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Table 1. The PCR primers used in the study

Table 2. Characterization of blended enzyme components

Primers Seqguences Restriction sites
colG-F 5'-ATGAAAAAAAATATTTTAAAGATTC-3" -
colG-R 5'-CCggatccTAtctagaTACCCTTAACT-3’ BamH], Xbal Enzyme activity (U)
lac-F 5'.CCGGCaagcttGCCCAATACGCAAACCG-3' Hindii Group Enzy “‘“t By Are.
componenis |- A zeoll Pz-PLGPR Azocasein &
lac-R 5-AGCTGTTTCCTGTGTGAA-3 - pNA
His-F 5’-GCtctagaAAGCTTGCGGCCGCACTCGA-3 Xbal Sigma
Crude
) collagenase 15.0 210 190.0 45.0
His-R 5'-CGegatccGGATATAGTTCCTCCT-3! BamHi collagenase ype V
colH-F 5"-ATGAAAAGGAAATGTTTATC-3 - Thermolysin 5.0 706 190.0 ND
- . .3’ Experimental
colH-R 5’-CCggatccTAtctagaTACTGAACCTT-3 BamH], Xbal P;—mup ColG 15.0 [ 1398 1210 097 190.0 D ND | ND
=4

Pz-PLGPR, 4Qp enylézo enzy 03(, carbonyl

—6L0 —

collagenase H; ND, not detected
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Table 3. The effects of collagenase subtypes on the functions of isolated rat Table 4. MASCOT search result for mass analyses
islets
GH H b value Accession “Scorel _Score? _ Scored Description
ADP/ATP 0.02+001 0.02 £ 0.03 0.93 £i]149040500 1439 1239 1649 Pancreatic lipase
ATP/DNA 54.96 = 9.85 52.21:£5.79 0.48 CBPAL_RAT 504 579 508 Carboxypeptidase AL
Tnsuli/DNA 1122023 12033 0.99 plossrseowewmo wr o
£i1149048540 216 265 149 Carboxypeptidase B1
AUC in the IPGTT 12,163 £ 2799 12,100 + 5301 0.97
£i[149040503 214 185 214 Pancreatic lipase related protein 1
Kg value in the IPGTT 174%0.52 1.68+0.63 0.85 lesose 12 25 53 Coborypentidase s
2i}157836327 170 208 157 Chain A, Rat Annexin ¥ Crystal Structure

199 166 Pancreatic lipase-related protein 2

297 328

Collagen alpha-1{H) chain

COIAY_RAT 128 278 115 Collagen alpha-14; chain

VDACL_RAT 120 116 153 Voitage-d ! i Jective channel protein 1

811249052643 117 141 111 rCG33456

CTRB1_RAT 106 98 57 Chymotrypsinogen B

gi| 157821559 96 72 93 Chymotrypsin-like elastase family member 3B
precussor

ANXAZ_RAT 95 - - Annexin A2

gi|56200 94 - - Unnamed protein product

PRDX4_RAT 77 58 56 Peroxiredoxin-4

g1]281371499 pi 51 &7 Collagen, type V, alpha 2 precursor

£i]149015740 70 48 - 1€G39189

SODM_RAT 69 64 31 Superoxide dismutase

TRY3_RAT 68 78 86 Cationic trypsin-3

gi[13386010 67 - - 60S ribosomal protein 122-like 1
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THIL_RAT 65 87 71 Acetyl-CoA acetyltransferase

SYCN_RAT 59 58 113 Syncollin

TRY1_RAT 57 57 57 Anionic trypsin-1

£11293341509 55 48 51 Epoxide hydrolase 1-like

GRP78_RAT 53 89 82 78 kDa glucose-regulated protein

gi]204570 53 ~ - Major beta-hemoglobin

gi}149030731 52 - 53 Proteasorne subunit, beta type 4

8i}149051043 52 - 40 rCG62292

PHB_RAT 51 57 40 Prohibitin

EF1A1_RAT 49 59 42 Elongation factor 1-alpha 1

GATM_RAT 48 84 43 Glycine amidinotransferase

g12920827 48 48 - Ribosomal protein 52

BCAT2_RAT 48 - - Branched-chai i id

MCCB_RAT 46 a2 - hyl 1-CoA carboxylase beta chain
gil77993298 a5 66 85 Translocon-associated protein subunit alpha precursor

42 Tr E emp24 di i ining protein 2

ENPL_RAT a2 - - Endoplasmin

£1{55628 40 - 53 Unnamed protein product

gi}157822495 40 - - Ribosomal protein S6 kinase alpha-5
£i1293349448 39 44 - Collagen alpha-6{Vi} chainfike
CHB0_RAT 36 - - 60 kDa heat shock protein

gi}374253859 35 - N Copine-3

CTRC_RAT 34 - - Chymotrypsin-C

NUAK2_RAT 32 - - NUAK family SNF1-like kinase 2
£i{392342412 32 B - DBF4-type zinc fing ining protein 2 b b
NOX4_RAT 31 - - NADPH oxidase 4
£i1293341660 30 - 51 Transmembrane protease serine 11F-like
211149039207 29 - - Procollagen, type ¥, alpha 1
£i[300798499 29 - - AF4/FMR2 family member 3
gi[149057763 28 60 - Voltage-dependent anion channel 3

CT-1032 Cell Transplantation Epub; provisional acceptance 05/28/2013
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g11162287135 28 - - Brain-enriched late kina iated protein
gi|157821129 27 - - E3 ubiquitin-protein ligase UHRF2

gi]148047850 26 - - £CG37751

RS23_RAT 23 - - 405 ribosomal protein 523

gi|157819565 18 - 17 WW domain-binding protein 1

DHE3_RAT ~ 84 78 Glutamate dehydrogenase 1

HBB1_RAT - 61 62 Hemaglobin subunit beta-1

£i|8027561 - S7 49 Antiguitin

£i[281427228 ~ 57 - Coflagen, type VI, alpha 2 precursor

£i]165234844 B 54 57 Vesicular integral-membrane protein VIP36 precursor
DIBLI_RAT - 50 - Dnal homolog subfarmily B member 11
£i]145055897 - 48 48 8 hed chain ami 2

PCYOX_RAT - 46 B Prenyicysteine oxidase

gi]148046794 - 43 - Simifar to hypothetical protein, isoform CRA a
ATPB_RAT, - 42 - ATP synthase subunit beta

£1]29335077: - Q motif and SEC7 domain-~containing protein 2-like

gi}13786202 anion- channel protein 2
2G16_RAT - - 66 Zymogen granule membrane protein 16
CATD_RAT - - 56 Cathepsin D

£1]148031025 - - 49 Histocompatibility 13

DLDH_RAT - - 49 Dibydrolipoyl dehydrogenase

gi]293349510 - - 48 SH3 and cysteine-rich domain-containing protein
§i]149063028 - - 48 Malate dehydrogenase

STS_RAT - - 44 Steryl-sulfatase

PRDX1_RAT - - 44 Peroxiredoxin-1

RL31_RAT - - 43 605 ribosomal protein L31

gi1392346433 - - 39 LOW QUALITY PROTEIN

£i1164663306 - - 37 Protein disulfide-isomerase A2 precursor
gil203033 - - 36 F1-ATPase beta subunit

gi[254221096 - - 35 Single Type I Collagen
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gt}392355927 - - 35 NCK-associated protein 5-like

PHB2_RAT - - 33 Prohibitin-2

gil13751173 - - 32 TAL KET alpha protein

gi1602756 - - 32 Gamma-glutamy! transpeptidase

81392341097 - - 30 Laminin subunit beta-1

RIT2_RAT - - 30 GTP-binding protein Rit2

£1]149025066 - B 29 rCG20398

gi{157822029 - - 28 SURP and G patch domain containing 2

§i1392348609 - - 28 Rho guanine nucleotide exchange factor 33-Jike

£1{149053745 - B 25 Similar to RIKEN cDNA 0610013E23

gi]149029067 - - 25 Similar to Ankyrin repeat and IBR domain-containing
Protein 1

i}149048474 - - 24 rCG41402

£i}392341001 - - 23 Mitochondrial import inner b !

Subunit Tim23-Jike

LOW QUALITY PROTEIN

£1198041672

*The score numbers (scorel, 2, and 3} are trial number.

Collagen peptides are in ced,
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Figure Legends

Figure 1, The effects of collagenase subtypes on the islet yield, appearance and functions. (A) The
islet yield was significantly higher in the GH group (black bar: n=9) compared with the H and G
groups. Although no islets were retrieved in the G group (n=9), a substantial number of well-shaped
islets were obtained from the H group (white bar: n=9). All values are expressed as the means + SD.

