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V Summary 

After myocardial infarction (MI), leukocytes are recruited from spleen and the hematopoietic bone 

marrow (BM) reservoir into the damaged cardiac region. The mobilization of leukocytes leads to 

systemic inflammation, which may contribute to parallel neuroinflammation. Microglia activation in 

the brain is thought to contribute to neurodegenerative disease. Concurrent cardiac and 

neuroinflammation post MI precipitate the question whether inflammation could be a critical link 

between heart and brain disease. Molecular positron emission tomography (PET) imaging is a 

noninvasive imaging technology that can monitor physiological processes non-invasively. The 

mitochondrial translocator protein (TSPO) targeted imaging agent 18F-flutriciclamide (18F-GE180) 

identifies inflammation in the damaged cardiac infarct region and in the brain performing whole body 

PET scans. Whole body TSPO targeted PET combined with specific molecular interventions will provide 

mechanistic insights into the connection of heart and brain early after MI. Modulation of acute 

inflammation to support repair will improve cardiac functional outcome and lower acute and chronic 

neuroinflammation.  

Cell uptake assays and fluorescence and immuno staining confirmed selective binding of GE180 to 

pro-inflammatory macrophages and microglia. 18F-GE180 TSPO targeted PET identified concurrent 

cardiac and neuroinflammation early post MI. in vivo TSPO PET signal was confirmed by in vitro 

autoradiography in heart and brain tissue. Depletion of peripheral macrophages ablated cardiac 

inflammation, but evoked higher neuroinflammation. Anti-inflammatory therapeutic intervention with 

enalapril attenuated cardiac and neuroinflammation post MI and improved cardiac remodeling, as 

monitored by TSPO targeted PET. Chronic inhibition of TSPO by the selective inhibitor PK11195 

attenuated cardiac remodeling, lowered remote myocardial TSPO PET signal and improved chronic 

cardiac function post MI. 

In conclusion, the 18F-GE180 TSPO PET signal in the heart and brain derives from pro-inflammatory 

macrophages and microglia. Respectively, remote myocardial TSPO signal reflects mitochondrial 

dysfunction consistent with cardiac remodeling. TSPO PET provides simultaneous insight into 



XI 

 

inflammatory processes in heart and brain after MI, and cardiac mitochondrial dysfunction in CHF. 

Taken together, PET imaging of TSPO may guide novel therapies to improve cardiovascular and 

neurological outcome in MI and CHF.
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1 Introduction 

1.1 Myocardial Infarction and Heart Failure.  

Cardiovascular disease accounts for 3.9 million deaths per year in Europe, including 862000 from acute 

MI. In 2015, the incidence of MI was ~5.8 million with a prevalence of 30 million. The economic costs 

for MI are €59 billion per year. In an aging society the incidence of MI and the following development 

of chronic heart failure (CHF), will increase (1). 

 

1.1.1 Acute Immune Response after Myocardial Infarction 

MI describes a myocardial perfusion defect leading to necrosis of cardiac muscle cells, caused by a 

coronary artery occlusion (1). During the acute phase after MI, circulating leucocytes infiltrate the 

damaged cardiac region within hours after injury (2). The inflammatory cascade post MI is initiated by 

chemotaxis to recruit circulated leukocytes into the damaged cardiac infarct region (3). Necrotic 

cardiac cell death stimulated by mitochondrial swelling and death receptor-mediated pathways (4) 

leads to the passive release of intracellular danger associated molecular patterns (DAMPs). DAMPs 

bind to pattern recognition receptors (PRRs) expressed on thrombocytes, macrophages and cardiac 

fibroblasts leading to activation of cardiac resident immune cells and the complement system (5). The 

complement system is a part of the innate immune system which supports the phagocytosis of 

damaged tissue (6). Activation of cardiac fibroblasts leads to proliferation and expression of both pro-

fibrotic and pro-inflammatory molecules. In addition, damaged endothelial cells upregulate the 

expression of adhesion molecules, pro-inflammatory cytokines and reactive oxygen species (ROS) (7), 

which facilitate extravasation of circulating leukocytes (8). Different leukocyte subtypes mobilized 

from spleen and BM invade the damaged cardiac region (9). The peak of infiltrating granulocytes, 

secreting pro-inflammatory cytokines, is around day 1 after MI. Mobilized monocytes become cardiac 

monocyte-derived macrophages after infiltration. The peak of Ly6Chigh monocytes and differentiated 

pro-inflammatory M1-like macrophages which produce pro-inflammatory cytokines, is around day 3-

5 after MI (10-12). In addition, M1-like macrophages also phagocytose cellular debris and cells of the 

first wave of cardiac infiltrating immune cells like granulocytes (13). The reparative healing phase 
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begins with the recruitment of Ly6Clow monocytes and anti-inflammatory M2-like macrophages, which 

peak around day 7 (10,14). This recruitment corresponds to cardiac fibroblast proliferation influencing 

extracellular matrix for reorganization, to generate an elastic but stable collagen-rich scar of limited 

size (10). Fibroblast activation is characterized by the release of Interleukin (IL)-4, IL-5, IL-13 and TGF-

β (15,16), which predominantly have pro-inflammatory effects and recruit circulating leukocytes into 

the damaged cardiac region. Whereas TGF-β protects the myocardium by regulating inflammatory 

processes (17). Modest lymphocyte recruitment persists throughout the inflammatory process at 

lower absolute numbers than myeloid cells, but plays a role in regulation of chronic inflammatory 

response (Fig 1).  

These mechanisms directly influence subsequent ventricular remodeling and progression to CHF. 

Rapid scar formation ensures maintained pump function, and prevents ventricular rupture, but the 

non-contractile character of scar formation lowers myocardial contractile efficiency. The un-injured 

remote cardiac tissue compensates impaired function by remodeling, which contributes to CHF.  

 

1.1.2 Development of Chronic Heart Failure 

CHF is characterized as a state in which the heart is not able to supply sufficient blood to the body for 

adequate oxygen supply (1). After MI, cardiac remodeling leads to dilatation, changes of ventricular 

shape and wall hypertrophy resulting in CHF (18). The active remodeling phase can last several weeks 

in small animals and several months in large animals and humans (16,19). During this phase, the 

collagen content in the scar expands and becomes cross-linked, resulting in greater stability (20). In 

addition, cardiac remodeling is associated with cardiac mitochondrial dysfunction and oxidative stress 

Figure 1. Timeline of leukocyte 

peak in the infarct territory after 

myocardial infarction. 

Granulocyte peak around day 1, 

followed by peak of pro-

inflammatory M1-like 

macrophages at day 3 and peak of 

anti-inflammatory M2-like 

macrophages at day 7, followed by 

the activity of residual 

lymphocytes during the chronic 

phase. Adapted from (9).  
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(21). Mitochondrial dysfunction and inefficient metabolism exacerbate CHF. The increased acute 

survival after MI has contributed to a larger population with CHF. 

 

1.2 Neurodegenerative Disease 

Dementia, including the most common form Alzheimer’s disease, affects 70% - 80% of Western 

population, and describes a chronic inflammatory and progressive neurodegenerative disease with loss 

of neurons and cognitive impairment. Neurodegenerative disease affects around 10 million individuals 

in Europe. The prevalence is expected to be 20 million in the year 2030. The economic burden is 

estimated to be €267 billion per year (22).  The precise cause of dementia remains poorly understood. 

Several factors have been implicated including traumatic brain injury, genetic and environmental 

factors (23,24). Specifically, Alzheimer’s disease is characterized by the accumulation of extracellular 

β-amyloid plaques and intracellular hyperphosphorylated tau-proteins, which impairs neuronal cell 

function and activates microglia (25,26). The prevalence of neurodegenerative diseases is age related 

and will increase in an aging society (27), similar to MI and CHF. 

 

1.3 Connection of Myocardial Infarction and Neurodegenerative Disease  

Individuals with CHF demonstrate 84% higher risk to develop dementia, including a 80% higher risk to 

develop Alzheimer's disease compared to age-matched healthy individuals (28,29). Importantly, the 

risk factors for dementia and Alzheimer’s disease are similar to risk factors for MI (30). Shared risk 

factors include high-calorie western diet, low physical activity, smoking, alcohol consumption, 

hypertension, hypercholesterolemia, diabetes, and high body mass index (1).  

Previous work suggested that inflammation could be a link between MI, CHF, and 

neurodegenerative disease. This work demonstrated acute cardiac inflammation after MI, which was 

associated with transient neuroinflammation, resulting in progressive CHF (31). The systemic 

inflammation post MI could contribute to dysfunction of the blood brain barrier (BBB) (32). This 

dysfunction may lead to infiltration of peripheral macrophages in the brain, which leads to cerebral 

inflammation and activation of microglia culminating neurodegeneration and cognitive decline (32-
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35). Systemic inflammation leads to elevated circulating pro-inflammatory cytokines such as IL-1α, IL-

1β, and the tumor necrosis factor-α (TNF-α), which may cross the BBB, and affect the brain directly 

(36). Other mechanisms, such as changes of the global sympathetic activity or cerebral blood flow 

parallel to cardiac dysfunction could play a role within the heart-brain-network. However, the precise 

mechanism of the connection between heart and brain after MI and CHF remain unclear. 

 

1.4 Positron Emission Tomography 

Molecular imaging is the noninvasive visualization of a physiological molecule, within physiological 

process or pathway, without pharmacologic interference (37). When applied to the whole organism, 

molecular imaging provides a platform to investigate inter-organ-connections such as inflammation in 

heart and brain after MI. Positron emission tomography (PET) involves detection of a compound 

labeled with a positron-emitting radioisotope in the body. During radioactive decay, positrons are 

emitted, which collide with electrons in the ionized tissue and annihilate, releasing two antiparallel 

photons with a defined energy of 511 Kiloelectron Volts (keV). Multiple detectors arranged in a circle 

around the imaging target detect the photon energy. Lutetium-Oxyorthosilicate-Crystals inside the 

detectors absorb the energy and convert it to light, which is detected by photomultiplier tubes (38). 

Polarity changes are transformed into electrical signals, which are then processed by specific 

algorithms, to calculate the location of the decay event to provide a map of tracer distribution in the 

body. The principle of PET imaging is based on coincident detection of photons by opposite detectors 

(39) (Fig 2).                

Figure 2. PET Ring Structure and Detection of Annihilation Radiation. After tracer injection, the interaction 

of positrons with negatively charged electrons leads to an emitted annihilation radiation of 511 keV in an 

angle of 180°. The coincidence of this signal is detected by surrounding detectors. After data reconstruction, 

a 3D image of the tracer distribution is constructed. 



5 

 

1.5 18F-GE180 Targeting TSPO for Imaging of Cardiac- and Neuro-Inflammation  

The structure of TSPO includes five transmembrane domains/helices. The intramitochondrial N-

terminus is short and the extra-mitochondrial C-terminal part is longer (40). TSPO is conserved in 

mammalian species, which allows translation from mouse to human (41). TSPO is involved in apoptosis, 

regulates immune activity (42), and participates in cholesterol homeostasis. TSPO is highly expressed 

in the outer mitochondrial membrane of pro-inflammatory cell types 

(31,43). More recently, elevated TSPO was observed in macrophages in the 

infarct territory early post MI (31,44). TSPO expression is upregulated in 

activated microglia in Alzheimer's disease (26). The radiotracer used in this 

study is GE180 targeting TSPO, labeled with 18F (Fig 3).  

The half-life of 18F is 109.77 minutes (45). As such, TSPO PET imaging is a potential platform for 

simultaneous investigation of cardiac- and neuro-inflammation after MI based on the parallel TSPO 

expression pattern by peripheral pro-inflammatory cells and microglia (Fig 4).  

However, the precise cellular substrate underlying the 18F-GE180 TSPO signal in heart and brain 

remains unclear, especially regarding specific leukocyte subtypes in the inflammatory cascade. 

Understanding the cellular substrate could more effectively guide therapy. 

 

1.6 Molecular Imaging of Inflammation by PET 

Clinically, the most common imaging agent is 18F-Fluorodeoxyglucose (18F-FDG), a glucose analogue 

used to evaluate metabolism. Increased glycolysis by pro-inflammatory leukocytes allows 18F-FDG 

Figure 4. TSPO expression post myocardial infarction in heart and brain. Concurrent inflammation in heart 

and brain can be imaged with PET using 18F-GE180 targeting TSPO. Macrophages in the infarct territory post 

MI and microglia expressing TSPO after myocardial infarction. LV: Left Ventricle. 

 

Figure 3. Chemical 

Structure of 18F-GE180. 
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based inflammation imaging. 18F-FDG is transported into the cell by glucose transporters, where it is 

trapped after phosphorylation and accumulates in the cell (46). However, because 18F-FDG is actively 

taken up by all metabolically active cells, it is difficult to distinguish between inflammation and viable 

cardiomyocytes (47). Fasting protocols are used to lower cardiomyocyte uptake (48). But these 

approaches are imperfect, non-physiological and non-transferable. Moreover, 18F-FDG cannot identify 

neuroinflammation due to the high metabolic rate of neurons which cannot be suppressed (46). 

Alternative imaging agents are therefore needed. 

 18F-GE180 targets mitochondrial TSPO, robustly expressed by inflammatory cells in the periphery 

and activated microglia in the brain (26,31,49). Previous work established elevated TSPO PET signal in 

the cardiac infarct territory and in the brain after acute MI (31). In addition, TSPO PET may provide 

information about cardiac mitochondrial dysfunction, as increased TSPO signal was observed in failing 

cardiomyocytes, independent of macrophage content (31) (Fig 5).  

Furthermore, TSPO PET detected upregulated microglia in a mouse model of Alzheimer’s disease (26). 

These characteristics qualify 18F-GE180 as a potential imaging agent to investigate inflammation in 

heart and brain and cardiac mitochondrial dysfunction in heart failure. 

 

1.7 Therapy  

The first-line therapy after MI is to restore the blood flow by fibrinolytic and antithrombin agents, or 

mechanical methods. After acute treatment and diagnostics, the culprit coronary artery is opened by 

stent placement or bypass surgery (50-52). Secondary therapy aims to decrease myocardial oxygen 

Figure 5. Concurrent 

neuroinflammation acute after 

myocardial infarction and the 

following heart failure. TSPO PET 

identifies neuroinflammation 

parallel to acute MI and in chronic 

heart failure in mice (31).  
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consumption by lowering heart rate, blood pressure and cardiac filling pressure by use of β-blockers, 

ACE inhibitors, and/or glyceryl trinitrate.  

The intermediate phase (1-7d after MI) is not commonly exploited for therapy. However, 

mechanisms within this timeframe strongly influence infarct expansion and functional outcome. Anti-

inflammatory therapeutic approaches have yielded mixed results. For example, acute treatment with 

non-steroidal anti-inflammatory drugs (NSAIDs) post MI led to increased bleeding and excessive 

thrombotic events (53). Broad anti-inflammatory methotrexate had no impact on infarct size or cardiac 

function after a follow-up time of 3 months (54). These findings suggest more specific interventions 

are required to support endogenous repair mediated by inflammatory cells. Indeed, several studies 

investigating the effect of small peptide receptor agonists on MI have displayed beneficial effects. 

