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Summary 
Ageing and its related disorders, like Alzheimer’s disease (AD), are becoming a significant 

burden on contemporary society. Both are characterised by a gradual decline in cognitive 

abilities. An early effect involving physiological and pathological ageing is a change in 

neuroplasticity in the adult brain. These alterations are due to neuroinflammatory triggers 

such as abnormal aggregation of amyloid-beta (Aβ) species and metabolic factors in both 

the extracellular and intracellular environment of brain cells. 

 

In the development of AD, two primary Aβ species, Aβ(1–40) and Aβ(1–42), are implicated, Aβ(1–

42) being more toxic than Aβ(1–40). These Aβ species were reported to target synapses and 

aggregate preferentially within them. Reelin (RELN), a large extracellular matrix glycoprotein 

crucial for hippocampal neurogenesis and synaptic plasticity, provides neuroprotection 

against Aβ-induced toxicity. A longitudinal study of AD rodents has not fully elucidated the 

relationship between RELN and neuroinflammation. To address this gap, we conducted 

preliminary observations of specific regions on brain slices and neurosphere cultures using 

immunofluorescence imaging. In a longitudinal study in a 2-to-12-month AD mice model, we 

looked for microgliosis and RELN. Additionally, we examined adult neurogenesis in 

neurospheres from a group of approximately 16-month-old wild-type and transgenic mice. 

Our observation revealed a possible dysregulation of RELN in aged and transgenic animals, 

as well as an impairment in adult neurogenesis. Understanding the role of RELN in providing 

neuroprotection against Aβ-induced toxicity in AD not only sheds light on the mechanisms 

of neurodegeneration but also bridges the gap to exploring how Aβ species influence 

synaptic function and lipid metabolism in neuronal cells.  

 

Aβ species have been seen to influence various cellular and molecular processes in 

neuronal cells in AD. However, the influence of these Aβ species on active synapses is 

poorly understood. It has been indicated that the interaction of lipids with these Aβ species 

could be a possible underlying effect of early synaptic dysfunction, which leads to cognitive 

impairment in AD. In another study, we could provide a better understanding of the influence 

of these Aβ species on active synapse loss and lipid alterations in vitro. However, the exact 

time-dependent effect of lipid alterations caused by these Aβ species on neuronal cells 

remains unknown. Therefore, we conducted an investigation using hippocampal neurones 

and glial cells after either 3 hours or 12 hours of treatment with Aβ(1–40) and Aβ(1–42). We 

found that lipid alterations occur before the loss of active synapses. Additionally, we 

discovered that lipid profiles of sphingolipid and glycerophospholipid classes in these brain 
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cells are altered depending on the variation in Aβ species and duration of treatment. 

Furthermore, our findings indicate that the loss of active synapses is not dependent on the 

specific Aβ species. 

 

This exploration into the mechanisms of neurodegeneration and the impact of Aβ species 

on synaptic function and lipid metabolism in AD naturally leads us to consider the potential 

therapeutic interventions currently under investigation. Therapeutic intervention for AD 

currently focuses on delaying disease progression and managing the deterioration 

symptoms of cognitive impairment. Despite decade-long research, efforts to find drugs to 

prevent or even reverse AD pathology have been challenging. Therefore, the use of 

tryptamine derivatives might show a new promising role in addressing the behavioural and 

psychological symptoms of dementia (BPSD) associated with AD. In addition, these 

tryptamine derivatives are anti-inflammatory and neuroprotective in neurological disorders. 

Recent in vitro and in vivo studies have demonstrated that N,N-dimethyltryptamine (DMT) 

and its derivatives might have an anti-neuroinflammatory and neuroprotective role in AD. 

The potential impact of N,N-diethyltryptamine (DET), which shares structural similarities to 

DMT, remains to be elucidated. 

 

Due to promising results with these previous tryptamine derivatives in Dr. Ana Perez 

Castillo's laboratory affiliated with CIBERNED and CSIC-UAM in Madrid (Spain), they 

showed a reduced neuroinflammatory response and improved adult neurogenesis in vitro 

and in vivo. Therefore, we tried to examine the role of DET in AD models. We performed 

both magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) to 

elucidate the effect of DET in the AD rodent brain. Unfortunately, our data revealed no 

significant effect on the structural integrity, Aβ accumulation and metabolic spectrums after 

DET treatment. However, some macromolecules and lipid resonance spectra were indicated 

to be important for further research clarification. 

 

To conclude, our results indicate a potential role of lipids as an early diagnostic biomarker 

and a conceivable effect of DET for further in-depth investigation as a novel therapeutic 

agent in amyloidosis-related disorders. We also saw that time and Aβ species are crucial 

factors in lipid alterations. Further, no specific Aβ species-dependent alterations are seen in 

the loss of active synapses. Despite this, we saw changes in neuroplasticity and 

neuroinflammation during this preliminary observation; however, this needs to be further 

elucidated.  
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Zusammenfassung 
Das Altern und die damit verbundenen Erkrankungen wie die Alzheimer-Erkrankung stellen 

eine zunehmende Belastung für die heutige Gesellschaft dar. Beide sind durch einen 

Rückgang der kognitiven Fähigkeiten gekennzeichnet. Die erste Auswirkung des 

physiologischen und pathologischen Alterns ist jedoch eine Veränderung der 

Neuroplastizität im erwachsenen Gehirn. Diese Veränderungen sind auf 

neuroinflammatorische Auslöser wie die abnormale Aggregation von Amyloid-beta (Aβ)-

Spezies und metabolische Faktoren sowohl in der extrazellulären als auch in der 

intrazellulären Umgebung der Gehirnzellen zurückzuführen. 

 

An der Enstehung der Alzheimer-Erkrankung sind primäre zwei Aβ-Spezies, Aβ(1-40) und 

Aβ(1-42), beteiligt. Wobei Aβ(1-42) die toxischere der beiden Aβ-Spezies. Es wurde berichtet, 

dass diese Aβ-Spezies Synapsen angreifen und dort bevorzugt aggregieren. Reelin 

(RELN), ein großes extrazelluläres Matrixglykoprotein, das für die Neurogenese im 

Hippocampus und die synaptische Plastizität wichtig ist, scheint neuroprotektiv gegen Aβ-

induzierte Toxizität zu sein. RELN ist im Zusammenhang mit Alzheimer-Erkrankung 

untersucht worden. Der spezifische Zusammenhang zwischen RELN und 

Neuroinflammation wurde jedoch noch nicht in einer Längsschnittstudie an Alzheimer-

Erkrankung-Nagetieren untersucht. Deshalb haben wir bestimmte Regionen in 

Gehirnschnitten und Neurosphärenkulturen mit Hilfe von Immunfluoreszenzaufnahmen 

untersucht. In einer Längsschnittstudie mit einem Alzheimer-Erkrankung-Mausmodell im 

Alter von 2-12 Monaten versuchten wir, Mikrogliose und RELN zu beobachten. Außerdem 

untersuchten wir die adulte Neurogenese in Neurosphären aus einer Gruppe von ca. 16 

Monate alten Wildtyp- und transgenen Mäusen. Wir beobachteten eine Dysregulation von 

RELN in alten und transgenen Tieren sowie eine Beeinträchtigung der adulten 

Neurogenese. Das Verständnis der Rolle von RELN bei der Bereitstellung von 

Neuroprotektion gegen Aβ-induzierte Toxizität bei Alzheimer-Erkrankung wirft nicht nur ein 

Licht auf die Mechanismen der Neurodegeneration, sondern schlägt auch eine Brücke zur 

Erforschung, wie Aβ-Spezies die synaptische Funktion und den Lipidstoffwechsel in 

neuronalen Zellen beeinflussen.  

 

Es wurde festgestellt, dass Aβ-Spezies bei der Alzheimer-Erkrankung verschiedene 

zelluläre und molekulare Prozesse in neuronalen Zellen beeinflussen. Allerdings ist der 

Einfluss dieser Aβ-Spezies auf aktive Synapsen nur unzureichend verstanden. Es wurde 

angedeutet, dass die Interaktion von Lipiden mit diesen Aβ-Spezies eine mögliche 
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Auswirkung der frühen synaptischen Dysfunktion sein könnte, die zu kognitiven 

Beeinträchtigungen auf Grund der Alzheimer-Erkrankung führt. Unsere Studie könnte ein 

besseres Verständnis des Einflusses dieser Aβ-Spezies auf den aktiven Synapsenverlust 

und die Lipidveränderungen in vitro ermöglichen. Die genaue zeitabhängige Wirkung der 

durch diese Aβ-Spezies verursachten Lipidveränderungen auf neuronale Zellen ist jedoch 

noch nicht bekannt. Deshalb untersuchten wir Hippocampus-Neuronen und Gliazellen 

entweder nach 3 Stunden oder nach 12 Stunden Behandlung mit Aβ(1-40) und Aβ(1-42). Wir 

fanden heraus, dass die Lipidveränderungen vor dem Verlust der aktiven Synapsen 

auftreten. Außerdem entdeckten wir, dass die Lipidprofile der Sphingolipid- und 

Glycerophospholipidklassen in diesen Gehirnzellen in Abhängigkeit von der Variation der 

Aβ-Spezies und dem Zeitintervall der Behandlung verändert sind. Wir fanden auch heraus, 

dass der Verlust aktiver Synapsen unabhängig von der Aβ-Spezies ist.  

 

Die Erforschung der Mechanismen der Neurodegeneration und der Auswirkungen von Aβ-

Spezies auf die synaptische Funktion und den Lipidstoffwechsel bei Alzheimer-Erkrankung 

führt uns natürlich zu den potenziellen therapeutischen Interventionen, die derzeit 

untersucht werden. Die derzeitige therapeutische Intervention bei Alzheimer-Erkrankung  

besteht darin, das Fortschreiten der Krankheit zu verzögern und die Symptome der 

Verschlechterung der kognitiven Fähigkeiten zu behandeln. Trotz jahrzehntelanger 

Forschung konnte noch keine Therapie zur Vorbeugung der Alzheimer-Erkrankung 

gefunden werden. Der Einsatz von Tryptaminderivaten könnte dazu beitragen, die bei 

Alzheimer-Erkrankung auftretenden verhaltensbezogenen und psychologischen Symptome 

der Demenz (BPSD) zu überwinden. Diese Tryptaminderivate haben sich bei 

neurologischen Störungen als entzündungshemmend und neuroprotektiv erwiesen. Jüngste 

In-vitro- und In-vivo-Studien haben gezeigt, dass N,N-Dimethyltryptamin (DMT) und seine 

Derivate eine entzündungshemmende und neuroprotektive Wirkung bei Alzheimer-

Erkrankung haben könnten. Die Wirkung von N,N-Diethyltryptamin (DET), das dem DMT 

strukturell ähnlich ist, ist noch nicht bekannt.  

 

Aufgrund der vielversprechenden Ergebnisse mit diesen früheren Tryptaminderivaten im 

Labor von Dr. Ana Perez Castillo, die dem CIBERNED und dem CSIC-UAM in Madrid 

(Spanien) angegliedert ist, wo sie eine verringerte neuroinflammatorische Reaktion und eine 

verbesserte adulte Neurogenese in vitro und in vivo zeigten. Deshalb haben wir versucht, 

die Rolle von DET in Alzheimer-Erkrankung-Modellen zu untersuchen. Wir führten sowohl 

Magnetresonanztomographie (MRT) als auch Magnetresonanzspektroskopie (MRS) durch, 
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um die Wirkung von DET im Gehirn von Alzheimer-Erkrankung-Nagern zu untersuchen. 

Leider zeigten unsere Daten keine signifikanten Auswirkungen auf die strukturelle Integrität, 

die Aβ-Akkumulation und die Stoffwechselspektren nach der DET-Behandlung. Allerdings 

wurden einige Makromoleküle und Lipidresonanzspektren als wichtig für die weitere 

Forschung identifiziert.  

 

Zusammenfassend lässt sich sagen, dass unsere Ergebnisse auf eine potenzielle Rolle der 

Lipide als frühzeitiger diagnostischer Biomarker hinweisen und dass die Wirkung von DET 

als neuartiges therapeutisches Mittel bei mit Amyloidose zusammenhängenden 

Erkrankungen eingehender untersucht werden sollte. Wir haben auch gesehen, dass Zeit 

und Aβ-Spezies entscheidende Faktoren für Lipidveränderungen sind. Außerdem wurden 

keine spezifischen, von der Aβ-Spezies abhängigen Veränderungen beim Verlust aktiver 

Synapsen festgestellt. Trotzdem haben wir während dieser vorläufigen Beobachtung 

Veränderungen in der Neuroplastizität und der Neuroinflammation gesehen, was jedoch 

noch weiter aufgeklärt werden muss. 
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1. Introduction 
Alzheimer’s disease (AD) is a multifactorial disorder and the most prevalent dementia in the 

elderly. According to the World Health Organization, in 2023, the estimated cases of 

dementia will impact over 50 million individuals globally and are predicted to double by 2050 

(Nichols et al., 2022). In addition, behavioural and psychological symptoms of dementia 

(BPSD), such as major depressive disorders (MDD), have a multifaceted, interconnected 

relationship with AD. Growing evidence indicates shared genetic factors, neurobiological 

mechanisms, and pathophysiological pathways linking these two disorders (Botto et al., 

2022; Cassano et al., 2019; Chakraborty et al., 2019).  

 

AD is generally described as a complex neurological disorder, pathological characterised by 

the accumulation of amyloid-beta (Aβ) plaques and neurofibrillary tangles. The 

neurofibrillary tangles consist of Tau protein. These pathological features lead to progressive 

neurodegeneration and cognitive decline. There is a growing understanding of the 

bidirectional link between AD and MDD, with MDD being considered both a risk factor and 

a symptom of AD. In addition, early-stage MDD, especially when accompanied by amyloid 

pathology, is associated with an increased risk of developing AD later in life (Cassano et al., 

2019). However, the precise nature of the relationship between MDD and AD, and whether 

MDD is a prodromal symptom or an independent risk factor for AD, remains unclear. 

 

AD and MDD have been linked to a range of neurobiological mechanisms, such as 

neuroinflammation, increased amyloid deposition, neurodegeneration, and deficiencies in 

neuroplasticity processes like neurogenesis and synaptic plasticity. The impact of 

impairment of adult hippocampal neurogenesis and disrupted synaptic plasticity have been 

observed in the pathophysiology of both AD and MDD (Morales-Garcia et al., 2020; Pilozzi 

et al., 2023). 

 

The alterations in lipid metabolism, particularly in glycerophospholipids and sphingolipids, 

have been investigated in these disorders. Disruption of these lipid classes has been 

demonstrated to contribute to neuroinflammation, oxidative stress, and impaired neuronal 

membrane integrity, all of which are key pathological features of AD and MDD (Kao et al., 

2020). Furthermore, lipid metabolism has been found to play a vital role in neurogenesis 

and synaptic plasticity, suggesting a potential link between lipid dysregulation and the 

observed impairments in neuroplasticity in both pathological conditions (Alaamery et al., 

2021; Farooqui et al., 2000b; Kao et al., 2020).  
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There are several therapeutic interventions available to alleviate the symptomatic patterns 

of depressive-like systems in AD. Commonly prescribed antidepressants such as selective 

serotonin reuptake inhibitors, serotonin-norepinephrine reuptake inhibitors and monoamine 

inhibitors (MAOI) have been utilised in the treatment of MDD in AD patients. However, their 

effectiveness remains a topic of debate (Cassano et al., 2019). Therefore, emerging 

research has indicated that N,N-tryptamine-based compounds, capable of modulating 

serotonin and other neurotransmitter systems, may offer potential benefits for both MDD 

and AD. These benefits are attributed to the pathways that promote neurogenesis and 

neuroplasticity while reducing neuroinflammation (Cassano et al., 2019; Morales-Garcia et 

al., 2020).  

 

1.1. The amyloid cascade hypothesis and neuroinflammatory processes 
Genetically AD can be divided into early onset, known as “Familial AD”, affecting patients 

under 65 years old (approximately 5%), and late-onset or “Idiopathic AD”, affecting patients 

65 years and older (approximately 95%). In Idiopathic AD, the presence of apolipoprotein-

E-ε4 (ApoE-ε4) allele isoforms has been linked to a higher risk of developing the disease at 

a younger age (Holtzman et al., 2011; Reitz & Mayeux, 2014). Conversely, Familial AD is 

attributed to autosomal mutations in genes, including amyloid precursor protein (APP) on 

chromosome 21q, presenilin-1 (PSEN-1) on chromosome 14 and presenilin-2 (PSEN-2) on 

chromosome 1 (Benilova et al., 2012; van der Flier et al., 2011; Zhang et al., 2013). 

 

In the early stages of AD, extracellular Aβ deposits stimulate an inflammatory response by 

microglia and immune cells, leading to pathological changes such as Tau pathology, 

synaptic dysfunction, and neurodegeneration. However, mitochondrial dysfunction, 

characterised by oxidative stress, has been identified as the primary cause of 

neuroinflammation in AD. Studies have shown that PSEN-1 and PSEN-2 proteins are 

located on the endoplasmic reticulum (ER) and mitochondrial-associated membranes. 

Mutations in PSEN-1 and PSEN-2 lead to increased cytosolic Ca2+ in mitochondrial-

associated membranes, which in turn triggers an increase in reactive oxygen species (ROS) 

(Kim et al., 2015).  

 

Here, we will only focus on the amyloid cascade hypothesis and the involvement of Aβ in 

neuroinflammation. In addition, genome-wide studies have pinpointed several genetic risk 

factors, such as ATP-binding cassette subfamily A, bridging integrator 1, clusterin, GRB-

associated binding protein 2, galanin-like peptide, phosphatidylinositol binding clathrin 
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assembly protein and triggering receptors expressed on myeloid cells 2, which are involved 

in lipid metabolism and immunity processes. Also, risk factors such as MDD and stress can 

impact and modify AD pathology (Kepp et al., 2023).  

 

The amyloid cascade hypothesis suggests that the amyloid precursor protein (APP) plays a 

crucial role in both non-amyloidogenic and amyloidogenic pathways. In the amyloidogenic 

pathway, which primarily occurs in endosomal compartments, the cleavage of APP results 

in Aβ, leading to the formation of senile plaques (Rajendran & Annaert, 2012) (Figure 1).  

 

The non-amyloidogenic pathway (Figure 1), primarily located at the plasma membrane, 

involves the cleavage of APP by α-secretase, which belongs to ADAM (a disintegrin and 

metalloprotease) family (Rajendran & Annaert, 2012). Among ADAM-9, ADAM-10, and 

ADAM-17, ADAM-10 appears to be the main α-secretase, responsible for generating a 

significant amount of soluble APPα (sAPPα) and α-cleaved C-terminal fragment (CTF-α), as 

well as an 83 amino acid fragment (C83) (De Strooper, 2010; Kuhn et al., 2010; Nhan et al., 

2015). The α-CTF, when cleaved by γ-secretase (which contains the catalytic subunit of 

presenilin), releases p3 peptide and intracellular APP domain (AICD), neither of which 

contributes to Aβ formation or promotes the activity of the ADAM-10 (De Strooper, 2010).  

 

The amyloidogenic pathway (Figure 1) involves the proteolytic cleavage of APP by β-

secretase (BACE-1), resulting in the production of soluble APPβ (sAPPβ) and CTF-β (C99). 

CTF-β serves as a substrate for γ-secretase, leading to the generation of Aβ and AICD (De 

Strooper et al., 2010). It has been noted that Aβ can be eliminated from the brain through 

enzymatic (e.g., Aβ-degrading enzymes such as neprilysin (NEP) and matrix 

metalloproteinases (MMP)) or non-enzymatic mechanisms (e.g., interstitial fluid, uptake by 

microglial phagocytosis and transport across the blood-brain barrier (BBB)) (Ries & Sastre, 

2016; Żukowska et al., 2024). NEP is primarily located in the axons and synapses of 

neurones, while MMP (e.g., MMP-2 and MMP-9) is predominantly expressed in astrocytes 

and microglia. These enzymes are upregulated in response to Aβ(1-40) and Aβ(1-42) peptides 

and inflammatory processes. This upregulation enhances the breakdown of toxic Aβ 

oligomers by altering the permeability of the BBB (Yan et al., 2006; Yin et al., 2006). 

However, NEP has also been seen in activated astrocytes and microglia. NEP levels 

decrease with age in various brain regions, such as the cortex and hippocampus, which are 

crucial for early Aβ accumulation. MMP and NEP are overexpressed in astrocytes within 

amyloid plaques. In both early- and late-onset AD, impaired Aβ clearance is linked to NEP 
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deficiency (Hatami et al., 2017; Iwata et al., 2001; Mawuenyega et al., 2010; Yan et al., 

2006; Yin et al., 2006).  

 

 
Figure 1: APP cleavage pathways 

In the non-amyloidogenic pathway, α-secretase cleavage at plasma membranes results in the production of 

soluble APPα (sAPPα) fragments and 83 amino acid fragments (C83), which are further cleaved in p3 peptide 

and C-terminal intracellular domain (AICD) by γ-secretase. In the amyloidogenic pathway, cleavage by β-

secretase at the endosomal location leads to the production of soluble APPβ (sAPPβ) fragment and a 99 amino 

acid fragment (C99), which is then cleaved by γ-secretase, resulting in different extracellular Aβ-peptides and 

AICD. The Aβ section (red) is in the transmembrane. In the amyloidogenic pathways, cleavage γ-secretase 

contributes to the production of Aβ peptides with varying amino acid lengths (Aβ(1-37)  Aβ(1-49)). These Aβ 

peptides can aggregate into soluble amyloid fibrils and fibrillar oligomers (AβO). Furthermore, these AβO can 

accumulate and lead to the formation of insoluble Aβ plaques. Other abbreviations: EC, extracellular 

compartment; IC, intracellular compartment; CM, cell membrane. The illustration was created using Adobe 

Illustrator CC 2024. 

 

Neuroinflammatory processes play a significant role in AD, with glial cells such as astrocytes 

and microglia recognised as major contributors. These cells are crucial due to their immune 

functions, which become dysregulated in AD. In physiological conditions, their immune 

responses are under tight control. However, in pathophysiological states, such as neuronal 

death, these immune responses become exacerbated over time. In AD, a self-perpetuating 

positive feedback loop between neuronal death and neuroinflammation arises due to the Aβ 

accumulation. Each of these processes fuels and exacerbates the other. The activation of 

astrocytes and microglia, triggered by the binding of misfolded Aβ proteins to the toll-like 
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receptors and nod-like receptor protein-3 on these glial cells, stands out as the critical cause 

for AD neuroinflammation (Guo et al., 2020).  

 

In addition, the damage-associated molecular patterns found in AD activate other pattern 

recognition receptors on glial cells, contributing to their activation (Amor et al., 2014). The 

prolonged exposure of glial cells to Aβ and damage signals in this progressive disorder leads 

to exacerbated immune responses. These immune responses trigger the production of 

various substances such as free radicals, caspases, prostanoids, neuroprotectin D1, pro-

inflammatory cytokines (IL-6, IL-1β and TNF-α) and chemokines (CXCL1, CCL2, CCL4, and 

CCL11) by the activated glial cells. These inflammatory substances activate pathways 

leading to neuronal death and perpetuate the cycle by stimulating additional astrocytes and 

microglia cells, causing the amplification of the neuroinflammatory responses (Heneka et 

al., 2015). It has been demonstrated that glial cells play a crucial role in the clearance and 

breakdown of Aβ, an essential factor in Aβ-induced inflammatory processes. However, glial 

activation could protect against Aβ-induced neuronal toxicity (Ries & Sastre, 2016). 

Furthermore, we will explore the variation in Aβ peptides, their toxicity and their impact on 

synaptic aberration and neurodegeneration. 

 

1.1.1. Amyloid-beta peptides: Aβ(1-40) and Aβ(1-42)  

The amyloidogenic pathway produces Aβ peptides, a significant factor in AD. Aβ peptide 

was first isolated and characterised as a protein with an approximate molecular weight of 4 

kilodaltons in 1984 by Glenner and Wong (Glenner & Wong, 1984). The Aβ peptides can 

take on various structural forms, including soluble monomeric Aβ, dimers, and oligomers. 

The oligomers are small soluble clusters of several monomers. Aβ can also exist as 

protofibrils, soluble intermediates, representing a transitional phase towards more prominent 

and stable fibrillar structures. The stable oligomeric species, fibrillar structures, and insoluble 

deposits accumulate in amyloid plaques, which are unable to cross between the intra- and 

extracellular space of the cell (Gouras et al., 2010; Klementieva et al., 2017).  

 

The soluble Aβ intermediate structures are identified as the most neurotoxic species, posing 

a greater threat to neuronal viability than insoluble Aβ fibrils. The cleavage location of the γ-

secretase substrate complex determines the production of Aβ species with varying amino 

acid lengths (Aβ(1-49)  Aβ(1-37), as shown in Figure 1). Aβ(1-40) and Aβ(1-42) are the two major 

Aβ species in the brain, with soluble Aβ(1-40) being more prevalent than soluble Aβ(1-42) forms. 

However, longer Aβ peptides, such as Aβ(1-42), are more hydrophobic, neurotoxic and more 



6 

prone to aggregation than Aβ(1-40). Aβ(1-42) oligomers also exhibit greater stability compared 

to Aβ(1-40) (Coalier et al., 2013; Masters & Selkoe, 2012). The aggregation of these Aβ 

species in AD is highly regulated by time and their aggregation affinity (Gouras et al., 2010; 

Thal et al., 2000b).  

 

Extensive in vitro and in vivo research demonstrated that the build-up of soluble Aβ species, 

particularly Aβ(1-42), tends to accumulate at synaptic sites, which are the specialised junctions 

facilitating communication between neurones (Gouras et al., 2010; Lacor et al., 2004). 

Experimental results have shown that other Aβ species, such as Aβ oligomers, especially 

low molecular weight types, might trigger synapse failure and memory impairment (Ferreira 

& Klein, 2011; Takahashi et al., 2004). Additionally, research studies using AD mouse 

models and human brains have demonstrated that the Aβ accumulation leads to a shift of 

intraneuronal Aβ(1-42) toward the extracellular Aβ pool (Gouras et al., 2010; Gouras et al., 

2000). The interaction between intracellular and extracellular Aβ(1-42) could have a 

substantial effect on the progression of AD. These findings suggest that extracellular Aβ 

could enhance the intraneuronal Aβ(1-42), which is responsible for neurotoxicity induced by 

the intracellular Aβ pool (Oddo et al., 2006; Takahashi et al., 2002). Therefore, intracellular 

Aβ accumulation may initiate early synaptic alterations, while extracellular amyloid 

deposition represents a later stage in the progression of AD. 

 

1.1.2. Aβ peptides in synaptic dysfunction and neurodegeneration 

The accumulation of Aβ peptides at synapses has been shown to have detrimental effects 

on synaptic plasticity. Synaptic plasticity refers to the ability of synapses to undergo 

structural and functional changes in response to neuronal activity (Zhang et al., 2022b). The 

presence of Aβ at synaptic sites disrupts the processes involved in long-term potentiation 

(LTP), a crucial mechanism underlying learning and memory formation. By impairing this 

process, the accumulation of Aβ at synapses disrupts the ability to establish and maintain 

solid synaptic connections, ultimately leading to impairment in learning and memory 

processes (Zhang et al., 2022b). 

 

Recent extensive research (notably reviewed in (Zhang et al., 2022b)), has demonstrated 

that Aβ species exert varying effects on both pre- and postsynaptic densities, influenced by 

several factors: Aβ concentration, Aβ chemical structure (α-helical or β-sheet), duration of 

Aβ exposure, and the aggregation state of Aβ (monomers, oligomers, or fibrils) (Almeida et 

al., 2005; Cai et al., 2023; Hu et al., 2009; Sokolow et al., 2012; Takahashi et al., 2003; 
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Takahashi et al., 2004). The interplay of these factors can determine the differential 

influences and the impacts of Aβ species on synaptic structures and their function. Synapses 

are critical mediators in this context, as Aβ accumulates and aggregates preferentially in 

synaptic terminals in AD, often occurring before the formation of plaques. Notably, studies 

have shown that oligomeric Aβ levels in the synaptosomes (isolated synaptic terminals) of 

neurones are elevated in the early stages of AD but not observed in the brains of cognitively 

normal individuals who are at risk of developing AD pathology (Bilousova et al., 2016; Lacor 

et al., 2004; Takahashi et al., 2004).  

 

The discussion regarding the presumed neurotoxicity of various Aβ species in the brain is 

an ongoing debate. It is essential to clarify the exact physiological and pathological pathways 

involved in the cleavage of APP and its various Aβ products. This is especially important 

given the differing findings seen in human studies compared to animal studies (Brothers et 

al., 2018; Morley et al., 2010; Morley et al., 2019). It has been proposed that the levels of 

Aβ in the human brain and cerebrospinal fluid vary from the nanomolar to the picomolar 

scale, while pathological levels span from nanomolar to micromolar levels (Cai et al., 2023). 

Both low and high concentrations can negatively impact synaptic functions and inflammatory 

responses. Previous research indicates that Aβ species begin to aggregate from monomeric 

to oligomeric forms within approximately 1 to 3 hours, with continued aggregation occurring 

over time (Chemuru et al., 2016). Personal laboratory experience and insights from previous 

colleagues (Willén et al., 2017) in the field suggest that specific synthetic human Aβ species 

exhibit heterogenous binding and uptake in culture neurones.  

 

Given the discrepancy in the literature concerning Aβ species (Aβ(1-40) and Aβ(1-42)) and their 

concentrations associated with pathological features, we conducted experiments at two 

distinct time points using synthetic human Aβ(1-40) and Aβ(1-42). Our goal was to explore the 

effect of early and late Aβ aggregation on synaptic loss and the pathological impacts of these 

Aβ species. 

  

1.2. Inflammatory signalling and serotonergic dysregulation: linking amyloid 
pathology and BPSD 

Inflammation could be a possible connection between AD and MDD. The imbalance of 

cytokines resulting from inflammatory responses might influence the serotonin levels and 

the metabolism of Aβ in the brain. Therefore, it suggests that AD and MDD might share a 

common pathophysiological mechanism. A crucial link exists in the metabolism of 
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tryptophan (Trp) metabolism within the gut-brain axis, impacting both AD and 

neuropsychiatric disorders such as MDD (Cutuli et al., 2022). Herein, we will mainly focus 

on the Aβ-related dysregulation of serotonergic and neuroinflammatory pathways in both 

AD and MDD. Consequently, in the following sections, we will provide an overview of the 

Trp metabolism and its effect on the production and aggregation of Aβ. 

 

 
Figure 2: Tryptophan metabolism in the brain and its dysregulation in AD 

Tryptophan (Trp) can be metabolised through the indole, kynurenine and serotonin pathways. Within the indole 

pathway, Trp can be converted by aromatic amino acid decarboxylase (AADC) into various trace amines, 

explicitly focussing on the tryptamines. N,N-dimethyltryptamine (DMT) can be synthesised through 

indolethylamine-N-methyltransferase or catabolised into other trace amines through phenylethanolamine N-

methyltransferase (PNMT). DMT can cross the blood-brain barrier (BBB) and stimulate serotonin receptors (5-

HTR), trace amine-associated receptors (TAAR) and sigma receptors (SR). In the kynurenine pathway, a 

variety of metabolites are produced, some of which are neurotoxic (e.g., quinolinic acid (QUINA), 3-
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hydroxykynurenine (3-HKYN), 3-hydroxyanthranilic acid (3-HAA)) and others that are neuroprotective (e.g., 

kynurenic acid (KYNA), picolinic acid, nicotinamide adenine dinucleotide (NAD+)). While metabolites such as 

Trp, 3-HKYN and kynurenine (KYN) can cross the BBB, KYNA and QUINA need to be produced in microglial 

cells or astrocytes. KYNA generated in astrocytes through kynurenine aminotransferase (KAT) helps prevent 

the NMDA receptor excitotoxicity from abundant intracellular calcium (Ca2+) influx (green dashed arrows). 

Additionally, KYNA enhances Aβ clearance and modulates reactive oxygen species (ROS) activity (green 

dashed arrows). A similar protective effect has been ascribed to 5-hydroxyindoleacetic acid (5-HIAA), formed 

by the breakdown of 5-HT through monoamine oxidase (MAO). 5-HIAA also alleviates neuroinflammatory 

responses by reducing ROS levels (green dashed arrows). Conversely, 3-HKYN can induce oxidative 

mitochondrial damage and increase the production of ROS (red dashed arrows). QUINA, produced in 

microglia, acts as an opposite stressor compared to KYNA. Additionally, QUINA has been shown to rise in 

response to Aβ toxicity (red dashed arrows). Inhibition of kynurenine monooxygenase (KMO) results in 

decreased levels of xanthurenic acid and elevated ROS activity, which can suppress the activity of Trp 

hydroxylase (TPH) and BH4 (cofactor of TPH). This suppression ultimately hinders the synthesis of the 

neurotransmitter serotonin (5-HT), leading to a reduction in downstream serotonin pathways (PLC, PLA2, ERK, 

β-arrestin/Akt/PP2A) through the inactivation of the intracellular G-coupled αβγ complex. In AD, neurotoxicity 

from Aβ disrupts these pathways, which promote the production and aggregation of Aβ peptides. Furthermore, 

the proinflammatory response by cytokines is amplified by Aβ synthesis and impaired Aβ clearance due to 

TDO modulation, resulting in an increase of 3-HKYN and QUINA and a decrease in KYNA. In addition, 

serotonin reuptake transporters (SERT) and mitochondrial dysfunction are negatively affected in AD due to Aβ 

toxicity. Other abbreviations: N-formylKYN, N-formylkynurenine; KYNU: kynureninase; NSH, non-specific 

hydroxylase; NE, non-enzymatic; 3-HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; 5-HTP, 5-

hydroxytryptamine; ACMSD, 2-amino-3-carboxymuconate semialdehyde decarboxylase; IDO, indoleamine 

2,3-dioxygenase; NMDA, N-methyl-D-aspartate; QPRT, quinolinic acid phosphoribosyl transferase. The 

illustration was created using Adobe Illustrator CC 2024. 

 

Trp is an essential amino acid involved in synthesising serotonin, as well as the indole 

pyruvate and kynurenic pathways. The indole pyruvate pathways contribute to the synthesis 

of various small biological active amino compounds, commonly referred to as trace amines 

(e.g., β-phenylethylamine, p-tyramine, tryptamine, p-octopamine) (Platten et al., 2019; 

Zucchi et al., 2006) (Figure 2). Herein, we will primarily focus on tryptamines, which are 

monoamine alkaloids containing an indole ring. These compounds are formed through the 

decarboxylation of Trp and are rapidly degraded by monoamine oxidase A or B (MAO-A or 

MAO-B). Additionally, tryptamine can be converted into dimethyltryptamine (DMT) through 

indole-N-methyltransferase. Although, DMT exists in very low concentrations (e.g., 

nanomolar (nM)) as an endogenous trace neurotransmitter in the brains of various animals 

(Saavedra & Axelrod, 1972; Zucchi et al., 2006) (Figure 2).  
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Tryptamines can cross the BBB and modulate the effects of classical monoamine 

neurotransmitters such as serotonin. They interact with trace amine-associated receptors 

(TAAR), serotonin receptors (5-HTR) and sigma receptors (SR), which can initiate 

downstream signalling cascades (Dhakal & Macreadie, 2021; Platten et al., 2019; Zucchi et 

al., 2006) (Figure 2).   

 

1.2.1. Tryptamine pathway and their mediators in AD  

Tryptamines and their derivatives might have a promising effect on regulating serotonergic 

and glutamatergic neurotransmitter systems in AD. Several tryptamine derivatives have 

shown promising results in cholinesterase inhibition, which could enhance the levels of 

neurotransmitter acetylcholine (Asghar et al., 2024; Bai et al., 2021). This enhancement 

could contribute to improvements in cognitive function and memory performance.  

 

Moreover, tryptamine derivatives have been found to inhibit Aβ aggregation and MAO 

activity (Asghar et al., 2024; Bai et al., 2021). These derivatives also exhibit neuroprotective 

properties by ameliorating synaptic failure and neurotransmission deficiencies (Bai et al., 

2021). Additionally, tryptamine derivatives have been linked to reductions in oxidative stress 

and anti-inflammatory responses (Asghar et al., 2024). 

 

In addition, only about 5% of Trp is converted into serotonin (5-hydroxytryptamine, 5-HT), 

while over 95% follows the kynurenic pathway. Within the 5-HT pathway, Trp is hydroxylated 

to 5-hydroxytryptophan (5-HTP) and then decarboxylated to form 5-HT (Figure 2). Under 

healthy brain conditions, the kynurenine pathway metabolises Trp into both neuroprotective 

(such as kynurenic acid (KYNA), picolinic acid, nicotinamide adenine dinucleotide (NAD+)) 

and neurotoxic metabolites (including quinolinic acid (QUINA), 3-hydroxykynurenine (3-

HKYN), 3-hydroxy anthranilic acid (3-HAA)). These metabolites are produced by enzymes 

located in astrocytes (kynurenine aminotransferases (KAT)) and microglial cells 

(indoleamine-2,3-dioxygenase (IDO), kynurenine 3-monooxygenase (KMO) and 3-

hydroxyanthranilate 3,4-dioxygenase (3-HAAO)) (Platten et al., 2019) (Figure 2). 

 

Research has shown that the kynurenic pathway enhances Trp metabolism throughout the 

pathophysiology of AD (Guillemin et al., 2005; Schwarcz et al., 2012; Widner et al., 2000). 

This enhancement is linked to the upregulation of Trp, which is thought to contribute to the 

oxidative stress and neuroinflammatory pathways underlying the symptoms of AD. QUINA 

depends on the IDO, both of which are stimulated by proinflammatory cytokines (e.g. IL-1β, 
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IL-2, IL-6, IFN-γ) (Connor et al., 2008; Guillemin et al., 2005). This process is exacerbated 

by abnormal synthesis and clearance of Aβ in AD and is further influenced by ROS and nitric 

acid (Bohár et al., 2015). Elevated levels of 3-HKYN and QUINA metabolites, along with a 

reduction in KYNA, have been associated with excitotoxicity in AD (Schwarcz et al., 2012) 

(Figure 2).  

 

QUINA acts as an N-methyl-D-aspartic acid (NMDA) receptor agonist, leading to excitotoxic 

neurodegeneration. 3-HKYN can trigger neuronal apoptosis. Besides this, KYNA 

participates as an NMDA receptor antagonist and protects against excitotoxicity and 

apoptotic effects (Figure 2). It has been seen that Aβ and Tau in the AD brain co-localised 

with QUINA (Bonda et al., 2010; Parrott & O'Connor, 2015; Schwarcz et al., 2012; Wu et al., 

2013). At the same time, inhibition of KMO will reduce neuronal/synaptic loss and memory 

impairment. This inhibition will lead to the inactivation of the 3-HKYN build-up in the brain. 

Furthermore, BH4, a cofactor for activating the Trp hydroxylase (TPH), is reduced by KMO 

inhibition, leading to the depletion of both 3-HKYN and xanthurenic acid (Haruki et al., 2016; 

Zwilling et al., 2011) (Figure 2).  

 

In addition, TPH is closely linked to iron homeostasis and is dysregulated in AD due to 

elevated ROS activity (Klein et al., 2013; Klein et al., 2018; Liu et al., 2018; Maitre et al., 

2020). 5-HT is a vital neurotransmitter that significantly influences cognition and memory, 

which are critical aspects of BPSD in AD (Nichols & Nichols, 2008). The majority of 5-HT 

neurones are found in the brainstem, especially in an area known as the raphe nuclei, which 

facilitate the distribution of serotonergic projections throughout the central nervous system 

(Vertes, 1991; Vertes et al., 1999).  

 

1.2.2. 5-HT and receptors in AD 

5-HT is synthesised in presynaptic terminals of 5-HT neurones and released into the 

synaptic cleft, where it can induce pharmacological activity across 14 receptor subtypes, 

categorised into seven classes (5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6, 5-HT7). Most of 

the 5-HTR are G-protein coupled receptors, while the 5-HT3R is an ion channel (Hoyer et 

al., 1994; Nichols & Nichols, 2008). 5-HT regulates the activation or inhibition of various 

downstream mechanisms, such as adenylate cyclase, extracellular signal-regulated kinase 

(ERK), and phospholipase C (PLC) signalling, which in turn modulate the glycogen synthase 

kinase 3 (GSK-3). Following the excitatory transmission of 5-HT, the remaining 5-HT in the 

synaptic cleft is recycled by serotonin reuptake transporters (SERT) and degraded by MAO 
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in 5-hydroxyindole acetic acid (5-HIAA) (Figure 2 and Figure 3). Research has suggested 

that 5-HIAA and KYNA may modulate the NEP expression, which is critical in clearing toxic 

Aβ peptides (Klein et al., 2013; Klein et al., 2018) (Figure 3). The 5-HT2R,  5-HT4R, 5-HT6R 

and 5-HT7R (Lorke et al., 2006; Nitsch et al., 1996; Pimenova et al., 2014; Solas et al., 2021) 

exert direct effects, whereas 5-HT1R and 5-HT3R (Shinohara et al., 2019; Vidal et al., 2016; 

Watson et al., 1998) subtypes have indirect effects on influencing APP processing and Aβ 

toxicity (reviewed in (Joshi et al., 2020)). Furthermore, we will mainly focus on the role of 5-

HT2R concerning BPSD in AD. 

 

 
Figure 3: Serotonin pathway and the involvement of a novel therapeutic drug interaction in AD.  

Serotonin (5-HT) is released into the synaptic cleft, where it binds to the 5-HT subtype 2 receptors (5-HT2R). 

