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Abstract
Both basic and clinical research indicates that females are more susceptible to stress-related
affective disorders than males. One of the mechanisms by which stress induces depression is via
inflammatory signaling in the brain. Stress during adolescence, in particular, can also disrupt the
activation and continued development of both the hypothalamic–pituitary–adrenal (HPA) and –
gonadal (HPG) axes, both of which modulate inflammatory pathways and brain regions involved
in affective behavior. Therefore, we tested the hypothesis that adolescent stress differentially alters
brain inflammatory mechanisms associated with affective-like behavior into adulthood based on
sex. Male and female Wistar rats underwent mixed-modality stress during adolescence (PND 37–
48) and were challenged with lipopolysaccharide (LPS; 250 μg/kg, i.p.) or saline 4.5 weeks later
(in adulthood). Hippocampal inflammatory marker gene expression and circulating HPA and HPG
axes hormone concentrations were then determined. Despite previous studies indicating that
adolescent stress induces affective-like behaviors in female rats only, this study demonstrated that
adolescent stress increased hippocampal inflammatory responses to LPS in males only, suggesting
that differences in neuroinflammatory signaling do not drive the divergent affective-like
behaviors. The sex differences in inflammatory markers were not associated with differences in
corticosterone. In females that experienced adolescent stress, LPS increased circulating estradiol.
Estradiol positively correlated with hippocampal microglial gene expression in control female rats,
whereas adolescent stress negated this relationship. Thus, estradiol in females may potentially
protect against stress-induced increases in neuroinflammation.
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1. Introduction
The prevalence of depression in women is approximately twice that of men (Frackiewicz et
al., 2000; Noble, 2005; Solomon and Herman, 2009). Adolescence marks a period of vast
physical and mental changes and the emergence of many sex differences, including this
female-biased prevalence of depression (Angold et al., 1998; Lenroot and Giedd, 2010;
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Nolen-Hoeksema and Girgus, 1994). Significant stress exposure during adolescence is
particularly associated with emergence of the increased prevalence of depression in females
(Angold et al., 1998; Becker and Grilo, 2007; Conley and Rudolph, 2009) suggesting that
females may be more susceptible to stress-induced depression than men (Kudielka et al.,
2004; Young, 1998). Non-human animal models support these hypotheses: females may be
more susceptible to depressive-like behavior (Dalla et al., 2005) and specifically more
susceptible to adolescent stress-induced depressive-like behavior (Bourke and Neigh, 2011;
Desbonnet et al., 2008).

Mounting evidence suggests that stress induces these emotional and behavioral changes
through inflammatory signaling in the brain (Anisman, 2009; Maier, 2003). Rapidly after
stress exposure, proinflammatory cytokines are transiently induced in brain regions that
regulate affective-like and cognitive behaviors in rodents (e.g., hypothalamus, hippocampus,
and frontal cortex (Nguyen et al., 1998)). Longer-lasting or “priming” effects of stressors
(i.e., those that occur after the initial inflammatory response subsides; >24 h) are also
observed, but may require a subsequent challenge, like lipopolysaccharide (LPS) treatment,
to be detectable (Frank et al., 2007; Gibb et al., 2011; Girotti et al., 2011; Johnson et al.,
2003). This relationship between stress and neuroinflammation is complex, however, as
some stressors instead attenuate or result in mixed neuroinflammatory responses to LPS
(Audet et al., 2011; Barnum et al., 2012; Gibb et al., 2008). Little work has been done to
determine whether adolescence is a critical period during which stress confers similar
changes in neuroinflammatory processes as predicted by human studies or how this may
occur. Additionally, the longevity of these changes has not been determined, as they are
usually examined within 2–4 days post-stressor.

