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Abstract 

 
Myocardial infraction (MI) is the principal risk factor for the onset of heart failure (HF). 

Investigations regarding the physiopathology of MI progression to HF have revealed the 

concerted engagement of other tissues, such as the autonomic nervous system and the medulla 

oblongata (MO), giving rise to systemic effects, important in the regulation of heart function. 

Cardiac sympathetic afferent denervation following application of resiniferatoxin (RTX) 

attenuates cardiac remodelling and restores cardiac function following MI. While the 

physiological responses are well documented in numerous species, the underlying molecular 

responses during the initiation and progression from MI to HF remains unclear.  We obtained 

multi-tissue time course proteomics with a murine model of HF induced by MI in conjunction 

with RTX application. We isolated tissue sections from the left ventricle (LV), MO, cervical 

spinal cord and cervical vagal nerves at four time points over a 12-week study. Bioinformatic 

analyses consistently revealed a high statistical enrichment for metabolic pathways in all tissues 

and treatments, implicating a central role of mitochondria in the tissue-cellular response to both 

MI and RTX. In fact, the additional functional pathways found to be enriched in these tissues, 

involving the cytoskeleton, vesicles and signal transduction, could be downstream of responses 

initiated by mitochondria due to changes in neuronal pulse frequency after a shock such as MI 

or the modification of such frequency communication from the heart to the brain after RTX 

application.  Development of future experiments, based on our proteomic results, should enable 

the dissection of more precise mechanisms whereby metabolic changes in neuronal and cardiac 

tissues can effectively ameliorate the negative physiological effects of MI via RTX application. 
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Introduction 

 
Heart failure (HF) is a global health burden due to the increased life expectancy of individuals 

that survive acute myocardial infarction (MI) [1].  MI to HF progression is a complex clinical 

syndrome believed to be caused by inadequate cardiac output, which is unable to meet systemic 

metabolic requirements [2–4]. The systemic pathophysiological consequences of HF are 

particularly important and there has been a growing awareness concerning the link between the 

heart and brain dysfunction [5, 6]. Over the past few decades, we have started to reveal the the 

basic pathophysiology underlying the heart–brain axis [7, 8]. While evidence  suggested 

principally the role of adverse drug reactions, cranial hemodynamic changes in MI have gained 

considerable interest [3, 9, 10]. A recent systematic review suggested cardiac dysfunction 

hindered cerebral blood flow and may predisposes one to cognitive decline [11], but others 

suggest it may not be a predominant factor in HF-associated nervous system dysfunction [7, 

12].   

 

An important hallmark of HF is the modification in activity of the autonomic nervous system 

(ANS), with sympathetic nervous system (SNS) hyperactivity largely contributing to disease 

progression and negative outcome [13–15]. The predominant notion in the field is that HF leads 

to the hyperactivation of SNS efferent brain-to-heart fibers, thereby amplifying the damage to 

cardiac muscle [15]. The mechanism of this SNS hyperactivity is only partially known. 

Proposed mechanisms accounting for increased SNS activity include deactivation of baroreflex 

feedback and hemodynamic modifications in HF or hyperactivity of chemoreflexes related to 

anemia, renal failure or cardio-renal syndrome  [16–18].  The initial trigger of the SNS as a 

physiological consequence of HF has also been studied extensively in the clinic [15, 19, 20].  

More recently, we and others have shown that SNS hyperactivity is regulated by the denervation 

of a subset of cardiac afferent fibers expressing the Transient receptor potential vanilloid 



 

4 

 

 

subtype 1 (TRPV1), a non-selective cation channel [21].  The desensitization of cardiac 

afferents by Resiniferatoxin (RTX), an ultrapotent analogue of capsaicin and an agonist of  

TRPV1, reduces both the sympathetic tone downstream of MI and cardiac infarct size [22–26]. 

Furthermore, we recently demonstrated that this desensitization relieves the despair phenotype 

induced by HF in a murine model [27]. These cardiac afferents form a portion of the 

sympathetic cardiac network initiating in the spinal cord onto ascending pathways into the 

medulla oblongata (MO) and are traced to the lateral basal frontal cortex [28, 29]. The activity 

of these spinal afferents is further exemplified by Wu and colleagues [30] who show that central 

chemo-ablation of the TRPV1+ afferents in the spinal cord prevent ventricular arrhythmias in 

heart failure via selectively blunting cardiac sympathetic afferent projection into the spinal cord. 

 

HF neural imbalances are not limited to the SNS, traveling via spinal ganglia to the heart, but 

also to the parasympathetic nervous system (PNS), implicating the thoracic ganglia as well as 

the right and left vagal trunks [22, 31, 32].  Withdrawal of vagal activity in HF, or reduction in 

parasympathetic innervation of the heart, occurs at early stages of left ventricular dysfunction 

and this reduction is associated with worse outcomes in patients following MI with HF [33].  

Studies thus far have shown that ameliorating vagal activity improves cardiac function and HF 

patient outcome [34, 35], however vagal stimulation therapy remains controversial [36].   

Neural communication between the heart and brain is highly complex; and apart from 

neurophysiological assessments following stimulation or suppression, very little is known about 

the molecular components eliciting the responses. Here we sought to identify the immediate 

and longer-term molecular components in this neural circuit. The protein communities elicited 

downstream of MI, and the early dynamics of these responses during the progression to HF 

were studied by using mass spectrometry-based proteomics. For these analyses, we used an 

experimental MI and HF animal model (MI group) as previously described [27]. To identify the 
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contribution of TRPV1 expressing cardiac afferents, RTX was acutely applied to the pericardial 

space in a subset of mice to monitor its effect in both control (RTX) and in MI treated animals 

(MI/RTX). Tissues were isolated immediately following MI at 5 min and 20 min. In addition, 

animals were permitted to awaken, and tissues were collected at 24H and 12-week time points. 