Small peptide therapy by the Formyl peptide receptor (FPR)-1/FPR-2 agonist compound 17b and 

netrin-1-derived peptides improved balance between pro- and anti-inflammatory activity, potentially 

maintaining a homeostatic environment for repair, leading to smaller infarct size and improved cardiac 

function (55,56). Recently, upstream inhibition of the pro-inflammatory cytokines IL-1, IL-6, and TNF-

α after MI displayed cardioprotective effects (57-59). These mixed results suggest a need for refined 

modulation of inflammation to improve outcome.  

Alternatively, inhibition of TSPO is cardioprotective in ischemia reperfusion injuries (60), but the 

effect on neuroinflammation is unknown. It is established that TSPO inhibition can attenuate microglial 

activation in response to neuroinflammatory triggers, such as lipopolysaccharide (LPS) (61). The inter 

organ communication between heart and brain in cardiac disease are not understood and difficult to 

interrogate using conventional methods. Here, TSPO-targeted molecular imaging may provide 

mechanistic insights into the heart-brain-network. 

 

1.8 Role of PET Imaging in the Heart-Brain-Axis 

There are several approaches how to treat acute MI and the following cardiac remodeling. However, 

the inflammatory response after MI, as well as the development of heart failure varies by individuals. 

Therapy selection, particularly with a heterogeneous population is challenging. Molecular imaging 
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using whole body PET provides a platform for noninvasive multi-organ assessment of physiological and 

pathophysiological processes to investigate the connection of heart and brain in disease, and identify 

molecular changes underlying disease progression. With TSPO-targeted PET, it may be possible to 

determine the inflammatory severity in heart and brain, and identify patients at highest risk of heart 

failure and cognitive impairment. Molecular imaging could help to select and guide optimal therapy to 

benefit not only cardiovascular, but also neurological outcomes.  

 

2 Hypotheses and Specific Aims 

The central hypothesis of this project is that MI causes systemic inflammation, which leads specifically 

to neuroinflammation as measured noninvasively by PET imaging of TSPO.  

The secondary hypotheses are: 

 TSPO-targeted imaging selectively identifies pro-inflammatory macrophages in the heart and 

microglia in the brain after MI.  

 Whole body TSPO-targeted PET combined with specific molecular interventions will provide 

mechanistic insights into the heart-brain-network following acute MI.  

 Targeted therapies to reduce myocardial and systemic inflammation will improve cardiac 

function and dampen neuroinflammatory response.  

The first aim of this project is to establish the timecourse of neuroinflammation following MI at acute 

and chronic stages by noninvasive serial whole body molecular imaging of TSPO using 18F-GE180. To 

test the hypothesis that TSPO PET selectively identifies cardiac pro-inflammatory macrophages and 

microglia in the brain after MI, we investigated the TSPO PET signal in a mouse model of MI by 

performing serial whole body PET scans at 3d, 7d and 8wk post MI. We validated these findings by in 

vitro autoradiography and quantitative immuno histology targeting cardiac CD68+ macrophages and 

Iba1+ microglia. To identify the cellular substrate of the in vivo TSPO PET signal more specifically, we 

investigated the leukocyte subtype uptake of 18F-GE180 in vitro.  

The second aim of this project is to obtain deeper mechanistic insights into the heart-brain-network 

following MI, specifically regarding the role of macrophages in acute neuroinflammation post MI. To 
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test this hypothesis, we depleted macrophages prior MI by injecting clodronate loaded liposomes and 

performed whole body TSPO PET scans early and late post MI and validated the in vivo findings by in 

vitro autoradiography and immuno histology.  

The third aim of this project is to investigate if targeted therapies to reduce myocardial and systemic 

inflammation will improve cardiac function and dampen neuroinflammatory response. Therefore, we 

determined the effect of early anti-inflammatory and delayed anti-remodeling ACE inhibition by 

enalapril, and chronic TSPO inhibition by the selective TSPO inhibitor PK11195, on acute and chronic 

neuroinflammation and cardiac remodeling, measured by 18F-GE180 serial PET. PET results were 

validated by immuno histological tissue workup in heart and brain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 

 

3 Materials and Methods 

3.1 Synthesis of the Radiotracers 18F-FDG and 18F-GE180 

All radiotracers were synthesized with a high radiochemical purity (>98%) and specific activity. 18F-FDG 

was produced for clinical purposes using Good Manufacturing Procedures. 18F-GE180 was synthesized 

in a semi-automated radiochemistry module, as described (31), with high radiochemical purity (>95%), 

yield and specific activity (450-600 GBq/µmol). Briefly, 10 µmol kryptofix 2.2.2, 10 µmol potassium 

bicarbonate and 0.5 mL acetonitrile (0.5 mL) were added to water and fluorine-18. The reaction sample 

was heated to 100°C and dried under argon. Next, 0.5-1mg of the GE180 mesylate precursor was added 

to 1mL C2H3N and heated at 100°C for 10min for labeling. The sample was cooled and purified using 

semi-preparative high-performance liquid chromatography on a ACE-5 C18 column. The purified 18F-

GE180 was concentrated on a tC18 Sep-Pak cartridge, and eluted with ethanol (100%). Tracer injection 

volumes (150µl) for in vivo studies were kept below a maximum of 20% ethanol. 

 

3.2 Uptake Assays 

3.2.1 Isolation of Peripheral Leukocytes  

Peripheral blood from healthy volunteers was collected. Subpopulations of peripheral leukocytes were 

purified by sequential magnetic associated antibody cell sorting (MACS) (49,62). Magnetic 

immunoseparation supplies were purchased from (Miltenyi Biotec). Blood leukocytes were separated 

by centrifugation by 800xg for 20min on Ficoll pacque reagent (Sigma), and resuspended in phosphate-

buffered saline containing 4% fetal calf serum (FCS) and 2mM EDTA (FACS buffer). The isolated 

leukocytes were then incubated with biotin-conjugated antibodies (Miltenyi Biotec) at a 1/11 dilution 

in 100µl FACS buffer per 107 cells and incubated for 15min at 4°C. Neutrophils were labeled with anti-

CD177 (clone REA258), monocytes/macrophages were labeled with anti-CD11b (clone M1/70.15.11.5), 

and non-B lymphocytes were labeled with anti-CD2 (clone LT2). B-lymphocytes were collected by 

negative selection using an antibody cocktail containing biotin-conjugated anti-CD2, -CD14, -CD16, -

CD36, -CD43, and -CD235a. Leukocyte subtypes were sequentially isolated to avoid cross 

contaminations. After labeling of cells with the biotin-conjugated antibodies, cells were washed with 
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FACS buffer (1/5) and subsequently incubated with anti-biotin MicroBeads 20μL/107 cells for 15min at 

4°C. Labeled cells were then washed, centrifuged 300xg for 10min, resuspended in 500µl FACS buffer, 

then transferred onto a ferromagnetic column placed in a magnetic field. Retained cells were washed 

three times with 3ml FACS buffer. Efflux containing unlabeled cells was collected for sequential 

magnetic immunoseparation (CD177  CD11b  CD2  Bcells). Retained cells were eluted outside 

the magnetic field in 1ml FACS buffer. For B-lymphocytes, the efflux containing unlabeled cells was 

collected. Cells were stored overnight at 4°C. On the morning of the assay, cells were centrifuged, 

counted, and aliquoted (1x106 cells in 500µl FACS buffer) in 1.5ml culture tubes. 

 

3.2.2 Preparation of THP-1 derived Macrophages  

Human leukemic THP-1 monocytes were cultured as previously described (49,63) in enriched RPMI 

1640 medium (Sigma Aldrich), containing 2mM glutamine, 0.05mM β-mercaptoethanol, 10% FCS, 1% 

penicillin-streptomycin (THP-1 Medium). Cells were seeded onto fibronectin-coated 6-well plates at a 

density of 1x106 cells/well. Cells were differentiated into macrophages under THP-1 medium 

containing 20% FCS and macrophage colony-stimulating factor (M-CSF, 100ng/ml) over 4d at 37°C and 

5% CO2. After 4d incubation, adherent macrophages were polarized as described (64). Briefly, 

Supernatant was removed and replaced with fresh THP-1 medium (20% FCS) containing polarization 

cytokines (Sigma Aldrich). Specifically, LPS (100ng/mL) and IFN-γ (20 ng/mL) generated pro-

inflammatory M1 macrophages, IL-4 (20 ng/mL)  generated reparative M2a macrophages, and IL-10 

(100ng/mL) generated regulatory M2c macrophages. Cells were incubated under polarization medium 

for 48h prior to the uptake assay. As a control, non-polarized macrophages (M0) were maintained 

under THP-1 medium without cytokine supplement. 

 

3.2.3 Isolation of Neonatal Rat Cardiomyocytes and Cardiac Fibroblasts 

Neonatal rat cardiomyocytes (NRCM) and fibroblasts (NRCF) were isolated from newborn rats between 

1 to 3 days, as described previously (49,65). Explanted hearts were transferred into cold ADS buffer 

containing 6.8mg/ml NaCl, 4.8mg/ml HEPES, 0.12mg/ml sodium-hydrogen-phosphate solution, 
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1mg/ml glucose, 0.4mg/ml potassium chloride and 0.1mg/ml magnesium sulfate. Hearts were minced 

into 6 to 8 pieces and ADS buffer was replaced by an ice-cold digestion solution (ADS buffer containing 

0.36 mg/ml collagenase). Tissue was incubated for 10min at 37°C with rotation of 16-18 rpm. The 

supernatant was then removed and the tissue transferred into fresh digestion solution, followed by 

incubation for additional 20 min at 37°C with rotation. The samples were next transferred to a fresh 

tube and centrifuged at 700xg for 5min at 21°C. Supernatant was removed, and the cell pellet 

resuspended in 0.5ml FCS. Afterwards, the cell suspension was again centrifuged at 700xg for 7min at 

21°C, the supernatant removed and the pellet resuspended in 20ml ADS buffer. Myocytes were 

isolated by gradient centrifugation. Percoll stock solution was prepared containing Percoll-Reagent and 

concentrated 10X ADS buffer (9:1). New 15ml Falcon Tubes were prepared with 4ml Top Percoll 

Solution (1:15 Percoll stock / ADS-Buffer) and 3ml Bottom Percoll Solution (1.9:1 Percoll stock / ADS-

Buffer) layered underneath.  The 2ml cell suspension was layered over Top Percoll Solution, and 

centrifuged at 3000xg for 30min at 21°C without brake. The first phase, containing cardiac fibroblasts, 

and the second phase, containing cardiomyocytes were then collected and transferred to 50ml Falcon-

Tubes, washed twice with ADS buffer, and centrifuged at 700xg for 7min at 21°C. Supernatant was 

removed, and the pellet resuspended in 37°C warm NRCM medium containing High Glucose medium 

with 1% Penicillin Streptomycin (P/S), 20% Medium M199, 10% Horse Serum and 5% FCS. NRCM were 

seeded onto 6-well plates coated with 1% gelatin at a density of 4x105 cells/well. NRCF were seeded 

onto nuclon delta-treated 6-well plates (ThermoFisher Scientific) at a density of 5x105 cells/well in 

1.5ml DMEM High Glucose medium containing 1% P/S and 10% FCS. 

 

3.2.4 In Vitro Uptake Assays 

Uptake assays were performed as described before (49,63). For polarized THP-1 macrophages, NRCM, 

and NRCF, the medium was replaced 2h prior to the uptake assay. Serum-starved RPMI medium was 

used for 18F-GE180 uptake assays. Glucose free RPMI medium was used for 18F-FDG studies. For 

peripheral leukocytes, cell aliquots were suspended under FACS buffer. At time of assay, 250kBq of 

18F-GE180 or 18F-FDG was added to each well and cells were incubated for 60min at 37°C. Supernatant 
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was then removed and cells were washed twice with ice cold 1XPBS. Peripheral leukocytes were 

pelleted by centrifugation at 300xg for 5min. The supernatant was removed and cells resuspended for 

two wash steps under 500µl cold 1XPBS. All cells were lysed in 100µl lysis buffer containing 50mmol 

Tris HCL (pH 7.5), 150mmol NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate. The lysates were collected 

into gamma counter tubes. Cell lysates were counted decay-corrected in a gamma counter (Gamma 

Wizard, Perkin Elmer) with a 10% standard dilution of activity. Tracer accumulation was calculated as 

% uptake relative to the activity used for incubation. 

 

3.2.5 Protein Quantitation Assay 

Cell density was validated by bicinchoninic acid assay (BCA) protein assays (49,66). After radioactivity 

decay, the samples were vortexed and 10µl of lysate were transferred on a 96-well plate. 200µl of the 

reaction solution (ThermoFisher Scientific) was added to the samples (50:1 of BCA Reagent-A and BCA 

Reagent-B). Samples were then incubated for 30min by 37°C. Light absorption was measured using a 

plate reader at 562nm wavelength. Sample protein content was calculated based on standard dilution 

curve of known protein content. 

 

3.2.6 Viability Assessment 

To test the viability of the samples, repetitive Alamar blue assays were performed (49,67). Briefly, 

5x103 cells/well were diluted in 200µl Hanks’ buffered salt solution (Biochrom GmbH) containing 

0.35g/L NaHCO3, Ca2+, MG2+. 20µl of Alamar blue was added to each sample and the plate was 

incubated at 37°C for 19h. Fluorescence measurement (excitation filter: 544nm) (emission filter: 

590nm) at every hour, beginning 2h after reaction start denoted metabolic conversion of Alamar Blue, 

indicating metabolic viability as ratio according to the baseline. The higher the measured fluorescence, 

the more viable the cells are. The calculation of the ratio to the baseline allows a maximum viability 

value of 1. 

 

3.3 Animal Study Design 

To investigate cardiac- and neuro-inflammation and cardiac remodeling after MI, we used 10wk old 
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male C57Bl/6 mice (Charles River Laboratories, Sulzfeld, Germany). Animals were housed in groups of 

9 in separately ventilated cages and had permanent access to food (Altromin) and water. Mice got 

operated with the age of 11wk. The Animal Care Committee was informed of data analysis for the 

purpose of this study and agreed to the project (LAVES Tierversuchsantrag 13/1272, Neue Strategien 

der molekularen nuklearmedizinischen Bildgebung zur Untersuchung von pathophysiologischen 

Veränderungen und Regenerationsprozessen bei Herz-Kreislauferkrankungen im Tiermodell). 

 

3.3.1 Myocardial Infarction Surgery  

MI was induced by ligation of the left coronary artery (LAD-ligation) as described previously (31). Prior 

to surgery, the mice were treated subcutaneously with analgesic butorphanol (2mg/kg), followed by 

anesthesia with isoflurane (3% induction). After oral intubation, isoflurane was maintained at 1.5% to 

2% under mechanical ventilation. A left thoracotomy was performed and the pericardium was opened 

followed by placement of a ligature around the left coronary artery. For sham surgery the ligature was 

not secured. Coronary artery ligation resulted in a perfusion defect covering (32%±11%) of the total 

left ventricle determined by 99mTc-sestamibi perfusion Single photon emission computed tomography 

(SPECT). 

 

3.3.2 Drugs and Therapeutical Interventions 

To investigate the effect of changes in the inflammatory cascade and therapeutic interventions on 

cardiac- and neuro-inflammation and cardiac remodeling after MI, we treated subgroups of mice with 

clodronate loaded liposomes to deplete peripheral macrophages or with therapeutic interventions 

including the ACE-inhibitor enalapril or the TSPO-inhibitor PK11195. 

