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Abstract
Aims—The cytokine, interleukin-1β (IL-1β), is known to produce specific effects on the
neuroendocrine system such as suppression of the reproductive axis and stimulation of the stress
axis. The mechanism by which IL-1β produces these differential effects is not clear. Since
norepinephrine (NE) is involved in these effects, we hypothesized that IL-1β acts on brainstem
noradrenergic nuclei to affect gene transcription of NE synthesizing enzymes, cytokines and
associated transcription factors.

Main Methods—Adult female Sprague Dawley rats in proestrus were divided into two groups.
Control animals received PBS-BSA and the treatment group received 5μg of rat recombinant
IL-1β i.p. at noon. They were sacrificed in groups at 1, 3 and 5 pm (n=6/group) for measurement
of tyrosine hydroxylase (TH) mRNA by q PCR or at 3pm for mRNA analysis by qPCR array.

Key findings—TH mRNA levels decreased gradually with time in both control and IL-1β-
treated rats in the ventrolateral medulla. In the nucleus of solitary tract, TH mRNA levels were
significantly reduced by IL-1β treatment at 5 pm. In the locus coeruleus, TH mRNA levels
increased significantly at 1700 h with IL-1β treatment compared to controls. In the second set of
animals analyzed by qPCR array, there were several fold increases in the expression of certain
cytokines, chemokines, and transcription factors in specific noradrenergic nuclei.

Significance—Systemic administration of IL-1β causes significant changes in the expression of
tyrosine hydroxylase and several chemokines in brain stem noradrenergic nuclei, thereby
mediating its neuroendocrine effects.
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Introduction
Interleukin-1β (IL-1β) is a cytokine that produces several central and neuroendocrine
effects(1). It is known to activate the stress axis (2-4) and inhibit the reproductive axis (5,6)
(7,8). Although a number of neurotransmitters and neuropeptides are known to be involved
in IL-1β-induced neuroendocrine effects, studies in our lab have focused on the involvement
of norepinephrine (NE). We and others have observed that IL-1β stimulates NE release in
the paraventricular nucleus (PVN) of the hypothalamus to activate the stress axis (2,9,10).
On the other hand, IL-1β suppresses NE release in the medial preoptic area (MPA) of the
hypothalamus to inhibit the reproductive axis (11,12).

Noradrenergic innervation to the PVN and MPA comes from three noradrenergic nuclei in
the brain stem. These are the A1 (Ventrolateral medulla), A2 (Nucleus tractus solitarius) and
A6 (Locus coeruleus) nuclei (13,14). Retrograde tracing techniques have identified that
predominantly the A1 nucleus and half of the A2 nucleus provide the majority of the
noradrenergic input to the MPA (15-17). Moreover, double immunostaining and electron-
microscopy studies have demonstrated that gonadotropin releasing hormone (GnRH)
neurons in the MPA are innervated predominantly by A1 and A2 noradrenergic nuclei.
Although there is some evidence to suggest that neurons in these noradrenergic nuclei are
activated at the time of the luteinizing hormone (LH) surge (18,19) (20), there are no studies
demonstrating changes in tyrosine hydroxylase (TH) gene expression in these different
nuclei during proestrus.

Similar to the MPA, the PVN receives noradrenergic innervations predominantly from the
A1 and A2 nuclei (14) and also from the A6 region (21). Since the noradrenergic
innervation to the PVN and MPA are somewhat similar, it is not clear how IL-1β affects the
noradrenergic nuclei differentially to stimulate NE release in the PVN but inhibit NE release
in the MPA. Stimulation or inhibition of noradrenergic nuclei may involve differential
regulation of gene expression. One of the important genes regulating NE synthesis is
tyrosine hydroxylase (TH), the rate limiting enzyme in NE biosynthesis. IL-1β could
increase or decrease TH synthesis by acting through other cytokines and transcription
factors. We hypothesized that IL-1β could act on these nuclei and increase the expression of
cytokine genes and associated transcription factors. Therefore, we examined brainstem
noradrenergic nuclei for changes in the expression of several genes that are involved in
IL-1β signaling to understand the neuroendocrine effects of IL-1β.

