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Summary

Phosphorylation of connexin 43 (Cx43) molecules (e.g. by
extracellular signal-regulated kinase) leads to reductions in
gap-junctional interceHular communication (GJIC). GJIC
levels also appear to be lower in the presence of p38
mitogen-activated protein (MAP) kinase, for unknown
reasons. In this sindy, we used assays of the recovery
of fluorescence by photobleached WB-F344 cells to
demonstrate that GJIC levels are decreased by anisomycin
[a protein synthesis inhibitor as well as an activator of p38
MAP kinase and e-Jun N-terminal kinases (JNK)] as a
result of fime-dependent depletion of the phosphorylated
forms of Cx43. Using immunchistechemistry, we also
detected far less of the Cx43 proteins at cell borders. These
findings agree with the photobleaching assay results.
Moreover, prior treatment with SB20358(0 (a specific
inhibitor of p38 MAP kinase) appeared to be effective in
preventing the loss of phosphorylated forms of Cx43 and
the loss of Cx43 proteins at cell borders. Total protein
labelling with [3°S]-methionine and [*2P]-orthophosphates

labelling of Cx43 showed that anisomycin enhanced the
phosphorylation level of Cx43 along with iphibition of
protein synthesis. SB203580 prevented the former but not
the latter. The effect of anisomycin on GJIC was not
dependent on the inhibition of protein synthesis because the
addition of SB203580 completely maintained the level of
GJIC without restoring protein synthesis. The Cx43
phosphorylation level increased by anisomycin freaiment,
whereas the amount of phosphorylated forms of Cx43
decreased, suggesting that activation of Cx43
phosphorylation might lead to the loss of Cx43. These
resulis suggest that activation of p38 MAP kinase leads te
reduction in the levels of phosphorylated forms of Cx43,
possibly owing to acceleraied degradation, and that these
losses might be responsible for the reduction in numbers of
gap junctions and in GHC.

Key words: p38 MAP kinase, Connexin 43, GJIC, Anisomycin,
SB203580, Protein synthesis inhibition

introduction

Gap junctions consist of plasma-membrane-spanning channels
that permit the intercellular exchange of ions and low
molecular weight molecules (Loewenstein, 1990). Gap-
junctional intercellular communication (GJIC) is therefore
believed to be involved in cell growth and differentiation;
aberrant control might also play an important role in cancer
development (Loewenstein, 1990; Trosko and Ruch, 1998).
The mechanisms that regulate GJIC are not yet fully
understood, although there is evidence that post-translational
alterations of the connexins are involved (Musil and
Goodenough, 1991; Musil and Goodenough, 1993; Trosko and
Ruch, 1998). Connexin 43 (Cx43) is a widely expressed gap-
junction protein found in many animal organs (Beyer et al,,
1987; Dupont et al., 1991) and many recent investigations into
the relationships between Cx43 phosphorylation and events in
gap-junction assembly (channel gating) suggest that several
protein kinases are capable of mediating both Cx43
phosphorylation and GJIC inhibition (Berthoud et al., 1993;

Cho et al., 2002; Hossain et al., 1998a; Kanemitsn and Lau,
1993; Laird et al., 1995; Lau et al., 1992; Musil et al., 1990;
Musil and Goodenough, 1991; Musil and Goodenough, 1993;
Trosko and Ruch, 1998; Wam-Cramer et al., 1998; Warmn-
Cramer et al., 1996).

The mitogen-activated protein (MAP) kinase belongs to an
important family of protein kinases that act by phosphorylating
specific amine acids on their target substrates. Of the classic
MAP kinases, extracellular signal-regulated protein kinases 1
and 2 (ERK) are especially well known and can be activated by
various physiological stimuli, including some growth factors
(Seger and Krebs, 1995). Previous investigations have shown
that activation of ERK is an important element in the regulation
of both GJIC and Cx43 (Berthoud et al., 1993; Hossain et al.,
1998b; Hossain et al., 1999a; Kanemitsu and Lau, 1993; Lau et
al., 1992; Ruch et al., 2001; Warn-Cramer et al., 1996; Warn-
Cramer et al., 1998) but other studies investigating a range of
ERK activators and inhibitors suggest that the correlation
between ERK activation, Cx43 phosphorylation and GJIC
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inhibition is by no means perfect (Hii et al., 1995a; Hii et al,,
1995b; Hossain et al., 1998a; Hossain et al., 1999a). Previous
evidence (Hii et al., 1995b; Matesic et al., 1994) indicates that
Cx43 hyperphosphorylation by ERK activation, as indicated by
a reduction in the mobility [on sodium dedecyl sulfate (SDS)
gels] of the resulting Cx43 derivatives, is one mechanism of
GIIC disruption available to cells, but it seems likely that other
mechanisms of disruption, not necessarily dependent on Cx43
hyperphosphorylation, can and do exist.

We believe that other kinases and/or cofactors might be
involved in the process of GJIC disruption; it is even possible
that GJIC blockage is dependent upon the coordinated action of
different MAP kinases, including ERK. Other members of
the MAP-kinase family might also be involved (Cano and
Mahadevan, 1995). Of these, p38 MAP kinase is the most
obvious candidate, if only becanse of its involvement in signal
transduction pathways that work in parallel with ERK (with
which it shares ~50% sequence identity) (Tong et al., 1997).
Given that these two signal transduction pathways overlap and
‘cross talk’ (Cano and Mahadevan, 1995; Helliwell et al., 2000;
Tordesik and Szeberényi, 2000), it seerns reasonable to postilate
a role for both p38 MAP kinase and ERK in the downregulation
of Cx43 andfor the disruption of GJIC. Two recent reports,
one suggesting that p38 MAP kinase is involved in GIIC
upregulation and a second suggesting its involvement in GJIC
downregulation (Cho et al., 2002; Polontchouk et al., 2002), are
difficult to interpret because different cell types were used. Such
contradictory findings do little if anything to clarify the
relationship between p38 MAP kinase and GJIC regulation, and
we thus designed a new study that we hoped would allow us to
determine whether p38 MAP kinase contributes to Cx43
phosphorylation and/or gap-junctional disruption and, if s¢, how,

As a first step, we decided to examine the effects of
anisomycin on GJIC. This interesting compound is well known
to act as a protein synthesis inhibitor and a pharmacologically
specific activator of two distinet kinds of kinases, p38 MAP
kinase and c-Jun N-terminal kinases (JNKs) (Barros et al.,
1997; Cano et al., 1994; Cano and Mahadevan, 1995, Hazzalin
et al., 1998; Kyriakis et al,, 1994), both of which can be
stimulated by a wide variety of stress stimuli, including DNA
damage, heat and osmotic shock, cytokines, and protein
synthesis inhibitors (Minden and Karin, 1997). We also
designed experiments in which we made use of a specific
inhibitor of p38 MAP kinase, known as SB203580 (Cuenda et
al., 1995; Tong et al.,, 1997), and other kinds of cell-to-cell-
junction-related proteins, including ZO-1, occludin, E-cadherin
and B-catenin. We also performed total cell metabolic labelling
with [33S]}-methionine in order to try and rule out any possibility
that the observed effects of anisomycin resulted from activation
of the JNK pathway or a more general inhibitory effect on
protein synthesis. Qur findings strongly favour the hypothesis
that p38 MAP kinase plays an important role in the disruption
of GIIC by reducing the total amounts of phosphorylated Cx473,
which effect is possibly due to accelerated degradation of
phosphorylated Cx43 in the cells, and reducing the number of
Cx43 proteins observed at cellular borders.

Materials and Methods
Cell culture
The Fisher 344 rat-liver-derived epithelial cell line WB-F344 (Tsao

et al., 1984) was cultured at 37°C in a 95% Q2, 5% CO:2 atmosphere
in a modified Eagle’s medium (MEM) supplemented with 7% foetal
calf serum (FCS), 50 U ml! penicillin and 50 pg ml-! streptomyein
sulfate. Passage 8-21 cells were used in all experiments.

Materials

Anisomycin (2-p-methoxyphenylmethyl-3-acetoxy-4-hydroxy-
pyrrolidine) and dimethyl sulfoxide (the vehicle for SB203580) were
from Sigma (St Louis, MO) and SB203380 [4-(4-flucrophenyl}-
2-(4-methylsulphonylphenyl)-5-(4-pyridyl) imidazole] was from
Calbiochem (La Jolla, CA). PhosphoPlus p38 MAP kinase and
SAPK/INK Antibody Kit™ were from Cell Signaling Technology
(Beverly, MA). Carboxyfluorescein diacetate (CFDA) was from
Molecular Probes (Eugene, OR). Lab-Tek Chamber Slides™ were
from Nalge Nunc International (Naperville, IL). Anti-Cx43
monoclonal antibody and Alexa-488-conjugated goai anti-mouse
antibody were from Chemicon International (Temecula, CA) and
Molecular Probes (Eugene, OR), respectively. Anti-Z0-1 and anti-
occludin polyclonal antibodies (Zymed Laboratories, San Francisco,
CA), and anti-E-cadherin (Transduction Laboratories, Lexington,
KY), anti-B-catenin (Zymed Laboratories), anti-B-actin (Sigma)
moneoclonal antibodies were also used. SDS polyacrylamide-gel
electrophoresis (SDS-PAGE) supplies and reagents for western blot
anatyses were from Bio-Rad (Richmond, CA). The enhanced
chemiluminescence detection kit was from Renaissance Western Blot
Chemiluminescence Reagent (NEN Life Science Products, Boston,
MA). [33§]-Methionine and [32P]-orthophosphates were from Perkin
Elmer Life and Analytical Sciences (Boston, MA).

