The Combretastatin Derivative (Cderiv), a Vascular Disrupting
Agent, Enables Polymeric Nanomicelles to Accumulate

in Microtumors
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INTRODUCTION

ABSTRACT: A previous study found almost no leakage of polymeric nanomicelles from vessels
in microtumors. If such vessels become leaky, sufficient nanomedicines may be delivered to
microtumors and large tumors. To create leaky vessels, a combretastatin derivative (Cderiv), a
vascular disrupting agent, was used. Via vital microscopy with fluorescein isothiocyanate
(FITC)-labeled nanomicelles, the effect of Cderiv pretreatment on changes in micelle extra-
vasation was investigated. Whether such treatment would prolong microtumor retention of
micelles was also examined. FITC-albumin was used for comparison. The degree of extravasa-
tion from intact vessels in microtumors (rat sarcoma LY80) was extremely low and comparable
to that from normal vessels. Cderiv pretreatment (1 or 3 days before administration of FITC-
labeled compounds) markedly enhanced extravasation of such nanomicelles and albumin
from vessels that survived treatment and had restored blood flow. A high concentration of
extravasated macromolecules remained even 24 h later in tissue areas whose microcirculatory
function had collapsed. Tumors receiving 10 Gy irradiation 3 days before the macromolecules
evidenced gradual removal of extravasated macromolecules, which did not accumulate in those
areas, despite extravasation from tumor vessels. Our results strongly suggest that pretreatment
with Cderiv is quite effective for maintaining microtumor concentrations of nanomicelles and
albumin associated with anticancer or diagnostic drugs. © 2009 Wiley-Liss, Inc. and the American
Pharmacists Association J Pharm Sci
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In recent years, nanoparticles incorporating anti-
cancer drugs have been developed as a technique for
achieving selective drug delivery to solid tumors.'™®
This therapeutic strategy is based on the hypothesis
that particles larger than a specific size selectively
extravasate from tumor vessels, because tumor
vessels have wider intercellular gaps than normal
vessels. 7

Recently, however, by means of vital microscopic
analysis with fluorescein isothiocyanate (FITC)-
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labeled polymeric micelles, the following results
concerning extravasation and retention of micelles
in tumors were obtained:'® (i) polymeric micelles
readily leaked from vessels at the interface between
normal and tumor tissues and at the interface
between tumor tissues and necrotic areas, with the
latter interface showing markedly enhanced extra-
vasation; (ii) polymeric micelles accumulated at a
high concentration in necrotic tumors with circu-
latory dysfunction; and (iii) polymeric micelles barely
extravasated from vessels in microtumors <2-3 mm
in diameter that had no necrotic areas, and these
micelles did not accumulate in such microtumors.
Findings (i) and (i) are important phenomena
for inducing the enhanced permeability and reten-
tion (EPR) effect''™™® discovered by Maeda and
Matsumura. Finding (iii), however, indicates that
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the EPR effect is not often seen in microtumors. This
result suggests that microscopic metastatic foci may
escape from the attack of nanomedicines that
have encapsulated anticancer drugs. This extremely
important problem influences survival of individuals
who have cancer cells that survive in micrometastatic
foci. Thus, to enhance the therapeutic ability of such
drugs, the EPR effect must function not only in large
tumors but also in microtumors.

To induce necrotic areas and leaky blood vessels in
microtumors, a combretastatin derivative (Cderiv),
(Z)-N-[2-methoxy-5-[2-(3,4,5-trimethoxyphenyl)vinyl]
phenyl]-L-serinamide hydrochloride (formerly known
as AC7700'*) was used, because Cderiv selectively
interrupts tumor blood flow, disrupts tumor vessels,
and thereby causes necrosis of tumor tissue.’®**® Such
effects of Cderiv were observed in carcinogen-induced
primary tumors®® and transplanted tumors.'®?® They
were seen not only in subcutaneous tumors but also in
tumors growing in internal organs, in lymph node
metastases, and in microtumors <1 mm in diameter.?’
In addition, X-irradiation was used in the present
study because it enhances the permeability of blood
vessels while simultaneously damaging tumor tis-
sues.?’ If the EPR effect of nanomedicines were
enhanced by pretreatment with Cderiv or X-irradia-
tion, advancements in cancer therapy and diagnosis
may follow.

