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Fig. 4. Effects of TBCI1D1 knockdown on beta-cell turnover. (A} Representative images of primary rat sorted beta-cells co-stained for TUNEL (red}, insulin {green) and suclei
{blue). (B} Effect of knockdown of TBCIDT ou rat primary beta-cell death measured by TUNEL (n = 8}, (€} Effect of TBCID1 kuockdown on rat primary beta-cell proliferation.

ion was d by Bral ovar 24 11 (i = 6}, 7P < 0,05 vs control SIRNA by Student’s £ test. {D and E} Representative Western blot and quantification of
Akt (D} and Cdkd (E) after knockdown of TBCIDY (i = 4).
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observed between Glut4 and insufin vesicle trafficking {16]. We re-
port here for the first time that two key TBC1D1 phosphorylation
sites, Ser-231 {AMPK dependent) and Thr-596 (probably Akt
dependent), are phosphorylated in response to giucose, suggesting
that TBC1D1 is implicated in the beta-cell function. However, Ser-
231 is phosphorylated already after 10 min glucose stimulation,
whereas Thr-596 is only phosphorylated after 1 b of stimulation.
The kinetics of phosphorylation of the 2 phospho-specific sites in
response to glucose suggests either that TBC1D1 interacts with dif-
ferent kinases or that different stimuli are involved (glucose vs
insulin/IGF2). Our data suggest that AMPK and Akt are involved
in the early (Ser-231) and late (Thr-596) glucose-stimulated
TBC1D1 phesphorylation events respectively. It is postulated that
downstream signalling cascades may impact differently on beta-
cell function. These cascades are multiple, complex and
overlapping, both in terms of insulin secretion [17}] and beta-cell
proliferation {18] which make their identification complex.

In insulin target tissues, TBC1D1 and AS160/TBC1D4 phosphor-
ylation inhibits their Rab-GAP activity. Therefore, silencing of
TBC1D1 mimics this phosphorylation and inactive status, Knock-
down of TBCID1 mildly affected beta-cell function by increasing
to a smail and comparable extent both basal and stimulated insulin
secretion, while we have shown that AS160/TBC1D4 was a key reg-
ulator of insulin secretion [4]. This suggests that TBC1D1 might
interact with specific Rab proteins distinct from those downstream
of TBC1D4. Moreover, beta-cells with decreased TBCID1 expres-
sion were unable to respond to KCI stimulated insulin secretion,
Overall, our results suggest that TBC1D1 gets phosphorylated in re-
spanse to glucose stimulation in beta-cells without playing a major
role in glucose stimulated insufin relcase. However, it appears
essential for calcium mediated insulin release in response to direct
depolorization by KCl. The apparent discrepancy between these
findings is perhaps explained by the well-documented ability of
glucose to elicit insulin secretion through increased cytosolic cal-
cium while also activating a calcium-independent potentiating
pathway {19} that would appear not to require TBC1D1, In sum-
mary, our data suggest that the 2 paralog proteins, TBCID1 and
4, have distinct roles in the regulation of insulin secretion; TBC1D1
plays a role in the maintenance of baseline insulin secretion and is
essential for calcium-mediated secretion, whereas AS160{TBC1D4
plays a more central role in glucose stimulated insulin secretion,

Decreased protein expression of TBC1D1 inhibited beta-cell
proliferation without affecting survival, while AS166/TBC1D4 is in-
volved in both beta-cell survival and proliferation suggesting again
that these 2 proteins have non-redundant functions {4]. The strong
decrease.in beta~cell proliferation when TBC1D1 is knocked down
seems to be independent of the glucose concentration present in
the media, suggesting that TBCI1D1 plays a central role in beta-cell
proliferation. However, when looking at the expression of proteins
involved in beta-cell survival and in the cell cycle, knockdown of
TBC1D1 does not influence their expression. Nevertheless, TBC1D1
might interact with protein complexes involved in the regulation
of the cell cycle.

in conclusion, this study reports for the first time that TBC1D1,
known to be involved in the insufin response in muscle and adi-
pose tissue, is expressed in beta-cells, is phosphorylated in
response to glucose and is involved in beta-cell proliferation and
insulin release.
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Abstract: The present study evaluated the use of this self-acti-
vated shape memory afloy (SMA) device, with a focus on its
effects in the region under the periosteum. Twelve Japanese
white rabbits were used in this study. The device was inserted
under the periosteum at the forehead. In the experimental
group, the device was pushed, bent, and attached to the bone
surface and fixed with a titanium screw. In control group, the
device was only inserted under the periosteum,. After 14 days,
the screw was removed and the mesh was activated in the ex-
perimental group. Rabbits were sacrificed 5 and 8 weeks after

the operation and newly formed bone was hi ically and

some newly formed bone was observed and most of the sub-
periosteal space underneath the device was filled with fibrous
tissue, and a thin layer of immature bone was observed in the
control group. in the experimental group, muitiple dome-
shaped bones, outlined by thin and scattered trabeculae,
were clearly observed under the SMA mesh device. The use
of self-activated devices for the periosteal expansion tech-
nique may make it possible to avoid donor site morbidity,
trans-skin activation rods, any bone-cutting procedure, and
the following ir i ivation procedure. © 2013 Wiley

radiographically evaluated. The quantitative data by the area
and the occupation of newly formed bone indicated that the
experimental group had a higher volume -of new bone than
the control group at each consolidi period. Histol

m
Ys
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INTROBUCTION

Alveolar bone augmentation is one of the standard treat~
ments for dental implantation when alveolar bone volume is
insufficient. A relevant vertical and/or horizontal defect of
the alveolar ridge is still a challenge for appropriate implant
placement and predictable long-term results,

Autogenous bone grafting is considered the gold stand-
ard for maxillofacial bone reconstruction.* However, this
technique may be associated with donor site morbidity and
resorption of the grafted bone, and it cannot be used for si-
multaneous soft tissue augl ation, Thus, the t of
bone augmentation is usually limited.

In contrast, distraction osteogenesis (DO) is an alterna-
tive method that uses a biological process in which new
bone formation occurs between segments that are gradually
separated™® This gradual traction of pedicled bone frag-
ments is followed by simultaneous osteogenesis (bone) and

[+ o to: K. Y: hi; g-mail: y k il.eom
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histogenesis (functional soft tissue matrix). However, dis-
agreement exists regarding the various treatment parame-
ters, such as surgical technique, type of distraction device,
and minimal bone height and width necessary to perform
distraction,

Recently, osteogenesis by periosteal distraction or eleva-
tion without corticotomy for bone augmentation has been
suggested.”™ This method is based on the concept that ten-
sile strain on the periosteum, which causes tenting of the sub-
periosteal capsule, is sufficient to produce bone formation,
without corticotomy or local harvesting of the bene. These
studies indicated a new technical aspect of DO or tissue
expansion, with the controlled guided formation of new bone,

Previously, we investigated the utility of periosteal
expansion osteogenesis (PE0), the same concept as perios-
teal DO or elevation, using a highly purified B-tricalcium
phosphate {§-TCP) black, instead of titanium devices, in a

%2013 WILEY PERIODICALS, INC.

FIGURE 1. Image of SMA device. {Color figure san be viewed in the
online issue, which is available at wileyonlinefibrary.com.]

dog model. We found that newly formed bone at the gap
between the original bone and §-TCP block, and the B-TCP
block, acted as a space-maker under the perjosteum. This
suggests the possibility to inducing newly formed bone with
no autogenous grafting or osteotomy. Howevey, it needs me-
chanical activation, as does a DO protocol with a turning de-
vice penetrating the mucosa or skin. Such penetration of
soft tissue around the augmented area can cause wound
dehiscense or exposure of the device, and subsequent infec-
tion, Considering the ideal conditions for acquiring sufficient
hone, a complete capsule under the periostenm is required.

Many studies have done to make novel distraction de-
vice that expand automatically and automatically, for exam-
ple motor-driven, spring-mediated and hydraulic devices,'®
However most of those devites were too big to implanta-
tion. Clinical useful device that has an automated activity
require specific parameters; small size, easily implantable,
fully buried,biocompatible, sufficient force peneration and
maintenance. NiTi implants bave been used for cardiovascu-
lar and orthodontic treatments.*'* However these materi-
als are not used for bone augmentation, although a few ani-
mal studies have shown the possibility of using them for
jaw elongation or alveolar bone augmentation with a DO
technique. And those were used as spring device, so it is
difficult to control the activation rhythm and distraction or
expansion vector. To create the ideal space with no manual
activation, we developed a simple self-activated mesh device
made of Ni-Ti shape-memory alloy (SMA) for periosteal
expansion. The present study evaluated the use of this self-
activated using SMA device with a forcus on its effects in
the region under the periosteum.

Mesh device

Before the test

FIGURE 2. Scheme of the ive test. o: Comp ive load; £ di
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MATERIALS AND METHODS

Japanese white rabbits (all male, 3-3.5 kg)} were used and
were divided into four groups of three according to the
time of sacrifice and with or without activation. The proto-
col and guidelines for this study were approved by the Insti-
tutional Animal Cave and Use Review Committee of Kyushu
Dental College, Kitakynshu, Japan.

In the control group, the device was only inserted with
no activation, and others in the experimental groups, it was
inserted and activated after a latency period, Groups were
also defined for consolidation periods of 5 and 8 weeks af~
ter surgery.

Device description
The device consisted of Ni-Ti materials {Ni; 56,1, Ti; balance,
Fe; 5 0,05, 0; £ 0,05, S 0,03, N; § 0,02, wt %), The form of
the mesh device was 5-mm width, 25-mm length, and 0.275-
mm thickness. The pre-curved form was designed that the
middle point was 4-mm above from the baseline {Figure 1).
The deformation behavior of the SMA mesh plate was
measured by a compressive test (Figure 2), The plate was
fixed on an Instron-type testing machine {Model AG-I;
Shimadzu, Japan), and compressive stress was apphied
perpendicuiarly to the plate at a cross-head speed of
1.0 mm min~’, Compressive load (o) and displacement ({)
was caleulated when the plate became completely flat.

Surgical protocol
The animals were anesthetized by intramuscular administra-
tion of ketamine hydrochloride (60 mg kg™ Ketalay Sankyo,
Tokyo), followed by diazepam {5 mg) and atropine sulfate (0.5
mg}, without endotracheal intubation. Before the operation, 10
mg kg™" pentobarbital sodium was injected intravenously. In
addition, 1.8 mL of iocal anesthetic (2% xylocaine and epi-
nephrine 1:80,000, Dentsply Sankin, Tokyo, Japan) was used
during all surgical procedures. hmediately after the opera-
tion, the animals received cefazolin sodium (20 mg kg™*) sub-
t: 1y, which was continued until postoy ive day 3.
The operation was performed under standard sterile
conditions, The forehead of the animal was shaved and dis-
infected with 1% jodine sodium. After a U-shaped skin and
V-shaped periosteal incisions were made in the forehead
region, the frontal bone of the animal was exposed following
the careful elevation of the periost The device was
inserted under the periosteum [Figure 3{A)}. In the experi-
mental group, the device was pushed, bent, and attached to

Compressive stress

Mesh device

th

able at wileyonlinelibrary.com.]

[Color figure can be viewed in the online issus, which is avail-
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FIGURE 3. Image of surgical procedure. SMA device undar periosteum (A), fixation with titanium screw at the bended position (Bl Closure with
periosteum over the device (C). image at the screw removal after latency period for 2 weeks (D). [Color figure can be viewsd in the online issue,

which is avaifable at wileyonlinelibrary.com.]

the bone surface and fixed with a titanium screw {diameter;
2.0 mm, length 4 mm) [Figure 3(B)). In control group ani-
mals, the device was-only- inserted under the periosteum.
After irrigation with saline; the periosteum was. positioned
back in its original place and stabilized by suturing with 5-0
Vicryl. The skin was made using 4-0 Vieryl {Figure 3(C)].

