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Sympathoadrenal-dependent sexually dimorphic effect of
nonhabituating stress on in vivo neutrophil recruitment in the rat

"Laura A. Barker, 2Paul F. Dazin, *Jon D. Levine & *'Paul G. Green

"Department of Oral and Maxillofacial Surgery, NIH Pain Center, University of California San Francisco, San Francisco,
CA 94143, USA; *Howard Hughes Medical Institute, University of California San Francisco, San Francisco, CA 94143, U.S.A.

and *Department of Medicine, University of California San Francisco, San Francisco, CA 94143, U.S.A.

1 Since stress both activates the sympathoadrenal axis and profoundly affects inflammation and
inflammatory diseases, many of which are sexually dimorphic, we tested whether the effect of stress on
neutrophil recruitment, a primary component of the acute inflammatory response, is sexually
dimorphic.

2 The effect of intermittent sound (over 4 days), a nonhabituating stress, on lipopolysaccharide
(LPS)-induced recruitment of neutrophils was evaluated in vivo in the rat air pouch model. At 24h
following the last stress exposure, LPS-induced neutrophil recruitment was enhanced in male rats, but
not in females.

3 When gonadectomized prepubertally and tested as adults, stress significantly inhibited the
magnitude of LPS-induced neutrophil recruitment in males, while it still had no effect in
gonadectomized females. In males, following adrenal denervation, the increase in LPS-induced
neutrophil recruitment produced by stress was prevented. Since these data suggest that the effect of
stress is dependent on the sympathoadrenal axis, we tested the hypothesis that catecholamines mediate
the stress effects.

4 In male rats, the effect of stress on LPS-induced neutrophil recruitment was significantly
attenuated by continuous administration of the f-adrenergic receptor antagonist, propranolol
(4mgkg'day™"), during sound stress exposure, and administration of isoproterenol (10 nmoles, i.v.)
significantly increased neutrophil recruitment in males, an effect that was qualitatively and
quantitatively similar to the effect of stress. Propranolol significantly increased neutrophil recruitment
in nonstressed female rats, but did not significantly affect neutrophil recruitment in stressed females.
5 These findings indicate a marked male sex hormone-dependent sexual dimorphism in the
sympathoadrenal-dependent effect of stress on neutrophil migration, a primary component of the
inflammatory response, and suggest that the sympathoadrenal axis contributes to this effect via release

of epinephrine.
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Introduction

Many inflammatory diseases, such as rheumatoid arthritis and
systemic lupus erythematosus, have a markedly greater
incidence in women. This sexual dimorphism is dependent
not only on sex steroids but also on the hypothalamic-
pituitary—adrenal (HPA) and sympathoadrenal stress axes
(Spinedi et al., 1994; 1997; Gaillard & Spinedi, 1998; Da Silva,
1999; Green et al., 1999; Black, 2002; Cutolo et al., 2003).
Immune cells, constitutive components of the inflammatory
response, are markedly affected both by sex steroids (Gross-
man, 1985; Martin, 2000), and by stress axis mediators. For
example, estradiol (Puder et al., 2001; Rodriguez et al., 2002;
Xing et al., 2004) and glucocorticoids (Pitzalis et al., 2002)
inhibit leukocyte adhesion, chemotaxis and cytokine release,

*Author for correspondence at: NIH Pain Center, C522/Box 0440,
University of California San Francisco, 521 Parnassus Avenue, San
Francisco, CA 94143-0440, U.S.A.; E-mail: paul@itsa.ucsf.edu

