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Comparative Analysis of Transcriptional Gene Regulation
Indicates Similar Physiologic Response in Mouse Tissues at
Low Absorbed Doses from Intravenously Administered 211At
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211At is a promising therapeutic radionuclide because of the
nearly optimal biological effectiveness of emitted a-particles.
Unbound 2'"At accumulates in the thyroid gland and in other
vital normal tissues. However, few studies have been performed
that assess the 2''At-induced normal-tissue damage in vivo.
Knowledge about the extent and quality of resulting responses
in various organs offers a new venue for reducing risks and side
effects and increasing the overall well-being of the patient dur-
ing and after therapy. Methods: Female BALB/c nude mice
were injected intravenously with 0.064-42 kBq of 2''At or
mock-treated, and the kidneys, liver, lungs, and spleen were
excised 24 h after injection. A transcriptional gene expression
analysis was performed in triplicate using RNA microarray tech-
nology. Biological processes associated with regulated transcripts
were grouped into 8 main categories with 31 subcategories
according to gene ontology terms for comparison of regulatory
profiles. Results: A substantial decrease in the total number of
regulated transcripts was observed between 0.64 and 1.8 kBq of
211At for all investigated tissues. Few genes were differentially
regulated in each tissue at all absorbed doses. In all tissues, most
of these genes showed a nonmonotonous dependence on
absorbed dose. However, the direction of regulation generally
remained uniform for a given gene. Few known radiation-associated
genes were regulated on the transcriptional level, and their ex-
pression profile generally appeared to be dose-independent and
tissue-specific. The regulatory profiles of categorized biological
processes were tissue-specific and reflected the shift in regula-
tory intensity between 0.64 and 1.8 kBq of 2''At. The profiles
revealed strongly regulated and nonregulated subcategories.
Conclusion: The strong regulatory change observed between
0.64 and 1.8 kBq is hypothesized to result not only from low-dose
effects in each tissue but also from physiologic responses to
ionizing radiation-induced damage to, for example, the 2''At-
accumulating thyroid gland. The presented results demonstrate
the complexity of responses to radionuclides in vivo and highlight
the need for further research to also consider physiology in ion-
izing radiation-induced responses.
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The synthetic radiohalogen 2!'At is a promising radio-
nuclide for internal radiation therapy, because the linear
energy transfer value of emitted a-particles is nearly opti-
mal for inducing DNA double-strand breaks (/,2). 2!'At-
labeled tumor-seeking agents have been investigated for
treatment of various tumor types, showing good prospects
(3-6). However, during metabolism or degradation of ra-
diolabeled compounds, 2! At might be released and accu-
mulated in the thyroid gland via mechanisms similar—if to
a lesser degree—to radioiodine (7—17). Unbound ?!'At has
been proposed for therapy of anaplastic thyroid carcinoma,
yet the high uptake or retention in other normal tissues—for
example, the kidneys, liver, lungs, and spleen—would limit
successful therapy (/2). The thyroid gland is required pri-
marily for the hormonal regulation of metabolic processes
in the body. Consequently, ionizing radiation—induced dam-
age to the thyroid would affect the normal metabolic func-
tion of organs and eventually compromise physiologic
integrity. At the same time, these organs could be affected
by low absorbed doses from 2!!At as well. However, to the
best of our knowledge, no study has been performed in a
mammalian model system investigating normal tissue dam-
age from low-dose exposure to 2! At while also considering
effects from a predominantly radiation-affected organ on
the physiologic level. The microarray assay facilitates a ge-
nome-wide study on transcriptional gene regulation in re-
sponse to stimulus without the risk of excluding regulatory
pathways by focusing on a designated set of genes for
detecting a presupposed response (/3,14). Furthermore,
most studies focusing on radiation-induced transcriptional
changes for the establishment of biomarkers have been
performed in vitro (/5,16). This gap in basic knowledge
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and the increasing interest in 2! At for radionuclide therapy
demand further research in the field of normal-tissue dam-
age, which offers a new venue for optimizing treatment pro-
tocols and improving acute and long-term risk assessment.
Ultimately, this continued research would increase treatment
success rates and the overall well-being of the patient during
and after therapy.

