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Abstract
Objective—The mechanisms by which inflammation activates sympathetic drive in heart failure
and hypertension remain ill-defined. In this study, an intracerebroventricular (ICV) injection of
lipopolysaccharide (LPS) was used to induce the expression of cytokines and other inflammatory
mediators in the brain, in the absence of other excitatory mediators, and the downstream signaling
pathways leading to sympathetic activation were examined using ICV injections of blocking or
inhibiting agents.

Methods and Results—In anesthetized rats, ICV injection of LPS (5 µg) increased (p<0.05) renal
sympathetic nerve activity, blood pressure and heart rate. LPS increased (p<0.05) hypothalamic
mRNA for NAD(P)H oxidase subunits p47 phox and gp91phox, NAD(P)H-oxidase-dependent
superoxide generation, hypothalamic mRNA for tumor necrosis factor (TNF)-α, cyclooxygenase-2
(COX-2), and cerebrospinal fluid (CSF) levels of TNF-α and prostaglandin E2 (PGE2). In the
paraventricular nucleus of hypothalamus, dihydroethidium staining for superoxide expression and
c-Fos activity (indicating neuronal excitation) increased. The superoxide scavenger tempol
significantly (p<0.05) diminished the expression of inflammatory mediators, as well as superoxide
expression and neuronal excitation in paraventricular nucleus. SB203580 (p38 mitogen-activated
protein kinase inhibitor) also reduced the expression of inflammatory mediators in hypothalamus
and CSF. Tempol, apocynin (NAD(P)H oxidase inhibitor), SB203580 and NS398 (COX-2 inhibitor)
all reduced CSF PGE2 and the sympatho-excitatory response to LPS. LPS also increased angiotensin
II type 1 receptor mRNA, a response blocked by apocynin and tempol but not by SB203580.

Conclusion—These findings suggest that central inflammation in pathophysiological conditions
activates the sympathetic nervous system via NAD(P)H-oxidase and p38 mitogen-activated protein
kinase dependent synthesis of PGE2.
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INTRODUCTION
Lipopolysaccharide (LPS), or endotoxin, acts upon Toll-Like Receptor 4 to elicit an
inflammatory response. An early and essential step in this process appears to be NAD(P)H
oxidase-dependent production of reactive oxygen species (ROS), which in turn stimulate
mitogen-activated protein kinase (MAPK) pathways [1–4]. While LPS activates all three of
the major MAPK pathways [1], the p38 MAPK pathway seems most closely associated with
LPS-induced upregulation of inflammatory mediators [5], including tumor necrosis factor –
alpha (TNF-α), interleukin 1 – beta (IL-1β), and cyclooxygenase – 2 (COX-2), the inducible
form of cyclooxygenase regulating synthesis of prostaglandin E2 (PGE2). The impact of LPS-
induced inflammation in the central nervous system may be dependent upon underlying
conditions [6] and site of action [7].

In the present study, LPS was administered centrally to investigate the effect of inflammatory
mediators in the brain on sympathetic regulation in normal rats. The study was predicated on
our previous work demonstrating inflammation in cardiovascular regions of the brain in a
rodent model of heart failure. In that model, ROS, TNF-α, IL-1β, and PGE2 are all increased
in the brain [8–11], but so are other neuroactive substances – i.e, angiotensin II [12] and
aldosterone [13] - that may contribute to sympathetic excitation. Here we tested the hypothesis
that the presence of these inflammatory mediators is sufficient to activate the sympathetic
nervous system, independent of other factors. We also tested the hypothesis that inflammatory
mediators upregulate the brain renin-angiotensin system, an alternative source of ROS and
MAPK activity [14,15] and an important regulator of sympathetic activity. Our previous studies
in rats with heart failure have suggested such an effect [9]. In this study, we focused on LPS-
induced inflammatory changes in the hypothalamus and particularly the paraventricular
nucleus (PVN) of the hypothalamus, a cardiovascular and autonomic center that has been
implicated in the dysregulation of the sympathetic nervous system in heart failure [16–18].