while epinephrine inhibits superoxide production in neutro-
phils (O’Dowd et al., 2004) and at high concentrations, can
enhance neutrophil phagocytic activity (Malpica et al., 2002).
While the relationship between stress and inflammation is well
established (see Black (2002) for a review), the influence of sex
on stress-induced effects on inflammation has received little
attention despite the fact that stressful events are known to
produce sexually dimorphic effects on the immune system, for
example, men have an increased risk of major infections
following trauma (Offner et al., 1999). We have shown that the
sympathoadrenal axis modulates a major component of the
inflammatory response (plasma extravasation) in a sexual
dimorphic manner (Green et al., 1999) and we have also shown
that activation of the sympathoadrenal axis by nonhabituating
stress inhibits plasma extravasation in male rats, while
enhancing it in females (Green & Levine, 2005). In this study,
we tested the hypothesis that neutrophils, which are the
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primary initial defense against bacterial infection, exhibit a
sexually dimorphic chemotactic response in reaction to a
nonhabituating chronic stress, and that this effect is mediated
by the sympathoadrenal axis.

Methods
Animals

The experiments were performed on male Sprague-Dawley
rats (300400 g). Animal care and use conformed to the NIH
guidelines for the care and use of experimental animals. The
University of California at San Francisco, Committee on
Animal Research, approved all experimental protocols used in
these experiments.

Sound stress

Sound stress was performed on days 1, 3 and 4, as previously
described (Singh et al., 1990; Strausbaugh et al, 2003).
Animals were placed in a 55x 55x 70cm sound-insulated
box in a cage 25cm away from a speaker. The box was closed
and animals were exposed to a 105dB tone of mixed
frequencies ranging from 11 to 19 kHz. Over 30 min, rats were
exposed to 5- or 10-s sound epochs presented every minute at
random intervals during the minute. Rats were then placed
back in their home cages and returned to the animal care
facility until the neutrophil migration measurements were
performed, 24 h later. All stress exposures occurred between
08:00 and 12:00 hours.

Gonadectomy Gonadectomies were performed prepuber-
tally as we have previously shown that by puberty, sex steroids
in males permanently influence inflammatory response (Green
et al., 2001). Female rats, 3-week old, were ovariectomized
through bilateral flank incisions; fallopian tubes were clamped
and ligated with 4-0 silk suture and the ovaries removed by
cutting above the ligation. The fascia were closed with 5-0
chromic gut suture and the skin was closed with metal wound
clips. Male rats, 3-week old, were castrated through a single
scrotal incision. Vascular bundles were clamped and ligated
with 4-0 silk was suture and the skin closed with metal wound
clips (Waynforth & Flecknell, 1992). Neutrophil recruitment
studies were performed in adults, at ~ 10-12 weeks of age for
males and 12-14 weeks of age for females.

Adrenal denervation The greater splanchnic nerve inner-
vating the adrenal gland was exposed following a lateral
incision in the abdominal wall; the ‘adrenal innervation region’
was isolated close to the adrenal gland and cut as previously
described (Celler & Schramm, 1981; Miao et al., 1993).
Experiments were carried out at least 7 days after adrenal
denervation.

Propranolol and isoproterenol administration

A day prior to the first exposure to sound stress, rats were
anesthetized with isoflurane and osmotic mini-pumps (Alzet,
Model Number 1007D, Durect, CA, U.S.A.) were implanted
subcutaneously in the dorsal interscapular region. These
pumps were loaded with the f-adrenoceptor antagonist

dl-propranolol (Sigma, St Louis, MO, U.S.A.) to deliver
4mgkg~'day~!, a dose that is in the range that can maintain
p-adrenergic receptor blockade in rats (Greenberg & Wilborn,
1982; Steinle & Smith, 2002). Isoproterenol was administered
intravenously at 10nmolrat™! immediately prior to the
administration of lipopolysaccharide (LPS).

Measurement of neutrophil migration

Air pouch Rats were anesthetized with 2-3% isoflurane in
oxygen, the back shaved, swabbed with 70% ethanol, and
20 ml of sterile air (passed through a 0.2 um filter) was injected
subcutaneously so as to form an air pouch. After 3 days, this
procedure was repeated, except that only 10ml of sterile air
was injected. Rats were used for assessment of neutrophil
recruitment 3 days after the second air injection. The air pouch
model is a well-established model of joint synovium that
possesses histological (Edwards et al., 1981) and biochemical
(Claxson et al., 1999) features that are analogous to the
synovium in inflamed arthritic joints (Edwards et al., 1981).

