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Impaired Baroreflex Function in an Ovine Model of Chronic Heart Failure Induced by Multiple Coronary Microembolizations
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Testing new therapies in heart failure (HF) requires a chronic stable model of HF in large animals. Microembolization of the coronary arteries has been used to model HF previously; however, neural control has not been previously explored in this model. Thus the aim of this study was to further characterize neural control in this model of HF. HF was induced by infusion of microspheres (45 micron; 1.3 ml) into the proximal left coronary artery or left descending coronary arteries, with three sequential embolizations over 3 weeks. Twelve to 14 weeks after the final embolization, and when ejection fraction had decreased below 45%, animals were instrumented to record blood pressure and heart rate. Baroreflex control of heart rate was investigated in conscious animals. Additionally, pressure-volume loops were constructed under anesthesia. Embolization-induced HF was associated with a decrease in mean arterial pressure (67 ± 2 vs. 85 ± 4 mmHg, p < 0.05), an increase in heart rate (108 ± 4 vs. 94 ± 4 bpm, p < 0.05), and a significant increase in left ventricular end-diastolic pressure (11.4 ± 2 vs. 6.2 ± 1 mmHg, p < 0.01). Under conscious conditions, there was a significant decrease in the gain (−8.2 ± 2 vs. −4.1 ± 1 beats/min/mmHg, p < 0.05) as well as the lower plateau of the baroreflex in HF compared to control animals. HF was also associated with significantly increased respiratory rate (107 ± 4 vs. 87 ± 4 breaths/min, p < 0.01) and incidence of apneas (520 ± 24 vs. 191 ± 8 apnea periods >4 s, p < 0.05), compared to control sheep. The microembolization model of heart failure is associated with an increase in left ventricular end-diastolic pressure, impaired cardiac function, and altered baroreflex control of the heart. These findings suggest this chronic model of HF is appropriate to use for investigating interventions aimed at improving neural control in HF.
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INTRODUCTION

Heart failure with reduced ejection fraction (HFrEF) is characterized by progressive dysfunction of left ventricular muscle, myocyte remodeling, and activation of autonomic and hormonal systems (Jackson et al., 2000; Kemp and Conte, 2012). Despite the advances in therapies and prevention, patients with HF have high rates of morbidity and mortality (Falk et al., 2005; Savarese and Lund, 2017). The balance between the sympathetic and parasympathetic systems, in relation to cardiovascular function, is altered in response to ventricular dysfunction (Amorim et al., 1981; Benedict et al., 1996; Floras, 2009). Specifically, it is recognized that there is abnormal hyperactivity of the sympathetic nervous system (Watson et al., 2007; Ramchandra et al., 2009b) and disinhibition of the parasympathetic nervous system that leads to worsening of the condition (Eckberg et al., 1971; Kinugawa and Dibner-Dunlap, 1995; Bibevski and Dunlap, 1999; Dunlap et al., 2003).

Numerous studies have been conducted on small animal models of HF and these have been instrumental in understanding the pathogenesis of HF. However, there are significant differences between small animal models of HF and human HF beyond scale. These include differences in baseline heart rate, oxygen consumption, and excitation-contraction coupling in cardiac tissue (Haghighi et al., 2003; Dixon and Spinale, 2009). Therefore, a clinically relevant large animal model of HF with similar anatomy and physiology of the heart is crucial. In this context, a number of different large animal models of HF have been studied.

The primary methods to induce HFrEF in large animals include high rate pacing, cardiotoxin infusion, and coronary ligation. The pacing-induced HF model has been used in sheep (Timek et al., 2003; Byrne et al., 2004), pigs (Tanaka et al., 1993; McMahon et al., 1996), and dogs (Prabhu and Freeman, 1995; O’Rourke et al., 1999). The technique of rapid supraphysiological pacing of either the atrium or the ventricle for approximately 4 weeks results in a reproducible model of HFrEF. This model shows similar hemodynamic and mechanical phenotypes as dilated cardiomyopathy seen in human patients with HF. However, one disadvantage of this model is the absence of tissue fibrosis if the pacing is not continued for a prolonged period of time. In addition, left ventricle dysfunction tends to reverse when pacing is terminated, especially if the pacing was performed for short durations (Spinale et al., 1991; McMahon et al., 1996).

Intracoronary or intravenous infusion of the cardiotoxin doxorubicin in dogs (Bristow et al., 1980; Toyoda et al., 1998) and sheep (Chekanov, 1999; Borenstein et al., 2006) leads to cardiac myocyte injury, cell loss, and HF. A major limitation of this method is the variable degree of LV dysfunction that can result, with no reliable dosing strategy to provide a stable model. A further drawback is the potential for systemic side effects and the management of these.

Finally, coronary ligation has been used to induce HF in large animals (Hood et al., 1967). Infarcts larger than 25% resulted in a significant increase in left ventricular end-diastolic pressure and a reduction in stroke volume index. However, mortality using this model can be more than 50%, often as a result of fatal arrhythmias, despite the use of anti-arrhythmic agents or due to severe symptomatic heart failure. Additionally, when the infarction is induced by external coronary ligation rather than percutaneously, post-operative adhesions and fibrosis may make further surgical dissection for subsequent experimental work more difficult with higher rates of complications (Oizumi et al., 1990; Yim et al., 1998; Getman et al., 2006). The combination of extent and impact of infarction with animal loss and surgical access limits the usefulness of this model in the research setting.

Recently, the microembolization model has been used in sheep to develop a chronic model of HF over a period of 3 months. The embolizations have been conducted using injection of either microspheres (Schmitto et al., 2009) or gelfoam (Devlin et al., 2000). The advantage of the microembolization model is that the changes are irreversible and the study with the infusion of microspheres has reported a high success rate of induction of HF; however, mortality rates were high in the gelfoam study. Until now, studies that have examined this model have focused on structural changes in the heart (Huang et al., 2004; Monreal et al., 2004) and putative alterations in neural control have not been examined. Thus, the aim of this study was to further characterize changes in heart function after repeated microembolizations in sheep and examine whether baroreflex control of heart rate is altered in the conscious state.



MATERIALS AND METHODS

Experiments were conducted on conscious, adult female Romney ewes weighing 50–80 kg, housed in individual crates, and acclimatized to laboratory conditions (18°C, 50% relative humidity, and 12-h light-dark cycle) and human contact before any experiments. All experiments and surgical procedures were approved by the Animal Ethics Committee of the University of Auckland. The sheep were fed 2 kg/day (Country harvest pellets) and had access to water ad libitum.


Embolization Surgical Procedure

Nine sheep (female, weight: 59 ± 3 kg) underwent three weekly sequential embolizations of either the proximal left coronary artery or left descending coronary arteries. Six control sheep (female, weight: 55 ± 5 kg) without microembolizations were also used in the study. Anesthesia was induced with 2% Diprivan (Propofol) (5 mg/kg IV, AstraZeneca, AUS) and maintained with a 2% isoflurane-air-O2 mixture. Sheep were given antibiotic injections (6 ml i.m.; Oxytetra, Phenix, NZ) at the start of the surgery. Additionally, to provide analgesia, sheep were given Ketofen 10% (1 ml i.m.; Merial, Boehringer Ingelheim, NZ) at the start of surgery.

