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Fig. 2. P-seleclin immunohistochemistry of ral brain and C6 gliomas. Ral C6 gliomas were induced in Wistar rals. The entire brains of the rats were treated with 6 Gy. and the brains

were fixed, sectioned, and stained with anti-P-selcclin antibody immunohistochemistry. Shown are normal rai brain at 6 h after irradiation (A) and C6 gliomas from untreated conlrol

(A) and at I h (C) and 6 h (D) after irradiation.
Fig. 3. Effects of radiation dose on P-selectin localization to the vascular lumen. MCA4 tumors in C3H mice were treated with 1 (A), 2 (B), 4 (O. or 10 (D) Gy. Tumors were excised

and fixed at l h following irradiation, and sections were stained with anti-P-selectin antibody.

Radiation-induced P-selectin Localization to the Vascular Lu
men in C6 Brain Tumors. The vascular endothelium in the brain is
distinct from the endothelium in peripheral tissues (24). Moreover,
WPBs have been identified in blood vessels within gliomas (25). To
determine whether malignant gliomas induced in the brain have a
distinct P-selectin expression as compared to that in peripheral tu

mors, we induced C6 gliomas in the brains of Wistar rats. The entire
brain was irradiated with 6 Gy and sectioned at 1 and 6 h after
treatment. The normal brain blood vessels showed no P-selectin in

untreated controls or following irradiation (Fig. 2A). On the other
hand, gliomas showed P-selectin staining in the endothelium of un
treated tumors (Fig. 25). At l h after irradiation, P-selectin staining at
the blood-tissue interface increased (Fig. 2C). At 6 h after irradiation,
P-selectin staining in the lumen of blood vessels increased intensely

(Fig. 20).
X-Ray-induced P-selectin Localization to the Vascular Lumen

Is Dose Dependent. The vascular response to ionizing radiation is
both dose- and time-dependent (1, 23, 26). To determine the threshold
and plateau doses for induction of P-selectin localization to the

vascular lumen, we used 1, 2, 4, 10, and 20 Gy. We observed no
localization of P-selectin to the vascular lumen in tumors treated with
1 Gy (Fig. 3). Efficient localization of P-selectin to the vascular lumen

occurred following irradiation with 2 Gy. There was no increase in
P-selectin localization to the vascular lumen or degree of staining at
1 h, when higher doses of X-rays were used (Fig. 3). This finding
suggested that P-selectin localization to the vascular lumen is an
all-or-none type of response at 1 h, with a threshold dose of 2 Gy.

P-selectin Staining Increases in a Time-dependent Manner. We
studied time-dependent P-selectin staining in irradiated tumor blood
vessels to determine whether P-selectin expression increased over

24 h. We compared tumors treated with 2 and 10 Gy and found that
there was no increase in expression over 24 h in tumors treated with
2 Gy. On the other hand, 10 Gy did produce an increase in P-selectin
staining that accumulated over 24 h. P-selectin staining was present at

a low baseline level at 1 h (Fig. 4A) and increased at 6 and 24 h (Fig.
4, B and C).

Platelet Staining with Anti-GP-IIIa. GP-IIIa is a platelet antigen
that is not found in the vascular endothelium. We used anti-GP-IIIa
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Figure 5

Fig. 4. Time-dependent increase in P-selectin-staining in irradiated tumors. MCA4 tumors in C3H mice were treated with 10 Gy. Tumors were excised and fixed at 1 (A). 6 (Bt,
and 24 (Q h. Sections were stained with anli-P-selectin antibody.

Fig. 5. Platelet immunohistochemistry with anti-GP-lIIa antibody. Lewis lung carcinoma tumors were induced in C57BL6 mice and treated with 10 Gy. Tumors were excised and
fixed at I (A), 6 (B), and 24 (O h after irradiation. Tumor sections were stained with anti-GP-IIIa antibody.

antibodies to determine whether the time-dependent increase in P-
selectin staining is due to platelet aggregation. Lewis lung carcinoma
tumors in C57BL6 mice were irradiated and stained with anti-GP-IIIa
antibody. We found little GP-IIIa staining in blood vessels at l h
following irradiation (Fig. 5A). However, GP-IIIa staining increased
at 6 and 24 h following irradiation (Fig. 5, B and C). These findings
indicate that the increased P-selectin staining within the vascular
lumen of irradiated tumors was, in part, due to platelet aggregation.

