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Abstract

Objective—To investigate evidence for the interplay between cytokines, angiotensin II and

nNOS in the paraventricular nucleus (PVN), for regulating sympathetic outflow in a rat model of

CHF.

Methods and results—Heart failure was induced in Sprague-Dawley rats by coronary artery

ligation. One group of rats was treated with pentoxifylline (PTX, 30 mg/kg IP), a cytokine

blocker, or vehicle, for 5 weeks. Another group of rats was pre-treated with PTX before coronary

ligation to study prior cytokine blocking effect on survival. Both groups were combined in the

analysis. Echocardiography demonstrated an increase in LV end-diastolic pressure and Tei index

after 5-weeks in CHF rats. ELISA revealed a significant increase in plasma TNF-α and IL-1β in

CHF rats. Inducible NOS (iNOS) and angiotensin receptor-type 1 (AT-1R) mRNA expressions

were increased, while neural NOS (nNOS) was decreased in the PVN of CHF rats; these changes

were reversed by PTX. PTX treatment also decreased plasma norepinephrine and epinephrine

levels and improved baroreflex control of renal sympathoexcitation in CHF rats.

Immunohistochemistry revealed elevated 3-nitrotyrosine formation in the heart and the PVN of

CHF rats, but not in PTX treated rats.

Conclusion—PTX decreased both peripheral and central cytokine expression, alleviated nitric

oxide dysregulation, and inhibited the formation of peroxynitrite in the PVN resulting in decreased

sympathoexcitation in CHF rats.
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1. Introduction

Sympathetic hyperactivity is a striking feature of the syndrome of congestive heart failure

(CHF). Initially after myocardial injury, there is increased sympathetic activity even before

the onset of overt heart failure [1]. When this sympathetic hyperactivity fails to restore the

functioning of the injured myocardium, it results in generalized sympathoexcitation leading

to increased vasoconstriction and ventricular remodelling.

Regulation of sympathetic activity is a complex process that involves the activation of

several neurohormones, including those of the renin angiotensin system (RAS). Blockade of

the AT-1R in the paraventricular nucleus (PVN) restores sympathetic activity in CHF [2]. In

a previous study we showed that elevated TNF-α and IL-1β in the PVN of rats with acute

myocardial infarction (MI) is mediated through cardiac sympathetic afferents [3].

Furthermore, we demonstrated that elevated cytokines in the PVN induce production of

reactive oxygen species (ROS) [4]. ROS, produced in the neurons of the brain, in turn, are

cytotoxic, further perpetuating sympathoexcitatory effects [5]. Studies from this and other

labs have shown that pentoxifylline (PTX), a cytokine synthesis blocker, reduced the central

and peripheral production of cytokines and attenuated the production of ROS, renal

sympathetic nerve activity (RSNA), as well as plasma norepinephrine levels, an indirect

measure of sympathetic activity in CHF rats [3,4,6]. Additionally, several studies report a

cross-talk between pro-inflammatory cytokines and the RAS in both humans and animals.

These studies show that treatment with angiotensin II (AngII) resulted in elevation of TNF-α
in isolated heart preparations [7], while pre-treatment with losartan, an AT-1R blocker,

attenuated the TNF-α biosynthesis induced by AngII [8], suggesting that AT-1R expression

is closely related to that of TNF-α in the heart [8,9]. These studies explain an apparent

interaction between cytokines and AngII in the periphery. However, the cytokine-AngII

interaction in the PVN of CHF animals is currently unexplored.

Studies by Patel et al. showed that rats with CHF had a decreased message for neuronal

nitric oxide synthase (nNOS), and consequently, decreased nitric oxide (NO) in the PVN

[10,11], indicating loss of regulation of sympathetic tone. Furthermore, AngII-induced

sympathetic hyperactivity disrupts the antagonistic mechanism of NO, while increasing

superoxide production. This emphasizes the cross-talk between ROS and RAS mechanisms

[12]. However, it is unknown whether increased cytokines interact with AT-1Rs within the

PVN to modulate nNOS and contribute to sympathetic hyperactivity in CHF rats.

In the current study, we examined the hypothesis that increased cytokines in the PVN up-

regulate AT-1R expression and deplete nNOS, contributing to exaggerated sympathetic

activity in CHF rats. We used PTX to block cytokine synthesis in CHF rats, as this

phosphodiesterase inhibitor has been documented to cross the blood-brain barrier (BBB)

rapidly and efficiently after systemic administration [13], and inhibit production of TNF-α
and IL-1β [14].

