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density of DCX+ cells in the saline-treated and MAM-treated
groups in the DG at PW10 (Fig. 9B), which is consistent with the
full rescue of BrdU+ granule cells (Fig. 1C). As expected, both the
4 and 6 week EE conditions increased the density of DCX+ cells
in the DG (Fig. 9B). Therefore, an overall increase in immature
neurons is the common effect of EE application, regardless of
inclusion or exclusion of the 2 week MAM exposure period. In
contrast to the above results regarding the density of newly gen-
erated immature neurons, there was a marked difference in the
morphology of the DCX+ cells among these groups. We catego-
rized DCX-+ cells into two types according to their morphologi-
cal characteristics (Fig. 9C): immature type A cells had no or very
short vertical processes and did not reach into the molecular layer
(Fig. 9C, arrowhead), whereas more mature type B cells had thick
vertical dendritic processes that reached the molecular layer (Fig.
9C, arrow). The ratio of the number of B cells to the total number

of DCX+ cells was significantly decreased in the MAM-treated
group. This ratio was rescued by a 6 week EE application but not
by the 4 week EE application (Fig. 9D). This result was in parallel
with the above findings: PPI deficits were rescued by 6 week EE
application but not 4 week EE application (Fig. 7B, F).

We also examined whether EE application for 6 weeks could
rescue the MAM-induced deficits in GABAergic cells. The num-
ber of PV+ cells in the DG was significantly decreased in the
MAM group compared with the saline group (Fig. 9E). As ex-
pected, the number of PV+ cells in the MAM-treated mice was
restored by 6 week EE application but not by a 4 week EE appli-
cation (Fig. 9E). It is noteworthy that there were no differences in
the numbers of PV+ cells in the hippocampal non-neurogenic
regions, including CA1, CA2, and CA3, either with or without EE
application (Fig. 10 F). This finding suggests that proper develop-
ment of the GABAergic system in the DG during the defined
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adolescent period is critical for the establishment of PPI
responses.

To further test the association between decreased neurogen-
esis at adolescent stages and PPT deficits in early adulthood, we
also examined the proliferation of newborn cells in the DG of
mice treated with MAM and exposed to EE (Fig. 10B). An
ANOVA analysis revealed that the decrease in BrdU+ cells in the
DG at PW6 was partially rescued by EE application; there were
significant differences between the MAM-plus-6-week-EE group
and the MAM group (Fig. 10B). We also examined cell death by
immunostaining for caspase3. The number of caspase3+ cells
increased due to MAM treatment at PW6 and returned to the
control level by PW10 (Fig. 10C). The increase in caspase3+ cells
caused by MAM treatment was abolished at PW6 after a 2 week
EE application (Fig. 10 D). Consistent with rescued PPI, rescue of
the morphological phenotypes of DCX+ cells and proliferation
of newborn cells by EE application support our idea of a critical
period, during which intact neurogenesis is associated with the
amelioration of PPT deficits caused by environmental
intervention.

Discussion
In the present study, we established a developmental model of
neuropsychiatric disorders by using the antiproliferative drug
MAM. In our model (Fig. 11), a transient reduction in adolescent
neurogenesis (PW3-PW6) may be associated with an impaired
hippocampal GABAergic system and subsequently induces PPI
deficits in early adulthood. The morphological and behavioral
abnormalities in this MAM model were successfully rescued by
the application of an EE during a defined vulnerable period.
Postnatal neurogenesis, which is closely related to brain plas-
ticity and adaptability, has received much attention as a target for
therapeutics for various neuropsychiatric diseases (Eisch et al.,
2008; Kempermann et al., 2008; Thomas and Peterson, 2008;
Pieper etal., 2010). There is a reproducible association between a
decrease in neurogenesis and impairment in PPI scores in a vari-
ety of rodent models (Table 2; Osumi and Guo, 2011). Tt remains
to be shown whether this PPI deficit is temporary or whether it
persists into adulthood. Neurogenesis continues to occur
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throughout life in the hippocampus, but several aspects of neu-
ronal production dramatically change during the postnatal de-
velopment stage, including an 80% loss of granule cell
production from adolescence to young adulthood in rats (He and
Crews, 2007). Therefore, it is very likely that neurogenesis during
adolescent stages may be more susceptible to the various insults
and environmental interventions used in the study of neuropsy-
chiatric disorders.

In the present study, we chose a dose of MAM that was suffi-
cient to block neurogenesis but was low enough to minimize any
general physiological disturbance. Although we could not verifya
direct effect of MAM on neuronal functions, MAM treatments at
perinatal and early postnatal stages have already attracted atten-
tion as potential methods for creating animal models of schizo-
phrenia and related mental illness (Flagstad et al., 2004;
Penschuck et al., 2006; Lodge et al., 2009; Maekawa et al., 2009).
Since our previous MAM treatment in rats from PW4 to PW5
successfully reduces the hippocampal neurogenesis (Maekawa et
al,, 2009) and such an adolescent period is the stage when the
GABAergic system develops in the hippocampus (Kapur and
Macdonald, 1999; Fleming et al., 2007), we chose the postnatal
stage ~PW4. This simple approach was able to temporarily de-
crease hippocampal neurogenesis to 74% of the baseline level
after the 2 week treatment period, which, as expected, was res-
cued in early adulthood. Under these conditions, PPI perfor-
mance was normal at PW6 but was impaired at PW10, suggesting
that the delayed PPI deficit was induced by the developmental
alteration of postnatal processes, such as abnormal neurogenesis.
Tt remains to be shown whether this PPI deficit is temporary or
persists into full adulthood. We further performed experiments
to confirm that this PPI deficit persisted into later adulthood at
PW18 (Fig. 3G). Therefore, adolescent neurogenesis may actin a
cell-nonautonomous manner to establish the proper neural cir-
cuitry responsible for normal behaviors in adulthood.

A primary finding of our study is the involvement of the
GABA interneuron system in the establishment of the PPI-related
circuit. Consistent with previous animal studies (Harte et al,,
2007; Tseng et al., 2008, Sun et al,, 2011), a decrease in the num-
ber of GABAergic neurons was observed in our MAM-treated
mice. Disturbances in the anatomy, histology, and function of the
GABAergicsystem are implicated in various psychiatric disorders
(Charych et al., 2009; Cherlyn et al., 2010; Vinkers et al., 2010). 1t
is known that the GABA4R agonist benzodiazepines are poten-
tially useful as an adjuvant to neuroleptics in the initial treatment
of schizophrenia (Guidotti et al., 2005). However, several side
effects, such as amnesia, profound sedation, and development of
tolerance, limit their acute or protracted use (Rudolph and Kno-
flach, 2011). This may be because benzodiazepines have high
affinity and intrinsic activity for al-containing GABA,Rs even
after a brief period of treatment, and act indiscriminately as full-
positive allosteric modulators at every GABA R subtype (Volz et
al., 2007). Therefore, to directly implicate the DG GABAergic
system in the modulating of sensorimotor gating, we bilaterally
infused the muscimol, a potent, selective agonist for the
GABARs, into the DG region to rescue the PPI deficit in our
MAM model. We found that the infusion of muscimol into the
DG could ameliorate the PPI deficits in a dose-dependent man-
ner. The MAM-induced PP deficits were rescued by a lower-
dose (10 ng per hemisphere), bilateral acute infusion of
muscimol into the DG, but a higher dose (100 ng per hemi-
sphere} failed to rescue the PPI deficits (Fig. 6 E). Tt is thus likely
that the developmental modification of inhibitory circuits during
adolescence may provide susceptibility to the deleterious effects
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Table 2. Association of impaired neurogenesis and deficits in prepulse inhibition

