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Abstract
This study examined the effect of central tumor necrosis factor-alpha (TNF) blockade on the
imbalance between nitric oxide and superoxide production in the paraventricular nucleus (PVN)
and ventrolateral medulla (VLM), key autonomic regulators, and their contribution to enhanced
sympathetic drive in mice with congestive heart failure (CHF). We also used a TNF gene
knockout (KO) mouse model to study the involvement of TNF in body fluid homeostasis and
sympathoexcitation in CHF. After implantation of intracerebroventricular (ICV) cannulae,
myocardial infarction (MI) was induced in wild-type (WT) and KO mice by coronary artery
ligation. Osmotic mini-pumps were implanted into one set of WT + MI/Sham mice for continuous
ICV infusion of Etanercept (ETN), a TNF receptor fusion protein, or vehicle (VEH). Gene
expressions of neuronal nitric oxide synthase (NOS) and angiotensin receptor-type 2 were
reduced, while those of inducible NOS, Nox2 homologs, superoxide, peroxynitrite and angiotensin
receptor-type 1 were elevated in the brainstem and hypothalamus of MI + VEH. Plasma
norepinephrine levels and the number of Fos-positive neurons were also increased in the PVN and
VLM in MI + VEH. MI + ETN and KO + MI mice exhibited reduced oxidative stress, reduced
sympathoexcitation and an improved cardiac function. These changes in WT + MI were associated
with increased sodium and fluid retention. These results indicate that elevated TNF in these
autonomic regulatory regions of the brain alter the production of superoxide and nitric oxide,
contributing to fluid imbalance and sympathoexcitation in CHF.
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Introduction
Congestive heart failure (CHF) is a complex phenomenon characterized by the adverse
activation of neurohormones such as norepinephrine (NE) and angiotensin II (AngII), and
immune peptides including pro-inflammatory cytokines (PICs) such as tumor necrosis
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factor-alpha (TNF), interleukin (IL)-1β and IL-6. Studies show that elevated circulating
cytokines directly correlate with deteriorating NYHA functional classes of heart failure [41,
42]. The most well studied of these PICs is TNF, which can be cardio-protective [24, 26],
but more often is implicated in the maladaptive left ventricular (LV) remodeling observed in
CHF [5, 8, 21, 24, 27, 40]. TNF contributes to cardiac remodeling by provoking myocyte
hypertrophy and apoptosis [25], ultimately leading to contractile dysfunction [2, 5, 40].
Furthermore, recent studies underscore the importance of brain site specific increases in PIC
expression in the increased sympathoexcitation observed in CHF [16, 17].

Following an acute myocardial infarction (MI), elevated PICs are primarily transported into
the hypothalamus and brainstem via the circumventricular organs, areas that lack a well-
formed blood brain barrier (BBB) [33], through transcytosis [1], and/or increased BBB
damage/vascular permeability by AngII or PICs [7, 11, 15, 51]. Circulating AngII and PICs
are also major activators of microglial cells, astrocytes and macrophages [13, 34, 39, 47],
which consequently produce more PICs, thereby propagating a vicious cycle [38]. These
PICs are distributed throughout the brain, but more so in the hypothalamus and brainstem,
regions that regulate sympathetic outflow to various cardiovascular and fluid homeostatic
organ systems [16, 17, 20]. The hypothalamic paraventricular nucleus (PVN) and the
ventrolateral medullary regions (VLM) of the brainstem are major central nervous system
(CNS) sites that regulate thirst, salt appetite and sympathetic outflow.
Intracerebroventricular (ICV) administration of AngII increases thirst and salt appetite,
largely through elevated reactive oxygen species (ROS) production [52]. This AngII-
induced ROS in the VLM plays a key role in the modulation of sympathetic nerve activity
(SNA) and cardiovascular function [14, 32]. AngII type-1 receptor (AT1R) blockade in the
PVN and rostral VLM (RVLM) attenuated ROS generation [18], contributing to decreased
SNA in CHF. These studies emphasize the importance of central AngII-induced ROS on
cardiovascular function. Additionally, there is an existent cross-talk between AngII, PICs
and ROS in the brain in CHF [17]. Our previous studies showed that in CHF, the increase in
TNF in the PVN is associated with elevated expression of NADPH oxidase subunits, the
primary source of superoxide anions  [16], and intimately involves the actions of the
renin–angiotensin system (RAS) [17]. Moreover, blockade of PVN  completely abolished
the increased SNA observed in CHF [18]. However, the importance of central TNF in
increased sympathoexcitation is not completely understood.