Materials and Methods
Animals

Three-to-four-month-old female Sprague Dawley rats weighing approximately 250g were
obtained from Harlan Inc. (Indianapolis, IN). They were housed in air-conditioned (23 ± 2
°C) and light controlled (lights on from 0500 to 1900 h) animal rooms and provided with rat
chow and water ad libitum. Animals were used in the experiments in accordance with the
National Institutes of Health's Guide for the Care and Use of Laboratory Animals, and the
protocol was approved by the Institutional Animal Care and Use Committee at Michigan
State University.

Treatment
Estrous cycles in female rats were followed by daily vaginal cytology as described before
(11,22). They were divided randomly into two groups. When the rats were in proestrus, one
group received an i.p. injection of 250μl of the vehicle (0.1% Phosphate buffered saline-
Bovine serum albumin). The other group was treated i.p. with 5μg of rat recombinant IL-1β
in 250μl of the vehicle at 1200 h. This dose was selected based on several previous studies
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that have used similar doses of intraperitoneal IL-1β to mimic a systemic inflammatory
process [9-12]. They were sacrificed in groups of 6-7 at 1300, 1500 and 1700 h. The
brainstems were quickly removed, frozen on dry ice, and stored at -80° C until they were
sectioned. Tissue samples from these brains were used for qRT-PCR to measure TH mRNA
expression. Another group of animals were treated as described above, but they were
sacrificed at 1500h. Their brainstems were frozen and sectioned. Samples from these brains
were used for qPCR array as described below.

Palkovits microdissection of discrete brain areas
Serial coronal sections (300 μm thick) of the brainstem were obtained using a cryostat (Slee
Mainz, London, UK). Precleaned microscopic slides were wiped with RNAseZap (Sigma-
Aldrich Co., St. Louis, MO) prior to mounting sections for inactivation of potential
RNAases. The brainstem noradrenergic nuclei, A1, A2 and A6 were microdissected by the
Palkovits's micropunch technique (23) using a 500-μm-diameter punch with the rat brain
stereotaxic atlas as a reference (24). Tissue samples were obtained bilaterally, and all the
subdivisions of the nuclei were included. The samples were kept in dry ice before they were
used for RNA extraction.

RNA extraction
RNA from brainstem punches was extracted using a MELT Total Nucleic Acid Isolation
System (Ambion Inc, Austin, TX) according to the manufacturer's protocol. The tissue was
digested using the Multi-Enzymatic Liquefaction of Tissue (MELT) mix provided in the kit.
After on-bead Turbo DNAse digestion (Ambion), the RNA was eluted in a volume of 500μl.
First strand cDNA was synthesized by reverse transcribing 250ng of total RNA using
Superscript III First strand synthesis Supermix for qRT-PCR (Invitrogen, Carlsbad, CA)
according to the manufacturer's instructions.

qRT-PCR
The real-time quantitative PCR mix consisted of 1× Platinum SYBR Green PCR Master
Mix(Applied Biosystems, Foster City, CA) and 300nM of forward and reverse primers. A
volume of 2.5 μl (equivalent of 50ng of single-stranded cDNA) of the RT reaction was used
for quantification of β-actin and TH mRNA. A 115-bp product corresponding to rat TH
(Gen Bank accession no. NM 012740) was amplified using the following primers: forward,
5′-CTACCAGCCTGTGTACTTTGTGTC-3′; reverse, 5′-
CAGTGTGTACGGGTCAAACTTC-3. Similarly, a 146-bp product corresponding to rat ß-
actin (GenBank accession no. NM 031144) was amplified using the following primer set:
forward, 5′-ATCATGAAGTGTGACGTTGACAT-3′; reverse, 5′-
ATGATCTTGATCTTCATGGTGCTA-3′. The reactions were performed in an Applied
Biosystems 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA) according
to manufacturer's specifications. with the following settings: 50°C for 2 min, 95°C for 2
min, followed by 40 cycles of 95°C for 15 sec, 60°C for 60 sec, and 72°C for 35 sec. At the
end of amplification, a melting curve analysis was done by heating the PCR products to 65–
95ºC and held for 15 sec at increments of 0.2°C. Fluorescence was detected to confirm the
presence of a single amplification product. Each sample was run in duplicate to obtain
average CT values for TH and ß-actin mRNA. The quantity of TH mRNA was expressed as
a proportion of ß-actin mRNA following the standard curve method for converting log-
linear CT values to RNA values. The relative amounts of TH mRNA in various brain stem
areas were then compared.
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qPCR array
Quantitative mRNA expression analysis of 84 genes related to the IL-1β signaling pathway,
chemokines and their receptors in brainstem noradrenergic nuclei were performed with the
rat Toll-like receptor (TLR) RT2 Profiler PCR Array System-Pathway-Focused gene
expression profiling using real-time PCR (SuperArray Bioscience Corporation, Frederick,
MD). Total RNA was isolated from brainstem areas of individual rats from the vehicle and
IL-1β-treated groups (n=6) using the MELT Total Nucleic Acid Isolation System (Ambion
Inc, Austin, TX). RNA from each sample (400ng) was converted to cDNA using the RT2

