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Synchrotron microbeam irradiation
induces neutrophil infiltration,
thrombocyte attachment and
L selective vascular damage in vivo
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Our goal was the visualizing the vascular damage and acute inflammatory response to micro- and
minibeam irradiation in vivo. Microbeam (MRT) and minibeam radiation therapies (MBRT) are tumor
treatment approaches of potential clinical relevance, both consisting of parallel X-ray beams and
allowing the delivery of thousands of Grays within tumors. We compared the effects of microbeams (25—
100 pm wide) and minibeams (200-800 um wide) on vasculature, inflammation and surrounding tissue
changes during zebrafish caudal fin regeneration in vivo. Microbeam irradiation triggered an acute
inflammatory response restricted to the regenerating tissue. Six hours post irradiation (6 hpi), it was
infiltrated by neutrophils and flila* thrombocytes adhered to the cell wall locally in the beam path. The
mature tissue was not affected by microbeam irradiation. In contrast, minibeam irradiation efficiently
damaged the immature tissue at 6 hpi and damaged both the mature and immature tissue at 48 hpi. We
demonstrate that vascular damage, inflammatory processes and cellular toxicity depend on the beam
width and the stage of tissue maturation. Minibeam irradiation did not differentiate between mature
and immature tissue. In contrast, all irradiation-induced effects of the microbeams were restricted to
the rapidly growing immature tissue, indicating that microbeam irradiation could be a promising tumor
treatment tool.

The major challenge of treating cancer is to achieve high treatment efficacy within the tumor while reducing col-
lateral damage to the normal tissue. Synchrotron radiation therapy is a new tumor treatment strategy used at the
preclinical stage!. Microbeam radiation therapy (MRT) is based on the fractionation into arrays of parallel beams,
thus generating a spatially and periodically alternating dose distribution in the target. The normal tissue shows
a remarkably high resistance when irradiated with microbeam peak doses up to 5000 Gray (Gy)?. For different
synchrotron radiation therapies, a variety of beam widths have been proposed. Several variants have emerged
within the past decades: microbeam radiation therapy® and minibeam radiation therapy (MBRT), among others*.
Both MRT and MBRT induced increases in the lifespan of tumor-bearing rodents and are proposed as potential
tumor therapies?>1°.,

In MRT, 25-100 pm wide beams, which are typically separated by a few hundred micrometers (Fig. 1A),
depose in-beam doses of several hundreds of Grays. For example, microbeam doses of 320 to 860 Gy, with a
center-to-center distance of 200 to 400 pm, have been applied in several studies!®!®, where a significant increase
in the median survival time for different tumor bearing rodents was achieved. Different mechanisms have been
proposed to explain the efficiency of MRT in tumor growth control, such as preferential damage on immature
(tumoral) vessels!?, intercellular communication between irradiated and less-irradiated adjacent cells'” or effects
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Figure 1. Irradiation of the zebrafish caudal fin. (A) Schematic representation of currently used beam types
for preclinical radiotherapy studies. (B) Overview of a semi-amputated zebrafish caudal fin. Five to seven
days post amputation, a single beam with a dose of 5000 Gy and a width of 25, 50, 100, 200, 400 or 800 pm was
applied through both mature and immature parts of the fin.

on the immune system'®'?. The clinical use of MRT is currently limited by the fact that the necessary dose rates
to apply the treatment without blurring the microbeams during the scan can only be generated by a synchro-
tron®?%-22, Therefore, MBRT was initially proposed as a trade-off to counteract some of the difficulties encoun-
tered with MRT. In MBRT, wider beams (500-700 pm) and lower doses than in MRT are commonly used?!*?
(Fig. 1A). This procedure is believed to be tolerated by the normal tissue®*"?2. However, studies with a clear focus
on the tissue sparing effect have not been published yet for MBRT.

In this study, we partially amputated the ventral half of the caudal fin 5-7 days before irradiation (IR) while
the dorsal half was left untouched. Zebrafish possess a remarkable regenerative potential?® and are able to com-
pletely regrow the caudal fin?*. The first week of regeneration is characterized by a rapidly growing, immature
vascular network, which can be visualized in vivo by the presence of green fluorescent endothelial cells in the
Tg(flila:eGFP)" zebrafish®. The fins were then irradiated in the dorsal-ventral axis with a single beam and a
constant entrance dose of 5000 Gy (Fig. 1B). Single beams of six different widths used in MRT and MBRT were
applied. The evolution of damage was assessed by in vivo-microscopy (images and movies), light and transmis-
sion electron microscopy. This allowed us to study irradiation-induced effects of micro- and minibeams on both
mature and immature tissue in terms of blood perfusion, endothelial cell damage and immune response.

