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Fig. 2 Comparison of {'C} AD1
PiB, [ CIBE-227 and ['*F)
THK-523 autoradiography with
the AP and tau immunostaining
in sections of the frontal brain
from three patients with AD
(AD1, AD2, AD3). Both [''C)
PiB (a~c) and |''CBE-227 (g
i) showed dense accumulation
in the grey malier, closely
resembling the pattern of AP
immunohistochemistry using
the 6F/3D antibody (d-f). ['*F]
THK-523 (m-o) did not
accumulate in the grey matter,
which was correlated with no
marked staining with anti-tau
antibody AT8 (-

Tau (AT8)  [V'CIBF-227 B (6F/3D) ['cIPiB

['®F]THK-523

candidate as a tau imaging tracer, and could also be a lead
compound for future development of tau-selective radio-
tracers. We speculate that ['*FJTHK-523 would show reten-
tion in tau-rich brain regions if administered to AD patients.
However, the specific signal of ['*FJTHK-523 might be
lower than those of PiB and BF-227 owing to the lower
amount of tau deposits in the neocortex of AD patients [27].
Further compound optimization may be required to achieve
higher contrast imaging of PHF-tau deposits.

In in vitro saturation binding studies ["*FJTHK-523 bound
with higher affinity to tau fibrils (Kp; 1.99 nM) than to A4z
fibrils (K}5; 30.3 nM), whereas PiB and BF-227 showed the

AD2 AD3

opposite hinding characteristics. [PH]PiB bound with higher
allinity to Afsp fibrils (K 0.84 nM) than to tau [ibrils (Kp,
6.39 nM), similar to previous reports |7, 28, 297, and ['*F)BF-
227 had more than a tenfold higher aflinity lor AB,; fibrils
(Kp1 1.72 nM) than for tau fibrils (K18AK280; Kp; 30.2 nM).
Autoradiographic images of scctions of AD brain revealed
that [''CIPiB and [''CIBF-227 accumulated in the grey matter
of the neocortex, which closely resembled the staining pattern
of AR immunohistochemistry. A previous study suggested
that PH]PIB labelled NFTs at tracer concentrations usually
achieved during a PET scan [13]. However, another study
showed 1o binding of the PiB derivative [PH]BTA-1 to

&) springer
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AD1

[MCIBF-227  AB(6F/3D) Mcpis

Tau (AT8)

["®FITHK-523

Fig. 3 Comparison of [''CIPiB, ["'C]BF-227 and ['*F]THK-523 au-
toradiography with AP and tau immunostaining images in sections of
the medial temporal brain trom three patients with AD (4D, 402,
AD3). ["'CIPIB (a-¢) and ["'CIBF-227 (g-i) do not accumutlate in the
hippocampal CA1 arca which contains a low density of AB (d-1). In
contrast, accumulation of {"$FITHK-523 is observed in the hippocam-
pal CAl area (m-0, arvowheads), which closely resembles AT8 im-
munoreactivity (j-§, arowheads). In addition, the band-like labelling
pattern of ['“F]THK—SZJ in the inner layer of temporal corlex {(m-o) is
closely similar to that of AT8 immunostaining (). p--v High magni-
fication images of the medial temporal sections from patient AD3.
Many clusters of ['*F|TIHK-523 binding in the ERC are consistent

@ Springer

AD2 AD3

with Gallyas silver staining (p, q, arrows). r Close-up image from p.
Nuinerous NFTs are located in the layer pre-o of the ERC (r insef).
The band-like distribution of [""FJTHK-523 in the layer pri-x of the
ERC also resembles the labelling pattern of Gallyas silver staining (p,
Silled arrowhead) as well as AT8 immunoreactivity (t, filled arrow-
head). [”C]PiB binding (u) is also present in the ERC, but obviously
different from ['*FJTHK-523 binding (g) and similar to the 6F/3D
immunostaining pattern (v). Lake-like amyloid in the presubicular
region (v) is labelled with [*'CJPiB, but not with ['*F]THK-523, s
Close-up image from v. AR plagues (s inset) located in the layer pre-
and pre~y are intensely labelled with Mcpin {u). Asterisks in v and s
denote the same large blood vessel. Scale bar 100 pm
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plaque-free and NFT-rich ERC homogenates, despite the high
amount of [*H]BTA-1 binding to frontal corfex homogenates
containing high levels of neuritic plaques [30]. Autoradio-
graphic and immunohistochemical analyses indicated that
PiB predominantly binds to senile plaques but not to NFTs.
These findings are consistent with the findings from clinical
PiB-PET studies showing no remarkable PiB retention in the
medial temporal cortex of AD patients [7].

Another radiotracer, ["*FIJFDDNP, has been reported to
detect AR and tau pathological lesions in AD patients [3].
Previous clinical PET studies have shown higher cortical
uptake of ['*FJFDDNP in the lateral and medial temporal
lobes of AD subjects [3, 5]. Furthermore, a multitracer PET
study of [''CIPiB and ["*FJFDDNP has shown significant
retention of FDDNP in the medial temporaf cortex, albeit no
remarkable retention of PiB in the same region [31]. How-
ever, in vitro binding studies have shown the limited binding
affinity of ["H]FDDNP to AD pathological lesions [24], and
a previous autoradiographic analysis has suggested that [*H]
FDDNP does not significantly label any region in AD brain
[24]. Previous in vitro binding studies additionally showed
the binding affinity of FDDNP for AR fibrils (Kp 0.12, 85
nM) [19, 24], but the binding affinity for tau fibrils was not
reported. Here, we showed that the binding affinity of [**F]

FDDNP for tau {ibrils (Kp, 36.7 nM) was similar to that of
[*F]BE-227 (K, 30.2 nM), but much higher than that of

["*FJTHK-523 (Kp; 1.99 nM).

In conclusion, the binding profiles of ['®FJTHK-523,
[V'CIPiB, ['*FIBF-227, and {'®FJFDDNP were compared
using in vitro saturation binding assays and autoradiography
of sections of AD brain. These data suggest that ['*F]THK-
523 shows a binding preference for tau protein fibrils.
Therefore, ['*FJTHK-523 is a candidate as a radiotracer to
identify tau protein deposits and a lead compound for future
tracer development. Ongoing clinical trials will clarify the
clinical utility of this tracer and its derivatives for tau imag-
ing in vivo.
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Abstract

Buckground We previously investigated fecal flora of the
pouch after total proctocolectomy using terminal restriction
fragment polymorphism analysis. Although the results of
the cluster analysis demonstrated clearly that bacterial
populations, including an unidentified bacteria generating a
213-bp PCR fragment, moved toward a colon-like com-
munity in the pouch, it did not track changes in the indi-
vidual species of fecal bacteria.

Aims The aim of the present study was to estimate gen-
ome copy number of ten bacterial species, clusters, groups,
or subgroups (including the bacteria generating 213-bp
fragment in the previous study) in feces samples from
pouches at various times following ileostomy closure.
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Methods A total of 117 stool samples were collected
from patients with ulcerative colitis after surgery as well as
healthy volunteers. We used real-time polymerase chain
reaction of the 16S rRNA gene to estimate genome copy
numbers for the nine bacterial populations and the bacteria
generating 213-bp fragment after identification by DNA
sequencing.

Results  We demonstrated a time-dependent increase in
the number of anaerobic and colon-predominant bacteria
(such as Clostridium coccoides, C. leptum, Bacteroides
fragilis and Atopobium) present in proctocoleclomy
patients after stoma closure. In contrast, numbers of ileum-
predominant bacterial species (such as Lactobacillus and
Enterococcus faecalis) declined.
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Conclusions  Our data confirm previous findings that fecal
flora in the pouch after total proctocolectomy changes
significantly, and further demonstrate that the number and
diversity of ileal bacteria decreases while a more colon-like
community develops. The present data are essential for the
future analysis of pathological conditions in the ileal
pouch,

Keywords Ulcerative colitis - Restorative
proctocolectomy + Pouchitis - Microbiota - Intestines

Introduction

Total proctocolectomy (TPC) followed by ileal pouch-anal
anastomosis (IPAA) is an established surgical treatment for
ulcerative colitis (UC) and familial adenomatous polyposis
(FAP). Removal of the entire colon enables patients to be
cured of disease without construction of a permanent ile-
ostomy. Postoperative adaptive change in the intestine,
termed “intestinal adaptation,” is thought to be advanta-
geous for maintaining homeostasis. A previous report
involving microarray data derived from isolated epithelial
cells described intestinal adaptation as a colon-like trans-
formation of ileal epithelia (i.c. ilcal epithelial cells assume
a partial colonic phenotype and lose characteristics of the
ileal phenotype) [1]. One functional result of adaptation is
enhanced waler and electrolyte absorption in the remnant
small intestine over time, changing stool consistency from
watery diarrhea to paste stool.

Beside changes in the water content of stool, intestinal
adaptation also involves changes in the composition of
fecal microbiota. In a previous study, we used terminal
restriction fragment length polymorphism (T-RFLP) anal-
ysis to investigate changes in fecal flora at various times
after total proctocolectomy, sampling both culturable and
nonculturable fecal bacteria [2]. These T-RFLP data led us
to define “ileal” DNA fragments as those that were both
() detected in more than 70 % of ileostomy fecal samples
and (b) present at a significantly greater frequency
(p < 0.05) in ileostomy samples relative to control feces.
In contrast, we defined signature “colonic” DNA frag-
ments as those (a) identified in more than 70 % of control
samples and (b) present at a significantly greater concen-
tration (p < 0.05) in control feces relative to ileostomy
samples [2]. T-RELP patterns derived from ileal-pouch
fecal DNA samples showed both a time-dependent

identification of a novel bacterium that may contribute to
adaptation [2].

Traditional methods for determining the composition of
intestinal microbiota require time-consuming and laborious
culture techniques. While T-RFLP allows a more rapid and
complete assessment of bacterial community diversity, this
molecular approach does not accurately measure quantities
of individual bacteria, and also can “miss” detecting DNAs
from very small numbers of target bacteria. For these
reasons, additional methods beyond T-RFLP are necessary
to accurately detect and quantify populations of major and
minor bacteria. While detection of specific-size molecular
fragments provides clues to the presence of a bacterial
species, procedures are required to compare and confirm
the sequence of the fragment relative to the putative origin
species. Alternative methods are also required for further
analysis of any restriction fragment without a database
match.

Real-time polymerase chain reaction (real-time PCR)
has been used successfully to quantify small amounts of
bacterial DNA from various samples, including feces
[3, 41. In this study, we estimated population sizes of fecal
bacteria in UC patients after IPAA using real-time PCR
analysis. We applied an extensive set of ten primer pairs
designed to target 168 rRNA gencs from species, genera,
groups, and subgroups that are either (a) common in fecal
flora, (b) predominant in the colon, (c) specific to “ileal”
bacteria originating in the 213-bp “ileal” fragment after
identification, or (d) found in conjunction with pouchitis
(mucosal inflammation that develops in UC patients after
IPAA).

In each case, detection of the genus Desulfovibrios
served as a marker for pouchitis-associated flora. In a
previous report, Ohge et al. found that release of hydrogen
sulphide from feces increased and was significantly higher
in patients with active pouchitis within the past year rela-
tive to patients in whom pouchitis never occurred or was
inactive in the past year [5]. This is thought to be due to
bacteria of the genus Desulfovibrio that reduce sulphate to
sulphide, which is known to be toxic to colonic epithelial
cells {6].

Materials and Methods

Samples

decrease in the relative abundance of “ileal” fragments and
a time-dependent increase in “‘colonic” DNA fragments
(derived mainly from nonculturable bacteria). One specific
213-bp fragment that decreased in abundance after TPC/
IPAA (an “ileal” signature) was sequenced and showed no
matches within current seq ¢ datab i

-4 -3
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We obtained 117 stool samples from 69 patients and 20
healthy volunteers (Table 1). Diagnosis of UC was based
on a combination of clinical symptoms, endoscopic find-
ings and histological examination. All 69 UC patients
underwent TPC followed by IPAA at Tohoku University
Hospital, where two- or three-step surgeries were routine.
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Table 1 Summary of samples Time since ileostomy No. of samples No. of patients Mean age
(male:female) {range)

Ileostomy 16 16 O:7) 38.6 (21-70)
<50 days 12 9 @& 33.1 (23-55)
51-100 days 11 9 (6:3) 39.5 (23-55)
101 days—-1 year 14 8 (6:2) 33.6 (17-50)
>1 year 44 27 (15:12) 40.7 (24-62)
Healthy volunteer 20 20 (8:12) 32.8 (18-55)
Total 117 89 (52:37) 37.0 (17-70)

Upon complete closure of the covering loop-ileostomy, the
ileal pouch generally becomes functional and stool can be
excreted from the patient’s anus. Of the 20 healthy vol-
unteers, 19 were not treated with any medications and one
took anti-hypertension drugs daily. As depicted in Table I,
we categorized stool samples into one of six groups based
on their site and time of origin: Samples were either
(1) from end- or loop-ileostomy (16 samples) at 14 or
15 days after the initial surgery, (2) from an ileal pouch
within 50 days after stoma closure (12 samples), (3) from
an ileal pouch more than 51 days and within 100 days after
stoma closure (11 samples), (4) from an ileal pouch more
than 101 days and within 1 year after stoma closure (14
samples), (5) from an ileal pouch over 1 year after stoma
closure (44 samples), or (6) from healthy volunteer controls
(20 samples).