Samples from the four tissues at these four time points were then processed for mass 

spectrometry followed by proteomic analyses.  Hierarchical clustering and subsequent tree 

cutting were used to partition proteins based on their expression profile, with respect to sham 

controls, over time. Clustered proteins were further analysed by functional enrichment analysis 

using EnrichR [37–39].  We show that despite the large amount of overlap in terms of proteins 

and functional pathways, each tissue and treatment resulted in distinct change over the time 

course investigated. 

 

Materials and Methods 

Animal Husbandry  

Ten-week-old male C57BL/6J mice were purchased from a commercial supplier (Envigo, 

Gannat, France) and were allowed to habituate to the animal facility for 12-16 days prior to the 

experiments. Males were chosen to reduce sex-based variability observed in the heart [40, 41] 

and brain, particularly in mood disorders [42]. Mice were housed in groups of 5 on a 12-h 

light/dark cycle and an ambient temperature of 22 ± 3 °C, with food and water available ad 

libitum.  Animal procedures were approved by the national Animal Care and Ethics Committee 

(CE2A122 protocol number 2016101916279704) following Directive 2010/63/EU. 

 

Myocardial Infarction and RTX application 

MI was performed as previously described [27]. Briefly, animals received a chemical induction 

of ketamine / xylazine (125/5 mg/kg) by intraperitoneal injection followed by a gas induction 
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by 2% of isoflurane inhalant mixed with 1 L/min 100% O2. Tracheal intubation was performed 

under a binocular microscope. RTX (Tocris Bioscience, Rennes, France) was prepared as 

previously described [43] and 10 µL of 0.25 µg/mL saline solution was used for pericardial 

injections. Animals were respirated with mini-wind ventilators (Harvard Apparatus, Les Ulis, 

France). Surgical procedures were performed under a Zeiss OPM1 FC operating microscope 

(Zeiss, Paris, France). An incision of the 4th intercostal space was performed to provide 

adequate exposure of the thoracic cavity. The left atrioventricular block was exposed, an 8/0 

Prolene thread (Ethicon) was placed at the edge of the left atrial appendage and a catheter was 

used to inject 10 µL of saline or RTX saline solution within the intrapericardium just prior to 

ligature. Evans Blue was used as a tracking dye to ensure lack of spillage. Immediately 

following infarction, 10 µL of saline (i.e., Sham group) or RTX (i.e., MI/RTX and RTX group) 

at 0.25 µg/mL was injected. The intercostal space was sutured followed by closing the skin 

surface using an Ethilon 6/0 thread (Ethicon). For acute MI animals were kept on anaesthesia 

and respiration for 5 min before tissues were dissected. All other animals received Buprecare 

(Buprenorphine) subcutaneously (100 µg/kg) as mandated by the National Ethics Board. RTX 

concentrations (i.e., 0.25 µg/mL) used in our study were based on previous studies [26, 27, 43, 

44]. All surgical procedures were performed between 7h-13h. 

 

Tissue dissection and preparation 

For the T1 (5 min) and T2 (20 min) time points, the subjects were maintained on isoflurane and 

artificial respiration for the desired time and then animals were sacrificed, and tissues (left 

ventricle, medulla oblongata, spinal cord (i.e., C1-C4) and cervical vagal nerves) were isolated. 

For the T3 (24h) and T4 (12-weeks) time points, mice were anaesthetized with isoflurane, 

weighed and sacrificed by cutting the spine at the skull base. Tissues were immediately removed 

and rinsed in dissection buffer; ice-cold PBS supplemented with Protease and Phosphatase 
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Inhibitors (Merck, France) and 10 nM of Phenylmethanesulfonyl fluoride (PMSF, Merck, 

France). Microdissection was also performed in ice-cold dissection buffer. 

 

Sample preparation for proteomics  

Mouse tissues were weighed and then homogenized using a Bead Mill Homogenizer 

(Fisherbrand) following the addition of a solution of 8 M urea in 100 mM TRIS-HCL buffer 

(pH 8) containing a cocktail of protease inhibitors (cOmplete, Sigma-Aldrich, Oakville, ON, 

Canada) at a ratio of 1:5 (w:v) in re-enforced 1.5 mL homogenizer tubes containing 50 mg glass 

beads. The samples were homogenized with 3 bursts of 60 seconds at a speed of 5 m/s. The 

homogenates were centrifuged at 9,000 g for 10 min. The protein concentration for each 

homogenate was determined using a Bradford assay. Two hundred µg of protein were extracted 

using ice-cold acetone precipitation (1/5; v/v). The protein pellet was dissolved in 100 µL of 50 

mM TRIS-HCl buffer (pH 8) and the solution was mixed with a Disruptor Genie at maximum 

speed (2,800 rpm) for 15 minutes and sonicated to improve protein dissolution yield. The 

proteins were denatured by heating at 120˚C for 10 min using a heated reaction block. The 

solution was then allowed to cool down for 15 minutes. Proteins were reduced with 20 mM 

dithiothreitol (DTT) at 90˚C for 15 minutes. Then proteins were alkylated with 40 mM 2-

Iodoacetamide (IAA) at room temperature for 30 min. Five µg of proteomic-grade trypsin was 

added at 37˚C for 24h. Protein digestion was quenched by adding 10 µL of a 1% TFA solution. 