First strand kit (SuperArray Bioscience Corporation). PCR was performed using RT2

profiler PCR array PARN-018A (rat TLR) on the Applied Biosystems 7500 system
according to manufacturer's specifications. cDNA from two rats was pooled and three of
these sets were hybridized per treatment. The expression of each target gene was normalized
using the expression of multiple house-keeping genes: β-actin, Lactate dehydrogenase and
Ribosomal protein L13A and compared with the data obtained from the control group
according to the 2-ΔΔCT method. The data analysis was performed using the Excel macro
provided with the kit and Ingenuity Pathway analysis software (Ingenuity Systems Inc,
Redwood City, CA).

Statistical analysis
All statistical procedures were performed using SAS software (Cary, NC) unless specified
otherwise. The differences in the expression of TH mRNA over time between the three
brainstem areas were analyzed by two-way ANOVA followed by Fisher's LSD. The
differences in the gene expression in the PCR array were performed by t-test which was in-
built in the Ingenuity pathway analysis software. The differences between the three
brainstem areas were analyzed by ANOVA followed by Fisher's LSD.

Results
Effect of IL-1β on TH mRNA in brainstem noradrenergic nuclei

The levels of TH mRNA (mean±SE) expressed as a ratio of TH mRNA expression to β-actin
mRNA in control and IL-1β treated animals in the brainstem areas are shown in Fig 1 A-C.

In the A1 noradrenergic nucleus, the effect of time [F(2,31)=16.48] was found to be
significant (p<0.05; Fig 1A). In the control animals, the levels of TH mRNA were 1.6±0.1 at
1pm and significantly decreased to 1.1±0.1 at 3pm and to 0.7±0.2 at 5pm (p<0.05). A
similar trend was also observed in IL-1β-treated animals. There was no difference in TH
expression between control and IL-1β-treated animals.

In contrast to the A1 nucleus there was a significant difference between the control and
IL-1β treated group in the A2 noradrenergic nucleus (Fig 1B). TH mRNA levels in control
animals were similar at 3 and 5pm compared to 1pm. However, TH mRNA levels in the
IL-1β-treated group were similar at 1pm and 3pm but decreased significantly at 5 pm. The
effect of time [F(2,27)=5.19] was found to be significant in the IL-treated group.

In the A6 noradrenergic nucleus, the effects of time [F(2,30)=3.41] and the interaction
between treatment and time [F(2,30)=4.19] were significant (p<0.05; Fig 1C). In the control
animals, TH mRNA levels at 1pm were similar to those at 3 and 5pm. In the IL-1β-treated
group, TH mRNA levels were similar at 1pm and 3pm. At 5pm, however, TH mRNA levels
increased significantly (p<0.05) compared to control rats at the same time point.
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Effect of IL-1β on the expression of genes associated with IL-1β signaling in brainstem
noradrenergic nuclei

The effect of IL-1β on 84 genes related to TLR mediated signal transduction and innate
immunity were studied. A list of genes that were significantly affected by IL-1β treatment
was generated using the following criteria: 1) gene expression level was ≥ 200% of control
and 2) there was a significant difference between the two groups p < 0.01 (t test). Treatment
with IL-1β produced the following changes in cytokine gene expression: IL-1α expression
was down regulated in the A2 and A6 nuclei while IL-1β and its receptor were upregulated
by 2 fold in the A2 region alone. Proinflammatory cytokines like IL-6 and TNF-α were up
regulated in IL-1β treated animals. Among the members of the interferon family, IFN-β was
up regulated by 3-fold in the A1 region while it was down regulated in the A2 region. A
classic anti-inflammatory cytokine, IL-10, was down regulated in the A2 and A6 regions by
4-fold and 3-fold respectively. (Fig 2).

