
653Current Medical Science  39(4):2019
Current Medical Science
DOI https://doi.org/10.1007/s11596-019-2087-2

39(4):653-657,2019

Xu-chu PAN, E-mail: panxuchu@sina.com
#Corresponding author, E-mail: yongtangsong@sina.com
*This project was supported by grants from National Natural 
Science Foundation of China (No. 81670240 and No. 
81873467), National Natural Science Foundation of Hubei 
Province (No. 2016CFB625), Medical Innovation Project 
in Fujian Province (No. 2017-CX-48), and Key Research 
and Development Project of Hainan Province of China (No. 
ZDYF2018115).

Mapping Changes of Whole Brain Blood Flow in Rats with Myocardial 
Ischemia/Reperfusion Injury Assessed by Positron Emission 
Tomography*

Xu-chu PAN1, Zhi-xiao LI2, Duo-zhi WU3, Shun-yuan LI4, Hong-bing XIANG2, Yong-tang SONG1#

1Medical Association of Hubei Province, Wuhan 430071, China
2Department of Anesthesiology and Pain Medicine, Tongji Hospital, Tongji Medical College, Huazhong University of Science 
and Technology, Wuhan 430030, China
3Department of Anesthesiology, Hainan General Hospital, Haikou 570311, China
4Department of Anesthesiology, the First Affiliated Quanzhou Hospital of Fujian Medical University, Quanzhou 362000, China

 Huazhong University of Science and Technology 2019

Summary: 18F-labeled fluorodeoxyglucose positron emission tomography (18F-FDG PET) is the 
most sensitive tool for studying brain metabolism in vivo. We investigated the image patterns of 
18F-FDG PET during reperfusion injury and correlated changes of whole brain blood flow utilizing a 
rat myocardial ischemia/reperfusion injury (MIRI) model. The results assessed by echocardiography 
indicated resultant cardiac dysfunction after ischemia-reperfusion in the rat heart. It was found that 
the average standardized uptake value (SUVaverage) of the whole brain was significantly decreased 
in model rats, and the glucose uptake of different brain regions including accumbens core/shell 
(Acb), left caudate putamen (LCPu), hippocampus (HIP), left hypothalamus (LHYP), olfactory 
(OLF), superior colliculus (SC), right midbrain (RMID), ventral tegmental area (VTA), inferior 
colliculus (IC) and left thalamus whole (LTHA) was significantly decreased in MIRI rats whereas 
no significant difference was found in the SUVaverage of amygdala (AMY), right CPu, RHYP, right 
HYP, left MID, right THA, pons and medulla oblongata (MO). These 18F-FDG PET data provide a 
reliable identification method for brain metabolic changes in rats with MIRI.  
Key words: cardiac ischemia-reperfusion injury; brain metabolism; 18-fluorodeoxyglucose; 
positron emission tomography

The central nervous system is involved in the 
development and progression of myocardial ischemia-
reperfusion injury (MIRI). Numerous researches have 
been performed to identify the changes of myocardial 
blood flow in coronary artery disease or cardiomyocyte 
damage by a positron emission tomography (PET) 
study[1–3], whereas reports about the changes of whole 
brain blood flow during cardiac ischemia are rare. 
A great need exists for improved brain-heart neural 
crosstalk[4–6], which is involved in an imbalance in 
metabolic supply and demand within the whole brain 
tissues, to offer potential information to further improve 
prognostic outcome of ischemic heart disease[7–10].

Among all noninvasive imaging techniques, 
18F-labeled fluorodeoxyglucose (18F-FDG) PET is a 
highly sensitive method for studying brain function in 
vivo[9, 11–14]. PET has revolutionized our understanding 
for the mechanism of ischemic heart disease[15–19], 
allowing the opportunity to investigate the metabolic 
mechanisms of brain-heart crosstalk by measuring the 
changes in regional cerebral blood flow or carbohydrate 
metabolism, and to prevent the myocardial tissues from 
reperfusion damage caused by myocardial ischemia. It 
is now widely recognized that 18F-FDG reflects glucose 
flux and the applications of an 18F-labeled perfusion 
agent have revealed details on the pathophysiology 
of brain diseases by measuring the regional cerebral 
metabolic rate of glucose[20–24]. For this purpose we 
mapped relative changes in regional cerebral blood flow 
(rCBF) induced by MIRI, using the technique of PET.

1 MATERIALS AND METHODS

1.1 Animals and Ethic Statement
Experimental protocols were approved by Local 



654 Current Medical Science  39(4):2019

Institutional Animal Care and Use Committee (IRBID: 
TJ-A20150804). Male adult SD rats (250–300 g) were 
purchased from the Experimental Animal Center of 
Tongji Medical College (China). Animals were fed 
and housed according to the guidelines of the National 
Institutes of Health Guide for the Care and Use of 
Laboratory Animals. 
1.2 Experimental Design and Establishment of 
MIRI Model

