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Role of Nitric Oxide in Tumor Microcirculation
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Endothelial Interactions
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The present study was designed to define the
role of nitric oxide (NO) in tumor microcircu-
lation, through the direct intravital microcir-
culatory observations after administration of
NO synthase (NOS) inhibitor and NO donor
both regionally and systemically. More specifi-
cally, we tested the following hypotheses: 1)
endogenous NO derived from tumor vascular
endothelium and/or tumor cells increases
and/or maintains tumor bloodflow, decreases
leukocyte-endothelial interactions, and in-
creases vascular permeability, 2) exogenous
NO can increase tumor blood flow via vessel
dilatation and decrease leukocyte-endothelial
interactions, and 3) NO production and tissue
responses to NO are tumor dependent. To this
end, a murine mammary adenocarcinoma
(MCaIV) and a human colon adenocarcinoma
(LSI 74T) were implanted in the dorsal skinfold
chamber in C3H and severe combined immuno-
deficient mice, respectively, and observed by
means of intravital fluorescence microscopy.
Both regional and systemic inhibition ofendog-
enous NO by No-nitro-L-arginine metbyl ester
(L-NAME; 100 p,mol/L superfusion or 10 mg/kg
intravenously) significantly decreased vessel
diameter and local bloodflow rate. The diam-
eter change was dominant on the arteriolar
side. Superfusion ofNO donor (spermine NO,
100 p,mol/L) increased tumor vessel diameter
and flow rate, whereas systemic injection of
spermine NO (2.62 mg/kg) had no significant
effect on these parameters. Rolling and stable

adhesion of leukocytes were significantly in-
creased by intravenous injection of L-NAME. In
untreated animals, botb MCaIV and LS1 74T tu-
mor vessels were leaky to albumin. Systemic NO
inhibition significantly attenuated tumor vas-
cular permeability ofMCaIV but not of LS1 74T
tumor. Immunohistochemical studies, using
polyclonal antibodies to endothelial NOS and
inducible NOS, revealed a diffuse pattern of
positive labeling in both MCaIV and LSI 74T tu-
mors. Nitrite and nitrate levels in tumor inter-
stitial fluid of MCaIV but not of LS174T were
significantly higher than that in normal subcu-
taneous interstitialfluid. These results support
our hypotheses regarding the microcircula-
tory response to NO in tumors. Modulation of
NO level in tumors is a potential strategy for
altering tumor hemodynamics and thus im-
proving oxygen, drug, gene vector, and effec-
tor cell delivery to solid tumors. (AmJ Pathol
1997, 150:713-725)

Nitric oxide (NO) is a molecule with extremely high
reactivity and a variety of physiological activities.1
There are three isoforms of NO synthase (NOS): endo-
thelial (eNOS), neuronal (nNOS), and inducible (iNOS).
NO released from endothelial cells is considered to act
cytoprotectively because of its ability to improve blood
flow through relaxation of vascular smooth muscle
cells,2'3 inhibition of platelet aggregation,4 elimination
of free radicals,5 inhibition of leukocyte adhesion to the
vascular endothelium,3 and leukocyte migration
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Table 1. Role oj NO in Tumor Microcirculation

Tumor Methods

Hemodynamics
Colon 26
B16 melanoma
KHT sarcoma
RIF-1 sarcoma
SCCVII/Ha carcinoma
P22 carcinosarcoma

R3230Ac
Mammary
adenocarcinoma

Xe injection

MRS

[1251]IAP injection,
ex vivo perfusion

Intravital
microscope

L-NAME (3-30 [kg i.t.) TBF 4
L-NMMA
L-NNA (0.01-20 mg/kg i.v.) P02 4

L-NNA (10 mg/kg i.v.)
L-NNA (1-100 ,umol/L)
Sodium nitroprusside

(0.5-100 ,umol/L)
L-NMMA (50 ,umol/L)

TBF I by L-NNA
Resistance 4 by NO

VRBC/diameter I

MCaIV ntravital
Mammary microscope
adenocarcinoma

LS 1 74T
Human colon
adenocarcinoma

Leukocyte-endothelial interaction
MCaIV Intravital

microscope

Vascular permeability
Sarcoma-1 80

RG2 glioma

MCaIV
LS1 74T

Evans blue
exclusion

Autoradiography

Intravital
microscope

L-NAME (100 tLmol/L)
(10 mg/kg i.v.)

Reg: diameter/flow by L-NAME
diameter T by NO

This work

SNO (100 ,umol/L) Syst: diameter/flow by L-NAME
(10 gumol/kg i.v.) NO donor, no effect

L-NAME (10 mg/kg i.v.)

