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A B S T R A C T

Elevations in brain interleukin-1 beta (IL-1β) during chronic stress exposure have been implicated in behavioral
and cognitive impairments associated with depression and anxiety. Two critical regulators of brain IL-1β pro-
duction during times of stress are glucocorticoids and catecholamines. These hormones work in opposition to
one another to inhibit (via glucocorticoid receptors) or stimulate (via beta-adrenergic receptors: β-AR) IL-1β
production. While chronic stress often heightens both corticosterone and catecholamine levels, it remains un-
known as to how chronic stress may affect the “yin-yang” balance between adrenergic stimulation and gluco-
corticoid suppression of brain IL-1β. To investigate this further, male and female rats underwent 4 days of stress
exposure or served as non-stressed controls. On day 5, animals were administered propranolol (β-AR antagonist),
metyrapone (a glucocorticoid synthesis inhibitor), vehicle, or both drugs and brain IL-1β mRNA was measured
by rtPCR in limbic brain areas. In males, administration of propranolol had no effect on IL-1β expression in non-
stressed controls but significantly reduced IL-1β in the hippocampus and amygdala of chronically stressed an-
imals. In females, propranolol significantly reduced IL-1β in the amygdala and hypothalamus of both control and
stressed rats. In male rats, metyrapone treatment significantly increased IL-1β mRNA regardless of stress
treatment in all brain areas, while in female rats metyrapone only increased IL-1β in the hypothalamus.
Interestingly, propranolol treatment blocked the metyrapone-induced increase in brain IL-1β indicating the
increase in brain IL-1β following metyrapone treatment was due to increase β-AR activation. Additional studies
revealed that metyrapone significantly increases norepinephrine turnover in the hypothalamus and medial
prefrontal cortex in male rats and that microglia appear to be the cell type contributing to the production of IL-
1β. Overall, data reveal that stress exposure in male rats affects the regulation of brain IL-1β by the nor-
epinephrine-β-AR pathway, while stress had no effect in the regulation of brain IL-1β in female rats.

1. Introduction

Exposure to stressful life events are associated with numerous
health impairments including increased risk of developing affective
disorders (Kendler et al., 1999). Inflammatory cytokines are implicated
in mediating some of the cognitive and behavioral impairments ob-
served in individuals suffering from depression (Capuron et al., 2004;
Miller and Raison, 2016). In rodent models, stress-induced brain in-
terleukin-1 beta (IL-1β) appears to be a critical cytokine that mediates
depression, anxiety, and cognitive impairments (Goshen et al., 2008;
Maier and Watkins, 1995; Wohleb et al., 2014). Acute exposure to mild
or moderate stressors typically does not elevate brain IL-1β (Deak et al.,
2003; Plata-Salamán et al., 2000; Porterfield et al., 2011) while ex-
posure to repeated stress or severe acute stress causes persistent ele-
vations and/or sensitized brain IL-1β production (Hueston and Deak,

2014; O’Connor et al., 2003; Wohleb et al., 2011). Thus, investigating
how repeated stress exposure leads to the dysregulation of brain IL-1β is
particularly important for understanding the mechanisms underlying
stress-induced psychopathology and for developing new therapeutics
targets.

Glucocorticoids and catecholamines are two of the primary factors
involved in the regulation of IL-1β during times of stress. The acute
effect of glucocorticoids is to suppress inflammatory cytokine produc-
tion via binding to glucocorticoid receptors that modulate transcrip-
tional responses of inflammatory genes (Smoak and Cidlowski, 2004).
Individuals with low cortisol levels or adrenalectomized animals with
low corticosterone levels show greater inflammatory cytokine produc-
tion (Baker et al., 2001; Kunz-Ebrecht et al., 2003; Nguyen et al., 1998,
2000). In contrast, catecholamines act via adrenergic receptors (ARs) to
stimulate IL-1β production (Blandino et al., 2006; Johnson et al., 2005).
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Central administration of isoproterenol, a β-AR agonist, induces IL-1β
within the brain (Johnson et al., 2008) while propranolol, a β-AR an-
tagonist, blocks the induction of brain IL-1β following a multitude of
stressors including footshock (Blandino et al., 2006; Johnson et al.,
2005), bacteria challenge (Johnson et al., 2008), stroke (Craft and
DeVries, 2006), and surgery (Ley et al., 2012). Thus, glucocorticoids
and catecholamines have a “yin-yang” relationship in the regulation of
brain cytokines during times of stress. In support of this hypothesis, a
similar regulatory relationship between norepinephrine and gluco-
corticoids has been observed on prostaglandins in the cortex (García-
Bueno et al., 2008) suggesting a common relationship by which stress
hormones regulate important factors of the immune response.

