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ABSTRACT

Hindlimb unloading (HU) in rodent is a well-accepted ground-based model used to simulate some of the condi-
tions of spaceflight and reproduceits del eterious effects on the muscul oskeletal, cardiovascular and immune systems.
In this study, the effects of HU on lymphocyte homeostasis in the spleen and thymus of mice were examined. HU
was found to drastically deplete various cell populations in the spleen and thymus. These changes are likely to be
mediated by apoptosis, since DNA strand breaks indicative of apoptosis were detected by terminal deoxynucleotidyl
transferase-mediated nick end-labeling in both splenocytes and thymocytes. Surprisingly, administration of opioid
antagonists or interference with the Fas-FasL interaction was able to block HU-induced reductions of splenocytes,
but not thymocytes. On the other hand, steroid receptor antagonists blocked the reduction of lymphocyte numbers
in both spleen and thymus. Therefore, the effects of HU on the homeostasis of splenocytes and thymocytes must be

exerted through distinct mechanisms.
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INTRODUCTION

Bi-directional interactions between the immune and
neuroendocrine systems play acritical rolein the main-
tenance of immune homeostasig[1, 2]. These interactions
influence antibody and cytokine responses, cytolytic
ativity and proliferation of lymphocyteq 3], aswell as
the lymphocyte pool in various organg 4, 5]. Cytokines
produced during immune responses also exert effects
on hypothalamic-pituitary-adrena (HPA) hormone secre-
tion[6] and neural signa transmission[7, 8]. In addition,
cells of the immune system produce some hormones
and neurotransmitters and express receptors for them.
Recent progressin psychoneuroimmunol ogy hasrevealed
that stress can affect the immune system through these
interactions[9-11]. Numerous studies have shown that
exhausting physical activity and severe environmental
and/or psychological stress have strong suppressive effects
on theimmune system[12]. Such suppression has signifi-
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cant implications for the susceptibility onset, course,
and outcome of diseases such as cancer [13-15], auto-
immunity[15, 16] and infectiong[15, 17].

Using variousmodd systems, it has been demonstrated
that stressmay either enhance or impair immunefunctions,
depending onitsmode and duration[18, 19]. Itisgenerally
accepted that acute stress boosts immune system
function, while chronic stressis often suppressive. The
immuosuppression resulting from chronic stressis due
in part to a reduction in lymphocyte numberg[20-22].
Consequently, stress-induced lymphopenia has been
observed in surgical patientg 23], over-exercised athletes
[24], persons under various psychological stresses]25,
26], and animals subjected to physical restraint[15, 27].
While several immune effects have been shown to be
associated with stress, the exact mechanisms remain to
be ducidated, especidly in different organsof theimmune
system. Using awide variety of technigues to detect
apoptosis, others and we have found that lymphopenia
observed after exposure to stress isin fact due to the
induction of apoptosis.
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Apoptosisis an evolutionarily conserved ‘cdll suicide’
program present in all nucleated metazoan cellg28-30].
Despiteits highly conserved nature, it is only recently
that some of the molecular mechanisms underlying
apoptosis have been identified[31]. Apoptosisis how
known to be an active cell death process characterized
by activation of proteases, auto-destruction of chromatin,
nuclear condensation, and cellular membrane blebbing
[32]. This gene-directed process is responsible for the
widespread and deliberate elimination of excessive cells
during development and in pathophysiol ogical processes.
In the immune system, apoptosis occurs physiologically
during lymphocyte repertoire selection and in the course
of normal immune responses. One of the better-charac-
terized systemsin which apoptosis occursis the activation-
induced cell death (AICD) of T cells, in which apoptosis
can be induced specifically in immature thymocytes
invivo by administration of antibodies against the TCR
complex[33, 34]. Thiswasalso observedinfetal thymic
organ culture, using either antibodies against CD3[35]
or the superantigen, staphylococcal enterotoxin B[36].
AICD inimmature thymocytesis believed to drive the
negative selection of autoreactive T-cells during their
development in thethymus. Mature T cellsare generally
believed to be resistant to AICD, but when primary
activated mature T cells are activated again, the mgjority
do undergo apoptosis, afinding confirmed in both mouse
[37] and human cellg[38]. AICD of matureT cellsis
considered afundamental mechanism for the elimination
of excess peripheral lymphocytes, which is essentia for
maintaining immune homeostasis following an immune
response. Defectsin this programmed removal mecha-
nism could therefore lead to an accumulation of potentially
autoreactive lymphocytes. On the other hand, excessive
apoptosis may cause immunodeficiency, a prime ex-
ample being HIV-induced helper T cell apoptosisin
AIDS.

