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Summary 

In Lewy body dementia (LBD), loss of synapses is associated with reactive astrocytes 

and activated microglia. However, the interaction between these two major glial cell 

types and the subsequent implications on synaptic removal remain unclear. This study 

demonstrates that anomalous secretion of astrocyte-derived diazepam binding 

inhibitor (DBI), an endogenous ligand of the 18 kDa translocator protein (TSPO), 

facilitates excessive microglial phagocytosis of synaptic materials in a mouse model of 

LBD and in postmortem brains of patients with LBD-associated dementia. Additionally, 

evidence is presented suggesting that the decline of synaptic plasticity in LBD-

associated dementia is dependent on the astrocytic DBI-microglial TSPO signaling 

pathway, as it can be mitigated by DBI knock-down or TSPO knock-out. These findings 

emphasize the significance of astrocyte-microglia interaction in regulating synaptic 

plasticity and propose the non-neuronal DBI-TSPO signaling pathway between these 

glial cells as potential therapeutic targets to improve synaptic pathology in LBD-

associated dementia. 
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1. Introduction 

1.1 Lewy body dementia (LBD) 

Lewy body dementia is an umbrella term that includes two diseases: Parkinson’s 

disease dementia (PDD) and dementia with Lewy bodies (DLB). Both of them are 

characterized by prominent syndromes of dementia and parkinsonism1. Collectively, 

PDD and DLB represent the second most prevalent form of degenerative dementia2. 

1.1.1 The discovery and conceptualization of Lewy body dementia 

In 1817, the English surgeon James Parkinson published a seminal dissertation titled 

"An Essay on the Shaking Palsy"3, wherein he detailed six cases and provided a 

comprehensive portrayal of their symptoms, such as "involuntary tremulous motion" 

and "inclination to bend the trunk forwards." The disease he identified in his dissertation 

as "shaking palsy" (paralysis agitans) has since been acknowledged as Parkinson's 

disease (PD)4,5. Although there are earlier yet brief descriptions of similar conditions, 

such as "running involuntarily" and "being incapable of maintaining directions so as to 

circumvent impediments" observed in older adults6,7, Parkinson was distinguished by 

his ability to discern the shaking palsy from other conventional cases of palsy and 

classify it as a separate disease. 

Despite the widespread use of the term "Parkinson's disease”, the neuropathology of 

the disease remained largely enigmatic until the early 20th century. In 1912, the 

German neurologist Fritz Heinrich Lewy discovered eosinophilic intracytoplasmic 

inclusions in the posterior nucleus of the vagus nerve, Meynert's nucleus, and the 

thalamic paraventricular nucleus in the cerebral specimens of PD patients8,9. Following 

this discovery, the Russian neuropathologist Konstantin Nikolaevitch Tretiakoff coined 

the term "Lewy bodies (corps de Lewy)" in his dissertation to delineate these 

inclusions10,11. In addition to assigning a name to the pathological entities, Tretiakoff 
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was one of the pioneers who identified and documented the significant degenerative 

processes occurring in the substantia nigra of patients with PD10, shedding light on the 

intricate pathophysiology of the disease. 

Since then, the presence of Lewy bodies in the brains of PD patients has been 

increasingly supported by evidence. In the 1950s and 1960s, Greenfield and 

Bosanquet12, followed by Bethlem and Den Haltog Jager13, published successive 

reports that provided comprehensive insights into the distribution patterns of Lewy 

bodies throughout the brains of PD-afflicted patients, predominantly within subcortical 

regions such as locus coeruleus and substantia nigra. These studies contributed 

significantly to establishing the contemporary understanding of the neuropathological 

basis of PD. However, at that time, the presence of Lewy bodies within the cerebral 

cortex of PD-affected brains was not widely acknowledged or accepted14. 

It was not until 1976 that the Japanese psychiatrist Kenji Kosaka and colleagues 

documented a series of cases involving parkinsonism concomitant with progressive 

dementia15. Following postmortem analyses, numerous Lewy bodies were discerned 

within the neurons situated in deeper cortical layers in addition to the subcortical 

regions. As an increasing number of similar cases emerged, the nomenclature "Lewy 

body disease" was established16. During later years, this disorder was characterized 

more meticulously by the accumulation of α-synuclein aggregates into Lewy bodies 

and Lewy neurites present in neurons and neuronal processes, collectively known as 

Lewy-related pathology17. 

According to the current agreement, the spectrum of Lewy body diseases 

encompasses PD, Parkinson's disease dementia (PDD), and dementia with Lewy 

bodies (DLB)18. Given the primary manifestation of dementia in both PDD and DLB, 

they are frequently referred to collectively as Lewy body dementia (LBD)2. 
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1.1.2 Epidemiology of LBD 

LBD predominantly affects elderly individuals, although infrequent instances have 

been documented prior to the age of 652,19. Converging evidence from clinical 

examinations and postmortem investigations substantiates that, among individuals 

aged 65 years and beyond, LBD constitutes the second most prevalent form of 

degenerative dementia2. 

Recent evaluations have revealed that nearly a quarter of patients diagnosed with PD 

concurrently grapples with dementia19. Moreover, the probability of dementia 

emergence escalates to 50% within 10 years following the initial PD diagnosis20. In the 

long run, dementia ultimately develops in a staggering 80% of the entire PD patient 

population21. 

The approximated prevalence of LBD within the general population aged 65 and over 

differs depending on distinct methodologies, encompassing clinic-based or 

community-based approaches, as well as diverse populations, collected relying on 

medical records or diagnostic evaluations. Broadly speaking, the estimated prevalence 

of LBD in the general population fluctuates between 0.2% and 0.5%19,22. 

1.1.3 Symptoms and diagnosis of LBD 

Over the past few decades, the study of LBD has undergone a gradual refinement 

process, which has led to an improved understanding of the symptoms and diagnostic 

criteria of these diseases. 

In 1996, a milestone was reached with the establishment of the first International 

Consensus Criteria (ICC) for the diagnosis of DLB. The initial version of the ICC 

prioritized the central feature of cognitive decline, which impedes an individual's social 

and occupational abilities. The central feature was accompanied by additional core 

features such as cognitive fluctuation, visual hallucinations, and parkinsonism23. It is 

noteworthy that the initial version of the ICC primarily relied on clinical features 
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acquired through anamnesis and neurological assessments and did not offer guidance 

on differentiating between DLB and PDD23. 

The landscape of diagnosing DLB and PDD was transformed in 2005 with the 

promulgation of the updated ICC. This augmented edition drew upon a plethora of 

clinical and foundational research, and integrated multiple biomarkers as indicative 

features of DLB18. These biomarkers included rapid eye movement (REM) sleep 

behavior disorder, pronounced neuroleptic sensitivity, and reduction of dopamine 

transporter uptake in the basal ganglia, detected by single-photon emission computed 

tomography or positron emission tomography (PET) imaging18. 

By assimilating these biomarkers into the diagnostic schema, the precision of 

DLB/PDD identification was improved, and the possibility of early diagnosis, even 

preceding clinical manifestations, was proposed. Furthermore, the 2005 ICC 

emphasized the chronological progression of LBD symptoms and instituted the "one-

year rule," which clearly demarcated DLB from PDD18. According to this guideline, the 

onset of dementia within one year after the initiation of movement disorders is 

categorized as DLB, while its emergence following this interval is designated as PDD18. 

Since this distinction is based solely on clinical observations, it is more appropriate to 

consider the two primary LBD syndromes – dementia and parkinsonism – as a 

continuum sharing a similar pathological underpinning rather than as distinct entities1. 

In summary, these advancements constituted a significant enhancement over the 1996 

ICC and represented a crucial stride forward in the diagnosis and comprehension of 

LBD. 

1.1.4 Pathogenesis and pathological process of LBD 

The primary pathological hallmark of LBD is the manifestation of α-synuclein neuronal 

inclusions, which subsequently leads to neuronal loss17. These inclusions typically 

materialize as Lewy bodies and Lewy neurites, jointly denoted as Lewy-related 
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pathology17. In a healthy human brain, α-synuclein is abundantly expressed throughout 

the neocortex, midbrain, and cerebellum, constituting approximately 1% of the total 

cytosolic proteins24. Within these regions, α-synuclein primarily resides in neurons, 

specifically in presynaptic terminals25. By establishing a close association with synaptic 

vesicles in the reserve pool26,27, α-synuclein plays an essential role in modulating 

neurotransmitter release, synaptic operations, and synaptic structural plasticity28,29. 

Under physiological conditions, α-synuclein appears as an intrinsically disordered 

protein, either as a monomeric entity or as a multimeric α-helical assembly30. However, 

during the onset of LBD, α-synuclein undergoes a conformational alteration, 

transitioning from the monomeric state to β-sheet structures, resulting in the formation 

of protofilaments and amyloid fibrils31. These fibrillary aggregates are the primary 

components of Lewy bodies and Lewy neurites32. Although the causal factors 

instigating the aggregation of α-synuclein remain unclear, a substantial body of 

evidence strongly indicates a multifaceted etiology underlying this process. 

The complex etiology is postulated to encompass a diverse array of risk factors, 

including genetic alterations such as missense point mutations, like the Contursi 

kindred A53T mutation33, the German A30P mutation34, and the Spanish E46K 

mutation35. Additionally, an assortment of environmental factors has been identified as 

potential contributors to α-synuclein aggregation, comprising exposure to neurotoxic 

agents such as metals36, carbon monoxide37, specific solvents38, and a range of 

pesticides and herbicides39. 

Although the etiology of LBD continues to be enigmatic, the advancement of Lewy-

related pathology has become increasingly discernible. As the pathology progresses, 

the lesions of Lewy-related pathology exhibit a more pervasive distribution throughout 

the brain40. In 2003, Braak and colleagues proposed a staging method for PD based 

on the histopathological examination of Lewy-related pathology, regardless of 

cognitive decline status40. According to the examination results, the pathological 
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development begins in the dorsal motor nucleus or the proximate intermediate reticular 

zone, subsequently disseminating to the substantia nigra and basal ganglia. Thereafter, 

it permeates the limbic system and ultimately extends to the neocortex40. The exact 

process through which Lewy-related pathology propagates remains elusive. 

Nevertheless, a plethora of investigations conducted over the previous decades has 

corroborated the transmissible nature of misfolded α-synuclein between cells, both in 

vitro and in vivo41-43. 

In accordance with the propagation of Lewy-related pathology40 and the emergence of 

dementia18, a significant reduction in dendritic spines has been observed in LBD 

patients44. Dendritic spines are the structural correlates of cognitive function45,46. 

Nonetheless, the precise mechanisms underlying their decline in LBD pathology 

remain incompletely understood. In this study, I focus on unveiling the crucial 

mechanism that expedites the aberrant loss of dendritic spines in both the mouse 

model and human subjects affected by LBD. 

1.2 Dendritic spines 

Dendritic spines, initially delineated by the Spanish neuroscientist Santiago Ramón y 

Cajal in the late 19th century47, constitute minuscule protrusions48 that emerge from the 

intricate and ramified neuronal dendrites49. In the central nervous system (CNS), 

dendritic spines serve as the postsynaptic components (Fig. 1), facilitating the majority 

of excitatory connections by receipting and transmitting the signaling inputs from 

presynaptic terminals50. 
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Figure 1 Scheme of an asymmetric synapse. 

The axonal bouton serves as the presynaptic terminal, encompassing synaptic vesicles replete with 

neurotransmitters. Upon synaptic activation, the neurotransmitters are exocytosed into the synaptic cleft, 

followed by their binding to receptors on the postsynaptic terminal, typically the dendritic spine. This 

interaction facilitates the transmission of informational input to the targeted neurons. 

1.2.1 Structure of dendritic spines 

Dendritic spines typically range in length from 0.1 to 2 µm depending on the species 

and the corresponding brain region51. A mature dendritic spine usually consists of a 

globoid head and a narrow neck that connects it to the dendrite. 

The spine head is separated from the presynaptic terminal by the synaptic cleft. Most 

spine heads contain a postsynaptic density (PSD), an intricate architecture consisting 

of an array of neurotransmitter receptors, ion channels, scaffolding proteins, and 

signaling complexes52. This intricate architecture functions as an organized and 

integral framework to facilitate signal transduction within the postsynaptic domain53. 

Apart from the PSD, larger spine heads usually contain the smooth endoplasmic 

reticulum (SER), a well-established Ca2+ reservoir that can be evoked by local 

receptors such as the ryanodine and inositol (1,4,5)-trisphosphate [Ins(1,4,5)P3] 

receptors54. The ensuing Ca2+ release, known as Ca2+-induced Ca2+ release (CICR), 

plays a crucial role in sustaining synaptic plasticity54. Additionally, polyribosomes and 

mitochondria are frequently found within the spine heads, particularly in those 
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exhibiting larger dimensions, indicating active local protein synthesis and energy 

consumption55,56. 

The slender spine neck serves not only as a mechanical connection between the head 

and the dendrite but also as a regulator of the compartmentalization of Ca2+ in the 

spine head. Upon synaptic activation, spine necks with narrower diameters increase 

the retention of Ca2+ in the head region, thereby modulating local signaling cascades 

that can either enhance or weaken synapses57. Additionally, the spine neck mediates 

the bidirectional protein diffusion, which is activity- and geometry-dependent58. Longer 

and thinner spine necks can temporarily accommodate more molecules, including 

1,4,5-triphosphate and the postsynaptic density protein 95 (PSD 95), which 

subsequently modulate Ca2+ or synaptic efficacy, respectively59. 

1.2.2 Dendritic spine morphology and its functional significance 

Dendritic spines are generally grouped into three primary categories based on their 

size and compartmental arrangement, namely mushroom spines, thin spines, and 

stubby spines (Fig. 2)60. Mushroom spines are characterized by a sizable, round head 

and a thinner, elongated neck, whereas thin spines exhibit smaller heads and longer 

necks compared to mushroom spines. In contrast, stubby spines are minuscule 

protrusions on dendrites that lack distinct heads or necks. 

Even after reaching maturity and attaining relative stability, the three types of dendritic 

spines exhibit common yet differentiated morphological adaptability61,62. For instance, 

recent studies have demonstrated that thin spines have a briefer observable lifetime, 

typically appearing and disappearing within a few days, while mushroom spines tend 

to endure for months61,62. 
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Figure 2 Scheme of dendritic spines of different morphology and filopodium. 

The dendritic spines can be classified into three major types: mushroom, thin, and stubby. Filopodium is 

not considered a type of dendritic spine. 

Besides varying observable lifetimes, dendritic spines of different morphologies 

possess distinct functionalities that contribute to cognitive performance. For example, 

mushroom spines contain large PSDs52 that house a significant number of α-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) glutamate receptors, leading to 

potent synaptic functions63,64. Additionally, the large head size of mushroom spines 

allows ample accommodation of SER65 and polyribosomes56, both of which are crucial 

for maintaining synaptic functionalities. Moreover, the large head of mushroom spines 

establishes connections with multiple perisynaptic astrocytic processes that provide 

supplementary synaptic stabilization and neurotransmitter regulation66. These traits 

collectively indicate that mushroom spines are more stable and functionally closer to 

the concept of "memory"67. In contrast, spines with smaller heads exhibit fewer PSDs 

and AMPA receptors, providing the potential for additional enhancement by increasing 

AMPA receptor numbers63,64. Furthermore, such spines retain a higher degree of 

structural flexibility, enabling them to expand, stabilize, or retract in response to 

informational input. These qualities align these spines more closely with the concept 

of "learning"61,62,67. 

Apart from the morphological categories of dendritic spines mentioned above, there 

exist filopodia, which are dendritic protrusions that are not universally accepted as a 

type of dendritic spine68. Filopodia are headless, elongated structures that extend from 
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the dendrite and can reach up to 10 µm in length68. They typically form during the first 

postnatal week and are involved in the formation of nascent synapses, often resulting 

in shaft synapses or stubby spines69. Filopodia can also be observed in the brains of 

older subjects. However, studies suggest that they are generally not associated with 

synapses61.  

Therefore, in this dissertation, I focus on analyzing the three main types of dendritic 

spines, namely mushroom, thin, and stubby, both in vivo and ex vivo. 

1.2.3 TSPO and glial activation 

Despite their delineation over one hundred years ago, the morphological 

characteristics of dendritic spines have garnered substantial attention and 

comprehensive investigation only in recent times. This surge in interest can be 

predominantly attributed to breakthroughs in imaging techniques70 and the discovery 

of fluorescent protein reporters71, which have implemented the visualization of dendritic 

spines and facilitated their subsequent studies, revealing that dendritic spines undergo 

a continuous turnover, demonstrating a degree of structural plasticity48,72.  

The structural plasticity of dendritic spines is influenced by various factors, 

encompassing neuronal activity73, developmental factors74, external stimuli (e.g., 

sensory experiences75, environmental enrichment76, and pharmacological 

interventions77), and pathological conditions (e,.g., neurodegenerative42,46,78,79 and 

psychiatric80 disorders). Moreover, previous investigations have shown that the 

structural plasticity of dendritic spines impact synaptic strength81, subsequent memory 

consolidation82, and ultimately, cognitive performance50. These findings suggest that 

dendritic spines represent the structural correlates of cognition, with their inherent 

plasticity underpinning cognitive shifts throughout healthy and pathological states45,46,83. 
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1.2.4 Dendritic spine alterations in LBD 

In accordance with the primary manifestation of cognitive deficits in LBD, persistent 

observations have unveiled substantial impairment of dendritic spines, which serve as 

the structural correlates of cognitive function, across diverse brain regions in both LBD-

afflicted individuals and LBD animal models42,44,84-88. Despite our limited 

comprehension of the specific factors that render dendritic spines susceptible to LBD, 

several theories have been proposed to elucidate potential mechanisms underlying 

this process. 

Antecedent investigations delineating the neurotoxicity of α-synuclein aggregates89 

suggest that these aggregates may directly inflict harm upon dendritic spines and 

compromise their plasticity42. Contrarily, more recent discoveries indicate that dendritic 

spines sustain damage as a consequence of impaired neurotransmitter release 

subsequent to the accumulation of small α-synuclein aggregates in presynaptic 

terminals85,90. Furthermore, glial cells, particularly microglia and astrocytes, have been 

shown to exhibit altered activities in LBD-affected brains91,92. Given the pivotal role of 

microglia in dendritic spine elimination under both physiological and pathological 

circumstances93, as well as the pronounced function of astrocytes in regulating 

synapses94, it is reasonable to hypothesize that the alterations of these glial cells also 

exert a substantial influence on the alterations of dendritic spines in the context of LBD. 

1.3 Microglia and 18 kDa translocator protein (TSPO) 

Microglia are small and branched CNS glial cells first identified and described by 

Santiago Ramón y Cajal47 and Pío Del Río-Hortega95 in the early 20th century. Within 

the CNS, microglia serve as the primary immune cells96 and play a crucial role in 

regulating dendritic spines across healthy and pathological states97,98. 
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1.3.1 Physiology of microglia 

Microglia, which comprise approximately 5-10% of the total CNS cellular population99, 

are the principle resident macrophages within the CNS96. During embryogenesis, 

microglia, along with macrophages situated in various tissues, are derived from 

embryonic yolk sac (YS) myeloid progenitors100. These YS progenitors migrate into the 

CNS throughout embryonic development, eventually colonizing within the CNS until 

the blood-brain barrier (BBB) is fully established100.  

After colonizing within the CNS, the early microglia initiate the maturation process. As 

revealed by comprehensive transcriptomic and epigenomic studies, microglial 

maturation occurs within several weeks postpartum101. This complex maturation 

process entails ongoing adaptation, ultimately enabling microglia to assume 

specialized physiological functions in support of the CNS93. 

Although microglia stem from YS progenitors, the maintenance of the microglial 

population does not depend on circulating myeloid cells. During physiological cell 

renewal or in pathological circumstances that demand additional microglia, these cells 

typically engage in self-renewal from the local pool102. 

The endurance of individual microglia depends on the continuous activation of their 

colony-stimulating factor 1 receptor (CSF-1R). Previous studies have demonstrated 

that systemic CSF-1R inhibition leads to the expeditious depletion of the microglial 

population77,103. 

1.3.2 Microglia-dendritic spine interaction 

As elucidated in previous sections, dendritic spines continually emerge48,72 and 

maintain structural plasticity48,72 in a predominantly activity- and experience-dependent 

manner75,76,104, thereby upholding refined neural circuits and optimized cognitive 

performance62. During the postnatal maturation stages, roughly half of the dendritic 

spines undergo elimination following their formation105. In subsequent developmental 
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phases, spanning adolescence and adulthood, a parallel process endures, albeit at 

generally attenuated yet dynamically fluctuating rates106-108. 