Materials and Methods

All procedures related to animal care conformed to the guidelines of the Swiss government and were approved
by the European Synchrotron Radiation Facility (ESRF) Internal Evaluation Committee for Animal Welfare and
Rights.
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Study design. The dorsal caudal fin of 41 age-matched Tg(flila:egfp)’! zebrafish (fluorescent endothelial
cells) were partially amputated®. The fish were divided into seven conditions (control, 25, 50, 100, 200, 400 and
800 um wide beams) and observed at three different time points (6, 48, 96 hpi). Additionally, 72 non-irradiated
zebrafish were used to study flila™ blood cells.

Caudal fin amputation. The ventral half of the caudal fin of fish anesthetized with 0.04% MS-222 (500 1S,
pH 7.4) was partially amputated using a scalpel (Fig. 1B) five days before the first set of irradiations.

Synchrotron irradiation. Irradiations were performed at the ID17 biomedical beamline of the ESRF using
X-rays. The caudal fin of zebrafish was irradiated 6 days after its semi-amputation. The fish were placed perpen-
dicularly to the beam, positioned horizontally in a home-made Plexiglas support. A constant dose of 5000 Gy
was applied with varying beam widths. The dose rate was ~16,000 Gy.s~!. We chose to apply 5000 Gy after pre-
liminary experiments with 400, 1000 and 2500 Gy and based on the fact that zebrafish? are up to 10 times more
radio-resistant than humans? or rats?.

Dosimetry. The dose rate in MRT under broad beam conditions is determined by measurements using a
calibrated pinpoint chamber (IC 31014 from PTW, Freiburg, Germany) following a protocol described in detail
by Briuer-Krisch et al. and Fournier et al.?>. The delivered peak entrance dose is automatically calculated within
the MRT GUI (Graphical User Interface), which applies Monte Carlo pre-calculated output factors for the differ-
ent beam sizes scaled to the broad beam conditions at 2 cm depth for a 2 cm X 2 cm field size. Experimental dose
verification with the help of Gafchromic film from ISP (Nuclear Associates) using a modified ZEISS microscope®
were equally performed.

In vivo-microscopy. Zebrafish were anesthetized using 0.04% MS-222 in system water (500 S, pH 7.4) for
the irradiation procedure and in vivo-microscopy. We used a Leica M205FA stereomicroscope equipped with
either one of two cameras. A Canon EOS 5D Mark II color camera with the EOS Utility software was used for
brightfield investigations and movies. A Leica DFC365X grayscale camera with the Leica AF6000 software was
used for z-stacks, movies and large mosaics.

Flow cytometry, cell labeling and blood smears. For blood withdrawal, 72 non-irradiated zebrafish
were anesthetized using 0.04% MS-222 in system water. Thereafter, a big portion of their tail was cut using a
straight razorblade. The emerging blood was collected with a pipette and stored in 100 pl PBS in heparin-coated
tubes (Microvette, Sarstedt, DE). For the frequency-assessment of the flila* fraction, the blood was filtered with
40l cell strainers (Sigma-Aldrich, CH) and data directly acquired using FACSVerse (BD Biosciences). For the
labeling of different surface cluster of differentiations (CD molecules), the cell isolates were fixed in 2% paraform-
aldehyde for 15 min, washed in PBS with 2% BSA (Sigma-Aldrich) and incubated with primary antibodies for
20min at 4°C. The secondary antibody was applied for 1h at 4°C. Stained cells were acquired using FACSVerse
(BD Biosciences). The rabbit anti-zebrafish monoclonal antibodies against CD4 and CD8 were purchased from
Anaspec, USA. The secondary donkey anti-rabbit AlexaFluor647-labeled antibody was purchased from Abcam,
CH. FloJo Version 9.8.1 was used for data analysis. For blood smears, the blood was spread on a glass slide,
air-dried for 3min and then observed with a Leica M205FA stereomicroscope to identify flila™ cells. Thereafter,
the cells were immediately stained with Giemsa-May Griinwald (Grogg Chemie, CH).

Co-localization of CD41 and flila. Co-localization of CD41 and flila was determined in 5 dpf (days post
fertilization) old fish with a Zeiss LSM880 confocal microscope. Ten pre-screened zebrafish were anesthetized using
0.04% tricaine and mounted on 35 mm glass-bottom petri dishes (MatTek, USA) using 0.8% agarose. 1000-1500
pictures of the posterior caudal vein (PCV) were acquired in and manually evaluated using Fiji-ImageJ v1.50g.

