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published October 6, 2005; doi:10.1152/ajpregu.00368.2005.—Nu-
merous epidemiological studies have demonstrated an association
between persistent social isolation and “all-cause” morbidity and
mortality. To date, no causal mechanism for these findings has been
established. Whereas animal studies have often reported short-term
effects of social isolation on biological systems, the long-term effects
of this adverse psychological state have been understudied. This is the
first animal study to examine the effects of long-term social isolation
from weaning through young adulthood on an innate inflammatory
response linked to numerous disease processes. Results presented here
offer a plausible link between vulnerability to disease and social
neglect. For socially isolated male and female Sprague-Dawley rats, a
naturally gregarious species, formation of a granuloma in response to
a subcutaneous injection of carrageenin (seaweed) was significantly
delayed compared with the response of animals housed in single-sex
groups of five. Significant sex differences, however, emerged when an
acute prior stressor was superimposed on the experience of chronic
social isolation. In this context, isolated females produced a more
robust inflammatory response than isolated males. This sexual dimor-
phism at the nexus of chronic social isolation, acute stress, and
inflammatory processes may account for the observation in humans
that men with low levels of social integration are more vulnerable to
disease and death than women.

innate immunity; cytokine; chemokine; corticosterone

PERSISTENT SOCIAL ISOLATION has been linked epidemiologically
with high rates of “all cause” morbidity and mortality, carrying
rises equal to that of cigarette smoking (4, 5, 27). We chose to
examine the nonspecific inflammatory response, a fundamental
and highly conserved immune process that is involved in
multiple diseases and therefore could potentially link “all
cause” morbidity and mortality to social isolation. Thus far,
inflammation has been proposed by current biomedical re-
search to be part of the etiology of a host of chronic diseases,
including coronary and peripheral arterial disease (47), diabe-
tes (29), lung disease (6), colorectal cancer (35), Alzheimer’s
disease (57), and dementia (44). It is also the initial response to
pathogens causing bacterial, viral, and parasitic infectious
diseases. Here, we use an animal model of social isolation that

Address for reprint requests and other correspondence: M. K. McClintock,
Dept. of Psychology, The Univ. of Chicago, 5730 S. Woodlawn Ave.,
Chicago, IL 60637 (e-mail: mkm1 @uchicago.edu).

http://www.ajpregu.org

0363-6119/06 $8.00 Copyright © 2006 the American Physiological Society

affords unique opportunities to test relationships between pro-
longed social isolation, stress, sex, and inflammatory pro-
cesses.

As a measure of innate immunity, we tested the ability of
Sprague-Dawley rats living in a group or isolate housing to
produce a granuloma. Granuloma production is an innate
nonspecific inflammatory response to a foreign substance, in
this case, seaweed (carrageenin) in which a collection of
metabolically active immune cells attempt to phagocytize and
“wall off” a foreign substance independent of T-cell function
(45). Macrophage-derived proinflammatory cytokines TNF-a
and IL-1B, as well as prostaglandins, produced as an initial
response to the local exogenous irritant carrageenin, play
important roles in increasing the permeability of local vessels
causing leakage of proteinaceous fluid exudate into the area of
the foreign substance. In addition, IL-1@8 is an important
chemoattractant factor for neutrophils, the most prominent
immune cell in the acute phase of this response.

Exudate volume has been the research focus of granulomas
induced by carrageenin and is thought to be an important, if not
primary, biomarker of the inflammatory response (42, 43).
Indeed, rat strains susceptible to autoimmune disorders have an
impaired inflammatory response characterized by elevated ex-
udate volume and exudate cellularity measured 10 days after
granuloma induction (42, 43). However, exudate is only one
aspect of the response, which begins with neutrophil and
macrophage recruitment and ends with tissue healing. We
sought to directly measure these cellular processes as critical
indices of an organism’s capacity, pattern, and rate of healing,
a process fundamental to resilience to many diseases.

Effects of social context on stress and immunity have been
modeled by isolating laboratory rodents (1, 3, 33, 34). How-
ever, in most experimental models, social isolation has been
brief, lasting from hours to a few weeks, and conceptualized as
an acute stressor on which immunological manipulations were
overlaid. Prolonged isolation has been understudied in rodent
models, although we know in humans that long-term social
isolation and loneliness predicts mortality and morbidity. For
rats, isolation is also an atypical social condition and one we
have hypothesized is perceived as largely negative by this
gregarious species, which in naturalistic settings lives in large
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colonies of closely spaced burrows with cooperative grooming,
feeding, and rearing of offspring (12).

