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Summary 
 

One of the most prevalent forms of dementia among elderly patients, Alzheimer's disease (AD) 

affects millions of people worldwide and brings a huge burden to the individual as well as the 

global economy. Accumulation of β-amyloid peptide (Aβ) is a major characteristic feature of AD. 

Previous clinical studies suggest that depression is a common antecedent of AD and may be an 

early manifestation of dementia, suggesting biological mechanisms that are partly similar in both 

these disorders. Targeting the molecular mechanism behind these connected disorders can be an 

excellent therapeutic strategy. The mitochondrial translocator protein (18 kDa) (TSPO) plays an 

essential role in neurosteroidogenesis and TSPO ligands are neuroprotective in several 

neurodisorders. We hypothesized that XBD173 since it induces rapid anxiolysis, may have early 

(neuro) protective effects in AD pathophysiology. Additionally, previous studies concerning 

XBD173 show a lower side-effect profile compared to benzodiazepines. 

Both in-vitro electrophysiological recordings, as well as the cognitive performance of the mice, 

were accessed to unravel the effect of XBD173 on the pathophysiology of AD. First from the CA1-

Long Term Potentiation (CA1-LTP) recordings, we observed that 90 min incubation of Aβ1-42 (50 

nM) to murine hippocampal slices, prevented the CA1-LTP development after tetanic stimulation 

of the Schaffer collaterals. Additionally, there was a reduction in the total spine density of CA1 

pyramidal neurons. XBD173 (300 nM) restored LTP deficit as well as spine density in the presence 

of Aβ1-42. XBD173 incubation recovered mushroom and thin spines, as well as overall spine 

density, as reflected by Imaris dendritic spine rendering. Interestingly, the incubation of XBD173 

did not restore the LTP deficit resulting from Aβ1-42 incubation in a global TSPO knockout (KO) 

mouse model, suggesting a TSPO-mediated action for XBD173. 

Chronic administration of TSPO-dependent XBD173 (1mg/kg every second day for 3 months) 

improves the cognitive performance in 9 months ArcAβ (transgenic AD) mice accessed by the 

water cross maze. Analyzing the brains of these mice showed that chronic XBD173 treatment 

reduced plaque load (Methoxy-04 staining) and total Aβ1-42 levels (ELISA) in the cortex. 

Additionally, we found that chronic treatment with XBD173 reduces astrocytic synaptic pruning 

in the hippocampus and cortex, which in AD mice was exacerbated. Given, the important role of 

complement proteins in advancing the pathophysiology of AD, we focused on complement protein 
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C1q which acts as an “eat-me” tag for the neurons to be destroyed. We found that astrocytes in 

transgenic AD mice contain more C1q engulfment compared to the wild-type. Chronic XBD173 

treatment reduces this aberrant astrocytic engulfment of C1q tags. It was interesting to observe 

that amyloid plaques colocalize with C1q aggregates and these C1q aggregates are reduced in 

XBD173-treated mice compared to their transgenic counterparts. Additionally, we observed that 

the activation of TSPO by XBD173 in a chronic-treatment model elevates the levels of the 

neurosteroids including allopregnanolone, dihydrodeoxycorticosterone (DHDOC), and 3ꞵ5α 

THDOC in the cortex and hippocampus.  

We further studied whether neurosteroids could potentially be the main players behind the 

effectiveness of XBD173 treatment in AD. From the CA1-LTP experiment, we found that 3α5α 

THDOC (100 nM) and 3ꞵ5α THDOC (100 nM), similar to XBD173 (300 nM), restored the LTP 

deficit in Aβ1-42 treated slices. However, both XBD (300 nM) and 3α5α THDOC (100 nM), could 

not prevent the CA1-LTP impairments in GABA delta KO mice. These findings highlight a TSPO-

mediated increase in neurosteroidogenesis by XBD173, which, upon release, elevates GABAA 

receptor activity containing the GABA delta subunit. Allopregnanolone (100 nM) prevents the 

LTP deficits resulting from Aβ1-40 incubation but not Aβ1-42 incubation. Taken together, the present 

study highlights the beneficial effects of XBD173 against Aβ-derived pathophysiology. Chronic 

XBD173 treatment improves cognition and appears to have a disease-modifying effect when 

applied early in the course of AD. This hypothesis is supported by the reduction of soluble Aβ 

levels, plaque load, and synaptic pruning by XBD173. In conclusion, our work shows that 

XBD173, in a TSPO-dependent manner provides neuroprotective benefits in a rodent Alzheimer 

model evident from both the in vitro as well as in vivo behavioral studies. This study paves the 

way for further advancements in AD treatments and research and provides a possible effective 

intervention for AD pathophysiology.  
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1. Introduction 
 

1.1 Alzheimer’s disease 

Alzheimer’s disease (AD), the most prevalent form of dementia, currently affects more than 55 

million individuals worldwide and this is expected to double every 20 years, reaching 78 million 

in 2020 and 139 million in 2050 [1]. Alzheimer-related fatalities have doubled from 2000 to 2019 

[2]. Among elderly patients, 1 in 3 people dies from AD [2]. Globally, each year there are 10 

million new cases of dementia which would mean one new case every 3.2 seconds [3]. Alzheimer’s 

disease, therefore, is not only an individual disease but also a huge setback to the nation's economy 

and resources. The first symptoms and the neuropathological features of Alzheimer’s were 

described and discovered by Dr. Alois Alzheimer in a 51 year-old-patient Auguste Deter, the first 

impression of which he considered a ‘peculiar case of cerebral cortex’ [4]. Histopathological 

examination of the brain revealed abnormal deposits within and around the brain cells [4].  

1.1.1 Pathophysiology and Genetics of Alzheimer’s 

1.1.1.1 Pathological Hallmarks of AD 

Detection of AD is based on macroscopic and microscopic features, both of which are essential 

for its pathologic characterization. Amongst the macroscopic features, the predominant ones 

include moderate cortical atrophy associated with limbic lobe structures and cortices [5]. 

Additionally, enlarged sulcal space in temporal and frontal cortices with cortical gyri atrophy is 

also often observed in AD [6]. Increasing evidence associates atrophy in posterior cortical areas 

particularly in the posterior cingulate gyrus and precuneus in AD [7,8]. This results in decreased 

brain weight and an enlargement in the frontal and temporal horns of the lateral ventricles [5]. 

Another characteristic feature of AD is the medial temporal atrophy affecting the hippocampus 

and amygdala with enlargement of the temporal horn [6,9,10].  

The classic feature of AD which defines the true diagnostic nature is the presence of extracellular 

amyloid plaques and intercellular neurofibrillary tangles [4,5] (Figure 1). The presence of tau-

positive neuropil threads, dystrophic neurites, reactive astrogliosis, and activated microglia are 

additional characteristic features of AD [5]. Senile amyloid plaques result from the extracellular 
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accumulation of amyloid beta (Aꞵ): Aꞵ1-42 and Aꞵ1-40 peptides [5]. Abnormal processing of 

amyloid precursor protein by ꞵ- and 𝛾-secretases leads to the accumulation of the Aꞵ peptides [11]. 

The Aꞵ1-42 peptide is often considered the most aggregated, fibrillar, and predominant component 

of amyloid plaques [12]. Based on the staining intensity, morphology, and individual components, 

the amyloid plaques are usually categorized into diffuse plaques and dense-core plaques [5]. The 

dense-core plaques unlike the diffuse plaques are strongly stained by the thioflavin S and the 

congo-red derivatives [5,13,14]. Additionally, a subset of these dense-core plaques is known to 

contain tau-positive or dystrophic neurites-associated neuritic components [14,15]. They are 

followed by aggravated synapse loss and reactive astrocytes surrounding the plaques [10,16]. 

Apart from tau-positive neurites, neurofilament proteins are also present in dystrophic neurites [5]. 

Additional components of dystrophic neurites include lysosomal bodies and vesicles, and 

degenerating mitochondria [10]. The classical distribution of plaques is suggested by a three-step 

process. Stage A affects the basal, frontal, and temporal lobes. Stage B includes the extension to 

neocortices and hippocampus and Stage C finally affects primary cortices, subcortical nuclei, and 

cerebellum [17].  
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Figure 1. Representative Stainings from AD hippocampal sections (Adapted with permission from 

[18]). 

 

The left column shows a lower magnification of hippocampal sections stained with A. NeuN-ir, C. Nissl-

staining, E. PHFTau-AT8-ir, G.  PHFTau-pS396-ir I. Aβ-ir. The right column shows higher magnification images of 
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the hippocampal CA1 region (B, D, F, F, H, J) of respective stainings on the left column images. The green 

line indicates the inclusion boundary whereas the red line shows the exclusion boundary  

The deposition of Aꞵ peptides in cerebral blood vessels (cerebral amyloid angiopathy (CAA)) has 

been observed for around 85-95 % of AD cases [5]. These amyloid deposits in CAA affect small 

arteries, capillaries of the grey matter of the cerebral cortex, and arterioles [19]. Another 

characteristic trademark of AD is the neurofibrillary tangles which are often referred to as the 

“ghost tangles” and are associated with neuronal death and accumulation [20]. The tau filaments 

in AD (paired helical filaments) have a distinct periodicity as observed in electron microscopy and 

are thought to be composed of two smaller twisted filaments around 10 nm in diameter [5,21]. 

Hyperphosphorylation of tau proteins and their abnormal folding are specific to AD [22]. With a 

higher aggregation and nucleation propensity, the hyperphosphorylated tau plays a key role in the 

pathophysiological progression of AD and is unable to stabilize the microtubule [22]. Several 

reports suggest the entorhinal cortex to be the first susceptible brain region in AD from where it 

progresses to the different areas of the hippocampus [23]. It is interesting to observe from several 

longitudinal studies of Autosomal Dominant AD patients that the first stages of Aꞵ deposition 

occur in the precuneus and striatum [24,25]. Additionally, compared to Late-Onset AD, 

individuals with Early Onset AD show severe temporoparietal hypermetabolism [24].  

An additional pathological change associated with AD and similar neurodegenerative disorders is 

granulovacuolar degeneration [5]. This 3 - 5 µm vacuole considered autophagic granules are 

lysosomal markers and are distributed frequently in pyramidal neurons cytoplasm in the 

hippocampus [26,27]. Reactive astrogliosis and activated microglia are among the predominant 

inflammatory responses associated with AD [5]. Both the glial cells, astrocytes, and microglia, 

regulate synaptic homeostasis in developing as well as maturing synapses [28], however, in AD, 

these are activated and surround the senile plaques [29]. Aꞵ fibrils are thought to bind the receptors 

on microglia and initiate the inflammatory response [30]. A shift in the polarization of microglia 

from M2 (anti-inflammatory) to M1 (pro-inflammatory) has been previously reported in an AD-

like state [31,32]. TREM2, a glial receptor involved in microglial phagocytosis is often considered 

a potential risk factor in AD [33]. Reactive astrocytes constitute a significant part of the chronic 

neuroinflammation associated with AD [5]. These are discussed further in the subsequent section. 

Apart from amyloid plaques and neuroinflammation, synaptic loss, and associated cognitive 
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deficits form the major hallmark feature of AD [5,34]. Loss of neuronal synaptic markers and 

associated cognitive decline has been well documented in several clinical and imaging experiments 

[34,35].        

1.1.1.2 Glutamatergic and GABAergic Neurotransmission in Alzheimer’s 

disease 
 

1.1.1.2.1 Glutamatergic Neurotransmission 

Glutamate produced by the enzyme glutaminase forms the primary excitatory neurotransmitter 

system in the brain [36]. The glutamatergic neurotransmission which involves both α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and the N-Methyl-D-aspartic acid 

(NMDA) receptors forms a crucial role in the induction of long-term potentiation, which is crucial 

for synaptic plasticity and learning and memory formation [37]. Glutamate receptors are 

categorized into two families based on their mechanism of action: 1. G protein-coupled 

metabotropic glutamate receptors (mGluRs) and 2. Ligand-gated ionotropic glutamate receptors 

(iGluRs). Activation of mGluRs by glutamate binding involves the GPCRs which activates 

phospholipase C (PLC) and decomposes Phosphatidylinositol 4, 5-bisphosphate (PIP2) into 

Diacylglycerol (DAG) and Inositol trisphosphate (IP3) [38]. The IP3 via the release of Ca2+ 

activates multiple downstream signaling pathways [37]. On the other hand, the iGluRs are 

composed of three subfamilies: AMPA receptors, kainate receptors, and NMDA receptors [38]. 

These receptors are ionotropic and are dependent on the membrane potential for activation. Based 

on their activation kinetics these ionotropic receptors are categorized as either Fast-acting or slow-

acting. Both AMPA and kainate receptors are fast-acting receptors [39]. While AMPA receptors 

are permeable to Na+ and Ca2+, the kainate receptors are permeable to Na+ and K+ ions [39]. The 

NMDA receptors on the other hand have slow activation kinetics and are permeable to Ca2+ ions. 

In a resting state, the NMDA receptors are blocked by Mg2+ ions [39]. During synaptic 

transmission, higher glutamate concentration and strong postsynaptic membrane depolarization 

release the Mg2+ ion block and activate the NMDA receptors [39]. The NMDA receptors then 

allow the entry of Na+, K+, and Ca2+ ions which form the basis of excitatory postsynaptic current 

[39]. In AD, glutamatergic dysfunctions of AMPA and NMDA receptors disturb the excitatory to 

inhibitory neurotransmission balance [40]. Glutamatergic excitotoxicity via the NMDA receptors 

is a characteristic feature of AD [39]. Previously, it has been reported that chronic synaptotoxic 
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effects of Aꞵ oligomers are mediated particularly via the GluN2B subunit of the NMDA receptors 

[41]. Memantine, an NMDA receptor antagonist, target this excitotoxicity of the glutamate 

receptors in AD [42]. 

1.1.1.2.1 GABAergic Neurotransmission 
 

The inhibitory balance in the mammalian nervous system is maintained by -aminobutyric acid 

(GABA) [43]. GABA is produced from L-glutamate by glutamic acid decarboxylase (GAD) [39]. 

GAD65 and GAD67 are the two primary GAD isoforms found in the mammalian brain. While 

GAD65 is located in the presynaptic terminal, GAD67 is distributed widely in the cytosol [39]. 

Similar to glutamate receptors, the GABA receptors are broadly classified as metabotropic GABA 

receptors (GABAB receptors) or ionotropic GABA receptors (GABAA receptors). GABA 

transporters (GATs) are responsible for the uptake and recycling of GABA from the synaptic cleft 

[39]. GABA is catalyzed to succinate in astrocytes by GABA transaminase (GABA-T) and 

succinate semialdehyde dehydrogenase [39]. The succinate is then used to generate glutamate [39]. 

The binding of GABA to GABAA receptors allows the influx of chloride ions which is responsible 

for membrane hyperpolarization [39]. On the other hand, GABA binding to GABAB receptors 

dissociates coupled G protein to Gαi and Gꞵ𝛾 leading to the activation of postsynaptic K+ efflux 

channels and inhibition of presynaptic Ca2+ influx [44,45]. Since intracellular cyclic AMP (cAMP) 

signaling modulates the excitatory glutamatergic signaling, the Gαi exerts inhibitory tone via the 

reduction of cAMP level [39]. By promoting the efflux of K+ and suppressing Ca2+ influx, Gꞵ𝛾 

induces hyperpolarization and inhibition [45]. GABAergic remodeling has been associated with 

the pathophysiology of AD [39,46] (Figure 2). Given the glutamatergic excitotoxicity in AD, 

targeting the GABAergic tone has often been hypothesized as a viable solution for the 

development of therapeutics in AD. Additionally, around 22% of AD patients experience epileptic 

seizures [47]. GABAergic dysfunction in AD is often accounted for this epileptic seizure and 

therefore anti-epileptic drugs are currently in a clinical trial in AD [48]. Apart from glutamatergic 

and GABAergic dysbalance in AD, monoaminergic and cholinergic neurotransmission is also 

altered in AD [39]. 
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Figure 2. Schematic representation of GABAergic signaling in AD-related mechanism (Adapted with 

permission from [49]).  

Increased Calcium influx from Aβ mediated pathology activates the release of glutamate from the 

presynaptic terminal. This further triggers the activation of the postsynaptic terminal. To counter the 

enhanced excitatory signal NMDA receptors enhance the GABA receptor activation. In AD pathology, 

possibly an enhanced release of GABA from the astrocyte activates the extrasynaptic GABA receptors 

which result in impaired LTP.  

1.1.1.3 Genetics of AD and risk factors 

 
A larger fraction of AD cases (90%) is sporadic [50]. The gene that is often associated with 

sporadic load is the apolipoprotein E (APOE) gene [51]. Only a small portion of the AD cases 

appear to be familial and these are largely attributed to the mutations in Amyloid Precursor Protein 

(APP), Presenilin1 (PSEN1), or Presenilin2 (PSEN2) [52]. APP mutations account for 10-15 % of 

early-onset familial AD [53]. The most common examples of APP mutations that lead to an 
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increase in Aꞵ production and pathogenesis of AD include “Swedish” mutations (APPK670N, and 

M671L) and the “London” mutations (APPLON and APPV717I) [54,55]. Based on these APP 

mutations several transgenic mouse models including APP23, PDAPP, Tg2576, TgCRND8, and 

J20 lines have been generated and are studied for the different regiments of molecular details of 

pathophysiology as well as for the development of therapeutics [56]. Impairments of PSEN1 and 

PSEN2 genes have also been regularly attributed to AD [53]. Both PSEN1 and PSEN2 are essential 

components of the 𝛾-secretase enzyme, which is responsible for the cleavage and production of 

Aꞵ [57]. Mutations in both PSEN1 and PSEN2 genes are associated with an increase in the ratio 

of Aꞵ1-42 to Aꞵ1-40 [53,57]. Additionally, it is important to note that early-onset AD caused by 

genetic mutations is primarily associated with elevations in Aꞵ1-42 levels. The location of the 

mutation in the presenilin gene is reported to differentially affect the production of Aꞵ. While 

PSEN1-L166P reduces Aꞵ production, PSEN1-G384A significantly increases Aꞵ42 production 

[53]. Mutations in the APOE gene are associated with both sporadic and familial AD. ApoE has a 

crucial role in the metabolism and distribution of triglycerides and cholesterol in different cell 

types [53]. Carriers of the APOE risk allele (ε4) display higher levels of cholesterol and have 

higher amyloid pathology and mitochondrial damage compared to the ones carrying other 

polymorphisms of APOE [53]. Recent GWAS studies have added potential genetic players to the 

current pool of risk genes. These include triggering receptor expressed on myeloid cells 2 

(TREM2), bridging integrator 1(B1N1), ABCA7, complement receptor 1 (CRI), CD33, clusterin 

(CLU), membrane-spanning 4-domains subfamily A (MS4A), ephrin type-A receptor 1 (EPHA1), 

and phosphatidylinositol binding clathrin assembly protein (PICALM) genes [58]. Age is 

considered to be a crucial risk factor in AD [59]. Other risk factors in AD include frequent 

smoking, regular alcohol consumption, and obesity [60]. Previously APP transgenic mice fed with 

a high-fat diet have been reported to exacerbate the pathophysiology of AD [61,62]. Another, 

essential and undermined risk factor of AD is depression (discussed in the next section).     

1.1.2    Amyloid Cascade Hypothesis 

The amyloid cascade hypothesis is one of the most widely accepted explanations for AD pathology 

which stresses the role of Aꞵ deposit in the pathophysiology [63]. Over the years, there have been 

several discoveries supporting this hypothesis as well as several arguments which counter the 

amyloid cascade hypothesis. The hypothesis has been modified over the years to accommodate 
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features and the association of cognitive decline with Aꞵ deposit. Soluble forms of oligomeric Aꞵ 

which are intermediate to the monomeric and the fibrillar form of Aꞵ are strongly associated with 

the neurotoxicity of Aꞵ peptide [64]. These oligomeric forms of Aꞵ are often thought to lead the 

Aꞵ aggregation, formation of paired helical filaments (PHFs) and finally leading to neuronal death 

[65]. Familial AD is associated with gene mutations that are directly associated with Aꞵ 

production. The association of mutation in PSEN1 and PSEN2 of 𝛾-secretase with AD pathology 

supports the amyloid cascade hypothesis [63,66]. Another interesting correlation that supports the 

amyloid cascade hypothesis comes from a parallel study of patients with Down’s syndrome 

[67,68]. These patients have an extra copy of the APP gene in chromosome 2, thereby producing 

excessive APP, and develop Aꞵ plaques and dementia by an early age estimate of about 40 [69]. 

Different types of soluble Aꞵ oligomers have been extensively studied and associated with the 

impairment of long-term potentiation (LTP) in the hippocampus [70–72]. Similarly, soluble Aꞵ 

oligomers are associated with neuronal loss and neuroinflammation including reactive astrogliosis 

[73]. All these studies posit Aꞵ as a critical factor in the pathophysiology of AD.     

However, there are several arguments against this hypothesis. Hyperphosphorylated tau protein in 

neurofibrillary tangles is correlated with a higher degree of cognitive impairment than Aꞵ deposits 

[5]. This however is countered by the involvement of Aꞵ in the early phase and the occurrence of 

tau at a later phase where cognitive deficits are prominent. While the involvement of tau cannot 

be undermined, it is possible that the synaptotoxic action of Aꞵ is mediated and aggravated by the 

tau protein. This is supported by the human genetics study which shows APP mutations enhance 

the Aꞵ production and alter the downstream modulation of wild-type tau, while tau mutations do 

not lead to enhanced Aꞵ production or associated dementia [74]. The presenilin hypothesis is 

another alternative to the amyloid cascade hypothesis which suggests impairment of presenilin 

function leads to progressive neuropathology in AD [75]. This is supported by the presenilin KO 

study which leads to cognitive impairment and loss of cortical neurons [76]. This, however, doesn’t 

still overrule the possibility of enhanced Aꞵ production in the loss of function of presenilin, since 

Aꞵ is upstream of the cascade that leads to the loss of presenilin function. Another crucial argument 

that counters the amyloid cascade hypothesis is the failure of several anti-amyloid therapies in 

reducing all the pathophysiological features of AD [77,78]. This could partially be attributed to 

the low penetration of these substances in the brain. Additionally the recent success with 

lecanemab and donanemab which shows marked reduction of amyloid and associated slowing 
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down of cognitive decline [79–81] challenges the argument and strengthens the amyloid cascade 

hypothesis. Also, AD being multimodal in terms of pathology affects multiple pathways and while 

Aꞵ potentially could be the initiator of this cascade, several other crucial players progress the 

pathophysiology of AD. Targeting only Aꞵ production might not, therefore, be a viable solution. 

The energy burden resulting from an enhanced energy demand in AD has often been understudied 

while developing therapeutics. It is crucial therefore to focus on the bigger picture instead of 

targeting individual pathways. All this taken together, still suggests Aꞵ as a primary player to 

initiate the cascade of AD pathology and supports the amyloid cascade hypothesis.   

1.1.3    Amyloid- β peptide and aggregation in AD 

The endoplasmic reticulum synthesizes APP, a type I transmembrane glycoprotein with a short 

cytoplasmic domain and a large luminal domain which is transported to the trans-Golgi-network 

(TGN) by the Golgi apparatus [82]. In a physiological state, upon reaching the cell surface, the 

fate of APP is decided either via the α-secretase enzyme which cleaves it to form soluble α-APP 

fragments (sAPPα) or is re-internalized by recognition of the “YENPTY” motif and recycled back 

to the cell surface [74,83]. Therefore, the non-amyloidogenic processing of AD by α-secretase 

leads to the generation of non-toxic fragments [83]. In addition to this, previous studies show that 

these non-toxic fragments antagonize the generation of Aꞵ [83]. On the other hand, APP 

processing via the amyloidogenic pathway results in Aꞵ biogenesis [74,83]. The availability of 

APP in acidic compartments like that of the endosomes increases the chances of APP processing 

to occur via the amyloidogenic pathway [84] (Figure 3).  

Both ꞵ-secretase and 𝛾-secretase play a crucial role in Aꞵ biogenesis [83]. The first cleavage of 

APP by ꞵ-secretase produces large soluble β-APP (sAPPβ) fragments and membrane tethered-C-

terminal β fragments (CTFβ) [83,85]. These APP-CTFs are cleaved by 𝛾-secretases to form Aβ 

and the APP intracellular domain (AICD) [86,87]. Beta-secretase 1 (BACE1), a transmembrane 

aspartyl protease, forms the major class of ꞵ-secretase which is responsible for the generation of 

the N-terminus of Aβ [84,87,88]. Previously alterations in BACE1 levels have been shown to 

affect the processing of APP [84,89]. Importantly the activity of BACE1 is thought to be the rate-

limiting step in Aβ generation [90,91]. Production of mature BACE1 is dependent on 

glycosylation, phosphorylation, and endoprotease cleavage of precursor pro-BACE1 [92,93]. 
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These properties of BACE1 have led to diverse studies exploring the therapeutic potential of 

BACE1. Previous reports from BACE1 knockouts show that they have phenotypic advantages in 

terms of reduced pathophysiology of AD such as rescued cognitive decline, reduced levels of Aβ, 

and amelioration of cholinergic dysfunction [93–97]. In addition to BACE1, BACE2, and 

cathepsin B are among the relevant ꞵ-secretases which affect the Aβ production levels [98]. Also, 

it is important to mention that overexpression of APP-CTFβ which is a product resulting from ꞵ-

secretase cleaving has a crucial effect on increasing cytotoxicity and associated neuronal cell death 

[98,99]. Whether APP-CTFβ is individually neurotoxic or their processing further by the 𝛾-

secretase contributes to cytotoxicity is not established yet and requires further research. 𝛾-secretase 

is composed of four essential components: Nicastrin, presenilin (PS, PS1, or PS2), anterior 

pharynx-defective-1 (APH-1), and presenilin enhancer-2 (PEN-2) [100]. It is important to note 

though that although all these four components form the complete complex of 𝛾-secretase, the core 

component of the activity of 𝛾-secretase is dependent on presenilin [101,102]. This is evident from 

the mutations in the presenilin gene which form the majority cluster of familial AD cases 

[103,104]. The generation of Aꞵ via both the secretases forms the starting point of 

pathophysiological effects in AD.  
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Figure 3: Amyloidogenic and non-amyloidogenic pathways of APP processing (Adapted with 

permission from [84]). 

The fate of APP processing is decided upon either the amyloidogenic (red, right) or the nonamyloidogenic 

(green, left). Under physiological conditions, APP cleavage within the Aβ domain is carried out by α-

secretase to generate membrane-bound C83 and sAPPα. Further cleavage of C83 by γ-secretase generates 

an intracellular carboxy-terminal fragment (CTF)γ and an extracellular p3 fragment. On the other hand in 

the amyloidogenic processing of Aβ, β-secretase cleaves APP to produce membrane-bound C99 and 

sAPPβ. C99 is further cleaved by γ-secretase to produce Aβ and intracellular CTFγ. 

1.1.4 Arctic mutation mouse model of AD 

Transgenic mouse models carrying a mutation in APP or PSEN1 have been explored to study 

different aspects of AD pathology starting from cholinergic dysfunction to sleep and circadian 

abnormalities. Given the diverse pathophysiological profile of AD, no single transgenic mice 

model recapitulates all the features of AD pathology. It is therefore always wise to choose the 

models based on the questions asked and taking into consideration the pros and cons of each 

transgenic strain. Overexpression or knock-in models of the human APP gene linked to FAD 

mutations have resulted in the creation of several transgenic mouse models. Among the most 

commonly used transgenic mice for AD is the Tg2576 model which overexpresses the human APP 

gene carrying the Swedish mutation (KM670/671NL) [105]. The Tg2576 mouse line has amyloid 

plaque formation around 11 to 13 months old and shows reactive gliosis around the plaques [106]. 

While memory impairment is reported in this line around the age of 10 months, no neuronal loss 

has been found. J20 model, another transgenic mice line, contains two FAD-linked mutations, the 

Indiana mutation (V717F) and the Swedish mutation (KM670/671NL), which overexpresses the 

human APP gene [107]. These mice develop amyloid deposition at 5-7 months old with an increase 

in hippocampal plaque load. Reactive gliosis at the age of 6-9 months, chronic neuroinflammation, 

neuronal loss, and cognitive impairment have been reported in this model [108]. PS2APP mouse 

model on the other hand overexpresses both the human PSEN2 gene with N141I mutation under 

prion promoter and the human APP gene carrying the Swedish mutation (KM670/671NL) under 

Thy1.2 promoter [109,110]. The advantage of this model includes the widespread formation of 

plaques in different brain regions including thalamic and pontine nuclei apart from the 

hippocampus, neocortex, and amygdala [109]. APPswe/PSEN1dE9 (APP/PS1) mice are created 

by two vectors, one which encodes the FAD-linked PSEN1 gene without exon 9 and the other 
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vector with APP gene carrying the Swedish (KM670/671NL) mutation [111]. These mice lines 

exhibit early deposition of Aβ around 6 months and exhibit spatial learning deficits in the Morris 

water maze [112,113].  

