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ABSTRACT: Parkinson’s disease (PD) is associated with aberrant innate immune responses, including microglial 

activation and infiltration of peripheral myeloid cells into the central nervous system (CNS). Methods to investigate 

innate immune activation in PD are limited and have not yet elucidated key interactions between neuroinflammation 

and peripheral inflammation. Translocator protein 18 kDa (TSPO)-positron emission tomography (PET) is a widely 

evaluated imaging approach for studying activated microglia and peripheral myeloid lineage cells in vivo, however it 

is yet to be fully explored in PD. Herein we investigate the utility of TSPO-PET, in addition to PET imaging of triggering 

receptor expressed on myeloid cells 1 (TREM1) – a novel biomarker of proinflammatory innate immune cells – for 

detecting innate immune responses in the 6-hydroxydopamine (6-OHDA) mouse model of dopaminergic neuron 

degeneration. Methods: C57/BL6J and TREM1-knockout mice were stereotaxically injected with 6-OHDA in the left 

striatum; control mice were saline-injected. At day 7 or 14 post-surgery, mice were administered 18F-GE-180, 64Cu-

TREM1-mAb or 64Cu-Isotype control-mAb and imaged by PET/CT. Ex vivo autoradiography (ARG) was performed to 

obtain high resolution images of tracer binding within the brain. Immunohistochemistry was conducted to verify 

myeloid cell activation and dopaminergic cell death and quantitative PCR and flow cytometry were completed to 

assess levels of target in the brain. Results: PET/CT images of both tracers showed elevated signal within the striatum 

of 6-OHDA-injected mice compared to those injected with saline. ARG afforded higher resolution brain images and 

revealed significant TSPO and TREM1 tracer binding within the ipsilateral striatum of 6-OHDA- compared to saline-

injected mice at both 7- and 14-days post-toxin. Interestingly, 18F-GE-180 enabled detection of inflammation in the 

brain and peripheral tissues (blood and spleen) of 6-OHDA mice, whereas 64Cu-TREM1-mAb appeared to be more 

sensitive and specific for detecting neuroinflammation, in particular infiltrating myeloid cells, in these mice, as 

demonstrated by flow cytometry findings and higher tracer binding signal-to-background ratios in brain.  Conclusion: 

TSPO- and TREM1-PET tracers are promising tools for investigating different cell types involved in innate immune 

activation in the context of dopaminergic neurodegeneration, thus warranting further investigation in other PD 

rodent models and human postmortem tissue to assess their clinical potential. 
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INTRODUCTION 

Parkinson’s disease (PD), the most common movement disorder and the second most common 

neurodegenerative disease. Affecting nearly seven million people worldwide (1-3), PD encompasses a wide spectrum 

of motor, cognitive, autonomic, and psychiatric symptoms. PD is characterized pathologically by dopaminergic 

neuron loss in the substantia nigra and accumulation of Lewy bodies and neurites, which contain misfolded α-

synuclein protein, within neurons. Neuroinflammation is intimately tied to both dopaminergic neuron loss and ⍺-

synuclein accumulation, indicating this is an early event in PD pathogenesis (4). Activated microglial cells, peripheral 

myeloid-mediated pro-inflammatory innate immune responses, and neurotoxic adaptive immune activity in the 

central nervous system (CNS) are also specifically involved in PD pathogenesis (5,6).  

Methods to investigate inflammatory processes in PD brain are restricted mainly to postmortem tissue 

and/or cerebrospinal fluid. Although these studies have yielded useful insights regarding the presence of activated 

microglia and altered proinflammatory cytokine concentrations in the substantia nigra and cerebrospinal fluid of PD 

patients (7-15), they are often obtained at a single time point and are therefore limited in the information they can 

provide on highly dynamic immune responses.  

Positron emission tomography (PET) imaging of translocator protein 18 kDa (TSPO) – an established imaging 

biomarker of inflammation, predominately upregulated in activated microglia and peripheral myeloid lineage cells 

(e.g., macrophages, monocytes, neutrophils) – is a useful method to visualize neuroinflammation in living subjects. 

18F-GE-180 is one of the most sensitive and specific TSPO-PET tracers for imaging rodent models of 

neuroinflammation (16-20), owing to its high signal-to-background as demonstrated through head-to-head 

comparison studies with 18F-PBR06 (19), 11C-(R)-PK11195 (20), and 18F-DPA-714 (21);  however, it has not yet been 

evaluated in PD mouse models (22,23). Additionally, triggering receptor expressed on myeloid cells 1 (TREM1) (24) 

was recently identified as a novel, highly specific imaging biomarker of proinflammatory innate immune cells: our 

laboratory reported the first TREM1 PET tracer, 64Cu-TREM1-mAb, and demonstrated its ability to detect peripheral 

CNS-infiltrating TREM1+ myeloid cells in mouse models of stroke and multiple sclerosis (2.5-3.5 %ID/g in braing 

regions of interest) (25-27).  

Herein, we set out to assess the potential of these two promising PET imaging biomarkers for providing 

unique insights into the spatiotemporal dynamics of innate immune responses in the context of PD and 
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neuroinflammation.  We hypothesize that detection of TSPO- and TREM1-PET by 18F-GE-180 and 64Cu-TREM1-mAb, 

respectively, can track different aspects of innate immune activation in a mouse model of dopaminergic 

neurodegeneration.   

 

MATERIALS AND METHODS 

Study Design 

 6-Hydroxydopamine hydrobromide (6-OHDA) selectively damages dopaminergic neurons and produces a 

more protracted degeneration of the nigrostriatal system when injected into the striatum unilaterally (28). We 

performed TSPO- and TREM1-PET imaging 7 and 14 days after intrastriatal injection of 6-OHDA or vehicle (saline). 