Effects of a long-term suboptimal social environment, such
as isolation, are likely qualitatively different from chronic
stress models in the rodent literature, in which repeated ses-
sions of electric shock, cold swim, or restraint constitute the
chronic condition. These stressful exposures are of limited
duration and are not sustained, suboptimal contexts. Life-long
social isolation of rats may relate more naturally, for example,
to human studies of felt loneliness, bereavement, or the psy-
chological impact of social disparities, where the individual
must allocate biobehavioral resources for successful function-
ing, despite unremitting social challenge.

Researchers are beginning to elucidate these health risks—
neural, endocrine, and immune implicit in sustained social
challenges, such as isolation (36, 37). Persons providing long-
term care for spouses with dementia, for example, report
significantly greater loneliness and stress than controls. At the
same time, they have higher levels of proinflammatory cyto-
kines, more infectious illnesses, and exhibit slower wound
healing (37). In some, but not all populations, loneliness is
associated with elevated glucocorticoid levels (8, 54). To
determine whether prolonged social isolation is best concep-
tualized as a stressor with its effects mediated by elevated basal
or reactive glucocorticoids, we measured both basal and reac-
tive corticosterone responses to a brief restraint stress.

Although we were interested in the effects of sustained
social isolation on the proinflammatory processes underlying
granuloma formation, we were also interested in its relation-
ship to the acute stressors superimposed on this chronic social
condition, as typically occurs in the natural lives of rats and
humans. Chronic stress and depression can permanently alter
immune function (15, 40), making organisms less resilient or
more sensitized to additional stressors. In traditional models
examining the impact of stress on immune function, stressors
are repeated with cumulative stress effects measured proximate
to the stressor (19, 20). But in the everyday lives of rats and
humans, stressors are often single events, and the immune
challenge may not occur simultaneously. For example, Johnson
et al. (30) have shown that exposure to inescapable shock
upregulated IL-1f3 response to an injection of LPS 3 wk after
the initial exposure, suggesting that the acute stressor leaves a
“footprint” in immune function. Johnson’s work focused on
T-cells as a central mediating mechanism for sensitization.
Here we extend this concept to a nonspecific immunity that
does not rely on memory in the immune system.

Because there are sex differences in response to acute
stressors [female rats, for example have been shown to be more
reactive than males (14)], we hypothesized that there would be
sex differences in the interaction between social isolation and
an acute stressor. In humans, a marked sexual dimorphism in
the immune system is well established and is reflected in
different immunological vulnerabilities of men and women
(13). A recent study in humans demonstrated sex differences in
the effect of psychosocial stressors on production of proinflam-
matory cytokines (48). Thus the fluid and cellular components
of inflammation and related proinflammatory responses in the
present animal model were hypothesized to have different
sex-based patterns of development and elaboration.

INFLAMMATION: ISOLATION, STRESS, AND SEX DIFFERENCES

MATERIALS AND METHODS
Animals and Social Conditions

Sprague-Dawley rats (60 females, 60 males) were weaned at 28
days and shipped to our laboratory from Charles River Laboratories.
Upon arrival, rats of each sex were randomly assigned to one of two
social conditions. Thirty females were housed as isolates in standard
polypropylene hanging cages (26 X 23 X 22 cm) with wire mesh
bottoms and slotted feeders; the other 30 females were housed in the
same colony room in three groups of five, noncrowded in large steel
cages (46 X 61 X 36 cm) with wire mesh cage bottoms and slotted
feeders. Males were also housed as isolates or in groups in the same
types of cages and kept in a separate colony room.

Colony rooms were maintained at 23°C, 50% relative humidity
with a 14:10-h light-dark cycle (lights on at 1000 h central standard
time). Food and water were available ad libitum. All rats remained in
their respective social conditions for the duration of the experimental
protocols from weaning (1 mo) through young adulthood (4 mo of
age). Females were handled daily for 10—15 s to obtain measures of
vaginal cytology, estrous cycle length, and reproductive state. Males
were also handled daily to prevent a confounding between gender and
the experience of human handling.

Ovarian Cycle Measure

Vaginal cytology was obtained daily for each female by vaginal
lavage (middark phase). The changing proportion of cornified epithe-
lial cells, nucleated epithelial cells, and leukocytes indicates estrous
cycle phase and, in our hands, accurately predicts the day of the
preovulatory lutenizing hormone surge in over 90% of cycles (22, 39).
Estrogenization level was quantified as the percent of 14 days with
only nucleated or cornified vaginal epithelial cells, a well-established
bioassay for estrogen level. The Ovarian Cycle Regularity Index is a
measure of the stability of cycle length within an individual (1 minus
number of different ovarian cycle lengths/number of cycles observed)
(39).

Protocol

At 100 days of age, half of the isolated and half of the group-
housed animals of each sex received carrageenin, a nonspecific acute
inflammatory immune challenge that induced a granuloma. The re-
maining animals were exposed to a single restraint stress and, 14 days
later, were given the same immune challenge. This animal research
was reviewed and approved by the Institutional Animal Care and Use
Committee of the University of Chicago.

