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Radiation-induced expression of platelet endothelial 
cell adhesion molecule-1 in cerebral endothelial cells 

INTRODUCTION 

The	effect	of	ionising	radiation	on	cells	is	well

-documented	 (1,	2).	 It	 can	 cause	 direct	 cellular	

damage	 through	 the	 modi�ication	 of	

macromolecules	 such	 as	 deoxyribonucleic	 acid	

(DNA)	 and	 proteins,	 and	 indirect	 cellular	

damage	 through	 the	 production	 of	 reactive	

oxidative	 species	 (3).	 Cells	 respond	 to	 damages	

through	 a	 variety	 of	mechanisms	 including	 cell	

cycle	 arrest,	 DNA	 repair,	 senescence	 and	

apoptosis(4).	 These	 events	 involve	 many	

biochemical	 processes	which	 are	 likely	 to	 alter	

the	surface	molecular	composition	of	cells.	

Ionising	 radiation	 has	 been	 used	 for	 the	

treatment	of	diseases	for	many	years.	However,	

utilising	 the	 molecular	 changes	 induced	 by	

radiation	 to	 enhance	 the	 ef�icacy	 of	 biological	

treatments	 has	 not	 attracted	 much	 attention	

until	 recently(5).	With	 the	advent	of	 stereotactic	

radiosurgery	 techniques,	 radiation	 can	 now	 be	

delivered	 to	 a	 targeted	 volume	 with	 <	 1	 mm	

accuracy(6,	7).	 This	means	molecular	 changes	 are	

limited	 to	 the	 target	 tissue.	 These	 radiation-

induced	 molecular	 changes/markers	 may	 be	

used	 as	 targets	 to	 deliver	 speci�ic	 treatment	
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ABSTRACT 

Background: Radia�on-induced molecular changes on the endothelial 

surface of brain arteriovenous malforma�ons (AVM) may be used as markers 

for specific vascular targe�ng agents. In this study, we examined the level of 

expression of platelet endothelial cell adhesion molecule-1 (PECAM-1) on 

brain endothelial cell surface a)er radia�on treatment, with the aim of 

targe�ng the radia�on-induced PECAM-1 on the AVM endothelium with pro-

thrombo�c agents to selec�vely occlude AVM vessels. Materials and 

Methods: Mouse cerebral endothelial cells (bEnd.3) were irradiated with 5, 

15, or 25 Gy. Real-�me quan�ta�ve polymerase chain reac�on (PCR) and in-

cell enzyme-linked immunosorbent assay (ELISA) were performed to quan�fy 

the temporal gene and surface PECAM-1 protein expression up to 168 hours 

post-irradia�on. Two-tailed unpaired t-tests were used to determine 

sta�s�cal significance. Results: PECAM-1 gene expression was found to be 

significantly elevated post-irradia�on in real-�me quan�ta�ve PCR, with the 

maximum level of gene expression being evident at 120 hours post-irradia�on 

represen�ng an 11-fold increase in comparison to non-irradiated controls 

(p<0.001). In-cell ELISA detected a similar up-regula�on for protein expression 

on the cell surface with delayed peak �me. Conclusion: Ionising radia�on can 

induce the up-regula�on of PECAM-1 on brain endothelial cell surface. This 

protein may be a poten�al candidate for facilita�ng selec�ve AVM vessel 

occlusion through the applica�on of radiosurgery followed by vascular 

targe�ng.  
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agents	to	the	irradiated	area	selectively.	For	this	

purpose,	the	markers	on	the	endothelial	surface	

are	 of	 particular	 interest	 considering	

intravascular	 therapeutic	 agents	 have	 direct	

access	 to	 these	 markers.	 Furthermore,	

endothelial	 cells	have	been	demonstrated	 to	be	

very	 sensitive	 to	 radiation	 (8).	Our	 interest	 is	 to	

use	this	strategy	to	treat	cerebral	arteriovenous	

malformations	(AVM)(9).	

AVMs	 are	 congenital	 vascular	 abnormalities	

that	are	the	most	common	cause	of	intracerebral	

haemorrhage	in	children	and	young	adults(10,	11).	

AVMs	 comprise	 feeding	 arteries,	 a	

conglomeration	of	vessels	known	as	a	nidus,	and	

one	 or	 more	 draining	 veins(12).	 Arteriovenous	

shunting	 exposes	 draining	 veins	 to	 arterial	

pressure,	predisposing	 them	 to	haemorrhage(10,	

13,14).	 AVM	 haemorrhageis	 associated	 with	 an	

approximately	 20%	 mortality	 rate	 and	 30%	

disability	rate(15-17).	

