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Abstract
Elevation of proinflammatory cytokines in the brain have potent effects on altering physiological,
behavioral, and cognitive processes. The mechanism(s) by which brain cytokines are induced during
a peripheral immune challenge remains unclear since microorganisms/cytokines do not cross the
blood-brain barrier (BBB). Recent studies indicate that central β-adrenergic receptors (β-ADRs) may
mediate brain interleukin-1beta (IL-1) production. This has direct implications for the production of
brain cytokines during a peripheral immune response since peripheral pathogens and cytokines
rapidly stimulate brainstem catecholamine neurons via peripheral nerves and circumventricular
pathways. Studies here examine the role of central β-ADRs in regulating brain cytokine production
following peripheral Escherichia coli (E.coli) challenge. Rats were centrally administered
propranolol (β-ADR antagonist) or vehicle followed by peripheral E.coli or saline and sacrificed 6h
later for measurement of cytokines. Pretreatment with propranolol completely blocked the induction
of brain IL-1 following E.coli. Surprisingly, central propranolol also attenuated E.coli-induced
peripheral cytokines. To examine whether the attenuated peripheral cytokine response following
central propranolol administration was due leakage of propranolol into the general circulation and
blockade of peripheral β-blockade, nadolol (β-ADR antagonist that does not cross the BBB) was
administered peripherally prior to E.coli. Nadolol administration did not block central cytokine
production following E.coli, but instead enhanced both peripheral and central proinflammatory
cytokine production. Furthermore, central administration of isoproterenol (β-ADR agonist) results
in a time-dependent increase in brain IL-1 production. These data demonstrate central β-ADRs may
play a critical role to induce brain IL-1, while peripheral β-ADRs inhibit cytokine response to
bacterial challenge.
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Introduction
Inflammatory cytokines (i.e. IL-1β, TNF-α, IL-6), particularly IL-1β, are potent stimulators of
brain-mediated sickness responses, which includes fever, decrease in food/water intake,
decrease in exploration and social interaction, cognitive impairment, and activation of the
sympathetic nervous system and hypothalamic-pituitary-adrenal axis (Dantzer, 2001; Kelley
et al., 2003). During a peripheral immune challenge increased levels of inflammatory cytokines
can be measured in the brain, likely contributing to the initiation of sickness responses (Laye
et al., 2000). During a peripheral immune challenge, toll-like receptors (TLRs) expressed on
peripheral cells (e.g. immune and endothelial) detect pathogens and initiate peripheral cytokine
production, however, microorganisms and cytokines are too large to passively cross the blood-
brain barrier (BBB) and directly stimulate cytokine production in the brain. Studies presented
here investigate the possibility of alternative signaling pathways involved in the induction of
brain proinflammatory cytokines following a peripheral immune challenge.

One potential pathway that has been suggested to be involved in stimulating inflammatory
cytokines in the brain is the vagus-to-nucleus of the solitary tract (NTS) pathway. This neural
pathway has been well documented to be involved in immune-to-brain communication.
Stimulation of this pathway occurs when peripheral cytokine levels increase and bind to
cytokine receptors expressed on vagal paraganglia (Goehler et al., 1997). This results in
activation of vagal afferent neurons that project to the brainstem (Ek et al., 1998; Kurosawa et
al., 1997; Niijima, 1996) and synapse on catecholamine neurons located in the NTS (Gaykema
et al., 2007; Sumal et al., 1983). C-Fos mapping studies demonstrate that vagal afferents and
neurons within the NTS rapidly become activated following peripheral immune stimuli (e.g.
pathogens or cytokine administration) (Brady et al., 1994; Day and Akil, 1996; Elmquist et al.,
1996; Ericsson et al., 1994). Subdiaphragmatic vagotomy blocks the induction of brain
IL-1β mRNA (Hansen et al., 1998; Laye et al., 1995) and the initiation of fever, decreased
social interaction, and attenuates adrenocorticotropic hormone release following peripheral
cytokine or endotoxin administration (Bluthe et al., 1994; Gaykema et al., 1995; Hansen et al.,
2001). Recent publications demonstrate that β-adrenergic receptors (β-ADRs) mediate the
induction of brain IL-1β during stressor exposure, suggesting that brain catecholamines may
play an important role in mediating brain cytokine production. In these studies, administration
of the β-ADRs antagonist prior to tailshock exposure blocked the stress-induced production of
brain IL-1β (Johnson et al., 2005), while administration of the norepinephrine reuptake
inhibitor, desipramine, potentiated hypothalamic IL-1β production following footshock
exposure (Blandino et al., 2006). Thus, stimulation of brainstem catecholaminergic neurons in
the NTS during a peripheral immune challenge may mediate the induction of brain cytokines
via activation of central β-ADRs.

