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Fig. 1. Mass attenuation coefficients of jodine and bremsstrahlung X-rays
for enhanced K-edge angiography.

respectively. The focal-spot size was proportional to the
electric power of the tube, and its size was approximately
20 um in diameter with a power of 20 W. In this experiment,
the tube voltage applied ranged from 45 to 70kV, and the
tube current was regulated to within 170 wA. The exposure
time is controlled to obtain optimum X-ray intensity for
angiography, and narrow-photon-energy bremsstrahlung X-
rays are produced using the aluminum filter.

4, Results

4.1 X-ray intensity

X-ray intensity was measured using a Victoreen 660
ionization chamber, with a volume of 400 cm?, at'1.0 m from
the X-ray source using the filter (Fig. 2). At a constant tube
current of 100pA, X-ray intensity increased when tube
voltage was increased. At a tube voltage of 60kV, the X-ray
intensity with the filter was 7.75 pGy/s.

4.2 X-ray spectra

To measure X-ray spectra using the filter, we employed a
cadminm tellwride detector (CDTE2020X, Hamamatsu
Photonics) (Fig. 3). When tube voltage was increased,
bremsstrahlung X-ray intensity increased, and both max-
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Fig. 2. X-ray intensity (uGy/s) as a fanction of tube voltage (kV) with
tube current of 100 pA.
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Fig. 3. Bremsstrahlung X-ray spectra measured using cadmium telluride
detector with changes in tube voltage. )

imum photon energy and spectrum peak energy increased.
To perform K-edge angiography, bremsstrahlung X-rays
of approximately 35keV are used; the-high-energy brems-
strahlung X-rays decrease image contrast. When this filter
was used, because bremsstrahlung X-rays with. energies
higher than 60keV were not absorbed easily, the tube
voltage for angiography was determined to be 60kV by
considering the filtering effect of radiographic objects.

4.3  Enhanced magnification angiography :

The enhanced angiography was performed by fourfold
magnification imaging using the CR system and the filter at
a tube voltage of 60kV, and the ‘distance between the X-ray
source and the imaging plate was 1.0m (Fig. 4). First, the
spatial resolutions of cohesion and magnification radiogra-
phies were realized using a lead test chart at an exposure
time of 30s. In the magnification radiography, 50-um-thick
lines (10 line pairs) were clearly visible (Fig. 5)..Figure 6
shows radiograms of tungsten wires in a 25-mm-diameter
rod made of poly(methyl methacrylate) (PMMA) at an
exposure time of 30s. Although image contrast decreased
slightly with decreasing wire diameter owing to the blurring
of the image caused by the sampling pitch of 87.5 um, a 20-
pm-diameter-wire could be observed.
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Fig. 4 Fouwrfold magnification imaging using imag-
ing plate in conjunction with microfocus tube.
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Fig. 5. Radiogram of test chart for measuring spatial resolution.

Figures 7 and 8 show angiograms of a 19-mm-thick rabbit
heart specimen and a 41-mm-thick thigh specimen, respec-
tively. The exposure time was 30s, and- these. images were
obtained using iodine microspheres of 15 um diameter. The
microspheres are very useful for making the phantoms of
nonliving animals used for angiography. The iodine plastic
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.Fig. 7. Angiogram of extracted rabbit heart using
iodine microspheres.

spheres contained 37% iodine by weight, and the coronary
arteries and-fine blood vessels were visible.

Figure 9 shows angiograms of a dog heart specimen of 65
mm thickness using iodine spheres with an exposure time of
60s. Although the image contrast decreased slightly with
increasing thickness of the PMMA plate facing the X-ray
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'100 um -diameter wire

source, the coronary arteries of approximately 100pm
diameter were observed using a 100-mm-thick plate.

5. Conclusions

We employed a microfocus X-ray generato;f 'Wi‘thc;a“'

tungsten target tube to perform enhanced magnificatior
angiography using narrow-photon-energy blemssnahlung
X-rays at a peak photon energy of approximately 38keV,

) Uadohmum ‘media.,

4

which can be absorbed easily by iodine-based connast-,'

be 60kV.

Because the sampling pitch of the CR system is’ 87 5] urn :
we obtained spatial resolutions of approximately-50 gm'_ '
using fourfold magnification, imaging achieved with a:20-’

pm-focus tube. To observe fine blood vessels of less than
100 um diameter, the spatial resolution of the CR system
should be improved to 43.8pm (Regius 190, Konica
Minolta), and iodine density should be increased.

In this research, we controlled bremsstrahlung X-rays to
the optimum spectral distribution for realizing enhanced
angiography.- using iodine-based contrast media. On the other
hand, gadolinium-based contrast media with a K-edge
energy . of . 50.2keV have been employed to perform
angiography in MRI, and the gadolinium density used has
been increasing. In view of this situation, tungsten Ko rays
(58.9keV) are useful for enhancing K-edge angiography,

“been mcwasmg, and a kﬂowatt—nnge tube

Fig. 8. Angiograms of rabbit thigh. -

because the Ko rays are absorbed effectively by gadolinium
media. As compared with angiography using iodine media,
the absorbed dose can be decreased conmdexably using

tub voltage of 60 kV. and 'a cun'ent Af 170 uA the

: photon hufaber was’ app1ox1mately X 107 photons/ (cm' s)
.at 1.0m from: the source, and photon count tate can be
",mmeased easﬂy using a rotating :anode. nncrof cus
;developed by Hitachi Medlc'ﬂ C01p01at10n Recentl
media. Although bremsstrahlung X-ray intensity -substan-" - e
tially increased with increasing tube voltage, the: optlmal‘.'
tube voltage for increasing image contrast was determmed to‘"’

“tube
the

maximum electuc power of the microfocus X~1a

reéiii’able

: The1efo1e Teal-time maomﬁcatmn 1ad1001aphy W111 become
* possible 1 usmcy a flat panel detector w1th a plxel 1ze of less
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We previously reported gene therapy using cationized gelatin microspheres of ¢20-32 pm, prepared from
pig skin, as a transducing agent, but although the gelatin offered various advantages, its yield was extremely
low (only 0.1%). In this study, we markedly improved the yield of ¢20-32 pm cationized gelatin microspheres
and prepared a newly less than ¢ 20 pm cationized gelatin, Conventionally, cationized gelatin is prepared by
cationization, particulation by agitation, and cross-linking. The yield is determined by the particulation step,
for which we had used a three-necked distillation flask of 500 mL and an agitation speed of 420 rpm. The
yield was significantly increased from 0.13 = 0.02% to 8.80 * 1.90% by using a smaller flask of 300 mL and an
agitation speed of 25000 rpm (p < 0.01). We could also prepare cationized gelatin of less than ¢ 20 pm, which
had not been possible previously. We confirmed that efficient gene introduction into peritoneal macrophages

could be achieved with the new cationized gelatin,

Key words: gelatine microsphere, macrophage, yield

INTRODUCTION

Efficient gene transduction methods are necessary
for gene therapy [1], and currently available methods
can be divided into viral vector techniques and non-
viral approaches, such as lipofection or electroporation.
Viral vectors such as adenovirus or retrovirus offer
high transduction efficiency, but there are questions
regarding safety [2]. On the other hand, the efficiency
of transduction with non-viral vectors is generally poor
[3]. In recent years, riucleofection has been developed
for highly efficient gene transduction, but it can be
applied to only certain cells, and it causes damage in
somie cases [4].