2. Methods

Studies were performed in male Sprague-Dawley rats weighing 250–300 g. To study the

effect of PTX on survival of CHF rats, the study was conducted in two phases. In phase I,

rats were pre-treated with PTX (30 mg/kg IP), or its vehicle (10% ethanol, IP), 24 h prior to

induction of CHF or Sham surgery, to study the effects on survival of pre-treatment with a

cytokine synthesis blocker. In Phase II, rats were subjected to CHF or Sham surgery and

subsequently treated with PTX (30 mg/kg IP, daily) or vehicle for a period of 5-weeks. No

significant difference was observed in the molecular and biochemical parameters analyzed
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between PTX pre-treated and post-treated CHF groups. Therefore, the results from both of

these groups were combined and presented as CHF+PTX.

All procedures on animals in this study were approved by the Louisiana State University

Institutional Animal Care and Use Committee, and were in compliance with the Guide for

the Care and Use of Laboratory Animals published by the US National Institutes of Health

(NIH Publication No. 85-23, revised 1996).

2.1. CHF model

Heart failure was induced under ketamine+xylazine (90 and 10 mg/kg IP) anaesthesia by

coronary artery ligation. In brief, the trachea was intubated, and the rat was placed on an

Anesthesia Work Station (Hallowell EMC). A left thoracotomy was performed, the heart

was exteriorized and the left anterior descending coronary artery was ligated. Sham-operated

rats underwent thoracotomy and manipulation of the heart, except for the ligation of the

coronary artery. All rats received analgesics (Buprex, 1 ml/kg SC) following the surgery.

2.2. Assessment of LV function

Echocardiography—Echocardiography was performed 24h after coronary artery ligation

or Sham surgery under ketamine (25 mg/kg IP) sedation. Infarct size was estimated by

planimetric measurement of the percentage of the LV that demonstrated systolic akinesis.

Rats with infarct size ≥50% were selected and thereafter treated with PTX or vehicle for 5-

weeks. At the end of the 5-week study, a second echocardiographic assessment was

performed. Percent ischaemic zone (%IZ), LV ejection fraction (EF), LV end-diastolic

volume (LVEDV), and LV end-diastolic volume-to-mass ratio, all indexes of severity of

CHF, were determined from short- and long-axis images of the left ventricle (LV). LV mass

and volume were calculated using the area length method. After completion of two-

dimensional imaging, pulse-wave Doppler interrogation of mitral inflow was performed to

determine heart rate (HR). Cardiac output (CO) was calculated as the product of HR and

stroke volume (SV). From mitral inflow, isovolumetric relaxation time and isovolumetric

contraction time were measured. The Tei index was calculated as described previously [4].

Morphological parameters—At the end of the study, the rats were sacrificed under deep

anaesthesia using a carbon dioxide chamber. Lung and left and right ventricular masses were

recorded, and the respective indices were obtained by dividing with body mass.

2.3. Survival

To calculate the survival in pre- and post-PTX treated groups, rats were monitored for

mortality following induction of MI.

2.4. Measurement of circulating TNF-α
Circulating levels of TNF-α were quantified in the plasma samples using a commercially

available rat TNF-α ELISA kit (Biosource, Camarillo, CA) as described previously [15,16].

2.5. Estimation of circulating catecholamine levels

Plasma norepinephrine (NE) and epinephrine (EPI) were measured in plasma samples using

an Eicom HTEC-500 system fitted with an HPLC-ECD using HPLC-EC as described

previously [4].

2.6. Measurement of renal sympathetic nerve activity (RSNA)

RSNA was measured in Sham and CHF rats anesthetized with pentobarbital, as described

previously [4]. Following equilibration, the maximum change (increase) in RSNA in
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response to an intravenous bolus injection of sodium nitroprusside (SNP; 100 µg/kg) was

measured in each animal. The raw nerve activity, integrated nerve activity, mean arterial

pressure (MAP), and HR were recorded on a Biopac Acknowledge system. At the end of the

experiment, the background noise, defined as the signal recorded post-mortem, was

measured and subtracted from the actual RSNA recorded, and subsequently expressed as

percent change in RSNA from baseline (in response to SNP).

2.7. Extraction of PVN by Laser Capture Microscopy (LCM)

PVN was captured from frozen brain sections by LCM, as described previously [4]. All the

parameters were set constant to attain a relatively equal amount of input RNA for

comparative real-time RT-PCR analyses and protein for western blotting.