The methods employed have been described before (Schmitto et al., 2009). Once anesthetized and intubated, the sheep were placed in a supine cradled position and four electrodes were inserted into the left and right sides of the sternum and in the hind-limbs near the knee joint, subcutaneously, to record ECG. Recordings were obtained from lead II prior to the infusion of the microspheres and for a further 5 min after infusion. The recordings were made on a dual bio amp electrocardiograph switch box with power lab and LabChart (AD Instruments, NZ). A change in the ST segment (elevation or depression) and T wave (inversion) on one or more limb leads was taken as indication of successful embolization. The left or right femoral artery was accessed percutaneously using an 8F (CORDIS®, USA) sheath. Using an 8F AL2 (CORDIS®, USA) guide catheter under fluoroscopic guidance, the left main coronary artery was then cannulated and the catheter was advanced either into the proximal left coronary artery or left descending coronary arteries. All sheep in the HF group underwent three sequential selective microembolizations to arterial supply of the left ventricle with polystyrene latex microspheres (45 μm; 1.4 ml, Polysciences, Warrington, PA, USA). The three embolizations were each performed 1 week apart, to ensure maximum left ventricle coverage. Prior to each embolization event, β-blocker (metoprolol up to 20 mg/kg, IV) and lignocaine (2 mg/kg, IV) were injected intravenously in order to prevent ventricular arrhythmias. Three sheep did not survive to the second embolization. These sheep showed signs of pulmonary edema but despite diuretics did not recover and were euthanized.



Echocardiography

Echocardiogram recordings were obtained and analyzed before embolizations and 3 months after the first embolization procedure. This was also done for the group of control sheep. The echocardiogram, using a Hewlett Packard Sonos 1,000, was performed while the sheep were conscious. In the long-axis M-wave echocardiography, diastole, systole, fractional shortening, and ejection fraction parameters were obtained and calculated for the left ventricle.



Instrumentation Sheep Surgery

After 3 months, once sheep were deemed to have sufficient left ventricle dysfunction (ejection fraction <45%), the animals were instrumented to measure mean arterial pressure (MAP), heart rate (HR), and diaphragmatic electromyography (dEMG) as an index of respiration. The instrumentation procedure was also conducted in a group of control sheep. The procedure for electrodes placement for dEMG has been described previously (Sieck and Fournier, 1990). Two strips of seven-stranded Cooner Wires (AS 633-7SSF, Cooner Wire, CA, USA) were implanted into the diaphragm and secured with silicone gel. To get an index of blood pressure and venous infusion, an incision was made in the neck and a single-tip pressure probe (Millar Inc., Texas, USA) was inserted into the carotid artery. A cannula was inserted into the jugular vein to have an entry point for venous infusion. dEMG measurement was recorded from the pair of electrodes inserted into the diaphragm, with the signal amplified (X10, 000), and filtered (band pass 0.3–3.0 kHz). All the parameters were recorded on a desktop computer with a CED micro 1,401 interface and a data acquisition program (Spike 2).



Hemodynamics Measurements and Analysis

All recordings were done at least 3 days after instrumentation surgery. Blood pressure was obtained from a pressure probe unit (Millar Inc., USA). Heart rate (HR) was calculated from blood pressure channel. In conscious, standing sheep, HR and MAP were obtained from a 2-h recording and averages were obtained for each animal. To determine the adrenergic effects on hemodynamic parameters and heart rate, β-adrenergic receptor blockade (propranolol, LKT chemicals, USA) was infused (30 mg bolus followed by 0.5 mg/kg/h infusion for 90 min).



Arterial Baroreflex Control of Heart Rate

In two groups of six conscious sheep, after a 5-min baseline recording of mean arterial pressure and heart rate, baroreflex curves were generated by measuring the responses of heart rate to increasing doses of phenylephrine hydrochloride (25, 50, 100, 200, and 400 mg/min) and sodium nitroprusside (25, 50, 100, 200, and 400 mg/min). For analysis, the baseline blood pressures were sorted from the lowest to the highest pressures and put into bins of 3 mmHg change each. The mean systolic blood pressure of each bin was plotted against the mean HR.



Plasma Brain Natriuretic Peptide, Epinephrine, and Norepinephrine Measurement

Venous blood samples (10 ml) were collected into an EDTA (BD Vacutainer, NJ, USA) tube. Plasma was rapidly separated with a centrifuge at 4°C at 3,000 rpm, within 5 min of blood collection, and snap-frozen at −80°C. The assays for brain natriuretic peptide (BNP) (Pemberton et al., 1997; Lewis et al., 2017), epinephrine, and norepinephrine (Justice et al., 2015) have previously been described. All samples from individual animals were measured in the same assay (BNP or epinephrine or norepinephrine) to avoid inter-assay variability.



Diaphragm Electromyogram Analysis

To assess diaphragmatic EMG parameters, resting breathing rate and apnea periods were measured in control and HF animals. Breathing rate average was obtained from dEMG activity in a 12-h baseline period in each animal. Apnea was defined as cessation of diaphragmatic activity. To be considered significant, apnea events had to persist for a minimum of 4 s. To quantify apnea incidence, we calculated an apnea index to indicate the number of apnea periods (>4 s) occurring in a 12-h period.



Pressure-Volume Loops

The acute pressure-volume loop experiments were conducted at the end of the protocol under anesthesia. To determine the left ventricle pressure-volume relationship, a conductance catheter was placed into the left ventricle through the left carotid artery. This method has been described previously in detail by Baan et al. (1984). Briefly, a 5 s (number 5, straight) seven-electrode conductance catheter that has a micromanometer tip was inserted into the left ventricle via a guide cannula, along the longitudinal axis. The catheter was connected to a Millar (Millar Inc., Texas, USA) and AD Instruments pressure-volume processing unit and signals were acquired using LabChart, a data acquisition and data analysis software. Volume correction was done through an estimation, using a hypertonic saline solution (20% salt, 10 ml per infusion) infusion. A cardiac output transonic flow probe was also inserted around the aorta. Briefly, a thoracotomy was performed and fourth rib removed to access the heart. A flow probe was implanted on the aorta (28PS, Transonic Systems, USA) and connected to LabChart to measure cardiac output while performing pressure-volume loops.

Pressure-volume loops were analyzed offline using LabChart (AD Instruments). After volume correction, 10 cardiac cycles at baseline were analyzed. Also, cardiac output recordings from the animal were used for alpha calibrations. Stroke volume, ejection fraction, left ventricular end-diastolic and end-systolic pressure and volume, maximum rate of pressure generation (dP/dt max), peak rate of pressure decline (dP/dt min), and maximum conduction velocity (dV/dt max) were measured.

