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Abstract

Behavioral characteristics closely associated with specific physiological profiles present an important area of research in understanding
health disparities. In particular, glucocorticoid overproduction may be an important factor moderating disease progression; natural var-
iance in production of this steroid has been proposed as one mechanism underlying individual differences in health and disease. In the
current paper, we examined immune parameters in female rats of two different behavioral types previously shown to have differential
glucocorticoid production and life spans. We categorized young female rats according to their behavioral response to novelty (high-
or low-locomotion), and compared their glucocorticoid production, adrenal size, thymus size, tumor necrosis factor-a (TNF-a) produc-
tion, tumor development and life span. As expected, high-locomotion females produced more glucocorticoids and had larger adrenal
glands during young adulthood than did low-locomotion females. High-locomotion females had significantly smaller thymuses and
reduced TNF-a levels compared to low-locomotion, suggesting altered immune function in young adulthood. Finally, high-locomotion
females had shorter life spans than did low-locomotion females, and this was particularly true in females that developed pituitary tumors,
but not in those that developed mammary tumors. These results, along with other published findings, suggest that high-locomotion
rodent females experience life-long elevations in glucocorticoid responses to novelty, and that these elevated levels may be comparable
to chronic stress. This naturally occurring endocrine profile may influence immune responses which in turn could affect disease suscep-
tibility. Variance in immune function across personality types may be partially moderated by natural variance in glucocorticoid
production.
Published by Elsevier Inc.
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1. Introduction

It has been proposed that female personality or temper-
ament may play a role in cancer resilience in women (Lut-
gendorf, 2003; Segerstrom, 2003). However, data to
support this proposition are inconclusive (Garssen, 2004;
Jadoulle et al., 2004; Nakaya et al., 2005); this discrepancy
may reflect the fact that most studies do not measure tem-
perament or personality until after tumor formation and/or
because specific underlying biological mechanisms associ-
ated with cancer-prone personalities have not been clearly
identified. One potential mechanism, physiological stress
0889-1591/$ - see front matter Published by Elsevier Inc.
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(i.e., neuroendocrine processes), clearly influences cancer
cell functioning (Lutgendorf et al., 2003; Sood et al.,
2006). In the current article, we used an animal model of
spontaneous tumor development in which female tempera-
ment (locomotion in a novel situation) has been associated
with natural variance in glucocorticoid production, tumor
development and life span (Cavigelli et al., 2006). With this
model, we were able to test whether a female behavioral
trait associated with glucocorticoid overproduction is
related to indicators of immune function. We measured
thymus size and circulating tumor necrosis factor-a
(TNF-a) in young adults, and monitored onset of palpable
mammary tumors, identified tumor location at death, and
monitored life span. The overall goal was to determine if
naturally occurring variance in female temperament was
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related to glucocorticoid production and immune function
during young adulthood and whether these variables were
associated with tumor development and changes in life-
span. Together, these data might provide a potential mech-
anism for altered tumor development and life span among
females with different temperaments.

In the rat model, we have found that female locomotion
in a novel setting varies considerably among individuals
and that this response is relatively stable over time. A single
5-min test of locomotor response to novelty during infancy
or young adulthood predicts individual locomotor
responses both 4- and 10-months later (Cavigelli et al.,
2006). Low-locomotion females had attenuated glucocorti-
coid responses following novelty in late adulthood (15
months)—during ovarian aging—which may have been a
by-product of more rapid degradation of ovarian function-
ing at the end of life. Finally, for females that developed
spontaneous mammary and/or pituitary tumors, low-loco-
motion females died considerably earlier (about 6 months)
than their high-locomotion sisters (Cavigelli et al., 2006).
Importantly, this life span effect was reversed when com-
paring high- vs. low-locomotion females across families
as opposed to within families—i.e. females from high-loco-
motion, high-glucocorticoid families succumbed much ear-
lier than females from low-locomotion, low-glucocorticoid
families (Cavigelli, unpublished data). These latter results,
in conjunction with prior findings with male mice and rats
(Cavigelli and McClintock, 2003; Péréz-Álvarez et al.,
2005), suggest that there are important individual differ-
ences in the relationship between glucocorticoid overpro-
duction and lifespan. In the present experiment, we
hypothesized that female temperaments associated with
natural variance in glucocorticoid production would be
associated with natural variance in immune function,
thereby providing an additional mechanism underlying dif-
ferential life span among individuals with different behav-
ioral tendencies.