2.8. RNA isolation and real-time RT PCR

Total RNA was extracted from the tissues as described previously [4]. Real-time RT–PCR

(qRT–PCR) was performed in 384-well PCR plates, using Bio-Rad PCR Master Mix (The

iTaq SYBR™ Green Supermix with ROX) to study the expression levels of TNF-α (X

66539), IL-1β (NM 031512), iNOS (NM 012611), nNOS (NM 052799), AT-1R (NM

031009), and 18S (NR 003278) as the housekeeping gene using the ABI Prism 7900

sequence detection system (Applied Biosystems).

2.9. NADPH diaphorase staining for nNOS

At the end of week 5, the rats for NADPH diaphorase staining were anaesthetized and

perfused transcardially with heparinized saline, followed by 4% paraformaldehyde in 0.1 M

sodium phosphate buffer (PBS, pH 7.4). The brains were removed and post-fixed at 4°C for

4 h in 4% paraformaldehyde solution and then placed in 20% sucrose at 4°C for 24h. Brains

were blocked in the coronal plane, and 30-µm-thick sections were cut with a cryostat. The

sections were collected in 0.1 M PBS, containing 0.3% Triton X-100, 0.1 mg/ml nitroblue

tetrazolium and 1.0 mg/ml β-NADPH, and were then placed in an incubator at 37°C for 1 hr.

After incubation, the sections were rinsed in PBS (pH 7.4) and mounted on glass slides.

NADPH-diaphorase positive neurons in the PVN of three adjacent sections at the same

coronal level were counted as described by Zheng et al [17].

2.10. Immunohistochemistry

Immunohistochemistry was performed in formalin fixed sections of the brain as described

previously [4]. The primary antibodies against nNOS and 3-nitrotyrosine (3-NT) (Santa

Cruz, CA) (1:100) were incubated overnight at 4°C. The sections were then washed twice in

PBS, and incubated with a peroxidase conjugated 2° IgG antibody for 30 minutes. Bound

antibodies were detected with a streptavidin-peroxidase complex using 3, 3'-

diaminobenzidine tetrahydrochloride in PBS containing 0.003% hydrogen peroxide.

2.11. Western blot analysis

Frozen LV, PVN and hypothalamus proteins were prepared and fractionated in 7.5–10%

polyacrylamide gel and transferred to an Immobilon membrane, as described previously [4].

Due to limitation in the quantity of PVN, we used the hypothalamus for protein analysis of

AT-1R. The membranes were blocked in 1% Casein in Tris-buffered solution containing

0.1% (v/v) Tween-20 for 1 h and then incubated overnight with antibodies (1:1000) against

TNF-α, AT-1R, or nNOS (Santa Cruz, CA), followed by a peroxidase-conjugated goat anti-

mouse IgG antibody (1:10,000). The signal was detected using an enhanced

chemiluminescence immunoblotting detection system and the net intensity was determined

and expressed in relative arbitrary units by normalizing the protein intensity to that of anti-

GAPDH antibody.
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2.12. Statistical analysis of data

All results are expressed as mean ± SEM. For statistical analysis of the data, student’s t test,

or one-way ANOVA followed by Bonferroni's post hoc test were used. Survival among

treated and untreated groups was analyzed using the Kaplan-Meier analysis of survival

followed by the Log-rank test (GraphPad Prism version 4.00 for Windows, GraphPad

Software, San Diego, CA, USA). Values of p<0.05 were considered significant.

3. Results

3.1. Effect of PTX treatment on the survival of CHF rats

As shown in table 1, pre-treatment with PTX significantly improved 24h survival after

induction of CHF as compared to the post-treatment group. None of the Sham animals died

during the entire study protocol.

3.2. Effect of blocking cytokines on sympathetic activity

Plasma norepinephrine (NE) and epinephrine (EPI) levels were significantly increased in the

CHF rats as compared to those of Sham (Fig. 1A). Following PTX treatment, these

catecholamine levels were decreased significantly. However, the NE and EPI levels in the

Sham rats treated with PTX were not different from those of Sham operated rats.