METHODS
Experiments were performed on adult male Sprague-Dawley rats (300–350 g, Harlan Sprague
Dawley, Indianapolis, IN). The animals were housed in the University of Iowa Animal Care
Facility and exposed to a normal 12:12-h light-dark cycle. The studies were performed in
accordance with the "Guiding Principles for Research Involving Animals and Human Beings"
of the American Physiological Society [19]. The experimental procedures were approved by
the Institutional Animal Care and Use Committee of the University of Iowa and the Research
and Development Committee of the Iowa City Department of Veterans Affairs Medical Center.

General surgical preparation
Rats were anesthetized with urethane (1.5 g/kg, ip), and supplemental doses of urethane (0.1–
0.3 g/kg, ip or iv) were given when increases in blood pressure (BP), heart rate (HR), or
respiratory rate were observed during surgery or recording. The level of anesthesia was
periodically reassessed during the surgical procedures and experimental recording by
examining nociceptive reflex responses and by continuously monitoring BP and HR. The left
femoral artery was cannulated with PE-50 tubing filled with heparinized saline (50 U/ml)
connected to a pressure transducer for the recording of BP with a Hewlett-Packard 7754A chart
recorder (HP Medical Products Group, Andover, MA). The left femoral vein was cannulated
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with PE-20 tubing for the administration of drugs. Animals were intubated and breathed
spontaneously. Core temperature was maintained at 37 ± 0.3°C with a temperature controller
(model K-100, Baxter Healthcare, Valencia, CA). The head was fixed in a stereotaxic frame
(David Kopf Instrument, Tujunga, CA). Stereotaxic coordinates for lateral cerebral ventricular
injections were derived from the rat atlas of Paxinos and Watson [20].

Intracerebroventricular (ICV) injections
A 23-gauge stainless steel guide cannula was lowered into the left lateral cerebral ventricle
using standard stereotaxic procedures. The coordinates with respect to bregma were -1.0 mm
posterior, 1.5 mm lateral from the midline, and 3.5 mm ventral to dura. ICV bolus injections
(LPS, NS398 and aCSF) were made in a volume of 2 µl over 10 seconds using a29-gauge
stainless steel tubing. Other drugs (apocynin, tempol and SB203580) were administered by
continuous ICV infusion at rate of 10µl/hr via a 29-gauge stainless steel cannula connected
with PE-10 tubing to a Hamilton syringe driven by a Harvard Apparatus 11 pump (Model 55–
1111, Holliston, MA) for 4-hour, starting at the time of the LPS injection. The ICV position
of the cannula was confirmed by the staining of all four ventricles after injection of 2 µl
pontamine sky blue at the end of the experiments in some rats.

Electrophysiological recording procedures
Recordings of renal sympathetic nerve activity (RSNA) were obtained from the left renal nerve
using methods previously described from our lab [21–23]. In brief, the left kidney was exposed
through a flank incision. A branch of the renal nerve was dissected free from surrounding tissue
and placed on bipolar silver wire recording electrodes. When an optimal signal-to-noise ratio
was established, the electrode and the renal nerve were covered with silicon sealant (World
Precision Instruments, Sarasota, FL). The electrodes were sutured to the back muscles. The
recording session began at least an hour after completion of the surgical preparation.

Renal nerve activity was amplified (model P511, Grass Instrument; Quincy, MA) and displayed
on an oscilloscope (TDS 3014, Tektronix, Beaverton, OR). The noise level was finally
determined at the end of experiment after ganglionic blockade with hexamethonium (30 mg/
kg, iv). The net value of RSNA was calculated by subtracting the background noise from the
actual recorded value during the experiment.

The BP signal and the rectified and integrated voltage from the renal nerve recording were fed
into a data acquisition system consisting of a Cambridge Electronics Design (CED, Cambridge,
UK) 1401 Plus computer interface coupled with a Dell Pentium personal computer. Mean blood
pressure (MBP) and HR were derived from the arterial pressure tracing. MBP, HR and RSNA
were averaged over a 3-minute interval every 30 minutes. A 3-min baseline was used as control.
Because of the baseline variations from animal to animal, the data are presented as changes
from baseline instead of absolute values. Windowed RSNA (spikes/sec) and integrated RSNA
(mV) are shown in the figures, but the integrated RSNA was used for statistical analysis.
Changes in integrated RSNA were calculated as a percent change from the baseline activity.

