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Abstract
Inflammation is associated with increased sympathetic drive in cardiovascular diseases. Blood-
borne pro-inflammatory cytokines, markers of inflammation, induce cyclooxygenase-2 (COX-2)
activity in perivascular macrophages of the blood-brain barrier. COX-2 generates prostaglandin E2
(PGE2), which may enter the brain and increase sympathetic nerve activity. We examined the
contribution of this mechanism to augmented sympathetic drive in rats following myocardial
infarction (MI). Approximately 24h after acute MI, rats received an intracerebroventricular (ICV)
injection (1 μl/min over 40 minutes) of clodronate liposomes (MI+CLOD) to eliminate brain
perivascular macrophages, liposomes alone (MI+LIPO) or artificial cerebrospinal fluid (MI
+aCSF). A week later, COX-2 immunoreactivity in perivascular macrophages and COX-2 mRNA
and protein had increased in hypothalamic paraventricular nucleus (PVN) of MI+aCSF and MI
+LIPO, compared with sham-operated (SHAM) rats. In MI+CLOD, neither perivascular
macrophages nor COX-2 immunoreactivity was seen in PVN, and COX-2 mRNA and protein
were similar to SHAM. PGE2 in cerebrospinal fluid, PVN neuronal excitation, and plasma
norepinephrine were less in MI+CLOD than MI+aCSF and MI+LIPO but more than in SHAM.
ICV CLOD had no effect on interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) mRNA
and protein in PVN or plasma IL-1β and TNF-α, which were increased in MI compared with
SHAM rats. In normal rats, pretreatment with ICV CLOD reduced (P<0.05) renal sympathetic,
blood pressure and heart rate responses to intracarotid artery injection of TNF-α (0.5 μg/kg); ICV
LIPO had no effect. The results suggest that pro-inflammatory cytokines stimulate sympathetic
excitation after MI by inducing COX-2 activity and PGE2 production in perivascular macrophages
of the blood-brain barrier.
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Introduction
There is increasing appreciation for the role of inflammation in cardiovascular and
cardiovascular-related diseases, including myocardial infarction (MI), heart failure (HF),
hypertension, obesity and diabetes.1-5 Recent studies have established a causal relationship
between inflammation and activation of the sympathetic nervous system,6, 7 but exactly
how inflammatory mediators trigger an increase in sympathetic activity remains unknown.
The present study examined one putative mechanism.

The pro-inflammatory cytokines tumor necrosis factor-α (TNF-α) and interleukin-1β
(IL-1β), well-recognized markers of inflammation, are too large to cross the blood-brain
barrier. In normal animals, they can affect the brain indirectly by inducing cyclooxygenase-2
(COX-2) activity in endothelial cells and perivascular macrophages of the cerebral
microvasculature.8 COX-2 catalyzes the synthesis of prostaglandin E2 (PGE2), which can
enter the brain to activate neurohumoral systems. This mechanism has been invoked to
explain cytokine activation of the hypothalamic-pituitary-adrenal axis.9, 10

Acute studies in normal rats have demonstrated that the perivascular macrophages are more
sensitive to blood-borne pro-inflammatory cytokines than are endothelial cells.8 Moreover,
in HF rats that have moderately increased plasma cytokines, COX-2 expression in the
paraventricular nucleus (PVN) of the hypothalamus, a key cardiovascular regulatory region
of the brain,11, 12 seems largely confined to the perivascular macrophages.3, 4 These
observations set the stage for the present study to determine whether eliminating the
perivascular macrophages of the blood-brain barrier might lower sympathetic drive in rats
with HF. The overall hypothesis guiding this study is that pro-inflammatory cytokines
activate the sympathetic nervous system in HF rats by inducing COX-2 activity and the
synthesis of PGE2 in perivascular macrophages in the brain.