Blood perfusion at the tip of the caudal fin.  The caudal fin consists of bony fin rays. Blood perfusion of
each ray was scored as “yes” if the blood was able to pass the beam path in the artery, flow to the distal tip of the
fin and back to the trunk. It was scored as “no” if the blood was either not flowing across the beam path (arterial
damage) or if it was unable to flow back (venous damage). Blood perfusion was mainly assessed directly under
the microscope, or using recorded movies.

Light and transmission electron microscopy. Right after the in vivo-microscopy, the caudal fins with
a big portion of the tail of anesthetized fish were cut off and immersed immediately in sodium cacodylate buffer
(0.1M, pH 7.4) with 2.5% glutaraldehyde (540 mOsm, pH 7.4), then washed three times for 8 minutes with 0.1 M
sodium cacodylate buffer (pH 7.4) and post-fixed for 2hours in the same buffer containing 1% osmium tetrox-
ide (340 mOsm, pH 7.4). After another 3-step washing in the buffer the samples were dehydrated through a
graded ethanol series and infiltrated with different aceton-epon mixtures. The caudal fins were divided into dor-
sal (mature) and ventral (immature) parts and embedded in epon 812 containing 1.5% accelerator. The samples
polymerized over 3 days at 60 °C. Semi-thin sections for light microscopy (0.5-1m) and ultra-thin sections
for TEM (70 nm) were obtained by an UCT Leica ultra-microtome with diamond knives from DIATOME SA.
Semi-thin sections (0.5-1pum) were observed under a light microscope (Zeiss Axio Imager M.2) with a mounted
Olympus UC50 camera. Ultra-thin sections (70 nm) were observed with a transmission electron microscope
(Philips TEM400).
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Figure 2. Early cellular response: local adhesion of neutrophils and thrombocytes (A,A’) Stereomicroscopic
image showing that flila* blood cells adhered to the venous wall inside the beam path (white arrowheads)

in vivo. (B) Electron micrograph depicting an accumulation of neutrophil (Ne). (C) Scatter plot of peripheral
blood with back-gated flila* cells (green) clustering in two distinct populations. Red =lymphocytes and
thrombocytes, blue = precursor cells. (D) Blood smear of untreated zebrafish whole blood. Flila* cells were
identified by fluorescence microscopy and relocated after staining with Giemsa-May Griinwald. (E) Fraction of
flila™ cells in the whole blood (n =40 [number of animals]). (F,G) Pseudo-color plots showing the absence of
flila-expression in CD4" and CD8™ leukocytes. (H) Example of a thrombocyte expressing CD41 and flila in

5dpf old fish in vivo. (I) Fraction of CD41 and flila expressing blood cells in the posterior caudal vein in vivo
(n=10 [number of animals]).
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Figure 3. Width-dependent effects of IR on the immature caudal fin vasculature in vivo and as schematic
representations. Dashed lines depict the beam path. Titles (left grey column) refer to the applied beam width.
(A-F) Overviews. (G) Non-irradiated vein, 5 days post amputation. (H) 25 pm-wide beams induced adhesion
of few flila* thrombocytes in the beam path. (I) 50 pm-wide beams: adhesion of flila* thrombocytes to the
venous wall in the beam path. (J) Vein hit by a 100 pm-wide beam: About 1 pm sized spots of clumped, intensely
fluorescent cells. (K) 200 pm-wide beams: Disrupted arteries and veins. (L) 800 pm-wide beams induced
massive cell death inside the beam path. (M-R) Schematic representation of the beamlet width-dependent
effects integrated from in vivo- (flila™ blood cells) and electron microscopy (neutrophils). Black arrows indicate
the presence or absence (in case the arrow is crossed) of blood flow in arteries or veins. Accumulations of flila™
thrombocytes and neutrophils are indicated by green and black icons, respectively.
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Figure 4. Effects of micro- (50 pm) and minibeam (800 pm) irradiation on the mature and immature
vasculature. (A-H) Stereomicroscopic image of the vascular network in vivo at the site of irradiation. At 6 hpi
(hours post irradiation), the mature vasculature was not affected by any type of irradiation. In contrast to
microbeam-irradiated fish, massive vascular damage was visible in the mature fin of minibeam-irradiated fish at
48 hpi. (1)) Brightfield images of whole caudal fins at 96 hpi.