At the end of these experiments, the sheep were euthanized with an overdose of sodium pentobarbitone (0.5 ml/kg, intravenously) (Provet NZ Pty Ltd., New Zealand). Once respiration and cardiac function had ceased, cardiac tissue was collected for histological analysis.



Measurement of Cardiac Collagen

At the end of the terminal experiment, the hearts were collected and a portion of the left ventricle wall (specifically left ventricle free wall) was fixed in neutral buffered formalin (Shandon Glyo-Fixx, Thermo Scientific). Tissue blocks were then transferred to 30% sucrose solution. Heart blocks were then cut at 40-μm sections using a cryostat. To measure collagen deposition in the left ventricle wall of the sheep hearts, 12 sections (six control and six HF sheep hearts) were stained with Masson’s Trichrome stain (MTS) solution (Biebrich Scarlet-Acid Fuchsin, PTA/PMA and Aniline Blue). Cardiac muscle fibers stain red and collagen stains blue. Sections were subjected to two washes and then three changes of 100% ethanol and finally one wash of xylene solution before cover slipping.



Statistical Analysis

All data are expressed as mean ± SEM, except where indicated. The effects of the microembolizations on the baseline levels of MAP, HR, ejection fraction, fractional shortening, respiratory rate, apnea incidence, heart and body weight, collagen fibers deposition, pressure-volume relationship parameters, and the arterial baroreceptor relationships of HR and sysBP were determined using unpaired Student’s t-tests (two groups – control vs. heart failure). The effects of the individual microembolization procedures on the baseline levels of ECG (before and after each microembolization) and ejection fraction and fractional shortening (before and 12–14 weeks after microembolizations) were determined using paired Student’s t-tests (within-animal). A one-way ANOVA test was used for changes in resting heart rate plotted in 3 mmHg change bins. Data were analyzed using the statistical package SigmaStat (Version 2, Access Softek Inc., 1995). Data were considered significant if p < 0.05.




RESULTS


Acute Changes After Embolization

Embolization of the coronary artery at the first time point resulted in a significant change in the lower S-T segment height and also the T-wave amplitude (p < 0.05; Figure 1). There were, however, no further decreases in this parameter after embolization procedures 2 and 3. The baseline height of the S-T segment was significantly lower after the second and third embolization procedure compared to the first (p < 0.05). These differences in embolization procedures 2 and 3 compared to embolization 1 were also observed in the T-wave amplitude.

[image: Figure 1]

FIGURE 1. Representative electrocardiogram traces in sheep before and after microembolizations and mean data on S-T and T-wave segments. (A) Lead II trace highlighting the changes over time in the ECG, with (B) highlighting magnified lead II activity before microembolization and (C) after microembolization. Arrows highlight the T-wave of the ECG, showing a depression after microembolization. (D) Mean data on the height of the S-T segment and (E) T-wave amplitude before and after the individual microembolization procedures. Pre- indicates before microembolization and post- after microembolization. Microembolization 1 (E1) represented by square, microembolization 2 (E2) by circle, and microembolization 3 (E3) by triangle. (F) Ejection fraction before (open square) and after (12–14 weeks after) embolizations (open triangle) in the same animals and (G) fractional shortening before (open square) and after (12–14 weeks after embolizations) (open triangle). *p < 0.05 in E1 only, n = 6, ***p < 0.0001 in ejection fraction, ****p < 0.0001 in fractional shortening, n = 6.




Resting Hemodynamic Variables

The resting levels of hemodynamic variables in the control and HF sheep are shown in Table 1 and Figure 1. Ejection fraction and fractional shortening data in Figure 1 are within animal and the rest of the data is a comparison between instrumented control and HF sheep. Repeated microsphere infusions into the coronary vasculature resulted in significantly lower ejection fraction (p < 0.001) and fractional shortening (p < 0.0001) in HF sheep, after 12–14 weeks (Figure 1). HF was associated with a significant decrease in MAP (67 ± 2 vs. 85 ± 4 mmHg, p < 0.01), and an increase in heart rate (108 ± 4 vs. 94 ± 4 bpm, p < 0.05) compared to the control animals. Plasma levels of norepinephrine and brain natriuretic peptide were also significantly higher (p < 0.05) (Table 1). The respiratory rate was significantly higher in the HF sheep (109 ± 4 vs. 88 ± 5 breaths/min, p < 0.01) (Figure 2). The HF sheep showed more incidences of temporary cessation of breathing in a 12-h cycle (525 ± 123 vs. 179 ± 44 apnea periods longer than 4 s, p < 0.05, Figure 2). Infusion of propranolol reduced heart rate more in the HF group compared with control (9 ± 1 vs. 3 ± 1, bpm, change in HR before and after propranolol, p < 0.001) and there was no significant change in MAP between the groups after propranolol infusion.



TABLE 1. Resting values for hemodynamic parameters between conscious normal and heart failure sheep.
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[image: Figure 2]

FIGURE 2. Raw traces of sheep diaphragmatic electromyography and respiration rate in control and heart failure sheep. (A) Raw signal of dEMG in a control sheep and (B) raw signal of dEMG in a HF sheep, and (C) raw signal showing an apnea segment in a HF sheep 16 weeks after embolization. (D) Apnea incidence and (E) respiratory rate in control healthy sheep and in HF sheep 16 weeks after microembolization, control (square) and HF (triangle). *p < 0.05, **p < 0.01. Bars represent mean values ± SEM. Data from individual sheep are illustrated with symbols; dEMG, diaphragmatic electromyography.


To determine whether repeated micro-embolism induced any impairment in baroreflex control, we assessed arterial baroreflex function in both control and HF sheep. The baroreflex relationship showed a significant difference in the maximum gain (−8.2 ± 2 vs. −4.1 ± 1 beats/min/mmHg, p < 0.05), as well as the upper (152 ± 4 vs. 130 ± 8 beats min−1, p < 0.05) and lower (70 ± 3 vs. 57 ± 4 beats min−1, p < 0.05) plateaus of the HR baroreflex curve (Figure 3A). To determine the responses in HR over the operating range of the curve, we examined the differences in the mean resting HR values close to the resting MAP levels. HR changes from baseline, in response to phenylephrine and sodium nitroprusside infusions, plotted in 3-bpm bins highlight the significantly decreased response in the HF animals (Figure 3B) suggesting an impaired gain of the baroreflex curve at the operating ranges in these animals.

[image: Figure 3]

FIGURE 3. Effect of microembolizations on the arterial baroreflex in conscious healthy and HF sheep. (A) Control animals (solid line) and HF animals (dashed line) (n = 6/group). Error bars at each end of the curves refer to ±SEM of the upper and lower heart rate (HR) plateaus. Circles and error bars represent mean ± SEM of resting systolic blood pressure (sBP) and heart rate (HR). (B) Changes in resting heart rate, due to phenylephrine and sodium nitroprusside infusions, plotted in 3 mmHg change bins. Gray bars represent control animals, black bars represent heart failure animals. *p < 0.05, n = 6/group.