Fourteen of 16 ileostomy samples were obtained from
patients who were treated with predonisolone (10-30 mg/
day) and antibiotics (cefotiam hydrochloride, 2 g/day) until
the fourth post-operative day. All samples in this study
originated from patients with an ileal pouch, but who also
were free from surgical complications and any clinical
symptoms that might indicate pouchitis. In an additional
analysis, we compared stool samples taken from each of
seven patients at two different times: the first sampling one
or more years after ileostomy closure, and the second
sampling 1 year later.

Fecal samples from hospital outpatients were collected
at each visit following excretion into toilets designed for
sample collection. The samples were frozen immediately
and then stored at —80 °C until the time of DNA extrac-
tion. Fecal samples were obtained under informed consent,
and the study was approved by the Ethics Committee of
Tohoku University, Graduate School of Medicine.

DNA Extraction from Fecal Samples

Stool DNA was extracted using QIAamp DNA Stool Mini
Kit (QIAGEN Co., Tokyo, Japan) according to the manu-
facturer’s protocol. The DNA concentration of each sample
was estimated [rom its spectrophotometric absorbance of
260-nm wavelength light.

Preliminary PCR Amplification and Cloning of Control
Plasmids for Real-Time PCR

PCR with bacteria-specific primer pairs (Table 2) was used
to amplify 165 rRNA fragments from target bacteria and
control plasmid standards for real-time PCR. Each reaction
mixture (12.5 pl) included 10 ng DNA, 1x buffer supplied
by the manufacturer, 0.2 mM NTP, 0.6 uM up- and down-
stream primers, and 0.3 unit TaKaRa Ex Taq (Takara
Shuzo Co., Ltd., Otsu, Japan). DNA was initially denatured
at 94 °C for 2 min, and then proceeded through 35 ther-
mocycles of 94 °C for 305, 50 or 55 °C for 30 s, and
72 °C for 30 s, with a final extension period at 72 °C for
S min. Resulting amplified products were resolved using
gel electrophoresis and stained with ethidium bromide.
Target DNAs of the expected size were cloned into pCR
2.1-TOPO (TOPO TA Cloning Kit, Invitrogen Co., Tokyo,
Japan) according to the manufacturer’s protocol. Plasmids
from bacterial clones containing target DNA were purified
using miniprep DNA Purification Kit (Takara Shuzo Co.,
Ltd.) and sequenced using BigDye Terminator v3.1 Cycle
Sequence Kit (Applied Biosystems) during 25 thermocy-
cles at 96 °C for 10 s, 50 °C for 5 s, and 60 °C for 4 min.
The resulting products were purified using BigDye
XTerminator and analyzed using an ABI310 sequencer
(Applied Biosystems Japan, Tokyo, Japan).

Quantification of Bacterial DNAs Using Real-Time
PCR

Duplicate samples of 10-ng bacterial DNA were used for
16S rRNA gene quantification with QuantiTect SYBR
Green PCR Kit (Qiagen K. K., Tokyo, Japan) (except for
Lactobacillus species) and ABI 7500 Real-time PCR sys-
tem (Applied Biosystems, Japan) according to the manu-
facturer’s protocol. The amplification program consisted of
one cycle of 50 °C for 2 min, one cycle of 95 °C for
10 min, 45 cycles of 94 °C for 15 s, 55 °C for 30 s, and
72 °C for 1 min. When Enterococcus species or Entero-
coccus faecalis was measured, the annealing temperature
was 61 or 57 °C, respectively. Quantification in duplicate
of Lactobacillus species was performed using EagleTag
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z\sa::;?(hl;:::;;md probe sets Target bacterial group Primer sequence Amplicon Reference
size (bp)

All eubacteria TCCTACGGGAGGCAGCAGT 466 71
GGACTACCAGGGTATCTATCCTGTT

Clostridium coccoides AAATGACGGTACCTGACTAA 440 (31

group CTTTGAGTTTCATTCTTGCGAA
Clostridium leptum GCACAAGCAGTGGAGT 239 31
subgroup CTTCCTCCGTTTTGTCAA

Bacteroides fragilis group ATAGCCTTTCGAAAGRAAGAT 495 3]
CCAGTATCAACTGCAATTTTA

Bifidobacterium CTCCTGGAAACGGGTGG 550 3
GGTGTTCTTCCCGATATCTACA

Atopobium cluster GGGTTGAGAGACCGACC 190 3]
CGGRGCTTCTTCTGCAGG

Prevotella CACRGTAAACGATGGATGCC 513 (3]
GGTCGGGTTGCAGACC

Desulfovibrios CCGTAGATATCTGGAGGAACATCA 135 81
ACATCTAGCATCCATCGTTTACAGC

Lacrobacillus species TACATYCCAACHCCAGAACG 71 m

AAGCAACAGTACCACGACCA
Probe: FAM- AAGCAACAGTACCACGACCA-

TAMRA
Enterococcus species CCCTTATIGTTAGTTGCCATCATT 144 4]
ACTCGTTGTACTTCCCATTGT
Enterococcus faecalis AACCTACCCATCAGAGGG 358 [10}
GACGTTCAGTTACTAACG

Master Mix with ROX (Roche Diagnostics Co., Tokyo,
Japan). The amplification program consisted of one cycle
of 50 °C for 2 min, one cycle of 95 °C for 10 min, 45
cycles of 95 °C for 15 s, 60 °C for 1 min, and 72 °C for
1 min. Copy number per microgram stool DNA was cal-
culated relative to plasmid DNA controls, and median and
percentile values in each group were evaluated.

Isolation and Identification of the 213-bp Fragment

We used the AccuPrime Tag DNA polymerase system
(Invitrogen) to amplify the 213-bp fragment from 10 ng
DNA derived from stool samples from the ileostomy or the
pouch within 50 days after stoma closure with 16S rRNA
gene primers 27F (5-AGAGTTTGATCCTGGCTCAG-3')
and 1492R (5-GGTTACCTTGTTACGACTT-3") (the
same as the primers used in the previous T-RFLP analysis)
{2]. DNA was initially denatured at 94 °C for 2 min, and
then passed through 37 cycles of 94 °C for 30 s, 50 °C for
305, and 68 °C for 90 s. Amplification products were
purified using Wizard PCR Preps DNA purification system
(Promega Co., Tokyo, Japan) and digested with Cfo I
(Roche Diagnostics Co.), an isozyme of Hha 1 that yielded
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in the 213-bp ileal fragment in the previous report.
Digested DNA was then electrophoresed on a 6 % acryl-
amide gel and visvalized using SYBR Green I (EMC,
Rockland, USA). Gel sections corresponding to fragments
that span the 213-bp-size region of the gel were visualized
with UV and excised. DNA was recovered from the gel,
precipitated with ethanol, and self-ligated using DNA
ligase (Roche Diagnostics Co.). Subsequent product
(equivalent to 1 pl of the original PCR reaction) was used
as a template and re-amplified using only the 27F primer
through 37 cycles of 94 °C for 20 s, 60 °C for 20 s, and
68 °C for 20 s with a final extension period at 68 °C for
5 min. The resulting amplification products (before and
after Cfo I digestion) were resolved by polyacrylamide
electrophoresis, cloned and sequenced; the resulting
sequence served as the probe for DNA homology searches
within the BLAST network service (http://blast.nchi.nlm.
nih.gov/Blast.cgi).

Statistical Analysis

Relative copy number values estimated with real-time PCR
are presented as median and percentile values within each
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group. A Kruskal-Wallis rank test was used to determine if
there was a significant correlation among the six sample
groups, A Mann—Whitney test was used to compare two
independent groups. A Wilcoxon signed-ranks test was
used to compare paired groups, with significance at
p <00l

Results
Recovery of Fecal DNA

Adequate quantity and quality of DNA samples were
obtained from both firm and watery stool samples (Fig. 1).
Median concentrations of sample DNA included 2.3 pg/g
stool in the ileostomy group, 7.7 pg/g in patients with an
ileal pouch within 50 days of ileostomy closure, 11.9 pg/g
from 50 to 100 days, 13.3 pg/g from 100 days to 1 year,
and 12.4 pg/g in patients with an established ileal pouch
(more than 1 year since ileostomy closure). In contrast,
DNA concentrations from control group samples averaged
429 pglg. Because the amount of DNA recovered per
gram of wet stool varied and was not necessarily propor-
tional to stool weight, we estimated DNA copy number
(number of 168 TRNA genes per pg stool DNA) median
and range from the 25th and 75th percentile values within
each group. Control plasmids for real-time PCR were
obtained by amplification of bacterial 16S rRNA genes
with the primer pairs listed in Table 2, followed by cloning
of the resulting fragments into plasmid vectors and verifi-
cation of sequence (data not shown).
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Fig. 1 DNA recovery from stool samples (g DNA per gram wet
stools) in the six study groups

Time-Dependent Changes in 16S IRNA Gene Copy
Number in Feces

In preliminary experiments, we estimated 16S rRNA gene
copy number from stool samples obtained from two
patients (A and B) at various time intervals since ileostomy
closure (Fig. 2). While the total amount of all eubacteria
(expressed by 16S rRNA gene copy number per pg stool
DNA) was stable, changes in the relative copy numbers of
different bacteria were observed within 2-3 months after
ileostomy closure. Early changes included an increase in
Atopobi C.c iodes, and Bifidob vium in patient
A, and an increase in C. coccoides, B. fragilis, and
Bifidobacterium in patient B, The amount of DNA detected
for each strain correlated positively with the number of
days since ileostomy closure. We observed the greatest
change within approximately 50 days, less change between
50 and 100 days, and almost no change between 100 days
and 1 year. Based on these preliminary results, we classi-
fied pouch samples in the larger group study into four
groups based on the time since ileostomy closure (<50,
50-100 days, 100 days—1 year, >1 year).

Significant changes in relative copy number over time
(using a Kruskal-Wallis rank test) were detected in the
C. coccides group, C. leptum subgroup, B. fragilis group,
Atopobium cluster, Lactobacillus species, and not in
Bifidobacterium, Prevotella, and Desulfovibrios (Fig. 3,
Table 3). Anaerobic bacteria in the C. coccoides group,
C. leptum subgroup, B. fragilis group, and Atopobium
cluster were less abundant in samples just after ileostomy
closure and showed a time-dependent increase in copy
number; however, even in pouches more than 1 year old,
the levels of these anaerobes never exceeded those from
healthy controls. Levels of specific bacteria, particularly
C. coccoides and B. fragilis groups, were more consistent
in control group samples than in post-surgical samples. In
contrast, the quantity of Lactobacillus species was most
abundant in ileosiomy samples and then decreased after
ilesotomy closure to levels comparable to controls. We
found no significant difference in bacteria levels between
samples from pouches at 1 year after ileostomy closure and
those after an additional year (Table 4).

Identification and Quantification of the 213-bp “Ileal”
Fragment

In a previous study, we detected a 213-bp PCR fragment
preferentially in samples taken at the time of ileostomy and
from early-stage pouches [2]. In this study, we PCR-ampli-
fied 213-bp fragments of DNA from one patient’s stool
samples taken at the time of ileostomy closure (Fig. 4a, lane
1), and 14 days after ileostomy closure (Lane 2). We
used electroelution to recover these fragments and then
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Fig, 2 Progressive changes in
copy numbers of fecal bacteria
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respectively. Error bars indicate
10/90 % percentile values.
p-values were calculated by
Kruskal-Wallis rank test, with
significance at p < 0.01. @ and
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significant difference (p < 0.01
by Mann-Whitney-Wilcoxon
test) in the copy number of
samples relative 1o the control
{a) or ileostomy group (b),
respectively

self-ligated them for use as template in further amplifica-
tions. Among the products re-amplified with only the 27F
primer, bands of approximately 430-bp were detected in both
samples (Fig. 4b). Similarly, PCR amplified products from
both templates yielded two restriction fragments (approxi-
mately 200- and 220-bp long) when digested with Cfo [
(Fig. 4c). Among the 11 plasmid clones recovered with these
DNA fragments, insert sizes were 107, 192, 202, 218, and
238 bp, respectively. The 218-bp DNA {ragment encoded a
Cfo I restriction site at its 3'-end and its sequence was strictly
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homologous to a partial sequence of the Enterococcus
Jfaecalis 16S ribosomal RNA gene (AB530699.1 etc.).
Upon identifying the origin of the 213-bp fragment,
we measured the amount of Enterococcus species and
Enterococcus faecalis uwsing specific16S ribosomal RNA
gene primers (Fig. 3), and found that Enterococcus species
and Enterococcus faecalis were most abundant in samples
from pouches within 50 days after ileostomy closure, and
feast abundant in the control group. When we comparcd
levels of Enterococcal bacteria between samples from
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Table 3 Changes in relative number over time
Bacterial group Tleostomy <50 days 50-100 days 100 days—1 year >1 year Healthy volunteer p-value
Bifidbacterium 7.08 6.22 5.91 6.43 6.49 6.60 p = 0.0785
6.26/7.83 5.16/7.11 5.72/6.20 5.99/6.74 5.73/7.24 6.00/8.26
Prevoteila 4.57 3.96" 3.86 3.90 4,55° 442 p = 03971
3.93/5.81 3.58/4.91 3.67/5.10 3.64/4.28 3.78/5.55 4.03/4.86
Desulfovibrios 5.64 5.53 5.50 5.61 5.61 5.80 p = 03131
5.58/5.81 5.41/4.91 5.49/5.62 5.49/5.72 5.42/5.73 5.65/6.01

Values are the median logarithmic number of tDNA copies per pg stool DNA, and 25/75 % percentile values, Samples yielding values below the

b otd

sensitivity th were excluded from the
Wallis rank test

analysis (* 2 samples, ® 14 samples

Juded). p-values were

d by Kruskal-

Table 4 Bacteria levels long

atr easomy sl Bicteria group Jime poini Time poin s n prvale
All Eubacteria 9.15 8.86 p = 0.1094
10.34/8.62 8.65/9.05
C. coccoides 8.23 8.07 p = 04375
8.88/6.71 7.99/8.15
B. fragilis 6.87 7.69 p=05781
8.04/5.60 6.66/8.25
Bifidobacterium 7.02 7.01 p = 0.6875
7.84/5.41 6.52/7.50
Lactobacillus 6.20 6.06 p = 06721
6.52/5.86 5.94/6.24
Atopobium 6.75 7.11 p = 04687
7.4516.00 6.23/7.61
Prevotella 5.12 537 p=0375
Valuos the median 5.88/4.50 4.96/5.71
lo‘gaﬁ;h:fc ombor of sONA C. leptum 8.17 7.18 p=02188
copies per pg stool DNA, and 9.15/6.21 6.37/8.37
25/75 % percentile values. Desulfovibrio 5.86 5.58 p = 09489
p-values were calculated by 8.61/4.61 5240573

Wilcoxon signed-ranks test

pouches of various times since closure, we found that
there were fewer of these bacteria as the time since
ileostomy closure increased. In addition, there was a sig-
nificantly higher frequency of fecal samples with low-
detectability levels of Enterococcus faecalis among
patients 1 year after ileostomy closure relative to control
subjects. These findings suggest that Enterococcus species
predominate transiently during the first 50 days of post-
surgical adaptation.