Neutrophil harvesting Rats were briefly anesthetized with
isoflurane and 300 ul LPS (30 ng) or sterile phosphate-buffered
saline injected into the 7-day old air pouch. Beginning 3-3.5h
later, rats were anesthetized with pentobarbital (65mgkg™"),
and cells collected 3.5-4 h after LPS by injecting 5 ml of sterile
phosphate-buffered saline into the pouch. After gentle massa-
ging of the pouch, cell-containing fluid were aspirated and
placed into sterile culture tubes, and centrifuged at 1500 r.p.m.
for 10min (25°C). Supernatant was aspirated and cells
resuspended in 1ml at phosphate-buffered saline containing
1% bovine serum albumin room temperature. A measure of
10 ul of 1 mgml~' Hoechst 33342 (bisbenzimide), to distinguish
nucleated cells from red blood cells, was added to flow
cytometry tubes, in subdued lighting, and each sample was
added to one of the tubes. For antibody labeling (see below),
100 ul of sample was used. Bisbenzimide was incubated with
sample for at least 40 min in subdued lighting. A measure of
1ul of 1mgml™" propidium iodide, to assess nucleated cell
viability, was added immediately before flow cytometry was
performed.

Antibody labeling Cell population was also determined by
specific antibody labeling. In all, 100 ul of sample was labeled
with rabbit anti-rat polymorphonuclear leukocyte fluorescein-
S-isothiocyanate ((FITC) labeled) and monoclonal anti-B-cell/
monocyte antibody R-phycoerythrin ((RPE) labeled). Labeled
antibodies were added to each 100 ul sample (separate sample
for FITC and RPE label) and incubated on ice for 40 min,
centrifuged and resuspended in 1ml ice-cold phosphate-
buffered saline (in subdued lighting).

Flow cytometry Neutrophil quantification was performed
using nuclear content, forward scatter and side scatter patterns
obtained from excitation at 488 and 354/63 nm wavelengths.
Populations were verified by specific antibody labeling;
94+4% of leukocytes in the air pouch were neutrophils. Log
fluorescence was measured for 30s at constant pressure for
each sample, using a triple laser Vantage SE cell sorter (Becton
Dickinson, San Jose, CA, U.S.A.). Data acquisition was
performed using CellQuest Pro software, version 4.01 (Becton
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Dickinson), and off-line analysis was performed using FlowJo,
version 4.5 (Tree Star, Inc., Ashland, OR, U.S.A)).

Results

Sexual dimorphism in the effect of sound stress
on LPS-induced neutrophil recruitment

There was no significant sex difference in LPS-induced
neutrophil recruitment into the air pouch (Male LPS vs
Female LPS, P>0.05). However, following sound stress, LPS-
induced recruitment of neutrophils was significantly enhanced
in male rats (Male Naive vs Male Stress, P<0.05), while in the
females the number of LPS-recruited neutrophils was not
significantly different, even tending towards a decrease
(Female Naive vs Female Stress, P>0.05).

Sympathoadrenal axis in the effect of sound stress
on LPS-induced neutrophil recruitment