Pressure-Volume Loops Under Anesthesia

The ejection fractions calculated from the pressure-volume loops under anesthesia showed significantly lower ejection fraction compared to the conscious condition in both groups of sheep (p < 0.01); however, the difference between the groups remained intact. Interestingly, there was no change in baseline cardiac output between the normal and the HF sheep. The LV end-diastolic pressures and volumes in the HF sheep were significantly higher, similar to end-systolic volume (Table 2). The maximum rate of pressure generation tended to be higher in the control animals; however, this was not significant.



TABLE 2. Pressure-volume loops testing left ventricular function in anesthetized normal and heart failure sheep.
[image: Table2]



Collagen Deposition

Microscopically, there was a significant degree of ischemic damage seen in the hearts of the HF sheep. Left ventricular collagen deposition in the HF sheep was determined as an indicator of cardiac damage. The mean left ventricular collagen content in the HF sheep was significantly higher than in healthy control sheep (8.9 ± 1 vs. 1.3 ± 0.3% of LV wall area, p < 0.001). The wet heart weight of the sheep in HF was also significantly greater than that of the control sheep (426 ± 35 vs. 322 ± 15 g, p < 0.05, Figure 4).

[image: Figure 4]

FIGURE 4. Representative sheep cardiac tissue images and effect of microembolizations on collagen deposition and heart weight. (A) Top image shows section of left ventricle wall of the sheep heart in a control healthy animal and (B) bottom image shows section of left ventricle wall in a HF sheep 16 weeks after microembolization. (C) Heart weights of control (square) and HF (triangle) sheep. (D) Collagen content in control and HF sheep, *p < 0.05, ****p < 0.0001. Bars represent mean values ± SEM. Data from individual sheep are illustrated with symbols. C, control (square); HF (triangle), heart failure; LV, left ventricle of heart. Scale bar = 100 μm.





DISCUSSION

We have established a reliable model of heart failure with reduced ejection fraction by repeated microembolizations of left ventricular coronary arteries. Our study has a number of new findings not reported previously: (1) there is a depression in the gain of the baroreflex in this model of HF; (2) diaphragmatic electromyography showed increased respiratory rate in the HF animals compared to the control animals, suggesting increased inspiratory effort; (3) in addition to an increase in respiratory rate, there was an increased incidence of apneas in this animal model. Taken together, our findings suggest that this model of HFrEF replicates the neural and respiratory instabilities seen in human HF.

One of the main clinical signs of a myocardial infarct is changes in the ECG, namely changes in the S-T segment and the T-wave. For the S-T segment, in most cases, patients that have had a suspected myocardial infarct present with an elevation in this segment (Members et al., 2012). In contrast to clinical findings, we observed a consistent depression in the S-T segment of the embolized animals. Clinically, patients exhibiting an S-T depression had adverse long-term outcomes (Schechtman et al., 1989; Krone et al., 1993; Hyde et al., 1999). This depression in our study may reflect the recordings being done in a supine cradled position for these sheep. In the absence of pre-cordial leads, it makes it difficult to draw conclusions as to which region of the left ventricle received most ischemic damage.

Several other studies, in patients, have shown collagen deposition in the myocardium, suggestive of ventricular remodeling (Weber et al., 1993; Martos et al., 2007; Mewton et al., 2011). The gross and microscopic changes of myocyte hypertrophy and increased collagen fibrosis have also been demonstrated in other models of HF (Falk et al., 2005). After an episode of myocardial infarction, there is structural remodeling that is initiated by an inflammatory response (Sun, 2008; Suthahar et al., 2017). Scarring then forms at the infarcted area. While the scarring and fibrosis at the site of infarct maintain the structure and integrity of the heart, this remodeling can have consequences for ventricular contractility (Brilla and Weber, 1992).

One of the ways to assess the degree of HF is the construction of pressure-volume loops. One of the advantages of constructing pressure-volume loops is the measurement of parameters independent of pre- and after load (Burkhoff, 2013). A hallmark of systolic dysfunction with reduced ejection is an increase in left ventricular end-diastolic pressure (LVEDP), which was observed in the present study (Table 2). Since LVEDP is a reflection of ventricular performance, the increases in LVEDP may be associated with the size of the infarct or the amount of damage to the left ventricle (Mielniczuk et al., 2007). Furthermore, we also see a significantly higher end-diastolic volume in the HF animals similar to findings in other studies (Sabbah et al., 2000; Morita et al., 2002; Falk et al., 2005). Additionally, there was a significant increase in both end-diastolic (EDV) and end-systolic volume (ESV) in the HF animals. In HF, the severity of an increase in both these volumes at time of referral is a prognostic indicator of mortality in patients (Diaz et al., 1987).

In the present study, we show significant increases in plasma levels of brain natriuretic peptide (BNP) and norepinephrine (Table 1). These increases in plasma levels of BNP (Sakurai et al., 2003) and norepinephrine (Cohn et al., 1984) have been shown previously to relate to the severity of HF. Our findings are in agreement with other models of HF, which have also found elevated plasma levels of norepinephrine and brain natriuretic peptide (Sabbah et al., 2000; Morita et al., 2002).

We report a significant decrease in the MAP of the animals with HF. One mechanism that serves to maintain BP is the arterial baroreflex and previous studies have reported a dampening of the sensitivity of the arterial baroreflex control of heart rate in HF (Eckberg et al., 1971; Ferguson et al., 1992; Grassi et al., 1995) as well as in clinical patients (Mortara et al., 1997). We hypothesized that this model would be associated with a blunted baroreflex and observed an impaired HR response to changes in MAP. This impaired baroreflex is similar to previous reports by us in a pacing-induced model of HF (Watson et al., 2007; Abukar et al., 2016) as well as other models (Higgins et al., 1972; Greenberg et al., 1973; Zucker et al., 1977). In addition to depressed baroreflex function, we also examined sympathetic control of heart rate in this model. We observed a significant decrease in heart rate in the HF animals after beta blockade. This suggests there is a significant contribution in HF animals from the sympathetic nervous system, more so than the control animals in which no significant decrease in heart rate was observed after propranolol infusion. These findings are consistent with our previous studies suggesting low levels of cardiac sympathetic drive and cardiac norepinephrine spillover in normal animals. Both these variables are elevated in animals with pacing-induced HF (Ramchandra et al., 2009a, 2018).