Repeated stress exposure can lead to greater noradrenergic and
glucocorticoid responses. This can be observed by increased basal re-
lease of central norepinephrine (Bhatnagar and Vining, 2003; Morilak
et al., 2005) and increased circulating corticosterone (Fernandes et al.,
2002) and also greater evoked responses of each to subsequent stimuli
(Bhatnagar and Vining, 2003; Pardon et al., 2003; Xu et al., 2004). We
previously demonstrated that four days of repeated stress exposure is
sufficient to increase norepinephrine turnover in limbic brain areas (i.e.
prefrontal cortex, amygdala, and hypothalamus) (Porterfield et al.,
2012), elevate basal corticosterone levels (Lowrance et al., 2016), ex-
aggerate fear conditioning (Camp et al., 2012), decrease impulse con-
trol (Camp and Johnson, 2015), decrease sucrose preference, alter β-AR
expression and enhance β-AR mediated IL-1β production (Porterfield
et al., 2012) in male Fischer rats. Despite the increase in norepinephrine
turnover and circulating corticosterone following repeated stress ex-
posure, basal IL-1β levels are largely unaffected indicating a balance
remains between stimulatory and inhibitory regulation of brain IL-1β at
this time.

We believe the heightened brain norepinephrine and circulating
corticosterone observed after four days of repeated stress exposure is
the “first phase” towards the dysregulation in basal levels of brain IL-1β
that ultimately leads to the onset of depression, anxiety, and cognitive
impairments. Here we more closely examined how repeated stress ex-
posure affects the regulation of basal levels of brain IL-1β by manip-
ulating the “yin-yang” balance between β-AR stimulation and gluco-
corticoid suppression in male and female Fischer rats that underwent 4
days of stress exposure. Twenty-four hours after the final stressor, an-
imals were administered propranolol (a β-AR antagonist), metyrapone
(a glucocorticoid synthesis inhibitor), vehicle, or both drugs. Two hours
following drug administration brain IL-1βmRNA was measure by rtPCR
in limbic brain areas. Since we observe increases in both nor-
epinephrine and corticosterone following four days of repeated stress
exposure, we hypothesized that blockade of β-ARs would reveal a
greater suppression of brain IL-1β while blockade of glucocorticoid
production would reveal a greater stimulatory drive in stressed animals
compared to non-stressed animals. While female rats display greater
locus coeruleus-norepinephrine activation and corticosterone produc-
tion following stress exposure compared to males (Curtis et al., 2006;
Lu et al., 2015), we had no a priori reason to believe that there would be
sex differences in how these stress hormones regulated brain IL-1β le-
vels. Finally, to uncover the potential cellular source of IL-1β, microglia
from the hypothalamus and hippocampus were isolated from saline and
metyrapone treated animals. Microglia are the innate immune cell of
the brain and have been implicated in being the cellular source of brain
IL-1β during times of stress (Blandino et al., 2006), thus we hypothe-
sized that metyrapone would result in an increase in IL-1β mRNA in
isolated microglia.

2. Materials and methods

2.1. Animals

Adult male and female Fischer rats were used for all studies in this
investigation. Fischer animals are known to be more stress responsive

compared to most other strains, which allows us to minimize the stress
necessary to induce endocrine, cytokine, and behavioral changes. For
example, restraint stress is sufficient to increase hypothalamic IL-1β in
Fischer rats but fails to do so in Sprague-Dawley rats unless combined
with additional stressors (Deak et al., 2005) or animals are pretreated
with a norepinephrine reuptake inhibitor (Porterfield et al., 2011).
Animals were single-housed in Plexiglas cages and provided environ-
mental enriched (e.g. PVC tubes, plastic whiffle balls). Food and water
were available ad libitum (except when food was removed as part of the
chronic stress paradigm). Animals were maintained on a 12 h light-dark
cycle beginning at 07:00 h. Animals were given two weeks to adjust to
being singled-housed, which was done to be consistent with past studies
from our laboratory and eliminate social dominance hierarchy. Animals
were handled daily to habituate animals to manipulations. Care and use
of the animals was in accordance with protocols approved by the Kent
State University Institutional Care and Use Committee.

2.2. Chronic stress paradigm

Rats were exposed to stressors for 4 days as previously described
(Camp et al., 2012). Rats received two stressors each day, one between
the times of 09:00-10:00 and one at 16:00 that lasted overnight, except
on day 4 when animals were only exposed to stress between the times of
09:00-10:00 to avoid acute effects of stress on manipulations the fol-
lowing day. On day 1, rats were exposed to 1 h restraint in a decapi-
cone and then food deprived overnight. On day 2, rats received two (2 s,
1.5 mA) foot shocks in an operant box where they remained for 30min
then exposed to constant light conditions overnight. On day 3, rats were
exposed to cage tilt at 45° for 3 h and wet bedding overnight. On day 4,
rats were re-exposed to the operant box for 30min with two (2 s,
1.5 mA) foot shocks. Non-stressed control animals remained in their
home cage throughout the stress paradigm, but otherwise were handled
the same as animals that underwent stress. Pharmacological manip-
ulations were performed on day 5 in the absence of acute stress chal-
lenge to examine how previous stress exposure alters the neuroendo-
crine regulation of basal brain IL-1β.