A previous study has demonstrated distinct transcrip-
tional gene expression profiles in the thyroid of female
BALB/c nude mice at 24 h after the intravenous adminis-
tration of 2''At and showed dose-dependent gene regulation
responses (/7). Gene regulation responses in vivo are a com-
plex topic, because the responses are affected by signals on
the organizational level of cells, tissues, organs, and the
organism as a whole. In this regard, ?!! At-induced radiation
effects—which predominantly affect the thyroid—are also
not expected to remain silent on the organismic level. The
orchestrated hormonal regulation would be changed by
radiation-induced effects on the thyroid and consequently
affect other organs on the physiologic level as well. More-
over, intercellular and systemic signaling in vivo as a re-
sponse to radiation also need to be considered. Cellular and
molecular signaling have been identified as the basic mech-
anisms of radiation responses, thus also implying diverse
local and systemic regulation mechanisms downstream of
initial radiation-induced damage and repair (/8-20).

The aim of this study was to elucidate the impact of
a-particle exposure from the intravenous administration of
2HIAt on transcriptional gene regulation in normal tissues
of the kidney cortex and medulla, liver, lungs, and spleen.
The low- to medium-activity range of injected 2''At and
resulting low absorbed doses were chosen to meet the rel-
evance for both radiation protection and clinical use.

MATERIALS AND METHODS

Radionuclides and Radioactivity Measurements

The 2%°Bi(a,2n)?''At reaction was used for the production of
211At at the Cyclotron and PET Unit at Rigshospitalet in Copen-
hagen, Denmark. Free 2!'At was prepared as described by
Lindegren et al. (21). Before and after injection, the activity in
211 At stock solutions and syringes was measured using a y-counter
(1480 Wizard 3”; Wallac Oy).

Calculation of Absorbed Dose
Organ-specific mean absorbed doses (ﬁorgan) were calculated
according to the MIRD formalism (22):

~ _ Anrgan X Zini E; (I)i
Dorgan - )
Morgan

where A;,W is the cumulated activity of 2!'At in the respective
organ (or tissue) at a given time, n; is the radiation yield with
energy E; and absorbed fraction ®; in the target organ (or tissue),
and M,eq, is the mass of the respective organ. Calculations of
organ-specific cumulated activities were based on biodistribution
data, giving the percentage of injected activity for various organs
over a time range from 0 to 24 h (23). Activity distributions were
assumed to be homogeneous for all organs. The derivative of the
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cumulated activity between the given time points 0, 1, 2, 4, 6, and
24 h was formed according to the trapezoidal rule. Only the con-
tributions from the emitted a-particles from 2! At and its daughter
211po were considered. Because of the short mean range of 2! At-
emitted a-particles (~65 wm), the absorbed fraction was set to
1 for all investigated organs (24).

Animal Experiments

Twenty-one 6-mo-old female BALB/c nude mice (Charles
River) were divided into 5 experimental groups and 1 control
group. Solutions of 211 At with 0.064, 0.64, 1.8, 14, and 42 kBq (in
phosphate-buffered saline at pH 7) were injected into the tail vein.
The control group was mock-treated with an empty syringe. Ani-
mals were anesthetized with sodium pentobarbital and killed 24 h
after injection via cardiac puncture. The kidneys, liver, lungs, and
spleen were excised and flash-frozen in liquid nitrogen before
storage at —80°C until analysis. The procedures were conducted
as approved by the Ethical Committee on Animal Experiments in
Gothenburg, Sweden.

Gene Expression Analysis

Several milligrams of sample material were dissected on dry ice
from the stored organs; kidney samples were divided into cortical
and medullary tissues and treated separately. Samples from mice
in the same group were pooled. Total RNA was extracted using
the RNeasy Lipid Tissue Mini Kit (Qiagen) according to the
manufacturer’s instructions. The RNA integrity number was de-
termined with the RNA 6000 Nano LabChip Kit (Agilent Tech-
nologies) using the 2100 Bioanalyzer (Agilent Technologies)
according to the standard protocol. Samples with an RNA integrity
number below 6.0 were not used in subsequent analyses.