Fas antigen is atype | membrane protein of 45 kDa
that belongs to the tumor necrosis factor (TNF) receptor/
nerve growth factor receptor family. It isexpressed on
avariety of cell typesincluding activated T cellsand B
cells, hepatocytes, and ovarian epithelial cellg39]. Itis
also detected in solid tumors of the breast, ovary, colon,
prostate, and liver. Ligation of thismolecule with specific
antibodies or its natural ligand (FasL) usually induces
rapid apoptotic cell death. FasL is a40 kDatype Il
membrane protein belonging to the TNF family[40, 41].
Its expression has been detected in activated T cells,
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NK cells, Sertali cellsof thetestis, cornea epithelium,
and theretina of the eye. Mutation of either Fas (Ipr) or
FasL (gld) resultsinlymphadenopathy and splenomegaly,
and accel erates autoimmune disease in both mice and
humang42]. Our studies have reveded that the expression
of Fas can be strongly induced by opioids, whether exo-
genoudy administered or produced endogenoudly[43, 44].

During space flight, immune system function is
dramatically affected. A number of laboratories have
demonstrated that space flight has profound effects on
many immunological parametersin humansand animals,
including decreasesin leukocyte blastogenesis and natural
killer cell activity, alterationsin leukocyte subset distri-
bution and cytokine production, abnormal macrophage
maturation and activity, and increased monocytosis and
lymphopenig[45]. These effects may result from stressors
encountered during space flight.

Hindlimb unloading (HU) in rodentsisawell-accepted
ground-based model system used to simulate some of
the deleterious conditions of spaceflight. In thisstudy,
we show that splenocyte and thymocyte numbers are
dramatically reduced in mice subjected to HU and that
blocking of opioid receptors or the Fas-FasL interaction
nearly eliminates the reduction of splenocytes, but not
thymocytes, suggesting that the mechanism mediating
HU-induced apoptosisin periphera lymphoid organsdiffers
from that in the thymus.

MATERIALSAND METHODS

Animals

Six to eight-week-old male Balb/c mice were purchased from the
National Cancer Indtitute (Fredrick, MD). They were housed in barrier
conditions under controlled temperatureand light cyclein thevivarium
of Robert Wood Johnson Medical School, with food and water pro-
vided ad libitum. Animalswere allowed to rest for at least one week
following shipment and were age-matched in each experiment. Ex-
perimental procedures were approved by the Institutional Animal
Care and Use Committee and carried out under ve-terinary supervision.

Hindlimb unloading

Mice were individually housed in cages manufactured according
to Chapes, et al. [46]. Food and water were provided ad libitum, and
the amounts consumed were similar in both HU-treated and control
mice. HU-treated mice, however, lost about 10% of their body weight
during the course of the treatment. HU was carried out as described
by Belay, et al.[47]; in this system, mice are suspended by the tail
using a strip of adhesive surgical tape that is attached to a chain
hanging from a pulley, such that only the forelimbs touch the floor.
The pulley suspension allows freedom of movement laterally while
maintaining a 25-30° angle between the longitudinal body axis and
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cagefloor, preventing load bearing on the hind limbs. Control mice
were housed under similar conditions, except that, while the tail was
taped, it was not raised, and all limbs were in contact with the floor.
In some experiments, specific receptor-ligand interactions were
blocked by i.p. injection of mice 2 h. before HU-treatment with one
of several reagents (dissolved in 100 ul physiological saline). These
were: Fas-Fc fusion protein, a soluble chimera of the Cy1 region of
human |g and the extracellular domain of murine Fasthat binds FasL
[48], or anti-FasL antibody (MFL3, BD-Pharmingen), each at 150
ug, to neutralize FasL ; naltrexone, an opioid-receptor blocker, or
RU486, a corticosteroid receptor antagonist, each at 10 mg/kg (Sigma
Chemical, St. Louis, MO). All experiments were repeated at |east
twice.