L-NAME (4.2 mg/kg i.p.)
PTIO (21.5 ,umol)
BK + L-NAME (6 mg/kg

i.v.)

L-NAME (10 mg/kg i.v.)

Flux: no change
Rolling t
Adhesion T

Permeability

BK-induced permeability change I

MCaIV
LS174T: no change

This work

13

28

This work

TBF, tumor blood flow; L-NMMA, N0-monomethyl-L-arginine; i.t., intra tumor injection; i.v., intravenous injection; MRS, 31p magnetic
resonance spectroscopy; L-NNA, Nco-nitro-L-arginine; SNO, spermine NO; Reg, regional treatment; Syst, systemic treatment; PTIO,
2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; BK, bradykinin.

through blood vessel wall.6 On the other hand, NO and
its metabolites released by activated macrophages7 or

Kupffer cells8 are cytotoxic and cause dysfunction of
mitochondria in tumor cells.

Knowledge about NO in tumor microcirculation
is limited compared with that in normal tissues
(Table 1). Andrade et al9 reported that inhibition of
endogenous NOS reduced tumor blood flow.
Wood et al10 showed that inhibition of NOS in-
duced hypoxia in murine tumors. Tozer et all1
reported that NOS inhibitor increased the vascular
resistance of perfused tumors. Recently, Meyer et
al12 found that NOS inhibition irreversibly de-
creased tumor perfusion. Thus, NO may play a role
in maintaining tumor blood flow and nutrient sup-
ply. Maeda et al'3 showed that NO inhibition re-

duced extravasation of Evans blue dye in tumor
tissue. Based on these published data in normal
and tumor tissues, we hypothesize that 1) endog-
enous NO derived from tumor vascular endothe-
lium and/or tumor cells increases and/or maintains

tumor blood flow, decreases leukocyte-endothelial
interactions, and increases vascular permeability,
2) exogenous NO can increase tumor blood flow
via vessel dilatation and decrease leukocyte-endo-
thelial interactions, and 3) NO production and tis-
sue responses to NO are tumor dependent.
The present study was designed to test the

above hypotheses and to define the role of NO in
tumor microcirculation. Through the use of NOS
inhibitor and NO donor, both regionally and sys-

temically, we determined 1) the effect of inhibition
of endogenous NO on tumor blood flow, vascular
diameter, leukocyte-endothelial interactions, and
vascular permeability, and 2) the effect of exoge-
nous NO on microcirculatory hemodynamics and
leukocyte-endothelial interactions in a murine tu-
mor (MCaIV) and a human tumor xenograft
(LS174T). We also determined the production of
NO in tumor tissue by measuring nitrite and nitrate
levels in tumor interstitial fluid (TIF) and the local-

Treatment Results Reference
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ization of endothelial and inducible types of NOS
using anti-NOS antibodies.

Materials and Methods

Animals, Surgery, and Tumor Implantation

Dorsal skin chambers were impla-nted in mice using
the procedure described previously.14'15 Two-
month-old C3H and severe combined immunodefi-
cient (SCID) mice (25 to 30 g) were used. A chunk (1
mm in diameter) of MCaIV (a murine mammary ad-
enocarcinoma) or 2 li1 of dense LS174T (a human
colon adenocarcinoma) cell suspension (-2 x 105
cells) was implanted at the center of the dorsal
chamber. MCaIV was implanted in C3H mice.
LS174T was implanted in SCID mice. The measure-

ments were made between 8 and 12 days for MCaIV
and 21 anrd 28 days for LS174T when tumors were

approximately 3 x 3 mm2 in surface area.

Tracers

Tetramethylrhodamine-labeled bovine serum albu-
min (Rho-BSA; Molecular Probes, Eugene, OR) and
cyanine-5-labeled BSA (Cy5-BSA) were used as

tracers for permeability studies. Cy5-succinimidyl
esters (Amersham, Arlington Heights, IL) was conju-
gated to BSA (Sigma Chemical Co., St. Louis, MO)
with the modified method of Southwick et al.16 Rho-
BSA and Cy5-BSA were dissolved in phosphate-
buffered saline (PBS) at a concentration of 10 mg/ml.
The free fluorescent dye in the solution was removed
by passing through a size exclusion column. Rhoda-
mine 6G (Rho-6G; Molecular Probes) was used for in
situ labeling of leukocytes.17 Rho-6G was dissolved
in PBS at a concentration of 1 mg/ml. Solutions of
these fluorescent dye were passed through a 0.2-p.m
filter before injection.