 

3.3.2.1 Macrophage Depletion by Clodronate Loaded Liposomes 

To identify the in vivo cellular substrate of the 18F-GE180 TSPO PET signal in heart and brain post MI 

and to obtain mechanistic insights into the consequences of peripheral macrophage depletion on 

cardiac- and neuro-inflammation after MI and cardiac remodeling, mice underwent MI surgery (n=96) 

or sham surgery (n=9). Subgroups of mice were injected 24h prior to MI surgery once with clodronate 
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loaded liposomes (Liposoma) (100µl/10g body weight) (n=18) via the lateral tail vein followed by a 

flush of heparinized (50U/ml) saline of 0.05ml for peripheral macrophage depletion, or received no 

therapy (n=21). Clodronate liposomes are phagocytosed by macrophages and degraded inside the 

phagolysosome which leads to release of clodronate. The clodronate diffuses inside the cytosol, where 

it is enzymatically transformed into a non-hydrolysable ATP-analogue competing with functional ATP, 

which leads to cell death. The 

turnover of peripheral 

macrophages after depletion 

by clodronate is between day 7 

to 9. (68). Another group of MI 

mice was injected with control PBS loaded liposomes (n=11) (Liposoma) (Fig 6).    

 

3.3.2.2 Therapeutic Intervention with Enalapril  

The ACE-inhibitor enalapril is a clinically relevant and commonly used heart failure medication. 

Enalapril lowers the concentration of the active protein angiotensin II (Ang-II) and is thought to 

attenuate leukocyte release from spleen post MI, which reduces the inflammation in the damaged 

cardiac region (11). The anti-inflammatory effect of enalapril is not completely understood, but could 

relate to the downstream regulation of sympathetic activity (69), the reduction of Ang-II (70) and 

positive influence of cardiac remodeling post MI (71). To investigate the effect of enalapril on cardiac- 

and neuro-inflammation after MI and the cardiac remodeling, additional subgroups of mice received 

20mg/kg enalapril orally per day as described (31). Enalapril was divided to early and delayed 

treatment. Early therapy was 

given for 10days, beginning at 

3days prior to MI surgery 

(n=13) to investigate the anti-

inflammatory effect. Delayed 

enalapril was continuously 

Figure 6. Experimental mouse groups of peripheral macrophage 

depletion. Subgroups of mice were treated with clodronate for 

macrophage depletion, or with control PBS liposomes. Untreated mice 

did not receive any therapeutic intervention. In sham animals the 

ligature was not secured. MI: Myocardial infarction surgery. 

 

Figure 7. Experimental mouse groups of ACE inhibition. Subgroups of 

mice were treated with early or delayed enalapril for either anti-

inflammatory effect or anti cardiac remodeling effect. Untreated mice did 

not receive any therapeutic intervention. In sham animals the ligature 

was not secured. MI: Myocardial infarction surgery. 
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given from 7d post MI (n=16) to investigate the anti-remodeling effect (Fig 7). Previous studies suggest 

that the blood pressure is not affected at this dose in mice (11,72).  

 

3.3.2.3 Therapeutic Intervention with PK11195 

Physiologically, TSPO is involved in cholesterol transport from the outer to the inner mitochondrial 

membrane. TSPO is also involved in apoptosis control and immune activity (42). In addition, TSPO is 

upregulated in pro-inflammatory leukocytes (31) and activated microglia (26) and plays a role in the 

development of CHF (60). Because TSPO is the imaging target in this study, we chose TSPO also as  

treatment target. The inhibition of TSPO is supposed to have cardioprotective and anti-apoptotic 

effects by attenuating the formation of mitochondrial permeability transition pores (mPTP) in the inner 

mitochondrial membrane, which is increased in mitochondrial dysfunction (42). The formation of 

mPTP leads to increased permeability of the mitochondrial membrane and to mitochondrial swelling 

and apoptosis (42). The inhibition of TSPO lowers oxidative stress and cholesterol accumulation 

(42,73). To investigate the cardioprotective effect of TSPO inhibition and the attenuating effect on 

neuroinflammation post MI, a subgroup of MI 

mice (n=17) was treated weekly with an intra 

peritoneal injection of cold PK11195 (Sigma Life 

Science), (3mg/kg) solved in NaCl containing 5% 

DMSO, starting with day of surgery (42) (Fig 8). 

 

3.3.3 Imaging Timeline 

To investigate cardiac- and neuro-inflammation post MI and the cardiac remodeling, we performed 

serial whole body 18F-GE180 PET scans targeting TSPO at the acute time points at 3d and 7d and during 

the chronic phase at 8wk post MI. In addition, the cardiac function and perfusion was determined by 

Figure 9. PET and SPECT timeline. After MI-

surgery, whole body PET was performed at 

3d, 7d and 8wk post MI. ECG gated SPECT 

was performed at 7days and 8wks. MI: 

Myocardial infarction surgery, PET: Positron 

emission tomography, ECG-SPECT: 

Electrocardiogram gated SPECT. 

Figure 8. Experimental mouse groups of TSPO 

inhibition. Subgroups of mice were treated with 

PK11195 for TSPO inhibition. Untreated mice did 

not receive any therapeutic intervention. In sham 

animals the ligature was not secured. MI: 

Myocardial infarction surgery. 
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ECG-gated 99mTc-sestamibi SPECT scans at 1wk and 8wks post MI (Fig 9).  

3.3.3.1 18F-GE180 Positron Emission Tomography  

Prior to PET or SPECT scan, the mice were anesthetized in a box with isoflurane (induction at 3%, 0.6 

L/min O2). Isoflurane was maintained at 1% to 2.5%. Mice were transferred onto heating plates to keep 

body temperature, followed by catheter placement into the lateral tail vein. Mice were then 

transferred into scanning beds. Two mice were scanned together in a double mouse bed for PET. 

Whole body serial PET imaging with 18F-GE180 was performed using an Inveon DPET scanner (Siemens, 

Knoxville, Tennessee) (31). 18F-GE180 (14 ± 2 MBq) in 0.10ml containing saline and 0-30% EtOH, was 

administered as a bolus via tail vein catheter together with the start of a dynamic 60min image 

acquisition in listmode, followed by a flush of heparinized (50U/ml) saline of 0.10ml (31). After PET 

scan, a low-dose computed tomography (CT) 

was conducted for anatomical co-registration 

of the PET signal (Fig 10). ECG and breathing 

was monitored using the BIOVET software.  

 

3.3.3.2 99mTc-Sestamibi Single Photon Emission Tomography Image Acquisition 

To determine infarct size and left ventricular ejection fraction (LVEF), we performed ECG-gated 

perfusion SPECT as described before (31). Mice were prepared as described for PET. 99mTc-Sesatamibi 

(116 ± 13MBq) was administered as a bolus via catheter, followed by a flush of heparinized (50U/ml) 

saline of 0.10ml. Mice were transferred into single scanning beds. A low-dose CT was conducted for 

anatomical co-registration. After 30min tracer distribution, ECG-gated listmode images were acquired 

using the Explore speCZT (TriFoil Imaging) equipped with a full ring of cadmium-zinc-telluride (CZT) 

detectors and a mouse 7-pinhole collimator. Images were recorded over 50 steps with 350 views, and 

a 1.06° increment angle. For each step, a 30s 

acquisition time was used. An energy threshold 

of 60keV was applied with a reconstruction 

window of 125-150keV. Images were acquired 

Figure 10. PET Acquisition. PET:  

positron emission tomography, 

CT: computed tomography. 

 

Figure 11. SPECT Acquisition. 

SPECT: single photon emission 

computed tomography, CT: 

computed tomography. 
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over 25min (Fig 11). ECG and breathing of the animals was monitored using the BIOVET software. 

3.3.4 Image Reconstruction 

3.3.4.1 18F-GE180 Positron Emission Tomography Image Reconstruction 

PET Images were histogrammed to 32 frames of 5x2, 4x5, 3x10, 8x30, 5x60, 4x300, 3x600s. Images 

were reconstructed to a 256x256x159 matrix (0.39x0.39x0.80 mm) using a 3D ordered subset 

expectation maximization / maximum a posteriori algorithm (β = 0.01, OSEM iterations = 2, MAP 

iterations = 18). Scatter and decay correction were implemented followed manufacturer defaults. 

 

3.3.4.2 99mTc-Sestamibi Single Photon Emission Tomography Image Reconstruction 

SPECT images were reconstructed to a 128x128x80 image matrix (0.33mm pixel size) using a maximum 

likelihood expectation-maximization algorithm (50 iterations). Scanner-based energy correction, 

uniformity correction, and resolution recovery filter were applied. Reconstructed summed image were 

gated into 8 gates for functional analysis using an iterative algorithm. To enable fusion between PET/CT 

and SPECT/CT images, an additional low-dose CT was acquired. 

 

3.3.5 PET Image Analysis 

The Inveon Research Workplace software (Siemens) was used for the analysis of cardiac PET images. 

Regions of interest (ROI) were defined for the global heart, the infarct region, and the remote 

myocardium (Fig 12). 

 

 

 

 

 

 

 

Uptake was analyzed semi-quantitatively by the average percent injected dose per gram of tissue 

Figure 12. Cardiac regions of interest. 

ROI were defined manually using the 

Inveon Research Workplace software 

for infarct territory, remote 

myocardium and the global heart to 

determine 18F-GE180 tracer uptake. 

MI: Myocardial infarct territory, LV: 

left ventricle, ROI: Regions of interest. 
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(%ID/g) at 50-60min after tracer injection. 18F-GE180 uptake in the infarct territory was normalized to 

perfusion. Therefore, 18F-GE180 polar map values were divided by the polar map perfusion values in 

matched segments acquired using the Munich Heart software (Fig 13). 

 

 

 

 

 

For the brain, PET images were analyzed using the PMOD 3.7 software (PMOD Technologies Ltd., 

Zurich, Switzerland).  TSPO uptake was determined using a coregistration of PET and the PMOD 

embedded MRI template (mouse mirrone T2) including a whole brain ROI. The last two frames were 

summed (40-60min) and %ID/g was calculated (Fig 14). 

 

 

 

 

 

 

For spleen and BM, ROI’s were defined by thresholding using the Inveon Research Workplace software. 

PET and CT images were fused to guide ROI localization. %ID/g of 18F-GE180 uptake was calculated at 

50-60min after tracer injection (Fig 15). 

Figure 13. Infarct territory 18F-GE180 

uptake normalized to perfusion. Left 

ventricular polar maps (apex in the center, 

base in periphery, anterior wall on top, 

inferior wall on bottom, septum on left, 

lateral wall on right) showing perfusion 

(left), 18F-GE180 signal (mid) and 18F-

GE180 uptake normalized to perfusion 

(right) MI: myocardial infarct territory, 

%ID/g: percent injected dose per gram. 

Figure 14. Global brain 18F-GE180 uptake. 

Global brain uptake of 18F-GE180 at 40-

60min after tracer injection. %ID/g: 

percent injected dose per gram. 

Figure 15. 18F-GE180 uptake in spleen and 

BM. 18F-GE180 uptake in spleen and BM at 

50-60min after tracer injection. %ID/g: 

percent injected dose per gram, BM: bone 

marrow. 
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3.3.6 SPECT Image Analysis 

Single photon emission tomography (SPECT) is designed to detect γ-rays by collimators around the 

imaging target. The photon detection is crystal based on amplification in the photomultipliers. The 

system calculates a 2-dimensional image of the tracer distribution. Afterward, a set of multiple layers 

is reconstructed from all images (74). In SPECT a collimator is needed to block photons that are not 

originating from the imaging target in the field of view (75). SPECT with the myocardial perfusion tracer 

99mTechnetium-Sestamibi (99mTc-Sestamibi) is commonly used in clinical routine and in research to 

investigate cardiac perfusion (76). The perfusion tracer 99mTc-Sestamibi is a large synthetic molecule 

labeled with 99mTechnetium. 99mTc-Sestamibi passes the cell membrane by passive diffusion. Because 

of its positive charge, 99mTc-Sestamibi accumulates in mitochondria rich cells. In this way, it is possible 

to distinguish between viable perfused tissue and non-viable hypoperfused tissue (77). After 

intravenous tracer injection and a uptake phase, SPECT is used to detect emitted γ-rays with an energy 

of 140 keV coming from the decay of Technetium-99m to Technetium-99. The half-life of 99mTc is 6 hours 

(78). Compared to other perfusion SPECT tracer, 99mTc-Sestamibi displayed relative slow myocardial 

washout, which leads to relative good imaging of cardiac perfusion and allows gates imaging (77). 

Cardiac 99mTc-sestamibi distribution was analyzed using polar maps of co-registered SPECT / CT images 

with the Munich Heart software. Activity was normalized to maximum excluding liver. The perfusion 

defect was defined as <60% of normalized maximum.  

 

3.4 Tissue Analysis 

To verify in vivo PET findings, autoradiography and histological analysis was performed on cardiac and 

brain tissue at 3d, 7d and 8wks post MI. Mice at intermediate timepoints were sacrificed by cervical 

dislocation. Hearts were harvested and perfused with ice-cold PBS and snap-frozen in TissueTek. Brains 

were frozen under isopentane. Cardiac cryo sections were sliced with 4µm in the short axis at 200µm 

increments. Brain cryosections were sliced at 14µm at +0.14, -1.94, -3.16 according to Bregma. 

Sections were then moved onto Superfrost+ microscope slides for further experiments. 
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3.4.1 Autoradiography 

In vitro autoradiography of hearts and brains was performed as previously described (31). Briefly, slides 

were dried at room temperature, then incubated in 1XPBS for 30min. Next, slides were placed in 1XPBS 

containing 18F-GE180 (20KBq/ml) for 30min, followed by two washing steps with cold 1XPBS and ice-

cold water to remove excess activity and buffer salts. Slides were then exposed to a high-resolution 

phosphor imaging screen (PerkinElmer multisense) for 30min in a light-impermeable cassette. For 

quantification, a standard curve of known concentration was exposed in parallel. Afterwards, images 

were digitized using a Cyclon scanner (PerkinElmer). Images were analyzed in PMOD 3.7 using manually 

drawn ROI’s for cardiac infarct region and remote myocardium and ROI’s for the whole brain. Images 

were converted to a quantitative scale using the standard curve of known concentration (Bq/mm2). 

Data are presented as KBq/mm2. 

 

3.4.2 Masson Trichrome 

To determine cardiac morphology and collagen content, Masson trichrome staining was performed as 

described before (Sigma-Aldrich) (79). Briefly, slides were dried at room temperature and fixed 

overnight under Bouin's solution. The following day, slides were washed under running tap water, then 

incubated in Weigert's iron hematoxylin for 5min. Slides were then rinsed under running tap water for 

5min and afterwards incubated in Biebrich Scarlet-acid fuchsin solution for 5min and rinsed in 

deionized water. Slides were then incubated with phosphotungstic acid / phosphomolybdic acid (1:1) 

for 7min and transferred into aniline blue solution for 15min. Tissue was differentiated by acetic acid 

(1%) for 4min and rinsed in deionized water. The sections were dehydrated in an ascending alcohol 

series and fixed with xylene. Slides were then mounted and cover slipped. 

 

3.4.3 Cresyl Violet Staining 

Brain morphology was assessed by cresyl violet Nissl body staining as described before (Sigma-Aldrich) 

(80). Briefly, slides were dried at room temperature and fixed under acetone for 20min, then washed 

with 1XPBS. Slides were incubated with cresyl violet (0.5%) for 30min, rinsed in deionized water, and 
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dehydrated in an ascending alcohol series and fixed with xylene. Slides were then mounted and cover 

slipped. 