Perivascular macrophages can be selectively eliminated by administering liposomes
containing clodronate.13,14 The method relies upon phagocytosis of the clodronate-
containing liposomes by perivascular macrophages, resulting in intracellular release of
clodronate and subsequent cell death. In previous work by others,15 intracerebroventricular
(ICV) injection of clodronate liposomes has been shown to selectively deplete meningeal
and perivascular macrophages in the brain while sparing microglial and other non-
phagocytic cells. The effect was nearly complete over the 2-10 day interval following ICV
administration of the clodronate liposomes. An associated transient depletion of some
particularly sensitive peripheral macrophages (i.e., Kuppfer cells) was also observed, with
recovery within a week.

The present study employed this method to examine the functional significance of brain
perivascular macrophages in HF rats that have increased plasma cytokines after MI and in
normal rats challenged acutely with a systemic injection of TNF-α. The findings suggest that
brain perivascular macrophages play a critical role in the relationship between systemic
inflammation and sympathetic activation.

Methods
Animals

Adult male Sprague-Dawley rats weighing 250-300 g were obtained from Harlan Sprague-
Dawley (Indianapolis, IN). They were housed in temperature (23±2°C) and light controlled
animal quarters and were provided with rat chow ad libitum. These studies were performed
in accordance with the “Guiding Principles for Research Involving Animals and Human
Beings”.16 The experimental procedures were approved by the Institutional Animal Care
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and Use Committee of the University of Iowa and the Research and Development
Committee of the Iowa City Department of Veterans Affairs Medical Center.

Drugs Administered
Clodronate liposomes (CLOD) and control liposomes (LIPO) were kind gifts from Dr. Paul
E. Sawchenko (The Salk Institute for Biological Studies, La Jolla, CA). The dose and
method for injection of the liposomes and the time point for evaluating the effects of CLOD
treatment were derived from a previous study demonstrating that perivascular macrophages
in all investigated regions of the brain were maximally depleted about 1 week after injection,
and then gradually recovered.15

Experimental Protocols
Study I: Effects of Centrally Administered Clodronate Liposomes on MI and
Sham-operated Rats—Rats underwent coronary ligation to induce MI or a sham
operation (SHAM). Left ventricular function was assessed by echocardiography within 24
hours after recovery from surgery to assign rats to one of 4 treatment groups: SHAM rats
that received no treatment (SHAM, n=15) and MI rats that received an ICV infusion (1 μl/
min over 40 minutes) of clodronate liposomes (MI+CLOD, n=16), liposomes alone (MI
+LIPO, n=16) or artificial cerebrospinal fluid (MI+aCSF, n=17). The ICV infusion was
administered immediately after the echocardiographic assessment. One week later, at the
conclusion of the study protocol, a second echocardiogram and hemodynamic measurements
were obtained in some rats. Rats were then euthanized with an overdose of urethane to
collect blood for measurement of plasma cytokines and norepinephrine (NE, a marker of
systemic sympathetic nerve activity), cerebrospinal fluid (CSF) for measurement of PGE2
level, brain tissues for molecular analysis, and heart and lungs for anatomical analysis, or
were perfused with fixative for immunohistochemical studies.

Study II: Effects of Centrally Administered Clodronate Liposomes on
Responses to Intracarotid Artery Injection of TNF-α in Normal Rats—An acute
bolus intracarotid artery (ICA) injection of TNF-α elicits an acute sympathetically mediated
pressor response in normal rats.17 These studies were performed to determine whether
perivascular macrophages in the brain mediate this response. Normal rats received an ICV
infusion (1 μl/min over 40 minutes) of CLOD, LIPO, or aCSF, as in Study I. A week later
they were anesthetized, prepared for recording of renal sympathetic nerve activity (RSNA),
blood pressure (BP) and heart rate (HR), and given a bolus ICA injection of TNF-α (0.5 μg/
kg). There were four treatment groups 1) aCSF alone (no TNF-α, n=16); 2) aCSF+TNF-α
(n=15); 3) CLOD+TNF-α (n=15); 4) LIPO+TNF-α (n=15). Peak responses of mean BP, HR,
RSNA recorded over a 3-minute interval during ICA infusion were compared with a 3-
minute baseline value immediately preceding each intervention. RSNA responses are
reported as a percent change from baseline.

At the completion of the recording session, 2 hours after the ICA injection, rats were
euthanized with an overdose of urethane to collect blood, CSF and brain tissues for
biochemical and molecular analyses or perfused with fixative for immunohistochemical
studies.