Here, we present a series of studies that examined the hypothesis that stimulation of central
β-ADRs mediate the induction of brain cytokines (IL-1, IL-6, TNF-α) following a peripheral
bacterial challenge. Fisher 344, male rats were centrally injected with propranolol (a β-ADR
antagonist) or vehicle prior to a peripheral Escherichia coli (E.coli) or saline challenge, and
brain and peripheral cytokines were measured 6 h later. To determine if any of the effects
observed following central β-blockade could be explained by leaking of the pharmacological
agent to the periphery, additional rats were injected intraperitoneally (i.p.) with nadolol (a β-
blocker that does not cross the BBB) or vehicle peripherally prior to challenge with E.coli or
saline. Finally, to determine if activation of central β-ADRs alone are sufficient to induce brain
IL-1β production, rats were centrally administered isoproterenol (a β-ADRs agonist) or vehicle
and sacrificed after 30, 60, or 120 minutes for measurement of cytokines.
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Materials and Methods
Subjects

Adult male viral-free Fischer 344 rats (245–300 gms; Harlan, Inc., Indianapolis, IN) were
individually housed in Plexiglas cages (60 × 30 × 24 cm) with food and water available ad
libidum. Animal colonies were maintained in a pathogen-free barrier facility with 12:12-h light-
dark cycle (lights on 0730 h). Rats were given at least 1 wk to habituate to the colony facility
before experimentation. Rats were handled for 3–4 days and weighed before each study began.
Care and use of the animals was in accordance with protocols approved by the University of
Colorado & Kent State University Institutional Animal Care and Use Committee and studies
were designed to minimize pain and the number of animals used.

Adrenergic Drugs
All pharmacological agents were purchased from Sigma-Aldrich (St.Louis, MO) and dissolved
in sterile, endotoxin-free saline. Propranolol, a β-adrenergic receptor antagonist, was dissolved
at a concentration of 10 µg/µl and 100 µg administered per rat into the cisterna magna.
Isoproterenol, a β-adrenergic receptor agonist, was dissolved at a concentration of 1 µg/µl and
10 µg administered per rat into the cisterna magna. Nadolol, a β-adrenergic receptor antagonist
that does not cross the BBB, was dissolved at a concentration of 7.5 mg/ml and administered
intraperitoneally (i.p.) at a dose of 7.5 mg/kg. All doses were chosen based on prior studies in
our laboratory (Johnson et al., 2005) or doses reported in the literature (Soszynski et al.,
1996).

Intra-cisterna magna Injections
Rats were briefly anesthetized with Isoflurane and a sterile 30 G needle connected with
polyethylene tubing (PE-10) to a 50 µl Hamilton syringe was used to administer adrenergic
pharmacological agents or vehicle (in a 10 µl volume) directly into the cisterna magna.
Injections were made over a 60 sec time period. Animals were anesthetized for approximately
2–3 min. Intracisterna magna (i.c.m.) injections were made to avoid confounds of an
inflammatory response induced by surgically implanting indwelling cannulae. Administration
of radiolabelled inulin i.c.m. has been shown to spread throughout the brain (Proescholdt et
al., 2000), and we have successfully administered pharmacological agents via i.c.m. injections
previously to block physiological responses to laboratory stressors (Johnson et al., 2004).

Bacterial Growth
Escherichia coli (E.coli 0111:B4; ATCC 15746, American Type Culture Collection; Bethesda,
MD) was re-hydrated and grown overnight in 30 ml of Brain-Heart Infusion (BHI; DIFCO
Laboratories, Detroit, MI) at 37° C, 5% CO2. Bacterial cultures were then aliquoted into 1 ml
BHI supplemented with 10% glycerol & frozen at −20° C. All experiments used bacteria from
these stock cultures. One day prior to experimentation, stock cultures were thawed and cultured
overnight in 40 ml of BHI (37° C, 5% CO2). Bacteria were quantified by extrapolating from
previously determined growth curves. Cultures were centrifuged (10 min, 3000 rpm),
supernatants discarded, and bacteria re-suspended in sterile PBS at a concentration of 1×109

Colony Forming Units (CFU) per ml (except in study 1 where various concentrations of
E.coli were tested). Rats were injected i.p. with 250 µl E.coli (2.5×108 CFU).

