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Foreword

It gives me great pleasure that New Frontiers in Regenerative Medicine
is being published. This is a memorable book for Showa University, with
much of the volume’s content stemming from presentations made at the
Second International Symposium for Life Sciences, held at Showa
University in 2005. This symposium was supported in part by the Special
Subsidies (Grants for the Promotion of the Advancement of Education and
Research in Graduate Schools) funding for ordinary expenses of private
schools, made available by the Ministry of Education, Culture, Sports,
Science and Technology, Japan.

On behalf of Showa University, it is a privilege to present this book of
research findings that advance the field of knowledge of regenerative
medicine and tissue engineering. 1 hope that through the information
presented here many physicians and surgeons of the twenty-first century
will possess more powerful tools to work with regenerative medicine to
find cures for a great many patients.

Akiyoshi Hosoyamada, MD, PhD
President

Showa University, Tokyo
September 2006



Preface

This book examines many of the unresolved problems as well as future
applications of regenerative medicine. In the first chapter, we focus on the
digestive and integumentary system, dealing with hepatocyte
transplantation, pancreatic regeneration, and skin and hair regeneration.
The second chapter deals with the cardiovascular system, with repair and
remodeling of the lung and heart, arterial remodeling with bone
marrow-derived progenitor cells, and induction of angiogenesis by
adhesion molecules. The third chapter concerns the nervous system and
hippocampal neurogenesis, along with the functional significance of
pro-inflammatory cytokines, pituitary adenylate cyclase-activating
polypeptide, and the production of free radicals after brain ischemia. In
addition to animal experiments, this book includes the results of research
on human tissues and organs.

Rapid advances in stem cell biology have raised exciting possibilities of
replacing damaged or lost tissues and cells by activation of in
vitro-expanded stem cells or their progeny. We need to identify the sources
of stem cells, to understand mechanisms regulating their proliferation, fate,
and, most importantly in the case of neuronal lineages, to characterize their
functional properties. In addition, this volume contains material from the
Showa University International Symposium for Life Sciences, held at
Showa University, Tokyo, in September 2005.

This project was supported in part by a grant for The Promotion and
Mutual Aid Cooperation for Private Schools of Japan and Ministry of
Education, Culture, Sports, Science and Technology of Japan.

Mitsuo Kusano, Professor of Surgery, MD, PhD
Seiji Shioda, Professor of Anatomy, MD, PhD
Showa University School of Medicine

Tokyo

September 2006
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Color Plates

Bone marrow progenitor cells participate in repair/remodeling during monocrota-
line-induced pulmonary hypertension. A) Lung section from a control rat that
received BMT but no MCT (6 weeks after BMT). Green (ALEXA 488): a.-SMA
staining of a blood vessel. Red (ALEXA 594): antibody staining of GFP-positive
bone marrowderived cells. B) GFP-positive bone marrow cells (red) surround a
blood vessel of a MCT-treated chimeric rat (6 weeks after BMT, 3 weeks after
MCT). C) Y chromosome in situ hybridization (pink dots) to confirm the engraft-
ment of male bone marrow-derived cells in the female host. Blue nuclei are stained
with DAPI. Please refer also to the color plate in the front of this book. (p 50)

Contribution of bone marrow-derived cells to neointimal formation. Bone marrow
cells differentiated into smooth muscle-like cells, which expressed o-SMA. (8 days
after cell culture). (p 72)
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Ulcer healing process. Macroscopic findings; intractable ulcer sized 30mm X
15mm healed within 4 weeks. And after 6 months, ulcer scar also disappeared.

(p 99)
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Hepatocyte transplantation for liver disease

Keitaro Mitamura, Ewa Ellis, Toshio Miki, Stephen Strom

Department of Pathology, University of Pittsburgh, 200 Lothrop St,
450 BST Pittsburgh, Pennsylvania 15261, USA

Summary. There is a need for new therapies for support of liver function.
Hepatocyte transplantation (Htx) has been used to support liver function in
acute or chronic liver disease and as a “‘cellular therapy” for metabolic liver
disease. Transplants in human patients mirror the results of animal studies
and indicate that Htx increases survival of acute liver failure patients and
partially or completely corrects metabolic liver disease. These promising
results suggest that Htx could be an inexpensive and effective treatment for
liver disease. Clinical programs are now established in at least 13 different
centers in 9 different countries.

Key words. Hepatocyte transplantation, metabolic liver disease, acute liver
failure

1 Introduction

The number of patients on the waiting list for whole organ transplantation
(Oltx) continues to increase while in any given year less than 1/3 of the
patients will receive a transplant. Although still experimental, HTx has
some theoretical advantages over liver transplantation. The benefits of cell
transplants include the ease in timing of the transplants, a less invasive and
less costly procedure and cell transplants proven to have fewer and less
serious complications than OLTx.

Preclinical studies indicate that transplanted hepatocytes retain normal
hepatic function, survive for the life-time of the recipient (8, 13-15, 20-21)
and can significantly improve or correct prothrombin time (PT), serum
albumin, bilirubin levels, hepatic encephalopathy and survival in end-stage



cirrhosis (1, 3, 7, 17, 28). Metabolic defects in bilirubin metabolism, albumin
secretion, copper excretion, familial intrahepatic cholestasis and tyrosin-
emia have been corrected by HTx (7, 10) (19, 27 and 28 for reviews).

2 Hepatocyte transplantation for acute liver failure and
chronic liver disease

Hepatocyte transplantation has been an effective therapy for acute liver
failure and end-stage liver disease associated with cirrhosis (1, 3, 7, 17, 19,
27-28). Promising preclinical results lead to attempts to support patients
with acute or chronic liver failure by HTx. In a series of 22 patients awaiting
liver transplantation, HTx was performed to provide liver function. There
were 11 survivors and 7 deaths in this group. Four patients not receiving a
cell transplant were included as controls. The treatment group showed over
60% survival while there were no survivors in the control group (19, 25-28).
These initial studies suggest that those patients receiving HTx have a sur-
vival advantage as compared to those who do not.

3 Hepatocyte transplantation to support liver function
and facilitate regeneration of the native liver

While most of the liver failure patients described above received Oltx
following the hepatocyte transplant, two of the patients recovered from
acute liver failure following cell transplantation without having to receive
the OLTx (5, reviewed in 27, 28). In both cases the improvement was suffi-
ciently rapid that the patients were subsequently removed from the trans-
plant list. Full recovery, took additional weeks. Results with these 2 patients
agrees well with that of Soriano et al.,(22) who reported the complete recov-
ery of pediatric patient with hepatic failure fcllowing HTx. It is believed
that HTx kept the patient alive, providing time for the native liver to regen-
erate. These reports indicate that HTx can be an effective treatment for
fulminant hepatic failure.

4 Cellular therapy of metabolic liver disease

Several animal models of liver disease have been discovered or created.
Many have been used to test the hypothesis that cell transplantation alone
could correct the clinical symptoms of the disease and corrections of these
diseases were attained by Htx. Reports indicate that partial or complete



corrections of Crigler-Najjar, Factor 7 or Ornithine Transcarbamylase (OTC)
or argininosuccinate lyase deficiency, Glycogen Storage or infantile Refsum
disease, was attained in patients following Htx (4, 6, 9, 16, 23-24, 27-28).
These studies support the idea that Htx can provide correction of genetic
defects in liver function.

5 Hepatocyte transplantation challenges and
future directions

The most significant obstacle to expanding hepatocyte therapy of liver
disease is the shortage of useful hepatocytes for the transplant procedure
(18). Future studies will likely examine the use of xenotransplants, immor-
talized cells and stem cell derived hepatocytes (2, 11-12, 17, 29). If suitable
cell sources can be identified, an extensive and rigorous investigation of the
full potential of hepatocyte transplants can be conducted. Transplant and
immunosuppression protocols will need to be standardized by the participat-
ing laboratories. The close ties and cooperation that has developed between
investigators at the different transplant centers will insure that technology
will be improved and shared with relative ease.
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Summary. Infused (transplanted) green fluorescent protein (GFP)-positive
bone marrow cells (BMCs) migrated into the peri-portal regions of the cir-
rhotic mouse liver induced continuous CCly injection without irradiation
(without bone marrow ablation). The infused GFP-positive BMCs differenti-
ated into hepatoblasts detected with Liv2-antibody and then differentiated
into albumin-producing hepatocytes. The differentiation “niche” induced by
persistent liver damage due to continuous CCl, injection seems to be an
essential factor. Microarry analysis showed that at an early stage after BMC
infusion through mouse tail vein, the genes related to degradation of extra-
cellular matrix (ECM) e.g. MMP-9 were activated. BMC infusion improved
liver fibrosis and the survival rate. Recent our finding indicates that mesen-
cymal bone marrow cells will differentiate to hepatocytes and FGF2 will
accelerate this differentiation of BMC to hepatocyte. Based on the results
obtained in basic research using the GFP/CCI; model, human trials are now
undergoing.

Key words. Bone marrow cell, stem cell, fibrosis, regeneration, matrix
metalloproteinase

1 Introduction

Liver transplantation is one of the most effective therapies to cure the
patients with advanced liver diseases e.g. liver cirrhosis. However, trans-
plantation has many problems such as a lack of donor, operative damage,
rejection and high expense. Cell transplantation (infusion) therapy should
be a minimally invasive procedure with fewer potential complications.
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Regenerative medicine using stem cells is an attractive treatment for
patients with severe liver disease. The capacity of bone marrow cells (BMCs)
to differentiate into hepatocytes and intestinal cells was confirmed through
the detection of the Y chromosome in an autopsy analysis of human female
recipients of BMCs from male donors (Alison MR et al. 2000, Korbling M
et al. 2000, Okamoto R et al. 2002, Theise ND et al. 2000). We developed
a new in vivo model named the “Green Fluorescent Protein (GFP) / carbon
tetrachloride (CCl,) model” (Terai S et al. 2003), used to monitor the dif-
ferentiation of BMCs into functional hepatocytes. The newest findings from
the GFP/CCl, model have been described and discussed in this manuscript
compared to recent other findings.

2 Bone marrow cells for the source of liver regeneration

If we limit the definition of stem cells to their ability to self renew and
reconstitute a given tissue in vivo, hepatocytes fulfill both criteria. However,
hepatocyte transplantation has very rarely produced therapeutic effects in
human clinical trials, mainly because their numbers are too low to achieve
a biological effect (Fox 1J et al. 1998, Muraca M et al. 2002). Under certain
conditions, when hepatocyte replication is blocked, bipotent oval cells pro-
filerate and participate in liver regeneration. However, the fact that they have
been shown to generate hepatocellular carcinoma and cholangiocarcinoma
cells in rodents is a concern for their use for cell therapy.

As a result, bone marrow cells are now being considered. The capacity
of bone marrow cells (BMCs) to differentiate into hepatocytes was found
using Y chromosome detection in an autopsy analysis of human female
recipients of BMCs from male donors as described previously (Alison MR
et al. 2000, Theise ND et al. 2000). BMC transplantation itself is an estab-
lished treatment for hematological diseases. These results suggest that bone
marrow is an attractive cell source for regenerative medicine, because
obtaining BMCs is easier than other tissue specific stem cells. In the field
of cardiovascular diseases, clinical studies have been performed to evaluate
the use of BMCs in regenerating the myocardium and vessels of limb isch-
emia (Kobayashi Y et al. 2002, Stamm C et al. 2003, Tateishi-Yuyama E
et al. 2003, Wexler SA et al. 2003). Although various theories explain the
existence of pluripotent stem cells in BMCs, the exact composition of stem
cells among BMCs remains unclear. The following cell types are known to
exist in bone marrow: hematopoietic stem cells (HSC) (Krause DS et al.
2001, Lagasse E et al. 2000), side population cells (SP) (Uchida N et al.
2001) and mesenchymal stem cells (MSC) (Pittenger MF et al. 1999).
Although past studies used the existing antibodies and techniques, there
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have been no studies based on the findings associated with natural liver
development.

Hematopoietic stem cells (HSCs) have been shown to adopt the pheno-
type of the recipient cells with fusion (Terada N et al. 2002, Ying QL et al.
2002). This fusion event has been demonstrated to occur between resident
hepatocytes and myelomonocytes (Camargo FD et al. 2004, Willenbring H
et al. 2004), and also in normal mice using the Cre-cox system (Alvarez-
Dolado M et al. 2003).

However, using the same approach, Harris et al. recently demonstrated
that epithelial cells can develop from bone marrow cells without cell fusion
(Harris RG et al. 2004). Also, recent publications have suggested that bone
marrow-derived hepatocytes may originate from the mesenchymal com-
partment, rather than the hematopoietic compartment (Lee KD et al. 2004,
Jiang Y et al. 2002).

3 Bone marrow cell infusion model with chronic liver
injury (The GFP/CCIi4 model)

To investigate whether BMCs will be able to be used to repair liver
damage, the GFP/CCl; model has been developed (Terai S et al. 2003). In
this model (Fig. 1), 0.5 ml/kg of carbon tetrachioride (CCl,) is administered
twice weekly to C57BL/6 female mice to induce liver cirrhosis, and then
green fluorescent protein (GFP)-positive BMCs obtained from GFP-Tg mice
(C57BL6/ Tgl4 (act-EGFP) OsbY01 mice) (Okabe M et al. 1997) are infused
through the tail vein without the irradiation of bone marrow ablation (donor
and recipient mice are of the same strain). In this model, 1 x 10° GFP-
positive BMCs were infused without culture. By analyzing the GFP-positive
BMCs in the recipient mice, the repopulation and differentiation of BMCs
under continuous liver injury were evaluated. Immunostaining using anti-
GFP antibodies (Shinoda K et al. 1992) showed that GFP-positive BMCs
migrated into the marginal area of the hepatic lobule starting one day after
BMC infusion, and with time, the distribution of GFP-positive BMCs
expanded while forming a hepatic cord towards the central vein. The use of
Liv2, a hepatoblast-specific antibody {Watanabe T et al. 2002} also showed
that BMCs first differentiate into Liv2-positive hepatoblasts and then dif-
ferentiate into albumin-positive hepatocytes. Furthermore, the level of
serum albumin significantly increases with time in recipient mice. These
findings suggest that the GFP/CCl,; model can be used to understand the
process of differentiation of BMC into hepatocytes. On the other hand, GFP-
positive cells were not detected in the liver tissue of control mice (no
damage) following BMC infusion. Persistent liver damage induced by CCl,
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GFP/CCl4 model

Bone marrow cu]l.{l x‘ 10%) infusion
through tail vein
C57/BL6/EGFP / \

C57/BL6 ——— | B
(Same strain WQ w\-/

CCl4 treatment Non-treatment
GFP-positive bone marrow cell (BMC) infusion
| I 2 3 4 Week
I EEEEEEE) ST T T
T T T 1
CCH injection twice a week for 4 weeks Continuous CCI injection twice o week
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Fig. 1. Experimental protocol for the GFP/CCIl; model.

injection is important for producing a specific differentiation “niche” in
order to activate the plasticity of BMCs and their subsequent differentiation
into hepatocytes. Oval cells were thought to be one of the types of hepatic
stem cells derived from the Canal of Hering following severe liver damage
(Grisham JW et al. 1997, Petersen BE et al. 1998). Based on the findings of
Petersen et al. that under some conditions, oval cells are derived from bone
marrow cells (Petersen BE et al. 1999), we also analyzed the activation of
oval cells using a specific oval cell marker, A6 antibody. A6-positive cells
were detected at the peri-portal region one week after BMC transplantation
in the GFP/CCl,; model, but A6-positive oval cells did not increase in the
four weeks after BMC infusion in the GFP/CCl; model. We could not detect
Ab6-positive cells that also express GFP in the liver after BMC infusion.
These results suggest that some signals that activate oval cells are induced
by BMC infusion into CCly-induced cirrhotic livers, but that oval cells might
not be derived from infused BMCs. BMCs infused into the GFP/CCl, model
differentiated into hepatoblast phenotypes, then differentiated into albumin-
producing hepatocytes in the “differentiation niche” created by persistent
CCl, injection. On the other hand, the contribution to parenchymal regenera-
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tion from bone marrow was minor and oval cells/small hepatocyte like
progenitor cells contributed after liver cell injury when the bone marrow
ablation was performed (Vig P et al. 2006). Whether the bone marrow abla-
tion was performed or not may explain these different findings. In our
model, we infused (transplanted) bone marrow cells without bone marrow
ablation resulting in the contribution of liver regeneration with the resolution
of liver fibrosis.

4 Effect of BMC infusion

Infused BMCs differentiated into albumin-producing hepatocytes, leading
to an increase in the serum albumin level. Interestingly, an improvement in
liver fibrosis after BMC infusion was seen (Sakaida I et al. 2004). Although
the exact mechanism of fibrolysis remains unclear, infused BMCs migrate
along with the fibers with the strong expression of matrix metalloproteinase
(MMP)-9, resulting in the resolution of fibrosis (Figs. 2, 3, 4). The degrada-
tion of the extracellular matrix presumably leads to improved liver function
resulting in better survival in mice following BMC infusion. To clarify
which fraction of BMCs is responsible for this improvement of liver function
and resolution of liver fibrosis, LivE antibody was developed (Yamamoto N
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Fig. 2. GFP and Sirius red staining. Migrated bone marrow cells (arrows) are seen
along with the fibers.
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Fig. 3. In situ zymography. Migrated bone marrow cells are expressing MMP-9
and resolving the gelatin (extracellular matrix) leading to the resolution of liver
fibrosis.

et al. 2004). The mouse fetal liver at 11.5 functions as a definitive hema-
topoietic organ and Liv8-positve cells of the fetal liver at E11.5 include c-
kit-positive immature hematopoietic cells and CD-45 positive lymphoid
cells. These results indicate that Liv8-positive BMCs include almost all
immature and mature hematopoietic cells. We also analyzed differences in
liver fibrosis following infusion of Liv8-positive or Liv8-negative BMCs.
Our results showed that Liv8-negative BMC infusion improved liver func-
tion (e.g. serum albumin level) and fibrosis more than Liv8-positive BMC
infusion. These results show that subpopulations of Liv-8 negative cells
(non-hematopietic cells) will be useful for curing liver cirrhosis. Our double-
fluorecence data may also indicate that infused BMCs seem to become
stellate cells, in agreement with a recent report (Forbes SJ 2004), although
the number was very small in our experimental model. Again whether bone
marrow ablation was performed (transplantation) or not (cell infusion) may
lead BMCs to different phenotypes. This result seems to be contradictory
to our result for the resolution of liver fibrosis by BMC infusion, because
differentiated stellate cells may produce collagens. Our preliminary results
indicated a reduced mRNA expression of type I procollagen, TGF-B1, and
no change of HGF mRNA expression in the liver one week after BMC infu-
sion compared with the CCl4-alone treated liver. Migrated BMCs seemed
to reduce the fine network pattern of activated stellate cells. Thus, infused
BMCs may affect activated stellate cells to reduce their number; e.g. by



Fig. 4. Resolution of liver fibrosis after bone marrow cell infusion.

A: CCl4 treatment alone for 8 weeks.

B: CCl4 treatment with bone marrow cell infusion (4 weeks after infusion, total
8 weeks).

leading them to apoptosis. However, further examinations are necessary to
determine the exact relationship between BMCs and resident stellate cells.
BMC infusion into liver cirrhotic mice has two effects: BMC differentiation
into albumin, producing hepatocytes with the resolution of liver fibrosis.
These effects of BMC infusion accelerate the improvement of liver function
and the survival rate (Fig. 3).
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Fig. 5. Summary of GFP/CCl,; model.

5 Molecular mechanisms of BMC differentiation

The differentiation of BMCs into hepatocytes in the fumarylacetoacetate
hydrolase (FAH) model was thought to show the importance of cell
fusion in the differentiation of HSC into hepatocytes (Wang X et al. 2003,
Vassilopoulos G et al. 2003). However, other groups have reported little
evidence of in vivo cell fusion during the differentiation of BMCs into other
cell lineages (Lanus A et al. 2003). We analyzed the cell fusion rate using
cultured Neo-resistant ES cells and GFP-positive BMCs under the same
culture conditions as Terada N et al. (Terada N et al. 2002) (cell fusion rate
of 1/10°-10°) and found similar cell fusion rates in our in vitro assay. Mouse
hepatocytes have ploidy values of 2N, 4N, 8N or 16N. Cell fusion of diploid
(2N) BMCs with hepatocytes produces cells with ploidy values of 4N, 6N,
10N or 18N. It seems that the variety of ploidy values would make it very
difficult to analyze cell fusion. We analyzed the DNA ploidy patterns of
isolated primary hepatocytes in persistent CCly;-damaged mice with and
without BMC infusion at four weeks. We were able to isolate around 1.2 X
10* hepatocytes from recipient mice at four weeks using a two-step colla-
genase method and analyzed the DNA ploidy patterns with FACS. We found
2N, 4N, 8N and 16N DNA bands. Comparisons of these DNA ploidy pat-
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terns showed that the 2N and 4N band were similar, but the peak represent-
ing the 8N and 16N bands were slightly different. These results suggest that
cell fusion could have occurred in the GFP/CCl, model but further examina-
tions are necessary. Although we could not neglect the possibility that cell
fusion had occurred in our model, BMC seemed to differentiate into Liv2
positive hepatoblasts and functional hepatocytes, mainly without cell fusion.
Also, we analyzed the mechanism of this plasticity using DNA chips, which
are recently developed tools of genetic analysis (Schena M et al. 1995).
While it is possible to obtain vast amounts of genetic data using DNA chips,
interpretation of the factors involved in gene expression requires the applica-
tion of a statistical technique such as a self-organizing map (SOM) to visual-
ize the vast amounts of complicated and multidimensional data (Xiao L
et al. 2003). In this analysis, we made a specific equation to extract genes
that regulate the differentiation of BMCs into hepatocytes. Genes related to
morphology were dramatically activated at an early stage, while genes
associated with hepatocyte differentiation were up-regulated at a later stage
in the GFP/CCl; model. In the early stage after BMC infusion, we found
that genes such as FGF and c-kit, as well as HOX and HLH transcription
factors, might have been important. In later stages, genes associated with
metabolic function, such as hepatocyte nuclear factor 4 (HNF4) and glucose-
6-phosohatase (G6Pase) isomerase, were induced, suggesting that at four
weeks after BMCs infusion, infused BMC began to assume some of the
metabolic functions of hepatocytes (Omori K et al. 2004). Although many
details remain unconfirmed, the Microarray-SOM analysis for the GFP/CCl;
model confirmed the idea that BMCs differentiated into immature cells and
then differentiated into mature hepatocytes. This information will be useful
for understanding the mechanism of the plasticity of BMCs in the GFP/CCl,
model. Recent finding indicates that fibroblast growth factor 2 (FGF2) will
accelerate the differentiation of BMCs to hepatocytes with increased resolu-
tion of liver fibrosis and survival rate (Ishikawa et al. 2005).

Although there are many questions remaining to be clarified, cell therapy
using BMCs is a promising candidate for new therapeutic modalities for
advanced liver diseases.
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Summary.

The number of patients with severe liver disease and needing whole or-
gan transplantation or living related split liver transplantation has been in-
creasing. However, the shortage of donor organs is particularly problem-
atic and still awaits resolution.

Hepatocyte transplantation may serve as an alternative to organ trans-
plantation for patients with life-threatening liver disease (te Velde AA et
al, 1992, Ambrosino G et al. 2003, Strom SC et al. 1997, Fox 1J et al.
2004, Mito M et al 1992, Kusano M et al. 1981, Arkadopoulos et al. 1998).
However, the application of allogeneic hepatocyte transplantation is also
limited for the same reasons, lack of donors and poor proliferation of he-
patocytes in vitro. It is desirable to establish a banking system of large
quantities of hepatocytes allowing a large number of hepatocytes to be
stored for a long time, thereby providing a convenient and easily accessi-
ble supply.