Agents Studied

To inhibit the production of endogenous NO in tumor,
Nco-nitro-L-arginine-methyl ester (L-NAME; Sigma),
an inhibitor of NOS, was added to the superfusate at
a concentration of 100 A.mol/L or injected systemi-
cally (10 mg/kg) via tail vein. Sixty minutes after the
superfusion of L-NAME, the superfusate was

changed to L-arginine (200 p.mol/L) in Hank's bal-
anced salt solution (HBSS; Sigma). In other series of
experiments, spermine NO (RBI, Natick, MA) was

used as exogenous NO to tumors. Spermine NO was

added to superfusate at a concentration of 100

p.mol/L or injected systemically (2.62 mg/kg) via tail
vein.

Experimental Procedure
The animals were anesthetized with a subcutaneous
injection of a cocktail of 90 mg of Ketamine (Parke-
Davis, Morris Plains, NJ) and 9 mg of Xylazine (Fer-
menta, Kansas City, MO) per kilogram of body
weight. The mice were positioned in a polycarbonate
tube and the chamber was fixed on the microscope
stage. For regional treatment, the coverslip was re-
moved and the surface of the tumor was continu-
ously superfused with HBSS at 1 ml/minute bubbled
with 95% N2 and 5% C02 and prewarmed in water-
bath at 370C. To obtain microcirculatory parameters,
randomly selected areas (three to six locations per
animal) of the tumor were investigated using a 20X
water immersion objective (for regional treatment) or
a 20X long-working-distance objective (for systemic
treatment) and an intravital fluorescence microscope
(Axioplan, Zeiss, Oberkochen, Germany) equipped
with the fluorescence filter sets for Rho and Cy5
(Omega Optical, Brattleboro, VT), an intensified
charge-coupled device (CCD) video camera (C2400-
88, Hamamatsu Photonics K.K., Hamamatsu, Japan),
a regular CCD video camera (AVC-D7, Sony, Tokyo,
Japan), a photomultiplier (9203B, EMI, Rockaway, NJ),
and a S-VHS videocassette recorder (SVO-9500MD,
Sony). To minimize the variation in microvascular
parameters of tumor vessels as described previ-
ously,14 the same preselected vessels were ob-
served for each experiment and the relative
changes from their baseline values were reported.
To facilitate the localization of preselected vessels,
tumor images were recorded at a lower magnifica-
tion using a thermal video printer (P67U, Mitsub-
ishi, Somerset, NJ).

In each observation, transilluminated tissue im-
ages were recorded for 60 seconds and the video
tapes were analyzed off-line as follows. The vessel
diameter in microns (D) was measured using an
image-shearing device (digital video image shearing
monitor, model 908, IPM, San Diego, CA). The red
blood cell velocity (VRBC) was measured using the
four-slit apparatus (Microflow System, model 208C,
video photometer version, IPM) equipped with a per-
sonal computer (IBM PS/2, 40SX, Computerland,
Boston, MA). The mean blood flow rates of individual
vessels (Q) were calculated using D and the mean
VRBC (Vmean) as follows: Q = w/4 x Vmean X D;
Vmean = VRBC/a (a = 1.3, for blood vessels <10 ,um;
by linear extrapolation, 1.3 < a < 1.6 for blood
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vessels between 10 and 15 p.m; and a = 1.6 for
blood vessels >15 p.m).18

In case of systemic application of agents, sys-
temic arterial blood pressure was monitored. The
neck of the animal was shaved, and an incision was
made above the right carotid artery. The catheter
(PE10, Becton Dickinson, Sparks, MD) filled with
physiological saline and heparin was inserted into
the carotid artery. The distal end of the catheter was
connected to a pressure transducer (P23XL, Spec-
tramed, Oxnard, CA). The pressure transducer was
linked to a preamplifier (Gould, Cleveland, OH) and
the signal was sent to an analog-to-digital converter
(MacLab 4, World Precision Instruments, Sarasota,
FL) linked to a computer (Macintosh Classic 11, Apple
Computer, Cupertino, CA).

Leukocyte-endothelial interactions in tumor ves-
sels were monitored as described previously. 15
Briefly, mice were injected with a bolus (20 p,l) of
0.1% Rho-6G (excitation peak at 528 nm, emission
peak at 550 nm) in 0.9% saline through the tail vein
and leukocytes were visualized via an intensified
CCD camera and recorded on a S-VHS tape. The
numbers of rolling (Nr) and adhering (Na) leukocytes
were counted for 30 seconds along a 100-,um seg-
ment of a vessel. The total flux of cells for 30 seconds
was also measured (NJ). The ratio of rolling cells to
total flux (rolling count) was calculated as follows:
rolling count (percent) = 100 x Nr/Nt. The density of
adhering leukocytes was calculated as follows: den-
sity (cells/mm2) = 106 X Na/(7i X D x 100 ,um).
Shear rate was calculated for each vessel as: shear
rate = 8 x Vmean/D.
To determine the changes in vascular permeabil-