Blood and Tissue Collection
Rats were sacrificed by decapitation and trunk blood, pituitary, liver, spleen, and brain tissues
collected. Trunk blood was collected in 10 ml EDTA-vacutainer tubes (BD PharMingen
Franklin Lakes, NJ) and stored on ice until completion of the study. Plasma was collected and
stored at −80° C until time of assay. Brains were placed on a frosted glass plate placed on top
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of crushed ice and free-hand dissections of limbic areas involved in sickness responses (i.e.
hypothalamus, hippocampus, prefrontal cortex, and amygdala) were made as previously
described (Johnson et al., 2004). All tissues were placed in microfuge tubes and quickly frozen
in liquid nitrogen. Tissue samples were stored at −80° C until the time of tissue processing.

Brain Tissue Processing
Each tissue was added to 0.25–1 ml of cold Eagles Minimum Essential Media containing 2%
Aprotinin (Sigma, cat# A-6279). Tissue was dissociated using a sonic dismembrator (Fisher
Scientific, Model 100). Sonicated samples were centrifuged at 10,000 rpm at 4°C for 10 min.
Supernatants were removed and an ELISA was performed. Bradford protein assays were
performed to determine total protein concentrations in tissue sonication samples and tissue
cytokine content was presented as pg/mg protein to correct for differences in dissection size.

Measurement of Cytokines
Cytokines were measured from plasma and tissue samples using commercially available
ELISAs for rat IL-1β, TNF-α, and IL-6 (R & D Systems, Minneapolis, MN). The ELISAs were
run according to the manufacturer’s instructions except the standard curves were further diluted
so that the lowest standard was 3.9 pg/ml for IL-1β, 6.25 pg/ml for TNF-α, and 15.6 pg/ml for
IL-6, and the substrate incubation was lengthened from 30 min to 45 min. Peripheral tissue
samples were diluted for measurement of IL-1β. The rat IL-1β kits have a detection limit of
<3.9 pg/ml and the TNF-α and IL-6 kit have a detection limit of < 8.0 pg/ml.

Procedure
Study 1: Rats (n=4/group) were weighed immediately prior to i.p. challenge with saline or
2.5×106, 2.5×107, or 2.5×108 CFU E.coli. Rats were weighed daily to calculate changes in
body weight post-E.coli challenge. Additional rats (n=4/group) were administered 2.5×108

CFU E.coli and sacrificed 2, 4, 6, or 8 h later for measurement of brain cytokines. Study 2:
Rats (n=7-8/group) received either an i.c.m. injection of saline or 100 µg propranolol
immediately followed by either an i.p. injection of saline or 2.5×108 CFU E.coli. Six hours
later rats were decapitated and blood and tissues collected for measurement of cytokines. Study
3: Rats (n=8-9/group) received either an i.p. injection of saline or 7.5 mg/kg nadolol followed
immediately by an i.p. injection of saline or 2.5×108 CFU E.coli. Six hours later rats were
decapitated and blood and tissues collected for measurement of cytokines. Study 4: Rats (n=7/
group) received an i.c.m. injection of either saline or 10 µg isoproterenol and decapitated 30,
60, or 120 min later for measurement of blood and tissue cytokines. To determine receptor
specificity, additional rats (n=4) received an i.c.m. injection of both 10 µg isoproterenol and
100 µg propranolol and decapitated 60 min later for measurement of blood and tissue cytokines.

Statistics
Data from experiments examining the effects of central propranolol or peripheral nadolol on
E.coli-induced cytokines were analyzed using a 2 × 2 ANOVA between immune stimuli (Saline
vs. E.coli) and drug treatment (Vehicle vs. Drug). Data from the experiment examining the
effects of central isoproterenol on cytokine production were analyzed using a 1 × 4 ANOVA
across time (0, 30, 60, 120 min). T-test comparisons were made between isoproterenol-injected
animals sacrificed 60 min later and animals injected with isoproterenol + propranolol and
sacrificed 60 min later. In all cases p < 0.05 was used for the level of confidence for acceptance
of significance to exclude the null hypothesis. When necessary post hoc analyses were done
using a Fisher’s least significant difference test.
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Results
Dose-Response & Time-Course of E.coli-Induced Sickness and Cytokine Response