Guo et al. » Amelioration of a PP] Deficit by EE in the MAM Model

Species {strain) Treatment method Treatment time Neurogenesis Test time point PPi References
Lewis rat Polyinosinic-polycytidylicacid,  Gestationalday15  Notmentioned Adult offspring l Cardon Metal,, 2010
4mg/kg, iv.
Sprague Dawleyrat ~ MAM, 25 mg/kg, iv. Gestational day 17 Not mentioned Adultfemaleoffspring | HazaneF etal., 2009
Sprague Dawleyrat  Ara-¢,icv Adult ~90% decrease atadultstage 4 d after injection J tau BW etal,, 2009
Sprague Dawleyrat  Corticosterone, s.c. Adult ~45% decrease at adult stage 2 weeks after injection | Lau BW etal,, 2009
Sprague Dawleyrat  Paroxetine, i.p. Adult ~45%increase atadultstage  2weeksafterinjection  Notsignificant  Lau BWetal, 2009
Sprague Dawleyrat  Exercise Adult ~45% increase at adult stage 2weeks afterinjection  Notsignifiant  Lau BWetal,, 2009
Sprague Dawleyrat  Heterozygous Pax6 mutant Not mentioned ~30%and ~40% decreaseat  Notmentioned Notmentioned  Maekawa M et al., 2005
4weeks and 12 weeks
respectively
Sprague Dawleyrat  Heterozygous Pax6 mutant Not mentioned Not mentioned 12 weeks 4 Maekawa Met al,, 2009
Sprague Dawleyrat ~ MAM, 10 mg/kg, i.p. 4~5 weeks ~25% decrease at 5 weeks 12 weeks ! Maekawa M et al., 2009
129/SvEv (57BL/6 Npas3—/— mice 12 weeks ~85% decrease at 12 weeks Not mentioned Notmentioned  Brunskill EW etal., 2005
(57BL/6) mouse Severe combined immune Not mentioned ~20% and ~40% decreaseat 12 weeks b Cardon M et al., 2009
deficient model 4 weeks and 12 weeks
respectively
129/SvEv (578L/6 Npas1—/—:Npas3—/— Not mentioned Not mentioned 17~20 weeks { Erbel-Sieler Cet al., 2004
mice
(57BL/6) mouse X-irradiated 4weeks ~90% decrease at 4 weeks 12 weeks A Hayashi H et al., 2008
(57BL/6J mouse Enrichment environment 3~11 weeks ~65% increase at 12 weeks 12~13 weeks 0 IsoH etal,, 2007
(57BL/6 mouse Fabp7-null mice Not mentioned ~30% decrease at 4 weeks Not mentioned i Watanabe A et al., 2007

of stress or other environmental influences that could trigger
pathological changes in a vulnerable circuit. Furthermore, the
decreased number of GABAergic neurons was not directly due to
the loss of newborn cells directly incorporated into the PPI cir-
cuit, as the cells that were generated during PW4-PW6 did not
exhibit the morphological features of interneurons (data not
shown). Therefore, we propose a scenario in which an initial
GABAergic deficit is a developmental consequence mediated by
the suppression of neurogenesis during an early stage of develop-
ment and may result in further deficits in neuronal circuitry and
the onset of mental illnesses, such as schizophrenia, during the
second or third decades of life.

The beneficial effects of an EE, including increased hippocam-
pal neurogenesis and improved mental and cognitive abilities,
have been reported in various paradigms (Schloesser et al., 2010;
Bednarczyk et al, 2011) For example, phospholipase C-B1
pathway-deficient mice display impaired hippocampal neuro-
genesis, spontaneous hyperactivity, and PPI deficits, which are
rescued by an EE (McOmish et al., 2008; Manning et al., 2012).
An EE is also highly effective at extinguishing submissive behav-
ioral traits that develop under chronic social stress and are criti-
cally dependent on adult neurogenesis (Schloesser et al., 2010).In
contrast, there are studies that present rather negative results
against the behavioral effects of an EE through increasing adult
hippocampal neurogenesis (Meshi et al., 2006; Silva et al., 2011).
Thus, it is still vague whether the use of an EE has beneficial
effects on brain function and behavior (Kempermann etal., 2002;
Nithianantharajah and Hannan, 2006; Redolat and Mesa-Gresa,
2012).

The main reason for this conflict is multiple EE paradigms;
researchers use different conditions to induce and ameliorate
behavioral abnormalities via decreasing and increasing neuro-
genesis, especially in regard to the age of animals. EE para-
digms may exert differential effects on developing and mature
brains. There may be critical periods when EE intervention has
the greatest impact on specific aspects of brain structure, func-
tion, and behavior. In the present study, we first defined a
critical period (before PW6) during which the transient de-
crease in neurogenesis induced by MAM treatment is specifi-

cally associated with PPI deficits, anxiety, and hyperactivity at
PW10. In this MAM model, the application of EE over this
critical period (PW4-PW10) corrected all the three behav-
ioral abnormalities, whereas EE application during PW6—
PWI10 or PW6-PWI12 (data not shown) ameliorated
hyperactivity but could not rescue PPI deficits or anxiety.
Hence, we propose that the sensitivity and adaptability of EE
application to adolescent brains differ from those of the ma-
ture brain in terms of the biological vulnerability of neurogen-
esis and subsequent developmental consequences. This
further implicates advantageous gene—environment interac-
tions in the developing human brain and supports early
environmental intervention to modulate the late onset of de-
velopmental neuropsychiatric diseases.
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1. Introduction

Tn aging societies, many people are interested in skin aging.
They hope to deal with aging and maturity correctly.
Wrinkled skin and sagging skin are closely related to both
the quantity and quality of collagen inside the dermis. With
the change in quantity and quality of collagen, flexibility and
retractility change. It is considered that the viscoelasticity of
the human skin is linked to the collagen and microstructures
within the dermis, but the viscoelasticity of the human
skin has not been reported well. The microstructures of the
human skin are the sebaceous glands, hair follicles, and
capillary blood vessels. The microstructures of the human
skin were observed by ultrasound microscopy at a central
frequency of 100 MHz." In our present study, the epidermis
and dermis were observed distinctively. The hair follicles
were reported as hypoechoic and the dermis as echo-rich.
Also, the human skin was observed using a 20MHz
spherically focused single-element transducer,? and the
elasticity of the skin was assessed by applying suction to the
skin surface with a stepwise increase in vacuum.” Tn the
latter, the nevus inside the dermis was observed by strain
imaging. In our previous study,” the human skin structures,
especially the sebaceous glands deep in dermis, was
observed by three-dimensional ultrasound microscopy at a
central frequency of 120 MHz. The sebaceous glands also
act as a cushion of the skin in addition to their classical role
of secreting sebum and some hormones.

High-resolution ultrasonic measurement is available by
high-frequency ultrasonography (HFUS) because the resolu-
tion is proportional to ultrasonic wavelength, which is
inversely proportional to ultrasonic frequency. 20-pum
resolution is acquired at 100 MHz. It is now nearly possible
to observe the human skin structures and function in vivo.
The depth from the surface of the human skin to the bottom
of the dermis is almost equal to the depth of penetration of
HFUS. HFUS is suitable for in vivo measurement of the
human skin and provides information on morphology and
mechanical properties.

