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saline. After removal of the bone, a nick was made close to the sagittal sinus.
Iris microscissors were passed through the nick. The dura and arachnoid
membranes were cut completely from the surface of both hemispheres, avoid-
ing any damage to the sagittal sinus. A piece of the tumor tissue, 1 mm in
diameter, was cut and put at the center of the window. The window was then
sealed with an 8-mm cover glass by adhering to the bone using a histocom-
patible cyanoacrylate glue. The surgery took 45 min in each case and was
followed by positioning of the animals on a heating pad (37°C) until they
recovered from the anesthesia. The experiments were conducted between 11
and 18 days after tumor transplantation, depending on the vascularization and
size (>3 mm in surface diameter) of tumors.

Tracers. Rhodamine-labeled BSA (M,, 67,000; Molecular Probes, Eugene,
OR) was used as the tracer for permeability studies in all tumors. Rho-BSA
was dissolved in 1X phosphate-buffered saline (Sigma Chemical Co., St.
Louis, MO) at a concentration of 8 mg/ml. The free fluorescent dye in the
solution of Rho-BSA was removed by passing the solution through a size
exclusion column (10). For blood flow measurements, two tracers were used.
FITC-labeled dextran 2 M (M,, 2,000,000; 50 mg/ml; Sigma) was used as a
contrast agent for measurement of RBC velocity in brain tumors (11). Fluo-
rescent latex beads (0.8%; 1.0 um; Polysciences, Warrington, PA) were used
to estimate maximum blood velocity in normal pial vessels (12). Lissamine
green B (2%; Sigma) and sodium fluorescein (1.13 mg/ml; Sigma) were used
for BBB studies.

Experimental Procedure. The experimental protocol was similar to our
previous studies (10, 11, 13). In brief, the animals were anesthetized using the
same procedure as described above and then put on a polycarbonate plate with
the head fixed by the plastic modeling compound. The plate was placed on the
stage of an intravital fluorescence microscope (Axioplan; Zeiss, Oberkochen,
Germany) equipped with the fluorescence filter set for Rho and FITC (Omega
Optical, Inc., Brattleboro, VT), an intensified CCD video camera (C2400-88;
Hamamatsu Photonics K.K., Hamamatsu, Japan), a videocassette recorder
(AG-6500; Panasonic, Secaucus, NJ), and a photomultiplier (9203B; EMI,
Rockaway, NJ). Four to five animals were used for measurement of each
parameter, and none of the animals were used twice.

Two methods were used to measure the blood velocity: the four-slit method
for RBC velocity in tumors (11) and the fluorescent bead method for estimat-
ing maximum blood velocity in normal pial vessels (12). The bead method was
used because the blood velocity in pial vessels can be two orders of magnitude
higher than the maximum velocity measurable by the four-slit method. The
details of these techniques have been described in previous studies (11, 12). In
brief, the FITC-labeled dextran 2 M was injected (0.1 ml/25 g body weight)
through the tail vein for contrast enhancement between RBCs and plasma. Four
to six locations on the tumor surface of each animal were selected, and video
images of blood flow at each location (0.5 x 0.5 mm?) were recorded for 1 min
by the video camera and the videocassette recorder described above and
analyzed offline by the four-slit apparatus (Microflow system, model 208C,
video photometer version; IPM, San Diego, CA) equipped with a personal
computer (IBM PS/2, 40SX; Computerland, Boston, MA). For normal pial
vessels, a bolus (0.1 ml/25 g body weight) of Rho-BSA was first administered
i.v. to illuminate the vasculature. Then, multiple injections of fluorescent beads
(0.01 ml/injection) were given i.v., one injection per measurement location.
Four to six locations were selected per animal. The movement of beads was
monitored by the same video system described above under an intravital
fluorescence microscope (Universal; Zeiss, Thornwood, NY) with epi-illumi-
nation by a strobe lamp (MVS-2601 Strobe and MVS-100 Trigger module, 322
Hz; EG&G, Salem, MA). For each location, the video images were recorded
for 1 min and analyzed offline by playing back the video tape frame by frame
using a S-VHS videocassette recorder (SVO-9500MD; Sony Medical Systems,
Montvale, NJ). The distance a bead moved within a vessel in a given
time interval (3.1 ms) was determined by measuring the distance between two
positions of the bead in the same track via a caliper. The maximum bead
velocity was calculated by dividing the maximum distance in more than 300
tracks during the 1-minute recording by 3.1 ms. The track was selected such
that at least three consecutive positions of the same bead could be observed in
a single frame.