An extended stress response is known to cause thymic
atrophy in rodents (Domı́nguez-Gerpe and Rey-Méndez,
1997; Selye, 1956). Blockade of glucocorticoid receptors
(using RU486) during acute infection can partially reverse
this atrophy (Roggero et al., 2006). Thymic atrophy has also
been reported in response to graft-vs.-host disease, a condi-
tion associated with elevated glucocorticoid levels and accel-
erated apoptosis of immature thymocytes. However,
glucocorticoid receptor blockade did not slow the atrophic
process, suggesting glucocorticoid-independent mechanisms
underlying stress-related thymocyte apoptosis (Krenger
et al., 2000). We hypothesized that high-locomotion females
with naturally elevated glucocorticoid production may expe-
rience greater thymic atrophy, leading to smaller thymus
weights in young adulthood. However, it is highly likely that
the natural variance in glucocorticoid production between
these two kinds of females may not be great enough to lead
to significant differences in thymus size.

Tumor necrosis factor was originally identified as a
cytokine that promotes tumor necrosis (Carswell et al.,
1975; Old, 1985). However, recent data indicate TNF-a
promotes tumor development and invasion of surrounding
tissue through a variety of cellular mechanisms (Montesa-
no et al., 2005; Moore et al., 1999; Orosz et al., 1993; Suga-
numa et al., 1999). For example, TNF-deficient mice
exposed to okadaic acid, a tumerogenic compound, devel-
oped tumors more slowly and tumor size was diminished
compared to normal control mice (Suganuma et al.,
1999). Treating normal mice with TNF-a blocker inhibited
both skin papilloma and breast carcinoma (Scott et al.,
2003). Thus, natural variances in TNF-a production may
also influence individual tumor susceptibility.

Glucocorticoids (e.g. cortisone) are classically used in the
clinical setting to decrease inflammatory responses (e.g.
asthma, Van der Velden, 1998; rheumatoid arthritis, Gaffo
et al., 2006), though recent research indicates they may have
acute pro-inflammatory qualities as well, especially in
response to injury (Sorrells and Sapolsky, 2007). Exogenous
glucocorticoid administration decreases pro-inflammatory
cytokine release, including TNF-a (Barnes, 1998), and glu-
cocorticoid receptor blockade increases TNF-a levels
(Roggero et al., 2006). Thus, we hypothesized that high-loco-
motion, high-glucocorticoid females would have attenuated
TNF-a levels at baseline and/or in responses to tail nicking,
compared to low-locomotion, low-glucocorticoid females.
Decreased TNF-a levels in high-locomotion females may
serve as a protective factor for tumor development and pro-
gression, allowing them to show later tumor development
and longer life spans. Alternatively, it is possible that high-
locomotion/high-glucocorticoid females develop glucocorti-
coid resistance in the immune system (Miller et al., 2005)
leading to either no differences in TNF-a production, and/
or perhaps greater responses as a result of diminished gluco-
corticoid regulation.

In the current study, we tested the following hypotheses:
(1) During young adulthood, females that move a lot in a
novel environment will release more glucocorticoids into
circulation following novelty than low-locomotion females.
(2) If high-locomotion females chronically produce more
corticosterone, we expect them to have enlarged adrenal
glands and potentially smaller thymus glands following
pubertal involution. (3) Circulating TNF-a levels following
tail nicking will differ between high- and low-locomotion
females, with lower levels in high-locomotion females
unless they have developed glucocorticoid resistance. (4)
High-locomotion females will have a shorter life span com-
pared to low-locomotion females. (5) Mammary tumors
will appear earlier in high-locomotion females compared
to low-locomotion females.