We showed that intramuscular injection of FGF-4

gene-gelatin complex induced significantly greater -

angiogenesis than injection of the bare FGF-4 gene
[5]. Furthermore, we showed that adrenomedullin
(AM) gene-gelatin complex effectively transduced the
AM gene into endothelial progenitor cells (EPCs),
and the transduced EPCs had a therapeutic effect in
pulmonary hypertension [6]. In those studies, we used
cationized gelatin microspheres of $20-32 pm, derived
from pig skin. However, the yield of gelatin was only
about 0.1%. Cascone et al. reported that the preparation
of nanoparticulate gelatin required an agitation speed
of cationized gelatin and olive oil of more than 10,000
rpm | 7], so i this study, we examined whether the use
of a higher agitation speed during preparation of the
gelatin particles would increase the yield and reduce
the particle size in our procedure. We also confirmed
the efficacy of the gelatin particles thus obtained for
gene transduction.

MATERIALS

Gelatin of pig skin origin (PI 9) was purchased
from Nitta Gelatin Corp, Japan. 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), f-alanine,
acetone, glycine, hydrochloric¢ acid, ethylenediamine,
olive oil, glutaraldehyde solution (GA), potassium
dihydrogenphosphate, disodium hydrogenphosphate
and sodium hydrogen carbonate were purchased from
Wako Pure Chemical Industry, Japan. Liquid nitrogen
was purchased from Tomoe Corporation, Japan.

Rat peritoneal macrophages were collected by intra-
peritoneal injection of thioglycolate culture medium
as previously described [8]. DNA encoding GFP with
the cytomegalovirus enhancer-chicken f-actin hybrid
promoter was constructed [5].

METHODS

Counventional preparation of gelatin microspheres

. involves three steps: (1) cationized gelatin production,

(2) microsphere production and (3) cross-linking of
cationized gelatin microspheres. In order to increase the
yield of cationized gelatin microspheres, we aimed to
improve the second step, i.e., microsphere production.

Cationized gelatin production

PI 9 (10 g) was completely dissolved in 0.1 M phos-
phate buffer (PBS, 450 mL) containing potassium di-
hydrogenphosphate and disodium hydrogenphosphate.
Ethylenediamine (81.1 mL) and hydrochloric acid were
added, and the pH was adjusted to 5.0. EDC (5.35 g)
was added to this solution, which was made up to 500
mL with PBS and left for 18 hours. The solution was

Naoto FUKUYAMA or Hidezo MORT, Deparunent of Physiology, Tokai Univcx"sily, Bohscidai, Ischara, Kanagawa 259-1193, Japan  Tel: +81-163-931-121
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Fig. 1 Vield of $20-32 pm cationized gelatin using a 500
mL three-necked distillation flask.

The open bar shows the control (420 rpm) group,
horizontal lined bar, the 570 rpm group and closed
bar, the 25,000 rpm group. Data arc presented as
mean * SEM. The yield in the 570 rpm group was
significantly higher than that in the control group
(*p <0.001 vs 420 rpm).

then dialyzed for 2 days with 16 changes of water.
After the dialysis, this solution was freeze-dried for 4 to
7 days to afford cationized gelatin. The conversion rate
of carboxyl groups to amino groups was measured by
the TNBS method to characterize the product {18].

Microsphere production

In the conventional procedure, cationized gelatin
aqueous solution and olive oil were placed in a three-
necked distillation flask of 500 mL at 40°C, and
centrifuged at 420 rpm for 10 minutes. This solution
was stirred for 30 minutes at 0°C. Acetone was added,
and the mixture was centrifuged. After centrifugation,
the oil layer was removed, and acetone was added.
This solution was centrifuged again, homogenized and
sieved with @20 pun, @32 jun and ¢ 90 jm sieves (Test
sieves, #]J1S Z 8801, Tokyo Screen Co., Ltd., Japan).
The microspheres was dried in a refrigerator overnight,
and the yield of each fraction was determined.

In this experiment, we examined the effect of
increasing the agitation speed to 570 rpm and 25000
rpm, and the elfect of using a smaller three-necked
distillation flask (300 mL) to obtain smoother mixing.

Cross-linking of cationized gelatin microspheres

Acetone and hydrochloric acid (7:3) were added
to cationized gelatin microspheres, the crosslinking
agent GA was added, and the reaction was allowed to
proceed for 24 hours. After the reaction, centrifuga-
tion was performed and the supernatant was removed.
Glycine solution (100 mM) was added to remove GA
for one hour. After centrifugation, the supernatant was
removed and cross-linked microspheres were cooled
with liquid nitrogen, freeze-dried, and weighed.

Gene introduction with the newly developed cation-
ized gelatin microspheres
Gene gelatin comnplex was prepared by mixing 2 mg

12~ s
10+
g
> 4
2+
-

420 570 25000
Agitation speed (rpm)

Fig. 2 Yield of ¢20-32 pm cationized gelatin using a 300
mL three-necked distillation flask.

The open bar shows the 420 rpm group, hori-
zontal lined bar, the 570 rpm group and closed
bar, the 25,000 rpm group. Data are presented as
mean * SEM. The yield in the 570 rpm group was
significantly higher than that in the 420 rpm group
(*p < 0.001 vs 420 rpm). The yield in the 25,000
rpm group was significantly higher than that in the
other groups (**p <0.0001 vs other groups).

of cationized gelatin and 50 pg/100 pl gene (GFP or
luciferase). The complex was incubated with rat perito-
neal macrophages for 14 days. Effective gene introduc-
tion was demonstrated by cellular expression of GFP or
luciferase.

RESULTS

Effect of agitation conditions on yield of cationized
gelatin

In the conventional method (500 mL/420 rpm), the
yield of the ¢20-32 pm cationized gelatin was 0.13 =
0.02%, but when the agitation speed was increased to
570 rpm, the yield rose to 1.22 = 0.52% (*p < 0.001
vs 420 rpm). The yield was further increased to 2.30
* 0.47% by increasing the agitation speed to 25000
rpm from 570 rpm, but this further increase was not
statistically significant (p=0.136)(Fig. 1). Next we used
a smaller (300 mL) three-necked distillation flask with
agitation at 420 rpm, 570 rpm and 25,000 rpm. When
the agitation speed was increased to 570 rpm, the yield
rose to 1.12 £ 049% from 0.11 = 0.01% (*p <0.001
vs 420 rpm). The yicld was markedly increased to 8.80
* 1.90% by increasing the agitation speed to 25,000
rpm from 570 rpm (*¥p <0.0001 vs 420 or 570 rpm)
(Fig. 2).

The yields of different-sized microsphere fractions
are summarized in Table 1. The use of the highest
agitation speed and the smaller flask allowed us to ob-
tain cationized gelatin microspheres of less than ¢ 20
pm, which we had not been able to prepare with the
conventional method, in addition to increasing the total
yield of the cationized gelatin microspheres.

Gene introduction with the new cationized gelatin
We examined the efficiency of the new, smaller-
sized cationized microspheres for gene introduction
into rat peritoneal macrophages. As shown in Figure
3A, after coincubation of the macrophages and GFP
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Table 1 Yields of different-sized cationized gelatines (%).