Cryopreservation is a standard technique for long-term storage of hepa-
tocyes (Mirty RR, et al. 2002). However, standard cryopreservation proce-
dures markedly injure hepatocytes. For several years, institutes have tried
to devise new strategies for long term storage which would adequately
protect hepatocytes (Lloyd TD et al, 2003). Although utilizing a program-
mable freezer with a special medium for cryopreservation was an effective
and exciting method for cryopreservation of hepatocytes, new methods
were still needed to avoid decreasing cell viability and maintaining various
liver functions. We review here the traditional cryopreservation method
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and new cryopreservation procedures for hepatocyte which are based on
combination with the bioartificial approach.

Key words. cryopreservation, hepatocytes, hepatocyte transplantation,
alginate/poly-L/lysine

1. Standarization of hepatocyte cryopreservation

As for the principle of cell preservation, it is desirable to suppress cel-
lular metabolic activity as much as possible during preservation, while
maintaining the survival and function of the cell after thawing. As to long-
term cryopreservation, liquid nitrogen is effective for preservation of iso-
lated hepatocyte.

The problem of cryopreservation is ice crystal formation inside and out-
side of the cell produced at the time of freezing, and high salts which cause
mechanical destruction of the cell membrane, or cell organella, and endo-
cellular dehydration, as well as deformation and atrophy, etc. Although 1
and 2-propanediol (Rodrigues AP et al. 2004, Wusteman MC et al. 2002)),
dextran (Halberstadt M et al. 2003, Halberstadt M et al. 2001), glycerol
(Fuller BK et al. 2004), and DMSO (Sket P et al. 1995, Chense C et al,
1993, Loretz LJ et al. 1989, Gomez-Lechon MJ et al. 1984, Dou M et al.
1992, Son JH et al 2004) have been used as cryoprotectants, it turns out
that glycerol is not suitable for hepatocytes (Fuller B et al. 1980, Kasai S et
al. 1993). DMSO is most used widely at present. DMSO can delay ice
crystal formation during the freezing process and cell injury is considered
to be prevented as a result. Many investigators have shown the most
suitable final concentration of DMSO to be 10 to 20% (Sket P et al. 1995,
Chense C et al, 1993, Loretz LJ et al. 1989, Gomez-L.echon MJ et al. 1984,
Dou M et al. 1992, Son JH et al 2004). Although Hengstler reported
freezing speed and DMSO concentration in detail, a 10% DMSO concen-
tration is the optimal, and further gradual addition of DMSO appeared to
be required (Hengster JG et al. 2000). Guillouzo demonstrated that the best
results were obtained with a 16% DMSO concentration for rat hepatocytes,
14% for other animal parenchymal cells and 10-12% for human hepato-
cytes (Guillouzo A et al. 1999).

Extracellular-macromolecules, particularly at serum concentrations be-
tween 10-20% v/v have also been included in addition to the DMEM, pre-
sumably to minimize osmotic shock during thawing. However, higher se-



23

rum concentrations do not improve cell-viability or recovery. On the other
hand, Muller demonstrated that primary porcine hepatocytes were frozen
and maintained their specific liver functions without serum in liquid nitro-
gen by using a computer-assisted freezing device (Muller P et al. 2004).

Although there are protocols which employ a programming freezer in
the freezing process slow cooling rates (between 1 ‘C/min to  -10 “C/min)
have generally been used to intermediate subzero temperatures (-60 °C to -
80 “C) and before transfer to liquid nitrogen.

Quick thawing is another dangerous step, which again causes cell injury.
To carry out quick thawing and to remove the cryoprotectant quickly, are
both very important for assuring good subsequent viability. Quick thawing
is performed in a 37 °C warm water bath in many protocol (Sket P et al.
1995, Chense C et al, 1993, Loretz LJ et al. 1989, Gomez-Lechon MJ et al.
1984, Dou M et al. 1992, Sun JH et al 2004).

As noted above, it is common to use DMSO as cryoprotectant and to
freeze slowly using a programming freezer when hepatocytes are cryopre-
served. At the time of thawing, quick thawing is carried out using a 37 °C
warm water bath, and with these procedures, a high rate of survival can be
achieved.

2 . Development of a new cryopreservation procedure
combining a bioartificial approach

An detailed examination of the cell functional maintenance after freez-
ing / thawing is made by combining the cryopreservation liquid or pro-
gramming freezer has been reported until now. Recently, some investiga-
tors have succeeded in applying this new cryopreservation procedure
which combines bioartificial material to avoid injury with ice crystal for-
mation in frozen cells. The physiological and morphological function of a
cell can be maintained by culturing cells in a three-dimensional structure
(3D). Koebe developed a method to cryopreserve porcine hepatocytes im-
mobilized in collagen gel on a tissue culture surface (Koebe et al. 1996).
Cells were cultured for 3days prior to cryopreservation. Linear cooling was
either at -1 °C /min or rapid at -10 “C /min to -80 “C. They also used slow
cooling which was interrupted at -30 °C and the rate was then increased to
-10 °C to -80 °C. The best recoveries were noted when these interrupted



24

cooling regimes were used, but even in these cases a post-thaw culture pe-
riod of several days was needed to restore activity (19).

Dixit and Guymard reported an encapsulation technique using alginate
beads gel to be useful and beneficial for cryopreservation of hepatocytes
(Guyomard C et al. 1996, Dixit V et al. 1993). The semipermeable mem-
brane of encapsulated cells allows the free exchange of oxygen, nutrients
and metabolites but excludes the passage of immunocytes, antibodies and
complement factors. Dixit showed that microencapsulation provides pro-
tection against the body’s immune mechanisms, and may also provide for
a favorable environment for the long-term well-being of hepatocytes. They
demonstrated isolated hepatocytes to be encapsulated via a certain algi-
nate/poly-L-lysine method, and they mixed the preparation with 10%
DMSO, 20% FBS, and 70% RPMI, preserved it at -70 °C for 24 hours,
and succeeded in cryopreservation within the liquid nitrogen. Furthermore,
the encapsulated hepatocytes after freezing/thawing, are transplanted into
Gunn rats which show hyperbilirubinemia. The bilirubin value improve-
ment was maintained for 30 days after transplantation (Dixit V et al.
1993). Guyomard demonstrated the effectiveness of hepatocyte cryopre-
servation using encapsulation technique. They evaluated that survival and
a variety of functions including various phase I and phase Il enzyme activ-
ities in alginate-entrapped rat hepatocytes before and after cryopreserva-
tion and showed that all of the functions tested were well-preserved after
freezing and thawing (Guyomard C et al. 1993).

The authors reported that encapsulation of human and rat hepatocytes
was carried out in cryopreservation-medium consisting of 80% DMEM,
10% FBS and 10% DMSO. Encapsulated hepatocytes were distributed in
freezing vials and immediately transferred to liquid nitrogen and stored.
Placing the vials in a warm water bath at 37 °C thawed the encapsulated
hepatocytes. This system is extremely simple and inexpensive, and moreo-
ver is a universal method. With our freeze-thaw protocol, cell viability, or-
ganic anion transporter expression and drug-metabolizing enzyme expres-
sion of entrapped hepatocytes were well preserved after a various time
points of cryopreservation, and that the entrapped hepatocytes retained a
normal appearance and well-preserved nuclei after 90 days of cryopreser-
vation. Cryopreserved encapsulated human hepatocytes also retained vi-
ability and hepatic function similar to that of cryopreserved encaspsulated
rat hepatocytes (Aoki T et al. 2005).

Encapsulated hepatocytes were generally limited by low mechanical
strength, long-term degeneration of the capsule, and frequent induction of
inflammatory responses. As mentioned above, one important advantage of
encapsulation is the protection it provides for hepatocytes during cryopre-



25

servation processes. Canaple demonstrated that a new system, based on
polyelectrolyte complexation between sodium alginate, cellulose sulphate
and poly (methylene-co-guaaidine) hydrochloride (PMCG), has important
properties promoting cell encapsulation (Canaple et al. 2001). They de-
monstrated murine hepatocytes to be encapsulated in these capsules. The
cryopreservation of encapsulated hepatocytes for periods of up to 4 months
did not alter their functional activities and no major differences were ob-
served between unfrozen and frozen encapsulated cells for the functions
tested.

A very important subject in regards to establishing a better hepatocyte
storage method is examining the synergistic effects with a cryopreserva-
tion procedure which uses bioartificial materials. Furthermore, the freezing
/ thawing speed protocol currently used must be examined in greater de-
tailed. Kuleshova demonstrated that optimization of the procedure and so-
lutions allow microencapsulated hepatocytes to be preserved with almost
100% retention of cell functions and no detectable damage to the fragile
microcapsules (Kuleshova LL et al. 2004). They reported the optimal vitri-
fication solution to consist of 40% ethylene glycol and 0.6M sucrose and
that three cooling rates (400 degree C/min and above) and three warming
rates (650 degree C/min and above), in combination with the proposed vit-
rification solution, were equally effective.

5 Conclusions

Hepatocyte transplantation is anticipated to be available for various liver
diseases in the near future. Thus, the demand for hepatocyte will increase
further. Assuming such a situation, raises concerns about the shortage of
fresh hepatocytes, and heralds a rapid increase in the demand for frozen
hepatocytes. Therefore, it is essential to develop methods of storing large
number of hepatocytes without lost of their liver specific functions. For
several years, investigators have attempted to devise new strategies for
long term storage which would adequately protect hepatocytes as stated
above. We strongly believe that our new technology for cryopreservation
of hepatocytes combing bioartificial approach, which is based on tradition-
al procedure for hepatocyte cryopreservation, will accelerate efforts to
achieve hepatocyte transplantation as a clinical option in the near future.
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Summary. Hair development is controlled by several families of
signaling molecules, including Fgfs, Wnts and protein kinase Cs
(PKC). Among PKC genes expressing in skin and hair follicle, the
eta (1) isoform of PKC has been known to be a key regulator of the
growth and differentiation of keratinocytes. We describe here that
PKCn i1s involved in the hair cycle progression from telogen
(quiescence phase) to anagen (growing phase). The hair re-growth
was induced by a topical application of 12-o-tetradecanoylphorbol
13-acetate (TPA), a strong activator of PKC, on the dorsal skin of
PKCn transgenic mice. The hair bulb grew down into the fatty
tissue in PKCn transgenic mice after treatment of TPA, whereas it was
located in the dermis in normal mice. Large amounts of the melanin
accumulated in the hair follicles, indicating the initiation of anagen
phase. Furthermore, introduction of PKCn by adenovirus vector into
the skin of normal mice exhibited the remarkable newly hair growth.
These findings might help to develop the novel chemical therapy for
alopecia and establish the reconstitution of skin with hair follicles.

Keywords. PKC, hair growth

Introduction

Identification of molecules inducing hair growth contributes to the
development of drugs for alopecia and the establishment of skin
reconstitution with hair follicles. Previous studies propose the
involvement of several factors in the hair induction, namely fibroblast
growth factor, transforming growth factor, Wnt and protein kinase C
(PKC) families (Oro  1998).

PKC comprises 11 members of isoforms with closely related
structures. Each isoform possesses unique physiological features in
the substrate specificity, mechanisms of up- or down-regulation and
the subcellular localization (Nishizuka 1988). In epithelia, five
isoforms of PKC are expressed: PKC a, 8, €, mand {. Among them,
PKCn is highly expressed in the differentiating and differentiated
epithelial tissues (Osada 1993). Overexpression of PKCn induces the
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terminal differentiation of normal keratinocytes (Ohba 1998). PKCn
transgenic mice display the hyperthickening of epidermis and the
aberrant expression of epidermal specific proteins, indicating the
acceleration of differentiation. However, little is known whether
PKCn affects the hair growing and cell cycle progression of the hair
follicle.

We present here that PKCr inducess the anagen entry of hair cycle
and subsequent hair re-growth in mouse skin.

Materials and Methods

Topical application of phorbol ester

The hair of wild type C3H/HeN mice and PKC transgenic mice
(7weeks age) in the second tologen phase of the hair cycle, was
removed by hair clippers. One week later, TPA was topically applied
onto the back skin.

Adenovirus gene transfer

Wild type C3H/HeN mice were anesthetized with pentobarbital (25mg
/ kg), and hair of backskin was shaved. Stratified Corneum was
removed by the tape-stripping method. An eppendorf lid with a
pmhole was then sealed to the skin by superglue.  Adenoviruses (3.0
x 10° pfu) were injected into the lid using a 21-gauge needle and the
lid was settled for 3hr.

Results

The hair cycle consists of three phases, 1.e. anagen (growth phase),
catagen (involution phase), telogen (rest/quiescence phase). To
explore the function of PKCn in hair growth, we examined the effect
of TPA on the hair re-growth of PKCn transgenic mice with the
telogen phase of hair follicle. A low dose of TPA was topically
applied onto the dorsal skin with hair follicles in the second telogen
phase. After 12 days of treatment of In mole of TPA, new hair
remarkably grew from skin surface of PKCn-transgenic mice, but not
normal ones. The hair further grew by about 3 weeks after treatment
of TPA, consequently the length was same as the unshaved hair (Fig.
1A). The hair exhibited the straight shape like a normal hair, but a
little bit thinner.
Histopathological analysis shows that the hair follicle entered
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Fig. 1. Induction of anagen by a topical application of phorbolester in PKCn
transgenic mice. A. TPA (1 n mole) in acetone was once applied on the
back skin of normal mice or the PKCn transgenic mice (Tg PKCn ), which
were during the second telogen phase. Open box shows the area of a TPA
application. B. The H&E staining of the skin section of Tgrn mice with
TPA treatment. The hair bulb expanded into the fatty tissue, indicating the
induction of anagen. (Upper panel: Dayl, Lower panel; Day 7)

the growing phase in the skin of the PKCn-transgenic mice. The hair
bulb was located in dermis during the telogen of both normal and
PKCn-transgenic mice. However, the hair bulb grew down into the
fatty tissue by TPA treatment only in Tg mice. In addition, the
melanin granules accumulated in the follicular papilla, being
characteristic of the initiation of anagen (Fig. 1B).

Next, we introduced the PKCrn-expressing adenovirus vector into
the back skin of normal mice. The hair expansion was apparently
seen only in the area introduced PKCn adenovirus vector at 12 days
after infection (Fig.2). The hair growing continued by l6days (data
not shown). These results indicate that the activation and expression
of PKC m initiate the anagen phase of hair cycle.

Fig. 2. Induction of hair regrowth by introducing PKCn with adenovirus
vector.. PKCn adenovirus vector was infected into the back skin of
C3H/HeN normal mice (7 weeks age). Open circles show the area of
infection. The hair regrowth was observed in the area induced
PKCn adenovirus vector. The LacZ-expressing adenovirus vector was used
as a negative control (Left panel: 2 days after infection, Right panel: 12
days).
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Discussion

In present study, we found the acceleration of hair growth by PKCn.
Phorbol ester including TPA has been known as an effective initiator
of the hair cycle progression, but it is also a strong tumor promoter
(Wilson et al. 1994). This drawback hinders the application of PKC
activators on the therapy to alopecia. However, PKCn induces the
keratinocytes differentiation and inhibits the skin tumor formation
(Ohba et al. 1998, Chida et al. 2003). Therefore, there is a possibility
that the PKCn-specific activator is utilized for the chemical therapy
for alopecia as an effective and harmless drug.  Further elucidation of
the 3D structure of PKCn protein and the specific mechanism of
activation needs to find and develop the specific activator(s) for
PKCn.
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Summary. In order to optimize wound healing of human skin, a method
must be developed to reliably compare the potential for epidermal
preservation and dermal fibroblast stimulation. We report a novel human
skin tissue culture model developed for this purpose. An artificial skin
model, consisting of human keratinocytes in the epidermis and human
fibroblasts and rat-tail collagen in the dermis, was cultured using the
floating collagen gel method. This model mimics in vivo human skin in
terms of structure, cellular activity and function. Cultured fibroblasts form
dense collagen fibrils, which repress fibroblast growth similar to that seen
in vivo in the dermis. The keratinocyte layers on top of the dermal layer
similarly mimic the epidermis of in vivo skin. Some laser irradiation and
cryogen spray cooling exposure were applied to test the applicability of
our model for characterization of epidermal and dermal wound healing,.
We observed dynamic changes of the irradiated area on the artificial skin
samples. Tissue regeneration can be clearly observed.

The model can be used to assess the potential for epidermal and dermal
wound healing and offers several advantages over traditional animal and
human skin models.

Key words. floating collagen gel, artificial human skin, laser skin
resurfacing; photorejuvenation, cryogen injury
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INTRODUCTION

Previous studies of wound healing involved either animal models or
human subjects, but neither method is completely satisfactory. Rat or
porcine skin is commonly used in animal studies, but the wound healing
response in these models certainly differs from that of human skin after
laser treatment. As a result, conclusions from such studies may not be
relevant for human skin. In human studies, it is difficult to compare the
effects of different devices or multiple irradiation parameters on a single
subject. In addition, human studies are subject to concerns regarding post-
irradiation medical care, cosmetic effects of biopsies, and regulatory
obstacles. We propose an alternative model for objective in vitro
evaluation of wound healing of human skin.
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Fig. Artificial skin model (a) The model on a stainless steel grid in a culture dish;
(b) Histopathology of the model. [Hematoxylin and eosin (H&E) stain; original
magnification 100 X.].

MATERIALS AND METHODS

The discussed model is a form of artificial skin, composed of human
keratinocytes in the epidermal layer, and human fibroblasts and rat-tail
collagen in the dermal layer. Our model mimics in vivo human skin in
terms of structure, cellular activity, and function. The keratinocyte layers
on top of the dermal layer mimic the epidermis of in vivo human skin.
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Cultured fibroblasts form dense collagen fibrils, which repress fibroblast
growth, similar to that seen in vivo in the dermis.

STUDIES

Er:YAG laser irradiation study

In this study, we were able to preserve a thin layer of epidermis after
sub-threshold Er:YAG laser irradiation. In addition, the average dermal
fibroblast number was significantly increased at 1 week post-laser
irradiation, relative to non-irradiated control samples harvested at the same
time. [Kao B et al. (2003)] These results approach the goals of nonablative
photorejuvenation: epidermal preservation and dermal fibroblast
stimulation. The model offers a variety of benefits over previously utilized
test media. This model mimics human skin better than animal models
because it contains human keratinocytes and fibroblasts and also has
human skin-like structure. Many identical specimens can be tested
simultaneously without the difficulties and limitations inherent to animal
and human studies. The model can be engineered as desired by varying the
size, dermal thickness, and cell density. Further, there is the potential with
this model, for manipulation of other factors relevant to the healing
process including inflammatory cells, cytokines, and perhaps even blood
flow.

Cryogen spray cooling exposure study

Cryogen spray cooling (CSC) is commonly used during dermatologic
laser surgery. The epidermal and dermal effects of CSC have not been
adequately evaluated. To study the potential for epidermal and dermal
injury after CSC using an in vitro model of human skin, the specimens
were exposed to continuous CSC spurt durations of 10, 20, 40, 80, 100,
200, or 500 milliseconds. [Kao B et al. (2004)] Biopsies were taken
acutely, 3 and 7 days post-CSC exposure. Sections were stained with
hematoxylin and eosin for evaluation of possible injury, Ki-67 to
determine keratinocyte viability, and Melan-A, to identify and evaluate
melanocytes. Minimal, transient epidermal changes were noted in
specimens exposed to continuous CSC spurts of 80 milliseconds or less.
Keratinocytes and melanocytes remained viable. Continuous CSC spurts of
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100, 200, or 500 milliseconds (much longer than recommended for clinical
use) resulted in significant epidermal injury acutely, with partial or full
thickness epidermal necrosis at 7 days. Only the 500 milllisecond
specimen demonstrated dermal change, decreased fibroblast proliferation
at 3 days. ContinuousCSCspurts of 80 milliseconds or less induce
minimal, if any, epidermal or dermal damage and are unlikely to produce
cryo-injury when used during dermatologic laser surgery.

Perovskite laser irradiation with OCT monitoring study

An artificial skin model, which closely approximates human skin, was
irradiated with a Perovskite laser (A = 1341 nm) which is under
investigation for potential use as a non-ablative laser skin rejuvenation
device (NALSR).[ Jung W et al. (2003)] Optical coherence tomography
(OCT) was used to determine the extent of laser injury immediately post
irradiation and, subsequently, to monitor tissue recovery over a 7-day
period. OCT images clearly delineated areas of post-irradiation collagen
injury and allowed non-invasive monitoring of the wound healing process.
Histology was used for comparison and correlated well with OCT images.
OCT offers advantages over standard histology as it is non-invasive and
allows serial monitoring at the same site over time. Our results indicate
that OCT has potential as a method for characterization of collagen injury
post-laser irradiation and may be a useful tool for determination of optimal
parameters for NALSR using different devices under investigation for this
indication.
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Summary. Bone morphogenetic proteins (BMPs) inhibit myogenic
differentiation and induce osteoblast differentiation in C2C12 myoblasts.
Recently, we found that sulfated polysaccharides, including heparin,
enhance the biological activities of BMPs. In this study, we examined
the molecular mechanism by which heparin enhanced BMP activity. The
mRNA levels of alkaline phosphatase and Osterix induced by BMP-2
were further increased in the presence of heparin. Phosphorylation of
Smad1/5/8 was induced by BMP-2 within 1h, and heparin increased that
at 24 hr. Most phosphorylated Smad proteins were localized in nuclei in
the presence or absence of heparin. Although the concentration of BMP-2
in culture media sharply decreased to an undetectable level within 1 day in
the absence of heparin, significantly higher levels of BMP-2 were
detected in media in the presence of heparin. Taken together, these
results suggest that heparin enhances BMP activity by maintaining high
levels of nuclear phosphor-Smad 1/5/8 through maintaining active BMP-2
in culture media.

Key words. BMP, heparin, osteoblast differentiation, Smad 1/5/8

1 Introduction

BMPs, members of the TGF-beta superfamily, were originally
identified because of their ability to induce ectopic bone formation when
implanted into muscular tissues. Evidence has demonstrated that BMPs
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are crucial molecules during normal bone development and osteoblast
differentiation through the Smad signaling pathway (Katagiri et al., 2002).
We previously reported that BMP-2 inhibits myogenic differentiation of
C2C12 myoblasts and converts their differentiation pathway to that of
osteoblast lineage cells (Katagiri et al., 1994). BMPs have osteogenic
potential in vivo; therefore, they are of great interest as therapeutic agents
for healing bone fractures, preventing osteoporosis and enhancing bone
formation in bone defects. However, it has not been elucidated how to
prolong the residence and efficacy of BMPs in local regions.

BMPs are sulfated polysaccharide-binding molecules because they
were originally isolated by heparin affinity columns. Sulfated
polysaccharides such as heparin and heparan sulfate are macromolecules
associated with the cell surface. The extracelluar matrix and
polysaccharides have been shown to interact directly with a number of
growth factors, including BMPs, wvia highly negative-charged
polysaccharide chains, and to affect their biological activities. Our recent
results indicated that sulfated polysaccharides, including heparin, enhance
the biological activities of BMPs (Takada et al., 2003), but the molecular
mechanism of the stimulatory capacity of heparin is not clear.

In this study, we utilized C2C12 cells as the model for osteoblast
differentiation and report that heparin enhances BMP activity by
maintaining high levels of nuclear phosphor-Smads through maintaining
active BMP-2 in culture media.

2 Materials and Methods

2.1 BMP and heparin

Purified recombinant human BMP-2 was obtained from Astellas
Pharmaceuticals Co., Ltd. (Tokyo, Japan). Heparin prepared from porcine
intestine was purchased from Sigma Chemical Co. (St. Louis, MO).

