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ORIGINAL ARTICLE

Low dose-rate irradiation with [3H]-labelled valine to selectively target hypoxic
cells in a human colorectal cancer xenograft model

Stine Gyland Mikalsena,b , Lars Tore Gyland Mikalsenc, Joe Alexander Sandvika, Eva-Katrine Aarnesd,
Siri Fennea, Kjersti Flatmarke , Heidi Lyngd, Nina Frederike Jeppesen Edina and Erik Olai Pettersena

aDepartment of Physics, University of Oslo, Oslo, Norway; bDepartment of Medical Physics, Oslo University Hospital, Oslo, Norway;
cDepartment of Diagnostic Physics, Oslo University Hospital, Oslo, Norway; dDepartment of Radiation Biology, Oslo University Hospital, Oslo,
Norway; eDepartment of Tumour Biology, Oslo University Hospital, Oslo, Norway

ABSTRACT
Background: Earlier in vitro studies show that irradiation with an ultra-low dose-rate of 15mGy/h deliv-
ered with [3H]-valine leads to loss of clonogenicity in hypoxic T-47D cells. Here, the aim was to deter-
mine if [3H]-valine could be used to deliver low dose-rate irradiation in a colorectal cancer model.
Methods: Clonogenicity was measured in cultured cancer cell line HT29 irradiated with 15mGy/h com-
bined with intermittent hypoxia. Mice with HT29 xenografts were irradiated by repeated injections of
[3H]-valine intravenously. The activity in the tumor tissue was measured by scintillation counting and
tumor growth, hypoxic fraction and tritium distribution within tumors were assessed by pimonidazole
staining and autoradiography.
Results: Ultra-low dose-rate irradiation decreased clonogenicity in hypoxic colorectal cancer cells.
In vivo, the tumor growth, hypoxic fraction and weight of the mice were similar between the treated
and untreated group. Autoradiography showed no [3H]-valine uptake in hypoxic tumor regions in con-
trast to aerobic tissue.
Conclusion: Continuous low-dose-rate irradiation was well tolerated by aerobic tissue. This indicates a
potential use of low dose-rate irradiation to target hypoxic tumor cells in combination with high dose-
rate irradiation to eradicate the well oxygenated tumor regions. However, [3H]-valine is not the appro-
priate method to deliver ultra-low dose-rate irradiation in vivo.
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Introduction

Tumor hypoxia is a common characteristic of many solid
tumors and is associated with increased radioresistance and a
more aggressive disease [1–3]. Also, many chemotherapy
agents need oxygen to work efficiently and target highly pro-
liferating cells, thereby resulting in drug resistance in hypoxic
regions of the tumor [4]. Strategies to overcome tumor hyp-
oxia include radiotherapy fractionation to allow for reoxygena-
tion [5,6] and hypoxic radiosensitisers mimicking oxygen are
currently in use clinically for treatment of head and neck can-
cers [7]. Other strategies include hyperbaric oxygen breathing
[8], dose escalation to the hypoxic regions of the tumor [9]
and inhibition of small molecules selective to hypoxic areas
such as CAIX, that demonstrates anti-tumor growth and anti-
metastatic effect preclinically [1,10]. However, tumor hypoxia
is still difficult to adequately image and hypoxia-targeted
therapies have been difficult to translate from preclinical stud-
ies into clinical routine. Thus, tumor hypoxia still adversely
affects clinical outcome [2,11,12].

In the present study we have investigated the potential
use of ultra-low dose-rate irradiation with incorporated [3H]-
labelled valine (hereafter called [3H]-valine) to selectively tar-
get hypoxic cells in a xenograft model. Extensive in vitro

studies on the breast cancer cell line T-47D by our group
[13,14] demonstrated a dramatic effect of the treatment with
ultra-low dose-rate irradiation specifically of hypoxic but not
aerobic cells, with loss of clonogenicity in about 98% of the
hypoxic cell population after a few weeks of irradiation. The
treatment with hypoxia or ultra-low dose-rate of 15mGy/h
irradiation was well tolerated when given separately [14]. The
low dose-rate treatment is therefore selectively targeting the
hypoxic cells. We hypothesise that ultra-low dose-rate irradi-
ation could potentially eradicate the hypoxic cell fraction in
the tumor, and used together with conventional cancer ther-
apy targeting the well oxygenated cells.

