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Abstract

Background: Chronic stress, mediated by adrenal hor-
mones, is a major risk factor in the progression and out-
come of human disease. While the secretion of adrenal
hormones is known to be the primary endocrine mediator
of stress-induced immunocompromise, the molecular
mechanisms underlying the immunocompromise remain
unspecified. Overproduction of the nuclear enzyme, poly
(ADP-ribose) polymerase (PARP) has been implicated in
the molecular pathway that leads to cell death by energy
depletion following stress.
Materials and Methods: Wild-type (WT) mice and mice
with targeted disruption of the gene encoding PARP-1
(PARP-1 ���) were subjected to 2 wk daily cold-water
swim; splenocyte proliferation, anti-KLH IgG, and serum
corticosterone concentrations were assessed. Additional
mice of each genotype received daily i.p. injections of dex-
amethasone (DEX) (0.75 mg/kg) for 2 wk, and splenocyte
proliferation and anti-KLH IgG were assessed.
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Results: Splenocyte proliferation and specific antibody
concentrations of stressed WT mice were reduced by �20%
of their pre-stress levels. In contrast, PARP-1 ��� mice
maintained normal cell-mediated and humoral immune
function following enforced cold-water swim stress.
PARP-1 ��� mice also failed to compromise immune
function following DEX treatment, whereas WT mice
displayed significant reductions of immune function fol-
lowing this treatment.
Conclusions: These results provide support for the in-
volvement of PARP activation in immunological damage
following physical stress. These results suggest that
glucocorticoid-induced immunosuppression may re-
quire the activation of PARP in order for apoptosis of
immune cells to take place. Taken together, these results
suggest that therapies designed to inhibit PARP may
prove valuable in the treatment of stress-related dis-
eases.

Introduction
Stress is a major determinant of disease onset and
progression in humans (1–3), and it also contributes
significantly to disease processes among domesti-
cated and wild animals (4–6). One of the many
physiological complications associated with chronic
stress is compromised immune function. It is well
documented that psychological and physical stres-
sors impair humoral and cell-mediated immunity
(7,8). The ability to cope successfully with stressors
influences susceptibility to disease, the severity of
symptoms during disease, and ultimately morbid-
ity caused by disease. For example, stressors can
influence the progression and outcome of several
human diseases including cancer, AIDS, cardiac,
respiratory, and autoimmune diseases (7,9–11).
Stressors as diverse as cold-water swim, immobi-
lization, forced running, unpredictable electric
shock, scholastic exam preparation, or health care
provision for chronically-ill relatives have all been
reported to reduce lymphocyte numbers and func-
tion in human and non-human animals (12–14).

Indeed, it is well known that both psychological
and physical stressors modulate the hypothalamic-
pituitary-adrenal (HPA) axis, leading to increased
glucocorticoid release which, in turn, modulates
immune function in both human and non-human
animals (2). For example, caring for chronically-ill
patients is known to create persistent stress in care-
givers, and this in turn has adverse health conse-
quences. Caregivers of the elderly experience higher
psychological distress and have higher salivary cor-
tisol concentrations than non-caregivers, and this in
turn may directly decrease mitogen-induced lympho-
cyte proliferation (12); caregivers of age-matched de-
mentia patients also have reduced cellular immune
responses (15). Other stressors, such as long-term
exercise and strenuous work, reduce lymphocyte
numbers and this reduction is correlated with high
circulating cortisol concentrations (16).

While numerous experiments have implicated
elevated glucocorticoid activity as a mediator of
stress-induced physical problems, little is known of
the specific cellular or molecular mechanisms in-
volved in the process. One possible molecular mech-
anism mediating the effects of stress on immune
function involves stress-induced activation of gluco-
corticoid receptors and the subsequent inhibition of
specific gene products directly on immune cells (17).



Perhaps the most extensively documented immuno-
suppressive effect of glucocorticoids involves pe-
ripheral T cells. Glucocorticoids can affect the de-
velopment of T helper (Th) cells (favoring the
generation of Th2 cells). Glucocorticoids also down-
regulate FasL expression, and thus inhibit T cell
apoptosis. Under other circumstances, glucocorti-
coids are potent inducers of apoptosis; glucocorti-
coid concentrations achieved during a typical stress
response can kill CD4(�) and CD8(�) thymocytes
(17,18).