Statistical analyses. All statistical analyses were performed with GraphPad Prism v5.04. P-values of
two-tailed paired t-tests were considered statistically significant if p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001).
Values are given as mean = standard deviation.

Results

Microbeam irradiation leads to an early hemostatic and inflammatory response. We irradiated
semi-amputated caudal fins of Tg(flila:GFP)'! zebrafish with a single beam of 50 pm width and a dose of 5000 Gy
(Fig. 1). Few hours after irradiation (IR), the beam path was visible as a fine line on the caudal fin. Flila is labeling
endothelial cells and a subpopulation of blood cells. At 6 hpi (hours post irradiation), flila* blood cells adhered
to the endothelium in the beam path of the immature fin (Fig. 2A,A’) and continuously attached and detached
(SI'1). These adherent cells coincided with neutrophils present in TEM micrographs (Fig. 2B). Neutrophils were
identified by elongated protrusions and their characteristic electron dense, cigar-shaped granules, and were found
in the blood as well as in the tissue (SI 2). We intraperitoneally injected LPS into adult zebrafish to increase the
concentration of neutrophils in the blood. Blood smears have shown that these neutrophils did not express flila
(SI 3). Previous research has delineated the different populations of zebrafish blood cells in scatter plots?. By the
use of flow cytometry, we identified lymphocytes, precursor cells and thrombocytes that flila™ cells clustered in
two different populations in the peripheral blood (Fig. 2C). Taken together, 0.49 £ 0.02% (n =40 [number of ani-
mals]) of all blood cells were flila™ (Fig. 2E). In blood smears, flila™ blood cells appeared rounded, considerably
smaller than the nucleated erythrocytes and with a barely visible amount of cytoplasm, thus suggesting a lympho-
cytic or thrombocytic origin (Fig. 2D). However, flila™ cells in the peripheral blood neither expressed CD4, nor
CDS8 (Fig. 2EG). In a next step, we generated double-transgenic T¢g(CD41:GFP, flila:RedX) fish and determined
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Figure 5. Blood perfusion of the caudal fin following irradiation. (A) Blood perfusion of the mature and
immature fin at 6 and 48+ hpi (i.e. 48 and 96 hpi) as a functional parameter of blood vessels. At 6 hpi, perfusion
of the mature fin was unimpaired. Only at later time points, minibeams (400 and 800 um) decreased the number
of perfused fin rays. In contrast, only 25 um wide beams did not reduce blood perfusion in the immature fin.
n=number of animals used for this analysis. Error bars represent standard deviations. P-values of two-tailed
paired t-tests were considered statistically significant if p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001).

the co-localization of both fluorophores in the posterior caudal vein at 5 dpf in vivo. Among all fluorescent cells in
the blood stream 98.31 4 0.31% (500 quantified cells from 10 different animals) co-localized, 1.39 4+ 0.29% were
flilat/CD41~, and 0.29 4 0.11% were CD417%/flila~ (Fig. 2I). These data strongly suggest that thrombocytes and
neutrophils play early actions in opposing microbeam irradiation-induced damage.

Immature tissue is damaged by both micro- and minibeams. We then asked whether the early cel-
lular response in the immature fin is dependent on the beam width. Therefore, we irradiated semi-amputated
caudal fins with micro- (25, 50, 100 pm) and minibeams (200, 400, 800 pm) with a constant dose of 5000 Gy
(Fig. 1). Minibeam IR (200, 400, 800 pm) induced a loss of GFP-signal levels in the beam path, indicating local
endothelial cell death at 6 hpi (hours post irradiation) in the immature vessels. In the 800 pm-group, the vascular
network was discontinuous and displayed isolated endothelial cells (Figs 3EL and 4D). The damaged tissue was
infiltrated by neutrophils but we were unable to detect thrombocytes. In contrast to minibeams, microbeams did
not cause the formation of a prominent gap in the vascular network (Fig. 4B,F). Beamlets of 200 pm width dis-
rupted arteries and veins (Fig. 3E,K). In the 100 pm-group, most arteries were found to be discontinuous (SI 4).
Noteworthy, the damage induced by exposure to microbeams narrower than 100 um was restricted to veins. In
the 25 and 50 pm-groups, accumulations of flila™ cells were observed in the vessel lumen at 6 hpi (Fig. 3B,C,H,I).
Taken together, thrombocyte adhesion is widely restricted to vessels hit by microbeams whereas minibeams effi-
ciently damage immature tissue.

