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Interleukin-10 modulates the synthesis of
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Abstract

Background: Whereas the role played by interleukin (IL)-10 in modulating fever and sickness behavior has been
linked to it targeting the production of pro-inflammatory cytokines in the circulation, liver and spleen, it is not
known whether it could directly target the local production of pro-inflammatory cytokines within the sensory
circumventricular organs (CVOs) situated within the brain, but outside the blood–brain barrier. Using inactivation of
IL-10, we, therefore, investigated whether IL-10 could modulate the synthesis of pro-inflammatory cytokines within
the sensory CVOs, in particular the organum vasculosum laminae terminalis (OVLT) and area postrema (AP).

Findings: Primary OVLT and AP microcultures were established from topographically excised rat pup brain tissue.
The microcultures were pretreated with either IL-10 antibodies (AB) (10 μl/350 μl medium) or phosphate-buffered
saline (PBS) (10 μl/350 μl medium) before being incubated with lipopolysaccharide (LPS) (100 μg/ml) or PBS in
complete medium for 6 h. Supernatants were removed from the microcultures after 6 h of incubation with LPS and
used for the determination of IL-6 and tumor necrosis factor (TNF)-α. Pre-treating the OVLT and AP microcultures
with IL-10 antibodies significantly enhanced the LPS-induced increase in TNF-α and IL-6 in the supernatant
obtained from the microcultures.

Conclusions: Our results show for the first time that the LPS-induced release of pro-inflammatory cytokines in cells
cultured from the AP and OVLT can be modulated in the presence of IL-10 antibodies. Thus, we have identified
that the sensory CVOs may have a key role to play in both the initiation and modulation of neuroinflammation.
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Findings
Results obtained from studies using interleukin (IL)-10 an-
tagonism to block the action of endogenous IL-10 in animal
models of systemic and local infection or inflammation
induced by lipopolysaccharide (LPS) administration have
provided convincing evidence which links the role played

by IL-10 in modulating fever and sickness behavior to it
suppressing the synthesis of key mediators known to induce
sickness responses, namely pro-inflammatory cytokines
[1-3]. Increased concentrations of pro-inflammatory cyto-
kines have been detected in the periphery and the brain in
response to a peripheral immune challenge [3]. Whereas it
has been shown that IL-10 can inhibit the peripheral syn-
thesis of pro-inflammatory cytokines by targeting immune
cells present in the circulation, liver and spleen [2,4], it is
yet to be established whether IL-10 can also inhibit the
local production of pro-inflammatory cytokines within the
sensory circumventricular organs (CVOs) [5-8]. The CVOs
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are specialized brain regions that lack a tight blood–brain
barrier and are, therefore, directly exposed to circulating
molecules, such as IL-10 [9]. Moreover, they have been
shown to contain glial cells known to express receptors for
IL-10 [10]. Thus, to determine if the sensory CVOs, in
particular the organum vasculosum laminae terminalis
(OVLT) and area postrema (AP), are possible central tar-
gets whereby IL-10 could modulate the synthesis of brain-
intrinsic pro-inflammatory cytokines, we have chosen to
investigate the consequences of inactivation of IL-10 on the
LPS-induced production of pro-inflammatory cytokines, in
particular tumor necrosis factor (TNF)-α and IL-6, in the
supernatant obtained from OVLTand AP microcultures.
Wistar rat pups of both sexes obtained from an in-

house breeding colony with parent animals obtained
from Charles River WIGA (Sulzfeld, Germany) were used
for the experiments. The pups were housed with their
mothers in a temperature-controlled room (24 ± 1°C) with
relative humidity at 50%, and a 12 h:12 h light:dark cycle
(lights on 07:00 local time). All procedures were approved
by the Hessian Animal Ethics Committee (ethics approval
number 527_AZ).
As previously described [5-8], primary microcultures of

the rat OVLT and AP were established from topographic-
ally excised brain tissue of four- to six-day-old Wistar rat
pups. The dissociated OVLT and AP cells were plated onto
pre-warmed, poly-L-lysine (1.0 mg/ml H2O; Sigma–
Aldrich GmbH, Munich, Germany) coated CELLocateW