One potential pathway through which stress
and, subsequently, glucocorticoids influence apop-
tosis induction in immune cells is via activation of
the nuclear enzyme, poly (ADP-ribose) polymerase
(PARP). Excessive DNA damage leads to increased
PARP activity; PARP, in turn, catalyzes attachment
of ADP ribose units from NAD to nuclear proteins
(19,20). Excessive activation of PARP can deplete
NAD and ATP; ATP is consumed during the regen-
eration of NAD, leading to cell death by energy
depletion. PARP appears to be involved in protec-
tion against a wide range of physiological insults.
For example, mice lacking the gene for PARP are
resistant to the development of experimentally-
induced cerebral ischemia (21), and are protected
from experimentally-induced Parkinson’s disease
(22), heart attacks (23), and streptozotocin-induced
diabetes (24). The range of physiological complica-
tions associated with chronic stress is similar to
that in which deletion of PARP plays a protective
role, including cerebral ischemia, heart attack, and
diabetes (25–27). As discussed above, stress also
influences many aspects of immune function.
Therefore, it is likely that inhibition of PARP may
also play a protective role against the damaging
effects of stress on immune function.

In order to assess the role of PARP in mediating
stress-induced immunocompromise, mice geneti-
cally engineered to lack the PARP-1 gene (PARP-1
���) were subjected to daily, cold-water swim and
both humoral and cell-mediated immune parame-
ters were assessed. To test the possibility of gluco-
corticoid resistance in PARP-1 ��� mice, animals
were treated with dexamethasone (DEX) and im-
mune function was assessed. We show here that
targeted disruption of the gene that encodes for
PARP-1 protects against stress-induced immuno-
compromise.

Materials and Methods
Animals

Mice were generously provided by Drs. Ted 
and Valina Dawson of The Johns Hopkins School 
of Medicine. Once in our laboratory, animals were
individually housed in polycarbonate cages (28 �
17 � 12 cm) in colony rooms with a 16:8-h light-
dark (LD) cycle [lights on at 0700 h Eastern Stan-
dard Time] and were allowed to acclimate for 2 wk
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prior to the onset of the experiment. Colony rooms
were maintained with an ambient temperature of
21 � 2�C, and relative humidity was held constant
at 50 � 5%. Food (LabDiet 5001; PMI Nutrition,
Brentwood, MO) and tap water were provided ad
libitum throughout the course of the study.

Twenty-four male mice that were genetically
engineered to lack the PARP-1 gene (PARP-1 ���),
and 24 male animals that were wild-type (WT) con-
trol mice of the same background strain (129 SvEv;
28) were used in the present study. Twelve addi-
tional animals of each genotype were handled daily,
but not subjected to the cold-water swim. In all
other ways, they were treated as the experimental
mice.