The ultra-low dose-rate irradiation must be delivered to
the tumor continuously over several weeks. Our in vitro
experiments suggest that [3H]-valine is well suited for con-
tinuous treatment since valine is an essential amino acid and
the degree of labelling as well as the dose-rate to the nuclei
could be well controlled. However, it is not clear if [3H]-valine
can be used for ultra-low dose-rate irradiation in an in vivo
model. In the present study, we aimed to asses if incorpor-
ation of [3H]-valine into protein could be used as a source of
continuous low dose-rate irradiation in a xenograft model,
we first assessed the in vitro response of the cancer cell line
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HT29 to the treatment with low dose-rate irradiation and
intermittent hypoxia. We then measured turnover of [3H]-val-
ine in a xenograft model, both to tumor and serum to deter-
mine the injection rate necessary to obtain a constant dose-
rate to tumor.

The effect study was done using an HT29 xenograft model
to determine the efficacy of the treatment with low dose-
rate irradiation, by assessing tumor growth and hypoxic frac-
tion in a group of mice given low dose-rate treatment in
comparison to an unirradiated control group. It was found
that mouse xenografts of HT29 colorectal cancer cells was a
suitable model, since it was well established in our facilities
and tumors contained large regions of hypoxic cells. To visu-
alise hypoxia we stained with pimonidazole, a robust and
effective marker of tumor hypoxia [15]. We further calculated
the dose-rate to the tumors and studied the incorporation of
[3H] in detail by autoradiography to determine the distribu-
tion of irradiation within the tumors.

Material and methods

Cell culture

The human colorectal cancer cell line HT29 (ATCC, Manassas,
VA, USA) and prostate cancer cell line PC-3 [16] were main-
tained in Roswell Park Memorial Institute medium (RPMI)
1640 medium supplemented with 2mM glutamax, 1mM
Hepes and 9% fetal bovine serum at 37 �C in air with 5%
carbon di oxide (all the reagents from Sigma, St. Louis,
MO,USA). The cell lines were free from mycoplasma infection
and cell line identity was validated by short tandem
repeat analysis.

Flow cytometry

DNA analysis of cell nuclei was performed by adapting the
method from Vindelov et al. [17] as described previously [18].
Briefly, cells were prepared into a single-cell suspension,
washed in 0.9% sodium chloride (NaCl) before citrate buffer
was added and the cells were incubated for 30min. A tryp-
sin-detergent solution was added for 22min, followed by the
addition of a trypsin-inhibitor for 10min. The samples were
then incubated with a propidium iodide -containing solution
for 30min and run on a BD Accuri C6 Flow cytometer (BD
Biosciences, San Jose, CA, USA).

Measurement of pericellular oxygen concentration

An Invivo2 400 hypoxia glove-box (Ruskinn, Bridgend, UK)
was used to control the micro-environment with reduced
oxygenation, operated to contain 4% oxygen and 5% carbon
dioxide in the atmosphere (gas supplied by AGA, Oslo,
Norway). The culture flasks had bottle caps equipped with fil-
ters to allow gas exchange. The pericellular oxygen concen-
trations were measured using a Unisense Profix 3.0
programme (Unisense A/S, Aarhus, Denmark) with an OX500
Unisense micro-sensor with a diameter of 25 lm, as
described previously [19]. In brief, oxygen profiles were

obtained every two hours by stepwise (100 lm apart) meas-
urements from the top of the medium down to the bottom
of the flask, where the pericellular oxygen concentration
was obtained.

