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Figure 3. Quantification of intratumoral vessels with the combination of ALs, the HF-US imaging system, and the CDSD method. A, change of the tumor area
(TA) and vessel area (VA) in EMT6-luc tumor: In the control groups, TA (open circle) and VA (open square) increased over 15 days. However, in the treatment
group, TA (solid circle) and VA (solid square) were constant at lower levels over the same period. Significant differences in TA and VA between the control and
treatment groups were found on days 12 and 15 (TA; P < 0.05, Student t test, VA; P < 0.05, Student t test). B, change of the tumor area (TA) and vessel area (VA)
in Colon26-Luc tumor: In the control groups, TA (open triangle) and VA (open rhombus) increased until day 13 and thereafter saturated, whereas in the
treatment group, the growth of TA (solid triangle) and VA (solid rhombus) was suppressed until day 13, then increased. Significant differences in TA and VA
between the control and treatment groups were detected only on day 13 (TA; P < 0.05, Student t test, VA; P <0.05, Student { test). *, P <0.05. C, change of the
normalized vessel area in the CDDP treatment group of the EMT6-Luc tumor (solid square) and of the Colon26-Luc tumor (solid rhombus). The normalized
vessel area was given as (normalized vessel! area) = [(CDDP VA)/(CDDP TA))/[(Cont. VA)/(Cont. TA)]. In both tumors, there was no significant difference in the

normalized vessel ratio over the experiment period (1-way ANOVA).

area (CDDP VA) were restricted with CDDP treatments, in
which TA is the internal area that is defined by the circum-
ference of the solid tumor in B-mode image and VA is the area
occupied by vessel in the TA extracted by the CDSD method.
Therefore, both TA and VA have unit. The extent of suppres-
sion in the EMT6-Luc tumor was larger than in the Colon26-
Luc tumor. Significant differences between the control and
treatment group for the EMT6-Luc tumors were observed on
days 12 and 15 (P < 0.05, Student £ test), whereas they were
detected on day 13 for Colon26-Luc tumors (P < 0.05, Student ¢
test). Figure 3C shows the relation between the normalized
vessel area in the CDDP-treated tumor and the number of days
after inoculation, in which (normalized vessel area) = [(CDDP
VA)/(CDDP TA)]/[(Cont. VA)/(Cont. TA)]. For the EMT6-Luc
tumors, the vessel ratio decreased slightly on days 9 and 15, but
there was no significant difference over 15 days (1-way
ANOVA). Similarly, the Colon26-Luc tumors show no signifi-
cant difference over the same time period (1-way ANOVA).

Although CDDP contributed to inhibition of tumor growth,
these results indicate that the intratumoral vessel ratios in
both tumors were constant; that is, the ratio is independent of
the tumor size.

Evaluation of the vessel ratio per inner or outer regions
of the Colon26-Luc tumor, extracted from the 2D
vascular image constructed using AL, the HF-US imaging
system, the CDSD method, and immunohistochemical
staining

Next, we investigated the change of the vessel ratio in the
inner and outer regions of the Colon26-Luc tumor. Figure 4A
shows an image that was binarized to enhance the vascular
structure based on Fig. 2Bd. The tumor area was divided into
inner and outer areas. Similarly, the immunohistochemical
slides were divided into inner and outer areas. The endothelial-
specific antigen CD31-positive cells in the inner and outer
areas are shown in Fig. 4C and D, respectively.
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Figure 4. Vessel structure in the inner and outer regions of the Colon26-
Luc tumor, extracted with the combination of Als, the HF-US imaging
system, and the CDSD method, and subsequent immunchistochemical
analysis with CD31. A, reconstructed 2D vascular image. Both the inner
and outer regions were divided into 4 sections each. B, CD31
immunostaining section, divided into inner and outer regions. Each
region was divided into 4 subregions. The hotspot analysis was
conducted for 8 subregions in total. C, positive staining for CD 31 (arrow)
at tumor inner area. D, positive staining for CD31 (arrow) at tumor outer
area.

Figure 5A shows the vascular ratio in the inner and outer
regions with and without CDDP treatments on days 8, 13, and
16, obtained by 2D US images. The vessel ratios of the outer
region were about double those of the inner region on all days
in both the control and treatment groups. Figure 5B shows the
vascular ratio obtained by immunohistochemical analysis.
Similarly, the vessel ratio of the outer region was about double
that of the inner region on all days, although the inner vessel
ratios on day 13 were decreased compared with the ratios on
day 8. The vascular ratio obtained by AL, the HF-US imaging
system, and the CDSD method (Fig. 5A) was about 10 times
higher than the ratio obtained by immunohistochemical anal-
ysis (Fig. 5B).

Discussion

To our knowledge, this is the first article on the assessment
of effects on tumor volume and angiogenesis by CDDP by using
ALs, a HF-US system, and the CDSD method. Because the in
vivo half-life of ALs with a mean diameter of 200 nm is less than
90 seconds (Fig. 2), enough amount of ALs may not leak out to
the vascular space by the EPR effect within the short limited
period time and thus ALs may not be used as pure EPR tracers.
In case of mice bearing sarcoma 180 tumor, within 10 minutes
radioiodinated N-(2-hydroxypropyl) methacrylamide copoly-
mers of MW ranging from 4.5 k to 800 k were accumulated
effectively in the tumor (17). Therefore, development of long-
circulating liposomes with a life time more than at least 10
minutes may be desired to reveal the EPR effect (3). Previously,
angjogenesis has been evaluated by US backscatter images
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Figure 5. Comparison of vessel ratio of the Colon26-Luc tumor between
the ultrasound constructed 2D vascular image and CD31
immunostaining. A, quantitative analysis of the vessel ratio based on
ultrasound constructed 2D vascular image in the CDDP-treated and
control tumors. B, quantitative analysis of the vessel ratio based on CD31
immunostaining. *, P < 0.05, Student t test.

(18, 19). The simplest model of acoustic scattering from small
particles is described by Rayleigh's model (20). When the
particle diameter, 4 is much smaller than the wavelength of
the sound, the scattering cross section, oy increases by fre-
quency, fto the 4th power, and by d to the 6th power. However,
Rayleigh's model is not suitable for calculating the scatter of
sound from a single bubble because it ignores resonance.
Following a scattering model based on a linear bubble equa-
tion, g increases by f* for frequencies well below resonance,
whereas o is independent of the frequency, for frequency
above resonance. For diameters smaller than the resonance
diameter, o increases to the 6th power of the diameter, o5
d®. For diameters larger than the resonance diameter, o's oc d*
(21, 22). Assuming that ALs are free bubbles and their mean
diameter is 200 nm, the natural frequency was calculated to be
27 MHz (23). This frequency is on the same order as that used in
the present experiment, that is, a central frequency of 40 MHz
with an axial resolution of 40 pm. The calculated scattering
cross section is 0.03 wm? which is emitted by a single bubble
with a diameter of 200 nm. Because the bubble size is within the
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spatial resolution of the US system, the single bubble cannot be
visualized. Thus, the intratumoral vascular images observed in
the experiment might be the result of scattering of AL aggre-
gation, ALs with larger sizes that cannot be eliminated from AL
production process, or the oscillation of ALs at around 27 MHz.