The Tg-ArcSwe mice carry both Swedish mutation (KM670/671NL) and Arctic mutation (E693G) 

under the Thy1 promoter and it overexpresses the human APP gene [114]. These mice exhibit 

early learning impairments around the age of 4 months and have also been reported to have 

amyloid deposits accompanied by reactive astrogliosis and neuronal loss [115]. Another 

commonly used AD transgenic mouse model which expresses 5 FAD-linked mutations Florida 

(I716V), Swedish (KM670/671NL), and London (V717I) mutations in the APP gene, and the 

L286V and M146L (A > C) mutations in the PSEN1 gene is the 5xFAD mice [116]. The 

appearance of plaques occurs as early as 2 months old and progresses rapidly with age till 7 months 

[109,116]. Spatial memory is impaired by 6 months of age. There exists a transgenic model which 

increases the Aβ generation without overexpressing the APP gene. The mouse line AppNL-G-F 

knock-in is one such example where the APP mouse gene is introduced with the Swedish 

(KM670/671NL), Arctic (E693G), and Iberian (I716F) mutations [117]. While this line does not 

show any neuronal loss, it shows cortical Aβ deposition, impaired memory, and reactive gliosis 

[117]. Apart from these mouse lines which exhibit mutations linked to FAD, there are other 

tauopathy models which comprise both genetically modified models and tau seed injection models. 

Some of these widely used mutations in the microtubule-associated protein tau (MAPT) gene are 

expressed under prion promoter and induce cognitive deficits and neuronal loss [109]. In summary, 

different transgenic mouse AD lines are created and studied by the researchers to capture different 

aspects of AD and to answer questions pertaining to the multimodal nature of AD. In addition to 

these genetic models, there have been attempts to recreate pathology-mimicking models such as 

the ones where chronic stress enhances the amyloidogenic processing of APP [118]. However, a 

major disadvantage of this model system includes variable amounts of chronic stress which cannot 

be directly quantified as well as cannot be correlated with chronic stress in humans.  

In the current project, we have used the ArcAβ transgenic AD mice model which contains 

overexpression of human APP695 containing both Swedish and Arctic mutation under the prion 

promoter gene [119] (Figure 4). Previously ArcAβ has been associated with cognitive impairment 

from the age of 6 months. One of the primary reasons for choosing this model for our project was 
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that the ArcAβ model encompasses both the Swedish and Arctic mutation in a single construct 

which increases the propensity and stability of Aβ aggregation. Additionally, since we planned to 

test memory retention via retests which requires a long-time frame, this model was suitable due to 

the early development of cognitive impairments. Both 6-month-old and 9-month-old mice showed 

impaired cognitive learning as evident from the Y-maze and the Morris water maze [119]. A 

reduced percentage of arm alteration in the Y maze also indicated an impaired working memory. 

Formation of intracellular Aβ aggregates has been reported at this age with no apparent plaque 

load [119]. These intracellular Aβ deposits are therefore thought to correlate with associated 

cognitive impairments. Formation of plaque load has been reported to start at the age of 9 months 

old. Importantly, the mouse line consists of dense-core plaques which are usually associated with 

the Swedish mutation [119]. Another interesting correlate of this model is that the dense core 

plaque formation coincides with severe CAA [119]. Furthermore, significant locomotor and 

exploratory hyperactivity have been shown in this model at the age of 3 months. This hyperactivity 

however becomes normal with age as examined around 6 and 9 months old [119]. We used this 

model to study further the pathophysiology of AD and examine if TSPO activation via XBD173 

could rescue the pathophysiological features of AD in this transgenic model.  

 

Figure 4: Representative schematics showing the location of Swe and Arc mutations in the human 

APP containing the Aβ sequence (Adapted with permission from [119]). 

1.2 Depression 

1.2.1 Depression and Sleep: From a Molecular and Cellular Perspective 
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The criteria for defining a major depressive episode is a history of depressed mood or anhedonia 

(diminished enjoyment of normally pleasurable activities) for at least 2 weeks with at least 3 of 

the following symptoms: psychomotor agitation or retardation, sleep disorders, frequent thoughts 

of suicide, significant weight change or change in appetite, feelings of guilt and worthlessness, 

difficulty concentrating, and impairments [120]. From previous clinical evidence, chronic 

depression has resonated with stress and the Hypothalamus-Pituitary-Adrenal Axis (HPA axis) 

[120–122]. For instance, elevated levels of cortisol and hypothalamic corticotropin-releasing 

hormone (CRH) have been associated with patients of depression [120,123]. The association of 

depression with sleep impairments is evident from HPA axis dysfunction [124–126]. Among 

several sleep parameters, the crucial ones affected by depression include reduced slow-wave sleep 

in the first cycle, increased intermediate awakenings, lower rapid eye moment (REM) latency, and 

a higher REM sleep density [127]. CRHR1 antagonists, therefore, are known to better the sleep 

cycle in cases of depression and alleviate depression-like behavior in rodents [128]. An essential 

aspect of depression is the reduced monoaminergic tone and elevated levels of glucocorticoids are 

thought to be the major player which affects the levels of monamines [129,130]. This leads to 

impaired serotonergic signaling and reduced hippocampal neurogenesis [131]. Alteration in the 

levels of the intracellular secondary messenger cyclic adenosine monophosphate (cAMP) affects 

the CREB phosphorylation by protein kinase A (PKA), leading to impaired neurogenesis in 

depression [132–134]. 

1.2.2 From Depression to Dementia: In Retrospection 

Clinical studies over several years have studied the association of depression or depressive 

symptoms as well as anxiety-disorders to the development of dementia [135–137]. The 

fundamental question that arises is whether late-life depression or early-life depression constitutes 

a major risk factor for cognitive impairment in dementia [138–140]. One of the longest 

longitudinal studies with a 17-year follow-up has highlighted a 70% increase in the risk of 

developing dementia in depressed patients [137]. While both early- and late-life depression posits 

certain risks to the development of dementia, multiple cohorts of study have outlined a strong 

association between late-life depression and dementia [141–145]. Additionally, anxiety-like 

disorders associated with depressive symptoms posit a higher risk for the development of dementia 

[146–148]. 
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The cellular and molecular underpinnings of depression and dementia are one of the primary 

factors which are thought to correlate with both these neurodisorders. As discussed earlier, major 

depression affects the stress-related HPA axis leading to increased cortisol production and causing 

hippocampal atrophy [124,126]. Activation of the HPA axis also increases the production of 

glucocorticoid which affects the glucocorticoid receptors as well as damages the hippocampus 

causing cognitive decline [126]. This impaired glucocorticoid mechanism has also been strongly 

documented in dementia [149]. Depressive episodes are correlated with a high degree of stress. 

Cumulation of this phenomenon over time is thought to progress to dementia.  

 

Aβ deposits and hyperphosphorylated tau constitute key pathological changes with the progression 

of AD. Previous studies have demonstrated an enhanced accumulation of plaques and tangles in 

the hippocampus of AD patients with depression compared to the ones without depression 

[150,151]. This essentially highlights that in addition to being a prodrome of dementia, the 

depressive disorder could also potentiate and aggravate the pathophysiology of AD. The stress 

pathway associated with depression correlates with increased Aβ production in AD [152,153]. 

Indirect evidence comes from the study that reports glucocorticoid administration promotes Aβ 

production by increasing BACE1 levels [154]. Additionally, depression via an imbalance in the 

serotonergic system could accelerate the Aβ accumulation process [152,155]. Amyloid-associated 

depression, in which depressed patients show elevated levels of plasma Aβ might therefore 

represent an intermediate phase between the transitioning from depression to dementia [156]. The 

impaired monoaminergic system (serotonergic and noradrenergic) involved in both depression and 

AD provides another link between these disorders [157]. Locus coeruleus (LC) lesions are 

associated with aggravated pathophysiology including pronounced neuronal damage, increased 

plaque burden, and chronic inflammation [158,159]. Additionally, serotonin plays an important 

role in the processing of APP via non-amyloidogenic pathways via 5-hydroxytryptamine (5-HT4) 

receptors [160]. A reduction in serotonin levels (in both depression and dementia) could therefore 

favor the processing of APP via the amyloidogenic pathway.  

 

Chronic neuroinflammation, a key pathophysiological effect in AD is also seen in major 

depression [161–163]. Increased levels of pro-inflammatory cytokines such as interleukin (IL) - 6 
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and tumor necrosis factor (TNF) associated with depression could lead to a decrease in anti-

inflammatory cytokine as well as affect hippocampal neurogenesis via interference with the 5-HT 

metabolism [163,164]. In AD, Aβ deposits are known to affect the glial cells to release more pro-

inflammatory cytokine and this has been correlated with increased loss of functional neurons 

leading to cognitive decline [165]. A reduction in neurotrophic factors such as brain-derived 

neurotrophic factors is another similarity between depression and dementia [153]. The similarity 

between these disorders on a cellular level as well as the association from the longitudinal studies 

strongly suggests that depression increases the risk of developing dementia as well as might 

aggravate the AD pathology.    

Antidepressants have clinically been shown to rescue cellular atrophy and increase neurogenesis 

by reversing the effects of stress. Commonly used antidepressants such as Fluoxetine rescued and 

ameliorated the stress-induced hippocampal neurogenesis and impaired brain-derived 

neurotrophic factor (BDNF) levels in mice [166]. Previously, depressed patients administered 

chronic antidepressant treatment for a longer duration were associated with a lower risk of AD 

than those who were prescribed antidepressants for a shorter duration [167]. Long-term treatment 

with antidepressants, therefore, has been proven to be beneficial in either significantly delaying 

the progression to AD or decreasing the risk of developing dementia. From a pathophysiological 

perspective, SSRIs commonly administered to patients suffering from major depressive episodes 

are shown to reduce plaque burden, ameliorate cognitive deficits as well and shift the balance to 

non-amyloidogenic processing of APP from amyloidogenic processing of APP [168–170]. 

Fluoxetine treatment in AD transgenic mice line decreases the Aβ accumulation [171]. Chronic 

treatment with antidepressants additionally has been shown to rescue the impaired cAMP-PKA-

CREB pathway which leads to betterment in synaptic plasticity [172,173]. 

The ability of antidepressants to interfere with the Aβ production as well as a shift from 

amyloidogenic processing to non-amyloidogenic processing of APP contributes greatly to its 

neuroprotective effects in the case of AD. The chronic neuroinflammatory response exerted in AD 

has also previously been shown to be ameliorated to a certain extent by antidepressants [174–176]. 

This is partly due to the anti-inflammatory properties of these drugs. For instance, SSRIs like 

fluoxetine limit reactive gliosis and promote a shift from pro-inflammatory cytokines to anti-

inflammatory cytokines [177]. All this evidence taken together strongly suggests an association 
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between depression and AD and also highlights the importance of new therapeutic interventions 

which should target these overlapping cellular mechanisms.  

1.3 Translocator Protein, Neurosteroids, and GABAA receptors 

1.3.1 Structure and function of translocator protein 

The translocator protein (169 amino-acid residues), previously known as the peripheral 

benzodiazepine receptor, is a highly conserved protein with five transmembrane domains and is 

located on the outer mitochondrial membrane [178,179]. This 18 kDa protein was first identified 

in 1977 as a benzodiazepine binding site (BZD) in peripheral organs [180]. Since then, TSPO has 

been explored further in terms of both structural as well as functional profiles. Given the extensive 

role of mitochondria in energy homeostasis, ion transport, Ca2+ balance, inflammation, production 

of reactive oxygen species (ROS), apoptosis, and metabolite biogenesis [181–183], they are 

associated with neurological conditions and neurodegenerations such as Parkinson’s, 

Huntington’s, and AD [184,185]. Mitochondrial membrane proteins, therefore, are excellent 

targets for the development of therapeutics against these neurodisorders. TSPO on the outer 

mitochondrial membrane interacts with neighboring proteins including the voltage-dependent 

anion channel (VDAC) and adenine nucleotide transporter (ANT) to form a complex [186–188]. 

The expression of TSPO is higher in steroid-synthesizing organs such as the gonad, adrenal, and 

brain cells [178,179]. Previously, during inflammation glial cells (microglia and astrocytes) were 

predominantly thought to express TSPO in the central nervous system [189]. Recent studies show 

their expression is also affected by neuronal activity which challenges the general assumption of 

their expression being altered only during inflammatory responses [190].  

TSPO, which forms a crucial element of the outer mitochondrial membrane, mediates several 

mitochondrial functions, the primary ones being the transport of cholesterol, synthesis of steroids 

(Figure 5), programmed cell death, cell proliferation, and mitochondrial respiration [191]. TSPO’s 

role in steroid production, apoptosis, and proliferation has been established using knockout 

(Homologous recombination), knockdown (TSPO antisense vectors) as well as RNA silencing 

techniques [192–198]. TSPO plays a crucial role in the transport of cholesterol from the outer to 

the inner mitochondrial membrane, which is the rate-limiting step in the production of 

neurosteroids [178,179,191].  
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Aberrations in the TSPO gene in Leydig cells are associated with malfunctions in cholesterol 

transport and subsequent production of steroids [199]. Recently, however, some studies have 

challenged the role of TSPO in the synthesis of neurosteroids [200]. This is supported by the 

animal model studies where knockout of TSPO does not affect the viability or phenotype of the 

mouse line [201]. However, the upregulation of steroid levels by TSPO ligands counters this 

argument. Additionally, in vitro expression studies, as well as site-directed mutagenesis show a 

cholesterol-recognizing amino acid consensus domain (CRAC) in the cytosolic C terminus of the 

TSPO protein [202,203] (Figure 6). NMR spectroscopy establishes the binding of TSPO to 

cholesterol at the CRAC domain [191,204]. All these suggest that the C-terminal side of the TSPO 

protein which is exposed to the cytosol plays a crucial role in the import of cholesterol.  
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Figure 5: Translocator protein helps in importing cholesterol to the inner mitochondrial membrane 

(Adapted with permission from [191]) 

 

A. Cholesterol upon reaching the inner mitochondrial membrane gets converted to pregnenolone by 

cholesterol side-chain-cleaving cytochrome P450 enzyme (P450scc). Pregnenolone forms the base for the 

generation of a diverse range of neurosteroids. B. The 3α-reduced neurosteroids are potent allosteric 

modulators of the synaptic and extrasynaptic GABAA receptors and bind at a site different from the BZD 

binding site. 3β-HSD: 3β-Hydroxysteroid dehydrogenase; 3α-HSD: 3α -Hydroxysteroid dehydrogenase; 

BZD: Benzodiazepine; 3α, 5α THDOC: 3α, 5α Tetrahydrodeoxycorticosterone; 5α DHDOC: 5α 

Dihydrodeoxycorticosterone; VDAC: voltage-dependent anion channel protein   

Neuronal injury or neurodegeneration is known to elevate the expression of TSPO [191]. For 

instance, TSPO expression in injury is elevated in Schwann cells, neurons, and microglia and the 

expression of TSPO is proportional to the degree of damage [205–207]. TSPO expression has long 

been explored as a definitive biomarker in neurodegeneration because of its upregulation at the 

degenerative sites [191]. Interestingly, a previous study shows the association of differential 

expression of TSPO in glial cells with neuroprotection [208,209]. The upregulation of TSPO in 

astrocytic cells was found to be neuroprotective in contrast to those in microglia where 

upregulation of TSPO was associated with neuronal loss [210]. It is therefore possible that the 

upregulation of TSPO is the brain’s way to counter the degeneration. This is evident from the role 

of TSPO in regenerative processes. Importantly, however, psychiatric disorders involving anxiety 

disorders, post-traumatic stress disorders (PTSD), and panic disorders, were associated with a 

marked reduction of TSPO protein [191].     

Among the endogenous ligands of TSPO are cholesterol, endozepines, and porphyrins. Cholesterol 

and porphyrins have nanomolar and micromolar affinities for TSPO respectively [191]. 

Benzodiazepines which also bind to TSPO require additional VDAC for optimal binding and other 

drug ligands primarily bind to a region within the amino terminus [211]. Apart from endogenous 

ligands, several synthetic ligands of TSPO have been studied to elucidate the role of TSPO in 

different disorders [191].  
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Figure 6: Cholesterol binds to the CRAC domain at the C terminal of 18kDa TSPO (Adapted with 

permission from [191]).  

a. Electrostatic potential map showing cholesterol docked to TSPO b, c 2 different TSPO conformational 

models giving an insight of cholesterol import from outer to the inner mitochondrial membrane. In the 

electrostatic potential map, white represents the hydrophobic surface, blue color shows positively charged 

areas whereas red color shows negatively charged regions. d. The CRAC domain consists of Leu/Tyr/Arg 

residues with internalized cholesterol. e. Three-dimensional TSPO transverse model showing that 

negatively charged residue might assist in cholesterol import (Asp111). The white circles represent the 

transmembrane alpha helices.  

1.3.2 Translocator Protein Ligands in Neurodisorders 

Given the diverse profile and functional role of the TSPO protein, ligands targeting the translocator 

protein are now being explored for their therapeutic potential in several neurodisorders. For 
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instance, TSPO ligand SSRI80575 promotes functional recovery in facial nerve injury [212]. The 

TSPO ligand olesoxime also protects motor neurons from axotomy-induced cell death and 

regenerates sciatic nerves following injury [213]. Further studies on olesoxime have shown its 

neuroprotective potential against chemotherapy-induced peripheral neuropathy [191]. Etifoxine, 

another TSPO ligand, promotes axonal growth after freeze injury in rats [214]. Classical TSPO 

benzodiazepine ligand Ro5-4864 prevented kainic acid-mediated excitotoxicity. Brain 

intracerebroventricular injections (i.c.v) of kainic acid are neurotoxic and result in neuronal loss 

and hippocampal astrogliosis [215]. TSPO ligands are well known to modulate macrophage 

activation and affect the production of inflammatory cytokines after nerve injury [191]. For 

instance, both Ro-4864 and PK11195 in rodent models reduce glial activation as well as the levels 

of pro-inflammatory cytokines [215,216]. In psychiatric disorders, TSPO ligands have been 

explored greatly for their potent anxiolytic effects [217–219]. Etifoxine for instance shows a 

comparable anxiolytic effect as benzodiazepine lorazepam [220]. Similarly, the highly-specific 

ligand for TSPO XBD173 shows a potent anxiolytic effect without having an adverse side-effect 

profile compared to the commonly used benzodiazepines in perioperative anesthesia [221]. 

TSPO ligand Ro5-4864 ameliorated the pathophysiology in a rodent tauopathy model [222]. R05-

4864 rescues brain atrophy as well as prevents hippocampal neuronal loss [223]. TSPO ligands 

compound 2a and 2b prevent overt cytotoxic effects from Aꞵ mediated bioenergetics deficits and 

also reduce oxidative injury under stress conditions [224]. In models of retinal degeneration, 

targeting TSPO by ligands belonging to the class of N, N-dialkyl-2-arylindol-3-ylglyoxylamides 

(PIGAs) reduces apoptosis and inflammation [225]. Administration of etifoxine in a mouse 

experimental model of autoimmune encephalomyelitis (EAE) before the development of clinical 

signs improves recovery and proves to be neuroprotective by increased oligodendroglial 

regeneration and less peripheral cell infiltration of the spinal cord [226]. In 3xTgAD transgenic 

AD mouse models, TSPO ligands Ro5-4864 and PK11195 attenuated the neuropathological 

developments such as reduction in hippocampal Aꞵ accumulation, decreased gliosis, and improved 

cognition [223]. Administration of Ro5-4864 was correlated with elevated brain testosterone and 

progesterone levels in 3xTgAD mice [223]. Previously, TSPO overexpression has been associated 

with providing anxiolytic as well as antidepressant-like effects [227], possibly suggesting that the 

activation of TSPO affects the underlying mechanism of these neurodisorders and could be a 
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suitable target for AD. All these pieces of evidence when put together highlights the importance 

of TSPO ligands in exerting neuroprotective benefits in injury as well as in neurodisorders. 

1.3.3 XBD173 in neurodisorders 

XBD173, an 8 oxopurine derivative with anxiolytic potential, binds selectively to TSPO with 

nanomolar affinity [217]. It has little affinity for neurotransmitter receptors, including GABAA 

[217]. XBD173/Emapunil as a benzodiazepine alternative has been explored in terms of side-effect 

profiling. Previously XBD173 has been associated with anxiolytic properties in both animal 

models as well as in human subjects [228]. XBD173 was additionally shown to potentiate the 

duration and amplitude of GABA-mediated IPSCs in mouse brain slices via the synthesis of 

neurosteroids. The inhibition of this effect was achieved with finasteride, a 5⍺-reductase inhibitor, 

suggesting 5⍺-reduced neurosteroids mediate the actions of GABA receptors [228]. In the rodents, 

XBD173 countered the panic attacks without exhibiting benzodiazepine-like sedative effects and 

the anxiolytic effects were comparable to benzodiazepine alprazolam [228]. Additionally, the 

withdrawal symptoms that are commonly associated with benzodiazepine use were absent in 

XBD173 treatment. Activation of TSPO by XBD173 promotes the synthesis of neuroactive 

steroids which affects the GABAA receptors thereby exhibiting anxiolytic properties [228]. 

XBD173’s anxiolytic properties during stress tests were prevented by TSPO antagonist PK11195, 

suggesting a TSPO-dependent role of XBD173 [228]. XBD173 was shown to have comparable 

anxiolytic potential as that of the benzodiazepine alprazolam. The side-effect profile after XBD173 

administration was comparable to the placebo group. On the other hand, benzodiazepine 

alprazolam showed a more severe side-effect profile including tolerance and withdrawal 

symptoms. A comparison of the side-effect profile between these drugs therefore gives XBD173 

an upperhand [228]. 

XBD173 in addition to its anxiolytic profile has been explored for its neuroprotective potential in 

certain neurodisorders. For instance, XBD173 at a dose of 10-20 mg/kg conferred neuroprotection 

in the mouse model of multiple sclerosis. This was associated with increased levels of 

allopregnanolone and decreased pro-inflammatory cytokines [229]. In another study concerning 

retinal ischemia, XBD173 proved to be neuroprotective by modulating the glial response pattern 

[230]. In a recent study, XBD173 was shown to have beneficial effects in an MPTP rodent model 
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of Parkinson’s by attenuating neuroinflammation, maintaining dopamine metabolism, rescuing the 

motor phenotype, and inducing the shift from pro-inflammatory cytokines to anti-inflammatory 

cytokine [231]. XBD173 therefore compared to the present ligands of TSPO is highly selective 

and has a lower side-effect profile.   

1.3.4 Benzodiazepines and Neurosteroids 

Benzodiazepines get their name from the structural fusion of a benzene and a diazepine ring having 

two nitrogen atoms at positions 1 and 4 [232]. The use of benzodiazepines in clinics has been 

associated primarily with anxiolytics, seizure reductions, muscle relaxants, and sedation [233–

235]. Over the years different categories of benzodiazepines have been developed and clinically 

used to potentiate anxiolysis [234]. At a molecular level, benzodiazepines bind to GABAA 

receptors [236]. The binding of benzodiazepines at the benzodiazepine binding site in GABAA 

receptors acts as an allosteric modulator to facilitate the GABA binding and opening of the chloride 

channel to potentiate neuronal inhibition [236]. The sedative-hypnotic properties of 

benzodiazepines produce limitations in their use as anxiolytics [228,237].  

Neurosteroids were originally termed by Baulieu and refer to the steroids that circulate and 

potentially modulate the actions of the central nervous system and are independent of peripheral 

organs [238]. The term “Neuroactive steroid” coined by Paul refers to the endogenous or synthetic 

steroids which modulate the activity of the nervous system [239]. Neurosteroids are considered to 

be potent modulators of synaptic transmission. They can bind either to the intracellular receptors 

which regulate gene transcription or can bind to neurotransmitter-dependent receptors. Depending 

on their binding to these sites, the receptors are termed classical or non-classical receptors 

[240,241]. The primary biosynthesis of neurosteroids starts with the translocation of cholesterol 

from the outer to the inner mitochondrial membrane where it is converted to pregnenolone by 

cytochrome P450 side-chain cleavage [178,242,243]. The translocation of cholesterol forms the 

rate-limiting step in the synthesis of neurosteroids and TSPO plays a crucial role in this [178,179]. 

Pregnenolone then forms the precursor molecule for a diverse range of neurosteroids starting from 

progesterone which undergoes two consecutive sequential A ring reductions to form 

allopregnanolone [191]. Alternatively, progesterone could convert to deoxycorticosterone (DOC) 

by cytochrome P450 21-hydroxylase which could further result in the production of 
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tetrahydrodeoxycorticosterone (THDOC) [242,243]. A diverse range of neurosteroids including 

dehydroepiandrosterone, pregnenolone sulfate, progesterone, estradiol, THDOC, pregnenolone, 

testosterone, allopregnanolone, and dehydroepiandrosterone sulfate is produced in the brain which 

modulates the action of CNS. Additionally, neurosteroids that act via the GABAA receptors have 

been studied for their anxiolytic property without exhibiting benzodiazepine-like side effects 

[228,242,244]. It is important to note that the production and availability of the neurosteroids are 

region-specific and depend on the availability of the catalyzing enzymes [191]. It would therefore 

not be uncommon to think that the role of neurosteroids might vary accordingly in different brain 

areas. Neurosteroids such as pregnenolone, allopregnanolone, and 3⍺5⍺ THDOC are considered 

to be potent modulators of GABAA receptors [245,246]. 

1.3.4.1 GABAA Receptors: Structure and Composition 

GABAA receptors play a crucial role in setting up the inhibition tone in the nervous system. These 

are ligand-gated chloride ion channels and are composed of pentameric subunits [247]. GABAA 

receptors can be composed of different subunits to form a diverse range of receptors having 

sensitivity to different drug targets and therefore a diverse pharmacological profile. In humans 

alternative splicing results in 19 subunits for GABAA receptors which include six alpha (α 1 - 6), 

three beta (β 1 - 3), three gamma (γ 1 - 3), three rho (ρ 1 - 3), and one each of the pi (π), epsilon 

(ε), delta (δ), and theta (θ) subunits [247–250]. In the human genome, the receptor subunits are 

arranged in 4 clusters consisting of ϵ, α3, and θ on chromosome X; α6, β2, α1, and γ2 on 

chromosome 5; β1, α4, α2, and γ1 on chromosome 4; and β3, α5, and γ3 on chromosome 15 [251]. 

The mature GABAA receptor isoform is composed predominantly of α1, β2, and γ2 subunits and 

consists of 450 amino acid residues consisting of an N-terminal domain, four hydrophobic 

transmembrane domain, and hydrophilic extracellular domain [252,253]. The transmembrane 2 

domain is thought to form the pore for the entry of the chloride ion. Post-translation modification 

in the intracellular domain between transmembrane domains 3 and 4 is thought to modulate the 

activity of the receptor [252,253].     
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Figure 7: Representative schematic of the GABAA receptor and its associated binding sites (Adapted 

with permission from [254]). 

The spatial distribution of GABAA receptors in the brain is different in terms of its subunit 

composition and region of expression (Figure 7). Additionally, while certain subunits have a broad 

range of expression in the CNS others have a limited/restricted set of expressions [247]. For 

instance, while the ρ subunit is expressed predominantly in the retina, the α6 has a restricted set of 

expressions only in the cerebellum [255]. It is possible therefore that this region-specific 

expression and the subunit composition confer a functional advantage.  

The GABAA receptors produce two broad classes of inhibitory response. First, the phasic 

inhibition, which comprises transient stimulation of GABAA receptors (milliseconds). Second, 

tonic inhibition which is a continuous inhibitory response and plays a crucial role in synaptic 

plasticity, neurogenesis, or cognitive functions [247]. The GABAA receptor subunit composition 

accomplishing the inhibitory effects varies greatly according to phasic or tonic inhibition. The 

GABAA receptors localized to postsynaptic sites and conducting phasic inhibition are mainly 

composed of α1–3, β1–3, and γ2 subunits, whereas the ones localized to extrasynaptic sites and 
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carrying out tonic inhibition are primarily composed of β2/3, α4–6, and δ subunits [247,256]. The 

subunit composition carrying out tonic or phasic inhibition varies accordingly to the brain regions 

[247]. For instance, in the hippocampus, α1βδ receptors are present whereas the forebrain and 

cerebellum consist of α4βδ and α6βδ receptors respectively [257]. 

Dysregulation of different subunit expressions has been linked to several neurodisorders including 

epilepsies, AD, and depression [247,257–261][262]. In AD, misfolded Aꞵ accumulation is thought 

to interfere with the GABAergic activity causing a loss of balance in the excitatory and inhibitory 

tone which further results in cognitive deficits [259–261]. Transcriptional downregulation of α1 - 

3, 5; β1 - 3, δ, γ2/3, and θ subunits have been associated with post-mortem samples from AD brains 

[263]. Similarly, GABA neurotransmitter levels are found to be reduced in AD patients [247]. In 

major depression as well, GABAergic signaling is impaired. Previous studies show decreased 

GABA and GAD67 levels in depressed patients as well as in stress-related rodent models 

[247,262,264].  