2.2 C2C12 Cell cultures for treatment with BMP-2

C2C12 cells were treated with heparin as described previously (Takada et
al., 2003).

2.3 Reverse Transcription-Polymerase Chain Reaction

RT-PCR was performed as described previously (Yanai et al., 2001). The
primers for each cDNA were as follows: ALP,
GATCATTCCCACGTTTTCAC and TGCGGGCTTGTGGGACCTGC;
Osterix, TTAAGCTTGCGTCCTCTCTGCTTGA and
TTTCTAGATCAGATCTCTAGCAGGTT; GAPDH,
TGAAGGTCGGTGTGAACGGATTGGC and
CATGTAGGCCATGAGGTCCACCAC.

2.4 Immunohistochemical staining
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Cells were immunochistochemically stained as described (Katagiri et al., 1994)
using rabbit anti-Phospho-Smad1/5/8 antibody (Cell Signaling Technology,
Inc. USA) and a Simple Stain AEC Solution Kit (HISTOFINE, Nichiret, Co.).
2.5 Western blot analysis

Western blot analysis was performed as described previously (Takada et
al., 2003) using rabbit anti-phospho-Smad1/5/8 antibody and anti-Smadl
antibody (UPSTATE Biotechnology, NY).

2.6 ELISA for BMP-2

The BMP-2 concentrations in the culture media were quantitatively
determined by ELISA using BMP-2 Immunoassay Kit (Quantikine, USA).

3 Results

First, we examined the effect of heparin on the gene expression related to
osteoblast differentiation, such as alkaline phosphatase (ALP) and Osterix
(Fig. 1). We observed that the mRNA level of ALP was further increased
by heparin at 12, 24 and 72 hr. Heparin failed to enhance the mRNA level
of Osterix, a key transcription factor for osteoblast differentiation, within
12 hr, but it increased those levels at 24 and 72 hr.

Time (h) 0 1 12 24 72

Heparin —_—t 4 — 4 — ..I_

U B R

ALP

Osterix —

GAPDH “.W
e |

Fig. 1. Heparin enhances gene expression related to osteoblast differentiation
induced by BMP-2 in C2C12 cells. C2C12 cells were incubated with 100ng/ml
BMP-2 in DMEM containing 2.5% FBS with or without Sug/ml heparin. Total
RNAs were extracted at 0, 1, 12, 24 and 72hr. RT-PCR analysis was performed.

BMPs exert their biological activities by phosphorylating and activating
intracellular Smad 1/5/8 transcription factors, which is a pivotal step in the
BMP-2 signaling pathway. Upon BMP-2 stimulation, phosphorylated
Smad proteins were accumulated in the nuclei within 1 hr in the presence
and absence of heparin (Fig. 2). Most phosphorylated Smads disappeared
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at 24 hr in the absence of heparin. In contrast, heparin maintained
phosphorylated Smads in the nuclei even at 24 hr. Western blot analysis
also showed that heparin did not increase the phosphorylation of
Smadl/5/8 stimulated by BMP-2 at 1 or 6 hr, whereas the levels of
phosphorylated Smad 1/5/8 were enhanced by heparin at 24 hr (Fig. 3).

BMP-2 treatment (h)

0 1 24
Heparin

Fig. 2. Nuclear localization of phospho-Smad 1/5/8 induced by BMP-2. C2C12
cells were treated with 100 ng/ml BMP2 in DMEM containing 2.5% FBS in the
presence or absence of Sug/ml heparin over the time course (0, 1, and 24h), then
immunochemistry staining was performed as described in Materials and Methods.

Time (h) 24 24 1 6 24
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BVIP-2 s afl o dorade sl
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P L

Fig. 3. Heparin enhances phosphorylation of Smadl/5/8 induced by BMP-2.
C2C12 cells were treated with 100 ng/ml BMP2 in DMEM containing 2.5% FBS
in the presence or absence of Sug/ml heparin over the time course (0, 1,6 and 24



41

h), then Western blot analysis was performed as described in Materials and
Methods.

Next, we quantified BMP-2 concentrations in culture media by ELISA
(Fig. 4). The concentration of BMP-2 in culture media was sharply
decreased to an undetectable level after 24 h in the absence of heparin.
In contrast, significantly higher levels of BMP-2 were detected in the
presence of heparin. These data indicated that heparin maintained BMP-2
concentration in the media.

BMP-2 [
(ng/ml)

100 gy g

0 =&
0 24h

Fig. 4. Time-course changes in BMP-2 concentrations in culture media. C2C12

cells were treated with 100 ng/ml BMP2 in DMEM containing 2.5% FBS in the

presence (solid bar) or absence (empty bar) of Sug/ml heparin for 24h. BMP-2
concentrations in culture media were quantitatively determined by ELISA.

4 Discussion

It was revealed that sulfated polysaccharides, including heparin, enhance
the biological activities of BMPs (Takada et al., 2004). In this study we
showed that mRNA expression levels of ALP and Osterix, which are
closely related to osteoblast differentiation, were also enhanced by
heparin.

Smads are a conserved family of signal transducers of the TGF-
superfamily. Smadl, 5 and 8 are signaling molecules specific for the BMP
pathway. Smadl, 5 and 8 are directly phosphorylated by BMP type 1
receptors and then translocated into the nucleus to regulate the
transcription of various target genes. In the presence of dominant-negative
Smads that block signaling, BMP-mediated effects are absent. In contrast,
Smad overexpression enhances BMP signaling. Our work showed that
heparin enhances the phosphorylation and nuclear accumulation of
Smad1/5/8 induced by BMP-2, suggesting that the BMP signaling
pathway was continuously enhanced in the presence of heparin.

Our previous study showed that heparin decreased the amount of
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ligand-receptor complex on C2C12 cell membranes (Takada et al., 2003).
Furthermore, in this study, we found that the concentration of BMP-2 in
the culture media was significantly higher in the presence than in the
absence of heparin. Taken together, these results suggest that the BMP-2
ligand is maintained by heparin in the media and continuously serves as
an active form to stimulate their receptors to continuously stimulate the
intracellular signaling molecule Smadl/5/8. Moreover, our recent
preliminary experiments showed that heparin significantly enhanced new
bone formation induced by BMP-2 when heparin and BMP-2 were
implanted together into muscle tissues in mice. Heparin enhances the
biological activities of BMPs, offering a bright future to the clinical
application of BMP-2.
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Summary. Recent advances in our understanding of adult non-hematopoi-
etic stem/progenitor cell biology may lead to powerful new therapies for
vascular repair and for the treatment of ischemic tissue injury. This chapter
will provide an overview of several non-hematopoietic stem/progenitor cell
types that engraft and contribute to the vasculature (mesenchymal stem
cells, MSCs; endothelial and smooth muscle progenitor cells, EPCs and
SPCs; adipose-derived stem cells, ADSCs; and cardiac stem cells, CSCs)
and mechanisms of angiogenic and postnatal vasculogenic repair by adult
stem/progenitor cells.

1 Mesenchymal stem cells from bone marrow

Non-hematopoietic bone marrow stem/progenitor cells that differentiate
into multiple cell types are called mesenchymal stem cells, marrow stromal
cells, or multipotent stromal cells (MSCs). They were first identified by
Friedenstein and colleagues in the 1970s (Friedenstein et al. 1974a, 1974b,
1976). MSCs are commonly described as clonal, plastic adherent cells from
bone marrow that are capable of differentiating into osteoblasts, adipocytes,
and chondrocytes (Friedenstein et al. 1974a, Pereira et al. 1995, Prockop
1997, Pittenger et al. 1999, Sekiya et al. 2002). Recent work has demon-
strated that MSCs are also capable of differentiation into endotheliai cells
(Oswald et al. 2004), smooth muscle cells (Kobayashi et al. 2004), and a
variety of other cell types both ex vivo and in vivo (reviewed in Prockop
1997, Prockop et al. 2003, Gregory et al. 2005).

MSCs are localized in the bone marrow as vascular pericytes and as
endosteal stromal cells that support hematopoiesis (Shi and Gronthos
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2003, Muguruma et al. 2006). They can serve as feeder layers to support
the ex vivo culture of hematopoietic stem/progenitor cells by providing extra-
cellular matrix components, cytokines, and growth factors (Friedenstein
et al. 1974a, Dexter et al. 1984). In addition to replacing dying or injured
cells, the secretion of numerous angiogenic, mitogenic, and anti-apoptotic
factors by MSCs under both normoxic and hypoxic/ischemic conditions is
likely to play a key role in their ability to prevent or repair ischemic tissue
injury (Kinnaird et al. 2004a, Nagaya et al. 2005). MSCs can augment col-
lateral perfusion (Kinnaird et al. 2004b) and have been demonstrated to
increase vascular density, cardiac function and to differentiate into vascular
endothelial and smooth muscle cells in a model of chronic cardiac ischemia
(Silva et al. 2005).

2 Adipose-derived stem cells

Multipotent MSC-like progenitor cells were first isolated from adipose
tissue in 2001 (Zuk et al. 2001). Adipose-derived stem cells (ADSCs) are
similar to bone marrow-derived MSCs and can differentiate into bone, fat,
cartilage, and muscle (Zuk et al. 2002). Freshly isolated progenitor cells
from the stromal-vascular fraction of human adipose tissue or lipoaspirates
are reported to express the stem/progenitor cell surface marker CD34
(Miranville et al. 2004, Planat-Benard et al. 2004), whereas cultured ADSCs
have variable expression of the sialomucin, depending on the growth medium
(Zuk et al. 2002, Miranville et al. 2004).

The administration of ADSCs was reported to improve the survival and
repair of ischemic hindlimbs in mice by ADSC differentiation into endoth-
lelial cells (Miranville et al. 2004) and by the secretion of angiogenic and
anti-apoptotic factors such as vascular endothelial growth factor (VEGF)
and hepatocyte growth factor (HGF) (Nakagami et al. 2005, Rehman et al.
2006). The presence of MSCs in the stromal-vascular fraction of adipose
tissue suggests that MSC-like cells may exist as pericytes or pericyte-like
cells throughout the vasculature in all adult tissues. Thus, the artery wall
has been found to be both a destination and a source for multipotent cells
that give rise to cartilage, bone, fat, muscle and vascular tissue (reviewed
in Abedin et al. 2004).

3 Endothelial and smooth muscle progenitor cells

Asahara et al. reported the isolation of endothelial progenitor cells
(EPCs) from human peripheral blood in 1997. This discovery and others
that followed support the theory of postnatal vasculogensis, i.e. the con-
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tribution of circulating (likely bone marrow-derived) cells to growing blood
vessels.

Historically, EPCs and their origin have been difficult to define. There
remains also some confusion in the literature regarding EPCs since there are
cells with varying degrees of proliferative potential that can contribute to
vascular endothelium: CECs, “circulating endothelial cells” that are mature
non-proliferative endothelial cells that are shed from the vessel wall, EPCs,
“endothelial progenitor cells” that are primitive CD133*/VEGFR-2* cells
that are either positive or negative for CD34; EOCs, “endothelial outgrowth
cells” that express several endothelial cell antigens and that can divide exten-
sively in culture, and CDI14*/CD34"" cells that were reported to be the
predominant circulating endothelial stem cells (Romagnani et al. 2005).
Circulating EPCs with a phenotype of CD34-negative/CDI133*/VEGFR-2"
are believed to be the most potent EPCs in terms of homing to vascular injury
and engaging in vascular repair (Friedrich et al. 2006). Therefore, several
possibly related cells from the bone marrow, the circulation, and the vessel
wall itself can contribute to vascular endothelium (reviewed in Urbich et al.
2004, Ingram et al. 2005). Similar to ex vivo culture of bone marrow MSCs,
the culture of and culture conditions for EPCs or related cells with endothe-
lial potential may profoundly influence their ability to engraft and to repair
blood vessels when administered in vivo.

The bone marrow appears to be the major source of circulating EPCs.
Endothelial engraftment of bone marrow-derived endothelial cell precursors
has been observed following bone marrow transplantation in both mouse
and man (Bailey et al. 2004, Jiang et al. 2004). Of special note, single cell
transplantation studies using single purified KLS hematopoietic stem cells
(c-kit*/Sca-1*/lin" cells) indicates that at least some if not all primitive EPCs
arise from an adult bone marrow-derived hemangioblast-like cell that is
capable both of reconstituting the blood cell lineages and engaging in post-
natal vasculogenesis (Bailey et al. 2004).

Smooth muscle progenitor cells (SPCs) can also be isolated from adult
peripheral blood and cultured (Simper et al. 2002). Bone marrow-trans-
planted mouse hematopoietic stem cells (HSCs, KLS cells) were reported
to give rise to smooth muscle cells in neointima and atherosclerotic plaques
(Sata et al. 2002). Similarly, smooth muscle cells in human coronary ath-
erosclerosis were reported to arise from progenitor cells administered at
the time of marrow transplantation (Caplice et al. 2003). CDI14"/CDI105"
enriched cells that express alpha smooth muscle actin (0-SM A) were recently
isolated from circulating human peripheral blood and were demonstrated to
differentiate into contractile smooth muscle cells with characteristic SM
markers ex vivo. Furthermore, the percentage of cells with this SPC pheno-
type were shown to significantly increase in numbers in the circulation of
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patients with coronary artery disease compared with peripheral blood counts
from control subjects (Sugiyama et al. 2005).

4 Cardiac stem cells

Adult cardiac stem cells (CSCs) were first reported in 2002 by a pioneer-
ing research group led by Piero Anversa (Quaini et al. 2002). Because of
the reduced capacity for the heart to repair itself relative to other organ
systems (e.g. liver) and the long held view that postnatal cardiomyocytes
are postmitotic cells, the existence of endogenous stem/progenitor cells for
the adult heart has led to a “paradigm shift” in cardiac biology. CSCs are
clonal, self-renewing, and multipotent. They produce multiple cardiac cell
types such as cardiac myocytes, endothelial cells and smooth muscle cells.
Thus far, CSCs or CSC-like cells have been isolated from the hearts of mice,
rats, dogs, pigs, and humans (reviewed in Anversa et al. 2006). In the
context of ischemic cardiac injury, CSCs contribute to myocyte replacement
and to vasculogenesis in vivo (Beltrami et al. 2003).

It is not clear whether CSCs and other mesodermal stem/progenitor cells
are related to bone marrow-derived MSCs. One hypothesis is that related
progenitor cells in adult tissues are specified to preferentially differentiate
into the cell types of the tissue in which they reside. The bone marrow may
be a reservoir for non-hematopoietic progenitor cells that can replenish
distal tissues during chronic tissue injury or following injury to the stem
cell compartment of a given tissue (Prockop et al. 2003). Recently, cardiac
side-population (SP) cells that efflux Hoechst dye have been shown to dif-
ferentiate into functional cardiac myocytes (Pfister et al. 2005). Following
myocardial infarction, bone marrow-derived SP cells were observed to
migrate to the injured heart and to undergo phenotypic conversion to cells
with a cardiac SP immunophenotype (Mouquet et al. 2005); these data
support the bone marrow “reservoir” hypothesis.

5 Mobilization and engraftment of adult
stem/progenitor cells

Most adult non-hematopoietic progenitor cells share at least some aspects
of ligand/receptor interactions for mobilization and engraftment during
tissue injury. In particular, stromal-derived factor | (SDF-1) and VEGF, both
released by ischemic tissues, are known to recruit multiple stem/progenitor
cell types from the circulation and the bone marrow.
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Currently, there is relatively incomplete knowledge regarding the mecha-
nisms of bone marrow-derived or adipose-derived MSC mobilization.
Results from several laboratories indicate that MSCs possess the receptors
CXCR4 and CX3R1 and migrate in response to SDF-1 and fractalkine both
ex vivo and in vivo (Wynn et al. 2004, Ji et al. 2004, Son et al. 2006, Lee
et al. 2006). MSCs also express the c-met receptor and migrate on a gradient
of HGF (Son et al. 2006). Adipose-derived MSCs were reported to migrate
in culture in response to platelet-derived growth factor (PDGF-BB) via
c-Jun N-terminal kinase (JNK) signaling (Kang et al. 2005).

EPCs are mobilized by a variety of secreted factors such as granulocyte
monocyte-colony stimulating factor (GM-CSF), granulocyte-colony stimu-
lating factor (G-CSF), SDF-1, erythropoietin (EPO), VEGF, and Angiopoi-
etin-1 (reviewed in Aicher et al. 2005). In addition, EPCs can be mobilized
pharmacologically by HMG-CoA reductase inhibitors (statins) in rodents
(Dimmeler et al. 2001) and in patients (Vasa et al. 2001). EPCs can also be
mobilized into the circulation during physical exercise (Laufs et al. 2004).
Aside from mobilizing factors, adhesive proteins such as [2-integrins
{Chavakis et al. 2005) and matrix degrading proteins such as cathepsin L
(Urbich et al. 2005) are important for adhesive interactions with the vessel
wall and EPC invasion.

Similar to bone marrow MSCs, cardiac stem cells express c-met receptors
and migrate on a gradient of HGF. Importantly, HGF can be used to attract
CSCs to sites of cardiac injury such as zones of infarction (Urbanek et al.
2005).

6 Vascular progenitors in vascular disease and repair

Under different disease conditions adult non-hematopoietic stem/progeni-
tor cells repair the vasculature, while in other cases these cells may act
pathologically. EPCs are mobilized following acute myocardial infarction
(Shintani et al. 2001) and are believed to be beneficial for the repair of
ischemic cardiac injury. EPCs and SPCs are known to engraft atheroscle-
rotic plaques (Sata et al. 2002, George et al. 2005), but it is not entirely clear
under which circumstances these cells contribute to plaque stabilization or
to plaque vulnerability. Similar with the contribution of circulating fibro-
cytes to fibrosis, the contribution of vascular progenitor cells to athero-
scleroisis may likely represent an attempt to repair disease rather than to
promote it.

Adult bone marrow-derived non-hematopoietic progenitor cells have been
shown to participate in vascular remodeling in the lungs of mice with
hypoxia-induced pulmonary hypertension (PH) (Hayashida et al. 2005).



Fig. 1. Bone marrow progenitor cells participate in repair/remodeling during
monocrotaline-induced pulmonary hypertension. A) Lung section from a control
rat that received BMT but no MCT (6 weeks after BMT). Green (ALEXA 488):
a-SMA staining of a blood vessel. Red (ALEXA 594): antibody staining of GFP-
positive bone marrowderived cells. B) GFP-positive bone marrow cells (red) sur-
round a blood vessel of a MCT-treated chimeric rat (6 weeks after BMT, 3 weeks
after MCT). C) Y chromosome in situ hybridization (pink dots) to confirm the
engraftment of male bone marrow-derived cells in the female host. Blue nuclei are
stained with DAPI. Please refer also to the color plate in the front of this book.

EPO signaling has recently been demonstrated to be a critical component
in the homing of EPCs to the lungs of mice with PH (Satoh et al. 2006).
EPCs can ameliorate or rescue monocrotaline (MCT)-induced pulmonary
hypertension when modified to express adrenomedullin or eNOS, possibly
by protecting endothelial cells against apoptosis (Nagaya et al. 2003, Zhao
et al. 2005).

In a bone marrow transplant/monocrotaline model of progressive pulmo-
nary hypertension, we have observed that significant numbers of bone
marrow-derived cells and non-hematopoietic progenitor cells engraft the
lungs of rats and engage in repair/remodeling (Fig. 1). For the experiments,
adult Female Sprague Dawley rats received bone marrow transplants (BMT)
from transgenic GFP male Sprague Dawley rats. Three weeks after BMT,
chimeric rats were injected intravenously with the alkaloid plant toxin
monocrotaline (MCT). The metabolite of MCT causes progressive pulmo-
nary hypertension. The animals were examined 3 weeks after MCT injec-
tion to allow the chronic injury (PH) to draw cells from the circulation and
the bone marrow. We observed engraftment of both EPCs and SPCs in the
lungs and hearts of chimeric rats (data not shown).

Reduced circulating EPC numbers or defects in mobilization are believed
to negatively impact the prognosis of patients with cardiovascular disease.
Impaired signaling of CXCR4 through Janus kinase in the EPCs of patients
with coronary artery disease is likely to lead to reduced homing of EPCs
and reduced neovascularization capacity (Walter et al. 2005). Patients with
low circulating levels of EPCs may have greater risk for cardiovascular
events (Schmidt-Lucke et al. 2005) and vasculopathy (Simper et al. 2003).
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A decrease in circulating EPCs has also been shown to be associated with
acute stroke patients and those with stable stroke compared with control
subjects. Low levels of EPCs correlated inversely with the Framington risk
factor score, indicating that EPC levels may be a predictive marker for vas-
cular dysfunction {(Ghani et al. 2004).

Supported by NIH grant HL077570-01 (to J.S.).
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Importance of Neutrophil and Erythroblast for the
efficacy of Bone-marrow Cell Implantation in Pe-
ripheral Artery Disease
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Summary. [Background] Efficacy of autologous bone marrow-
mononuclear cell (BM-MNC) implantation as therapeutic angiogenesis has
been reported in patients with severe peripheral artery disease. In addition
to containing CD34 positive-cells, sorted BM-MNCs contain an abundance
of CD34-negative cells. No studies have yet elucidated which types of
CD34-negative cells influence the clinical appearance in BM-MNC im-
plantation. We investigated the correlations of morphologically classified
cell types of sorted BM-MNCs with changes in the ankle brachial index
(ABI) and transcutaneous oxygen pressure (TcO,). [Material and Methods]
Seven patients with severe peripheral arterial disease who were not candi-
dates for angioplasty or surgical operation underwent BM-MNC implanta-
tion. The sorted BM-MNCs using a cell separator were classified on the
basis of May-Giemsa staining, and CD34-positive cells were counted. ABI
and TcO, were performed before and after BM-MNC implantation. [Re-
sults] Mean ABI (p<0.05) and mean TcO, (p<0.005) from baseline to 4
weeks after the implantation were significantly increased. The numbers of
total injected cells and CD34-positive cells were not correlated with A
TcO, from before to 4 weeks. Among the cell types analyzed, ATcO,
showed significant negative correlations with the percentage of mature
neutrophils (p<0.01) and significant positive correlations with the
percentage of erythroblasts (p<0.05). [Conclusions] Neutrophils could be
an inverse regulator and erythroblasts could be a positive regulator in
clinical BM-MNC implantation.

Key Words. Bone-marrow, Cell implantation, Neutrophil, Erythroblast,
Peripheral artery disease
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Autologous bone marrow-mononuclear cells (BM-MNC) implantation
into ischemic limbs has recently been developed as a therapeutic angio-
genesis for patients with severe peripheral artery disease without indica-
tions of percutaneous transluminal angioplasty or bypass surgery (Tateishi-
Yuyama et al. 2002). In theory, the commitment of CD34-positive endo-
thelial progenitor cells (EPC) to vessel formation, so-called vasculogenesis,
is thought to be the main mechanism behind the angiogenic effect (Asa-
hara et al. 1997). However, CD34-positive cells make up only a very small
population among the BM-MNCs. As it turns out, sorted BM-MNC frac-
tion contains not only CD34-positive cells, but also an abundance of
CD34-negative cells of various types and differential grades. For this rea-
son, closer investigation into the role of CD34-negative cells is very im-
portant to improve BM-MNC implantation. No previous reports have
shown which types of blood cells influence the clinical appearance in pa-
tients treated by the BM-MNC implantation for ischemic limbs. Therefore,
we investigated the correlations of morphologically classified cell types
among sorted BM-MNCs with changes in ankle brachial index (ABI) and
transcutaneous oxygen pressure (TcO,) as clinical parameters of effective-
ness in BM-MNC implantation.