The RNA samples were processed in triplicate at the Swegene
Center for Integrative Biology Genomics DNA Microarray Re-
source Center (SCIBLU). Hybridizations were performed on
MouseRef-8 Whole-Genome Expression BeadChips (Illumina).
The BeadArray Reader scanner (Illumina) was used for image
acquisition, and BeadScan 3.5.31.17122 image analysis software
(Illumina) was used for the quantification of raw signal intensities.
The web-based BioArray Software Environment system provided
by SCIBLU was used for data preprocessing and quantile nor-
malization of raw signal intensities. Further data processing was
performed with Nexus Expression 2.0 (BioDiscovery) as de-
scribed elsewhere (25).

The false-discovery rate was controlled with an adjusted
P value cutoff of less than 0.01 for differentially expressed tran-
scripts with a threshold of a 1.5-fold change or more according to
the Benjamini—-Hochberg method described elsewhere (26). The
P value cutoff for the identification of enriched gene ontology
(GO) terms associated with a gene set was set to a P value of less
than 0.05. Obtained data were further analyzed via web-based
GO term searches in the GO database (http://www.geneontology.
org) (27). Biological processes associated with regulated tran-
scripts were categorized using GO terms and ancestor charts to
establish regulatory profiles that facilitated comparison on 2
dimensions—that is, between absorbed doses of a tissue and
between tissues at a given exposure. Eight main categories with
31 subcategories were distinguished that account for higher-level
cellular functions. The gene expression data presented in this
study have been deposited in the Gene Expression Omnibus
(GEO accession GSE40806) of the National Center for Biotech-
nology Information.
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TABLE 1
Tissue-Specific Absorbed Doses Over 24 Hours (mGy)

211At activity (kBq)

Mouse tissue 0.064 0.64 1.8 14 42
Kidney cortex 0.24 2.4 6.9 52 160
Kidney medulla 0.24 2.4 6.9 52 160
Liver 0.2 2 515 44 130
Lungs 1.6 16 45 350 1,000
Spleen 0.45 4.5 13 98 300

Calculation of tissue-specific absorbed doses at 24 h after
intravenous administration of 211At based on MIRD formalism (22).

RESULTS

Organ-Specific Absorbed Doses

Intravenously injected solutions of 2! At (0.064—42 kBq)
resulted in mean absorbed doses in the very-low- to low-
dose range in the mouse kidneys, liver, lungs, and spleen
(Table 1). The liver showed the lowest absorbed doses,
ranging between 0.20 and 130 mGy. The kidneys showed
approximately 1.2-fold-higher values, whereas the spleen
was exposed to approximately 2.3-fold-higher absorbed
doses than the liver. The lungs received distinctively higher
absorbed doses, with 1,000 mGy at the highest injected
activity, which was approximately 3.3-fold higher than for
the spleen, 6.3-fold higher than for the kidneys, and 7.7-
fold higher than for the liver.

Similarities in Transcriptional Gene Regulation

Global gene expression profiles were assessed by the
total number of significantly regulated transcripts (adjusted
P value < 0.01) at a given absorbed dose, compared with
controls. At 24 h after injection, clear regulatory effects
were observed at all absorbed dose levels in all investigated
tissues (Fig. 1). Furthermore, the tissues showed 2 common

characteristics in the total transcriptional response. First,
despite differences in organ-specific absorbed doses, a pro-
nounced decrease in the extent of both up- and downregu-
lated transcripts was seen for all tissues between 0.64 and
1.8 kBq of 2!TAt. Considering all tissues at respective ac-
tivities, the number of upregulated transcripts decreased
from 538-823 to 68—173, whereas the number of down-
regulated transcripts decreased from 139-479 to 18-251.
Second, upregulation dominated over downregulation for
all tissues and at all absorbed doses. Only the kidney me-
dulla presented 2 exceptions from these common character-
istics. First, at 1.8 kBq and higher activities, downregulation
was more pronounced than upregulation, and second, from
0.64 to 1.8 kBq, the number of downregulated transcripts
increased from 188 to 251 transcripts.

