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Fig. 2. Real-time RT-PCR analysis of Cx43 mRNA expression. Astro-
cytes were cultured. with or without rotenone for 48 h at the indicated
concentrations (A) or. with 8 nM rotenone for the indicated times (B).
The value: of ‘untreated astrocytes (control) was. taken as unity to
calculate the fold increase.” Cx43 mRNA levels were normalized by
GAPDH-mRNA, whose level did not ‘change during culture with rote-
none (data not shown). Results: are means of at least three experi-
ments. Values are mean=SE:

along the plasma membrane between: cells (Fig. 1Ba’).
Enhanced total Cx43 foci were co-localized with phosphor-
ylated Cx43 (Fig. 1Bd') .in: the rotenone-treated cells.
These results suggest that upregulation and trafficking of
Cx43 protein to the membrane were induced by rotenone.

Rotenone enhanced GJIC through Cx43 in cultured
astrocytes

We next examined the effect of rotenone on GJIC in cul-
tured astrocytes. The GJIC was assessed by the FRAP
technique, in terms of the RR. After photobleaching, se-
quential: scans detected: the:recovery. of fluorescence in
the bleached cells as the dye was transferred to photo-
bleached cells through GJIC from surrounding non-
bleached celis. The RR at 48 h of treatment showed a
dose-dependent increase up to 8 nM rotenone, although
this was followed by a slight decrease (Fig. 3A). Further,
time course analysis showed a time-dependent increase in
GJIC after rotenone treatment. (Fig. 3B). These results
suggest that rotenone treatment of cultured astrocytes
generated increased protein levels and a broadened mem-
brane distribution of Cx43, which in turn led to enhance-
ment of GJIC.

Total and phosphorylated Cx43 protein levels were
enhanced in astrocytes in the rat PD model

To investigate whether Cx43 levels may be altered in
Parkinsonism, we examined the Cx43 protein level and
immunoreactivity in our rotenone-induced rat PD model. In

this model, chronic exposure to rotenone remarkably re-
duced TH immunoreactivity in the substantia nigra pars
compacta (SNc), the same area where loss of DA neurons
occurs in human PD (Supplementary Fig. 1). Fig. 6 shows
that Cx43 was found in all regions, though at different
levels, and that the Cx43 protein level was significantly
lower in striatum than in other brain regions (Fig. 4), though
the P, and P, forms of Cx43 were markedly enhanced in
striatum of the treated group. Significant differences of
total Cx43 levels were found in striatum of rotenone-
treated rats at 1, 2, and 4 weeks, as well as in hippocam-
pus of rotenone-treated rats at 1 week. However, no sig-
nificant changes were observed in other regions (Fig. 5A,
B). Next, Cx43 immunohistochemistry was performed on
the SN and striatum and globus pallidus (GP) of vehicle- or
rotenone-treated rats (Fig. 6). In the SN, Cx43 immunore-
activity was enhanced in rotenone-treated rats compared
with that in vehicle-treated rats. Elevation of Cx43 was
more noticeable in substantia nigra pars reticulata (SNr)
than in SNc (Fig. 6A). Increase of Cx43 after rotenone
treatment was more pronounced in GP than striatum
(Fig. 6B).

SNc and striatum in rotenone-treated rats revealed DA
neuronal loss when visualized by TH immunoreactivity
(Fig. 6), consistent with previous observations (Betarbet et
al.,, 2000). interestingly, the degree of enhancement of
Cx43 by rotenone was found to be lower in SNc and
striatum than in other regions (Fig. 6, Cx43).
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Fig. 3. Dose and time course analyses of the effect of rotenone on
GJIC in cultured astrocytes. GJIC was assessed by FRAP, in terms of
RR (fold increase of control cells). Resuits are means of at least three
experiments. (A) Dose dependence (treatment for 48 h). (B) Time
dependence in the case of 8 nM rotenone. Columns show fold in-
crease in RR compared with untreated celis (at 48 h) or compared with
cells treated with 8 nM- rotenone at 0 h for A or B, respectively.
Prrena<0.001 for A and B.
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15

Relative expression of total Cx43 protein

Fig. 4. Cx43 levels were compared between different brain regions by
using’ identical membranes: loaded. with the: homogenates obtained
from: the different regions. The graph depicts: fold increase of fotal
Cx43 “expression- relative ‘to the  control. (thalamus).’ Values are
mean=SE with n=3.

in addition, although astrocytes were denser in SNr
and GP: than in. SNc¢ and striatum, the numbers of astro-
cytes in nigrostriatal regions was tunchanged with rotenone
treatment (Fig. 6, GFAP).

DISCUSSION

Previous Cx43 electrophoresis studies had found a faster-
migrating form that includes nonphosphorylated Cx43 (P,)
and at least two slower-migrating forms, commonly termed
P, and P, (Crow et al., 1990; Musil et al., 1990). Pulse-
chase analysis had indicated that the Cx43 isoforms
progress from P, to P, to P, and that the P, isoform is
associated with gap junctional structures (Musil and Good-
enough, 1991). In our study, rotenone treatment induced
an increase of total Cx43 protein in astrocytes; and the
number of localized foci of total and phosphorylated Cx43
on the. plasma membrane was increased. Furthermore,
astrocyte GJIC was intensified with rotenone treatment.
Therefore, since the increase of P, and P forms of Cx43
was proportional to the increase of total Cx43 protein
levels, our findings indicate that phosphorylation of P, and
P, was enhanced during the induction of total Cx43 protein
by rotenone. Cowan et al. (2003) reported that Cx43 pro-
tein levels decreased in response to rotenone treatment,
but their finding cannot be directly compared with ours,
since they used vascular smooth muscle cells and a far
higher concentration (10 zM) of rotenone.

On the other hand, since Cx43 mRNA levels did not
change, altered protein degradation may be involved in the
rotenone-induced increase of Cx43 protein. Degradation of
Cx43 is thought to be regulated by phosphorylation of P,
or possibly P, and P, (Rivedal and Opsahl, 2001; Ruch et
al., 2001; Qin et al., 2003). Phosphorylation is implicated in
the regulation of GJIC at several stages of the connexin
“life cycle,” including trafficking, assembly/disassembly,
and gating of gap junction channels (Lampe and Lau,
2004). Our in vivo experiment using rotenone-treated rats
demonstrated for the first time that P, and P, forms of

Cx43 are selectively induced in astrocytes of the basal
ganglia regions, which contain DA neurons or their termi-
nal areas, and that these elevated levels of Cx43 were
sustained during rotenone treatment. This site-specific
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Fig. 5. Cx43 levels in the brain of rotenone-treated rats relative to that
of Panacet (vehicle)-treated rats (controf) at 1, 2, and 4 weeks.
(A} Western blotting analysis of Cx43. (B} Column Hlusirates the
quantifications of Cx43 levels obtained from three independent exper-
iments by measuring the intensity of the Cx43 signal. Values are
mean=SE with n=6. ** P<0.05 for the mean difference from the
corresponding control group.
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susceptibility of astrocytes to Cx43induction by rotenone
could be of great importance, since the great heterogeneity
of astrocytes among brain sites is a key to understanding
PD pathology (Price et al., 1998; Amadio et al., 2007).