Flask size (mL) / Agitation speed (rpm) > 20 pm $20-32 pm ¢ 32-90 pm $90 pm >
500/420 0 0.13£0.02 15.1%3.21 14.0£5.30
500/570 . 0 1.22£0.52° 18.2£3.52 14.1%6.13
500/25000 0 2.30£047 172410 7.23%£1.60
300/420 0 0.11+=0.01 19.1%5.32 174x712
300/570 0 1.12£0.49** 22.1£7.62 11.53+2.52
300/25000 2.12+0.21 8.80%£1.90™* 32.2=11.0 9.10+2.10

Data are presented as mean = SEM. *p <0.001 vs 500/420, ** p <0.001 vs 300,420

**p <0.0001 vs 300/420 or 300/570

M+GFP

Luciferase activity
(counts / mg protein)

M

1500+
1250+
1000~
750+
500~

250+

(=]
i

Méd G+Md L+G+Mo

Fig. 3 Gene introduction into rat peritoneal macrophages with cationized gelatin.
A. Upper column: Peritoneal macrophages were coincubated with GFP gene-cationized gelatin com-
plex (M+ GFF) for 14 days. GFP was expressed in the cytoplasm of the macrophages. Lower columun:
Pevitoneal macrophages were coincubated with cationized gelatin complex (M) for 14 days. GFP was not

expressed in the macrophages.

B. Luciferase activity. Peritoneal macrophages were coincubated with luciferase gene-cationized gelatin
complex (L + G + Mg, dosed bar) or with cationized gelatin (G + M@, horizontal lined bar) or with
no additive (M¢, open bar) for 14 days. Data are presented as mean * SEM. The luciferase activity of
L+G+M¢ was significantly higher than that of M@ or G+M¢ (*p <0.01).

gene-cationized gelatin complex, the cells expressed
GFP. Coincubation of the macrophages and cationized
gelatin alone did not result in expression of GFP. As
shown in Figure 3B, after coincubation of the macro-
phages and lhuciferase gene-cationized gelatin complex,
the cells expressed luciferase activity of 1251 = 257
(counts/mg protein) on day 14, while the activity in the
control group, in which macrophages were cultured
alone, was only 5 * 2 (counts/mg protein) (*p <0.01).
The luciferase activity was 8 £ 2 (count/mg protein)
in the macrophage + cationized gelatin group.

DISCUSSION

In this study, we showed that the yield of cationized
gelatin microspheres of ¢20-32 pm increased with in-
creasing agitation speed and with the use of a smaller
three-necked flask for the agitation of cationized
gelatin with olive oil. In addition, cationized gelatin
microspheres smaller than ¢ 20 pm could be prepared
for the first time with the highest agitation speed and
the smaller flask.

In the conventional method, 30% of cationized
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gelatin finally formed microspheres, but almost all
were larger than @32 pm [9]. Gene mtroduction with
cationized gelatin microspheres involves cellular phago-
cytic activity, which is inefficient for particles as large
as $30 um [6]. By using a speed as high as 25,000
rpm and a smaller flask (300 mL), we were able to
increase the yield of cationized gelatin microspheres of
$20-32 nm to 8.80%. Furthermore, we could manu-
facture cationized gelatin microspheres smaller than
$20 pm, which could not be obtained by the conven-
tional method, in a yield of 2.12%.

Gedanken et al. succeeded in the production of
nanoparticles from various chemicals by using ul-
trasonic irradiation [10]. However, when we used an
ultrasonic homogenizer for agitating cationized gelatin
and olive oil, the yield decreased to 1.30% .

We previously showed that our gelatin microsphere-
gene complexes were introduced into cells by phago-
cytlosis. Since the efficiency ol cellular phagocytotic
activity is greater for smaller particles, the development
of smaller-sized cationized gelatin microspheres is
expected to increase the efficiency of gene introduction
via phagocytosis. Further, Kaul et al. showed that gene
introduction into fibroblasts, which exhibit endocytosis
but not phagocytosis, was possible by using nanopar-
ticles of polyethylene glycol [11]. Therefore, if our
method can be extended to obtain cationized gelatin
microspheres in the nano size range, the variety of cells
to which they would be applicable may be considerably
extended. It is still the case that a gene introduction
method with adequate safety and efficiency for dlinical
application is not yet available [12]. The ingredient,
gelatin, used in this study is already in clinical use,
and is considered to be safe. Cationized gelatin mi-
crospheres cannot be used to introduce genes into all
types of cells, and the efficiency of gene introduction
is lower than that of viral vectors. However, the use of
cationized gelatin microspheres to introduce a gene into
endothelial progenitor cells did have an apparent and
prolonged therapeutic effect [5, 6]. The smaller cation-
ized gelatin microspheres developed in this study may
provide increased efficiency of gene introduction into
various cells.

In conclusion, we have improved the preparation of
cationized gelatin microspheres for gene transduction,
obtaining a greater yield, as well as smaller micro-
spheres, which may have clinical potential.
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Objective: Stable animal models for refractory peripheral arterial disease are not established. A standardized
animal mode] of hind-limb ischemia is required upon searching effective treatment for this condition. The
aim of the study is to verify previously used hind-limb ischemia models to find a standard method.

Methods: Using Balb/ca mice six various methods of induting hind-limb ischemia were applied and two
weeks after operation degree of ischemic damage were examined. Six methods include V group, A group, AV
group, A-strip group, AV-strip group and Prox-A group (refer the text).

Resulis: Degree of ischemia was evaluated macroscopically by judging toes, foot, knee, and total hind-limb
necrosis. We found that severity of damage was markedly different among different methods. Furthermore
the severity of necrosis was not uniform even in the same method group.

Conclusions: The A-strip group in which the femoral artery from the bifurcation of the deep femoral artery
to the saphenous artery was stripped appears to be suitable as a stable severe ischemia model. The A group
in which the femoral artery were cut just below the bifurcation of the deep femoral artery appears to be suit-

able as a chronic nild ischemia model.

Key words: angiogenesis, animal model, blood vessels, femoral artery, hind-limb ischemia

INTRODUCTION

Refractory peripheral arterial disease is becoming
an important therapeutic target since its incidence
has been markedly increasing due to the increase in
aged population and patients with diabetes mellitus.
Consequently various therapeutic approaches including
angiogenic treatment with growth factors or cell trans-
plantation have been attempted using mouse hind-
limb ischemia models [1-4]. Scrutinizing these studies
we found that experimental methods to create hind-
limb ischemia are not standardized. Method of occlud-
ing artery varies from ligation, or cutting, to excision
of the artery. The targeted artery varies also from the
iiac artery [1], the femoral artery [2-4], or the fernoral
with saphenous artery [5-9]. In some cases, both the
femoral artery and vein were occluded. Strangling of
the thigh itself’ was attempted in some studies [10, 11].
As the severity of ischiemic damage cannot be uniform
in different exper imental methods, the comparison of
effect among var ious therapies becomes very difficult.

Another important problem in previously used
animal models is lack of data on blood flow when
hind-limb is lost. In case of severe ischemic damage

" in mouse necrosis and Joss of hind-limb often oc-
cur within three days but in padents of peripheral
artery disease ischemia is chronic and acute necrosis
is seldom seen. In these patents the improvement of
blood flow is one of the key indices in determining
effective treaunents. Therefore it is mandatory to have
an animal model in which chronic hind-limb ischemia

is present bul necrosis seldom occurs and sequential
evaluation of blood flows is possible in order 10 evalu-
ate various therapies.

In the present study, firstly we examined six meth-
ods for inducing hind-limb ischemia in Balb/ca mice
and evaluated the severity of ischemic change o search
for a stable severe ischemia model. Secondly we select-
ed three methods with mild ischemic changes among
six methods which do not produce severe necrosis
and examined degree of ischemia by measuring CPR
release, muscle weight, and histological changes to find
an appropriate mild ischemia model.