2.3. Drug administration

All pharmacological agents were purchased from Sigma-Aldrich and
dissolved in sterile, endotoxin-free saline. On Day 5, approximately
24 h after the last stress exposure, animals were administered saline,
propranolol, metyrapone, or both propranolol+metyrapone.
Propranolol, a beta-adrenergic receptor antagonist, was administered
intraperitoneally at a dose of 10mg/kg, which we previously demon-
strated blocks stress-induced brain IL-1β (Johnson et al., 2005). Me-
tyrapone, a corticosterone synthesis inhibitor that inhibits steroid 11β-
hydroxylase, was administered subcutaneously at a dose of 100mg/kg.
As an indicator that metyrapone reduced circulating corticosterone le-
vels, we measured circulating adrenocorticotropic hormone (ACTH) by
EIA (ALPCO Salem, NH) to demonstrate the negative feedback on the
hypothalamus-pituitary-adrenal axis had been reduced (see Supple-
mental materials Fig. 1S).

2.4. Tissue collection

All animals were euthanized by rapid decapitation 2 h after ad-
ministration of the pharmacological agents and brains placed in a
chilled brain matrix where consistent slices could be obtained. Medial
prefrontal cortex, hypothalamus, amygdala, and hippocampus were
microdissected on a chilled glass plate. After removal of the olfactory
bulbs, the medial prefrontal cortex was isolated from a 2mm thick slice
ranging from approximately 5mm to 3mm anterior of Bregma where
approximately 1mm of tissue was dissected on each side of the midline;
hypothalamus was isolated from a 2mm thick slice ranging from ap-
proximately -1.2 mm to-3.2 mm posterior of Bregma where the slice
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was further dissected in half at the top of the 3rd ventricle and ap-
proximately 2mm of tissue was dissected on each side of the midline;
the amygdala was dissected out of the same anterior-posterior slice by
removing cortex from the tissue section remaining just lateral to the
optic tracks; the hippocampus was isolated from a 4mm thick section
ranging from approximately -3.2 mm to-7.2mm posterior of Bregma
where the hippocampus was separated from cortex and underlying
brain structures. Tissue was placed into Eppendorf Snap-Cap
Microcentrifuge tubes and froze in liquid nitrogen before being stored
at −80 °C until tissue was processed.

2.5. Quantitative real-time PCR

Dissected brain tissue was homogenized by sonication for 10 s in
lysis buffer from Qiagen (Chatsworth, CA) RNeasy Mini kit. Tubes were
spun briefly to pellet the mixture. The lysate was transferred to new
1.5-ml tubes. Total RNA was extracted by using the Qiagen RNeasy
Mini kit following the manufacturer’s instructions including a DNase
treatment. Quality and concentration of RNA was obtained using a
Nanodrop and only samples with corresponding 260/280 and 260/230
ratios greater than 1.7 were further processed. Approximately, 200 ng
of isolated RNA was then reversed transcribed using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Cheshire, UK).
The target cDNA was amplified by polymerase chain reaction (PCR). All
qPCR assays were carried out in triplicate using the Brilliant III Ultra-
Fast QPCR Master Mix (Agilent Technologies; Santa Clara, CA, USA)
and using TaqMan Gene Expression Probes (ThermoFisher Scientific).
The assay identification of each gene was IL-1β (Rn99999009_m1) and
GAPDH (Rn01775763_g1). The cDNA quantities were normalized by
using the housekeeping gene GAPDH as a reference and the 2−ΔΔct

method was used to analyze relative gene expression as previously
described (Porterfield et al., 2011).

2.6. Norepinephrine turnover

To assess changes in norepinephrine release following drug treat-
ment, norepinephrine turnover rates were calculated. Brain areas were
collected from saline injected animals and metyrapone injected animals
and placed in snap-cap Eppendorf tubes and flash frozen in liquid ni-
trogen. Tissue was stored at -80 ℃ until Iscove’s solution containing 2%
aprotinin (Sigma-Aldrich) was added in a volume between 250 and
500ul as previously described (Porterfield et al., 2011). Tissue was
homogenized using a sonic dismembrator and samples centrifuged at
10,000 rpm at 4 ℃ for 10min. The supernatant was removed and
commercially available EIAs (Rocky Mountain Diagnostics, Colorado
Springs, CO) were used to measure levels of norepinephrine (NE) and
normetanephrine (NMN). Samples were diluted 1:10 for NMN and
1:250 for NE. Both assays were performed according to manufacturer’s
instructions. Neurotransmitter levels were corrected for dissection size
by dividing total protein levels measured by Bradford Assay. NE turn-
over was determined by calculating NMN/NE.