Study 1 aimed to determine a concentration of live E.coli that significantly and consistently
elevates peripheral and central cytokines and stimulates sickness responses without resulting
in death. Figure 1 presents changes in body weight across time following i.p. administration
of saline, 2.5 × 106, 2.5 × 107, or 2.5 × 108 CFU E.coli. Body weight change did not differ
between animals injected with saline and those challenged with the lowest concentration of
E.coli (2.5×106 CFU), both groups of animals slowly gained weight across time. In contrast,
animals challenged with 2.5×107 or 2.5×108 CFU E.coli significantly lost body weight,
approximately 2% and 9% respectively, one day following challenge but then gained weight
on each day thereafter. A repeated measures ANOVA revealed a significant effect of body
weight change across days between groups [F(3, 27) = 13.47; p < 0.0001] and post-hoc analysis
indicated no significant difference in body weight change between saline and 2.5×106 CFU
E.coli groups (p = 0.088), but a significant difference between saline and 2.5×107 CFU
E.coli (p = 0.002) and between saline and 2.5×108 CFU E.coli (p < 0.0001). For all subsequent
studies, 2.5×108 CFU E.coli was used because it resulted in robust, acute loss of body weight,
an indication of sickness, without resulting in signs of severe sepsis (i.e. organ failure or death).

To determine the time course of central proinflammatory cytokine responses following
E.coli challenge, animals were injected with saline or 2.5×108 CFU E.coli and sacrificed 2, 4,
6, or 8 h later. Saline-injected animals had extremely low concentrations of basal inflammatory
cytokines, while E.coli-challenge resulted in a time-dependent elevation in brain IL-1β (Figure
2). Brain TNF-α and IL-6 protein levels remained near the detection limit of the assay (data
not shown).

Effect of Central β-Adrenoceptor Blockade on E.coli-Induced Cytokines
To examine the role of central β-adrenoceptors in the induction of brain proinflammatory
cytokines during a peripheral immune response, rats were injected with either saline or the β-
adrenoceptor antagonist, propranolol, into the cisterna magna (i.c.m.). This i.c.m. injection
delivers drug directly into the brain cerebrospinal fluid. Immediately after i.c.m. injection, rats
received an i.p. challenge of either saline or 2.5 × 108 CFU E.coli. Rats were decapitated 6 h
later for measurement of brain and peripheral cytokines. As previously observed, E.coli
challenge increased brain IL-1β levels 6 h following injection in control animals, however,
prior central administration of propranolol blocked or greatly attenuated the E.coli-induced
increase in brain IL-1β (Figure 3). A 2×2 ANOVA revealed a significant interaction between
drug administration (i.c.m. saline vs. i.c.m. propranolol) and immune challenge (i.p. saline
vs. i.p. E.coli) for IL-1β concentration in the hypothalamus [F(1,26) = 14.367; p < 0.001];
amygdala [F(1,26) = 5.957; p = 0.022]; prefrontal cortex [F(1,26) = 4.89; p = 0.036]; and
hippocampus [F(1,26) = 13.49; p = 0.001]. Interestingly, central administration of propranolol
attenuated a number of peripheral proinflammatory cytokine responses in both tissues (Figure
4) and plasma (Figure 5). TNF-α concentration was significantly reduced in the spleen [F(1,26)
= 5.19; p = 0.031] and plasma [F(1,26) = 6.022; p = 0.02]. IL-6 concentration was significantly
reduced in the spleen [F(1,26) = 5.1; p = 0.032] and pituitary [F(1,26) = 6.95; p = 0.014], and
IL-6 was attenuated, although not significantly, in the liver [F(1,26) = 3.87; p = 0.060] and
plasma [F(1,26) = 3.44; p = 0.075]. IL-1β concentration was significantly attenuated in the
spleen [F(1,26) = 13.78; p = 0.001], liver [F(1,26) = 9.93; p = 0.004], pituitary [F(1,26) = 10.46;
p = 0.003], and plasma [F(1,26) = 4.68; p = 0.039].

