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Investigating a time course of ischemic stroke-induced heart injury in the left coronary 

artery 

 

Abstract 

Besides cell death and loss of function in the brain, ischemic stroke is often associated with poor 

cardiac outcomes, increasing the risk for atrial fibrillation and myocardial infarction. This 

condition, known as stroke-induced heart injury (SIHI), has been well characterized for the four 

chambers of the heart and myocardial tissue, but the timeline and extent of injury in the coronary 

arteries remain unclear. To study the timeline of ischemic SIHI in the left coronary artery (LCA), 

we documented how the thickness, cross-sectional area, and immune cell recruitment in the LCA 

changed following an insular ischemic stroke in a rat model. Rats were divided into a stroke 

(endothelin-1 injection) and control (phosphate-buffered saline injection) group and sacrificed at 

various time-points post-treatment (6h, 24h, 7d, 14d, & 28d). Following a standard H&E staining 

protocol, we observed a general thickening and constriction in the vessel until 7 days post-stroke, 

corresponding to eutrophic remodelling. After immunohistochemistry staining for pan-

leukocytes (CD45), neutrophils (myeloperoxidase), and B lymphocytes (CD45R), we observed a 

maximal recruitment of innate and adaptive immune cells occur concurrently at 24 hours post-

stroke, indicating possible immunological memory in inflammation from stroke. These results 

extend our understanding of stroke-induced heart injury to vascular changes in the heart and lay 

the groundwork in addressing the relevant clinical problem of cardiac complications after stroke. 

 

 

 



1. Introduction 

1.1. Background 

Stroke and the heart-brain relationship 

Stroke affects individuals worldwide and is the most common cause of morbidity and a significant 

source of mortality in industrialized countries1. Strokes have been traditionally categorized into 

either ischemic strokes, which are more common and involve occlusion of a cranial blood vessel, 

or hemorrhagic strokes, which are more severe than ischemic strokes and involve bleeding and 

increased intracranial pressure causing reduced blood flow2. Both of these categories of strokes 

ultimately result in a lack of blood flow to the brain causing cell death.  

Following an ischemic stroke, there is a complex pathophysiological response that takes place in 

the body. This begins in the brain with the obstruction of nutrient transport, like glucose, which 

limits the energy available for the cell to maintain ion gradients and initiates an ischemic cascade 

consisting of several cellular pathways3. Impaired maintenance of ion gradients across the cell 

membrane causes an accumulation of intracellular Na+ and Ca2+ ions, drawing water into the cell 

by osmosis, and causing cytotoxic edema4-5. Minutes after occlusion, irreversible cell death begins 

to occur causing tissue necrosis, and subsequent loss of brain function6.   

Stroke, among other neurological disorders, has previously been reported to be associated with 

structural and functional impairment to the heart, such as neurocardiac arrhythmias and lesions7-

10. Damage to the heart from stroke-induced heart injury (SIHI) was first identified when 

hemorrhagic stroke patients were found to have electrocardiogram abnormalities11. Subsequent 

work has then found stroke-induced arrhythmias and myocardial lesions in mouse models of 

hemorrhagic stroke12. In addition to early research focused on hemorrhagic SIHI, ischemic stroke 

patients were observed to have similar cardiac consequences, such as atrial fibrillation manifesting 



in approximately 25% of cases 13-15. Previous work in our lab has also identified a similar immune 

cell recruitment profile following an insular ischemic stroke in rats and the results of Sheridan et 

al. (1996) for canines following a myocardial infarction. Clinically, patients who have had an 

ischemic stroke are at an increased risk of a heart attack in the following months16. Both 

hemorrhagic and ischemic stroke have a similar prevalence of cardiovascular changes following 

stroke, however, the focus of our study is on ischemic stroke because of its greater incidence in 

the population17. 

Mechanism of Stroke Induced Heart Injury (SIHI) 

Currently, the two major proposed mechanisms of SIHI involve the release of pro-inflammatory 

chemokines into blood circulation18, and/or autonomic dysregulation triggering a catecholamine 

surge19 (Figure 1).  

Figure 1. Potential mechanisms for stroke-induced heart injury.  

The release of chemokines as part of the inflammatory response initially recruits neutrophils to 

infiltrate into the damaged brain tissue and macrophages to phagocytose debris and pathogens. 