This study has obvious limitations, and some tasks for
future investigation are mentioned below. Although induc-
tion of astrocyte Cx43 by rotenone was observed along
with loss of DA neurons in the SNc and striatum, we failed
to establish a relationship between increase of Cx43 and
extent of DA neuron damage: induced levels of Cx43 were
lower in SN¢ and striatum than in SNr and GP, though DA
neurons in the SNc and striatum are more vulnerable than
those in SNr and GP (Fearnley and Lees, 1991). Further
study will be necessary to assess the site-specific vulner-
ability of DA neurons in the nigrostriatal area, and the
potential involvement of mechanisms, such as inflamma-
tion, other than GJIC in the selective death of DA neurons.
Induction of Parkinsonism by rotenone will need to be
examined. For example, the inflammation that is thought to
cause activation of astrocytes, which is in turn associated
with upregulation of Cx43, may involve microglia (Retamal
et al., 2007). In addition, Cx30 and Cx26 are both major
gap junction proteins in astrocytes. We found that Cx26
expression was unaffected by rotenone in vivo and in vitro
(data not shown), but it will also be necessary to examine
changes in Cx30 in the future, perhaps with the use of
Cx.-specific inhibitors or siRNA.

The central question is whether the elevation of astro-
cyte GJIC plays a part in causing the development of PD or
whether it is merely a protective response to-rotenone.
Astrocytic syncytia in'the normal CNS play important ho-
meostatic roles in the spatial buffering of extracellular po-
tassium ions and water (Jefferys,; 1995; Naus et al;, 1997;
Wallraff et al., 2006), glutamate and other signaling mole-
cules (Cornell-Bell et al., 1990; Hossain et al., 1994), and
energy sources (Dienel and Cruz, 2003). On the other
hand, abnormal synchronization of the oscillatory activity
of neurons at multiple levels of the basal ganglia—cortical
loop is thought to play a role in this synchronization in
animal models and human PD. This suggests the possi-
bility that enhancement of GJIC affects PD_development
(Yamawaki et al., 2008). To examine whether this is so, the
effects of astrocyte GJIC inhibition on DA neurons in PD
models needs to be investigated using an astrocyte-spe-
cific GJIC inhibitor; however, such an inhibitor is not yet
available. Cx. knockout mice might be useful to investigate
the role of gap junctions in PD models. Furthermore, it is of
interest to know why:the change of Cx43 occurred in the
hippocampus. Our immunohistological analysis suggested
that the number of astrocytes in striatum and hippocampus
is higher than those in other brain regions. Therefore one
possibility is that this difference in the density of astrocytes
influences the induction of Cx43 protein by rotenone. An-
other possibility is that astrocytes in striatum and hip-
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pocampus might have different characteristics from those
in other areas (Price et al., 1999; Amadio et al., 2007).

Rufer et al. (1996) reported that immunoreactive Cx43
protein was increased in the striatum in a rat MPTP model,
but they did not find evidence of increased functional cou-
pling. They did not examine cultured astrocytes. The rea-
son for the difference between their results and ours is
unclear, but may be related to the differences between the
rotenone and MPTP models. In summary, rotenone en-
hanced GJIC through induction of phosphorylated Cx43 as
well as total Cx43 in astrocytes, and increased Cx43 in
nigrostriatal astrocytes was also observed in rotenone-
treated rats, accompanied with loss of DA neurons. Given
the potential implications of our findings, the mechanisms
linking enhanced astrocyte GJIC and DA neuron death
urgently need to be examined.
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Abstract

Purpose:  Our previous study showed that radiation exposure reduced the diversity of repertoires of memory thymus-derived
cells (T cells) with cluster of differentiation (CD)- 4 among atomic-bomb (A-bomb) survivors. To evaluate the maintenance
of T-cell memory within A-bomb survivors 60 years after radiation exposure, we examined functionally distinct memory
CD4 T-cell subsets in the peripheral blood lymphocytes of the survivors.

Methods: Three functionally different subsets of memory CD4 T cells were identified by differential CD43 expression levels
and measured using flow cytometry. These subsets consist of functionally mature memory cells, cells weakly responsive to
antigenic stimulation, and those cells functionally anergic and prone to spontaneous apoptosis.

Results: The percentages of these subsets within the peripheral blood CD4 T-cell pool all significantly increased with age.
Percentages of functionally weak and anergic subsets were also found to increase with radiation dose, fitting to a log linear
model. Within the memory CD4 T-cell pool, however, there was an inverse association between radiation dose and the
percentage of functionally mature memory cells.

Conclusion: These results suggest that the steady state of T cell memory, which is regulated by cell activation and/or cell

survival processes in subsets, may have been perturbed by prior radiation exposure among A-bomb survivors.

Keywords: A-bomb, CD4, immunological memory, CD43, flow cytometry, T cell

Introduction

In humans, immunological memory resides in and is
controlied by long-lived lymphocytes, with immuno-
logic memory being maintained at an appropriate
level by a constant proliferation of memory thymus-
derived cells (T cells) (Dutton et al. 1998). Once
subjected to antigenic stimulation, memory T cells
tend to divide repeatedly, thus giving rise to greatly
expanded clonal populations which may persist for
very long periods of time (Maini et al. 1999).
Clonally expanded T-cell populations are frequently
observed not only in healthy aged persons (Posnett
et al. 1994, Fitzgerald et al. 1995, Wack et al. 1998)
but also in virally-infected individuals (Eiraku et al.
1998, Silins ¢t al. 1998) and in patients with
autoimmune diseases of various types (Fitzgerald
et al. 1995, Musette et al. 1996, Waase et al. 1996).

In general, the peripheral blood pool of memory T
cells with cluster of differentiation (CD)- 4 appear
not to have been significantly affected by radiation
exposure among atomic-bomb (A-bomb) survivors.
However, there are significant dose-dependent def-
icits in the naive T-cell pools (Kusunoki et al. 1998,
2002, Yamaoka et al. 2004). Further, clonal popula- *
tions originating from peripheral T cells have. been™ "
identified in blood samples from some ofithe A-:
bomb survivors primarily by tracking specific T-cell

receptor (TCR) genes and/or chromosome-aberra-. =
tions in memory T-cell populations (Kusunokiet-al.

1993, Nakano et al. 2004). In this regard; we have
recently reported that the extent of deviation ‘i the =
TCR repertoire of memory CD4 T célls significandy
increased as the intensity of “radiaton exposure
increased (Kusunoki et al. 2003). It seems teason- -
able, therefore, to.assume that A-bomb. radiation
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induced the expansion or shrinkage of particular
memory T-cell clones, concomitant with a reduced
capacity to maintain fully diverse repertoires of
helper T-cell memory.

Previously, we have reported that human memory
CD4 T cells can be discriminated into three
functionally different subsets (M1, M2, and M3)
using the human stem cell-associated (HSCA)- 2
monoclonal andbody (mAb) that recognises a sialic
acid-dependent epitope on the low molecular mass
(~ 115 kDa) glycoform of CD43 (Ohara et al. 2002,
Kyoizumi et al. 2004). The M1 subset consists of
funcdonally mature cells whose CD43 expression is
relatively high, The M2 subset expresses moderate
levels of CD43, and responds weakly to TCR-
mediated stimuli. The M3 subset exhibits relatively
low levels of CD43 and is anergic to TCR-mediated
stimuli, and prone to spontaneous apoptosis.

In this study, we evaluated the extent to which
T-cell memory function is retained in A-bomb
survivors by examining the relationships between
these memory CD4 T-cell subsets, ageing, and
radiation exposure.

Materials and methods
Blood donors

An A-bomb survivor cohort was randomly selected
from a group of Hiroshima participants in the Adult
Health Study (AHS) at the Radiation Effects
Research Foundation (RERF) (Kodama et al. 1996).

For the present study, blood samples of 1132
survivors were obtained, with informed consent,
from survivors who participated in the AHS between
2004 and 2008. This study protocol has been
approved by the Human Investigation Committee
of RERF. We excluded 216 subjects (19% in total
subjects) who had been diagnosed with cancer from
the current study.. Cancer prevalence by dose
category was 16% at <0.005 Gy, 21% at 0.005-
0.5 Gy, 30% at 0.5-1.0 Gy, and 35% at >1.0 Gy,
and tended to be higher in survivors exposed to
higher doses, in accord with a recent observation in
the AHS population (Kyoizumi et al. 2005). The
age, gender and radiation dose of the remaining 916
survivors whose lymphocyte samples were subjected
to data analysis in our study are listed in Table 1.
Radiation doses are based on the Dosimetry System
2002 (DS02) estimates (Cullings et al. 2006).