Based upon the preceding observations, we hypothesized that elevated TNF in the PVN and
RVLM alters  and nitric oxide (NO) production, possibly through AT1R activation,
thereby contributing to sympathoexcitation in CHF. This hypothesis was explored using two
approaches: (1) chronic central TNF blockade with etanercept (a human recombinant TNF
receptor fusion protein that competitively binds with TNF and prevents TNF from binding
its receptor) in CHF mice and (2) a conventional TNF gene knockout mouse model to study
the role of TNF in body fluid homeostasis and sympathoexcitation in CHF. We also
explored the interaction between  and NO in the PVN and RVLM and its contribution
towards sympathoexcitation in CHF. The results of this study provide insight into the
mechanisms that induce sympathoexcitation and disease progression in the failing heart.

Methods
Please see the online data supplement for additional details of the surgical and experimental
methods mentioned here.
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Mice
Male TNF knockout (KO; B6;129S-Tnftm1Gkl/), and wild-type (WT; B6129SF2/J) mice
(Jackson Laboratory, ME) between 12–16 weeks of age were used in this study. Mice were
housed in a light- (12 h light–dark cycle) and temperature-controlled (23 ± 2°C) room with
standard chow and water provided ad libitum. All surgical procedures were performed at
Louisiana State University School of Veterinary Medicine and carried out in accordance
with the regulations of the Louisiana State University Animal Care and Use Committee,
conforming to the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of.

Drugs
Etanercept (ETN; Enbrel; Amgen and Wyeth Pharmaceuticals; Collegeville, PA, USA), was
dissolved in artificial cerebrospinal fluid (aCSF) for ICV infusion. The dose used in this
study was optimized by preliminary experiments conducted in our lab.

Experimental protocol and surgical procedures
The study was conducted under two protocols.

Protocol I—To study the effect of central TNF blockade on sympathoexcitation, WT mice
were implanted with ICV cannulae into their right lateral cerebral ventricle. After a 1-week
recovery, mice underwent either coronary artery ligation (CAL) to induce MI or sham (WT
+ Sham, n = 15) surgery. While still anesthetized, a 28-day osmotic mini-pump (Alzet) was
implanted subcutaneously into each mouse and connected to the lateral ventricle cannula for
continuous infusion (0.11 µl/h) of ETN (5 µg/kg/h) (MI + ETN, n = 10; Sham + ETN, n =
10) or aCSF as vehicle (VEH; VEH + MI, n = 11) over a 4-week treatment interval. As
tissue gene, protein, echocardiographic and morphological results from Sham + ETN were
unchanged from WT + Sham mice, these findings were not reported in this study.

Protocol II—KO and WT mice were used in this study to delineate the role of TNF on
sodium and fluid retention and subsequent sympathoexcitation in CHF. After 1-week
acclimatization in custom-designed metabolic cages, mice underwent CAL (WT + MI, n =
48; KO + MI, n = 45) or sham surgery (WT + Sham, KO + Sham, n = 15) and were
maintained thereafter in metabolic cages with free access to food, tap water and water
containing 1.8% NaCl. This helped us to compare the intake of normal water versus the salt
solution between WT and KO mice, as post-MI mice tend to drink the salt solution more
than the tap water provided. Water and salt intake in the form of the 1.8% NaCl solution
were measured and 24 h-urine collections were obtained for the duration of the study to
demonstrate the effects of TNF on the RAS in CHF [22].

At the end of the study, mice from both protocols were euthanized, blood samples were
collected for plasma NE measurement and the hypothalamus and brainstem tissue samples
were collected for gene expression, electron spin resonance spectroscopy (ESR) and
immunofluorescence studies.

Echocardiography
Echocardiography was performed in mice anesthetized with 1.5% isoflurane in oxygen at 24
h and 4 weeks following CAL/sham surgery to assess cardiac function with a Toshiba Aplio
SSH770 system (Toshiba Medical Systems, CA) fitted with a PLT 1202 linear transducer
(12 MHz). LV end-diastolic and end-systolic diameter (LVD and LVS, respectively), LV
end-diastolic and end-systolic posterior wall thicknesses (PWD and PWS, respectively), and
LV percent fractional shortening (%FS) were measured using M-mode imaging. The portion
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of the LV that displayed akinesis in 2D short-axis imaging was electronically planimetered
and expressed as a percent of the total LV silhouette to estimate the infarct size as
previously validated and described [12, 19, 37]. Only mice with infarct sizes of 40–50%
were used in the study.