TSPO- and TREM1-tracer specificity was assessed using PK-11195, a TSPO ligand, and appropriate isotype control 

antibody, respectively. Since the unlabeled TREM1 tracer and other available TREM1 antibodies are agonists, they 

cannot be used for mass level blocking experiments without perturbing the molecular pathways of interest in our 

mouse model; therefore, TREM1 KO mice were imaged 7 days after 6-OHDA injection to further assess specificity of 

the TREM1-PET agent. Binding and spatial distribution of each tracer were confirmed by ex vivo gamma counting 

and high resolution autoradiography. Alterations in immune activation were confirmed using flow cytometry, 

immunohistochemistry, and reverse transcription quantitative polymerase chain reaction (RT-qPCR). See Figure 1 

for a summary of the study timeline and Supplemental Table 1 for numbers of mice and tissue samples used for each 

experiment. 

Animals 

All experiments involving animals were completed in accordance with the Stanford Administrative Panel on 

Laboratory Animal Care (APLAC), which is accredited by the Association for the Assessment and Accreditation of 

Laboratory Animal Care (AAALAC International). Male 8–12-week-old C57BL/6J wild-type mice (Jackson 

Laboratories) and TREM1-/- littermates (29), a kind gift from the laboratory of Professor Katrin Andreasson (Stanford 

University, original breeders provided by Dr. Christoph Mueller, University of Bern) were housed in a temperature-

controlled environment under a 12-hour light/dark schedule with unrestricted access to food and water. When 

indicated, anesthetization was performed using isoflurane. 

6-OHDA Model Induction 
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6-OHDA (10 μg/μL; Sigma) or saline was injected (1 µL) into the striatum of anesthetized mice during 

stereotaxic surgery (coordinates: A/P = 0.5, L = 1.8, D/V = -3.5) using established methods (30,31). 

 18F-GE-180 Radiolabeling  

Radiosynthesis of 18F-GE-180 was completed according to standard methods (22). The tracer was 

formulated in phosphate buffered saline (PBS; 0.1 mol/L NaCl, 0.05 mol/L sodium phosphate, pH 7.4) containing 10% 

ethanol. A molar activity of 44.4 GBq/µmol and high radiochemical purity (>95%) was achieved.  

TREM1 DOTA Conjugation 

Mouse TREM1-mAb (R&D Systems) was conjugated with DOTA-NHS (Macrocyclics) using metal-free buffers 

and previously published procedures (25,32). The average number of chelator molecules per antibody was 

determined to be 0.8—1.9 using electrospray ionization mass spectrometry (ESI-MS) and matrix-assisted laser 

desorption/ionization-time-of-flight (MALDI-TOF). The average was determined after performing three independent 

reactions.  

 64Cu-TREM1-mAb and Isotype-control Radiolabeling 

Radiolabeling of TREM1-mAb and isotype-control-mAb was performed using previously reported general 

copper labeling methods (25,33,34). Briefly, immunoconjugate (80±11 μg, n = 4) in NH4OAc (pH 5.5) was added to 

64Cu-CuCl2 (0.06 GBq) in NH4OAc under gentle agitation at 37 °C. The reaction was monitored via radioTLC until a 

labeling efficiency of >99% was observed (15–30 min), at which point 2 μL EDTA (50 mM) was added. Reactions were 

analyzed by radioTLC and SEC-HPLC (size-exclusion chromatography HPLC, Phenomenex 00H-2146-K0, 5 μm SEC-

s3000 400 Å, 300×7.8 mm). Pure fractions (>99%) of 64Cu-TREM1-mAb and isotype-control-mAb were combined and 

diluted with saline. A molar activity of each tracer was determined to be >70 GBq/µmol and high radiochemical 

purity (>97%) was achieved.  

In vivo PET/CT Acquisition 

 Mice were imaged using a dual microPET/computed tomography (CT) scanner (GNEXT, Sophie) 7 (d7-6-OHDA) 

or 14 (d14-6-OHDA) days following stereotaxic injection. Isotype-control, blocking, TREM1-KO, and saline studies 

were conducted on day 7. Mice were anesthetized and intravenously injected (3.7-5.55 MBq) with their respective 

tracer (Supplemental Table 1). 
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 CT images were acquired as previously described (35) for anatomical reference prior to a 10 minute static PET 

acquisition 50 minutes post administration of 18F-GE-180 or 19 hours after intravenous injection of 64Cu-TREM1-mAb 

or 64Cu-Isotype-control-mAb. A calibration factor was calculated each imaging day based on a reference standard 

consisting of a 20 mL syringe containing a known amount of 18F or 64Cu. PET data was acquired and reconstructed as 

previously described by our laboratory (25). 

PET Analysis and Quantitation 

 PET and CT images were co-registered and analyzed using VivoQuant (version 4.0; inviCRO) and Inveon 

Research Workspace (Siemens) software to quantify tracer uptake in specific regions of interest (ROI). For striatum 

quantitation, a 3D mouse brain atlas was fit to the PET/CT images via alignment of the atlas with the skull of each 

mouse (as determined by CT).  

 18F-GE-180 Blocking Studies 

Blocking studies were conducted 7 days post stereotaxic 6-OHDA injection. The TSPO ligand PK-11195 (3 

mg/kg; Sigma-Aldrich) was administered intravenously 15 minutes before 18F-GE-180 injection and a subsequent 10 

minute static PET scan was acquired at 50-60 min post tracer injection.  