1.3.4.2 Benzodiazepines and Neurosteroid's Effects on GABAA receptors 

The benzodiazepine binding site at the GABAA receptor comprises α- (1, 2, 3, or 5) and γ2-

subunits. The receptors containing α- (4 or 6) subunits are not usually compatible with 

benzodiazepines. The potent action of benzodiazepines is mediated by the amino acids in the N-

terminal domain of the α and γ subunit. The γ2 subunit of GABAA determines the sensitivity of 

the receptor to benzodiazepines [235]. The α isoforms α1 and α2 mediate the sedative or anxiolytic 

action of benzodiazepines respectively [265]. The negative effect of benzodiazepines on memory 

is thought to be mediated by the α5 subunit of GABAA receptors [266,267]. The α5 subunits are 

highly expressed in the hippocampus and are thought to play a crucial role in learning and memory 

[266]. However, very recently it has been found that after the application of midazolam 1 subunits 

are mainly involved in mediating the detrimental effects on LTP [268]. Benzodiazepines such as 

diazepam and lorazepam are also clinically known for their use as anesthetics [269]. In one of the 

previous reports, the benzodiazepine diazepam in the presence of low GABA concentrations was 

shown to produce a biphasic response. In the nM concentration range, it is dependent on the 

α1β2γ2-receptor channel, whereas, in the μM range, it is independent of the γ2 subunit [270]. 

Benzodiazepines apart from the GABAA receptors also bind to the TSPO protein [228,271].  
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Neurosteroids on the other hand bind to GABA receptors at a site different from those of 

benzodiazepine or GABA, which allows allosteric modulation of the GABAA receptors and further 

activation of the chloride channel [246]. The neurosteroid’s allosteric action is specifically thought 

to be at the N-terminus of the middle of the second transmembrane domain [246,272]. Among the 

first neurosteroids shown to regulate neuronal excitability were allopregnanolone (3α5α-THP), 

progesterone, 3α,5α tetrahydrodeoxycorticosterone (3α5α-THDOC), and deoxycorticosterone 

[246]. Neurosteroids also target NMDA, serotonergic, muscarinic, or adrenergic receptors [246]. 

The δ subunit of the GABAA receptor plays a major role in tonic inhibition and is essential for the 

neurosteroid-dependent modulation of the GABAA receptor [273]. Knockout of the δ subunit of 

the GABAA receptor has previously been associated with decreased sensitivity and anxiolytic 

potential of neurosteroids pregnenolone and alfaxalone [274].  

 

Figure 8: Structural representations of epipregnanolone (Epi), allopregnanolone (ALLO), and 

isopregnanolone (Iso) (Adapted with permission from [275]). The position of the hydroxy group at the 

C3 position alters the stereo confirmation resulting in stereoisomers.  

Neurosteroids are broadly classified as positive or negative allosteric modulators of the GABAA 

receptors. While still in debate, the 3β-OH neurosteroids such as epi and iso pregnanolone are 

considered to be negative allosteric modulators of GABAA receptors (Figure 8). In one such study 

that countered this argument, Epipregnanolone was shown to act as a positive modulator of 

GABAA receptors in rat hippocampal and cerebral neurons [275]. The potential of neurosteroid 

action is also heterogeneous and greatly dependent on the brain region [246]. For instance, the 

effect of 3α5α-THDOC is more pronounced in the hippocampal CA3 region and subiculum as 

compared to the CA1 or entorhinal cortex [276]. In addition to the complexity, the different 

conformation of neurosteroids also affects their potency on the GABAA receptors. 5α reduced 
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steroids such as 3α5α-THDOC were found to be more potent in modulating the GABAA receptors 

compared to the 3α5β-THDOC (Figure 9) [277,278].  

Additionally, the potentiation and further modulation of the GABAA receptor by benzodiazepine 

or neurosteroids also largely depend on their location whether synaptic or extrasynaptic [246] 

(Figure 10). The synaptic ones expressed at the neuronal membrane most often contain the γ 

subunit and are sensitive to neurosteroids and benzodiazepines [246]. The extrasynaptic receptors 

comprise subunits in different combinations across different brain regions including the α5-subunit 

containing receptors in the CA1 and CA3 region of the hippocampus and δ subunit of the GABAA 

receptors in the cortical and thalamic neurons and dentate gyrus [246,279–281]. While the δ 

subunit of the GABAA receptors is highly sensitive to neurosteroids but is insensitive to 

benzodiazepines [246].  

 

Figure 9: Structure of the stereoisomers of THDOC (3α5α-THDOC and 3α5β-THDOC) (Modified 

with permission from [282]). 

In summary, neurosteroids act broadly according to the different positioning of the functional 

groups and either act as positive or negative allosteric modulators for the GABAA receptors. 

Importantly its binding site is different from that of benzodiazepines. The differences in the 

structural compositions and pharmacological binding sites of neurosteroids and benzodiazepines 

govern their diverse side-effect profile.    
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Figure 10. Synaptic and extrasynaptic GABAA receptors and the neurosteroid-mediated action at 

these sites (Adapted with permission from [283]).  

Neurosteroids and benzodiazepine binding sites are distinct from each other. Based on the location of the 

receptors, the neurosteroids mediate a differential response. For instance, the synaptic GABAA receptors 

are known to mediate phasic inhibition whereas the extrasynaptic ones are primarily thought to mediate 

tonic inhibition. 
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1.3.4.3. Neurosteroids and their Role in neurodisorders 
 

The homeostatic balance of neurosteroids is essential in maintaining a healthy synapse and glial 

function. Previously endogenous neurosteroids in the CNS have been associated with cognitive 

impairments and learning and memory deficits in anxiety disorders [284]. In chronic stress 

disorders such as PTSD, allopregnanolone levels were found to be significantly altered [285]. 

Additionally, their implication in depression and their use as therapeutics to treat depressive 

episodes make them attractive potential targets [286,287]. In progressive neurodisorders such as 

Parkinson’s, the neuroprotective role of neurosteroids has been elucidated. For instance, the 

administration of progesterone in male rats was associated with increased dopamine content in the 

striatum and neuroprotection in the MPTP Parkinson’s animal model [288]. Impaired progesterone 

metabolism has been associated with animals having nigrostriatal lesions that resemble the 

pathological features of Parkinson’s disease [289]. Neurosteroids like 3α5α-THP provide 

neuroprotective effects by restoring the cells in the nigrostriatal tract and TH-immunoreactive 

neurons in the MPTP rodent model of Parkinson’s [290]. In AD, as well neurosteroid levels are 

significantly altered. Several compounds, including pregnenolone (PREG) and 

Dehydroepiandrosterone (DHEA), are altered in AD, including their ester sulfate compounds 

[291]. The involvement of allopregnanolone in AD has been suggested in multiple clinical as well 

as non-clinical studies. The use of allopregnanolone as a neuroprotective agent in AD against 

multiple pathophysiological features has been studied [292,293]. Taken together, neurosteroids 

play a crucial role in modulating neurotransmission and can be considered essential therapeutic 

targets in neurodegenerative disorders.  

1.4 Astrocytes and Complement Pathway 

1.4.1 Role of glial cells in Pruning and Homeostasis 

The formation of synapses and their further integration into functional neuronal circuits requires 

meticulous coordination between neural cells and glial cells. Glial cells, astrocytes, and microglia 

play a crucial role as “Guiding stars” during the process of synapse formation and circuit assembly. 

In addition to this, they help remodel, monitor, and instruct the developing synapses and play a 

major role in forming mature synapses [294–296]. Imbalance in the glial cell population or 

regulation can therefore be associated with the onset and progression of various neurodegenerative 
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disorders (Figure 11). Microglia maintains neuronal homeostasis and participates actively in 

synaptic remodeling by promoting the phagocytic clearance of neuronal debris and apoptotic cells 

[297]. Apoptotic sources are tagged with “eat-me signals” which are recognized by microglia 

leading to the initiation of phagocytosis by microglia [298]. The microglia-mediated phagocytosis 

involves complement cascade proteins such as C1q which form an important component of death 

tags for the neurons to be destroyed [299,300]. The C1q-associated synapse activates the 

downstream complement cascade and further proceeds the synapse elimination via the 

complement receptor 3 (CR3) pathway [301]. This process of complement-mediated phagocytosis 

is influenced by astrocyte-secreted TGF-ꞵ [302]. Astrocytes form a diverse population of glial 

cells in terms of functionality, gene expression profile, and morphology [303,304]. It is elusive 

however whether these heterogeneities and region-specificity are intrinsic in astrocytes or whether 

they are influenced by the local microenvironment [305,306]. Astrocytes are crucial regulators of 

development and a prime reason that strengthens this hypothesis is the coincidence of astrocytic 

membrane domain expansion with synaptic refinements including motor, sensory, memory, and 

visual processing [305,307–311]. For instance, in the developing mouse cortex after the first 

postnatal week, astrocytes extend the fine processes and this coincides with synaptogenesis [312]. 

The first involvement of astrocytes in the process of synaptogenesis was first described by the lab 

of Dr. Barres by using a retinal ganglion cell (RGC) culture system [313,314]. Functional synapses 

are fine-tuned by the interaction of synaptogenic and anti-synaptogenic cues derived from 

astrocytes. Two crucial signals include Hevin and secreted protein acidic and rich in cysteine 

(SPARC) which regulate each other in a feedback loop to fine-tune neuronal circuitry [305]. Hevin 

is produced by astrocytes and localized to excitatory synapses, where it has been demonstrated to 

be essential for glutamatergic synapse maturation [305,307,315]. SPARC, a Hevin homolog, on 

the other hand, is a competitive inhibitor against Hevin-induced synaptogenesis. Hevin and 

SPARC, therefore, act in a loop to exercise the maturation and formation of excitatory synapses 

[307]. In addition, astrocytes also play an important role in the maturation of inhibitory synapses 

[305]. The astrocytic neuronal cell adhesion molecule (NRCAM) has been studied extensively in 

this context which binds to NRCAM-gephyrin complexes to induce the formation of inhibitory 

GABAergic synapses [316]. Both astrocytes and microglia actively phagocytose synapses via 

MEGF10 and MERTK phagocytic receptors. While previously, microglia were thought to play an 

essential role in synapse elimination, recent studies show astrocytes in addition to microglia are 
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crucial regulators of synaptic elimination [305]. In addition to participation in synaptogenesis 

astrocytes play a major role in neuronal signaling. The neuronal activity coincides with Ca2+ 

transients in the astrocytes [317–320]. During sensory tasks, mouse whisker stimulation shows 

synchronicity between neuronal and glial calcium waves [321,322]. Recent studies have illustrated 

that these Ca2+ transients in the astrocytes can lead to the release of ATP, glutamate, and D-serine 

a calcium and SNARE protein-dependent mechanism [323–326]. Modulation of Ca2+ activity by 

the astrocytes, therefore, plays a crucial role in the maintenance of synaptic homeostasis [305]. 

 

Figure 11: Comparison of glial cell function in a normal and a diseased brain (Adapted with 

permission from [327]).  

 
(A) In a physiological state, glial cells (microglia and astrocytes) release synaptogenic cues which include 

BDNF, interleukin10 from microglia and Chrdl1, Hevin, SPARC, and thrombospondins (TSPs) from 

astrocytes. Phagocytic receptors such as MEGF10 and MERTK on astrocytes help to mediate synaptic 

pruning. Complement signals (C1q, C3, and complement receptor 3 (CR3)) play a crucial role in mediating 

synapse elimination during synapse maturation and development. (B) Reactive gliosis is commonly used 

in neurodegenerative diseases. Aberrant communication between microglia and astrocytes through the 

complement proteins leads to the loss of functional synapses. 
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1.4.2 Astrocytes in Alzheimer’s Disease 

Synapse loss is one of the primary pathophysiological features which is an indication of the disease 

progression in neurodegenerative diseases. Soluble Aꞵ oligomers as discussed earlier act as 

important players which induce synapse loss, phosphorylation of tau, and reactive astrogliosis. 

Dysregulation of neural cell adhesion molecule 2 (NCAM2) by Aꞵ leads to the loss of functional 

synapses in the hippocampus [328]. It is often hypothesized that Aꞵ plaques sequester toxic Aꞵ 

oligomeric species [329,330]. Reactive astrocytes surround the amyloid plaques and the astrocytic 

processes have been shown to be associated with Aꞵ plaques [331,332]. In recent studies, the 

astrocytes surrounding the Aꞵ plaques have been shown to follow the A1 astrocytic fate and are 

therefore believed to have less phagocytosing capacity [333]. It is possible therefore that Aꞵ 

plaques interact with the astrocytes and decrease the phagocytosing capacity of the astrocytes 

[334]. Additionally, reactive astrocytes display abnormal expression of glutamate transporter-1 

(GLT-1) and glutamine synthetase which affects synaptic transmission and neuronal excitability 

[335–337]. This suggests that Aꞵ impairs the glutamate reuptake by astrocytes and increases the 

availability of glutamate in the synaptic cleft which leads to synapse loss [335,336]. Moreover, 

they can add up the excitatory to inhibitory signal imbalance by the excess production of inhibitory 

GABA. The impaired excitatory inhibitory signal caused by the reactive astrocyte could therefore 

lead to the disease progression. The oligomeric Aꞵ species enhances calcium activity in the 

astrocytes via the transient receptor potential A1 (TRPA1) channels [338]. Dysregulation of 

calcium transients caused by the Aꞵ oligomers could therefore directly affect the astrocyte-synapse 

interaction and initiate the loss of synapses.  

1.4.3 Complement Proteins and their association with Astrocytes 

The complement system acts as a first-line defense system by executing innate immune functions 

and forming a first line of defense against foreign bodies [339]. In addition to this, the complement 

system plays an essential role in regulating age-related synapse loss and cognitive decline [340]. 

Importantly, astrocytes are a reservoir of complement system proteins, particularly of C3 

complement proteins [339]. The interplay of signals between the glial cells and the CNS resident 

immune cells plays an important role in deciding the fate of the astrocyte. Astrocytes are known 

to express several complement protein receptors including C3aR, CR3, C5aR1, and C5aR2 [341–

344]. Human astrocytes express gC1qR which is a receptor for the C1q globular domain[339,345–
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347]. Similarly, astrocytes and other neural populations are known to express CD91/low-density 

lipoprotein receptor-related proteins which directly interact with C1q for the clearance of C1q-

tagged synapses [348,349]. Megf10, expressed on the astrocytic surface is required for the normal 

clearance of apoptotic cells and neuronal activity-dependent synapse remodeling by astrocytes 

[350].  

 

Synaptic pruning can take place via both C1q-dependent and independent pathways [351] (Figure 

12). In the C1q-dependent pathway, astrocytes release tumor growth factor-β (TGF- β) upon 

sensing unnecessary synapses, which increases the expression of C1q tags. Microglia upon 

recognizing the tag release inflammatory cytokine to engulf the synapse through phagocytosis. On 

the other hand in the C1q independent pathway astrocytes via multiple EGF-like-domains 10 

(MEGF10) and MER tyrosine kinase (MERTK) receptors destroy the synapse [352]. The 

complement proteins interact closely with the glial cells to regulate activity-dependent synaptic 

restructuring.   

 

 

 

Figure 12: Representative schematic showing the astrocytic phagocytic receptors (MEGF10 and 

MERTK) participating in direct elimination synapses via C1q “eat-me tag” (Adapted with 

permission from [353]) 
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1.5 Aim of this study 

The upregulation of glial TSPO expression in AD as well as its well-suited functionality in the 

outer mitochondrial membrane in importing cholesterol from the outer to inner mitochondrial 

membrane for the regulated synthesis of neurosteroids makes TSPO an excellent target as a 

therapeutic option in AD. We, therefore, wanted to see the role of TSPO activation via specific 

TSPO ligand XBD173 and its impact on the pathophysiology of AD. Specifically, we wanted to 

address if XBD173, TSPO ligand in addition to providing a symptomatic benefit as an anxiolytic 

in AD, could act as a stand-alone entity in providing neuroprotective benefits against the 

multifaceted pathophysiological symptoms of AD. To address this, we asked if XBD173 could 

rescue the LTP impairment in the CA1 region of the hippocampus resulting from the incubation 

of Aβ oligomers and whether this is exclusively dependent on the TSPO. To understand this, we 

performed in vitro CA1-LTP recordings using different Aβ oligomers such as Aβ1-42 and Aβ1-40 

oligomers. To access the role of TSPO in this XBD173-mediated action on the Aβ oligomers we 

used hippocampal slices from TSPOKO animals.  

Given the cognitive decline paradigm in AD pathogenesis, we designed an acute and a chronic 

model of XBD173 treatment and asked if in vivo treatment of XBD173 could confer the 

neuroprotective effect in terms of cognitive and memory impairment and also accessed the role of 

TSPO protein in XBD173 mediated action. To study the cognitive impairment in the transgenic 

AD mice we used a water cross maze which accesses hippocampus-dependent spatial learning in 

rodents. To understand the role of TSPO in XBD173-mediated cognitive action we made use of 

het TSPOKO X ArcAβ mice. To address whether this TSPO-mediated action by XBD173 is 

carried by neurosteroids we analyzed a broad spectrum of neurosteroids from the different 

treatment groups. 

Additionally, we ventured into the role of glial cells in the TSPO activation by XBD173 in a 

transgenic AD model. To capture this aspect, we developed a quantification protocol to access the 

synaptic engulfment of pre- and post-synaptic particles and C1q “eat-me tags” from high-

resolution individual astrocytes. The engulfment of synaptic particles by astrocytes was compared 

among different treatment groups.   
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2. Materials and Methods 
 

2.1 Preparation of test substances and acute hippocampal slices 

2.1.1 Laboratory Animals 

All animal study protocols were carried out following German animal experimentation regulations 

and were authorized first by the animal care committee at Technical University Munich, Munich, 

Germany. It was taken care that all the animal experiments were in accordance and strictly 

adherence to the regulatory standards of the institute. All the mice (maximum of 6 mice per cage) 

irrespective of the start of the experiment were housed in a climate-controlled room (23±0.5 °C) 

with 12 hours of light and darkness with an ad libitum supply of food and water. In the course of 

this study, we have made use of mice of both genders. For the ex vivo set of experiments, animals 

used were of age group 8-12 weeks. For the behavioral set of experiments, both male and female 

mice were used. For chronic experiments, mice were treated with the respective drugs starting 

from the age group of 8-9 months. Acute treatment started at the age of 11 months just before the 

initial training phase of the experiment. It is very important to note here that the animals utilized 

in the behavioral testing were housed in similar settings, with the exception of two weeks before 

the water cross maze behavioral testing, when mice were housed in a reverse light-dark (12-hour 

light and darkness) cabinet maintained at a temperature (23±0.5 °C). Animal lines used in this 

study are listed in Table 1. 

  

Table 1: List of animal lines used in the study 

 

Mouse line 
Modification Reference/ Source Designation 

WT 
Wild type (No gentic 

modification) 
Charles River (Italy) C57Bl6/N 

GABAδK

O 

δ subunit is knocked out. 

Reduced sensitivity to anxiolytic 

effects of neurosteroids is shown 

in these mice 

Munich (Germany), Similar to 

Jackson Laboratory (Jax stock 

003725) 

B6.129-

Gabrdtm1Geh/J 
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(https://www.jax.org/strain/0037

25) 

ArcAβ  

Overexpresses human APP695 

with the Swedish 

(K670N/M671L) and Arctic 

(E693G) mutations 

Calco (Italy) ArcAβ 

TSPOKO 
Global TSPO knock-out model. 

Detail in Tu et al., 2014. 

https://pubmed.ncbi.nlm.nih.go

v/24936060/ 
TSPOKO 

het 

TSPOKO 

X ArcAβ 

Transgenic ArcAβ animals 

having a heterozygous 

expression of TSPO 

Munich (Germany) 
het TSPOKO X 

ArcAβ 

Wild-type (C57BL/6, WT) mice were purchased from Charles River (Italy), while ArcAβ (APP 

E693G) mice were procured from CALCO (Italy). In the transgenic mice with an arctic mutation 

(ArcAβ), glycine replaces glutamic acid with a site-directed mutagenesis. Our group in Munich 

generated the TSPOKO mice, which had a global TSPO deletion. By crossing stable lines of 

TSPOKO and ArcAβ mice, het TSPOKO X ArcAβ mice were created in our institute. Our group 

in Munich developed the GABA δ knock-out (δ-KO) (line B6.129-Gabrdtm1Geh/J) mouse line 

[274]. The δ-KO mutant line is a knockout of the δ subunit of the GABAA receptor. The deletion 

of the δ subunit in these mice's GABAA receptor results in reduced sensitivity to neurosteroids, as 

previously described by Mihalek et al. [274]. The trangenic lines were confirmed by multiple 

genotyping analyses as well as western blot protein quantification.  

2.1.2 Preparation of oligomeric Aβ and test compounds 

To prepare the Aβ compounds, Aβ1-42 (order number H-1368; Bachem, Bubendorf, Switzerland) 

and Aβ1-40 (Product Number: 4014442; Bachem, Bubendorf, Switzerland) were dissolved in 100% 

v/v hexafluoroisopropanol (HFIP, Sigma Aldrich) to bring it up to a concentration of 1 mg/400 µL 

HFIP and shaken for 1.5 h at 37 ℃. 100 µg aliquots of both Aβ1-42 and Aβ1-40 were prepared per 

tube. The HFIP was then evaporated with the help of a Speedvac for 30 min. The tubes are labeled 

and stored at -80 ℃ after it was completely dry. Before the use of respective Aβ in the bath 

solution, they were dissolved in DMSO (Sigma Aldrich) to obtain a concentration of 100 µM. 

They were then diluted with Ringer's solution to a concentration of 50 nM of Aβ1-42 and Aβ1-40. 
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DMSO was used to dissolve diazepam and XBD173. In acute slice experiments for LTP 

electrophysiological recordings, 300 nM concentration of XBD173 was used by dissolving it in 

aCSF whereas, for other ex vivo slice experiments, XBD 173 was dissolved to obtain a 3 µM 

concentration. XBD173 and Diazepam at 1mg/kg were diluted using a 0.9% NaCl solution for the 

chronic and acute behavioral experiments. While the treatment regimen for each chronic and acute 

experiment are shown in great detail in figures respectively, in brief, acute treatments consist of 

intraperitoneal (i.p.) injections of XBD173(1 mg/kg), diazepam (1mg/kg), and vehicle (DMSO at 

similar v/v of other drugs) once 3 days before the starting of the behavioral tests. Chronic treatment 

on the other hand had i.p. injections of each respective drug every alternate day for 12 weeks. As 

for the vehicle group, they received only DMSO diluted in NaCl solution at a concentration 

comparable to what was used in XBD173 [354].  

2.1.3 Acute slice preparation 

Acute brain hippocampal slices were used in the electrophysiological recording. The preparation 

of acute hippocampal slices was performed in the S1 safety room. First, mice were deeply 

anesthetized in an isoflurane chamber with 5% isoflurane concentration and at a flow rate of 2 

L/min. Care is taken to ensure that the mice are completely anesthetized. This is done by following 

the gold standard check that the mice lose their righting reflex. The mouse brain was removed 

using a guillotine and was immediately placed in an ice-cold Ringer solution consisting (in mM) 

of 125 NaCl, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 6 MgCl2, 25 D-glucose and 1.2 NaH2PO4, with a 

pH of 7.3 and continuously oxygenated with carbogen gas (95% O2/5% CO2). From both the brain 

hemispheres, sagittal hippocampal brain sections of 350 µm thickness were obtained using a 

microtome (HM 650 V; Microm International, Germany). Following this, the slices were 

recovered in a chamber constantly oxygenated with carbogen submerged with artificial 

cerebrospinal fluid (aCSF) for 30 min at 35 °C. After this, the hippocampal slices were kept at 

room temperature for 1 hour before starting the experiment or transferring them into the recording 

chamber. The slices in the recording chamber were held in place with a platinum ring containing 

two nylon threads while carbonated aCSF was continuously perfused at a flow rate of 5 ml min-1. 

We conducted all recordings at room temperature (21-23 °C) [354]. The composition of aCSF and 

preparation ringer solution are listed in Tables 2 and 3 respectively 

 



P a g e  | 59 

 

Table 2: Mess Ringer solution (aCSF) solution ingredients  

 

Mess Ringer (aCSF) 

Reagents Final concentration 

[M] 
Amount [g] 

NaCl 0.125    7.305  

KCl 0.0025   0.186  

NaH2PO4-Monohydrate 0.00125  0.172  

D-(+) Glucose-Monohydrate 0.025    4.954  

NaHCO3 0.025    2.100  

MgCl2-Hexahydrate 0.001    0.203  

CaCl2-Dihydrate 0.002    0.294  

Add MgCl2 and CaCl2 separately. Adjust pH to 7.4 After 10 min of oxygenation with carbogen 

(95% O2 and 5% CO2), the actual pH value can be measured, it should be 7.30 (7.20 - 7.40). 

 

Table 3: Preparation Ringer solution ingredients  

 

Preparation Ringer 

Reagents Final concentration 

[M] 
Amount [g] 

NaCl 0.125    14.610 g 

KCl 0.0025   0.373 g 

NaH2PO4-Monohydrate 0.00125  0.345 g 

D-(+) Glucose-Monohydrate 0.025    9.909 g 

NaHCO3 0.025    4.201 g 

MgCl2-Hexahydrate 0.006    2.440 g 

CaCl2-Dihydrate 0.00025  0.074 g 
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2.2 Electrophysiology Recording  

2.2.1 Electrophysiology Setup 

We used two different setups for performing the extracellular recording. The first setup consisted 

of the following components: two stimulating electrodes, one recording electrode, two manual 

manipulators holding a stimulating electrode each, Wild M3Z Heerbrugg microscope (Wild 

Heerbrugg, Switzerland), one electronic manipulator (Record-microcontroller, France) for the 

recording electrode and a light source (Euromex microscopes Holland, The Netherlands) which 

were kept vibration-cushioned table via pressurized air (Spindler&Hoyer, Germany) and the whole 

setup was kept inside a well-insulated faraday cage. A PM500-20 Piezomanipulator (Frankenberg, 

Germany) electric source for controlling the electronic manipulator alongside the Ismatec ISM 852 

circulating system was kept outside. The stimulating electrodes were connected to the BA-2S 

amplifier (npi electronic GmbH, Germany) via two ISO-STIM 01M stimulators (npi electronic 

GmbH, Germany). The signals were further filtered and recorded in the system. The second system 

consisted of similar components obtained from the following sources: the two stimulating 

electrodes (Narishige, Japan and SFB220 MU München, Germany), the manual recording 

electrode (Narishige, Japan), EA-PS 3032- 10B light source (EA Elektro-Automatik, Germany) 

and Axiovert 35M microscope (Zeiss, Germany). The stimulating electrodes were connected to 

the EXT 10-2F amplifier (npi electronic GmbH, Germany), and signals were filtered and 

channeled to the system via the BNC-2090A interface connection (National Instruments, USA).  

2.2.2 Long-term potentiation recordings 

We used an already established protocol in our lab for the field excitatory postsynaptic potentials 

(fEPSP) recording in the sagittal hippocampal slices [355]. The fEPSPs were obtained using aCSF-

filled glass micropipettes (1–2 M) in the CA1 region of the hippocampus (Figure 13). FEPSPs in 

the hippocampus CA1 stratum radiatum were measured after stimulation of the Schaffer 

collaterals-commissural pathway. FEPSPs were induced by alternating test stimulation (50 µs, 5-

20 V) administered via bipolar electrodes (Hugo Sachs Elektronik-Harvard Apparatus, Germany; 

50 m tip diameter) inserted on both sides of the recording pipette. We were therefore able to 

stimulate the non-overlapping populations of fibers of the Schaffer collateral-associational 

commissural pathway. During baseline recording, the stimulation intensity was adjusted to 
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produce an fEPSP slope of about 25-30% of the maximal response. After at least 20 minutes of 

stable baseline recordings, a high-frequency stimulation (HFS) train (100 pulses at 100Hz over 1s) 

was delivered via one of the two stimulating electrodes to induce LTP in the CA1 region of the 

hippocampus.  

 

 

 

Figure 13: Hippocampal slice showing a representative positioning of electrodes in the Schaffer 

collateral pathway to obtain CA1-LTP (Adapted with permission from [356]). 

The following summarises the different treatment regiments used in the course of this study: 

1. For obtaining the fEPSP recording after treatment and comparing it with internal control, 

independent stimulation with two electrodes was used. After HFS delivery in the absence 

of any chemical, the potentiation of the fEPSP slope was evaluated for 60 minutes after the 

tetanic stimulus, while retaining the baseline conditions. In brief, HFS was administered 

from one of the electrodes in the absence of Aβ (Aβ1-40 or Aβ1-42), and response activity 

was observed for at least 60 minutes after tetanic stimulation. Before the second HFS, Aβ 

(Aβ1-40 or Aβ1-42) was administered for 90 minutes via the bath solution.  

2. For accessing the neurotoxicity of the Aβ oligomers, the slices were first incubated with 

the respective drugs (XBD173, pregnenolone, allopregnanolone, or THDOC) for 60 

minutes before inducing the first HFS train through one stimulating electrode. The response 

activity was then monitored for another 60 minutes. Then, for 90 minutes, Aβ (Aβ1-40 or 
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Aβ1-42) was introduced through bath solution before generating LTP in the second input 

via the HFS train.  

We define LTP impairment or blockage when the fEPSP slope in the last 10 minutes after HFS 

stimulation is not at least 120% higher than the baseline recording. Because stimuli were 

alternately delivered to each input every 15 seconds, two signals from the same input were 

averaged to one for analysis and one data point per minute. To analyze the fEPSPs offline WinLTP 

program was used. fEPSP slopes were measured between 20% and 80% of peak amplitude and 

then normalized to 20-minute baseline recordings obtained before LTP induction [354]. 