ESR studies
Superoxide and peroxynitrite production in the hypothalamus and brainstem were measured
using spin-traps and a BenchTop ESR-spectrophotometer e-scan (Noxygen Science Transfer
& Diagnostics GmbH, Elzach, Germany), as previously described [9]. The intensity of ESR
spectra was quantified after subtraction of the ESR probe signal without tissue sample.

Semi-quantitative real-time RT-PCR
RNA was isolated from hypothalamus and brainstem tissues with TRIzol (Invitrogen, CA,
USA), treated with DNAase, and reverse transcribed using random primers (Supplementary
Table 1) and reverse transcriptase. Gene transcripts were determined by quantitative real-
time PCR using SYBR-Green master mix (Applied Biosystems, CA, USA) on an Applied
Biosystems 7900 system. Gene expression levels were calculated using the 2−ΔΔCt method
and normalized to the 18S gene. The data were expressed relative to respective MI + VEH
values which were arbitrarily set at 1.

Double-labeling immunofluorescence
Immunofluorescence was performed as previously described [23] with minor modifications.
Formalin-fixed sections were labeled by the sequential application of the primary rat anti-
rabbit NeuN (Santa Cruz), a primary rat anti-mouse nNOS, or anti-mouse 3-NT, and
corresponding biotin-labeled secondary immunoglobulin (IgG) followed by a streptavidin
color conjugate complex, Alexafluor 488 or 596 (Molecular Probes). The slides were
washed and mounted with ProLong Gold anti-fade reagent (Molecular Probes) for
fluorescence microscopy.

Measurement of plasma norepinephrine levels by HPLC
Plasma NE levels were measured using high performance liquid chromatography (HPLC) as
described previously [16]. Plasma samples were prepared by adding activated alumina, Tris
buffer, EDTA, internal standard DHBA, and 0.5 ml of mouse plasma. The samples were
centrifuged and the supernatant separated and rinsed twice in ultra-pure water and filtered
through a Millipore filter (Ultrafree MC UFC30GV00, MilliporeCorp). Samples were
injected into an Eicom HTEC-500 system fitted with a HPLC-electrochemical detector.

Data analyses
All data illustrated are expressed as mean ± SEM. Statistical analyses were performed using
GraphPad Prism v5.00 (GraphPad Software, CA, http://www.graphpad.com). Log-rank
(Mantel-Cox) test was used to compare the survival rates between groups. Student’s t test or
one-way ANOVA was used to observe the differences among groups, and two-way or
repeated measures ANOVA was used for comparison of metabolic parameters, followed by
Bonferroni’s correction. Spearman’s correlation was used to measure the strength of the
relationship between 24 h sodium excretion and calculated daily sodium intake. In all cases,
p < 0.05 was considered significant.
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Results
Improved survival in KO and ETN-treated mice post-MI

In protocol I, 27.3% mortality was observed in MI + VEH mice, while the mortality rate was
reduced to 10% in MI + ETN mice (Fig. 1a). In protocol II, <5% mortality was observed in
both KO and WT + Sham mice, while the mortality was 20.1% in WT + MI and 6.7% in KO
+ MI mice. Most deaths occurred by day-10 and were a result of cardiac rupture as
determined by autopsy. However, compared to the Sham mice, significantly more WT + MI
mice (p = 0.0054) died during the study than the KO + MI mice (p = 0.15) (Fig. 1b). This
suggests that TNF inhibition might improve long-term survival post-MI.

TNF is involved in fluid and sodium retention in CHF
Figure 2 shows the effect of TNF on fluid intake, urine output (UO), sodium intake and
urinary sodium excretion (UNa) in WT and KO mice. Water intake decreased significantly,
while sodium intake dramatically increased by days 2–3 in WT + MI mice. However, after
day-3, and through the conclusion of the study, water intake remained constant in all
experimental groups, while sodium intake remained elevated in WT + MI mice, but not in
the Sham or KO + MI mice. UO and UNa decreased significantly in WT + MI mice.
Conversely, UO and UNa in the KO + MI mice decreased until day 3, but later returned to
levels similar to Sham mice. In this study, dietary sodium intake from solid food and fecal
sodium excretion were not considered, as there was no significant difference in food intake
solid food between the groups.