In the late 1980s, viscoelasticity, which is a key parameter
in the diagnosis of cancer and fibrosis has been researched
by ultrasonography by Krouskop et al.,” Yamakosi et al.,®
and Ophir et al.” Research over the past two decades has
brought about drastic developments in the measurement of

elasticity with higher accuracy. However, in this method,
human tissues need to be pushed at an adequate pressure
to generate deformation. This is difficult to do so and the
result depends on the degree of proficiency of operators.
Acoustic radiation force impulse (ARFI) imaging®'® is a
new imaging modality, by which tissue viscoelasticity is
evaluated by measurement of shear wave or displacement
induced by acoustic radiation force. This method enables
the evaluation of the mechanical properties of human tissue
by measuring the velocity of shear wave and to press
uniformly the region of interest regardless of the proficiency
of operators or patients. The clinical viability of a method
of acoustic remote palpation is widely investigated in vivo.
Acoustic radiation force (ARF) has been used to generate
internal mechanical excitation noninvasively. With meas-
urement of the displacement generated by the internal
mechanical excitation, ARFI imaging is capable of imaging
local variations in the mechanical properties of soft tissue.

Our goal is the development of a hybrid measurement
method with HFUS and ARFI imaging to reveal the origin
of skin viscoelasticity. In this study, the objectives are
to generate the microdisplacement of poly(vinyl alcohol)
(PVA) by ARF with our original applicator and compare this
resuit of high-frequency ultrasonic measurement with that of
laser-Dopper velocimetry.

2. Experimental Methods

2.1 ARF

ARF'? is a phenomenon associated with the propagation of
acoustic waves through a dissipative medium and the time-
averaged force exerted by an acoustic field on an object.
This force is an example of universal phenomenon in any
wave motion that introduces some type of a unidirectional
force on absorbing or reflecting targets in the wave path.
Radiation force is produced by a change in the energy
density of an incident acoustic field. The acoustic radiation
pressure Pr has two components in the beam direction and
another transverse to the beam direction:'®!)

Pr(1) = die(?), )

where d; is the drag coefficient with two components, and
e(?) is the energy density of incident ultrasonic pressure field
p(t). Physically, d, represents the scattering and absorbing
properties of the object and is given by
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Fig. 1. (Color online) Applicator of ARF: (a) image and (b) diagram.

d, =pS™! (n& + 11, — /ycosoes dS)

+48~! f ysina, dS, 2)

where p and g are the unit vectors in the beam direction and
normal to it, respectively. The quantities I, and IT; are the
total absorbed and scattered powers, respectively, and y is the
scattered intensity. o is the angle between the incident acoustic
field and the scattered intensity, and d§ is the area element.

A hemispherical PZT transducer with a central frequency
of 1 MHz and an aperture diameter of 30 mm is used as the
applicator of ARF instead of a focused acoustic beam. The
focal length is 15 mm. Figure 1(a) shows the applicator of
acoustic radiation force. The input to the applicator is tone-
burst pulses at intervals of | ms (Fig. 2). From the simplified
model of our applicator [Fig. 1(b)], incident ultrasonic
pressure field p(x, ) is obtained by

pix, £) = Pycoskx - cos(wt — @), 3

where Py is the amplitude of incident ultrasonic pressure,
k is the wave number of incident ultrasonic pressure, w is
the angular frequency, and ¢ is the phase lag. The sound
distribution of our applicator was measured using acoustic
intensity measurement system (AIMS) 3 (Fig. 3), which is a
hydrophone scanning system and enhances the productivity

Numberoftoneburstpulses
Sl ;

H

lms

Fig. 2.

(Color online) Tone-burst pulses.

{dag

it 15}

b Contiotin
Bt Akt b A

Fig. 3. (Color online) AIMS system.

of acoustic instrumentation to map acoustic field in solution.
The hydrophone is a needle-type MH28-6, thin-film poly-
(vinylidene difluoride) (PVDF) with a 0.5-20MHz band-
width. The measurement conditions are as follows: the input
signal to the applicator is tone-burst pulses at intervals
of I ms, and the measurement position is the focus of the
applicator. Figure 4 shows the sound pressure changes at the
focal position at each pulse length. While considering the
response of the applicator, the pressure field is amplitude-
modulated, as shown in Fig. 4, and can be approximated by
pelx, 1) = Py coskx - cos(wr — @) - cos (21’_‘) )

4T,
where T}, is the cycle time of the envelop of input tone-burst
pulses, which should be computed by the number of tone-

burst pulses. The energy density e(x, 7) is given by

((pelc,))?y P2 5 N
v cos?kx- |1+ cos 23,; , 3

where p and ¢ are the density and propagation speed in the
medium, respectively. Hence, the acoustic radiation pressure
is given by

e(x, ) =

Pr(x, 1) = dee(x, 1) = [pS“‘ (Ha + Tl — f ¥ COS 0t dS) +487! f ysinag dS}.

Pg) 2 . 27t
WCOS kx - [l +COS(—4.‘*7";)}.

The reflection coefficient R is defined by

Zobjeet = Zyater _ PoCO — PWEW

©

The density o and sound speed ¢, of water are assumed as
1.0 x 103 kg/m> and 1500 m/s, respectively. The density pg

R= 7 7 = oo ¥ e (7)  and sound speed co are the parameters of human tissues, The
object waier f0CO T PwEW density po of human tissues is considered to be nearly close
Q7HF21-2 © 2013 The Japan Society of Applied Physics
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Fig. 4. (Color online) Sound distribution of applicator: numbers of pulses (a) 10 (b) 20 (c) 30, and (d) 50.

to that of water, i.e., 1.0 x 10> kg/m>. The sound speed co
of the skin is from 1450-1510m/s.>¥ The reflection
coefficient R is 0.034. Hence, the reflection energy R? is
almost zero, or the scattered energy Il is also considered
to be zero. The scattered intensity y is also small. The
attenuations of the human skin o, are reported to be in the
range from 2.1 to 9.2dB/cm in conventional US. The
thickness from the epidermis to the dermis is about 2 mm.
The lowest attenuation by the human skin is from 1.00097 to
1.00425% against the attenuation of water. The influence of
attenuation is greatest.

2.2 PVA

PVA cryogels are polymers. PVA has been commonly
used for building biological tissue-mimicking phan-
toms.?'>*) The physical properties of PVA depend on
dehydration during heating at the first step of preparation,
the speed of decreasing and increasing temperature, the
minimum temperature at which the volume of the sample
was reached, and the number of freeze-thaw cycles.
PVA powder was dissolved in a mixture of dimethyl
sulfoxide (DMSO) aqueous solution (80wt %). Cellulose
patticles are added into this solution (@38pum, Iwt%).
The particles are employed as acoustic scatterers. The
PVA powder in the mixture solution was stirred for 2h
at 373.15K until dissolution, and then the solution was
poured into an acrylic plastic mold with dimensions of
15%x 7.5 x 4cm® up to a height of 1cm. The mold was
maintained at 253.15K for 24 h to promote gelation of the
PVA solution.