Hypothalamic tissue and cerebrospinal fluid (CSF) collections
To collect hypothalamic tissue and CSF for molecular studies, rats were deeply anesthetized
with urethane (2.0 g/kg, ip). The hypothalamus was removed using the posterior part of the
optic chiasm as the anterior limit, the anterior part of the mammillary bodies as the posterior
limit, and the lateral hypothalamic sulci as the lateral limits, as described previously [8,23].
CSF was withdrawn from the cisterna magna and stored at − 80°C until assay.
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Real-Time PCR
The total RNA was extracted from the brain hypothalamus using TRI Reagent (Molecular
Research Center, Inc., Cincinnati, OH). Following reverse transcription of total RNA,
quantification for mRNA expression of COX-2, TNF-α, NAD(P)H oxidase subunits
(p47 phox and gp91phox), angiotensin converting enzyme (ACE) and angiotensin II type 1
receptors (AT1R) were performed using a real-time PCR method described previously [10,
13,24]. The sequences for primers and probe used are summarized in Table 1. Primers and
probes for GAPDH were purchased from Applied Biosystems (Foster City, CA). Real-time
PCR was performed using the ABI prism 7000 Sequence Detection System (Applied
Biosystems). The final results of real-time PCR were expressed as the ratio of mRNA of interest
to GAPDH.

Western Blot
COX-2 and TNF-α protein levels were measured with a Western blotting technique as
previously described [10,24,25], using polyclonal primary antibodies to COX-2 (Cayman
Chemical Co, Ann Arbor, MI) and TNF-α (Santa Cruz Biotechnology Inc, Santa Cruz, CA).
The density of the bands was quantified using National Institutes of Health Image-J analysis
software.

Measurement of superoxide production
Superoxide production in the hypothalamus was measured using lucigenin-enhanced
chemiluminescence [13,26,27]. Briefly, hypothalamic tissue was homogenized in cold Krebs/
HEPES buffer (PH 7.4) for protein extraction. 30 µg protein was added to preheated Krebs/
HEPES buffer (37°C) containing 5 µmol/L of lucigenin and then read in a Sirius luminometer
at 30-s intervals for 10 minutes. The value was subtracted from background. NAD(P)H (100
µM) was used to stimulate NAD(P)H oxidase. To confirm the source of superoxide, samples
were preincubated with diphenylene iodonium (DPI, 100 µM), a flavoprotein inhibitor of NAD
(P)H oxidase. Chemiluminescence was reported as relative light units normalized to protein
concentration.

Detection of c-Fos activity in PVN
Brain sections were processed for c-Fos activity using the avidin–biotin–peroxidase complex
(ABC kit, PK-6101, Vector Laboratories, Inc., Burlingame, CA) technique, as previously
described [13,23–25]. The sections were incubated for 24 hrs at 4°C with a rabbit anti-rat
polyclonal anti-Fos antibody (K-25, 1:2000, Santa Cruz Biotechnology Inc., Santa Cruz, CA),
followed by a secondary antibody (1:5000, biotinylated anti-rabbit IgG, PK-6101, Vector
Laboratories, Inc.) for 1 hr at room temperature. The c-Fos positive neurons were colored with
DAB kit (SK-4100, Vector Laboratories, Inc.). In each animal, c-Fos positive neurons within
a standardized window superimposed over dorsal parvocellular (dpPVN), medial parvocellular
(mpPVN), ventrolateral parvocellular (vlpPVN) and posterior magnocellular (pmPVN)
subregions of PVN were counted manually, as previously described [13,23]. Counts from 2
representative 16-µm transverse sections approximately −1.80 mm from bregma were
averaged to obtain a single value for data analysis. Data were represented as positive cells per
104 µm2.

Detection of superoxide in PVN
Superoxide generation in the PVN was determined by fluorescent-labeled dihydroethidium
(DHE; 2 µmol/L, Molecular Probes, Eugene, OR) staining for 30 minutes at 37°C in a light-
protected humidified chamber, as previously described [13,26]. Images were visualized with
laser confocal microscopy and analyzed with NIH Image-J software.
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Measurement of CSF TNF-α and PGE2
CSF levels of TNF-α and PGE2 and plasma levels of TNF-α were measured using high-
sensitivity ELISA kits (TNF-α, BioSource International Inc, Camarillo, CA; PGE2, R&D
Systems Inc, Minneapolis, MN).

