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(5 units/mL), streptomycin (100 pg/mL), penicillin (100 units/mL), and
fungizone (0.25 pg/mL). The PBMCs were placed in two-well chambers
coated with 0.2% gelatin (17, 18) and incubated at 37°C in a humidified
environment with a 5% CO, atmosphere. Monocytes and mature
endothelial colonies attached to the well chambers within 3 days. The
nonadherent cells were transferred to other wells in EGM after 3 days. After
2 weeks, the endothelial colonies were characterized by the metabolic
uptake of acetylated low-density lipoprotein labeled with 1,1’-dioctadecyl-
3,3,3.3-tetramethylindocarbocyanine perchlorate (Dil-Ac-LDL; Biomedical
Technologies, Stoughton, MA). The cells were incubated with 10 pg/mL Dil-
Ac-LDL at 37°C for 4 hours and examined by fluorescence microscopy. Dil-
Ac-LDL and GFP double-positive colonies that formed at 2 weeks were
considered late-outgrowth colonies (17).

Measurement of local blood perfusion in superficial tumor tissue.
The blood perfusion of the tumors was measured using a laser Doppler
perfusion imaging (LDPI) system (Moor Instruments, Devon, United
Kingdom; refs. 35, 36). The LDPI data were acquired from mice on day 10
following five antibody treatments given at 24-hour intervals. Each mouse
was anesthetized 15 minutes before the recordings to eliminate artifacts
caused by body movements; the mouse was placed on a heating plate at
40°C, and the LDPI recording was made (35, 36).

Estimation of vascular endothelial growth factor levels in sub-
cutaneuse tumors and cultured supernatants. The tumor tissues were
harvested on day 14 after five antibody treatments and homogenized with a
tissue homogenizer in 9 volumes of lysis buffer [300 mmol/L NaCl, 15
mmol/L Tris-HCl, 2 mmol/L MgCl,, 2 mmol/L Triton X-100, 20 ng/mL
pepstatin A, 20 ng/mL leupeptin, 20 ng/mL aprotinin (pH 7.4)]. A total of 3
X 10° Colon38 or PancO2 cells were seeded in six-well plates and incubated
with fetal bovine serum-free medium containing 10 pg/mL normal IgG or
10 pg/mL anti-CXCR4-neutralizing antibody for 24 hours. The ELISA assay
for VEGF was done by the SRL analysis service (Tokyo, Japan).

Statistical analysis. The data are expressed as mean * SE. Comparisons
between the groups were analyzed using Student’s ¢ test. P < 0.05 was
considered statistically significant.

Resulis

CXCR4-positive cells contribute to the establishment of
tumor tissues in a cancer cell type-independent manner. To
estimate the role of the SDF-1/CXCR4 axis in the establishment of
gastrointestinal tumors, in addition to its known metastasis-
promoting ability, we analyzed two models of s.c. tumors in mice
using two mouse-derived cancer cells, Colon38 and PancO2. CXCR4
mRNA was not detected in cultured PancO2 cells but was detected
in Colon38 cells (Fig. 14). However, CXCR4-positive cells were
detected in the tissues of tumors established from implanted
Colon38 and PancO2 cells; the CXCR4-positive cells were observed
around the tumor vessels and occasionally in the endothelium
(Fig. 1B, arrow). These findings suggested that the cells infiltrating
the tumor might express CXCR4 regardless of whether the
cancerous cells themselves express CXCR4. To clearly distinguish
cancer cells from TICs, we established a mouse model in which the
bone marrow was depleted by irradiation and then reconstituted by
transplantation of GFP-tagged bone marrow cells (GFP-BMT mice).
Many bone marrow-derived cells were found to infiltrate into both
types of tumor tissues, and GFP and CXCR4 double-positive cells
were detected around the tumor vessels (Fig. 1C, arrow). To confirm
the expression of CXCR4 in the TICs, TICs were isolated from
tumor tissues as described previously, and the expression levels of
various chemokine receptors were analyzed by RT-PCR (data not
shown). CXCR4 mRNA was detected in the TICs of both Colon38
and PancO2 tumors (Fig. 14). To investigate the percentage of
CXCR4-expressing cells in bone marrow-derived cells, we counted
the total numbers of GFP and CXCR4 double-positive cells as the
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Figure 1. CXCR4-positive cells in s.c. colon and pancreatic tumor tissues.

A, expression of CXCR4 mRNA was commonly detected by RT-PCR in TICs and
in cultured Colon38 cells but not in cultured PancO2 cells. TC, TICs from
Colon38 tumors; TP, TICs from PancO2 tumors; C, cultured Colon38 cells;

P, cultured PancO2 cells. B, Colon38 (left) and PancO2 (right) tumor tissues
were stained with anti-CXCR4 (green) and anti-CD31 (red) antibodies.
CXCR4-positive cells were observed around the tumor vessels, and some lined
the endothelium (arrow). Bar, 20 pm. C, Colon38 tumor tissues from
GFP-BMT mice were stained with anti-CXCR4 antibody. GFP and CXCR4
double-positive cells were found around the tumor vessels {right, arrow).

Right, merged image of differential interference contrast images, GFP (green)
and CXCR4 (red). Bar, 20 um. D, total RNA was isolated from s.c. tissues and
the two cell lines, and the expression of SDF-1 was analyzed by quantitative
RT-PCR.

number per square millimeter using fluorescence microscopy
(n = 3). GFP and CXCR4 double-positive cells constituted ~ 3.4%
(32.3 + 2.1 versus 961.3 + 36.8) or 2.1% (65.7 * 4.6 versus 3185.7 +
149.8) of all bone marrow—derived cells in Colon38-derived or
PancO2-derived tumors, respectively. For a while, SDF-1 was
detected in the extracellular portion of the stromal area, especially
around the vessels in both Colon38-derived and PancO2-derived
tumors (data not shown). To quantify the expression of SDF-1, we
extracted total RNA from s.c. tissues and the two cell lines and did
quantitative RT-PCR (Fig. 1D). The expression of SDF-1 was
induced in both tumor tissues. PancO2 cells did not express SDF-1
in vitro; nevertheless, the level of SDF-1 expression in s.c. tumors
was not very different from that in Colon38. These findings suggest
that SDF-1 is secreted from noncancerous tissues in the tumors or
expression could be up-regulated in the tumor tissues. Therefore,
the SDF-1/CXCR4 axis seems to contribute to the establishment of
tumor tissues via the expression of CXCR4 on infiltrating cells
regardless of whether the cancer cells themselves express CXCR4.

CXCR4 neutralization prevenis the growth of Colon38 and
Panc02 tumors regardliess of CXCR4 expression by the cancer
cells. We evaluated the therapeutic potential of the neutralization
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of CXCR4 for the inhibition of tumor formation using the tumor
transplant model. To interfere with SDF-1/CXCR4 signaling, BALB/c
nude mice transplanted with Colon38 and PancO2 cells were
treated with anti-CXCR4-neutralizing antibody or a control
antibody using the dose schedule described in a previous report
(82). The growth of Colon38 xenograft tumors was clearly
suppressed in the group treated with the neutralizing antibody
compared with the control group (n = 5; Fig. 24). Neutralizing
antibody against CXCR4 also suppressed the growth of Panc02
tumors (n = 5 Fig. 2B). This finding was reproduced in the
experiment using C57BL/6 mice. As shown in Fig. 2C, neutralizing
antibody against CXCR4 also suppressed the growth of Colon38
tumors in C57BL/6 mice (n = 4). As Colon38 cells had been shown
to express CXCR4 (Fig. 14), we examined whether the anti-CXCR4-
neutralizing antibody could directly inhibit their growth. Colon38
cells were cultured in the presence of 10 pg/mL anti-CXCR4
antibody or control antibody to simulate the concentration in the

peripheral blood of treated mice. Under these irn vitro conditions,
anti-CXCR4 antibody treatment had no effect on the growth of
Colon38 cells (n = 3; P = 0.93; Fig. 2D). To confirm that the effect
was independent of the CXCR4 expression by cancer cells
themselves, we established Colon38-siCXCR4 cells in which the
CXCR4 gene was stably suppressed. As shown in Fig. 2E, the
siCXCR4 effectively blocked CXCR4 mRNA expression. Colon38-
siCXCR4 cells or Colon38-siRenilla cells were transplanted s.c. into
mice and the difference in growth rates was compared. As shown
in Fig. 26, growth rates were not significantly different between the
two groups (n = 5; P > 0.1). Growth rates were also similar in the
in vitro culture experiments (Fig. 2F).