ity, two different color fluorescent tracers were used
at the same location. To minimize the light absorption
by hemoglobin, long-wavelength tracers were used.
Rho-BSA (excitation peak at 541 nm, emission peak
at 572 nm) was used for baseline measurements and
Cy5-BSA (excitation peak at 649 nm, emission peak
at 670 nm) was used for post-treatment measure-
ments. After the injection of tracer molecules (0.1
ml/25 g body weight), the fluorescence intensity of
the tumor tissue was intermittently measured for 20
minutes. To minimize heterogeneity of vascular
structure, we measured the effective vascular per-
meability (P) as described previously.1920 In brief,
the equation to estimate P is: P = (1 - Ht) V/S {1/(I0
- /b) X dlldt + 1/K) derived by Yuan et al,20 where I
is the average fluorescence intensity of the whole
image, /I is the value of / immediately after the filling
of all vessels by Rho-BSA or Cy5-BSA, and /b is the
background fluorescence intensity. The average he-
matocrit (Ht) of tumor vessels was assumed to be

equal to 19%.21 V and S are the total volume and
surface area of vessels within the tissue volume cov-
ered by the surface image, respectively. The time
constant of BSA plasma clearance (K) was 9.1 x 103
seconds. 19

Immunohistochemistry
For immunohistochemical observations, additional
tumors (six MCaIV and six LS1 74T) were trans-
planted in the dorsal skin chambers by the method
described above. Tumor tissue blocks were fixed by
2% paraformaldehyde, 75 mmol/L lysine, and 10
mmol/L sodium periodate for 3 hours, infiltrated with
30% sucrose overnight, mounted in OCT medium
(Miles, Elkhart, IN), frozen in liquid nitrogen, and
sectioned serially at 5 p.m thickness on a Reichert
Frigocut cryostat. Sections were immunolabeled by
an indirect fluorescence method.22 To detect the
localization of NOS, rabbit anti-eNOS and anti-iNOS
polyclonal antibodies (Transduction Laboratories,
Lexington, KY) were used as the primary antibodies
and Cy3-conjugated donkey anti-rabbit IgG (Jack-
son ImmunoResearch Laboratories, West Grove, PA)
was used as the secondary antibody. For endothelial
cell and macrophage labeling, rat anti-murine CD31
monoclonal antibody MEC13.3 and rat anti-Mac 3
monoclonal antibody M3/84 (PharMingen, San Di-
ego, CA) were used as the primary antibodies and
Cy3-conjugated donkey anti-rat IgG (Jackson lmmu-
noResearch Laboratories) was used as the second-
ary antibody. Sections were examined with a light
microscope (Microphot FXA, Nikon, Tokyo, Japan)
equipped for epifluorescence and photographed us-
ing a Kodak TMAX 400 ASA film push-processed to
1600 ASA.

Nitrite and Nitrate Measurement
To determine the amount of NO production in solid
tumors, nitrite and nitrate levels in interstitial fluid
collected from Gullino's chamber,23 implanted with
MCaIV or LS1 74T tumors or without any tumor in
mice, were measured. Plasma from these mice was
also collected and analyzed for nitrite and nitrate
levels. To remove proteins that might interfere with
the measurement, samples were placed into a mi-
crofilter tube, with a molecular weight cut-off size of
10,000 (Microcon 10, Amicon, Beverly, MA) and cen-
trifuged for 20 minutes (Centrifuge 5414, Eppendorf,
Hamburg, Germany) before the measurement. Nitrite
and nitrate levels were measured by photometric
assay using Griess reagent after the conversion of
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nitrate to nitrite utilizing nitrate reductase (nitrate/
nitrite assay kit, Cayman Chemical, Ann Arbor, MI).

Statistical Methods
The data were analyzed using an analysis of vari-
ance and the Fisher's post hoc test. Values are ex-
pressed as mean ± SD unless specified. Statistical
significance was set at P < 0.05.