Cell treatments with anisomycin and SB203580

WB-F344 cells seeded in dishes or slides were grown to approximately
80% confluence. The medium was replaced with fresh medium
containing 0.2% FCS and the cells were then incubated for a further
48 hours. Cells were treated with 10 pug ml-! (10 mg ml-! stock in
distilled water) anisomyein for 5, 30 60, 90, 120 and 180 minutes at
37°C. To block the p38 MAP kinase, cells were treated with 10 uM
5B203580 (50 mM stock in dimethy] sulfoxide) for 30 minutes at 37°C
before being exposed to anisomycin for 60 minutes. Controls for the
experiments were treated with 0.02% dimethyl sulfoxide andfor
distilled water. Aliquots of the treated cell suspensions were then used
for measurements of GIIC, MAP kinase activation levels, Cx43
phospherylation levels and immunofiuorescence.

FRAP assay for GJIC

Our procedure was a modified version of the standard method for
measuring GJIC by quantitative fluorescence recovery after
photobleaching (FRAP) (Ogawa et al., 1999; Trosko et al., 2000;
Wade et al., 1986). Assays were performed using an ACAS Uliima
laser cytometer (Meridian Instruments, Okemos, MI). After
selectively bleaching cells with a micro-laser beam, we followed the
rate of transfer of CFDA from adjacent labelled cells back into
bleached cells. Recovery of fluorescence was assessed at I-minute
intervals and recovery rates (RRs) were calculated as percentages of
fluorescence recovered per minute. Anisomycin and/or SB203580
were not present in the medium during labelling of the cells with
CFDA, photobleaching or calculation of RR. All calculated rates were
corrected for the loss of fluorescence by unbleached control cells and
the results expressed as the average percentage (means.e.mi.)
recovery rate of treated cells relative to the recovery rate of untreated
cells.

Indirect immunofluorescence and confocal microscopy
WB-F344 cells were cultured as previously described (Trosko et al.,
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2000y and the cells plated on a Lab-Tek Chamber Slide™ for
anisomycin and/or SB203580 treatment. After treatment, the cells
were washed twice in PBS and fixed in periodate-lysine-
paraformaldehyde fixative for 30 minutes; they were then washed and
permeabilized three times with 0.1% Triton-X-100/PBS (PBST), and
incubated in 209% BlokAce (Dainihon Pharmaceuticals, Tokyo, Japan)
for 1 hour. The next stage involved overnight incubation at 4°C in a
1:2000 dilution of anti-Cx43 monoclonal antibody (Chemicon)
followed by three washes with PBST before incubation in Alexa-488-
conjugated goat anti-mouse antibody (Molecular Probes) at a dilution
of 1:2000 for 1 hour in dark conditions. The cells were then washed
three times in PBST and once in PBS before being mounted in
GelMount (Biomeda, Foster City, CA) for examination in a Zeiss
L.SM 510 laser-scanning confocal microscope.

Immunocblotting

Cells grown to approximately 80% confluence in 10-cm dishes were
treated with anisomycin, anisomycin plus SB203580, or SB203580
plus either distilled water or dimethyl sulfoxide as the vehicle control.
At the end of the treatment period, the monolayers were rinsed three
times with ice-cold PBS. Lysates were prepared with ice-cold lysis
buffer containing 20 mM Tris-buffered saline (TBS), pH 7.5, 1%
Triton X-100, 150 mM NaCl, 1 mM each of EDTA, EGTA, B-
glycerophosphate, NasVOs4 and phenylmethyl-sulfonyl fiuoride
(PMSF), 2.5 mM sodium pyrophosphate, and 1 yuM leupeptin, and
then sonicated. The sampies were diluted 1:5 in water and their protein
concentrations deterrnined using the DC protein assay™ (Bio-Rad).
Samples (20 pg) of protein were then dissolved in Laemmli sample
buffer, separated on 12.5% polyacrylamide gels, and transferred to
polyvinilidene difluoride membranes (Bio-Rad) before determining
their phosphorylated p38 MAP kinase and JNK levels according to
the manufacturer’s protocels for PhosphoPlus p38 (Thr180/Tyr182)
and SAPK/INK (Thr183/Tyr183) MAP Kinase Antibody Kit™ (Cell
Signaling Technology) assays. The Cx43 content of the various
samples was also determined by incubating the samples with an anti-
Cx43 monoclonal antibody (Chemicon; diluted 1:2000), and later
adding a horseradish-peroxidase-conjugated secondary antibody
(diluted 1;2000; Amersham, Arlingion Heights, IL) and an enhanced
chemiluminesce detection reagent (NEN Life Science Products). The
membrane was stripped and reprobed with anti-ZO-1 and anti-
occludin polyclonal antibodies (Zymed, diluted 1:2000), and anti-E-
cadherin {Transduction, 1:2000), anti-B-catenin (Zymed, 1:2000) and
anti-B-actin (Sigma, 1:2000) monoclonal antibodies, respectively. The
average control value was assigned an arbitrary value of 1 unit and
relative band intensities were standardized to this arbitrary unit (AU).

[358]-Methionine total protein metabolic labelling of WB-F344
culiures

To confirm that anisomycin acts as a protein synthesis inhibitor in vivo,
metabolic labelling of WB-F344 cells was conducted. Cells were
starved of methionine for 30 minutes at 37°C in methionine-free MEM.
The medium was then replaced with fresh labelling medium containing
[35S]-methionine (0.1 mCi per 6 cm dish of cells) and incubation was
continued for the final 60 minutes. Anisomycin and SB203580 were
incubaied for the last 60 or 90 minutes. The radioactive medium was
removed after a pulse labelling and cells were rinsed with PBS and
solubilized in cold RIPA buffer containing 2 mM sodium orthovanadate,
1 mM PMSF and 1% Triton-X-100. Cells were harvested and the DINA
was gheared by drawing the lysate through a 26 G needle. After
centrifugation, supernatant was collected and resuspended (1 y1l) in 1
ml of scintillate foliowed by liquid scintillation spectrometry.

[32P]-Orthophophate metabolic labelling of WB-F344 cultures
Radioimmunoprecipitation of Cx43 was performed as described

p38 MAP kinase downregulates GJIC 2089

above. Cells were starved of phosphates for 30 minutes at 37°C in
phosphate-free MEM and supplemented with 0.2% dialysed FCS.
The medium was then replaced with fresh labelling medium
containing [*?P]-orthophosphate (0.1 mCi per 6 cm dish of cells)
and preincubation was continued for 60 minutes. After the addition

.. @ minute.

anisomycin

Fig. 1. Typical digitized fluorescence images and plots of
fluorescence recovery after photobleaching. With (anisomycin) or
without (control) anisomyein treatment for 60 minutes, cells were
labelled with 3,6-carboxyfluorescein diacetate. Suitable fields of cells
were identified using a 40x objective lens. Such fields contained
many cells that were in contact with each other but not too confluent.
Each field was scanned to generate a digital image of fluorescence
(Prebleach). After the initial scan, selected cells were photobleached
(0 minute, numbers 1-6). Sequential scans were then carried out at 30
second intervals to detect recovery of fluorescence in the bleached
cells (4 minute, numbers 1-6}. Images were digitally recorded for
analysis. Several unbleached cells were also monitored to provide
control data (number 7). Typical plots of fluorescence recovery after
photobleaching are shown (proportion of prebleaching against time).
A rising slope indicates the recovery of fluorescence. The percentage
recovery of fluorescence over time was determined for each selected
cell and the data were corrected for the background loss of
fluorescence in one area (number 7).
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of anisomycin and/or SB203580, culture was continued in
radioactive medium. Each treatment group was exposed to 0.02%
dimethyl sulfoxide as vehicle alone for 90 minutes, anisomycin
at 10 pg ml™! for 60 minutes, SB203580 plus anisomycin
(pretreatment of SB203580 for 30 minutes, then co-treatment
with anisomycin for an additional 60 minutes), or SB203580 alone
for 90 minutes. Anisomycin and SB203580 were incubated for the
last 60 or 90 minutes. The radioactive medium was removed after
one pulse for three hours, and celis were rinsed with TBS and
solubilized in cold RIPA buffer containing sodium orthovanadate
(2 mM), 1 mM PMSF and 1% Triton-X-100. Cellular debris was
concentrated by centrifugation (10 minutes, 20,400 g), and
supernatant was collected and incubated with 20 pl of a 50% slurry
of Protein-G/Sepharose CIL-4B {Amersham Pharmacia Biotech,
Uppsala, Sweden) and the samples were rotated for 1 hour at room
temperature. The samples were then centrifuged at 20,400 g for
10 minutes and the supernatant was collected and incubated with
I pg anti-Cx43 monoclonal antibody (Chemicon) for 1 hour,
followed by addition of 20 pb of the 50% slurry of Protein-
G/Gepharose CL-4B for ! hour. The immunoprecipitates were
washed four times with TBS and supplemented with Laemli
sample buffer and boiled at 95°C for 5 minutes. Samples, derived
from equal volume of cell lysates, were electrophoresed on 12.5%
SDS gels and autoradiographed. Phosphorylated bands were
analysed by autoradiography using Personal Molecular Imager FX
(Bio-Rad).

