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ZHANG, X., Okutsu, M., Kanewmi, O., GAMETcHU, B. and NacaTomi, R. Repeated
Stress Suppresses Interferon-y Production by Murine Intestinal Intraepithelial Lympho-
cytes. Tohoku J. Exp. Med., 2005, 206 (3), 203-212 — Intestinal intraepithelial lympho-
cytes (IEL), one of the major effector components in the mucosal immune system, are phe-
notypically and functionally distinct from thymic and peripheral T cells. To investigate the
effect of repeated stress on the number and function of IEL, we exposed male C3H/HeN
mice to mild electric foot shock for 30 min/day for 5 consecutive days. Immediately after
the final foot shock stress, the blood, spleen, thymus and small intestine of each of the
mice were obtained. As a functional measure, we evaluated interferon (IFN)- y production
by IEL, since IFN-y is a key immunomodulating cytokine in mucosal immune responses.
Serum corticosterone level was elevated immediately after foot shock stress. There were
no significant changes in the number of whole IEL and CD3" IEL subsets after the stress.
In contrast, the stress led to a significant decrease in the total number of thymocytes, par-
ticularly the reduction in the number of CD4"CD8" thymocytes. Thymocytes expressed
the highest level of intracellular glucocorticoid receptor (GR), followed by splenocytes and
IEL. The foot shock stress induced a marked suppression of IFN-y production by IEL,
when stimulated with immobilized anti-CD3 monoclonal antibody. Furthermore, corticos-
terone suppressed the IFN-y production by cultured IEL, which was prevented by Mife-
pristone (RU486), a GR antagonist. In summary, repeated foot shock stress did not alter
the numbers of IEL and CD3" IEL subsets, but suppressed IFN-y production by IEL, which
was probably mediated by the elevated corticosterone. We therefore propose that stress in-
fluences host defense by suppressing the production of IFN-y in IEL. —— stress; in-
testinal intraepithelial lymphocytes; interferon-y; corticosterone
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Intestinal intraepithelial lymphocytes (IEL), al. 1994; Mattapallil et al. 1998; Yoshikai 1999).

one of the major effector components in the mu- IEL from the small intestine are composed of pre-
cosal immune system, have unique phenotypical dominantly CD3", in which CD8" lymphocytes
and functional features compared with T cells are more prevalent than CD4" (Lepage et al.

from other lymphoid compartments (Matsuzaki et 1998). In addition, most CD8" IEL express CD8
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aa homodimers rather than the CD8af heterodi-
mers typically present on peripheral CD8 T cells
(Guy-Grand et al. 1991; Eisenbraun et al. 2000).
IEL from the murine small intestine comprise an
approximately equal frequency of population
bearing ¢fTCR and y6TCR.

IEL may produce various cytokines such as
interferon (IFN)-y, interleukin (IL)-5, IL-6, IL-10,
transforming growth factor (TGF)-£, tumor ne-
crosis factor (TNF)-a and keratinocyte growth
factor (KGF) (Barrett et al. 1992; Boismenu and
Havran 1994; Van Damme et al. 2001), regulate
the immune responses to foreign antigens
(Yamamoto et al. 1993; Culshaw et al. 1997) and
modulate function of intestinal epithelial cells
(IEC) (Madara and Stafford 1989; Kohyama et al.
1997; Taylor et al. 1997; Hoffman 2000).

IEC heavily express IFN-y receptors (Valente
et al. 1992), and respond well to IFN-y. In vitro,
IFN-y alters the tight junction permeability be-
tween enterocytes (Madara and Stafford 1989;
Adams et al. 1993), upregulates the expression of
MHC class I and II antigens (Kohyama et al.
1997; Hoffman 2000), coinduces nitric oxide (NO)
synthesis by IEC (Hoffman 2000), and enhances
the expression of secretory component (SC) as a
polymeric immunoglobulin receptor (pIgR) for
dimeric IgA to form secretory IgA (S-IgA) (Sollid
et al. 1987; Kvale et al. 1988; Youngman et al.
1994; Brandtzaeg et al. 1999; Nilsen et al. 1999).
Moreover, IFN-y producted by IEL plays an
important role in resistance to infections from
organisms such as Listeria monocytogenes and
Cryptosporidium (Yamamoto et al. 1993; Culshaw
et al. 1997). Altogether, IFN-y production by IEL
has an important role in both intestinal epithelial
homeostasis and host defense.

