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Purpose: The purpose of this study was to assess the early effects of microbeam irradiation on the vascular
permeability and volume in the parietal cortex of normal nude mice using two-photon microscopy and immu-
nohistochemistry.

Methods and Materials: The upper part of the left hemisphere of 55 mice was irradiated anteroposteriorly using
18 vertically oriented beams (width 25 pum, interdistance 211 pum; peak entrance doses: 312 or 1000 Gy). At
different times after microbeam exposure, the microvasculature in the cortex was analyzed using intravital
two-photon microscopy after intravascular injection of fluorescein isothiocyanate (FITC)-dextrans and sulfo-
rhodamine B (SRB). Changes of the vascular volume were observed at the FITC wavelength over a maximum
depth of 650 pm from the dura. The vascular permeability was detected as extravasations of SRB.

Results: For all times (12 h to 1 month) after microbeam irradiation and for both doses, the FITC-dextran
remained in the vessels. No significant change in vascular volume was observed between 12 h and 3 months after
irradiation. Diffusion of SRB was observed in microbeam irradiated regions from 12 h until 12 days only after
a 1000 Gy exposure.

Conclusion: No radiation damage to the microvasculature was detected in normal brain tissue after a 312 Gy
microbeam irradiation. This dose would be more appropriate than 1000 Gy for the treatment of brain tumors
using crossfired microbeams. © 2006 Elsevier Inc.

Microbeam radiation therapy, Synchrotron radiation X-rays, Blood-brain barrier, Permeability, Vascular

volume, Intravital multiphoton microscopy.

INTRODUCTION

The treatment of high-grade gliomas is based on a multidisci-
plinary strategy associating surgery, radiotherapy, and chemo-
therapy. Until now, the treatment of glioblastomas has re-
mained ineffective (1): the median survival time is 3 months
without any treatment, and 8 to 12 months after surgery and
conventional radiotherapy or radiosurgery (1-3).

The dose for the irradiation of brain tumors is limited by
the radiosensitivity of normal adjacent brain tissue (4).

Ionizing radiation may cause delayed complications in nor-
mal brain parenchyma, such as radionecrosis, demyeliniza-
tion, glial reaction, vascular damage, and dementia (5-8).
Acute important risks of conventional radiotherapy (60 Gy
fractionated in 5 weeks) are cerebral edema and intracranial
hypertension after a blood—brain barrier (BBB) breakdown
(6, 8, 9). The BBB is a functional barrier which ensures the
indispensable transport regulation between central nervous
system and blood. Many studies reported a significant tran-
sient increase in BBB permeability for molecules of inter-
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Fig. 1. Anteroposterior microbeam irradiation of the left cerebral
hemisphere (coronal section) of a mouse by an array of 18 micro-
planar-beams of 25 um width, separated by 211 wm on-center
distances.

mediate (1 kD <MW <30 kD) and high molecular weights
(>30 kD) at different times after irradiation (10—12). The
increase of the BBB permeability is expected to be impor-
tant for water, even more than for the different probes
described in the literature. This fact may contribute to the
pathogenesis of acute neurologic symptoms such as cogni-
tive dysfunction (6, 13).

Therefore, a new radiotherapy treatment that avoids or
decreases the risk of a BBB breakdown would be a signif-
icant progress. The Microbeam Radiation Therapy (MRT)
is an innovative preclinical radiation therapy technique tai-
lored for brain tumors; it may reduce the risk of vascular
damage and BBB breakdown. First developed at the Na-
tional Synchrotron Light Source, Brookhaven National Lab-
oratory (14, 15), it consists of a spatial fractionation of the
delivered dose (microplanar beams; Fig. 1). MRT uses
high-intensity X-ray beams with negligible divergence gen-
erated at a synchrotron radiation source. Microbeam expo-
sures performed on the brain of adult rats (14), suckling rats
(16), duck embryos (17), and piglets (18) showed a partic-
ular resistance of normal tissues to high X-ray doses. The
neuropathologic effects observed on normal rat brains were
the loss of neuronal and astrocytic nuclei confined in the
path of microbeams (peak regions). Cellular loss was ob-
served in valley regions, i.e., between the microbeams
paths, only for skin-entrance absorbed doses =2500 Gy
(14). More recently, Dilmanian et al. (19) compared the
therapeutic efficiency of MRT and broad-beam radiotherapy
on a murine mammary carcinoma implanted in a mouse leg.
It appears that a single high-dose irradiation using a unidi-
rectional cross-planar MRT mode (approximately 66 mi-
crobeams, 90 wm width each, 300 wm spaced, and 650 Gy
skin-entrance dose) has the same tumor ablation rate (75%)
as a 45 Gy broad-beam irradiation. Animals irradiated with
broad-beam configuration showed epilation, skin desqua-
mation, and severe leg dysfunctions. No side effects were
observed after MRT. Laissue ef al. (15) have studied MRT
effects on a 9L-gliosarcoma rat model implanted in brain.
By crossfiring microplanar arrays of X-rays, they observed
an ablation of the tumor in 22 of 36 rats and minor damages
were detected in adjacent brain tissue.