This interaction activates phospholipase C (PLC), phospholipase A2 (PLA2), and the β-arrestin/Akt/PP2A 

signalling pathways. Consequently, this leads to the activation of GSK-3β, which is known to be dysregulated 

in AD. Under normal physiological conditions, PLC stimulates the ERK pathway, and this further promotes the 

transcription of neprilysin (NEP). NEP is a protein that plays a vital role in the degradation and clearance of Aβ 

through phagocytosis by microglia and astrocytes (green dashed arrows). This regulatory action of PKC 

supports dendritic synaptic plasticity, while PLA2 initiate the release of arachidonic acid, a key component of 

phospholipids. In AD, GSK-3β mediates neuronal and synaptic dysfunction by promoting Tau 

hyperphosphorylation. Furthermore, GSK-3β regulates inflammatory responses through microglia activation 

and influences adult neurogenesis, synaptic plasticity, and cognitive abilities. Dysregulation, characterised by 

the overactivation of GSK-3β-kinase can contribute to the pathogenesis of AD. In contrast, the inhibition of 

GSK-3β can occur through the action of 5-hydroxyindoleacetic acid (5-HIAA), which is generated from the 

serotonin reuptake and subsequently metabolised in the mitochondria by monoamine oxidase (MAO) (red 

dashed lines). In addition, we highlight potential therapeutic compounds such as clorgyline hydrochloride 

(CLQ), a selective MAO inhibitor, and N,N-diethyltryptamine (DET), which may help regulate the serotonin 

pathway and their possible implications in AD. Other abbreviations: Trp, tryptophan; 5-HTP, 5-

hydroxytryptamine; TPH, Trp hydroxylase; AADC, aromatic amino acid decarboxylase; TAAR, trace amine-
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associated receptors; SR, sigma receptors; SERT, serotonin reuptake transporters; DNA, deoxyribonucleic 

acid. This illustration was created using Adobe Illustrator CC 2024. 

 

1.2.3. 5-HT2R and their subtypes in AD with the link to inflammation 

5-HT2R consists of three subtypes: 5-HT2AR, 5-HT2BR, and 5-HT2CR. All subtypes of 5-HT2R 

are dysregulated in MDD and AD (Hannon & Hoyer, 2008). However, this dysregulation is 

complex and varies based on specific conditions, brain regions and the nature of the 

investigations conducted. Therefore, we will provide a general concept of how the 5-HT 

receptor can be modulated in relation to AD.  

 

The receptor preferentially binds to intracellular GTPases, such as Gαq-GDP, to form protein 

complexes. Upon the binding of ligands to 5-HT2R, a conformational change occurs that 

replaces guanosine diphosphate (GDP) with guanosine triphosphate (GTP) (Hannon & 

Hoyer, 2008; Leysen, 2004). This exchange leads to the activation of the Gαq protein, which 

initiates the activation of PLC or PLA2 (Figure 2). The activation of PLC stimulates protein 

kinase C (PKC), while PLA2 facilitates the release of arachidonic acid (Figure 3). (Hannon 

& Hoyer, 2008; Leysen, 2004). Increased PLA2 activity has been observed in the 

hippocampus of both AD patients and AD mice (Sanchez-Mejia et al., 2008).  

 

Moreover, the 5-HT2R plays a vital role in activating β-arrestin, which mediates the Akt/PP2A 

signalling pathway. In AD, the dysregulation of β-arrestin contributes to the synthesis of Aβ 

through the γ-secretase pathway (Hamm, 1998; Hannon & Hoyer, 2008; Morel et al., 2013; 

Thathiah et al., 2013). The activation of PKC and Akt/PP2A pathways is essential for 

regulating the homeostasis of GSK-3 expression in the brain. GSK-3 comprises two distinct 

variants: GSK-3α and GSK-3β (Polter & Li, 2011). Research has linked GSK-3 to AD, 

indicating that inhibition of especially GSK-3β can diminish BACE-1-mediated APP 

cleavage. This inhibition also reduces hyperphosphorylated Tau, leading to decreased 

levels of Aβ, as well as a reduction in Tau oligomers and neurofibrillary tangles (Griebel et 

al., 2019; Lauretti et al., 2020; Ly et al., 2013) (Figure 2 and Figure 3). 

 

Various 5-HT2R subtypes regulate neuroinflammation and the processing of APP. 

Specifically, both 5-HT2AR and 5-HT2cR promote APP processing, while 5-HT2cR also 

mediate the activity of enzymes that degrade Aβ, such as NEP (Tian et al., 2015) (Figure 

3). Inhibiting the 5-HT2BR has improved synaptic function and alleviated behavioural deficits 

associated with Aβ and Tau toxicity in AD (Acquarone et al., 2024; Meneses et al., 2018).  
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Neuroinflammation plays a pivotal role in the early stage of AD. Research suggests that 

activation of 5-HT2AR can trigger an anti-inflammatory response by inhibiting tumour 

necrosis factor-α (TNF-α) (Nau et al., 2013). Furthermore, selective inhibition of 5-HT2AR 

may mitigate AD pathology by promoting the microglial phagocytosis of Aβ (Lu et al., 2021). 

Moreover, 5-HT2BR is upregulated in AD patients compared to controls. This upregulation, 

particularly near degenerating neurones, has been linked to microglial activation and 

explored in the context of ageing (Buga et al., 2016; Ries & Sastre, 2016). Targeting the 

activation or inhibition of 5-HT2R subtypes may lead to new therapeutic approaches for 

treating AD and addressing the corresponding neuropsychological behaviours and 

symptoms of the disorder. 

 

5-HTR has been shown to influence a broad spectrum of effects related to mood, cognition, 

behaviour, and physiological processes, as well as the regulation of various other 

neurotransmitters (e.g., glutamate, γ-aminobutyric acid (GABA) and acetylcholine), and 

hormones (e.g., cortisol and substance P) (Johansson et al., 2015; Kaur et al., 2019). 

Dysregulation in serotonergic innervation has been associated with several neuropsychiatric 

(e.g., MDD) and neurological disorders (e.g., AD) (Correia et al., 2021). Both human patients 

with AD and animal models bearing the APP/PSEN-1 mutation have demonstrated a 

reduction in serotonergic neurones projections (Hendricksen et al., 2004; Liu et al., 2008). 

The decrease in neuronal projections may disrupt the process of adult neurogenesis. We 

will explore the effects of this impaired neurogenesis in the context of AD more thoroughly 

in the next section. 

 

1.3. Adult neurogenesis and impairment in AD 
Neurogenic niches are essential environments of the adult brain, acting as reservoirs for the 

neural stem cells (NSC). Among these niches, the subgranular zone of the dentate gyrus in 

the hippocampus and the subventricular zone at the lateral ventricles are particularly 

abundant in NSC (Jurkowski et al., 2020). Additionally, other brain regions regulate NSC 

migration and maturation into new neuronal cells. Adult hippocampal neurogenesis plays a 

significant role in mood regulation and cognitive function, while neurogenesis in the 

subventricular zone forms olfactory circuits (Jurkowski et al., 2020).  

 

Research into neurogenesis impairment has been conducted in AD and extensively 

reviewed for human and animal models (Babcock et al., 2021; Jurkowski et al., 2020; Seki, 

2020). However, these results remain controversial. It has been indicated that neurogenesis 



15 

is adversely affected by the accumulation of Aβ peptides. Furthermore, Aβ oligomers have 

been demonstrated to enhance NSC dysfunction through GSK-3β pathways (Lee et al., 

2013; Naumann et al., 2010).  

 

Recent studies have shown how reduced NSC proliferation and neuronal maturation are 

linked to microgliosis, a condition often observed in the early stages of AD (Salta et al., 

2023). Also, microglia are crucial in regulating synaptic pruning and refinement throughout 

brain development. Microglia can release several signalling molecules (e.g., IL-4, CX3CL1) 

linked to synaptic activity and neuroplasticity regulation. They play an essential role in 

maintaining synaptic homeostasis through phagocytosis of synapses, a process that 

becomes dysregulated in AD (Cornell et al., 2022; Gao et al., 2023; Salta et al., 2023). 

 

In addition, the entorhinal cortex is essential for maintaining proper neuronal connectivity 

within the hippocampal regions. The entorhinal cortex consists of 6 layers, with the 

pyramidal neurones of layer II, being particularly significant and among the first to exhibit 

impairment in AD. Research shows that layer II neurones in the entorhinal cortex produce 

reelin and are highly sensitive to Aβ-induced toxicity in the early stages of AD (Chin et al., 

2007; Ramos-Moreno et al., 2006; Yu et al., 2014). 

 

1.3.1. Reelin: a neuromodulator in amyloid pathology and BPSD-associated 

neuroplasticity 

Reelin (RELN), a large extracellular matrix glycoprotein, is crucial in regulating neurogenesis 

in the hippocampus and synaptic plasticity (Weeber et al., 2002). The processing of APP 

can be influenced by its interactions with various extracellular glycoproteins, including 

alcadein, F-spondin, reelin, low-density lipoprotein receptor-related protein-1, sortilin-related 

receptor-1, Nogo-66 receptor and Notch 2 (Müller & Zheng, 2012). 

 

Furthermore, RELN is crucial in both embryonic and postnatal brain development, 

influencing neuronal cell migration, proper brain lamination, and the formation of dendrites 

and spines. In adult brains, RELN is essential for modulating synaptic function and plasticity 

(Folsom & Fatemi, 2013; Förster et al., 2006; Lane-Donovan et al., 2015). Dysregulation of 

the molecular mechanisms associated with RELN can lead to disruptions in cortical 

lamination, synaptic plasticity, and dendritic growth, which have been linked to various brain 

disorders, including AD (Campo et al., 2009; Katsuyama & Terashima, 2009; Sato et al., 

2016). RELN has been shown to bind to apolipoprotein E receptor 2 and very low-density 
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lipoprotein receptor (Campo et al., 2009). ApoE-ε4 isoform, a significant genetic risk factor 

for idiopathic AD, appears to prevent the endosomal recycling of both the RELN and its 

associated receptors at the presynaptic and postsynaptic surfaces (Cuchillo-Ibáñez et al., 

2013; Lane-Donovan et al., 2015; Xian et al., 2018). 

 

Oligomeric Aβ species disrupt synaptic plasticity; however, RELN can prevent spine 

deterioration and synaptic dysfunction. Also, the presence of RELN within amyloid plaques 

plays a crucial role in regulating Tau hyperphosphorylation (Cuchillo-Ibáñez et al., 2013; 

Lane-Donovan et al., 2015; Pujadas et al., 2014). RELN induce phosphorylation of disabled-

1, an adapter protein that regulates the intracellular transduction of RELN signalling. This 

activation leads to processes that regulate the trafficking and localization of postsynaptic 

proteins, such as NMDAR and PSD-95 (Durakoglugil et al., 2009; Hoe et al., 2009; Lacor et 

al., 2000; Lane-Donovan et al., 2015; Schmidt et al., 2014). Mutations or dysregulation of 

apolipoprotein E receptor 2 can prevent disabled-1 phosphorylation, leading to inhibition of 

the GSK-3β pathway. This inhibition, in turn, leads to reduced Ca2+ influx and a decrease in 

LTP, ultimately impairing synapse regulation, cognition and memory processing, as 

observed in AD (Durakoglugil et al., 2009; Folsom & Fatemi, 2013; Lacor et al., 2000; Lane-

Donovan et al., 2015; Schmidt et al., 2014).  

 

Inappropriate binding of RELN to its receptors can disrupt its three-dimensional structure of 

RELN. Alterations in the homo-dimerization of RELN due to Aβ binding can result in inactive 

complexes from impaired glycosylation, which diminishes effective binding to apolipoprotein 

E receptor 2 (Cuchillo-Ibáñez et al., 2013). Nevertheless, a deeper understanding of RELN 

could pave the way for novel therapeutic molecules to mitigate Aβ-mediated toxicity in AD. 

 

1.3.2. Reelin and neuroinflammation 

The connection between neuroinflammation and RELN in the context of AD requires further 

examination. A recent study utilising proteomic profiling of cerebrospinal fluid (CSF) identified 

novel proteins associated with AD pathology, most of which were synaptic proteins and those 

linked to RELN-positive cells (Dayon et al., 2018). Another study found that soluble ectodomain 

fragments of Apolipoprotein E receptor 2 in CSF correlated more strongly with RELN signalling 

in both sporadic and autosomal-dominant forms of AD (Lopez-Font et al., 2019). In a pivotal 

study conducted in 2000, researchers detected RELN concentrations in the blood of adult mice, 

rats and humans. It was noted that the circulating levels of RELN are significantly influenced by 
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organ-specific secretion of the protein and the mRNA expression of RELN in the bloodstream 

(Smalheiser et al., 2000).  

 

Another study indicated that the interaction of RELN with liposomes containing 

phosphatidylserine (PS) or phosphatidylcholine (PC) along with blood cascade factors (thrombin 

and FXa), which are crucial for the restoration of impaired thrombin generation (Tseng et al., 

2014). In various preclinical AD models, blood-related biomarkers have been thoroughly 

examined within the intrinsic blood coagulation pathway. A key player in triggering this pathway 

is plasma protein FXIIa, which activates plasma kallikrein to cleave high kininogen. This 

cleavage leads to the release of bradykinin. This blood cascade pathway promotes inflammatory 

processes, including increased BBB permeability, oedema, and cytokine expression. All these 

responses are implicated in both the early and late stages of AD (Heneka et al., 2015; 

Zamolodchikov et al., 2015). Consequently, we investigated the characterisation of 

neuroinflammation (i.e. microgliosis) and neurogenesis/neuroplasticity (i.e. RELN) across 

different ages of the AD mouse model, specifically in the brain of these mice. 

 

1.4. Lipid homeostasis and their disruptions in AD 
Neuronal cell membranes are vital for maintaining membrane fluidity and integrity, with their 

lipid composition categorised into sphingolipids, glycerophospholipids and cholesterol 

(Hussain et al., 2019). Sphingolipids play a pivotal role in cellular signalling pathways, 

influencing processes such as APP metabolism, apoptosis, calcium homeostasis, Tau 

phosphorylation and acetylcholine biosynthesis (Varma et al., 2018). Glycerophospholipid 

and cholesterol, the most abundant lipids in the cell membranes, are crucial for various 

intracellular signalling pathways and contribute to structural stability, fluidity, and 

permeability of the cell membranes (Farooqui et al., 2000b; Hussain et al., 2019). 

Dysregulation in these lipids affects brain lipid homeostasis and is linked to neurological 

disorders (Quinville et al., 2021; Tracey et al., 2018; Zhao et al., 2023). This section focuses 

on the metabolism of sphingolipids and glycerophospholipids, particularly their role in 

synaptogenesis and synaptic plasticity, and AD, especially concerning Aβ pathology. 

 

1.4.1. Sphingolipids metabolism 

Sphingolipids are categorised into two structural classes: sphingoid bases and derivatives 

(including sphingosines (So), sphinganines (Sa), sphingosine-1-phosphates (So1P), 

sphinganine-1-phosphates (Sa1P) and ceramides (Cer)), and complex sphingolipids 

(sphingosphopholipids and glycosphingolipids). Their biosynthesis occurs through three 

pathways: the biosynthesis pathway in ER, the salvage pathway in late endosomes or 
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lysosomes, and sphingomyelin synthesis primarily in the Golgi apparatus. Cer synthesis is 

a crucial link among these pathways (Quinville et al., 2021; Tracey et al., 2018) (Figure 4). 

 

The biosynthesis pathway begins with the synthesis of Sa, which can be converted into 

Sa1P and dihydroceramide (DHCer) by sphingosine kinases (e.g., SphK 1 and SphK 2), 

DHCer synthase, or Sa hydroxylase. So is generated through ceramidase activation in the 

salvage pathway and can be phosphorylated to So1P by SphK. Sphingosine-1-phosphate 

lyase (SPL) can then break down So1P to So and convert Sa1P back to Sa. Cer is 

synthesised by ceramide synthase (CerS) from So and by DHCer desaturase (DEGS) from 

DHCer (Quinville et al., 2021). Ceramide kinase (CerK) produces ceramide-1-phosphates 

(C1P), while ceramide phosphate phosphatase (C1PP) reverses this reaction (Hait & Maiti, 

2017).  

 

Sphingomyelins (SM) are complex sphingolipids that can be converted to Cer by 

sphingomyelinase (SMase), with subtypes such as lysosomal acidic SMase, secreted acidic 

SMase and membrane-neutral SMase. SM is produced by sphingomyelin synthase (SMS) 

(Kilkus et al., 2008; Quinville et al., 2021). In addition, sphingosylphosphorylcholines (SPC), 

a bioactive metabolite from SM, is generated by SM deacylase (SMDase) (Nixon et al., 

2008).  

 

Glycosphingolipids are formed by combining a hydrophobic Cer base with a hydrophilic 

carbohydrate head group. In the Golgi apparatus, glucose or a galactosyl molecule is added 

to Cer by uridine diphosphate glucose ceramide glucosyltransferase (UGCG) or ceramide 

galactosyltransferase (CGT), producing galactosyl ceramides (GalCer) or glucosyl 

ceramides (GlcCer). GalCer can then be converted to Neu5Acα2-3GalβCer (GM4) by sialyl-

transferase, such as ST3GalV), or to sulfo-galactolipids by cerebroside sulfotransferase 

(D'Angelo et al., 2013; Quinville et al., 2021; Tracey et al., 2018).  

 

GlcCer is further converted to lactosylceramides (LacCer) by LacCer synthase (β4-

galactosyltransferases V and VI). LacCer acts as a critical branching for various substrates, 

producing precursors such as GA2, GM3, Gb3 and Lc3). These precursors are essential for 

synthesising the seven complex glycosphingolipids series, including asialo, ganglio, 

globo/iso-globo and lacto/neo-lacto series. The most prominent in vertebrates are ganglio-, 

globo-, and neolacto-series (D'Angelo et al., 2013; Quinville et al., 2021).  
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The breakdown of complex glycosphingolipids into Cer is regulated by glycosyl hydrolases, 

such as β-galactosidase, β-hexosaminidase, and sialidase, along with lysosomal binding 

proteins. This process leads to the generation of simpler glycosphingolipids, such as GlcCer 

and GalCer. The lysosomal binding proteins include the GM2 activator protein and four 

saponin subtypes A-D (Darmoise et al., 2010; Quinville et al., 2021). GlcCer produced from 

LacCer hydrolysis can be converted to Cer by glucosylceramide-β-glucosidase and saponin 

C. Sulfo-galactolipids are transformed into GalCer through arylsulfatase A with saponin B, 

while GalCer is degraded to Cer with the help of galactosyl ceramide-β-galactosidase and 

saponin A (Quinville et al., 2021; Yu et al., 2011; Zschoche et al., 1994). 

 

1.4.2. Glycerophospholipids metabolism 

Glycerophospholipid synthesis starts from glycerol-3-phosphate (G3P), producing precursor 

lipid mediators like phosphatidic acid (PA), diacylglycerol (DAG), and cytidine diphosphate-

DAG (CDP-DAG). These precursors are essential for forming various glycerophospholipids, 

including PC, phosphatidylethanolamines (PE), phosphatidylglycerols (PG), PS, 

phosphatidylinositols (PI), platelet-activating factor (PAF) (Tracey et al., 2018). PC and PS 

can be synthesised by either phosphatidylethanolamine N-methyltransferase (PE-NMT) or 

PS-decarboxylase (Tan et al., 2020) (Figure 4). 

 

PLA can further metabolise many glycerophospholipids, mainly PLA 1 or 2, in the ER and 

mitochondrial-associated membranes (Hishikawa et al., 2014). Depending on the specific 

glycerophospholipid, five distinct subtypes of phospholipases (e.g., cPLA2, sPLA2, iPLA2, 

PAF acetylhydrolases and lysosomal PLA2) participate in synthesising various 

lysoglycerophospholipids such as lysophosphatidylcholines (LPC), 

lysophosphatidylethanolamines (LPE), lysophosphatidylglycerols (LPG), 

lysophosphatidylserines (LPS). These lysoglyceropholipids act as precursors for lipid 

synthesis in the neuronal cells. The generation of lyso-platelet-activating factor (lyso-PAF) 

is mediated by PAF acyl hydrolase. (Tan et al., 2020). Remodelling pathways convert 

lysoglycerophospholipids back into glycerophospholipids through various 

lysoglycerophospholipid acyltransferases (LPLAT) (Hishikawa et al., 2014).  

 

In addition, intracellular lysoglycerophospholipid concentrations are low due to widespread 

lysoacyltranferases expression compared to extracellular compartments (Harayama et al., 

2014; Wang & Tontonoz, 2019). Therefore, alterations in the concentration of these lipids 

can be cytotoxic to cells. However, understanding these lipids is crucial to exploring their 
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production and secretion in specific neuronal cell types. Our study utilises glial cells and 

primary hippocampal neurones derived from mice to examine their role in synaptogenesis 

and Aβ-induced toxicity, both critical factors in AD pathology.  

 

 
Figure 4: Compartmentalization of sphingolipids and glycerophospholipids metabolism in relation to AD. 

This overview outlines the biosynthesis and salvage pathways of sphingolipids and glycerophospholipids. Both 

are synthesised in the endoplasmic reticulum, with degradation occurring in lysosomes. Lipid remodelling 

happens in various cellular regions, such as the Golgi apparatus, mitochondria, cell membrane (CM), 

intracellular compartments (IC) and extracellular compartments (EC). The glycerophospholipids (GCP) can be 

converted to lysoglycerophospholipids (lyso-GCP) by phospholipase (green arrows) and deacylated by 

specific acyltransferases (magenta arrows). The link between sphingolipid and glycerophospholipids involves 

the degradation of sphinganine-1-phosphate (Sa1P) and sphingosine-1-phosphate (So1P) by lyases into fatty 
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acid aldehydes, which are then remodelled into palmitoyl-coenzyme A (palmitoyl-CoA). The figure does not 

depict the phosphorylation pathways of phosphatidylinositols (PI) or the degradation of complex 

glycosphingolipids (GSL). However, simpler GSL, such as galactosylceramide and glucosylceramide, are 

recycled into ceramides through glucocerebrosidase (GCase) and galactocerebrosidase (GALC). Here, we 

focus on four complex GSL: sulfo-galactoceramide (sulfatide), Neu5Acα2-3GalβCer (GM4)), and the 

asialo/gangliosides series (GA2, GM3 (a-series), GD3 (b-series) and GT3 (c-series)) which are vital for myelin 

integrity and neuronal phenotypes (orange box). These GSL are synthesised in the Golgi apparatus from 

galactosylceramide, involving enzymes like sialyltransferase (ST3GalV) and cerebroside sulfotransferase 

(CST). The asialo/gangliosides series is produced stepwise from lactosylceramide through lactosylceramide 

α-2,3-sialyltransferases (GM3S, GD3S and GT3S), β-1,4-N-acetyl-galactosaminyl transferases 1 (β4GALNT1, 

blue arrows), β-1,3-galactosyltransferases 4 (β3GALT4, brown arrows), ST3 β-galactoside alpha-2,3-

sialyltransferases 2 or 3 (ST3GAL2/3, purple arrows) and ST8 α-N-acetyl-neuraminide-α-2,8-sialyltransferases 

1, 3 or 5 (ST8Sia 1/3/5, grey arrows). In addition, Aβ pathology significantly impacts ceramide production and 

remodelling of (lyso-) glycerophospholipid, either stimulating (+) or inhibiting (red arrows) key enzymes (e.g., 

sphingomyelin synthase (SMS), neutral and acidic sphingomyelinase (nSMase and aSMase), ceramide 

synthase (CerS), (sphingosine/sphinganine kinase (SphK), sphingomyelin synthase (SMS), 

sphingosine/sphinganine-1-Phosphate lyase (SPL), ceramide-1-phosphate phosphatases (C1PP), 

sphingosine-1-phosphate phosphatase (SPP), autotaxin (ATX) and ceramidase (CDase)) and transporters 

(ceramide transfer protein (CERT)), which can lead to lysosomal and mitochondrial dysfunction. Further, 

gangliosides and LPA can influence the Aβ aggregation positively (+) or negatively (-), while lyso-PAF inhibits 

and PAF enhances the neuroinflammatory Aβ toxicity. Other abbreviations: CerK, ceramide kinase; CDP-DAG, 

cytidine diphosphate diacylglycerol; CDS, cytidine diphosphate diacylglycerol synthase; CEPT, 

choline/ethanolamine phosphotransferase; DAG, diacylglycerol; DEGS, dihydroceramide desaturase; 

β4GALT5/6, β-1,4-galactosyltransferase 5 or 6; CGT, ceramide galactosyltransferase; G3P, glycerol-3-

phosphate; GPAT, glycerol-3-phosphate acyltransferase; KDSR, 3-ketodihydrosphingosine reductase; PA, 

phosphatidic acid; LPA, lysophosphatidic acid; PAF, platelet-activating factor; lyso-PAF, lyso-platelet-

activating factor; PAF-AH, PAF-acetyl hydrolase; LPAF-AT, lyso-PAF-acyltransferase; PAP, phosphatidic acid 

phosphatase; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phosphatidylethanolamine; LPE, 

lysophosphatidylethanolamine; PE-NMT, phosphatidylethanolamine N-methyltransferase; PG, 

phosphatidylglycerol; LPG, lysophosphatidylglycerol; PGP, phosphatidylglycerol phosphate; PGPS, 

phosphatidylglycerol phosphate synthase; PIS, phosphatidylinositol synthase; LPI, lysophosphatidylinositol; 

PS, phosphatidylserine; LPS, lysophosphatidylserine; PS-DC, phosphatidylserine decarboxylase; PSS-1, 

phosphatidylserine synthase 1; PSS-2, phosphatidylserine synthase 2; SMDase, sphingomyelin deacylase; 

SPT, serine palmitoyltransferase; TCA, Citric acid cycle; UGCG, glucosylceramide synthase. The illustration 

was created using Adobe Illustrator CC 2024. 

 

1.4.3. Sphingolipids and (lyso-) glycerophospholipids in synaptogenesis 

Synaptogenesis is vital for forming new synaptic connections in the central nervous system, 

and the loss of these connections is an early sign of AD (Lacor et al., 2007). Sphingolipids 

and glycerophospholipids are key building blocks of the neuronal membranes, crucial for 

maintaining synaptic function and plasticity. Sphingolipids specialise in neurogenesis and 
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synaptogenesis, while glycerophospholipids maintain membrane stability (Gulbins et al., 

2015; Hussain et al., 2019; Sonnino & Prinetti, 2016). The specific role of (lyso-) 

glycerophospholipids, particularly PC and PE in dendritic growth and PA and PS in dendritic 

branching morphology, has been highlighted (Lee et al., 2011; Ziegler & Tavosanis, 2019). 

Additionally, phospholipases like PLA2 and PLD1 convert glycerophospholipids to 

lysoglycerophospholipids, supporting neurite outgrowth and neuronal viability in AD (Cai et 

al., 2006; Forlenza et al., 2007; Sanchez-Mejia et al., 2008).  

 

The sphingolipids, particularly the variation in ganglioside profiles, undergo significant 

changes during early embryogenesis, transitioning from simpler isoforms (such as GM3 

and GD3) to more complex forms (including GM1, GD1a, GD1b and GT1b) in later 

stages of development. Other sphingolipids, such as SM, GalCer, Sulfo-galactolipids and 

GM4, are crucial for axonal and dendritic arborisation in synaptogenesis and 

myelination. After birth, ganglioside profiles shift in the opposite direction (Olsen & 

Faergeman, 2017). SM and Cer depletion can impair axon sprouting, dendritic branching 

and degradation of more complex GlcCer in hippocampal neurones (Schwarz et al., 

1995).  
 

Sphingolipids are essential in modulating the pre- and postsynaptic terminals. S1P 

influences presynaptic localisation while it also enhances hippocampal glutamate 

transmission. Activation of neutral sphingomyelinase (nSMase) by TNF-α, which leads to 

hydrolyses of SM into Cer, which is also crucial for NMDA receptor clustering and synaptic 

plasticity in the hippocampus (Riganti et al., 2016; Wheeler et al., 2009). The balance 

between SM and Cer is vital for neuronal plasticity, and in MDD, increased Cer levels are 

noted. Knockdown of acidic sphingomyelinase (aSMase) or antidepressants that inhibit 

aSMase can reduce Cer levels and enhance hippocampal neurogenesis (Gulbins et al., 

2013; Gulbins et al., 2015). 

 

1.4.4. Sphingolipids and glycerophospholipids in neuroinflammation  

Lipid homeostasis is essential, and dysregulation recruits glial cells in neuroinflammatory 

processes related to neurodegenerative diseases. For example, LacCer activates 

astrocytes through various pathways, such as Ras-ERK and NF-κB signalling. Pro-

inflammatory factors and toxins can increase LacCer levels, leading to astrocyte proliferation 

and neuronal apoptosis (Chao et al., 2019; Mayo et al., 2014; Pannu et al., 2005). 
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Furthermore, oxidative stress and neuroinflammation are associated with Cer accumulation 

(Hait & Maiti, 2017). 

 

Lysoglycerophospholipid play a significant role in neuroinflammation. Increased levels of 

LPC are linked to pro-inflammatory and demyelination (Plemel et al., 2018). LPC species 

are vital for brain development through neuronal membrane synthesis and myelination. The 

neuroinflammatory effect of LPC is influenced by its biochemical structure (saturated or 

unsaturated LPC species) and its concentration. The expression of LPC in brain endothelial 

cells is significantly reliant on a protein known as the major facilitator superfamily domain-

containing protein 2A, with deficiencies leading to increased plasma LPC levels (Tan et al., 

2020). The role of LPE and LPG in neuroinflammation remains largely unknown. LPS can 

act as an immunomodulator through G-protein coupled receptors on microglial cells (Sayo 

et al., 2019; Sugo et al., 2006). Lyso-PAF is recognised as an anti-inflammatory agent 

towards PAF activity (Shindou et al., 2007). However, the precise mechanism through which 

lysoglycerophospholipid affect neuroinflammation and their potential for neurodegenerative 

diseases, such as AD, remains poorly understood. Possible mechanisms are illustrated in 

Figure 5. 

 

1.4.5. Impact of AD on lipid metabolism alterations and membrane integrity 

Emerging research indicates that genetic risk factors for AD may play a vital role in the 

disruption of lipid homeostasis. A notable example is the ApoE-ε4 isoform, which plays a 

role in enhancing the synthesis of arachidonic acid. This increase may lead to the activation 

of cPLA-2, potentially initiating inflammatory responses. Other late-onset AD genetic risk 

factors, such as triggering receptors expressed on myeloid cells 2, clusterin, 

phosphatidylinositol binding clathrin assembly protein, sterol regulatory-element binding 

protein, ATP-binding cassette subfamily A member 1 and 7, may influence Aβ aggregation 

and Aβ clearance, could be involved in modulation of lipid metabolism (Yin, 2023). Herein, 

we will focus on how APP and its major Aβ peptides (Aβ(1-40) and Aβ(1-42)) affect lipid 

homeostasis. Figure 5 illustrates the key sphingolipids and glycerophospholipids involved in 

these processes. 

 

APP and cleavage peptides Aβ(1-40) and Aβ(1-42) significantly influence lipid homeostasis 

(Grimm et al., 2005). In this context, Aβ plays a crucial role in modulating the neuronal 

membranes through the cholesterol and sphingolipid metabolic pathways. Notably, 3-

Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase and nSMase are vital 
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molecular targets for Aβ (Grimm et al., 2005). Research has shown that Aβ(1-40) inhibits the 

activity of HMG-CoA reductase, while Aβ(1-42) activates nSMase. This dynamic leads to a 

decrease in both cholesterol and SM levels. The reduction in these lipids, associated with 

Aβ aggregation, can be mitigated by restoring the lysosomal biogenesis through inhibiting 

aSMase (Grimm et al., 2005; Lee et al., 2014). Furthermore, elevated levels of cholesterol 

have been observed following the inhibition of the HMG-CoA reductase, which results in 

decreased cellular and extracellular Aβ(1-40) and Aβ(1-42) peptides (Kim et al., 2016). 

 

SM, essential components of lipid rafts, diminish γ-secretase activity, leading to reduced 

levels of Aβ(1-40) or Aβ(1-42) in the amyloidogenic pathway (Grimm et al., 2005; He et al., 2010; 

Kim et al., 2016) (Figure 5). Lipid rafts are complex, dynamic structures composed of a mix 

of sphingolipids, cholesterol, and fatty acids found within cell membranes. They play a 

significant role in lipid and protein sorting, cell adhesion and signal transduction. Notably, 

APP, BACE-1, γ-secretase and NEP have all been identified within lipid rafts. The 

composition of these lipid rafts is vital for regulating Aβ production and aggregation (Kao et 

al., 2020; Kawarabayashi et al., 2004).  

 

Mitochondrial-associated membranes shares structural similarities with lipid rafts and 

consists of SM, cholesterol and proteins, which are essential for lipid synthesis and 

trafficking (Vance, 2014). It plays a role in Aβ synthesis due to its enriched membrane 

environment that contains BACE-1, γ-secretase, and C99 fragments (Area-Gomez et al., 

2009; Pera et al., 2017). This mechanism is associated with a decline in mitochondrial 

function. C99 and Aβ peptides enhance the Cer cascade by increasing the SMase of SM 

(Area-Gomez et al., 2018; Pera et al., 2017) (Figure 5). 

 

Furthermore, Aβ aggregation in the entorhinal cortex of AD is linked to increased SPL and 

decreased SphK 1, while SphK 2 is upregulated in the AD brain. (Ceccom et al., 2014). Cer 

promotes Aβ formation by interfering with the BACE-1 activity of APP, whereas So1P plays 

a protective role in neuronal cells (Figure 5). Inhibition of SPL leads to an intracellular 

accumulation of So1P, which impairs the degradation of APP and its CTF in lysosomes. In 

addition, a reduction in γ-secretase activity has been observed, resulting in decreased Aβ 

production (Karaca et al., 2014). The So1P transporter exacerbates inflammation and 

cognitive impairment caused by Aβ(1-42). Furthermore, So1P regulates anti-apoptosis by 

inhibiting caspase 3 activity through its receptor (Rutherford et al., 2013; Zhong et al., 2019). 
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Additionally, Cer plays a role in regulating and influencing various cellular processes, with 

one of its functions promoting Aβ production through the cleavage of APP by BACE-1. 

Studies indicate that fibrillar Aβ(1-42) peptides enhance the SMase activity indirectly through 

the action of ROS or directly by cPLA2 and arachidonic acid (Han et al., 2002; Jana & Pahan, 

2004; Jazvinšćak Jembrek et al., 2015). Treatment with Aβ(1-42) can modulate the cPLA-2 

activity and arachidonic acid synthesis in a dose- and time-dependent manner in neuronal 

cultures (Figure 5). Inhibiting cPLA-2 has alleviated Aβ(1-42)-induced neurotoxicity and 

improved memory deficits in AD mouse models (Sanchez-Mejia et al., 2008). This inhibition 

promotes the hydrolysis of SM, leading to the production of Cer, which may contribute to 

Aβ-induced apoptosis. Notably, the concentration of Cer decreases with the progression of 

AD, with the highest levels observed in the early stages of AD (Han et al., 2002; Jana & 

Pahan, 2004; Jazvinšćak Jembrek et al., 2015). 

 

The more complex glycosphingolipids, particularly gangliosides, are abundant in lipid rafts 

and exhibit a high affinity for soluble Aβ oligomers (Hong et al., 2014; Matsuzaki, 2020). 

Gangliosides such as GM1 and GM3 are strongly associated with AD (Figure 5). Research 

indicates that both GM1 and GM3 levels are elevated in the brains of AD patients and AD 

animal models (Dodge et al., 2022; Shin et al., 2019; Yanagisawa et al., 1995; Zha et al., 

2004). These gangliosides facilitate the conformational change of α-helical Aβ into more 

toxic β-sheet Aβ structures, such as Aβ oligomers and fibrils, leading to synaptotoxicity and 

memory impairment. Nevertheless, several studies have shown that GM1 and GM3 can 

reduce Aβ production and neurotoxicity, contributing to improvements in cognitive decline 

(Dodge et al., 2022; Matsuzaki, 2020; Shin et al., 2019). 

 

In AD, glycerophospholipids, such as PE, PC and PI, are reduced in neuronal membranes 

(reviewed in (Frisardi et al., 2011; Kao et al., 2020)). Briefly, research indicates that Aβ-

induced excitotoxicity may enhance the activity of PLA2, leading to lower levels of 

glycerophospholipids (Figure 5). Both plasma and CSF levels of PLA2 are elevated in AD 

(Chalbot et al., 2009; Doody et al., 2015; Sanchez-Mejia et al., 2008). Additionally, plasma 

concentrations of PC and lyso-PAF are significantly reduced in normal ageing and AD, while 

PC in CSF samples of AD patients are increased (Dorninger et al., 2018). Despite this, there 

has been limited focus on lysoglycerophospholipid in AD. It has been noted that 

lysoglycerophospholipids are well-determined in interstitial fluids and plasma from both 

human and animal samples (Tan et al., 2020). However, the mechanisms through which 
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these lysoglycerophospholipids are produced or secreted in response to external neurotoxic 

stimuli such as Aβ peptides require further investigation.  

 

 
Figure 5: Involvement of lipid homeostasis on APP cleavage and Aβ-induced neuroinflammation in AD. 

This schematic provides an overview of the interaction between sphingolipids and glycerophospholipids (GCP) 

concerning the cleavage of APP and neuroinflammation induced by Aβ toxicity. Sphingomyelin inhibits β-

secretase and γ-secretase (red arrows), while sphingosine-1-phosphate (So1P) regulates γ-secretase and C-

terminal fragments (C99). Ceramide promotes β-secretase cleavage of APP (red arrows), and Aβ-peptides 

affect lipid enzymes such as sphingosine-1-phosphate phosphatase (SPP), sphingomyelinase (SMase), 

ceramide synthase (CerS), which increasing ceramide production. Aβ-induced toxicity, alongside the 

inflammatory response to Aβ synthesis, can result in the upregulation of LacCer (green arrows). Further 

gangliosides (GM1 and GM3) exhibit both negative (-) and positive (+) effects on the accumulation of toxic Aβ 

peptides (green arrows). Lysoglycerophospholipids (lyso-GCP) and platelet-activating factor (PAF) enhance 

neuroinflammation, exacerbated by Aβ-peptides toxicity on phospholipases (e.g. PLA2) and PAF-acyl 

acetylhydrolase but countered by lyso-PAF. Other abbreviations: CDase, ceramidase; CGT, ceramide 

galactosyltransferase; GM3S, lactosylceramide α-2,3-sialyltransferase; β4GALNT1, β-1,4-N-acetyl-

galactosaminyl transferase 1; β3GALT4, β-1,3-galactosyltransferases 4; β4GALT5/6, β-1,4-

galactosyltransferase 5 or 6; AICD (β-γ), intracellular APP domain after β-secretase and γ-secretase; LPAF-

AT, lyso-PAF-acyltransferase; LPLAT, lysophospholipid acyltransferase; SphK, sphingosine kinase; SMS, 

sphingomyelin synthase; SMDase, sphingomyelin deacylase; UGCG, glucosylceramide synthase. The 

illustration was created using Adobe Illustrator CC 2024. 

 

Furthermore, Aβ binding and aggregation significantly impact the composition of 

glycerophospholipids within neuronal membranes, affecting the fluidity, thickness and 

charge of these membranes (Niu et al., 2018; Williams & Serpell, 2011). Research has 

demonstrated that PC can modify Aβ(1-40) mediated aggregation based on the thickness of 
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the lipid membrane (Korshavn et al., 2017). While charged phospholipid bilayers composed 

of PC and PG can facilitate the production of Aβ(1-40) fibrils (Niu et al., 2014). The curvature 

of these lipid membranes is crucial, and this process is affected by Aβ aggregation. 

Additionally, PE has demonstrated a reduction in Aβ(1-42) binding and toxicity, which leads to 

alteration in curvature and influences the overall membrane structure (Cazzaniga et al., 

2011). In neuronal cells, glycerophospholipids are present at low concentrations and engage 

interactively with lipid and protein functions (Farooqui et al., 2000a; Kern et al., 2001). 

 

Despite extensive research on sphingolipids and glycerophospholipids in the context of 

health and diseases, there is still a limited understanding of the specific neurotoxic and 

neuroprotective effects of different Aβ species on these lipid classes in neuronal cells. To 

address this gap, we explored the impact of two major Aβ species (Aβ(1-40) and Aβ(1-42)) on 

their lipid profiles in glial cells and hippocampal neurones using high-throughput methods. 

 

1.5. Novel therapeutic interventions and approaches 
Only 10 FDA-approved drugs to treat AD are currently available on the market (Therapeutics 

Search | ALZFORUM). These drugs can help slow the disease progression (e.g., anti-Aβ 

antibodies), address cognitive symptoms such as memory and thinking issues (e.g., 

acetylcholinesterase inhibitors and NMDA receptor antagonists), and manage non-cognitive 

symptoms such as behavioural and psychological symptoms (e.g., Brexpiprazole and 

Suvorexant) (Varadharajan et al., 2023). 

 

MDD is highly associated with AD. Therefore, classical antidepressant drugs, such as 

tricyclic antidepressants and selective serotonin reuptake inhibitors, which primarily target 

the inhibition of the SERT, are mainly prescribed (Aaldijk & Vermeiren, 2022). Research has 

shown that various AD mouse models exhibit reduced levels of Aβ and plaques across 

several brain regions after the administration of selective serotonin reuptake inhibitors. Also, 

an improvement in cognitive function was observed (Aaldijk & Vermeiren, 2022). In addition, 

microgliosis and mitochondrial deficits have been repaired after selective serotonin reuptake 

inhibitors administration  (Reddy et al., 2021; Zhang, Q. et al., 2018). Besides this, young 

adults and AD animals exhibited a reduction in Aβ in CSF. While selective serotonin 

reuptake inhibitors are commonly prescribed and considered safe for treating depression, it 

is essential to note that long-term use may lead to side effects (Cirrito et al., 2011; Sheline 

et al., 2014).  
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Treatment with selective serotonin reuptake inhibitors is not specific to 5-HTR. They function 

by prolonging the presence of 5-HT in the synaptic cleft by inhibiting SERT at the presynaptic 

terminal of serotonergic neurones (Hamon & Blier, 2013). There is growing interest in 

compounds that can modulate the serotonergic system in AD. In the next section, we will 

provide a short overview of potential 5-HT2R subtype modulators, including both 

psychedelics and antipsychotics, that may influence AD pathology (Table 1). 

 

1.5.1. Psychedelics and antipsychotics on 5-HT2R subtypes 

There are various agonists and antagonists that modulate 5-HT2AR activity, which can lead 

to a potential therapeutic application in the treatment of neurological and psychiatric 

disorders. TCB-2, a potent and selective agonist of the 5-HT2aR, can reduce the Aβ plaques 

load and diminish the neuroinflammatory response. It ameliorates cognitive impairment by 

increasing the brain-derived neurotrophic factor (BDNF) and lowering hippocampal neuronal 

loss (Afshar et al., 2019; Afshar et al., 2018). Desloratadine, an antagonist of the 5-HT2AR, 

shows a similar effect by blocking the 5-HT2AR (Lu et al., 2021). 