The process of eliminating superfluous and inappropriate synaptic connections is 

orchestrated by both neuronal109 and non-neuronal cells106,110,111. Although a definitive 

division of labor between these cells remains elusive, microglia have emerged as 

pivotal players in this process, owing to their prominent phagocytic activity toward 

synaptic materials in healthy and pathological contexts106-108. Corroborating this notion, 

a plethora of previous investigations have revealed the presence of both pre- and 

postsynaptic constituents within microglia by employing electron microscopy 

techniques97,112. 

 

Figure 3 Synaptic pruning by microglia. 

Microglia is one of the critical players that drives synaptic pruning. Resting microglia perpetually monitor 

the adjacent synapses and remove the superfluous or inappropriate dendritic spines. 

Within the CNS, microglia perpetually shape the architecture of adjacent neural circuits 

by engulfing hypoactive synaptic components through a process designated as 

synaptic pruning (Fig. 3)97. Nevertheless, the precise molecular mechanisms 

responsible for microglial discernment and subsequent phagocytosis of specific 

synapses or dendritic spines hitherto remain to be elucidated. A plethora of pathways 

has been implicated in the synaptic pruning process, encompassing the triggering 

receptor expressed on myeloid cells 2 (TREM2), the extracellular matrix (ECM), 

glutamate, C-X3-C motif chemokine receptor 1 (CX3CR1), the complement 
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cascade113-117, and a myriad of other potential elements118. Of these pathways, the 

complement-mediated synapse elimination paradigm has garnered broad acceptance. 

Within this framework, complement component 1q (C1q) – the inaugural molecule of 

the classical complement cascade – serves as a marker for both pre- and postsynaptic 

components. This labeling instigates the deposition of the downstream protein 

complement component 3 (C3) and the subsequent activation of complement receptor 

3 (CR3) on the microglial surface. Ultimately, these occurrences converge in the 

microglial engulfment of the marked synaptic materials113-117. 

It is essential to emphasize that these pathways do not inherently preclude one another. 

Within an intricate system such as the CNS, it stands to reason that the previously 

mentioned pathways function in concert with the complement-mediated mechanism to 

refine synaptic connections, consequently fostering optimized cognitive performance. 

It is entirely possible that these distinct processes regulate synaptic refinement in 

disparate contexts, incorporating a multitude of brain regions and developmental 

phases. 

1.3.3 Altered microglia-dendritic spine interaction in CNS disorders 

In response to a wide range of CNS disorders, microglia exhibit morphological 

alterations119,120 and various functional transformations121, including their interaction 

with dendritic spines, cytokine expression profiles122, and distinct genetic signatures123-

125. 

In a physiologically intact CNS, microglia display a ramified phenotype, characterized 

as the "resting" state, typified by elongated, branched structures and a relatively 

diminutive cellular soma. These extensive branches are extraordinarily sensitive and 

are incessantly surveying the proximate environment126. Upon encountering CNS 

perturbations, microglia in varying states display a spectrum of morphological features, 

ranging from increasingly complex branching architectures with augmented 
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processes77 to an amoeboid conformation typified by a pronounced enhancement in 

migratory capabilities120. 

Studies conducted on Alzheimer’s disease (AD) mouse models have shown that the 

process of complement-mediated synaptic pruning is significantly intensified compared 

to wild-type (WT) counterparts, ultimately leading to an escalated engulfment of 

synaptic materials by microglia127. Furthermore, in patients with LBD, the expression 

of the cluster of differentiation 68 (CD68), which is emblematic of microglial 

lysosomes128, has been observed to be substantially augmented within the microglial 

population, indicating enhanced microglial phagocytic activity129. In addition, 

investigations employing microglia and synaptic structures (synaptosomes) derived 

from individuals diagnosed with schizophrenia have also revealed an elevated rate of 

microglial engulfment of synaptic constituents when compared to healthy controls130. 

Collectively, these findings indicate that microglia are a crucial driving force in the 

synaptic loss observed in CNS disorders that have a detrimental impact on cognitive 

functions (Fig. 4). 

 

Figure 4 Schematic diagram of excessive spine loss upon altered synaptic pruning. 

In the physiological state, microglial synaptic pruning attains a state of equilibrium, characterized by a 

dynamic balance between the elimination and formation of dendritic spines. However, in the context of 

CNS disorders, microglial dynamics are perturbed, resulting in hyperactive dendritic spine pruning and 

consequential significant synaptic loss. 

In parallel with altered microglia-dendritic spine interaction, activated microglia also 

exhibit fluctuations in their cytokine expression patterns, encompassing, but not 

confined to, tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL‐6), 
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nitric oxide synthase (NOS), major histocompatibility complex class II (MHC II), and 18 

kDa translocator protein (TSPO)123-125. In addition to cytokines, recent investigations 

leveraging single-cell RNA sequencing techniques have revealed the presence of 

microglial subpopulations distinguished by their genetic signatures, which are 

correlated with specific CNS disorders and thus referred to as "disease-associated 

microglia (DAM)"123-125. 

These findings contribute not only to elucidating the underlying mechanisms altering 

microglial states and their subsequent implications on the CNS, but also provide 

opportunities for assessing the states of microglia and extrapolating microglia-

associated pathophysiological conditions across a wide range of CNS disorders77,121. 

1.3.4 TSPO is a biomarker for microglial activity 

As elucidated above, significant progress has been made in understanding and 

assessing microglial activity. However, most of this knowledge has been obtained 

through animal models and cell models derived from diverse sources. Therefore, to 

comprehend and evaluate microglial activity within the CNS in vivo, a biomarker 

compatible with non-invasive methodologies, such as PET, is imperative. 

Numerous PET tracers have been utilized to determine microglial activity, such as 

cannabinoid receptor type 2 (CB2)131, cyclooxygenase-2 (COX-2)132, P2X7 receptor133, 

and TSPO134. Among these tracers, TSPO is considered optimal due to its high 

sensitivity for alterations of microglial states in processes such as aging and CNS 

diseases135,136. 

TSPO was initially identified as the peripheral-type benzodiazepine receptor (PBR) due 

to its marked affinity for benzodiazepine diazepam137. However, subsequent 

investigations revealed that it is neither solely affiliated with peripheral tissues nor 

exclusively bound to benzodiazepines. As a result, in recognition of its principal 
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function and molecular attributes, the nomenclature 18 kDa translocator protein was 

adopted138. 

TSPO is a phylogenetically conserved protein comprising five transmembrane 

domains, predominantly situated in the outer mitochondrial membrane138. Its principal 

function is to serve as a rate-limiting determinant during the translocation of cholesterol 

from the outer to the inner mitochondrial membrane138, a critical process in the 

biosynthesis of steroid hormones and neurosteroids137,138. Nevertheless, observations 

from the mouse model with genetic depletion of TSPO revealed no adverse 

consequences on steroid biosynthesis139, thereby casting doubt on the long-held 

assumption of TSPO’s role in steroid production. In addition to this, prior studies have 

elucidated the potential involvement of TSPO in alternative biological functions, 

including mitochondrial homeostasis140, and cellular apoptosis141. 

Within the CNS, TSPO exhibits ubiquitous expression across a multitude of cell types, 

encompassing microglia, neurons, endothelial cells, and astrocytes77,142. However, 

upon most CNS challenges, such as pharmacological stimuli77 and CNS pathologies143, 

the inducible augmentation of TSPO is predominantly observed in activated 

microglia144, making it an appropriate tracer for the assessment of microglial activity. 

1.3.5 Regulation of microglial states via TSPO 

The role of TSPO in microglial activity goes beyond a simple depiction of this process. 

Numerous investigations have substantiated the intricate involvement of TSPO in 

regulating the activity of microglia. 

Upon genetic depletion of TSPO, microglia display transformed metabolic processes 

and immune responses within the framework of neuroinflammation145,146. 

Consequently, this results in diminished phagocytic activity towards oligomeric 

amyloid-beta (Aβ) in cultured microglia, and hindered microglial-mediated Aβ 

phagocytosis in the AD mouse models145. 
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In addition to the effect of its genetic ablation, TSPO also serves as a receptor for a 

diverse array of synthetic ligands, modulating microglial functionality depending on the 

stimulation evoked by specific agents (Tab. 1). 

Table 1 Representatives of synthetic TSPO ligands and their effects on microglia. 

Class TSPO ligand Specificity to TSPO Recorded effects on microglia 

(Iso)quinoline 

carboxamide 

PK11195, 

VC198M 

Highly specific to 

TSPO147,148 

MPT pore inhibition in isolated 

mitochondria149  

Reduction of reactive astrocytes and 

microglia in the rat models of brain 

injury150,151 

Phenylpurine 

acetamide 

XBD173 

(Emapunil) 

Highly specific to 

TSPO152 

Prevent microglial reactivity and gliosis in 

the retina of dark-adapted mice after acute 

light stimulation153 

Prevent microglial migration, reactivity, and 

phagocytic capabilities in BV-2 microglial 

cell line and human microglial cell line154 

Benzodiazepine Diazepam TSPO and γ-

aminobutyric acid 

type A receptors 

(GABAARs)77,155 

Elevation of microglial TSPO and microglial 

engulfment of synaptic materials in WT 

mice, leading to impaired cognitive 

performance in WT mice77 

Ro5-4864 Highly specific to 

TSPO156 

MPT pore inhibition in isolated 

mitochondria149 

Reduction of reactive astrocytes and 

microglia in the rat models of brain injury150 

Benzoxazine Etifoxine TSPO and 

GABAARs157 

Mitigation of microglia and macrophage 

activities in the rat model of brain trauma158 

Notably, in a study my colleagues and I conducted, I observed a markedly increased 

activation of microglial TSPO following the administration of diazepam in WT mice. 

This TSPO activation engendered microglial morphological alterations and their 

heightened phagocytic activity towards synaptic materials. Ultimately, this outcome 

resulted in cognitive impairment in the diazepam-treated mice. Intriguingly, the effect 
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was nullified by the genetic depletion of TSPO, emphasizing the indispensability of 

TSPO in microglial-mediated synaptic engulfment77. 

1.3.6 Endogenous ligands of TSPO 

The TSPO has been shown to have affinity not only for synthetic ligands but also for 

various endogenous ligands. Previous studies have demonstrated the presence of 

endogenous TSPO ligands both within and beyond the CNS (Tab. 2). 

Cholesterol is a principal ligand for TSPO, demonstrating nanomolar (nM) affinity123. 

Upon binding, this lipid molecule engages with the cholesterol recognition amino acid 

consensus sequence located within the C-terminal domain of TSPO159. This interaction 

plays a critical role in TSPO-mediated cholesterol translocation and subsequent 

steroidogenesis137,138,160. 

Apart from the C-terminal domain of TSPO, specific endogenous TSPO ligands 

engage with analogous regions akin to synthetic ligand counterparts. Previous 

investigations have unveiled that an array of porphyrins or cyclic tetrapyrroles, 

including protoporphyrin IX (PPIX), mesoporphyrin IX, heme, and hemin161, retain a 

mutual region within their binding sites, analogous to the PK11195 binding site162, 

displaying high affinity161. Nevertheless, the biological ramifications of porphyrin-TSPO 

bindings have yet to be fully comprehended. It is possible that TSPO participates in 

the translocation of porphyrins into mitochondria, where these molecules contribute to 

the biogenesis of porphyrin-containing compounds, such as mitochondrial 

cytochromes163. 

In addition to cholesterol and porphyrins, TSPO also exhibits significant affinity for a 

class of acyl-coenzyme A binding domain-containing proteins (ACBD). Among this 

class, the most recent TSPO-binding member identified is acyl-coenzyme A binding 

domain-containing protein 3 (ACBD3), also known as PBR-associated protein 7 
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(PAP7)164. It has been shown that ACBD3 is involved in translocating mitochondrial 

cholesterol and steroidogenesis164. 

Prior to the discovery of ACBD3, a member of the same family named acyl-coenzyme 

A binding domain-containing protein 1 (ACBD1)165, otherwise referred to as the 

diazepam binding inhibitor (DBI), was identified as the first CNS TSPO-binding 

ACBD166. DBI was initially detected within the rat brain166, and has since undergone 

comprehensive investigations, becoming one of the most extensively studied and 

significant endogenous TSPO ligands within the CNS. 

Table 2 Representatives of endogenous TSPO ligands and their functions. 

TSPO ligand 
Range of 

Binding affinity 
Binding site Recorded biological functions 

Cholesterol nM123 C-terminal domain 

of TSPO159 

Steroid biosynthesis137,138,160 

Porphyrins 

(cyclic 

tetrapyrroles) 

nM161 Partially shared 

with PK11195162 

Porphyrin-containing compounds 

biosynthesis163 

ACBD1 (DBI) µM166,167 N/A Steroid biosynthesis168, regulation of 

neurogenesis169, regulation of oscillatory 

activity169, formation of the acyl-CoA 

intracellular reservoir170-172, metabolic 

functions173-175 

ACBD3 (PAP7) N/A N/A Steroid biosynthesis164 

1.4 Astrocytes and diazepam binding inhibitor (DBI) 

Astrocytes were first observed and documented as neuroglia by Santiago Ramón y 

Cajal in the early 20th century47. They are arborized cells that are highly abundant in 

the CNS176. In addition to microglia, astrocytes also incessantly regulate dendritic 

spines via multiple pathways177-182.  
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1.4.1 Physiology of astrocytes 

Astrocytes are considered the most abundant glial cell type in the brains of humans 

and other mammals176. While the proportion of astrocytes varies depending on the 

specific brain region176, it is widely acknowledged that they constitute roughly 10% to 

20% of all cells within a typical human brain99,183. 

During early embryonic development, astrocytes and oligodendrocytes are derived 

from neural stem cells in the neuroepithelium and propagate throughout the entire 

CNS184. In contrast, microglia originate from YS myeloid progenitors and have a 

mesodermal or, more specifically, hematopoietic origin100,184. 

The morphology of astrocytes is highly heterogeneous, and their categorization is 

insufficiently defined185. Take the cortical astrocytes as an example – a typical 

astrocyte possesses a highly arborized structure with diameters of 30 – 60 μm in 

rodents and 100 – 200 μm in humans186, with its processes branching out radially in all 

directions from the cell body186. However, in certain cases, such as residing next to 

vascular structures or approximating pathological entities like AD-induced dystrophic 

neurites, a significant portion of astrocytic processes moves in the corresponding 

direction to maintain the BBB or react to the pathological process, respectively186,187. 

Additionally, the morphology of astrocytes is highly dynamic, with swift structural 

remodeling occurring in response to stimuli such as osmotic stimulation188 and stress189. 

Astrocytes have multifaceted roles that encompass almost every aspect of CNS 

development, homeostasis, and reactions to pathologies190. They constantly maintain 

CNS structural integrity191 and metabolic functions192, regulate the BBB193, and control 

blood flow across the brain194. Moreover, astrocytes are involved in producing and 

distributing various neurotransmitters195,196 and ions197 in perisynaptic areas, thereby 

regulating synapses198. Additionally, astrocytes play crucial roles in the myelinating 

process199, supporting neuronal pathways in the white matter. Furthermore, astrocytes 

regulate CNS immune processes by becoming reactive and expressing multiple 
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cytokines in response to various CNS challenges200,201. However, it is essential to note 

that astrocytes conduct all these functions heterogeneously within the CNS, leading to 

a multitude of diverse astrocytic functionalities185. 

The fundamental division of grey matter "protoplasmic" astrocytes and white matter 

"fibrous" astrocytes was described over a century ago, and has been supported by 

continuous observations202,203. As research on astrocytes advances, more detailed 

information and complex categories utilizing advanced morphological analysis204, 

transcriptomic profiling205,206, and Ca2+ activity recording207 have been proposed to 

further elucidate astrocytic heterogeneity185. Moreover, specialized cells with astrocytic 

properties have been identified, such as retinal Müller cells and cerebellar Bergmann 

glial cells208. 

In this study, I focus on protoplasmic astrocytes, the primary type of astrocytes located 

in grey matter and closely associated with synapses209. It has been consistently 

observed that protoplasmic astrocytes actively engage in synapses in the majority of 

brain regions of mammalian animals210. 

1.4.2 Astrocytes regulate synapses via secretory pathways 

Within grey matter, astrocytes are intimately associated with a significant number of 

adjacent synapses182,209,211. A typical astrocyte in the rodent brain occupies an 

approximate volume of 66,000 μm3, containing around 90,000 synapses212. By 

extrapolating to humans, it is estimated that each astrocyte covers about 2 million 

synapses204, stating the significant influence that astrocytes may exert over synaptic 

functions. 

The astrocytic regulation of dendritic spines is accomplished predominantly through 

the secretion of signaling molecules213. As demonstrated in previous studies, there are 

three principal routes of astrocytic secretion: vesicle-based exocytosis, diffusion 

through the plasma membrane, and transmembrane transport213. These routes enable 
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the transmission of signaling molecules between astrocytes and synapses through 

extracellular space and direct contact213,214, facilitated by perisynaptic astrocyte 

processes214. 

As shown in prior investigations, astrocytes play a crucial role in the synaptic formation. 

The introduction of astrocytes to glial-free neuronal cultures has resulted in a 

substantial increase in fully developed and functional synapses by several-fold215,216. 

Since then, the astrocyte-induced synaptic formation has been substantiated by an 

accumulating body of evidence on different types of synapses, such as 

glutamatergic216, cholinergic217,218, glycinergic219, and GABAergic220, through diverse 

signaling pathways involving various components such as thrombospondin177, 

glypican179, and transforming growth factor-β1 (TGF-β1)180-182. 

In addition to their role in the synaptic formation, astrocytes are known to regulate 

synaptic transmission and their structural plasticity through various signaling pathways, 

involving the secretion of astrocyte-derived factors such as adenosine triphosphate 

(ATP)221,222, glutamate223-226, secreted protein acidic and cysteine-rich (SPARC)94,227, 

hevin227,228, and TNF-α229. 

1.4.3 Astrocytes-microglia interaction in health and diseases 

In the CNS, the regulatory function of astrocytes on synapses also goes through other 

glial cell types, particularly microglia230,231. The astrocyte-microglia interaction has 

been reported to affect synaptic regulation across physiological and pathological 

conditions230,231. 

Recent research has demonstrated that during the normal aging process, astrocytes 

secrete interleukin-33 (IL-33), which has been shown to promote microglial synapse 

engulfment during development, thereby facilitating the normal maturation and 

remodeling of neural circuits230. Furthermore, in a mouse model of AD, astrocytes were 

observed to produce an increased level of C3, which enhances the C3-CR3 signaling 
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pathway232 and leads to an increased microglial engulfment of synapses127. In addition 

to C3, astrocytes also regulate microglia behavior under AD pathology through the 

interleukin-3 (IL-3)-interleukin-3 receptor α (IL-3Rα) signaling pathway231. This 

pathway modulates microglial motility and clearance of Aβ and tau aggregates, which 

are known to trigger synaptic dysfunctions233,234. 

In addition to the cytokines mentioned above, prior investigations have highlighted that 

DBI, a principal endogenous ligand for TSPO in the CNS, is among the abundantly 

secreted molecules from astrocytes in both healthy and pathological states235. 

1.4.4 Astrocytes are the primary DBI source in the CNS 

In the CNS, the expression of DBI is mainly observed in cells of glial nature, such as 

astrocytes236,237, tanycytes236, and ependymal cells238. Previous studies have 

demonstrated that cultured astrocytes express a significant amount of DBI236,237,239-241, 

indicating their role as the primary DBI producer in the CNS. 

Apart from DBI production, astrocytes also play a crucial role in DBI secretion235. DBI 

is generally released through the unconventional secretory pathway175,240,242-245. Unlike 

most neuropeptides that undergo processing by prohormone convertases, such as 

proprotein convertase subtilisin/kexin type 1 (PCSK1) and proprotein convertase 

subtilisin/kexin type 2 (PCSK2), within the endoplasmic reticulum and are then 

transported to the Golgi apparatus for packaging into dense core vesicles before 

release246,247, DBI remains localized in the cytoplasmic compartment after its 

translation248. From astrocytes, DBI is primarily secreted through vesicle-based 

exocytosis249, which is dependent on Golgi-associated proteins, such as Golgi 

reassembly stacking protein (GRASP), and the formation of autophagosomes248. 

However, the specific mechanisms regulating DBI secretion may be intricate and 

dependent on the context250. 