Rats were divided into two groups: model group 
(n=10) and control group (n=10). To make MIRI rat 
model, we followed a previously reported procedure[25–29]. 
After rats were anesthetized, intubated, and ventilated 
with mixed air/oxygen, surgical thoracotomy was 
done. In model operations, the left anterior descending 
coronary artery (LAD) was ligated 2 mm below the left 
atrial appendage for 30 min and then reperfused for 2 
h, whereas sutures were placed without LAD ligation in 
control operations. The core temperature was maintained 
throughout the protocol. Rats were monitored to confirm 
ischemic ST segment elevation during LAD occlusion 
by an electrocardiogram. Serum troponin cTnl of two 
groups was measured 2 h after reperfusion as an index 
of myocardial necrosis.
1.3 Echocardiography

Cardiac function was assessed after 30 min 
of LAD occlusion and 2 h of reperfusion using 
echocardiography. The rats were anesthetized with 
1.5%–2.1% (v/v) isoflurane, operated and constant 
temperature was kept with heating blanket as described 
above[30, 31]. A transthoracic two-dimensional M-mode 
echocardiogram was used to measure the rat cardiac 
function in two groups. M-mode tracings were used 
to measure left ventricular end-systolic diameter 
(LVESD) and left ventricular end-diastolic diameter 
(LVEDD) according to the previously described 
data[32]. Left ventricular fractional shortening (LVFS) 
was calculated as follows: LVFS=(LVEDD–LVESD)/
LVEDD×100%. The left ventricular ejection fraction 
(LVEF) was calculated from LV end-diastolic volume 
(LVEDV) and end-systolic volume (LVESD) using the 
equation of (LVEDV–LVESV)/LVEDV×100%.
1.4 Small-animal PET Imaging In Vivo

Before PET imaging, all rats were fasted 
overnight. Then the rats underwent surgical operation. 
At 90 min of reperfusion, approximately 500±50 μCi 
18F-FDG was injected via the tail vein. After 60 min 
of 18F-FDG uptake, rats were anesthetized with 2% 
isoflurane. Images were obtained with the whole body 
scanning pattern (5 min per scanning bed) by the Trans-
PET BioCaliburn 700 system (Raycan Technology 
Co., China). After imaging, animals were placed in an 
electric blanket until awake, then placed in an isolation 
room for 24 h to eliminate radiation hazards.

The PET images were reconstructed using the 
three-dimensional (3D) OSEM method with a voxel 

size of 0.5 mm×0.5 mm×0.5 mm, and were displayed 
in three planes: transverse, coronal, and sagittal planes. 
A volume-of-interest (VOI) analysis was conducted 
using the AMIDE software package (The Free Software 
Foundation Inc., USA). The maximum standardized 
uptake value (SUVmax) and average standardized 
uptake value (SUVaverage) were calculated using the 
following formula: maximum pixel value with the 
decay-corrected region-of-interest activity (μCi/kg)/
(injected dose[μCi]/weight[kg]).
1.5 Statistical analyses

All values were expressed as mean±SEM. 
GraphPad Prism software (GraphPad Software, Inc., 
USA) was used for statistical analysis. ANOVA test 
was used for comparison of 2 groups. A P value less 
than 0.05 was considered statistically significant.

2 RESULTS

2.1 Evaluation of MIRI Rat Models
We used the ECG to confirm the different stages 

of MIRI. In addition, serum cardiac troponin cTnl in 
model group was increased significantly as compared 
with that in control group. These results verified the 
successful establishment of MIRI model in the rats in 
this study.
2.2 Cardiac Function Assessed by Echocardiography

Regional left ventricular contractile function/
LVFS in vivo after 30 min of LAD ligation and 2 h 
of reperfusion was assessed by echocardiography. 
Representative M-mode echocardiograms and 
corresponding values for LVEF are shown in fig. 1A 
(control group) and fig. 1B (model group). In model 
group, LVEF was significantly lower after ischemia-
reperfusion than baseline (P<0.01), and LVFS 
was significantly lower after ischemia-reperfusion 
than baseline (P<0.001) (fig. 1C). Taken together, 
these results indicate that there is resultant cardiac 
dysfunction after ischemia-reperfusion in the rat heart.
2.3 PET for Whole Brain Blood Flow after MIRI

To assess whole brain blood flow, 18F-FDG was 
used. Despite the uniform handling of the animals, 
there was high variability in uptake of 18F-FDG from 
one mouse to the next. Correlation analysis indicated 
that the SUVaverage of the whole brain was significantly 
decreased in model rats, and the glucose uptake of 
different brain regions including accumbens (Acb), 
left caudate  putamen (LCPu), hippocampus (HIP), 
left hypothalamus (LHYP), olfactory (OLF), superior 
colliculus (SC), right midbrain (RMID), ventral 
tegmental area (VTA), inferior colliculus (IC) and left 
thalamus vhole (LTHA) was significantly decreased in 
MIRI rats whereas no significant difference was found 
in the SUVaverage of amygdala (AMY), right CPu, right 
HYP, left MID, right THA, pons and medulla oblongata 
(MO) (fig. 2).
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3 DISCUSSION

In the current study, a cardiac ischemia and 
reperfusion animal model was successfully verified, 
which was consistent with previous reports[28, 29, 33–35], 
and the efficiency of this method was also assessed 
by echocardiography. PET showed that FDG uptake 
in the whole brain in living rats exhibited a significant 

change 2.5 h after myocardial ischemia-reperfusion, 
suggesting that the redistribution of brain blood flow 
has important implications for the development of 
cardiac ischemia/reperfusion injury.

