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In fact, so far the effect of adiponectin on CVD is
controversial. Previous studies reported that middle-aged
and older subjects with higher' circulating adiponectin
levels had a lower incidence of CVD events [3,31]. The in-
crease in plasma adiponectin of type 2 diabetic patients
after Pioglitazone treatment was strongly associated with a
decrease in hepatic fat content and improvement in he-
patic and peripheral insulin sensitivity [32):; Higher insulin
sensitivity is well known to be associated with higher inci-
dence of CVD [33]. Therefore, it seems that there are
numbers of observation in which high levels of adiponectin
are associated with greater insulin sensitivity and thus
lower incidence of CVD, Recent studies, however, have
demonstrated that high adiponectin levels are associated
with higher incidence of CVD and mortality of all causes
[4~7]. Thus, an understanding of the physiological mech-
anisms underlying the positive associations between adi-
ponectin levels and the risk of mortality is important.
Wannamethee et al. [4,8] proposed that this relationship
may be mediated by sarcopenia, which is defined as age-
related loss in muscle mass or strength. However, previ-
ous studies showed that BMI [10], weight change [4,5}, or
muscle mass [6] failed to account for the increased risk of
mortality refated to circulating adiponectin levels.
Conversely, Hozawa et al. [10] reported that significant
associations between high adiponectin-levels and a high
incidence of physical disability and death in the elderly
disappeared when-the model was adjusted for physical
function. These data suggest that positive associations be-
tween adiponectin and mortality in old age may be medi-
ated partially by the decline in physical function, but not
simply by body or skeletal muscle size. As an important
determinant of physical function, muscle strength is sug-
gested to be more important than muscle mass for esti-
mating mortality risk [34]. Thus, our finding of an inverse
association between adiponectin levels and muscle
strength has led to new insights on a possible intermediary
role of muscle strength in the associations of adiponectin
levels and mortality risks in the elderly.

Several limitations of this study should be noted. The
present study demonstrates an association between serum
adiponectin levels and either grip strength or leg extension
power, but it does not establish causality because of the
cross-sectional design. Therefore, a prospective: future
study is necessary to clarify this. In addition, our study did
not measure skeletal muscle fiber types conclusively; thus,
it was unable to ascertain whether the negative association
between serum adiponectin levels and muscle strength is
mediated by changes in muscle fiber size or fiber type dis-
tribution. Furthermore, despite the wide age distribution of
our study participants, it was not appropriate to carry out
analyses by age group due to a reduction in a negligible
sample size, Instead, age was included in the analyses as a
confounder. Finally, we may have failed to evaluate other
potential confounders in our analysis models.

In summary, this cross-sectional study in Japanese adult
men and women demonstrates that serum adiponectin
levels are associated significantly and negatively with grip
strength and leg extension power independently of age,
BMJ, PA, nutrient intake, depressive symptoms, metabolic
syndrome, hs-CRP levels, and other lifestyle-related po-
tential confounders.
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Hemodynamic Effects of Pressure-Volume Relation in the Atrial
Contraction Model on the Total Artificial Heart Using Centrifugal
Blood Pumps.
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Abstract— Hemodynamic effects of atrial contraction with
centrifugal pump type total artificial heart is unknown. In this
study, we shmulated an atrial contraction in a mock model. By
the driving condition with higher pressure in the mock atvial
model, the Joad during atrial contraction increased. Based on
these findings, we examined atrial contraction in the animal
using adult goats, Prior to the measurement, we installed a
centrifugal-type ventricular assist device (VADs), and then
clamped both ventricles. We messured the hemodynamic data
without ventricular contractile functions in order to obtain the
effect of afrial confraction on hemodynamics under the
condition uf the total artificial heart (TAH) circulatory support
model. We could estimate the heart rate by revolution number
and voltage of pumps. There might be a possibility that we could
regulate aufonomic nervous response with the control of cardiac
output,

I INTRODUCTION

The number of Japanese outpatients with left ventricular
dystunction is predicted to increase gradually with population
growth and to be reached 1.3 million by 2030 [1]. There were
5.8 million people with heart failure (HF) in the United States
in 2006 [2], and there were 0.2 million people with end-stage
HF. The gold standard therapy for end-stage HF patient is the
cardiac transplantation [3]. However, there are many cases
that cannot get the cardiac transplantation because their age,
complication or changing condition drops them from
indication. VAD js the effective therapy for them [4]. In the
United States and Buropean countrics, the purpose of VAD
has changed rapidly from bridge-to-transplantation (BTT) to
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destination therapy (DT) [5]. Subsequent BiVAD installation
may be necessary in about 5% of patients with VAD due to

not only the left heart faifure but also the right heart failure [6].

Total artificial heart (TAH) systems will be one of the viable
alternatives, although there are  functional differences
between BiVADs and TAHs from the right or left ventricular
physiological point of view.

As for the pulsatile TAH, which is commercially available
at this moment, some critical issues on thrombosis and its
durability are arising by the time of BTT, which is usually
expeeted to be performed within 3 moaths [7]. Based on
clinical evidences, the long-term follow up on the
continuous-flow type VADs formed acceptable results for 2
years of awaiting period followed by DT [8]. Furthermore,
Frazier, et al reported a trial with a continuous-flow TAH
using axial biood pump [9].
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Fig. 1. Schematic illustration of the atrivm model,

In this study, we designed a TAH support system which
consisted of two centrifugal VAD devices. We preserved the
functioning atriums. While some reports suggest that the
atrial contraction may partly contribute to cardiac output
promotion of the natural heart, the effect of atrial contraction
for VAD with centrifugal pump system has not been known.
Then, firstly, we performed simulation studies for the
effectiveness of atrial contraction with a centrifugal-type
TAH support in the mechanical circulatory system. Secondly,
we examined the effectiveness of atrial contraction during the
functional TAH support in the animal experiments,

978-1-4577-0216-7/13/$26.00 ©2013 iEEE 1815

1. MOCK HEMODYNAMIC EXAMINATION

A, Atrium Model

We developed ap atrium mode! which was capable of
representing atrial contraction in the mock circulatory system.
The chamber of the atrial model was made of an acrylic
cylinder, the inner and outer diameters of which were 100 and
120mm, respectively. A dome-shaped acrylic casing was
mounted on the cylinder, and a natwal rubber membrane
(Nippon Elaster, Ltd, Japan) was sandwiched, which
separated the fluid and air chambers. Average height of the
fluid chamber was 38 mm, and the maximum volume was
designed to be 300mL. We used ePTFE gasket sheets (Japan
Gore, Lid, Japan) for sealing between the casing and
cylinder. The schematic illustration of the atrial model
developed in this study was shown in Fig. 1.

Overfiow tunk Atrium poewmatic Overflow tank
driver conzole

Atriven miode!

Centrifigal
blood putnp

Flow im\b: Flow probc

TPresser sensor
Fig.2,  Schematic illustration of the atrial mock cirenit.

B. Controlling of Atrial Contraction Model

We also developed a pneumatic driver for the active
contraction in the atrial model. Pressure in the upper air
chamber was supplied and controlled by a regulator. We
could control the period and timing of the contraction signal
for the atrial model by a pulse controlier using a
microcontroller board (Arduing, MEGA 2590 R3, ltaly), The
system achieved the synchronous motion with ventricular
driving signals in the atrial model, as well as its pumping rate
and % systolic duration, During the systolic or diastolic phase,
we supplied only pressure along with the passive dilatation of
the atrial membrane without vacuum pressure.

Fig.3.  Whole view of the airial mock circuit,

C. 4 mock Cireulatory System with the Cantraciive diviwm
We developed the simulator representing natural
hemodynamics to examine the effects of atrial contraction on
the function of the centrifugal pump type VAD. Figure 2
shows a schematic illustration of the atrial mock test cireuit.
The mock system consisted of reservoir tanks, overflow tanks,
a VAD pump (EVAHEART™, Sun Medical Technology
Rescarch Corp., Japan) [10], the atrium model, the pneumatic
driver. We measured pressure and flow rate at the pressure
port and at the inflow and outflow portions of the atrium.
Electromagnetic flow probes (Nihon Kohden, Japan) were
used and the change of atrial volume was calculated by these
data. We used 0.9% normal saline as circulatory media. As
shown in Fig. 3, we installed the VAD pump at the outilow
portion of the atrium in the mock circuit. We compared the
pumping function of the VAD under the two different driving/
loading conditions, which simulated the systemic or
pulmonary pressure foadings. We set the revolution number of
the VAD under the driving conditions in the right or left heart
circulations to be [400 and 2400 rpm, respectively, We
lected the p heads by changing the afterload as 80 —
100, and 10-30 mmHg for the left and right heart eirculation,
respectively. We varied the driving pressure in the atrial
model from 5 to 20 mmHg in order to change the contraction
force on the atrial membrane.

D. Results

Figure 4 shows pressure waveform obtained with the atrial
contraction in the mock circulatory system. As shown in Fig. 5,
the additional flow veloeity peaks could be derived in the
forward flow, whereas the inflow exhibited back flow from
the atrial model.
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Fig. 4. Atriad pressure waveform in the mock loop.

Rotation number : 1400pm.
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Fig. 5. Inflow and outflow waveforms obtained at the atrial model in the
mock test,
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Figire 6 shows the relationships between pressure and
volume (P-V) caleulated at the atrial model during the
simulation of right heart circulation with the centrifugal VAD
under the condition of active contraction of the atrial modcl.
Figure 7 shows these P-V relations obtained from the mock
circulatory  system simulating the left heart circulatory
conditions, We observed similar characteristics in both P~V
loops under the different loading conditions in respect to the
left or right ventricular support. The changes in the atrial
stroke volume were 20ml., and the atrial pressures were
20/2mmHg under the condition of 15mmHyg supply at the
atrium. These hemodynamic data resembled the natural heart
functions. We investigated the negative pressurc changes in
the diastolic phase. By the elevation of driving pressure af the
atrial model, the atrial pressure increased. There was no
discernible difference in the cardiac output against the changes
in the atrial driving pressure.

Rotation number: 1400xrpm
Differential pressure : 10 mwHg

- Atrial driving
pressuxe  Smmblg

~ Atriad driving
pressure © 15mmEy

280 290 300 310 820 330
RA Volume mlx

Fig. 6. Pressurc-volume relations obtained in the right atrial model in the
mock loop.
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Fig. 7. Pressure-volume relutions obtained in the lelt atrial model in the
mock loop.

1. ANIMAL EXPERIMENTS

Based on the experimental results in the mock
examination, we performed animal experiments. All the
animal experimental procedure and related activities were
reviewed and permitted by the Institutional Animal Use and
Care Commiltee of the Tohoku University.

A, Animal Experiments

We examined the atrial contraction cffects under the
centrifugal blood pump support on hemodynamics in animal
experiments using adult goats, which weighed 37.2-50.0kg.
The heart was cxposed by the lefl thoracotomy under general

anesthesia. Prior to the measurement, we set up the functional
TAH circulation by placing the clamps on both ventricles.
Two centrifugal blood pumps (EVAHEART™) were installed
for the systemic and the pulmonary circulation. We made
end-to side anastomosis by the ¢PTFE vascular grafls to the
descending aorta or the pulmonary artery, and connected to
atriums via the atrial appendage for the inflow of each pump.
Then we clamped both ventricles. Figure 9 shows overview of
the functional TAH circulatory system. Then we examined the
hemodynamie changes. We measured the ECG, the aortic, left
atrial, right atrial, and pulmonary artery pressures. We also
obtained the pump flow data by using two ultrasonic probes
(ME16/19PXN, Transonic Systems Ltd., USA), and the
revolution number and voltage in each pump simultaneously.

B. Resulls

Figure & shows an example of the hemodynamics obtained
from the goat, which weighed 50.0kg. Atrial contraction wave
in the ECG cxhibited the synchronization with the atrial
pressure changes. Hemodynamic parameters were obtained as
follows: a) the right pump; the revolution number was
1250rpm,  the pump flow was 2.51L/min, the atrial pressure
was 197 6mmbig, the pulmonary artery pressure was 27mmHg,
by the left pump; 2370rpm, 2.21L/min, 30 / 10mmHg,
respectively, and the arterial pressure was 105mmHg. As
shown in the Fig. 8, we recognized the aortic and pulmonary
arterial pressure increase by the atrial contraction, which was
represented by P wave in the ECG, under the centrifugal blood
pump support. By the blood flow through the pumps, the
voltage and revolution number in each pump decreased during
the atrial contraction phase under the pump control condition
of the constant rotational speeds. We observed changes in
responsive power consumption in each pump according to the
variation of the flow velocity across the pumps by the atrial
contractions.

@ ®
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Fig. 8. Changes in pavameters by the afrinl contraction with the

functional TAIT support using two cenirifugal blaod pumps: (a) the right
freart, and (b) the left heart cireulations. ECG, el tiog RAP, right
atrial PAP, pul 'y arteral p AoP, aortic pressure; LAP,
left atrial pressure.
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IV. DBCUSSION

In the mock test, we observed negative pressure changes
during the active assistance by the atrial model. The elagtic
diapbragm might cause a kickback function in diastolic phase.
Although the maximum pump flow rate was elevated by the
atrial contraction, there was no discernible difference in the
cardiac output due to the reciprocating flow at the atrial inflow
portion in this mock experiment. As for the natural inflow
characteristics of the atriums which are connected to veins, the
impedance between the atriums and inflow vessels may
change the flow characteristics consequently. We observed
instantaneous flow velocity drops in the inflow waveforms as
shown in Fig. 5. As the limitation of the mock test was in the
calibration of the impedance matching of inflow of the atrium
model was calibrated, the forward flow might increase under
the optimized conditions with the centrifugal TAH, and we
must update the atium model fo more sophisticated
simulation of the natural heart.

We obtained the atrial contraction effects across the
low-pressure loss centrifugal pump, such as EVAHEART™
in the animal cxperiment without ventricular functions.
During the functional TAH application, there was a difference
between the right and feft cardiac outputs. To determine the
flow distribution patterns, we focused on venous return,
coronary perfusion and other circulatory parameters, By
monitoring pump power consumption, we might the atrial
contraction non-invasively as well as the heart rate. We will be
able to build a new feedback control and a co-pulse control to
promote or lower the pump flow [11]. Leaving atriums may
also be cffective in preventing from sucking as a blood
reservoir. Patients with chronic atrial fibrillation will be
excluded explicitly in the purpose of those applications of
pump control.

Y¥es

Fig. 9. Overview of the functional total arti
inanimal.

V. CONCLUSION

We measured hemodynamic effocts of atrial contraction
with two centrifugal type artificial hearts for the application
as the functional TAH support. We e¢xamined the atrial
contractile functions by using an originally designed atrial
model as well as in animal experiments using goats. The atrial
contraction might contribute to the increase of pulsatility
during the centrifugal type TAH application without
ventricular contractile functions.