Effect of Peripheral β-Adrenoceptor Blockade on E.coli-Induced Cytokines
Substances administered directly into the brain may drain or may be transported to the periphery
(Banks et al., 1989; Chen et al., 1997). To examine whether the attenuated E.coli-induced
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cytokine response observed following central propranolol administration was actually caused
by peripheral β-blockade, additional animals were administered i.p. saline or nadolol (a β-
adrenoceptor antagonist that does not cross the blood-brain barrier) followed by i.p. challenge
with saline or 2.5 × 108 CFU E.coli. Again, control animals challenged with E.coli had a
significant increase in both brain and peripheral proinflammatory cytokines. While prior
peripheral administration of nadolol had no effect on basal cytokine levels, nadolol
significantly enhanced both brain (Figure 6) and peripheral (Figure 7 & 8) cytokine
concentration following E.coli-challenge. A 2×2 ANOVA revealed a significant interaction
between drug administration (saline vs. nadolol) and immune challenge (saline vs. E.coli) on
IL-1β concentration in the hypothalamus [F(1,30) = 5.80; p = 0.022], amygdala [F(1,30) =
7.21; p = 0.011], prefrontal cortex [F(1,30) = 14.75; p < 0.001], and hippocampus [F(1,30) =
3.96; p = 0.05]. In the periphery, significant interactions between drug administration and
immune challenge were observed for TNF-α concentration in the liver [F(1,30) = 9.56; p =
0.004] and plasma [F(1,30) = 7.28; p = 0.011], IL-6 concentration in the liver [F(1,30) = 3.95;
p = 0.05], pituitary [F(1,30) = 8.02; p = 0.008] and plasma [F(1,30) = 4.12; p = 0.05], and IL-
1β concentration in the liver [F(1,30) = 6.84; p = 0.014].

Effect of Central β-Adrenoceptor Stimulation on Brain & Peripheral Cytokine Production
Further studies examined whether activation of central β-ADRs were themselves sufficient to
increase brain IL-1β concentration. Here, animals were centrally administered saline or
isoproterenol and sacrificed 30, 60, or 120 min later for measurement of central and peripheral
cytokines. Saline injection failed to alter cytokine concentration so for graphing and statistical
purposes these animals were averaged into a 0 min time-point. Central isoproterenol
administration resulted in a time-dependent increase in brain IL-1β concentrations in all brain
areas measured with peak responses observed between 60 and 120 min following
administration (Figure 9). A 1×4 ANOVA revealed a significant increase in brain IL-1β across
time in the hypothalamus [F(3,24) = 8.47; p < 0.001], amygdala [F(3,24) = 3.65; p = 0.027],
prefrontal cortex [F(3,24) = 4.2; p = 0.016], and hippocampus [F(3,24) = 2.87; p = 0.05]. Figure
10 shows the effects of central β-ADR stimulation on the concentration of peripheral cytokines.
Interestingly, activation of central β-ADRs elevated IL-1β in the pituitary [F(3,24) = 6.52; p
= 0.002] and spleen [F(3,24) = 15.25; p < 0.001], but not in liver tissue (p = 0.20). There were
no significant changes in levels of central (not shown) or peripheral tissue IL-6 or TNF-α levels
following central isoproterenol administration. A different pattern was observed in the
circulation where IL-6 levels increased 60 min following central isoproterenol administration
[F(3,24) = 8.85; p < 0.001], but no change was observed in circulating IL-1β or TNF-α (Figure
11). To verify receptor specificity, additional animals were administered the β-adrenoceptor
antagonist, propranolol, immediately prior to isoproterenol administration and sacrificed 60
min later. Prior administration of propranolol completely prevented the isoproterenol-induced
increase of brain IL-1β in the amygdala [F(1,9) = 5.39; p = 0.048], prefrontal cortex [F(1,9) =
6.28; p = 0.033], and hippocampus [F(1,9) = 27.09; p < 0.001], and lowered IL-1β
concentrations in the hypothalamus, though this difference did not reach significance (p =
0.16). Peripherally, prior administration of propranolol completely blocked the cytokine
changes observed following central isoproterenol administration, including pituitary IL-1β [F
(1,9) = 5.97; p = 0.04], spleen IL-1β [F(1,9) = 6.23; p = 0.034], and plasma IL-6 [F(1,9) =
28.17; p < 0.001].

Discussion
The studies presented here examined the hypothesis that following peripheral immune
challenge stimulation of central β-ADRs induces brain inflammatory cytokine production. We
found that central administration of the β-ADR antagonist, propranolol, prevents the induction
of brain IL-1β that normally occurs following peripheral E.coli challenge. It is unlikely that
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the effects of propranolol were due to leaking of propranolol into the periphery since peripheral
administration of nadolol, a selective β-ADR antagonist that does not readily cross the blood-
brain barrier, resulted in an enhancement, not suppression, of brain IL-1β production following
E.coli challenge. In addition, direct stimulation of central β-ADRs via central administration
of isoproterenol was sufficient to induce brain IL-1β in a time-dependent fashion. Taken
together, these findings suggest that stimulation of central β-adrenoceptors are both necessary
and sufficient to stimulate brain IL-1β production during a peripheral bacterial challenge.

