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Abstract.
Purpose: To elucidate the brain molecular response to irradiation.
The expression of the intercellular adhesion molecule (ICAM-1)
and tumour necrosis factor-a (TNF-a) in the mouse brain was
compared after single-dose and fractionated whole-brain irradiation.
Materials and methods: Mice received a single dose of 2, 10 or 20 Gy
or a fractionated dose (2 Gy day21) of 10, 20 or 40 Gy. ICAM-1,
and TNF-a mRNA expression were quantified by the highly
sensitive real-time polymerase chain reaction technique. Expres-
sion of ICAM-1 protein was quantified by dual-labelled mono-
clonal antibody assay.
Results: After a 20-Gy single dose, there was an increase in ICAM-
1 and TNF-a mRNA levels (14- and 11-fold, respectively) as well
as a significant increase in the level of ICAM-1 protein
(p~0.0243). The expression of ICAM-1 and TNF-a mRNA
increased at the end of the 40-Gy fractionated regimen (3.55- and
2.30-fold, respectively).
Conclusions: The molecular response of the brain to single-dose
irradiation was rapid, while its response to fractionated irradiation
was slow. This finding is consistent with clinical observations and
could be of use when designing strategies to mitigate radiation
sequelae.

1. Introduction

High-dose single-fraction and fractionated radio-
therapy (RT) regimens are instrumental to the successful
treatment of brain tumours. However, the effective-
ness of RT is limited by collateral damage to normal
brain tissue. Radiation causes a molecular response in
the brain (Hong et al. 1995). This response, which is
marked by increased expression of adhesion mole-
cules and cytokines (Chiang et al. 1993b, Acker et al.
1998, Quarmby et al. 2000), may play an important
role in the pathogenesis of radiation sequelae and/or
tissue recovery in patients who are treated with
cranial RT. Increased expression of adhesion mole-
cules may also provide a unique opportunity to target
drugs and/or genes to tissue that has been irradiated

for therapeutic purposes (Hallahan et al. 2001, Kiani
et al. 2002).

Expression of ICAM-1, which is constitutively
expressed in the brain by endothelial cells, microglia
and astrocytes, is upregulated by inflammatory stimuli.
The upregulation of this inducible cell surface glyco-
protein plays a role in a variety of disease processes
and conditions, predominantly by interfering with
normal immune function (van de Stolpe and van der
Saag 1996). In vitro studies have shown that ICAM-1
plays an important role in the increased adhesion
of leukocytes to irradiated endothelium (Gaugler
et al. 1997, Hallahan and Virudachalam 1997,
Prabhakarpandian et al. 2001). Upregulation of ICAM-
1 expression has also been observed in a number of
organs in response to ionizing radiation (Quarmby et
al. 2000). Limited information is available about the
effect of irradiation on ICAM-1 expression in the brain
(Chiang et al. 1993a, Kyrkanides et al. 1999, Kiani et al.
2002) especially in response to fractionated doses.

TNF-a has a broad spectrum of biological res-
ponses including cell adhesion, tissue injury, acute
and chronic inflammation, the release of other inflam-
matory cytokines, and cell death (Bazzoni and Beutler
1996). In the brain, TNF-a is expressed by endo-
thelial cells and almost all brain cells and it has been
associated with the injured brain tissue in Alzheimer’s
disease and in ischaemic brain injury (Mattson et al.
1997, Meistrell et al. 1997). However, Bruce et al.
(1996) showed that TNF-a mediates cerebroprotec-
tion in an induced cerebral ischaemia model. This
beneficial role is dependent on the expression levels of
the molecule (Meistrell et al. 1997). Radiation induces
a TNF-a response in the brain (Hong et al. 1995,
Chiang et al. 1997). Besides its usual implication in
brain tissue damage, TNF-a has been shown to have
a possible protective role against the development of
late radiation sequelae (Daigle et al. 2001).