In the present study, we used FITC-labeled
polymeric micelles and analyzed how extravasation
and intratumor retention of such nanoparticles
changed after pretreatment with Cderiv or X-
irradiation. FITC-albumin was used as a comparison.
The aim of the present study was to show that the
EPR effect can effectively be induced in microtumors
by causing the collapse of tumor microcirculatory
function via pretreatment with Cderiv.

MATERIALS AND METHODS

Rats and Tumors

Male Donryu rats (Crj-Donryu; Nippon Charles-
River, Yokohama, Japan), 7-8 weeks old and with
an average weight of 220-250g, were used for all
experiments. Rats were bred and maintained
in accordance with The Law (No. 105) and Notifica-
tion (No. 6) issued by the Japanese Government.
Specifically, they were comfortably housed in a
ventilated, temperature-controlled (24 + 1°C), specif-
ic pathogen-free environment on a bed of wood
shavings, with food and water freely available and
a 12-h light-dark cycle. Rats that were equipped with
transparent chambers for vital microscopic observa-
tions (see below) were caged singly (cage volume,
30 x 40 x 25 cm®).

JOURNAL OF PHARMACEUTICAL SCIENCES

A variant of Yoshida sarcoma, 1.Y80, was used in
the present experiments. This cell line, which can
grow in ascites and in solid form, was maintained by
successive i.p. transplantation. The transplantation
rate of LY80 to Donryu rats was ~100%, without
spontaneous regression.

All experimental protocols were reviewed by the
Committee on the Ethics of Animal Experiments of
Tohoku University and were carried out according to
the Guidelines for Animal Experiments issued by
Tohoku University.

Anesthesia

Both pentobarbital sodium salt (Tokyo Kasei Kogyo
Co., Tokyo, Japan) and enflurane (Abbott Labora-
tories, North Chicago, IL), given simultaneously,
were used for anesthesia. Pentobarbital solution
(60 mg/ml) was administered im., 10min before
the experiment, at a dose of 30 mg/kg, and supple-
mental doses (15mg/kg i.m.) were given at 90-min
intervals to maintain immobilization. Enflurane
concentration was maintained at 1% in the inhaled
gas, which was administered at a rate of 1 L/min by
means of an anesthetic apparatus for small labora-
tory animals.'®

Implantation of Transparent Chambers and
Tumer Transplantation

For in vivo analysis of extravasation of FITC-labeled
compounds, transparent chambers were implanted,
under aseptic conditions, in dorsal skin flaps of rats.?
For tumor transplantation, a small fragment
(~0.1mm®) of solid tumor from a donor rat was
transplanted onto the normal tissue in a transparent
chamber while the chamber was being implanted in
the dorsal skin flap. This transparent chamber
enables observation of changes in the tumor vascular
system, from angiogenesis to necrosis (for ~2 weeks).

Microtumors

The term “microtumors” in the present study was
defined as tumors <3 mm in diameter growing in the
transparent chamber. Experiments on microtumors
were usually performed 7-9 days after tumor
transplantation.

FITC-Labeled Polymeric Micelles and FITC-Albumin

To observe macromolecular behavior in vivo, FITC-
labeled polymeric micelles (Mw of the block copolymer
15,259) and FITC-albumin (Mw 69,680) (Sigma—
Aldrich Japan K.K., Tokyo, Japan) were used.
FITC-labeled micelles were synthesized by the
Kanagawa Academy of Science and Technology.
The characteristics of this polymeric micelle prepara-
tion were described in detail elsewhere.'® In brief, the
micelle consists of the poly(ethylene glycol)-b-poly
(benzyl-L-aspartate) block copolymer, with 16.9% of
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block copolymer being labeled by FITC. The diameter
of an FITC-micelle measured 48.2+8.8nm.° The
basic structure of this micelle system was almost the
same as that of the previously described micelle-
encapsulated doxorubicin.?® This type of micelles was
shown to have circulation stability,?® and a previous
experiment confirmed that the half-life of the present
micelle preparation in blood is ~9 h.1° FITC-albumin
consisted of bovine serum albumin, and its FITC
content was 12mol/mol albumin. The radius of
gyration of bovine serum albumin is reported to be
3.2nm.>* FITC-micelles and FITC-albumin were
administered i.v. at doses of 20 and 15mgkg,
respectively.