** P <0.01. (B) The proportion of isolated islet size. No significant differences were detected between
the GH (black bar: n=9) and H groups (white bar: n=9). (C) The blood glucose changes in the
transplanted diabetic nude mice were measured. No significant differences were detected between the
GH (black line: n=6) and H groups (gray line: n=6). (D) The blood glucose changes in the IPGTT
were measured. No significant differences were detected between the GH (black line: n=6) and H

groups (gray line: n=6),

Figuk >

isolated rat islets. (A) he isola
the GH (black bar: n=9) and H (gray bar: n=9) groups. An increase of 20% in the islet yield was seen
in the H—G group compared with the H group. (B) The isolated islet yield from the G—H group
(white bar: n=6) was compared with the GH (black bar: n=9) and G (gray bar: n=9) groups. No
beneficial effects were observed after the additional injection of ColH. All values are expressed as the

means + SD. ¥* P<0.01.

Figure 3. The Plot score distributions in the mass spectroscopic analyses. (A) The search score
was plotted for the modification ratio (TMPP-modified peptide/detected peptide (p<0.05)). Higher
search score indicates higher probability of protein identifications. The highest scored protein
(pancreatic lipase) was omiited from the plot. Each analysis is indicated as a different point (e, A, and

w). In this plot, putative collagenase substrates can be appeared in the diagonal area (from the origin to

CT-1032 Cell Transplantation Epub; provisional acceptance 05/28/2013 28
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upper right). Col-III and Col-I are indicated by red and green circles, respectively. (B) The score

distribution of collagens. The plot is demonstrated only for the collagens used in plot (A).

Figure 4. The collagen staining of the pancreatic tissues. The lobular and acinar septa. and the
pancreatic ducts in the exocrine tissues were positively stained for Col-I (A), TII (C), and VI (D). In
these areas, the reaction for anti Col-I and VI was moderate, whereas the reaction for anti-Col-II] was
well developed. Col-11 (B) appeared to be diffuscly located in the exocrine tissues. The peri-insular

region displayed a weak reaction to Col-11 and III (Arrow).

Figure 5. In vitro collagen digestion by collagenases. Collagen digestion was performed for Col-l, 11,

— €82 —
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CLASSIFICATION OF BLOOD FLOW iN CEREBRAL ANEURYSM CONSIDERING
THE PARENT ARTERY CURVES
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Engineering, Tohoku University University University
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ABSTRACT and a steady flow simulation was performed. Boundary

Background and purpose: Recently, the number of
endovascular treatments has increased worldwide becanse of
advances in minimaily invasive surgery, We considered the
effeet of reduced flow duc Lo stent implantation and proposed
the design of stent strut pattern from the viewpeint of fluid
dynamics, We developed an optimized stent strut pattern using
a computational fluid dynamics (CFD) system. A classification
of cerebral aneurysms was proposed using the aspect ratio (AR)
and the stent strut pattern was optimized. The results of optimal
stent strut pattern for reduced blood flow speed and wall shear
stress were different, and the influcnce of the AR values was
small because there was no dependence on  relationship
between blood flow and the AR values due to the use of a
straight pipe in the parent artery, Tho classification of blood
flow pattern in a cercbral ancurysm must consider the parent
artery curves, In this study, we investigated the relationship
between the blood flow pattern in cerebral ancurysms and
parent artery curves using CFD.

Methads: To investigate the influence of blood flow based
on the parent artery curve, the parent artery shape was
constraeted as follows. Patient-specific parent artery shape with
a cerchral ancurysm was reconstructed using OsiriX. Center
fine was extracted using a vascular modeling tool kit. The
parent artery shape was reconstructed based on this center line
using CAD. The diameter of the parent artery was 4. mm. The
cerebral ancurysm shape was a combination of a straight pipe
and & hall sphere, -and the AR value was fixed at 1.0, The
cercbral ancurysm position varied from the original position to
a 180" rotated position.

Tetrahedral numerical mesh was  generated with a
commercial mesh generator ICEM CFD 14.0; Ansys Inc.) for
the CFD analysis. The numerical blood flow simulation was
performed on a supercomputer using the commercial ANSYS
FLUENT 6.3 software package and the finite volume method,

conditions were set for velocity at the inlet, pressure at the
outlet, no-slip parcnt artery, and stent surfacc. Reynolds
numbers at the inlet determined from the mean blood flow
speed were 240 and 600.

Results and discussion: In this study, we revealed the blood
flow pattern in some cerebral ancurysms using CFD. The
pattern in a cerchbral ancurysm was influenced by the ancurysm
direction and parent artery curves. The blood flow pattern in a
neck cerebral aneurysm was classified into two types.

INTRODUCTION

Rupturc of a cerebral ancurysm causes massive bleeding in
the brain, is life threatening, and has a high probability of brain
sequelae, Endovascular treatment with stent implantation in an
intracranial artery is one the treatmen! methods. Steats have
become increasingly popular because surgical damage from this
treatment appears to be less severe than that from other
freatments.

Stents placed in u cerebral aneurysm are thought to reduce
blood flow to the aneurysm. The reduction in infernal blood
flow following stent implantation for a cerebral ancurysm has
been investigated by numerical (1-5) and experimental (6, 7)
flow studies. To evaluale stenting in this environment, we
developed a computational fluid dynamics (CFD) system using
a realistic stent and ancorysm (8). As a result, we found that the
stent strat pattern has a large effect on reducing bloed flow ina
cerebral ancurysm, Therefore, we created a methodology to
design and optimize stent strut pattern using three-dimensional
techniques (9, 10} and proposed several optimized designs.

Ujie et al. proposed that aspect ratio (AR), which is a
relationship between height and neck size of the cerebral
aneurysm, revealed the relationship between the AR value and
aneurysm rupture, and a correlation between the AR value and
blood flow patfern in an ancurysm. However, Nakayama et al,

1 Copyright € 20xx by ASME

demonstrated that all optimized stent strut patterns wilh
different ARs in a straight parent artery were similar because
the blood flow was maintained at the ancurysm neck. This
result indicates that the blood flow patiern in a cercbral
aneurysm is strongly assoviated with the blood flow pattern in
the aneurysm neck, and not with aneurysm  geometry.
Moreover, Imai et al. used CFD and idealized anewysm and
parent artery shapes to demonsirate the relationship between
blood flow and shape. They reported that the blood flow pattern
at the anenrysm neck depends on the ancurysm position and the
parent ariery shape. Therefore, the blood How pattern in a
cerebral aneurysm is strongly affeeted by ancurysm position
and parent artery shape (12, 13).

To verity whether the above hypothesis can be applied to a
patient-specific shape, it is necessary to compare flows between
a realistic sample and a parent artery aneurysm as well as
another realistic sample with the same aneurysm in a different
position on the same parent artery. However, it is difficult to
collect patient data with the same ancurysm and the same
parent artery. Therelore, in this study, a parent artery shape was
constructed from a patient-specific artery and an ancurysm with
an idealized shape was placed on the arfery af different
positions, First, we confirmed that the flow pattern in the parent
artery was approximately the same as that in the ariginal
patient-specific shaped artery.

Consequently, two flow characters were found in the neck
that could affect aneurysm flow. Flow patterns in the aneurysm
neck were classified into two characters, namely “split” and
“side” flows,

MATERIALS AND METHODS

Three-dimensional recoustruction of the parent artery

(a) Geometry A (b) Geometry B

(¢} Geometry C (d) Geometry D

Figure 1 The parent artery shape

and cerebral aneurysm

The analysis target was the internal cavotid-posterior
communicating artery junction because this is one of the
frequent sites of cercbral ancurysm development. Moreover,
only endovascular treatment is available for an aneurysm at this
location because it is located deep in the brain and
neurosurgery is difficult. A DICOM data were collected at the
hospital and transported to us, while maintaining anonymity.

The parent artery shape was constructed to investigate the
influence of the parent arlery curve on blood flow, First, the
patient-specific parent artery shape with corcbral ancurysm was
reconstructed using OsiriX. Sccond, the center line was
extracted using the vascular modefing tool kit (15), Finally, the
parent artery shape was reconstructed based on this center line
using CAD (Rinoceros, Robert MceNeel & Associates, USA).
Diameter of the parent artery was 4 mm. We reconstructed four
parent artery shapes for this study (Figure 1). Here, the infet
tength from inlet to proximal of anverysm was impartant for
reproducing the patient speciic blood How pattern at proximal
of wieurysm, this distance was taken for as Jong as possible.

The blood flow pattern in the ancurysm was affected by
ancurysm shape. Therefore, it was necessary to reduce the
cffect of ancurysm shape, A fixed ancurysm shape was
adopted, which was a combination of a straight pipe and a half’
sphere. AR value was fixed at 1.0, The parent artery and the
ancurysm  shapes were merged using Rapid  Prototyping
software (MagicsRP12.1; Materialise, Belgium). The cerebral
aneurysm position varied from the original position to a 180°
rotated position. Figure 2 shows the realistic parent arlery and
apeurysm and the reconstructed parent artery shape and the
aneurysm in Geomeiry A. In addition, it shows the relationship
between the parent arlery and anenrysm position as it is rotated
from its original position to 180° rotated position.