The main function of CDDP is to damage DNA and induce
apoptosis (24, 25). Although CDDP is not thought to inhibit
angiogenesis specifically, some researchers have reported that
CDDP provided antiangiogenic effects against several human
and mouse cancer cells, including Colon26 carcinoma (26, 27).
In addition, the larger vessels in the outer area of tumor are less
affected by the antiangiogenic therapy, but small vessels
perfused in the tumor are more sensitive to the therapy
(1, 28, 29). It is believed that this effect depends on the
accessibility of drugs to the endothelial cells in each vessel.
In other words, most large vessels were stabilized by smooth
muscle actin-positive cells, but immature small vessels in the
tumor lacked coverage by smooth muscle cells and pericytes
(29, 30). In the present experiment, both the tumor volume and
the luciferase activities of murine mammary carcinoma EMT6-
Luc tumor and murine colon carcinoma Colon26-Luc tumor
were suppressed by about 1/10th and two-thirds of each
control group by intratumoral injection of CDDP 3 times,
respectively (Fig. 1). Because the vessel ratios of the inner and
outer regions have similar values to those of the controls,
CDDP may not inhibit angiogenesis specifically (Fig. 5). In the
rapid growth phase of solid tumors, enhanced permeability of
the neovascularity and limited lymphatic drainage was
induced, resulting in the accumulation of fluid in the central
tumor region, followed by an increase in the interstitial fluid
pressure. The increased pressure constricts the vessels and
decreases blood flow in the central regions (30, 31), leading to a
decrease in the vessel ratio in the inner region rather than in
the outer region (Fig. 5). The vessel ratio obtained by using ALs,
the HF-US imaging system and the CDSD method (Fig. 5A) is 10
times higher than that of the value obtained by immunohis-
tochemical analysis (Fig. 5B). The difference is caused by
multiple factors: (a) the vessel area was expanded owing to
the US scattering effect; and (b) the slice thickness resolution of
the HF-US is 40 um, whereas the thickness of the paraffin slides
was 3 to 3.5 um. Therefore, vascular information of US images
should be 10 times more than the paraffin, and (c) the hotspot
analysis was applied to an area of high vascular density within a
tissue slide and not to the whole area of the slide (16).
Therefore, vascular images obtained by ALs, the HF-US imag-
ing system, and the CDSD method have ill-defined borders,
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which are not consistent with the vascular structures obtained
by immunohistochemical analysis (32). Conventional noncon-
trast-enhanced Doppler US has been applied successfully to
monitor antiangiogenic therapies; however, it is relatively
insensitive to slow blood flow velocities and capillary blood
flow in small nonstabilized vessels (28), which mostly respond
to antiangiogenic treatments (33, 34). Recently, high-frequency
volumetric power Doppler ultrasound (HF-VPDU; ref. 31) and
contrast-enhanced HF-VPDU (1) have been investigated to
assess antiangiogenic therapy effects. Ultrasound microbubble
contrast agents that have been used in clinic are pure intra-
vascular probes (35). They have the potential to target disease-
related cellular and molecular process within the vascular
compartment (35). Although ALs are one of several kinds of
UCAs, they can encapsulate gas and liquid, thereby being used
as drug carriers as well as contrast agents. In addition, ALs can
potentially be used to evaluate EPR effects and can be used for
molecular delivery of agents under US guidance (6).

In conclusion, the use of ALs and HF-US in combination with
the CDSD method has the potential to accurately and nonin-
vasively assess the efficacy of therapies designed to target
tumor growth and angiogenesis. In the future, the present
method may be used as a new molecular imaging method for
assessing angiogenesis, and it can be applied to evaluate
antitumor effects by various therapeutic agents.
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Indispensable roles of OX40L-derived signal and
epistatic genetic effect in immune-mediated
pathogenesis of spontaneous pulmonary
hypertension
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Abstract

Background: Pulmonary hypertension (PH) refers to a spectrum of diseases with elevated pulmonary artery
pressure. Pulmonary arterial hypertension (PAH) is a disease category that clinically presents with severe PH and
that is histopathologically characterized by the occlusion of pulmonary arterioles, medial muscular hypertrophy,
and/or intimal fibrosis. PAH occurs with a secondary as well as a primary onset. Secondary PAH is known to be
complicated with immunological disorders. The aim of the present study is to histopathologically and genetically
characterize a new animal model of PAH and clarify the role of OX40 ligand in the pathogenesis of PAH.

Results: Spontaneous onset of PAH was stably identified in mice with immune abnormality because of
overexpression of the tumor necrosis factor (TNF) family molecule OX40 ligand (OX40L). Histopathological and

physical examinations revealed the onset of PAH-like disorders in the C57BL/6 (B6) strain of OX40L transgenic mice
(B6.TgL). Comparative analysis performed using different strains of transgenic mice showed that this onset depends
on the presence of OX40L in the B6 genetic background. Genetic analyses demonstrated a susceptibility locus of a
B6 allele to this onset on chromosome 5. Immunological analyses revealed that the excessive OX40 signals in TglL

in immune-mediated pathogenesis of PAH.

mice attenuates expansion of regulatory T cells the B6 genetic background, suggesting an impact of the B6
genetic background on the differentiation of regulatory T cells.

Conclusion: Present findings suggest a role for the OX40L-derived immune response and epistatic genetic effect

Background

Pulmonary hypertension (PH) is a severe disease condition
that can lead to progressive right ventricular failure and
ultimately to death. Pulmonary arterial hypertension
(PAH) is a major class of PH defined in the classification
of the World Health Organization (WHO). The main his-
topathological manifestations of PAH are vasoconstriction,
endothelial cell proliferation and fibrosis, smooth-muscle
cell proliferation, and thrombosis in small pulmonary
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arteries. These changes result in elevation of pulmonary
vascular resistance and, consequently, in pulmonary arter-
ial pressure [1].

PAH occurs as either a primary (idiopathic or familial)
or a secondary disease. According to the WHO classifica-
tion, inflammatory conditions, such as collagen vascular
diseases, and viral infections are associated with the
occurrence of PAH. Indeed, patients with a subset of
idiopathic PAH have some inflammatory disturbances,
presented as elevated circulating levels of TNF-a,, inter-
leukin (IL)-1, and IL-6 [2]. In the case of severe PAH in
humans, infiltration of immune cells, including T cells, B
cells, and macrophages, is occasionally observed in pul-
monary vascular lesions [3]. Most of the CD4" and CD8"
T cells infiltrating into the intimal lesions have been

© 2011 Rabieyousefi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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shown to express effector memory T-cell markers, indi-
cating the active status of the T cells. In animal models,
augmented expression of IL-18 or administration of IL-6
is sufficient to induce mild spontaneous PH [4,5]. In the
former case, IL-13 has been shown to critically mediate
inflammatory signals in the lung. Recent studies have
proposed that naturally arising CD4"CD25" regulatory T
(Tyeg) cells, or their mediators, may inhibit the develop-
ment of experimental PH [6]. Furthermore, it has been
suggested that the deficiency of CD4" T cells in humans
(e.g., in cases of HIV infection), or the depletion of CD4"
T cells in experimental animal models, is associated with
the development of PAH [7]. These observations impli-
cate an immune-mediated mechanism in the develop-
ment of PAH.