2.7. Microglia isolation

Two hours after vehicle or metytrapone administration, animals
were deeply anesthetized with 60mg/kg pentobarbitol and perfused
with ice-cold 0.9% saline. The hippocampus and hypothalamus were
dissected and microglia isolated as previously described (Frank et al.,
2007). Briefly, tissue was homogenized in 0.01M PBS+0.2% L-glucose
into a single cell suspension and filtered through a 40 μm strainer be-
fore centrifuging for 5min at 1000 rpm. Cells were resuspended in 1ml
of 70% isotonic Percoll and 2ml of 50% Percoll layered on top fol-
lowing a layer of 1ml sterile PBS, and cells were centrifuged for 20min
at 2000 rpm. Cells were collected at the 70%-50% interface, washed
with PBS, and centrifuged for 5min at 1000 rpm. Cells were re-sus-
pended in PBS and counted using a hemocytometer prior to being

placed in lysis buffer from Applied Biosystems (Foster City, CA) Arc-
turus PicoPure RNA Isolatation Kit and placed in -80℃ until processed.
We previously demonstrated this isolation protocol results in approxi-
mately a 98.6% CD11b/c+ cell population (Johnson et al., 2013).

2.8. Statistics

A multi-factorial ANOVA was used to compare fold changes in IL-1β
mRNA levels between control and stressed animals receiving either
saline, propranolol, metyrapone, or combination of both propranolol
and metyrapone. Statistically significant (alpha set at 0.05) main effects
and interactions were followed by post-hoc analysis to compare in-
dividual group means when necessary. A t-test was used to compare
norepinephrine turnover and IL-1β mRNA production in isolated mi-
croglia between saline and metyrapone-injected animals.

2.9. Experimental design

Experiment 1 & 2 examined the effects of chronic stress on the “yin-
yang” balance between β-ARs and glucocorticoids in the regulation of
basal levels of brain IL-1β in male rats. We hypothesize that blockade of
β-ARs would result in a greater suppression of IL-1β mRNA in animals
exposed to chronic stress due to elevated circulating corticosterone in
these animals (Lowrance et al., 2016). Alternatively, blocking corti-
costerone production would result in a greater stimulation of IL-1β in
animals exposed to chronic stress due to increased levels of nor-
epinephrine in these animals (Porterfield et al., 2012). To test this
hypothesis, male Fischer rats (n=6–7/group) were either exposed to 4
days of chronic stress or served as home cage controls. In Experiment 1,
animals received an injection of saline or propranolol 24 h after the last
stress exposure and 2 h later animals were euthanized for measurement
of brain IL-1β mRNA. In Experiment 2, animals received an injection of
either saline, metyrapone or a combination of metyrapone and pro-
pranolol 24 h after the last stress exposure and 2 h later euthanized for
the measurement of brain IL-1β mRNA.

Experiment 3 examined the effects of chronic stress on the “yin-
yang” balance between β-ARs and glucocorticoids in the regulation of
basal levels of brain IL-1β in female rats. This was the first study in our
laboratory to examine if female rats show the same “yin-yang” balance
of brain IL-1β regulation as male rats. Female Fischer rats (n=6/
group) were either exposed to 4 days of chronic stress or served as
home cage controls. On the fifth day, animals received an injection of
either saline, metyrapone, propranolol, or a combination of metyrapone
and propranolol and 2 h later animals were euthanized for measure-
ment of IL-1β mRNA.

Experiment 4 examined the effect of metyrapone on norepinephrine
turnover in limbic brain regions in male rats. We hypothesized that
since metyrapone treatment resulted in an increase in IL-1β mRNA
expression throughout the brain and that propranolol inhibited this
increase that metyrapone treatment may result in an increase in nor-
epinephrine turnover. Male Fischer rats (n=9–10/group) were given
an injection of either saline or metyrapone and 2 h later animals were
euthanized for measure of norepinephrine turnover.

Experiment 5 examined the effect of metyrapone on norepinephrine
turnover in limbic brain regions in female rats. Since metyrapone had
no effect on brain IL-1β in female rats, we hypothesized that metyr-
apone treatment would have no effect on norepinephrine turnover in
females. Female Fischer rats (n=8/group) were given an injection of
either saline or metyrapone and 2 h later animals were euthanized for
measure of norepinephrine turnover.