No gene was differentially expressed in all organs across
all exposures at 24 h after ?!'At injection. One gene,
Angptl4 (angiopoietinlike protein 4), nearly attained ubiq-
uitous expression, being regulated in 23 of the 25 tuples
(5 tissues across 5 activities). Regulation of Angptl4 was
not observed in the liver at 0.064 and 1.8 kBq. For the
kidney cortex and medulla, lungs, and spleen, between 3
and 5 genes were differentially expressed at all absorbed
doses (Fig. 2). The liver exhibited a somewhat higher num-
ber of regulated genes, dominated by downregulation (9/15
genes) (Fig. 3). Most genes showed a nonmonotonous de-
pendence on absorbed dose for all tissues. However, the
direction of regulation generally remained uniform.

Regulation of Radiation-Associated Genes

The differential expression of 56 radiation-associated
genes proposed by Snyder and Morgan (/5) and Chaudhry
(16) showed low response levels at 24 h after >!' At injec-
tion. Only 19 genes showed significant regulation at least
in 1 tissue (Fig. 4), whereas most genes (37/56) showed
no significant regulation in any tissue at any exposure. In
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FIGURE 2. Differentially regulated genes on transcription level in kidney cortex (A), kidney medulla (B), lungs (C), and spleen (D) at all
absorbed doses from 211At at 24 h after intravenous injection. Note different scales on y-axes.

general, the type and number of regulated genes within
the radiation-associated signature and their regulation
incidences—that is, regulation of a given gene at one or
more absorbed doses—appeared specific for each tissue.
The strength of regulation was generally the same for up-
and downregulation in all tissues. Downregulation ranged
from a —1.5-fold change to a —2.8-fold change. Upregu-
lation ranged from a 1.5-fold change to a 2.3-fold change.
The only exception was regulation of Amy2 (encoding
for the pancreatic a-amylase 2a5) in the spleen, where
upregulation for absorbed doses of 13, 98, and 300 mGy
resulted in 133-, 19-, and 87-fold changes, respectively.
Pcna (proliferating cell nuclear antigen) was the only radi-
ation-associated gene regulated for at least 1 exposure in
each tissue: the spleen showed consistent downregulation at
the 3 highest injected activities, whereas all other tissues
showed 1 or 2 incidences of upregulation only at the 2
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lowest injected activities. In all cases, the regulation of
Pcna was at a similarly low level.

Affected Biological Processes

The transcriptional regulation of biological processes
displayed diverse profiles for each tissue when categorized
after higher-level cellular function (Fig. 5). A clear shift in
the transcriptional response was observed between 0.64 and
1.8 kBq of 2! At, with a pronounced decrease in the number
of regulated transcripts. This shift is further referred to as
threshold behavior in terms of 2 different phases of regula-
tory intensity. The kidney cortex and medulla, liver, and
lungs showed some regulation incidences for maintenance
of DNA integrity, with no observable regulation of DNA
damage and repair processes. The regulation profile in the
spleen exhibited threshold behavior, with a clear decrease
between 0.64 and 1.8 kBq (4.5 and 13 mGy, respectively)
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FIGURE 3. Differentially regulated genes on transcription level in liver at all absorbed doses from 211At at 24 h after intravenous injection.

Note scaling of y-axis.

for maintenance of DNA integrity, also showing a clear reg-
ulatory response for DNA damage and repair processes. All
tissues showed threshold behavior, with a decrease in re-
sponse intensity between 0.64 and 1.8 kBq for the regulation
of gene expression integrity and cellular integrity. However,
the extent of this decrease varied and showed tissue-specific
divergent patterns on the subcategory level. Threshold behav-

ior was also observed for the regulation of cell cycle and
differentiation in the kidney medulla, liver, and spleen,
whereas the kidney cortex and lungs did not show this char-
acteristic. Cell communication was regulated on a generally
low level, without observable threshold behavior in all tissues
except for the spleen, which showed a strong regulation re-
sponse in signal transduction below the observed threshold.
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FIGURE 5. Regulation of biological processes categorized after higher-level cellular function: number (no.) of scored transcripts associated
with genes regulating biological processes grouped in category or subcategory is shown. Value is number of regulated filtered transcripts (i.e.,
scored transcripts) at 24 h after intravenous administration of 2'At. Total number of filtered transcripts grouped in category or subcategory is
shown in left-hand column. Percentage of scored vs. filtered transcripts is described as very low < 3%, low 3%-9%, medium 10%-29%, high
30%-49%, and very high = 50% and highlighted as very light blue, light blue, blue, dark blue, very dark blue, respectively.