Results

Hemodynamic Parameters: Regional
Treatment

MCaIV Tumors

A 60-minute superfusion with HBSS did not cause
any significant change in vessel diameter, VRBc and
calculated blood flow rate (Figure 1).
L-NAME (100 ,umol/L superfusion), an inhibitor of

NO synthesis, significantly decreased vessel diam-
eter, VRBC, and calculated blood flow rate in com-
parison with HBSS control (Figure 1). After 60 min-
utes of L-NAME superfusion, superfusate was
changed to HBSS containing L-arginine (200 jimol/
L). After an additional 60 minutes of L-arginine su-
perfusion, vascular diameter, VRBC, and flow recov-
ered to 96.2 ± 12.0%, 85.7 ± 20.3%, and 86.5 ±
31.2% of the baselines, respectively. To understand
the mechanisms behind the observation, these data
were further divided into two groups: arteriolar side
and venular side. Arteriolar vessels were defined as
branching vessels entering the tumor surface from
the periphery or underneath of the tumor. The re-
maining vessels, including capillary or venule-like
vessels, were considered as venular ones. The
changes in vessel diameter after L-NAME superfu-
sion were more pronounced in arteriolar vessels,
whereas the changes in VRBC were more pro-
nounced in venular vessels (Figure 1). The changes
in calculated blood flow rate were comparable in
both types of vessels.

Spermine NO (100 ,tmol/L superfusion), a donor
of NO, significantly increased vessel diameter
(113.6 ± 10.8% at 15 minutes and 106.8 ± 3.4% at
30 minutes) and local blood flow rate (133.6 ± 19.5%
at 15 minutes and 118.6 ± 17.7% at 30 minutes) but
not VRBC when applied regionally (Figure 1).

LS174T Tumors

L-NAME (100 ,umol/L) superfusion significantly de-
creased vessel diameter, VRBC, and calculated flow

rate (Figure 1). Similar to MCaIV tumors, the changes
in vessel diameter were dominant in arteriolar ves-
sels.

Hemodynamic Parameters: Systemic
Treatment
MCaIV Tumors

Systemic injection of saline did not change signif-
icantly arterial blood pressure and hemodynamic pa-
rameters in tumor vessels. Intravenous injection of 10
mg/kg L-NAME caused a significant and sustained
increase in arterial blood pressure (164.2% at 5 min-
utes and 159.8% at 60 minutes) and significant de-
crease in vessel diameter, VRBC, and blood flow rate
(Figure 2). Systemic injection of spermine NO (2.62
mg/kg) led to a rapid decrease in blood pressure
(73.3% at 5 minutes) initially; then the pressure re-
covered to 83.9% at 60 miAutes. Systemic injection
of NO donor induced no significant change in hemo-
dynamic parameters in tumor vessels.

LS174T Tumors

Systemic injection of L-NAME mainly reduced ar-
teriolar vessels' diameter and VRBC in venular ves-
sels. Calculated blood flow rate also decreased,
which was comparable in both types of vessels. The
hemodynamic changes in MCaIV and LS174T tu-
mors after L-NAME injection were consistent.

Leukocyte-Endothelial Interactions
In leukocyte-endothelial interaction studies, only venu-
lar vessels were examined. Leukocyte flux was heter-
ogeneous among tumor vessels and did not show any
significant response to any treatment. On the other
hand, leukocyte rolling and adhesion in both MCaIV
and LS1 74T tumor vessels were significantly increased
in a time-dependent manner after the systemic injec-
tion of L-NAME (Figure 3). Leukocyte rolling tended to
decrease after spermine NO injection but this change
was not statistically significant.

Vascular Permeability
Similar to our previous observation,19"20 both MCaIV
and LS174T tumors were leaky to BSA. Baseline
effective permeability was comparable between
these two tumors. Inhibition of endogenous NO by
systemic L-NAME injection significantly decreased
vascular permeability of MCaIV tumors (Figure 4).
Vessel permeability of LS174T tumors tended to de-
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Figure 1. Relative changes in hemodynamic parameters after regional treatment. MCaIV tumors were superfused with either HBSS only (D, n = 5),
100 pmol/L L-NAME in HBSS (M, n = 5), or 100 p.mokL .spermine NO in HBSS (13, n = 5). LS1 74T tumors were superfused with 100 pmoi/L L-NAME
in HBSS(, n = 5). Relative values (percent) with respect to corresponding baseline values at30 minutes and 60 minutes after the start ofsuperfusion
were calculated. Data were first analyzed including all vessels observed (total) and then divided into two groups: arteriolar side (arteriole) and
venular side (venule). L-NAME significantly decreased vessel diameter, VRB,, and calculated bloodflow rate. Data are presented as mean + SD. *P
< 0.05 (a significant difference) with respect to corresponding value of the control group.

crease after L-NAME treatment, but this change was

not statistically significant.