Tumor Vascular Disrupting Agent

In the present study, Cderiv (formerly known as
ACT7700) was used as the tumor vascular disrupting
agent. It was synthesized at Tokyo Kasei Kogyo Co.
according to the method of Ohsumi et al.'* Cderiv
had been developed by Ajinomoto Pharmaceutical
Research Laboratories,'* and we demonstrated that it
greatly disrupted tumor blood flow.'62° Immediately
before use, the Cderiv powder was dissolved in
0.9% NaCl solution, to give a final concentration of
10 mg/mL. The solution (10 mg/kg) was injected into
the tail vein of rats at a rate of 0.15 mL/min by using
an infusion pump. This Cderiv dose did not produce
conspicuous side effects, such as body weight loss,

anemia, and diarrhea, in our rat model.'®

X-Irradiation

To investigate the behavior of polymeric micelles
and albumin in irradiated tumors, an X-irradiation
generator (MBR-1520R; Hitachi Medical Corp., Tokyo,
Japan) was utilized. The method of X-irradiation was
previously described in detail 2!

Vital Microscopic Observation

Tumor microcirculation in the chamber was transil-
luminated by a 12-V 100-W halogen lamp and was
directly observed with a light microscope (Eclipse
E800; Nikon Co., Tokyo, Japan), with 10x ocular (CF1
UW,; Nikon Co.) and 2-20x objectives (CFI Plan
Fluor; Nikon Co.). Microscopic images were recorded
by using a closed-circuit video system consisting of
a CCD video camera (CS-900; Olympus Co., Tokyo,
Japan), TV monitor (PVM-14M4d; Sony Co., Tokyo,
Japan), and S-VHS video recorder (SV0-2100; Sony
Co.).

Fluorescence Microscopic Analysis of
FITC-Labeled Compounds

For intravital fluorescence microscopy, the light
source was a high-pressure mercury lamp (C-SHG1,;
Nikon Co.). Tumor vessels in the chamber were
epi-illuminated and photographed through a 420- to
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490-nm primary filter, 505-nm dichroic interference
mirror, and 520-nm secondary filter. FITC-labeled
compounds were injected into rats as a single i.v. bolus.
Microscopic images of extravasation of FITC-labeled
compounds were photographed with a silicon-intensi-
fied video camera (C2400-08; Hamamatsu Photonics,
Hamamatsu, Japan) and were recorded with a video
recorder. The slight positional change of the observa-
tion area that occurred during the long experiment
was adjusted every 3—4 h. Analog images on video tape
were converted to digital images by means of a video
capture device (PC-MDVD/UZ2; Buffalo, Inc., Nagoya,
Japan). The digital images were recorded on a DVD.

For image analysis, segments of time-lapse images
were transferred from the DVD to a computer hard
disk (Dimension 9150; Dell Japan, Inc.,, Kawasaki,
Japan). Temporal changes in fluorescence intensity of
regions of interest (ROIs) in tissue in the chambers
were measured by means of NIH Imaged (V1.61,
h'ctp:/rsb.info.nih.gov/nih-image/).21 For this analy-
sis, images obtained via the 20x objective were used.
The labeled fluorescent substances circulated in blood
vessels only just after i.v. administration. Therefore,
blood vessels and extravascular spaces could easily be
distinguished. In the present study, fluorescence
intensity in tissues was measured by carefully
removing blood vessel areas from the images of the
entire tumor tissue.!® Thus, selected ROIs were
distant from the blood vessels. One ROI (10 um?
consisted of 100 pixels, and 5-10 ROIs per chamber
were randomly selected for analysis.