In sham-operated WT and KO mice, the correlation coefficients between daily sodium
intake and UNa excretion were 0.26 (p = 0.24) and −0.24 (p = 0.27), respectively. However,
a negative correlation of −0.82 (p < 0.0001) was observed between sodium-intake and UNa
in WT + MI while the corresponding correlation coefficient was positive 0.66 (p < 0.01) in
KO + MI mice, suggesting that adverse salt and fluid retention in CHF mice is partly
mediated by TNF.

Central TNF inhibition reduces cardiac dysfunction post-MI
Echocardiography revealed a decline in %FS associated with increases in systolic LV
chamber dimensions and wall thicknesses after 4 weeks in MI + VEH mice, but not in MI +
ETN mice (Table 1). Similar findings were observed at 4 weeks in WT + MI versus KO +
MI mice (Table 1), indicating that TNF contributes to deteriorating cardiac function and
structure following CAL.

Heart and lung weight to body weight (HW/BW and LW/BW, respectively) ratios were
measured after the 4-week study as indices of cardiac remodeling and pulmonary congestion
(Table 1), respectively. Compared to the WT + Sham mice, the wet LW/BW ratios were
significantly higher in the WT + MI mice, suggesting the development of fluid retention (as
correlated by Fig. 2 results) and pulmonary congestion. However, no significant differences
among the HW/BW ratios were observed. Nevertheless, LW/BW ratios in MI + ETN and
KO + MI mice were significantly lower than those in WT + MI mice, demonstrating
decreased pulmonary congestion with TNF ablation.

TNF blockade decreases PIC expression in the hypothalamus and brainstem in CHF
The transcript levels of TNF and IL-1β were higher in the hypothalamus and brainstem of
MI + VEH as compared to MI + ETN and KO + MI mice, indicating that TNF blockade
results in the decreased expression of PICs, including TNF, in these cardio-regulatory
centers. IL-6 expression was unchanged. Conversely, in MI + VEH mice, the decreased
IL-10 expression, an anti-inflammatory cytokine, was restored in MI + ETN and KO + MI
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mice (Table 2), underscoring the role that TNF inhibition has on normalizing the PIC
balance and improving the anti-inflammatory actions in post-MI mice. Caution, however,
must be used when reviewing these results, as the vehicle used for MI + VEH was simply
aCSF without the IgG antibody typically used as the ETN control.

TNF alters expression of  and NO in the hypothalamus and brainstem in CHF
The expression of Nox2, the major catalytic subunit of NADPH oxidase, was up-regulated
in the PVN of MI + VEH as compared to MI + ETN mice. These levels were also higher in
WT + MI mice compared to the KO + MI mice (Table 2). Nox4 was unchanged. These
findings are consistent with the  production observed in the PVN by ESR (Fig. 3).
Though  was increased in the VLM, Nox2 expression was not, indicating a possible
alternate mechanism and source. However, TNF ablation reduced  production, indicating
a role for TNF in ROS activation.

Neuronal NOS (nNOS) expression significantly decreased in the hypothalamus and
brainstem, while that of inducible NOS (iNOS) was increased in the hypothalami of MI +
VEH and WT + MI mice versus Sham mice. ETN-treatment and TNF gene deletion
prevented these changes (Table 2).

Immunofluorescence studies demonstrated a significant decrease in the number of nNOS-
positive neurons in the VLM of WT + MI mice versus the Sham groups. Neurons were
identified by co-staining with the neuronal marker NeuN. The number of nNOS-positive
neurons in the VLM of KO + MI mice was unchanged from that of TNF + Sham mice (Fig.
4). We observed a similar pattern of nNOS expression in the PVN (Data not shown).

TNF plays a role in the interaction between  and NO in CHF
We confirmed the formation of OONO· in the PVN and VLM by ESR (Fig. 3). CHF
resulted in increased OONO· levels in these brain regions in MI + VEH mice versus MI +
ETN mice. In addition, higher OONO· production was observed in WT + MI as compared to
KO + MI mice. Although  and OONO· are produced in other brain regions, only the PVN
and VLM showed significant differences in CHF and Sham mice. Therefore, quantitative
analyses presented are focused only on these regions.