MATERIALS AND METHODS

Animals

Seventy-five male Balb/ca mice (12 weeks old, 20 o
30 g, Japan Clea Inc, Ishibe) were used. All operations
and measuremerts were performed under general an-
esthesia (1.0 to 1.5% isoflurane, 60% dinitrous monox-
ide, and 40% oxygen). The operation was performed,
by only one investigator (T.G.), under a microscope
(Bonan Operation Microscope 707, Konan Keeler Co.
LTD, Japan). To create ischemia, the vessels were cut
or resected after ligation of the stumps with sterilized
6-0 silk suture (Azwel Inc, Osaka). The investigation
conforms with The Guide for the Care and Use of
Laboratory Animals published by the U.S. National
Institutes of Health (NI Publication No. 85-23, re-
vised 1996).
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The deep femoral artery

artery The deep femoral vein

The A-strip-group

The AV-strip-group

The prox-A-group

Fig. 1. (A) Schematic illustration of vascular anatomy in the mouse lower limb. (B) Schematic illustrations of surgical pro-
cedures in the six groups. The black bar indicates the cut or siripped sites of the vesscls.

EXPERIMENTAL PROTOCOLS

1. The six hind lunb ischemia models (n = 69)

The following six types of ischemia were created
n the right lower imbs of 60 mice (schematic illus-
trations are presented in Fig. 1). These included, (1)
cutting the femoral vein at the distal site of the bifur-
cation of the deep femoral vein (V-group, n=10), (2)
cutting the femoral artery just below the bifurcation of
the deep femoral artery (A-group, n=10), (3) cuuing
both the femoral artery and vein (AV-group, n =10),
{4) resection of the femoral artery from the distal site
of the bifurcation of the deep femoral artery to the sa-
phenous artery (A-strip-group, n = 10). By disecting the
femoral artery as was shown in the Fig. 1B, branches
including the popliteal artery were also obstracted and
retrograde flows from these branches were completely
avoidable. (5) resecting both the femoral artery and
vein from the distal site of the hifurcation of the deep
femoral artery to the saphenous artery (AV-strip-group,
n=10), and (6) cutting the femoral artery at the proxi-
mal site of the bifurcation of the deep femoral artery
(Prox-A-group, n =10).

2. Macroscopic evaluation of ischemic severity

Two weeks after the operation, the ischemic limb
was macroscopically evaluated by using graded mor-
phological scales for necrotic area; grade 0: absence of
necrosis, grade I necrosis limiting to toes {toes loss),
grade II: necrosis extending o a dorsum pedis (foot
loss), grade 1II: necrosis extending to a crus (knee loss),
grade I'V: necrosis extending to a thigh (total hind-limb
loss).

3. Blood flow measurement

Calf blood flows on both sides were measured be-
low a patella with a noncontact laser Doppler {lowme-
ter (FLO-N1, Omegawave Corporation, Tokyo) before
the operation, just after the operation, and two weeks
post operatively, and were expressed as the ratio of the
flow in the ischemic limb to that inn the normal limb.

4. CPX release, muscle weights and histological
evaluation in three mild ischemia groups
In additional mice of V-, A-, and AV-groups (n
=5 each) blood samples were obtained from the

Table 1 Degree of Ischemic Damage in 6 Groups.

Grom Grade 1 noooomw
V group 10

A group 7 3

AV group 5 5

A-strip-group 1 9

AV-strip-group 6 3 ]
Prox-A-group 3 7

0: no change, I toes necrosis, II: foot necrosis,

II1: knee necrosis, IV: total necrosis

orbital plexus before the operation and 1, 2, and 7
days thereafter and concentrations of creatine phos-
phokinase (CPRK) were measured. At two weeks after
the operation, the animals were sacrificed under an
overdose of sodium pentobarbital and the anterotibial,
gastrocnemius, and soleus muscles were dissected out
and weighed. Histological analysis (HE staining) was
performed in each muscle [12].

RESULTS

1) Severity of ischemic change in the six groups

Two weeks after the operation necrotic changes were
macroscopically evaluated (Table 1). In the V-group,
no macroscopic change was observed throughout the
experimental period. In other 5 groups 1ssue necrosis
appeared at cither toes, dorswun pedis, crus or thigh.
The position of necrosis was not uniform even in one
group. Loss of total hind-limb was observed only in
the Prox-A-group (7/10 mice). The order of necrosis
severity among groups were Prox-A-group, AV-strip-
group, A-sr.rip-group, AV-group and A-group. The
necrosis occurred as early as three days after the op-
eration when it happens.

2) Changes in calf blood flow in the six groups

Just after the operation, calf blood flows were de-
creased to 30-35% of the pre-operative value without
significant differences among the six groups except
for the V-group (V-group: 98.5 %17, A-group: 34.) =
12.8, AV-group, 34.4 % 9.9, A-strip-group: 314 % 3.6,
AV-strip-group: 32.9 £ 5.0 and Prox-A-group: 31.3 =
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Fig. 2 Blood flow changes in 6 groups. Blood flow is
express as a vatio of that in the ischemic limb to
that in the opposite limb. V-group: closed‘cn'c)es,
A-group: open circles, AV-group: open triangles,
A-strip-group: closed triangles, AV-strip group: open
squares, Prox-A-group: closed squares. Measurement
of blood flows was available only in intact hind-
limb or in stable data in case of toes necrosis.
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Fig. 3 Concentrations of serum creatine phosphokinase
(CPK) in three groups. The concentraton is ex-
pressed as the value relative to that before the opera-
tion. V-group: closed circles, A-group:-open circles,
AV-group: opern Lriangles.

Fig. 4 Muscle weights in the ischemic
limb at 14 days afier the op-
eration. The weights of the three
muscles are expressed as the
value relative to those of the same
muscles in the opposite limb.

Anterotibial Gastrocnemius
muscle muscle

6.5%, respectively, Fig. 2). Two weeks after the opera-
tion, calf blood {lows had recovered to 45-55% of the
pre-operative value (V-group: 97.8 £ 1.2, A-group: 44.7
= 8.9, AV-group, 48.0 = 9.0, A-strip-group: 54.0 £ 6.2,
AV-strip-group: 57.0 £ 7.3 and Prox-A-group: 59.8 =
5.1, respectively). The blood flow measurement was ap-
plicable only in mice in which calf was wel} preserved.
We found difficulty to obtain stable calf blood flow
n some mice with toes necrosis even though their calf
was preserved and unstable measurements were omit-
ted. Namely blood flow could be measured in 10 mice
in the V group, 10 mice in the A group, 8 mice in the
AV-group, 8 mice in the A-strip-group, 7 mice in the
AV-strip-group, 3 mice in the Prox-A-group. At two
weeks there were no significant differences among the
six groups except for the V-group.

3) CPX release, muscle weights and histological
evaluation in three mild ischemia groups
As we found that ischemic changes were too severe
in A-strips, AV-strip and Prox-A-groups, we selected

Soleus
muscle

V-group: open bar, A-group: grey
bar, AV-group: black bar. (;p<0.05
vs A- and V-groups, ANOVA).

V-, A- and AV-groups as mild ischemia models. Blood
CPK concentrations were significantly elevaied one day
after the operation in V-, A- and AV-groups (p <0.05
vs pre-operation, ANOVA, Fig. 8). Two days after the
operation, CPX values had returned o bascline i the
A-and V-groups but were still high in the AV-group {p
<0.05 vs pre-operation, ANOVA). Seven days afier the
operation, CPK values had retirned o baseline in all
groups.