Drugs administered
The NAD(P)H oxidase inhibitors apocynin and diphenyleneiodonium (DPI) chloride,
hexamethonium bromide, lipopolysaccharide (LPS), the superoxide dismutase mimetic
tempol, and the p38 MAPK inhibitor SB203580 were purchased from Sigma (St. Louis, MO).
The specific COX-2 inhibitor NS398 was purchased from Cayman Chemical Co. (Ann Arbor,
MI). Drugs were dissolved in artificial cerebrospinal fluid (aCSF) for intracerebroventricular
(ICV) injection and in saline for intravenous injections. The doses of drugs used in the present
study were derived from previous studies from our laboratory and others and were optimized
in preliminary experiments.

Experimental protocols
1. LPS (5 µg in 2 µl) was injected as a bolus ICV to elicit an inflammatory response in

the brain. In control experiments, aCSF (2 µl) was injected ICV.

2. To test the role of brain ROS in LPS-induced responses, either tempol (0.5 mg/10µl/
hr) or apocynin (60 µg/10µl/hr) was administered as a 4-hour continuous ICV infusion
started at the time of the LPS injection.

3. To test the role of p38 MAPK, SB203580 (5 µg/10µl/hr) was administered as a 4-
hour continuous ICV infusion started at the time of the LPS injection.

4. To test the role of brain COX-2, NS398 (2µg in 2 µl) was administered as a single
bolus ICV injection ~ 5 minutes prior to the LPS injection.

Three groups of rats were studied:

Group 1. These rats received an ICV injection of LPS (n=8) alone; aCSF alone (n=6); LPS
followed immediately by a continuous 4 hour ICV infusion of tempol (n=5), apocynin (n=5),
or SB203580 (n=6); or LPS preceded by a bolus ICV injection of NS398 (n=6). RSNA, BP
and HR were recorded before and then for 4 hours after the LPS injection. As a control, the
same dose of tempol, apocynin, SB203580 or NS 398 (n=4 for each group) was administrated
ICV in rats that did not receive an ICV injection LPS. At the end of the recording sessions, the
rats were euthanized to obtain CSF, trunk blood and brain tissues for molecular analysis.

Group 2. These rats received an ICV injection of LPS alone (n=7) or ICV LPS followed
immediately by a 4 hour ICV infusion of tempol (n=6) or aCSF (n=6). Four hours after the
LPS injection, rats were anesthetized and transcardially perfused with 4% paraformaldehyde
in 0.1M PBS. Brains were removed and kept in the fixative for a further 24 h, then transferred
to 30% sucrose in 0.1M PBS overnight. The fixed forebrain region containing PVN was sliced
into 16 µm coronal sections with a cryostat. Sections were mounted on the slides and stored
at −80°C for later immunohistochemical studies using c-Fos expression to assess neuronal
excitation in PVN.

Group 3. These rats received an ICV injection of LPS alone (n=5) or ICV LPS followed
immediately by a 4 hour ICV infusion of tempol (n=5) or aCSF (n=5). Four hours after the
LPS injection, the rats were anesthetized and the brain was removed and immediately frozen
at −80°C for 1 h. Frozen brain tissues were sliced into 30-µm coronal sections with a cryostat
for dihydroethidium (DHE) staining to assess superoxide production.
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Data acquisition and analysis
All values are expressed as means ± SE. Statistical significance among multiple comparisons
was determined by two-way repeated-measures ANOVA followed by post hoc Tukey test. For
other unpaired data, a Student’s t-test was used for comparison between groups. P< 0.05 was
considered to indicate statistical significance.

RESULTS
Cardiovascular and sympathetic responses to ICV LPS

ICV administration of LPS induced significant (p<0.05, versus baseline) increases of integrated
RSNA (44.2 ± 7.2% from baseline), MBP (13.9 ± 2.5 mmHg from baseline of 98.3 ± 3.2
mmHg) and HR (97.2 ± 21.6 bpm from baseline of 317.2 ± 8.9 bpm) (Fig. 1 and Fig 5). These
responses occurred 20~30 min after injection, peaked at approximately ~120 min, and lasted
more than 240 min following injection. The same volume of aCSF (2 µl) administered ICV
had no effects on RSNA, MBP or HR. There were no significant differences between groups
in baseline values.