In addition to changes in hemodynamic parameters, we also observed an increase in the breathing rate and an increase in the incidence of apneas. Chronic hyperventilation has been reported in HF patients (Sullivan et al., 1988) and pulmonary congestion is suspected to be the main cause of this hyperventilation (Sullivan et al., 1988). The animals in the HF group had significantly increased body weight compared to the control animals (Figure 1), which points toward fluid congestion. We also saw signs of fluid congestion in the heart and ascites in the HF group at the time of post-mortem although this was not systematically investigated. We speculate that this fluid congestion contributed to the hyperventilation in these animals. In addition to peripheral causes, central apneas are also common in heart failure, with around 40–50% of patients being affected (Javaheri et al., 1995; Vazir et al., 2007). Central sleep apnea can be a marker of HF severity, with central apnea patients showing more advanced symptoms (Oldenburg et al., 2007). Together, these results suggest that the microembolization model replicates the respiratory imbalance seen in HF.

We report successful induction of heart failure in sheep using repeated percutaneous injection of microspheres into the coronary arteries. This approach targets the coronary circulation and thereby circumvents potential systemic effects if a toxin is administered intravenously. Since the HF is induced by a durable ischemic insult, interventions with novel pacing paradigms can be undertaken in pacing naïve hearts, avoiding the potential confounder of pacing-induced changes. Practically, repeated access to the arterial circulation is an important consideration. Previous studies have constructed carotid artery loops to allow repeated access. We percutaneously accessed the femoral arteries and following embolization, digitally compressed the puncture site for hemostasis without the use of a closure device, returning the animal to the crate/pen without any indwelling cannulae retained for future access. This has a number of advantages over other methods of surgical approach to perform the microembolization. Cardiac catheterization using these techniques requires access to fluoroscopy to guide cannulation and confirm successful and stable engagement in the coronary vessels.

There are a few limitations to this approach as well. One important limitation of this approach is the diffuse pattern of blockage and fibrosis that is observed. As such, it is difficult to quantify the region of infarcted tissue adequately as would be possible with coronary ligation. We utilized ejection fraction and fractional shortening from the echocardiographic data to quantify the decline in heart function. In addition, three out of the nine sheep did not survive the first embolization as they developed pulmonary congestion that could be resolved using diuretics. In addition to these three animals, two of the animals studied also needed administration of diuretics after the embolization procedure, and in these two cases, the congestion was resolved and the animals continued in the protocol. While the presence of congestion makes this model clinically relevant, this does necessitate increased animal numbers to complete a cohort of animals for a study.

In conclusion, our study indicates that chronic heart failure can be successfully induced in sheep using repeated injection of microspheres into the coronary arteries. After 2 months, the animals develop clinical signs of heart failure. There is marked increase in heart weight with histological evidence of ventricular fibrosis. There is a decrease in mean arterial pressure and an increase in incidence of apneas. Furthermore, pressure-volume loops show altered left ventricle dynamics in the heart failure sheep and the baroreflex challenge under conscious conditions showed a significant decrease in the gain. We conclude that this is a good model of HF to test changes in either neural control or respiratory function after interventions.



DATA AVAILABILITY STATEMENT

The data gathered in this study are available upon request to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by The University of Auckland Animal Ethics Committee.



AUTHOR CONTRIBUTIONS

YA, NL, MP, IL, and RR collected the ECG data for this study. All other data were collected by RR, MP, and YA. RR supervised the study. YA completed the data analysis and wrote initial manuscript. All authors contributed in revising the manuscript toward the final version.



FUNDING

The authors gratefully acknowledge granting support from the Health Research Council of New Zealand, the National Heart Foundation of New Zealand, the University of Auckland Faculty Research Development Fund, and the Maurice Phyllis Paykel Trust.


ACKNOWLEDGMENTS

The authors would like to thank Bindu George and Linley Nisbet for their expert technical assistance.



REFERENCES

 Abukar, Y., May, C. N., and Ramchandra, R. (2016). Role of endothelin-1 in mediating changes in cardiac sympathetic nerve activity in heart failure. Am. J. Phys. Regul. Integr. Comp. Phys. 310, R94–R99. doi: 10.1152/ajpregu.00205.2015 

 Amorim, D., Heer, K., Jenner, D., Richardson, P., Dargie, H., Brown, M., et al. (1981). Is there autonomic impairment in congestive (dilated) cardiomyopathy? Lancet 317, 525–527. doi: 10.1016/S0140-6736(81)92863-4 

 Baan, J., Van Der Velde, E. T., De Bruin, H. G., Smeenk, G. J., Koops, J., Van Dijk, A. D., et al. (1984). Continuous measurement of left ventricular volume in animals and humans by conductance catheter. Circulation 70, 812–823. doi: 10.1161/01.CIR.70.5.812 

 Benedict, C. R., Shelton, B., Johnstone, D. E., Francis, G., Greenberg, B., Konstam, M., et al. (1996). Prognostic significance of plasma norepinephrine in patients with asymptomatic left ventricular dysfunction. Circulation 94, 690–697. doi: 10.1161/01.CIR.94.4.690 

 Bibevski, S., and Dunlap, M. E. (1999). Ganglionic mechanisms contribute to diminished vagal control in heart failure. Circulation 99, 2958–2963. doi: 10.1161/01.CIR.99.22.2958 

 Borenstein, N., Bruneval, P., Behr, L., Laborde, F., Montarras, D., Daurès, J. P., et al. (2006). An ovine model of chronic heart failure: echocardiographic and tissue Doppler imaging characterization. J. Card. Surg. 21, 50–56. doi: 10.1111/j.1540-8191.2006.00168.x 

 Brilla, C. G., and Weber, K. T. (1992). Reactive and reparative myocardial fibrosis in arterial hypertension in the rat. Cardiovasc. Res. 26, 671–677. doi: 10.1093/cvr/26.7.671 

 Bristow, M. R., Sageman, W. S., Scott, R. H., Billingham, M. E., Bowden, R. E., Kernoff, R. S., et al. (1980). Acute and chronic cardiovascular effects of doxorubicin in the dog: the cardiovascular pharmacology of drug-induced histamine release. J. Cardiovasc. Pharmacol. 2, 487–515. doi: 10.1097/00005344-198009000-00002 

 Burkhoff, D. (2013). Pressure-volume loops in clinical research: a contemporary view. J. Am. Coll. Cardiol. 62, 1173–1176. doi: 10.1016/j.jacc.2013.05.049 

 Byrne, M. J., Kaye, D. M., Mathis, M., Reuter, D. G., Alferness, C. A., and Power, J. M. (2004). Percutaneous mitral annular reduction provides continued benefit in an ovine model of dilated cardiomyopathy. Circulation 110, 3088–3092. doi: 10.1161/01.CIR.0000146904.13677.E4 

 Chekanov, V. S. (1999). A stable model of chronic bilateral ventricular insufficiency (dilated cardiomyopathy) induced by arteriovenous anastomosis and doxorubicin administration in sheep. J. Thorac. Cardiovasc. Surg. 117, 198–199. doi: 10.1016/s0022-5223(99)70494-0 

 Cohn, J. N., Levine, T. B., Olivari, M. T., Garberg, V., Lura, D., Francis, G. S., et al. (1984). Plasma norepinephrine as a guide to prognosis in patients with chronic congestive heart failure. N. Engl. J. Med. 311, 819–823. doi: 10.1056/NEJM198409273111303 