Discussion

The human gastrointestinal tract is postulated to harbor a
complex community of over 10’ microorganisms. This
community has the power to influence gut physiology and

health via a number of activities, including fermentation of
dietary components, production of short-chain fatty acids,
modulation of the immune system, transformation of bile
acids, production of vitamins and health-protective sub-
stances, and provision of a barrier against pathogenic
bacteria [11]. Gut flora also affects host immunity and may
be an important contributor to altered immune responses
after total proctocolectomy.

Pouchitis is a non-specific mucosal inflammation in a
pouch. It has been suggested to be the most frequent
complication with a pelvic pouch, as well as with a Kock
continent ileostomy at late stage {12). The fact that anti-
biotics, including metronidazole and ciprofioxacin, are
effective in treating pouchitis indicates a direct or indirect
link of pouch microbiota to this mucosal inflammation with
unknown etiology. Floral changes in the ileal pouch may
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200bp

100bp

Fig. 4 a Gel electrophoresis of PCR-amplified samples using the
universal 16S rDNA primers. Lane I: ileostomy sample, Lane 2:
pouch sample 14 days after ileostomy closure. White rectangles mark
boundarics of the gel slab that was excised for DNA exiraction.
b Extracted DNAs from (a) were self-lignted, PCR-amplified
with only the 27F primer of the universal 165 yDNA primer set,
and resolved by gel el ph is. Lane 1. il sample;

Enterococcus spp.

Lane 2: a sample from the pouch at 14 days after ileostomy closure.
¢ Gel electrophoresis before (Lanes I, 3) and after (Lanes 2, 4)
treatment of PCR products in (h) with Cfo 1. Lanes 1 and 2: ileostomy
sample; Lanes 3 and 4: sample from the pouch at 14 days alter
ileostomy closure. Arrows indicate two molecules with slightly
different mobilities

E, faecalis

T

v

Log 165 rDNA copiessug stool DNA

Fig, 5 Estimated copy number of the 168 rDNA gene from
Enterococcus species (left panel) and E. faecalis (right panel) in
samples from ileostomies, pouches within 50 days, pouches from 50
to 100 days, pouches from 100 days to 1 year, pouches over 1 year
after ileostomy closure, and control stool samples. The y-axis
represents the logarithmic number of 16S rDNA copies per pg stool
DNA. Shaded bars and lines represent 25/75 % percentile and median
values, respectively. Error bars indicate 10/90 % percentile values.

be associated with triggering and/or amplifying mucosal

inflammation of the pouch. For these reasons, evaluation of
the pouch flora is essential.
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p-values were calculated by Kruskal-Wallis rank fest, with signifi-
cance at p < 0.01.  and b indicate a statistically significant difference
(p < 0.01 by Mann-Whitney-Wilcoxon test) in the copy number of
samples relative to the control (a) or ileostomy group (b), respec-
tively. For E. faecalis data, the number with a parenthesis at the
bottom of the chart mark indicate the number of samples that yielded
DNA levels below the threshold sensitivity and were not analyzed

Since the water content in stool after total proctocolec-
tomy is generally very high and easily affected by meals or
enteritis, DNA recovery per gram wet stool is highly
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variable and not necessarily proportional to wet weight of
stool samples. Therefore, we compared flora density and
diversity using real-time-PCR of 16S rRNA genes to esti-
mate the numbers of bacteria present per microgram stool
DNA. Data from this study expand our understanding of
the time-dependent progression in fecal flora (from “ileal”
to “colonic”) aller ileostomy closure [2] by providing
explicit values for specific species, genera, group, or sub-
group densities in samples collected at various times since
ileostomy closure. Overall, we found increased numbers of
colon-predominant anaerobic bacteriac and decreased
numbers of ileum-predominant species. In addition, the
relative numbers of these bacteria were observed to stabi-
lize within 1 year after ileostomy closure.

Using conventional culture techniques, Nasmyth et al.
compared fecal flora from 11 pouches and 12 ileostomies
and found a significant increase in numbers of anaero-
bic bacteria (such as Bacteroides and Bifidobacteria) in
pouch-derived samples [13]. Smith et al. also investigated
individual strains of fecal anaerobic bacteria in seven
ileostomies, nine ileal pouches with UC, and five ileal
pouches with FAP using conventional culture methods [14]
and found that the ratio of strict to facultative anacrobes
within the UC pouch was maintained between sample
groups. In this study, we investigated changes in common
fecal bacteria using molecular techniques that permit anal-
yses of bacterial DNAs extracted from both cultivable and
uncultivable bacteria. Molecular data demonstrate a similar
increase in anaerobic bacteria such as C. coccides group,
C. leptum subgroup, B. fragilis group, and Atopobium cluster
with time. Although our methods detected major popula-
tions of fecal bacteria, it is certainly possible that low-
abundance taxa not detected using quantitative PCR may
also contribute significantly to changes in microbial popu-
lation structures following total proctocolectomy.

There are several possible limitations to the methodol-
ogies used in this study. First, efficiencies of DNA
extraction in gram-positive versus -negative bacteria can
differ due to different cell-wall components. Second,
DNAs from living bacteria and dead bacteria that are suf-
ficiently intact for amplification will both yield amplication
products. Finally, the fact that patients typically receive
antibiotics until the fourth post-operative day must be taken
into consideration in that this may bias the bacterial com-
position of ileostomy samples. Despite these limitations,
results from conventional culture and molecular studies are
similar and indicate that increased numbers of anaerobic
bacteria are highly relevant in pouches after total procto-
colectomy, and that quantification of fecal bacteria using
real-time PCR is appropriate and useful.

Although the mechanism for altering bacterial compo-
sition during intestinal adaptation is speculative, a “colonic
transformation” includes both of the acquisition of colonic

flora phenotypes as well as the loss of small intestinal
phenotypes after total proctocolectomy. Postoperative
changes in the host include activation of the rennin-
angiotensin-aldosterone system, altered phenotype of the
remnant small intestine epithelia, stasis due to pouch for-
mation, and possible alterations in mucosal immune
response [, 15]. Consistent with the concept of “colonic
transformation,” we observed that the abundance of
Lactobacillus and Enter s species that predominate
in the small intestine decreases progressively after ileos-
tomy closure.

The changes that occur during intestinal adaptation also
depend on other variables that affect bacterial composition
after total proctocolectomy, including original flora before
surgery, meal components, hygiene environment, and
genetic background of the host. In order to study variation
in fecal flora, repeated sampling from the same individuals
over a course of time is necessary. We measured bacteria in
feces because it is feasible to collect repeated samples from
both healthy individuals and patients. While both mucosa-
associated microbiota and those attached to epithelial
cells may also have a strong impact on gut physiology and
pathology after total proctocolectomy [16—18], previous
DNA-based approaches have reported a similarity index
of approximately 85 % between fecal microbiota and
mucosa-associated microbiota [19], suggesting that analy-
sis of fecal bacteria is a relevant measure. Regardless of the
variation that is observed in the bacterial composition of
feces between individuals, increased numbers of anaerobic
bacteria and decreased numbers of small-intestine bacteria
appear to be consistent and relevant postoperative phe-
nomena following total proctocolectomy.

In a previous study, an approximately 213-bp terminal
restriction fragment was detected in more than 70 % of
ileostomy samples, a significantly greater frequency (p <
0.05) than in controls [2]. Because this predominantly “ileal”
fragment exhibited time-dependent decreases in detection
after ileostomy closure, we hypothesized decreased numbers
of “ileal” bacteria and increased numbers of “colonic”
bacteria were hallmarks of the mucosal immune response
after ileostomy closure. In this study, we continued our
analysis by successfully cloning a 218-bp fragment with
sequence identical to a partial sequence of the Enterococ-
cus faecalis 16S ribosomal RNA gene. With only a five
base-pair difference between the expected and identified
fragments, and since Enter faecalis d d
in a time-dependent fashion after ileostomy closure, we
considered the 218-bp fragment to be our target. The five-
base misreads in the previous T-RFLP study might have
led to our previous failure in hitting in the database.

Inflammation of the ileal pouch, or “pouchitis,” has
been hypothesized to be linked with the presence of large
numbers of sulfate-reducing bacteria of the genus
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Desulfovibrio in stools [S]. Sulfide, a product of sulfate
reduction, has been shown to inhibit butyrate metabolism
in colonocytes and to induce epithelial abnormalities such
as hyperproliferation [20]. In a comparison of cultures of
sulfate-reducing bacteria derived from UC pouches versus
familial adenomatous polyposis (FAP) pouches, Duffys
et al. found sulfate-reducing bacteria in 80 % of UC pou-
ches, but none in FAP pouches [21]. In the present study,
we found that the amount of Desufovibrios throughout the
postoperative term was both stable and comparable to that
of control cases. Although samples in this study were all
obtained from pouches without infl ion, it is
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to monitor Desulfovibrios levels before and after therapies
when patients are at risk for pouchitis. In future analyses,
samples from patients with familial adenomatous polyposis
could provide additional information about pouchitis
development.

In conclusion, our molecular quantification of fecal
bacteria clearly demonstrates a time-dependent shift in
fecal flora from jleal to colonic bacteria after total proc-
1ocolectomy. Although the study is still descriptive, post-
operative alteration of fecal flora will be one essential
element in future investigations of pouchitis development.

Acknowledgments A part of the results were generated by using
the facilities of the Biomedical Research Core of Tohoku University
Graduate School of Medicine. This work was supported in part by
Health and Labour Sciences Rescarch Grants for research on intrac-
table diseases [rom the Ministry of Health, Labour and Welfare of
Japan,

Conflict of interest The authors declare that they have no conflict
of interest.

References

. Fukushima K, Haneda S, Takahashi K, et al. Molecular analysis
of colonic transformation in the ileum after total colectomy in
rats. Surgery. 2006;140:93-99.
Kohyama A, Ogawa H, Funay Y, et al. B; i lati
moves toward a colon-like community in the pouch aflcr total
proclocolectomy. Surgery. 2009;145:435-447.
. Matsuki T, Watanabe K, Fujimoto J, Takada T, Tanaka R. Use of
165 tRNA gene-targeted group-specific primers for real-time
PCR analysis of predominant bacteria in human feces. Appl
Environ Microbiol. 2004;70:7220-7228.
Rinttila T, Kassinen A, Malinen E, Krogius L, Palva A. Devel-
opment of an extensive set of 168 rDNA-mrgeled primers for
ion of patl ic and i bacteria in faccal
uamples by real-time PCR. J Appl Microbiol. 2004;97:
1166-1177.
Ohge H, Furne JK, Springfield J, Rothenberger DA, Madoff RD,
Levitt MD. Association between fecal hydrogen sulfide produc-
tion and pouchitis. Dis Colon Rectum. 2005;48:469-475.

»n

w

Ead

bl

@ Springer

IS

1

P

bl

)

=~

=

©

4

. B h S. Fite A, Macfarlane GT, McMurdo ME. Character-

ization of bacterial communities in feces from healthy elderly
volunleers and hospuahzcd elderly patients by using real- ume
PCR and effects of antibi on the fecal microt
Appl Environ Microbiol, 2004;70:3575-3581.

. Langendijk PS, Schut F, Jansen G, et al. Quantitative fluores-

cence in situ hybridization of Bifidobacterium spp. with genus-
specific 168 rRNA-targeted probes and its application in fecal
samples. Appl Environ Microbiol. 1995;61:3069-3075.

. Coffey JC, Rowan F, Burke J, Dochery NG, Kirwan WO,

O’Connell PR, Pathogenesis of and unifying hypothesis for idi-
opathic pouchitis. Am J Gastroenterol, 2009;104:1013-1023.

. Nasmyth DG, Godwin PG, Dixon MF, Williams NS, Johnston D.