In addition, we investigated whether the neutralizing antibody
has other biological effects in vitro, because the SDF-1/CXCR4 axis
is significant in breast and colon cancer metastasis. Obvious
cytoskeletal changes were not detected by fluorescent phalloidin
staining of groups of the two cell lines stained with anti-CXCR4
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Figure 2. CXCR4 neutratization blocked the growth of s.c. tumors derived from Colon38 and Panco?2 cells. BALB/c nude mice were s.c. inoculated with 8 x 10° tumor
cells. Mice were injected i.p. with anti-CXCR4-neutralizing antibody (10 pg/injection) or with control normal 1gG (10 pg/injection) every 24 hours for a total of eight
separate injections. Neutralizing antibody against CXCR4 suppressed the growth of tumors derived from Colon38 {A) and PancO2 (B) cells (n = 5). Points, mean; bars,
SE. *, P < 0.05; **, P < 0.005 (Student’s t test). C, neutralizing antibody against CXCR4 also suppressed the growth of Colon38 tumors in C57BL/6 mice (n = 4).
D, anti-CXCR4 antibody treatment had no effect on the growth of cuitured Colon38 cells (n = 3; P = 0.93). n.s., not significant. £, Colon38 cells were stably transfected
with pcPUR+UB-siCXCR4 or pcPUR-+U6-siRenilla (control); then, quantitative RT-PCR was done to confirm the CXCR4 mRNA suppression. F, growth rates of
Colon38-siCXCR4 or Colon38-siRenilla cells were also similar in the in vitro culture experiments. G, Colon38-siCXCR4 and Colon38-siRenilla cells were transplanted
s.c. and the difference in their growth rates was compared (n = 5). Points, mean; bars, SE.
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antibody and conirol antibody (data not shown). To examine
whether the anti-CXCR4-neutralizing antibody treatment affects
cell migration, we did a cell migration assay (wound closure assay).
No difference in cell migration was observed between the groups
for either cell line (data not shown). Between the two groups for
both cell lines, there was no statistical difference in the mRNA
expression of ICAM (n = 4 P > 0.1), VCAM (n = 4 P > 0.1),
PDGF (n =4; P > 0.1), PIGF (n = 4 P > 0.1), bFGF (2 = 4; P > 0.1), or
MMP-9 (n = 4 P > 0.1). The VEGF secretion of the Panco2 cells
in vitro was not statistically different between the two groups (n = 4;
P = 0.92). VEGF production was not detected in the Colon38 cell
line. These findings indicate that the suppression of tumor growth
was not mediated by the direct inhibition of cancer cell growth.
CXCR4 neuiralization decreases the development of tumor
endothelium in vive. As CXCR4-positive cells were detected
among endothelial cells as well as in the perivascular area (Fig. 18),
the effect of CXCR4 neutralization on tumor angiogenesis was
estimated by histologic examination of tumors for CD31, an
endothelial marker (Fig. 34). The capillary density was calculated
as the number of capillaries per square millimeter exhibiting
expression of CD31 based on counts in 10 randomly selected fields
from each tissue preparation examined by confocal microscopy.
Staining with anti-CD31 antibody showed that the density of
vessels in the tumors of the mice treated with the neutralizing
antibody was significantly lower than that in the tumors of the
control group (n = 3; P = 0.00048; Fig. 3B). In addition, the Colon38-
siCXCR4 or Colon38-siRenilla cells were transplanted into mice s.c.
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Figure 3. CXCR4 neutralization decreased tumor vesse! densities. C57BL/6
mice were injected s.c. with 2 x 10° Colon38 cells. After 1 week, the mice (1 = 3)
were injected Lp. with 10 ug anti-CXCR4-neutralizing antibody or 10 ug normal
rabbit igG (control group). A, representative images of CD31 immunostaining
after a total of five separate antibody injections. Bar, 50 um. B, capillary density
was calculated as the number of capillaries per square millimeter based on the
counts of 10 randomly selected fields. Treatment with anti-CXCR4 antibody
decreased tumor vessel densities (right) compared with the control group (feft).
Columns, mean (n = 3); bars, SE. *, P < 0.05 (Student's ¢ test). The capillary
densities in the tumors derived from Colon38-siCXCR4 cells or Colon38-siRenilla
cells were not significantly different (n = 3; P = 0.51).
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Figure 4. Bone marrow—derived endothelial cells were analyzed ex vivo and
in vivo. A, histologic sections of Colon38 tumors from GFP-BMT mice were
stained with anti-CD31 antibody (red) to detect bone marrow—derived endothelial
cells. GFP-positive cells (green) rimmed by CD31-positive margins are seen in
the tumor endothelium (arrow). Bar, 20 um. B, PBMCs were analyzed using the
late-outgrowth endothelial colony assay. Endothelial cells positive for both
Dil-Ac-LDL (LDL; red) and GFP (green) were detected in peripheral blood. Bar,
10 um. C, late-outgrowth endothelial cells expressed CXCR4 (red). Bar, 20 pm.

and the vascularity of the tumors was compared. The capillary
densities in the tumors in the two groups were not significantly
different (n = 3; P = 0.51; Fig. 3B). Recently, bone marrow-derived
endothelial cells were reported to be involved in tumor angiogen-
esis in tumor implaniation medels (16-18, 37). To investigate
whether bone marrow~-derived endothelial cells formed the tumor
vessel endothelium in our model, the expression of GFP in the
endothelinm of the tumor xenografts in GFP-BMT mice was
analyzed. GFP and CD31 donble-positive cells were observed lining
the vessels only in rare instances, suggesting that the population of
bone marrow-derived tumor endothelial cells was very limited in
our model (Fig. 44). The presence of endothelial progenitor cells in
the peripheral blood of tumor-bearing mice was investigated using
the late-outgrowth assay. PBMCs were cultured to permit the
growth of endothelial colonies, which were then identified by the
metabolic uptake of Dil-Ac-LDL after 2 weeks of culture. The
expression of GFP was detected in most of the Dil-Ac-LDL-
positive colonies (Fig. 4B), but these cells did not form large
colonies under our experimental conditions. Importantly, late-
outgrowth cells identified in vitro expressed the chemokine
receptor CXCR4 (Fig. 4C).

In vivo neutralization of CXCR4 decreases the intratumor
blood flow. As the blockade of CXCR4 induced a decrease in the
development of intratumor endothelial cells, we monitored
dynamic changes in the blood perfusion of the tumors using a
LDPI system {35, 36). LDPI can provide noninvasive analysis of local
perfusion in superficial tissues. The technique is based on the
principle that the wavelength of laser light changes (Doppler shift)
when it is reflected from a moving object (RBC in this case), whereas
the wavelength of light reflected from a stationary object remains
unchanged. The Doppler-shifted light is converted into an arbitrary
perfusion signal, which is approximately proportional to the mean
blood cell velocity multiplied by the concentration of moving blood
cells (Fig. 54). The blood flow in the tumors treated with
neutralizing antibody was decreased to ~ 65% of that in the control
tumors for both s.c. Colon38 and PancO2 tumors (n = 7; P < 0.01 and
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P < 0.001, respectively; Fig. 5B). Taken together with the
observations presented in Fig. 2, these findings indicate that
neutralization of CXCR4 suppresses tumor growth by an antiangio-
genic mechanism and not by direct inhibition of cell growth. In
addition, the Colon38-siCXCR4 or Colon38-siRenilla cells were
transplanted into mice s.c. The Doppler flow rates in the tumors
were similar (n = 5; P = 0.57; Fig. 5B). These resulis indicate that the
decrease in tumor vascularity with anti-CXCR4 neutralizing anti-
bodies is not caused by a direct effect against cancer cells.
CXCR4 neutralization did not change vascular endothelial
growth factor expression in the tumor tissues or induce
critical anemia. Cells of inflammatory cell lineages that infiltrate
into tumors have been reporied to secrete VEGE, a pivotal
angiogenic factor (38, 39). By immunohistochemistry, some of the
infiltrated cells were Mac3 positive, which indicated that mono-
cytes/macrophages had been recruited into the tumor tissues from
the bone marrow (Fig. 64). In a short time, few anti-smooth
muscle actin-positive cells were detected in our analysis (data not
shown), which might be consistent with reports that tumor
microvessels often lack a lining of smooth muscle cells unlike
normal vessels. To determine whether the TICs secrete VEGF in
our xenograft tumor model, we counterstained the GFP-positive
cells of Colon38 tumor with anti-VEGF antibody. As shown in
Fig. 6B, VEGF was expressed in the GFP-positive, bone marrow—
derived infiltrating cells in our xenograft tumors (Fig. 6B). To clarify
the effect of blocking CXCR4 on VEGF expression, the VEGF
concentrations in the tumors were determined using ELISA and
compared between the groups treated with CXCR4-neutralizing
antibody and control antibodies. As shown in Fig. 6C, the VEGF
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Figure 5. CXCR4 neutralization decreased the intratumor blood flow in vivo.
A, representative images of blood flow in tumor tissues from the LDPI system.
Arrow, s.c. tumor (top). The average flow in closed areas was measured as the
intratumor blood flow (bottom). B, blood flow in s.c. Colon38 and PancO2
tumors treated with CXCR4-neutralizing antibody was decreased in comparison
with the control tumors (n = 7). *, P < 0.01; **, P < 0.001. The blood flow in s.c.
Colon38-siCXCR4-derived or Colon38-siRenilla-derived tumors was also
estimated (n = 5; P > 0.5).

A
Cc
n.S.
400 i 1
%, 300
R
& 200
H
100
0
IgG anti- IgG anti-
CXCR4 CXCR4
Colon38 Panc0O2
D
anti-
CXCR4

Figure 6. Neutralization of CXCR4 did not change the VEGF concentration in
the Colon38 and PancO2 tumors. A, Colon38 tumor tissue of GFP-BMT mice
was immunostained with anti-Mac3 antibody. Some of the GFP-positive
infiltrating cells were Mac3 positive (arrow). Bar, 10 um. B, Colon38 tumor of
GFP-BMT mice was counterstained with anti-VEGF antibody. VEGF expression
(red) was seen in the GFP-positive, bone marrow—derived infiltrating cells in our
xenograft tumors (arrow), Bar, 10 um. C, concentration of VEGF was
determined by ELISA assay in the tumors on day 14 following five antibody
injections and was compared between the groups treated with anti-CXCR4-
neutralizing antibody and with control antibodies (n = 7). D, no major change in
the number of perivascular bone marrow-derived GFP-positive cells in the tumor
tissues treated with CXCR4 blockade compared with control tumors. Red, CD31-
positive endothelial cells. Bar, 20 um.

concentration was not significantly affected by CXCR4 neutraliza-
tion. These findings suggest that the suppression of angiogenesis by
the neutralization of CXCR4 is not attributable to a change in the
VEGF concentration and that VEGF secretion does not always
depend on CXCR4-positive TICs. Indeed, the blockade of CXCR4
did not cause a major change in the number of perivascular bone
marrow—-derived GFP-positive cells in the tumor tissues (Fig. 6D).
Inflammatory cells that infiltrate tumors have been reported to
express various angiogenic factors. It has been suggested that the
cells producing vascular mitogens can be mobilized by other
mechanisms independent of SDF-1/CXCR4 signaling. Furthermore,
because the SDF-1/CXCR4 axis is indispensable for hematopoietic
stem cell homing (8), the inhibition of this interaction might impair
bone marrow hematopoiesis. To exclude the possibility that the
decrease in tumor perfusion measured in mice treated with
CXCR4-neutralizing antibody was caused by anemia, which can
result in the underestimation of intratumor blood flow by the LDPI
system, the peripheral blood cell counts were determined for each
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group {Table 1). The peripheral blood cell counts were not
significantly different between the groups, which indicated that
CXCR4 antibody did not induce a critical suppression of the bone
marrow under our experimental conditions.