Numerical simulation

{a) Realistic shape (b) Original position

Another angle

{c) 90° (dy 180°
Figure 2 The parent artery shape and aneurysm
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Constructed  shape data were tanstorred to a personal
computer. A pumerical mesh was made using a comumereial
software package (ICEM CFD 14.0; Ansys Inc., Canonsburg,
PA, USA). A tetrabedron was used in the volume mesh, and a
prism 3 Jayer mesh to sconrately ealeulate the blood flow ento
the artery’s internal surfuce way used at the artery's internal
surface. The mesh number was approximately 300,060~
500,600 in all cases.

The constructed mesh data were transferred to a
supercompuler at the Institute of Fluid Science (UV; Silicon
Graphics Inc.,, CA, USA). CFD analysis of blood tlow was
performed using the commereial software package ANSYS
Fluent 6.3 (Ansys Inc., Canonsburg, PA, USA) using the tinite
volume method.

Blood flow was simplified as an  isothermal,
incompressible, Jominar Newtonian tlow with a density of
1,050 [ke/m'] and a viscosity of 0.0035 [Pas).

The boundary conditions of the inlet, outlet, vessel,
aneurysm wall, and stent were time-independent. A flat flow
velocity profile of 0.200 and 0.500 [m/s] was introduced at the
inlet to maintain consistency with Reynolds numbers of 240
and 600. A constant pressure was set at the outlet. A no-slip
condition was employed for the vessel, ancurysm, and stent.

Evaluation method

For evaluation of CFD result, Energy loss, Kinematic
energy, aad Wall shear stess were used. Energy loss was
defined s the power difference from inlet to outlet {17)
Kinematic energy was caleudated in cerebral ancarysm, Wall

(a) Original position

0.2

Figure 3 The velocity vector

shear strogs was caleulated on corcbral ascurysm,

RESULTS

Tigure 3 shows the velocity vectors in the cross-section at
the ancurysm center with a Reynolds number of 240. The point
of view was toward the distal part from the proximal part of the
aneurysm. An inflow zone to the ancurysm is observed in the
upper side in the original and 180° cases. The inflow zone is
observed in the center of the 90° case.

Figure 4 shows the stream line through the ancurysm neck
with a Reynolds number of 240. The colors indicate the speed
of blood flow, with blue indicating slower und red indicating
faster blood flow. The blue arrow indicates the direction of
blood flow. An inflow zone called the bundle of inflow (BOI
(16) was obscrved at the upper side of the neck in the original
position and 180° cases. BOI was observed at the center of the
neck in the 90° case. The two BOIs were characterized and
named the “side type™ and “split type,” respectively. Both types
were also observed in the other three parent artery shapes.

Figure 5 shows stream lines of the snlit tvne with Revnolds

nombers « 6

Ty
when inle
Figur §

Geometry 8, 1
demonstre &
types. In g3 L
the neck, £
neck. In t} 5 2 4
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1.0 E
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Figure 5 The stream line (Re = 240 and 600)

Figare 8 The kinemalic cnergy in cerebral ancurysm

(b) Re = 600

Figure 7 The stream line (Re = 240 and 600)
Geometry D case
the neck, split into two directions, rotated, and flowed out from
both sides.

The split type flow pattern was observed in the 90°
position of Geometry A, the 135° position of Geometry B, the
90° position of Geometry C, and the 90° position of Geometry
D. In common aneurysms, these aneurysm positions are
observed in the outer part of the parent artery curvature,

The energy Joss s calenfated to be 196, 1.90, and 197
(mW) respestively with 0%, 907, and 1807, €% case s conirol,
the difforence of the encrgy foss was 3.1%.

Figure § shows the kingmutic energy in cerebral aneurysnn
The kinematic eacrgy of 909 is the Jowest value than another 2
case, and is value I8 7% of the control case,

Figure ¥ shows the maximum wall shear stress valwe. The
manimum wall shear stress valie of 07 ds the Jowest than
anather 2 case, and 113 valoe 15 36% of control case.

DISCUSSION

Qur results suggest that the flow pattern in an anenrysm
can be classified as “side type™ or “split type”. Previous studies
used an aneurysm on a straight parent artery and the blood flow

(a) Stream line in side type (b} Stream line in split type

Figure 6 The stream line in an aneurysm (Re = 240)

pattern observed in (he ancurysm neck was only the split type.
However, when the parent artery curvature was considered, the
side type blood tlow pattern appeared. These findings have not

1.0
fims)

(c) 180° case
Figure 4 The stream linc (Re = 200)

Max Wall Shear Stress [Pa]

Figure 9 The maximum wall shear siress on aneurysm

been characterized because the flow patterns in the neck are
dependent on several factors such as parent artery shape,
anearysm shape, und the configuration. of the ancurysm and
parent artery. Furthermore, it was difficult to study these factors
using paticnt-specific shapes because all shapes are different.
Therelore, we reconstructed the parent arteries from the center
line and placed an ancurysm with difforent configurations.
Results revealed that the split type only appearcd when the
cerebral ancurysm  position was outside the blood. vessel
curvature and the side type appeared at other ancurysm
positions.

Both flow patterns are described using the position of
secondary flow in the parent artery based on the inertial force
and the position of the cerebral aneurysm. Imai et al. studied
blood flow in the ancurysm neck by investigating both the
inflow pattern and inflow flux using a U-tube. Our resulls were
qualitatively consistent with their results.

Optimizing a cerebral ancurysm stent
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In our previous study, we developed and optimized a stent
strut pattern (12). The parent artery was a straight pipe, the
blood flow pattern was observed in the cerebral ancurysm neck,
the inflow to the ancurysm was from the distal neck and
outflow to the parent artery was from both sides of the
aneurysm neck, which is similar to the “split type™ described
ubove.

The side-type flow pattern differs from that in the split
type. The split type has one inflow and two outflows, whereas
the side type has one inflow and one outflow. Therefore, the
side-type flow patiern was not used in that previous stent sirut
design optimization study. In case of the split type, the blood
flow pattern in the ancurysm-changed from rotational flow
before stent implantation to flow along the ancurysm wall after
stent implantation, and the flow of BOI changed from distal to
proximal. n of the side type, the blood flow pattern in the

(c) Cut-plane position
Figure 10 The velocity contour

aneurysm is rotational before and after stent implantation (8)
and -the shift in BOI is smaller than that in the split type.
Therefore, the change in the flow pattern by stent implantation
in the split type is large, whereas it is small in the side type.
Blood low speed in the split type is smaller than that in the
side type, because the incrtial force of blood flow in the
ancurysm neck of the split type is small. The split type is
sensitive to the stent strut pattern, The difference in the blood
flow pattern is considered o be responsible for the difference in
the optimized results of the split type. It was necessary lo
optimize stent strut pattern for the side type. The split-type flow
pattern was symmetrical, whergas the side-type flow was
asymmetgical; thus, there is a possibility that the stent strut
design would need to drastically change.

Curvatere and torsion of the parent artery

In the split type, the inflow zone for the cerebral ancurysm
tended to move foward cither side with increasing blood flow
speed of the parent artery. Figure 7 shows the stream line
through the ancurysm neck with Reynolds numbers of 240 and
600. Geometry D shows a strong inflow zone bias. This may be
because of the curvature and torsion of the parent artery. The

fast blood speed in the cross scetion afler the curvature in a U-
shaped pipe is observed outside the pipe due to inertial force.
The fast blood speed zone bias was alse caused by torsion of
the parent artery. Imai et al. reported generating an asymmetric
vortex pair in the parent artery with torsion (14). The blood
flow pattern in a parent artery with torsion is more complex
than that in a parent artery without torsion. The torsion angle of
Geometry A was approximately 0°, whereas the torsion angle
of Geometry D was >25° Therefore, information regarding
torsion size will be included as a classification parameter.

Comparison of blood flow pattern of realistic and
original shapes

Figure 10 shows the velocity contour on some cut planes,
The colors indicate the speed of blood flow, blue represents
slow and red represents. fast. The fast areas of blood flow on
Planes A and B were qualitatively consistent. As the blood flow
on Plane A is related with the flow into the cerebral ancurysny,
the blood flow pattern at the cerebral aneurysm neck was
qualitatively consistent. The parent arfery constructed in this
study reflected the blood flow characteristics of a realistic
shape.

Aneurysm position

I thix study, the aneurysm was not positioned inside the
curvature, and these aneurysms were not treated. Because the
curvature of the radius of the internal carotid-posterior
communicating artery junction was small, there was no space
for an ancurysm inside.