Immunohistochemistry

Immunolabeling with a polyclonal antibody to eNOS
revealed a diffuse pattern of positive staining in both

MCaIV and LS174T tumors (Figure 5, A and D).
Immunolabeling with a polyclonal antibody to iNOS
revealed a diffuse staining that was slightly stronger
than eNOS in both tumors (Figure 5, B and E). CD31
staining for vascular endothelial cells was positive in
both tumors (Figure 5, C and F). In MCaIV tumors,
Mac-3 staining was nearly negative, although there
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60 min

total arterioie venuie total arteriole venule
Figure 2. Relative changes in hemodynamic parameters after systemic treatment. MCaIVtumor-bearing mice were injected uith eitherphysiological
saline (0, n = 6), 10 mglkg L-NAME (0, n = 9), or 2.62 mg/kg spermine NO (0, n = 7). LS1 74T tumor-bearing mice were injected with 10 mg/kg
L-NAME (U, n = 5). Relative values (percent) with respect to corresponding baseline values at 30 minutes and 60 minutes after the injection were

calculated. Data are presented identical to Figure 1.

was a patchy positive staining in LS174T tumors
(data not shown). The patterns of immunolabeling for
both NOS types in tumors were completely different
from that of CD31 or Mac-3, suggesting the expres-

sion of both NOSs by tumor cells.

Nitrite and Nitrate Levels

Nitrite and nitrate levels in MCaIV tumor interstitial
fluid were significantly higher than that in subcuta-
neous interstitial fluid from non-tumor-bearing C3H
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Figure 3. Alteration in leukocyte-endothelial
interactions in tumor vessels during NO mod-
ulation. MCaIV tumor-bearing mice were in-
jected with eitherphysiological saline (control,
n= 6), 10 mg/kg L-NAME(LNAME, n= 6), or

2.62 mg/kg spermine NO(SNO, n= 5).LS174T
tumor-bearing mice were injected with 10
mg/kg L-NAME (LS-LNAME, n = 5). A: Shear
rate. B: Leukocyte flux. C: Rolling count
(100 X number ofrolling cells/total number of
cells along 100- pm segment during 30 sec-

onds). D: Density of bound cells (cells/mm2).
Leukocyte rolling and adhesion were signifi-
cantly increased in a time-dependent manner

after the systemic injection ofL-NAME in both
MCaIV and LS1 74T tumor vessels. pretreat-
ment; El, 30 minutes after treatment; *, 60
minutes after treatment. Data are presented as
mean ± SD. *P < 0.05 (a significant differ-
ence) with respect to corresponding baseline
value (pretreatment). #P < 0.05 with respect
to corresponding value ofsaline-injected group
(control).
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mice (Figure 6). In LS174T tumor interstitial fluid,
nitrite and nitrate levels were slightly higher than that
in interstitial fluid from non-tumor-bearing SCID mice.
The plasma nitrite and nitrate levels of non-tumor
bearing C3H (n = 6), MCaIV-bearing C3H (n = 6),
non-tumor-bearing SCID (n = 6), and LS174T-bear-
ing SCID (n = 6) mice were 40.1 ± 8.8, 39.3 ± 9.4,
26. 9 ± 3.8, and 34.0 ± 6.1 umol/L, respectively.
There was no significant difference in plasma nitrite
and nitrate levels between tumor-bearing and corre-

sponding non-tumor-bearing mice.

Discussion

Hemodynamics
Studies to date have shown that inhibition of endog-
enous NO decreases tumor blood flow, independent
of tumor type or method of measurement used (Ta-
ble 1) 9-12 In this study, we demonstrated that tumor
blood flow decreased after both regional and sys-
temic treatments with NOS inhibitor. Both regional
and systemic inhibition of endogenous NO signifi-
cantly decreased vessel diameter mainly on the ar-

teriolar side and VRBC mainly on venular side in both
murine MCaIV and human LS174T tumors. As a re-

sult, calculated blood flow rate was significantly de-
creased in both tumors. Statistical comparison of the
hemodynamic response to NO inhibitor between
these two tumors showed no difference in terms of

relative changes from corresponding baseline val-
ues. However, there was heterogeneity in the re-

sponse to NO inhibitor among tumor vessels, even in
the same tumor. Some tumor vessels showed dra-
matic changes after NO inhibition, whereas other
vessels failed to show any change. There are two
possible explanations for this heterogeneity: 1) het-
erogeneity in NO production and/or 2) heterogeneity
in localization of cells (smooth muscle cells, etc) that
respond to NO stimulation.
As listed in Table 2, NOS predominantly localizes

in tumor vascular endothelial cells in COLON 26
murine adenocarcinoma (iNOS),24 B16 melanoma
(iNOS),24 and human breast cancer (constitutive
NOS, ie, eNOS and/or neuronal NOS).25 However, in
human gynecological cancer, NOS (constitutive
NOS) is mainly detected in tumor cells.26 In human
and rat central nervous system tumors, NOS is de-
tected in both tumor cells (nNOS and eNOS) and
endothelial cells (eNOS).2728 These findings sug-