Flow cytontetry

Mononuclear cell fractions separated by the Ficoll-
Hypaque gradient technique were analysed by three-
colour flow cytometry using a FACScan flow
cytometer (BD Biosciences, San Jose, CA, USA).

Menory CD4 T cell subsets in A-bomb survivors 57

Table I. Age, gender, and radiation dose distribution of study
population.

Age (yrs)® category

6069 yrs 70-79 yrs >80 yrs

Dose

(Gy) Male Female Male Female Male Female Total
<0.005° 27 25 58 84 17 94 305
0.005-0.5 13 33 54 66 22 107 295
0.5-1.0 19 18 20 33 9 49 148
1.0-4.0 28 25 28 35 14 38 168
Total 87 101 160 218 62 288 916

“Individuals in this dose category were exposed at distances in
excess of 3 ki from the hypocenter, and hence received doses that
are substantially equivalent to zero. PAge at the time of the
examinations that were conducted between 2004 and 2008,

Fluorescein isothiocyanate (FITC)-labelled HSCA-2
mAb  was prepared as described previously
(Kyoizumi et al. 2004). PerCP-labelled CD4 mAb
and phycoerythrin (PE)-labelled CD45-related O
(CD45R0O) mAb were purchased from BD-
PharMingen (San Diego, CA, USA) and Caltag
Laboratories (Burlingame, CA, USA), respectively.
Three different memory CD4 subsets were defined:
CD45RO™ cells that expressed higher (M1), inter-
mediate (M2), and lower (M3) levels of CD43. For
each donor specimen, the window for the M2 subset
was set in a range where CD43 level was from Y2- to
2-fold of the mean CD43 intensity for CD45RO ™
cells, and the windows for the M1 and M3 subsets
were set just to the right and left sides of the
M2 window, respectively (Figure 1). Note that
this method of memory CD4 T-cell subset discrimi-
nation was established in a previous study
(Ohara et al. 2002) in which functional and
phenotypical differences among these subsets were
characterised, using a gating procedure (i.e., that
involved internal standardisation of fluorescence
intensities) that avoided the effects of inter-experi-
mental variability. The percentage of cells in the
range of each subset was obtained in a total CD4
T-cell population.

Data analysis

Associations of the percentage of each memory CD4
T-cell subpopulation (percentage) with age at time of
examination (age), gender (gender), and radiation
dose (dose) were analysed using a multiple regression
model (Armitage et al. 2002). The method assumed
that the percentage of each T-cell subpopulation
related to each explanatory variable in a log linear
manner:

log(percentage = o + 3, (age — 70)
+ Bagender + Bydoes,
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Figure 1. Flow cytometry patterns of CD4 T cells in the peripheral blood of 79-year-old females whose estimated radiation doses were zero
(upper) and 0.525 Gy (lower). Peripheral blood mononuclear cells (about 2 x 10%) were stained with FITC-labelled CD43 (HSCA-2) mAb,
PE-labelled CD45RO mAb, and PerCP-labelled CD4 mAb. CD4 T cells were gated based on side light scattering (SSC) and CD4 intensity
(left) and analysed for their expression of CD43 and CD45RO (right). Percentages of memory CD4 T-cell subsets in a total CD4 T-cell
population of the unexposed were 24.1 for M1, 30.4 for M2, and 4.8 for M3, and those of the exposed were 17.2 for M1, 35.1 for M2, and

10.6 for M3.

where gender is an indicator of female sex, i.e.,
gender =0 for male and gender = 1 for female, and dose
isradiation dose in grays. The # is a constant term, and
B1s B2, and B3 are regression coefficients for variables to
be estimated. The age term was subtracted by 70 years
so that« corresponds to log-transformed percentage of
CD4 T-cell subset, i.e., the subset percentage is
calculated to be ¢* (=exponential [«]), for non-
irradiated males at 70 years of age. The % change of
subset percentage was estimated to be 100(e’® —1)
per 10 years increment of age, and IOO(e/’ *—1) per
1 Gyradiation dose, This regression analysis in the log
linear manner was applied to evaluate the association
of the percentage of memory subset within the CD4
T-cell population or CD45RO-positive memory CD4
T-cell population with age or radiation dose.

Results

Figure 1 shows the flow cytometry patterns of memory
CD4 T-cell subsets within blood lymphocyte speci-
mens of two age-matched women whose estimated

exposure doses were zero and 0.525 Gy, respectively.
Crude mean of percentage of each memory T-cell
subset within the CD4 T-cell population was shown
by age category and by dose category in Tables II and
111, respectively. Table IV shows the association of the
percentage of each memory T-cell subset with age and
radiation dose, in terms of a multiple regression
model. The percentage of memory cells (identified
and enumerated by CD45RO-positivity) within the
CD4 T-cell populaton appeared to significantly
increase with age (»p <0.0001), and also with radiation
dose (p=0.0060). There was no difference in the
percentage of CD45RO-positive memory cells be-
tween males and females (data not shown). As for
memory T-cell subsets (M1, M2, and M3), the
percentage of each subset in the CD4 T-cell popula-
tion appeared to significantly increase with age
(p <0.0001); but again, these percentages did not
differ between males and females (data not shown).
The percentages of M2 (p=0.0001) and M3
(p=0.0096) subsets were found to significantly
increase with radiation dose.
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Table I1. Crude means of the percentages of memory subsets in
the CD4 T-cell population by age category.

Age category

60~69 yrs 70-79 vyrs >80 yrs
Subset Mean 65.5 yrs 75.7 yrs 84.8 yrs
CD45 RO 48.8 (1.10)* 52.2 (0.85) 58.1 (0.87)
(total memory)
M1 (mature, 17.3 (0.62) 18.7 (0.49) 22.4 (0.56)
fully competent)
M2 (immature, 26.1 (0.57) 27.4 (0.43) 29.3 (0.45)
poorly competent)
M3 (death 5.3 (0.14) 6.1 (0.17) 6.4 (0.14)

prone, anergic)

“Standard error in parentheses.

Table III. Crude means of the percentages of memory subsets in
the CD4 T-cell population by dose category.

Radiation dose category

<0.005 Gy 0.005-0.5 Gy~ 0.5-1.0 Gy 1.0~4.0 Gy
Subset Mean 0.0 Gy 0.20 Gy 0.75 Gy 1.74 Gy
CD45 53.3 (0.93)° 53.1(0.99) 55.0(1.49) 54.6 (1.13)
RO
M1 19.8 (0.57) 20.1 (0.57) 20.0 (0.88) 19.3 (0.72)
M2 27.4 (0.47) 27.2 (0.51)  29.0 (0.75) 29.0 (0.57)
M3 6.1 (0.18) 5.8 (0.14) 6.0 (0.21) 6.3 (0.20)

“Standard error in parentheses.