Two weeks after the operation, weight loss in the
calf muscles was observed only in the AV-group. The
values relative to those of the same muscles in he
opposite limb were anterotibial: 0.32 + 0.22, gastrocne-
mius: 0.42 * 0.08, and soleus muscles: 0.2 1.8 (Fig.
4). HE staining of the gastrocnemius muscle in the
V-group disclosed that there was not obvious changes
in the V-group compared with that in the normal limb
(Figs. A and B). On the other hand, in the A- and
AV-groups, microscopic features of necrotic changes
such as cell size inhomogeneity, cellular wal} degenera-
tion, denucleation, and edema were observed (Figs. 5C
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es in the V-group compared with that

in the normal limb. In the A- and AV-groups, microscopic features of
necrotic changes such as cell size inhomogeneity, cellular wall degenera-
tion, denucleation, and edema were observed.

and D). These changes were more severe in the AV-
group than in the A-group.

DISCUSSION

The mouse hind-limb has a well-developed innate
collateral system and is shown to have remarkably high
resistance to ischemia, e.g, a simple ligation of the
femoral artery is known to produce no serve ischemic
clizmge [1]. This is because the hind-limb would be
nourished by collateral circulation via the deep femo-
ral artery and other branches (Fig. 1). As was shown in
the Fig. 1A, there are several small branches including
the popliteal artery and simple ligation of the femoral
artery (A-group) results in obstruction of forward
flow, but collateral flows via the deep femoral artery
from these branches can retrogradely enter the distal
portion of the femoral artery. In contrast, when the sile
of ligation is proxismal, the deep femoral arterial flow
‘will be also interrupted. Similarly in the A-strip group
collateral {lows from branches cannot enter the distal
portion of the femoral artery. When site of ligation is
proximal or includes several branches, collateral flow
reduces and ischemic change becomes severe. However
degree of ischemic damage would not be the same
even in the site of ligation because richness and course
of collateral vessels differ markedly among individual
animals. .

As was expected, this study revealed that the degree
of ischemic damage varies markedly in six models of
mouse hind-limb ischemia. Another important finding
of this study is that even in the one model the ischemic
damages were not uniform ranging from toes necrosis
to knee necrosis as such in the AV-strip-group or from
toes necrosis to total hind-limb necrosis in the Prox-A-
group (Table 1). Only the A-strip-group showed rela-
tvely uniform ischemic damage: 9 toes necrosis and

one no change.

On examining effect of various therapies including
angiogenic treatments with growt {aclors or cell trans-
plantation we have to use stable and uniform ischemic
damage model, but previous studies used various de-
gree of ischemic damage [1-9]. In this study we showed
that A-sirip method appears to be most appropriate
as a mild ischemia model. The Prox-A method can be
utilized when very severe ischemic damage model is
necessary.

Regarding mild ischemia model simple ligation
of the vein without treatment of the artery (V-group
in protocol 2, Fig. 5B) produced only very weak
edematous change and this is not an ischemic model.
However, obstruction of venous retwrn appears o have
additional effects because damage became more seri-
ous in the AV-group than that in the A-group (Table
1 and Fig. 5). For example, edematous changes were
seen by the histological analysis in the AV-group, and
the AV-group showed muscle weight reducton in all
anterotibial, gastrocnemius and soleus muscles (Fig. 5).
Since venous obstruction is not associated with periph-
eral arterial disease, pathology under AV-group cannot
be consistent with patients suffering from peripheral
arterial disease. Although blood flow measurements
were possible in both A- and AV-groups, severity of
ischemic damage was relatively stable in the A-group.
which resembles o the degree of ischemia seen in
patients (7 mice showed no necrosis and three had woes
necrosis). Taken together, the A-group appears o be
the most suitable a5 a chronic mild ischemia model.

In conclusion, the relatively severe stable ischemia
model is created by stripping the femoral artery from
the distal site of the bifurcation of the deep femoral
artery to the saphenous artery and the mild ischemic
model should be made by cutting the femoral ariery
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just below the bifurcation of the deep femoral artery.
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OBIECTIVES
BACKGROUND
METHODS

RESULTS

CONCLUSIONS

We investigated the effects of erythropoietin (EPO) on neovascularization and cardiac
function after myocardial infarction (MI).

Erythropoietin exerts antiapoptotic effects and mobilizes endothelial progenitor cells (EPCs).
We intravenously administered EPO (1,000 IU/kg) immediately [EPO(0) group], 6 h
[EPO(6h) group], or 1 week [EPO(1wk) group] after the permanent ligation of the coronary
artery in dogs. Control animals received saline immediately after the ligation.

The infarct size 6 h after MI was significantly smaller in the EPO(0) group than in the contro}
group (61.5 = 6.0% vs. 22.9 = 2.2%). One week after M1, the circulating CD34-pasitive
mononuclear cell numbers in both the EPO(0) and the EPO(6h) groups were significantly
higher than in the control group. In the ischemic region, the capillary density and
myocardial blood flow 4 weeks after MI was significantly higher in both the EPO(0) and
the EPO(6h) groups than in the control group. Four weeks after M1, left ventricular (LV)
ejection fraction in the EPO(6h) (48.6 = 1.9%) group was significantly higher than that
in either the control (41.9 * 0.9%) or the EPO(1wk) (42.6 * 1.2%) group but
significantly lower than that in the EPO(0) group (56.1 = 2.3%). The LV end-diastolic
pressure 4 weeks after M1 in both the EPO(0) and the EPO(6h) groups was significantly lower
than either the control or the EPO(1wk) group. Hematologic parameters did not differ among the
groups.

In a(lidition to its acute infarct size-limiting effect, EPO enhances neovascularization, likely
via EPC mobilization, and improves cardiac dysfunction in the chronic phase, although it has

- time-window limitations.
College of Cardiology Foundation

(J Am Coll Cardiol 2006;48:176-84) © 2006 by the American

Erythropoietin (EPO) is a cytokine that promotes prolifer-
ation and differentiation of erythroid precursor cells (1) and
is widely used for the treatment of anemia in patients with
chronic renal failure (2). Erythropoietin can also exert
antiapoptotic and radical scavenger effects on nonerythroid
cells (3,4). Indeed, we and others showed that an adminis-
tration of EPO before or shortly after the onset of ischemia

See page 185

reduced myocardial infarct size and improved cardiac func-
tion in acute phases (5-8). Another interesting nonery-
throid function of EPO is the promotion of endothelial
progenitor cell (EPC) mobilization in animals and humans
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cular Center, Suita, Osaka, Japan; and the [[Department of Physiological Science,
Tokai University School of Medicine, Isehara, Kanagawa, Japan.
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(9-11), which may enhance neovascularization of ischemic
areas (12,13). We hypothesized that EPO increases blood
supply to ischemic regions through promoting neovascular-
ization and improves cardiac dysfunction after ischemic
insult. Thus, the goal of this study was to characterize the
effects of EPO on neovascularization and cardiac function
after myocardial infarction (MI) in the chronic phase.

METHODS

All procedures were performed in conformity with the Guide
for the Care and Use of Laboratory Animals (NIH publication
no. 85-23, 1996 revision) and were approved by the Osaka
University Committee for Laboratory Animal Use.