Tleal ecology after pouch-anal anastomosis or ileostomy. A study
of mucosal morphology, fecal bacteriology, fecal volatile fatty
acids, and their interrelationship. Gastroenterology. 1989;96:
817-824.
Smith FM, Coffey JC, Kcll MR, O’Sullivan M, Rcdmnnd HP,
Klrwan WO. A charac ion of bi ion and
d mucosal adaptations in the undi d ileal pouch.
Colorectal Dis. 2005;7:563-570.
Sato S, Fukushima K, Naito H, et al. Induction of llben»
hydroxysteroid dehydrog type 2 and hyperald are
essential for enh d sodium absorption after total col in
rats. Surgery. 2005;137:75-84.

. Swidsinski A, Ladhoff A, Pernthaler A, et al. Mucosal flora in

inflammatory bowel discase. Gastroenterology. 2002;122:44-54.
Marteau P, Lepage P, Mangin L, et al. Review article: gut flora
and inflammatory bowel discase. Aliment Pharmacol Ther. 2004;
20:18-23.

. Lepage P, Seksik P, Sutren M, et al. Biodiversity of the mucosa-

associated microbiota is stable along the distal digestive tract in
healthy individuals and patients with 1BD. Inflamm Bowel Dis.
2005:11:473-480.

Sokol H, Seksik P, Rigottier-Gois L, et al. Specificities of the
fecal microbiota in inflammatory bowel disease. Inflamm Bowel
Dis. 2006;12:106-111.

Christl SU, Eisner HD, Dusel G, Kasper H, Scheppach W.
Antagonistic effects of sulfide and butyrate on proliferation of
colonic mucosa: a potential role for these agents in the patho-
genesis of ulcerative colitis. Dig Dis Sci. 1996;41:2477-2481.

. Duffy M, O'Mahony L, Coffey JC, et al. Sulfate-reducing bac-

teria colonize pouches formed for ulcerative colitis but not for
familial adenomatous polyposis. Dis Colon Rectum. 2002;45:
384-388.



- V¥

int. J. Oral Maxillofac, Si
bttp:ifdx.doi.org/ 10,101 6/

2012; 41: 1611169

om.20112.05.020, available online at hitp://www.sciencedirect.com

Octacalcium phosphate
collagen composites with
titanium mesh facilitate alveolar
augmentation in canine
mandibular bone defects
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with titanium mesh facilitate
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alveolar augmentation in camne mandlbular bone defects. Int. J. Oral Maxillofac.
Surg. 2012; 41: 1161-1169. © 2012 International Association of Oral and
Maxillofacial Surgeons. Published by Elsevier Ltd. All rights reserved.

Abstract. This study was designed to investigate whether bone regeneration by
implantation of ectacalcium phosphate and porcine atelocollagen composite (OCP/
Col) would be enhanced if mechanical stress to the implanted OCP/Col were
alleviated. OCP/Col discs were implanted into an arc-shaped mandibular defect in
male adult beagle dogs divided into untreated, OCP/Col, and OCP/Col/Mesh
groups. In the OCP/Col/Mesh group, mechanical stress towards the implanted OCP/
Col was alleviated by a titanium mesh. Bone regeneration in the three groups was
compared afler 6 months. Macroscopically, the alveolus in the OCP/Col/Mesh
group was augmenfed vertically more than in the other two groups. Morphometric
analysis by micro-CT showed the bone volume in the OCP/Col/Mesh group was
significantly greater than in the other two groups. The augmented alveolus in the
OCP/Col/Mesh group consisted of outer cortical and inner cancellous structure.
Histologically, the OCP/Col/Mesh-treated alveolus was augmented by matured
bone tissue along the inside of the titanium mesh. The implanted OCP/Col in the
OCP/Col/Mesh and OCP/Col groups had almost disappeared. These results
indicated that vertical bone regeneration by OCP/Col was efficient and successful

1 f

when the | stress to the i

d OCP/Col was alleviated. OCP/Col

should be a useful bone substitute with active structural reconstitution.
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Achieving bone regeneration for bone
defects is a crucial issue in oral and ortho-
paedic surgery.! Many cases require bone
regeneration, for example, reconstruction

0901-5027/0901161 +09 $36.00/0 © 2012

of bone defect after extirpation of jaw
tumours and cysts, bone prafting for
alveolar cleft,? and preprosthetic surgcry
of sinus lifting for bone deficiency,” Auto-

Association of Oral and il

genous iliac bone grafting is the most
popular bone regenerative technique for
large bone defects that cannot be expected
to exhibit self-restoration.? This technique

| Surgeons. Published by Elsevier Ltd. All rights reserved.
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has several drawbacks, such as limited
quantity of harvested bone and excessive
surgical intervention into healthy tissue,*
as well as low availability for general
dental practitioners. Therefore, many bone
substitutes have been developed as alter-
natives to autogenous bone grafting, and
hydroxyapatite (HA) and B-tricalcium
phosphate (B-TCP) have been applied in
clinical contexts.”® Autogenous bone
prafting is stil] the gold standard because
HA and B-TCP did not accomplish bone
Tegeneration, in conirast to autogenous
bone grafting.

Interstitial bone inaterial consists of
organic matrices, such as collagen and
minerals whose prototype is conSIdered
to be HA.

the skel have been completed, and the
cells respansible for bone remodelling are
known as osteocytes, osteoblasts, and
osteoclasts. Osteocytes have the ability
to communicate with osteoblasts through
an extensive network of cellular pro-
cesses, and this network is thought to
sense and respond to local mechanical
stress.

Although implantation of OCP/Col

17-Month-old, male beagle dogs (n=9;
NARC Co., Chiba, Japan) were used, The
principles of laboratory animal care were
followed as well as national laws, and all
procedures were approved by the Animal
Research Committee of Tohoku Univer-
sity (21-Dentistry Animal-23).

General anaesthesia was administered

showed prominent bone reg ive
properties at a site with minimal stress,
limited bone regeneration with stimula-
hon of osteoclastic resorption was
ated at hanically stressed

bone defects.)” The bone regeneration
by OCP/Col would be recovered if the
hanical stress were alleviated by the

(CagHy(PO4)e:SH,0; OCP) is cons:dercd
to be a direct precursor of HA,® and the
transition of OCP to HA is likely to be
spontaneous and mevemhle under phy-
siological conditions.® The osteoconduc-
tive property of synthetic granular OCP
was first seen in the subperiosteal implan-
tation of mouse calvaria, and the
implanted OCP was converted to the apa-
titic phase.” As OCP was capable of indu-
cing osteoblastic cell differentiation in a
manner comparable to HA,” the implanted
granules of OCP are resorbed and replaced
by newly formed bone to a greatcr extent
than those of B-TCP and HA.®

Even though OCP possesses many
desirable properties as a bone substitute,
it cannot be moulded using sintering pro-
cesses, unlike bioceramics such as HA or
B-TCP, becau%e of its intrinsic crystal
structure. When considering clinical
use, it is easy to assume the limited avail-
ability of granular OCP as well as that of
granular HA or B-TCP. To resolve these
disadvantages, a composite sponge con-
structed of synthetic OCP and porcine
atelocollagen (OCP/Col) was devel-
oped.”” The authors’ previous studies
reported  that OCP/Col significantly
enhanced bone regeneration more than
the implantation of OCP alone, 8-TCP
collagen composite (B-TCP/Col), or HA
collagen  composite  (HA/Col), if
implanted into a critical-sized calvarial
defect rat model. "' The efficacy of bone
regenerat)on by OCP/Col was confirmed
in various canine bone defect models.'?-*

It has been accepted that the three main
components for bone regeneration are
stem cells or osteoprogenitors, an appro-
priate biological scaffold, and signal
molecules,’® and the importance of
mechanical stress in bone regeneration
has been advocated.”® Bone is a dynamic
tissue that constantly undergoes remodel-
ling even once growth and modelling of

use of support material.'® 1t has been
reported that the alveolar defects of adult
dog were augmented when a micro-tita-
nium mesh was used to alleviate
mechanical stress.'” The present study
was designed to investigate whether
bone regeneration by implantation of
OCP/Col would be enhanced if mechan-
ical stress to the implant were alleviated.
With the goal of clinical use, a critical-
sized mandibular defect was prepared
for an adult dog, and discs of OCP/
Col with titanium mesh that alleviates
mechanical stress were implanted into
the defect. After 6 months of implanta-
tion, bone regeneration by OCP/Col with
and without titanium mesh was com-
pared.

Materials and methods
Preparation ot OCP and OCP/Col discs

Preparation of the discs of OCP and OCP/
Col has been described previously.'™*"
Bneﬂy, OCP was prepared by direct pre-

and was prepared
from NMP collagen PS (Nippon Meat
Packers, Tsukuba, Ibaraki, Japan), a Iyo-
philized powder of pepsin-digested atelo-
collagen isolated from porcine dermis.
The sieved granules (particle size 300-
500 pm) of OCP were added to the con-
centrated collagen and mixed, and the
weight percentage of OCP in OCP/Col
became 77%. The OCP/Col mixture was
lyophilized, and the disc was Ided

with i sodium p barbital
(0.5 ml/kg), followed by intramuscular
atropine sulfate (0.5 mg) and ketamine
hydrochloride (20 mg/kg). After disinfec-
tion of the oral cavity, local anaesthesia
(2% lidocaine with 1/80,000 epinephrine)
was injected. The preparation of left man-
dibular defect was as follows: at first, left
Jower second and third premolars were
extracted and a buccal intracrevicular inci-
sion was made from the centre of the first

lar to the fourthp lar. A vertical
incision was made from the marginal gin-
giva of the fourth premolar towards the
inferior border of the mandible, and the
mucoperiosteum of the first to fourth pre-
molars of the mandible was ablated in
circumference. An arc-shaped defect
(about 10 mm radius) was made from
the interalveolar septum of the first and
second o the third and fourth premolars.
The middle point of 20 mm of the alveolar
crest between the extracted second and
third premolars was point M. The point
10 mm away from point M, which was on
a perpendicular line vertically towards the
mandibular border from point M was
defined the bottom of the defect
(Figs. 1a and 2a). After preparation of
the defect, radiographs were taken to
ensure that there were no remaining teeth
in the defect, and the mucoperiosteal flap
was advanced 1o cover the defect.

The experimental animals were divided
into three groups, and each group included
three samples. Group 1 was untreated
(Figs. 1a and 2a); nothing was implanted
into the prepared mandibular defect. Group
2 was the OCP/Col group (Figs. 1band 2b);
as many OCP/Col discs as possible were
implanted into the prepared mandibular
defect, the average was 14.7. Group 3
was the OCP/Col/Mesh group (Figs. l¢
and 2c); the remammg mandible was sur-

ded by titanium mesh (0.1 mm thick,

(Omm diameter, 1mm thick). The
moulded OCP/Col underwent dehy-
drothermal treatment (150 °C, 24 h) in a
vacuum drying oven and was then
sterilized using gamma-ray irradiation
(5 kGy). Under standardized conditions
(60kV, 10mA, 11s), the OCP/Col
discs before implantation showed no
radiopacity.

hole spacing 0. 75 mm x 1.3 mm, Flexgit-
ter 1.0; Synthes®, Tokyo, Japan) to alle-
viate mechanical mess onthe implants, and
the mesh was fixed to the mandible using
two titanium mini-screws, as many OCP/
Col discs as possible were implanted into
the prepared mandibular defect, the aver-
age was 12.7. Finally, all of the experimen-
tal defects were closed watertight (Fig. 2d).
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b

OCP/Col

d Assessment area of
bone volume

Fig. 1. The preparation and implantation procedures for the left mandibular defect (a—c) and the measurement of bone volume in the defect (d).
d, and the arc-shaped defect (about 10 mm radius) is made (a). The discs of OCP/Col are

The left lower second and third lars are

implanted into the defect in the OCP/Col group (b). In the OCP/Col/Mesh group, disks of OCP/Col with surrounding titanium mesh that alleviates
mechanical stress to the disks are implanted into the defect (c). The measurement of bone volume in the defect and the area of interest are defined as
follows: the upper border is a line from the distal cement—enamel junction of the first premolar (A) to the mesial cement—enamel junction of the
fourth premolar (B). The lower border is the inferior mondibular border. The mesial border is the line from A through the root apex of the canine
tooth (C) towards the inferior mandibular border, and the intersection is defined as E. The distal border is the tangential line from B through the
mesial root border of the fourth premolar (D) towards the inferior mandibular border, and the intersection is defined as F. An area enclosed by A, E,
F, and B is defined as the area of interest, then the bone volume is obtained by integrating the area of interest from the buccal to the lingual side (d).

To prevent infection, flomoxef sodium was
used via an intravenous drip during the
operation, and cefcapene pivoxil hydro-
chloride hydrate was administered orally
for 3 days postsurgically. A soft diet was
fed to rest the operative wounds during the
experimental period.

Tissue preparation and radiography

Dental radiographs were taken by dental
radiography (SANKO X-ray MFG or
MAX-DC70) with instant film for occlusal
radiography (Hanshin Technical Labora-
tory, Ltd., Nishinomiya, Hyogo, Japan)
under standardized conditions (50 kV,
10mA, 08-1.0s or 60kV, 10mA,
0.1's) immediately after the operation
and every month thereafter to confirm
the condition of the treated defect. 6
months after implant surgery, the dogs
were killed by intravenous injection of
an overdose of sodium pentobarbital.
The mandible and surrounding tissues

were resected and fixed with 10% formalin
neutral buffer solution, pH 7.4.