To further assess the interaction between  and NO in the PVN and VLM regions, we used
immunofluorescence co-staining of nNOS and 3-NT, a product of OONO·. The percent of
nNOS-positive cells that stained for 3-NT were comparatively higher in the PVN 4-week
post-MI in both WT and KO mice versus their respective Sham groups. However, the
number of 3-NT-positive neurons was significantly higher in WT + MI as compared to KO
+ MI mice (Fig. 5). Similar effects with regard to nNOS and 3-NT expression were seen in
the VLM region of WT and KO mice with/without CHF (data not shown). These results
show the involvement of TNF in adversely altering NO and  production, while also
increasing their interaction and the deleterious production of OONO· in CHF.

TNF alters angiotensin receptor expression in the hypothalamus and brainstem in CHF
We observed an increase in AT1R expression in the hypothalamus and brainstem of MI +
VEH versus MI + ETN mice (Table 2). Similar increases in the AT1R expression in these
regions was observed in WT + MI over KO + MI mice (Table 2). Conversely, CHF was
associated with a decrease in AT2R expression in these brain regions in WT as compared to
KO and ETN-treated mice (Table 2). No difference was observed in the expression of these
receptors in Sham mice, signifying the cross-talk existent between TNF and RAS
components in the progression of CHF.
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Central TNF mediates neuronal activation and sympathoexcitation in CHF
Chronic neuronal activation in the PVN and VLM was studied using an antibody that detects
all members of the Fos family; c-Fos, FosB, Fra1 and Fra2. CHF induced a markedly greater
number of Fos-positive neurons in WT as compared to the KO and ETN-treated mice (Fig.
6a). It should be noted that in Sham mice, the number of Fos-positive neurons were
unchanged (Fig. 6b).

Plasma NE levels, an indirect indicator for sympathoexcitation, were elevated in MI + VEH
andWT + MI mice (Fig. 6c). This increase, however, was attenuated in MI + ETN, Sham
and KO + MI mice, suggesting the role of TNF in neuronal activation and
sympathoexcitation in CHF.

Discussion
The present study highlights several important findings: (1) increased sodium and fluid
retention observed in CHF are partly dependent upon elevated PICs; (2) central TNF
blockade reduces NADPH oxidase subunit and PIC expression and ROS production, and
decreases sympathoexcitation in the cardiovascular regulatory regions of the brain; (3)
central TNF blockade and/or TNF gene deletion prevents the CHF-induced reduction nNOS
in the PVN and VLM; and (4) blocking TNF reduces OONO· formation and reduces
neuronal excitation in CHF. These findings support our hypothesis that the resultant
sympathetic hyperactivity in CHF is due, in part, to TNF-induced oxidative stress and
AT1Rs in the sympathoexcitatory neurons of the PVN and VLM.

Our previous studies demonstrated that systemic administration of anti-cytokine agents can
lower brain PIC synthesis, NADPH oxidase subunit expression and superoxide production
in CHF [16]. This is further supported by findings from the current study using KO mice and
mice with TNF centrally inhibited. Additionally, the present study demonstrates that central
cytokine inhibition reduces ROS production in the PVN and VLM regions, resulting in
reduced neurohumoral excitation. This strongly indicates that central TNF levels are
intrinsically involved in the NADPH oxidase activation, ROS production and
sympathoexcitation seen in CHF. Increased  production in the RVLM, induced by
subchronic ICV AngII infusion, is associated with elevated basal SNA and impaired arterial
baroreflex function [14]. Moreover, bilateral microinjections of the ROS scavengers tempol
or tiron into the RVLM attenuated the pressor, sympathetic, and tachycardic responses to
central AngII microinjection [32]. Interestingly, the  source in both cases appears to be
NADPH oxidase. In this study, the elevated expression levels of the catalytic subunits of
NADPH oxidase, Nox2 and Nox4, in CHF, were significantly attenuated in the
hypothalamus of mice treated ICV with ETN as well as in conventional TNF KO mice. The
attenuated  levels in the PVN and VLM with ETN treatment clearly delineate a role for
TNF in CHF-induced ROS production.

The abnormal drinking behavior and salt intake in response to AngII infusion was shown to
be mediated via NADPH oxidase-induced  production [52, 53]. Indeed, most of the
effects of the RAS, including fluid balance and endocrine secretion, are mediated by AT1Rs
[43]. Our metabolic studies also show that in WT + MI mice, there is a significant negative
correlation (r = −0.82) between sodium intake and UNa, indicating a more profound increase
in sodium and water retention versus Sham mice. Conversely, we found a significant
positive correlation between sodium intake and UNa (r = 0.66) in KO + MI mice, indicating
the role of TNF in fluid and sodium retention in CHF. These changes were associated with
an increased AT1R and a decreased AT2R expression within the hypothalamus and
brainstem, as previously described [12]. Moreover, increased fluid retention and pulmonary
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congestion in WT + MI versus KO + MI mice indicate that TNF-induced elevation in 
and AT1Rs in the PVN and VLM might be contributing to the unusual drinking behavior
and sodium and fluid retention in CHF.