2.3 PVAinlLDV

The principle of LDV is based on the heterodyne inter-
ferometric method; while superposing two waves that are
slightly different in frequency, the difference in frequency,
called the “surge” or “beat”, can be observed. Needed
information is extracted from the observed surge. The

07HF21-3
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(Color online) LDV system.

velocity on the PVA surface induced by acoustic radiation
force is measured by LDV under two conditions. Figure 5
shows the measurement system. One condition is changing
the input voltage to 15, 20, 25, 30, and 35V with the
duration of a tone-burst pulse set at 30pus. Another is
changing the number of tone-burst pulses at 5, 10, 20, 30, 50,
and 80 us with the input voltage set at 20 V. Displacement,
duration time, and center frequency of surface oscillations
are measured under these conditions. The displacement can
be obtained by integration over time.

24 PVA in HFUS measurement

In accordance with the result of LDV, input voltage and the
duration of tone-burst pulses are determined. The center fre-
quency of oscillations of PVA surface is the most important
factor for decision. An electric impulse was generated using
a high-speed switching semiconductor. The starting pulse
was within 400 ps, the pulse width was 2ns, and the pulse
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Fig. 6. (Color online) HFUS system.

voltage was 40V. The frequency range of the impulses
was approximately up to 500 MHz. The electric pulse was
used to excite a vinylidene fluoride and trifluoroethylene
P(VDF-TrFE) transducer. The aperture diameter of the
transducer was 2mm, and the focal length was 4 mm. The
central frequency was 100 MHz, the bandwidth (—6 dB) was
in the range of 50-150MHz, and the pulse repetition rate
was 2000 Hz. The pulse was synchronized with a 100 MHz
ultrasound at 2000 Hz repetition rate. With the position of
the transducer fixed, the reflections from PVA were received
by the transducer and were introduced into a Windows-based
personal computer (PC; Pentium 4, 3.40GHz, 1 GB RAM,
and 250 GB HDD) with a high-speed digitizer card (Acgiris
DP 1400, Geneva, Switzerland). The frequency was 500
MHz, and the maximum sampling rate was 2 GS/s. Figure 6
shows the HFUS system.

2.5 Phased-tracking method

The microdisplacement generated by acoustic radiation
force needs to be estimated accurately to image local varia-
tions in the mechanical properties of soft tissue. The phased-
tracking method was proposed to measure the small changes
in thickness of the arterial wall due to the heartbeat.”>*® The
standard cross-correlation method enables only the estima-
tion of discrete velocity or displacement. However, the
phased-tracking method enables the continuous estimation
of velocity or displacement. This is because in the latter
method, the phase difference between the reference signal
and the object signal is employed for the estimation of
algorithm. These signals are reflected RF signals with the
angular frequency wg = 27fp on the object, transmitted at a
time interval of AT from the ultrasonic transducer. For
phased-tracking method, the average velocity is given by

” t+AT A8
ST T T AT

where z is the depth of the object at a time ¢ and A# is the
phase difference. By manually setting up the first position of
the object, the next position of the object after a time interval
of AT is obtained by
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Fig. 7. Resuits of LDV: displacement and velocity (a) voltage;
(b) number of pulses.

3. Results

3.1 Results of measurement by LDV

A displacement generated by ARF is calculated by inte-
grating a measured velocity curve. Figure 7(a) shows
velocity and displacement at various input voltages. In
Fig. 7(a), both velocity and displacement increase from 15
to 20V, and gradually decrease from 20 to 35 V. Figure 7(b)
shows velocity and displacement at various numbers of tone-
burst pulses. In the entire range, linear relationships between
velocity and voltage and also between displacement and
voltage are shown.

Figure 8(a) shows the duration of oscillations of the PVA
surface. Rising time is defined as the start of a hundredth of
maximum velocity and fall time is defined as the end of a
hundredth of maximum velocity. Duration is defined as the
difference between fall time and rising time. Figure 9 shows
oscillations of the PVA surface. The duration oscillations
linearly increased with increasing number of tone-burst
pulses. Figure 8(b) shows the center frequency of oscilla-
tions of the PVA surface.

3.2 Results of measurement by HFUS

According to the results of LDV, the input voltage was set at
20V and the duration of tone-burst pulses at 80us. RF
signals are transmitted from the imaging transducer with
a central frequency of 100 MHz, and the reflected signals
from the surface of PVA are acquired by an analog-to-digital
(A/D) digitizer. M-mode images are constructed from

x(6) = x(t — AT) + v(z,t+ %) - AT. (9) the acquired signals. The spatial distribution of displace-
ments inside the phantom can be estimated from the M-
07HF21-4 € 2013 The Japan Society of Applied Physics
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Fig. 8. (Color online) Oscillations of PVA surface (30 tone-burst pulses).

mode images. The displacement at the surface of the
object induced by ARF was measured by the phased-
tracking method. The tracking line was assigned to only the
surface of PVA to compare the results with those of LDV
measurements. The estimated displacement is shown in
Fig. 10(a), and the maximum amplitude of the measured
displacement was 9 um. Figure 10(b) shows the frequency of
displacement. The calculated error mean square between the
measurements by the two methods was 0.553 um. This value
indicates that the result was confirmed by LDV.

4, Discussion

4.1 Results of measurement by LDV

In Fig. 7(a), the measurement in the range from 20 to 35V
shows no linear relationship. There are two possible reasons
for this: One is the standing wave generated by the inter-
ference between an incident wave and a reflected wave. The
other one is acousto-optics modulation, that is, a light is
modulated by an intense ultrasound. The effects of this
modulation need to be examined.
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{Color online) Results of HFUS: (a) displacement; (b) center

There is a difference between the center frequency of
velocity and displacement in Fig. 8(b). This is because of
the calculation of displacement from integrating velocity.
This integral plays a role as a low-pass filter and the high
frequency of velocity would be cut off.

In Fig. 8(b) the frequency inversely decreased with
increasing number of tone-burst pulses. It is considered that
the frequency is dependent on the time width of tone-burst
pulses. The time term of Eq. (10) is expressed by

Pr(x, 1) =pS~! (na + 11, — / Y COS Qs dS)

X |1+ cos 22
. § T, .

The frequency of oscillations fypjeec is given by

1
ﬁ?bject = Z‘ﬁ; .

10

an

From Eq. (10), the frequency is inversely proportional to
four times as much as Tj,. The measured result showed a
similar trend to result calculated using Eq. (10), but there
was slight disparity between experimental value and the
value calculated using the theoretical equation, which is
attributed to the longer oscillation duration of the applicator
generated by not-perfect electromechanical coupling. For
example, in the case of 100us tone-burst pulse inputs to
the applicator, the oscillation duration is more than 100 s,
not 100 us.
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4.2 Results of measurement by HFUS

In Fig. 10(a), the estimated displacement asymptotically 3
responded to the external force ARF, which was similar 4
to that displacement measured by LDV. Additionally, this
displacement actuated by ARF resembles a step response 5)
of tissue in the Voigt model.>”*® It is possible that the )
viscoelasticity of an object can be estimated by fitting meas-
urement displacement to this tissue model. The frequency of 7)
the oscillation induced by ARF was approximately the same 8
as that in DC ranging from 660 to 720 Hz [Fig. 10(b})]. This
frequency range was possible in the presence of ARF, but 9)
not in the absence of ARF. The DC component arises from
the DC term of Eq. (10) and the higher frequency range 10)
arises from the AC component of Eq. (10). 11)
5. Conclusions 12)
The velocity of oscillation of the PVA surface was measured 3
at various input voltages and durations. Displacement was
obtained by integrating measured velocity. According to  14)
the result of LDV, microdisplacement was measured by
HFUS. The results of the two methods were compared, 18)
and the measured displacements were almost equivalent. 4
This study showed a relationship between the oscillations of
the PVA surface and the parameters of tone-burst pulses, 17
indicating the availability of our original applicator. As 18)
further research, we will estimate the human skin visco-  1g)
elasticity using the measured displacement and the tissue
Voigt model, and HFUS with ARF may be applied to human 20
skin viscoelasticity measurement. Such a stady will reveal 21)
the origin of human skin viscoelasticity.
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Photothermal therapy of tumors in lymph nodes using gold nanorods
and near-infrared laser light
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ARTICLE INFO ABSTRACT