The findings presented here support data demonstrating that stimulation of β-ADRs alone (i.e.
in the absence of immune stimuli) stimulates cytokine production. Several laboratories have
now demonstrated that β-ADR agonist stimulate the induction of both IL-1β and IL-6 mRNA
in cultured macrophages and microglia (Hetier et al., 1991; Tan et al., 2007; Tomozawa et al.,
1995). β-ADR-mediated proinflammatory cytokine induction appears to depend on the
elevation of intracellular cyclic adenosine monophosphate (cAMP) (Tomozawa et al., 1995),
but occurs via a PKA-independent pathway that involves extracellular signal regulated kinase
(ERK) and p38 signaling (Tan et al., 2007). Here, we demonstrate that in vivo stimulation of
central β-ADRs with isoproterenol increased brain IL-1β protein concentrations and this could
be blocked by pre-treatment with propranolol. Furthermore, our data suggest that stimulation
of brain β-ADRs may mediate the induction of central IL-1β during normal physiological
processes such as response to peripheral E.coli challenge (data presented here) and exposure
to psychological stressors (Johnson et al., 2005).

Interestingly, blockade of central β-ADRs altered the peripheral cytokine response following
E.coli challenge as indicated by attenuated IL-1β, TNF-α, and IL-6 responses in circulation
and in peripheral tissues (e.g. pituitary, spleen and liver). This is probably not due to centrally
administered propranolol leaking out of the brain and blocking peripheral β-ADRs because
blockade of peripheral β-ADRs resulted in enhanced, not suppressed, central cytokine
responses following an E.coli challenge; most likely due to increased signaling of elevated
peripheral inflammatory cytokines. These data suggest that activation of central β-ADR
stimulate brain-mediated physiological responses that are necessary for maximum peripheral
cytokine production. Conversely, stimulation of central β-ADR with isoproterenol not only
induced IL-1β in the brain, but also resulted in induction of IL-1β in pituitary and spleen tissue
and IL-6 in plasma. It is unclear why IL-1β was more responsive in tissues, while IL-6 was
selectively elevated in blood. One likely mechanism by which central β-ADRs may alter
peripheral cytokine responses is via affecting sympathetic nervous system activity. There is
some evidence to support the notion that central β-ADRs may alter sympathetic nerve
responses. For example, intracerebroventricular administration of β-ADR antagonists prevents
the air jet stress-induced increase in renal sympathetic nerve activity (Koepke and DiBona,
1985, 1986). Thus, we propose that central administration of isoproterenol may induce spleen
and pituitary IL-1 via stimulation of sympathetic nerves that results in the release of
norepinephrine directly into peripheral tissues. The fact that liver IL-1β did not increase
following central β-ADR stimulation would suggest that selective branches of sympathetic
nerves may be stimulated following central isoproterenol. Unfortunately, this was an
unexpected finding and blood samples in the studies presented here were not collected with
antioxidant compounds so plasma catecholamines could not be measured to assess sympathetic
nervous system activation. Because of the obvious bidirectional regulation of peripheral and
central cytokines one must consider the possibility that central β-ADRs may also indirectly
regulate brain cytokines via modulation of the sympathetic nervous system and its affects on
peripheral cytokine levels.

Interestingly, it has been demonstrated that the sympathetic nervous system can suppress
peripheral proinflammatory cytokine production during immune challenge (Elenkov et al.,
2000), and this is at least partly due to β-ADR-mediated intracellular elevation of cAMP that
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inhibits NFκβ activation via a protein kinase A (PKA)-dependent pathway (Ollivier et al.,
1996; Parry and Mackman, 1997). NFκβ is a very potent transcription factor that regulates
inflammatory cytokine production in response to immune stimuli (i.e. TLR & cytokine
signaling). The data presented here support the notion that stimulation of β-ADRs suppress
immune-induced inflammatory cytokines since it was demonstrated that peripheral
administration of nadolol enhanced circulating and peripheral tissue cytokine responses
following E.coli challenge. Note, however, this does not contradict data that demonstrate
stimulation of β-ADRs in the absence of immune challenge induce IL-1β & IL-6 production
via a PKA-independent pathway, but indicate that β-ADR stimulation can have opposing
effects on cytokine production depending on the activation state of the cell (i.e. presence or
absence of antigenic stimulation). We suggest because E.coli are too large to cross the BBB
that following peripheral E.coli challenge it results in the scenario where stimulation of β-
ADRs on peripheral cells suppresses proinflammatory cytokine production, while stimulation
of β-ADRs on central cells induces cytokine production.