glass coverslips (Eppendorf GmbH, Hamburg, Germany)
forming the bottom of a reusable Flexiperm-micro-12
well (6 mm diameter; Greiner Bio-One GmbH, Solingen,
Germany), to ensure sufficient cell density, despite limited
absolute cell number. Cells were cultured in a humidified
atmosphere of 5% CO2 and 95% air at 37.0°C. The medium
was exchanged the next day to remove cellular debris and
thereafter every two days during the culture period.
Lipopolysaccharide (LPS) derived from Escherichia coli

endotoxin (serotype, 0111:B4, Sigma-Aldrich GmbH,
Munich, Germany) was reconstituted in sterile pyrogen-
free 0.9% phosphate-buffered saline (PBS, Dulbecco’s,
PAA Laboratories GmbH, D-Cölbe, Germany ) at a con-
centration of 1 mg/ml and added to the microculture by
a bolus application to achieve a final concentration of
100 ug/ml. The IL-10 antibodies (IL-10AB) used in the
primary microculture experiments (S2503BM, National
Institute for Biological Standards and Control, South
Mimms, Potters Bar, Herts, UK) were purified by ammo-
nium sulphate precipitation of sheep immunoglobulin G
(IgG) followed by bulk ion exchange purification for a
final concentration of 1 mg/ml sheep IgG and stored at
−80°C until use. The antibodies were raised in sheep as
previously described [11]. The neutralizing ability of the
IL-10AB on rat IL-10 has been confirmed in previous
in vitro and in vivo studies [2,11]. The specificity of the

IL-10AB was determined in vitro using a two-site sandwich
ELISA, as described previously [11], and shown to be spe-
cific to rat IL-10 and not cross-react with the following rat
recombinant cytokines: (rr) TNF-α, IL-6 and IL-1β.
Supernatants removed from the microcultures were

used for the determination of IL-6 and TNF-α. Deter-
mination of TNF-α was performed by a bioassay based
on the cytotoxic effect of TNF-α on the mouse fibrosar-
coma cell line WEHI 164 subclone 13 and a murine
TNF-α standard (code 88/532; National Institute for Bio-
logical Standards and Control, South Mimms, UK) [5].
Measurement of IL-6 was performed by a bioassay based
on a dose-dependent growth stimulation of IL-6 on the
B9 hybridoma cell line and a human IL-6 standard
(code89/548; National Institute of Standards and Con-
trol, South Mimms, UK) [5]. The levels of TNF-α and
IL-6, which we determined in our samples, do not reflect
absolute cytokine concentrations, but rather bioactivity
in relation to established international standards.
After four to six days of cultivation on CELLocateW glass

coverslips (Eppendorf GmbH, Hamburg, Germany), the
OVLT and AP cells were incubated with LPS (100 μg/ml)
or PBS in complete medium for 6 h in a humidified
atmosphere of 5% CO2 and 95% air at 37.0°C. In addition,
cells were pretreated 30 minutes before with either IL-
10AB (10 μl) or PBS (10 μl). Some wells received no treat-
ment/stimulation to control for basal cytokine levels. In
pilot experiments, we tested several doses of the IL-10AB
(1, 5, 10 μl of IL-10AB added to 350 μl of medium at an
initial concentration of 1 mg/ml, for example, at final
concentrations of approximately 3 μg/ml, approximately
15 μg/ml or approximately 30 μg/ml) and determined
30 μg/ml to be the most effective concentration. The time
interval and dose of LPS we used, has previously been
shown to induce robust increases in TNF-α and IL-6 in
the supernatant [5,7]. After the 6 h incubation, the super-
natants were removed from the cells, transferred and
stored at −45°C for later determination of cytokines.
Cytokine levels were compared using a one-way ana-