Many studies have shown that stress induces
changes in the number and function (especially
IFN-y production) of immune cells such as those
in the thymus, spleen, lymph node or peripheral
blood (Glaser et al. 1986; Sonnenfeld et al. 1992;
Fukui et al. 1997; Iwakabe et al. 1998; Shimizu et
al. 2000). Although the importance of IEL in the
intestinal mucosal system is well established, the
effect of stress on IEL has not been elucidated.
The aim of this study is, therefore, to clarify the

effect of stress on the number of IEL and IFN-y
production by IEL.

MATERIALS AND METHODS

Mice

Six-week-old male C3H/HeN mice were purchased
from Japan SLC Inc. (Hamamatsu) and kept under spe-
cific-pathogen-free conditions in the Institute for Animal
Experimentation, Tohoku University Graduate School of
Medicine. The purchased mice were allowed to accli-
mate to the facility for at least one week before the ex-
periment, and they were used at 7-9 weeks of age. Four
or five mice were housed together per cage (30 x 25 x
17.5 cm) and were allowed free access to food and water.
All experiments were performed according to the
Guidelines and Regulations for Laboratory Animal Care
of Tohoku University Graduate School of Medicine.

Protocol for foot shock stress

Foot shock stress was applied to the mice according
to the method reported previously with some modifica-
tion (Sonnenfeld et al. 1992). Direct electric current was
applied to mice placed on steel bars in a limited plexiglas
compartment (10 x 10 x 10 cm). Since stressors are con-
sidered to become clinically relevant especially when ap-
plied repeatedly, a foot shock pulse with a duration of 0.5
second was given every 5 seconds for 30 minutes (min) a
day for five consecutive days. The foot shock voltage
was adjusted to be as low as possible, just enough to
elicit behavioral changes in the mice such as jumping or
squeaking. The actual electric current measured serially

Sacrifice
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Fig. 1. Foot shock stress protocol. Mice were treat-
ed with 0.5 second electric foot shock every 5
seconds for 30 min every day for 5 consecutive
days. Immediately after the final shock expo-
sure, the shocked and control mice were sacri-
ficed.
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did not exceed 1 mA. The foot shock experiment was
carried out in the morning between 9:00 and 10:00 a.m.
Control mice of the same age were kept in their home
cage throughout the foot shock procedure, where they
could not perceive the reaction of foot-shocked mice dur-
ing the foot shock procedure. Moreover, control mice
were always kept in different cages from foot-shocked
mice throughout the experiment. Immediately after the
final shock exposure, shocked and control mice were
sacrificed by decapitation. Blood sample, spleen, thymus
and small intestine were obtained from each mouse. The
protocol is summarized in Fig. 1.