High levels of AngII in the CNS can enhance sympathoexcitation through AT1R activation
[28, 36, 45] and downregulation of nNOS, the primary source of NO in CNS neurons [3].
NO, a well known sympatho-inhibitory neurotransmitter in the CNS, following ICV
inhibition, results in elevated arterial pressure and sympathetic outflow [35, 49]. Conversely,
blockade of AT1Rs with a concomitant infusion of a NO donor in CHF lowers the basal
SNA, suggesting an important correlation between AngII and NO [30, 55]. Besides AngII,
elevated TNF levels in the PVN can also evoke sympathoexcitation [16]. TNF blockade in
this study attenuated NE levels and AT1R expression in the hypothalamus and brainstem,
suggesting a major intermediary role for TNF in neurohumoral excitation. Furthermore,
increased nNOS in the PVN and VLM by TNF blockade indicates a role for TNF in altering
NO-induced sympatho-inhibitory effects.

Administration of AngII ICV decreases nNOS, with a concurrent increase in ROS, in the
PVN, ultimately leading to increased sympathoexcitation [4]. Our previous study using
pentoxifylline, a cytokine inhibitor, in CHF rats, increased the attenuated nNOS in the PVN
[17]. In the current study, ICV inhibition of TNF antagonized the NO-depleting effects and
sympathoexcitation seen in CHF. Moreover, following MI, elevation of TNF has been
observed even before that of many neurohormones, including AngII [41]. Therefore, it is
possible that the increased TNF observed following MI can trigger the production of other
peptides and mediators that lead to neurohumoral excitation.

CHF induced an increase in iNOS expression in the PVN and RVLM with a concurrent
increase in , resulting in additional formation of OONO· in these regions of WT + MI
mice, thereby negating NO’s sympatho-inhibitory effects. Zanzinger et al. [48] previously
reported that  and NO interact in the RVLM, resulting in the formation of OONO· that
caused neuronal damage. They later demonstrated that microinjection of OONO· into the
RVLM caused dose-dependent transient excitatory responses [47]. The present study’s
results indicate that in CHF, TNF contributes significantly to the interaction of  and NO
in the PVN and RVLM. It is also possible that the  and NO produced from eNOS and
iNOS in other cells, as well as from other regions of the brain, diffuse into the neurons of the
PVN and VLM and contribute towards increased neuronal formation of OONO·. Also,
elevated iNOS, when uncoupled, can produce more  and augment NO depletion. The
reduced nNOS and increased ROS produced in the PVN and RVLM decreases the
bioavailability of NO [48], thereby contributing to sympathoexcitation.

ROS act as key modulators of increased neuronal activity in the PVN and supraoptic nucleus
(SON) of CHF animals [29, 46]. The expression of FosB, Fra1, and Fra2 remains elevated
under conditions of chronic neuronal stimulation, such as CHF [44]. Here, CHF-induced Fos
expression in the PVN and RVLM was attenuated by TNF blockade, suggesting a role for
TNF in neuronal excitation in CHF. These results were comparable to previous studies
where increased Fos-positive neurons were detected in the PVN and SON at both 2- and 4-
week post-MI [29]. Additionally, elevated AngII levels in CHF can induce Fos activation in
the PVN and SON, which can be inhibited by a ROS scavenger, indicating the importance of
AngII-induced ROS in sympathoexcitation [29]. Also, the c-Jun/JNK/c-Fos pathway is
involved in the up-regulation of AT1R expression by specific transcription factors [6]. All
these changes, indeed, were associated with improved cardiac function. Taken together,
results from the present study raise the intriguing possibility that TNF induces Fos
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expression via modulation of ROS in the PVN and RVLM through an AT1R mediated
mechanism.