lysis of variance (ANOVA). A Student-Newman-Keul’s
(SNK) post hoc test was used to detect differences be-
tween groups when the ANOVA detected significant
main effects or interactions. Where cytokine levels were
undetectable; samples were assigned a value equivalent
to the detection limit of the assay. The cytokine data
were not normally distributed and, therefore, log trans-
formed before being analyzed using a one-way ANOVA.
The data presented are non-transformed means ± stand-
ard deviations (SD), but the associated significance
values were derived from log transformed data. A two-
tailed probability of P <0.05 was considered statistically
significant.
Figures 1 and 2 show that there was a significant in-

crease in the levels of TNF-α and IL-6 in OVLT and AP
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microcultures treated with LPS compared to cultures
receiving no treatment. Pre-treating the OVLT and AP
microcultures with IL-10 antibodies significantly enhanced
the LPS-induced increase in TNF-α (P <0.05, SNK) and
IL-6 (P <0.05, SNK). The IL-10 antibodies alone had no ef-
fect on the cytokine levels in the OVLT and AP microcul-
tures, as no significant differences were found between the
cultures treated with the IL-10 antibody and PBS and the
cultures receiving no treatment (P >0.05).
We have shown that inactivation of IL-10 significantly

enhanced the LPS-induced release of TNF-α and IL-6
into the supernatant of OVLT and AP microcultures.
Thus, it appears that IL-10 has a role to play in modulat-
ing the synthesis of pro-inflammatory cytokines within
these two specific sensory CVOs. Using immunolabeling
with polyclonal antisera and monoclonal antibodies
directed against cell-specific marker proteins we have

previously characterized the cellular phenotypes present
in the OVLT and AP [5,7]. Both the OVLT and AP ap-
pear to contain small-sized bi- or tripolar neurons, squa-
mous or stellae astrocytes, mature oligodendrocytes and
microglial cells [5,7]. Using primary rat or mice cultures
others have identified that astrocytes, oligodendrocytes
and microglial cells express IL-10 receptors [10,12,13].
Due to the absence of a tight blood–brain barrier within
OVLT and AP it is thus possible that IL-10 released into
the circulation in response to a peripheral immune chal-
lenge could act on the above mentioned cells to modu-
late the local production of pro-inflammatory cytokines
within these specialized brain regions. It has been pro-
posed that pro-inflammatory cytokines produced within
the OVLT and AP could be involved in regulating sick-
ness responses, (in particular, fever and anorexia), by
acting either directly or indirectly on hypothalamic

Figure 1 TNF-α and IL-6 concentrations in supernatants of
OVLT microcultures. The microcultures were treated with IL-10AB
or PBS 30 minutes before LPS or PBS. The supernatants of the OVLT
microcultures were collected 6 h after treatment with LPS (final
concentration: 100 μg/ml) or PBS, and concentrations of TNF-α (A)
and IL-6 (B) were determined by specific bioassays. Columns
represent means with SD (n = 11–23). * Significant differences
between microcultures treated with LPS + PBS vs LPS + IL-10AB. #
Significant differences between microcultures treated with PBS +
IL-10AB vs LPS + PBS and LPS + IL-10AB. + Significant differences
between microcultures receiving no treatment vs LPS + PBS and
LPS + IL-10AB. No significant differences were noted between
microcultures receiving no treatment and microcultures treated with
PBS + IL-10AB.

Figure 2 TNF-α and IL-6 concentrations in supernatants of AP
microcultures. The microcultures were treated with IL-10AB or PBS
30 minutes before LPS or PBS. The supernatants of the AP
microcultures were collected 6 h after stimulation with LPS (final
concentration: 100 μg/ml) or PBS, and concentrations of TNF-α (A)
and IL-6 (B) were determined by specific bioassays. Columns
represent means with SD (n = 11 to 23). * Significant differences
between microcultures treated with LPS + PBS vs LPS + IL-10AB. #
Significant differences between microcultures treated with PBS +
IL-10AB vs LPS + PBS and LPS + IL-10AB. + Significant differences
between microcultures receiving no treatment vs LPS + PBS and
LPS + IL-10AB. No significant differences were noted between
microcultures receiving no treatment and microcultures treated with
PBS + IL-10AB.
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neural circuits believed to be involved in regulating body
temperature and appetite [9,14,15]. Thus, IL-10 could
modulate the activation of the hypothalamus and in turn
the ensuing sickness responses initiated by the hypothal-
amus in response to a peripheral immune challenge, by
not only modulating the production of pro-inflammatory
cytokines in the periphery, but also at the interface be-
tween the periphery and the brain, namely the sensory
CVOs [1-3]. By modulating the pool of pro-inflammatory
cytokines synthesized by the sensory CVOs, IL-10 could
thus play an important role in modulating the duration of
sickness responses associated with infection or inflamma-
tion, as we and others have shown that the induction of
pro-inflammatory cytokines within the brain is a key event
in the prolongation of illness-associated fever, anorexia
and lethargy [16-18].
Our results show for the first time that the LPS-