 

3.4.4 Immunofluorescence Staining  

To determine colocalization of cardiac infarct territory macrophages and brain microglia and astrocytes 

with TSPO, fluorescence immunostaining was performed as described previously (31). CD68 antibodies 

identified macrophages, TSPO antibodies identified TSPO, Iba1 antibodies identified microglia, and 

GFAP antibodies identified astrocytes. First, slides were dried at room temperature and fixed under 

acetone for 20min, then rinsed in 1XPBS and dried again at room temperature. Sections were circled 

with a PAP-Pen and slides were blocked under horse serum (10%) for 45min. Slides were rinsed in 

1XPBS and incubated with primary antibodies for 1h at room temperature. For cardiac sections, direct 

fluorochrome coupled anti CD68 antibodies and uncoupled anti-TSPO antibodies were used. For brain 

sections, uncoupled anti-Iba1 antibodies, direct fluorochrome coupled anti-GFAP antibodies and 

uncoupled anti-TSPO antibodies were used. Slides were washed in 1XPBS and incubated with 

secondary antibodies for 1h at room temperature. Slides were washed in 1XPBS and incubated with 

DAPI for 2min followed by rinsing in 1XPBS and cover slipped using fluorescent IS mounting medium 

(Dianova). The prepared tissue was analyzed using an epifluorescence confocal microscope 

 

3.4.5 3,3′-Diaminobenzidine Immuno Staining 

For quantification of cardiac infarct territory leukocyte infiltration, remote myocardial TSPO content 

and brain microglia content, we performed immuno histology staining using streptavidin horseradish 

peroxidase-diaminobenzidine (DAB) as described previously (81). First, slides were dried at room 

temperature and fixated with acetone for 20min, rinsed in 1XPBS and dried again at room 

temperature. Sections were circled with a PAP-Pen. Endogenous Avidin-Biotin was blocked using a 

Avidin / Biotin blocking kit (DAKO). Slides were rinsed with 1XPBS and blocked under horse serum 

(10%) for 45min. Horse serum was removed and sections incubated with primary antibodies for 1h at 

room temperature. For cardiac sections, biotin-conjugated anti-CD68 antibodies, unconjugated anti-
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TSPO antibodies, and biotin-conjugated anti-Ly6G antibodies were used. For brain sections, 

unconjugated anti-Iba1 antibodies were used. Slides were rinsed by 1XPBS and incubated with 

secondary anti antibodies for 1h at room temperature. Slides were then again rinsed by 1XPBS and 

incubated with hydrogen peroxidase (0.3%) for 15min to block the endogenous peroxidase. Slides were 

then rinsed in 1XPBS and incubated with streptavidin peroxidase (1:100) (DAKO) for 30min. Slides were 

again rinsed in 1XPBS and incubated with diaminobenzidine (Sigma) for 10 to 15min, followed by 

washing steps in deionized water. Slides were dehydrated in an ascending alcohol series and fixed with 

xylene. Slides were then mounted and cover slipped. 

 

3.4.5.1 Quantitative Analysis of 3,3′-Diaminobenzidine Immuno Staining 

For histological analysis, MACROs (a simple program that automates a series of ImageJ commands) 

were prepared using the Fiji-Image-J software (http://imagej.nih.gov/ij/download.html). Individual 

MACROS were prepared for semi-automatic quantitative analysis of CD68+ macrophages and Ly6G+ 

granulocytes in the infarct area, for Iba1+ microglia in brain samples and for TSPO in the remote 

myocardium. Flatfield correction was performed on all MACROS, followed by background subtraction 

Table 1. List of primary antibodys for immuno histology. 

Primary Antibody Donor Species Antigen DAB Fluorescence Source 

Unconjugated anti-

TSPO/peripheral 

benzodiazepine receptor 

Rabbit TSPO 1:100 1:100 NBP1-45769, Novus 

Biologicals 

Unconjugated anti-calcium-

binding adapter molecule 1 

Goat Iba1 1:100 1:100 clone Poly-NB100, 1028SS, 

NovusBio 

AlexaFluor 488-conjugated 

CD68 

Rat CD68  1:200 clone FA-11, 

MCA1957A488, Serotec 

AlexaFluor 488-conjugated 

anti-GFAP 

Mouse GFAP  1:200 clone 2E1.E9, 644704, 

Biolegend 

Biotin-conjugated anti-

CD68 

Rat CD68 1:100  clone FA-11, MCA1957B 

Biotin-conjugated Anti-

Ly6G 

Rat Ly6G 1:100  clone 1A8, 127603, 

Biolegend 

 Table 2. List of secondary antibodys for immuno histology. 

Secondary Antibody Donor Species DAB Fluorescence Source 

AlexaFluor 594-conjugated 

anti-rabbit IgG 

Donkey 1:1000 1:1000 clone poly4064, 406418, 

Biolegend 

DyLight 488-conjugated 

anti-goat IgG 

Donkey 1:1000 1:1000 Clone poly ABIN2741791, 

Antibodies-Online 

biotin-conjugated anti-

rabbit IgG 

Donkey 1:1000 1:1000 clone Poly-4064, 1028SS, 

Biolegend 

biotin-conjugated anti-goat 

IgG 

Donkey 1:1000 1:1000 clone Poly-NBP1-73252, 

NovusBio 
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and isolation of the positive antibody-specific signal. A binary mask was then created. The cell count 

and the range of the positive signal were analyzed. In addition, vascular lumen and incision artifacts 

were deducted when determining the total tissue area. 

 

3.5 Statistics 

For in vitro uptake comparison of inflammation targeted tracers, all data are presented as mean ± 

standard deviation from 3 to 5 biological repetitions of samples in triplicate. Tracer uptake 

measurements for isolated leukocytes, polarized macrophages, and cardiac cells were compared by 

nonparametric one-way analysis of variance using Kruskal-Wallis-Test and Dunn’s multiple comparison 

test. Statistical significance was considered at p<0.05. For in vivo PET studies and in vitro validation 

experiments with autoradiography and immunostaining data are presented as mean ± standard 

deviation. Statistical analyses were performed using GraphPad Prism 7.0 (GraphPad Software). 

Measurements of in vivo and ex vivo data were compared by one-way analysis of variance with Tukey’s 

post hoc test for multiple comparisons.  Pearson product-moment correlation coefficient evaluated 

linear regression between variables. Statistical significance was considered at p<0.05.  
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4 Results 

4.1 In Vitro Characterization of 18F-GE180 Cell Uptake 

4.1.1 18F-FDG preferentially accumulates in Pro-Inflammatory Leukocytes In Vitro. To determine the 

leukocyte subpopulations targeted by the TSPO PET agent 18F-GE180, we performed uptake assays in 

cultured cells. As a positive control, we evaluated the cell uptake pattern of 18F-FDG, which is well 

characterized as a clinical inflammation tracer.  In vitro uptake assays demonstrated highest 18F-FDG 

uptake in neutrophils and CD11b+ monocytes/macrophages over other lymphocytes (Fig 16A). In 

polarized macrophages, the 18F-FDG uptake was highest in M1-polarize macrophages compared to 

reparative M2a- or regulatory M2c-polarized macrophages, reflecting high glucose metabolism by pro-

inflammatory cells (Fig 16B).                                                                                                  

 

4.1.2 TSPO-targeted 18F-GE180 accumulates selectively in Pro-Inflammatory 

Monocytes/Macrophages In Vitro. In vitro uptake assays demonstrated highest 18F-GE180 uptake in 

CD11b+ monocytes/macrophages over neutrophils and lymphocytes (Fig 17A). In addition, M1-

polarized macrophages displayed a higher 18F-GE180 uptake compared to reparative M2a-

macrophages and regulatory M2c-polarized macrophages (Fig 17B), similar to 18F-FDG. 

Figure 16. Uptake of 18F-FDG in peripheral 

blood leukocytes and THP-1 polarized 

macrophages. (A) 18F-FDG uptake in human 

blood leukocyte subtypes. (B) 18F-FDG uptake 

by THP-1 derived macrophages with no 

polarization (M0) and polarization to pro-

inflammatory (M1) and anti-inflammatory 

M2a (IL-4) and regulatory M2c (IL-10) 

subtypes. T/NK: T- and natural-killer-cells, 

LPS: lipopolysaccharide, IFN-γ: interferon-γ, 

IL-4: interleukin-4, IL-10: interleukin-10. 

Figure 17. Uptake of 18F-GE180 in peripheral 

blood leukocytes and THP-1 polarized 

macrophages. (A) 18F-GE180 uptake in 

human blood leukocyte subtypes. (B) 18F-

GE180 uptake by THP-1 derived macrophages 

with no polarization (M0) and polarization to 

pro-inflammatory (M1) and anti-

inflammatory M2a (IL-4) and regulatory M2c 

(IL-10) subtypes. T/NK: T- and natural-killer-

cells, LPS: lipopolysaccharide, IFN-γ: 

interferon-γ, IL-4: interleukin-4, IL-10: 

interleukin-10. 
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4.1.3 18F-GE180 exhibits lower Uptake in Non-Inflammatory Cardiac Cells than 18F-FDG. To evaluate 

potential contributions to in vivo background PET signal arising from non-inflammatory cardiac cells, 

we investigated tracer uptake in NRCM and NRCF. 18F-FDG demonstrated a two fold higher uptake in 

cardiomyocytes over cardiac fibroblasts (Fig 18). While 18F-GE180 displayed a similarly higher 

accumulation by NRCM over NRCF. 18F-FDG accumulation was 32% than 18F-GE180. Uptake of 18F-

GE180 in NRCM and NRCF likely reflects high mitochondrial content in these cells, particularly in the 

neonatal heart. But the lower uptake 

of 18F-GE180 compared to 18F-FDG 

contributes to a lower background, 

which may facilitate isolation of 

inflammation signal (Fig 18).  

 

4.1.4 Comparable Viability of Isolated and Polarized Cells. Protein content of all samples investigated 

in this study were similar, indicating comparable cell density between cell types and assays (Fig 19). 

 In addition, the viability of isolated leukocytes and polarized macrophages was not affected by assay 

procedure (Fig 20 and Fig 21).  

Figure 18. Uptake of 18F-FDG 

and 18F-GE180 by neonatal 

rat cardiac cells. Variable 

uptake of 18F-FDG and 18F-

GE180 by neonatal rat 

cardiomyocytes and 

neonatal rat cardiac 

fibroblasts. FDG: 

fluorodeoxyglucose, NRCM: 

neonatal rat cardiomyocytes, 

NRCF: neonatal rat cardiac 

fibroblasts. 

 

Figure 19. Leukocyte Protein Content. 

Protein content validated by BCA assays of 

(A) isolated peripheral leukocytes, (B) THP-1 

polarized macrophages and (C) neonatal rat 

cardiac cells. T / NK: T- and natural-killer-cells, 

LPS: lipopolysaccharide, IFN-γ: interferon-γ, 

IL-4: interleukin-4, IL-10: interleukin-10, 

NRFib: neonatal cardiac fibroblasts, NRMC 

neonatal cardiac myocytes, ns: not 

significant. 

Figure 20. Viability of peripheral isolated blood 

leukocytes. Viability validated by Alamar blue 

assay of isolated leukocytes from peripheral 

human blood at 24h and 43h after isolation. T / 

NK: T- and natural-killer-cells, ns: not significant. 

 

Figure 21. Viability of THP-1 derived polarized 

macrophages. Viability validated by Alamar blue 

assay of THP-1 derived polarized macrophages at 

48h and 67h after polarization. LPS: 

lipopolysaccharide, IFN-γ: interferon-γ, IL-4: 

interleukin-4, IL-10: interleukin-10, ns: not 

significant. 
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4.1.5 Immunohistochemistry based Localization of TSPO Expression. Fluorescence 

immunohistological staining demonstrated colocalization of TSPO with CD68+ macrophages in the 

infarct territory early after MI, suggesting macrophages as the cellular source of the TSPO signal in the 

infarct territory in vivo. In the brain, TSPO colocalized with Iba1+ microglia after MI, whereas GFAP+ 

astrocytes did not colocalize with TSPO, suggesting microglia as the cellular source of the TSPO signal 

in the brain in vivo (Fig 22). In vitro cell uptake assays and immunohistological staining of heart and 

brain post MI indicate feasibility of TSPO as imaging target to investigate cardiac and 

neuroinflammation post MI, and may provide insight of the role of macrophages and microglia within 

the heart-brain-network. 

 

4.2 Role of Macrophages in the Heart-Brain-Axis following Acute Myocardial Infarction 

4.2.1 The Infarct Territory 18F-GE180 TSPO Signal reflects Activity of Pro-Inflammatory Macrophages. 

Previous studies have identified increased TSPO PET signal in the hypoperfused infarct region at 3-7d 

after coronary artery occlusion (31). To verify the cellular substrate of the in vivo TSPO PET signal and 

to gain further mechanistic insight into the role of macrophages on cardiac- and neuro-inflammation 

post MI, we depleted macrophages by clodronate-loaded liposomes 24h prior to surgery. A control 

group received PBS loaded liposomes 24h prior to surgery. No difference was detected between 

Figure 22. Expression of TSPO by macrophages and microglia. Colocalization of TSPO with CD68+ 

macrophages in the infarct territory and Iba1+ microglia in the brain early post MI. No colocalization of TSPO 

was observed with GFAP+ astrocytes. TSPO: Translocator Protein, Iba1: Ionized Calcium Binding Adapter 

Molecule 1, GFAP: Glial fibrillary acidic protein. 
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control liposome mice and untreated mice. So these groups were pooled for analysis. Representative 

perfusion polar maps of 99mTc-Sesatamibi demonstrated homogenous tracer distribution in sham and 

anterior-lateral wall perfusion defects of similar size in untreated and clodronate treated MI mice (Fig 

21A first line). 18F-GE180 distribution was lower in the infarct territory in macrophage-depleted MI 

mice compared to untreated MI mice at 3d post MI (Fig 23A second line), as emphasized by 

normalization to perfusion (Fig 23A bottom lines). Quantitative analysis of the infarct territory 18F-

GE180 TSPO signal, normalized to perfusion showed ~45% higher activity in untreated MI mice 

compared to sham at 3d and 7d post MI. By contrast, clodronate lowered infarct activity by ~59% 

compared to untreated MI mice at 3d and 7d (Fig 23B). The remote myocardial TSPO was elevated in 

untreated MI mice by 28% at 3d and by 35% at 7d compared to sham. No difference in remote territory 

TSPO signal was observed between clodronate and untreated MI mice (Fig 23C).  

Figure 23. Early cardiac 18F-GE180 TSPO PET signal of macrophage-depleted mice acute post MI. (A) 

Representative polar maps of left ventricular myocardial signal (apex in the center, base in periphery, anterior 

wall on top, inferior wall on bottom, septum on left, lateral wall on right) showing perfusion (top line) and 

TSPO signal (second line) in sham-operated mice, untreated and macrophage-depleted mice by clodronate at 

3d and 7d post MI. TSPO signal normalized to perfusion (two bottom lines) display elevated TSPO signal in the 

infarct territory of untreated MI mice compared to sham, whereas TSPO signal was decreased by clodronate 

at 3d and 7day post MI. (B) Quantification of infarct territory TSPO signal normalized to perfusion in %ID/g at 

3d and 7d post MI. (C) Remote myocardial TSPO signal at 3d and 7d post MI. d: days, MI: myocardial infarction, 

noTx: untreated, Clod: clodronate, %ID/g: percent injected dose per gram. 
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In addition, the infarct size was comparable between groups (mean 32%±11%) (Fig 24). 