Signals through T-cell costimulatory molecules are criti-
cally involved in eliciting optimal T-cell functions [8].
0OX40 (TNFRSF4, CD134) is a member of the TNF recep-
tor superfamily that is transiently expressed on activated
T cells. The ligand of OX40 (OX40L: TNFSF4, CD134L) is
mainly expressed on mature antigen-presenting cells as
well as on vascular endothelial cells [9-12]. The OX40-
OX40L interaction is required for optimal effector func-
tion of T cells [13,14] and generation of memory T cells
[15-18]. Recently, growing evidence has unveiled the
importance of OX40 signals in the accumulation of effec-
tor CD4" T cells at inflammation sites in mouse models of
autoimmune diseases. Moreover, a recent study has
demonstrated that constitutive OX40-OX40L interactions
in OX40L transgenic mice entail spontaneous develop-
ment of ulcerative colitis-like disease and an undetermined
lung disease, which is accompanied by significant produc-
tion of an anti-DNA antibody [19]. Interestingly, these
pathological manifestations have been observed in mice
with the C57BL/6 (B6) genetic background but not in
those with the BALB/c (BALB) genetic background. The
strain-specific pathological manifestations implicate the
presence of a genetic predisposition that modulates
OX40L-dependent inflammation in the colon and lungs.

The goal of this study was to characterize the undeter-
mined lung disease presented in an OX40L-transgenic B6
strain (B6.TgL) of mice. In the present study, we proposed
a new spontaneous model for PAH. Furthermore, this
study provided novel insight into the role of the OX40L-
derived signal and the genetic predisposition in the
immune-mediated pathogenic mechanism of PAH.

Methods

Mice

Mice with OX40L transgene under the expression con-
trol of Ick promoter were generated in a C57BL/6 genetic
background as described previously (B6.TgL) [19]. To
generate OX40L transgenic mice on BALB/c background

Page 2 of 12

(BALB.TgL), B6.TgL backcrossed to BALB/c strains
more than 8 times. Age and sex-matched wild-type
C57BL/6 and BALB/c were used as controls. For genetic
analyses, TgL mice with mixed genetic background were
prepared by the mating of BALB x B6.TgL and (BALB x
B6) F1 x B6.TgL. All mice were bred and maintained in
conventional clean room in the animal department of the
Oriental Bio-service, Co. Ltd, Shizuoka, Japan. In all ani-
mal experiments in this study, we followed the Tohoku
University guidelines for animal experimentation.

Histopathological examinations

At 20 weeks of age, each mouse was killed under ether
anesthesia. The whole lung was immersion fixed in 10%
formalin in 0.01 M phosphate buffer (pH 7.2), and
embedded in paraffin. Tissue sections were stained with
hematoxylin and eosin (H&E) and Masson’s trichrome
for light-microscopic examination. The disease score of
PAH was histopathologically determined. Ten small pul-
monary arteries along with terminal bronchioles were
individually graded under microscopic examination
according to following histopathological criteria: 0, nor-
mal; 1, significant, slight thickening of the media; 2,
thickening of the media with intimal (endothelial) prolif-
eration and/or fibrosis. A mean grade of all points
examined was considered as an individual PAH score.
Immunohistochemical analyses were performed using
the primary antibodies to human a-smooth muscle
actin (0SMA) (DACO, Tokyo, Japan), which has been
shown to react mouse aSMA, and mouse CD31 (Santa
Cruz Biotechnology, Santa Cruz, CA).

Right ventricular systolic pressure measurements

B6, BALB, B6.TgL, and BALB.TgL mice were anesthe-
tized by intraperitoneal injection of ketamine hydro-
chloride (60 mg/kg) and xylazine (8 mg/kg) or, in the
second series of measurement using B6, and BALB.TgL
mice, pentobarbital sodium (50 mg/kg). Right ventricu-
lar systolic pressure (RVSP) was measured in sponta-
neously breathing mice by direct puncture of the right
ventricle with a 25-gauge needle connected to a pressure
transducer [20]. In the second series with the pentobar-
bital anesthetization, it was measured in artificially ven-
tilated mice with median thoracotomy.

Evaluation of right ventricular hypertrophy

The hearts isolated from B6, BALB, B6.TgL, and BALB.
TgL mice were fixed in formalin and dissected into
right ventricle (RV), left ventricle (LV), and interventri-
cular septum (IVS). The dissected ventricles were care-
fully washed in saline to remove blood clots and
separately weighted. Right ventricular hypertrophy was
evaluated by the weight ratio of RV/(LV+IVS).
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Antibodies and flow cytometric analysis

Anti-CD3-FITC, anti-CD4-allophycocyanin, anti-CD25-
allophycocyanin, anti-CD44-phycoerythrin (PE), anti-
CD62L-FITC, and anti-IL-17-PE were purchased from BD
Biosciences (San Diego, CA). Anti-mouse Foxp3-PE (FJK-
16S) was purchased from eBioscience (San Diego, CA).
Anti-mouse CD3g (clone 2C11) used for T cell stimulation
and anti-mouse CD16/32 (clone 2.4G2) used for Fc recep-
tor blocking were purified from hybridoma-cultured
supernatants in our laboratory. Cells were incubated with
antibodies for 30 min at 4°C and then washed to remove
unbound antibodies. All the samples were analyzed with a
FACSCalibur™ flow cytometer and the CellQuest™ pro-
gram (BD Biosciences).

Preparation of lymphocyte culture and cytokine
measurements

Single-cell suspensions were prepared from spleen and
lungs of an 8 to 10 week-old mouse, in which the lung
disease of interest is not developed. Lymphocytes in the
lung were obtained by digesting minced lung tissues with
150 U/ml collagenase (Maeda Co. Ltd., Tokyo, Japan) as
described previously [21]. The number of effector/mem-
ory and regulatory T cells were calculated based on
the percentage of each subpopulation that was
CD44"e"CD62L°" and CD4"Foxp3®, respectively, and
the total cell number in each organ. Total lymphocytes
isolated from lung tissues that contained equal number
of effector/memory CD4™T cells (normalized based on
absolute number of effector/memory CD4 T cells) were
stimulated with soluble anti-CD3e (10 pg/ml) at 37°C for
the indicated time. IL-13 levels were assayed in cultured
supernatants using ELISA kit for IL-13 (R&D Systems,
Minneapolis, MN), according to the manufacturer’s
recommendations. The production of IL-17 in lympho-
cytes was detected by intracellular staining with anti-IL-
17-PE following incubation of lymphocytes for 4 h with
50 ng/ml PMA, 500 ng/ml Ionomycin (Sigma-Aldrich, St.
Louis, MO) in the presence of 10 pg/ml brefeldin A
(Invitrogen, Carlsbad, CA).

Genetic mapping

Genotypes of BCN2.TgL mice were determined by poly-
merase chain reaction (PCR) using genomic DNA pre-
pared from the tail tip. The genotyping PCR was
performed using standard reagent and the following con-
ditions: 94°C for 5 min, 35 cycle of 94°C for 30 sec, 58°C
for 30 sec, 72°C for 30 sec, and final extension 72°C for
5 min with the 98 microsatellite markers (additional file
1), which represent amplified fragment-length poly-
morphism between BALB and B6 strains. This genotyp-
ing provided full coverage of the mouse autosomes with
the marker spaced an average of 12.5 cM apart and a
maximum distance of 35 cM between any two markers.
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PCR products were visualized with electrophoresis on
2-4% agarose gels containing 0.01% ethidium bromide.

In a genome-wide scan, we determined genotypes of
the 48 BCN2.TgL mice, which were selected as the top
(severest) 24 and the bottom 24 on the list of PAH
score, at all the 98 microsatellite positions (additional
file 1) . The association at each microsatellite position
was evaluated with chi-square test for independence
between the genotypes and the two groups that were
positive and negative for the incidence of PAH, using
standard 2 x 2 contingency matrices. A p value less
than 0.05 was regarded as suggestive association. The
suggestive association was confirmed by the two-tail
t-test for the difference of means between the two geno-
type groups of a total of 341 BCN2.TgL mice. In this
test a P value less than 0.0034 was regarded as sugges-
tive association. This P threshold was referred to the
previous recommendation [22].