gest that localization of NOS is tumor dependent and
that there is no correlation between the NOS type
and cell types. As a result, the response to NO
inhibitor is likely to be heterogeneous and tumor
dependent. However, in this study, immunolabeling
with anti-NOS antibodies revealed a diffuse staining
for both eNOS and iNOS in both MCaIV and LS174T
tumors, suggesting a uniform distribution of both
NOSs in our tumor models.
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Lack of functional smooth muscle cells in tumors
has been reported in the literature.29 30 Tanda et al
reported that there were a few smooth muscle a-ac-

tin-positive cells in the peripheral region of tissue-
isolated tumors and almost no smooth muscle a-ac

tin-positive cells inside tumors.31 The lack of smooth
muscle cells or other contractile cells along tumor
vessels could be a possible reason for the hetero-
geneous response to NO treatment. In this study,
arteriolar vessels, which are mainly located in the
periphery of tumors, showed significant changes in
vessel diameter after NO inhibition, indicating that
arteriolar vessels in tumors are likely to have more

contractile cells than venular vessels and thus may
play an important role in control of tumor blood flow.

Although superfusion of NO donor increased tu-
mor vessel diameter and blood flow rate to some
extent, these changes were not statistically signifi-
cant. Furthermore, systemic treatment of NO donor
failed to increase tumor blood flow. The decrease in
systemic blood pressure might explain this differ-
ence. The hemodynamic response to additional ex-
ogenous NO seemed to be limited, presumably due
to the saturation of NO response by endogenous NO
in tumors.

Leukocyte-Endothelial Interaction

Low leukocyte-endothelial interaction in tumor ves-
sels15 is considered as one of the major limitations of
immune therapy or host immune response against
tumors. Systemic injection of L-NAME significantly
increased both leukocyte rolling and stable adhesion
to the vessel wall in MCaIV and LS174T tumors,
suggesting a possible role for NO in regulating leu-
kocyte-endothelial interactions. The mechanisms for
how NO down-regulates leukocyte-endothelial inter-
actions in tumors are still unknown. Tumor cells are
known to produce various cytokines or growth fac-
tors that can modify the expression of adhesion mol-
ecules.32 Both the production of these mediators
and the expression of adhesion molecules are tumor
dependent.33 A lower response to inflammatory me-
diators in tumor vessels has been reported.15 33 Re-
duced expression of adhesion molecules could be
an explanation for low level of leukocyte-endothelial
interactions in tumors. Davenpeck et a134 reported
P-selectin up-regulation in vessels of rat mesentery
after NO inhibition, and Kubes et a16 reported the
involvement of CD18/ICAM-1 in the NO inhibition-
mediated increase in leukocyte-endothelial interac-
tions after ischemia-reperfusion. Caterina et al re-
ported that NO donors decreased cytokine-induced
VCAM-1 expression and monocyte adhesion on hu-
man endothelial cells.35 These studies of normal ves-
sels and endothelial cells are consistent with our new
findings in leukocyte-endothelial interactions in tu-
mors. Low leukocyte flux was reported in angiogenic
vessels, and this might be another reason for the low
level of leukocyte-endothelial interactions in tu-
mors.36 However, MCaIV tumor is an exception,
where leukocyte flux in MCaIV tumor is comparable
to host vessels."5 In this study, NO inhibitor did not
significantly change leukocyte flux in both MCaIV
and LS1 74T tumor vessels but decresed VRBC. Thus,
shear rate was significantly decreased in both tu-
mors. The decrease in shear stress could also ac-
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Figure 5. Immunohistochemical observation ofMCaIV and LS1 74T tumors. Immunolabeling with a polyclonal antibody to eNOS revealed diffuse
pattern ofpositive staining in both MCaIV (A) and LS1 74T (D) tumors. Immunolabeling with a polyclonal antibody to iNOS revealed a slightly
stronger, diffuse staining than eNOS in both tumors (B and E). CD31 stainingfor vascular endothelial cells was positive in both tumors (C and F).
A to C: MCaIV tumor. D to F: LS174T tumor. A and D: eNOS. B and E: iNOS. C and F: CD31 staining. Bar, 100 pgm. All photos have the same
magnification.

count for the increase in leukocyte-endothelial inter-
actions induced by NO inhibition.