The	 aim	 of	 AVM	 treatment	 is	 to	 prevent	

haemorrhage	 by	 obliterating	 or	 removing	 the	

AVM	 nidus.	 Unfortunately,	 over	 one-third	 of	

AVMs	 are	 untreatable	 using	 the	 conventional	

modalities	 of	 microsurgery,	 embolization	 and	

radiosurgery(18-20).	 Microsurgery	 carries	 a	 high	

rate	 of	 perioperative	 death	 or	 disability	 for	

AVMs	that	are	 large,	adjacent	 to	eloquent	brain	

regions,	and	with	deep	venous	drainage	or	deep	

perforating	 arterial	 supply(19-21).	 Embolization	

leads	 to	 a	 low	 rate	 of	 complete	 obliteration	

when	used	as	the	sole	treatment	and	is	therefore	

usually	 only	 an	 adjunct	 to	 surgery	 or	

radiosurgery(19,	22-25).	Radiosurgery	offers	a	steep	

drop-off	 in	 radiation	 dose	 to	 the	 tissue	

surrounding	 the	 target	 area	 which	 cannot	 be	

achieved	 for	 large	 AVMs(26,	 27).	 Another	

disadvantage	 of	 radiosurgery	 is	 the	 2	 –	 3	 year	

delay	 to	 complete	 obliteration,	 during	 which	

time	the	AVM	poses	a	haemorrhage	risk(26,	28-32).	

Vascular	 targeting	 is	 a	 technique	 whereby	

pro-thrombotic	 agents	 are	 introduced	

intravascularly	 to	 selectively	 bind	 to	 the	

endothelium	within	an	abnormal	tissue	to	block	

the	 blood	 �low.	 The	 potential	 use	 of	 vascular	

targeting	in	AVM	treatment	through	induction	of	

selective	 thrombosis	 and	 vessel	 occlusion	 is	

theoretically	 feasible	 by	 exploiting	 molecular	

differences	 between	 normal	 and	 abnormal	

endothelium(33).	 However,	 inherent	 molecular	

differences	 between	 AVM	 and	 normal	 cerebral	

vessels	 are	 unlikely	 to	 grant	 adequate	

discrimination	for	selective	vascular	targeting(34-

37).	Radiation-induced	markers	should	overcome	

this	hurdle.	Ideally	these	molecules	should	have	

adequate	discrimination	power	so	 that	vascular	

targeting	 agents	 (such	 as	 a	 conjugate	 of	 the	

relevant	 antibody	 and	 a	 thrombotic	 agent)	will	

predominately	 bind/accumulate	 in	 the	

irradiated	tissues.	

PECAM-1	 has	 been	 documented	 to	 be	 up-

regulated	 on	 human	 umbilical	 vein	 endothelial	

cells,	 pulmonary	 endothelial	 cells,	 and	 bone	

marrow	 cell	 lines	 when	 exposed	 to	 subclinical	

doses	of	radiation(38-41).	 It	 is	a	cell-cell	adhesion	

glycoprotein	 constitutively	 expressed	 at	 the	

lateral	junction	of	endothelial	cells,	platelets	and	

circulating	 leukocytes,	 and	 is	 involved	 in	 a	

plethora	of	cell	adhesion	processes(42-45).	PECAM

-1’s	 role	 in	maintaining	 the	 structural	 integrity	

of	 the	 endothelial	 cell	 layer,	 and	 its	 luminal	

location	 on	 the	 AVM	 endothelium,	 makes	 it	 a	

potential	 vascular	 target(35,	46,47).	 In	 this	 study,	

we	measured	the	temporal	expression	of	PECAM

-1	following	irradiation	with	5,	15,	and	25	Gy	in	

cultured	 endothelial	 cells	 to	 elucidate	 its	

suitability	 as	a	marker	 for	 vascular	 targeting	 in	

AVM	treatment.	