In a linkage mapping, a linkage position was deter-
mined with the quantitative trait locus (QTL) program.
The logarithm of odd (LOD) was determined with the
interval mapping program in the Windows QTL Carto-
grapher (V2.5) software. The PAH scores of all BCN2.
TgL mice were used as an indicator of phenotype.
A suggestively significant level (a = 0.05) of LOD was
determined by the permutation test installed in this soft-
ware (1000 permutations). Map positions (cM) of the
microsatellite makers were based on the information of
the Mouse Genome Database of The Jackson Laboratory
(http://www.informatics.jax.org).

Statistics

A 95% confidence interval shown in Table 1 was calcu-
lated using the method described previously [23]. The
two-tailed £-test was used to evaluate a difference of

Table 1 Summary of PAH scores of B6, BALB, and
transgenic strains of mice

Mice* nt Median of score 95% Cl+  Statistics§
B6 9 0 0-01

BALB 2 0 nd.

B6. Tgl 15 07 035-105 ¢

BALB. TgL 8 0 0-01

BCF1. TgL 30 005 0-01

BCN2. TgL female 174 025 02-04 q

BCN2. TgL male 167 025 02-04 q

* All mice were killed at 20 week-old for this examination. BCF1, BALB x B6;
BCN2, BCF1 x B6.TgL.

1 Number of mice tested.
# Cl, confidential interval. The Cl was not determined (n.d.) for BALB/c (BALB).

§ The significance of this study was evaluated by Mann-Whitney U-test for the
all strains.

9, P < 0.01 (v.s. B6).
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means between two groups. A P value less than 0.05
considered as significant.

Results

Histopathological characterization of the lung phenotype
Microscopic examination revealed diffuse pathological
changes in the small- to medium-sized pulmonary arteries
in B6.TgL (Figure 1A, E), but not in B6 (Figure 1B), BALB
strain of OX40L transgenic mice (BALB.TgL) (Figure 1C),
or BALB (Figure 1D). This vascular lesion was found to be
readily accompanied with perivascular infiltration of lym-
phocytes and, to a lesser extent, neutrophils (Figure 1F).
These changes were mainly observed in arteries contained
in bronchovascular bundles (respiratory arteries) and were
typically characterized by fibrocellular endothelial prolif-
eration of the intimal layer and, to a lesser extent, medial
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muscular hypertrophy (Figure 1G and 1H). Neither
muscularization of distal pulmonary arterioles, which is a
common pathological change in a hypoxic PAH model,
nor plexiform lesions, found in human PAH, were identi-
fied. The cells in the intimal lesion were characterized as
positive for a myofibroblast marker, smooth muscle-
specific actin (aSMA) (Figure 1I), and an endothelial cell
marker, CD31 (Figure 1J). When no treatment was admi-
nistered to avoid vasospasm before the histopathological
preparation, vasoconstriction was frequently observed in
pulmonary arteries of B6.TgL but not in wild-type B6,
BALB, and BALB.TgL mice, irrespective of the presence of
the overt pathological changes mentioned above (data not
shown). Perivascular lymphocytic infiltration was also
observed around pulmonary veins; however, there was no
pathologic remodeling in those veins as observed in the

Figure 1 Histopathological features of the lung disease in B6.TgL mice. (A-D) Histopathological manifestation typically present in B6.TgL (A).
No pathological manifestation observed in B6 (B), BALBTgL (C), and BALB (D). The photograms indicated were taken from over 20-week aged
male mouse. Arrow heads indicate pulmonary arteries. 7B, terminal bronchiole. H&E staining. Scale bar = 100 um. (E) Diffuse pathology present in
B6.TgL. Masson’s trichrome staining. Scale bar = 1 mm. (F) Perivascular lymphocytic infiltration in the affected lung. H&E staining. Scale bar = 50
um. (G, H) Representative microscopic appearance in the affected arteries in the B6.TgL lung. An inset photogram in G represents the
appearance of a normal pulmonary artery. Thickening of the intimal and, to a lesser extent, medial layers with marked intimal fibrosis is
characteristic of the affected arteries. Masson’s trichrome staining. Scale bar = 100 um. / and J, expression of aSMA and CD31 (PECAM),
respectively in the thickened arterial wall. The photogram in the inset of J represents a normal manifestation of unaffected artery.
Immunohistochemical staining with hematoxylin counter-staining. Scale bar: in /, 200 um; in J, 100 pym.

i <o 4 b
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arteries (data not shown). Degenerative or granulomatous
vascular lesions were not observed in conjunction with the
perivascular infiltration, indicating that the vascular lesion
of interest is not related to any type of vasculitis syndrome.
We found no vascular lesions in the kidney or the colon of
B6.TgL mice. Thus, the spontaneous lung disease in B6.
TgL mice was characterized by lung-specific, pulmonary
artery-restricted intimal thickening with lymphocytic
(chronic) inflammation. These histopathological character-
istics are similar yet distinct in a few points from those of
human PAH.

Strain-restricted onset of the lung disease

The PAH-like disease, as defined in the B6.TgL mice, was
quantified with a PAH score in other strains of mice,
including B6, BALB, BALB.TgL, BALB x B6.TgL (BCF1.
Tgl), and (BALB x B6) F1 x B6.TgL (BCN2.TgL). It was
observed that wild-type and different TgL strains, such as
BALB.TgL and BCF1.TgL, barely developed the PAH-like
disease (Table 1). On the other hand, BCN2.TgL devel-
oped a PAH-like disease with a broader distribution of the
PAH score than B6.TgL. There were no sex-related differ-
ences in the PAH scores (Table 1). These findings indicate
that development of the PAH-like disease depends on
both the effects of TgL and on an undefined B6-specific
genetic background.

Elevation of RV systolic pressure and RV hypertrophy in
B6.TgL

The PAH-like arteriopathy in B6.TgL mice indicated the
onset of clinical PH. We therefore measured right ventri-
cular (RV) systolic pressure (RVSP) in aged B6.TgL,
BALB.TgL, and their wild-type strains. RVSP was signifi-
cantly increased in the B6.TgL mice, as compared to B6
(Figure 2A). Importantly, the RVSP values were signifi-
cantly correlated with the PAH scores (Figure 2B).
Furthermore, significant RV hypertrophy was demon-
strated for B6.TgL, as compared to B6 mice (Figure 2C).
Increases in RVSP and RV hypertrophy were not observed
in the BALB.TgL mice, as compared to B6 mice (addi-
tional file 2). In other experiments performed using wild-
type BALB mice (30 w), there has been no evidence for
RV hypertension or RV hypertrophy in BALB strain:
RVSP = 21.3 +2.72 mmHg, RV/(LV + IVS) = 0.25 +0.026.

Accumulation of effector/memory CD4* T cells in
OX40L-Tg mice

Previous studies performed with B6.TgL mice have demon-
strated a selective increase in the number of
CD44"8"CD62L'°" effector/memory CD4* T cells in lym-
phoid and nonlymphoid tissues [17,19]. We examined
whether the tissue distribution of effector/memory CD4" T
cells was altered by the genetic background before the dis-
ease onset. Flow cytometric analyses revealed a significant
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increase in the number of effector/memory CD4" T cells
in both the spleen (Figure 3A and 3B) and lungs (Figure
3C and 3D) in every TgL mouse examined. Importantly,
this increase was not observed in a strain-specific manner,
indicating that the development of PAH is not simply
explained by the increase of effector/memory CD4" T cells.