Energy

The energy loss of a whole ancarysm and parent artery,
and the kinematic onorgy were used by the evaluation for blood
flow in aneurvsm neek. This encrgy value of split type was
obsorved the lowest than another fype. The maximum valee of
split value was also simiker, There is the dif e between the
split type and the side type from the viewpoeint of energy.
is the difference from view point of wall shear stress. Theg, itls
imporiant that the classitication by constdering the parent artery
CUIVCS.

Limitation

In this study, the sidewall-type cercbral ancurysm was
analyzed. Thus, an analysis of other predilection sites for the
sidewall-type cercbral ancurysm is nccessary. We plan to
perform a similar analysis on the basilar artery.

Based on position, ancurysms are of two types; the side-
wall type oceurs at the side of a blood vessel and the end-wall
type ovcurs at the bifurcation of a blood vessel in the cercbral
anenrysm, We only used the side-wall type to conduct our CFD
analysis. We will analyze the end-wall type and classily the
blood flow pattern in the cercbral ancurysm neck.

CONCLUSION
In this study, the blood flow pattern in seme cercbral
aneurysms was introdueed using CFD. The blood flow pattern

5 Copyright © 20xx by ASME

in a cerebral ancurysm was influenced by the ancurysm
direction and parent artery curves. The blood flow pattern in the
cercbral ancnrysm neck was classified roughly into two types.
Considering the parent artery curves, a cerebral aneurysm
classification is necessary.
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Dmrtal regulates proneural gene expression downstream
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The transcription factor Pax6 balances cell proliferation and neuronal differentiation in the
mammalian developing neocortex by regulating the expression of target genes. Using micro-
array analysis, we observed the down-regunlation of Dmrtal (doublesex and mab-3-related tran-
scription factor-like family Al) in the telencephalon of Paxé homozygous mutant rats (tSey’/
rSey”). Dmrtal expression was restricted to the neural stem/progenitor cells of the dorsal tel-
encephalon. Overexpression of Dmrtal induced the expression of the proneural gene Newroge-
nin2 (Nenrog2) and conversely repressed Ascl (Mashl), a proneural gene expressed in the
ventral telencephalon. We found that another Dmrt family molecule, Dmit3, induced Neurog2
expression in the dorsal telencephalon. Our novel findings suggest that dual regulation of pro-
neural genes mediated by Pax6 and Dmet family members is crucial for cortical neurogenesis.

Introduction

It is essential that a large variecty of neuronal cell types
are generated at defined times and locations for the
development of a functional nervous system. Appro-
priate patterning of the telencephalon is required for
the production of specific sets of neurons (reviewed
in Sur & Rubeostein 2005). The embryonic telen-
cephalon is patterned into two major subdivisions,
the pallium {cortex) and the subpallium (basal gan-
glia), with a distinct set of molecules (Puclles ¢t al.
2000). Pax6 expression demarcates the dorsal telen-
cephalon (Walther & Gruss 1991) and is crucial for
the patterning of the cortex (reviewed in Qsumi ef al.
2008).

Pax6 has another important role in cortical devel-
opment. Expression of Pax6 is specifically observed in
neural progenitor cells in the ventricular zone (VZ).
While Pax6 overexpression inhibits proliferation and

Communicated by: Fumio Matsuzaki
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promotes neurogenesis in the developing cortex
(Heins et al, 2002), the loss of Pax6 functon reduces
the size of neural stem/progenitor cell pools in the
cortical primordium, indicating that Pax6 can regulate
the proliferation of neural stem/progenitor cells in
the cortex (Fukuda ef al. 2000; Estivill-Torrds ef al.
2002). The level of PaxG is essential for controlling
the balance between the proliferation and differentia-
tion of neuronal progenitors in the cerebral cortex
(Sansom et al. 2009; Gémez-Lépez et al. 2011).
These results suggest that Pax6 plays dual roles in
promoting. cell proliferation and cell differentiation in
a highly. context-dependent manner,

Multiple functions of Pax6 are mediated by the
transcriptional regulation of different target genes.
Variows genes are reported to be up- or down-regu-~
lated in the Pax6 mutant mouse cortex (Holm ef al.
2007; Sansom et al. 2009). We have previowly dem-
onstrated that a gene encoding brain-type fatty acid
protein (Fabp7/BLBP), a marker for neural stem cells,
is markedly down-regulated in the forebrain and
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hindbiain of Pax6 homozygous mutant xats (rSey”/
rSe)'z) (Arai et al. 2005; Numayame-Tsormta of of.
2010). We have shown that Fabp7 is required for the
maintenance of proliferating neural stem cells in the
developing rac cortex (Arai ef al. 2005). Onc of the
fucosyltransferase genes, FueTTX, is down-regulated in
Pax6 nutant rats; in addition, a neural stem cell mar-
ker, LewisX, is synthesized by fucosyliransferase (Shi-
moda et al. 2002). Thercfore, Pax6 regulates the
expression of a number of molecules to maintain
neural stem/progenitor cells.

In contrast, neuronal ditferentiation i promoted
by pronewral genes, Specifically, the basic helix-loop~
helix (BHLH)  transcription  factors  Neurogenin2
(Neurog2) and Mashl (Ascll) regulate neurogenesis
and neuronal subtype specification in the welencepha-
lon (Parvas ef al. 2002), Dorsal neural progenitors
transiently  express  Newrog2  (Fode et ol 2000),
whereas ventral progenitors express Ascll (Casarosa
ef al. 1999). In the dorsal telencephalon of the Paxé
homozygous mutant mouse (Sey/Sey) embryo, Neu-
rog2 expression is down-regulated and Asd T is upreg-
ulated  {Stoykova ef al. 2000). A previous study
revealed that Pax6 can bind to the enhancer vegion
of Neurog2, however, only high concentrations of
Pax6 activate this gene in the mouse cortex (Scardigh
et al. 2003}, However, how Pax6 regulates Neurog2
and promotes neurogenesis at the molecular level in
the mammalian telencephalon is poorly understood.

In this study, we systematically veanalyzed the
transcriptome profiles of wild type (WT) and rSey’s
rSey? rat cortical primordia at the initiation of neuro-
genesis (Fukuzaki & Osumi 2007). We observed a
marked down-regulation of Durfal  (doublesex and
mah-3-related  transcription  factor-like  family A1,
Duirtd) in the rSey® rSey” rat cortical primorcium,
The Dumirt genes encode a large family of transcription
factors involved in sexual devclopment (revicwed by
Hong ef of. 2007). First identified in doublesex of
Drosophile and MAB-3 of Caenorliabditis ¢legans, the
Dmrt family proteins share a DM domain that con-
sists of a highly intertwined zinc finger DNA-binding
motif (Erdman & Burtis 1993; Raymond er al. 1998).
Dt family genes are also involved in the develop-
ment of vertebrate sexual organs. For example,
Dl controls many aspects of testicular develop-
ment, including the postnatal differentiation. of germ
cells and Sertoli cells (Raymond er af. 2000). Interest-
ingly, Dmrt3, Dital and Dwrfa2 are expressed in the
developing telencephalon (Mong er al. 2007; Konno
et al. 2012). These three Dmrt members have a con-
served DMA domain near the C-terminus; however,
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the role of this DMA domain in biological processes
is unclear (Ottolenghi er ol 2002). Recent studies
have shown that Xenopus Dinrtal and Dmirta2 pro-
mote neurogenesis in the olfactory placode - (Huang
et al. 2005; Parhier er al. 2013) and that zebrafish
Dnuta2 regulates neurogenesis in the telencephalon
(Yoshizawa et al. 2011). Nevertheless, the precise
function of Dmrtal in the mammalian brain remains
largely unknown.

In the developing telencephalon of rat embryos,
we uncovered unique Dmutal expression patterns
and determined that Dotal is regulated by Pax6.
Gain-of-function and loss-of-function studies  sug-
gested regulatory roles for Pax6, Dmrtal and pro-
neural bDHLH proteins during cortical development.
QOur findings unveiled dual regulation of Newreg2
that is mediated by Dmrt family molecules and
Pax6; furthermore, this regulation s crucial for
regional specification and neurogenesis in the devel-
oping cortex.

Results

Genes up- and down-regulated in the
Pax6-deficient forebrain

To identify candidate target genes of Pax6, we previ-
ously performed transcriptome analyses of WT and
rSey” /rSey” rat telencephalons at E11.5 (correspond-
ing to E9.5 in the mouse) within a day of onsct of
Pax6 expression using the GeneChip Rat Expression
Set 230 2.0 Array, which contains approximately
30 000 probe sets (Fukuzaki & Osumi 2007). In this
study, we used the GC content-adjusted robust-
multi-array  (GC-RMA) algorithm (Wu & Irizarry
2004), which computes expression values from probe
intensity values by incorporating probe sequence
information.