The methods for measurement of P, and V/5, where P is the effective
microvascular permeability, V is the total vascular volume, and S is the total
surface area of vessels, at the tumor surface in cranial windows have been
described previously (10, 13). The time constants of BSA plasma clearance used

to calculate P_; were obtained by curve-fitting plasma concentrations of BSA
measured in rats (14) and mice (10), respectively, to an exponential function. The
results were 6.0 X 10> s and 9.1 X 10° s for rats and mice, respectively. In order
to confirm the existence of tight BTBs in the transplanted tumors, we also injected
(0.1 ml/2S g body weight) small tracer molecules (sodium fluorescein and Lissa-
mine green) through tail veins of SCID mice bearing either MCalV or HGL21
tumors. One min after tracer injection, the animals were sacrificed by overdose
(0.3 ml/25 g body weight) of sodium pentobarbital solution (64.8 mg/ml; Anpro
Pharmaceutical, Arcadia, CA). The fluorescence intensity of tumor tissue after
sodium fluorescein injections was measured by the photomultiplier. In the case of
Lissamine green injection, photographs of tumor tissue were taken through cranial
windows. Mann-Whitney U test was used to compare the differences in P,z

Results and Discussion

Tumor Transplantation in Cranial Windows. Fig. 1, A and B,
show the overview of tumors (MCalV and HGL21, respectively) trans-
planted in cranial windows in SCID mice. Tumor angiogenesis started
approximately 4 days after tumor chunk transplantation. All tumor trans-
plantations in this study were successful. The growth rate of tumors was
not quantified, but qualitatively U87 and HGL21 transplanted in SCID
mice grew slower than R3230AC and MCalV transplanted in rats and
mice, respectively. Therefore, the experiments on gliomas were per-
formed between days 12 and 18, whereas the mammary carcinomas
transplanted in both rats and mice were used for measurements between
days 11 and 14. The maximum survival time was around 15 days for
animals with mammary carcinomas and longer than 22 days for animals
with human gliomas. At the time of experimentation, the surface diameter
of tumors was between 3 and 6 mm.

Microvascular Permeability. The effective microvascular perme-
ability to BSA was measured in five groups: R3230AC transplanted in
Fisher rats; MCalV transplanted in C3H and SCID mice; and U87 and
HGL21 transplanted in SCID mice. All of them except for HGL21
showed hyperpermeability to Rho-BSA (Table 1). The permeabilities
of tumors (MCalV, U87, and HGL21) transplanted in SCID mice
were significantly different from one another (the maximum
P < 0.05), and no statistical difference between MCalV tumors
transplanted in C3H and SCID mice, respectively, was observed
(P = 0.22). The much lower permeability of HGL21 to BSA sug-
gested the presence of a tight BTB in this tumor line. Therefore, we
injected sodium fluorescein and Lissamine green (standard dyes for
testing BBB) into animals bearing either MCalV or HGL21 and
compared the vascular leakiness between tumors and surrounding host
tissues (e.g., bone, skin, and brain). The results of Lissamine green
injections are shown in Fig. 1, C and D. In animals bearing MCalV,
both tumor and surrounding bone and skin tissues became totally
green after 2 min of Lissamine green injection, in contrast to host
brain tissue (Fig. 1C). However, the color of HGL21 was much closer
to that of the brain (Fig. 1D). There was a green stripe at the center
of the window (Fig. 1D), suggesting the leakiness of vessels in dura
mater surrounding the sagittal sinus or the sinus itself. Similar results
were also observed after sodium fluorescein injection (results not
shown). The leakage of the Lissamine green dye in dura mater is not
surprising, since it has no BBB (15). However, the green stripe may
suggest an overestimation of the vascular permeability of HGL21 to
BSA, since the leakage of BSA from dura vessels underneath the
tumor could affect the measurement. For other tumor lines, this
overestimation is insignificant (<10%).