The regulation of metabolism showed the most diverse
regulatory patterns: the threshold behavior was apparent
only in the kidney cortex between 0.64 and 1.8 kBq (2.4
and 6.9 mQGy, respectively). In contrast, liver and lungs
displayed a peak in regulation of metabolism at 0.64 kBq
(2.0 and 16 mGy, respectively). The kidney medulla
displayed a strong decrease in regulation of metabolism,
with increased absorbed dose, whereas the spleen showed
mainly a slight increase in regulation, with increased
absorbed dose remaining at the same level at the highest
absorbed dose. The regulation of stress responses was at a
very-low to low level in all tissues except in the spleen at
0.64 kBq (4.5 mGy) with 132 of 450 (29%) transcripts,
respectively. Notably, oxidative stress responses were not
regulated at any absorbed dose in the kidney tissues and
lungs, whereas regulation of inflammatory responses was
not detected in the kidney cortex and liver. The regulation
of immune responses in the spleen depicted threshold
behavior, with medium to high regulation at the 2 lowest

GENE REGULATION AT Low-DosE 2!'Ar o

exposures (43/298 [14%] and 98/298 [33%], respectively).
Biological processes involved in organismic regulation
showed very-low to low regulation on the categoric level
in all tissues. A complete list of categorized biological
processes is provided in Supplemental Tables 1-5 (supple-
mental materials are available online only at http://jnm.snm
journals.org).

DISCUSSION

The radiohalogen 2!''At has a half-life of 7.2 h and
decays via a-emission and electron capture to 2%/Bi and
211Po, The average energy of a-particles—also considering
a-particle emission from 2!'Po due to its short half-life of
approximately 0.5 s—is 6.9 MeV. With a mean average
range of approximately 65 wm in tissue (24), it can be
estimated that an emitted a-particle traverses between 1
and 9 cell layers. For the thyroid, microdosimetric dose
distributions on intravenous administration of 2''At have
been calculated and discussed in this context, stating that
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a mean absorbed dose of 1.2 Gy would correspond to a sta-
tistical mean value of 1 a-particle track per thyroid cell
(28). Accordingly, absorbed doses of 50 and 500 mGy at
0.064 and 0.64 kBq of 2!'At, respectively, would result in
around 4% and 40% of single-hit cells in thyroid tissue
(17). Because the lungs, liver, spleen, and kidney tissues
received much lower absorbed doses at these activities, the
fraction of cells traversed by a-particles would be consid-
erably lower than the nonhit population. Furthermore, dif-
ferences in morphology and physiology of specialized cells
imply differences in stress responses due to different ho-
meostatic regulation and normal gene expression levels.
Hence, without a separation of cell types, the analyzed
transcriptional response is in fact a mixed response from
differently responding cells. These aspects need to be
regarded critically when comparing results from the in-
vestigated tissues: the differences in histologic structure,
morphology, and cell density of tissues influence microdo-
simetric calculations, whereas the mixture of cell types
influences the results of presumably cell-specific transcrip-
tional responses—some of which would be direct responses
to a-particle hits and some might be nontargeted responses
at low absorbed doses.

The increased 2!!'At retention in the lungs is speculated
to result in part from lymphocytes that are compartmental-
ized in pulmonary tissues (29). Immune activities in lym-
phocytes are modulated by thyroid hormones (30), and
incorporation of 2!'At into thyroid hormones could there-
fore increase the dose deposition in pulmonary tissues.
Moreover, radioiodine uptake in the lungs has been linked
to inflammatory responses in humans, suggesting a function
of free iodine in basic immune activities (37). Putatively,
21At could be processed similarly by immune cells and
thus retained. In this context, T-cell deficiency in BALB/c
nude mice, compared with wild-type mice, might decrease
2L At retention. The metallic character of 2!! At—for exam-
ple, conferred by the lower electronegativity compared with
other halogens—is assumed to increase the retention in the
liver and lungs and in the central nervous system, bone, and
fatty tissues, where toxic metallic elements generally accu-
mulate in the body.