Discussion

In this study, we showed that the SDF-1/CXCR4 axis, which is
indispensable for hematopoiesis and angiogenesis in the embryo
(20, 40), plays a pivotal role in tumor progression through promoting
tumor neovascularization. Our findings might provide new insight
on the significance of the SDF-1/CXCR4 axis in local tumor
progression. The reported ability of CXCR4 neutralization to block
the growth of metastatic lesions might be mediated in part by this
inhibition of angiogenesis. Although this antigrowth effect is
independent of CXCR4 expression by cancer cells, based on the
results of small interfering RNA experiments, this does not
contradict the recent reports that in vivo breast cancer growth
was dependent on CXCR4 (41). The significance of the SDF-1/CXCR4
axis for cancer cell growth in vivo could differ by cancer cell type. For
example, the CXCR4 expression of gastrointestinal tumors might be
less than that of breast cancer. In addition, another mitogenic
signaling pathway could compensate for the growth disadvantage by
inhibiting the SDF-1/CXCR4 axis in gastrointestinal tumors. Indeed,
oncogenic mutations of the K-Ras or B-Raf genes that strongly
induce hyperproliferative capacity are often reported in gastroin-
testinal tumors. Importantly, the anticancer potential of the CXCR4-
blocking strategy may be effective for a broad spectrum of cancers.

During tumor progression, infiltrating cells produce several
potent angiogenic growth factors, cytokines, and proteases (38, 39).
The recruitment and infiltration of circulating cells are mediated
by members of the chemokine family of chemoattractive cytokines.
In our murine tumor models, the neutralization of CXCR4 did not
change the concentration of VEGF in the tumors, suggesting that
other chemokine systems function in the recruitment of VEGF-
secreting cells. Although the capillary density was lower in anti-
CXCR4-treated tumors in spite of unchanged VEGF concentrations,
our data do not exclude the significance of VEGF in tumor
angiogenesis. Our results indicate that the SDE-1/CXCR4 axis does
not always regulate tumor angiogenesis in a VEGF-dependent
manner; for example, the SDF-1/CXCR4 axis might contribute to
functional vascular establishment by the regulation of endothelial
tube formation (1).

Recently, circulating endothelial progenitor cells mobilized from
bone marrow have been detected in the peripheral blood of several
species and shown to be involved in neoangiogenesis in tumors as
well as in the formation of new vessels after trauma, burn injury,

and myocardial infarction (16-18). We have already documented
the roles of bone marrow-derived vascular progenitor cells in
vascular remodeling using the original reconstituted bone marrow
mouse model (27, 30). In the present study using Colon38 and
Panco2 cells, bone marrow-derived endothelial cells were infre-
quently detected in the capillaries of the tumors. However, our
findings do not exclude the possibility that SDF-1/CXCR4 axis
neutralization inhibits bone marrow-dependent tumor vasculo-
genesis, as is the case for embryonic vasculogenesis (42), because
peripheral blood-derived late-outgrowth colonies expressed
CXCR4 (Fig, 4C; ref. 43). The proportion of bone marrow-derived
endothelial cells incorporated during neovascularization might
differ among tumor types (44, 45) or might be influenced by the
local expression profiles of various cytokines or growth factors (46).
A recent study reported that in vivo expression of SDF-1 in
ischemic tissues and CXCR4-positive progenitor recruitment were
enhanced by the transcription factor hypoxia-inducible factor-1
(HIF-1; ref. 47). In another report, the metastatic ability of cancer
cells was regulated by HIF-I1-dependent CXCR4 expression (48).
These findings suggest that HIF-1 expression in tumors might
affect the recruitment of CXCR4-positive endothelial progenitors.
Therefore, the degree of angiogenic inhibition by CXCR4 neutral-
ization might increase in proportion to the contribution made by
the recruitment of bone marrow-derived CXCR4-positive progen-
itors. Further experiments should be conducted in tumors of
different origins to analyze the variation in the contribution of
bone marrow~dependent vasculogenesis to tumor angiogenesis
and the antitumor effects of the blockade of CXCR4.

Inhibitors of angiogenesis, such as anti-VEGF antibody, are
expected to be able to suppress the advancement of tumor growth
(49, 50). Treatment with bevacizumab, a monoclonal antibody
against VEGF, in combination with fluorouracil/leucovorin treat-
ment resulted in higher response rates and longer median survival
times than treatment with fluorouracil/leucovorin alone (51).
Moreover, because neovascularization processes are not continu-
ously active in adult tissues, the targeting of vasculogenic reactions
would be a relatively tumor-specific therapy (52). In contrast to the
strategies employed by many anticancer drugs, strategies that target
specific molecules might induce selective effects against cancer
tissues. For example, the actions and interactions of endothelial
cells and pericytes in tumors are qualitatively different from those
in normal tissues (53), which might permit the specific targeting of
the tumor vasculature. Indeed, SU6668, an inhibitor of VEGF and
PDGF receptors, disrupted the association of pericytes with
endothelium and reduced the vascularity in tumor tissues only (54).

Our experiments showed that injection of anti-CXCR4 antibody
caused no critical bone marrow suppression or ischemic event.

Table 1. Peripheral blood cell counts in mice treated with normal IgG or anti-CXCR4 antibody

Treatment Cancer ceill type RBC (x10,000/mm?) Hemoglobin (g/dL) WBC (/uL)
Normal IgG Colon38 878 + 33 143 £ 0.52 3367 + 376
Anti-CXCR4 Colon38 901 + 28™ 145 + 035" 3200 + 1738
Normal IgG PancO2 802 + 46 142 + 0.18 2233 + 376
Anti-CXCR4 PancO2 853 + 38 13.8 + 0.45™ 3133 + 286™°

treated mice.

NOTE: Peripheral blood cells were counted on day 14 after tumor inoculation (n = 3 for each group). NS, not significantly different versus normal IgG-
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Based on owr data, the inhibition of vasculogenesis by CXCR4
neutralization might be cooperatively effective against tumors in
combination with other angiogenic inhibitors, such as anti-VEGF
antibody or chemotherapeutic drugs. In the future, combined
strategies that include targeting SDF-1/CXCR4 might be promising
anticancer therapies against a broad spectrum of cancers.
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Abstract

The activation of Hedgehog (Hh) signaling has been impli-
cated in the growth of various tumor types, including gastric
carcinoma. However, the precise mechanisms of Hh activation
and suppression of tumor growth by the blockade of Hh
signaling in gastric carcinoma cells remain unknown. The aim
of this study was to elucidate the mechanism of abnormal Hh
signaling and the key molecules contributing to dysregulated
growth of gastric carcinoma. The Sonic hedgehog (Shh) ligand
and its receptor Patched were expressed in all five gastric
carcinoma cell lines examined (MKNI, MKN7, MKN45, MKN74,
and AGS cells). The blockade of Hh signaling with anti-Shh
antibody inhibited the growth of all five gastric carcinoma cell
lines. Shh was overexpressed (mean, 12.8-fold) in 8 of 14
(57.0%) cancerous tissue samples from patients with gastric
carcinoma as compared with expression in the surrounding
noncancerous tissues. The disruption of glioma-associated
oncogene 1 (Glil) by small interfering RNA induced an
increase in p21/cyclin-dependent kinase—interacting protein
1 (CIP1), interfered with the G-§ transition, and suppressed
cell proliferation. The stimulation or imhibition of Hh
signaling did not affect p53 activity and the induction of
p21/CIP1 expression and the G, arrest by inhibition of Hh
signaling were not affected by the p53 status. These findings
suggest that the overexpressiomn of Shh centributes to
constitutive Hh activation and that this signaling pathway
negatively regulates p21/CIP1 through a Glil-dependent and
p53-independent mechanism in gastric carcinoma cells.
(Cancer Res 2005; 65(23): 10822-9)

Introduction

The Hedgehog (I1h) signaling pathway has indispensable roles in
organized cell growth and differentiation in a variety of embryonic
tissues, including limbs, the nervous system, and the digestive tract
(1-5). Hh signaling is also involved in the maintenance of homeo-
stasis in postembryonic tissues by regulating the fates of stem cells
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(6, 7). Recent findings have implicated Hh signaling in the growth
of various tumors (8, 9), such as basal cell carcinoma (10-12),
medulloblastoma (13, 14), small-cell lung cancer (15), digestive
tract tumors (16, 17), prostate carcinoma (18, 19), and breast
cancer (20).

Hh signaling is transduced by a seven-transmembrane-spanning
protein, Smoothened (Smo), the activity of which is suppressed by
the receptor Patched (Ptch). Constitutive-activation mutations in
the smo gene (21) and loss-of-function mutations in the ptch gene
(10, 22) cause abnormal activation of Hh signaling in a ligand-
independent manner in basal cell carcinoma and brain tumors.
By contrast, Hh ligand-dependent abnormal activation has also
been reported in some digestive tumors and prostate carcinoma
(17, 18). Hh signaling is also activated in gastric carcinoma cells
(17, 23); however, the molecular mechanisms underlying this
abnormal activation remain unclear. Cyclopamine, a steroidal
alkaloid that interacts directly with Smo to inhibit Hh signaling,
effectively retards the growth of various tumors, including gastric
carcinoma, indicating that Hh signaling is involved in tumor
growth (15-17, 20). Nevertheless, it remains unclear how the
blockade of Hh signaling leads to tumor growth suppression in
gastric cancer.