Strain-specific profile of cytokine production by the lung
CD4* T cells

The functionality of resident CD4" T cells in the lungs of
TgL mice was determined by testing their ability to pro-
duce cytokines in response to anti-CD3 or PMA/ionomy-
cin stimulation, respectively. Augmented IL-13 production
was observed in the TgL-derived T cells and interestingly,
this augmentation was greater in B6.TgL than in BALB.
TgL (Figure 4A). Furthermore, a larger number of IL-17-
producing CD4" T cells were observed in B6.TgL mice
than in BALB.TgL (Figure 4B). IL-4 and IL-5 were not
detected in stimulated lung cells by any strains (data not
shown). These results indicate that the function of tissue
resident CD4 T cells can be modulated by the excessive
0OX40 signals on B6 genetic background before disease
onset.

Over-expression of OX40L in B6 background alters the
balance between lung resident effector/memory T cells
and regulatory T cells

CD4"CD25 Foxp3™ T cells, usually denoted as T cells,
are known to control inflammatory responses by suppres-
sing thee activities of Foxp3~ effector T cells [24]. Several
independent studies have demonstrated that lung resident
Teg cells suppress type 2 immune responses and, conse-
quently, reduce pulmonary inflammation [25-27]. We ana-
lyzed the population size of T, cells, defined as CD4
*Foxp3™, in the lung of non-transgenic and TgL strains.
Flow cytometric analyses revealed that the frequency and
absolute number of T, cells increased in TgL strains in
advance of the disease onset as compared with those in
nontransgenic strains (Figure 5A and 5B). It was particu-
larly noted that the increase of T,.; was less in B6.TgL
than in BALB.TgL, suggesting that B6-specific genetic fac-
tors counteract development of T, cells in TgL mice. We
also examined the ratio of Foxp3- effector/memory CD4 T
cells (additional file 3) to Foxp3+ T before disease onset.
The data shows an increased ratio of effector/memory T
cells to T,e, cells in the B6.TgL lung compared to the
BALB.TgL lung (Figure 5C). These findings also suggest
an important role of T, in regulating inflammation asso-
ciated with the pathogenesis of PAH-like disease in B6.
TgL mice.

Identification of a susceptibility locus for PAH
TgL-dependent PH developed in a strain-specific man-
ner, suggesting that the genetic background had an effect
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Figure 2 Clinicopathological phenotypes associated with PH. (A) Significant elevation of RVSP (mmHg) in B6.TgL. The result represents a
mean + standard deviation (SD) of 4 B6 or 6 B6.TgL mice (20 to 24 weeks old) for each group. (B) Correlation between RVSP values and PAH
scores obtained from the 10 mice examined in A. The significance of this correlation was confirmed with the Kendall tau (z) rank correlation
coefficient (t = 0.828). (C) RV hypertrophy manifested in B6.TgL. RV hypertrophy was evaluated with the index provided by the formula,
RV/(LV+IVS). The result represents a mean + SD of 12 B6 or 8 B6.TgL mice for each group. The significant difference between the two groups

was evaluated by two-tailed t-test. *, p < 0.05; **, p < 0.01.

1=0.828

1.6 4
1.4 A
1.2 1

0.8 A
c.6
0.4
0.2

PH score

L

i

10 50

RVSP (mmHg)

on the disease phenotypes. To identify a susceptibility
locus for a PAH-like disease in B6.TgL, a genetic
approach was employed using BCN2.TgL mice, which
are descended from the B6.TgL and non-disease-prone
BALB.TgL strains of mice. A genome-wide scan per-
formed using selected 48 BCN2.TgL mice identified 4
candidate loci on chromosomes 5, 9, 13, and 17, which
were possibly associated with the incidence of a PAH-like
disease (additional file 1). The association study with 341
BCN2.TgL mice confirmed the suggestive association at
D5Mit346 (1 ¢cM) and D5Mit381 (8 cM) on chromosome
5 (Table 2). The other candidate loci preliminarily
defined on chromosomes 9, 13, and 17 were not con-
firmed by this study. A QTL analysis consistently demon-
strated a suggestive linkage between the level of PAH
score and the chromosomal region between D5Mit346

and D5Mit381. This linkage was observed in a single
LOD peak of 2.4 at 7 ¢cM on chromosome 5 (Figure 6).

Discussion

Previous studies have shown that B6.TgL mice display
abnormal T-cell differentiation and functions, and spon-
taneous inflammation in the colon and lung. The colo-
nic phenotype in B6.TgL mice was histopathologically
defined as an inflammatory bowel disease resembling
ulcerative colitis in humans. In the present study, the
undetermined lung disease in B6.TgL mice was charac-
terized as a PAH-like disease. PAH is a clinical category
of PH that comprises many different disease entities.
Pathological manifestations of the PAH-like disease in
B6.TgL mice are not completely parallel to those of idio-
pathic PAH. The differences between idiopathic PAH
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Figure 3 Accumulation of effector/memory CD4* cells in transgenic (TgL) strains of mice. The percentages of CD44"9"CD621'°¥CD25CD4
* T cells (effector/memory CD4*T cells) in a total of CD4™T cells are shown in the dot grams; (A) spleen, (C) lung. The absolute numbers of
effector/memory CD4* T cells are shown in the bar grams; (B) spleen, (D) lung. The absolute number was calculated from the percentage of this
subset and the total cell number in each organ. The results represent a mean =+ SD of 6-8 mice per each group. The results of flow cytometry (A
and C) are representative of three independent experiments performed using 8 to 10 week-old mice. The significant difference between the two
groups was evaluated by two tailed t-test. *, p < 0.01; **, p < 0.001.
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Figure 4 Strain-specific cytokine profile in lung CD4*T cells. (A) IL-13 production from a total of lymphocytes isolated from the lung of non-
transgenic and transgenic (TgL) strains of mice at 8 to 10 week-old. Lymphocytes containing equal number of CD44"9"CD62L'°CD4T cells for
each group (n = 4) of strain were stimulated with soluble anti-CD3 for 48 h and IL-13 in the cultured supernatant was quantified by ELISA. The
significant difference between B6.TgL and BALBTgL was evaluated by two-tailed t-test. *, p < 0.05. (B) IL-17 production in the lung CD4'T cells.
Lymphocytes isolated as above were incubated with PMA/lonomycin in the presence of brefeldin A for 4 h and intracellular IL-17 production
was analyzed in CD4 T cells. Representative data from two independent experiments were shown.
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and the present animal model include the caliber of the
affected arteries, the primarily affected layer of vascular
wall, and the participation of massive lymphocytic peri-
vascular infiltration. Further investigations are needed to
define the present lung pathology as any type of PAH.
An increasing body of evidence implicates the role of
immune-mediated mechanisms in the pathogenesis of
PAH. A type of PAH occurs secondarily to collagen vas-
cular disorders, such as systemic sclerosis and mixed
connective tissue disease (MCTD). Interestingly, PAH
with MCTD presents with a prominent characteristic of
endothelial degeneration and proliferation, probably due
to the pathogenic contribution of autoantibodies to
endothelial cells [28,29]. This characteristic may be a
pathological consequence of immune-mediated mechan-
isms shared with the present model. The findings in the
B6.TgL mice provide a possible insight into an implica-
tion of an OX40L-derived signal in the immune-
mediated mechanism of endothelial pathology in PAH.
PAH is associated with endothelial cell dysfunction
and vasoconstriction. There is no direct evidence for a
link between these pulmonary vascular manifestations
and abnormality in situ of OX40L-derived signal.

