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Abstract

Mechanical and metabolic signals associated with skeletal muscle contraction stimulate the 

sensory endings of thin fibre muscle afferents, which, in turn, generates reflex increases in 

sympathetic nerve activity (SNA) and blood pressure (the exercise pressor reflex; EPR). EPR 

activation in patients and animals with heart failure with reduced ejection fraction (HF-rEF) results 

in exaggerated increases in SNA and promotes exercise intolerance. In the healthy decerebrate 

rat, a subtype of acid sensing ion channel (ASIC) on the sensory endings of thin fibre muscle 

afferents, namely ASIC1a, has been shown to contribute to the metabolically sensitive portion 

of the EPR (i.e. metaboreflex), but not the mechanically sensitive portion of the EPR (i.e. the 

mechanoreflex). However, the role played by ASIC1a in evoking the EPR in HF-rEF is unknown. 

We hypothesized that, in decerebrate, unanaesthetized HF-rEF rats, injection of the ASIC1a 

antagonist psalmotoxin-1 (PcTx-1; 100 ng) into the hindlimb arterial supply would reduce the 

reflex increase in renal SNA (RSNA) evoked via 30 s of electrically induced static hindlimb 

muscle contraction, but not static hindlimb muscle stretch (model of mechanoreflex activation 

isolated from contraction-induced metabolite-production). We found that PcTx-1 reduced the 

reflex increase in RSNA evoked in response to muscle contraction (n = 8; mean (SD) ∫ΔRSNA 

pre: 1343 (588) a.u.; post: 816 (573) a.u.; P = 0.026) and muscle stretch (n = 6; ∫ΔRSNA pre: 

688 (583) a.u.; suggest post: 304 (370) a.u.; P = 0.025). Our data that, in HF-rEF rats, ASIC1a 
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contributes to activation of the exercise pressor reflex and that contribution includes a novel role 

for ASIC1a in mechanosensation that is not present in healthy rats.

Graphical Abstract

Acid-sensing ion channel 1a (ASIC1a) on the sensory endings of thin fibre skeletal muscle 

afferents contributes to the reflex increase in renal sympathetic nerve activity (RSNA) during 

skeletal muscle contractions in rats with heart failure, but not healthy rats.
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Introduction

During exercise, a withdrawal of parasympathetic nervous system activity and an increase in 

sympathetic nervous system activity (SNA) facilitates numerous cardiovascular adjustments, 

which include increases in heart rate (HR), cardiac contractility and blood pressure (BP; 

Kaufman & Forster, 1996). The exercise pressor reflex is a feedback autonomic control 

mechanism that contributes importantly to those exercise-induced changes in autonomic 

activity (Amann, Runnels et al., 2011; Kaufman & Forster, 1996; Kaufman et al., 1983; 

McCloskey & Mitchell, 1972; Mitchell et al., 1983; Strange et al., 1993). The reflex is 

activated when the sensory endings of thinly myelinated group III and unmyelinated group 

IV skeletal muscle afferents (collectively termed thin fibre muscle afferents) are stimulated 

by mechanical and/or metabolic signals associated with muscle contraction (Kaufman et al., 

1982, 1983, 1984; McCloskey & Mitchell, 1972; Mense & Stahnke, 1983; Mense & Meyer, 

1988; Rotto & Kaufman, 1988).
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A family of acid sensing ion channels (ASICs) distributed throughout the central and 

peripheral nervous systems plays an important role in detecting acidic stimuli and regulating 

the cardiovascular system (Abboud & Benson, 2015). On the sensory endings of thin fibre 

muscle afferents, ASICs principally form heterotrimeric channels composed of ASIC1a, 

ASIC2 and ASIC3 subunits (Gautam & Benson, 2013). During exercise, ASICs are 

stimulated by acidic products of skeletal muscle contraction, which contributes importantly 

to the activation of the metabolic portion of the exercise pressor reflex (McCord et al., 2009; 

Victor et al., 1988) (i.e. the metaboreflex). In support of this notion, local infusion/injection 

of the non-selective ASIC inhibitor amiloride attenuated the pressor and MSNA response 

to static handgrip exercise in healthy humans (Campos et al., 2019) as well as the pressor 

and thin fibre muscle afferent response to static hindlimb muscle contraction in healthy cats 

(Hayes et al., 2007; McCord et al., 2008, 2009). Ducrocq et al. (2020a, 2020b) recently 

extended those findings by demonstrating that local selective ASIC1a blockade attenuated 

the pressor response to electrically induced static hindlimb muscle contraction in healthy 

rats. The remaining two subclasses of ASICs present on the sensory endings of thin fibre 

muscle afferents are either activated via noxious pH levels not likely present during skeletal 

muscle contraction (i.e. ASIC2 with a pH50 of 4.5; Hesselager et al., 2004) or, in the case 

of ASIC3, have been shown to play little (Tsuchimochi et al., 2011) or no (Kim et al., 2019, 

2020; Stone et al., 2015) independent role in evoking the exercise pressor reflex in healthy 

rats. Thus, it appears that ASIC1a, but not ASIC2 or ASIC3, plays a key role in evoking the 

exercise pressor reflex, at least in the healthy rat.

In comparison to healthy subjects, activation of the exercise pressor reflex in patients/

animals with heart failure with reduced ejection fraction (HF-rEF) results in an exaggerated 

increase in SNA (Butenas et al., 2021c; Koba et al., 2008; Middlekauff et al., 2004; Wang, 

Pan et al., 2010) and altered cardiovascular responses (Amann et al., 2014; Ansorge et 

al., 2004; Hammond et al., 2000; Piepoli et al., 1996; Sterns et al., 1991), which include 

augmented peripheral (Amann et al., 2014; Smith et al., 2020) and coronary (Ansorge et 

al., 2004) vasoconstriction. Thus, whereas activation of the exercise pressor reflex in healthy 

subjects supports exercise performance (Amann, Blain et al., 2011; O’Leary et al., 1999), 

activation of the reflex in HF-rEF patients likely contributes to exacerbated fatigue, exercise 

intolerance and elevated cardiovascular risk.

In HF-rEF, the accumulation of acidic products of skeletal muscle contraction is greater 

than that found during skeletal muscle contraction in healthy subjects (Arnolda et al., 1991). 

For example, in HF-rEF patients muscle pH decreases and lactate ions increase to a greater 

extent during exercise compared to the changes found in healthy control subjects (Massie 

et al., 1988), an effect which may produce greater ASIC stimulation during exercise in 

HF-rEF patients. A role for ASIC3 in the exaggerated exercise pressor reflex in HF-rEF 

seems unlikely given the findings of Xing et al. (2015) that, compared to healthy control 

rats, HF-rEF rats had lower ASIC3 protein expression in L4/L5 dorsal root ganglia (DRG) 

tissue and a lower percentage of DRG neurons expressing ASIC3-like currents. ASIC1a, 

however, is an appealing candidate as a possible contributor to the exaggerated exercise 

pressor reflex in HF-rEF. For example, HF-rEF is a proinflammatory condition (Murphy et 

al., 2020) and experimentally induced inflammation has been shown to increase ASIC1a 

expression (Voilley et al., 2001) and potentiate ASIC1a responsiveness (Smith et al., 2007) 
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in rat sensory neurons. Unfortunately, however, the role played by ASIC1a in evoking the 

exercise pressor reflex in HF-rEF has not been investigated.