In conclusion, this study suggests a biologically important cross-talk between the RAS and
PICs in the PVN and VLM in CHF. Functionally, this cross-talk leads to uncontrolled
production of ROS, which can in turn act as second messengers for further amplification of
TNF and/or AngII activation, resulting in increased neuronal firing in the PVN and RVLM,
contributing to sodium/fluid imbalances, and exacerbating sympathoexcitation and disease
progression in the failing heart (Fig. 7). Future studies will explore the molecular
mechanisms by which central TNF signals the downstream sympathoexcitatory circuits.

Perspectives
Increased sympathetic outflow is a major prognostic determinant in CHF patients.
Interventions aimed at reducing sympathetic drive are, therefore, of major clinical interest.
Presently, we show that in ETN-treated and TNF KO mice, CHF-induced ROS production is
attenuated and NO levels are restored in the PVN and VLM, thereby reducing
sympathoexcitation. Although previous clinical reports indicated that the results of anti-
cytokine therapies in CHF patients were uncertain, confounding factors may have affected
the outcome, including additional patient drug therapies received during the experimental
trials and the use of non-tissue target specific whole body drug administration techniques
[10, 24, 31, 41]. Furthermore, our results suggest that in addition to its direct toxic effects
exerted on the heart and circulation [5, 8, 25, 40, 50, 54], TNF also contributes significantly
to a central oxidative imbalance, resulting in uncontrolled sympathoexcitation and causing
the progression of CHF. In the future, it will be of interest to determine whether inclusion of
an anti-cytokine agent that crosses the BBB in the treatment regimen of CHF patients may
change clinical outcomes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Kaplan–Meier survival curves of WT and KO mice at the end of the study. a Survival rate
was improved in CHF in ETN-treated versus VEH-treated mice. b The WT + MI mice
exhibited a significant (** p < 0.01) decrease in survival compared with sham-operated WT
and KO mice 4 weeks post-MI. KO mice demonstrated significantly (# p < 0.05) greater
survival when compared with WT 4 weeks post-MI
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Fig. 2.
Daily water intake (a), sodium intake (b), urine output (c), and sodium excretion (UNa; D) of
WT and KO mice during the first 3 weeks post-MI or sham surgery. Data are presented as
mean ± SEM
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Fig. 3.
a Superoxide anion and b peroxynitrite production in the PVN of mice 4 weeks post-MI. c
Superoxide anion and d peroxynitrite production in the VLM of mice 4 weeks post-MI. (* p
< 0.05, ** p < 0.01, *** p < 0.001)

Guggilam et al. Page 15

Basic Res Cardiol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
a Double-immunofluorescence histochemistry for NeuN, a marker for neuronal nuclei (left
panel), nNOS (center panel), and their overlay (right panel) in the VLM. NeuN and nNOS
were labeled with AlexaFluor 594 and AlexaFluor 488, respectively. Scale bar 50 µm. b
Total number of nNOS+ cells are lower in WT + MI group (*** p < 0.001) when compared
with WT + Sham. There is no difference in the nNOS+ neurons in KO mice 4 weeks post-
MI
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Fig. 5.
a Double-immunofluorescence histochemistry for 3-NT (left panel), nNOS (center panel),
and their overlapping (right panel) in the PVN. 3-NT and nNOS were labeled with
AlexaFluor 594 and AlexaFluor 488, respectively. Scale bar 50 µm. b Total number of 3-
NT+ cells are higher in WT + MI group (*** p < 0. 001) when compared with WT + Sham.
There is no difference in the 3-NT positive neurons in KO 4 weeks post-MI when compared
with sham mice
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Fig. 6.
a Double-immunofluorescence histochemistry for NeuN (left panel), Fos (center panel), and
their overlapping (right panel) in the PVN. NeuN and Fos were labeled with AlexaFluor 594
and AlexaFluor 488, respectively. Scale bar 50 µm. b Total number of Fos+ cells are higher
in WT + MI group (*** p < 0.001) when compared with WT + Sham. There is no difference
in the Fos+ neurons in KO mice 4 weeks post-MI compared to sham mice. c Plasma NE
levels were significantly higher in WT versus KO mice 4 weeks post-MI
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Fig. 7.
An illustration summary of our results. PICs released from the site of ischemic injury in the
heart enter the CVOs through the circulation, and are subsequently carried/signal to the PVN
and VLM, causing release of additional PICs and neurohormones. These molecules further
lead to an imbalance of superoxide and NO and activate the c-Jun/JNK/c-Fos pathway and
alter gene expression, ultimately resulting in enhanced sympathoexcitation and adverse
cardiac remodeling
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