Samples were centrifuged at 12,000 g for 10 min and 100 µL of the supernatant was transferred 

into injection vials for analysis. 

 

Proteomic analysis  

High-performance liquid chromatography was performed using a Thermo Scientific Vanquish 

FLEX UHPLC system (San Jose, CA, USA) using gradient elution along with a microbore 
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column (Thermo Biobasic C18 100 × 1 mm, with a particle size of 5 µm). The initial mobile 

phase condition consisted of acetonitrile and water (both fortified with 0.1% formic acid) at a 

ratio of 5:95. From 0 to 2 min, the ratio was maintained at 5:95. From 2 to 92 min, a linear 

gradient was applied up to a ratio of 40:60 and maintained for 3 min. The mobile phase 

composition ratio was reverted at the initial conditions and the column was allowed to re-

equilibrate for 15 min. The flow rate was fixed at 50 µL/min and 5 µL of sample was injected. 

A Thermo Scientific Q Exactive Plus Orbitrap Mass Spectrometer (San Jose, CA, USA) was 

interfaced with the UHPLC system using a pneumatic assisted heated electrospray ion source. 

Nitrogen was used for sheath and auxiliary gases, and they were set at 10 and 5 arbitrary units. 

Auxiliary gas was heated to 200˚C. The heated ESI probe was set to 4,000 V and the ion transfer 

tube temperature was set to 300°C. MS detection was performed in positive ion mode and 

operating in TOP-10 Data Dependent Acquisition (DDA). A DDA cycle entailed one MS1 

survey scan (m/z 400-1500) acquired at 70,000 resolution (FWHM) and precursor ions meeting 

user defined criteria for charge state (i.e. z = 2, 3 or 4), monoisotopic precursor intensity 

(dynamic acquisition of MS2 based TOP-10 most intense ions with a minimum 2x104 intensity 

threshold) were selected for MS2 acquisition. Precursor ions were isolated using the quadrupole 

(1.5 Da isolation width) and activated by HCD (28 NCE) and fragment ions were detected in 

the Orbitrap at 17,500 resolution (FWHM). Data were processed using Thermo Proteome 

Discoverer (version 2.4) in conjunction with SEQUEST using default settings unless otherwise 

specified. SEQUEST used a curated database consisting of FASTA sequences extracted from 

UniProt (i.e., Mus musculus TAXON ID 10090). The following Proteome Discoverer 

parameters were set: MS1 tolerance of 10 ppm; MS2 mass tolerance of 0.02 Da for Orbitrap 

detection; enzyme specificity was set as trypsin with two missed cleavages allowed; 

carbamidomethylation of cysteine was set as a fixed modification; and oxidation of methionine 

was set as a variable modification. The minimum peptide length was set to six amino acids, and 
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proteins identified by only one peptide were removed. Data sets were further analysed with 

Percolator [45]. Peptide-spectrum-matches (PSMs) and protein identification were filtered at 1% 

false discovery rate (FDR) threshold. For protein quantification and comparative analysis, we 

used the peak integration feature of the Proteome Discoverer 2.4 software [46]. For each 

identified protein, the average ion intensity of the unique peptides was used for protein 

abundance. 

 

Data preparation 

Microsoft Excel files, one per tissue were generated using Proteome Discoverer. The abundance 

ratios were generated from (MI)/(sham), (MI-RTX)/(sham) and (RTX)/(sham group). Proteins 

with UniProt accessions that mapped to a mouse and then a human symbol using the MGI 

human phenotype database [47] were retained provided they possessed valid expression levels 

across sets of biological replicates. In cases of multiple accessions mapping to the same human 

gene symbol, the accession with the best replicate data was retained. Since the number of 

replicates was at the lower limit of limma analysis with p-value estimation, we chose to just 

take the mean of replicates. In cases with a mixture of NA (not-available) values, they were 

only allowed when the other non-NA values were on the low end of the distribution for that 

group of samples. Data was next converted to delta-means, meant to represent the log fold 

change (LFC) of the difference between a mean of the values from one treatment group versus 

its Sham control group. These LFCs were assembled as a time series for all delta-Sham contrasts 

from all tissues and were hierarchically clustered with base R dist (euclidean) and hclust 

(ward.D) and cutree (k=24) [48]. Proteins from k-clusters with less that 100 genes in one 

tissue/treatment group were discarded and gene sets were assembled from the remaining genes 

for each treatment/sham contrast in each tissue. 
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Venn Diagrams 

Venn diagrams were generated using the ggVennDiagram package [49] within the ggplot2 

framework [50]. Input were string sets consisting of the gene symbols from each tissue as in 

Figure 1B or from each treatment after filtering for metabolism pathway genes that were also 

differentially expressed with ≥ 1.0 LFC for the 12 week and at least one of the 5 min or 24 hour 

time points as in Figure 5D. 

 

Expression profile plots 

The time course expression profile of each sample group after clustering and partitioning were 

presented using a custom ggplot2 script in R for the complete data set (Figure 2) or just genes 

involved in metabolism (Figure 4). When an LFC was NA for a time point, but the rest of the 

series had valid LFCs, the NA was replaced with 0 for clustering and plotting. Colors are 

arbitrary for each k-cluster. 21 of the 24 k-clusters are shown across the 4 tissues and only the 

3 purple profiles are shared between the vagus and the spine. The other colors are in reds for 

the left ventricle, blues for the spine and greens for the medulla. 