Based on the information above, the purpose of this investigation was to determine the 

role played by ASIC1a on the sensory endings of group III/IV muscle afferents in evoking 

the exercise pressor reflex in a myocardial infarction (MI)-induced rat model of HF-rEF. 

Specifically, we tested the hypothesis that, in decerebrate, unanaesthetized rats, hindlimb 

arterial injection of the ASIC1a antagonist psalmotoxin-1 (PcTx-1) would reduce the reflex 

increase in renal SNA (RSNA), BP and HR evoked in response to 30 s of electrically 

induced static hindlimb skeletal muscle contraction to a greater extent in HF-rEF rats when 

compared to sham-operated healthy control rats (SHAM rats). We also tested the hypothesis 

that ASIC1 mRNA and ASIC1a protein expression in L4/L5 DRG tissue would be greater in 

HF-rEF rats compared to SHAM rats.

Methods

Ethical approval

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee of Kansas State University (protocol no. 4552) and conducted in accordance with 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals (2011). 

Experiments were performed on ~14- to 19-week-old male Sprague–Dawley rats (n = 102; 

Charles River Laboratories). Rats were housed two per cage in temperature (maintained at 

~22°C) and light (12 h–12 h light–dark cycle running from 07.00 to 19.00 h)-controlled 

accredited facilities with standard rat chow and water provided ad libitum.

Surgical procedure

Myocardial infarction (MI) was induced in 59 of the 102 rats by surgically ligating the left 

main coronary artery (Musch & Terrell, 1992). Briefly, rats were anaesthetized initially with 

a 5% isoflurane–O2 mixture (Butler Animal Health Supply, Elk Grove Village, IL, USA, and 

Linweld, Dallas, TX, USA) and maintained subsequently on 2.5% isoflurane–O2 and then 

intubated and mechanically ventilated with a rodent respirator (Harvard model 680, Harvard 

Instruments, Holliston, MA, USA) for the duration of the surgical procedure. After a single 

injection of the antiarrhythmic drug amiodarone (100 mg/kg i.p.), which was administered 

to improve survival rate following the ensuing coronary artery ligation surgery (Kolettis et 

al., 2007), a left thoracotomy was performed to expose the heart through the fifth intercostal 

space, and the left main coronary artery was ligated 1–2 mm distal to the edge of the left 

atrium with a 6–0 braided polyester suture. The thorax was then closed with 2–0 gut, and the 

skin was closed with 2–0 silk. Prior to termination of anaesthesia, bupivacaine (1.5 mg/kg 

S.C.) and buprenorphine (~0.03 mg/kg I.M.) were administered to reduce pain associated with 

the surgery, along with ampicillin (50 mg/kg I.M.) to reduce the risk of infection. After rats 

were removed from mechanical ventilation and anaesthesia, they were monitored closely for 

~6 h post-surgery. In the remaining 43 of 102 rats, a sham ligation of the coronary artery was 

performed in which 6–0 braided polyester suture was passed under the left main coronary 

artery, but not tied. These rats are referred to as ‘SHAM’ rats from this point forward. 

Following completion of either MI or SHAM procedures, rats were housed one per cage 
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for 10 days to minimize risk of infection of the surgical site. During these 10 days, the 

antibiotic Baytril (100 mg/ml) was administered in the drinking water. Following completion 

of the Baytril treatment, rats were housed two per cage as described above. All animals were 

monitored daily for 14 days following the MI or SHAM procedure for changes in behaviour, 

gait/posture, breathing, appetite and body weight.

Echocardiograph measurements

Transthoracic echocardiograph measurements were performed with a commercially 

available system (LOGIQ e; GE Health Care, Milwaukee, WI, USA) no more than 1 week 

before the final experimental protocol. Briefly, the rats were anaesthetized as described 

above. Once the rat was fully anesthetized, the isoflurane mixture was reduced to 2.5% 

isoflurane–O2. Following 5 min at 2.5% isoflurane, echocardiograph measurements began. 

The transducer was positioned on the left anterior chest, and left ventricular dimensions 

were measured. The left ventricular fractional shortening (FS), ejection fraction (EF), end 

diastolic (LVEDV), end systolic volume (LVESV), and stroke volume (SV) were determined 

by echocardiographic measurements as previously described (Baumfalk et al., 2021). Rats 

with HF-rEF were required to meet an inclusion criterion of an FS ≤ 30% and/or a left 

ventricular infarct size of ≥15% (see below for method of infarct size determination), which 

is consistent with the criterion previously established by our laboratory (Butenas et al., 2020, 

2021a, 2021b). We have previously shown that, compared with SHAM operated healthy 

control rats, HF-rEF rats that meet similar criterion have a reduced maximal oxygen uptake 

and time to exhaustion during treadmill running (Butenas, et al., 2021a).

Surgical procedures for experimental protocols

In vivo experiments were performed on 69 rats (30 SHAM, 39 HF-rEF) between 6 and 

8 weeks following the MI or SHAM procedure. Importantly, this time frame post-MI 

procedure ensures the development of HF-rEF as well as reduced maximal oxygen uptake 

and time to exhaustion during treadmill running (Butenas, et al., 2021a). On the day of the 

experiment, rats were anesthetized as described above. Adequate depth of anaesthesia was 

confirmed by the absence of toe-pinch and blink reflexes. The trachea was cannulated, and 

the lungs were mechanically ventilated (Harvard Apparatus) with a 2% isoflurane–balance 

O2 gaseous mixture until the decerebration was completed (see below). The right jugular 

vein and both carotid arteries were cannulated with PE-50 catheters, which were used 

for the injection of fluids, measurement of arterial blood pressure (physiological pressure 

transducer, ADInstruments, Colorado Springs, CO, USA), and sampling of arterial blood 

gasses (Radiometer, Brea, CA, USA). HR was calculated from the R–R interval measured 

by electrocardiogram (ADInstruments). The left superficial epigastric artery was cannulated 

with a PE-8 catheter whose tip was placed near the junction of the superficial epigastric 

and femoral arteries. A reversible snare was placed around the left iliac artery and vein (i.e. 

proximal to the location of the catheter placed in the superficial epigastric artery). The left 

calcaneal bone was severed and linked by string to a force transducer (Grass FT03; Grass 

Instrument Co, West Warwick, RI, USA), which, in turn, was attached to a rack and pinion. 