Among other changes, the hypothalamic–pituitary–adrenal (HPA) and –gonadal (HPG) axes
continue to develop during adolescence. Therefore, their hormone effectors may be partly
responsible for the concomitant emergence of sex differences in mental health disorders
(McCormick and Mathews, 2007; Naninck et al., 2011). In support of this hypothesis, the
sex differences in rates of depression that emerge during adolescence subside following
reproductive senescence when HPG axis hormone production wanes (Bebbington et al.,
2003). In rodents, chronic stress during adolescence disrupts HPA glucocorticoid responses,
an effect that is sexually dimorphic (Bourke and Neigh, 2011, 2012). Estradiol,
progesterone, and glucocorticoids are also known modulators of neuroinflammation (Kipp
and Beyer, 2009; Schweingruber et al., 2012). For example, ovariectomy inhibits LPS-
induced brain microglial expression of cytokines in mice, whereas estradiol treatment
rescues this function (Soucy et al., 2005). Glucocorticoids also regulate inflammatory
cytokine production and function in the brain (Dantzer et al., 1999), and therefore,
dysregulation of glucocorticoids due to adolescent stress may be one mechanism by which
brain inflammatory signaling is altered.

In this study, we predicted that the previously observed female-biased effects of adolescent
stress on affective-like behaviors (Bourke and Neigh, 2011) would be mediated by increased
brain inflammatory responses in rats. To measure brain inflammatory response,
hippocampal gene expression of various markers that have been implicated in inflammation-
induced depression (Leonard, 2007; Pace and Miller, 2009) was quantified following a
peripheral LPS challenge: proinflammatory cytokines (IL-1β, TNFα, a microglial cell
marker (CD11b), an inflammatory mediator (iNOS), and the canonical inflammatory
transcription factor and target of stress-induced glucocorticoid signaling (NF-κB indirectly
via IκBα). HPA and HPG axes hormones were also measured as potential modulators of
these inflammatory mechanisms.
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2. Materials and methods
2.1. Animals

Timed pregnant Wistar rats (Charles River, Wilmington, MA) arrived on gestational day 12
(n = 24). This timing of shipping stress is not associated with changes in developmental
outcomes (Ogawa et al., 2007), whereas shipping stress during puberty can have enduring
effects on behavior (Laroche et al., 2009a, b). Rats were housed on a 14:10 reverse
light:dark cycle in a facility controlled for humidity (60%) and temperature (20–23 °C).
Rodent diet 5001 chow (Purina Mills, Richmond, IN) and water were available ad libitum
throughout the study. Three days after birth, rat pups were sexed and litters were culled to
four male and four female pups. Littermates were assigned to control and stress groups with
no more than two pups per litter assigned to each group. Pups were weighed and weaned on
postnatal day (PND) 21 and housed in same-sex pairs. All animal experiments were
approved by Emory University’s Institutional Animal Care and Use Committee and carried
out in accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (National Research Council, 2011). All efforts were made to minimize
animal suffering and to reduce the number of rats used.

2.2. Experimental design
Rats of both sexes were exposed to either a mixed modality chronic stress paradigm during
adolescence (see details below) or remained pair-housed as controls. Four and a half weeks
after the cessation of the stress paradigm, neuroinflammatory responses were assessed in
these adult rats following an i.p. lipopolysaccharide (LPS; Escherichia coli strain 127:B8;
250 μg/kg) or saline injection. Four hours post-injection, rats were deeply anesthetized with
sodium pentobarbital (1 mg/kg; i.p.). Blood was sampled into heparin-coated syringes via
cardiac puncture followed by brief (~1 min) cold saline perfusion to flush circulating
macrophages out of the brain. Blood was centrifuged at 1800 rcf and plasma was collected
and stored at −80 °C until used for hormone analyses. Brains were removed and hippocampi
were dissected out, flash frozen, and stored at −80 °C until used for quantitative RT-PCR
analyses.

2.3. Mixed modality chronic stress paradigm
This mixed modality chronic stress paradigm has previously been used to elicit sex-specific
behavioral changes in adolescent rats (Bourke and Neigh, 2011, 2012). Here, adolescent
stress was defined as individual housing beginning at PND 36 and continuing throughout the
study combined with randomly alternating daily exposure to either social defeat or restraint
for 12 days (PND 37–48; 6 days each of social defeat and restraint). This period corresponds
to the middle of adolescence in rodents as defined by Eiland and Romeo (2012). The control
groups remained pair-housed with a same sex littermate throughout the study. The study was
not designed to assess the specific effects of individual housing, restraint, or social defeat,
but was designed to use this combination of established stressors to induce chronic stress
during adolescence.