In the last study (15), the integrity of the normal microvas-
culature in the irradiated microbeam slices and the lack of old
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or recent hemorrhage, were checked on histologic sections.
The rare fibrinoid necrosis of small vessels irradiated longitu-
dinally, i.e., after irradiation of a >100 micrometer-long blood
vessel segment parallel to the microplanes, was deemed to
abort reparation of endothelial damage. To explain the sparing
effect of microbeam irradiation on normal tissue adjacent to
the tumor, it has been hypothesized that nonirradiated endo-
thelial cells between the irradiated zones are able to repair
rapidly the microvasculature or the BBB, or both, in the irra-
diated zones (14, 15).

The hypothesis stated above needs to be tested in vivo on
animal models before MRT can be used in clinical research
protocols. Thus far, little is known about the microbeam
irradiation—induced microvascular damage in normal brain
tissue at different time delays after irradiation. Further, the
repair mechanism of irradiated vessels and the duration of
the regeneration process are not well understood. Therefore,
the aim of this study was to analyze anatomic and physio-
logic changes of functional microvessels in normal mouse
brain tissue at different time intervals after microbeam
radiation exposure. The BBB breakdown and changes in the
functional vascular volume induced by radiation were stud-
ied by intravital multiphoton microscopy. The presence of
viable endothelial cells within vessels in irradiated regions
was checked by Platelet Endothelial Cell Adhesion Mole-
cule I (PECAM-I) (20) and type IV collagen (21) immuno-
chemistry. Regional blood volume and vascular density
modifications were estimated using quantitative immuno-
histochemistry for type IV collagen protein.

METHODS AND MATERIALS

All experimental procedures were performed in accordance
with the French Government guidelines for the care and use of
laboratory animals (licenses no. 380321, A 3851610004, and B
3851610003).

Irradiation protocol and instrumentation

Radiation source. The European Synchrotron Radiation Facility
(ESRF) located in Grenoble, France consists of an 844-m circum-
ference electron storage ring. The X-ray beam is produced by
bunches of 6-GeV electrons circulating at high frequency (355
MHz revolution frequency) in an air-evacuated ring. The maxi-
mum current obtained is 200 mA with a lifetime of 60 h. The
ID-17 Biomedical Beamline of the ESRF where the X-ray irradi-
ation was performed is devoted to the development of new imag-
ing and radiotherapy protocols by using the synchrotron light.

X-rays used for microbeam radiation therapy were emitted from
a wiggler, a linear succession of 21 opposite direction 1.6-Tesla
magnets inserted in a straight section of the storage ring. The white
beam was filtered by a sequence of beryllium (0.5 mm), carbon
(1.5 mm), aluminum (1.5 mm), and copper (1.0 mm) attenuators.
The resulting X-ray spectrum extended from approximately 50 to
350 keV with its mean energy around 90 keV. The dose rate after
filtering was as high as 86 Gy - s~' - mA~". Only the central cone
of the synchrotron beam (0.5 mm high, 4 cm wide) was selected by
different set of slits. The quasi-laminar beam was then spatially
fractionated into an array of microbeams by using an adjustable
multislit collimator (22) positioned approximately 80 cm upstream
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from the head of the nude mice. Nude mice were fixed on a
high-precision goniometer which was vertically scanned through
the microbeam array to deliver the desired dose (Fig. 1). The
goniometer was remotely controlled and the translation speed,
which determines the delivered dose to the tissues, was kept
constant by an automatic feedback system.

Microbeam irradiations. Swiss nude mice (Charles River Labora-
tories, Inc., Les Oncins, France) approximately 5 weeks old, 14-24 g
in weight, were anesthetized with xylazine/ketamine (0.1%/1% in
saline buffer, 10 uL per g of body weight) and irradiated in MRT mode.
This mouse model will enable analysis of the MRT response of
human glioma xenografts in the near future. Mice were placed on
a computer-controlled goniometer, and a —7° angle in the longi-
tudinal direction was applied to avoid spinal cord irradiation. The
complete immobility of mice during irradiation was checked on-
line using three high-resolution video camera systems. The upper
part of the left hemisphere was irradiated in the anteroposterior
direction by an array of 18 vertically oriented, parallel 25-um-
wide microplanar beams, with on-center 211 um distances (en-
trance doses: 312 and 1000 Gy, irradiation field: 4 mm high, 4 mm
wide) (Fig. 1). The spatial configuration of the microbeams and the
dose were checked by radiochromic films and an ionization cham-
ber.