From. this analysis, we identified 35 u}:tcgu!atcd
and 65 down-regulated genes in the rSey”/rSey® rat
compared with the WT (>1.8-fold change) (Fig. 1A
and Table S1 in Suppotting Information). The
down-regulated genes included Fabp7, a previously
reported downstream target of Pax6 in the telenceph-
alon of B12.5 rSey®/rSey” rats (Arai of al. 2005). This
finding suggests that our screening strategy can iden-
tify genes act downstream of Pax6. Other gencs
showed a marked reduction in expression in the
Sey?/rSey?  telencephalon, including P15, Map7,
Duwrial, Syil2 and Wi7a (Table ST in Supporting
Information). In contrast, upregulated genes showed
relatively small fold changes.

Genes to Cells (2013) 18, 636-649

637



— 066 —

638

T Kikkawa et al.

(A

=

rSey%rSey? (log2 nomalized intensity)
8

o Wnt7a

.
Map7
oo
A ..,_Syuz

Y U Y

10 12 14 16

WT {log2 nomalized intensity)

o “*-.Pn15
T T T
2 4 8 a
(8)
Blologleal
regulation
Regitation of
neurogenasis Multiceliular
& organismal

Neurogenasis
£

Regulation of L/,
neuron diffrantiation

Regulation of
neuron projection
developrmant

development

Regulation of
cell projection
organizarion  Embryonic

1.00E-2

Developmental
process

Anatomical structure
developiment

natomical structure
norphogenesis

Xig” Embryonic
morphogensis

3

Anatemical struclure

:ys " N formation involved in
fmorphogensis ) morphogenesis
Embryonic
camera-type

eye lormation

Figure 1 Microarmay analysis in the rSey®/rSey” rat telencephalon. (A) Scatter plots of gene expression levels in the wild type
(x-axis) and rSey?/rSey® (y-axis) mat telencephalon. Dots represent probe sets that are increased (red) or decreased (blue) >1.8-fold
in the rSep”/rSey” rat telencephalon. (B) Enciched Gene Ontology (GO) tesms in genes up- or down-regulated in the rSey?/rSey”

rat telencephalon. A GO tree obtained from BINGO shows a hierarchical stracture of Gene Ontology Biological Process
which the color shading indicates the degree of statistical significance (Benjyumini and Hod\bcq, correct

ed P value <0.01). The

number in the vircles shows the number of differentially expressed genes in the sSep?/rSey” rat (1.8-fold change). Dmrwal is

assigned to the terms in red cireles,

To furthermore understand the identified Pax6-~
regulated genes in the E11.5 rat telencephalon, we
performed a functional assessment using the Gene
Ontology Biological Process (GOBP) (Fig. 1B and
Table 82 in Supporting Information). Onc hundrcd
differentially exprossed genes in the rSey’/rSey’
{>1.8-fold change) were analyzed using the (JCDL
Ontology (GO) enrichment tool BINGO package

Genes to Cells {2013) 18, 636-649

in Cytoscape (Maere ¢f al. 2005). The BiINGO-
derived graph showed that the genes were mainly
assigned  to  terms involved in ‘neurogenesis’
(Fig. 1B). This ‘ncurogenesis’  group of  genes
included Fabp7, Wni7a, PFezi, Lrede, Rarb and
Foxa2 (Table S2 in Supporting Information). Wut7a
was listed within the top 10 down-regulated genes
(Table S1 in Supporting Information). These data
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are consistent with a previons study that showed

decreased TWhe7a expression in the telencephalon of

the BI25 Sey/Sey mouse (Holm e al.  2007).
Another study also suggests that Wnt7a is involved
in the promotion of neuronal differentiation in the
mouse telencephalon (Hirabayashi et al. 2004). The
subcategory ‘embryonic eye morphogenesis’ within
the GOBP vyiclded three genes, namely RARD,
Aldhia3 and Aldlxlul vvzth down-regulated expres-
sion levels in rSey/rSey” rats (Table 52 in Support-
ing Information). This finding is not unexpected
because our rat forebrain samples at E11.5 contained
the cye primordium.

OF the markedly down-regulated genes in rSey?/
rSey rats, we focused on Dirtal as a candidate gene
regulated by PaxG because Dmrtal encodes a tran-
scription factor that has the potential to regulate the
expression of other genes. Furthermore, Dunirtal is
fisted as one of the genes down-regulated in the
E12.5 Sey/Sey mouse cortex in other transcriptome
analyses (Sansom et ul. 2009; and subsequently Saul-
niex et al. 2012); however, its function was largely
unknown when we began our analyses,

Down-regulation of Dmrtal expression in the
telencephalon of developing #Sep”/+Sey’ embryos

We examined the developmental sequence of Dnumf
expression patterns in WT and  rSey?/rSey’ rat
embryos using whole mount in sitn hybridization
(Fig. 2). Durtal mRNA expression was observed as
carly as E10.5 in the rat forebrain (Fig. 2A). The
expression of Dirfal became markedly restricted to
the dorsal tclcnccplmlon at E12.5 (Fig. 2C). Consis-
tent with our microarray data, Dmrtal mRNA
expruslon was dmmancaﬂv decreased in the rSey?/
rSfy telencephalon (Fig. 2F-]).

We next examined the localization of Dhurtal pro-
tein by creating a specific antibody (Fig. St in Sup-
porting Information). Dmrtal protein was specifically
observed in the VZ of the dorsal telencephalon over-
lapping the region expressing Pax6; however, Dmrtal
expression was excluded from the dorsal part of the
lateral ganglionic eminence (dLGE) at E125 and
El45 (Fig. 3A-D). l)mml uprtssmn was down-
regulated in the rSep®/rSey? dorsal telencephalon
except in the Pax6-negative domain of the medial
cortical region (arrows in Fig. 3E,G). These observa-
tions indicate that the majority of the neural stem/
progenitor cells in the dorsal telencephalon express
both Pax6 and Dmrtal and are regulated by the
Pax6-Dmrtal pathway.
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Figure 2 Down-regulation 0t Dumal expression in the telen-
cophalon of developing rSey”/rSey” embryos, (A-J) Bxpr ‘sxou
}71"(.111\ of Dmrial mRNA in the wild type (W) and rSep®/
Sy’ rat brain at EN0.5-E14.5. Dimte? mRNA is sp&uﬁwlly
exprassed in the dorsal telencephalon of the WT (A-E), but
almost lost in that of the rSey”/rSey” (F=). dte, dorsal telen-
cephalon; di, diencephalon; me, mesencephalon; th, thomben~
cephalon; vie, ventral relencephalon, Scale bars represent
1 o (A)).

Pax6 can induce Dmrtal expression

ThL m.\rkui reduction in Dmrtal expression in the
rSey*/rSey® rat embryos led us to test whether exoge-
nous Pax6 can induce Dmrtal expression in the
developing telencephalon, A Pax6 expression plasmid
was introduced into the ventral telencephalon by
electroporation. at  E115, These  electroporated
embryos were cultured for 30 h using a whole-
embryo culture system (Takahashi & Osumi 2010).
We found that ectopic Dmrtal  expression was
detected i the ventral telencephalon {u =3, Fig. 4),
Therefore, Paxé can induce Dmurtal expression in the
telencephalon.
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E12.5 E14.5
Dmita 1 Pax6

Dmrtat Paxg

rSey2/rSey?

Figure 3 Doutal is expressed in neural su.m!pu)m.mtor cells of the dorsal telencephalon. (A-F) Localization patteens of Dirtal
and Pax6 proteins in the wild type (A=D} and rSey” /eSey” (B=H} telencephalon ar E12.5 and B14.5. Arrowheads indicate the posi-
tion of the pallial/subpallial boundary (PSB). Dixetal is highly expressed in the ventricular zone (VZ) of the domsal relencephalon
with a pattern similar to that of Paxé (A-1)) at B12.5 and F14.5. Dmrtal protein i undetectable in the VZ of the dorsal selen~
cephalon. of the rSry“/rSvf embryo (B, G) with its remaining expression in the medial cortical region at E12.5 and B14.5 (arrows
in E, G): Scale bars represent 200 jun (A-11).