 

4.2.2 In Vitro Validation of the Acute Cardiac TSPO Signal in Clodronate Treated MI Mice. In vitro 

autoradiography, displaying the TSPO signal independent from tracer delivery by blood, validated the 

in vivo PET findings. Infarct territory TSPO signal was higher in untreated MI mice over sham by 35% at 

7d post MI, and was significantly lower in clodronate treated MI mice compared to untreated by 28%. 

The remote myocardial TSPO signal was increased in untreated MI mice over sham by 25% but similar 

to clodronate treated MI mice (Fig 25).  

 

 

 

 

 

 

 

 

 

 

Figure 24. Final Infarct Size in clodronate treated MI mice. Comparable 

final infarct size between untreated and clodronate treated MI mice. MI: 

myocardial infarction, ns: not significant, noTx: untreated, Clod: 

clodronate.  

 

Figure 25. In vitro autoradiography in cardiac tissue from macrophage-depleted mice early post MI. In vitro 

autoradiography of cardiac tissue samples at 7d post MI demonstrated a higher infarct territory and remote 

myocardial TSPO signal in untreated MI mice over sham reduced in the infarct territory by clodronate. d: 

days, MI: myocardial infarction, noTx: untreated, Clod: clodronate.  
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Quantification of immune histological CD68 staining displayed a thirteenfold higher cell count in 

untreated MI mice over sham at 7d post MI. The CD68+ cell count was significantly sixfold lower by 

macrophage depletion compared to untreated MI mice. CD68+ cell count was verified as the percent 

area of the histological field (Fig 26). The results support macrophages as a major cellular source of the 

18F-GE180 TSPO PET signal.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Quantification of infarct territory macrophages in clodronate treated mice early post MI. 

Immuno histology targeting CD68 in the infarct territory (blue) identified with collagen Masson trichrome 

displayed higher macrophage content (brown) in untreated over sham at 7d reduced by clodronate. d: days, 

MI: myocardial infarction, noTx: untreated, Clod: clodronate, MT: Masson trichrome. 

Sham noTx Clod 

CD68 

MT 
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In addition, quantitative immuno histology targeting LY6G+ granulocytes at 7d post MI displayed a 

sixfold increased content in untreated MI mice over sham, which was even twofold higher by 

peripheral macrophage depletion compared to untreated MI mice. LY6G+ Cell count was verified as the 

percent area of the histological field (Fig 27A). The higher number of granulocytes after clodronate 

was consistent with lack of macrophage-mediated phagocytosis. Indeed, the LY6G+ Cell count 

correlated inversely with the CD68+ macrophage content (r=-0.750, p=0.003) (Fig 27B).  

 

 

 

 

 

 

 

 

 

 

Figure 27. Quantification of infarct territory granulocytes in 

clodronate treated mice early post MI. (A) Immuno histology 

targeting Ly6G in the infarct territory (blue) identified with collagen 

Masson trichrome (MT) displayed higher granulocyte content 

(brown) in untreated MI mice over sham at 7d, which was even 

higher by clodronate mediated macrophage depletion. (B) Negative 

correlation of infarct territory Ly6G+ granulocyte and CD68+ 

macrophage content. d: days, MI: myocardial infarction, noTx: 

untreated, Clod: clodronate, MT: Masson trichrome. 

B 

LY6G 

MT 

Sham noTx Clod A 
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4.2.3 The Brain 18F-GE180 TSPO Signal reflects Microglia Activity Early post MI. Coronal slices through 

the brain display the averaged TSPO PET signal in the whole groups early post MI. Global brain TSPO 

PET signal was higher in untreated MI mice compared to sham at 3d and 7d post MI. Surprisingly, 

clodronate depletion of peripheral macrophages amplified global brain TSPO PET signal compared to 

untreated MI mice (Fig 28A). Quantitative assessment confirmed 22% higher TSPO PET signal at 3d and  

15% higher TSPO PET signal at 7d post MI in untreated MI mice compared to sham. The clodronate 

treated MI mice exhibited 19% further elevation in global brain TSPO PET at 3d and 28% at 7d 

compared to untreated MI mice (Fig 28B).  

 

4.2.4 In Vitro Validation of the Early Brain TSPO Signal in Clodronate Treated MI Mice. In vitro 

autoradiography derived TSPO signal was increased in untreated MI mice compared to sham by 21% 

at 7d, with a further increase in macrophage-depleted MI mice by 18% compared to untreated MI 

mice, consistent with in vivo PET results (Fig 29).  

Figure 29. In vitro autoradiography in brain sections from macrophage-depleted mice early post MI. In vitro 

autoradiography of brain sections at 7d post MI displayed a higher TSPO signal in untreated MI mice over 

sham, which was higher by macrophage depletion. d: days, MI: myocardial infarction, noTx: untreated, Clod: 

clodronate. 

Figure 28. Early brain 18F-GE180 TSPO PET signal in 

macrophage-depleted MI mice. (A) Averaged 

horizontal TSPO signal at 3d and 7d post MI displayed 

increased brain TSPO signal in untreated MI mice 

over sham, which was even higher in macrophage-

depleted MI mice. (B) Quantification of brain TSPO 

signal post MI. d: days, MI: myocardial infarction, 

noTx: untreated, Clod: clodronate. 
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Quantitative Iba1 immuno histology at 7d post MI showed threefold higher microglia content in 

untreated MI mice compared to sham. Consistent with TSPO PET, Iba1+ microglia content was even 

higher in clodronate treated MI mice compared to untreated by 22%. Iba1+ Cell count was verified as 

the percent area of the histological field (Fig 30). Taken together, activated microglia are the major 

contribution to the 18F-GE180 in vivo TSPO PET signal in the brain. The absence of peripheral 

macrophages evokes enhanced microglia response, which may reflect insufficient resolution of the 

post MI inflammatory cascade.  

 

4.2.5 Myocardial Infarction leads to Chronic Remote Cardiac Mitochondrial Dysfunction. PET imaging 

at 8wk after MI revealed elevated TSPO in remote myocardium compared to sham. Quantitative 

assessment confirmed a 22% higher remote myocardial TSPO PET signal in untreated MI mice 

compared to sham, which was similar in clodronate treated MI mice (Fig 31).  

 

Figure 31. Chronic remote cardiac 18F-GE180 TSPO PET signal in macrophage-depleted MI mice. 

Representative left ventricular polar maps and quantitative measurements demonstrate increased remote 

myocardial signal in untreated and macrophage-depleted MI mice over sham at 8wks post MI. MI: myocardial 

infarction, noTx: untreated, Clod: clodronate, wk: week. 

Figure 30. Quantification of microglia in clodronate treated mice early post MI. Immuno histology targeting 

Iba1 combined with cresyl violet (CV) nissl staining (blue) at 7d post MI displayed a higher microglia amount 

(brown) in untreated MI mice over sham, which was higher by macrophage depletion. d: days, MI: myocardial 

infarction, noTx: untreated, Clod: clodronate, CV: cresyl violet. 

Sham noTx Clod 

CV, Iba1 MI+7d MI+7d 
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4.2.6 In vitro validation of the chronic remote myocardial TSPO signal in clodronate treated MI mice. 

In vitro autoradiography confirmed elevated remote myocardial TSPO signal in untreated MI hearts 

over sham by 29%, with a comparable elevation in clodronate treated MI mice (Fig 32). 

 

 

 

 

Quantitative immuno histology demonstrated increased remote myocardial TSPO staining in 

untreated MI mice over sham. Macrophage-depleted MI mice displayed similar density of TSPO. In 

addition, TSPO was located intracellularly in remote cardiomyocytes, suggesting increased 

mitochondrial TSPO expression (Fig 33).  

 

The in vivo remote TSPO PET signal was proportional to the in vitro TSPO autoradiography (Fig 34A) 

and TSPO+ immuno histology (Fig 34B), supporting the accuracy of in vivo measurements. 

Figure 34. Correlative measurements 

of in vivo PET and in vitro findings. 

The in vivo PET remote myocardial 

TSPO signal at 8wks was proportional 

to (A) autoradiography and to (B) 

quantitative immuno histology. wk: 

week, MI: myocardial infarction, noTx: 

untreated, Clod: clodronate. 

Figure 32. Chronic remote 

myocardial TSPO in vitro signal in 

macrophage-depleted MI mice. 

In vitro autoradiography of 8wk 

cardiac sections. MI: myocardial 

infarction, noTx: untreated, Clod: 

clodronate, wk: week. 

Figure 33. Histological chronic remote myocardial TSPO signal in macrophage-depleted MI mice. 

Quantitative immuno histology displayed higher remote myocardial TSPO content (brown) in untreated and 

clodronate treated MI mice over sham at 8wks post MI. wk: week, MI: myocardial infarction, noTx: untreated, 

Clod: clodronate. 

Sham noTx Clod 

MT 

TSPO 100 μm 
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4.2.7 Macrophage Depletion leads to Worse Cardiac Remodeling and Functional Outcome. Depletion 

of peripheral macrophages lead to a higher incidence of LV-rupture over 3-5d after coronary artery 

occlusion compared to untreated MI mice, suggesting insufficient cardiac repair mechanism due to 

macrophage depletion 

over the acute phase post 

MI (Fig 35).  

 

The left ventricular ejection fraction LVEF(%) was significantly decreased after MI compared to sham 

by 44% at 7d and by 48% at 8wks.  Clodronate depletion led to a further decrease in LVEF(%) by 10% 

at 7d and by 16% at 8wks (Fig 36A). Similarly, heart mass was increased in untreated and clodronate 

treated MI mice compared to sham (Fig 36B).  

 

 

 

 

End-systolic volume (ESV) and the end-diastolic volume (EDV) were increased in untreated MI mice 

over sham, as were macrophage-depleted MI mice (Fig 37).  

Figure 36. Cardiac morphological 

changes by macrophage depletion 

post MI. (A) Decreased LVEF(%) at 7d 

and 8wks post MI in untreated MI mice 

compared to sham, which was even 

lower by clodronate, consistent with 

(B) increased final heart weight 

normalized to body weight. d: days, wk: 

weeks, MI: myocardial infarction, noTx: 

untreated, Clod: clodronate. 

Figure 35. Acute survival rate post MI in 

clodronate treated MI mice. Peripheral 

macrophage depletion leads to a higher LV-

rupture rate within the first week post MI 

compared to untreated MI mice. LV: left 

ventricle, MI: myocardial infarction, noTx: 

untreated, Clod: clodronate. 

Figure 37. Final ESV and EDV of macrophage-

depleted MI mice. (A) 8wk ESV of sham, 

untreated and macrophage-depleted mice. 

(B) 8wk EDV of sham, untreated and 

macrophage-depleted mice. MI: myocardial 

infarction, noTx: untreated, ESV: end systolic 

volume, EDV: end diastolic volume 
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4.2.8 Macrophage Depletion does not Influence Chronic Neuroinflammation post MI. Averaged 

images of the brain TSPO signal display elevated 18F-GE180 TSPO signal in untreated over sham mice 

at 8wks post MI. Similar is seen in clodronate treated MI mice. Quantitative measurements show 

similar tracer uptake between clodronate treated and untreated MI mice, which was ~14% higher 

compared to sham, suggesting mild chronic neuroinflammation (Fig 38).   

 

4.2.9 In Vitro Validation of the Chronic Brain TSPO signal in Clodronate Treated MI Mice. In vitro 

autoradiography in brain sections from 8wks post MI verified the in vivo PET findings, with increased 

signal in untreated and macrophage-depleted MI mice over sham by 12% (Fig 39).  

 

 

 

 

Figure 38. Chronic brain 18F-GE180 TSPO PET signal in macrophage-depleted MI mice. (A) Averaged horizontal 

TSPO signal at 8wks post MI displayed increased brain TSPO signal in untreated MI mice over sham, similar to 

macrophage-depleted MI mice. (B) Quantification of brain TSPO signal post MI. wk: weeks, MI: myocardial 

infarction, noTx: untreated, Clod: clodronate. 

Figure 39. In vitro autoradiography in brain sections from macrophage-depleted mice late post MI. In vitro 

autoradiography of brains at 8wks displayed higher 18F-GE180 uptake in untreated and macrophage-

depleted MI mice over sham. wk: weeks, MI: myocardial infarction, noTx: untreated, Clod: clodronate. 
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Quantification of Iba1 immuno histology displayed a threefold higher Iba1+ microglia cell content in 

untreated and macrophage-depleted MI mice over sham. Iba1+ Cell count was verified as the percent 

area of the histological field (Fig 40).  

 

Correlative measurements were proportional between the in vivo PET brain TSPO signal and the in 

vitro autoradiography (Fig 41A). Similarly, quantitative histological Iba1+ microglia cell content was 

proportional to the PET signal (Fig 41B). 

Depletion of peripheral macrophages during the acute phase after MI impaired myocardial healing, 

leading to exacerbated neuroinflammation. This observation underscores the importance of balanced 

inflammation for improved outcome. Next, we evaluated a therapy to modulate either early 

inflammation or late remodeling to determine the impact on cardiac and brain inflammation early after 

MI and in CHF. 

 

 

 

Figure 41. Correlative measurements of 

chronic brain TSPO in vivo and in vitro in 

macrophage-depleted MI mice. (A) 

Correlative measurement of in vivo PET brain 

TSPO signal and autoradiography data of 

brain sections at 8wks. (B) Correlative 

measurement of Iba1+ immune histological 

microglia cell count at 8wks and in vivo PET 

brain TSPO signal. wk: weeks, MI: myocardial 

infarction, noTx: untreated, Clod: clodronate. 

Figure 40. Histological chronic global Brain TSPO signal in macrophage-depleted MI mice. Immuno histology 

targeting Iba1 combined with cresyl violet nissl staining (blue) at 8wks post MI displayed a higher microglia 

amount (brown) in untreated MI mice compared to sham similar to clodronate treated. wk: weeks, MI: 

myocardial infarction, noTx: untreated, Clod: clodronate, CV: cresyl violet. 

CV, Iba1 MI+8wk MI+8wk 

Sham noTx Clod 
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4.3 TSPO PET Imaging to Monitor Therapy for Balanced Inflammation after Myocardial Infarction 

4.3.1 Effect of Early and Delayed Enalapril and TSPO Inhibition on Cardiac Inflammation, Remote 

Myocardial TSPO PET Signal and Neuroinflammation early post MI. Previous studies demonstrated a 

lower cardiac and brain TSPO PET signal early and late post MI, as well as improved cardiac functional 

outcome by chronic enalapril treatment (31). However, it is not known if the early anti-inflammatory 

effect or the late anti-remodeling effect of enalapril leads to these therapeutic benefits. To support 

the hypothesis that neuroinflammation early Post MI originates from systemic inflammation 

characterized by the mobilization of leukocytes from hematopoietic reservoirs, we orally treated 

subgroups of MI mice with enalapril. To test whether the early anti-inflammatory or late anti-

modulatory effect of enalapril affects the heart and brain after MI, treatment was divided between 

early and delayed treatment.  