Postoperative protocol

All rabbits were given water and normal rabbit food postop-
eratively. ‘After 14 days a soft tissue-incision -of 2-mm long
was made over the screw and a driver was inserted for its
removal of it in the experimental group [Figure 3(D}}. The
wound was.- closed using 5-0 Vicryl after screw removal in
the experimental group. Rabbits were sacrificed after a 3~
and 6-week consolidation period with a lethal dose ol thio-
pental sodium. In control group, the timing of the sacrifice
was the same as in the experimental group, so it. was done
at 5 and 8 weeks after the operation. The cranial bone was

" removed and fixed for 14 days in 10% buffered formalin.

‘Tissue preparation and histological evaluation

Cranial bone tissue was evaluated by soft focused X-ray
CT (Comscantechno, Yokohama, Japan) under electrical con-
ditions of 65 pA and 70 kV, Measurements were made on
three vertical images per specimen, closest to the center of
the device. In-each image, the area occupied by the new
hone was measured using image analysis software {(Image J,
venl.44; NIH, Bethesda, MD). The complete area underneath
the SMA device was defined as "the expanded volume” (EV).
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The area of mineralized tissue in the EV was defined as “the
total bone volume” {TBV). The percentage ratio of EV/TBV
was calculated to assess the extent of new bone growth.

Specimens ‘were fixed without decalcification and then
immersed in Villanueva bone stain solution (Maruto, Tokyo,
Japan). Then the specimens were then dehydrated through
a graded ethanol series, embedded in methylmethacrylate
{Wako Pure Chemical Industries, Osaka, Japan), and cut in
5-pm sections (Exact, Mesmer, Ost-Einbeck, Germany).

Statistical analysis

Statistical analyses were performed using the SPSS software
{ver. 10.0; SPSS, Chicago, 1L). Normality and homogeneity
were analyzed with variance tests. A paired ¢ test was used
to analyze the area of newly formed bone and the ratio of
EV/TBV of all groups. The level of significance was chosen
in all statistical tests was set at p < 0.01.

RESULYS
Average compressive load and displacement was summar-
ized in Table I Width of the center and the whole of the

TABLE 1. Average Compressive Load and Strain of Whole
the Plate and Center of the Plate (n = 3}

Compressi Displ, Wt
Load {a)/N (1/mm
Whole the plate 4.2 3.99
Center of the plate 0.9 4.08

PERIOSTEAL EXPANSION OSTEOGENESIS USING SMA DEVICE

ORIGINAL RESEARCH REPORT

FIGURE 4. Soft focused X ray CT images showing cross sectional view of fow bone over the original bone at postoporative § weeks in control
group {Al. Dome shape hone outlined from original hone was observed af posteperative 5 and 8 weeks in the experimental group (B-D). A thin
newly farmed bone was observed on the original bone at postoperative 8 weeks in controf group (D).

plate are 5 and 15 mm, respectively. If it is assumed that
the former has the same size as the latter, compressive load
required for the same displacement as the latter is calcu-
lated as 2.7 N (= 0.9 =+ § x 15). This is lower than the
measured compressive load of whole the plate. This is
attributed to the face that the center of the plate has porous
structure.

No complications related to the materials used at the
sites of intervention, before, during, or at the end of the ex-
perimental phase. or infection within or around the device
were observed in any animal. Upon screw removal, the de-
vice was activated to the original position immediately in
two animals. They were concealed under the soft tissue dur-
ing activation and the consolidation period until the time of
sacrifice and no clinically active ion was observed
around the SMA device.

Five and eight weeks after operation, soft focused X-ray
CT images showed that the newly formed bone was less ra-
diopaque than the original bone. Newly formed bone tissue
was hardly observed in the control group at postoperative §
weeks, The peak of newly formed bone was located under
the center of the device [Figure 4({A)]. The dome shape
bene outlined from original bone in the experimental group
[Figure 4(B.D)]. The quantitative data by the area and the
occupation of newly formed bone (TBV/EV) indicated that
the experimental group had a higher volume of new bone
than the control group at each consolidation period (p <
0.01} (Table 11). With increasing bone consolidation period,
the date was also relatively increased but there were no
static difference between both of time course.

Five weeks after operation, some newly formed bone
was observed and most of the subperiosteal space under-
neath the device was filled with fibrous tissue with no
inflammatory cell reaction, and a thin layer of immature
bone was observed at the outer surface of original skull
bene in the control group [Figure 5(A)] In the experimental
group, a thin osteogenic layer, same as in the control group,
was also observed along with an ebvious, prominent, newly
formed bone trabeculae connecting the layer to the original
bone {Figure 5(B)].

Eight weeks post-operation, similar histological patterns
were observed in the contrel group [Figure 5(C)}. A layer of
immature bone and a bridge-like structure were observed.
However, quantitative evaluations showed no difference
between them in the titme course, In the experimental group,
muitiple dome-shape bones, outlined by thin and scattered
bone trabeculae were clearly observed under the SMA mesh
device [Figure 5(D)], These newly formed beone trabeculae
were observed in the center of the SMA device, and the domed
shape of the newly formed bone trabeculae was similar to the
curved shape of the SMA device in some specimens,

DISCUSSION

DO is successful because, under appropriate levels of stimu-
lation, periosteal mesenchymal stem cells differentiate into
osteoblasts and produce an early subperiosteal calius within
the osteomized gap*** The most recent concept of perios-
teal DO is also based on the potential of the periosteum to
differentiate into osteoblasts to fill the space over the
underlying bene,

TABLE 2. Table Showing the Quantitative Data by the Area and the Occupation of Newly Formed Bone (TBV/EV]

Postope 5 Weeks (Mean % SD)

Postope 8 Weeks {(Mean & SD)

Control Experiment Control Experiment

Bone area (mm?2) 0.10 % 0,12 2,14 £ (.85 0.34 £ 018 290 % 113

Ratio of TBV/EV (%) 1.6 = 11 273 £ 108 1.2 %45 311 = 121
*p < 0.01
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FIGURE 5. Representative histological images stained with Villanueva bone stain for control and experimental group Scale = 300pin A,B,.C,D.
30uin EF. A thin newly formed bone layer was seen over the original bone at postoperative 5 weeks in control group {A). A prominent newly
tormed bone connected with thin layer same as (A} was observed at postoperative 5 weeks in the experimental group (Bl A fayer of newly
formed bone and some bridge-like structure was observed at postoperative 8 weeks in control group (C). A multiple dome shape bone was

observed at postoperative 8 weeks in the experimental group (D).

Previous reports of periosteal DO showed new bone
formation in the gap created by the devices. However the dis-
advantages for clinical application still exist. One is that most
devices penetrate the skin or mucesa and need manual me-
chanical activation to create the space between the periosteum
and underlying bene, it is also difficult to close the wound
with the periosteum over a bulky device. Sufficient closure
with the periosteum is an important factor to acquire newly

740 YAMAUCH! ET AL.

formed bone as a result of periosteal DO. The device used in
this study consisted of a thin NiTi mesh device (0.25mm thick)
and had the advantage of acquiring an ideal capsule under the
periosteum. This thin SMA device can be used as an automated
and fully internalized distraction device, which might resolve
many complications with minimal invast

The histological findings demonstrated that pewly
formed bone originated mainly from the underlying original

PERIOSTEAL EXPANSION OSTEOGENESIS USING SMA DEVICE

bone. Even in the control group, a thin layer of immature
bone was observed at the surface of the bone. It seemed
that progenitor cells were from the blood and osteoblasts
were provided from the original bone. In addition, the
prominent newly formed bone under the device was
observed in the experimental group., The location of the
main prominence was at the same level as the mid point of
the device. It seemed that the pressure from the overlying
soft tissue affected the ossification from the original bone
and the excess tension under the periosteum prevented the
production of newly formed bone. However, Zakaria et al.
reported that the refatively thick trabecular bone was
observed in the segment near to fixed end” In this study,
newly formed bone was observed more in the middle part
than at the end. A fixation screw was placed in the center
of the device and removed after a latency period of 2
weeks, so the end of the device was not fixed in this study.
In the experimental group, at postoperative 8 weeks, the
dome shape of the newly formed bone trabeculae was simi-
lar to the curved shape of the SMA device in some speci-
mens. It seems that bone regeneration was induced by the
gradual expanding force of the elasticity of the SMA device.
Lethaus et al. showed that the newly formed bone in the
static periosteal shielding procedure was almost the same
as that in the dynamic periosteal elevating procedure.!®
‘This is different than the present results. They used pig
forehead and its skin and soft tissue was much thicker than
the rabbit tissue we used. Also, they put every type of devi-
ces were put on the same forehead, the tension against the
each device may have been less than with the single device
used in this study.

The speed of self-activation after removal of the fixation
screw seems to be an important factor in acquiring newly
formed bone in this method. Sensimen et al. clearly demon-
strated that the quality of newly formed bone depended on
the distraction speed.” Zakaria et al. also reported that the
speed of the regenerative space expansion by periosteum
elevation should be optimized, and that the speed range of
periosteal distraction for bone augmentation was 330 o
per day or less.” Measuring the activation speed in this
study was difficult, as speed was affected by the form of the
device, including the thickness, initial healing around the
device, the amount of soft tissue, and body temperature, In
addition, only one kind of device was used in this study, so
further evaluation is necessary to identify the appropriate
form and elasticity of the SMA device.

The rale of the mesh-perforations is still a matter of
debate. In the previous reports, most of the devices for the
periosteal DO or dynamic elevation technique had mesh
perforations in the part invelved in the traction of the peri-
osteum without standardization of their number or size.>*
Gosain et al. demonstrated the influence of the periosteal
layer on calvarian defects in rabbits.'® He created a barrier
with nonperforated polytetrafluorcethylene membranes that
reduced new bone formation in the center of calvarian
defects, but simultaneously enhanced bone growth at the
peripheral cranial border. Weng et al demonstrated
increased bone growth using the same membranes to shield
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the elevated spaces from the periostewm in guided bone
regeneration.” in the dynamic separating procedure, such
as this technigue or pariosteal distraction, it seems to be
important to have sufficient communication bhetween the
periosteum and the underside of the device with apprapri-
ate mechanical strength against the overlying soft tissue to
encourage new bone formation.

Another issue is that nickel may have toxic effects i
vitre and in vivo at high concentrations, The high nickel con-
tent of Ni-Ti might cause biocompatibility problems, due to
dissolution of nickel jons or wear particles from the alloy.™®
Thus, long-term application of the Ni-Ti alloy should be
avoided, and development of a new device with different
materials but with the same properties is expected. Few
reports have demonstrated ossification between the bone
surface and perjosteal tissue created by the SMA device af-
ter a latency period based on a distraction concept, Macro~
scopic and microscopic observations condacted in this study
revealed no pathelogical change around the SMA device.
Nonetheless this nickel toxicity problem has to be addressed
before human use. Recently, new Ni-free, Ti- based alioy
was examined for application in: orthodoutic treatment and
craniofacial plastic surgery.">*" This material may be suita-
ble for human use.

In medical applications, the mechanical properties and
degree of elasticity differ in each treatment. Furthermore
the amount of defect is also different especially for the
patient who needs a sufficient alveclar bone volume for
dental implant. In this study, only one device was used with
one protacol, and the number of rabbit was limited accord-
ing to the Institutional Animal Care and Use Review Com-
mittee of the College, So the statistical analysis seems not to
be strong enough to prove the ideal protocol for this tech-
nique. The results might have been different it we had used
other devices with different elasticity or set a longer/
shorter latency or consolidation period. SMA materials have
been used for bone regeneration or lengthening of the jaw
bone) 12 However, the material was used in the form of
a wire, and there is no previous report of using a mesh or
board SMA device for a periosteal DO technigue.