 

Enrichment and Heatmaps 

An R interface to the API of the enrichR program was implemented in order to perform batch 

gene function database enrichment analyses for the large number of tissue/treatment groups we 

wanted to analyse against the Reactome [51] and Gene Ontology [52, 53] databases. All 

heatmaps were generated with the pheatmap package [54]. Returned result sets were filtered 

based on adjusted p-value  0.05 for the heatmaps in Figure 3 and Sup Figure 1 and by p-value 

 0.01 for Figure 5 A-C. Filtered data will show as grey cells in the heatmap. Colored cells are 

based on log2 (2 + CombinedScore), where the enrichR CombinedScore is defined as the log of 

the Fisher exact test p-value multiplied by the z-score computed by assessing the deviation from 
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the expected rank [37]. Samples are clustered based on these scores, depicted in the top 

dendrogram of each heatmap. Each enrichR result, even after p-value filtering, was too large to 

show in a heatmap, however many pathways in each result tended to overlap in terms of protein 

sub-set with similar functional descriptions. We therefore pooled each treatment’s set of genes 

that were found in a particular pathway and formed a distance measure of overlap for 

hierarchical clustering (ward.D) and cutree: h = 500 for Reactome Figure 3A; h = 100 for GO 

cellular component; h = 75 for GO molecular function (Fig Sup 1A); h = 250 for GP biological 

process (Fig Sup 1B). Within each subtree, after cutree, the pathway with the best overall 

CombinedScores was chosen for display within the heatmap. This distance tree was also used 

in the clustering of the pathways, depicted in the left dendrogram of each heatmap. 

 

Results 

 
Detection of differentially regulated proteins  

This study made use of a murine model for MI with and without RTX treatment to obtain 

proteomic data from four tissues over a four-point time course, as described in Figure 1A. MI 

and sham controls as well as RTX and saline treatments were performed at T0 and mouse tissues 

were isolated at 5 min (T1), 20 min (T2), 24 hr (T3) and 12-week (T4) time points. From each 

mouse we isolated the LV (red), the spine (blue), the MO (green) and vagus (purple). To identify 

the effects of the autonomic sensory afferents in response to MI, one group of MI animals 

concomitantly received restricted acute pericardial injection of RTX to obtain cardiac sensory 

afferent denervation (MI/RTX). We have previously shown detailed characteristics (e.g. 

survival rates, echocardiographic assessments, quantification of infarct zones, resting heart rate 

variability, QT and QTc intervals and morphological data) related with the model for HF used 

and long-term effects on heart and brain function [27]. We investigated changes in the proteome 

with our models by employing a previously established, label-free quantitative proteomic 
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approach. The activation of TRPV1 by an agonist will lead to an influx of cations tightly 

associated with TAC1 expression and the release of tachykinin peptides (e.g. Substance P). As 

shown in the supplementary Figure S1, the application of RTX triggered the expression and 

release of TAC1 proteins in the spinal cord (C1-C4) 20 min after treatment. The results are 

consistent with the agonist effects of RTX on TRPV1, producing an intense pungent effect. 

However, the MI/RTX group showed a different phenotype suggesting that the RTX pungent 

effect might be mitigated by molecular processes associated with the induction of MI.  The 

four-way Venn diagram in Figure 1B shows the overlap and uniqueness in terms of protein 

content per tissue, looking at proteins that were detectable in at least 2/4 time points for at least 

2/4 treatment groups, resulting in 1,499 proteins from spine samples, 1,197 from LV, 1,772 from 

MO and 514 from vagus. Each zone is coloured to indicate the areas with highest (light blue) 

to lowest number proteins (dark blue). In addition to the 301 unique proteins from the left 

ventricle and the 373 from the medulla, the largest shared groups include spine-medulla (532), 

spine-medulla-left ventricle (358) and the central zone, shared between all tissues (323).  While 

one might expect the three neural tissues to have a large degree of proteomic overlap, it is 

surprising how many proteins were shared with the cardiac tissue supporting research 

suggesting an electrical nature of the heart and its connection with the nervous system.  

 

Cluster analysis to identify co-regulated proteins  

With the eventual goal of looking at tissue and treatment specific modulations in gene-

functional pathways over the time course of the study, we assembled our expression data to 

resemble log2ratios with respect to sham at the four time points for each protein, retaining the 

tissue and treatment information for each time-course.  Hierarchical clustering enabled us to 

refine a partitioning strategy in two steps. First, we manually adjusted the cutree k parameter, 

resulting in a k of 24, to obtain visually appealing clustered profiles when depicted as shown in 
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Figure 2. Second, we used a threshold of 100 waves per k-cluster per tissue/treatment group in 

order to remove outlier expression profiles that did not fit into any of the clusters that possessed 

the majority of the expression profiles, resulting in the retention of the 21 k-clusters shown in 

Figure 2. The spine retained 9 k-clusters, the MO and LV each had 6 and the vagus only 3, all 

of which were also retained by profiles from the spine (k2, k5 and k10). The complete data set, 

for all 24 clusters, is provided as a spreadsheet in Supplementary Data File 1 (encompassing 

2375 proteins labelled with their relevant tissue and treatment groups). 