Most preclinical studies of radiation-induced ICAM-
1 and TNF-a expression in normal tissues rely on
single-dose irradiation, and they often use higher doses
than are usually administered in clinical settings. Although
some studies have investigated the dose–effect
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relationship in normal tissues (Giri et al. 1985,
Kamiryo et al. 1996), none to date has investigated
the possible differences in the molecular responses
induced by single-dose and fractionated RT regimens
in normal brain tissue. Such information should help
to explain the mechanisms that allow normal tissues
to tolerate or modulate the effects of radiation.

Real-time PCR was used to quantify ICAM-1 and
TNF-a mRNA after single and fractionated doses of
ionizing radiation. It has been shown to provide
sensitive, precise and reproducible quantification of
specific mRNAs that are expressed at low levels (Wu
et al. 1994, Rubin and Staddon 1999). The double-
stranded DNA-binding dye SYBR Green, which
undergoes marked fluorescence enhancement upon
binding to double-stranded DNA, was used to moni-
tor PCR product formation (Wu et al. 1993, Morrison
et al. 1998). The dual-labelled monoclonal antibody
(mAb) assay has been used to quantify the constitutive
and induced expression of ICAM-1 and E- and P-
selectins in murine models of various disease states
(Henninger et al. 1997, Lundberg et al. 2000). This
assay was used to compare quantitatively the expres-
sion of ICAM-1 protein in the brains of mice after
single-dose and fractionated irradiation of the brain.

2. Materials and methods

2.1. Animals

All experiments used 6–7-week-old male C57Bl/6j
mice (Harlan Laboratories, Frederick, MD, USA)
maintained on normal rodent chow. The animals
were anaesthetized with an intramuscular injection of
a mixture of 10 mg kg21 xylazine (Rompun Mobay
Corp., Shawnee, KS, USA) and 87 mg kg21 ketamine
hydrochloride (Ketaset, Aveco Co., Fort Dodge, IA,
USA). A 6-MV linear accelerator (Siemens Primus,
Concord, CA, USA) was used for all experiments.
Radiation treatment was delivered by using a 3.5-cm
diameter collimator in a single-field configuration,
and a tissue-equivalent material was placed above the
mouse’s head to establish electronic equilibrium and
ensure uniform delivery of the prescribed dose to the
brain. The dose rate for all experiments was 3 Gy min21.
All protocols were approved by the Animal Care and
Use Committee of St Jude Children’s Research
Hospital and followed the policy guidelines of the
National Institutes of Health for the humane care and
use of laboratory animals.

2.2. Real-time PCR assay of ICAM-1 and TNF-a Mrna

Six groups of four animals each received a single
dose of 20-Gy whole-brain irradiation. ICAM-1 and

TNF-a mRNA in brain tissue were assayed at a
specified time after irradiation (2, 4, 8, 12, 24 or 48 h)
in each group. A control group (n~4) of unirradiated
animals underwent ICAM-1 and TNF-a measure-
ments. In three groups of four animals each that
received 2-Gy whole-brain irradiation, ICAM-1 and
TNF-a mRNA were assayed 2, 4 or 8 h after irradia-
tion. Three groups of three animals underwent frac-
tionated irradiation (10, 20 or 40 Gy). Each group
received 2-Gy whole-brain irradiation daily for 5 days
of each week up to the specified total dose. Four
animals were used in a sham experiment (different
than the control group). The animals were anaes-
thetized daily, 5 days/week, for 4 weeks. They were
placed in the treatment room but were not irradiated.
ICAM-1 and TNF-a were assayed 2 h after the last
dose was given. A control group of five unirradiated
animals underwent identical assay.

