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SUMMARY: Pancreatic cancer has a poor prognosis, and treatment strategies based on preclinical research have not
succeeded in significantly extending patient survival. This failure likely stems from the general lack of information on pancreatic
tumor physiology, attributable to the difficulties in developing relevant, orthotopic models that accurately reflect pancreatic
cancer in the clinic. To overcome this limitation, we developed abdominal wall windows suitable for intravital microscopy that
allowed us to monitor angiogenesis and microvascular function noninvasively during tumor growth in vivo. We used two
complementary tumor models in mice: orthotopic (human ductal pancreatic adenocarcinoma, PANC-1, grown in the pancreas),
and ectopic (PANC-1 grown in the abdominal wall). We found that orthotopic PANC-1 tumors grew faster than the ectopic tumors
and exhibited metastatic spread in the late stage similar to advanced pancreatic cancer in the clinic. Orthotopic PANC-1 tumors
expressed vascular endothelial growth factor (VEGF)121 and VEGF165, contained higher levels of tumor cell–derived VEGF protein,
and maintained vascular density and hyperpermeability during exponential tumor growth. Orthotopic PANC-1 tumors showed
lower leukocyte–endothelial interactions in the early stage of growth. In addition, both VEGF121 and VEGF165 promoted the
growth of PANC-1 cells in vitro. Finally, Anti-VEGF neutralizing antibody inhibited angiogenesis and tumor growth of PANC-1
tumors in both sites. We conclude that the orthotopic pancreas microenvironment enhances VEGF expression, which stimulates
growth of PANC-1 tumors (compared with ectopic tumors). The mechanism is autocrine and/or paracrine and also is involved in
the maintenance of blood vessels. This comparative system of orthotopic and ectopic pancreatic cancer will provide the rigorous
understanding of pancreatic tumor pathophysiology needed for development of novel therapeutic strategies. (Lab Invest 2001,
81:1439–1451).

P ancreatic cancer is the fifth leading cause of
cancer death in the United States–the five-year

survival rate is 4% (Parker et al, 1997) despite exten-
sive surgery and chemotherapy (Hawes et al, 2000).
The microenvironment of the pancreas and the unique
characteristics of tumors that derive from it presum-
ably contribute to their resistance to treatments. Most
pancreatic cancer preclinical studies in animals are
conducted with ectopic models (ie, tumors grown in
subcutaneous space instead of the pancreas). Al-
though ectopic sites are more easily accessed and
studied, there is accumulating evidence that tumors
have distinct patterns of gene expression and signifi-
cantly different physiologic characteristics depending
on the site of tumor growth (Fidler, 1991; Fukumura et

al, 1997; Hobbs et al, 1998; Kitadai et al, 1995; Pluen
et al, 2001). In addition, a transgenic mouse model for
beta cell carcinoma has been extensively studied
(Hanahan, 1985), and several orthotopic exocrine pan-
creatic tumor models have also been reported (An et
al, 1996; Bruns et al, 1999; Egami et al, 1991). How-
ever, few studies have compared growth- and tumor-
associated antigens between different sites of tumor
implantation (Egami et al, 1991) and systematically
analyzed the pathophysiologic characteristics of pan-
creatic tumors. Angiogenesis is a prerequisite for
tumor growth and metastasis (Carmeliet and Jain,
2000; Folkman, 2000), and physiologic functions of
tumor vessels are important to understand the delivery
and efficacy of therapeutic agents (Jain, 1998). Sev-
eral studies have examined the microcirculation of
exocrine pancreas (Brunicardi et al, 1996; Wayland,
1997), Islet of Langerhans (Brunicardi et al, 1996;
McCuskey, 1997), and pancreatic tumors (Schmidt et
al, 1999). However, little is known about the functional
properties of the vasculature of pancreatic tumors,
especially during their progression. Therefore, studies
that evaluate angiogenesis are powerful tools for un-
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derstanding pancreatic cancer as well as for treatment
design.

Vascular endothelial growth factor (VEGF), a multi-
functional cytokine, is one of the most powerful regu-
lators of tumor vasculature. It not only promotes
angiogenesis by inducing proliferation, migration, and
survival of endothelial cells (Ferrara, 1999), but also
increases vessel permeability (Dvorak et al, 1999) and
leukocyte adhesion (Melder et al, 1996). VEGF is
overexpressed in pancreatic tumors (Terris et al,
1998), correlates with local disease progression
(Itakura et al, 1997), and may be useful as a prognostic
marker for pancreatic cancer (Ellis et al, 1998; Fuji-
moto et al, 1998). Alternative splicing of a single VEGF
gene transcript allows for at least five VEGF protein
isoforms of 121, 145, 165, 189, and 206 amino acids in
humans (Houck et al, 1991, 1992; Poltorak et al, 1997;
Tischer et al, 1991). Different VEGF isoforms may have
distinct functional properties in vivo (Carmeliet et al,
1999). Thus, alternative splicing of VEGF is an impor-
tant mechanism of control of VEGF activities. Never-
theless, little is known about the factors that dictate
which isoforms of VEGF are formed in pancreatic
cancer and what their specific roles are. The expres-
sion of receptors for VEGF was also reported (Itakura
et al, 2000; Von Marschall et al, 2000), suggesting that
VEGF promotes pancreatic cancer cell growth via
autocrine and paracrine mechanisms.