In vivo multiphoton laser scanning microscopy study
Animal preparation. Microbeam irradiation effects on blood
volume and permeability of the cerebral microvasculature were
studied in vivo at different times (2 h, 12 h, 24 h, 48 h, 4, 7, 12
days, and 1 month) postirradiation. Mice (n = 55) were anesthe-
tized with a mixture of xylazine/ketamine (0.1%/1% in saline
buffer, 10 uL per g of body weight) and placed on a stereotaxic
frame modified to allow anterior-posterior rotation of the animal to
optimize laser penetration. A craniotomy of 3 mm in diameter was
carried out above the left parietal cortex. The bone was removed,
and the exposed cerebral cortex was protected by an agarose gel
(23), 1% in 0.9% saline solution. A mixture (100-50 wL) of a 70
kD fluorescein-dextran solution (100 mg - mL ™!, Sigma-Aldrich,
FD-70S) and a 0.58 kD sulforhodamine B (SRB) solution (10
mg - mL ™', Lambda Physics) was then injected in the tail vein of the
mouse. Core temperature was maintained at approximately 37°C
using warm water circulating through a pad, and the head of the
mouse was positioned under the 20X water-immersion objective.
In vivo two-photon microscopy. Two-photon laser scanning
microscopy was performed with a confocal microscope consisting
of a Biorad (MRC 1024) scanhead and an Olympus BXS50WI
microscope. An 800-nm excitation beam from a femtosecond
Ti:Sapphire laser (5-W pump; Spectra-Physics, Millenia V) was
focused in the sample using a 20X water-immersion objective
(0.95 numerical aperture, Xlum Plan FI Olympus), and the beam
was scanned in the x-y plane to acquire a 512 X 512 image (0.9
s/image). The z-scan (variation of the observation depth) was
realized by vertical motion of the motorized objective. The inci-
dent laser intensity was varied by using a polarizator placed before
the microscope so that the total average power delivered at the
surface ranged from 20 to 200 mW. Typically, an energy of 10~ ® J
is deposed on a surface of approximately 1 um? [= (0.6 um)?]
in the focal region. The exciting light is attenuated by scattering/
absorption of ballistic photons, and the emitted light is decreased
by absorption of fluorescence photons by cerebral tissue (24). To
counter this, the intensity of the laser was manually increased as
the depth increased to such a level that the fluorescence from a few
pixels saturated the detection system. Fluorescence was collected

with two added external photomultiplicator tubes. Filters in front
of these tubes separated the red fluorescence (rhodamine emission)
from the green one (fluorescein emission) so that two dyes could
be simultaneously observed. Image acquisition and reconstruction
were performed using the Biorad exploitation system. Planar scans
of the fluorescent intensity were acquired at successive depths in
the cortex. The z-step between scans ranged from 1 to 5 microns;
acquisition of a stack took 1-2 min. Images were analyzed using
Image J (ImageJ. v.1.33 Public Domain Software, available on
http://rsb.info.nih.gov/ij/, 2005) and home-made software.

Immunohistologic study

Histologic analyses were performed on two groups of mice
irradiated as described previously. The first group (n = 87) was
used to assess the short-term effects of microbeam irradiation on
brain cells at different times after exposure (2, 12,24 h, 2, 4,7, 12
days). Hematoxylin—eosin (HE) staining was performed on all
mice, whereas type IV collagen and PECAM-I immunochemistry
was only achieved on few animals. The second group of irradiated
mice was used for brain vascular parameters quantification at 12 h,
12 days, 1 and 3 months after microbeam exposure (n = 4-5 per
delay and dose). HE, type IV collagen and PECAM-I immuno-
chemistry was performed.

Section preparation

Mice were killed by neck dislocation. The brain was excised and
frozen in isopentane at —50°C. Horizontal frozen sections (10 wm
thick) were obtained with a cryotome at —18°C and stained
with HE.

Immunofluorescence assays

Multiple immunofluorescence stainings were performed on ad-
jacent sections to study the capillary network. Nonspecific labeling
was prevented by preincubating sections with 5% bovine serum
albumin in phosphate-buffered saline, 30 min at room temperature.
Next, the sections were incubated for 16 h at 4°C with the primary
antibodies, rat polyclonal against PECAM-I (20) (1/200, TEBU
bio) and a goat polyclonal anti-type IV collagen (1/1000, F-5202
VF83, UNLD) as described previously (21). Sections were washed
4 times with phosphate-buffered saline, then exposed to the sec-
ondary antibodies for 4 h at room temperature. Fluorescein iso-
thiocyanate (FITC)-conjugated donkey anti-goat F(ab’)2 (1/100,
Jackson Immunoresearch Laboratories, Inc.), Tetramethylrhodam-
ine B isothiocyanate (TRITC)-conjugated donkey anti-rat F(ab’)2
(1/100, Jackson Immunoresearch, Inc.), and nuclei were counter-
stained by 4,6'-diamidino-2-phenylindole (DAPI) (1 wg . mL ™' in
mounting medium) (25). The immunohistologic staining of type
IV collagen, localized in the basal membrane of blood vessels,
allowed the detection of all blood vessels and capillaries. Staining
of PECAM-I indicated the presence of endothelial cells and inter-
cellular junctions. The sections were examined with a Nikon
Eclipse E600 microscope (Nikon, Champigny sur Marne, France)
equipped for epifluorescence with 10X and 20X air-immersion
objectives to check the presence of vessels and of viable endothe-
lial cells after irradiation.