Dmrial 1 F8/Dmrat

PCAX-Pax6+EGFP

Figure 4 Pax6 can induce Dinrtal expression. {A~EF) Pax6 and GFP expression vectors were transfected into the vental telence
phalic nevroepithelivm of wild type rat embryos at E11.5. Dmital expression is ectopically induced in the GFP-positive ventral
donwain 30 h after clectroporation (A and Bj. Panels {C-E) are magnificd views of the boxed arca in (B). Dirtal is ectopically
expressed in GFP-positive cells {arrowheads in C-E), Scale bars represent 100 pm (A=), 50 pun (B}

(Huang et al. 2005). In the cortex, Neurog2 expres-
sion was down-regulated in Sep/Sey mice (Stoykova
et al. 2000), and this regulation scems to be directly
A previous study showed that Dirtal is involved in govemned by the binding of Pax6 to the Newrog?
nearogenesis via the reguldon of Neurog2 expres- enhancer (Scardighi ¢f ol 2003). These lines of evi-
sion in the olfactory epithelium of Xenopus embryos dence raised the possibility that Dnutal regulates the

Dmartal induces Neurog2 expression in the
telencephalon
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expression of Newrog2 in parallel with Pax6. There-
fore, we examined whether Dmital is sufficient to
induce the expression of Neurog2 in the Pax6-nega-
tive telencephalic region (Fig. 5A-E and S2A-D in
Supporting Information). The ventral telencephalon
of the WT it embryo was clectroporated with
expression  vectors  contaiing  Dinrfal and  GFP.
Forty-four hours after electroporation, Neurog2 pro-

Dmrtal regulates proneural genes

tein was undetectable in the ventral telencephalon of

the non-transfected control side (Fig. 5B) but was
cctopically induced in the region transfected with
Dwirtal {0 = 4, Fig. 5C-E). Thus, Dmrtal induces
the expression of Neurog2.

To furthermore investigate whether Dmrtal can
rescue Neurog2 expression in Pa\()-dt.ﬁuu)t (.ondl—
tions, the dorsal telencephalon of 18’)/ /rScy rat

N\ ) rSey<rseys
[EGFP_ || Neurogz EGFP Neuro 2

kwf P
Neurogz Neuro'

Control side

EP side

PCAX-Dmirtatl
+EGFP

Figure 5 Funcrions of Dmtal in the regulation of proneural genes. (A ]) Induction of Newog2 expression by Dmxtal, Duriad
and GPP expression vectors Were transfected into the ventral tel phalic neuroepithelium of the wild type (WT) rat (A-F} and
the dorsal relencephalic nevroepithelivm of the rSvy‘?/rScy2 rat {F-J} at E11.5, and electroporated embryos were cultured for 44 b,
(A=E) Newrog2 expression was ectopically induced in the GFP-positive ventral domain’ of the WT rat emibryos (arrowheads in
C, D} Panel (B) is 3 magnitied view of the boxed area in (C, D). Neurog2 was ectopically expressed in GFP-positive cells {arrows
ins B). (F-J) Neurog2 expression was upregulated in the GFP-positive domain of the rSey”/rSey” rat embryos (wrrowheads in H and
1), whereas Neurog2 expression was negative on the control side (F, G). Panel () is 2 magnified view of the boxed ares in. (H, 1)
Neuorog2 was cctopically expressed in GFP-positive cells {arrows in J}. (K=R} Repression of Ascll in the ventral domain by exoge-
nous Dmrtal. (K-N} The GFP expression vector was introduced into the vental telencephalic neuroepithelium of the WT xat
embryo at B11.5, and electroporated embryos were cultured for 44 h, GFP is detected in the ventral telencephalon (Kj. (L-N}
indicates a magnified view of the boxed area 1o (K). Ascll is normally expressed in the GFP-positive region {farrowheads in 1-Nj.
{O-R} Localization patterns of Ascl! in the embryo electroporated with Dunral and GFP expression vectors. Panels (P-R) show
magnified views of the boxed arca in (O}, Asell expression is repressed in the GFP-positive venteal domain (arrows in PR}, Scale
bars represent 50 pun (A1 and B-D), 10 pm (E, J) and 100 pm (K-R).
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embryos was electroporated with Dmrtal and GFP
expression vectors at B11.5 (Fig. 58-]). Forty-four
hours after electroporation (Fig. S2E-H in Support-
ing Information), we detected upregulation of Neu-
rog2 expression in the GFP-positive domain of the
£Sey? /rSey? xar embryos (n =3, Fig. 5H-J), whereas
Neurog2 expression was negative on the control side
(Fig. 5G). This finding suggests that Duwetal is suffi-
cient to induce Neurog2 expression in the telenceph-
alon in the absence of Paxé.

Dmrtal represses Ascll expression in the
telencephalon

Neural stem/progenitor cells in the dorsal telencepha-
lon transiently express Newrog2 (Fode ef al. 2000).
Ventral  progenitors  express a  different  bHLR
transcription factor known as Ascll (Casarosa et al.
1999). Ascll expression was cctopically detected in
the dorsal telencephalon of Sey/Sey mouse (Stoykova
ef al. 2000) and rSc)fz/rSey“’ rat (T Kikkawa and N.
Osumi, unpublished data) embryos. Therefore, we
examined whether Dmrtal can repress: Ascll expres-
sion in the ventral telencephalon (Fig. 5K-R).- Exog-
enous Dmrtal that was ectopically expressed in the
ventral telencephalon repressed Ascll in a cell-auton-
omous manuer (=3 embryos, Fig. 50-R). Asclt
expression was nearly undetectable in cells expressing
Dnutal (Fig. 50-R). We counted the number of
the total Ascll™ cells in the VZ of the ventral telen-~
cephalon. We found that there was a tendency
toward a reduction in the total number of Asell™
cells i the embryos that overexpressed Dmrtal
(455 & 6.4, n=2) compared with the control
(745 &+ 13.4, a=2) (T. Kikkawa and N. Osumi,
unpublished data). This vesult may suggest that
Dmrtal directly represses Ascll expression without
the induction of Neurog2 (see Discussion).

Dmrt family members redundantly regulate
Neurog2 expression in the telencephalon

The mouse genome has seven Dmut family members,
and D3 and Dinrta2 are expressed in the dorsal tel-
encephalon of the mouse (Hong et al, 2007; Konno
ot al. 2012). Thus, we evaluated the expression of
these two genes in E12.5 rat.embryos because probes
for Dmre3 and Dineta? were not included in our ori-
ginal microarray analysis. In the rSey”/rSey? mat,
Dt and Dmfat, but not Dinrta2, were down-reg-
ulated in the domal telencephalon (Fig. 6). The same
results were obtained in Ei25 Sey/Sey mouse

Genes to Cells {2013) 18, 636-649

embryos (Saulnier ef ol 2012). Therefore, Dt and
Dmtal may be downstream. of Pax6 in both the rat
and mouse,

We next examined whether D3 can regulate
Neurog2 expression. We  tramsfected  siRNA - for
Dmrial or Dmnt3 with a GFP expression vector into
the domsal telencephalon of E11.5 WT rat embryos.
The RNAI successfully reduced the expression of
Dmrtal and Dmrt3 (Fig. S3 in Supporting Informa-
tion). We counted the number of Neurog2® cells
within GFP™ cells 24 h after electroporation (Fig. 7).
The proportion of Neurog2 " cells versus Dmrtal siR~
NA-transfected  BEGFPY cells was decreased (2,85
sk 1.21%) compared with a scrambled siRNA against
Dinrtal  (3.20 £ 1.07%) (=4, Student’s  ttest,
P <0.05) (Fig. 7A-H,QQ). Knockdown of Dmrt3
reduced the percentage of Newrog2® cells (3.79
£ 0.42%) compared with the control group transfected
with  a  scrambled $iIRNA against Dowi3  (6.86
£ 0.98%) (n =3, Student’s f-resty, P <0.05) (Fig, 71~
P,Q). These results suggest that Dmrtal and Dmnt3
regulate Neurog2 expression in. the dorsal telencepha~
lon, There is no difference between the control and
Dunt - knockdown  groups  in the number of
EGFP Newrog2 /EGFP™ el (Dmtal:  6.52
+ 2.37%, Control: 10.20 & 3.23%, u =4, P> 0.05;
Dant3: 8.88 & 1.30%, Control: 9.39 £ 3.68%, n = 3,
P> 005) (Fig. 7R). Thercfore, we suggest that
Dmrtal and Dmet3 induce the expression of Neurog?
in a cell-autonomous manner.

Discussion
Identification of novel genes downstream of Pax6

We have identified genes regulated by Pax6 in the
developing telencephalon, The goal of this study was
to explore candidate genes that mediate the potent
neurogenic function of Pax6. We used rat telenceph-
alons at E11.5 (which corresponds to E9.5 in the
mouse), 24 h after the onset of Pax6 expression. In
our transcriptome analyses, down-regulated genes in
the rSey?/rSey® mt exhibited larger fold changes,
wheteas upregulated genes had relatively small fold
changes. Given that PaxG mainly acts as a transcrip-
tional activator, the down-regulated genes may be
directly targeted by Pax6.