Densitometric analysis

Exposed films were scanned using a flatbed scanner and band density
was analysed using NIH Image™.
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Statistical analysis

Data were analysed using Statview II software™ (Apple Computer,
Cupertino, CA). The two-tailed unpaired Student’s #-test was used in
comparisons of the anisomycin- or SB203580-treated cultures with
control cultures; differences were considered significant at P<0.05.
Results are expressed as the meanzs.e.m.

Results

Typical digitized fluorescence images and plots of fluorescence
recovery after photobleaching of untreated cells and cells
treated with anisomycin for 60 minutes are shown in Fig. 1.
The untreated cells recovered their fluorescence within 4
minutes, whereas the anisomycin treated cells did not.

To determine whether this anisomycin-induced effect is
specifically related to the ability of anisomycin to activate p38
MAP kinase, we also examined the phosphorylation status of
the other MAP kinase families. To do this, we assessed the
activities of p38 MAP kinase and INK. by measuring the levels
of their active phosphorylated forms using immunoblotting.
Densitometric band analyses of the phosphorylated forms of
p38 MAP kinase and JNK (p46/p54) are shown in Fig. 2. The
time-course study shows that anisomycin treatment led to the
phosphorylation of both p38 MAP kinase and JNK (Fig. 2A).
Phosphorylation of p38 MAP kinase was not observed in the
absence of anisomycin, & peak level being reached at 5 minutes
and sustained until 60 minutes. Phosphorylated JNK levels
increased much more slowly after anisomycin treatment, with
a peak becoming evident at 30
mimutes. The dose study shows that
phosphorylated p38 MAP kinase and
JNK increased at concentrations of
more than 0.1 pug ml~!, with peaks of
8.1 times the control at 10 pg mi-!
(p38 MAP kinase) and 8.3 times the
control at 1 pg ml~! (INK) (Fig. 2B).

‘We therefore used the FRAP assay
to measure the RR at each time point
as a simple way of quantifying the
effects of anisomycin treatment on
GIIC. The results were consistent: the
addition of anisomyecin (10 g ml™!) to
WB-F344 cells led to a time-dependent
decrease in RR, in that there was a
significant decrease to ~80% of the
control value at 5 minutes and then to
~55% at 30 minutes and ~50% at 60
minutes (this was the lowest level
reached and was retained vp to 180
minutes) (Fig. 3A). Cells that had been
incubated for up to 60 minutes with the

o Phospho p38
+ Phospho JNK

05 30 60 90 180 0 0.01
Time (min)

Fig. 2. Time (A) and dose (B) course analyses of the effect of anisomycin on MAP kinase

Concentration (j1g/ml)

0t 110 same concentration of anisomycin

turned out to have near-normal RRs
only 24 hours after the removal of the
anisomycin (data not shown). To

activity. After treatment with anisomycin, cell lysates were prepared and 20 j1g protein was
separated on 12.5% gel and transferred onto a PYDF membrane. The same membrane was
probed and reprobed after stripping with antibodies against doubly phosphorylated p38 MAP
kinage, phosphorylated p46/p54 and B-actin as control in protein loading. These results were
representative of three experiments, each performed with a different preparation of cells, and
are expressed as the fold activity (means#s.e.m.) of band density relative to that of untreated
control by densitometric analysis.
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maximal effect at 10 pg mi-! (about 40% of control) (Fig. 3B).
In order to assess effects of anisomycin concentrations on
protein synthesis, we estimated the amount of proteins
produced de novo using an [*S]-methionine metabolic
labelling assay (Fig. 3C). There was a significant decrease in
the total protein level even at the lowest concentration (10 ng
ml-1) of anisomycin by which p38 MAP kinase could not be
activated (Fig. 2B). Thus, we could not dissociate the inhibition
of protein synthesis from the GIIC downregulation by using
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Tig. 3. Time {A) and dose (B) course analyses of the effect of
anisomycin on GJIC. GJIC was estimated by FRAP in cells treated
with anisomycin. Results are expressed as the percentage
(meanzs.e.m.) of RR relative to that of control cells (set to 100%)
treated with distilled water. These results are representative of at least
three experiments. **#P<0.01 versus cells incubated with control.

{C) To examine the effect of anisomycin as protein synthesis
inhibitor, we used a [3*8]-methionine metabolic labelling assay. At
each concentration (0.01 pg mi-1, 0.1 g ml-! and 10 g ml™!") of
anisomycin, [338]-labelled protein level was shown as radioactivity
by liquid scintillation spectrometry. For comparison, the radioactivity
of control was arbitrarily set at 1. Results were expressed as
means+s.e.m. of three separate experiments.
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Fig. 4. Phosphorylation of Cx43 protein in anisomycin-treated cells.
(A) Typical western blots of the Cx43 protein, with ZO-1, occludin,
E-cadherin and B-catenin as reference proteins and B-actin as a
control for protein loading. Numbers indicate the time from the
addition of anisomycin. After incubation with anisomycin (10 pg
mi-1) for 5, 30, 60, 90, 120 and 180 minutes, whole-cell extracts (20
Hg per lane) were probed with antibodies. All samples show multiple
Cx43 protein badds (PO, P1 and P2) depending om the
phosphorylation level, and equal levels of reference proteins.

(B) Densitometric analysis of the most important bands of Cx43
protein. The relative band intensities are shown. For assessment of
each protein, the total amounts of control were arbitrarily set at 1.
(C) Each column displays the ratio of (P1+P2):PQ. Values are the
means=s.e.m. of three separate experiments.
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lower concentrations of anisomycin (arcund 25-30 ng ml-!; so-
called subinhibitory level) that appeared to have an ability to
activate the p38 MAP kinase.

An examination of the profiles of the various forms of Cx43
before and after anisomycin treatment led to some interesting
findings. Before treatment, we could detect three predominant
forms of the Cx43 protein by SDS-PAGE, each form could be
seen as a distinct immunoreactive band of between 41 and 43
kDa. The minor unphosphorylated form of Cx43 (P0) migrated
fastest, whereas the more abundant phosphorylated forms (P1
and P2} migrated more slowly (Fig. 4A), as noted previously
{Trosko and Ruch, 1998). After setting the total Cx43 level of
control cells at 1 AU, we noted that the combined intensities
of PO, P1 and P2 had reached their lowest point (0.46 AU) at
90 minutes and retained up to 180 minutes. Following the
addition of anisomycin, the absolute amount of the
phosphorylated forms of Cx43 (i.e. P1+P2), and also of PO,
tended to decrease time dependently until 120 minutes, which
coincided almost precisely with the disruption of GIIC (Fig.
3A). By contrast, none of ZO-1, occludin, E-cadherin and [3-
catenin showed any changes. The ratios of P1+P2 to PO were
assayed at intervals throughout the course of a 180-minute
treatment period. Although the ratio increased about ninefold,

A

apisomycin

control
Fig. 5. SB203380 interferes with the
effects of anisomycin p38 MAP kinase
activity on GJIC. Each treatment group
was exposed to 0.02% dimethyl
sulfoxide as vehicle alone for 90 minutes
{control), anisomycin at 10 pg ml~* for
60 minutes, SB203580 plus anisomycin
(pretreatment of SB203580 for 30
minutes, then co-treatment with
anisomycin for an additional 60
minutes) or SB203580 alone for 90
minutes., Cells with or without
pretreatment with SB203580 at 10 uM
were exposed to 10 pg mi-! of
anisomycin for 60 minutes. After
treatment, samples were prepared as
described in Fig. 2B. (A) Typical
immunoblot analyses using specific
antibodies against phosphorylated forms
of p38 MAP kinase, INK and f-actin as
protein-loading control. (B) This result
is representative of three experiments,
each performed with a different
preparation of cells and plotted as the
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reaching a peak at 60 minutes, it then decreased rapidly, only
to increase again at 180 minutes (Fig. 4C). The disruption of
GIIC that we were observing appeared to vary inversely with
the absclute amounts of Cx43 phosphorylated forms P1+P2
and PO that were present.