As the sensory stimulus is related to angina pectoris 
attack, cardiac ischemia may be assumed to reflect 
the circuitry involved in cardiovascular control[2, 36, 37]. 
We found that the glucose uptake of thalamus was 

Fig. 2 The changes of glucose uptake in brain regions of myocardial ischemia reperfusion injury (MIRI) rats by small-animal PET
scanning 
A: The average glucose uptake of the whole brain is significantly decreased in model rats; B: The glucose uptake of different 
brain regions (Acb, LCPu, HIP, LHYP, OLF, SC, RMID, VTA , IC and LTHA) is significantly decreased in MIRI rats, whereas 
no significant difference was found in AMY, RCPu, RHYP, LMID, RTHA, pons and MO. Values are expressed as means±SEM, 
n=6 rats per group. *P<0.05 vs. control group. LAcb: left accumbens core/shell; RAcb: right accumbens core/shell; LAMY: 
left amygdala; RAMY: right amygdala; LCPu: left caudate putamen; RCPu, right caudate putamen; LADH: left anterodorsal 
hippocampus; RADH: right anterodorsal hippocampus; LPVH: left posteroventral hippocampus; RPVH: right posteroventral 
hippocampus; LHYP: left hypothalamus; RHYP: right hypothalamus; LOLF: left olfactory; ROLF: right olfactory; LSC: left 
superior colliculus; RSC: right superior colliculus; LMID: left midbrain; RMID: right midbrain; LVTA: left ventral tegmental 
area; RVTA: right ventral tegmental area; LIC: left inferior colliculus; RIC: right inferior colliculus; LTHA: left thalamus whole; 
RTHA: right thalamus whole; MO: medulla oblongata

Fig. 1 Cardiac function assessed by echocardiography 
A: representative M-mode echocardiograms in control group; B: representative M-mode echocardiograms in model group; 
C: LVEF(%) (left) and LVFS(%) (right) in control and model groups. Average data of LVEF and LVFS were assessed by 
echocardiography in male SD rats. n=4 rats per group. Results were expressed as mean±SEM. **P<0.01. Student’s t-test
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significantly decreased after MIRI, which was in 
line with a previous study showing that spinal cord 
stimulation applied at T1 thoracic segment resulted 
in the increased rCBF of the bilateral dorsomedial 
thalamus for acting a neurally mediated anti-anginal 
effect[36]. Guo et al investigated the potential existence 
of the response of neurons in the parafascicular nucleus 
of the thalamus to acute myocardial ischaemia induced 
by selective coronary artery occlusion, and observed 
that the discharge rate of these neurons was markedly 
increased following coronary artery occlusion, 
suggesting that the parafascicular nucleus of the 
thalamus may be involved in the modulation of cardiac 
nociception[6, 38]. Previous studies demonstrated that 
thalamic nucleus had an important “gate” function in the 
mediation of pain including cardiac ischemic pain[39–43], 
therefore, so changes in thalamic rCBF resulting from 
LAD ligation in our rat group may indicate the opening 
of this gate during myocardial ischemia.

The midbrain is another cerebral structure related 
to cardiovascular regulation. We found that the glucose 
uptake of midbrain was significantly decreased 
after MIRI, which was in agreement with a previous 
report in which T1 spinal cord stimulation induced 
the increased rCBF of the ventrolateral part of the 
periaqueductal grey[36], suggesting that there may exist 
the direct neuronal circuit from the periaqueductal 
grey to the heart. Our previous study reported that 
injection of pseudorabies virus (PRV) into the left 
ventricular wall resulted in the retrograde infection of 
neurons in the intermediolateral column of the spinal 
cord (IML), rostral ventrolateral reticular nucleus 
(RVLM), and the midbrain periaqueductal graymatter 
(PAG) through the sympathetic pathway[44], suggesting 
that the PAG-RVLM-IML pathway of synaptically 
connected neurons extends to the heart through 
sympathetic signaling. Lindberg et al confirmed 
previously described projection patterns of the PAG-
RVLM axis and reported that the sympathetic efferent 
traveled caudally through the PAG and eventually 
reached the caudal autonomic centers including the C1 
catecholamine cell group of the RVLM, indicating the 
existence of a formerly sympathetic projection pathway 
to a number of autonomic centers in the PAG[45]. These 
data suggested that the PAG rCBF resulting from 
LAD ligation in our rat group may be involved in the 
regulation of the cardiac sympathetic afferent reflex.

In conclusion, these 18F-FDG PET data provide 
a reliable identification method for brain metabolic 
changes in rats with MIRI, and also offer a better 
understanding of the whole brain neural circuits 
innervating heart tissues, clearly demonstrating the 
rodent thalamus and midbrain regions involving in the 
control of the heart. Altogether, these data may help 
provide further rationale for the potential target related 
to brain metabolic changes for the treatment of some 

heart diseases.
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