Dosimetry and irradiation in vitro

The dosimetry was adapted from the method of Goddu et al.
[20] as described previously [14]. In brief, low dose-rate irradi-
ation was delivered by incorporation of [3H]-valine (TRK533,
L-[3,4(n)-3H]-valine, 1mCi/ml, Amersham, GE Healthcare,
Buckinghamshire, UK) into cellular protein. Cells were grown
in medium supplemented with 2 or 0.33 Ci/mole [3H]-valine.
Median diameters of cells and nuclei were measured by
image analysis using the Gnu Image Manipulation program
(GIMP) 2.8 software, where the diameter was measured in
phase-contrast photographs of 123 and 153 cells and nuclei,
respectively, each giving a histogram showing size-distribu-
tions (Supplementary Figure 1). Median values where 16 ± 0.2
and 13.2 ± 0.2 mm and corresponding volumes were calcu-
lated using: V ¼ ð4=3Þ pr3. Whole cells and nuclei were pre-
pared for scintillation counting as described previously
[13,21] and cell and nuclear activity was measured on a scin-
tillation counter (Packard TRI-CARB2100TR, Perkin Elmer,
Waltham, MA, USA).

Measurement of the surviving fraction by
clonogenic ability

The HT 29 cells were trypsinised and each treatment group
(15mGy/h, 2.5mGy/h and control) was counted on a flow
cytometer separately and diluted to 200 cells before five par-
allel flasks were seeded from the irradiated as well as unirra-
diated cell dilutions. After about 16 days of incubation in
medium without [3H]-valine, the cells were fixated, stained
with methylene blue and colonies >50 cells were scored.

Animal experiments

To study turnover of [3H]-valine in the tumors, PC-3 prostate
cancer cells were used in a xenograft mouse model. Tumors
were generated by subcutaneous injection of one million
cells in the flank of athymic nude mice (Balb NCR mice). One
intravenous (i.v.) injection of 41.7 lCi [3H]-valine was given at
the start of the experiment. One unirradiated control mouse
and three mice given the [3H]-valine injection were sacrificed
twice per week. Tumor tissue was prepared for scintillation
counting to determine the dose rate to the tumor. The
tumor, liver, kidney, small intestine and lung were collected
and casted into paraffin blocks.

The treatment effect was studied in the HT29 colorectal
cancer xenografts mouse model. Tumors were generated by
subcutaneous injection of one million cells into both left and
right flank of athymic nude mice (Hsd: Athymic Nude-
Foxn1nu). The mice were weighed and tumor growth was
monitored by caliper measurements at least three times a
week. Tumor volume was calculated by using V ¼ 1

2 a � b2,
where a and b were the largest and smallest perpendicular
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tumor diameters, respectively. The experiment was divided
into two groups: control group (seven animals) and treat-
ment group (eight animals). When the tumor volume reached
approximately 200mm3 the mice were either given an i.v.
injection of 41.7lCi [3H]-valine or a saline solution (0.9%
NaCl). This was repeated every fourth or fifith day throughout
the experiment. After 25 days the mice were sacrificed and
tumors were collected by autopsy and sliced in two. One
part was prepared for scintillation counting to determine the
radioactivity in the tumor and the other part was collected
and cast into paraffin blocks and hematoxylin and eosin
(HE) slides.

Animal experiment protocols were approved by the insti-
tutional animal care and guidelines on animal welfare of the
Norwegian National Committee for Animal Experiments
were followed.

Preparation of tumor tissue for scintillation counting

The tumor tissue was weighed, suspended in phosphate buf-
fered saline (Sigma) and were turned into a cell suspension
by using a mortar. The samples were centrifuged at
1400 RPM for five minutes before carefully transferring the
supernatant to a scintillation tube and adding 7millilitre of
scintillation liquid for activity measurements. Two millilitre of
Sodium Deoxycholate were added to the remaining tissue
sample before incubation at 37 �C for 30min. Seven millilitre
of scintillation fluid were added to the samples before the
activity was measured in a liquid scintillation counter. The
dose-rate to the tumor was calculated by converting from
activity/weight to dose/time.