2.3 Spine imaging and classification of individual spines 

Thy1-eGFP mice were used for the dendritic spine analysis of ex vivo experiments with Aβ1-42. 

The treatment schedule for the spine imaging setup experiments is shown in Table 4. The slices 

were collected after the respective treatment, fixed with 4% paraformaldehyde (PFA) for 2 days, 

and cryoprotected with 30% sucrose for 3 days. Hippocampal slices of 100 µm thickness (Bremen, 

Germany) were prepared by using a cryostat (CryoStar NX70, Thermo Fisher Scientific, Bremen, 

and Germany). After washing with PBS, the slices were placed on slides and coverslipped. We 

then obtained the images of apical oblique dendritic spines in the CA1 region of the hippocampus 

with a confocal microscope (Leica SP8, Wetzlar, Germany) with a Z step size of 0.3 µm and a 

60X/1.40 N.A. oil-immersion objective. From each slide, we obtained 5-8 dendrites of 20 - 40 µm 

in length from pyramidal neurons of the stratum radiatum layer in the CA1 region.  

Table 4: Treatment schematics for the slice incubation with XBD173 and Aβ1-42.  

 

Control  30 min at 35°C 210 min at RT 

Aβ1-42 30 min at 35°C 120 min at RT Aß1-42 (50 nM); 

90 min 

XBD173 and 

Aβ1-42 

30 min at 35°C 60 min at RT XBD173 (3 

μM); 60 min 

Aß1-42 (50 nM); 

90 min 
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This was then analyzed with the IMARIS 9.7 for Neuroscientists (Oxford Instruments, bitplane). 

In the first step before categorizing the spines into their subclasses, we reconstructed the dendrites 

and spines using the filament tool of the IMARIS package. Categorization of dendritic spines into 

stubby, thin, or mushroom, was done via a MATLAB plugin in the IMARIS software (1) stubby 

spines—protrusions closely connect to the dendritic shaft and lack a clear neck. (2) thin spines—

long and thin protrusions with a bulbous head; (3) mushroom spines—protrusions with a small 

neck and a large head (Figure 14). The following parameters were applied to automatically 

categorize the spines in the IMARIS: Long Thin Spines: mean_width (head) >= mean_width 

(neck); Stubby Spines: length (spine) < 1; Long Thin Spines: mean_width (head) >= mean_width 

(neck) and Mushroom Spines: length (spine) < 3 and max_width (head) > mean_width (neck) * 2. 

The spine density was defined as the number of spines per µM of the dendrite [354]. 
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Figure 14: Representative image showing different spine classes.  

The lower panel shows reconstructed dendrites and spines using the IMARIS Filament function. [Figure 

adapted and modified from our manuscript submitted relating to this work (Preprint can be found in [354]). 

Published version [353]]  
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2.4 Fluorescence-activated cell sorting (FACS) staining and analysis 

The slices after incubation with the respective treatments were channeled for the FACS staining. 

We separated the hippocampus and the cortex for each of the slices. The slices were digested using 

1 ml digestion solution (activated at 37 °C for 5 min) consisting of Ethylenediaminetetraacetic acid 

(EDTA) (2 mM), L-cysteine (5 mM), and papain (5 units/ml). We performed the enzymatic 

digestion at 37 °C for 15 minutes. Next, after the slices were dissociated, the suspension was 

further filtered via a 70 µm cell strainer to obtain a single-cell suspension. Care was taken not to 

introduce any impurities. The samples were centrifuged for 10 minutes at 600 x g at room 

temperature after rinsing the cell strainer with 2 ml PBS. We then discarded the supernatant and 

resuspended the cell pellet in 1 ml Fluorescence-activated cell sorting (FACS) buffer consisting of 

EDTA (1 mM), Sodium Azide (15 mM), and 1% w/v Bovine Serum Albumin (BSA). It is essential 

at this step to access the cell count to monitor cell viability. To check for the % cell viability and 

cell count per sample we made use of a hemocytometer. Blue-stained cells that integrated the 

trypan blue solution exhibit membrane disruption and are no longer viable.  

For the preparation of samples for FACS analysis, they were spun down at 600 x g for 10 minutes 

at 4 °C before staining with fluorescent antibodies. The antibodies used in the FACS study have 

been summarised (Table 5). We then resuspended the cell pellets in a 50 µl blocking mix (49 µl 

FACS buffer + 1 µl anti-CD16/32 antibody) per sample and then incubated at 4 °C for 5 minutes. 

11.5 µl of the antibody full-staining mix was added per sample and then was incubated (Table 6) 

in the dark at 4 °C for 30 minutes. FACS buffer 100 µl was added and centrifugation of cells was 

carried out for 5 minutes at 600 x g at 4 °C. Following resuspension of the pellets in 150 µl of 

FACS fixation buffer and storage at 4 °C, FACS analysis was performed. The BD LSRFortessa™ 

X-20 using the FACSDiva™ data acquisition was used to perform the FACS analysis. Previously 

established compensation beads were used to perform compensation of each channel. Samples 

were measured with a flow rate of around 10.000 events per second. The gating strategy for the 

single microglial cells is shown in great detail in the figure (Figure 15).  
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Figure 15: Microglial FACS gating strategy to study the polarization states. [Figure adapted and 

modified from our manuscript submitted relating to this work (Preprint can be found in [354]). 

Published version [353]]. 

 
A) Cell gating: Front scatter (FCS-A) vs. side scatter (SSC-A) dot plot B) Single-cell gating: SSC-H vs. 

SSC-A dot plot C) Microglial gating: CD45-FITC vs. CD11b-APC-Cy7 fluorescence intensity dot plot: 

smoothened, gate for CD45low-to-intermediate and CD11b+ cells [Figure adapted and modified from our 

manuscript submitted relating to this work (Preprint can be found in [354]). Published version [353]]. 

Table 5: Antibodies used in FACS study 

Antibodies Catalog number Manufacturer 

TruStain FcX™ (anti-mouse CD16/32) 

Antibody 101320 BioLegend, San Diego (USA) 

FITC anti-mouse CD45 Antibody 147709 BioLegend, San Diego (USA) 

APC/Cyanine7 anti-mouse/human CD11b 

Antibody 101225 BioLegend, San Diego (USA) 

PE anti-mouse CD163 Antibody 155307 BioLegend, San Diego (USA) 

Brilliant Violet 605™ anti-mouse CD80 

Antibody 104729 BioLegend, San Diego (USA) 

PerCP/Cyanine5.5 anti-mouse F4/80 

Antibody 123127 BioLegend, San Diego (USA) 

APC anti-P2RY12 Antibody 848005 BioLegend, San Diego (USA) 

Brilliant Violet 421™ anti-mouse 

CX3CR1 Antibody 149023 BioLegend, San Diego (USA) 

Tmem119 Monoclonal Antibody 

(V3RT1GOsz), PE-Cyanine7 25-6119-80 ThermoFisher Invitrogen 
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Iba1/AIF-1 (E4O4W) XP® Rabbit mAb 17198 

Cell Signaling Technology, 

Frankfurt am Main (GER) 
 

 

Table 6: Antibody staining mix composition  

Antibody target Coupled fluorochrome µl per sample 

CD45 FITC 1 

CD11b APC-Cy7 1 

F4/80 PerCP-Cy5.5 1.5 

TMEM119 PE-Cy7 2 

P2RY12 APC 2 

CD163 PE 2 

CD80 BV605 1 

CX3CR1 BV421 1 

    11.5 

 

2.5 Hippocampus-dependent Spatial learning test, plaque 

quantification, and measurement of soluble Aß levels 

2.5.1 Behavioral test: Water Cross Maze 

For behavioral testing, we employed the Water Cross Maze (WCM) which accesses the spatial 

learning ability of the mice. Mice were trained in Water cross-maze setup modifying a previously 

well-established protocol from Wotjak et al., [357]. Spatial cues are located in the surroundings 

and the mice learn to correctly find the right arm containing a hidden platform 1 cm below the 

surface of the water. In brief, the WCM setup consists of a plus-shaped maze made of clear 

transparent plexiglass with four identical arms (length and width 50 cm and 10 cm respectively) 

designated with cardinal directions (N-, S-, E-, and W- arms) (Figure 16). The water was changed 

in the setup every day but not in between the trials each day. The maze was filled with fresh 

autoclaved water maintained at (22 °C ± 1 °C) up to a height of 11 cm. The platform height was 

10 cm and it stayed 1 cm below the water's surface. This was also made of transparent plexiglass 

and the surface area (8 cm X 8 cm) was placed in the W arm. The W arm in turn was designated 
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as the right arm whereas the E arm was designated as the wrong arm. The light conditions during 

the experimental conditions were always < 15 lux (12-13 lux). This was measured and adjusted 

accordingly every day before the start of the experiment. Care was taken not to change the cage 

during the training phase. We avoided using direct illumination from the light source as this would 

act as an additional cue bias. Instead, we used the surgeon’s lamp redirected to the wall. The 

indirect illumination from the wall (12-13 lux) acted as the light source for the behavioral task. 

Mice were kept in an adjacent cabinet which was maintained at the same temperature and pressure 

as the room but with an alternate, light-dark cycle to entrain the mice to the reverse dark cycle. 

Care was taken to keep the mice for at least 14 days in the reverse light-dark cycle before the start 

of the training period.  

The total testing period comprised 3 important phases: a. Training Phase (for a consecutive 5-day 

period) where the mice acquaint themselves with the spatial cues. b. Retest 1 (performed 7 days 

after the last day of the training phase) c. Retest 2 (performed after a month from Retest 1). Since 

AD is a progressive neuro-disorder that worsens with time, the retests were designed to assess the 

performance with age and to see if the drug's effects are long-lasting. Each day consisted of 6 trials 

per mouse arranged with pseudo-random order of the starting arm (Day 1: NSSNNS Day 2: 

SNNSSN continued on a similar pattern) to avoid the start bias and employ a place-dependent 

learning protocol. A divider was placed to block off the fourth arm, allowing the mice to escape 

through either E or W arm. The E arm did not consist of any platform and was the false arm. The 

mice were placed under infrared light after each session and given enough time to relax before the 

next trial. For each trial, a maximum of 30s was allocated per mouse. In case, where the mice were 

unable to find the platform it was guided to the platform (in such cases latency of 31 s was noted). 

The following parameters were used to evaluate spatial learning and memory: 1. Escape Latency: 

the amount of time it takes to reach the platform from the starting arm (averaged over 6 trials per 

mouse every day) 2. Accuracy: The number of accurate trials per day in which the mice swam 

directly to the right arm containing the platform without returning to the beginning or false arm 

(with no platform) 3. Accurate Learners: The number of mice who correctly completed at least 5 

out of 6 trials every day, represented as a percentage of the total number of mice in each group.  

Troubleshooting during WCM: 
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1. Optimization of the WCM is the primary step in accessing spatial learning in AD mice. 

Care should be taken that the spatial learning task should be on the extremes for mice i.e. 

should not be too hard or too easy for mice to learn. In our case, the setup was initially too 

easy for the mice to learn. The cues, therefore, had to be rearranged as well as the 

positioning of the setup was changed to optimize the setup. 

2. Mice need to adapt to the reverse light-dark cycle before they are introduced to the training 

phase. This adaptation needs at least 10 days. The mice, therefore, were placed in the 

cabinet with a reverse light-dark cycle at least 10 days before the start of the experiment. 

Extreme care should be taken not to introduce the cues to the mice before the 

commencement of the experiment. 

3. Since water acts as the only motive force here to find the final platform, it is possible that 

mice swim in the beginning arm for a longer time instead of reaching for the platform. This 

is common in the starting days of the training phase. In such cases, a snap at the gloves can 

be introduced to disrupt the repetitive movement in the starting arm. 

4. The resting times in between each trial for the mice should be at least 10 minutes to ensure 

a complete recovery from the task in the previous trial. 

 

A. 
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B. 

 

Figure 16: Acute and chronic treatment schedule of Water Cross Maze. [Figure adapted and 

modified from our manuscript submitted relating to this work (Preprint can be found in [354]). 

Published version [353]].  

A. Chronic treatment schedule, showing the training phase, and retests in the water cross maze. B. 

Schematic of acute treatment schedule, showing the training phase, and retests in water cross maze [Figure 

adapted and modified from our manuscript submitted relating to this work (Preprint can be found in [354]). 

Published version [353]].  

2.5.2 Methoxy staining 

After the behavioral tests, the mice were anesthetized in an isoflurane chamber, and the brains 

were decapitated by using a guillotine. To perform biochemical analyses, the brain was snap-

frozen in dry ice and stored at -80 °C until necessary. Using a cryotome (CryoStar NX70, 

Thermofisher), one hemisphere of the brain was sliced into 30 µm thick slices in the sagittal plane. 

The slices were then incubated in the congo-derived methoxy-04 solution (0.004 mg/ml, Tocris 

Bioscience, 1:1 Ethanol-PBS solution) for 30 minutes at room temperature. To remove unspecific 

binding the slices were further washed in 1:1 Ethanol-PBS solution (3X) and with Milli-Q water 

(2X). Further, using a fluorescent mounting medium (Dako, Germany) the brain slices were 

mounted on the microscope slides. We then obtained 3D image stacks with an epi-fluorescence 

microscope (Axio Imager.M2 with ApoTome.2, Jena, Zeiss, Germany). For automatic stitching of 

the brain slices, we used the tile scan mode. The methoxy staining excitation wavelength was set 

at 405 nm, and the emitted light was captured between 410 to 585 nm [354].  
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After removing the background, the area and amount of plaques were measured using Fiji 

(ImageJ). In brief, the selection of the specific region of interest, the cortex or hippocampus, was 

done by the polygonal selection tool. The unselected area was removed and the background was 

subtracted using sliding paraboloid 5.0px. The color threshold was adjusted and the particles were 

analyzed [354]. 

2.5.3 Enzyme-linked immunosorbent assay (ELISA) of soluble Aβ 

We used the second brain hemisphere of the frozen mouse brain for ELISA quantification of 

soluble Aβ42. The brain hemisphere was coronally cut and separated from the cortex and 

hippocampus. In the Eppendorf, the cortex and hippocampus masses were determined and 10 X 

mass cold 5 M guanidine HCl/50 mM Tris HCl was added to each sample. Using a grinding setup, 

the samples were thoroughly ground using a pestle, and the homogenate was mixed with a 3D 

shaker at room temperature for 3 hours. 10 volumes of Ice cold casein buffer consisting of: 0.25 

% casein, 5 mmol/l EDTA, 0.05% sodium azide, 10 µg/ml leupeptin, 20 µg/ml aprotinin in PBS 

(pH 8.0) was used to dilute the homogenates which were further centrifuged for 20 minutes at 

12,000 X g at 4 °C. We decant the supernatant and stored it at -80 °C until further quantification 

by the ELISA kit (Human Aß Amyloid (42) ELISA kit; Invitrogen KHB 3441). The ELISA 

methodology was followed exactly as per the manufacturer’s instructions. As soon as the stop 

solution was added, an absorbance reading at 450 nm (Tecan Sunrise; Tecan Trading AG, 

Switzerland) was taken and the concentration was calculated from the standard curve [354].  

2.6 Immunofluorescent staining and analyses: Image Acquisition, 3D 

reconstruction, and quantification   

2.6.1 Synaptic engulfment measurement 

Immunofluorescent staining was performed on 30 µm thick sagittal brain slices. Tissue sections 

were fixed for 20 minutes in a 1:1 acetone isopropanol solution at room temperature. 

Permeabilization of the brain sections was performed with 0.3 % triton-X in PBS containing 0.1% 

tween 20 (PBS/T) followed by a 3X wash with PBS/T. 10% v/v normal goat serum (NGS) was 

used to block the section at room temperature for 1 hour. After 3X wash with PBS/T, the sections 

were incubated with primary antibody overnight at 4 °C, and the primary antibody was diluted to 
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respective concentrations in PBS/T. The primary antibody used in the experiment were Rabbit 

anti-C1q antibody (1:250; Abcam, ab182451), GFAP (GA5) Mouse mAb (1:600; Cell Signalling 

Tech, 3670S), and Rabbit anti-Synaptophysin antibody (1:600; Abcam, ab52636). On the 

subsequent day, the sections were incubated with secondary antibodies Goat Anti-Rabbit IgG Fc 

(Alexa Fluor® 488) (1:200; Abcam, ab150089) and Goat Anti-Mouse IgG H&L (Alexa Fluor® 

647) (1:700; Abcam, ab150115) at room temperature for 2 hours. ProLong™ Glass Antifade 

Mountant with NucBlue™ Stain (Sigma Aldrich, product no. 57-50-1) was used to stain the 

nucleus. For the slice where nuclear staining was not necessary DAKO fluorescent mounting 

media (DAKO, s3023) was used to mount the slides [354]. 

Table 7: Antibody staining used in the immunofluorescent study 

 

Antibody Reference/ Source Identifier Dilution 

Rabbit anti-C1q antibody  Abcam ab182451 1:250 

GFAP (GA5) Mouse mAb  

Cell Signalling Tech 

(CST) 3670S 1:600 

Rabbit anti-

Synaptophysin antibody  Abcam 
ab52636 

1:600 

Goat Anti-Rabbit IgG Fc 

(Alexa Fluor® 488) Abcam ab150089 1:200 

Goat Anti-Mouse IgG 

H&L (Alexa Fluor® 647)  Abcam ab150115 1:700 

PSD95 (D27E11) XP® 

Rabbit mAb 

Cell Signalling Tech 

(CST) 3450 1:400 

NucBlue™ Stain Sigma Aldrich 57-50-1 As required 

2.6.2 Plaque Astrocyte and Plaque C1q Interaction 

For the staining of plaques (Methoxy-04) with astrocytes (GFAP) or with C1q, 30 µm sagittal 

brain sections were fixed with 4% PFA at room temperature for 15 minutes. As described earlier 

in synaptic engulfment measurements, the primary and secondary antibodies were permeabilized 

and incubated similarly. The primary antibody used were Mouse mAb (1:600; Cell Signalling 

Tech, 3670S), GFAP (GA5), and Rabbit anti-C1q antibody (1:250; Abcam, ab182451). The 
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secondary antibody used were Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 

antibody Alexa Fluor Plus 647 (Invitrogen, A32795), and Goat Anti-Mouse IgG H&L (Alexa 

Fluor® 647) (1:700; Abcam, ab150115). The brain sections after secondary antibody incubation 

were washed with 3X PBS/T followed by 3X 1:1 Ethanol-PBS solution for 5 minutes each. 

Following this, the slices were stained with Methoxy-04 dye as described earlier. It is important to 

keep in mind that this entire process is carried out in the dark. The slices after washing with 1:1 

Ethanol-PBS solution (3X) and Milli-Q water (2X) were mounted using DAKO fluorescent 

mounting medium (DAKO, Germany) [354].  

2.6.3 Confocal Microscope Setup 

We have used the same confocal settings as were optimized in our published paper (Pradhan et 

al., 2022). The following section containing information about the confocal setting, therefore, has 

been taken from Pradhan et al., 2022 and modified according to the antibodies used in the current 

project [358]. 

Imaging Setup: Leica Confocal SP8. 

Lasers: 499 nm (C1q, Synaptophysin Intensity: 5%–10%), 405 nm (NucBlueTM, Intensity: 10%), 

and 653 nm (GFAP, Intensity: 1%–2%), laser power depends on staining efficacy. The power 

output was fixed at 70% of the maximum output (1.5 mW). 

Pinhole: 1 AU. 

Gain (Master, analog): 800–1,000 V. 

Digital Offset: 0 for 405 channel (PMT), (HyD doesn’t require a digital offset). 

Frame size: 1024 × 1024 pixels. 

Scan Area: Zoom according to the focused astrocyte. On a general note, since we are trying to 

image individual astrocytes of diverse sizes and shapes, we recommend using the following range 

of pixel size for the X/Y plane: 

X/Y pixel dimension: 0.04–0.08 μm. 
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Z step size: 0.27–0.30 μm. 

Averaging: 2 lines. 

Scanning speed: 200 Hz (lines per second). 

Z-stack scanning: System optimized (z-step size normally 0.3 μm), scanning from the top to 

bottom of the focused astrocyte. On average, we collect 30–40 stacks over 6–8 μm (Z axis). 

Bit Depth: 8-bit, bidirectional scanning. 

Objective: 63× oil (Leica Type F Immersion liquid ne23 = 1,5180, ve = 46). NA= 1.40. 

Selection of channels: C1q (Alexa 488, Abcam, green, 499 nm laser). 

Rabbit anti-Synaptophysin antibody (1:600; Abcam, ab52636) 

GFAP (Alexa 647, Cell Signaling Technology, red, 653 nm laser). 

NucBlue™ Stain (405 nm laser). 

Emission Wavelength: For C1q and Synaptophysin (510 nm–530 nm). 

GFAP (663 nm–693 nm). 

NucBlue™ Stain (415 nm–457 nm). 

Processing: Lightning Function: Adaptive and background subtraction using the IMARIS 

function. 

Refractive Index: 1.44. 

The confocal was switched on 30 minutes before imaging and the stage was calibrated. Non-

calibration of the stage affects the z-stack and the laser power of the confocal scope should be 

stabilized before using it. Locating the CA1 area of the hippocampus is a crucial step here. As a 

principle, we start always from a lower magnification such as (10×/0.40 NA) and (20×/0.75 NA), 

and then locate the high-resolution individual astrocyte with a higher magnification. The dentate 
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gyrus (V shape structure) is easy to locate and the CA1 region can be tracked down using the 

dentate gyrus as a guide (Figure 17). The astrocytes are obtained from the stratum radiatum layer 

of the CA1 region of the hippocampus. After locating the region of interest higher magnification 

(63× (oil)/1.40 NA) is applied to obtain high-resolution individual astrocytes. The images are 

deconvoluted using the lightning function of the LEICA scope. The images are imported to 

IMARIS for further processing [358]. 

 

Figure 17. Overview of the C1q-GFAP interaction in the hippocampus (Adapted with permission 

from [358]) 

 

(A) Representative sagittal hippocampal section showing the different regions stained with C1q (green) and 

GFAP (red) at 10×/0.40 magnification. Scale Bar 200 μm. 

(B) Hippocampal CA1 region stained with NucBlueTM (cyan) and astrocyte (red) at 20×/0.75 

magnification. Scale Bar 100 μm. 

(C) High-resolution individual astrocyte (red) stained alongside C1q (green) imaged at 63×/1.40 

magnification. Scale Bar 10 μm. 

(D) Representation of the hippocampus and its different regions. The astrocytes are selected from the 

stratum radiatum layer, shown in magenta, and marked using a red rectangular box. 

2.6.4 3D reconstruction of astrocytes and synaptic pruning 
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We perform the volumetric 3D reconstruction of individual astrocytes and the measurement of 

synaptic engulfment in the astrocytic volume using IMARIS 9.7 (Oxford Instruments, Bitplane) 

by our previously optimized and established protocol. Briefly, the surface is created around the 

astrocytes in four different stages in IMARIS 9.7 (A detailed description is presented with 

additional details in (Pradhan et al., 2022) [358] (Figure 18).  

1. Individual astrocytes are segmented using “Segment only a region of Interest” under the 

“Algorithm Settings” box.  

2. The smooth option is unselected as it adds additional bias to the morphology of the 

astrocytes.  

3. In this step, the intensity threshold is set for the red channel. It is essential here not to set 

the threshold too high or too low and to maintain a balance while setting the threshold 

(Figure 19). 

4. In the next step, unwanted disjoint signals which add to the background noise are removed. 

 

Figure 18. Volumetric Rendering of astrocytes takes place in four steps (Adapted with permission 

from [358]) 
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(A) The red channel (GFAP) is selected in step 2 and the smoothing option is disabled to avoid the 

introduction of bias in the rendering process. 

(B) The intensity threshold for the red channel is set in step 3. The manual threshold in comparison to the 

automatic thresholding produces consistent and reliable rendering of the astrocytes.  

(C) The unwanted disjoint signals are filtered out in step 4. 

(D) Astrocytic surface is rendered. Scale Bar 10 μm. 

 

Figure 19. Managing the correct threshold level for the volumetric reconstruction of the 

astrocyte (Adapted with permission from [358]) 

  

(A) Original image of astrocyte-C1q before rendering. Red: Astrocyte and Green: C1q 

 

(B) Insufficient threshold setting resulting in the underrepresentation of astrocytes. In this particular 

example, not all the processes of the astrocytes are properly rendered. 

(C) Overrendering of the astrocytic surface creates bias by introducing unreliable processes.  

(D) Example showing a balanced threshold for the unbiased rendering of the astrocytes. Scale Bar 10 μm. 

Scale Bar for zoomed-in section (inset) 5 μm. 

 

The astrocytic surfaces are now rendered. In case of additional background signals, “Circle 

Selection Mode” can be used to select these signals and eliminate them (Figure 20).  
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Figure 20. Removal of unwanted background signals from the rendered astrocyte (Adapted with 

permission from [358]).  

 

(A) After the final step of astrocytic rendering, further processing is required to remove additional 

background noise in the form of incomplete processes or processes from other astrocytes. 

(B) The unnecessary background processes are selected and are shown in yellow. 

(C) Processed astrocytes. 

(D) The “Circle Selection Mode” shown by an orange arrow is used to select the unwanted disjoint signal. 

(E) These are then removed by selecting the delete option in the edit menu. Scale Bar 10 μm. 

 

The next step is to mask the astrocytic surface. This can be achieved by using the “Mask All” 

option under the “Edit” tab. In the drop-down options of the Mask tab, we select the red channel 

(GFAP) and set the voxels outside the surface to 0 (Figure 21). We reduce additional false positive 

bias via this method. The coloc tab is opened in IMARIS. Imaris provides the option to analyze 

two specific channels at a particular time point [358]. The automatic threshold option doesn’t 
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produce reliable results and therefore is discouraged. The channel threshold selection was as 

follows: 

1. For setting the threshold of the green channel manual thresholding method was used. This 

was done by taking the average of 10 unambiguous puncta. 

2. The thresholding setting of the masked red channel was relatively simple. The threshold 

intensity was set to 1 (Figure 22). 

 

Figure 21. Masking the astrocytic surface (Adapted with permission from [358]). 

 

(A) Rendered and processed astrocyte. 

(B) Select the “Mask All” option on the edit menu. 

(C) In the drop-down menu select the red channel and set the voxels outside surface to 0. 

(D) The masked surface of the astrocyte is now created and shows alongside the other channels in the 

display channel option. Scale Bar 10 μm. 

 

After this, the Region of Interest (ROI) tab in the right corner was set to the masked red GFAP 

channel, and the threshold was set to 1. The % ROI colocalization measures (proportionally) the 



P a g e  | 80 

 

number of synaptic tags engulfed by the astrocytes as a whole (Figure 23). By estimating the 

percentage of colocalization in the masked red channel (which indicates the astrocytic volume), 

we can determine the percentage of synaptophysin or C1q signals that are inside the astrocytic 

volume.  

 

Figure 22. Analysis of the astrocytic engulfment using colocalization (COLOC) analysis with Imaris 

(Adapted with permission from [358]). 

 

In the “Image Processing” option, select the COLOC tab, 

 

(A) In channel A select green channel and set the threshold by selecting unambiguous punctum as shown 

in the figure. Scale Bar for zoomed-in section (inset) 0.5 μm. 

 

(B) To obtain the right threshold for the green channel, first right-click on each punctum and create a 

boundary that encircles the whole of the punctum. The boundary is shown by an arrow. As shown here the 

yellow boundary should encircle the entire individual green signal. An average of 10 unambiguous puncta 

is taken to calculate the threshold intensity of the green channel. The left inset shows the right way of 

encircling whereas the right one shows incorrect threshold measurement. Scale Bar for zoomed-in section 

(inset) 0.1 μm. 
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(C) The threshold for channel B (masked red) is set to 1. 

 

(D) While there is an automatic thresholding option provided by imaris, it produces inconsistent results. 

 

The Plaque-astrocyte interaction was measured using a similar method. The neighboring astrocyte 

was 3D reconstructed and incompletely reconstructed ones were removed. The processes were 

rendered to an accuracy that entails the whole GFAP volume. The thresholding here for the plaques 

was done in a way in which the boundary set completely encompasses the plaques (instead of 

averaging 10 puncta as was done in the case of C1q or synaptophysin). The interaction was 

measured by the percentage of the entire astrocytic volume that interacts with amyloid plaques. 

The interaction between C1q and plaque was done using “automatic thresholding” without 

building any surface or reconstructing any signals. This automatic thresholding produced 

reproducible colocalization analysis [358].   
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Figure 23. Synaptic engulfment and volumetric rendering of the astrocyte (Adapted with permission 

from [358]). 

 

(A) Original processed image of the astrocyte. 

(B) Volumetric 3D rendered image. 

(C) Astrocyte (Red) with colocalization of C1q in white. 

(D) Colocalization shown in white. 