Micro-CT examination

The morphological and quantitative image
analysis of newly formed bone was per-
formed using micro-computed tomogra-
phy [(o43] (Scan  Xmate-E090;
Comscantecno  Co., Ltd, Kanagawa,
Japan) under standardized conditions

junction of the first premolar (A) to the

mesial cement—enamel junction of the
fourth premolar (B). The Jower border
was defined as the inferior mandibular
border. The mesial border defined as a
curved surface was the line from A
through the root apex of the canine tooth
{C) towards the inferior mandibular bor-
der, and the intersection was defined as E.
The distal border was the tangential line
from B through the mesial root border of

(90 kV, 110 pA). In the th di ional
analysis, the newly formed bone area was
analyzed after sampling using bone
mineral density (BMD) standards, estab-
lished as Jover 300 mg/cm®  (between
300 mg/cm® and 1500 mg/em®), and the
extracted range of bone was defined
between 300 mg/cm’ and 1100 mg/em’.
An area of interest was defined and the
bone volume in the area of interest was
quantified as follows (Fig. 1d). The upper
border defined as a curved surface was the
line from the distal t-enamel

the fourth p lar (D) towards the infer-
ior mandibular border, and the intersection
was defined as F, An area enclosed by A,
E, F, and B was defined as the area of
interest, then the bone volume was
obtained by integrating the area of interest
from the buccal to the lingual side. The
bone volume in the operated site was
measured using a morphometric pro-
g of TRthree-di 1 BON
(Ratoc  System  Engineering, Osaka,
Japan).*! The height and width of the

e q

treated were and
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Fig. 2, M pic view of the p

dibular defect and impl; i d The

haped defect is made, and the bottom of the

created defect is situated about 10 mm from the alveolar crest (a). The disks of OCP/Col are implanted m(o the defect in the OCP/Col group (b). In
the OCP/Col/Mesh group, disks of OCP/Col with titanium mesh are implanted into the defect (c). All the experimental defects are closed

waterlight (d).

statistically analyzed. The measured plane
was the frontal plane at the centre between
A and B, which was vertical to the inferior
border of the mandibular.

Statistical analysis

Statistical analysis was performed for all
of the micro-CT data using Excel v.X.
(Microsoft Co., Redmond, WA, USA).
All values are reported as the mean-
s = standard error (SE). The x* test was
applied to test whether each group had a
normal distribution, and Bartlett’s test
was used to examine for homogeneity
of variances across samples. One-way
analysis of variance (ANOVA) or the
Kruskal-Wallis test was used to compare
the means among groups. Statistical sig-
nificance was accepted at P < 0.05. If
significant differences of mean values
were detected, Tukey—Kramer or Scheffe
multiple comparison analysis was used as
a post hoc test.

Contact microradiogram and histology

The specimens were fixed in 70% ethanol,
stained with Villanueva bone stain, dehy-
drated in graded ethanol, and embedded in
methyl methacrylate. They were sectioned
coronally using a low-speed saw machine
(Isomet 5000; Buehler, Lake Bluff, IL,
USA) with a diamond-wafering blade.
The sectioned wafers were d on

plastic slides and were ground and
polished until they were 200-300 pm
thick. Contact microradiography of unde-
calcified sections was carried out with a
microradiography unit (Softex CMR Unit;
Softex, Tokyo, Japan) for 60 s exposures,
at 20kV and 5mA. After radiographs
were taken, the polished wafers were
ground and polished to 20-30 pum thick-
ness and observed with a photomicroscope
(Leica DFC300 FX, Leica Microsyslems
Japan, Tokyo, Japan).

Resuits
Macroscopic analysis

In the OCP/Col/Mesh group, the operated
site was apparently augmented and bone-
like hard tissue was palpated at the treated
site; exposure of titanium mesh on the
treated alveolar ridge was confirmed in
two of three animals. In these cases, the
alveolar ridge between the first and fourth
premolars became thinner and frayed 1
month after operation. Although the arca
of exposed mesh was slightly increased
with time, infectious symptoms such as
swelling and pus discharge were hardly
seen, and no sequestration was observed.
Tn OCP/Col and untreated groups, the oper-
ated site was arc-shaped, and the atrophied

were observed in either experimental
group.

Ch togical radiograph .

Immediately after operation, the radiopa-
que bottom of the defect was similarly
positioned in every group, and radiopacity
in the OCP/Col implanted area was not
clear without mesh-like radiopacity that
corresponded to titanium mesh (Fig. 3). In
the OCP/Col/Mesh group, a foggy radio-
paque figure was observed in the
implanted arca at 2 months after operation,
but it was distant from the top of the
titanium mesh. At 6 months, the treated
area was augmented with radiopacity that
was similar to original bone. In the OCP/
Col group, the radiopaque bottom of the
defect was increased about 3-4 mm 2
months after operation, and a foggy radio-
paque ﬂgure WdS observed at the OCP/Col
Js { area. Sul i

and came to resemble ongmal bone,
whereas the bottom of the defect was
stationary. In the untreated group, the
radiopaque bottom of the defect was
increased about 2-3 mm, immediately to
2 months after the operation; thereafter, no
significant change was observed.

alveolus was covered by healthy oral
mucosa after 6 months OF operation. No

-

vy and i B

P ic ysis by micro-CT

In every group, the BMD of the operated
region was similar to that of original bone,
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implantation 2 months 6 months

OCP/Col |
/Mesh

OCP/Col

Untreated

Fig. 3. Cl logical rad: hi ion of the treated defects. Immediately after
operation, the radiopaque bottom of the defect is similarly positioned in every group. In the
OCP/Col/Mesh group, a foggy radiopaque figure is observed in the implanted arca at 2 months,
but it is distant from the top of the titanium mesh. At 6 months, the treated area is augmented with
radiopacity that is similar to original bone. In the OCP/Col group, the defect bottom is increased
and a foggy radiopaque figure is observed in the OCP/Col implanted area at 2 months. Al 6
months, it is increased and resembles original bone. In the untreated group, the radiopaque
bottom of the defect is increased about 2-3 mm 2 months after surgery, thereafler no significant
change is observed.

OCP/Col/Mesh

Untreated

BMD: 300mg/em ; 5 211500 mg fem *

Fig. 4. BMD imaging of the defect in each experiment group. The vertical alveolar height of the
operated region is apparently augmented in the OCP/Col/Mesh group more than in the OCP/Col
and untreated groups. The operated mandible consists of outer cortical and inner cancellous
structure as well as original bone. The newly formed bone in the OCP/Col/Mesh group seems to
be regenerated along the covering of titanium mesh, The horizontal mandibular width of OCP/
Col/Mesh- and OCP/Col-treated sites seems o be wider than that of the untreated group. B,
buccal side; L, lingual side. Bars =20 mm.

and the border between the original and
newly formed bone in the operated region
was hardly recognized. The operated
mandible consisted of outer cortical and
inner cancellous structures as well as
original bone. The vertical alveolar height
of the operated region was apparently
augmented in the OCP/Col/Mesh group
more than in the OCP/Col and untreated
groups (Fig. 4). The angmented alveolus
in the OCP/Col/Mesh group exhibited
similar BMD to surrounding original
bone. The newly formed bone in the
OCP/Col/Mesh group seemed to regener-
ate along the covering of titanium
mesh. The horizontal mandibular width
of OCP/Col/Mesh- and QCP/Col-treated
sites seemed to be wider than that
of the untreated group. The bone
volumes in the OCP/Col/Mesh, OCP/
Col, and untreated groups were
122 £0.132 cm®, 0821100180cm
and 0.643 £ 0. 0428 cm?, respectwely
(Fig. 5a). As each group showed a normal
distribution and all compared groups
showed equal distributions, ANOVA
was applied to compare mean values
among the groups. A significant difference
in mean value among these groups was
shown (ANOVA, F=131, df=38;
P =0.00645) and Tukey—Kramer multiple
comparison analysis as a post hoc test
indicated significant differences between
OCP/Col/Mesh and OCP/Col groups
(F=345 df=6: P=00386) and
between OCP/Col/Mesh and untreated
groups (F=5.00; df=6; P =0.00867).
The mandibular heights in OCP/
Col/Mesh, OCP/Col, and untreated
groups were 13.7% 1.19mm, 11.0+
0.245 mm, and 9.66 + 0.120 mm, respec-
tively (Fig. Sb). As each group showed a
normal distribution and compared groups
showed unequal distributions, the Krus-
kal-Wallis test was applied to compare
mean values among the groups. A signifi-
cant difference in mean value among these
groups was shown (Kruskal-Wallis,
df=2; P=0.0273) and Scheffe multiple
comparison analysis as a post hoc test
indicated significant differences between
OCP/Col/Mesh and untreated groups
(F=8.14; P=0.0195). The mandibular
widths in OCP/Col/Mesh, OCP/Col, and
untreated groups were 7.21 £+ 0.334 mm,
6.99 -+ 0.706 mm, and 6.81 £ 0.407 mm,
respectively (Fig. 5c). As each group
showed a normal distribution and all com-
pared groups showed equal distributions,
ANOVA was applied to compare mean
values among the groups, No significant
difference in mean value among these
groups was shown (ANOVA, F=10.228;
df = 8; P =0.803).
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Fig. 5. Bone volume in the defect, mandibular height, and mandibular width of each experiment
group. (a) The bone volumes in OCP/Col/Mesh OCP/Col, and untreated groups were
1.22 # 0.132 cw®, 0.821 =+ 0.0180 cm?’, and 0.643 + 0.0428 cm’, respectively. A significant
difference (P < 0. 05) is seen between OCP/Col/Mesh and OCP/Col groups, and between OCP/
Col/Mesh and untreated groups. (b) The mandibular heights in OCP/Col/Mesh, OCP/Col, and
untreated groups are 13.7 & 1.19 mm, 11.0 + 0.245 mm, and 9.66 = 0.120 mm, respectively. A
significant difference (P < 0.05) is seen between OCP/Col/Mesh and untreated groups. (c) The
mandibular widths in OCP/Col/Mesh, OCP/Col, and un'reated  groups are 7.21 £0.334 mm,
6.99 + 0.706 mm, and 6.81 = 0.407 mm, respectively. No in mean value
among these groups is shown, Each group includes three samples. *P < 0.05.

Contact

iographic and h gy  in OCP/Col and untreated groups (Fig. 7).

The proportion of radiolucent area in the
In the OCP/Col/Mesh-treated alveolus, a  augmented alveolus was greater than that
radiopaque figure was observed along the iy the original bone that was situated in the
inside of the area that was surrounded by  area of inferior mandibular border. Histo-
titanjum mesh (Fig. 6). The augmented logically, the avgmented radiopaque
radiopaque figure was clearly larger than  area was almost completely occupied by

matured bone tissue, and the remnant
of implanted OCP/Col was hardly
recognized. In the OCP/Col-treated alveo-
lus, a small amount of vertically augmen-
ted radiopaque figure was observed at the
OCP/Col implanted area. The proportion
of radiolucent area in the alveolar crest
was greater than that in the original bone.
The augmented alveolus was almost com-
pletely occupied by matured bone tissue,
and the small remnant of implanted OCP/
Col was surrounded by regenerated bone
tissue. In the untreated group, the created
concave defect was transitionally repaired
with surrounding soft tissues, and the
repaired alveolar crest that was distin-
guished as bone tissue had a greater pro-
portion of radiolucent area than that of the
original bone.

Discussion

Macroscopically, the untreated and OCP/
Col groups demonstrated atrophied alveo-
lus at the operated site with healthy oral
mucosa. This suggests that the implanta-
tion of OCP/Col per se in this mandibular
defect was not involved in angmentation
of alveolar height. The alveolus in the
OCP/Col/Mesh group was augmented ver-
tically more than in the OCP/Col and
untreated groups because mechanical
stress on the implanted OCP/Col was alle~
viated by covering the implant with tita-
niuvm mesh. The dehiscence of alveolar
mucosa in the OCP/Col/Mesh group was
observed as previously reported.’ This
would be caused by blood flow decrease
associated with stress on the alveolar ridge
despite repose on tension-free closure and
a soft food diet. It might also be caused by
insufficient oral hygiene. Even if a high
complication rate of exposure of the tita-
nium mesh and dehiscence occurred in this
experiment, these complications seemed
to have little adverse effect on bone regen-
eration in these cases in the OCP/Col/
Mesh group. Although it was reported that
the exposure of titanium mesh with non-
resorbable porous HA enhanced no new
bone formation,'? it was recently reported
that the exposure of titanium mesh during
healing did not necessarily compromise
the final treatment outcome, because tita-
nium mesh provides superior space main-
tenance and the pores within the titanium
mesh are thought to play a critical role in
maintaining blood supply to a grafied
defect* It should be clarified whether
this phenomenon is specific for implanta-
tion of OCP/Col.

Chronological radiography in the trea-
ted defects immediately after operation
showed the radiopaque bottom of the
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Untreated

Fig. 6. Contact microradiographic cxamination. In the OCP/Col/Mesh-treated alveolus, the
radiopaque figure is observed along the inside of the aren that is surrounded by titanium mesh.
The augmented radiopaque figure in the OCP/Col/Mesh group is clearly larger than those in the
OCP/Col and untreated groups. B, buccal side; L, lingual side. Bars = 5 mm,

OCP/Col/Mesh

Untreated

Fig. 7. Histological ination. The d alveolus in the OCP/Col/Mesh group is
occupied by a large volume of matured bone (B), and the remnant of implanted OCP/Col is

defect, which was similarly positioned in
every group. Radiopacity in the OCP/Col
implanted area was not clear. Although the
radiopacity of the operated site showed no
significant change in the untreated group
during the observation periods, the OCP/
Col-treated area in the OCP/Col and OCP/
Col/Mesh groups indicated a foggy radio-
pacity at 2 months and came to resemble
original bone at 6 months. This was due to
apatitic conversion from OCP and/or bone
regeneration by OCP/Col.'" The increase
of radiopacity on OCP/Col/Mesh was
initiated from the bone defect or around
the implanted OCP/Col. No active bone
regeneration from the side of titanium
mesh was observed. Therefore, titanium
mesh would not be primarily involved
with bone regeneration in the OCP/Col/
Mesh group, although it was reported that
titanium mesh as a space holder contrib-
uted to the osseous regeneration of the
defect.”