Granuloma Induction Procedure

The inflammatory response was induced using the method of Selye
with some modifications (51). At 100 days of age, the rats were
injected subcutaneously between their shoulder blades with 12 ml of
sterile air. This injection produced a well-defined cavity. An aliquot (4
ml) of 2% carrageenin (Sigma) in 0.9% NaCl solution was then
injected into the air pouch. The induced nonspecific acute inflamma-
tory response was assessed after 10 days, when it was optimal to
determine individual differences in the rate of progress through the
following stages of the inflammatory response.

Two to three days postcarrageenin challenge, the initial neutrophil
response is replaced by macrophages and mononuclear inflammation.
Throughout the acute and subsequent chronic stages of response, there
is ongoing exudate formation and leukocyte recruitment to the local
immune response with prostaglandins playing a less significant role
than proinflammatory cytokines and chemokines, which continue to
play a role in chemotaxis and exudation (46). In the advanced chronic
phases of the response, 10 days postcarrageenin exposure, fibroblasts
are present along with new blood vessels and collagen, which together
form granulation tissue, a ring of collagenous tissue at the outermost
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edge of the granuloma (23, 24). In the final stages of wound healing,
levels of proinflammatory cytokines and chemokines typically return
to basal levels.

Measured Components of the Granuloma Response

Exudate volume. Ten days postinjection animals were killed, the
exudate was removed with a 1-cc needleless syringe while the gran-
uloma was still in situ, and the volume was recorded.

Granuloma weight. The granuloma was then excised after separat-
ing it from the surrounding muscle and skin. It was weighed and fixed
in formalin. Histological analysis revealed that in this chronic phase of
response, 10 days postinduction, macrophages (predominantly) and
fibroblasts (secondarily) contributed most significantly to the dry
weight of the inflammatory tissue.

Healing Stage Scale

Tissue histology. We confirmed that granuloma formation, 10 days
after carrageenin exposure, was at the phase when macrophage re-
cruitment process was over, macrophages and exudate were being
resorbed, and granulation tissue was forming. Random samples were
taken from the fixed granuloma and embedded in paraffin. Serial
sections were cut at 10 pwm and stained with hematoxylin and eosin.

Three independent ordinal scales were developed to assess histo-
logical stages of the granuloma response: number and organization of
macrophages, thickness of the granuloma tissue (an index of macro-
phage recruitment), as well as the maturity of granulation tissue
(richly vascularized connective tissue that is an index of wound
healing). The sequential stages were quantified by: macrophage num-
ber (few = 1, sheets = 2, thick confluent sheets = 3); thickness of
granuloma tissue (the magnification at which tissue sections occupied
the bright field: X20 field = 0; X10 field = 1; X4 field = 2; X2
field = 3); and degree of granulation tissue development (active
immature = 1; well-developed vascularized tissue = 2; and collage-
nous mature with fibrosis = 3). As expected, the final stage of
granuloma tissue development on day 10 was negatively correlated
with macrophage number and thickness of granuloma tissue (r =
—0.67, P = 0.0001, n = 27 specimens).

To quantify subsequent stages of healing visible on the surface of
the granuloma, including vascularization and connective tissue for-
mation (10, 11), we developed a five-point ordinal scale of the surface
healing of the granulomas: 1 = few capillaries, uniform tan color,
smooth surface; 2 = moderate vascularization, variable shades of tan,
minimal bumpiness; 3 = well vascularized, pale pink, whorled,
layering, and thickening; 4 = well-vascularized, rose color, thick,
very bumpy, and layered; and 5 = highly vascularized, red, intense
discoloration, whorled, thick, bumpy, and layered.

The surface and histological measures of healing were highly
correlated (r = 0.81, P = 0.004). All scores of granuloma develop-
ment/maturity were made by investigators blind to the animal’s
housing condition and history of restraint stress exposure.

Stressor Application and Corticosterone Measurement

To measure basal corticosterone and verify that the 30-min restraint
stressor activated the hypothalamic-pituitary-adrenal axis and in-
creased levels of plasma corticosterone in male and female rats, two
blood samples were taken. Isolated animals that were part of the
restraint stress testing were carried individually in their single cages
from the colony room to an adjacent assay room at the onset of the
dark phase, which is the beginning of the behavioral day. In group-
housed animals, animals were lifted and carried one at a time to the
assay room, and testing of all animals in the cage was done in
sequence. In the assay room, each animal was placed in a restraint
tube (Harvard Apparatus, Holliston, MA) (animal weight range:
150-400 g, 300-500 g, diameter: 75 mm, 100 mm; diameter inner
tube: 62 mm, 85 mm) and when secured (<2 min) a 250-u1 volume
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blood sample was obtained from the tail immediately and again after
30 min of restraint. Movement in the tube was highly restrictive,
simulating the natural stressor of being trapped in a collapsed burrow.