Immunohistochemistry

Four hours prior to euthanasia, the mice were given an injec-
tion of 80mg/kg pimonidazole hydrochloride (1-[(2-hydroxy-
3-piperidinyl)propyl]-2-nitroimidazole hydrochloride , Natural
Pharmacia International Inc., Burlington, MA, USA) in
0.5millilitre saline intraperitoneally, to label hypoxic tumor
cells. Staining was assessed using primary rabbit antibody
against pimonidazole (generously provided by James Raleigh,
Hypoxyprobe Inc, Burlington, MA, USA) that was diluted
1:5000 with Antibody Dilution (Dako, Glostrup, Denmark).
The EnVisionTM method was followed (Dako). PT link (Dako)
and Envision Flex target retrieval buffer (Dako) were used at
pH 9 for antigen retrieval. The tissue slides were blocked
with peroxidase inhibitor (H2O2), incubated with primary anti-
body and counterstained with hematoxylin before the slides
were dehydrated and mounted.

Quantification of hypoxic fraction

Consecutive sections stained with HE and pimonidazole from
each tumor was imaged using one to three frames depend-
ing on size, in order to capture the whole section. In some
sections minor areas were missing in the tumor periphery.
The pixel size was 6.2 ± 0.1 mm. The frames of each section
were merged manually to a single image. Necrotic regions

and non-tumor regions were indicated using manual
delineation.

Independently, each frame was automatically segmented
to identify hypoxia, as described below. They were then core-
gistered with the manually delineated necrosis and tumor
boundaries by copying the frame positions from the manual
merger. Very thin regions (62 mm) of tumor tissue located in
between hypoxia and necrosis were reclassified as hypoxic
tissue. Pixels identified both as hypoxic and necrotic were
considered necrotic. From this, hypoxic fraction (HF), necrotic
fraction (NF) and remaining tissue fractions (1-HF-NF)
were computed.

Hypoxia was automatically identified through the follow-
ing steps: A correction for vignetting was performed for each
individual frame, using a least-square parabolic fit to the
frame with all saturated (stained) pixels replaced by neigh-
bouring values using morphological reconstruction.
Following this, pixels that were dark, saturated and red were
identified as pimonidazole, as described previously in [22].
Briefly, dark pixels were segmented from the blue channel of
the RGB colour space. Saturation and colour were deter-
mined using the Hue-Saturation-Value colour space. The sat-
uration channel was segmented. Red colour was determined
using a fixed threshold (Hue =0� ±10%). Light morphological
processing (radius 6.2–24.8mm) was performed during these
steps to prevent fragmentation of the hypoxic regions due to
noise and granular stains.

All segmentation was performed using the algorithm by
Kittler and Illingworth [23]. Manual image processing was
performed using GIMP and computational image analysis
using MATLAB (The MathWorks, Natick, MA, USA).

Autoradiography

To assess the incorporation of radioactivity after [3H]-valine
injection, autoradiographs were obtained from tissue sections
of control mice (n¼ 3) and treated mice (n¼ 3). After the
paraffin embedded sections were de-waxed (PT-Link (Dako)),
all steps of autoradiography were carried out according to
Ilford’s procedures and recommendations: Nuclear Emulsion
K.5 was applied directly to the de-waxed slides and stored at
�20 �C for 3–4 months. After the exposure period the slides
were treated with Kodak Photo-Flo 200 and developed with
Ilford Phenisol and Ilford Hypam fixer. Images of the sections
were taken with a Nikon D7100 camera (Nikon, New York,
USA) mounted on a microscope (Nikon Diaphot, Nikon,
Tokyo, Japan). The density of silver grains of each section
was considered correlated to grade of incorporation of the
radioactive [3H]-valine.