Methods

Patients

Study subjects included 7 patients with peripheral arterial disease (7 men;

mean age 61.6%7.9 years) who had symptoms of chronic limb ischemia
such as severe intermittent claudication, rest pain, or non-healing ulcers,
but who were not candidates for angioplasty or surgical operation. We ex-
cluded patients with poorly controlled diabetes mellitus (hemoglobin
Alc>6.5% and proliferative retinopathy) or with evidence of a malignant
disorder during the past 5 years. The study protocol was approved by the
Ethics Committee of the Showa University. Written informed consent was
obtained from all patients.

Methods
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BM-MNCs

The procedure of BM-MNC implantation was previously described
(Tateishi-Yuyama et al. 2002). After aspirating the bone marrow (about
600 ml) from the ileum under general anesthesia, the BM-MNCs were
sorted on a CS3000-Plus blood-cell separator (Baxter International Inc.,
Deerfield, IL, USA), and concentrated to 60 ml. The separated cells were
implanted into the ischemic legs by intramuscular injection.

A BM-MNC-floating solution after separation was used as smear sample,.
The sorted BM-MNCs were classified on the basis of May-Giemsa stain-
ing. CD34-positive cells were counted using a fluorescence-activated cell
sorter (FACS). The drugs used were not changed throughout the study.

ABI and TcO2

Oscillometric blood pressure in the ankle and brachium were measured
using form PWV/ABI (Colin Co., Ltd, Komaki, Japan) before and 4 weeks
after the implantation. The ABI was defined as the ratio of ankle systolic
pressure to brachial systolic pressure (normal value>1.0).

TcO, was measured in a supine position at room temperature using an
oxymonitor (tina TCM 4, Radiometer, Copenhagen, Denmark) (normal
value>60 mmHg) before and 4 weeks after the implantation.

Changes in ABI and TcO2 between before and 4 weeks after the

implantation were defined as A ABI and A TcO2.

Statistical analyses

All values are expressed as mean®SD. Changes in variables from base-
line to 4 weeks were analyzed with paired ¢ test. The correlation coeffi-
cients between two variable parameters were determined by Peasons’ sim-
ple linear regression analysis. Statistical significance was accepted at
p<0.05.

Results

The characteristics of each patient are shown in Table.
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Table: Patients® characteristics

Case  Age Gender Diagnosis Fontaine Previous therapy  HT DM HL  Smoking HD

I $ M ASO i bypass + . - + -
2 6 M AS0 v bypass + - - +

3 w M ASO i bypass - + . . -
4 47 M Burger N . - - - +

56 M ASO jut - + + - + +
¢ 65 M ASO i + + + ¥
T 68 M ASO i - & - + >

M. male; ASQ, arteriosclerosis obliterans: HT, hyperiension, DM, dizhetes melluus: HL, hyperlipidemia; HD, hemodialysis

®
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Figure 1: Changes in clinical parameters between baseline and 4 weeks after bone-

marrow mononuclear cell implantation
(a) ankle brachial index (ABI) (b) transcutaneous oxygen pressure (TcO2)
* p<0.05, ** p<0.005
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Figure 2:

Correlation between changes in transcutaneous oxygen pressure (IcO2) and per-
centage of injected cell types
(a) mature neutrophils (b) erythroblasts

Injected BM-MNCs

The mean number (SD) of injected cells was 3.3+0.8 x 10°. The injected
BM-MNCs included lymphocytoid cells (mean (SD) 26.5 * 11.4%),
monocytoid cells (7.8+4.6%), myeloblasts (1.0£0.7%), myelocytes (10.7
+6.3%), mature neutrophils (31.0 % 14.0%), and erythroblasts (18.7 %
9.3%). The mean number of CD34-positive cells in FACS analysis was 3.1
+1.4x 107 (0.9£0.3% of the injected cells).

ABI, TcO2

ABI at 4 weeks after the implantation was higher than that at baseline in 5
out of 7 patients. The mean ABI at 4 weeks was significantly higher than
that at baseline (0.38 £0.4 vs. 0.69 0.4, p<0.05)(Figure 1a).

TcO, at 4 weeks after the implantation was higher than that at baseline in
all patients. The mean TcO, at 4 weeks was significantly increased than
that at baseline (25.0 £ 15.6vs 50.6 ==24.3, p<0.005)(Figure 1b).
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ABI and injected cell types

The numbers of total injected cells and CD34-positive cells were not
correlated with A ABI (the change of values from baseline to follow-up).
The percentage of CD34-positive cells among the total injected cells also
showed no correlation with AABI. In fact none of the morphologically
classified cell types correlated with A ABI on a percentage basis.

TcO2 and injected cell types

The numbers of total injected cells and CD34-positive cells were not
correlated with A TcO, (the change of values from baseline to follow-up).
The percentage of CD34-positive cells among the total injected cells also
showed no correlation with A TcO,. Among the morphologically classified
cell types, mature neutrophils showed strongly significant negative
correlations with ATcO, on a percentage basis (p=0.013, r=0.740, Figure
2a). On one hand, the erythroblasts showed significant positive
correlations with ATcO, on a percentage basis (p=0.046, r=0.580, Figure
2b).

Discussion

The present study demonstrated significant increases in both TCO, and
ABI from baseline to 4 weeks after BM-MNC implantation, showing the

efficacy of this therapy.
While the numbers of injected nucleated cells and CD34-positive cells

were not correlated with A TCO, or A ABI, the percentages of mature
neutrophils and erythroblasts showed a strongly significant negative
correlation with ATCO, and a significant positive correlation with A
TCO,, respectively.

CD34-positive cells and efficacy of BM-MNC implantation

The correlation between the number of CD34-positive cells and A ABI
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established in earlier research suggests that the number of implanted
CD34-positive cells is one of the primary factors influencing the efficacy
of BM-MNC implantation (Saigawa et al. 2004). However, our data show-
ed that the number and percentage of CD34-positive cells implanted had
no correlations with ATcO, or A ABIL Our findings indicate that the effi-
cacy of BM-MNC implantation depends not only on the number of CD34-
positive cells, but also various other factors produced by CD34-negative
cells. It has been reported that co-culture of human CD34-positive and
CD34-negative MNCs yielded a greater number of EPCs than culture of
CD34-positive MNCs alone, suggesting that intercellular communication
between CD34-positive MNCs and CD34-negative cells is important for
the differentiation of EPCs (Asahara et al.1997, Murohara et al. 2000).

Neutrophil and efficacy of BM-MNC implantation

Activated neutrophils have the potential to mediate endothelial injury by
releasing lysosomal proteinases or generating oxygen metabolites. The
present study showed that the percentage of neutrophils within the injected
BM-MNCs was negatively correlated with A TcO,, suggesting that the
neutrophils are an important culprit in attenuating the efficacy of the thera-
peutic angiogenesis. Iba et al. also demonstrated that neutrophils had an
inhibitory effect on angiogenesis and that neutrophil elastase contributed to
the anti-angiogenic effect (Iba et al. 2002). We surmise that the therapeutic
effects of BM-MNC implantation can be best improved by suppressing the
anti-angiogenic factors in neutrophils such as neutrophil elastase.

Erythroblast and efficacy of BM-MNC implantation

Bone marrow erythroblasts have been reported to serve angiogenic fac-
tors, such as vascular endothelial growth factor A (VEGF-A) and placental
growth factor (PIGF), possibly by acting as paracrine manner on mono-
cyte/macrophages and /or endothelial cells (Tordjman et al. 2001).
Erythroid cells have been reported to promote angiogenesis through the
activation of VEGF and PIGF, and erythropoietin enhances this effect
(Ozawa et al. 2004). Erythroblasts made up 18.7% of the injected cells in
the present study and this percentage proved to be positively correlated
with ATcO,. We surmise that the therapeutic effects of BM-MNC implan-
tation can be best improved by enhancing the pro-angiogenic factor in
erythroblasts such as VEGF and PIGF.
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Conclusions

This study indicated that neutrophils could be an inverse regulator and
erythroblasts could be a regulator in clinical BM-MNC implantation.
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Bone marrow derived cells contribute to
arterial remodeling
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Summary. Exuberant smooth muscle cells hyperplasia is the major cause
of postangioplasty restenosis. We suggested that circulating smooth muscle
progenitor cells might contribute to lesion formation after vascular injury.
We extensively investigated the cellular constituents during neointimal for-
mation after mechanical injury. A large wire was inserted into the mouse
femoral artery. At 2 hours, the injured artery remained dilated with a thin
media containing very few cells. One week after the injury, CD45 positive
hematopoietic cells accumulated at the luminal side. Those CD 45 positive
cells gradually disappeared, whereas neointimal was formed with alpha
smooth muscle actin positive cells. Bone marrow cells and peripheral mono-
nuclear cells differentiated into alpha smooth muscle cells in the presence
of PDGF and basic FGF. These results suggest that early accumulation of
hematopoietic cells may play a role in the pathogenesis of smooth muscle
cells hyperplasia under certain circumstances.

Key words. Bone marrow derived cells, arterial remodeling

1 Introduction

As a future approach to improve the prognosis in such patients, investiga-
tions have recently Percutaneous coronary intervention (PCI) has been
widely adopted as a treatment of atherosclerosis. However, in a significant
number of patients, the procedure fails due to progressive vessel narrowing,
or post-PClI restenosis (Nobuyoshi 1988). The pathogenesis of restenosis is
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multi-factorial, but abnormal hyperplasia of vascular smooth muscle cells
(SMCs) is a common feature of post-PCI restenosis (Nobuyoshi 1991,
Kearnecy M 1997). Recently, we suggested that bone marrow cells could
give rise to vascular progenitor cells that potentially contribute to pathol-
ogical remodeling in models of hyperlipidemia-induced atherosclerosis,
post-PCl restenosis, and transplant-associated arteriosclerosis (Saiura 2001,
Sata 2002, 2003). However, little is known about the mechanism by
which bone marrow-derived cells participate in neointimal formation.
Here, we extensively characterized cellular constituents during neointimal
hyperplasia after mechanical vascular injury. Moreover, we examined
whether bone marrow-derived cells differentiate into SMC like-cells
in vitro and in vivo. Results document deposition of fibrin and platelets at
the injured artery, followed by homing of hematopoietic cells and subse-
quent SMC hyperplasia, providing further insights into the mechanisms by
which bone marrow-derived progenitor cells contribute to vascular repair
and remodeling.

2 Method

2.1 Animal experimental protocol

Adult male 16- to 24-week-old inbred wild-type mice (C3H/He) weighing
between 25 and 35 g. Transluminal mechanical injury of the femoral artery
was induced by insertion of a large wire (0.38 mm in diameter) as previously
described (Sata 2000). The mice were euthanized by intraperitoneal admin-
istration of an overdose of Nembutal at the time points indicated. At death,
the mice were perfused with 0.9% NaCl solution followed by perfusion fixa-
tion with 4% paraformaldehyde in PBS (pH 7.4). Cross-sections (5mm)
were stained with hematoxylin and eosin.

2.2 Immunohistochemistry

Paraffin-embedded sections (5um) were deparaffinized, blocked with
0.5% goat serum, and incubated with an anti-mouse CD45 antibody (clone
30-F11, BD Pharmingen). Antibody distribution was visualized by the
avidin-biotin complex technique and Vector Red substrate (Vector Labora-
tories). Smooth muscle cells were identified by immunostaining with an
alkaline-phosphatase-conjugated monoclonal antibody to o-smooth muscle
actin (clone 1A4, Sigma, St. Louis, MO). Sections were counterstained with
hematoxylin.
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2.3 Tissue preparation reverse transcription-polymerase
chain reaction

At death, mice were perfused with 0.9% NaCl solution and the femoral
artery was quickly excised. Total RNA was prepared with the use of
RNazol reagent (TEL-TEST, INC., Friendswood, TX). Reverse transcrip-
tion was performed with random hexamer primers and MMLV reverse
transcriptase (ReverTraAce-o, TOYOBO, Osaka). PCR primers were as
follows: o-smooth muscle actin, 5-GAGAAGCCCAGCCAGTCG-3" and
S-CTCTTGCTCTGGGCTTCA-3"; glyceraldehydes-3-phosphate dehydro-
genase (GAPDH), 5-ACCACAGTCCATGCCATCAC-3" and 5-TCCAC
CACCCTGTTGCTGTA-3". PCR reactions were carried out 30 cycles of 45
seconds of denaturation at 94°C, 45 seconds of annealing at 60°C, and 2
minutes of extension at 72°C followed by 10 minutes of final extension.

2.4 Cell culture

Total bone marrow cells were isolated from wild-type mice as described.
4 x 10° cells were cultured in a well of 24-well dish in Dulbeccos’s modified
eagle medium (Sigma) containing 10% FBS, 10ng/ml PDGF-BB, 10ng/ml
basic FGF. Cell suspensions were treated with ACK lysing buffer (0.155M
ammonium chloride, 0.I M disodium EDTA and 0.0l M potassium bicar-
bonate) to lyse erythrocytes. After washing, cells were suspended in serum-
free medium (X-vivo 20, BioWhittaker/Takara, Tokyo) and cultured in a
fibronectin-coated 24-well dish. For immunocytochemistry, cells were fixed
in 4% paraformaldehyde. After permeabilized with 0.5% NP40 in PBS, cells
were stained with an alkaline-phosphatase-conjugated monoclonal antibody
to a-smooth muscle actin (clone 1A4, Sigma, St. Louis, MO) and Vector
Red substrate (Vector Laboratories).

2.5 Statistical analysis

All values are expressed as mean + SEM. The means were compared by
the unpaired Student’s t-test. A value of P < 0.05 was considered statistically
significant.

3 Results

3.1 Time course of neointimal hyperplasia

A large wire was inserted into the femoral artery, causing complete endo-
thelial denudation and marked enlargement of lumen with acute onset of
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Fig. 1. Temporal and spatial characterization of cellular constituents during neo-
intima hyperplasia development. SMA positive cells gradually increased. SMA-
positive cells were counted and expressed as proportion to the total number of the
cells in the vessel wall. Data are reported as mean = S.E.M. n = 3 for each time
point. Arrows indicate internal elastic lamina. Bar, 20 um.

medial SMCs apoptosis. Cellular constituents of the arterial wall after wire-
mediated injury was examined by RT-PCR using RNA obtained from total
homogenate of the vessel wall. Marked downregulation of a-smooth muscle
actin (0-SMA) expression was observed at one week. a-SMA expression
gradually increased at two weeks and reached to that of uninjured artery at
4 and 6 weeks (Date not shown). Cellular constituents of the arterial wall
were also evaluated by immunohistochemistry. At one week, small neo-
intima was found on the luminal side of the injured artery. Most of the
neointimal cells expressed CD45, a marker for hematopoietic cells, but not
a-SMA (Figs. 1, 2). At three weeks, large neointima had grown on the
luminal side. A few CD45-positive cells were detected, particularly in the
luminal side of the neointima. There were some 0-SMA-positive cells.

[n uninujred arteries, the endothelium lined at luminal side of the internal
elastic lamina. At two hours after injury, the artery remained dilated with
a thin media containing very few cells. Fibrin deposition and platelets accu-
mulation were observed on the denuded luminal side.



71

MRS ‘h\...
y@%‘f‘ £ \w.“nJ ¢
s e ‘ ”t% P
CD45 A e L BT
v media I s, J
L3 -
-*&‘& J*g '«‘..ﬁ
1W 3W
100
n
T 80
154
¢
& 66
W
& 4
4
S 20 N
|
1w 3w

Fig. 2. CD45 positive cells gradually decreased. CD45-positive cells were counted
and expressed as proportion to the total number of the cells in the vessel wall. Data
are reported as mean + S.E.M. n =3 for each time point. Arrows indicate internal
elastic lamina. Bar, 20um.

3.2 Cell culture

Total bone marrow cells were plated on a piastic dish in the presence of
10% serum. At four days, floating cells were washed. PDGF-BB (10ng/ml)
was added to the adherent cells. Immunocytochemistry (8 days) and RT-
PCR (20 days) reveled that those cells expressed o smooth muscle actin
(0i-SMA). In the presence of PDGF-BB (10 ng/ml) and basic FGF (10 ng/ml),
those adherent cells differentiated into smooth muscle-like cells, which
expressed a-SMA (Fig. 3).

4 Discussion

We investigated the cellular constituents spatially and temporally during
development of neointimal hyperplasia after mechanical vascular injury.
This injury causes severe damage characterized by complete endothelial
denudation and massive apoptosis of medial cells. As early as at two
hours after injury, the denuded lumen was coated with deposition of fibrin
with aggregated platelets. At one week, CD45-positive, a-SMA-negative
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Fig. 3. Contribution of bone marrow-derived cells to neointimal formation. Bone
marrow cells differentiated into smooth muscle-like cells, which expressed
a-SMA. (8 days after cell culture).

hematopoietic cells were homing at the luminal side as determined by
immunocytochemisty and scanning electron microscope. Following accu-
mulation of hematopoietic cells, a-SMA positive neointima hyperplasia
developed. These findings suggest that circulating blood cells may con-
tribute to a-SMA positive SMC-like cells in neointima. This hypothesis
was supported by the observations that bone marrow cells and circulating
blood cells could differentiate into a-SMA-positive cells in vitro and
n vivo.

Coronary angioplasty causes vessel wall injury and induces SMCs pro-
liferation with subsequent abundant production of extracellular matrix.
Angioplasty denudes endothelium completely and mechanically dilates ath-
erosclerotic lesions with a tear in the luminal surface (Sata 2003). Therefore,
neointima formation appears to be similar to the healing process in response
to vascular injuries. In addition to the conventional assumption that damaged
tissues are repaired by individual parenchymal c~lls, an accumulating body
of evidence indicates that there exist somatic stem cells that are mobilized
to remote organs, differentiate into required lineages and participate in
organ repair and regeneration (Sata M 2000, Rafii S 2003, McKay R 2000,
Hill JM 2003) Bone marrow might be an additional source of vascular cells
that contribute to repair and remodeling of vessel wall. Consistent with this
notion, an analysis of sex-mismatched bone marrow transplant subjects
revealed that SMCs throughout the atherosclerotic vessel wall can derive
from donor bone marrow (Caplice NM 2003). Of interest is a finding that
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recruitment of bone marrow-derived SMCs was more extensive in diseased
compared with undiseased segments.

It still remained to be elucidated what kind of stimuli promote differentia-
tion of circulating progenitors into o-actin positive cells. At very early stage
after injury, the denudated vessel wall was quickly coated with fibrin and
platelets. Our in vitro experiment showed that fibronectin, basic FGF, and
PDGF-BB are essential for differentiation of peripheral mononuclear cells
into a-actin positive cells. Fibronectin binds to fibrin and aggregated plate-
lets secret PDGF. It may be plausible that endothelial injury and subsequent
deposition of platelets and fibrin may provide optimal conditions for homing
and differentiation of circulating smooth muscle progenitors.

In summary, our results suggest that overstretching and endothelial denu-
dation cause rapid accumulation of fibrin and platelets, which may favor
homing and differentiation of circulating progenitors. Our findings may
provide further insights into the mechanism of vascular repair and lesion
formation after severe mechanical injury.

5 Conclusion

Our study suggest that early accumulation of hematopoietic cells may
play a role in the pathogenesis of smooth muscle cells hyperplasia under
certain circumstances.
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TNF-a mobilizes bone marrow derived cells to
vascular wall, resulting in neointima formation
through its inflammatory effects
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Summary. Background: Recent studies suggest that bone marrow cells
contribute to neointimal formation after vascular injury. However, the rela-
tionship between the inflammatory reactions and bone marrow cell invasion
has not been clarified. Method and Results: We insert a large wire (0.38 mm
in a diameter) into the femoral arteries of 6—8 week-old male balb/c (WT)
and TNF-a Knockout (KO) mice. In imunohistochmistry using CD34 at |
week, positive cells possibly containing bone marrow derived cells, were
hardly observed in KO, but some were observed in WT in neointima. At 4
weeks, CD45 positive cells were rarely seen, and a-smooth muscle actin
positive cells were main component of thickened neointima in both groups.
In morphometric analysis at 4 weeks after the injury, developed neointimal
area was smaller in KO. Furthermore, re-endothelialization appeared earlier
in KO than WT. Conclusion: TNF-« is involved in neointimal formation
after vascular injury, possible through its inflammatory effects to induce
bone marrow cells.

Key words. TNF-o, bone marrow derived cells, arterial remodeling,
CD34
1 Introduction

For treatment of re-stenosis after percutaneus coronary intervention

(PCI), it is very important to clarify the detail mechanism of process of
neointimal hyperplasia. Ross et al. (Ross 1993) indicated that smooth muscle
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cells in the neointima after PCI had been derived from media at injured
artery. But recent studies suggest that bone marrow cells contribute to neo-
intimal formation after vascular injury (Saiura 2001). We have been reported
that bone marrow cells could give rise to vascular progenitor cells that
potentially contribute to pathological remodeling in models of post-PCI
restenosis (Sata 2000, 2002, 2003). In many factors to relate with bone
marrow cells mobilization, local inflammation induced by cytokines is pos-
sible to derive bone marrow cells to vascular wall, resulting thickened
neointima.

Inflammatory cytokine, TNF-o is mainly produced by activated mono-
cytes and macrophages that elicit cytotoxic activity and cell activation in
various cell types by signal transduction. TNF-a itself modulated neointi-
mal hyperplasia induced by low shear stress (Rectenwalds 2000). However,
the relationship between the inflammatory reactions of TNF-o and bone
marrow cell invasion has not been clarified.

Here we performed vascular injury model using TNF-a knockout mice
(KO) to investigate the involvement of inflammation on bone marrow cells
mobilizatton in the process of neointimal formation.

2 Method

2.1 Animal experimental protocol

Adult male 16- to 24-week-old inbred wild-type mice (balb/c) or TNF-o
KO mice (balb/c background) (Taniguchi 1997) weighing between 25 and
35g were used. For all surgical procedures, the mice were anesthetized.
Transluminal mechanical injury of the femoral artery was induced by inser-
tion of a large wire (0.38 mm in diameter) as previously described (Shoji
2004, Sata 2000). The mice were euthanized by intraperitoneal administra-
tion of an overdose of Nembutal at 1 and 4 weeks after the injury. At death,
the mice were perfused with 0.9% NaCl solution followed by perfusion fixa-
tion with 4% paraformaldehyde in PBS (pH 7.4). The femoral artery was
carefully excised, further fixed in 4% paraformaldehyde overnight, and
embedded in paraffin. Cross-sections (5 um) were stained with hematoxylin
and eosin.

2.2 Immunohistochemistry

Paraffin-embedded sections (5pum) were deparaffinized, blocked with
0.5% goat serum, and incubated with an anti-mouse CD34 antibody (clone
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H-140, Santa Cruz) or anti-mouse CD45 antibody (clone 30-FI1, BD
Pharmingen). Antibody distribution was visualized by the avidin-biotin
complex technique and Vectcer Red substrate (Vector Laboratories). Smooth
muscle cells were identified by immunostaining with monoclonal antibody
to o-smooth muscle actin (a-SMA) (clone 1A4, Sigma). Sections were
counterstained with hematoxylin.

2.3 Cell culture

Total bone marrow cells were isolated from WT or TNF-oo KO mice as
described. Cells of 4 x 10° were cultured in a well of 24-well dish in Dul-
beccos’s modified eagle medium (Sigma) containing 10% FBS, 10ng/ml
PDGF-BB, 10ng/ml basic FGF.

For immunocytochemistry, cells were fixed in 4% paraformaldehyde.
After permeabilized with 0.5% NP40 in PBS, cells were stained with an
alkaline-phosphatase-conjugated monoclonal antibody to a-SMA (clone
1A4, Sigma) and Vector Red substrate (Vector Laboratories).