2.2.1. RNA extraction and real-time PCR protocol. RNA
was extracted from brain tissue by using RNAzol B
(Tel-test, Inc., Friendswood, TX, USA). Residual
DNA was removed by treatment with 2 units
DNase I (Ambion, Inc., Austin, TX, USA) at 37‡C
for 30 min; the enzyme was inactivated by incuba-
tion at room temperature for 2 min. Total RNA
was quantified by a GeneQuant Pro spectrophoto-
meter (Amersham Pharmacia Biotechnologies,
Piscataway, NJ, USA). A TaqMan Reverse Trans-
cription Reagents kit (PE Applied Biosystems, Foster
City, CA, USA) was used to reverse-transcribe 2mg
RNA. Real-time PCR was performed in the PE
Biosystems GeneAmp 7700 sequence detection
system by using SYBR Green PCR Master Mix as
recommended by the manufacturer. Each reaction
contained 25ml 26 SYBR Green PCR Master
Mix. Primers for GAPDH (final concentration
50 nM), ICAM-1 and TNF-a (final concentration
150 nM) were added. A typical reaction contained
3 ml cDNA in a total reaction volume of 50ml. The
protocol consisted of heating at 50‡C for 2 min and
at 95‡C for 10 min, followed by 40 cycles of heat-
ing at 95‡C for 15 s and at 60‡C for 1 min. The
primers for GAPDH, ICAM-1 and TNF-a (table 1)
were designed by using the Primer Express1 software
(PE Applied Biosystems). All these primer pairs pro-
duced amplicons less than 150 bp in length.

2.2.2. Normalization of PCR values by those obtained for
the housekeeping gene GAPDH. The quantification
method uses the log phase of the reaction. This
method assumes that the input amounts of RNA
for all samples are equal (Allt and Lawrenson 2000).
The gene encoding GAPDH, which is present in
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constant amounts in all samples, was used as an
internal reference. In each experiment, the GAPDH
mRNA was quantified in an aliquot of each sample
by quantitative PCR. To normalize for inefficiencies
in cDNA synthesis and RNA input amounts, copy
numbers obtained for GAPDH were subtracted
from the ICAM-1 and TNF-a copy numbers (see
equation 1).

2.2.3. Analysis. The fluorescence signal DRn was cal-
culated by the PE Biosystems 7700 sequence detec-
tion system software as:

DRn~(Rz
n ){(R{

n ),

where Rn
z is the fluorescence signal of the product

at any given time and Rn
2 is the fluorescence signal

of the baseline emission during cycles 3–15. The
log DRn fluorescence signal was then plotted against
the cycle number and an arbitrary point was
chosen at the midpoint of the curve. Ct was defined
as the cycle number at which log DRn crossed this
threshold. The fold change in ICAM-1 and TNF-a
cDNA (target gene) relative to GAPDH cDNA was
determined using:

Fold change~2{DDCt , ð1Þ
where DDCt~(CtTarget–CtGAPDH)Time x–(CtTarget–CtGAPDH)

Time 0. Time x is any time point, and time 0 is the
expression of the gene in the unirradiated (control)
state (Rubin et al. 1999). The mean (¡SE) values
for the ICAM-1 and TNF-a genes in each group
were plotted as a function of time and dose.

2.3. Dual-labelled monoclonal antibody assay for ICAM-1
protein

ICAM-1 protein was assayed in four groups of
animals at the following times after a single dose of
20-Gy whole-brain irradiation: 24 h (n~5), 48 h (4),
72 h (4) and 192 h (i.e. 8 days) (3). Control levels of
ICAM-1 protein were measured in a group (n~5) of
unirradiated animals. Because the peak response
occurred 48 h after irradiation, ICAM-1 expression

was measured only at 48 h in the subsequent single-
fraction experiment (10 Gy, n~3). Three additional
groups of four animals each underwent fractionated
irradiation (total dose 10, 20 or 40 Gy). Each group
received 2-Gy whole-brain irradiation daily for 5 days
of each week up to the specified total dose. ICAM-1
protein was assayed 48 h after the last dose was given.
A group of five unirradiated animals underwent
ICAM-1 measurement as controls.

Purified endotoxin-free mAb to mouse CD54
(ICAM-1) clone 3E2B (Endogen, Woburn, MA,
USA) was used as the binding antibody for in vivo
ligation of ICAM-1. The non-binding isotype-matched
antibody clone A19-3 (Pharmingen, San Diego, CA,
USA) was used in conjunction with the binding
antibody to quantify ICAM-1 expression. The iodogen
method (Fraker and Speck, Jr 1978) was used to
radiolabel the binding mAb with iodine 125 (I125) and
the non-bonding mAb with iodine 131 (I131) (DuPont
NEN, Boston, MA, USA). Previous studies have
shown that the iodogen method of mAb labelling does
not interfere with mAb function (Panes et al. 1995).