Quantitative image analysis

Quantitative image analyses were performed 12 h, 12 days, 1
month, and 3 months after microbeam exposure. The number of
mice per time delay was 4-5. The number of coronal brain tissue
sections per mouse varied between 14 and 20 with a mean inter-
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distance of 60 wm. Total vessels and endothelial cells were stained
by immunohistochemistry of type IV collagen and PECAM-I as
described previously.

Images were acquired using a confocal microscope Olympus
Fluoview BX50 based on two lasers (Arg 488 nm, HeNe 543 nm)
and two photomultiplicators for specific light detection. For all
brain slices, a field of view of 707 X 707 wm was acquired in the
parietal cortex of the irradiated hemisphere and in the ipsilateral
hemisphere at the same location. All field of views were sampled
at equal distances (500 wm) from the brain midline, and they
nearly covered the whole parietal cortex of the mice, which is
approximately 800 wm thick. This was approximately the location
of the cranial window in the two photon microscopic studies. The
volume of interest in the irradiated and ipsilateral parietal cortex
ranged from 0.5 mm? (14 slices) to 0.67 mm? (20 slices) including
the slice thickness.

Next, a homemade macro (Kontron KS 400, Zeiss; Carl Zeiss
AG, Oberkochen, Germany) was used for image processing and
analysis of morphometric parameters per time delay after mi-
crobeam exposure.

Image processing

After an adaptive gray value segmentation of the original grey
value images (8 bits), we eliminated structures with areas smaller
than 15 pixels, which were related to nonspecific staining. Mi-
crovessels with a noncontinuous collagen IV staining were closed,
and the vessel lumina were filled. Finally, the original grey value
image and the processed binary image were overlaid, and we
checked manually if the areas of the microvascular structures after
image processing were not larger than in the original grey value
image.

Image analysis

The mean vessel density (n/mm?) and the vascular volume per
tissue volume of interest (%) were estimated for each mouse. The
vessel density for each mouse was reported as the mean of vascular
density of all sections. The vascular volume (V,) for each mouse
was estimated according to the stereological algorithm of Adair
et al. (26).

V, = [@/4 - (Mean diameter)? - Ly ], where L, is the vascular
length density per volume of reference. The mean vessel diameter
for each mouse was calculated for all sections. L, was estimated
according to the formula L, = 3a/b /3 A, (26) where microvessels
were considered as perfect cylinders. Za/b is the sum of the ratio
of the major axis (a) to the minor axis (b) of all vessels per mouse;
A, is the sum of all field of views per mouse. The vascular
volume per tissue volume of interest was obtained by dividing the
vascular volume estimated for each mouse by the volume of
interest. The values reported in tables are the average results over
all 4-5 mice per group. Differences in morphometric parameters
of the microvasculature in the irradiated and nonirradiated hemi-
sphere were analyzed by a paired ¢ test using GraphPad Prism
version 4.00 for Windows (GraphPad Software, San Diego CA).

RESULTS

Postirradiation animal behavior

After irradiation with either of the two doses, all mice
were alive during the whole observation period of 3 months.
Neurologic tests were not performed, but a follow-up of the
body weight during 3 months on groups of mice irradiated
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at 312 Gy (n = 6) and 1000 Gy (n = 7) did not reveal any
differences compared with the weight curves reported by
the animal supplier. After application of a dose of 312 Gy,
the behavior of the mice seemed normal, with changes in
neither motor functions nor social behavior. On the other
hand, animals irradiated with a higher dose (1000 Gy)
showed signs of hyperactivity that disappeared 4 h after
irradiation. A weak radiodermatitis was observed in the path
of microbeams during approximately 12 days after mi-
crobeam exposure with an entrance dose of 1000 Gy. The
skin recovered and appeared normal 1 month after irradia-
tion. Some mice have been kept alive for 6 to 24 months
after irradiation and currently present only a slight atrophy
of eye and signs of cataract.