This study examined the mechanism of abnormal Hh signaling
in gastric carcinoma cells and sought to identify the key molecules
that contribute to tumor cell growth regulated by Hh signaling. We
showed that the abnormal Hh signaling in gastric carcinoma cells
is caused mainly by the constitutive overexpression of the Sonic
hedgehog (Shh) ligand in the cancer cells themselves. Furthermore,
our data indicate that the Hh signaling pathway negatively
regulates the expression of the cyclin-dependent kinase (CDK)
inhibitor p21/CDK-interacting protein 1 (CIP1) in a glioma-
associated oncogene 1 (Glil)-dependent and p53-independent
manner. Our findings suggest that Shh-Glil signaling contributes to
the acceleration of tumor growth through the negative regulation
of p21/CIP1 expression in gastric carcinoma cells.

Materials and Methods

Cell lines and human gastric tissue samples. Five human gastric
carcinoma cell lines (AGS, MKN1, MKN7, MKN45, and MKN74) and an
embryonic kidney cell line (HEK 293T) were purchased from American Type
Culture Collection (Manassas, VA) or Japanese Riken Cell Bank (Tsukuba,
Japan). Tissue specimens from 14 patients with gastric carcinoma who
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underwent gastrectomies were obtained from the archives of Motojima
General Hospital, Gumma, Japan, after approval from the medical ethics
committee and acquisition of informed consent. The samples of cancerous
and noncancerous gastric tissues (the normal tissue suwrrounding the
tumors) had been collected immediately after gastrectomy, frozen in liquid
nitrogen, and stored at —80°C. Formalin-fixed, paraffin-embedded sections
were examined using H&E staining and immunohistochemistry.

Reagents and blocking antibody. The Smo-specific inhibitor cyclop-
amine (Toronto Research Chemicals, North York, Ontario, Canada;
refs. 16, 24) was dissolved in DMSO. Mouse anti-Shh blocking antibody
(5E1; Developmental Studies Hybridoma Bank, University of lowa, Towa
City, 1A) and control mouse immunoglobulin G (IgG; Sigma-Aldrich,
St. Louis, MO) were used at the concentrations indicated in the text.

Transfection constructs. The Glil expression plasmid pcDNA3/Glil
(25, 26) and the p53 expression plasmid pCXN2/p53 (27) and the respective
empty control plasmids were used. The wild-type Smo expression plasmid
was also obtained and the mutated Smo (pGEN/Smo-W539L), which
activates the Hh signal pathway without stimulation by Hh ligand, was
generated (21, 28). The p53 reporter plasmid containing the Photinus pyralis
(firefly) luciferase gene was purchased from Stratagene (La Jolla, CA). The
pRL-TK control plasmid that expresses the Renilla renjformis (sea pansy)
luciferase gene driven by the Herpes simplex virus thymidine kinase
promoter was also used (Toyo Ink, Tokyo, Japan). The transfection assay
was done using FuGene transfection reagent (Roche, Penzberg, Germany) as
previously described (19).

Construction and transfection of the vector for Glil RNA interfer-
ence. A plasmid expressing a double-stranded small interfering RNA
against the Glil gene was generated from the pcPUR+U6i cassette vector
(pcPUR) as previously described (29, 30). Briefly, a sequence targeting
the Glil gene was selected and sense and antisense oligonucleotides
(5"-CACCGATAGAGCTTTGATCTTTAACGTGTGCTGTCCGTTAAGGAT-
CAAAGTTCTGTCTTTTT-3 and 5-GCATAAAAAGACAGAACTTTGATCCT-
TAACGGACAGCACACGTTAAAGATCAAAGCTCTATC-3, respectively) were
designed to generate a short hairpin RNA. The two oligonucleotides were
annealed to each other and inserted into the pcPUR+U6i cassette vector to
generate the Glil knockdown vector (pc-PUR/siGlil; siGlil). A control
pcPUR vector that produces RNA interference against the green fluorescent
protein (GFP) gene (pc-PUR/siGFP; siGFP) was also used (29). For
transfection, the cells were seeded onto 10-cm dishes and siGlil or the
control vector was added to each dish 24 hours later. The transfected cells
were cultured for 24 hours in the appropriate medium containing 2 pg/mL
puromycin (Wako, Osaka, Japan) followed by an additional 24 hours in
medium without puromycin. Transfected cells were used for proliferation
assays, cell cycle analysis, extraction of total cell lysates for immunoblot
analysis, and preparation of total RNA for reverse transcription-PCR
(RT-PCR) and c¢DNA arrays.

Immunoblotting and immunochistochemistry. Immunoblotting was
done as previously described (31). Mouse anti-Shh (1:1,000), rabbit anti-Glil
(1:250; Chemicon, Temecula, CA), mouse anti-p21/CIP1 {1:1,000; Transduc-
tion Laboratories, Lexington, KY), mouse anti-p27/KIP1 (1:1,000; Transduc-
tion Laboratories), rabbit anti-p53 (1:1,000, Santa Cruz Biotechnology, Santa
Cruz, CA), and mouse anti-B-actin (1:5,000, Sigma-Aldrich) antibodies were
used as the primary labeling antibodies and the appropriate horseradish
peroxidase-conjugated antibodies (1:2,000; Amersham, Uppsala, Sweden)
were used as secondary antibodies. An enhanced chemiluminescence
detection system (ECL-Plus, Amersham) was used for detection,

Immunohistochemistry was done as previously described (16) using anti-
Shh (1:100) and anti-Glil (1:200) antibodies. For the second antibody,
Histofine Simple Stain MAX-PO (Nichirei, Tokyo, Japan), which is an amino
acid polymer coated with goat immunoglobulin (Fab’) and peroxidase, was
used. Endogenous peroxidase activity was blocked using 3% H;0, for 10
minutes at room temperature. Antigen retrieval was achieved by boiling the
tissue in 0.01 mol/L sodium citrate (pH 6.0) for 10 minutes. All of the
primary antibodies were incubated overnight at 4°C. The protein was
visualized by the brown pigmentation produced using the standard 3,3-
diaminobenzidine protocol. All sections were counterstained with hema-
toxylin to visualize nuclei and tissue structure.

Reverse transcription-PCR and quantitative reverse transcription-
PCR analyses. Total RNA was extracted from cultured cells and from frozen
gastric tissue specimens using ISOGEN reagent (NipponGene, Tokyo, Japan).
The extracted RNA was treated with DNase I (Roche) and purified using the
RNeasy MinElute Cleanup kit (Qiagen, Tokyo, Japan). The purified RNA was
reverse transcribed and amplified by RT-PCR using the ImProm-II Reverse
Transcription system (Promega, Madison, WI). The amplifications were
done by denaturation at 95°C for 5 minutes, followed by 32 cycles of
60 seconds each at 95°C, 60°C, and 72°C. The following primer pairs
were used: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5-
GACATCAAGAAGGTGGTGAA-3 and 5-TGTCATACCAGGAAATGAGC-3%
Glil, 5-TGCCTTGTACCCTCCTCCCGAA-3 and 5-GCGATCTGTGATGGAT-
GAGATTCCC-3; Shh, 5-ATGCTGCTGCTGGCGAGATGTCTGCTGCTA-3
and 5~TCAGCTGGACTTGACCGCCATGCCCAGCGG-3; Smo, 5-CTTCAGC-
TGCCACTTCTACGACTT-3 and 5-ACAGAAATATCCTGGGGCAGTATGG-3%
and Ptch, 5"TTCTCACAACCCTCGGAACCCA-3' and 5-CTGCAGCTCAAT-
GACTTCCACCTTC-3.

The quantitative RT-PCR analysis was done also with a PCR mixture
containing 1 pmol/L of each primer and SYBR Green master mix (Applied
Biosystems, Foster City, CA). The amplifications were conducted at 95°C for
10 seconds and 60°C for 60 seconds using the ABI PRISM 7000 Quantitative
PCR system (Applied Biosystems; ref. 32). Each sample was examined in
triplicate and the amounts of the PCR products produced were normalized
with respect to the GAPDH internal control. The following primer pairs
were used: GAPDH, 5~TGGGATTTCCATTGATGACAAG-3 and 5-CCACC-
CATGGCAAATTCC-3} Glil, 5-GGCTGGACCAGCTACATCAAC-3 and 5-TG-
GTACCGGTGTGGGACAA-3; p21/CIP1, 5-CAGGGGACAGCAGAGGAAGA-3
and 5-TTAGGGCTTCCTCTTGGAGAA-%; Ptch, 5-CCACAGAAAACCCCG-
TCTTC-3' and 5-GGTTCGAGGGTGGGTGATG-3; and Shh, 5-GAGCGGA-
CAGGCTGATGACT-3' and 5-CCTGGCCACTGGTTCATCAC-3.

Analysis of gene expression using cDNA array assays. AGS cells were
seeded onto 10-cm dishes, transfected with the siGlil or control plasmid,
and then cultured with puromycin for 24 hours. Seventy-two hours after
transfection, the total RNA was extracted and used for cDNA array analysis
as previously described (33). The cDNA array membranes contained 96
genes that are closely related to the cell cycle (Human Cell Cycle Gene
Array, SuperArray Bioscience, Frederick, MD).

Cell proliferation assay. The cells were seeded onto six-well plates at a
density of 2 X 10* cells per well. Cyclopamine dissolved in DMSO or DMSO
alone was added to some wells at 0 hours. The number of viable cells was
determined in triplicate wells at 24, 48, and 72 hours using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-
Aldrich; refs. 34, 35).

Reporter assay. The p53 reporter assay was done using AGS and MKN1
cells as previously described (27). Briefly, 1 X 10° cells were plated onto a
six-well tissue culture plate 24 hours before transfection, The transfection
complexes containing a total of 0.6 ug of plasmid DNA (0.29 pg of the p53
reporter plasmid, 0.01 ug of pRL-TK, and a total of 0.3 ug of the p53 and Glil
expression plasmids or the empty plasmids) and the FuGene transfection
reagent were then added to each well. Cyclopamine dissolved in DMSO or
DMSO alone was added 24 hours after transfection. The cells were
harvested 48 hours after transfection and luciferase assays were carried out
using the PicaGene Dual Sea Pansy system (Toyo Ink). The firefly and sea
pansy luciferase activities were measured as relative light units with a
luminometer (Lumat LB9507, EG&G Berthold, Bad Wildbad, Germany). The
firefly luciferase activity was normalized to that of the sea pansy luciferase
to control for transfection efficiency. All assays were done at least in
triplicate.