The Targe quantity of information obtained from
the GO analyses enabled us to search for interesting
features of Pax6 downstream factors. We found tran-
scriptional down-regulation of Fabp?/BLBP, Wat7a,
Fezt, Licde, Rarb and Foxa2, all of which belong to

€ 2013 The Authors
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rSey“/rSe

(K}

Pax6 Dmrial ][ Dmnt3 Dmrta2 Neurog2

Figure 6 Expression patterns of Diwr family members in the rSey/r8ey” rat welencephalon. (A=E) Disrtal, D3 and Dranta2 are
specifically expressed in the dorsal telencephalon with patterns similar to those of Pax6 and Newrag2 in the wild type (W)
embryo, (FJ) The expressions of Duirtal, Dinr3 and Newrog? are down-regudated, while Dmra2 expression is nwintained in the
8oy /rSey? telencephalon. Arrowheads indicate the position of the pallial/subpallial boundary (PSB). (K) Scheme of expression lev-
cls of Dt funily molecules in the WT and iSep’ 728ey” welencephalon, Asclt expression is upregulated i the ey’ /rSey” dorsal
telencephalon (T, Kikkawa and N. Osami, unpublished data). Scale bars represent 200 gm (A-Hj.

the ‘neurogenesis’ GOBP group. We have previously
reported that Fabp?7 is essential for the maintenance
of neural stem/progenitor cells during early cortical
development (Arai er al. 2005). Down-regulation of
Wut7a, which promotes neuronal differentiation,
suggests that impaired Wnt signaling may perturb
neurogenesis in early embryonic stages. Fezl (fascicu-
lation and elongation protein zeta 1) is known to
interact with Discl  (disrupted-in-schizophrenia 1)
and regulates neurite outgrowth in PCI2 cells (Mi-
yoshi ef al. 2003); however, the role of Fezl in
mammalian neurogenesis in vivo is still unknown.
Taken together, it is presumed that Paxé coordinates
the proliferation and differentiation of neural stem/
progenitor cells by regulating various genes in a
nested manner.

Another markedly down-regulated gene (~2.97)
in our transcriptome analyses was Dmirtal, This gene
has not been identitied as a gene downstream of Pax6
in previows studies in Pax6 mutant rats and mice

€ 2003 The Authors
Genes to Cells ©

(Arai er al. 2005; Duparc et al. 2006) because the
probe sets for Dmrtal were not included in the
DNA chips. The expression pattern of Dmurtal was
quite similar to that of Pax6, and Dmrtal was down-
. PN
regulated in the telencephalon of both rSey™/rSey” rats
(Fig. 2) and Sey/Sey mice (Saulnier er ol 2012).
Thus, the Pax6-Dmirtal pathway is conserved in the
developing cortex of both the rat and mouse. Dmrtal
expression was ectopically induced in the ventral tel-
encephalon 30 h after transfection of Pax6, although
vctopic expression of Dwmrtal did not induce Pax6
expression in the ventral telencephalon (Fig. S$4 in
Supporting Information). Therefore, Dmrtal is posi-
tively regulated by Pax6, but not vice versa. We can-
not exclude the possibility that the domalization of
the ventral telencephalon by Pax6 overexpression
induces ectopic expression of Dmrtal in the ventral
region. Additional studies ave required to elucidate
the divect functional interactions between the Pax6
protein and the Dmrtal gene.

Genes to Cells (2013) 18, 636649
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Figure 7 Reduction in Neurog2 expression by knockdown of Dmpal or Dawc3 o the tclencephalon. (A-Q) siRNA for
Dantal or D3 was transfecred into the domal telencephalon of the wild type rat embryos together with a GFP expression
vector ax E11.5, and the number of Neurog2® cells within the GFP® cells was counted 24 i later. Knockdown of Ditral
reduces the percentage of Neurog2™ cells (2.85 & 1.21%) compared with the control group (3.20 & 1.07%) {n = 4, Student’s =
test, 17 < 0.05) (A-H, Q). Knockdown of Dinrt3 similatly reduees the percentage of Newrog2™ eells (3.79 & 0.42%) compared

with the control group (6,86 ok 0.98%) (n = 3, Student’s t-test, P < 0,05) (=P, Q). (R) There is no signifi
ratio of EGFP " Neurog2 /EGEP™ between the control (10.20 ok 3.23%) and Dmrtat knockdown group {6.

nt difference in the
+ 2.37%) (n =4,

Student’s t-test, > 0.03). There is alo vo difference between the control {9.39 o 3.68%) and Drwtd knockdown groups
(8.88 = 1.30%) (1= 3, Student’s t-test, P> 0.05). The scale bar represents 50 pm (A=)

Dual pathways of Neurog2 regulation by Pax6
and Dmrt family genes

Our experiments show that Dt genes regulate Neu-
rog2 expression in the telencephalon. Previous studies
have shown that Pax6 directly binds to the Nenrog2
enhancer (E1) in the telencephalon and spinal cord
(Scardigh er al. 2003}, However, the El clement is

Genes to Cells {2013) 18, 636~649

only active in the lateral domain of the cercbral contex,
where Pax6 is highly expressed (Scardighi er al. 2003).
Qur results indicate that Dmrta! is sufficient to induce
Neurog2 expression in Pax6-deficient  conditions.
Additionally, the knockdown of Dwmrtat or Dmn3
causes a reduction in Neurog2 expression in the Pax6-
positive dorsal region. Therefore, it is possible that the

& 2013 The Authors
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Figure 8 A model of proneural gene regulation by Paxé and
Dart family members in the cortical development. Pax6 posi-
tively controls expression of another transcription  factors
Duowial and Dinnd. Both Doutal and Dimetd regulate the
expression of a dorsal tel halon-specific 1 molecule
Newrog2. A veneral telencephalon-specific proneural molecule
Ascl s repressed by both Dimrtal and Neurog2. Thus, there
are dual pathways of pronewral gene regulation by PaxG and
Dt family members in cortical neuragenesis.

Dnut family members redundantly regulate Nenrog2 in
addition to the Pax6-Neurog2 divect pathway (Fig. 8).

Nenrog2 and Asdd1 are expressed in the dorsal and
ventral telencephalon, respectively, and are required
to specify the dorso~ventral identity of carly-born
neurons (Fode ¢ al. 2000; Schuurmans et al. 2004).
Interestingly, Newrag2 KO mice exhibit upregulation
of Asdl in the dorsal telencephalon, indicating that
Neurog2 endogenously represses Ascll expression in
the dorsal telencephalon (Fode ef al. 2000). We
found that Dmrtal induced the expression of Neu-
rog2 and repressed Asell expression in the telenceph-
alon. The repression of Ascll expression was more
drastic in the ventral telencephalon compared with
Neurog2 induction by Dmrtal, suggesting a possible
dircet repression of Ascll. Thus, upregulation of
Asell expression in the tekencephalon of rSey?/rSey?
rat (T. Kikkawa and N. Osumi, unpublished data)
and Sey/Sey mouse (Stovkova ef al. 2000) embryos
may be due to the loss of Dt gene expression.

@ 2013 The Authors
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The consequences of the dual regulation of Neurog2
mediated by Dmrt family molecules and Pax6 are
unclear, There may be a region-specific function to
this regulation. Neurog2 is expressed in the cortex,
ventral spinal cord, hindbrain and thalanus; further-
more, Neurog2 expression was reduced in. these
regions in Pexé mutant mouse and rat embryos (Stoyk-
ova ¢f al. 2000; Takahashi & Osumi 2011; Wang « al.
2011). Dmrtal is expressed only in the dorsal telen-
cephalon, suggesting that Dmrtal may have an impor-
tant role in the robust regulation of Neurog2
expression in a cortex-specific manner. If Dimrtal can
directly repress Ascll expression, it might also reinforce
the production of cortex-specific neurons.

The dual regulation of Neireg2 may provide a time-
specific function. Distinct genetic programs operate to
specify neuronal identity at different stages of cortico-
genesis (Schuurmans ¢ al. 2004). We found that the
expression of Dmrtal in the domsal telencephalon
reached its peak at the stage when the cortical neuro-~
genesis starts, that is, at E10.3 in the mouse {Konno
et al. 2012) and at B12.5 in the rat (Fig. 2). On the
other hand, the expression of Pax6 continues to later
stages. Therefore, Dmrtal may function to regulate
Neurog2 expression at earlier stages of corticogenesis.