The objectives of this study were (1) to establish an
experimental model to monitor physiologic parame-
ters in normal pancreas and pancreatic tumors, (2) to
characterize growth kinetics and pathology of human
PANC-1 tumors grown within orthotopic and ectopic
environments, (3) to systematically evaluate differ-
ences in vascular functions in these tumors during
growth by intravital fluorescence microscopy, (4) to
determine whether orthotopic and ectopic tumors
express different VEGF splice variants, (5) to quantify
host- and tumor cell–derived VEGF protein levels in
PANC-1 tumors, (6) to determine whether VEGF iso-
forms differentially promote tumor cell growth in vitro,
and (7) to determine the effect of Anti-VEGF antibody
treatment on angiogenesis and tumor growth in ortho-
topic and ectopic PANC-1 tumors. These new models,
as well as the novel findings of the role of VEGF in
pancreatic cancer pathophysiology, should provide
useful information for the design of cancer treatments.

Results

Faster Tumor Growth and Higher Incidence of Invasion
and Metastasis in Orthotopic PANC-1 Tumors

After surgical implantation in severe combined immu-
nodeficient (SCID) mice, PANC-1 cells formed grow-
ing solid tumor masses in both orthotopic (pancreas)
and ectopic (abdominal wall) sites. Tumor take rate
was more than 95% at both sites. Both orthotopic and
ectopic tumors had a white to translucent appearance
with some macroscopically identifiable blood vessels
and thus were clearly distinguishable from surround-

ing normal pancreas or abdominal wall tissue (Fig. 1).
The growth rate of PANC-1 tumors is shown in Figure
2. In the early stage, there was no significant differ-
ence in tumor growth between orthotopic and ectopic
sites. Five weeks after tumor implantation, orthotopic
tumors started growing significantly faster than in an
earlier period. Ectopic tumors started to grow faster 6
weeks after tumor implantation. Orthotopic PANC-1
tumors were significantly larger than the ectopic tu-
mors 5 weeks after tumor implantation and remained
so until the end of the experiments (8 weeks). In the
late stage, orthotopic PANC-1 tumors showed mac-
roscopic invasion of peritoneum, mesentery, spleen,
kidney, and retroperitoneum. Frequent metastases to
the mesenteric lymph nodes and a few metastatic foci
in the liver were also present. Distant metastases in
the brain or lung were not found macroscopically. In
contrast, ectopic tumors showed neither direct inva-
sion into the peritoneal cavity nor any distal
metastases.

Figure 1.
Human ductal pancreatic adenocarcinoma (PANC-1) tumor grown in pancreas
and abdominal wall window preparation. A, Exteriorized pancreas and ortho-
topic PANC-1 tumor. Four weeks after the tumor implantation on the splenic
lobe of pancreas, tumor in the pancreas was exteriorized through an incision
in the abdominal wall. A white to translucent tumor (black arrow), 5–6 mm in
diameter, was seen in the pancreas (white arrows), which is pinkish. B,
Orthotopic PANC-1 tumor in the abdominal wall window. Orthotopic tumor
(white) with blood vessels is shown.
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Orthotopic PANC-1 Tumors Mimic Histologic Features of
Advanced Pancreatic Cancer

Hematoxylin and eosin staining revealed that ortho-
topic PANC-1 tumors were poorly differentiated inva-

sive adenocarcinomas. As shown in Figure 3, there
was no gland-like structure, and extensive tumor cell
invasion into the host pancreas was observed at the
tumor-host interface. As a result of invasion and
growth of the tumor, normal pancreas tissue islands
surrounded by tumor cells were frequently found. It is
noteworthy that significant tissue reaction was present
in the periphery of the orthotopic PANC-1 tumors.
Adjacent to the tumor, large reactive fibromatous
tissue with infiltrating fibroblasts, macrophages, gran-
ulocytes, and monocytes was often observed. On the
other hand, ectopic PANC-1 tumors showed large
central necrosis and many apoptotic cells. At the
tumor periphery, invasion into the host muscle cell
layer and tissue reaction were both observed to some
extent.

Disorganized Blood Vessel Architecture in
PANC-1 Tumors

Newly developed abdominal windows were implanted
into control mice (for normal pancreas) and orthotopic
and ectopic tumor-bearing mice at 4 weeks after
tumor implantation (Fig. 1B). Fluorescein isothiocya-
nate (FITC)-dextran, injected systemically, was used
to visualize blood vessels under epi-illumination (Fig.
4). In the normal pancreas, a regular vascular archi-
tecture was observed. Arterioles were straight, rela-

Figure 2.
Growth of orthotopic and ectopic PANC-1 tumors. Tumor size was measured
by a caliper after laparotomy or skin incision weekly in both orthotopic and
ectopic sites. Five weeks after tumor implantation and later, the orthotopic
tumors were significantly larger than the ectopic tumors. These measurements
were made in at least five animals per group at each time point. *p � 0.05
compared with corresponding ectopic tumor.

Figure 3.
Hematoxylin-eosin staining of orthotopic and ectopic PANC-1 tumor. Left column, Low and high magnification views of orthotopic tumors demonstrate poorly
differentiated invasive adenocarcinoma. Massive tumor cell invasion into the host pancreas and normal pancreas glands surrounded by tumor cells are observed. Right
column, Low and high magnification views of ectopic tumor showed extensive central necrosis and many apoptotic cells.
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tively small in diameter, had high flow rates (compared
with venules), and eventually branched into capillaries.
Capillaries (approximately 9 �m in diameter) formed a

high-density vascular network, which then collected
into postcapillary venules. In contrast, tumor vascula-
ture was irregular and tortuous. Tumor vessels were