Specific Methods
Please see http://hyper.ahajournals.org.
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Statistical Analysis
All data are expressed as mean ± SEM. For most studies, the significance of differences
among groups was analyzed by 2-way, repeated-measure ANOVA followed by a post hoc
Fisher's least significant difference test. Echocardiographic parameters were analyzed using
1-way ANOVA followed by Fischer's least significant difference test. Differences were
considered significant at P<0.05.

Results
Study I: Effects of Centrally Administered Clodronate Liposomes on MI and Sham-
operated Rats

Characteristics of the Study Groups—Echocardiography performed within 24 hours
of coronary ligation revealed that left ventricular (LV) ejection fraction was reduced and LV
end-diastolic volume was increased in the MI rats compared with the SHAM rats. Rats
assigned to the MI+CLOD, MI+LIPO and MI+aCSF treatment groups were well-matched
with regard to echocardiographically-defined LV function (Table S1 – Please see
http://hyper.ahajournals.org).

Repeat echocardiography a week later, at the conclusion of the study protocol, revealed that
all 3 groups of MI rats still had significant increases in LV end-diastolic volume and
decreases in LV ejection fraction, compared with SHAM rats. Treatment with CLOD or
LIPO, compared with aCSF, had no significant effect on these echocardiographic indicators
of LV function (Table S1 – Please see http://hyper.ahajournals.org).

Hemodynamic measurements obtained under anesthesia at the conclusion of the study
protocol revealed that systolic blood pressure, LV peak systolic pressure, and the maximum
rate of rise of LV pressure were lower, and LV end-diastolic pressure was higher, in MI rats
than in SHAM rats (Table S2 – Please see http://hyper.ahajournals.org). There were no
significant differences in diastolic blood pressures or heart rates across the experimental
groups. MI+CLOD rats had higher maximum rates of rise of LV pressure and lower LV
end-diastolic pressure than MI+LIPO and MI+aCSF rats, but these values were still
significantly different from SHAM rats.

Anatomical assessment following euthanasia revealed that right ventricle/body weight (BW)
and wet lung/BW ratios were substantially higher in MI rats compared with SHAM rats
(Table S2 – Please see http://hyper.ahajournals.org). These variables were not affected by
treatment with CLOD, LIPO or aCSF.

Effects of Clodronate Liposomes on Perivascular Macrophages—Confocal
microscopy revealed ED2 positive cells (perivascular macrophages) in the PVN of MI
+LIPO and MI+aCSF rats and in the SHAM rats. There was no difference in the number of
ED2 positive cells between MI+aCSF and SHAM rats (data not shown). No ED2 positive
cells were found in the PVN in MI+CLOD rats (Figure 1A). In contrast, OX42 positive cells
(activated microglia) were present in all four treatment groups, and seemed to be unaffected
by treatment with CLOD (Figure 1B).

As we have shown previously,3, 4 COX-2 immunoreactivity in the PVN of MI rats is found
primarily in the cytoplasm of perivascular macrophages. In the present study, MI+CLOD
rats, lacking perivascular macrophages, had no COX-2 immunoreactivity in the PVN
(Figure 1A). MI+LIPO and MI+aCSF rats had the expected COX-2 immunoreactivity in
ED2 positive cells.

Yu et al. Page 4

Hypertension. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://hyper.ahajournals.org
http://hyper.ahajournals.org
http://hyper.ahajournals.org
http://hyper.ahajournals.org


Effects of Clodronate Liposomes on the Expression of Central Inflammatory
Mediators—COX-2 mRNA (Figure 2A) and protein (Figure 2B) were greater in the PVN
of MI+LIPO and MI+aCSF rats than SHAM rats. In MI+CLOD rats, COX-2 mRNA and
protein expression were not different from SHAM rats. There were no differences across
treatment groups in COX-2 expression in hypothalamic regions immediately adjacent to
PVN.