A ~1–2 cm section of the left sciatic nerve was exposed by reflecting the overlaying skeletal 

muscles.
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Upon completion of the initial surgical procedures, rats were placed in a Kopf stereotaxic 

frame. After administering dexamethasone (0.2 mg I.V.) to minimize swelling of the 

brainstem, a pre-collicular decerebration was performed in which all brain tissue rostral 

to the superior colliculi was removed (Smith et al., 2001). The cranial cavity was filled 

with cotton balls and covered with glue (Kwik-Sil, World Precision Instruments, Sarasota, 

FL, USA). Following decerebration, anaesthesia was reduced to 0.5%. A retroperitoneal 

approach was used to expose bundles of the left renal sympathetic nerve, which were then 

glued with Kwik-Sil onto a pair of thin stainless-steel recording electrodes connected to a 

high impedance probe (Grass Model HZP) and amplifier (Grass P511). Multiunit signals 

from the renal sympathetic nerve fibres were filtered at high and low frequencies (1 kHz and 

100 Hz, respectively) for the measurement of RSNA.

Upon completion of all surgical procedures, anaesthesia was terminated, and the rats’ 

lungs were ventilated with room air. Experimental protocols commenced at least 1 h after 

termination of isoflurane. Experiments were performed on decerebrate, unanaesthetized 

rats because anaesthesia has been shown to markedly blunt the exercise pressor reflex in 

the rat (Smith et al., 2001). Body core temperature was measured via a rectal probe and 

maintained at ~37–38°C by an automated heating system (Harvard Apparatus) and heat 

lamp. Arterial pH and blood gases were analysed periodically throughout the experiment 

from arterial blood samples (~75 μl) and maintained within physiological ranges (pH: 7.35–

7.45, PCO2: ~38–40 mmHg, PO2: ~100 mmHg) by administration of sodium bicarbonate 

and/or adjusting ventilation as necessary. At the end of all experiments in which an 

experimental solution was injected into the arterial supply of the left hindlimb through 

the superficial epigastric artery catheter, Evans blue dye was injected in the same manner 

as the experimental solution to confirm that the injectate had access to the triceps surae 

muscle circulation. The triceps surae muscles were observed to stain blue in all experiments. 

Then, postganglionic sympathetic nerve activity was abolished with administration of 

hexamethonium bromide (10 mg; 0.5 ml saline I.V.) to allow for the quantification of 

background noise as described previously (Kempf et al., 2018). Rats were then anaesthetized 

with 5% isoflurane and humanely euthanized with an injection of potassium chloride (>3 

mg/kg I.A.). A pneumothorax was then performed, and the heart was excised. The atria and 

right ventricle (RV) were separated from the left ventricle (LV) and septum, and the RV, LV 

and atria were weighed. In rats with HF-rEF, the LV infarction surface area was measured 

using planimetry and expressed as percentage of LV end-ocardial surface area as described 

previously (Craig et al., 2019).

Lactic acid injection protocol

In 23 rats (12 SHAM, 11 HF-rEF), we attempted to confirm the efficacy of PcTx-1 in 

blocking ASIC1a on the sensory endings of thin fibre muscle afferents by reproducing the 

previous finding from Ducrocq et al. (2020b) that hindlimb arterial injection of PcTx-1 (100 

ng; 0.1 ml saline) reduced the pressor and cardioaccelerator response to hindlimb arterial 

injection of lactic acid (24 mmol; 0.2 ml saline). Briefly, the lactic acid solution was injected 

as a bolus into the arterial supply of the left hindlimb through the superficial epigastric 

artery catheter. Following a ~5 min recovery, the snare around the left iliac artery and vein 

was tightened and PcTx-1 was injected into the arterial supply of the hindlimb through the 
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superficial epigastric artery catheter. The snare was released 5 min after injecting PcTx-1 

and, following a 5 min recovery period, a second lactic acid injection was performed. Evans 

blue dye was injected in the same manner as the lactic acid and PcTx-1 and the triceps surae 

muscles were observed to stain blue in all experiments.

Effect of ASIC1a blockade on the exercise pressor reflex

In 15 rats (7 SHAM, 8 HF-rEF), we compared the renal sympathetic, pressor, and 

cardioaccelerator responses evoked in response to 30 s of static hindlimb muscle contraction 

before and after the injection of PcTx-1 into the arterial supply of the left hindlimb. 

Following recovery from isoflurane anaesthesia, baseline muscle tension was set to ~100 

g and baseline RSNA, blood pressure and HR were measured for ~30 s. The sciatic nerve 

was then electrically stimulated using stainless steel electrodes for 30 s at a voltage of 

~1.5 × motor threshold (0.01 ms pulse duration, 40 Hz frequency), which produced static 

contractions of the triceps surae muscles. Approximately 10 min following the control 

contraction manoeuvre, the snare on the left iliac artery and vein was tightened and PcTx-1 

was injected into the femoral artery using the superficial epigastric artery catheter as 

described above. PcTx-1 remained snared in the hindlimb circulation for 5 min, at which 

time the iliac snare was released. The hindlimb was reperfused for 5 min and the contraction 

manoeuvre was then repeated exactly as described above. At the end of all experiments, 

we injected the paralytic pancuronium bromide (0.5 mg; 0.5 ml saline I.V.) and the sciatic 

nerve was stimulated for 30 s with the same parameters as those used to elicit contraction 

to ensure that the increase in RSNA, blood pressure and HR during contraction was not due 

to the electrical activation of the axons of the thin fibre muscle afferents in the sciatic nerve. 

No increase in RSNA, blood pressure or HR was observed during the stimulation period 

following the administration of pancuronium bromide.

Control for possible effect of vehicle for PcTx-1 on the exercise pressor reflex

In seven rats (3 SHAM, 4 HF-rEF), we compared the renal sympathetic, pressor and 

cardioaccelerator responses evoked in response to 30 s of contraction before and after 

the injection of the vehicle for PcTx-1 (i.e. 0.1 ml saline) into the catheter placed in the 

superficial epigastric artery. Successful RSNA recordings were accomplished in all but 

three of these rats (two SHAM, one HF-rEF). These three rats were used in the vehicle 

control protocols to maximize the statistical power of the RSNA comparisons in the main 

experimental protocols.

Control for possible blockade of ASIC1a within the central nervous system

PcTx-1 is a large molecule (4689 Da) and therefore unlikely able to cross the blood–brain 

barrier (pore size of ~600 Da) and exert an effect in the central nervous system (Dibas et 

al., 2019). Nevertheless, we investigated the possibility that systemic circulation of PcTx-1 

and consequent inhibition of ASIC1a within the central nervous system (e.g. spinal cord, 

brain stem) may have accounted for the attenuating effects in the main experimental group 

in which PcTx-1 was injected into the hindlimb arterial circulation rather than a local effect 

within the hindlimb. In nine rats (5 SHAM, 4 HF-rEF), we compared the renal sympathetic, 

pressor and cardioaccelerator responses evoked in response to 30 s of contraction before and 

after the injection of PcTx-1 into the catheter placed in the jugular vein. Successful RSNA 
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recordings were accomplished in all but three of these rats (2 SHAM, 1 HF-rEF). These 

three rats were used in the systemic control protocols to maximize the statistical power of 

the RSNA comparisons in the main experimental protocols.

Effect of ASIC1a blockade on isolated mechanoreflex activation

In separate groups of SHAM (n = 6) and HF-rEF rats (n = 7), we investigated the possibility 

that the effect of ASIC1a blockade with PcTx-1 on the RSNA, pressor, and cardioaccelerator 

response was attributed to an effect on the mechanoreflex. Specifically, we compared the 

RSNA, pressor, and cardioaccelerator response to static hindlimb muscle stretch, a model 

of static mechanoreflex activation isolated from contraction-induced metabolite production 

(Stebbins et al., 1988) before and after the injection of PcTx-1 into the arterial supply of 

the left hindlimb. Following recovery from isoflurane anaesthesia, baseline muscle tension 

was set to ~100 g and baseline RSNA, blood pressure and HR were measured for ~30 s. An 

experienced investigator then initiated the stretch protocol by rapidly turning the rack and 

pinion to a position which was held constant for 30 s. The investigator aimed to produce 

a peak tension generation of 1.0 kg during each static stretch to match the average tension 

developed in the contraction experiments in the present investigation. Approximately 5 min 

following the control stretch manoeuvre, the snare on the left iliac artery and vein was 

tightened and PcTx-1 was injected into the femoral artery using the superficial epigastric 

artery catheter as described above. PcTx-1 remained snared in the hindlimb circulation 

for 5 min, at which time the iliac snare was released. The hindlimb was reperfused for 5 

min and the static stretch manoeuvre was then repeated exactly as described above. The 

tension generated during the post-drug manoeuvres was matched as closely as possible to 

that produced during the control stretch.