2. Methods

2.1. Overall design and sample

We studied two cohorts of Sprague–Dawley female rats (Charles River
Laboratories, Wilmington, MA). The first cohort was used to compare
high- and low-locomotion females’ adrenal and thymus weights in young
adulthood, and consisted of 49 females from 7 litters. The second cohort
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was used to compare glucocorticoid responses, circulating TNF-a levels,
and life span between the two locomotion types, and consisted of 60
females received in the laboratory at 60 days of age. The following condi-
tions were true for both cohorts. Rats were housed in solid bottom plastic
cages (43.5 cm · 23.5 cm · 20.5 cm) on a 14L:10D lighting schedule (lights
on at 19:00 h EST). Food and water were available ad libitum and cages
were cleaned once a week by animal facility personnel trained in animal
care and handling. The colony room was maintained at 72 �F with
�50% humidity. Rats were handled daily and vaginal cytology data col-
lected during the 2 weeks prior to testing and testing was conducted during
the metestrous phase of the estrous cycle. All methods were approved by
and conducted in accordance with the Pennsylvania State University Insti-
tute for Animal Care and Use Committee.

In the first cohort, females were weaned from mothers at 21 days of
age, housed in groups of three same-sex siblings, and at 25 days introduced
to a novel arena containing rat-sized objects to identify high- vs. low-loco-
motion females. Females were sacrificed at 4 months of age to compare
relative adrenal and thymus weights. For the second cohort, after a 2-week
acclimation period, females were tested on one of two novel environments:
one that contained novel rat-sized objects (‘non-social’) and one that con-
tained a caged novel female rat (‘social’). Order of testing across the two
arenas and within test days were balanced across females. The first test was
completed at 2.5 months, the second test at 4 months. Repeated blood
samples were collected after the second behavioral test (‘non-social’ for
half the females, ‘social’ for the other half) to measure plasma glucocorti-
coid and TNF-a responses to novelty and tail nicking. Females were
allowed to live the natural life span or were sacrificed at 620 days or when
they displayed a series of morbidity-related behavioral symptoms. Necrop-
sies were performed to identify location of neoplastic growth.

2.2. Behavioral response to novelty during adolescence and young

adulthood

For both cohorts, behavioral testing was done in the middle of the rats’
active period (1300–1500 h, 4–6 h after lights off). Rats were tested in a
non-colony room illuminated with two 25-W red bulbs reflected off the
walls of the room, which provided 6 lx of light at the center of the test
arena, and were videotaped for 5 min with a camera above the arena. Rats
were introduced into the arenas in a ceramic bowl that was cleaned
between successive rats.

2.2.1. Novel non-social arena

The arena, previously described in Cavigelli and McClintock (2003),
was designed to be minimally anxiety-provoking. The square test arena
(120 cm · 120 cm · 46 cm) contained a novel rat-sized object in three cor-
ners (a plastic tube, an inverted bowl, or a wire tunnel). To include a famil-
iar odor, the bedding-covered floor included some bedding from all cages
in the colony. On the rare occasion that feces were left in the arena during
testing, these were removed. To maintain con-specific odors, the arena
floor was not cleaned any further.

2.2.2. Novel social arena

The novel social arena was the same size and height as the non-social
arena, but instead of novel physical objects, the arena contained two
cages—one empty cage and one cage with an unfamiliar female rat of sim-
ilar size, reproductive state, and age as the test rat.

For both arenas, locomotion was scored from video recordings by a
trained coder who did not know the identity of each rat. To code locomo-
tion, the arena image was superimposed with an 8 · 8 grid dividing the
arena into 64 equally-sized squares. Locomotion was quantified as the
cumulative number of squares crossed on the grid.