Gamma Counting and Autoradiography 

 Upon scan completion, cardiac puncture was performed under anesthesia and mice were subsequently 

perfused with 30 mL PBS pH 7.4 (1x) to assess tracer uptake and spatial distribution in tissues, while eliminating the 

contribution of tracer signal in blood. Brain, blood, and spleen were harvested, weighed, and counted using an 

automatic gamma counter (Hidex). Brains were immediately submerged in PBS prior to being counted to reduce the 

likelihood of drying prior to subsequent freezing for ex vivo ARG. Percent injected dose per gram (%ID/g) was 

calculated for each organ of interest. Immediately after gamma counting, brains were frozen in optimal cutting 

temperature compound (OCT), 40 μm-thick sections were cut for autoradiography (ARG) (Microm HM550 

Microtome, Leica Biosystems) and exposed to digital films for a minimum of 10 half-lives. Films were scanned using 

a Typhoon phosphor scanner and the mean pixel intensity in the ipsilateral versus contralateral striatum was 

quantified using Image J (v1.53a).  
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Immunohistochemistry 

 The same brain sections used for ARG were probed with antibodies to CD68 (marker for microglia and other 

myeloid lineage cells) and tyrosine hydroxylase (TH, marker for dopaminergic cells) using standard procedures (36).  

 Briefly, sections were fixed in acetone for 10 minutes, thoroughly washed in tris-buffered saline (TBS) and 

pretreated with 0.6% H2O2 in 0.3% TritonX-TBS prior to overnight 4 °C incubation with anti-CD68 (rat, 1:500; Bio Rad) 

and anti-TH (rabbit, 1:3000; Abcam) antibodies. The following day, sections were washed with TBS, incubated for 1 

hour with ImmPRESS HRP Anti-Rat IgG (Peroxidase) Polymer Detection Kit (Vector Laboratories) and ImmPRESS® 

Horse Anti-Rabbit IgG PLUS Polymer Kit (Vector Laboratories), and subsequently exposed to 0.05% 3,3-

diaminobenzidine (Sigma-Aldrich) in 0.1 M TrisHCl (pH 7.4) with 0.03% H2O2 for 1-3 minutes. Sections were washed 

with 0.1 M TrisHCl prior to coverslipping. Images were captured using a Nanozoomer 2.0-RS (Hamamatsu).  

RNA Isolation and Gene Expression Analysis 

Ipsilateral brain sections were harvested from anesthetized mice following perfusion, immediately flash 

frozen in TRIzol (Invitrogen), and stored at -80 oC until use. RNA was extracted following the TRIzol Reagent RNA 

Isolation standard operating procedure (SOP; Invitrogen). Briefly, tissues were homogenized, and RNA was isolated 

using chloroform (Sigma-Aldrich). mRNA was precipitated, purified in isopropanol and 75% EtOH, and product 

suspended in nuclease-free water. All mRNA was assessed for concentration and quality using an Eppendorf 

BioSpectrometer.  

cDNA was synthesized using the RT2 First Strand kit (Qiagen) and incubation steps were completed in the 

Thermal Cycler Mini Amp (Applied Biosystem), per kit protocol. PCR was performed with SYBR Green Polymerase 

(Qiagen), RT-PCR Qiagen specified primers (TSPO, TREM1, GAPDH), and cDNA. GAPDH was used as a housekeeping 

gene. Reactions were completed in the Applied Biosystems QuantStudio 6 Real-Time PCR machine.  Each sample 

was run with three technical replicates, and fold-change for each gene was calculated by deriving 2ddCT. Transcripts 

with undetectable values were assigned a cycle threshold of 38 for analysis (37). Samples with high variation 

between technical replicates (SD > 0.70) were excluded from analysis.  

Flow Cytometry 

D7-6-OHDA and saline-treated mice were perfused, and brains (ipsilateral and contralateral hemispheres) 

and spleens harvested and processed into single cell suspensions for flow cytometric analysis. Briefly, brain and 
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spleen tissues were mechanically homogenized in CNS (2.5% HEPES pH 7.5, Invitrogen in Hanks’ Balance Salt Solution 

(HBSS) without Ca/Mg, Gibco) and FACS buffer (2% Fetal Bovine Serum in PBS), respectively. Myelin was removed 

from brain samples using a percoll gradient (25% percoll in CNS buffer). Resulting single cell suspensions were stained 

for live/dead (aqua, ThermoFisher Scientific), TREM1 (APC, R&D Systems), CD11c (PAC-Blue, Biolegend), Ly-6G (PE-

Cy7, Biolegend), CD11b (APC-Cy7, Biolegend), CD3 (PE, Biolegend), and CD45 (PerCP-Cy5.5, Biolegend) to isolate 

immune cell populations. Cells were fixed in 2% PFA (Santa Cruz Biotechnology) prior to analysis. Data was gated 

(Supplemental Figure 1) analyzed using FlowJo (version 10.7.1). 

Statistics 

 Statistical analyses was performed using GraphPad Prism (version 9.1.1). Data were assessed for 

normalization, and parametric/non-parametric tests applied as appropriate, prior to 2-way (PET and flow cytometry) 

or 1-way (ARG, gamma counting, and gene expression) ANOVA. P value of less than 0.05 was considered statistically 

significant. 