Experimental Procedures

Experiment 1. Animals were acclimated to the lab for
2 weeks prior to experimentation. A baseline blood
sample was then taken from all mice for later ass-
essment of baseline corticosterone values. Through-
out the study blood sampling procedure was kept to
less than 2 minutes for each animal, disallowing
sufficient time for serum coticosterone concentra-
tions to increase significantly during the procedure.
Furthermore, all animals in all groups experi-
enced the same blood sampling procedure. After 1
additional week, mice were individually subjected
to 14 consecutive days of 3-min forced cold-water
swims (after which they were towel-dried and
returned to their individual cages). After 4 days of
forced swim, animals received a single subcuta-
neous injection of 100 �g of the antigen keyhole
limpet hemocyanin (KLH), to which the animals
were previously naive, suspended in 0.1 ml sterile
saline (Day 0) and were then returned to the colony
room. KLH is an innocuous respiratory protein
derived from the giant keyhole limpet (Megathura
crenulata). KLH was used because it generates a
robust antigenic response in rodents, but does not
make the animals ill (e.g., cause inflammation or
fever) (29). Blood (500 �l) was drawn from the -
retro-orbital sinus 10 days post-immunization. This
sampling period was chosen in order to capture
peak IgG production during the course of the
immune response to KLH (30). On each sampling
day, animals were brought into the surgery room
individually and lightly anesthetized with methox-
yflurane vapors (Metofane, Medical Develop-
ments, Melbourne, Australia), and blood samples
were obtained between 1000 h and 1200 h EST.
Samples were allowed to clot for 1 h, the clots
were removed, and the samples centrifuged (at
4�C) for 30 min at 2500 rpm. Serum aliquots were
aspirated and stored in sealable polypropylene
microcentrifuge tubes at �80�C until assayed for
anti-KLH IgG, and serum corticosterone concentra-
tions. On the last day of sampling (Day 10) ani-
mals were killed by cervical dislocation, and
spleens were removed under aseptic conditions,
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2-(4-sulfophenyl)-2H-tetrazolium (MTS). Splenocytes
were separated from tissue by compressing the
whole spleen between sterile frosted glass slides; sep-
arated cells were suspended in 3 ml of culture
medium (RPMI-1640/Hepes supplemented with 1%
penicillin (5000 U/ml)/streptomycin (5000 �l/ml),
1% L-glutamine (2 mM/ml), 0.1% 2-mercaptoethanol 
(5 � 10�2 M/ml), and 10% heat-inactivated fetal
bovine serum). Splenocyte counts and viability
were determined with a hemacytometer and trypan
blue exclusion. Viable cells (which exceed 95%) were
adjusted to 2 � 106 cells/ml by dilution with culture
medium, and 50 �l aliquots of each cell suspension
(i.e., 100,000 cells) were added to the wells of sterile
flat-bottom 96-well culture plates. Con A (Sigma
Chemical Co., St. Louis, MO) which specifically stim-
ulates T cells to proliferate, was diluted with culture
medium to concentrations of 40, 20, 10, and 0 �g/ml.
It was determined that the optimal dose of Con A was
20 �g/ml. 50 �l of each mitogen concentration and 
50 �l of culture medium were added to the wells of
the plate that would contain the spleen cell suspen-
sions to yield a final volume of 100 �l/well (each in
duplicate). Cell suspensions were added to the plates
last. Plates were incubated at 37�C with 5% CO2 for
48 h prior to addition of 20 �l of MTS/PMS solution
(Promega; 0.92 mg/ml of phenazine methosulphate
(PMS) in sterile Dulbecco’s phosphate buffered
saline) per well. Plates were then incubated at 37�C
with 5% CO2 for an additional 4 h. The OD of each
well was determined with a microplate reader (Bio-
Rad: Benchmark) equipped with a 490 nm wave-
length filter. Mean OD values for each set of dupli-
cates were used in subsequent statistical analyses.

Corticosterone Radioimmunoassay

Serum corticosterone concentrations were deter-
mined by radioimmunoassay (RIA) using the ICN
Biomedicals (Costa Mesa, CA) 125I double-antibody
kit. The corticosterone assay was highly specific,
cross-reacting at less than 0.3% with other steroid
hormones, according to manufacturer’s specifica-
tions. Serum corticosterone values were determined
in a single RIA. The intra-assay coefficients of varia-
tion were all �10%.

Statistical Analyses

Anti-KLH IgG, splenocyte proliferation, and serum
corticosterone data were analyzed using a series of 2
(genotype) � 2 (swim test or not) analyses of vari-
ance (ANOVA). The DEX data were analyzed simi-
larly using a series of 2 (genotype) � 2 (drug treat-
ment) ANOVAs. Post-hoc comparisons for significant
main effects were evaluated using the Tukey-HSD
test. Group differences were considered statistically
significant when p � 0.05. 

Results
Experiment 1. As has been observed many times (32),
WT mice that were forced to swim had lower levels of

suspended in culture medium (RPMI), and used im-
mediately to assess splenocyte proliferation.