However, it has been shown that OX40L-derived signals
have a pathologic impact on the endothelial cell func-
tions of systemic arteries. Recent studies have demon-
strated an association of OX40L gene polymorphism
with the susceptibility to atherosclerosis in humans [30],
and the critical contribution of OX40-OX40L interac-
tions to atherogenesis in low-density lipoprotein recep-
tor-deficient mice [31]. The endothelial cells of the
systemic arteries and those of the pulmonary arteries
are exposed to different conditions, i.e., blood pressure
and oxygen tension. It is interesting to know whether
the OX40-OX40L interactions yield a different response
on pulmonary endothelial cells than on systemic
endothelial cells, and whether the OX40L gene poly-
morphism is associated with any type of PAH in
humans.

Our present immunological studies performed using
TgL and non-TgL strains of mice with different genetic
backgrounds—B6 and BALB-revealed the respective
effects of TgL and strain-dependent genetic background
on immune phenotypes in the lung. Previous studies
have demonstrated that OX40L-derived signals promote
the expansion of effector/memory CD4" T cells [17,19]
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Figure 5 Accumulation of T,y cells in non-transgenic and transgenic (Tgl) strains of mice at 8 to 10 week-old. The percentage (A) and
absolute numbers (B) of CD4* Foxp3*T,eq cells in the lung are shown. The absolute lymphocytic number was calculated from the percentage of
Treg and the total cell number. (C) The ratio of effector/memory T cells (CD4+ CD25- CD44 high cD62L '°) 1o Fopx3+ Treg cells in the lung. A
significant increase in this ratio is shown in B6.TgL strain of mice. The result represents a mean + SD from 4 mice per each group. The results of
flow cytometry (A) are representative of two independent experiments. The significant difference between the two groups was evaluated by
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and naturally arising T cells [32], and enhance the pro-
duction of IL-13 and IL-17 by CD4" T cells [33-35]. To
examine which TgL-dependent immune aberrations are
correlated with the onset of the PAH-like disease, we
examined TgL-dependent immune phenotypes in the

Table 2 Genetic association of PAH score in BCN2

lungs of 2 different strains at a pre-disease stage. The
findings indicate that B6-specific genetic factors influence
the expansion of effector/memory CD4" T cells and Tyeg
cells in advance of the onset of lung disease. A possible
role of T, cells has been documented in the

Marker Position (CM) Mean of gradet Mean of grade P valuet
BB BC

D5Mit346 1 051 + 061 (172) 0.32 + 046 (169) 0.0018 §
D5Mit381 8 0.51 + 059 (178) 0.32 + 046 (163) 00012 §
D5Mit197 36 046 + 0.56 (192) 036 £ 0.52 (149) 0.0844
D5Mit338 59 045 + 0.55 (191) 037 + 053 (150) 0.1476
D5Mit213 70 041 £ 052 (192) 042 + 058 (149) 0.9149
D5Mit409 83 042 + 0.55 (165) 041 £ 054 (178) 0.766

* Values indicate mean + SD and the values in parenthesis denote the number of mice.

1 BB = B6 homozygote; BC = B6/BALB heterozygote
+ The two-tail t-test. §, suggestive linkage [22].
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Figure 6 LOD plots of the QTL analysis for PAH scores on
chromosome 5. The significant threshold level (o = 0.05) is shown by
a score of 2 with a dashed line. The LOD peak (24) is located at 7 cM.
The Y-axis denotes the level of the LOD score, and the X-axis denotes
the genetic position defined by the microsatellite markers indicated:
D5Mit346 (1 cM), D5Mit381 (8 cM), D5Mit197 (36 cM), D5Mit338 (59 cM),
D5Mit213 (70 cM), and D5Mit409 (83 cM). The results were obtained
using the interval mapping program of the MapMarker/QTL software.

development of PAH in humans [6]. Furthermore, it is
clearly shown that B6-specific genetic factors increase the
number of IL-17-producing CD4" T cells as well as
secretion of IL-13 and IFNy (data not shown) by lung tis-
sue resident CD4" T cells. IL-17 producing CD4 T cells,
namely Th17 cells are well known that participates in the
pathogenesis of various organ-specific autoimmune dis-
eases, such as inflammatory bowel disease and rheuma-
toid arthritis [36,37]. Although the role of Th17 cells in
PAH in humans has not been determined, our present
findings suggest that they indeed play a role in PAH. IL-
13 serves as an important mediator in pulmonary inflam-
mation [5,38,39], suggesting a causal contribution of IL-
13 to the pathogenesis of the present model. The pre-
sence of immunological findings provides an insight into
PAH-prone immune condition in the lung: the increase
of proinflammatory effectors, IL-13 and Th17, and the
decrease of an anti-inflammatory effector, T,

The present genome-wide genetic approach demon-
strated a new susceptibility locus controlling the onset of a
PAH-like disease in our model. Previous genetic studies
performed on familial PAH have shown mutations in 2
genes responsible for susceptibility to PAH: bone morpho-
genetic protein receptor 2 gene (BMPR2) [40] and activin-
like kinase type-1 gene (ALK-I) [41]. Our identified locus
includes neither of these genes, nor, to the best of our
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knowledge, any gene involved in their signal transduction
pathways. However, Nos3 and Hgf genes were particularly
noted within this locus. Nitric oxide (NO) is known as a
potent endothelial cell-derived vasodilator and an inhibitor
of smooth muscle proliferation. Endothelial NO produc-
tion largely depends on NOS3/eNOS (encoded by Nos3).
NOS3-deficient mice showed reduced pulmonary vascular
proliferation and remodeling to chronic hypoxia [42,43].
Several studies have reported the preventive role of NO in
the development of PH in mice and humans. The poly-
morphism of human Nos3 gene is associated with high-
altitude pulmonary edema and PH in patients with chronic
obstructive pulmonary disease [44]. On the other hand,
Hgf, which encodes hepatocyte growth factor (HGF), sup-
presses vascular medial hyperplasia and matrix accumula-
tion in advanced PH in rats [45]. These findings have
underscored the role of NOS3/eNOS or HGF as a patho-
genic modifier in the present PH model.

A T-cell subset, type II helper T cell (Th2), plays an
important role in the pathogenesis of PAH in mice [39].
In this regard, it is noteworthy that the 2 loci (the trans-
gene locus and the susceptibility locus) have a strong
impact on Th1/Th2 balance. The OX40 signal promotes
a Th2-prone condition in mice [34]. On the other hand,
NO and HGF serve as inducible factors for type I helper
T cells (Thl) [46,47]. Therefore, in the TgL strains of
mice, the 2 loci are mutually counterbalanced, and the
net Th1/Th2 proportion depends mainly on the poly-
morphic effect of the susceptibility locus. In a B6 genetic
background, an effect of the susceptibility locus may
suppress Thl responses and maximize Th2 augmenta-
tion in the lung conferred by the OX40L transgene,
resulting in the B6-specific onset of PH.

Conclusion

The present study reported a novel transgenic mouse
model for PH. This model differs from previous PH
models, which include a hypoxia-induced model, a
drug-induced model, and a genetic model (i.e., endothe-
lin B receptor-deficient) [48], in etiology, histopathology,
and spontaneity of PH. Considering the physiological
functions of OX40L, it is likely that the development of
PH in the present model depends on Th2-mediated
mechanisms. The present model may provide a new
experimental opportunity for investigating immune-
mediated mechanisms underlying PAH and the develop-
ment of immune-targeted therapy for PAH.