To the best of our knowledge, this is the first report of
newly formed bone in the gap created by the selfactivated
force using a SMA mesh device, Further studies are needed
to provide more information about the newly formed bone
and for subsequent use in clinical sitnations. Improvement
in device design and mechanical properties will enable
three-dimensional contrel in cranjomaxillofacial surgery and
orthopedic surgery. The use of self-activated devices for the
periosteal expansion technique may make it pessible to
aveid the donor site morbidity associated with autogenous
tissue grafts, trans-skin, or trans-mucosal activation rods,
any bone-cutting procedure, and the following intermittent
activation procedure of normal DO.
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@ ABSTRACT‘ T lua paper Leports on the. recomntutmu of buman efficr-a-
: lated gene (hERG) ¢ els in artificial bilayer lipid membranes

(BLM\) formed in micropores fabricated in silicon chips. The hERG
channels were isolated from Chinese hamster ovary cell lines expressing
. the channels and incorporated into the BLMs formed by a:pracess in
- which the two lipid monolayers were folded into the micropores. The
of hERG channel reported by the patch-clamp

< ch istic f

- method, including’ single- _channel cond

\oltage. dep

 sensitivity ‘to typical “drugs and dupendcnce on the potassinm

[ ration, were investig;

d in the BLM reconstitution system. The BLM with hERG channels mcorponted exhibited a

 lifetime of ~65 h and a to]erance to repetitive solution’ e\{clmngcs Such ‘stable BLMs containing biological channels have the

1

i3

_potential for use in a varjety of applications, including L

3 R
ghput - drug sc : various ol

1 proteins.

:[on -channel proteins are i proteins that are of
crucial phlysm!ogncal importance and are major targets for
dru;) design.”” Recording ion-channel activities by measuring
ion currents represents a simple method to mvesngate channel
function® and to screen the effect of drug candidates.” Much of
our understanding of ion-channel proteins has arisen from data
obtained using the patch-clamp method for recording fon flux
through open channels at the single-channel and whole-cell
levels. On the other hand, the reconstitution of ion channels in
artificial bilayer lipid membranes (BLMs) has 'the advantage
that the researcher can precisely control the composition of the
system, including the lipid environment, which is not easily
manipulated in the case of the patch-clamp method. However,
the mechanical instability of BLMs prevents them from being
widely used and, as a result, the bilayer method in currently
confined to laboratory use.

There is a growing interest in the development of drug
screening platforms for ion channels, since a wide range of ion
channels has been identified, not only as a primary molecular
target in. drug actions but also as a major culprit in drug-
induced adverse effects’ A recent esample that received
considerable attention is the hwuman ether-a-go-go-related gene
(hERG) channel,® a cardiac voltage-dependent potassium
channel. Full or partial blockage of the hERG channel by
drugs that are designed for totally unrelated targets can result in
a potentially fatal archythmia " A number of drugs, including

with the ICH S7B safety g * regul ies require
that the potential for dmg candidates to uﬂnbxt cardiac ion-
channels be ‘Lsse;\ed particularly hERG, before clinical trials
are performed.™® Although the guideline mentions cell-based
electrophysiological assays as an in vitro assessment method, it
also states that novel channel activity assays conld be useful in
the preliminary screening of test substances. BLM, in which the
hERG channel is incorporated, represents a potentially new
technique for screening substances that directly block hERG
channels, provided issue of membrane instability is addressed
and solved.

Numerous attempts have been made to improve the stability
of BLMs through the formation of BLMs in nano- and
microfabricated pores.'®!" These efforts led to the prolonga-
tion of membrane lifetime of several tens of hours!™™®
However, the mechanical stability of BLMs has not been
improved to the desired extent. In addition, these approaches
are commonly based on BLMs prepared from lipids dissolved
in p-alkane solvents, which are probably not found in natorally
occurring cell membranes. Since residual solvent may be
present in the annular region and/or in the bilayer interior, as
indicated by ¢ t5,"** and the partition-
ing of n-alkanes into BLMs has been reported to decrease with
n-alkane chain length,* the use of large amounts of the solvent,

ce measure

antihistamines; antipsychotics, gastric prokinetics, and even
antibiotics, bave now been withdrawn from the market because
of their adverse effects on the hERG channel® In accordance
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especially shorter chained n-alkanes, may denature the fragile
ion-channel proteins. For the above reasons, it would be highly
desirable to minimize n-alkane solvent levels in BLMs as a new
drug screening platform for fon channels, ;ﬁﬂ\ough solvents
may contribute to the formation of stable BLMs.*

The use of an #-alkane solvent has been a common approach
for improving BLM stability,''~*%%%2% The solvents increase
hydrophobicity of the pore rim and permit the lipids near the
edge of the pore to become oriented appropriately.™ In
addition, a nonpolar solvent may function as an :mulator to
prevent electric leakage in the membrane edge area™ In
another approach to the formation of stable BLMs, we reported
on the formation of mec.lmnacaﬂy stable and reduced-solvent
BLMs by preparing membranes in xmcroﬁ:bncateci pores, the
edges of which were smoothly tapered® The pores were
fabricated in a nanometer-thick silicon nitride (Si;N,) septum
deposited on a §i substrate. The BLMs formed in the pore
showed tolerance to a high applied voltage (£1 V) and
mechanical shock during repetitive solution exchanges, together
with a Jong lifetime over 40 h. The key feature that stabilized
the BLMs is probably the tapered shape of the pore edge that
was formed via isotropic etching. This shape allows stress on
the bilayer to be reduced at the point of contact with the
septum, leadmg to the formation of stable BLMs. At first, the
BLMs formed in the pores of these Si chips exhibited a large
background noise and slow current transients for open < close
events, due to the large capacitance of the $i chip. To eliminate
this, we reduced the chip capacitance by coating the chip with
layers of insulation.?® After coating the chip, except for the
pore, with Teflon and 8$i0,, the noise level and current
transients were improved without any detectable impairment in
membrane stability.

In the present study, we used this stable BLM to measure the
ion carrent of the hERG channel, which is highly important as a
target of the early toxicity screening of preclinical drug
candidates.**™ The hERG channels (Kvil.1) were isolated
from Chinese hamster ovary (CHO) cell lines expressing the
channels and were incorporated into the BLMs suspended in
the micropores that were fabricated in the Si Chips. Ion
curreats of single or multiple hERG channels were investigated
in terms of single-channel conductance, voltage dependence,
sensitivity to typical drugs and potassium concentration
dependence.

B EXPERIMENTAL SECTION

Materials. CHO cell lines expressing BERG chanuels
(Kv1L1) were obtained from the Channelopathy Foundation
(Basel, Switzerland). Chloroform >olutmm of i x-phosphatx-
dylcholine, (PC, from egg) and L-o-phosg 1

Protein Isolation, The hERG channels were extracted from
CHO cell fines as brane fractions, according to the
procedures in ref 29. Briefly, the cells obtained from 100 mm
plates were rinsed with HBSS (GIBCO) and scraped off into 2
3 mL solution of 200 mM NaCl, 33 mM NaF, 10 mM EDTA,
and 50 mM HEPES (pH 74 with NaOH) plus protease
inhibitors (100 uM phenylmethylsulfonyl fluoride, 1 pg/mL
pepstatin A, 1 ug/mL leupeptin). The cells were homogenized
and spun at 1500g for 10 min. The membrane fractions were
pelleted from the low-speed supernatants by centrifugation at
157000g for 1 h and resuspended in 120 mM KCf and 10 mM
HEPES (pH 7.2 KOH). All steps were performed at 4 °C. The
total protein concentration in the protein suspension was
determined by the Bradford method using a BIO-RAD protein
assay kit. The total protein concentration ranged from 1.3 to
1.9 mg/ml (total volume of 0.5-0.6 mL) among § isolation
experiments. Since the protein was obtained in the form of a
crude membrane preparation, the protein samples produced
various bands on an SDS—PAGE gel, including a band at ~ 135
kDa corresponding to hERG®® (Figuare S2 of the Supporting
Information).

BLM Formation. Micropores with a diameter of 2060 pm
were fabricated in Si chips, and the surface of the chip was
coated with Teflon-AF and thermal oxide, according to the
procedure described in ref 28. The 8i chip thus fabricated was
silanized by treating with 2% (v/v) CPDS in acetonitrile for 1~
2 h at yoom temperature in a nitrogen-filled glovebox, Planar
BLMs were formed by folding up two lipid monolayers across
the micropore in the Si chip, which was set in the middle of a
Teflon chamber (Figure 1). The Si chip separated two

Figure 1, (a) Cross-section and top view of a silicon chip suspending
BLMs (not drawn to scale). {b) Schematic of a BLM formed across a
micropore in the present $i chip.

[PE, transphosphatidylated (egg)] were purchaxxed from Avanti
Polar Lipids {Alabaster, AL}, Cholesterol {Chol) was obtained
from Wako Pure Chemicals (Osaka, Japan) and recrystallized
three times from methanol. E-4031 and astemizole were
obtained from Wako Pure Chemicals and Sigma-Aldrich (St
Louis, MO), respectively. FZ Si (100) wafers (>9000 £ cm,
200 gim in thickness), one side of which was coated with a 240
nm thick SiyN, layer, were obtained from Semitec {Chiba,
Japan). Teflon-AF (type 1601, 6% solution in Fluorinert FC-
40) was purchased from DuPont Fluoroproducts (Wilmington,
DE). 3-Cyanopropyldimethylchlorosilane (CPDS) was ob-
tained from Gelest (Morrisville, PA). Acetonitrile for HPLC
was purchased from Wako Pure Chemicals.
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compartments, cis and trans, in the chamber. Each side of
the chip was precoated with a thin layer of n-hexadecane, by
applying a § pL aliquot of 0.1% n-hexadecane in chioroform,
Although solvent-free BLMs were also formed without #-
hexadecane precoating in the Si chip,” this primer coating
appeared to improve the probability of stable BLM formation.
A 1350 gl portion of 22 mM KCl solution containing 10 mM
HEPES/KOH (pH 7.2) (abbreviated as 22 mM KCl buffer),
filtered just before use through a cellulose acetate filter (pore
size 0.20 prmy; Advantec Toyo), was added to cach compartment
of the chamber. The buffer level in both compartments was set
below the pare. A 10 gL portion of » lipid solution [2 mg/mL

dxdoiarg/10,1021/0c303484k | Anal. Chem. 2013, 85, 33634369
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Figure 2. Single hERG channel currents recorded at an applied potential of 100 mV. (a) Before the addition of E-4031 (control). (b) ARter the
addition of E-4031. The final concentration of E-4031 was 200 M. {c) Point-amplitade histogram of the current trace shown in (a).
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Figure 3. {a) Examples of single hERG channel currents recorded at an applied potential of —100, ~60, and +100 mV, {b) Single-channel current—
voltage (J—V) refationship for hERG, The error bar indicates the SEM (i = 3=7)

PC:PE:Chol = 7:1:2 (w/w) in chloroform/n-hexane (1:1, v/v)]
was spread on the aqueous solutions. After evaporation of the
chloroform/#-hexane, the BLMs were formed by gradually
raising the buffer level until it surpassed the pore.