Mature tissue is damaged by minibeams but not by microbeams. At 6 hpi, the vasculature of the
mature fin was affected neither by micro- nor by minibeams. At 48 hpi, irradiations with 400 and 800 pm wide
beams induced a loss of GFP-signal levels in the beam path, as observed in the immature fin (Fig. 4G). Irradiations
with 200 pm wide beams did not induce this effect, suggesting that the width necessary to cause a prominent gap in
the vascular network lies between 200 and 400 um (SI 8/9). At 96 hpi, the entire caudal fins irradiated with 800 pm
were irreparably damaged and the necrotic tissue subsequently demarcated (Fig. 4]). Importantly, we did not
observe any damage caused by microbeam IR in the mature vessels at any time point (Fig. 4A,E).

Minibeams reduce blood perfusion in both mature and immature tissue. To assess blood vessel
functionality, we determined in vivo blood perfusion distally to the beam path. Few (<5%) fin rays were found to
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effects on the loose connective tissue at 6 hpi

light microscopy (semithin)

TEM

Figure 6. Structural alteration after micro- and minibeam irradiation. (A-D’) Semithin sections of the
immature fins stained with toluidine blue. Shown are two neighboring bony fin rays (FR) and the loose
connective tissue with blood vessels (BV). The site of irradiation is indicated by dashed lines and arrows. The
cells in the beam path were characterized by solitary dark intracellular bodies and inclusions. Their number
increased in the path of 200 pm wide beamlets. (A”-D") Transmission electron microscopy demonstrated
normal tissue appearance within the control fins with fibroblasts (F) of normal appearance, embedded in
loose extracellular matrix and endothelial cells (EC). Electron-dense intracellular apoptotic bodies (ApB).
Macrophages (M) containing cellular debris and autophagic vacuoles (arrowheads). (D) The inter-ray tissue
was disrupted and infiltrated by neutrophils (Ne).

be unperfused in control animals. Blood perfusion was not observed distally to the site of minibeam IR (200, 400,
800 pum) in the immature tissue at 6 hpi (Fig. 5B). In contrast to microbeam IR, irradiations with 400 and 800 pm
wide beamlets significantly reduced (p = 10~* (400 pum), p=>5+10~° (800 um)) or even abolished blood perfusion
at 48+ hpi in the immature (Fig. 5B), as well as in the mature fin (Fig. 5A).

Microbeams selectively reduce blood perfusion in the immature tissue. Blood perfusion of fins
irradiated with microbeams (50, 100 pum width) was significantly reduced in the immature tissue at 6 hpi (Fig. 5B).
Beam widths of 50 um reduced the blood perfusion distally to the beam path to 54.23 4-3.06% (mean = SD) and
100 pm widths to 13.47 +9.52% (Fig. 5B). An illustrative example of an IR of 100 pm width is shown in the sup-
plementary information (SI 5). This effect can partially be explained by the accumulation of blood cells (mostly
thrombocytes and neutrophils) in the vessel lumen (Fig. 2A,B) and, more importantly, by the interruption of
vessels. Exposure to 25 pum wide microbeams did not affect blood perfusion. At 48 hpi and later, blood perfusion
was found to be unaffected in all cases, which is most probably due to the zebrafish’s high regenerative capability
(Fig. 5B). In the mature tissue, we did not observe any significant decrease of blood perfusion after irradia-
tion with microbeams (Fig. 5A). Hence, microbeam IR with 50 and 100 pm wide beams selectively damaged the
immature blood vessels and tissue (Fig. 5A,B).

Damage caused to the immature connective tissue. Light and electron microscopy has been per-
formed to visualize the damage caused to the rapidly growing tissue. Control animals display well-visible blood
vessels lined by endothelial cells and surrounded by a loose connective tissue® (Fig. 6A-A"). At 6 hpi, single cells
in the path of 50 pum wide beamlets were characterized by nuclear fragmentations and dense apoptotic bodies in
electron micrographs (Fig. 6B,B”). In the 200 pm-group, the number of cells containing apoptotic bodies and
autophagic vacuoles was elevated (Fig. 6C,C"). These features are characteristic for cell apoptosis. In addition, tis-
sue macrophages loaded with cell debris were observed (Fig. 6C”). In contrast, exposure to 800 pm wide beamlets
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induced tissue disruption with nuclear and cellular lysates, and the destruction of the plasma membrane leading
to the disposal of cytoplasmic components and cellular organelles in the extracellular space. The acute cellular
response is mainly characterized by neutrophils (Fig. 6D,D”).