Results

Dosimetry for HT29 cells

HT29 colorectal cancer cells were irradiated with ultra-low
dose-rate irradiation delivered by [3H]-valine incorporated
into cellular protein. The dose-rate to the nuclei was deter-
mined by using a micro dosimetry model [20]. We measured
the activity at steady-state (minimum 100 h after [3H]-valine
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supplement) in whole cells and nuclei when 1.6 Ci/mole of
[3H]-valine was added to the medium. The activity measured
was 9:661:8ð Þ�10�3 Bq/cell and 4:760:2ð Þ�10�3 Bq/nucleus.
The median cell and nuclei volume were determined to be
2131± 80 and 1222 ± 55 lm3, respectively. The corresponding
parameter values from the model were S(N N) =
5.58� 10�4 Gy/Bq s and S(N Cy)¼ 1.30� 10�4 Gy/Bq s,
where the S-value estimates absorbed dose rate per unit
activity to the nucleus from decays either in the nucleus or
cytoplasm. The dose-rate to nuclei by [3H]-valine irradiation
was estimated to be 12mGy/h. To achieve a dose rate of
15mGy/h, which was used in our previous studies on T-47D
breast cancer cells [13], 2 Ci/mole [3H]-valine was therefore
added to the medium. A dose-rate of 2.5mGy/h was
achieved by 1:5 dilution of the medium containing 2 Ci/mole
[3H]-valine.

[3H]-valine irradiation in vitro

The HT29 cells were cultured in an atmosphere with 4% oxy-
gen, resulting in a microenvironment with intermittent hyp-
oxia where oxygen concentrations varied from about 3.5 to
below 0.1% (Figure 1(A)). Immediately after each cell reculti-
vation (shown with black stars), the oxygen concentration
was about 3.5%. As the cells proliferated and the increasing

number of cells consumed more oxygen, the pericellular oxy-
gen concentration gradually decreased over 2–3 days. At
confluence, the oxygen concentration was below 0.1%. In a
separate arm of the experiment, cells cultivated under these
conditions were continuously irradiated with low dose-rate
irradiation delivered by [3H]-valine, resulting in a dose-rate to
the nucleus of 15 and 2.5mGy/h. The plating efficiency of
cells irradiated with 15mGy/h gradually dropped to 27%
after 27 days (Figure 1(B)). An even lower dose-rate of
2.5mGy/h had a less pronounced effect on the clonogenic
capacity, with 44% plating efficiency after 27 days. The cell
cycle distribution was investigated by flow cytometry after 29
days of combined treatment with intermittent hypoxia and
low dose-rate irradiation (Figure 1(C)). We observed an
increase in fraction of cells in S-phase in irradiated cells. The
fraction of cells in S-phase was 53 and 52% in cells irradiated
with 15 and 2.5mGy/h respectively, whereas in unirradiated
control, grown under the same conditions, the fraction of
cells in S-phase was 28%. There was no hypoxia-induced
arrest in G1/S in irradiated or unirradiated cells (Figure 1(C)).

[3H]-valine distribution and turnover in vivo

To determine the turnover of [3H]-valine in mice, we per-
formed a pilot study where [3H]-valine was injected i.v. in