Cell counts and surface marker analysis

Single-cell suspensions were prepared from spleen and thymus
by grinding minced tissue from the entire organ between the frosted
ends of two glass microscope slides. Cells were then washed, resus-
pended in complete medium, and enumerated on a hemacytometer.
To determine the expression of specific surface markers, cells were
stained with FITC- or PE-conjugated antibodies against CD4, CD8,
or CD19 according to standard methods, and analyzed on a FACScan
flow cytometer by two-color analysis (BD Bioscences, Mountain
View, CA).

TUNEL assay

To detect apoptotic cells, terminal deoxynucleotidyl transferase-
mediated deoxyuridine nick end-labeling (TUNEL) staining was per-
formed on lymphoid organsin situ using acommercially- available
kit from Intergen (Purchase, NY). Accordingly, spleen and thymus
samples were fixed with 10% formalin, embedded in paraffin, and
thin sections stained by TUNEL according to kit instructions. Thus,
3- OH ends of fragmented nucleosomal DNA of apoptatic cellswere
specificaly labeled using exogenous terminal transferase and dUTP,
then detected with fluorescein-labeled antibody specific for
deoxyuridine. Sectionswerethen examined by fluorescence microscopy
for positive staining.

Satigtical analysis

Each experimental group consisted of at |east four mice and all
experiments were done at least twice. Differencesin subpopulation
of lymphocytes between treatment and control group were analyzed
by Student’ st-test, and differences between treatment groups were
analyzed by ANOVA.

RESULTS
Hindlimb unloading (HU) causes severe depletion
of lymphocytes in the spleen and thymus

We have reported previously that mice subjected to
confinement stress show significant reductionsin golenocyte
numberg[44]. We have now observed a similar |oss of
cellularity in mice after hindlimb unloading (HU), a
ground-based anima model smulating some conditions
of spaceflight. Intheseexperiments, micewere suspended
by tail traction (body axis at 25-30° angle with cagefloor)
so that only the forelegs contacted the floor. Controls
were housed under identical conditions, with thetail taped,
but not suspended. Mice from each group were sacrificed
after theindicated intervals, and cell number and pheno-
type in the spleen and thymus determined. Asshownin
Table 1, after two days of HU treatment, the number of
T cellsin the spleen were reduced by 45%, while CD19*
B cellswere dightly less affected. After 4 days, 50% of
splenic T cells and B cells were lost. In the thymus,
immature CD4*CD8* thymocytes were the most
sensitive, dropping by 70% after only two days. The
total number of mature single positive (CD4*CD8 or
CD4CD8") thymocyteswas a so reduced, but to alesser
degree, each decreasing by more than 60% on day 7.
Thus, HU caused dramatic dropsin thymic and splenic
lymphocyte numbers.

Tab 1. Effect of Hindlimb Unloading on Splenocytes and Thymocytes*

Spleen (Days Unloaded)
Control 2d 4d 10d
No of Mice 8 5 5 10
CD4"CD8* - - - -
CD4'CD8 254+44 15.1+3.1 11.5+3.6 10.1£13
CD4CD8" 148+2.7 78+1.8 76+23 76+14
CD19* 52.7+6.7 419+49 273+7.0 199=+53

Thymus (Days Unloaded)

Control 2d 7d 10d
8 5 5 6
93.9+12.6 29.5+184 24.8+75 220+5.8
148+29 12.6+3.6# 58+14 32+0.5
54+18 41+1.0# 1.9+0.8 09+0.2

*Male Balb/c mice at 8 weeks old were subjected to hindlimb unloading for different times and cell subpopulations were analyzed by flow
cytometry. The values represent total number of cells of each phenotype (mean + SD, x 10°). Student’s t test revealed significant reductions at all