 

4.3.2 18F-GE180 binding efficiency is not influenced by PK11195 Treatment. In addition, we tested the 

effect of PK11195 mediated TSPO inhibition on inflammation and cardiac remodeling. Importantly, the 

inhibition of TSPO by weekly treatment with PK11195 has no effect on the binding efficiency of the 

tracer 18F-GE180 to the target on the day of PET scans (Fig 42).  

 

 

Figure 42. Comparison of 18F-GE180 Tracer binding in 

untreated and MI mice receiving TSPO inhibition. 8wk 
18F-GE180 TSPO signal in untreated and PK11195 treated 

MI mice displayed comparable tracer uptake, which was 

blocked by a co-injection of cold PK11195 to 18F-GE180.  
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4.3.3 Early Enalapril attenuates Acute Cardiac Inflammation and Remote Myocardial TSPO PET Signal 

post MI. As described above, the 18F-GE180 TSPO signal was increased by ~44% in the infarct area of 

untreated MI mice compared to sham at 3d and 7d after MI. Early treatment with enalapril lowered 

the TSPO signal in the infarct area by 75% and 53% at 3d and 7d after MI (Fig 41A and 41B). MI mice 

receiving TSPO inhibition via PK11195 showed a similar uptake in the infarct area as untreated MI mice. 

(Fig 41A and 41B). The remote myocardial TSPO signal was also increased by ~30% compared to sham 

in untreated MI mice(Fig. 43A and 43C). Early enalapril lowered the remote myocardial TSPO PET signal 

by ~23% at 3d and 7d compared to untreated MI mice (Fig 43A and 43C). Whereas, the remote 

myocardial signal of PK11195 treated MI mice was similar to untreated (Fig 43A and 43C).  

 

4.3.4 In Vitro Validation of the Acute Cardiac TSPO Signal in MI mice with Therapeutic Intervention. 

In vitro autoradiography activity was similar to PET findings. Untreated MI mice exhibited an 18% 

higher 18F-GE180 signal in the infarct territory at 7d post MI compared to sham. Early enalapril 

treatment lowered the infarct territory TSPO signal by 35% compared to untreated MI mice. Whereas, 

PK11195 treated MI mice displayed a similar TSPO signal to untreated (Fig 44). Remote myocardial 

signal was as well higher in untreated MI mice over sham by 30%, but almost back on sham level by 

early enalapril treatment (Fig 44). Whereas, PK11195 treated MI mice demonstrated a similar remote 

myocardial TSPO signal to untreated (Fig 44). 

Figure 43. Early cardiac 18F-GE180 TSPO PET signal in enalapril and 

PK11195 treated MI mice. (A) Representative polar maps of left 

ventricular myocardial signal normalized to perfusion 3d and 7d post MI. 

(B) Quantification of infarct territory TSPO signal normalized to perfusion 

%ID/g at 3d and 7d post MI. (C) Remote myocardial TSPO signal %ID/g at 

3d and 7d post MI. d: days, MI: myocardial infarction, noTx: untreated, 

eACEi: early enalapril, %ID/g: percent injected dose per gram. 
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Immuno histology confirmed a significantly twelvefold higher CD68+ macrophage content post MI 

in the infarct territory of untreated MI mice compared to sham by, which was threefold lower by early 

enalapril. PK11195 treated MI mice displayed a similar CD68+ cell count to untreated. CD68+ Cell count 

was verified as the percent area of the histological field (Fig 45).  

 

 

Figure 44. In vitro autoradiography in cardiac tissue from MI mice early post MI with therapeutic 

intervention. In vitro autoradiography of cardiac sections at 7d post MI demonstrated higher infarct territory 

and remote TSPO in untreated MI mice over sham, decreased by enalapril. PK11195 displayed  similar TSPO to 

untreated. d: days, MI: myocardial infarction, noTx: untreated, MT: Masson trichrome, eACEi: early enalapril. 

Figure 45. Quantification of infarct territory macrophages in MI mice early post MI with therapeutic 

intervention.  Quantitative immuno histology of cardiac sections at 7d post MI displayed a higher CD68+ cell 

count (brown) in untreated over sham, reduced by early enalapril. CD68+ cell count was comparable to untreated 

in PK11195 treated. d: days, MI: myocardial infarction, noTx: untreated, MT: Masson trichrome, eACEi: early 

enalapril. 

Sham noTx eACEi 

CD68 

MT 
PK11195 
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4.3.5 Early Enalapril Therapy attenuates the Acute Brain Inflammation post MI. Averaged global brain 

images demonstrated a higher TSPO PET signal at 3d and 7d post MI over sham, attenuated by early 

enalapril treatment but not with PK11195 (Fig 46A).  Image quantification revealed a ~14% increase in 

TSPO PET signal in untreated over sham at 3d and 7d. Early enalapril treatment lowered the global 

brain TSPO Pet signal by ~11%, nearly to sham level. By contrast, TSPO inhibition by PK11195 did not 

affect the acute neuroinflammation PET signal (Fig 46B). 

 

4.3.6 In Vitro Validation of the Acute Brain TSPO Signal in MI Mice with Therapeutic Intervention. In 

vitro brain autoradiography at 7d post MI validated the in vivo PET findings, demonstrating 16% higher 

18F-GE180 TSPO signal after MI compared to sham and a reduction toward to sham by early enalapril 

treatment. No difference was observed with PK11195 treatment (Fig 47).  

 

Figure 46. Acute brain 18F-GE180 TSPO PET signal in enalapril and PK11195 treated MI mice. (A) Averaged 18F-

GE180 PET signal at 3d and 7d post MI. (B) Quantification of brain PET signal at 3d and 7d post MI displayed a 

higher TSPO  signal in untreated over sham, attenuated by early enalapril, but similar to PK11195 treated MI mice. 

d: days, MI: myocardial infarction, noTx: untreated, eACEi: early enalapril, %ID/g: percent injected dose per gram. 

Figure 47. In vitro brain autoradiography from MI mice early post MI with therapeutic 

intervention. In Vitro autoradiography of brains at 7d post MI displayed higher TSPO signal in 

untreated treated MI mice over sham, reduced by early enalapril, but similar to and PK11195 

treated. d: days, MI: myocardial infarction, noTx: untreated, eACEi: early enalapril. 



42 

 

Quantitative immuno histology demonstrated a fourfold higher Iba1+ microglia content at 7d post 

MI in untreated MI mice over sham, while enalapril prevented this microglia expression by 40%. 

PK11195 treatment had no impact on Iba1+ microglia cell count or area of positive staining (Fig 48).  

 

4.4 TSPO PET Imaging to Monitor therapeutical effects for Balanced Inflammation on Chronic Heart 

Failure and Chronic Neuroinflammation after Myocardial Infarction 

4.4.1 The Late Remote Myocardial TSPO Signal in Chronic Heart Failure is not influenced by Early and 

Delayed Enalapril, as well as PK11195. As described in (section 4.2.6) above, 18F-GE180 signal is 

elevated in failing cardiomyocytes at 8wk after MI. Representative left ventricular polar maps 

demonstrated modestly lower TSPO PET signal in failing myocardium of early enalapril treated MI mice 

compared to untreated. By contrast, delayed enalapril therapy did not affect 18F-GE180 PET signal. 

However, PK11195 did lower the 18F-GE180 signal in remote myocardium by 18% compared to 

untreated MI mice (Fig 49). 

Figure 49. Chronic remote cardiac 18F-GE180 PET signal in MI mice early post MI with 

therapeutic intervention. 8wk remote myocardial 18F-GE180 PET signal was increased in 

untreated MI mice over sham. Both enalapril treatments just slightly attenuated the remote TSPO 

signal, whereas PK11195 reduced the remote myocardial TSPO signal significantly. wk: weeks, MI: 

myocardial infarction, noTx: untreated, eACEi: early enalapril, dACEi: delayed enalapril. 

Figure 48. Quantification of brain microglia in MI mice early post MI with 

therapeutic intervention. Quantitative Iba1 immuno histology combined with 

cresyl violet nissl staining (blue) of brains at 7d post MI displayed higher microglia 

content (brown) in untreated MI mice over sham, reduced by early enalapril, but 

similar by PK11195. d: days, MI: myocardial infarction, noTx: untreated, CV: cresyl 

violet, eACEi: early enalapril. 

Sham noTx eACEi 

CV, Iba1 MI+7d MI+7d 

PK11195 

MI+7d 
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4.4.2 In Vitro Validation of the Chronic Remote Myocardial TSPO signal in MI Mice with Therapeutic 

Intervention. In vitro autoradiography assessment amplified the difference in 18F-GE180 accumulation 

in the remote myocardium at 8wk. Quantitative measurements demonstrated a reduction of the 

remote myocardial TSPO signal by 27% by early enalapril, a 16% reduction by delayed enalapril and a 

20% reduction by 

PK11195 compared to 

untreated MI mice, all 

of reached statistical 

significance (Fig 50). 

 

 

Quantitative immuno histology in cardiac sections targeting remote myocardial TSPO at 8wks post 

MI confirmed the 67% higher signal in untreated MI mice over sham. The remote myocardial TSPO 

density was reduced by 38% by early enalapril and by 39% by delayed enalapril. PK11195 also lowered 

TSPO signal by 48% compared to untreated. TSPO+ staining was verified as the percent area of the 

histological field (Fig 51).  

Figure 50. In vitro autoradiography of chronic remote myocardial TSPO in 

enalapril and PK11195 treated MI mice. In vitro autoradiography at 8wks 

displayed higher remote myocardial TSPO in untreated MI mice over sham, 

attenuated by early and delayed enalapril and PK11195. wk: weeks, MI: myocardial 

infarction, noTx: untreated, eACEi: early enalapril, dACEi: delayed enalapril. 

Figure 51. Immuno histological analysis of 

chronic remote myocardial TSPO in 

enalapril and PK11195 treated MI mice. 

Immuno histology for remote myocardial 

TSPO (brown) at 8wks displayed a higher 

density in untreated over sham, attenuated 

by early and delayed enalapril and PK11195. 

wk: weeks, MI: myocardial infarction, noTx: 

untreated, MT: Masson trichrome, eACEi: 

early enalapril, dACEi: delayed enalapril. 

 

Sham noTx eACEi dACEi 

MT 

PK11195 

TSPO 100 μm 
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PET derived 18F-GE180 remote myocardial TSPO signal was proportional to the in vitro 

autoradiography findings (r=0.450, p<0.001) (Fig 52A). Similarly, PET signal correlated with TSPO 

density via immuno histology (r=0.444, p=0.001), supporting the accuracy of PET findings (Fig 52B). 

 

4.4.3 Early and Delayed Enalapril, as well as TSPO Inhibition improve Cardiac Function. As described 

in (section 4.2.7) above, left ventricular function was markedly impaired at 7d and 8wks post MI. Early 

enalapril treatment and TSPO inhibition by PK11195 improved the LVEF at 7d post MI compared to 

untreated MI mice (early enalapril: +24%, PK11195: +16%). At 8wk post MI LVEF was improved by all 

treatment approaches (early enalapril: +26%, delayed enalapril: +18%, PK11195: +26%) (Fig 53A).  

 

Likewise, heart weight was higher in untreated MI mice over sham by 13%. Whereas early and delayed 

enalapril treatment did not influence heart weight, PK11195 tended to lower the heart weight 

compared to untreated MI mice, but did not reach statistical significance (p=0.065) (Fig 53B).   

 

 

Figure 52. Correlative measurements of in vivo and in vitro chronic remote myocardial TSPO in enalapril 

and PK11195 treated MI mice. In vivo PET remote myocardial TSPO signal was proportional to (A) 

autoradiography and to (B) immuno histology targeting TSPO at 8wks post MI. wk: weeks, MI: myocardial 

infarction, noTx: untreated, eACEi: early enalapril, dACEi: delayed enalapril. 

Figure 53. Cardiac function early 

and late post MI improved by 

enalapril and PK11195. (A) LVEF at 

7d and 8wks post MI was improved 

by both enalapril treatments and 

PK11195. (B) Slightly lower final 

heart weight by PK11195. d: days, 

wk: weeks, MI: myocardial 

infarction, noTx: untreated, eACEi: 

early enalapril, dACEi: delayed 

enalapril. 
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Infarct size was comparable 

across treatment groups (Fig 54).  

 

 

 

Ventricular volumes that are markedly elevated at 8wk after MI, were significantly reduced by 

PK11195 (ESV 30%, EDV 15%), whereas early and delayed enalapril did not significantly reduce 

remodeling (Fig 55). These findings suggest an influence of TSPO inhibition on chronic remodeling. 

 

4.4.4 Early and Delayed Enalapril, as well as TSPO Inhibition do not attenuate Chronic 

Neuroinflammation. Averaged images of the brain demonstrate an elevated global 18F-GE180 PET 

signal at 8wk post MI in untreated MI mice over sham (Fig 56A). Early and delayed enalapril treatment, 

as well as PK11195 treatment, did not attenuate chronic brain TSPO compared to untreated (Fig 56B).  

 

4.4.5 In Vitro Validation of the Chronic Brain TSPO Signal in MI Mice with Therapeutic Intervention. 

In vitro autoradiography confirmed the in vivo PET results, with a similar increase in the global brain 

TSPO signal in untreated MI mice over sham by 27%. Early and delayed enalapril and PK11195 did not 

affect the chronic brain TSPO PET signal (Fig 57).  

Figure 55. Final ESV and EDV of enalapril and 

PK11195 treated MI mice. (A) 8wk ESV and 

(B) 8wk EDV of sham, untreated, enalapril 

treated and PK11195 treated MI mice. MI: 

myocardial infarction, noTx: untreated, ESV: 

end systolic volume, EDV: end diastolic 

volume, eACEi: early enalapril, dACEi: delayed 

enalapril. 

 

Figure 54. Final Infarct Size in enalapril 

and PK11195 treated MI mice. 

Comparable final infarct size across 

treatment groups. MI: myocardial 

infarction, ns: not significant, noTx: 

untreated, eACEi: early enalapril, dACEi: 

delayed enalapril.  

 

Figure 56. Chronic brain TSPO PET signal in enalapril and PK11195 treated MI mice. (A) Averaged horizontal 

TSPO signal at 8wks post MI displayed increased brain TSPO signal in untreated MI mice over sham similar to 

enalapril and PK11195 treated MI mice. (B) Quantification of chronic brain TSPO signal post MI at 8wks. wk: 

weeks, MI: myocardial infarction, noTx: untreated, eACEi: early enalapril, dACEi: delayed enalapril, %ID/g: 

percent injected dose per gram. 
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Quantitative immuno histology confirmed similar elevations of Iba1+ microglia content at 8wks post 

MI irrespective of treatment (Fig 58).  

 

As at earlier timepoints, in vivo TSPO PET signal was proportional to the in vitro autoradiography 

results (Fig 59A), and to the immuno histological Iba1+ microglia content (Fig 59B). 

 
Figure 59. Correlative measurements of in 

vivo and in vitro chronic brain TSPO in 

enalapril and PK11195 treated MI mice. In 

vivo PET brain TSPO was proportional to (A) 

autoradiography and to (B) immuno 

histology targeting Iba1 at 8wks. wk: weeks, 

MI: myocardial infarction, noTx: untreated, 

eACEi: early enalapril, dACEi: delayed 

enalapril. 

Figure 57. In vitro autoradiography of chronic brain TSPO signal in enalapril and PK11195 treated MI mice. In 

vitro autoradiography in brains at 8wks displayed a higher TSPO signal in untreated over sham similar to 

enalapril and PK11195 treated MI mice. wk: weeks, MI: myocardial infarction, noTx: untreated, eACEi: early 

enalapril, dACEi: delayed enalapril. 