Changes in Extravasation and Retention of Fluorescent
Macromolecules Caused by Cderiv

Our preliminary experiment showed that damage of
LY80 tumor tissues became prominent 24h after
Cderiv administration and that tumor blood flow
recovered and tumors began to regrow 72h later,
when the Cderiv effect declined to insufficient levels.
Therefore, to analyze changes in extravasation and
retention of fluorescent macromolecules caused by
vascular disruption, Cderiv (10 mg/kg) was adminis-
tered i.v. 24 or 72 h before i.v. administration of FITC-
micelles or FITC-albumin. The changes in intratumor
fluorescence intensity over time for the groups
treated with Cderiv and the controls were compared.

Changes in Extravasation and Retention of Fluorescent
Macromolecules Caused by X-Irradiation

Another preliminary experiment showed prominent
LY80 tumor tissue damage 72h after 10-Gy
X-irradiation, after which tumor volume began to
decrease. Therefore, tumors growing in transparent
chambers were irradiated 72h before i.v. adminis-
tration of FITC-micelles or FITC-albumin., The
changes in extravasation and retention of fluorescent
macromolecules over time that were caused by
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X-irradiation were measured. In this experiment,
washout of FITC-albumin from tissues was evaluated
by measuring the half-life (¢;3) of fluorescence
intensity.

Identification of Necrotic Areas in Tumors

Part of the tumor tissue in transparent chambers
became necrotic after i.v. administration of Cderiv or
X-irradiation. In the case of Cderiv, tumor blood flow
was greatly disrupted, and the necrotic areas changed
color. In the present study, a necrotic area was
defined as a tumor region in a transparent chamber in
which circulation completely stopped for more than
24 h and thus the color of the tissue changed to gray.'°
In the case of X-irradiation, although tumor blood
flow increased somewhat, many tumor cells became
gray. That such a region was necrotic was histologi-
cally confirmed.

Histological sections were prepared as follows. One
rat with a transparent chamber was sacrificed via
deep ether anesthesia at the end of the experiment.
The glass window of one side of the chamber was
gently removed; 15% formalin solution was dropped
directly on the tissue (~150 pm thick); and the thin

tissue was fixed, processed, and embedded in paraffin.
Sections (4 um thick) were cut parallel to the surface
of the membrane tissue within the transparent
chamber and were stained with hematoxylin and
eosin.

Statistics

All results are expressed as means+SD. The
statistical significance of the difference among groups
for the various conditions for extravasation of FITC-
labeled compounds was evaluated via repeated-
measures ANOVA. The significance of the difference
in half-life of FITC-albumin between irradiated and
nonirradiated tumors was evaluated via unpaired
two-group ¢ tests. p values of 0.05 or lower were
considered significant.

RESULTS
Effects of Cderiv Pretreatment on Extravasation and
Retention of FITC-Micelles in Microtumors

Figure 1 shows a representative vital microscopic
finding of FITC-micelle accumulation in a necrotic

=)

09:48:00

Figure 1. Accumulation of FITC-micelles in necrotic LY80 tumor tissue after Cderiv
pretreatment. (a) Vital microscopy before Cderiv administration. (b) Vital microscopy
24 h after i.v. administration of Cderiv. The white frame is the area shown in the
fluorescence images. The gray region in the frame is tumor tissue damage by Cderiv.
(c) Fluorescence microscopy. The time after FITC-micelle (20 mg/kg) administration
appears at the lower left in each panel. Arrows indicate the direction of time. Scale bars:
(a) 200 p.m; (¢) 100 pm. (d) Histology of the area indicated by the asterisk. (e) Histology of
nontreated tumor in the transparent chamber. Hematoxylin and eosin staining. The
area of FITC-micelle distribution coincides with the gray region (necrotic area).
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part of the tumor; Cderiv (10mg/kg) had been
administered 1 day earlier. The area that had
changed to gray (seen in the white frame in
Fig. 1b) is tumor tissue damaged by Cderiv. FITC-
micelles extravasated into tumor tissues as early as
3 min after i.v. administration (Fig. 1c). Permeability
of vessels in the microtumor that survived for 24h
after Cderiv pretreatment was markedly enhanced.
The localization of FITC-micelles coincided with the
necrotic area, and these micelles were seen in the area
even 48 h later (Fig. 1, asterisk). Figure 1d shows the

A
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histology of the gray region affected by Cderiv. This
region evidenced prominent granulation compared
with the control (Fig. le).