Cell cycle analysis. AGS cells were seeded onto 10-cm dishes and were
cultured for 72 hours under the conditions indicated in the text. The ceils
were harvested by trypsinization, fixed with 70% ethanol, and stained with
propidium iodide before analysis of the DNA content by flow cytometry
(36). The cell cycle phases were analyzed using MultiCycle software
(Beckman Coulter, Fullerton, CA).

Statistics. The results are presented as mean + SE. Comparisons were
made using two-tailed Student’s ¢ test. P < 0.05 was considered statistically
significant.
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Results

The Sonic hedgehog ligand is constitutively expressed and
has an essential role in the proliferation of gastric carcinoma
cells cultured in vitro. The expression of Shh ligand mRNA
was detected by RT-PCR in all five gastric carcinoma cell lines
examined, as was the expression of Pich, Smo, and Glil (Fig. 14).
The expression of Shh protein was also confirmed in all five gastric
carcinoma cell lines but not in HEK 293T cells derived from
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Figure 1. Constitutive expression of Shh induces cell proliferation in gastric
carcinoma cell lines. A, RT-PCR analysis of the expressions of major molecules
involved in Hh signaling, Shh, Ptch, Smo, and Gli1, in the five gastric carcinoma
cell lines. GAPDH gene expression served as an internal control. Control,
samples of total RNA from gastric carcinoma cells without reverse transcription
reaction. B, immunoblot of Shh expression in the five gastric carcinoma cell lines.
C, effects of treatment with anti-Shh blocking antibody or cyclopamine on the
proliferation of AGS cells transfected with either a Gli1 expression vector or
empty vector as determined by MTT assays at 72 hours after seeding. Results of
MTT assays were independently normalized to the appropriate DMSO, IgG, or
empty vector controls. Columns, mean fold changes relative to the control from
three independent experiments; bars, SE. D, quantification of Ptch and Gii1
gene expressions in AGS cells with Hh antibody treatment using quantitative
RT-PCR. Columns, mean of three experiments; bars, SE. *, P < 0.05;

. P <0.01.

Figure 2. Expressions of Shh and Gli1 in gastric carcinoma tissues.
Representative H&E staining {(A) and expressions of Shh (B and C) and Gli1
(D) in gastric cancer tissues. A and B, right, cancer tissue; /eft, noncancerous
tissue. The Shh ligand was expressed mainly in the cytoplasm (C) and Gli1 was
strongly expressed in both the cytoplasm and nuclei (D) of gastric carcinoma
cells. All sections were counterstained with hematoxylin to visualize nuclei and
tissue structure. Magnifications: x40 (A, B), x100 (C), and x200 (D).

embryonic kidneys (Fig. 1B). By contrast, the expression of Indian
hedgehog protein was barely detectable in gastric carcinoma cells
(data not shown). Treatment of AGS cells with anti-Shh blocking
antibody inhibited cell proliferation in a dose-dependent manner
as did treatment with cyclopamine, a specific inhibitor of Smo,
as previously reported (17); conversely, the overexpression of Glil
accelerated AGS cell growth (Fig. 1C). The quantitative RT-PCR
analysis showed that the anti-Shh blocking antibody reduced the
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expression of Glil and Ptch (Fig. 1D), both of which are well-known
target genes regulated by Hh signaling (18). We also confirmed that
the Shh blocking antibody did not affect the growth of HEK 293T
embryonic kidney cells (data not shown), which did not express
Shh. These findings suggest that the Shh-Smo-Glil pathway has
a pivotal role in the growth of gastric cancer cells and that
stimulation of Hh signaling by Shh ligand occurs in an autocrine/
paracrine manner in gastric cancer cells.

Sonic hedgehog is overexpressed in human gastric carci-
noma tissues. To analyze the expression of Shh ligand in normal
and gastric carcinoma tumor tissues collected from patients who
had undergone gastrectomy, sections of cancerous or noncancer-
ous tissues were stained by immunohistochemistry using anti-Shh
antibody. Compared with the expression level in normal tissues,
Shh was constitutively overexpressed in gastric tumors (Fig. 2B
and C). Glil was up-regulated and imported into the nucleus by
activated Hh signaling (20, 37-39); we detected high levels of Glil
in the nuclei of gastric carcinoma cells, as well as in the cytoplasm
(Fig. 2D), suggesting that activated Hh signaling occurs in these
tumors. The quantitative RT-PCR analysis of Shh mRNA expression
revealed that Shh was overexpressed 12.8-fold (range, 0.3- to 78.8-
fold) in 57% of gasiric carcinoma tissues as compared with the
expression level in the surrounding noncancerous gastric tissue
(Table 1). There was no correlation between the level of Shh mRNA
expression and the pathologic or clinical features of the tumor,
including tumor type, size, location, and stage.

Decreased glioma-associated oncogene 1 expression by RNA
interference inhibits the growth of gastric carcinoma cells.
Glil, a downstream transcriptional factor of Shh signal, is
commonly expressed in gastric carcinoma cells and tumor tissues.
To elucidate whether Glil is involved in the proliferation of cancer
cells downstream from the Hh pathway, Glil was stably knocked
down in cultured AGS cells using a Glil-knockdown vector (siGlil).
The reduction of endogenous Glil expression in AGS cells was

confirmed by RT-PCR and immunoblot assays (Fig. 34 and B). The
proliferation assay revealed that Glil knockdown markedly
repressed AGS cell growth (41.0 * 8.0% after 72 hours; Fig. 3D).
Moreover, Glil knockdown led to a significant increase in the
proportion of cells in G; phase (58.2 + 1.1% versus 43.2 + 0.9%, P <
0.01; Fig. 3E) and a significant decrease in the proportion of cells in
§ phase (14.4 + 1.6% versus 30.9 £ 1.6%, P < 0.01) as compared
with the control AGS cells. Similar results were found when AGS
cells transfected with the empty vector were used as the negative
control (data not shown). For further confirmation that this growth
suppression effect of Glil knockdown is attributable to the
blockade of Hh signaling, the growth rate under the coexpression
of siGlil and active Smo-W539L was also examined in AGS cells.
The MTT assay showed that active Smo expression did not
antagonize the tumor growth suppression caused by Glil
knockdown (Fig. 3D). This result indicates that the growth effect
gained by activated Hh signaling is mainly through the Glil protein.
These findings suggest that Glil plays a pivotal role in cell
proliferation through regulation of the G,-S transition and that Glil
is implicated in the Shh-dependent autocrine loop that accelerates
the proliferation of gastric carcinoma cells.

Glioma-associated oncogene 1 knockdown induces an
increase in p21/cyclin-dependent kinase-interacting protein 1
expression in gastric carcinoma cells. To unravel the details of
the molecular systems that are regulated by Hh-Glil signaling
and that contribute to cell proliferation in gastric carcinoma
cells, we used a cell cycle gene ¢cDNA array to examine the
expression profile of genes involved in the difference in the cell
cycle of AGS cells transfected with the siGlil or siGEP control
vector. We noted that the expression of p21/CIP1 mRNA was up-
regulated in cells in which Glil expression was decreased
whereas the expression levels of other CDK inhibitors were not
significantly different (Fig. 44). Analysis using quantitative RT-
PCR and immunoblot assays confirmed that p21/CIP1 expression

with the levels in noncancerous tissues

Table 1. Clinical features of 14 patients with gastric carcinoma and levels of Shh mRNA expression in the lesions compared

Patient no. Age/sex Differentiation* Vascular Tumor-node-metastasis Location ' Tumor size {cm) Shh expression i
invasion classification
1 48/M Mod — TsN M,y C 4 X3 52
2 70/M Por — T3zNeMjy A 3 X2 6.2
3 69/M Pap + TaNeMy B 6 X5 8.2
4 70/M Muc - T,N M, B 3x3 24.2
5 69/F Muc T,NoM, B 5X5 17
6 42/M Sig - TiNeMgy B 2 X 2 0.3
7 60/M Por + TaN1 My B A 8§ X7 1.1
8 69/M Por + T1NoMg C 5%X5 10.0
9 54/M Por + TaoNeMg B 4 X 4 78.7
10 81/M Mod - T1NoMgy C 4 X3 17.1
11 74/F Mod — TiNoMp B 3 X3 195
12 55/M Mod + TyNeMg B 5% 5 1.8
13 48/M Sig + TsN; M, B, A 15 X 13 0.6
14 68/M Mod + TN M, A 7%X6 0.4

tLocation: C, cardia; B, body; A, antrum,

determined by quantitative RT-PCR analysis.

*Mod, moderately differentiated; Muc, mucinous; Pap, papillary; Por, poorly differentiated; Sig, signet ring.

Relative expression ratio of the level of Shh mRNA in the cancerous lesion compared with the level in the surrounding noncancerous tissue as
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Figure 3. Suppression of AGS cell growth induced by Gli1 knockdown. Gli1
expression 72 hours after transfection with the siGli1 vector analyzed by RT-PCR
(A) and immunoblotting (B). Proliferation of AGS cells by siGli1 transfection
(24, 48, and 72 hours after reseeding; C) and by cotransfection with active Smo
expression vector (Smo-W539L) and siGli1 (48 hours after reseeding; D).
Columns, mean fold changes relative to the control from three independent
experiments; bars, SE. **, P < 0.01. £, AGS cells were transfected with the
siGli1 or control siGFP vector, harvested after 72 hours, stained with propidium
jodide, and analyzed by flow cytometry. Representative data from one of three
independent experiments.

was up-regulated at both the mRNA and protein levels by the
knockdown of Glil in AGS cells (Fig. 48 and C). The inhibition
of Hh signaling by cyclopamine treatment similarly increased
p21/CIP1 expression and the transfection with Glil expression
vector suppressed the cyclopamine-induced increase in p21/CIP1
(Fig. 4D). By contrast, the knockdown of Glil did not alter p27/
KIP1 cxpression (Fig. 4C and D) and pl16/INK4a and pl9/INK4d
could not be detected in AGS cells {data not shown). These
results suggest that the negative regulation of p21/CIP1
expression by activated Hh signaling through Glil promotes
growth in gastric carcinoma cells.