Social defeat stress was performed during the light phase in the home cage of a same-sex
resident: a mature, territorial Long-Evans rat (retired male breeders or ovariectomized
females) selected based on their likelihood to pin an intruder (Bourke and Neigh, 2011). For
social defeat, a mesh barrier was placed in the middle of the resident’s cage. The resident
remained on one side of the barrier and the same-sex intruder (experimental rat) was placed
on the opposite side. After two minutes of acclimation, the barrier was removed for 5 min or
until the intruder was attacked by the resident (without physical injury) five times on the
first day, three times on the second day, and once each day thereafter. At the conclusion of
the physical criteria, the wire mesh screen was replaced. Intruders and residents remained
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separated by the wire mesh screen, which allowed for continued visual and olfactory contact
for an additional 25 min. Subsequently the intruder was returned to its home cage. Intruder
and resident pairings were randomly assigned each day to prevent stabilization of a
dominance hierarchy.

For the restraint portion of the mixed-modality stressor, animals were restrained during the
light phase for 60 min in clear acrylic rat restraints (BrainTree Scientific, Braintree, MA,
USA) that prevented head-to-tail turns but did not compress the rat.

2.4. Endocrine analyses
Plasma hormones were assayed via ELISA: corticosterone (sensitivity: 27 pg/ml, Enzo Life
Sciences, Farmingdale, NY, USA), progesterone (sensitivity: 8.57 pg/ml, Enzo Life
Sciences), estradiol using 50 μl samples (sensitivity: 19 pg/ml, Cayman Chemical, Ann
Arbor, MI, USA). Samples were run in duplicate for all endocrine assays.

2.5. Quantitative RT-PCR
Hippocampal RNA was extracted using a RNeasy Mini kit (Qiagen, Valencia, CA, USA)
and RNA integrity was assessed by a Nano-Drop 2000 spectrophotometer
(ThermoScientific, Wilmington, DE, USA) and an Agilent Bioanalyzer 2100 (Agilent, Santa
Clara, CA). RNA was reverse transcribed with the High Capacity RNA to cDNA kit
(Applied Biosystems, Foster City, CA). cDNA was quantified with the PicoGreen Assay
(Invitrogen, Carlsbad, CA). A rat endogenous control plate (Applied Biosystems, Foster
City, CA) was run in order to determine the optimal endogenous control, which was found
to be Tfrc (transferrin receptor) based on the lowest deviation between treatment groups. Rat
TaqMan Gene Expression Assays were purchased from Applied Biosystems (Carlsbad, CA,
USA) with probes labeled with 6-FAM and MGB (non-fluorescent quencher) at the 5′ and
3′ ends, respectively: IL-1β (Rn00580432_m1), TNFα (Rn00562055_m1), CD11b
(Rn01506864_m1), IκBa (Rn01473657_g1), iNOS (Rn00561646_m1), Tfrc
(Rn01474701_m1). The universal two-step RT-PCR cycling conditions used on the 7900HT
Sequence Detection System (Applied Bio-systems) were: 50 °C (2 min), 95 °C (10 min), 40
cycles of 95 °C (15 s) and 60 °C (1 min). Relative gene expression of individual samples run
in triplicate (with coefficient of variation cut-off set to 4%) was calculated by the
comparative CT quantification method relative to the same-sex no stress saline control group
(2−ΔΔCT) with a Grubbs correction for outliers.

2.6. Statistical analysis
Statistical comparisons of differences in hippocampal gene expression and hormone
concentrations were analyzed using 2-way ANOVAs and t-tests using SPSS v.19.0 software
(Chicago, IL). Separate linear regression analyses were used to determine the extent to
which estradiol concentrations predicted microglial gene expression in the hippocampus in
each of the treatment groups. Data were determined to be statistically significant when p <
0.05 and are presented as mean ± standard error of the mean (SEM).