Inflammatory cytokines, particularly IL-1β, are thought to contribute to the initiation of brain-
mediate sickness responses following peripheral immune challenge (Cartmell et al., 1999), but
the exact function of individual inflammatory cytokines remains unclear due to the pluripotent
actions of inflammatory cytokines (Bluthe et al., 2000). It has been demonstrated that fever,
one brain-mediated sickness response, is beneficial to the health/survival of an infected
organism (Blatteis, 1986; Kluger et al., 1975), most likely because elevated core body
temperature increases antimicrobial responses of immune cells (Jiang et al., 1999; Roberts,
1991; Sebag et al., 1977). Due to the enormous metabolic demands of elevating body
temperature, it has been suggested that other brain-mediated sickness responses function to
minimize other energy usages (e.g. decrease foraging for food, decreased exploration, increase
sleep) and liberate energy stores (e.g. elevate glucocorticoid and catecholamine levels) (Hart,
1988; Maier and Watkins, 1998). One might hypothesize that inflammatory cytokines might
only increase in brain areas that mediate specific sickness responses, but in the studies presented
here IL-1β increased in all brain areas examined. The fact that data presented here indicate
central catecholamine systems regulate brain IL-1β levels following peripheral immune
challenge may explain the widespread increase in brain IL-1β, since noradrenergic neurons are
known to have vast projections throughout the central nervous system; thus, activation of
noradrenergic neurons during an immune challenge could globally elevate IL-1β throughout
the brain. Several laboratories have demonstrated that IL-1β can enhance GABA activity
thereby suppressing firing rates of neurons (Brambilla et al., 2007; Tabarean et al., 2006). In
fact, it is by suppressing wake-active serotonergic dorsal raphe neurons and preoptic/anterior
hypothalamus that some researchers have suggested brain IL-1 promotes NREM sleep
(Tabarean et al., 2006) and changes in feeding and thermoregulation (Brambilla et al., 2007).
In following the idea that many cytokine-induced sickness responses function to shift energy
usage towards maintaining fever, we propose that widespread increases in brain IL-1β might
act to reduce the overall metabolic demand of the central nervous system.
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Figure 1.
Percent body weight change following E.coli challenge. Rats were injected i.p. with saline,
2.5×10^6, 2.5×10^7, or 2.5×10^8 CFU E.coli and body weight recorded daily. Data are
presented as a percent change from each individual animals’ body weight recorded immediately
prior to injection compared to 24h (Day 1), 48h (Day 2), 72h (Day 3), and 96h (Day 4) after
injection. Bars represent group averages +/− SEM (n=4/group). * represents p < 0.05 compared
to saline group.
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Figure 2.
Time course of brain IL-1 production following E.coli challenge. Rats were injected i.p. with
saline or 2.5×10^8 CFU E.coli and sacrificed 2, 4, 6, or 8 h later for measurement of
hypothalamic and hippocampal IL-1 by ELISA. Bars represent group averages +/− SEM (n=4/
group). * represents p < 0.05 compared to saline-injected controls.