Control for the possible effect of PcTx-1 activating an endogenous enkephalin pathway

In five HF-rEF rats we compared the renal sympathetic, pressor, cardioaccelerator responses 

to 30 s of static hindlimb muscle stretch before and after μ- and δ-opioid receptor and 

then after ASIC1a blockade. These experiments served as a control for the possibility 

that the effect of ASIC1a blockade with PcTx-1 on the integrated renal sympathetic 

response to static hindlimb muscle stretch (Figs 5B and 6B) was attributed to a release 

of Met-enkephalin, a μ- and δ-opioid receptor agonist (Mazzuca et al., 2007). During these 

experiments, a control stretch manoeuvre was performed exactly as described above. Next, 

following a ~5 min recovery period, naloxone (100 μg; 0.1 ml saline), a μ- and δ-opioid 

receptor antagonist, was infused at a constant rate of 10 μl/min for 10 min into the hindlimb 

circulation via the catheter placed in the superficial epigastric artery as described previously 

(Tsuchimochi et al., 2010). Approximately 5 min following injection of naloxone, a second 

stretch manoeuvre was performed. Next, after a second ~5 min recovery period, the snare 

on the left iliac artery and vein was tightened and PcTx-1 was injected into the femoral 

artery using the superficial epigastric artery catheter as described above. PcTx-1 remained 

snared in the hindlimb circulation for 5 min, at which time the iliac snare was released. 

The hindlimb was reperfused for 5 min and the static stretch manoeuvre was then repeated 

exactly as described above.
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Western blot and quantitative reverse transcriptase polymerase chain reaction 
experiments for ASIC1a/ASIC1 expression

In 36 rats (16 SHAM, 20 HF-rEF) the left and right L4 and L5 DRG were harvested. 

Samples were isolated into 2 ml bead mill tubes containing ~0.5 g of 1.4 mm ceramic 

beads and 300 μl of ML lysis buffer (Macherey-Nagel, Düren, Germany) and homogenized 

for 1 min at 5 m/s using Bead Mill 4 (Fisherbrand, Waltham, MA, USA). Total protein 

and mRNA from tissues were prepared with the Nucleospin miRNA/Protein Kit (Macherey-

Nagel; ref. no. 740971.50) according to the manufacturer’s instructions. Total Protein and 

RNA concentrations were determined using the Qubit 2.0 Fluorometer (Thermo Fisher 

Scientific, Waltham, MA, USA). Protein samples (40 μg) were separated on 4–12% Bis-Tris 

Protein Gels (Thermo Fisher Scientific) by gel electrophoresis in MES running buffer 

(Thermo Fisher Scientific) employing 220 V for 22 min. Gels were then transferred to mini-

polyvinylidene difluoride membranes using the iBlot 2 Dry Transfer Device (Thermo Fisher 

Scientific). The membrane was incubated for ~3 h with the iBind device with iBind solution 

(Thermo Fisher Scientific) with the primary antibodies: anti-ASIC1a diluted 1:100 (Santa 

Cruz Biotechnology, Dallas, TX, USA; cat. no. SC-515033; RRID: AB_2847878) and 

loading control antibody anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) diluted 

1:1000 (Thermo Fisher Scientific; cat. no. MA5–15738; RRID: AB_10977387) as well as 

the secondary antibody conjugated with horseradish peroxidase diluted 1:1500 (Thermo 

Fisher Scientific; cat. no. 31430; RRID: AB_228307). Membranes were then incubated 

for 5 min with SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher 

Scientific) and imaged with C–DiGit Blot Scanner (Li-Cor Biosciences, Lincoln, NE, USA). 

The protein bands were quantified and analysed using the Image Studio software (Li-Cor). 

Complementary DNA (cDNA) was synthesized from RNA isolates (see above) using the 

High Capacity RNA-cDNA kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions as described previously (Copp et al., 2016). Quantitative reverse transcriptase 

polymerase chain reaction experiments were then performed on the cDNA samples using 

TaqMan gene expression assays specific for: ASIC1a (sequence proprietary; Assay ID: 

Rn01638093_g1), and GAPDH with forward primer: 5′-ACCGCCTGTTGCGTGTTA-3′ 
and reverse primer: 5′-CAATCGCCAACGCCTCAA-3′. All samples were run in duplicate 

for the gene of interest, and the endogenous control (GAPDH). The results were analysed 

with the comparative threshold (ΔΔCt) method. A technical difficulty prevented us from 

determining GAPDH mRNA expression in one HF-rEF rat, which resulted in 19 HF-rEF 

rats for the ASIC1/GAPDH mRNA expression analysis.

Data analysis

Muscle tension, blood pressure, HR and RSNA were measured and recorded in real time 

with a PowerLab and LabChart data acquisition system (ADInstruments). The original 

RSNA data were rectified and corrected for the background noise determined after the 

administration of hexamethonium bromide. Baselines for mean arterial pressure (MAP), 

RSNA and HR were determined from the 30 s baseline periods that preceded each 

manoeuvre. The peak increases in MAP (peak ΔMAP), RSNA (peak ΔRSNA) and HR 

(peak ΔHR) were calculated as the difference between the peak values wherever they 

occurred during the manoeuvres and their corresponding baseline value. The integrated 

RSNA (∫ΔRSNA) was calculated by integrating the ΔRSNA (>0) during the manoeuvre. 
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The change in tension–time index (ΔTTI) and blood pressure index (BPI) were calculated 

by integrating the area under curve during the manoeuvre and subtracting the integrated area 

under the curve during the baseline period. Time courses of the increase in RSNA, MAP, 

HR and tension were plotted as their change from baseline and were analysed with two-way 

ANOVAs with Šidák’s multiple comparisons test. Multiple Student’s t-tests were performed 

for within-animal comparisons of baseline MAP, baseline HR, peak ΔMAP, peak ΔHR, peak 

ΔRSNA, BPI, ∫ΔRSNA and ΔTTI. One-way ANOVA with Šidák’s multiple comparison test 

was used to determine the effect of sequential blockades of μ- and δ-opioid receptor as well 

as ASIC1a on baseline MAP, baseline HR, peak ΔMAP, peak ΔHR, peak ΔRSNA, BPI, 

∫ΔRSNA and ΔTTI in HF-rEF rats pre-treated with naloxone. Data for echocardiograph 

measurements, body mass, heart morphometrics, and protein and mRNA expression were 

analysed with an unpaired Student’s t-test or the Mann-Whitney U-test as appropriate. 

Pearson’s correlation coefficient and linear regression analyses were used to examine the 

relationship between ASIC1a protein expression and ejection fraction, fractional shortening, 

and left ventricular infarct size. Statistical significance was defined as P < 0.05. n values 

indicate total number of rats. Data are presented as means (SD).