Figure 58. Quantification of chronic brain microglia 

in MI mice post MI with therapeutic intervention. 

Immuno histology targeting Iba1 in brains at 8wks 

displayed a higher Iba1+ microglia cell density 

(brown) in untreated over sham similar to enalapril 

and PK11195 treated MI mice. wk: weeks, MI: 

myocardial infarction, noTx: untreated, CV: cresyl 

violet, eACEi: early enalapril, dACEi: delayed 

enalapril. 

Sham noTx eACEi 

CV, Iba1 MI+8wk MI+8wk 

dACEi 

MI+8wk MI+8wk 

PK11195 
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4.5 Significance of 18F-GE180 TSPO PET Imaging in the Heart-Brain-Network post MI 

4.5.1 Heart and Brain are Connected after Myocardial Infarction. As described in the sections above, 

TSPO PET identifies cardiac- and neuro-inflammation early and late post MI and gives mechanistic 

insight into the heart-brain-network. Correlative measurements display a proportional brain TSPO PET 

signal to the global myocardial TSPO PET signal over the complete experimental timeline (r=0.570, 

p<0.001), supporting the notion of a close interaction of heart and brain after MI (Fig 60A). In addition, 

the early infarct territory TSPO PET signal was proportional to the brain TSPO PET signal at 3d post MI 

(r=0.503, p=0.006), suggesting that cardiac inflammatory cell infiltration influences microglial 

activation (Fig 60B). Moreover, the infarct territory TSPO PET signal at 3d post MI predicts the LVEF at 

8wks (r=-0.516, p=0.041) (Fig 60C), whereby acute inflammation prominently influences progressive 

remodeling. Interestingly, the 3d brain TSPO PET signal predicts the 8wk TSPO PET signal (r=0.647, 

p<0.001) (Fig 60D), consistent with the concept of microglial priming, where initial insult affects the 

brain more susceptible to repeted neuroinflammation. 

 

In addition, TSPO PET signal in failing myocardium inversely correlated with LVEF (r=-0.503, p<0.001) 

(Fig 61A), reflecting mitochondrial dysfunction in heart failure. Indeed, the remote myocardial TSPO 

PET signal was also proportional to the brain TSPO PET signal at 8wks (r=-0.580, p<0.001) (Fig 61B), 

whereby cardiac mitochondrial dysfunction may predict chronic neuroinflammation post MI. Finally, 

the late cardiac function inversely correlated with the late brain TSPO PET signal (r=0.345, p=0.045) 

(Fig 61C), suggesting that chronic contractile dysfunction may stimulate recurrent neuroinflammation.  

Figure 60. Correlative measurements in the Heart-Brain-Network post MI. Correlative 

measurements of (A) global cardiac and brain TSPO PET signal at all experimental timepoints, (B) 

early infarct territory and early brain TSPO PET signal and (C) early infarct territory TSPO PET signal 

and chronic cardiac function. Correlative measurements of (D) early and late brain TSPO PET signal. 

d: days, wk: weeks, MI: myocardial infarction, noTx: untreated, Clod: Clodronate, eACEi: early 

enalapril, dACEi: delayed enalapril. 
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4.5.2 Leukocyte Release from Haematopoetic Reservoirs after MI identified by 18F-GE180 TSPO PET. 

To evaluate the potential sources of inflammatory infiltrate, we examine hematopoietic reservoirs for 

18F-GE180 uptake. Within the first week after MI, the splenic TSPO PET signal was moderately increased 

compared to sham.  Clodronate lowered the splenic TSPO PET signal, reflecting the complete depletion 

of macrophages. Enalapril lowered spleen TSPO within 3-7d after MI, suggesting inactivation of  

inflammatory cells. By contrast, PK11195 did not influenced the splenic TSPO signal (Fig 62A and 62B). 

At 8wks post MI, the splenic TSPO PET signal was similar across all groups (Fig 62C).  

 

In addition, the spleen TSPO PET signal at 3d was proportional to the infarct territory TSPO PET signal 

(r=0.420, p=0.002) (Fig 63A) and the brain TSPO PET signal (r=0.519, p<0.001) (Fig 63B), suggesting 

Figure 63. Correlative measurements of cardiac, 

brain and spleen TSPO PET signal early post MI. 

The spleen TSPO PET signal at 3d post MI 

correlates to the (A) early infarct territory TSPO 

PET signal and the (B) brain TSPO PET signal. d: 

days, wk: weeks, MI: myocardial infarction, noTx: 

untreated, Clod: Clodronate, eACEi: early 

enalapril, dACEi: delayed enalapril. 

Figure 61. Correlative measurements in the Heart-Brain-Network post MI. Correlative measurements of (A) 

chronic remote TSPO PET signal and chronic cardiac function, (B) chronic remote TSPO PET signal and chronic 

brain TSPO PET signal and (C) chronic cardiac function with chronic brain TSPO PET signal. d: days, wk: weeks, 

MI: myocardial infarction, noTx: untreated, Clod: Clodronate, eACEi: early enalapril, dACEi: delayed enalapril. 

Figure 62. Leukocyte release from splenic reservoirs post MI. Spleen TSPO PET signal at (A) 3d, (B) 7d and 

(C) 8wks post MI among all groups. d: days, wk: weeks, MI: myocardial infarction, noTx: untreated, Clod: 

Clodronate, eACEi: early enalapril, dACEi: delayed enalapril. 
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peripheral macrophages mobilized from the spleen infiltrating the damaged cardiac region and leading 

to systemic inflammation as predictor for early neuroinflammation.  

 

Moreover, the BM TSPO PET signal tended to be decreased by early enalapril within the first week 

post MI compared to untreated MI mice (Fig 64A and 64B), suggesting lower haematopoetic activity 

due to lower global sympathetic activity. However, the BM TSPO PET signal was similarly not affected 

by clodronate, delayed enalapril or PK11195, consistent with clodronate liposome phagocytosis by just 

differentiated macrophages. Another explanation for the similar BM signal could be that 18FGE180 is 

maybe not a suitable radiotracer to image haematopoetic activity in the BM. However, at 8wks post 

MI the TSPO PET signal in the BM was similar again across all subgroups (Fig 64C). 

 

 

 

 

 

 

 

 

Figure 64. Leukocyte release from the BM post MI. BM TSPO PET signal at (A) 3d, (B) 7d and (C) 8wks post MI among 

all groups. d: days, wk: weeks, MI: myocardial infarction, noTx: untreated, Clod: Clodronate, eACEi: early enalapril, 

dACEi: delayed enalapril, BM: bone marrow. 
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5 Discussion 

The prevalence of myocardial infarction and neurodegenerative disease will increase with the aging 

population. Inflammation post MI is a dynamic and diverse process, which influences cardiac 

remodeling and functional outcome. Molecular imaging provides a platform to noninvasively assess 

inflammation at the tissue level. TSPO PET imaging of inflammation allows simultaneous evaluation of 

multiple organs post MI. In this work, we tested whether whole body TSPO PET could track 

inflammatory cell activation in heart and brain after MI. To this end, we characterized the substrate of 

cardiac- and neuro-inflammatory TSPO PET signal post MI in cell culture and in vivo. Finally, we 

assessed the influence of ACE-inhibitor therapy and TSPO-inhibitor therapy on both cardiac and 

neuroinflammation as well as the progression of heart failure. 

 

5.1 Leukocyte Specificity of 18F-GE180.  

In recent years, several inflammation targeted imaging agents have been developed and tested in 

preclinical applications. However, the specificity for selected leukocyte subtypes is poorly 

characterized. We measured the in vitro binding characteristics in immune cell types involved in post 

MI inflammation. As expected, 18F-FDG accumulates prominently in monocytes and pro-inflammatory 

macrophages compared to anti-inflammatory immune cells (49,63), which may reflect the higher 

metabolic rate of pro-inflammatory cell types, relative to reparative cells. Previous studies showed 

that uptake of 18F-FDG directly correlates with local accumulation of pro-inflammatory macrophages 

post MI (82) and in atherosclerosis (83-85). Our in vitro results demonstrate that the TSPO targeted 

18F-GE180 also accumulates selectively in pro-inflammatory M1-macrophages over anti-inflammatory 

and regulatory cell types. Furthermore, TSPO expression correlates to pro-inflammatory cell type 

activity (31,43). Previous studies identified selective TSPO PET signal in the infarct territory during the 

acute phase post MI, which was associated with CD68+ macrophages on immunofluorescence (31). Our 

results demonstrate significantly higher uptake of 18F-FDG compared to 18F-GE180 in cardiomyocytes, 

which makes it difficult to distinguish between signal from viable cardiomyocytes and inflammatory 

cells. Compared to 18F-FDG, PET imaging with 18F-GE180 does not require fasting or suppression 
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protocols to lower the cardiac background. 18F-FDG also cannot identify neuroinflammation due to the 

high metabolic rate of neurons which cannot be effectively suppressed (46). In the brain, TSPO is 

mainly expressed by activated microglia, such that in the absence of neuroinflammation, no PET signal 

is detected. TSPO expression by microglia is highly elevated in Alzheimer’s disease (26), consistent with 

selective pro-inflammatory uptake pattern. The in vivo reality differs from in vitro culture, in that a 

broader range of leukocyte subtypes with different activities and roles influencing each other in the 

damaged inflamed tissue are present. In addition, cardiac fibroblasts are activated after myocardial 

infarction and may be an additional source of non-inflammatory background signal in vivo (86). Tracer 

uptake by viable cardiomyocytes and activated fibroblasts could affect resolution of inflammation 

versus non-inflammatory cardiac background signal within in vivo cardiac imaging. 18F-GE180 seems to 

be selective for pro-inflammatory leukocytes. In addition, 18F-GE180 could detect in vivo cardiac 

mitochondrial content. Nonetheless, the in vitro findings suggest that TSPO expression in the brain, in 

damaged cardiac tissue and in failing cardiomyocytes can be effectively imaged by in vivo TSPO PET. 

 

5.2 The Role of Macrophages in the Heart-Brain-Axis following Acute Myocardial Infarction.  

Within the inflammatory cascade post MI, infiltrating granulocytes comprise the first wave infiltrating 

the damaged cardiac region expressing pro-inflammatory cytokines (2,10,87). Cellular debris and 

excessive granulocytes are phagocytosed by pro-inflammatory M1-like macrophages mobilized from 

haematopoetic reservoirs, which invade the infarct region (9,10). This early pro-inflammation phase is 

needed to introduce a sufficient cardiac repair phase to prevent left ventricular rupture. Neutrophil 

depletion leads to increased fibrosis, infarct expansion, and worse cardiac functional outcome (2). In 

addition, increased pro-inflammatory macrophage density leads to decreased scar stability and higher 

left ventricular rupture rate. However, excessive suppression of inflammatory cell activity also leads to 

a higher left ventricular rupture rate (88-90). These findings suggest that the inflammation post MI 

needs to be balanced. 

We depleted peripheral macrophages prior to MI to investigate their contribution to healing in the 

heart and to determine their role in brain inflammation post MI, and to assess impact on 
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neuroinflammation. Serial whole body TSPO PET after MI identified cardiac- and neuro-inflammation 

and TSPO as a marker for cardiac remodeling. TSPO PET demonstrates a significant decrease of the 

infarct territory TSPO PET signal by macrophage depletion within the first week post MI verified by ex 

vivo tissue workup, suggesting peripheral macrophages as the main source of the signal. Similarly, 

clodronate-mediated macrophage depletion lowered the TSPO PET signal in spleen but not BM, which 

confirmed clodronate action was restricted to differentiated macrophages (68). Complete removal of 

macrophages prior to MI resulted in increased left ventricular rupture rate and worse chronic function, 

suggesting insufficient repair. Indeed, M1-like macrophages are the dominant cell type in the damaged 

cardiac tissue around 3d post MI (10). These cells secrete pro-inflammatory cytokines to perpetuate 

inflammation (15), removing cellular debris, as well as dead and dying cells by phagocytosis (15,91). 

This process facilitates the extracellular matrix generation and collagen deposition characteristics of 

endogenous repair (92). Clodronate treated mice exhibited dense thrombus formation in the left 

ventricular cavity consistent with ineffective debris removal. Accordingly, macrophages play an 

important role within the cardiac inflammatory response post MI, which is necessary to support wound 

healing (92).  

Surprisingly, the TSPO PET signal in the brain was significantly higher in macrophage-depleted 

compared to untreated MI mice at 3-7d post MI, suggesting increased neuroinflammation. The 

persistent 18F-GE180 signal in the brain of clodronate treated MI mice counters the hypothesis that 

peripheral macrophages travel across a leaky BBB during systemic inflammation post MI (32,93). As 

such, the 18F-GE180 brain signal post MI derives almost exclusively from microglia, which was 

confirmed by immunostaining. The stronger neuroinflammation in these animals could related to 

increased production of cytokines by granulocytes such as TNF-α, IL-1α, IL-1β, and IL-6, because of the 

lack of phagocytosis by macrophages. Our results demonstrate higher Ly6G+ granulocyte content in 

macrophage-depleted MI mice. TNF-α which is produced by neutrophils and other granulocytes 

crosses the BBB (94), which in turn could activate microglia, leading to neuroinflammation (26). Other 

pro-inflammatory cytokines cannot cross the BBB directly, but influence cerebral-vascular-receptors 



53 

 

at the peripheral side of the BBB to stimulate neuroinflammation (36). The central role of macrophages 

in repair is further evidenced by chronic cardiac outcome. 18F-GE180 uptake is elevated in the remote 

myocardium at 8wk post MI and was associated with increased TSPO expression in remote 

cardiomyocytes. This finding is consistent with cardiac mitochondrial dysfunction, which occurs during 

cardiac remodeling and CHF (31,42,95). The depletion of peripheral macrophages did not affect remote 

TSPO signal compared to untreated animals at 1wk and 8wk post MI. However, the LVEF(%) at 8wks 

post MI is lower and heart weight higher after macrophage depletion, suggesting more severe 

pathophysiological remodeling. These results highlight the importance of a balanced cardiac 

inflammation for sufficient scar formation early post MI, which in turn influences both cardiac 

remodeling and functional outcome. Chronic neuroinflammation is similar between untreated and 

macrophage-depleted MI mice and is inversely proportional to cardiac function. This may suggest 

neurohormonal or cerebral blood flow influences on chronic neuroinflammation. While 

autoradiography confirmed tracer distribution is not affected by altered perfusion, we cannot exclude 

a role for impaired cerebral blood flow post heart failure as a stimulus of chronic neuroinflammation 

(96,97). Individuals with CHF demonstrate a reduced cerebral blood flow combined with loss of grey 

matter, which is associated with cognitive dysfunction (98,99).  

These findings suggest that balanced inflammation post MI is needed for sufficient cardiac repair, 

and to reduce secondary damage to the brain after MI. Systemic inflammation and inadequate cardiac 

repair aggravates post MI neuroinflammation. In addition, cardiac inflammation early post MI predicts 

late remodeling and functional outcome. Similarly, early microglial activation identified by PET imaging 

predicts chronic neuroinflammation in CHF, which may set the stage for neurodegeneration and 

cognitive decline (26,33). Based on these findings, therapies to achieve balanced and controlled 

systemic- and cardiac-inflammation may benefit both the heart and the brain after MI. 