2.7 Golgi-Cox staining of the spines from in vivo XBD173 treated 

mice 

After sacrificing the mouse, the brains were sagitally sectioned to 250 µm hippocampal slices in 

the vibratome. The slices were incubated for 30 minutes at 35°C in an aCSF-filled chamber and 

left to rest for an additional hour at room temperature. We used the FD Rapid GolgiStain Kit (FD 

NeuroTechnologies) for the Golgi-Cox staining. The manufacturer’s instructions and protocol 

were followed for staining. Briefly, we incubated the brain slices for 4 days in the impregnation 

solution. Imaging of apical dendrites was done from pyramidal neurons of layer V using an epi-

fluorescence microscope (Axio Imager.M2 with ApoTome.2, Jena, Zeiss, Germany). The dendritic 

spines were analyzed in Fiji. Individual dendrites were selected using the rectangle tool. Fiji 

sharpening tool was used to sharpen the outline of the spines (Process -> Sharpen). The freehand 

line tool was used to measure the length of the dendrites (Analyze -> Measure). The spines were 

selected as ROI and were counted [354]. 

2.8 Steroid profiling by gas chromatography coupled to tandem mass 

spectrometry (GC-MS/MS) 

Quantification and identification of steroids in brain tissues were performed by a GC-MS/MS 

procedure established and previously validated in terms of reproducibility, accuracy, and linearity 

in the nervous system [359]. In short, neurosteroids from the cortex and hippocampus were 

extracted with 10 volumes of MeOH. For steroid quantification following internal controls were 

included: 10 ng of 2H8-corticosterone (B) for B and 5α/b-DHB, 5α/b20α-THPROG, 2 ng of 

epietiocholanolone (3β-hydroxy-5β-androstane-17-one, Steraloids, Newport, Rhode Island) for 
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5α/b-dihydrotestosterone (DHT), 2 ng of 13C5-20 (Isosciences) for the analysis of 20β-

dihydroprogesterone (20α/β-DHP), 2 ng of 19-norPROG for 5α/b-DHDOC, pregnenolone 

(PREG), 3α/β5α/β-tetrahydro progesterone (THPROG), 2 ng of 13C5-5α-DHP (CDN Isotopes, 

Sainte Foy la Grande, France) for 5α/b-DHP, 2 ng of 13C3-deoxycorticosterone (DOC) for DOC, 

3α/β5α/β20a/b-hexahydroprogesterone (HHPROG), 2 ng of 13C3-PROG for PROG, 3α/β5α/b-

tetrahydrotestosterone (THT), and 3α/b5α/b-tetrahydrodeoxycorticosterone (THDOC), and 1 ng 

of 13C3-testosterone(T) for T. 

The extracts were then purified and fractionated using solid-phase extraction with a C18 cartridge 

(500 mg, International Sorbent Technology). Next, we filter and fraction the unconjugated 

steroids-containing fraction by the HPLC system consisting of an LPG-3400SD quaternary pump 

gradient coupled with an SR-3000 fraction collector (Thermoscientific, USA), WPS-3000SL 

analytical autosampler, and a Lichrosorb Diol column (25 cm, 4.6 mm, 5 µm) in a thermostated 

block at 30 °C. The solvent system of 90% heptane and 10% of a mixture composed of 

heptane/isopropanol (85/15) was used to equilibrate the column. The flow rate of 1 ml/min was 

employed to perform the elution, starting with 90% heptane and 10% heptane/isopropanol (85/15) 

for 15 min, and then with a linear gradient to 100% acetone in 2 min. This mobile phase was kept 

constant for 13 min. 

From the HPLC system, two fractions were collected: In the first HPLC fraction (3-14 min) 5α/β-

DHPROG was eluted and then silylated for 15 minutes at 70 °C with 50 μl of a mixture of N-

methyl-N-trimethylsilyl tri fluoroacetamidemmonium iodide/dithioerythritol (1000:2:5) 

(vol/wt/wt). All other steroids are present in the second fraction (14-29 min). These were 

derivatized with 25 μl heptafluorobutyric anhydride (HFBA) and 25 μl anhydrous acetone at 80 

°C for 1 h. Under a stream of N2, both fractions were dried and then resuspended in heptane. 

AI1310 autosampler, a Trace 1310 gas chromatograph (GC), and a TSQ8000 mass spectrometer 

(MS) (Thermoscientific, San Jose, CA) were used to perform the GC-MS/MS analysis of the 

purified and derivatized extracts. The injection was carried out in splitless mode at 280 °C (1 

minute of splitless time), and the temperature of the gas chromatograph oven was first held at 80 

°C for 1 minute before ramping between 80 and 200 °C at 20 °C/min, then to 300 °C at 5 °C/min, 

and lastly to 350 °C at 30 °C/min. A constant flow of 1 ml/min was maintained for the helium 

carrier gas flow during the analysis. The temperatures in the transfer line and ionization chamber 
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were 330 °C and 200 °C, respectively. With an ionization energy of 70 eV, electron impact 

ionization was applied for mass spectrometry. Excalibur®, release 3.0 software (Thermoscientific, 

USA) was used to analyze GC-MS/MS data on a computer workstation. The identification of 

steroids was facilitated by their retention duration and two or three transitions. Quantification was 

carried out in accordance with the change resulting in more abundant production. According to the 

steroid structure, the detection limit was between 0.5 and 10 pg. Using male mice brains (200 mg) 

the analytical protocol has been validated.  

2.9 Statistical analysis 

We use GraphPad Prism 6 (Version 6.01) for all statistical analyses. D'Agostino-Pearson and 

Shapiro-Wilk tests were used to verify the normality of the data sets. Non-parametric testing was 

applied when the sample size was smaller and normality detection was not possible. Furthermore, 

we did not perform any statistical analysis on data sets with fewer than four samples, instead, we 

used descriptive statistics to describe the differences between them. Except for the escape latency 

and accuracy curves, which are expressed as mean ± SD, the data sets are shown with the median 

and interquartile range. The ROUT method with Q=1% was used to detect the outliers. Using 

Kruskal–Wallis and Dunn's multiple comparison post hoc tests for data sets that did not have a 

normal distribution, the significance of differences between experimental groups was determined, 

and for normally distributed data sets, one-way ANOVA and Bonferroni's post hoc analysis was 

used. After the multiple comparisons, an adjusted p-value was calculated and is listed in the figure 

legend. The Mann–Whitney U test is used to analyze differences between two non-normally 

distributed experimental groups. Each figure legend specifies the statistical test used along with 

the median and interquartile range for each data set. Statistical significance is indicated in the plots 

with an asterisk (*) when p<0.05 [354].  
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3. Results 
 

3.1 XBD173 (emapunil) averts the potential neurotoxic effect of Aβ1-

42 oligomers on CA1-LTP in the hippocampus  

 

CA1-LTP which is generally considered a cellular correlate of learning and memory was first used 

as an ex vivo method to assess the neurotoxic effects of Aβ oligomers and whether pre-incubation 

with XBD173 could prevent the LTP impairments. CA1-LTP was induced in the Schaffer 

Collateral pathway via the stimulating electrodes by delivering electrical stimulation (100 

pulses/100 Hz). Previous studies as well as reports from our lab show oligomeric Aβ application 

(Aβ1-42, 3NTyr10-Aβ, Aβ1-40, and AβpE3) in sagittal 350 µm hippocampal slices in a dose-

dependent manner impaired and blocked the induction of CA1-LTP [70,355]. In our study, as well, 

low nanomolar concentrations (50 nM) of both Aβ1-42 and Aβ1-40 after 90 minutes of incubation in 

the bath solution impaired the LTP in the hippocampal slices (Figures 24 and 25). The baseline 

slope (recorded before the induction of HFS) is compared to the last 10 minutes after the induction 

of high-frequency stimulation. In general, all the recordings were continued even after the usual 

60 minutes after the LTP induction, to monitor the fEPSP trajectories. XBD173 was tested at 300 

nM to see if it could prevent the neurotoxic action of both Aβ1-42 and Aβ1-40 oligomers. It was 

ensured that XBD173 (300 nM) itself did not block or impair the LTP. Preincubation of 

hippocampal slices with XBD173 partly improves (not significant) the fEPSP slope impairment 

resulting from the incubation with Aβ1-40 oligomers (Figure 24). The final fEPSP slope in this case 

after preincubation with XBD173, however, was still less than 20% higher than the baseline. 

However, XBD173 (300 nM) completely prevents the LTP impairments resulting from Aβ1-42 

oligomers (Figure 25). The differential action of XBD173 on different Aβ oligomers could be 

attributed to the different targets of both the Aβ peptides as well as the differential mechanism of 

action and kinetics of both peptides. 
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Figure 24: Contrary to the effect of XBD173 on Aβ1-42 oligomers, there is a partial rescue of the LTP 

impairments resulting from Aβ1-40 oligomers. [Figure adapted and modified from our manuscript 

submitted relating to this work (Preprint can be found in [354]). Published version [353]] 

 
A. Normalised fEPSP slope time course following an HFS under control conditions, with 90 min Aβ1-40 

exposure alone, and the application of XBD173 (300 nM) and Aβ1-40 respectively. Representative traces for 

each treatment group are shown in the insets above. C. For each group, a scatter dot plot summarizing the 

last 10 minutes (from 50 to 60 minutes) following HFS: Control (n=10), Aβ1-40 (n=4), and XBD173 + Aβ1-

40 (n=6; Mann-Whitney U test; XBD173 + Aβ1-40: 113.9 (109.4-117) % of baseline slope vs Aβ1-40: 105 

(102.9-112.5) % of baseline slope, p=0.24). Data are represented as median with their respective 

interquartile range. *p < 0.05. ns: not significant.  
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Figure 25: CA1-LTP in the hippocampus is impaired after the incubation with Aβ1-42 and XBD173 

prevents these adverse synaptotoxic effects. [Figure adapted and modified from our manuscript 

submitted relating to this work (Preprint can be found in [354]). Published version [353]] 

A. Normalised fEPSP slope time course following an HFS under control conditions, with Aβ1-42 exposure 

alone for 90 min, and the simultaneous application of XBD173 (300 nM) and Aβ1-42 (50 nM) respectively. 

Representative traces for each treatment group are shown in the insets above. B. For each group, a scatter 

dot plot summarizing the last 10 minutes (from 50 to 60 minutes) following HFS: Control (n=10), Aβ1-42 

(n=10), XBD173 + Aβ1-42 (n=6; Kruskal–Wallis test with a Dunn’s multiple comparisons post hoc test; Aβ1-

42: 106.9 (89.93-113.6) % of baseline slope vs Control: 126.5 (123.0-143.3) % of baseline slope, p=0.0007; 

Aβ1-42 vs XBD173 + Aβ1-42: 128.5 (117.2-138.1) % of baseline slope, p=0.0192). Data are represented as 

median with their respective interquartile range. *p < 0.05. ns: not significant.  

 

3.2 TSPO is necessary for XBD173 to exert its neuroprotective effect 

against the Aβ1-42 oligomer 

Previously, XBD173 via TSPO protein has been shown to exert an anxiolytic effect in both rodents 

as well as in humans [228]. In our case, therefore, we tried to assess the importance of the TSPO 

protein in XBD173’s neuroprotective role against Aβ1-42 oligomers. We used the sagittal 

hippocampal slices from TSPOKO animals and monitored the fEPSPs after incubation with 

XBD173 and Aβ1-42 oligomers. As expected, the neuroprotective role of XBD173 which was 

previously observed against Aβ1-42 oligomer in WT C57Bl6 mice was not seen in TSPOKO 

hippocampal slices. This highlights the necessity of TSPO for the XBD173-mediated activity in 

ameliorating LTP impairment. The fEPSPs trajectories clearly show a difference between the 

XBD173 action in WT slices and TSPOKO hippocampal slices. In the latter case, the 

preincubation of XBD173 is not able to prevent the neurotoxic effects of the Aβ1-42 oligomer 

(Figure 26). This suggests two essential factors (neuroprotective action against the Aβ1-42 

oligomers and dependency on TSPO protein) in XBD173’s action in an ex vivo setup.       
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Figure 26: TSPO is necessary for XBD173 to rescue the synaptotoxic effect of Aβ1-42 oligomers [Figure 

adapted and modified from our manuscript submitted relating to this work (Preprint can be found 

in [354]). Published version [353]]  

 
A. Normalised fEPSP slope time course following an HFS in WT (XBD173 + Aβ1-42), and TSPO-KO 

(XBD173 + Aβ1-42). Representative traces for each treatment group are shown in the insets above. B. For 

each group, a scatter dot plot summarizing the last 10 minutes (from 50 to 60 minutes) following HFS: WT 

XBD173 (n=6), TSPO-KO XBD173 (n=6), WT XBD173 + Aβ1-42 (n=6) and TSPO-KO XBD173 + Aβ1-42 

(n=6; Mann–Whitney U test: WT XBD173 + Aβ1-42:128.5 (117.2-138.1) % of baseline slope vs WT 

XBD173: 125.2 (118.9-137.8) % of baseline slope, p=0.7879; TSPO-KO XBD173 + Aβ1-42:110.5 (107.2-

115.4) % of baseline slope vs TSPO-KO XBD173: 134.9 (120.6-156.9) % of baseline slope, p=0.0022; 

WT XBD173 + Aβ1-42 vs TSPO-KO XBD173 + Aβ1-42, p=0.0087). Data are represented as median with 

their respective interquartile range. *p < 0.05. ns: not significant.  

 

3.3 Preincubation of XBD173 prevents individual dendritic spine loss 

resulting from Aβ1-42 oligomers 

Spines, the small protrusions on the dendritic surface play a critical role in regulating the 

functionality of neural systems and maintaining the dynamic synaptic system [360]. Synaptic 

signaling is orchestrated via these small protrusions. LTP attenuation as well as induction have an 
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associated effect with these dendritic spines [361–363]. Previously, stress-induced spine loss has 

been associated with the attenuation of hippocampal LTP [364]. Similarly, the stabilization of 

dendritic spines occurs during the LTP process [365]. These small dynamic protrusions are thought 

to constitute an important player in learning-related processes and play a crucial role during the 

process of synaptic transmission [361,364,366]. Because of these features, the dendritic spines act 

as a platform to receive excitatory inputs to the hippocampus, cortex, and other brain areas. Given 

this correlation between synaptic transmission and dendritic spines, we speculated that the 

impairment of LTP caused by the Aβ1-42 oligomers was associated with changes in the dynamic 

structure of the dendritic spines. We used hippocampal slices obtained from Thy1-eGFP mice and 

used the same treatment strategy with XBD173 and Aβ1-42 oligomers as in the ex vivo LTP 

experiments. Consistent with this line of thought, we observed a clear reduction in the total spine 

density after the incubation with Aβ1-42 oligomers (50 nM). This reduction in the total spine density 

correlates with LTP impairment as was observed from the electrophysiology recording. This falls 

in line with one of our previous studies in the lab which shows Aβ oligomers reduce neuronal 

spines in hippocampal slices, and antagonizing GluN2b receptors reversed this effect [355]. The 

role of XBD173 in conferring protection against the LTP impairments induced by Aβ1-42 oligomers 

made us ask if these changes are also reflected in changes in the dendritic spines. We found that 

preincubation with XBD173 indeed prevents the loss of dendritic spines occurring from the 

incubation with Aβ1-42 oligomers.  

Given the morphological differences between the different classes of spines and their associated 

functionality with memory-related processes, we asked if Aβ1-42 oligomer incubation affects the 

different spine subclasses. Based on the head volume, neck length, and total length of the spines, 

these small protrusions are critically categorized as stubby, mushroom, or long-thin spines. 

Mushroom spines, given their higher head volume, have often been associated with learning and 

memory-related processes whereas long-thin spines given their dynamic nature and flexibility are 

considered “learning spines” and are important in the new memory formation during synaptic 

transmission. Stubby spines occur early during postnatal development and decrease in adulthood 

[360,367]. Given these parameters, we analyzed the different subclasses of spines after 

reconstructing the dendrites in the IMARIS (Figure 27). There was a significant increase in 

mushroom, stubby, and long-thin spine counts after preincubation with XBD173, and the 

synaptotoxic effect of Aβ1-42 oligomers on dendritic spine growth was prevented (Figure 28). The 
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morphological specialty of both mushroom and long-thin spines and the rescue of these spines 

after XBD173 incubation could potentially play a critical factor in the neuroprotective role of 

XBD173.    

 

 

Figure 27: Representative spine reconstruction using IMARIS filament function. [Figure adapted 

and modified from our manuscript submitted relating to this work (Preprint can be found in [354]). 

Published version [353]]  

A. Dendritic spine images of each group with its reconstructed spine using IMARIS. Control (n=6), 

XBD173 (n=4), Aβ1-42 (n=5), and XBD173 + Aβ1-42 (n=4) B. Classification of dendritic spines to mushroom 

spines for each treatment group. C. Classification of dendritic spines to long thin spines for each treatment 

group.  
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Figure 28: TSPO-dependent XBD173 inhibits the detrimental synaptotoxic effects of Aβ1-42 oligomers 

on dendritic spines. [Figure adapted and modified from our manuscript submitted relating to this 

work (Preprint can be found in [354]). Published version [353]] 

 
A. Comparison of total spine density in treatment groups: Control (n=6), Aβ1-42 (n=5), and XBD173 + Aβ1-

42 (n=4; Kruskal–Wallis test with a Dunn’s multiple comparisons post hoc test; Aβ1-42: 2.302 (2.113-3.194) 

spines/ µm vs Control: 5.236 (4.108-6.080) spines/ µm, p=0.0136; Aβ1-42 vs XBD173 + Aβ1-42: 5.297 

(5.134-5.563) spines/ µm, p=0.0196) B. Comparison of stubby spine density in treatment groups: Control 

(n=6), Aβ1-42 (n=5), and XBD173 + Aβ1-42 (n=4; Kruskal–Wallis test with a Dunn’s multiple comparisons 

post hoc test; Aβ1-42: 1.244 (0.979-2.078) spines/ µm vs Control: 2.790 (2.332-3.639) spines/ µm, p=0.0340; 

Aβ1-42 vs XBD173 + Aβ1-42: 3.086 (2.956-3.210) spines/ µm, p=0.0114). C. Comparison of mushroom spine 

density in different treatment groups: Control (n=6), Aβ1-42 (n=5), and XBD173 + Aβ1-42 (n=4; Kruskal–

Wallis test with a Dunn’s multiple comparisons post hoc test; Aβ1-42: 0.1756 (0.0942-0.2332) spines/ µm 

vs Control: 0.2959 (0.2390-0.3629) spines/ µm, p=0.0897; Aβ1-42 vs XBD173 + Aβ1-42: 0.4063 (0.3966-

0.4302) spines/ µm, p=0.0049). D. Comparison of long-thin spine density in treatment groups: Control 
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(n=6), Aβ1-42 (n=5), and XBD173 + Aβ1-42 (n=4; Kruskal–Wallis test with a Dunn’s multiple comparisons 

post hoc test; Aβ1-42: 0.2698 (0.2103-0.3712) spines/ µm vs Control: 0.4378 (0.3889-0.5203) spines/ µm, 

p=0.0846; Aβ1-42 vs XBD173 + Aβ1-42: 0.5272 (0.3662-0.5369) spines/ µm, p=0.0490). Data are 

represented as median with their respective interquartile range. *p < 0.05. ns: not significant.  

3.4 Acute intraperitoneal administration of XBD173 does not 

improve the cognitive deficit in the transgenic ArcAβ AD mice model  

The ex vivo experiments with XBD173 showed that it could confer TSPO-dependent 

neuroprotective benefits against the Aβ1-42 oligomer-induced LTP impairment and dendritic spine 

loss. Since memory impairment and progressive cognitive decline form a major component of AD, 

we asked whether XBD173 treatment could reverse/rescue the progressive cognitive decline and 

learning impairments. To address this question, we used the WCM behavioral test which has been 

established as a sensitive tool to investigate cue-dependent hippocampal spatial learning in rodents. 

Compared to food rewards, water acts as the only motive force and selective reinforcement 

paradigm thereby leading to more robust and accurate performance. Additionally, compared to the 

traditionally used Morris water maze, the water cross maze exerts less stress thereby bringing 

lower biases to the behavioral testing [357]. All these factors make WCM a suitable platform to 

test the cognitive impairments in the transgenic AD model and whether XBD173 can rescue the 

cognitive impairment.  

From previous studies conducted in this model, we know ArcAβ mice develop cognitive 

impairments starting from the age of 6-7 months [119]. As discussed in the methods section, we 

used 2 different treatment paradigms to understand the XBD173 effect on cognitive performance 

in AD mice: acute and chronic treatment of the respective drugs. In the case of acute treatment, 

the administration of XBD173 (1 mg/kg) or the respective control drugs began two days before 

the initiation of the water cross-maze training period. The escape latency trajectory of transgenic 

ArcAβ mice when compared to the wild-type control shows clear impairment during the training 

phase. Similarly, the accuracy curve of the transgenic mice differs from the wild-type mice. The 

ArcAβ mice treated acutely with XBD173 were at par with their transgenic counterparts. To 

quantify the learning tasks based on the escape latency and accuracy we used the mean of the 

performance on the 4th and 5th days. During the training phase, the wild-type mice had lower 

escape latency and higher accuracy compared to the transgenic mouse indicating better and more 
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precise performance in WT mice. The XBD173-treated (acute) transgenic AD line did not have 

any improvement in escape latency and accuracy compared to the transgenic vehicle-treated 

ArcAβ animals (Figure 29 A, B). Similarly, Retests 1 and 2 performed after a week and a month 

later respectively did not show any differences between the vehicle treatment and the XBD173-

treated group (Figure 29 C, D). This suggests that the acute treatment of XBD173 might not be 

sufficient to affect the pathophysiology and subsequently the cognitive impairment in AD.  

 

 

 



P a g e  | 94 

 

 

Figure 29: Cognitive deficits in AD mice are not ameliorated by acute administration of XBD173. 

[Figure adapted and modified from our manuscript submitted relating to this work (Preprint can be 

found in [354]). Published version [353]] 
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A. Trajectory of Escape latency and accuracy during the 5-day training phase in the WCM. The red-dotted 

trajectory belongs to untreated transgenic AD mice. B. Escape latency (Kruskal–Wallis test with a Dunn’s 

multiple comparisons post hoc test; Arc Aβ + XBD: 8.355 (7.095-9.548) s vs Arc Aβ + vehicle: 10.47 

(9.345-14.02) s, p=0.27) and accuracy comparison (Kruskal–Wallis test with a Dunn’s multiple 

comparisons post hoc test; Arc Aβ + vehicle: 50 (41.67-50) % Arc Aβ + XBD: 58.33 (50-70.84) %, p=0.17) 

groups in the training phase. WT (n=4), Arc Aβ + vehicle (n=5), and Arc Aβ + XBD (n=6). Accuracy is 

expressed as the % of trials correctly performed for each animal, C. Escape latency (Kruskal–Wallis test 

with a Dunn’s multiple comparisons post hoc test; Arc Aβ + XBD: 6.302 (5.488-13.39) s vs Arc Aβ + 

vehicle: 9.01 (7.473-11.36) s, p=0.69) and accuracy comparison (Kruskal–Wallis test with a Dunn’s 

multiple comparisons post hoc test; Arc Aβ + XBD: 66.66 (41.67-91.67) % vs Arc Aβ + vehicle: 50 (41.67-

70.83) %, p=0.82) in the Retest 1 phase. D. Escape latency (Kruskal–Wallis test with a Dunn’s multiple 

comparisons post hoc test; Arc Aβ + XBD: 9.542 (8.643-12.67) s vs Arc Aβ + vehicle: 12.67 (11.42-15.51) 

s, p=0.44) and accuracy comparison (Kruskal–Wallis test with a Dunn’s multiple comparisons post hoc test; 

Arc Aβ + XBD: 58.33 (45.83-83.33) % vs Arc Aβ + vehicle: 33.33 (16.66-50) %, p=0.19) in the Retest 2 

phase. Data are represented as median with their respective interquartile range. *p < 0.05. ns: not 

significant.  

3.5 Chronic intraperitoneal treatment of XBD173 improves 

hippocampus-dependent spatial learning in transgenic ArcAβ AD 

mice 

Chronic treatment of the drugs was administered for a period of 12 weeks when the mice were 8-

9 months old. Both male and female mice were administered 1mg/kg of the respective drugs and 

were followed up with the WCM schedule. Diazepam another clinically used anxiolytic with a 

potentially higher side-effect profile was used as a reference drug to compare the performance with 

the transgenic ArcAβ mice. Similar to the observations from the acute treatment regiment, the 

transgenic ArcAβ mice had poorer escape latency and accuracy trajectory indicating impairments 

in spatial learning. Chronic treatment with XBD173 however improves the trajectory of both 

escape latency and accuracy. Additionally, starting from the training phase itself compared to 

vehicle-treated transgenic mice, the mice that were treated with XBD173 had significantly 

improved escape latency (Figure 30). Compared to the transgenic group, the XBD173-treated 

animals had a tendency for higher accuracy in the training phase. Both the parameters of escape 

latency and accuracy play a major role in deciding the spatial learning deficiency in mice. Retests 
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1 and 2 were designed to see if the effect induced by XBD173 on cognition is short-lived or long-

lived after the termination of the treatment. Interestingly, in both retests 1 and 2, XBD173 

improved the spatial learning in both accuracies and escape learning parameters compared to the 

vehicle-treated transgenic ArcAβ mice (Figure 31 A, B). This suggests that XBD173 can confer 

the neuroprotective effect and is able to rescue the cognitive impairments in AD-modelled mice. 

Additionally, a better performance profile of the animals treated with XBD173 in the retests 

highlights long-term protection conferred by XBD173 after the termination of the treatment for 

more than 30 days. 

The diazepam treatment schedule was comparable to the XBD173 treatment (1mg/kg every 

alternate day for 12 weeks). Unlike the XBD173 treatment, the diazepam-treated group did not 

show any marked improvement in the spatial learning parameters. The escape latency and accuracy 

of these animals were compared to the transgenic counterparts, indicating no benefits on the 

cognitive performance of the transgenic ArcAβ mice. We also accessed the change in accuracy 

and escape latency in retests compared to the training phase. Our study suggests that the treatment 

(XBD173 or vehicle treatment) affects uniformly the performance of individual animals i.e. each 

animal has a similar performance profile in the retests compared to the training phase (Figure 32). 

Importantly, the XBD173-treated group had a higher percentage of accurate learners at the end of 

the training phase as well as in both the retests compared to the vehicle-treated and diazepam-

treated transgenic mice (Figure 33).  



P a g e  | 97 

 

 

 

 

Figure 30: XBD173 chronic treatment rescues spatial learning deficits in transgenic AD mice in the 

training phase. [Figure adapted and modified from our manuscript submitted relating to this work 

(Preprint can be found in [354]). Published version [353]] 

A. Trajectory of escape latency and accuracy during the 5-day training phase in the WCM. B. Comparison 

of escape latency and accuracy between the treatment groups in the training phase. WT (n=9), Arc Aβ + 

vehicle (n=9), Arc Aβ + XBD (n=10), and Arc Aβ + diazepam (n=9; Kruskal–Wallis test with a Dunn’s 

multiple comparisons post hoc test; Arc Aβ + vehicle: 10.66 (8.948-12.14) s vs WT: 7 (5.825-8.518) s, 

p=0.0013; Arc Aβ + XBD: 7.420 (7.109-7.816) s vs Arc Aβ + vehicle, p=0.0075; Arc Aβ + diazepam: 

9.320 (8.073-9.758) s). C. Accuracy comparison (Kruskal–Wallis test with a Dunn’s multiple comparisons 

post hoc test; Arc Aβ + vehicle: 50 (41.67-54.17) % vs WT: 83.33 (83.33-91.67) %, p=0.0004; Arc Aβ + 

XBD: 66.66 (50-83.33) % vs Arc Aβ + vehicle, p=0.1155; Arc Aβ + diazepam: 66.66 (41.67-66.67) %). 

Data are represented as median with their respective interquartile range. *p < 0.05. ns: not significant. 
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Figure 31: XBD173 chronic treatment rescues spatial learning deficits in transgenic AD mice in both 

retests. [Figure adapted and modified from our manuscript submitted relating to this work (Preprint 

can be found in [354]). Published version [353]] 

 
A. Escape latency (Kruskal–Wallis test with a Dunn’s multiple comparisons post hoc test; Arc Aβ + vehicle: 

9.477 (8.035-11.05) s vs WT: 6.113 (4.693-6.829) s, p=0.0018; Arc Aβ + diazepam: 8.833 (6.931-11.34) 

s; Arc Aβ + vehicle vs Arc Aβ + XBD: 5.430 (4.844-6.237) s, p=0.0008) and accuracy comparison (Arc 

Aβ + vehicle: 50 (41.67-58.33) % vs WT: 83.33 (66-100) %, p=0.0003; Arc Aβ + diazepam: 66.66 (33.33-

75) %; Arc Aβ + vehicle vs Arc Aβ + XBD: 66.66 (50-66.66) %, p=0.0145; Kruskal–Wallis test with a 

Dunn’s multiple comparisons post hoc test) between different groups in the Retest 1 phase. WT (n=9), Arc 

Aβ + vehicle (n=9), Arc Aβ + XBD (n=10) and Arc Aβ + diazepam (n=9). B. Escape latency (Arc Aβ + 

vehicle: 10.41 (9.426-12.35) s vs WT: 6.092 (5.375-6.498) s, p=0.0007; Arc Aβ + diazepam: 9.508 (8.363-

10.20) s; Arc Aβ + vehicle vs Arc Aβ + XBD: 5.608 (4.444-6.166) s, p<0.0001; Kruskal–Wallis test with 

a Dunn’s multiple comparisons post hoc test) and accuracy comparison (Arc Aβ + vehicle: 50 (33.33-50) 

% vs WT: 83.33 (66.66-100) %, p=0.0008; Arc Aβ + diazepam: 66.66 (41.67-83.33) %; Arc Aβ + vehicle 
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vs Arc Aβ + XBD: 75 (50-87.5) %, p=0.0102; Kruskal–Wallis test with a Dunn’s multiple comparisons 

post hoc test) between the different groups in the Retest 2 phase. WT (n=9), Arc Aβ + vehicle (n=9), Arc 

Aβ + XBD (n=10) and Arc Aβ + diazepam (n=9). Data are represented as median with their respective 

interquartile range. *p < 0.05. ns: not significant.  