3. Results
3.1. Adolescent stress decreased body mass in males only

As predicted, males weighed significantly more than females throughout the experiment
(F1,288 = 769.7; p < 0.001, Table 1). In males, adolescent stress significantly decreased body
mass on the last day of the adolescent stress paradigm (F1,36 = 12.8; p = 0.001). No
significant differences in body mass were observed in either sex at the initiation of the stress
paradigm or one week before LPS treatment and tissue collection (p > 0.05 in all cases).
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3.2. Adult neuroinflammatory responses to LPS challenge following adolescent stress
exposure

Our previous work indicating that adolescent stress induced depressive- and anxiety-like
behavior during adulthood in females only led us to examine sex differences in potential
underlying neuroinflammatory responses. The prolonged influence of adolescent stress on
the acute hippocampal neuroinflammatory responses to an LPS injection was sex-dependent.
Four hours after LPS administration, hippocampal IL-1β, TNFα, and IκBα gene expression
in male rats that were stressed 4.5 weeks earlier during adolescence surpassed that of LPS
treatment in males that were not exposed to adolescent stress (p < 0.05 for each gene; t17 =
2.2, t18 = 1.9, t16 = 3.6, respectively; Fig. 1A, B and D). Similar trends were observed for
CD11b and iNOS, although statistical significance was not reached (p > 0.05 for both; Fig.
1C and E). In contrast, gene expression of the inflammatory markers examined remained
unchanged by stress experience in female rats; unstressed female rats displayed the same
magnitude of elevations in neuroinflammatory markers as stressed females (p > 0.05 for
each gene). No differences in inflammatory gene expression were observed between stressed
and non-stressed rats of either sex in the absence of the LPS stimulation (i.e., following a
saline injection). Likewise, no statistically significant differences were detected between the
sexes of the same treatment groups (p > 0.05 for each gene).

3.3. Adult endocrine responses to LPS challenge following adolescent stress exposure
Four hours after the injection, LPS increased plasma corticosterone concentrations in all rats
compared with saline-injected controls (Fig. 2A; p < 0.05). There were no sex differences in
these corticosterone responses (p > 0.05).

No differences in progesterone concentrations among any female treatment groups were
observed (Fig. 2B; p > 0.05). LPS treatment comparably reduced testosterone concentrations
among males, regardless of stress treatment (Fig. 3C; p < 0.5 in both cases). Saline-injected
males that experienced adolescent stress had slightly elevated testosterone concentrations
relative to the non-stress controls, although this increase was not statistically significant (p =
0.2). Adolescent stress exposure paired with an LPS challenge significantly increased female
plasma estradiol concentrations compared with all other females (Fig. 3A; p < 0.05).

3.4. Estradiol correlates with hippocampal microglial gene expression
Given the reported modulating effects of estradiol on microglia activation (Dimayuga et al.,
2005; Loram et al., 2012; Soucy et al., 2005), a multiple linear regression analysis was used
to determine the extent to which circulating estradiol, stress, and LPS treatment predicted
hippocampal CD11b gene expression among females. Including all three predictors in the
model produced R2 = 0.41, F3,37 = 8.0, p < 0.001. Both estradiol and LPS treatment had
positive significant regression weights (β = 0.42 and 0.38, respectively) indicating that
female rats that received LPS or had higher circulating estradiol were expected to have
higher hippocampal CD11b expression, whereas stress did not contribute to this model.
When females were divided into experimental groups (no stress + saline, no stress + LPS,
stress + saline, stress + LPS), however, the significant predictability of estradiol on CD11b
gene expression was restricted to those that did not experience adolescent stress (Fig. 3B).
Therefore, adolescent stress attenuated the contribution of estradiol in terms of its value as a
predictive factor for hippocampal CD11b gene expression.

4. Discussion
To our knowledge, this is the first study to test the potential for biological sex to modulate
the effects of adolescent stress on brain inflammation. In contrast to our prediction based on
previous behavioral studies in which adolescent stress increased depressive- and anxiety-like
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behavior in females (Bourke and Neigh, 2011), an LPS trigger injected four and a half
weeks after chronic adolescent stress unmasked long-term priming of various
neuroinflammatory mediators (IL-1β, TNFα, CD11b, NF-κB, iNOS) in males only. These
data suggest that the mechanisms by which adolescent stress confer sexually dimorphic
changes in adult affective-like behavior may not be inflammatory in nature. In support of
this hypothesis, without LPS stimulation, neuroinflammatory marker gene expression was
minimal and did not differ between the sexes around the same age that affective-like
behaviors have been shown to diverge (Bourke and Neigh, 2011). In fact,
neuroinflammation was only apparent when LPS treatment was added to the model. A
similar lack of stress-induced constitutive brain cytokine production has been reported in
some studies in adult male rodents (Espinosa-Oliva et al., 2011; Frank et al., 2007) but not
in other studies (Maier, 2003; Minami et al., 1991; Nguyen et al., 1998).