Collected samples were allowed to clot and centrifuged (1,500 g)
for 20 min. Serum was stored frozen at —70°C in microcentrifuge
tubes until assayed for corticosterone with the use of a standard
radioimmunoassay kit with slight modifications to increase sensitivity
(ICN Biomedicals, Costa Mesa, CA). The three corticosterone assays
performed in this study had an intra-assay variance of 9.4% and an
interassay variance of 8.1%.

Cytokine Measures

Concentrations of macrophage chemoattractant protein (MCP-1),
TNF-a, IL-13, and IL-6 in granuloma exudate were measured using
commercially available kits. The limit of detection for MCP-1 ELISA
(Biosource International, Camarillo, CA) was 8 pg/ml. For the TNF-a
ELISA (BD Pharmingen, San Diego, CA), the limit of detection was
16 pg/ml. The limit of detection for rat IL-13 ELISA (Biosource
International) was 16 pg/ml. The limit of detection for rat IL-6 ELISA
(Biosource International) was 8 pg/ml. All samples were diluted at
least 1:2 for the ELISA. Instructions from the manufacturers were
followed in all cases.

Statistical Analysis

Statistical analysis was conducted using StatView (SAS Institute,
Cary, NC). Hormonal, histopathological, and cytokine data were
summarized as means * SE analyzed by a two-tailed Student’s #-test,
ANOVA, or repeated-measures ANOVA.

RESULTS
Social Isolation and Stages of Inflammatory Response

Exudate. Social isolation significantly reduced the volume of
exudate in the granuloma produced 10 days after the carra-
geenin challenge (isolates = 1.10 %= 0.21 ml vs. group-
housed = 2.23 * 0.32 ml, see Table 1 and Fig. 1A4). Although
there was no sex difference in this component of the innate
inflammatory response (females, 1.71 %= 0.25 ml vs. males,
1.69 = 0.33 ml; see Table 1), isolation had a greater inhibitory
effect on males. Specifically, isolated males produced only
one-third the exudate produced by males living in groups
(isolated males 0.75 £ 0.34 ml vs. group-housed males, 2.51 *
0.46 ml; P = 0.01). Isolation did not significantly reduce
exudate volume in females (isolated females, 1.48 + 0.22 ml
vs. group-housed females, 1.94 = 0.45 ml; P = 0.14).

Weight. Isolation did not alter the total tissue weight of the
granulomas (isolated animals, 13.43 = 1.73 g vs. group-housed
animals, 13.01 = 2.21 g). (See Fig. 2A and Table 1). Males in
group-housing produced granulomas 48% larger by weight
than those produced by group-housed females (group-housed

Table 1. Effects of social isolation and gender on three
components of the granuloma response

Exudate Weight Healing
F df P F df P F df P
Housing 844 1,54 0.005 023 1,40 0.635 590 1,38 0.020
Sex 0.04 1,54 0843 559 1,40 0.023 1.40 1,38 0.244
Housing X
sex 2.89 1,54 0.095 195 1,40 0.171 0.28 1,38 0.601

Boldface indicates statistically significant main effects, interactions, and
trends.
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significant main effects and interactions of sex, stress,
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males, 20.4 * 5.2 g; group-housed females, 9.9 = 1.8 g; P =
0.03). However, in chronic isolation, no significant sex differ-
ences emerged (isolated males, 15.1 £ 4.0 g vs. isolated
females, 12.4 = 1.5 g; P = 0.46). Weight was correlated
primarily with macrophage recruitment and secondarily with
fibroblasts (see MATERIALS AND METHODS).

Healing. The granulation tissue (healing) of isolated animals
showed less advanced stages of healing than in animals living
in groups (isolated animals, 1.74 * 0.25 vs. group-housed
animals, 2.53 £ 0.23, 5-point healing scale; see Fig. 3A and
Table 1). There were no significant sex differences in the rate
of healing (females, 2.00 = 0.18 vs. males, 2.28 * 0.41,
5-point healing scale, and no significant interaction with iso-
lation. See Table 1).

Effect of Social Isolation on Basal and
Reactive Corticosterone

Basal levels. In both sexes, prolonged social isolation low-
ered basal corticosterone [main effect of isolation, F(1,55) =
15.98, P = 0.0002; lowered by 26.98 wg/ml corticosterone]. In
absolute values, the effect of isolation was greater in females
[female’s reduction = 41.98 pug/ml corticosterone, male’s
reduction = 12.74 pg/ml corticosterone; interaction of sex and

D No Stress

O Stress D Stress

D No Stress

housing F(1,55) = 4.56, P = 0.04]. However, as is well
established, females have higher basal corticosterone levels
than males [main effect of sex, F(1,55) = 28.63, P = 0.0001;
sex difference = 36.41 wg/ml corticosterone]. Thus relative to
basal levels of group-housed animals, there was no sex differ-
ence in the effect of isolation with a 59% reduction in basal
corticosterone levels among females and a 77% reduction in
males.