 

Enrichment analysis of Gene Ontology and Reactome pathways 

 
For each tissue/treatment group, all of the proteins from the clusters shown in Figure 2 were 

pooled and used to search the Gene Ontology (GO) and Reactome pathway databases with the 

enrichR program. Results were filtered on adjusted p-value  0.05 and then we used the log2 

(2 + CombinedScore) to color the cells of the heatmaps shown in Figure 3. For tissue/treatment 

groups that did not statistically enrich a pathway, the cells are colored in grey. The samples are 

clustered based on this enrichR Combined Score and show that the effect in each Reactome 

pathway (Figure 3A) is more similar between the RTX and MI/RTX treatments than MI within 

each tissue, except for the vagus. In addition, the response of the spine and MO are more similar 

to each other than the LV or vagus, however it should be noted that the vagus scores suffered 

due to the lower overall number of proteins found in that tissue. The rows are clustered based 

on the degree of overlap between the enriched protein sets in each pathway. For the Reactome 

pathway database, we processed 12 enrichR results, one for each tissue/treatment group, each 

containing 131 to 342 different pathways with adjusted p-values  0.05. When merged together, 

1,255 unique pathways were retained (Supplementary File 2). In order to condense these results 

for visualization by heatmap, we again used hierarchical clustering and cutree utilizing a 

distance measure based on overlapping protein content. This enables the heatmap to summarize 
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pathways that were functionally similar when they have largely overlapping protein sets. As 

shown in Figure 3A, there is a large degree of enrichment within Metabolism (Reactome 

identifier R-HSA-1430728, hereafter referred to as Metabolism) and Pyruvate metabolism and 

TCA cycle pathways in all groups. In addition, Apoptosis, Hemostasis, Vesicle-mediated 

transport and Signalling by NGF were significant in all groups and Adaptive Immune System 

was found everywhere except in the vagus. Due to the shared disturbance in metabolism 

pathways, we next looked at GO cell component (GO:CC) in the same manner and can 

hypothesize that a large part of the response we found through these proteomic experiments is 

due to changes in the mitochondria of the cells. As shown in Figure 3B, we found GO:CC 

categories that correspond to the vesicle-related Reactome pathways such as vesicle, neuron 

projection, membrane raft and cell-cell junction to name a few. Combined with the high scores 

from cytoskeletal pathways, it is clear that these treatment groups all underwent massive 

changes in cellular signalling networks. The GO molecular function (GO:MF) and biological 

process (GO:BP) databases were also queried (Supplementary Figures S2A and S2B, 

respectively) and revealed additionally that many of the proteins under examination are 

involved in RNA binding and protein folding/stability (GO:MF) and further support the role of 

metabolism and immunity (GO:BP pyruvate metabolic process and neutrophil mediated 

immunity). Complete tables of all enrichR results are also available as Supplementary File 2. 

 
Cluster analysis to identify association between pathways in regulatory networks 

To further investigate the findings regarding Metabolism at the protein level. We extracted the 

profiles shown in Figure 2 for each protein that was found in the Reactome Metabolism pathway 

(Figure 4). In this way, it is clear that while each of the treatments modulates metabolism via a 

large number of common proteins, the profile over the time course is different based on each 

treatment.  Essentially, in all 3 treatments the proteins from metabolism are increased 

immediately in T1 as compared to Sham.  In RTX, the protein levels gradually resume to sham 
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levels at 24 h in all tissues.  In the LV (Figure 4A) k9 and k13 appear to be MI specific profiles. 

MI/RTX responses concentrate almost uniquely in k24 while the RTX response is most evident 

in k6 and k18.  These data show that while Metabolism includes a very large group of proteins, 

further dissecting the responses show how the LV had a treatment specific response.  Figure 4B 

represents the waveforms of the metabolic proteins in the spine in all three treatments. Certain 

profiles such as k3 and k10 may reflect an MI response whereas k4, k19, k20 and k21 show a 

tendency to be elicited by RTX. The vagus showed that the k5 cluster was most evident in MI 

while MI/RTX showed an increased tendency in k10.  RTX treatment had little effect on the 

metabolic profiles of the vagus. The MO also showed that k16 and k22 may be MI specific, 

while k23 is an intriguing profile solicited strongly by RTX, absent from MI/RTX, but a small 

subset of proteins share a similar profile in MI. 

 

Treatment specific enrichment analysis of Reactome pathways 

 
Finally, we wanted to focus on any treatment specific effects that persist across all tissues and 

involve proteins with the largest degree of fold change versus the Sham controls. First, we 

selected proteins with absolute log2fold change  1 at 12 weeks and at least one of the following 

timepoints: 5 min or 24 h. We repeated the enrichR analysis of the Reatome database looking 

at each treatment group separately, shown in Figure 5 (A: MI, B: MI/RTX, C: RTX). Heatmaps 

were prepared as in Figure 3, however due to smaller number of proteins per group, we relied 

on a non-adjusted p-value  0.01 for these analyses. With the filtering of proteins that did not 

have long term changes with respect to sham, we found that MI retained selection of 

Metabolism over all tissues but that TCA cycle pathways were only retained in the LV (Figure 

5A). MI/RTX and RTX treatment likewise have long term changes in Metabolism in all tissues 

however the TCA cycle is not significant in the MO with MI/RTX (Fig 5B) and RTX (Fig 5C). 

Finally, all proteins from the Metabolism pathway selected as described for the Figure 5 
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heatmaps were placed into a Venn diagram (Figure 5D) in order to show that while there are a 

lot of shared proteins, 98 from all three treatments and 133 shared between MI and MI/RTX, 

there are also more unique RTX proteins (57) and unique MI/RTX proteins (40) than there are 

shared only between RTX and MI/RTX (26). 