Experiment 6 examined the effect of metyrapone on IL-1β mRNA in
microglia. Catecholamines can stimulate the production of IL-1β in
microglia (Ryan et al., 2016), thus we hypothesized that microglia may
be a cellular source of the increase in IL-1β following metyrapone. To
test this, male Fischer rats (n=4/group) were given an injection of
either saline or metyrapone and 2 h later animals were euthanized and
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microglia were isolated from the hypothalamus and hippocampus for
the measurement of IL-1β mRNA.

3. Results

3.1. The effect of stress on β-AR regulation of brain IL-1β mRNA in male
rats

Experiment 1 examined the effect of chronic stress on β-AR reg-
ulation of basal brain IL-1β mRNA in male rats. Fig. 1A–D presents fold
change of IL-1β mRNA in the hippocampus, amygdala, hypothalamus,
and medial prefrontal cortex of non-stressed controls compared to an-
imals exposed to 4 days of repeated stress exposure. Prior stress did not
affect IL-1β mRNA expression in any brain region compared to vehicle-
injected control animals. Administration of propranolol 2 h prior to
tissue collection had no effect on IL-1β mRNA levels in control animals;
however, a significant interaction between stress and drug treatment
was observed in both the hippocampus [F(1,26)= 7.273; p=0.013]
(Fig. 1A) and amygdala [F(1,20)= 9.779; p=0.007] (Fig. 1B). Addi-
tional analyses revealed a significant decrease in IL-1β mRNA expres-
sion in chronically stressed animals following propranolol treatment in
the both the amygdala and hippocampus.

3.2. The effect of stress on glucocorticoid regulation of brain IL-1β mRNA in
male rats

Experiment 2 examined how chronic stress exposure might alter the
way glucocorticoids regulate IL-1β mRNA in male rats. Fig. 2A–D pre-
sents fold change of IL-1β mRNA in the hippocampus, amygdala, hy-
pothalamus, and medial prefrontal cortex of control and stressed ani-
mals administered either vehicle, metyrapone, or both metyrapone and
propranolol 2 h prior to tissue collection. As previously observed, 4
days of repeated stress exposure did not significantly alter IL-1β mRNA
expression in any brain region compared to saline-injected control an-
imals. No significant interaction between metyrapone and stress was
found; however, there was a significant main effect of metyrapone-
treatment in all brain areas. Metyrapone significantly increased IL-1β
mRNA levels in the hippocampus [F(2,39)= 5.665; p=0.008]

(Fig. 2A), amygdala [F(2,35)= 9.056; p= 0.001] (Fig. 2B), hypotha-
lamus [F(2,39)= 7.631; p=0.002] (Fig. 2C), and medial prefrontal
cortex [F(2,35)= 4.038; p=0.028] (Fig. 2D) compared to vehicle-in-
jected animals. Interestingly, no increase in IL-1β mRNA was observed
in animals that received a combination of metyrapone and propranolol.
In additional animals it was observed that metyrapone also significantly
increased IL-1β protein production in the hypothalamus (see supple-
mental Figure S2).

3.3. The effect of stress on glucocorticoid and β-AR regulation of brain IL-
1β mRNA in female rats

Experiment 3 examined whether similar changes in the regulation of
brain IL-1β would be observed in female rats following repeated stress
exposure. Fig. 3A–D presents fold change of IL-1β mRNA in control and
stressed female rats administered saline, propranolol, metyrapone, or
propranolol in combination with metyrapone. Similar to males, re-
peated stress exposure over a 4 day period did not significantly alter IL-
1β mRNA expression in any brain region compared to saline-injected
controls, and metyrapone treatment significantly increased IL-1β
mRNA expression, although this was only observed in the hypotha-
lamus [F(3,47)= 5.584; p= 0.003] (Fig. 3C) and not in other brain
areas. In contrast to males, a main effect of propranolol was observed in
both the amygdala [F(3,40)= 4.613; p= 0.007] (Fig. 3B) and the
hypothalamus [F(3,38)= 4.498; p=0.009] (Fig. 3C) where propra-
nolol-injected animals showed significantly lower IL-1β mRNA com-
pared to saline-inject animals. No effect of drug treatment was observed
in the hippocampus (Fig. 3A) or medial prefrontal cortex (Fig. 3D).