Protein Incorporation and Current Recordings. The
incorporation of hERG channels into planar BLMs was
performed by fusing hERG-containing proteoliposomes either
with the preformed BLMs or with the lipid monolayer on the
cis solution before BLM formation. In the former method, &
proteoliposome - suspension  (typically 100 pL) containing
hERG channels was added to the cis solution after the
formation of the BLMs. A 50 uL aliquot of a 3.0 M KCI
solution containing 10 mM HEPES/KOH (pH 7.2) (abbre-
viated as 3.0 M KCl buffer) was added to the cis side to adjust
the KCl concentration to 120 mM to generate 2 potassium
concentration gradient across the BLMs. After gentle stirring
for 30—60 min, a 50 #L aliquot of the 3.0 M KCl buffer was
added to the tranx side. In the latter method, lipid monolayers
were first spread on the solutions in both cis and trans
compartments. After evaporation of the solvent, a protein
suspension (typically 100 L) containing hERG channels was
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added to the cis solution, The buffer level in both compart-
ments was then gradually raised to allow the monolayer
containing the hERG channels (cis side) and that containing
only lipids (trans side) to undergo folding. In both methods,
the cis and trans compartments were finally filled with a
solution containing 120 mM KCI and 10 mM HEPES/KOH
(pH 7.2) (abbreviated as 120 mM KCl buffer). Sometimes the
incorporation processes in both cases were perforred in a hot
water bath (70—80 °C), which made the temperature of the cis
and trans solutions about 37 °C. The use of physivlogical
temperature was based on our previous observation that the
rate of incorporation of a gramicidin channel into BLMs was
improved when the temperature of the aqueous solutions
surrounding BLMs was warmed to ~37 °C. * The success
probability for observing hERG chanuel currents for $3
membranes was 13%. Channel blockers (E-4031 and
astemizole) were added to both sides of the BLMs in order
to avoid changes in the concentration of xstemtzole, which is
highly hydrophobic and membrane permeant.’®

Current recordings and capacitance measurements were
performed with an Axopatch 200B patch-clamp amplifier

dx.dotorg/ 10102 1/ac303483k § Anal. Chem. 2013, 85, 43634369
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(Molecular Devices). Signals were online fltered at 1 kHz with
a low-pass Bessel filter, digitized at 10 kHz, and stored online
using a data acquisition system (Digidata 1440 and pCLAMP
10.2, Molecular Devices), The cwrrents were off-line filtered at
a cutoff frequency of 0.7 kHMz, according to a literature
describing patch-clamp recordings of single hERG currents.*
Applied potentials were defined with respect to the trans side
held at ground. Capacitance was measured by applying ramp
voltage pulses of 4 V/s at a holding potential of 0 mV. The total
capacitance (the sum of both membrane and device
capacitance) was 39 # 12 pF (n = 8) in 22 mM KCI buffer
and 46 £ 79 pF (n = 3) in 120 mM KCI buffer. Average
currents for multichannel responses during open periods were
obtained as described in the Supporting Information.

@ RESULTS AND DISCUSSION

hERG Single-Channel Currents. The hERG channel is a
voltage-gated potassivm channel that is crucial for repolariza-
tion during action potentials in human ventricular myocytes, 74
We first examined recordings of the hERG single-channel
currents (Figure 2) after incorporation of the NERG channel
into BLMs formed in the microfabricated $i chip. Stepwise
currents were evident, with an average single-channel chord
conductance of 11 % L2 pS (mean & SEM, n = 3). This
conductance level is similar to a previously reported value (12
pS in 120 mM KCl) obtained using the patchwclamp method.*
The addition of E-4031, a specific blocker,™* completely
blocked channel activity, confirming the functionality of the
hERG channel incorporated in the BLMs formed in the §i
chips. Single-channel activity was only observed at negative
applied potentials, as shown in the I-V relationship of single
hERG currents (Figure 3). The slope conductance for the
inward currents, determined by linear regression analysis of the
1=V relationship between —100 and —40 mV, was also 12 pS.
At positive potentials, no outward currents were observed,
which is in agreement with reported patch-clamp observations
showing that outward single-channel currents are only
mﬁequently observed for hERG channels expressed in Xenopus
oocytes.> Artificial BLMs formed in microfabricated Si chips
have been criticized from the standpoint that the BLMs exhibit
a high background noise level due to the luge device
capacitance in the range from 250 pF to 1 nR/'2A6
However, after the $i chip was coated with capacltance«
reducing insulating layers (Teflon and thenmal oxide),™ the
total capacitance (the sum of both membrane and device
capacitance) was reduced to 46 & 7.9 pF (1 = 3) in 120 mM
KCl buffer. The BLMs formed in this chip showed an rms noise
of 1.3 & 040 pA in a 5 kHz bandwidth and the peak-to-peak.
noise of 1-2 pA after filtering at | kide. The use of a §i0,/
Teflon dielectric layer greatly reduces the noise level, which
permitted single-channel activities of the hERG channel, whose
conductance is relatively low, fo be recorded.

hERG Multi-Channel Cutrents and Protein Orienta-
tion, In addition to stepwise single-channel currents, large and
intermittent burstlike currents were observed in some
membranes (Figure 4), indicating the presence of multiple
channels in the BLM. The current corresponds to the sum of
the ion flow through the open channels whose number
fluctuates from moment to moment. The number of open
hERG channels, as estimated based on the single-channel
current (~1 pA at —100 mV), varied from zero to more than
ten. Since the number of hERG channels in the BILM is still
fairly stall, their open « close transitions are stochastic. To
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Figure 4. hERG mubicl | currents ded at an applied
potential of +100, 0, and ~100 mV.

examine the variation in the currents, we repeated multichannel
recordings with a single BLM, and the average current during
the open period was estimated (see the Supporting
Information). The relative standard deviation obtained for
four sets of ~10 s open durations was 40%. Because the
number of open hERG channels fluctuates in 3 stochastic
manner, relatively large variations were observed for the
multichannel currents. Interestingly, burstlike maultichannel
currents were observed only at ~100 mV, while no current
fluctuations were observed at +100 mV. This means that most
of the hERG channels were embedded in the BLM with the
intracellular side oriented toward the cis side. Of the seven
BLMs that showed hERG channel activities, including multi-
and single-channel currents, five (71%) showed channel activity
only at negative pon.ntmls, sugo;cshng that the incorporation of
a hERG channel p Iy in an ot ion such
that the cis side chamber cone»ponds to the cytoplasmic space
and the trans to the extracellular space. Since the hERG-
containing proteoliposomes were prepared from a crude
membrane fraction without a detergent-solubilization process,
there may be preferential channel orientation in liposomes,
Ieading to the oriented ion of hERG ¢h Is in the
BLMs. A similar oriented reconstitution in BLMs has been
reported for ion channels isolated without detergent
purification (e.g, calcium-activated K* channels from rat
myometriusm vesicles”” and ltage-dependent CI™ ct Is
from rabbit skeletal muscle).?

Effect of Drugs on hERG Channel Currents. The hERG
channel is the most important component of phase 3
rcpolamanon during the action potential in human ventricular
myocytes.” The full or partial blockage of the hERG channel
causes a long QT syndrome, a cardiac repolarization disorder
that predisposes people to cardiac arrhythmia.®” Various drugs,
including antihistamines and antibiotics, can block hERG
channels and trigger ventricular archythmia and, in some cases,
result in sudden death."” It therefore becomes highly important
to analyze the effects of a drug on hERG single-channel activity
via the use of BLM reonnstmmon systems, where LERG
channel activities can be evaluated under chemi ¢ lled
conditions.

Figure § shows the effects of E-4031 and astemizole on
BERG currents at the single-channel level. E-4031 is a speuﬁc
channel blocker of hERG, and izole is an antihi
that has been withdrawn from the market in most countries due
to its side effect on the hERG channel.¥” Before the addition of

dx.dolarg/10.1021/6c363484k | Angh, Chen, 2013, 85, 43634368
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(a) Controt

(b) +200 pM E-4031
{c) After washout of E-4031
tad i o £8 R PP closet
L4 1 L IR A LA 1 SR 13pS

1pat
50 s

Figure S. Blocking of a single KERG channel by E-4031 and
astemizole. (2) Before the addition of blockers {control). (b) After the
addition of E-4031. The final concentration of E-4031 was 200 M.
(¢) Recovery from E-4031 block after thorough washout. (d) After the
addition of izole. Final ¢ jon of le was 100 pM.
Applied potential: 100 mV.

the drugs (control), stepwise currents were observed with a
single-channel conductance of ~13 pS. The addition of B-4031
completely blocked the current, thus confirming that the
control currents stemmed from the permeation of jons through

the hERG channel. After washing out E-4031, the channel
activities were recovered. Finally, the addition of astemizole
again completely blocked the channel current, confirming its
inhibitory effect on hERG channels reconstituted in a BLM.
Thus, the sensitivity of the hERG channel to most typical drugs
has been successfully reproduced in the present BLM
reconstitution system. For a detailed analysis of the blocked
states of hERG at lower drug concentrations, a faster sampling
rate with a higher cutoff frequency would be necessmy to
increase time vesolution because blockers can reduce the open
state of fon channels.”” As shown in Figures 3a and §, the open
channel noise was sometimes higher than the closed-state
noise, probably because the opening dynamics of the hERG
channels is faster than the resolution of detection, even in the
absence of blockers. A higher current noise at the open state
than the closed state was also reported for hERG channels in
Xenopus vocytes.* An enhanced time resolution will likely be
required to resolve the inter states of channels at low
drug concentrations. However, a lower noise level is a
prerequisite for achieving a higher sampling rate, Jeading to a
higher temporal resolution.

Multiple hERG channels are sometimes integrated in BLM as
observed in Figure 6. hERG channel activities were observed
ouly after the incorporation of channels into BLMs and were
blocked completely by the addition of E-4031. After a thorongh
washout of E-4031 for ~17 h, channel activities were fully
recovered. The further addition of astemizole also blocked the
activity of the DERG channel, again reproducing the adverse
effect of astemizole on hERG channels in the BLM system. The

A ®) 14
a 'g 1.24
b ' , 510
=
@

i ;E 0.6

c ‘ y 504
d ‘W’. ) Hh m* mm 02
y? | Nw% | | $§i‘ | '
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! 24

8 pAi_
250 ms
Time /h
Figure 6, Blocking of RERG ¢k Is by E-4031 and izole at the multichannel level. (A} Bxamples of hBERG multichannel currents recorded at

an applied potential of ~100 mV. (a) Before the incorporation of hERG into the BLM. (b} Control hERG multichannel current before addition of

Dlockers. () After the addition of E-4031. The final concentration of E-4031 was 200 #M. () Recovery from E-4031 blocking after a thorough
washout. (¢) After the addition of astemizole. The final concentration of astemizole was 100 #M. (f) Recovery from astemizole blocking after a
thorough washout. (g) hERG channel currents ~65 h after BLM formation. (B) Ci I-current amplitude lized to the control (trace b in A).
Average current amplitude was first calculated as deseribed in the Supporting Information and normalized to the control value. The error bar
indicates the SEM (i = 45}, (C) Time-course of the resistance obtained from the BLM from which the current traces in () were recorded, Points
a—g represent points at which the current traces a—g in {A) were recorded.
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Figure 7. 7 ium concentration depend on BERG multichannel corcents, (a) Bxamples of BERG multichaunel currents at 50, 120, and 300
mM K'. Applied potential: =200 mV. {b) Normalized-current amplitude at 56, 120, and 300 mM K*. Current amplitude was nosmalized to that
obtained in 120 mM KCL The exror bar indicates the SEM (# = 12-30).

blocking by astemizole was reversed after a washout of several
hours. The channel activities were still observed even after ~65
b, demonstrating that present BLM in the micropores is stable
and retains high-sealing properties for long hours. Although
both E-4031 aund astemizole blocked the hERG channel, the
recovery from the E-4031 blocking was much slower than for
the blocking by astemizole (Figure S3 of the Supporting
Information), suggesting that the blocking by the two
compounds is controlled by two different mechanisms*>0!
A similar recovery from the drug-induced blocking has been
reported by the patch-clamp method; hERG currents recover
from E-4031 blocking extremely slowly, requiring more than 1
h,** while faster recovery has been reported for izole

BERG channels in cell membranes. On the basis of the above
results, it can be concluded that the hERG channels
incorporated in the present BLMs retain their characteristic
pharmacological sensitivities to typical blockers as well as to the
¢ ion of ium, d ting intact reconstitution
of hERG channels in the Si chip-based BLM systems.