 

Other 5-HT2AR antagonists (EMD281014 and M100907) have shown a reduction in Aβ 

peptides across various brain regions and in CSF. These antagonists also improved memory 

(Terry et al., 2005; Yuede et al., 2021). The regulation of APP can be modified by both 5-

HT2AR and 5-HT2CR antagonists (such as ketanserin, mianserin and ritanserin), thereby 

alleviating symptoms of delirium in AD. Ketanserin and ritaserin have been found to 

moderate Tau hyperphosphorylation in the hippocampus (Busceti et al., 2015; Ikeguchi & 

Kuroda, 1995; Nitsch et al., 1996). Inhibition of Tau hyperphosphorylation, as well as repair 

in LTP and memory deficiency, was seen by treatment with a 5-HT2CR antagonist 

(RS102,221) (Busceti et al., 2015). In addition, 5-HT2CR agonist (dexfenfluramine) has a 

beneficiary effect on the APP metabolism by reducing the Aβ(1-42) levels and increasing the 

soluble APP metabolites in CSF (Arjona et al., 2002; Nitsch et al., 1996). 5-HT2CR agonist 

(RO-60-0175) and 5-HT2CR antagonist SB242084) contribute positively to the clearance of 

Aβ toxicity (Tian et al., 2015). 

 
Table 1: Summary of possible compounds that stimulate the 5-HT2R subtypes with a direct positive impact on 

the AD pathology. 

This table presents both pre-clinical and clinical psychedelics and antipsychotics concerning AD pathology or 

depressive systems associated with AD. Our focus is briefly overviewing how various 5-HT2R subtypes (5-

HT2AR, 5-HT2BR and 5-HT2cR) influence AD pathology. (7R)-3-bromo-2,5-dimethoxy-bicyclo[4.2.0]octa-1,3,5-
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trien-7-yl] methanamine (TCB-2); hippocampus (HC); bone-derived neurotrophic factor (BDNF); long term 

potential (LTP); neprilysin (NEP); Cerebrospinal fluid (CSF); soluble APP (sAPP); cornu ammonis (CA 1). 

5-HT2R 

subtypes 
Receptor 
(ant-) agonist 

Compounds Effects Source 

5-HT2AR Agonist 

 

 

 

 

 

Inverse agonist 

 

Antagonist 

TCB-2 

 

 

 

 

 

Pimavanserin 

 

EMD281014 

 

M100907 

 

Desloratadine 

 

 

 

 

 

Ketanserin /  

Ritaserin 

 

↓ Aβ plaques, 

↓ HC neuronal loss, 

↑ HC BDNF levels, 

↓ Oxidative stress, 

Improvement in cognitive 

impairment 

↓ Aβ peptides in cortex, HC 

and CSF 

Improvement in memory 

 

↓ Aβ peptides in cortex, HC 

and CSF 

↓ Aβ plaques in CA1 of HC, 

↓ Neuroinflammation, 

Improvement in LTP and 

cognitive functions, 

↑ microglial Aβ phagocytosis 

and degradation  

Regulate the APP turnover, 

Preventing Tau 

hyperphosphorylation in CA 1 

(Afshar et al., 2019; 

Afshar et al., 2018) 

 

 

 

 

(Yuede et al., 2021) 

 

(Terry et al., 2005) 

 

(Yuede et al., 2021) 

 

(Lu et al., 2021) 

 

 

 

 

 

(Busceti et al., 

2015; Ikeguchi & 

Kuroda, 1995) 

5-HT2BR Antagonist MW071 Rescued synaptic plasticity 

and memory induced by Aβ- 

and Tau-oligomers   

(Acquarone et al., 

2024) 

5-HT2CR Agonist 

 

 

Antagonist 

 

Dexnorfenfluramine 

 

RO-60-0175 

SB242084 

RS-102,221 

 

 

 

Vortioxetine 

↑ sAPP levels in CSF, 

↓ Aβ(1-42) levels in CSF 

↑ NEP 

↓ NEP 

Preventing Tau 

hyperphosphorylation 

Repair in hippocampal LTP 

and memory deficiency 

Improvement in depressive 

symptoms and cognitive 

functions 

(Arjona et al., 2002; 

Nitsch et al., 1996) 

(Tian et al., 2015) 

(Tian et al., 2015) 

(Busceti et al., 

2015) 

 

 

(Christensen et al., 

2023; Cumbo et al., 

2022; Cumbo et al., 

2019) 
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5-HT2AR/ 
5-HT2CR 

Antagonist Mirtazapine 

 

 

 

Mianserin 

↓ Depressive systems, 

↓ Aβ induced neurite atrophy, 

Rescuing Aβ induced dendritic 

Golgi vesicle trafficking 

Improvement in AD delirium, 

Regulate the APP turnover 

(Correia & Vale, 

2021; Fabbretti et 

al., 2021) 

 

(Ikeguchi & Kuroda, 

1995; Nitsch et al., 

1996) 

 

Recently, the selective inverse agonist pimavanserin, which inhibits the intrinsic activity of 

the 5-HT2AR, has been investigated in APP/PSEN-1 mouse model. It has been shown to 

reduce the Aβ(1-40) and Aβ(1-42) peptide levels and aggregation in the cortex, hippocampus 

and CSF (Yuede et al., 2021). 5-HT2BR antagonist, MW071, showed neuroprotective effects 

on synaptic plasticity and ameliorated memory deficits induced by Aβ- and Tau-oligomers 

toxicity in rodents (Acquarone et al., 2024). The antagonist of both 5-HT2AR and 5-HT2CR, 

such as mirtazapine, diminished the depressive symptoms and cognitive impairments. 

Vortioxetine, a 5-HT2CR antagonist, induce a similar effect. Mirtazapine can also improve 

brain atrophy and restore vesicle trafficking in neurones impacted by Aβ toxicity 

(Christensen et al., 2023; Correia & Vale, 2021; Cumbo et al., 2022; Cumbo et al., 2019; 

Fabbretti et al., 2021). 

 

1.5.2. N,N-tryptamines: new class of psychedelics in AD 

The classic psychedelics are categorised into ergolines and tryptamines. Herein, we will 

focus on the tryptamine derivatives structurally related to the neurotransmitter serotonin. 

The tryptamines consist of a benzene and a pyrrole ring (indole ring structure) combined 

with an amino group and two carbon side chains. Various structural and chemical 

modifications are possible on the indole ring to make more complex tryptamine derivatives. 

These structural changes can significantly impact the pharmacological, behavioural effects, 

neuroprotective, neuro-regenerative and anti-inflammatory properties of these tryptamines 

(Araújo et al., 2015; Kozlowska et al., 2022).  

 

Overall, the characteristics and impacts of tryptamines derivatives from both natural (e.g. 

DMT, 5-methoxy-N,N-dimethyltryptamines (5-MeO-DMT)) and synthetic (N,N-

diethyltryptamines (DET) and N,N-dipropyltryptamines (DPT)) origin have been studied 

before (Tittarelli et al., 2015). DMT and 5-MeO-DMT are the most well-known psychedelics 

investigated for their profound effect on anti-inflammatory and neurogenic effects in 

neurological disorders. (Morales-Garcia et al., 2020; Tittarelli et al., 2015).  
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In addition, DET has structural similarities with DMT. Little is known about DET functionality 

in adult neurogenesis and AD pathology in the literature. There is an essential need for an 

update on the potential hazard of synthetic tryptamines based on their pharmacological and 

toxicological properties in animal and human studies (Araújo et al., 2015). Therefore, more 

research is needed to elucidate the effect of DET as a potential drug candidate in 

neurological disorders (Figure 3). However, alternative administration routes and drug doses 

need to be further elucidated in AD. 

 

The primary advantage of DET lies in its ability to be administered orally without undergoing 

degradation by MAO. In contrast, DMT is pharmacologically inactive when absorbed through 

the oral route. 5-MeO-DMT can be administered through several routes, including inhalation, 

intravenous injection, sublingual or intranasal insufflation, and orally using in combination 

with a MAOI (Tittarelli et al., 2015). DET exhibits pharmacological efficacy that extends 

beyond DMT, suggesting that it shares similar agonist activity for 5HTR (Figure 3). DMT is 

characterised by considerable binding affinity as an agonist, primarily targeting the 5-HT2AR 

(Böszörményi et al., 1959; Cohen & Vogel, 1972; Tittarelli et al., 2015). In addition, studies 

indicated that the binding affinities of DMT and its derivatives are also notable for other 

receptors, such as TAAR and SR1, which are widely distributed throughout the brain 

(Fontanilla et al., 2009; Rickli et al., 2016).  

 

Furthermore, human cerebral organoids have revealed the involvement of various receptors 

(such as SR1, 5-HT2AR and 5-HT2CR) compared to traditionally used human neural 

progenitor cell cultures. The latter did not exhibit 5-HT2AR and 5-HT2CR activity and failed to 

increase dendritic branch density after 5-MeO-DMT treatment (Dakic et al., 2017). 

Consequently, we explored the neurogenic role of DET in preliminary experiments using 

three-dimensional cellular AD models and in vivo experiments in the APP/PSEN-1 mouse 

model.  

 

1.5.3. N,N-tryptamine derivatives: potential neuroprotective properties 

In vitro and in vivo models have shown that psychedelics can elevate neuronal plasticity 

through the activation of 5-HT2AR (Olson, 2022). These substances can promote spine 

density, morphology, and synaptic plasticity. Increased spine plasticity results from 5-HT2AR 

stimulation, which activates Ras-related C3 botulinum toxin substrate 1 (RAC1). 

Psychedelics can regulate synaptic plasticity by further enhancing BDNF/Trk and mTOR 
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signalling. The pathways involving Rac1, BDNF/Trk, and mTOR signalling have been 

implicated in AD (Ly et al., 2018; Mi et al., 2017; Wu et al., 2019; Zhang et al., 2022a). 

 

In vitro, DMT has been shown to promote adult neurogenesis by inducing the proliferation 

and migration of NSC progenitors, as well as increasing differentiation into various neuronal 

phenotypes such as astrocytes, oligodendrocytes and neurones (Morales-Garcia et al., 

2020). Further, DMT induces NSC proliferation and supports adult hippocampal 

neurogenesis in vivo. It has also been seen to improve learning and memory performance 

in animal models. Research conducted by Dr. Ana Perez Castillo's laboratory and others 

found that hippocampal neurogenesis was also mediated through the SR1. Similar 

outcomes were observed for 5-MeO-DMT. (Fukunaga & Moriguchi, 2017; Morales-Garcia 

et al., 2020). However, a single intracerebroventricular injection of 5-MeO-DMT resulted in 

enhanced complexity of dendritic branching of neurones (Lima da Cruz et al., 2018).  

 

Human cerebral organoids have shown alterations in their proteome following treatment with 

5-MeO-DMT. Research has shown an increase in the formation of dendritic spine and 

cellular protrusion, and enhancement in microtubule and cytoskeletal organisation after this 

treatment (Dakic et al., 2017). Predictions suggest biological functions linked to 

neurodegeneration and neuroinflammation. Furthermore, proteomic investigations following 

5-MeO-DMT treatment have identified proteins that may play a role in regulating the LTP 

(Dakic et al., 2017).  

 

DMT and 5-MeO-DMT have been shown to promote dendritic and spine neurogenesis by 

activating 5-HT2AR in cortical neurones. The membrane permeability of these psychedelics 

influences enhanced neurogenesis (Vargas et al., 2023). Compounds featuring N-

methylation, such as N,N dimethyl derivatives, have been shown to promote neuronal 

growth by increasing the dendritic spine density. Additionally, membrane-permeable 

intracellular 5-HT2AR agonists have been associated with increased spine formation (Vargas 

et al., 2023). Endogenous DMT and 5-MeO-DMT exist in humans but are rapidly degraded 

(Barker et al., 2012). As a result, studying their roles in health and disease processes is 

significantly challenging, even with advanced technology. Besides this, using N,N-ethylated 

synthetic compounds, such as DET, similar in structural and functionality to DMT, could 

present a promising new therapeutic approach in neurological disorders.  
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1.5.4. Targeting neuroinflammation and serotonergic pathways: implications for 

Alzheimer’s disease and amyloid-associated depressive disorder 

Astrocytes and microglia have been reported to exert neuroprotective effects through the 

activation of 5-HTR, S1R and TAAR (Barnes et al., 2021; Borbély et al., 2022; Nardai et al., 

2020; Polini et al., 2023; Schipke et al., 2011). These receptors on these glial cells can 

trigger a neuroinflammatory response. Research indicates that DMT and 5-MeO-DMT 

reduce both mRNA and protein levels of pro-inflammatory markers (IL- 1β, IL- 6, TNF- α, IL- 

8 and APAF-1) while simultaneously enhancing the regulation of anti-inflammatory 

responses (IL-10) and increasing BDNF levels (Nardai et al., 2020; Szabo et al., 2014).  

 

5-MeO-DMT treatment in human cerebral organoids has been demonstrated to elicit an anti-

inflammatory response through the NF-κB signalling pathway (Dakic et al., 2017). 
Additionally, the S1R agonist DMT mitigated the effect of induced hypoxia in human-induced 

pluripotent stem cell-derived cortical neurones (Szabo et al., 2016). NF-κB is a crucial 

transcription factor that plays a pivotal role in the production of Aβ by regulating pro-

inflammatory and anti-inflammatory responses in AD (Faria et al., 2014; Gao et al., 2022; 

Ly et al., 2013).  

 

Immune regulation through the inhibition of IDO has been observed in AD (Yu et al., 2015). 

DMT and its precursor tryptamines can inhibit IDO, which plays a crucial role in the 

downstream regulation of the kynurenic pathways (Tourino et al., 2013). Oral administration 

of coptisine, an IDO inhibitor, has been shown to reduce microgliosis and astrogliosis in the 

APP/PSEN-1 mouse model, subsequently decreasing neuronal loss and the formation of 

Aβ plaques (Tourino et al., 2013; Yu et al., 2015). Furthermore, DMT can inhibit the SERT 

and vesicle monoamine transporter 2, leading to enhanced serotonin levels in the brain 

(Cozzi et al., 2009; Nagai et al., 2007). Harmala alkaloids influence the prolonged 

physiological effects of DMT and serotonin in the brain. Harmala alkaloids are found in 

ayahuasca brew and act as a MAOI, stimulating adult neurogenesis in vitro (Cameron et al., 

2018; Morales-García et al., 2017; Riba et al., 2003).   

 

Recent study have demonstrated that DMT modulates the Aβ accumulation in the 

hippocampus and prefrontal cortex of a triple AD transgenic mouse model (Cheng et al., 

2024). It has also been shown that DMT reduces astrogliosis and slightly affects microgliosis 

after Aβ(1-42) induced toxicity in vivo (Borbély et al., 2022). Additionally, DMT has been found 

to increase S1R activity in vitro and in vivo. Furthermore, DMT has been investigated to 
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restore mitochondrial dysfunction caused by Aβ toxicity in hippocampal neurones (Cheng et 

al., 2024).  

 

In summary, the bidirectional relationship between AD and MDD has shared pathological 

mechanisms. These mechanisms include amyloid pathology, neuroinflammation, 

impairments in neuroplasticity processes such as neurogenesis, synaptic plasticity, and 

alterations in lipid metabolism. Using tryptamine derivatives to influence these mechanisms 

may provide new and promising ways to treat both conditions. 

 

1.6. Understanding the impact and relevance of AD models in current research 
Experiments on AD models are designed to improve our comprehension of the onset and 

progression of the pathophysiological features of AD while also working towards developing 

novel diagnostic and treatment approaches (Centeno et al., 2018; Drummond & Wisniewski, 

2017; Ranjan et al., 2018). None of the current models have fully captured human AD in its 

pathological, biochemical, and behavioural aspects. As there are no animals that naturally 

develop both key features of AD (Aβ buildup and Tau hyperphosphorylation), the most 

widely utilised models for studying this condition are in vitro two-dimensional and three-

dimensional cell cultures, along with in vivo transgenic animal models (Drummond & 

Wisniewski, 2017; Sreenivasamurthy et al., 2023; Yokoyama et al., 2022). Two-dimensional 

and three-dimensional cultures consist of brain cells or stem cells (either embryonic or 

induced pluripotent cells) obtained from animals and patients, which will eventually 

differentiate into various somatic cells found in the brain (e.g., neurones, astrocytes, 

microglia). These cells are cultivated to replicate specific inherent characteristics of the 

native human brain (Cenini et al., 2021; Drummond & Wisniewski, 2017). These models 

encounter several limitations, including inadequate tissue availability from AD patients and 

variations in epigenetics and/or phenotypes within cell lines derived from donors (Drummond 

& Wisniewski, 2017; Ranjan et al., 2018; Velasco et al., 2019). Furthermore, long-term 

cultures can be both labour-intensive and costly, and there is currently a lack of standardised 

procedures necessary to replicate the ageing brain conditions associated with 

neurodegenerative diseases (Cenini et al., 2021; Drummond & Wisniewski, 2017; Liu et al., 

2012; Papaspyropoulos et al., 2020; Ranjan et al., 2018; Sreenivasamurthy et al., 2023; 

Velasco et al., 2019). Additionally, challenges arise in recreating the most affected brain 

regions, such as the hippocampus and specific cortical layers, and in conducting imaging 

studies (D'Avanzo et al., 2015; Papaspyropoulos et al., 2020; Ranjan et al., 2018). These 

models also fall short of accurately representing the complex environment of the human 
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brain, which should encompass a broader range of essential brain cell types, intricate 

interactions among neurones throughout the brain, and systems related to vascular and 

drainage functions (Cenini et al., 2021; Drummond & Wisniewski, 2017; Papaspyropoulos 

et al., 2020; Sreenivasamurthy et al., 2023).  

 

In conclusion, a significant challenge contemporary drug development models face is their 

ability to evaluate behavioural outcomes effectively. This limitation significantly restricts their 

applicability during the initial phases of the drug development process (Centeno et al., 2018; 

Choi et al., 2016). Although progress has been made by advancing from two-dimensional to 

more sophisticated three-dimensional cultures, numerous issues remain unaddressed. 

Therefore, it is imperative to integrate three-dimensional cultures with in vivo transgenic 

models to elucidate the specific effects of pharmacological compounds. These in vivo 

transgenic models consist of living organisms wherein specific genes, identified through 

human gene linkage studies pertinent to AD, have been modified or introduced into the 

animal genome. This genetic manipulation creates models that closely mirror human 

pathophysiology, reducing the need to use non-human primates or human subjects (Harvey 

et al., 2011; Vandamme, 2014).  

 

The utility of these models offers valuable insights into the biological effects of AD due to 

their high physiological relevance and their similarity to the structural and biochemical 

aspects of brain ageing (Ranjan et al., 2018; Sreenivasamurthy et al., 2023; Vandamme, 

2014). Moreover, they are pivotal in drug development and therapeutic assessment during 

preclinical testing (Ranjan et al., 2018; Yokoyama et al., 2022). The selection of mice as the 

animal model provides several advantages, including (1) their small size and genetic 

similarity to humans, coupled with low-cost maintenance for housing and feeding, which 

facilitates large-scale and high-throughput studies (Vandamme, 2014; Yokoyama et al., 

2022); (2) their relatively short lifespan, which permits manageable long-term studies 

focussing on ageing and neurodegenerative diseases (Ranjan et al., 2018; Yokoyama et al., 

2022); and (3) the availability of an established framework for genetic manipulation, 

complemented by a wide array of research tools, such as antibodies (Lecanu & 

Papadopoulos, 2013; Yokoyama et al., 2022).  
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1.6.1. Exploring the APP/PSEN-1 mouse model: a critical tool for understanding AD 

pathogenesis 

Since the late 1980s, more than 200 mutations associated with AD have been identified, 

leading to the development of numerous transgenic mouse models that have substantially 

advanced the field (Alzheimer's Disease Research Models | ALZFORUM; Myers & 

McGonigle, 2019). These models exhibit distinct pathological and behavioural effects 

depending on the mutations expressed. The pursuit of expanding these effects has resulted 

in the creation of increasingly sophisticated transgenic models, including multi-transgenic 

variants (Myers & McGonigle, 2019; Sanchez-Varo et al., 2022). This section will primarily 

focus on transgenic models that harbour specific mutations in both APP and PSEN genes.  

 

These models are based on the transgenic overexpression of human APP, incorporating 

various familial AD-associated mutations in the APP gene. These APP mutations lead to the 

production of different Aβ peptides that are more prone to aggregate. The decision to 

overexpress APP was made to mimic the β-amyloidosis typically observed in the brains of 

individuals with AD, resulting in increased levels of Aβ and APP fragments (such as sAPP, 

CTF-α, CTF-β, and AICD) (Kitazawa et al., 2012; Nilsson et al., 2014; Sasaguri et al., 2017). 

Furthermore, in these models, the PSEN genes are also linked to several familial mutations 

associated with AD. These genes encode proteins that are vital components of the γ-

secretase complex, which is involved in the cleavage of APP and among many other cellular 

functions (Hernández-Sapiéns et al., 2022; Kitazawa et al., 2012; Nilsson et al., 2014; 

Sasaguri et al., 2017). Mutations in PSEN genes typically alter secretase cleavage, leading 

to an increased production of the amyloidogenic Aβ. These PSEN gene mutations can 

speed up the Aβ accumulation, which in turn causes more neuronal damage and cognitive 

decline (Hernández-Sapiéns et al., 2022; Kitazawa et al., 2012; Sasaguri et al., 2017). To 

study this further, researchers have developed various AD models featuring different 

combinations of mutations in both the APP and PSEN genes. Each of these models uses 

specific promoters and individually shows different characteristics of AD as well as different 

timelines when the symptoms appear in AD (Myers & McGonigle, 2019; Research Models 

Search | ALZFORUM) 

 

Furthermore, a widely used and well-characterised model for AD that incorporates both APP 

and PSEN-1 mutations is the APP/PSEN-1 (Tg) mice model. This mouse model carries two 

transgenes with AD-linked mutations: the human APP gene featuring the Swedish mutation 

(KM670/671NL) and the modified human PSEN-1 gene, which lacks exon 9 due to a 
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nonsense mutation at the splice acceptor site (guanine changing to thymine). This alteration 

prevents the translation of exon 9, which was identified in the mid-1990s (Jankowsky et al., 

2004; Jankowsky et al., 2001; Perez-Tur et al., 1995). The deletion of exon 9 corresponds 

to a form of early-onset AD. Both transgenes are controlled by the mouse prion protein 

promoter element, which directs transgene expression predominantly to neurones of the 

central nervous system (Jankowsky et al., 2004; Jankowsky et al., 2001).  

 

The neuropathological characterisation of the Tg mice model starts at approximately 4-6 

months with the accumulation of Aβ plaques in both the cortical and hippocampal regions. 

The accumulation of Aβ plaques increases in size and number with ageing (Garcia-Alloza 

et al., 2006; Izco et al., 2014; Jackson et al., 2013; Jankowsky et al., 2004; Kamphuis et al., 

2012; Minkeviciene et al., 2008; Ruan et al., 2009). Alongside plaque formation, these mice 

exhibit a decline in synaptic function, neuronal loss, and reactive gliosis, characterised by 

the presence of astrocytes and activated microglia surrounding the Aβ plaques in the cortex 

and hippocampus (Bai et al., 2017; Hong et al., 2016; Jackson et al., 2013; Kamphuis et al., 

2012; Malm et al., 2007; Minkeviciene et al., 2008; Ruan et al., 2009; Toledo & Inestrosa, 

2010). Behaviourally, Tg mice show impairments in learning and memory, particularly 

difficulties in spatial memory and cognitive flexibility, starting between 6-10 months (Hulshof 

et al., 2022; Izco et al., 2014; Lalonde et al., 2005; Minkeviciene et al., 2008).  

 

Furthermore, transcriptomics studies have revealed that differences between Tg and wild-

type (WT) mice can be detected as early as 2 months of age (Chintapaludi et al., 2020). 

Variations in gene expression associated with the transgenes have been documented for 

genes related to protein translation, oxidative phosphorylation, hormonal signalling, 

proteolysis, and myeloid-cell activity, as well as among other factors (Chintapaludi et al., 

2020; Jackson et al., 2013; Onos et al., 2019). Additionally, WT and Tg mice display age-

related changes in their brain transcriptomes; genes exhibiting differential expression at 4 

and 6 months, regardless of genotype, are linked to mRNA processing, protein translation, 

and oxidative phosphorylation (Jackson et al., 2013). 

 

Studying these models, which incorporate mutations of APP and PSEN genes, gives us a 

valuable opportunity to deepen our understanding of Aβ pathology, neuroinflammation, and 

impaired neurogenesis in the context of ageing and AD. These models could also help 

discover new treatments to improve these conditions and slow their progression in ageing 

and AD.  
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2. Research aims and framework of this dissertation 
2.1. Objectives 

The research endeavours of this work are to reveal the pathological impact of human Aβ(1-

40) and Aβ(1-42) species on early pathological effects in AD as well as the impact of neurogenic 

novel therapeutic agents (such as N,N-diethyltryptamine (DET) on pathological symptoms 

in AD models. Increasing evidence supports that Aβ pathology might affect synapses, lipids, 

neuroinflammation and neurogenesis in AD. The research challenges addressed here are 

presented as follows: 

 

1. How do adult neurogenesis and neuroinflammation manifest and interact in the 

APP/PSEN-1 (Tg) mouse model?  

 What might be the relation between RELN and microgliosis in various AD mice 

brain regions during ageing? 

RELN is expressed in layer II entorhinal cortical neurones and plays a crucial role in 

neuroplasticity, which is initially affected in AD. Additionally, neuroinflammation is an 

early symptom of AD. However, the relation between RELN and microgliosis in a 

longitudinal study involving 2-12-months-old brain slices from both hippocampal and 

entorhinal areas of Tg and WT mice has not been reported yet. Here, we will conduct 

primary research on the expression of RELN and microglial marker through 

immunohistochemistry in the hippocampal and entorhinal areas of 2-12-month-old 

WT and Tg mice. Our approach could contribute to a deeper understanding of the 

early stages of AD.  

 Can we develop an ageing-related AD in vitro model from Tg and WT mice for 

investigating the effect of Aβ pathology? 

Previous research has shown that neurospheres can be cultivated from both young 

and old animals. However, the exploration of adult neurogenesis and the impact of 

Aβ toxicity in neurospheres from WT and Tg mice, particularly those around 16 

months old, has not yet been elucidated. Our objective was to cultivate neurospheres 

from WT and Tg mice at this age and investigate the implication of adult neurogenesis 

during the early stage of AD.  

 

2. What is the pathological effect of various Aβ species on synaptic and lipid 

homeostasis in various brain cells? 

Synaptic dysfunction is an early event in the pathology of AD. Research has 

demonstrated that various Aβ species exert differing effects on the synaptic 
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pathology in AD, with Aβ(1-40) being less toxic than Aβ(1-42). Furthermore, studies 

indicated that Aβ species might have a neurotrophic effect. Therefore, the aims of 

this study are divided into four parts: 

 Does synaptic loss occur before lipid alterations after Aβ-induced toxicity? 

 Are there Aβ species-dependent alterations in synaptic loss and lipid 

changes? 

 Does Aβ species have a neurotoxic or neurotrophic effect on synapses and 

lipids? 

 Do extracellular lipid profiles differ from cellular lipid profiles after Aβ-induced 

toxicity? 

To investigate this effect, we utilised primary hippocampal neurones and glial cells 

from mice. These brain cells were treated for 3 or 12 hours with human Aβ(1-40) or 

Aβ(1-42) species. The synaptic analysis involved labelling both pre- and postsynaptic 

markers to evaluate the loss of active synapses resulting from Aβ species exposure 

and time-dependent toxicity. Specific regions were selected to count the loss of active 

synapses. In addition, we examined lipid profiles using high-performance thin-layer 

chromatography and tandem mass spectrometry on the same brain cells during the 

Aβ-induced treatment intervals.  

 

3. What is the therapeutic effect of N,N-diethyltryptamine on AD pathology? 

Previous research in Dr. Ana Perez Castillo's laboratory, affiliated with CIBERNED 

and CSIC-UAM in Madrid, demonstrated that N,N-diethyltryptamine (DET) exhibits 

neuroprotective and anti-inflammatory properties. Consequently, our objective is to 

investigate the effect of DET on AD pathology. Therefore, we are analysing both 

magnetic resonance images (MRI) and magnetic resonance spectroscopy (MRS) of 

WT and Tg mice following DET treatment. MRI will enhance our understanding of the 

neuroprotective implications of DET regarding Aβ accumulation and the structural 

integrity of the brain, including axonal and myelin integrity. Meanwhile, MRS might 

reveal the neuroprotective and anti-inflammatory effect of DET on key metabolites, 

macromolecules, and lipid resonance that are dysregulated in AD. 

 

In conclusion, we propose an innovative approach to investigate adult neurogenesis in vitro 

and in vivo, particularly about amyloidosis-related pathologies, focussing on AD pathology. 

The study aims to characterise Aβ species, particularly Aβ(1-40) and Aβ(1-42), alongside 

examining neuroinflammatory processes and the neuroplasticity protein RELN in our Tg 
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mouse model of AD. Furthermore, we intend to explore an alternative treatment approach 

for AD involving compounds capable of modulating the serotonin pathway in vitro and in 

vivo. Our research will also assess how these Aβ species impact active synapses and 

cellular and extracellular lipid profiles. Thus, our approach could lead to a better 

understanding of the early stages associated with Aβ-induced toxicity in AD. This research 

might also contribute to developing new target-based molecules and innovative therapeutic 

tools for diagnosing, preventing, and treating this devastating disorder. 
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2.2. Framework of this dissertation 
The framework of this monograph dissertation comprises two research chapters (Chapters 

3 and 4). The dissertation outlines the research conducted at the laboratory of Dr. Ana Perez 

Castillo (CIBERNED) in Madrid, Spain (Chapter 3) and the research conducted at the 

research unit of Anatomy at the Carl von Ossietzky Universität Oldenburg, Germany 

(Chapter 4). The work in both chapters was part of a Marie Skłodowska-Curie Innovative 

Training Network project. The research work in Chapter 3 will not be published in a peer-

reviewed journal. The work in Chapter 4 consists of an article in a peer-reviewed journal 

(Van Bulck et al., 2022) and unpublished data. Both published and unpublished data were 

incorporated into Chapter 4 of the dissertation to allow a comprehensive synthesis of the 

entire body of doctoral work. However, slight modifications were made to the layout of the 

published data figures, tables, and text without changing their initial published content. 

Herein, we briefly outline both chapters.  

 

 Chapter 3: Investigation of Aβ species, neuroinflammation, adult neurogenesis 
and therapeutic intervention in the AD mouse model 
Here, we mainly focussed on characterising neuroinflammation, Aβ peptide 

aggregation, neuroplasticity/neurogenesis, and novel DET treatment in our Tg AD 

mouse model. Furthermore, we preliminarily explored adult neurogenesis and the 

impact of Aβ toxicity or DET treatment on neurospheres from aged WT and Tg mice. 

  

 Chapter 4: The impact of Aβ species on synaptic plasticity and lipid profiling: 
insights from in vitro physiological models 
The outline of this chapter is based on the publication: “Aβ-induced alterations in 

membrane lipids occur before synaptic loss appears”, which shows the synaptic loss 

of hippocampal neurones and lipid profiles of hippocampal neurones and glial cells 

after Aβ species stimulation. Further, it also consists of supplementary material of 

unpublished lipid data from conditioned media of hippocampal neurones and glial 

cells. 

 

Furthermore, the beginning of each chapter highlights a short overview of the provided data, 

contributions, and possible drawbacks.  
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3. Investigation of Aβ species, neuroinflammation, adult neurogenesis and 
therapeutic intervention in the AD mouse model 
The results of this chapter, which will not be published, focus on the effect of various Aβ 

species (Aβ(1-40) and Aβ(1-42)) and their relation to adult neurogenesis and neuroplasticity in 

WT and Tg mice. The data provides immunofluorescence imaging of Aβ species, 

neuroinflammation, and RELN in different developmental phases of WT and Tg mice. Also, 

these Aβ species were investigated on a three-dimensional model (neurospheres) obtained 

from the subventricular zone of old WT and Tg mice. Furthermore, a new potential 

tryptamine derivative was tested on these neurospheres and in vivo. In vivo magnetic 

resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) were performed for 

this. 

 

Contributions: 
All in vitro and in vivo experiments were performed by Michiel Van Bulck (M.V.B.). M.V.B., 

Dr. José Angel Morales Garcia and Dr. Ana Pérez Castillo designed the study. M.V.B. did 

fluorescent imaging and data processing. The MRI, MRS, and raw data collection were 

performed by the Biomedical NMR Facility Sebastián Cerdán in the Instituto de 

Investigaciones Biomédicas (CSIC-UAM). M.V.B. did further data analysis of the data 

collected from the NMR facility. PD Dr. Peter Sörös and Prof. Dr. Anja U. Bräuer helped with 

the MRI data analysis. 

 
Drawbacks:  
Due to problems in the animal cohort, animal facility, and COVID-19 crisis, as well as diverse 

research interests in Dr. Ana Perez Castillo's laboratory, the pilot study with neurospheres 

and therapeutic compounds that M.V.B. started could not have been extended for a longer 

period. Therefore, there are some discrepancies and inconsistencies in the data sets. 
 

Hereby, I confirm that Michiel Van Bulck contributed to the investigation as stated above. 

 

                                 (Place, Date)                                                     (Prof. Dr. Anja U. Bräuer) 
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3.1. Introduction 
AD is a multifactorial neurodegenerative disorder characterised by the pathological 

accumulation of Aβ peptide species and neurofibrillary tangles within the brain (De Strooper, 

2010; Haass et al., 2012). Increasing evidence indicates that neuroinflammation and 

impaired neuroplasticity may serve as early signs of this disorder, underlying the necessity 

for additional research into the intricate relationship between neuroinflammation and 

neuroplasticity in the context of AD pathology (Amor et al., 2014; Heneka et al., 2015; Sung 

et al., 2020). Recent investigations have revealed a correlation between diminished NSC 

proliferation and neuronal maturation, which can occur with microgliosis. These effects are 

frequently observed in the early stages of AD (Salta et al., 2023). Furthermore, microglia are 

vital in regulating synaptic pruning and refinement throughout neural development within the 

brain. They can release numerous signalling molecules associated with synaptic activity and 

the regulation of neuroplasticity. Their role in maintaining synaptic homeostasis is achieved 

through the phagocytosis of synapses, a process that can become dysregulated in AD due 

to Aβ-induced toxicity (Cornell et al., 2022; Gao et al., 2023; Salta et al., 2023).  

 

Moreover, advancements in proteomic analyses have enriched our comprehension of AD 

by identifying novel proteins, primarily focussing on synaptic proteins associated with RELN-

positive cells (Dayon et al., 2018). RELN itself is a vital glycoprotein located in the 

extracellular matrix of layer II neurones in the entorhinal cortex and is essential for 

neurogenesis in the hippocampus and in promoting synaptic plasticity (Kobro-Flatmoen et 

al., 2016; Krstic et al., 2012; Lane-Donovan et al., 2015; Weeber et al., 2002). The 

processing of APP can be modulated by its interactions with various extracellular 

glycoproteins, including RELN (Cuchillo-Ibañez et al., 2016). Besides its critical roles in 

embryonic brain development, RELN is integral to neuronal migration, proper cortical 

layering, and the maturation of dendrites and spines. In the adult brain, RELN regulates 

synaptic function and plasticity (Folsom & Fatemi, 2013; Förster et al., 2006; Lane-Donovan 

et al., 2015). Disruptions in RELN-mediated molecular mechanisms may result in significant 

impairments in cortical layering, synaptic plasticity, and dendritic growth, all of which are 

linked to various neurological disorders, including AD (Campo et al., 2009; Katsuyama & 

Terashima, 2009; Sato et al., 2016). 

 

The current pharmacological options for treating AD are relatively limited, focussing primarily 

on a few available medications that aim to mitigate the progression of the disease. These 

treatments primarily address cognitive symptoms, such as impairments in memory and 
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cognition, while also attempting to manage non-cognitive symptoms, including behavioural 

and psychological issues (Varadharajan et al., 2023). However, the limitations of these 

treatments underline the need for novel drug approaches. Psychedelics, including N,N-

tryptamines, are increasingly being considered as potential options to alleviate the 

behavioural symptoms associated with AD, offering a promising avenue for further research 

and development (Borbély et al., 2022; Garcia-Romeu et al., 2022; Johnson et al., 2019; 

Sinha et al., 2024). 

 

In this framework, Dr. Ana Perez Castillo's laboratory and colleagues have conducted 

research into a novel class of psychedelics known as N,N-tryptamines (Araújo et al., 2015; 

Kozlowska et al., 2022; Morales-Garcia et al., 2020). Prior investigations have elucidated 

the attributes and effects of tryptamine derivatives derived from natural sources (e.g., DMT, 

5-MeO-DMT) and synthetic compounds (such as DET and DPT). DMT and 5-MeO-DMT 

have garnered considerable attention for their significant anti-inflammatory and neurogenic 

properties relevant to neurological disorders (Morales-Garcia et al., 2020; Tittarelli et al., 

2015).  

 

Moreover, research led by Dr. Ana Perez Castillo and other investigators has examined 

various psychedelic N,N-tryptamines, including DMT, DET (Perez Castillo et al., 2018 

(Patent No. US11723894B2)), DPT, and 5-MeO-DMT (Fontanilla et al., 2009; Lima da Cruz 

et al., 2018; Morales-Garcia et al., 2020; Szabo et al., 2014; Szabo et al., 2016; Winter, 

1969). These studies highlight the ability of DET to modulate neuroinflammatory responses 

and promote adult neurogenesis in the context of neurological disorders (Fontanilla et al., 

2009; Lima da Cruz et al., 2018; Morales-Garcia et al., 2020; Szabo et al., 2014; Szabo et 

al., 2016; Winter, 1969). Furthermore, preliminary findings from Dr. Ana Perez Castillo’s 

laboratory indicate that DET may be a promising candidate for in vivo studies focussed on 

AD, based on experiments utilising neuroblastoma cell lines with either WT or Swedish APP 

mutations (unpublished data). Nonetheless, additional research is essential to 

comprehensively evaluate the potential of DET in vivo for addressing the complexities 

associated with AD. Our findings provide, for the first time, insight into the impact of DET on 

the pathology of AD through both in vitro and in vivo methodologies utilising a combination 

of qualitative and quantitative approaches. Using a descriptive qualitative approach, we aim 

to elucidate the potential interplay between neuroplasticity, human-specific Aβ aggregates, 

and neuroinflammation within our Tg AD model. 
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3.2. Descriptive analysis of AD neuropathology in diverse regions of the murine 
brain 

3.2.1. Neuropathological characterisation of human-specific Aβ aggregates across 

various brain regions in a murine model of AD 

The characterisation of amyloid plaques in the brains of Tg mice compared to WT littermates 

is essential for understanding the pathological mechanisms underlying AD. This study 

investigates human-specific Aβ aggregates in the cortex, entorhinal cortex, and 

hippocampus of 4- to 12-month-old WT and Tg mice. To achieve this, we utilised various 

specific Aβ antibodies, such as H31L21, 6E10 and OC, each designed to target distinct 

epitopes of the amyloid formation products (Table 2). Our findings reveal that Tg mice exhibit 

specific Aβ(1-42) aggregates, first appearing in the cortex at 4 months and in the hippocampus 

at 9 months (Figure 6 and Figure S1). Additionally, the entorhinal cortex exhibits human-

specific Aβ(1-42) aggregates starting from 9 months of age (Figure 7). However, large specific 

Aβ(1-42) plaques begin to accumulate in the brains of Tg mice at 9 months compared to their 

WT littermates. No human-specific Aβ(1-42) aggregates were detected in the cortex, 

hippocampus, or entorhinal cortex of WT mice aged 4 to 12 months (Figure 6, Figure 7 and 

Figure S1). Beginning at 9 months, Aβ load is noticeably present in the cortex and 

hippocampus. Furthermore, the size of human-specific Aβ (1-42) plaques appears to increase 

at least twofold in the hilus between 9 and 12 months in Tg mice. Additionally, Aβ(1-42) 

aggregates show signs of extensive diffusion into destructed nuclei, starting at 9 months 

and increasing by 12 months in Tg mice’s cortical and hippocampal regions (Figure 6 and 

Figure 7). The detection of Aβ aggregates becomes prominent in the cortex and 

hippocampus of 9-month-old Tg mice. Therefore, we aim to characterise various Aβ species 

in brain slices from 9- and 12-month-old Tg and WT mice. Our observations reveal that 

amyloid fibrils and specific oligomers are more widely dispersed in 9- and 12-month-old Tg 

mice than their WT counterparts (Figure S2). In addition, 9- and 12-month-old Tg mice 

exhibit significant scattering of specific Aβ, C99, APP, sAPPα, and C-terminus Aβ(1-42) within 

the cortex and hippocampus. However, no such findings were observed in the cortex and 

hippocampus of WT brain slices (Figure S2). 

 

3.2.2. Neuropathological characterisation of human Aβ aggregates and 

neuroinflammation across various brain regions in a murine model of AD 

We labelled 4- to 12-month-old Tg and WT brain slices to examine the presence of plaque-

associated astrogliosis and microgliosis in the cortical and hippocampal regions. Our 

observations identify specific human Aβ(1-42)-associated astrogliosis in the cortex of 4-month 



46 

Tg mice compared to WT mice. However, no notable human Aβ(1-42)-associated astrogliosis 

is detected in the hippocampus of the 4-month-old Tg or WT mice (Figure S4). In contrast, 

the hippocampal region exhibits changes in human plaque-associated microgliosis staining 

in 4-month-old Tg mice compared to WT mice (Figure S3). Furthermore, 9- and 12-month 

Tg mice show alteration in human plaque-associated microgliosis staining compared to their 

matched WT counterparts (Figure S5). 

 

 
Figure 6: Reelin-positive cells in the entorhinal cortex from 2-12 months old WT and Tg mice. 
Representative immunohistochemistry (IHC) fluorescence images depict human-specific Aβ(1-42) (H31L21, red) 

and reelin-positive cells (RELN, green) in layer II of the entorhinal cortex from WT and Tg mice aged 2 to 12 

months. Here, we show the aggregation of human Aβ(1-42) in the entorhinal cortex of WT and Tg mice over the 

specified age range. Notably, RELN-positive cells show fluorescent alterations as early as 2 months in Tg 

compared to WT, with increases observed during normal ageing and AD. The area of human-specific Aβ(1-42) 

aggregation (white Asterix *) in 9-month-old Tg mice indicates a considerable destruction to the nuclei staining 

(DAPI, blue) of RELN-positive cells when compared to WT. The scale bar represents 20 μm. 