2.3.1. Measurement of ICAM-1 protein expression. The
jugular vein and carotid artery of each anaesthe-
tized mouse were cannulated with PE10 and PE50
tubing (Becton Dickinson, Sparks, MD, USA), res-
pectively. A mixture of 10 mg 125I-labelled ICAM-1-
binding mAb (to detect ICAM-1 on the surface of
endothelial, astrocytic and glial cells), 40mg cold unla-
belled anti-ICAM-1 mAb (to saturate the cell surface
receptors) and an appropriate amount of the
131I-labelled non-binding mAb A19-3 (400 000–
600 000 cpm, to eliminate the influence of non-
specific binding to cells) was retrograde administered
through the jugular vein catheter (total volume 200ml).
A blood sample was exsanguinated from the carotid
artery 5 min after initial injection of the mAb mix-
ture. The animals were then given 40 units heparin
and exsanguinated through the carotid artery cathe-
ter while a bicarbonate-buffer saline solution was
infused through the venous catheter. The brain tissue

Table 1. Primers and amplification products.

Gene Primer sequence (forward and reverse) Accession number of gene sequence

Amplification product

bp (n) TM (‡C)

GAPDH 5’-TGT GTC CGT CGT GGA TCT GA M32599.1 77 82
5’-TCA AGA AGG TGG TGA AGC

ICAM-1 5’-CGC AAG TCC AAT TCA CAC TGA M31585.1 72 81
5’-CTT TTG CTC TGC CGC TCT G

TNF-a 5’-GTA CCT TGT CTA CTC CCA GGT TCT M12305.8 69 83
CT5’-GTG TGG GTG AGG AGC ACG TA

bp, base pairs; TM, approximate melting temperature.
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was then harvested and weighed. A Cobra Auto-
mated Gamma Counting System (Packard Instru-
ments, Meriden, CT, USA) measured the 125I and
131I radioactivity in tissue samples and in 50-ml samples
of serum; values were corrected for background
activity and spillover. Each mAb measurement was
expressed as the percentage of the injected dose (%ID)
of antibody g21 dry-weight tissue. The following
equation was used to calculate ICAM-1 expression:

Expression mg mAb=gð Þ~ I125% ID=g dry weight tissueð Þ
I125% ID injected

�

{
I131% ID=g dry weight tissueð Þ

I131% ID injected

�

|total injected mAb mgð Þ=100

ð2Þ

Finally, as a positive control for our assay and for
the inducibility of ICAM-1 protein expression, 50mg
Salmonella abortus equi lipopolysaccharide (LPS) (Sigma
Chemical Co., St Louis, MO, USA) was administered
intraperitoneally to each mouse in a group of five.
Twenty-four hours later, ICAM-1 expression in the
brain and heart was measured by using the methods
described above.

2.4. Data analysis

The mean (¡SE) values for the ICAM-1 protein
in each group were plotted as a function of time and
dose. Analysis of variance with Fisher’s test for signi-
ficance was used to compare the ICAM-1 kinetics in
the 20-Gy single dose, and the fractionated dose groups.
In the 10-Gy single dose group, the two groups (control
and 48 h) were compared by the Student’s t-test.

3. Results

3.1. Expression of TNF-a and ICAM-1 mRNA

Because SYBR Green can bind to primer dimers
formed non-specifically during all PCR reactions, a
melting-curve analysis was carried out to test for the
specificity of the primer pairs listed in table 1. It
verified the specificity of the primer pairs selected
(data not shown).

ICAM-1 and TNF-a mRNA expression were
measured in mouse brain 2, 4, 8, 12, 24 and 48 h
after a single 20-Gy dose of whole-brain irradiation.
The greatest acute response (a 14-fold increase in the
expression of ICAM-1 mRNA) was seen 2 h after
irradiation. Similarly, TNF-a mRNA expression peaked
at 2 h after irradiation (an 11-fold increase) (figure 1).
In mice that completed a 2-week regimen of frac-
tionated irradiation (total dose 20 Gy), ICAM-1 mRNA

levels were near those of controls 2 h after the final
fraction was delivered (figure 2). After 4 weeks of
fractionated irradiation (40-Gy total dose), ICAM-
1 mRNA expression was 3.55-fold greater than that
in controls 2 h after the final fraction was delivered.
Again, TNF-a mRNA levels showed a 2.3-fold
increase at the end of the fractionated regimen (40-
Gy total dose) with almost no change during the 4-
week treatment period (figure 2).