Isolation of IEL

IEL were obtained from the small intestine accord-
ing to the method reported previously with a minor mod-
ification (Fujihashi et al. 1993; Kohyama et al. 1997,
1999). In brief, the small intestine was excised from the
sacrificed mouse and thoroughly washed with cold Ca™,
Mg2+ free Hanks balanced salt solution (HBSS; GIBCO,
Grand Island, NY, USA) supplemented with 10 mM
N-(2-Hydroxyethyl)piperazine-N"-(2-ethanesulfonic acid)
(HEPES; Wako, Osaka), 25 mM sodium bicarbonate
(Wako) and 2% heat-inactivated fetal bovine serum (FBS;
Sigma, St. Louis, MO, USA). The mesenteric lymph
nodes, connective tissue and Peyer’s patches were care-
fully removed. The washed intestine was then opened
longitudinally, and cut into short segments. The seg-
ments were transferred to a 50-ml conical tube contain-
ing 40 ml HBSS supplemented with 10 mM HEPES, 25
mM sodium bicarbonate, 10% FBS and 1mM dithio-
erythritol (Sigma), and horizontally shaken at 37°C for
45 min in a water bath. The cell suspension was filtered
through a 70-ym cell strainer (Becton Dickinson
Labware, Franklin Lakes, NJ, USA) and then passed
through a nylon fiber column. Cells contained in the fil-
trate were suspended in 30% Percoll solution (Pharmacia,
Uppsala, Sweden) and centrifuged at room temperature
for 20 min at 600 g. Pelleted cells were then resuspended
in 40% Percoll solution and carefully layered over 75%
Percoll solution, and finally centrifuged at room tempera-
ture for 20 min at 600 g. IEL were recovered from the
interface of the 40% and 75% Percoll solutions. The col-
lected cells were washed and resuspended in culture me-
dium (RPMI 1640 [Sigma] supplemented with 10 mM
HEPES, 100 unit/ml penicillin [Sigma], 100 gg/ml strep-
tomycin [Sigma], 2 mM L-glutamine, and 10% FBS).
Viable IEL were enumerated by trypan blue exclusion
counting on a hemocytometer.

Preparation of thymocytes and splenocytes

Thymocytes and splenocytes were prepared accord-
ing to the method reported previously with a minor mod-
ification (Sonnenfeld et al. 1992; Concordet and Ferry
1993). The spleen and thymus were removed from sacri-
ficed mice and passed through a sterile wire mesh to re-
move tissue debris. The cell suspension was then centri-
fuged, and the cell pellet was mixed with 0.83% NH,CI
Tris buffer to lyse the red blood cells. Cells were then
washed three times and resuspended in the culture medi-
um described above. Viable cells were enumerated by
trypan blue exclusion counting on a hemocytometer.

Antibodies

Monoclonal antibodies (mAb) used in this study
were purchased from BD Biosciences (San Jose, CA,
USA) with the exception of mouse anti-CD4-FITC
(JEP402), which was purchased from GIBCO, and
mouse anti-glucocorticoid receptor (GR)-FITC
(BUGR-2), which was produced as previously reported
(Gametchu and Harrison 1984). Purified mouse anti-
CD3 mAb (145-2C11) were used to activate T cells.
Mouse anti-CD3-PerCP (145-2C11), anti-oSTCR-FITC
(H57-597), anti-ydTCR-PE (GL3), anti-CD4-FITC
(JEP402), anti-CD8¢-PE and anti-CD8S-FITC (53-5.8)
mADb were used for surface staining. Anti-GR-FITC
(BUGR-2) mAb were used for surface or intracellular
staining.

Flow cytometric analysis of cell surface antigens

Cells were incubated with mouse serum (Sigma) for
30 min at 4°C to block nonspecific antibody binding via
IgG Fc receptors. After staining with the designated
combination of mAb for 30 min at 4°C followed by
washing twice with phosphate buffered saline (PBS),
cells were suspended in PBS containing 1% paraformal-
dehyde (Wako) and analyzed on a FACScan flow cytom-
eter using CELLQuest software (BD Biosciences).
Lymphocytes were gated by size and granule density
based on forward and side scatter (Van Houten et al.
1997).

Flow cytometric analysis of intracellular and membrane
GR expression in IEL, thymocytes and splenocytes

Cells were incubated with mouse serum to block
nonspecific antibody binding via the IgG Fc receptors.
To determine intracellular GR expression, after the sur-
face markers were stained with anti-CD3-PerCP, the cells
were washed twice, fixed and permeabilized with
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Permeabilizing Solution (BD Biosciences). The permea-
bilized cells were stained with anti-GR (BuGR-2)-FITC
mAb. To determine membrane GR expression, after the
IgG Fc receptors were blocked as explained above, the
cell surface markers were stained with anti-CD3-PerCP
and anti-GR (BuGR-2)-FITC mAb. Stained cells were
washed twice, suspended in PBS containing 1% parafor-
maldehyde, and analyzed by flow cytometry.