[61

7

18

91

L1o)

[y

1818

REFERENCES
Y. Okura, M. M. Ramadan, ¥, Ohno, ot al,, “Impending Epidemic
Puture Projection of Heart Failure in Japan to the Year 2035, Cire J,
vol. 72, pp. 489491, 201 1.
V. L. Roger, A.S. Go, D. M. Lloyd-Jones, et al., “Heart Disease and
Stroke Statisti 011 Updates A Report From the American Heart
Association,” Circulation, vol, 123, pp. ¢18—¢209, 2010,
M. R. Mehra, J, Kobashigawa, R, Starling, ot al., “Listing eriteria for
heart transplantation:  btemnational Society for Heart wnd Lung
Transplantation guidclines” for the care of cartiac transplant
candidates--2006," J Heart Lang Tramsplant : the official publication of
the International Society for Heast Transplantation, vol. 25, pp. 1024~
42, Sep. 2006,
¥, A Rose. A, C. Gelijns, A, J. Moskowitz, et al., “Long-term use of 2
left ventricular assist device for end-stage heart faifure,™ N Engl J Med,
wol. 345, pp. 1435-43, Nov, 2001,
3.8, Kirklin, 1. C. Nafiel, F. . Pugani, et al,, “Long-lerm mechanical
cireulatory support (destination therapy): on trek to compete with
heart lantation?,” J Thorue Ce Surg, vol. 144, pp.
584-603; discussion 597-8, Sep. 2012,
J. K. Kirklin, D. C. Naftel, R L. Kormos, ¢t al.. “The Fourth
INTERMACS Annual Report: 4,000 implants and counting,” J Heart
Lamg Transplant = the officiul publication of the International Society
for Heart Transplantation, vol. 31, pp. 117-26, Feb 2012,
K. Friedline and P. Hassinger, “Total artificial heart freedom driver ina
patient with end-stage biventricular heart faiture,” A4NA journal, vol.
80, pp. 105-12, Apr 2012,
M. S. Slaughter, J. G. Rogors, C. A, Milano, ot al., “Advanced heart
faiture treated with continuons-flow left veniricular ussist deviee,” The
New England journal of medicine, vol. 361, pp. 2241-51, Dec 3 2009,
O. H. Frazier, W, B, Cobn, E. Tuaun, ot al, “Continuous-flow total
artificial heart supports long-term sarvival of a calt)”™ Tex Heart lnst J,
G, pp. 568-74, 2009,
amazaki, 8. Suito, 8. Kihara, et al,, “Completely pulsatile high
flow circulatory support with & constant-specd centrifingal blood pump:
mechanisms and early clinical observations,” Gen Thorac Cardiovase
Surg, vol. 55, pp. 158-62, Apr 2007,
A. Tanaka, ‘M. Yoshizawa, K. Abe, et al, “Open-loop analysis of
transfer charactesistics from blood pressure fo heart rate using. an
effectively total pditicial heart,” J Artif Organs, vol. 28, pp, 109-14,
Jan 2004,




— 008 —

SASIC_;EgEARéH www.jasn.org

Mutation of the Mg®* Transporter SLC41A1 Results
in a Nephronophthisis-Like Phenotype
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ABSTRACT

Nephronophthisis (NPHP)-related ciliopathies are recessive, single-gene disorders that collectively make
up the most common genetic cause of CKD in the first three decades of life. Mutations in 1 of the 15 known
NPHP genes explain less than half of all cases with this phenotype, however, and the recently identified
genetic causes are exceedingly rare. As a result, a strategy to identify single-gene causes of NPHP-related
ciliopathies in single affected families is needed. Although whole-exome resequencing facilitates the
identification of disease genes, the large number of detected genetic variants hampers its use, Here,
we overcome this limitation by combining homozygoesity mapping with whole-exome resequencing in a
sibling pair with an NPHP-related ciliopathy. Whole-exome capture revealed a homozygous splice accep-
tor site mutation {c.498G>>T) in the renal Mg?* transporter SLC41A1. This mutation resulted in skipping of
exon 6 of SLCA1A1, resulting in an in-frame deletion of a transmembrane helix. Transfection of cells with
wild-type or mutant SLC41A1 revealed that deletion of exon é completely blocks the Mg®* transport
function of SLC41A1. Furthermore, in normal human kidney tissue, endogenous SLC41A1 specifically
localized to renal tubules situated at the corticomedullary boundary, consistent with the region of cysto-
genesis observed in NPHP and related ciliopathies. Last, morpholina-mediated knockdown of sic41a1
expression in zebrafish resulted in ventral body curvature, hydrocephalus, and cystic kidneys, similar to the
effects of knocking down other NPHP genes. Taken together, these data suggest that defects in the main-
tenance of renal Mg?* homeostasis may lead to tubular defects that result in a phenotype similar to NPHP.
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gene identification offers a powerful approach to revealing dis-
ease mechanisms. Purthermore, because recessive mutations
predominantly convey loss of function, recessive single-gene
defects can be transferred directly into animal models to study
the related disease mechanisins and to screen for small mole-
cules as possible treatment modalities.

Nephronophthisis (NPHP), a recessive cystic kidney dis-
ease, is the most frequent genetic cause of CKD in the first three
decades of life. NPHP-related disorders are recessive single-
gene disorders that affect kidney, retina, brain, and liver by
prenatal-onset dysplasia or by organ degeneration and fibrosis
in carly adulthood.? On ultrasonography, these conditions are
characterized by increased echogenicity and cyst formation at
the corticomedullary junction in small or normal-sized kid-
neys.? Renal histology exhibits a characteristic triad of renal
corticomedullary cysts, tubular basement membrane disrup-
tion, and tubulointerstitial infiltrations.® Regarding renal, ret-
inal, and hepatic involvement, there is phenotypic overlap of
NPHP-related disorders with Bardet-Bied] syndrome and Al-
strom syndrome.® Identification of recessive mutations in 15
different genes (NPHPI-NPHP15)7-18 revealed that the encoded
proteins share localization at the primary cilia-centrosomes
complex, which characterizes them as ciliopathies.¥ However,
the 15 known NPHP genes explain less than 50% of all cases with
NPHP-related disorders, indicating that many of the single-gene
causes of these conditions are still elusive.20

The finding that some of the more recently identified ge-
netic causes of NPHP-related disorders are exceedingly rare
necessitates a strategy to identify novel single-gene causes of
these conditions in single affected families.’® In this context,
the new method of whole exome capture with consecutive
massively parallel sequencing (here called whole exome rese-
quencing [WER]) theoretically offers a powerful approach to-
ward gene identification in rare recessive diseases. However,
the utility of WER is hampered by the large number of novel
genetic variants that result from whole exome sequencing in
any given individual.’#2! To overcome this limitation of WER,
we developed a strategy that combines WER with homozygos-
ity mapping.!® Using this approach, we have identified muta-~
tion of the renal magnesium transporter gene SLC4IAL as a
novel genetic cause of disease that phenocopies NPHP-related
conditions clinically, ultrasonographically, and histologically.

RESULTS

Identification of Mutation of SLC41A1 in Family F438
To identify additional causative mutations for NPHP-related
disorders, we performed WER in a consanguineous Ttalian
family (F438) with an apparent NPHP-related disorder phe-
notype (Figure 1A). In this large family, two siblings born from
first cousins (1V1 and 1V2) displayed the unusual association
of apparent NPHP with bronchiectasis.

Patient 1V2 had had frequent episodes of fever, coughing,
and respiratory infections since the first month of life, and
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chest radiography demonstrated the persistence of inflam-
matory infiltrates in the lung. High-resclution computerized
tomography revealed bronchiectasis, and fiberoptic broncho-
scopy showed reddening of the bronchial mucosa with puru-
lent secretion. Evaluation of brenchoalveolar lavage showed
a marked increase in the percentage of neutrophils and the
presence of Pseudomonas aeruginosa. At age 8 years, the patient
was referred to the Nephrology Department because of ob-
served polyuria and polydipsia. Initial urine analysis revealed
low urine osmolarity (380 mOsmiol/kg in fresh morning
urine), and blood analysis displayed renal insufficiency with
serum creatinine levels of 2.37 mg/dl. Renal ultrasonography
showed bilateral irregular echogenicity, with both kidneys de-
creased in size (Figure 1B). Percutaneous renal biopsy showed
periglomerular fibrosis, tubular ectasia, tubular basement
membrane disruption, and tubulointerstitial infiltrations
(Figure 1C). On the basis of these clinical findings, a diagnosis
of NPHP was proposed. The patient underwent peritoneal
dialysis at age 9 years before undergoing kidney transplanta-
tion atage 10.

Patient 1V1, like his sibling, had had a history of fever,
coughing, and respiratory infections since the first month of
life. IV1 also presented with polyuria and polydipsia with low
urine osmolarity (420 mOsmol/kg) and serum creatinine level
of 1.5 mg/di at 5 years of age. Renal biopsy and renal ultraso-
nography showed similar findings as for patient IV2 (Figure 1B).
Progression of renal damage led to ESRD at age 10 and initiation
of peritoneal dialysis.

Patient IV3 is a first-line cousin of siblings IV1 and IV2, She
presented with chronic bronchitis and bronchiectasis at age 6
years. However, by age 11 no signs of polyuria or polydipsia
were present and results of blood and urine analysis were
normal. In addition, renal ultrasonography revealed no ab-
normalities in kidney size or structure.

Homozygosity mapping performed on patient IV1 yielded
eight homozygosity peaks (Figure 2A). By WER, we detected
four homozygous variants (Supplemental Table 1) whose seg-
regation pattern fit a recessive mode of inheritance, Of these
four variants, only the variant in the SLC41A] gene was not a
known single-nucleotide polymerphism (SNP) and was ab-
sent from both the 1000 Genomes and Exonze Variant Server
databases (Supplemental Table 2). Furthermore, only the
SLC41A1 variant was predicted to be damaging by all four
predictive tools used (Polyphen 1, Polyphen 2, Muta-
tionTaster, SIFT [Supplemental Table 2]). In addition, only
two of the variants (SLC41Al and ZNF224) display strong
evolutionary conservation at the mutated residue (Supple-
mental Table 3). Finally, the homozygous missense mutation
{c.698G>T, p.G223V) in SLC4IAI resides within an evolu-
tionary conserved exonic splice acceptor site in ¢xon 6 of
SLC41A1, probably resulting in missplicing of the SLC41A1
transcript and thus a potentially more deleterions mutation.
This mutation was absent from 100 European-American
healthy controls and also absent from 80 regionally matched
healthy controls (G. Caridi, personal communication). These
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Figure 1. Renal ultrasonography and biopsy indicate characteristic hallmarks of nephronophthisis, (A) Pedigree for family F438. In-
dividuals IV1 and IV2 display both NPHP and primary ciliary dyskinesia (shaded shapes). Individual 1V3 has only primary ciliary dys-
kinesia {half-shaded). (B) RUS showing increased echogenicity, corticomedullary cysts, and loss of corticomeduilary differentiation in
patients F438-IV1 (left panel) and F438-IV2 {right panel). (C) Renal histologic findings from a renal biopsy specimen from F438-IV1
showing the characteristic triad of tubular ectasia, tubular basement membrane disruption, and tubulointerstitial infiltrations

{Trichrome-Masson staining).

data together suggest that SLC41AT as a novel causative gene
of an NPHP-related disorder phenotype (Figure 2, B and C).

SLC41A1 c.698G>T Mutation Results in Skipping of
Exon 6

To test whether the ¢.698G>T mutation impairs normal splic-
ing of the SLC41A1 transcript, Epstein Barr virus (EBV)-
transformed white blood cells were prepared from blood
samples from both parents (1115 and I116) and the two affected

J Am Soc Nephrol 24: 967-977, 2013

siblings (IV1 and IV2). RT-PCR was performed using primers
flanking exon 6 (Figure 2B) on ¢DNA prepared from both the
EBV-transformed white blood cells. This test revealed that in
both parents, one PCR product of the expected size and an
additional faster-migrating PCR product was observed (Fig-
ure 2D, upper panel), consistent with the fact that both parents
are heterozygous for the ¢.698G>T mutation, In contrast, RT-
PCR on patient-derived ¢cDNA yielded only the single faster-
migrating band (Figure 2D, upper panel). Sanger sequencing
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Figure 2. Recessive mutation in SLC41A7 in family F438 identified by whole exome
capture and homozygosity mapping. {A) Homozygosity profile for patient V1. Non-
parametric logarithm of odds scores were plotted over genetic distance across the
genome, where chromosomal positions are concatenated from p- to g-arm (left to
right). Arrowhead shows the SLC41AT Jocus. (B) Diagram of the human SLC41A1 gene
showing exon number and primer locations, Red arrow shows position of the ¢.698G>
T splice acceptor site mutation. (C) Sanger-sequencing confirmation of the c.698G>T
mutation in SLC4TA 1, Altered nucleotide and amino acid change are given above the
sequence trace. WT control sequence and trace are shown below the mutated se-
quence. Codon triplets are undedined to indicate reading frame. Noncoding se-
quence is in lower case. Mutated nucleotide is denoted by arrowhead. (D) RT-PCR was
performed on RNA from lymphoblastoid cells prepared from parents (1115 and (16} and
affected siblings (IV1 and 1V2) using the primers indicated. Positions of primers is in-
dicated in B. M, 100-bp DNA ladder. (E) Sanger sequencing of the fast and slow
migrating RT-PCR products {primers P1 + P3} revealed that the ¢.698G>T mutation
results in skipping of exon 6 {upper trace).

Wild Type

domain. We next tested whether this dele-
tion abrogates expression of SLC41AL
Western blotting of protein lysates gen-
erated from both parental and patient-
derived cell lines revealed almost complete
loss of SLC41A1 expression in the two af-
fected siblings (Figure 3A).

Mutant SLC41A1 Traffics to Cell
Surface

Wenext tested whether the mutated form of
SLC41A1 can traffic in a similar fashion as
the WT protein. An amino-terminal en~
hanced green fluorescent protein (EGFP)-
tagged SLC41AL expression construct was
generated by cloning the full-length (WT)
human SLC41A1 open-reading frame
into a mammalian expression vector, Inad-
dition; an expression construct with the
residues encoded by SLC41A7 exon 6 de-
leted was cloned from patient-derived
cDNA (dEx6), Transfection of the WT
and mutant constructs into the MDCKII
renal epithelial cell line revealed that both
targeted to the basolateral membrane and
that the mutant localization was indistin-
guishable from WT (Figure 3B). Further-
more, using a cell-surface biotinylation
assay in which HEK293 cells were transfected
with WT or mutant (dEx6) FLAG-tagged
SLC41Al, neutravidin pulldown revealed
that both the WT and mutant SLC41A1
are trafficked to the cell surface (Figure
3C). These data suggest that the in-frame
deletion of exon 6 does not affect the nor-
mal trafficking of SLC41A1.

Deletion of SLC41AT Exon 6 Results
in Loss of Magnesium Transport
Activity of SLC41A1

Because the in-frame deletion of exon6 did
not appear to perturb the normal traffick-

of this faster-migrating band revealed that it arises from skip-
ping of SLC41A1 exon6 (Figure 2E). Consistent with this ob-
servation, further RT-PCR using a forward primer designed
against exon 6 (P2; Figure 2B), revealed no detectable PCR
product in the two affected siblings but did show a PCR prod-
uct of the expected size in the two parents (Figure 2D, middle
panel). Together, these data demonstrate that the ¢.698G>T
mutation results in missplicing of the SLC41A1 transcript.

SLC41A1 c.698G>T Mutation Results in Abrogated
Protein Expression

The SLC4IAT mutations that results in skipping of exon 6 is
predicted to result in an in-frame deletion of a transmembrane

970 Joumal of the American Society of Nephrology

ing of SLC41A1, we next sought to address whether the
magnesium-transporting ability of SLC41A1 might be com-
promised by this deletion. In cells transfected with WT
SLC41A1, basal free intracellular Mg®* ([Mg**];) was, on av-
erage, 1.12£0.06 maM (1=20), which was significantly higher
than that of mock transfected cells (0.8120.02 mM, #=20).
The average basal [Mg**]; of mutant transfected (4E6) cells,
0.87:£0.04 (11=33), was very similar to that of mock cells (Fig-
ure 3D). To examine the Mg®* transport activity, cells were
exposed to high Mg?*, low Na* solution (Mg®* influx). A 15-
minute exposure to high Mg®", low Na* solution resulted in a
robust elevation of [M‘g"’]; in WT cells, whereas only small
increases in [Mg®*]; were observed in mock and AE6 cells

J Am Soc Nephrol 24: 967-977, 2013
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Figure 3. The c.698G>T mutation results in reduced expression and loss of function of SLC41A1. (A} Western blot of lysates prepared
from parents (lI5 and W6} and affected siblings (V1 and IV2) showing decreased expression of SLC41A1 in affected siblings. Anti~
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) Western blot was used as loading control, (B) EGFP-tagged WT SLC41A1 and
SLC41A1 lacking exon 6 {dExé) were transiently transfected into MDCKH cells. Cells were fixed and EGFP fluorescence captured by
confocal microscopy. (C) HEK293 cells transiently transfected with WT or dEx6 FLAG-tagged SLC41AT were biotinylated at the cell
surface before lysis. Cell lysates were then subjected to pulldown with neutravidin beads befare SDS-PAGE and Western blotting with
the indicated antibodies. (D) HEK293 cells were transfected with empty vector (MOCK) WT or dEx6 EGFP-SLC41A1 before loading with
mag-fura2-AM. To measure magnesium influx, cells were exposed to high Mg, low Na* solution, and radiometric fluorescent images
were collected to determine intracellufar [Mg?']. (E) To measure magnesium efflux, cells were treated as above and then switched into
magnesium-free media, and radiometric fluorescent images were collected to determine intracellular [Mg®*]. Error bars show standard
deviation.
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(WT, 0.50:£0.03 pM/s; mock, 0.21%0,04 uM/s; AE6,
0.20:£0.01 uM/s). When the extracellular selution was
switched to the Ca®*-free Tyrode solution, [Mg*'|; returned
to the basal level in WT, AE6, and mock cells (Mg** efflux).
Again, Mg™* efflux rates were similar in mock cells and AE6
cells (Figure 3E). {Comparison of the efflux rates between WT
cells and others is difficult because Mg™* efflux was induced at
much higher initial [Mg*'); in WT cells.) These data indicate
that WT has Mg™* transport activities, whereas AE6 mutant
has null function.