2.3. Thymus and adrenal weights in young adulthood

Females in cohort 1 were sacrificed, weighed and the left adrenal and
thymus glands removed, loosened from connective tissue and fat, and
weighed. Each organ was processed by the same investigator who was
unaware of females’ behavioral classifications. Adrenal and thymus
weights were normalized to individual rat size by dividing by 100 g of body
weight.

2.4. Corticosterone production in young adulthood—baseline levels

and response to novelty

To measure glucocorticoid responses to complex novel experiences, we
collected repeated blood samples via tail nick after introduction to the
novel arena in cohort two females. The glucocorticoid circadian rhythm
(e.g. Atkinson and Waddell, 1997; Krieger, 1973) was controlled by initi-
ating all sampling between 1300 and 1500 h. After novel-arena testing, a
female was brought to a separate room and placed into a new cage com-
parable to their home cage with access to water. Ten minutes from the
beginning of behavioral testing, the first blood sample was taken by
removing the tip of the tail (approx. 3 mm) with a scalpel. Blood
(200 ll) was collected into EDTA microtainers (Becton Dickinson and
Company) within 3 min using gentle tail palpation. After the first sample,
the female was returned to the holding cage and repeat samples were col-
lected 40, 80 and 120 min from the beginning of behavioral testing. Thirty
minutes following the 120-min sample, rats were returned to their home
cage in the colony room. Twenty-four hours after the initial (10-min)
blood sample, rats were transported back to the collection room in their
home cage and a final (24-h) blood sample collected by gently palpating
the tail tip to re-stimulate blood flow.

To measure basal (unstimulated) corticosterone levels, we collected
blood samples 8 weeks following the repeated sampling protocol described
above. These samples were collected well after to allow ample time for ani-
mals to return to basal levels. The protocol for this blood collection was
similar to the one described above with only one sample collection
between 1300 h and 1400 h.

For all measures, blood samples were kept on ice for 40 min until cen-
trifuged and plasma collected. Plasma was aliquoted—one portion for cor-
ticosterone analysis, a second portion for the TNF-a analysis described
below—and all frozen at �80 �C until assayed. Corticosterone was mea-
sured using a commercial radioimmunoassay kit (Rat & Mice Corticoste-
rone kit, MP Biomedicals, Solon, OH). All samples were run in duplicate
across six assays, with females balanced across assays according to their
locomotion on the novel non-social arena. Intra-assay variability for a
low and high control was 17.7% and 13.9%; inter-assay variability for
these controls was 14.7% and 15.1%.

2.5. Tumor necrosis factor-a in young adulthood

Blood samples collected for corticosterone measures for cohort 2 (as
described above), were also measured for circulating TNF-a levels. Specif-
ically, we measured TNF-a at the time of tail clipping and 24-h later, dur-
ing wound healing. Samples were analyzed for 19 high- and 19 low-
locomotion females with a commercially available enzyme immunoassay
(Quantikine, R&D, Minneapolis, MN). All samples were tested in dupli-
cate across two plates. The average of the duplicate tests is reported.
The assay sensitivity was 5 pg/ml, based on minimum TNF-a concentra-
tion required to arrive at two standard deviations from assay A0. Intra-
assay coefficient of variation (%CV) computed for the mean of 20 replicate
tests was less than or equal to 5.1%. Inter-assay variation computed for
the mean of average duplicates for 20 separate runs was less than or equal
to 9.7%.

2.6. Life span

Females in cohort 2 were allowed to live their natural life span or until
they displayed pre-defined symptoms indicative of non-recoverable health
problems or prolonged pain (n = 26 and 34, respectively) (i.e. ‘endpoints’:
rapid excessive weight loss, dehydration, inability to ambulate and obtain
food and water, labored respiration, infected or necrotic tumors, tumors
that impair ability to walk with normal gait). Decisions to sacrifice were
made by a veterinarian that was unaware of the study hypotheses. The



730 S.A. Cavigelli et al. / Brain, Behavior, and Immunity 22 (2008) 727–735
study was terminated when the rats were 620 days of age (21 months), at
which point all surviving females were sacrificed whether they exhibited
health problems or not (n = 29). For these females, age of death was iden-
tified as 620 days and their data were classified as ‘censored’ in survival
analyses.