As expected, we were able to detect phosphorylation of p38
MAP kinase in anisomycin-treated cells not pretreated with
SB203580, whereas cells treated with only SB203580 did not
appear to contain any phosphorylated p38 MAP kinase
whatsoever (Fig. 5A). The levels of p38 MAP kinase
phosphorylation in normal cells were found to have increased
about sixfold after anisomycin treatment, but only twofold or
so in cells pretreated with SB203580 (Fig. 5B). Anisomycin
treatment also led to significant increases (about fivefold) in
JNK phosphorylation levels in nommal cells. Although
pretreatment with SB203580 led to somewhat smaller
anisomycin-induced increases {(about fourfold), there was
every indication that SB203580 was far less effective at
blocking JNK phosphorylation than it had been at blocking p38
MAP kinase phosphorylation. We found that cells pretreated
with 10 uM SB203580 for 30 minutes were no longer subject
to the anisomycin-induced reductions in GJIC experienced by
cells pretreated with SB203580-free medium (Fig. 3C). To
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control cells (100%) of at least three

*S-methionine uptake

arbitrary unit

separate experiments. *P<0.05 versus cells incubated with control; ##P<0.01 versus
cells incubated with control. (D) To examine the effect of anisomycin as protein
synthesis inhibitor, we used {33S}-methionine metabolic labeiling. The [33S]-
methicnine-incorporated protein levels were shown as radicactivity by liquid
scintillation spectrometry, For comparison, the radioactivity of control was
arbitrarily set at 1. Results were expressed as means:ts.e.m. of three separate
experiments.
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determine whether SB203580 could inhibit the anisomycin-
induced suppression of protein synthesis, we examined the
[>35]-methionine contents of total cell lysates and found that
SB203580 was not able to restore the level of protein synthesis
to the control levels (Fig. 5D). Because the addition of

IF DIC

control

anisomycin

SB203580+
anisomycin

SB203580

Fig. 6. Anisomycin introduced redistribution of Cx43 and gap-
junction plaques. Cx43 was visualized as green spots by indirect
immunofluorescence using FITC-labelled secondary antibody, Two
sets of guadruple photographs are shown containing
immunofinorescence images (IF) and Nomarski differential
interference contrast images (DIC) of the same fieids. These are
typical images of each treatment group. Each treatment group was
exposed to 0.02% dimethy] sulfoxide as vehicle alone for 90 minutes
{control), anisomyein at 10 g mi-! for 60 minutes, SB203580 plus
anisomyecin {pretreatment of SB203380 for 30 minutes, then co-
{freatment with anisomycin for an additional 60 minutes) or
SB2()3580 alone for 90 minutes. Cytoplasmic staining for Cx43 was
also observed (indicated by white arrows). All images in each panel
are of the same magnification. Scale bar, 20 pm.
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SB203580 appeared to maintain the RR completely (Fig. 5C),
it is most likely that the effect of anisomycin on GJIC was not
dependent on the inhibition of protein synthesis.

The relationship between p38 MAP kinase phosphorylation/
activation and the cellular distribution of Cx43 was assessed
by indirect immunofluorescence with monoclonal antibodies in
a confocal laser-scanning microscope. Cellular regions
containing Cx43 protein molecules were readily identified as
a series of brightly stained punctate maculae at the borders of
unstimulated cells but significant quantities were located
elsewhere (e.g. in a few small compartments adjacent to the
nucleus — see the arrows in Fig. 6). By 60 minutes, there was
much less Cx43 at most cell borders. These observations are
consistent with the profile of anisomycin-induced GJIC loss as
judged by FRAP assay results; moreover, the fact that Cx43
protein could still be detected close to cell nuclei after the
addition of anisomycin seems to indicate that the anisomycin-
induced decreases in GIIC were mostly a result of the loss of
Cx43 molecules from cell borders, as opposed to losses from
elsewhere in the cell. It is interesting that, as might have been
predicted on the basis of our FRAP results, most of the losses
of Cx43 molecules from the cell border regions detected in
anisomycin-treated WB-F344 cells were not apparent in their
SB203580-pretreated counterparts (Fig. 6).

Whole-cell lysates were prepared from cells exposed to
SB203580 for 30 minutes before being incubated in the
presence or absence of anisomycin. Equal amounts of protein
(20 g} were then extracted from each cell lysate and subjected
to SDS-PAGE, immunoblotting and densitometric analyses
(Fig. 7A,B). The cells that had been incubated with anisomycin
for 60 minutes and, as a result, had lost half their capacity for
GIIC turned out to have significantly reduced P1+P2 and PO
levels (Fig. 4). By contrast, cells exposed to 10 uM SB203580
before their anisomycin treatment seemed to lose very little of
their P1 and P2. As expected, the P1 and P2 levels in cells
exposed to SB203580 alone were virtually the same as those
in the appropriate controls. Interestingly, pretreatment of cells
with SB203530 did not seem to prevent anisomycin-induced
loss of PO, despite their P1+P2 level appearing to be much the
same in the presence and absence of anisomycin. We further
analysed phosphorylation levels of Cx43 by [32P]-
orthophosphate metabolic labelling (Fig. 7C). Incorporated
[*2P]-phosphates measured as relative radioactivity were
augmented, despite the apparent decrease of phosphorylated
forms of Cx43 at 60 minutes after anisomycin treatment. This
implies that a Cx43 molecule incorporated more phosphates
after anisomycin treatment than the untreated control. This
phosphorylation augmentation could be almost completely
inhibited by the addition of SB203580 (Fig. 7C), indicating
that the excess phosphorylation caused by anisomycin is
specific to activation of p38 MAP kinase.

Discussion

To resolve the issue of whether p38 MARP kinase is involved in
the post-translational regulation of GJIC, experiments were
designed to examine whether anisomycin, an activator of p38
MAP kinase and an inhibitor to protein synthesis, could
modulate GJIC in a diploid, non-tumorigenic rat liver epithelial
cell line. We found that incubation with anisomycin led to
marked reductions in GIIC in WB-F344 cells and that
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this reduction was accompanied by decreases of the
phosphorylated Cx43 protein moieties with which WB-F344
cells are usually associated. The most obvious change involved
significant reductions in the levels of the P1 and P2 forms of
Cx43. These reductions were reflected in significant losses of
Cx43 protein at cellular borders. Such findings are especially
interesting in the light of suggestions by previous workers that
activation of the ERK signalling pathway leads to
hyperphosphorylation of Cx43 and that this in turn leads to
reductions in GIIC (Hossain et al., 1998a; Hossain et al.,
1999b; Kanemitsu and Lau, 1993; Warn-Cramer et al., 1998;
Warn-Cramer et al., 1996),

We reported that GJIC levels are greatly reduced in human
primary cultured cells by losses of phosphorylated Cx43
moieties (Ogawa et al., 2001). In the present study, we noted
that the absolute levels of phosphorylated Cx43 molecules that
we could detect were always significantly lower in anisomycin-
treated cells whose GIIC levels had been reduced. This might
mean that the decreases in GJIC that we observe in such
circumstances are the result of decreases in intracellular levels
of phosphorylated Cx43 moieties. Current understanding of
gap junction assembly, stability and furnover is that the post-
translational phosphorylation of Cx43, as shown by overall
changes in species migration on SDS gels, is essential for the
functioning of gap junction channels (Elvira et al., 1993;
Hossain et al., 1998b; Musil et al., 1990). We therefore believe
that there is an additional canse of GJIC disruption in WB-
F344 cells: the rapid depletion of phosphorylated Cx43 by
anisomycin and the subsequent selective regional losses of
Cx43 moieties from cell borders. We found that anisomycin
freatment could activate Cx43 phosphorylation and this effect
was completely inhibited by the pretreatment with SB203580

relative band intensities of P1, P2 and PO
of Cx43. (C) Autoradiograph of [32P]-
orthophosphate labelled Cx43 and its

& densitometric analysis on an SDS-PAGE
gel. Results are from one representative
experiment of two separate experiments.
To assess each sample, the total value of
controf radiation was arbitrarily set at 1.

{Fig. 7C). This result indicated that the anisomycin-induced
activation of MAP kinase actually enhanced phosphorylation
of Cx43, although it reduced the total amount of Cx43 protein
as well as those of P1 and P2. This might indicate the
possibility of increased phosphorylation per Cx43 molecule
(Lau et al., 1992; Warn-Cramer et al., 1998; Warp-Cramer et
al, 1996), although this conclusion needs further study,
including the identification of phosphorylated sites. It has been
suggested that the degradation of Cx43 depends on increased
phosphorylation level of Cx43 (Girfio and Pereira, 2003; Guan
and Ruch, 1996). Thus, our interpretation of the present result
is that MAP-kinase-activated Cx43 phosphorylation might
promote the degradation of Cx43.

‘We found, as have several other groups (Barros et al., 1997;
Cano et al., 1994; Cano and Mahadevan, 1995; Hazzalin et al.,
1598; Kyriakis et al., 1994), that anisomycin treatment can lead
to activation of both p38 MAP kinase and INK, and that it
almost certainly does so by increasing their phosphorylation
levels and hence their capacity for enzymatic action. However,
we also demonstrated that anisomycin-induced disruption of
GJIC was completely blocked in cells pretreated with 10 uM
SB203580 (a concentration that had virtnally no effect on the
anisomycin-induced phosphorylation of JNK). Given these
observations, it seems unlikely that the JNK pathway will
prove to play a significant role in the anisomycin-induced
disruption of GJIC. Thus, even though anisomycin appears to
be capable of provoking the phosphorylation — and hence
activation ~ of JNK, it might well be that its ability to inhibit
GIJIC is due almost entirely to its ability to activate p38 MAP
kinase.