Figure 2A presents typical extravasation and
retention of FITC-micelles in tumor tissue when
FITC-micelles were administered i.v. 3 days after
Cderiv (10 mg/kg, i.v.). Figure 2B shows the dif-
ference in time changes of fluorescence intensity
between the group pretreated with Cderiv and the
control group. Extravasation from tumor vessels that
survived Cderiv pretreatment and had restored blood
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Figure 2. Extravasation and retention of FITC-micelles in LY80 microtumors that

were pretreated with Cderiv. (A) Typical extravasation and retention of FITC-micelles in
a microtumor treated with Cderiv (10 mg/kg, i.v.) 3 days previously. The time after FITC-
micelle (20mg/kg) administration appears at the lower left in each panel. Arrows
indicate the direction of time. T, tumor; N, necrosis. Scale bar: 200 pm. (B) Time course
of fluorescence intensity of FITC-micelles in tumor tissue treated with Cderiv (n =10)
and nontreated tumor tissue (n = 25). Cderiv was given i.v. 3 days before FITC-micelles.
The micelle solution was administered i.v. at O0h (arrow). Maximum fluorescence

intensity was 255.
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flow was markedly enhanced compared with
extravasation from intact vessels of microtumors
(p <0.0001). A high concentration of extravasated
micelles was seen, especially in necrotic areas with
microcirculatory dysfunction, and the high concen-
tration continued even to 24 h (Fig. 2).

Extravasation and Retention of FITC-Micelles in a
Microtumor Receiving 10 Gy X-Irradiation

Figure 3 presents typical extravasation and retention
of FITC-micelles in a microtumor that had received
10Gy X-irradiation 3 days before. A considerable
amount of FITC-micelles extravasated into tumor
tissue 5 min after i.v. administration. This result means
that X-irradiation markedly enhanced the vascular
permeability of the microtumor. Although X-irradiation
caused the tumor tissue to collapse (Fig. 3d), extra-
vasated micelles did not remain in the tumor. This
finding differed from that for Cderiv pretreatment.

Extravasation and Retention of
FITC-Albumin in Microtumors

Figure 4A shows typical extravasation and retention
of FITC-albumin in a microtumor. The vascular
network had already been established in a micro-
tumor smaller than 500 pm in diameter (Fig. 4A-c).
However, no giant capillaries, with abnormal vascu-
lar dilatation and hyperpermeability, were observed.
Significantly less extravasation of FITC-albumin was
observed from the vascular network of microtumors
than from vessels at the interface between normal
and tumor tissues (p <0.0001) (Fig. 4B). Extrava-

sated FITC-albumin in and around microtumors was
gradually flushed out and never accumulated there.

Extravasation and Retention of FITC-Albumin Before
and After Administration of Cderiv in Microtumors

Figure 5A illustrates extravasation and retention of
FITC-albumin in a microtumor before Cderiv pre-
treatment. Figure 5B shows the change in extra-
vasation and retention in the same area 1 day after
i.v. administration of 10 mg/kg Cderiv. Less extra-
vasation of FITC-albumin was noted from vessels in
the microtumor than from vessels outside the
microtumor.

When FITC-albumin was again administered i.v.
after Cderiv pretreatment, it accumulated predomi-
nantly in the necrotic area (gray region in Fig. 5B-a)
of the tumor. FITC-albumin remained in the necrotic
region (Fig. 5C-c-1) even 31 h after administration but
was flushed out of viable regions (Fig. 5C-c-2).

Extravasation and Retention of FITC-Albumin in a
Microtumor Receiving 10 Gy X-Irradiation

Figure 6 shows typical extravasation and retention of
FITC-albumin in a microtumor that had received
10Gy X-irradiation 3 days before. X-irradiation
caused all tumor vessels to narrow, and the structure
of the tumor vascular network became less complex.
Although tumor vessels looked as if they had
normalized morphologically, vascular permeability
to FITC-albumin was rather enhanced. As shown in
Figure 3d, prominent granulation was observed in
the LY80 tumor tissue 3 days after X-irradiation.