Article history: Lymph node dissection for regional nodal metastasis is a primmary option, but is invasive and associated with
Received 13 August 2013 adverse effects, The development of non-invasive therapeutic methods in preclinical experiments using mice
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has been restricted by the small lymph node size and the limited 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) laser light shows potential as a non-invasive treatment for tumors in the proper
axillary lymph nodes (proper-ALNs) of MXH10/Mo-Ipr/lpr mice, which develop systemic swelling of lymph
nodes (up to 13 mm in diameter, similar in size to human lymph nodes), Tumor cells were inoculated into the
proper-ALNs to develop a model of metastatic lesions, and any anti-tumor effects of therapy were assessed.
We found that GNRs accumulated in the tumor in the proper-ALNs 24 h after tail vein injection, and that
irradiation with NIR laser light elevated tumor temperature. Furthermore, combining local or systemic delivery
of GNRs with NIR irradiation suppressed tumor growth more than irvadiation alone. We propose that PTT with
GNRs and NIR laser light can serve as a new therapeutic method for lymph node metastasis, as an altermative

Available online 19 October 2013

Keywords:

Lymph node metastasis
Photothermal therapy
Gold nanorods
Plasmon resonance

to lymph node dissection.

© 2013 Elsevier BV. All rights reserved.

1. Introduction

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 lymph node 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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non-immunogenic, stable and biocompatible [6], can facilitate PTT by
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
penetrate 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 nanorods (GNRs)
have two surface plasmon absorption bands: a long-wavelength
(800-900 nim) 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
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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 small size (a few millimeters) [21]. Previously,
we have used the MRL/Mp]-Ipr/lpr (MRL/Ipr) mouse as an animal model
of lymph node metastasis, because its lymph nodes swell to a size similar
to 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 MXH10/Mo~Ipr/lpr (MXH10/
Mo/Ipr) strain (by intercrossing MRL/Ipr and C3H/HeJ-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 glomerulonephritis 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

All in vivo studies were approved by the Institutional Animal Care
and Use Commiittee of Tohoku University.

2.1. Gold nanorods

Bare gold nanorods (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 nm; D12-1064-
PN-50) were used (Nanopartz), Fluorescent GNRs (FluoGNRs) were
prepared by conjugation (30 min, room temperature) of GNRs
(12.4 x 102 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 x g, 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 4 0.69 mV; GNRs, —13.79 & 1.33 mV; and FluoGNRs,
—16.65 + 211 mV (n = 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 distilled
water) was examined with a transmission electron microscope
(HT7700; Hitachi) operated at 80kV.

2.2. Cell culture

KM-Luc/GFP cells [ 1], which stably express a fusion of the luciferase
(Luc) and enhanced-green fluorescent protein (EGFP) genes, were
cultured in Complete Medium, consisting of Dulbecco's Modified Eagle
Medium supplemented with 10% 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/lpr mice, established by intercrossing MRL/lpr and C3H/
He]-Ipr/lpr (C3H/Ipr) strains [23], were bred and maintained at the
Institute for Animal Experimentation, Graduate School of Medicine,
Tohoku University. Seventy-six mice were used (weight, 25-35 g; age,

11-14 weeks). The longitudinal diameter of the proper-ALN, measured
using a digital caliper, was 9.76 4 0.35 mm {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 cells/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-frequency ultrasound imaging system {Vevo770; VisualSonics)
with a 25 MHz transducer (RMV-710B). To measure the luciferase
activities of tumors growing in the proper-ALNs, fuciferin (150 mg/kg;
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 9
post-inoculation. The proper-ALN size was measured using an in vivo
high-resolution three-dimensional microimaging system (VEVQ770;
VisualSonics) with a 25 MHz transducer (RMV-710B; axial resolution
70 pum, 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 x 10" particles/mL, 100 L), and four controls with PBS (1001L).
On day 17 after injection, blood samples from the caudal vena cava
(taken under general anesthesia) were centrifuged (2000 xg, 5 min) to
obtain serum. Hepatic and renal injuries were evaluated from serum
measurements 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 12 h, 24h 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 PBS, 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 nm; beam diameter: TEMgg, 0.6 mm; CYD-010-TUBC; Neoarc)
was delivered to the target site by an optical fiber (fiber diameter:
400 pmy; 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 PTT

To evaluate the anti-tumor effects of laser irradiation (1.5 W/cm?,
180's) 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 A 100

In the control group (n=6), 30pL saline was injected intranodally on
days 3 and 4 after tumor inoculation. In the GNRs group (n=6), 30 L 3 » mi2h
GNRs (3.6 x 10'2 GNRs/mL) was injected into the proper-ALN on day <= 10L1 a2h
3. In the laser group (n = 6), the proper-ALN was injected with 30 pL §
PBS on day 3, and irradiated with NIR light on days 3 and 4. In the »g 17 days
laser 4+ GNRs group (n = 6), the proper-ALN was injected with 30 1L 2 1r
GNRs (3.6 x 10" GNRs/mL) on day 3, and irradiated with NIR light on =
days 3 and 4. §

5 01k

2.8.2. Systemic delivery of GNRs &

In the control group (1= 6), 100l saline was injected intravenously 0.01 . . ] \ ;
on day 2. In the GNRs group (n = 6), 100 pL GNRs in saline Spleen Kidney Blood Lymph Lymph
(14.4 x 10'2 GNRs/mL) was injected intravenously. In the laser group node — node
(n=16), 1001L saline was injected intravenously, and the proper-ALNs (Tumor)  (PBS)
irradiated with NIR light on days 3 and 4. In the laser + GNRs group
(n = 6), 100 1L GNRs in saline (144 x 10" GNRs/mL) was injected B

intravenously, and the proper-ALNs irradiated with NIR light on days
3and 4.

2.9. Histological analysis

Frozen sections of lymph nodes were fixed (4% paraformaldehyde,
15 min, room temperature) and washed (PBS). The cytotoxic area was
analyzed following hematoxylin 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).
After washing (PBS), sections were mounted with Vectorshield (Vector).
Histological images were captured using a fluorescence microscope
(BX51; Olympus), digital camera (DP72; Olympus) and Photoshop CS3
(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 indicative of statistical significance.