time points as compared to control, p<0.01, except marked by #.
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due to restraint stress, aresult confirmed by a recent
study[44]. To investigate the effect of increased Fas
activity on lymphocyte depletion in HU, FasL was neu-
tralized by administering aFasL-specific antibody or Fas-
Fcfusion protein, asolubleform of Faswhich bindsFasL,
before a 2-day HU-treatment. Both agents prevented
HU-induced splenocyte reduction, but had no effect on
thymaocyte reduction (Fig 3 and data not shown) indicat-
ing that splenocyte loss from HU treatment is mediated
by the Fas-FasL interaction, while thymaocytelossis not.
After afull week of hindlimb suspension, however, this
intervention became | ess effective with splenocytes (data
not shown), suggesting that besides the Fas-FasL
interaction, there may be additional mechanism(s), such
asfreeradicals, that also control lymphocyte survival.
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Fig 3. Effect of blocking the Fas-FasL interaction on HU-induced
lymphocyte reduction. Male Balb/c mice were subjected to HU for
2 d. with or without administration of Fas-Fc or control 1g (150 pg
injected 2 h. before HU). Total cells (x 10°) in the spleen (A) and
thymus (B) were enumerated. Fas-Fc treatment prevented HU-
induced drop in splenocyte number, but had no effect on thymocyte
reduction. *p<0.01 for HU-only vs. control and HU + Fas-Fc in
spleen (A), and HU-only vs. control in thymus (B).

DISCUSSION

Theimmune system is affected by stress via hormonal
and neurond pathwaysin responseto various physiological
stressorsincluding space flight. A number of laboratories
have demonstrated that space flight has profound effects
on immunological parameters in humans and animals,
such as leukocyte blastogenesis, natural killer cell
activity, leukocytesubset distribution, cytokineproduction,
macrophage maturation and activity, monocytosis and
lymphopenia. Due to severely limited access to outer

space for experimental purposes, however,the molecular
mechanisms underlying these changes remain unknown.
Hindlimb unloading (HU) of rodentsis awell-accepted
ground-based model system that simulates some of the
deleterious conditions of spaceflight. Here, we used this
model to show that splenocyte and thymocyte numbers
aredramatically reduced in HU-treeted mice. Thelympho-
cyte reductionsin these organs are in part a consequence
of increased apoptosis. Blocking of opioid receptors or
the Fas-FasL interaction nearly eliminated splenocyte
reduction, whilethymocytereduction wasunchanged. But
pretreatment with RU486, a steroid receptor antagonist,
prevented depletion of both splenocytesand thymocytes.
Thus, our resultsindicate that reductionsin both spleno-
cyte and thymocyte numbers that result from a chronic
stresslike HU are dependent on glucocorticoids, but only
splenocyte depl etion occurs mainly through endogenous
opioid-dependent Fas-mediated apoptosis.

Theimmune system iscompartmentaized into different
organs and the stress response is unique in each. We
observed that hormones of the hypothal amic-pituitary-
adrenal (HPA) axis and endogenous opioids have diver-
gent roles in the spleen and thymus of HU-treated mice.
In this model, lymphocyte reduction in spleen islikely
due to Fas-mediated apoptosis, but not so in the thymus.
We aso found that endogenous opioids affect these organs
differently.

Theinteractions of the neuroendocrine system with the
immune system and itsimportance in mediating disease
are receiving increasing attention[10]. The primary
hormonal pathway by which the central nervous system
regulates the function of the immune system isthe HPA
axig[1]. Glucocorticoids arethefina effectorsof the HPA
axisand participate in the control of whole body homeo-
stasis as well as the organisms’ response to stress[1].
Glucocorticoids act through ubiquitous cytoplasmic
receptors; upon binding their ligand, glucocorticoid
receptors translocate to the nucleus, where they interact
as homodimers with specific glucocorticoid respon-
sive elements within DNA to activate appropriate
hormone-responsive genes. We observed that pre-
treatment with RU486, a steroid receptor antagonist,
prevented depletion of both splenocytes and thymocytes
in response to HU treatment.

Stressinducesthe production of various hormonesand
neuropeptides[44]. Glucocorticoids and endogenous
opioids are the best-recognized of these mediators that
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modulate the immune response. Glucocorticoids play a
critical rolein modulating various physiologica processes
under stress conditions. Endogenous opioids are known
to be elevated by stress and play a critical rolein regu-
lating stress-induced changes in the immune system. It
isknown that opioidsinduce the production of glucocor-
ticoids viathe HPA axis. Recent study has revealed that
stress-induced lymphocyte reduction in spleen is dependent
on endogenous opioidg44]. Theinteraction of glucocor-
ticoids and endogenous opioidsin stress-induced effects
on immune system remain to be elucidated.
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