 

RESULTS 

Injection of 6-OHDA Induces Dopaminergic Neurodegeneration and Myeloid Cell Activation  

 To confirm dopaminergic neurodegeneration and immune response in our PD rodent model, 

immunohistochemistry  was performed on brain slices 7 and 14 days after striatal injection of 6-OHDA or saline, at 

which time activation of microglial/macrophages and dopaminergic cell loss is expected to be greatest (38). CD68 

immunohistochemistry of striatum showed activated microglia/macrophages in and around the site of toxin 

injection (Figure 2.A.i-vi., Supplemental Figure 2). Importantly, this marker did not detect significant levels of 

activated microglia/macrophages in the saline-injected mice, indicating that the immune activation was specific to 

6-OHDA injection. TH immunohistochemistry confirmed both the loss of dopaminergic processes at the toxin 

injection site and the presence of intact cells in the saline injected mice (Figure 2.B.i-vi). Unfortunately, accurate 

quantiation of our immunostaining was not possible due to the presence of freezing artifacts. These artifacts arose 

due to staining the same tissue used for ARG which was not able to undergo extensive fixation protocols (i.e., 

sectioning and exposure to ARG films was performed 30-60 minutes after removal of brain tissue to minimize 

radioactive decay). Importantly, immunostaining of the same tissues used for ARG enabled accurate quantitation of 
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tracer signal in ARG images and provided clear, qualitative evidence of innate immune activation associated with 

dopaminergic cell loss (which appeared to be more pronounced 14 days after 6-OHDA, aligning with the results from 

a similar study performed by Cicchetti and colleagues (Figure 2, Supplemental Figure 2) (38). 

TSPO-PET Imaging Enables Visualization of Innate Immune Activation in Brain, Spleen, and Blood of 6-OHDA-

Injected Mice 

To investigate the ability of TSPO-PET to detect innate immune activation in the 6-OHDA model, in vivo PET 

images were acquired at 50-60 minutes following injection of 18F-GE-180 (Figure 3, Supplemental Figure 3). Whole-

body images revealed increased tracer uptake in the brains of d7- and d14-6-OHDA mice compared to saline-injected 

mice and d7-6-OHDA mice pre-treated with PK1119. In the periphery, we observed increased signal in adipose tissue 

(brown and white), kidneys, spleen, liver, and lungs (all tissues known to express TSPO; (39)) of d7- and d14-6-OHDA 

mice, whereas, pre-blocked mice only contained signal in the gastrointestinal tract (indicative of tracer excretion), 

thus proving the specificity of 18F-GE-180 in this model. PET signal was quantified in the ipsilateral and contralateral 

striata (Figure 4). Quantitation of PET images confirmed there was a significant increase in tracer binding in the 

ipsilateral striatum of d14-6-OHDA-injected mice compared to saline-injected mice (**P<0.01) in addition to 

significant attenuation of signal in 6-OHDA-injected mice pre-blocked with PK-11195 (###P<0.001), confirming tracer 

specificity. 

Ex vivo ARG of both d7- and d14-6-OHDA mouse brains exhibited significantly elevated tracer binding 

compared to saline mice (**P<0.01 and **P<0.01) with striatal tracer uptake ratios (ipsilateral to contralateral 

striatum) determined to be 1.9 for d7-6-OHDA, 1.9 for d14-6-OHDA, 1.1 for saline, and 1.5 for blocking mice (Figures 

3 and 4). Gamma counting of whole brain, spleen, and peripheral blood (Figure 4 and Supplemental Figure 4.A.) 

revealed significantly increased tracer uptake in all three tissues of d7-6-OHDA (*P<0.05, *P<0.05, *P<0.05, 

respectively) mice. D14-6-OHDA mice only showed a significant difference in spleen (*P<0.05), when compared to 

saline-injected animals. Importantly, gamma counting of brain tissue was performed using whole brain tissue (as 

opposed to ipsilateral versus contralateral hemisphere) which could have diluted the differences in signal observed 

in injured versus uninjured striata within ARG images. PK-11195 blocking significantly decreased tracer uptake in the 

brain and spleen of d7-6-OHDA mice (####P<0.0001 and ###P<0.001). The increased TSPO-PET and ARG signal was 

supported by RT-qPCR findings, which revealed a strong trend that ipsilateral striatal TSPO mRNA levels trended 
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towards significance in d7-6-OHDA mice (P<0.0598) and was significantly increased in d14-6-OHDA mice (**P<0.01, 

Supplemental Figure 5.A.). Taken together, these data indicate that TSPO-PET shows promise for visualizing 

inflammation in the brain, spleen, and blood, of this rodent model of dopaminergic degeneration. 

TREM1 Imaging Reveals Infiltrating Innate Immune Cells in the Brain of 6-OHDA Injected Mice  

To assess the ability of TREM1-PET to detect activated myeloid cells in 6-OHDA mice, whole body PET/CT 

images were acquired (Figure 5, Supplemental Figure 6) and signal quantified in the ipsilateral versus contralateral 

striata (Figure 6). Whole body images showed higher signal in the spleens of d7- and d14-6-OHDA mice compared 

with isotype-control, KO, and saline-mice. There also appeared to be higher blood signal in d7- and d14-6-OHDA 

mice (in addition to KO mice) than isotype-control and saline-mice. Quantitation of PET data confirmed that d7-6-

OHDA mice had significantly higher tracer binding in the ipsilateral striatum compared to isotype-control injected 

mice (##P<0.01). Though not statistically significant, PET quantitation trended toward increased tracer binding in the 

striatum of d7-6-OHDA mice compared to saline controls (P<0.08). Of note, TREM1-PET signal was not significantly 

different in the ipsilateral striata of KO-mice compared to wild-type mice 7 days after 6-OHDA injection (P<0.32) 

most likely due to the presence of unbound tracer residing in the blood of KO-mice since they lack TREM1 (and thus 

more tracer remains in the blood pool as opposed to binding to target-containing tissues). In particular, there 

appeared to be elevated signal in the cortex of KO-mice close to the surgical site where a hole was drilled to allow 

injection of 6-OHDA. After removal of unbound tracer in blood via perfusion, brain tissues were further evaluated 

using ex vivo ARG (Figure 5, Figure 6). ARG showed that TREM1-tracer binding was significantly elevated in the 

injured brain tissue of d7- and d14-6-OHDA mice compared to saline-injected mice (*P<0.05, **P<0.01). Importantly, 

d7-6-OHDA mice had significantly increased tracer binding compared to the KO-mice (++P<0.01), and KO-mouse 

brains no longer contained any signal, confirming tracer specificity. Ratios of ARG signal in the injured to uninjured 

brain were as follows: 2.2 for d7-6-OHDA, 3.3 for d14-6-OHDA, 1.1 for saline, 1.7 for isotype-control, and 1.0 for 

TREM1-KO mice. 