To study the kinetics of ICAM-1 and TNF-a
mRNA expression after low-dose irradiation, assays
were performed 2, 4 and 8 h after irradiation with a
single dose of 2 Gy. ICAM-1 mRNA levels were
slightly higher than those of controls at any time point
(1.44-fold at 2 h, 1.41-fold at 4 h, 1.12-fold at 8 h).
This was not the case for the TNF-a mRNA levels,
which were higher than control only at the 2h time

Figure 1. Acute-phase kinetics of ICAM-1 and TNF-a mRNA
expression in mouse brain after a single 20-Gy dose of
whole-brain irradiation. Expression of ICAM-1 and TNF-
a mRNA increased 14- and 11-fold, respectively, 2 h after
irradiation. Each value is the mean¡SE of four measure-
ments. %, ICAM-1; a, TNF-a.

Figure 2. Expression of ICAM-1 and TNF-a mRNA 2 h after
delivery of the final fraction of a 2 (day 1)-, 10 (week 1)-,
20 (week 2)- or 40 (week 4)-Gy total dose of radiation
(2 Gy day21). Each value is the mean¡SE of three to four
measurements. %, ICAM-1; a, TNF-a.

(2)
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point (1.22-fold). The 2h value is included in figure 2
as the ‘day 1’ time point for comparison with the
fractionated levels of ICAM-1 and TNF-a.

To study the effect of repeated doses of anaesthesia
and animal handling on our fractionated results, a
sham experiment was carried out on a group of four
animals that received no irradiation but which were
anaesthetized daily for 4 weeks. No significant dif-
ference was found between the sham and control
groups in the levels of ICAM-1 and TNF-a mRNA
(figure 2).

3.2. Expression of ICAM-1 protein after single-fraction
irradiation

Expression of ICAM-1 protein at 48h (0.274¡
0.06mg mAb g21) after irradiation of the whole mouse
brain with a single dose of 20 Gy was significantly
greater than the baseline value (0.099¡0.01, p~0.011).
ICAM-1 protein expression was increased at all time
points investigated (24 h, p~0.201; 72 h, p~0.656;
8 days, p~0.527) (figure 3).

Because maximal expression occurred at this time
point, ICAM-1 protein expression was measured 48 h
after a single dose of 10 Gy; protein expression
(0.231¡0.06mg mAb g21) was significantly increased
above baseline (p~0.002) at 48 h post-RT (data not
shown). These results obtained with the dual-labelled
mAb assay were consistent with earlier in vitro findings
using a flow chamber assay (Prabhakarpandian et al.
2001) and with in vivo findings using anti ICAM-1
coated microspheres (Kiani et al. 2002).

3.3. Expression of ICAM-1 protein after fractionated
irradiation

ICAM-1 expression was measured 48 h after the
completion of fractionated courses (2 Gy day21) of

irradiation at total doses of 10, 20 and 40 Gy. ICAM-
1 expression in the brains of mice given 10 Gy
(0.067¡0.01mg mAb g21), 20 Gy (0.109¡0.01mg
mAb g21) or 40 Gy (0.078¡0.02mg mAb g21) whole-
brain irradiation did not differ significantly from that
in controls (0.096¡0.02mg mAb g21, pw0.386, 0.708
and 0.602) (figure 4). Forty-eight hours after the final
fraction was delivered, expression of ICAM-1 protein
was significantly greater in the mice given a single
dose of 10 Gy than in those given 10 Gy by frac-
tionated irradiation (p~0.004). It was also signifi-
cantly greater in the mice given 20 Gy as a single dose
than in those given 20-Gy fractionated irradiation
(p~0.029) (figure 5). The effects of fractionated irra-
diation on the molecular expression of ICAM-1 in
the brain have not been measured directly, but the

Figure 3. Kinetics of ICAM-1 protein expression in mouse brain
after a single 20-Gy dose of whole-brain irradiation.
Expression reached a peak 48 h after irradiation (*p~0.011).
Each value is the mean¡SE of four measurements.