In morphometric analysis by micro-CT,
the bone volume in the OCP/Col/Mesh
group was significantly higher than that
in the OCP/Col and untreated groups. The
mandibular height in the OCP/Col/Mesh
group was significantly greater than that in
the untreated group, whereas no signifi-
cant difference in mandibular width was
detected among the groups. These results
suggest that vertical bone regeneration by
OCP/Col was efficient and successful, if
the mechanical stress to the implanted
OCP/Col was alleviated by titanium mesh,
Furthermore, it would be comparable to
alveolar ridge augmentation in dogs with
poly(p, L-lactic-co-glycolic acid) copoly-
mer/gelatin  sponge with recombinant
human bone morphogenetic protein-2
(thBMP-2).2*

In every group, the newly formed bone
in the operated region showed similar
BMD as original bone, and the border
between the original and newly formed
bone in the operated region was hardly
recognized. The augmented alveolus in
the OCP/Col/Mesh group indicated simi-
lar BMD to surrounding original cortical
bone, and the operated mandible consisted
of outer cortical and inner cancellous
structures as well as original bone. The
newly formed bone in the OCP/Col/Mesh
group scemed to be regenerated along the
covering of titanium mesh. This suggests
1hat most of the implanted OCP/Col would
be replaced by cortical bone and the

hardly recognized. The alveolus treated with OCP/Col is occupied by a small volume of matured
bone (B), and a small amount of the remnant of implanted OCP/Col (*) is surrounded by
regenerated bone tissue. In the untreated group, the concave defect created was transitionally
repaired with surrounding soft tissues. Villanneva bone stain, *, implanted OCP; Bn, newly
formed bone; B, buccal side, L, lingual side. Bars = 5 mm (upper row), 500 pm (middle row),
200 pm (lower row).

part would be changed to can-
cellous bone through the course of phy-
siological bone remodelling. Although
BMD is considered to be correlated with
bone strength,** it was reported that bone
fracture risk was different according to
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age, gender, and ethnic group,™ even with
the same BMD value. Therefore it would
be difficult to evaluate the mechanical
characteristics of bone by using BMD
value alone. Various evaluation methods
might be used to establish bone strength
and other bone qualitative factors.

The OCP/Col/Mesh-treated alveolus
was clearly augmented by matured bone
tissue along the inside of the titanium
mesh, whereas the OCP/Col and untreated
groups demonstrated unremarkable alveo-
lar augmentation. This suggests that cov-
ering OCP/Col with titanium mesh clearly
contributes to bone augmentation in this
model, and alleviation of hanical
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stress by titanium mesh would contribute
to this process. In contact microradio-
grams, the proportion of radiolucent area
in the regenerated alveolus was shown to
be greater than that in the original bone in
every group. This suggests that the obser-
vation period of 6 months would be mid-
way through the healing process in this
experimental model. As bone regeneration
on the critical-sized calvarial defect in the
canine model reached a plateau at 6
months after implantation of OCP/Col,'*
the specimen in this study was collected at
that time. A longer observation period
should be used to determine the fate of
the regenerated bone in the OCP/Col/
Mesh group.

In OCP/Col/Mesh and OCP/Col groups,
the implanted OCP/Col almost disap-
peared and the remnant was hardly recog~
nized 6 months after implantation.
Recently, it was reported that OCP/Col
was considerably resorbed in canine max-
illary bone defect after 3 or 4 months of
imp} s 4203 it distinctively
remained in canine calvarial bone defects
12 months after implantation."* This sug-
gests that biodegradation of OCP/Col
depends on the OCP/Col implanted site.

This study indicated that bone regenera-
tion by implantation of OCP/Col was
enhanced when mechanical stress to the
implant was alleviated. As recent studies
reported that bone regeneration by OCP/
Col was influenced by dehydrothermal
treatment in the fabrication of OCP/Col
or the composition of OCP and col-
Tagen,”*" development of greater bone
regenerative  property of OCP/Col, is
anticipated. As OCP/Col is easy to handle
and could promptly enhance bone regen-
eration without cell transplantation and
exogenous osteogenic cytokines, clinical
application of OCP/Col as a cost-effective
bone regenerative material would avoid
the harvesting of autogenous bone for
grafling and provide a low-burden treat-
ment for patients,
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» Auditory evoked fields were measured in three patients with auditory neuropathy and optic atrophy
showing absence of auditory brainstem responses.

» Bihemispherical AEF responses were clearly recorded in all patients for either left or right ear stimulus,
« Presence and abnormality of auditory cortical responses can be evaluated by AEFs in patients with audi-
tory neuropathy even in the absence of ABRs.

ABSTRACT

Objective: To examine whether auditory evoked fields (AEFs) can be used to objectively evaluate hearing

in patients with absent auditory brainstem responses (ABRs) due to auditory neuropathy.

Methods: Subjects were 3 patients with auditory neuropathy, 1 male aged 29 years and 2 females aged

18 and 27 years, with absence of click evoked ABRs for bilateral ear stimuli at a level of 105 dB nHL. All

patients also had optic atrophy. AEFs were measured with a helmet-shaped magnetoencephalography

system for 2.0 kHz tone bursts of 60 ms duration to the unilateral ear.

Results: Bihemispherical AEF responses were clearly recorded in all three patients for either left or right

ear stimulus. Although the latencies of N100m were severely prolonged and amplitudes were consider-

ably decreased compared to the normal range of N100m responses in our facilities, N100m latency of AEF

was shorter in the contralateral hemisphere to the stimulated ear, as usually found in normal subjects,

despite the abnormal delay in N100m latency in all conditions.

Conclusions: Presence and abnormality of auditory cortical responses can be evaluated by AEFs in

patients with auditory neuropathy even under null responses in ABRs.

Significance: AEFs are useful to evaluate residual hearing in patients with auditory neuropathy.

© 2011 International Federation of Clinical Neurophysiology. Published by Elsevier ireland Ltd. All rights
reserved,

1. Intreduction

Psychophysically, word discrimination is impaired and dispropor-
tional to the pure-tone audiogram in these patients (Starr et al,,

Auditory neuropathy is a type of sensorineural hearing loss
which is characterized by absence or marked abnormalities of
auditory brainstem responses (ABRs) beyond that expected for the
degree of hearing loss, with preserved activity of the outer hair cells
in the inner ear, including otoacoustic emissions (OAEs) and/or
cochlear microphonics (CM) (Starr et al.. 1996; Kaga et al., 1996).

* Corresponding author. Tel.: +81 22 717 7303; fax: +81 22 717 7307,
E-mail address: ent2003jp@yahoo.co.jp (Y. Takata).

1996).

Auditory neuropathy includes many different etiologies causing
absence of ABR with intact outer hair cell function (Doyle et al.,
1998; Rance et al,, 1999; Miyamoto et al., 1999; Bihr et al, 1999;
Varga et al.,, 2003, 2006: Berg et al,, 2005; Vlastarakos et al., 2008).
The hearing loss caused by auditory neuropathy may be non-
syndromic, in which the symptom is isolated, or syndromic, as a part
of the symptoms associated with known hereditary neurological
disorders, such as Charcot-Marie-Tooth disease, Friedrich’s ataxia,
mitochondrial disease, and autosomal dominant optic atrophy

1388-2457/$36.00 ® 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2011.10.044

986 Y. Takata et al./Clinical Neurophysiology 123 {2012) 585-992
(ADOA), or secondary to general pathology such as hyperbilirubine-
mia, anoxia, and viral infection (Singh et al., 1889: Starr et al,, 2000;
Ceranit and Luxen, 2004; Amati-Bonneau et al., 2005; Brookes et al,,
2008; Huang et al., 2009; Meyer et al,, 2010; Mizutasi et al, 2010;
Cacace and Pinheiro, 2011),

The exact pathophysiology of auditory neuropathy remains
unknown, but one key pathology type is thought to be synaptic
dysfunction between the inner hair cells in the inner ear and the
primary auditory neurons (Trussell, 1999; Khimich et al, 2005;
Sterting and Matthews, 2005). However, the characteristic findings
of auditory neuropathy such as absent ABR as well as poor speech
perceptibility may result from desynchronized auditory nerve
activity (Berlin et al.. 2001, 2003), Therefore, auditory neuropathy
has been described as auditory dys-synchrony.

Neural synchrony is important in recording auditory evoked
responses, but the effects of dys-synchrony may vary with the
different evoked responses; i.e., auditory N100 and P200 cortical
sensory potentials to tones could be often obtained with delayed
latency, despite the absence of ABR (Satya-Murti et al, 1983; Kraus
et al,, 1993; Starr et al, 1896, 2003, 2004; Rance et al., 2002;
Michalewski et al,, 2005), Differences in the degradation of such cor-
tical responses may indicate variations in the dys-synchrony of the
auditory nerve activity, so detailed assessment of the cortical
response in auditory neuropathy may be important. Cortical re-
sponses in patients with auditory neuropathy have been examined
by conventional electroencephalography (EEG) (Satya-Murti et al.,
1983; Kraus et al,, 1993; Starr er al,, 1996, 2003, 2004; Rance et al.,
2002: Michalewski et al,, 2005) using minimal electrodes (Fz, Cz,
Pz, etc.), so the recordings were not intended to analyze the right
and left cortical responses separately. However, the effects of
peripheral events on the auditory cortex may be different between
the right and left hemispheres (Wienbruch et al., 2006; Morita
et al, 2007; Hiraumi et al, 2008), so separate analysis of the
bilateral cortical responses, which is possible by muiltichannel
recording using EEG and/or magnetoencephalography (MEG), may
provide additional information about the auditory cortical
responses in patients with auditory neuropathy,

In the present study, the auditory N100m responses were
measured by multichannel MEG in three patients with auditory
neuropathy and optic atrophy (neuropathy) (Hari et al, 1980;
Pantev et al,, 1986: Naitinen and Picton, 1987; Reite et al,, 1994;
Pantev et al, 1995; Nakasato et al, 1995, 1997 Kanno et al,
1996; Kanno et al,, 2000), to investigate the detailed abnormal cor-
tical responses associated with sensorineural hearing loss caused
by retrocochlear lesion, which is characterized by dys-synchrony.
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2. Materials and methods
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This study included 3 patients, 1 male aged 29 years (Case 1) and
2 females aged 18 years (Case 2) and 27 years (Case 3), with auditory
neuropathy diagnosed in the Department of Otolaryngology-Head
and Neck Surgery, Tohoku University Hospital (indicated ages at
N100m measurement). The diagnosis of auditory neuropathy was
based on the following findings: absence or marked abnormalities
of ABRs beyond thatexpected for the degree of hearing loss; and pre-
served outer hair cell activity including OAEs andfor CM. Clinical
courses and background data of the participants are summarized
in Table 1 and Fig. 1. All three subjects also had optic atrophy. Optic
atrophies or optic neuropathies form a group of disorders that are
characterized by visual loss due to retinal ganglion cell death (Meyer
etal, 2010). Optic atrophy is often associated with auditory neurop-
athy in several genetic disorders, such as ADOA, Leber’s hereditary
optic atrophy, and deafness-dystonia~optic neuropathy syndrome
(Singh et al, 1989; Ceranié and Luxon, 2004; Amati-Bonneau et al,,
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NCV (nerve conduction velocity): motor nerve conduction velocity for median nerve and sensory conduction velocity for tibial nerve were examined in Case 2.

AN: auditory neuropathy. y.o.: years old.
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Fig, 1. Clinical course of hearing and visual acuity. Average hearing level for low (average threshold for 125, 250, and 500 Hz), mid (average threshold for 500, 1000, and
2000 Hz), high (average threshold for 2000, 4000, and 8000 Hz) frequency regions are plotted as a function of age of the patients. Visual acuities at first visit and at latest visit

are also indicated at the bottom,

2005; Brookes et al., 2008; Huang et al., 2009; Mizutari et al,, 2010;
Cacace and Pinheiro, 2011), so genetic testing is usually recom-
mended for abnormalities such as OPA1 gene and/or 11,778 mito-
chondrial DNA point mutation, which are known to cause the
ADOA and Leber's hereditary optic atrophy, respectively (Singh
et al,, 1989; Amati-Bonneau et al., 2005; Huang et al,, 2009; Mizutari
et al,, 2010; Cacace and Pinheiro, 2011), Unfortunately, our patients
refused such genetic testing, so no genetic information was obtained
except for the absence of mutation of mitochondrial DNA at 3243
and 1555 in Case 1, which was identified 11 years previously. At that
time, available genetic testing was very limited in our laboratory and
this genetic test was performed to screen for hearing loss due to ge-
netic disorder. Cases 1 and 3 are siblings, with relatively stable hear-
ing levels since the first visit to our department for hearing
disturbance. In contrast, Case 2 had very fluctuant hearing. The exact
reason for this hearing instability remains unknown. However, we
suspected the possible presence of functional hearing loss, based
on the discrepancy between the change in hearing level and subjec-
tive audibility. The present study was approved by the ethical com-
mittee of the Tohoku University Graduate School of Medicine. All
parts of the present study were performed in accordance with the
guidelines of the Declaration of Helsinki.