	

	

MATERIALS	AND	METHODS	

	

Cell	culture	and	irradiation	

Immortalised	 mouse	 cerebral	 endothelial	

cells	 (bEnd.3)	 (ATCC,	Manassas,	 VA,	 USA)	were	

cultured	 in	 complete	Dulbecco’s	Modi�ied	Eagle	

Medium	 (DMEM)	 (Sigma-Aldrich,	 St.	 Louis,	MO,	

USA)	 supplemented	 with	 10%	 foetal	 bovine	

serum	(Fisher	Biotech,	Wembley	WA,	Australia)	

and	 1%	 penicillin/streptomycin	 (Gibco,	

Mulgrave,	Vic,	Australia).	Cells	were	seeded	into	

T75	�lasks	for	ribonucleic	acid	(RNA)	extraction	

and	 96-well	 microplates	 for	 in-cell	 enzyme-

linked	immunosorbent	assay	(ELISA).	Cells	were	

grown	at	37°C	in	a	humidi�ied	environment	with	

5%	CO2/air.	
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Cells	were	irradiated	using	x-ray	via	a	Linear	

Accelerator	 (LINAC,	 Elekta	 AB,	 Stockholm,	

Sweden)	with	a	single	dose	of	5,	15	or	25Gy.	The	

rationale	of	selecting	these	3	dose	levels	is	based	

on	the	fact	that	25	Gy	is	generally	the	radiation	

dose	used	in	clinic	to	treat	AVM	patients	and	we	

would	 like	 to	 �ind	 out	 whether	 or	 not	 lower	

doses	 can	 induce	 similar	molecular	 changes	 on	

the	endothelial	surface.	The	LINAC	is	calibrated	

according	 to	 the	 international	 standard	 of	

dosimeter	 (TRS398).	 Additionally,	 it	 has	 been	

audited	 regularly	 by	 the	 Australian	 radiation	

protection	 and	 nuclear	 safety	 agency	

(ARPANSA).	 In	 vivo	 �ilm	 dosimetry	 was	

performed	 which	 con�irmed	 that	 the	 planned	

radiation	 dose	 was	 actually	 delivered.	 The	 cell	

con�luences	of	the	�lasks	and	plates	at	the	time	of	

irradiation	 were	 50%	 and	 30%	 respectively.	

Control	samples	were	not	irradiated.	

	

RNA	extraction	and	quanti�ication	

RNeasy	Mini	Kit	(Qiagen,	Frederick,	MD,	USA)	

was	used	 to	extract	RNA	from	both	control	and	

irradiated	bEnd.3	cells	at	1,	24,	72,	120	and	168	

h	 post-irradiation.	 Cells	 were	 harvested	 by	

trypsinisation.	 The	 samples	 were	 subsequently	

transferred	 into	 15	 mL	 RNase-free	 centrifuge	

tubes	 and	 spun	 for	 5	 min	 at	 1200	 rpm.	 The	

resultant	 cell	 pellet	 was	 resuspended	 in	 lysis	

buffer	 and	 homogenised	 using	 a	 20-gauge	

syringe.	 Following	 the	 addition	 of	 70%	 ethanol	

to	 the	 homogenised	 lysate,	 puri�ication	 of	 RNA	

was	 performed	 via	 centrifugation	 in	 a	 RNeasy	

Mini	 spin	 column	 for	 15	 sec	 at	 15000	 rcf.	 The	

column	was	washed	and	the	resultant	RNA	was	

eluted	 in	 RNase-free	 water.	 Elimination	 of	

genomic	 DNA	 contamination	 was	 performed	

using	 the	RNase-Free	DNase	Set	 (Qiagen).	 Final	

RNA	 concentration	 was	 measured	 using	 a	

NanoDrop	 2000	 Spectrophotometer	 (Thermo	

Fischer	Scienti�ic,	Waltham,	MA,	USA).		

	

Reverse	transcription	

One	 µg/µL	 of	 RNA	 solution	 (normalised	

concentration)	was	reverse	transcribed	in	20	µL	

reactions	 using	 the	 Tetro	 cDNA	 Synthesis	 Kit	

(Bioline,	 Alexandria,	 NSW,	 Australia)	 according	

to	 the	 manufacturer’s	 instructions	 on	 the	 Flex	

Cycler	 (Analytikjena,	 Jena,	 Germany).	 Samples	

were	annealed	at	25oC	for	5	min,	then	incubated	

at	42oC	for	45	min,	followed	by	95oC	for	5	min	to	

inactivate	 the	 reverse	 transcriptase.	 The	 cDNA	

was	used	immediately	for	real-time	quantitative	

PCR	reactions	or	stored	at	-20oC	for	later	use.	