The PGE2 level in the CSF was increased in all 3 MI groups, compared with SHAM (Figure
3). MI+CLOD rats had less CSF PGE2 than MI+LIPO and MI+aCSF rats, but more than
SHAM rats. There was no difference in CSF PGE2 between the MI+LIPO and the MI+aCSF
groups.

IL-1β and TNF-α mRNA (Figure 2A) and protein (Figure 2B) was greater in the PVN of all
3 MI groups than in SHAM rats. Neither CLOD nor LIPO affected IL-1β or TNF-α
expression in PVN or adjacent hypothalamic regions.

Effects of Clodronate Liposomes on Neuronal Excitation in PVN—Fra-Like
activity, an indicator of chronic neuronal excitation, was significantly increased in medial
parvocellular, ventrolateral parvocellular and dorsal parvocellular regions in MI+LIPO and
MI+aCSF rats, compared with SHAM rats (Figure 4). MI+CLOD rats had significantly less
Fra-Like activity in the medial parvocellular and ventrolateral parvocellular regions of PVN.
Fra-Like activity in dorsal parvocellular region was not affected. MI+LIPO and MI+aCSF
rats had similar Fra-Like activity in all 3 parvocellular regions. There was no difference
across treatment groups in Fra-Like activity in the posterior magnocellular region of PVN.

Effects of Clodronate Liposomes on Plasma Levels of IL-1ß, TNF-α and NE—
Plasma levels of IL-1ß, TNF-α and NE were higher (P<0.05) in all three MI treatment
groups, as compared with SHAM rats (Figure 3). MI+CLOD rats had significantly lower
plasma NE levels than MI+LIPO and MI+aCSF, but higher levels than SHAM. Plasma
levels of IL-1ß and TNF-α were similar across all three MI treatment groups.

Study II: Effects of Centrally Administered Clodronate Liposomes on Responses to
Intracarotid Artery Injection of TNF-α in Normal Rats

Effects of Clodronate Liposomes on Perivascular Macrophages—As in Study I,
confocal microscopy revealed that central injection of CLOD depleted perivascular
macrophages in the PVN, but had no apparent effect on activated microglia (data not
shown).

As expected, TNF-α induced increased COX-2 immunoreactivity in perivascular
macrophages of the PVN in aCSF- and LIPO-treated rats, compared with the aCSF (no
TNF-α) group, but no COX-2 activity was induced in the CLOD-treated rats in which the
perivascular macrophages were depleted (data not shown).

Real time PCR and western blot showed significantly increased COX-2 mRNA and protein
expression in the PVN of aCSF+TNF-α rats, compared with the aCSF (no TNF-α) rats.
CLOD+TNF-α rats had less COX-2 mRNA and protein expression than LIPO+TNF-α or
aCSF+TNF-α (Figure 5). There were no differences in expression of COX-2 mRNA and
protein between LIPO+TNF-α and aCSF+TNF-α rats.

Similarly, as predicted by the COX-2 results, aCSF+TNF-α and LIPO+TNF-α rats had an
increased PGE2 level in CSF, as compared with aCSF (no TNF-α) rats. CLOD+TNF-α rats
had lower PGE2 levels in CSF than LIPO+TNF-α or aCSF+TNF-α rats. In LIPO+TNF-α
rats, PGE2 level in CSF was no different from that in aCSF+TNF-α rats.
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Effects of Clodronate Liposomes on Sympathetic Responses to TNF-α—ICA
injection of TNF-α (0.5 μg/kg) in the aCSF-treated rats dramatically (p<0.05) increased
integrated RSNA (42.4 ± 6.3 %), HR (39.3 ± 4.1 bpm, from baseline of 328.5 ± 16.6 bpm),
and MBP (19.0 ± 2.2 mmHg, from baseline of 95.1 ± 5.8 mmHg). The onset latency for this
response was ∼10-15 min with duration at least 120 min recorded. The peak responses
occurred ∼30-40 min after TNF-α administration. Compared with aCSF-treated rats, CLOD-
treated rats had significantly (p<0.05 vs aCSF+TNF-α) diminished sympatho-excitatory
responses to ICA TNF-α: integrated RSNA (12.8 ± 5.4%), MBP (6.4 ± 2.4 mmHg), and HR
(14.7 ± 4.4 bpm). There were no differences in the responses to TNF-α between LIPO- and
aCSF-treated rats (Figure 6).