Introduction 

25 
 

Furthermore, extensive investigations have revealed that several signaling pathways, 

including the adenylyl cyclase/protein kinase A transduction251, somatostatin receptor 

4252, and N-formyl peptide receptor253, modulate DBI release through astrocytes245,251-

253, thereby establishing astrocytes as the primary target for regulating DBI secretion 

within the CNS. 

Collectively, these investigations highlight astrocytes as the primary source of DBI in 

the CNS, with their capability in DBI secretion exhibiting high sensitivity to different 

regulatory pathways across various CNS states. 

1.4.5 DBI is an ancestral protein with diverse and emerging functions 

DBI is a small (~10 kDa) and phylogenetically conserved ancestral protein254. The 

name of the diazepam binding inhibitor originates from its inherent ability to displace 

benzodiazepines, such as diazepam, from both their target receptors - GABAAR and 

TSPO – demonstrating a potent affinity (micromolar, µM) towards these binding 

sites166,167. 

Extensive research has revealed that, as a secretory protein, DBI executes a myriad 

of biological functions within the CNS through interactions with GABAARs. For instance, 

DBI acts as a positive allosteric modulator through its association with GABAARs, 

targeting specifically the α3 subunit in the thalamic reticular nucleus255. This 

engagement mitigates oscillatory activity in thalamocortical networks, subsequently 

inhibiting absence seizures in the mouse model255. In contrast, functioning as a 

negative allosteric modulator, DBI engages with the γ2 subunits of GABAARs, 

orchestrating neural progenitor proliferation through GABA signaling and thereby 

regulating neurogenesis169. 

Apart from its GABA-related actions, secreted DBI exerts regulatory influence by 

binding to TSPO. Previous investigations have shown that persistent exposure to DBI 

stimulates steroidogenesis, augmenting steroid biosynthesis by 1.5 to 3-fold within a 
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few minutes in steroidogenic cell lines168. Notably, these effects can be obstructed by 

TSPO ligands, such as flunitrazepam168, suggesting that the process of DBI-induced 

steroidogenesis occurs in a TSPO-dependent manner. 

As previously mentioned, DBI is alternatively designated as acyl-coenzyme A binding 

domain-containing protein 1 (ACBD1)165 or acyl-coenzyme A binding protein (ACBP), 

indicative of its substantial affinity (nM) for long-chain acyl-coenzyme A (LCACoA) 

esters256. In this capacity, DBI functions as an acyl-coenzyme A transporter 

intracellularly, contributing to the formation of the acyl-coenzyme A intracellular 

reservoir170-172. This particular aspect of DBI was initially discovered in bovine hepatic 

tissue257, a mere half-decade subsequent to the unearthing of DBI in the rat brain166. 

In the ensuing years, a plethora of substantiating evidence has emerged, underscoring 

the notion that the implications of DBI reach far beyond the confines of the CNS. As 

evidenced by preceding investigations, DBI manifests in a diverse assortment of 

peripheral tissues such as skin keratinocytes173,174, hepatocytes, and peripheral blood 

mononuclear cells175. Within these respective tissues, DBI is involved in a multifaceted 

array of metabolic processes, encompassing the maintenance of normal systemic 

energy expenditure173 and epidermal barrier function174, as well as the modulation of 

lipolysis, feeding behavior, and body weight175. 

1.4.6 Alterations of DBI in CNS disorders 

Despite the multifaceted functionality of DBI in the CNS and its role as an endogenous 

ligand for TSPO – the commonly used tracer for microglia activity assessment in 

various CNS pathologies – there is no established or universally accepted association 

between DBI and microglia. Research on DBI alterations in different CNS pathologies 

is less centralized, with limited elucidation on the underlying mechanisms that elucidate 

the implication of DBI on microglial activity and regulation of dendritic spines. 
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Though the quantity of research is restricted, discrepancies in DBI concentrations have 

been consistently observed between healthy individuals and those suffering from CNS 

pathologies such as neurodegenerative, neuroinflammatory, neurodevelopmental, and 

psychiatric disorders258-262. Specifically, aberrantly elevated DBI levels have been 

identified in patients diagnosed with AD258,259, multiple sclerosis258, delirium259, and 

acute stress260,261. Conversely, by employing a combination of cluster analysis of the 

Autism Diagnostic Interview-Revised scores obtained from 85 autistic spectrum 

disorder (ASD) patients and proteomic profiling of lymphoblastoid cells extracted from 

these individuals through 2D gel electrophoresis and mass spectrometry, it has been 

ascertained that in cases of severe language deficits, DBI concentrations in ASD 

patients are markedly reduced262. However, how DBI alterations correlate to the 

progression of these CNS pathologies remains to be further explored. 

1.5 In vivo two-photon imaging 

As described in the above sections, impaired structural plasticity of dendritic spines 

has been consistently observed in LBD pathology. However, the precise mechanisms 

facilitating this process have yet to be fully elucidated. Concomitantly, within the CNS, 

astrocytes engage in intricate interactions with microglia, modulating the structural 

plasticity of dendritic spines in both healthy and pathological states. However, how this 

glial interplay influences dendritic spines in LBD remains largely unknown. 

The primary objective of this dissertation is to scrutinize the potential impacts of 

astrocyte-microglia crosstalk, specifically through the ligand-receptor dyad of DBI and 

TSPO, on dendritic spines in LBD pathology. To achieve this aim, I intend to 

systematically examine alterations in astrocytic DBI and microglial TSPO in both the 

mouse model and postmortem human brain tissues exhibiting LBD pathology. 

Additionally, I will evaluate the interactions between these two constituents and the 

resulting implications on microglial functionality, with particular emphasis on their 
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engulfment towards synaptic materials. Correspondingly, I will trace the alterations of 

dendritic spines along LBD pathophysiology. On top of this, I will manipulate this 

process by selectively suppressing either DBI or TSPO and systematically monitor and 

analyze the resulting impacts on dendritic spine plasticity under the respective 

experimental paradigms. 

As emphasized before, dendritic spines are highly dynamic structures that undergo 

continual fluctuations in their formation and elimination. Therefore, to obtain a 

comprehensive understanding of dendritic spine plasticity, it is necessary to conduct 

longitudinal investigations spanning extended periods of time, rather than relying solely 

on singular temporal evaluations. In this study, I utilized in vivo two-photon microscopy, 

coupled with a transgenic mouse model expressing the enhanced green fluorescent 

protein (eGFP) in specific subsets of neurons71. This integrated methodology enabled 

the monitoring of dendritic spines in living animals over an extended timeframe, 

thereby allowing for a more rigorous and detailed analysis of their inherent plasticity. 

The two-photon excitation-based microscopy, initially demonstrated by Wolfgang 

Kaiser in 1961263, represents a milestone in the field of fluorescence microscopy. The 

underlying principle of this process aligns with conventional fluorescent microscopy, 

wherein fluorophores are stimulated from their ground state (S0) to an excited state (S1) 

by the absorption of photons with a specific energy level. Subsequently, the excited 

fluorophores release the absorbed energy in the form of emitted light, which is then 

captured by microscopic detectors and interpreted as visible images264. However, 

unlike conventional methods that excite one fluorophore using a single photon with 

relatively high energy, the two-photon excitation process employs two photons with the 

lower energy that converge on the same fluorophore within a few femtoseconds. The 

combined energy of these two photons effectively elevates the fluorophore to the 

desired excited state, leading to subsequent light emission (Fig. 5)70.  
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Figure 5 Outline of one-photon and two-photon excitation. 

One-photon excitation is typically utilized in confocal microscopy. This involves applying a laser beam of 

photons with sufficient energy to the samples, which excites all fluorophores from their ground state (S0) 

to their excited state (S1) along the optical path. Subsequently, the excited fluorophores emit light and 

return to the S0 state. On the other hand, two-photon excitation is commonly used in in vivo microscopy. 

This technique involves the selective excitation of fluorophores within a specific optical section using lower 

energy laser pulses. 

The utilization of two-photon excitation for microscopic imaging offers several distinct 

advantages. Notably, photons with lower energy levels possess longer wavelengths 

(Tab. 3), allowing for enhanced tissue penetration compared to short wavelengths265. 

On average, a two-photon microscope can image tissues up to a depth of 

approximately 1 mm, surpassing confocal microscopy by 2 to 3 times. Moreover, longer 

wavelengths are less scatted while traversing tissue layers, making them well-suited 

for high-resolution imaging266. Additionally, as illustrated in Fig. 5, two-photon 

excitation occurs selectively within a certain optical section. This eliminates the need 

for a pinhole, a crucial component in confocal microscopy, to block the detection of 

excited fluorophores from other optical sections, thus simplifying the overall 

microscope configuration70. Furthermore, the reduced total energy absorbed by tissue 



Dissertation zum Erwerb des Doctor of Philosophy (Ph.D.) 

30 
 

in two-photon microscopy significantly mitigates phototoxicity during imaging, a critical 

consideration for longitudinal imaging of living animals. 

Table 3 Commonly used fluorophores and two-photon excitation wavelengths. 

Fluorophore Excitation (nm)77,267  Emission (nm) 

Enhanced Cyan Fluorescent Protein (eCFP) 850 – 860 477 

eGFP 880 – 970 511 – 521 

Enhanced Yellow Fluorescent Protein (eYFP) 920 – 970 530 

In line with the advantages mentioned above, no detrimental effects were detected in 

any control animals during the longitudinal in vivo imaging of dendritic spines in the 

mouse brains. 
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2. Methods 

2.1 Animals 

All procedures and protocols involving animal experiments were conducted in 

compliance with the regulations of the Ludwig Maximilian University of Munich and 

were authorized by the Upper Bavarian government. The animal subjects used in this 

investigation, both the WT mice and those that underwent genetic modification, were 

of the C57BL/6 lineage268. For each experiment, only mice between 2 to 4 months of 

age and with comparable sex distribution were employed unless otherwise specified. 

To model certain traits of LBD, the Tg(PDGFB-SNCA)4Ema (PDGF-h-α-syn) mice 

were procured from QPS Austria Neuropharmacology (Grambach, Austria). These 

mice overexpress the WT human α-synuclein gene through the human platelet-derived 

growth factor (PDGF) b-chain (PDGF-β) promoter, restrained in neurons269. For the 

genetic ablation of TSPO from the CNS, global TSPO knockout (C57BL/6-

Tspotm1GuMu(GuwiyangWurra), Tspo-/-) mice were generated as previously described270. The 

GFP-M (Thy1-eGFP) transgenic mice were obtained from Jackson Laboratory and 

maintained as heterozygous to enable the visualization of dendritic spines in vivo and 

ex vivo. In these mice, cortical layer 5 – 6 pyramidal neurons of restrained 

subpopulations are sparsely labeled with enhanced green fluorescent protein 

governed by the thymocyte differentiation antigen 1 (Thy1) promooter 71. Other double- 

or triple-transgenic mice, such as Thy1-eGFP:PDGF-h-α-syn mice, PDGF-h-α-

syn:Tspo-/- mice, and Thy1-eGFP:PDGF-h-α-syn:Tspo-/- mice, were bred through 

interbreeding with mice of each transgene and maintained as in the original strain. All 

mouse lines used in this study are listed in Tab. 4. 

All animal subjects were housed at the Centre for Neuropathology animal facility at the 

Ludwig Maximilian University of Munich, bred under pathogen-free conditions (with the 
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room temperature at 21 ± 1 °C and a 12 h light/12 h dark cycle), and provided with ad 

libitum access to food and water. 

Table 4 Mouse strains used in this study. 

Symbol Reference MGI ID 

B6.Cg-Tspotm1.1Guwu Banati et al., 2014 5603428 

B6.Cg-Tspotm1.1Guwu : Tg(Thy1-eGFP)MJrs/J This dissertation N/A 

C57BL/6J Wallace, 1950 3028467 

Tg(PDGFB-SNCA)4Ema Masliah E, et al., 2000 1353749 

Tg(PDGFB-SNCA)4Ema : B6.Cg-Tspotm1.1Guwu This dissertation N/A 

Tg(Thy1-eGFP)MJrs/J Ralvenius et al., 2015 3766828 

Tg(Thy1-eGFP)MJrs/J : B6.Cg-Tspotm1.1Guwu This dissertation N/A 

Tg(Thy1-eGFP)MJrs/J : Tg(PDGFB-SNCA)4Ema This dissertation N/A 

Tg(Thy1-eGFP)MJrs/J : Tg(PDGFB-SNCA)4Ema : B6.Cg-

Tspotm1.1Guwu 

This dissertation N/A 

2.2 Genotyping  

The genotypes of all genetically modified mice were determined utilizing methods In 

accordance with the provider's guidelines with in-house modifications. To summarize, 

tissues were harvested in mice between 12 to 14 days old from the tip of the tail, 

approximately 3 mm in length, or from the ear, approximately 2 mm in diameter. 

Tissues were subsequently stored at -20 °C until further analysis. The genomic DNA 

was extracted using the Quantabio Extracta DNA Prep for PCR (Quantabio, USA). 

Thereafter, specific transgenic constructs were amplified via polymerase chain 

reaction (PCR) using the OneTaq Hot Start Quick-Load (NEB, USA) coupled with 

corresponding primers, as detailed in Tab. 5. Each amplified sample was then 

subjected to electrophoresis on 1.5% to 2% agarose gels with ethidium bromide 

staining. Finally, genotype validation was achieved by interpreting specific bands. All 

primers used in this study are listed in Tab. 5. 
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Table 5 Primers for genotyping. 

Strain Primer Sequence (5’-3’) Length (bp) 

Thy1-eGFP IMR 0872 AAG TTC ATC TGC ACC ACC G 19 

IMR 1416 TCC TTG AAG AAG ATG GTG CG 20 

PDGF-h-α-syn 209F CTG GAA GAT ATG CCT GTG GA 20 

 50R CAT CAA TGT ATC TTA TCA TGT CTG GAT TCT 29 

Tspo -/- P1 GGT AGA CTA GTG TGG GAA GAT TTG A 25 

P2 ATG GTG ATT GCA ACT GAT GTT C 22 

P3 TAG ATA CTG ACC CTA TCT GGG ATG T 25 

2.3 Drug administration  

To pharmacologically deplete microglia from the CNS, a potent inhibitor of the CSF-

1R, PLX5622, was administered as a supplement of AIN-76A standard chow 

(Research Diets, USA) at a concentration of 1200 ppm (Plexxikon, USA). 

For in vivo two-photon imaging, mice were fed the PLX5622-mixed diet or a control 

diet ad libitum for a period of two weeks before the first imaging session and throughout 

the entire imaging period (in total 8 weeks). To confirm the extent of microglia depletion 

in the cortical region, immunostaining coupled with 3D reconstruction and analysis was 

performed (Fig. 22). 

2.4 Postmortem human brain tissue  

All scientific investigations involving human samples were carried out in strict 

accordance with established ethical standards, and received approval from the Ethics 

Committee at Ludwig Maximilian University under registration number 17-722. Tissue 

sample collection was executed under registration number GA2017-5. 

The Neurobiobank Munich at the Ludwig Maximilian University of Munich supplied all 

of the brain samples from patients diagnosed with Lewy body dementia (PDD/DLB) as 

well as from healthy donors. Formalin-fixed paraffin-embedded (FFPE) sections from 
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the frontal cortex, with a thickness of 5 µm, were provided for immunostaining purposes. 

For the LBD group, tissue was collected from patients with pathologically confirmed 

cases of Lewy body disease at stages Braak 1-6, which includes incidental findings. 

For the control group, tissue was procured from donors who were pathologically 

excluded from Lewy-related pathology. A detailed description of both groups is 

included in Tab. 6. To execute the study in a blinded fashion and maintain data 

anonymity, the pseudonyms of LBD and non-LBD samples from the Neurobiobank 

were randomly replaced with new numerical pseudonyms. 

Table 6 Characterization of postmortem human tissue samples used in this study. 

Pseudo-

nym 
Group 

Braak 

LBD 
Brain region Age Gender Clinical diagnosis 

#2 Case 1 Medial frontal gyrus 95 Female Restless-Legs 

Syndrom 

#5 Case 2 Medial frontal gyrus 60 Male Gastric cancer  

#1 Case 3 Medial frontal gyrus 87 Female Schizophrenia 

#7 Case 6 Medial frontal gyrus 79 Female Parkinson's disease 

#4 Case 6 Medial frontal gyrus 78 Female Dementia 

#8 Case 6 Medial frontal gyrus 81 Female Parkinson's disease 

dementia 

#6 Control 0 Medial frontal gyrus 42 Male No neurological or 

psychiatric diseases 

#3 Control 0 Medial frontal gyrus 71 Female No neurological or 

psychiatric diseases 

#9 Control 0 Medial frontal gyrus 82 Female Gall bladder carcinoma 

2.5 Perfusion 

Unless otherwise specified, all mice included in the study underwent transcardial 

perfusion prior to the extraction of brain tissue. Prior to the perfusion, each mouse was 

sedated by intraperitoneal injection of a mixture containing ketamine and xylazine at 

concentrations of 100 mg/kg body weight and 20 mg/kg body weight, respectively. The 
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state of anesthesia was evaluated using the pedal reflex, specifically by toe pinching. 

Upon achieving adequate sedation, the mouse was subjected to a two-phased 

transcardial infusion involving ice-cold phosphate-buffered saline (PBS) followed by a 

4% paraformaldehyde (PFA) solution (Roth, Germany). Following the completion of 

the perfusion, the brain was extracted. The extracted brain tissue was then immersed 

immediately in a 4% PFA solution for a duration of 24 h before being stored in PBS at 

a temperature of 4 °C in anticipation of further sectioning. 

2.6 Immunostaining 

In the case of mouse brain tissue, the obtained brains were sliced into 50 μm sections 

using a Leica VT1200 vibratome (Leica, Germany). The free-floating sections of 

regions of interest were then permeabilized overnight at room temperature in a PBS 

solution containing 2% Triton X-100 (Sigma Aldrich, USA). Following this, the sections 

were subjected to a blocking step, which consisted of incubating the sections in a 

blocking buffer for 4 to 5 h at room temperature. The blocking buffer consisted of 10% 

normal goat or donkey serum (Sigma Aldrich, USA), 2% bovine serum albumin (Sigma 

Aldrich, USA), and 0.3% Triton X-100 PBS or 3% I-Block (Invitrogen, USA). Once the 

sections were properly blocked, they were incubated at 4 °C for 24 to 48 h with 

respective sets of blocking-buffer-diluted primary antibodies (Tab. 7). The sections 

were then washed three times for 10 min in PBS and incubated in corresponding 

blocking-buffer-diluted secondary antibodies (Tab. 7) for 4 h at room temperature. 

Following thorough washing in PBS, the stained sections were mounted on microscope 

slides using the fluorescence mounting medium (Dako, Germany) and then covered 

by coverslips. Before imaging, all slides were kept at 4 °C and out of direct light to 

ensure proper preservation of the stained sections. 

In the case of human brain tissues, all samples were provided in ~5 μm FFPE sections 

pre-adhered to microscope slides and stored at 4 °C prior to immunostaining. To begin 
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the immunostaining process, the sections were deparaffinized with 100% xylene 

(Sigma Aldrich, USA) and then immersed in variously diluted ethanol solutions (100%, 

95%, 70%, 50%) (Roth, Germany) to be rehydrated. Subsequently, the rehydrated 

sections underwent a heat-induced epitope retrieval step by incubating them at 120 °C 

for 3 minutes in an epitope retrieval solution (Abcam, USA). After the retrieval 

procedure, the sections were immersed in tap water for cooling down to room 

temperature. Upon reaching room temperature, the epitope-retrieved sections were 

subjected to the staining process in a humidity chamber (Merck, Germany), following 

a similar procedure as that of the mouse brain sections. The staining of the human 

brain tissue sections was conducted using various combinations of primary and 

secondary antibodies, the details of which are listed in Tab. 7. 

Table 7 Antibodies used in this study. 