Table IV. Association of the percentages of mermory subsets in the
CD4 T-cell population with age or dose (multple regression
analysis)®,

% change of subset percentage per unit

Subset Age (10 years)® Dose (1 Gy)©
CD45RO 10.8 4.3
(8.0, 13.5)¢ (1.3,7.3)
2 < 0.0001 2=0.0060
M1 14.6 1.3
(10.1, 19.1) (—3.7,6.2)
£ <0.0001 p=0.61
M2 7.3 5.8
(4.7, 10.0) (2.9, 8.7)
» < 0.0001 p=0.0001
M3 10.6 4.9
(7.2, 13.9) (1.2, 8.6)
p < 0.0001 p=0.0096

*Representative memory subset percentage (95% confidence
interval) for non-irradiated males at 70 years of age was calculated
1o be 15.3 (13.9, 16.7) for M1, 24.8 (23.6, 26.0) for M2, and 5.1
(3.9, 6.4) for M3. Note that there was no significant difference in
the percentage of total CD45RO-positive memory cells and that of
each memory T-cell subset between males and females. PEffects of
age were estimated for 10 years. “Effects of radiation dose were
estimated for 1 Gy. 995% confidence interval.
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These radiation dose-related changes of memory
T-cell subsets observed within the CD4 T-cell
population may also involve comparable changes
within memory subsets of the CD45RO-positive
CD4 T-cell populadon (Table V). The percentages
of M1 and M2 subsets in the memory CD4 T-cell
population appeared to significantly increase and
decrease with age (p=0.0085 and p <0.0001),
respectively. In association with radiation dose, there
was a statistically significant decrease in the percen-
tage of M1 subset within the CD45RO-positive
memory CD4 T cell population (p=0.039). The
ratio of the M1 subset to the combined M2 and M3
subsets also significantly decreased with radiation
dose (p =0.043), in contrast to a significant increase
in this rato with age (p =0.0030).

Discussion

Our previous study (Ohara et al. 2002) has clearly
shown functional differences among M1, M2, and
M3 memory T-cell subsets: Cells in the M1 subset
have greater capacity to respond to recall antigens
(such as tuberculosis purified protein derivative and
tetanus toxoid) and to secrete interferon-y and IL-4
than cells in either of the other subsets; the M2
subset is comprised of memory-type cells that are less
mature than cells of the M1 subset, in terms of not
only their memory cell funcrion (i.e., recall antigen
reactivity and cytokine-producing ability), but also in
terms of their chromosomes’ telomere length (longer
telomeres); and the M3 subset, in contrast to the M2
subset, consists of cells that are anergic to TCR-
mediated stimuli and prone to apoptosis. Therefore,
an increase in the propordon of these functionally
less competent T-cell subsets (i.e., M2 and M3) may

Table V. Comparable changes of memory subsets within
CD45RO-positive memory CD4 T-cell population with age or
dose (multiple regression analysis).

% change of subset percentage per unit

Subsetr Age (10 years)® Dose (I Gy)®
M1 3.5 -3.0
(0.9, 6.1)° (—5.8, —0.2)
p=0.0085 »=0.030
M2 —3.2 1.5
(—4.6, —1.8) (—0.6, 3.0)
2 < 0.0001 p=0.059
M3 —0.2 0.6
(~3.4,3.0) (~2.9,4.1)
»=0.91 p=0.73
Ratio [M1/ 6.1 —45
(M2 +M3)] 2.1, 9.0) (—8.8, ~0.1)
=0.0030 £=0.043

°Effects of age were estimated for 10 years. YEffects of radiation
dose were estimated for 1 Gy. “95% confidence interval,
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not be beneficial to the individual in terms of
immunological memory to previously encountered
foreign andgens. Such preferental expansion of M2
and M3 subscts may also imply an insufficient
maturation of antigen-primed CD4 T cells to the
fully memory-competent M1 subset within the
individuals’ immune system. A hypothesis on mem-
ory CD4 T-cell differentiaton pathways is depicted
in Figure 2. After antigen exposure, naive T cells
may undergo repeated cycles of cell division and
transformation into the premature memory stage M2
cells. The conversion of M2 cells into the fully
functoning marwre memory stage M1 cells also
requires population doublings following antigen
exposure. Replication of M1 cells in response to
recall antigens is largely responsible for the main-
tenance of mernory functions. M3 cells, by contrast,
are likely to be cells that are approaching senescence,
and may arise from fully mature M1 cells that have
lost survival signals such as cytokine signalling. We
can also suspect that premature M2 cells are directly
transformed into death-prone M3 cells. Such puta-
tive differentiation pathways may be controlled by
interacdon of memory T cells with antigen-present-~
ing cells and environmental cytokine conditions.
Such circumstances of memory T cells are very
important to properly mainmain immunological
memory. In the CD4 T-cell systems of A-bomb
survivors, there are at least two possibilities that the

Antigen

expostre
Naive
Antigen
. exposure ’
- \

differentiation from M2 to Ml cells may be
insufficient, and that cell transit from M2 and M1
subsets to apoptotic-prone M3 populations may be
enhanced. Effects of radiaton on cellular and
molecular mechanisms controlling the memory
T-cell differentiaton pathways remain to be investi-
gated. Taken together, our results suggest that
funcdon and maintenance of helper T-cell memory
in the immune system of A-bomb survivors might
have been compromised, after A-bomb irradiation,
Qur previous study has shown that proliferative
responsiveness of memory CD4 T cells to recall
antigens can be enhanced by triggering cell-surface
CD43 molecules with HSCA-2 mAb in vito
(Kyoizumi et al. 2004). That suggests that CD43
molecules play a part in certain of the cell signalling
events involved in memory T-cell activation.
Further, it is likely that CD43 and CD28 mAbs act
synergistically to stimulate CD4 T-cell response to
TCR cross-linking in viwo, indicating the co-
stimulatory function of CD43 in TCR-mediated
activation processes (Kyoizumi et al. 2004). It has
also been suggested in the mouse immune system
that the up-regulation of CD43 expression can have a
negative effect on activadon-induced cell death of T
cells (He and Bevan 1999). A recent study has
indicated that CD43 molecules induce a signailing
cascade that prolongs the duradon of TCR signal-
mediated cell proliferation and cytokine secretion,

Antigen
exposure

M1
(primarily responsible for memory function)

Apoptosis

Figure 2. Hypothesised memory CD4 T-cell differentiation pathways for A-bomb survivors. Preferential pathways in the survivors’ immune

systems are drawn with bold lines.
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but that prevents TCR signal-mediated anergy
(Fierro et al. 2006). Thus, evidence is accumulating
that there are positive effects of CD43-mediated
signalling on activation and survival of memory T
cells. By contrast, studies that have employed gene
disrupton techniques have shown that CD43 has
either a negative regulatory role (Thurman et al.
1998, Tong et al. 2004), or possibly, plays no
significant role in T-cell activaton (Carlow et al.
2001). Although the precise mechanism of CD43-
dependent reguladon of T-cell activation remains to
be determined, we have clearly demonstrated that
CDA43 expression is positively correlated with antigen
responsiveness of memory CD4 T cells (Ohara et al.
2002). It is highly likely that the preferential increase
in select memory subsets that express lower levels of
CD43 (M2 and M3) may be associated with
attenuated immune responses to specific pathogens.
Levels of immunoglobulin G and A to Chlamydia
pneumoniae have recently been found to decrease
significantly with radiaton dose among A-bomb
survivors (Hakoda et al. 2006). It would be
intriguing to study associations between antigen-
specific responses to such ubiquitous pathogens and
composition of memory T-cell subsets as defined by
the relative level of CD43 expression among A-bomb
SUrvivors.