 

Figure 32: XBD173 or vehicle treatment affects the individual animals uniformly. [Figure adapted 

and modified from our manuscript submitted relating to this work (Preprint can be found in [354]). 

Published version [353]] 

 

A. Comparison of escape latency change for the different chronic treatment groups in Retest 1 and 2 from 

the training phase. WT (n=9), Arc Aβ + XBD (n=10), Arc Aβ + Vehicle (n=9), and Arc Aβ + Diazepam 

(n=8). B. Comparison of accuracy change for the different chronic treatment groups in Retest 1 and 2 from 

the training phase.  

 

 



P a g e  | 100 

 

 

Figure 33: Transgenic AD mice have a lower percentage of accurate learners whereas chronic 

XBD173 treatment improves the percentage of accurate learners. [Figure adapted and modified from 

our manuscript submitted relating to this work (Preprint can be found in [354]). Published version 

[353]] 

A. Accurate learner comparison for different treatment groups during the training phase. B. Bar plot 

showing Accurate learners in Retest 1. C. Bar plot showing Accurate learners in Retest 2 

 

3.6 TSPO is required for the alleviation of cognitive impairment in 

chronic XBD173 treated ArcAβ mice  
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As discussed previously, in ex vivo setup TSPO is required for the XBD173 mediated rescue of 

LTP impairment resulting from the Aβ1-42 oligomers, we asked therefore if the role of chronic 

XBD173 treatment in preventing spatial learning impairment in transgenic AD mice is also 

dependent on the mitochondrial TSPO protein. To address this question, we crossbred the ArcAβ 

line with homozygous TSPOKO animals. Unfortunately, however, the homozygous transgenic 

line of TSPOKO X ArcAβ mice showed behavioral deficits in the form of epileptic seizures in 

one-third of the mice line. The seizure percentage was higher and for a longer duration whenever 

there was a cage change. This line was therefore not suitable to undergo behavioral testing to avoid 

additional stress and bias resulting from seizure in cognitive testing. We, therefore, used the 

heterozygous TSPOKO X ArcAβ line (hetTSPOKO X ArcAβ) mice line which had no behavioral 

abnormality. This difference in behavioral saliences could be attributed to the increasing 

mutational burden of 2 separate transgenic lines.  
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Figure 34: XBD173 treatment is dependent upon TSPO to confer beneficial effects in spatial learning 

tests. [Figure adapted and modified from our manuscript submitted relating to this work (Preprint 

can be found in [354]). Published version [353]] 

A. Trajectory of escape latency and accuracy during the 5-day training phase in the WCM. hetTSPOKO X 

Arc Aβ + XBD (n=5) and hetTSPOKO X Arc Aβ + Veh (n=5). B. Escape latency (Arc Aβ + XBD: 7.420 

(7.109-7.816) s vs hetTSPOKO X Arc Aβ + XBD: 11.16 (8.168-14.46) s, p=0.0553 Mann–Whitney U test) 

and accuracy comparison (Arc Aβ + XBD: 66.66 (50.00-83.33) % vs hetTSPOKO X Arc Aβ + XBD: 50.00 

(37.50-54.17) %; Mann–Whitney U test, p=0.0296) between the different treatment groups in the training 

phase. Arc Aβ + XBD (n=10), and hetTSPOKO X Arc Aβ + XBD (n=5) groups. Data are represented as 

median with their respective interquartile range. *p < 0.05. ns: not significant.  
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Figure 35: TSPO heterozygous expression impacts the effect of XBD173 on the spatial learning of 

ArcAβ transgenic animals in Retests. [Figure adapted and modified from our manuscript submitted 

relating to this work (Preprint can be found in [354]). Published version [353]] 

A. Escape latency (Arc Aβ + XBD: 5.430 (4.844-6.237) vs hetTSPOKO X Arc Aβ + XBD: 9.800 (7.138-

10.50) s, p=0.0047; Mann–Whitney U test) and accuracy comparison (Arc Aβ + XBD: 66.66 (50-66.66) % 

vs hetTSPOKO X Arc Aβ + XBD: 50.00 (33.33-50) %, p=0.0033; Mann–Whitney U test) between the 

different treatment groups in the Retest 1 phase. B. Escape latency (Arc Aβ + XBD: 5.608 (4.444-6.166) s 

vs hetTSPOKO X Arc Aβ + XBD: 10.86 (8.2-14.24) s, p=0.008; Mann–Whitney U test) and accuracy 

comparison (Arc Aβ + XBD: 75 (50-87.5) % vs hetTSPOKO X Arc Aβ + XBD: 50.00 (33.33-58.33) %, 

p=0.07; Mann–Whitney U test) between the different groups in the Retest 2 phase. Data are represented as 

median with their respective interquartile range. *p < 0.05. ns: not significant.  
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The ArcAβ animals treated with XBD173 showed significantly better cognitive results compared 

to the hetTSPOKO X ArcAβ animals treated with either XBD173 or vehicle (Figure 34, Figure 

35). The hetTSPOKO X ArcAβ animals had delayed response times and lower accuracy levels 

than the WT animals as well as the transgenic ArcAβ mice which were chronically treated with 

XBD173 (Figure 34, Figure 35). The XBD173-treated hetTSPOKO X ArcAβ animals did not 

demonstrate any significant improvement in cognitive ability when compared to the vehicle-

treated group, as seen by their escape latency and accuracy parameters in both the training phase 

and retests (Figure 36). This data unequivocally shows that XBD173 has a neuroprotective effect 

in improving spatial learning in the AD mice model, relying on the TSPO protein. 
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Figure 36: XBD173-mediated cognitive improvement is dependent upon TSPO. [Figure adapted and 

modified from our manuscript submitted relating to this work (Preprint can be found in [354]). 

Published version [353]] 
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A. Escape latency (hetTSPOKO X Arc Aβ + Veh: 11.40 (9.097-12.43) s vs hetTSPOKO X Arc Aβ + XBD: 

11.16 (8.168-14.46) s, p=0.944; Mann–Whitney U test) and accuracy comparison (hetTSPOKO X Arc Aβ 

+ Veh (n=5): 41.67 (37.50-54.17) % vs hetTSPOKO X Arc Aβ + XBD: 50.00 (37.50-54.17) %, p=0.904; 

Mann–Whitney U test) between the different treatment groups in the training phase. hetTSPOKO X Arc 

Aβ + Veh (n=5), and hetTSPOKO X Arc Aβ + XBD (n=5) groups. B. Escape latency (hetTSPOKO X Arc 

Aβ + Veh: 9.600 (7.62-12.13) s vs hetTSPOKO X Arc Aβ + XBD: 9.800 (7.138-10.50) s, p=0.66; Mann–

Whitney U test) and accuracy comparison (hetTSPOKO X Arc Aβ + Veh: 50.00 (25.00-58.33) % vs 

hetTSPOKO X Arc Aβ + XBD: 50.00 (33.33-50) %, p>0.99; Mann–Whitney U test) between the different 

treatment groups in the Retest 1 phase. C. Escape latency (hetTSPOKO X Arc Aβ + Veh: 9 (7.528-11.33) 

s vs hetTSPOKO X Arc Aβ + XBD: 10.86 (8.2-14.24) s, p=0.53, Mann–Whitney U test) and accuracy 

comparison (hetTSPOKO X Arc Aβ + Veh: 50 (33.33-50) % vs hetTSPOKO X Arc Aβ + XBD: 50.00 

(33.33-58.33) %, p=0.64; Mann–Whitney U test) between the different treatment groups in the Retest 2 

phase. Data are represented as median with their respective interquartile range. *p < 0.05. ns: not 

significant.  

 

3.7 Chronic Administration of XBD173 reduces the pathogenic 

amyloid load and rescues the spine loss in ArcAβ mice model  

We looked at the effects of chronic XBD173 treatment on AD pathology by comparing different 

pathophysiological measures. After staining with congo derivative methoxy-04, we investigated 

the plaque load in the cortex and hippocampus of the XBD173-treated transgenic mice and 

compared them to the vehicle-treated counterparts (Figure 37 A). The mice treated with XBD173 

showed a reduction in plaque load and plaque count in the cortex rather than the hippocampus 

(Figure 37 B-E). While amyloid plaques themselves might not contribute to neurotoxicity, they 

are known to sequester soluble Aβ and are also known to affect the functionalities of the glial cells. 

Reduction in the plaque load in the cortex of XBD173-treated animals could therefore directly 

correlate with reduced pathogenicity after the treatment. In the hippocampus, however, we 

observed only a small fragment of the hippocampal area being covered with the amyloid plaques 

in the transgenic ArcAβ mice model. This could be one of the reasons for not having clear 

differences in the plaque load in the hippocampus of XBD173-treated animals to the vehicle-

treated animals.  
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Figure 37: XBD173 chronic treatment reduces the cortex plaque load in the transgenic Arc Aβ mice 

model of AD. [Figure adapted and modified from our manuscript submitted relating to this work 

(Preprint can be found in [354]). Published version [353]] 
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A. Amyloid plaque staining (First row) and C1q aggregates staining (second row) in WT, Arc Aβ + 

vehicle, Arc Aβ + XBD groups. An enlarged view of C1q aggregates at 63X magnification is shown in 

Figure 45. B. Comparison of plaque load % between Arc Aβ + XBD (n=5) and Arc Aβ + vehicle (n=5) in 

the hippocampus (Arc Aβ + XBD: 0.0040 (0.0025-0.0200) % vs Arc Aβ + vehicle: 0.0080 (0.0050-

0.01775) %, p=0.4524; Mann–Whitney U test). C. Comparison of plaque count between Arc Aβ + XBD 

(n=5) and Arc Aβ + vehicle (n=5) in the hippocampus (Arc Aβ + XBD: 4.5 (2.5-14.30) vs Arc Aβ + vehicle: 

25 (3.25-56.25) vs, p=0.4127; Mann–Whitney U test). D. Comparison of plaque load between Arc Aβ + 

vehicle (n=5) and Arc Aβ + XBD (n=5) in the cortex (Arc Aβ + XBD: 0.0320 (0.0240-0.0550) % vs Arc 

Aβ + vehicle: 0.0710 (0.0590-0.1345) %, p=0.055; Mann–Whitney U test). E. Comparison of plaque count 

between Arc Aβ + vehicle (n=5) and Arc Aβ + XBD (n=5) in the cortex (Arc Aβ + XBD: 41 (36.15-52.50) 

vs Arc Aβ + vehicle: 81.00 (69.50-246.3) vs, p=0.0159; Mann–Whitney U test). Data are represented as 

median with their respective interquartile range. *p < 0.05. ns: not significant.  

Soluble Aβ has been considered more neurotoxic compared to amyloid plaques [368,369]. 

Previously, a reduction in soluble Aβ levels has been associated with reduced pathophysiology of 

AD. Owing to the improvement in cognitive behavior of XBD173-treated AD mice, we accessed 

the soluble Aβ levels (Aβ1-42) in the cortex and hippocampus of the mice treated with XBD173. 

The ArcAβ mutation which causes the hemizygous overexpression of APP leads to a substantial 

increase in the soluble Aβ levels. Interestingly enough, consistent with the plaque load analysis, 

only the cortex of the XBD173-treated mice showed a clear reduction of soluble Aβ levels (Figure 

46 B, C). Reduction of spines has long been associated with cognitive impairments in AD, both in 

humans as well as rodent AD models. Our next step, therefore, was to quantify the spine by the 

Golgi-cox staining method to see if the improvement in spatial learning is related to better 

structural plasticity and maintenance of the dendritic spines. We were able to show that chronic 

XBD173 treatment rescues the loss of spines in transgenic AD mice (Figure 38). This reduction 

in plaque load, soluble Aβ levels as well as improvement in the spine density directly contributes 

to the significant reduction of pathophysiology in the XBD173 treated ArcAβ mice model.  
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Figure 38: Golgi Cox-stained apical dendrites show prevention in dendritic spine loss after chronic 

XBD173 administration in Arc Aβ mice. [Figure adapted and modified from our manuscript 

submitted relating to this work (Preprint can be found in [354]). Published version [353]] 

A. Apical dendrites Golgi-Cox stained for WT, Arc Aβ + vehicle, and Arc Aβ + XBD groups respectively. 

B. Total spine density quantification from n=15-25 dendrites obtained from n=3-4 mice per group (Arc Aβ 

+ vehicle: 0.6329 (0.5177-0.7629) spines/ µm vs WT: 0.8244 (0.7545-1.008) spines/ µm, p=0.0005; Arc 

Aβ + XBD: 1.190 (0.9424-1.320) spines/ µm vs Arc Aβ + vehicle, p<0.0001; one-way ANOVA with a 

Bonferroni’s multiple comparisons post hoc test). Data are represented as median with their respective 

interquartile range. *p < 0.05. ns: not significant. 

3.8 Chronic Administration of XBD173 increases neurosteroid levels 

in transgenic AD mice. 

Given the potential role of TSPO in neurosteroidogenesis, the neurosteroid levels in different 

treatment groups were analyzed. GC-MS/MS analysis of XBD173 treated brains suggested an 

increase in several neurosteroid levels such as allopregnanolone (3α,5α-THP), 3β,5α -THDOC, 

and 5α DHDOC in the cortex and hippocampus (Figure 39 A-D). It is possible therefore that 

XBD173-mediated cognitive betterment is carried out by a reduction in plaque load, soluble Aβ 

levels, increased neurosteroidogenesis, and preservation of dendritic spines.  
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Figure 39: Chronic XBD173 administration results in an elevation of neurosteroid levels in Arc Aβ 

mice. [Figure adapted and modified from our manuscript submitted relating to this work (Preprint 

can be found in [354]). Published version [353]] 

 
A. GC-MS/MS quantification of 5α DHDOC levels in the hippocampus for Arc Aβ + vehicle (n=7) and 

Arc Aβ + XBD (n=5) (Arc Aβ + XBD: 0.4940 (0.2115-0.7860) ng/g vs Arc Aβ + vehicle: 0.0150 (0.0060-

0.2270) ng/g, p=0.07; Mann–Whitney U test). B. GC-MS/MS quantification of 5α DHDOC levels in the 

cortex for Arc Aβ + vehicle (n=7) and Arc Aβ + XBD (n=5) (Arc Aβ + XBD: 0.1400 (0.1220-0.3085) ng/g 

vs Arc Aβ + vehicle: 0.0730 (0.0190-0.1150) ng/g, p=0.0177; Mann–Whitney U test). C. GC-MS/MS 

quantification of 3α,5α-THP levels in the cortex for Arc Aβ + vehicle (n=9) and Arc Aβ + XBD (n=6) (Arc 

Aβ + XBD: 3.127 (1.273-5.791) ng/g vs Arc Aβ + vehicle: 0.9490 (0.8125-1.188) ng/g, p=0.036; Mann–

Whitney U test). D. GC-MS/MS quantification of 3ꞵ5𝛼 THDOC levels in the hippocampus for Arc Aβ + 

vehicle (n=8) and Arc Aβ + XBD (n=5) (Arc Aβ + XBD: 0.6130 (0.2350-1.427) ng/g vs Arc Aβ + vehicle: 
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0.2415 (0.076-0.2955) ng/g, p=0.12; Mann–Whitney U test). Data are represented as median with their 

respective interquartile range. *p < 0.05. ns: not significant.  

3.9 Ex vivo XBD173 treatment does not affect the microglial 

polarization states which are altered via Aβ1-42 oligomers 

Microglial polarization states as discussed earlier play a crucial role in maintaining the homeostasis 

of the neural environment in the CNS. The importance of the M2 microglial state in the activation 

of anti-inflammatory factors has previously been implicated in neuronal repair and neuroprotection 

[31,32,370]. A shift in the polarization state from M2 to M1 resulting in the subsequent increase 

of the pro-inflammatory state is seen in several clinical as well as rodent models of AD [31,32]. 

We asked therefore if this shift in microglial polarization occurs after the ex vivo addition of Aβ1-

42 oligomers and if preincubation with XBD173 could reverse the polarisation state from M1 to 

M2 thereby providing protection ex vivo. We observed that in general, there is an inclination for 

the mean fluorescence intensity (MFI) of various microglial markers (CX3CR1 and TMEM119) 

to increase after being exposed to Aβ1-42 oligomers, however, a marked increase in MFI is only 

detectable in the P2RY12 microglia marker (Figure 40 C, D, E). CX3CR1, a chemokine receptor 

that is expressed on the microglial surface and binds to CX3CL1, is known to regulate microglial 

recruitment to neuroinflammation sites and has often been seen to have an increased expression in 

case of AD [371–374]. The P2RY12 receptors are specific purinoreceptors expressed on microglia 

in the central nervous system [375]. An increase in the microglial marker P2RY12 and CX3CR1 

after Aβ1-42 oligomers incubation indicates an increase in reactive microgliosis. We did not observe 

any changes after preincubation with XBD173. Using the respective M1 (CD80) and M2 (CD163) 

markers, we quantified microglial polarization states. The percentage of both M1 and M2 

microglial polarization markers increased following subsequent treatment with Aβ1-42 oligomers 

(Figure 40 A, B). The preincubation with XBD173 does not affect the M1 and M2 levels (Figure 

40 A, B). Taken together this suggests that ex vivo XBD173 treatment does not affect or influence 

the microglial polarization state after the addition of Aβ1-42 oligomers.    
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Figure 40: In ex vivo slice experiments, XBD173 has no effect on microglial polarization altered by 

Aβ1-42 oligomers. [Figure adapted and modified from our manuscript submitted relating to this work 

(Preprint can be found in [354]). Published version [353]] 

A. M1 microglia % comparison in the different treatment groups. Control (n=9), Aβ1-42 (n=12) and XBD173 

+ Aβ1-42 (n=10) (Aβ1-42: 20.55 (17.08-26.4) %, vs Control: 11.9 (10.35-13.75) %, p=0.0013; Aβ1-42 vs 

XBD173 + Aβ1-42: 17.70 (10.35-23.68) %, p=0.3081; Kruskal–Wallis test with a Dunn’s multiple 

comparisons post hoc test). B. M2 microglia % comparison in the different treatment groups. Control (n=9), 

Aβ1-42 (n=12) and XBD173 + Aβ1-42 (n=10) (Aβ1-42: 8.110 (4.55-13.38) %, p=0.0068 vs Control: 1.660 

(1.155-3.495) %; Aβ1-42 vs XBD173 + Aβ1-42: 2.705 (1.740-12.78) %, p=0.3662; Kruskal–Wallis test with 

a Dunn’s multiple comparisons post hoc test). Mean fluorescence intensities (MFI) analyzed for P2RY12 

(Aβ1-42: 222.5 (183.8-293) vs Control: 173 (168.5-183.5), p=0.0162; Aβ1-42 vs XBD173 + Aβ1-42: 204.5 

(185-278.8), p>0.99; Kruskal–Wallis test with a Dunn’s multiple comparisons post hoc test). (C), CX3CR1 

(D), and TMEM119 (E) for different treatment groups. Data are represented as median with their respective 

interquartile range. *p < 0.05. ns: not significant.  
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3.10 XBD173 chronic treatment primarily affects and reduces 

abnormal astrocytic phagocytosis and synaptic pruning in AD mice 

TSPO expression occurs both in glial and neural cells and previous studies have shown that the 

upregulation of TSPO expression in the astrocytic cells in the hippocampus occurs much before 

the microglial cells. From a therapeutic point of view, therefore astrocytes can be considered an 

essential target while focusing on the TSPO-dependent mechanism. Astrocytes participate actively 

in the process of pruning synapses during the developmental phase. This pruning of synapses 

however is abnormally increased during the pathogenesis of AD. Previously excessive removal of 

functional neurons in AD has been thought to be an active contributor to the cognitive decline in 

AD patients. In line with this hypothesis, we asked if excessive pruning of astrocytes in AD 

transgenic mice could be an active factor contributing to impaired spatial learning and if chronic 

XBD173 treatment could reduce this abnormally increased astrocytic pruning. As discussed in 

detail in the methods section, we analyzed individual high-resolution astrocytes and quantified the 

percentage of synaptophysin (pre-synaptic marker) inside the volume of these astrocytes (Figure 

41). It is important to note that the intensity of synaptophysin was comparable in treatment as well 

as control groups. Compared to the wild-type control we observed the transgenic AD mice had a 

higher percentage of astrocytic engulfment of synaptic markers. Additionally, we noticed that 

long-term XBD173 treatment drastically reduces the increased synaptic uptake by astrocytes in 

both the cortex and hippocampus (Figure 42). This suggests that chronic XBD173 treatment 

reduces the abnormal removal of synapses which could directly improve the cognitive 

performance of these mice. 
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Figure 41: Representative image of astrocytic engulfment of synaptophysin in the cortex and 

hippocampus of different treatment groups. [Figure adapted and modified from our manuscript 

submitted relating to this work (Preprint can be found in [354]). Published version [353]] 

 
A. GFAP (red) and synaptophysin (green) interaction are shown in an orthogonal plane. B. Representative 

images for astrocytic engulfment of synaptophysin (green) by astrocyte (red) in different experimental 

groups in the cortex. While the first row shows the original image obtained from the confocal scope, the 

second row shows the reconstructed astrocyte with colocalization point (white) inside it. C. Representative 

images for astrocytic engulfment of synaptophysin (green) by astrocyte (red) in different experimental 

groups in the hippocampus. While the first row shows the original image obtained from the confocal scope, 

the second row shows the reconstructed astrocyte with colocalization point (white) inside it. Scale bar: 5 

µm.  
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Figure 42: The chronic administration of XBD173 reduces synaptic pruning and aberrant astrocytic 

phagocytosis. [Figure adapted and modified from our manuscript submitted relating to this work 

(Preprint can be found in [354]). Published version [353]] 

A. Confocal images of high-resolution individual astrocytes (red) and synaptophysin (green). The arrows 

indicate the colocalization points. B. 3D rendering of astrocytes (red) using IMARIS 9.7. The enlarged view 

of before and after astrocytic reconstruction is shown in the insets. C. Representative image of rendered 

outline of astrocyte (red) volume with colocalization point (white, shown by arrowheads). D. Astrocyte 

engulfment of synaptophysin quantified in different treatment groups in the cortex (Arc Aβ + vehicle: 4.692 

(3.157-5.640) % vs WT: 0.7809 (0.3763-1.411) %, p<0.0001; Arc Aβ + XBD: 1.866 (0.7195-2.818) spines/ 

µm Arc Aβ + vehicle, p<0.0001; one-way ANOVA with a Bonferroni’s multiple comparisons post hoc test). 

E. Astrocyte engulfment of synaptophysin quantified in different treatment groups in the hippocampus (Arc 

Aβ + vehicle: 2.468 (2.144-3.232) % vs WT: 0.8785 (0.5336-1.293) %, p<0.0001; Arc Aβ + vehicle vs Arc 

Aβ + XBD: 1.276 (0.7177-1.906) %, p<0.0001; Kruskal–Wallis test with a Dunn’s multiple comparisons 

post hoc test; 21-29 astrocytes collected from 4-5 mice per group). Data are represented as median with 

their respective interquartile range. *p < 0.05. ns: not significant.  
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3.11 Treatment with chronic XBD173 leads to a decrease in C1q 

aggregates in AD mice as well as a reduction in the engulfment of C1q 

protein by astrocytes 

C1q complement tags are usually considered destruction tags for the synapses to undergo 

phagocytosis. Under normal physiological conditions, previous studies have reported that 

astrocytic synaptic pruning is independent of the involvement of C1q. Nonetheless, in pathological 

states such as AD, astrocytes are strongly implicated in the removal of synapses through C1q-

dependent mechanisms [376]. Given the involvement of complement pathway protein particularly 

the evidence that links the presence of C1q to aggravated pathophysiology of AD, we investigated 

first if C1q complement proteins are linked to the astrocytic synaptic pruning. The reduction in 

aberrant synapses by astrocytes by XBD173 treatment led us to hypothesize that individual 

astrocytes in transgenic mice would engulf more of these signatures of C1q called "eat-me tag" 

signatures, and XBD173 treatment may affect C1q engulfment by astrocytes. From the volumetric 

analysis of individually rendered astrocytes, we found significantly increased engulfment of C1q 

protein in transgenic ArcAβ mice. In line with our hypothesis, we did observe a significant 

reduction of C1q engulfment by the astrocytes both in the cortex as well as in the hippocampus in 

the transgenic animals treated with XBD173 (Figure 43 A-D, Figure 44). 

  

Quite interestingly, we also report the deposition of C1q in the form of aggregates in the transgenic 

ArcAβ mice. To our knowledge, deposition of C1q aggregates has not been shown in any AD mice 

models previously in the literature. Therefore, whether these aggregates result from the 

accumulation of dystrophic neurites or are a mere accumulation of complement protein is not 

known and this needs further investigation. These C1q aggregates highly colocalize with the 

methoxy-04 stained amyloid plaques. It is, however, essential to note a crucial point, while all the 

C1q aggregates colocalize with the amyloid plaques, the vice-versa is not true. To understand if 

there is a change in the overlap percentage of plaque with C1q aggregates, we first asked if 

XBD173 chronic treatment affects the colocalization percentage. We found that both XBD173 and 

vehicle-treated groups colocalized the C1q aggregates with plaques in a similar manner (Figure 

45). However, it was interesting to observe that XBD173 comparatively had a much lower 

aggregate count compared to the transgenic counterparts (Figure 46 A). In retrospection therefore, 
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given the importance of C1q in aggravating the pathophysiology of AD, a decrease in the C1q 

aggregates could mean an improvement in the pathophysiology profile.  
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Figure 43: The chronic administration of XBD173 reduces enhanced astrocytic engulfment of C1q 

complement protein. [Figure adapted and modified from our manuscript submitted relating to this 

work (Preprint can be found in [354]). Published version [353]] 

A. Confocal images of high-resolution individual astrocytes (red) and C1q (magenta) in the cortex. While 

the first row shows the original image obtained from the confocal scope, the second row shows the 

reconstructed astrocyte with colocalization point (white) inside it. Scale bar: 5 µm. B. Confocal images of 

high-resolution individual astrocytes (red) and C1q (magenta) in the hippocampus. While the first row 

shows the original image obtained from the confocal scope, the second row shows the reconstructed 

astrocyte with colocalization point (white) inside it. Scale bar: 5 µm. C. Astrocyte engulfment of C1q 

quantified in different treatment in the cortex (Arc Aβ + vehicle: 3.448 (3.071-4.300) % vs WT: 0.7465 

(0.0033-1.767) %, p<0.0001; Arc Aβ + XBD: 0.6829 (0.1004-1.543) % vs Arc Aβ + vehicle, p<0.0001; 

Kruskal–Wallis test with a Dunn’s multiple comparisons post hoc test; 15-23 astrocytes collected from 4-

5 mice per group). D Astrocyte engulfment of C1q quantified in different treatments in the hippocampus 

(Arc Aβ + vehicle: 5.056 (3.849-6.986) % vs WT: 0.8102 (0.1865-1.250) %, p<0.0001; Arc Aβ + vehicle 

vs Arc Aβ + XBD: 0.4372 (0.1979-1.733) %, p<0.0001; Kruskal–Wallis test with a Dunn’s multiple 

comparisons post hoc test; 26 astrocytes per collected from 5 mice per group). Data are represented as 

median with their respective interquartile range. *p < 0.05. ns: not significant.  
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Figure 44: Representative confocal scope image of astrocyte interaction with C1q complement 

protein. [Figure adapted and modified from our manuscript submitted relating to this work (Preprint 

can be found in [354]). Published version [353]] 

A. Astrocyte (Red) along with colocalization (White) shown in an orthogonal plane. B. Astrocyte (red) and 

C1q (magenta). C. 3D rendering of astrocytes (Red) using IMARIS 9.7 with C1q (magenta). D. Astrocyte 

outline (red) with colocalization points (white). Scale bar: 5 um 

 

 

 

Figure 45. The % overlap between plaque and C1q is not affected by XBD173 treatment. [Figure 

adapted and modified from our manuscript submitted relating to this work (Preprint can be found 

in [354]). Published version [353]] 

A. Confocal representative 63X images of methoxy-04 plaques (blue), C1q aggregates (magenta), merged, 

and colocalization (white) in transgenic AD mice. Scale bar: 20 µm. B. % of overlap between plaque C1q 

in different treatment groups (Arc Aβ + XBD: 37.99 (20.39-58.68) % vs Arc Aβ + vehicle: 32.18 (25.07-

54.76) %, p=0.9390; Mann–Whitney U test; 13-16 astrocytes collected from 4 mice per group). Data are 

represented as median with their respective interquartile range. *p < 0.05. ns: not significant.  
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Figure 46: The C1q aggregates load, as well as cortex soluble Aβ1-42 levels, are reduced in chronic 

XBD173 treated AD mice. [Figure adapted and modified from our manuscript submitted relating to 

this work (Preprint can be found in [354]). Published version [353]] 

A. Comparison of C1q aggregates count between Arc Aβ + XBD (n=5) and Arc Aβ + vehicle (n=5) in the 

cortex and hippocampus (Arc Aβ + XBD: 14 (11-21) vs Arc Aβ + vehicle: 34.33 (30.75-48.00), p=0.0079; 

Mann–Whitney U test). B. ELISA quantification of cortex soluble Aβ1-42 levels. WT (n=3), Arc Aβ + 

vehicle (n=3), and Arc Aβ + XBD (n=3). C. ELISA quantification of hippocampus soluble Aβ1-42 levels. 