 

5.3 Sympathetic Activity in Acute Myocardial Infarction and Chronic Heart Failure 

Altered sympathetic activity post MI affects not only the heart, but also the brain. Cardiac afferent 

signals are processed in different brain regions including hypothalamic regions, the amygdala, and the 
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raphe nucleus. This chronic hyperactivation could result in enhanced central sympathetic outflow and 

affect extracardiac neural remodeling (100). Precise pathophysiological changes in the heart-brain-axis 

after MI have been described (101). Specifically, endothelin-1 is upregulated in endothelial cells, which 

activates the nerve growth factor pathway leading to cholinergic differentiation and increased cardiac 

sympathetic innervation (101,102). A decreased noradrenergic activity and increased cholinergic 

activity at the stellate ganglion triggers chronic cardiac dysfunction, resulting in a feedback loop 

between heart and brain (101,103-106). In addition, the sympathetic nervous system influences 

cardiac function and the progression of CHF (106). The sympathetic nervous system further connects 

ischemic injury to the immune system through innervation of spleen and BM. The sympathetic activity 

after MI stimulates mobilization of leukocytes from spleen and the hematopoietic BM reservoirs (107). 

Within minutes after ischemic injury, efferent sympathetic nerve fibers release high levels of 

noradrenaline (108). The increased sympathetic activity post MI influencing not only the infarct 

territory and the border zone, but also remote remodeling myocardium, which contributes CHF (109). 

Sympathetic denervation may reduce cardiac inflammation, attenuate pathophysiological cardiac 

remodeling and improve cardiac function post MI (102,110). In addition, the central and peripheral 

renin-angiotensin-II-system (RAAS-system) are activated in MI and CHF. The sympathoexcitatory 

peptide Ang-II activates pro-inflammatory cells (111), and angiotensin-II-type receptor binding 

stimulates noradrenaline release (108). 

 

5.4 Impact of ACE Inhibition in the Heart-Brain-Axis after Myocardial Infarction. 

5.4.1 Acute Effect of ACE Inhibition post MI 

ACE inhibition is an established and commonly used medication to treat heart failure, which targets 

different physiological processes influencing cardiac remodeling and function, including reduced pre- 

and after-load and suppression of upstream neurohumoral activation (112,113). In addition, ACE 

inhibitors attenuate the mobilization of monocytes from the spleen into the bloodstream, which 

results in lower infiltration of inflammatory cells into the damaged cardiac infarct region (11). Lower 

CD11b+ cell content was proportional to the reduction of pro-inflammatory markers such as Ly6C, TNF-
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α, and CD68 (11). A high leukocyte count early post MI is associated with worse prognosis (114). 

Moreover, Ang-II is pro-inflammatory (70), such that ACE inhibition dampens IL-6 production 

systemically (11,115). Continuous treatment with the ACE-inhibitor enalapril reduced acute cardiac- 

and neuro-inflammation, chronic neuroinflammation and improved the cardiac functional outcome 

after MI in mice (31). The contributions of anti-inflammatory and anti-remodeling mechanisms were 

not obtained.  

To assess the influence of ACE inhibition on systemic-, cardiac- and neuro-inflammation, we 

administered early and delayed therapy. We observe that early enalapril lowers infarct territory 18F-

GE180 TSPO signal, consistent with lower macrophage infiltration. Similarly, remote myocardial and 

brain 18F-GE180 TSPO signal were reduced within the first week post MI. Immunostaining confirmed 

lower CD68+ macrophage content in the infarct territory after early enalapril therapy, consistent with 

previous studies (11,31).  

Acute MI leads to hyperactivity of brain nuclei involved in autonomic cardiac sympathetic regulation 

(116). In addition, the RAAS-system in brain and heart respond to oxidative stress leading to increased 

sympathetic drive, which may activate the transcription factor NF-κB in pro-inflammatory cells, leading 

to release of pro-inflammatory cytokines like TNF-α and mobilization of leukocytes from spleen and 

BM (117-121). Enalapril therapy inhibits leukocyte mobilization from the spleen post MI (11,31). This 

effect derives in part from reduction of Ang-II signaling leading to downregulation of sympathetic nerve 

activity, due to lower synthesis and release of noradrenaline from sympathetic nerve fibers (122,123). 

We also observed lower systemic inflammatory signal in spleen and BM within the first week post MI 

by enalapril treatment, with no difference at chronic time points. This reduction in splenic TSPO PET 

signal by early enalapril therapy could be due to lower systemic pro-inflammatory cytokines and the 

lower sympathetic tone, which would lead to lower hematopoietic activity in the BM, and diminished 

production of monocytes and macrophages. By extension, the enalapril treated mice may exhibit a 

higher monocyte content in spleen, which express less TSPO than mature macrophages (49). In non-

operated control mice, the BM signal was consistently lower, which supports the sensitivity of the 
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hematopoietic BM to injury, regardless of severity. These results underline the critical role of splenic 

monocytes/macrophages mobilization early after MI. The relatively elevated BM TSPO PET signal in 

sham-operated mice, may relate to thoracotomy.  

 

5.4.2 Chronic Effect of ACE Inhibition post MI 

Next, we focused on the chronic effect of early and delayed ACE inhibition on cardiac- and neuro-

inflammation and cardiac remodeling. Both early and delayed ACE inhibition attenuated the chronic 

remote myocardial expression of TSPO, evidenced by reduced TSPO PET signal and by ex vivo 

immunostaining. In addition, early and delayed enalapril therapy improved cardiac function and 

attenuated left ventricle remodeling at 8wks post MI. These findings indicate independent benefit of 

early anti-inflammatory and delayed anti-remodeling enalapril therapy. This improved cardiac function 

is associated with a lower remote myocardial TSPO PET signal at 8wks, which suggests less 

mitochondrial dysfunction than in untreated MI mice. Immunostaining localized TSPO within 

cardiomyocytes, such that TSPO PET may provide an indirect indication of mitochondrial dysfunction 

in the failing heart. During CHF, rising calcium levels trigger mitochondrial dysfunction, which leads to 

opening of mitochondrial permeability transition pores, and subsequent release of inner mitochondrial 

compounds such as cytochrome-C. These factors induce local myocyte apoptosis and increases 

oxidative stress (124). However, further evaluation of mitochondrial density and its relationship to 

TSPO is warranted.  

Chronic enalapril treatment is commonly used in heart failure therapy and acts via several 

therapeutic mechanisms. First, it alleviates oxidative stress (125), which in turn normalizes oxidative 

metabolism and mitochondrial function in cardiomyocytes. As both, acute MI and the following CHF 

are characterized by elevated plasma Ang-II, and increased activity of the sympathetic nervous system 

(117,126). ACE inhibition indirectly lowers the sympathetic activity. Thus, it attenuates cardiac 

remodeling (102). TSPO PET imaging in acute MI and during the development of CHF may provide a 

surrogate measurement of mitochondrial function to assess remodeling and response to therapy. 

Our results demonstrate persistent diffuse TSPO PET signal and microglial content in the global brain 
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at chronic timepoints post MI, irrespective of early or delayed ACE inhibition, despite spared 

contractile function. Brain TSPO signal inversely correlates to ejection fraction at 8wk post MI, 

suggesting stronger neuroinflammation and microglia activity parallel to worse cardiac dysfunction. 

These findings suggest that neuroinflammation is inherently tied to the progression of heart failure. 

Regardless of better cardiac function by enalapril therapy, the early brain TSPO PET signal predicts the 

chronic TSPO PET signal, suggesting early microglia activation as trigger for persistent 

neuroinflammation. It could also be, that improvement in cardiac function by enalapril therapy is too 

low to attenuate chronic neuroinflammation. Therapeutic interventions targeting the acute systemic 

inflammatory response post MI may benefit chronic neuroinflammation, and counter development of 

neurodegenerative disease. It could be that a biphasic neuroinflammatory response compensates an 

initial insult that makes the brain more susceptible to later damage. This is consistent with observation 

in stroke or sepsis (127,128). In Alzheimer’s disease, early microglial activation precedes 

neurodegeneration, which is followed by a secondary wave of inflammation due to the accumulation 

of extracellular β-amyloid plaques introduces (129). A single exposure to systemic lipopolysaccharide 

leads to acute neuroinflammation, which accelerates accumulation of β-amyloid plaques in a slow-

developing Alzheimer’s disease mouse model (127). In the present study, the primary insult (MI) may 

render the brain susceptible to secondary inflammation due to heart failure, impaired cerebral blood 

flow, or recurrent systemic inflammation. 

Indeed, ischemic heart failure enhances pro-inflammatory cytokine expression in the mouse brain, 

which was associated with increased microglial activation and impaired cognitive function (130). 

Patients in CHF also exhibit elevated circulating pro-inflammatory cytokines like TNF-α, IL-1β, and IL-6 

(131). Therapies targeting the upstream inflammatory mediators such as IL-1β, may modulate systems 

biology following acute MI and in CHF (132,133). In a stroke rat model, antibody therapy targeting IL-

1β reduces the infarct size (134), suggesting therapeutic effect by cytokine targeted agents. Consistent 

with this strategy, the early anti-inflammatory enalapril treatment influenced the neuroinflammation 

more efficiently. However, more specific anti-inflammatory therapies may bear stronger benefits. 
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5.5 Impact of TSPO Inhibition on the Heart-Brain-Axis after Myocardial Infarction. 

Inhibition of TSPO by PK11195 is cardioprotective after ischemia reperfusion injury, and is thought to 

have anti-inflammatory properties (60,61). TSPO inhibition suppresses the production of the 

transcription factor NF-κB in pro-inflammatory cells, leading to a decreased production of pro-

inflammatory cytokines including TNF-α and IL-6 (61,135). TSPO inhibition reduced the infarct size in a 

mouse model of ischemia reperfusion (136). Recent studies have shown that ligands for TSPO 

(Etifoxine or XBD173) reduce oxidative stress (137). 

Here, chronic TSPO inhibition by PK11195 did not affect acute cardiac- and neuro-inflammation. This 

lack of efficiency may be dose-dependent, as the selected dose (3mg/kg) chosen for known 

cardioprotective effects is much lower than in other studies (50mg/kg), which lowered inflammation 

after stroke (61). The high endogenous expression of TSPO by mitochondria-rich cells may restrict 

bioavailability, hence the higher dosing strategy. The early remote myocardial TSPO signal was also not 

affected by PK11195 treatment, which may relate to the lack of anti-inflammatory effect, because 

severity of early cardiac inflammation influences remote myocardial dysfunction (31). The infarct size 

in our study was comparable between the groups and unaffected by TSPO inhibition. This difference 

likely derives from our model of permanent left coronary artery occlusion, versus the model of 35min 

ischemia-reperfusion (136), which results in more variable area at risk that may be more effectively 

rescued from apoptosis. However, we observed a relationship between infarct size and 

neuroinflammation at 7d and 8wks post MI, suggesting the size of the damaged cardiac area may 

influence early and chronic microglial activation. As such, an infarct-sparing effect of a higher dose 

could influence neuroinflammation but would need to be evaluated experimentally.  

Chronic TSPO inhibition attenuated the remote myocardial expression of TSPO at 8wk, 

demonstrated by reduction in the TSPO PET signal and histology, and improved cardiac function. These 

findings indicate that TSPO inhibition spares contractile function independent from inflammation, 

likely due to reduction of oxidative stress and impaired mitochondrial function. Histology confirmed 

lower intracellular TSPO content by PK11195 therapy. TSPO blockade is known to lower oxidative stress 



59 

 

(44,60), as well as controlling cholesterol accumulation in the mitochondrial matrix (42). Reduced 

oxidative stress and cholesterol limit the mitochondrial membrane permeability and pores, stabilizing 

mitochondrial function and decreasing adverse mitochondrial swelling, which contributes to apoptosis 

in acute MI and CHF (42,60). Reduction of oxidative stress also leads to lower production of free 

radicals, which stimulate apoptosis by release of cytochrome-C (138). As such, TSPO blockade protects 

the heart via anti-apoptotic as well as anti-inflammatory mechanisms. It is feasible that TSPO PET 

imaging can measure mitochondrial density, to assess cardiac remodeling and response to therapies, 

but confirmation of mitochondrial biology in response to TSPO therapy is required. 

 

5.6 Summary and Outlook 

5.6.1 Final Conclusions 

This study proved that cardiac- and neuro-inflammation can be assessed by TSPO targeted PET and 

gave insight into the heart-brain-network after MI. First, neuroinflammation post MI occurs 

independent from peripheral macrophages and derives from resident microglia. Second, peripheral 

macrophage depletion worsens early and late cardiac outcome and exaggerates acute 

neuroinflammation. This observation emphasizes the importance of balanced inflammation for 

adequate cardiac repair. Third, early treatment with enalapril to control inflammation lowers acute 

cardiac- and neuro-inflammation and improves cardiac function after MI. By contrast, delayed 

treatment with enalapril to attenuate remodeling lowers TSPO signal in remote myocardium in CHF, 

and improves contractile function. Fourth, TSPO may be a viable therapeutic target for chronic heart 

failure, acting independent of inflammation. Fifth, neuroinflammation in chronic heart failure is 

associated with declining cardiac function. Finally, whole body TSPO PET imaging provides quantitative 

non-invasive indication of peripheral macrophages and central microglial activation after acute MI, and 

may provide insight into altered mitochondrial biology in CHF. The systemic multi-organ-

communication should be considered for application of heart failure therapy. TSPO PET provides a 

platform for image guided therapy after MI, in CHF, and neurodegenerative disease. 
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5.6.2 Future Direction 

In this study, we did not measure cognitive response to MI, ACE inhibition, and TSPO inhibition. Earlier 

studies demonstrated impaired prefrontal memory in mice with CHF (130), which provides a 

framework for future experiments. The acute and chronic neuroinflammation observed here is 

consistent with mouse models of cognitive dysfunction (26,139). In addition, the cellular origin of the 

remote myocardial TSPO signal remains incompletely defined. However, immuno histology of heart 

failure remote myocardium also suggests localization to mitochondria in cardiomyocytes, which aligns 

with the upregulation of TSPO in CHF (90).  

Because TSPO PET primarily reflects inflammation, we focused on these related mechanisms as 

influencing chronic cardiac function and recurrent neuroinflammation. Other factors, such as brain 

perfusion and sympathetic neuronal activation (97,105), may play a role in this observation, and should 

be investigated. Cardiac sympathetic activity could be assessed by performing PET scans using the 

tracer [18F]4F-MHPG (140). Whereas, brain sympathetic activity could be assessed e.g. by isolating 

hippocampal neurons from the animals post MI and performing patch-clamp studies (141,142).  

In addition, one of the next steps could be to isolate and measure blood cytokines via liquid 

chromatography to identify upregulated cytokines post MI which may be responsible for the 

neuroinflammatory response. Finally, in the mouse model of myocardial infarction by ligation of the 

left coronary artery, the afferent and efferent nerve fibers are also ligated. This could affect the acute 

immune response in the infarct territory and influence the cardiac remodeling because of changes in 

the sympathetic innervation and changes in the neuropeptide signaling (101,117,143). TSPO PET scans 

could be done in a rat model of transthoracic, vascular-targeted, photo dynamically induced MI, which 

allows to occlude coronary arteries without injuring nerve fibers (144). Further investigations 

considering these points would give deeper insight into the connection of heart and brain after MI and 

improve therapeutic interventions. 
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