We tested the hypothesis that the effect of sound stress on
LPS-induced neutrophil recruitment seen in male rats is
dependent on the sympathoadrenal system (Figure 1). Follow-
ing adrenal denervation, the effect of stress on LPS-induced

neutrophil recruitment was completely abolished (Male Naive
vs Male Stress Ad-Den, P>0.05.; Male Stress vs Male Stress
Ad-Den, P<0.05). We next tested the hypothesis that stress-
induced release of catecholamines could account for the effect
of stress on LPS-induced neutrophil recruitment. The pS-
adrenergic receptor antagonist, propranolol (4 mgkg ' day™)
was administered beginning 1 day prior to first exposure to
sound stress, and continuing throughout the 4-day period
stress exposure. Antagonizing the f-adrenergic receptor with
propranolol completely prevented the increase in LPS-induced
neutrophil recruitment following sound stress in males (Male
Stress vs Male Stress + Prop, P<0.05); propranolol had no
effect of neutrophil recruitment in nonstressed males (Male
Naive vs Male Prop, P>0.05). The f-adrenergic receptor
agonist, isoproterenol (10nmol/rat, i.v.), significantly in-
creased LPS-induced neutrophil recruitment in male rats
(Male Naive vs Male Isoprot, P<0.05), mimicking the effect
of sound stress.

Role of sex steroids in the effect of sound stress
on LPS-induced neutrophil recruitment

To determine the influence of sex steroids on the sexual
dimorphism for the effect of sound stress on LPS-induced
neutrophil recruitment, gonadectomies were performed on
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Figure 1 (a) Stress enhances neutrophil recruitment in male rats: sympathoadrenal- and f-adrenergic receptor-dependence. Basal
(saline) levels of neutrophils in the air pouch were not affected by stress. LPS increase recruitment of neutrophils compared to saline,
and compared to nonstressed rats (LPS), sound stress enhanced LPS-induced neutrophil recruitment (LPS + stress). The effect of
stress was abolished by adrenal denervation (LPS + stress + Ad-Den) or by chronic administration of the f-adrenergic receptor
antagonist, propranolol (LPS + stress + prop.). Administration of the fi-adrenergic receptor agonist isoproterenol (LPS + isoprot.)
mimicked the effect of stress. Results are expressed as mean+s.e.m. (n, indicated on the graph). Significance differences (P<0.05)
are indicated by *; NS indicates no significant difference. (b) Stress has no effect on neutrophil recruitment in female rat. Basal
(saline) levels of neutrophils in the air pouch were not affected by stress. LPS increase recruitment of neutrophils compared to saline,
but compared to nonstressed rats (LPS), sound stress had no effect. Chronic administration of the ff-adrenergic receptor antagonist,
propranolol in naive females (LPS+ prop.) significantly enhanced the recruitment of neutrophils compared to naive rats, but
neutrophil recruitment in stressed rats was not affected by chronic propranolol. Administration of the f-adrenergic receptor agonist
isoproterenol (LPS + isoprot.) was not significantly different from LPS alone. Results are expressed as mean +s.e.m. (n, indicated on
the graph). Significance differences (P <0.05) are indicated by *; N.S. indicates no significant difference.
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Figure 2 Effect of stress on neutrophil recruitment: male sex
steroid—dependence. In adult males, gonadectomized prepubertally,
stress significantly reduced the recruitment of neutrophils. In
contrast, in adult females, gonadectomized prepubertally, stress
had no effect on the recruitment of neutrophils. Results are
expressed as mean +s.e.m. (n, indicated on the graph).

prepubertal male and female rats (Figure 2). LPS-induced
neutrophil recruitment was significantly increased in adult
males gonadectomized prepubertally compared to intact males
(Naive male in Figure 1 vs Figure 2; P<0.05), and in contrast
to intact males, sound stress now significantly decreased LPS-
induced neutrophil recruitment (Naive vs Stress, P<0.05). Of
note, we did not compare gonadectomized with sham surgery
males, since the gonadectomy surgeries were performed 7-9
weeks prior to evaluation of LPS-induced neutrophil recruit-
ment — a persistent effect of surgery over such a long period is
questionable. Furthermore, we also performed gonadectomies
in adult males, and when evaluated 2 weeks later, LPS-induced
neutrophil recruitment was not significantly different from
that in intact, naive rats (data not shown). This is consistent
with our previous observations that prepubertal, but not adult,
gonadectomy in males increased the magnitude of another
measure of the inflammatory response (plasma protein
extravasation) (Green et al., 2001). Gonadectomy in females
did not significantly affect LPS-induced neutrophil recruit-
ment compared to intact females, and sound stress was still
without significant effect on LPS-induced neutrophil recruit-
ment (Naive vs Stress in female, P>0.05).