Figure 4. ICAM-1 protein expression in mouse brain 48 h after
delivery of the final fraction after 1 (10 Gy), 2 (20 Gy) and
4 weeks (40 Gy) of fractionated irradiation (2 Gy day21).
No significant increase in ICAM-1 protein was observed
at any time point. Each value is the mean¡SE of three to
four measurements.

Figure 5. Comparison of the effect of the single-dose and
fractionated regimens on the expression of ICAM-1
protein in mouse brain. There was a significant difference
in ICAM-1 expression 48 h after irradiation at total doses
of 10 and 20 Gy (*p~0.002, **p~0.029). Each value is
the mean¡SE of three to four measurements.
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present findings are consistent with well-documented
clinical observations of the disparate acute side-effects
of the two types of regimens.

To confirm the detectability and inducibility of
ICAM-1 expression, constitutive ICAM-1 protein
expression and that induced by administration of
LPS in the brain and heart muscle of five mice were
measured. A large difference was observed between
the two organs in the level of constitutive ICAM-1
protein expression (brain 0.099¡0.01mg mAb g21,
heart 1.449¡0.34mg mAb g21). Twenty-four hours
after administration of LPS, ICAM-1 expression
was significantly increased in both organs (brain
0.266¡0.03mg mAb g21, p~0.008; heart, 3.943¡
0.33mg mAb g21, p~0.015). These results agree with
Henninger et al. (1997) who observed large tissue-to-
tissue differences in ICAM-1 expression.

4. Discussion

The effect of fractionated irradiation on the
molecular expression of ICAM-1 and TNF-a in the
brain using highly sensitive and quantitative techni-
ques of real-time RT-PCR and dual mAb has been
measured for the first time. The difference in ICAM-
1 and TNF-a expression between high single doses
and fractionated doses of radiation has also been
delineated. The results indicate that single and frac-
tionated doses of radiation caused significantly dif-
ferent acute-phase expression of ICAM-1 and TNF-a
in normal mouse brain. Forty-eight hours after irra-
diation was completed, significantly less ICAM-1
protein was detected in the brain tissues of mice that
received fractionated doses than in the brain tissues of
mice that received equivalent single-dose irradiation.
A single dose of 20 Gy induced an acute molecular
response, as measured by expression of ICAM-1 pro-
tein and mRNA that peaked 48 and 2 h, respectively,
after irradiation, and TNF-a mRNA that peaked at
2 h after irradiation. Fractionated irradiation at a
total dose of 40 Gy caused an increase in ICAM-1
and TNF-a mRNA, although it did not significantly
increase ICAM-1 protein expression. However, a
single dose of 2 Gy did not significantly increase
the expression of either ICAM-1 or TNF-a mRNA.
These findings may help to explain why fractionated
irradiation causes fewer acute side-effects in normal
tissue than does equivalent single-dose irradiation.
Although not directly indicated by our data, the
almost equal levels of ICAM-1 protein after irradia-
tion with 10- and 20-Gy single doses (figure 5) seems
to exclude any dose–response to single doses of
radiation above 10 Gy. Similarly, our fractionated
data do not suggests any dose–response due to frac-
tionated doses less than 40 Gy (figure 2).