2.7. Tumor development and identification

To determine age of palpable mammary tumor development in cohort
2, we used a comprehensive technique for repeatedly palpating mammary
tissue; three checkers could reliably detect mammary neoplasia as small as
3 mm in diameter. Regular checks began just prior to 10 months of age
and were repeated every 2–3 weeks until death. We defined onset of tumor
detection as the first date at which a growth was reliably palpable. Check-
ers were not informed as to which females’ had been palpated with tumors
in the previous weeks or the behavioral category of each female. Necrop-
sies were performed to determine presence of a pituitary or mammary
tumor. Mammary tumors were defined as solid masses larger than 5 mm
in all three dimensions. Pituitary tumors were defined by extensive vascu-
lature and enlargement of the gland.

2.8. Analyses

Cohort 1. To determine if female locomotion in a novel arena was
related to young adult adrenal and/or thymus weight, females were cate-
gorized, using a median split, as either HIGH or LOW locomotion based
on their response to a novel non-social arena at 25 days of age. t-tests were
used to compare organ weights between these two groups. Rat size was
controlled for by dividing organ weights by 100 g of body weight. Relative
thymus weights were log-transformed to arrive at a normal distribution
and seven outliers removed (greater than 2 standard deviations from mean
value).

Cohort 2. Correlation analyses were used to determine if female loco-
motion was stable across different novel environments. To test whether
young females with stably higher exploratory behavior had elevated gluco-
corticoid responses, we grouped females into three categories based on
their locomotion scores in the two novel arenas. The three groups were:
(1) those with higher than median locomotion score in both arenas
(‘HIGH’), (2) those with lower than median scores in one arena and higher
than median in the other arena (‘MIXED’), and (3) those below median in
both arenas (‘LOW’). Corticosterone levels were compared among these
three groups using repeated-measures analyses of variance (ANOVAs).
Corticosterone values were log-transformed to achieve a normal distribu-
tion. Because test order and time of day may significantly influence gluco-
corticoid levels, we tested whether these factors had a significant effect on
glucocorticoid levels, and if so, included these variables in the analyses.
Five females were removed from the repeated measures corticosterone
analyses because they were missing a blood sample at one of the six
repeated measure time points (2 HIGH, 2 MIXED, and 1 LOW female).
For clarity, graphs include data from the HIGH and LOW females only.
The text includes information on the MIXED females.

Plasma TNF-a levels at the time of tail nicking and 24-h later were
compared between HIGH and LOW locomotion females using a
repeated-measures ANOVA. Change in levels from tail nicking to 24-h
later were compared between female groups using a t-test. For all analyses,
TNF-a values were log-transformed to achieve a normal distribution.
Four samples had to be excluded from analyses because they were grossly
hemolyzed, leaving 16 HIGH and 18 LOW locomotion females in the
analyses.

3. Results

3.1. Adrenal and thymus weight in young adulthood

In cohort 1, overall, females with large adrenal glands
had smaller thymuses (r(43) = �0.318, p < .05). As hypoth-
esized, adrenal and thymus weights differed between high-
and low-locomotion females. At 4 months of age, HIGH
locomotion females had significantly larger left adrenal
glands than LOW locomotion females (t(47) = 2.07,
p < .05; Fig. 1). The opposite was the case for the thymus
gland (t(41) = 1.86, p = .07; Fig. 1). This difference was
not quite statistically significant; however, when we com-
pared females in the top and bottom tertiles for locomo-
tion, the high-locomotion tertile had significantly smaller
thymuses than the low-locomotion (t(27) = 2.10, p < .05).