Discussion

In this study, we have shown that while the magnitude of
neutrophil chemotaxis in response to LPS is not significantly
different in adult male and female rats, following chronic stress
there is a significant enhancement in neutrophil recruitment,
but only in males. This stress-induced enhancement of
neutrophil attraction in males was abolished after gonadec-
tomy (implicating a role for androgens), and after adrenal
medulla denervation (implicating a role for epinephrine).
Adrenal denervation or continuous administration of the
p-adrenergic receptor antagonist, propranolol, during the
sound stress exposure period prevented the stress effects, and
administration of the f-adrenergic receptor agonist, isoproter-
enol mimicked the effect of stress on neutrophil recruitment.

These data show that stress has significant effects on
neutrophil recruitment that are sexually dimorphic, and
specifically that the effects of nonhabituating sound stress
are modulated in males by activation of the sympathoadrenal
axis, in a male gonadal sex steroid-dependent manner.

While these data provide evidence for an important role of
the adrenergic system in the modulation of neutrophil
function, recently we evaluated adrenergic regulation chemo-
taxis of human neutrophils in vitro (de Coupade et al., 2004).
In that study, we showed that pf-adrenergic stimulates
chemokinesis (but not chemotaxis) in neutrophils from
women, but had no effect on neutrophils from men. The fact
that in that study we observed a f-adrenergic sensitivity in
neutrophils from females may be due to species differences, or
that LPS-induced recruitment in vivo is not directly compar-
able to chemokinesis in vitro.

There are some interesting contrasts between the findings
from this study and those from our earlier work evaluating
the role of the sympathoadrenal axis (Green et al., 1999)
and, more recently, the effect of intermittent stress on the
magnitude of another component of the inflammatory
response, plasma extravasation (Green & Levine, 2005). The
magnitude of bradykinin-induced plasma extravasation is
lower in female compared to male rats, and is increased
by adrenal denervation or by repeated sound stress, while in
males adrenal denervation was without effect in naive rats,
but blocked the marked inhibition of plasma extravasation
produced by repeated sound stress. As with neutrophil
recruitment, the magnitude of plasma extravasation is affected
by stress in a markedly sexual dimorphic manner, but the
direction of the change differs between these two components
of the inflammatory response. Of note, plasma extravasation is
inversely correlated with the severity of experimental arthritis
in rats (Coderre et al., 1990; 1991; Green et al., 1991; Miao
et al., 1992), while recruitment of neutrophils is positively
associated with the severity of experimental arthritis in mice
(Wipke & Allen, 2001). Further study is needed to determine
how in male vs female rats stress affects the integration of
these, and other, inflammatory processes.