IL-1β is known to activate the pro-inflammatory transcription factor, nuclear factor of kappa
(NF-κB) in the central nervous system. Similar to previous studies, members of the NF-κB
family were up regulated after IL-1β treatment. The transcription factor-C/EBP-β was also
up regulated in all the areas by 3-4 folds in IL-1β treated animals. The marker of neuronal
activation, c-fos, was also up regulated in all areas; though it was statistically significant
only in A1 and A2 regions (Fig 3).

One of the striking aspects in the expression profiling was the marked up regulation of
Chemokine (C-C motif) ligand 2 (CCL2) and Chemokine (C-X-C motif) ligand 10
(CXCL10) in the noradrenergic nuclei. (Fig 4).

COX-2 is a known down-stream effector of IL-1β and it was up regulated in all three
brainstem areas after IL-1β treatment. MAP kinase, another downstream effector was down
regulated only in the A2 region. A variety of receptors including toll-like receptors 2 and 5
were also down regulated after IL-1β treatment in specific brainstem nuclei. These and other
receptor associated molecules that had modest changes in receptor expression are listed in
table 1.

Discussion
Our analysis indicates that there is a distinct pattern in TH mRNA expression in brainstem
noradrenergic nuclei during the afternoon of proestrus which is highly region specific. In
addition, this study provides evidence, for the first time, that IL-1β treatment significantly
alters the expression of major cytokines, chemokines, downstream signaling effectors,
transcription factors and cytokine receptors in brainstem noradrenergic nuclei in female rats.
Although there was some degree of overlap in gene expression between the three brainstem
nuclei, there were changes that were unique to individual nuclei that could contribute to the
differential neuroendocrine effects produced by IL-1β.

TH is the rate-limiting enzyme in NE biosynthesis and increases in NE levels correlate with
increases in TH activity in the MPA especially during the afternoon of proestrus prior to the
LH surge (25). In the present study, we observed a gradual decline in TH mRNA levels in
the A1 region in control rats and this is supported by a previous study that observed a
reduction in TH mRNA during the afternoon of proestrous in this region as well (26). IL-1β
treatment also produced a similar decrease in TH mRNA levels, suggesting that IL-1β does
not affect TH expression in the A1 region. On the other hand, IL-1β treatment decreased TH
mRNA levels in the A2 region compared to controls suggesting that this could probably
contribute to the reduction in NE levels in the hypothalamus. In contrast to what we
observed in the A1 and A2 regions, IL-1β treatment increased TH mRNA levels late in the

Sirivelu et al. Page 5

Life Sci. Author manuscript; available in PMC 2013 January 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



afternoon in the A6 region. This could possibly play a role in sustaining the increase in NE
levels in the PVN during the course of IL-1β-induced stress axis activation. Thus the diverse
effects of IL-1β on NE levels in the hypothalamus may be the consequences of IL-1β's
differential effects on brainstem noradrenergic nuclei.

In the present study, IL-1β treatment increased the expression of IL-1β and IL-1 receptor
gene expression in the A2 but not in other nuclei. This suggests that IL-1β may have direct
effects on A2, but not on the other two noradrenergic nuclei. This could be another
mechanism contributing to the differential effects of IL-1β on brainstem noradrenergic
nuclei.

IL-1β is capable of activating several downstream pathways in the CNS, which include
MAPK and NF-κB pathways (27-29). NF-κB production is believed to be a key marker of
IL-1β signaling in the CNS and its blockade has been shown to reduce sickness behavior
induced by IL-1β (30,31). In the present study, there was a preferential induction of the NF-
κB pathway over the MAPK pathway in all three noradrenergic nuclei suggesting a role for
this pathway in the neuroendocrine effects produced by IL-1β.