WT (n=3), Arc Aβ + vehicle (n=5), and Arc Aβ + XBD (n=3). Data are represented as median with their 

respective interquartile range. *p < 0.05. ns: not significant.  

 

3.12 Astrocytes surround the methoxy plaques and more astrocytes 

are found near the periphery of plaques than farther away from it 
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We observed more astrocytes in the periphery of the plaques and a lesser astrocytic count when 

moving farther away from the plaques. This is in line with previous studies which show a higher 

glial cell density near the amyloid plaques [377]. Multiple astrocytes come together to form a ball-

like structure surrounding the plaque from different sides. If this response is protection machinery 

that the brain uses to fight back the pathological condition to restore homeostasis is not known. 

 

3.13 Methoxy plaque clearance in the cortex is not facilitated by 

astrocytic phagocytosis 

Previously as discussed, we observed decreased plaque load and count in transgenic animals 

treated with XBD173. We then asked if astrocytic phagocytosis plays a crucial role in the removal 

of amyloid plaques specifically in the cortex after the treatment with XBD173. To address this 

question, we studied the % interaction of the amyloid plaques with their neighboring astrocytes 

(Figure 47 A-D). In both vehicle- and XBD173-treated animals, astrocytic engulfment of plaque 

was comparable (Figure 47 E). This suggests that astrocytic phagocytosis might not be the main 

contributor to the lower number of plaques in XBD173-treated animals. This hints probably to 

either a reduction in the plaque production machinery or microglia-dependent phagocytic removal 

of plaques in XBD173 treated animals. 
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Figure 47: XBD173 treatment does not increase astrocytosis-mediated plaque clearance. [Figure 

adapted and modified from our manuscript submitted relating to this work (Preprint can be found 

in [354]). Published version [353]]. 

A. GFAP (red) and Plaque (blue) interaction are shown in an orthogonal plane. B. Confocal image for 

GFAP (red) and Plaque (blue). An enlarged view of the interaction marked with white arrows is shown in 

the inset. C. Rendered astrocytes (red) along with plaques after removal of background signal. D. GFAP 

and methoxy-04 plaque colocalization points are shown in white. Scale bar: 20 µm. E. % interaction of 

GFAP with plaques in the cortex and hippocampus. Arc Aβ + vehicle and Arc Aβ + XBD (Arc Aβ + XBD: 

14.15 (7.715-25.15) % vs Arc Aβ + vehicle: 10.50 (5.305-17.99) %, p=0.3573; Mann–Whitney U test; 

n=21-24 plaques obtained from 4 mice per group). Respective groups. Scale bar: 5 µm. Data are represented 

as median with their respective interquartile range. *p < 0.05. ns: not significant.  
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3.14 XBD173 induces TSPO-mediated neurosteroids synthesis, which 

affects the activity of delta-subunit containing GABAA receptor and 

confers neuroprotection against Aβ oligomers  

TSPO protein located on the outer mitochondrial membrane has been implicated in several 

functions, the primary one being neurosteroidogenesis. As discussed earlier, in the case of 

neurodegeneration or neuronal injury, TSPO ligands have been shown to elevate the neurosteroid 

levels thereby ameliorating the pathogenesis. From our observation, XBD173 was TSPO 

dependent and was providing neuroprotective benefits against the Aβ1-42 oligomer. We, therefore, 

investigated the potential involvement of neurosteroids in the TSPO-mediated action of XBD173. 

Neurosteroids such as allopregnanolone and pregnenolone levels were shown to be previously 

associated with TSPO-dependent ligands. For instance, XBD173 mediates the anxiolytic effect by 

affecting allopregnanolone levels [228]. Similarly, XBD173 boosts mitochondrial function by 

elevating the pregnanolone levels in a TSPO-dependent manner [378]. 

We tested neurosteroids at different concentrations and asked if they could mimic the 

neuroprotective role of XBD173 against the Aβ1-42 oligomer. We first started with the 

neurosteroids (allopregnanolone and pregnanolone) that had been previously shown to be 

associated with TSPO-dependent XBD173. Pregnanolone (100 nM), however, was ineffective 

against the Aβ1-42 oligomer (Figure 48 A, B, C). Similarly, allopregnanolone (10 nM, 30 nM, and 

100 nM) could not alleviate protection against Aβ1-42 oligomer-induced LTP reduction. It is 

interesting however to note that allopregnanolone (100 nM) rescues the LTP disruption resulting 

from the Aβ1-40 peptide (Figure 49 A - D). 

Additionally, similar to XBD173, 3α5α THDOC (100 nM) also confers neuroprotection against 

the LTP impairments caused by Aβ1-42 oligomers (Figure 50 A, B, C). Given the importance of 

the delta subunit in neurosteroid-mediated action, we asked whether 3α5α THDOC was also able 

to confer neuroprotection in hippocampus slices obtained from GABA-δ KO transgenic animals. 

In line with our neurosteroid hypothesis, we observed that 3α5α THDOC (100 nM) was not able 

to rescue the LTP impairment on GABA-δ KO hippocampal slices after incubation with the Aβ1-

42 oligomers (Figure 51 A, B). Importantly, XBD173 (300 nM) also fails to prevent the 

synaptotoxicity of Aβ1-42 oligomers on LTP impairments in hippocampus slices obtained from 
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GABA-δ KO transgenic animals (Figure 51 A, B). This study shows that the δ subunit-containing 

GABAA receptor is crucial for the action of XBD173. The chronic XBD173 treated AD mice also 

showed an elevation in the 3β5α THDOC levels which is a stereoisomer of 3α5α THDOC. We, 

therefore, assessed if the 3β5α THDOC could also confer neuroprotection similar to XBD173. We 

observed that 3β5α THDOC similar to 3α5α THDOC rescues the LTP impairment resulting from 

Aβ1-42 oligomers (Figure 51 C, D). This evidence highlights the importance of neurosteroids in 

mediating XBD173's effect on AD pathology. 

 

 

 

 

Figure 48: LTP deteriorations induced by Aβ1-42 oligomers incubation is not rescued by pregnenolone 

[Figure adapted and modified from our manuscript submitted relating to this work (Preprint can be 

found in [354]). Published version [353]].  

 
A. Representative Schematic of TSPO-mediated neurosteroid synthesis. B. Normalised fEPSP slope time 

course following an HFS under pregnenolone (Preg) (100 nM), Aβ1-42 (50 nM), and Preg+ Aβ1-42. C. For 
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each group, a scatter dot plot summarizing the last 10 minutes (from 50 to 60 minutes) following HFS: WT 

mice: Preg (100 nM) (n=7), Aβ1-42 (50 nM) (n=10) and Preg+ Aβ1-42 (n=7) (Preg (100 nM) + Aβ1-42: 110 

(100.8-118.3) % of baseline slope vs Aβ1-42: 108.5 (93.18-115.3) % of baseline slope, p=0.47; Mann-

Whitney U test). Data are represented as median with their respective interquartile range. *p < 0.05. ns: not 

significant.  

 

 

Figure 49: Allopregnanolone (Allo) prevents the LTP impairment from Aβ1-40 oligomers but doesn’t 

affect the LTP deterioration resulting from Aβ1-42 oligomers. [Figure adapted and modified from our 

manuscript submitted relating to this work (Preprint can be found in [354]). Published version [353]]. 

A. Normalised fEPSP slope time course following an HFS under Allo (10 nM), Aβ1-42 (50 nM), Allo (10 

nM) + Aβ1-42, and Allo (30 nM) + Aβ1-42. B. For each group, a scatter dot plot summarizing the last 10 

minutes (from 50 to 60 minutes) following HFS in WT C57/Bl6 mice: Allo (10 nM) (n=5), Aβ1-42 (50 nM) 

(n=9), Allo (10 nM)+ Aβ1-42 (n=5), and Allo (30 nM)+ Aβ1-42 (n=3) (Allo (10 nM) + Aβ1-42: 103.2 (94.08-

109.9) % of baseline slope vs Aβ1-42: 110.2 (97.55-115.9) % of baseline slope, p=0.34; Mann-Whitney 

U test). C. Normalised fEPSP slope time course following an HFS under Allo (100 nM), Aβ1-40 (50 nM), 

and Allo + Aβ1-40. D. For each group, a scatter dot plot summarizing the last 10 minutes (from 50 to 60 

minutes) following HFS in WT C57/Bl6 mice: Aβ1-40 (50 nM) (n=4) and Allo (100 nM) + Aβ1-40 (n=8) (Allo 
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(100 nM) + Aβ1-40: 126.4 (121.8-139.1) % of baseline slope vs Aβ1-40: 105 (102.9-112.5) % of baseline 

slope, p=0.004; Mann-Whitney U test). Data are represented as median with their respective interquartile 

range. *p < 0.05. ns: not significant.  

 

 

 

Figure 50: 3α5α THDOC prevents LTP impairments resulting from Aβ1-42 oligomers [Figure adapted 

and modified from our manuscript submitted relating to this work (Preprint can be found in [354]). 

Published version [353]].  

 

A. Representative Schematic of TSPO-mediated neurosteroid synthesis. B. Normalised fEPSP slope time 

course following an HFS under 3α 5α THDOC (100 nM) and 3α 5α THDOC + Aβ1-42 conditions in WT 

C57/Bl6 mice. Representative traces for each treatment group are shown in the insets above. C. For each 

group, a scatter dot plot summarizing the last 10 minutes (from 50 to 60 minutes) following HFS: 3α 5α 

THDOC (n=6) and 3α 5α THDOC + Aβ1-42 (n=6) (WT 3α 5α THDOC + Aβ1-42: 127.1 (122.9-140.5) % of 
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baseline slope vs WT 3α 5α THDOC: 125.0 (119.0-126.0) % of baseline slope, p=0.3874; Mann–Whitney 

U test). Data are represented as median with their respective interquartile range. *p < 0.05. ns: not 

significant.  

 

 

 

Figure 51: XBD173 stimulates TSPO-regulated production of diverse neurosteroids such as THDOC, 

which increases delta subunit-containing GABAA receptor activity [Figure adapted and modified 

from our manuscript submitted relating to this work (Preprint can be found in [354]). Published 

version [353]].  
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A. Normalised fEPSP slope time course following an HFS under 3α 5α THDOC (100 nM), XBD173 (300 

nM) and XBD173 + Aβ1-42, and 3α 5α THDOC + Aβ1-42, conditions in GABA-δ KO transgenic mice. B. 

For each group, a scatter dot plot summarizing the last 10 minutes (from 50 to 60 minutes) following HFS 

in GABA-δ KO mice: 3α 5α THDOC (100 nM) (n=7), 3α 5α THDOC + Aβ1-42 (n=7), XBD173 (300 nM) 

(n=6) and XBD173 + Aβ1-42 (n=6) (3α 5α THDOC + Aβ1-42: 110.8 (93.8-114.7) % of baseline slope vs 3α 

5α THDOC: 132.7 (128.1-142.1) % of baseline slope, p=0.0003; XBD + Aβ1-42: 110.2 (102.7-118.2) % of 

baseline slope vs XBD: 123.7 (120.1-130.9) % of baseline slope, p=0.0070). C. Normalised fEPSP slope 

time course following an HFS under 3β5α THDOC (100 nM), Aβ1-42 (50 nM), and 3β5α THDOC + Aβ1-42. 

D. For each group, a scatter dot plot summarizing the last 10 minutes (from 50 to 60 minutes) following 

HFS in C57/Bl6 mice: Aβ1-42 (50 nM) (n=10) and 3β5α THDOC + Aβ1-42 (n=8) (3β5α THDOC + Aβ1-42: 

129.3 (122.1-134) % of baseline slope vs Aβ1-42: 108.5 (93.18-115.3) % of baseline slope vs, p<0.0001; 

Mann-Whitney U test). Data are represented as median with their respective interquartile range. *p < 0.05. 

ns: not significant.  

 

3.15 XBD173 incubation prevents LTP impairment resulting from 

Aβ1-42 arctic mutation oligomer 

Since transgenic mice containing the arctic mutation impair cognitive performance and XBD173 

chronic treatment rescues the cognitive deficits, we asked if this occurs in a cellular process as 

well. To address this we used the Aβ1-42 oligomers containing the mutation of arctic heredity with 

glycine substituted for glutamic acid at position 22. As expected we found that the Aβ1-42 oligomers 

containing the arctic mutation impaired the hippocampal LTP and incubation with XBD173 

prevented this impairment [244] (Figure 52). This ex vivo finding correlates with the behavioral 

spatial learning test result and confirms the neuroprotective role of XBD173 both ex vivo as well 

as in vivo.   
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Figure 52: XBD173 (300 nM) rescues the Arctic Aβ1-42 synaptotoxic effect on LTP (Modified with 

permission from [244]). 

(A) Normalized fEPSP slope time course following an HFS under control conditions, with 1.5 h Arctic Aβ1-

42 exposure alone and the simultaneous application of XBD173 (300 nM) and Arctic Aβ1-42 (50 nM). (B) 

For each group, a scatter dot plot summarizing the last 10 minutes (from 50 to 60 minutes) following HFS. 

(XBD: 136.7 (125.7-146) % of baseline slope n=5; XBD + Arctic Aβ1-42: 130.8 (120.3-135.8) % of baseline 

slope n=5; Arctic Aβ1-42: 108.9 (94.34-111.9) % of baseline slope n=5). Data are represented as median 

with their respective interquartile range. *p < 0.05. ns: not significant. Representative fEPSPs are shown in 

the inset on the top. 
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4. Discussion 

4.1 Key Objectives and Findings 

From the multitude of clinical evidence, depression could be an antecedent of Alzheimer’s 

[135,136,138]. Both these disorders share a commonality in their pathological cellular mechanism. 

Our interest in targeting both these overlapping cellular mechanisms made us explore in detail 

TSPO-dependent ligands which confer anxiolytic effects without having benzodiazepines-like side 

effects. Given the differences in the binding site distribution as well as the sensitivity to the 

different GABAA receptor subunits for benzodiazepines and 3α-reduced neurosteroids 

(neurosteroids are sensitive to the δ-subunit of GABAA receptors, whereas benzodiazepines are 

sensitive to the γ2-subunit of GABAA receptors) [244,246,379], we hypothesized that neurosteroid 

production via the activation of TSPO could provide an improved pharmacological profile than 

the previously used benzodiazepines. Since AD is a progressive neurodisorder with a complex 

pathophysiological mechanism, we decided to look at both ex vivo and in vivo models of AD, and 

the effect of translocator protein activation via selective ligand XBD173. Our first goal was to 

characterize the beneficial effects of XBD173 on CA1 LTP which is a cellular correlate of memory 

and learning. The next goal was to see if it could provide protective benefits to cognition in vivo. 

Next, we wanted to look at all possible pathways that could be intervened by the administration of 

TSPO-dependent XBD173.  

Therefore, we examined whether TSPO-dependent XBD173, which has been reported to exert 

anxiolytic effects in both rodents and humans, could confer neuroprotective benefits in a murine 

Alzheimer's model. First, we show that XBD173 could prevent LTP impairment resulting from 

Aβ1-42 oligomer and this effect is mediated by the translocator protein (Figure 25, 26). Among the 

individual spine classes, XBD173 prevents the loss of mushroom spines and long thin spines 

(Figure 28). From previous evidence, mushroom spines are considered to be memory spines 

whereas long thin spines are considered to be learning spines [360,380]. This could explain the 

prevention of LTP impairment in the presence of XBD173. In an in vivo AD transgenic mouse 

model (ArcAβ) we were able to demonstrate that chronic (1mg/kg every alternate day for 12 

weeks) but not acute (1mg/kg single dose before the training phase) administration of XBD173 

could reverse cognitive decline and keep a sustained neuroprotective benefit even after 45 days 
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(Figure 29, 20, 31). In het TSPOKO X Arc Aβ animals, this neuroprotective effect of XBD173 

was not observed, thus highlighting the importance of TSPO in full expression for the complete 

neuroprotective benefit of XBD173 (Figure 34, 35, 36). This is further supported by a significant 

reduction of plaques and soluble Aβ levels in the cortex as well as reduced astrocytic phagocytosis 

of functional synapses in both the hippocampus and cortex (Figure 37, 42). We also show 

hyperactive involvement of complement system protein in the AD transgenic mice (Figure 43) 

and that XBD173 reduces the abnormal hyperactivity and thereby reduces the energy imbalance 

in AD (Discussed further in the energy section).  

The chronic administration of XBD173 elevates the levels of multiple neurosteroids such as 3α5α 

THP in the cortex, 3ꞵ5α THDOC in the hippocampus, and 5α DHDOC in the cortex and 

hippocampus and also rescues the spine loss (Figure 39). Among the tested neurosteroids, we 

report that both the stereoisomers of THDOC (100 nM) (3α5α THDOC and 3ꞵ5α THDOC) similar 

to XBD173, prevent the LTP deficits caused by Aβ1-42 oligomer (Figure 50, 51). Importantly, both 

XBD173 and 3α5α THDOC fail to prevent the LTP deficit caused by Aβ1-42 oligomer in the 

hippocampal slices obtained from GABA-δ knockout (KO) animals (Figure 51), indicating that 

the δ-subunit is downstream of TSPO activation by XBD173. Allopregnanolone levels which have 

previously also been reported to be enhanced on the application of TSPO ligands were increased 

in our chronic treatment model after the application of XBD173. We tested therefore if 

allopregnanolone could also rescue the LTP impairments from Aβ oligomers. To our surprise 

allopregnanolone was not effective in preventing the LTP disruption resulting from the Aβ1-42 

oligomer but was able to rescue the impairments resulting from the incubation of the Aβ1-40 

oligomer (Figure 49). This indicates that XBD173-mediated TSPO activation orchestrates the 

formation of a diverse range of neurosteroids that target different progression mechanisms of AD. 

Additionally, while one might speculate that the difference in the working mechanisms of either 

XBD173 or allopregnanolone towards Aβ1-42 or Aβ1-40 oligomer, could be due to a difference in 

the aggregation propensity of both the oligomers, the observation that XBD173 could only 

partially rescue the CA1-LTP impairments resulting from Aβ1-40 oligomer could be due to an 

insufficient incubation time with XBD173 exvivo which might not produce sufficient 

allopregnanolone to induce the beneficial effect. XBD173 prevents spine loss resulting from the 

Aβ1-42 oligomer. All of this taken together suggests that XBD173 exerts neuroprotective benefits 

in AD while having a lower side-effect profile than the previously used anxiolytics (Figure 53). 
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Figure 53: Schematic showing the possible working mechanism for TSPO-dependent XBD173 in the 

AD model. (Figure adapted and modified from our manuscript submitted relating to this work 

(Preprint can be found in [354]). Published version [353]). 

 

4.2 TSPO, XBD173, depression, and AD Pathology: From a Cellular 

and behavioral perspective 

Several overlapping studies highlight a clear mechanistic link between clinical depression and AD. 

For instance, neuronal loss combined with an increase in the pro-inflammatory cytokines and 

neurotoxins and a decrease in anti-inflammatory cytokines has been associated with both major 

depression and dementia [161–164]. Dementia risk is more than twice as high in patients with mild 

cognitive impairment associated with depression as in non-depressed individuals [138]. Activation 



P a g e  | 133 

 

of macrophages in the blood and microglia in the brain, which releases pro-inflammatory 

cytokines, has been thought to contribute to the progression from depression to dementia [161–

164]. The presence of Aβ enhances NMDA receptor-induced neurotoxicity caused by pro-

inflammatory cytokines like interleukin-1b (IL-1b) [381,382]. In a reverse scenario, i.c.v injections 

of Aβ oligomers increased depression-like behavior in mice and elevated brain levels of IL-1b 

[383,384]. In addition, clinical studies have shown the positive effects of antidepressants on AD 

patients. The antidepressants paroxetine and fluoxetine significantly decreased the intracellular 

concentrations of Aβ oligomers and increased the concentrations of Aβ monomers in APP 

overexpressing N2a neuroblastoma cells [385]. Similarly, in the rodent model of 3xTgAD 

(transgenic Alzheimer’s), chronic treatment with paroxetine decreased the Aβ1-40 levels in both the 

hippocampus and cortex [386]. Fluoxetine when applied i.c.v ameliorated Aβ induced cognitive 

effect [387,388]. In a recent study, imipramine and escitalopram were shown to rescue the 

synaptotoxic changes in the pre-synaptic vesicles induced by Aβ1-42 [389,390]. All of this clinical 

evidence points towards increased neurotoxicity, neuronal injury, and chronic inflammatory 

changes as the common characteristic link between major depression and dementia. The use of 

TSPO-dependent XBD173 which is already known to exert an anxiolytic effect both in humans 

and rodents can therefore be an excellent choice to study its neuroprotective role in dementia. 

TSPO's usefulness as a pharmaceutical target is primarily due to its involvement in the movement 

of cholesterol from the outer to the inner mitochondrial membrane, which is a rate-limiting step 

for neurosteroid synthesis. While the role of TSPO in neurosteroid synthesis is still under debate, 

there is conclusive evidence for the neuroprotective role of TSPO ligands via enhanced 

neurosteroidogenesis, reduction in apoptosis, less ROS production, and promotion of nerve 

regeneration [181–183]. Previously in a report TSPO ligands RO5-4864 and PK95111 rescued the 

pathology in a mouse AD model via enhanced neurosteroidogenesis [223]. It is interesting to note 

that levels of various neurosteroids are decreased in AD patients [391–393]. Since neurosteroids 

are potent modulators of synaptic transmission, they could confer neuroprotective benefits to 

memory and cognitive parameters in AD. XBD173 has been clinically proven for efficacy, safety, 

and tolerability also in humans [228]. In our study, to understand if in an AD pathological 

condition, XBD173 still acts via TSPO proteins to exert neuroprotective effects, we designed a 

similar set of experiments in the global TSPOKO mouse model. XBD173 is orally available and 

owing to its lipophilic structure it can also cross the blood-brain barrier [394]. Previously XBD173 
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at 90 mg/d has been tested to be safe without any tolerance effects in healthy volunteers challenged 

with the panic disorder paradigm. The side-effect profile was comparable to the placebo group 

[228].  

From previous studies, as well as from the ones in our lab different Aβ species block CA1-LTP in 

the hippocampus [70,71,355,395]. XBD173 (300 nM) when administered in sagittal hippocampal 

slices prevented the LTP impairments from the Aβ1-42 oligomers but only partially rescued the 

impairments from Aβ1-40 oligomers. The differential selectivity in this action could be reflected by 

the differential sensitivity of Aβ1-42 and Aβ1-40 oligomers to different targets as well as differences 

in aggregation kinetics. Some of the possible reasons for the LTP impairment could be because 

soluble Aβ can decrease the surface expression of NMDA receptors [42,396]. Previously, synaptic 

NMDA receptors, not the extrasynaptic ones have been associated with LTP [397]. In another 

study, however, soluble Aβ oligomers were shown to facilitate hippocampal long-term depression 

(LTD) via enhancement of the GluN2B subunit [70,398]. The LTP impairment resulting from Aβ 

oligomers therefore could be manifested via the activation of extrasynaptic GluN2B subunit-

containing NMDA receptors [399]. A second possible hypothesis, the signal-to-noise hypothesis, 

and how XBD173 could confer neuroprotective effects in the presence of Aβ oligomers are 

described in detail in the energy imbalance section below. Further research needs to address the 

differences in mechanistic action of different Aβ oligomers on different receptor subunits and the 

downstream activation of secondary messenger pathways. In our study, TSPOKO mice were used 

to further confirm that TSPO protein is involved in this XBD-mediated action. XBD173 was not 

able to provide neuroprotective benefits in the global TSPOKO model, which confirms the 

dependency of XBD173 on TSPO protein to mediate the beneficial effects. 

Following the results from the CA1-LTP experiment and the role of XBD173 in providing 

neuroprotective benefits, we asked if these effects were mediated by neurosteroids downstream. 

We tested several neurosteroids at different concentrations to test their effect in mimicking the 

action of XBD173 to prevent the LTP impairment caused by the Aβ oligomers. While 

pregnenolone and allopregnanolone couldn’t rescue the LTP deficits from the Aβ1-42 oligomers 

(Figure 48, 49), THDOC (100 nM) like XBD173 rescued the LTP impairment caused by Aβ1-42 

oligomers (Figure 50). Since the neurosteroids are sensitive to δ-subunits containing the GABAA 

receptor, we next investigated the potential involvement of δ-subunits containing the GABAA 
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receptor in XBD173-mediated positive effects (Figure 51). Both THDOC and XBD173 were not 

able to exert their previous positive effects in a GABAA receptor δ-subunits KO model. The results 

of this study have determined two primary conclusions: (1) XBD173, a TSPO-dependent 

compound, works through the GABAA receptor containing the δ-subunit to produce its 

neuroprotective effects, and (2) The activity of XBD173 may be mediated by a diverse range of 

neurosteroids such as THDOC, allopregnanolone or DHDOC that acts via the δ-subunit. The 

different spine classes have specific roles owing to their head size, neck length, and total volume. 

For instance, mushroom spines, are thought to be associated with long-term memory because they 

form strong synaptic connections as well have the longest lifetime [360,380]. It is interesting to 

note that the mushroom spines harbor a greater amount of glutamate receptors on their head surface 

[400]. This potentially allows them to play a critical role in synaptic plasticity. If we take this 

further in the context of LTP, Aβ oligomers reduce the mushroom spines significantly which could 

be a potential mechanism of LTP impairment. XBD173 pre-incubation however prevents the 

elimination of mushroom spines by the Aβ oligomers. While not much study has been done with 

the long-thin spines, they are usually referred to as the learning spines because of their high 

adaptability to synaptic input [360,380]. Similar to mushroom spines, TSPO-dependent XBD173 

prevents the loss of long-thin spines. 

Cognitive deficits and memory impairments are the classical hallmark features of AD which 

progressively goes bad with time. Given the neuroprotective effects of XBD173 in the ex vivo 

model, we further investigated if it could also better the cognitive deficits in the transgenic ArcAβ 

mouse model. Water cross maze (WCM) was developed as a highly sensitive platform to assess 

hippocampal place learning in small animals. A selective reinforcement paradigm with only water 

as a motive force produces more accurate and robust results than food rewards. Also compared to 

the traditional Morris water maze, the water cross maze gives less opportunity to cause stress in 

mice [357]. Therefore, it was ideal to detect deficits in the cognitive performance of the ArcAβ 

mice. Chronic but not acute treatment of XBD173 rescued the cognitive deficits in the ArcAβ mice 

model, suggesting that the acute treatment alone might not be sufficient to show any effect (Figure 

29, 30). The positive effects on cognition were maintained both in retest 1 and 2 which suggests 

that the effect of XBD173 is long-lasting even after the termination of the treatment (Figure 31). 

The anxiolytic diazepam used as a reference didn’t show any improvement in the cognitive 

performance of the ArcAβ mice (Figure 30, 31). To assess if this neuroprotective effect is via the 
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TSPO protein, we created the double mutant line TSPOKO X ArcAβ. There was, however, a high 

breeding failure rate and homozygous lines showed behavioral saliences (one-third of the mice 

developed epileptic seizures). Therefore, it was not possible to use these lines in the behavioral 

experiment involving spatial learning tests. Heterozygous TSPOKO X ArcAβ mice were therefore 

employed as they were healthy and did not exhibit any behavioral abnormalities. Additionally, 

chronic administration of XBD173 to these mice did not improve the cognitive deficit determined 

by the water cross maze test. This confirmed the role of TSPO protein in the action of XBD173 

against the cognitive deficits in the transgenic AD mice model. Further molecular investigation 

revealed a lower plaque load and soluble Aβ levels in the cortex, rescued spine density, and 

increased neurosteroid levels (Figure 37, 38, 39). This gives us a mechanistic insight into how 

TSPO-dependent XBD173 acts against pathophysiology in AD. Previous reports indicate a shift 

in the microglial polarisation state from M2 anti-inflammatory microglia to M1 proinflammatory 

microglia in Alzheimer’s [31,32]. In our study, after incubation of hippocampal slices with 50 nM 

we observed an increase in the proinflammatory cytokine as well as anti-inflammatory cytokines. 

This, however, is in contrast to the previous studies which show a reduction in antiinflammatory 

cytokines in AD [31,32]. This could be because of a lower incubation time and the ex vivo setup. 