The sympathetic nervous system and the sympathoadrenal
axis are closely associated with the immune system and the
control of the inflammatory response; the sympathetic nervous
system innervates lymphoid organs and directly contacts
lymphocytes and macrophages (Felten et al., 1984; Felten &
Olschowka, 1987), and many immune cells (e.g. lymphocytes,
natural killer (NK) cells, neutrophils and macrophages)
express o- and f-adrenergic receptors. The f,-adrenergic
receptor subtype mediates several of the observed effects of
catecholamines on neutrophils (Benschop et al., 1996), such as
generation of reactive oxygen intermediates in granulocytes
in response to activation with formyl-Met-Leu-Phe (fMLP)
(Opdahl et al., 1993) and interleukin (IL)-8 production in
macrophages (Kavelaars et al., 1997). Of relevance to our
findings, epinephrine acts via f};-adrenergic receptors to
increase neutrophil migration (Jain et al., 2003) and antag-
onizing o,-adrenergic receptors inhibits LPS-induced neutro-
phil recruitment into pleura (Altenburg et al., 2000). Since
nonhabituating sound stress produces a chronic increase in
plasma epinephrine (P.G. Green, unpublished observations), it
is likely that the functioning of adrenergic receptor-bearing
immune cells will be altered in stressed rats. In fact, normal
circulating levels of catecholamines may affect neutrophil
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function since propranolol has been shown to increase
neutrophil chemotaxis in response to fMLP (Anderson &
van Rensburg, 1979; Weisdorf & Jacob, 1987). In fact,
although we found that propranolol had no significant effect
in naive males, it significantly enhanced migration in naive
females (Figure 1b), suggesting that tonic p-adrenergic
stimulation in females suppresses migration of neutrophils to
inflammatory stimuli. Interestingly, acute stress (Landmann
et al., 1984) and acute isoproterenol infusion (Van Tits et al.,
1990) produce lymphocytosis in humans, and isoproterenol
also increases the number of T and NK cells (Mills ez al.,
2000), favoring enhanced neutrophil adhesion and migration
to nonlymphoid tissue (Mills et al., 2000). However, 9-day
spaceflight stress in astronauts, with concomitant raised
plasma catecholamines, also increased plasma neutrophil,
monocyte and T cell numbers (but decreased NK cells) (Stowe
et al., 2003), which is compatible with the hypothesis that
stress enhances immune response in a sympathoadrenal-
dependent manner. In addition to enhancing some immune
functions, the adrenergic system also suppresses some other
functions. For example, epinephrine, acting via the f,-
adrenergic receptor increases intracellular cAMP levels and
inhibits the production of superoxide by neutrophils (Tintinger
et al.,2001; O’Dowd et al., 2004), while isoproterenol increases
intracellular cAMP concentration and inhibits adhesion of
equine PMN to immune complexes (Chilcoat et al., 2002).
However, while increased intracellular cAMP levels also
suppress neutrophil chemotaxis (Tyagi et al., 1991), the role
of intracellular levels of cAMP on neutrophil immune function
is not clear since increased plasma levels of norepinephrine
(produced by exercise stress) increases neutrophil phagocytosis
in parallel with increased intracellular levels of cAMP (Ortega
et al., 2005). It is important to note that these studies
evaluating the relationship between adrenergic stimulation,
cAMP levels and immune cell function have focused on acute
effects of adrenergic stimulation; it is important, therefore, to
evaluate the effect of chronic stress and/or chronic exposure
to adrenergic stimulation. It has been shown that in humans,
chronic stress (over months) down regulates both lymphocyte
pr-adrenergic receptor density and isoproterenol cAMP
response (Mills ez al., 2004), but in contrast chronic stress in
mice (8 weeks) upregulates f,-adrenergic receptor density and
isoproterenol cAMP response in mice (Edgar ez al., 2003).

While a stress- or isoproterenol-induced alteration in the
circulating neutrophil population may have contributed to the
observed changes in neutrophil migration into the air pouch,
there does not appear to be a linear relationship between
circulating levels of leukocytes and recruitment into the air
pouch. For example, in rats, NG-nitro-L-arginine methyl ester
treatment increases circulating leukocyte levels by 100%, but
it actually decreases migration into the air pouch by 50%
(Farsky et al., 2004). However, a decrease neutrophil recruit-
ment into the rat air pouch can be produced when marked
leukopenia is induced with cyclophosphamide treatment
(Omata et al., 1991). Of note, social stress increases the
circulating neutrophil population in rats ~1.8-fold (Engler
et al., 2004). Therefore, while it is possible that extremes of
leukopenia/leukophilia may affect recruitment of leukocytes
into the air pouch, existing literature argues against such a
pronounced effect occurring with stress or isoproterenol.