Localization of SLC41A1 in Kidney

One of the hallmarks or NPHP is the formation of renal
cortico-medullary cysts.**2 To ascertain why loss of SLC41A1
activity may cause the appearance of cysts at the cortico-medullary
boundary, we examined whether SLC41A1 is expressed
in nephron segments in this region. Indeed, immunohisto-
chemical analysis of SLC41A1 expression on normal human
kidney sections revealed expression primarily in the distal
convoluted tubules (DCTs) and in the tubule adjacent to the
macula densa (Figure 4A), Of note, claudinl6, a major regula-
tor of renal paracellular magnesivm uptake in which recessive
mutations cause renal disease that closely mimics NPHP in
cattle,®® was coexpressed in identical tubular segments to
SLC41AL in rat kidney sections (Figure 4B). In previous stud-
ies, RT-PCR has shown that claudin16 is expressed primarily in
the DCTs and thick ascending limb of nephrons,?? and indeed
RT-PCR confirmed that SLC41A1 is also expressed in the DCT
and thick ascending limb but is absent from proximal convo-
tuted tubule and cortical collecting duct of microdissected tu-
bular segments (Figure 4C). Together, these data reveal that
SLC4IAL is expressed in the DCT, macula densa, and thick
ascending limb tubular segments, whose location is entirely
consistent with the region of cystogenesis observed in NPHP
and related ciliopathies,

Knockdown of sle41at in Zebrafish Results in Renal
Cysts

To confirm that defective SLC4IAlL function can lead to
cystogenesis, we examined SLC41AL function in the ze-
brafish, a widely used model organism for the study of hu-
man ciliopathies. Alignment of the human SLC41A1 protein
with the zebrafish homolog revealed extensive conservation
with 76% identity at the protein level, suggesting that the
rebrafish homolog is likely to function in a manner similar to
that of human protein (Supplemental Figure 1). To examine
the expression pattern of sle4lal in zebrafish, an antisense in
situ probe was generated. By in situ hybridization, sledlal was
expressed almost exclusively in the corpuscle of Stannius of
the zebrafish pronephros, as previously described® (Figare
5A). To ablate sledlal expression, a splice-blocking morpho-
lino designed against the splice acceptor site of exon 4 (Figure
5B) was injected into 1-2 cell stage zebrafish embryos.
Twenty-four hours after injection, embryos were harvested
and the efficacy of the morpholino was examined by
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RT-PCR. RT-PCR of RNA prepared from embryos injected
with a standard contrel morpholino revealed a PCR product
of the expected size, whereas embryos injected with the splice-
blocking morpholine exhibited a faster-migrating product in-
dicative of missplicing consistent with skipping of exon 4
(Figure 50).

To examine the effect ofloss of sle41al expression, 48 hours
after morpholino injection, the morphology of control and
sle41a1 morphants was examined, Control morphants exam-
ined no obvious phenotype, whereas sle4lal morphants dis-
played severe developmental abnormalities (Figure 5, D and
E). Specifically, >70% of sle4lal morphants exhibited severe
ventral body curvature, a phenotype frequently observed upon
knockdown of NPHP genes, compared with <2% of embryos
injected with the control morpholinoe (Figure 5D and Supple-
mental Table 4). Inaddition, a high proportion (>50%) of the
sle41al morphants displayed severe hydrocephalus compared
with control morphants (Figure 5D). Morphologic analysis of
sections through the hindbrain of slc41al morphants showed
extensive dilation of the ventricle compared with controls
(Figure 5E).

Because loss of SLC41A1 function probably leads to renal
dysfunction im humans, the presence of pronephric cysts in
sled]al morphants was examined. At 56 hours after injection,
cross-sections through the zebrafish pronephros revealed the for-
mation of cysts characterized by dilation of the pronephric duct
in 60% of sle¢1al morphants (Figure SF and Supplemental Table
4). These data reveal that loss of sledlal expression in zebrafish
results in renal cyst formation but also several other phenotypes
observed upon knockdown of other NPHP genes.'$2%

DISCUSSION

NPHP-related disorders (including Bardet Biedl, Joubert,
Senior-Loken, and Meckel syndromes) display significant
locus heterogeneity, with causative mutations occurring in
more than 30 different genes. Causative mutation frequency
among these genes is not homogenous, ranging from frequent
mutations (NPHPI, mutated in about 20% of all cases of
NPHP-related disorders in our cohort) to extremely rare mu-
tations (GLIS2/NPHP7, mutated in a single family).15:26 It
would appear that mutation of SLC41A7 represents an ex-
tremely rare cause of NPHP-related disorders similar to
GLIS2/NPHP7, as screening of 1000 patients with NPHP-
related disorders using a newly developed high-throughput
sequencing technique failed to identify any additional patients
with SLC41A1 mutations.?? Furthermore, it is likely that the
identified splice site mutation in SLC41A1, resulting in the
skipping of cxon 6, may be hypomorphic because a small
amount of protein product was still detectable in the two af-
fected patients (Figure 3A). Consequently, one may postulate
that nuil mutations resulting from nonsense mutations or
deletions might be embryonic lethal and hence not be repre-
sented in our cohort of patients with NPHP-RC.

J Am Soc Nephrol 24: 967-977, 2013
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Alternatively, the respiratory problems
observed in the cousin (IV3) may be a phe-
nocopy of the disease observed in the two
siblings (IV1 and IV2), This is supported by
the observation that the two affected sib-
lings displayed symptoms of Jung dysfunc-
tion soon after birth, whereas the cousin
only exhibited problems at age 6 years.
Intraceflular Mg®* is a cofactor for en-
zymes and signal transduction proteins and
regulates bioenergetics, ion transport,
growth, and proliferation. [Mg*']; is
thought to be maintained by transport
across cell membranes with Mg™* trans-
porters. SLC41A1, a member of the solute
carrier family 41, is a cell membrane pro-
tein expressed in various tissues, including
heart, brain, kidney, liver, and colon, and
has been proposed as one of the candidates
for such Mg** transporters.28-30 Although
Mg transport by SLC41AL has not been
fully characterized, Kolisek et al, recently
reported that the human SLC4IAT gene
encodes for the Na'/Mg®* exchanger 4.28
The finding that mutations of this renal
Mg®" transporter mimics an NPHP-RC

po Figure 4. SLC41AT localizes predominantly to distal convoluted whules, (A} Immu- phenotype may be related to the fact that
nohistochemistry was performed on human paraffin-embedded sections using rabbit
anti-SLC41A1 antibodies. Signal was seen primarily in the DCTs. G, glomerulus. Ar-
rowhead shows macula densa. (B) Rat paraffin-embedded sections were immu-
nostained with antibodies against SLC41A1 {red) and Claudin 16 {green). DAPI {blue)
was used to stain cell nuclei. (C) RT-PCR was performed on human nephron segments

other mutations in proteins involved in re-
nal Mg?* transport are known to cause an
NPHP-related disorder phenotype. Specifi-
cally, recessive mutations of the CLDNI6

with primers for SLC41A1 and actin-8 (ACTB) as loading control. CCD, cortical col- gef)e E““"%h‘g the renal tight junct'mn’pm-
lecting duct; NTC, no template control; PCT, proximal convoluted tubule; TAL, thick ~tein claudin-16 (also called paracellin-1)

ascending limb.

What remains to beascertained in this caseis the cause of the
bronchiectasis in the two affected siblings and their cousin. The
identified mutation in SLC41A1 can explain the renal pheno-
type of thetwo affected siblings but cannot explain the cause of
bronchiectasis because the cousin who had lung dysfunction
but no renal disease is heterozygous for the SLC41AI muta-
tion. A dominant effect for the SLC41AT aliele is unlikely be-
cause neither parent of the two affected siblings who are
heterozygous for the mutant SLC41A1 allele showed any
bronchiectasis phenotype. The possibility that the cousin
had a compound heterozygous mutation in SLC41A1 was
ruled out as Sanger sequencing of all exons failed to identify
additional mutations {data not show). The bronchiectasis
phenotype probably arises from mutation of a separate gene.
Using our exome data, we searched for mutations in allknown
primary ciliary dyskinesia genes, and although we did find
variations in several, none of them segregated correctly with
affected status within the family (Supplemental Table 5).
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cause a recessive renal disease that closely
mimics NPHP in cattle?? both clinically
and histologically. An unusual finding,
given that SLC41AL is an apparent magne-
stum transporter, is that neither of the affected patients exhibi-
ted any abnormalities in serum or urine magnesium content or
any evidence of nephrocalcinosis (G. Caridi, personal commu-
nication). Hence, the disease phenotype may result from per-
turbed intracellular magnesium homeostasis rather than global
alterations in magnesium levels.
1t is unclear how loss of correct magnesium homeostasis
within the epithelial cells of the distal convoluted tubule could
lead to the formation of cysts and the development of the
NPHP-related disorder phenotype. Because the majority of
cases of NPHP-related disorders are caused by mutations in
genes whose products reside at or regulate ciliary function, one
possibility is that the SLC41A1 transporter is regulated
downstream of the NPHP-protein/ciliary network. Analysis
of whether cellular magnesium levels are perturbed upon loss
of cilia or knockdown of other NPHP proteins could poten-
tially provide important insight into the pathogenesis of NPHP-
related disorders. Of note, SLC41A1 is the first transporter to
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Figure 5. Knockdown of slc41a1 expression in zebrafish results in kidney cysts. (A) In
situ hybridization of 48-hour-old zebrafish embryos with an antisense slc41at probe
showing expression in the corpuscle of Stannius (arrowhead). (B) Schematic diagram of
the zebrafish slc41al gene showing location of the splice-blocking morpholino (MO)
and primers used for RT-PCR (P1 and P2). Shown below are expected RT-PCR prod-
ucts using primers P1 and P2 on WT and splice morpholino injected (dJEx4) samples
and their expected sizes. (C) RT-PCR was performed on RNA prepared from embryos
24 hours after injection with standard control (Con) or slc41at splice-blocking mor-
pholino (SLC). Shown on the left are the sizes (in bp) of the major bands of the DNA
ladder (M). NTC, no template control. (D} Phenotypic appearance at 48 hours of
controf and slcd1a1 morpholino-injected embryos. (E) Methylene blue-stained plastic
sections showing prominent hydrocephalus in slc4 a1 morphalino-injected embryos
(right panel) compared with control morpholino-injected embryos (left panel). (F)
Methylene blue-stained plastic sections showing tubular dilation {(cysts) in slc41at
morpholino~injected embryos (right panel} compared with control morpholino-in-
jected embryos (left panel). Arrowheads show pronephric wbules.
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be identified as causing an NPHP-related
disorder, and as such it represents an at-
tractive potential target for pharmacologic
intervention for the treatment of these
disorders.

CONCISE METHODS

Research Participants

From worldwide sources we obtained blood
samples and clinical and pedigree data after
individuals with NPHP-related disorders and/
or their pareats provided informed consent.
Approval for human subjects’ research was ob-
tained from the University of Michigan Institu-
tional Review Board and relevant local review
boards. NPHP-related disorder was diagnosed
by (pediatric) nephrologists on the basis of stan-
dardized clinical’? and renal ultrasonographic
criteria.* Renal biopsy specimens were evalu-
ated by renal pathologists.® Clinical data were
obtained using a standardized questi ire
(http:/fwww.renalgenes.org). Mutations in se-
lected known NPHP-related condition genes
were excluded using an approach of high-
throughput mutation analysis.?%3*

el

Homozygosity Mapping

For genome-wide homozygosity mapping® the
Genome-wide Human SNP 6.0 Arrayll from
Alfymeltrix was used. Genomic DNA samples
were hybridized and scanned using the manu-
facturer’s standard protocol at the University of
Michigan Core Facility (www.michiganmi-
croarray.com). Nonparametric logarithm-of-
odds scores were calculated using a modified
version of the program GENEHUNTER 2.13657
through stepwise use of a sliding window with sets
of 110 SNPs using the program ALLEGROM
Genetic regions of homozygosity by descent
(homozygosity peaks) were plotted across the ge-
nome as candidate regions for recessive disease-
causing genes. Disease allele frequency was setat
0.0003, and Caucasian marker allele frequencies
were used.

Whole Exome Sequencing
Exome enrichment was conducted following the

manufacturer’s protocol for the NimbleGen
SeqCap EZ Exome v2 beads (Roche NimbleGen
Inc.). The kit interrogates a total of approxi-
mmely 30,000 genes (about 330,000 consensus
coding DNA sequence exons), Massively parallel
sequencing was performed largely as described
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in Bentley ef 4l Sequence reads were mapped to the human refer-
ence genome assembly (National Center for Biotechnology Informa-
tion build 36/hg18) and mutation calling performed using CLC
Genomics Workbench (version 4.7.2) sofiware (CLC bio, Aarhus,
Denmark).

Cell Culture
HEK293Tand MDCK T cells were cultured in DMEM with 10% IBS

in 5% CO, at 37°C, Transfection was performed using Lipofectamine
2000 {Invitrogen). Cell surface biotinylation assay was performed
with the Cell Surface Protein Isolation kit (Thermo Scientific) ac-
cording to the manufacturer’s protocol.

Constructs

Human SLC41A1 was cloned from human kidney cDNA (Clontech).
Exon 6-deleted SLC41AL was cloned from the cDNA made from
EBV-transformed proband’s peripheral lymphecytes. SLC41A1L
¢DNAs were subcloned into pEGFP-C (Invitrogen) or FLAG-tagged
PeDNAZ.L

Measurement of Magnesium Influx and Effiux
Transfected cells were grown on 35-mun glass base dishes (Iwaki,

Chiba, Japan) coated with Matrigel {BD Biosciences). Cells were
washed with Ca®*-free Tyrode solution composed of (in mM): 135
NaCl, 5.4 KCI, 1.0 MgCly, 0.33 Nak,POy, 0.1 EGTA, 10 HEPES, and
2 glucose (pH 7.4 at 25°C by NaOH). After the background fluores-
cence of the GFP-positive transfected cells were measured, cells were
incubated with 5 uM mag-fura-2-AM for 10 minutes, followed by
three washes and further 20-minute incubation in the Ca®*frec Ty-
rode solution on the stage of inverted microscope (TE300; Nikon,
Tokyo, Japan), The fluorescence images of mag-fura-2 were collected
from the cells at 25°C by a cooled charge-coupled device system
(EM-CCD C9100, Hamamatsu Photonics, Hamamatsu, Japan)
with a 40X objective (S fluor 40X0.90, Nikon). With alternate exci-
tation at 345 and 380 nm, mag-fura-2 fluorescence images at wave-
length longer than 470 nm were acquired, and digitized data were
analyzed with image analysis software {(Aquacosmos/Ratio, Hama-
miatsu Photonics), The ratio of fluorescence intensities excited at 380
nm and 345 nm was calibrated in terms of [Mg’*}; as deseribed pre-
viously.# To assess Mg®* influx, cells were exposed to a high Mg™,
low Na® solution composed of (in mM): 68.5 MgCl,, 24 Mg-meth-
anesalfonate, 5.4 KCI, 0.33 NaH,PQy, 0.1 EGTA, 10 HEPES, and 2
glucose (pH 7.4), and fluorescence images were obtained at 0,5, 10,
and 15 minutes. To assess Mg™" efflux, extracellular solutions of the
Mg?*-loaded cells were changed back to the Ca™®*~free Tyrode solu-
tion and flucrescence images were obtained every 10 seconds for 20
minutes.