NAD(P)H oxidase dependent superoxide and sympathetic responses to LPS
The sympathetic responses to ICV LPS were significantly (p<0.05, versus LPS alone)
diminished by continuous ICV infusion of the superoxide dismutase mimetic tempol (Fig. 1).
Continuous infusion of the NAD(P)H oxidase inhibitor apocynin also significantly reduced
the LPS-induced sympathetic responses, notably prolonging the onset latency of the responses
(Fig. 1). Continuous ICV infusion of tempol or apocynin in rats that did not receive ICV LPS
had no significant effects on RSNA, HR and MBP (data not shown). There were no significant
differences between groups in baseline values. Because of its apparent greater effectiveness,
in the dose chosen, tempol was used in subsequent studies of downstream molecular
mechanisms. However, the effectiveness of higher doses of apocynin was not tested.

In hypothalamic tissues, ICV LPS significantly (p<0.01) increased mRNA for the NAD(P)H
oxidase subunits p47 phox and gp91phox (Fig. 2A and 2B). This upregulation of NAD(P)H
oxidase subunits was associated with an increase in NAD(P)H oxidase-dependent superoxide
generation, as indicated by near complete blockade of superoxide anion production by DPI
(Fig. 2C).

In the PVN, intracellular superoxide production detected with DHE staining was abundant in
all subregions in the LPS-treated rats, compared with aCSF-treated rats (Fig. 2D). ICV tempol
significantly reduced the LPS-induced DHE fluorescence in both magnocellular and
parvocellular regions of PVN (Fig. 2E). There was no difference across treatment groups in
DHE staining in hypothalamic regions surrounding PVN (data not shown).

c-Fos expression, a marker of neuronal excitation, also increased significantly (p<0.01 versus
aCSF) throughout the PVN (Fig. 3). Neurons in the dorsal pavocellular (dpPVN), medial
parvocellular (mpPVN), ventrolateral pavocellular (vlpPVN), and posterior magnocellular
(pmPVN) PVN were affected. Areas outside PVN, at the same stereotaxic level, had only
scattered c-Fos expression, unaffected by ICV LPS. ICV tempol significantly reduced LPS-
induced c-Fos expression in both magnocellular and parvocellular regions of PVN (Fig. 3).

Putative downstream neurochemical mediators of the sympathetic response to LPS
ICV LPS induced significant increases in TNF-α and COX-2 mRNA in the hypothalamus, as
well as TNF-α and PGE2 levels in CSF (Fig. 4). Scavenging superoxide with ICV tempol or
blocking the p38 MAPK pathway with ICV SB203580 substantially reduced these responses.
Inhibiting COX-2 activity with ICV NS398 prevented the LPS-induced increase in CSF
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PGE2, but not CSF TNF-α. ICV LPS had no effect on the plasma TNF-α level (data not shown).
The cardiovascular and sympathetic responses to ICV LPS were markedly reduced by ICV
SB203580, and completely abolished by the COX-2 inhibitor NS398 (Fig. 5). The same doses
of SB203580 and NS398 had no significant effects on baseline RSNA, HR and MBP (data not
shown), which did not differ among groups.

LPS and the brain RAS
ICV LPS increased hypothalamic AT1R mRNA expression, but not hypothalamic ACE mRNA
expression (Fig. 6). ICV apocynin and ICV tempol prevented the LPS-induced increases in
hypothalamic AT1R mRNA expression, but SB203580 had no apparent effect.