Ex vivo gamma counting was performed on whole brain, spleen, and peripheral blood (from cardiac 

puncture; Figure 6 and Supplemental Figure 4.B). Of note, tracer binding was significantly increased in the whole 

brain of d7-6-OHDA mice (**P<0.01) and trended higher in the peripheral blood of d14-6-OHDA mice (P<0.13) 

compared to saline-mice. Additionally, tracer signal was significantly increased in all organs of d7-6-OHDA mice 
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compared to isotype-control (brain #P<0.01, spleen #P<0.05, blood #P<0.05).  RT-qPCR analysis revealed TREM1 

expression was markedly increased in d14-6-OHDA mice (*P<0.05), while increases in d7-6-OHDA mice trended 

towards significance (P<0.08, Supplemental Figure 4.B.). 

To confirm the presence of TREM1-positive immune cells following dopaminergic neuron damage, flow 

cytometry was performed on ipsilateral and contralateral brain regions (Figure 7). A significant increase in the 

infiltration (expressed as %live singlets) of peripheral myeloid (CD45hiCD11b+) cells was observed in the ipsilateral 

hemisphere of d7-6-OHDA mice compared to the contralateral d7-6-OHDA (****P<0.0001) and ipsilateral saline 

(***P<0.001, Figure 7.A.). Increased lymphoid (CD45+CD11b-) cell infiltration was also observed in the ipsilateral 

versus contralateral regions of d7-6-OHDA mice (****P<0.0001). In contrast, microglia populations (CD45intCD11b+) 

were unchanged by 6-OHDA treatment. No significant changes in myeloid or lymphoid cell populations were 

observed in the spleens of d7-6-OHDA or saline mice (Supplemental Figure 7). Phenotyping of immune cell subtypes 

revealed significantly elevated TREM1+myeloid cells in the ipsilateral brain of d7-6-OHDA mice (vs contralateral d7-

6-OHDA, ****P < 0.0001; vs ipsilateral saline, **P = 0.01; Figure 7.B.). TREM1 expression was not observed on 

infiltrating lymphoid cells and did not significantly change on microglial cells, confirming that the increased signal 

observed in PET and ARG images is primarily due to infiltration of TREM1+ peripheral myeloid lineage cells.  

Further characterization of infiltrating myeloid cells revealed an increased frequency of neutrophils 

(CD45hiCD11b+Ly6G+) compared to monocyte/macrophage/dendritic cells (DCs) (CD45hiCD11b+Ly6G-) (Supplemental 

Figure 8.A.). A large number of neutrophils compared to monocytes/macrophages/DCs were found to infiltrate the 

ipsilateral brain of d7-6-OHDA mice (***P<0.001). Moreover, a higher frequency of neutrophils were TREM1+ 

(**P<0.01, Supplemental Figure 8.B.), suggesting that the majority of TREM1-PET signal observed following 6-OHDA 

treatment represents TREM1+ neutrophils. Together, these data indicate that TREM1-PET is a highly specific 

approach for visualizing the presence of early pro-inflammatory innate immune activation in the 6-OHDA model of 

dopaminergic neurodegeneration. 

 

DISCUSSION  

The utility of 18F-GE-180 and 64Cu-TREM1-mAb to enable quantification of whole-body innate immune 

responses was evaluated in the 6-OHDA mouse model. We understand that PD is a highly complex, chronic 
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progressive neurodegenerative disorder and that there is no mouse model that recapitulates this disease. 

Importantly, the rodent model we chose has been extensively studied and is known to contain selective 

dopaminergic degeneration in addition to innate immune actiavation, making it a suitable starting point to study the 

ability of TREM1- and TSPO-PET to detect activated myeloid cells in the context of PD pathology (30). Better 

understanding the inflammatory responses in PD may enable more accurate monitoring of disease progression and 

response to novel therapies, and, ultimately, help to prevent or reset the chronic neuroinflammation that 

exacerbates disease (40).  

Here, we show that TSPO and TREM1 tracers enabled detection of complementary molecular information 

in the 6-OHDA mouse model through detecting two distinct immune cell types involved in innate immune responses 

associated with dopaminergic degeneration. Owing to the current limitations of small animal PET (i.e., relatively low 

spatial resolution and the partial volume effect), our in vivo imaging data was corroborated by additional ex vivo 

methods. Specifically, we performed high resolution ex vivo ARG together with immunostaining of the same tissue 

slices and confirmed the specific correspondence of 18F-GE180 and 64Cu-TREM1-mAb binding in regions containing 

activated myeloid cells in 6-OHDA mice. Importantly, we did not observe the exact same results using gamma 

counting since we used whole brain as opposed to ipsilateral versus contralateral brain tissue which likely dilutes 

the differences found using ARG. Since ARG affords high resolution images depicting spatial distribution and binding 

of tracers it permits more accurate quantitation. Thus, the results from our ARG analyses more reliably represent 

the extent of tracer binding and its correspondence with immunostaining.  

Interestingly, there was significantly elevated 18F-GE180 signal in both the CNS and peripheral tissues (i.e., 

spleen and blood), indicating that TSPO-PET might be useful for investigating inflammation throughout the whole 

body in the context of PD. Conversely, 64Cu-TREM1-mAb may be more suitable for examining subtle alterations in 

innate immune activation in the CNS due to its higher signal-to-background ratio compared to 18F-GE180, as 

demonstrated by brain ARG.   