3.4. The effect of metyrapone on norepinephrine turnover in limbic brain
regions in male rats

Metyrapone, in male rats, had a pronounced stimulatory effect on
IL-1β mRNA expression in multiple brain regions that was blocked by
co-administration of propranolol, suggesting that glucocorticoids may
mediate IL-1β production via regulation of norepinephrine release. To
test whether metyrapone affects norepinephrine release, Experiment 4
measured norepinephrine turnover in brain tissue of non-stressed male

Fig. 1. Effects of stress on β-adrenergic re-
ceptor regulation of brain IL-1βmRNA ex-
pression in male rats. Rats were exposed to 4
days of stress or remained in their home cage
to serve as controls. Twenty-four hours after
the last stressor animals were administered
either saline or propranolol and two hours
later euthanized for measurement of IL-1β
mRNA in the hippocampus (A), amygdala (B),
hypothalamus (C), and medial prefrontal
cortex (D). Results revealed a significant in-
teraction between stress and drug treatment in
the hippocampus and amygdala. * represent
significant (p < 0.05) decreases in IL-1β
mRNA compared to vehicle-treated stress rats.
Values represent mean IL-1β mRNA fold
change compared to non-stressed, vehicle-
treated animals. Symbols and bars represent
group mean ± SEM.
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Fig. 2. Effects of stress on glucocorticoid reg-
ulation of brain IL-1β mRNA expression in
male rats. Rats were exposed to 4 days of stress
or remained in their home cage to serve as
controls. Twenty-four hours after the last
stressor animals were administered either
saline, metyrapone, or a combination of me-
tyrapone and propranolol and two hours later
euthanized for measurement of IL-1β mRNA in
the hippocampus (A), amygdala (B), hypotha-
lamus (C), and medial prefrontal cortex (D). A
significant main effect of metyrapone was ob-
served in all brain areas. * represent significant
(p < 0.05) main effect of metyrapone treat-
ment compared to vehicle-injected animals.
Values represent mean IL-1β mRNA fold
change compared to non-stressed, vehicle-
treated animals. Symbols and bars represent
group mean ± SEM.

Fig. 3. Effect of stress on glucocorticoid and β-
adrenergic receptor regulation of brain IL-1β
expression in female rats. Rats were exposed to
4 days of stress or remained in their home cage
to serve as controls. Twenty-four hours after
the last stressor animals were administered
either saline, propranolol, metyrapone, or a
combination of metyrapone and propranolol
and two hours later euthanized for measure-
ment of IL-1β mRNA in the hippocampus (A),
amygdala (B), hypothalamus (C), and medial
prefrontal cortex (D). A significant main effect
of propranolol was observed in the amygdala
and hypothalamus. A significant main effect of
metyrapone was observed in the hypotha-
lamus. * represent significant (p < 0.05)
main effect of metyrapone treatment compared
to saline-injected animals. # represent sig-
nificant (p < 0.05) main effect of propranolol
treatment compared to saline-injected animals.
Values represent mean IL-1β mRNA fold
change compared to non-stressed, vehicle
treated animals. Symbols and bars represent
group mean ± SEM.
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rats collected 2 h after injection of either metyrapone or saline.
Metyrapone-treated animals showed a significant increase in nor-
epinephrine turnover in the hypothalamus [t(17)=-2.276; p=0.036]
(Fig. 4C) and medial prefrontal cortex [t(17)=-2.798; p=0.012]
(Fig. 4D).

3.5. The effect of metyrapone on norepinephrine turnover in limbic brain
regions in female rats

Compared to males, metyrapone had relatively little effect on IL-1β
mRNA production in females. To explore whether this difference may
be due to potential sex differences in corticosterone’s regulation of
norepinephrine turnover, Experiment 5 measured norepinephrine
turnover in brain tissue collected 2 h after injection of either metyr-
apone or saline in female rats. No significant differences in nor-
epinephrine turnover were observed between saline and metyrapone
injected animals in any of the brain regions collected (Fig. 5A-D).

3.6. The effect of metyrapone on microglia IL-1β mRNA production

Metyrapone significantly increased IL-1β in male rats across all
brain regions. To determine whether microglia contribute to the in-
crease in IL-1β production, microglia were isolated from the hippo-
campus and hypothalamus of male rats that received an injection of
either saline or metyrapone. A significant main effect of drug treatment
on IL-1β mRNA production was observed [F(1,15)= 26.537;
p=0.0001], along with a significant interaction between brain region
and treatment [F(1,15)= 9.268; p=0.011] (Fig. 6). Posthoc analysis
revealed a significant increase in IL-1β mRNA in the hypothalamus of
metyrapone treated animals (p=0.041) compared to vehicle controls.
The IL-1β mRNA increase observed in the hippocampus fell short of
significance.