The transcriptional response in all tissues was much
higher at the 2 lowest 2!! At activities than at higher activ-
ities. In thyroid tissues, which were taken from the same
mice as the tissues investigated in this study, a similar
threshold phenomenon was also reported between 0.64
and 1.8 kBq of 2! At; however, this threshold corresponded
to much higher absorbed doses (i.e., 50 and 500 mGy, re-
spectively) (/7). On the basis of the similar response in the
thyroid (/7) and the tissues investigated in this study, de-
spite large differences in absorbed dose, it is hypothesized
that this threshold phenomenon seen in tissues other than
the thyroid is likely due to a thyroid-based systemic regu-
lation rather than a tissue-based direct response to radiation
exposure. Theoretically, 3 basic stages would be distin-
guishable for the tissues in dependence of increasing
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21TAt activity: first, a dominance of thyroid-induced re-
sponse; second, a concomitance of thyroid-induced and
radiation-induced response; and third, a dominance of
radiation-induced response. A thyroid-induced response
is likely based on thyroid hormones, which would be
dysregulated because of thyroid damage at sufficiently
high absorbed doses from 2'!At. This hypothesis is sup-
ported by previously presented findings: the biological
process of thyroid hormone generation was affected at
1.4 and 11 Gy absorbed dose (/7). Moreover, Ttr (encod-
ing for the carrier of the thyroid hormone thyroxine) was
downregulated at all absorbed doses, and Sic5a8 (Solute
carrier family 5, member 8) was downregulated at 1.4 Gy
but upregulated at all other absorbed doses (/7). Poten-
tially, there could also be additional radiation-induced
signaling factors originating from the affected thyroid
on ionizing radiation exposure, which could mediate
a nontargeted or systemic bystander response in vivo.

The low response in previously proposed radiation-
associated genes, which was understood as a limitation
between in vitro and in vivo studies impeding a direct
translation of results between the 2 systems, was also
reported for the thyroid (/7). In this study, various genes
may suggest a response threshold in some tissues between
0.64 and 1.8 kBq of 2!'At, but the incidence was compar-
atively low considering all investigated genes associated
with radiation responses. Furthermore, the regulation of
these genes was generally at a low response level. Pcna
was the only gene regulated for at least 1 absorbed dose
in the tissues. Interestingly, in the kidney cortex and me-
dulla, liver, and lungs, Pcna was upregulated at 0.064 or
0.64 kBq of 2!!At. In the spleen, however, Pcna was down-
regulated at 1.8-42 kBq of 2! At, suggesting threshold be-
havior. The role of PCNA is versatile because of numerous
PCNA-interacting proteins involved in various cellular
pathways (32). Thus, cellular effects cannot be derived
from Pcna transcription patterns without its regulatory con-
text. Amy2 showed an exceptionally high and nonmonoto-
nous upregulation in the spleen above the observed
threshold. This nonmonotonous absorbed dose-dependence
shown in vivo for 2!'At exposure needs to be regarded crit-
ically when further evaluating Amy?2 as a potential biomarker
for ionizing radiation exposure.

The regulation of associated biological processes
reflected the threshold phenomenon between 0.64 and 1.8
kBq of 2!'At, which was an expected result taking into
consideration the strong decrease in up- and downregula-
tion of transcripts between these administered activities.
The categorization of biological processes after higher-
level cellular function revealed comprehensive profiles for
each tissue. Radiation metabolomics has shown the feasi-
bility of metabolites as biomarkers for ionizing radiation
exposure, suggesting that regulation profiles of metabolic
processes have indicative potential. Recently, Johnson et al.
(33) identified several urinary biomarkers in nonhuman pri-
mates, among which taurine and xanthine had been identified
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previously in the mouse (34,35). In fact, responses in genes
associated with taurine and xanthine metabolization were
regulated in some instances (data not shown). Interestingly,
the spleen showed the most distinct regulation profile when
compared with the other tissues, with all categories display-
ing the threshold phenomenon except for metabolism and
organismic regulation. The spleen also featured the highest
number of subcategories (8/31) that were not regulated at
any exposure in contrast to the other tissues (4/31 or 5/31),
suggesting a more specific and less diverse overall re-
sponse. These findings could be related to the high amount
of blood cells in spleen tissue. The lungs also displayed the
regulatory threshold behavior for various subcategories, de-
spite much higher absorbed doses, indicating that these
observed responses cannot be solely related to absorbed
dose. The observed tissue-specific regulatory patterns pose
an interesting aspect for long-term studies and risk estima-
tions. However, from this type of data it could not be con-
cluded whether regulations of subcategories in a tissue were
a parallel response to an initial stimulus or whether the
regulation of a subcategory was a response to regulatory
changes in another subcategory.