3.2. Behavioral response to novelty during adolescence and

young adulthood

In cohort 2, females’ behavioral responses to the two
different novel arenas (non-social and social) were not
highly related. High-locomotion females in one arena were
not necessarily high-locomotion females in the second
arena (r(58) = 0.11, ns). Of the 60 females tested, 22 had
above median locomotion on both arenas (classified as
‘HIGH locomotion’), 22 had below median locomotion
on both arenas (‘LOW locomotion’), and the remaining
16 were classified as MIXED (above median on one arena,
below median on the other).

3.3. Corticosterone production in young adulthood—baseline

levels and response to novelty

Corticosterone production differed between high- and
low-locomotion females in the direction expected. In cohort
2, very active females—in both novel arenas (HIGH locomo-
tion)—had the greatest glucocorticoid rise following
novelty, while LOW locomotion females had the lowest rise
and MIXED females had an intermediate response
(repeated measures ANOVA for 10–120 min: F(2,52) =
4.04, p < .05; posthoc t-tests reveal the greatest difference
between HIGH and LOW females at 40- and 80-min;
Fig. 2). HIGH locomotion females did not maintain these
elevated corticosterone levels 24-h after novelty or 8 weeks
later (repeated measures ANOVA F(2,53) = 0.95, ns;
Fig. 2).

3.4. Tumor necrosis factor-a in young adulthood

Circulating TNF-a levels were relatively low, both at the
time of tail nicking and 24-h after tail nick (range: 5–39 pg/
ml). Across both female types, TNF-a levels increased sig-
nificantly, albeit slightly, from the time of tail nick to 24-h
later (approximately 8 pg/ml; repeated measures ANOVA:
F(1,32) = 10.83, p < .01). As hypothesized, HIGH locomo-
tion females had slightly lower levels than LOW locomo-
tion females, although this difference was not quite
statistically significant (repeated measures ANOVA:
F(1,32) = 3.52, p = .07). If we limited analyses to females
that were in the top and bottom locomotion tertiles across
both arenas, HIGH locomotion females had significantly
lower TNF-a levels than LOW locomotion females
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(repeated measures ANOVA: F(1,16) = 6.43, p < .05;
Fig. 3). HIGH and LOW locomotion females showed no
difference in the amount of change in circulating TNF-a
levels from the time of tail nicking to 24-h later
(t(32) = 0.54, ns; calculated with tertiles: t(16) = 1.69, ns).
3.5. Tumor development and life span

Seventy percent (42/60) of females developed a mam-
mary and/or pituitary tumor prior to death (15 with only
a mammary tumor, 16 with only a pituitary tumor, and
11 with both a mammary and pituitary tumor). Females
with a tumor died at the same age as females without (med-
ian life span: 605 vs. 616 days; v2 = 2.26, ns). As predicted,
across the entire population, HIGH locomotion females
died significantly earlier than LOW locomotion females
(median life spans: 558 vs. 620 days; v2 = 4.42, p < .05;
Fig. 4a). This was particularly true when comparing
females that developed pituitary tumors (v2 = 6.66,
p < .01; Fig. 4c), but not significant for females that devel-
oped mammary tumors (v2 = 0.89, ns; Fig. 4b). HIGH
locomotion females’ mammary tumors were palpable
slightly earlier than LOW locomotion females, but this dif-
ference was not statistically significant (v2 = 1.10, ns).
Mammary and pituitary tumor weights at death did not
differ between HIGH and LOW locomotion females (mam-
mary: t(17) = 0.90, ns; pituitary: t(13) = 0.78, ns).
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4. Discussion