3. Results

First, we investigated GNR biodistribution 12h, 24h and 17days after
intravenous injection (n=3) (Fig. TA). The GNR level (% 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. Accumulation 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
DAPI, CD31-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 effect of 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
containing tumors: the local rise in temperature induced by laser
irradiation was further increased by GNR administration, with local

Fig. 1. Uptake of GNRs into organs. A. Biodistribution of the GNRs, injected intravenously
2days after tumor inoculation into the proper-ALNs. GNR uptake into organs was measured
12 h, 24 h and 17 days after injection. Hepatic uptake was significantly higher than
that of other organs. GNR uptake into the tumeor in the proper-ALNs was detected
24 b after injection. Mean + SD values are shown {(n = 3), B. Histological analysis of
the proper-ALNs containing tumor. {a) HE staining, (b) overlay image. GNRs are evident
in the tumor mass, independent of CD31-positive blood vessels. Blue: nuclei stained with
DAPI; green: CD31-positive cells (Ex: 495 nm, Em: 520 nm); red: FluoGNRs {Ex: nm, Em:
nm). Scale bar = 40 pm. T: spindle-shaped tumor cells growing invasively into lymph node
tissue; IN: 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 + GNRs groups (both local
and systemic) were significantly lower on day 4, and that of the
laser + 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/dL) 0.05 + 0.01 0.03 £ 001 NS the tissqe damage induced by each treatment method was assessed
ALT {IU/L) 69.75 + 8.06 58.75 4 8.61 NS using histological techniques. NIR laser light was irradiated in the
AST (!U/L)d ) 172.67 1694 155.25£19.93 NS direction of the arrows shown in Fig. 4. Lymph nodes of the control

BUN (mg/dL, 32.00 + 3.02 49.98 41332 NS . ; :
Body weight change () 580 1 043 195 4 138 NS group, which had been inoculated with tumor cells, demonstrated

Blood samples were obtained on day 17. Values represent the mean 4 SEM (n==4). NS, not
significant; T-BIL, total bilirubin; ALT, alanine aminotransferase; AST, aspartate amino-
transferase; BUN; blood urea nitrogen.

Steel test). Although irradiation with laser light was carried out on days 3
and 4 for both local 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 study
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

ALN: : +GNRs
irradiation - (local)
site

Subitiac- -
LN

B 20
18 ¢ R T3
16+ e 2507 + GRS focal)

wne Laser * GNRs {systontic)

0 56 106 150 200
Irradiation time (sec)

Fig. 2. Laser irradiation of tumors in the proper-ALNs. A. Anatomical and thermographic
images of tumors in the proper-ALNs, irradiated on day 3. (a, b, ¢): laser light alone;
(d, e, f): laser light with local GNR delivery; (g, h, i): laser fight with systemic GNR delivery.
(a, d, g): irradiation time 0s; (b, e, h): frradiation time 90ss; (c, f, i): irradiation time 180s.
The dashed regions in (a), (d) and (g) indicate proper-ALN regions. The longitudinal
diameter of the proper-ALN, measured using a digital caliper, was 9.76 £ 035 mm (n =
6). B. Increment in the maximum temperature, from AT == 0 (36 °C), against time, measured
by thermography. At 3 min, the temperature reached 46 °C for laser irradiation alone, and
approximately 51 °C for laser irradiation with GNRs {either local or systemic).

progressive proliferation and invasion of spindle-shaped tumor cells
(Fig. 4A,B,C). In lymph nodes treated with laser irradiation alone, both
lymphatic 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, proliferation 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. 4G,H,I), although this seemed more extensive than that
with faser 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. 4],K,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 effects of PTT with systemic
delivery of GNRs (injection into the tail vein), as indicated by changes in
the luciferase activity, were smaller than those achieved using local
delivery (injection into the proper-ALN), but larger than those of NIR
laser irradiation alone. A significant anti-tumor effect was cbserved 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 normal lymph nede tissue is partially replaced
by infiltrating tumor cells, causing only a slight increase in nodal 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 tumor 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 lymph nodes may increase in size and number,
while lymph vessels in the region of non-metastatic lymph nodes
decrease their total size and may collapse due to the expanding primary
tumeor [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 W/cm? 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 resulted 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 local
and systemic injection of GNRs (Fig. 2), despite the fact that local
injection would be expected to result in a higher concentration of

— 230 —



T. Okuno et al. / Journal of Controlled Release 172 (2013) 879-884 883

A 108 - T
. - Control -# (GNRs
0% 1 e Laser — Laser + GNRs (local) |
10%  wsem Laser + GNRs s S
103 {systemic) 2 |

Normalized luciferase activity
{photons/s}

10
£
%
8
2
Q.
&
X
Control  GNRs Laser Laser Laser
+GNRs +GNRs
{focal} (systemic)
C
25
Rt and n
gz 2} Control |
oz Laser + GNRs
£ 5 (systemic)
£8 15 1
>4
Eg
es 7 ———3 |
5 1
O 0.5 ) L L :
0 2 4 8 8 10
Day
D
Control
Laser
+GNRs
(systemic

Day 0

Day 6 Day 9

Fig. 3. In vivo anti-tumor effects of NIR laser light and GNRs. A. Luciferase activities
{bioluminescence imaging) in the proper-ALNs, normalized to that on day 2. Significant
differences between groups {* P < 0.05, Steel test) were detected on day 4 (control vs.
laser + GNRs [local]; control vs. laser + GNRs [systemic]) and day 5 (control vs.
laser + GNRs [local]). Mean 4 SD values are shown {n = 6). B. Representative images of
the tumor in the proper-ALN observed using an in vivo bioluminescence imaging system
on day 9. C. Changes in the proper-ALN size over time in the control and laser 4+ GNRs
{systemic) groups, assessed using three-dimensional high-frequency wultrasound. The
values were normalized to those on day 0, On days 6 and 9, lymiph node size had increased
in the control group, but not in the laser + GNRs (systemic) group. Mean £ SD values are
shown (n == 6). D. Two-dimensional high-frequency ultrasound images, showing temporal
changes in the lymph node size in the control and laser + GNRs {systemic) groups. The
dashed regions indicate proper-ALN regions.
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Fig. 4. Histochemical features. The lymph node inoculated with tumor cells and not treated
with PTT {control} showed progressive proliferation and invasion of spindle-shaped tumor
cells (A, B, C). The node treated by laser irradiation alone (laser) showed coagulative
necrosis in the irradiated area, with nuclear debris and pyknotic cells surrounded by an
eosinophilic necrotic mass (D, E, F). Outside the area of laser irradiation, tumor cell
proliferation was discernible (F). The node treated by local GNR injection plus laser
irradiation (laser + GNRs [local]) showed similar necrosis (G, H, 1), although the necrotic
area was more extensive than that of the lymiph node treated with laser irradiation alone
(G). in the lymph node treated by systemic GNR administration plus laser irradiation
(laser 4+ GNRs [systemic]), the histopathological findings were similar to those for local
GNR injection (], K, L), although the entire irradiated area showed extensive necrosis of
lymphatic tissue and tumor; nonetheless, residual viable tumor cells remained. Sections
were stained with HE on day 9 after tumor inoculation into the proper-ALNs. The boxed
areas in (A), (D), (G), (J) are presented at higher magnification in the middle and right
panels. Arrows: direction of the NIR laser light. Bar {left to right}: 2 mim, 100 pum, 100 .
T: tumor; TN: tumor necrosis; LN: lymph node tissue. The solid regions in (D), (G) and
{}) indicate TN regions. The dashed line circumscribing (F), (I} and (L) highlights images
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 if 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 assessment of skin burning showed no obvious 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 laser + GNRs (local) group, indicating that GNRs
may have leaked into the tissue 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 cells were found to regrow. In order to develop a more effective
therapy, a novel irradiation method should be developed that is able
to treat deep tumors without skin damage, possibly by employing active
cooling of the skin surface.