Figure 4.
Microscopic images of normal pancreas and PANC-1 tumors. FITC-labeled dextran solution was injected into mouse tail veins for contrast enhancement. Using FITC
fluorescence images, blood vessels in pancreas and PANC-1 tumors were visualized. Upper row, Vasculature of normal pancreas. Arterioles were straight and relatively
small in diameter and branched into capillaries (left). An organized and high-density capillary network was observed in high magnification image (right). Middle row,
Vasculature in orthotopic PANC-1 tumor. In the tumor, blood vessels are larger and tortuous. Vessel density is lower compared with normal pancreas. The distribution
of blood vessels was heterogeneous. Note the avascular region in the low magnification image (left). Lower row, Vasculature in ectopic PANC-1 tumor. Overall, vessel
architecture was similar to that in the orthotopic tumor.
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often larger in diameter, of lesser density, and had an
irregular wall shape and branching pattern. Blood flow
was sluggish and sometimes static. Furthermore, dis-
tributions of blood vessels and flow in the tumor were
spatially and temporally heterogeneous. Some regions
were completely avascular, whereas adjacent regions
were relatively well vascularized. There was no signif-
icant morphologic difference in blood vessels between
orthotopic and ectopic PANC-1 tumors. Overall,
PANC-1 tumors showed chaotic and disorganized
blood vessels, in agreement with previous findings in
other tumors (Fukumura et al, 1997; Jain, 1997; Leunig
et al, 1992).

Stable Vascular Density in Orthotopic PANC-1 Tumors

We determined linear vascular density as a functional
parameter of angiogenesis. Linear vascular density
(cm/cm2) is the total length of functional blood vessels
in a given area. This parameter is inversely propor-
tional to the average diffusion distance between the
blood vessels and the cells. As shown in Table 1,
vessel density was significantly lower in PANC-1 tu-
mors compared with normal pancreas, regardless of
site or size. Vessel density in the ectopic tumors
decreased significantly during tumor growth. On the
other hand, vessel density in the orthotopic tumor
tended to increase during exponential tumor growth.
As a result, vessel density in the orthotopic tumors
was significantly higher than that in the ectopic
tumors.

Stable Blood Flow in Orthotopic PANC-1 Tumors

Although blood flow in both orthotopic and ectopic
tumors was often sluggish and heterogeneous, overall
red blood cell (RBC) velocity in individual functioning
vessels was comparable among the various tumors,
regardless of size or growth site (Table 1). Initially,

ectopic PANC-1 tumor vessels had higher blood flow
rates due to the larger vessel diameters. After further
tumor growth, the flow rate in the ectopic implanta-
tions decreased. In contrast, average flow rate in the
orthotopic tumor vessels was stable over 8 weeks of
tumor growth.

High Vascular Permeability in PANC-1 Tumors

Vascular permeability in PANC-1 tumors was one
order of magnitude higher than that in normal vessels
(Table 1). However, there was no statistical difference
in vascular permeability between different tumor sites
or sizes.

Lower Leukocyte Adhesion in Early Stage of Orthotopic
PANC-1 Tumors

In our pancreatic tumor models, we found that both
leukocyte rolling and adhesion were significantly lower
in the orthotopic tumors than in the ectopic tumors at
the early stages. However, leukocyte adhesion was
significantly increased when the orthotopic tumors
grew further (Table 1). Despite the change in the
number of adherent leukocytes along the vessel dur-
ing tumor growth, total leukocyte flux into the vessels
in the orthotopic PANC-1 tumors remained signifi-
cantly lower than that in the ectopic tumors. In the
vessels examined for leukocyte endothelial interac-
tions, wall shear rates were comparable among the
various tumor sites and sizes.

The Same Splice Variants of VEGF Were Detectable in
Orthotopic and Ectopic PANC-1 Tumors

Using RT-PCR with primers specific to different exons
within the human and mouse VEGF-A genes (Fig. 5A),
we found that the same VEGF-A transcripts (VEGF120/121

and VEGF164/165) were expressed in both orthotopic and

Table 1. Physiologic Parameters in PANC-1 Tumors

Early stage (4 wk) Late stage (8 wk)
Normal

pancreasOrthotopic Ectopic Orthotopic Ectopic

Angiogenesis
Vascular density (cm/cm2) 100 � 14 122 � 12 124 � 17* 77 � 10# 254 � 6
Vessel diameter (�m) 20 � 1 22 � 1 15 � 1*# 20 � 1 9.1 � 0.4

Permeability
Vascular permeability
(�10�7 cm/s)

3.1 � 1.0 4.9 � 1.1 3.1 � 1.0 4.6 � 0.8 0.5 � 0.1

L/E interaction
Rolling rate (%) 31 � 2* 45 � 2 39 � 4 35 � 3
Adhesion (cells/mm2) 48 � 7* 93 � 13 130 � 28# 186 � 50
Total flux (cells/30 s) 13 � 2* 22 � 3 16 � 1* 26 � 4
Shear rate (l/s) 29 � 6 17 � 4 27 � 5 16 � 2

Hemodynamics
RBC velocity (mm/s) 153 � 3 159 � 4 161 � 6 161 � 8 169 � 2
Blood flow (pl/s) 40 � 5 84 � 9* 32 � 4 43 � 5# 9 � 1

PANC, pancreatic adenocarcinoma; L/E, leukocyte-endothelial; RBC, red blood cell.
N � 3–12 for each group.
* p � 0.05 compared with ectopic PANC-1 tumor; # p � 0.05 compared with early stage tumor.
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ectopic PANC-1 tumors (Fig. 5, B and C, Lanes 1
through 4). In addition, we were able to detect one
additional transcript of VEGF-A in the mouse lung and
human brain tissues (Fig. 5B, Lanes 6 and 8, respec-
tively) and its size is in agreement with what we predicted
for VEGF206 (Fig. 5A). Furthermore, because the primer
mR2 recognizes mouse but not human VEGF sequence
(Fig. 5C, Lanes 6 and 7 vs Lane 8), at least some of the
VEGF120/121 and VEGF164/165 transcripts we detected in
these tumors were from cells of host (mouse) origin.
Finally, the presence of human VEGF164/165 (but not
VEGF 189 or VEGF206) in these tumors was confirmed
with another set of primers (mhF3/mhR3; data not
shown). Thus, no qualitative differences in VEGF-A
mRNA splicing were observed over time or between
tumor sites in our models. Although we could distinguish
tumor-derived and host-derived VEGF-A mRNA, the
detection of multiple products in the same PCR reaction
prevented further quantitative analysis of gene expres-
sion in each site from these and quantitative RT-PCR
data (not shown).