B CONCLUSIONS

We report herein on the incorporation of intact hERG channels
into artificial BLMs suspended in microfabricated §i chips. The
BLMs with integrated hERG channels are highly stable for long
periods. The characteristic features of hERG channels, such as

blocking Furthermore, a full recovery from the E-4031
blocking was also achieved in the present system alter repeating
the washout process for a long period, owing to the high
mechanical stability. The BLM-containing hERG channels
withstood repetitive (17 times) exchanges of solutions during
the ~65 h measurements. These results demonstrate that the
present BLM has the potential for being particularly useful for
examining the long-term effect of drugs on hERG channels.
The importance and difficulty in exchanging solutions adjacent
to BLMs was also pointed out by Portonovo and Schmidt.®
Solution exchange enables different experimental conditions for
the same BLM preparation. In our experiments most BLM
preparations with integrated ion channels (bERG or other
channels) withstood selution exchanges (929, 13 BLMs were
examined). Such a high compatibility of the BLMs to soluti

single-channel conductance, voltage dependence, sensitivity to
typical drugs and potassium ¢ tion depend were
retained alter being incorporated into the BLM in Si chips,
These results demonstrate the significant potential of the
present hERG-based Si chip as a platform for drug safety
screens, 1t could also be used to evaluate longterm or
hysteresis effects of drugs, as the present BLM containing
hERG channels exhibited a long lifetime (~63 h} together with
mechanical stability to repetitive solution exchanges. Since the
number of hERG channels in the BLM is faitly small, and the
observed single- and multichannel events are stochastic,
i igations ‘of dose-dependent inhibition are not as easy as
in the case of whole-cell current measurements. However, the
analysis of single-channel currents sheds considerable informa-
tion on the mechanism of drug-induced inhibition than whole-

exchanges can be useful for increasing the experimental
throughput from single BLMs.

Finally, we examined the potassium concentration depend-
ence on hERG multichannel currents (Figure 7). It has been
reported that the conductance of hERG is dependent on the
potassium concentration and is saturated at high concen-
trations.* When the concentration of potassium was reduced
to S0 mM, the multichannel response was reduced to ~90%,
while, when the potassium concentration was increased to 300
mM, the multichannel response was also increased to ~130%,
The observed potassium concentration dependence was similar
to that reported for hERG channels investigated using the

cell the jssue of whether a drug of intevest
canses a reduction in single-channel conductance or 3 reduction
in open time could be a useful measure for investigating the
inhibition mechanism and designing new drugs without side
effects. Although we used identical potassium ion concen-
trations on both sides of BLMs to compare the results with
reported single-ch 1 properties d in cell-attached
patches, the present approach is generally applicable to other
experimental conditions, including asymmetric solution con-
ditions.

‘The next step is to extend the stable hERG-containing BLM
device to a multisite array format for use as a platform for
hERG safety screens. Since we previously reported on the
imults and d formation of stable BLMs in a

patch-clamp method? Therefore, the hERG cl 1
incorporated into the present BLM system showed a similar
sensitivity to potassium concentration to that reported for

4368

horizontal arcay format and paraflel recordings of channel
activities from different BLMs," in future studies, we plan to
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improve the throughput by combining the hERG-containing
BLMs with the array format. We conclude that the realization
of a hERG-channel array will open a variety of applications,
including high-throughput drug screening procedures that can
be a complement to the patch-clamp method.

B ASSOCIATED CONTENT

© Supporting Information

Additional description on the analysis of multichannel cuxrents,
SDS~PAGE of crude membrane extracts from CHO cells
expressing hERG channels, and time courses for the fraction of
open durations during drug-induced channel inhibition and
recovery from blocking. This material is available free of charge
via the Internet at hitp://pubs.acs.org,
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Ti metal treated with NaOH, NI,0H, and heat and then soaked in simulated body fuid (SBF) showed
in vitro apatite formation whercas that treated with NaOH, HNO;, and heat and then soaked in SBF did
pot. The anatase TiQ, precipitate andjor the fine network structure formed on the surface of the Ti metal
treated with NaOHM, NH4OH, and heat and then soaked in SBF might be responsible for the formation of

apatite on the surface of the metal. The NaOH, NHyOH, and heat treatments might produce nitrogen-

Keywords:
Titanium metal

doped Ti0, on the surface of the Ti ietal, and the concentration of methylene blue (MB) in the Ti metal
sample treated with NaGH, NH,0H, and heat decreased more than in the untreated and NaOH- and heat-

Titania treated ones. This preliminary result suggests that Ti metal treated with NaOH, NH.OH, and heat has the
Nitrogen potential to show photocatalytic activity under visible light.

Apatite
Visible-light photocatalytic activity
Simulated body fuid

© 2013 Elsevier BV, All rights reserved,

1. Introduction

Postoperative infection is a serious problem that occurs because
of the growth of bacteria on the surface of metallic orthopedic
implants, Although the incidence of surgical site infection {SS1)
depends on the surgical sites themseives and on the operative pro-
cedures, it has previously been reported that the incidence of S51
for artificial hip joints was 0.2-0.6% [1-3] and for artificial knee
joints was 2.2-2.9% [2,4,5]. When implants were externally fixed,
the incidence of §SI was 51% {6]. Unfortunately when infection
occurs, a surgical operation is essential to replace the implants at
worst, resulting in a remarkable decrease in quality of life (QOL} for
patients. Therefore, it is desirable to develop antibacterial, biocom-
patible metallic implants in order to minimize the incidence of 551
and thus minimize the need for implant replacement.

Numerous attempts have been made to develop antibacterial,
biccompatible metallic implants including silver-coated {7,8] and
silver-containing-hydroxyapatite-coated metallic implants [9,10];
hoewever, silver is toxic to human cells {11,12], Silver-free antibac-
terial metallic implants and iodine-supported titanium implants

* Carrespoading auther. Tel: 81 22 795 3837; fax: +81 22 795 4735.
E-moil address: m-k celtohoku.acjp (M. ita).
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were recently developed [13], and good clinical results have been
reported {14},

About 15 years ago, treating titanitm (Ti) metal and its alloys
with sodium hydroxide (NaOH) and subsequently heating them
[15] was found to induce bone bonding (i.e., bioactivity}on implants
produced from them |16}, A NaOH- and heat-treated artificial hip
joint produced from Ti-GAl-2Nb-Ta alloy was clinically used in
Japan for the first time in 2007 [17]. However, because NaOH-
and heat-treated Ti metal does not exhibit antibacterial properties,
silver-doped bioactive Ti metal has recently been used as a material
for implants [18] despite concerns about the cytotoxicity of silver.

1t has previously been reported that sodiwm titanate and titania
(Ti0,) containing rutile and anatase structures, which are formed
on the surface of NaOH- and heat-treated Ti metal and its alloys,
are responsible {or the bioactivity | 15]. Further, the TiQ, layer that
formis on Ti metal during anodic oxidation shows in vitre apatite for-
mation {19,20] and in vivo bone bonding {21]. It has previously been
reported that nitrogen {N}-doped Ti03, on the other hand, shows
visible-light-induced photocatalytic activity [22~-24]. Therefore, if
N atoms are successfuily incorporated into the surface TiO; layer
on Ti metal to induce photocatalytic activity with visible light, the
resultant Ti metal wouild show not only in vive bioactivity but also
ex vivo visible-light-induced antibacterial properties such as those
induced under shadowless light in an operation room. It is expected
that either aqueous ammonia (NH4OH) or nitric acid (HNO3 ) could

be used to introduce N atoms into the surface of NaOH-treated
Ti metal because the sodium-hydrogen-titanate-gel layer formed
during NaOH treatment of Ti metal would be highly reactive. In
this study, we investigated apatite formation and visibie-light pho-
tocatalytic activity of Ti metal subjected to a series of treatments:
NaOH, either agueous ammonia (NH4OH) or nitric acid (HNO3 ), and
heat. The results are discussed in terms of the structures on the
surface of the treated Ti metal.

2. Materials and methods
2.1. Sumple preparation

Commercially available pure Ti plates (10 mm x 10 mm x 1 mum;
purity: 99.9%: Kojundo Chemical Laboratory, Japan) were used.
They were abraded using No. 400 abrasive paper and then washed
with pure acetone and ultrapure water in an ultrasonic cleaner. The
Ti plates were soaked in 5 mL of 5M NaOH solution at 60°C. The
samples were subsequently soaked in 7l of either 1M NH;0H
or 1M HNO; at 40°C for 24 h and were then gently washed with
ultrapure water and dried. Special grade NaOH (Wako Pure Chemi-
cal Industries, Japan), 28% NH4OH (Wako Pure Chemical Industries,
Japan), and HNGQ; (Wako Pure Chemical Industries, Japan) were
used in this study. The samples were heated to 600°C at a rate
of 5<Cmin~! in an electric furnace (MSFS-1218, Yamada Denki,
Japan), maintained at this temperature for 1h, and then naturally
cooled to room temperature in the furnace. The abbreviated names
of the samples subjected to various treatments are listed in Table 1.

2.2, Immersion of samples in simudated body fluid

The samples were soaked in 30 ml of simulated body fluid (SBF)
{25,26] containing ion concentrations (Na*: 142.0 mM: K*: 5.0 mM;
Ca?*: 2.5mM; Mg?*: 1.5mM; CI™: 147.8mM: HCO3™: 4.2mM;
HPO4Z~; 1.0mM; $0,427: 0.5mM) that were nearly identical to
those in human blood plasma at 36.5 °C, according to the 1IS023317:
2007 standard. After the samples had been immersed in SBF for 7
d, they were removed and gently washed with ultrapure water.

2.3. Characterization of sumple surfaces

The surface structures of the samples were investigated using
a thin-film X-ray diffractometer {TF-XRD; RINT-2200VL, Rigaku,
Japan), scanning electron microscope (SEM; VE-8800, Keyence,
Japan), and an X-ray photoelectron spectrometer {XPS; AXIS Ultra
DLD, Kratos Analytical, U.K.), We used the following settings dur-
ing the TF-XRD measurements. X-ray source: Ni-filtered Cu Ko
radiation; X-ray power: 40kV, 40 mA; scanning rate: 2° min~;
sampling angle: 0.02°. We used the following settings during the
XPS measurements. X~-ray source: monochromatic Al Ka radia-
tion (1486.7 eV); X-ray power; 15kV, 10 mA. The binding energy
was calibrated using the Cy; photoelectron peak at 284.8eV as a
reference. The XPS peak analysis was performed using CasaXPS Ver-
sion 2.3.15 software with ali spectra Shirley background subtracted
prior to fitting. The elemental composition was caiculated from XPS
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Table 1 Fluotescent lamp
Abbreviated names of samples subjected to various surface treatrients. (,f‘,‘"'f‘,“"‘“""’““,"""‘“‘“"“\
_________ % D e
Treatments Abbreviated name
NaOH +heat SH Cover glass
NaOH +NH,OH S-A
NaOH + NH4OH + heat S-A-H
NaOH +HNOy S-N
NaDH +HNO; +heat $-N-H botile
Methylene biue (MB})
aq. solutien

(0.01 mM, 5 ml)

- Sample

Fig. 1. Schematic illustration of apparatus used to cvaluate visible-light photocat-
alytic activity.

spectra using the specific relative sensitivity factors for the Kratos
Axis Ultra (Oy: 0.78, Tizp: 2.001, Nyg: 0,477, Cy5: 0.278).