 

3.2.3. Neuropathological examination of adult neurogenesis and neuroplasticity 

across various brain regions in a murine model of AD  

In this study, we conduct a descriptive observation of adult neurogenesis and neuroplasticity 

across various brain regions in WT and Tg animals aged 2 to 12 months. We focus on 
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microscopic analysis of RELN labelling concerning Aβ, microgliosis, and adult neurogenesis 

in mice’s cortical and hippocampal areas of 2-12 months. Our preliminary data might indicate 

that fluorescent staining of RELN-positive cells (Figure 6 and Figure 7) is reduced in Aβ(1-

42)-affected hippocampal area and entorhinal cortex of 9-month-old Tg compared to their WT 

littermates. Notably, a decrease in RELN-positive cells appears to begin as early as 4 

months in Tg mice compared to WT littermates, suggesting an increase during normal 

ageing and AD pathology (Figure 6 and Figure 7). Additionally, in 9-month-old Tg mice, the 

area of human-specific Aβ(1-42) aggregates is associated with enormous destruction of nuclei 

staining in RELN-positive cells compared to WT littermates in both the hippocampal area 

and the entorhinal cortex (Figure 6 and Figure 7). Furthermore, our initial assessment might 

indicate that reactive microglia are dysregulated around RELN-positive cells in 2-month-old 

WT and Tg mice. 

 

A preliminary observation from the entorhinal cortex might indicate that microglia activation 

increases between 2 and 6 months and decreases from 9 months in WT and Tg mice (Figure 

8). From an exploratory perspective, it appears that RELN-positive cells lack stem cell-based 

proliferating capacity in the cortical and hippocampal regions of 2- to 6-month-old WT and 

Tg mice (Figure S7). Consistent with findings from other studies and reviewed in different in 

vitro and in vivo AD models (da Silva Siqueira et al., 2021; Hanspal & Gillotin, 2022), our 

data suggest that neurogenesis is impaired at 6 months. These 6-month-old Tg mice might 

exhibit a decrease in neuronal progenitor and proliferating cells in the subventricular and 

subgranular zones compared to their WT littermates (Figure S6). 
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Figure 7: Co-occurrence of adult neurogenesis and human-specific Aβ(1-42) plaques formation in the hilus of 

the hippocampus of WT and Tg mice. 

Reelin-positive cells (RELN, green, white arrows) in the hippocampal area (hilus) are impacted by normal 

ageing and AD pathology in WT and Tg mice. In Tg mice, human-specific Aβ(1-42) plaques (H31L21, red, white 

dashed lines) begin to appear at 9 months, in contrast to WT. These human Aβ(1-42) (white dashed lines) 

aggregates are detrimental to the integrity of destroying RELN-positive cells. There is a noticeable alteration 

in the fluorescent signal of RELN-positive cells in the 4-month-old Tg mice compared to their WT littermates. 

Additionally, the size of the human Aβ(1-42) plaques (white dashed lines) in the hilus increases by at least twofold 

in Tg mice from 9 to 12 months. The aggregated area of Aβ(1-42) reveals enormous diffusion of damaged nuclei 

(DAPI, blue, white asterisk *), starting at 9 months and continuing to increase by 12 months in Tg mice. The 

scale bar represents 30 μm. 
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Figure 8: Co-occurrence of inflammatory response and impairment of adult neurogenesis/neuroplasticity in 

the entorhinal cortex of 2-12 months old WT and Tg mice.  
Representative images from IHC reveal dysregulation in the fluorescent signal of Reelin-positive cells (RELN, 

green) in response to microglia (Iba-1, red) recruitment in 2-month-old Tg mice compared to WT. There might 

be an increase in fluorescent staining of microglia activation during normal ageing and AD. White arrows might 

indicate the uptake of extracellular RELN by reactive microglia. DAPI (blue) was utilised for nuclear staining. 

The scale bar represents 20 μm. 

 

3.2.4. Descriptive analysis of N,N-diethyltryptamine and human-specific Aβ species 

treatment on neurospheres derived from adult murine model  

To assess whether Aβ species and DET can promote the NSC differentiation within 

neurospheres, we collected samples from the subventricular zone of WT and Tg mice, 

approximately 16 months old. These neurospheres were then placed in conditions 

conducive to differentiation. Preliminary data exploration might indicate that the distal part 

of the Tg neurospheres exhibits altered populations of mature neurones (Figure 9, (MAP-2, 

red)) and immature neuronal cells (Figure 9, β-III-Tubulin (Tuj-1 clone), green) compared to 

WT neurospheres (Figure 9). Additionally, the central part of the WT neurospheres appears 

to demonstrate differences in the fluorescent signal of Tuj-1 positive cells and MAP-2 

positive cells when compared to Tg neurospheres. Overall, NSC differentiation into mature 
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neurones might exhibit altered fluorescent expression patterns in Tg neurospheres 

compared to WT (Figure 9, white arrows).  

 

We also investigated the impact of Aβ species on WT and Tg neurospheres at approximately 

16 months old. This study treated the neurospheres for 30 minutes (min) with or without 

Aβ(1-40) or Aβ(1-42) during their proliferation and differentiation stages. Our preliminary results 

might indicate an increase in Aβ(1-42)-treated WT neurospheres and a decrease in the 

differentiation of immature neurones compared to Aβ(1-40)- and Aβ(1-42)-treated Tg at the 

distal part and central part of the neurospheres (Figure 9, (Tuj-1, green)). Notably, Aβ(1-42)-

treated Tg neurospheres seem to exhibit prominent holes in the outer central part (outer 

white circle) compared to Aβ(1-42)-treated WT (Figure 9). From an exploratory perspective, it 

appears that differentiation of NSC into mature neurones (white arrows) shows a decrease 

in fluorescent staining of Tg neurospheres treated with Aβ(1-40) and Aβ(1-42) when compared 

to those treated with the same Aβ species in WT neurospheres (Figure 9, (MAP-2, red)).  

 

Additionally, Aβ(1-40)-treated neurospheres seem to show a reduction in fluorescent 

signalling of mature neurones, particularly in the distal part of the Tg neurospheres 

compared to WT (Figure 9, (MAP-2, red)). Both Aβ(1-42) WT and Tg neurospheres might 

exhibit alterations in the fluorescent signal related to NSC differentiation into mature 

neurones when compared to control groups (non-treated WT and Tg) and Aβ(1-40)-treated 

WT and Tg neurospheres (Figure 9, white arrows).  

 

An initial evaluation of combined treatment (Aβ(1-42) + DET) in both central and distal parts 

of Tg neurospheres did not reveal any changes in fluorescent signalling of immature or 

mature neurones compared to Aβ(1-42)-treated Tg neurospheres (Figure S9). Moreover, the 

distal and central part of WT neurospheres treated with DET exhibit no fluorescence 

alteration in MAP-2 and Tuj-1 positive cells compared to non-treated WT neurospheres. The 

differentiation of NSC into mature neurones is likely to show a modest increase in 

fluorescence staining in DET-treated WT neurospheres compared to non-treated WT 

(Figure S9, white arrows). Upon initial examination of the data, it became apparent that 

combined treatment (Aβ(1-40) + DET) in the central part of both WT and Tg neurospheres 

does not indicate any alteration in fluorescent signalling of immature or mature neurones 

when compared to the effects observed with Aβ(1-40) or Aβ(1-42) treatment in WT and Tg 

neurospheres, as well as control groups (Figure 9 and Figure S9). 
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Finally, we aimed to investigate the NSC identity of both WT and Tg neurospheres after Aβ(1-

40) treatment. Preliminary analysis of the data might indicate that Aβ(1-40) treatment led to a 

reduction in the fluorescent signal of NSC in both the WT and Tg treated neurospheres, 

compared to non-treated WT and Tg neurospheres (Figure S8, (Nestin, red)). Interestingly, 

Aβ(1-40)-treated WT neurospheres might show an increase in fluorescent signalling in Aβ(1-

40) load compared to control groups (WT and Tg neurospheres) and Aβ(1-40)-treated Tg 

neurospheres. In contrast, control groups might exhibit a modest increase in fluorescent 

signal of differentiating Nestin-positive cells compared to the Aβ(1-40)-treated WT and Tg 

neurospheres (Figure S8). 
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Figure 9: Phenotypical characterisation of neuronal stem cell differentiation into mature neurones from WT 

and TG neurospheres with and without Aβ(1-40) and Aβ(1-42) treatment for 30 minutes. 

The differentiation of NSC into mature neurones, derived from the subventricular zone of WT and Tg 

neurospheres from mice aged 15.5 to 16.5 months, is presented (all groups from 1 independent culture (N = 

1) with two technical replicates, n=2). The neurospheres were treated with Aβ(1-40) (0.5 µM) and Aβ(1-42) (0.5 

µM). Observations reveal that the distal part of Tg neurospheres exhibits altered differentiation of mature 
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neurones (MAP-2, red) and immature neuronal cells (β-III-Tubulin (Tuj-1 clone), green) compared to WT. 

Conversely, the central part of WT neurospheres displays possible changes in the fluorescent signal of 

immature neuronal cells and mature neurones differentiation compared to TG. Aβ(1-40) treatment in WT 

neurospheres might slightly alter the fluorescent differentiation signal of immature neurones (Tuj-1 clone) at 

the distal part compared to Tg neurospheres. Mature neurones (MAP-2) in the distal part of Tg neurospheres 

might show a reduction in fluorescent signal compared to WT. In contrast, Aβ(1-42) treatment in WT 

neurospheres might lead to an increase in differentiation of immature neurones (Tuj-1 clone) compared to Aβ(1-

42)-treated Tg neurospheres, observed in both the distal and central parts. Notably, Aβ(1-42)-treated Tg 

neurospheres display large holes in the outer central part (outer white circle) when compared to Aβ(1-42)-treated 

WT. Both WT and TG neurospheres subjected to Aβ(1-42) treatment might exhibit altered fluorescent signal of 

NSC differentiation into mature neurones (white arrows) compared to control groups (non-treated WT and Tg 

neurospheres) and Aβ(1-40)-treated WT and TG neurospheres. Nuclei staining (DAPI, blue); scale bars 

represent 100 µm (central part) and 50 µm (distal part). 
 

3.3. In vivo evaluation of N,N-diethyltryptamine in WT and Tg mice 
Dr. Ana Perez Castillo's laboratory has investigated clorgyline hydrochloride (CLQ) and 

DMT derivatives in vitro and in vivo, focussing on promoting adult neurogenesis (Morales-

Garcia et al., 2020). Additionally, CLQ has been explored in the context of 

neurodegenerative disease (Garcia-Miralles et al., 2016; Kitaichi et al., 2012; Zhong et al., 

2023). In Dr. Ana Perez Castillo's laboratory, various tryptamine derivatives have been 

examined (Morales-Garcia et al., 2020; Morales-García et al., 2017). Building on these 

findings and unpublished data from Dr. Ana Perez Castillo's laboratory, DET has emerged 

as a promising drug candidate for further in vivo examination. This pilot study assesses 

whether treatment with a control vehicle (CLQ) and a combined treatment (CLQ + DET) in 

both WT and Tg mice influences improvements in axonal damage, demyelination, and 

neurogenesis. Furthermore, we investigate whether this treatment potentially reduces Aβ 

aggregates accumulation in vivo and explore metabolites in the hippocampus of these WT 

and Tg mice. 

 

The Biomedical NMR Facility Sebastián Cerdán in the Instituto de Investigaciones 

Biomédicas (CSIC-UAM) has developed an in vivo imaging and spectroscopic technique for 

an AD mice model featuring a double mutation in APP and human PSEN-1 (Esteras et al., 

2012). Our pilot study utilised the same methodology described in that research; however, 

we expanded our investigation to include a broader range of brain regions, additional 

metabolites, and a more detailed examination of various tissue microstructures. As this was 

a preliminary study, we focussed solely on the effects observed in vehicle-treated control 

groups (WT (CLQ) and Tg (CLQ)) and DET-treated groups (WT (CLQ+DET) and Tg (CLQ 
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+ DET)). Unfortunately, our study faced several limitations due to issues with the animal 

cohort and a conflict of interest in Dr Ana Perez Castillo's laboratory. Consequently, this 

study did not implement non-treated WT and Tg, along with DET-treated WT and Tg mice. 

 

 
Figure 10: Example of the brain regions selected from the analysed slices of T2-weighted, DTI and MT images. 

(A) Coronal T2-weighted images (slices 1-14) of the mice brain are presented. (B) Diffusion tensor images 

(DTI) images (slices 1-6) illustrate axial diffusion (axialdiff), radial diffusion (radialdiff), mean diffusion (MD) and 

fractional anisotropy (FA). (C) Also, MT images (slices 1-6) are shown. The whole brain (A, slices 1-14; B-C, 

slices 1-6) is outlined in red. The cerebral cortex is highlighted in green (A, slices 5-14; B-C, slices 2-6). The 

hippocampus is depicted in orange (A, slices 5-7; B-C, slices 2-3). The thalamus is represented in purple 

colour (A, slices 6-8; B-C, slices 3-4). The corpus callosum is illustrated in blue colour (A, slices 7-10; B-C, 

slices 3-5), and the subventricular area is shown in brown (A, slices 8-10; B-C, slices 4-5). 

 

3.3.1. T2-weighted imaging 

We conducted volumetric studies to assess brain atrophy following administration with and 

without DET by analysing the T2-weighted images (Figure 11). A detailed explanation of 
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selecting the region of interest (ROI) is provided above (Figure 10). Briefly, we identified six 

brain regions, namely the whole brain, cerebral cortex, hippocampus, thalamus, corpus 

callosum, and subventricular area, based on the 14 anatomical selected slices from the MRI 

scans. Figure 11 presents the volumetric voxel analysis of the T2-weighted images from 

slices 1-14 through the brain of WT and Tg mice with the vehicle-treated control groups 

(CLQ) or DET-treated groups (CLQ + DET). Volumes in all brain slices and the sum of the 

volumes of all slices for each brain region show no significant difference between vehicle-

treated and DET-treated in WT and Tg mice (Table S1). However, we observed a tendency 

towards an increase in the volume of the subventricular area in DET-treated groups 

compared to the vehicle-treated control groups across each brain slice and the total volume 

(Figure 11). Table S1 shows this trend indicated by the p-values, which reflect no statistically 

significant differences between the groups’ volumetric analysis of the subventricular area. 

To explore whether the increase in the ventricular volume of DET-treated groups might 

indicate oedema in the cerebral parenchyma, we further analysed the impact of DET 

treatment on magnetisation transfer (MT) resonance and diffusion tensor imaging (DTI) 

maps. 
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Figure 11: Quantification of T2-weighted imaging from vehicle-treated control and DET-treated mice. 
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Volumetric voxel analysis and the sum of volumetric voxel analysis of specific ROI ((A-B) whole brain, (C-D) 

cerebral cortex, (E-F) hippocampus, (G-H) thalamus, (I-J) corpus callosum and (K-L) subventricular area) is 

quantified as previously described (Figure 10). (A-B) The volume of the whole brain is assessed using slices 

1-14, while (B-C) the cerebral cortex is evaluated using slices 5-14. Furthermore, (C-D) The hippocampus 

(slices 5-7), (G-H) thalamus (slices 6-8), (I-J) corpus callosum (slices 7-10), and (K-L) subventricular area 

(slices 8-10) are included in the analysis. All data are computed from vehicle-treated control groups (WT (CLQ, 

N = 4) and Tg (ClQ, N = 3)) or DET-treated groups (WT (CLQ + DET; N = 4) and Tg (CLQ + DET; N = 4). The 

volumes (mm3) of each slice within the ROI across vehicle-treated control and DET-treated groups are 

analysed using ANOVA. Additionally, the total volumes of ROI across all groups are evaluated with ANOVA. 

The statistically significant difference is indicated when the p-value threshold is p < 0.05 (* p < 0.05). Although, 

all comparisons show no significant difference between all groups. Specific p-values are provided in 

supplementary materials (Table S1).  

  

3.3.2. Magnetisation transfer imaging 

Figure 12 and Figure 13 present MT maps from six brain regions (whole brain, cerebral 

cortex, hippocampus, thalamus, corpus callosum and subventricular area) from vehicle-

treated and DET-treated groups. DET-treated Tg mice tend to decrease the percentual value 

in the accumulation of macromolecules in all slices (1-6) of the six brain regions compared 

to vehicle-treated counterparts. However, no significant differences are observed between 

DET-treated Tg and vehicle-treated Tg in all slices (1-6) from the whole brain, cerebral 

cortex, hippocampus, thalamus, corpus callosum and subventricular area (Table S2). 

 

In contrast, all DET-treated WT mice demonstrate a slight increase of aggregated molecules 

in slices (1-3 and 5-6) across the six brain regions compared to vehicle-treated WT mice. 

Despite this increase, no significant differences are noted in these slices within all six brain 

regions (Table S2). Notably, slice 4 in all six brain regions of DET-treated WT shows a slight 

decrease in accumulated molecules compared to vehicle-treated WT. Nevertheless, this 

reduction in slice 4 in all six brain regions between DET-treated WT and vehicle-treated WT 

does not reach statistical significance (Table S2).  
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Figure 12: Magnetisation transfer maps of vehicle-treated control and DET-treated mice. 
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Representative MT images from vehicle-treated control groups (WT (CLQ, N = 4) and Tg (ClQ, N = 3)) or DET-

treated groups (WT (CLQ + DET; N = 4) and Tg (CLQ + DET; N = 4) are shown. The colour scale bar represents 

the percentage (0-50 %) of changes observed in the accumulation of macromolecules (e.g. Aβ) between the 

vehicle-treated and DET-treated groups. 

 

 
Figure 13: Quantification of magnetisation transfer imaging from vehicle-treated control and DET-treated mice. 

(A-F) illustrates the quantification of MT images from vehicle-treated control groups (WT (CLQ, N = 4) and Tg 

(ClQ, N = 3)) as well as DET-treated groups (WT (CLQ + DET; N = 4) and Tg (CLQ + DET; N = 4) derived 

from specific ROI including the whole brain (slices 1-6), cerebral cortex (slices 2-6), hippocampus (slices 2-3), 

Thalamus (slices 3-4), corpus callosum (slices 3-5) and subventricular area (slices 4-5). All MT data is 

expressed in percentages (%), reflecting changes in the accumulation of macromolecules (e.g., Aβ) between 

vehicle-treated and DET-treated groups. A slight increase is observed in the DET-treated WT group (WT (CLQ 

+ DET)) compared to the vehicle-treated WT group (WT (CLQ), while a decrease is noted in the DET-treated 

Tg group (Tg (CLQ + DET)) compared to the vehicle-treated Tg group (Tg CLQ)). The accumulation of 

macromolecules (e.g., Aβ) in each slice within the ROI across vehicle-treated control and DET-treated groups 

is analysed using ANOVA. The statistically significant difference is indicated when the p-value threshold is p 

< 0.05 (* p < 0.05). Although, all comparisons show no significant difference between all groups. Specific p-

values are provided in supplementary materials (Table S2).     
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3.3.3. Diffusion tensor imaging 

We examined the DTI maps from the same slices (1-6) of vehicle- and DET-treated WT and 

Tg mice to validate our hypothesis. This analysis provided a deeper understanding of the 

brain tissue microstructure alterations based on water molecules’ directional preferences 

and their overall diffusivity characteristics. DTI maps, which include axial diffusion (axialdiff), 

radial diffusion (radialdiff), fractional diffusion (FA) and mean diffusion (MD), revealed 

changes in the diffusion properties related to the white matter integrity. These alterations 

have been studied in age-related patterns and AD neurological disorders in animals and 

humans (Gold et al., 2012; Madden et al., 2009; Ni, 2021; Shu et al., 2013).  

  

3.3.3.1. Axial diffusion 

Axialdiff is derived from the largest eigenvalue of the diffusion tensor, which quantifies the 

diffusion rate in the fastest diffusion direction. It reflects the diffusion along the primary 

preferred direction, corresponding to the axonal fibres’ length (Figley et al., 2021; Soares et 

al., 2013). In our study, no significant increase or decrease in axonal integrity was observed 

across all slices from the whole brain, cerebral cortex, thalamus, corpus callosum, and 

subventricular area in both vehicle- and DET-treated WT and Tg animals (Figure 14, Figure 

15 and Table S3).  

 

Nonetheless, DET-treated WT exhibited a trend towards increased axonal integrity in slice 

4 of the thalamus, slices 3 and 5 of the corpus callosum, slice 4 of the subventricular area, 

and slices 3 to 6 of the cerebral cortex, as well as in the whole brain. Despite this observed 

trend, no statistically significant differences were noted in these slices of the ROI. 

Additionally, we found that slice 2 of vehicle-treated Tg animals showed a significant 

decrease in axonal integrity in the hippocampus compared to vehicle-treated WT animals (p 

= 0.0491) (Figure 15 and Table S3). Notably, no significant differences were observed 

among the groups in slice 3 of the hippocampus (Figure 15 and Table S3). 
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Figure 14: Axial diffusivity maps of vehicle-treated control and DET-treated mice. 
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Representative images of axial diffusivity (axialdiff) from vehicle-treated control groups, including WT (CLQ, N 

= 4) and Tg (ClQ, N = 3), as well as DET-treated groups, comprising WT (CLQ + DET; N = 4) and Tg (CLQ + 

DET; N = 4). The scale bars A and B range from (0-3000 µm2/s). In WT (CLQ), slice 3 (1 and 2), slice 4 (3) 

and slice 6 (4) feature images with scale bar colour code B. All other WT and TG mice slices have scale bar 

colour code A. 

 

 
Figure 15: Quantification of axial diffusivity images from vehicle-treated control and DET-treated mice. 

(A-F) Represent the quantification of axial diffusivity (axialdiff) images from vehicle-treated control groups (WT 

(CLQ, N = 4) and Tg (ClQ, N = 3)) as well as DET-treated groups (WT (CLQ + DET; N = 4) and Tg (CLQ + 

DET; N = 4) derived from specific ROI including the whole brain (slices 1-6), cerebral cortex (slices 2-6), 

hippocampus (slices 2-3), thalamus (slices 3-4), corpus callosum (slices 3-5) and subventricular area (slices 

4-5). The change of axonal integrity in each slice within the ROI across vehicle-treated control and DET-treated 

groups is analysed using ANOVA. The statistically significant difference is indicated when the p-value threshold 

is p < 0.05 (* p < 0.05). (A) The whole brain, (B) the cerebral cortex, (D) the thalamus, (E) the corpus callosum, 

and (F) the subventricular area show no significant difference in all slices. (C) The hippocampus (slice 2) 

showed a significant reduction in axonal damage of WT (CLQ, N = 4) compared to Tg (ClQ = 3) (p = 0.0491). 

All comparisons in slice 3 of the hippocampus did not show a significant difference. Axialdiff is expressed in 

µm2/s. Specific p-values are provided in supplementary materials (Table S3). 
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3.3.3.2. Radial diffusion 

Radialdiff is derived from the second and third eigenvalues of the diffusion tensor, measuring 

diffusion in the transverse direction. It provides insight into diffusion perpendicular to the 

main axonal pathways, specifically across axonal fibres, and indicates myelin integrity 

(Figley et al., 2021; Soares et al., 2013). In our study, we observed no significant differences 

in the alterations associated with demyelination across slices 1 to 6 from the whole brain, 

cerebral cortex, hippocampus, thalamus, corpus callosum, and subventricular area, 

between vehicle-treated and DET-treated WT and Tg animals (Figure 16, Figure 17 and 

Table S3). 
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Figure 16: Radial diffusivity maps of vehicle-treated control and DET-treated mice. 
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Representative radial diffusivity (radialdiff) images from vehicle-treated control groups (WT (CLQ, N = 4) and 

Tg (ClQ, N = 3)) or DET-treated groups (WT (CLQ + DET; N = 4) and Tg (CLQ + DET; N = 4). Scale bars A 

and B range from 0-3000 µm2/s. In WT (CLQ), slice 3 (1 and 2), slice 4 (3) and slice 6 (4) are images with 

scale bar colour code B. All the other slices in WT and TG mice have scale bar colour code A. 

 

 
Figure 17: Quantification of radial diffusivity images from vehicle-treated control and DET-treated mice. 

(A-F) Show the quantification of radial diffusivity (radialdiff) images from vehicle-treated control groups (WT 

(CLQ, N = 4) and Tg (ClQ, N = 3)) as well as DET-treated groups (WT (CLQ + DET; N = 4) and Tg (CLQ + 

DET; N = 4)) derived from specific ROI including the whole brain (slices 1-6), cerebral cortex (slices 2-6), 

hippocampus (slices 2-3), thalamus (slices 3-4), corpus callosum (slices 3-5) and subventricular area (slices 

4-5). Changes in myeline integrity in each slice within the ROI across vehicle-treated control and DET-treated 

groups are analysed using ANOVA. The statistically significant difference is noted if the p-value threshold of p 

< 0.05 (* p < 0.05). (A) The whole brain, (B) cerebral cortex, (C) hippocampus, (D) thalamus, (E) corpus 

callosum, and (F) subventricular area reveals no significant differences within all slices. Radialdiff is expressed 

in µm2/s, and specific p-values can be found in the supplementary materials (Table S3). 
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3.3.3.3. Fractional anisotropy diffusion 

FA quantifies the degree to which isotropic or anisotropy water molecules preferentially 

diffuse along a specific direction. It is determined based on the eigenvalues of the diffusion 

tensor (Figley et al., 2021). Low FA values indicate isotropy, meaning that water molecules 

diffuse equally in all directions, reflecting no preferred motion of water molecules (e.g., in 

the ventricles). Conversely, high FA values signify anisotropy, indicating that water 

molecules preferentially diffuse in a specific direction, for example, observed in the corpus 

callosum (Figley et al., 2021).  

 

Analysis revealed no significant differences across slices 1 to 6 in the whole brain, cerebral 

cortex, hippocampus, thalamus, corpus callosum, and the subventricular area between 

vehicle-treated and DET-treated WT and Tg animals (Figure 18, Figure 19 and Table S4). 

Notably, even the corpus callosum did not exhibit significant differences in the directional 

movement of water molecules, despite the formation of fibres in this region (Table S4). 

Additionally, the subventricular area exhibited no significant differences in water molecules 

diffusion (Table S4). 
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Figure 18: Fractional anisotropy diffusivity maps of vehicle-treated control and DET-treated mice. 
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Representative fractional anisotropy diffusivity (FA) images from vehicle-treated control groups (WT (CLQ, N 

= 4) and Tg (ClQ, N = 3)) or DET-treated groups (WT (CLQ + DET; N = 4) and Tg (CLQ + DET; N = 4). 

Scale bars A and B range from (0-0.5). In WT (CLQ), slice 3 (1 and 2), slice 4 (3) and slice 6 (4) are images 

with scale bare colour code B. All the other slices in WT and TG mice have scale bar colour code A. 

Figure 19: Quantification of fractional anisotropy diffusivity images from vehicle-treated control and DET-

treated mice. 

(A-F) Show the quantification of fractional anisotropy diffusivity (FA) images from vehicle-treated control 

groups (WT (CLQ, N = 4) and Tg (ClQ, N = 3)) as well as DET-treated groups (WT (CLQ + DET; N = 4) and 

Tg (CLQ + DET; N = 4) derived from specific ROI including the whole brain (slices 1-6), cerebral cortex (slices 

2-6), hippocampus (slices 2-3), thalamus (slices 3-4), corpus callosum (slices 3-5) and subventricular area

(slices 4-5). The alterations in the diffusion of water molecules within each slice of the ROI between vehicle-

treated control and DET-treated groups were analysed using ANOVA. The statistically significant difference is

indicated by a p-value threshold of p < 0.05 (* p < 0.05). Results showed no significant differences across all

slices in any of the ROI: (A) whole brain, (B) cerebral cortex, (C) hippocampus, (D) thalamus, (E) corpus

callosum, and (F) subventricular area. The FA values, which range from 0 to 1, denote the movement of water

molecules; low values indicate isotropy (0, representing no preferred direction in water molecules movement),
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while higher values indicate anisotropy (1, signifying a preferred direction of diffusion of water molecules). 

Detailed p-values are provided in the supplementary materials (Table S4). 

3.3.3.4. Mean diffusion 

MD represents the average magnitude of diffusion of water molecules within a voxel, 

indicating the degree to which water molecules can move freely. In certain pathological 

conditions, such as AD, the diffusion of water molecules is restricted due to interactions with 

macromolecules (e.g., Aβ), leading to a decrease in this parameter. This value is calculated 

by averaging the three eigenvalues (Figley et al., 2021). Overall, the mean diffusion of water 

molecules did not show significant differences between vehicle-treated and DET-treated WT 

and Tg mice across the whole brain (slices 1-6), cerebral cortex (slices 2-6), thalamus (slices 

3-4), corpus callosum (slices 3-5) and subventricular area (slices 4-5). However, slice 2 of

vehicle-treated Tg mice exhibited a significant reduction, indicating an average obstruction

to water movement in the hippocampus compared to their vehicle-treated WT (p = 0.0128)

(Figure 20, Figure 21 and Table S4). Notably, no significant differences were observed

among the groups in slice 3 of the hippocampus (Figure 20, Figure 21 and Table S4).
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Figure 20: Mean diffusivity maps of vehicle-treated control and DET-treated mice. 
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Representative mean diffusivity (MD) images from vehicle-treated control groups (WT (CLQ, N = 4) and Tg 

(ClQ, N = 3)) or DET-treated groups (WT (CLQ + DET; N = 4) and Tg (CLQ + DET; N = 4). Scale bars A and 

B range from 0-3000 µm2/s. In WT (CLQ), slice 3 (1 and 2), slice 4 (3) and slice 6 (4) are images with scale 

bare colour code B. All the other slices in WT and TG mice have scale bar colour code A. 

 

 
Figure 21: Quantification of mean diffusivity images from vehicle-treated control and DET-treated mice. 

(A-F) Show the quantification of mean diffusivity (MD) images from vehicle-treated control groups, including 

WT (CLQ, N = 4) and Tg (ClQ, N = 3), as well as DET-treated groups, comprising WT (CLQ + DET; N = 4) and 

Tg (CLQ + DET; N = 4). This analysis focussed on specific ROI, including the whole brain (slices 1-6), cerebral 

cortex (slices 2-6), hippocampus (slices 2-3), thalamus (slices 3-4), corpus callosum (slices 3-5) and 

subventricular area (slices 4-5). The obstruction of water diffusion within each slice of the ROI between vehicle-

treated control and DET-treated groups is analysed using ANOVA. Statistically significant differences are 

determined by a p-value threshold of p < 0.05 (* p < 0.05). Results exhibit no significant differences across all 

slices in any of the ROI: (A) whole brain, (B) cerebral cortex, (D) thalamus, (E) corpus callosum, and (F) 

subventricular area. Notably, (C) the hippocampus (slice 2) shows a significant reduction in WT (CLQ; N = 4) 

compared to Tg (ClQ; N = 3) (p = 0.0128). In contrast, no significant differences are observed in slice 3 of the 

hippocampus between the groups. MD is expressed in µm2/s. Detailed p-values are provided in the 

supplementary materials (Table S4). 
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3.3.4. 1H-spectroscopy 

We aimed to investigate the alterations in metabolites, lipids and macromolecules in vivo. 

To achieve this, we examined both WT and Tg mice following the administration with and 

without DET treatment, utilising MRS. This method describes in vivo levels of metabolites, 

lipids, or macromolecules in the brains of living mice. However, our study results could not 

be directly compared with the existing literature due to a lack of information on similar 

conditions, specifically concerning animal age groups, the genetic background of the mouse 

strains, and the selected brain region for analysis (Cudalbu et al., 2021; Esteras et al., 2012; 

Marjanska et al., 2005; Marjańska et al., 2014; Pardon et al., 2016; Shen et al., 2018). As a 

result, we focussed solely on comparing the effects between vehicle-treated and DET-

treated WT and Tg mice. Of the 27 individual metabolites, lipids, and macromolecules 

analysed, only 7 yielded values below the threshold of the LCModel. Notably, one inositol 

metabolite value exceeded the threshold (22%) and was included in further analysis. This 

value originated from the vehicle-treated WT group and showed no discrepancy compared 

to the other inositol values within the same group. Therefore, it was included in the analysis. 

 

The DET-treated WT mice showed no significant changes in the three metabolites evaluated 

individually, nor in the three metabolite/lipid complexes (NAA + N-acetyl-aspartyl-glutamate 

(NAAG) (NAA + NAAG), glycerophosphocholine + phosphocholine (GPC + PCh) and 

glutamate + glutamine (Glu + Gln)) when compared to the vehicle-treated groups and DET-

treated Tg mice (Table S5). Nonetheless, DET-treated WT and TG tended to increase 

lipid/macromolecule resonance complex (MM09 + Lip09) compared to their vehicle-treated 

WT and Tg groups (Figure 22). However, no statistically significant differences between 

groups were noted for this lipid/macromolecule resonance complex (MM09 + Lip09) (Table 

S5).  

 

Additionally, inositol and the (Glu + Gln) complex levels appeared higher in DET-treated Tg 

mice than in the vehicle-treated Tg mice. However, no significant differences were found for 

inositol (p = 0.4208) or (Glu + Gln) complex (p = 0.8687) within these Tg mice groups (Table 

S5). The (NAA + NAAG) complex and NAA resonance spectroscopy tended to be lower in 

DET-treated Tg mice compared to vehicle-treated Tg mice (Figure 22). Furthermore, DET-

treated Tg displayed decreased levels for both (NAA+NAAG) complex and NAA resonance 

spectroscopy compared to vehicle-treated and DET-treated WT mice. All comparisons did 

not reveal significant differences between groups, as shown in Figure 22 and Table S5. 
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Figure 22: Quantification of metabolites, macromolecules and lipids using 1H-spectroscopy imaging.   

Here, we present the concentrations of (A-C and E-F) metabolites, (G) macromolecules and (D) lipids 

quantified after 1H-spectroscopy imaging from vehicle-treated control groups (WT (CLQ, N = 4) and Tg (ClQ, 

N = 3)) as well as DET-treated groups (WT (CLQ + DET; N = 4) and Tg (CLQ + DET; N = 4)). The 

concentrations of these metabolites, macromolecules, and lipids between the vehicle-treated control and DET-

treated groups are analysed using ANOVA. Statistically significant differences are determined with a p-value 

threshold of p < 0.05 (* p < 0.05). The results indicated no significant differences in the concentration of specific 

metabolites, macromolecules, and lipids among all groups. Concentrations of metabolites, macromolecules 

and lipids are expressed in parts per million (ppm), with detailed p-values available in the supplementary 

materials (Table S5). 

 

 

 



74 

3.4. Discussion 
3.4.1. Implications of Aβ pathology on neurogenesis: insights from AD models 

APP proteins play a crucial role in neuronal processes such as neurite growth and synapse 

formation, significantly influencing the pathology of AD (Baumkötter et al., 2014; Müller & 

Zheng, 2012; Price et al., 1998). The use of antibodies that recognize APP epitopes and 

their cleavage fragments is invaluable for investigating Aβ pathology in genetically modified 

AD transgenic models (Gouras et al., 2015; Gouras et al., 2010; Gouras et al., 2000; 

Klementieva et al., 2017; Roos et al., 2021; Takahashi et al., 2004; Takahashi et al., 2013; 

Tampellini et al., 2007; Willén et al., 2017). Our research on Tg mice revealed distinctive 

Aβ(1–42) aggregates as early as 4 months, aligning with earlier studies (Jackson et al., 2013; 

Minkeviciene et al., 2008; Ordóñez-Gutiérrez et al., 2015). However, these studies reported 

disparities in Aβ burden across various brain regions and the ages at which it manifests in 

the specific AD transgenic models, as well as the different methodologies used for the 

analysis of Aβ aggregates (Hanspal & Gillotin, 2022; Minkeviciene et al., 2009). Additionally, 

consistent with our observations regarding plaque-related gliosis in the cortex and 

hippocampus of young Tg mice suggest a link between Aβ accumulation and 

neuroinflammation, underlining the complex and intriguing dynamics of Aβ aggregation and 

its effects on AD progression (Chen et al., 2017; Jackson et al., 2013; LaRocca et al., 2021; 

Malm et al., 2007; Minkeviciene et al., 2008).  

 

Moreover, changes in adult neurogenesis manifest early in AD, beginning as early as two 

months in Tg mice (Demars et al., 2010). By six months, there is a notable decrease in 

progenitor cell proliferation (Faure et al., 2011), which aligns with our findings on possible 

reduced neurogenesis. Our research explicitly examines RELN expression concerning Aβ(1–

42) and microglia-positive cells in the entorhinal cortex and hippocampus of ageing Tg mice, 

highlighting the potential decline in RELN levels and neuroinflammation associated with AD 

(Botella-López et al., 2010; Cuchillo-Ibáñez et al., 2013; Cuchillo-Ibañez et al., 2016; 

Kocherhans et al., 2010).  

 

Furthermore, we present for the first time a potential application of neurospheres from aged 

WT and Tg mice, which serve as an ideal three-dimensional in vitro model for studying adult 

neurogenesis in AD (Ghate et al., 2014). Our findings indicate that Aβ(1–40) and Aβ(1–42) may 

influence adult neurogenesis and the differentiation of NSC. The limited research on 

neurospheres containing a similar APP/PSEN-1 mutation in Tg mice underlines the potential 

implications of our work and the significance of Aβ in neurogenesis (Esteve et al., 2022; 



75 

Ghate et al., 2014). Our results might suggest a possible neurotrophic effect of Aβ(1–40) on 

Tg neurospheres, which warrants further investigation. 

 

3.4.2. Innovative approaches to AD treatment: an in vivo exploration of a novel drug 

compound 

AD remains a devastating disorder, with currently available medications primarily serving to 

slow the progression of the disease (Varadharajan et al., 2023). Consequently, exploring 

alternative drug compounds that could mitigate Aβ-induced toxicity, neuroinflammation, and 

promote neurogenesis (Morales-Garcia et al., 2020; Van Bulck et al., 2019) may advance 

our efforts towards preventing this disorder. Previous studies, including research conducted 

in Dr. Ana Perez Castillo's laboratory, have demonstrated that psychedelic N,N-tryptamines, 

such as DET, can decrease neuroinflammation and enhance adult neurogenesis in various 

neurological conditions (Perez Castillo et al., 2018 (Patent No. US11723894B2)) (Fontanilla 

et al., 2009; Lima da Cruz et al., 2018; Morales-Garcia et al., 2020; Szabo et al., 2014; 

Szabo et al., 2016; Winter, 1969). Furthermore, preliminary tests using neuroblastoma cell 

lines in Dr. Ana Perez Castillo's laboratory (unpublished data) indicate that DET may be a 

promising candidate for further investigation in our Tg mice model, potentially leading to a 

significant breakthrough in AD research.  

 

In this research, we integrate MRI analysis with MRS for the first time to investigate the 

effects of DET administration on the metabolic and biochemical changes in the brains of WT 

and Tg mice. Our findings indicate that DET does not influence axonal injury, demyelination, 

or the accumulation of macromolecules such as Aβ plaques, nor does it appear to affect 

adult neurogenesis in vivo. The absence of significant effects may be related to the age of 

the mice and the dosage of DET administered. However, cognitive decline is observed in 

these Tg mice between 6 and 10 months of age (Minkeviciene et al., 2008), which highlights 

the necessity for further studies involving younger mice and varying DET dosages.  

 

Voxel-based morphometry analysis, utilising T2-weighted imaging and MT analysis, showed 

no significant changes in atrophy or Aβ accumulation when comparing DET-treated mice to 

those receiving vehicle treatment. While prior studies suggested that MT values might reflect 

histopathological changes associated with AD (Delatour et al., 2006; Esteras et al., 2012; 

Huang et al., 2016; Liang et al., 2017), our results indicate no structural correlations with Aβ 

buildup, which may be attributed to the age of the mice and the duration of treatment (Lau 

et al., 2008).  
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Furthermore, although some research has reported hippocampal atrophy and neuronal loss 

in AD models (Heneka et al., 2015; Huang et al., 2016; Ries & Sastre, 2016), our study did 

not identify significant volumetric structural changes. This is consistent with other studies 

that noted inconsistencies in neuronal density and glial activation without observable atrophy 

(Kuhla et al., 2017; Manaye et al., 2007). 

Additionally, DTI scans are valuable for assessing white matter integrity by analysing water 

diffusivity, which aids in detecting anatomical changes before they become apparent in 

structural MRI (Shu et al., 2013; Zerbi et al., 2013). Our study found no effects of DET on 

white matter integrity; however, the hippocampus displayed significant reductions in axialdiff 

and MD, indicating increased axonal injury without signs of demyelination. In comparison, 

other research reported increases in axialdiff and FA in specific brain regions (Qin et al., 

2013). However, contradictory findings have been observed, such as declines in all DTI 

metrics in the corpus callosum but an increase in MD and radialdiff in the hippocampus 

(Zerbi et al., 2013). Therefore, it is important to be cautious when interpreting DTI 

measurements, as relying exclusively on them without integrating them with additional MRI 

and MRS analysis could restrict comprehension of how DET influences white matter 

integrity. 

We presented metabolic profiles for 7 of the 27 molecules identified in the hippocampus, 

highlighting 3 distinct metabolites, 2 complexes of metabolites, and 2 complexes of 

lipids/macromolecules in both WT and Tg mice. Minor alterations were observed in inositol, 

NAA, NAA + NAAG, Glu + Gln, and MM09 + Lip09 following DET treatment; however, the 

metabolic profiles noted no significant differences. Previous studies have demonstrated that 

MRS can distinguish metabolic profiles between WT and Tg mice, revealing decreased 

levels of NAA and Glu in Tg mice (Chen et al., 2012; Esteras et al., 2012; Kuhla et al., 2017; 

Liang et al., 2017; Marjanska et al., 2005; Marjańska et al., 2014; Shen et al., 2018; 

Westman et al., 2009). 