In this study, we used a very high concentration (10 g ml-1)
of anisomycin, primarily because this level was maximally
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effective as a GJIC inhibitor in WB-F344 cells (Fig. 2B). We
were aware that anisomycin might also act as a translational
inhibitor at such concentrations. A previous study Mahadevan
and Edwards, 1991) has shown that relatively low concentrations
of anisomycin (around 25-50 ng ml™!; so-called subinhibitory
levels) can selectively activate the p38 MAP kinase without
inhibiting protein synthesis. In our study, however, even a lower
concentration of anisomycin (10 ng ml™!) appeared to have an
ability to inhibit protein synthesis, but this concentration could
not activate p38 MAP kinase (Fig. 2B, Fig. 3C). This
discrepancy might be due to the different cell lines used in the
studies. In any event, GJIC could be maintained at the control
level by SB203580 pretreatment without recovery of protein
synthesis (Fig. 5D), indicating that the effect of anisomycin on
GIHC was not dependent on the inhibition of protein synthesis.
Our conclusion gained further support from our observation that
SB203580 pretreatment of the cells appeared to be capable of
preventing anisomycin-induced losses of the P1 or P2 (but not
PO) forms of Cx43. Moreover, both before and after treatment
in our experiments, we checked the effects on the intracellular
levels of ZO-1, occludin, E-cadherin and B-catenin as reference
proteins, which have short half-lives like that of Cx43. We did
not detect changes in the levels of these reference proteins in any
anisomycin treatment experiment.

Anisomyein is also a well known inducer of apoptosis in
other cell lines (Polverino and Patterson, 1997, Stadheim and
Kucera, 2002). Furthermore, the up- or downregulation of
GIIC has been reported in the apoptotic process (Wilson et al.,
2000). However, in our experiment, at least up to 120 minutes,
anisomycin did not induce apoptosis in WB-F344 cells (data
not shown).

A key finding of our present study is that pretreatment of
anisomyein-exposed WB-F344 cells with SB203580 appeared
to inhibit both the redistribution of Cx43 derivatives and to
ameliorate or prevent the disruption of GJIC that anisomycin
would otherwise have provoked. It is also important that the
protection against GJIC disruption afforded by SB203580
pretreatment was, for all intents and purposes, complete. Given
that SB203580 is reputed to be a highly specific inhibitor of
P38 MAP kinase (Cuenda et al.,, 1995; Tong et al., 1997), it
seems likely that the most imporiant single event in the
anisomycin-induced disruption of GJIC involves its ability to
activate this particular kinase. Jt remains uncertain whether our
interpretation will turn out to be an oversimplification, if only
because WB-F344 cells pretreated with SB203580 appear to
experience virtually no disruption of GIJIC under
circumstances in which the inhibition of p38 MAP kinase by
S§B203580 is not complete. Moreover, western blotting
analysis revealed that SB203580 was capable of inhibiting
JNK and that inhibition of p38 MAP kinase was incomplete.
These observations are in accordance with a report that
SB203580 is capable of inhibiting JNK when used at relatively
high concentrations (Clerk and Sugden, 1998) and others that
SB203580 only appears to exert its inhibitory effect on specific
1soforms of p38 MAP kinase (Cuenda et al., 1995; Lee et al.,
1994). Suggestions that the p38 MAP kinase and JNK
pathways engage in cross talk in response to anisomycin might
also be relevant (TorScsik and Szeberényi, 2000). We are
currently conducting additional experiments in the hope of
obtaining a more thorough understanding of the mechanisms
involved in GJIC inhibition by the p38 MAP kinase pathway.
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Our previous studies have revealed a clear dose-dependent
decrease in the percentage of naive CD4 T cells that are phe-
notypically CD45RA* in PBL among A-bomb survivors. How-
ever, whether there is a similar radiation effect on CD8 T cells
has remained undetermined because of the unreliability of
CD45 isoforms as markers of naive and memory subsets
among the CD§ T-cell population. In the present study, we
used double labeling with CD45R0O and CD62L for reliable
identification of naive and memory cell subsets in both CD4
and CD8 T-cell populations among 533 Hiroshima A-bomb
survivors, Statistically significant dose-dependent decreases in
the percentages of CD45RO~/CD62L* naive cells were found
in the CD8 T-cell population as well as in the CD4 T-cell
population. Furthermore, the percentages of CD45RO~/
CD62L* and CD45RO*/CD62L- memory T celis were found
to increase significantly with increasing radiation dese in the
CD8 T-cell population but not in the CD4 T-cell population.
These results suggest that the prior A-bomb exposure has
induced long-lasting deficits in both naive CD4 and CD8 T-
cell populations along with increased proportions of these par-
ticular subsets of the memory CD8 T-cell population.
by Radiation Reseavch Society

€ 2004

INTRODUCTION

T-cell homeostasis is achieved by the balance between
renewal and death among naive and memory T cells, and
maintenance of both naive and memory T-cell pools is im-
portant for the body to protect itself against intrusions by
pathogens (/). Exposure to radiation is thought to affect T
cell homeostasis, but little is known about the effects of

' Address for correspondence: Department of Radiobiology/Molecultar
Epidemiology, Radiation Effects Research Foundation, 5-2 Hijiyama
Park, Minami-ku, Hiroshima, 732-0815 Japan; e-mail: ykusunok@rerf,
ot.jp.
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radiation on the naive and memory T-cell pools and their
relationship to disease develepment (2—4), even though in-
creased risks of various diseases including infections (J3)
and autolmmune diseases (6) are still observed among A-
bomb survivors. Our study therefore aimed to clarify
whether the previous radiation exposure might have
brought about a perturbation of T-cell homeostasis involv-
ing maintenance of normal-sized pools of both naive and
memory T cells.

Our previous studies clearly indicated that the percent-
ages of CD4 (helper) T cells, especially those of CD45RA*
(naive) CD4 T cells, decreased in the PBL of A-bomb sur-
vivors; the decrease depended on the radiation dose (3, 7).
The radiation sensitivity of CD4 and CD8 (cytotoxic) T
cells ex vive is approximately equal (&). In addition, the
majority of CD4 and CD8 T cells are produced in the thy-
mus by the same precursor thymocytes, CD4+/CD8&* cells
(9). Thus it could be assumed that A-bomb radiation would
induce similar damage to peripheral naive CD4 and CD8
T-cell populations and that the recovery of these T-cell pop-
ulations would be very similar. However, the question still
remained as to the long-term effects of radiation on the
recovery of naive CD8 T-cell populations because of the
unreliability of expression of CD45 isoform expression for
markers of naive CD8 T-cell populations. Several studies
have proven that the CD45RA" (i.e. CD45RO™) fraction of
the CD8 T-cell population contains some cells that do not
express the lymph node homing receptor, CD62L. (L-selec-
tin), and that these cells exhibit effector T-cell functions
{10-14). Further indications from these studies are that na-
ive CD8 T-cell populations the CD45RA*{CD45R0~) cell
fraction can be separated precisely by analyzing their
CD62L expression status. In the present study, we con-
ducted three-color flow cytometry using a combination of
CDR8, CD45R0O and CD62L monoclonal antibodies (mAbs)
to specifically enumerate the naive and memory CD8 T-cell
populations of A-bomb survivors. The percentages of
CD45R0O-/CD62L* (naive) CD8 T cells were found to de-
crease dose-dependently in the PBL of the survivors, in-
dicating that the naive T-celi pools are poorly maintained
not only in the CD4 but also in the CD8 T-cell populations

—709—



RADIATION EFFECTS ON HUMAN CD8 T-CELL SUBSETS 291

TABLE 1
Characterization of Study Population

Age (years)”

<60 60-69 70-79 80+
Dose (Gy) Male Female Male Female Male Female Male Female Toeal
<0.005« Il 11 23 6 20 41 12 19 153
0.005-0.5 5 5 10 21 23 28 18 20 130
0.5-1.0 9 6 15 25 23 29 7 12 126
1.0-4.0 13 9 15 21 23 26 5 12 124
Total 38 31 63 83 8% 124 42 63 533

« Individuals in this dose category were exposed at distances in excess of 3 km from the hypocenter and hence

received doses that are functionally equivalent to zero.

h Age at the time of the examinations, which were conducted between September 2000 and February 2003.

of A-bomb survivors. Flow cytometry using CD62L marker
not only allowed precise detection of naive T cells but also
enabled us to determine the percentages of memory T-cell
subpopulations in PBL of A-bomb survivors, demonstrating
dose-dependent increases in the percentages of CD45RO*/
CD62L* and CD45RO*/CD62L- memory CD8 T cells.

MATERIALS AND METHODS
Study Population

Blood samples were obtained from individual members of an A-bomb
survivor cohort in which 1,280 survivors, distributed almost equally by
age, gender and radiation dose, had been selected from Hiroshima par-
ticipants in the Adult Health Study (AHS) at the Radiation Effects Re-
search Foundation (RERF) in 1992 (3). The selected study population
consists of Hiroshima survivors who were exposed to significant radiation
doses of 0.005 Gy or more because of their location within 2 km of the
hypocenter pius a second group whose exposures were at distances in
excess of 3 km from the hypocenter and as a resuft would have received
less than 0.005 Gy (i.e. would have been exposed to doses that are in-
distinguishable from background). The iatter group of distally exposed
survivors includes the most appropriate controls for all of our studies of
the effects of A-bomb radiation exposures, including this one. The esti-
mated radiation doses are based on D586 with the adjustments that are
standard practice at RERF (15, 76). Of these individuals, 653 reported
for examination between September 2000 and February 2003 (see Flow
Cytometry and Schedule of Measurements below). We decided to exclude
results from 120 of these 633 people who had been diagnosed with cancer
from our study. The age, gender and radiation dose of the remaining 533
survivors whose lymphocyte samples were subjected to detailed analysis
in our study are listed in Table 1. Blood samples were obtained with the
informed consent of the survivors, and PBL were separated by the Ficoll-
Hypaque gradient technique (7).