Cell culture procedure and measurement of IFN-y in cul-
ture supernatant

A flat-bottom 96-well microtiter plate was coated
with 100 u1 purified mouse anti-CD3 mAb (10 yg/ml)
overnight at 4°C. The remaining liquid phase was aspi-
rated and washed twice with PBS, then used to activate
IEL.

Freshly isolated IEL were cultured in a 96-well flat
bottom anti-CD3-coated plate in a total volume of 200 w1
in culture medium at 1 x 10° IEL/well for 48 h at 37°C in
a humidified 5% CO, incubator. Cells were also incubat-
ed in a non-coated well as a control. Culture superna-
tants were harvested after 48 h of incubation, clarified by
centrifugation and stored at —20°C until assayed for cyto-
kine. Levels of IFN-y in the culture supernatants were
determined by enzyme-linked immunosorbent assay
(ELISA), using a commercially available kit for mouse
IFN-y immunoassay (R & D systems, Minneapolis, MN,
USA), according to the manufacturer’s instructions.

Effect of corticosterone on IFN-y production by IEL
stimulated with immobilized anti-CD3 mAb in vitro

Freshly isolated IEL were cultured in a 96-well flat
bottom plate in a total volume of 200 ul in culture medi-
um at 1 x 10° [EL/well at 37°C in a humidified 5% CO,
incubator. Cells were stimulated with immobilized anti-
CD3 mAb in the presence or absence of 10° M corticos-
terone (COR) (Sigma). To examine whether COR affects
IFN-y production is mediated through GR, IEL were in-
cubated in culture medium containing 10°M COR with
or without 10°M Mifepristone (RU486) (Sigma), a GR
antagonist. Culture supernatants were harvested after
48-h incubation, clarified by centrifugation and stored at
—20°C until assayed for IFN-y.

Measurement of serum COR

Serum COR was determined by radioimmunoassay
(RIA) using the COR-’H RIA Kit (ICN Biomedicals,
Inc., Costa Mesa, CA, USA), according to the manufac-
turer’s instructions.

Statistical analysis

Data were expressed as means (s.E.). We examined
statistical differences using Student’s #-test or one-way
analysis of variance (ANOVA). Post hoc analysis was
carried out using Fisher’s protected least significant dif-
ference (PLSD). All statistical analyses were made with
StatView software (SAS Institute Inc., Cary, NC, USA).
P < 0.05 was regarded as statistically significant.

RESULTS

Elevation of serum COR level after repeated
foot shock stress

Foot shock stress induced a significant in-
crease in the serum COR level (control mice:
26.51 (3.26) ng/ml versus shocked mice: 221
(15.72) ng/ml, n = 8, p < 0.001 by student’s
t-test).

Effect of repeated foot shock stress on the total
number of IEL, thymocytes and splenocytes

As shown in Fig. 2, foot shock stress led to a
significant decrease in the total number of thymo-
cytes (p < 0.05). On the other hand, no effect of
foot shock stress was observed in the total number
of IEL and splenocytes.
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Fig. 2. Differential effects of foot shock stress on
the number of IEL, thymocytes and spleno-
cytes. Results are shown as the means (s.E.) of
6 separate experiments. For each experiment
one mouse was assigned to each condition, and
the same experiment was repeated 6 times. ~ p
< 0.05 (Student’s ¢-test).
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Effect of repeated foot shock stress on the num-
ber of T cell subsets in IEL, thymocytes and
splenocytes

Foot shock stress induced significant reduc-
tion only in the number of CD4"CD8" thymocytes
(p < 0.05). The number of CD4'CD8 and CD4
CD8" thymocytes, however, showed a tendency to
decrease, but not statistically significant (Fig. 3A).
There were no significant changes in the number
of CD4"CD8’, CD4CDS8" and CD4'CD8" IEL
subsets after foot shock stress (Fig. 3B). In addi-
tion no splenocytes expressed CD4°CD8", and
foot shock stress did not induce any significant
changes in the number in CD3" splenocyte sub-
sets including CD4"CD8 and CD4 CD8" (Fig.
3C). Foot shock stress also induced no change in
the number of ¢TCR" and ydTCR" subsets of
IEL and of splenocytes (data not shown).