 Devlin, G., Matthews, K., McCracken, G., Stuart, S., Jensen, J., Conaglen, J., et al. (2000). An ovine model of chronic stable heart failure. J. Card. Fail. 6, 140–143. doi: 10.1016/S1071-9164(00)90016-2 

 Diaz, R. A., Obasohan, A., and Oakley, C. M. (1987). Prediction of outcome in dilated cardiomyopathy. Heart 58, 393–399. doi: 10.1136/hrt.58.4.393 

 Dixon, J. A., and Spinale, F. G. (2009). Large animal models of heart failure: a critical link in the translation of basic science to clinical practice. Circ. Heart Fail. 2, 262–271. doi: 10.1161/CIRCHEARTFAILURE.108.814459 

 Dunlap, M. E., Bibevski, S., Rosenberry, T. L., and Ernsberger, P. (2003). Mechanisms of altered vagal control in heart failure: influence of muscarinic receptors and acetylcholinesterase activity. Am. J. Phys. Heart Circ. Phys. 285, H1632–H1640. doi: 10.1152/ajpheart.01051.2002 

 Eckberg, D. L., Drabinsky, M., and Braunwald, E. (1971). Defective cardiac parasympathetic control in patients with heart disease. N. Engl. J. Med. 285, 877–883. doi: 10.1056/NEJM197110142851602 

 Falk, V., Garbade, J., and Walther, T. (2005). Experimental models of heart failure practical methods in cardiovascular research. Germany: Springer-Verlag, Berlin, Heidelberg, 83–110.

 Ferguson, D. W., Berg, W. J., Roach, P. J., Oren, R. M., and Mark, A. L. (1992). Effects of heart failure on baroreflex control of sympathetic neural activity. Am. J. Cardiol. 69, 523–531. doi: 10.1016/0002-9149(92)90998-E 

 Floras, J. S. (2009). Sympathetic nervous system activation in human heart failure: clinical implications of an updated model. J. Am. Coll. Cardiol. 54, 375–385. doi: 10.1016/j.jacc.2009.03.061 

 Getman, V., Devyatko, E., Wolner, E., Aharinejad, S., and Mueller, M. R. (2006). Fleece bound sealing prevents pleural adhesions. Interact. Cardiovasc. Thorac. Surg. 5, 243–246. doi: 10.1510/icvts.2005.121129 

 Grassi, G., Seravalle, G., Cattaneo, B. M., Lanfranchi, A., Vailati, S., Giannattasio, C., et al. (1995). Sympathetic activation and loss of reflex sympathetic control in mild congestive heart failure. Circulation 92, 3206–3211. doi: 10.1161/01.CIR.92.11.3206 

 Greenberg, T. T., Richmond, W. H., Stocking, R. A., Gupta, P. D., Meehan, J. P., and Henry, J. P. (1973). Impaired atrial receptor responses in dogs with heart failure due to tricuspid insufficiency and pulmonary artery stenosis. Circ. Res. 32, 424–433.

 Haghighi, K., Kolokathis, F., Pater, L., Lynch, R. A., Asahi, M., Gramolini, A. O., et al. (2003). Human phospholamban null results in lethal dilated cardiomyopathy revealing a critical difference between mouse and human. J. Clin. Invest. 111, 869–876. doi: 10.1172/JCI17892 

 Higgins, C. B., Vatner, S. F., Eckberg, D. L., and Braunwald, E. (1972). Alterations in the baroreceptor reflex in conscious dogs with heart failure. J. Clin. Invest. 51, 715–724. doi: 10.1172/JCI106865 

 Hood, W. B. Jr., McCarthy, B., and Lown, B. (1967). Myocardial infarction following coronary ligation in dogs: hemodynamic effects of isoproterenol and acetylstrophanthidin. Circ. Res. 21, 191–200. doi: 10.1161/01.RES.21.2.191 

 Huang, Y., Hunyor, S. N., Jiang, L., Kawaguchi, O., Shirota, K., Ikeda, Y., et al. (2004). Remodeling of the chronic severely failing ischemic sheep heart after coronary microembolization: functional, energetic, structural, and cellular responses. Am. J. Phys. Heart Circ. Phys. 286, H2141–H2150. doi: 10.1152/ajpheart.00829.2003 

 Hyde, T. A., French, J. K., Wong, C.-K., Straznicky, I. T., Whitlock, R. M., and White, H. D. (1999). Four-year survival of patients with acute coronary syndromes without ST-segment elevation and prognostic significance of 0.5-mm ST-segment depression. Am. J. Cardiol. 84, 379–385. doi: 10.1016/S0002-9149(99)00319-7 

 Jackson, G., Gibbs, C., Davies, M., and Lip, G. (2000). ABC of heart failure: pathophysiology. BMJ 320, 167–170. doi: 10.1136/bmj.320.7228.167 

 Javaheri, S., Parker, T. J., Wexler, L., Michaels, S. E., Stanberry, E., Nishyama, H., et al. (1995). Occult sleep-disordered breathing in stable congestive heart failure. Ann. Intern. Med. 122, 487–492. doi: 10.7326/0003-4819-122-7-199504010-00002 

 Justice, T. D., Hammer, G. L., Davey, R. J., Paramalingam, N., Guelfi, K. J., Lewis, L., et al. (2015). Effect of antecedent moderate-intensity exercise on the glycemia-increasing effect of a 30-sec maximal sprint: a sex comparison. Physiol. Rep. 3, E12386–E12406. doi: 10.14814/phy2.12386 

 Kemp, C. D., and Conte, J. V. (2012). The pathophysiology of heart failure. Cardiovasc. Pathol. 21, 365–371. doi: 10.1016/j.carpath.2011.11.007 

 Kinugawa, T., and Dibner-Dunlap, M. E. (1995). Altered vagal and sympathetic control of heart rate in left ventricular dysfunction and heart failure. Am. J. Phys. Regul. Integr. Comp. Phys. 268, R310–R316. doi: 10.1152/ajpregu.1995.268.2.R310

 Krone, R. J., Greenberg, H.,  Dwyer, E. M. Jr., Kleiger, R. E., and Boden, W. E. Group, M. D. P. T. R (1993). Long-term prognostic significance of ST segment depression during acute myocardial infraction. J. Am. Coll. Cardiol. 22, 361–367. doi: 10.1016/0735-1097(93)90038-3 

 Lewis, L. K., Raudsepp, S. D., Yandle, T. G., Prickett, T. C., and Richards, A. M. (2017). Development of a BNP1-32 immunoassay that does not cross-react with proBNP. Clin. Chem. 63, 1110–1117. doi: 10.1373/clinchem.2016.269712 