The stress-induced exacerbation of LPS-triggered neuroinflammation only manifested in
males. Therefore, sex differences in provoked neuroinflammatory signaling may confer
subsequent behavioral differences yet to be determined, but unprovoked affective-like
behavioral differences appear to be independent from sex differences in neuroinflammatory
responses. Alternative mechanisms may include structural changes to the brain and
autonomic or endocrine mechanisms (Saveanu and Nemeroff, 2012). Notably, the observed
sex differences were significant in relation to their respective saline-injected controls and
not in direct comparison between the sexes. Therefore, the magnitude of neuroinflammatory
responses did not significantly differ by sex, which has been reported elsewhere (Santos-
Galindo et al., 2011; Tonelli et al., 2008).

In addition, increases in neuroinflammatory gene expression in males are in direct
opposition to the decreases in central inflammatory responses to peripheral LPS in mice two
weeks following either adolescent chronic unpredictable stress or adolescent predatory stress
(Barnum et al., 2012). It is possible that these contrasting effects of adolescent stress may be
due to species or stress paradigm differences or differences in the time of assessment.
Indeed, sensitization of central responses to immune perturbations changes over time for
sickness behaviors in response to TNFα reexposure (Hayley et al., 1999). Regardless, stress
during adolescence appears to consistently affect neuroinflammatory signaling, which
endures for an extensive period of time and depends upon sex, species, and type of stressor.

Similar to previous results from our lab (Bourke and Neigh, 2011), exposure to this stress
paradigm reduced body weight during the stress paradigm in male rats only. However, male
body mass in the present study recovered in adulthood (e.g., one week before tissue
collection), whereas it surpassed that of controls in the previous study. This discrepancy is
likely due to differences in the timing of these body mass measurements. Taken together,
these data indicate that metabolic consequences of adolescent stress primarily affect the
males. The neuroinflammatory and metabolic impact of chronic adolescent stress on males,
in contrast to the behavioral and HPA axis effects of chronic adolescent stress in females,
has been hypothesized to represent a divergence in adaptations in response to developmental
stress (Bourke et al., 2013).

Disruption of endocrine systems due to adolescent stress may be partly responsible for the
prolonged neuroinflammatory responses in males and the previously observed behavioral
changes in females (Bourke and Neigh, 2011). In general, most reported sex differences in
HPA axis output are characterized by greater baseline corticosterone or corticosterone
responses in females compared with males (Daneva et al., 1993; Iwasaki-Sekino et al., 2009;
Tonelli et al., 2008; Weintraub et al., 2010). Here, sex differences in circulating
corticosterone concentrations were absent. The lack of stress effects on either basal
corticosterone or LPS-induced corticosterone responses in males substantiates previous data
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collected after homotypic (Bourke and Neigh, 2011) and heterotypic acute stressors (Bourke
et al., 2013). However, female rats exposed to chronic stress during adolescence
demonstrated an altered HPA axis response to both homotypic (Bourke and Neigh, 2011)
and heterotypic (Bourke et al., 2013) stressors, but no alteration in the HPA axis response to
LPS challenge in the present study. It is likely that the nature of the HPA axis stimulation
(LPS vs. restraint or forced swim) accounts for this discrepancy. Based on these data, we
conclude that prolonged modulation of glucocorticoid release by adolescent stress does not
account for the sex differences in neuroinflammatory responses. Certainly, adolescent stress
may still modify HPA axis function at a more molecular level (Binder, 2009).