2.4. Evaluation of visible-light photocatalytic activity

The visible-light photocatalytic activity of the samples was eval-
uated by examining the decomposition of methylene blue (MB;
Waldeck, Germany), which is often used as a model substance. The
samples were soaked in 5 mlL of 0.01 mM MB aqueous solution and
incubated for 24 h to reach adsorption equilibrium. The MB aque-
ous solution was then replenished, and the samples were irradiated
with 400-700 nm wavelength fluorescent light {(FPL27EX-N, Pana-~
sonic, Japan) for 6 h. The distance between the fluorescent light
and the samples was fixed at 10 cm, Here, it is noted that the wave-
tength of the fluorescent light {400-700 nm) should be similar to
that of light source in operation room, but the distance between
fluorescent light and samples (10cm) is not possible in opera-
tion room. However, in the present study, we aimed to investigate
visible-light photocatalytic activity of samples fundamentally. Fun-
damental findings on the visible-light photocatalytic activity of
samples can be obtained even in the present experimental condi-
tion, In future study, we should carry out the experiment under the
real condition in operation reom, The MB concentration in the irra-
diated samples was examined using an ultraviolet visual (UV-VIS)
spectrophotometer (Sefi IUV-1240, As One, Japan) by measuring
the UV absorbance at 664 nm. A schematic illustration of the appa-
ratus is shown in Fig, 1. The MB concentration was also measured in
unsoaked samples as a control. The decrease in MB concentration
(%) was caleulated based on the difference in the concentration of
MB in the soaked and unsoaked samples, Coumple a0d Cylank, TESpEC-
tively, as follows [27]:

(Cblank - Csampla} » 100

Decrease in concentration (%) = z
blank

o)

3. Results and discussion

Fig. 2(a) shows SEM photographs of samples of Ti metal sub-
jected to various surface treatments. A fine network structure had
formed on the surface of the $-A-H sample, similar to that previ-
ously reported on the surface of the S-H sample {15]. In contrast,
the untreated Ti metal and the $-N-H samples exhibited flat sur-
faces. Fig. 2(b) shows TF-XRD patterns for the Ti metal samples
subjected to various treatments, The pattern for the $-H sampie
displayed TF-XRD peaks ascribed ta Ti (PDF #44-1294), sodium
titanate (Na,TisQy3) (PDF #11-0289), rutile TiO, (PDF #21-1276},
and anatase TiQ; (PDF #21-1272), TF-XRD peaks associated with Ti,
anatase Ti0;, and rutile TiO; were observed in the pattern for the
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Fig. 2. SEM photographs () and TF-XRD patterns {(b) of Tt metal subjected to various
surface treatments.

S-A-H sample, and those associated with Ti and rutile TiO, were
observed in the pattern for the S-N-H sample, Fig. 3 shows TF-
XRD patterns for the S-A and S-N samples. The pattern for the S-A
sample showed TF-XRD peaks associated with Ti, sodium hydrogen
titanate (Na Hy 4 Tiz07) [ 28,29, and anatase TiO;, whereas the pat~
tern for the S-N sample only showed peaks associated with Ti, The
experimental results shown in Figs, 2{a)and 3 suggest that although
the surface layer formed during NaOH treatment was completely
dissolved in 1M HNO3 [29], it persisted even after NH40H treat-
ment. I fact, it has previeusly been reported that sodium titanate
nanowire was dissolved under acidic conditions such as in 1 M HCI
[30}. Further, according to the results shown in Figs. 2(b) and 3, we
canspeculate that the rutile TiO; on the surface of the S-N-H sample
was formed during simple thermal oxidation of Ti metal and that
although a very small amount of NayTisOyq;y might be formed dur-
ing subsequent heat treatment, the NayH; «Ti3 07 that had formed
on the surface of the S-A sample was transformed into anatase and
rutile TiG, {31].

Fig. 4 shows XPS spectra containing Nagy. Tizp, Oys, and Nyg
peaks associated with samples of Ti metal subjected to various

26 (CuKa) / degree

Fig. 3. TE-XRD patterns for samples $-A and S-N,

surface treatments, The Nagy, XPS peak ascribed to the Na~O bond
[32] was observed at around 495eV in the spectra for the S-H
and S-A-H samples; however, the intensity of the peak changed
depending on the surface treatment. The peak was not observed
in the spectrum for the S-N-H sample, We estimated from the
areas under the Nagyy, XPS peaks that the concentrations of Na on
the surfaces of the S-H and $-A-H samples were 10.36::1.40 and
2.93::1.97at.%, respectively. We observed that the concentration
of Na remarkably decreased on the surfaces of the samples treated
with either NH;0H or HNO;. The spectra for all samples showed
Tizp XPS peaks at around 457.9 and 464.8 eV, which were ascribed
to Ti0, [33]. The spectra also showed an Oy XPS peak ascribed to
TiO; at around 529 eV {33} and a shoulder peak ascribed to OH {34}
at around 530.6 eV, The concentrations of OH on the surfaces of
the S-H. S-A-H, and S-N-H samples were calculated as 5.76::0.61,
7.6041.02, and 9.73 +0.34at%, respectively. We observed that
although the concentration of OH increased on the surfaces of the
samples treated with either NH4OH or HNO3, the former developed
apatite whereas the latter did not. Although numerous studies have
previously indicated that Ti-OH groups induced apatite nucleation
{35-38], no correlation was found between the concentrations of
Na and OH on the surfaces of the samples and formation of apatite
in our study. The spectra for the $-H and $-A-H samples showed a
single Ny peak at around 399.5 eV, whereas that for the S-N-H sam-
ple showed two Ny, peaks at around 399.5 and 401 eV, The peak at
around 399.5 eV was ascribed either to nitrogen dopant incorpo-
rated into TiQ, as interstitial andfor impurity N atoms or to O-Ti-N,
and the one at around 401 eV was ascribed to surface-adsorbed NO
[39-42}. The concentrations of N on the surfaces of the S-H, S-A-
H, and $-N-H samples were calculated as 0.64 £ 0,40, 0.16 £0.02,
and 1.10::0.03 at.%, respectively. Here, we note that the concen-
tration of the impurity N on the surface of the untreated Ti plates
was around 2.96 at.%. These results suggest that the impurity N par-
tially dissolved in the NaOH and that although the concentration of
N on the surface was further decreased, N-doped TiO, might be
formed when the samples were subsequently treated with either
NH4OH or HNO3. We cannot provide convincing explanation on
the reason why the nitrogen can be entered into the surface TiOp
by either NH4OH or HNO; treatment. But, we consider that either
NH40H or HNO; could be used to introduce N atoms inta the surface
of NaOH-treated Ti metal, because the sodium-hydrogen-titanate
(NagH;..«Ti30y) gel layer formed during NaOH treatment of Ti metal
would be highly reactive and it is reported that N-doped TiO; can
be obtained by agueous ammonia sofution treatment of TiO,-based
materials [43].
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Fig. 4. XPS spectra containing Nague. Tizp. O, and Ny peaks for Ti metal subjected to various surface tecatments,

Fig. 5 shows SEM photographs (a} and TF-XRD patterns (b)
for samples of Ti metal subjected to various treatments and then
soaked in SBF for 7 d. Apatite formed on the surfaces of the S-H and
S-A-H samples; however, it did not form on the surface of the S-N-
H sample. Although the extent of the formation of apatite on the
surface of the S-A-H sample was slightly less than that of the forma-
tion of apatite on the surface of the S-H sample, the present results
suggest that the sample of Ti metal treated with NaOH, NH40H,
and heat has the potential to show in vivo bivactivity. Here, we
note that although apatite did not form on the surface of the S-N-H
sample, even after it was soaked in SBF for 7 d in the present study,
it did form on the surface of the Ti metal sample soaked in SBF

Table 2
Crystalline phases, Na, Ti-
SBF (R: rutile, A anatase, §

sodium titanate ).

within 1 d, even after the sample was treated with NaOH, HNO3,
and heat according to the previous report [28]. The difference in
the concentration of HNQy (present study: 1M; previous study:
0.5~100 mM) might be responsible for the remarkable difference
in the formation of apatite on the surfaces of the samples. That
is, the surface structure produced when the sample was treated
with NaOH might have partially remained when the sample was
subsequently treated with HNO; in previous study, whereas the
surface structure might have completely dissolved in HNOsy, as can
be seen from Fig. 3, because the concentration of HNO; was as
high as 1M in the present study. Table 2 summarizes crystalline
phases, Na, Ti-OH, and N contents, and formation of apatite on the

, and N coutents {mean & S0, 2 =3}, and formation of apatite on surfaces of samples sabjected to various surface treatments and then soaked in

Sample Crystalline phase Na content {at.X) Ti-OH content {at.\} N content {at.5} Apatite formation in SBF
$-N-H TR 0.04 & 0.02 973 %034 1.10 & 0.03 No
S-A-H TLAR 293 197 7.60 x 1.02 016 % 0.02 Yos
S-H TLST AR 10.36 & 1.40 5.76 & 0.61 0.64 + 040 Yeos
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Fig.5. SEM photographs (a)and TF-XRD patterns (b) of Ti metal subjected to varions
surface treatments and then sosked in SBF for 7

surfaces of samples subjected to various treatments and then
soaked in SBF. According to the results shown in Table 2 and Fig, 2,
the anatase Ti0, [44,45] andjor the fine network structure formed
on the surface of the Ti metal sampile treated with NaOH, NH40H,
and heat arefis considered to be responsible for the formation of
apatite on the surface of the sample soaked in SBF although the
detaifed mechanism for the formation of apatite is stilf unclear.
Fig. 6 shows the decrease in the concentration of MB.in sam-
ples immersed in MB solution and irradiated with visible light.
The concentration of MB.in the S-A-H sample decreased more than
that in the untreated and S-H samples, It is interesting that S-A-
H sample gave slightly better visible-light photocatalytic activity
than S-H sample although the concentration of N on the surface
of the S-A-H sample was simaller than that of the S-H sample (see

Decrease in concentration
of MB /%

Untreated S-H 8-A-H

Fig. 6. Decrease in concentration of MB due to irradiating immersed samples with
visible light (means:8D, n =5},

Fig. 4 and Table 2). We speculate that the precipitation of anatase
TiO; on sample would play some role in the expression of visible~
light-induced photocatalytic activity. In fact, as can be seen in
Fig. 2(b), anatase TiO, mainly precipitated on the surface of the S~
A-H, whereas NayTis04y and rutile Ti0; mainly precipitated with
the S-H sample, Although further detailed investigation of this phe~
nomenon is required because not only the surface structure but also
the surface area of the samples would affect the results of the eval-
uation of the visible-light photocatalytic activity, this preliminary
result suggests that the S-A-H sample has the potential to show
photocatalytic activily under visible light. Antibacterial activity test
is important to directly indicate the usefulness of the $-A-H sam-
ple. However, further optimizing of condition of NaOH, NH40H,
and heat treatments is needed prior to antibacterial activity test,
because only one treatment condition was used in this study. Now
we are finding the optimal treatment condition and hence we
believe toreportthe antibacterial activity of samples in future work.
In conclusion, treating the samples with NaOH, NH;OH, and heat is
useful for forming apatite un the surface of Ti metal and for produc-
ing photocatalytic activity of Ti metal under visible light. Achieving
these two properties would provide novel bioactive Ti metal that
exhibits antibacterial properties when subjected to visible light.