Reactive levels. Thirty minutes of restraint stress raised
corticosterone levels in all animals, but particularly in females
[main effect of sex F(1,55) = 93.11, P = 0.0001, see Fig. 4].
Social isolation significantly enhanced the corticosterone re-
sponse, but only in females [isolated females 70% increase,
Fisher’s post hoc, P = 0.002; isolated males, 15% increase
Fisher’s post hoc, P = 0.50; main effect of housing F(1,55) =
11.92, P = 0.001; interaction between sex and housing,
F(1,55) = 9.31, P = 0.005].

Social Isolation and Ovarian Function

Isolated female rats had shorter ovarian cycles than those of
females living in groups (4.3 = 0.2 days vs. 5.4 = 0.5 days;
t = 2.0, P = 0.05), which were equally regular (0.21 £ 0.05
vs. 0.31 = 0.06 Regularity Index). Prolonged cycles were less
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Fig. 2. A: effect of isolation on the magnitude of the inflam-
matory response and macrophage recruitment as inferred by
weight (see MATERIALS AND METHODS. No stressor). B: sex
differences in the effect of a brief prior stressor on weight. See
Table 2 for significant interactions of sex, stress, and isolation.
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common (5 or more days in length, 23 vs. 48% of cycles, P =
0.05), and they had more proestrus days during the 16 days
before carrageenin exposure (3.8 = 0.1 vs. 3.3 = 0.2, = 2.2,
Xz—test = 4.0, P = 0.03). Nonetheless, the level of estrogeni-
zation was the same in the two groups (48.7 = 2.5 vs. 46.3 =
2.4 of days), and isolated females were equally likely to be
estrogenized on the day of granuloma induction (53.3 vs.
55.1% of days; x>-test = 0.02, P = 0.89).

Sex Differences in Enduring Effects of a Prior
Acute Stressor

Exudate. Two weeks after experiencing only one 30-min
episode of restraint stress, female rats had a significant fivefold
reduction in exudate formation present on day 10 of the inflam-
matory response (no restraint stress, 1.7 = 0.3 ml; prior restraint
stress, 0.3 = 0.1 ml; see Fig. 1B and Table 2). The effect was
equally strong in isolated and group-living females [females only:
main effect of prior restraint stress F(1,54) = 31.81, P = 0.0001;
main effect of housing F(1,54) = 2.28, P = 0.14; interaction
F(1,54) = 0.09, P = 0.76, see Fig. 1B and Table 2].

Males had the opposite response to a prior stressor, exudate
volume was higher on day 10 in both housing conditions [no
restraint stress, 1.63 = 0.33 ml; prior restraint stress, 2.80 *
0.51 ml; main effect of restraint stress, F(1,51) = 3.89, P =
0.05; main effect of housing, F(1,51) = 7.25, P = 0.01;
interaction F(1,51) = 0.22, P = 0.64; see Fig. 1B and Table 2].

Lymphocytes in exudates. Changes in number of lympho-
cytes recruited to local response paralleled changes in exudate
volume caused by interaction of housing, sex, and stress
(percentage of all cells in exudate). In socially isolated females,
the concentration of lymphocytes was reduced by 26% [iso-

D Stress

lated females, 37.87 = 6.15% lymphocytes; group-housed
females, 64.25 *= 8.21%; main effect of housing, F(1,54) =
6.95; P = 0.01; see Fig. 1B]. With a history of a brief stressor
among females there was a 19% reduction in numbers of
lymphocytes in the exudate [females only: no stress, 60.20 =
6.12% lymphocytes; prior restraint stress, 41.00 = 8.46%
lymphocytes; main effect of stress, F(1,54) = 3.65, P = 0.06;
interaction, F(1,54) = 0.08, P = 0.77].

In males, a history of restraint stress had the opposite effect. On
day 10 postchallenge, there were 23% more lymphocytes in the
exudate on day 10 [males only: no stress, 42.83 = 5.65% lym-
phocytes; prior restraint stress, 66.11 * 5.07% lymphocytes; main
effect of stress F(1,52) = 9.87, P = 0.0003, see Fig. 1B].
Lymphocyte recruitment to the granuloma site was not different
for group or isolated males [males only, F(1,54) = 349, P =
0.67; interaction F(1,52) = 2.27, P = 0.14, see Fig. 1B].