Results

Body mass, heart morphometrics

Body mass as well as the ratio of LV to body mass were not different between SHAM and 

HF-rEF rats (Table 1). The ratios of the RV and atria mass to body mass were greater in 

HF-rEF rats compared to SHAM rats. Additionally, LVEDV and LVESV were significantly 

greater, and ejection fraction and fractional shortening were significantly lower, in HF-rEF 

rats compared to SHAM rats. There was no difference in SV between groups.

Effect of ASIC1a blockade on reflex responses to lactic acid injections

Injection of PcTx-1 into the arterial supply of the hindlimb reduced the renal sympathetic 

and pressor response to injection of lactic acid into the arterial supply of the hindlimb in 

both SHAM (n = 12) and HF-rEF rats (n = 11; Fig. 1). Baseline MAP and HR before and 

after ASIC1a blockade for SHAM and HF-rEF rats are shown in Tables 2 and 3. These data 

provide evidence that injection of 100 ng of PcTx-1 into the arterial supply of the hindlimb 

effectively blocked ASIC1a on the sensory endings of thin fibre muscle afferents (referred to 

as ASIC1a blockade from this point forward for simplicity). Additionally, the peak ΔRSNA 

(SHAM: 71 (68)%; HF-rEF: 100 (50)%; P = 0.259) and peak ΔMAP (SHAM: 19 (12) 

mmHg; HF-rEF: 26 (21) mmHg; P = 0.347) response to lactic acid in the control conditions 

from these rats were not different between SHAM and HF-rEF rats.

Effect of ASIC1a blockade on the exercise pressor reflex

In SHAM rats (n = 7), ASIC1a blockade reduced the pressor and cardioaccelerator response 

to static hindlimb muscle contraction (Figs 2–4, and Table 3). However, ASIC1a blockade 

had no effect on the renal sympathetic response to contraction in SHAM rats. In HF-rEF rats 

(n = 8), ASIC1a blockade significantly reduced the RSNA, pressor and cardioaccelerator 

response to contraction (Figs 2–4, and Table 3). There was no difference between SHAM 

and HF-rEF rats in the magnitude of the effect of ASIC1a blockade on the BPI response 
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(SHAM: −179 (156) mmHg s; HF-rEF: −166 (126) mmHg s; P = 0.858) or peak MAP 

response (SHAM: −9 (7) mmHg; HF-rEF: −6 (6) mmHg; P = 0.475) to contraction. The 

tension developed during the contraction manoeuvre was not different between control and 

ASIC1a blockade conditions in either group of rats (Fig. 2G and H). Baseline MAP and 

HR before and after ASIC1a blockade for SHAM and HF-rEF rats are shown in Tables 

2 and 3, respectively. In vehicle control experiments, injection of 0.1 ml saline into the 

hindlimb arterial supply had no effect (P-value range: 0.124–0.775) on the RSNA, pressor or 

cardioaccelerator response to hindlimb muscle contraction in SHAM (n = 3) or HF-rEF (n = 

4) rats (data not shown).

In separate groups of SHAM (n = 5) and HF-rEF rats (n = 5), we investigated the possibility 

that systemic circulation of PcTx-1 accounted for the effect of the drug when it was injected 

into the arterial supply of the hindlimb. In SHAM rats, injection of PcTx1 into the jugular 

vein had no effect on the peak pressor (control: 22 (4) mmHg; PcTx-1: 18 (7) mmHg; P = 

0.362), BPI (control: 405 (47) mmHg s; PcTx-1: 313 (123) mmHg s; P = 0.205) or peak 

cardioaccelerator response (Table 4) to hindlimb muscle contraction. Additionally, injection 

of PcTx1 into the jugular vein had no effect on the peak renal sympathetic (control: 138 

(113)%; PcTx-1: 162 (134)%; P = 0.208) or integrated renal sympathetic nerve response 

(control: 958 (690) a.u.; PcTx-1: 845 (289) a.u.; P = 0.824) to contraction in SHAM rats. 

Likewise, injection of PcTx1 via the jugular vein of HF-rEF rats had no effect on the peak 

pressor (control: 20 (8) mmHg; PcTx-1: 20 (13) mmHg; P > 0.999), BPI (control: 358 

(199)mmHg s; PcTx-1: 334 (240) mmHg s; P = 0.717), or peak cardioaccelerator response 

(Table 3) to hindlimb muscle contraction. Additionally, injection of PcTx1 into the jugular 

vein had no effect on the peak renal sympathetic (control: 81 (84)%; PcTx-1: 53 (33)%; 

P = 0.560) or integrated renal sympathetic (control: 884 (760) a.u.; PcTx-1: 553 (325) 

a.u.; P = 0.435) response to hindlimb muscle contraction in HF-rEF rats. The TTI of the 

contraction manoeuvre was not different between the control and I.V. PcTx-1 conditions for 

either SHAM (control: 25 (8) kg s; PcTx-1: 25 (9) kg s; P > 0.999) or HF-rEF rats (control: 

15 (6) kg s; PcTx-1: 16 (3) kg s; P = 0.721). Baseline MAP and HR before and after 

injection of ASIC1a into the jugular vein for SHAM and HF-rEF rats are shown in Tables 

2 and 3, respectively. The results of these experiments are consistent with similar control 

experiments performed by Ducrocq et al. (2020b) and suggest that the effect of PcTx-1 

when it was injected into the hindlimb arterial supply of SHAM and HF-rEF rats was not 

attributable to circulating/systemic effects.

Effect of ASIC1a blockade on the mechanoreflex

In SHAM rats (n = 6), ASIC1a blockade had no effect on the RSNA, pressor or 

cardioaccelerator response to static hindlimb muscle stretch (Figs 5, 6 and Table 3). In 

HF-rEF rats (n = 7), ASIC1a blockade had no effect on the pressor or cardioaccelerator 

responses to stretch, but significantly reduced the RSNA response (Fig. 6D) especially 

within the first ~10 s of the stretch manoeuvre (Fig. 5B). The tension developed during the 

stretch manoeuvre was not different between control and ASIC1a blockade conditions at 

any point in either group of rats (Fig. 5G and H). Baseline MAP and HR before and after 

ASIC1a blockade for SHAM and HF-rEF rats are shown in Tables 2 and 3, respectively.
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In a separate group of HF-rEF rats (n = 5), we investigated the possibility that the effect 

of ASIC1a blockade with PcTx-1 on the integrated renal sympathetic response to static 

hindlimb muscle stretch was attributed to a release of Met-enkephalin, a μ- and δ-opioid 

receptor agonist (Mazzuca et al., 2007). We found that pre-treating HF-rEF rats with 

naloxone (50 μg; 0.1 ml saline), a μ- and δ-opioid receptor antagonist, did not prevent 

the effect of ASIC1a blockade on the integrated renal sympathetic response to stretch (Fig. 

7). Additionally, the pressor and cardioaccelerator response to stretch was not affected by 

naloxone or ASIC1a blockade in these HF-rEF rats (Table 4).