As shown in figures 1B and 1C, in Sham rats, IV SNP produced a marked decrease in MAP

and a concurrent increase in RSNA. The hypotensive and sympathoexcitatory responses to

IV SNP were further augmented in Sham rats treated with PTX. In CHF rats, IV SNP also

decreased MAP to a level similar to that observed in Sham rats; however, the magnitude

increase in RSNA evoked by SNP at this dose was significantly blunted. Of merit, IP PTX

treatment in CHF rats not only enhanced the hypotensive response to IV SNP, but also

augmented/restored the renal sympathoexcitatory response to this hypotensive stimulus.

3.3. Effect of PTX treatment on cardiac function and morphology in HF

Compared to the Sham rats, CHF rats demonstrated increased LVEDV, LVEDP, LV mass,

mass/volume ratio and Tei index, and a decreased SV, CO and EF. However, treatment with

PTX attenuated only Tei index. The carotid artery was catheterized to measure MAP and

pulse pressure (PP). There were no differences in the baseline HR, MAP and PP between

Sham and CHF groups (Table 1).

Compared with Sham rats, CHF rats had increased right ventricle mass index and lung mass

index, which were decreased with PTX treatment, indicating less pulmonary vascular

congestion and hypertrophy. No significant difference was observed in the left ventricular

mass index.

3.4. Effect of PTX treatment on cytokine expression levels

As shown in figure 2, plasma TNF-α and IL-1β levels at 5 weeks remained at, or around,

baseline levels during the entire study in the Sham groups. In contras, levels were

significantly elevated in the CHF group, levels were attenuated by PTX treatment.

At 5 weeks, the mRNA expression of TNF-α (Fig. 3A) and IL-1β (Fig. 3B) was significantly

increased both in the LV and PVN of CHF rats. PTX treatment significantly decreased these

increased levels. PTX treatment in the Sham group had no effect on the myocardial or PVN

cytokine mRNA expression. Figure 3C illustrates that the elevated TNF-α protein levels in

the LV and PVN, as analyzed by Western blot, were significantly attenuated by PTX

treatment.
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3.5. Effect of PTX treatment on AT-1R expression

The AT-1R expression was increased significantly in the LV and PVN of CHF rats

compared to that of Sham rats, while treatment with PTX restored these levels to normal

(Fig. 4A). Similarly, the elevated protein levels of AT-1R in the LV and the hypothalamus

were restored to normal in PTX treated CHF rats (Fig. 4B).

3.6. Effect of PTX treatment on NOS levels

The mRNA expression of iNOS was significantly increased, while that of nNOS was

significantly reduced in the PVN of CHF rats as compared to those of Sham rats. PTX

normalized the expression of iNOS and nNOS within the PVN of CHF rats. No significant

change in the nNOS expression was noticed in the PTX treated Sham rats (Fig. 5).

Figure 6A illustrates the PVN stained positive for NADPH-diaphorase activity. The number

of NOS-positive cells in the PVN of CHF rats was significantly less than that of the Sham

group. In CHF rats, treatment with PTX restored the number of nNOS-positive neurons in

the PVN to a level similar to that observed in the Sham group (Fig. 6B). Comparably, the

protein expression of nNOS, as determined by Western blot, showed a significant decrease

in CHF rats compared to both Sham rats and PTX treated CHF rats. PTX treated Sham rats

showed nNOS levels comparable to that of the vehicle treated Sham rats (Fig. 6C).

Immunohistochemical staining for nNOS protein showed that compared to Sham rats and

PTX treated CHF rats, a significant decrease in the number of neurons positively stained for

nNOS was observed in CHF rats (Fig. 6D).

3.7. Effect of blockade of cytokines on 3-nitrotyrosine (3-NT) staining

Diffuse positive immunostaining for 3-NT, an indicator of peroxynitrite, was observed in the

surviving cardiomyocytes of the peri-infarct region of the LV of CHF rats (Fig. 7A). The

PVN of CHF rats also demonstrated an increased staining for 3-NT (Fig. 7B and 7C).

Treatment with PTX significantly reversed these changes both in the LV and in the PVN of

CHF rats.

4. Discussion

The novel findings of the present study are 1) Pre-treatment with a cytokine blocker

improved survival and LV function in CHF rats; 2) CHF is associated with an increase in

TNF-α and IL-β, and a depletion of nNOS, within the PVN. Our molecular and biochemical

findings indicate that blockade of cytokine production by treatment with PTX restored the

nNOS levels in the PVN and reduced sympathoexcitation in CHF; 3) AT-1 receptor levels

were significantly elevated in the PVN of CHF rats, but not in those treated with PTX,

suggesting a cross-talk between cytokines and the RAS in the PVN of HF rats.