Weight. Prior restraint stress also had a sexually dimorphic
effect on macrophage recruitment (see Fig. 2B and Table 2).
Females with a history of restraint stress produced heavier
granulomas by day 10 [females only: no restraint stress,
11.18 = 1.15 g; prior restraint stress, 20.37 = 1.69 g; signif-
icant main effect of restraint stress F(1, 55) = 21.92, P =
0.0001; main effect of housing F(1, 55) = 1.21, P = 0.27].
This effect was greatest in group-housed females that devel-
oped granulomas 140% larger than isolates [interaction of stress
and housing F(1,55) = 5.77, P = 0.02]. A brief stressor also
revealed that isolation reduced granuloma tissue formation by
females, demonstrating that social isolation and a brief prior
stressor had opposite effects on macrophage recruitment (iso-
lated stressed female, 16.91 = 1.49; group-housed stressed
female 23.8 £ 2.82, Fisher’s post hoc test, P = 0.0001).
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Unlike females, males did not respond to a history of
restraint stress or isolation with significant changes in weight
of the granuloma response [males only: no restraint stress,
16.15 £ 3.14 g; prior restraint stress, 14.33 = 1.8 g; main
effect of restraint stress, F(1,27) = 0.42, P = 0.53; housing
F(1,27) = 1.51, P = 0.23; and interaction of housing and stress
F(1,27)= 0.06, P = 0.81, see Fig. 2B and Table 2].

Healing stage. Females and males had opposite healing/gran-
ulation tissue responses to prior restraint stress (See Fig. 3B and
Table 2). In females, a prior stressor facilitated wound healing in
both group and isolated conditions [no restraint stress healing

160 A
140-.
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40 1
20
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Fig. 4. Sex differences in corticosterone reactivity to 30 min of restraint stress.

p = 0.002

- Group
D Isolate

Corticosterone Reactivity pg/dl
Post-Restraint

Female

Stress Condition

stage = 2.00 £ 0.79 vs. prior restraint stress = 2.77 £ 0.15;
females only, main effect of stress F(1, 54) = 14.30, P = 0.0004].
The stressor revealed significant detrimental effects of social
isolation, although it enhanced healing in both housing conditions
[restraint stress condition: isolate, 2.33 * 0.21 vs. group-housed
3.2 = 0.15 healing stage; Fischer’s post hoc test, P = 0.0006;
interaction between housing and prior restraint stress, F(1, 54) =
0.13, P = 0.72; see Fig. 3B and Table 2].

Unlike females, the experience of having been briefly
stressed 3 wk earlier did not have enduring effects on males’
rate of healing [no restraint stress, 2.29 = 0.41 healing stage;
prior restraint stress 2.16 = 0.27 healing stage; males only:
main effect of stress F(1,29) = 0.32, P < 0.57; see Fig. 3B and
Table 2]. Chronic social isolation of males attenuated their
wound healing with or without a stressor [isolated males,
1.79 = 0.30 healing stage; group-housed males, 2.78 = 0.30;
main effect of housing, F(1,29) = 5.10, P = 0.03; interaction
of stress and housing, F(1,29) = 0.03, P = 0.88].

Proinflammatory Cytokines and Chemokines: Kinetics
of Response

Social isolation reduced IL-1[3 production in exudate of both males
and females (305.2 pg/ml in isolated animals; 858.2 pg/ml in grouped
animals; see Fig. 5, A—C and Table 3). In contrast, there were marked
sex differences in the enduring effects of brief restraint stress. A
history of a brief stressor reduced IL-13 to undetectable levels in
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Table 2. Components of granuloma formations, sex differences in enduring effects of a brief

stressor in isolated and group housed rats

Exudate Weight Healing
F df P F df P F df P
Housing 9.86 1, 104 0.003 3.06 1, 82 0.084 17.15 1, 83 <0.0001
Sex 15.72 1, 104 <0.0001 0.21 1, 82 0.652 0.099 1, 83 0.754
Stress 0.31 1, 104 0.552 3.40 1, 82 0.069 1.31 1, 83 0.256
Sex X stress 17.79 1, 104 <0.0001 9.44 1, 82 0.003 5.413 1, 83 0.022
Housing X stress 0.32 1, 104 0.573 1.07 1, 82 0.304 0.000 1, 83 0.993
Sex X housing 3.46 1, 104 0.066 0.35 1, 82 0.555 0.316 1, 83 0.575
Sex X housing X stress 0.09 1, 104 0.759 2.21 1, 82 0.141 0.113 1, 83 0.738

Boldface indicates statistically significant main effects, interactions, and trends.

isolated females and by > 50% in females living in groups (see Fig.
5, A—C and Table 3). In contrast, a history of brief stressor did not
effect males significantly (although it increased IL-13 by 10% among
isolated males and 200% among group-housed males). These same
sex differences in the effects of prior stress were detected in TNF-a
concentration (see Fig. 5 and Table 3). Both IL-13 and TNF-« levels
were associated with %lymphocytes in the exudate on day 10 (con-
firmatory factor analysis Bartlett’s x*> = 161.43; P < 0.001) and
independent of %neutrophils and MCP-1.