Following the activation of neutrophils and macrophages of the innate immune system, this further 

triggers an adaptive immune response from T and B lymphocytes20. However, inflammation is not 

exclusively localized to the brain, as macrophages, lymphocytes, and neutrophils are found in 



greater abundance in the heart following a hemorrhagic stroke in patients21. When inflammatory 

cells are recruited to the heart, they can release cytokines that induce cardiac fibroblasts to become 

active and proliferate, which may increase levels of extracellular collagen, leading to fibrosis22. 

The other mechanism can be explained by the catecholamine surge hypothesis. Following stroke, 

the autonomic nervous system, including regions of the brain like the insular cortex, may become 

dysregulated leading to a surge of catecholamines released from myocardial nerve endings from 

overactivation of the sympathetic nervous system (SNS)23. When catecholamines bind to the 

heart’s β receptors24, they increase mitochondrial Ca2+ concentration, causing oxidative stress and 

myocardial cell necrosis25. 

The rat insular cortex  

My project focuses on heart injury induced by a stroke occurring in the right insular cortex (IC). 

The rat insular cortex lies on the dorsal bank of the rhinal fissure and receives different types of 

inputs from the sensory thalamic nuclei (Figure 2). The insular cortex is known to have dense 

reciprocal innervations with the limbic structures, such as the amygdala and hypothalamus, and 

play a significant role in the control of the autonomic nervous system26. In humans, it is involved 

in a variety of functions, ranging from pain perception and emotion processing to speech 

production. Previous studies have reported mixed results on lateralization differences, but seem to 

suggest that the right IC may control SNS activity in particular27-29. Even though previous work in 

our lab has established that ischemic stroke in the left IC is linked to heart injury as well, this study 

so far has focused only on the right IC.  



Figure 2. Anatomical position of right insular cortex in the rat brain. 

The left coronary artery and heart disease 

The left coronary artery branches from the aorta, within the sinus of Valsava, and passes through 

the pulmonary trunk and the left atrial appendange, until it divides into the left anterior descending 

artery and the left circumflex artery (Figure 3). The function of coronary arteries is to supply blood 

to the heart tissue, which delivers oxygen and nutrients for its proper functioning. The left coronary 

artery and its branches supply most of the blood to the ventricular myocardium and left atrium of 

the heart. An occlusion of the left coronary artery, known as the Widow Maker heart attack, 

reduces or prevents the flow of blood from tissue typically perfused by this artery and has one of 

the greatest risks of long-term injury and death among myocardial infarctions30. Furthermore, the 

left coronary artery in the atrioventricular groove is densely innervated by autonomic nervous 

system31 and presents a good target area to examine the contributions of the ANS to SIHI. Hence, 

we chose this area to examine any injury to the heart vasculature following a selective insular 

ischemic stroke. 



Figure 3. Anatomical region of left coronary artery in the left atrioventricular groove. 

Histological sections obtained from the region indicated by a black vertical bar. 

Characterization of SIHI in the heart’s chambers and pulmonary vein-left atrium (PVLA) border 

To provide a broader understanding of the heart-brain relationship, our research group has been 

actively investigating the implications of stroke-induced heart injury in the chambers and 

myocardial tissue of the heart. Thorburn (2018) in our lab has previously established a novel rodent 

model of focal insular ischemic stroke to evaluate behaviour and pathological outcomes of SIHI. 

She found that at 28 days post-stroke, rats with left IC damage demonstrated impaired 

sensorimotor gating, compared to rates with right IC damage and control groups. All stroke injury 

groups were found to have an increase in microglia activation in the IC and white and grey matter 

regions, in addition to cardiac fibrosis expressed in the left atrium tissue. Jaramek (2018) in our 

research group further extended these findings by discovering neutrophil infiltration and 

endothelial dysfunction at 6 hours following selective IC stroke. This is followed by T cell 

infiltration at 24 hours and fibrosis at 14 and 28 days at the pulmonary vein-left atrial (PV-LA) 

border. 

 



Hence, although previous studies have indicated the connection between stroke in the right insular 

cortex and heart injury, the degree and timeline of injury, specifically with regards to 

inflammation, fibrosis and stenosis of coronary artery vasculature changes, have been 

uncharacterized so far. Evaluating several histological characteristics can help us further 

understand the temporal relationship between stroke and heart injury in the left coronary artery. 