Figure 3. Extravasation and retention of FITC-micelles in an LY80 microtumor
receiving X-irradiation. (a) Vital microscopy of a microtumor that had received 10 Gy
72 h before. The black frame is the area shown in the fluorescence images. (b) High-
power magnification of the area in the black frame in a. (¢) Fluorescence microscopy. The
time after FITC-micelle (20 mg/kg) administration appears at the lower left in each
panel. Arrows indicate the direction of time. (d) Histology of tumor tissue at 72h after
10 Gy X-irradiation. Hematoxylin and eosin staining. Scale bars: (a) 200 pm; (b and c)

100 pm; (d) 50 pm.
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Figure 4. Extravasation and retention of FITC-albumin in LY80 microtumors.
(A) Typical extravasation and retention of FITC-albumin in and around the microtumor.
(a) Vital microscopy. T, microtumor. (b) Fluorescence microscopy. The time after FITC-
albumin (15 mg/kg) administration appears at the lower left in each panel. Arrows indicate
the direction of time. (c) Vital microscopy 10 h later, showing that a microtumor <500 pm
in diameter establishes its own microvascular network. Scale bars: (a and b) 200 pm;
(¢) 100 pm. (B) Time course of fluorescence intensity of FITC-albumin in tumor tissue
(n = 18) and at the interface between normal tissue and tumor tissue (n = 10). The albumin
solution was administered i.v. at 0 h (arrow). Maximum fluorescence intensity was 255.

However, the microcirculation in these tumors
functioned quite well. Unlike the situation with
Cderiv, extravasated FITC-albumin did not accumu-
late in necrotic regions and was gradually flushed out
of the region.

Figure 7 shows the time course of fluorescence
intensity of intratumor FITC-albumin in the Cderiv,
X-irradiation, and untreated control groups. Extra-

DOI 10.1002/jps

vasation of FITC-albumin from vessels in tumors
that had received 10 Gy X-irradiation was markedly
enhanced compared with that from vessels in
untreated tumors (p < 0.0001). However, the half-life
of FITC-albumin in X-irradiated tissue was sig-
nificantly shortened, from 10.0+2.1h (n=17) to
5.24+0.4h (n=10) (p <0.0001), which shows that
washout was accelerated and it became difficult for
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5 min

Figure 6. Extravasation and retention of FITC-albumin in LY80 tumors receiving
X-irradiation. (a) Vital microscopy of a tumor that had received 10 Gy 72 h previously.
The black frame is the area shown in the fluorescence images. (b) Fluorescence micro-
scopy. The time after FITC-albumin (15 mg/kg) administration appears at the lower left
in each panel. Arrows indicate the direction of time. Scale bar: 100 wm.

FITC-albumin to remain in the tumor. Extravasation
from tumor vessels that survived after Cderiv
treatment and had restored tumor blood flow was
also markedly enhanced compared with that from
untreated tumor vessels (p <0.0001). However,
unlike the situation with X-irradiation, FITC-
albumin was not flushed out of tumors and remained
there at a high concentration even 12h after
administration.

DISCUSSION

To date, many reports have shown that tumor vessels
have higher permeability than normal blood vessels.

To explain this feature, researchers have pointed
to the following characteristics of tumor vessels:
(i) tumor vessels usually have wider intercellular
junctions than normal vessels,?® (ii) many tumor
vessels have fenestrated structures,?® (iii) endothelial
cells of tumor vessels have more vesiculo-vacuolar
organelles than those of normal vessels,?” and (iv)
some tumor vessels lack endothelial cells.?® These
characteristics were identified by studying vessels in
advanced tumors, whose vessels differ significantly
from normal blood vessels. In general, however,
vessels with different morphologies and functions
exist in a tumor because tumor vessels change
markedly during tumor growth.?®2° Among these