2.4 Statistical analysis

All values are expressed as mean + SEM. The means were compared by
the unpaired Student’s t-test. A value of P < 0.05 was considered statistically
significant,

3 Results

3.1 Histochemical and immunohistochemical analysis

In time course, accumulation of CD45 positive cells at the luminal
side of thin neointima peaked at 1 week in both groups. At 4 weeks, CD45
positive cells were rarely seen, and a-SMA positive cells were main com-
ponent of thickened neointima. In morphometric analysis at 4 weeks after
the injury, developed neointimal area was smaller in KO (intima/media
ratio: 2.99 £ 0.24 versus 1.52 + 0.15, P < 0.05) (Fig. 1), and the number of
inflammatory cells such as neutrophils, macrophages and apoptotic cells
in neointima were much less in KO than in wild type. Furthermore, re-
endothelialization appeared earlier in KO than WT (Date not shown). In
imunohistochmistry using CD34 at 1 week, positive cells possibly contain-
ing bone marrow derived cells, were hardly observed in KO, but some were
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Fig. 1. Neointimal hyperplasia was inhibited in TNF-o knockout mice. Injured
arteries were embedded in paraffin and stained with hematoxyline and eosin. Graph
demonstrates development of the neointima after vascular injury. Data are reported
as mean = S.E.M.

observed in WT in neointima (Fig. 2). At 4 weeks. CD34 positive cells were
not observed in both groups.

3.2 Cell culture

Total bone marrow cells which were plated on a plastic dish in the pres-
ence of 10% serum. At 4 days, floating cells were washed and PDGF-BB
(10ng/ml) was added to the adherent cells. In the presence of PDGF-BB
(10 ng/ml) and basic FGF (10ng/ml), those adherent cells differentiated into
smooth muscle-like cells, expressing o-SMA. Immunocytochemistry
reveled that those cells expressed oi-SMA, which was not expressed in bone
marrow cells before culture. In KO group, a-SMA positive cells tend to be
less than in wild type group (Fig. 3).
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Fig. 2. Bone marrow derived cells were less in TNF-o knockout mice. Cross-
sections were performed immunohistochemistry of CD34 antibody. Arrow heads
indicated CD34 positive cells.

WT KO

Fig. 3. Differentiation of bone marrow cells into o-actin positive cells. In TNF-a
knockout mice, a-SMA positive cells tend to be less than in wild type mice.



80

4 Discussion

We investigated the involvement of inflammation on bone marrow cells
mobilization in the process of neointimal formation using TNF-o, which
is inflammatory cytokine, KO mice. In vivo study, neointimal portion
after vascular injury was smaller in TNF-a KO group. The TUNEL
positive, apoptotic cells and CD34 positive, bone marrow derived cells
were less in KO group. Re-endothelium occurred earlier in KO than in
wild type. In vitro study, bone marrow derived cells could transdiffer-
entiated smooth muscle marker positive cells, and they were less in KO
group.

Bone marrow derived cells have the ability of transdifferentiation to what
demands at injured portion and worked repair (Sata 2003). Therefore, bone
marrow might be a source of vascular cells in neointima that contribute to
repair and remodeling of vessel wall (McKay R 2000, Caplice NM 2003,
Hill JM 2003, Rafii S 2003). At vascular injury, inflammatory cytokine such
as TNF-a, may be a signal at needs for repair. However, the relationship
between the inflammatory reactions of TNF-a and bone marrow cell inva-
sion occurred in the injured area, inducing neointimal proliferation has not
been clarified. TNF-o itself had been known to be affected neointimal
hyperplasia due to low shear stress by multiple mechanisms (Rectenwald
JM 2000). In the present study, apoptosis and inflammatory reaction
occurred in the vascular wall after vascular injury in both WT and TNF-«
KO mice, however, we observed much less apoptotic and inflammatory cells
in TNF-o0 KO mice. Furthermore, we observed more CD34 positive cells in
more inflammatory cells accumulated portion, especially in WT mice than
KO mice. Inflammatory cell invasion may be the inducer to mobilize bone
marrow derived cells. Our in vitro experiment showed that TNF-o modu-
lated differentiation of bone marrow cells into a-actin positive cells. TNF-o
may contribute activation, migration and proliferation of smooth muscle
cells at injured artery, partly through the inhibiting mobilization of bone-
marrow cells (Rectenwald JM 2000).

It still remained to be elucidated what kind of stimuli after the activation
of TNF-o promote differentiation of bone marrow derived progenitors into
a-actin positive cells. TNF-a induced expression of biologically active
molecules, such as ICAM-1 that may accentuate the fibroproliferation
response to injury (Oguro 2002, Hui 2004 Shibata 2005). At very early stage
after injury, the denudated vessel wall was coated with platelets and leuko-
cytes (Shoji 2004). Injured artery secreted ICAM-1 and subsequent aggre-
gated monocytes and leukocytes. It may be plausible that endothelial injury
and subsequent deposition of fibrin and leukocytes may provide optimal
conditions for homing and differentiation of bone marrow derived smooth



81

muscle progenitor cells. ICAM-1 activation induced by TNF-o may be
involved in the process.

5 Conclusion

TNF-a is involved in neointimal formation after vascular injury, possible
through its inflammatory effects to induce bone marrow cells.
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Summary. We demonstrate that adhesion between polymorphonuclear
leukocyte (PMN) and endothelial cells (ECs) is concerned with induc-
tion of angiogenesis of ECs. For the tube formation assay, ECs obtained
from bovine thoracic aorta (BAECs) grown on a layer of collagen type
[ were used. Addition of PMNs treated with N-formyl-methionyl-leucyl-
phenylalanine (FMLP), a selective activator of PMN induced angiogenesis.
The angiogenesis was blocked by monoclonal antibodies against E-selectin
and intercellular adhesion molecule-1 (ICAM-1) which inhibit the adhesion
between PMN and EC. Ets-1, which stimulates metalloproteinase gene tran-
scription or integrin [3;, has a key role in angiogenesis. Addition of activated
PMNs to ECs stimulated the angiogenesis and Ets-1 expression. Both the
angiogenesis and the Ets-1 expression induced by PMNs were reduced by
ets-1 antisense oligonucleotide. On the other hand, PMN-induced Ets-1
expression was reduced by a monoclonal antibody against [CAM-1 but not
E-selectin despite the inhibition of PMN-induced angiogenesis by both
antibodies. The enhancement of angiogenesis by FMLP-treated PMNs was
blocked by catalase, a scavenging enzyme of H,O,, but not by superoxide
dismutase (SOD). Interestingly, the stimulation of angiogenesis by H,0,
without PMNs was inhibited by anti E-selectin antibody but not anti [CAM-
1. ICAM-1 stimulation occurred by ICAM-1 cross-linking enhanced angio-
genesis. These findings indicated that PMN adhesion was related with the
induction of angiogenesis, and ICAM-1 in endothelial cells acted as a signal-
ing receptor to induce Ets-1 expression, whereas E-selectin seemed to
function in the formation of tube-like structures in vascular endothelial cell
cultures.
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1 Introduction

Angiogenesis, the formation of new blood vessels, occurs under various
physiological conditions (Folkman 1995). Especially in inflammatory dis-
eases such as wound healing, chronic inflammation, solid tumor formation,
and diabetic retinopathy, it has been suggested that angiogenesis is involved
in the maintenance of the inflammatory state by transporting inflammatory
cells to the site of inflammation and supplying nutrients and oxygen to the
inflamed tissue (Jackson et al. 1997). In fact, rheumatoid arthritis and the
skin of psoriatic disease, the proliferating tissue contains an abundance of
inflammatory cells, angiogenic blood vessels and inflammatory mediators
(Koch et al. 1992, Koch et al. 1994). Furthermore, it is reported that acti-
vated monocytes and macrophages are able to produce growth factors and
cytokines which regulate angiogenesis (Sunderkotter et al. 1994, Koch et al.
1986). However, the role of neutrophils, another type of inflammatory cells
in angiogenesis has not been fully evaluated. The recruitment of PMNs is
believed to be one of the important mechanisms in the pathophysiology of
various inflammatory diseases (Vissers et al. 1985).

PMNs activated during inflammation adhere to ECs (Babior et al. 2000,
Weissmann et al. 1980). The adherence of PMNs to ECs is mediated by
adhesion molecules such as E-selectin and [CAM-1 expressed in endothelial
cells (Gasic et al. 1991, Del Zoppo 1997). Recently, adhesion molecules have
been reported to act as the signaling receptors that mediate changes in
intracellular Ca™ concentration (Lorenzon et al. 1998) and tyrosine phos-
phorylation (Durieu-Trautmann et al. 1994). Therefore, we investigated the
effect of the adhesion molecules on the angiog >nesis.

Ets-1 is a transcription factor that regulates the gene expression of prote-
ases such as urokinase-type plasminogen activator (u-PA), matrix metallo-
proteinase (MMP)-1, MMP-3, and MMP-9 (Sato 1998). Many studies have
shown that Ets-1 mediates angiogenesis. Iwasaka et al. (1996) reported that
vascular endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) induce Ets-1 expression and Ets-1 stimulates angiogenesis.

Previously, we reported that low concentration of H,0O, induced angio-
genesis mediated by ets-1 expression ( Yasuda et al. 1999). Moreover, a non
toxic concentration of ROS has been shown to stimulate cell growth and
increase the transcription factors, such as NF-xB and AP-1 in the endothelial
cells (Barchowsky et al. 1995). Thus, it is thought that ROS is one of the
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physiological regulators for cell functions (Irani 2000). Therefore, it is pos-
sible that the signal transduction from adhesion molecules induces Ets-1
mediated by H,0, and then stimulates angiogenesis.

We report that the angiogenesis induced by PMN adhesion via [CAM-1
regulated by the transcriptional factor ets-1, and H,O, is related with the
regulation of the angiogenesis.

2 Materials and methods

Cell—Bovine aortic endothelial cells (BAECs) were obtained from the
aorta of Japanese cattle. PMNs were collected from male Wistar rats (6—8
weeks old). Human umbilical vein endothelial cells (HUVEC) at 5-10 pas-
sages were used for experiments. /ICAM-1 cross-linking—HUVECs were
incubated with 1 pg/mL murine anti-human ICAM-1 ligation antibody for
30min. For the cross-linking study, the anti-human ICAM-I ligation anti-
body which recognize 46 to 160 amino acid domain, clone 28 was used (BD
Transduction Laboratories). After incubation, the cells were washed with
PBS, and were treated with 10pug/mL goat IgG (H + L) against murine IgG.
In vitro angiogenesis—Tube formation was measured using the three-
dimensional culture method. The angiogenesis of BAECs was carried out
on re-constituted collagen type 1 gel. When the BAECs culture reached
confluent, various concentrations of PMNs with or without Met-Leu-Phe
(FMLP) (1 uM), a selective stimulant of PMN, and incubated for 3 days.
For angiogenesis of HUVECs, the cells were added into the Matrigel-coated
48-well plates and cultured for 24 hrs after ICAM-1 stimulation. Tube-like
structures formed by ECs were quantified by measuring the total additive
length of all cellular structures including all branches, using a computer-
assisted image analyzer. Measurement of mRNA expression—The ets-1
mRNA expression was measured by Northern blotting method. The signal
intensity was quantified with an imaging analyzer and indicated as the ratio
of ets-1/GAPDH signal intensity.

3 Results and discussion

Under control conditions, BAECs grew to confluent monolayers in a
cobblestone pattern on the surface of collagen gels (Fig. 1A) (Yasuda et al.
2002). After addition of PMNs, BAECs formed a network of branching
cellular cords beneath the surface monolayer, suggesting the induction of
angiogenesis (Fig. 1B) (Yasuda et al. 2002). The enhancement of angiogen-
esis was induced by concentration-dependent manner PMN (Yasuda et al.
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Fig. 1. Effects of ets-1 antisense oligonucleotide on PMN-induced angiogenesis in
BAECs. Endothelial cells were cultured on collagen gel in 24-well plates to conflu-
ence, and then minimum essential medium (MEM) containing 0.1% FBS and | x
10° PMNs/ml stimulated with or without | tM FMLP were added to the cells and
incubated for 72 h. efs-1 sense, antisense, or mismatch oligonucleotide (all at 3 uM)
was added to the BAECs 6h before addition of PMNs. The sequences of the oli-
gonucleotides of ers-1 were as follows: ATG AAG GCG GCC GTC GAT CT
(sense), AGA TCG ACG GCC GCC TTC AT (antisense), and ATG CAC AGC
TCC GCC AGG TT (mismatch). The cultures were fixed with 0.25% glutaralde-
hyde and photographed (original magnification x100). Photomicrographs show
control (A), treatment with activated PMNs (B), and effects of ets-1 antisense oli-
gonucleotide on activated PMN-induced angiogenesis (C). The tube-like structures
formed were quantified by measuring the total additive length of all cellular struc-
tures including all branches with a computer-assisted image analyzer (D). Results
are expressed as the means + SE of 3 experiments. *P < 0.05 vs. basal; *P < 0.05
vs. PMNs with FMLP. “From Am J Physiol Cell Physiol 282 (2002), with
permission.”
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2000) and the angiogenesis was significantly increased by simultaneous
treatment with 1 uM FMLP (Fig. 1D) (Yasuda et al. 2002). However, addi-
tion of FMLP alone or the supernatant from PMNs to BAECs did not induce
any morphological changes including angiogenesis.

PMNs adhere to endothelial cells via adhesion molecules such as [CAM-1
and E-selectin. Adhesion molecules were initially thought to function only
in cell adhesion between vascular endothelial cells and leukocytes (Del
Maschio et al. 1996, Lo et al. 1992). However, adhesion of PMNs to endo-
thelial cells was reported recently to trigger various physiological changes
including an increase in intracellular Ca®" concentration and activation of
transcription factor nuclear factor-kB (Barchowsky et al. 1995, Lorenzon
et al. 1998). Anti-ICAM-1 and anti-E-selectin antibodies, which inhibited
adhesion between PMNs, prevented PMN-induced angiogenesis by endo-
thelial cells (Fig. 2) (Yasuda et al. 2000). Thus both ICAM-1 and E-selectin
seem to be essential factors for PMN-induced angiogenesis.

2000

1000+

tube length (pixel)

Fig. 2. Effects of anti-E-selectin and anti-ICAM- antibodies on PMN-induced
angiogenesis. BAECs were preincubated with or without anti-E-selectin (Sug/mL)
or anti-ICAM- (5 ug/mL) monoclonal antibody for 30 min. FMLP (1 uM)-treated
or -untreated PMN was then added to BAECs and incubated for 3 days. Results
are expressed as the means  SE of 3 experiments with triplicate determinations
in each assay. *P < 0.05 vs. BAEC control, “P < 0.05 vs. FMLP-treated PMNs.
“From Am J Physiol Cell Physiol 282 (2002), with permission.”



88

The relation of a transcription factor, ets-1 which plays an important role
of angiogenesis regulation on PMN-induced angiogenesis was investigated.
Ets-1 is one of the important transcription factors which regulate angiogen-
esis. The ets-1 induces matrix metalloproteinases genes such as matrix
metalloproteinase (MMP)-1, MMP-3, MMP-9, urokinase-type plasminogen
activator, integrin B; associated with angiogenesis-related molecules (Oda
et al. 1999). The PMN-induced angiogenesis was attenuated by the pretreat-
ment of ets-1 antisense but not sense or mismatch oligonucleotide (Fig. 1C
and D) (Yasuda et al. 2002).

The ets-1 mRNA expression increased from 3 to 6 hrs after the addition
of PMN to the endothelial cells (Yasuda et al. 2002). These results suggested
that PMN-induced angiogenesis was promoted by ets-1. Interestingly, PMN-
induced increase of ets-1 mRNA expression was inhibited by anti-ICAM-1
antibody but not by anti-E-selectin antibody although both the antibodies of
ICAM-1 and E-selectin blocked PMN-induced angiogenesis (Fig. 3) ( Yasuda
et al. 2002). ICAM-1 but not E-selectin might act as a signaling receptor for
the induction of Ets-1.

Activated PMNs have been shown to release reactive oxygen species
(ROS) including H,O, (Hoffstein et al. 1985, Kopprasch et al. 1995). We
previously reported that H,O, stimulates angiogenesis through the induction
of Ets-1 (Yasuda et al. 1999). Also PMN-stimulated angiogenesis and ets-1
mRNA expression were inhibited by catalase but not by SOD (Yasuda et al.
2000). Thus H,O, released from PMNs seems to be involved in the stimula-
tion of angiogenesis through the induction of Ets-1 expression. Interestingly,
H,0s-induced angiogenesis was inhibited by anti-E-selectin antibody but
not by anti-ICAM-1 antibody (Yasuda et al. 2002). Nguyen et al. (1993)
previously reported that formation of tube-like structures by BAEC cultured
on fibronectin-coated plates was inhibited by antibodies to sialyl Lewis™*
and E-selectin. E-selectin seems to function in capillary morphogenesis via
endothelial cell-cell interaction during angiogenesis. These findings indicate
that although ICAM-1 and E-selectin are essential factors, they have a
different roles in PMN-induced angiogenesis, i.e., [CAM-1 might act as
a signaling receptor for induction of Ets-1 expression, and E-selectin
might act in formation of tube-like structure- via endothelial cell-cell
adhesion.

Recently, it has been known that ICAM-1 plays a role as a signaling
receptor though outside-inside signaling events in addition to cell-to-cell
adhesion in several different types of cells. To clear the role of ICAM-1 on
the PMN-induced angiogenesis, we examined the effects of [CAM-1 cross-
linking on angiogenesis using anti-ICAM-1 ligation antibody which mimic
adhesion of PMN and endothelial cell. The cross-linking of ICAM-I
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Fig. 3. Effects of antibodies to adhesion molecules on PMN-induced efs-1 mRNA
expression in BAECs. BAECs were starved of serum for 48 h and pretreated with
0.01-1ug/mL anti-E-selectin or anti-ICAM-1 antibody. Subsequently, the BAECs
were stimulated with 1 x 10° PMNs/mL stimulated with 1 uM FMLP for 3 h before
RNA extraction. After electrophoresis of 20pg RNA/sample and transfer onto
nylon membranes, the blots were sequentially hybridized with “P-labeled e¢fs-1
cDNA (rop) and GAPDH cDNA (bottom) probes. Each column indicates the means
* SE ratio of efs-1 mRNA expression to GAPDH mRNA from 4 independent
experiments. *P < 0.05 vs. control.

increased angiogenesis compared with control (Fig. 4a and b). However, the
treatment with IgG (Fig. 4¢) or ICAM-1 alone (data not shown) did not
induce significant changes of the morphology. These result indicated a novel
effect of ICAM-1 in the facilitation of angiogenesis.

4 Conclusion

PMN adhesion to ECs induced angiogenesis via ICAM-1, and the induc-
tion mechanisms was related with the transcription factor, ets-1 expression
mediated by H,0,. The direct ICAM-1 stimulation induced by [CAM-1
cross-linking on EC by using anti-ICAM-1 ligation antibody stimulated
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Fig. 4. Typical photographs of angiogenesis after ICAM-I cross-linking. HUVECs
(5 x 10* cells/mL) were inoculated on Matrigel. The HUVECs were incubated with
(b) or without (a) anti-ICAM-1 antibodies for 30min. After incubation, the cells
were washed with PBS, and then incubated with or without IgG (10pg/mL).
HUVECs were treated with or without (control) I ug/mL anti-ICAM-1 antibodies,
and then added 10ug/mL IgG (ICAM-1). “IgG” was added IgG only (c). Magnifi-
cation is x40.

angiogenesis, as a result, it was revealed that ICAM-1 plays an important
role on angiogenesis. The results give suggestions that a part of induc-
tion mechanisms of angiogenesis is regulated by transcription factor ets-1
expression which induces integrin B; (Yasuda et al. 2004) or MMPs
concerned with angiogenesis and the expression is mediated by H,0,
(Fig. 5). The potentiation of angiogenesis mediated by ICAM-1 may play an
important role in angiogenesis which is observed in the healing process or
inflammation.
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Fig. 5. The diagram summarizes PMN-induced angiogenesis. PMN adhesion to
ECs via [CAM-1 might induce angiogenesis by the regulation of integrin or prote-
ases concerned with angiogenesis following transcription factor ets-1 mediated by
H,0,. The direct stimulation of ICAM-1 by using anti-ICAM-1 antibody stimulated
angiogenesis, as a result, it was revealed that ICAM-1 might act as a signaling
receptor for induction of Ets-1 expression, and E-selectin might act in formation
of tube-like structures via endothelial cell-cell adhesion.
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Summary. [Case Report]A 47-year-old man with Buerger’s disease was
admitted with complaints of progressive ulcer of left planta pedis and resting
pain of the left leg. The ulcer was not healed under medical therapy nor
lumbar sympathetic ganglion block, and angioplasty or bypass surgery was
not applicable. All his toes showed cyanotic and left third and fifth toes were
gangrene, as well as ulcer in left planta pedis. Angiography showed arterial
occlusion in the crus and formation of corkscrew like changes. Although
ankle-brachial index was kept in almost normal range, transcutaneous
oxygen pressure (TcO,) was decreased. Leg pain was not relieved with
medication and he could not walk for pain due to his ulcer. We performed
bone-marrow mononuclear cell implantation to his inferior limbs to achieve
therapeutic angiogenesis. After aspirating the bone marrow (600 ml) from
the ileum, the bone-marrow mononuclear cells were sorted. The separated
cells were implanted into the ischemic legs by intramuscular injection.
Reduction of leg pain was observed as early as 3 days, and completely dis-
appeared at rest after 4 weeks. Improvement of TcO, was observed at 1
week, and the ulcer of planta pedis was almost healed 4 weeks after the
therapy. [Conclusion] Bone-marrow mononuclear cell implantation is
very effective in patients with Buerger’s disease, even they have large
severe ulcer.

Key words. bone-marrow mononuclear cell, cell implantation, transcutane-
ous oxygen pressure, peripheral artery disease
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1 Introduction

Autologous bone marrow mononuclear cell (BM-MNC) implantaion into
ischemic limbs has recently been developed as a therapeutic angiogenesis
for patients with severe peripheral artery disease who are not be good
candidates of percutaneous transluminal angioplasty or bypass surgery
(Tateishi-Yuyama and Matsubara et al. 2002, Higashi and Kimura et al.
2004, Saigawa and Kato et al. 2004). The results so far reported on this new
therapeutic approach have been promising (Tateishi-Yuyama and Matsubara
et al. 2002, Higashi and Kimura et al. 2004, Saigawa and Kato et al. 2004),
but number of patients treated with this therapy is still small. In theory, the
commitment of CD34-positive endothelial progenitor cells to vessel forma-
tion, so-called vasculogenesis, is thought to be the main mechanism behind
the angiogenic effect (Asahara and Murohara et al. 1997).

We report a case of Burger’s disease with large and intractable leg ulcer
whose symptom was cured early after BM-MNC implantaion.

