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High-LET radiation is more efficient in producing complex-type chromosome exchanges than sparsely

ionizing radiation, and this can potentially be used as a biomarker of radiation quality. To investigate if
complex chromosome exchanges are induced by the high-LET component of space radiation exposure, dam-
age was assessed in astronauts’ blood lymphocytes before and after long duration missions of 3–4 months.
The frequency of simple translocations increased significantly for most of the crewmembers studied. How-
ever, there were few complex exchanges detected and only one crewmember had a significant increase after
flight. It has been suggested that the yield of complex chromosome damage could be underestimated when
analyzing metaphase cells collected at one time point after irradiation, and analysis of chemically-induced
PCC may be more accurate since problems with complicated cell-cycle delays are avoided. However, in
this case the yields of chromosome damage were similar for metaphase and PCC analysis of astronauts’
lymphocytes. It appears that the use of complex-type exchanges as biomarker of radiation quality in vivo
after low-dose chronic exposure in mixed radiation fields is hampered by statistical uncertainties.

INTRODUCTION

High-LET radiation induces a higher yield of complex-
type chromosome exchanges than equivalent doses of low-
LET radiation1,2). A single hit to a cell from a densely ion-
izing radiation track is thought be sufficient to produce
complex chromosome damage3), whereas gamma rays do
not produce a significant increase in the yield of complex
rearrangements at doses below 2 Gy4). It follows therefore
that an increase in complex chromosome damage can poten-
tially be used as a biomarker of exposure to low doses of
high-LET radiation such as those encountered by astronauts
during space flight. However, difficulties may arise in accu-
rately estimating radiation-induced complex chromosome
damage at first mitosis post irradiation. Previous studies
have indicated that there is a delay in the expression of chro-

mosome damage in metaphase that is mostly related to the
late emergence of complex-type damage5–7). It was suggest-
ed that the yield of complex chromosome damage could be
underestimated when analyzing metaphase cells collected at
one time point after irradiation, and chemically-induced
premature chromosome condensation (PCC) may be a more
accurate system since problems with complicated cell-cycle
delays are avoided5).

Although heavy particles contribute only a few percent of
an astronauts’ overall radiation dose during space flight8, 9),
the effect on biological damage and health risk may be sig-
nificant. An increase in the yield of complex exchanges
after flight could estimate the level of exposure to heavy
particles. A positive link has been established between chro-
mosome damage and cancer incidents10), and increased fre-
quencies of damage can be used as an estimate of the health
risks associated with exposure to radiation11,12).

Here we have obtained direct in vivo measurements of
complex chromosome damage in blood lymphocytes of
astronauts before and after long duration missions on Mir or
the International Space Station (ISS), and have compared
the frequencies measured in PCC and metaphase.
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MATERIALS AND METHODS

Crewmembers’ blood samples were collected in vacutain-
er tubes containing sodium heparin. Whole blood cultures
were initiated in RPMI 1640 medium (Gibco BRL, Rock-
ville, MD, USA) supplemented with 20% calf serum and
1% phytohemagglutinin (Gibco BRL, Rockville, MD,
USA), and were incubated at 37°C for 48 hours. After a 2-
hour treatment with 0.2 µg/ml colcemid, mitotic spreads
were collected using standard cytogenetic procedures, and
fixed in methanol/acetic acid (3:1, vol:vol). PCC were col-
lected after a 30-minute treatment with 50 nM of Calyculin-
A (Wako Chemicals, Japan) using the method described by
Durante et al.13).

A 0.5-ml volume of blood from pre- and post-flight sam-
ples was cultured with 10 µm of bromodeoxyuridine (BrdU)
and a differential replication staining procedure was com-
pleted on chromosomes from these samples by incubating
slides in 0.5mg/ml of Hoescht during exposure to black light
(General Electric 15T8/BL bulb). Spreads were stained with
Giemsa to visualize replication rounds. The percentage of
cells in first mitosis was greater than 80% for all samples
analyzed.

Chromosomes were hybridized in situ with either two or
three fluorescence-labeled chromosome-specific DNA
probes in different colors; spectrum green, spectrum orange,
and yellow, (i.e., a 1:1 combination of green and orange
probes that fluoresces yellow under a triple-band-pass filter
set). All probes were obtained from Vysis (Woodcreek, IL,
USA) and manufacturer’s recommended procedures were
used. Chromosomes were counterstained in 4′,6-diamidino-
2-phenylindole (DAPI) and analyzed using a Zeiss Axiosk-
op fluorescence microscope.

All slides analyzed in this study were coded and scored
blind. Complex exchanges were scored when it was deter-
mined that an exchange involved a minimum of three breaks
in two or more chromosomes. Total exchanges were calcu-
lated by adding the number of apparently simple transloca-
tions, dicentrics, incomplete translocations, incomplete
dicentrics, and complex exchanges. For direct comparison
of data, yields of exchanges in individual chromosome com-
binations were extrapolated to whole genome equivalents
using the formula of Lucas et al14).

RESULTS

Table 1 shows the frequency of chromosome aberrations

Table 1. Chromosome aberrations in crewmembers’ lymphocytes before and after long duration
Mir flights, measured in metaphase cells. Values for WGE represent whole genome
equivalent values for exchanges. S.E. represents values for standard error. Only crew-
member 1 has a significant increase in complex exchanges postflight.