 

Discussion  

 
In order to better understand the complexity behind the interactions between the heart and the 

nervous system in HF, we undertook a large proteomic analysis of four tissues over a 12-week 

time course using combinations of MI and RTX treatments. By 12 weeks, the adverse effects 

of MI have been compensated for by RTX treatment and by including earlier time points in our 

analysis, we were able to monitor how these various treatments affected these tissues at 5 min, 

20 min, 24 h as well as after 12 weeks. We were particularly interested in the early timepoints 

as to date RTX application to the heart in order to rescue HF progression following infarction 

is often concurrent with the induction of MI [22–27].  Application of RTX elicits an immediate 

excitation of TRPV1 expressing sensory neurons followed by a blocking effect whereby 

neurons can no longer sense the stimuli, which then ultimately leads to neurodegeneration of 

the sensory fibers [56, 57]. While we can observe a rapid and important response in the spine 

following RTX treatment, we further confirmed that the excitation response was prompted in 

the spine at 20 min by an up-regulation of TAC1 (Figure S1) leading to the release of 

pronociceptive neuropeptides (i.e. SP and NKA). Further, we know from our previous studies 

that RTX abolished the cardiac sensory fibers at 12 weeks post infarction [27].  In order to 

analyse this large dataset, we consolidated all the time points into waveforms that could be 

partitioned into clusters of genes with similar expression profiles over the time course by 

hierarchical clustering.  One interesting observation in our data was that RTX induced a 

response in the LV even though it is commonly referred to as being benign in the heart [26, 30, 
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43]. Our data here is consistent with novel findings from the development and use of 

heterozygous TRPV1-Cre+/-,tdTomato flox/flox+/- mice [58], which demonstrated that while TRPV1 

channels are mostly expressed in cardiac nerve endings they are also found in the vessels of the 

mouse heart [58]. As such, we need to keep in mind that RTX may elicit its effects through 

blood vessels in addition to the cardiac afferent nerves.  Nonetheless, our findings with RTX 

alone show a stimulation in all tissues that essentially return to baseline levels over time and 

concur with physiological findings [22–27]. Moreover, we see that application of RTX to the 

heart also elicited long-term adaptations in the MO and in the vagus nerve. These findings, 

while surprising, are consistent with RTX induction of long-lasting sensory neuron 

desensitization to achieve permanent analgesia [56, 57], which may represent the underlying 

adaptive processes supporting analgesia.  

 
The waveform profiles presented in Figure 2 obtained for the combined MI/RTX treatment 

were paradoxical and tissue dependent. For example, we found that the MI/RTX response 

closely resembled that of MI for the LV, but in the spine the response was similar to that 

observed in RTX. This is consistent with the notion that RTX prompts a response in cardiac 

afferent nerves that transmit information through the spinal cord [21, 26]. Profiles of proteomic 

responses in spines isolated from mice in the MI/RTX treatment group showed a similar 

response curve to RTX animals, but with lower response amplitude. These findings may 

indicate a dampening of the RTX response in the spine in conjunction with MI; but further study 

will be required to understand this observation given that spine isolated from MI treated animals 

showed relatively low responses throughout all time points. The responses observed in the 

vagus nerve samples per treatment were surprising. The effect of MI on the vagus has not been 

extensively studied, however left vagal nerve stimulation following MI has been shown to 

ameliorate cardiac function in a canine model [59]. The waveform in MI was similar to that 

observed for MI/RTX but the response was more pronounced at early time points.  These 
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findings suggest that the vagus is solicited early after MI and that concurrently blocking the 

sympathoexcitatory TRPV1+ cardiac neurons result in a reduced engagement of the vagus 

following MI.  

 
Once all the time points were consolidated into waveforms and partitioned into clusters of genes 

with similar profiles over the time course by hierarchical clustering, we sought to functionally 

characterize the gene sets within each Tissue/Treatment group by enrichment analysis with the 

Reactome database. Surprisingly, the top pathway found in all tissues and treatments was 

Metabolism (e.g. R-HSA-1430728). It encompasses a complex network of chemical reactions 

and represents the largest and best characterized biomolecular network whereby the function of 

the underlying genes and proteins are well known. To study the proteomic changes associated 

with MI and RTX in the neuronal tissues connecting the heart to the brain, we thought to push 

genes specifically associated to Metabolism to the side and try to pick apart many of the other 

aspects of the results that had more precise functional descriptions. However, upon routinely 

finding metabolism associated genes at the statistical top of every analysis, we wanted to further 

explore the implications. Maladaptive energetics of cardiac tissue contribute to the 

pathophysiology of the failing heart [2, 5, 7].  More and more, we are learning of the complex 

metabolic processes associated with myocardial metabolic failure and systemic metabolic 

regulation has been found to contribute both to major symptoms and to disease progression [40, 

60]. As such, HF is now defined as a systemic, multi-organ syndrome associated with metabolic 

failure [61]. One of the associations made between altered metabolism and HF include the 

activation of the neurohumoral system; which is the chronic activation of the sympathetic 

nervous system and the Renin-Angiotensin-Aldosterone System (RAAS)  [62].   Moreover, in 

the last decade, the notion of cross-talk between the infarcted heart and peripheral tissues is of 

considerable interest within the research community [2, 4, 55, 63–66].  Metabolic dysregulation 

in the liver, skeletal muscle and adipose tissues following myocardial infarction has been shown 
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[2], and genome-wide transcriptomic analysis on tissue samples obtained 6- and 24-h post-MI 

demonstrated that tissue-specific biological networks showed a dysregulation in multiple 

biological processes (including immune system, mitochondrial dysfunction, fatty-acid beta-

oxidation as well as RNA and protein processing) across multiple tissues, in particular in the 

liver. 