 Martos, R., Baugh, J., Ledwidge, M., O’Loughlin, C., Conlon, C., Patle, A., et al. (2007). Diastolic heart failure: evidence of increased myocardial collagen turnover linked to diastolic dysfunction. Circulation 115, 888–895. doi: 10.1161/CIRCULATIONAHA.106.638569 

 McMahon, W. S., Mukherjee, R., Gillette, P. C., Crawford, F. A., and Spinale, F. G. (1996). Right and left ventricular geometry and myocyte contractile processes with dilated cardiomyopathy: myocyte growth and β-adrenergic responsiveness. Cardiovasc. Res. 31, 314–323. doi: 10.1016/0008-6363(95)00212-X 

 Members, A. T. F., Steg, P. G., James, S. K., Atar, D., Badano, L. P., Lundqvist, C. B., et al. (2012). ESC guidelines for the management of acute myocardial infarction in patients presenting with ST-segment elevation: the task force on the management of ST-segment elevation acute myocardial infarction of the European Society of Cardiology (ESC). Eur. Heart J. 33, 2569–2619. doi: 10.1093/eurheartj/ehs215 

 Mewton, N., Liu, C. Y., Croisille, P., Bluemke, D., and Lima, J. A. (2011). Assessment of myocardial fibrosis with cardiovascular magnetic resonance. J. Am. Coll. Cardiol. 57, 891–903. doi: 10.1016/j.jacc.2010.11.013 

 Mielniczuk, L. M., Lamas, G. A., Flaker, G. C., Mitchell, G., Smith, S. C., Gersh, B. J., et al. (2007). Left ventricular end-diastolic pressure and risk of subsequent heart failure in patients following an acute myocardial infarction. Congest. Heart Fail. 13, 209–214. doi: 10.1111/j.1527-5299.2007.06624.x 

 Monreal, G., Gerhardt, M. A., Kambara, A., Abrishamchian, A. R., Bauer, J. A., and Goldstein, A. H. (2004). Selective microembolization of the circumflex coronary artery in an ovine model: dilated, ischemic cardiomyopathy and left ventricular dysfunction. J. Card. Fail. 10, 174–183. doi: 10.1016/j.cardfail.2003.08.013 

 Morita, H., Suzuki, G., Mishima, T., Chaudhry, P. A., Anagnostopoulos, P. V., Tanhehco, E. J., et al. (2002). Effects of long-term monotherapy with metoprolol CR/XL on the progression of left ventricular dysfunction and remodeling in dogs with chronic heart failure. Cardiovasc. Drugs Ther. 16, 443–449. doi: 10.1023/A:1022142620189 

 Mortara, A., La Rovere, M. T., Pinna, G. D., Prpa, A., Maestri, R., Febo, O., et al. (1997). Arterial baroreflex modulation of heart rate in chronic heart failure: clinical and hemodynamic correlates and prognostic implications. Circulation 96, 3450–3458. doi: 10.1161/01.CIR.96.10.3450 

 O’Rourke, B., Kass, D. A., Tomaselli, G. F., Kääb, S., Tunin, R., and Marbán, E. (1999). Mechanisms of altered excitation-contraction coupling in canine tachycardia-induced heart failure, I: experimental studies. Circ. Res. 84, 562–570. doi: 10.1161/01.RES.84.5.562 

 Oizumi, H., Naruke, T., Watanabe, H., Sano, T., Kondo, H., Goya, T., et al. (1990). Completion pneumonectomy–a review of 29 cases. Nihon Kyobu Geka Gakkai Zasshi 38, 72–77.

 Oldenburg, O., Lamp, B., Faber, L., Teschler, H., Horstkotte, D., and Töpfer, V. (2007). Sleep-disordered breathing in patients with symptomatic heart failure a contemporary study of prevalence in and characteristics of 700 patients. Eur. J. Heart Fail. 9, 251–257. doi: 10.1016/j.ejheart.2006.08.003 

 Pemberton, C., Yandle, T., Charles, C., Rademaker, M., Aitken, G., and Espiner, E. (1997). Ovine brain natriuretic peptide in cardiac tissues and plasma: effects of cardiac hypertrophy and heart failure on tissue concentration and molecular forms. J. Endocrinol. 155, 541–550. doi: 10.1677/joe.0.1550541 

 Prabhu, S. D., and Freeman, G. L. (1995). Effect of tachycardia heart failure on the restitution of left ventricular function in closed-chest dogs. Circulation 91, 176–185. doi: 10.1161/01.CIR.91.1.176 

 Ramchandra, R., Hood, S. G., Denton, D. A., Woods, R. L., McKinley, M. J., McAllen, R. M., et al. (2009a). Basis for the preferential activation of cardiac sympathetic nerve activity in heart failure. Proc. Natl. Acad. Sci. USA 106, 924–928. doi: 10.1073/pnas.0811929106

 Ramchandra, R., Hood, S. G., Frithiof, R., and May, C. N. (2009b). Discharge properties of cardiac and renal sympathetic nerves and their impaired responses to changes in blood volume in heart failure. Am. J. Phys. Regul. Integr. Comp. Phys. 297, R665–R674. doi: 10.1152/ajpregu.00191.2009

 Ramchandra, R., Hood, S. G., Xing, D., Lambert, G. W., and May, C. N. (2018). Mechanisms underlying the increased cardiac norepinephrine spillover in heart failure. Am. J. Phys. Heart Circ. Phys. 315, H340–H347. doi: 10.1152/ajpheart.00069.2018 

 Sabbah, H. N., Stanley, W. C., Sharov, V. G., Mishima, T., Tanimura, M., Benedict, C. R., et al. (2000). Effects of dopamine β-hydroxylase inhibition with nepicastat on the progression of left ventricular dysfunction and remodeling in dogs with chronic heart failure. Circulation 102, 1990–1995. doi: 10.1161/01.CIR.102.16.1990 

 Sakurai, S., Adachi, H., Hasegawa, A., Hoshizaki, H., Oshima, S., Taniguchi, K., et al. (2003). Brain natriuretic peptide facilitates severity classification of stable chronic heart failure with left ventricular dysfunction. Heart 89, 661–662. doi: 10.1136/heart.89.6.661 

 Savarese, G., and Lund, L. H. (2017). Global public health burden of heart failure. Card. Fail. Rev. 3, 7–11. doi: 10.15420/cfr.2016:25:2

 Schechtman, K. B., Capone, R., Kleiger, R. E., Gibson, R. S., Schwartz, D. J., Roberts, R., et al. (1989). Risk stratification of patients with non-Q wave myocardial infarction. The critical role of ST segment depression. The Diltiazem Reinfarction Study Research Group. Circulation 80, 1148–1158. doi: 10.1161/01.CIR.80.5.1148 

 Schmitto, J. D., Coskun, K. O., Coskun, S. T., Ortmann, P., Vorkamp, T., Heidrich, F., et al. (2009). Hemodynamic changes in a model of chronic heart failure induced by multiple sequential coronary microembolization in sheep. Artif. Organs 33, 947–952. doi: 10.1111/j.1525-1594.2009.00921.x 