DISCUSSION
The present study demonstrates a prominent cardiovascular and sympathetic response to
centrally administered LPS mediated entirely by inflammatory changes in the neurochemical
milieu of the brain. ICV LPS increased the production of superoxide in the PVN of
hypothalamus, hypothalamic synthesis of TNF-α and COX-2, and CSF TNF-α and PGE2. LPS
also induced increases in cardiovascular and sympathetic activity that were reduced by
blocking central NAD(P)H oxidase activity or quenching superoxide, or by inhibiting p38
MAPK, and were entirely abolished by inhibiting COX-2 activity. ICV LPS stimulated the
hypothalamic expression of AT1R mRNA, but not ACE mRNA, via an NAD(P)H oxidase-
dependent pathway that does not require p38 MAPK. We conclude that ICV LPS stimulates
the production of pro-inflammatory cytokines, resulting in NAD(P)H oxidase and p38 MAPK
dependent synthesis of PGE2, and that PGE2 contributes to the LPS-induced sympatho-
excitatory response. Moreover, inflammatory mediators upregulate the activity of at least one
important component of the brain-renin angiotensin system, the AT1R, and may also influence
sympathetic drive by that mechanism.

The effects of ICV LPS on inflammatory mediators closely resemble findings from in vitro
studies examining the effects of LPS on microglia in culture. In that setting, LPS initiates a
sequence of cellular signaling events that ultimately results in the synthesis of pro-
inflammatory cytokines, COX-2 and PGE2 [28–30]. Inhibition of NAD(P)H oxidase prevents
LPS-induced activation of MAPK pathways [1], the nuclear transcription factor kappa B (NF-
κB) [1] and subsequent downstream inflammatory events. Although all three major MAPK
signaling pathways are activated by LPS, activation of the p38 MAPK pathway appears to be
necessary for the production of inflammatory mediators [30–32]. Inhibition of p38 MAPK
reduces NF-κB dependent gene expression [32] and the generation of pro-inflammatory
cytokines [32] and COX-2 [30].

Infectious and ischemic processes in the central nervous system stimulate microglia to produce
large quantities of inflammatory mediators, including TNF-α, IL-1β, IL-6, NAD(P)H oxidase-
dependent superoxide, and COX-2 [28–30]. We have observed a similar profile of
inflammatory mediators in cardiovascular regulatory regions of the brain in rats with ischemia-
induced heart failure [8,9,25]. Microglia are activated in this model of heart failure [33], though
the mechanism is not known and the intensity of the inflammatory response may differ from
that observed in infections and ischemic conditions. LPS is present in the circulation in heart
failure - with gut as a primary source [34] – but is unlikely to cross the blood-brain barrier
[35,36]. However, LPS induces the peripheral synthesis and release of pro-inflammatory
cytokines, and it has been suggested that these cytokines may activate the microglia via their
effects on cells of the blood brain barrier [35]. Thus, the presence of pro-inflammatory
cytokines in brain tissue of rats with heart failure [9] may be either a cause or an effect, or both,
of microglial activation. Unpublished data from our laboratory, using minocycline to inhibit
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microglial activation [37], suggest that at least some of the inflammatory mediators present in
the heart failure brain are a result of microglial activation.

This study in normal rats has demonstrated that inflammatory mediators in the brain can
augment sympathetic nerve activity in normal rats independent of other influential factors that
are present in the brain in heart failure. Principal among those other influential factors is
angiotensin II, which also activates NAD(P)H oxidase-dependent superoxide production[38]
and MAPK signaling pathways [39–42]. NAD(P)H oxidase-dependent superoxide generation
in the brain leads to an increase in sympathetic nerve activity [38,43] that can be reduced by
blocking either NAD(P)H oxidase activity [38] or by quenching ROS [38,44]. Angiotensin II-
induced NAD(P)H oxidase-dependent superoxide production upregulates AT1R receptors
[14,45], which may contribute to the increased sympathetic drive. In this study, LPS-induced
NAD(P)H oxidase activity and increased expression of AT1R mRNA, suggesting that
angiotensin II and the pro-inflammatory cytokines may share a common mechanism for
upregulating AT1R. However, the downstream effects of these two ROS generating systems
may be differentially regulated. In the present study, the p38 inhibitor had no effect on LPS
induced AT1R activity, but substantially reduced mRNA for TNF-α and COX-2. We did not
test the effect of inhibiting other MAPK pathways. “Compartmentalization” has been invoked
to explain the commonly observed finding that different agents capable of activating the same
MAPK pathways may produce different outcomes [46].