Discussion
The novel findings of this study are: 1) in rats with increased circulating cytokines after MI,
a treatment that selectively eliminates a single cell type - the perivascular macrophage of the
blood brain barrier - normalizes COX-2 expression in the microvessels of the PVN and
reduces both PGE2 levels in CSF and sympathetic nerve activity; and 2) in normal rats,
selective depletion of these perivascular macrophages prevents the increases in heart rate,
blood pressure, and sympathetic nerve activity induced by ICA administration of TNF-α.
Together, these results demonstrate that perivascular macrophages of the blood brain barrier
contribute to the augmented sympathetic nerve activity in rats with HF following MI and
suggest that the pro-inflammatory cytokines, which increase in the blood and the brain of
rats with HF following MI,3, 4, 18, 19 are a likely driving mechanism. The data also implicate
perivascular macrophages as a primary source of cytokine-induced COX-2 activity and
PGE2 production in the PVN, an important presympathetic nucleus, in rats early after MI. A
broader interpretation might be that the perivascular macrophages provide a crucial link
between systemic inflammation and sympathetic drive.

These results complement earlier studies from our laboratory demonstrating that rats with
ischemia-induced HF have an increase in COX-2 expression in perivascular macrophages in
the microvasculature of the PVN 3, 18, 19 that can be reduced by lowering circulating levels
of TNF-α and IL-1ß.3, 18 Interestingly, COX-2 activity in the perivascular macrophages of
the PVN also responds to changes in the proinflammatory cytokines content inside the
blood-brain barrier.4 In those earlier studies, a reduction in COX-2 activity in the
perivascular macrophages was uniformly associated with reductions in CSF PGE2 and
plasma NE in HF rats, suggesting a tight association between COX-2 activity in perivascular
macrophages and sympathetic drive that was confirmed in the present study.

It is surprising that the destruction of the perivascular macrophages normalized COX-2
mRNA and protein in the PVN of the HF rats and eliminated COX-2 immunofluorescence.
Microglial cells, which are activated in the HF rats as they are under conditions of chronic
brain injury or inflammation,20 were apparently unaffected by treatment with CLOD.
Microglia can produce a wealth of inflammatory mediators,21 including COX-2, PGE2 and
the pro-inflammatory cytokines TNF-α and IL-1β.22, 23 Why microglia do not appear to
contribute to overall COX-2 activity in the HF rats in these studies remains unexplained. A
predominant influence of the perivascular macrophages is suggested, but the incomplete
reduction in the PGE2 level in the CSF suggests that COX-2 activity in perivascular
macrophages is not the only source of PGE2 production in the HF brain.

In normal rats challenged acutely with systemically administered TNF-α, there was a direct
relationship between the induction of COX-2 and CSF PGE2 levels – pre-treatment with
CLOD prevented the TNF-α-induced increase in COX-2, PGE2 and sympathetic drive.
These new findings are consistent with previous work demonstrating that acutely
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administered pro-inflammatory cytokines induce COX-2 activity in perivascular
macrophages8 and activate the sympathetic nervous system via a cyclooxygenase-dependent
mechanism.17 In addition, they implicate the perivascular macrophage as the single cellular
element responsible for acute cytokine-induced sympathetic activation. However, they leave
open the question of how a sympathetic response dependent on the induction of COX-2
protein can occur so quickly – i.e., the induction of a pressor response within 10-15 min
after injection of TNF-α. COX-2 is constitutively expressed in brain tissue, including in
PVN,24 and our data demonstrate some COX-2 present in the perivascular macrophages of
the sham-operated animals. It is conceivable that constitutively present COX-2 might
somehow contribute to these very early responses. COX-1 seems an unlikely contributor
since it does not increase in HF rats that have chronic elevation of pro-inflammatory
cytokines.4