Postirradiation histologic analysis
Hematoxylin-eosin-stained sections revealed cellular
damage induced by microbeams. Twelve hours after mi-
crobeam irradiation (312 and 1000 Gy), dark striae were
observed at low magnification (Fig. 2), especially in high
nuclear density regions such as the granular layer of the
cerebellum. These striae, which were separated by approx-
imately 200 wm, correspond to the irradiated microslices.
At high magnification, nuclear condensation—nuclear pyk-
nosis—could be observed, i.e., an indication of cell death
(Figs. 2a and 2b, black arrows). At longer postirradiation
delays, the number of glial and neuronal cells decreased
quickly in the microbeam stripes until an almost complete
disappearance of cellular bodies and nuclei 7 days after

Fig. 2. Coronal section of a left parietal cortex mouse brain 24 h (a
and b) and 3 months (c) after microbeam irradiation with 25-um-
wide microbeams, 211-um center-to-center spacing, skin entrance
dose of 1000 Gy (frozen section, hematoxylin and eosin). Arrows:
microbeam paths; arrowhead: pycnotic nuclei.
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radiation exposure. The microbeam stripes then appeared on
HE-stained sections as pale striae (Fig. 2c). These striae
were still observed 3 months after microbeam irradiation.
Repopulation of irradiated slices by cells was not observed
during this period. After application of either of the incident
radiation doses, hemorrhages or tissue necrosis were never
observed in the irradiated hemisphere. The cellular effects
observed after 312 Gy or 1000 Gy exposure evolved with
great morphologic and temporal similarity.

In vivo multiphoton imaging of BBB breakdown and
functional vascular density

Multiphoton excitation provides images of brain vasculature
as far as 650 wm below the dura. This value represents ap-
proximately 75% of the mouse brain cortical layers. At a depth
of 50-100 wm, the penetrating vessels divided into numerous
branches and in capillaries which were not seen at the surface.
To estimate cerebral blood volume and permeability of the
BBB modifications after microbeam irradiation, fluorescent
molecules were injected intravenously, one of large size, which
remain intravascular despite the radiation treatment (fluores-
cein-dextran, 70 kD), and a smaller probe (SRB, 0.58 kD) that
diffuses across vascular endothelium when the BBB leaks. In
preliminary studies on normal unirradiated control animals (n
= 6), diffusion of both fluorescent probes was tested by intra-
vital multiphoton microscopy. The observation of the parietal
cortex from the pial vessels to capillaries situated at 650 wm
depth did not reveal any extravasation of FITC-dextran or any
enhancement of SRB diffusion into the extravascular compart-
ment (data not shown).

At any time after irradiation with either 312 Gy or 1000
Gy, FITC-dextran remained intravascular. Capillaries situ-
ated within or between the microbeam paths were perfused,
and there was no obvious difference in capillary density
between irradiated microslices and tissue regions situated
between the irradiated microslices (Figs. 3a, 3c, and 3e).
However, when the microbeam hit a plunging vessel longi-
tudinally along 50 to 100 wm, a halo of FITC-dextran 70 kD
could be observed around the vessel situated in the axis of
the microplanar stripes (data not shown).

All mice exposed to 312 Gy skin entrance dose never
showed diffusion of SRB in the extravascular compartment
(Fig. 3b). The capillary density was constant, and the vas-
cular network remained completely perfused. In mouse
brains exposed to a 1000 Gy skin entrance dose, a diffusion
of SRB was detected in the microbeam stripes. All results
are summarized in Table 1, where localized diffusion of
SRB in the microbeam stripes per number of mice is re-
ported. Twelve hours after microbeam exposure, a ho-
mogenous diffuse signal of SRB was observed in the ex-
travascular compartment but only in the microbeam paths (Fig.
3d). Twenty-four to 48 h postirradiation, only dotted signals
of SRB (4 to 6 um in diameter) could be detected in the
microbeam paths (Fig. 3f). Four to 12 days later, these
dotted signals became smaller, and they decreased in den-
sity. Three mice studied 1 month after irradiation did not
show the presence of extravascular SRB (data not shown).

Fig. 3. Z-projection of images acquired in vivo from 200 to 300
pm (a and b), 50 to 100 wm (c and d), and 150 to 250 wm (e and
f) below the dura (2-um steps) in the left parietal cortex of a nude
mouse 12 h after 312 Gy (a and b), 12 h after 1000 Gy (c and d),
and 48 h after 1000 Gy entrance dose exposure (e and f). The
mouse was injected intravenously with 100 uL of 100 mg - mL ™"
fluorescein isothiocyanate—dextran solution and 50 uL of a 5
mg - mL ™" sulforhodamine B solution approximately 2 min before
microscopy. Filters in front of two photomultiplicator tubes sepa-
rate the green fluorescence (from fluorescein isothiocyanate—dex-
tran emission, images a, ¢, and e) from the red one (from sulfo-
rhodamine B emission, images b, d, and f).

Immunohistochemistry and blood volume estimation

Microbeam paths could not be identified on the basis of
type IV collagen and PECAM-I immunostaining but were
detectable with DAPI nuclear labeling (25). Endothelial
cells were present in the irradiated tissue microslices after
both radiation doses (312 Gy or 1000 Gy) and at any time
after radiation exposure (12 h to 3 months). Each blood
vessel and capillary detected in the irradiated microslices or
in the tissues situated between those microslices revealed
double staining for the type IV collagen and PECAM-I
proteins (Fig. 4).