The up-regulation of p21/cyclin-dependent kinase-interacting
protein 1 and the cell cycle arrest induced by the blockade of
Hedgehog signaling are p53 independent. The tumor suppres-
sor p53 is a major transcription factor involved in the regulation
of p21/CIP1 expression. We examined the contribution of p53
to the observed up-regulation of p21/CIP1 by the blockade of
Hh signaling in gastric carcinoma cells. Both AGS cells and
MKN45 cells express wild-type p53 (40, 41) whereas MKNI and
MKN74 cells express mutated p53 proteins (V143A substitution
in MKN1 and 1251L and E271A substitutions in MKN74; ref. 41).
Although the inhibition of Hh signaling by cyclopamine
treatment induced an increase in both p21/CIP1 mRNA
(Fig. 54) and protein (Fig. 5B) in AGS, MKN1, MKN45, and
MKN74 cells, it did not affect the expression of p53 in these cell
lines (Fig. 5B). In addition, the luciferase activity in AGS and
MKN1 cells transfected with a luciferase reporter plasmid
containing the p53 response element was not affected by
cotransfection with a Glil expression vector or by cyclopamine

A i
S V0T (B 0 0
O W W (W
A T AT oS oY oV oY
ANARE AN AR NI A
CEEF M
B C
=T 3
2 .
5§ |
z
% — = | p27/KiP1
g
~
5 e woeemmeed | P—ACHiN
=
Yo control siGli1
[ control
B siGlit
D
— o mmee — | p21/CIP1
~~~~~ e e e | p2TIKIPY
B-Actin
+ + - - DMSO
- - + + cyciopamine
+ - + - control
- + - + Gili1

Figure 4. Expression of p21/CIP1 was negatively regulated by Hh-Gii1 signaling
in AGS cells. A, AGS cells were transfected with the siGli1 or control siGFP
vegctor 72 hours before total RNA extraction and cDNA array analysis. B, p21/
CIP1 gene expression level was confirmed by quantitative RT-PCR analysis.
Columns, mean of three experiments; bars, SE. *, P <0.02. C, expression levels
of p21/CIP1 and p27/KIP1 examined by immunocblot assay. D, AGS cells were
transfected with Glit expression vector or empty vector 24 hours before
treatment with cyclopamine (10 umollL). Levels of p21/CIP1 and p27/KIP1
expressions were examined 72 hours after transfection.
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treatment (Fig. 5C). The inhibitory effect of cyclopamine
treatment on cell growth was observed in MKNI1 cells as well
as in AGS cells (Fig. 5D). Cell cycle analysis showed that the
blockade of ITh signaling in AGS cells by cyclopamine treatment
increased the proportion of cells in G, phase (54.3 + 0.2% versus
454 + 0.8%, P < 0.03) and decreased the proportion of cells in §
phase (243 + 08% versus 37.2 + 0.8%, P < 0.01; Fig. 5E).
Similarly, the proportions of MKNI cells in G; and S phase were
increased (785 + 0.1% versus 386 T 04%, P < 0.01) and
decreased (13.0 + 0.1% versus 342 + 02%, P < 0.01),

respectively (Fig. 5E). These results suggest that the increased
expression of p21/CIP1 and the inhibition of the G;-S cell cycle
transition are induced in a p53-independent manner by the
blockade of Hh signaling in gastric carcinoma cells.

Discussion

Although some recent studies have indicated that Hh signaling
is constitutively activated in gastric carcinoma cells (17, 23), the
cancer-specific mechanism of this constitutive activation remains
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unclear. Treatment with the Smo inhibitor has been reported to
be effective for various cancers; however, the molecules involved
in the cyclopamine-induced inhibition of cancer cell growth are
also unknown. This study showed that gastric carcinoma cells
constitutively produced the Shh ligand, thereby activating
downstream signaling both in vitro and in vivo, and that Shh-
Glil signaling negatively regulated the expression of the CDK
inhibitor p21/CIP1 in gastric carcinoma cells.

Several growth signals mediate the accelerated growth of
cancer cells by autocrine loops involving the expressions of both
ligand and receptor by the same cell. The Shh ligand was
constitutively expressed in all of the cultured gastric carcinoma
cell lines we examined; the growth of these cells was inhibited by
anti-Shh blocking antibody as well as by cyclopamine. Moreover,
the overexpression of Shh in gastric carcinoma cells was also
confirmed in many specimens of human gastric carcinoma tissues
collected at gastrectomy. The overexpression of Shh ligand and
the resulting autocrine/paracrine loop might partly explain the
abnormal activation of the Hh pathway in gastric carcinoma cells.
We found no specific correlation between the constitutive
expression of Shh in gastric carcinomas and their clinical
characteristics; consequently, Hh signaling might be one of the
growth regulatory mechanisms involved in the initial stages of
malignant cell transformation. To determine the contribution of
abnormal Ih signaling to carcinogenesis, it is crucial to examine
whether Hh signaling is activated in benign tumors and early-
stage cancers, as well as in progressing tumors.

The results suggest that the oncogene Glil also has a pivotal role
in the proliferation of gastric carcinoma cells. Strikingly, the cDNA
arrays showed that the disruption of Glil expression by small
interfering RNA increased the expression of p21/CIP1 mRNA and
protein. p21/CIP1 can induce G, arrest and block S-phase entry by
inactivating CDKs (42) and the overexpression of p21/CIP1
effectively suppresses tumor growth (43). In addition, defects in
p21/CIP1 increase susceptibility to chemically induced carcinoma
formation (44). These findings imply that Shh-Glil signaling
accelerates the G,-S transition by down-regulating the expression

of p21/CIP1, thereby inducing increased proliferation of gastric
carcinoma cells,

The regulation of p21/CIP1 by Hh signaling in gastric carcinoma
cells was independent of p53. Although the p53 protein is one of
the most important transcriptional factors regulating p21/CIP1
expression (45, 46), Hh signaling did not affect the expression or
activity of p53 and the inhibition of Hh signaling increased p21/
CIP1 expression even in gastric carcinoma cells with mutated p53
genes. It is possible that Hh signaling pathways cross talk with
other signaling pathways, such as those involving MYC, SMAD, and
FOX regulatory and transcription factors (46-48), which repress the
expression of p21/CIP1 in a p53-independent manner in tumor
cells. The relationship between abnormal Hh signaling and change-
of-function mutations in other genes in gastric cancer should also
be examined.

In conclusion, this study showed that Hh signaling may control
cell proliferation through the negative regulation of p21/CIP1
expression in gastric carcinoma cells. Although many details of the
molecular biology of Hh signaling in the digestive tract remain to
be elucidated, a deeper understanding of these pathways may shed
light on the mechanisms of carcinogenesis in gastric tumors and
may lead to the development of novel therapeutic strategies for
gastric carcinomas in the near future.
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In the last few years, cardiac sympathetic dysfunction in Parkinson disease (PD} has
been postulated on the basis of decreased cardiac uptake of sympathoneural imaging
tracers. However, the pathological substrate for the dysfunction remains to be estab-
lished. We examined the left ventricular anterior wall from postmortem specimens with
immunohistochemical staining for tyrosine hydroxylase (TH), neurofilament (NF) and
$-100 protein in PD patients and control subjects, and quantified the immunoreactive
areas. As TH-immunoreactive axons nearly disappeared and NF-immunoreactive axons
drastically decreased in number, the morphological degeneration of the cardiac sym-
pathetic nerves in PD was confirmed. Quantitative analysis showed that sympathetic
nerves were preferentially involved. Triple immunofluorolabeling for NF, TH, and my-
elin basic protein showed clearly the profound involvement of sympathetic axons in
PD. The extent of involvement of the cardiac sympathetic nerves seems likely to be
equivalent to that in the central nervous system, including the nigrostriatal dopami-
nergic system. PD affects the cardiac sympathetic nervous system profoundly as well as

nigrostriatal dopaminergic system.

INTRODUCTION

Parkinson disease (PD) is not only a
disease of the nigrostriatal dopaminergic
system but also a disease of the autonomic
nervous system. Therefore, symptoms of
autonomic dysfunction such as constipa-
tion, orthostatic and postprandial hypoten-
sion, dyshidrosis and bladder dysfunction
occur commonly in PD (32).

Recent awareness of a decrease in car-
diac uptake of ["®I]meta-iodobenzylgua-
nidine (MIBG) on single photon emission
computed tomography (SPECT) or of 6-
['"®F]fluorodopamine (6F-DA) on positron
emission tomography (PET) in PD pa-
tients is now attracting increasing attention
because this decreased uptake is detectable
before other autonomic disturbances are
evident (6, 24, 39). Moreover, this decrease
is of particular clinical importance because
it is usually undetectable in patients with
multiple system atrophy (MSA), progres-
sive supranuclear palsy (PSP) (39) or cor-
ticobasal degeneration (CBD) (23) and
could therefore be helpful in isolating PD

Brain Pathol 2005;15:29-34.

from among the various parkinsonian syn-
dromes.

The decreased cardiac uptake of these
sympathoneural radiotracers may repre-
sent dysfunction of the cardiac sympathetic
system in PD (6). Indeed, our recent im-
munohistochemical study demonstrated
a marked decrease in tyrosine hydroxylase
(TH)-immunoreactive+ axons in the epi-
cardium of the left ventricular anterior
wall in PD patients (22, 25). This patho-
logical finding was considered to represent
the involvement of the cardiac sympathetic
nerves in PD and presumably accounts for
the decreased cardiac uptake of the tracers.
However, it remains to be clarified whether
morphological depletion of the sympathetic
nerves and denervation occurs or whether
they are merely functionally involved, and
whether TH+ axons are selectively affected.

In this case-control study, we observed
neurofilament (NF)-immunoreactive axons
coupled with TH+ axons, and quantified
the frequency of TH+ axons relative to
NF+ axons. In addition, we investigated
their relation to myelin and Schwann cells.

Triple immunofluorolabeling for NE TH
and myelin basic protein (MBP) demon-