There were no detectable effects of isolation on MCP-1
levels in exudate, likely because the peak phase of macrophage
recruitment had passed by day 10 (see Fig. 5 and Table 3).
Nonetheless, social isolation revealed sex differences in the
effects of stress: MCP-1 levels were lower in females,
indicating that the macrophage recruitment phase was over,
but still significantly higher in males, indicating that they

Females

@ Group O Isolate

Males
i Group S Isolate

were still in the late stages of macrophage recruitment
[isolates only: interaction between sex and prior stress F(1,
35) = 4.59, P < 0.04, prior stress F(1, 35) = 1.29, P <
0.26, sex F(1,35) = 0.25, P < 0.62].

There were no measurable levels of IL-6 in exudate, indi-
cating that the granulomas were indeed a nonspecific inflam-
matory response, without evidence of antibody production or
impurities in the carrageenin (53).

DISCUSSION

Effects of Social Isolation on the Nonspecific
Inflammatory Response

In both females and males, social isolation from weaning
through young adulthood delayed the innate inflammatory
response. Although isolated and group-housed rats had re-
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Fig. 5. Proinflammatory cytokine and chemokine con-
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Table 3. Cytokine and chemokine production; sex differences in enduring effects of a brief
prior stressor in isolated and group housed rats

IL-1B TNF-a MCP-1
F df P F df P F df P
Housing 8.43 1, 83 0.005 0.41 1,73 0.525 1.86 1,79 0.177
Sex 7.80 1, 83 0.007 5.04 1,73 0.028 0.44 1,79 0.511
Stress 3.02 1, 83 0.086 12.29 1,73 0.001 0.20 1,79 0.655
Sex X stress 7.00 1, 83 0.010 14.03 1,73 <0.0004 0.89 1,79 0.347
Housing X stress 0.33 1, 83 0.570 2.08 1,73 0.154 1.37 1,79 0.245
Sex X housing 1.04 1, 83 0.311 1.58 1,73 0.213 0.002 1,79 0.965
Sex X housing X stress 0.09 1, 83 0.770 2.48 1,73 0.120 4.46 1, 79 0.038

Boldface indicates statistically significant main effects, interactions, and trends.

cruited similar numbers of macrophages by day 10 postcarra-
geenin exposure, their wounds were less resolved, a finding
consistent with research showing delayed wound healing
among individuals experiencing psychological distress (37,
41). Social isolation also significantly diminished the volume
of exudate, a traditional indication of the magnitude of inflam-
mation in response to carrageenin (42, 43).

In the chronic phase of a granuloma response to carrageenin,
IL-1B, not PGE, plays a primary role in maintaining perme-
ability of the vascular endothelium as well as in promoting
wound healing through its effects on angiogenesis, fibroblast
proliferation, and chemotactic effects on immune cells (46).
Thus both reduced levels of exudate volume and delayed
wound healing in social isolation may be explained, in part, by
the significantly reduced IL-13 secretion present in the exu-
date, suggesting a link between social isolation and the pro-
duction of proinflammatory cytokines. The similar levels of
MCP-1 and granuloma weight suggest that social isolation by
itself does not have the same effect on macrophage recruitment
as it does on exudate production and wound healing.

In strains susceptible to inflammatory disease, such as Lewis
rats, females produce more exudate in response to carrageenin,
a response attenuated by tamoxifen, an estrogen receptor
blocker (42, 43). In Sprague-Dawley rats, the sex difference in
exudate production was evident only in the isolated rats, which
had attenuated exudate formation. Isolated females actually
had short ovarian cycles and more proestrus days on which
estrogen rises sharply along with other ovarian steroids and
gonadotropins. Thus an attenuated exudate production was
associated with frequent exposure to rising estrogen, rather
than less, as would be expected from the anti-inflammatory
effects of tamoxifen. Clearly more work is needed to elucidate
the role of naturally varying ovarian hormones in the regulation
of exudate formation in the early phase of the inflammatory
response.

Stress, Sex and the Kinetics of the Inflammatory Response

There were significant sex differences in the effects of a
prior brief stressor on the production of granuloma tissue. With
restraint stress 14 days prior to granuloma induction, females
made more granuloma tissue, whereas males made less. A
similar sexual dimorphism was reflected in measures of heal-
ing. Females that had been stressed healed more quickly than
those that had not been stressed, whereas stressed males tended
to heal more slowly than nonstressed males. Whereas the acute
stressor accelerated wound healing in females, it reduced their

exudate levels with an expected reduction in levels of proin-
flammatory cytokines as the inflammatory process entered a
remodeling phase and exudate volume was resorbed (23, 24,
42). Again males, in which wound healing was delayed by
acute stress, exhibited greater exudate volumes and no decline
in levels of proinflammatory cytokines or chemokines.