Quantitative analysis of blood volume and vascular den-
sity confirms the qualitative observations of type IV colla-
gen stained sections. The results are summarized in Tables
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Table 1. Diffusion of Sulforhodamine B at different times after microbeam exposure

Observation delays

Doses 2h 12 h 24 h 48 h 4 days 7 days 12 days 30 days
312 Gy 0/3 0/3 0/2 0/3 0/3 0/3 0/3 —
1000 Gy 0/4 3/3 4/4 5/5 6/6 4/4 6/6 0/3

The local diffusion of Sulforhodamine B in irradiated peak regions per fraction of animals studied

is shown.

2 and 3. No significant difference in morphometric param-
eters of the capillary network was found during the first 3
months after microbeam exposure whatever the deposed
dose. Cerebral blood volume ranged from 2.41 * 0.35% to
3.47 £ 0.33% in the contralateral hemisphere and ranged
from 2.51 = 0.61% to 3.64 = 0.35% in the irradiated cortex
(312 Gy and 1000 Gy; Table 2). For both doses, the vessel
density did not change significantly during 3 months after
microbeam irradiation (Table 3) and no apparent difference
was found between the irradiated and contralateral hemi-
sphere, whatever the dose and time after radiation exposure.

DISCUSSION

We have investigated the short-term effects of mi-
crobeam irradiation on the normal mouse brain at high
doses of synchrotron generated X-rays with high dose rates
(86 Gy -s~' - mA™") and an energy spectrum ranging from
50 to 350 keV. The BBB permeability to large and small

Fig. 4. Type IV collagen (fluorescein isothiocyanate labeling) and
platelet endothelial cell adhesion molecule I (Tetramethylrhodam-
ine B isothiocyanate [TRITC] labeling) immunostaining. Horizon-
tal section of a left parietal cortex mouse brain 3 months after
microbeam irradiation with 25-um-wide microbeams, 211-um
center-to-center spacing, skin entrance dose of 1000 Gy. The
arrow shows a microbeam stripe in the motor cortex. An important
loss of cell nuclei (4,6'-diamidino-2-phenylindole [DAPI]) has
been observed in the microbeam path but immunoreactivity for
endothelial cells (platelet endothelial cell adhesion molecule I
positive expression, arrowhead) remains detectable in the irradi-
ated microslice (10-wm-thick frozen section).

fluorescent compounds has been analyzed in vivo, as well as
effects of microbeam radiation exposure on morphometric
parameters of the brain vascular network (vessel density,
regional cerebral blood volume). Our findings suggest that a
single unidirectional irradiation of mouse brain cortex by
eighteen 25-um-wide microbeams with 211-um on-center
distances and using skin entrance doses of 312 or 1000 Gy,
does not induce blood volume change, hemorrhage, inflam-
matory response, or tissue necrosis. Only a transient in-
crease of BBB permeability to small molecules has been
observed after a 1000 Gy microbeam exposure.
Multiphoton microscopy is a very promising tool to in-
vestigate physiologic processes in living animals with a
subcellular resolution (27-29). This recent technique has
already been applied to study several animal tissues, e.g.,
kidney (30), brain (23, 31), and tumors (32). In our study,
we have been able to observe brain microvasculature to a
tissue depth of 650 um and to provide evidence that capil-
laries situated in the irradiated microslices were not affected
and remained perfused, for both skin entrance doses and at
any time after irradiation. No obvious modification of ce-
rebral blood volume could be detected in irradiated hemi-
sphere. However, if qualitative observations of biologic
systems are feasible with multiphoton microscopy, quanti-
tative measurements are less straightforward owing to the
influence of several parameters on the analysis of multipho-
ton data (24, 33). Work is in progress to obtain quantitative
cerebral blood volume measurement from multiphoton mi-
croscopy (34). Meanwhile quantitative analysis of cerebral
blood volume was performed using stereological methods.
Immunohistologic study of frozen brain slices revealed
that capillaries observed in the microbeam slices (peak
regions) as well as the capillaries situated between the
microbeam slices (valley regions), expressed type IV colla-
gen and PECAM-I proteins. From 12 h to 3 months after
microbeam exposure, the vascular volume and the capillary
density were not significantly different between the irradi-
ated and the contralateral hemisphere, corroborating the
multiphoton microscopy observations. Conversely, it has
been shown that fractionated stereotactic radiotherapy of
brain tumors induced important blood volume changes in
normal adjacent tissue (35). Nowadays, there seems to be
consensus that microvasculature sparing is the major advan-
tage of MRT vs. conventional radiotherapy, even if the
repair mechanisms are not yet fully understood. A recent
study showed that a 150 Gy skin entrance dose irradiation
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Table 2. Cerebral blood volume evolution after microbeam exposure

Time after MRT 312 Gy Contralateral 1000 Gy Contralateral
12 h 251 £0.61 241 £0.35 2.54 £ 0.52 2.68 = 0.39
12 days 3.28 £ 0.44 3.35 £ 041 3.35 £0.30 3.25 £0.20
1 month 3.34 = 0.67 3.17 £ 0.52 3.64 = 0.35 347 = 0.33
3 months 3.04 £ 047 3.06 £ 0.54 3.19 = 0.87 3.26 £0.52

Estimations of the cortical blood volume (%) 12 h, 12 days, 1 and 3 months after microbeam
irradiation (312 and 1000 Gy) in the nonirradiated (contralateral) and irradiated parietal cortex of
nude mice. Mean values with their standard deviations are reported. Differences between the ipsilateral
and contralateral hemispheres were not significant: two-tailed p values (paired # test) >> 0.05.