5. Conclusion

We have demonstrated the potential of PTT, using systemic or local
delivery of GNRs together with only two applications of NIR laser
light, to treat tumors in the proper-ALN. Future studies 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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SUMMARY

Sjdgren’s syndrome (SS) is an autoimmune disease
characterized by exocrinopathy that leads to dry
eye and mouth. Although lymphocyte infiltration
into exocrine glands and the generation of autoanti-
bodies have been reported in SS, its pathogenic
mechanism remains elusive. Here, we show that
mice lacking the transcriptional regulator IkB-¢
developed SS-like inflammation characterized by
lymphocyte-infiltrated dacryoadenitis and $S-asso-
ciated autoantibodies. In particular, epithelial cells,
but not hematopoietic cells, lacking IkB-{ were
essential for the development of inflammation. 1kB-¢-
deficient epithelial cells in the lacrimal glands ex-
hibited enhanced apoptosis even in the absence of
lymphocytes. Administration of caspase inhibitors
ameliorated the inflammation, indicating the critical
role of caspase-mediated apoptosis. Furthermore,
epithelial cell-specific STAT3-deficient mice devel-
oped S8S8-like inflammation with impaired IkB-{
expression in the lacrimal glands. Thus, this study
reveals a pathogenic mechanism of SS in which
dysfunction of epithelial cells caused by disruption
of STAT3-mediated IkB-¢ induction elicits the activa-
tion of self-reactive lymphocytes.

INTRODUCTION

A diverse array of genetic and environmental factors is involved
in the pathogenesis of autoimmune diseases, which are the
subject of intense investigation. Sjégren’s syndrome (SS) is a
major autoimmune disease that is characterized by ocular and

450 Immunity 38, 450-460, March 21, 2013 ©2013 Elsevier Inc.

oral dryness and affects 0.5% of the population (Fox, 2005).
Functional impairment of exocrine glands such as the salivary
and lacrimal glands is caused by autoimmune attack of epithelial
tissues by infiltrating lymphocytes; thus, SS is occasionally
referred to as autoimmune epithelitis (Mitsias et al., 2006).
Patients with SS frequently generate autoantibodies against
S8 antigen A (SSA)/Ro and S8 antigen B (SSB)/La, and therefore
the presence of these autoantibodies is widely used for the clin-
ical diagnosis of SS (Mavragani et al., 2000; Vitali et al., 2002).
These autoantigens are ubiquitously expressed ribonucleopro-
teins (Mavragani et al., 2000), so the localization of the antigens
does not account for the tissue-specific lesions. Additionally,
accelerated apoptosis (Manganelli and Fietta, 2003; Matsumura
et al.,, 1998; Nakamura et al., 1998; Polihronis et al., 1998} or
enhanced expression of MHC class Il (Moutsopoulos et al.,
1986) or costimulatory (Manoussakis et al., 1999) molecules in
the salivary or lacrimal glands has been reported in SS patients.
Furthermore, several mouse models of SS indicate that the
aberrant activation of lymphocytes may elicit S8 (Groom et al.,
2002; Li et al., 2004; Peng et al., 2010). However, the pathogenic
mechanisms of primary SS remain elusive because lymphocyte
activation possibly leads to apoptosis of epithelial cells and vice
versa. Therefore, the relationship between the cause and the
consequence needs 1o be clarified.

1&B-¢, encoded by the Nfkbiz gene, is a member of the nuclear
1xB family of proteins that acts as a transcriptional regulator via
association with NF-xB (Yamazaki et al., 2001). Little IkB-¢ is
detectable in unstimulated cells but IkB-{ is robustly induced
upon stimulation of Toll-like receptors (TLRs) or interleukin-1
(IL-1) receptor via transcriptional and posttranscriptional activa-
tion (Eto et al., 2003; Watanabe et al., 2007; Yamamoto et al.,,
2004; Yamazaki et al., 2001, 2005). (xB-{ is essential for the
induction of a subset of secondary response genes represented
by the proinflammatory cytokine IL-6 in response to various TLR
ligands in macrophages or fibroblasts (Motoyama et al., 2005;
Yamamoto et al., 2004). I«B-{ is also induced in lymphocytes
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Figure 1. Nfkbiz™™ Mice Develop Lymphocyte~-Dependent Chronic Inflammation

(A and B) Incidence and progression of the inflammation in Nikbiz "'~ (—/—) and Nfkbiz*™* (+/+) littermate control mice. Pathological phenotypes were scored as in
Figure S1A after birth (n = 30). Incidence of the disease (score = 1) is expressed as a percentage. The disease scores are shown as mean + SD.

{C) Histology of the periocular skin and conjunctiva of 5-month-old Nikbiz™"~ and Nfkbiz*"* littermate mice. Sections of periocular skin and conjunctiva were
stained with hematoxylin and eosin (HE) or immunostained with either CD3 (green) and B220 (red) antibodies or CD8 (green) and CD4 {red) antibodies. The nuclei

were stained with DAPI (plue).
See also Figure 81,

upon antigen receptor stimulation (Hijioka et al., 2007; Okamoto
et al., 2010). IkB-{ induction in CD4* T cells is required for
efficient T helper 17 (Th17) cell differentiation and therefore
IkB-¢-deficient mice are resistant to experimental autoimmune
encephalomyelitis (Okamoto et al., 2010).

Despite impaired Th17 cell generation, IkB-¢-deficient mice
spontaneously develop severe inflammation in the conjunctiva
and periocular skin (Ueta et al., 2005; Yamamoto et al., 2004).
Although Th2 cell-polarized IL-4-mediated allergy was sus-
pected in the mice (Shiina et al., 2004), it is unlikely because
mutant mice lacking both IkB-{ and STATS, in which IL-4
signaling is abrogated, similarly developed inflammation (Ueta
et al., 2008). In this study, we showed that IkB-Z-deficient mice
developed an SS8-like autoimmune disease. 1kB-{ deficiency in
hematopoietic cells was not essential for disease development.
Instead, enhanced apoptosis in IkB-¢-deficient epithelial tissue
preceded lymphocyte infiltration, which culminated in inflamma-
tion. These results reveal a previously unknown role for IkB-¢ in
the homeostasis of epithelial tissues and a possible molecular
mechanism for the pathogenesis of SS.

RESULTS

Development of Inflammation in lkB-{-Deficient Mice
Requires Lymphocytes

IxB-¢-deficient (Nfkbiz™'~) mice spontaneously develop con-
junctivitis and periocular dermatitis under specific-pathogen-
free conditions (Yamamoto et al., 2004). Eyelid swelling was
detected in some Nikbiz™/~ mice as early as 2 weeks after birth,
and the inflammatory changes became evident in all mutant
mice by 8 weeks regardless of sex (Figures 1A and 1B; Fig-
ure S1A available online). Dermatitis in Nfkbiz~~ mice was local-

ized primarily at the periocular region and progressively
extended to the whole face, presenting as erosion and loss of
hair. Disease scoring based on the inflamed area and the severity
of inflammation indicated that the clinical manifestation was
gradually exacerbated until around 20 weeks.

it has been reported that several mutant mice in which NF-xB
function in the epidermis is dysregulated develop inflammation
of the skin (Nenci et al., 2006; Omori et al., 2006; Pasparakis
et al., 2002; Rebholz et al., 2007). Because the inflammation in
those mutant mice was dependent on tumor necrosis factor
(TNF), we crossed Nikbiz™"~ mice with Tnf"/~ mice (Taniguchi
et al., 1997) to generate Nfkbiz™~"~Tnf™'~ mice. Interestingly,
Nfkbiz™/~Tnf'~ mice developed inflammation similar to that
seen in Nfkbiz™/~ mice (Figures S1B-S1E), indicating that
TNF-« is dispensable for the inflammation, and hence the
pathology of the inflammation in Nfkbiz™/~ mice is distinct from
inflammation observed in the previously described mutant mice.