In the present study, young females that were highly
active in novel settings (‘high-locomotion females’) were
morphologically and physiologically distinct from less
active females (‘low-locomotion females’). These distinc-
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tions may begin to account for differential life span
between these females. Specifically, during young adult-
hood, high-locomotion females had enlarged adrenal
glands and produced more corticosterone in response to
a complex novel experience (being removed from the home
cage, exposed to a large novel arena, placed in a novel col-
ony room in a new cage, and having the tip of the tail cut),
suggesting they may stimulate the hypothalamic pituitary
adrenal (HPA) axis more readily throughout the life span
than low-locomotion females. High-locomotion females
also showed signs of dampened immune capacity at this
young age (i.e., decreased thymus size and TNF-a in circu-
lation), when looking at the extreme HIGH and LOW ter-
tile animals. Finally, high-locomotion females died more
rapidly than did low-locomotion females; and this differen-
tial life span was most pronounced in females that devel-
oped pituitary tumors. These results provide compelling
support for the fact that early expressed behavioral differ-
ences, associated with natural variance in HPA axis activ-
ity, are also associated with differential immune function,
potentially making high-glucocorticoid-producing animals
more susceptible to specific disease processes at the end
of life.

Glucocorticoid responses to novelty were significantly
elevated in high-locomotion females during young adult-
hood, compared to low-locomotion females. These results
support previous findings in which high-locomotion
females were shown to have elevated glucocorticoid levels
in late middle age (Cavigelli et al., 2006). The present find-
ings extend these results, showing that elevated glucocorti-
coid production is already present during young adulthood
for high-locomotion females, indicating this elevated HPA
activity is not a result of previously documented differences
in rates of ovarian aging during middle adulthood. Fur-
thermore, this early difference in HPA activity between
high- and low-locomotion females suggests these glucocor-
ticoid differences may exist throughout the life span and
may mimic effects of chronic stressor exposure. Although
single-housed laboratory animals may not experience the
frequency and/or magnitude of novel situations experi-
enced by free-ranging animals, they regularly experience
husbandry procedures (cage changes, door openings, etc.)
that have been shown to cause significant stress responses,
particularly in single-housed female rats (Sharp et al.,
2003). This interpretation is supported by the enlarged
adrenal glands in young adult high-locomotion females.
Further studies are required to address other physiological
repercussions that may exist later in life as a result of this
differential HPA axis activity, and to determine the extent
to which HPA axis activity is a stable trait within individ-
uals over time (Adam et al., 2006; Burleson et al., 2003;
Capitanio et al., 1998; Cohen and Hamrick, 2003).

Several hormones other than glucocorticoids have been
proposed to affect the genesis and progression of cancers;
among these are epinephrine (Epi) and norepinephrine
(NE) (Lutgendorf et al., 2003; Sood et al., 2006). For exam-
ple, Epi and NE have been shown to increase invasiveness
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in three cancer cell lines, while cortisol only increased inva-
siveness in one (Sood et al., 2006). Furthermore, Dobbs
et al. (1993) have shown both a glucocorticoid and cate-
cholamine mechanism for immune suppression under
stress. Most likely, glucocorticoid-independent mecha-
nisms of thymic atrophy (Krenger et al., 2000) are related
to catecholamine action (see Madden, 2003 for a compre-
hensive review of catecholamine effects on immune func-
tion). The effects of catecholamines on thymus weight
and lifespan may be mediated by glucocorticoids in that
NE production can stimulate interleukin-1 in turn stimu-
lating the HPA axis (Shintani et al., 1995). Further work
will have to include measures of personality-linked vari-
ance in catecholamines to better understand mechanisms
underlying a relationship between personality, immune
function and cancer susceptibility/progression (Elenkov
and Chrousos, 1999). Catecholamines, as compared to glu-
cocorticoids, may be a more likely functional link between
female locomotor responses to novelty and immune
function.