Firstly, immune cell recruitment can be used to observe contribution of the inflammatory pathway 

to SIHI, occurring specifically in the left coronary artery. Secondly, artery cross-sectional area can 

be measured as an indication of how overactivation of the SNS may cause dilation in this blood 

vessel. Additional responses and remodelling of the artery may occur due to fibrosis, myocardial 

necrosis or edema. 

1.2. Hypothesis 

Following stroke, the heart vasculature is expected to experience an increased amount of injury, 

as indicated by a dilation and thickening of the coronary arteries, as well as increased 

inflammatory cell recruitment in surrounding tissue. 

1.3. Objective 

The objective for my project is to document the timeline of stroke-induced heart injury (SIHI) in 

the left coronary artery in the endothelin-1 insular ischemic stroke induced rat model using a 

histology-based approach. 

 

 

 



2. Methods 

Sixty Wistar rats aged 6 months and weighing 500-600g were randomly assigned to either the 

endothelin-1 (ET-1) right insular cortical (IC) stroke group or the phosphate-buffered saline 

(PBS) control group and at each time-point for observation (6h, 24h, 7d, 14d, and 28d). Each 

treatment group at one time-point was n=6 initially.  

A standard procedure for the unilateral injection of ET-1 or PBS, heart removal, fixation, 

sectioning and immunohistochemistry (IHC) staining was conducted by Victoria Jaremek, as 

per the details outlined in her undergraduate thesis (Figure 4). The specific IHC antigens we 

stained for are CD45R to detect B lymphocytes, CD45 to detect pan-leukocytes, and myelin 

peroxidase (MPO) to detect neutrophils. A standard H&E staining procedure was performed to 

distinguish acidophilic and basophilic cellular structures to quantify blood vessel thickness and 

cross-sectional area. 

Figure 4. Schematic outline of the injection, heart removal, fixation and sectioning, and 

IHC staining protocol for the study. 

 

Cell counter on ImageJ was used to identify inflammatory cells by their intense brown 

staining. Several IHC stained samples were excluded from statistical analysis as their staining 

was uneven (such that inflammatory cells could not be identified). 



Area of the tissue was measured with Freehand selection on ImageJ. For artery thickness 

analysis, the Segmented line tool was used to measure six different thicknesses along the 

circumference of the artery. A mean was obtained from values recorded in Excel to provide a 

representative estimate of the overall vessel thickness.  

All statistical analyses were performed using GraphPad Prism 6.0. Means between PBS and ET-

1 groups, and between each of the time-points, were compared using two-way analysis of 

variance (ANOVA) with Bonferroni correction. Means between PBS and ET-1 groups for each 

time-point were compared using multiple t-tests with a Holm-Sidak correction. A p-value of less 

than 0.05 was considered significant for all statistical tests. 

3. Results 

Responsiveness and remodelling of the left coronary artery 

To examine the contribution of stroke-induced heart injury to the immediate response and long-

term remodelling that may be occurring at the left coronary artery, I first studied how the vessel 

thickness changes in the time following an endothelin-1 induced stroke. When a two-way 

analysis of variance (ANOVA) was performed, no significant differences were found in arterial 

thickness when comparing across the time or injection group variable, or an interaction between 

these two factors. Multiple t-tests to compare differences between stroke and control groups at 

each time-point also found no significant differences. 

Preliminary observations of trends in the data, without statistical evidence to support them, can 

be noted. There is a considerable increase in the mean artery thickness between the 24H and 7D 

time-points (Figure 5A). Additionally, a decrease in mean artery thickness was observed between 

the 14D and 28D time-points. However, there is also large variation in the control thicknesses at 

various time-points.  



 

 

 

Figure 5. Comparison of left coronary artery thickness (A) and cross-sectional area (B) beside 

the atrioventricular junction between PBS (control) and ET-1 (stroke) groups over varying time-

points (6h, 24h, 7d, 14d, & 28d) following injection. Means +/- SEM were plotted for each 

stroke injection group and time-point. Sample size in each time/injection condition was five 

(n=5). Representative images taken from one rat at 7D in control (C) and endothelin-1 (D) group. 