(27 pm microplanar width, 200 wm on-center spacing) is
well tolerated by rat carotid artery and was considered as an
insufficient dose to significantly suppress the neointimal
hyperplasia observed after balloon angioplasty (36).
Several hypotheses have been formulated to explain this
surprising radio-resistance of normal brain capillaries after
microbeam exposure. The most plausible one was the mi-
gration or division of minimally irradiated surviving endo-
thelial cells adjacent to microbeam regions (14). In 1981,
Reidy and Schwartz showed that aorta reendothelialization
of small areas took place rapidly after injury (37). A 25-um
wound was caused on rat aorta with a nylon microfilament.
A longitudinal wound which removed 3 to 5 endothelial
cells could be repaired by cell mitosis within 72 h, and this
increased cell density remained over the site of injury for at
least 4 weeks. When the wound was performed perpendic-
ularly to the endothelial cell alignment (circumferential
injury), the authors demonstrated that the reparation of the
lesion occurred within 8 h after injury, without cell division.
It has been suggested that cytoskeletal and cytoplasmic
extensions of endothelial cells might cover a small defect
rapidly. It is possible that the same phenomenon takes place
after microbeam irradiation of the brain vasculature. The
random orientation of brain capillaries decreases the prob-
ability of their longitudinal irradiation. As we have noted in
our study, large vessels and those oriented parallel to the
longitudinal axis of microbeam planes seem to be more
vulnerable to microbeam irradiation. Beams used in this
work were approximately 25 wm wide and might have
allowed rapid vascular reparation such as described by
Reidy and Schwartz (37). Such a repair mechanism would

depend less on the skin entrance dose than on the micro-
planar width and spacing, because we observed no differ-
ence between the brains exposed to 312 Gy and 1000 Gy.
Other experiments should be performed to find the maxi-
mum microbeam width and spacing that would still permit
the rapid endothelium regeneration at different dose levels.

The permeability of the BBB to SRB increased between
12 h to 12 days after microplanar irradiation and vanished
between 12 and 30 days, but only for a skin entrance dose
of 1000 Gy. It has been reported that broad-beam irradiation
of the whole body and brain induces BBB permeability
modifications which were strongly dependent on the probes
(10-12, 38). Immunoreactivity for serum albumin after a
single seamless irradiation of a rat hemisphere (20 or 40 Gy
conventional X-rays) showed albumin diffusion through the
BBB between 1 day to 14 days postirradiation (12). The
detection increased on Day 3 and gradually decreased, until
albumin became undetectable on Day 30. The time course
of BBB recovery kinetic described is comparable to the
results obtained in our study. However, after microbeam
irradiation, the leakage of the BBB occurred for a smaller
probe (SRB 0.58 kD) and only after a 1000 Gy skin entrance
dose. Diffusion of the FITC-dextran (70 kD, molecular size
similar to that of albumin) was never observed after a 1000
Gy or 312 Gy exposure. Interestingly, Yuan ez al. (11) have
shown on normal rat brain that radiation-induced perme-
ability of the BBB was principally the result of an increase
of paracellular transport secondary to tight junction alter-
ations. They demonstrated that a 20 Gy broad beam (6-MV
X-rays) is sufficient to increase significantly diffusion of
FITC-dextran (4.4 to 70 kD) through brain vessels. The lack

Table 3. Cerebral vascular density evolution after microbeam exposure

Time after MRT 312 Gy Contralateral 1000 Gy Contralateral
12 h 415 = 72 405 = 84 396 = 42 401 = 47
12 days 430 = 29 433 £35 456 = 71 445 * 41
1 month 470 =73 446 * 34 412 £ 42 381 =26
3 months 444 * 35 435 £ 25 431 £ 37 427 * 31

Estimations of the cortical capillary density (number of capillaries per mm?) 12 h, 12 days, 1 and
3 months after microbeam irradiation (312 and 1000 Gy) in the nonirradiated (contralateral) and
irradiated parietal cortex of nude mice. Mean values with their standard deviations are reported.
Differences between the ipsilateral and contralateral hemispheres were not significant: two-tailed
p values (paired ¢ test) >> 0.05.
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of diffusion of large molecules through the BBB after
microbeam exposure reveals a new advantage of this irra-
diation mode spatially fractionated at a microscopic scale.
In this case, radiation doses can be considerably increased
without provoking important BBB permeability modifica-
tions in normal tissues. These results are concordant with
the recent study carried out by Dilmanian et al. (39) who
showed that the BBB breakdown for albumin-FITC took
place only in 9L gliosarcoma tumoral vessels—which were
not permeable before MRT—and not in capillaries in nor-
mal brain tissue after microbeam irradiation (entrance dose
800 Gy, microplanar width 27 wm, microplanar spacing
200 wm) (39).