CD8" IEL expressed either homodimeric
CD8aa (approximately 70%) or heterodimeric
CD8af (approximately 30%) molecules, and foot
shock stress did not induce any significant chang-
es in these two subsets although the number of
CD8ap" IEL showed a tendency toward reduction
(Fig. 4).

Intracellular and membrane GR expression in
IEL, thymocytes and splenocytes

There was a marked difference in the mean
fluorescence intensity (MFI) of intracellular GR
expression among thymocytes, splenocytes and
IEL. Thymocytes had the highest level of intra-
cellular GR expression, followed by splenocytes
and IEL (p < 0.001) (Fig. 5). Thymocytes, sple-
nocytes and IEL did not virtually express mem-
brane GR (data not shown).

IFN-y production by immobilized anti-CD3-
stimulated IEL was suppressed after foot shock
stress

IFN-y production by IEL in 48-h culture su-
pernatant was significantly reduced after foot
shock stress (control mice: 2621.31 (366.5) pg/ml
versus shocked mice: 1176.39 (286.45) pg/ml, n =
4, p < 0.05 by student’s #-test). IFN-y could not
be detected in the 48-h culture supernatant when
the cells had not been stimulated.
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Fig. 3. Effect of foot shock stress on the number of

CD4'CD8*, CD4"'CDS8™ and CD4 CD8" subsets
in thymocyte (A), IEL (B) and splenocyte (C).
Thymocytes, IEL and splenocytes were stained
with PerCP anti-CD3, FITC anti-CD4 and PE
anti-CD8a mAb, and analyzed by flow cytom-
etry for the expression of these lymphocyte
subsets. The absolute number of each subset
was obtained by multiplying the percentage of
cells by the total number of cells in the respec-
tive populations. Results are shown as the
means (S.E.) of 6 separate experiments. For
each experiment one mouse was assigned to
each condition, and the same experiment was
repeated 6 times. ~ p < 0.05 (Student’s #-test).



208 X. Zhang et al.

(109)
8

\:' CON
64 - FS

Number of cells

CD8ao* CD8af"

Fig. 4. Effect of foot shock stress on the number of
CD8aar™ and CD8" IEL subsets. 1EL were
stained with PerCP anti-CD3, FITC anti-CD8g
and PE anti-CD8¢ mAb, and analyzed by flow
cytometry for the expression of CD8aa* and
CD8af" IEL subsets in the gated CD3" IEL.
The absolute number of each subset was ob-
tained by multiplying the percentage of cells
by the total number of cells in the respective
populations. CD8ca S IEL were considered to
be CD8ar” IEL. Results are shown as the
means (S.E.) of 6 separate experiments. For
each experiment one mouse was assigned to
each condition, and the same experiment was

repeated 6 times.

COR suppressed IFN-y production by IEL
through GR in vitro

IFN-y production by IEL was significantly
reduced by COR (p < 0.05). RU486 alone did not
alter IFN-y production by IEL. However, RU486
effectively prevented the COR-induced suppres-
sion of IFN-y production by IEL (p < 0.05) (Fig.
6), indicating that the suppression was mediated
through GR.

DiscussioN

This study first examined the effect of re-
peated foot shock stress on the number of IEL and
IEL subsets in comparison with splenocytes and
thymocytes, as well as the IFN-y production by
IEL. Because foot shock induced a marked in-
crease in serum COR, the repeated foot shock
stress employed in this experiment markedly re-
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Fig. 5. Intracellular GR expression in thymocytes,
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IFN-y production

splenocytes and IEL. To determine intracellu-
lar GR expression, after staining of the surface
marker with anti-CD3-PerCP mAbD, cells were
fixed and permeabilized. The permeabilized
cells were stained with anti-GR-FITC mAb.
Stained cells were analyzed by flow cytometry.
Data are shown as the means (s.E.) of 4 sepa-
rate experiments.  p < 0.001 (ANOVA with