Figure 5. Changes in extravasation and retention of FITC-albumin in an LY80 tumor
before and after Cderiv pretreatment. (A) Before Cderiv pretreatment. (a) Vital micro-
scopy. T, tumor. (b) Fluorescence microscopy. The time after FITC-albumin (15 mg/kg)
administration appears at the lower left in each panel. Arrows indicate the direction of
time. Scale bars: (a) 250 um; (b) 200 pm. (B) At 24 h after Cderiv (10 mg/kg) pretreat-
ment. The observation area is the same as that in A. (a) Vital microscopy. The gray region
is the area of necrosis caused by Cderiv. (b) Fluorescence microscopy. The time after
FITC-albumin (15 mg/kg) readministration appears at the lower left in each panel.
Arrows indicate the direction of time. Scale bars: (a) 250 pm; (b) 200 pm. (C) Detailed
study of the area shown in B. (a) Fluorescence microscopy. (b) Vital microscopy. The
observation area is the same as that in a. (c) Histology of the area shown in b. (d) High-
power magnification of the area in the frame 1 in c. (e) High-power magnification of the
area in the frame 2 in c. Scale bars: 50 wm. (c—e) Hematoxylin and eosin staining. Note
that FITC-albumin accumulated in the necrotic area.
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Figure 7. Time course of fluorescence intensity of FITC-
albumin in LY80 tumors that had received Cderiv (10 mg/
kg; n=10), X-irradiation (10 Gy; n = 10), or no treatment
(n = 18). Cderiv or X-irradiation was given 3 days before i.v.
administration of FITC-albumin. FITC-albumin was given
i.v. at 0 h (arrow). Maximum fluorescence intensity was 255.

studies of tumor vessels, very few reports have
appeared about the function of vessels of microtu-
mors. However, whether those characteristics of
tumor vessels just outlined above apply to blood
vessels of microtumors must be clarified.

Recently, using a vital microscopic observation
system together with a transparent chamber setup,
we investigated the function of vessels in micro-
tumors.'® Results showed that the accepted belief 11~
13 that tumor vessels have higher permeability than
normal vessels is not always the case. For extravasa-
tion of our polymeric micelles at least, the function of
vessels in microtumors was rather similar to that of
normal blood vessels. Although polymeric micelles
readily leaked from vessels in advanced tumors, their
extravasation from the vascular network of micro-
tumors was negligible, and micelles never accumu-
lated in such microtumors.!® Vital microscopic
analysis with albumin in the present study showed
similar results. That is, the EPR effect did not occur in
microtumors. Despite the great difference in the
molecular sizes of polymeric micelles and albumin,
both substances behaved quite similarly in micro-
tumors. Both distribution and washout were mark-
edly influenced by tumor perfusion. These results
agree with the belief that the main driving force of
macromolecular movement is convection rather than
diffusion.

The present study found that microtumor vessels
that survived after treatment with the vascular
disrupting agent Cderiv and had restored blood flow
became quite leaky. Extravasation of macromolecules
from such tumor vessels was markedly enhanced not
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only in advanced tumors but also in microtumors.
Polymeric micelles and albumin that extravasated
after iv. administration accumulated in necrotic
areas of microtumors caused by Cderiv. That is,
pretreatment with Cderiv resulted in the occurrence
of the EPR effect in microtumors. This finding means
that the therapeutic effectiveness of anticancer drug-
incorporating micelles was extended to micrometa-
static foci. Kano et al.3! reported that transforming
growth factor-p type I receptor inhibitor enhanced the
EPR effect in intractable solid tumors. However, this
study did not address whether the inhibitor would
enhance the EPR effect in microtumors.

The reason why early-stage tumor vessels became
leaky after Cderiv pretreatment is not yet clear. Tozer
et al.3? reported that combretastatin A-4 phosphate
enhanced tumor vascular permeability. We could not
evaluate the direct effect caused by Cderiv on tumor
vascular permeability, however, because tumor blood
flow began to decrease shortly after Cderiv admin-
istration and stopped completely within 30 min.
Nevertheless, our previous study showed that tumor
interstitial fluid pressure markedly decreased just
after Cderiv administration and did not recover to the
original level even after 6h.'” This finding strongly
suggests that tumor vascular permeability was not
enhanced, at least shortly after administration of
Cderiv. The difference in activity of combretastatin A-
4 phosphate and Cderiv is probably related to a
difference in the degree of tumor blood flow inter-
ruption caused by each drug. In the case of Cderiv,
some unknown factor may cause tumor vascular
structure to collapse during the tumor blood flow
halt. We are now investigating the reason for this
effect.