Higher Human VEGF Protein Level in the Late Stage
Orthotopic PANC-1 Tumors

It was first necessary to determine the species spec-
ificity of the VEGF detection kits. We confirmed that
the human VEGF kit did not detect either recombinant
mouse VEGF (100 ng/ml) or VEGF in extracts from
mouse embryonic stem (ES) cells (which contain VEGF
by other assays) (Carmeliet et al, 1998; Tsuzuki et al,
2000), but was able to detect human recombinant
VEGF (20–2,000 pg/ml) and VEGF in cultures of hu-
man colon cancer cells LS174T (not shown). Similarly
we established that the mouse VEGF kit did not detect
human recombinant VEGF (200 ng/ml) or VEGF from
human colon adenocarcinoma cells (ATCC, Rockville,
Maryland), but detected mouse recombinant VEGF
(3–500 pg/ml) and VEGF from mouse ES cells. Next,
we measured human- and mouse-derived VEGF in the
tumors (Fig. 6). At the early stages of tumor growth, no
significant difference was seen in host cell–derived
(mouse; Fig. 6B) or cancer cell–derived (human; Fig.

Figure 5.
Vascular endothelial growth factor (VEGF)-A 120/121 and 164/165 splice variants expressed in orthotopic and ectopic PANC-1 tumors. Primer sets were designed
to allow discrimination of the alternative VEGF-A splice variants on the basis of the size of the products obtained by RT-PCR (A). The approximate position of the
sequences with which they hybridize is represented by the vertical arrows. PCR reactions were performed with primer sets VEGFmhF3/mhR1 (B), VEGFmhF3/mR2
(C), and HPRTmhF1/mhR1 (D) using no cDNA (Lane 9) or cDNA prepared from PANC-1 tumors (Lanes 2 through 5: early orthotopic, late orthotopic, early abdominal
wall, late abdominal wall, respectively) or normal tissues (Lane 6: mouse lung; Lane 7: mouse ovary; Lane 8: human brain). The plus (�) or minus (�) sign on the
left of each diagram indicates detectable or nondetectable specific splice variants, respectively. Primer sets mhF2/hmR1 (from a region conserved among all VEGF-A
variants) and mhF3/mhR3 (to discriminate between exon 7–containing variants) were also used as further controls (data not shown). Product sizes were compared
with known markers: PCR marker (Lane 1), pGEM (Lane 10), and 1kb ladder (Lane 11). The drawing is not to scale.
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6A) VEGF between implantation sites. However, in
late-stage tumors (8 weeks), orthotopic PANC-1 tu-
mors had significantly higher levels of cancer cell–
derived VEGF than the ectopic tumors (Fig. 6A); such
a difference was not noted in host-derived VEGF. In
addition, although both cancer cell–derived (human)
and host cell–derived (mouse) VEGF levels seemed to
increase over time, this increase was only statistically
significant in orthotopic tumors. Finally, the relative
contribution of cancer cells to the production of VEGF
protein was significantly higher than the contribution
of the host in these models.

Both VEGF121 and VEGF165 Induce PANC-1
Cell Proliferation

3-(4, 5-dimethythiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) assays showed that both VEGF121 and
VEGF165 at 5 ng/ml significantly increased PANC-1
cell proliferation under serum deprivation and these

effects were reversed with the administration of anti-
human VEGF neutralizing antibody (Fig. 7). Cell prolif-
eration induced by each VEGF isoform (in the absence
of serum) was significantly higher than in serum-free
culture (with no VEGF added) at 48 hours of incuba-
tion. Both human VEGF isoforms (VEGF121 and
VEGF165) and murine VEGF isoforms (VEGF120 and
VEGF164) showed similar effects on PANC-1 cell pro-
liferation at 1 ng/ml and 10 ng/ml (not shown). Addition
of Anti-VEGF neutralizing antibody consistently abro-
gated the effect of VEGF.

Anti-VEGF Neutralizing Antibody Inhibits Angiogenesis
and Tumor Growth

To ascertain the role of VEGF in modulating the
pathophysiologic characteristics of orthotopic and ec-
topic tumors, we treated PANC-1 tumors grown in
different sites with Anti-VEGF neutralizing antibody.
We started the treatment at 4 weeks after tumor
implantation and continued the treatment for 4 weeks.
As shown in Figure 8, Anti-VEGF antibody (Ab) treat-
ment significantly reduced vascular density in the
orthotopic tumors. Furthermore, Anti-VEGF Ab–
treated tumors in the orthotopic and ectopic sites had
comparable vessel densities. Vessel diameter in the
ectopic tumors was significantly smaller in Anti-VEGF
Ab–treated group than in the control Ab–treated
group. Under the control Ab treatment, both ortho-
topic and ectopic tumors grew significantly in 4 weeks
(Fig. 9). However, the tumors did not grow significantly
during Anti-VEGF Ab treatment regardless of the
growth site.