Next, to further examine how a dysregulated autonomic response and long-term artery 

remodelling manifest in SIHI, I studied how cross-sectional area of the left coronary artery 

changes in the time following stroke. No significant differences were found in cross-sectional 

area between both factors studied when a two-way ANOVA was performed, and between stroke 

and control rats when multiple t-tests were subsequently conducted. Cross-sectional area of the 

vessel appears to decrease from 6H to 7D, with the mean area lower for ET-1 than PBS groups 

(Figure 5B). The trend beyond 7D is unclear, with large variation and an increase in cross-

sectional area at 14D.  

Hence, taken together, the overall response and remodelling that occurs in the left coronary 

artery following stroke involves a thickening and narrowing of the blood vessel (Figure 5C, 5D).  

A B 
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Inflammation at myocardial tissue adjacent to the left coronary artery 

Following an analysis of the responsiveness and remodelling of the left coronary artery, we next 

sought to quantify inflammatory cell recruitment following a right selective IC stroke. Similar to 

thickness and cross-sectional area, no significant differences were found in all immune cell 

densities when a two-way ANOVA was performed, and between stroke and control rats when 

multiple t-tests were subsequently conducted. 

To observe the response from all leukocytes of the immune system, I first compared IHC images 

stained for CD45, an antigen found in pan-leukocytes. There is greater pan-leukocyte cell density 

at all time-points in the stroke animals, compared to the control group (Figure 6A). From 6H to 

7D, there is a consistent activation of pan-leukocytes, with a decrease beginning at 14D.  

Following quantification of pan-leukocytes, the next goal was to focus on documenting the 

innate and adaptive immune response following insular stroke separately. To study the innate 

immune response in the left coronary artery following a right IC stroke, neutrophil density was 

analysed in the tissue adjacent to the vessel (Figure 6C). There is an increase in neutrophil 

recruitment following stroke, with an apparent maximal recruitment occurring at 24H. However, 

there is also a large variation between different time-points that obscures the trend seen for 

stroke animals. 

Finally, to study the effects of a right IC stroke on the left coronary artery through the adaptive 

immune response, B-lymphocyte density was analysed in the tissue adjacent to the vessel. 

Similar to the neutrophils of the innate immune response, the B-lymphocytes had an increase in 

recruitment following stroke, with the same apparent maximal recruitment occurring at 24H 

(Figure 6B).  



 

Figure 6. Comparison of pan-leukocyte (A), B lymphocyte (B), and neutrophil (C) cell density 

between PBS (control) and ET-1 (stroke) groups over varying time-points (6h, 24h, 7d, 14d, & 

28d) following injection. Sample size in each time/injection condition varied from three to five 

(n=3-5), due to exclusion of certain samples from improper staining. Means +/- SEM were 

plotted for each stroke injection group and time-point. 

4. Discussion 

In my Scholar’s Electives project, I used a histology-based approach to study the physical 

remodelling and immune response occurring in the left coronary artery following a right insular 

cortical ischemic stroke in a rat model. The timeline of changes was documented and compared 

with previous work in our lab that has extensively studied damage to the chambers of the heart 

and myocardial tissue following a stroke. Ultimately, the goal of this study was to document 

changes to the left coronary artery and extend our understanding of stroke-induced heart injury to 

vascular changes of the heart following an insular ischemic stroke. 

For the majority of comparisons, there was no statistical significance found in the two-way 

ANOVA. This is likely because of the small sample size and large variation that exists when 

using different biological replicates. Different biological replicates must be used for my study as 

rats must be sacrificed for heart histology measurements to be taken. The sample size is 

constrained by the number of rats that we began with in the study, and the exclusion of several 

IHC stained samples because of improper staining. Increasing the sample size should increase 

A B C 



the power of the statistical tests used, which would allow smaller effect sizes to be detected when 

conducting a hypothesis test, such as a t-test or ANOVA. Hence, this should reduce the 

probability of a type II error should indeed there be a real difference that the statistical test has 

not detected in this study. 

Instead of studying how stroke causes pathophysiological changes in the left coronary artery 

over time, I shifted the focus of my project to studying differences between stroke and control 

groups at each of the time points following stroke as statistical power was insufficient to draw 

conclusions for the time course. After performing multiple t-tests to compare each of the PBS 

and ET-1 groups at different time-points, no statistical significance was found for this test also. 

Although there is no statistical evidence to support the conclusions drawn, some preliminary 

observations of trends in the data can be discussed in the context of the overall project goals. 