2 Case report

A 47-year-old man whose chief complaint was progressive ischemic
change, ulcer of left planta pedis and resting pain of the left leg was
admitted to our hospital to receive bone marrow cell implantation. From
1997, his bilateral inferior limb ache and a ulcer of left planta pedis were
developed, and he was diagnosed as Buerger’s disease by angiography. The
ulcer was not healed in medical treatment or lumbar sympathetic ganglion
block, and was not suitable for angioplasty or bypass surgery. As past
history, he had gall bladder resection at the age of 42, and suffered from
duodenal ulcer perforation at the age of 46. He had smoked 30 cigarettes
per day until 45 years old. Even after he was diagnosed as Buerger’s disease,
he has still been smoking seven or eight cigarettes per day. On risk factor
for peripheral artery disease, he suffered from hypercholesterolemia, taking
3-hydroxy-3-methlglutaryl coenzyme A reductase inhibitor every day. Each
his toe and heel was cyanotic, and left third and fifth toes were gangrene,
as well as ulcer in left planta pedis (30 mm X 15 mm). Rest pain scale of his
leg was 3. Rest pain scale was determined in Trial for Therapeutic
Angiogenesis Using Cell Transplantation (Tateishi-Yuyama and Matsubara
et al. 2002) as following. The scale is evaluated by subjective symptom. +4:
severe pain unresolved with paracetamol or NSAID (non-steroid anti-inflam-
matory drug), +3: moderate pain NSAID necessary, +2: slight pain NSAID
unnecessary, +1: very slight pain, 0: completely resolved. Angiography
showed occlusion of crus trifurcation and corkscrew like formation below
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the occlusion site in his both legs His right ankle-brachial index (ABI) was
0.89, and left one was 0.86. His peripheral transcutaneous oxygen pressure
(TcO,) was decreased in dorsalis pedis; crus; 5| mmHg (rt.), 55 mmHg (1t.),
dorsalis pedis; 21 mmHg (rt.), and 27 mmHg (It.). As for treadmil test (Incli-
nation zero degree, 3km/h), he couldn’t walk at all.

The procedure of BM-MNC implantation was almost the same as that
previously described (Tateishi-Yuyama and Matsubara et al. 2002). After
aspirating the bone marrow (600 ml) from the ileum under general anesthe-
sia, the BM-MNCs were sorted on a CS3000-Plus blood-cell separator
(Baxter International Inc., Deerfield, IL, USA), and concentrated to a final
volume of 60 ml. The separated cells were implanted into the ischemic areas
of both legs by intramuscular injection using 26 G needles.

A number of BM-MNC was calculated by manually counting and CD34-
positive cells were counted using a fluorescence-activated cell sorter. The
drugs used were not changed throughout the hospitalization.

The number of injected cells was 3.48 x 10°. The mean number of CD34-
positive cells was 3.35 x 107 (0.8% of the injected cells).

Angiographc findings and ABI were not improved, however, TcO,
improved as early as | week and increased to SOmmHg at 4 weeks, further
improving to S7mmHg at | year after the BM-MNC implantation (Fig. 1).
Rest pain scale also improved from as early as 3 days, and he remained free

(mmHg)
60

40

20

= s n1 rt. dorsum pedis
i It. dorsum pedis (ulser side)

Fig. 1. Changes in transcutaneous oxygen pressure (TcO2) between baseline and
4 weeks after bone-marrow mononuclear cell implantation. TcO2; transcutaneous
oxygen pressure.
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Fig. 2. Rest pain scale. Rest pain scale was improved significantly from early
stage.

from leg pain at | year (Fig. 2). Although he couldn’t walk at all in Treadmil’s
test before the BM-MNC implantation because of leg pain, he was able to
walk as long as 45 minutes after the therapy. Severe and intractable ulcer
of planta pedis was almost healed at 4 weeks and was completely cured after
6 months of the therapy (Fig. 3), keeping the therapeutic effects more than
1 year.

3 Discussion

We experienced a case of Burger’s disease with large and intractable leg
ulcer whose symptom was cured early after BM-MNC implantation.

In theory, the commitment of CD34-positive endothelial progenitor cells
to vessel formation, so-called vasculogenesis, is thought to be the main
mechanism behind the angiogenic effect (Asahara and Murohara et al.
1997). However, CD34-positive cells make up only a very small population
among the BM-MNCs. As it turns out, sorted BM-MNC fraction contains
not only CD34-positive cells, but also an abundance of CD34-negative cells,
which release a large amount of cytokines including vascular endothelial
growth factor and basic fibroblast growth factor (Tateishi-Yuyama and Mat-
subara et al. 2002). In this reported case, the size of the large ulcer reduced
as early as | week, and remarkably decreased at 4 weeks after the therapy.
Vasculogenesis induced by endothelial progenitor cells included in CD34-
positive cells is considered to require some time to create new microvessels.
Early improvement of the ulcer and other symptoms suggest the great con-
tribution of pro-angiogenic cytokines such as vascular endothelial growth
factor, basic fibroblast growth factor, hepatocyte growth factor and interleu-
kin 1B included mainly CD34-negative cells in the BM-MNC implantation
as a new mechanism.
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Fig. 3. Ulcer healing process. Macroscopic findings; intractable ulcer sized 30 mm
x 15mm healed within 4 weeks. And after 6 months, ulcer scar also disappeared.

4 Conclusion

BM-MNC implantation is very effective in patients with Buerger’s disease,
even they have large severe ulcer.
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Summary. [Purpose] Recent studies have suggested that granulocyte
colony-stimulating factor (G-CSF) may accelerate angiogenesis or cardio-
myogenesis. No previous studies, however, have used large animal models
to investigete how clinical doses of G-CSF affect cardiac function after
acute myocardial infarction (AMI). [Methods] Diagonal branch of the left
anterior descending coronary artery of domestic swine was balloon-occluded
for 1-hour and then reperfused. The G-CSF group received a subcutaneous
injection of G-CSF at a dose of 5.0ug/kg/day for 6 days after MI. Left
ventriculography was performed 4 weeks after MI. The number of vessels
in the infarcted area were calculated using sections stained by anti--
smooth muscle actin (SMA) and anti-von Willebrand factor (vWF). Reverse
transcription polymerase chain reactions for collagen I, collagen III, and
transforming growth factor (TGF)-B were also examined. [Results] The
G-CSF group showed a significantly higher ejection fraction and lower end-
diastolic volume in left ventriculography. The numbers of a-SMA- and
vWF-positive vessels in the G-CSF group were significantly larger. The
expression of collagen IIl mRNA was significantly lower in the G-CSF
group in the infarct and border areas. The expression of TGF-B mRNA was
significantly lower in the G-CSF group in the border area. [Conclusions]
The administration of clinical doses of G-CSF improved cardiac function
after reperfusion in AMI. G-CSF confers its effects by accelerating angio-
genesis and modifying the wound-healing process.
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The mobilization of bone marrow stem cells by cytokines may be a prom-
ising strategy for repairing the infarcted myocardium. Granulocyte colony-
stimulating factor (G-CSF) and several other growth factors have been
reported to mobilize hematopoietic precursor cells from the bone marrow
(1, 2, 3) and to stimulate endothelial cell migration and proliferation (4).
G-CSF is one of the most thoroughly studied growth factors in the setting
of MI. G-CSF stimulates the proiiferation and differentiation of precursor
cells committed to the neutrophil/granulocyte cell type (5). Several studies
on G-CSF treatment after M1 have demonstrated improvements in cardiac
function, reductions of left ventricular (LV) remodeling, and improvements
in LV function (6, 7, 8, 9, 10). Other recent results, however, have dampened
the enthusiasm about G-CSF and shed doubt on the capacity of growth
factors to induce regeneration and neovascularization of myocardial tissue
(10, 11,12). As of this writing, only two earlier reports have focused on the
effects of G-CSF in large animals, one in a permanent occlusion model (13)
and the other in a chronic myocardial ischemia model (14). In this study we
investigated how G-CSF administration influenced cardiac function after
AMI in a swine model of ischemia reperfusion.

1 Methods

1.1 Animal experimental protocol

The current study was performed according to the Guide for the Care and
Use of Laboratory Animals published by the US National Institute of Health.
The experimental protocol was approved by the Animal Care and Use Com-
mittee of the Showa University School of Medicine. The experiments were
performed using 17 male domestic pigs. The procedure was performed by
inserting an introducer from the right cervical artery, feeding balloon cath-
eter through the introducer into the first diagonal branch of the left anterior
descending coronary artery, inflating the catheter for 60 minutes to induce
MI, and reperfusing the vessel. Each animal in the G-CSF group (n = 9)
received a subcutaneous injection of G-CSF at a dose of 5.0 ug/kg daily for
6 days, starting from just after reperfusion, and each control animal
(n = 8) received same volume of saline. Left ventriculography was per-
formed before and 4 weeks after MI to determine cardiac function. Later,
upon the completion of follow-up coronary angiography and left ventricu-
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lography at 4 weeks after MI, the animals were sacrificed and their hearts
were harvested.

1.2 Tissue preparation and immunohistochemistry

The animals were sacrificed at 4 weeks after MI, and their hearts were
excised. Samples were collected from each of three areas in each excised
heart (infarcted area, risk area, and remote area). Some of the samples were
frozen in liquid nitrogen for extraction of mRNA. Others were fixed in a
10% formalin solution for 24 h and embedded in paraffin for morphometric
analysis. Sequential 4- to 5-pum-thick traverse sections were cut, affixed to
glass slides, stained with hematoxylin, eosin, and Mallory staining for
immunohistochemistry.

The sections were deparaffinized and subjected to a 3-step immunostain-
ing procedure using a streptavidin-biotin complex with horseradish peroxi-
dase. Horseradish peroxidaseactivity was visualized withadiaminobenzidine
substrate and the sections were faintly counterstained with hematoxylin.
The primary antibodies were anti-a-smooth muscle actin (SMA) for small
arteries and anti-von Willebrand factor (vWF) for endothelial cells. The
numbers of a-SMA- and vWF- positive vessels in the infarcted areas were
manually counted in each section for immunohistochemistry.

1.3 Tissue preparation for transcription-polymerase chain
reaction for collagen I, collagen lll, and TGF-B

Reverse transcription-polymerase chain reaction (RT-PCR) analyses were
performed for collagen I, collagen 111, and TGF-8. Total RNA was extracted
from frozen samples by the modified acid guanidinium thiocyanate/phenol/
chloroform method. The RNA concentration and purity were estimated
spectrophotometrically and the quality was further assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).

Total RNA was subjected to RT-PCR analysis. cDNA was synthesized
from RNA by the following method. Total RNA (1 pug), random hexamer
(Applied Biosystems, Foster City, CA, USA), and the manufacturer’s recom-
mended buffer were mixed and incubated at 95°C for 2min, cooled to
37°C, and incubated with Superscript Il (Invitrogen, Carlsbad, CA, USA),
10mmol/L dithiothreitol, 0.5mmol/L of each dNTP, and 20U RNAs
(Promega, Madison, WI, USA) at 42°C for 50min. Previously described
methods were used to prepare the primer sequences for PCR and to perform
the PCR itself (15). The sizes and quantities of the PCR products were
detected by Agilent 2100 Bioanalyzer (Agilent Technologies).
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1.4 Statistical analysis

All values are expressed as means + SEM. The means were compared by
the unpaired Student’s t-test. A P value of less than 0.05 was considered
statistically significant.

2 Resulis

2.1 Left ventriculography

The G-CSF group had a significantly higher ejection fraction (43.5 £4.7%
(control) vs. 49.1 £ 5.9% (G-CSF), P < 0.05; Figure 1A) and significantly
lower left ventricular end-diastolic volume (37.9 £ 7.5ml (control) vs. 27.9
+ 8.7ml (G-CSF), P < 0.05; Figure 1B) in comparison with the control at
the 4-week ventriculography.

2.2 Immunohistochemical analysis

VWF- and a-SMA-positive vessels were counted in the infarcted areas.
The G-CSF group had significantly greater numbers of vWF-positive vessels
(283.5 + 455.5/mm" (control) vs. 555.9 + 326.1/mm® (G-CSF), P < 0.005;
Figures 2A) and a-SMA-positive vessels (7.4 + 2.5/mm- (control) vs. 16.3
+ 7.8/mm* (G-CSF), P < 0.05; Figures 2B).

EF (%) LVEDV (ml)
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Fig. 1. Left ventriculography data at 4 weeks after MI. EF indicates ejection frac-
tion (A); LVEDV, left ventricular end-diastolic volume (B).
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Fig. 2. Vessel density. A; number of vWF-positive vessels. B; number of a-SMA-
positive vessels.
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Fig. 3. RT-PCR for collagen 1, collagen 111, TGF-B.

2.3 PCR analysis

The expressions of collagen I, collagen IlI, and TGF-f mRNA were
evaluated by the PCR method in the infarct, border, and remote areas
(Figure 3). The expression of collagen I mRNA in the border area tended
to be weaker in the G-CSF group than in the control, but the difference was
not significant. The expression of collagen 1l mRNA in the G-CSF group
was significantly weaker in both the infarct (P < 0.0005) and border (P <
0.005) areas. In the border area it tended to be weaker, but the difference
was not significant. TGF-f mRNA expression in the infarct and remote
areas did not significantly differ between the groups, but it tended to be
smaller in the G-CSF group. In the border area it was significantly weaker
in the G-CSF group (P < 0.05).
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3 Discussion

The findings of the present study demonstrated the effectiveness of
G-CSF in improving cardiac function in a swine M1 model after coronary
reperfusion. In left ventriculography, the G-CSF group exhibited a signifi-
cantly higher EF and a significantly smaller LVEDV. The G-CSF group
exhibited a significantly larger number of vessels in the vWF and a-SMA
stainings. In the PCR analysis, the control exhibited significantly stronger
expression of TGF-B mRNA in the border area and significantly stronger
expression of collagen I1l mRNA in the infarct and border areas, compared
to G-CSF group.

Several studies have confirmed the effectiveness of G-CSF in improving
cardiac function, preventing LV remodeling, and improving LV function
after MI (6, 7, 8, 9, 13, 16). Treatment with G-CSF reduced LV remodeling
and improved cardiac function in mouse (6) and swine (13) models of per-
manent occlusion after MI. G-CSF-treated animalis exhibited a smaller LV
dimension, increased LV ejection fraction, and thicker infarct-LV wall than
control animals in a rabbit coronary occlusion and reperfusion model of Ml
(7). None of these earlier studies were immediately similar to the actual
clinical setting, however, as they were performed using either small animal
models or a large animal model of permanent occlusion. The present study
is the first to demonstrate the effect of G-CSF in preventing LV remodeling
and improving LV function using a large animal model after coronary
reperfusion of MI.

One possible mechanism behind the improvements in LV remodeling and
LV function conferred by G-CSF after MI may be the angiogenic effect.
Our vWF and a-SMA stainings showed more vessels in the G-CSF group
than in the control group. This meant that the G-CSF treatment induced
angiogenesis at the small arterial levels as well as the microcapillary level.
Likewise, several other groups have reported G-CSF induced angiogenesis
in experimental models of MI (3, 6, 13, 16). G-CSF has been found to
mobilize hematopoietic precursor cells from the bone marrow (1, 2, 3) and
to stimulate endothelial cell migration and proliferation (4). In fact, the
mobilization of bone marrow stem cells to the myocardium has been
described as the main mechanism behind the G-CSF-induced angiogenesis
(17, 18). The direct effects of G-CSF in reducing the apoptotic cell death of
cardiomyocytes and endothelial cells may be another mechanism behind the
improvement in cardiac function and induction of angiogenesis (6, 16).

Modulation of left ventricular remodeling through the prevention of fibro-
sis on healing process occurred after MI is also likely to have an important
bearing on G-CSF administration. According to our PCR results, the mRNA
expressions of collagen 111 and TGF-3 were weaker in the G-CSF-treated
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animals than in the control at 4 weeks. The weaker expressions of these
proteins possibly led to the decreased fibrotic area and the wall thinning,
resulting in the inhibition of the left ventricular expansion reflected by the
decrease in the left ventricular end-diastolic volume. Two studies demon-
strated enhancements in the levels of mRNA expression of TGF-B, collagen
I, and collagen Il mRNAs in the infarcted heart after M1, and these enhance-
ments were accelerated by G-CSF administration in the acute stage (8, 9).
In both studies, however, the differences in mRNA expression were only
significant in the early stage after MI. In the study by Sugano et al. (9), the
mRNA expressions of TGF-8, procollagen 1, and procollagen 111 were similar
in the control and G-CSF-treated groups on day 4. The mRNA expressions
of those proteins were only measured at 4 weeks after MI in the present
study. If we had obtained the data in the earlier stage, we might have
observed enhanced expressions in G-CSF-treated group. Minatoguchi et al.
(7) reported results similar to our own using a rabbit model of AMI. Specifi-
cally, their G-CSF-treated animals exhibited a decreased fibrotic area com-
pared to the controls at 14 days and at 3 months after MI. Decreased protein
expressions of proMMP-1 and 9 in their G-CSF-treated group might have
led to the post-MI inhibition of fibrosis (7). G-CSF improved cardiac func-
tion and inhibited left ventricular remodeling after M1 by modifying the
wound-healing process and reducing the fibrotic area.

4 Conclusion

The administration of clinical doses of G-CSF after reperfusion in AMI
improved cardiac function and prevented left ventricular remodeling in the
chronic stage. We propose that G-CSF confers its effects by accelerating
angiogenesis and modifying the wound-healing process.
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Adult neurogenesis in the hippocampus
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Summary. Neurogenesis usually ceases by the early postnatal period.
However, exceptional adult neurogenesis occurs in the hippocampus of
mammals, including humans. We have been investigating how newly gen-
erated neurons develop and add new neuronal circuits to the adult hippo-
campus. Recently we have focused on the early developmental events of
adult neurogenesis and have found the systemic cellular arrangement and
intercellular relationship of proliferating neural precursors and migrating
neuroblasts.

Key words. Hippocampus, adult neurogenesis, clustering, migration

1 History

For more than 100 years, it was believed that neurons are never generat-
ed in the adult brain (Gould and Gross 2002). This paradigm changed in
the late 90’s and most neuroscientists now believe that neurons continue to
be generated in two restricted adult brain regions: the hippocampus and the
subventricular zone of the forebrain. However, the phenomenon of adult
neurogenesis itself had been discovered in the early 1960’s by Altman who
used *H-thymidine autoradiography and labeled nuclei of proliferating
cells in the adult rat hippocampus (Altman and Das 1965).

Thereafter, studies on adult neurogenesis by a few scientist groups con-
tinued until the early 90’s using *H-thymidine autoradiography. In the late
70’s and early 80’s, Kaplan revealed with a combination of autoradio-
graphy and electron microscopy that the newly generated cells labeled
with *H-thymidine form synapses (Kaplan and Hinds 1977; Kaplan 2001).
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In the 80’s, Nottenbohn’s group studied neurogenesis in adult song birds
and found that adult neurogenesis was associated with learning of the bird
song (Goldman and Nottbohm 1983). In the early 90’s, McEwen’s group
began to study the influence of stress on adult neurogenesis of the rat hip-
pocampus (Gould et al. 1992).

One of the problems of these *H-thymidine-autoradiographical studies is
that only nuclei are labeled in proliferating cells that incorporate *H-
thymidine during a short period of time after the *H-thymidine injection.
The investigators could not detect the dendrites and axons of newly gener-
ated cells at the light microscopic level and also did not know how many
developing cells are present in the adult hippocampus. Additionally,
autoradiography is time-consuming as it requires a few weeks or up to
more than one month to detect *H-thymidine-labeled cells.

In the early 90’s we found that newly generated and developing neurons
in the adult hippocampus specifically express polysialic acid (PSA), a car-
bohydrate portion of neural cell adhesion molecules (NCAM) (Seki and
Arai 1991; Seki and Arai 1993). The immunohistochemistry for PSA can
visualize the detailed morphology of the dendrites and axons of developing
neurons. Additional progress is labeling by bromodeoxyuridine (BrdU), a
thymidine analog which was first used in embryonic and postnatal hippo-
campus by Nowakowski’s group (Miller and Nowakowski 1988). We per-
formed double immunohistochemistry for PSA and BrdU in the adult hip-
pocampus, to follow-up the fate of newly generated cells and observe the
detailed morphology of the developing neurons (Seki and Arai 1993; Seki
and Arai 1995), and thereafter the same method was used by the other
group (Kuhn et al. 1996).

Double or triple immunohistochemistry for BrdU and various neural
markers became the standard method to study adult neurogenesis in the
late 90’s. Recently, doublecortin and collapsing response-mediated protein
4 (CRMP-4) have been used as molecular markers for immature neurons in
immunohistochemistry. Distributions of doublecortin- and CRMP-4-
expressing cells are reported to be similar to that of PSA-expressing cells
(Nacher et al. 2001; Seki 2002a). Additionally, a retrovirus vector bearing
the green fluorescence protein (GFP) gene is now used to label newly gen-
erated cells. Retrovirus vector-GFP labeling allows us to perform living
imaging and electrophysiology in slices of brain tissue.
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2 Cell proliferation and clustering

The hippocampal formation consists of two neuronal layers: the granule
cell layer and pyramidal cell layer. The area of neurogenesis in the adult
hippocampal formation is confined to the deepest part of the granule cell
layer. Although adult neurogenesis continues in aged rats, the rate of the
production of new neurons decreases with aging (Seki and Arai 1995;
Kuhn et al. 1996). This suggests that the neurogenic region of the adult
hippocampus does not contain real stem cells, but progenitor cells that
have limited proliferative property. Actually, in vitro neurosphere experi-
ments indicate that the adult hippocampus contains progenitors with limit-
ed self-renewal (Seaberg and van Der Kooy 2002).

Progenitor cells of the adult neurogenic regions have been reported to
possess astrocytic features and express GFAP in the dentate gyrus (Seri et
al. 2001) and the SVZ of the forebrain (Doetsch et al. 1999). Developmen-
tal processes of the astrocytic progenitor cells have been proposed
(Kempermann et al. 2004). The first GFAP-expressing neural progenitors
are considered to divide slowly and to extend radial processes. The second
neuronal precursors that express some neuronal markers, such as PSA and
doublecortin, proliferate quickly and the majority are tangentially oriented
cells. The first neural progenitors and the second neuronal precursors have
different electrophysiological properties (Filippov et al. 2003; Fukuda et
al. 2003). However, the exact morphology and cellular arrangement of the-
se neural progenitor and precursor cells remain to be explored.

!
/]| Perforant path

Dentate gyrus « Proliferating cells

Fig. 1. Neuronal circuits (A) and neurogenic region (B) of the adult hippocampus.
Neurons continue to be generated in the innermost part of the granule cell layer
(GCL) or subgranular zone (SGZ). mf, mossy fibers; PCL, pyramidal cell layer.
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We have examined the cellular arrangements of the newly generated
cells using BrdU labeling and PSA immunohistochemistry. In the dentate
neurogenic regions, proliferating neural precursor cells and PSA+ postmi-
totic cells were found to form clusters. At times, the PSA+ cells were ob-
served to give rise to short or long processes that surround BrdU-labeled
newly generated cells (Seki 2002b). GFAP+ cells also engulf neighboring
neuroblasts (Seki 2002b; Seri et al. 2004; Shapiro et al. 2005). Addition-
ally, it has been proposed that neuronal, glial, and endothelial precursors
divide in tight clusters that are located at a branch or terminus of fine cap-
illaries, suggesting a vascular niche for adult hippocampal neurogenesis
(Palmer et al. 2000). These observations show that in the neurogenic re-
gion of the adult hippocampus, various types of cells have intercellular re-
lationships in a small area that may serve as an appropriate niche to sup-
port cell proliferation and differentiation of the neuronal precursors. In fact,
GF AP+ cells from the adult hippocampus, but not the adult spinal cord, are
reported to stimulate the proliferation of adult neural stem cells and the
neural fate commitment in vitro (Song et al. 2002). It has also been pro-
posed that endothelial cells stimulate the self-renewal of neural stem cells
and the production of neurons (Shen et al. 2004). Whether or not neuro-
blasts or immature neurons play any role in cell proliferation and differen-
tiation of neural progenitor cells in the adult hippocampus remains a sub-
ject of future investigation.