Experiment 2. To evaluate more directly the possi-
bility of glucucorticoid resistance in mice lacking the
gene for PARP-1, additional WT and PARP-1 ��� mice
(n 	 10/genotype) were subjected to DEX treatment.
Animals were injected daily with DEX (0.75 mg/
kg, i.p.) for 2 wk. This regime produces robust im-
munosuppression mice (31). KLH was injected after
4 days of DEX treatment, and blood samples were
taken 10 days later for anti-KLH IgG. Animals were
killed and spleens were removed for splenocyte pro-
liferation as described for Experiment 1.

Humoral Immunity

To assess humoral immunity, serum anti-KLH IgG
concentrations were assayed using an enzyme-linked
immunosorbant assay (ELISA). Microtiter plates
were coated with antigen by incubating overnight at
4�C with 0.5 mg/ml KLH in sodium bicarbonate
buffer (pH 	 9.6), washing with phosphate-buffered
saline (PBS; pH 	 7.4) containing 0.05% Tween 20
(PBS-T; pH 	 7.4), then blocking with 5% nonfat
dry milk in PBS-T overnight at 4�C to reduce non-
specific binding, and finally washing again with
PBS-T. Thawed serum samples were diluted 1:100
with PBS-T, and 300 �l of each serum dilution was
added in duplicate to the wells of the antigen-coated
plates. Positive control samples (pooled sera from
mice previously determined to have high levels of
anti-KLH IgG antibody, similarly diluted with PBS-T)
and negative control samples (pooled sera from
KLH-naive mice, similarly diluted with PBS-T)
were also added in duplicate to each plate. Plates
were sealed, incubated at 37�C for 3 h, then washed
with PBS-T. Secondary antibody (alkaline phos-
phatase-conjugated-anti-mouse IgG diluted 1:1000
with PBS-T; Cappel, Costa Mesa, CA) was added to
the wells, and the plates were sealed and incubated
for 1 h at 37�C. Plates were washed again with PBS-
T and 150 �l of the enzyme substrate p-nitrophenyl
phosphate (Sigma Chemical, St, Louis, MO: 1 mg/ml
in diethanolamine substrate buffer) was added to
each well. Plates were protected from light during
the enzyme-substrate reaction, which was terminated
after 20 min by adding 50 �l of 1.5 M NaOH to each
well. The optical density (OD) of each well was de-
termined using a plate reader (Bio-Rad: Benchmark,
Richmond, CA) equipped with a 405 nm wavelength
filter, and the mean OD for each set of duplicate wells
was calculated. To minimize intra-assay variability,
the mean OD for each sample was expressed as a per-
cent of its plate positive control OD for statistical
analyses.

Cell-Mediated Immunity

Cell-mediated immunity was assessed by measur-
ing splenocyte proliferation, using a colorimetric
assay based on the tetrazolium salt 3-(4,5-
demethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
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anti-KLH IgG in their serum on Day 14 of swim-
ming than WT mice not forced to swim (p � 0.05) 
(Fig. 1A). In contrast, anti-KLH IgG was not changed
by forced daily swimming in PARP-1 ��� mice rel-
ative to PARP-1 ��� mice that were not forced to
swim (p 
 0.05). Pre-stress anti-KLH IgG did not
differ between WT and PARP-1 ��� mice (p 
 0.05)
(Fig. 1A). Raw absorbances at 405 nm are WT pre-
stressed 134.7 � 4.9, WT stressed 104.4 � 5.3, PARP-1
��� pre-stressed 139.6 � 5.1 and PARP-1 ���
stressed 143.1 � 5.7.

Splenocyte proliferation was reduced in WT
mice subjected to cold water swim compared with
WT mice not subjected to cold water swim (p � 0.05)
(Fig. 1B). In PARP-1 ��� mice, however, splenoctye
proliferation was not altered by forced cold-water
swim, compared with PARP-1 ��� mice not sub-
jected to swim (p 
 0.05). Pre-stress splenocyte pro-
liferation did not differ between WT and PARP-1 ���
mice (p 
 0.05) (Fig. 1B).