Inositol, a key player in regulating biochemical pathways in the brain (López-Gambero et al., 

2020), holds promise in mitigating toxic Aβ aggregation in AD. This potential is underlined 

by its ability to enhance cognitive functions (Aytan et al., 2013; Dorr et al., 2012; McLaurin 

et al., 2006; Morrone et al., 2020). Our research indicates that DET could function as a 

neuromodulator, reducing neuronal damage and glial activity in neurodegenerative 

conditions like Parkinson's disease (Perez Castillo et al., 2018 (Patent No. 
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US11723894B2)). However, our preliminary study is the first to report that DET does not 

affect AD pathology. This emphasises the need for in-depth analysis to clarify whether DET 

impacts the condition by improving neuroinflammation and neuronal damage. Additionally, 

NAA levels typically decrease in specific mouse models (Jansen et al., 2013; Kuhla et al., 

2017), including our DET-treated Tg mice, which seems to suggest inhibition of protein 

aggregation (e.g. Aβ) in Tg mice (Moffett et al., 2007). 

 

Taurine, a key player involved in the differentiation of neurones and the formation of 

synapses, has been the subject of studies that suggest its potential to influence neuronal 

plasticity and enhance cognitive function in AD models (Hernández-Benítez et al., 2013; 

Jang et al., 2017; Song et al., 2024). Our findings, which revealed no significant changes in 

taurine levels after DET treatment, suggest that it may not directly impact cognitive abilities. 

In contrast, Glx, a marker of glutamatergic activity (Senaratne et al., 2009), showed a slight 

reduction in vehicle-treated Tg mice compared to WT but returned to WT levels after DET 

treatment. Previous research has also observed declines in neuronal activity in Tg mice 

(Chen et al., 2012; Liang et al., 2017; Marjanska et al., 2005; Shen et al., 2018), while an 

increase was noted after donepezil treatment (Westman et al., 2009).  

 

GPC and PCh, critical membrane density and integrity indicators, are closely linked to 

phospholipid synthesis and breakdown (Senaratne et al., 2009; Westman et al., 2009). 

Choline, an essential component for producing phosphatidylcholine in cellular membranes, 

may be affected by fluctuations in acetylcholine production, particularly in neurological 

conditions (Marjańska et al., 2014; Mohan et al., 2010; Wurtman et al., 1985). In contrast, 

research has reported varying levels of choline in Tg mice (Esteras et al., 2012; Marjanska 

et al., 2005; Westman et al., 2009), and notably, our study found no significant alteration in 

choline levels after DET treatment in our Tg model.  

 

Furthermore, our MRS analysis effectively quantified Lip09 and MM09. However, the 

biological significance of the peaks identified in their spectra remains uncertain. Thymosin 

β4, which is implicated in neuroprotective responses, may be connected to these spectral 

peaks (Kauppinen et al., 1992a; Kauppinen et al., 1992b). Therefore, our elevated levels of 

Lip09 and MM09 in both WT and TG mice following DET treatment might suggest a potential 

neurotrophic effect. The discrepancy reported in the literature may be linked to factors such 

as the analysed brain regions, the age of the animals, and their genetic backgrounds 

(Doetschman, 2009; Pardon et al., 2016). This highlights the necessity for further studies 
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with diverse controls, a more comprehensive exploration of DET's metabolic pathways, and 

alternative methodology approaches.  



79 

3.5. Materials and methods 
3.5.1. Experimental animals 

We utilised the double transgenic mouse strain (B6.Cg-Tg (APPswe, 

PSEN1dE9)85Dbo/Mmjax, Lab Stock# 005864). These mice express a chimeric 

mouse/human APP featuring the Swedish mutation (Mo/HuAPP695swe) and an exon-9 

deletion in human presenilin-1 (PSEN1dE9) (Jankowsky et al., 2004). Corresponding WT 

littermates with identical backgrounds, carrying mouse APP and PSEN-1, were also utilised. 

We included WT and Tg mice aged 2 to 16.5 months for the experimental design. 

Genotyping was performed using a polymerase chain reaction of DNA extracted from tail 

biopsies (Jankowsky et al., 2001). All animal experiments received explicit approval from 

the “Ethics Committee for Animal Experimentation” of the Instituto de Investigaciones 

Biomédicas (CSIC-UAM) and were conducted in compliance with the European 

Communities Council Directive (2010/63/EEC) and National regulations (Normative 

53/2013). We took special care to minimise the pain and discomfort experienced by the 

animals (Sethi et al., 2020). 

 

3.5.2. Tissue preparation 

Mice were intraperitoneally injected with 5-bromo-2-deoxyuridine (BrdU; 50 mg/kg) 24 hours 

(h) before being sacrificed to label short-term cell proliferation. The brain slices were 

collected as previously described (Morales-Garcia et al., 2011). In short, animals were 

anaesthetised and transcardially perfused using 4% paraformaldehyde (PFA; Merck, 

Spain). The brains were post-fixed in the same concentration of PFA overnight at 4°C. 

Before the brains were frozen down on dry ice, they were placed in a 4% PFA solution 

containing 30% sucrose (Sigma-Aldrich, Spain). 30 µm coronal sections were obtained in a 

cryostat (Cryocut 1900, Leica Biosystems, Barcelona, Spain, CM1900). 

 

3.5.3. Isolation and culture of neurospheres 

NSC were isolated from the subventricular zone using previously described methods (Ferrón 

et al., 2007; Morales-Garcia et al., 2012). We harvested and cultivated NSC from WT and 

Tg mice aged between 15.5 and 16.5 months, ensuring a sample size of at least seven from 

each group, as an alternative investigation model for AD. In brief, mice were cervical 

dislocated, their brains were extracted, and the subventricular zones were dissected as 

described following procedures outlined by Dr. Ana Perez Castillo's laboratory (Morales-

Garcia et al., 2017; Morales-Garcia et al., 2011). The subventricular zones were dissociated 

in Dubecco’s modified Eagle’s medium (DMEM, Invitrogen, Spain), supplemented with 2% 
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glutamine and 0.1% gentamicin, and then filtered using a 40 µm cell strainer (Falcon cat. 

352340). The tissue was digested with a mixture of trypsin-EDTA (1X), 0.4% hyaluronidase 

(200 mg/mL), and 0.1% DNase) for 15 min at 37°C (Morales-Garcia et al., 2015; Morales-

Garcia et al., 2020). Following digestion, the cell suspension underwent two centrifuge 

steps: 10 min at 3000 rpm and 5 min at 1500 rpm. After centrifugation, the resuspended 

cells were filtered again using a 40 µm cell strainer. The cells were subsequently plated in 

6-well plates and cultured in DMEM/F12 (1:1, Invitrogen) containing 10 ng/mL epidermal 

growth factor (Cat.100-15, Peprotech, London, UK), 10 ng/mL fibroblast growth factor (Cat. 

100-18D, Peprotech), B27 medium (Gibco), and supplemented with 1% glutamine and 

0.05% gentamicin (Morales-Garcia et al., 2020). The addition of growth factors (epidermal 

growth factor and fibroblast growth factor) was repeated every two days.  

 

3.5.4. Differentiation of neurospheres culture 

After 10 to 14 days in vitro (DIV), the maturation of neural progenitor-enriched growing 

spheres occurs, initiating differentiation into what are known as neurospheres. The 

differentiation process has been previously described by Dr. Ana Perez Castillo's laboratory 

(Morales-Garcia et al., 2017). Briefly, coverslips were coated with poly-L-lysine (PLL, Sigma, 

P2636, Spain) at a final concentration of 20 mg/mL in autoclaved milli-Q water. A single 

neurosphere was then carefully placed in the centre of the coated coverslip, which was 

subsequently immersed in differentiation media consisting of a 1:1 mixture of DMEM and 

F12 (Invitrogen), supplemented with B27 medium (Gibco), along with 1% glutamine, 0.05% 

gentamicin, and 10.4% foetal bovine serum (FBS) devoid of exogenous growth factors. The 

neurospheres were incubated for 24 to 48 hours without disturbance at 37°C in an 

atmosphere of 5% CO2.  

 

3.5.5. Amyloid beta and N,N-diethyltryptamine treatment 

Prior to the differentiation of the neurospheres, they were subjected to treatment with low 

concentrations of human synthetic Aβ(1-40) ((0.5 µM), Tocris Bioscience, Cat. No 1428, 

Spain) and human synthetic Aβ(1-42) ((0.5 µM), Tocris Bioscience Cat. No. 1191, Spain) for 

30 min. Aβ(1-40) (0.5 µM) and Aβ(1-42) (0.5 µM) were reconstituted in N,N-dimethylsulfoxide 

(DMSO, Sigma-Aldrich) to create a stock concentration of 250 µM, followed by sonication 

for 10 min and centrifugation at 13,523× g at 16 °C (Willén et al., 2017). During the 

proliferation and differentiation phases, the neurospheres were treated daily with DET (100 

µM; CAS No. 61-51-8, Perez Castillo et al., 2018, Patent No. US11723894B2). The ability 

of DET to promote the differentiation of neuronal progenitor stem cells into neurones was 
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assessed by placing neurospheres from 10–14-day-old cultures onto coverslips pre-coated 

with PLL and culturing them in the presence of DET. After 72 h, the differentiated 

neurospheres were again exposed to Aβ(1-40) (0.5 µM) and Aβ(1-42) (0.5µM) for 30 min. 

  

3.5.6. Clorgyline hydrochloride and N,N-diethyltryptamine administration in vivo 

Mice (n=26, ages 10.5 to 12.5 months) were categorised based on the treatment 

administration (Figure 23). The classification of our mice groups was chosen based on 

previous findings obtained in Dr. Ana Perez Castillo's laboratory (Morales-Garcia et al., 

2020) and unpublished data from neuroblastoma cell lines which featured the wild-type APP 

or Swedish APP mutation. The control groups included WT (n=6) and Tg (n=7), both of 

which received an intraperitoneal injection of CLQ treatment (1 mg/kg; CAS No. 17780-75-

5). The DET-treated groups comprised WT (n=6) and Tg (n=7), who were administered with 

both CLQ and DET (1 nmol/gram). DET was delivered through subcutaneous injection. WT 

and Tg mice received intraperitoneal injections of CLQ alone or in combination with 

subcutaneous injections of DET every other day for 18 consecutive days. On day 1, all mice 

were given an intraperitoneal injection of BrdU (50 mg/kg) to label proliferating cells for long-

term studies on their survival and differentiation between vehicle-treated control and DET-

treated groups. Further investigations were carried out using MRI, as outlined below. After 

the completion of the study, all mice were sacrificed, and their brains were collected for 

further examination (Unfortunately, data is unavailable). 
 

 
Figure 23: Schematic overview of drugs administration and experimental setup. 

The illustration was created using Adobe Illustrator CC 2024. 
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3.5.7. Immunocytochemistry (ICC) 

Neurospheres were cultured and treated as mentioned above. The neurospheres were fixed 

with 4% PFA on ice for 20 min after treatment. They were then permeabilised using 0.1 M 

Phosphate buffer (PB) containing 0.1% Triton X-100 (Sigma-Aldrich, Spain) and 5% normal 

goat serum (NGS; Vector Laboratories, Spain) for 30 min at 37°C. Subsequently, the 

neurospheres were incubated with primary antibodies (Table 2) diluted in a mixture of 0.1 M 

PB, 0.1% Triton X-100, and 1% NGS for 1 h at 37°C. After carefully washing with 0.1 M PB, 

the neurospheres were incubated with secondary antibodies (Alexa Fluor 488 (1:400) and 

Alexa Fluor 546 (1:400); Thermo Fisher Scientific, Madrid, Spain) along with 4’,6-diamino-

2-phenylindole (DAPI (1:400)); Calbiochem, Merck Life Science, Madrid, Spain 268298) for 

1 h at 37°C. DAPI was utilised for nuclear staining, and both DAPI and the secondary 

antibodies were diluted in a mixture of 0.1 M PB, 0.1% Triton X-100, and 1% NGS. Following 

three washes with 0.1 M PB, the neurospheres were washed with autoclaved milli-Q water 

and 100% ethanol before mounting with Vectashield H-1200 (Vector Laboratories, Spain).  
 

Table 2: List of primary antibodies with their used application and dilution factor.   

Application Antibody Dilution Source 

Aβ, C99, APP and sAPPα anti-Aβ(1-16) (clone 6E10) IHC (1/1000) 
Biolegend (SIG 

39320 

C-terminus Aβ(1-42) anti-Aβ (clone H31L21) IHC (1/200) 
Thermo Fisher 

Scientific 700254 

C-terminus Aβ(1-40) anti-Aβ(1-40) (clone 11A50-B10) ICC (1/200) 
Biolegend (SIG 

39140) 

Amyloid fibrils and fibrillar 
oligomers 

anti-Amyloid Fibrils (OC) IHC (1/1000) 
Sigma Aldrich 

(AB2286) 

Astrogliosis 
Glial fibrillary acidic protein 

(GFAP) 
IHC (1/400) Sigma (G3893) 

Microgliosis 
Ionized calcium-binding adaptor 

molecule 1 (Iba-1) 
IHC (1/1500) Wako, Japan 

Neurogenesis/ neuroplasticity Reelin (RELN, clone G10) IHC (1/1000) Abcam (ab78540) 

Progenitor stem cells 
Type VI intermediate filament 

protein (Nestin) 

IHC (1/100), 

ICC (1/100) 

Abcam (ab7659), 

Abcam (ab6142) 

Proliferating cells Bromodeoxyuridine (Brdu) IHC (1/200) 
DAKO (M0744) 

Abcam (ab6326) 

Immature neurons β-III-Tubulin (Tuj-1 clone) 
IHC (1/400), 

ICC (1/400) 
Abcam (68193) 

Mature neurons 
Microtubule Associated 

Protein2 (MAP-2) 
ICC (1/200) 

Sigma Aldrich 

(M4403) 
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3.5.8. Immunohistochemistry (IHC) 

Immunofluorescence analysis was conducted on specific brain regions, including the 

hippocampus, subventricular zone, cortex, and entorhinal cortex, utilising 30 µm coronal 

sections as previously described (Alarcon-Gil et al., 2022; Sethi et al., 2020). Briefly, free-

floating sections were blocked for 1 h at room temperature in phosphate buffer saline (PBS 

1X) supplemented with 0.1% Triton X-100 and 3% NGS. For detection of BrdU, the samples 

were treated with 2 M HCl (Sigma-Aldrich, Spain) for 30 min at 37°C, followed by 

neutralisation with Borax (Sigma-Aldrich, Spain) performed twice (once for 1 minute and 

again for 15 min) at room temperature. After neutralisation, the sections were blocked for 

another hour in PBS containing 5% NGS and 0.1% Triton X-100, as previously described 

(Morales-Garcia et al., 2017). Subsequently, the brain sections were incubated overnight at 

4°C on a shaker with the primary antibodies (Table 2), diluted in PBS with 0.1% Triton X-

100 and 1% NGS. Following incubation, the sections were washed three times with PBS 

and then incubated to the corresponding secondary antibodies (Alexa Fluor 488 (1:400) and 

Alexa Fluor 546 (1:400)), along with DAPI (1:500)), all diluted in the blocking solution (PBS 

(1X) + 0.1% Triton X-100 + 3% NGS). The sections were rinsed once with 0.1M PB and 

mounted using Vectashield H-1200. 

 

3.5.9. In vivo imaging 

Mice that received injections of CLQ, either alone or in combination with DET, underwent 

brain scans using MRI. The MRI experiments were conducted on a Bruker Pharmascan 

Biospect system (Bruker Medical GmbH, Ettlingen, Germany) utilising a 7.0-T horizontal-

bore superconducting magnet. This system was equipped with a 1H receive-only mouse 

brain surface coil, a volume transmission coil, and a Bruker gradient insert with a diameter 

of 90 mm (maximum intensity 36 G/cm). The surface coil was directly mounted on the mouse 

cradle and positioned over the animal’s brain. The mouse was placed in the magnet while 

continuously inhaling anaesthesia delivered through a nose cone. A respiratory sensor 

connected to a monitoring system (SA Instruments, Stony Brook, NY) was positioned under 

the abdomen to track the rate and depth of respiration. The animals were anaesthetised with 

a 2% isoflurane-oxygen mixture in an induction chamber, and the flow of anaesthetic gas 

was constantly regulated to maintain a breathing rate of 60 ± 40 cycles per minute. All data 

were acquired using a Hewlett-Packard console equipped with Paravision 5.1 software 

(Bruker Medical GmbH), which operated on a Linux platform.  

 



84 

T2-weighted spin-echo anatomical images were acquired using a rapid acquisition with 

relaxation enhancement (RARE) sequence in an axial orientation. The parameters 

employed were as follows: repetition time (TR) of 3000 ms, time to echo (TE) of 44 ms, 

RARE factor of 8, an average of 4 acquisitions, a field of view (FOV) of 2.3 cm, an acquisition 

matrix of 256 × 256, corresponding to an in-plane resolution of 136 × 136 μm2. The slice 

thickness set at 1 mm comprised a total of 14 slices. 

 

Diffusion-weighted images were acquired using a spin-echo single-shot echo planar imaging 

(EPI) pulse sequence with the following parameters: TR/TE of 3500/40 ms, an average of 4 

acquisitions, a diffusion gradient duration of 4 ms, a diffusion gradient separation of 20 ms, 

gradient directions of 7, two B-values (300 s/mm2 and 1400 s/mm2), and slices thickness of 

1.5 mm without a gap. The acquisition matrix size was 128x128, which provided an in-plane 

resolution of 273x273 μm2. 

 

MT maps required acquiring two sets of magnetisation transfer contrast imaging: one with 

and the other without the off-resonance RF pulse. Both sets utilise a spin-echo sequence 

with the following parameters: TR/TE of 2500/9.85 ms, a matrix size of 128x128, FOV of 2.3 

cm, a total number of six slices, a slice thickness of 1.5 mm, and the number of averages 

was 1. The RF saturation pulse was applied at a 1,5 kHz offset (downfield from the water 

signal) as a series of 50 Gaussian pulses, each lasting 5 ms. The pulse power was set at 

5.5 µT, with a pulse bandwidth of 548 Hz and a total irradiation time of 266.3 ms. 

 

Fractional anisotropy, mean diffusivity, trace, eigenvalues and eigenvector maps, as well as 

axial and radial diffusivity and MT maps, were computed with a custom-made software 

application written in Matlab (R2007a, Biomedical NMR Facility Sebastián Cerdán, Madrid, 

Spain). ROI analysis was performed with Image J (https://imagej.net/ij/). 

 

The 1H-spectroscopy study was performed in the hippocampus. The in vivo spectroscopy 

protocol used a point-resolved spatially spectroscopy (PRESS) combined with VAPOR 

water suppression and has the following required parameters: TR of 3000 ms, TE of 35 ms, 

an average of 128 acquisitions, and a voxel volume of 3 mm3. First- and Second-order shims 

were automatically adjusted utilising the FASTMAP application in a large voxel of 4 mm3. All 

1H-spectra were analysed automatically with LCModel version 6.2-OR (Stephen 

Provencher, Oakville, ON; Canada). The analysis included observed spectral data from 27 

metabolites: alanine, aspartate, Creatine (Cr), phosphocreatine (PCr), γ-aminobutyric acid 

https://imagej.net/ij/
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(GABA), glucose, glutamine (Gln), glutamate (Glu), glycerophosphocholine (GPC), 

phosphocholine (PCh), inositol, lactate, N-acetyl aspartate (NAA) and N-acetyl-aspartyl-

glutamate (NAAG), scyllo-inositol, taurine, creatine methylene, guanosine), various lipids 

(Lip09, Lip13a, Lip13b and Lip20), and macromolecules (MM09, MM12, MM14, MM17 and 

MM20). 

  

3.5.10. Data analysis 

All images obtained from IHC and ICC were captured using a Nikon Eclipse 90I microscope, 

equipped with Plan APO objectives of 4x, 10x, and 20x, along with Nikon DS-Fi1 digital 

camera connected to Nis-elements software (Nikon Instruments Inc, Nikon Europe B.V., 

Madrid, Spain) or with an invert confocal microscope LSM 710 (Carl Zeiss Inc, Carl Zeiss 

Iberia, S.L-Division Microscopy, Madrid, Spain). IHC was performed on three brain slices 

from three different mice in each group (WT and TG), while ICC was performed once with 

two technical replicates. Only the highest quality IHC and ICC samples were acquired for 

imaging, reducing imaging costs for Dr. Ana Perez Castillo's laboratory. Further image 

processing was carried out using Image J software, and all illustrated figures were created 

using Adobe Illustrator (version 2024). 

  

In this study, in vivo images were acquired for treated WT mice (CLQ, N = 4; CLQ + DET, 

N = 4) and Tg mice (CLQ, N = 3; CLQ + DET, N = 4). Statistical analyses were conducted 

using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). ROI values were 

calculated from the whole brain, cerebral cortex, corpus callosum, thalamus, hippocampus, 

and subventricular area across the scanned slices from T2-weighted, DTI and MT images 

(Figure 10) utilising ImageJ software. The ROI was delineated using the freehand selection 

tool in ImageJ. For T2-weighted images, values were determined based on the area 

represented by counted voxels within the ROI. The total volume of the ROI was calculated 

by summing the area from the different slices. For the DTI and MT images, the mean was 

used for further statistical analysis.  

 

Additionally, the 1H-spectroscopy values utilised only the percentage (%) standard 

deviation. The processing software uses this parameter for the peak detection of a 

metabolite. If this value is below 20%, the program successfully identifies the peak, allowing 

for reliable metabolite analysis. However, if the value exceeds 20%, the program may 

mistakenly attribute the peak to noise detection. Therefore, avoiding working with 

metabolites that exhibit high standard deviation values is advisable. The relative 
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concentrations of the metabolites are expressed and plotted against the total creatine (tCr 

= Cr + PCr) concentration, which remains unchanged in both healthy and pathological 

conditions (Eisele et al., 2020). Therefore, tCr concentration serves as a suitable reference 

metabolite. Based on the threshold value related to the tCr signal, 7 metabolite levels 

(inositol, NAA, NAA + NAAG, taurine, GPC + PCh, Glu + Gln, and MM09 + Lip09) were 

selected for further analytical analysis. 

 

The following statistical analyses were performed on the in vivo data. The Shapiro-Wilk test 

was performed to determine whether the values were normally distributed for each slice 

within the ROI. For normally distributed data, we conducted an ordinary one-way ANOVA 

followed by Tukey’s post hoc multiple comparison test. In cases where the data did not follow 

a normal distribution, a Kruskal-Wallis test was carried out, accompanied by Dunn’s multiple 

comparisons as a post hoc test. All data are presented as mean ± standard deviation (SD) 

and are considered statistically significant if p < 0.05 (* p < 0.05) (Table S1-Table S5).  
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3.6. Supplementary materials 

 
Figure S1: Characterisation of human-specific Aβ(1-42)-aggregates in cortex from WT and Tg mice.  

Fluorescence staining for human-specific Aβ(1-42) (H31L21, red) aggregates begins at 4 months in the cortex 

of Tg mice compared to their WT littermates. The volume of Aβ(1-42) plaques in the cortex of Tg mice tends to 

increase from 4 to 6 months Tg mice. The aggregated area of Aβ(1-42) (white asterisk *) reveals destructed 

nuclei staining (DAPI, blue) in the cortex of 4- to 6-month-old Tg mice compared to WT mice. The scale bar 

represents 50 µm.  

 

 
Figure S2: Various isoforms of human Aβ-aggregates and oligomeric forms within the cortical and 

hippocampal brain regions of WT and Tg mice aged 9 to 12 months.  
Different isoforms of human Aβ aggregates in the cortex and hippocampus of 9–12 months WT and Tg mice 

are presented. Immunofluorescence analysis reveals the presence of human-specific Aβ(1-42) (H31L21), 

amyloid fibrils and fibrillary oligomers (OC), and with human Aβ(1-40)/Aβ(1-42) (6E10) plaques in the frontal cortex 

and hippocampal regions. Notably, these aggregates are primarily found in the stratum radiatum (SR), stratum 

lacunosum moleculare (SLM), the outer portion of the molecular layer of the dentate gyrus (OML), and the 

hilus of the dentate gyrus (DG) in 9-to 12-month-old mice. The cornu ammonis, which includes the CA1, CA2, 

CA3, and hilus (CA4) subfields, is a specific hippocampus area. DAPI (blue) is utilised for nuclear staining. 
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This image complements the data previously published by Sethi et al. (2020) (Sethi et al., 2020). The scale 

bar is 300 µm. 

 

 
Figure S3: Human Aβ-associated microgliosis in the hippocampus of WT and Tg mice aged 4 to 12 months.  
Representative immunofluorescence images depict microglial activation surrounding human Aβ aggregates in 

the hilus of the hippocampus of Tg mice aged 4 to 12 months, compared to WT. Activation and recruitment of 

reactive microglia (Iba-1, red, white arrowheads) to human Aβ aggregates (6E10, green) begin at 4 months in 

Tg mice. The human Aβ-associated microgliosis tends to increase with age, peaking at 9 months in Tg mice. 

Between 9 and 12 months, Tg mice display dying reactive microglia (white arrows) due to the abundance of 

human Aβ plaques, in contrast to their WT littermates. In WT mice, a notable decrease in microglia activation 

is observed in immunofluorescence starting at 9 months. Additionally, diffusible human Aβ aggregates 

(indicated by dashed white circles) are associated with destructed nuclei (DAPI, blue, marked with an asterisk 

*) that emerge at 4 months and tend to increase with age in Tg mice compared to WT littermates. The scale 

bar represents 20 µm. 
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Figure S4: Human-specific Aβ(1-42)-associated astrogliosis within the cortex and hippocampus of 4-month-old 

WT and Tg mice. 

Here, we show that astrocytes (GFAP, green) surround human Aβ(1-42) (H31L21, red) aggregates in the cortex 

and hippocampus of 4-month-old WT and Tg mice. Notably, no Aβ(1-42) induced astrogliosis is seen in the 

hippocampus of 4-month-old Tg and WT mice. In contrast, the cortex of Tg mice displays Aβ(1-42) aggregates 

surrounded by astrocytes (white box). DAPI (blue) is used for nuclear staining. The scale bar is 350 µm. 

 

 
Figure S5: The alteration in microgliosis activation surrounding human Aβ(1-40)/Aβ(1-42)-aggregates within the 

cortical region of WT and Tg mice aged between 9 to 12 months. 

We observe the co-occurrence of Aβ(1-40)/Aβ(1-42)-aggregates (6E10, green) and microglia (Iba-1, red) within 

the cortex of 9-12-month-old WT and Tg mice. The Tg mice exhibit an increase in fluorescent staining in Aβ(1-

40)/Aβ(1-42)-aggregates compared to the WT mice. Altered activation of microglia is evidenced by the fluorescent 

signals surrounding these aggregates (white arrowheads). Notably, the 12-month Tg mice demonstrate a 

twofold increase in Aβ aggregates (outer white circle) compared to the 9-month WT mice (inner white circle). 

Non-reactive microglia are observed in the WT mice (white arrows), while reactive and dying microglial-positive 

cells surround Aβ plaques (white arrowheads). Significant diffusion of destructed nuclei (DAPI, blue, white 
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asterisk *) is observed in the microglial surrounding the Aβ plaques from 9- to 12-month-old Tg mice. The scale 

bar represents 20 µm. 

 

Figure S6: The impact of adult neurogenesis in the subventricular and subgranular zones of 6-month-old WT 

and Tg mice. 

Immunofluorescence images illustrate the alteration in adult neurogenesis within the subventricular and 

subgranular zones of 6-month-old WT and Tg mice. Notably, decreases in the fluorescent signal of progenitor 

cells (Nestin, red) and proliferating cells (Brdu, green) are observed in Tg mice compared to their WT 

littermates. Additionally, a reduction in fluorescent staining of colocalization of newly formed neuronal cells 

during proliferation of neuronal stem cells is evident in the subventricular zone and subgranular zone of Tg 

compared to WT (white arrow). DAPI (in blue) is used for nuclear staining. The scale bar is 50 µm.  
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Figure S7: Adult neurogenesis and neuroplasticity are unaffected in the cortex and hippocampus of WT and 

Tg mice aged 2 to 6 months. 

Immunofluorescence images show the localisation of proliferating cells (Brdu, green) and Reelin-positive cells 

(RELN, red) in specific brain regions, including the frontal cortex and the hilus of the hippocampus, from WT 

and Tg mice aged 2 to 6 months. The white asterisk (*) indicates artefacts and not RELN-positive cells. The 

data reveal that the fluorescent signal of RELN-positive cells is altered with age in both the cortical and 

hippocampal areas of WT and Tg mice. The scale bar represents 50 µm.  
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Figure S8: Effect of adult neurogenesis in WT and Tg neurospheres following treatment with Aβ(1-40). 

The WT and TG neurospheres are derived from the subventricular zone of animals approximately 16 months 

old. These neurospheres are treated with and without Aβ(1-40) (0.5 µM), representing data from one 

independent culture (N = 1) with two technical replicates (n=2). In Aβ(1-40)-treated WT and TG neurospheres, 

there is a noticeable reduction in the fluorescent signal of progenitor cells (Nestin, red) compared to the non-

treated WT and Tg controls (CTRL). The Aβ(1-40)-treated WT exhibit an increase in fluorescent signal of Aβ(1-

40) (11A50-B10, green) load compared to the control groups and Aβ(1-40)-treated Tg neurospheres. Control 

groups show a slight increase in fluorescent signal of differentiating progenitor cells (Nestin, red) compared to 

Aβ(1-40)-treated groups. Additionally, Tg neurospheres show a slight fluorescent alteration in the differentiating 

effect of Nestin-positive cells (red) compared to WT neurospheres. Nuclei are stained with DAPI (blue), and 

the scale bar is 100 µm. 
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Figure S9: DET promotes the differentiation of neuronal stem cells into mature neurons derived from WT 

neurospheres.  
The differentiation of NSC into mature neurones from the subventricular zone of WT neurospheres, obtained 

from approximately 16-month-old mice, is presented with and without DET stimulation (analysed from one 

independent culture (N = 1) with two technical replicates, n=2). The distal part of DET-treated WT 

neurospheres exhibits differentiation into mature neurones (MAP-2, red) and immature neuronal cells (β-III-

Tubulin (Tuj-1 clone), green). The differentiation of NSC into mature neurones is highlighted in DET-treated 

WT neurospheres (white arrows). Additionally, we illustrate WT and Tg neurospheres stimulated with DET 

(100 µM) alongside 30 min treatment of either Aβ(1-40) (0.5 µM) or Aβ(1-42) (0.5 µM). The combined treatment 

(DET + Aβ) of Tg neurospheres shows no prominent reduction in the fluorescent differentiation signal of mature 

neurones (Map-2) when compared to DET-treated WT. An artefact (white stripes) is observed due to the 

disruption of the neurospheres during the mounting process. Unfortunately, extra technical replicates could 

not be obtained from Tg neurospheres treated with DET in combination with Aβ(1-40) or WT neurospheres 

treated with Aβ(1-42). Nuclei staining is DAPI (blue). The scale bars represent 100 µm (central part) and 50 µm 

(distal part). 
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4. The impact of Aβ species on synaptic plasticity and lipid profiling: insights from in
vitro physiological models
To broaden our research spectrum of Aβ(1-40) and Aβ(1-42) species, we conducted research

to see the pathological effect of these Aβ species on an in vitro physiological model. We

studied the synaptic loss and lipid alterations in neural cell types. Therefore, we used

primary neurones and glial cultures to investigate the cellular responses to these Aβ species.

Furthermore, we investigated the impact of the short and long influence of Aβ(1-40) and Aβ(1-

42) species on synaptic loss and lipid alterations in these neural cell types. It reveals that

these Aβ species might have a novel function in regulating the distribution of lipids in neural

cell types. Also, it showed that synaptic dysregulation is a later pathological effect of AD.

This chapter's content is identical to the published article (Van Bulck et al., 2022). Although 

the lipid data from conditioned media of hippocampal neurones and glial cultures are 

unpublished, they are included in this chapter to give a comprehensive overview of the lipid 

profiling of both neuronal brain cells and their extracellular environment after Aβ species 

treatment. 

Article: 
Aβ-induced alterations in membrane lipids occur before synaptic loss appears 

Michiel Van Bulck (M.V.B.), Nicola Brandt (N.B.), Ralf A. Claus (R.A.C.), Markus Gräler 

(M.G.), and Anja U. Bräuer (A.U.B.)

Published in: International Journal of Molecular Sciences (2022), 23 (4) 2300 

(https://doi.org/10.3390/ijms23042300)  

Contributions: 
Conceptualization, A.U.B.; Data curation, M.V.B., R.A.C. and M.G.; Formal analysis, M.V.B., 

N.B., R.A.C. and M.G.; Investigation, A.U.B.; Methodology, M.V.B., N.B., R.A.C. and M.G.;

Supervision, A.U.B.; Validation, N.B.; Visualization, M.V.B.; Writing—original draft, M.V.B.

and A.U.B.; Writing—review & editing, M.V.B., N.B., R.A.C. and M.G. All authors have read

and agreed to the published version of the manuscript.

Additional data: 
Lipid profiles in conditioned media were implemented in this chapter of the dissertation. Data 

collection has been performed by R.A.C. and M.G. Further data quantification was 

performed by M.V.B.  

https://doi.org/10.3390/ijms23042300
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Hereby, I confirm that Michiel Van Bulck contributed to the investigation as stated above. 

 

                                 (Place, Date)                                                     (Prof. Dr. Anja U. Bräuer) 
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Aβ-Induced Alterations in Membrane Lipids Occur before Synaptic Loss Appears 
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Abstract: Loss of active synapses and alterations in membrane lipids are crucial events in 

physiological ageing as well as in neurodegenerative disorders. Both are related to the 

abnormal aggregation of amyloid-beta (Aβ) species, generally known as amyloidosis. There 

are two major known human Aβ species: Aβ(1–40) and Aβ(1–42). However, which of these 

species have more influence on active synapses and membrane lipids is still poorly 

understood. Additionally, the time-dependent effect of Aβ species on alterations in 

membrane lipids of hippocampal neurones and glial cells remains unknown. Therefore, our 

study contributes to a better understanding of the role of Aβ species in the loss of active 

synapses and the dysregulation of membrane lipids in vitro. We showed that Aβ(1–40) or Aβ(1–

42) treatment influences membrane lipids before synaptic loss appears and that the loss of 

active synapses is not dependent on the Aβ species. Our lipidomic data analysis showed 

early changes in specific lipid classes such as sphingolipid and glycerophospholipid 

neurones. Our results underscore the potential role of lipids as a possible early diagnostic 

biomarker in amyloidosis-related disorders. 

 
Keywords: neurones; glia cells; synapses; Aβ species; membrane lipids; Alzheimer’s 

disease; cell-communication 
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4.1. Introduction 
Amyloidosis is used as an umbrella term for rare, serious diseases caused by the deposit of 

misfolded proteins. In brain tissue, it is characterised by the accumulation of amyloid-beta 

(Aβ), such as occurs in Alzheimer’s disease (AD) (Brothers et al., 2018). Aβ species are 

products of a proteolytic cleavage, generated from amyloid precursor protein (APP) by α- or 

β-secretase and γ-secretase activity, and their characteristics have been extensively 

reviewed (Brothers et al., 2018; Kumar et al., 2015; Pearson & Peers, 2006). However, the 

presumed neurotoxic effects of the major Aβ species, Aβ(1–40) and Aβ(1–42), under 

pathological and physiological conditions remain unclear. So far, the molecular and cellular 

mechanism of Aβ species and their impact on the loss of synaptic sites, as well as on the 

changes of membrane lipids of brain cells, is poorly understood.  

 

APP has been shown to play a pivotal role in synaptic and neural plasticity (Sosa et al., 

2017). In vitro and in vivo studies have demonstrated that soluble Aβ species accumulate at 

the synaptic sites, resulting in disrupted synaptic plasticity and long-term potential (Lacor et 

al., 2004; Takahashi et al., 2002; Walsh et al., 2002; Walsh & Selkoe, 2004). However, Aβ(1–

42) is thought to be more aggregation-prone compared to Aβ(1–40). The aggregation status of 

Aβ species in senile plaques in AD is strongly regulated by time and their aggregation affinity 

(Gouras et al., 2000; Thal et al., 2000b). Therefore, as has been demonstrated in vitro and 

in vivo, Aβ species have different influences on the pre- and postsynaptic densities 

dependent on the Aβ concentrations, the chemical structure of Aβ (α-helices or β-sheets), 

the time of Aβ treatment, and the Aβ aggregation status (Almeida et al., 2005; Chen et al., 

2017; Gouras et al., 2015; Hayashi et al., 2009; Heras-Sandoval et al., 2012; Hu et al., 2009; 

Klementieva et al., 2017; Novo et al., 2018; Pearson & Peers, 2006; Sokolow et al., 2012; 

Takahashi et al., 2003; Takahashi et al., 2004). Previously, it was also shown that glial cells 

are involved in Aβ-induced inflammatory responses and play an important role in Aβ 

clearance and degradation (Ries & Sastre, 2016). In addition, glial activation itself could play 

a protective role against Aβ-induced toxicity on neurones (Ries & Sastre, 2016).  

 

APP and the cleavage products Aβ(1–40) and Aβ(1–42) have different influences on lipid 

homeostasis (Grimm et al., 2005). Major molecular targets for Aβ in the cholesterol and 

sphingolipid metabolic pathways are 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 

reductase and sphingomyelinases (nSMase) (Grimm et al., 2005). Aβ(1–42) activates 

nSMase, whereas Aβ(1–40) suppresses the activity of HMG-CoA reductase, resulting in 

decreased cholesterol levels. Sphingomyelins (SM) reduce γ-secretase activity, thus 
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reducing Aβ levels; cholesterol, on the contrary, induces γ-secretase activity and is 

responsible for elevated Aβ levels (Grimm et al., 2005; He et al., 2010). Inhibition of HMG-

CoA reductase is responsible for a reduction of intracellular as well as extracellular Aβ(1–40) 

and Aβ(1–42) peptides, resulting in elevated levels of cholesterol (Kim et al., 2016). 

Sphingosine-1-phosphate (So1P) has been shown to be protective for neuronal cells, 

whereas ceramide promotes Aβ biogenesis by influencing the β-secretase of APP (Puglielli 

et al., 2003). Ceramides also interfere in the control of many cellular processes, influencing, 

e.g., Aβ aggregation in physiological and pathological ageing processes (Venkateswaran et 

al., 2000). Phosphatidylcholines can alter the Aβ(1–40) mediated aggregation, depending on 

the thickness of the lipid membrane (Korshavn et al., 2017). Charged phospholipid bilayers 

consisting of phosphatidylcholines and phosphoglycerol showed an increase in Aβ(1–40) fibril 

formation (Niu et al., 2014).  

 

In this study, we investigated the direct effect and time-dependent influence of two major 

human Aβ species on primary hippocampal neurones and on glial cells. Hence, we 

examined whether the loss of active synapses in primary hippocampal neurones is Aβ-

species- and time-dependent in vitro.  

 

Our results show for the first time a detailed lipid profiling in two different types of brain cells, 

primary hippocampal neurones and glial cells, after 3 h (3 h) and 12 h (12 h) of Aβ(1–40) and 

Aβ(1–42) treatment. We established that both Aβ species cause changes in the membrane 

lipids of primary hippocampal neurones and glial cells after 3 h and 12 h of treatment. 

Interestingly, Aβ-induced alterations in membrane lipids occurred prior to the loss of active 

synapses. 

 

4.2. Synaptic loss after Aβ(1–40) and Aβ(1–42) treatment 
To examine whether Aβ species have a preferential early or late effect on the loss of active 

synapses, primary hippocampal neurones at 12 DIV were treated with (1 µM) Aβ(1–40) or (1 

µM) Aβ(1–42) for 3 h and 12 h. Active synapses were analysed by colocalisation of fluorescent 

markers recognising vesicular glutamate transport 1 (Vglut-1) and postsynaptic density 

protein-95 (PSD-95) (Figure 24 A–C). We quantified three ROI (47 µm2) on the dendritic tree 

of the hippocampal neurones by examining the colocalisation dots (Figure 24 A, white 

boxes) of a pre- and postsynaptic marker. No significant effect on active synapses was 

observed after 3 h treatment between our control groups (CTRL and DMSO) compared to 

Aβ-treated groups (Aβ(1–40) and Aβ(1–42)). After 12 h, however, Aβ-treated groups showed a 
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significant reduction in active synapses as compared to the control groups (Figure 24 A and 

Table 3). Both 3 h and 12 h DMSO treatments showed a small decrease in active synapses 

compared to the CTRL, but this was not significant (Figure 24 B-C and Table 3). We 

observed no significant difference after 3 h and 12 h treatment between Aβ(1–40) and Aβ(1–42) 

treatments (Figure 24 B-C and Table 3). However, 3 h Aβ(1–40) and Aβ(1–42) treatment showed 

a slight decrease in active synapse numbers as compared to our control groups, but this 

was not significant (Figure 24 B-C and Table 3). 

 

Figure 24: Synaptic loss of active synapses of Aβ accumulation in hippocampal neurones. 

(A–C) The synaptic study showed the colocalisation of presynaptic (Vglut-1) and postsynaptic (PSD-95) 

markers, which was defined as active synapses, in hippocampal neurones at DIV12 for both control groups 

(CTRL and DMSO) and Aβ-treated groups ((1 µM) Aβ(1–40) and (1 µM) Aβ(1–42)) at different time points (3 h and 

12 h) of treatment (all groups from four independent cultures (N = 4)). In the 3 h treatment, the following 

average number of neurones was counted in each group: CTRL (n = 12), DMSO (n = 9), Aβ(1–40) (n = 11) and 

Aβ(1–42) (n = 9). In the 12 h treatment, the following average number of neurones was counted in each group: 

CTRL (n = 14), DMSO (n = 13), Aβ(1–40) (n = 13), and Aβ(1–42) (n = 17). For both 3 h and 12 h treatments, 3 ROI 

from each neurone was counted. (A) Representative confocal images of control groups and Aβ-treated groups 
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of hippocampal neurones stained for both presynaptic (Vglut-1) and postsynaptic markers (PSD-95) are 

shown. There was a reduction in active synapses after 12 h of Aβ(1–40)- and Aβ(1–42)-treated neurones compared 

to control groups. White boxes show enlargements of an example of defined active synapses for both control 

groups and Aβ-treated groups (3 h and 12 h). (B-C) Quantification of active synapses from control- and Aβ-

treated groups of hippocampal neurones. (B) No significant effect on active synapses was seen in Aβ-treated 

groups after 3 h (3 ROI of average counted cells; n = 10, from four independent cultures (n = 4)). (C) A 

significant reduction of active synapses was observed after 12 h of Aβ(1–40)- and Aβ(1–42)-treated neurones 

compared to control groups. No significance (ns) was seen between CTRL and DMSO, nor between Aβ(1–40)- 

and Aβ(1–42)-treated neurones (3 ROI of average counted cells; n = 14, from four independent cultures (n = 4)). 