In Japan, projects of this type must obtain approval from the appro-
priate Institutional Ethics Commitiee prior to the commencement of work.
In the case of RERE the relevant commitiee at the time this project was
carried out was known as the Human Investigation Commitiee, and its
approval was sought and granted before the work was started.

Monoclonal Antibodies (mAbs)

FITC-labeled anti-CD4, biotin-labeled anti-CD4, PerCP-labeled anti-
CD4, biotin-labeled anti-CD8, PerCP-labeled anti-CD8, phycoerythrin
(PE)-labeled anti-CD8, PE-labeled anti-CD3, PerCP-labeled anti-CD3,
FITC-labeled anti-CD357, FITC-labeled anti-TCRa3, and PE-labeled anti-
CD62L mAbs were purchased from BD PharMingen (San Diego, CA).
PE-labeled anti-CD45RA mAb and FITC-labeled anti-CD45RO mAb

were obtained from Coulter Immunotech (Marseille, France) and Caltag
Laboratories {Burlingame, CA), respectively.

Flow Cytometry and Schedule of Measitrements

Analytical flow cytometry was conducted in a FACScan machine (BD
Biosciences, San Jose, CA). Between September 2000 and February
2003, expression of CD45RO and CDE2L was analyzed using a combi-
nation of FITC-labeled anti-CD45RO, PE-labeled anti-CD62L, and
PerCP-labeled anti-CD4 or PerCP-labeled anti-CD8 mAbs. CD45RO-/
CD62L*, CD45RO+/CD62L*, CD45RO+/CD62L- and CD45RO-/
CD62L- cell fractions in CD4 and CD8 T-cell populations were deter-
mined as shown in Fig. 1. Note that we used only bright CD§ expression
to identify CD8 T cells to exclude NK cells, which are dully CD8 pos-
itive. The percentages of CD45RA-positive naive and CD45RA-negative
memory CD4 T cells in the PBL fractions were measured between Qc-
tober 1992 and March 1995 (3). Analyses of the expression of CD45RA
in the CD8 T-cell subset involved staining mononuclear cell fractions
with FITC-labeled anti-TCR«3 mAb and PE-labeled anti-CD45RA mAb,
and with biotin-labeled anti-CD8 mAb sandwiched by streptavidin-
RED670 (Gibco BRL, Rockville, MD); the CD45RA expression was de-
termined for the CD& and TCRaf3 double-positive fraction of the survi-
vors’ PBL between October 1992 and March 1995. From April 1997 to
April 1999, the expression of CD57 in the CD8 T-cell subsets was ana-
lyzed using a combination of PE-labeled anti-CD3, PerCP-labeted anti-
CD8, and FITC-labeled ami-CD37mAbs; the CD57 expression was de-
termined for the CD3 and CD8 double-positive fraction. The expression
of CD28 in the CD8 T-cell subset was analyzed using a combination of
PerCP-labeled anti-CD3, PE-labeled anti-CD8, and FITC-labeled anti-
CD28mAbs, and the CD28 expression was determined for the CD3 and
CD8 double-positive fraction from May 1999 to April 2001. In every
measurement, approximately 20,000 cells were analyzed.

Data Analysts

We used a set of data obtained from individuals whose PBL samples
were subjected to examinations of CD45RQ and CD62L expression to
describe the T-cell subpopulations of all 533 A-bomb survivors. Asso-
ciations of the percentage of each T-cell subpopulation {percentage) with
age at the time of examination (age), gender and radiation dose {dose)
were analyzed based on the following multiple regression model (J7),
assuming that the percentage of each T-cell subpopulation was related to
each explanatory variable in an exponential manner;

log(percentage} = o + B,age + B,gender + B,dose,
where

{0 for male and

gender = {
1 for female
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TABLE 2
Regression Coefficients for Variables Related to the Percentages of CD4 and CD8 T-Cell Subpopulations
Expressing Different CD45 Isoforms in PBL among A-Bomb Survivors®

Effects
T-ceil Intercept Age (10 years) Gender© Dose (Gy)?
Duration of measurements subpopulation o B B, 3,
September 2000 to February 2003 CD4
CDb45R0O- 4.61 —0.260 0.034 —0.083
P = 0.0001%* P =0.356 P = 0.036%
CD45R0O- 343 -0.025 0.084 —0.002
P = 0.057 P = 0.0006%* P =092
CcDg8
CD45RO~ 2.45 —0.098 0.102 —0.063
P = 0.0008*= P = 0.064 P = 0.098
CD45RO™ 1.98 0.027 -0.077 0.074
P =027 P = 0091 P = 0.013%
October 1992 to March 1995 CD4-
CD45RA™ 3.84 —0.124 0.035 —0.054
P = 0.0001%* P =03 P = (0.034%
CD45RA" 294 0.007 0.65 -0.016
P = 0.63 P = 0014% P =035
CD¥
CD45RA™ 2.77 -0.065 0.006 0.004
P = 0.0053*+* P =038 P =088
CD45RA~ 1.04 0.022 —0.182 0.043
P =049 P = 0.0018** P =028

= Regression coefficients of percentage T cells for age, gender and dose were obtained using the following formula: Percentage T cells = o + B,

X age + B, X gender + B, X dose.
 Effects of age were estimated for 10-year intervals.
¢ Gender = 0 for male and = 1 for female.
+ Effects of dose were estimated for 1 Gy.

< Results for a total of 723 A-bomb survivors have been reported in ref. (3}, and those for 497 survivors whose data are available for both the

current (2000-2003) and previous (1992-1995) studies are presented here.

fResults for 497 survivors whose data are available for both the current and previous studies are presented here.

*P <005, ¥ P <00l

RESULTS

Three-Color Flow Cytometry Involving CDG2L
Expression Revealed Effects of A-Bomb Radiation on
Naive CD8 T-Cell Population

Although a dose-dependent decrease in the percentage of
naive CD4 T cells that were enumerated with the
CD45RA* phenotype has been observed repeatedly among
A-bomb survivor populations (3, 7), radiation effects on
naive CD8 T-cell popuilations remained to be investigated.
Table 2 summarizes the results of CD45RO expression
analyses for a total of 533 A-bomb survivors who were
examined between September 2000 and February 2003,
along with the results of CD45RA expression analyses that
were obtained from previous examinations (October 1992
to March 1995). We found high correlations between the
current and previous examinations. The correlation coeffi-
cients (r) between the percentages of CD45RO™ (current)
and CD45RA™ (previous) subsets in CD4 and CD8 T-cell
populations were 0.85 (P = 0.0001) and 0.68 (P = 0.0001),
respectively. Between the percentages of CD43RO* {cur-
rent) and CD43RA~ (previous) subsets in CD4 and CD8
T-cell populations, r was 0.75 (P = 0.0001) and 0.64 (P

= (.0001), respectively. This suggested that it would be
reasonable to compare the effects of age, gender and radi-
ation dose on these T-cell subsets in the previous and cur-
rent examinations. As for CD4 T-cell populations, the ef-
fects of age, gender and radiation dose on CD45R0O- and
CD45R0O* subsets appeared to be virtually in accord with
those effects on CD45RA* and CD45RA- subsets. There
appeared to be a significant effect of radiation on
CD45R0O* CD8 T cells in the current examination but not
on the counterpart CD45RA~ CD8 T cells in the previous
study. At any rate, significant dose-dependent reductions in
the percentages of CD45R0O~ and CD45RA* subsets con-
taining naive cells were apparent for the CD4 but not CD8
T-cell populations of the survivors, probably due to a sub-
stantial fraction of memory CD8 T cells included in the
CD45R0O~ and CD45RA™ subsets (10, I8, I9).

In the present study, we intended to discriminate naive
and memory cells in the CD45R0- subset by using CDO2L
as the third marker. Figure 1 shows representative flow cy-
tometry patterns that were obtained from two typical maie
and female survivors who were relatively young and old.
It is clear that the CD45RO~ fraction of CD4 T-cell pop-
ulations consists mostly of CD62ZL* cells, whereas there are
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FIG. 1. Flow cylometry patterns of peripheral blood CD4 (upper panel) and CD8 {lower panel) T cells of typical
A-bomb survivors who were relatively young (unexposed 58-year-old male, left and center columns) and old (un-
exposed 93-year-old female, right column), respectively. Peripheral blood mononuciear cells (about 2 X 10%) were
stained with FITC-labeled anti-CD62L mAb, PE-labeled anti-CD45RO mAb, and PerCP-labeled anti-CD4 mAb
{(upper panel) or PerCP-labeled anti-CD8 mAb (lower panel). The number in each quadrant indicates the percentage

of cells in PBL.

substantial numbers of CD62L~ cells in the CD435R0O- frac-
tion of CD8 T-cell populations. Although there were some
individuals who had significant fractions of CD45RO~/
CD62L- cells in their CD4 T-cell populations, we did not
obtain any evidence that A-bomb radiation had affected this
minor T-cell subset in any obvious way {(data not shown).
The CD45RO* fractions of both CD4 and CD8 T-cell pop-
ulations can also be divided into CD62L* and CD62L-
subpopulations. Figure 2 depicts the age and dose trends
for the percentage of CD45RO~/CD62L+ (natve) cells in
CD4 and CD8 T-cell populations. In the CD4 T-cell pop-
ulations, the percentage of CD45RO~-/CD62L* (naive) cells
decreased significantly with increased age (25% per 10-year
increment, P = 0.0001) or radiation dose (9% per gray, P
= (.034), almost concordant with that of CD45RA* or
CD45R0O~ cells (also see Table 2). As had been expected,
the decrease in the percentage of CD45RO-/CD62L* (na-
ive) CD8 T cells was also statistically significant, i.e. a 35%
decrease with a 10-year increment of age (P = 0.0001) and
an 8% decrease per gray (P = 0.031). These results clearly
indicate that the history of radiation exposure has generated
a long-lasting reduction of naive cell pools in both the CD4
and CD8 T-cell populations among A-bomb survivers.