We also found, when tumors received 10 Gy X-
irradiation before iv. administration of FITC-
micelles, that extravasation was markedly enhanced
but that the extravasated micelles did not remain in
the tumor tissues. Also, like FITC-micelles, FITC-
albumin did not accumulate in tumors that had
received 10 Gy X-irradiation; this result is clearly
different from the case for pretreatment with Cderiv.
Histological examination showed many areas of
granulation within tumors 3 days after 10Gy
X-irradiation. However, the fact that macromolecules
did not accumulate there indicates that enhanced
extravasation of macromolecules does not always lead
to accumulation of macromolecules. Intratumor
accumulation of macromolecules needs the drainage
system to stop functioning, as Maeda emphasized.'2

The reason that macromolecules were washed out
of tumors that had received 10 Gy X-irradiation is
probably related to improved tumor microcirculation,
because the increased tumor blood flow reached
a maximum 3 days after 10Gy X-irradiation.?!
Although tissue degradation seems to be essential
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for the EPR effect to occur, that such tissues have
dysfunctional microcirculation may be sufficient.

Liposomes, one type of nanocarrier, have been
reported to accumulate in high concentrations in
tumors that received photodynamic therapy.3%°
Photodynamic therapy induces enhanced perme-
ability and tumor microcirculatory dysfunction.
Although we have not as yet confirmed this possibi-
lity, vascular disrupting agents and photodynamic
therapy may have similar effects against tumor
vessels.

In conclusion, the EPR effect operates primarily in
tumors that include necrotic areas. This effect does
not occur in microtumors because tumors <3 mm in
diameter usually have no necrotic areas. In the
present study, we demonstrated that induction of
necrosis in a tumor area would lead to the occurrence
of the EPR effect, even in microtumors. This discovery
is a breakthrough for retaining nanomedicines in
microtumors for a long period. The procedure
described in the present study may thus become a
promising means for attacking micrometastatic foci.
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Analysis and Reconstruction of Cerebral Blood-Flow SPECT Images
Using MRI Information

T M
Hiroyuki KUDO
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513, Fl—#8E o SPECT Eifgr MRI BE&BE LTHY, HMoEHEFOTICEMET LT
2 AL & A EH{EfRAT 15 FUSE % 8858 L7-. FUSE %, BEEBSEA TV D 3D-SSP R SPM 72 &
0)?(%;1%E’JW{%13M)?2£&%;@ELT 1) EEASPECTHBEDOTFT —F_N—2ENEL LN E, 2) BER
EAECHEREOTE LSV L, D250 ERH S, T, F—HEO MRIEREZFIFHRE
LT RIA LT, SPECT @J_E&u%ﬁr%{tgtﬂf&;6%“*?;)3%&%%;&"fﬁi‘@ LB R L CRE
R LT O ES 2 AR T D IR EAE SRR 2 A% L, FUSE OMiER LIS Z Tl L .
ABUTH, ZhHDHEICOVTHRATS.
*—0— K . 2050E, MMfEE, SPECT, MRI, E{RFEN, Wi{HEER

We developed an image analysis method called FUSE to detect blood-flow deteriorated regions from
brain SPECT images by using MRI information. Compared to the conventional methods such as 3D-SSP

and SPM, FUSE does not require a database consisting of SPECT images of normal volunteers, and its
accuracy is hardly affected by the individual variation in brain morphology among a variety of patients
and the existence of brain atrophy. We also developed a statistical image reconstruction method which is
able to improve lesion detectability significantly by incorporating MRI information into the reconstruc-
tion process. This method combined with FUSE improved accuracy of the lesion detection. In this paper,
we introduce these works.

Key words: Dementia, Cerebral blood-flow, SPECT, MRI, Image analysis, Image reconstruction
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