2.2. Otological examinations

The patients were interviewed to establish any history of hear-
ing loss, followed by ear, nose, and throat examination, then pure-
tone audiometry followed by measuremnents of distortion product
OAEs, ABRs, and magnetic resonance (MR) imaging.
2.3. Measurement of auditory evoked fields (AEFs)

AEFs were recorded with a 160-channel whole-head type axial
gradiometer system (MEGvision PQ1160c; Yokogawa Electric,

Musashino, Tokyo, Japan) in a magnetically shielded room (Daido
Steel Co., Ltd., Nagoya, Aichi, Japan) in the awake condition. The
sensors of this system are configured as first-order axial gradiom-
eters with a baseline of 50 mm; each coil of the gradiometers mea-
sures 15.5 mm in diameter. The sensors are arranged in a uniform
array on a helmet-shaped surface at the bottom of the dewar and
the mean distance between the centers of two adjacent coils is
25 mm. The stimulus to elicit the N100Om response was a tone
burst of 60 ms duration (rise and fall times of 10 ms, plateau time
of 40 ms) at a frequency of 2 kHz and presented monaurally. The
sound pressure level of the tone bursts was presented at 80 dB
SPL at first. However, if no apparent N100m could be obtained at
80 dB SPL, then the sound level was increased in 10 dB steps up
to 110 dB SPL until the N100m response was obtained. The mini~
mum sound level to obtain the apparent N100m was defined as
the detection threshold of N100m. Continuous masking noise
(white noise) was applied to the contralateral ear. The level of
masking noise was set at 30 dB below the stimulus level. Both ears
were measured in all three patients. The signal and masking noises
were presented to the subject through canal earphones (ER-3A;
Etymotic Research, Elk Grove Village, IL). The mean interstimulus
interval was 3.33 s (0.3 Hz) with 50% interstimulus variance. The
AEFs were recorded only in the awake state as confirmed by real
fime monitoring of the occipital alpha rhythm by MEG. The MEG
signal was band-pass filtered between 0.03 and 400 Hz, and sam-
pled at 1250 Hz. The data from 100 ms before to 500 ms after the
stimulus onset were averaged 50 times. The averaged data were
digitally band-pass filtered from 2.0 to 20.0 Hz in the following
off-line analysis.

The present study focused on the N10Om response in adult
patients with auditory neuropathy. The N100m response is the
magnetic counterpart of the N1/N100 in EEG (Panlev et al,
1995). Peak latencies of the N100m responses were derived from
the maximal root-mean-square value calculated on the basis of all

988 Y. Takata et al./ Clinical Neurophysiology 123 (2012) 985-992

channels of all sessions. The location of each source was estimated
at the N100m peak latency, using an equivalent current dipole
(ECD) model with the best fit sphere for each subject’s head.
The source location was superi d on the three-di ional
MR image of the individual subject using a MEG-MR image
coordination integration system. The N100m response was
identified as the first peak with latency longer than 80 ms based
on the two criteria, the isofield map had the downward current
orientation, and the estimated location of the current source by
the ECD model was superimposed onto the auditory cortex on
the three-dimensional MR image of the individual subject, which
are known characteristics of the N100m in MEG (Hari et al,, 1980;
Pantev et al., 1986 en and Picton, 1987; Reite et al., 1994;
Pantev et al., 1995; Nakasato et al., 1995, 1997; Kanno et al., 1996,
2000).

The amplitudes of the N100m responses in our subjects were
often much smaller than those in normal subjects, sometimes
nearly as low as noise level, and the N100m response was some-
times hard to identify based only on the conventional time-axis
wave form, which is the usual way to identify N1/N100 in conven-
tional EEG. However, even in such cases, the N100m could be
clearly identified in MEG measurements by searching for the re-
sponse peak fulfilling the above-mentioned N100m criteria, which
is one of the advantages in using MEG to analyze the N100 re-
sponse instead of the conventional EEG method.

Since the number of the patients examined in the present study
was too small for statistical analysis, the abnormality of the N10Om
responses (at the maximum amplitude channel of each hemi-
sphere) was determined based on the normal range of N100m re-
sponses at the maximum amplitude channe] of each hemisphere in
our facilities (Kohnan Hospital), which was defined for practical
reasons as the mean * 2 standard deviations of 37 normal subjects
(31 males and 6 females, aged from 21 to 59years [mean
31.0 years]).

3. Resuits

The findings of AEFs, audiograms, ABRs, and OAEs are shown in
Figs. 2 and 3, and Table 2. The sound levels shown in Table 2 indi-
cate the minimmum sound leve] to obtain the apparent N100 m, that
is the detection threshold. Measurement of auditory evoked mag-
netic fields to both ear stimuli in the contralateral hemispheres
at the detection threshold levels are represented in Fig. 3, which
shows the N100 m responses, isofield patterns, and the estimated
ECDs of the contralateral ear stimuli. The degree of hearing loss
in the audiogram varied with the patient, but the ABRs were absent
and the distortion product OAEs were normal in all patients. Word
discrimination scores were lower than expected from the degrees
of hearing loss,

N100m resp in both the ipsil and contralateral hemi-
spheres to the stimuli of either ear were compatible with the audi-
tory response because of the ECD location in all patients (Table 2).
The source of the N100m was localized in the primary auditory
cortex along the superior temporal plane in each hemisphere for
either ear stimuli. N10Om responses were recorded in all cases,
but the latencies were severely prolonged and the amplitudes were
considerably decreased compared to the normal range of N100m
responses in our facilities, However, despite the abnormal re-
sponses, the latencies of N10Om were shorter for the contralateral
than the ipsilateral stimuli as usually observed in normal subjects
(Elberling et al., 1981, 1982; Reite et al., 1981; Pantev et al., 1986;
Miikeld et al, 1994; Nakasato et al., 1995). N100m responses ob-
served in the contralateral hemispheres to the stimuli are shown
as stacked waveforms in Fig. 3, in addition to the isofield patterns
over the entire head and the estimated ECDs at the peak latency in
the contralateral h which are superimposed onto the
individual horizontal and coronal MR images. Fig. 4 shows the rela-
tionships between average hearing level, speech intelligibility, and
the detection threshold of N100Om.

Audiogram ABR DPOAE
Frequency (Hz)
oy 250 1 (4 Rt Rt oy u
=20 [ —— 20 & 20
T, - i 101, P T
Case1 |3 4 A 0 ms __l1 Ny of =2 4 2 01+ o
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10 e i — 0N G
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Fig. 2. Audiogram, ABR, and distortion product OAE (DPOAE) measured at the nearest point to the N100m measurements. ABRs to 105 dB nHL clicks were measured three
times. All ears had absent ABRs. but hearing in audiograms was relatively preserved and DPOAEs were normal in each patient.
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Right Ear / Left Hemisphere

Left Ear / Right Hemisphere
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Case 2 ‘
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\_] 15MTiStep % 151TiSlep

0 50ms

Fig. 3, Measurement of auditory evoked magnetic fields ta both ear stimuli in the

‘The N100m isofield patterns, and estimated ECDs are

indicated. Stacked waveforms show the N100m responses, The peak latencies of N1

00m {(arrowhead) are derived from the maximum root-mean-square value (red line).

isofield patterns over the entire head, viewed from above, are shown above the waveforms: red contours (magnetic flux-out) and blue contours (magnetic flux-in) are shown
with contour step of 15 {T in Case 1, 10 fT in Case 2, and 15 T in Case 3 at the peak latency. Estimated ECDs superimposed onto the subject’s MR images (panel right side,

upper: horizontal and lower: coronal views), Note that the ECDs are located in the pi

rimary auditory cortices.

Table 2
Clinical characteristics of the patients with auditory neuropathy.
Case  Age(y) ‘/Sex Earside PTA(dB) Word% DPOAE  ABR Normal range
N100m latency N100m amplitude
Right i Lelt i Right i Left h
Right ear stimulation
77.8-116.6 ms 68.5-108.5 ms 350-461.6 T 319,6-431.6 fT
Left eat stimulation
66.4-101.2 ms 83.7-120.1 ms 427.6-541.2 fT 265.5-364.7 fT
1 29/M Right 45 25%90dB Normal ~ Absent 100 dB 148.5 ms 100dB 141.0ms  100dB 85.2 T 100 dB 1453 1T
Left 46.7 20% 80 dB Normal  Absent 100dB 133.5ms 100dB 151.0ms  100dB 95.1 1T 100 ¢B 1338 fT
2 18/F Right 40 30%100d8  Normal Absent 110dB 150.0 ms 110dB 135.5ms  110dB 90.0 fT 110dB 1572 fT
Left 46.7 20% 50 dB Normal ~ Absent 110dB 153.5 ms 110dB 169,5ms  110dB 101.0 T 110dB 80.5 IT
3 27(F Right 80 25% 100dB  Normal Abnormal™ 110dB 129.5 ms 110dB 123.0ms  110dB 913 T 110dB 782 fT
Left 58.3 40% 70 dB Normal  Absent 80dB 136.5ms 80dB 141.0 ms 804dB 99.0 fT 80dB 54.0 IT

PTA = pure tone average (threshold average for frequencies of 0.5, 1.0, and 2.0 kHz).
‘Word% = word discrimination score (word% correct).

DPOAE = distortion product oloacoustic emission.

ABR = auditory brainstem response.

N100m amplitude: N100m response at the maximum amplitude channel of each hemisphere. Normal range of N160m latency and N100m amplitude (for 2000 Hz tone bursts

at a level of 80 dB SPLY in our facility are indicated in shaded area (average + 2 stand:
* Age: age at MEG measurement,
" Suspected cochlear microphonics were indicated,

4. Discussion

In the present study, N100m peaks in response to 2,0 kHz tone
bursts were detected in the bilateral hemispheres of all three pa-
tients, despite the absence of click evoked ABRs (at 105 dB nHL).
The latencies were severely prolonged and the amplitudes were
considerably decreased compared to the normal range of N100m
responses in our facilities, but shorter latencies were observed in
the hemisphere contralateral to the stimulated ear compared with
those in the hemisphere ipsilateral to the stimulated ear, as usually

ard deviation) (Kanno et al., 1996).

found in normal subjects. EEG has already suggested the presence
of cortical responses in auditory neuropathy subjects with absent
ABR (Starr et al., 1996: Michalewski et al,, 2005). However, cortical
responses were not analyzed for the separate hemispheres in these
EEG studies. Such separate analysis of the bilateral cortical re-
sponses is worthwhile considering that the effects of peripheral
events on the auditory cortex may be different between the right
and left hemispheres (Wienbruch et al., 2006; Morita et al,, 20607;
Hiraumi et al, 2008). The assessment of cortical response by
MEG would also be essential for further observing the effects of
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Fig. 4. Relationships between average hearing level, speech intelligibility, and the
detection threshold of N100m, Maximum speech intelligibility is plotted as a
function of pure tone average (500-2000 Hz) for each ear, and detection threshold
level for each ear is shown for each symbot {marked with asterisks). N100m in
response to 2 kHz tone-burst at a level of 80 dB SPL was only observed in the left ear
of Case 3, in whom the best speech discrimination (40%) was obtained among the 6
ears of the 3 patients, although the hearing threshold at 2 kHz was worse than those
of Cases 1 and 2, in whom stimuli at 100 dB or higher were needed to measure
robust N100m response.

auditory dys-synchrony on other types of cortical response with
hemispheric asymmetry, such as the auditory steady state re-
sponse in response to amplitude modulation tone and cortical re-
sponses to speech stimuli.

MEG has evolved from a single-channel portable system to
modern whole head systems providing an advanced and powerful
method for direct and noninvasive brain function research (Bagic
et al, 2009). The critical locations of AEFs can also be identified
accurately with MEG (Romani et al, 1982; Alberstone et al.,
2000; Nakasato and Yoshimoto, 2000; Godey el al,, 2001). MEG is
less prone to distortion than EEG, because the skull and other
extracerebral tissues substantially affect electrical current fields
in EEG, but are practically transparent to magnetic fields (Soeta
and Nakagawa, 2009). Dipolar source analysis based on MEG can
also effectively isolate the lateralized nature of auditory eveked
potentials (Huang et al,, 2003), which is an important advantage
of MEG measurement in patients with pathology, since any
delayed latency responses with deteriorated signal to noise ratio
can be correlated with the auditory evoked N100m responses
originating from the primary auditory cortices, based on the ECD
locations with the best fit sphere for each subject’s head (Hari
et al., 1980; Pantev et al., 198G; Nadtdnen and Picton, 1987; Reite
et al, 1994; Pantev et al. 1995; Nakasato et al, 1995. Kanno
et al., 1996; Nakasato et al., 1997; Kanno et al,, 2000).