4. Discussion

Studies presented here tested the hypothesis that the “yin-yang”
balance between corticosterone and catecholamines becomes heigh-
tened following repeated stress exposure (i.e. stressed animals show
both greater circulating corticosterone and greater brain nor-
epinephrine turnover) and this would result in greater fluctuation in
brain IL-1β in stressed animals when these regulatory hormones were
manipulated. We predicted that blocking β-ARs would reveal a greater
suppression in brain IL-1β while blocking corticosterone production
would reveal a greater stimulatory drive on brain IL-1β in stressed
animals compared to non-stressed animals. Part of our original hy-
pothesis was supported in male rats where the administration of pro-
pranolol decreased IL-1β mRNA in the hippocampus and amygdala of
stressed animals but had no effect in non-stressed controls. This sup-
ports our previous work demonstrating propranolol does not affect
baseline IL-1β levels in non-stressed male rats (Johnson et al., 2005,
2008), and demonstrates that, at least in some brain areas, the increase
in brain norepinephrine release in stressed animals (Porterfield et al.,
2012) likely compensates for a greater inhibitory drive on IL-1β. De-
spite the fact that greater β-AR signaling appears to be necessary to
maintain basal IL-1β levels in stressed male rats, blockade of corticos-
terone production following metyrapone did not result in significantly
greater IL-1β mRNA production in stressed animals compared to non-
stressed controls animals as originally predicted. However, we observed
interesting sex differences in how corticosterone regulates brain IL-1β
that might help explain this.

One of our most interesting findings was the sex difference in the
way glucocorticoids regulate brain IL-1β expression. In males, in-
hibiting the synthesis of corticosterone by metyrapone resulted in
widespread increases in IL-1β mRNA expression throughout the brain,
while in females increases were restricted to the hypothalamus (and

Fig. 4. Effect of metyrapone on brain nor-
epinephrine turnover in male rats. Two hours
after saline or metyrapone administration ani-
mals were euthanized for measurement of
norepinephrine turnover in the hippocampus
(A), amygdala (B), hypothalamus (C), and
medial prefrontal cortex (D). A significant
main effect of metyrapone treatment was ob-
served in the hypothalamus and medial pre-
frontal cortex. * represent significant (p <
0.05) main effect of metyrapone treatment
compared to saline-injected controls. Values
represent group means of norepinephrine
turnover. Symbols and bars represent group
mean± SEM.
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even there the increases were approximately 1/10th that observed in
males). The sex differences may involve the magnitude by which glu-
cocorticoids regulate norepinephrine release between males and fe-
males since metyrapone-treatment increased norepinephrine turnover
in the hypothalamus and medial prefrontal cortex of male rats while
having no effect on norepinephrine turnover in females. In both males
and females, propranolol blocked the increase in IL-1β mRNA induced
by metyrapone-treatment indicating the increase in IL-1β expression

was dependent on β-AR activation. Ryan et al. (2016) demonstrated
that β-ARs regulate IL-1β production in microglia. To examine if mi-
croglia were a potential cellular source of IL-1β mRNA in our studies,
we used a Percoll gradient to isolate microglia (i.e. enriched population
of CD11b+ cells) from the brain of male rats injected with either vehicle
or metyrapone. We observe large increases in IL-1β mRNA from cells
isolated from the hypothalamus of animals treated with metyrapone.
This supports previous studies that indicate microglia are the primary
cellular source of IL-1β in response to catecholamine release during
stress exposure (Blandino et al., 2006; Wohleb et al., 2012).

There are several limitations to our experiments that need to be
considered. First is the fact that increased norepinephrine turnover was
not observed in all brain areas where IL-1β expression was observed to
increase, which would have been expected if norepinephrine release
was driving the IL-1β production. This may be due to the limitation of
using normetanephrine as the metabolite for calculating nor-
epinephrine turnover. Normetanephrine is generated during the meta-
bolism of norepinephrine by catechol-O-methyl-transferase (COMT).
While it is useful to measure as an index of norepinephrine release
when analyzing a large number of brain areas, it does not have the
temporal resolution or sensitive as other measures (e.g. microdialysis or
fast-scan cyclic voltammetry). Another limitation is that male and fe-
male rats were not run in the same experiments thus statistical analysis
cannot directly compare quantitative differences between sexes.
However, our data indicate qualitative differences in the way male and
female rats respond to different pharmacological agents (i.e. propra-
nolol, metyrapone) and therefore additional studies are warranted to
investigate sex differences in the way glucocorticoids regulate nor-
epinephrine release and brain cytokines.

Our data support previous work in male rats demonstrating corti-
costerone feeds back to suppress norepinephrine release (Pacák et al.,
1993). Previous studies examined the suppressive effects of

Fig. 5. Effect of metyrapone on brain nor-
epinephrine turnover in female rats. Two hours
after saline or metyrapone administration ani-
mals were euthanized for measurement of
norepinephrine turnover in the hippocampus
(A), amygdala (B), hypothalamus (C), and
medial prefrontal cortex (D). No significant
effect was observed in any brain region. Values
represent group means of norepinephrine
turnover. Symbols and bars represent group
mean ± SEM.