Antibodies Source Identifier 

Rat Monoclonal Anti-CD68 Bio-Rad Cat# MCA1957;  

RRID: AB_322219 

Rabbit Monoclonal Anti-DBI Frontier Institute Cat# DBI-Rb-Af300;  

RRID: AB_2571690 

Rabbit Polyclonal Anti-DBI Atlas Antibodies Cat# HPA051428, 

RRID:AB_2681482 

Rabbit Monoclonal Anti-GAPDH Cell Signaling Technology Cat# 5174;  

RRID: AB_10622025 

Mouse Monoclonal Anti-GFAP Abcam Cat# ab49874;  

RRID: AB_880203 

Rabbit Polyclonal Anti-GFP Thermo Scientific Cat# A-21311;  

RRID: AB_221477 

Rabbit Polyclonal Anti-GLUT-1 Millipore Cat# 07-1401; 

RRID: AB_11212210 

Guinea Pig Polyclonal Anti-Iba1 Synaptic Systems Cat# 234 308; 

RRID: AB_2924932 
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Antibodies Source Identifier 

Rabbit Polyclonal Anti-mCherry Abcam Cat# ab167453; 

 RRID:AB_2571870 

Mouse Monoclonal Anti-NeuN Millipore Cat# MAB377;  

RRID: AB_2298772 

Rabbit Monoclonal Anti-PBR Abcam Cat# ab109497;  

RRID: AB_10862345 

Goat Polyclonal Anti-PBR Abcam Cat# ab118913;  

RRID: AB_10898989 

Recombinant Anti-PBR [EPR5384]  Abcam Cat# ab213654; 

RRID: N/A 

Rabbit Polyclonal Anti-PCNA Cell Signaling Technology Cat# 13110;  

RRID: AB_2636979 

Goat Polyclonal Anti-PSD95 Abcam Cat# ab12093;  

RRID:AB_298846 

Mouse Monoclonal Anti-PSD95 Synaptic Systems Cat# 124 011;  

RRID: AB_10804286 

Rabbit Monoclonal Anti-PSD95 Cell Signaling Technology Cat# 3450;  

RRID: AB_2292883 

Rabbit Polyclonal Anti-Stathmin Cell Signaling Technology Cat# 3352;  

RRID: AB_330234 

Rabbit Monoclonal Anti-Synaptophysin Cell Signaling Technology Cat# 5461;  

RRID: AB_10698743 

Guinea Pig Polyclonal Anti-S100B Synaptic Systems Cat# 287 004;  

RRID: AB_2620025 

Rabbit Polyclonal Anti-Transferrin Abcam Cat# ab82411;  

RRID: AB_1659060 

Normal Rabbit IgG Cell signaling technology Cat# 2729;  

RRID: AB_1031062 

Alexa Fluor 488 AffiniPure Donkey Anti-

Guinea Pig IgG (H+L) 

Jackson ImmunoResearch 

Labs 

Cat# 706545148;  

RRID: AB_2340472 
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Antibodies Source Identifier 

Alexa Fluor 647-AffiniPure Donkey Anti-

Guinea Pig IgG (H+L) 

Jackson ImmunoResearch 

Labs 

Cat# 706-605-148,  

RRID:AB_2340476 

Donkey Anti-Mouse IgG (H+L) Highly Cross 

Adsorbed Secondary Antibody, Alexa Fluor 

594 

Thermo Scientific Cat# A-21203;  

RRID: AB_141633 

Donkey Anti-Rat IgG H&L (Alexa Fluor 647) 

Preadsorbed 

Abcam Cat# ab150155,  

RRID:AB_2813835 

Donkey Anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

647 

Thermo Scientific Cat# A-31573,  

RRID:AB_2536183 

Donkey Anti-Mouse IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

Plus 488 

Thermo Scientific Cat# A32766,  

RRID:AB_2762823 

Donkey Anti-Goat IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

Plus 555 

Thermo Scientific Cat# A32816,  

RRID:AB_2762839 

Donkey Anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

Plus 594 

Thermo Scientific Cat# A32754,  

RRID:AB_2762827 

Goat Anti-Rabbit IgG, HRP-Conjugated Cell Signaling Technology Cat# 7074,  

RRID: AB_2099233 

2.7 Proximity ligation assay (PLA) 

To investigate the interaction between DBI and TSPO, the proximity ligation assay 

(PLA) was employed271. Prior to the experiment, protein-specific PLA probes were 

generated by incubating rabbit-derived antibodies against DBI and TSPO with anti-

rabbit lyophilized oligonucleotides (PLA probe PLUS and MINUS) (Sigma Aldrich, 

USA) at ambient temperature for 30 min, with gentle agitation. The process of 

conjugation was subsequently terminated by the addition of the stop solution provided 

with the probes, and the oligonucleotide-conjugated antibodies were kept at 4 °C until 

the subsequent steps. 
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The PLA was conducted using the Duolink In Situ Detection Reagents kit (Sigma 

Aldrich, USA) according to the manufacturer's instructions. Briefly, sections of mouse 

brains were affixed to SuperFrost Adhesion slides (Epredia, USA), and permeabilized 

by being kept overnight at room temperature in PBS containing 2% Triton X-100. 

Following the permeabilization, the sections were blocked at room temperature for 2 

to 3 h with a blocking buffer comprising 10% normal donkey serum and 2% bovine 

serum albumin in 0.3% Triton X-100 PBS. After the blocking procedure, the sections 

were incubated at 4 °C for 24 to 48 h with the blocking buffer-diluted unconjugated 

primary antibodies against ionized calcium binding adaptor molecule 1 (Iba1), PSD95, 

and CD68 (Tab. 7), as well as oligonucleotide-conjugated antibodies. The sections 

were then washed thoroughly multiple times in PLA wash buffer A (Sigma Aldrich, 

USA) to eliminate any unbound antibodies after the incubation. Next, the sections were 

kept at room temperature for 1 h with the blocking buffer-diluted secondary antibodies 

(Tab. 7) that detect unconjugated primary antibodies. After the 1-h incubation, the 

sections were repeatedly washed with PLA wash buffer A. To induce ligation between 

the oligonucleotides that were conjugated to the DBI and TSPO antibodies and 

produce detectable PLA signals, ligation buffer (Sigma Aldrich, USA) and amplification 

buffer (Sigma Aldrich, USA) were applied to the sections and incubated at 37 °C for 30 

min and 100 min, successively (Fig. 6). Following the amplification step, the brain 

sections were washed with PLA wash buffer B (Sigma Aldrich, USA), mounted with 

Duolink In Situ Mounting Medium with DAPI (Sigma Aldrich, USA), and covered with 

coverslips. The PLA-probed sections were then kept at 4 °C in complete darkness and 

imaged within one week. 

 



Dissertation zum Erwerb des Doctor of Philosophy (Ph.D.) 

40 
 

Figure 6 Schematic diagram of the PLA reaction. 

The diagram illustrates that the oligonucleotide-conjugated antibodies in close proximity bind and 

generate detectable fluorescent signals. 

2.8 Brain extracellular fluid (ECF) collection 

To preserve the integrity of brain tissue and cells while collecting protein from the 

mouse brain extracellular fluid (ECF), mice were deeply sedated using the 

aforementioned ketamine/xylazine mixture. Next, sedated mice were perfused with ice-

cold PBS for a period of 2 min. The brains were then promptly extracted and immersed 

in ice-cold PBS containing a 1× protease/phosphatase inhibitor (Thermo Fisher 

Scientific, USA) for a period of 4 h. Following the immersion, the PBS was gathered 

and subjected to centrifugation at a rate of 14,000× g for 30 min in order to eliminate 

any remaining cellular debris. The total protein concentration in the collected PBS was 

subsequently quantified using the bicinchoninic acid (BCA) assay (Thermo Scientific, 

USA). After adjusting the protein concentration to 1.5 mg/mL ECF, the resulting brain 

ECF was frozen at -80 °C. This sample was then reserved for subsequent analyses 

and use. 

2.9 Immunodepletion 

To deplete DBI from the PDGF-h-α-syn brain ECF, an antibody targeting DBI (Tab. 7) 

was solubilized in brain ECF at a concentration of 10 μg/mL, followed by thorough 

pipetting. The antibody-brain ECF mixture was subsequently incubated overnight at 4 

°C with consistent stirring utilizing a HulaMixer (Thermo Scientific, USA). Following the 

incubation period, Dynabeads Protein G (Invitrogen, USA) was introduced into each 

sample at a concentration of 150 μL/mL sample volume and allowed to incubate for a 

duration of 30 min at room temperature. Thereafter, all the samples were placed on a 

DynaMag-2 Magnet (Invitrogen, USA) to extract the Dynabeads-antibody-DBI complex 

from the supernatant. The DBI-neutralized supernatant was collected and 

cryopreserved at -80 °C until subsequent experiments. 
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2.10 Primary astrocytes and microglia isolation 

In order to isolate astrocytes and microglia from the cerebral cortex of mice, the rodents 

were terminated via cervical dislocation, and their brains were immediately harvested. 

After excising the cerebellum and all subcortical tissue, including the hippocampus and 

midbrain, cortical tissue from the cerebrum was extracted. The Adult Brain Dissociation 

Kit (Miltenyi Biotec, Germany) was employed to isolate astrocytes and microglia from 

the harvested tissue as per the manufacturer's guidelines. Briefly, the cortical tissue 

was rapidly submerged in a mixture of enzyme P and enzyme A provided by the Adult 

Brain Dissociation Kit to effect enzymatic dissociation. The submerged brains were 

subsequently cut into small pieces measuring roughly 1-2 mm3 using a pair of Iris 

scissors (Fine Science Tools, USA). The mixture of the cortex and enzyme was then 

subjected to further mechanical dissociation at 37 °C using the gentleMACS Octo 

Dissociator (Miltenyi Biotec, Germany). After mechanical dissociation, debris, and 

erythrocytes were removed from the cortex homogenate through sequential 

incubation-centrifugation cycles employing the debris removal solution and erythrocyte 

removal solution, respectively. The single-cell suspension was then incubated with 

microbeads (Miltenyi Biotec, Germany) that selectively bind to specific cell types – 

ACSA-2 microbeads coupled with FcR blocking reagent for astrocytes or CD11b 

microbeads for microglia, depending on the experimental aim. Subsequently, the 

corresponding target cells were isolated using MACS LS columns (Miltenyi Biotec, 

Germany) on QuadroMACS Separator (Miltenyi Biotec, Germany). Finally, the 

microglia and astrocytes that are positive for CD11b and ACSA-2 were employed for 

future experiments. 

2.11 Primary microglia culture 

The primary microglia were isolated and promptly suspended in a specialized culture 

medium designed for microglia, consisting of DMEM/F12 medium (Gibco, USA) 
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supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 10 ng/mL 

granulocyte-macrophage colony-stimulating factor (GM-CSF) (Gibco, USA), 10 ng/mL 

glial cell line-derived neurotrophic factor (GDNF) (Gibco, USA), and 15 mM 4-(2-

Hydroxyethyl) piperazine-1-ethane sulfonic acid (HEPES) buffer (Thermo Scientific, 

USA). Additionally, to mitigate the risk of bacterial contamination, a penicillin-

streptomycin mixture (Gibco, USA) was incorporated into the medium at a 

concentration of 100 U/mL for each component. The obtained primary microglia were 

seeded onto ibiTreat 8 Well μ-Slide (ibidi, Germany) at a concentration of 

approximately 1×105 cells per well. On the first day in vitro (DIV 1), the medium was 

replaced once. All microglia were cultured in a dedicated incubator (Thermo Scientific, 

USA) designed for primary cell culture and maintained at a temperature of 37 °C, a 

humidity level of 95%, and a 5% CO2 supply.  

2.12 pHrodo-conjugated synaptosome preparation 

In this study, microglial phagocytic activity was measured using cortical 

synaptosomes272 extracted from 3-4-month-old WT mice. The cortical tissue was 

extracted following cervical dislocation and homogenized in Syn-PER Reagent 

(Thermo Scientific, USA) using a set of 2 mL Dounce tissue grinders (Sigma Aldrich, 

USA) while maintained on ice. To obtain synaptosomes and separate them from 

cellular debris, the cortical homogenate underwent multiple rounds of centrifugation. 

The resultant synaptosome pellets were collected and resuspended in a mixture of 

Syn-PER Reagent and 1× Halt Protease and Phosphatase Inhibitor Cocktail (Thermo 

Scientific, USA) at a total protein concentration of 3 μg/μL, and immediately stored at 

a temperature of -80 °C before the pHrodo conjugation. 

For the pHrodo conjugation process, the cryogenically preserved synaptosomes were 

thawed and resuspended in 0.1 M NaHCO3 (pH 8.5) at a total protein concentration of 

10 μg/μL. The resuspended synaptosomes were then incubated with dimethyl 
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sulfoxide (DMSO) (Sigma Aldrich, USA)-dissolved pHrodo Red, succinimidyl ester 

(Invitrogen, USA) at room temperature for a period of 2 h. Following conjugation, 

unbound pHrodo was eliminated through repeated centrifugation steps. The pHrodo-

conjugated synaptosomes were subsequently collected, resuspended in PBS 

containing 5% DMSO, and stored at a temperature of -80 °C for use in subsequent 

experiments. 

2.13 Microglia phagocytosis assay 

Prior to the phagocytosis assay, primary microglia were subjected to a 4-day culture. 

On DIV 3, primary microglia from various experimental groups were pre-exposed for 

24 hs to the culture medium containing WT brain ECF, PDGF-h-α-syn brain ECF, or 

DBI-neutralized PDGF-h-α-syn brain ECF at a total protein concentration of 1.5 mg/mL. 

In addition, a negative control group for the phagocytosis assay was established, 

where microglia were pre-exposed for 1 h to the culture medium containing 10 μM 

cytochalasin D. Following pre-exposure, pHrodo-conjugated synaptosomes were 

applied to microglia for 1 h to evaluate their phagocytic activity. Post-incubation, 

microglia were delicately washed multiple times to eliminate any residual extracellular 

synaptosomes. Subsequent to the phagocytosis assay, microglia were fixed using 

eBioscience IC Fixation Buffer (Invitrogen, USA) and then blocked with eBioscience 

Permeabilization Buffer (Invitrogen, USA) at room temperature. After permeabilization, 

microglia were treated with a blocking buffer comprised of eBioscience Flow Cytometry 

Staining Buffer (Invitrogen, USA), which contained 10% normal donkey serum and 

15% eBioscience Permeabilization Buffer, and then incubated with blocking-buffer-

diluted primary antibodies against Iba1 and TSPO for 1 h. Subsequently, after being 

washed thrice with eBioscience Permeabilization Buffer, microglia were incubated with 

corresponding secondary antibodies. Finally, after secondary antibody incubation, 

microglia were washed once more and mounted using fluorescence mounting medium. 

The stained microglia were stored in darkness at 4 °C. 
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2.14 Confocal imaging 

To perform ex vivo imaging of dendritic spines in mouse brains, stained sections were 

scanned using a Zeiss LSM780 confocal microscope (Zeiss, Germany) equipped with 

a Plan-Apochromat 40×/1.4 oil immersion differential interference contrast (DIC) M27 

objective (Zeiss, Germany). All acquired images possessed a voxel size of 0.069 µm 

× 0.069 µm × 0.35 – 1 µm (x × y × z). To address the inherent image distortion during 

LSM780 image acquisition, all acquired images were subjected to deconvolution using 

AutoQuant X3 (Media Cybernetics, USA), which restored image fidelity and enhanced 

the quality of the acquired images.  

2.15 Super-resolution confocal imaging 

For super-resolution confocal imaging, mouse brain sections labeled with three to four 

channels were scanned on a Zeiss LSM900 confocal microscope equipped with 

Airyscan 2 (Zeiss, Germany) and a Plan-Apochromat 63×/1.4 oil immersion DIC M27. 

The LSM900 preserves image fidelity at the super-resolution level by employing 

oversampling with a voxel size of 0.035 µm × 0.035 µm × 0.14 µm (x × y × z) using the 

Airyscan 2 module. Following image acquisition, all images were digitally processed 

using the built-in "Airyscan processing" algorithm. All acquired images using LSM900 

were scanned with the Airyscan 2 module and processed with Airyscan processing. 

For mouse brain sections labeled with five channels and for cultured microglia, super-

resolution confocal imaging was conducted on a Leica Stellaris 5 confocal microscope 

with Lightning (Leica, Germany) utilizing an HC PL APO CS2 63×/1.4 oil immersion 

objective (Leica, Germany). The Stellaris 5 maintained image fidelity through 

oversampling with a voxel size of 0.043 µm × 0.043 µm × 0.15 – 0.18 µm (x × y × z), 

and the dedicated "Lightning" deconvolution algorithm. All acquired images using 

Stellaris 5 were scanned and processed by the Lightning module. 
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For FFPE human brain samples, all stained sections were imaged on the Leica 

Stellaris 5 confocal microscope with Lightning utilizing an HC PL APO CS2 63×/1.3 

glycerol immersion objective. The imaging protocols for human brain sections shared 

the same voxel size, scanning, and processing procedures as the protocols for mouse 

brain sections on Stellaris 5. 

2.16 Cerebral protein extraction 

To harvest mouse cerebral protein, mice were euthanized via cervical dislocation. The 

cerebrum was promptly excised from the brain tissue and submerged in Triton X-100 

lysis buffer (Thermo Scientific, USA), which was supplemented with a 1× 

Protease/Phosphatase Inhibitor Cocktail (Cell Signaling Technology, USA). 

Subsequently, the cerebrum was meticulously homogenized while kept on ice, utilizing 

a set of 2 mL Dounce tissue grinders. The homogenized cerebrum was left on ice for 

30 min and was subjected to centrifugation at 14000× g for an additional 30 min. 

Following the centrifugation, the supernatant, which contained the extracted protein, 

was procured and kept at a temperature of -80 °C for subsequent experimental 

procedures. 

2.17 Co-immunoprecipitation 

To assess the potential interaction between DBI and TSPO, Dynabeads Protein G 

Immunoprecipitation Kit (Thermo Scientific, USA) was employed. The protein samples 

from mouse brain homogenate was thawed in accordance with the manufacturer's 

instructions, and the total protein concentration was measured using the BCA assay 

and subsequently adjusted to 45 mg/mL using the same lysis buffer. Samples were 

then subjected to overnight incubation at 4 °C with goat-derived capture antibody 

targeting TSPO at a concentration of 10 μg/mL sample volume. Subsequently, the 

samples were mixed with Dynabeads Protein G at a concentration of 150 μl/mL sample 

volume and allowed to incubate at room temperature for 30 min. The Dynabeads-
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antibody-TSPO complex was then retrieved via magnetization on a DynaMag-2 

Magnet and subsequently eluted with the supplied Elution Buffer (Thermo Scientific, 

USA). Upon 2 min of incubation in the Elution Buffer, the anti-TSPO capture antibody 

and TSPO were dissociated from the Dynabeads. The Dynabeads were removed 

through the use of the DynaMag-2 Magnet, and the remaining supernatant was 

processed with Blue Loading Buffer (Cell Singling Technology, USA) containing 10% 

1.25 M dithiothreitol (DTT) (Cell Singling Technology, USA) and stored at -20 °C until 

further immunoblotting detection. 

2.18 Immunoblotting 

To perform immunoblotting, cryogenically preserved protein samples from the mouse 

brain ECF and cerebrum were thawed, adjusted to comparable total protein 

concentration using the BCA assay, and mixed with Blue Loading Buffer containing 10% 

1.25 M DTT as a reducing agent. The extensively blended samples were then loaded 

onto 4-20 % Mini-PROTEAN TGX precast protein gels (Bio-Rad, USA) for 

electrophoresis under a constant voltage of 110 V. Subsequently, the proteins were 

transferred from the gels onto Immobilon-P polyvinylidene fluoride (PVDF) membranes 

(Millipore, USA) using a constant current of 0.3 A for 90 min. After the transfer, the 

PVDF membranes were blocked utilizing tris-buffered saline (TBS) containing 5% skim 

milk (Millipore, USA) and Tween20 (PanReac AppliChem, USA) for 1 h at room 

temperature. After blocking, the PVDF membranes were incubated with various 

primary antibodies (Tab. 7) overnight at 4 °C, then with corresponding horseradish 

peroxidase (HRP)-conjugated secondary antibodies (Tab. 7) for 1 h at room 

temperature. Once the incubation with antibodies was completed, the PVDF 

membranes were developed utilizing enhanced chemiluminescence (ECL) Prime 

Western Blotting Detection Reagent (Amersham, UK) and scanned using a ChemiDoc 

MP imaging system (Bio-Rad, USA). The optical density (OD) of the protein bands of 

interest was determined using ImageLab software (Bio-Rad, USA). The determination 
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of the relative concentration of the protein of interest was achieved through a process 

of normalization. Specifically, the OD values of said protein were divided by the OD 

values of suitable housekeeping proteins that were also detected on the same 

membrane. 