Morpholine Olige-Mediated Knock-Down
To knock down zebrafish sledlal, a splice-site blocking morpholine

was designed against the sledial exon 4 splice acceptor site
(TGAACCTGAACACAGCAGAGGGACA). Morpholinos were dis-
solved in nuclease-free water and injected into zebrafish embryos at
1- to 4-cell stages in 0.1 M KCl at the specified dosage. The injection
volume is estimated to be 1-2 nl,
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Human Kidney Samples
Kidney cortex tissues were obtained during unilateral nephrectomy

for renal carcinoma,*! The institutional review board of University of
Tokyo School of Medicine approved the study. Human nephron seg-
ments were obtained from manual microdissection, as described pre-
viously.? Total RNA isolated from each nephron segments was used
for RT-PCR. Primers were 5'~ggtcttcatectagtgeetg and 5'-caaggtgat-
gaggtegee for SLC41AL; 5'-cgeanagacctgtacgecaac and 5’ -ceacacggag-
tacttgegete for ACTB.

Histology

Zebrafish embryos were fixed with 4% paraformaldehyde avernight,
serial-dehydrated with 25%, 50%, 75%, and 95% ethanol, and then
equilibrated with JB-4 solution (Polysciences) overnight at 4°C. The
embryos were embedded in JB-4 resin and sectioned with a Leica
R2265 microtome, The sections were stained with methylene blue
as previously described.®® For immunohistochemistry of human and
rat kidney heat-induced antigen retrieval was done, and then paraf-
fin-embedded human and rat kidney sections were stained with anti-
SLC41AT {Sigma Aldrich, St. Louis, MO) and Claudin 16 (Novus
Biologicals, Littleton, CO). EnVision+ Dual Link System peroxidase
(DAKO, Carpinteria, CA) and 3,3’'-diaminobenzidine were used to
visualize staining in human lissue. For rat kidney sections, goat anti-
mouse A488 and goat antirabbit A594 (Invitrogen) secondary anti-
bodies were used.
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Introduction

Age-velated macular degencration [AMD} is a well-known sight-
threatening disease i developed conntries {1} Although muny
treatment regimens have bren used to weat AMD |2 )},
intravitreal injection of amtiwvascular endothelial growth factor
{VEGF; produced Tesion improvement and better visual acuity in
some patients |7,8]. However, intra-vitreal injection of an-VEGY
also produced irritation, infection, and other adverse sid
{9]. Further, that freatment required repeated injections, usually
acetring once a month {7,8}. Thus, other types of drugs or ding
delivery systems (DDSs).need 1o be developed to treat AMD,

Eye drops and ic drug administration are itable Jor
retinal discases if the physician is Jooking for effective drag
penctration into the eye, especially Tor macular diseases such as

PLOS ONE | www.plosone.org

AMD {10,11]. Although drug delivery device implaniation into
the vitreous showed effective delivery of drug to the vetina, tese
1PEAMEnLS MRy CAUSE S sicde effects, such as infection, vitreous
hemorthage, or retinal detachment [12-14]. Drug delivery using
viral vectors has been attempted for ent of d ing
retinal diseases {15}); how this method may induce immune
cell or humoral vesponses {16,17].

Subconjunctival drug delivery is less invasive than intivitreal
drug injection and can deliver more drag than seen with ey drops
or systemic administration [10,11]. [hur are puhhsh: ek d‘xm
investigating chnical use of subconjunctival deug admi ion
[18,19). Thus, the subconjunctival route may be an attractive
methad for drug delivery to the retina. The major diflienlties with
subeonjuctival DDS are uncontrollable release of the target drug
{20}, as well as an unknown drug delivery voute and mechanism to
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reach the retina [20.21]. Sustined release, with no drug bolus
clfect, would be vequired to veduoce side effects [22,23],

We previously reported owr vesults of the use of a novel drug
delivery device placed on the sclera that we thought would he @
effective ool in ireating retinal discases [24]. The device consisted
of a drug-releasing semi-permeable membrane and impermeable
membranes acting as the drug resarvoir. Beeause of the non-
biodegradable and one-way release nature of the o
achieve sustained release of the diug to the retina. We
the effects of this device nsing a L
neovascularization {ONV) moded in rats.

Anti-VEGEF antibody is a well-known treatmens agent in GNV
therapy, but suppression of VEGF function may indnce muny
harmiul effects in physiological function We sdeated

ssohibin-1 for the loading drag i the device o this study
beecanse of its wellknown  anti-angiogonic  setivity  [26,27).
Vasohibin-1 is a 42-kDa polypeptide, a VEGF-inducible molecule
expressed by eulired  human endothelial celly j )
Vasohibin-1 inhibits the formation of EC networks fie s
neovascularization o st {26], retinal neovaseula
a mouse model of oxygen-induced ischemic retinupathy 27],
and laser-induced mouse [25] and mon) V {28}, Each of the
&z wiva studies treated the fissue by divect intravitreal injection of
vasohibin-1.

Here we shall show that continvous trangsscleral vasohibin-1
delivery by the device can stppress Tager-induced CNV in rag eyes
{lig. 11\3 ay well as that by nvavitreal injeetion, This technigque
.md device may hold promise for safie and more effective
treatment of patients with AMD.

nined
~induced  choroidal

Methods

Vasohibin-1 and Device Preparation

Vasohibin-1 was purificd as veported previously {25]. For the
preparation of the vasohibin-1 formsulation, an 80-pl. volume of
vasohibin-1 {either 1.23 or 12,5 pdj in vebicle (phosphate
buﬁl 'd saling [PB?] <(mtml) was mived with 20 pl. of poly-

s {] tlun ancerwveny UV

{Lightningeme  LOS;
Hay Phnluvm ¥ (;ﬂy ).tp.m, for 3 minutes.

The devices consisted of a wmt-pnmmbl( drug-releasing
membrane and an impermeable ves IA, 1B}, as we
reported previously [24]. The loaded vasohi I i ncluded
vehicle only Gdentified as NVDD, U pM vasobibin-1 {VDD), and
10 pM vasohibin-1 (10VDD), with a total volume of 1.5 pl. in
each deviee. The size of the device way 2 mmx2 mm wide
x| mum high {drug-releasing surface aren; 1.3 mmx 1.5 mm
=295 mm®} for the ral cxperiments Pig. 1B, deviee) and
4 mmxd mpmx L3 s {drug-releasing sorlace arei;
3.5 mmx3.5 mm = 12.25 mm?) for the vasobibin-1 releasing &
et assay, The release amount from the transplanted device way
small and it was very ditficult to detect released vasohibin-1 by the
standard ELISA technique, o we decided to use a Targer device
for the ELISA procedure. As a conirol, we used pelletized
vasohibin-] without the reservoir and permeable membrane
{Fig. 1B, pcdlet). The concentiation of pulletized vasohibin-1 was
adjusted to be the same concentration as that of the VDD
{10 gM vavohibin-1j. The total amount of vasohibin-1 relcased
from the 10VDD device during the 2 it wive experiment wag
aimed o be equivalent o that of the invavitreal vasohibin-1
wjection. A FITG-abeled 40 kDa dextran-loaded  deviee
{FD40DD} was alse used for monitoring the position of the
implanted device.
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In Vitro Experiments

1 In Vitro Release Assay, Enzyme-linked Immunosorbent
Assay, and Western Blotting. The devices loaded with
vasohibin-1 were placed W the wells of a 24-well culture plate
filled with 200 pL PBS at 3 Alicquots (200 L} of the buller in
each well were collected at Days 1, 7, 14, and 28 during change-
out of old bulfer for new buller solution. The collected samples
were considered to include ouly protein for vasohibin-l. We then
determived the amount of vasolibin-1 in the buller using an
enzyme-tinked immunosorbent assay (BLISA} {29] and western
blotting [30]. The intensity of the color of the ELISA reaction
products was measured with a microplate reader (MAXline;
Molecular Devices Corporation, Sunmyvale, GA, USA) The
measurements were made in duplicate, dnd the mean value was
ustdd for comparisons. The 50-uL collected samples and 160 fimol
of recombinani vasehibin-l  {positive  control)  were Joaded,
separated by sodium dodeeyl sulfaie-polyacrylamide gel clectro-
photesis (SDS-PAGE) on 2 10% separating gel, and transferred 0
nitrocellulose membranes for western blotting, The munb A0S
were blocked for | how at room temperatwe with 5% ECL
blocking agent {GE Healtheare Biosciences, Pitsbuigh, PA,
and then ncubaied u\’('rmght at 4°C in PBS containing 0.0
Tween 20 (E-]‘B‘i} 2.5% qkim milk, and 1 pg/ml. horseradish
j 1 anti-vasohibin-1 moneclonal antibody.
The membrane Hlters were washed 3 times with T-IBS and the
blots were detecied wsing an enbanced  chemiluminescence
method (EGL Western Blotting Detection Kig - Amersham
Biosciences, Piscataway, Nj, USAL The results were visualized
using an imaging system {ImageQuant LAS-1000; GE Healthcare
Biosciences).

2 Endothelial Tube Fo £ Snclothelial tube formation
was assessed with normal human nmbilical vein ndotheliad celis
HUVECS) {Taka Bio; Ot Japan} cocultuved on neonatad
normal himan d(*rm.xi ﬁbmbl.h\ts NHD kara Bio) layer using
anti-} D3l ining, as reported pm‘lomly [28].
Two n\] vascular endothelial growth factor {(VEGF, Wako;
Tokyo. Japan} was then added to the endothelial wll growth
medinm (KGM, Takara Bio} containing no vasohibin-1 {control),
and 9.2, 2, or 10 nd vasobibin-1, respeetively, VEGF {2 nM) and
samples of vasohibin-1 released from the vasohibin-1-loaded
device over 3 hours al 37°C were wsed o examine released
vasohibin-1 activity, We calleeted the veleased vasohibined from
the pedler and nged it at a concentration of (.56 oM {as measured
by ELISA)L On Day 3, the cells were fixed and stained using an
anti-human CD31 immunostaining kit {Kurabo; Tokyo, Japan)
according 1o the manufacturer’s instructions. The number of
stained HUVEQCS was determined using a computerized system
{Korabo Angiogenesis Image Analyzer program; Kurabo},

Yo

perogidase-c

In Vivo CNV Experiments

1 Animals.  The procedures used in the anbmal experiments
followed the guidelines of the Association for Research in Vision
and Ophthalmology  Statement for the Use of Animals in
Ophthalmic and Vision Research, and they were approved by
the Animal Care Committee of Tohoku University Graduate
School ol Medicine (Permit Number: 2011-136L  Twenty
Sprague-Dawley {SI)} rats (l‘.;.punnems i and 2} and 36 Brown
Novway (BN} rats (Experi 3} weighing between 250 and 300 g
were us('d {Tuble 1. 1\]! animals were followed up to € weeks alter
device transplantation and/or faser burn, We examined the off
of devices either at 1 week or 2 weeks for FA ualuauon andd
2 weeks for at-mount Rt Macro ex ion was
periormed at 1 and 2 weeks afier the device transplntation. For
all procedures, the rats were anesthetized with an intramuscudar

March 2013 | Volume 8 | lssue 3 | e58580
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fmm 1mm

Device Pellet

~+Pellet
~-10VDD
~a-VDD
~NVDD

Day

Figuue 1 Device and vasohibin-1 re!ease. (A) Schematic image of transscleral sustained vasohibin-1 delivery, We evaluated its effects via
ed ch

h for rat faser-ind|

of TEGDM, andF a controlled-release membrane made of PEGDM that contains collagen

{CNV). The device consms ofa drug pelletized with PEGDM, 2 reservoir made

icles, (B} Pt h st adrug peflet and the

delivery device containing a drug pellet. (C) Image of a device placed on the sclera of a rat eye at 3 days after implantation. The amount of vasohibin-
T in the PBS was measured at 1, 7, 14, and 28 days after starting incubation. The representative results of western blotting and the resuit of ELISA are
shuwn in (D) and (B), respe:tsvel;u We collected the samples at only the given time points and replaced only the equal volume of PBS, The released

10 for 6, 7, and 14 days. [The pellet samples collected at Day 1 {shown as 1d} were diluted five times due to their
concemrauon before they were evaluated by western blotting], NVDD: non-vasohibin-1 {vehicle) delivery device, VDD; 1 uM vasohibin-1 delivery
device, 10VDD: 10 uM vasohibin-1 delivery device, Pellets: vasohibin-1 pelletized at the same concentration of 10VDD (without reservoir and cover).

dei10.137Yjoumal. pone0058580.g001

injection of ketamine hydrachloride (35 mg/kg) and xylazine
hyerochloride {5 mg/kg), and the animaly’ pupils were dilated
with lnpn.,\l 2.5% phenylephrine and 1% tropicamide. Oxybu-
procaine h)dmchlnndr {0.4%) was also used for local anesthesia,
Tn all & viw esperiments, the animal’s left eve was used as a control,

2 Implantation of VDDs, Pellets, and Intraviireal
Vasohibin-1 Injection. Devices weare implanted subconjunc-
tvely in the 1i1,111 eyes ol the rats (Table 1} A d-mm long
conjunctival fcision. was made nkmg., the limbus in the upper
temporal position. The devices were inserted into the subronjuse-
tival space using forceps, with the drug-releasing surface facing the
sclera, The device was placed between the optic disc and the
equator, in the posterior quadeant, using no suture to anchor it
inio place. The conjunctival incision was closed with 9+0 silk and
antibiotic pintrent was applied to the eyes. Vasehibin«1 protein
{0.24 uMD was injected wsing a 10-pls gl inge {Hamilton;
Rena, NV} 4 days alier the experimental G NG procedure, The
Teft cyes were nsed as untreated cantrols,

“The raty were anesthetized, pupils were dilated, and a fundus
examination was performed immediaiely after the surgery.

PLOS ONE | www.plosone.org

Experiment 1: Monitoring the Implanted Devices and
Pellets

To monitor the device and drug release, uorescein isothiveya-
nate (FITCY dextran (FDA40; Sigma-Aldrich) pelletized  with
PEGDM was prepared. and useed as a control drug. The FDA0
was dissolved in PBS at a concenfration of 250 mg/ml and
loaded in the device in the same way as vasohibine1. ]Axght S1 vas
were included in this experiment; 4 rats received the FD4O
delivery device (FDAODD) and 4 rats received only pelletized
FDAO.

Experiment 2: Immunchistochemistry after Device
Implantation

Ty ining for vasc heas performed 2 weeks alier
device implaniation. Twelve 81D rats were nsed as follows {Table 13
“ vats received vehicle (non-vasohibin-1} in the delivery deviee on
the selera (NVDD), 4 rats veceived 1.5 pL of 10 M vasohibin-1 in
the delivery device {10VDD), and 4 vats fved 15 pl of 10 pd
vasohibin-1 pellets implanted o the seleva. Tnmunohistochentis-
uy was performed as reported previous

Animals were euthanized using over oses of kelamine hydro-
chlovide and xylazine hydrochloride. The eyes were enucleated

Tt
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Table 1. In Vivo Study Demographics.

Number of Position of
animals Strain  Treatment Methods implant

Sclera
e

4 SO Untreated 10vDD Sclera
y N — — -

6
2
8
3

Vasohibin-t  Vitreous

h38 Spmquu‘l)awlny rats, BN Brown Norway rats, CNV: choraidal
hibin-1 delivery device, 16VDD: 10 M

vasohibin-1 dciwery dewce.
dok10.137 Vjournal.pone. 00585806001

and fixed for 12 howrs in 4% pavaformaldehycde (PFA} at 4°C, The
anterior segment and lens were removed from vach cye. The
posmim segment was eryoprotectecd at 4°C through s
hour incubations in 10%, 20%, and 30% sucrose dissolved in
saline. The tissues were Immersed in OCT compounct
Teey Saknva Finetee USA, Tne., Torance, CGAL USAY aud frozen
in acetone in a dry bath, The frozen posicrior segment was
seetioned at the center of the implanted area ar a thickness of 5 pm
for each scction, using a eryostal. We examined vight confinuons
sections per eye. The sections were inenbated in rabbit polyclonal
antibady against human vagohibin-1, fllowed by FITC-eonjugai-
ed antierabbit IgG (1:200; Dake, Glostrup, Denmark) for
30 minutes. The sections were washed theee times with PBS
between cach step. Negative controls (4 rats} incubated with just
FITC-conjugated wnti-n .nb]m G were also prepared. Shides were
counferstained with 4, 6- dinmino- I-phenylindole {DAPL; Vector
Laburatorics, B\u‘limmne, CA, USA} and photographed us
@ fluorescence mic {Leica FWAH000, Ver. L21; Leic
Microsystems Japan, Vo, Japan).