In WT mice, cold-water swim elevated serum cor-
ticosterone concentrations by approximately 20%
compared to WT mice not forced to swim (p � 0.05)
(Fig. 1C). In PARP-1 ��� mice, cold water swim in-
creased corticosterone concentrations (approximately
35%) compared with PARP-1 ��� mice not forced to
swim (p � 0.05). Basal corticosterone concentrations
did not differ between WT and PARP-1 ��� mice 
(p 
 0.05) (Fig. 1C)

Experiment 2. After 2 weeks of DEX treatment,
both anti-KLH IgG concentrations and splenocyte
proliferation were reduced in WT mice (p � 0.05 in
both cases) (Figs. 2A and B). In PARP-1 ��� mice,
however, 2 weeks of DEX treatment had no effect 
on either anti-KLH IgG or splenoctye proliferation
(p 
 0.05 in both cases) (Figs. 2A and B). Raw
absorbances at 405 nm are WT 65.8 � 16.9 and
PARP-1 ��� 101.9 � 18.6.

Discussion
Chronic or acute stress, whether physical, psycholog-
ical or somatic, can have dramatic effects on physiol-
ogy generally, and on immune function specifically.
The mechanisms by which stressors and the conse-
quent increased output of the HPA axis affect immune
function have been a major focus within the field of
psychoneuroimmunology. The present results iden-
tify a pronounced protection from stress-induced
immunosuppression in PARP-1 ��� mice. Specifi-
cally, both humoral and cell-mediated immune para-
meters were significantly reduced (compromised) in
WT mice which were forced to swim in cold water
once a day for two weeks. Similar observations have
been reported by other groups (32–34). This is con-
sistent with the hypothesis that certain stressors
cause physiological changes that render animals more
susceptible to disease processes. In contrast, mice
with a targeted deletion of PARP-1 had normal
basal levels of immune parameters assessed, and

Fig. 1. Experiment 1. In all cases, closed bars represent
baseline values, and open bars represent values obtained after
2 wk swim stress. (A) Mean (�SEM) serum anti-KLH im-
munoglobulin G concentrations (represented as a percentage
of the plate positive). (B) Mean (�SEM) splenocyte prolifera-
tion values (represented as absorbance units). (C) Mean
(�SEM) serum corticosterone concentrations (ng/ml). Closed
bars represent baseline, pre-stress values, and open bars rep-
resent values obtained after 2 wk stress. * Significantly greater
than WT, baseline; ** Significantly greater than all other
groups (p � 0.05).
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The present results are consistent with previous
studies in which targeted deletion of the PARP-1
gene provided protection from an array of physiolog-
ical insults (21,22,24). In the absence of PARP-1,
therefore, it appears that both endogenous and ex-
ogenous glucocorticoids are unable to inhibit cell-
mediated and humoral immune function. These re-
sults suggest indirectly that glucocorticoid-induced
immunocompromise may require the activation of
PARP in order to induce apoptosis in immune cells.
PARP-1, therefore, may be a crucial link between
stress and immune function.

While the present results make a compelling
case for the involvement of PARP in mediating the
effects of glucocorticoids on the immune system, it
must be recognized that the present findings share
the same limitations as others using knockout ani-
mals. Mice with targeted disruption of genes may
use compensatory mechanisms that preserve the
functions of the protein derived from the disrupted
gene because gene deletion occurs in an early
embryonic stage (35). It is also possible that com-
pensation by other enzymes capable of poly ADP-
ribosylation (VPARP, PARP-2; 36,37) may be partially
responsible for the effects observed in PARP-1 ���
mice in the present study. Studies using specific
pharmacological inhibitors of PARP will be needed
to confirm the present conclusions, when available.

Taken together, these results provide convincing
evidence for a principal involvement of PARP activa-
tion in immunological damage following stress.
Mice lacking the gene for PARP-1 are resistant to the
immunocompromising effects of glucocorticoids.
Further, this is true whether the glucocorticoids are
endogenously secreted in response to a stressor,
or administered exogenously. Therefore, our results
suggest that PARP plays a crucial role in glucocorti-
coid-mediated immunocompromise. Future studies
must clarify the duration of the benefits provided in
the absence of PARP. Therapies designed towards in-
hibiting PARP may improve the treatment of stress-
related diseases that are linked to compromised
immunity.
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