XBD173 pretreatment however did not affect these elevated levels of proinflammatory microglial 

state, which indicates either that 60 min incubation time isn’t sufficient for XBD173 to show action 

on microglial states or XBD173 treatment doesn’t alter microglial signaling states (Figure 40). It 

was interesting to note that XBD173 influences a variety of neurosteroids including 

Allopregnanolone, 3ꞵ5α THDOC, and DHDOC. Additionally, XBD173 treatment reduced the 

aberrant loss of functional synapses by the astrocytes. The central nervous system (CNS) is subject 

to network disruption when functional synapses are lost due to injury or neurodegeneration as in 

AD. Taken together, XBD173 provides neuroprotection in a rodent model of AD by interfering 

with its pathophysiological mechanism. 

The functional role and the location of TSPO make it an excellent target in AD. Previously 

mitochondrial cholesterol has been shown to increase the generation of toxic Aβ [401–403] by 

promoting the amyloidogenic processing of APP by ꞵ-secretase and 𝛾-secretase [404]. Despite the 

fact that mitochondria do not synthesize glutathione (GSH), mitochondrial GSH (mGSH) 

originates from the transport of cytosolic GSH to mitochondria [405]. This pool of mGSH forms 

an essential antioxidant defense and is therefore crucial in AD pathology, where mitochondria are 
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susceptible to oxidative stress [406–408]. However, the transport of cytosolic GSH to 

mitochondria is impaired due to cholesterol-mediated changes in the membrane. This suggests 

therefore that the mitochondrial cholesterol accumulation in AD forms a crucial point that 

determines the pathophysiology of AD via the generation of toxic Aβ as well as increases the 

susceptibility due to depletion of the mGSH pool [404]. Additionally, increased cholesterol levels 

have been shown in brain tissue samples obtained from AD [404,409]. Given the role of TSPO in 

transporting the cholesterol from the outer to the inner mitochondrial membrane, it is possible that 

TSPO ligand XBD173 increases this transfer of cholesterol to synthesize neurosteroids. This 

would therefore reduce the excess accumulation of cholesterol and prevent the depletion of the 

mGSH pool thereby strengthening the antioxidant defense against mitochondrial stress in AD. The 

increase in neurosteroid levels in XBD173-treated animals indicates more processing of 

cholesterol (Figure 54). 

 

Figure 54: Mitochondrial cholesterol loading in AD and the possible effect of XBD173 on it.  

A. Under physiological conditions, cytoplasmic GSH is imported to mitochondria resulting in the formation 

of mGSH which helps to keep a check on mitochondrial ROS as well as prevents cell death. B. In AD, due 

to excessive loading of cholesterol, the transport of GSH is halted resulting in increased ROS levels and 

thereby impacting the mitochondrial health. C. XBD173 as shown in our experiments increased the 

neurosteroid levels. It is possible that in the AD model, the application of XBD173 reduces the cholesterol 
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load by converting them into neurosteroids thereby leading to reduced ROS and subsequently improving 

the mitochondrial health (Created using BioRender.com).  

4.3 The role of XBD173 in ameliorating the energy imbalance in the 

AD pathology  

Alzheimer’s disease being a multifaceted neurodegenerative disease has different 

pathophysiological mechanisms that are being targeted by the therapeutics developed around the 

world. Focusing on the individual mechanisms is essential, but it's also important to look at the big 

picture of energy homeostasis, which is impaired in Alzheimer's. If we think of our body as a 

machine, the brain as an individual part uses up more fuel than the rest of the body parts to maintain 

and regulate the structural and functional balance. We would therefore in detail focus on the 

disturbances in energy homeostasis in AD and how TSPO-dependent XBD173 could be an 

effective therapeutic dealing with the energy disturbance in AD. Compared to other neurons, the 

ones in the hippocampus need relatively higher energy to support and maintain structural and 

functional integrity [410]. In a physiological state, the blood-brain barrier (BBB) preserves the 

vascular structure and the glial cells act as the surveillance system by communicating with neurons 

and smooth vascular muscles [410]. During synaptic transmission, based on glutamate and Na+/K+ 

ion concentration, glial cells regulate the calcium dynamics by sensing neural activity. To maintain 

functional integrity (synaptic transmission, ion regulation, firing pattern, protein degradation), 

neurons essentially depend upon oxidative phosphorylation to meet their energy needs [410]. This 

ensures a smooth homeostatic energy balance and improves the survivability of the neurons. In 

AD, however, this entire homeostatic regulation is disturbed leading to increased energy demands 

and therefore leading to the energy crisis. This energy deficit and impairment in AD and the role 

of TSPO in stabilizing the energy state are discussed below. 

 

The pathological effect of AD on the glutamatergic and GABAergic system homeostasis 

constitutes one of the primary mediators of the energy crisis. Glutamate neurotransmission 

disturbance has been long studied and considered a key regulatory step behind the progressive 

pathology of AD [39]. Chronic excitotoxicity, often associated with AD is the chronic mild 

activation of the NMDA receptors until ultimate neuronal cell death [42]. Different pathological 

factors such as soluble Aβ, Aβ deposition in plaques, neurofibrillary tangles, and mitochondrial 
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dysfunction have been previously associated with the enhanced sensitivity/response of the 

glutamate receptors [39]. Glutamate concentrations are in the micromolar range under the 

physiological state (except for the transient phase during the synaptic transmission where it could 

reach the mM range) [42]. The uptake of extracellular glutamate is tightly regulated by the glial 

cells [411,412]. In AD, however, glutamate uptake and recycling are severely impaired. For 

instance, previous studies have shown a reduction in the glutamate transport capacity, selective 

loss of vesicular glutamate transporter (VGluT), and protein expression in the frontal/temporal 

cortex of AD patients [413,414]. Similarly, excitatory amino acid transporter (EAAT2) in 

perisynaptic astrocytes is reported to have a greater splice variant with reduced functionality in 

AD [415]. The NMDA receptor owing to its both receptor as well as ligand-gated properties plays 

a crucial role in synaptic plasticity. The voltage-gated role of the NMDA receptor however 

becomes its weakness in AD [42,416]. The physiological Aβ precursor protein (APP) and Aβ 

peptide have opposing roles on glutamate uptake as well as the NMDA receptors. While APP has 

an antagonistic effect on the NMDA receptors and decreases the glutamate from the synaptic cleft, 

when it is falsely processed to Aβ, Aβ has an agonistic effect on the NMDA receptors and also 

increases the glutamate in the synaptic cleft by impairing the glutamate uptake and recycling 

[42,416]. The additional evidence of Aβ oligomers coimmunoprecipitating with the GluN2B and 

GluN1 subunits indicates a direct effect of the oligomers on the pathological disturbances of 

NMDA receptors [417].    

 

Both Mg2+ ion blockade in NMDA receptors and its high sensitivity to membrane depolarization 

are of clinical relevance to the energy crisis in AD [418,419]. Under resting conditions at -70 mV, 

Mg2+ ion blockade acts as a filter for the NMDA receptor and guards the unwanted background 

Ca2+ signals that would otherwise pass through the NMDA receptors. However, in AD 

pathophysiology owing to the voltage change-dependence, Mg2+ ion blockade is easily removed 

due to the moderately prolonged depolarization during chronic excitotoxicity at -50 mV. This, 

therefore, leads to a prolonged influx of Ca2+ ions which adds significantly to the background noise 

[42,416]. In normal conditions, the synaptic plasticity/learning depends upon the detection of a 

signal (Transient influx of Ca2+ after HFS) from noise (low levels of background signal). This is 

referred to as the signal-to-noise hypothesis in synaptic plasticity (Figure 55). According to the 

signal-to-noise hypothesis, in AD, the filtering role of Mg2+ ions is impaired due to prolonged 
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overactive glutamatergic activation. The increased background noise from the prolonged influx of 

Ca2+ ions impairs the ability to detect the signal from the presynaptic membrane affecting the 

plasticity/learning in AD [42,416] (Figure 56). Also, the continuous activation of the 

glutamatergic system increases the energy demand of the system. Apart from this, the prolonged 

influx of Ca2+ ions activates downstream secondary messengers which require energy in the form 

of ATP [420]. All these additional processes and the downstream channeling combined with the 

chronic activation of the NMDA receptors enhance the energy demand leading to the energy crisis 

in AD. Downtuning the noise from the glutamatergic system could therefore provide an effective 

therapeutic response and enhance the detection of signals from the transient background noise 

from Ca2+ ions. Previously, extrasynaptic GABAA receptors have been shown to antagonize the 

over-activation of NMDA receptors on pyramidal cells [421]. The ẟ subunit-containing GABAA 

receptors play a predominant role in exerting this tonic inhibition [422,423]. While neuroactive 

steroids have long been considered as positive allosteric modulators (PAM) of the GABAA 

receptors, a recent study by Parakala et. al. shows that apart from acting as the PAM of the GABAA 

receptors, neurosteroids such as allopregnanolone can exhibit potential metabotropic effect via the 

activation of metabotropic progesterone receptors (mPRs) [424]. This metabotropic activation is 

achieved by promoting the phosphorylation of Ser-408/409 in the ꞵ3 subunit and this results in 

strong tonic inhibition [424]. From our study, the XBD173 which exerts a TSPO-dependent 

neuroprotective effect on LTP requires the ẟ subunit-containing GABAA receptors. One possible 

mechanism by which XBD173 manages the energy crisis in an AD-like state could be via 

downtuning of the prolonged activation of NMDA receptors during chronic excitotoxicity 

resulting from Aβ1-42 oligomers via inhibition from ẟ subunit-containing GABAA receptors. This 

would be the primary step to revert the imbalanced energy homeostasis. TSPO ligands have 

previously been shown to boost mitochondrial function by regulating mitochondrial ROS 

generation, mitochondria membrane potential (MMP), and adenosine triphosphate (ATP) 

production. Additionally, they protect against oxidative stress, induce the production of 

neurosteroids, improve cell bioenergetics, and reduce ROS and Aβ levels [271,425,426]. All these 

pieces of evidence from previous reports as well as from our study indicate that TSPO-dependent 

XBD173 balances the disturbances in energy homeostasis. 
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Figure 55: Synaptic plasticity model in physiological conditions (Adapted with permission from 

[416]).  

 
In the physiological state, learning is dependent upon the filtering of relevant signals from the background 

noise in the form of intracellular Ca2+ levels. The arrival of a presynaptic signal is indicated by a jagged red 

arrow. Glutamate and Mg2+ are shown in red triangles and blue circles, respectively.  

 

 

Figure 56: Synaptic plasticity model in AD-related pathology (Adapted with permission from [416]).  
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In AD due to an overactive glutamatergic system, the Mg2+ block is unable to play its filtering role, thereby 

impairing the detection of relevant signal from the background noise. 

  

The second important energy demand arises due to the process of synaptic pruning. Adult neurons 

during maturation undergo a series of pruning of unwanted connections to develop functional 

synapses. From one perspective removal of unwanted synapses removes irrelevant neurons 

participating in the process of signal transmission, thereby saving energy. However, this process 

of pruning by the glial cells requires energy. Recent studies have clearly shown that astrocytes 

mediate synapse elimination in an ATP-dependent manner by activating the purinergic signaling 

pathway [427]. It is therefore this delicate play between energy balance that in a physiological 

state orchestrates the process of neuron maturation and development of functional synapses. This 

balance is also disturbed in a pathological state of AD. The aberrant increase in functional synapse 

elimination by astrocytes/microglia requires energy and this further adds to the pool of energy 

crisis in Alzheimer’s. As observed from our study, the astrocytic engulfment of synaptic materials 

highly increases in an AD model of the mouse, and this astrocytic phagocytosis is significantly 

reduced in the transgenic mice administered with XBD173. As has been previously discussed 

before, TSPO upregulation in astrocytes precedes much before TSPO upregulation in microglia in 

the hippocampus [428]. Therefore, the second possible mechanism in which TSPO-dependent 

XBD173 restores/rescues the energy imbalance is via reduced astrocytic phagocytosis of synaptic 

material.  

 

The astrocytes, are mostly electrically non-excitable cells and use Ca2+ signals as the language to 

communicate with the neurons [429]. G Protein-coupled receptors (GPCRs) which activate 

Inositol phosphate 3 (IP3) via Phospholipase C induce the release of Ca2+ from the endoplasmic 

reticulum into the cytoplasm [430]. Astrocytic factors are known to regulate both inhibitory as 

well as excitatory transmissions [296]. For instance, during signal transmission enhanced 

intracellular Ca2+ by neuronal synapses, activates glutamate exocytosis by astrocytes as well as the 

glutamate receptors on the synaptic membrane [431]. This glutamate exocytosis can then activate 

the presynaptic NMDA receptors to increase Ca2+ levels to regulate excitatory synaptic 

transmission [432]. From previous studies, we know LTP can be induced in CA1, CA3, and the 

dentate gyrus of the hippocampus [433]. While LTP in the CA3 region is dependent on the 
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activation of mGlu1 receptors, the LTP in the CA1 region is dependent on mGlu5 receptors [434–

436]. These mGlu5 receptors are richly distributed in astrocytes [429]. Interestingly, NMDA 

receptor activation doesn’t only depend upon glutamate but also depends on D-serine which acts 

as a co-agonist for the activation of NMDA receptors [437]. The D-serine regulation of synaptic 

plasticity is also dependent upon the Ca2+ levels. During signal transmission/high-frequency 

stimulation, repeated synaptic activity enhances the free Ca2+ levels in astrocytes which in turn 

increases the D-serine production thereby inducing NMDA-dependent LTP [429,438,439]. 

Additionally, H1 receptors in the hippocampal CA1 region promote NMDA activity and enhance 

LTP in response to astrocytic activation [440]. Another cluster of receptors, protease-activated 

receptor 1 (PAR1), present in the astrocytes in the CA1 region of the hippocampus also regulates 

the Ca2+ release via activation of glutamate permeable anion channel Best1 [441]. All these taken 

together make a clear point of astrocytes regulating the glutamatergic signals and impacting 

NMDA-regulated LTP in the CA1 hippocampus. Similarly, with regard to the inhibitory 

transmissions, astrocytes are known to express GAT1 and GAT3 (GABA transporters) and can 

increase the GABA-mediated currents through Ca2+ signaling. This process of synaptic inhibition 

is potentiated by the GABAA receptors which involve modulation from the astrocytic GABAB 

receptors [429]. As discussed earlier in this section of energy homeostasis, the signal-to-noise ratio 

assumes a transient prolonged release of Ca2+ in AD pathology, which enhances the noise from the 

NMDA activation thereby impairing the detection of the signal during the plasticity and that 

TSPO-dependent XBD173 could directly down tune the NMDA mediated noise. One could 

therefore now speculate that this down tuning/reduction of noise during the plasticity or LTP 

caused by XBD173 could involve the signaling between the glutamatergic and GABAergic 

systems via astrocytes.  

 

4.4 Complement Protein C1q Deposits and their Involvement in AD  
 

Complement proteins such as C1q and C3 which in a normal physiological state associate with the 

glial cells for the pruning of synapses, during the maturation and synapse formation are aberrantly 

activated in AD. MEGF10 and MERTK are considered to be the essential phagocytic receptors for 

astrocytes [339,352]. MEGF10 acts as an astrocytic receptor for the eat-me tag C1q proteins on 

the neurons to be phagocytosed [350]. Previously, it has been shown that inhibition of C1q, C3, or 
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the microglial receptor CR3 can rescue early synaptic loss in AD [442]. Similarly, the absence of 

C1q in the knockout models has been associated with fewer pathophysiological effects in AD 

transgenic mice [443]. Increased colocalization of complement proteins C1q, C3, and C4 with the 

amyloid plaques has been observed in the postmortem brains obtained from AD patients [444]. 

Very recently Luchena et al. developed an in vitro triple co-culture media of neurons, astrocytes, 

and microglia and showed cross-communication between the glial cells and how they influence 

synapse loss via the complement pathway. The reciprocal signaling between the astrocytes and 

microglia is facilitated by C3. The oligomeric Aβ when added to this triple coculture system 

increased microglial CD11b and induced synapse loss [445]. The dysfunction of the complement 

system therefore could be linked to the severe pathophysiology of AD. This is evident from the 

study, which suggests C1q could be an essential component that drives the neurotoxic effect of the 

soluble Aꞵ oligomers on the hippocampal LTP [442,446]. Aβ1-42 has also been shown to directly 

activate the complement pathway by binding to the globular domain of C1q [447].  

 

Reduced or deficient complement protein transgenic animal models have shown faster signs of 

recovery as well as are associated with fewer pathological symptoms [448]. For instance, C3 gene-

deficient mice show fast nerve injury recovery [449]. Similarly, transgenic AD mice (Tg2576 

mice) crossed with homozygous C1q KO mice consisted significantly lower amount of activated 

microglia compared to the transgenic counterparts indicating a lowered glial response in the 

absence of complement proteins [443]. On a similar note, in the J20 (AD transgenic) mouse brains, 

C1q immunoreactivity is significantly elevated specifically in the hippocampus and the frontal 

cortex [442]. In the same study, the administration of compound E (𝛾 secretase inhibitor) reduced 

the soluble Aꞵ levels and also reduced the C1q deposition levels in the J20 mice. Interestingly, 

oligomeric Aꞵ when injected into WT mice increased the association of C1q with a postsynaptic 

marker indicating an increase in synapse engulfment [442]. All of these studies when combined 

give us a clear conjugation between complement proteins, C1q and Aꞵ. C1q-mediated complement 

pathway activated by the Aꞵ peptide acts in a positive vicious cycle to trigger the pathophysiology 

in AD. Anti-C1q antibody treatment improves the LTP impairment caused by the oligomeric Aꞵ 

[442]. Also, the deletion of C1q reduces astrocyte-synapse association which causes a decreased 

astrocytic synaptic engulfment, thereby rescuing the synaptic density [376]. Apart from C1q, other 

complement proteins are also associated with Alzheimer’s pathophysiology. CX3CR and C3 are 



P a g e  | 145 

 

among the other studied complement proteins in Alzheimer’s disease [450,451]. Results from the 

current study revealed that astrocyte engulfment of C1q is enhanced in the hippocampus and the 

cortex of Alzheimer-modelled transgenic ArcAꞵ mice-which likely explains the loss of functional 

synapses and cognitive impairment as seen from spatial learning text. XBD173 treatment decreases 

this aberrantly enhanced C1q engulfment in hippocampal astrocytes, thus reducing abnormal 

synaptic loss. The findings and prior studies suggest that C1q serves as a feasible target for 

developing drugs to treat AD. As C1q is upstream to C3 and its complex with a cleaved product 

of C3 serves as a eat me signal for eliminating synapses, targeting it could affect not only the pro-

inflammatory state of glial cells but also communication between the glial cell [339,448]. It is also 

interesting to note the increasing pattern of synaptic engulfment of presynaptic materials 

(synaptophysin) and C1q in AD transgenic mice in both the cortex and hippocampus. Since C1q 

are considered as the “eat-me tags” for synapses one could in a retrospective view align the 

increase in astrocytic phagocytosis of both synapses and C1q. This also aligns with the previous 

study which shows that preventing the localization of C1q to the synapses was sufficient to prevent 

synaptic engulfment [339,442,448]. 

  

Interestingly, we also report the deposition of C1q in the form of distinct aggregates heavily in the 

cortex of transgenic Alzheimer's mice (Figure 45). There is a high overlap between these C1q 

aggregates and the amyloid β plaques. Although reports of colocalization of amyloid plaques with 

C1q of the complement pathway are scarce, Johnson et. al., show colocalization between amyloid 

β protein and C3 complement protein within substructural domains of drusen [452]. Amyloid 

plaques and dead cells in the AD brain have also been reported to colocalize with C4 binding 

protein as well as factor H of the complement pathway [453]. As a result, the formation of the 

aggregates could be explained retrospectively by dystrophic neurite deposition or neurofibrillary 

tangles. C1q aggregates do overlap with amyloid plaques, but not all plaques overlap with these 

C1q aggregates. First of all, this might give us an overview of/the role of complement-mediated 

inflammation in Alzheimer's disease pathophysiology. Second, it might act as a diagnostic marker 

for amyloid plaques. In the cortex region of animals treated with XBD173, the number of C1q 

aggregates is significantly reduced irrespective of the percentage of colocalization between C1q 

aggregates and amyloid plaques. The results of this study, coupled with what we know about the 

complement pathway, suggest that C1q plays an important role in the pathogenesis of Alzheimer's 
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disease. The reason why only a part of the amyloid plaque overlaps with C1q aggregates remains 

unclear. It needs to be further investigated whether the presence of complement proteins (C1q 

aggregates) in the plaques influences the severe pathological symptom development of AD. In 

addition to these results, it is also important to consider an important hypothesis that has been long 

considered in the field. It is often hypothesized that the amyloid plaque could sequester or buffer 

the soluble Aꞵ to reduce their toxic potentiality [454]. From our study, the deposition of C1q 

aggregates and their close association with the amyloid plaques suggest the interaction of C1q 

deposits with the soluble Aꞵ. Whether this interaction furthers the pathophysiology or confers the 

protection as a compensatory mechanism, needs to be studied.  

 

4.5 Clinical relevance of TSPO-dependent XBD173 in AD and peri-

operative anesthesia  

Benzodiazepines which have been extensively used as anxiolytics in peri-operative anesthesia are 

associated with several side effects among which are anterograde amnesia, withdrawal symptoms, 

tolerance effect, impaired coordination, and muscle weakness [234]. While both benzodiazepines 

and neurosteroids (3α reduced) are positive allosteric modulators of GABAA receptors, the binding 

site of benzodiazepines is characterized by the composition of the α subunits whereas 

neurosteroids binding mostly occurs at the interfaces of the ꞵ subunit [244,455]. Another notable 

difference between the mechanism of action of benzodiazepines and neurosteroids is that 

benzodiazepines are sensitive to γ2 subunit-containing GABAA receptors whereas neurosteroids 

are sensitive to the δ subunit-containing GABAA receptors [235,274]. Both these factors contribute 

to the significant differences in the pharmacological profile of benzodiazepines and neurosteroids. 

In our study, we clearly show the association of XBD173 with TSPO protein in mediating the 

neuroprotective role in AD. The important association of TSPO with the regulation of 

neurosteroids assigns TSPO ligands a key role as anxiolytics with a different pharmacological 

profile as compared to benzodiazepines. 

 

In the previous study, selective and high-affinity TSPO ligand XBD173 was shown to exert a rapid 

anxiolytic effect in animals and humans without the side-effect profile of benzodiazepines [228]. 

In this study, we show that XBD173 is also neuroprotective in Alzheimer’s, which opens up its 
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usage in dementia as an alternative to benzodiazepines in perioperative anesthesia. Previous 

reports have also suggested a similar neuroprotective role of TSPO ligands in several 

neurodegenerative diseases including the MPTP model of Parkinson's, multiple sclerosis, 

Huntington’s, schizophrenia, and an autism spectrum disorder (discussed in the Introduction 

section). However, our study contradicts one of the recent reports from Shi et al., which suggests 

that TSPO ligands could alter synaptic plasticity and cause cognitive impairments [456]. The 

difference in the conditions of both studies could be responsible for this. As mentioned before, in 

AD cases, the XBD173 can reduce excessive glutamate noise through GABAA receptors with a 

delta subunit, allowing for improved plasticity and learning. Conversely, when used 

physiologically, this could cause an imbalance between glutamate and GABA systems’ 

homeostasis which would ultimately affect plasticity negatively. This is consistent with our 

findings of lower accuracy in wild-type mice treated with XBD173 than the untreated ones in 

Retest 2 (though not significant; data not shown). Second, the drug dose and schedule difference 

between both studies could partially be responsible for this difference. Shi et al. used a higher dose 

concentration of XBD173 (5 mg/kg) whereas in our study we used XBD173 (1 mg/kg) every 

alternate day [456]. The important message from both these studies, therefore, suggests that both 

hypo- and hyper-activation of the glutamatergic system can cause neuronal dysfunction and a 

subtle balance is needed while studying AD. Additionally, Shi et al. also observed that XBD173 

at 5mg/kg reduces the number of the spine. In our study, we found out that XBD173 applied at 

1mg/kg to AD-modeled mice restores spine loss and improves cognitive performance in AD-

transgenic mice. Both drug concentration differences as well as the pathological conditions as 

described above could be responsible for this difference. Keeping in mind the above message, 

XBD173 at the relevant dose can be a great alternative to benzodiazepines, in perioperative 

anesthesia (Figure 57).  



P a g e  | 148 

 

 

 

Figure 57: Comparison of side-effect profile of Benzodiazepines and XBD173 [228]. 

 

4.6 Limitations of the Study and future perspectives 

In this study, we have studied the effect of TSPO protein activation in a pathological Alzheimer’s 

mouse model system. This study while conclusively providing evidence for the neuroprotective 

role of XBD173 in Alzheimer’s disease and also highlighting important mechanisms as to how it 

provides this protection has certain limitations which need to be discussed before interpreting its 

results in a clinical setup and as a therapeutics. 

 

1. The ArcAβ mice model used in the study while recapitulating some of the major hallmark 

features of AD such as cognitive impairment, plaque formation, or reactive gliosis lacks 

another key feature of AD i.e., the presence of neurofibrillary tangles. Therefore, there 

needs to be further clinical testing in humans.  

2. XBD173 as has already been discussed provides anxiolytic effects both in humans and 

animals. Therefore, one could easily misconceive the anxiolytic effect of XBD173 behind 

the better behavioral performance of mice that are treated with XBD173 in the water cross 

maze. While it is not possible to dissect the anxiolytic effect from the betterment of 

cognitive performance, we have a few arguments to support the latter. First, retests 1 and 
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2 (a week and a month later), were designed to see if the effects of XBD173 on cognition 

are long-term even after termination of the respective treatment. Since we see these 

protective benefits even after 45 days of termination of the treatment, it is fair to say that 

these effects are more neuroprotective. Second, we establish the protective benefits of 

XBD173 in preventing the Aβ induced LTP impairment in the CA1 region of the 

hippocampus. Since LTP is a cellular correlate of learning and memory, we can establish 

the importance of TSPO-dependent XBD173 in bettering synaptic transmission/plasticity. 

3. We faced some major problems while creating the homozygous TSPOKO X ArcAβ line. 

At least one-third of the homozygous transgenic line showed behavioral saliences in the 

form of epileptic seizures and therefore couldn’t be used for the behavioral experiments. 

We, therefore, had to use the heterozygous TSPOKO X ArcAβ mice line. Even with a 

reduced expression of TSPO, we could see clear differences in the cognitive performances 

of the animals.  

TSPO is a protein that has been long discovered, however, the potentiality of TSPO in 

neurodegeneration has come to the limelight in recent years. The expression profile of TSPO in 

neural as well as glial cells makes it an effective target for different pathological interventions. In 

our study, we show the dependency of XBD173 not only on TSPO but also on the ẟ subunit-

containing GABAA receptors, which are sensitive to neurosteroids. The positive role of 

neurosteroids whether in nerve injury or neural disorders has been highlighted in multiple studies. 

But it is also essential to highlight that activation of TSPO or execution of neuroprotective role by 

neurosteroids is dependent on different types of neurosteroids. The clinical advantage of using 

XBD173 is it confers both the anxiolytic effects as well as neuroprotective benefits in dementia, 

thereby making it an essential therapeutic alternative in perioperative anesthesia in dementia 

patients. We observed lower plaque load as well as lesser soluble Aβ, particularly in the cortex 

and not in the hippocampus. While the region-specific effect could be attributed either to the model 

system used for AD or differential action of TSPO activation in the different brain regions, we 

could not find differences in phagocytic removal of plaques by astrocytes between both transgenic 

groups treated either with XBD173 or with the vehicle. This hints either to lesser production of 

Aβ or involvement of microglia in clearing up the plaque load in the XBD173 treated animals. 

Further research needs to be done to study this. Another important link that needs to be studied 

further is the difference in the working mechanisms of different Aβ oligomers i.e. Aβ1-42 and Aβ1-
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40, and the effect of different therapeutic interventions on specific Aβ oligomers. Finally, from our 

model targeting overlapping mechanisms in AD by a combinatorial approach might provide higher 

therapeutic success than targeting individual pathological mechanisms. 

This research provides potential avenues for future application in the field of TSPO and 

Alzheimer’s disease. Some of these are listed as follows. First, the study provides a direction in 

exploring the TSPO ligands for their concentration-dependent neuroprotective benefits in other 

neurodisorders as well as nerve damage/injury. Second, the C1q aggregate composition as well as 

their potential usage as a biomarker in AD can be studied in association with their role in further 

aggravating the AD pathology. Third, the impact of TSPO ligands on the amyloidogenic/non-

amyloidogenic processing of APP needs further attention to conclusively determine whether there 

is an impact on Aβ production machinery. Fourth, given the structural placement and functional 

role of TSPO, one could explore the role of TSPO ligands on mitochondrial energetics in a 

pathological scenario. Fifth, given that TSPO ligands affect the excessive aberrant synapse pruning 

by the astrocytes, one could explore if they potentially affect/impact the astrocytic calcium 

signaling. Lastly, since phosphorylated tau is another crucial hallmark of AD and is also clinically 

correlated with cognitive decline, it would be interesting to understand the impact of TSPO ligands 

on tau-mediated neuronal damage in AD.    
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