In summary, as illustrated by the schematic (Fig. 7), our data suggest that brain pro-
inflammatory cytokines activate NAD(P)H oxidase dependent superoxide production and
redox sensitive p38 MAPK activity [1–4], ultimately (via gene transcription) resulting in the
generation of COX-2 and PGE2, which is known to activate the sympathetic nervous system
[21,47,48]. Agents that block or inhibit this putative pathway effectively reduce LPS-induced
sympathetic drive. However, only those agents that block (apocynin) or scavenge (tempol)
superoxide prevent the LPS-induced expression of AT1R.

Finally, the potential toxic effects of ICV LPS deserve comment. Central administration of
LPS in vivo can induce neuronal injury [7] and impaired neurogenesis in response to neuronal
injury [49], presumably caused by excessive release of inflammatory mediators by activated
microglia. LPS induced injury appears to be greatest in areas with the greatest density of
microglia [7]; in that study, microinjection of LPS (5 µg in 2 µl) directly into brain tissue caused
loss of dopaminergic and other neurons in substantia nigra, which has the highest density of
microglia, but no loss of neurons in hippocampus and cortex [7]. However, ICV doses in this
same range and higher have been used successfully in studies examining physiological
responses [50,51].

Perspectives

Inflammation is increasingly recognized to play an important role in cardiovascular
diseases, including hypertension [52] and heart failure [9,10,24,53]. Recent studies have
suggested a previously unrecognized role for inflammatory mediators in the brain in the
regulation of the sympathetic nervous system in these conditions. The results of the present
study suggest that NAD(P)H oxidase-dependent superoxide production and the redox
sensitive p38 MAPK activity in the hypothalamus and PVN contribute to the sympatho-
excitatory effects of the pro-inflammatory cytokines. The recent demonstration that brain
MAPK signaling is an important factor sustaining sympathetic drive in heart failure [41] is
consistent with that suggestion. Similar inflammation-induced molecular events may occur
in other autonomic/presympathetic regions of the brain not studied here, e.g., the rostral
ventrolateral medulla. These molecular mechanisms may be a substrate for the “cross-talk”
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that has been described [11,54] between the cytokines and the brain renin-angiotensin
system, as illustrated here by the LPS-induced upregulation of AT1R expression.
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Fig. 1.
Representative recordings (A) and grouped data (B) showing LPS-induced increases in heart
rate (HR), renal sympathetic nerve activity (RSNA) and blood pressure (BP) or mean BP
(MBP) were prevented by continuous intracerebroventricular (ICV) infusion of tempol and
diminished by apocynin infusion. Arrows indicate the LPS injection. Lines represent the
continuous ICV infusion of tempol or apocynin. Each recording section is 200 seconds in
duration with interval of 60 min. Values were expressed as mean ± SE. *P<0.05, versus
baseline, †P<0.05 versus ICV LPS alone.
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Fig. 2.
Quantitative mRNA expression of representative subunits of NAD(P)H oxidase p47phox (A)
and gp91phox (B), and superoxide production (C) in the hypothalamus of rats treated with ICV
aCSF or ICV LPS. D: Representative confocal images of PVN sections showing that
dihydroethidium (DHE) fluorescence was abundant in the PVN of ICV LPS-treated rats
compared with ICV aCSF-treated rats. Rats treated with ICV tempol in addition to LPS had
less DHE fluorescence in the PVN than rats treated with ICV LPS alone. E: Quantitative
comparison of DHE immunofluorescence in the PVN for each group. Values were expressed
as mean ± SE. *P<0.05 versus ICV aCSF, †P<0.05, ICV Tempol + ICV LPS versus ICV LPS
alone.
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Fig. 3.
Expression of c-Fos activity in the PVN of hypothalamus. A: Representative sections showing
ICV LPS treatment increased c-Fos immunoreactivity in the PVN neurons. ICV tempol
treatment reduced LPS-induced c-Fos immunoreactivity in the PVN region. Dark dots indicate
individual activated neurons. B: Quantification of c-Fos positive neurons in the dorsal
pavocellular (dpPVN), medial parvocellular (mpPVN), ventrolateral pavocellular (vlpPVN),
and posterior magnocellular (pmPVN) PVN. Values were expressed as mean ± SE. *P<0.05
versus ICV aCSF, †P<0.05, ICV Tempol + ICV LPS versus ICV LPS alone.
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Fig. 4.
ICV administration of LPS increased hypothalamic tissue TNF-α (A) and COX-2 (B) mRNA
expression, and both were significantly reduced by continuous ICV infusion of tempol and
SB203580. ICV LPS also significantly increased cerebrospinal fluid (CSF) level of TNF-α
(C) and PGE2 (D). ICV infusion of tempol and SB203580 reduced the LPS-induced increases
in CSF TNF-α and PGE2; the COX-2 inhibitor NS398 reduced the LPS-induced increase in
CSF PGE2. *P<0.05 versus ICV aCSF, †P<0.05, ICV Treatment + ICV LPS versus ICV LPS
alone.
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Fig. 5.
Representative recordings (A) and grouped data (B) showing that central LPS induced
sympatho-excitatory responses (increases in HR, RSNA and BP or MBP) can be diminished
by continuous ICV infusion of the specific p38 MAPK inhibitor SB203580, and prevented by
pretreatment with the specific COX-2 inhibitor NS398. Arrows indicate the ICV LPS injection.
Line represents the continuous ICV infusion of SB203580. Each recording section is 200
seconds in duration at 60 min intervals. Values were expressed as mean ± SE. *P<0.05 versus
ICV aCSF, †P<0.05, ICV Treatment + ICV LPS versus ICV LPS alone.
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Fig. 6.
Real-time PCR analysis showing increased hypothalamic tissue AT1R (A), but not ACE (B)
mRNA expression 4 hours after ICV administration of LPS. The LPS-induced increase of
AT1R mRNA expression was significantly diminished by continuous ICV infusion of tempol
and apocynin, but not by SB203580. *P<0.05 versus ICV aCSF; †P<0.05, ICV Treatment +
ICV LPS versus ICV LPS alone.