Johnson et al. Page 12

Brain Behav Immun. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effect of centrally administered propranolol on brain IL-1 production following peripheral
E.coli challenge. Rats were injected i.c.m. with either saline (Sal) or propranolol (Prop; β-
antagonist) immediately prior to challenge with i.p. saline or E.coli. Animals were sacrificed
6 h later for measurement of IL-1 by ELISA. Bars represent group averages +/− SEM (n=6-8/
group). * represents p < 0.05 compared to saline-injected controls. # represents p < 0.05
compared to E.coli group receiving i.c.m. saline.
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Figure 4.
Effect of centrally administered propranolol on peripheral tissue proinflammatory cytokine
production following peripheral E.coli challenge. Rats were injected i.c.m. with either saline
(Sal) or propranolol (Prop; β-antagonist) immediately prior to challenge with i.p. saline or
E.coli. Animals were sacrificed 6 h later for measurement of A) IL-1, B) IL-6, and C) TNF-
α in pituitary, spleen and liver tissues. Bars represent group averages +/− SEM (n=6-8/group).
* represents p < 0.05 compared to saline-injected controls. # represents p < 0.05 compared to
E.coli group receiving i.c.m. saline.
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Figure 5.
Effect of centrally administered propranolol on circulating proinflammatory cytokine
production following peripheral E.coli challenge. Rats were injected i.c.m. with either saline
(Sal) or propranolol (Prop; β-antagonist) immediately prior to challenge with i.p. saline or
E.coli. Animals were sacrificed 6 h later for measurement of plasma A) IL-1, B) IL-6, and C)
TNF-α. Bars represent group averages +/− SEM (n=6–8/group). * represents p < 0.05 compared
to saline-injected controls. # represents p < 0.05 compared to E.coli group receiving i.c.m.
saline.
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Figure 6.
Effect of peripherally administered nadolol on brain IL-1 production following peripheral
E.coli challenge. Rats were injected i.p. with either saline (Sal) or nadolol (Nad; β-antagonist)
immediately prior to challenge with i.p. saline or E.coli. Animals were sacrificed 6 h later for
measurement of IL-1 by ELISA. Bars represent group averages +/− SEM (n=8–9/group). *
represents p < 0.05 compared to saline-injected controls. # represents p < 0.05 compared to
E.coli group receiving i.p. saline.
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Figure 7.
Effect of peripherally administered nadolol on peripheral tissue proinflammatory cytokine
production following peripheral E.coli challenge. Rats were injected i.p. with either saline (Sal)
or nadolol (Nad; β-antagonist) immediately prior to challenge with i.p. saline or E.coli. Animals
were sacrificed 6 h later for measurement of A) IL-1, B) IL-6, and C) TNF-α in pituitary, spleen
and liver tissues. Bars represent group averages +/− SEM (n=8–9/group). * represents p < 0.05
compared to saline-injected controls. # represents p < 0.05 compared to E.coli group receiving
i.p. saline.
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Figure 8.
Effect of peripherally administered nadolol on circulating proinflammatory cytokine
production following peripheral E.coli challenge. Rats were injected i.p. with either saline (Sal)
or nadolol (Nad; β-antagonist) immediately prior to challenge with i.p. saline or E.coli. Animals
were sacrificed 6 h later for measurement of plasma A) IL-1, B) IL-6, and C) TNF-α. Bars
represent group averages +/− SEM (n=6–8/group). * represents p < 0.05 compared to saline-
injected controls. # represents p < 0.05 compared to E.coli group receiving i.p. saline.
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Figure 9.
Effect of centrally administered isoproterenol on brain IL-1 production. Rats were injected
i.c.m. with either saline or isoproterenol (β-agonist) and sacrificed 30, 60, or 120 min later
(n=7/group). Values from saline-injected animals were averaged and presented as 0 min.
Additional rats were injected i.c.m. with propranolol (β-antagonist) immediately prior to
isoproterenol administration and sacrificed 60 min later (60+P); n=4/group). Brains were
dissected and IL-1 measured using ELISA. Bars represent group averages +/− SEM. *
represents p < 0.05 compared to saline-injected controls. # represents p < 0.05 compared to
isoproterenol-injected animals sacrificed at 60 min.
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Figure 10.
Effect of centrally administered isoproterenol on peripheral tissue proinflammatory cytokine
production. Rats were injected i.c.m. with either saline or isoproterenol (β-agonist) and
sacrificed 30, 60, or 120 min later (n=7/group). Values from saline-injected animals were
averaged and presented as 0 min. Additional rats were injected i.c.m. with propranolol (β-
antagonist) immediately prior to isoproterenol administration and sacrificed 60 min later (60
+P; n=4/group). Pituitary, spleen, and liver tissues were dissected and A) IL-1, B) IL-6, and
C) TNF-α measured. Bars represent group averages +/− SEM. * represents p < 0.05 compared
to saline-injected controls. # represents p < 0.05 compared to isoproterenol-injected animals
sacrificed at 60 min.
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Figure 11.
Effect of centrally administered isoproterenol on circulating proinflammatory cytokine
production. Rats were injected i.c.m. with either saline or isoproterenol (β-agonist) and
sacrificed 30, 60, or 120 min later (n=7/group). Values from saline-injected animals were
averaged and presented as 0 min. Additional rats were injected i.c.m. with propranolol (β-
antagonist) immediately prior to isoproterenol administration and sacrificed 60 min later (60
+P; n=4/group). Plasma was collected for measurement of A) IL-1, B) IL-6, and C) TNF-α.
Bars represent group averages +/− SEM. * represents p < 0.05 compared to saline-injected
controls. # represents p < 0.05 compared to isoproterenol-injected animals sacrificed at 60 min.
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