Mechanisms of BTB regulation in the brain are still unclear (1, 2).
Previous studies have suggested that in normal tissue the transport
barrier phenotype of vascular endothelial cells should be largely
determined by the microenvironment instead of their origin (5, 7, 8).
This hypothesis could be extended further to the situation of tumor
tissue. One of the most important features of gliomas is that the tumor
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Fig. 1. Overview of cranial windows in SCID mice with tumor transplantation: MCalV (A and C) and HGL21 (B and D). The diameter of the cranial window is 6 mm. Animals
were sacrificed 1 min after injection of Lissamine green. The photos were taken before injection (A and B) and 1 min after animals were sacrificed (C and D). Connections between
tumor and pial vessels can be observed (A and B). There is a significant leakage of Lissamine green (M, 577) in MCalV and the surrounding bone tissue at the border of the windows,
whereas the leakage of the dye in HGL21 and the host brain tissue underneath the tumors is nondetectable. There is a green stripe at the center of the window (C and D), suggesting

the leakiness of vessels in dura mater surrounding the sagittal sinus or the sinus itself.

per se may provide both brain and tumor environments (16), whereas
in brain metastases, the brain environment is established, if it exists,
through diffusion of factors released by host glial cells into the
tumors. The brain environment may cause the formation of BBB (5,
7, 8); the tumor environment may disrupt the vascular barriers through
cytokines (e.g., vascular permeability factor) released by tumor cells
(17, 18). Thus, the outcome of competition between the two environ-
ments determines the vascular permeability of brain tumors (2, 19—
22). As a comparison, tumors transplanted onto dorsal skin or gran-
ulation tissue, where the brain environment is absent, exhibit higher
vascular permeability than host tissue (10, 13, 14, 23).

In the present study, we have demonstrated that the tumor vessels are
directly connected to pial vessels (Fig. 1, A and B). Thus, the vessels of
HGL21 and MCalV could either be formed during angiogenesis from pia
mater or exist prior to tumor tissue transplantation and then anastomose
with the host pial vessels. Vessels in tumor chunks prior to transplantation
originated from s.c. vessels, since these tumors were derived by s.c.
implantation of tumor cells which were obtained from their primary mass
through single-cell suspensions and cell culture expansions. Thus, one

can assume that the origin of vasculature in both HGL21 and MCalV is
the same. It is difficult to imagine that the vasculature of HGL21 origi-
nates from completely different host tissue compared with MCalV, since
the procedures of tumor passage and transplantation are identical. The
identical site of transplantations, the similar origin of vessels, and the
large difference in tumor parenchyma and vascular permeabilities be-
tween HGL21 and MCalV suggest that the microenvironment dictates
tumor vascular permeability.

The competitive environment hypothesis discussed above might
explain our permeability data for U87, although we cannot exclude
other possibilities. U87 is derived from a malignant human astrocy-
toma, similar to HGL21, but its vascular permeability to BSA was
even higher than that of the mammary carcinomas (MCalV and
R3230AC). It is possible that the influence of the U87 tumor envi-
ronment overwhelms the brain environment. The large difference
between U87 and HGL21 in terms of the vascular permeability is
consistent with the previous observations that brain tumors exhibit a
broad range of vascular leakiness (2, 3). Future studies are necessary
to elucidate factors responsible for the hyperpermeability of U87.
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Table 1 Mean vessel diameter and vascular permeability to BSA