Discussion

We have established a novel system for pancreatic
cancer studies that allowed us to monitor and compare
tumor growth and its physiologic parameters in ortho-

Figure 6.
ELISA for VEGF protein expression in orthotopic and ectopic PANC-1 tumors.
Tumor-derived human VEGF and host-derived mouse VEGF were determined
by ELISA specific to human and mouse VEGF, respectively. A, Tumor-derived
human VEGF. VEGF level was higher in the late stage (8 weeks after tumor
implantation) than in the early stage (4 weeks after tumor implantation). In the
late stage, the orthotopic tumors exhibited higher VEGF levels than the ectopic
tumors. B, Host-derived mouse VEGF. Host stromal cell–derived VEGF also
increased with tumor growth. However, the magnitude of host-derived VEGF
was one order of magnitude lower than tumor-derived VEGF. n � 3 for each
group. *p � 0.05 compared with corresponding ectopic tumor. #p � 0.05
compared with corresponding early stage tumor.

Figure 7.
Effect of VEGF isoforms on PANC-1 cell proliferation. The effect of VEGF on
tumor cell proliferation was assessed by 3-(4, 5-dimethythiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) dye reduction assay. Relative changes of
optical density to the corresponding baseline values are presented. *p � 0.05
compared with 0% serum. #p � 0.05 compared with corresponding VEGF
administration.
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topic and ectopic environments. We found that PANC-1
tumors grow more favorably within the pancreas (ortho-
topic site) than on the exterior surface of the abdominal
wall (ectopic site), consistent with previous reports that
orthotopic tumor xenografts grow faster than tumors
implanted in ectopic sites such as subcutaneous spaces
(Egami et al, 1991; Fidler, 1991). In patients, pancreatic
adenocarcinoma spreads via direct invasion into the
retroperitoneal area or adjacent organs, or by peritoneal
dissemination and metastases to mesenteric lymph
nodes and the liver in the advanced stage (Ellenrieder et
al, 1999; Hawes et al, 2000). Indeed, in the late stages (8
weeks after implantation), orthotopic PANC-1 tumors
showed these same clinical features. In addition, our
orthotopic tumors spread less often by lymphatic me-
tastasis than by blood-borne metastasis to the liver.
These features are also consistent with pancreatic can-
cer in the patients. On the other hand, the ectopic tumors
showed less invasion and virtually no metastases. It is
the invasive, highly metastatic primary tumors that are
likely to kill patients; our orthotopic model has these
characteristics and is likely to affect our understanding of
patients’ response to treatments (Fidler et al, 1994).

VEGF is one of the most potent angiogenic factors
overexpressed in various solid tumors, including pan-
creatic cancer (Ferrara, 1999). In this study, we found
that VEGF protein levels increased with tumor growth
in both orthotopic and ectopic PANC-1 tumors. More
importantly, VEGF in late-stage orthotopic tumors was
significantly elevated (5-fold higher than the early
stage tumors and 3-fold higher than the ectopic tu-
mors in the late stage). We also found that the ortho-
topic tumors exhibited stable vascular density and
blood flow during growth, whereas the ectopic tumors
lost significant levels of both vascular density and
blood flow during the exponential growth phase. Ac-
tual tumor growth rate increased in the later stages;
therefore, angiogenesis had to accelerate to maintain
a constant vascular density. This suggests that in-
creased VEGF supported active vessel growth and
maintained blood supply during exponential tumor
growth in the orthotopic tumors. On the other hand,
the VEGF levels may not be high enough to maintain
vessels and blood supply in the ectopic tumors,
resulting in central necrosis. Differences in vascular
densities between sites could be due to variability in
the local levels of angiostatic factors such as endosta-
tin and transforming growth factor (TGF)-�1 (Gohongi
et al, 1999), organ-specific characteristics of tissue
extracellular matrices, and other angiogenic factors
such as fibroblast growth factor. Interestingly, total
tissue VEGF protein levels in PANC-1 tumors were
1–6 ng/mg protein. These values are 2- to 10-fold
higher than those in subcutaneously growing sarco-
mas or ES cell–derived teratomas (Tsuzuki et al,
2000). However, vascular densities in PANC-1 tumors
were comparable or even lower than in these tumors
(60–150 cm/cm2). These results again suggest that
pancreatic tumors produce endogenous antiangio-
genic factors. Alternatively, the angiogenic response
of the endothelium to VEGF may be host organ–
dependent. Indeed, endothelial cells have organ-
specific phenotypes and specialized properties (Car-
meliet and Jain, 2000; Ruoslahti and Rajotte, 2000).
Finally, the metabolic organ microenvironment and its
interaction with neoplastic cells may modulate the
VEGF response in vivo.

The permeability of PANC-1 tumor vasculature at both
sites was significantly higher than in normal pancreas.
However, we were surprised to observe no significant
differences in vascular permeability between tumor sites
or in various stages of growth, especially since the
orthotopic tumors had higher VEGF protein levels. One
possible interpretation is that vascular permeability
might reach an organ-dependent plateau at a certain
VEGF level (Jain and Munn, 2000; Monsky et al, 1999;
Tsuzuki et al, 2000). Furthermore, differential expression
of other regulators of vessel permeability, such as the
Angiopoietins-Tie system, may be involved (Jain and
Munn, 2000).