Instrumentation. Forty-seven beagle dogs (Kitayama
Labes, Yoshiki Farm Gifu, Japan), weighing 8 to 12 kg were
used in these experiments. After an intravenous injection of
sodium pentobarbital (15 mg/kg), the dogs were intubated
and ventilated. Geperal anesthesia was maintained with
0.5% to 2.0% inhaled isoflurane. After baseline echocardi-
ography and hemodynamic assessment, minimal thoracot-
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Abbreviations and Acronyms

ABP = arterial mean blood pressure

Dil-ac-LDL = 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine-labeled
acetylated low density lipoprotein

EPC = endothelial progenitor cell

EPO = erythropoietin

HR = heart rate

LAD = left anterior descending coronary artery

LCX = left circumflex coronary artery

Lv = left ventricle/ventricular

LVEDD = left ventricular end-diastolic dimension

LVEDP = left ventricular end-diastolic pressure

MBF = myocardial blood flow

MI = myocardial infarction

MNC = mononuclear cell

UEA-I = Ulex eurgpaeus agglutinin I

VEGF = vascular endothelial growth factor

omy was performed, and then the left anterior descending
coronary artery (LAD) was ligated just distal to the first
diagonal branch. To ensure that all animals included in the
data analysis were exposed to a similar extent of ischemia,
animals with excessive myocardial collateral blood fow
(>15 ml/100 g/min) were excluded from study as previously
described (14).

Experimental protocols. ACUTE EFFECTS OF EPO ON MYO-
CARDIAL INFARCT SIZE. Either a single dose of EPO (1,000
IU/kg; S ml) (n = 6) or the same volume of saline
(n = 6) was administered intravenously immediately after
the LAD ligation. Regional myocardial blood flow (MBF),
area at risk, and infarct size at 6 h after the LAD ligation
were determined as described previously (Fig. 1) (14).

Hirata et al. 177

EPO Enhances Neovascularization After Ml

Recombinant human EPO was provided by Chugai Phar-
maceutical Co. Ltd. (Tokyo, Japan). Recombinant human
EPO is effective for correcting anemia in the beagle dog

(15).

EFFECTS OF IMMEDIATE OR DELAYED TREATMENT WITH )
EPO ON NEOVASCULARIZATION AND CARDIAC FUNCTION. A
single dose of EPO (1,000 IU/kg; 5 ml) was administered
intravenously immediately [EPO(0) group, n = 8}, 6 h
[EPO(6h) group, n = 8], or 1 week [EPO(1wk) group,
n = 7] after the LAD ligation. Control animals received the
same volume of saline (control group, n = 8) immediately
after the LAD ligation.

Hematologic parameters. Blood was sampled from a pe-
ripheral vein under pentobarbital (15 mg/kg) anesthesia at
the time points indicated in Figure 2. Hematologic param-
eters, including hematocrit, white blood cell count, and
platelet count, were measured,

Cytokine measurements. Plasma levels of vascular endo-
thelial growth factor (VEGF) were measured by enzyme-
linked immunosorbent assay (R & D Systems, Minneapolis,
Minnesota). The detection limit of the assays was 9 pg/ml.
The reliability of this assay in dogs has already been
reported previously (16).

Quantification of CD34-positive mononuclear cells. The
circulating CD34-positive mononuclear cells (CD34+MNCs)
were quantified at the time points indicated in Figure 2. In
brief, peripheral white blood cells were stained with a
phycoerythrin-conjugated anticanine CD34 monoclonal an-
tibody (BD Pharmingen, San Diego, California). Samples
were then subjected to a two-dimensional side-scatter-
fluorescence dot plot analysis (FACScan, Becton-
Dickinson, Tokyo, Japan). After appropriate gating of

A. Experimental groups for acute effects of EPO

2) EPO group

1) Control group (n=6) Saline immediately after LAD ligation
(n=6) RhEPO immediately after LAD ligation

B. Experimental protocols for acute effects of EPO

Time after LAD ligation

Single intravenous administration of
rhEPO (1,000 IU/kg, 5mL) or saline (5mL.)

v

Measurements

1) Hemodynamic
measurements

2) Myocardial blood flow

3) Infarct size

O

A

")

o
Bhr

in 90min 3hr  4.5hr

- Figure 1. Experimental protocols to investigate acute effects of eryt! hropoietin (EPO) on myocardial infarct size. LAD

artery; RhREPO =

recombinant human erythropoietin.

= left anterior descending coronary
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or delayed treatment with EPO

1) Control group (n=8) Saline
2) EPO(0) group
3) EPO(6hr) group

4) EPO(1w) group

(n=8) RhEPQ immediately after LAD ligation
(n=8) RhEPO 6 hours after LAD ligation
(n=7) RhEPO 1 week after LAD ligation

immediately after LAD ligation
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Figure 2. Experimental protocols to investigate effects of immediate or delayed treatment with erythropoietin (EPO) on neovascularization and cardiac
function. CD34+MNC = CD34-positive mononuclear cell; other abbreviations as in Figure 1.

MNCs, the number of CD34+MNCs with low cytoplas-
mic granularity (low sideward scatter) was quantified and
expressed as the number of cells per 1-ul blood sample.
In vitro MNC culture assay. Circulating MNCs were
isolated from blood (10 ml) of dogs at baseline and 1 week
after M1 in the control and EPO(0) groups (n = 4 each) by
Ficoll density-gradient centrifugation. After MNCs (107
per well) were plated in Medium 199 (Gibco, Grand Island,
New York) supplemented with 20% fetal calf serum and
antibiotics on human fibronectin-coated six-well dishes.
After 7 days in culture, adherent cells were stained for the
uptake of 1,1"-dioctadecyl-3,3,3",3'~tetramethylindo-
carbocyanine-labeled acetylated low-density lipoprotein (Dil-
ac-LDL) (Biomedical Technologies, Stoughton, Massachu-
setts) and the binding of fluorescein isothiocyanate-labeled
Ulex europaeus agglutinin I (UEA-I) (Vector Laboratories,
Peterborough, England). Double-staining cells were quantified
by examining five random microscopic fields (X200 power)
(10,11).

Histologic assessments. Four weeks after MI, myocardial
tissue was sampled from both ischemic (LAD) and non-
ischemic (left circumflex coronary artery [LCX]) regions in
each group. The tissues in the ischemic region were iden-
tified as the edge of the region showing necrosis. These
samples were then fixed in 10% buffered formalin, embed-
ded in paraffin, and serially sectioned in the frontal plane at
S-pum thickness. Endothelial cells were immunohistologi-
cally stained using rabbit antihuman von Willebrand factor
antibody (Dako, Kyoto, Japan) and the Envision+/HRP
Kit (Dako) (17). The peroxidase was visualized by incuba-
tion with 3,3'-diaminobenzidine, followed by incubation
with a DAB-enhancing solution (Dako). We counted the
numbers of capillaries and cardiomyocytes in 20 random

high-power fields (X400 power), and then calculated the
average capillary density and capillary-to-myocyte ratio
(18).

Measurements of regional MBF. Regional MBF was
determined as described previously (19). Nonradioactive
microspheres (Sekisui Plastic Co., Tokyo, Japan) made of
inert plastic were labeled with bromine or niobium.
Microspheres were administered at 90- min and 4 weeks
after MI. The MBF in the LAD region was calculated
according to the following formula: time flow = (tissue count)
X (reference flow)/(reference count), and was expressed in
ml/g wet weight/min.