4. Conclusions

Ti metal sample treated with NaOH, NH4OH, and heat and then
soaked in SBF showed in vitro formation of apatite on the surface
of the metal whereas that treated with NaOH, HNO;3, and heat did
not, The anatase-TiO, precipitate andjor the fine network struc-
ture formed on the surface of the Ti metal sample treated with
NaOH, NH40H, and heat and soaked in SBF might be responsible
for the formation of apatite on the surface of the metal. A small
amount of nitrogen was on the surface of Ti metal sample treated
with NaOH, NH40H, and heat, and the concentration of MB in that
sample decreased more than in the untreated and NaOH- and heat-
treated ones. The present results suggest that Ti metal treated with
NaOH, NH40H, and heat has the potential to show bioactivity and
photocatalytic activity under visible light.
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Abstract

Background: The role(s) of Collagenase G (ColG) and Collagenase H (Coll1) during pancreatic islet
isolation remain controversial, possibly due to the enzyme blends used in the previous studies. We
herein examined the role of ColG and ColH using highly pure enzyme blends of recombinant

collagenase of each subtype.

Methods: Rat pancreases were digested using thermolysin, together with ColG, ColH, or ColG/ColH
(n=9, respectively). No tryptic-like activity was detected in any components of the enzyme blends.
The efficiency of the collagenase subtypes was evaluated by islet yield and function. An
immunehistochemical analysis, in vitro coilagen digestion assay, and mass spectrometry were also

performed to examine the target matrix components of the crucial collagenase subtype.

Results: The islet yield in the ColG/ColH group was the highest (4,101 £ 460 islet equivalents). A

onal islets (2,811 & 581 islet equivalents) were obtained in the ColH

reacts with collagen-I and I11. In the immunohistochemical analy,
focated in exocrine tissues, although collagen-I1T expression was more pronounced. The collagen

digestion assay showed that collagen-1I1 was more cffectively digested by ColH than by ColG.

Conclusions: The present study reveals that ColH is crucial, while ColG plays only a supporting role,

in rat islet isolation. In addition, collagen-111 appears to be one of the key targets of ColH.

Key words: islet isolation, diabetes mellitus, collagenase, collagen, mass spectrometry
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Abbreviations

ADP, adenosine diphosphate

ANOVA, analysis of variance

ATP, adenosine triphosphate

AUC, area under the curve

ColG, Collagenase G

ColH, Collagenase H

DNA. deoxyribonucleic acid

FECM, extraceliular matrix

E. coli, Escherichia coli

FALGPA, 2-furanacryloyl-L-leucylglycyl-L-prolyl-L-alanine

alt solutions

IPGTT, intraperitoneal glucose tolerance test;..
PAGE, polyacrylamide gel electrophoresis
PBS, phosphate-buffered saline

PCR, polymerase chain reaction

P2-PLGPR, 4-phenylazobenzyloxycarbony l-Pro-Leu-Gly-Pro-D-Arg
SD, standard deviation

SDS, sodium dodecy! sulfate

SGS, static glucose stimulation

S, stimulation index

TL, thermolysin

TLA, tryptic-like activity

TMPP, (N-Succinimidyloxycarbonylmethy!) tris (2,4,6-trimethoxypheny!) phosphonium bromide
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Introduction

Pancreatic islet transplantation is a promising treatment for restoring normoglycemia in type 1
diabetic patients (24.27,28). However, there are still many issues to be resolved regarding this
treatment. One is that two or more donor pancreases are needed to render one diabetic patient insulin-
independent. Considering the organ shortage, a more efficient isolation procedure is needed, wherein a
Targe number of high quality islets can be stably obtained from one donor pancreas, Although several
factors are refated to the outcome of islet isolation (12,19,21,23), the enzymes used for digestion are

one of the crucial factors (12,17,21).

To isolate islets, the pancreatic tissue first has to be dissociated by enzymatic degradation of the
extracellular matrix (ECM) without damaging the structural and functional integrity of the islets.

Crude collagenase preparations from Clostridium histolyticum, which have been routinely used for this

)

original crude collagenase preparations contain at least sxx‘dlﬂeré'nt col[denaéés with molecular
weights ranging from 68 to 125 kDa (4,5). On the basis of their activities toward native collagen and
the synthetic peptide 2-furanacryloyl-L-leucylglycyl-L-prolyl-L-alanine (FALGPA), the six
collagenases are divided into two classes. Collagenase G (ColG) (corresponding to Class {
collagenases) has high collagenase activity and moderate FALGPA activity, while Collagenase H

(ColH) {corresponding to Class 11 collagenases) has moderate collagenase and high FALGPA activity

(4-6).

The role of the collagenase subtypes has been examined in several studies, but still remains
controversial. An early study of rat islet isolation suggested that ColH plays & more important role
(32), while another study showed that eqnal amounts of ColG and ColH were required for efficient rat

islet isolation (7). Barbara et al. reported that, in human islet isolation, ColH was correlated with the

CT-1032 Cell Transplantation Epub; provisional acceptance 05/28/2013 4
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islet yield and digestion time (1). Conversely, Kin et al. reported that a ColH/ColG ratio < 0.204

resulted in a high islet yield (17).

A possible explanation for these discrepancies is the enzymes used in each study. In most of the
previous studies, crude collagenases produced by Clostridium histolyticum were purified and
fractionated by anion exchange chromatography (1,9,32). Therefore, a risk of confamination with an
unwanted collagenase subtype or unknown proteases derived from Clostridium histolyticum could not
be ruled out. The use of highly purified recombinant collagenase of each subtype could help to
overcome this problem. In fact, Wolters et al. (32) reported that the pancreas dissociation was different
between chromatographically-purified ColG and recombinant ColG. Of particular interest, Brandhorst
etal. (9) recently reported that TLA also facilitates islet isolation (8). This novel finding suggests that
some unknown protease(s) other than collagenases and neutral protease may affect pancreas

dissociation, since collagenases and neutral protease are known to have no TLA. Hence, TLA-free

the

pancreatic ECM among species (15,29). A
human pancreases (3,16,25,30). Therefore, elucidating the target ECM of each collagenase subtype
would be beneficial not only for investigating the role of the two types of collagenase, but also for

optimizing the outcome of islet isolation.

The present study examined the roles of Col(; and ColH in islet isolation using TLA-~free cnzyme
preparations of highly purified recombinant collagenase of each subtype. We also investigated the
molecular composition of the target ECM in rat pancreases of the crucial collagenase subtype using an

immunchistochemical analysis and mass spectrometry.
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Materials and Methods

Animals

Rat pancreases were obtained from 10-week-old male inbred Lewis rats (Japan SLC Inc., Shizuoka,
Japan) weighing 265 1o 300 g. All animals used in this study were handled in accordance with the
Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (2)
and the guidelines for animal experiments and related activities at Tohoku University (approved
protocol 1D: 2012 NICHe-Animal-5). All surgeries were performed under anesthesia, and maximal

efforts were made to minimize suffering,

Counstruction of ColG-His and ColH-His expression systems

was amplified with lac-F and lac-R primers, and the plasmid (pUC19) was used as a template. The
polymerase chain reaction (PCR) fragment for ColG was digested with BamHl, and the promoter
fragment was digested with Hirdlll. Both digested fragments were inserted into the plasmid, pBR322,
which was digested with BamHI and Hindl! (lacZ-ColG-pBR322). The His-tag coding region and
fellowing multi-cloning site of pET24a (Novagen, Darmstadt, Germany) were amplified with a set of
primers for His-F and His-R. The PCR fragments were digested with BamHI and Xbal. The digested
DNA fragments were inserted into the plasmid described above (JucZ-ColG-His-tag-pBR322),
digested with BamHI and Xbal. The expression plasmid for the collagenase H-His-tag fusion protein
was constructed using the same method described above, with the exception of the PCR for the ColH

coding sequence. The coding region of ColH was amplified with coll{-F and colH-R primers. The
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amino acid residue "°Gly in ColH was substituted with “**Ala. The plasmids, pColG-His and pColH-

His, were used for the transformation of Escherichia coli (E. coli) 31176,

Enzyme production and purification

The E. coli carrying pColG-His or pColH-His were cultured in 100 mL of Terrific Broth (1.2%
tryptone, 2.4% yeast extract, 0.94% K,HPQ,, 0.22% KHaPOy, 0.8% glycerol) containing 100 pg/mL
2, 4-diaminopimeric acid, 20 pg/ml. thymidine, 50 pg/ml. ampicillin and 0.1 mM isopropyl §-D-1-
thiogalactopyranoside at 28°C for 16 h. Ten milliliters of POPculture reagent (Merck-Millipore,
Darmstadt, Germany) were added to the culture broth and mixed well. The mixture was filtered with a

0.2 pum cellulose acetate filter to remove any remaining bacteria, A six-fold volume of binding buffer

(20 mM phosphate buffer pH 7.5 containing 0.5 M NaCl, and 20 mM imidazole) was added to the

BN Lol

dialyzed against 24.1 mM 4-(2-hydroxyethy})-1-piperazineethanesuifonic acid (HEPES)- Hanks’
Balanced Salt Solution (HBSS) at pH 7.6 and were concentrated with a Pellicon 3 cassetie

ultrafilteration module (Merck-Millipore).

Enzyme activity and blending

In the present study, recombinant ColG, ColH, and thermolysin (TL) (as a neutral protease) (Peptide
institution Inc., Osaka, Japan) were used to prepare highly pure, TLA-free, enzyme blends. The
enzyme blend activity was adjusted to equal that of the crude collagenase from Clostridium
histolyticum (SIGMA collagenase type V) (Sigma Chemicals, St. Louis, MO) using Azocoll, 4-
phenylazobenzyloxycarbonyl-Pro-Leu-Gly-Pro-D-Arg (Pz-PLGPR) and Azocasein as substrates

(Table 2). The crude collagenase was just used as one example to decide the effective amount of ColG
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and ColH, The TLA activity was measured by the cleavage of Bz-Arg-pNA (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) at 37°C and pH 7.5. Notably, no TLA was detected in any components
of the enzyme blends. In all the experimental groups, 0.3 mg of TL was added. The GH group

contained ColG and ColH. The G and H groups consisted of ColG or ColH, respectively.

Islet isolation

Rat islet isolation was performed as described previously (26). In brief, before the removal of the
pancreas, the cannulated bile duct was injected with 10 mL of cold HBSS containing enzyme blends.
After digestion at 37°C for 14 min, density-gradient centrifugation was performed using Histopaque-
1119 (Sigma Diagnostics, St. Louis, MO) and LymphoprepTM (Nycomed Pharma AS, Oslo, Norway)

to isolate the pancreatic islets. The islet count was performed as IEQs under a scaled microscope using

In vitro and in vivo evaluation of islet function

Both the adenosine diphosphate (ADP)/adenosine triphosphate (ATP) ratio and the ATP/DNA ratio
were measured to evaluate the energy status of the cultured islets. After picking up 80 islet equivalents
(IEQs), the ApoGlow™ kit (Lonza Rockland Inc., Rockland, ME) was used for the ADP and ATP
measurements, as described previously (13). Using the same sample, the DNA content was measured
using a DNA Quantify kit (Primary cell, Ishikari, Japan) as described (31). The insulin/DNA ratio was
measured as described previously (31). The in vivo islet function was assessed in nude mice (Japan
SL.C Inc.) rendered diabetic by an intravenous injection of 237.5 mg/kg streptozotocin (Sigma-
Aldrich, St. Louis, MO) six days before transplantation of 700 IEQs under the left kidney capsule

(n=6). Mice whose nonfasting blood glucese levels exceeded 400 mg/dL in two consecutive
CT-1032 Cell Transplantation Epub; provisional acceptance 05/28/2013 8
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measurements were considered diabetic. After transplantation, nonfasting blood glucose levels less
than 200 mg/dL on two consecutive measurements were defined as normoglycemic and were
considered to indicate graft function. The intraperitoneal glucose tolerance test (IPGTT) was
performed 30 days after islet transplantation. After a 14 h fast, D-glucose (2.0 g/kg) was infused
intraperitoneally as a single bolus, and the blood glucose concentrations were determined before and at
1,3,5,10, 15, 20, 25, 30, 45, 60, 90 and 120 min after the glucose injection. The results of the IPGTT
were evaluated by the area under the curve (AUC) and Kg values. Nephrectomy of the left kidneys

was performed 35 days after transplantation 1o demonstrate the immediate return of hyperglycemia.