Fisher’s PLSD post hoc test).
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Fig. 6. RU486 prevented the COR-induced sup-

pression of IFN-y production in cultured IEL.
IEL were stimulated with immobilized anti-
CD3 mAb in the presence or absence of 10°M
COR + 10°M RU486 for 48 h. Supernatants
were harvested and assayed for IFN-y by ELI-
SA. Results are shown as the means (s.E.) of 4
mice. ~ p < 0.05 (ANOVA with Fisher’s PLSD
post hoc test).
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duced the number of thymocytes, particularly
CD4'CD8" double positive thymocytes, most
likely because of GR-mediated apoptosis under
stress as reported by several investigators
(Concordet and Ferry 1993; Murosaki et al.
1997). Interestingly, we could not demonstrate
any decrease of IEL and splenocytes either in cell
numbers or proportions of each subset.

Our flow cytometric analysis shows that thy-
mocytes have the highest level of intracellular GR
expression among thymocytes, splenocytes and
IEL. This result is similar to that from the cyto-
solic GR binding study on immune tissues by
Miller et al. (1998), who showed that the thymus
exhibits three to four times higher levels of GR
protein than the spleen. Van Houten et al. (1997)
showed that IEL express the highest levels of anti-
apoptotic protein Bcl-2, splenocytes express an
intermediate intensity and thymocytes have the
lowest level of Bcl-2 expression. Thus, IEL and
splenocytes may have lower susceptibility to glu-
cocorticoid-induced apoptosis as compared to
thymocytes. The apparent difference in the sus-
ceptibility to stress among IEL, splenocytes and
thymocytes may partly be resulting from the dif-
ference in the level of intracellular GR and anti-
apoptotic protein Bcl-2 expression among lym-
phocyte populations.

Our data also demonstrated for the first time
that susceptibility to foot shock stress is different
between CD4"CD8" IEL and CD4"CD8" thymo-
cytes. The reduction in the number of thymocytes
after foot shock stress was because of the loss of
CD4"CDS8" T cells, which are regarded as imma-
ture T cells (Reimann and Rudolphi 1995; Van
Houten et al. 1997). Immature T cells have the
highest susceptibility to glucocorticoid treatment
leading to apoptosis (Wyllie 1980; Compton and
Cidlowski 1986; Van Houten et al. 1997). In con-
trast, IEL expressing the same set of CD4 and
CDS8 surface proteins as on thymocytes,
CD4"CDS8" IEL, were unaffected, suggesting that
CD4"CDS8" IEL were resistant to stress-induced
reduction.

In mice, in contrast to CD8" thymic T cells
which almost exclusively express the heterodi-
meric CD8ajf3 coreceptor, the CD8" IEL segregate