Hemodynamic measurements. Hemodynamic parameters,
such as arterial mean blood pressure (ABP), heart rate (HR),
and left ventricular end-diastolic pressure (LVEDP), were
measured at the time points indicated in Figure 2. A 5-F
sidearm sheath (Radifocus, Terumo, Tokyo, Japan) was placed
in the right femoral artery for hemodynamic measurements. A
4-F pigtail catheter (Outlook, Terumo) was placed in the LV
for measurement of LVEDP and was connected to a pressure
transducer (model DX-200, Nihon Kohden, Tokyo, Japan).
The ABP and HR were monitored via the 5-F sidearm sheath,
Echocardiography. Cardiac function was assessed by echo-
cardiography (Sonos 5500, S4-probe, 2-4 MHz, Philips,
Bothell, Washington) at the time points indicated in Figure 2.
Short-axis views were recorded at the level of midpapillary
muscles, and two-dimensional and M-mode views were
recorded at the same level. Measurements of left ventricular
end-diastolic dimension (LVEDD) and LV ejection frac-
tion were obtained from M-mode views. All measurements
were made by one observer, who was blinded with respect to
the identity of the tracings.
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Figure 3. Representative left ventricular cross sections at 6 h after myocardial infarction (MI) in dogs with (B) and without {A) erythropoietin (EPO)
treatment, (C) Infarct size at 6 h after ML *p < 0.05 vs. the control group. Open circles = infarct size in each animal.

Infarct size 4 weeks after M1, Myocardial infarct area was
determined at the end of the protocol by triphenyltetrazo-
lium chloride staining as described previously (14). Infarct
size was expressed as a percentage of the total LV area.
Statistical analysis. Results are expressed as the mean *
standard error of the mean. Comparisons of the time course
of the change between groups were performed using two-
way repeated measures analysis of variance. Comparisons of
other data between groups were performed using one-way
factional analysis of variance. If statistical significance was
found for a group, a time effect, or a group-~by-time interaction,
further comparisons were made with paired # tests between all
possible pairs of four groups at individual time points. The
Bonferroni-Holm procedure was used for correction of
multiple comparisons. A p value <0.05 was considered to
represent statistical significance (20).

RESULTS

Exclusion. Four dogs [acute effects protocol; control: 1,
EPO: 0, delayed treatment effects protocol; control: 1,
EPO(0): 1, EPO(6h): 0, EPO(1wk): 1] were excluded from

Table 1. Time Course of Changes in Hematologic Parameters

Parameters Baseline 1 Week 2 Weeks 4 Weeks

Hematocrit (%)

Control 52917 470=x16 48923 531+18

EPO(0) 52411 482*12 479x14 534+07

EPO(6h) 515%1.6 493*16 514x11 513+23

EPO(1wk) 489+ 1.0 46411 49405 501=10
WBC (10°/ul)

Control 138 +04 15414 153x09 135+09

EPO(0) 126 206 14011 144=x03 12314

EPQO(6h) 126 £08 156=11 139x1.0 120x08

EPO(1wk) 13108 14812 133+04 12908
Platelet (10%/mm®) :

Control 27320 265%19 28412 262+20

EPO(0) 285220 268*43 27034 282+18

EPO(6h) 26909 270*x14 26118 261zx15

analysis because of excessive regional MBF (>15 ml/100
g/min). Thus, 12 and 31 dogs in acute and delayed EPO
treatment protocols, respectively, were included.

Acute effects of EPO on infarct size. Myocardial infarct
size was significantly smaller in animals receiving EPO com-
pared with those that received saline, but there was no
significant difference in regional MBF (9.0 + 1.0 ml/100
g/min vs. 8.5 = 1.2 ml/100 g/min) or area at risk (42.9 + 2.3%
vs. 42.3 + 0.9%) when comparing the two groups (Fig. 3).
Effects of EPO on hematologic parameters. The average
change in hematologic parameters was not different when
comparing the three EPO-treated groups and the control
group over the 4-week experimental protocol (Table 1),

" Plasma VEGF levels. Table 2 shows the time course of

changes in plasma VEGF level after MI. The plasma
VEGF level was significantly and comparably elevated in
both control and EPO(0) groups, peaking on 6 h after MJ,
and returned to baseline at 1 week after M1,

Circulating CD34+MNCs and in vitro cultured MNCs.
Figure 4A shows the time course of changes in circulating
CD34+MNC number in the different groups. One week
after MI, the number of circulating CD34+MNCs in-
creased in all groups. Furthermore, the number of circulat-
ing CD34+MNCs at 1 week after MI was higher in the
EPO(0) and EPO(6h) groups than in either control or
EPO(1wk) ‘group. Two weeks after MI, the number of
CD34+MNCs in the control group returned to the base-
line. By contrast, the number of CD34+MNCs in the
EPO(0) and EPO(6h) groups also decreased but still

remained higher than those in either the control or

Table 2. Time Course of Changes in Plasma VEGF Levels

Groups n  Baseline 6 Hours 1 Week 2 Weeks
VEGF (pg/ml)
Control 4 <9.0 22.5 233" <9.0 <9.0
EPO(0) 4 <9.0 21.6 = 5.0* <9.0 <9.0

Data are presented as mean + SEM (n=7108).
EPO = erythropoieting WBC = white blood cell.

Data are presented as mean = SEM. *p < 0.05 vs. baseline.
EPO = erythropoietin; VEGF = vascular endothelial growth factor.
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Figure 4. (A) Time course of changes in circulating CD34+MNC count after left anterior descending coronary artery (LAD) ligation in different
experimental groups. (B) Representative images of double-stained cultured cells (1,1"~dioctadecyl-3,3,3',3'~tetramethylindocarbocyanine-labeled acetylated
low density lipoprotein [Dil-ac-LDL] and Ulex europaeus agghutinin 1 [UEA-T]) at baseline (2, b) and 1 week after LAD ligation (c, d) from dogs with
and without erythropoietin (EPO) treatment immediately after LAD ligation. (C) Quantirative analysis of endothelial progenitor cell culture assay. *p <

0.05 vs. the control group. tp < 0.05 vs. baseline.

EPO(1wk) group. Furthermore, the administration of EPO
1 week after the LAD ligation did not affect the number of
CD34+MNCs at any given time point.

In the culture assay of MNCs, the number of Dil-ac-

LDL/UEA-T double-positive cells obtained from blood 1
week after Ml increased compared with that at baseline in
both control and EPO(0) groups. Importantly, the double-
positive cell number obtained from blood 1 week after M1 in
the EPO(0) group was significantly higher than in the
control group (Figs. 4B and 4C).
Capillary density and regional MBF. Figure 5A shows
the representative immunohistologic findings in the non-
ischemic (panels a to d) and ischemic (panels e to h) regions
at 4 weeks after MI. In the nonischemic region, there was
no difference in the capillary density and capillary-to-
myocyte ratio when comparing groups. In the ischemic
region, the capillary-to-myocyte ratio as well as capillary
density was significantly higher in the EPO(0) and
EPO(6h) groups, but not in the EPO(1wk) group, than in
the control group (Figs. 5B to 5C).

Figure 6 shows the changes in regional MBF in the
ischemic regions in different experimental groups. There
was no significant difference in MBF at 90 min when
comparing experimental groups. At 4 weeks after MI,

MBF was more increased in the EPO(0) and EPO(6h)
groups, but not in the EPO(1wk) group, than in the
control group.

Effects of immediate or delayed EPO treatment on cardiac
function and infarct size. Throughout the experimental
protocols, there was no difference in either ABP or HR
when comparing the groups (Table 3).

Figure 7 shows the time course of changes in LVEF
(panel A), LVEDD (panel B), and LVEDP (panel C) in
different experimental groups. There were no significant
differences in baseline LVEF, LVEDD, and LVEDP when
comparing the groups.