Role of Dimrt family members in neurogenesis

Dimorta subtamily members (e, Dort3, Doutal and
Pmrta2) have a common DMA domain, but they do
not always have conmon functions in neurogencsis.
Xenopus Dmrtal and Dmrta2 promote neurogenesis in
the olfactory placode (Huang ¢f al. 2005; Parlier ef al.
2013), and zebrafish Dnurta2 regulates Newrog? in the
telencephalon (Yoshizawa et al. 2011). The expression
of Neurog2 is not altered in Dmrta2 KO mice, and
Dmrta2 maintains neocortical progenitors (Konno et al.
2012). Although Dmit3 KO mice have no drastic phe~
notype in the cortex (Konno ef al. 2012), it is unknown
whether the expression of Neurog? is down-regulated
in Dmrt3 KO mice at the early embryonic stage. We
found that the knockdown of Duirtaf or Drmirt3 reduced
Neurog2 expression (Fig. 7), suggesting that Dartal
and Dmrt3 promote neuronal differentiation via regula-
tion of Neurog2. Therefore, Dmrtal and Dmrt3 may
function differently from Dairta2 in rodent carly corti~
cogenesis. There is a possibility that Dmrta subfamily
members have stage-specific functions by interacting
with other molecules even though they are structurally
similar,

Regarding  upstrcam  regulation,  expression  of
Dmirtal and Dmrt3, but not Dmrta2, was down-regu-~
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lated in Pax6-deficient rat embryox (Fig. 6), indicating
that Dmrta2 is not regulated by Pax6 in the cortical pri-
mordinm. Emx2 s another cortex-specific molecule,
and Dmst3, but not Dwmrtal or Dwirta2, was down-reg-
ulated in Emx2 mutants (Saulnier et of, 2012), All 3
Dz genes are reduced in GIi3 mutants, in which the
Whnt gene expression is severely affected (Hasenpusch-
Theil et al. 2012; Saulnier ef al. 2012). Dmnt3 and
Dinrta2 ave suggested to be Wnt target genes in the
mouse developing cortex  (Hasenpusch~Theil et ol.
2012; Konno ef al. 2012), Therefore, Dmrt3, Dmrtal
and Dmirta2 are all expressed in the developing cortex,
bat they are differentally regulated by various tran-
scription factors and secreted molecules. Furthermore
investigation is necessary to clucidate the precise roles
of Dmita subfamily members in corticogenesis.

Experimental procedures
Animals

Aninial experiments were carried out in accordance with the
National Institutes of Health guidelines outlined in the Guide

1997; Takabashi & Osumi 2002). To obtiin templates for the
synthesis of riboprobes, ¢DNA  fragments of rat Dusrtal,
Dmn3, Dmra2 were amplificd by RT-PCR, The obtained
<DNA fagments were cloned inte a pGEM-T Easy vector
{Promega), pBluescript HSK{-} (Stratagend). The template for
rat Pax6 was used as previowsly deseribed (Matsuo er al. 1993,
Rat Newrag? (Mizuguchi o ol 2001) cDNA was kindly
provided by Dr Nakafuku,

Generation of an anti-Dinrtal antibody

Rat Dinrta i (114-10635 bp) was inserted into a pET-28b vector
cantying a Hisg-tag at the Ndel and EoR1 sites. Recombinant
rat Dmraal protein was solubilized with 4 M guanidine hydro~
chloride and then purified with the use of 3 TALON purifica-
tion kit {Clontech), The purified protein was emubified with
Freund’s complete adjuvant and injected into C37BL6/] mice 3
dmes at 2-week intervals, After the final immunization,
lymphocytes were collected from the spleen and fused with
myeloma cells. Briefly, COS-7 cells were transfected with
pCAX-rDrrtat and then western blots were performed as previ-
ously described to check the specificity of the antibody (Sakuri
& Qsumi 2008).

for the Care and Use of Laboratory Animals. The C
for Animal Experimentation of Tohoku University Graduate
School of Medicine approved all the experimental procedures
described herein. Embryonic day 0.5 (B01.5) was defined as the
midday of the day when a vaginal plug was detected. Pregnant
Sprague-~Dawley {SD) rats were purchased from Charles River
in Japan, Pax6 homozygous mutant mt embiyos were obtained
by crossing male and female Swall epe rat heterozygotes (Sey*/
+) {Osumi e al. 1997).

Miceoarray and GO analysis

Microarray analysis was performed wsing an’ Affymetrix rat
genome 230-2.0 array as previowsly deseribed: (Arat ef al. 2005;
Fukuzaki & Osumi 2007). Statistical analysis and data visualiza~
ton were carried out using the R statistical software with Bio-
conductor packages (R Foundation' for statistical. Compnuting,

I histochemistry

Embryos were fixed in 4% pamformaldehyde/phosphate-buf-
fered saline for 2 h. Primary antibodies were diluted with Tris-
buffered saline (TBS) containing 0.1% Triton X-100 and 3%
bovine sexumn atbumin. The sections were incubated with
primary amtibodies, including mouse ang-Domtal {1 : 300 or
1:50), mouse anti-Ascll (1 < 200, 24B7.2D11; BD Biosci~
cnee), chicken anti-GFP (1 1 1000: Abcamy, rabbit anti-Pax6
{1 ¢ 1000, Inoue el ol. 2000), vabbit anti-Newrog2 (1 : 5000,
Tsunckawsa ef al. 2012}, and mouse anti-Newrog2 (1 : 20, 7G4,
a gift from Dr D, Anderson, Lo of ol 2002). For sccandary
antibodies, Cy3-conjugated affinity puriticd anti-rabbit IgG or
mouse IgG donkey antibodies (11 500; Jackson Impunore-
search Laboratories), and Alexs 488-conjugated affinity purificd
anti-mose IgG or chicken TgY goat antibodies (1 : 300; Invi-
wogen) were used. For observation, sections were mounted
with VECTASHIELD mounting medium (Vector Laboratories)
and visualized with an LSMS Pascal (Carl Zeiss) contoeal laser-

Vienna, Austria, http://www.Reproject.org/). GO enrick

analysis was performed wsing the BINGO 2,44 plugin {Maere
ef al. 2005) in the Cytoscape 2.8.3 program (Shannon ¢ al,
2003}, T'o test for enrichment, ¥ hypergeometric test was con-
ducted, and the Benjamini and Hochberg false-discovery rate
was caleulated. The nepwvark of the enriched categories is pre-
sented. Microarray data on gene expression are available with the
Gene Expression Omnibus (GEO) accession number GSE43413.

In situ hybridization

In sit hybridization for whole mount embryos and frozen see-
tions was performed as previously deseribed {Osumi er al.

Genes to Cells (2013} 18, 636649

scanning microscope and an Axioplan 11 fluorescent microscope
equipped with an AxioCam CCIY camera (Cart Zeiss).

Electroporation into cultured embryos

The method wsed for electroporation into the telencephalon
of B1L.5 cultured rat embryos was previowsly described (Axai
et ul, 2005}, To construct the Drmrfal expression phsmid, the
ORF fragment of RT-PCR-amplified rat Dmrta ! was inserted
o a pCAX expression plasmid (Takahashi & Oswini 2002).
The pCAX-uPax6 plasmid (Takahashi & Osumi 2002) or
PCAXrDnurat plismid was injected into the telencephalon of
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WT and rSey/rSey” rats at E1L5 with pCAX-EGEP or
PCAXEEGEP (Tsunckawa et ol 2012) at 2 9 <1 rado.
Tmmediately, square pulses (50 ws, 70 V, tive times) were sent
wsing an electroporator (CUY21;, BEX), and the embryos
were furthermore cultured for 30 or 44 h. Stealth siIRNAs
were designed for the 3UTR sequence of rat Dara? and
Din3 as follows: Daal, 3-CGACUGUGAGUAGUUUC-
CUGAGAUU-S, Dim3, 3-ACACUCAUGUUACUCCC-
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Casarosa, 5., Fode, C. & Guillemot, F. {1999) Mash1 regulates
neurogenesis in the vental telencephalon. Development 126,
525-534.

Dupare, R.H., B ine, 1., Champay M.P., Tetreault,
N. & Bemier, G. (2006) Pax0 is required for delta-catenin/
newrojugin expression during retinal, cercbeflar and cortical
development in mice. Dev. Biol, 300, 647-655.

Erdman, $.E. & Burtis, K.C. (1993) The Drosophila double-

GUUCUA AA-5" (Invitrogen). The seq for bl
control sIRNAs were as follows: Duntal, 3'-CGAAGUGGA-
UGCUUUAGUCGUCAUU-5; Dinid. 3'-ACACAUGUU-
ACUCCCGUUCUCUAAA-5". sikRNA diluted in phosphate-
buffered saline at 30 M was transfected futo the E11.5 rat telen-
cephalon with a GFP plsmid, and the embryos were cultured
for 24 h.

Statistical analysis

To calenfate the number of Neworog? eclls, Neurog2/EGEP-
double-positive cells and EGEP-positive cells were counted
within a 200 gm x 106 pm area at the ventricular surface of
the dorsal telencephalon over five serial cross-sections. Sections
were taken from embryos transfected with either control siR-
NA or siRNA against Dmrt family genes (= 3-4). We also
calculated the ratio of EGFP-negative and Neurog2-positive
cells to EGFP-negative cells using the same method. The exror
bars reflect the standard deviation of the mean. Student’s r-test
was used 1o determine statistical significance. Values of
P < 0.05 were considered statistically significant.
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