Finally, it is notable that CLOD had no effect on the ambient lower levels of COX-2
expression in immediately adjacent hypothalamic tissues. This may simply be a function of
the dense vascularity of the PVN,25 compared with surrounding regions, providing a
substrate for higher numbers of perivascular macrophages. Nevertheless, it suggests a
heightened responsiveness of this particular region of the brain to inflammatory signals from
the periphery. This consistent with the known influence of cytokines on the hypothalamic-
pituitary-adrenal axis9, 26 and with our previous observation that COX-2 expression in the
cortex, where it is more diffusely distributed3 does not seem to be affected by heart failure
or by treatments for heart failure that reduce COX-2 expression in PVN.3

An intriguing finding of this study is the absence of any effect of CLOD on the expression
of pro-inflammatory cytokines within the PVN. The mechanism responsible for the increase
in the pro-inflammatory cytokines in cardiovascular regions of the brain in HF rats19 has not
been elucidated. The present study argues against cytokine signaling across the blood-brain
barrier, via PGE2 production, as a potential mechanism. Signaling via the renin-angiotensin-
aldosterone system,27 or via cardiovascular afferent fibers,28 remain viable possibilities.

This study focused on the role of COX-2 activity and PGE2 production by the perivascular
macrophages of the blood brain barrier, a mechanism by which circulating pro-inflammatory
cytokines are thought to activate the hypothalamic-pituitary-adrenal axis.8-10 A caveat to be
considered is that stimulated macrophages can also produce reactive oxygen species,
including superoxide29 which may also activate the sympathetic nervous system. Thus, the
present study does not exclude the possibility that other products of perivascular
macrophages might contribute to cytokine-induced sympathetic discharge in heart failure.

Central interventions that chronically reduce sympathetic nerve activity in rats with HF after
myocardial infarction can reduce LV remodeling30, 31 and improve LV function.4, 30-32

These beneficial effects likely result from reductions in sympathetically mediated renin
release with activation of the renin-angiotensin-aldosterone system,33 sympathetically
mediated renal reabsorption of sodium and water,33-35 and sympathetically mediated direct
detrimental effects on cardiac myocytes.36 Cardiac remodeling is a chronic progressive
process evolving over weeks following myocardial infarction.37, 38 Significant effects of
central intervention on LV remodeling and function in rat models of heart failure have
typically been demonstrated after at least 4 weeks of continuous ICV drug administration.4,
30-32 In the present study, in which LV function was re-assessed only 1 week after
myocardial infarction and only 1 week after a single ICV injection of CLOD, small but
significant improvements in LV systolic function (LV dP/dtmax) and volume regulation (LV
end-diastolic pressure) were observed. The short duration of treatment and the re-assessment
of LV function so early in the course of cardiac remodeling may have minimized our ability
to demonstrate greater improvements in LV function. Another factor to consider is that
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depleting the brain perivascular macrophages reduced but did not normalize plasma NE, the
surrogate marker of sympathetic drive used in this study. Thus, the continued influence of
other neurohumoral systems on sympathetic drive may also have impaired our ability to
demonstrate larger changes in LV function.

Perspectives
The present study utilized a unique pharmacological tool to target one particular cell type
and demonstrate its role as mediator of increased sympathetic drive in heart failure. The
study unequivocally demonstrates that COX-2 expression and PGE2 production by
perivascular macrophages of the blood-brain barrier increase in rats with HF following MI,
and that selective elimination of these perivascular macrophages reduces cytokine-induced
sympathetic drive. Based on what is already known about the effect of pro-inflammatory
cytokines on COX-2 expression by perivascular macrophages in the brain,3, 8, 10, 18, 32 the
effects of cytokine-induced PGE2 production in the brain on sympathetic drive17 and the
present results from both normal and MI rats, it seems reasonable to speculate that the pro-
inflammatory cytokines contribute to the augmented sympathetic drive in rats with HF
following MI by inducing COX-2 activity and PGE2 production by the perivascular
macrophages. However, a role for other products of perivascular macrophages29 that might
stimulate the sympathetic nervous system cannot be excluded.