strated clearly the profound involvement of
TH+ axons in PD patients.

MATERIALS AND METHODS

Subjects. Cardiac tissue samples obtained
at autopsy from four PD patientsand 5 con-
trol subjects were used in this study. Clinical
diagnosis of PD was based on dopa-respon-
sive parkinsonian symptoms (tremor, mus-
cle rigidity, akinesia and postural instabil-
ity). The postmortem examination revealed
marked neuronal loss and numerous Lewy
bodies in the substantia nigra, locus ceru-
leus and dorsal vagal nucleus. Five control
subjects without parkinsonian symptoms
and signs, primary heart disease, diabetes
mellitus and peripheral neuropathy, were
enrolled. The postmortem examinations
confirmed the absence of Lewy bodies in
the central nervous system. There was no
statistical difference in age between the PD
patients and control subjects. (Table 1)

Immunobistochemical
heart tissue was fixed in formalin at autopsy
within 48 hours after death. Specimens
were obtained from the left ventricular an-
terior wall and embedded in paraffin. The
left ventricular wall was considered prefer-
able for this study because PET or SPECT
studies in healthy subjects show uniformly
high radioactivity there. Four-micrometer
thick sections sliced axially were deparaf-

staining. The

finized and stained with hematoxylin and
eosin (H&E).

We used the following primary anti-
bodies for immunohistochemical staining:
anti-NF (SMI-31, mouse monoclonal,
1:10000 SMI, Baltimore, Md) as a marker
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Threshold F

Figure 1. Procedure formeasuringimmunoreactive areas. A.On an 8-bitgray scale (O:black-255:white) image, several areas with the most intense immunoreactivity
were circled and the mean value of these areas was calibrated to 50 on the 8-bit gray scale. B. In the same way, the mean value of several unstained areas
was calibrated to 255. C. Based on these 2 calibration points, the entire image was transformed linearly into an 8-hit gray scale. D. On the transformed image,
immunostained axonal areas were arbitrarily selected and their average value (AV) and standard deviation value (SD) were calculated. E. The entire image was
then binarized with the threshold defined as the AV+SD. F. Areas with a pixel value below the threshold were judged immunoreactive areas. Extracted areas
were therefore considered reasonable as immunoreactive areas compared with the original digitalized image.

Age at Du\:ation Hoehn and

Case death Gender | of disease Yahr stage Cause of death
(years)

PD1 70 Male 10 5 Bronchitis
PD2 82 Female 10 4 Colon cancer, ileus, sepsis
PD3 83 Female >3 5 Pneumonia
PD4 91 Female 15 4 Pneumonia, chronic lymphocytic leukemia
Control 1 86 Female - Colon cancer
Control 2 89 Male - - Esophageal cancer, pneumonia
Control 3 81 Female - Colon cancer, peritonitis
Control 4 93 Male - - Acute respiratory failure, tracheitis
Control 5 91 Female - - Acute respiratory failure, emphysema

Table 1. Characteristics of patients and control subjects.

for all axons, anti-TH (mouse monoclo-
nal, 1:3000 SIGMA, Saint Louis, Mo)
as a marker for catecholaminergic axons,
anti-S-100 protein (mouse monoclonal,
1:1500 IBL, Gunma, Japan) as a marker for
Schwann cells and anti-MBP (rabbit poly-
clonal, 1:1000 IBL) as a marker for myelin,
An indirect immunofluorescence proce-
dure using the avidin-biotin technique
was employed. The deparaffinized sections
were treated in a microwave oven with ci-
trate buffer 3 times for 6 minutes, treated
with 1% hydrogen peroxide for 30 min-
utes and then incubated with the primary
antibody diluted with phosphate-buffered
saline containing 0.03% Triton-X100 and
the corresponding blocking serum. In order
to reduce background stain and achieve op-
timal signal to noise ratio, we usually take
2 days or longer at 4°C for primary anti-
body incubation wich higher dilution. The

sections were then incubated for 2 hours
with the biotinylated secondary antibody
(anti-rabbit or anti-mouse, 1:1000, Vector,
Burlingame, Calif), followed by avidin-
biotin-peroxidase complex (1:1000 ABC
Elite, Vector). The peroxidase labeling was
visualized with diaminobenzidine-nickel as
chromogen, and then the stained sections
were lightly stained with fast nuclear red
solution.

Quantification procedure. Relatively large
(diameter »50 pm) and round (maximum
diameter/minimum diameter <2) nerve
fascicles in the epicardium were all selected
to quantify the immunoreactive areas. This
elimination of oval fascicles (maximum di-
ameter/minimum diameter >2) allowed us
to avoid quantifying tangentially oriented
axons. The selected fascicles were captured
by a digital camera (D1, Nikon, Tokyo, Ja-
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pan) connected to a microscope (BX-50,
Olympus, Tokyo, Japan) with an objective
x40. The contour of the endoneurium was
traced on a digitizer coupled with a liquid
crystal display (P1-400, Wacom, Saitama,
Japan). On the digitalized 8-bit RGB im-
age of each endoneurium, the area of the
entire endoneurium (fascicle area), TH+
area and NF+ area were measured using a
standardized procedure on software (Adobe
Photoshop 5.5 and NIH-image 1.62) as
shown in Figure 1. Firstly, cach digitalized
image was transformed into an 8-bit gray
scale (0:black-255:white) as follows. Several
areas with the most intense immunoreac-
tivity were selected and the mean value of
these areas was calibrated to 50 on the 8-bit
gray scale. In the same way, the mean value
of several unstained areas was calibrated to
255. Based on these 2 calibration points, the
entire image was transformed linearly into
an 8-bit gray scale. This procedure enabled
us to minimize the difference of bright-
ness among the original digitalized images.
Based on this transformed image, the aver-
age value (AV) and standard deviation value
(SD) of stained axonal areas, which were
arbitrarily selected, were calculated. The
entire image was then binarized with the
threshold defined as AV+SD. Areas with a
pixel value below the threshold were judged
to be immunoreactive areas. Finally the ex-
tracted areas were considered reasonable as
immunoreactive areas compared with the
original digitalized image.



Quantified values from several nerve fas-
cicles from each subject were summed to
yield the tortal fascicle area, total TH+ area
and toral NFE+ area. The ratios of the total
TH or NF+ area to the total fascicle area
(TH/fascicle of NF/fascicle), the ratio of
the total TH+ area to the total NF+ area
(TH/NF) and the difference between the
total TH+ areas and the total NF+ areas
(NF-TH) were calculated for each subject.
Differences in these calculated values be-
tween the PD and control groups were ana-
lyzed with the Mann-Whitney U test.

Triple immunofluorolabeling. Deparaf-
finized sections from a patient and a con-
trol subject were treated in a microwave
oven with citrate buffer 3 times for 6 min-
utes, and then with 2% hydrogen peroxide
for 30 minutes. Firstly, they were incubated
with the anti-MBP antibody (diluted to
1:9000, which is detectable after catalyzed
reporter deposition amplification) at 4°C
for 2 days. They were incubated with anti-
rabbit IgG made from goat conjugated
to horseradish peroxidase (HRP, 1:1000;
Pierce, Rockford, IlI). The HRP signal
was amplified with biotinylated tyramide
(1:1000; Perkin-Flmer, Boston, Mass) and
then visualized with Cy-5 conjugated to
streptavidin - (1:200;  Kirkegaard & Perry,
Gaithersberg, Md). Subsequently, sections
were incubated with a mixture of the anti-
NF mouse monoclonal antibody (1:1000)
and the anti-TH rabbit polyclonal anti-
body (1:100) at 4°C for another 2 days in
the dark. These 2 antibodies were visualized
with a mixture of anti-mouse IgG made
from sheep conjugated with rhodamine
(1:200, Jackson ImmunoResearch, West
Grove, Pa) and anti-rabbit IgG made from
goat conjugated with FITC (1:200, Vec-
tor), which could selectively visualize the
anti-TH antibody because of insufficient
sensitivity to the diluted anti-MBP anti-
body (20, 34).

RESULTS

HEE and immunobistochemical staining
(Figure 2). H&E staining of the sections re-
vealed several nerve fascicles, mostly trans-
verse-sectional, in the epicardium. There
was no apparent difference in the number
and size of those nerve fascicles between the
control and PD groups.

S -

Figure 2. H&E and immunohistochemical staining. A. In the PD patient (

2

PD 1), neurofilament (NF)-

immunoreactive axons (Left) were sparse and tyrosine hydroxylase (TH)}-immunoreactive axons (Right)
were nearly absent. B. The control subject {control 4) showed numerous NF-immunoreactive axons
{Left) and TH-immunoreactive axons (Right). €. Representative nerve fascicle in each patient or control
subject (control 4) were shown. In all patients, NF-immunoreactive axons and TH-immunoreactive
axons drastically decreased in number whereas S-100 protein-immunoreactive structures were equally
preserved. A few myelin basic protein (MBP)-immunoreactive structures were seen in the fascicles of the
epicardium and the number was smaller in patients than in control subjects. Scale bar=100 um.

In the control subjects, numerous NF+
axons were shown in the fascicle. Many
TH+ axons were also seen, although they
were smaller in number than NF+ axons.
S-100 protein+ structures were also numer-

ous, whereas MBP+ structures were com-
paratively sparse.

In the PD patients, NF+ axons were
sparse and TH+ axons were nearly absent.
A few MBP+ structures were seen, but the
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Figure 3. Results of quantification for

immunoreactive areas. Mann-Whitney U tests
were used for the statistical analysis between the
patient (PD) and control group(Control).

number was smaller than in the control
subjects. S-100 protein+ structures were
numerous and equally preserved compared
with those in the control subjects.

Quantitative analysis (Figure 3). In
the control subjects, the ratios of TH/NE
which were in the range of 47% to 97%,
revealed that most of the axons in the nerve
fascicles in the epicardium were immuno-
reactive to TH. Both ratios of TH/fascicle
and NF/fascicle obviously and significantly
decreased in the PD group. The ratio of
TH/NF also significantly decreased in the