induced release of pro-inflammatory cytokines in cells
cultured from the AP and OVLT can be modulated in
the presence of IL-10 antibodies. We have, therefore,
identified that the sensory CVOs, situated at the inter-
face between the periphery and the brain, appear to have
an important role to play in modulating neuroinflamma-
tion and, thus, the initiation, development and progres-
sion of some neurological diseases may be related to the
disruption of the anti-inflammatory actions of these
organs.

Abbreviations
ANOVA: Analysis of variance; AP: Area postrema; CVOs: Circumventricular
organs; IgG: Immunoglobulin G; IL: Interleukin; IL-10AB: Interleukin-10
antibodies; LPS: Lipopolysaccharide; OVLT: Organum vasculosum laminae
terminalis; PBS: Phosphate-buffered saline; SD: Standard deviations;
SNK: Student-newman-keul’s; TNF: Tumor necrosis factor.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
The experimental work and writing of the manuscript was performed by LH.
Purification of the IL-10 antibody was performed by GL and SP. Evaluation of
the data and design of the study was undertaken by JR, CR and RG. CR also
participated in testing the IL-10 antibody in cell cultures. All authors have
read and approved the final manuscript.

Acknowledgements
Lois Harden was supported by a scholarship from the Alexander von
Humboldt Foundation, Germany and The Carnegie Corporation of New York.
Christoph Rummel is supported by the Emmy Noether Program of the
German Research Foundation. We thank Daniela Ott and Jolanta Murgott for
excellent technical assistance.

Author details
1Brain Function Research Group, School of Physiology, Faculty of Health
Sciences, University of the Witwatersrand, 7 York Road Parktown,
Johannesburg, South Africa. 2Institut für Veterinär-Physiologie,
Justus-Liebig-Universität Giessen, Frankfurter Strasse 100, D-35392, Giessen,
Germany. 3Douglas Mental Health University Institute, Department of
Psychiatry, McGill University, 6875 LaSalle Boulevard, Montreal, QC, Canada.
4Biotherapeutics Group, National Institute for Biological Standards and
Control South Mimms, Potters Bar, Herts EN6 3QG, UK.

Received: 14 December 2012 Accepted: 23 January 2013
Published: 6 February 2013

References
1. Leon LR, Kozak W, Kluger MJ: Role of IL-10 in inflammation. Studies using

cytokine knockout mice. Ann NY Acad Sci 1998, 856:69–75.
2. Cartmell T, Ball C, Bristow AF, Mitchell D, Poole S: Endogenous interleukin-

10 is required for the defervescence of fever evoked by local
lipopolysaccharide-induced and Staphylococcus aureus-induced
inflammation in rats. J Physiol 2003, 549:653–664.

3. Richwine AF, Sparkman NL, Dilger RN, Buchanan JB, Johnson RW: Cognitive
deficits in interleukin-10-deficient mice after peripheral injection of
lipopolysaccharide. Brain Behav Immun 2009, 23:794–802.

4. Ledeboer A, Binnekade R, Brevé JJ, Bol JG, Tilders FJ, Van Dam A-M: Site-
specific modulation of LPS-induced fever and interleukin-1 beta
expression in rats by interleukin-10. Am J Physiol Regul Integr Comp Physiol
2002, 282:R1762–R1772.