Taken together, these results suggest that cytokines contribute to deleterious cardiac effects

and decreases in NO bioavailability in the PVN, contributing to enhanced

sympathoexcitation and poor survival rate, which is likely mediated via the AT-1R,

ultimately suggesting a cross-talk between cytokines and RAS.

Increased sympathetic activity [18] and inflammatory cytokines [19] result in potentially

serious ventricular arrhythmias, the main cause of mortality in CHF. Our results demonstrate

that the increased LVEDP, lung weight and right ventricle mass in CHF were significantly

lowered after PTX, indicating a selective effect on LV diastolic function which is

comparable with decreased LVEDV. The increased Tei index in CHF was also significantly

decreased by PTX. These results indicate an improved LV diastolic and systolic function. In

addition, compared to the Sham group, CHF rats demonstrated a blunted sympathoexcitatory
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response to IV SNP. This finding is consistent with the notion that in CHF, there is an

impaired baroreflex control of RSNA [20,21]. Of interest, IP PTX treatment in CHF rats

enhanced not only the hypotensive response to IV SNP, but also the magnitude of renal

sympathoexcitation to this stimulus. These findings suggest that in CHF, PTX treatment

improved the baroreflex mechanisms that influence central sympathoexcitatory outflow to

the kidneys. Recent evidence also suggests that blocking the production of cytokines in CHF

rats, decreases sympathetic activity [4,22]. These adverse effects, including LV dysfunction

and remodelling resulting in the progression of HF, might be due to a sustained increase in

TNF-α [23,24]. Thus, treatment with PTX improved cytokine-induced diastolic and systolic

dysfunction and reduced sympathetic hyperactivity resulting in improved LV function.

Nevertheless, more complex mechanisms are associated with increased sympathetic activity

in CHF than TNF-α alone. Recent studies underscore the importance of the interaction

between cytokines and the RAS in cardiac remodelling and increased sympathetic activity in

the progression of CHF. AngII and TNF-α can potentiate the effects of each other, resulting

in a vicious cycle towards CHF[7–9]. The brain RAS also plays an important role in

sympathetic hyperactivity and cardiac remodelling in CHF [25]. In the present study,

treatment with PTX significantly decreased the elevated expression of AT-1R in the heart

and the PVN, improved LV function, and decreased plasma catecholamines alongside a

decrease in cytokine levels. These results further reinforce the cross-talk between cytokines

and AngII in the PVN in CHF.

Besides its interaction with cytokines, AngII also interacts with NO in the PVN of CHF

animals. A reduction in NO in CHF may mediate an amplification of the AngII signal to

further increase sympathetic activity [26]. Positive nNOS neurons of the PVN are important

in regulating central sympathetic outflow [27] and increased sympathetic activity in CHF is

attributed, at least in part, by decreased nNOS neurons in the PVN [28]. The blunted

baroreflex in CHF also causes central AngII to augment sympathetic activity in CHF [29].

Apart from the intrinsic AngII of the brain, circulating AngII molecules can cross the blood

brain barrier (BBB) at the circumventricular organs (CVOs), which express AT-1Rs and

project multiple neurons into the PVN [30]. Upon entry into the brain, these AngII

molecules can potentiate the AT-1R as well as TNF-α expression. In addition, MI-activated

cytokines within the myocardium that exceed the limit for utilization by the local cellular

receptors in autocrine/paracrine functions become blood-borne and enter the systemic

circulation. These cytokines enter the brain through a saturable transport mechanism or a

passive transport mechanism via the CVOs, further potentiating TNF-α and AngII, while

attenuating nNOS expression. Interestingly, results from the current study also demonstrate

that IP PTX treatment normalized the increased levels of AT-1R and decreased levels of

nNOS in the PVN of CHF rats, while improving the baroreflex control of RSNA to a

hypotensive stimulus. This clearly corroborates our hypothesis that a cross-talk exists

between cytokines, AngII and NO within the PVN, contributing to sympathoexcitation in

CHF rats.