	

Primer	validation	

The	 speci�icities	 of	 the	 house-keeping	 genes	

(HKG)	 and	 the	 target	 gene,	 PECAM-1,	 were	

tested	by	running	an	agarose	gel	electrophoresis	

on	 quantitative	 PCR	 end-products.	 Mouse	

PECAM-1	 primer	 (Qiagen)	 was	 purchased	

commercially	with	a	guaranteed	ef�iciency	of	90	

–	 110%.	 The	 ef�iciency	 of	 the	 house-keeping	

genes	 (GeneWorks,	 Thebarton,	 SA,	 Australia)	

was	 tested	 previously	 by	 running	 a	 real-time	

quantitative	PCR	with	varying	concentrations	of	

cDNA.	 House-keeping	 genes’	 sequences	 are	

displayed	in	table	1.	

	

Real-time	quantitative	PCR		

Real-time	quantitative	PCR	was	performed	on	

the	 three	 groups	 receiving	 different	 radiation	

doses	 of	 5,	 15,	 25	 Gy	 (n	 =	 12).	 Non-irradiated	

cells	 were	 used	 as	 controls.	 Real-time	

quantitative	 PCR	 ampli�ication	 and	 analyses	

were	completed	using	ViiA7	 (Life	Technologies,	

Mulgrave,	 Vic,	 Australia)	 with	 SYBR	 green	

detection	and	the	default	thermocycler	program:	

20	sec	of	pre-incubation	at	95°C,	followed	by	40	

cycles	 for	1	sec	at	95°C	and	20	sec	at	60°C,	and	

�inally	1	 cycle	of	 15	sec	at	95°C,	 1	min	 at	55°C,	

and	15	sec	at	95°C.	

Table 1. The nucleo�de sequences of the PCR primers used to assay gene expression by real-�me quan�ta�ve PCR. 

Gene (species) Forward Reverse 

HPRT (Mouse) 5’GCT TTC CCT GGT TAA GCA GTA CA3’ 5’CAA ACT TGT CTG GAA TTT CAA ATC3’ 

β-ac�n (Mouse) 5’AGT GTG ACG TTG ACA TCC GT3’ 5’GCA GCT CAG TAA CAG TCC GC3’ 
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Individual	 real-time	 quantitative	 PCR	

reactions	 were	 carried	 out	 in	 10µL	 volumes	

deposited	 into	a	384-well	plate	 containing	5	µL	

of	 SYBR	 Green	 PCR	 Master	 Mix	 (Applied	

Biosystems,	 Mulgrave,	 Vic,	 Australia),	 4	 µL	 of	

RNase-free	 water,	 0.5	 µL	 of	 10	 µM	 sense	 and	

antisense	 PECAM-1	 primers	 and	 0.5	 µL	 of	 the	

cDNA	 template.	 Four	 biological	 and	 3	 technical	

replicates	 were	 performed	 for	 each	 sample.	 At	

the	end	of	each	 run,	cycle	 threshold	 (Ct)	values	

were	automatically	determined	using	the	ViiA	7	

Software.	

Gene	 expression	 was	 calculated	 using	 the	

2−ΔΔCt	 method	 whereby	 the	 Ct	 values	 of	 the	

target	 transcripts	 were	 normalised	 to	 the	 Ct	

values	 of	 the	 house-keeping	 gene.	 Thus,	 all	

experimental	samples	are	expressed	as	an	n-fold	

difference	relative	to	the	calibrator	(48).	Ct	values	

of	 >	 35	 cycles	were	 interpreted	 as	 negative	 for	

gene	expression.	

	
In-cell	ELISA		

Cells	in	96-well	culture	plates	were	�ixed	with	

4%	 paraformaldehyde	 at	 1,	 48,	 120,	 or	 168	 h	

post-irradiation.	 At	 each	 time	 point,	 plates	

containing	 samples	 irradiated	 with	 different	

doses	 of	 5,	 15,	 and	 25	 Gy	 were	 assayed	 in	

triplicate.	 Non-irradiated	 plates	 were	 used	 as	

controls.	 After	 �ixation,	 the	 wells	 were	 blocked	

with	4%	Bovine	Serum	Albumin	(Sigma-Aldrich)	

in	1×PBS	for	2	h	on	a	plate	shaker	at	~300	rpm.	