2.19 Enzyme-linked immunosorbent assay (ELISA) 

To prepare protein samples for enzyme-linked immunosorbent assay (ELISA), the 

isolated astrocytes were lysed using a combination of alternating ultrasonication and 

centrifugation cycles, repeated four times. The brain ECF was thawed and thoroughly 

pipetted. Subsequently, the total protein concentration of all samples was determined 

using the BCA assay before ELISA was conducted. The concentration of DBI in each 

sample was measured using the LSBio ELISA Kit (Lifespan Biosciences, USA) in 

accordance with the manufacturer's instructions. Samples were successively 

incubated with primary, HRP-conjugated secondary antibodies and 3,3',5,5'-

tetramethylbenzidine (TMB) substrate for color development. Following the color 

development, the OD value at a wavelength of 450 ± 2 nm was measured and recorded 

for each well using the Infinite M200 Pro NanoQuant microplate reader (Tecan, 

Switzerland). To calculate the DBI concentration in the tested samples, the ELISA-

detected absolute DBI concentration of each sample was normalized to its total protein 

concentration, which had been previously measured by the BCA assay. 

2.20 Stereotactic injection 

To perform stereotactic injections of adeno-associated virus (AAV) in the brains of 

mice, a sedation regimen consisting of midazolam, medetomidine, and fentanyl (MMF) 

at concentrations of 5 mg/kg body weight, 0.5 mg/kg body weight, and 0.05 mg/kg body 

weight, respectively, was administered intraperitoneally. Following the attainment of 

adequate sedation, the mouse was mounted onto a stereotactic frame with its cranium 

exposed. Subsequently, the stereotactic injection of AAV, containing mouse small 
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hairpin RNA responsible for silencing the expression of the DBI (m-DBI-shRNA) 

(Vector Biolabs, USA) (Tab. 8), or AAV containing control scrambled RNA (scrmb-

shRNA) (Vector Biolabs, USA) (Tab. 8), was infused bilaterally into the neocortex of 

each hemisphere at five distinct sites, within depth between 100-300 μm. Mice 

intended for in vivo imaging experiments received implantation of a cranial window 

after the injection procedure (refer to the "Cranial window implantation" section). Once 

the surgical procedure was completed, the mouse was revived using an MMF antidote 

comprised of atipamezole, naloxone, and flumazenil (ANF) at 2.5 mg/kg, 1.2 mg/kg, 

and 0.5 mg/kg body weight, respectively. Concurrently, carprofen at 4 mg/kg body 

weight, and metamizole at 200 mg/kg body weight were administered subcutaneously 

to mitigate the potential inflammation and pain. After the surgical intervention, the mice 

were individually housed and allowed to recuperate for a duration of 4 weeks before 

subsequent experiments. 

Table 8 AAVs used in this study. 

Construct Source Titer 

AAV5-mCherry-U6-m-DBI-shRNA Vector Biolabs 3.9 × 1012 genome copies (GC)/mL 

AAV5-mCherry-U6-scrmb-shRNA Vector Biolabs 1.2 × 1013 GC/mL 

2.21 Cranial window implantation 

The procedure for cranial window implantation was performed in compliance with 

previous studies77,273, albeit with certain modifications. Prior to the procedure, the 

mouse was subjected to sedation via intraperitoneal injection of MMF and 

subsequently fixed onto a stereotactic frame with the cranium exposed. In order to 

establish optical access to the cortical region of interest, a circular section of parietal 

bone measuring 4 mm in diameter was meticulously excised from the mouse skull 

using a dental drill. Once the cortex was visible, the dura mater was cautiously 

detached with the use of fine-tipped forceps. Following the removal of the dura mater, 
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the craniotomy was sealed with a 4 mm diameter circular coverslip, which was affixed 

to the skull using dental acrylic by its margin to ensure a hermetic seal. In addition, a 

customized z-shaped metal bar was attached to the frontal-nasal bone of the mouse 

skull, serving as a clamp to attach the mouse to the framework mounted on the stage 

of the in vivo two-photon microscope. Once the coverslip and the metal bar were 

securely attached to the skull, the mouse was revived with an ANF injection, 

accompanied by subcutaneous administration of carprofen and metamizole to alleviate 

inflammation and pain post-surgery. Subsequently, the mouse was housed individually 

for a period of four weeks to ensure complete recovery prior to in vivo two-photon 

imaging. 

2.22 In vivo imaging of dendritic spines 

In order to conduct in vivo imaging of dendritic spines, all mice participating in the 

experiments were subjected to isoflurane inhalation-induced sedation prior to imaging. 

To obtain images of apical dendritic tufts emanating from eGFP-labeled pyramidal 

neurons positioned in layer V of the somatosensory cortex, the anesthetized mouse 

was securely positioned onto a customized framework, which was then mounted onto 

the imaging stage of the microscope. Images of dendritic spines were obtained using 

a Plan-Apochromat 20x/1.0 DIC M27 water immersion objective (Zeiss, Germany) on 

a customized LSM 880 two-photon microscope (Zeiss, Germany). The eGFP signal 

was excited by utilizing a two-photon laser set to a wavelength of 880 nm. During 

acquisition, all dendritic spine images were acquired as "z-stacks". To track the fate of 

specific sets of dendritic spines over time, the distinctive superficial blood vascular 

pattern on the cortex surrounding each imaged site was photographed during the first 

imaging session and subsequently utilized as a reference for revisiting the same site 

in subsequent sessions (Fig. 7).  
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Figure 7 Long-term in vivo two-photon imaging of dendritic spines. 

Long-term in vivo two-photon imaging is conducted by repeatedly imaging the same set of dendrites. To 

revisit the same imaging location during the imaging process, the distinctive patterns of blood vessels on 

the brain surface are used as references. 

For each mouse, 2-3 sites within the region of interest were selected randomly, and 

10-15 dendrites were imaged at each site. To maintain the stability of vital parameters 

of the mouse during and after imaging, all imaging sessions were limited to less than 

1 h. 

 

2.23 Image analysis for astrocytes and microglia 

In order to analyze images related to glia, all acquired images were transformed into a 

suitable format for Imaris 9.7.1 (Andor Technology, UK) processing. Following this 

conversion process, all images underwent further analysis utilizing Imaris. 

To explore the distribution of astrocytic DBI both inside and outside its originating cells 

(astrocyte origins), three-dimensional (3D) reconstructions of astrocytes were 

generated using the "Surface" module of Imaris. The DBI signal was reconstructed 

using the "Spot" module based on the mean diameter of the DBI+ signal measured 

under the "Slice" view. Following reconstruction, DBI+ puncta were classified as either 

"inside puncta" or "outside puncta" based on their spatial proximity to the astrocyte 

origin. The quantity of astrocyte-contained DBI was calculated as a ratio of the count 
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of "inside" DBI+ puncta to the volume of their respective astrocyte origins. The 

distribution of astrocyte-released DBI was determined by counting the number of 

"outside" DBI+ puncta within a specified distance from the surface of their respective 

astrocyte origins. To assess the number of astrocytes in particular regions, 3D 

reconstruction of astrocytic somata was carried out using the "Spot" module, based on 

the average diameter of astrocytic somata that was predetermined under the "Slice" 

view. Upon the completion of the reconstruction, the "Spot" module automatically 

generated the number of spots in each region (Fig. 8). 

 

Figure 8 3D reconstruction and analysis for distribution of astrocytic DBI. 

For microglial TSPO and PLA signal, microglia were reconstructed in 3D using the 

“Surface” module. The TSPO+ volume and the PLA+ volume were also reconstructed 

in 3D using the same method. The TSPO+/PLA+ volume was then classified based on 

their relative location to the microglia, and only microglia-containing TSPO/PLA were 

included in further analysis. The relative quantities of TSPO and PLA were calculated 

as the ratio of the TSPO+ volume or the PLA+ volume to the microglial volume. To 

analyze the morphology of microglia, 3D reconstruction of microglia was carried out 

using the “Filament” module. The number of process lengths, segments, process 

volume, branch points, and terminal points of each microglia was generated 

automatically by the module. To investigate the number of microglia in specific regions, 

microglial somata were reconstructed in 3D utilizing the “Spot” module based on the 
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average diameter of the microglia somata. The number of spots in each region was 

automatically generated by the module. To examine microglial engulfment of synaptic 

materials, microglia and microglial lysosomes (CD68) were reconstructed using the 

“Surface” module. The stained synaptic materials (PSD95) were reconstructed utilizing 

the “Spot” module based on the average diameter of PSD95+ puncta. The relative 

number of PSD95+ puncta that were engulfed by microglia was calculated by 

normalizing the number of PSD95+ puncta found within microglia-containing CD68 to 

the volume of these microglia (Fig. 9).  

 

Figure 9 3D reconstruction and analysis for microglial TSPO and their engulfment of synaptic 
materials. 

In the case of cultured microglia, the synaptic materials (pHrodo-conjugated 

synaptosomes) were reconstructed utilizing the "surface "module due to their distinct 

morphology inside microglia. The microglial phagocytosis of synaptosomes was 

calculated as the ratio of the volume of synaptosomes contained within the microglia 

to the volume of these microglia.  

2.24 Image analysis for dendritic spines 

For image analysis, the acquired ex vivo dendritic spine images underwent conversion 

to a format suitable for processing through Imaris 9.7.1. After the conversion, 3D 

objects mimicking the dendrite (and dendritic spins on it) of interest were reconstructed 

in each image utilizing the “Filament” module of Imaris. According to the predetermined 
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morphological categories77, all reconstructed dendritic spines were automatically 

classified into three types: "mushroom," "thin," and "stubby." A "mushroom" spine was 

identified by the presence of maximum width (head) to minimum width (neck) ratio ≥ 

1.1, with a head width greater than 0.2 µm and neck width greater than 0 µm. A "thin" 

spine was classified as having a maximum width (head) to minimum width (neck) ratio 

≥ 1.1, with a head width less than 0.2 µm or a spine length to mean neck width ratio ≥ 

3. Lastly, a "stubby" spine was designated with a length-to-mean neck width ratio < 3 

and a maximum width (head) to minimum width (neck) ratio < 1.1. The density of the 

dendritic spines of each dendrite was computed by dividing the spine count by the 

dendrite's length (per μm). 

For images of dendritic spines obtained in vivo, the relative movement of the animal to 

the microscopic objective results in inherent z-dimension distortion during the in vivo 

imaging. Hence, to prevent potential inaccuracies attributable to the distortion, solely 

spines that laterally sprout from the dendrites (spines primarily on x-y dimension) in 

the acquired images and exhibit a high signal-to-noise ratio were included in 

subsequent analyses. Dendritic spines along the dendrite were manually identified and 

labeled as newly gained, lost, or stable ones, using the following criteria: dendritic 

spines that emerged or disappeared during consecutive imaging sessions were 

categorized as "gained" or "lost" spines, respectively; dendritic spines that remained in 

the same relative locations (< 0.5 μm difference along the dendrite) along the dendrite 

for at least two consecutive imaging sessions were classified as "stable". The dendritic 

spine density of each time point was calculated using the same method as in the ex 

vivo images. For the micrographs presented in the figures, the maximum intensity 

projection of each image was displayed, which was initially processed with Imaris 9.7.1 

(Andor Technology, UK) to remove distracting neighboring dendritic elements. 

Subsequently, AutoQuant X3 (Media Cybernetics, USA) was employed to deconvolve 

the maximum intensity projection images and to enhance the image quality. Finally, 
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contrast and brightness adjustments were performed to ensure that the images could 

be viewed with greater clarity. 

2.25 Image analysis for neurons and blood vessels 

Prior to conducting the analysis, all images underwent conversion to a format suitable 

for use with Imaris 9.7.1 (Andor Technology, UK). 

In order to assess the volume of TSPO present in both neuronal and vascular 

structures, a 3D reconstruction of neurons and vascular (endothelial cells) was 

performed using the “Surface” module. The TSPO+ volume was similarly reconstructed 

in 3D using the same method. Subsequently, the TSPO volume was classified based 

on its relative location with respect to the originating cells, with only cell-containing 

TSPO being subjected to further analysis. The relative abundance of TSPO was 

determined through the calculation of the ratio between the TSPO+ volume and the 

volume of the cell in which TSPO was contained. To investigate the number of neurons 

present in specific regions, the neuronal somata were reconstructed in 3D utilizing the 

“Spot” module, based on the average diameter of the neuronal somata determined 

under the “Slice” view. The resulting number of spots in each region was then 

automatically generated by the module. 

2.26 Key resources 

Key reagents, consumables, and kits used in this study are listed in Tab.9. 

Table 9 Key resources used in this study. 

Category Item Source Identifier 

Chemicals, 

peptides, and 

recombinant 

proteins 

GDNF from Mouse Sigma Cat# SRP3200 

GM-CSF Recombinant Mouse 

Protein 

Thermo 

Scientific 

Cat# PMC2016 

Mouse Acyl-CoA-Binding 

Protein (DBI) Protein 

Abbexa Cat# abx066329 
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Category Item Source Identifier 

PLX5622 Plexxikon https://www.plexxikon.com/ 

Protease and Phosphatase 

Inhibitor Single-Use Cocktail, 

EDTA-Free (100X) 

Thermo 

Scientific 

Cat# 78443 

Triton X-100 Lysis Buffer Alfa Aesar Cat# J62289 

Critical commercial 

assays 

Adult Brain Dissociation Kit Miltenyi 

Biotec 

Cat# 130-107-677 

Anti-ACSA-2 MicroBead Kit Miltenyi 

Biotec 

Cat# 130-097-678 

CD11b (Microglia) MicroBeads Miltenyi 

Biotec 

Cat# 130-093-634 

Duolink In Situ Detection 

Reagents Orange 

Sigma Cat# DUO92007 

Duolink In Situ Detection 

Reagents Red 

Sigma Cat# DUO92008 

Duolink In Situ Probemaker 

MINUS 

Sigma Cat# DUO92010 

Duolink In Situ Probemaker 

PLUS 

Sigma Cat# DUO92009 

Duolink In Situ Wash Buffers, 

Fluorescence 

Sigma Cat# DUO82049 

Mouse DBI / ACBD1 ELISA Kit LifeSpan 

BioSciences 

Cat# LS-F9925 

pHrodo Red, Succinimidyl Ester 

(pHrodo Red, SE) Kit 

Thermo 

Scientific 

Cat# P36600 

Protein G Immunoprecipitation 

Kit 

Invitrogen Cat# 10007D 

Syn-PER Synaptic Protein 

Extraction Reagent 

Thermo 

Scientific 

Cat# 87793 

Cell culture DMEM/F12 Gibco Cat# 31330-038 

Fetal Bovine Serum Gibco Cat# A316041 

Penicillin-Streptomycin (10000 

U/ml) 

Gibco Cat# 15140122 

HEPES Thermo 

Scientific 

Cat# J16924.AE 
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Category Item Source Identifier 

DPBS, calcium, magnesium, 

glucose, pyruvate 

Gibco Cat# 14287080 

PBS/BSA buffer Miltenyi 

Biotec 

Cat# 130091376 

AstroMACS Separation Buffer Miltenyi 

Biotec 

Cat# 130117336 

Cytochalasin D Enzo Life 

Sciences 

Cat# BML-T109-0001 

2.27 Key software tools 

The software used for data acquisition and analysis in this study is listed in Tab.10. 

Table 10 Key software used in this study. 

Software Source Identifier 

AutoQuant Media Cybernetics http://www.mediacy.com/autoquantx3 

Image Lab 6.0.1 Bio-Rad http://www.bio-rad.com/en-us/product/image-lab-

software 

Imaris 9.7.1 Andor Technology https://imaris.oxinst.com 

Leica LAS X 4.4.0.24861 Leica https://www.leica-

microsystems.com/products/microscope- 

software/p/leica-las-x-ls/ 

MATLAB MathWorks https://www.mathworks.com/products/matlab 

Prism 9 GraphPad https://www.graphpad.com/scientific-software/prism/ 

ZEN Imaging Software Zeiss https://www.zeiss.com/microscopy/int/pro 

ducts/microscope-software/zen 

2.28 Statistics 

GraphPad Prism 9 software (GraphPad Software, USA) was utilized to conduct 

statistical analyses. For comparing consecutive in vivo two-photon data, a repeated 

two-way analysis of variance (ANOVA) was conducted, followed by Bonferroni's 

multiple comparisons test. Violations of the sphericity assumption were accounted for 

using the Geisser-Greenhouse correction for all repeated measures of ANOVA. Data 
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between two distinct groups were analyzed using a two-tailed Student's t-test, while 

multiple comparisons were made using one-way ANOVA followed by either 

Bonferroni's or Dunnett's posthoc test. The χ2 test was utilized to compare the 

proportion of differently shaped spines. Mann-Whitney and Kolmogorov-Smirnov tests 

were conducted to compare spine head volume data based on mean ranks and 

cumulative distribution, respectively. To ensure clarity and fairness in comparison, the 

data was presented in various forms. For floating bars, the line within the box 

represents the mean value, with the upper and lower boundaries representing the 

maximum and minimum values, respectively. For violin plots, median values and 

interquartile ranges were plotted. All other data were presented as mean ± standard 

error of the mean (S.E.M.), unless otherwise specified. Statistical significance was 

defined as a p-value less than 0.05. 
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3. Results 

3.1 Elevated astrocytic DBI and microglial TSPO in LBD 

3.1.1 Astrocytic DBI expression and release increase in LBD 

In order to emulate LBD pathology in rodents, I employed the PDGF-h-α-syn mouse 

model, which expresses WT human α-synuclein in neurons of various brain regions, 

including the substantia nigra, hippocampus, and cerebral cortex269. The expression of 

human α-synuclein in the brains of these mice has been consistently detectable since 

three months of age and exhibits a progressive increase over time274. Along with the 

elevated α-synuclein expression, prior research has indicated a significant decrease in 

dendritic spine density within the cortical region of PDGF-h-α-syn mice commencing 

from 3 months of age and subsequently worsening42. Therefore, to examine the glial 

factors that affect dendritic spines during the early stages of LBD, 3-4-month-old 

PDGF-h-α-syn mice were included in the current investigation. 
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Figure 10 Elevated astrocytic DBI production and release in PDGF-h-α-syn mice. 

a, Representative confocal micrographs and 3D reconstruction of cortical glial fibrillary acidic protein 

(GFAP)+ astrocytes and DBI in 3.5-month-old PDGF-h-α-syn and WT mice. b, Quantification of DBI+ 

puncta in the GFAP+ astrocytic segment. c, Quantitation of astrocytic DBI by ELISA. d & e, Distribution 

(d, in curve and e, in heat map, each lane represents one mouse) of DBI+ puncta radiating from astrocytes, 

showing the release pattern of astrocytic DBI. n = 15 astrocytes from 5 animals per group (a, b); n = 4 

animals, in duplicates (c); n = 5 animals per group (d, e). For floating bars, the line within the box 

represents the mean. Two-sided Mann-Whitney test (b: U = 32.50, p = 0.0005); Two-sided unpaired 

Student’s t test (c: t(6) = 4.193, p = 0.0057); Kolmogorov-Smirnov test (d: D = 0.4400, p = 0.0158). **p<0.01. 

Scale bars: a = 5 μm. 

Initially, I conducted an extensive profiling of astrocytic DBI expression in cortical 

regions of 3-4-month-old PDGF-h-α-syn mice via immunostaining. To ensure a robust 

reconstruction and precise localization of the immunolabeled DBI signal, high-quality 

images were acquired using a Zeiss LSM900 with Ariyscan 2 super-resolution confocal 

microscope. Following the 3D reconstruction and spatial analysis of the DBI signal in 

the acquired images, a larger number of DBI+ puncta within cortical astrocytes of 

PDGF-h-α-syn mice were observed in comparison to age- and sex-matched WT 

controls, indicating a higher level of DBI expression within these astrocytes (Fig. 

10a&b). Supporting this finding, using ELISA, I also detected an elevated ratio of DBI 

to total protein in isolated cortical astrocytes from PDGF-h-α-syn mice, as compared 

to their WT counterparts (Fig. 10c).  

In parallel with analyzing the DBI contained within astrocytes, I conducted a detailed 

reconstruction and assessment of the distribution of DBI released from astrocytes. 

Through the process of categorizing DBI+ puncta based on their proximity to adjacent 

astrocytes, I discovered that the cortical astrocytes from PDGF-h-α-syn mice exhibited 

a greater concentration of DBI+ puncta in close proximity to them, as compared to the 

astrocytes from the WT mice. This proximity-dependent distribution, as depicted in Fig. 