into two populations, expressing either a homodi-
meric CD8aqa or a heterodimeric CD8¢f8 mole-
cule (Emoto et al. 1996). Experiments using
athymic and nude mice showed that CD8aa T
cells in the intestinal epithelium were thymus-in-
dependent, whereas CD8af5 T cells were thymus-
dependent (Jarry et al. 1990; Guy-Grand et al.
1991; Rocha et al. 1991; Rocha et al. 1992;
Poussier and Julius 1994). All CD4°CD8" 1EL
bear CD8aa homodimer chains, and are thus
classified as extrathymic origin (Lefrancois 1991;
Yamada et al. 1999). Therefore, CD4'CDS8" IEL
are a distinct population from thymic CD4'CD8"
T cells. Van Houten et al showed that the treat-
ment of mice with dexamethasone induced a
marked reduction of CD4"CD8" thymocytes,
whereas CD4°CD8" IEL were unaffected (Van
Houten et al. 1997). This finding is apparently in
accordance with our result. CD4'CD8" IEL are
considered to be a mature T cell population bear-
ing relatively higher expression of CD3 and TCR
af3, as compared to the scant expression of the
CD3-TCR complex on thymic CD4*CD8" T cells
(Lefrancois 1991; Fujihashi et al. 1993).
Although in this study repeated foot shock
stress did not affect the number of IEL, a more in-
tense acute stressor affected IEL. Murosaki et al.
(1997) showed that 15 h water immersion stress
led to a significant reduction in the number of
IEL. Among CD8" IEL, CD8acr” IEL seemed to
be relatively resistant to stress-induced reduction
(Murosaki et al. 1997). We neither observed any
significant change in the number of IEL nor in the
proportion of CD8aar™ or CD8¢3" IEL after re-
peated foot shock stress (although the number of
CD8ap" IEL tended to decrease). It is possible
that the mild, short duration foot shock stress in
our study was not as intense as 15 h water immer-
sion stress to affect IEL number and phenotypes.
Although there was no significant difference
in COR levels after 15 h water immersion stress
and repeated foot shock stress in this study
(10-fold and 9-fold of baseline, respectively), de-
crease in IEL number was induced only by 15 h
water immersion stress but not by repeated foot
shock stress. Even though GR level of IEL is rel-
atively low in comparison with thymocytes and
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splenocytes, IEL are shown to be lost by apopto-
sis mediated by glucocorticoid (Murosaki et al.
1997). There are two possibilities to explain the
difference. First, the duration of exposure to COR
could be shorter in the foot shock paradigm.
Secondly, repeated elevation of COR in repeated
foot shock stress might have induced anti-apop-
totic pathway. If the latter is true, elevated COR
after repeated stress could suppress IFN-y produc-
tion without the loss of IEL by apoptosis. We will
further test this hypothesis in our following stud-
ies.

Our major finding in this study was that re-
peated foot shock stress induced marked reduc-
tion of IFN-y production by IEL in vitro, although
no changes were observed in the number of IEL.
Many previous studies have suggested that stress
can affect cytokine production, especially IFN-y
(Sonnenfeld et al. 1992; Iwakabe et al. 1998;
Moynihan et al. 1998; Zhang et al. 1998). These
studies have mainly focused on the spleen, lymph
nodes or peripheral blood lymphocytes, but not
on IEL. In this study, it remains unclear what
subsets of IELs may be affected by the stress to
induce the suppression of IFN-y production. We
will therefore elucidate it using flow cytometry
analysis of intracellular cytokine in our future
studies.

We also tried to demonstrate the mechanism
by which the IFN-y production by IEL was sup-
pressed. We confirmed that COR effectively sup-
presses the IFN-y production by IEL through GR
in vitro in a similar concentration observed after
foot shock stress. Therefore elevated level of
COR following the foot shock stress may be re-
sponsible for the reduction in the potential of IEL
to produce IFN-y upon stimuli in vitro.

Although not much is known about the role
of IFN-y production by IEL in vivo, in vitro ex-
periments or murine models of infection suggest-
ed that IFN-y production by IEL may play an im-
portant role in the functional regulation of IEC
and in the host defense (Madara and Stafford
1989; Yamamoto et al. 1993; Culshaw et al. 1997;
Kohyama et al. 1997; Taylor et al. 1997; Hoffman
2000), for example, by enhancing SC expression
by IEC in the mucosal immune system (Sollid et

al. 1987; Kvale et al. 1988; Youngman et al. 1994;
Nilsen et al. 1999). It is possible that stress-in-
duced suppression of IFN-y production by IEL
may affect the homeostasis of the intestinal epi-
thelial barrier by suppressing S-IgA transport, and
may cause a defective resistance to infection.
Examination of serum and fecal IgA may help us
to elucidate the contribution of IEL in vivo during
the stress. Further studies are necessary to exam-
ine these possibilities.

In summary, we have demonstrated that thy-
mocytes are more sensitive to stress-induced re-
duction than are IEL and splenocytes. This find-
ing might be related to thymocytes having a
higher level of GR and a lower level of bcl-2.
Furthermore, our data first confirmed that
CD4"CDS8" IEL are more resistant to stress than
CD4"CD8" thymocytes, which might be related to
their different developmental pathways and stag-
es. Repeated foot shock stress did not alter the
numbers of IEL and CD3"IEL subsets, but it sup-
pressed the IFN-y production by IEL, which may
be related to the elevated corticosterone.
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