Crew
member

Sample collection Cells scored
Chromosomes

analyzed

Apparently simple
translocations

Complex exchanges

No.
WGE

(X103±S.E.)
No.

WGE
(X103±S.E.)

1
Before flight 4404 1 + 2 19 15.0±3.5 1 0.7±0.7

10 days after flight 6556 1 +2 27 14.9±2.8 7 3.8±1.4

2
Before flight 1892 1, 2 + 4 5 6.3±2.8 1 1.2±1.2

12 days after flight 4677 2 +1 20 15.0±3.5 2 1.4±1.2

3
Before flight 3995 2 + 4 4 3.8±1.9 0 0.0±0.0

Day of return 4056 2 + 4 9 8.4±2.7 2 1.9±1.1

4
Before flight 3792 2 + 4 12 12.2±3.4 3 3.0±1.9

9 days after flight 4843 2 + 4 30 23.6±4.2 3 2.3±1.5

5
Before flight 742 2 + 4 3 15.2±8.7 2 10.3±7.2

9 days after flight 2630 2 + 4 19 27.4±6.5 0 0.0±0.0

6

Before flight 2852 2 + 4 7 9.1±3.4 1 1.5±1.5

Day of return 4672 2 + 4 26 21.3±4.2 1 0.8±0.8

9 days after flight 3147 2 + 4 13 15.6±4.2 1 1.1±1.1
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in the blood lymphocytes of astronauts before and after their
respective missions of 3–4 months onboard the Mir space
station. All cells were analyzed in first mitosis after stimu-
lation in culture. Although the frequency of apparently sim-
ple reciprocal exchanges increased post flight for crewmem-
bers 2–6, crewmember 1 was the only subject to show any
significant increase in complex exchanges post flight. The
total number of complex exchanges detected was very low;
a total of 8 complex exchanges were detected preflight in
the 20,910 cells analyzed from all crewmembers combined.
After flight, 20 complex exchanges were detected in a total
of 30,078 cells from all astronauts.

Table 2 shows a comparison of PCC and metaphase anal-
ysis of astronauts’ blood lymphocytes before and after their
respective missions of approximately 3 months onboard the
ISS. Yields of translocations and complex-type exchanges
were similar in PCC and metaphase samples, and there is no
real difference in the frequency of complex exchanges after
flight for any of the crewmembers. As with the study of Mir
astronauts, there were few complex aberrations detected.
Pooled data for metaphase and PCC analysis for all four ISS

crewmembers revealed 6 complex exchanges preflight in a
total of 24,136 cells analyzed, and 12 complex exchanges
were detected in 26,065 cells collected after flight.

CONCLUSIONS

Since low doses of low-LET radiation do not induce com-
plex exchanges, any increase in complex-type chromosome
damage detected after exposure to the relatively low dose of
radiation received during space missions would be due
entirely to the high-LET component of the exposure. Bio-
logical measurements from induction of simple reciprocal
translocations and dicentrics are consistent with predicted
equivalent doses (11,12,15–18). However, there were few com-
plex exchanges induced during the 3–4 month missions in
space, and most individuals show no significant increase
after flight. Since only two or three chromosome pairs were
analyzed in this study this presents limitations associated
with determining the true complexity of exchanges, and it
is possible that exchanges scored as apparently simple-type
actually contain hidden complex rearrangements. However

Table 2. Chromosome aberrations in crewmembers’ lymphocytes before and after long duration
flights on the international space station, measured in metaphase and PCC. In all cases chro-
mosomes 1, 2 and 5 were analyzed. Values for WGE represent whole genome equivalent fre-
quencies of exchanges. S.E. represents values for standard error.

Crew
member

Sample collection
Sample

type
Cells scored

Apparently simple exchanges Complex exchanges

No.
WGE

(X103±S.E.)
No.

WGE

(X103±S.E.)

7

Before flight PCC 7331 4 1.4±0.8 2 0.7±0.5

10 days after flight
PCC 6304 13 5.4±1.5 0 0.0±0.0

Metaphase 5233 16 7.9±2.0 2 1.0±0.7

8

Before flight
PCC 3693 2 1.4±0.4 0 0.0±0.0

Metaphase 1741 0 0.0± 0 0.0±0.0

15 days after flight
PCC 4023 11 7.1±0.8 2 1.3±0.9

Metaphase 1524 6 10.2±4.2 1 1.7±1.7

9

Before flight
PCC 4604 15 8.5±2.2 4 2.2±1.1

Metaphase 1635 6 9.5±3.9 0 0.0±0.0

15 days after flight
PCC 996 6 15.7±6.4 2 5.2±3.8

Metaphase 1625 10 16.0±1.9 1 1.6±1.6

10

Before flight
PCC 3049 11 9.4±2.8 2 1.7±1.2

Metaphase 2083 8 10.0±3.5 2 0.0±0.0

10 days after flight
PCC 3149 13 10.7±3.0 3 2.5±1.4

Metaphase 3211 11 8.9±2.7 3 0.8±0.8
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the frequency of true complex exchanges detected post
flight would still be very low, and it appears that the use of
complex-type exchanges as biomarker of radiation quality
in vivo after low-dose chronic exposure in mixed radiation
fields is hampered by statistical uncertainties.
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