Through the use of reagents that make total mouse
and human VEGF distinguishable (ie, independently of
its isoforms), we found that PANC-1 tumor cells are
the major contributor to VEGF production in our pan-
creatic tumor models. However, it is noteworthy that

Figure 8.
Effect of Anti-VEGF antibody (Ab) on angiogenesis in PANC-1 tumors. PANC-1
tumors were treated with Anti-VEGF Ab or control Ab for 4 weeks. Vascular
density and diameter were determined by intravital microscopy. *p � 0.05
compared with corresponding control Ab-treated group.
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the amount of VEGF produced by host stromal cells in
pancreatic tumors is comparable to VEGF production
by host stromal cells in subcutaneously growing tera-
tomas (Tsuzuki et al, 2000). Whereas VEGF production
from nonneoplastic cells is determined by microenvi-
ronmental characteristics, such as tissue oxygen level,
pH, and cytokines, neoplastic cells have additional
induction mechanisms through oncogene activation
(Izuishi et al, 2000) or other gene mutations. Thus,
advanced stage pancreatic tumors express large
amounts of VEGF, which can lead to increased angio-
genesis, invasion, metastasis, and poor prognosis
(Dvorak et al, 1999; Ferrara, 1999).

In normal tissue, the expression of VEGF receptors
such as flt-1 and flk-1 is thought to be vascular
endothelial cell–specific (Ferrara, 1999). However,
some tumor cells do express these receptors, includ-
ing the PANC-1 cell line, which expresses Flt-1
(Itakura et al, 2000; Von Marschall et al, 2000). Here,
we showed that both VEGF121 and VEGF165 induced
PANC-1 cell proliferation in vitro and this effect was
reversed by antihuman VEGF antibody. Thus, in addi-
tion to promoting the recruitment of blood vessels, at
least two VEGF isoforms induce tumor cell prolifera-
tion directly and could aggressively promote invasion
and metastasis in pancreatic cancer through auto-
crine/paracrine mechanisms. In addition to VEGF/
VEGFR, other autocrine growth-promoting systems,
such as EGF-EGFR and TGF�-TGFR-II that are dis-
regulated in pancreatic cancer cells, may be involved
as well (Friess et al, 1995).

The Anti-VEGF neutralizing antibody used in this
study is currently in clinical trials for various malignant
tumors. In addition, various approaches for blocking
VEGF-receptor signaling pathways, such as soluble
Flt-1 protein, anti-Flk-1 receptor antibody, and syn-
thetic compounds that inhibit phosphorylation of
VEGF receptors, have been extensively investigated in
both experimental and clinical settings. Our results not
only confirm the role of VEGF in the maintenance of
blood vessels and tumor growth of orthotopic PANC-1

tumors, but also strongly support the use of Anti-
VEGF strategies for the treatment of patients with
pancreatic cancer.

In summary, our orthotopic PANC-1 tumor model
presents features of advanced pancreatic cancer in
humans. The ability to study the kinetics of tumor
growth along with intravital observation of functional
vascular density revealed that orthotopic tumors grow
faster than ectopic tumors. Presumably this is be-
cause of stable vascular density, regardless of the
tumor size, and higher VEGF levels that induce angio-
genesis and tumor cell proliferation via both direct and
indirect mechanisms. Our model for pancreatic cancer
allows time-course studies using a novel abdominal
wall window and permits careful comparison of tu-
mors in orthotopic and ectopic sites. The result is a
more rigorous understanding of the pathophysiology
of pancreatic cancer and support for blocking VEGF
as a promising new treatment strategy.

Materials and Methods

Cell Line and Tumor Source Preparation

PANC-1 cells were derived from a poorly differentiated
human pancreatic ductal adenocarcinoma (Lieber et
al, 1975) and were obtained from the American Type
Culture Collection (ATCC) (Rockville, Maryland). Cells
were grown as adherent cultures in DMEM with 10%
FBS in a humidified 5% CO2 atmosphere. Cells were
trypsinized to prepare single-cell suspensions and a
centrifuged pellet containing 1 � 106 cells was then
injected subcutaneously into SCID mice. Tumors were
allowed to grow for 6 to 8 weeks, and then dissected.
Small pieces of viable tumor tissue (approximately 1
mm in diameter) were used as tumor source.

Tumor Implantation

Male SCID mice (25–30 g) were used. All animal
protocols were approved by the institutional animal
care and use committee. The entire procedure was

Figure 9.
Effect of Anti-VEGF Ab on PANC-1 tumor growth. From 4 (Pre Tx) to 8 (Post Tx) weeks after the implantation, PANC-1 tumors treated with Anti-VEGF Ab or control
Ab. *p � 0.05 compared with corresponding pretreatment value.
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performed under sterile conditions inside a gnotobi-
otic animal facility in our department. Mice were
anesthetized with Ketamine and Xylazine (90 mg/9 mg
per kilogram of body weight). The hair on the left flank
was shaved. For orthotopic tumor implantation, a
small left lateral laparotomy was performed. The
splenic lobe of the pancreas was gently exteriorized
from the abdominal cavity. A small piece of PANC-1
tumor was sutured to the serosal side of the pancreas
with a 5–0 prolene (Ethicon, Somerville, New Jersey).
The abdominal wall and the skin were sutured and
closed. For ectopic tumor implantation, the skin of the
left flank was cut, a small piece of tumor was sutured
directly to the outer side of the abdominal wall, and the
overlying skin was closed by a suture.

Measurements of Tumor Growth

Mice bearing orthotopic or ectopic tumors were anes-
thetized and laparotomy or skin incision was per-
formed, respectively. The size of the tumor was mea-
sured by a caliper. Tumor volume was calculated as
�/6 � a � b � c (where a is longitudinal diameter, b is
short diameter, and c is thickness). These measure-
ments were made every week after tumor implantation
(in different animals) with at least five animals per
group for up to 8 weeks. After the tumor size mea-
surements, the mice were killed for subsequent tissue
analysis.