DRG ASIC1a protein and ASIC1 mRNA expression

There was no difference between SHAM (n = 16) and HF-rEF (n = 20) rats in ASIC1a 

protein or mRNA expression within L4 and L5 DRG tissue (Fig. 8). Interestingly, HF-rEF 

rats displayed a greater variance in ASIC1a protein expression (F = 9.01; P < 0.001), but 

not mRNA expression (F = 1.70; P = 0.306) within L4 and L5 DRG tissue. Moreover, in 

HF-rEF rats there was no significant linear relationship between ASIC1a protein expression 

and ejection fraction (P = 0.243, r = −0.274), fractional shortening (P = 0.340, r = −0.225), 

or left ventricular infarct size (P = 0.149, r = 0.335).

Discussion

We investigated the role played by ASIC1a in evoking the exercise pressor reflex in a rat 

model of HF-rEF and in SHAM-operated healthy counterparts. We found that injecting the 

ASIC1a antagonist PcTx-1 into the arterial supply of the hindlimb attenuated the pressor 

and cardioaccelerator response to static hindlimb muscle contraction in SHAM and HF-rEF 

rats. We also found that ASIC1a blockade reduced the RSNA response to hindlimb muscle 

contraction in HF-rEF rats, but not in SHAM rats. Interestingly, in experiments investigating 

a possible role for ASIC1a in the mechanoreflex, we found that ASIC1a blockade reduced 

the RSNA response to hindlimb muscle stretch in HF-rEF rats but not in SHAM rats. 

Lastly, we found no difference between SHAM and HF-rEF rats in group mean ASIC1a 

protein or ASIC1 mRNA expression within L4/L5 DRG tissue, although HF-rEF rats did 

have significantly greater variance in ASIC1a protein expression. Collectively, the present 

results suggest that ASIC1a contributes to the activation of the exercise pressor reflex in 

both healthy rats and rats with HF-rEF. Moreover, the results indicate that, in HF-rEF rats, 

ASIC1a develops a role in mediating the mechanoreflex component of the exercise pressor 

reflex that is not present in healthy SHAM rats.

The tarantula toxin PcTx-1 is a highly selective and highly potent ASIC1a antagonist 

(IC50 of 1 nM; Escoubas et al., 2000). Ducrocq et al. (2020b) found that injection of 

~100 ng of PcTx-1 into the arterial supply of a healthy rat hindlimb attenuated the reflex 

increase in blood pressure evoked in response to hindlimb arterial injection of lactic acid. 

We reproduced those findings in SHAM rats and extended them to HF-rEF rats (Fig. 1). 

In the control condition, we found no difference between SHAM and HF-rEF rats in the 

RSNA or pressor response to lactic acid injection. In contrast, Xing et al. (2015) previously 

reported a blunted pressor response to hindlimb arterial injection of lactic acid in HF-rEF 

rats compared to control rats. However, Xing et al. (2015) slowly infused lactic acid over 
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30 s, which likely stimulated ASIC3 to a greater extent than ASIC1a because ASIC1a 

currents are only generated when the pH is changed within 10 s (Alijevic et al., 2020) 

and because ASIC3 currents are sustained while ASIC1a currents are transient (Yagi et al., 

2006). Conversely, we rapidly injected (less than ~2 s) lactic acid into the arterial supply 

of the hindlimb which likely resulted in a significantly greater stimulus to ASIC1a than did 

the method of lactic acid delivery utilized by Xing et al. (2015). This difference in delivery 

method and possible difference in degree of ASIC1a stimulation might explain why we did 

not find a blunted RSNA and pressor response to hindlimb arterial injection of lactic acid in 

HF-rEF rats compared to SHAM rats.

Our finding in SHAM rats that ASIC1a blockade reduced the pressor and cardioaccelerator 

response to static hindlimb muscle contraction is an important reproduction of the findings 

from Ducrocq et al. (2020a, 2020b). The fact that the MAP response to contraction appeared 

to be reduced by ASIC1a blockade generally throughout the 30 s manoeuvre but with the 

most clear effect occurring in the latter half of the contraction (see Fig. 2C), along with 

the fact that ASIC1a blockade had no effect on the reflex responses to hindlimb muscle 

stretch in SHAM rats, is consistent with the notion suggested by Ducrocq et al. (2020a, 

2020b) that, in health, ASIC1a plays a role in the metaboreflex but not the mechanoreflex. 

A surprising result of the present investigation was that, despite finding ASIC1a-induced 

reductions in the pressor and cardioaccelerator response to contraction, we found no effect 

of ASIC1a blockade on the RSNA response to hindlimb muscle contraction in SHAM 

rats. One possibility for this apparent discrepancy is that ASIC1a stimulation contributes 

to reflex increases in SNA directed towards vascular beds/organs other than the kidneys. 

Another possibility is that ASIC1a plays only a minor/secondary role in mediating the reflex 

increase in RSNA and that redundant mechanisms preserved the RSNA response to muscle 

contraction following ASIC1a blockade in SHAM rats. Nevertheless, the present data further 

support the recent findings (Ducrocq et al., 2020a, 2020b) indicating that ASIC1a plays a 

role in evoking the exercise pressor reflex in healthy rats.

Our finding in HF-rEF rats that ASIC1a blockade reduced the RSNA, pressor and 

cardioaccelerator response to static hindlimb muscle contraction suggests that ASIC1a 

contributes importantly to the exercise pressor reflex in HF-rEF rats. Interestingly, the 

magnitude of effect of ASIC1a blockade on the pressor response was not different between 

SHAM and HF-rEF rats, which suggests that ASIC1a does not play a greater role evoking 

the exercise pressor reflex in HF-rEF rats compared to SHAM rats. However, in contrast 

to SHAM rats, in HF-rEF rats ASIC1a blockade reduced the RSNA response to hindlimb 

muscle contraction. Our finding that the RSNA response to hindlimb muscle contraction 

was reduced following ASIC1a blockade in HF-rEF rats, but not SHAM rats, suggests 

that activation of ASIC1a on the sensory endings of thin fibre muscle afferents may 

contribute to the exaggerated renal vasoconstriction during static handgrip exercise in 

HF-rEF patients compared with healthy controls (Middlekauff et al., 2000; Momen et al., 

2004). The role for ASIC1a in the heightened RSNA response to exercise pressor reflex 

activation in HF-rEF rats may also have important implications for our understanding of 

the development of cardiorenal syndrome and consequent abnormal renal function which 

is frequently reported in HF-rEF patients (Ramchandra et al., 2019). Nevertheless, the 

effect of ASIC1a blockade on RSNA was evident in the first second of contraction and 

Butenas et al. Page 13

J Physiol. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disappeared within ~10 s (see Fig. 2B). It seems unlikely that an accumulation of acidic 

by-products of muscle contraction and consequent stimulation of ASIC1a could account for 

the ASIC1a-mediated effect at the onset of muscle contraction, especially when considering 

data showing that the predominately metabolically sensitive group IV muscle afferents take 

~5–30 s to be activated by static hindlimb muscle contraction (Kaufman et al., 1983, 1984; 

Wang, Li et al., 2010). An alternative explanation is that the ASIC1a blockade-induced 

reduction in the RSNA response to contraction in HF-rEF rats is attributable to a role for 

ASIC1a in the mechanoreflex. In support of this explanation, ASIC1a blockade reduced the 

RSNA response to hindlimb muscle stretch in HF-rEF rats; an effect that was consistent 

across two different HF-rEF groups with slight variations in the experimental protocols 

(see experimental considerations below for more discussion on the naloxone experiments). 