We also recently reported that increased oxidative stress in the PVN by cytokines is one

possible reason for increased sympathetic activity in CHF rats [4]. ROS-induced

cytotoxicity in the RVLM was shown to result in sympathoexcitation [5]. AngII also exerts a

positive feed-forward mechanism in the production of AngII and superoxide, which are

further sympathoexcitatory [12]. The decreased nNOS expression, and the increased iNOS

expression and formation of peroxynitrite in the PVN, explain NO dysregulation in CHF

rats. In the present study, treatment of CHF rats with PTX decreased iNOS expression and

prevented the formation of peroxynitrite, thereby reducing the exaggerated sympathetic

activity in CHF.
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In addition to the blood-borne cytokines crossing the BBB, cardiac sympathetic afferents

also activate hypothalamic synthesis of cytokines in rats [3]. Similarly, the elevated AT-1R

expression in the heart and PVN suggests that both peripheral and central AngII could

possibly play a role in depleting nNOS positive neurons in the PVN, possibly via

sympathetic afferents. Restoration of nNOS levels by treatment with a cytokine blocker

indicates a cross-talk between cytokines, AngII and NO. This ultimately implies that

cytokines might decrease NO either directly, or indirectly, via a pathway involving the

AT-1R, the action of which results in sympathetic hyperactivity in CHF (Figure 8).

There are a few limitations to this study. In addition to blocking cytokines PTX has a

positive inotropic effect on the heart; it is not known at this point whether the effects exerted

by PTX are by virtue of its phosphodiesterase inhibitory activity. Nevertheless, we chose

this drug due to its effect as a general cytokine blocker. The concept we are introducing in

this study is that there is an interaction between cytokines, RAS and nitric oxide in the

sympathoexcitatory process observed in CHF. Clearly, further studies are required to

specifically delineate the mechanism by which the RAS and NO system interact within the

neurons of the PVN in the presence or absence of cytokines.
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Fig.1. Assessment of sympathetic activity

(A) Norepinephrine (NE) and epinephrine (EPI) levels in the plasma, samples were analysed

using HPLC-ECD. ***p<0.001 (n=5 per group). (B) Percent change in RSNA from baseline

in rats in response to SNP IV bolus. (C) Percent change in MAP from baseline in response

to IV SNP bolus. Note that although IV SNP produced a similar decrease in MAP between

vehicle-treated Sham and CHF rats (respective baseline values; 127.2 ±5.5 mmHg and 124.2

± 4.1 mmHg), the magnitude increase in RSNA to IV SNP was blunted in the CHF rats

when compared to Sham rats. As compared to respective vehicle treated groups, IV SNP

produced a greater decrease in MAP in PTX-Sham and PTX-CHF animals (respective

baseline values; 112.0 ± 6.7 mmHg and 127.0 ± 4.1 mmHg, respectively). In CHF rats, PTX
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treatment also augmented the baroreflex control of RSNA in response to IV SNP. *p<0.05;

**p<0.01 (n for Sham=9; Sham+PTX=5; CHF=6; CHF+PTX=11)
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Fig.2. Plasma TNF-α and IL-1β levels from Sham and CHF rats treated with vehicle or PTX
Data are mean ± SEM

***p<0.001. For each group n=6.
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Fig.3. Expression of cytokines in the LV and the PVN

(A) mRNA expression of TNF-α in the LV and the PVN as estimated by real-time RT-PCR.

Values are mean ± SEM. (n=6 per group) (B) mRNA expression of IL-1β in the LV and the

PVN. Values are mean ± SEM. (n=6 per group) (C) Western blot analysis of anti-TNF-α
antibody in the LV and PVN. Bar graphs are mean ± SEM values of band intensities

representing four independent experiments. **p<0.01; ***p<0.001
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Fig.4. AT-1R levels in the LV and the PVN

(A) AT-1R mRNA expression in the LV and the PVN. ***p<0.001. (n=6 per group) (B)

Western blot analysis of anti-AT-1R antibody in the LV and the hypothalamus. Bar graphs

are mean ± SEM values of band intensities representing four independent experiments.

*p<0.05 vs. Sham; #p<0.05 vs. CHF group
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Fig.5. mRNA expression of iNOS and nNOS in the PVN Values are means ± SEM. (n=6 per
group)

***p<0.001
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Fig.6. Protein expression of nNOS in the PVN

(A) nNOS activity detected by NADPH diaphorase staining in the PVN of Sham, PTX

treated and untreated CHF rats. (Magnification shown 200X). (B) Quantification of nNOS

positive neurons from the NADPH diaphorase staining. Data are mean ± SEM. (n=10 per

group). (C) Western blot analysis of anti-nNOS antibody in the PVN. Bar graphs are mean ±

SEM values of band intensities representing four independent experiments. **p<0.01;