Abdominal Window Preparation

To observe tumor microcirculation, we implanted ab-
dominal wall windows 4 weeks after orthotopic tumor
implantation (tumor size approximately 6–8 mm in
diameter). The skin and abdominal wall over the pan-
creas were reopened, the splenic lobe of the pancreas
(with a growing tumor) was gently exteriorized, and a
portion of normal pancreas was sutured to the outer
side of the abdominal wall. A titanium circular mount
with 8 holes on the edge (15 mm outer diameter, 11
mm inner diameter, and 1 mm thick, custom-made in
our machine shop) was inserted between the skin and
abdominal wall. This method holds the pancreas and
tumor inside the window. Then a circular glass cover-
slip (11.7 mm diameter; Fisher Scientific, Pittsburgh,
Pennsylvania) was placed on top and fixed by a snap
ring. Throughout the procedure, the surface of the
tumor and pancreas was kept moist with prewarmed
buffered saline solution. In a separate set of experi-
ments, we implanted abdominal wall windows for
normal pancreas. We also implanted abdominal wall
windows 4 weeks after the ectopic tumor implantation
(tumor diameter approximately 6–8 mm) by a proce-
dure similar to the orthotopic model.

After window implantation, tumors were monitored
daily and subsequently used for intravital microscopy
studies when tumors reached the desired size. For
intravital microscopy, mice were anesthetized, the tail
vein was cannulated for intravenous injections of fluo-
rescent tracers, and then the mice were placed inside a
plastic tube (25 mm inside diameter) with a slit of 14 mm

� 37 mm wide. The abdominal wall window was fitted in
the slit of the plastic tube and fixed by Transpore tape
(3M, Minneapolis, Minnesota) to minimize the influence
of respiratory movements during measurements. Our
new abdominal wall window model allowed us to mon-
itor tumors up to 10 mm in diameter. For larger tumors (8
weeks after PANC-1 tumor implantation), we used a
specially designed microscope stage to hold tumors
under a microscope (Fukumura et al, 1997). New vessel
formation, blood flow, and various other physiologic
parameters were then assessed by intravital microscopy
with epi-illumination.

Intravital Microscopy

Animals bearing tumors and control animals (for stud-
ies of normal pancreas) were anesthetized and ob-
served by intravital microscopy at 4 weeks and 8
weeks after tumor implantation. Angiogenesis, hemo-
dynamics, vascular permeability, and leukocyte-
endothelial interactions were quantified by intravital
microscopy as previously described (Fukumura et al,
1995; Leunig et al, 1992; Yuan et al, 1993). Briefly, to
visualize the blood vessels, 100 �l of a 10 mg/ml
FITC-labeled dextran solution (MW 2,000,000; Sigma
Chemical, St. Louis, Missouri) were injected intrave-
nously. Fluorescence images of five random locations
of each tumor or normal pancreas were recorded and
digitized for subsequent off-line analysis. Functional
vascular density was measured as the total length of
perfused vessels per unit area of observation field (NIH
Image v.1.6). RBC velocity was measured using tem-
poral correlation velocimetry (Microflow system,
model 208C, videophotometer version; IPM, San Di-
ego, California). Vessel diameter was measured with
an image-shearing device (digital video image shear-
ing monitor, model 908; IPM). Mean blood flow rates
and shear rates of individual vessels were calculated
using vessel diameter and mean centerline RBC ve-
locity, as described previously (Leunig et al, 1992). The
microvascular permeability to BSA was measured
using tetramethylrhodamine-labeled BSA (0.1%, 100
�l; Molecular Probes, Eugene, Oregon), as described
previously (Yuan et al, 1993). Leukocyte rolling and
adhesion in tumor vessels were measured by moni-
toring endogenous leukocytes labeled with a bolus (20
�l) of 0.1% rhodamine 6-G (Rho-6G; Molecular
Probes) in saline, as described previously (Fukumura
et al, 1995).

Histologic Examinations

Tumors grown in orthotopic or ectopic sites were
excised, fixed in formalin, and paraffin-embedded.
Five-micrometer tissue sections were used for hema-
toxylin and eosin staining.

RT-PCR for Profiling of VEGF Splice Variants in Tumors

Preparation of RNA. Tumors were excised, immedi-
ately frozen in liquid nitrogen, and stored at �70° C
until further analysis. Total RNA was isolated from
each tumor using RNAzol B (Tel Test B, Friendswood,
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Texas) following the manufacturer’s protocol. For
complete elimination of DNA contamination, each total
RNA preparation was subsequently treated with DNa-
seI using the Message Clean system (GenHunter
Corporation, Nashville, Tennessee). RNA obtained by
this procedure were typically of high quality as as-
sessed by standard O.D.260/O.D.280 ratio analysis
and denaturing gel electrophoresis. RNA were stored
in aliquots at �70° C at concentrations higher than 1
�g/�l in DEPC-treated water.

Reverse Transcription. RNA were reverse-transcribed
into cDNA using the conditions specified in the TaqMan
RT Reagents System (PE Applied Biosystems, Foster
City, California). Typically, 1 �g of total RNA from each
tumor was reverse-transcribed with oligo d(T)16 primers
in a final reaction volume of 100 �l.