Dose-Dependent Increases in the Percentages of Memory
CD8 T-Cell Subsets

The percentage of CD45RO* CD8 memory T cells ap-
peared to increase significantly with radiation dose (Table
2). This was not obvious in the measurement with
CD45RA, which was used as a naive/memory marker. To
describe the memory T-cell subsets in this study, we deter-
mined two distinct CD62L* and CD62L~ compartments in
CD45RO* cells in both CD4 and CD8 T-cell populations,
along with an additional CD62L- compartment in the
CD45R0O- CD8 T-cell population (Fig. 1). It has been re-
ported that memory T cells in the CD62L.* compartment
have an increased potential to proliferate in response to
recall antigens in vitro and a greater capacity to persist in
vive than memory T cells in the CD62L~ compartment {20,
21). For CD4 but not CD8 T-cell populations, the percent-
ages of CD45RO+/CD62L* memory T cells in PBL were
found to decrease significantly with increasing age of the
A-bomb survivors (Fig. 3 and Table 3). We also found
dose-dependent increases in the percentages of CD45RO™/
CD62L* CD8 T cells (12% increase per gray, P = 0.0055)
and CD45RO*/CD62L- CD8 T cells (8% increase per gray,
P = 0.034), which were not found for the CD45RQ*/
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FIG. 2. Estimated radiation dose responses in the percentages of naive
{CD45R0O-/CD62L*) CD4 and CDE T cells in PBL among 533 A-bomb
survivors. The values were adjusted to those of unexposed males or 70-
year-old males and plotted as a function of age (left panel) or radiation
dose (right panel), respectively, according to the formula described in the
Materials and Methods.

CD62L* or CD45R0O+/CD62L- CD4 T cells among the
same survivors. There was no effect of dose on CD45R0O~/
CD62L- cells in CD8 T-cell populations. These results in-
dicate that the history of radiation exposure has dose-de-
pendently caused increases in subsets (CD45RO*/CD62L*
and CD45RO+/CD62L~) of memory CD8 T cells among
A-bomb survivors.

Increased Percentages of CD45RO*/CDG2L" or
CD45R0O*/CD62L~ CDS T Cells by Radiation Exposure
may not be Restricted toCD28~ or CD57* T Cells

Other studies have reported that clonal expansion of a
subset of CD8 T cells, such as CD28- or CD57", occurred
frequently in older individuals (22-25). To test whether the
increased percentage of CD45RO*/CD62L" or CD45RO~/
CD62L- CD8 T cells that we observed among the survi-
vors was associated with expansion of CD28-negative or
CD57-positive cell populations, we analyzed the effects of
age, gender and dose on the percentages of CD28~ and
CD57* CD8 T cells and examined the correlations among
CD28-, CD37+, CD45RO*/CD62L*, and CD45RO"/
CD62L- CD8 T cells (Table 4). The percentages of CD28~
and CD57* CD8 T cells were much less correlated with
those of CD45RO*/CD62L* CDE T cells (r = 0.18 and
0.22, respectively) than those of CD45RO*/CD62L- CD8
T cells (r = 0.62 and 0.60, respectively). This could indi-
cate that expansion of CD45RO*/CD62L- CD8 T cells is
associated with increased proportions of CD28~ or CD57*
CD8 T ceils. However, no significant effect of A-bomb ra-
diation on CD28- or CD57+ CD8 T cells was found, al-
though there did appear to be a remarkable increase with

Memory CDA subsets
— CD45RO%CDE2L*

o * "~ CD4SROYCDEZL™
- €D45RO"/CD62L"

15] £ =0.0001 15— Fz040

10 - T S
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Memory CDB subsets
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Estimated percentage cells in PBL
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FIG. 3. Estimated radiation dose responses in the percentages of mem-
ory CD4 (upper panel) and CD8 (lower panel) T-cell subsets in PBL
among 533 A-bomb survivors. The values were adjusted to those of un-
exposed males or 70-year-old males and plotied as a function of age {left
panels) or radiation dose (right panels), respectively, according to the
formula described in the Materials and Methods.

age in the percentage of these subsets. Thus it is implied
that the increased percentages of CD45R0O*/CD62L* and
CD45RO*/CD6E2L- CD8 T cells with increased radiation
dose may not be largely due to increases in the percentages
of CD28- and CD57+ CD8 T cells.

DISCUSSION

Qur present findings clearly indicate that radiation ex-
posure has reduced the size of naive cell pools not only in
CD4 T-cell populations but also in the other major T-cell
subset, CD8, among A-bomb survivors. One of the most
plausible explanations for this is that the reduction in the
size of naive T-cell pools could have resulted from an in-
sufficient supply of new T cells from the thymus since the
majority of the naive T cells develop in the thymus. Re-
cently, it has been reported that the numbers of recent thy-
mic emigrant cells can be determined in T-cell populations
by detecting T lymphocytes that contain T-cell receptor-
rearrangement excision circles (TRECs), which are circular
DNA molecules generated in thymocytes during the T-cell
receptor gene rearrangement process in the thymus (26). It
has also been reported that significantly fewer CD4 T cells
containing TRECs are currently demonstrable in bone mar-
row transplantation patients who were exposed to whole-
body irradiation more than 20 years ago (27). Thus it is

—T713—



RADIATION EFFECTS ON HUMAN CD8 T-CELL SUBSETS

295

TABLE 3
Regression Coefficients for Variables Related to the Percentages of CD4 and CD8 T-Cell Subpopulations
Expressing Different Levels of CD62L in PBIL. among A-Bomb Survivors?

Effects
T-cell Intercept Age (10 years)” Gender Dose (Gy)
subpopuiation o B, B, B,
CD4
CD45RO-/CD62L~ 4,79 —0.290 0.022 —0.099
P = (.0001%* P =072 P = 0.022*
CD43RO*/CDE2L> 343 —0.104 0.096 —0.019
P = 0.0001%* P = 0.0037%* P =040
CD45R0*/CD62L- 1.71 0.076 0.070 0.012
P = 0.0001** P = (.046* P =062
CD8
CD45RO-/CD62L* 392 —0.432 0.170 —-0.081
P = 0.0001%* P = 0.0020%% P = 0.,034%
CD45RO+/CD62L* 1.1 —0.042 0.025 0.109
P =017 P = 0.66 P = 0.0055%*
CD45RO+/CD62L- 1.37 0.052 —0.116 0.075
P = 0.057 P = 0.025* P = 0.034*
CD45RO~/CD62L~ 0.188 0.151 -0.007 -0.027
P = 00001 P =093 P =039

« Regression coefficients of percentage T cells for age, gender and dose were obtained using the following formula: Percentage T cells = o + B,

X age + B, X gender + B, X dose.
¢ Effects of age were estimated for 10-year intervals.
¢ Gender = ( for male and | for female.
4 Effects of dose were estimated for 1 Gy.
* P <005 ** P < 001

expected that a similar reduction in the number of recent
thymic emigrant cells would be observed among A-bomb
survivor populations. Therefore, we recently started mea-
suring the numbers of recent thymic emigrant cells that can
be detected in both the CD4 and CD§ T-cell populations
of A-bomb survivors with a view to determining whether
a reduced production of new T cells in the thymus is an
actual cause of the impaired maintenance of naive T-cell
pools among survivers. Another plausible mechanism is
that the reduction of the naive cell pool size might have
resulted from the homeostatic and/or antigenic proliferation
of naive T-cell populations followed by their transfer to
memory T-cell pools. We are also planning to analyze the
turnover of naive CD4 T-cell populations by tracking ge-
netically marked murine naive CD4 T cells after implan-
tation into irradiated mice. Such an experimental model will
provide us with valuable information for a precise under-
standing of what happens when radiation exposure serious-
ly impairs the ability of irradiated hosts to maintain normal-
sized naive CD4 T-cell pools.

In most individuals, CD62].-negative cells are undetect-
able among CD45RO~ CD4 T-cell populations while
CD45R0O- CD8 T-cell populations comtain a significant
fraction of CDD62L-negative cells that are known to exhibit
potential effector functions (10-14). We found that the per-
centages of CD45R0O-/CD62L- CD8 T cells increased with
age (Fig. 3, Table 3). Although the meaning of this age
dependence is unclear, it is not inconceivable that frequent

antigen exposures due to decreased immunocompetence in
aged individuals leads to an accumulation of effector T-cell
populations.