The presence or absence of cortical responses and speech intel-
ligibility may be related, as indicated in a previous study of young
children with auditory neuropathy (Rance et al., 2002). The present
study included too few cases to analyze the relationship between
speech intelligibility and N100m response, but did appear to indi-
cate similar trends. As shown in Table 2 and Fig. 4, the N100m in
response to 2 kHz tone-burst at a level of 80 dB SPL was only
observed in the left ear of Case 3, in whom the best speech discrim~
ination {40%) was obtained among the 6 ears of the 3 patients,
although the hearing threshold at 2 kHz was worse than those of
Cases 1 and 2, in whom stimuli at 100 dB or higher were needed
to measure robust N100m response. These results indicate that

the measurement of cortical responses could be useful to assess
the auditory pathophysiology in patients with auditory neuropa-
thy. The relationship between the clinical characteristics and the
parameters of the N100m response such as latency and amplitude
also raises intriguing questions. These parameters were severely
deteriorated in the present patients and would be expected to indi-
cate some pathological conditions. However, these parameters are
also affected by the hearing level and stimulation level, so further
investigations using much more data are required to analyze these
issues,

Auditory neuropathy includes many different etiologies causing
absence of the ABR associated with intact outer hair cell function,
such as synaptic dysfunction between the inner hair cells in the in-
ner ear and the primary auditory neurons (Doyle et al., 1998 Rance
et al, 1999; Miyamoto et al., 1999: Bihr et al. 1999; Trussell,
1999; Varga et al, 2003; Berg et al, 2005; Khimich et al, 2005;
Sterling and Martthews, 2005; Varga et al, 2006; Vlastarakos
et al, 2008). Therefore, analysis of the neurophysiological and psy-
chophysical data based on the individual etiology would be prefer-
able. Classification based on genetic disorders is a potentially
useful way to categorize the etiology of auditory neuropathy. In
our cases, the involvement of some specific genetic disorder is pos-
sible, since two of our patients were siblings, and all patients had
similar clinical features including association with optic atrophy,
age of onset of visual and hearing disturbances, and others. Unfor-
tunately, we have no useful data on the genetic background relat-
ing to the etiology, so this aspect requires further study.

One mechanism which may explain the characteristic findings
of auditory neuropathy is “desynchronized auditory nerve activ-~
ity”, which is caused by pathological dysfunction of the synapses
between the inner hair cells and the auditory neurons or demyelin-
ization of the auditory nerve (Starr et al., 1991; Betlin et al, 2001,
2003). The resultant de-synchronization of the spike timing be-
tween neurons deteriorates the wave formation of the ABR, which
is the sum of the synchronized spike activities of the neurons
evoked by sound stimuli. Investigation of the effects of de-synchro-
nization on the ABR waveform with cats suggested that 1-ms jitter
between the click stimuli and the averaging process can abolish the
ABR waveforms (Starr et al, 1991). Therefore, dys-synchrony on
the order of 1 ms could abolish the ABR wave even though the
sound can be heard. On the other hand, the cortical auditory
evoked response of N100m, which is also a synchronized response
to tone, can be detected in patients with auditory neuropathy with
absent ABR. The presence of the cortical auditory evoked response
in patients with absent ABR may reflect different redundancies in
temporal neural processing between the auditory cortex and brain-
stem or different susceptibility to "dys-synchrony” between the
ABR and cortical response.

The different susceptibility of the ABR and the N100m may be
partly explained by the different configurations of the response
waves; i.e, comparison of the “duration” (duration between the
onset and the endpoint of each wave) of the ABR and N100m
response found that the duration of the ABR was much shorter
(about 1/100) than that of the N100m response, based on data ob-
tained in our facilities: average wave duration was 63.0 £ 11.3 ms
(n=20) for N100 m, 0.58 + 0.1 ms (n =20) for wave I of ABR, and
0.89£0.2 ms (n=20) for wave V. Therefore, the effects of “dys-
synchrony” might be much larger on the ABR waveform than on
the N100m. In fact, similar measurements concerning the effects
of jitter between the onset of tone bursts and the averaging process
on the N100m waveforms support this hypothesis; i.e., the ampli-
tude of N100m waveform was little affected by jitter of 10-20 ms
duration between the stimuli and averaging process, whereas jitter
of longer duration was associated with reduced N100m amplitude,
and jitter of 80 ms duration resulted in the N10DOm wave being
almost completely abolished (unpublished data). Therefore, the
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degree of abnormality observed in the N100m response may also
reflect the dys-synchrony of the auditory fiber, so that more severe
abnormality of the N100m indicates more severe pathophysiology
of the auditory nerve. In this context, detailed measurements of the
N100m responses including the response thresholds as well as re-
sponse growth functions can be expected to provide more useful
information concerning the pathophysiology of the patients with
auditory neuropathy, although only the N100m responses to rela-
tively high sound levels were examined in the present study.
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ABSTRACT. We examined the regulation of neuritogenesis by a pulsed

electromagnetic field (PEMF) in rat PC12 pheochromocytoma cells, which can be

induced to differentiate into neuron-like cells with elongated neurites by inducers

such iu nerve growth factor (NGF). Plated PC12 cells were exposed to a single
PEMF (central magnetic flux density, 700 mT; frequency, 0.172 Hz) for up to 12 h
per day and were then evaluated for extent of neuritogenesis or acetylcholine
esterase (AChE) acﬁvity. To analyze the mechanism underlying the effect of the
PEMF on the cells, its effects on intracellular signaling were examined using the
ERK kinase (MEK) inhibitoﬁ PD098059 and U0126 (V0124 was used as a negative
control for Uﬂ126). The number of neurite-bearing PC12 cells and AChE activity
increased after PEMF exposure without the addition of other inducers of
neuritogenesis. Additionally, PEMF ,exposu're induced sustained activation of
ERK1/2 in PC12 cells, but not in NR8383 rat alveolar macrophages. Furthermore,
U0126 strongly inhibited PEMF-dependent ERK1/2 activation and neuritogenesis.
The PEMF-dependent neuritogenesis was also suppressed by PD098059, but not
U0124. These results suggest that PEMTF - stimulation independently induced
neuritogenesis and that activation of MEK-ERK1/2 signaling was induced by a
cell-type-dependent mechanism required for PEMF-dependent neuritogenesis in
PC12 cells.

Introduction

PCI2 is a rat cell line derived from an adrenal pheochromocytoma and a useful model
system for neurobiochemical and neurochemical‘ studies (Radio and Mundy, 2008;
Vaudry et al., 2002). PC12 cells differentiate into neuron-like cells when exposed to
various factors, including nerve growth factor (NGF) and bone morphogenetic proteins
(BMPS) (Deutsch and Sun, 1992, Greene and Tischler, 1976; Koike et al., 2006; Kudo et
al., 2011; Rydel and Greene, 1987). '

The addition of NGF to PC12 cells causes sustained activation of extracellular
signal-regulated kinases 1 and 2 (ERK1/2), members of the mitogen-activated protein
kinase (MAPK) family, through activation of NGF receptor tropomyosin-related kinase A
(TrkA). Sustained activation of ERK1/2 leads to neurite outgrowth and the development
of phenotypic characteristics in PC12 cells (Kao ef al., 2001; Rakhit et al., 2001).
However, the mechanisms that link the activation of NGF receptors to neuritogenesis are
not well-defined.

BMPs are members of the transforming growth factor (TGF)-f cytokine superfamily,
which mediates multiple biological processes, including neuronal development (Wrana et
al., 1994). BMPs bind to two classes of transmembrane receptors (Hogan, 5996) and
activate two downstream pathways, the Smad and p38 MAPK signaling pathways
(Heldin et al., 1997; Kimura e al., 2000). BMPs have also been showﬁ to induce neurite
outgrowth in PC12 cells and neurons (Fantetti and Fekete, 2012; Iwasaki et al, 1996). In .A
the BMP-induced neuronal differentiation of PC12 cells, neuritogenesis is dependent
upon BMP-mediated p38 MAPK signaling (Iwasaki er ql., 1999; Yanagisawa et al.,
2001). .
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While electromagnetic fields, including pulsed electromagnetic fields (PEMFs), are
considered a noninvasive way to promote and align nerve regeneration (Schimmelpfeng
et al., 2005), their mode of action at the cellular and molecular levels is unclear. Previous
studies indicate that the biological effects of PEMFs, with or without NGF, on neuronal or
neuron-like cells appear to be dépendcnt on the usage of a PEMF (Mprgado etal., 1998;

Schimmelpfeng ef al., 2005; Zhang et al., 2006). Few studics have investigated the

molecular mechanisms of intracellular signaling in PCI12 cells subjected to PEMF

stimulation alone.

In light of the possible therapeutic applications of electromagnetic fields, we
examined tﬁe likelihood of controlling neuritogenesis or acetylcholine esterase (AChE)
activity, characteristics of a differentiation phenotype of PC12 cells (Greene et al., 1981),
with a single PEMF of ‘700 mT, pulsed for 0.04 ms in monophasic form at 0.172 Hz alone
for various time periods in PC12 cells. The PEMF used in this study induced neurite
outgrowth gradually and indcpendently in PC12 cells. Here, we report the molecular
characterization of PEMF-induced intracellular signaliqg and ncurite outgrowth in PC12

cells and discuss a possible mechanism of action of PEMF.

Materials and Methods

Cells and reagents

PC12 cells and NR8383 rat alveolar macrophages were provided by RIKEN BRC and
ATCC, respectively. Recombinant human BMP4 (Peprotech) and recombinant human

B-NGF (Peprotech) were dissolved in LF6 buffer solution (5 mM glutamic acid, 5 mM

NaCl, 2.5% glycine, 0.5% sucrose, 0.01% Tween 80). The MEK 1/2-specific inhibitors
U0126 (Calbiochem) and PD098059 (Cayman Chemical Company), and a ncgative
control for U0126, U0124 (Merck Millipore), were dissolved in dimethy! sulfoxide

(DMSO).
Antibodies

Western blot analysis was performed as described previously (Kudo ez al., 2011). The

following antibodics werc uscd: anti-phosphorylated (activated) ERK1/2 and

anti-ERK1/2 (Cell Signaling Technology).

Cell culture and the induction of differentiation

PCI2 cells and NR8383 cells were maintained as described previously (Kudo e al.,
2011). For neurite outgrowth assays using PC12 cells, cells were seeded in growth
medium at a density of 1 x 10%,2 x 10%, or 6 x 10° cells/well in collagen type IV-coated 6-
or 24-well culture plates (BD Biosciences) and allowed to grow for 24 h. Subsequently,
the cells were scrume-starved in DMEM supplemented with 1% horse serum and set on the
coil of an electromagnetic stimulator (IMS101-50; Institute of Field Generation).
Exposure to a single PEMF (magnetic flux density at the center of the coil, 700 mT;
frequency, 0.172 Hz (duration of each cycle, 5.8 s); pulse duration, 0.04 ms; pulsc form,
monophasic) or a double PEMF (magnetic flux density at the center of the coil, 700 mT;
frequency, 0.172 Hz (duration of one cycle, 5.8 s); interval between the two pulses, 0.5 s;

pulse duration, 0.04 ms; pulse form, monophasic) was performed for various time periods
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(0-12 h/day) for a maximum of 14 days according to the manufacturer’s instructions,
Alternatively, cells were treated with 40 ng/ml BMP4 or 50 ng/ml NGF as a positive
control for neuritogenesis. For PEMF exposure lasting longer than 3 h, a 1-h break was
programmed using a PTS0DG digital timer (REVEX) to avoid overheating of the coil on

the electromagnetic sti Neuritogenesis was quantified by examining the cells

using a DP72 phase-contrast microscope (Olympus). Three images per well were
captured, and cclis displaying projections 1.5 times longer than the length of the cell body
were considered positive. At least 300 cells were counted per well; each data point

corresponds to the counts obtained from three independent wells.

AChE assay

To evaluatc AChE activity in PC12 cells, the choline produced from acetylcholine by

endogenous AChE in each sample was quantified using an Amplite Fluorimetric
acefylcholine esterasé assay kit (AAT Bioquest) according to the manufacturer’s
instructions. For cach sample, the signal was read using a microplate reader
(GloMax-Muiti Detection System; Promega) as the absorbance at 560 nm and normalized

to the protein concentration.
Statistical analysis

The data are presented as the mean & SE. Significant differences between groups were
identified by Student’s #-test or one-way analysis of variance followed by Tukey’s test.

P-values <0.05 were considered statistically significant.

7

Results and Discussion

To examine the effects of a PEMF on the neuronal differentiation of PC12 cells, we first
i'nvestigated the dose effect of exposure to a single PEMF (see Materials and Methods for
dctails) on neuritogenesis. PC12 cells wete eithet incubated for 6 days in the presence of
a positive control (40 ng/ml BMP4 or 50 ng/ml NGF) or exposed to the PEMF for various
time periods (a total of 0.75, 3, or12h per day), and the extent of neurite outgrowth was
evaluated. Neurite extension was less than 3% in PCI2 cells incubated without
stimulation for 6 days (Fig. 1A, G). Treatment with BMP4, an inducer of neuritogenesis
in neurons (Fantetti and Fekete, 2012), induced neuritogenesis gradually by day 6 (Fig.
1E, G), although the effect was not as strong as that for NGF-induced neuritogenesis (Fig.
1F, H; Hayashi et al., 2001). No significant enhancement of neurite outgrowth was
observed on day 6 in PC12 cells exposed to the PEMF for 0.75 or 3 h (Fig. 1B, C, G). In
contrast, exposure to the PEMF for 12 h significantly induced ‘the outgrowth of
neurite-like projections in PC12 cells in the absence of other neuritogenesis inducers,

similar to the results for BMP4 (40 ng/ml) (Fig. 1D, G). The morphology of the

- neurite-like projections generated as a result of exposure to the PEMF for 12 h resembled

that of the BMP4-induced neurites (Fig. 1D, E, G) and fewer neurites were observed on
day 6 in PEMF-exposed or BMP-treated neurite-bearing cells than in NGF-treated cells
(Figl D-F).

We next evaluated the time course of PEMF-dependent neuritogenesis in PC12 cells.
We first scored PC12 cells exposed to the PEMF for 12 h for neurite outgrowth on the

indicated days (days 0-7). As shown in Fig. 2A and F, prior to exposure on day 0, the cells