The individual’s ability to properly maintain T-cell
memory is known to decline with age (Goronzy and
Weyand 2005, Weng 2006). This ageing-related
immune attenuation is thought to be associated with:
(i) The reduction in the size of naive T-cell pool due
to reduced production of new T cells within the
involuted thymus, and subsequent, but infrequent
entry of antigen-primed cells into the memory T-cell
pool, and (ii) divergent antigen recognition reper-
toire of the memory T-cell pool due to the expansion
or shrinkage of functionally incompetent memory T-
cell populatons (Goronzy and Weyand 2005; Weng
2006).. Our previous observations- of the immune
system of A-bomb survivors are consistent with these
typical features that relate to immunological ageing.
In this regard, the proportion of naive CD4 T cells
was shown to decrease slightly, but significantly, with
radiation dose (Kusunoki et al. 1998, 2002, Yamao-
ka et al. 2004). Also, the extent to which the TCR
repertoire deviated from normal in memory CD4 T
cells significantly increased with radiatdon dose in
aged survivors (Kusunoki et al. 2003). An. age-
dependent increase in the percentage of M1 subset
within the memory CD4 T-cell population may
reflect the frequent expansion of functional memory
T-cell populations in aged individuals. As far as we
have examined for several individuals of the present
study subjects, clonally expanded populations are
largely distributed in M1 subset (Kyoizumi, manu-
script in preparation), suggesting that, in aged
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individuals, only a small population of M1 subset
may contribute to recall antigen responses in vivo.
The observations in the present study can also be
interpreted as an attenuation of helper T-cell
memory possibly resulting from radiation-induced
perturbadon of T-cell homeostasis in A-bomb
survivors.
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Genomic instability has been suggested as a mechanism by
which exposure to ionizing radiation can lead to cancer in
exposed humans. However, the data from human cells needed to
support or refute this idea are limited. In our previous study on
clonal lymphocyte populations carrying stable-type aberrations
derived from A-bomb survivors, we found no increase in the
frequency of sporadic additional aberrations among the clonal
cell populations compared with the spontaneous frequency in
vivo. That work has been extended by using multicoler FISH
(mFISH) to quantify the various kinds of chromosome
aberrations known to be indicative of genomic instability in
cloned T lymphocytes after they were expanded in culture for 25
population doublings. The blood T cells used were obtained from
each of two high-dose-exposed survivors (>1 Gy) and two
control subjects, and a total of 66 clonal populations (36 from
exposed and 30 from control individuals) were established. For
each clone, 100 metaphases were examined. In the case of
exposed lymphocytes, a total of 39 additional de novo stable,
exchange-type aberrations [translocation (t) + derivative chro-
mosome (der)] were found among 3600 cells (1.1%); the
corresponding value in the control group was 0.6% (17/3000).
Although the ratio (39/3600). obtained from the exposed. cases
was greater than that of the controls (17/3000), the difference
was not statistically significant (P = 0.101). A similar lack of
statistical difference was found for the total of all structural
chromosome alterations including t, der, dicentrics, duplications,
deletions and fragments (P = 0.142). Thus there was no clear
evidenice suggesting the presence of chromosome instabilities
among the clonally expanded lymphocytes in vitro from A-bomb
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INTRODUCTION

Radiation-induced genomic instability has been de-
fined as events that occur in cells many generations after
irradiation and that are distinguishable from the
immediate effects of radiation. In 1992, Kadhim et al
(1) reported elevated frequencies of non-clonal de novo
chromosome aberrations (mainly chromatid-type aber-
rations) in in vitro cultures of mouse hematopoietic stem
cells irradiated in vivo with o particles. A number of
delayed effects after exposure to both high- and low-
LET radiation have since been described. It is now
recognized that instability can be measured using not
only chromosome alterations as a marker but also other
end points such as gene mutations and cell death [see
refs. (2-5) for reviews]. Genomic instability induced by
radiation has been proposed to be an early event
associated with the initiation of carcinogenesis (6). This
model has therefore attracted many investigators inter-
ested in radiation-induced cancer.

While there are many reports describing radiation-
induced genomic instability, only a few studies have been
done with human cells, and the results are not concordant.
Holmberg et al. (7) reported that the clonal descendants of
X-irradiated human T lymphocytes acquired new stable-
type aberrations 16-62 days after in vitro culture. In
studies of people accidentally exposed to 'Cs vy rays,
Salomaa et al (8) observed a significant increase in the
frequency of exchange-type aberrations, including dicen-
trics (dic) in long-term lymphocyte cultures. Hofman-
Huther et al. (9) observed an increased frequency of
unstable-type aberrations (dic) at 8-41 days after the
irradiation of human lymphocytes with X rays or 100
MeV/nucleon carbon ions. Similarly, delayed chromo-
some aberrations were reported in cultured human
fibroblasts (/0-13) and in human bone marrow cells
(I14). In contrast, Tawn ef al. (I5) examined lymphocytes
from radiotherapy patients 6-60 months after their
treatments and found no evidence for extended instabil-
ities. Whitehouse and Tawn (/6) did not detect any
increase in the frequency of delayed chromosome
alterations in the lymphocytes of radiation workers
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exposed to plutonium. Furthermore, Dugan and Bedford
(17) used low-passage normal primary diploid fibroblasts
to measure induction of delayed chromosomal instability
after irradiation and found no clear evidence for it.
Observations of instabilities in normal human cells are
therefore inconsistent; thus the question remains as to
whether instability can occur in the cells of people exposed
to radiation in vivo.

We previously examined the possibility of radiation-
induced delayed chromosome aberrations in A-bomb
survivors using the frequency of additional de novo
translocations among clonally expanded T lymphocytes
in vivo as an indicator (18). The results indicated that the
frequency of new translocations among the clonal
populations in A-bomb survivors was not higher than
the frequency among non-clonal cells from controls,
indicating a lack of instability in vivo. We concluded that
radiation-induced chromosome instability is not as
common as an increased frequency of translocations
among clonally derived lymphocytes.

In the present work, the earlier study was extended by
clonally expanding T cells from A-bomb survivors to
determine whether chromosome instability can develop
during long-term culture in vitro. Two proximally
exposed A-bomb survivors were selected for the study
because both were known to bear clonal chromosome
aberrations with a high frequency (I8). Since the
frequencies of these clones were 10% and 50%,
respectively, among the blood lymphocytes, the clonally
derived. cells must have proliferated extensively in vivo.
Thus we anticipated that such clonal cells may exhibit
significant induction of chromosome instability after
long-term forcible cell proliferation in vitro. Multicolor
FISH (mFISH) was used to detect newly arisen non-
clonal chromosome aberrations that may occur in those
clones. T-cell clonal populations from age- and sex-
matched control individuals were also studied for
comparison.

MATERIALS AND METHODS
Blood Donors

Peripheral blood lymphocytes were obtained from four female A-
bomb survivors (cases 1-4). Table | gives information about the
subjects. Briefly, cases | and 2 were survivors exposed to large doses of
radiation (more than 1 Gy). Both were known to carry clonal
chromosome aberrations with a high frequency (/8). Cases 3 and 4
were survivors whose estimated doses were [ess than 5 mGy; they were
selected as age- and sex-matched controls for cases 1 and 2, respectively.
None of the donors had a medical history of cancer before blood was
drawn.