 
We then made use of the three Gene Ontology databases to further confirm the functional 

changes in the cells of these tissues exposed to these various treatments. While the cellular 

component database from Gene Ontology suggests that proteomic changes in  metabolism are 

localized within the mitochondria, previously reported in cardiomyocytes and HF [67], certain 

metabolic pathways have recently been found to be functional in the cytoplasm, distinct from 

the larger mitochondrial structures [68]. In either case, our discoveries that the protein 

components of mitochondria are being modified both by MI and RTX in the LV, spine, MO and 

vagus, could be explained based on merely the energetic needs of the tissues that propagate 

neural electrical- and chemical- signals back and forth within the tissues that connect the heart 

and the brain. It is quite clear that there is a large up-regulated peak at 20 minutes everywhere 

in this dataset as revealed in Figure 2. Interestingly, in the LV, the majority of the proteins are 

detected at higher levels in Sham versus all three treatment groups. The same can be said for 

the spine and the vagus. However, the MO shows the exact opposite and at 5 minutes, most 

proteins are up in the treatment groups with respect to their Sham counterparts. Looking at long 

term changes, over 12 weeks, these same proteins are down again for the most part in the left 

ventricle, however most of them move upwards by 12 weeks in spine and vagus. The MO 

continues to trend downwards at 12 weeks, despite their initial up-regulation at 5 minutes. 

 
In addition to metabolism and related pathways such as TCA cycle, we found Reactome 

pathways such as vesicles, apoptosis, hemostasis and signaling by nerve growth factor (NGF) 
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(Figure 3A). While it is expected to find such functional pathways in the neural tissues, it was 

less expected for the LV. The fact that these pathways were also found in the heart may further 

suggest shared regulatory mechanisms for adaptation to MI and RTX in all tissues via neuronal 

pulse communications [69, 70]. We can also reveal that cadherin binding is consistently 

enriched everywhere (Figure S2A), in addition to RNA binding and protein degradation 

pathways, in agreement with previously published works [2]. The expected enrichment in 

muscle contraction was also seen in most all other samples and neutrophil mediated immunity 

was found in all tissues and treatments (Figure S2B), suggesting an additional layer of 

complexity to the response to MI and RTX. There were also pathways related to supramolecular 

fiber organization and actin/tubulin binding as well as many hits to cytoskeletal and actin-

related categories with the cellular component database (Figure 3B). Taken together, we see 

that there is both short- and long-term disturbances in pathways not only related to mitochondria, 

but also the cytoskeleton, vesicles and various signaling pathways. 

 
Performing an additional analysis by partitioning the overall proteome as shown in Figure 2 

with only the profiles of genes from the Reactome Metabolism pathway, we noted that a 

principal proteomic signature, depicted as k-clusters, are proportionately represented within the 

proteins from the metabolism subset (Figure 4). When we further refined the proteome under 

study by selecting only proteins with a 1.0 log fold change at 12 weeks and an additional time 

point of either 5 minutes or 24 hours, we still found metabolism to be the only consistent 

pathway for all treatments (Figure 5A, B, C). This subset of proteins involved in metabolism 

also showed a balanced mixture of shared and distinct proteins across the MI, RTX and MI/RTX 

treatment groups (Figure 5D). 

 

One can imagine that the cyclical transport of ions across membranes to generate neural signals 

is an energy intensive process. The spine, MO and vagus are all considered to be largely post-
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mitotic cellular networks that function to transmit signals by the ATP intensive process of 

pushing ions across the membrane against the gradient. It is plausible that this network of post-

mitotic cells makes use of mitochondria as adaptive and receptive component to fine tune  

neuronal behaviour in times of need. The triggering of MI results in a large change in the 

signaling between the heart and the brain [71]. The response at the interface of the heart is more 

similar to the connected neuronal network that we anticipated. On the other hand, the MO 

appears to make use of a large number of similar proteins with these neuro-connective tissues 

in terms of its adaptive response to signals such as MI and RTX. The precise injection of RTX 

in the pericardium to interact with epicardial sensory neurons ablates signaling from the heart 

to the brain [22, 26, 27]. There is an immense proteomic impact with RTX treatment alone on 

all tissues and there is a large overlap in terms of functional pathways and individual proteins 

shared with the MI treatment groups. While this is an important and surprising finding, we 

cannot discern at a proteomic level exactly how RTX treatment alleviates the symptoms 

associated with MI. However, our findings suggest that mitochondria plays an important role. 

Not only can one suppose that the difference in signaling associated with MI and RTX require 

different energy stores, one can also imagine the mitochondria as low-level signaling sensors 

for the intracellular health of the cells participating in the neuronal connection. The 

mitochondria, as they adapt, can trigger response adaptation in the cytoskeletal network as well 

as all manner of signaling apparatus that manage vesicle traffic and interpretation of 

extracellular stimuli [72, 73]. One can even envision that the electromagnetic pulses of the 

tissue are sensed by the H+ gradients inside the mitochondria and that the first level of cellular 

detection to changes in neuronal pulse frequency are the mitochondria due to the proton 

gradients that grow adapted to whatever frequency is present. 