Figure 1. HT29 colorectal cancer cells grown in conditions of intermittent hypoxia (4% oxygen in the atmosphere) and irradiated continuously by low dose-rate
[3H]-valine with a dose-rate of 15 or 2.5mGy/h. Panel A shows the pericellular oxygen concentration of cells irradiated with 15mGy/h and panel B shows the plating
efficiency of cells irradiated with 15mGy/h, 2.5mGy/h or an unirradiated control, all seeded on the same day. At confluence, five parallel flasks were seeded for col-
ony formation (marked with arrows in panel A). Standard errors are shown with bars. The cells were recultured four times during the experiment (black stars in
panel A) and medium was changed once between recultivations (white stars). In panel C, nuclei DNA histograms of cells grown under conditions of intermittent
hypoxia (4% oxygen in the atmosphere) and irradiated with 15 or 2.5mGy/h for 29 days are shown together with an unirradiated control grown in the same condi-
tions for 29 days.
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PC-3 xenografts at the start of the experiment and the radio-
activity in tumor tissue and serum was measured every 3–4
days (Figure 2). Tumor and serum activity stayed high for at
least 4–5 days, with 85% of the activity left in the tumor and
74% activity left in the serum compared to one day after
[3H]-valine injection, whereas after 11 days the relative activ-
ity was reduced to 19% in the tumor and 10% in the serum.
To maintain a constant dose-rate to the tumor in the follow-
ing effect study, [3H]-valine was injected every 4–5 days.
Visual inspection of HE-slides of the tumor, liver, kidney,
small intestine and lung showed no sign of tissue damage
from the low dose-rate irradiation (data not shown).

Effect of [3H]-valine treatment on tumor growth

The selective effect of low dose-rate irradiation with [3H]-val-
ine on hypoxic cells was tested in HT29 xenografts. The mice
were given i.v. injections of [3H]-valine regularly to maintain
a constant dose-rate to the tumor. Tumor activity was meas-
ured to be 75914 ± 710 Bq/g tumor tissue and the over-all

dose-rate to the tumor cells was calculated to be 0.25 ± 0.002
mGy/h (n¼ 15). The mean tumor growth relative to the
growth at the start of treatment was similar between the low
dose-rate irradiated group (n¼ 16) and the control group
(n¼ 14) with some biological variation (Figure 3(A)). Tumor
doubling time was 10.6 and 10.5 days for the irradiated and
control group, respectively. The mice had no substantial
weight loss throughout the experiment in either of the
groups (Figure 3(B)), indicating that the treatment with ultra-
low dose-rate irradiation was well tolerated.

Hypoxia and [3H]-valine distribution within the tumor

HT29 xenografts that were not irradiated showed widespread
hypoxia at tumor volumes of approximately 200mm3

(Supplementary Figure 2). Tumor hypoxia was still wide-
spread after 25 days with continuous [3H]-valine treatment.
At this time, the tumor volume was approximately 600mm3.
Large regions of necrotic tissue were observed, as showed by
both HE- and pimonidazole staining of tumor sections
(Figure 4(A,B)). Hypoxic regions were observed at the rim
around necrotic areas, where on average (in both control
and treatment group) 81% of the regions connected to nec-
rotic areas were hypoxic. In addition, hypoxia was seen in
regions not connected to necrosis. An example of the auto-
matic segmentation of hypoxia within the tumor (red) is
shown in Figure 4(C–F), together with manually delineated
necrosis (yellow) and remaining viable tumor tissue (black).
The mean hypoxic fraction in the [3H]-valine treated group
and the control group was similar (0.30 ± 0.02 and 0.30 ± 0.03,
respectively; p¼ .9). The necrotic fraction was also compar-
able between the two groups (0.22 ± 0.03 and 0.25 ± 0.03,
p¼ .5).

The distribution of incorporated radioactivity in the
tumors after [3H]-valine irradiation for 25 days was deter-
mined by autoradiography on a random selection of six
tumors. We compared the autoradiography slides to pimoni-
dazole-slides from the same tumors and used neighbouring
slides from the same tumor section, enabling direct compari-
son and recognition of the same landmarks. Hypoxia was

Figure 3. Tumor volume (panel A) and mouse weight (panel B) of HT29 colorectal cancer xenografts grown in athymic mice, that either were given continuous low
dose-rate irradiation with [3H]-valine (eight mice, 16 tumors) or were untreated (control, seven mice, 14 tumors). The dose-rate was maintained constant by
repeated i.v. injections of [3H]-valine. Tumor volume was measured with a caliper. Each point represents the mean of minimum 14 tumors and error bars represents
standard error.