Discussion

We investigated high dose micro- and minibeam IR on mature and immature tissue with an emphasis on the
vascular damage, cellular toxicity and acute inflammatory response. Microbeam (MRT) and minibeam radiation
therapies (MBRT) for tumors are approaches of potential clinical relevance, both consisting of parallel X-ray
beams that allow the delivery of thousands of Grays in their path.

The occurrence of vascular damage in the immature tissue depends on the beam width, which is summarized
in SI 6. Beams wider than 100 pm disrupted arteries and veins (Fig. 3 and SI 4). At 48 hpi, these effects were
no longer visible, which might be due to the regenerative capacity of the zebrafish. The effects of minibeams
wider than 400 pm are not restricted to the immature part of the caudal fin and were particularly pronounced at
48 hpi. This suggests that minibeam IR potentially damages the normal tissue. In contrast, microbeam-irradiation
induced vascular and tissue damage selectively in the immature vessels and tissue without affecting the mature
part (Fig. 4).

We demonstrate that microbeams (50 and 100 pm width) significantly reduce blood perfusion and lead to
an acute inflammatory response in the immature fin at 6 hpi restricted to the beam path. The immune system of
zebrafish shows a high degree of overlap with the human system? and is directly involved (namely macrophages
and neutrophils) during caudal fin regeneration®'. Flila is expressed not only in endothelial cells but also in
certain blood cells of the zebrafish*>*2-*. Neutrophil infiltration and the adhesion of flila* blood cells coincided
locally in the beam path of zebrafish irradiated with 50 um-wide beams at 6 hpi. Accumulated flila™ blood cells
appeared rounded, smaller than erythrocytes and express neither CD4 nor CD8. Co-localization of CD41/ flila™
blood cells was investigated in 5 dpf old zebrafish embryos, wherefore the direct translation of the quantified
values to adult zebrafish has to be done with care. Nonetheless, CD41 and flila* co-localized in 98.31 +0.31%
(n=10) of the circulating blood cells in vivo. A small proportion of CD417" cells (10 out of 824 measured cells)
did not express flila (Fig. 21, movie in SI 7). It was previously shown that flila expression increases during throm-
bocyte maturation and that two populations of different fluorescent intensities exist®. Therefore, we hypothesize
that the latter are either hematopoietic stem cells or, more likely, immature thrombocytes, which did not start to
express flila yet. Taken together, these data strongly suggest an early involvement of thrombocytes and neutro-
phils in counteracting irradiation-induced endothelial cell damage.

In the light of our study, we add a hypothetical interpretation to the shape of the survival curves of intracere-
bral tumor bearing rats exposed to MRT'*!¢ and MBRT®***>*. Minibeam-irradiated tumor-baring rats generally
display a high initial survival rate followed by a rapid chute. This effect could be partially explained by a rapid
tumor growth control, which is followed by substantial delayed toxicity to normal tissues. In contrast, survival
curves in MRT-studies appear more widespread and decrease gradually.

To conclude, the present study grants novel insights into the effects depending on the beamlet width of colli-
mated synchrotron-generated X-rays. This is the first comparison of microbeam and minibeam IR-induced vas-
cular and tissue damage on different scale levels in vivo. We observed that high-dose beamlets wider than 400 pm
may damage mature tissues, indicating a potential risk of such minibeams in tumor treatment. Exposure to 50 pm
wide microbeams damages the loose connective tissue and blood vessels only in the immature fin, and leads to the
recruitment of neutrophils and thrombocytes locally in the beam path.