 Sieck, G. C., and Fournier, M. (1990). Changes in diaphragm motor unit EMG during fatigue. J. Appl. Physiol. 68, 1917–1926. doi: 10.1152/jappl.1990.68.5.1917 

 Spinale, F. G., Tomita, M., Zellner, J. L., Cook, J. C., Crawford, F. A., and Zile, M. R. (1991). Collagen remodeling and changes in LV function during development and recovery from supraventricular tachycardia. Am. J. Phys. Heart Circ. Phys. 261, H308–H318. doi: 10.1152/ajpheart.1991.261.2.H308

 Sullivan, M., Higginbotham, M., and Cobb, F. (1988). Increased exercise ventilation in patients with chronic heart failure: intact ventilatory control despite hemodynamic and pulmonary abnormalities. Circulation 77, 552–559. doi: 10.1161/01.CIR.77.3.552 

 Sun, Y. (2008). Myocardial repair/remodelling following infarction: roles of local factors. Cardiovasc. Res. 81, 482–490. doi: 10.1093/cvr/cvn333 

 Suthahar, N., Meijers, W. C., Silljé, H. H., and de Boer, R. A. (2017). From inflammation to fibrosis—molecular and cellular mechanisms of myocardial tissue remodelling and perspectives on differential treatment opportunities. Curr. Heart Fail. Rep. 14, 235–250. doi: 10.1007/s11897-017-0343-y 

 Tanaka, R., Fulbright, B. M., Mukherjee, R., Burchell, S. A., Crawford, F. A., Zile, M. R., et al. (1993). The cellular basis for the blunted response to β-adrenergic stimulation in supraventricular tachycardia-induced cardiomyopathy. J. Mol. Cell. Cardiol. 25, 1215–1233. doi: 10.1006/jmcc.1993.1134 

 Timek, T. A., Dagum, P., Lai, D. T., Liang, D., Daughters, G. T., Tibayan, F., et al. (2003). Tachycardia-induced cardiomyopathy in the ovine heart: mitral annular dynamic three-dimensional geometry. J. Thorac. Cardiovasc. Surg. 125, 315–324. doi: 10.1067/mtc.2003.80 

 Toyoda, Y., Okada, M., and Kashem, M. A. (1998). A canine model of dilated cardiomyopathy induced by repetitive intracoronary doxorubicin administration. J. Thorac. Cardiovasc. Surg. 115, 1367–1373. doi: 10.1016/S0022-5223(98)70221-1 

 Vazir, A., Hastings, P., Dayer, M., McIntyre, H., Henein, M., Poole-Wilson, P., et al. (2007). A high prevalence of sleep disordered breathing in men with mild symptomatic chronic heart failure due to left ventricular systolic dysfunction. Eur. J. Heart Fail. 9, 243–250. doi: 10.1016/j.ejheart.2006.08.001 

 Watson, A. M., Hood, S. G., Ramchandra, R., McAllen, R. M., and May, C. N. (2007). Increased cardiac sympathetic nerve activity in heart failure is not due to desensitization of the arterial baroreflex. Am. J. Phys. Heart Circ. Phys. 293, H798–H804. doi: 10.1152/ajpheart.00147.2007 

 Weber, K. T., Brilla, C. G., and Janicki, J. S. (1993). Myocardial fibrosis: functional significance and regulatory factors. Cardiovasc. Res. 27, 341–348. doi: 10.1093/cvr/27.3.341 

 Yim, A. P., Liu, H.-P., Hazelrigg, S. R., Izzat, M. B., Fung, A. L., Boley, T. M., et al. (1998). Thoracoscopic operations on reoperated chests. Ann. Thorac. Surg. 65, 328–330. doi: 10.1016/S0003-4975(97)01341-6 

 Zucker, I. H., Earle, A. M., and Gilmore, J. P. (1977). The mechanism of adaptation of left atrial stretch receptors in dogs with chronic congestive heart failure. J. Clin. Investig. 60, 323–331. doi: 10.1172/JCI108780 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Abukar, Lever, Pachen, LeGrice and Ramchandra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-10-01420-t001.jpg
Parameter

Normal (n = 6)

Heart failure (n = 6)

Ejection fraction
Fractional shortening

Heart rate, beats/min

Mean arterial pressure, mmHg
Body weight (kg)

Brain natriuretic peptide (pmol/L)
Epinephrine (pmol/L)
Norepinephrine (pmoliL)

7941
431
944
85:4
5642
220£0.12
38073
3,272 £ 901

3942t
2051
108+ 4
672"
703"
3.79:0.52"
751+ 188
10,628 + 2509

“p < 0.05; *'p < 0.01; 'p < 0.0001.





OPS/images/fphys-10-01420-t002.jpg
Parameter

Ejection fraction (%)

Cardiac output (L/min)

Stroke volume (m)
End-diastolc volume (mi/min)
End-systolc volume (mi/min)
End-diastolc pressure (mmHg)
dP/dT max (mmHg/s)

dV/dT max (ml/s)

“p <0.05; *'p < 0.01.

Normal (n = 6)

567
2821
3346
74521
40+20
621
1,745+ 321
1,425+ 155

Heart failure (n = 6)

25+ 4%
391
4246
194 + 36"
154 + 34

422"

1,257 + 154

3,361 + 617"





OPS/images/fphys-10-01420-g003.jpg
B
i
£_10
=
8 L
£
EY 100 w2
sBP (mmHg) 8 >





OPS/images/fphys-10-01420-g004.jpg
N
e
=

A

a

e

-

T Te (eo1v 1leM AT 30 %)
O wBemueew @  S99M udbED

\T

\






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Impaired Baroreflex Function in an Ovine Model of Chronic Heart Failure Induced by Multiple Coronary Microembolizations



		Introduction



		Materials and Methods



		Embolization Surgical Procedure



		Echocardiography



		Instrumentation Sheep Surgery



		Hemodynamics Measurements and Analysis



		Arterial Baroreflex Control of Heart Rate



		Plasma Brain Natriuretic Peptide, Epinephrine, and Norepinephrine Measurement



		Diaphragm Electromyogram Analysis



		Pressure-Volume Loops



		Measurement of Cardiac Collagen



		Statistical Analysis









		Results



		Acute Changes After Embolization



		Resting Hemodynamic Variables



		Pressure-Volume Loops Under Anesthesia



		Collagen Deposition









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References



















OPS/images/fphys-10-01420-g001.jpg





OPS/images/fphys-10-01420-g002.jpg
0.10;
0.05]
0.00]

-0.05]

-0.10/
0.10;

0.054

0.00;
-0.05]
010

dEMG >
(mv)

dEMG @
(mv)

Control

Heart Failure

P
| ;






OPS/images/cover.jpg
frontiers
in Physiology

Impaired Baroreflex Function in an
Ovine Model of Chronic Heart Failure
Induced by Multiple Coronary
Microembolizations









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Physiology