Figure 2. [3H]-valine turnover in tumor tissue and serum of a PC-3 prostate
cancer xenograft model. Turnover of radioactivity was assessed after an initial
injection of 41.7 lCi [3H]-valine. Every 4–5 days three mice were sacrificed and
tumor activity was measured by scintillation counting. Error bars represent
standard error, n¼ 3.
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visualised with brown and tritium incorporation was visual-
ised with black dots, as illustrated in an excerpt from one of
the irradiated tumors in Figure 5. Hypoxic, necrotic and aer-
obic regions were outlined in the autoradiography slides, to
determine possible overlap between these regions and [3H]-
valine incorporation. There was no incorporation of [3H]-val-
ine in necrotic areas. There was also little or no incorporation
of [3H]-valine in hypoxic regions. In contrast, [3H]-valine was
well incorporated in aerobic regions of the tumors (Figure 5).

Discussion

Clonogenicity of hypoxic HT29 cells decreased after about
three weeks of combined treatment with low dose-rate irradi-
ation of 15mGy/h and intermittent hypoxia. The combined

treatment resulted in a plating efficiency of 27% in the cul-
tured HT29 cells after 27 days of treatment (Figure 1(B)). This
effect, which translates into loss of clonogenic capacity of
70% of the cell population, is probably more moderate than
that observed in T-47D breast cancer cells, where 98% of the
T-47D breast cancer cells lost clonogenic capacity after 3–5
weeks [13]. The oxygenation of the irradiated cells was simi-
lar in the HT29 and T-47D cell experiments; however the
response may be dependent on other factors such as cell
line and duration of the treatment. Several experiments with
T-47D cells have been published, where a dramatic effect on
surviving fraction occurred after 16–42 days. Compared to
the experiments where the effect occurred after 16 days, the
HT29 cells seem to be more resistant to low dose-rate irradi-
ation than T-47D cells. However, when compared to the
T-47D experiment where the effect occurred after 42 days,

Figure 4. Hypoxia distribution within HT29 colorectal cancer xenografts after 25 days of treatment with ultra-low dose-rate [3H]-valine irradiation. The tumor vol-
umes were approximately 600mm3. An example is shown in panel A (HE stained slide) and panel B (pimonidazole stained slide visualizing hypoxia in brown). The
tumors were widely hypoxic with areas of necrosis throughout the tumors. Hypoxic tumor regions were identified computationally and are shown in red in panels
C and D, and in the excerpt in panels E and F. Necrotic regions were manually delineated by visual inspection of both pimonidazole and HE stained slides, as shown
in yellow in panels C–F. The remaining tumor tissue is shown in black (panels C–F).
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the effect was similar with a surviving fraction of about 30%
after 27 days in both cell lines. The lower dose-rate of
2.5mGy/h resulted in a less pronounced decrease in clonoge-
nicity, indicating that dose-rate within the range of
2.5–15mGy/h is important for the effect. At an even higher
dose-rate of 61.5mGy/h the irradiation is no longer tolerated
by aerobic T-47D cells [14].

No arrest in the hypoxia-induced checkpoint at the G1/S
border was observed (Figure 1(C)). Our oxygen-sensor meas-
ures the oxygen concentration accurately down to 0.1%, but
below this we can only be sure that the oxygen

concentration is lower than 0.1%. Studies on cell cycle pro-
gression under various degrees of hypoxia have shown that
there is generally no inhibition of the cells in the oxygen-sen-
sitive G1/S restriction point when the oxygen concentration
is above 0.1%, while for concentrations below 0.1% oxygen,
there is an increasing degree of inhibition with decreasing
oxygen concentration down to 0.01% [24,25] and reviewed
in [26]. S-phase accumulation, caused by slow or non-existent
progression through the S-phase, is a known response to
hypoxic stress [27]. Neither HT29 cells, nor T-47D breast can-
cer cells exposed to low dose-rate irradiation of 15mGy/h