10d-e, indicates a more robust pattern of DBI release from the PDGF-h-α-syn cortical 

astrocytes. 
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In order to corroborate this finding, I obtained extracellular fluid (ECF) from the brains 

of both PDGF-h-α-syn mice and WT controls, and proceeded to assess the 

concentration of DBI therein. In accordance with my previous observations using 

immunostaining techniques, the ECF derived from the brains of PDGF-h-α-syn mice 

evinced significantly higher DBI concentrations than that of their WT counterparts, as 

determined by both immunoblotting and ELISA (Fig. 11a-c). 

 

Figure 11 Elevated levels of DBI produced in astrocytes and released in the brains of PDGF-h-α- 
syn mice. 

a & b, Representative immunoblots (a) and quantitation of DBI levels (b) in the brain extracellular fluid in 

3.5-month-old PDGF-h-α-syn and WT mice. c, Quantitation of DBI in brain ECF of WT and PDGF-h-α-syn 

mice by ELISA. n = 3 animals per group, samples were immunoblotted in triplicate (a, b); n = 4 animals 

per group (c). For floating bars, the line within the box represents the mean. Two-sided unpaired Student’s 

t test (b: t(4) = 7.002, p = 0.0022; c: t(6) = 3.800, p = 0.0090). **p<0.01. 

3.1.2 Microglial TSPO enhances in LBD  

Subsequent to the confirmation of elevated astrocytic DBI release, a comprehensive 

array was undertaken to evaluate the CNS DBI receptor, TSPO168. Prior research has 

established the presence of TSPO in a range of CNS cells, including neurons, 

endothelial cells, astrocytes, and microglia77,142. Furthermore, recent investigations 

have demonstrated that TSPO derived from different cell types exhibit distinct and 

sometimes conflicting responses to CNS challenges, such as neuroinflammation and 

neurodegeneration142,275. To ascertain the reaction of TSPO derived from different CNS 

cell types to the LBD, TSPO and its primary cellular sources were immunolabeled in 

the brains of both PDGF-h-α-syn and WT mice. 
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Figure 12 TSPO expression in different cell types of PDGF-h-α-syn and WT mice. 

a, Representative confocal micrographs, 3D reconstruction of TSPO inside cortical GFAP+ astrocytes in 

3.5-month-old PDGF-h-α-syn and age-matched WT controls. b, Quantification of TSPO+ volume per 

astrocyte. c, Representative confocal micrographs, 3D reconstruction of TSPO inside cortical NeuN+ 

neuronal soma in 3.5-month-old PDGF-h-α-syn and age-matched WT controls. d, Quantification of TSPO+ 

volume per neuronal soma. e, Representative confocal micrographs, 3D reconstruction of TSPO inside 

cortical GLUT1+ vascular endothelium in 3.5-month-old PDGF-h-α-syn and age-matched WT controls. f, 
Quantification of TSPO+ volume per vascular segment. n = 5 animals per group (a-f). Data are presented 

as mean ± s.e.m. Two-sided unpaired Student’s t test (b: t(8) = 0.2414, p = 0.8153; d: t(8) = 2.169, p = 

0.0619; f: t(8) = 0.01788, p = 0.9862). **p<0.01. n.s. - no significant difference. Scale bars = 5 μm. 

To quantify the relative abundance of TSPO in different major CNS cell types, namely 

neurons, endothelial cells, astrocytes, and microglia, I utilized super-resolution 

confocal imaging coupled with 3D reconstruction. The results, as presented in Fig. 12, 
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demonstrate that TSPO was detectable in all four cell types in both PDGF-h-α-syn and 

WT mice. However, only microglia in PDGF-h-α-syn mice exhibited a significantly 

higher TSPO signal than their WT counterparts (Fig. 13). This finding suggests that the 

TSPO-mediated cellular changes in the mouse model of LBD are specific to microglia. 

 

Figure 13 Elevated TSPO expression in microglia of PDGF-h-α-syn mice. 

a, Representative confocal micrographs, 3D reconstruction of TSPO inside in Iba1+ microglia in 3.5-

month-old PDGF-h-α-syn and age-matched WT controls. b, Quantification of TSPO+ volume per vascular 

segment. n = 5 animals per group (a-b). Data are presented as mean ± s.e.m. For violin plots, median 

values and interquartile ranges are plotted. Two-sided unpaired Student's t test (b: t(48) = 7.250, p < 

0.0001). **p<0.01. n.s. - no significant difference. Scale bars = 5 μm. 

3.1.3 DBI-TSPO bindings elevate in LBD  

Within the CNS, the DBI and TSPO serve as a set of endogenous ligands receptors. 

Given the significant elevation of both astrocytic DBI and microglial TSPO observed in 

the brains of PDGF-h-α-syn mice, it is reasonable to inquire whether the increase in 

these proteins is two isolated occurrences or an interconnected phenomenon. To 

explore this matter, I conducted an investigation into the bindings between DBI and 

TSPO and their potential alterations during LBD. 

To begin, I conducted a co-immunoprecipitation assay to verify the interactions 

between DBI and TSPO. Using an anti-TSPO antibody, I captured TSPO from the brain 

homogenates of both PDGF-h-α-syn and WT mice, and successfully detected the 
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presence of DBI alongside captured TSPO in these samples. This finding 

demonstrates that DBI naturally attaches to TSPO (Fig. 14a-c). 

 

Figure 14 Elevation of DBI-TSPO bindings in PDGF-h-α-syn mice. 

a, Co-immunoprecipitation assay showing the interaction between DBI and TSPO, protein extract (input) 

was immunoprecipitated using the anti-TSPO antibody, and IgG was used as the negative control. Protein-

protein interactions were detected using anti-TSPO and anti-DBI antibodies. b, Schematic representation 

of the PLA with representative PLA fluorescence images. c, Representative images and 3D 

reconstructions of PLA+ volume in microglia from 3.5-month-old PDGF-h-α-syn and WT mice, PLA+ 

volume represents ligation of DBI and TSPO. d, Quantification of PLA+ volume in the Iba1+ microglia. n = 

4 animals per group (a); n = 15 microglia from 5 animals per group (c, d). For violin plots, median values 

and interquartile ranges are plotted. Two-sided Mann-Whitney test (k: U = 14, p < 0.0001). ***p<0.001. 

Scale bars: b = 1 μm; c = 5 (lane 1-5 from left), 1 (lane 6) μm. 

To evaluate the interplay between astrocytic DBI and microglial TSPO in specific cell 

types and locations, I incorporated regular immunostaining with the protein ligation 

assay (PLA). The PLA utilizes customized oligonucleotide-conjugated antibodies to 

label adjacent proteins. If the spatial proximity between the two proteins is less than 

40 nm, the oligonucleotides can act as templates for further hybridization and 

circularization, ultimately resulting in the formation of circular DNA molecules. These 

circular DNA molecules can then be amplified via rolling circle amplification and 

detected by hybridizing with fluorescently labeled oligonucleotides that are 
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complementary to the circular DNA molecules271, as illustrated in Fig. 14. In line with 

my observations regarding astrocytic DBI and microglial TSPO, the PLA signal that 

signifies interactions between DBI and TSPO was found to be significantly increased 

in cortical microglia of PDGF-h-α-syn mice, as compared to WT controls (Fig. 14c&d). 

This suggests that the binding between astrocytic DBI and microglial TSPO is elevated 

in PDGF-h-α-syn mice. 

Collectively, these results indicate that in the LBD mouse model, there is an increased 

amount of DBI produced and released from astrocytes, which subsequently forms 

excessive bonds with microglial TSPO. 

3.2 Enhanced microglial synaptic engulfment via DBI-TSPO signaling 

3.2.1 Morphological alterations of microglia in LBD 

As per a recent research my colleagues and I conducted, in WT mice, the activation of 

TSPO through the use of synthetic ligands resulted in microglial morphological 

changes and their heightened phagocytic activity towards synaptic materials77. In 

PDGF-h-α-syn mice, although microglial TSPO was activated through the utilization of 

endogenous ligands, it is worthwhile to ponder whether, in LBD, comparable TSPO-

mediated alterations also take place in microglia. 

To furnish evidentiary support for the aforementioned supposition, I have assimilated 

the TSPO knockout (Tspo-/-) mouse model, wherein the expression of TSPO has been 

genetically depleted270. Moreover, I have conducted crossbreeding between the Tspo-

/- mice and the PDGF-h-α-syn mice. Outcomes obtained from these Tspo-/- strains 

serve to corroborate the microglial alterations observed in WT and PDGF-h-α-syn 

mice, demonstrating the dependency of the observed changes on the TSPO.  
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Figure 15 Altered microglial morphology in PDGF-h-α-syn mice. 

a, Representative super-resolution confocal micrographs and 3D reconstruction of cortical Iba1+ microglia 

in 3.5-month-old WT, PDGF-h-α-syn, Tspo-/-, and PDGF-h-α-syn:Tspo-/- mice. b-m, Imaris-based semi-

automatic quantification of microglia morphometry. n = 5 animals (b-g); n = 3 animals (h-m). For floating 

bars, the line within the box represents the mean. Two-sided unpaired Student’s t test (b: t(8) = 1.619, p = 

0.1441; c: t(8) = 3.035, p = 0.0162; d:  t(8) = 2.845, p = 0.0216; e: t(8) = 3.404, p = 0.0093; f: t(8) = 2.942, p = 

0.0187; g: t(8) = 2.327, p = 0.0484; h: t(4) = 0.5340, p = 0.6216; i: t(4) = 0.1022, p = 0.9235; j: t(4) = 0.08728, 

p = 0.9346; k: t(4) = 0.8661, p = 0.4353; l: t(4) = 0.1400, p = 0.8954; m: t(4) = 0.05555, p = 0.9584). *p<0.05, 

**p<0.01. n.s. - no significant difference. Scale bars: a = 5 μm. 

As illustrated above, microglia in PDGF-h-α-syn mice exhibited a significant increase 

in volume and arborized processes, with elevated counts of branch and terminal points 

when compared to those in WT microglia (Fig. 15a, c-g). Despite these changes, there 

was no indication of microgliosis in the PDGF-h-α-syn mice (Fig. 15b&h). On the other 

hand, microglia in Tspo-/- and PDGF-h-α-syn:Tspo-/- mice generally exhibited higher 

volume and more complex structures. However, no discernible morphological 

alterations were detected between these two groups (Fig. 15a, i-m), indicating that the 
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morphological changes observed in PDGF-h-α-syn mice were contingent on the 

presence of TSPO. 

3.2.2 Elevated TSPO-dependent microglial synaptic engulfment 

Having established the TSPO-dependent morphological alterations in microglia 

morphology following LBD, the next question is whether the phagocytic activity of 

microglia towards synaptic materials changes with their altered morphology. 

To investigate this, I employed a multichannel immunostaining approach. In addition 

to microglia (Iba1) and TSPO, PSD95, an essential scaffolding protein for the 

construction and maintenance of postsynaptic density59, was immunolabelled as a 

marker of dendritic spines. Moreover, the CD68 marker, which represents the 

microglial lysosome responsible for engulfing extracellular materials during 

phagocytosis276, was also subjected to labeling. In concert, the tally of PSD95+ puncta 

detected within the CD68+ lysosome denotes the microglial uptake of dendritic spines. 
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Figure 16 Increased DBI-TSPO bindings in microglia of PDGF-h-α-syn mice. 

a, Representative super-resolution confocal micrographs and 3D reconstruction of TSPO+ volume, and 

CD68+ lysosomes with engulfed PSD95 puncta in microglia of PDGF-h-α-syn and WT mice. b, 

Quantitation of the relative number of PSD95 in CD68+ lysosomes, normalized to microglial volume. c, 

Quantification of TSPO+ volume per microglia. d, Correlation between microglial TSPO and engulfed 

PSD95 levels. Pearson's correlation r = 0.7174, significance (two-tailed) p < 0.0001. e, Quantitation of the 

relative number of PSD95 in CD68+ lysosomes in 3.5-month-old PDGF-h-α- syn:Tspo-/- and Tspo-/- mice, 

normalized to microglial volume. n = 5 animals, ~25 microglia per group (b-d); n = 3 animals, ~15 microglia 

per group (e). For violin plots, median values and interquartile ranges are plotted. Two-sided Mann-
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Whitney test (b: U = 45, p < 0.0001; c: U = 43, p < 0.0001); Two-sided unpaired Student’s t test (e: t(28) = 

0.2669, p = 0.7915). *p<0.05, **p<0.01. n.s. - no significant difference. Scale bars: a = 1 μm. 

By employing the 3D reconstruction and analysis, I have ascertained that when 

normalized to cell volume, microglia in PDGF-h-α-syn mice exhibited a marked 

increase in the number of engulfed PSD95+ puncta, relative to their WT counterparts. 

This result suggests that the phagocytic activity of microglia was more pronounced in 

the PDGF-h-α-syn mice (Fig. 16a-c). Furthermore, I conducted quantification of TSPO 

volume in these microglia and investigated its correlation with the aforementioned 

engulfed PSD95+ puncta (Fig. 16d). My findings reveal a robust positive correlation 

between these two variables. This observation implies that the heightened level of 

TSPO in PDGF-h-α-syn mice positively impacts the phagocytosis of synaptic materials 

by microglia. 

In contrast, in line with my observations of microglial morphology, it is evident that upon 

TSPO depletion, the LBD pathology in PDGF-h-α-syn mice failed to augment the 

microglial phagocytic activity towards synaptic materials (Fig. 16a&e). This finding 

serves to substantiate further that the alterations of microglial phagocytosis in PDGF-

h-α-syn mice occurred in a TSPO-dependent manner. 

3.2.3 Elevated microglial synaptic engulfment via DBI-TSPO signaling  

In order to ascertain whether the TSPO-mediated increase in microglial synaptic 

engulfment in PDGF-h-α-syn mice was attributable to astrocytic DBI, I combined the 

multichannel immunostaining approach with the PLA of DBI-TSPO binding. Notably, in 

addition to an elevated engulfment of PSD+ puncta in microglia of PDGF-h-α-syn mice 

compared to their WT counterparts (Fig. 17a&b), these microglia exhibited a 

significantly greater volume of DBI-TSPO PLA signal (Fig. 17c). Moreover, I found a 

strong correlation between microglial synaptic engulfment and the DBI-TSPO PLA 

signal in microglia (Fig. 17d), suggesting that the augmented phagocytic activity of 
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microglia towards synaptic materials can be ascribed to the excessively activated DBI-

TSPO signaling in PDGF-h-α-syn mice. 

 

Figure 17 Astrocytic DBI confers microglial synaptic engulfment via TSPO. 

a, Representative super-resolution confocal micrographs and 3D reconstruction of PLA (ligation of TSPO 

and DBI) volume, and CD68+ lysosomes with engulfed PSD95 puncta in microglia of PDGF-h-α-syn and 

WT mice. b, Normalized number of PSD95 in CD68+ microglial lysosomes. c, Quantification of PLA+ 

volume per microglia.  d, Correlation between microglial PLA and engulfed PSD95 levels. Pearson's 

correlation r = 0.6892, significance (two-tailed) p = 0.0001. n = 5 animals, 25 microglia per group (a-d). 

For violin plots, median values and interquartile ranges are plotted. One-way ANOVA followed by 

Dunnett's multiple comparisons test (b: F(4, 70) = 30.43, p < 0.0001; e: F(4, 40) = 14.35, p <  

3.2.4 DBI-induced alteration of TSPO-mediated phagocytosis of primary microglia 

To further validate the foregoing results, primary-cultured microglia from the cerebral 

cortex of 3-4-month-old WT and Tspo-/- mice were isolated, and their phagocytic activity 

toward synaptic materials was assessed in vitro. To emulate the in vivo environment 

and furnish primary microglia with naturally-released DBI, brain ECF was collected 

from both WT and PDGF-h-α-syn mice and utilized as DBI sources. Additionally, 

immunoblotting was performed to determine whether the brain ECF exclusively 

contained DBI that was naturally released from intact brain cells, wherein stathmin 

served as a marker for cytosolic protein. As illustrated in Fig. 18a, the absence of 
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stathmin in brain ECF indicated that the majority of brain cells were well-preserved 

during brain ECF collection. 

 

Figure 18 DBI neutralization in brain ECF and synaptosome purification. 

a, Representative immunoblotting of DBI in brain extracellular fluid (ECF) of WT and PDGF-h-α-syn mice, 

PDGF-h-α- syn brain ECF with DBI neutralization and WT brain homogenate, coupled with immunoblotting 

of Stathmin (cytoplasmic protein, marker for brain cell lysate) and Transferrin (housekeeping protein for 

brain extracellular fluid). b, Representative immunoblotting of DBI and Transferrin in brain ECF of WT and 

PDGF-h-α-syn mice, PDGF-h-α- syn brain ECF with DBI neutralization and flow through of PDGF-h-α-syn 

brain ECF with DBI neutralization. c, Quantification of DBI in brain ECF of WT and PDGF-h-α-syn mice, 

PDGF-h-α-syn brain ECF with DBI neutralization, normalized to Transferrin. n = 3 animals per group, 

samples were immunoblotted in triplicate (a-c). d, Quantitation of DBI in brain ECF of WT and PDGF-h-

α-syn mice, PDGF-h-α-syn brain ECF with DBI neutralization by ELISA. e, Characterization of extracted 

synaptosomes used in DBI-related microglial phagocytosis assay, the purity of synaptosomes was verified 

using pre- and postsynaptic protein (Synaptophysin, PSD95), cytosolic protein (Stathmin) and nuclear 

protein (PCNA). Please note that compared to brain homogenate, synaptosomes contain a high 

concentration of pre- and postsynaptic proteins, a trace amount of cytosolic protein, and no nuclear 

protein. n = 4 animals per group (c, d). For violin plots, median values and interquartile ranges are plotted. 

Two-sided unpaired Student’s t test (e: t(28) = 0.2669, p = 0.7915); Two-sided Mann-Whitney test (b: U = 

45, p < 0.0001; c: U = 43, p < 0.0001). For floating bars, the line within the box represents the mean. One-

way ANOVA followed by Bonferroni's multiple comparisons test (c: F(2, 6) = 54.26, p = 0.0001; d: F(2, 9) = 

12.32, p = 0.0027). **p<0.01, ***p<0.001. n.s. - no significant difference. Scale bars: a = 1 μm. 
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In tandem with WT and PDGF-h-α-syn brain ECF, I also introduced recombinant 

mouse DBI into primary-cultured microglia at a concentration of 0.1 μg/mL. The 

purpose of this incorporation was to assess the singular influence of DBI on microglial. 

As a point of comparison, particular samples of PDGF-h-α-syn brain ECF underwent 

immunodepletion (neutralization) of DBI to more sophisticatedly control the effects of 

DBI on microglial functions (Fig. 18b-d). 

To evaluate the phagocytic activity of microglia towards synaptic materials in vitro, 

cortical tissue was extracted from 3-4-month-old WT mice to obtain synaptosomes272 

– specialized subcellular fractions comprised of resealed postsynaptic entities 

conjoined with the presynaptic component of synapses (Fig. 18e). In order to visualize 

and authenticate microglial synaptic engulfment, all synaptosomes were conjugated 

with pHrodo, as this pH-sensitive fluorophore emits red fluorescence upon uptake into 

microglial lysosomes, which is a low pH environment110. 

Before co-incubation with pHrodo-conjugated synaptosomes, all primary-cultured 

microglia underwent a 24-h preexposure to various experimental conditions. These 

conditions included exposure to WT brain ECF, PDGF-h-α-syn brain ECF, 0.1 μg/mL 

mouse recombinant DBI, and DBI-neutralized PDGF-h-α-syn brain ECF. Following this 

preexposure, primary-cultured microglia were co-incubated with pHrodo-conjugated 

synaptosomes for a period of 2 h (Fig. 19a). 