 

It is important to recognize certain limitations associated with these experiments. For example, 
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we did not measure infarct size at the early time points and prior to the collection of tissues at 

the immediate time point, animals were under isoflurane inhalant and ventilated; both of which 

have effects on cardiac and nervous system function [74, 75] . Additionally, only proteomic 

data was analysed in this research, hence the sensitivity might be limited especially for the 5 

min time points. Since we focussed our research on dissected portions of each tissue, observed 

changes may reflect only a portion of the systemically changing events. Our bioinformatic 

analyses revealed a high degree of overlap between all tissues and treatments heavily 

implicating metabolism and mitochondrial function. Despite the overlap in terms of proteins 

identified and their respective functional pathways, there are clearly very different expression 

profiles over time in the tissues studied based on the treatment imposed. 

 

Conclusion 

We provide central pathways for systemic metabolic allostasis to cardiac dysfunction and add 

to the important growing body of evidence for systemic, integrative pathophysiological 

responses regulated by cardiac sensory fibres in HF.  These results should aid in establishing 

future experiments to dissect how metabolic changes in neuronal tissues can effectively 

ameliorate the negative physiological effects of MI via RTX application. Efforts towards 

developing effective treatments for HF have shown limited efficacy at best, with no efficient 

cure to this day. Our work helps to uncover certain differential metabolic constituents involved 

in the link between cardiac metabolism and the peripheral and central nervous systems that are 

potential targets for future therapies. Therapeutics combining neuroprotective aspects in 

addition to modulation of metabolic activities may offer better outcomes for HF patients. 
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Figure Legends 

 

Figure 1. A) Illustrated workflow of the experimental protocol used in the study.  Adult male 

C57BL6 males (n=6/group/timepoint) were subject to acute irreversible myocardial infarction 

in the presence of pericardial targeted injections of RTX or saline. The following time points 

T1 (5 min), T2 (20 min), T3 (24h) and T4 (12-weeks) from the left ventricle (LV), spine, vagus 

and medulla oblangata (MO) were isolated and processed for mass spectrometry. B) Degree of 

proteomic overlap between the four tissues under investigation. Tryptic peptides with a valid 

signal retained after initial filtering in at least 2 of 4 time-points and 2 of 4 treatments in at least 

2/4 time points resulting in 1,499 proteins from spine samples, 1,197 from LV, 1,772 from MO 

and 514 from vagus. Area colour brightness is used to indicate areas with the highest number 

of overlapping proteins as the lightest shade of blue. In addition to the 301 unique proteins from 

the left ventricle and the 373 from the medulla, the largest shared groups include spine-medulla 

(532), spine-medulla-left ventricle (358) and the central zone, shared between all tissues (323). 

 

Figure 2. All protein expression time series, expressed as delta-means with respect to Sham 

controls, were partitioned by hierarchical clustering  (kmeans, k = 24). Each k-cluster is 

arbitrarily assigned a specific colour, with LV in reds, Spine in blues, MO in greens and the 3 

clusters shared between Spine and Vagus in purples.  K-clusters with less than 100 proteins 

from any treatment group were not retained, leading to 21 out of 24 k-clusters being shown. 

Profiles are displayed with time on the x-axis and the delta-mean with respect to sham on the 

y-axis.  A) LV 6 k-clusters, B) Spine 9 k-clusters, C) Vagus 3 k-clusters, D) MO 6 k-clusters.. 

 

Figure 3. Functional characterization of the sets of proteins found for each tissue/treatment 

group were assessed using EnrichR and the Reactome (A) and Gene Ontology cellular 

component (B) database. Only pathways with adjusted p-value  0.05 were retained for 

downstream analysis. Within the heatmap, the cells are colored based on log2 (2 + enrichR-

CombinedScore) and the sample groups are clustered based on these values. The rows are 

clustered based on the degree of overlap of the proteins within each set that led to enrichment 

of each pathway.  Clustering and cutree were used to group similar pathways (h=500 for 

Reactome and h=100 for GO:CC) and  the pathway with the best CombinedScores within each 

cluster were selected for visualization in the heatmap. 

 

Figure 4. Wave profiles representing only the proteins identified in the Metabolism Reactome 

pathway for the LV, Spine, vagus and MO extracted from the profiles shown in Figure 2. A. 

Differing profiles are observed in the LV for MI and MI/RTX. k9 and k13 appear to be MI 

specific profiles while MI/RTX protein response profiles concentrated in k24 and RTX response 

is most evident in k6 and k18. B. In the spine MI response is observed in k3 and k10 and RTX 
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appears responsible for protein responses observed in k4, k19 k20 and k21. C. Proteomic 

responses in the vagus showed that the k5 cluster is MI dependent and MI/RTX showed an 

increased tendency in k10. RTX treatment had little effect on the metabolic profiles of the vagus. 

D. The MO also showed that k16 and k22 may be MI specific, while k23 is an intriguing profile 

solicited strongly by RTX, absent from MI/RTX, but a small subset of proteins share a similar 

profile in MI. 

 

Figure 5. Treatment focused pathway enrichment heatmaps for proteins with long term 

expression changes.  To focus on pathways that contained proteins with large fluctuations in 

expression over time, we selected proteins that had absolute delta-means  1.0 at 12-weeks and 

either/both of the 5 min and 24 h time points for each tissue/treatment group and again applied 

an enrichR analysis with the Reactome database. Pathways where the p-value > 0.01 are in grey 

and the heatmap is colored by log2(2 + enrichR-CombinedScore). Metabolism is a dominant 

pathway with differential protein expression in all treatments A) MI, B) MI/RTX, C) RTX. A 

Venn diagram including the three treatments was used to demonstrate the degree of overlap 

within these sets of Metabolism proteins (D). 
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