Mouse	 PECAM-1	 ELISA	 kit	 (Biosensis,	

Thebarton,	SA,	Australia)	was	applied	to	samples	

according	 to	 the	 manufacturer’s	 instructions.	

Primary	PECAM-1	antibody	was	diluted	 to	1:99	

with	diluent	buffer,	and	added	to	the	sample	for	

a	2	h	 incubation.	After	washing	the	plate,	90	µL	

of	 warmed	 TMB	 colour	 developing	 agent	 was	

added.	The	reaction	was	terminated	after	1	h	by	

the	 addition	 of	 a	 stopping	 buffer.	 Absorbance	

was	 measured	 at	 450	 nm	 using	 PHERAstar	 FS	

(BMG	 Labtech,	 Cary,	 NC,	 USA).	 Duplicate	 wells	

containing	 no	 primary	 anti-PECAM-1	 antibody	

were	assayed	for	each	sample	and	their	average	

absorbance	 was	 subtracted	 from	 the	 average	

sample	absorbance.	

Determination	of	cell	con�luency	was	blinded	

and	 performed	 under	 light	 microscopy	 by	 two	

independent	 assessors.	 The	 �inal	 absorbance	

value	 was	 adjusted	 to	 include	 cell	 density	 by	

dividing	the	average	absorbance	by	con�luency.	

	

Statistics		

Data	were	analysed	using	multiple	two-tailed	

unpaired	 t-tests	 in	 Microsoft	 Excel	 2007	 and	

GraphPad	 Prism	 Version	 6	 for	 real-time	

quantitative	 PCR	 and	 in-cell	 ELISA,	 comparing	

irradiated	to	control	groups	at	each	time	point.	A	

p	 value	 of	 ≤	 0.05	 was	 considered	 statistically	

signi�icant.	

	

	

RESULTS 

	

Real-time	quantitative	PCR		

The	 speci�icities	 of	 the	 primers	 were	

con�irmed	 using	 gel	 electrophoresis,	 which	

resulted	 in	 single	 products.	 Melting	 curves	

resulted	in	single	products	with	speci�ic	melting	

temperatures	 indicating	 that	 the	 primer	 pairs	

were	 highly	 speci�ic.	 No	 primer-dimers	 were	

generated	 during	 the	 applied	 40	 real-time	 PCR	

ampli�ication	 cycles.	 All	 primer	 ef�iciencies,	

either	 obtained	 from	 the	 manufacturer	 or	

previously	 determined	 in	 our	 laboratory,	 range	

from	90	–	110%.	

Real-time	 quantitative	 PCR	 demonstrated	

statistically	 signi�icant	 up-regulation	 of	

PECAM-1	genes	 in	bEnd.3	 cells	 irradiated	 at	25	

Gy	relative	to	non-irradiated	controls	at	all	time	

points	 up	 to	 168	 h	 (�igure	 1).	 The	 maximum	

PECAM-1	 gene	 expression	 in	 the	 irradiated	

group	 relative	 to	 the	 control	 group	 occurred	 at	

120	 h	 following	 25	 Gy	 irradiation.	 An	 11-fold	

increase	 was	 documented	 at	 this	 time	 point	

(p<0.001).	

Similarly,	up-regulation	of	the	PECAM-1	gene	

was	 observed	 in	 cells	 irradiated	 with	 5	 and	

15	 Gy	 (�igure	 1).	 PECAM-1	 gene	 expression	 in	

the	 irradiated	 samples	 relative	 to	 control	

samples	peaked	at	120	h.	 Cells	 irradiated	at	15	

and	5	Gy	had	a	2.8-fold	(p	<	0.001)	and	1.8-fold	

(p<0.001)	increase	respectively	at	120	h	relative	

to	control	samples.	
	

In-cell	ELISA	

As	 shown	 in	 table	 2,	 the	 con�luency	 of	 the	

cells	 was	 lower	 in	 the	 irradiated	 group	 in	
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comparison	 to	 the	 non-irradiated	 group.	

Furthermore,	 the	change	 in	cell	con�luency	was	

dose	 and	 time	 dependent.	 In	 order	 to	

compensate	for	the	variation	in	cell	numbers	in	

the	 different	 wells	 when	 detecting	 the	 average	

PECAM-1	 expression	 on	 cell	 surface,	 in-cell	

ELISA	 results	 were	 adjusted	 by	 the	 cell	

con�luency	in	the	corresponding	wells.	