3 Migration and intercellular relationship

We have demonstrated that the subpopulation of PSA+ immature neu-
rons or neuroblasts have tangential processes or basal dendrites (Seki
2002b). Furthermore, several reports have described immature granule
cells with long tangential processes in the adult dentate granule cell layer
of rats (Nacher et al. 2001; Seki 2002b; Seri et al. 2004; Esposito et al.
2005; Shapiro and Ribak 2005). Electrophysiological studies have revealed
the presence of proliferative precursor cells with short tangential processes
(van Praag et al. 2002; Fukuda et al. 2003; Kempermann et al. 2004; Espo-
sito et al. 2005).

In addition, we have found that proliferating cells inside clusters develop
short tangential processes, and when postmitotic cells withdraw from the
proliferative site, they migrate tangentially and extend these tangential
processes (unpublished data). Thereafter, the tangential processes shorten
and thin radial processes extend and become apical dendritic processes.

During the tangential migration, the migrating cells appeared to leave a
tangential process behind in the clusters (Seki 2002b: unpublished data).
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Although we do not know the specific function of the intercellular associa-
tion between proliferating cells and migrating neuroblasts, it is worth not-
ing that similar intercellular relationships have so far been well studied in
the developing brain. The most well-known interaction is the migration of
neuroblasts along radial glial processes in the developing neocortex (Rakic
1971). Recently it was demonstrated that the radial glial cells are neural
progenitor cells (Miyata et al. 2001; Noctor et al. 2001; Tamamaki et al.
2001), which also means that proliferative neural progenitor cells and mi-
grating neuroblasts make contact with each other. Taken together, these re-
sults suggest that embryonic and adult neurogenesis share similar mecha-
nisms in the intercellular relationships between proliferating cells and
migrating neuroblasts and that the intercellular association may play an
important role in the proliferation and differentiation of neural precursor
cells. To explain the function of intercellular apposition in the developing
neocortex, it has been proposed that migrating neuroblasts express Delta
and Neuregulin, and activate the Notch and ErbB pathways of proliferative
neural progenitor cells or radial glia (Ever and Gaiano 2005). However, it
remains to be investigated what developmental signals function in adult
hippocampal neurogenesis.

F -
. . \ % 5
O proliferating cells ! y postmitotic neuroblasts O mature neurons
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Fig. 2. Clustering, tangential migration and neurite formation of newly generated
cells in the adult hippocampus. Proliferating cells and postmitotic neuroblasts
make a cluster. When the postmitotic neuroblasts withdraw from the cluster, they
move tangentially, extending tangentially oriented processes, one of whose proc-
esses is left behind within the cluster. Then the neuroblasts extend an apical proc-
ess that finally becomes apical dendrites of the granule cell.
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4 Adult neurogenesis and regenerative medicine

Neurogenesis in the adult brain suggests the possibility that adult neural
tissue can regenerate after brain trauma. Actually, brain damage such as
epilepsy and ischemia have been shown to up-regulate the production of
new granule neurons, although it is unknown whether or not the new neu-
rons restore the damaged brain tissue. There are two strategies for regen-
erative medicine of brain tissue: transplantation of neural stem cells and
activation of intrinsic adult neurogenesis. However, transplantation ex-
periments indicate that when neural stem or progenitor cells from neuro-
genic regions are transplanted into non-neurogenic regions, such as the
cerebellum and spinal cord, they differentiate only into glia (Suhonen et al.
1996; Shihabuddin et al. 2000), although they develop into neurons if they
are transplanted into neurogenic regions, such as the hippocampus and ol-
factory bulb. This suggests that the neurogenic regions possess special mi-
croenvironments to support neuronal differentiation. Astrocytes, postmitot-
ic neuroblasts and blood vessels have been proposed as candidates of the
microenvironments (Palmer et al. 2000; Seki 2002b). As mentioned above,
these cells have a close intercellular relationship with proliferative neural
progenitors. Furthermore, the findings of several in vitro experiments sug-
gest that astrocytes and blood vessels release factors that regulate prolif-
eration and differentiation of neural progenitor cells (Song et al. 2002;
Shen et al. 2004). Additionally, GABAergic interneurons are reported to
regulate the differentiation of the neural precursors (Tozuka et al. 2005).
Taken together, systematic cellular arrangement and intercellular relation-
ship of these cells could serve as microenvironments for adult hippocam-
pal neurogenesis. However, it remains to be studied if and how these mi-
croenvironments play any role in the regeneration of brain tissue.
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Summary. We have found that pituitary adenylate cyclase-activating
polypeptide (PACAP) induces the differentiation of mouse neural stem
cells (NSCs) into astrocytes via a mechanism that is independent of the
cyclic AMP/protein kinase A pathway. NSCs expressed PACAP receptor,
PAC! on the plasma membranes. PACAP-induced differentiation was
inhibited by the most potent antagosist, the phospholipase C (PLC)
inhibitor, the protein kinase C (PKC) inhibitor, and the intracellular
calcium chelator, and was mimicked by phorbol ester (PMA). These
results suggest that the PACAP-generated signal was mediated via the
PACAP receptor, PAC1 stimulated heterotrimeric G-protein, resulting in
activation of PLC, followed by conventional PKC (cPKC). Embryonic
NSCs expressed o, Bl and BII isoforms of cPKC | but lacked PKCy. When
NSCs were exposed to PACAP, protein expression levels of the BI and BII
transiently increased prior to differentiation, returning to basal levels by
day 4, whereas the level of PKCa increased linearly up to day 6.
Overexpression of PKCBII synergistically enhanced differentiation in the
presence of PACAP, whereas expression of the dominant-negative mutant
of PKCBII proved inhibitory. These results indicate that the BI/BII
isoforms of PKC play a crucial role in the PACAP-induced differentiation
of mouse embryonic NSCs into astrocytes.
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1 Introduction

Neural stem cells (NSCs) are characterized by their capacity for
self-renewal (Gage et al. 1995; Kuhn and Svendsen 1999) and their ability
to generate all major cell types of the central nervous system (CNS)
(Lendahl et al. 1990; Reynolds and Weiss 1992). NSCs are found in the
embryonic and newborn CNS, as well as in restricted regions of the adult
mammalian CNS, including the subventricular zone (SVZ) and the dentate
gyrus of the hippocampus (Weissman et al. 2001), from which they can
migrate to thetr final destinations and differentiate into terminal function
cells (Gage 2000). Although a number of cell-intrinsic mechanisms and
cell-extrinsic factors have been implicated in this process (Anderson
2001), the molecular mechanism underlying NSC differentiation remains
unclear.

Pituitary adenylata cyclase-activating polypeptide (PACAP), which
was originally purified from ovine hypothalamus (Miyata et al. 1989), is a
neuropeptide belonging to the secretin/glucagon/vasoactive intestinal
peptide (VIP) family. The physiological functions of PACAP are diverse,
as it is thought to act as a hormone, a neurohormone, a neurotransmitter,
and a trophic factor (Vaudry et al. 2000), and is found in a wide variety of
tissues, including both the CNS and peripheral tissues such as the adrenal
gland (Arimura et al. 1991), parathyroid (Luts and Sundler 1994),
endocrine pancreas (Arimura and Shioda 1995; Love and Szebeni 1999)
and testis (Arimura et al. 1991; Shioda et al. 1994). Based on this, it has
been proposed that PACAP is able to act in a tissue-specific manner
through its various receptors, PAC1, VPAC1 and VPAC2 (Spengler et al.
1993; Chatterjee et al. 1996; Nicot and DiCicco-Bloom 2001; Vaudry et
al., 2000). The PACI receptor shows highest affinity for PACAP, while
the latter two receptors possess equal affinity for PACAP and VIP (Vaudry
et al., 2000). It has been demonstrated that PACAP and its receptors are
expressed in rodent neocortex and its growth zones during the embryonic
and postnatal periods, and that PACAP is involved in mediating
pleiotropic  physiological functions, such as neural proliferation,
phenotypic determination, differentiation, survival, and neuroprotection
(Lu and DiCicco-Bloom, 1997; Waschek et al., 1998; Zupan et al., 1998;
Hill et al. 1999; Skéglosa et al., 1999; Zhou et al., 1999; Hansel et al.,
2001; Nicot and DiCicco-Bloom, 2001; Shioda et al., 2006).

It is well known that protein phosphorylation contributes to
intracellular signal propagation via ligand and receptor interactions.
PACAP has been shown to cause cAMP production, protein kinase C
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(PKC) activation and calcium mobilization in association with activation
of PACAP receptors (Vaudry et al., 2000). Recently it has been
demonstrated that PACAP-induced differentiation of rat NSCs into
astrocytes involves cAMP/ protein kinase A (PKA) signal propagation
(Vallejo and Vallejo 2002) and that activation of the phospholipase C
(PLC) /PKC pathway is involved in the neuregulin-induced proliferation
of hippocampus-derived nestin-expressing neural progenitor cells (Lai and
Feng 2004). In addition, PACAP acting via the PAC1 receptor promotes
the proliferation of NSCs in adult mouse brain. These findings have raised
the possibility that PKC signaling is involved in mediating the effects of
PACAP (Mercer et al. 2004). Thus it has variously been suggested that
both PKA and PKC are involved in signal propagation leading to the
proliferation or differentiation of neural progenitor cells. However, the
precise molecular mechanism is not fully understood.

Previously we have shown that PACAP activates PKA, PKC, and
calcium signaling cascades in rat neuroepithelial cells (Zhou et al., 2001),
and promotes differentiation of embryonic NSCs into astrocytes through
the PACAP receptor, PAC1 (Ohno et al., 2005). Here we describe that the
B isoform of PKC plays a crucial role in the PACAP-induced
differentiation of embryonic NSCs into astrocytes.

2 PACAP in Differentiation of NSCs

When isolated cells prepared from telencephalons of mouse E14.5
were cultured with bFGF, cells proliferated in a time-dependent manner.
It has been showed that approximately 85% of the proliferating cells were
immunopositive to monoclonal antibody against nestin. Furthermore, in
the absence of bFGF, these cells differentiated into neurons, astrocytes,
and oligodendrocytes following the addition of platelet-derived growth
factor, ciliary neurotrophic factor (CNTF), and thyroid hormone T3,
respectively, as described previously (Johe et al. 1996). The cells prepared
in these experiments were characterized by self-renewing and
multiple-lineage properties, indicating that they were NSCs.

During the exposure of NSCs to various substances in attempt to
seek a novel differentiation factor, we found that morphological changes
in these cells were evoked by PACAP at physiological concentations. To
identify the cell types present, immunofluorescence staining using specific
antibodies was performed. The results indicated that PACAP induced an
increase in the number of GFAP-positive cells, which was significant at
PACAP concentrations as well as 0.2 nM and maximal at 2 nM PACAP
(Watanabe et al. 2006b). Approximately 55%, 30%, and 16% of cells
reacted with 2 nM PACAP for 7 days were immunoreacted with
antibodies against GFAP, nestin, and MAP-2, respectively, while
anti-GalC immunoreactive cells accounted for just 4% of all cells. The
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number of GFAP-positive cells increased about 6-fold in the presence of
PACAP. This suggest that PACAP promotes proliferation of NSCs with
increasing induction of differentiation. Coupled with the recent report that
PACAP promotes NSCs proliferation in adult mouse brain (Mercer et al.
2004), these results are noteworthy for their demonstration of a new
function for PACAP. Furthermore, the increase in the number of
GFAP-positive cells was significantly antagonized by the addition of the
most potent antagonist, PACAPg ;3. These results suggest that PACAP
mainly induces the differentiation of NSCs into astrocytes via PACAP
receptor on the plasma membranes of NSCs.

Given that PACAP induces the differentiation of mouse embryonic
NSCs into astrocytes, it would therefore be necessary that peptide exists in
the mouse embryonic brain. To this extent, radioimmunoassay
experiments have shown that PACAP is present in rat brain at El14
(Tatsuno et al. 1994) and is widely expressed in the mouse neural tube at
E10.5 (Waschek et al. 1996). However, it remains to be determined
whether PACAP itself is expressed in embryo or transported from the
maternal plasma across the placental barrier in the same manner as that for
insulin-like growth factor and epidermal growth factor (Garnica and Chan
1996). Further experiments are needed to clarify the in vivo role of
PACAP in the differentiation of NSCs into astrocytes.

3 Signal Transduction in PACAP-induced Differentiation
3.1 PACAP receptor and phospholipase C

Signal propagation in the differentiation process of NSCs by PACAP
was investigated. First, expression of PACAP receptor in NSCs was
evaluated. Three types of receptor, PAC1, VPACI, and VPAC2, are well
known to mediate the action of PACAP (Spengler et al. 1993, Chatterjee
et al. 1996, Nicot and DiCicco-Bloom 2001). Among them, gene and its
translational product of PACAP receptor, PAC1 that possesses the highest
affinity for PACAP, were shown to be expressed on the plasma membrane
of NSCs by RT-PCR and immunoblot analysis. Especially, a major band
with apparent molecular weight of 53,000 was determined by immunoblot
analysis. This is the first report which describes the expression of PACAP
receptor protein in mouse NSCs (Ohno et al. 2005). PACAP-induced
differentiation was significantly inhibited by the most potent antagosist,
PACAP; 35, as mentioned above. Therefore, it was thought PACAP acts on
the PACI receptor on the plasma membranes of mouse NSCs.

We subsequently examined whether cyclic AMP (cAMP) plays an
important role in the differentiation of NSCs by PACAP. NSCs were
exposed to cAMP analogues such as 8Br-cAMP or dibutylic cAMP, with
neither of these compounds inducing any change in the cells. In addition,
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the PACAP-induced differentiation and proliferation of NSCs could not be
blocked by the protein kinase A (PKA) inhibitor, Rp-cAMP (Ohno et al.
2005). It has been reported that PACAP induces differentiation of rat
cortical precursor cells into astrocytes (Vallejo and Vallejo 2002). They
have also demonstrated that elevation of intracellular cAMP is responsible
for the differentiation of cortical precursor cells into astrocytes since the
induction by PACAP was influenced by a cAMP analogue and a PKA
inhibitor. The discrepancy in the findings of these two studies might be
due to differences in PACAP concentrations to which cells were exposed
or species differences in the NSCs used in experiments.

We showed that neither cAMP analogues nor a PKA inhibitor had
any effect on the differentiation of NSCs into astrocytes as described above,
suggesting a signaling pathway that involves other receptor-coupled G
protein rather than Gs. To ascertain whether the differentiation required
activation of phospholipase C (PLC), the embryonic NSCs were exposed
to a specific PLC inhibitor, U73122 at concentrations of [-10 uM, | hr
prior to the addition of PACAP. However, U73122 proved toxic even at
the lowest concentration tested, requiring us to reduce the inhibitor
concentration still further to 0.5 puM, despite the fact that U73122 is
frequently used experimentally at a concentration of 10 uM. At 0.5 uM,
U73122 led to 25% inhibition in the PACAP-induced NSC differentiation,
suggesting that activation of PLC is a necessary step in this process. The
PACAP receptor, PACI, is a G protein-coupled receptor (GPCR) (Arimura
1998; Spengler 1993). It has been demonstrated that about 40% of all
GPCRs utilize Gga family members to stimulate inositol lipid signaling
(Alexander and Peters 2000), and that PACAP activates the PL.C signaling
pathway, increasing intracellular calcium and eliciting translocation of
PKC (Nicot and DiCicco-Bloom, 2001). Therefore, it is likely that PACI
associates with the Gq class of heterotrimeric G proteins whose
downstream effector is PLCP (Hubbard and Hepler 2006). Thus PLC is
thought to play a pivotal role downstream of the PAC1/Gq complex in the
propagation of the differentiation signal induced by PACAP. The
activation of PLC results in hydrolysis of phosphatidylinesitol-4,
5-bisphosphate (PIP,), leading to the production of diacylglycerol (DAG)
and inositol 1,4,5-trisphosphate (IP;) (Rhee 2001). IP; stimulates calcium
mobilization and release of calcium from I[Ps-regulated intracellular
calcium stores, and both second messengers contribute to the activation of
cPKC (Berridge 1987; Kikkawa et al. 1989).

3.2 Involvement of cPKC
We next examined the involvement of PKC, a molecule downstream

of PLC. The effect of the benzophenanthridine alkaloid chelerythrine, an
inhibitor of PKC (Herbert et al. 1990), was investigated, resulting in a
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50% reduction in the number of astrocytes to almost basal levels. In
addition, approximately 60% of the population expressed MAP2, similar
to the percentage observed in the control experiment. Virtually, no cells
were found to express the oligodendrocytic marker Gal-C.

When NSCs were exposed to PMA, a potent PKC activator, for 8
days in the absence of bFGF, the percentage of GFAP-immunopositive
cells was 91% of that observed with PACAP alone, whereas 4a-PMA, an
inactive analogue of PMA, had no effect. In order to ascertain whether the
differentiation process was calcium dependent, the effect of an
intracellular calcium chelator, BAPTA-AM, was examined. In the
presence of BAPTA-AM, the number of GFAP-positive cells decreased by
40%, indicating that PACAP-induced differentiation was being
significantly inhibited by the chelation of calcium. Although the PKC
family is known to comprise at least 10 isoforms (Nishizuka 1995), these
results were suspected to reflect the activation of Ca’’- and
phospholipid-dependent PKC, namely conventional PKC (cPKC), during
the differentiation process.

3.3 Expression of cPKCs in embryonic NSCs

The isoforms of cPKC can be classified into three groups: PKCa,
PKCB (I and II) and PKCy (Ohno et al. 1987; Yoshida et al. 1988;
Nishizuka 1995). The regulatory domain of cPKC comprises two
conserved membrane-targeting domains, C1 and C2, the former of which
is known as a high-affinity receptor for DAG and phorbol esters, while the
latter is able to bind calcium (Nishizuka, 1988; Ono et al., 1989; Irie et al.
2002). We investigated which subtypes of cPKC are expressed in
embryonic NSCs based on their gene and protein expressions. Expression
of the genes coding for the cPKC isoforms was assessed by RT-PCR,
revealing that the genes coding for PKCa and PKCBV/II were expressed in
NSCs as well as in adult cerebral cortex, while the gene coding for PKCy
was absent. It was shown that isoforms of ¢cPKCs, PKCa and PKCBUVII
were also detected by immunoblot analysis in embryonic NSCs. No
immunoreactivity of PKCy was revealed in those cells. In this study,
PKCa, PKCBI and PKCBII were all found to be expressed in mouse
embryonic NSCs. It has previously been demonstrated that PKCp has the
splicing variants, PKCBI and PKCPII, and that the latter is the
predominant form generated from the PKCB gene (Oka et al. 2002).
However, immunoblot analysis revealed that PKCBI in embryonic NSCs
is almost equally expressed, based on calculation of IgG concentrations of
antibodies used. In contrast, gene and protein expression for the y isoform,
which is specifically found in the CNS (Saito et al. 1988), was not
observed, although immunoreactivity for PKCy with a molecular mass of
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approximately 80 kDa was detected by immunoblot analysis in the
cerebral cortex of adult mouse. Other studies have similarly reported that
PKCy is not detected either in embryonic (E14.5) mouse whole brain
(Watanabe et al. 2006a), or in early postnatal rat brain (Hashimoto et al.
1988; Yoshida et al. 1988), where PKCy activity only begins to increase
gradually a week after birth.

Although the function of PKCy is unclear, recent reports have
demonstrated that mutation of this isoform may be involved in the
etiology of spinocerebellar ataxia (Chen et al., 2003; Warrenburg et al.
2003; Yabe et al. 2003; Stevanin et al. 2004; Seki et al. 2005). In addition,
a point mutation in the PKCy gene may contribute to retinitis pigmentosa
(Al-Maghtheh, M. et al. 2001) and Parkinsonian syndrome (Campbell et
al. 1997; Campbell et al. 2000; Payne et al. 2000). Possible neuronal
functions, including involvement in synaptic plasticity and memory via
modulation of long-term potentiation and long-term depression, have also
been proposed (Saito and Shirai 2002).

Next, protein expression levels of PKCa, PKCBI and PKCBII during
PACAP-induced differentiation of NSCs were investigated. PKCa
expression increased linearly up to day 6, whereas PKCPIand
PKCBII underwent a transient, approximately 2.0-fold increase up to day
2, then returned to basal levels by day 4. Similar changes in cPKC isoform
protein expression have also been found in NSCs treated with CNTF,
another inducer known as astrocytes inducing factor in NSC
differentiation (Johe et al. 1996), suggesting that we may have been
observing a general astrocytic differentiation mechanism. The changes in
protein level are not due to translocation of cPKC from the soluble
fraction to the membranes (Kraft et al. 1982; Zalewski et al. 1988; Kiley
and Jaken 1990; Mochly-Rosen et al. 1990), given that intact NSCs were
solubilized with lysis buffer containing 1% Triton X-100.

When NSCs were exposed to PACAP, the number of
GFAP-expressing cells increased in a time-dependent manner, reaching a
plateau at day 6. Morphological changes were first observed around 4-5
days (Ohno et al. 2005), which corresponded to the threshold for a marked
increase in GFAP expression. In contrast, the maximal biosynthesis of
PKCpBIand PKCBII occurred earlier, before either morphological changes
or a rise in the number of GFAP-positive cells was noted (Scheme 1).
These findings suggest that while ¢cPKCa may be involved in the
PACAP-induced differentiation of NSCs into astrocytes, the transient
increase in PKCPBI and PKCII protein synthesis may provide a crucial
trigger for differentiation downstream of PLC.
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Scheme 1 Time course of PACAP-induced differentiation.

3.4 Responsibility of PKCp for the PACAP-induced differerentiation

To verify the role of PKCa and PKCBII in the PACAP-induced
differentiation of NSCs into astrocytes, the isoforms were overexpressed
using an adenovirus (AdV) vector (Ohba et al. 1998; Berkner 1992). The
isoform constructs were then introduced into embryonic NSCs, and
protein expression levels evaluated by immunoblot analysis 2 days after
virus infection. The results revealed strong expression compared with
vehicle. Next, the effect of overexpression of the ¢cPKC isoforms on the
differentiation of NSCs was investigated. NSCs were infected with the
AdV vectors, cultured for 8 days in the absence of PACAP, then subjected
to immunofluorescence staining to analyze the nature of the differentiation.
Unexpectedly, no change was observed in the absence of PACAP.
However, the addition of | nM PACARP in association with overexpression
of PKCBII synergistically caused the differentiation of NSCs into
astrocytes, while in the case of PKCa the effect was additive. These
results suggested that PACAP-induced differentiation requires the
signaling pathways involving biosynthesis of either PKCa or PKCBIIL, or
both, and triggering of their enzyme activities.

To further investigate the possible roles of PKCa and PKCBII, the
effect of their dominant-negative mutants, KN-PKCo and KN-PKCBII,
was determined. The results revealed that KN-PKCPBII but not KN-PKCa
significantly inhibits the PACAP-induced differentiation of embryonic
NSCs into astrocytes, indicating that at least the BII isoform of cPKC is
involved in the differentiation process.

The intracellular functions of PKC are diverse (Nishizuka 1988;
Nishizuka 1992; Nishizuka 1995; Saito and Shirai 2002). Recently it has
been demonstrated that PACAP acting via the PAC] receptor promotes the
proliferation of NSCs in adult mouse brain (Mercer et al. 2004), with the
PKC inhibitor G66976 being used to demonstrate the involvement of PKC
in this signaling pathway. In addition, proliferation of postnatal rat
hippocampus neural progenitor cells, induced by neuregulin members of
the EGF superfamily, via the PLC/PKC signaling pathway, has been
reported (Lai and Feng 2004). However, as demonstrated in the present
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study, PKC also participates in the signal propagation driving
differentiation of NSCs. It is possible that whether PKC signaling triggers
proliferation or differentiation may be dependent on the subtypes and/or
substrates of PKC expressed in the neural progenitor cells.