References
1. Brauer-Krisch, E. et al. Effects of pulsed, spatially fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain
tissue. Mutat Res 704, 160-166 (2010).
2. Laissue, J. A. et al. Neuropathology of ablation of rat gliosarcomas and contiguous brain tissues using a microplanar beam of
synchrotron-wiggler-generated X rays. Int ] Cancer 78, 654-660 (1998).
. Slatkin, D. N, Spanne, P,, Dilmanian, E A. & Sandborg, M. Microbeam radiation therapy. Med Phys 19, 1395-1400 (1992).
4. Dilmanian, E A. et al. Interlaced x-ray microplanar beams: a radiosurgery approach with clinical potential. Proc Natl Acad Sci USA
103, 9709-9714 (2006).
. Dilmanian, E A. et al. Response of rat intracranial 9L gliosarcoma to microbeam radiation therapy. Neuro Oncol 4, 26-38 (2002).
6. Deman, P. et al. Monochromatic minibeams radiotherapy: from healthy tissue-sparing effect studies toward first experimental
glioma bearing rats therapy. Int ] Radiat Oncol Biol Phys 82, €693-e700 (2012).
7. Dilmanian, . A. et al. Murine EMT-6 carcinoma: high therapeutic efficacy of microbeam radiation therapy. Radiat Res 159, 632-641
(2003).
8. Regnard, P. et al. Irradiation of intracerebral 9L gliosarcoma by a single array of microplanar x-ray beams from a synchrotron:
balance between curing and sparing. Phys Med Biol 53, 861-878 (2008).
9. Miura, M. et al. Radiosurgical palliation of aggressive murine SCCVII squamous cell carcinomas using synchrotron-generated X-ray
microbeams. Br ] Radiol 79, 71-75 (2006).
10. Bouchet, A. et al. Preferential effect of synchrotron microbeam radiation therapy on intracerebral 9L gliosarcoma vascular networks.
Int ] Radiat Oncol Biol Phys 78, 1503-1512 (2010).
11. Bouchet, A. et al. Chalcone JAI-51 improves efficacy of synchrotron microbeam radiation therapy of brain tumors. J Synchrotron
Radiat 19, 478-482 (2012).
12. Serduc, R. et al. Brain tumor vessel response to synchrotron microbeam radiation therapy: a short-term in vivo study. Phys Med Biol
53, 3609-3622 (2008).
13. Uyama, A. et al. A narrow microbeam is more effective for tumor growth suppression than a wide microbeam: an in vivo study using
implanted human glioma cells. ] Synchrotron Radiat 18, 671-678 (2011).
14. Koughia, C. et al. Samarium-Doped Fluorochlorozirconate Glass—Ceramics as Red-Emitting X-Ray Phosphors. Journal of the
American Ceramic Society 94, 543-550 (2011).
15. Bouchet, A. et al. Better efficacy of synchrotron spatially micro-fractionated radiotherapy than uniform radiotherapy on glioma.
International Journal of Radiation Oncology* Biology* Physics (2016).

w

w

SCIENTIFICREPORTS | 6:33601 | DOI: 10.1038/srep33601 9



www.nature.com/scientificreports/

16. Serduc, R. et al. Synchrotron microbeam radiation therapy for rat brain tumor palliation-influence of the microbeam width at
constant valley dose. Phys Med Biol 54, 6711-6724 (2009).

17. Crosbie, J. C. et al. Tumor cell response to synchrotron microbeam radiation therapy differs markedly from cells in normal tissues.
Int ] Radiat Oncol Biol Phys 77, 886-894 (2010).

18. Bouchet, A. et al. Early gene expression analysis in 9L orthotopic tumor-bearing rats identifies immune modulation in molecular
response to synchrotron microbeam radiation therapy. PLoS One 8, €81874 (2013).

19. Sprung, C. N. et al. Genome-wide transcription responses to synchrotron microbeam radiotherapy. Radiat Res 178, 249-259 (2012).

20. Adam, J. E. et al. Prolonged survival of Fischer rats bearing F98 glioma after iodine-enhanced synchrotron stereotactic radiotherapy.
Int ] Radiat Oncol Biol Phys 64, 603-611 (2006).

21. Prezado, Y. & Fois, G. R. Proton-minibeam radiation therapy: a proof of concept. Med Phys 40, 031712 (2013).

22. Prezado, Y. et al. Increase of lifespan for glioma-bearing rats by using minibeam radiation therapy. J Synchrotron Radiat 19, 60-65
(2012).

23. Poss, K. D., Keating, M. T. & Nechiporuk, A. Tales of regeneration in zebrafish. Dev Dyn 226, 202-210 (2003).

24. Morgan, T. H. Regeneration and Liability to Injury. Science 14, 235-248 (1901).

25. Lawson, N. D. & Weinstein, B. M. In vivo imaging of embryonic vascular development using transgenic zebrafish. Dev Biol 248,
307-318 (2002).

26. Traver, D. et al. Effects of lethal irradiation in zebrafish and rescue by hematopoietic cell transplantation. Blood 104, 1298-1305
(2004).

27. Mole, R. H. The LD50 for uniform low LET irradiation of man. The British Journal of Radiology 57, 355-369 (1984).

28. Hayashi, M. et al. Higher sensitivity of LEC strain rat in radiation-induced acute intestinal death. ] Vet Med Sci 54, 269-273 (1992).

29. Lugo-Villarino, G. et al. Identification of dendritic antigen-presenting cells in the zebrafish. Proc Natl Acad Sci USA 107,
15850-15855 (2010).

30. Tal, T. L., Franzosa, J. A. & Tanguay, R. L. Molecular signaling networks that choreograph epimorphic fin regeneration in zebrafish - a
mini-review. Gerontology 56, 231-240 (2010).