First, I set out to quantify the responsiveness and remodelling that occurs in the left coronary 

artery following a right selective IC stroke. For thickness of the left coronary artery, there 

appears to be a considerable increase from 24H to 7D. This is consistent with the hypothesis for 

my study, which anticipates fibrosis and cellular edema occurring in the coronary artery wall 

following stroke22. There is a large variation in the control thicknesses at various time-points, 

which suggests that this trend may be due to chance or perhaps a factor in the injection procedure 

common to both experimental groups.  

For cross-sectional area of the left coronary artery, there appears to be a decrease from 6H to 7D, 

with the mean area lower for ET-1 than PBS groups, which is inconsistent with the coronary 

artery dilation that I expected in my hypothesis, due to overactivation of the sympathetic nervous 

system23. Activation of the SNS usually results in dilation of the coronary arteries to supply the 



heart with more oxygen and nutrients during physiological stress. However, this discrepancy 

may be attributed to vascular remodelling.  

Sonoyama et al. (2007) describes how myogenic tone, a functional property of the blood vessel 

wall to regulate its fluid pressure, can contribute to eutrophic and hypertrophic remodelling. 

Eutrophic remodelling is the usual physiological response to hypertension and involves a 

reduction in lumen diameter and an increase in wall thickness. This description of eutrophic 

remodelling is what was seen in our study from the first few hours following stroke to the end of 

the first week. However, extended periods of hypertension that damage myogenic autoregulation 

can cause hypertrophic remodelling that causes an increase in lumen diameter and decrease in 

thickness, which is what was observed beyond the 7D time-point following stroke. Hence, in the 

context of current knowledge of vessel myogenic autoregulation, these results are consistent and 

may be a greater factor to the observed response and remodelling than autonomic dysregulation. 

The inflammatory cell recruitment profile is generally consistent with what I hypothesized for 

my study. Activation of the innate and adaptive immune response are central to the proposed 

mechanism for how stroke can cause injury to the heart, and this is reflected by a greater density 

and recruitment of pan-leukocytes in the tissue adjacent to the left coronary artery for stroke 

animals, compared to the control group. Furthermore, the innate and adaptive immune response 

were noted to occur in close temporal proximity to each other as maximal immune cell 

recruitment was seen at 24H for both neutrophils and B-lymphocytes.  

During a normal infection with an external pathogen, the adaptive immune response is usually 

delayed after the innate response33. However, upon subsequent infections with the same 

pathogen, the innate and adaptive immune responses occur nearly at the same time. This is due to 

immunological memory from a large precursor pool of memory T and B cells that can quickly 



differentiate upon contact with the same antigen. In the case of a stroke, there is a large release of 

damage-associated molecular pattern molecules (DAMPs)34 causing an overactivation of the 

innate response by binding innate cell receptors found on macrophages and dendritic cells, which 

subsequently activate adaptive T and B lymphocytes. Hence, what may explain the concurrent 

response between the innate and adaptive immune system is that there may be the prior existence 

of memory T and B cells that recognize DAMPs, which reduce the delay between the activation 

of the innate and adaptive immune responses. 

Taken together, following a selective insular cortical stroke, it appears that artery eutrophic 

remodelling occurs over a longer duration of time until 7D, and switches to hypertrophic 

remodelling after there is damage to the myogenic autoregulation of the blood vessel (Figure 7). 

On the other hand, the innate and adaptive immune response appear to occur closely together, 

with a maximal recruitment of immune cells at 24H. The time of maximum inflammation seems 

to precede the remodelling effects taking place in the left coronary artery following stroke. 

Figure 7. Summary of proposed remodelling and immune cell activation changes in the left 

coronary artery following right IC stroke. Artery remodelling (green) occurs for a longer 

duration of time until 7 days post-stroke, whereas the innate and adaptive immune response 

(blue) occurs concurrently and in a shorter window of time at approximately 24 hours post-

stroke.  



There are a variety of future extensions to this project and research area that logically stem from 

my findings. Firstly, this study was considerably under-powered due to a lack of a sufficient 

sample size and biological variability due to the use of a rat model and their differential 

responses to cranial vessel occlusion. Increasing the sample size of each of the treatment groups 

would likely result in being able to support conclusions with statistical evidence. If using a 

greater number of rats is not possible due to financial or time constraints, the goal of the study 

can be revised to instead study how stroke causes pathophysiological changes in the heart at 

specific times following stroke, as opposed to observing how time influences these changes. 