Other potential mediators of adolescent stress-induced neuroinflammatory factors are the
gonadal hormones of the developing HPG axis. The spike of circulating estradiol following
LPS treatment in females that experienced adolescent stress is consistent with previous
findings in unstressed male and female rodents (Castrogiovanni et al., 2008; Daneva et al.,
1993), and is thought to be due to increased aromatization of testosterone to estradiol
following LPS exposure (Christeff et al., 1992). In turn, estradiol has been shown to reduce
microglial-derived inflammatory markers (Bruce-Keller et al., 2000; Dimayuga et al., 2005;
Smith et al., 2011; Tapia-Gonzalez et al., 2008). Therefore, the LPS-induced increase in
estradiol in females with a history of chronic stress exposure may have mitigated the LPS-
induced increase in neuroinflammation that was present in males with a history of chronic
stress exposure (Grossman, 1984). Further studies will be necessary to directly test this
hypothesis. Notably, stress without LPS treatment did not affect estradiol concentrations.
This is consistent with the previous findings that estradiol concentrations, estrous cycles,
and uterine weights were not affected by this adolescent stress paradigm (Bourke and Neigh,
2011) and suggests that the possibility that the stress paradigm disrupted the timing or rate
of puberty is unlikely. Furthermore, the estradiol spike observed in the stress-LPS group was
not accompanied by an increase in progesterone as would be predicted if a disproportionate
number of females were in estrus in this treatment group. The phase of the estrous cycle
coincident with these endocrine and brain measures and the potential for the stress paradigm
to alter the onset of puberty should be investigated in future studies.

Findings on the relationship between estradiol and microglia, however, are mixed and
confined primarily to in vitro studies. Consistent with this complex relationship, a positive
correlation between circulating estradiol and CD11b gene expression was observed among
the non-stressed females. Likewise, estradiol has been shown, in some cases, to potentiate a
proinflammatory response in microglia both in vitro and in vivo (Loram et al., 2012; Soucy
et al., 2005). In contrast to estradiol, progesterone concentrations remained unaffected by
stress or LPS in the present study even though progesterone is characterized as having anti-
inflammatory effects on the brain in disease models (Garcia-Segura and Balthazart, 2009;
Giatti et al., 2012).

In summary, these data demonstrate that adolescence is a sensitive period of time during
which stress can confer sexually dimorphic, long-lasting effects on brain neuroinflammatory
pathways. These inflammatory differences are unlikely to be responsible for the sex
differences in adult affective-like behavior, but elucidate potential sexually dimorphic
mechanisms by which adolescent stress can alter the adult brain.
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Fig. 1.
Stress during adolescence increased hippocampal inflammatory response to LPS in
adulthood in male rats only. Fold differences (relative to a transferrin receptor endogenous
control) in hippocampal IL-1β (A), TNFα (B), IκBα (C), CD11b (D), and iNOS (E) gene
expression relative to the mean expression of the same-sex, no stress, saline control
(−2ΔΔCT) 4 h after LPS (250 μg/kg, i.p.) or saline treatment in adult male or female rats that
previously (4.5 weeks earlier) experienced a mixed modality stress paradigm during
adolescence (PND 37–48). n = 7–10/group; *p < 0.05 within the same stress treatment
between SALINE vs. LPS; #p < 0.05 within LPS treatment between ADOL. STRESS and
CONTROL.
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Fig. 2.
Adolescent stress does not alter corticosterone, progesterone, or testosterone concentrations.
Circulating plasma corticosterone (A), progesterone (B), and testosterone (C) concentrations
4 h post-LPS (250 μg/kg, i.p.) or saline treatment in adult rats that experienced prior mixed-
modality adolescent stress (or no stress). n = 8–10/group; *p < 0.05 within the same stress
treatment between SALINE vs. LPS.
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Fig. 3.
Stress during adolescence increased circulating estradiol response to LPS in female rats and
attenuated the correlation between estradiol and Cd11b gene expression. (A) Circulating
plasma 17β-estradiol concentrations 4 h post-LPS (250 μg/kg, i.p.) or saline treatment in
adult female rats that experienced prior mixed-modality adolescent stress (or no stress). *p <
0.05 within the same stress treatment between SALINE vs. LPS. (B) Linear regressions
between circulating estradiol concentrations and Cd11b (microglial) gene expression in the
hippocampus. Regression coefficients only for stress-free rats were significant. n = 8–10/
group.
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Table 1

Mean ( ± SEM) body mass (g) throughout experiment in rats n = 10/groups.

Beginning of stress (PND 36) End of stress (PND 48) 1 week before collection (PND 73)

Males Control 176.0 ± 12.9 267.7 ± 17.7 405.7 ± 28.3

Adol. stress 174.5 ± 10.7 249.0 ± 14.5* 396.3 ± 25.1

Females Control 144.4 ± 8.3 186.5 ± 11.2 256.7 ± 27.1

Adol. stress 142.3 ± 9.7 181.6 ± 15.8 283.6 ± 19.6

*
p < 0.05, Compared with same sex controls.
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