In-cell	ELISA	results	demonstrated	signi�icant	

up-regulation	 of	 PECAM-1	 at	 5,	 15,	 and	 25	 Gy	

following	 radiation	 exposure	 (�igure	 2).	 Cells	

irradiated	 at	 25	 Gy	 showed	 up-regulation	 of	

PECAM-1	at	 all	 time	points,	with	 the	maximum	

level	of	expression	at	the	last	time	point	(168	h).	

At	 this	 time	 point,	 a	mean	 difference	 of	 over	 5	

absorbance	units	 (adjusted	 for	con�luency)	was	

detected	between	irradiated	and	non-irradiated	

groups.	

Subclinical	doses	of	radiation	of	15	and	5	Gy	

also	 induced	signi�icant	PECAM-1	up-regulation	

at	 the	 later	 time	 points.	 Cells	 irradiated	 at	 15	

and	5	Gy	had	a	maximum	mean	difference	of	2.9	

and	 0.5	 absorbance	 units	 respectively,	 relative	

to	control	samples.	PECAM-1	protein	expression	

Figure 1. Rela�ve PECAM-1 gene expression in bEnd.3 cells 

between irradiated and control groups at 1, 24, 72, 120, and 

168 h post-irradia�on at a) 25 Gy, b) 15 Gy and c) 5 Gy 

measured with real-�me quan�ta�ve PCR (n = 12). Error bars 

denote standard devia�on.  

Time (h) 
Cell confluency (%) 

25 Gy 15 Gy 5 Gy 0 Gy 

1 40 40 40 40 

48 40 60 80 90 

120 30 50 80 100 

168 30 40 90 100 

Table 2. Average cell confluency at 1, 48, 120, and 168 h 

post-irradia�on a)er receiving 25 Gy, 15 Gy, 5 Gy, or no 

radia�on. 

on	 irradiated	 bEnd.3	 cells	 re�lects	 a	 similar	

pattern	 of	 up-regulation	 in	 comparison	 to	 its	

gene	expression.	Figure	2	demonstrates	that	the	

up-regulation	of	PECAM-1	relative	to	the	control	

samples	was	more	prominent	at	120	and	168	h	

post-irradiation	compared	to	earlier	time	points	

for	all	 three	 radiation	doses,	which	 is	 similar	 to	

PECAM-1	gene	expression.	However,	the	peak	in	

protein	 expression	 occurred	 later	 than	 that	 of	

gene	expression	in	samples	irradiated	at	15	and	

25	 Gy.	 A	 temporal	 delay	 of	 at	 least	 48	 h	 was	

present	between	PECAM-1	gene	 expression	 and	

PECAM-1	surface	protein	expression. 

Figure 2. Surface PECAM-1 expression on bEnd.3 cells 

between the irradiated groups a) 25 Gy, b) 15 Gy, and c) 5 Gy 

and the control group at 1, 48, 120, and 168 h post-

irradia�on measured with in-cell ELISA (n = 3). Error bars 

denote standard devia�on. 
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DISCUSSION 

 

Currently,	 no	 AVM	 endothelial	 molecule	 has	

been	 reported	 to	 be	 adequately	 discriminating	

to	allow	for	the	application	of	vascular	targeting	

in	 AVM	 treatment.	 The	 present	 study	

demonstrates	 the	 up-regulation	 of	 PECAM-1	 on	

cerebral	 endothelium	 after	 irradiation,	

highlighting	its	potential	as	a	vascular	target.		

Real-time	quantitative	PCR	and	 in-cell	 ELISA	

demonstrated	 that	 PECAM-1	 expression	 can	 be	

up-regulated	by	radiation.	The	effect	of	radiation	

is	long-lasting,	enhancing	PECAM-1’s	expression	

up	 to	 7	 days	 following	 irradiation.	 Signi�icant	

elevation	 in	 the	 level	 of	 PECAM-1	 post-

irradiation	 in	bEnd.3	cells	 supports	 its	 use	 as	a	

molecular	 target	 for	 vascular	 targeting,	

especially	 considering	 that	 over	 an	 11-fold	

increase	 (p	 <	 0.001)	was	 observed	 120	 h	 post-

irradiation	relative	 to	control	samples	at	25	Gy.	

Similarly,	a	maximum	in	mean	difference	of	over	

5	 absorbance	 units	 (adjusted	 for	 con�luency)	

between	 irradiated	 and	 control	 groups	 was	

observed	in	the	in-cell	ELISA.	