 Our ARG findings were supported by gene expression data using tissue from the ipsilateral striatum. That 

is, we found that TSPO and TREM1 were both significantly upregulated in ipsilateral striatum of d14-6-OHDA 

compared to saline-injected mice and there was a strong trend toward significant elevation of both genes in d7-6-

OHDA animals (TSPO:P<0.0598 and TREM1:P<0.0776). Importantly, the fold change in TREM1 expression was nearly 
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30 times greater compared with TSPO, reiterating that TREM1 is likely a more sensitive biomarker for 

neuroinflammation in this model compared to TSPO. Importantly, mouse and human RNA-sequencing data 

(https://www.brainrnaseq.org) (41) for TSPO and TREM1 show that cellular expression of these proteins is quite 

different. In mice for example, basal TSPO levels are about 20-fold higher in resting microglia/macrophages 

compared to TREM1. Crucially, TREM1 is specifically expressed on myeloid lineage cells, whereas TSPO is not only 

found in microglia/macrophages but also in astrocytes and/or endothelial cells for both mice and humans 

(Supplemental Figure 9). The stark differences in expression of these two genes as well as differences in their basal 

levels indicates that TREM1-PET might be a more sensitive and specific technique for monitoring aberrant innate 

immune activation in the CNS.  Flow cytometry allowed further investigation of the molecular changes underpinning 

a positive TREM1 PET/ARG image. Our data suggested that peripheral infiltrating myeloid cells (e.g., neutrophils) 

were likely the predominate cell type expressing TREM1 in the ipsilateral brain tissue of 6-OHDA mice (and not brain-

resident microglia), however further studies are needed to confirm this at different time points throughout the 

course of disease in this model. Images acquired using 18F-GE180 on the other hand most likely reflect a combination 

of TSPO-expressing microglia, macrophages, astrocytes, and endothelial cells, reinforcing the importance of 

understanding the cellular specificity of an imaging biomarker in a given context/disease when interpreting imaging 

data. Accordingly, our future studies will involve additional flow cytometry comparing TSPO- and TREM1-expressing 

cells in different tissues in this mouse model (and other PD-like models) in addition to immunohistochemistry or 

multiplexed methods of probing the expression and spatial distribution of TSPO and TREM1 in human postmortem 

PD versus healthy control brain tissue. Such studies will help to further parse out the various cell types that express 

TSPO and/or TREM1 in different contexts. 

 

CONCLUSION 

Herein, we showed that both TSPO- and TREM1-PET enabled detection of innate immune activation after 

selective dopaminergic degeneration in a rodent model of PD-like pathology, however there were some key 

differences in the molecular information these techniques afforded. That is, our data provided definitive evidence 

of the high specificity and sensitivity of TREM1-PET for imaging peripheral CNS-infiltrating myeloid cells in the brain 

of mice injected with 6-OHDA, whereas TSPO-PET provided information on a larger array of cell types in the CNS and 
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may be more useful for detecting inflammatory changes in both the brain and peripheral tissues of these mice, 

highlighting the potential of whole-body imaging using TSPO tracers.  The current availability of TSPO-PET (42) for 

clinical use allows for immediate testing of whole body molecular imaging of PD patients. TREM1-PET on the other 

hand could help reveal unprecedented insights into the role of peripheral CNS-infiltrating myeloid cells in the 

pathogenesis of PD, both in rodent models and in patients after its successful translation. 
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KEY POINTS 

1. QUESTION: Can 18F-GE-180 (TSPO-PET) and 64Cu-TREM1-mAb (TREM1-PET) detect different types of cells 

involved in innate immune activation in a mouse model of Parkinson’s disease (PD)-like pathology? 

2. PERTINENT FINDINGS: TSPO- and TREM1-PET enable visualization and monitoring of innate immune cell 

activation and infiltration in a mouse model of PD-like pathology, with significant tracer binding observed 

in animals with dopaminergic cell degeneration compared to controls. In vivo findings were corroborated 

by ex vivo autoradiography, flow cytometry, and immunohistochemistry.   

3. IMPLICATIONS FOR PATIENT CARE: The future translation of 64Cu-TREM1-mAb and immediate availability 

of multiple TSPO-PET radiotracers for clinical research could permit non-invasive biomarker-driven disease 

staging and monitoring of the inflammatory component of PD, while facilitating the development and real-

time assessment of novel immunomodulatory therapeutics for this disease. 
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FIGURES 

 

GRAPHICAL ABSTRACT 

 

 

FIGURE 1: Study Design of the 6-hydroxydopamine (6-OHDA) model induction and imaging timeline. D7- and d14-

mice refer to mice injected with 6-OHDA or saline 7 or 14 days prior to imaging or flow cytometry.   
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FIGURE 2. Immunohistochemistry of representative mouse brains injected with either 6-OHDA or saline. A) CD68 

immunohistochemistry in brains of 6-OHDA- or saline-injected mice. Zoomed in images in the callouts next to their 

respective coronal brain image. CD68 positive immunostaining was present in slightly different regions of the brain 

due to small variations in injection site. Tyrosine hydroxylase staining of dopaminergic processes in the ipsilateral 

and contralateral striata of mice injected with 6-OHDA or saline. Ice crystals (‘bubbles’; freezing artifacts) due to 

rapid freezing can be seen in the callouts. 
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FIGURE 3. Representative 18F-GE-180 PET/CT whole body maximum intensity projection (MIP) images, coronal brain 

images, and autoradiography (ARG) of 40 μm-thick coronal mouse brain sections. Black and white dashed lines 

outline spleen and coronal brain sections respectively. I = ipsilateral, C = contralateral brain hemisphere. White 

arrows point to the area of increased TSPO-PET signal around the site of 6-OHDA injection. 
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FIGURE 4. Quantification of TSPO-PET tracer signal (Saline ipsilateral 2.5±0.53, Saline contralateral 2.1±0.61; Blocking 

ipsilateral 1.6±0.25, Blocking contralateral 1.5±0.24; d7-6-OHDA ipsilateral 2.5±0.19, d7-6-OHDA contralateral 