On the basis of data obtained thus far, we propose the following
model of signal propagation in PACAP-induced differentiation of NSCs
into astrocytes (Scheme 1): PACAP acts on the PAC1 receptor on the
plasma membrane of NSCs, with the signal then being transmitted
intracellularly via a PACl-coupled G protein, which is probably Gqa
heterotrimeric G protein. This leads to the activation of PLCP, followed
by DAG and Ca’’ release from intracellular calcium stores by the action
of IPs, stimulating the BI/II isoforms of ¢cPKC. In addition, although the
mechanism is not clear, this differentiation process also requires the
transient biosynthesis of PKCBI/II, leading to differentiation into
astrocytes via both signaling pathways. Further experiments are needed to
clarify the substrate(s) of PKC[, which is thought to play a crucial role,
and the molecular mechanism of gene regulation mediating its transient
biosynthesis in the PACAP-induced differentiation of NSCs into
astrocytes.
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Summary. The incidence of stroke is gradually increasing in the industri-
alized world, and is a major cause of long-lasting disability. Several differ-
ent strategies have been investigated as a means of either preventing the
occurrence of stroke or suppressing the subsequent enlargement of the in-
farct volume. However, due to the narrowness of the therapeutic time win-
dow, we are still far from achieving an effective response. One finding that
has offered new hope is the discovery that neurogenesis, long regarded as
an impossibility in the adult brain, does indeed occur. This raises the pos-
sibility that the damaged brain might in fact be able to recover as well as
other tissues and organs. In this paper, we will review both existing and
potential strategies for the treatment of cerebrovascular disease. In particu-
lar, we will focus on the prospects of pituitary adenylate cyclase-activating
polypeptide (PACAP), a neuropeptide that has been shown to exert both
neuroprotective and neurogenic effects.

Key words. stroke, PACAP, PACAP receptor, interleukin-6

1 Therapeutic target of cerebrovascular diseases

Cerebrovascular disease, including brain hemorrhage and infarction
(stroke), is the third leading cause of death in the industrialized world.
While the number of patients suffering from brain hemorrhage has de-
creased dramatically due to a decline in the level of dietary salt intake, the
incidence of brain infarction is gradually increasing. This is largely attrib-
utable to recent changes in life-style, including factors such as higher fatty
foods consumption, smoking, and increased stress. Even when the life of
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the patient is saved, infarction often leads long-lasting neurological deficits
in learning, memory, and sensory and motor function (Haapaniemi et al.
1997, Hankey et al. 2006). Given the social and economic consequences of
an ischemic event, considerable effort has been directed towards both pre-
venting and treating stroke.

The first strategy in combating stroke involves “prevention of the occur-
rence”. Lack of exercise, higher caloric intake, an unbalanced diet, and
smoking are all contributory factors in diseases such as hypertension, dia-
betes, and hyperlipemia, which in turn are well known to augment the risk
of infarction. It is not surprising, therefore, that a healthier life-style is of-
ten recommended as a first line of defence, reducing the need for clinical
intervention.

The second strategy focused on “suppression of enlargement of the in-
farct volume”. This includes the development of drugs and treatment
strategies to extend the therapeutic time window during the acute periods.
After brain ischemia, the tissues lose oxygen and ATP as energy, and are
ensnared in irreversible necrotic changes (Ohtaki et al. 2005). The thera-
peutic time window represents the period during which cells and tissues re-
tain the ability to recover from such damage. In the case of neuronal cell
death this allows 3 hours following the onset of ischemia (Szabo et al.
2005, De Keyser et al. 2005). For nearly a decade, numerous animal and
clinical studies have been devoted to understanding the mechanisms and
factors regulating the induction and suppression of neuronal cell death, and
many drugs targets and therapeutic strategies have been pursued. One
noteworthy achievement has been the development of MCI-186 (radicut),
a free radical scavenger, for the treatment of cerebrovascular diseases (Abe
et al. 1998). However, the frequent delay in hospitalization and diagnosis
of the infarction (usually of the order of 1 to 1.5 hours) still detracts from
the clinical potential of such treatment.

This leads to the third target: “neuroregeneration”. Given the long-held
brief that neurons could not divide and proliferate in adult brain, and that
damaged neurons and tissues were therefore incapable of recovery, neu-
roregeneration was never considered a viable possibility. Recently, how-
ever, neural stem cells (NSCs) capable of undergoing neurogenesis have
been identified in the adult brain, both in the subventricular zone lining the
lateral ventricles and in the subgranular zone of the dentate gyrus (Gage
2000, Eriksson et al. 1998). Furthermore, neurogenesis has been shown to
increase in response to brain injury following ischemia (Arvidsson et al.
2002, Taguchi et al. 2004). This response is believed to be directly stimu-
lated by the induction of activated astrocytes, and indirectly mediated via
the generation of various factors, including nerve growth factor, brain-
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derived neurotrophic factor, fibroblast growth factor 2, vascular endothe-
lium growth factor, and erythropoietin (Song et al. 2002, Lichtenwalner
and Parent 2006). It is considered that the NSCs and the neurogenesis as-
sociated with astrocytes contribute to the repair of the injured brain after
ischemia (Arvidsson et al. 2002). These finding have raised strong expec-
tations that the damaged brain might in fact be capable of the same level of
recovery as that observed in other tissues and organs. However, neuro-
genesis mediated by endogenous NSCs cannot fully compensate for the
neural loss observed in ischemic insults. Therefore, transplantation of em-
bryonic, neuronal and mesenchymal stem cells, which act as both a source
of neurons and an activator of neurogenesis, has also attracted considerable
attention as a relevant strategy in neuroregenerative medicine.

2 PACAP

2.1 What is PACAP?

PACAP was first isolated from ovine hypothalamus in 1989 by Arimura
and his colleagues. PACAP, a member of the vasoactive intestinal poly-
peptide (VIP)/secretin/growth hormone releasing family of peptides, has
an amino acid sequence that shows greatest similarity to that of VIP.
PACAP and VIP, which have a number of functions in common, share
three receptors: the PACIl-receptor (PACI-R), and the VPACI- and
VPAC2-receptors (VPACI-R and VPAC2-R, respectively). The neuropro-
tective signaling pathway of VIP is initiated through the VPACI-R and the
VPAC2-R. PACAP binds with VPACI-R and VPAC2-R with almost the
same affinity as VIP, but has a 1,000-fold higher affinity than VIP for its
specific receptor PAC1-R.

PACAP exists in 38- and 27-amino acid amidated forms. PACAP38,
which is found 10-fold higher levels in the body than PACAP27, is a plei-
otropic neuroendocrine peptide that can function as a neurotransmitter,
neuromodulator, neurotrophic factor, vasodilator, or non-cholinergic cate-
cholamine secretagogue, as well as acting as a modulator of immune cells.
PACAP has also been shown to exert both neuroprotective and cell differ-
entiated effects (Arimura 1998).
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2.2 Neuroprotective effect of PACAP

The neuroprotective effect of PACAP was initially reported in 1996 in a
rat global ischemia model (Uchida et al. 1996). In this and subsequent
studies, PACAP has been shown to prevent neuronal cell death at very low
concentrations, with its intracerebroventricular infusion in the rat prevent-
ing neuronal loss in the hippocampus and decreasing the extent of infarc-
tion after global and focal ischemia (Uchida et al. 1996, Reglodi et al.
2000, 2002, Dohi et al. 2002) Given that PACAP can cross the blood-brain
barrier via a saturable mechanism (Banks et al. 1993, 1996), its intrave-
nous injection has also been demonstrated to be effective in preventing
ischemic neuronal damage (Uchida et al 1996 Reglodi et al. 2000).
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Fig. 1. The infarct volume in wild-type (IL-6"") mice treated with PACAP is
lower than that in animals treated with vehicle. In contrast, no PACAP-mediated
neuroprotection is apparent in IL-6"" mice following either 30 or 60 min transient
focal ischemia.

Recently, we have demonstrated that PACAP decreases ischemic neu-
ronal cell death in association with interleukin-6 (IL-6, see Fig. 1). PACAP
and IL-6 regulate bcl-2, a known as an anti-apoptotic factor, and suppress
cytochrome c release from mitochondria. Furthermore, using both PACAP
and IL-6 null mice, we have shown that PACAP directly regulates the
phosphorylation of extracellular-signal regulated kinase (ERK) while indi-
rectly regulating signal transducer and activator of transcription 3 (STAT3)
via the generation of IL-6 through PAC1-R in neurons (Fig. 2, Ohtaki et al.
in press).
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Fig. 2. Schematic diagram illustrating PACAP-mediated neuroprotection follow-
ing ischemia.

2.3 Possibility of a role for PACAP in neuroregeneration

Various molecules, such as growth factors, have been reported to induce
an increase in NSC proliferation and differentiation, but to date little atten-
tion has been focused on the effect of neuropeptides. Recently, however,
some lines of evidence have led let us to speculate that PACAP might play
a role in neurogenesis.

Using in situ hybridization, it has been shown that the PAC1-R gene is
expressed in central nervous system of fetal rat during development (Zhou
et al 1999, 2000), as well as in the subventricular zone lining the lateral
ventricles and in the subgranular zone of the dentate gyrus of the adult
mouse brain (Mercer et al. 2004). Both the gene and protein of PACIR
have also been detected in NSC primary culture form embryonic day 14.5
telencephalon, using RT-PCR and imunoblotting analyses (Ohno et al.
2004).

In cell culture studies, there is evidence to suggest that PACAP might be
involved in neurogenesis. In PC12 cells, PACAP synergizes with NGF to
stimulate PACAP gene transcription and neurite outgrowth, these being
differentially dependent on the ERK1/2 and p38 MAP kinase pathways
(Sakai et al. 2004). VIP and PACAP have also been shown to potently in-
crease the proportion of ES cells expressing specifically expressing a neu-
ronal phenotype, as revealed by immunocytochemistry and neurite out-
growth, without altering glial cell number (Caziilis et al. 2004). PACAP
promotes NSC proliferation in vitro via PAC1-R and exerts a number of
biological effects in addition to neurogenesis. It has been demonstrated
that the molecular changes underlying the proliferative effects of PACAP
are altered by the withdrawal of epidermal growth factor (EGF) in periven-
tricular zone-derived adult NSC cultures (Sievertzon et al. 2005). The
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same authors also showed that intracerebroventricular infusion of PACAP
increases cell proliferation in the ventricular zone of the lateral ventricle
and the dentate gyrus of the hippocampus. Moreover, cultured NSCs iso-
lated from the lateral ventricle wall of adult mice express PAC1-R and
proliferate in vitro in response to two PAC1 agonists, PACAP and
Maxadilan, but do respond to VIP at physiologic concentrations, indicating
that PAC1-R is a mediator of NSC proliferation (Mercer et al. 2004). Re-
cently, we have reported that PACAP is involved in inducing the differen-
tiation of mouse NSCs into astrocytes (Ohno et al. 2005) and have demon-
strated the presence of PACI1-R in the activated astrocytes (Suzuki et al.
2003).

This increasing body of evidence suggests that PACAP might regulate
neurogenesis directly via stimulation of NSCs and indirectly via its effect
on astrocytes.

5 Conclusions

The prospect of neruogeneration offers considerable hope as a new thera-
peutic strategy for cerebrovascular diseases. PACAP has been reported to
play an important neuroprotective role following cerebral ischemia. Re-
cently, evidence has been accumulating to suggest that PACAP might be
involved in the regulation of neurogenesis. However, considerable work
remains to be done before any therapeutic potential of these findings can
be realized. Given that PACAP plays a unique role in both preventing neu-
ronal cell death and accelerating neurogenesis via multiple pathways, we
hope that future studies will continue to pursue an understanding of the
underlying mechanisms, elucidating the best way in which the activity of
PACAP can be harnessed for the treatment of cerebrovascular disease.
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Summary. The pyramidal neurons of the hippocampal CA1l region are
essential for cognitive functions such as spatial learning and memory, and
are vulnerable to ischemic stress. Transient ischemic stress causes
selective neuronal cell death in the CAl region. Recently, it has been
reported that degenerated CA1 pyramidal neurons recovered late after
ischemia. Since this discovery, study of the regeneration of CA1 pyramidal
neurons has increased. There are two types of ischemic model for animal
research, the focal ischemic model and the global ischemic model. Global
ischemic models are useful for the study of regeneration of CA1 pyramidal
neurons. In this presentation, we introduced various rat global ischemic
models for the study of regeneration of CA1 pyramidal neurons.

Key words. Regeneration, rat, global ischemia, neuronal cell death, CA1l

1 Introduction

Neurons are vulnerable to various stresses such as heat stress, hypoxic
stress, hypoglycemia, and ischemic stress. Hippocampal CA1 pyramidal
neurons are especially vulnerable in comparison to other areas. They are
destroyed by brief ischemia, but neuronal degeneration is not observed
immediately after ischemia. Degeneration of pyramidal neurons progresses
gradually from 4 days after ischemia, a phenomenon known as “delayed
neuronal cell death (DND) (Kirino 1982, Dohi et al. 1998).
Morphologically, DND is thought to be apoptosis and is characterized by
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fragmentation of the nucleus, cell shrinkage, and the disappearance of
slight cilia on the cell surface. (Wyllie et al, 1980) At least three models of
ischemia have been developed for the study of DND in the CA1 region of
rats. These global ischemic models can be classified as applying to two
types of ischemia, forebrain ischemia and whole body ischemia (Fig. 1).
The forebrain ischemia models are the four-vessel occlusion model (4VO)
(Kirino et al. 1982) and the two-vessel occlusion and hypotension model
(2VO + H) (Koh et al. 1996, Hartman et al. 2005). The whole body
ischemia model is the cardiac-arrest model.

The 4VO model causes a delayed neuronal cell death (Beilharz et al. 1995,
MacManus et al. 1993, Nitatori et al. 1995), but the main defect of this
model is a large inter-animal variability in the blockade of the cerebral
circulation, which makes quantitative analysis of the ischemic effects very
difficult. Also, this method is very invasive. The 2VO+H model of
transient global ischemia produced significant damage to the dorsal
hippocampal CA1 field in rats and is associated with impaired spatial
learning in the absence of any other observable behavioral deficits studies.
Compared to models in which vessels are permanently occluded, the
transient occlusion used in this model more closely approximates an
episode of transient forebrain hypoxic-ischemia in humans. Additionally,
because the vascular system remains intact, 2VO + H is attractive for long-
term studies of cognitive deficits and neurodegeneration following an
ischemic event (Koh et al. 1996, Hartman et al. 2005).

The cardiac arrest model was developed to improve the shortcomings of
the four-vessel occlusion model and is a sure way to achieve hemostasis,
and this method is less invasive than other methods (Kawai et al. 1992,
Korpatchev 1982, Dohi K et al. 1998). Recently, we developed a new
whole body ischemia model (Kudo et al. 2006). The inductions of
ischemia in this model are caused by drawing blood and compressing the
heart. The ischemic insults are thus caused by cardiac arrest and
hypotension (shock). Hippocampal CA1 pyramidal neurons and the spinal
cord are also degenerated in this model. The surgical procedure of this
model is not difficult, and it is less invasive than other methods. Moreover,
the vascular system remains intact.

In this report, we introduce the surgical procedures of these models.
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Fig. 1. The classification of rat global ischemia models.

2 The Surgical Procedures of the Forebrain lschemic
Model

2.1 Four vessels occlusion model (4V0) (Pulsinelli et al.
1979)

Male Wistar rats weighing between 250 and 300 g were anesthetized with
ether and both common carotid arteries isolated via a ventral, midline
cervical incision. An atraumatic arterial clasp was loosely placed around
each common carotid artery without interrupting carotid blood flow, and
the incision was closed with a single suture. A second incision, 1 cm long,
was made behind the occipital bone directly overlying the first two
cervical vertebrae. The paraspinal muscles were separated from the
midline, and with the use of an operating microscope, the right and left alar
foramina of the first cervical vertebrae and left alar foramina of the first
vertebrae were exposed (Fig. 2). Various types of physiological monitoring
were done (EEG, core temperature monitor, etc.). Each animal’s core
temperature was continuously monitored with a flexible rectal
thermometer and maintained at 37°C. The awake rats were then held by
hand in a simple restraint, the ventral neck suture was removed, and both
carotid clasps were tightened to produce 4-vessel occlusion.
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Fig. 2. The anatomical features of the 4-vessel occlusion model (4VO).
Bilateral vertebral arteries were coagulated and occluded at the alar
foramens.

2.2 Two-vessel occlusion and hypotension (2V0 + H) (Koh et
al. 1996)

Anesthesia was maintained with 1.5% halothane/27% O,/balanced NO,.
For continuous monitoring of blood pressure, blood sampling, and
induction of hemorrhagic hypotension during ischemia, the femoral
arteries were cannulated bilaterally with polyethylene tubing (PE-50) and
filled with 50 U/ml heparinised saline. Via a ventral midline neck incision,
the common carotid arteries were exposed and silk thread with silastic
tubing was placed loosely around the isolated arteries. Both cranial and
rectal temperatures were measured via a thermocouple (Physitemp, New
Jersey, USA) and were maintained at 37+0.2 °C with a heating fan and
pad. A bipolar EEG was recorded using two active lateral electrodes and a
reference central scalp electrode, which were interfaced with a
bioamplifier. The EEG and arterial blood pressure were recorded. Plasma
glucose levels were measured with a blood glucose meter.
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Following a 10-min stabilization period, global ischemia was induced by
occluding both common carotid arteries. Arterial blood was withdrawn to
maintain a mean arterial blood pressure of 45 mm Hg. TGI was recorded
from the time the EEG became isoelectric and was maintained for 8 min.
At the completion of global ischemia, the carotid clamps were removed
and the warmed blood reinfused. The animals were monitored post-
ischemia for a period of 10 min with recording of arterial blood pressure,
EEG, and temperature. At 10 min following removal of the carotid clamps
the blood gas measurements were repeated. Arterial lines were then
removed and the wounds sutured. The animals were extubated, allowed to
recover, and returned to their cages with free access to food and water until
being sacrificed 7 days later. Rectal temperature was monitored for 6 h
post-surgery. Sham-operated animals received identical anesthesia and
surgery as experimental animals but were not rendered ischemic.

3. The Surgical Procedures of Whole Body |schemia

3.1 Cardiac arrest model (Korpatchev et al. 1982, Dohi et al.
1998)

The animals were intubated under anesthesia with 3.5% halothane and
maintained with 2% sevoflurane in 70% N20 and 30% 02. Core
temperature was continuously monitored with a flexible rectal
thermometer and maintained at 37°C. A polyethylene catheter was inserted
into the left femoral artery. Blood pressure and the electrocardiogram
were monitored during all of the procedures. Global cerebral ischemia was
induced according to the rat cardiac-arrest model. (Korpatchev et al. 1982,
Kawai et al. 1992, Dohi et al. 1998) With the anesthetized rat in the supine
position, an incision, about 0.5 cm in length, was made in the midline of
the chest (Fig. 3A). The occluding device (Fig. 3B) was gently inserted in
the mediastinum at the level of the second intercostal segment. The device
was manipulated, with its distal end moved along the dorsal wall of the
thorax. Then the distal end was twisted 45° in order to position it under the
bundle of the superior aortic artery. A complete interruption of the
circulation, due to compression of the superior aortic artery, was
accomplished by lifting the occluding device and, at the same time,
applying pressure with the fingers from outside (Fig. 3C). After 5 minutes
of transient global ischemia, under artificial ventilation (100% O2), heart
massage was then commenced in order to facilitate resuscitation. After a
recovery period of 30 minutes, the animals could be disconnected from the
respirator. The animals were housed in cages with free access to food
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pellets and water. Fig. 4 shows regional cerebral blood flow and blood
pressure during cardiac arrest and recirculation. The figure also shows the
time course of the neurological parameters during the operation. The in
situ terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) method is shown in Fig. 5. Many TUNEL-positive
pyramidal neurons were observed at 7 days after ischemia.

q 4 :150mm
b : 600mm

Fig. 3A, B, C. The surgical procedures and the occluding device of this
model. Skin incision in this model (A). The scheme of the occluding
device (B). Scheme of the surgical procedure(C). The major cardiac
vessels were lifted and occluded by the device.
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Physiological and Neurological parameters during and up to 15 min
after Compression of the major Cardiac vessels.

Fig. 4. Regional CBF (upper panel) and blood pressure (middle panel)
recording during cardiac arrest and recirculation. Time course of the
neurological parameters (middle and lower panels) during the operation.
Physiological and neurological parameters during and up to 15 min after
compression of the major cardiac vessels.

Fig. S5A, B. Staining of the rat hippocampus with the TUNEL method after
ischemia. High-power fields of the sCA1 region (200x) showing 1 day (A)
and 7 days (B) after ischemia. No TUNEL-positive pyramidal cells are
visible in Day 1 (A). Numerous TUNEL-positive cells are visible 7 days
after ischemia in the CA1 region. Scale bars: =40 pm.
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3.2 Cardiac arrest and hemorrhagic shock model (Kudo et al.
2006)

Recently, we developed a new rat model of whole body ischemia. This
model was made by combining the cardiac arrest model and the 2VO +
hypotension model. The ischemic intensity of this model is more severe
than that of the cardiac arrest model. This model induces not only the
degeneration of hippocampal CA1 regions but also the degeneration of the
lumber spinal cord. Rats were intubated and anesthetized with inhalation
of 2.0% sevoflurene, 70% N,O in O,. Rectal temperature was maintained
at 37.0°C with a heat blanket. The left femoral artery and tail artery were
dissected free and a polyethylene catheter (PE-50) was inserted for the
withdrawal of arterial blood and for monitoring mean arterial blood
pressure (MABP). During surgery, cardiac monitoring was performed
using an ECG with subcutaneous needle electrodes.

After these procedures, heparin (100 U/Kg) was administered intra-
arterially to avoid blood coagulation. Arterial blood samples were
analyzed before ischemia and 10 min after resuscitation. Rats were
administered 7 min of hemorrhagic shock and 5 min of cardiac arrest.
Hemorrhagic shock was induced by withdrawing 3 ml/100 g arterial blood
(Fig. 6). Resuscitation from hemorrhagic shock was performed by re-
infusing the shed blood. In brief, the operator gently compressed the rat’s
chest with two fingers (index and middle) with force similar to that
generated by a 3-kg weight, thereby inducing the cessation of ventilation.
Cardiac arrest was confirmed by the diminutions of MABP and heart rate
(HR). The end of point of compression was the complete loss of pulse
pressure. Artificial ventilation and anesthesia were stopped during cardiac
arrest. After 5 min of cardiac arrest, CPR was performed by artificial
ventilation with 100% O, and manual cardiac massage.

This combination model of hemorrhagic shock and cardiac arrest
caused acute neuronal cell death in the lumbar spinal cord,
characterized by apoptosis and necrosis, and delayed neuronal cell
death in the hippocampus, characterized by apoptosis.
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Fig. 6. Simultaneous recording of blood pressure (A). Withdrawal of
arterial blood caused an initial drop (<20 mmHg) in blood pressure,
followed by a second decrease (<10 mmHg) caused by chest
compression (Kudo et al. 2006)

4 Conclusions

We have characterized the rat global ischemic models for the study of
regeneration of CA1 pyramidal neurons. The models of forebrain ischemia
are suitable for studies limited to brain ischemia. The models of forebrain
ischemia are also simple, because there is no effect of the ischemic stress
on other organs. On the other hand, the models of whole body ischemia are
useful for the study of all organs including the brain and for inducing
uniformity of the ischemia. However, the reaction to the brain ischemia
may be influenced by the ischemic stress of the other organs in whole body
ischemia models. There are many differences in the surgical procedures
and a variety of drawbacks with each model. The appropriate model must
be chosen on a study by study basis.
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