The dose-dependent response of BBB for small mole-
cules to microbeam irradiation could be explained by con-
sidering the physical properties of the beam. It appears that
the normal tissue-sparing effect of MRT depends consider-
ably on irradiation parameters such as microplanar beam
width and spacing (14). Correct microdosimetry and Monte
Carlo simulations are essential for establishing correlation
with biologic effect (40). Several groups are working on
new irradiation protocols, microdosimetry, and simulation
methods (41-46). It is important to note that the dose in the
valley regions is not negligible. Radiation damage and cel-
lular stress may extend to a larger area because of the
Gaussian shape of each microbeam. Ideally, a perfect mi-
crobeam is close to a square with round edges, but in reality,
because of the imperfections of the multislit collimator and
the divergence of the incoming beam, the microbeam shape
becomes more like a Gaussian. Furthermore, X-ray scatter-
ing, photoelectrons, and Compton electrons contribute to
the dose deposited in the valleys. This dose depends on
different criteria such as the absorbed doses, photon energy
spectrum, microbeam width, distance between microbeams,
number of microbeams, total irradiated volume, and many
other factors. In our study, the skin entrance dose was the
only parameter that has been modified. However, when
the peak dose increases from 312 to 1000 Gy, the en-
trance dose in the valley estimated by Brauer ef al. on
Matlab home-made software may vary from 5.8 to 18.9 Gy
(personal communication, E. Brauer, European Synchrotron
Radiation facility Grenoble, France, 2005). A seamless dose
of 18.9 Gy delivered to a relatively large brain volume is
thought to likely approach or exceed the threshold tolerance
dose for normal brain tissue. This might explain the differ-
ence observed for SRB leakage through the BBB after 1000
Gy vs. 312 Gy irradiations. The 18.9 Gy presumably absorbed
by endothelial cells in the valley region in the vicinity of the
irradiated microslices may be too high to allow a rapid recov-
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ery of the microvasculature targeted by the whole mi-
crobeam array, in contrast to the 5.8 Gy valley dose gener-
ated by a 312 Gy exposure. The valley dose appears to be a
very important factor in microbeam irradiation.

Multiphoton in vivo microscopy has shown that SRB
signals in the extravascular compartment after a 1000 Gy
exposure change from a diffuse staining 12 h after irradia-
tion (Fig. 3d) to a more dotted staining 12 h later (diameter
4—6 wm; Fig. 3f). The number of SRB dotted signals de-
creased in time until they became undetectable after 1 month.
These data have to be compared with histologic findings.
Cell death induced by ionizing radiation was detectable as
soon as 2 h after exposure. One day postirradiation, mi-
crobeam stripes were clearly detectable. Nuclei situated in
the microbeam stripes showed a strong chromatin conden-
sation suggesting the presence of nuclear pyknosis and
incipient cell death. From 4 days to any time after irradia-
tion, the numbers of cells in the microbeam stripes de-
creased rapidly until only a few intact cells remained in the
microplanar stripes after entrance doses of 312 Gy or 1000
Gy. The number of nuclei decreased at the same rate for
both doses. The cytotoxic effects of 312 Gy and 1000 Gy in
the microbeam stripes may be equivalent. Regarding mul-
tiphoton microscopic results, we thus hypothesize that, after
a 1000 Gy skin entrance dose microbeam irradiation, SRB
leaks through the BBB into the extravascular compartment
of the microbeam stripes. Twenty-four hours after exposure,
SRB may be endocytosed by microglial cells or may diffuse
into radiation-damaged cells situated in the microbeam
planes. The cell membrane may be more permeable and
therefore facilitates the diffusion of SRB into the cells and
the fixation of SRB on cytoplasmic and nuclear proteins.
SRB diffusion has never been detected in our intravital
microscopy study after a 312 Gy skin entrance dose. Despite
the presence of cellular damages similar to those observed
after a 1000 Gy exposure, SRB dotted signals were never
detected after a 312 Gy irradiation, because of the integrity
of the BBB.

In conclusion, up to 3 months after microbeam radiation
exposure no changes in blood volume and vascular density
were detected in the irradiated microbeam slices of normal
brain tissue after a 312 Gy and 1000 Gy exposure. However,
the high dose induced BBB leakage for small molecules be-
tween 12 h and 12 days after microbeam exposure. The ap-
parent integrity of the BBB after exposure to 312 Gy may
indicate that this dose is more adapted to spare normal vascular
tissue and to limit cerebral edema. Therefore, this dose may
be more appropriate, in terms of normal tissue tolerance, for
the treatment of brain tumors using crossfired microbeams.
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