Although the functional significance of this sex difference in
effects of stress on granuloma formation is beyond the scope of
the present study, one hypothesis is that it evolved through
selection on females in the context of maternal care and
lactation. In maternal female rats, which must nurse their
altricial pups for 3 to 4 wk, a protracted inflammatory sensiti-
zation by a stressor is likely to confer a survival advantage.
While lactating, maternal rats become highly aggressive to-
ward intruders and predators and are at high risk for wounding
(55), particularly from neck bites that puncture the skin where
the granulomas were induced. Stress-induced facilitation of the
inflammatory response in threatened maternal rats would pro-
mote their healing and survival, with obvious benefit to her
dependent offspring. Such sensitization could be mediated by
corticosterone receptors (57), epinephrine (9, 16, 32), or cyto-
kine (31) dynamics when pups are present.

Prolonged Social Isolation and Acute Stressors: the Same
or Different?

When subjected to prolonged social isolation, both sexes
exhibited reduced exudate volumes, fewer relative percentages
of lymphocytes, and less tissue healing. Because isolated rats
had lower baseline levels of corticosterone [a hormone nor-
mally considered to be more immunosuppressive (10)] than
those living in groups, we cannot completely explain delayed
granuloma formation and healing in the isolate condition.
However, chronically low stress hormone levels may upregu-
late glucocorticoid receptors, particularly on immune cells
(52), so that its functional effect is magnified during an acute
stressor. The question of the role of stress hormone is even
more complex when we consider that female rats, when
stressed, had a more highly reactive corticosterone response to
the brief stressor than did males, yet had more accelerated
healing. Mechanisms underlying this response among females
may contribute to the immunoenhancing effects of concomitant
acute stressors on a delayed-type hypersensitivity response (18,
19, 20) as well as stress sensitization of the inflammatory
response to LPS (31), both of which involve nonspecific
inflammation as well as T-cell participation.
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Results from this study indicate that the immunological
outcome of a prolonged adverse social condition are not
comparable to the enduring effects of an acute physical stres-
sor. For males and females, as we have discussed, chronic
social isolation retarded the inflammatory process. When an
acute brief stressor was applied however, males and females
had opposite responses. In females, the acute stressor enhanced
the inflammatory response (with overall reductions in exudate
volume, recruitment of lymphocytes to the local response and
more advanced healing scores), whereas in males, the applica-
tion of the acute stressor suppressed the inflammatory response
(decreasing exudate resorbtion, cellular recruitment, and de-
layed healing).

Tend and Befriend: Sex Differences in the Robustness of
Inflammatory Response

The enhanced stress-driven inflammatory response among
females may speak to other questions about sex differences in
neuroendocrine regulation of immunity. How does an acute
stressor 14 days before granuloma induction advance the
wound healing process in females, but not in males? One
possibility is that the restraint stress procedure was experienced
differently by females and males. If perceived as more trau-
matic, for example, memory of the first stressor might change
the second experimental procedure, namely induction of the
granuloma. Another hypothesis is that stressed females may
activate another system shown to have immunoenhancing
properties. The female response to stress in some species has
been colloquially characterized as “tend-and-befriend” (56),
rather than “fight or flight,” largely based on evidence that this
gender’s requirements for raising offspring necessitated devel-
opment of another stress regulatory system. For example,
oxytocin, a hormone secreted by females in social contexts,
may function as part of an alternative stress regulatory system
that facilitates wound healing (17).

On the basis of the social ecology of the Norway rat, we
hypothesized that there would be selective pressure for sex
differences in links between social interactions, stress, and
immune function. The survival and reproductive success of
male Norway rats, which live naturally during mating seasons
as social isolates (2), may depend on physiological mecha-
nisms and health trajectories that are less enmeshed in the
group context than females. Differences in the interaction of
stress and the inflammatory response may well arise from
dissimilarities in the biobehavioral costs of social contexts for
males and females.

In this series of experiments, we developed a model system
uniquely relevant to findings of increased morbidity among
isolated and lonely individuals (4, 5) and to the study of sex
differences in health across socially disparate communities.
The observed sex differences in response to stress also reveal
that the biological consequences of social isolation are not the
same as those of an acute stressor. Social isolation suppressed
the inflammatory response of males and females, whereas the
acute stressor had a sexually dimorphic effect, enhancing the
inflammatory response in females and delaying it in males.
This mechanism may, in part, explain the observation that, in
humans, men with low levels of social integration are more
vulnerable to disease and death than women (28). The outcome
of these animal studies may ultimately lead to a mechanism, at
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the intersection of stress and immunity, which accounts for
greater vulnerability to disease and death among men who are
lonely or bereaved and the corresponding resilience in women.
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