5. Ott D, Murgott J, Rafalzik S, Wuchert F, Schmalenbeck B, Roth J, Gerstberger
R: Neurons and glial cells of the rat organum vasculosum laminae
terminalis directly respond to lipopolysaccharide and pyrogenic
cytokines. Brain Res 2010, 1363:93–106.

6. Ott D, Wuchert F, Murgott J, Rummel C, Gerstberger R, Roth J: The viral
mimetic polyinosinic:polycytidylic acid (poly I:C) induces cellular
responses in primary cultures from rat brain sites with an incomplete
blood–brain barrier. Neurosci Lett 2012, 530:64–68.

7. Wuchert F, Ott D, Murgott J, Rafalzik S, Hitzel N, Roth J, Gerstberger R: Rat
area postrema microglial cells act as sensors for the Toll-like receptor-4
agonist lipopolysaccharide. J Neuroimmunol 2008, 204:66–74.

8. Wuchert F, Ott D, Rafalzik S, Roth J, Gerstberger R: Tumor necrosis factor-
alpha, interleukin-1beta and nitric oxide induce calcium transients in
distinct populations of cells cultured from the rat area postrema.
J Neuroimmunol 2009, 206:44–51.

9. Roth J, Harre EM, Rummel C, Gerstberger R, Hubschle T: Signaling the brain
in systemic inflammation: role of sensory circumventricular organs. Front
Biosci 2004, 9:290–300.

10. Mizuno T, Sawada M, Marunouchi T, Suzumura A: Production of
interleukin-10 by mouse glial cells in culture. Biochem Biophys Res
Commun 1994, 205:1907–1915.

11. Rees GS, Ball C, Ward HL, Gee CK, Tarrant G, Mistry Y, Poole S, Bristow AF:
Rat interleukin 6: expression in recombinant Escherichia coli, purification
and development of a novel ELISA. Cytokine 1999, 11:95–103.

12. Molina-Holgado E, Vela JM, Arevalo-Martin A, Guaza C: LPS/IFN-gamma
cytotoxicity in oligodendroglial cells: role of nitric oxide and protection
by the anti-inflammatory cytokine IL-10. Eur J Neurosci 2001, 13:493–502.

13. Molina-Holgado F, Grencis R, Rothwell NJ: Actions of exogenous and
endogenous IL-10 on glial responses to bacterial LPS/cytokines.
Glia 2001, 33:97–106.

14. Cottrell GT, Ferguson AV: Sensory circumventricular organs: central roles
in integrated autonomic regulation. Regul Pept 2004, 117:11–23.

15. Fry M, Ferguson AV: The sensory circumventricular organs: brain targets
for circulating signals controlling ingestive behavior. Physiol Behav 2007,
91:413–423.

16. Harden LM, Du Plessis I, Roth J, Loram LC, Poole S, Laburn HP: Differences
in the relative involvement of peripherally released interleukin (IL)-6,
brain IL-1beta and prostanoids in mediating lipopolysaccharide-induced
fever and sickness behavior. Psychoneuroendocrinol 2010, 36:608–622.

17. Quan N, Whiteside M, Herkenham M: Time course and localization
patterns of interleukin-1beta messenger RNA expression in brain and
pituitary after peripheral administration of lipopolysaccharide.
Neuroscience 1998, 83:281–293.

18. Konsman JP, Kelley K, Dantzer R: Temporal and spatial relationships
between lipopolysaccharide-induced expression of Fos, interleukin-1beta
and inducible nitric oxide synthase in rat brain. Neuroscience 1999,
89:535–548.

doi:10.1186/1742-2094-10-22
Cite this article as: Harden et al.: Interleukin-10 modulates the synthesis
of inflammatory mediators in the sensory circumventricular organs:
implications for the regulation of fever and sickness behaviors. Journal
of Neuroinflammation 2013 10:22.

Harden et al. Journal of Neuroinflammation 2013, 10:22 Page 4 of 4
http://www.jneuroinflammation.com/content/10/1/22


	Abstract
	Background
	Findings
	Conclusions

	Findings
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