***p<0.001 (D) Immunostaining of the PVN for anti-nNOS antibody (Magnification in the

upper panel=400X; lower panel=200X).
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Fig.7. Micrograph showing immunostaining for anti-3-nitrotyrosine in (A) the LV and (B, C) the
PVN

Note the evident increase in anti-3-NT signalling in the PVN of vehicle treated CHF rats

compared to those of Sham and PTX treated CHF rats.
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Fig 8. Mode of action of TNF-α in modulating ROS production in the PVN and contributing to
sympathoexcitation

The MI-activated cytokines in the myocardium that become blood-borne, as well as the

sympathetic afferent activation, potentiate the expression of TNF-α in the PVN that in turn

up-regulates AT-1R expression in the PVN. TNF-α and AngII feed forward each others’

effects in the PVN, and together contribute to increased superoxide and decreased

bioavailability of NO via peroxynitrite (ONOO·) formation, thus contributing to

sympathoexcitation and increased LV dysfunction.
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Table I

Echocardiographic and cardiac morphological parameters

Data are mean ± SEM. HR, heart rate; MAP, Mean arterial pressure; PP, Pulse pressure; LVEDV and LVEDP,

left ventricular end-diastolic volume and pressure, respectively; SV, Stroke volume; CO, cardiac output; EF%,

percent ejection fraction; IZ%, percent ischaemic zone; LVM and RVM, left and right ventricular mass,

respectively; LVMI and RVMI, left and right ventricular mass index, respectively; LM, lung mass; LMI, lung

mass index. Mass Index= mass of the organ/body weight.

Sham Sham+PTX CHF CHF+PTX

Survival

PTX pre-treatment

 n 7 7 14 15

 24h survival 7 (100%) 7 (100%) 10 (71.4%)* 14 (93.4%)*,#

 5-week survival 7 (100%) 7 (100%) 9 (64.8%)* 12 (80%)*,#

PTX post-treatment

 n 7 7 10 10

 24h survival 7 (100%) 7 (100%) 7 (70%) 7 (70%)

 5-week survival 7 (100%) 7 (100%) 7 (70%) 7 (70%)

Echocardiography

n 7 7 10 10

HR (bpm) 415.2 ± 17.19 410.0 ± 4.88 407.0 ± 14.09 410.7 ± 16.42

MAP (mmHg) 109±6 108±7 104±6 102±5

PP (mmHg) 39±4 37±3 26±4* 27±2*

LVEDP (mmHg) 4.19±0.08 4.52±0.35 24.38±1.23* 14.17±2.7*,#

LVEDV (µl) 548.4 ± 88.56 517.3 ± 56.87 759.1 ± 24.3* 738.7 ± 52.49*

Mass (mg) 763.4 ± 58.23 807.8 ± 33.77 939.3 ± 28.76* 872.0 ± 46.0

Vol/Mass (µl/mg) 0.62 ± 0.09 0.52 ± 0.07 0.82 ± 0.03* 0.86 ± 0.08*

SV (µl) 473.2 ± 77.15 320.6 ± 41.5 261.7 ± 15.59* 250.6 ± 31.2*

CO (ml/min) 192.6 ± 22.0 157.3 ± 16.9 106.5 ± 7.7* 114.6 ± 16.3*

EF (%) 0.84 ± 0.01 0.82 ± 0.01 0.35 ± 0.02* 0.36 ± 0.03*

IZ (%) 0 0 54.42 ± 1.25* 56.26 ± 0.89*

Tei index 0.39 ± 0.01 0.40 ± 0.01 0.65 ± 0.02* 0.49 ± 0.02*,#

Morphology

Bodyweight (g) 360±15 359±23 355±12 353±18

LVM (mg) 0.87±0.03 0.88±0.05 1.00±0.08 0.95±0.07

LVMI (mg/g) 2.42±0.09 2.45±0.21 2.81±0.17 2.73±0.19

RVM (mg) 0.23±0.02 0.24±0.03 0.46±0.04* 0.35±0.04*,#

RVMI (mg/g) 0.64±0.09 0.67±0.07 1.31±0.15* 0.99±0.11*,#

LM (g) 1.49±0.064 1.52±0.09 4.53±0.31* 3.17±0.19*,#

LMI (mg/g) 4.15±0.13 4.23±0.10 12.78±0.84* 8.99±0.39*,#

*
p<0.05 vs. Sham
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#
p<0.05 vs. CHF rats
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