Immunohistochemical analysis revealed heavy infiltration of
lymphocytes in the dermis of the inflamed skin in Nfkbiz™"~
mice (Figure 1C). In addition to T cells, infiltration of B cells
was observed in the conjunctiva in mutant mice. The majority
of the infiltrating T cells were of the CD4* T cell subset. In
contrast to infectious or hypersensitive lesions, infiltration of
myeloid cells, such as neutrophils and eosinophils, was scarcely
observed in this lesion (Figure S1F).

As the inflammation progressed, Nfkbiz mice exhibited
splenomegaly and lymphadenopathy with greatly increased
numbers of T and B cells (Figures S1G-S1l). CD44™ memory
or activated T cells were increased in the cervical lymph nodes
of the Nfkbiz ™/~ mice compared to wild-type littermates {Figures
S1J and S1K). Intracellular cytokine staining for interferon-y
and IL-17 revealed that Th1 cell-type response, rather than

o fe
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Figure 2. Lymphocytes Are Critical for the Development of Inflammation
{A and B) Incidence and progression of inflammation in Nfkbiz™"", Rag2~/~, and Nfkbiz™ ‘Rag2" ~ mice. Incidence and disease score of littermate Rag2™/~ and
Nfkbiz~/~Rag2~'~ mice {n = 10), together with those of Nfkbiz™~ mice (n = 30), are shown. Incidence of the disease (score = 1)is expressed as a percentage. The

disease scores are shown as mean = SD.

(C) Histology of the periocular skin and conjunctiva of a 4-month-old RagZ"’
stained with HE.

See also Figure 82,

Th17 cell-type response, was activated in the spleen and the
cervical lymph nodes (Figure S1L), a result consistent with
the previous finding that IkB-¢{ is required for efficient Th17
cell differentiation (Okamoto et al,, 2010). Furthermore, the
number of CD138* plasmacytes was increased in the lymph
nodes (Figure S1M). Accordingly, serum concentrations of
various immunoglobulin subtypes were elevated in Nikbiz ™/~
mice (Figure S1N).

in order to evaluate the roles of lymphocytes in the in-
flammatory response, we generated Nfkbiz™/~Rag2™’~ mice. in
Nfkbiz~/~Rag2™"~ mice lacking mature lymphocytes (Shinkai
etal., 1992), inflammation was dramatically alleviated (Figure S2).
The incidence of the disease was much lower than in Nfkbiz™/~
mice, and the onset and progression of the inflammation were
substantially delayed (Figures 2A and 2B). Histopathological
analysis of the periocular skin and the conjunctiva in 12-week-
old Nfkbiz™/~Rag2™"" mice did not reveal any infiltrating cells
or any other signs of inflammation (Figure 2C). Taken together,
these observations indicated that activated lymphocytes are
essential for the initiation and/or progression of inflammation.

Inflammation in IkB-{-Deficient Mice Is Caused by an §8-
like Autoimmune Disease

Because lymphocytes play a critical role in inflammation, we
next examined the presence of autoantibodies in Nfkbiz™/~
mice. Immunohistochemical studies showed that serum from
Nifkbiz™'~ mice, but not wild-type mice, reacted with the nuclei
of cells in the skin (Figure 3A). Consistent with this finding, we
detected high titers of anti-nuclear antibody in Nfkbiz™/~ mice
(Figure 3B).

Because inflammation in the mutant mice was always initiated
in the periocular regions, we carefully analyzed the periorbital
tissues in Nfkbiz™/~ mice. We found that the exorbital lactimal
glands in Nfkbiz~~ mice exhibited inflammation characterized
by a periductal infiltration of CD4™ T cells and B cells (Figure 3C).
Reduced tear secretion was also observed in Nfkbiz™'~ mice
(Figure 3D). Because these symptoms are a hallmark of S8, we
measured the diagnostic markers of SS. As anticipated, high
titers of both SSA and SSB antibodies, which are sensitive and
specific to primary SS, respectively (Vitali et al., 2002), were de-
tected in the sera of Nikbiz~'~ mice (Figures 3E and 3F). Further-

452 Immunity 38, 450-460, March 21, 2013 ©2013 Elsevier Inc.

and Nfkbiz /"Rag2™’" mice. Sections of periocular skin and conjunctiva were

more, aged Nfkbiz™'~ mice often exhibited interstitial pneu-

monia, a frequent complication of SS (Figure 3G; Table S1).
Collectively, these observations indicate that IkB-Z-deficient
mice develop an SS-like autoimmune disease.

IkB-C Deficiency in Hematopoietic Cells is Not Essential
for 8§8-like Inflammation

To further investigate the roles of IkB-¢-deficient lymphocytes,
we adoptively transferred splenocytes prepared from wild-type
(+/+) or Nikbiz™' (/=) mice to either Nfkbiz*"*Rag2™"" (+/+) or
Nfkbiz™'~Rag2~'~ (~/-) recipient mice (Figures 4A and S3A).
As expected, adoptive transfer of Nfkbiz™/~ (~/~) splenocytes
to Nfkbiz~/"Rag2™"~ (~/-) recipient mice (~/— — —/— in Fig-
ure 4A) elicited severe periocular inflammation, as in Nfkbiz™"~
mice. Surprisingly, wild-type (+/+) splenocytes induced heavy
inflammation when transferred to Nfkbiz ™/~ Rag2™'" (~/—) recip-
ient mice (+/+ — —/—) as well as Nfkbiz™'~ (—/-) splenocytes.
Transfer of purified wild-type T cells, but not B cells, induced
ocular inflammation in Nfkbiz™'~Rag2™'~ (~/-) recipient mice
(Figure 4B). Furthermore, purified wild-type CD4™ T cells alone
were sufficient to induce inflammation. In contrast, Nfkbiz™/~
(~/-) splenocytes did not elicit any inflammation in Nfkbiz*/*
Rag2™'~ (+/+) recipient mice (-/— — +/+). Thus, whereas the
presence of lymphocytes is essential for inflammation, kB~
deficiency in lymphocytes is not required for the development
of the disease. Consistent with this conclusion, fetal liver transfer
from Nfkbiz™'~ mice to lethally irradiated wild-type mice did not
elicit inflammation (Figures S3B and S3C), further excluding
a principal role for IkB-¢-deficient hematopoietic cells in eliciting
inflammation.

To identify the IkB-¢-deficient cells responsible for the inflam-
mation, we generated Nfkbiz®/"°* mice, in which exons 5-7 of
the Nfkbiz gene were flanked by loxP sites, by gene targeting
with C57BL/6-derived embryonic stem cells (Figures S4A-
S4C). At first, we crossed the Nfikbiz"™/1* mice with CAG-Cre
transgenic mice (Sakai and Miyazaki, 1997) to create mice lack-
ing IkB-{in the whole body on the C57BL/6 background (referred
to as Nfkbiz*'*). The Nfibiz** mice developed SS-like dacryoa-
denitis, conjunctivitis, and periocular dermatitis in common with
Nfkbiz™'~ mice, which were on the 129Sv-C57BL/6 mixed back-
ground (Figures S4D-54F).

— 235 —