In general, the identification of tissue-specific responses
would be in agreement with Zhao et al. (36), who discov-
ered strikingly different gene expression patterns in normal
mouse kidney and brain tissue on ionizing radiation expo-
sure. This finding challenged the assumption that radiation-
induced changes in normal tissue are preprogrammed genetic
changes that are not influenced by tissue-specific origin (36).
However, Zhao et al. used a different radiation quality and
exposure modality—that is, external whole-body irradia-
tion with a single dose of 10 Gy of '37Cs y-rays—which
impeded a direct comparison with the results presented
here. Furthermore, in this study, the absorbed doses were
mainly in the low-dose range, and it is hypothesized that
overlaying organismic regulations from the thyroid influ-
enced the regulation profiles as well.

Differential gene regulation across all absorbed doses
suggested potential in vivo biomarkers for the kidney
cortex, lungs, and spleen. In the kidney cortex, the extent
of downregulation of 2310057J18Rik (encoding for a pro-
tein of unknown function) showed a minor but monotonous
decrease, with an increased absorbed dose from 2.4 mGy to
higher absorbed doses. In the lungs, the extent of suppres-
sion of Hspl05 (Heat shock protein 105 kDa) decreased
with increased absorbed dose. However, this response was
not sensitive between a 16- and a 350-mGy absorbed dose.
In the liver, the upregulation of Rgsl6 (regulator of G-pro-
tein signaling 16) increased with increased absorbed dose
from 2.0 mGy to higher absorbed doses. These candidate
genes should be tested for use as biomarkers in further
studies investigating, for example, the regulatory response
over time, a wider range or higher resolution of intrave-
nously administered 2'!'At activities, different radiation
qualities, and similarities and differences in responses be-
tween different mouse strains.

GENE REGULATION AT Low-DosE 2!'Ar o

CONCLUSION

This study showed a more pronounced transcriptional
response at lower absorbed doses than at higher absorbed
doses from intravenously administered 2!'At in the kidney
cortex and medulla, liver, lungs, and spleen of BALB/c
nude mice. Threshold behavior in terms of a strong de-
crease in regulatory intensity was observed for the total
number of regulated transcripts as the injected activity in-
creased from 0.64 to 1.8 kBq of 2!''At. A similar response
was also reported for the thyroid in a preceding study (/7),
although the investigated abdominal organs and the lungs
had received much lower levels of absorbed dose than the
thyroid. The threshold behavior was also reflected by the
regulation of biological processes when categorized after
higher-level cellular function, revealing tissue-specific reg-
ulatory patterns. The regulation of previously proposed ra-
diation-associated genes was on a low level in this in vivo
study but indicated tissue-specific responses. In all tissues,
few genes were regulated at all absorbed doses, generally
showing no absorbed dose dependence.

The pronounced regulatory change observed between
0.64 and 1.8 kBq of 2!'At may partly be interpreted as
a response to thyroid-based signaling and not as exclusively
based on radiation-induced responses in each tissue itself.
This observation indicates the significance of physiology
when investigating radiation-induced effects in vivo. In this
regard, further questions need to be addressed. The sensi-
tivity of organs for radiation-induced thyroid dysregulation
and damage is an important aspect. In addition, the bound-
ary conditions for induction of this response—that is, radi-
ation quality, absorbed dose, dose rate, and time of on-set—
need to be studied in further detail.
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