Little information is available about the acute-
phase molecular response of the brain and especially
following fractionated dose regimens. Hong et al. (1995)
reported increased expression of ICAM-1 mRNA in
mice 4 h after irradiation of the midbrain with single
doses as low as 2 Gy. However, it is unclear whether
or not the increase was significant. Hong et al. also
report a threshold dose level of 7 Gy for TNF-a
mRNA expression (measured 4 h after irradiation)
below which they did not detect the messenger
molecule. Although their data showed an increase in
ICAM-1 and TNF-a mRNA levels following a single
dose of 25 Gy, they do not report a specific fold
increase. Chiang et al. (1997) reported an increased
level of TNF-a mRNA from 4 h to 6 months following
a dose of 25 Gy to the brain. The same study also
reported that ICAM-1 mRNA levels peaked at 4 h
following the same radiation dose and then declined
steadily thereafter. Olschowka et al. (1997) detected
increased ICAM-1 immunohistochemical staining in
both the endothelial cells and astrocytes throughout
the irradiated brain 4 h to 7 days after administration
of a single fraction of 25 Gy. These findings are
consistent with those of our experiments, in which
ICAM-1 protein expression peaked 48 h after a dose
of 20 Gy and ICAM-1 and TNF-a mRNA increased
14- and 11-fold, respectively, 2 h after the same dose.
Also, ICAM-1 and TNF-a mRNA expression incre-
ased (although not significantly) 1.44- and 1.22-fold,
respectively, 2 h after treatment with 2 Gy. Note that
our measurements were carried out with two highly
sensitive and quantitative techniques, real-time PCR
and the dual-labelled mAb assay.

It has been shown that irradiation with a dose
of 10 Gy causes a significant increase in the adhesion
of anti-ICAM-1 coated microspheres to the cerebral
microvasculature (Kiani et al. 2002). The increased
microsphere-endothelial interaction was increased
starting at 24 h after irradiation, peaked at 48 h after
irradiation and returned to the control level 7 days
after irradiation. This agrees with the findings shown
in figure 3. Our in vitro findings (Prabhakarpandian
et al. 2001) also indicate that ICAM-1 upregulation on
endothelial cells increases at 24 h and peaks at 48 h
after irradiation.

Our fractionated dose experiments (figure 4) could
also be viewed as a delivered dose measurement with
ICAM-1 expression measured (always 48 h after the
last fraction) at 10, 20 and 40 Gy after the start of
irradiation. When viewed in this manner, our findings
show that the expression of ICAM-1 protein was not
upregulated at any time during a 4-week, 40-Gy
fractionated regimen. Expression of both ICAM-1
and TNF-a mRNA, which were measured 2 h after
each week’s last fraction was delivered, showed no

364 M. W. Gaber et al.



increase until the entire 4-week regimen was com-
pleted (a total dose of 40 Gy), at which time there was
an increase in both molecule’s levels.

The difference in the levels of molecular response
between the single-dose and fractionated experiments
might be indicative of a duality in the functional role
of these molecules. The measured increase, immedi-
ately following the high, single doses of irradiation,
could be part of the tissue damage cytokines cascade
(Michalowski 1994, Tofilon and Fike 2000). On the
other hand, the slower and cumulative rise in these
molecules following 4 weeks of fractionated radiation
could be part of the tissue recovery process. Even
though the present study does not provide direct
evidence for such interpretation, TNF-a has a bene-
ficial effect in arresting long-term radiation sequelae
and in reducing the infarct size following ischaemic
brain injury (Bruce et al. 1996, Daigle et al. 2001).
These reported beneficial effects are dependent on
the expressed levels of the cytokine, with higher levels
implicated in tissue damage and cell death. The role
of ICAM-1 in the brain response to radiation is still to
be elucidated. As others have suggested, ICAM-1
levels in the brain may increase in response to a
complex cascade of events, such as elevated levels of
cytokines, breakdown of the blood–brain barrier
(Rubin et al. 1994), upregulated expression of other
inflammatory molecules or neurological degeneration
(Merrill and Murphy 1997).

In summary, this in vivo quantitative study has
provided evidence for an early-phase molecular res-
ponse to large, single doses of radiation and that this
response is attenuated by dose fractionation. This
finding is consistent with clinical observations, but it
does not account for the long-term side-effects of frac-
tionated dose regimens. Our detection of increased
ICAM-1 and TNF-a mRNA at the end of a 40-Gy
fractionated regimen may indicate the early phase of
a low-level response after irradiation. To address this
further, we are in the process of determining the mole-
cular response to fractionated doses at longer time
intervals. It is speculated that the clinical sequelae of
such an effect might emerge long after the end of
treatment. We are currently seeking to elucidate the
intermediate and long-term side-effects of fractionated
dose regimens on the brain.
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