Vascular Permeability
Many studies have documented the role of NO in
microvascular permeability regulation.37 However,
the results are contradictory. Kubes et a138 and Filep
et a139 reported that NOS inhibitor L-NAME increased
microvascular leakage to protein in various tissues
including stomach, intestine, liver, spleen, pancreas,

kidney, and lung, whereas Yuan et al40 and Maeda
et al13 reported that NO inhibitor decreased micro-
vascular permeability of coronary venules and sar-
coma vessels, respectively. NOS inhibition also af-
fects inflammatory mediator-induced alteration in
microvascular permeability. NOS inhibitor decreases
histamine, leukotrien C4-, ADP-, bradykinin-, sub-
stance-P-, endotoxin-, 5-hydroxytryptamine-, and
platelet-activating factor-induced permeability
changes, 28,37,41-43 whereas it augments PAF-, sero-
tonin-, and ischemia-reperfusion-induced increase

Ij
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in vascular permeability.37 39 The role of NO in reg-
ulating vascular permeability is thus different among
different tissues and/or species.

In general, tumor vascular permeability is higher
than that of normal host vessels.20'44 The structure of
tumor vascular wall is different from that of normal
vessels. Vascular endothelial growth factor/vascular
permeability factor,45 bradykinin,46 tumor necrosis

factor-a,47 interleukin-2,47 and NO13 are potent in
ducers of high vascular permeability in tumors and
these mediators also interact with each other.28 The
role of NO in the regulation of tumor vascular perme-
ability seems to be tumor dependent. In this study,
L-NAME reduced vascular permeability of MCaIV but
not LS1 74T tumors. The permeability results are con-
sistent with the measurement of nitrite and nitrate
levels in tumor interstitial fluid; NO was more abun-
dant in MCaIV than in LS174T.

The accumulation of adherent leukocytes in
venules after endogenous NO inhibition was not ac-
companied by a further increase in vascular perme-
ability. Our hypothesis is that high vascular perme-
ability in tumors is not likely to be leukocyte
dependent as in inflammatory processes in normal
tissue because of high expression of vascular endo-
thelial growth factor in tumors.45 Vascular endothelial
growth factor is much more potent than inflammatory
agents (eg, histamine) in terms of increasing the
vascular permeability.48 Furthermore, leukocytes
could be inactivated by cytokines such as transform-
ing growth factor-,1l present in the tumor microenvi-
ronment.49 Finally, direct effect of NO inhibitor on
tumor vasculature could overwhelm the changes in-
duced by leukocyte adhesion.

The results of this study suggest that endogenous
NO increases/maintains tumor blood flow via dilata-
tion of arteriolar vessels, decreases leukocyte-endo-
thelial interactions, and increases vascular perme-
ability in some tumors. The magnitude of the

Table 2. .v() Piyudluctio[u anldh A-OS in Tuiznors

Tumor

NO production in tumor
Colon 26
B16 melanoma

Human gynecological
cancer

Human breast cancer

MCaIV
LS 174T

Immunohistochemistry
Colon 26, B16

Human CNS tumors

Human gynecological
cancers

Methods

NOS activity

NOS activity

NOS activity
NO2/NO3 in

tissue culture

NO2/NO3 in TIF

Results

cNOS (-), iNOS (25-27 pmol/minute/mg)

NOS (<15-1950 pmol/minute/g tissue)

NOS (5.1 + 1.4 pmol/minute/mg protein)
NO2/NO3 (1.9 -- 0.45 nmol/mg protein/24 hours)

MCaIV, NO2/NO3 48.3 + 18.6 ,tmol/L
LS174T, NO2/NO3 38.1 + 14.9 ,umol/L

cNOS (-), iNOS (+, vasc.)
nNOS (+, tumor), eNOS (+, tumor, vasc.), iNOS (+)
cNOS (+, tumor), iNOS (-)

Human breast cancers
RG2 rat glioma
MCaIV murine mammary adenocarcinoma
LS174T human colon adenocarcinoma

cNOS (+, vasc, MO, Myoepithelial cell), iNOS (+, M0)
nNOS (+, tumor), eNOS (+, tumor, vasc.)
eNOS (+, tumor), iNOS (+, tumor)
eNOS (+, tumor), iNOS (+, tumor)

cNOS, constitutive NOS; NO?/NO3, nitrite and nitrate level, TIF, tumor interstitial fluid; vasc., vasculature, M0, macrophage.
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response to NO and/or the production of NO in tu-
mors is tumor dependent. Improvement of blood flow
and increase in vascular permeability facilitate sup-
ply of nutrients and oxygen to tumor cells, and a
decrease in leukocyte-endothelial interactions can
help to circumvent host immune attack. These func-
tions of NO in tumors potentially facilitate tumor
growth.50'51

According to the results of this study and previous
reports, modulation of NO levels in tumors can be a
useful strategy for alteration of tumor hemodynamics,
leukocyte-endothelial interactions, and vascular per-
meability, which in turn may improve delivery of oxy-
gen, drugs, gene vectors, and effector cells to tumors.
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