Experiment 3: Choroidal Neovascularization Study

A total of 36 BN vats were used (Fable 1) The devices and
re implanted on the same day as the NV procedure.
were divided into six groups {6 vars in cach group): rats
swith NV, vats with 1.5 pLoof' | pM vasohibin-1 in the defivery
device (VDDj, rats with 1.5 pl. of 10 pM vasohibin-1 in the
delivery device {JOVDD), rats with 1.3 pl of 10 M vasohibin-}
pedlets implanted on the sclera, rat b intravitreal injection of
5 pls of vehicle, and vats with an intravitreal injection of (.24 M
vasohibin-1 protein accurring 4 days after the experimental ONV
procedure. The amonnt of intavitreal vasohibin-1 used and the
day of the injection were determined based on our previous data
[25]. The intravitreal injections were performed using a 10-pL
glass syiinge {(Hlamilton}, and the needle was passed through the
selera just hehind the fimbus into the vitreouy cavity.

3 CNV procedure. A green argon laser wag used to vupture
the choroidal membranc using a shit-kanp delivery systom {Uliima

PLOS ONE | www.plosone.org
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20001 aumenis, Yokneam, Tsvacl} with a contact lens [31]. The
tings wi 30 g diameter for 0.1 see duration, at an
ty of 650 1o 750 mW. Six laser burng were made arcund the
opiie dise {Fig. 1A Each burn was confirmed to have induced sub-
vetiniad bubbles, indicating a vupture of Bruch's munlmme

In additon to the routine ophthalmological
fluorescein angiography (FA} with an 1m.igmg vstem (GENESTS-
DE Kowa, Tokyo, Japan} was performed at 1 and 2 weeks
the GNV Iaser burn, and choroidal flat mounts of the GNV site
were perfonned at 2 weeks after the procedure. Two retinal
speeialists {HOQ and "TA} und one non-specialist 2NNj cvaluated the
angiograms for FA grading evaluation in a blinded manner wing
a grading sysiom [32], where Grade 1 = no hyperfluorescence;
Grade 2= hyperflnoresc without leakage; Grade 3=
hyperfluorescence in the carly or middle phuse and lwkagc n
the late phaser and Grade 4= bright hyperfluorescence in the
transit and leakage i the late phase bevond the treated areas. The
camera was 1 handheld retinal camerz for photographing humans,
and the fact that vat eye optics difer from that of humans made
the provess somewhat dificult. Intense fluoreseein leakage also
made the results of photographs as faint. The laser burn sometimes
made subretinal hemorthages that were shown as fluorescein
blockage. These results may have influenced the evaluation. We
cus on the laser burn as much as possible o not influence
the evaluation: Further we-also tried to synchronize evaluations as
much as possible to aveid significant tue 1o fluorescein
leakage. Total grades were analyzed for statistical significance.

4 ¥1 insLabeled Dextran Perfusion and Choroidal
Flut-Mount Preparation. The size of the V' lesion was
measured on choroidal flat mounts to examine the ellect of the
vasohibin-1 delivery device {n =6 eyves/group and each eye had 6
Taser spots). Fourteen days alter the GNV procedure, the rats weve
porlisect with 5 ml. PBS containing 50 mg/) ml. fuores
labeled desiran (FITCdestran, MW: 2x%10%  Sigma-Aldrich).
Results of mouwse. GNV experiments {25] indicated that laser-
induced OGNV Jedons were most active at 14 days alter laser
application and gradually self-resolved more than 28 days alter the
Taser burn. This data was supported by our previous study of Taser
burned monkey eyes [28].

We enncleated the cyes in the current study at 14 days alter the
CNV Jaser procedure, after cuthanizing the animals per the
previowsly deseribed method, The eyes were removed and fixed
for 30 minutes in 4% phosphatesbuflered PFAL The comea and
lens were removed and the entire retina was carcfilly dissected
from the eyecup. Radial cuts {4 to 6 were made from the edge to
the equator, and the eyecup of the RPE-choroid-selera (R-C-8)
complex was flat mounted in Permallfuor (Beckman Coulier;
rton, GA, USA] with the scleral side facing down. Flat mounss
re examined by Huorescence wmicroscopy {Leica FW4000, Leica
Mi stems Japan, and the tolal area ol each NV zone

Ao with cach burn wus measwred. The CNV Jesions were
identified by the presence of {fluorescent blood vessels on the

choroidal/retinal .interface circumseribed by o region lacking
fluoreseene b st reported procedures
[33.54]. Pwo retinal specialists (HO und TA} and one non-
specialist. (NN} evaluated the size of the dextran-{luorescein
perfased GNVsin a blinded manner, as deseribed above.

Statistical Analyses

Analms of varfance {ANOVA} with luk&ya test was used i
examine differences in the leakage and severity of the GNVs in the
fluoreseein angiograms and llm arex of the choroidal {lat mount.
Endathelial tube formation was also évaluated by this method. P-
values less than 0,03 were considered signiticant.

March 2013 | Volume 8 | Issue 3 | eS8580
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Results

In Vitro Vasohibin-1 Release from the Device

Bach resulf i shown as mean £ SD of three different
experiments in Fignre 1B, A prominent initial increase was
observed in vasobibin-1 pellets (Pellet) and it appeared to almost
plateat at 7 days after the start of incubation, A miner increase
was observed in the vasohibin-1 delivery devices (VDD with an
almost level release observed over the 28 of incubation. 1f we
examine the amount released from the device (1x4x 15 n)
between Days 7 and 28, the amount released was estimated to be
031 aM/day in the 16VDD group, B.070 nM/day i the VDD
group, 0.088 nM/day in the pellets, and 0 3n the NVDD group
{Fig. 15} in a closed incubation system, when we nsed 500 wg/ml.
COLs for the permeable PEG/COLs membranes. These calcula-
tions were performed from the fitting lne between 0 and 28 days.
In rat experiments, the refease amount would be less, because we
used a smaller deviee for vats than used in the i zitre release ass
The lager deviee u;ul in the i sitie velease assay in Fig, 1E had
5.44 times {12.25 mm? vs 2.25 mm?) larger drogr t'lu\smz sarface
arca and 342 times faster releasing vae than that of the
wransplanted device used in ras, from the results of Fig. S1 The
total amount of vasohibin-1 released from the J0VDD devices
during the GNV suppression experiment in raty was estimated
grossly to be approximately 4.28 oM over 2 weeks, The total
amount of vasohibin-1 during the 2 weeks was estimated as about
146 M from the results of Figure 1E, and wag divided by 342,
which is the diflerence i releasing rate between @ vibs velease
assay and i v experiments, although the effective amount of
vasohibin-1 in GNV suppression would be smaller than 4.28 nM,
due to drg climination from the eye. These resalis were
confirmed by western blotting analysy; Figure 1D shows the
representative resalis at Days 1, 7, 14, and 28, A greater amowmnt of
vasohibin=1 was obsaved i the VDL and pelict groups than
was seen in the NVDIY and VDIY groups, The results of the pellet
group at Duy 1 {Id in Fig. D) was obtained after diluting the
sampley five times, because the copcentration was too high o be
shown by wustern blotting. However, the size of the. pellets was
much smaller afier 7 days of incubation,

Endothelial Tube Formation

Endothelial tube formation of MUVECs enlwred on the \HDI‘
Tayer sx.xs assessed wsing anti-human GD31
{Fig. 25 We used a range of native vasohibin-i concentrations
{from () o 10 M, using 2 nMVEGE for the preliminary
experiments. After the initial examination, the cells were fixed and
stained. uging antishuman CD31. Bigures 2A-2G show represen-
iative pholographs of the experimental yesults, Figure 2E shows
the results of released vasohibine1 {0.56 nM) from the devices with
2 oM VEGE. Figure 2H shows the average of cach experiment:
significanily fewer CD3 -positive points were observed in released
vasohibin-1-treated wells when compared to those of the vehicle
released from the NVDD (p=0.000001) or VEGF-treated control
{p=0.000002). Vasohibin-1 released from the device showed
activity comparable to the sative vasohibin-1.

Macro Examination

FDHO was detectee i the deviee {Figs, S2A and 52B show mlm
and fluo n photographs, respectively} or inpellets (Figs. $26
and S217) at the implant site through the conjunctiva in iln live
rats. When we enucleaied the eyes at a week alter device
implantation, mild [ibrosis was observed around the devices
{Fig. $2C} and around the pollets (Fig. 821, Fluorescein photog-
raphy demonstrated the presence of FDAG in the device, with little
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onjunciiva and survounding s Tig. §2D,
lso detected in the selera after removal of the
and §2F, arrow). Conversely, FDAO pellets
shmwd strong fluoreseein on the conjunctiva and surrounding
tssues, as W for the pellet st (Fig. S8, arow).
Furthenmore, littde fluoresceln was observed on the ra after
removal of the device (Figs. $2K and $2L. arrow). Similar
conditions were observed when we examined the tssues at
2 woeks after device and pellet implantation; fhiorescence was
observed.over a wider area for those specimens where the device
was implanted compared to reslts at Week 1 {data not shown).

immunohistology of Vasohibin-1

In immunostained eyes, vasohibin-1-positivity was found in only
the TOVDD group (Fig. 3B, but not in the NVDD group Jig. 3A}
or the negative control without the fivst antibody (Fig. 3D}, mainly
at the region where vasohibinel releasing devices were placed.
Pellets showed sirong local immunareactivity, but no immunore-
.mi\"ﬂy in the retina {Fig. 3C3, Vasohibin-1 positivity was obse m‘d
m the newral retina and optic nerve fihite arrows in g,
Strong immmmercactivity was observed in the choroid, R
at the fnner layer (ueh as the ganglion cell layer [(‘)Cl'.]) by
magnifiedd photographs after device implantation (Fig. 3T

Leakage from CNV

Fluorescein angiography results of cach group at 1 week after
the laser CNV pnmduw are shown in I‘mnc 4. The results
show that an ntravitreal injection of vasohibine1 an Day 4 ufter
the CNV procedure led to a significant reduction of FA scores
when compared 1o those of NVDD  (r=0.00014), pellet

(p=0.020}, and vehicle injection {p=0.040) {Fig. 4B} The
1OVDD implantation led fo a dgnificant reduction of FA scorves
when compared to the vesult of thc \VI)D group {p = 0.000086},

The VDD implantation lod to 2 seor
when compured (o those of NV {p=0.000017} pellet
(p=0.012}, and vehicle injection (p=0.026). Mthough FA scores
of the TOVDD group seemed 1o be smaller than those of the pellet
{p=U ad vehicle njection =012}, the results were not
significant. Figuve 3A shows the FA yesults al Week 2 in each
group. Significantly lower FA scores were observed for the
vasohibin-1 infravitreal injection group when compared to those
of NVDD {p=0.000022), and vehicle intravitreal inj
{p = 0.0065). Further, clg‘mhmnﬂy Tower FA scores were ob
in the 10VDL group when compared to those of
{p = 0.00000% and vehicle injection { =0.0080) Fig. 5B}. Signil~
icantly lower FA seores were also observed i the VDD group
when compared to thase of NVDD {p=0.000058) and vehicle
injection {p=0.011).

Flat-mount Examination of the CNV Site

Charoidal flat mounis were prepared 2 weeks after device
implantation; representative resulis of cach group are shown in
Figure 6A. The area of the CNV was 27,2882 7975 fim? for the
NVDD group; 23532:515,120 pm® for the VDD group;
17,382:£715 pm? for the 10VDD group; 30 302:780 pm® for
the vasobibin-pellet. group; 26,9009,067 pm® for the intravitreal
vehidde Injection group, and 12,731%4,113 jun? for the intravi-
treal vasohibin-1 injection group Fig. 6B The CNV arca was
smaller in gyes that were u‘czxtcd with 10VDD or intavitreal
vasohibin-1 injection compared to -the other treatments. A
signficantly smaller CNV area was obsaved in the 10VDD
group when compared to those of the NVDI (p= G.0004), pellet
tansplantation (p=0.0011), and intavitreal vehicle injection
groups {p=0.0000155. A significantly sialler CNV area was also
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bt dothalial

Figure 2. The activity of 1 by an cell tube £ assay. The activity of vasohibin-1 was confirmed by an in vitro
endothelial cell tube formation assay. Vasohibin-1 suppressed the HUVEC tube f ion in a dose-d dent manner, Rep results of
HUVEC tube formation treated with 2 nM VEGF combined with 0 (A), 0.2 (B}, 2 {C), and 10 nM vasohibin-1 (D) are shown. Bars indicate 100 pm. The
released vasohibin-1 from the device showed comparable results to native activity. {E). Significant suppression of HUVEC tube formation was
observed in released vasohibin-1 when compared to those treated with NVOD (F} and with only 2 nM VEGF without vasohibin-1 (G}. (H) shows the
average of each experiment; significantly fewer CD31-positive points were observed in released hibin-1 d wells when ¢ i to those of
the vehicle released from NVDD (p<0.0001) or the VEGF-treated control (p<0.0001). The vasohibin-1 refeased from the device showed activity
comparable to the native vasohibin-1, Vertical bar indicates total length of tube formation. NVDD: non-vasohibin-1 (vehicle) delivery device, 10VDD:
10 pM vasohibin-1 delivery device,

doi:10.1371/journal pone,0058580.9002

observed I eyes injecied with intravitreal vasohibin-l when vehicle )
compa to those of the NVDD  {p=0.000008; VDD dillerence
{p = 0.0056), peller vansplantation {p = §.000023}, and intravieal

ot ok
*'3

i hami

on groups {p={.0000013 (Fig. 6B} No significnnt
as observed when we compared the VDI with those

FPTey

Figure 3, | y of 1 after device impl ion, The i histochemistry results of hibin-1 after NVDD,
10VDD, and pellet implantation are shown No immunoreactivity was observed after NVDD ! ion {A) and negative control without first
antibody (D). 10VDD shows vaschibin-1 immunoreactivity at the device implant area (8}, White arrows show the immunoreactivity in the retina and
optic nerve at low magnification. Diffuse immunoreactivity was observed in the sclera, choroid, RPE, and retina st greater magnification (E). Strong
immunoreactivity was observed in the ganglion cell fayer (GCLY and retinal pigment epithelium (RPE), as well as in the sclera and choroid, iNL and
ONL indicate the inner and outer nuclear layers. These results were not observed in the NVDD group (A) or the negative controls (D and F). Strong
immunoreactivity was observed in the pellet {asterisk) and in the tissues surrounding the implanted pellet (C). Yellow arrows indicate the positions
where devices or pellets were placed. Devices were removed before sectioning, but pellets were not removed before sectioning. Bars: 200 pm (A~D),
and 50 pm (€, ).

doi:10.1371/journal pone,0058580.g003
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Figure 4, Fluorescein angiography 1 week after CNV faser procedure, (A) Representative results of fluorescein angiography (FA) in each
group at 1 week after CNV laser procedure. The groups were treated with NVDD (a}, VDD {b), 10VDD (c), vasohibin-1 pellet (d), intravitreal vehicle
injection {Vehicle iv) {e), or intravitreal vasohibin-1 injection (Vasohibin-1 iv} {f). (8) Fluorescein angiography scores for each of the six laser spots in
each eye ate plotted and calculated for cach group. Significantly lower FA scores was shown in the Vaschibin-1 iv group when compared to those of
NVDD {p =0.00014), pellet {(p=0.02), and Vehicle iv {p =0.040}. Significantly lower FA scores are also observed in the 10VDD group when compared to
the NVDD group {p =0.00006). Significantly lower FA scores are also observed in the VDD group when compared those of NVDD (p =0.00017), Pellet
{p=0.012), and intravitreal vaschibin-1 injection (p =0.026). Significant differences are shown as asterisks. NVDD: non-vasohibin-1 {vehicle) delivery
device, VDD: 1 M vasohibin-1 defivery device, 10VDD: 10 M vasohibin-1 delivery device, Pellet: vasohibin-1 pelletized at the same concentration of
10VDD (without reserveir and cover).