Besides NFκB, gene expression of another transcription factor, C/EBP-β, was also increased
by IL-1β treatment. Lipopolysaccharide (LPS), another immune modulator, is capable of up
regulating C/EBP-β expression in astrocytes and microglia (32,33). Moreover, CEBP-β
binding motifs have been described in the promoters of various inflammatory cytokines
including IL-1β, IL-6, TNF, GM-CSF and other genes associated with inflammation like
COX-2 and iNOS (reviewed in (34). So it is possible that IL-1β-induced cytokine expression
might involve modulation by transcription factors like C/EBP or colony stimulating factors
that might work in a feed-forward system to enhance the production of pro-inflammatory
cytokines in the brainstem during a systemic immune challenge.

In fact, the expression of pro-inflammatory cytokines like IL-6 and TNF-α were increased in
all three noradrenergic nuclei along with cytokine receptors and regulatory factors after
IL-1β treatment. This could be a direct effect of IL-1β or mediated by the activation of
transcription factors such as CEBP as mentioned above. This is also consistent with previous
studies that have observed increases in IL-6 and TNF-α gene and protein expression in the
brain after an immune challenge (35). Pro-inflammatory cytokines have been associated
with activation of the stress axis and suppression of the reproductive axis (36,37).
Surprisingly, IL-2 which is known to activate the stress axis (38) is down regulated in the
present study; the reasons for which are not clear. On the other hand, the expression of the
anti-inflammatory cytokine, IL-10, was down regulated. IL-10 has been shown to be
involved in abrogating the neuroinflammatory effects of LPS and it confers neuroprotection
in models of LPS-induced neurotoxicity (39,40). The observed decrease in IL-10 expression
could be one of the strategies by which IL-1β produces its neuroendocrine effects.

Besides an increase in pro-inflammatory cytokines, the expression of chemokines CCL2 and
CXCL10 were increased by several folds along with other chemoattractants like GM-CSF.
Chemokines are small secreted proteins whose function in the periphery was initially
confined to chemoattraction and activation of the immune system until the discovery of their
involvement in central nervous inflammatory pathologies (41,42). In the present study,
within 2 hrs after IL-1β treatment, there was a dramatic up regulation of chemokine
transcripts-CCL2 and CXCL10 in all the noradrenergic nuclei. This is the first study to
demonstrate such novel changes in chemokine profile at the level of brainstem
noradrenergic areas in intact female rats after a systemic immune challenge. Elevation in
chemokine levels may result as an activation of these areas, or may lead to the stimulation of
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other pathways that result in functional alterations in other neuronal populations. This needs
further investigation.

Taken together, the results from this study indicate that IL-1β treatment can alter the
expression of a variety of genes in brainstem noradrenergic nuclei. While the expression of
other cytokines, cytokine receptors and transcription factors followed a similar trend in all
three nuclei, the degree of expression varied, especially between chemokines. There were
also region specific changes in the expression of TH mRNA suggesting that IL-1β could be
acting through these molecules to produce its neuroendocrine effects. Further studies on
protein expression and activation of signaling intermediates are needed to elucidate the
pathways involved in mediating IL-1β-induced effects on brainstem noradrenergic nuclei
and ultimately, its neuroendocrine effects.
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Fig 1.
Effects of systemic IL-1β on TH mRNA expression in brainstem noradrenergic nuclei
during the afternoon of proestrus. Female Sprague Dawley rats were treated with 5μg of
IL-1β i.p. at 12 noon on the day of proestrus. They were sacrificed in groups of 6 at 1, 3 and
5 pm. Their brainstems were frozen, sectioned and the A1 (Fig 1A), A2 (Fig 1B) and A6
(Fig 1C) nuclei were subjected to RNA extraction and RT-PCR analysis for βactin and TH
mRNA levels. Significant difference from levels at 1 pm is indicated by a. Significant
difference from the corresponding control group is indicated by b (p<0.05).
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Fig 2.
Effects of systemic IL-1β on the expression of cytokine genes in brainstem noradrenergic
nuclei. Graph represents fold increases compared to expression in control animals. Only
significant changes (p<0.05) are shown here.
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Fig 3.
Effects of systemic IL-1β on the expression of transcription factors in brainstem
noradrenergic nuclei are shown here. Graph represents significant fold increases (p<0.05) in
expression in IL-1 treated animals compared to control animals.
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Fig 4.
Effects of systemic IL-1β treatment on the expression of chemokines in brainstem
noradrenergic nuclei are depicted. Only significant differences in fold expression (p<0.05) in
IL-treated animals compared to control animals are shown.
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