Additional material

Additional file 1: Summary of genome wide scan. Genotypes of
BCN2TgL mice were determined by polymerase chain reaction (PCR)
using genomic DNA for 98 microsatellite positions.
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Additional file 2: Pathological phenotypes in the lung of BALB.TgL
mice. (A) RVSP (mmHg) in BALB.TgL (35 w, male, n = 4) and wild-type B6
(28 w, male, n = 4). The difference in the average values between the
two strains is not statistically significant (p = 0.37, two tailed t test).
These RVSP values tended to be lower than those in our previous
measurement shown in Figure 2A. This change is probably due to the
difference in the experimental conditions. (B) Evaluation of RV
hypertrophy in BALBTgL (35 w, male, n = 5) and wild-type B6 (28 w,
male, n = 5). RV hypertrophy was evaluated with the index of RV/(LV
+IVS). The difference between the two strains is not statistically
significant (p = 0.76, two-tailed t-test).

Additional file 3: Foxp3 expression on total CD4 versus CD25
negative effector CD4 T cells. Total CD4 and CD4+CD62L'°%CD25

negative cells from the lung tissue were stained for intracellular Foxp3.
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aSMA: Alpha smooth muscle actin; B6.TgL: OX40L transgenic on C75BL/6
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and Eosin; HGF: Hepatocyte growth factor; IVS: Intraventricular Septum; LOD:
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Abstract— Lots of researchers take great interests in brain
science. In this area, measurement devices of the brain have
been developed by number of groups, and played an important
role. Recently, for neuroengineering applications such as
optogenetics, optical stimulation devices which consisted of
optical fibers have been reported, and used to deliver light to
neurons expressing light sensitive channel proteins. However,
accurate stimulation of neurons could not be achieved by using
these devices because of optical fibers with a diameter of over
100 pm. Here, we have proposed a novel Si neural probe with
micromachined optical waveguide for multiple and precise
optical stimulations of neurons. SiN film was employed as the
optical waveguide core due to its optical transmission
characteristics. Both the light propagation in the optical
waveguide and controllability of output patterns of the light

were clearly confirmed by optical experiments using a blue laser.

In vitro experiments of optical stimulation of neurons using the
fabricated Si neural probe were performed. A CAl area of a
thin hippocampal slice obtained from the brain of a transgenic
rat expressing Channelrhodopsin-2 (ChR2) was employed. We
stimulated neurons optically using the Si neural probe and
successfully observed increases of firing rates in neurons
accordingly with the light exposure.

1. INTRODUCTION

ECENTLY various studies related with a brain such as

medical treatments for brain diseases, analysis of brain
functions, and brain-machine interface (BMI) have been
strongly promoted. For researches, various kinds of neural
probes have been developed to record neuronal action
potentials and other brain activities. Especially, due to strong
requirement of high density recording of neuronal activities
for further minute brain analysis, various types of Si neural
probes which enable high density recording have been
developed [1]-[3]. We have also proposed an implantable
intelligent Si neural probe system which has multifunctional
property [4], [5]. We reported novel double-sided Si neural
probes for in vitro and in vivo recording, and we successfully
recorded neuronal action potentials from brains of a guinea
pig and a macaque using the fabricated double-sided Si neural
probes. The Si neural probe with a microfluidic channel has
been also reported, and we demonstrated fluid delivery of the

R. Kobayashi, S. Kanno, S. Lee, T. Tanaka are with the Department of
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fabricated Si neural probe with a microfluidic channel.

In this paper, we proposed a novel Si neural probe with
optical waveguide for optical stimulation of neurons. We
determined a material of the optical waveguide carefully and
fabricated a Si neural probe with optical waveguide. We
assembled the fabricated Si neural probe with an optical fiber
and evaluated optical characteristics such as a propagation
pattern in the optical waveguide and output patterns of the
light. Subsequently, we performed an in vitro experiment of
optical stimulation of neurons in a hippocampal slice
obtained from transgenic rat expressing ChR2 using the
fabricated Si neural probe, and performed an extracellular
recording of neuronal action potentials using a glass
electrode.

II. PROBE FABRICATION AND CHARACTERISTICS

A. Proposal of Si neural probe with optical waveguide

Direct optical stimulation of genetically targeted neurons
expressing the light sensitive channel protein such as ChR2
has recently reported [6]. This offers the prospect of enabling
local delivery of millisecond temporal controlled optical
stimulation with cell-type selectivity. Various kinds of neural
probes which have the capability of an optical stimulation
have been reported [7]-[9]. Almost these neural probes ever
developed were based on or consisted of an optical fiber
which was used for an optical communication system.
Comparing with conventional optical sources, including
band-filtered white light, light emitting diodes (LED) or
laser-coupled optics, this realized a local optical stimulation
and an easy and low-cost fabrication process of the probes.
However, an optical fiber generally has a diameter of over
100 um, and these probes have only one stimulation site
because of an optical fiber with a single core. Therefore, to
realize multiple optical stimulations, neurophysiologists have
to employ bundled optical fibers with a millimeter-sized
diameter which causes large neuron damages. Additionally,
for an accurate and simultancous neuronal activities
recording with an optical stimulation, stimulation sites should
be placed on neural probes directly.

Hence, we proposed a novel Si neural probe with
micromachined optical waveguide for optical stimulation of
neurons. Since many optical waveguides of a few
micrometers can be simultaneously fabricated on the Si
neural probe, multiple and highly accurate optical
stimulations can be realized. Furthermore, by using
micromachining technology, the optical outlet field can be
controlled purposefully. The optogenetic methodology would
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be dramatically improved by integrating optical waveguide
with our double-sided recording and fluid delivery
technology, as shown in Fig. 1. Here, to confirm the
fundamental characteristics of optical waveguide, we
fabricated the Si neural probe with an optical waveguide.

Front~side Si

Back-side Si

Wiring  Onticat waveguide

Optical outlet |
Fluidic outlet
Reacording sites

\
L

Microfiuidic channel

Bsck side of tip

Cross—section of Si neural probe

Fig. 1. Multifunctional Si neural probe with optical waveguide,
microfluidic channel, and double-sided recording sites.

B. Fabrication of Si neural probe with optical waveguide

The Si neural probe was fabricated by standard
micromachining process. We employed SiN film as the
optical waveguide core, because its optical transmission
characteristics is appropriate to the excitation spectrum of
ChR2 and SiN is one of the most conventional material used
in micromachining process. Transmission characteristics of a
1.5-pm-thick SiN film are shown in Fig. 2. A sensitive
waveband of a cell expressing ChR2 was 400-560 nm, and
the sensitivity of the cell was maximal at wavelengths around
approximately 480 nm [10]. As shown in the figure, SiN film
has high transmittance in the sensitive waveband of the cell
expressing ChR2.

Thickness of SiN: 1.5um
1.0

0.8

0.6

0.4

Transmittance (a.u.)

0.2

Q
200

300 400 500

Wavelength (nm)

600 700

Fig. 2. Transmission characteristics of a 1.5-pm-thick SiN film.