These survivors belong to the Adult Health Study (AHS) cohort
at the Radiation Effects Research Foundation (RERF) in Hir-
oshima (/9). Their radiation doses were' estimated using the
Dosimetry System 2002 [DS02; ref. (20)]. A fixed weighting factor
of 10 was used for neutrons to calculate the weighted total dose in
Gy (21). This study is a part of our extensive research program for
biological dose estimations for AHS individuals and was approved

by the program review committee and the ethical review committee
at RERF,

Lymphocyte Cloning and Culture

Peripheral blood mononuclear cells (PBMCs) were separated by
Ficoll-Hypaque (LSM, Lymphocyte Separation Medium; MP Biome-
dicals, Aurora, OH) density gradient centrifugation. T lymphocytes
were cloned and expanded in vitro by methods described elsewhere (22)
with some modifications. PBMCs at a mean frequency of 0.5 cell/well
were distributed into each well of a 96-well round-bottom plate
(Corning, Corning, NY). GIT medium (Wako Pure Chemical Industry,
Osaka, Japan) containing 9% fetal bovine serum (FBS; Intergen, New
York, NY), 1% human AB-type serum, 2% i-glutamine (Invitrogen,
Carlsbad, CA), 2% penicillin-streptomycin (Invitrogen), 1:6400 phyto-
hemagglutinin (PHA; Difco Laboratories, Detroit, MI), and 10 ng/ml
recombinant human interleukin 2 (rhIL-2; Pepro Tech, London, UK),
was used. Feeder cells (5 x 10* allogeneic PBMCs and 10¢
lymphoblastoid cells, OKIB, irradiated with 50 and 100 Gy of X rays,
respectively) were added. After about 2 weeks of incubation at 37°Cin a
humidified 5% CO,/95% air incubator, each growing colony was
transferred into one well of a 24-well plate (Corning) with the same
culture medium containing 2.5 X 10* beads/ml of CD3/CD28 T-cell
expander beads (Dynal Biotech ASA, Oslo, Norway) and cultured until
several million cells were obtained. For cases 2, 3 and 4, the average
culture time was approximately 4 weeks, and the number of population
doublings was 23 to 25. In case 1, T-cell colonies that had been cloned
previousty (22) and cryopreserved were thawed and cultured in a 24-well
plate under the same culture conditions.

mFISH Analysis

Chromosome’ slides were prepared by conventional air-drying
methods 2 h after treatment of the cultured cells with colcemid
(100 ng/ml) (23). mFISH was performed with SpectraVision DNA
probes (Vysis, Downers Grove, IL) according to the manufacturer’s
protocol.. (24). The. probes were denatured and hybridized to
metaphase spreads at 37°C for two nights (~42 h). The slides were
then washed in 0.4X S8C/0.3% NP-40 at 73°C for 2 min followed by
a 2X S8C/0.1% NP-40 wash at room temperature for 1 min and
finally a 2X SSC wash at room temperature for 2 min before
subsequent application of a mounting medium (4’,6-diamidino-2-
phenylindole, DAPI, 250 ng/ml) and a cover slip. Acquisition and
analysis- of mFISH images was performed using a CytoVision
ChromoFluor System- (Applied Imaging, Newcastle upon Tyne,
UK). One hundred cells- were scored for each. clone.

Hematopoietic Colonies

As described elsewhere (21), approximately 500 CD34 (a hemato-
poietic stem cell surface marker) -positive cells were sorted from about 2
million PBMCs using a cell sorter (JSAN, Bay Bioscience, Kobe, Japan)
and resuspended in 0.2 ml Iscove’s MDM (Invitrogen) containing 2%
FBS. The cell suspension was mixed with 2 ml methylcellulose medium
(Methocult TM . GF. H4434V; Stemcell Technologies, Vancouver,
Canada) containing recombinant human (rh) erythropoietin, rh stem
cell factor, thGM-CSF, rthG-CSF and rhIL-3 and then dispensed into
two 35-mm petri dishes (about 1.1 ml each). After 10 days in culture at
37°Cin 5% CO,, the cells were treated with 100 ng/ml colcemid for 16 h
and collected for chromosome analyses.

RESULTS

Characteristics of T-Cell Clones Obtained from the
Peripheral Blood of A-Bomb Survivors

A total of 66 clones were established from two A-bomb
survivors and two control individuals (see Table 1).
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TABLE 1
Summary of the Study Subjects
Age when blood DS02 bone
Age at the time of samples were marrow dose  Blood sample used Information about in vivo clonal
Case no. Sex bombing (years) collected (years) (mGy) for the study aberrations

I F 20 65 1950 Frozen blood (16 years)® Clone with t(4;6),t(5;13) in ~10% of the cells
2 F 13 72 1150 Freshly obtained blood Clone with t(2;4) in ~50% of the cells

3 F 19 63 1.3 Frozen blood (17 years)® No clone

4 F 13 70 1.7 Frozen blood (2 years)* No clone

¢ Numbers in parentheses indicate the length of time the blood samples were kept in liquid nitrogen.

Case 1. This survivor had been exposed to a large dose
of radiation (estimated dose is 1.95 Gy). Cells from this
individual are known to bear an identical double
translocation [t(4;6),t(5;13)] in about 10% of the lympho-
cytes (18). In the present experiments, 14 clones were
studied that had been isolated and frozen 16 years ago
(22). These consisted of four clones with a normal
karyotype five with identical double translocations
[t(4;6),t(5;13)] derived from the clonal cells in vivo, four
with different structural aberrations, and one with mosaic
X chromosome aneuploidy (45,X/46,XX) (Table 2).

Case 2. This person had been exposed to a large dose
of radiation (estimated dose is 1.15 Gy). Cells from this
person are also known to carry a clonal population of
blood lymphocytes with high percentage of the clonal
translocations, i.e., [t(2;4)] in about 50% of the cells (18).
Twenty-two clones were obtained including eight clones
with normal karyotypes, eight with the clonal translo-
cations [t(2;4)], five with other structural aberrations,
and one with a chromosome 2 trisomy (Table 3).

Case 3. This donor was selected as an age- and sex-
matched control for Case 1. Of the 12 clonal cell
populations obtained, 10 clones had a normal karyotype,

one had a deletion of chromosome 5q, and one was mosaic
for X chromosome aneuploidy (45,X/47,XXX) (Table 4).

Case 4. This donor was selected as an age- and sex-
matched control for Case 2. Eighteen clones were
obtained, of which 14 clones had a normal karyotype,
two had a monosomy for the X chromosome, one had a
chromosome 22 trisomy, and one had a mosaic X
chromosome aneuploidy (45,X/46,XX/47,XXX) (Table 5).

Origin of Clonal Chromosome Aberrations In Vivo

The origin of the clonal chromosome aberration in case
1 [t(4;6),t(5;13)] was previously confirmed as deriving
from a single bone marrow stem cell, because identical
double translocations were observed not only in periph-
eral blood lymphocytes (both T and B) but also in stem
cell-derived BFU-E colonies (22). In case 2, the identical
translocations [t(2;4)] were detected in both CD4 and
CD8 T-lymphocyte populations (25), but no further
examination had been done. In the present study, CD34-
positive cells were cultured from blood mononuclear cells,
and a t(2;4) translocation was found in nearly 80% of the
metaphases examined (156/200) with the FISH method

TABLE 2
Frequency of Additional Chromosome Aberrations among Clonally Expanded T Lymphocytes In Vitro in Case 1

Additional chromosome aberrations®

No. of cells Structural aberrations Aneuploidy

Clone no. Karyotype examined t der dic dup del f total gain loss
1-1 46,XX 100 1 1 3 1 6 8
1-2 46,XX 100 1 1 2 4 1 3
1-3 46,XX 100 1 6 7 2
1-4 46,XX 100 1 1 3
1-5 45,X/46,XX 86/14 1 3 4 1 5
1-6 1(4;6),1(5;13) 100 3 1 54 21 (9 4 21 6 (4 10
1-7 t(4;6),4(5;13) 100 3 3 6 3
1-8 1(4;6),t(5;13) 100 1 2 2 5 3 3
1-9 t(4;6),t(5;13) 100 1 1 2 1 2
1-10 t(4;6),t(5;13) 100 3(2) 2 3
1-11 t(X;2),t(5;12),t(6;11;10) 100 1 32 2 5 3 7
1-12 t(7;12) 100 2 1 3 5
1-13 t(3;21) 100 1 1 2 1 3
1-14 t(3;6;12) 100 1 2 3 3 5
Total 1400 5 7 2 9 25 23 71 17 62

Note. t = translocation, der = derivative chromosome, dic = dicentric chromosome, dup = duplication, del = deletion, f = fragment, gain =
gain of chromosome, loss = loss of chromosome.