A more global implication of these findings might be that the perivascular macrophages
signal the brain to increase sympathetic activity in response to systemic inflammation, not
only in heart failure but also in other cardiovascular conditions such as hypertension, obesity
and diabetes in which both pro-inflammatory cytokines and sympathetic drive are increased.
1, 2, 5, 39 Further studies are needed to determine whether perivascular macrophages of the
blood-brain barrier increase COX-2 expression, or the expression of other substances29 that
might activate the sympathetic nervous system, in these disease processes. Ultimately, the
identification of discrete cellular mechanisms that augment sympathetic drive raises the
possibility of novel targeted interventions to disrupt the progression of heart failure,
hypertension and other devastating cardiovascular diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative laser confocal images from PVN of SHAM and MI rats treated with artificial
cerebrospinal fluid (aCSF), clodronate liposomes (CLOD) and liposomes alone (LIPO). (A)
triple immunostaining for the perivascular macrophage marker ED2 (top, bright red),
COX-2 (middle, bright green) and combined image (bottom) with nuclear staining (blue).
The arrows point to ED2 positive cells expressing COX-2, as indicated by the yellow
staining in the merge image. Neither perivascular macrophages nor COX-2
immunoreactivity were found in the MI rats treated with CLOD. (B) OX42 positive
microglial cells (bright green). The arrows indicate cells positive for OX42. The microglial
cells in the PVN were not affected by CLOD treatment. Scale bar, 20 μm.
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Figure 2.
Quantitative comparison of mRNA expression (A) and protein levels (B) for COX-2, TNF-α
and IL-1β from the PVN and adjacent regions of hypothalamus of each treatment group.
Representative Western blots of COX-2, TNF-α, IL-1β and β-actin are shown in figure B.
Values were expressed as mean ± SEM (n=5 to 8 for each group). *P<0.05 vs SHAM in
same region, †P<0.05, MI+treatment vs MI+aCSF in same region.
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Figure 3.
Plasma TNF-α (A) and IL-1β (B), CSF PGE2 (C) and plasma NE (D) levels in each group.
Values were expressed as mean ± SEM (n=6 to 8 for each group). *P<0.05 vs SHAM,
†P<0.05, MI+treatment vs MI+aCSF.

Yu et al. Page 13

Hypertension. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Expression of Fra-LI activity in the PVN. (A) Representative sections from each group
showing Fra-LI immunoreactivity in PVN neurons. Dark dots indicate Fra-LI positive
neurons. Squares (dotted lines) indicate the regions in panel A from which the data in panel
B are derived. Scale bar=200 μm. (B) Quantification of Fra-LI positive neurons in 4
different regions of the PVN. Values are expressed as mean ± SEM (n=4 for each group).
*P<0.05 vs SHAM. †P<0.05, MI+treatment vs MI+aCSF. pm indicates posterior
magnocellular; mp, medial parvocellular; vlp, ventrolateral parvocellular; dp, dorsal
parvocellular.
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Figure 5.
Effects of bolus ICA injection of TNF–α on COX-2 mRNA (A) and protein (B) expression
in PVN, and PGE2 level in CSF (C) in normal rats pre-treated a week earlier with ICV
CLOD, LIPO or aCSF. aCSF-treated rats not receiving TNF–α injection were used as
control. Representative Western blots are aligned with the matching grouped data (B).
Values were expressed as mean ± SEM (n=5 to 7 for each group). *P<0.05 vs aCSF (no
TNF-α); †P<0.05, Treatment+TNF–α vs aCSF+TNF–α.
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Figure 6.
Effects of CLOD on cardiovascular and sympathetic responses to intracarotid artery (ICA)
injection of TNF-α. Heart rate (HR), renal sympathetic nerve activity (RSNA, shown both as
integrated nerve activity and as windowed spike activity), and arterial pressure (AP)
responses to ICA bolus injection of TNF–α in normal rats pre-treated a week earlier with
(A) intracerebroventricular (ICV) aCSF, (B) ICV CLOD, or (C) ICV LIPO. (D) Grouped
data showing peak changes from baseline in mean blood pressure (MBP), HR and RSNA in
each group. Values were expressed as mean ± SEM (n=6 to 7 for each group). *P<0.05 vs
baseline; †P<0.05 vs aCSF+TNF–α.
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