*** p < 0.0001; scale bars represent 5 µm. The size of the ROI was 47 µm2. 

 
Table 3: List of the statistically adjusted p-value (from Figure 24 B-C) between separate groups (CTRL, DMSO, 

Aβ(1–40) and Aβ(1–42)) after 3 h and 12 h of treatment conditions. A Kruskal–Wallis test was performed, followed 

by a Dunn’s multiple comparison test. 

 

4.3. Alterations in cellular lipids of hippocampal neurones and glial cells after Aβ(1–

40) and Aβ(1–42) treatment 
4.3.1. Disruption in cellular lipids of hippocampal neurones and glial cells after Aβ(1–

40) and Aβ(1–42) treatment using high-performance thin-layer chromatography 

(HPTLC) 

Hippocampal neurones at 12 DIV and glial cells were treated with Aβ(1–40) and Aβ(1–42) for 3 

h and 12 h to test whether Aβ species influence cellular lipids, whether that has a preference 

for a specific class of lipids, and to examine whether Aβ(1–40) and Aβ(1–42) have early effects 

on the lipid changes in these cells. Two different sets of analyses were performed: HPTLC 

and tandem MS. Lipids of hippocampal neurones and glial cells were extracted equally from 

our control groups (CTRL and DMSO) and Aβ-treated groups (Aβ(1–40) and Aβ(1–42)) after 3 

h and 12 h of treatment. TopFluor lysophosphatidic acid (LPA) was used as the internal 

standard, to see whether the same amounts of lipids were extracted from each sample of 

control- and Aβ-treated groups (Figure S10 A-D). To analyse which different lipid classes 

(e.g., sphingolipids and glycerophospholipids) were dysregulated, we showed HPTLC-

 3 h Treatment 12 h Treatment 
Kruskal-Wallis test 0.0732 <0.0001 

Dunn’s multiple comparison test adjusted p-value adjusted p-value 

CTRL vs DMSO >0.9999 0.6106 

CTRL vs Aβ(1-40) 0.3017 <0.0001 

CTRL vs Aβ(1-42) 0.0867 <0.0001 

DMSO vs Aβ(1-40) >0.9999 <0.0001 

DMSO vs Aβ(1-42) >0.9999 <0.0001 

Aβ(1-40) vs Aβ(1-42) >0.9999 >0.9999 
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derivatised copper (II)-sulphate images and their corresponding scanning profiles for 

hippocampal neurones and glial cells treated with Aβ(1–40) and Aβ(1–42) for 3 h and 12 h 

(Figure S11 A–D). These images and profiles revealed changes in different lipid classes 

(e.g., sphingolipids and glycerophospholipids), which were in accordance with the external 

standards used (Figure S11, purple arrows and boxes). Each numbered purple arrow and 

box refers to external standards that could be detected from hippocampal neurones and glial 

cells after 3 h and 12 h of Aβ(1–40) and Aβ(1–42) treatment. The copper (II)-sulphate scanning 

profiles are shown to facilitate examination of the changes between control groups and Aβ-

treated groups. The represented retention factor (Rf, Table S6) and arbitrary unit (AU, Table 

S6) are both based on the peak’s end in the copper (II)-sulphate scanning profiles. These 

show the changes in band intensity of the HPTLC copper (II)-sulphate images and 

correspond to the numbered labelled purple arrows and boxes (Figure S11). Our data 

showed small changes in sphingolipids and glycerophospholipids after 3 h Aβ(1–40) and Aβ(1–

42) treatment for both neurones (Figure S11 A) and glial cells (Figure S11 C), and large 

changes after 12 h of Aβ(1–40) and Aβ(1–42) treatment (Figure S11 B,D). 

 

4.3.2. Specific identification of various lipid isoforms after Aβ(1–40) and Aβ(1–42) 

treatment from hippocampal neurones and glial cells using tandem mass 

spectrometry analysis 

To corroborate whether Aβ(1–40) and Aβ(1–42) preferentially influence specific sphingolipid or 

glycerophospholipids isoforms, we treated hippocampal neurones at DIV 12 and glial cells 

for 3 h and 12 h with Aβ(1–40) and Aβ(1–42) and subsequently analysed them by tandem MS. 

Here, the characterisation of altered lipid isoforms for hippocampal neurones and glial cells 

after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment are shown, focussing on sphingolipids such 

as ceramides (Cer), dihydroceramides (DHCer), lactosylceramides (LacCer), 

monohexosylceramides (HexCer), sphingosine (So), sphinganine (Sa), sphingosine-1-

phosphate (Sa1P), sphinganine-1-phosphate (So1P), sphingosylphosphorylcholine (SPC), 

sphingomylines (SM), dihydrosphingomylines (DHSM), and glycerophospholipids such as 

phosphatidylcholine (PC), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine 

(LPE), lysophosphatidylglycerol (LPG), lysophosphatidylserine (LPS), Lyso-platelet-

activating factor (Lyso-PAF) (Figure 25, Figure 26 and Figure 27). All results are presented 

as a log10 transformation and were performed in triplicate. Furthermore, ratios between the 

Aβ-treated groups and our negative control (DMSO) were calculated, setting the negative 

control (DMSO) to 0. After taking the ratios, the Z-score was taken for the total data set. 

Changes in lipid isoforms are shown as tendencies. This means that the red colours refer to 
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an increase of lipid quantities and the green colour indicates a reduction compared to our 

negative control (DMSO) which was set to 0 as baseline parameter (Figure 25, Figure 26 

and Figure 27). 

 

4.3.2.1. Ceramides (Cer) 

Both hippocampal neurones and glial cells showed alterations in Cer isoforms after 3 h and 

12 h Aβ(1–40) and Aβ(1–42) treatment (Figure 25). Neurones showed a reduction in C14 Cer 

after 3 h Aβ(1–40) treatment. An increase of C14 Cer was observed after 3 h and 12 h of Aβ(1–

40) and Aβ(1–42) treatment. Other ceramide isoforms (C16 Cer, C18:0 Cer, C20 Cer, C22 Cer, 

C24:1 Cer) showed an increase in 3 h Aβ(1–40)-and 12 h Aβ(1–42)-treated neurons. Aβ-treated 

glial cells showed a strong increase after 3 h Aβ(1–40) and Aβ(1–42) treatment for C14 Cer. 

After 12 h, Aβ(1–42)-treated glial cells showed a strong reduction compared to Aβ(1–40) for C14 

Cer. A weak reduction in C18:1 Cer for 3 h Aβ(1–42) and 12 h Aβ(1–40) (Figure 25) was also 

observed. Other ceramide isoforms (C16 Cer, C18:0 Cer, C20 Cer, C22 Cer, C24:1 Cer) 

showed a weak increase after 12 h Aβ(1–42)-treatment on glial cells. An increase was 

observed in C24 Cer after 3 h Aβ(1–40) as well as after 3 h and 12 h Aβ(1–42) in treated 

neurones. No changes were observed in C24 Cer of Aβ(1–40)- and Aβ(1–42)-treated glial cells 

(Figure 25). 

 

4.3.2.2. Dihydroceramides (DHCer) 

In Aβ(1–42)-treated glial cells, C14 DHCer, C16 DHCer, and C18:0 DHCer decreased after 3 

h and increased after 12 h treatment. However, in glial cells, C14 DHCer and C18:0 DHCer 

were increased after 3 h of Aβ(1–40) treatment. After 3 h Aβ(1–40)- and Aβ(1–42)- treatment on 

glial cells, a reduction in C20 DHCer and an increase in C22 DHCer was observed. After 12 

h, there was a decrease in Aβ(1–40)- and a slight increase in Aβ(1–42)- treated glial cells. C24:1 

DHCer showed a weak reduction after 3 h Aβ(1–40) and Aβ(1–42) treatment as well as an 

increase after 12 h Aβ(1–42) treatment in glial cells. After 3 h and 12 h Aβ treatment, glial cells 

showed a decrease in C24 DHCer (Figure 25). Aβ(1–40)- and Aβ(1–42)-treated hippocampal 

neurones showed a specific decrease in C20 DHCer after 3 h, and no changes after 12 h 

Aβ(1–40) and Aβ(1–42) treatment. C22 DHCer showed a decrease in 3 h Aβ(1–40)- and 12 h Aβ(1–

42)-treated hippocampal neurones. An increase in C22 DHCer was seen in 3 h Aβ(1–42)- and 

12 h Aβ(1–40)-treated hippocampal neurones (Figure 25). Other dihydroceramide isoforms 

(C14 DHCer, C16 DHCer, C24:1 DHCer, C24 DHCer) showed a weak increase in 3 h Aβ(1–

40)-treated neurons. However, 3 h Aβ(1–42) treatment showed a reduction in C14 DHCer, C16 

DHCer, C24:1 DHCer, and increase in C24 DHCer (Figure 25). 
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Figure 25:  Heat-map-based mass spectrometry analysis of sphingolipid classes from hippocampal neurones 

and glial cells after 3 h and 12 h Aβ treatment.  

Here, we examined different sphingolipid isoforms: ceramides (Cer), dihydroceramides (DHCer), 

lactosylceramides (LacCer), and monohexosylceramides (HexCer) after 3 h and 12 h treatment with (1 µM) 

Aβ(1–40) and (1 µM) Aβ(1–42) of hippocampal neurons at DIV 12 and glial cells (all groups, from three independent 

experiments (N = 3)). Changes of these lipid classes are shown as logarithmic (log10) relative intensity (arbitrary 

unit); the green colour refers to a reduction, and the red colour refers to an increase of lipid levels compared 

to our negative control (DMSO), which was set to 0 as baseline. Both hippocampal neurones and glial cells 

showed an increased and reduced intensity of Cer, DHCer, LacCer, and HexCer isoforms after both 3 h and 

12 h Aβ(1–40) and Aβ(1–42) treatment. Different changes in the lipid classes are shown between treated 

hippocampal neurones and glial cells. Aβ-treated hippocampal neurones showed prominent increases and 

decreases in Cer, LacCer and HexCer isoforms after 3 h and 12 h of Aβ(1–40) and Aβ(1–42) treatment. There was 

both a prominent intensity increase and a decrease of DHCer isoforms after 3 h and 12 h of Aβ(1–40) and Aβ(1–

42) treatment. Glial cells showed prominent lipid changes of Cer, DHCer, LacCer, and HexCer isoforms after 3 

h and 12 h of Aβ(1–40) or Aβ(1–42) treatment. 

 

4.3.2.3. Lactosylceramides (LacCer) 

Glial cells treated with Aβ(1–40) and Aβ(1–42) showed a reduction in all LacCer isoforms after 

12 h. In 3 h Aβ(1–42)-and 12 h Aβ(1–40)-treated glial cells, decreases in C18:0 LacCer and C22 

LacCer and an increase after 12 h Aβ(1–42) treatment were seen. In C16 LacCer and C24:1 

LacCer an increase after 12 h Aβ(1–40) and Aβ(1–42) treatment on glial cells was seen. A 

reduction was observed in C16 LacCer after 3 h Aβ(1–40) and a decrease after 3 h Aβ(1–42) 

treatment on glial cells. After 3 h, Aβ(1–40)-treated hippocampal neurones showed an 

increase in C18:0 LacCer. A decrease in C16 LacCer and C18 LacCer was seen in 3 h Aβ(1–

42)-treated hippocampal neurons (Figure 25). A slight decrease was observed in C18:0 

LacCer after 12 h Aβ(1–40) and Aβ(1–42)-treatment on neurones as well as in C22 LacCer after 

3 h Aβ(1–42) treatment (Figure 25). 
 

4.3.2.4. Monohexosylceramides (HexCer) 

After Aβ(1–40) treatment, C16 HexCer showed a strong reduction in 12 h-treated hippocampal 

neurones and in 3 h-treated glial cells, whereas 3 h Aβ(1–42)-treated glial cells and 3 h Aβ(1–

40)- and Aβ(1–42)-treated hippocampal neurones showed an increase (Figure 25). C22 

HexCer and C24 HexCer showed strong increases after 12 h Aβ(1–40) and decreases in 12 

h Aβ(1–42) for glial cells and a slight reduction in 12 h Aβ(1–40)- and a strong increase in 12 h 

Aβ(1–42)-treated hippocampal neurones. After 3 h of Aβ(1–40)- and Aβ(1–42)-treated 

hippocampal neurons and glial cells, a strong increase was seen in C22 HexCer. C24 

HexCer showed an increase in 3 h Aβ(1–40)- and Aβ(1–42)-treated glial cells as well as in 3 h 

Aβ(1–42)-treated hippocampal neurons. Slight increases were observed in C14 HexCer, 
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C18:0 HexCer, and C20 HexCer after 3 h Aβ(1–40) treatment on hippocampal neurones. 

However, C14 HexCer showed a weak increase after 3 h Aβ(1–40) and 12 h Aβ(1–42) treatment 

on hippocampal neurones. A slight reduction was seen in C14 DHCer after 3 h Aβ(1–42) and 

12 h Aβ(1–40) treatment on glial cells. C18:0 HexCer showed an increase after 3 h Aβ(1–40) 

and 12 h Aβ(1–42) on hippocampal neurones. A slight decrease in C18:0 HexCer was 

observed after 3 h Aβ(1–42) treatment (Figure 25). 

 

4.3.2.5. Sphingosine (So) and sphingosine-1-phosphate (So1P) 

Hippocampal neurones and glial cells showed weak changes of d18:1 So after both 3 h and 

12 h Aβ(1–40) and Aβ(1–42) treatments (Figure 26). There was a decrease in d18:1 So1P after 

3 h Aβ(1–42) treatment in hippocampal neurones and an increase after 12 h Aβ(1–42) treatment 

in glial cells. A reduction in d18:1 So1P was also observed after 3 h and 12 h Aβ(1–40) 

treatment of hippocampal neurones (Figure 26). An increase in d18:1 So1P for both 3 h 

Aβ(1–40)-treated glial cells and 12 h Aβ(1–42)-treated hippocampal neurones was observed 

(Figure 26). 

 

4.3.2.6. Sphinganine (Sa) and sphinganine-1-phosphate (Sa1P) 

A prominent reduction was seen in d18:0 Sa for glial cells after 3 h and 12 h Aβ(1–40) and 

Aβ(1–42) treatment (Figure 26). In hippocampal neurones d18:0 Sa was slightly increased 

after 3 h Aβ(1–40) treatment and slightly reduced after 12 h Aβ(1–42) treatment. A reduction 

was also observed in d18:0 Sa1P after 3 h Aβ(1–40)- and Aβ(1–42)-treated hippocampal 

neurones, as well as 3 h and 12 h Aβ(1–40)-treated glial cells. No strong reduction was 

observed in d18:0 Sa1P after 12 h Aβ(1–40) and Aβ(1–42) treatment of hippocampal neurones 

as well as in 3 h Aβ(1–42)-treated glial cells (Figure 26). 

 

4.3.2.7. Sphingosylphosphorylcholine (SPC) 

Both, hippocampal neurones and glial cells showed alterations in SPC 16:0 after 3 h Aβ(1–

40) and Aβ(1–42) treatment. The most prominent decrease in SPC 16:0 was shown after 3 h 

of Aβ(1–40) and Aβ(1–42) treatment for both hippocampal neurones and glial cells. A decrease 

was also observed after 12 h of Aβ(1–42) treatment for both hippocampal neurones and glial 

cells (Figure 26). 
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Figure 26: Heat-map-based mass spectrometry analysis of sphingophospholipid classes from hippocampal 

neurones and glial cells after 3 h and 12 h Aβ treatment.  

Here, we examined different sphingophospholipid isoforms; sphingosine (d18:1 So), sphinganine (d18:0 Sa), 

sphingosine-1-phosphate (d18:1 So1P), sphinganine-1-phosphate (d18:1 Sa1P), sphingosylphosphoryl-

choline (SPC (16:0)), sphingomyelines (SM) and dihydrosphingomyelines (DHSM) after 3 h and 12 h treatment 

with (1 µM) Aβ(1–40) and (1 µM) Aβ(1–42) hippocampal neurones at DIV 12 and glial cells (all groups, from three 

independent experiments (N = 3)). Changes of these lipid classes are shown as logarithmic (log10) relative 

intensity (arbitrary unit); the green colour refers to a reduction and the red colour refers to an increase in lipid 

levels compared to our negative control (DMSO), which was set to 0 as baseline. Major intensity changes in 

lipid classes of d18:1 So, d18:0 Sa, d18:1 So1P, d18:1 Sa1P after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment 

of hippocampal neurones and glial cells were observed. Specific lipid intensity changes after Aβ(1–40) and Aβ(1–

42) treatment of hippocampal neurones of very long fatty acid SM compared to Aβ-treated glial cells were 

detected. 

 

4.3.2.8. Sphingomyelines (SM) 

All SM isoforms (C14 SM, C16 SM, C18:1 SM, C18:0 SM, C20 SM, C22 SM, C24:1 SM, 

C24 SM, C26:1 SM, and C26 SM) showed a slight increase after 3 h Aβ(1–40) and Aβ(1–42) 

treatment on hippocampal neurones, and glial cells after 3 h and 12 h Aβ(1–40) and Aβ(1–42) 

treatment (Figure 26). The most prominent reductions were observed in C26 SM for glial 

cells after 3 h Aβ(1–40) and 12 h Aβ(1–42) treatment and in C26:1 SM for hippocampal neurones 

after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment. 3 h and 12 h Aβ(1–40)-treated hippocampal 

neurones showed a strong increase in C26 SM (Figure 26). 
 

4.3.2.9. Dihydrosphingomyelines (DHSM) 

Almost all DHSM isoforms (C14 DHSM, C16 DHSM, C18:1 DHSM, C18:0 DHSM, C20 

DHSM, C22 DHSM, C24:1 DHSM, C24 DHSM, C26:1 DHSM and C26 DHSM) showed an 

increase after 3 h Aβ(1–40) and Aβ(1–42) and 12 h Aβ(1–40) treatment, as well as a decrease 

after 12 h Aβ(1–42) treatment of hippocampal neurones. The most prominent reduction in 

DHSM for hippocampal neurones was observed after 3 h in C14 DHSM after Aβ(1–40) 

treatment and C26 DHSM after Aβ(1–42) treatment, and for all DHSM isoforms after 12 h Aβ(1–

42) treatment (Figure 26). However, the most prominent increase in DHSM for hippocampal 

neurones was observed after 3 h in C14 DHSM after Aβ(1–42) treatment and C26 DHSM after 

Aβ(1–40) treatment, and for all DHSM isoforms after 12 h Aβ(1–40) treatment (Figure 26). Almost 

all DHSM isoforms (C14 DHSM, C16 DHSM, C18:1 DHSM, C18:0 DHSM, C20 DHSM, C22 

DHSM, C24:1 DHSM, C24 DHSM, C26:1 DHSM, and C26 DHSM) from glial cells treated 

with Aβ were increased, whereas in glial cells, the most prominent increase are observed 

after 3 h Aβ(1–40) treatment for C14 DHSM and after 12 h Aβ(1–42) treatment for C18:0 DHSM, 
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C20 DHSM, and C22 DHSM. Additionally, glial cells showed a prominent decrease in C14 

DHSM after 12 h Aβ(1–42) (Figure 26). 

 

4.3.2.10. Phosphatidylcholines (PC) and lysophosphatidylcholines (LPC) 

A prominent decrease in PC (38:0) in hippocampal neurones after 3 h Aβ(1–40) as well as 12 

h Aβ(1–40) and Aβ(1–42) was observed, as well as a strong increase after 3 h Aβ(1–42) treatment. 

All other PC isoforms (PC (28:0), PC (30:0), PC (30:1), PC (32:0), PC (32:1), PC (34:1), PC 

(34:2), PC (36:1), PC (36:2), PC (36:2), PC (36:3), PC (38:0), PC (38:1), PC (38:2), PC 

(38:3), PC (38:4)) showed a decrease in 3 h Aβ(1–40)- and 12 h Aβ(1–40)-treated glial cells. 

Besides PC (28:0), a weak increase was observed after 12 h Aβ(1–42) treatment in glial cells. 

The following PC isoforms (PC (28:0), PC (30:1), PC (32:0), PC (32:1), PC (34:1), PC (36:1), 

PC (38:0), PC (38:1), PC (38:2), PC (38:3)) were reduced after 3 h Aβ(1–40) treatment of glial 

cells. Glial cells also showed a prominent increase in PC (36:0) after 3 h Aβ(1–40) and Aβ(1–

42) treatment. No changes were observed in PC (38:0) after 12 h Aβ(1–42) treatment of glial 

cells. LPC (20:0) showed a strong increase after 3 h Aβ(1–40) treatment of hippocampal 

neurones and in 3 h Aβ(1–42)- and 12 h Aβ(1–40)-treated glial cells (Figure 27). A prominent 

decrease was observed in LPC (20:0) in 3 h Aβ(1–40) and 12 h Aβ(1–42) treated glial cells and 

a weak decrease in 12 h Aβ(1–40)-treated hippocampal neurones (Figure 27). 

 

4.3.2.11. Lysophosphatidylethanolamine (LPE) 

A reduction in all LPE isoforms (LPE (16:0), LPE (16:1), LPE (18:0), LPE (18:1), LPE (18:2), 

and LPE (20:4)) was shown in 3 h Aβ(1–40)- and Aβ(1–42)-treated hippocampal neurones. A 

slight decrease in all LPE isoforms (LPE (16:0), LPE (16:1), LPE (18:0), LPE (18:1), LPE 

(18:2), and LPE (20:4)) was shown in 3 h Aβ(1–42)-treated glial cells (Figure 27). An increase 

was observed in all LPE isoforms (LPE (16:0), LPE (16:1), LPE (18:0), LPE (18:1), LPE 

(18:2), and LPE (20:4)) in 12 h Aβ(1–42)-treated glial cells (Figure 27). 12 h Aβ(1–40)-treated 

hippocampal neurones showed an decrease in LPE (16:1), LPE (18:0), LPE (18:2), and LPE 

(20:4) as well as an increase in LPE (16:0), LPE (18:1) isoforms. An increase of LPE (16:0), 

LPE (18:1), and LPE (20:4)) was seen in 12 h Aβ(1–42)-treated hippocampal neurones(Figure 

27). 
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Figure 27: Heat map-based mass spectrometry analysis of glycerophospholipid classes from hippocampal 

neurones and glial cells after 3 h and 12 h Aβ treatment.  

Here, we examined different glycerophospholipids isoforms: phosphatidylcholine (PC), 

lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylglycerol (LPG), 

lysophosphatidylserine (LPS), and lyso-platelet-activating factor (Lyso-PAF) after 3 h and 12 h treatment with 

(1 µM) Aβ(1–40) and (1 µM) Aβ(1–42) of hippocampal neurones at DIV 12 and glial cells (all groups, from three 

independent experiments (N = 3)). Changes in these lipid classes are shown as logarithmic (log10) relative 

intensity (arbitrary unit); the green colour refers to a reduction and the red colour refers to an increase in lipid 

levels compared to our negative control (DMSO), which was set to 0 as baseline. Hippocampal neurones 

specifically showed PC (38:0) intensity changes after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment compared to 

an overall reduction in PC for Aβ(1–40) and Aβ(1–42)-treated glial cells. LPC, LPG, LPS, and Lyso-PAF showed 

specific changes after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment in both hippocampal neurones and glial cells 

4.3.2.12. Lysophosphatidylglycerol (LPG) 

LPG (14:1) and LPG (16:1) showed a reduction in 12 h Aβ(1–40)-treated hippocampal 

neurones. Glial cells showed a strong increase after 3 h Aβ(1–40) and Aβ(1–42) treatment in 

LPG (14:1) and after 12 h Aβ(1–40) treatment in LPG (16:1). In addition, LPG (16:1) showed 

a decrease after 3 h Aβ(1–40) and Aβ(1–42) treatment of glial cells (Figure 27). 

4.3.2.13. Lysophosphatidylserine (LPS) 

LPS (18:2) showed an increase in 3 h Aβ(1–40)- and Aβ(1–42)-treated glial cells as well as in 3 

h and 12 h Aβ(1–40)-treated hippocampal neurones. A reduction was observed in Aβ(1–42)-

treated hippocampal neurons after 3 h and 12 h (Figure 27). A decrease was observed in 

LPS (18:0) after 3 h Aβ(1–40)- and Aβ(1–42)-treated glial cells. LPS (16:0) was reduced in 3 h 

Aβ(1–40)-treated hippocampal neurones, as well as in 12 h Aβ(1–40)-treated glial cells (Figure 

27). 

4.3.2.14. Lyso-platelet-activating factor (Lyso-PAF) 

Lyso-PAF showed a reduction in 12 h Aβ(1–40)-treated glial cells, as well as in hippocampal 

neurones after 3 h and 12 h, for both Aβ(1–40) and Aβ(1–42) treatment. A prominent increase 

of lyso-PAF was observed in 3 h Aβ(1–40)- and Aβ(1–42)-treated glial cells (Figure 27). 
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4.4. Discussion 
In this study, using different quantitative cellular techniques in different Aβ-treated primary 

brain cells, we showed for the first time that lipid profiles change after treatment and before 

synaptic loss was observed. We showed that human Aβ species exogenously applied to 

primary neurones and glial cells influence the numbers of active synapses and led to lipid 

alterations in a time-dependent manner. We also demonstrated that Aβ(1–40) and Aβ(1–42) 

treatment have a specific-species dependent influence on the integrity of cellular lipids in 

hippocampal neurones and glial cells. 

4.4.1. Aβ(1–40) and Aβ(1–42) induces synaptic loss only after 12 h of treatment.  

Synaptic dysfunctions due to Aβ accumulation are strongly associated with the cognitive 

disturbances of AD. The Aβ species Aβ(1–40) and Aβ(1–42) are the major forms of amyloid β 

peptides in the brain, whereby Aβ(1–42) seems to be more toxic than Aβ(1–40) (Bate & Williams, 

2010; Fu et al., 2017; Willén et al., 2017). We found no selective influences of Aβ(1–40) or 

Aβ(1–42) on the loss of active synapses in cultured hippocampal neurones. Moreover, both 

Aβ species induced synaptic loss after a 12 h treatment, whereas a 3 h treatment did not 

show effects on synapses either with Aβ(1–40) or Aβ(1–42). Differences between these Aβ 

species on the synapse alterations are dependent on the concentration and aggregated 

forms of Aβ (Willén et al., 2017). Moreover, Fu et al. (2017) (Fu et al., 2017) showed that 

the Aβ(1–42) oligomers have a moderate but significantly higher level of neurotoxicity, 

whereas monomers have the weakest neurotoxic effect (~20%) on neuronal cells, without 

differences between Aβ(1–40) and Aβ(1–42). These results correspond to our findings on 

primary hippocampal neurones. Aβ(1–40) and Aβ(1–42) differently influence cellular lipids 

before synaptic loss appears. 

Previous studies have shown changes in different lipid classes and a correlation to AD 

pathology. Although we do not fully understand the connection between AD and lipid 

metabolism, there is more and more evidence that lipids could be a useful blood biomarker 

in the diagnostics of AD, in addition to other risk factors (Agarwal & Khan, 2020; Ceccom et 

al., 2014). Nevertheless, it is poorly understood which lipid isoforms are dysregulated on a 

cellular level. We showed here that changes in lipid composition in hippocampal neurones 

and glial cells occur early, even before synaptic loss becomes evident, and independently 

of the Aβ species.  

Our data indicate an increase of ceramides (especially C14 Cer) in glial cells and a reduction 

of these in hippocampal neurones. Both types of brain cells indicate an early reduction of 
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specific dihydroceramides (C20 DHCer and C22 DHCer). These different amounts of lipids 

caused by Aβ could be a result of activated apoptotic-survival pathways and inflammatory 

activity due to their response to oxidative stress (Jazvinšćak Jembrek et al., 2015).  

Glycosylated ceramides exhibited a reduced (C16 HexCer; C20 HexCer) or an increased 

level (C16 HexCer, C22 HexCer, C24 HexCer, C16 LacCer, C18 LacCer, C24:1 LacCer) for 

either hippocampal neurones or glial cells. Sphingomyelin (C26 SM) was upregulated in 

hippocampal neurones and downregulated in glial cells. It has been suggested that Aβ(1–40), 

Aβ(1–42) and Aβ-islet amyloid polypeptide concentrations lead to nSMase-mediated induction 

of apoptosis, resulting in neuronal cell death and Aβ-induced oxidative stress. Aβ(1–40) and 

Aβ(1–42) species and their oligomeric isoforms modify ceramide levels, which could explain 

the elevated nSMase and reduced cellular sphingomyelin activity (Grimm et al., 2005; He et 

al., 2010; Malaplate-Armand et al., 2006; Qi et al., 2005; Zhang et al., 2009). In comparison 

with Aβ(1–40), it was shown that Aβ(1–42) directly activates nSMase by a γ-secretase-

dependent mechanism, leading to increased ceramide levels (Michno et al., 2018).  

Furthermore, we found an upregulation of d18:1 So1P in hippocampal neurones and glial 

cells after 3 h and 12 h treatment. An increase in So1P levels has been discussed in relation 

to Aβ-induced toxicity in hippocampal neurones and glial cells in vitro and in vivo (Czubowicz 

et al., 2015; Zhong et al., 2019). We also showed a reduction of SPC (16:0), Sa (d18:0 Sa), 

and Sa1P (d18:0 Sa1P) in hippocampal neurones and glial cells after Aβ(1–40) and Aβ(1–42) 

treatment. These reductions might be regulated by the increase of toxic Aβ species’ 

aggregates by enhancing β-secretase mediated pathways and the anti-inflammatory 

response in neuronal cells (Park & Lee, 2019; Yi et al., 2011). Furthermore, after Aβ(1–40) 

and Aβ(1–42) treatment we showed an early increase in specific isoforms of phospholipids in 

hippocampal neurones and lyso-phospholipids in hippocampal neurones and glial cells. 

Additionally, we verified that Aβ-treated hippocampal neurones and glial cells showed a 

specific reduction in phospholipids (PC (38:0), LPC (20:0), all LPE, LPG, LPE (18:1), LPS 

(18:2) and Lyso-PAF) as well as a specific upregulation in phospholipids (PC (38:0), LPC 

(20:0), all LPE, LPG, LPE (18:1), LPS (18:2), and Lyso-PAF) after either 3 h or 12 h Aβ 

treatment. These glycerophospholipid alterations have been discussed in association with 

cytosolic phospholipase A2 hyperactivity in neuro-inflammatory responses and synapse-

mediated Aβ toxicity (Moses et al., 2006; Sundaram et al., 2012).  



121 

In conclusion, we found that after Aβ(1–40) or Aβ(1–42) treatment, levels of specific sphingolipid 

and glycerophospholipid isoforms change before there is any detectable loss of active 

synapses. No significant differences were seen between the effects of Aβ(1–40) and Aβ(1–42) 

species in the loss of active synapses. Our data contributes to a better understanding of the 

cellular influences of Aβ species. It remains to be elucidated whether these influences of Aβ 

species on changes in membrane lipid profiles could be useful as an early diagnostic 

biomarker in amyloidosis-related disorders. 
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4.5. Materials and methods 
4.5.1. Animals 

For all experiments, timed-pregnant and postnatal mice were obtained from the central 

animal facility of the Carl von Ossietzky Universität Oldenburg. The primary hippocampal 

neurones were derived from C57 BL/6 mouse embryos at embryonic stage 18 (E18). These 

experiments were carried out in accordance with the institutional guidelines for animal 

welfare and approved by the “Niedersächsisches Landesamt für Verbraucherschutz und 

Lebensmittelsicherheit” (33.19-45502-04-18/2766). The glial cells were obtained from 

postnatal day 2 (P2) mouse pups in accordance with the institutional guidelines of German 

animal welfare (§4) for the use of laboratory animals at the Carl von Ossietzky Universität 

Oldenburg. 

4.5.2. Primary hippocampal neurone cultures 

Primary hippocampal neurones were prepared from E18 mouse embryos. The hippocampi 

were dissected and pooled in a 15 mL falcon tube with HBSS (1X, Phenol red, Thermo 

Fisher Scientific, Waltham, MA, USA) and stored on ice. Afterwards, they were washed twice 

in HBSS and incubated in 0.25% trypsin (Gibco, Thermo Fisher Scientific) for 15 min at 37 

°C. The supernatant was then carefully removed and replaced by plating media, containing 

MEM (Gibco, Thermo Fisher Scientific), supplemented with 0.6% D-(+)- glucose (≥99.5, 

Sigma-Aldrich, Taufkirchen, Germany), 10% horse serum (HS, Gibco, Thermo Fisher 

Scientific) and 100 U/mL penicillin with 100 µg/mL streptomycin (Pan-Biotech, Aidenbach, 

Germany). They were subsequently triturated with a fire-polished glass pipette until 

neurones were dissociated. Before plating the cells, culture plates and glass coverslips 

(Marienfeld 12 mm, VWR, Darmstadt, Germany) were coated with 0.2 mg/mL poly-L-lysine 

(PLL, P2636-100MG, Sigma-Aldrich) in ortho-boric acid (VWR chemicals, Darmstadt, 

Germany) buffer (pH 8.5) overnight, followed by rinses with cell culture water (USP WFI, 

Lonza, Biozym, Germany). The dissociated neurones were filtered through a 40 µm cell 

strainer (Greiner Bio-one, Frickenhausen, Germany), and for immunofluorescence, ~3 × 104 

neurones were plated into 24-well plates (TPP® Faust lab Science, Klettgau, Germany). For 

high-performance thin-layer chromatography (HPTLC) and tandem mass spectrometry 

(MS/MS) analysis, ~1 × 106 neurones were seeded into 60 mm-diameter petri dishes 

(NunclonTM Delta surface, Thermo Fisher Scientific) containing plating media. Three to four 

hours after plating, cells were washed twice with 1 x PBS (phosphate-buffered Saline, 

Thermo Fisher Scientific), incubated, and maintained in Neurobasal A media (Gibco, 

Thermo Fisher Scientific) supplemented with 0.25% L-glutamine (200 mM, Sigma Aldrich, 
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Omnilab, Bremen, Germany), 2% B27-supplement (50X, Thermo Fisher Scientific) and 100 

U/mL penicillin with 100 µg/mL streptomycin (Pan-Biotech). Hippocampal neurones used for 

synaptic study and lipid analysis were maintained for 12 days in vitro (DIV) at 37 ◦C, 5% 

CO2. 

4.5.3. Primary glial cell cultures 

Glial cell cultures were prepared from cortical tissue of P2 mouse pups. The brains were 

dissected and washed twice in HBSS (1X, Phenol red, Thermo Fisher Scientific). After 

removing the meninges from the brains, cortical tissue was isolated, washed twice in HBSS 

and incubated with 0.05% trypsin-EDTA (Gibco, Thermo Fisher Scientific) for 12 min at 37 

°C. The supernatant was then carefully removed and replaced by plating media, consisting 

of DMEM (high glucose with L-glutamine, 4500 mg/L D-glucose, 110 mg/L sodium pyruvate, 

Gibco, Thermo Fisher Scientific) supplemented with 10% FBS (Pan-Biotech), 10% HS (Pan-

Biotech) and 100 U/mL penicillin with 100 µg/mL streptomycin (Pan-Biotech). Tissue was 

carefully triturated and centrifuged for 1 min at 20× g. Supernatant was cautiously 

transferred to a new falcon tube and centrifuged for 5 min at 300× g. The supernatant was 

discarded and the pellet resuspended in plating media. Before plating, the T75 flask 

(Sarstedt, Label A, The Netherlands), coated overnight with 0.1 mg/mL PLL (P2636-100MG, 

Sigma-Aldrich) in ortho-boric acid (VWR chemicals) buffer (pH 8.5), was rinsed three times 

in MilliQ water. The dissociated glial cells were filtered through a 70 µm cell strainer 

(Corning, VWR, Darmstadt, Germany) and plated into the T75 flasks. After 2–3 days, the 

culture medium was changed and further maintained in 37 °C at 5% CO2. After 10–12 DIV, 

microglia were separated from astrocytes by agitation (230 rpm) at 37 °C for 3–4 h for 

obtaining the microglia. Adherent astrocytes were harvested using 0.25% trypsin-EDTA for 

5 min in an incubator. Astrocytes were collected and centrifuged at 473× g for 10 min. The 

cell pellet was resuspended in plating media consisting of 45.5% DMEM (high glucose with 

L-glutamine, 4500 mg/L D-glucose, 110 mg/L sodium pyruvate, Gibco, Thermo Fisher

Scientific), 45.5% HAMS-F12 nutrient mix (Gibco, Thermo Fisher Scientific), 8% FBS (Pan-

Biotech), 1% Pen/Strep (Pan-Biotech), and seeded into 60 mm-diameter Petri dishes

(NunclonTM Delta surface, Thermo Fisher Scientific).

4.5.4. Aβ treatment 

Human synthetic amyloid-beta 42 (Aβ(1–42), Tocris Cat. No. 1191, Bio-Techne GmbH, 

Wiesbaden, Germany) and human synthetic amyloid-beta 40 (Aβ(1–40), Tocris Cat. No 1428, 

Bio-Techne GmbH) were reconstituted in dimethylsulfoxide (DMSO, (≥99.5%, Carl Roth, 
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Karlsruhe, Germany)) to a 250 µM stock concentration, sonicated for 10 min, and 

centrifuged at 13523× g at 16 °C (Willén et al., 2017). Finally, the 12 DIV hippocampal 

primary neurones and glial cells were treated with or without 1 µM of Aβ(1–40) and Aβ(1–42) for 

3 h and 12 h. 

4.5.5. Synaptic study 

4.5.5.1. Immunofluorescence 

After 3 h and 12 h DMSO and Aβ treatment, the conditioned medium was removed and the 

cultured hippocampal neurones were washed once with warm phosphate buffer saline (PBS 

(1X), Gibco, Thermo Fisher Scientific), followed by fixation with 4% paraformaldehyde (PFA, 

Merck Millipore, Darmstadt, Germany) in PBS (1X) containing 15% D-(+)-saccharose 

(≥99.7%, Carl Roth) at 4 °C for 10 min. After fixation, the cells were washed three times with 

PBS (1X) before being permeabilised with 0.1% triton X-100 (Carl Roth) for three minutes 

at room temperature (RT). The neurones were then washed three times with PBS (1X) for 

10 min while gently shaking on a shaker at RT. The neurones were blocked in PBS (1X) 

containing 10% foetal bovine serum (FBS, Pan Biotech) and 1% normal goat serum (NGS, 

Vector laboratories, Biozol, Germany) for 1 h on a shaker at RT. Afterward, they were 

incubated with two primary antibodies: guinea-pig anti-vesicular glutamate transporter-1 

(VGlut-1 (1:200), Synaptic Systems, 135304, Göttingen, Germany) and mouse anti-

postsynaptic density protein-95 (PSD-95 (1:1000), clone (7E3-1B8), Thermo Fisher 

Scientific, MA1-046) overnight on a shaker at 5 °C. After washing the neurones three times 

with PBS they were incubated with two secondary antibodies: goat anti-mouse Alexa Fluor 

488 (1:1500, Molecular probes) and goat anti-guinea-pig cyanine fluorescent dye (Cy3) 

(1:1000, Jackson Immuno Research, Cambridgeshire, UK) on a shaker for 1.5 h at RT. 

Nuclear staining was performed using DAPI (1:2000). All primary and secondary antibodies, 

as well as DAPI (Carl Roth), were diluted in PBS (1X) containing 5% FBS and 1% NGS. The 

coverslips with neurones were mounted on glass slides (Duran 76 mm × 26 mm, Carl Roth) 

with Immu-mount® (Shandon, Thermo Fisher). Immunofluorescent images for quantification 

of synaptic profiling between pre-and postsynaptic markers were captured using an 

Olympus IX83 invert microscope with DP80 camera (Olympus, Shinjuku, Japan) using the 

UPlanSApo 100×/1.4 oil objective with the following filter modules: U-F39002 AT-FITC for 

Alexa Fluor 488, U-F39004 AT-CY3 for Cy3, and U-FF for DAPI. Background correction, 

adjustment of brightness and contrast, and selection of regions of interest (ROI) were 

performed by CellSense software (Olympus, Shinjuku, Japan). Fluorescent images (Figure 

24 A) were captured with an inverted laser-scanning confocal microscope (SP8, Leica, 
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Wetzlar, Germany) with a 63×/1.4 oil objective (zoom 3) using the Leica software. Images 

were taken using 488 nm and 564 nm lasers. Background correction, brightness, and 

contrast were adjusted by ImageJ software (NIH, Bethesda, MD, USA). Further processing 

of the images was carried out using Adobe Illustrator CC 2020. 

4.5.6. Lipidomic study 

4.5.6.1. Samples collection for lipid analysis 

Hippocampal primary neurones (12 DIV) and glial cells were harvested and collected in 

Eppendorf® LoBind micro-centrifuge tubes (Eppendorf, Omnilab) after 3 h and 12 h with and 

without Aβ(1–40) and Aβ(1–42) treatment. The supernatant was discarded. Dishes were washed 

once with cold PBS (1X), neurones and glial cells collected in LoBind tubes after 2 min’ 

centrifugation (9391× g) at 4 °C, the supernatant was discarded, and the pellets were snap-

frozen and stored at −80 °C. 