In addition to the aforementioned groups, certain primary-cultured microglia underwent 

a 2-h preexposure to 10 μM cytochalasin D, which is an inhibitor of actin polymerization 

and known to act as a phagocytic inhibitor (Fig. 19a). This treatment served as a 

negative control for the experimental conditions, and as a result, only a negligible 

amount of engulfed synaptosomes were observed inside these microglia. 
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Figure 19 TSPO-dependent synaptosome uptake by microglia. 

a, Representative super-resolution confocal micrographs and 3D reconstruction of in vitro microglial 

phagocytosis assay with microglia (Iba1 staining, blue), TSPO (red) and pHrodo conjugated 

synaptosomes (yellow). b & c, Quantification of WT microglial engulfed synaptosomes and expressed 

TSPO within 2-h incubation after the in vitro engulfment assay with brain ECF from WT, PDGF-h-α-syn 

mice, 0.1 μg/mL mouse recombinant DBI and DBI-neutralized brain ECF from PDGF-h-α-syn mice 

treatment for 24 h; cytochalasin D was used as a negative control. d, Correlation between WT microglial 

TSPO and engulfed synaptosome levels. Pearson's correlation r (PDGF brain ECF) = 0.7881, significance 

(two-tailed) p = 0.0005; r (Recombinant DBI) = 0.6067, significance (two-tailed) p = 0.0163. b & c, 
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Quantification of Tspo-/- microglial engulfed synaptosomes within 2-h incubation after the in vitro 

engulfment assay with brain ECF from WT, PDGF-h-α-syn mice, 0.1 μg/mL mouse recombinant DBI and 

DBI-neutralized brain ECF from PDGF-h-α-syn mice treatment for 24 h; cytochalasin D was used as a 

negative control. n = 15 microglia per WT group (b-d); n = 9 microglia per Tspo-/- group (e). For violin 

plots, median values and interquartile ranges are plotted. One-way ANOVA followed by Dunnett's multiple 

comparisons test (b: F(2, 24) = 16.58, p < 0.0001). **p<0.01, ***p<0.001. Scale bars = 5 μm. 

Through 3D reconstruction and analysis, my investigations have revealed that relative 

to microglia preexposed to WT brain ECF, microglia preexposed to PDGF-h-α-syn 

brain ECF and 0.1 μg/mL mouse recombinant DBI exhibited augmented engulfment of 

synaptosomes, as well as heightened expressions of TSPO (Fig. 19b&c). Consistent 

with prior research, I observed a positive correlation between TSPO expression and 

microglial synaptosome uptake (Fig. 19d). Furthermore, I found that neutralization of 

DBI mitigated the enhanced microglial synaptosome engulfment induced by the naïve 

PDGF-h-α-syn brain ECF (Fig. 19b&c), indicating the DBI-dependent nature of TSPO-

mediated microglial synaptic engulfment. 

Remarkably, my results demonstrated that only microglia obtained from WT mice, but 

not from Tspo-/- mice, exhibited elevated uptake of synaptosomes after being 

preexposed to the PDGF-h-α-syn brain ECF and 0.1 μg/mL mouse recombinant DBI, 

both of which contain a relatively high concentration of DBI (Fig. 19a&e). This finding 

emphasizes the necessity of TSPO for the DBI-induced enhancement of microglial 

engulfment of synaptosomes. 

Collectively, these lines of evidence suggest that the excessive release of DBI in the 

mouse model of LBD triggers morphological changes in microglia and leads to 

amplified microglial phagocytosis of synaptic materials via the overactivated DBI-

TSPO signaling pathway. 
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3.3 DBI-TSPO suppression alleviates dendritic spine pathology in LBD  

3.3.1 Dendritic spine impairment in LBD  

An expanding corpus of evidence has established dendritic spines as the structural 

underpinnings of cognition and its modulations under diverse conditions45,46,83. In line 

with these, prior investigations have described dendritic spine damage in the context 

of LBD-associated cognitive decline in both human and animal subjects42,44,84-88,277. 

 

Figure 20 Structural plasticity of dendritic spines is impaired in PDGF-h-α-syn mice. 

a, Experimental design. b, Representative in vivo two-photon micrographs of apical dendritic tufts. c-f, 
Dendritic spine density (c), densities of gained (d), lost (e), and stable (f) spines in PDGF-h-α-syn and WT 

mice. n = 5 animals, ~990 spines from 44 dendrites in Thy1-eGFP group; 4 animals, ~755 spines from 33 

dendrites in PDGF-h-α-syn:Thy1-eGFP group (b-f). Dot plots represent mean ± s.e.m. Repeated 

measures ANOVA with Geisser-Greenhouse correction followed by two-way repeated measures ANOVA 

with Geisser-Greenhouse correction followed by Bonferroni's multiple comparisons test (c: Finteraction: 

genotype x time (3, 21) = 49.80, p<0.0001; d: Finteraction: genotype x time (2, 14) = 0.1409, p = 0.8698; e: Finteraction: genotype x 

time (2, 14) = 18.91, p = 0.0001; f: Finteraction: genotype x time (2, 14) = 10.97, p = 0.0014)  *p<0.05, **p<0.01. Scale 

bars: b = 5 μm. 

To trace the longitudinal trajectory of dendritic spines and investigate their plasticity in 

PDGF-h-α-syn mice in vivo, I conducted crossbreeding between PDGF-h-α-syn mice 

and Thy1-eGFP mice. This crossbreeding permits visualization of dendritic spines 
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through the insertion of a transgene encoding eGFP in a subset of neurons71, which 

can be excited via laser stimulation at 488 nm (confocal) or 880 nm (two-photon). 

In order to investigate the synaptic impairment occurring in cortical regions during the 

early stages of LBD, I installed a cranial window on the mouse cranium via replacement 

of a circular section of parietal bone with a coverslip of corresponding dimensions. This 

surgical intervention was performed when the mouse was approximately 2-month-old, 

and following a convalescence period of one month, the animal was then deemed 

suitable for longitudinal in vivo two-photon imaging. 

From approximately 3 months of age, I monitored the fate of cortical dendritic spines 

in mice for over 50 days. While cortical dendritic spines exhibit sustained structural 

stability under healthy conditions, PDGF-h-α-syn:Thy1-eGFP mice displayed a 

markedly lower proportion of stable cortical dendritic spines compared to Thy1-eGFP 

mice (Fig. 20). This was accompanied by a significantly elevated rate of spine 

elimination and a progressive decrease in overall dendritic spine density. 

3.3.2 TSPO deficiency alleviates dendritic spine impairment in LBD  

Building upon the demonstration of dendritic spine impairment in PDGF-h-α-syn:Thy1-

eGFP mice, and taking into account prior findings, I again employed longitudinal in vivo 

two-photon imaging to investigate the role of TSPO in the context of LBD with respect 

to dendritic spine impairment. 
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Figure 21 The impairment of dendritic spine structural plasticity is TSPO-dependent in PDGF-h-α-
syn mice. 

a, Experimental design. b, Representative in vivo two-photon micrographs of apical dendritic tufts. c-f, 
Dendritic spine density (b), densities of gained (c), lost (d), and stable (e) spines in PDGF-h-α-syn:Tspo-/- 

and PDGF-h-α-syn mice. n = 3 animals, ~499 spines from 25 dendrites in PDGF-h-α-syn:Thy1-eGFP 

group; 5 animals, ~805 spines from 38 dendrites in PDGF-h-α-syn:Thy1-eGFP:Tspo-/- group (b-f). Dot 

plots represent mean ± s.e.m. Repeated measures ANOVA with Geisser- Greenhouse correction followed 

by two-way repeated measures ANOVA with Geisser-Greenhouse correction followed by Bonferroni's 

multiple comparisons test (c: Finteraction: genotype x time (3, 18) = 26.06, p<0.0001; d: Finteraction: genotype x time (2, 12) = 

0.09305, p = 0.9118; e: Finteraction: genotype x time (2, 12) = 8.326, p = 0.0054; f: Finteraction: genotype x time (2, 12) = 4.300, 

p = 0.0391). *p<0.05, **p<0.01. Scale bars: b = 5 μm. 

To this end, I crossbred Thy1-eGFP and PDGF-h-α-syn:Tspo-/- strains to visualize 

cortical dendritic spines. By conducting long-term tracing of dendritic spines over the 

same time range as in the previous section, I discovered that compared to PDGF-h-α-

syn:Thy1-eGFP mice, the impairment of dendritic spines was significantly reduced in 

the PDGF-h-α-syn:Tspo-/-:Thy1-eGFP mice. Specifically, in comparison to PDGF-h-α-

syn:Thy1-eGFP mice, the PDGF-h-α-syn:Tspo-/-:Thy1-eGFP mice exhibited a much 

higher proportion of stable spines and a much lower elimination rate of total spines, 

resulting in a relatively sustained dendritic spine density that was similar to that 

observed in the Thy1-eGFP mice (Fig. 21). 
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3.3.3 Microglia depletion attenuates dendritic spine impairment in LBD 

In order to elucidate the contribution of microglia to dendritic spine impairment in the 

LBD context, I conducted a pharmacological intervention to deplete microglia from the 

CNS of PDGF-h-α-syn:Thy1-eGFP mice using the compound PLX5622. This 

compound is a remarkably potent inhibitor of the colony-stimulating factor 1 receptor 

(CSF1R), which is an indispensable factor in the development and sustenance of 

tissue macrophages, including microglia that reside within the CNS278. 
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Figure 22 Long-term microglia elimination does not affect astrocytes or neurons in PDGF-h-α- syn 
and WT mice. 

a, Representative confocal micrographs show that WT or PDGF-h-α-syn mice treated with the control diet 

or PLX5622 to fully eliminate microglia. b & e, Quantification of Iba1+ cells in the cortex, as shown, was 

performed via Imaris spot counts, revealing robust decreases in microglial numbers in WT (b) or PDGF-

h-α-syn (e) mice treated with PLX5622. c & f, Quantification of GFAP+ cells encompassing the cortex of 

3-4 months-old WT (c) or PDGF-h-α-syn (f) mice fed with six-week PLX5622 or control diet as shown 

were performed via Imaris spot counts, revealing no changes. d & g, Relative numbers of NeuN+ cells per 

field in the cortex of 3-4 months-old WT (d) or PDGF-h-α-syn (g) mice fed with six-week PLX5622 or 

control diet as shown were performed via Imaris spot counts, revealing no changes. n= 4 animals per 

group (a-g). For floating bars, the line within the box represents the mean. Two-sided unpaired Student’s 

t test (b: t(6) = 28.02, p< 0.0001; c: t(6) = 1.899, p = 0.1063; d: t(6) = 0.6627, p = 0.5322;  e: t(6) = 25.25, p< 

0.0001; f: t(6) = 0.9423, p = 0.3824; g: t(6) = 0.3367, p = 0.7478). ***p<0.001. n.s. - no significant difference. 

Scale bars = 10 μm. 

Prior to initiating longitudinal two-photon imaging of dendritic spines, I conducted an 

initial validation of the efficacy of microglia depletion through the administration of 

PLX5622. Consistent with previous reports279, the provision of standard chow 

containing PLX5622 at 1200 ppm ad libitum for a duration of two weeks resulted in a 

90% to 95% reduction of cortical microglia in both WT and PDGF-h-α-syn mice. It is 

noteworthy that no significant impact was observed on other major cell types within the 

CNS, including astrocytes and neurons (Fig. 22). 
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Figure 23 Microglial depletion ameliorates the impairment of dendritic spine structural plasticity 
in PDGF-h-α-syn mice. 

a, Experimental design. b, Representative in vivo two-photon micrographs of apical dendritic tufts. c-f, 
Quantifications of relative spine density (c), fractions of gained (d), lost spines (e), and stable (f) in PDGF-

h-α-syn animals with PLX5622 or control diet treatment. n = 3 animals, ~474 spines from 24 dendrites in 

control diet group; 5 animals, ~1088 spines from 48 dendrites PLX5622 group (b-f). Dot plots represent 

mean ± s.e.m. Repeated measures ANOVA with Geisser- Greenhouse correction followed by two-way 

repeated measures ANOVA with Geisser-Greenhouse correction followed by Bonferroni's multiple 

comparisons test (c: Finteraction: durg treatment x time (3, 18) = 23.99, p<0.0001; d: Finteraction: durg treatment x time (2, 12) = 

2.368, p = 0.1359; e: Finteraction: durg treatment x time (2,12) = 7.059, p = 0.0094; f: Finteraction: durg treatment x time (2, 12) = 

9.647, p = 0.0032). *p<0.05, **p<0.01. Scale bars: b = 5 μm. 

Following the successful validation of PLX5622-induced microglia depletion, PDGF-h-

α-syn:Thy1-eGFP mice were administered standard chow containing PLX5622 (1200 

ppm) or a control compound ad libitum, starting from 2 weeks prior to the imaging and 

continuing throughout the imaging period. As anticipated, the depletion of microglia 

resulted in a higher proportion of stable dendritic spines in PDGF-h-α-syn:Thy1-eGFP 

mice fed with PLX5622 chow, in contrast to mice of the same strain but provided with 

control chow. This increase in stable spines was accompanied by a significant 

decrease in the dendritic spine elimination rate (Fig. 23). Furthermore, the overall 

dendritic spine density in PLX5622-fed PDGF-h-α-syn:Thy1-eGFP mice remained 

stable during the 50-day imaging period, which was similar to observations made in 

Thy1-eGFP and PDGF-h-α-syn:Tspo-/-:Thy1-eGFP mice. 

3.3.4 DBI knockdown mitigates dendritic spine impairment in LBD 

Upon establishing the impact of TSPO and microglia depletion on dendritic spine 

impairment in the context of LBD, I proceeded to investigate the effect of 

downregulating DBI on the mice of the same LBD pathology. 
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Figure 24 AAV vectors transduce CNS cells and achieve the DBI knockdown in PDGF-h-α-syn 
mice. 

a, Representative confocal micrographs after AAV (pAAV-mCherry-U6-m-DBI-shRNA or control AAV 

vector containing pAAV-mCherry-U6-scrmb-shRNA) injection in PDGF-h-α-syn mice, mCherry+ signal 

indicates successful transduction. b, Quantitation of astrocytic DBI by ELISA in PDGF-h-α-syn mice after 

injection of AAV containing DBI shRNA or scrambled control RNA. n = 4 animals per group (b). Dot plots 

represent mean ± s.e.m. Two-sided unpaired Student's t test (b: t(6) = 5.167, p = 0.0021). **p<0.01. Scale 

bars: b = 5 μm. 

To achieve the aforementioned goal, I utilized AAV that harbor mouse small hairpin 

RNA (shRNA), which selectively target the messenger RNA (mRNA) responsible for 

DBI synthesis (m-DBI-shRNA). This approach was utilized to induce the knockdown of 

DBI mRNA and consequently decrease DBI protein expression. For control purposes, 

a scrambled shRNA sequence (scrmb-shRNA) was also employed. Both m-DBI-

shRNA and scrmb-shRNA were engineered to express under the regulation of the U6 

promoter, which facilitates efficient shRNA transduction in a majority of mammalian 

cells280. Additionally, AAV was designed to express the mCherry reporter, enabling 

AAV tracking both in vivo and ex vivo. 

Initially, I validated the expression of AAVs containing shRNA through cortical 

stereotaxic injection in the PDGF-h-α-syn mice, as illustrated in Fig. 24a. Robust AAV 

expression was detectable in cortical brain cells one month after the injection without 

eliciting any discernible inflammatory responses, such as microgliosis. 

Furthermore, in order to specifically evaluate the knockdown effect of the DBI gene in 

its primary CNS source – the astrocytes, I isolated cortical astrocytes from PDGF-h-α-

syn:Thy1-eGFP mice one month following their cortical injection with AAV containing 

either m-DBI-shRNA or scrmb-shRNA. The concentration of DBI protein within these 
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astrocytes was subsequently quantified via ELISA. As depicted in Fig. 24b, the results 

revealed that cortical astrocytes derived from mice treated with m-DBI-shRNA 

exhibited a significant reduction in DBI protein concentration compared to those from 

mice receiving scrmb-shRNA, thereby confirming the effectiveness of the AAV-

mediated DBI gene silencing as initially intended. 

 

Figure 25 DBI knockdown ameliorates the impairment of dendritic spine structural plasticity in 
PDGF-h-α-syn mice. 

a, Experimental design. b, Dendritic spine density (r), densities of gained (s), lost (t), and stable (u) spines 

in PDGF-h-α-syn animals injected with the AAV vector containing pAAV-mCherry- U6-m-DBI-shRNA or 

with control AAV vector containing pAAV-mCherry-U6-scrmb-shRNA. n = 3 animals, ~438 spines from 23 

dendrites in the scrmb-shRNA control group; 5 animals, ~806 spines from 30 dendrites in the m-DBI-

shRNA group (b-f). Dot plots represent mean ± s.e.m.. Dot plots represent mean ± s.e.m. Repeated 

measures ANOVA with Geisser- Greenhouse correction followed by two-way repeated measures ANOVA 

with Geisser-Greenhouse correction followed by Bonferroni's multiple comparisons test (r: Finteraction: gene 

knockdown x time (3, 15) = 16.95, p<0.0001; s: Finteraction: gene knockdown x time (2, 10) = 2.423, p = 0.1387; t: Finteraction: gene 

knockdown x time (2, 10) = 9.973, p = 0.0042; u: Finteraction: gene knockdown x time (2, 10) = 2.093, p = 0.1741). *p<0.05, 

**p<0.01. Scale bars: b = 5 μm. 

Upon successful validation of the method, to evaluate the impact of DBI knockdown 

on dendritic spine plasticity in the LBD mouse model, AAVs containing either m-DBI-



Dissertation zum Erwerb des Doctor of Philosophy (Ph.D.) 

82 
 

shRNA or scrmb-shRNA were stereotaxically administered into cortical regions of 

PDGF-h-α-syn:Thy1-eGFP mice immediately prior to cranial window implantation. 

Subsequent to the one-month convalescence, the in vivo imaging was conducted in 

cortical areas in which the mCherry signal was prominently detectable. In comparison 

to the control group, of which the mice were transduced with scrmb-shRNA, mice 

injected with m-DBI-shRNA displayed a significant elevation in dendritic spine density, 

coupled with a substantially increased proportion of stable spines (Fig. 25). 

To validate and more comprehensively understand the impact of DBI knockdown on 

dendritic spines, I employed ex vivo confocal microscopy and 3D-reconstruction-based 

analysis to further examine the modifications in density and morphology of dendritic 

spines in PDGF-h-α-syn:Thy1-eGFP mice and Thy1-eGFP mice, both subjected to 

stereotaxic injection of AAV containing m-DBI-shRNA or scrmb-shRNA. 
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Figure 26 DBI knockdown alters the dendritic spine density and morphology in PDGF-h-α-syn 
mice. 

a, Representative confocal micrographs and 3D reconstruction of apical dendritic tufts in the PDGF-h-α-

syn:Thy1-eGFP animals injected with the AAV vector containing DBI shRNA or with scrambled control 

RNA. b, Quantifications of dendritic spine densities in PDGF-h-α-syn:Thy1-eGFP animals (median values 

and interquartile ranges are plotted). c, Quantifications of dendritic spine morphologies in PDGF-h-α-

syn:Thy1-eGFP animals. d, Spine head volume cumulative probabilities PDGF-h-α-syn:Thy1-eGFP 

animals. e, Spine head volumes are altered in PDGF-h-α-syn:Thy1-eGFP animals (bars show mean and 

s.e.m., dots represent individual spine head volumes). n = 3 animals per group, scrmb-shRNA: ~1592 

spines from 36 dendrites, m-DBI-shRNA: ~2096 spines from 36 dendrites (a, b, c, d, e). Two-sided Mann-

Whitney test (e: U = 1638062, p = 0.3433). χ² test (c: χ2(2) = 0.000, p > 0.9999); Two-sided unpaired 

Student’s t test (b: t(70) = 2.961, p = 0.0042); Kolmogorov-Smirnov test (d: D = 0.05615, p = 0.0018). 

**p<0.01. n.s. - no significant difference. Scale bars: a  = 5 µm. 

Consistent with the in vivo outcomes, one month post-injection, there was an in 

observable escalation in cortical dendritic spine density within the transduction regions 

of m-DBI-shRNA-injected PDGF-h-α-syn:Thy1-eGFP mice, in comparison to those 

receiving scrmb-shRNA (Fig. 26a-e). Furthermore, in Thy1-eGFP mice subjected to m-

DBI-shRNA injection, the dendritic spines located within the transduction regions 

exhibited a higher density and larger spine head volume, when compared to their 

scrmb-shRNA-injected counterparts (Fig. 27a-e). These findings suggest a plausible 

role of DBI in the regulation of dendritic spines also in physiological conditions. 
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Figure 27 DBI knockdown alters the dendritic spine density and morphology in WT mice. 

a, Representative confocal micrographs and 3D reconstruction of apical dendritic tufts in the Thy1-eGFP 

animals injected with the AAV vector containing DBI shRNA or with scrambled control RNA. b, 

Quantifications of dendritic spine densities in Thy1-eGFP animals (median values and interquartile ranges 

are plotted). c, Quantifications of dendritic spine morphologies in Thy1-eGFP animals. d, Spine head 

volumes are altered in Thy1-eGFP animals (bars show mean and s.e.m., dots represent individual spine 

head volumes). e, Spine head volume cumulative probabilities Thy1-eGFP animals. n = 3 animals per 

group, scrmb-shRNA: ~2084 spines from 38 dendrites, m-DBI-shRNA: ~2404 spines from 37 dendrites 

(a, b, c, d, e); Two-sided Mann-Whitney test (b: U = 507, p = 0.0378; e: U = 2399096, p = 0.0145). χ² test 

(c: χ2(2) = 0.3619, p = 0.8345); Kolmogorov-Smirnov test (d: D = 0.04327, p = 0.0675). *p<0.05, **p<0.01. 

n.s. - no significant difference. Scale bars: a = 5 µm. 