Sequential injection of collagenase subtypes info the pancreatic duct

This procedure examined the role of the collagenase subtypes in islet isolation. Briefly, two enzyme

Pancreatic tissue digestion and mass spectrometry analysis

Small pieces of Lewis pancreas (~100 mg) were incubated in 20 mM HEPES (pH8.0) and | mM
CaCl; containing protease inhibitor cocktail (Roche, Basel, Switzerland) at 37°C (overnight). The
incubated pancreatic tissue was washed with the same buffer, and digested with ColH at a final
concentration of 0.1 mg/mL for more than 10 hours. The digested sample was divided into three
aliquots (100 L) in a 1.5 mi tube, and incubated with 10 pL stock sofution (100 mM) of (N-
Succinimidyloxycarbonylmethyl) tris (2,4,6-trimethoxyphenyl) phosphonium bromide (TMPP)

(Sigma-Aldrich) in 50% acetonitrile for 30 min. Subsequently, samples were precipitated by cold
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acetone (400 pl.) and dried after centrifugation at 13,000 g. The dried samples were digested

overnight by trypsin (10 pg/mL) in 100 mM ammonium bicarbonate solution.

The digested peptides were treated with a ZipTip (Millipore, Billerica, MA) for mass spectrometry.
The peptide samples were loaded onto a 75-um fused silica capillary column containing C18 resin,
The peptides were eluted with an acetonitrile gradient (typically 2.5-40%) in 0.1% formic acid and
analyzed by an L'TQ Orbitrap X1. mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA).
The sample preparation and mass spectrometric analyses were performed in triplicate. Database
searches of the NCBInr and SwissPlot databases were performed using the MASCOT ver. 2.4.00
search engine (Matrix Science, London, UK). MASCOT searches were done without protease
specificity with a 5 ppm tolerance on the mass measurement in MS mode and 0.5 Da for MS/MS ions.
Oxidation was considered as a variable modification for Met, Cys, Pro, and Lys. TMPP modification

at the N-terminal was also taken into account. Protein identification was considered for MASCOT

Tmpmunohistochemical analysis

Tissue was taken from the rat pancreas, fixed in 10% formalin onto slides for 10 minutes at room
temperature and washed with phosphate-buttered saline (PBS) twice, Slides were pretreated with 10%
rat serum for 30 minutes at room temperature to block endogenous peroxidase activity, followed by
immunolabeling with primary antibodies against collagen I, 11, 111, or VI for 60 minutes at 37°C.
Rabbit anti-Rat Collagen [ {Monosan, Sanbio BV, Uden, Netherlands), anti-Collagen Type II
(Chemicon, Merck Millipore, Darmstadt, Germany), anti-Collagen Type 111 (Chemicon), and anti-
Collagen VI (Abcam, Cambridge, UK) antibodies were used. After washing the samples with PBS
twice, secondary anti~rabbit antibodies conjugated to horseradish peroxidase (Dako, Glostrup,
Denmark) were used, and antibody binding was localized with diaminobenzidine hydrochloride and

samples were counterstained with hematoxylin.

CT-1032 Cell Transplantation Epub; provisional acceptance 05/28/2013 10
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Collagen digestion by collngenase subtype

Collagen digestion assays were performed using human Col-l (2.5 mg/mL), bovine Col-11 (2.9
mg/mL), human Col-I{f (1.0 mg/mL), and human Col-V1 (0.52 mg/mL) (BD Biosciences, Bedford,
MA). Each collagen solution was mixed with an equal volume of buffer solution (106 mM HEPES
(pH 8.0) and 1 mM CaCl,), then digested by ColH or ColG (0.025 mg/mL) at 30°C. Digestion was
stopped by adding sodium dodecy! sulfate (SDS) sample buffer at 5 and 10 min, and then samples

were analyzed by SDS-polyaclylamidegel electrophoresis (PAGE).

Statistical analysis

ressed as the means # standard deviation (SD) and were analyzed using the Excel

it

% 3 i o i
use the ANOVA for multiple parameters, the Tukey-Kramer test was employed as a post-hoc test to
determine the significant differences for pairwise comparisons. A value of 2 < 0.05 was considered to

indicate statistical significance.

Results

The effects of the collagenase subtype on the yield and functions of isolated rat islets

In order to clarify the roles of ColG and ColH, the exact same lot and amount of TL was used in all
the experimental groups. The islet yield in the GH group (ColG/ColH/TL) was the highest (4,101 %
460 TEQs, n=9) among all the groups (Fig. 1A). In the H group (ColH/TL), a substantial number of
well-shaped islets (2,811 = 581 TEQs, n=9) were obtained following efficient dissociation of
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pancreatic tissues, although a significant (~30%) decrease in the islet yield compared to the GH group
was observed (p<0.001) (Fig. 1A). In the G group (ColG/TL), the pancreatic tissues were not
dissociated at all, and no islets were retrieved (n=9) (Fig. 1A). The proportion of islet size was almost

identical between the GH and H groups (Fig. 1B).

Regarding the in vitro functional assays using the isolated islets, no significant differences were
detected between the GH and H groups in the ADP/ATP ratio (p=0.467, n=9) (Table 3}, ATP/DNA
(p=0.482, n=9) (Table 3), or insulin/DNA (p=0.991, n=9) (Table 3). Concerning the in vivo functional
tests, no differences were detected between the GH and H groups in the blood glucose changes (Fig.

IC, D), AUC (p=0.978, n=6) (Table 3) and Kg values (p=0.847, n=6) (Table 3) in the IPGTT.

The effects of sequential injection of collagenase subtypes on the yield of isolated rat islets

simultaneously. As shown in Fig. 2A, an addition Linjection of ColG follow z,ig.i‘in,imtiﬁljnjgctign of
ColH led to a slight increase in the islet yield. On the contrary, no beneficial effects were observed

following an additional injection of ColH (Fig. 2B).

Mass analysis of pancreatic tissues digested by ColH

Mass-analyzed peptide samples likely contain peptides digested by ColH, trypsin, and other
pancreatic proteases, which were not perfectly denatured during the acetone precipitation process. The
pancreatic tissue samples were labeled with TMPP after ColH digestion, because TMPP modification
occurs at the N-terminal of the peptides (14) hydrolyzed by ColH. A database search was performed
using the MASCOT software program (22) against non-specific peptides, The mass analyses detected

59-69 proteins (Table 4). Focusing on fibril proteins and TMPP-modified peptides, collagen-111 (Col-
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111) and collagen-I (Col-1) were included in the top 10 hits as search results (Fig. 3). Approximately
70% of the assigned peptides were TMPP-modified in Col-III and 25% were TMPP-modified in Col-I.
Although a few TMPP modifications were also observed in other proteins with low search scores, the
search result of these proteins included only one to four unique peptides, and the TMPP modification

might have been accidental (Fig. 3).

Immunohistochemical analysis

All rat pancreatic sections showed positive labeling for all collagen subtypes examined (collagens I,
11, 111, and VI). As shown by representative examples (Fig. 4), the lobular and acinar septa, blood
vessels, and the pancreatic ducts were positively stained for Col-I, 111, and V1. In those areas, the

staining for anti Col-1 and VI was moderate, whereas that for Col-III was strong. Collagen 11 (Col-I1)

In vitro digestion of collagens by collagenase subtypes

Collagen digestions were performed with ColG or ColH, and the results were analyzed by SDS-
PAGE (Fig. 3). Based on bands that appeared after digestion, neither ColG nor ColH was able to
digest collagen-VI (Col-V1), which is a non-fibril collagen. ColG digested Col-I and I11, however, less
digestion was demonstrated for Col-11. In contrast, ColH digested all three fibril collagens tested (Col-
[-11T). Although Col-I and 111 were digested by both types of collagenase, different digestion patterns

were observed, which was consistent with previous reports (10,11).
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Discussion

Numerous studies have been performed to elucidate the roles of ColG and ColH during pancreatic
islet isolation (1,9,18,32), but the results have been contradictory. One possible explanation is the
enzyme blends used in those studies. In the present study, we examined the roles of ColG and ColH
using highly-puritied, TLA-tree, enzyme blends. The innovative recombinant technique introduced in
this study provides more accurate and highly reproducible outcomes compared with the conventional
anion exchange chromatography technique (9,32). We have clearly shown that ColH and TL can
efficiently dissociate rat pancreatic tissues and release functional islets from the acinar cells. In
agreement with the present study, it was previously reported that Coll plays a predominant role in rat

pancreas dissociation, while ColG has a limited role (32). In contrast, Brandhorst et al. reported that

neither ColG nor ColH alone was able to dissociate pancreatic tissues and release islets from the

‘

by neutral p?otease. C;f purticx;lar interest,
by the combination of ColG and TL, suggesting that the function of ColH cannet be replaced by ColG
and/or neutral protease. Moreover, it seems likely that some ECM components of the pancreatic
tissues can be digested only by ColH. However, these findings are still limited in the case of small

animal models, further studies in other species may be needed to draw broader conclusions.

An additional injection of ColG following an initial injection of ColH led to a slight increase in the
islet yield. However, no beneficial effects were observed following an additional injection of ColH.
These results suggest that ColH may need to bind to the target matrix components before ColG binds

to them.

Since ColH was proven to be crucial for rat islet isolation in the present study, we also investigated
the molecular composition of the target ECM of ColH using an immunohistochemical analysis and

mass spectrometry. In the mass spectrometry assay, a protease inhibitor cocktail was added to the
CT-1032 Cell Transplantation Epub; provisional acceptance 05/28/2013 14
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pancreatic tissue before reacting them with ColH in order to prevent autolysis due to endogenous
digestive enzymes, such as trypsin and lipase. Both TMPP labeling and the use of the protease
inhibitor cocktail made it possible to narrow down the matrix components targeted by ColH. Mass

spectrometry suggested that ColH specifically reacts with Col-I and I11, especially Col-IIL

In the immunohistochemical analysis, both Col-1 and Il were located in the acinar septa and the
pancreatic ducts. Col-111 was more intensely expressed in the exocrine area, while almost no
expression of Col-1II was observed in peri-insular regions, This pattern was consistent with a previous
report by Van Deijnen et al (29). Furthermore, in support of the previous findings (20), the in vitro
digestion of collagens also revealed that Col-III was more effectively digested by ColH than by ColG.
Taken together, these findings suggest that islet isolation is initiated by fragmentation of the pancreatic

tissues by Colll mainly via the degradation of Col-I and 111 expressed on the exocrine tissues,

Thereafter, islets are released from the exocrine tissues, most likely by ColG and/or neutral protease.

supporting role, in rat islet isolation. In add
Coll is Col-lI1. Therefore, semiquantitation of the Col-IIl in pancreatic tissues may greatly contribute
to a more teproducible and successful islet isolation by optimizing the level of ColH. Further
investigations using a large animal model with highly variable matrix components (3,16,25,30) are

required,
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