2.2±0.20; d14-6-OHDA ipsilateral 3.0±0.51, d14-6-OHDA contralateral 2.7±0.39), ex vivo autoradiography (Saline 

1.1±0.09, Blocking 1.5±0.26, d7-6-OHDA 1.9±0.49, d14-6-OHDA 1.9±0.54), and gamma counting quantification 

(Brain: Saline 1.8±0.29, Blocking 1.2±0.23, d7-6-OHDA 2.3±0.21, d14-6-OHDA 1.8±0.26; Spleen: Saline 25.2±2.33, 

Blocking 8.9±1.89, d7-6-OHDA 45.2±14.13, d14-6-OHDA 32.2±7.26) in saline, blocking, and 6-OHDA mice. All groups 

were compared to the saline control (significance denoted by *); d7-6-OHDA and blocking were compared 

(significance denoted by #). Data is presented as mean ± standard deviation. % Injected dose per gram (%ID/g). 

*P<0.05, **P<0.01, ***/###P<0.001, ****/####P<0.0001.  
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FIGURE 5. Representative 64Cu-TREM1-PET/CT whole body maximum intensity projection (MIP) images, coronal 

brain images, and autoradiography (ARG) of 40 μm-thick coronal mouse brain sections. White dashed lines in outline 

the spleen and coronal brain sections respectively. I = ipsilateral, C = contralateral brain hemisphere. 
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FIGURE 6. Quantification of TREM1-PET tracer signal (Saline ipsilateral 2.1±0.45, Saline contralateral 2.1±0.33; 

Isotype control ipsilateral 1.9±0.29, Isotype control contralateral 1.8±0.35; TREM1 KO ipsilateral 3.1±0.57, TREM1 

KO contralateral 2.8±0.97; d7-6-OHDA ipsilateral 2.7±0.45, d7-6-OHDA contralateral 2.4±0.48; d14-6-OHDA 

ipsilateral 2.7±0.23, d14-6-OHDA contralateral 2.2±0.43), ex vivo autoradiography (Saline 1.1±0.07, Isotype control 

1.7±1.12, TREM1 KO 1.0±0.17, d7-6-OHDA 2.2±1.07, d14-6-OHDA 3.3±0.32), and gamma counting quantification 

(Brain: Saline 0.1±0.03, Isotype control 0.1±0.02, TREM1 KO 0.15±0.04, d7-6-OHDA 0.16±0.04, d14-6-OHDA 

0.13±0.01; Spleen: Saline 4.8±0.74, Isotype control 3.3±1.2, TREM1 KO 3.5±1.82, d7-6-OHDA 5.4±0.91, d14-6-OHDA 

4.3±1.32) in saline, isotype-control, and 6-OHDA mice. All groups were compared to the saline control (significance 

denoted by *); d7-6-OHDA and isotype-control were compared (significance denoted by #) as well as d7-6-OHDA 

and TREM1-KO (significance denoted by +). Data is presented as mean ± standard deviation. % Injected dose per 

gram (%ID/g). */#P<0.05, **/##/++P<0.01.  
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FIGURE 7. Flow cytometry analysis of 6-OHDA and saline injected brains. A) Flow cytometry analysis demonstrating 

the frequency of peripheral myeloid (CD45hiCD11b+), lymphoid (CD45+CD11b-) and microglial (CD45intCD11b+) cells 

in the brains of 6-OHDA and saline-treated mice 7 days after stereotaxic injection (Myeloid: d7-6-OHDA ipsilateral 

6.1±0.72, d7-6-OHDA contralateral 0.12±0.09, Saline ipsilateral 0.72±0.48, Saline contralateral 0.16±0.05; Lymphoid: 

d7-6-OHDA ipsilateral 2.0±0.71, d7-6-OHDA contralateral 0.21±0.18, Saline ipsilateral 1.3±0.67, Saline contralateral 

0.36±0.18; Microglia: d7-6-OHDA ipsilateral 51.1±8.76, d7-6-OHDA contralateral 55.9±12.18, Saline ipsilateral 

57.2±5.12, Saline contralateral 57.6±9.54). B) Frequency of TREM1+ myeloid, lymphoid, and microglial cells (TREM1+ 

myeloid: d7-6-OHDA ipsilateral 1.6±0.73, d7-6-OHDA contralateral 0.03±0.025, Saline ipsilateral 0.42±0.36, Saline 

contralateral 0.026±0.023; TREM1+ lymphoid: d7-6-OHDA ipsilateral 0.014±0.016, d7-6-OHDA contralateral 

0.0068±0.01, Saline ipsilateral 0.016±0.014, Saline contralateral 0.011±0.0065; TREM1+ microglia: d7-6-OHDA 

ipsilateral 0.39±0.14, d7-6-OHDA contralateral 0.23±0.18, Saline ipsilateral 0.42±0.061, Saline contralateral 

0.45±0.22). Data is expressed as a percentage of total live singlets (mean ± standard deviation). **P<0.01, ***P<0.001, 

****P<0.0001. 
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SUPPLEMENTAL FIGURES 

 

SUPPLEMENTAL FIGURE 1. Flow cytometry gating strategies. A) Microglial (CD45intCD11b+), myeloid 