Zhang et al. Page 17

J Hypertens. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Schematic illustrating putative molecular pathways mediating the effects of centrally
administered LPS on sympathetic drive. LPS induces the production of pro-inflammatory
cytokines, such as TNF-α, with subsequent induction of NAD(P)H oxidase dependent
superoxide production. LPS also induces p38 MAPK, which is redox dependent. Downstream
gene products of p38 MAPK include COX-2, the enzyme that generates PGE2. PGE2 activates
E class prostanoid receptors (EP-R) to activate the sympathetic nervous system. LPS also
induces expression of mRNA for the angiotensin II type 1 receptor (AT1R). The LPS induced
sympatho-excitatory response can be blocked by inhibiting the LPS-induced NAD(P)H
dependent p38 MAPK pathway with blockers or inhibitors at the levels indicated (see text for
details). The increase in AT1R mRNA is blocked by agents that reduce superoxide production,
but not by the p38 MAPK inhibitor, suggesting an alternative mechanism for that effect. LPS
activation of the p44/42 MAPK pathway, which is also redox dependent, might account for
this effect.
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Table 1

Sequences for primers and probes

Gene Primers and Probes

COX-2

forward primer: 5’-CGCTGTACAAGCAGTGGCAAAG-3’

reverse primer: 5’-GCGTTTGCGGTACTCATTGAGA-3’

probe: 5’-CCTCCATTGACCAGAGCAGAGAGATGAAA-3’

TNF-α

forward primer: 5'-CCAGGAGAAAGTCAGCCTCCT-3'

reverse primer: 5'-TCATACCAGGGCTTGAGCTCA-3'

probe: 5'-AGAGCCCTTGCCCTAAGGACACCCCT-3'

p47phox

forward primer: 5'-ACGCTCACCGAGTACTTCAACA-3'

reverse primer: 5'-TCATCGGGCCGCACTTT-3'

probe: 5'-CCCGCTGCCCACACCTCTTGAACT-3'

gp91phox

forward primer: 5'-AAAGGAGTGCCCAGTACCAAAGT-3'

reverse primer: 5'-TACAGGAACATGGGACCCACTAT-3'

probe: 5'-CCGGAAACCCTCCTATGACTTGGAAATG-3'

COX-2, cyclooxygenase-2; p47 phox and gp91phox, NAD(P)H oxidase subunits; TNF-α, tumor necrosis factor-alpha.
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