Furthermore, it may be of interest to study cardiac outcomes in models of left insular cortical 

occlusion, which can be compared with those of right IC. There is currently uncertainty in the 

research community about the lateralization effects of autonomic control for the insular cortex, 

so noting any differences in cardiac pathology, or lack thereof, may yield further insight into 

lateralization effects of the IC and the autonomic dysregulation mechanism of SIHI. 

Finally, with regards to the inflammatory response, further immunological and biochemical 

research studying possible interaction of DAMPs with memory cells of the immune system may 

strengthen the theory of concurrent activation of the innate and adaptive system we found, and 

aid in developing possible therapeutic targets to reduce cardiac pathologies following an 

ischemic stroke. 

In conclusion, my project determined a preliminary timeline of the pathological changes 

occurring in the left coronary artery following an insular ischemic stroke. I found that both 

remodelling and immune response effects were present, which is consistent with the mechanisms 

for stroke-induced heart injury. Eutrophic remodelling, due to a combination of autonomic 

dysregulation and myogenic autoregulation from hypertensive conditions, likely contributed to a 



sustained change until 7D. Following 7D, hypertrophic remodelling became dominant after 

damage to the myogenic response. Immune recruitment was seen for all leukocytes, but in 

particular, immune cells of the innate and adaptive immune response experienced their maximal 

recruitment almost concurrently. This finding suggests that immunological memory may play a 

role in the inflammatory mechanism for SIHI. Ultimately, these documented changes to the left 

coronary artery following an insular cortical stroke extend our understanding of stroke-induced 

heart injury to vascular changes in the heart, seeking to address the major clinical problem of 

cardiac complications following stroke. 

 

Word count: 4885 words 

 

 

 

 

 

 

 

 

 

 



 

References 

1. Donnan GA, Fisher M, Macleod M, et al. Stroke. Lancet. 2008; 371:1612–1623. 

2. Grysiewicz RA, Thomas K, Pandey DK. Epidemiology of ischemic and hemorrhagic 

stroke: incidence, prevalence, mortality, and risk factors. Neurol Clin. 2008; 26:871–895. 

3. Santos MS, Moreno AJ, Carvalho AP. Relationships between ATP depletion, membrane 

potential, and the release of neurotransmitters in rat nerve terminals. An in vitro study 

under conditions that mimic anoxia, hypoglycemia, and ischemia. Stroke. 1996; 27:941–

950. 

4. Walberer M, Ritschel N, Nedelmann M, et al. Aggravation of infarct formation by brain 

swelling in a large territorial stroke: a target for neuroprotection? J Neurosurg. 2008; 

109:287–293. 

5. Gerriets T, Walberer M, Ritschel N, et al. Edema formation in the hyperacute phase of 

ischemic stroke. J Neurosurg. 2009; 111:1036–1042. 

6. Lipton P. Ischemic cell death in brain neurons. Physiol Rev. 1999; 79:1431–1568. 

7. Mitchell JH. Electrocardiographic changes associated with a cerebrovascular accident. 

Lancet. 1964; 284:645. 

8. Dimant J, Grob D. Electrocardiographic changes and myocardial damage in patients with 

acute cerebrovascular accidents. Stroke. 1977; 8:448–455. 

9. Fentz V, Gormsen J. Electrocardiographic patterns in patients with cerebrovascular 

accidents. Circulation. 1962; 25:22–28. 

10. Daniele O, Caravaglios G, Fierro B, et al. Stroke and cardiac arrhythmias. J Stroke 

Cerebrovasc Dis. 2002; 11:28–33. 

11. Burch GE, Meyers R, Abildskov JA. A new electrocardiographic pattern observed in 

cerebrovascular accidents. Circulation. 1954; 9:719–723. 

12. Hunt D, Gore I. Myocardial lesions following experimental intracranial hemorrhage: 

prevention with propranolol. Am Heart J. 1972; 83:232–236. 

13. Sposato LA, Cipriano LE, Saposnik G, et al. Diagnosis of atrial fibrillation after stroke 

and transient ischaemic attack: a systematic review and meta-analysis. Lancet Neurol. 

2015; 14:377–387. 

14. Perez-Trepichio AD, Williams JL, Block CH, et al. Cardiovascular changes during focal 

cerebral ischemia in rats. Stroke. 1993; 24:691–696. 

