« induced
activin-A in cultured supernatant significantly throughout 48 hours
(P<.01).




" FIGURE 1

Inhibin/activin subunits mRNA in human EoSC. Gultured human
EoSC were stimulated with IL-18 (10 ng/mL) or TNF-a (10 ng/mL)
for 6 hours. Total RNA was extracted from the cells and subjected
to real-time PCR to determine the inhibin/activin subunits mRNA
levels, Data were normalized to GAPDH mRNA levels.
Representative data from five different experiments were shown
as the mean + SEM relative to an adjusted value of 1.0 for the
mean value of the each control, *P<.01 (vs. control).
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The Role of Activin-A in EoSC

As shown in Figure 3, activin-A significantly induced IL-6 and PAR-
2 mRNA expression of EoSC in a dose-dependent manner. Although
IL-6 mRNA expression was induced significantly with activin-A at
the concentration of 0.1 ng/mL, upregulation of PAR-2 mRNA ex-
pression was observed at 100 ng/mL (n = 3; P<.01).

In the presence of SB431542 (10 uM), ALK-4, -5, and -7 inhib-
itor, activin-A-induced IL-6, and PAR-2 expression was suppressed.
Moreover, SB431542 reduced the basal level of PAR-2 but not IL-6
mRNA expression (n = 3; P<.01).

FIGURE 2 [

Activin-A concentration in the supernatant of EoSC. Cultured
human EoSC were stimulated with IL-18 (10 ng/mL) or TNF-a: (10
ng/mL) for 6-48 hours, Activin-A concentration in the supematant
of cultured EoSC was measured in triplicate by ELISA, and data
were shown as a relative ratio to the basal level of 6 hours of
culture. One representative data point from three different
experiments were shown. *P<.01 (vs. control).
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FIGURE 3 |

The role of activin-A in EoSC. Cultured human EoSC were
stimulated with activin-A (0-300 ng/mL) for 6 hours. SB431542 (10
uM), ALK-4, -5, and -7 inhibitor, or DMSO (control) was added 1
hour before activin-A stimulation. Total RNA was extracted from
the cells and subjected to real-time PCR to determine the IL-6 and
PAR-2 mRNA levels. Data were normalized to GAPDH mRNA
levels. Representative data from three different experiments were
shown as the mean + SEM relative to an adjusted value of 1.0 for
the mean value of the each control. *P<.01 (vs. control).
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In a cell proliferation assay, activin-A (100 ng/mlL) stimulation
for 48 hours exhibited a significant 1.3-fold increase in the number
of EoSC (n = 4, mean % SD, 1.3 &= 0.02; P<.0001).

DISCUSSION

In the present study, we found that inflammatory stimuli IL-16 and
TNF-« induced activin-A expression in EoSC. Activin-A also en-
hanced EoSC proliferation and the expression of IL-6 and PAR-2
mRNA.

It is likely that an altered immunoinflammatory environment in
the peritoneal cavity supports the survival and growth of endometriotic
lesions. A variety of cytokines and growth factors derived from acti-
vated macrophages, endometriotic cells, and mesothelial cells in the
abdominal cavities of women with endometriosis are thought to play
a role in the development of the disease (1—4). IL-18 and TNF-« in
particular may be key molecules involved in the disease process (1).
These cytokines elicit pleiotropic effects, such as stimulation of
cytokine secretion and cyclo-oxygenase (COX)-2 expression (14).

In the present study, we found that IL-18 and TNF-« increased
the expression of the inhibin/activin-GA subunit in EoSC, without
changing the inhibin-& subunit level. Consistent with the increase
in mRNA expression, activin-A protein levels in the cultured super-
natant were also upregulated with these stimuli. These results might
explain the high concentration of activin-A protein that has been
observed in the peritoneal fluid of patients with endometriosis (15).

Interestingly, mRNA expression levels of the inhibin/activin-B
subunit were suppressed with inflammatory stimuli. This result is
consistent with observations by Reis et al., who showed that ovarian
endometriotic cells fail to express the inhibin/activin-GB subunit
(15), and Florio et al., who demonstrated that the concentration of
inhibin-B in the supernatant of cultured EoSC is less than that of
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inhibin-A, suggesting that the inhibin/activin SA subunit is predom-
inant in endometriotic tissue (16). The lower expression levels of the
inhibin/activin-@B subunit in ovarian endometriotic cells could also
be the result of inflammation.

‘We also examined whether activin-A augmented the proliferation
of endometriotic cells. The effect of activins on cell proliferation is
known to be cell dependent. Activins stimulate proliferation of cells
of various origins, including lung fibroblast, keratinocyte, thyroid
cells, osteoblasts, and spermatogonial cells, but also exhibit an anti-
proliferation effect on lymphocytes and prostate cancer cells (17). In
the present study, activin-A induced proliferation of EoSC derived
from endometrioma.

Furthermore, we found that activin-A induced expression of two
known accelerators of endometriosis, IL-6 and PAR-2, in a dose-
dependent manner. Dose-dependent studies revealed that IL-6
mRNA was induced at lower concentrations of activin-A compared
with PAR-2 mRNA, suggesting the dose-dependent function of
activin-A in the development of endometriosis. High IL-6 expres-
sion levels have previously been observed in the peritoneal fluid

of women with endometriosis (18). Moreover, IL-6 secretion from
endometriotic cells is a putative pathophysiological mechanism
underlying the development of endometriosis (19). We also have
shown that PAR-2 is involved in the pathogenesis of endometriosis
(6, 7). Although the regulation of PAR-2 expression in EoSC has not
been clarified, the present study revealed that activin-A could be an
important factor in the regulation of PAR-2 expression. Notably,
basal levels of PAR-2 but not [L-6 were reduced with the addition
of SB431542, an inhibitor of several TGE-# family cytokines.
This result suggests that cytokines of the TGF-f superfamily are
likely to play a role in the regulation of the basal PAR-2 expression
in EoSC.

In summary, we have demonstrated that activin-A is induced by
inflammatory stimuli and then mediates the development of
endometriosis by inducing cell proliferation and further increasing
the inflammatory response. -
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