doi:10,1371/journal.pone.0058580.g004

VDD {(p= 07574, pdict ransplantation {p = 0.3616), and therapy and anti-TNFg antibody have shown excellent resolts in
L7178} groups. the treatment of refractory eye digeases such as Beheets discase),
ulthough this regimen abo requires repeated eyeles of thevapy

7] \\’huu our d:, cultured in PBS, vasobibin- was
;alent to that seen with native

v'xsnluhmu wa positiv ts were also ohserved with brain-
derived ncwrotrophic factor (BDNF) and 40 kDa dexwan, as
reported  previousty  [24]. Ouwr implaniable  device  showed
sustained protein release over time. The relatively frge standard

of
intravitreal vehicle injection {p=

Discussion

Attention has' been paid to s
weatment of AMD beeause regimens including. inwavitreal anti
VEGE injection requive repeated injection and may lead to
adverse side effects [9,35). Sustained delivery of large molecules
such as antibodies may be atractive, because not only anti-VEGY
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Figure 5. Fluorescein angiography 2 weeks after CNV laser procedure. (A) Representative results of fluorescein angiography in each graup
at 2 weeks after CNV laser procadure The groups were tredted with NVDD {a), VDD (b}, 10VDD {c), vasohibin-1 pelle! {d), intravitreal vehicle injection
{(Vehicle i} (e), ir i -1 injection (Vasohibin-1 iv) (f). (8} Significantly lower FA scores was shown in the Vasohibin-1 iv group when
compared to those of NVDD (p = 0.000022), and Vehicle iv (p =0.0065). Significantly Jower FA scores are also observed in the 10VDD group when
compared to the NVDD group {p =0.00003) and intravitreal vehicle injection (p=0.011}. Significant differences are shown as asterisks. NVOD: non-
vasohibin-1 (vehicle} delivery device, VOD: 1 uM vasohibin-1 delivery device, 10VDD: 10 uM vasohibin-1 delivery device, Pellets: vasohibin<1
pelletized at the same concentration of 10VDD {without reservoir and cover).

doi:10.1371/journal pone 0058580.9005

deviation in the I0VDD group may be indicative of imperfect drug administration  [$8~40], Owr results also showed 1hat
device preparation. From the results of western blotting, the mplwtation of pellctized vagohibinel alone {with no reservon}
10VDD group showed « mild mitial release of drag. althongh the prochuced much less vasohibin-1 immunoreactivity thun seen with
level was far Jess than seen in the pellet-only group. Technical 1OVDD Smplantation. Implanted between the sclera and con-
improvement (h‘mc design may overcome  these Jun(nva, our device was designed (o release the drugs only o the
probloms, ce de L,m*(l with sustained so a limiting factor of drug diversion to the
protein delivery h)r the reatment of eye dise: u)unm ival bload flow may be reduced. Carvalho et al [41}

Subconjunctival drag  administration ])mdu( bener drog reported that their tightly-sutured, one-side-open device delivered
penc ration llmn eye drops and is less invasive than infravitreal higher amount of sodium fluorescein than others, although they
injection. conjunctival and  episcleral blood and  used small moleendes with thelr device, From the  histological
lymphatic ﬂm\x h(\w been reported to be the main fimiting  analysis of our experimental procedure, we saw no signs of
factors For posterior segment drag distribution by subconjunctival infl ion or adverse elfects in the eye that conld be atributed
PLOS ONE | wwyi.plosone.org 8 March 2013 | Volume 8 | Issue 3 | e58580
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Flgure 6. Flat-mount examination of the CNV site. The areas of chomldal neovascularization with devices, peflets, and intravitreal injection of

recombinant vasohibin-1 protein. {A) Rep | flat-mount p

hs of the groups treated with NVDD (a), VDD {b), 10VDD (¢},

vasohibin-1 pellet (Peflet) {d), intravitreal vehicle injection (Vehicle iv) (e), mtravmeal vasohibin-1 injection (Vasohibin-1 iv) {f) eyes at 2 weeks after the
CNV Iaser procedure, Mean values of actual areas are shown in the text. Bars: 200 p. (B) Significantly smafler CNV areas were observed in the 10VDD
group when compared to those of the NVDD (p=0.0004), Pellet (p=0.0011), and Vehicle iv groups {p =0.000015). Significantly smaller CNV arcas
were observed in eyes treated with Vasohibin-1 iv when compared to those treated with NVDD {p =0.000006), VDD (p = 0.0036), Pellet {p = 0.000023),
or Vehicle iv {p=0.000001). NVDD: non-vasohibin-1 (vehicle} delivery device, VDD: 1 iM vasohibin-1 defivery device, 10VOD: 10 uM vaschibin-1
delivery device, Pellet: vasohibin-1 pelletized at the same concentration of 10VDD {without reservoir and cover).

doi:10.137/journal. pone.0058580.9006

10 clevice implantation, except for a mild fibrosis observed around
the devices at 2 weeks post-sirgery, We also found that the deviees
removed Trom the rats where fibrosis was noted showed continuing
vasohibin- release and comparable activity when we cultuved the
removed device/t s in PBS {data not shown}.

Vasohibin-1 was observed on the retina at 2 weeks post-
implant, principally noted in the regions where the devices were
wnplanted. Some of the regions showed strong Immunoreactivity
for vasobibin-=1. especially -at the retinal pigmenied epithdium
{RPE} and the retinal ganghon cell layer (GCLY the first finding
may be duc to being the main outer blood-retinal barvicer, while
the second may be doe o he vitcous-retinal barrier [42].

Yasohibin-1 rcleased from the device may be stored in-cells in
these regions and later released to other regions of the retina or
vitreous,

Qur results demonstrated that vasohibine1 can be delivered by
our device imto the retina transsclerally. Amaral et al also reported
transscleral  protein  {pigment  epithelium-derived  factor  and
ovalbumin} defivery into the yetina, although they used w-
controllable drag release via a watvis-type dmplant [10]. Drug
released from theiv device: was not delivered unidirectionally.
Althougl there is a blood-refinal barrier, the penetration of such
Targe molecules into the eve may not be so surprising. When we
consider- the phenomenon ‘of some type of cance
retinopathy, auto-antibudies agatost vetinal cells or reti

Z

conjunctival and episclerat blood flow [46], with smilar resulis
reporied for the choroidal blood low [21]. This fact may also help
protein delivery 1o the retina with the use o our device.
Althongh we have not studied vasohibin-l release from the
device for move than 2 weeks @ s because of the experimental
design, more than 80% ol the wasohibin- way presont in the
device at the end of the experimental procedure. The de
removed at e end of the experiment were sl
vasohibin-1 {data not shown), indieating that it might be pos
to use the implanted device for a longer tme. These daia could
also indicate that we may be able to uge a smaller device than
those used in this experiment to deliver the same amount of drug,
Fluorescein -angiography  examination  showed  signilicantly
lower scores in the eyes that e intravitreal vasohibin-|
than those of the intravitreal vehicle-injected eyes. The effects
v.ls(zlﬁhin-l were <\Y\u (‘unﬂmud iimu lha ilat mount x\pu hm nis.

Our lUVI)l) clc\‘t( . dvh\ cmi m(ﬂulnn-l w tln i b
ally, with results comparable fo those seen with intravitr
vasohibin-1 injections, With a less invasive method than that of
intravitreal injection and the added advantage of continuous drug
delivery, our device may be able to replace invasive intravitreal
drug injections. Although there was no significant dilference
between VDD and VDD when we cvaluated by FA,
a statistically significant eflect was observed in only 10VDD, but

amigens have been reported to cavse refinal dysfuncdon [45-45],
The climination of proteins i reported to he one to two ord
magnitude slower than that of small molecules via the sub-
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ol

not VDD whm we performed the flat-mont examination. One of
the reasons these two do not match exactly may be due o the
uncertainty about the FA evaluation, as not only blockage by
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hemorrhage, hut also tissie staining and/or leakage sometimes
make evaluation difficudt [47], Fother sudy &5 needed 1o
determine the exaet amounts of vasohibin-1 released from the
deviee, the kineties of drug distribution, the corrclation between
di ug amount and ocuke distribution, and the of this
regimen on GNV, as well as the appropriate duration of vasohibin-
1 velea

Choroidal neovascalarization hias been reported to be produced
by choriocapillaris of the choroidal blood flow {48). Many effects
of choroidal blood flow or RPE may stimulate OGNV formation
into (he retina [49]. Drusen, a preclinical featore of age-refated
macalar degeneration, also stimnlates GNV formation {50].
Transscleral anti-C drug delivery will be wore reasonable
than that of intravitreal injection net only from the points of safety,
but also from the aspeet of CNV pathophysivlogy, The RPE and
RPE-choroid complex are reporied 10 be one to two orders of
magnitude slower in drug penctration [21]. When we put our
device on the sclera, the drug can pass through the sclera and
reach the choroid and RPE earlier than the retina. Between the
choroid and neural retina, anti-CNV drugs released from our
device may suppress on-going GNV formation. Suprachoroidal
hevacizamab was reparted o be delivered 10 the RPE, chovoid,
and photoreceptors, whereas intravitreal injection distributed
mare to the inner retina [11]. Olsen et al siressed the importance
of delivery of a sustained-release formulation of karge molecules to
the suprachoroidal space {11). Qur device will offer a safer
therapeutic method than those previovsly reporied, especially in
the treatment of AMD,

Conclusion

We developed a sustained delivery device for the e
vasohibin-1 in the eye. The released vasohibin-1 showed ac
comparable 1o vasohibin-1 delivered via other methods. When we
placed the device on the rat selera, we found vasohibin-1 released
to the scleva, retinal pigment epithelium, and retina, Transscloral
vasohibin-1 delivery recluced laser-induced GNV that
are comparable as those of sifects seen with intravitreal vasohibine
1 injection in the rat Our device will offer a safer therapeutic
method than inteaviseal injectons.

Supporting Information

Figure 81 The size of the devices. The size of the devie wag
4 mmx4 mmxLd mm for the vasohibin-1 releasing assay (A,
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Device {a) and 2 mmx2 mm wide xt mm high for the rai
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LLI\/L "The vasohibin-1 releasing area was 5.44 tim
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PBS at 37°C, To estimate the amounts of FIMO that hud diffused
out of the Transwells, the fuorescent intensities of the PBS
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that the releasing rate of the larger device was 0.938 pg/he/day,
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ence of the releasing rates was caleulated as 342 (0.958/0,28).
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F‘gm-c $§2 Ceomparison of FD40DD and FD40 pellet
y: 3 Rats bnpl 1 with FDAODD or FIHO pellets
are shown. Devices or pellets were conlimed by color photo-
graphs {A and G}, after enueleation (G and I, and after deviee {£)
or peliet (K} removal. Mild Fibrosis was observed around the
devices {C3 or pellets (T FI)40 was detected in the deviee {B), or
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surrounding tissues {1, white arrow} in FRMODD-treated rats,
whereas strong fluorescence in the conjunctiva way observed in
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Validation of Echo-Dynamography by Virtual Color Doppler
Echocardiography Generated from Phase Contrast Magnetic
Resonance Angiography Datasets

Takanori Kojima, Aiko Omori, Hiroyuki Nakajima, Takafumi Kurokawa, Takeyoshi Kameyama and
Yoshifumi Saijo, Member, IEEE

Abstract—  Echo-Dynamography (EDPG) is a  smart
isualizati hnique  in  cch diography in  which
two-dimensional  distribution  of bleed flow vectors in
cavdio lar system is deduced by applying fluid dynamics
theories into Doppler if Previous validati
studies such as numerical simulation of free jet model or model
circulation were too simple to reproduce unstahble and
asymmetrical flow in left ventricle, In the present study, virtnal
coler Doppler echocardiography is generated from PC-MRA
{phase contrast magnetic resonance angiography) datasets,
EDG is applied on virtnal Deppler data and the blood flow
vectors are compared with those of the original PC-MRA data,
EDG-derived blood flow vectors showed similar pattern as the
original PC-MRA data when blood flow velocity had high value,
The errors were eaused from underestimating the magnitude of
vortex flow component in the flow field near the boundary of the
left ventricular wall. The results also indicated that apical long
axis view had small error compared with parasternal long axis
view, Despite EDG method causes small ervors, it provides
important information on blood flow dynamics in most parts,

1. INTRODUCTION

Evaluation of cardiac function has been performed by
intracardiac blood flow measurement. For example, diastolic
function was assessed by early diastolic filling (E) over /atrial
filling (A) ratio and most suitable parameters of CRT (cardiac
resynchronization therapy) is set to maximize velocity-time
integral of left ventricular outflow.

The blood flow structure in feft ventricle (LV) bas been

d by echio-dynamography (EDG) [1-4]. EDG is a smart
visualization tfechnique in  echocardiography in  which
two-dimensional  distribution of blood flow vectors in
cardiovascular system is deduced by applying fluid dynamics
theories into Doppler velocity datasets. EDG has been
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validated by numerical simulation and particle image
velocimetry of model circulation [5], However, these
validations were too simple to reproduce unstable and
asymmetrical flow in a beating heart. Clinical validation of
EDG was performed; EDG was applied on color Doppler
echocardiography and the blood flow vectors were compared
those oblained with PC-MRA (phase contrast magnetic
resonance angiography). The distribufion pattern roughly
matched each other; however, quantifative analysis was
difficult because the observation plane was not completely
matched between echocardiography and PC-MRA [6].

In  the present study, virtual  color  Doppler
echocardiography is generated from PC-MRA datascts. EDG
algorithm is validated by comparing blood flow vectors
obtained by EDG applicd on virtual Doppler data and those of
the original PC-MRA data.

1. METHODS

A, Echo-dynamography

A color Doppler movie of the apical three-chamber view
containing LV apex, center of mitral leaflets, and center of
aortic valve was recorded in a commercially avaifable
ultrasound machine (SSD-G5008V, Aloka, Tokyo, Japan) in
the left lateral recumbent position, The central frequency was
2.5 MHz and the frame rate was 10 fps.

The processing algorithm of EDG is the following.

First, the LV blood flow is considered as incompressible
and three-dimensional (3D) flow. Thus, equation of continuity
in the 3D space can be applicd.

Su

ox

The rest of the components v on the x-y plane can be

estimated by integrating continuity eguation  for
incompressibie flow along the y-axis as follows:

# (x,x")Yoy'

v (x, )= =
CX

Sx xits
DR i wlx, ) ey v (x,y; (x)) {2)
8z driin

In conventional color Doppler echocardiography, the
velocity component w in the z direction cannot be measured.
In some previous methods, the second term of the equation (2)
was ignored assuming w=0. This flow condition is considered
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as 2D flow. Thus, classical statement of stream function can
be applicd as equation (3).

v p)= -

o {ny)eye
&y davia

However, LV flow should be considered as 3D flow and
classical stream function cannot be applied. In EDG method,
the second term of the equation (2) is modeled as equation (4).

J‘V Culxoy ey
x “rgiv)

i_w(l ~ k(e y Py Y av + (= k(x, pulx, v )tan &
e (4)

Figure | shows an example of EDG representing blood
flow velocity vectors.

Figure 1. Example of EDG (blood flow velocity vector)

Figure 2 shows an example of EDG representing stream
lines.

Figare 2, Example of EDG (streamling)

B. PC-MRA

ECG-triggered and breath-hold PC-MRA sequences were
obtained from one healthy volunteer. A commercially
available 15T MRI apparatus (EXCELART Vanlage
MRT200-PPS, Toshiba Medical, Japan) was equipped for the
MRA data acquisition. 2D PC-MRA method with velocity
flow encoding of 100cnvs, TR of 24 msee, TE of 10 msee, flip
angle of 20 degree, slice thickness of 8 mm, matrix size of 128

(Read out direction) x 256 (Phase encoding direction) and
resolution of 2.73 mm x 1.37 mm was used. The cardiac
phases such as ¢jection (E), late systole (LS), early rapid
filling (ERF), late rapid filling (L.RF), and atrial contraction
{AC) phase, were analyzed.

Virtual Doppler velocity is defined as the blood flow
components on the radial direction in a polar coordinate
system, simply directed to or away from virtual sector probe.
Virtual Doppler velocity fields were acquired from various
probe positions on the body surface in T2 weighted image
(T2WI) (Figure 3).