Our results contrast with some previous reports evaluating
the effect on inflammation of acute stress, such as foot shock,

hemorrhagic shock, surgery and trauma. For example, 3h
foot-shock stress reduces zymosan-induced neutrophil accu-
mulation into the air pouch of male rats (Harmsen & Turney,
1985) and hemorrhagic shock produces a depressed cell-
mediated immune response in males, but an unchanged or
enhanced response in females (Wichmann et al., 1996; Angele
et al., 2000); similarly, women exhibit a greater immediate IL-6
response postsurgically, compared to men (Wichmann et al.,
2003) and infection is much greater in men following trauma
(Offner et al., 1999). However, the fact that the duration of
exposure to a stressor is a major determinant of the effect on
the inflammatory response (Strausbaugh et al., 1999; 2003)
may account, at least in part, for the differences in the
literature regarding the effects of stress on immune responses.
Consistent with this notion, it has been shown recently that
3-day restraint stress in ovalbumin-sensitized and challenged
male mice decreased bronchoalveolar neutrophil recruitment,
while 7-day restraint stress increased bronchoalveolar neutro-
phil recruitment, in this case via a corticosterone-independent
mechanism (Forsythe et al., 2004). Furthermore, while acute
(5h) stress enhanced delayed-type hypersensitivity reactions,
which are cell-mediated immune responses, chronic (3-week)
stress suppressed it (Dhabhar & McEwen, 1997).

The type of stressor employed is also an important variable
in how stress affects inflammation and immune responses. For
example, acute inescapable electrical foot or tail shock
(Harmsen & Turney, 1985; Fleshner et al., 1998; Campisi &
Fleshner, 2003; O’Connor et al., 2003) and acute restraint
(Dhabhar et al., 1997) facilitate innate immunity, while it is
inhibited by acute cold exposure with restraint stress (Cao
et al., 2003). These differences are likely to be dependent on
differences in stress intensity (Rinner et al., 1992; Hale et al.,
2001) producing different levels of glucocorticoids and
catecholamines (Dhabhar & McEwen, 1999). Importantly,
we have demonstrated that different types of stressor inhibit
components of the inflammatory response by different
mechanisms; while repeated restraint stress inhibits plasma
extravasation immediately after exposure to the stressor, via
activation of the HPA axis, repeated sound and ether stress
inhibits plasma extravasation 24—48 h poststress, via activation
of the sympathoadrenal axis (Strausbaugh et al., 2003). Since
sound and ether stress are more intense and nonhabituating,
compared to restraint stress, we have hypothesized that this
difference may be dependent on the intensity of the stressor;
low-intensity stress preferentially activates the HPA axis while
high-intensity stress also activates the sympathoadrenal axis
(Strausbaugh et al., 1999). Consistent with this hypothesis, we
have found that administration of corticosterone (subcuta-
neously implanted 100 mg pellet) was without effect on LPS-
induced neutrophil recruitment in either males or females
(P.G. Green, unpublished observations), suggesting that the
HPA axis does not participate in the effect of sound stress on
neutrophil recruitment.

The data from this study also suggest that androgens may
affect neutrophil recruitment, since the stress-induced increase
in LPS-induced neutrophil recruitment was absent in gona-
dectomized males. Although testosterone may modulate the
circadian variation in LPS-stimulated neutrophil migration
(Bureau & Labrecque, 1996), testosterone does not appear to
directly affect neutrophil chemotaxis (Jungi et al., 1977;
Miyagi et al., 1992). However, testosterone may have indirect
action to affect neutrophil migration. While there is no
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evidence for a role of physiological variations of testosterone
in the regulation of catecholamine action in leukocytes (Rosen
et al., 1984), testosterone has been shown to increase TNF-o-
induced expression of E-selectin (which regulates the extra-
vasation and migration of neutrophils) (Zhang et al., 2002).
Further studies are required to elucidate the relationship
between stress, testosterone and neutrophil migration.

In summary, we have shown that chronic intermittent stress
enhances LPS-induced leukocyte recruitment in male rats, and
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