Tumor Permeability
Animal (N)° line Diameter (um)® (X 1077 cm/s)
Fisher rat (5) R3230AC 20.7 4.9 (20.3)° 1.7+ 0.6 (1.6)
(15.3-28.6)¢ (0.8-2.4)
C3H mouse (5) MCalV 19.0+4.3 (20.7) 29+15 (28)
(13.5-24.1) (1.2-5.1)
SCID mouse (4) MCalV 30.4 +85 (30.1) 1.9+05 (1.9)
(21.6-39.8) (1.3-2.5)
SCID mouse (5) us? 13.8+24 (12.8) 38+12 (4.3)
(11.6-17.8) (2.4-5.0)
SCID mouse (5) HGL21 6.8+1.3 (6.7) 0.11 £ 0.05(0.09)
(5.1-8.2) (0.05-0.19)
2 N, the number of animals.
The mean vessel diameter estimated by 4 V/S.
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Fig. 2. A, RBC velocities in surface vessels of MCalV in C3H mice (N = 5 and n = 108). B, RBC velocities in surface vessels of U87 in SCID mice (N = S and n = 111). C,
the maximum bead velocities (Vp,,,) in vessels of tumor-free pia mater of SCID mice (N = 4 and n = 31) for arterioles and 43 for venule. N is the number of animals used and n

is the total number of measurements.
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Blood Flow. In addition to vascular permeability, local blood flow
can also influence the delivery of blood-borne drugs. In our study, blood
flow was measured in surface vessels (7 to 63 um in diameter) of both
tumors and tumor-free pia mater as shown in Fig. 2. In MCalV and U87,
there was no correlation between RBC velocity and vessel diameter (Fig.
2, A and B). The blood velocities of R3230AC in rats and HGL21 in
SCID mice were similar to that of MCalV and U87 (results not shown),
and they were all comparable with the blood velocities of LS174T
transplanted in dorsal skin-fold chambers (11). The maximum bead
velocity in normal pial vessels increased with vessel diameter, and the
increase was steeper in arterioles than in venules (Fig. 2C). There were
also a few small vessels (5 to 7 um in diameter) on the normal pial
surface with low bead velocity (<1 mm/s) which were slower than the
lower limit of measurable velocity by the fluorescent bead method and
thus were not measured here. The maximum bead velocity is about twice
the mean blood velocity, thus the blood flow in pial vessels (Fig. 2C) was
one to three orders of magnitude faster than that in tumor vessels of the
same diameter (Fig. 2, A and B). However, in other studies (21), the blood
flow in tumors measured indirectly by the tracer uptake method is as high
as 44% of that in normal cortex. This discrepancy might be explained by
the method of tumor transplantation or blood flow measurement. In our
study and that using dorsal skin chamber, the blood supply of tumors
comes only from the bottom of tumors, whereas the blood supply in other
studies of brain tumors is from all directions (21), since those tumors are
embedded in the brain instead of growing on the pial surface. However,
we cannot explain why the tumor blood flow in the cranial window is
comparable with that in the dorsal skin-fold chamber, because the blood
flow in pial vessels is much higher than that in normal s.c. vessels (11).

Vessel Diameter. A striking difference in vessel diameter was
observed among tumor lines, as shown in Table 1. In order to compare
the vessel diameter among tumor lines and to minimize the effect of
intratumor vascular heterogeneity, we measured V/S at the tumor
surface (10, 13) and estimated the mean vessel diameter of each tumor
as 4 V/S (Table 1). This is equivalent to the average vessel diameter
weighted by the length of vessels. Blood pools (>0.5 mm in width)
were also observed in some tumors of MCalV transplanted in both
C3H and SCID mice.

In summary, we have established a new model for intravital micros-
copy studies of brain tumors using a cranial window preparation. We
have shown that the vasculature in tumors transplanted into the cranial
window can either possess or lose some of the characteristics of BBB
(Table 1; Fig. 1, C and D), depending on the tumor parenchyma.
Therefore, tumor vessels in this model might be used to mimic the BTB
of both brain metastases and primary brain tumors for permeability
studies. In addition, the current model can be used to study interstitial
pressure and leukocyte-endothelial interactions in brain tumors.
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