To summarize, the findings demonstrate that intercellular DBI-TSPO signaling is vital 

in the modulation of dendritic spine structural plasticity in the LBD mouse model. 
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3.4 Altered DBI-TSPO signalling in the brains of patients with LBD  

3.4.1 Astrocytic DBI elevates in human LBD patients  

In light of the results obtained from the mouse models, I sought to translate my findings 

to a human context by examining the state of DBI-TSPO signaling in the brain tissue 

of human patients with LBD. To accomplish this, I employed FFPE brain sections of 

the medial frontal gyrus obtained from 6 LBD patients and 3 healthy controls, as 

indicated in Tab. 6. 

I evaluated the astrocytic expression of DBI in the aforementioned tissue samples 

using immunostaining in combination with multichannel super-resolution confocal 

imaging and 3D reconstruction-based analysis. By quantifying DBI+ puncta both within 

and outside the astrocytes, I observed a significantly higher level of DBI expression in 

the astrocytes of LBD patients relative to healthy controls (Fig. 28a&b). However, the 

astrocyte-released DBI+ puncta displayed only a marginal increase in astrocyte-

adjacent regions in LBD patients compared to healthy controls (Fig. 28c&d). 
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Figure 28 Astrocytes contain elevated levels of DBI to release in the postmortem brains of patients 
with LBD.  

a, Representative confocal micrographs and 3D reconstruction of cortical GFAP+ astrocytes and DBI in 

the brain of patients with LBD and age-matched controls. b, Quantification of DBI+ puncta in the GFAP+ 

astrocytic segment. c & d, Distribution (c, in curve and d, in the heat map, each lane represents one 

human sample) of DBI+ puncta radiating from astrocytes, showing the release pattern of astrocytic DBI. n 

= 3 for control cases, n = 6 for DLB cases (a-d). For violin plots, median values and interquartile ranges 

are plotted. Two-sided Mann-Whitney test (b: U = 0, p < 0.0001). ***p<0.001. n.s. - no significant 

difference. Scale bars = 5 μm. 

3.4.2 Microglial TSPO enhances in human LBD patients  

Using analogous methods employed in the investigation of astrocytic DBI, I conducted 

a further inquiry into the microglia situated within the medial frontal gyrus of human 

brain tissue originating from both LBD patients and healthy controls. 

Consistent with previous discoveries pertaining to PDGF-h-α-syn mice, the microglia 

obtained from LBD patients exhibited a significant upregulation of TSPO in contrast to 

microglia sourced from the healthy controls, signifying an elevated level of microglial 

activity in the brains of those afflicted with LBD (Fig. 29). 

 

Figure 29 Microglia express higher levels of TSPO in the postmortem brains of patients with LBD. 

a, Representative super-resolution confocal micrographs and 3D reconstruction of TSPO+ volume in 

cortical Iba1+ microglia from brains of humans with LBD and age-matched controls. b, Quantification of 

TSPO+ volume in the Iba1+ microglia. n = 3 for control cases, n = 6 for DLB cases (a-b). For violin plots, 

median values and interquartile ranges are plotted. Two-sided unpaired Student's t test (b: t(43) = 6.438, 

p < 0.0001). ***p<0.001. Scale bars = 5 μm. 

In light of these observations, it can be inferred that signaling through the astrocytic 

DBI-microglial TSPO pathway was also amplified in the brains of LBD patients. These 
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results serve to underscore the proposition that this particular signaling pathway likely 

plays a significant role in human LBD pathophysiology. 
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4. Discussion 

In my dissertation, a potent intracellular communication mechanism between astrocytic 

DBI and microglial TSPO in both the mouse model and human subjects afflicted with 

LBD has been elucidated. This specific communication mechanism exerts a significant 

influence on the morphological attributes of microglia and their phagocytic activities 

towards synaptic materials, ultimately culminating in marked alterations in the 

structural plasticity of dendritic spines. Notwithstanding the inherent association 

between DBI and TSPO being substantial and the impact of the DBI-TSPO signaling 

pathway on dendritic spines being significant, there persist essential aspects 

warranting meticulous examination and a comprehensive discourse. 

4.1 DBI exerts regulatory functions beyond TSPO 

Within the CNS, TSPO does not exclusively serve as the binding site for DBI. As 

elucidated in antecedent sections, prior investigations have shown that through the 

interactions with GABAARs, DBI modulates neuronal activity and neurogenesis169,255. 

Moreover, DBI governs an array of physiological processes extending beyond the 

confines of the CNS, encompassing the maintenance of energy expenditure173, the 

fortification of the epidermal barrier174, the facilitation of lipolysis, the regulation of 

feeding behavior, and body mass175. 

Given the broad spectrum of functions attributed to DBI across various systems, the 

present study utilized a local approach to mitigate DBI activity in the CNS by 

administering stereotaxic injections of AAV containing DBI shRNA to mouse cortical 

regions. This approach specifically targets the local site of DBI production and release, 

thus avoiding the undesirable effects that might arise from broad DBI ablation. As a 

result, I did not witness any abnormalities in daily behaviors or postmortem histology 

examinations (Fig. 24&25) of the animals that received shRNA. The same principle 
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should also be applied to future studies that aim to investigate therapeutic strategies 

for mitigating excessive microglial engulfment of synaptic materials by suppressing 

astrocytic DBI production and release in pathological conditions, such as 

neurodegenerative diseases. In this regard, it is crucial to restrict DBI manipulation in 

a system- and, ideally, also cell-type-specific manner, thus ensuring that the desired 

ameliorative effect on synapses can be achieved without inducing any side effects that 

may prove detrimental to the brain or the entire organism. 

It is also imperative to acknowledge that the impact of DBI on dendritic spines may not 

be solely mediated by microglia and their TSPO. As mentioned before, DBI regulates 

neurogenesis by binding to γ2 subunits of GABAARs as a negative allosteric modulator. 

Studies utilizing shRNA-mediated knockdown of DBI have demonstrated enhanced 

neurogenesis in postnatal mice169. Notably, while neurogenesis predominantly occurs 

during the perinatal period, recent evidence has shown that altering GABA signaling 

can modulate dendritic branching and synaptic formation in the adult mouse brain281. 

This suggests that, across different developmental stages, DBI may influence dendritic 

spines via the GABA signaling pathway, in addition to the DBI-TSPO signaling pathway 

delineated in the present study. Hence, a comprehensive investigation of the effects 

of DBI on the GABA signaling pathway and its impact on dendritic spines is warranted. 

4.2 Non-microglial TSPO alters in CNS disorders 

In contrast to the predominantly astrocytic origin of DBI in the CNS238,245, the presence 

of TSPO has been identified in various CNS cell types, including microglia, neurons, 

endothelial cells, and astrocytes77,142. In the present study, I investigated the 

expression pattern of TSPO in all major CNS cell types mentioned above in the mouse 

cortex. The results showed that, in PDGF-h-α-syn mice, only microglial TSPO exhibited 

a substantial increase relative to other cell types compared to their WT counterparts. 

Moreover, the PLA signal indicating the bindings between DBI and TSPO was also 
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primarily observed to elevate in microglia in the PDGF-h-α-syn mice. Therefore, the 

findings suggest that the response of TSPO to increased DBI in the PDGF-h-α-syn 

mice occurs predominantly in microglia, which is consistent with previous studies 

showing TSPO as a sensitive biomarker for CNS neurodegenerations143 and microglia 

as the main responders121,123,144,282 to these disorders. 

Nevertheless, this observation does not necessarily preclude the involvement of other 

types of CNS cells in the LBD pathophysiology via TSPO. Previous studies have 

demonstrated that in a rat model of PD, an increased level of TSPO was observed in 

dopaminergic neurons that were impacted by PD pathology283. Furthermore, 

overexpression of TSPO in SH-SY5Y cells, a human neuroblastoma cell line284, 

induced dysregulation of cellular reduction–oxidation (redox), mitochondria 

ubiquitylation, and autophagolysosomal response283. Similarly, research has 

suggested that neuronal TSPO could be upregulated via chemogenetic, physiological, 

or psychopharmacological stimulation of neuronal activity in adult mice142. These 

findings indicate that TSPO of other CNS cell types may also become responsive under 

pathological conditions. 

Concomitant with its ubiquitous expression, TSPO possesses manifold roles that 

extend beyond its regulation of microglial phagocytosis. As mentioned in the preceding 

sections, TSPO participates in a plethora of biological processes, such as 

steroidogenesis168,285,286, mitochondrial homeostasis140,287, and apoptosis141,288, in 

diverse cell types spanning various systems. Moreover, perturbations to TSPO that 

result from either pharmacological interventions77,141 or pathological states283,289 have 

been shown to engender deleterious consequences to the cells it inhabits. 

Thus, it stands to reason that under CNS disorders such as LBD, DBI-induced TSPO 

activation, albeit at a lesser level, could still potentially take place in other types of CNS 

cells besides microglia, affecting a broad range of biological functions beyond 
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microglial phagocytosis. These alterations are also likely to have implications in LBD 

pathophysiology and, therefore, warrant further investigation in future studies. 

4.3 DBI-TSPO signaling as a general pathway for synaptic regulation 

In conjunction with the observed changes within the LBD context delineated in this 

study, significant alterations have been ascertained in both the DBI and TSPO, either 

concurrently or individually, across a diverse array of CNS disorders. 

As mentioned before, subsequent to the initial in vitro experimental explication290 and 

ensuing in vivo observations in progressive dementia291, aberrant expression of TSPO 

within the CNS has been identified in numerous CNS disorders and used as a 

biomarker for microglial activity. These disorders encompass a spectrum of 

neurodegenerative diseases, including AD143,292,293, multiple system atrophy294, 

progressive supranuclear palsy295, corticobasal degeneration296,297, frontotemporal 

dementia298,299, and amyotrophic lateral sclerosis300. Moreover, neuropsychiatric 

conditions, such as bipolar disorder301, major depressive disorder302, and 

schizophrenia303, as well as neurodevelopmental disorders like autism spectrum 

disorder (ASD)304, have been associated with abnormal TSPO expression within the 

CNS. On top of this, it merits attention that TSPO expression in these diseases tends 

to diverge in distinct directions. While it generally escalates in response to 

neurodegeneration143,292-300, a diminished level of TSPO has been consistently 

observed in specific neuropsychiatric disorders, such as ASD304. 

Remarkably, in all heretofore mentioned CNS maladies, the cognitive dysfunction 

arising from synaptic dysregulation manifests as a principal syndrome. Additionally, 

the discernible dendritic spine density and their projected developmental trajectory45 

roughly exhibit a conspicuous inverse correlation with the TSPO expression143,292-300,304 

in these afflictions. For instance, a reduction in dendritic spine density has been 

documented in numerous neurodegenerative diseases, wherein TSPO expression is 
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characteristically elevated101. In contrast, an anomalously augmented dendritic spine 

density was observed in individuals diagnosed with ASD, wherein TSPO levels were 

found to be diminished relative to healthy controls101. Considering the crucial function 

of microglia in the modulation of synaptic plasticity305,306, along with the TSPO-

mediated microglial phagocytosis of synaptic constituents explicated in the current 

investigation and the antecedent one77, it appears highly feasible to hypothesize that 

TSPO-mediated microglial alterations likewise contribute to the synaptic dysregulation 

witnessed in these CNS disorders. 

It is also worth noting that, as mentioned in the foregoing sections, TSPO is a 

ubiquitously expressed protein142,283 with a multitude of biological functions140,141,168,285-

288. As a result, any alteration in TSPO expression, in addition to microglia-related 

synaptic dysregulation, may denote aberrations in any of those processes in the 

TSPO-containing cells. Consequently, this aspect should be contemplated on each 

occasion when interpreting cell-type unspecific TSPO expression, such as PET. 

In contrast to TSPO, a paucity of research exists regarding the perturbations of DBI in 

non-LBD CNS disorders. As mentioned in preceding sections, abnormal alterations of 

DBI have been shown in a multitude of CNS disorders, spanning 

neurodegenerative258,259, neuroinflammatory258, psychiatric259-261, and 

neurodevelopmental262 disorders in cerebrospinal fluid and/or serum. In particular, it 

has been shown that Aβ peptide 25-35 increases DBI release from cultured astrocytes 

via the N-formyl peptide receptors253. Considering the drastically activated microglia 

around Aβ plaques in the AD context307, the elevated DBI strongly hints at the 

existence of the DBI-TSPO signaling pathway in the same areas. In line with this, in 

other CNS disorders mentioned above, the documented fluctuations of DBI also bear 

a generally positive correlation with TSPO258,259,262. Besides these "pure" CNS 

disorders, perturbations in DBI regulation have been discerned in patients suffering 

from peripherally induced CNS disorders, such as hepatic encephalopathy308. This 
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finding is in accordance with prior investigations positing that DBI expression is 

fundamentally multisystemic, thereby insinuating that peripheral DBI might likewise 

contribute to the pathophysiology of CNS disorders. 

Complementary to these antecedent studies, as illustrated in previous sections, I have 

observed an augmented dendritic spine density in Thy1-eGFP mice subjected to DBI 

knockdown via shRNA, utilizing both in vivo and ex vivo methods (Fig. 27). This 

observation elucidates the notion that the DBI-TSPO signaling pathway exerts a 

modulatory effect on synaptic plasticity, even within the confines of physiological 

circumstances. 

In essence, the accumulated evidence implies that the DBI-TSPO signaling pathway 

likely constitutes one of the fundamental mechanisms governing synaptic regulation, 

encompassing both physiological and pathological contexts. It is exceedingly 

compelling to postulate that in an array of CNS disorders, such as AD, the dysregulated 

DBI-TSPO signaling pathway engenders anomalies in synaptic plasticity, culminating 

in cognitive impairment. Therefore, investigating the potential amelioration of synaptic 

abnormalities and cognitive deficits in these devastating diseases through the 

modulation of the DBI-TSPO signaling pathway represents an attractive avenue for 

future research. 

4.4 The penta-partite synapse is an integral unit for synaptic studies  

From an ontological standpoint, alterations in dendritic spine structural plasticity, 

instigated by astrocyte-microglia interactions, embody the essence of the penta-partite 

synapse309 – a relatively nascent paradigm garnering growing acknowledgment. This 

concept delineates a theoretical synapse that encompasses five constituents: the 

presynaptic and postsynaptic structures, perisynaptic astrocytes, extracellular matrix 

(ECM), and perisynaptic microglia. The foundational idea of this schema is that the 

preservation or the impairment of synaptic functionality is not exclusively contingent 
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upon neurons; rather, it necessitates intricate interplay between neurons and non-

neuronal cells. In the context of this study, the non-neuronal cells encompass 

astrocytes and microglia. 

The role of stimulated microglia in the dislocation of synapses in the context of CNS 

pathologies has been widely acknowledged and continuously scrutinized over an 

extended period305,306,310. Contrarily, astrocytes were initially characterized as fulfilling 

a predominantly auxiliary capacity in relation to neurons through the modulation of 

synaptic formation, transmission, and plasticity94,177-182,216-227,229. Consequently, 

astrocytes were incorporated into the concept of the tri-partite synapse alongside pre- 

and postsynaptic compartments311. As the investigations on astrocytes progress, in 

recent years, their capacity to directly phagocytose synaptic compartments110,312 has 

been gradually discerned and examined. 

Concurrent with the astrocytic DBI-microglial TSPO signaling pathway presented in 

this investigation, as mentioned in preceding sections, research endeavors centered 

on intercellular crosstalk among heterogeneous glial cells and the subsequent 

implications for the CNS physiological and pathological processes are currently limited 

yet experiencing a notable intensification91,230,231,233,313. The interaction between 

microglia and astrocyte has been gradually regarded as a primary mechanism that 

regulates synapses instead of a byproduct supplementing the functions of individual 

glial cell types. 

Unlike the perception of "cellular" compartments that usually regards them as the 

primary drivers of biological functions, the ECM is often perceived merely as the 

"adhesive" of the nervous system, with its vital roles frequently underestimated. 

However, rather than a mere "adhesive," the ECM constitutes a highly intricate and 

dynamic molecular network314, encompassing roughly 20% of brain volume315, and is 

present in nearly every structure within the CNS316. Apart from functioning as an 

extracellular scaffold to maintain tissue architecture317, the ECM is intimately related to 
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regulating synaptic transductions and their structural plasticity by modulating the 

distribution of critical molecules318, such as neurotransmitters315, ions319-321, and 

membrane receptors322,323. Previous research has indicated that the ECM can affect 

astrocytic functions324,325, including secreted astrocytic extracellular vesicles. However, 

the impact of ECM on astrocytic DBI, as well as the underlying mechanisms, warrants 

further investigation in subsequent studies. 

In addition to astrocytes, antecedent investigations have revealed that the ECM 

maintains a strong association with microglia in the brains of both mice and humans. 

Evidence has shown that in individuals afflicted with AD, as a part of the 

pathophysiology, activated microglia exhibit a propensity to engulf an excessive 

amount of perineuronal ECM326,327. Concomitant with AD, microglia-associated 

aberrations in ECM have been consistently documented across an extensive array of 

CNS disorders, encompassing multiple sclerosis328, Huntington's disease329, and 

schizophrenia330,331. Furthermore, a recent investigation has elucidated that, in adult 

brains, microglia exhibit phagocytic behavior and clear perisynaptic ECM in response 

to neuronal IL-33, consequently leading to an augmentation in dendritic spine 

formation and the precision of fear memory114. 

These discoveries collectively underscore the intricate and intimate interplay among 

the ECM, astrocytes, and microglia under both physiological and pathological 

circumstances. In view of these observations, it stands to reason that the ECM may 

also contribute to the DBI-TSPO signaling pathway delineated herein. Moreover, from 

a more comprehensive perspective, as an integral component of the penta-partite 

synapse, it stands to reason that the ECM is implicated in synaptic pathologies in the 

context of diverse CNS disorders. 

In summation, these revelations emphasize the significance of scrutinizing synaptic 

function or dysfunction through a holistic332,333 lens. The influence exerted by non-

neuronal cells upon neurons transcends a simple bidirectional relationship and instead 
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manifests as a synergistic force derived from a complex and multifaceted interaction. 

Further explorations on astrocyte-microglia communication, or more intricate dialogues 

among the constituents of the penta-partite synapse in both healthy and pathological 

states, should be deemed as paramount subjects for forthcoming inquiries of synaptic 

functionality. 
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5. Conclusion 

Based on the findings elucidated in the antecedent sections, several conclusions can 

be inferred. 

Primarily, in both the mouse model of LBD and human patients afflicted with LBD, 

astrocytes show an augmented secretion of DBI, which in turn excessively binds to 

TSPO in microglia, thereby instigating an upregulation of TSPO activity. 

Consequent to heightened TSPO activity, both the morphological and behavioral traits 

of microglia undergo significant alterations. Microglia manifest aberrant phagocytic 

activity, engulfing an excessive amount of synaptic materials, thereby precipitating a 

deleterious effect on dendritic spine structural plasticity and density. 

 

Figure 30 Schematic diagram. 

In LBD, the increased level of astrocytic DBI binds to TSPO on microglia, leading to excessive microglial 

engulfment of synaptic materials and subsequent impaired structural plasticity of dendritic spines. 

Furthermore, all these perturbations in microglial behavior and dendritic spine 

dynamics in LBD pathology are dependent on the exacerbated DBI-TSPO signaling 

pathway, as evidenced by the ameliorative effects observed upon selective 

suppression of either DBI or TSPO. Specifically, AAV-mediated knockdown of DBI or 

genetic knockout of TSPO resulted in mitigated microglial phagocytosis of synaptic 

materials and attenuated loss of dendritic spines in the LBD mouse model. 
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In summation, the current investigation underscores the pivotal role of the DBI-TSPO 

signaling pathway between astrocytes and microglia as a key driving force behind 

dendritic spine loss in LBD. Furthermore, the interruption of this pathway exerts a 

significant ameliorative effect on impaired dendritic spine plasticity, suggesting that the 

DBI-TSPO signaling pathway holds promise as a prospective therapeutic target for 

mitigating synaptic loss in LBD pathology. 
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