Figure 3. Virtual color Doppler image generated from PC-MRA
datascts, X : Virtual probe location

C. Definition of the Error

In this study, overall relative errors were calculated
according to the following equations [7]:

LE (x_. y)[IS
[l

s(xp)= "le ™ "‘ (6)

= {5)

o

where £ shows the point wise error expressed as a function of
the Cartesian coordinates (x, y), which was defined as the
difference of the absolute values between Vg (original
velocity vectors measured by PC-MRA) and Vppg
(reconstructed velocity vectors obtained with EDG applicd on
virtual color Doppler echocardiography). Q is the area of
interest. In particular, note that analytical area was limited to
LV and left atrium during filling phases when aortic valve is
closed, and LV and ascending aorta during ejection phases
when mitral valve is closed.

HI. RESULTS

Figure 4 shows 2D blood velocity fields measured by
PC-MRA and the reconstructed velocity fields with EDG
method in cjection, carly rapid filling and atrial contraction
phases. Virtual probe position lecated at the apex of LV ig
expressed as cross (x) on the T2WI image shown in Figure 4.
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Figure 4. Blood velocity mapping in normal LV comparing the
velocity field of the original PC-MRA measurements
{PC-MRA) and the velocity ficld of EDG applied on virinal
color Doppler echocardiography (EDG). (a) PC-MRA, {b) EDG
at gjection phase, (e} PC-MRA, () EDG at carly rapid filling,
(2) PC-MRA, (1) EDG at atrial contraction. The vectors indicate
the dircetion and magnitude of the velucity as coded in the coloy
bars (emis). The cross (x) located at the apex of LV on T2WI
represents the virtual probe position.

Velocity  distribution pattern  showed no  significant
difference by qualitative visual observations.

Table.1 represents the overall error parameter £y, at five
cardiac phases in the saime probe position in Figure 4,

Phasc B LS | ERF | LRF | AC
Eue[%] 18,0 27.7 | 28.4 | 24.0 | 30.0

Table.1 Error parameters af five cardiac phases (B: cjection, LS: late systole,
ERF: early rpid filling, LRF: late rapid filling, AC: atrial contraction)
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Figure 5. Relation between the error parameter Eq, and the virtual
probe position at ejection phase (1) and early rapid filling phase
(b). Bluc sircle shows values of £, at cach probe position. Right
figures show: the original velocity ficlds measured with PC-MRA
and the virtoal probe position.

Graphs in Figure 5 show the relation between error
parameter £, and the virtval probe position at the ejection
phase and carly rapid filling phase. Blue circles show values of
E, at each probe position. The green curves are quadratic least
square fits to the data.

The probe positions were numbered from the parasternal
portion to the LV apical portion. Virtual probe position is
expressed as the red cirele in the right figures showing original
velocity fields measured with PC-MRA. Yellow circles show
the virtual probe position numbered as 1, 10, 20, 30, and 40.
Apical three chamber view is obtained when the virtual probe
is located in the orange-colored boxes. Left parasternal long
axis view is obtained when the virfual probe is located in the
red-colored boxes.

Error parameter depended on the virtual probe position at
both gjection phase and early rapid filling phase, White dashed
lincs indicate the main flow axis at cach phase, £, was
minimized when the virtual probe is located in the
blue-colored boxes where main flow axis aligns parallel to the
virtual ultrasonic beam.
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IV. DBCUSSION

In comparison with original bload flow vectors obtained
with PC-MRA, the error of EDG was smallest in the gjection
phasc among five cardiac phases. In the cjection phase, LV
outflow showed the fastest flow and the flow was nearly
parallel to the ultrasonic beam. In the carly rapid filling phase,
the error was relatively small and a large vortex was observed
in the center of LV, In EDG algorithm, vortex flow and basic
flow is separated in the first step. In these cardiac phases,
vortex flow and basic flow might be clearly separated.

In our previous studies [2-4], apical three-chamber view
showed clear and smooth blood flow distribution compared to
other views such as apical four-chamber view or parasternal
long axis view. In the present study, the error was minimized
when the virtual probe point was located at the “real” LV apex,
It is assumed that small errors result from when a visible
vortex and a main flow have no contradiction in flow fields
observed from the LV apex. On the other hand, errors were
caused from underestimating the magnitude of vortex flow
component in the flow field near the LY boundary, The error
parameter was max at the atrial contraction phase. However,
the absolute value of blood flow velocity was low in atrial
contraction phase. Thus, the flow paltern was not significantly
different from original PC-MRA in the visual observation.

The clinical significance of EDG, especially quantitative
analysis of LY vortex was already shown in our previous
study [6]. The vortex at mid diastolic phase was sirongly
affected by carly diastolic filling while the vortex at isometric
contraction was affected by atrial filling. EDG gained a new
insight on relationship between systole and diastole from the
view point of LV blood flow dynamics. The pump function
has been mainly discussed with myocardial contractifity based
on the measurement of classical ejection fraction, myocardial
strain obtained with tissue Doppler or speckle tracking.
Discrepancies between myocardial contractility and LV blood
flow obtained with EDG may clarify the nature of heart
failure.

V. CONCLUSION

Virtual color Doppler echocardiography was generated
from PC-MRA datasets. EDG algorithm was validated by
comparing blood flow vectors derived by applying EDG on
virtual Doppler data and original PC-MRA data. EDG-derived
blood flow vectors showed similar patfern as the original
PC-MRA data when bleod flow velocity had high value, The
errors were caused from underestimating the magpitude of
vortex flow component in the flow field ncar the LV boundary.
The resulls also indicated that apical long axis view had small
error compared with parasternal long axis view,

As cchocardiography is a real-time, non-invasive and
repeatable medical imaging technique, EDG may provide
important information on blood flow dynamics in clinical
settings.
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Lymph node dissection for regional nodal metastasis is a primary option, but is invasive and associated with
adverse effects. The development of non-invasive therapeutic methods in preclinical experiments using mice
has been restricted by the smail lymph node size and the fimited techniques available for non-invasive
monitoring of lymph node metastasis. Here, we show that photothermal therapy {(PTT) using gold nanorods
{GNRs} and near-infrared (NIR} Jaser light shows p

ialasa < ¢

for tumors in the proper

ﬁﬁ:;:?&de \metastasis axillary lymph nodcs_ { ps:oper-Al.l\{s) .Of hf’lX{iiO/Mo—lpr/lpr mice, which develop systemic lswelling of iymph
Photothermal therapy nodes (up to 13 mim in diametey, similar in size to human lymph nodes}. Tumor cells were inoculated into the
Gold nanorads proper-ALNS to develop a model of metastatic lesions, and any anti-tumor effects of therapy were assessed.
Playmon resonance We found that GNRs accumudated in the tumor in the proper-AlNs 24 h after tail vein injection, and that
irradiation with NIR laser light elevated tumor temp Fur combining local or systemic delivery
of GNRs with NIR irradiation suppressed tumor growth more than irradiation alone. We propese that PTT with
GNRs and NIR laser light can serve as a new therapeutic method for lymph node metastasis, as an alternative

to lymph nade dissection,
© 2013 Elsevier BV, All rights reserved.
1. Intvoduction non-immunogenic, stable and biocompatible {6}, can facilitate PTT by

Regional lymph node dissection is considered a priority when tumor
metastases are detected by imaging modalities (ultrasound, CT, MRI or
PET}[1,2], provided that the lymph nodes are resectable and the patient
fit for surgery [3]. However, this is a highly invasive procedure. Since the
therapeutic efficacy of radiotherapy or chemotherapy is relatively low,
novel, minimally-invasive treatments for iymph nede metastasis are
greatly needed,

Photothermal therapy {PTT) is less invasive than radiotherapy.
chemotherapy and surgical management {4]. in PTT, optical energy
is converted into heat by tissue absorption,. causing irreversible
tissue damage through thermal denaturing of proteins (and DNAs)
and tissue coagulation {5]. Gold nanoparticles, which are non-toxic,
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absorbing light, and minimize collateral damage to normal tissue by
accumulating near a tumor through bioconjugation {5}, Near-infrared
(NIR} laser light has a ‘therapeutic window' corresponding to a wave-
length band that is minimally absorbed by the blood and soft tissues
and does not excite autofluorescence [7] Since NIR laser light can
penelrate soft tissues to depths exceeding 5 cm {8}, its combination
with gold nanoparticles offers a novel treatment for cancer. Gold nano-
particles exist as varying structures, including nanocages [5], nanowires
[9]. silica-cored nanoshells and nanorods [10}. Gold nanoreds (GNRs}
have two surface plasmon absorption bands: a long-wavelength
(800~800 nm) and weaker short~wavelength (~500 nm) band due to
longitudinal and transverse oscillation of electrons, respectively [11}.
The absorption maximum of the longitudinal band shifts to longer
wavelengths with increasing aspect-ratio; by selecting GNRs with an
aspect-ratio appropriate for the NIR wavelength, effective treatment
of cancer may be possible. Several types of GNR have been developed
to increase tumor selectivity and efficacy, including GNRs conjugated
to the anti-epidermal growth factor receptor [11,12], polyacrylic acid-
coated GNRs [13], doxorubicin-loaded GNRs {14] and GNRs conjugated

880 T. Okuno et al. / Journal of Controlled Relense 172 (2013) 879884

with arginine-glycine-aspartic acid peptides [15). The selectivity of
GNRs is improved further by the enhanced permeability and retention
{ERP) effect |16},

In mice, PTT and GNRs have been assessed for the treatment of solid
tumors [10,15,17-20), but not lymph node metastases, in part because
the induction and detection of metastases in murine lymph nodes are
challenging due to their smalf size (a few millimeters} {21}, Previously,
we have used the MRL/MpJ-{pr/ipr (MRL/1pr} mouse as an animal model
of lymph node metastasis, because its lymph nodes swell to a size similar
te that in humans. However, the MRL/Ipr strain is also utilized as a model
of autoimmune diseases, and has the major disadvantage that lethal
nephritis occurs at the same age (4-5 months) as lymph node swelling
{22}

Recently, we developed a recombinant MXH19/Mo-ipr/ipr (MXH10/
Mo/lpr) strain (by intercrossing MRL/Ipr and C3HiHe)-Ipr/lpr mice) that
shows widespread lymph node swelling at only 2.5-3 months of age,
with lymph nodes as large as 10 mm; both the lymph node size and
the onset of swelling are consistent and predictable, Moreover, these
mice do not develop severe glomerulonephitis and vasculitis {23},
and have a longer lifespan than MRL/lpr mice, Here, we have induced
tumor development in the proper axillary lymph nodes {proper-ALNs)
of MXH10/Mo/lpr mice, and evaluated the use of PTT in combination
with GNRs for the treatment of these tumors.

2. Materials and methods

Al in vive studies were approved by the institutional Animal Care
and Use Committee of Tohoku University.

2.1. Gold nanorods

Bare gold nanorads (bareGNRs) (aspect ratio: 6.6; surface plasmon
resonance (SPR) peak: 1050 nm; 30-HAR-1064) and neutravidin
polymer-conjugated gold nanorods (GNRs) {aspect ratio: 6.7; SPR
peak: 1065 nm; axial diameter: 10 nm; length: 67 nom; D12-1064-
PN-50) were used {Naneopartz). Fluorescent GNRs (FluoGNRs) were
prepared by conjugation (30 min, room temperature) of GNRs
{12.4 x 10'2 particles/mL in phosphate-buffered saline [PBS]) with
Atto 590-biotin {excitation: 598 nm; emission: 624 nm; Sigma-Aldrich};
excess dye was removed by three centrifugation (5000 xg, 5 min} and
washing steps. The zeta potentials of the GNRs (6.0 x 10" particles/mL
in distilled water} were measured (ELSZ-2 analyzer; Otsuka) as:
bareGNRs, 46.54 = 0,69 mV; GNRs, ~ 13,79 & 1.33 mV; and FluoGNRs,
~ 1665 & 211 mV (1 = 3 for each). GNR absorption spectra were
measured using a UV-visible near-infrared spectrophotometer (V-7200;
JASCO). FluoGNR configuration (6.0 x 10 particles/ml in distilied
water) was examined with a transmission electron microscope
(HT7700; Hitachi) operated at 80 kV.

2.2, Cell culture

KM-Luc/GFP cells [1], which stably express a fusion of the Jueiferase
(luc) and enhanced-green fluorescent protein {EGFP) genes, were
cultured in Complete Medium, consisting of Dulbecco's Modified Eagle
Medium supplemented with 16% fetal bovine serum containing
1% 1-glutamine-penicillin-streptomycin (Sigma-Aldrich) and 0.5%
Geneticin G418 (Wako). The absence of Mycoplasma contamination was
confirmed with a Mycoplasma detection kit (R&D Systems).

2.3. Mice

MXH10/Mo/ipr mice, established by intercrossing MRL/Ipr and C3H/
Hej~lprflpr (C3H/lpr} strains {23], were bred and maintained at the
Institute for Animal Experimentation, Graduate School of Medicine,
Tohoku University. Seventy-six mice were used (weight, 25-35g: age,

1114 weeks). The longitudinal diameter of the proper-ALN, measured
using a digital caliper, was 9.76 4 0.35 mmn (n =6).

24, Induction of metastasis in the proper-ALN

Tumor development in mice (n = 57} was induced by injection
into the proper-ALN of 3.3 x 10° KM-Luc/GFP cefls/mL, suspended in a
mixture of 10 pL PBS (Ca®*~ and Mg? *~free) and 20 pL of 400 mg/mL
Matrigel {Collaborative Biomedical Products), under the guidance of a
high-f ey ult 1 system (Vevo770; VisualSonics)
with a 25 MHz transducer (RMV-710B). To measure the luciferase
activities of tumors growing in the proper-ALNs, luciferin (150 mg/keg;
Promega) was injected intraperitoneally under anesthesia {2% isoflurane
in oxygen). 10 min after injection, luciferase - bioluminescence was
measured for 30's using an in vivo luminescence imaging system (IVIS;
Xenogen); this procedure was carried out on days 2, 3,4,5,7 and ¢
post-inoculation. The proper-ALN size was measured using an in vivo
high-resolution three-dimensional microimaging system (VEVO770;
VisualSonics) with a 25 MHz transducer (RMV-710B; axial resolution
70 puw, focal length 15 mm) set at 50% transmission power [24).

2.5, Blood biochemistry investigations

‘The toxicity of systemic GNR injection was evaluated using serum
biochemistry tests, Four mice were injected intravenously with GNRs
{124 % 10" particles/mL, 100 4L), and four controls with PBS {100 L),
On day 17 after injection, blood sampies from the caudal vena cava
(taken under general anesthesia) were centeifuged {2000 xg, 5min) to
obtain serum. Hepatic and renal injuries were evaluated from serum
measurcinents of total bilirubin {T-BiL), alanine aminotransferase (ALT),
aspartate aminotransferase (AST} and blood urea nitrogen (BUN)
(Oriental Yeast).

2.6. GNR Biodistribution

Mice were injected intravenously with GNRs (124 x 10"
particles/mL) in PBS, and sacrificed after 12h, 24 h or 17 days (n=
3 for each}. Blood was drawn from the abdominal aorta, and the
organs and tissues quickly removed and freeze-dried for 20 h.
Samples in nitrohydrochloric acid were heated (160 °C for 5 min, 190°C
for 45 min), dispensed into 25 mL P8S, and analyzed for metal concen~
tration by inductively-coupled plasma mass spectrometry (ICP-MS,
HP4500, Hitachi). Values for each sample were divided by the quantity
of GNRs injected to obtain a percentage (%}

2.7, NIR laser light irradiation

Laser light of 1.5W/cm? from a continuous Nd: YVO4 air-cooled laser
(1064 nmy; beam diameter: TEMpp, 0.6 mmy; CYD-010-TUBC; Neoarc)
was delivered to the target site by an optical fiber (fiber diameter:
400 pun; collimator diameter: 20 mm). The collimator head was fixed to
a three-dimensional stage control system (Mark-204-MS; Sigma Koki).
The temperature at the irradiated site was measured by functional
thermography (1.07 mrad spatial resolution, 0.05 °C minimum
temperature resolution; TVS-500; Nippon Avionics).