Fig. 6. Effect of metyrapone on microglia IL-1β mRNA production. Two hours
after saline or metyrapone administration animals were euthanized and mi-
croglia isolated for the measurement of IL-1β mRNA in the hippocampus and
hypothalamus. A significant interaction was observed between brain region and
treatment. * represents significant (P < 0.05) effect of metyrapone compared
to vehicle control. Values represent mean IL-1βmRNA fold change compared to
vehicle treated animals. Symbols and bars represent group mean ± SEM.
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corticosterone on norepinephrine release during times of stress when
corticosterone levels are high and at sufficient levels to bind to the low
affinity glucocorticoid receptors (GR). In contrast, we administered
metyrapone during the early morning (2–3 h after lights-on) when
corticosterone levels are at their trough, a time when corticosterone is
thought to primarily bind to the high affinity mineralocorticoid re-
ceptors (MR) (De Kloet et al., 1987; De Kloet and Reul, 1987). This
indicates that MR likely regulated the suppressive effects corticosterone
had on norepinephrine release in our studies. Our studies were not
designed to specifically examine MR/GR differences in the regulation of
brain cytokines, rather we investigated the possible mechanisms by
which metyrapone increased IL-1β mRNA. Additional studies are
needed to elucidate how brain cytokines are regulated by glucocorti-
coids and how changes in MR/GR expression, which can occur fol-
lowing stress exposure (Lisieski et al., 2018; Zhang et al., 2017), impact
brain cytokine regulation.

Sexually dimorphic responses of locus coeruleus neurons may ex-
plain why stress exposure increases β-ARs regulation of brain IL-1β
mRNA in males but not females. The locus coeruleus is the primary
location of noradrenergic neurons that project to forebrain areas in-
cluding the prefrontal cortex, hippocampus, and other limbic brain
areas. Neural excitability of locus coeruleus neurons is greater in fe-
males compared to males in response to corticotropin-releasing factor
(CRF) or stress exposure (Bangasser et al., 2018; Bangasser and
Wiersielis, 2018; Curtis et al., 2006). If female rats have greater nor-
epinephrine release in response to being handled and the stress of re-
ceiving an injection compared to male rats, it is possible this may ex-
plain why propranolol was able to lower IL-1β mRNA in female control
animals but not in males. Following stress exposure, locus coeruleus
neural activity becomes sensitized in male rats but is not changed in
female rats (Curtis et al., 2006); that is, stressed males show a leftward
shift in their CRF dose response curve for stimulating locus coeruleus
neurons such that a stressed male rat shows similar sensitivity to non-
stressed females. Sensitization of locus coeruleus neurons in stressed
male rats may be why they show similar regulation of brain IL-1β fol-
lowing propranolol administration compared to non-stressed female
rats. An example of this is in the amygdala where propranolol admin-
istration reduced IL-1β mRNA in stressed and non-stressed female and
stressed male rats but had no effect in non-stressed male rats. If brain
cytokines contribute to depression and anxiety, then greater sensitivity
of norepinephrine-β-AR regulation of brain IL-1βmay be one factor that
increases one’s susceptibility to these psychopathologies.

Given the growing evidence that stress-induced brain IL-1β con-
tributes to the onset of depression and cognitive deficits in laboratory
animals, it is important to better understand how brain IL-1β is regu-
lated and how the regulation changes with repeated stress exposure. As
demonstrated here, repeated stress exposure does not always result in
greater basal levels of IL-1β throughout the brain. This is in agreement
with other studies that fail to detect increases in basal brain IL-1β fol-
lowing chronic mild stress (Mormède et al., 2002; Porterfield et al.,
2012) or repeated social defeat (Audet et al., 2011; Hueston et al.,
2011). While others have reported basal increases in IL-1β following
chronic mild stress (Goshen et al., 2008) or repeated social defeat
(Wohleb et al., 2012; Wood et al., 2015), it is unclear whether persis-
tent increases in brain IL-1β is necessary to mediate stress-induced
behavioral changes or whether transient elevations in brain IL-1β
during stress exposure or the dysregulation of IL-1β to environmental
stimuli following stress exposure are critical. Data presented here reveal
potential sex differences in the regulation of brain IL-1β, and demon-
strate for the first time that glucocorticoids can indirectly regulate brain
IL-1β expression through the modulation of norepinephrine release.
Repeated stress exposure alters the regulation of brain IL-1β in male
rats making the regulation more closely resemble that observed in non-
stressed female rats. The behavioral and physiological consequences of
these sex differences and changes in cytokine regulation need to be
further explored.
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