ASIC1a blockade in HF-rEF rats, however, had no effect on the pressor or cardioaccelerator 

response to hindlimb muscle stretch. We interpret these findings to suggest that the primary 

role for ASIC1a in evoking the exercise pressor reflex involves metaboreflex-related effects 

on MAP and HR. Additionally, in HF-rEF, ASIC1a develops a novel, secondary role in 

evoking the exercise pressor reflex that involves mechanoreflex-related effects on RSNA.

Our finding that ASIC1a contributes to the mechanoreflex in HF-rEF is consistent with a 

growing body of literature suggesting that ASIC1a stimulation may modulate the function 

of mechanically activated channels on the sensory endings of thin fibre muscle afferents 

under various physiological conditions (Chen & Wong, 2013; Gregory et al., 2018; Page 

et al., 2004; Ruan et al., 2021). For example, ASIC1a blockade with PcTx-1 has been 

shown to prevent the development of mechanical hyperalgesia following activity-induced 

pain in the mouse (Gregory et al., 2018). Additionally, ASIC1 knockout mice are resistant to 

the typical development of mechanical hyperalgesia following injection of the inflammation-

inducing carrageenan solution into the gastrocnemius muscle (Walder et al., 2010). Passive 

hindlimb muscle stretch as performed in the present investigation activates a model 

of the mechanoreflex in the absence of any contraction-induced metabolic stimulus or 

change in local muscle venous effluent blood lactate concentration or pH (Stebbins et al., 

1988). Thus, the results of the stretch experiments in the present investigation provide 

strong evidence that the role played by ASIC1a in mechanoreflex activation in HF-rEF 

is not related to its role in acid/pH sensing. Moreover, the present data suggest that the 

mechanosensory role for ASIC1a does not develop acutely during muscle contraction 

but rather is chronically, or persistently, present and then revealed when the mechanical 

stimulus of muscle stretch/contraction is present. The precise mechanism(s) by which 

ASIC1a plays a role in mechanosensation in HF-rEF is unknown (see recent review by 

Ruan et al., 2021). Whether a ‘direct’ role for ASICs in mechanosensation exists in specific 

physiological/pathological conditions through, for example, proteins linking ASICs to the 

cytoskeleton, and/or whether ASIC-mediated intracellular signalling modulates the function 

of other ‘inherently’ mechano-sensitive proteins such as PIEZO channels (Coste et al., 

2010), requires further investigation.

To our knowledge, the present investigation is the first to examine the effect of HF-rEF on 

ASIC1a expression in DRG neurons. In contrast to our hypothesis, we found no difference 

in ASIC1 mRNA or ASIC1a group mean protein expression within L4/L5 DRG tissue 

between SHAM and HF-rEF rats. Interestingly, however, we found greater variance in 
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ASIC1a protein expression in HF-rEF rats compared to SHAM rats. We did not find greater 

variance in ASIC1 mRNA expression in HF-rEF rats although there was a trend (P = 0.077) 

towards greater group mean ASIC1 mRNA expression in HF-rEF compared to SHAM rats. 

These findings suggest that increased ASIC1a protein expression on the sensory endings of 

thin fibre muscle afferents may contribute to the role played by ASIC1a in the exaggerated 

exercise pressor reflex in some, but likely not the majority of, HF-rEF rats. It is important 

to note, however, that any such increase in ASIC1a protein expression could not account, 

in and of itself, for the mechanoreflex-related role played by ASIC1a, a role that was 

found to be remarkably consistent in the HF-rEF rats. In support of this notion, Walder 

et al. (2010) reported that carrageenan-induced mouse gastrocnemius muscle inflammation 

produced ASIC1a-mediated mechanical hyperalgesia in the absence of increased ASIC1 

mRNA expression in lumbar DRG tissue. Our current finding that ASIC1a adopts a role in 

the mechanoreflex in HF-rEF rats that is not present in healthy rats in the absence of group 

mean differences in ASIC1a expression is consistent with those findings of Walder et al. 

(2010)

Several experimental considerations should be noted. First, only male rats were used in 

the present investigation. Future studies are needed to determine the role of ASIC1a 

signalling in the exercise pressor reflex in female rats with and without HF-rEF. Second, 

ASIC1a is also located on vascular smooth muscle cells which, when activated, results 

in vasoconstriction (Drummond et al., 2017). Thus, the possibility exists that injection of 

PcTx-1 into the arterial supply of the hindlimb could accentuate the increases in hindlimb 

arterial blood flow thereby resulting in a diminished stimulus to the metaboreflex produced 

by contraction-induced metabolite production. However, Ducrocq et al. (2020b) addressed 

this possibility and showed that injection of PcTx-1 into the arterial supply of the rat 

hindlimb had no effect on blood flow to the hindlimb during static contraction of the triceps 

surae muscle (assessed by popliteal artery blood flow). Third, we recognized the possibility 

that ASIC1a blockade with PcTx-1 may have resulted in the release of Met-enkephalin 

(Mazzuca et al., 2007), a μ- and δ-opioid receptor agonist, which may have accounted 

for our finding in HF-rEF rats that ASIC1a blockade reduced the RSNA response to 

static hindlimb muscle stretch. However, we found that ASIC1a blockade reduced the 

RSNA response to static hindlimb muscle stretch in a separate group of HF-rEF rats that 

were pre-treated with naloxone (a μ- and δ-opioid receptor antagonist) suggesting that μ- 

and δ-opioid receptor activation does not account for the attenuating effects of ASIC1a 

blockade on the mechanoreflex in HF-rEF rats. Fourth, we investigated ASIC1 mRNA and 

ASIC1a protein expression in whole DRG tissue. Thus, the mRNA and protein signals 

we investigated did not originate solely from group III and IV muscle afferents. Future 

studies should seek to determine ASIC1 mRNA and ASIC1a protein expression in isolated 

group III and IV muscle afferents from SHAM and HF-rEF rats. Fifth, during whole 

body exercise, the exercise pressor reflex works in concert with various other autonomic 

control signals which contribute to the sympathetic and cardiovascular adjustments to 

exercise in health and disease. For example, central command (Koba et al., 2006), the 

carotid chemoreflex (Li et al., 2006; Machado et al., 2020; Stickland et al., 2007) and 

the arterial baroreflex (Mancia et al., 1992; Grassi et al., 1995) have all been reported 

to contribute to sympathetic and cardiovascular responses during exercise. The extent to 
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which ASIC1a contributes to the sympathetic and cardiovascular adjustments to whole 

body exercise when all these autonomic control mechanisms are working together remains 

unknown. Lastly, we do not report a statistical comparison of the reflex responses to muscle 

contraction or stretch between SHAM and HF-rEF rats from the control condition (i.e. 

before ASIC1a blockade). The present study was powered only to investigate the effect of 

ASIC1a blockade within the SHAM and HF-rEF groups and the across-group comparisons 

were left underpowered. Importantly, the available literature consistently demonstrates that, 

compared to SHAM counterparts, the reflex responses to hindlimb muscle contraction and 

stretch are exaggerated in the rat myocardial infarction-induced model of HF-rEF (Butenas 

et al., 2020, 2021b, 2021c; Koba et al., 2008, 2009, 2010; Morales et al., 2012; Smith et al., 

2003; Smith, Mitchell et al., 2005; Smith, Williams et al., 2005; Wang, Pan et al., 2010). We 

do report the statistical comparison of the pressor response to lactic acid injection between 

SHAM and HF-rEF groups because, to our knowledge, this is the first investigation to report 

the reflex pressor and RSNA response to a bolus injection of lactic acid into the arterial 

supply of the hindlimb of HF-rEF rats.