Ninety minutes, 1 week, and 4 weeks after MI, LVEF
was higher in the EPO(0) group than in the other groups.
Ninety minutes and 1 week after MI, there was no differ-
ence in LVEF when comparing the EPO(6h) group and the
control group. When comparing the time points of 1 week
and 4 weeks after MI, LVEF decreased in the control and
the EPO(1wk) groups but not in the EPO(6h) group. One
and 4 weeks after MI, LVEDD was lower in the EPO(0)
group than in the other groups. When comparing the time
points of 1 week and 4 weeks after MI, LVEDD increased
in the control and EPO(1wk) groups but not in the EPO(6h)
group. Ninety minutes after MI, LVEDP was lower in the
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group. Abbreviations as in Figure 1.

EPO(0) group than in the other groups. Four weeks after MI,
LVEDP was lower in the EPO(0) and EPO(6h) groups than
in either the control or the EPO(1wk) group.

Myocardial infarct size 4 weeks after MI was smaller in
the EPO(0) group than in the control group, although EPO
treatment, initiated 6 h and 1 week after M1, did not reduce
infarct size (Fig, 7D).

DISCUSSION

The present study showed that EPO administered 6 h after
LAD ligation increased circulating CD34+MNCs, capil-
lary density, MBF in the ischemic region, and prevented
the worsening of cardiac function without reducing
infarct size. The EPO enhances neovascularization, likely
via EPC mobilization, and improves cardiac dysfunction
in the chronic phase, although EPO has time-window
limitations.

‘We showed that the EPO treatment immediately after
the LAD ligation reduced infarct size, which is consistent
with observations of previous reports (5-8). Because the
infarct size-limiting effects of EPO appear rapidly, the
nonerythroid effects of EPO, such as antiapoptosis and
radical scavenging (4-8), may contribute to the reduction of
infarct size.

Recent reports have shown that circulating CD34+MNC
count correlated with EPC number in MNCs culture assay,
and both increased at 1 to 2 weeks after EPO administration
in animals and humans (9-11). In the culture assay, the
number of Dil-ac-LDL/UEA-I double-positive cells ob-
tained from blood at baseline did not differ between the two
groups. The number of double-positive cells obtained from
blood at 1 week after MI significantly increased compared
with that at baseline in the control and EPO(0) groups.
Further, the double-positive cell number obtained from
blood in the EPO(0) group was higher than in the control
group. These findings suggest that EPO augments increases
in the number of MNCs that can differentiate into Dil-ac-
LDIL/UEA-I double-positive cells, an indicator of endothe-
lial cells. Increases in the number of both CD34-positive
cells and Dil-ac-LDL/UEA-I double-positive cells strongly
suggest that EPO promotes EPC mobilization. The num-
ber of CD34+MNCs increased 1 week after MI in the
canine model, which is consistent with observations from
studies of patients with acute MI (21,22). Furthermore, the
number of CD34+MNCs was higher in the EPO(0) and
EPO(6h) groups than in the control group. This finding
suggests that a single dose of EPO was effective in increas-
ing the number of circulating EPCs after MI. Interestingly,
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EPO administered 1 week after MI failed to produce the
identical effect, suggesting that EPO has a time window for
promotion of EPC mobilization. We found that plasma
VEGF levels were elevated, peaking at 6 h after MI and
returned to the baseline 1 week after M1, The EPO did not
affect plasma VEGF levels. Because both VEGF and EPO
are known to promote EPC mobilization in experimental
conditions and are independent predictors for the number of
circulating EPCs in patients with coronary heart disease
(9-11,23), they may additionally or synergistically contrib-
ute to EPC mobilization. Thus, it is likely that EPO alone,
at least at the dose used in the present study, might not be
enough to promote CD34+NMNC mobilization 1 week
after MI when VEGF returns to the baseline. Although we
only investigated the low dose of EPO to consider the
clinical implication, it is possible that high doses of EPO
would show the different results. Further investigations are
needed to clarify the mechanism of EPO-stimulated EPC
mobilization.

The present study also showed that EPO increased
capillary-to-myocyte ratio corrected for LV hypertrophy
as well as capillary density in the EPO(0) and EPO(6h)

groups, suggesting that EPO promotes the neovasculariza-

tion in the ischemic region. Investigators have also reported -

that EPO enhances neovascularization in the ischemic
region in the hind-limb occlusion model (9). As suggested
in the present study, EPO may enhance neovascularization
via EPC mobilization. Indeed, bone marrow-derived EPCs
incorporate into foci of neovascularization at the border
zone of MI (12,13), and administration of ex vivo-expanded
EPCs resulted in increased myocardial neovascularization
(24,25). In a rat stroke model, Wang et al. (26) showed that
EPO treatment, initiated 24 h after MI, enhances angio-
genesis. In addition, van der Meer et al. (27) showed that
capillary density was increased in the rat post-MI model even
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Figure 6. Regional myocardial blood flow in the ischemic (left anterior
descending coronary artery [LAD]) region 90 min and 4 weeks after
myocardial infarction in different experimental groups. *p < 0.05 versus the
control group, EPO = erythropoietin. )
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Table 3. Time Course of Changes in Hemodynamic Parameters

Parameters Baseline 90 Min 4 Wecks
ABP (mm Hg)
Control 99 +£3 101 =3 103 %2
EPO(0) 102 =3 99 +3 102x2
EPO(6h) 101 =1 98 =2 101 1
EPO(1wk) 1022 1023 103+ 2
HR (per min) -
Control 131 +6 1356 1296
EPO(0) 128+ 6 131 %3 1315
EPO(6h) 130 =7 135 %7 126 £ 6
EPO(1wk) 128 %6 128 + 3 126 £ 6

Data are presented as mean = SEM (n = 7 10 8).
ABP = arterial mean blood pressure; EPO = erythropoieting HR = heart rate,

when EPO was administered 3 weeks after MI. In contrast, we
showed that EPO administered 1 week after MI failed to
increase capillary density. The possible explanation for this
discrepancy is attributable to the different doses of EPO
used. In the studies by Wang et al. (26) (5,000-1U/kg for 7
days) and van der Meer et al. (27) (8,000 IU/kg every 3
weeks), relatively high doses of EPO were administered. In
contrast, in the present study, a relatively low dose (1,000
IU/kg) of EPO was administered with a single injection,
and the reason for this dose in the present study is for the
possible translation of our results to clinical settings more
easily (6), because 8,000 or 5,000 IU/kg EPO may cause
side effects. On the other hand, we noticed that a higher
dose- of EPO would increase capillary density and improve
the cardiac function even by the late administration of EPO
for clinical use. '

In the present study, MBF in the ischemic region. was
increased in both the EPO(0) and the EPO(6h) groups.
Because neovascularization was also enhanced in these
groups, increased MBF may occur secondary to the en-
hanced neovascularization.

The present study also showed that an administration of
EPO immediately after the LAD ligation improved cardiac
function at 90 min after MI, likely because of infarct size
reduction, and subsequently prevented the development of
cardiac dysfunction in the chronic phase. Because the
previous reports showed-that myocardial necrosis progresses
within 6 h after the onset of MI (28,29), EPO was
administered at time points of 6 h and later after LAD
ligation to determine whether its activity is directed toward
the acute phase of MI or the chronic phase of cardiac
dysfunction. One week after MI, LVEF, LVEDD, or
LVEDP was similar among the EPO(6h), EPO(1wk),
and control groups. However, EPO administered 6 h, but
not 1 week, after the LAD ligation improved cardiac
dysfunction 4 weeks after MI when compared with the
control group. Because we did not find any difference in
infarct size at 4 weeks after MI between the EPO(6h)
and the EPO(1wk) groups, the improvement of cardiac
function in the EPO(6h) group was not attributable to
the reduction of infarct size, but to the increased blood
flow to the ischemic regions.
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