4.5.6.2. Lipid extraction 

Hippocampal primary neurone (12 DIV) and glial-cell pellets were transferred by glass 

pipettes into transparent glass centrifuge tubes (Corning) containing chloroform (CHCl3, 

SupraSolv®, Merck, Darmstadt, Germany), methanol (LiChrosolv® HPLC gradient grade, 

Merck), and fuming hydrochloric acid 37% (Rotipuran®, p.a., ACS, ISO, Carl Roth) solutions 

supplemented with 1% butylhydroxytoluol (BHT, ≥99%, Carl Roth) and fractioned by 

pipetting up and down while the sample was on ice. Then, 1 µL TopFluor lysophosphatidic 

acid (LPA) (702.58 g/mol, Avanti 810280P-1MG), was added per 1 million cells. The 

TopFluor LPA was dissolved in 1 mL CHCl3 (1 mg/mL). Then CHCl3 and water (H2O, 

Rotisolv® HPLC gradient grade, Carl Roth) were added, followed by vortexing and 30 min 

incubation in the dark at RT. Samples were centrifuged at 1260× g for 10 min at RT. Finally, 

the lipid phase was collected using a glass Pasteur pipette into a new glass vial (Thermo 

Fisher Scientific) and placed in a nitrogen chamber with 6% O2 concentration, overnight in 

the dark. Until measurement, the samples were stored at −20 °C 

4.5.6.3. High-performance thin layer chromatography 

We used various external standards as references, such as 1,2-dioleoyl-sn-glycero-3-

phosphocholine (18:1 (Δ9-Cis) PC (DOPC), Avanti 850375); 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (18:1 (Δ9-Cis) PE (DOPE), Avanti 850725); 1,2-dioleoyl-sn-glycero-

3-phospho-L-serine (18:1 PS (DOPS), Avanti 840035) for lipid classes of

glycerophospholipids, and N-nervonoyl-D-erythro-sphingosylphosphorylcholine (24:1 SM,
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Avanti 860593) for lipid class of sphingolipids. Extracted lipid samples from the neuronal cell 

lysates were analysed by dilution in 12 µL CHCl3 for 1 million cells, using a Hamilton® 

syringe. The samples and external standard were vortexed and transferred by a Hamilton® 

syringe to a glass vial with glass micro-insert (31 × 6 mm, Omnilab). The diluted samples 

and standards were sprayed band-shaped onto the silica gel plates (TLC silica gel 60F254 

(20 × 10 cm plates), Merck) using the CAMAG automatic TLC sampler 4 (ATS 4). The 

sprayed bands were separated by capillary force, based on a polarity gradient in the mobile 

phase, using the CAMAG horizontal developing chamber. The mobile phase contained 

CHCl3, methanol, H2O, and ammonia (NH3, 32% HiPerSolv® Chromanorm for HPLC, VWR). 

We performed visualisation (CAMAG TLC Visualizer 2) and scanning (CAMAG TLC 

Scanner 4) using the mercury lamp at a wavelength of 366 nm for the measurement of the 

fluorescent signal of the internal standard, Topfluor LPA, followed by a development step 

with a solution containing copper (II)-sulphate pentahydrate (≥99.5%, p.a., ACS, ISO, Carl 

Roth), H2O, ortho-phosphoric acid (85%, Carl Roth), and methanol using the CAMAG 

Derivatizer. After derivatisation, the plate was placed for 1 h at 120 °C. Finally, the plates 

were visualised and scanned using a Tungsten lamp with a wavelength of 420 nm. All data 

were processed by the CAMAG VisionCATS software 2.4, Adobe Photoshop CC 2020, and 

Adobe Illustrator CC 2020. 

4.5.6.4. Tandem mass spectrometry 

Lipid analyses were performed using lipid chromatography coupled to tandem mass 

spectrometry (tandem MS). Lipids were extracted as previously described (Sundaram et al., 

2012). Briefly, cells were resuspended in 1 mL H2O and directly transferred into glass 

centrifuge tubes. After addition of 10 µL of the internal standard (30 µM of C17-

lysophosphatidylcholine (C17-LPC), C15-ceramide (C15-Cer), C17-sphingosine (C17-So), 

C34:0 phosphatidylcholine (PC 17:0/17:0), C17-sphingomyelin (C17-SM), C34:0 

phosphatidylserine (PS 17:0/17:0), C17-lysophosphatidylserine (C17-LPS), C17-

lysophosphatidylethanolamine (C17-LPE), 10 µM C17-sphingosine 1-phosphate (C17-

So1P), all from Avanti Polar Lipids, Alabaster, AL, USA, and 1 mM ergosterol from Merck), 

200 µL 6 N HCl, 1 mL methanol and 2 mL CHCl3 were also added. Samples were vigorously 

vortexed for 10 min. After centrifugation at 1900× g, the lower CHCl3 phase was collected. 

Extraction was repeated with an additional 2 mL of CHCl3, and the two CHCl3 phases were 

combined and evaporated using the SpeedVac RVC 2–25 CDplus (Christ, Osterode, 

Germany). Samples were resuspended in 100 µL methanol: CHCl3 (4:1 v/v) and analysed 

using the Prominence high-performance liquid chromatography (HPLC) system (Shimadzu, 
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Duisburg, Germany) with a 60 mm × 2 mm MultoHigh 100 RP 18 column with 3 μm particle 

size (CS-Chromatographie Service, Langerwehe, Germany), which was maintained at 50 

°C. The mobile phase A consisted of 1% (v/v) formic acid in ddH2O, and the mobile phase 

B of 100% methanol. The column was equilibrated in 10% B with a flow rate of 0.5 mL min−1. 

The mobile phase switched to 100% B after sample injection. The flow rate increased 

linearly from 0.5 mL min−1 at 5 min to 1.0 mL min−1 at 7 min and remained constant until 10 

min. Subsequently, the mobile phase changed to 10% B, and the flow rate decreased 

linearly from 1.0 mL min−1 at 10 min to 0.5 mL min−1 at 10.5 min and remained constant until 

the end of the program at 11.3 min. Detection took place between 2 and 10 min. The injection 

volume per sample was 10 µL, and samples were cooled to 4 °C. The HPLC system was 

coupled to the API 2000 triple-quadrupole mass spectrometer (Sciex, Foster City, CA, USA) 

equipped either with an ESI or an APCI source (Table S7), both operating in positive mode 

under the following source parameters: source temperature 450 °C, curtain gas 40, collision 

gas “low”, ion spray voltage 5500, ion source gas 1 60 (APCI: 30), ion source gas 2 30 

(APCI: 60). The analytical results were quantified with Analyst 1.6.2 (AB Sciex, Forster City, 

CA, USA) based on internal standard samples and an external standard curve. 

4.5.7. Data analysis 

For quantification of our synaptic study, we counted active synapses on hippocampal 

neurones from 12 DIV. Synapses in hippocampal neurones were stained with antibodies 

specific for synaptic proteins (PSD-95, postsynaptic in green; Vglut-1, presynaptic in red). 

Only puncta with obvious PSD-95/Vglut-1 overlap (in yellow) were counted as active 

synapses (Verstraelen et al., 2020). We analysed three regions of interest (ROI = 47 µm2) 

on each neurone for an average of ≥12 neurones from four different cultures (n = 4) after 

both 3 h and 12 h of Aβ treatment. In the 3 h treatment, the following average amount of 

neurones were counted in each group: CTRL (n = 12), DMSO (n = 9), Aβ(1–40) (n = 11) and 

Aβ(1–42) (n = 9). For the 12 h treatment, the following average amount of neurones were 

counted in each group: CTRL (n = 14), DMSO (n = 13), Aβ(1–40) (n = 13) and Aβ(1–42) (n = 

17). Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, San 

Diego, CA, USA). Values were analysed for normal distribution using the Shapiro–Wilk test. 

As the data were not normally distributed, they were analysed by performing a Kruskal–

Wallis test followed by a post hoc Dunn’s multiple comparison test. All data are presented 

as mean + standard deviation (SD) and considered to be significant if p < 0.05 (*** p < 

0.0001). Tandem mass spectrometry data of three independent experiments (n = 3) from 

neurones and glial cells were further processed by GraphPad Prism 7, performing 
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logarithmic 10 transformation, and plotted to our negative control (DMSO). This was 

because the raw data showed that a low concentration of DMSO (final concentration 0.03%) 

showed an effect on both the lipid composition of glial cells and hippocampal primary 

neurones, as previously demonstrated (de Ménorval et al., 2012). Z-score transformation 

was performed, and data were plotted as heat maps for each lipid class. 
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Figure S10:  HPTLC-analysis based TopFluor lysophosphatidic acid (LPA) images of hippocampal neurones 

at DIV 12 and glial cells after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment.  

LPA was used as an internal standard from control groups (CTRL and DMSO) and Aβ-treated groups (Aβ(1–40) 

and Aβ(1–42)) at various time points of treatment (3 h and 12 h) of hippocampal neurones and glial cells ((A–D), 

all groups, from three independent experiments (N = 3)). 1μL/1 million cells fluorescent internal standard 

TopFluor LPA was added to each sample and fluorescence was detected with the CAMAG TLC Visualizer 2 

at 366 nm. TopFluor LPA bound to the silica HPTLC plates at retention factor (Rf) around Rf 0.13 and Rf 0.59 

(purple arrow 1 and 2). 
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Figure S11: HPTLC analysis based on derivatised copper (II)-sulfate images and scanning profiles of 

hippocampal neurones and glial cells after 3 h and 12 h of Aβ(1–40) or Aβ(1–42) treatment.  
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Derivatised copper (II)-sulfate images and scanning profiles that represent various lipid classes (sphingolipids 

and glycerophospholipids (1-6, purple arrow and boxes)) of control groups (CTRL and DMSO), Aβ-treated 

groups (Aβ(1–40) and Aβ(1–42)) at two different time points of treatment (3 h and 12 h) of hippocampal neurones 

at DIV 12 and glial cells ((A–D), all groups, from three independent experiments (N = 3). Changes in lipid 

classes on band intensity in derivatised copper-sulfate silica-gel HPTLC plate images are indicated by purple 

arrows (1-6), corresponding to their purple boxes (1-6) showing the digital copper-sulfate derivatised scanning 

profiles. Hippocampal neurones showed dysregulated lipid classes of sphingolipids and glycerophospholipids 

(purple numbered arrows and boxes (1-5)) corresponding to the external standard (DOPC (4); DOPE (5); 

DOPS (1 and 2); 24:1 SM (3)) used. Glial cells showed dysregulated lipid classes of sphingolipids and 

glycerophospholipids (purple numbered arrows and boxes (1-6)) in accordance to our external standard 

(DOPC (4 and 5); DOPE (6); DOPS (1 and 2); 24:1 SM (3)) used. Separated lipid classes represented by band 

intensity were calibrated in arbitrary units (AU) showing the relative absorbance of specific lipid classes. The 

retention factor (RF) represents the relative distance the sample ran compared to the distance the solvent front 

ran. TopFluor LPA was used as the internal loading control (Figure S10). (A) After 3 h, Aβ(1–40)- and Aβ(1–42)-

treated hippocampal neurones showed slight increases both in band-intensity changes and lipid-profile graphs 

from different lipid classes compared to control groups. (B) After 12 h, Aβ(1–40)- and Aβ(1–42)-treated 

hippocampal neurones showed a prominent decrease in different lipid classes compared to control groups. 

Sphingolipids and glycerophospholipids showed a higher decrease after 12h Aβ(1–42) compared to Aβ(1–40)-

treated neurones. (C) Lipid classes in glial cells showed an increase after Aβ(1–40) treatment, while a decrease 

after Aβ(1–42) was visible at the early time point (3 h) compared to control groups. (D) An increase in lipid classes 

after 12 h was seen for both Aβ(1–40)- and Aβ(1–42)-treated glial cells compared to control groups. 
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Table S7: List of target ions/MRM transitions, assignment to internal standard and mode of analysis.  
List of lipid analytes with their corresponding target ions/MRM transitions for tandem mass spectrometry (MS). 

Target ions/MRM transitions are assigned to their internal standard and mode of tandem MS analysis (APCI 

and ESI). Abbreviations: atmospheric-pressure chemical ionization (APCI), electrospray ionization (ESI), 

ceramide (Cer), dihydroceramide (DHCer), lactosylceramide (LacCer), monohexosylceramide (HexCer), 

sphingosine (So), sphinganine (Sa), sphingosine 1-phosphate (So1P), sphinganine 1-phosphate (Sa1P), 

sphingomyelin (SM), dihydrosphingomyelin (DHSM), sphingosylphosphorylcholine (SPC), 

phosphatidylcholine (PC), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), 

lysophosphatidylserine (LPS), lysophosphatidylglycerol (LPG). For CER, SM and (lyso-) phosphadityl-

compounds, the number of carbon atoms, and the number of unsaturated bonds is given; for PC the total 

number of carbon atoms, as well as of unsaturated bonds, are given.  

Name  Internal standard Mode Target ion Q1>Q3 
C15:0 Cer 

 
APCI 524.4>264.3 

C12:0 Cer >C15:0 Cer< APCI 482.6>264.4 

C14:0 Cer >C15:0 Cer< APCI 510.7>264.4 

C16:0 Cer >C15:0 Cer< APCI 538.7>264.4 

C18:0 Cer >C15:0 Cer< APCI 566.7>264.4 

C18:1 Cer >C15:0 Cer< APCI 564.7>264.4 

C20:0 Cer >C15:0 Cer< APCI 594.7>264.4 

C22:0 Cer >C15:0 Cer< APCI 622.8>264.4 

C24:0 Cer >C15:0 Cer< APCI 650.9>264.4 

C24:1 Cer >C15:0 Cer< APCI 648.9>264.4 

C12:0 DHCer >C15:0 Cer< APCI 484.6>266.4 

C14:0 DHCer >C15:0 Cer< APCI 512.7>266.4 

C16:0 DHCer >C15:0 Cer< APCI 540.7>266.4 

C18:0 DHCer >C15:0 Cer< APCI 568.7>266.4 

C18:1 DHCer >C15:0 Cer< APCI 566.7>266.4 

C20:0 DHCer >C15:0 Cer< APCI 596.7>266.4 

C22:0 DHCer >C15:0 Cer< APCI 624.8>266.4 

C24:0 DHCer >C15:0 Cer< APCI 652.9>266.4 

C24:1 DHCer >C15:0 Cer< APCI 650.9>266.4 

C12:0 LacCer >C15:0 Cer< APCI 806.6>264.4 

C16:0 LacCer >C15:0 Cer< APCI 862.7>264.4 

C18:0 LacCer >C15:0 Cer< APCI 890.7>264.4 

C22:0 LacCer >C15:0 Cer< APCI 946.8>264.4 

C24:1 LacCer >C15:0 Cer< APCI 972.9>264.4 

C12:0 HexCer >C15:0 Cer< APCI 644.6>264.4 

C14:0 HexCer >C15:0 Cer< APCI 672.6>264.4 

C16:0 HexCer >C15:0 Cer< APCI 700.7>264.4 

C18:0 HexCer >C15:0 Cer< APCI 728.7>264.4 

C20:0 HexCer >C15:0 Cer< APCI 756.7>264.4 

C22:0 HexCer >C15:0 Cer< APCI 784.8>264.4 
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C24:0 HexCer >C15:0 Cer< APCI 812.9>264.4 

d17:1 So1P 
 

ESI 366.4>250.4 

d18:1 So1P >d17:1 So1P< ESI 380.4>264.4 

d18:0 Sa1P >d17:1 So1P< ESI 382.4>266.4 

d17:1 So  ESI 286.4>268.4 

d18:1 So >d17:1 So< ESI 300.4>282.4 

d18:0 Sa >d17:1 So< ESI 302.4>284.4 

SPC >C17:0 SM< ESI 465.4>184.1 

C17:0 SM 
 

ESI 717.5>184.1 

C12:0 SM >C17:0 SM< ESI 647.7>184.1 

C14:0 SM >C17:0 SM< ESI 675.7>184.1 

C16:0 SM >C17:0 SM< ESI 703.8>184.1 

C18:1 SM >C17:0 SM< ESI 729.8>184.1 

C18:0 SM >C17:0 SM< ESI 731.8>184.1 

C20:0 SM >C17:0 SM< ESI 759.9>184.1 

C22:0 SM >C17:0 SM< ESI 797.9>184.1 

C24:1 SM >C17:0 SM< ESI 813.9>184.1 

C24:0 SM >C17:0 SM< ESI 815.9>184.1 

C26:1 SM >C17:0 SM< ESI 841.9>184.1 

C26:0 SM >C17:0 SM< ESI 843.9>184.1 

C14:0 DHSM >C17:0 SM< ESI 677.7>184.1 

C16:0 DHSM >C17:0 SM< ESI 705.8>184.1 

C18:1 DHSM >C17:0 SM< ESI 731.8>184.1 

C18:0 DHSM >C17:0 SM< ESI 733.8>184.1 

C20:0 DHSM >C17:0 SM< ESI 761.9>184.1 

C22:0 DHSM >C17:0 SM< ESI 799.9>184.1 

C24:1 DHSM >C17:0 SM< ESI 815.9>184.1 

C24:0 DHSM >C17:0 SM< ESI 817.9>184.1 

C26:1 DHSM >C17:0 SM< ESI 843.9>184.1 

C26:0 DHSM >C17:0 SM< ESI 845.9>184.1 

28:0 PC >34:0 PC< ESI 678.5>184.1 

30:0 PC >34:0 PC< ESI 706.6>184.1 

30:1 PC >34:0 PC< ESI 704.5>184.1 

32:0 PC >34:0 PC< ESI 734.6>184.1 

32:1 PC >34:0 PC< ESI 732.6>184.1 

34:0 PC 
 

ESI 762.5>184.1 

34:1 PC >34:0 PC< ESI 760.6>184.1 

34:2 PC >34:0 PC< ESI 758.6>184.1 

36:0 PC >34:0 PC< ESI 790.7>184.1 

36:1 PC >34:0 PC< ESI 788.6>184.1 

36:2 PC >34:0 PC< ESI 786.6>184.1 

36:3 PC >34:0 PC< ESI 784.6>184.1 
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36:4 PC >34:0 PC< ESI 782.6>184.1 

38:0 PC >34:0 PC< ESI 818.7>184.1 

38:1 PC >34:0 PC< ESI 816.7>184.1 

38:2 PC >34:0 PC< ESI 814.7>184.1 

38:3 PC >34:0 PC< ESI 812.6>184.1 

38:4 PC >34:0 PC< ESI 810.6>184.1 

16:0 LPC >17:0 LPC< ESI 496.3>184.1 

16:1 LPC >17:0 LPC< ESI 494.3>184.1 

17:0 LPC 
 

ESI 510.2>184.1 

18:0 LPC >17:0 LPC< ESI 524.4>184.1 

18:1 LPC >17:0 LPC< ESI 522.4>184.1 

18:2 LPC >17:0 LPC< ESI 520.4>184.1 

20:0 LPC >17:0 LPC< ESI 552.4>184.1 

20:1 LPC >17:0 LPC< ESI 550.4>184.1 

20:3 LPC >17:0 LPC< ESI 546.4>184.1 

20:4 LPC >17:0 LPC< ESI 544.4>184.1 

16:0 LPE >17:1 LPE< ESI 454.3>313.3 

16:1 LPE >17:1 LPE< ESI 452.3>311.3 

17:1 LPE 
 

ESI 466.3>325.3 

18:0 LPE >17:1 LPE< ESI 482.3>341.3 

18:1 LPE >17:1 LPE< ESI 480.3>339.3 

18:2 LPE >17:1 LPE< ESI 478.3>337.3 

20:4 LPE >17:1 LPE< ESI 502.3>361.3 

14:1 LPG >17:1 LPG< ESI 455.3>283.2 

16:1 LPG >17:1 LPG< ESI 483.3>311.2 

17:1 LPG 
 

ESI 497.3>325.2 

16:0 LPS >17:1 LPS< ESI 498.3>313.3 

17:1 LPS 
 

ESI 510.3>325.3 

18:0 LPS >17:1 LPS< ESI 526.3>341.3 

18:2 LPS >17:1 LPS< ESI 522.3>337.3 

Lyso-PAF >17:0 LPC< ESI 482.3>104.2 

 
  



141 

Unpublished additional data: 
 

4.7.1. Materials and methods 

All results are presented as explained in the materials and methods section of the 

publication. The only variations are the samples utilised for lipid profiling, the collection 

method, and the processing method for tandem mass spectrometry. All the differences are 

explained below in separate sections. 

 

4.7.1.1. Samples collection for lipid analysis 

Conditioned media from hippocampal primary neurones (12 DIV) and conditioned media 

from glial cells were harvested and collected into transparent glass centrifuge tubes 

(Corning) after 3 h and 12 h with and without Aβ(1–40) and Aβ(1–42) treatment. The conditioned 

media were centrifuged for 10 min at (300× g) at 4°C, and the supernatant was collected in 

new glass tubes, snap frozen and stored at -80°C for further analysis. 

 

4.7.1.2. Tandem mass spectrometry 

Lipid analyses were performed using lipid chromatography coupled to tandem MS. Lipids 

were extracted as previously described (Sundaram et al., 2012). Briefly, 1 mL of conditioned 

media was directly transferred into glass centrifuge tubes. After addition of 10 µL of the 

internal standard (30 µM of C17-lysophosphatidylcholine (C17-LPC), C15-ceramide (C15-

Cer), C17-sphingosine (C17-So), C34:0 phosphatidylcholine (PC 17:0/17:0), C17-

sphingomyelin (C17-SM), C34:0 phosphatidylserine (PS 17:0/17:0), C17-

lysophosphatidylserine (C17-LPS), C17-lysophosphatidylethanolamine (C17-LPE), 10 µM 

C17-sphingosine 1-phosphate (C17-So1P), all from Avanti Polar Lipids, Alabaster, AL, USA, 

and 1 mM ergosterol from Merck), 200 µL 6 N HCl, 1 mL methanol and 2 mL CHCl3 were 

also added. Samples were vigorously vortexed for 10 min. After centrifugation at 1900× g, 

the lower CHCl3 phase was collected. Extraction was repeated with an additional 2 mL of 

CHCl3, and the two CHCl3 phases were combined and evaporated using the SpeedVac RVC 

2–25 CDplus (Christ, Osterode, Germany). Samples were resuspended in 100 µL methanol: 

CHCl3 (4:1 v/v) and analysed using the Prominence high-performance liquid 

chromatography (HPLC) system (Shimadzu, Duisburg, Germany) with a 60 mm × 2 mm 

MultoHigh 100 RP 18 column with 3 μm particle size (CS-Chromatographie Service, 

Langerwehe, Germany), which was maintained at 50 °C. The mobile phase A consisted of 

1% (v/v) formic acid in ddH2O, and the mobile phase B of 100% methanol. The column was 

equilibrated in 10% B with a flow rate of 0.5 mL min−1. The mobile phase switched to 100% 
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B after sample injection. The flow rate increased linearly from 0.5 mL min−1 at 5 min to 1.0 

mL min−1 at 7 min and remained constant until 10 min. Subsequently, the mobile phase 

changed to 10% B, and the flow rate decreased linearly from 1.0 mL min−1 at 10 min to 0.5 

mL min−1 at 10.5 min and remained constant until the end of the program at 11.3 min. 

Detection took place between 2 and 10 min. The injection volume per sample was 10 µL, 

and samples were cooled to 4 °C. The HPLC system was coupled to the API 2000 triple-

quadrupole mass spectrometer (Sciex, Foster City, CA, USA) equipped either with an ESI 

or an APCI source (Table S7), both operating in positive mode under the following source 

parameters: source temperature 450 °C, curtain gas 40, collision gas “low”, ion spray voltage 

5500, ion source gas 1 60 (APCI: 30), ion source gas 2 30 (APCI: 60). The analytical results 

were quantified with Analyst 1.6.2 (AB Sciex, Forster City, CA, USA) based on internal 

standard samples and an external standard curve. 

 

4.7.2. Specific identification of various lipid isoforms after Aβ(1–40) and Aβ(1–42) 

treatment from conditioned media of hippocampal neurones and conditioned media 

of glial cells using tandem mass spectrometry analysis 

To further explore whether Aβ(1–40) and Aβ(1–42) also influence specific sphingolipids or 

glycerophospholipids isoforms, we analysed the conditioned media from hippocampal 

neurones at DIV 12, as well as from conditioned media of glial cells at 3 h and 12 h post-

treatment with Aβ(1–40) and Aβ(1–42). These samples were subsequently analysed using 

tandem MS. This study presents a characterisation of the altered lipid isoforms in the 

conditioned media of hippocampal neurones and conditioned media of glial cells following 3 

h and 12 h of treatment with Aβ(1–40) and Aβ(1–42) treatment. Our focus includes sphingolipids 

such as Cer, DHCer, LacCer, HexCer, So, Sa, Sa1P, So1P, SPC, SM, DHSM, as well as 

(lyso-) glycerophospholipids such as PC, LPC, LPE, LPG, LPS, Lyso-PAF (Figure 28, Figure 

29 and Figure 30). All results are presented as explained in the materials and methods 

section of the publication, with the only variation being the samples utilised for lipid profiling. 

In this instance, we used conditioned media fractions derived from primary hippocampal 

neurones and glial cells. This conditioned media was obtained after treating the primary 

hippocampal neurones and glial cells with and without Aβ(1–40) and Aβ(1–42). In this instance, 

we used conditioned media fractions derived from primary hippocampal neurones and glial 

cells. This conditioned media was obtained after treating the primary hippocampal neurones 

and glial cells with and without Aβ(1–40) and Aβ(1–42). 
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4.7.2.1. Ceramides (Cer) 

Substantial changes in Cer isoforms were observed in both conditioned media from 

hippocampal neurones and glial cells after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatments 

(Figure 28). Notably, C16 Cer showed a prominent reduction after 3 h Aβ(1–42), while there 

was a substantial increase following 12 h of Aβ(1–40) and Aβ(1–42) exposure in the conditioned 

media of the treated neurones. C18:1 Cer, C20 Cer and C24:1 Cer showed an increase 

after 3 h and 12 h of Aβ(1–40) and Aβ(1–42) in conditioned media of neurones (Figure 28). 

Additionally, C14 Cer, C18:1 Cer, C18:0 Cer, C24:1 Cer, and C24 Cer all demonstrated an 

increase in the conditioned media from neurones treated with Aβ(1–40) and Aβ(1–42) after 3 h. 

C22 Cer only increased in the conditioned media after 3 h Aβ(1–40)-treated neurones (Figure 

28).  

 

In the conditioned media from glial cells treated with Aβ(1–40) and Aβ(1–42), a prominent 

increase in C14 Cer was observed after 12h. After 12 h, conditioned media from Aβ(1–40)-

treated glial cells showed a weak reduction in C18:1 Cer, while a substantial increase was 

noted following 12 h of Aβ(1–42) treatment (Figure 28). A decrease in C24 Cer was observed 

after 3 h of Aβ(1–40) as well as after 12 h of Aβ(1–40) and Aβ(1–42) treatment in the conditioned 

media of the treated glial cells. Other Cer isoforms, including C16 Cer, C18:0 Cer; C20 Cer, 

C22 Cer and C24:1 Cer, did not show any discernible changes in the conditioned media 

from glial cells treated for 3 h or 12 h with Aβ(1–40) and Aβ(1–42) (Figure 28). 

 

4.7.2.2. Dihydroceramides (DHCer) 

In conditioned media of Aβ(1–40)-treated glial cells, C16 DHCer, C20 DHCer, and C24:1 

DHCer increased after 3 h of treatment. Conversely, C18:0 DHCer and C22 DHCer levels 

decreased in conditioned media of glial cells after 3 h of Aβ(1–40) treatment. After 3 h Aβ(1–

42)- and 12 h Aβ(1–40)-treatment, a reduction in C14 DHCer was observed in the lipids of 

conditioned media from treated glial cells (Figure 28). After 12 h Aβ(1–40) treatment, C16 

DHCer levels decreased, while increases in C20 DHCer, C24:1 DHCer and C24 DHCer 

were observed in conditioned media of glial cells. In conditioned media of glial cells, C20 

DHCer and C22 DHCer showed a decline after 3 h of Aβ(1–42) treatment, followed by an 

increase after 12 h. Additionally, C24:1 DHCer increased after 3 h and 12 h Aβ(1–40) 

treatment. After 12 h Aβ(1–42), both C18:0 DHCer and C24:1 DHCer levels diminished in 

conditioned media of glial cells (Figure 28).  
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In conditioned media from hippocampal neurones treated with Aβ(1–40) and Aβ(1–42), a specific 

increase in C18:0 DHCer was observed after 3 h and 12h. Furthermore, an increase in C16 

DHCer was observed in the conditioned media of neurones after 3 h Aβ(1–40) and after 12 h 

of Aβ(1–40) and Aβ(1–42) treatment (Figure 28). Conditioned media from neurones treated with 

Aβ(1–40) and Aβ(1–42) showed a decrease in DHCer isoforms (C14 DHCer, C22 DHCer and 

C24 DHCer) after 3 h and in DHCer isoforms (C20 DHCer, C24:1 DHCer, and C24 DHCer) 

after 12 h. Conditioned media of 3 h Aβ(1–42)-treated neurones observed a decrease in the 

DHCer isoforms (C20 DHCer and C24:1) (Figure 28). 

  

4.7.2.3. Lactosylceramides (LacCer) 

Conditioned media from neurones treated with Aβ(1–40) and Aβ(1–42) exhibited a reduction in 

all LacCer isoforms after 3 h. After 12 h, the conditioned media from both Aβ(1–40)- and Aβ(1–

42)-treated neurones showed a decrease in C16 LacCer and C24:1 LacCer (Figure 28). 

Conditioned media from Aβ(1–40)-treated glial cells revealed a decrease after 3h and an 

increase after 12 h in C18:0 LacCer and C22 LacCer. For C16 LacCer, a decline was 

observed after 3h Aβ(1–42) and an increase after 12 Aβ(1–40) in conditioned media of glial cells. 

Additionally, the conditioned media from glial cells treated for 12 h with Aβ(1–42) demonstrated 

a reduction in the LacCer isoforms C22 LacCer and C24:1 LacCer, alongside an elevation 

in C18:0 LacCer. Furthermore, C24:1 LacCer decreased in the conditioned media of 3 h 

Aβ(1–40)- and Aβ(1–42)-treated glial cells (Figure 28). 

 

4.7.2.4. Monohexosylceramides (HexCer) 

After treatment with Aβ(1–40) and Aβ(1–42), several HexCer isoforms (C14 HexCer, C18:0 

HexCer and C22 HexCer) in the conditioned media of 12 h-treated glial cells showed a 

substantial increase. Conversely, the conditioned media from glial cells treated for 3 h and 

12 h exhibited a decrease in C24 HexCer. Notably, almost all other HexCer isoforms (C14 

HexCer, C16 HexCer, C18:0 HexCer, C20 HexCer and C22 HexCer) showed a reduction in 

the conditioned media of 3h Aβ(1–42)-treated glial cells. In the conditioned media of treated 

glial cells, a slight increase was observed in C16 HexCer after 12 h Aβ(1–40) and Aβ(1–42). 

Furthermore, a minor increase was seen in C14 HexCer after 3 h and C20 HexCer after 12 

h in the conditioned media of Aβ(1–40) treated glial cells. Additionally, a minor decrease in 

C20 HexCer was seen in the conditioned media of 3 h Aβ(1–40)-treated glial cells (Figure 28).  
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Figure 28: Heat-map-based mass spectrometry analysis of sphingolipid classes from conditioned media of 

hippocampal neurones and glial cells after 3 h and 12 h Aβ treatment.  

Here, we conducted a comprehensive examination of different sphingolipid isoforms: ceramides (Cer), 

dihydroceramides (DHCer), lactosylceramides (LacCer), and monohexosylceramides (HexCer) after 3 h and 

12 h treatment with (1 µM) Aβ(1–40) and (1 µM) Aβ(1–42) from conditioned media of hippocampal neurons at DIV 

12 and conditioned media of glial cells (all groups, from three independent experiments (n = 3)). The changes 

of these lipid classes are shown as logarithmic (log10) relative intensity (arbitrary unit); the green colour refers 

to a reduction, and the red colour refers to an increase of lipid levels compared to our negative control (DMSO), 

which was set to 0 as baseline. Both conditioned media of hippocampal neurones and conditioned media of 

glial cells showed an increased and reduced intensity of Cer, DHCer, LacCer, and HexCer isoforms after both 

3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment. Different changes in the lipid classes are shown between 

conditioned media of treated hippocampal neurones and glial cells. Conditioned media of Aβ-treated 

hippocampal neurones and conditioned media of Aβ-treated glial cells showed prominent increases and 

decreases in Cer, DHCer, LacCer and HexCer isoforms after 3 h and 12 h of Aβ(1–40) and Aβ(1–42) treatment. 

Conditioned media of Aβ-treated hippocampal neurones showed only a prominent intensity decrease of 

LacCer isoforms after 3 h and 12 h of Aβ(1–40) and Aβ(1–42) treatment. 

 

After Aβ(1–40) and Aβ(1–42) treatment, HexCer isoforms (C16 HexCer, C20 HexCer and C24 

HexCer) from 3 h and HexCer isoforms (C16 HexCer and C22 HexCer) from 12 h is reduced 

in the conditioned media of treated neurones. In contrast, conditioned media from 3 h treated 

neurones showed increased C18:0 HexCer for both Aβ(1–40) and Aβ(1–42) treament. C14 

HexCer levels increased in the conditioned media from neurones exposed to Aβ(1–40) for 3 h 

and 12 h. After 12 h Aβ(1–42) treatment, we observed a reduction in C14 HexCer and an 

elevation in C18:0 HexCer from conditioned media of treated primary neurones (Figure 28).  
 

4.7.2.5. Sphingosine (So) and sphingosine-1-phosphate (So1P) 

Conditioned media derived from Aβ(1–40)-and Aβ(1–42)-treated hippocampal neurones showed 

a prominent increase in d18:1 So1P after 3 h followed by a decrease after 12h. In contrast, 

the conditioned media from glial cells treated with Aβ(1–42) for 3 h and Aβ(1–40) for 12 h showed 

decreased d18:1 So1P. The conditioned media of neurones showed intriguingly minor 

changes in d18:1 So after both 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatments. Conversely, 

the conditioned media of treated glial cells showed an eminent increase in d18:1 So after 12 

h Aβ(1–40) treatment, alongside a decrease after 3 h of both Aβ(1–40) and Aβ(1–42) treatments 

(Figure 29).  
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Figure 29: Heat-map-based mass spectrometry analysis of sphingophospholipid classes from conditioned 

media of hippocampal neurones and glial cells after 3 h and 12 h Aβ treatment.  

Here, we examined different sphingophospholipid isoforms; sphingosine (d18:1 So), sphinganine (d18:0 Sa), 

sphingosine-1-phosphate (d18:1 So1P), sphinganine-1-phosphate (d18:1 Sa1P), sphingosylphosphoryl-

choline (SPC (16:0)), sphingomyelines (SM) and dihydrosphingomyelines (DHSM) after 3 h and 12 h treatment 

with (1 µM) Aβ(1–40) and (1 µM) Aβ(1–42) from conditioned media of hippocampal neurones at DIV 12 and 

conditioned media of glial cells (all groups, from three independent experiments (N = 3)). Changes in these 

lipid classes are shown as logarithmic (log10) relative intensity (arbitrary unit); the green colour refers to a 

reduction, and the red colour refers to an increase in lipid levels compared to our negative control (DMSO), 

which was set to 0 as a baseline. Significant intensity changes in lipid classes of d18:1 So, d18:0 Sa, d18:1 

So1P, d18:1 Sa1P after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment in conditioned media of hippocampal 

neurones and conditioned media of glial cells were observed. Specific lipid intensity changes after Aβ(1–40) and 

Aβ(1–42) treatment in conditioned media of hippocampal neurones from very long fatty acid SM compared to 

conditioned media of Aβ-treated glial cells were detected. 

 

4.7.2.6. Sphinganine (Sa) and sphinganine-1-phosphate (Sa1P) 

A reduction in d18:0 Sa was observed in the conditioned media of glial cells after 3 h Aβ(1–

40) and Aβ(1–42), as well as 12 h Aβ(1–40) treatment (Figure 29). In contrast, the conditioned 

media of hippocampal neurones showed a slight increase in d18:0 Sa after 12 h Aβ(1–40) 

treatment. Additionally, a decrease in d18:0 Sa1P was observed in the conditioned media 

from both 3 h Aβ(1–40)- and 12 h Aβ(1–42)-treated hippocampal neurones, as well as 

conditioned media from 3 h Aβ(1–40)- and Aβ(1–42)-treated glial cells. No substantial alterations 

were observed in d18:0 Sa1P in conditioned media after 12 h Aβ(1–40)-and Aβ(1–42)-treated 

glial cells, nor in conditioned media after 3 h Aβ(1–42)- and 12 h Aβ(1–40)-treated hippocampal 

neurones (Figure 29). 
 

4.7.2.7. Sphingosylphosphorylcholine (SPC) 

Both conditioned media from hippocampal neurones and glial cells exhibited changes in 

SPC 16:0 after 3 h and 12 h of treatment with Aβ(1–42) as well as 12 h Aβ(1–40) treatment. 

Notably, the most prominent increase in SPC 16:0 was observed in the conditioned media 

of neurones after 3 h and 12 h Aβ(1–42) treatment. In contrast, a decrease in SPC 16:0 was 

shown in the conditioned media of glial cells after 12 h of Aβ(1–40) treatment (Figure 29). No 

significant changes in SPC 16:0 were detected in the conditioned media from neurones after 

3 h and 12 h Aβ(1–40) treatment. Furthermore, there were no specific alterations in SPC 16:0 

in the conditioned media from glial cells treated for 3 h with either Aβ(1–40) or Aβ(1–42), as well 

as after 12 h of treatment with Aβ(1–42) (Figure 29). 
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4.7.2.8. Sphingomyelines (SM) 

The following SM isoforms, including C14 SM, C16 SM, C18:1 SM, C18:0 SM, C20 SM, C22 

SM, C24:1 SM, C24 SM, and C26:1 SM, derived from the conditioned media of glial cells, 

exhibited a decrease after 3 h and 12h of treatment with Aβ(1–40) as well as 3 h Aβ(1–42) 

treatment. Interestingly, 12 h Aβ(1–42) treatment increased these isoforms (Figure 29). In 

contrast, specific SM isoforms (C14 SM, C16 SM, C18:1 SM, C18:0 SM, C24 SM) from the 

conditioned media of hippocampal neurones showed an increase after both 3 h and 12 h 

Aβ(1–42) treatment (Figure 29). Both C20 SM and C24:1 SM showed an increase after 12 h 

Aβ(1–40) and a decrease after 3 h Aβ(1–40) and Aβ(1–42) in conditioned media of neurones.  

 

Furthermore, conditioned media of neurones observed an increase in C22 SM and C24 SM 

after 3 h Aβ(1–42) and after 12 h Aβ(1–40) and Aβ(1–42) treatment. However, a reduction in C22 

SM was seen in the conditioned media of neurones treated with Aβ(1–40) for 3 h (Figure 29). 

C26:1 SM showed a prominent reduction in the conditioned media of 3h and 12 h Aβ(1–40)- 

and Aβ(1–42)-treated hippocampal neurones. Similarly, C26 SM showed a pronounced 

decrease in the conditioned media of 12 h Aβ(1–40)- and Aβ(1–42)-treated hippocampal 

neurones. Conditioned media from 3 h Aβ(1–40) and 12 h Aβ(1–42) treated glial cells exhibited 

elevated levels of C26 SM, while no specific alterations were observed in the conditioned 

media of 3 h Aβ(1–42)-and 12 h Aβ(1–40)-treated glial cells. Lastly, no changes in C26 SM were 

detected in the conditioned media of 3h Aβ(1–40)-and Aβ(1–42)-treated neurones (Figure 29). 

 

4.7.2.9. Dihydrosphingomyelines (DHSM) 

The most prominent increase in DHSM levels in the conditioned media of glial cells was 

observed in C26 DHSM after 3 h Aβ(1–40) and Aβ(1–42) treatment. In contrast, C14 DHSM 

exhibited a substantial reduction after 12 h Aβ(1–42), with only a slight increase observed after 

12 h Aβ(1–40) (Figure 29). Additionally, an increase in various DHSM isoforms (C14 DHSM, 

C16 DHSM, C18:1 DHSM, C18:0 DHSM, C20 DHSM, C22 DHSM, C24:1 DHSM, C24 

DHSM) was detected in the conditioned media of hippocampal neurones after 12 h Aβ(1–40) 

and Aβ(1–42) treatment. Moreover, conditioned media from hippocampal neurones showed 

an increase in DHSM isoforms (C14 DHSM, C16 DHSM, C18:0 DHSM, C20 DHSM, C22 

DHSM, C24:1 DHSM, C24 DHSM) after 3 h Aβ(1–42) and in C24 DHSM after 3h Aβ(1–40) 

treatment (Figure 29). However, there was a reduction in DHSM isoforms (C14 DHSM and 

C24:1 DHSM) after 3 h Aβ(1–40) treatment, and a decrease in C18:1 DHSM was observed 

after 3 h Aβ(1–42) treatment in the conditioned media of hippocampal neurones. Furthermore, 

conditioned media from hippocampal neurones showed a prominent decrease in C26:1 
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DHSM after 3h Aβ(1–40)-and Aβ(1–42)-treatment, alongside reductions in both C26:1 DHSM 

and C26 DHSM after 12 h Aβ(1–42) treatment (Figure 29). 

 

4.7.2.10. Phosphatidylcholines (PC) and lysophosphatidylcholines (LPC) 

A prominent increase in PC (30:1) and PC (38:0) of conditioned media from glial cells after 

3 h Aβ(1–40)- and Aβ(1–42)-treatment. In addition to PC (38:1), several other PC isoforms (PC 

(28:0), PC (30:0), PC (32:0), PC (32:1), PC (34:1), PC (34:2), PC (36:0), PC (36:1), PC 

(36:2), PC (36:3), PC (38:2), PC (38:3) and PC (38:4)) exhibited a decrease in the 

conditioned media of 3 h Aβ(1–40)- or Aβ(1–42)-treated glial cells (Figure 30). Notably, PC (28:0) 

showed a decrease after 12h Aβ(1–40) and an increase after 12h Aβ(1–42) from conditioned 

media of treated glial cells. All other PC isoforms (PC (30:0), PC (30:1), PC (32:0), PC (32:1), 

PC (34:1), PC (34:2), PC (36:1), PC (36:2), PC (36:3), PC (36:4), PC (38:1), PC (38:2), PC 

(38:3) and PC (38:4)) showed an increase in the conditioned media after 12 h Aβ(1–40)- or 

Aβ(1–42)-treated glial cells (Figure 30).  

 

Alterations in PC isoforms were observed in the conditioned media from hippocampal 

neurones after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment. After 3h, the most prominent 

decrease were detected in PC isoforms (PC (28:0), PC (30:1) and PC (38:0)) with Aβ(1–42) 

treatment, while an increase in PC isoforms (PC (38:1), PC (38:2) and PC (38:3)) was seen 

in the conditioned media of both Aβ(1–40)- and Aβ(1–42)-treated hippocampal neurones (Figure 

30).  