(CD45hiCD11b+), and lymphoid (CD45+CD11b-) cells were isolated from the live singlet population of ipsilateral d7-6-

OHDA brain. Myeloid cells were further characterized into neutrophils (CD45hiCD11b+Ly6G+) and 

monocytes/macrophages/DCs (CD45hiCD11b+Ly6G-). B) Representative gating strategy of live singlets in d7-6-OHDA 

spleen.  
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SUPPLEMENTAL FIGURE 2. Immunohistochemistry of four additional representative mouse brains 7 or 14 days 

after injection of 6-OHDA. CD68 immunohistochemistry of brains sections from two d7-6-OHDA and two d14-6-

OHDA mice. Brain sections were collected immediately after PET/CT imaging to perform ARG and they were 

subsequently stained with CD68 to enable accurate quantification of ARG signal in the sites containing innate 

immune activation. Whole coronal brain sections and zoomed in 20x image of staining from within the callout region 

in the striatum. CD68 positive immunostaining was present in slightly different regions of the brain due to small 

variations in 6-OHDA injection site. 
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SUPPLEMENTAL FIGURE 3. Representative 18F-GE-180 PET/CT whole body maximum intensity projection (MIP) 

images of d7- saline, blocking, and 6-OHDA mice, and d14-6-OHDA mice. Black dashed lines outline the spleen.   

 

 

 

 

SUPPLEMENTAL FIGURE 4. Ex vivo gamma counting of peripheral blood of mice injected with A) 18F-GE-180 (Saline 

0.59±0.07, Blocking 1.2±0.23, d7-6-OHDA 1.3±0.37, d14-6-OHDA 0.74±0.29) and B) 64Cu-TREM1-mAb or 64Cu-Isotype 

control-mAb (Saline 11.4±2.97, Isotype control 11.5±1.10, TREM1 KO 3.5±1.82, d7-6-OHDA 5.3±0.91, d14-6-OHDA 

4.3±1.32). Data is presented as mean ± standard deviation. % Injected dose per gram (%ID/g). */#P<0.05. 
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SUPPLEMENTAL FIGURE 5. Gene Expression of TSPO and TREM1. TSPO gene expression in the ipsilateral striatum 

of d7- and d14-6-OHDA mice and saline-injected mice (Saline 0.76±0.46, d7-6-OHDA 3.3±1.09, d14-6-OHDA 

2.6±0.49). TREM1 gene expression in the ipsilateral striatum of d7- and d14-6-OHDA mice and saline-injected mice 

(Saline 0.24±0.06, d7-6-OHDA 2.0±1.04, d14-6-OHDA 25.8±12.5). Data is presented as mean ± standard deviation. 

*P<0.05, **P<0.01. 

 

 

SUPPLEMENTAL FIGURE 6. Representative 64Cu-TREM1-PET/CT whole body maximum intensity projection (MIP) 

images of d7- saline, isotype control, and 6-OHDA mice, and d14-6-OHDA mice. Black dashed lines outline the spleen. 
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SUPPLEMENTAL FIGURE 7. Spleen flow cytometry. A) Frequency of peripheral myeloid (CD45hiCD11b+) and 

lymphoid (CD45+CD11b-) cells in the spleens of d7-6-OHDA and saline-treated mice (Myeloid: Saline 5.4±1.61, d7-6-

OHDA 6.1±2.02; Lymphoid: Saline 81.2±3.07, d7-6-OHDA 74.4±9.10). B) Frequency of TREM1+ myeloid and lymphoid 

cells in the spleen (TREM1+ myeloid: Saline 1.29±0.70, d7-6-OHDA 1.3±0.69; TREM1+ lymphoid: Saline 0.67±0.32, 

d7-6-OHDA 0.52±0.093). Data are expressed as a frequency of total live singlets (mean ± standard deviation). 

Statistical analysis performed via unpaired t-tests.    
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SUPPLEMENTAL FIGURE 8. Differentiation of TREM1+ Myeloid Cells. A) Frequency of neutrophils and 

monocytes/macrophages/DCs in the ipsilateral brain tissue of 6-OHDA mice expressed as a frequency of all 

peripheral myeloid cells (Myeloid: Neutrophils 65.1±9.38, Monocytes/macrophages/DCs 25.5±9.74). B) Frequency 

of TREM1+ neutrophils and monocytes/macrophages/DCs (TREM1+ cells: Neutrophils 34.7±7.68, 

Monocytes/macrophages/DCs 8.40±5.99) as a percentage of parent cells (mean ± standard deviation). Statistical 

analysis performed using paired t-tests. Dendritic cells (DCs). **P<0.01, ***P<0.001. 

 

 

 

 

 

SUPPLEMENTAL FIGURE 9. RNA-Sequencing of TSPO and TREM1 in Mice and Humans. RNA-sequencing data (used 

with permission from www.brainrnaseq.org; (41)), demonstrating TSPO and TREM1 basal expression in murine and 

human brains.  
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TABLES 

SUPPLEMENTAL TABLE 1. Mouse n for each experiment 

Imaging data 

ARG BioD PET 

TSPO 
      Day 7 

Saline 4 5 4 

Blocking 6 6 4 

6-OHDA 12 7 5 

Day 14 6-OHDA 12 12 7 

TREM1 
      Day 7 

Saline 3 4 6 

Isotype control 3 4 4 

TREM1-KO 3 3 3 

6-OHDA 9 7 4 

Day 14 6-OHDA 4 7 4 

Gene expression 

                 Day 7 
Saline 5 

6-OHDA 6 

                   Day 14 6-OHDA 8 

TREM1 flow cytometry 

                 Day 7 
Saline 5 

6-OHDA 8 

                    Day 14 6-OHDA 0 

 