PD group. On the other hand, the differ-
ence of NF-TH showed a tendency to be
smaller in the PD group, although it did

not reach statistical significance.

Triple immunofluorolabeling (Figure 4).
In the control subject (Figure 4B), numer-
ous NF+ axons (red) were observed in nerve
fascicles and most were immunoreactive to
TH (green). MBP+ structures (blue) were
sparse, and some surrounded TH+ axons
as well as TH- axons. In the PD patient
(Figure 4A), a fairly small number of NF+
axons and fewer MBP+ structures were rec-
ognized but TH+ axons were absent.

DISCUSSION

In the last few years, cardiac sympathetic
dysfunction in PD has been revealed by
the decreased cardiac uptake of sympatho-
neural tracers detected in SPECT or PET
studies. We recently reported a marked de-
crease in TH+ axons in PD patients based
on histological examination of the epicar-
dium of the left ventricular anterior wall.
Furthermore, in this case-control study, we
expanded this observation by quantifying
TH+ axons and NF+ axons in a series of
patients with or without PD.

Figure 4. The nerve fascicles in the epicardial spaces immunofluorolabeled with anti-NF (red), anti-TH (green)

and anti-MBP (blue) antibodies. A. PD patient. B. Control subject. In PD (A), TH-immunoreactive nerve
fibers almost disappeared, and NF-immunareactive nerve fibers and MBP-immunoreactive structure
were markedly decreased. In the control subject (B), most NF-immunoreactive nerve fibers were also
immunoreactive to TH (yellow), and, some were surrounded by MBP-immunoreactive structures (arrow

in B). Scale bar=50 um.

Immunohistochemical staining revealed
that the nerve fascicle in the epicardium
contains a large number of TH+ axons in
normal individuals. The high proportion of
TH/NF in quantitative analysis indicated
that TH+ axons occupy more than half of
all axons in each fascicle. This TH+ domi-
nant proportion is consistent with the pre-
viously reported ratio of catecholaminergic
axons to cholinergic axons in the ventricu-
lar myocardium (2, 11). TH is a rate-limit-
ing enzyme in catecholamine synthesis. The
presence of TH in an axon is considered to
indicate that the axon is catecholaminergic,
and it has been used as a marker for locat-
ing presumptive sympathetic neural tissue
(18). Recent studies demonstrated that TH
could be also present in non-sympathetic
tissue, such as the cranial parasympathetic
ganglia of rat (9) or human cardiac ganglia
(31), while its functional relevance in re-
lation to the nature of rthe axons remains
speculative, The existence of TH, therefore,
is unable to prove conclusively by itself that
the tissue is sympathetic. However, in the
myocardium, noradrenalin is the dominant
species among catecholamines (21, 28) and
its tissue concentration is drastically reduced
after stellectomy in rats (14, 27) and guinea
pigs (7). This suggests that TH+ axons in
the epicardium of the left ventricle presum-
ably represent sympathetic axons, mainly
noradrenergic axons originating from the
cervico/thoracic sympathetic ganglia. The
disappearance of TH+ axons in transplant-
ed human hearts (30, 37) also indicates that
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TH+ axons are extrinsic, and is compatible
with this interpretation.

The immunohistochemical staining for
NF and TH showed a drastic decrease of
NF+ axons and a more profound decrease
of TH+ axons in PD. This finding indicat-
ed not merely the loss of the catecholamine
synthesis enzyme, TH, but also the deple-
tion of the sympathetic axons themselves.
It means that the cardiac sympathetic
nerves are morphologically degenerated.
This offered new morphological evidence
for the involvement of the cardiac sympa-
thetic nerves in addition to the functional
evidence that had been shown by PET or
SPECT studies.

The near complete disappearance of
TH+ axons and significant decrease in TH/
NF in the PD group show that the sym-
pathetic nerves were profoundly and pref-
erentially involved in PD patients. On the
other hand, NF-TH, that represents TH-
axons, tended to be less frequent in PD,
although the difference was not statistically
significant. It is therefore possible that TH-
axons are not involved. The PD related-
depletion of TH- axons, if present, could
have been overlooked because of the small
number of TH- axons, leaving the possibil-
ity that the non-catecholaminergic axon is
also involved in PD. Although the origin
and nature of these non-catecholaminergic
axons remain speculative, they may be from
intrinsic neurons where Lewy bodies were
pteviously found (10, 36).

According to PET or SPECT study, the

extent of involvement in PD seems to vary



in the sympathetic nervous system. De-
creased uptake of the tracers, G6F-DA or
MIBG, was noted only in the heart, the
thyroid gland and renal cortex, and the
decrease in the heart was most prominent
(5, 6, 29, 33). Moreover, there also seem
to be differences among the parts of the
heart. The PET study revealed that 6F-DA
radioactivity was more severely decreased
in the left ventricular free-wall than in the
interventricular septum or the right myo-
cardium (6, 12). Thus, the left ventricular
anterior wall was expected to be one of
the parts where the sympathetic nerve was
most severely affected. We investigated this
part of the heart pathologically and ascer-
tained that the sympathetic nerves nearly
disappeared.

There are several reports quantifying the
TH protein content or TH activity in the
central nervous system on postmortem ex-
aminations in PD. The TH protein content
in PD decreased to 2.7% in the caudate
nucleus, 5.3% in the putamen and 16%
in substantia nigra compared with the con-
trol (17). TH activity decreased to 9.2%
to 27.4% in the caudate nucleus, 4.1% to
21.6% in the putamen, 11.9% to 35.1%
in the substantia nigra, 11.6% to 50.7% in
the globus pallidus and 13% in the locus
ceruleus (13, 16, 19). Our study revealed
that in the epicardium of the left ventricu-
lar anterior wall, TH+ axons nearly com-
pletely disappeared in PD and the TH/fas-
cicle ratio measured by quantitative analysis
decreased to 1.1% of the control. Although
there are differences in the measured object,
it can be said that the cardiac sympathetic
nerves in the left ventricular anterior wall
are affected as much as the dopaminergic
nerves in the central nervous system.

The sympathetic innervation to the ven-
tricular working myocardium is thought to
be mainly through the para-arterial route
in the epicardiam (15), consistent with the
observation that the number of TH+ axons
in the subepicardial area were larger than in
the subendocardial area (11). The nerve fas-
cicles in the epicardium, therefore, presum-
ably contain sympathetic efferent axons
innervating the working myocardium from
the cervico/thoracic sympathetic ganglia.
The depletion of TH+ axons in the epicar-
dium represents the effacement of their dis-
tal axons and terminals, and therefore in-
dicates cardiac sympathetic denervation in
PD. The decreased cardiac uptake of these

tracers is assumed to result from the efface-
ment of these terminals since 6F-DA and
MIBG are taken up by and stored in the
adrenergic nerve terminals as with catechol-
amines (1, 38).

In addition, our study showed small
number of myelinated axons in the epicar-
dium, and the triple immunofluorolabel-
ing unexpectedly demonstrated that some
of the TH+ axons, although very small in
number, were myelinated. The postgangli-
onic sympathetic axons are generally consid-
ered unmyelinated C-fiber (35). Although
the sympathetic afferent nerves consist of
unmyelinated axons, it is uncertain and
doubtful whether they are catecholaminer-
gic. Neurotransmitters in the sympathetic
afferent nerves are presumably considered
substance P or neuropeptide K (26). As
there was a report suggesting the existence
of myelinated sympathetic postganglionic
axons in a cat (3), our observation may in-
dicate that the cardiac postganglionic sym-
pathetic nerve contains tiny numbers of
myelinated axons in humans.

In considering the pathogenesis of PD,
the cardiac sympathetic nerves have not
been emphasized as much as the central
nervous system. This may be due to clinical
absence of cardiac manifestations and the
difficulty in detecting abnormalities. Be-
cause physiological functions of these sym-
pathetic fibers in the myocardium are not
well characterized, it is hard to predict the
outcome after their depletion. Although di-
minished heart rate variability spectral mea-
sures of the variability have been reported
in PD (8), routine electrocardiogram or
ultrasound cardiography usually fail to
Indeed, all
thirty-six PD patients in our previous scudy
with decreased cardiac uptake of MIBG
showed normal left ventricular function by

demonstrate abnormalities.

ultrasound cardiography and most of them
did not show serious arrhythmias and ST
changes by 24-hour Holter electrocardiog-
raphy (24). Among four PD patients in the
present study, asymptomatic second degree
A-V block of Mobitz type was the only
abnormality in cardiac function. Because
decreased cardiac uptake is not necessarily
correlated with the presence of orthostatic
hypotension nor with cardiac dysfunctions
(5, 24), it is possible that near complete
absence of sympathetic axons, first identi-
fied in the present study, is not related to
clinically detectable manifestations. This is

-

in agreement with the observation that left
ventricular functions of transplanted heart
under resting condition are quite normal
even before sympathetic innervation is re-
established (4). However, we should pay
artention that decreased motor activity in
PD patients may allow cardiac abnormali-
ties, even if present, to remain unnoticed.
Awareness of this sympathetic denervation,
however, may raise attention to cardiac
functions in PD patients and give clues
to identify more subtle changes of cardiac
functions so far not detectable but possibly
linked to this sympathetic denervation.

This study demonstrated pathologically
profound involvement in the cardiac sym-
pathetic nervous system, which is catechol-
aminergic in common with the nigrostriatal
nervous system. This may afford a new clue
to clucidating the pathogenesis of PD.
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