High-locomotion females, compared to low-locomotion
females, had reduced thymus sizes and reduced circulating
TNF-a levels in young adulthood. These results are in the
direction predicted given increased glucocorticoid produc-
tion in high-locomotion females. If these differences hold
true in other studies, this may provide another potential
mechanism for differential survival between high- and
low-glucocorticoid individuals (Aspinall, 2000). Overall,
TNF-a levels were relatively low in the current study, indi-
cating tail-nicking did not provide a potent immune chal-
lenge or that cytokine levels should be measured later
into the healing process. In addition, Sprague–Dawley rats
tend to be less reactive to mild stressors than other rat
strains (e.g. Fischer 344; Dhabar et al., 1995), thus differ-
ences in immune activation may be more apparent in more
reactive rat strains. Based on these data, it is hard to con-
clude whether slight differences in TNF-a levels could dif-
ferentially influence tumor development in high- vs. low-
locomotion females. Perhaps elevated TNF-a levels in
low-locomotion, low-glucocorticoid individuals may serve
as a protective advantage for certain disease processes like
parasite infections (Derouich-Guergour et al., 2001), and/
or a risk factor for others diseases, like rheumatoid arthri-
tis, multiple sclerosis, and irritable bowel disease (Inglis
et al., 2005; Issekutz et al., 1994; Kollias et al., 1999). A
stronger immune challenge with longer monitoring of
pro-inflammatory cytokines would provide more clear
results, and immune measures later in the life span after
repeated elevated glucocorticoid exposure may provide
the most accurate picture of potential immune function
alteration in females with different behavioral tempera-
ments (Cacioppo et al., 1998). The suggestion that thymus
size and plasma TNF-a levels may differ among young
females of different behavioral tendencies provides support
for further work in this area.

In a prior study comparing life span among female sib-
lings, high-locomotion sisters survived longer than low-
locomotion females (Cavigelli et al., 2006). Within this
same study, results across families were the opposite—with
females from high-locomotion families surviving shorter
than those from low-locomotion families (Cavigelli, Yee,
McClintock, unpublished data). The current results sup-
port the latter family-level survival effects and present a
curious anomaly in terms of within-litter life span effects.
In the present study, females were housed individually,
and therefore never came in contact with females of the
‘opposite’ behavioral temperament. In the prior study,
females were housed socially with sisters that had opposite
behavioral traits (i.e. high- and low-locomotion in the same
cage). Although we do not know the familial relationship
for females in the current life span study, they do confirm
prior findings across families and suggest that daily interac-
tions between females with different behavioral predisposi-
tions may introduce an important moderating variable that
may override the biological risk-factors identified in the
current paper. We have evidence that high- and low-loco-
motion females take on different social roles within a group
and that these roles may have a strong influence on life
span (Yee, Cavigelli, McClintock, unpublished data).

An animal model of spontaneous tumor development,
with documented variance in life span associated with tem-
perament and HPA activity, provides an ideal system for
prospective studies on the relationship between early
behavior/temperament/personality, physiology, and later
tumor susceptibility/resilience. These models provide a
means to study early interventions. In human research,
environmental conditions (e.g. socio-economic status, envi-
ronmental pollutants, etc.) are often confounded with
behavioral and physiological differences among individuals
(Brody et al., 2007). A key benefit of this model is the
removal of these confounding variables. In addition, differ-
ential health behaviors (exercise, smoking, diet) between
individuals with differential personalities and/or HPA
activity are removed. However, of course, limitations of
applicability must be considered. The biological basis of
tumor development across species is quite variable (Rudel
et al., 2007), and behavioral profiles among species do
not necessarily represent homologous traits.

In summary, we have shown that an early emerging
behavioral trait in female rats (activity in a novel environ-
ment) is associated with glucocorticoid response to novelty
and certain immune parameters. This behavioral trait may
be analogous to certain human personality traits associated
with naturally elevated glucocorticoid production in cer-
tain individuals (Arranz et al., 2007; Zobel et al., 2004).
The results of the current study suggest that females with
such personalities may physiologically mimic the effects
of chronic environmental stress. In turn, this chronic stress
could alter immune system functioning (Peters et al., 2003),
leading to specific disease susceptibility (Segerstrom and
Miller, 2004; Yang and Glaser, 2003). Alternatively,
immune functioning might influence glucocorticoid func-
tioning and/or behavioral traits. Further research on the
relationship between personality and physiological biases
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(neural, endocrine, immune, etc.) will provide greater
insight into potential links between personality and disease
susceptibility/resilience.
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