DISCUSSION

Ionizing radiation and cytokines induce an inflammatory re
sponse, in part, through transcriptional induction of cell adhesion
molecule genes (1, 23). X-ray induction of CAM expression has
been well characterized in nonneoplastic vascular endothelium (2,
26). P-selectin activation in the vascular endothelium is mediated
by localization of sequestered P-selectin to the cell membrane of
endothelial cells (reviewed in Ref. 5). The reservoir for P-selectin

in the endothelial cell cytoplasm is the membranous organelle
WPB. Studies of the ultrastructure of the vascular endothelium
within neoplasms have demonstrated that WPBs in tumors are
translocated to the cell membrane following stimulation (27). Our
purpose in the present study was to determine whether blood
vessels in neoplastic tissue respond to ionizing radiation by trans
locating P-selectin to the vascular lumen. We studied the histolÃ³g
ica! pattern of P-selectin expression in blood vessels of irradiated
tumors. We found that P-selectin was rapidly localized to the
vascular lumen of tumor blood vessels after exposure to ionizing
radiation and was associated with platelet aggregation.

The present findings show that P-selectin staining in tumor blood
vessels is localized to the vascular lumen after irradiation. We have
observed that P-selectin in WPB translocates to the cell membrane of
irradiation endothelial cells in culture.4 The mechanism by which

4 D. E. Hallahan. unpublished observations.
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ioni/.ing radiation induces the localization of P-selectin to the vascular

lumen is presently unknown, but it may be related to recent findings
that have shown that WPB exocytosis is inhibited by microtubular
depolymeri/ing agents (28). These findings implicate motor proteins
in the movement of WPB to the cell membrane.

This rapid response within the irradiated vascular endothelium implicates
the function of these contents in initiating the biological response to radiation.
The irradiated endothelium activates circulating blood components rapidly
alter X-irradiution. Rapid exocytosis of WPB contents plays a critical role in

hemosUisis of injured blood vessels. The contents of WPBs include von
Willebrand tactor and P-selectin, both of which contribute to the slowing and
aggregation of circulating platelets (reviewed in Ref. 29). P-selectin slows the

How of platelets and leukocytes over the vascular endothelium ( 13, 15).The
role of P-sclectin in hemostasis is supported by a study demonstrating
hemorrhage in P-selectin deficient mice (14). P-selectin might also activate

leukocytes that in turn stimulate platelets to aggregate. In the present study.
we found that P-selectin localization to the vascular lumen is followed by
platelet aggregation and subsequent P-selcctin expression on the surface of
platelets. Indeed, the finding that GP-Illa staining does not occur until 6 h
after irradiation (Fig. 5) suggests that P-selectin staining at l h is mobilized
from endolhelial stores and that P-selectin staining at 6 h is localized to
platelets. These data suggest that P-selectin localization to the vascular lumen

may contribute to the response of tumor blood vessels to ionizing radiation.
P-seleclin in the lumen of irradiated blood vessels was observed in

tumors and not in normal brain. This finding is expected, as previous
reports have shown no P-selectin staining within brain blood vessels (24).
Tissues that do show P-selectin staining include lung and intestine blood

vessels. These normal tissues do demonstrate localization to the vascular
lumen after irradiation.4 We show that radiation-induced P-selectin mo

bilization to the vascular lumen does not occur in the brain but does occur
in adjacent glioma blood vessels. The clinical significance of radiation-

induced platelet aggregation in tumor blood vessels is that ischemia might
result in tumor hypoxia and may be a mechanism of tumor resistance
during a course of fractionated radiotherapy.

P-selectin has been shown to contribute to thrombotic vasculitis fol

lowing stimulation with inflammatory mediators (14). The Schwarzman
reaction consists of thrombosis and inflammation in tissues treated with
local TNF injection followed by systemic administration of TNF (30).
We have recently demonstrated that local administration of TNF com
bined with local irradiation results in thrombotic vasculitis within tumor
vessels (22, 31 ). This results in necrosis and inflammatory cell infiltration
analogous to the Schwarzman reaction. The present study suggests a
paradigm for mechanisms of interaction between TNF and radiation.
TNF primes tumor blood vessels, with increased expression of cell
adhesion molecules. Ionizing radiation activates the endothelium result
ing in cell adhesion molecule expression, leukocyte adhesion, and platelet
aggregation (1,2, 23, 26). This interaction results in thrombosis of tumor
blood vessels and subsequent necrosis of tumors. The therapeutic impli
cation of radiation activation of the vascular endothelium is that the
precise localization of ionizing radiation by modern-day radiation therapy

may allow for localized thrombotic vasculitis in neoplasms.
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