9 Number in parentheses indicates the number of events (see the Results for details).

b An extra identical aberration [+del(1)(p11)] was detected in three cells.
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TABLE 3
Frequency of Additional Chromosome Aberrations among Clonally Expanded T Lymphocytes In Vitro in Case 2

Additional chromosome aberrations

No. of cells Structural aberrations Aneuploidy
Clone no. Karyotype examined t der dic dup del f total gain loss
2-1 46,XX 100 2 2 3 7 4 9
2-2 46,XX 100 1 1 2 i 7
2-3 46,XX 100 1 1 3 3
2-4 46, XX 100 2 2 2 8
2-5 46,XX 100 I 2 1 4 3 14
2-6 46,XX 100 3 4 7 I 9
2-7 46,XX 100 1 6 2 9 1 6
2-8 46, XX 100 3 1 3 7 3
2-9 47,XX,+2 100 1 i 4 6 1 10
2-10 46,XX,t(2;4) 100 1 70 1 2 5 4 8
2-11 46,XX,t(2;4) 100 2 1 3 2 1
2-12 46,XX,t(2;4) 100 1 5 6 2 10
2-13 46,XX,1(2;4) 100 1 2 7 10 4 4
2-14 46,XX,t(2;4) 100 1 1 2 4 1 3
2-15 46,XX,1(2;:4) 100 1 1 1 4 1 8 2 10
2-16 46, XX,1(2;4) 100 92 1 1 4 3
2-17 46,XX,t(2;4) 84 I 1 4 (1) 6
46,XX,1(3;22), t(4;8) 16 0

2-18 46,XX,t(1;10) 100 1 1 3 1 6 3 11
2-19 46,XX,t(1;12) 100 2 i 1 1 5 1 3
2-20 47,XXX,1(13;18;20) 100 3 18 2 1 24 6 2
2-21 45X, 1(2;8;17) 100 2 2 2 9
2-22 45,X,t(2;16) 100 1 1 2 1 3
Total 2200 15 12 20 2 48 28 125 45 142

Note. Abbreviations are defined in Table 2.

¢ Extra derivative chromosome [+ der(2)] that is the counterpart of an in vivo clonal translocation was detected in 4 cells.

using probes specific for chromosomes 2 (Green) and 4
(Red). We thus concluded that the t(2;4) clone in case 2
derived from a hematopoietic stem cell.

Additional Chromosome Aberrations Detected in Clonally
Expanded T Lymphocytes

Data for individual clones from each blood donor are
shown in Tables 2-5. Various types of new ‘“‘additional”

aberrations were detected among the 100 cells from the
clones examined. Further, identical aberrations were
frequently encountered in multiple cells in the population
of clonal cells. Since these aberrations almost certainly
arose only once during clonal culture in vitro, each
identical aberration was counted as a single event. The
numbers in parentheses in Tables 2--5 indicate the number
of such events (intraclonal clones or subclonal clones).

TABLE 4
Frequency of Additional Chromosome Aberrations among Clonally Expanded T Lymphocytes In Vitro in Case 3

Additional chromosome aberrations

No. of cells Structural aberrations Aneuploidy
Clone no. Karyotype examined t der dic dup del f total gain loss
3-1 46,XX 100 2 2 4 4
3.2 46,XX 100 1 1 2 2 4
33 46,XX 100 1 2 3 2 4
34 46,XX 100 1 3 1 5 3 4
3-5 46,XX 100 1 1 2 4 8 8
3-6 46,XX 100 0 3
3-7 46,XX 100 1 3 4 8 1 4
3-8 46, XX 100 1 i 5 4
3-9 46, XX 100 I 7@ 1 6 2 1
3-10 46,XX 100 0 1 5
3-11 45,X/47,XXX 35/65 0 3
3-12 46,XX,del(5q) 100 2 2 5 4
Total 1200 3 8 0 3 14 15 43 16 48

Note. Abbreviations are defined in Table 2.
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TABLE 5
Frequency of Additional Chromosome Aberrations among Clonally Expanded T Lymphocytes In Vitro in Case 4

Additional chromosome aberrations

No. of celis Structural aberrations Aneuploidy
Clone no. Karyotype examined t der - dic - dup del f total = gain loss
4-1 46,XX 100 5 6 11 3 3
4-2 46,XX 100 1 1 2 2 6 2 6
4-3 46, XX 100 1 1 2 1 5
4-4 46,XX 100 3 3 3 5
4-5 46,XX 100 2 2 10
4-6 46, XX 100 11°(6) 3 9 4 1
4-7 46,XX 100 1 1 2 5
4-8 46,XX 100 2 6
4-9 46,XX 100 1 1 3 2
4-10 46,XX 100 2 3 5 1 4
4-11 46,XX 100 1 1 1 4
4-12 46,XX 100 1 2 3 5 4
4-13 46, XX 100 3 1 4 1 4
4-14 46, XX 100 1 1 10°(5) 1 8 5 5
4-15 45X 100 3 2 5 2 7
4-16 45X 100 2 1 2 3 2 9 1 6
4-17 47.XX,+22 100 2 2 3 1
4-18 45X/ 46, XX 147, XXX 80/3/17 1 1 8
Total 1800 4 2 2 3 40 25 76 35 86

Note. Abbreviations are defined in Table 2.

Most of the clonal populations we observed appeared
to be of single cell origin except for four clones; clone
no. 2-17 appears to have started with two cells instead of
one. The other three clones (nos. 1-5, 3-11, 4-18)
consisted of cells with X-chromosome aneuploidy.
Although it is not possible to determine whether they
were derived from multiple cells or were the result of sex-
chromosome loss “or non-disjunction during clonal
expansion, the latter possibility appears to be more
likely since X-chromosome aneuploidy is known to take
place commonly in cultured lymphocytes from elderly
women (26). The above three X-chromosome aneuploid
clones, together with two other clones, that showed
autosomal trisomy (nos. 2-9, 4-17) were categorized as a
“normal karyotype” in Table 6.

Statistical Analyses of the Additional Chromosome
Aberration Frequencies in Exposed and Control Subjects

1. Reciprocal translocations (t)

It is generally thought that since reciprocal transloca-
tions do not gain or lose DNA, they are not subject to
negative selection that would result in their reduced
fraction during extensive cell divisions (27). Therefore, if
reciprocal translocations had been induced by genomic
instability they must have accumulated among descen-
dant cells during in vitro culture of the clones. The
frequency of newly induced additional reciprocal trans-
locations (t) in the exposed subjects (cases 1 and 2) was
0.56% (20/3600), whereas it was 0.23% (7/3000) in the
controls (cases 3 and 4) (Table 6). This difference is not
statistically significant (P = 0.070) with the Wald test

using the quasi-likelihood method. This same statistical
evaluation was applied in the following section.
2. Derivative chromosome (der)

An example of derivative chromosomes is shown in
Fig. 1b. These chromosomes are composed of non-
reciprocal translocations and hence are accompanied by
gains and losses of DNA segments that may confer a
growth disadvantage to the cells. They seem to arise as a
result of chromatid-type exchanges in S phase. The
frequency of derivative chromosomes was 0.53% (19/
3600) in the exposed cases, and 0.33% (10/3000) in the
controls (Table 6). The difference was not statistically
significant (P = 0.371).

mFISH is recognized as the best technique available for
the detection of interchromosomal exchanges such as
translocations and derivative chromosomes described here.
Since both translocations and derivative chromosomes are
stable-type aberrations and thus can be transferred to the
next generation, the combined data for (t + der) were also
analyzed. The results indicated no statistically significant
difference between the two groups (P = 0.11).