The fabrication sequence of the Si probe is illustrated in
Fig. 3. A 100-um-thick Si wafer was used as the substrate of
the probe. First, a 1.0-um-thick SiO, layer was formed by
thermal oxidation. Then, an 800-nm-thick SiN waveguide
core was formed by plasma-enhanced chemical vapor
deposition (PECVD) and reactive-ion etching (RIE) with SF¢
and O, gases. Next, a 500-nm-thick SiO, waveguide clad was
formed by PECVD. Then, Au/Cr wirings were formed on the
surface of the wafer by sputtering and wet etching with an
iodine etchant and a ceric ammonium nitrate solution. The

thicknesses of Au and Cr were 250 and 50 nm, respectively.
Then, a 1.0-pm-thick SiO, layer was deposited by PECVD
for insulation of the wirings. After that, both recording sites
and bonding pads were formed by wet etching with buffered
HF solution (HF/NH,F:1/10), followed by formation of
optical inlets by RIE. Finally, the probe shape was formed by
deep reactive-ion etching (DRIE) with SFg and C4F; gases. As
a result, the Si neural probe with optical waveguide was
obtained.

eThermal oxidation, SiN deposition
A

S @00am}

o Formation of waveguide

@ sio: deposition

o Formation of Au/Cr wirings

°Recording sites and pad formation
Pad

Recarding site

o Formation of probe shape
Optical outlet Opticat inlet

Fig. 3. Fabrication sequence of the Si neural probe with the optical

waveguide.
Figure 4 shows photographs of the fabricated Si neural probe
with the optical waveguide. This Si neural probe is 40-mm
length for measuring deeper region of the brain. The width
and thickness of the Si neural probe are 160 pm and 100 pm,
respectively. An optical outlet used as an optical stimulation
site was located at the tip of the probe.
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" Optical waveguide
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Fig. 4. Photographs of the fabricated Si neural probe with optical

waveguide.

To evaluate the controllability of output patterns of the
light, we prepared two types of outlet patterns such as
90-degrees angled pattern and 22.5-degrees angled pattern.
At the end of the probe, an optical inlet part was formed to
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connect with an optical fiber. Figure 5 shows SEM images of
the probe tip with 22.5-degrees angled outlet pattern and the
cross-section of the optical waveguide. As seen in the figure,
the optical waveguide of SiN was well formed on the neural

(b) Cross-section of optical waveguide

(a) Si neural probe tip
Fig. 5. SEM images of the fabricated Si neural probe.

The precise alignment was required for connecting the Si
neural probe to the optical fiber. Figure 6 shows the alignment
procedure between the Si neural probe and the optical fiber.
The optical fiber was successfully adjusted to the optical inlet
position by tri-axial stage. The light leakage from the optical
waveguide was measured as shown in Fig. 6 (b). After the
alignment procedure, the optical fiber was connected using a
UV-curable epoxy. An assembled system consisted of the Si
neural probe with the optical waveguide, a glass epoxy board,
and an optical fiber, as shown in Fig. 7.

Optical waveguide

Si rleural probe
Optical inlet

Tmm

(a) Before alignment ~ (b) After alignment

Fig. 6. Photographs of alignment procedure.

Fig. 7. Photograph of the fabricated Si neural probe assembly.

C. Evaluation of fabricated optical waveguide

A cross-sectional near field pattern (NFP) of the
15-pm-width optical waveguide was measured by passing a
blue laser with wavelength of 452 nm, as shown in Fig. 8. The
multimode light propagation in the fabricated optical
waveguide was clearly observed. Figure 9 shows the light
output patterns from two types of the optical outlets with
5-um-width optical waveguide. These images were taken in

colloidal solution to observe the light output pathways by
scattering. A difference of light output patterns between
90-degrees angled pattern and 22.5-degrees angled pattern
were clearly observed. Especially, the light from 22.5-degrees
angled pattern mainly turned 45-degrees direction by total
reflection.

Fig. 8. Cross-sectional NFP of the fabricated optical waveguide.

- Optical waveguide

: Optir_:al waveguide

Optical waveguide

Optical waveguide
Optical outlet

200pm 200pm

(a) 90-degree angled outlet pattern (b) 22.5~degree angled outlet pattern

Fig. 9. Photographs of the optical outlets and light output patterns.

III. ANIMAL EXPERIMENTS USING FABRICATED PROBE

We performed in vitro experiments of optical stimulation
of neurons using the fabricated Si neural probe with optical
waveguide, and we recorded neuronal action potentials using
a glass electrode. All animal experiments were approved by
the Tohoku University Committee for Animal Experiments
and were carried out in accordance with the Guidelines for
Animal Experiment and Related Activities in Tohoku
University as well as the guiding principles of the
Physiological Society of Japan and the NIH. The experiments
were carried out using 28-35-day-old Thyl.2-ChR2-Venus
rats. We followed the protocol previously described by Feng
et al. [11] to generate Thy-1.2 transgenic rats. Neuronal
action potentials were recorded from 400-pm-thick
hippocampal slices obtained from the brains of
Thy1.2-ChR2-Venus rats. The slices were kept in normal
artificial cerebrospinal fluid (ACSF) containing (in mM) 120
NaCl, 2.5 KCl, 26 NaHCOs;, 1 NaH,PO,, 2.5 CaCl,, 1.3
MgCl,, 11 glucose, which was equilibrated with a gas mixture
of 5 % CO, in O,. The hippocampal slice was placed on a
perfusing fluid chamber maintained at 35 + 1 °C. Recordings
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were made with an Axopatch200B amplifier (Axon
Instruments, Foster City, CA) and amplified and filtered at 1
kHz with an FLA-01 amplifier (Cygnus Technology, Inc.,
" Delaware Water Gap, PA), digitized at 10 kHz with a
DigiDate 1400 A/D converter (Axon Instruments). Data were
analyzed with Clampfit 10 software (Axon Instruments). The
signals were filtered at 140 Hz again on the software.
Neuronal action potentials were recorded extracellularly in
the pyramidal cell layer of the CAl area of the hippocampus
using a glass electrode with a pipette resistance of 2 MQ filled
with 1.78 % Na,SO, solution. The external laser source was
connected to the fabricated Si neural probe assembly.

Fig. 10. Photograph of the Si probe with optical waveguide and a glass

electrode inserted into the CAl area of the hippocampal slice.
Figure 10 shows a photograph of the Si neural probe and a
glass electrode inserted into the CA1 area of the hippocampal
slice. The Si neural probe was preliminarily placed near the
glass electrode using manipulators. The 490-nm-wavelength
laser diode (LD) light was exposed from the outlet of the Si
probe for 1 s. The power of the light exposed to neurons was
estimated at 70180 yW/mm?.
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Fig. 11. Recorded neuronal action potentials induced by an optical
stimulation using the fabricated Si neural probe with optical waveguide.
As shown in Fig. 11, we successfully recorded neuronal
action potentials of multiple neurons. As shown in this figure,
firing rate of neurons increased in accordance with the light
exposure. It indicated that we successfully stimulated neurons
optically using the fabricated Si neural probe with optical
waveguide. The observed firing rate of neurons was not
constant due to desensitization of ChR2 and activities of

inhibitory neurons expressing ChR2.

IV. CONCLUSION

We proposed the novel Si neural probe with optical
waveguide for multiple optical stimulations of neurons. The
SiN film was employed as the optical waveguide. The light
propagation in the optical waveguide was confirmed by the
NFP. The controllability of output patterns of the light was
clearly confirmed by two outlet design patterns. It means that
we can control the arbitrarily output patterns of the light.
Using the fabricated Si neural probe, we performed in vitro
experiments of optical stimulation of neurons in the
hippocampal slice obtained from Thyl.2-ChR2-Venus rats.
We successfully stimulated neurons optically and observed
increases of neurons firing rates in accordance with the light
exposure, indicating that we successfully stimulated neurons
optically using the fabricated Si neural probe with optical
waveguide.
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