Figure 5. The upper panel shows an excerpt of a pimonidazole stained slide in a tumor that was given continuous low dose-rate irradiation for 25 days. The lower
panel shows the same excerpt of the neighboring slide where tritium autoradiography was performed. Direct comparison between the panels was possible, since
specific regions and landmarks were recognized in both panels. Aerobic (A), necrotic (N) and hypoxic (H) regions were delineated in the pimonidazole slides and
transferred to the autography slides, as indicated. Black spots show uptake of [3H]-valine, thereby visualizing [3H]-valine incorporation into cellular protein. There
was no incorporation of [3H]-valine in hypoxic or necrotic regions, as shown in the lower panel. [3H]-valine was well incorporated in the aerobic regions.
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and intermittent hypoxia were arrested in the G1/S check-
point [13].

The average hypoxic fraction in our study using a HT29
colorectal cancer xenograft cell model was 30%, which is
comparable to what has been found previously in murine
colorectal cancers (23 and 38%, respectively for HT29 and
LS174T) [28,29].

In the study with [3H]-valine administrated to tumor-bear-
ing mice, the injected tritium was incorporated into the
tumor tissue, as shown by scintillation counting, but there
was little, if any, uptake in hypoxic regions with viable tissue
(Figure 5). This means that our model, where [3H]-valine is
used to deliver ultra-low dose-rate irradiation, is not suitable
to selectively target hypoxic tumor cells in a mouse model.
The lack of [3H]-uptake in hypoxic tumor cells may be caused
by consumption of the [3H]-valine by well oxygenated cells
or by malfunctioning tumor vascularity resulting in impaired
transport of [3H]-valine by blood flow to the hypoxic regions.
Also, hypoxic cancer cells have a greatly reduced protein syn-
thesis [21] and possibly also have a downregulated uptake
mechanism of small molecules. This renders delivery of ultra-
low dose-rate irradiation with [3H]-valine problematic.
Similarly, many cytotoxic drugs will not be effectively distrib-
uted in hypoxic areas due to limited access to vessels [30,31].
Because of the low range of tritium irradiation of a maximum
6mm [32], the treatment cannot be delivered externally.
Ultra-low dose-rate irradiation might have a larger effect on
intermittent hypoxic cells with another source of radiation
that can be delivered externally and may therefore work bet-
ter than [3H]-valine provided that the normal tissue response
is limited.

When comparing the in vitro results on T-47D and HT29
cells with the in vivo results from the present effect study on
HT29 xenografts, there are some aspects that need consider-
ation. The dose-rate in the in vitro studies was 15mGy/h, but
was about 60 times lower in the in vivo studies. This would
most likely result in a more moderate effect on the cell kill
in vivo. Also, the in vitro experiments showed loss of clonoge-
nicity in hypoxic cells, but no uptake of [3H]-valine was seen
in hypoxic regions in the in vivo experiments. A marked
effect on tumor growth would therefore not be expected.
However, if the irradiation had reached the hypoxic regions
of the tumor, we could expect a difference in the hypoxic
fraction between the treated and untreated group.

In this study we investigated the effect of treatment with
ultra-low dose-rate irradiation on the HT29 colorectal cancer
cell line. If a suitable way to deliver the ultra-low dose-rate
irradiation to the hypoxic tumor cells is found, then more
cancer cell lines should be investigated in order to assess if
the findings are general.

Although no treatment effect was observed in vivo in our
study, we demonstrate that ultra-low dose-rate irradiation is
well tolerated by aerobic cells in a mouse model. This has
been shown previously in in vitro cell cultures [14] and our
study demonstrates that this also is valid in an in vivo colo-
rectal cancer xenograft model (Figure 3(B)), by showing that
the continuous ultra-low dose-rate irradiation led to no
weight loss in the mice.
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