15. Wrigley P, Khoury J, Eckerle B, et al. Prevalence of positive troponin and 

echocardiogram findings and association with mortality in acute ischemic stroke. Stroke. 

2017; 48:1226–1232. 

16. Chen Z, Venkat P, Seyfried D, Chopp M, Yan T, Chen J. Brain-Heart Interaction: 

Cardiac Complications After Stroke. Circ Res. 2017; 121:451-468. 



17. Daniele O, Caravaglios G, Fierro B, et al. Stroke and cardiac arrhythmias. J Stroke 

Cerebrovasc Dis. 2002; 11:28–33. 

18. Gauberti, M., Montagne, A., Quenault, A. & Vivien, D. Molecular magnetic resonance 

imaging of brain-immune interactions. Front. Cell. Neurosci. 2014; 8: 389. 

19. Chen, Z. et al. Brain–Heart Interaction. Circ. Res. 2017; 121: 451 LP-468. 

20. Picascia, A., Grimaldi, V., Iannone, C., Soricelli, A. & Napoli, C. Innate and adaptive 

immune response in stroke: Focus on epigenetic regulation. J. Neuroimmunol. 289: 111–

120 (2018). 

21. van der Bilt, I. A. C. et al. Myocarditis in patients with subarachnoid hemorrhage: A 

histopathologic study. J. Crit. Care. 2016; 32: 196–200. 

22. Nicoletti, A. & Michel, J.-B. Cardiac fibrosis and inflammation interaction with 

hemodynamic and hormonal factors. Cardiovasc. Res. 1999; 41: 532–543. 

23. Mertes, P. M. et al. Estimation of myocardial interstitial norepinephrine release after 

brain death using cardiac microdialysis. Transplantation. 1994; 57: 371–377. 

24. Woo D, Haverbusch M, Sekar P, et al. Effect of untreated hypertension on hemorrhagic 

stroke. Stroke. 2004; 35:1703–1708. 

25. Kissela BM, Sauerbeck L, Woo D, et al. Subarachnoid hemorrhage: a preventable disease 

with a heritable component. Stroke. 2002; 33:1321–1326. 

26. Kleindorfer D, Lindsell CJ, Brass L, et al. National US estimates of recombinant tissue 

plasminogen activator use: ICD-9 codes substantially underestimate. Stroke. 2008; 

39:924–928. 

27. Oppenheimer SM, Kedem G, Martin WM. Left-insular cortex lesions perturb cardiac 

autonomic tone in humans. Clin Auton Res. 1996; 6:131–140. 

28. Laowattana S, Zeger SL, Lima JAC, et al. Left insular stroke is associated with adverse 

cardiac outcome. Neurology. 2006; 66:477–483. 

29. Zamrini EY, Meador KJ, Loring DW, et al. Unilateral cerebral inactivation produces 

differential left/right heart rate responses. Neurology. 1990; 40:1408–1411. 

30. Yusuf Muharam M, Ahmad R, Harmy M. The ' widow maker': Electrocardiogram 

features that should not be missed. Malays Fam Physician. 2013;8(1):45–47.  

31. Urthaler F, Neely BH, Hageman GR, Smith LR. Differential sympathetic-

parasympathetic interactions in sinus node and AV junction. Am J Physiol. 1986; 

250:H43-51. 

32. Sonomaya K, Greenstein A, Price A, Khavandi K, Heagerty T. Vascular remodeling: 

implications for small artery function and target organ damage. Therapeutic Advances in 

Cardiovascular Disease. 2007; 1(2): 129-137. 

33. Janeway CA Jr, Travers P, Walport M, et al. Immunobiology: The Immune System in 

Health and Disease. 5th edition. New York: Garland Science; 2001. Principles of innate 

and adaptive immunity. 

34. Gülke E, Gelderblom M, Magnus T. Danger signals in stroke and their role on microglia 

activation after ischemia. Ther Adv Neurol Disord. 2018; 11:1756286418774254. 



35. Sheridan, F. M., Cole, P. G. & Ramage, D. Leukocyte adhesion to the coronary 

microvasculature during ischemia and reperfusion in an in vivo canine model. 

Circulation 1996; 93: 1784–1787. 


	Investigating a time course of ischemic stroke-induced heart injury in the left coronary artery
	tmp.1650295428.pdf.x6U6c