2.8. Treatment of tumors in the proper-ALNs with PIT

To evaluate the anti-tumor effects of faser irradiation (1.5 W/em?,
1805} and local/systemic GNR delivery, luciferase activities of tumors
in the proper-ALNs were measured on days 2, 3, 4, 5, 7 and 9 after
tumor inoculation. The proper-ALN volume was measured on days 0,
6 and 9 (Vevo770 high-frequency ultrasound system). Based on studies
of human skin burns, the possible occurrence of skin burning was
evaluated through macroscopic observations of redness, blistering,
ulceration, and full-thickness necrosis of the skin,
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2.8.1. Local delivery of GNRs

Inthe control group {n==6), 30pL saline was injected intranodally on
days 3 and 4 after tumor inoculation. In the GNRs group (n = 6), 30l
GNRs (3.6 x 10" GNRs/mL} was injected into the proper-ALN on day
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3. In the laser group (n = 6), the proper-ALN was injected with 30 pl.
PBS on day 3, and drradiated with NIR light on days 3 and 4. In the
laser + GNRs group {n = 6), the proper-ALN was injected with 30 pil.
GNRs (3.6 x 10" GNRs/mL) on day 3, and irradiated with NIR fight on
days 3 and 4.

2.8.2. Systemic delivery of GNRs

In the control group (n==86), 100, saline was injected intcavenously
on day 2. In the GNRs group (n = 6), 100 yL GNRs in saline
(144 « 10" GNRs/mL) was injected intravenously. in the laser group
(n =6}, 100 L. saline was injected intravenously, and the proper-ALNs
irradiated with NIR light on days 3 and 4. In the laser -+ GNRs group
(n = 6), 100 pL. GNRs in safine (144 x 10'2 GNRs/mL) was injected
intravenously, and the proper-ALNs irradiated with NIR light on days
3and4.

2.9. Histological analysis

Frozen sections of lymph nodes were fixed (4% paraformaldehyde,
15 min, room temperature} and washed (PBS). The cytotoxic area was

lyzed following 1 lin and eosin (HE), 4'6-diamidino-2-
phenylindole {DAPI} and CD31 staining, For CD31 staining, purified rat
anti-mouse CD31 primary antibody {MED13.3; BD Pharmingen) was
diluted (1:100} in PBS with 3% bovine serum albumin and 0.1% Triton-
X, and applied overnight at 4 °C, After washing {PBS), the slides were
incubated (40 min, 4 °C) with Alexa 488-conjugated goat anti-rat
secondary antibody {1:500; Life Technologies) and DAPI {100 ng/ml).
Alter washing (PBS), sections were mounted with Vectorshield (Vector).
Histological -images were captured using a fluorescence microscope
{BX51; Olympus}, digitat camera (DP72; Olympus) and Photoshop €53
(Adobe). For paraffin-embedded samples, harvested lymph nodes were
fixed overnight (10% formaldehyde, 4°C; Rapid Fixative; Kojima Chemical
Industry), dehydrated, embedded in paraffin, sectioned (2-4 pm serial
sections), stained with HE, and analyzed using a microscope (BX51;
Olympus) and digital camera (DP72; Olympus).

2.10. Statistical analysis

Data are presented as the mean = SD or SEM. Statistical differences
were analyzed using the Kruskal-Wallis and Steel tests. P< 0.05 was
considered indlicative of statistical significance.

3. Results

First, we investigated GNR biodistribution 12h, 24h and 17 days after
intravenous injection (n1==3) (Fig. 1A). The GNR leve] (% initial dose) in
the liver was 30-40% at each time point, with much lower accumulation
in the spleen and kidney. Accumulation in the proper-ALN was ap-
proximately 0.01% at 24 h with tumor present, but negligible in the
absence of tumor. Accurulation of FluoGNRs in the tumor was confirmed
by fluorescence microscopy: Fig. 1Ba shows representative HE staining,
and Fig. 1Bb presents a corresponding image with nuclei stained by
DAP, CD3 1-positive cells stained green, and FluoGNRs detected as red.
Table 1 shows the evaluation of GNR toxicity (17 days after injection)
from changes in body weight and serum biochemistry investigations.
There were no significant differences in body weight and serum T-BIL,
ALT, AST and BUN between control mice and those administered GNRs.

Next, we investigated the effectof laser light irradiation on tumors in
lymph nodes, compared with local and systemic delivery of GNRs.
Fig. 2A shows representative thermographic images of proper-ALNs
confaining tumors: the local rise in temperature induced by laser
irradiation was further increased by GNR administration, with local

n 17 days

Percentage of dose (%)

Lymph
node
(PBS})

Liver Lymph
n

(Tumoar)

Fig. 1. Uptake of GNRs into organs. A, Biodistribution of the GNRs, injected intravenously
2days alter tumor inoculation inte the proper-ALNS. GNR uptake into organs was measured
12, 24 h and 17 days after injection. Hepatic uptake was significantly higher than
that of other organs. GNR uptake into the tumor in the proper-ALNs was detected
24 h after injection. Mean = SD values are shown {a == 3), B. Histolagical analysis of
the proper-ALNs containing tumer. {a} HE staining, (b} overlay image. GNRs are evident
in the tumor mass, independent of CD3 I-positive blood vessels. Blue: nucli stained with
DAP; green: CD31-positive cells (Ex; 485 nm, Em: 520 mn); red: FluoGNRs (Ex: nm, Em:
). Scate bar = 40 yn. Tt spindle-shaped tusor cells growing invasively into fymph node
tissue; LN: intact lymph node tissue.

delivery of GNRs slightly superior to systemic delivery. Fig. 2B illustrates
the increment in the maximum temperature from AT=0 (36°C}: the
temperature at 3 min reached 46 °C for laser irradiation alone, 51 °C
for laser irradiation + GNRs (local delivery), and 50 °C for laser
irradiation + GNRs (systemic delivery}.

The cytoreductive effects of PTT were assessed using bioluminescence
imaging and high-frequency ultrasound systems. Fig. 3A presents the
changes in luciferase activities over time. Compared with the control
group, the luciferase activities of the laser 4~ GNRs groups (both local
and systemic) were significantly lower on day 4, and that of the
faser + GNRs (local) group was significantly lower on day 5 (P < 0.05,
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Table 1 ) . The assessment of skin burning revealed that there were no obvious
Evaluation of GNR toxicity, skin lesions in the laser alone group, full-thickness necrosis of the skin in
Control GNRs Statistical 33.3% of the laser + GNRs (systemic) group, and full-thickness necrosis
significance of the skin in all animals of the laser -+ GNRs (local) group. The extent of
T-BIL (mg/d1} 0.05 40,01 0.03 = 0.01 NS the tissue damage induced by each treatment method was assessed
ALT (UL} 58.75 % 8.61 NS using histological techniques. NIR laser light was irradiated in the
g&({luﬁ-}d " !;i.g; £ ;%5214 15!5’.25& 1993 NS direction of the arrows shown in Fig. 4, Lymph nodes of the control

N {mg/dl) .00 : 3. 49961332 NS y : : ’

Body weight change () 280 4 043 175 4138 s group, which had been inoculated with tumor cells, demonstrated

gressive proliferation and invasion of spindie-shaped tumor cells

Blood samples were obtained on day 17, Values represent the mean « SEM (it == 43 NS, not
significant; T-BIL, total bilirubin: ALY slanine aminotransferase; AST, aspartaic amino-
transferase: BUN: blood urea nitrogen.

Steel test). Although irradiation with laser light was carried out on days 3
and 4 for both Jocal and systemic GNR delivery, tumor growth was
inhibited up to day 9 (Fig. 3A and B). As shown in Fig. 3C and D, the
proper-ALN size increased approximately 2-fold over the 9-day stirdy
period in the control group; this is consistent with the normal lymph
node tissue of the proper-ALN being partially replaced by infiltrating
tumor cells, resulting in a noticeable, but not substantial, increase
in the proper-ALN size. However, the proper-ALN size did not change
significantly in the laser + GNRs (systemic) group (Steel test) (Fig. 3C
and D), despite the fact that the luciferase activity was increased
(Fig. 3A). This suggests that tumor necrosis following the administration
of laser light and GNRs limited the volume growth of the lymph node.

A

Proper-
ALN:
inadiation
site

Subiiace
N

B 20
W) e e
1% = Later s GHRS local)
14 s Laset + GRRS (systemic)
= 12
£
fut
<

lrradiation timo {sec)

Fig. 2. Laser iradiation of tumors in the proper-AlNs. A, tomical and

images of tumors in the proper-ALNs, irradiated on day 3. (a, b, ¢} laser light alone:
{d. e, £}: laser light with local GNR defivery; (g. b, i}: Jaser light with systemic CNR defivery.
{a.d, g): irradiation time 0 5; (b, e, h}: imadiation time 80 5; {c, f, ik iradiation time 180 s,
‘The dashed regions in (). {d} and (g} indicate proper-ALN regions. The lengitudinal
diameter of the propor-ALN, measured using 3 digita caliper, was 9.76 & 035 mm {n =
61, B. Incrementin the maximem temperatuee, from AT = 8 {36 °C), against time, measured
by thermography. At 3 min, the temperature reached 46 "C for laser irvadiation along, and

il 51°C for laser i with GNRs {ither local or systemic).

(Fig. 4AB,C). In lymph nodes treated with laser irradiation alone, both
Iymphatic tissue and tumor in the irradiated area showed evidence of
coagulative necrosis, characterized by nuclear debris and pyknotic
cells surrounded by an eosinophilic necrotic mass at the periphery
(Fig. 4D.EF). However, profiferation of tumor cells was still discernible
outside the area of irradiation (Fig, 4F), Lymph nodes treated locally
with GNRs plus laser irradiation also showed a localized region of
necrosis (Fig. 4GHJ), although this seemed more extensive than that
with laser irradiation alone {Fig. 4G). In lymph nodes treated with
systemic administration of GNRs plus laser irradiation, the findings
were similar to those observed with local GNR delivery (Fig. 4JK,L}.

4. Discussion

The present study is the first to show, in MXH10/Mo/lpr mice that
develop systemic swelling of lymph nodes to sizes similar to those in
humans, that lymph node metastasis may be treated with PTT consisting
of NIR laser light and GNRs. The anti-tumor eftects of PTT with systemic
delivery of GNRs (injection into the taif vein), as indicated by changes in
the luciferase. activity, were smaller than those achieved using local
delivery {injection into the proper-ALN}, but Jarger than those of NIR
laser irradiation alone, A significant anti-tumor effect was observed on
day 3, followed by an inhibition of tumor growth (Fig. 3A and B). This
inhibition of tumor growth was achieved with accumulation in the
proper-ALN of only 0.01% of the total GNR dose administered, with
most of the GNRs accumulating into non-target sites such as the liver,
spleen and reticuloendothelial system for 17 days without severe side
effect (Fig. 1, Table 1) {25}, It is notable that the change in lymph node
volume, as shown in Fig. 3C and D, does not serve as a sensitive
parameter of the anti-tumor effect, as compared with luciferase activity.
This is partly because the normat lymph node tissue is partially replaced
by infiltrating tumor cells, causing only a slight increase in nodat size {1},
and partly because necrosis of tumor cells by laser irradiation does not
contribute substantially to a decrease in lymph node volume over a
short period of time.

In the present study, tumor cells were injected into the proper-ALNs
so that they subsequently developed in the lymph node as a solid
tumor. However, in the establishment of metastasis in a patient with a
malignant tumor, the turnor cells metastasize into the marginal sinus
via the afferent lymphatic vessel, and invade into the cortex and
paracortex, and then into the medulla [1). Furthermore, blood vessels
in non-metastatic fymph nodes may increase in size and number,
while lymph vessels in the region of non-metastatic fymph nodes
decrease their total size and may collapse due to the expanding primary
tumor {1]. Therefore, the accumulation of GNRs and the subsequent
anti-tumor effect observed in the present study may differ from that
which would occur in lymph nodes with a true metastatic tumor.
Thus, the anti-tumor actions of PTT with GNRs on lymph nodes with
true metastases require further investigation.

The tumor in the lymph node was irradiated with NiR laser light at
1.5 Wycm® for 3 min. Laser irradiation alone increased the temperature
in the proper-ALN to more than 46 °C, while the addition of local and
systemic delivery of GNRs resuited in temperature rises to over 50 °C
(Fig. 2B), Thermal damage occurs up to a depth of 10 mm (Fig. 4) [26).
It was notable that the temperature increment was similar for focat
and systernic injection of GNRs (Fig. 2}, despite the fact that local
injection would be expected to result in a higher concentration of
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Fig. 3. In vive anti-tumor eflects of NiR laser light and GNRs, A, Lucifesase activities
{bioluminescence imaging} in the proper-ALNS, ized to that on day 2. Signil
differences between groups {* P < 0.05, Steel test) were detected on day 4 {contro] vs.
{aser ++ GNRs (lotall control vs, faser -+ GNRs {systemic]} and day 5 {control vs.
{aser -+ GNRs {local]}. Mean £ SD values are shown {u == 6}, B. Representative images of
the tumer in the proper-ALN observed using an in vivo bichnninescence imaging system
on day 8. €. Changes in the pmpcr-Am am evc\ time in the control and laser + GNRs
{systemic) groups, assessed using th high-fi The
values were normalized to those on day 0. Ondays 6 and 9, !ymph node size had increased
in the controf group, but not m the l‘mr + GNRs (systemic) group. Mean + SD values are
shown{n=6}.D.T i images, showing temporal
changes in the lymph node size in the control and faser < GNRs {systemic} groups, The
dashed regions indicate proper-ALN regions.

Control

Laser

Laser
+GNRs
{local)

Laser
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Fig.4. Histochemical features, The |ymph node moculatcdmdl mmor cc!ls and not treated
with PIT (controt} showed le-shaped tumor
cells (A, B, C. The node treated by Iaser xrrad:anon alone (lascr) showed coagulative
necrosis in the irradiated area, with nuclear debris. and pyknotic cells surrounded by au
eosinophitic necrotic mass (D, E, F). Cutside the area of laser ivadiation, tumor cefl
profiferation was discernible (F). The node treated by focal GNR injection plus laser
irvaciation (laser -+ GNRs {Jocal]} showed shinilar neerasis (G, H, 1}, althongh the necrotic
area wats fuore extensive than that of the tymph node treated with taser irsadiation alope
{G}. In the lymph node treated by systemic GNR administration plus taser irradiation
{laser + GNRs {systemic}}, the histopathological findings were simifar to those for Jecal
GNR injection {J, K, £}, although the entire irradiated arca showed extensive necrosis of
Iymphatic tissie and tumor; nonetheless, residual viable tumor cells remained, Sections
were stafved with HE on day 9 after tumor inpcalation into the proper-ALNS, The hoxed
areas in {A}, (D}, (G). (J} are presented at higher magnification in the middie and right
panels. Arrows: direction of the NIR laser light. Bar {left to right): 2 mm, 160 pm, 100 um.
T: vamior; TN: tumor hecrosis; LN: lymph node tissue, The solid seglons in (D), (G} and
{}} indicate TN regions. The dashed line cire (F). {1} and {1} highlights tmages
containing T and TN regions.

GNRs. This is likely due to the characteristics of thermography, which is
limited to measuring the surface temperature of the material. Thus,
even il the amount of heat generated deeper in the structure was
different between systemic and local injection of GNRs, this dif-
ference could not be measured with thermography. In addition,
heat flow from inside the lymph node to the surface is inhibited by
the blood flow in the skin, limiting the increase in the surface
temperature.

The of skin burning si d no abvious skin lesions for
laser alone, full-thickness: necrosis of the skin in 33.3% of the
laser -- GNRs (systemic) group, and full-thickness necrosis of the skin
in all animals of the Jaser + GNRs (local) group, indicating that GNRs
may have leaked into the fissue close to the skin. Alternatively, the
dose of GNRs administered may influence the occurrence of burns,
However, despite the increased temperature and resulting irreversible
tissue damage, the tumor was not completely destroyed as viable
tumor celis were found to regrow. In order to develop a more effective
therapy, a novel irradiation method should be developed that is able
1o treat deep tumors without skin damage, possibly by employing active
cooling of the skin surface.

5. Conclusion

We have demenstrated the potential of PTT, using systemic or local
delivery of GNRs together with only two applications of NIR laser
light, te treat tumors in the proper-ALN. Future studics optimizing the
characteristics of the GNRs, and the methods used for the delivery of
GNRs and laser irradiation, may allow for the development of an
effective and minimally invasive treatment for metastatic lesions.
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