AVM	 size	 is	 a	 vital	 limiting	 factor	 for	 the	

application	of	 radiosurgery	 as	 a	priming	device	

for	vascular	 targeting.	However,	 if	 the	radiation	

dose	 can	 be	 lowered,	 larger	 AVMs	 could	 be	

targeted.	Even	at	doses	of	 5	 and	15	Gy,	 both	 in	

vitro	experiments	showed	that	radiation	was	able	

to	induce	signi�icant	up-regulation	of	the	PECAM

-1	 gene.	 Whilst	 this	 up-regulation	 is	 much	 less	

than	 samples	 irradiated	 at	 25	 Gy,	 a	 2.8-fold	

increase	may	 be	 adequate	 for	 speci�ic	 vascular	

targeting.	 Studies	 examining	 the	 effect	 of	

radiation	 dose	 between	 15	 and	 25	 Gy	 may	 be	

bene�icial	 as	 the	 ideal	 radiation	 dose	 should	 be	

suf�iciently	 low	 to	 minimise	 damage	 to	 the	

surrounding	 tissue	 but	 at	 the	 same	 time	 high	

enough	 to	 guarantee	 signi�icant	 phenotype	

alteration	on	endothelial	cells.		

The	 in-cell	 ELISA	 results	 evaluating	 PECAM-

1’s	 expression	 on	 bEnd.3	 cells	 validate	 the	

PECAM-1	 gene	 up-regulation	 observed	 in	 the	

real-time	 quantitative	 PCR.	 However,	 the	 peak	

protein	 expression	 in	 the	 irradiated	 samples	

occurred	 later	 than	 peak	 gene	 expression	

following	 radiosurgery.	 This	 was	 especially	

apparent	 in	samples	 irradiated	at	15	and	25	Gy	

where	 the	 peak	 for	 PECAM-1	 gene	 expression	

occurred	 at	 120	 h	 post-irradiation	 but	 the	

maximum	 level	 of	 PECAM-1	 protein	 expression	

was	at	168	h	post-irradiation	and	appeared	to	be	

still	rising.	The	temporal	delay	in	the	correlation	

of	mRNA	and	protein	expression	may	re�lect	that	

time	 is	 required	 for	 translation	 and	 post-

translation	 modi�ication	 following	 the	

completion	of	transcription	(49).		

The	 increase	 in	 PECAM-1	 expression	 after	

irradiation	is	congruent	with	the	majority	of	the	

current	literature	(38-41).	However,	Heckman	et	al.	

and	 Rhodes	et	al.	 demonstrated	 no	 difference	 in	

PECAM-1	 expression	 between	 control	 and	

irradiated	 groups	 (50,	51).	 A	 possible	 explanation	

for	the	discordance	is	the	differences	in	the	type	

of	endothelium	and	the	time	points	studied	after	

radiation	 exposure.	 Heckman	 et	al.	 and	 Rhodes	

et	al.	 examined	 PECAM-5	expression	 only	 up	 to	 5	

day	after	irradiation,	at	which	point	there	might	

not	have	been	a	signi�icant	increase	in	PECAM-1	

expression	(50,	51).	

The	major	 limitation	of	 this	study	 is	 the	 lack	

of	 hemodynamic	 changes	 associated	 with	 an	

AVM	 and	 the	 interaction	 between	 endothelial	

cells	 and	 underlying	 smooth	muscle.	Moreover,	

mouse	 cerebral	 endothelial	 cells	 used	 in	 this	

study	 may	 display	 phenotypic	 differences	 to	

human	 cerebral	 endothelial	 cells	 when	

irradiated.	 Future	 experiments	 using	 animal	

models	 and	 human	 cerebral	 endothelial	 cells	

should	be	considered.		

 

 

CONCLUSION 

	

The	 results	 of	 this	 project	 demonstrate	 that							

radiosurgery	 can	 signi�icantly	 alter	 endothelial	

cell	 phenotype	 in	vitro	with	 subclinical	 doses	 of	

radiation,	potentially	enabling	the	use	of	ligand-

based	 molecular	 targeting	 therapies	 for	 AVM	

treatment.	This	study	provides	a	platform	upon	

which	 other	 endothelial	 surface	 molecules	 can	

be	 tested	 for	 suitability	 as	 a	 vascular	 target	 in	

AVM	treatment.	
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