PCR Amplification. The primers used to detect each
splice variant of VEGF-A mRNA (see below and Figure
5) were designed based on (1) the known sequences
and exon-intron structures of mouse and human
VEGF-A genes (mouse and human isoforms differ by
one residue) reported in the GeneBank; (2) their ability
to span intron/exon boundaries (to avoid problems
from possible DNA contamination); and (3) optimal
Tm, minimal hairpin structures, and minimal primer
dimer formation. The design was made with the help
of Primer 3 software (Steve Rozen, Helen J. Skaletsky,
Whitehead Institute for Biomedical Research, 1996,
1997) obtainable as freeware from http://www-
genome.wi.mit.edu/cgi-bin/primer/primer3.cgi. Primer
sequences are as follows (F: forward, R: reverse; m:
mouse; h: human): 5'-GTA CCT CCA CCA TGC CAA
GT-3' (mhF2); 5'-CAC ACA GGA TGG CTT GAA GA-3'
(hmR1); 5'-CTC ACC AAA GCC AGC ACA TA-3'
(mhF3); 5'-TGG CTC ACC GCC TTG GCT-3' (mhR1);
5'-TTA ATC GGT CTT TCC GGT GA-3' (mR2); 5'-AAA
TGC TTT CTC CGC TCT GA-3' (mhR3). We used
hypoxantine-guanine phosphoribosyltransferase as
an internal positive control as previously described
(Carmeliet et al, 1999); the primer sequences were
5'-TTA TCA GAC TGA AGA GCT ACT GTA ATG ATC
(HPRT-F1) and 5'-TTA CCA GTG TCA ATT ATA TCT
TCA ACA ATC-3' (HPRT-R1). Primers were synthe-
sized by Integrated DNA Technologies (Coralville,
Iowa), and the optimal cycling conditions for their use
determined as described in the Taq-Man PCR Re-
agents protocol. Nontumor human and mouse total
RNA used as positive controls (mouse lung and ovary,
and human brain) were obtained from Ambion (Austin,
Texas). Five microliters of each RT reaction (sample),
or of RNA samples that had not been reverse-
transcribed (minus-RT control), were then amplified in
triplicate in 96-well plates following the standard con-
ditions for the Taq-Man PCR kit (PE Applied Biosys-
tems) using an ABI 7700 System (PE Applied Biosys-
tems). Three tumors were used for each data point,
with consistent results, and thus the results shown are
one representative example. The size of the PCR
products was assessed by electrophoresis of 1/10 of
the volume of the RT-PCR reactions on 4% NuSieve
3:1 agarose precast gels (FMC, Rockland, Maine) and
comparison with several DNA ladders (PCR markers

were from Novagen, Madison, Wisconsin; pGEM DNA
marker was from Promega, Madison, Wisconsin; and
1-Kb ladder was from Gibco BRL, Rockville,
Maryland).

ELISA for VEGF

To determine VEGF protein levels, tumors were resected
and immediately frozen in liquid nitrogen. The tissues
were homogenized in 1 ml of 50 mM Tris-HCl buffer pH
7.4 containing 0.25% Triton X-100, 0.5 M EDTA, 0.1%
NP-40 and protease inhibitor cocktail (Completepro-
tease inhibitors; Roche Biochemicals, Indianapolis, Indi-
ana). The entire procedure was performed with the tissue
at 4° C. The total protein level in each sample was
determined by the Standard Lowry Method (Bio-Rad DC
protein assay; Bio-Rad, Hercules, California). Tissue ex-
tracts were diluted with 50 mM Tris-HCl to yield samples
with the same protein concentration. Fifty microliters of
each sample were used to determine VEGF levels.
Mouse and human recombinant VEGF were obtained
from R & D Systems (Minneapolis, Minnesota). Mouse
and human levels of immunoreactive VEGF were quan-
tified using separate Sandwich ELISAs specific to mouse
and human VEGF, respectively (Quantikine Murine and
Quantikine Human VEGF Immunoassay kits; R&D Sys-
tems), according to the manufacturer’s recommended
protocols.

In Vitro Cell Viability Assay

The effect of VEGF on tumor cell proliferation was
assessed by MTT dye reduction assay (Mossamann
and Young, 1983). PANC-1 cells were plated at the
density of 1 � 103 cells/well in 96-well plates in 200 �l
DMEM containing 10% FBS and 1% antibiotics. After
24 hours, the medium was changed to serum-free
DMEM containing 5 ng/ml of recombinant (r) VEGF121,

or VEGF165 (R & D Systems) with or without antihuman
VEGF (Presta et al, 1997) or isotype-matched IgG1 as
a control antibody with the concentrations of 800
ng/ml (Adamis et al, 1996). Anti-VEGF antibody or
control antibody was added to the medium 2 hours
before adding rVEGF protein and cells were grown for
24 hours. Medium was replenished and cells were
grown for an additional 24 hours. After this period,
cells were incubated for 1 hour in DMEM containing
0.42 mg/ml of MTT; the medium was then removed
and the cells were lysed in dimethyl sulfoxide. The
conversion of MTT to formazan by metabolically viable
cells was monitored as a function of the optical
density by a 96-well microtiter plate reader at 570 nm.

In Vivo Anti-VEGF Antibody Treatment

Four weeks after the tumor implantation, orthotopic or
ectopic PANC-1 tumor–bearing mice were given mu-
rine antihuman VEGF neutralizing monoclonal anti-
body A.4.6.1 (a generous gift from Genentech, South
San Francisco, California), 300 �g/mouse every 3
days ip (Presta et al, 1997; Yuan et al, 1996). As a
control, the same amount of nonspecific murine IgG
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was used. The treatments were continued for 4 weeks,
followed by intravital microscopy analysis.

Statistics

Results are presented as mean � SEM. Values of
different groups were compared using a Mann-
Whitney U test (StatView, Abacus, Berkeley, Califor-
nia). Significance was assumed for p � 0.05.
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