3. Dicentric chromosomes (dic)

Dicentric chromosomes, or dicentrics, are representative
of unstable-type chromosome aberrations that are easily
detected but are lost over time during successive cell
divisions due to problems associated with mitotic chro-
mosome segregation. Consequently, it is generally thought
that such aberrations do not accumulate in a cell
population. As shown in Tables 2-5, the dicentric
frequencies observed in the subjects were 0.1% (2/1400,
case 1), 0.9% (20/2200, case 2), 0% (0/1200, case 3), and
0.1% (2/1800, case 4), respectively. Three cases (1, 3, 4) had
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FIG. 1. Detection of additional chromosome aberrations with mFISH (Clone 2-18 in Table 3). Panel a: Translocation alone, 46,XX,t(1;10).

Panel b: Translocation plus non-clonal aberration, 46,XX,t(1;10),der(14)t(2;14). Arrows indicate the translocation between chromosomes 1 and
10 and the arrowhead shows the additional aberration (derivative chromosome) involving chromosomes 2 and 14. Two normal intact number 2

chromosomes are evident.

relatively low levels of dicentric frequencies corresponding
to control values when human blood lymphocytes were
examined after short-term culture (0.1-0.2%) (28). How-
ever, clone 2-20 from case 2 developed a relatively high
frequency of apparent dicentric chromosomes in the
culture (18/100, Table 2). None, however, had accompa-
nying fragments, which indicates that they resulted from
the terminal fusion of two chromosomes (see Discussion).
Six dicentrics were detected independently in other clones,
some with fragments, and were considered to be true
dicentrics since their breakpoints were distributed in non-
terminal regions of the chromosomes. When clone 2-20
was excluded from the analysis, the dicentric frequency in
case 2 was similar to those seen for samples from non-
exposed controls (0.1%, 2/2100) (28).

4. Other aberrations (deletions, duplications, fragments
and aneuploidy)

Although the mFISH technique is not highly sensitive
for detecting structural chromosome aberrations such as
duplications, deletions and fragments (i.e., without color
change), some of those aberrations were clearly detect-
able with mFISH in combination with DAPI counter-
staining. The numbers of such aberrations detected in
this study are summarized -in Table 6. The pooled
frequencies of these three types of aberrations (dup +
del + f) was 3.75% (135/3600) in the exposed cases and
3.33% (100/3000) in the controls. The difference between
the two groups was not statistically significant (2 > 0.5).

On the other hand, mFISH is the most reliable method
for detecting aneuploidy, i.e. chromosome gains or losses
in metaphase spreads. However, there was no statistically
significant difference in the observed frequency of
chromosome gain between the exposed (1.7%, 62/3600)
and the control groups (1.7%, 51/3000) (P > 0.5). The
observed frequency of chromosome loss was slightly
higher in the exposed group (5.67%, 204/3600) than in the
control group (4.47%, 134/3000), but again the difference
was not statistically significant (P = 0.069). As shown in
Table 6, the occurrence of chromosome loss was three
times higher (n = 338) than that of chromosome gain (n =
113), which could indicate that some of the losses were due
to artifacts that can occur during preparation of
metaphase spreads (29).

5. All structural chromosome aberrations

The combined data for all structural chromosome
aberrations of the exposed and the control groups were
compared, and no statistically significant difference was
observed (P = 0.142).

DISCUSSION

To investigate radiation-induced genomic instability
in human peripheral blood lymphocytes, T lymphocytes
from A-bomb survivors were clonally expanded in vitro,
and the frequencies of additional de novo chromosome
aberrations arising in individual clones during the
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TABLE 6
Frequency of Karyotypes and Additional Chromosome Aberrations in T Cell In Vitro Clones from Exposed and
Control Subjects as well as among Different Karyotypes

Additional chromosome aberrations

Structural aberrations

Karyotype of the clone” No. of clones Total cells t der dic

Exposed (cases 1 + 2)

Normal 14 1400 8 (0.57%) 6 (0.43%) 0 (0.00%)

In vivo-derived clonal aberration 13 1300 8 (0.62%) 9 (0.69%) 2 (0.15%)

Other structural aberrations 9 900 4 (0.44%) 4 (0.44%) 20 (2.22%)

Totalt 36 3600 20 (0.56%) 19 (0.53%) 22 (0.61%)
Control (case 3 + 4) .

Normal 29 2900 7 (0.24%) 10 (0.34%) 2 (0.07%)

Other structural aberrations I 100 0 (0.00%) 0 (0.00%) 0 (0.00%)

Total® 30 3000 7 (0.23%) 10 (0.33%) 2 (0.07%)

¢ Clones with aneuploid karyotypes were classified as “Normal”. t =

translocation, der = derivative chromosome, dic = dicentric

chromosome, dup = duplication, del = deletion, f = fragment, gain = gain of chromosome, loss = loss of chromosome.

b Numbers in total indicate the number of events.

cultivation period were determined with mFISH. The
results did not provide any conclusive evidence for the
presence of chromosome instability, although the
observed frequency estimate was slightly higher in the
exposed cases. The results are therefore in accord with
our previous study in which no increased levels of
chromosome instability were found in clonally expanded
lymphocyte populations in vivo in A-bomb survivors
(I8). Our previous in vivo and present in vitro
observations will raise a question about the general
involvement of chromosome instability as an initiating
step in radiation-induced carcinogenesis.

In Vivo Clonal Chromosome Aberrations

As described in the Results: section, the clonal
chromosome aberrations observed in a large number
of cells from case 1 and case 2 were both confirmed as
being derived from aberrant bone marrow stem cells. It
was previously found that these clones were induced
after exposure to A-bomb radiation (18); thus the stem
cells and their progenitors must have divided extensive-
ly. Nonetheless, the spontaneous frequency of new
aberrations among the clonal cell populations was not
much different from that in the control individuals (P =
0.114 for t 4+ der and P = 0.13 for total structural
aberrations). This may indicate that age-related increas-
es in the frequency of chromosome aberrations in blood
lymphocytes may not be due to an increased number of
cell divisions of the stem/progenitor celis but rather to
the systemic physiological conditions in the host (I8).

Derivative Chromosomes

With the mFISH technique, it was possible to
accurately identify chromosome aberrations such as
derivative chromosomes (der) and duplications (dup) as

additional aberrations in metaphase. Such aberrations
are unusual in short-term cultures of lymphocytes (i.e.,
2-3 days), which are used for standard human chromo-
some tests. In particular, derivative chromosomes are
observed only rarely in normal cells, partly because their
correct identification is very difficult with conventional
cytogenetic techniques other than mFISH. In the present
study, derivative chromosomes could be observed
clearly in both exposed and control subjects, and there
was no statistically significant difference in frequency
between the two groups (P = 0.371). Therefore, it
appears likely that most of these rare aberrations
occurred during the long-term culture of the lympho-
cytes regardless of previous radiation exposure. In
contrast to our results, Holmberg ef al described the
appearance of derivative (or marker) chromosomes in
human lymphocytes that were irradiated with X rays
and subjected to long-term culture in vitro (7). This
discrepancy might be attributed to either the single
blood donor used for the Holmberg study and/or
possibly suboptimal culture conditions for T lympho-
cytes because the rhIL2 used in the present study was
not available in the 1980s when the Holmberg study was
conducted.

One Apparently Unstable Clone with Possible
Telomere Shortening

In clone no. 2-20 (case 2), 18 dicentric chromosomes
were observed, and none of them contained acentric
fragments. DAPI banding (counterstaining for mFISH)
indicated that most of these dicentrics appeared to be
end-to-end fusions of whole chromosomes. Further
FISH analysis with pantelomere probes showed one
telomere signal at each point of chromatid fusion (data
not shown), suggesting a telomere-telomere fusion as a
result of telomere shortening in at least some of the
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