In summary, we found that ASIC1a contributed to activation of the exercise pressor reflex 

in SHAM and HF-rEF rats. The present findings further suggest that ASIC1a plays a role 

only in evoking the metaboreflex component of the exercise pressor reflex in health whereas 

in in HF-rEF, ASIC1a plays a role in evoking both the metaboreflex and mechanoreflex 

components of the exercise pressor reflex. Targeting ASIC1a in HF-rEF patients may 

serve as a favourable therapeutic strategy aimed at mitigating exercise intolerance and 

cardiovascular risk. That conclusion is supported by the findings of Smith et al. (2020) who 

demonstrated that exercise pressor reflex activation in HF-rEF patients constrains increases 

in stroke volume and elevates systemic vascular resistance during exercise.
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Key points

• Skeletal muscle contraction results in exaggerated reflex increases in 

sympathetic nerve activity in heart failure patients compared to healthy 

counterparts, which likely contributes to increased cardiovascular risk and 

impaired tolerance for even mild exercise (i.e. activities of daily living) for 

patients suffering with this condition.

• Activation of acid sensing ion channel subtype 1a (ASIC1a) on the sensory 

endings of thin fibre muscle afferents during skeletal muscle contraction 

contributes to reflex increases in sympathetic nerve activity and blood 

pressure, at least in healthy subjects.

• In this study, we demonstrate that ASIC1a on the sensory endings of thin 

fibre muscle afferents plays a role in both the mechanical and metabolic 

components of the exercise pressor reflex in male rats with heart failure.

• The present data identify a novel role for ASIC1a in evoking the exercise 

pressor reflex in heart failure and may have important clinical implications for 

heart failure patients.
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Figure 1. Effect of ASIC1a blockade on renal sympathetic and pressor response to lactic acid 
injection
A and B, examples of original tracings of RSNA and blood pressure (BP) in response to 

lactic acid injection (indicated by arrows) before and after ASIC1a blockade in a SHAM (A) 

and HF-rEF (B) rat. C–F, Δ renal sympathetic nerve activity (RSNA; C and D) and Δ mean 

arterial pressure (MAP; E and F) in response to hindlimb arterial injection of lactic acid (24 

mmol) before (Control) and after ASIC1a blockade in SHAM (n = 12) and HF-rEF (n = 

11) rats. Data were analysed with two-way ANOVA and Šidák’s multiple comparisons test 

and are expressed as means + SD. Asterisks and/or black lines indicate time points where 

comparisons were statistically significant (P < 0.05).
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Figure 2. Effect of ASIC1a blockade on the time course of exercise pressor reflex activation
Δ renal sympathetic nerve activity (RSNA; A and B), Δ mean arterial pressure (MAP; C 
and D), Δ heart rate (HR; E and F), Δ and tension (G and H) in response to 30 s of static 

hindlimb muscle contraction before (Control) and after ASIC1a blockade in SHAM (n = 7) 

and HF-rEF (n = 8) rats. Data were analysed with two-way ANOVA and Šidák’s multiple 

comparisons test and are expressed as means + SD. Asterisks and/or black lines indicate 

time points where comparisons were statistically significant (P < 0.05).
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Figure 3. Effect of ASIC1a blockade on exercise pressor reflex activation
The peak Δ renal sympathetic nerve activity (RSNA; A) and integrated change in RSNA 

(∫ΔRSNA, B) as well as the peak Δ mean arterial pressure (MAP; C) and blood pressure 

index (BPI, D) in response to 30 s of static hindlimb muscle contraction before (Control) 

and after ASIC1a blockade in SHAM (n = 7) and HF-rEF (n = 8) rats. Data were analysed 

with multiple t-tests and are expressed as mean values overlaid with individual responses. 

Asterisks indicate statistically significant differences between groups (P < 0.05).

Butenas et al. Page 25

J Physiol. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Examples of original tracings of renal sympathetic nerve activity (RSNA) and blood 

pressure evoked during 30 s of static hindlimb muscle contraction before (Control) and 

after ASIC1a blockade in a SHAM (left) and HF-rEF (right) rat.
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Figure 5. Effect of ASIC1a blockade on the time course of mechanoreflex activation
Δ renal sympathetic nerve activity (RSNA; A and B), Δ mean arterial pressure (MAP; C and 

D), Δ heart rate (HR; E and F), and tension (G and H) in response to 30 s of static hindlimb 

muscle stretch before (Control) and after ASIC1a blockade in SHAM (n = 6) and HF-rEF (n 
= 7) rats. Data were analysed with two-way ANOVA and Šidák’s multiple comparisons test 

and are expressed as means + SD. Asterisks indicate time points where comparisons were 

statistically significant (P < 0.05).
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Figure 6. Effect of ASIC1a blockade on mechanoreflex activation
The peak Δ renal sympathetic nerve activity (RSNA; A) and integrated change in RSNA 

(∫ΔRSNA, B) as well as the peak Δ mean arterial pressure (MAP; C) and blood pressure 

index (BPI, D) in response to 30 s of static hindlimb muscle stretch before (Control) and 

after ASIC1a blockade in SHAM (n = 6) and HF-rEF (n = 7) rats. Data were analysed 

with multiple t-tests and are expressed as mean values overlaid with individual responses. 

Asterisks indicate statistically significant differences between conditions (P < 0.05).
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Figure 7. Effect of μ- and δ-opioid receptor blockade and ASIC1a blockade on mechanoreflex 
activation in HF-rEF rats
A–C, example of original tracings of the RSNA responses to 30 s of static hindlimb 

muscle stretch in control (A), post μ- and δ-opioid blockade (B), and post-ASIC1a blockade 

conditions (C) from a HF-rEF rat. D and E, the integrated change in renal sympathetic nerve 

activity (∫ΔRSNA, D) and the first 10 s of the integrated change in RSNA (∫ΔRSNA10s, 

E) in response to 30 s of static hindlimb muscle stretch before (Control) and after μ- 

and δ-opioid receptor blockade (naloxone) as well as after ASIC1a blockade in HF-rEF 

rats (n = 5). F, tension–time index (TTI). Data were analysed with one-way ANOVA and 

Šidák’s multiple comparisons test and are expressed as mean values overlaid with individual 

responses. Asterisks indicate P < 0.05 for ASIC1a blockade vs. control and μ- and δ-opioid 

blockade with Šidák’s multiple comparisons.
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Figure 8. Effect of HF-rEF on ASIC1a expression
ASIC1a protein (A) and ASIC1 mRNA (B) in L4 and L5 dorsal root ganglia (DRG) tissue 

from SHAM (n = 16) and HF-rEF (n = 20) rats. GAPDH was used as a loading control (A) 

and reference sample (B). Examples of original western blot images from two sham and two 

HF-rEF rats are also shown. Data were analysed with a Mann–Whitney test (A) or Student’s 

t-test (B) and expressed as mean values overlaid with individual responses. †Statistically 

significant difference in variance between groups (P < 0.05).
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