31. Petrie, T. A., Strand, N. S., Yang, C. T., Rabinowitz, ]. S. & Moon, R. T. Macrophages modulate adult zebrafish tail fin regeneration.
Development 141, 2581-2591 (2014).

32. Gray, C. et al. Simultaneous intravital imaging of macrophage and neutrophil behaviour during inflammation using a novel
transgenic zebrafish. Thromb Haemost 105, 811-819 (2011).

33. Jagadeeswaran, P, Lin, S., Weinstein, B., Hutson, A. & Kim, S. Loss of GATAI and gain of FLI1 expression during thrombocyte
maturation. Blood Cells Mol Dis 44, 175-180 (2010).

34. Khandekar, G., Kim, S. & Jagadeeswaran, P. Zebrafish thrombocytes: functions and origins. Adv Hematol 2012, 857058 (2012).

35. Deman, P. et al. Monochromatic minibeam radiotherapy: theoretical and experimental dosimetry for preclinical treatment plans.
Phys Med Biol 56, 4465-4480 (2011).

36. Prezado, Y. et al. Tolerance to Dose Escalation in Minibeam Radiation Therapy Applied to Normal Rat Brain: Long-Term Clinical,
Radiological and Histopathological Analysis. Radiat Res 184, 314-321 (2015).

Acknowledgements

The authors thank Barbara Krieger for her support in figure preparation. Microscopy was performed on
equipment supported by the Microscopy Imaging Center (MIC), University of Bern, Switzerland. The present
work was supported by the Swiss National Foundation.

Author Contributions

D.B. Planned, executed and analyzed experiments. Wrote the manuscript. A.B. Planned, executed and analyzed
experiments. Wrote the manuscript. C.S. Executed experiments. M.P. Executed experiments. R.S. Planned and
executed experiments. E.B.-K. Planned and executed experiments. W.G. Executed experiments. S.v.G. Provided
reagents. J.A.L. Planned and executed experiments. Edited the manuscript. V.D. Provided reagents. Planned and
executed experiments. Edited the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Bronnimann, D. et al. Synchrotron microbeam irradiation induces neutrophil
infiltration, thrombocyte attachment and selective vascular damage in vivo. Sci. Rep. 6, 33601;
doi: 10.1038/srep33601 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:33601 | DOI: 10.1038/srep33601 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Synchrotron microbeam irradiation induces neutrophil infiltration, thrombocyte attachment and selective vascular damage in  ...
	Materials and Methods

	Study design. 
	Caudal fin amputation. 
	Synchrotron irradiation. 
	Dosimetry. 
	In vivo-microscopy. 
	Flow cytometry, cell labeling and blood smears. 
	Co-localization of CD41 and fli1a. 
	Blood perfusion at the tip of the caudal fin. 
	Light and transmission electron microscopy. 
	Statistical analyses. 

	Results

	Microbeam irradiation leads to an early hemostatic and inflammatory response. 
	Immature tissue is damaged by both micro- and minibeams. 
	Mature tissue is damaged by minibeams but not by microbeams. 
	Minibeams reduce blood perfusion in both mature and immature tissue. 
	Microbeams selectively reduce blood perfusion in the immature tissue. 
	Damage caused to the immature connective tissue. 

	Discussion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Irradiation of the zebrafish caudal fin.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Early cellular response: local adhesion of neutrophils and thrombocytes (A,A’) Stereomicroscopic image showing that fli1a+ blood cells adhered to the venous wall inside the beam path (white arrowheads) in vivo.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Width-dependent effects of IR on the immature caudal fin vasculature in vivo and as schematic representations.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Effects of micro- (50 μm) and minibeam (800 μm) irradiation on the mature and immature vasculature.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Blood perfusion of the caudal fin following irradiation.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Structural alteration after micro- and minibeam irradiation.



 
    
       
          application/pdf
          
             
                Synchrotron microbeam irradiation induces neutrophil infiltration, thrombocyte attachment and selective vascular damage in vivo
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33601
            
         
          
             
                Daniel Brönnimann
                Audrey Bouchet
                Christoph Schneider
                Marine Potez
                Raphaël Serduc
                Elke Bräuer-Krisch
                Werner Graber
                Stephan von Gunten
                Jean Albert Laissue
                Valentin Djonov
            
         
          doi:10.1038/srep33601
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep33601
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep33601
            
         
      
       
          
          
          
             
                doi:10.1038/srep33601
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33601
            
         
          
          
      
       
       
          True
      
   