Recent studies suggest that CD45RA-(CD45R0O™) mem-
ory T cells are heterogeneous in their functions and that
they comprise distinct populations (21, 22, 28-34). These
memory sitbsets can also be distinguished based on the ex-
pression of other surface markers, including CD62L (2],
30, 32, 33). In addition to impairment in the maintenance
of naive cell pools, our results also suggest that A-bomb
radiation has induced a change in the memory T-cell pools
of the survivors’ CD8 T-cell populations that involves a
dose-dependent increase in the percentage of CD45RO*/
CD62L* or CD45SRO/CD62L~ cells. Sallusto et al. (28)
have recently proposed that memory (CD45RA~ and
CD45R0O*) T cells can be classified into central (CCR7+
and mostly CD62L*) and effector (CCR7- and mostly
CD62L") memory T cells. These subsets were found to
show several differences in their functions (34), migration
capacities (28), proliferation abilities (21, 22, 32), telomere
lengths (27), and T-cell receptor repertoires (33). These
findings suggest that effector memory T cells are immature
compared to central memory T cells (35), although it is
unclear whether the latter memory subset stems from the
former (33, 36).

Here we discuss possible reasons that the radiation effect
is apparent for both the central and effector CD8 memory
T-cell subsets. One possible interpretation is that the entry
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TABLE 4
Regression Coefficients for Variables Related to the
Percentages of CD28-Negative and CD57-Positive
CD8 T-Cell Subpopulations and their Correlations
to the Percentages of CD45RO+/CD62L* and
CD45R0+/CD62L- CD8 T Cells in PBL among
A-bomb Survivors®

Effects
T-ceil Intercept Age (10 years)" Gender Daose (Gy)
subpopulation [ B, B. A,
CD28~ 1.23 0.177 -0.072 -0.016
P = 00001* P =025 P =070
CD57+ 1.14 0.103 —0.149 —0.033
P = 00048%* P =0027% P =048
Corzelation
Correlation between coefficients (+)
CD28- and CD45RO-/CD62L* 0.18
P = 0.0001%*
CD28- and CD45RO*/CD62L- 0.62
P = 0.0001**
CD57+ and CD45RO/CDE2LY 0.22
P = 0.0001%#*
CD57* and CD45RO*/CDO2L- 0.60
P = 0.000]%*
CD28" and CD57* 0.84
P = 0.00071%*

« Regression coefficients of percentage T cells for age, gender and dose
were obtained using the following formula: Percentage T cells = v +
B, X age + B, X gender + [3; X dose.

& Effects of age were estimated for 10-year intervals.

¢ Gender = 0 for male and = 1 for female.

* P < 005, %P <00l

of naive CDR T cells into the memory T-cell pool is en-
hanced in A-bomb survivors. Repeated exposure of naive
CD8 T cells to various antigens could have led to accu-
mulation of both central and effector memory T cells. Im-
paired immunity to persistent infections with viruses such
as EBV (37, 38), HBV (5, 39) and HCV (40, 41) in A-
bomb survivors might be involved in this accumulation
process. Homeostatic proliferation that takes place in the
absence of antigen under lymphopenic conditions such as
radiation-induced lymphopenia may also have contributed
to the enhanced entry of naive T cells into memory T-cell
pools. However, such a possibility may contradict a previ-
ous finding, in which a population of mutant stem cells of
one A-bomb survivor did not contributed greatly to the
maintenance of the survivor’s memory T-cell pool after A-
bomb exposure (42).

Another interpretation is that clonal expansions of a pop-
ulation of memory CD8 T cells have frequently occurred
in A-bomb survivors. A recent cytogenetic study on A-
bomb survivors has shown that the frequency of clonal
chromosome aberrations increased with increasing radiation
dose and suggested that about half of the clonal chromo-
some aberrations may have been derived from clonal ex-
pansions of memory T cells (43). It has also been found

that skewed TCR VP repertoires that are possibly associ-
ated with clonal expansions can frequently be observed in
CD45RA- memory CD4 T-cell populations of A-bomb sur-
vivors, especially in those of older survivors (44). Although
we have not yet determined the TCR V{3 repertoires in CD8
T-cell populations of the survivors, similar expansions of
memory CDE8 T cells can be expected among radiation-
exposed persons. Nevertheless, the dose-dependent increas-
es in the percentages of CD45RO*/CD62L* and
CD45RO+/CD62L - memory T cells were apparent for CD3
T-cell populations but not for CD4 T-cell populations, sug-
gesting that clonal expansions frequently occurring in the
exposed individuals might not accompany the accumulation
of memory T cells.

In contrast to the dose-dependent increases in the per-
centages of CD45RO*/CD62L* and CD45RO*/CD62L-
CD8 T celis, there was no significant effect of radiation on
these subsets of memory CD4 T cells in the present study.
Although it has been established that no antigenic stimu-
lation is required for either the CD4 or CD8 T-cell popu-
lations to maintain immunological memory, the ways in
which the memory T-cell pools maintain their sizes are like-
ly to be somewhat different for CD4 and CD8 T-cell pop-
ulations. Thus, for example, homeostatic proliferation of
memory CD8 T cells is accomplished by IL7 and IL15,
whereas unknown factors other than those cyiokines are
probably involved in that of memory CD4 T cells (45, 46).
Memory CD8 T cells are likely to persist in vivo for much
longer than memory CD4 T cells (47). Furthermore, age-
associated reductions in the diversity of TCR repertoire
were found to be much more pronounced in memory CD8
populations than memory CD4 populations (48). Such dif-
ferences in the CD4 and CD8 T-cell populations may be
associated with the different radiation effects we observed
in the CD45RO*/CD62L* and CD45RO*/CD62L - subsets
of these T-cell populations among A-bomb survivors. The
mechanisms by which radiation exposure impairs the ability
of humans to maintain T-cell memory remain to be clari-
fied.
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Quantifying the proliferative capacity of long-term hema-
topoietic stem cells in humans is important for bone marrow
transplantation and gene therapy. Obtaining appropriate data
is difficult, however, because the experimental tools are lim-
ited. We hypothesized that tracking clonal descendants orig-
inating from hematopoietic stem cells would be possible if we
used clonal chromosome aberrations as unique tags of indi-
vidual hematopoietic stem cells in vivo. Using FISH, we
screened 500 blood T Iymphocytes from each of 513 atomic
bomb survivors and detected 96 clones composed of at least
three cells with identical aberrations. The number of clones
was inversely related to their population size, which we inter-
preted to mean that the progenitor cells were heterogeneous
in the number of progeny that they could produce. The ab-
solute number of progenitor cells contributing to the forma-
tion of the observed clones was estimated as about two in an
unexposed individual, Further, scrutiny of ten clones revealed
that Ilymphocyte clones could originate roughly equally from
hematopoietic stem cells or from mature T lymphocytes,
thereby suggesting that the estimated two progenitor cells are
shared as one hematopoietic stem cell and one mature T cell.
Our model predicts that one out of ten people bears a non-
aberrant clone comprising >10% of the total lymphocytes,
which indicates that clonal expansions are common and prob-

ably are not health-threatening. © 2004 by Radistion Research Society

INTRODUCTION

Hematopoiesis is the process by which hematopoietic
stem cells differentiate into various kinds of blood cells,
including lymphocytes. Long-term hematopoietic stem cells
have been characterized extensively in animal model sys-
tems because they are directly relevant to hematopoietic
stem cell transplantation and gene therapy (see refs. /-3).
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For example, human hematopoietic stem cells in adult bone
marrow are characterized as CD34+ Thy-i+ Lin~ Rh123%#
(2}). The frequency of the long-term hematopoietic stem
cells among the bone marrow cells is estimated to be 10
to 10~% (2). Studies on the proliferation potential of he-
matopoietic stem cells indicate that one (or a few) long-
term hematopoietic stem cell can reconstitute hematopoie-
sis in lethally irradiated mice (4, 5) and cats (6). In larger
animals such as rhesus monkeys, single-cell engraftment
studies are not possible, but it is suggested that hemato-
poiesis is polyclonal (7). Human data are rare because he-
matopoictic stem cell assays are limited, but in a few in-
stances, the indication is that single hematopoietic stem
cells can reconstitute nearly all of the T-lymphocyte pop-
ulation. For example, in a few patients suffering from he-
reditary severe combined immune deficiency, the affected
gene reverted spontaneously to normal in apparently single
committed T-cell progenitors, and the revertants prolifer-
ated so as to overcome the T-cell deficiency and greatly
improve the clinical condition (8-10). These data demon-
strate the enormous proliferation capability of single pro-
genitor cells in vivo under certain conditions. It remains to
be known, however, how the hematopoietic system is con-
structed and maintained under ordinary conditions and the
number of active hematopoietic stem cells involved therein.

During the course of cytogenetic studies to evaluate the
radiation dose (bicdosimetry) to atomic bomb (A-bomb)
survivors, we and others found identical chromosome ab-
errations in multiple T lymphocytes (in at least three) (11—
14} or in both T lymphocytes and other hematopoietic cells
(14, 15). These aberrations are termed clonal chromosome
aberrations, because they are derived from single progenitor
cells and produced by their large clonal expansions. The
aberrations arec composed mainly of translocations but oc-
casionally include inversions as well, Clonal aberrations are
observed in other radiation-exposed individuals as well
(16-22). We considered the possibility that such clonal ab-
errations could serve as unique non-invasive “tags” for ex-
amining the gross clonal structure of the human hemato-
poietic system in vivo. Since 100 to 1,000 cells are usually
scored for chromosome aberrations in biodosimetric stud-
ies, and the total lymphocyte number in the human body is
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