 

After 12 h Aβ(1–42) treatment, there was a reduction in the following PC isoforms: PC (28:0), 

PC (30:0), PC (30:1), PC (32:0), PC (32:1), PC (34:1), PC (34:2), PC (36:0), PC (36:1), PC 

(36:2), PC (36:3), PC (38:3), and PC (38:4). In contrast, PC isoforms (PC (38:0), PC (38:1) 

and PC (38:2)) saw an increase after the same duration of Aβ(1–42) treatment in the 

conditioned media of hippocampal neurones (Figure 30). After both 3 h and 12 h Aβ(1–40) 

treatment, a slight elevation of PC (36:4) and PC (38:0) was detected in the conditioned 

media of treated hippocampal neurones (Figure 30).  

 

We observed alterations in nearly all LPC isoforms in the conditioned media after 3 h and 

12h Aβ(1–40)- and Aβ(1–42)- treated glial cells and hippocampal neurones. The conditioned 

media of hippocampal neurones showed the most prominent decrease in LPC (20:0) after 

12 h Aβ(1–40) treatment, as well as in LPC (20:3) after 3 h Aβ(1–40) and Aβ(1–42) treatment 

(Figure 30). Conversely, conditioned media from neurones demonstrated a substantial 
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increase in several LPC isoforms (LPC (18:2), LPC (20:1), LPC (20:3) and LPC (20:4)) after 

12 h Aβ(1–40) treatment, as well as in LPC isoforms (LPC (18:2) and PC (20:1)) after 3 h Aβ(1–

40) and Aβ(1–42) treatment (Figure 30). Additionally, LPC (20:0) and LPC (20:4) showed a 

reduction in the conditioned media after 3 h Aβ(1–40)-treated neurones. Other LPC isoforms 

(LPC (16:0), LPC (16:1), LPC (18:0), LPC (18:1)) showed a modest increase in the 

conditioned media of hippocampal neurones after 12 h Aβ(1–40) treatment (Figure 30). 

Conditioned media of glial cells revealed a prominent increase in LPC (20:0) and LPC (20:1) 

after 3 h Aβ(1–40) and Aβ(1–42), while a decrease was observed in LPC (16:0) after 3 h Aβ(1–

40) and Aβ(1–42) as well as in LPC (18:1) after 3h Aβ(1–40) treatment. Additionally, LPC (20:1) 

showed an elevation in the conditioned media after 12h Aβ(1–40)-and Aβ(1–42)-treated glial 

cells (Figure 30). 

 

4.7.2.11. Lysophosphatidylethanolamine (LPE) 

An increase in LPE isoforms (LPE (16:1), LPE (18:0), LPE (18:1) and LPE (18:2)) was shown 

in conditioned media after 3 h Aβ(1–42)-treated hippocampal neurones. Additionally, an 

increase in conditioned media of hippocampal neurones after 3h Aβ(1–40) in LPE (18:0) and 

after 12 h Aβ(1–40) in LPE (20:4) was observed. Notably, LPE (20:4) revealed a slight 

decrease after 3 h Aβ(1–40) treatment and a prominent reduction after 12 h Aβ(1–42) treatment 

in conditioned media of hippocampal neurones (Figure 30). LPE (18:2) showed a prominent 

reduction after 3 h Aβ(1–40) as well as 12 h Aβ(1–40) and Aβ(1–42) treatment in conditioned media 

of hippocampal neurones. Furthermore, all other LPE isoforms (LPE (16:0), LPE (16:1), LPE 

(18:1), LPE (18:2), and LPE (20:4)) exhibited a decrease in conditioned media after 12 h 

Aβ(1–42)-treated neurones, whereas LPE (18:0) and LPE (18:2) showed a prominent 

reduction in conditioned media after 12 h Aβ(1–40)-treated neurones (Figure 30). 

 

Furthermore, an increase was observed in the following LPE isoforms (LPE (16:0), LPE 

(18:1), LPE (18:2), and LPE (20:4)) after 3 h Aβ(1–40) treatment, as well as in LPE isoforms 

(LPE (16:1), LPE (18:0) and LPE (20:4)) after 3 h Aβ(1–42) treatment in the conditioned media 

of glial cells. However, there was a slight reduction in LPE (16:1) after 3h Aβ(1–40) and in LPE 

(18:2) after 3 h Aβ(1–42) in the conditioned media of glial cells (Figure 30). After 12 h Aβ(1–40) 

and Aβ(1–42) treatment, the conditioned media from glial cells exhibited a prominent decrease 

in LPE isoforms (LPE (16:1) and LPE (18:0)), while LPE isoforms (LPE (16:0) and LPE 

(18:2) showed an increase. Additionally, there was reduction in LPE (18:1) after 12 h Aβ(1–

42) treatment, as well as an increase in LPE (20:4) after 12 h Aβ(1–40) treatment (Figure 30). 
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Figure 30: Heat map-based mass spectrometry analysis of glycerophospholipid classes from conditioned 

media of hippocampal neurones and glial cells after 3 h and 12 h Aβ treatment.  

Here, we examined different glycerophospholipids isoforms: phosphatidylcholine (PC), 

lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylglycerol (LPG), 

lysophosphatidylserine (LPS), and lyso-platelet-activating factor (lyso-PAF) after 3 h and 12 h treatment with 

(1 µM) Aβ(1–40) and (1 µM) Aβ(1–42) from conditioned media of hippocampal neurones at DIV 12 and conditioned 

media of glial cells (all groups, from three independent experiments (N = 3)). Changes in these lipid classes 

are shown as logarithmic (log10) relative intensity (arbitrary unit); the green colour refers to a reduction, and 

the red colour refers to an increase in lipid levels compared to our negative control (DMSO), which was set to 

0 as baseline. Conditioned media of hippocampal neurones and conditioned media of glial cells showed a 

prominent decrease and increase in intensity changes after 3 h and 12 h Aβ(1–40) and Aβ(1–42) treatment from 

PC, LPC, and LPE isoforms. Also, LPG, LPS isoforms and lyso-PAF showed specific changes after 3 h and 

12 h Aβ(1–40) and Aβ(1–42) treatment in both conditioned media of hippocampal neurones and glial cells. 

4.7.2.12. Lysophosphatidylglycerol (LPG) 

LPG (14:1) showed a prominent reduction after 3 h Aβ(1–40) and Aβ(1–42) in conditioned media 

of hippocampal neurones. In contrast, a similar effect was observed for LPG (16:1) in 

conditioned media of treated glial cells. After 12 h, Aβ(1–40) treatment resulted in a decrease 

in LPG (14:1) levels in the conditioned media from neurones, while LPG (16:1) levels 

increased in the conditioned media of treated glial cells (Figure 30). No notable changes 

were observed in LPG (14:1) levels in the conditioned media of glial cells after 3 h and 12 h 

for both Aβ(1–40) and Aβ(1–42) treatment. Additionally, there was no specific alteration in LPG 

(16:1) levels in the conditioned media from neurones after 3h or 12 h for either Aβ treatment 

(Figure 30). 

4.7.2.13. Lysophosphatidylserine (LPS) 

LPS (18:2) exhibited an increase in conditioned media after 3 h Aβ(1–40)- and Aβ(1–42)-treated 

glial cells, as well as in conditioned media after 3 h Aβ(1–40)-treated hippocampal neurones. 

However, a decrease in LPS (18:2) was observed in conditioned media after 3 h Aβ(1–42)-

treated hippocampal neurons and in conditioned media after 12h Aβ(1–40)- and Aβ(1–42)-

treated glial cells(Figure 30). An increase in LPS (16:0) and LPS (18:0) was observed in 

conditioned media after 3 h Aβ(1–40)- and Aβ(1–42)-treated glial cells. LPS (16:0) was reduced 

in conditioned media after 12 h Aβ(1–40)-treated glial cells, while LPS (16:0) after 12 h Aβ(1–

42) treatment and LPS (18:0) after 12 h Aβ(1–40) treatment showed an increase in conditioned

media of glial cells. Additionally, conditioned media from hippocampal neurones indicated a

slight reduction in LPS (18:0) after 12 h Aβ(1–42) treatment (Figure 30).
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4.7.2.14. Lyso-platelet-activating factor (Lyso-PAF) 

Lyso-PAF showed a prominent increase in the conditioned media after 12 h Aβ(1–42)-treated 

hippocampal neurones, as well as in conditioned media of glial cells after 3 h and 12 h, for 

both Aβ(1–40) and Aβ(1–42) treatment (Figure 30). Conversely, a prominent decrease in lyso-

PAF was observed in the conditioned media after 12 h Aβ(1–40)-treated hippocampal 

neurones (Figure 30). Additionally, the conditioned media of hippocampal neurones showed 

a weak enhancement in lyso-PAF levels after 3h Aβ(1–40) treatment (Figure 30). 
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5. Discussion 
It is widely recognised that Aβ species may play a role in Aβ pathology associated with AD 

and other amyloid-related disorders (Findeis, 2007; Sadigh-Eteghad et al., 2015). 

Additionally, Aβ-induced toxicity, which leads to impairment in neuroplasticity and 

neuroinflammation, could enhance our understanding of AD. While several studies 

investigated the biochemical properties of Aβ, the precise pathological role of both Aβ(1–40) 

and Aβ(1–42) species on lipid homeostasis in hippocampal neurones and glial cells remains 

unclear (Cai et al., 2023; Chemuru et al., 2016; Hu et al., 2009; Klementieva et al., 2017; 

Takahashi et al., 2004). Nevertheless, current FDA-approved therapeutic drugs primarily 

address neurological behaviour and psychological symptoms, merely slowing down the 

progression of the disease (Therapeutics Search | ALZFORUM; Varadharajan et al., 2023). 

Herein, I would like to briefly mention Lecanemab (Leqembi®), a new monoclonal Aβ 

antibody which is FDA-approved and has received conditional approval in the European 

Union for treating mild cognitive impairment (memory and thinking problems) or mild 

dementia due to early AD (European Medicines Agency, 2024; Kim et al., 2025; van Dyck 

et al., 2023). This drug is also under revision for subcutaneous autoinjection in patients, 

which makes the patient's life more convenient (Eisai co. Ltd. & Biogen Inc., 2025). However, 

this drug only slows down the disease progression and does not cure or prevent the disorder. 

Considering the challenges associated with ineffective drug development, it is essential to 

investigate alternative mechanisms of AD that go beyond the conventional focus of the Aβ 

and Tau pathology (Morris et al., 2014).  

 

Considering these findings, this thesis explores the pathological role of various Aβ species 

using both cellular (physiological and pathological) models and an AD transgenic mouse 

model. Additionally, we conducted preliminary testing of a potential novel synthetic N,N-

tryptamine compound, such as DET, both in vitro and in vivo, concerning AD pathology. Our 

qualitative research focussed on the neuropathological characterisation of various Aβ-

specific aggregations, neuroplasticity and neuroinflammation across various brain regions 

of the AD mice. Complementing this, we also performed quantitative research using various 

cellular and in vivo techniques. For the first time, we demonstrated that lipid profiles altered 

after Aβ treatment, even before synaptic loss became apparent (Van Bulck et al., 2022). 

The exogenous addition of Aβ species to primary brain cells revealed time-dependent 

impacts on active synapse values and lipid alterations. Treatment with pathological 

concentrations of Aβ(1–40) and Aβ(1–42) exhibited a species-dependent influence on the 

integrity of (extra-) cellular lipids in various brain cells (Van Bulck et al., 2022).  



156 

Furthermore, we provided initial evidence that DET administration might have a potential 

therapeutic effect on AD. However, it is important to note the significant limitations present 

in our study. Nonetheless, the current data offers preliminary insight into understanding early 

pathological patterns of AD (e.g., adult neurogenesis, lipid alterations and synaptic loss) and 

the potential for novel drugs to prevent or address AD-related disorders. 

 

5.1. Qualitative analysis of neuropathological effects in AD models 
5.1.1. Characterisation of Aβ aggregation and associated neuroinflammation 

APP proteins, which have been described to play a crucial role in neuronal processes such 

as neurite growth, neuronal adhesion, synapto- and axongenesis, are key players in the 

development and maintenance of the nervous system (Baumkötter et al., 2014). The mature 

APP, consisting of 770 amino acids, and its cleavage fragments are crucial for determining 

the neuropathological role in AD (Kang et al., 1987; Müller & Zheng, 2012; Price et al., 1998). 

The use of specific antibodies to recognise specialised epitopes in APP and its cleavage 

fragments holds great promise in better understanding the Aβ pathology in genetically 

modified AD animal models. Various Aβ antibodies, which recognise specific epitopes of 

APP, have been widely used for the detection of APP and its Aβ cleavage peptide forms 

(Gouras et al., 2015; Gouras et al., 2010; Gouras et al., 2000; Klementieva et al., 2017; 

Roos et al., 2021; Takahashi et al., 2004; Takahashi et al., 2013; Tampellini et al., 2007; 

Willén et al., 2017).  

 

Our studies observed that the Tg mice model exhibited specific Aβ(1–42)-aggregates in the 

cortex starting at 4 months of age, while the entorhinal cortex and hippocampus showed 

such aggregates beginning at 9 months. Notably, in the hippocampus, Aβ plaque deposition 

(Aβ, C99, APP and sAPPα) was already detected in 4-month-old Tg mice. This observation 

aligns with previous research done by Ordóñez-Gutiérrez and colleagues, which noted early 

Aβ plaque deposition in Tg mice as young as 3 months. (Ordóñez-Gutiérrez et al., 2015). In 

contrast, other studies using different Aβ detection techniques in the same mouse model 

found that the earliest Aβ plaque deposition occurred at 4 months in the cortex and 6 months 

in the hippocampus (Jackson et al., 2013; Minkeviciene et al., 2008). These discrepancies 

in the research highlight the importance of the investigated methodologies and neuronal 

changes in Aβ pathology.  

 

Moreover, exploring the size and number of specific Aβ(1–42) plaques across ageing could 

give us a better understanding of how these aggregates evolve within various brain regions. 
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However, we did not measure or quantify the size and number of Aβ(1–42) plaques due to 

issues with the mice population, the COVID-19 crisis and the research interests of Dr. Ana 

Perez Castillo's laboratory. Further investigation is necessary to clarify this matter. However, 

the observed regional differences in Aβ burden and Aβ density are influenced by the brain 

region and AD mice utilised in each study (Hanspal & Gillotin, 2022; Minkeviciene et al., 

2009). Notably, our observation from Aβ fibrils and fibrillar oligomers may be more dispersed 

in the 9-12 months Tg mice compared to the distinct Aβ(1–42) plaques and Aβ plaques 

deposition. Our observations complement the earlier findings (Hanspal & Gillotin, 2022; 

Minkeviciene et al., 2009), suggesting a shift in Aβ deposition over time.  

 

Lastly, the consistent findings of plaque-associated gliosis in the cortex and hippocampus 

of younger Tg mice reinforce the idea that Aβ accumulation might be linked to 

neuroinflammatory processes, a narrative supported by numerous studies (Jackson et al., 

2013; Malm et al., 2007; Minkeviciene et al., 2008). The connection between early and later 

stages of Aβ aggregation and its impact on gliosis emphasises the specific dynamics of AD 

progression. Furthermore, studies demonstrated that several structural characteristics of Aβ 

and its aggregation forms could promote neuroinflammation (Chen et al., 2017; LaRocca et 

al., 2021). 

 

5.1.2. Impaired neurogenesis and neuroinflammation 

Alteration in adult neurogenesis is an early event in Familial AD observed in Tg mice, 

beginning at 2 months in both subventricular and subgranular zones (Demars et al., 2010). 

These observations align with our findings, suggesting that the proliferation of cells and 

neuroplasticity in the cortex and hippocampus might be diminished in Tg mice starting at 2 

months. Another study indicates that progenitor cell proliferation is almost abolished by 6 

months of age (Faure et al., 2011) and is consistent with our finding of a potential reduction 

in adult neurogenesis in subventricular and subgranular zones in our Tg mice. Furthermore, 

It has been reported that depletion of neurogenesis can lead to cognitive impairment in Tg 

mice (Hollands et al., 2017). Impaired neurogenesis has also been shown to increase 

hyperphosphorylated Tau levels in the hippocampus, while no effect was seen on oligomeric 

Aβ levels in the entorhinal cortex of Tg mice (Hollands et al., 2017). 

 

To enhance our understanding of the mechanisms driving these changes, we are the first to 

describe a possible alteration of RELN expression concerning specific Aβ(1–42)- and 

microglia-positive cells in the entorhinal cortex and hippocampus of ageing Tg mice 
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compared to WT littermates. Previous studies have established that the entorhinal cortex is 

an essential brain region directly linked to the hippocampus and is one of the earliest regions 

affected by AD (Gómez-Isla et al., 1996; Thal et al., 2000a; Witter, 2007). RELN, when 

studied in association with Aβ, has been found to have diminished expression in both mice 

and human AD brains (Botella-López et al., 2010; Cuchillo-Ibáñez et al., 2013; Cuchillo-

Ibañez et al., 2016; Kocherhans et al., 2010). It has also been reported that Aβ interacts 

with layer II entorhinal cortical neurones, which are positive for RELN and are among the 

first to be impaired in AD (Kobro-Flatmoen et al., 2016). Furthermore, our Tg mice model 

has not yet explored the characterisation of Aβ(1–42) and neuroinflammation (e.g., 

microgliosis (Iba1) on neuroplasticity (e.g., RELN). This examination could provide critical 

insight into how disruptions in adult neurogenesis and RELN expression may contribute to 

the progression of cognitive deficits in AD.  

 

The present study is subject to several pitfalls related to the available animal cohort and the 

experimental methodologies employed by the research group of Dr. Ana Perez Castillo's 

laboratory at that time. Additionally, the lockdown and restrictions resulting from the COVID-

19 pandemic in Spain significantly disrupted experiments and limited access to research 

facilities. These problems caused incomplete datasets in our research findings. 

Furthermore, eradicating the mice colony due to viral infection in the research animal facility 

in Spain led to limited tissue samples and insufficient quantitative data sets. Therefore, 

further research is needed to validate the impaired neurogenesis related to 

neuroinflammation in this Tg mouse model. Future investigations should include an 

expanded sample size and incorporate supplementary analysis, such as protein and RNA 

quantitation across various age groups of these mice. This analysis could elucidate the 

underlying molecular mechanisms involved in neuroinflammation and neurogenesis, 

thereby better understanding the neurodegenerative ageing processes. Furthermore, 

conducting more detailed confocal imaging will be essential to deepen our understanding of 

the interrelationships among Iba1-Aβ(1–42), RELN-Aβ(1–42) and RELN-Iba1 positive cells. This 

might give us a better understanding of how neuroinflammation influences neurogenesis 

over time in the Aβ pathology.   

 

5.1.3. Adult neurogenesis using neurospheres 

We are the first to describe a potential application of neurospheres derived from the 

subventricular zone of normal-aged and Tg mice at approximately 16 months. Our findings 
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might suggest that adult neurogenesis and NSC differentiation of adult neurospheres may 

be affected when exposed to the pathological concentration of human Aβ(1–40) and Aβ(1–42).  

 

Previous neurospheres research has shown that NSC can be isolated from adult mice from 

1 to 18 months. Although, older mice exhibit a decrease in the number of neurospheres and 

an extended maturation time for these neurospheres (Daynac et al., 2016; Deshpande et 

al., 2019; Maslov et al., 2004; Radecki & Samanta, 2022; Wang et al., 2022). Only two 

studies have specifically investigated neurospheres derived from mice with the same 

APP/PSEN-1 mutation, utilising samples from embryonic stage 15 or 3-month-old mice 

(Esteve et al., 2022; Ghate et al., 2014). Both studies demonstrated the impact of Aβ 

concentration on adult neurogenesis (Esteve et al., 2022; Ghate et al., 2014). While our data 

may indicate the neurotrophic effect of Aβ(1–40) treatment on neurospheres from 16-month-

old Tg, this observation requires further investigation. 

 

As previously described, our study has several notable pitfalls arising from challenges with 

our mice colony and the experimental data yield. These limitations should be carefully 

considered to guide future research in the field. Our protocol for collecting neurospheres 

and characterising their phenotypes from older mice likely proposed a more effective in vitro 

approach for investigating adult neurogenesis in AD. However, it is essential to consider the 

disadvantages, advantages, and limitations associated with translating adult neurogenesis 

into human AD (da Silva Siqueira et al., 2021; Gillotin et al., 2021; Salta et al., 2023; Seki, 

2020).  

 

This study should be repeated with additional experimental datasets and human-derived AD 

cellular models to validate our previous findings. A recent review has highlighted the 

development and exploration of various three-dimensional human-derived AD cellular 

models, including spheroids, organoids, and assembloids, to investigate disease 

progression, specific disease phenotypes, and cellular and molecular mechanisms in AD 

(Cerneckis et al., 2023). These models might offer a promising alternative for enhancing the 

screening of diagnostics and therapeutic tools for AD. Also, these advanced three-

dimensional models could better mimic human AD pathology. 

 

5.2. Quantitative analysis of Aβ-induced neuropathology in mice brain cells  
Here, we demonstrated for the first time that lipid profiles alter after post-treatment of Aβ 

species and before the appearance of synaptic loss in distinct Aβ-treated primary brain cells, 
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utilising various quantitative cellular approaches (Van Bulck et al., 2022). Our findings 

indicate that the exogenous administration of human Aβ species to primary neurones affects 

the yield of active synapses and induces lipid alterations in a time-dependent manner. 

Furthermore, we showed that treatment with Aβ(1–40) and Aβ(1–42) affects the integrity of 

cellular lipids in glial cells and hippocampal neurones, exhibiting in both species- and time-

dependent variations (Van Bulck et al., 2022). In addition, extracellular lipid from glial cells 

and hippocampal neurones showed a similar alteration tendency after treatment with Aβ(1–

40) and Aβ(1–42). 

 

5.2.1. Synaptic loss is a late event in AD 

Aβ buildup leads to synaptic dysfunctions, which are closely associated with cognitive 

impairments and represent an early pathological event in AD. The accumulation of 

extracellular Aβ is believed to play a regulatory role in synaptic activity and plasticity of 

neuronal membranes (Gouras et al., 2010; Tampellini, 2015). Consequently, investigating 

the loss of synaptic integrity due to the depletion of synaptic proteins on synaptic 

membranes can be efficiently conducted in vitro by exposing neurones to various Aβ 

peptides. In the brain of individuals with AD, the predominant types of Aβ peptides are Aβ(1–

40) and Aβ(1–42), with Aβ(1–42) considered to be more detrimental than Aβ(1–40) (Bate & 

Williams, 2010; Fu et al., 2017; Willén et al., 2017). Our research indicated that a 12 h 

exposure to human Aβ species resulted in synaptic loss; however, we found no significant 

difference in synaptic loss between Aβ(1–40) and Aβ(1–42) in cultured hippocampal neurones. 

Notably, after 12 h treatment, both Aβ species induced synaptic loss, while a 3 h exposure 

did not affect active synapses with either Aβ variant (Van Bulck et al., 2022).  

 

The influence of various Aβ species on synapse alterations is contingent upon their 

concentration and aggregated forms (Willén et al., 2017). Moreover, the effect of Aβ species 

at synaptic sites highly depends on the choice of pre- and postsynaptic markers for analysis 

(Willén et al., 2017). The synaptic loss we observed is closely associated with the strong 

binding affinity of Aβ to specific glutamatergic presynaptic (Vglut-1) and postsynaptic (PSD-

95) proteins (Almeida et al., 2005; El-Husseini et al., 2000; Sokolow et al., 2012). Both in 

vitro and in vivo studies have shown downregulation of glutamatergic transmission in WT 

and AD transgenic hippocampal neurones, correlating with this solid binding affinity of Aβ 

for presynaptic proteins (Du et al., 2020; Rodriguez-Perdigon et al., 2016; Sokolow et al., 

2012). Additionally, different Aβ-aggregated forms can lead to abnormalities of postsynaptic 

proteins such as PSD-95, which is crucial for synapse maturation, synaptic stability, and 
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synaptic plasticity (Almeida et al., 2005; El-Husseini et al., 2000). Furthermore, Fu and his 

colleagues (Fu et al., 2017) strongly implicated that Aβ(1–42) oligomers exhibit an elevated 

level of neurotoxicity, while monomers exhibit the least neurotoxic effect (~20%) on neuronal 

cells, with no noticeable difference between Aβ(1–40) and Aβ(1–42).  

 

Our findings concerning primary hippocampal neurones align with these previous studies. 

Notably, prior to the onset of synaptic loss, Aβ(1–40) and Aβ(1–42) exert distinct effects on 

cellular lipid composition (Van Bulck et al., 2022). Furthermore, changes in lipid classes, 

such as levels of cholesterol and sphingolipids, can affect the activity of membrane-

associated proteins such as APP, β-secretase and γ-secretase (Chan et al., 2012; Grimm 

et al., 2005). Therefore, the potential impact of investigating human Aβ species on various 

lipid classes, including sphingolipids, sphingophospholipids, and glycerophospholipids, as 

well as their different isoforms, are essential in understanding other risk-related biomarkers 

in AD. 

 

However, further investigations are essential to clarify the specific effect of these lipid 

alterations on neurological disorders such as AD. The impact of physiological concentrations 

and species of Aβ on lipid profile changes in physiological and AD-related models needs to 

be further elucidated. Additionally, it is important to examine the biochemical aggregation 

states, their concentrations at synapses, and their effects on lipid homeostasis. Previous 

studies have shown that maintaining the native, physiological confirmation of Aβ peptides is 

crucial in preventing alteration in AD pathology (Benseny-Cases et al., 2012; Klementieva 

et al., 2017; Roos et al., 2021; Tampellini et al., 2010). Understanding which Aβ species, 

aggregation forms and concentrations significantly disrupt lipid homeostasis in AD will 

enhance our insight into the Aβ hypothesis, which remains a topic of debate (recently 

reviewed in (Kepp et al., 2023)). Moreover, a better understanding of these lipid alterations 

could lead to potential new diagnostic and therapeutic strategies for addressing various 

neurological disorders, including AD. 

 

5.2.2. Alterations in lipid homeostasis: an early event in AD 

Previous research identified alterations in various lipid classes associated with AD 

pathogenesis. However, the precise relationship between AD and lipid metabolism remains 

unclear. Despite this, growing evidence suggests that lipids, alongside other risk factors, 

could serve as a valuable fluid biomarker for AD diagnostics (Agarwal & Khan, 2020; 
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Ceccom et al., 2014). Still, the specific lipid isoforms that are dysregulated on both cellular 

and extracellular levels require further investigation. 

 

Our novel findings indicated that changes in lipid content within hippocampal neurones occur 

prior to synapse loss and are independent of the Aβ species. Furthermore, we have 

demonstrated for the first time that early alterations in the lipid profiles of glial cells manifest 

after exposure to Aβ species (Van Bulck et al., 2022). This early response is likely 

attributable to the dynamic nature of phospholipid remodelling at the pre- and postsynaptic 

sites within the synaptosome membranes of neurones (Bennett et al., 2013; Cazzaniga et 

al., 2011; Lewis et al., 2017; Riganti et al., 2016).  

 

The synaptosomes exhibit a definite membranous lipid composition (e.g., ceramides, 

sphingomyelins, and phospholipids), which is essential for the specific internal regulation of 

synapse formation. Any disruption caused by toxic factors such as Aβ can lead to alterations 

in the structural lipid integrity of the synaptosome, resulting in impaired synaptic 

transmission and subsequent synaptic loss (Bennett et al., 2013; Cazzaniga et al., 2011; 

Lewis et al., 2017; Riganti et al., 2016). However, the specific context of synaptosomes to 

Aβ species remains fertile ground for further research and exploration.  

 

Additionally, Aβ, particularly the Aβ(1–42) species, significantly influences the elasticity of 

neuronal membranes of the hippocampal neurones during the ageing process (Ungureanu 

et al., 2016). Different aggregation forms of Aβ, such as oligomers, protofibrils, and fibrils, 

likely interact with neurones in distinct ways, leading to varying degrees of disruption in 

membrane elasticity. This disruption in membrane elasticity underlines the critical role of 

neuronal membrane elasticity in sustaining proper brain function (Ungureanu et al., 2016). 

Although our study did not investigate the various aggregation forms, we presumed that we 

commenced with monomeric Aβ species, as previously reported (Klementieva et al., 2017; 

Willén et al., 2017). Consequently, exploring the relationship between altered lipid classes, 

specific Aβ species, and their aggregation states would be crucial in the following research 

phase.  

 

The analysis of extracellular lipid composition from the media of conditioned glial cells and 

hippocampal neurones aligns with our earlier results, which showed early changes in various 

lipid classes of interest. Notably, research has shown that changes in lipid classes can be 

detected in both CSF and plasma from patients and mouse models of AD, although these 
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studies have revealed various result outcomes (Barupal et al., 2019; Koal et al., 2015; Mielke 

et al., 2010; Tan et al., 2020; Varma et al., 2018). A related study highlighted that 

characterising lipids in brain extracellular vesicles offers a more accurate AD reflection in 

the extracellular fluids (Su et al., 2021). More recently, investigations focussing on mice in 

the early stages of AD have revealed significant alterations in specific lipid classes, such as 

sphingolipids and (lyso-) glycerophospholipids, in both plasma and brain samples (Ferré-

González et al., 2024). Despite these advancements, the influence of various major Aβ 

species on extracellular fluid has not yet been investigated. Consequently, our findings 

represent the first detailed description of lipid alterations in brain cells and their conditioned 

media following treatment with specific human Aβ species. With these results, we aim to 

encourage further exploration and discussion of the diverse lipid classes in extracellular fluid 

and their relationship to the brain lipidome. These endeavours may ultimately contribute to 

identifying potential and more accurate AD biomarkers. 

 

5.2.2.1. Alterations in sphingolipids 

Our findings indicate that glial cells exhibit elevated levels of ceramides, particularly C14 

Cer, after early Aβ treatment (Van Bulck et al., 2022). This elevated level might suggest that 

3 h Aβ(1-40) and Aβ(1-42) treatment can inhibit the glucosylceramide synthase in glial cells, 

leading to an accumulation in C14 Cer due to increased ceramide synthase activity. A recent 

study has explained this increase in C14 Cer for astrocytes and microglia cells after 

specifically inhibiting glucosylceramide synthesis (McInnis et al., 2023). However, our study 

did not differentiate between these glial cell types derived from induced pluripotent stem 

cells, nor did we inhibit the glucosylceramide synthesis. Additionally, we observed that 

hippocampal neurones exhibit an early decrease after Aβ(1–40) and an early increase after 

Aβ(1–42). We are the first to report these changes in C14 Cer in both hippocampal neurones 

and glial cells upon Aβ treatment (Van Bulck et al., 2022).  

 

In general, ceramides are crucial in maintaining structural function and fluidity of cell 

membranes (Kaltenegger et al., 2021; Pinto et al., 2011). They are vital for cell growth, 

differentiation, apoptosis, and the cellular response to stress signals. Glial cells produce 

more ceramides than neurones; however, neurones exhibit greater sensitivity to fluctuations 

in ceramide levels (McInnis et al., 2023). This sensitivity is reflected in the observed 

difference in the alteration of Cer for both our cellular and extracellular Cer isoforms. A recent 

study has noted similar trends between neurones and various types of glial cells (McInnis et 

al., 2023). Moreover, alteration in C14 Cer may affect the mitochondrial integrity, neuronal 
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development, and synaptic plasticity in hippocampal neurones following early Aβ exposure. 

Recent research indicates that ablation of CerS5 and CerS6, enzymes responsible for 

producing C14 Cer and C16 Cer in neurones, could protect against mitochondrial 

dysfunction after exposure to oxidative stress (Amatruda et al., 2025; McInnis et al., 2023). 

CerS6 has been reported to be downregulated in both mild and severe AD (Katsel et al., 

2007). Mitochondrial dysfunction and oxidative stress have been associated with Aβ 

pathology in MDD and AD (Hait & Maiti, 2017; Kao et al., 2020; Kim et al., 2015). Although 

the Aβ(1–42)-induced neuronal accumulation of Cer (e.g., C18 Cer and C24 Cer) has been 

described in oxidative stress-induced abnormalities in hippocampal neurones in vitro (Cutler 

et al., 2004), this aligns with our findings of toxicity induced by Aβ(1–42) at 3 h and 12 h. 

Notably, our 3 h treatment with Aβ(1–40) may indicate mitochondrial dysfunction due to 

oxidative stress for the first time. Further experiments are needed to elucidate this effect. 

 

Our research might indicate that a 3 h Aβ(1–42) treatment may enhance the activity of 

nSMase. Although, previous research has shown this potential effect on nSMase activity 

following exposure to Aβ(1–42) (Grimm et al., 2005; Lee et al., 2014). Conversely, our findings 

might suggest that a 3 h Aβ(1–40) treatment may inhibit this activity. However, detailed lipid 

isoforms profiling following Aβ exposure and assessment of nSMase activity will provide 

further clarity on this matter. 

 

Furthermore, inhibiting nSMase in Aβ-activated astrocytes has been found to suppress the 

production of NF-κB signalling and pro-inflammatory cytokines, including TNF-α, IL-1β and 

IL-6 (Jana & Pahan, 2010). Suppression of these neuroinflammatory processes can reduce 

Cer levels, which protect neuronal cells from apoptosis (Jana & Pahan, 2010). A similar 

effect may be suggested in C14 Cer and C24 Cer after 12 h Aβ species treatment. 

Additionally, a study reported that astrocyte mitochondrial fragmentation occurs following 

Aβ(1–42) stimulation, resulting in elevated Cer levels (Kong et al., 2018). Nevertheless, the 

specific C14 Cer concerning mitochondrial dysfunction, neuronal development, 

neuroinflammation, and synaptic dysfunction within the context of Aβ pathology requires 

further investigation. However, previous studies have shown that a high concentration of 

Cer can induce apoptosis or lead to development problems in hippocampal neurones (de 

Wit et al., 2020; Schwarz & Futerman, 1997).  

 

Additionally, alterations in Cer isoforms have been proposed to play a role in pro- and anti-

inflammatory responses by inhibiting ceramide synthase or glucosylceramide synthase in 
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glial cells (McInnis et al., 2023). Consequently, our data may indirectly contribute to these 

changes in inflammatory signalling because of toxic Aβ treatment. Short-term exposure to 

Aβ species may act as an inhibitor of glucosylceramide synthase, which may trigger pro-

inflammatory signalling. In contrast, prolonged Aβ treatment might function as a ceramide 

synthase inhibitor, leading to an enhanced anti-inflammatory response in glial cells. 

However, in the conditioned media of glial cells, a decrease in C24 Cer is observed due to 

Aβ-induced inhibition of ceramide synthase, while C18:1 Cer may show increased levels. 

The aggregation status of Aβ could be a contributing factor to this effect. Further 

experiments are necessary to explore the relationship between inflammatory signalling, Cer 

isoforms (e.g., C14 Cer, C18:1 Cer, and C24 Cer), and Aβ species in these brain cells. Also, 

separating different types of glial cells may be crucial for a better understanding of these 

lipid alterations within each cell type and their extracellular environment.  

 

Moreover, both types of brain cells demonstrate an early reduction in dihydroceramide, 

specifically C20 DHCer and C22 DHCer (Van Bulck et al., 2022). The conditioned media 

from these brain cells exhibited similar alterations in specific dihydroceramides. 

Consequently, the variations in lipid levels induced by Aβ may stem from the inflammatory 

responses and activated apoptotic-survival pathways initiated by oxidative stress 

(Jazvinšćak Jembrek et al., 2015).  

 

Additionally, hippocampal neurones or glial cells exhibit a differential expression of 

glycosylated Cer, with specific isoforms showing decreased levels (e.g., C16 HexCer and 

C20 HexCer) and others demonstrating increased quantities (e.g., C16 HexCer, C22 

HexCer, C24 HexCer, C16 LacCer, C18 LacCer and C24:1 LacCer) (Van Bulck et al., 2022). 

Furthermore, analysis of conditioned media from hippocampal neurones and glial cells 

indicates a reduction in levels of specific glycosylated Cer (e.g., C16 HexCer, C20 HexCer, 

C24 HexCer, C16 LacCer and C24:1 LacCer), alongside an elevation in levels of C14 

HexCer and C18:0 HexCer in conditioned media from hippocampal neurones or glial cells. 

The implications of glycosylated Cer in neuronal growth and survival have been extensively 

addressed in prior research (Chao et al., 2019; Mayo et al., 2014; Olsen & Faergeman, 

2017; Pannu et al., 2005). Alterations in these lipid isoforms due to Aβ may reflect the 

activation of neuroinflammatory processes, which could lead to mitochondrial fragmentation 

and neurite disruption (Kong et al., 2018; Zhang, L. et al., 2018). The morphological 

disruption of neurites has been characterised, with evidence suggesting that the extent of 

the disruption is contingent upon Aβ concentration, Aβ species and their aggregation forms 
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(Mokhtar et al., 2013; Salvadores et al., 2020; Wei et al., 2010). In AD, dystrophic neurites 

are often found near amyloid plaques. It has been established that pre-fibrillar Aβ forms are 

closely linked to this disruption (Gouras et al., 2010; Klementieva et al., 2017; Roos et al., 

2021; Takahashi et al., 2013). These neurites exhibit degeneration features, such as 

swelling and the presence of proteins typically associated with axons, indicating a 

breakdown of normal neuronal polarity (Morita & Sobue, 2009). This phenomenon may 

suggest that Aβ deposition disrupts the normal structural lipid integrity of neurites, leading 

to their degeneration or retraction. Our data may contribute to some evidence of disruption 

in the lipid integrity of neurites after Aβ-induced toxicity. However, the effect of these Aβ 

species on lipid alteration remains inadequately understood. Our findings may enhance our 

understanding of possible neurite disruption manifested through lipid changes in neuronal 

cells. Nevertheless, further investigation is needed to examine the lipid alteration following 

exposure to specific Aβ aggregation forms while focussing on specific regions within these 

neuronal cells.  

 

Another potential mechanism underlying alterations in glycosylated Cer may be attributed 

to Aβ-induced toxicity directed at the enzymes responsible for the synthesis and degradation 

of these glycosylated Cer. A gene expression analysis revealed a significant reduction in 

enzymes such as UGCG across all stages of AD, while CGT levels were found to increase 

in the severe stage of AD. Furthermore, β4GALNT6 exhibited a progressive decline 

throughout AD (Katsel et al., 2007). Additional research has suggested that the variations in 

glycosylated ceramide could be closely associated with late-onset AD genetic risk factor, 

ATP-binding cassette subfamily A 7 (Dehghan et al., 2022). Moreover, the accumulation of 

glycosylated Cer may be linked to Aβ-induced toxicity within the lysosome compartments. 

Lysosomes play a vital role in the degradation of accumulated glycosylated Cer. Deficiency 

in lysosomal enzymes such as GALC and GCase has been implicated in disorders that 

confer an elevated risk of dementia (Indellicato & Trinchera, 2019; Spratley et al., 2016).  

 

5.2.2.2. Alterations in sphingophospholipids 

In glial cells, sphingomyelin (C26 SM) levels were downregulated, whereas hippocampal 

neurones were elevated (Van Bulck et al., 2022). Additionally, sphingomyelin (C26 SM) 

exhibited upregulation in the conditioned media of glial cells, while it was downregulated in 

the conditioned media of hippocampal neurones. These changes are a direct effect of Aβ-

induced toxicity, a complex process that involves multiple factors. Aβ(1-40), Aβ(1-42), and Aβ-

islet amyloid polypeptide concentrations have been implicated in nSMase-mediated 
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apoptosis activity, which subsequently leads to neuronal cell death and Aβ-induced 

oxidative stress. The oligomeric isoforms of Aβ(1-42) and Aβ(1-40) species alter ceramide 

levels, potentially explaining the increase in nSMase and decrease in cellular SM activity 

(Grimm et al., 2005; He et al., 2010; Malaplate-Armand et al., 2006; Qi et al., 2005; Zhang 

et al., 2009). Additionally, it has been shown that Aβ(1-42), unlike Aβ(1-40), directly activates 

nSMase through a γ-secretase-dependent mechanism, resulting in elevated levels of Cer 

and possibly reduced levels of SM (Michno et al., 2018). Moreover, the accumulation of Aβ, 

particularly Aβ oligomers, can elevate the aSMase, which reduces So1P activity and 

increases Cer levels. This Aβ-induced toxicity may contribute to neuronal death in AD, a 

condition with intricate pathophysiology (He et al., 2010). Research indicated that glial cells 

have an increased expression of Cer and SMase in cases of cerebral amyloid angiopathy 

(de Wit et al., 2017). This observation could help explain our cellular and extracellular lipid 

profile alterations after Aβ(1-40) and Aβ(1-42) treatment of glial cells and hippocampal 

neurones.  

 

Furthermore, we discovered novel findings that d18:1 So1P was upregulated after 3 h Aβ(1-

40) and 12 h Aβ(1-42) treatment in glial cells and after 12 h Aβ(1-42) in hippocampal neurones 

(Van Bulck et al., 2022). We observed an early upregulation of extracellular lipids, 

particularly d18:1 So1P and d18 Sa1P, in conditioned media of hippocampal neurones, 

while conditioned media of glial cells exhibited a downregulation of these lipids after Aβ(1-40) 

treatment. Research has linked in vitro and in vivo Aβ-induced toxicity in glial cells and 

hippocampal neurones to elevated So1P levels (Czubowicz et al., 2015; Zhong et al., 2019).  

 

Additionally, we demonstrated that glial cells and hippocampal neurones showed a 

downregulation of SPC (16:0), Sa (d18:0 Sa), and Sa1P (d18:0 Sa1P) after Aβ(1-40) and Aβ(1-

42) treatment (Van Bulck et al., 2022). It is plausible that the aggregation of toxic Aβ species, 

stimulated by β-secretase mediated pathways and the activity of anti-inflammatory 

responses in neuronal cells, contributes to these observed downregulations (Park & Lee, 

2019; Yi et al., 2011). 

 

Another mechanism contributing to alterations in sphingophospholipids may involve the 

regulatory effect of key enzymes, such as SMS, SphK, and SPL, in the context of Aβ-

induced toxicity. Evidence suggests that alterations in the expression of SphK and SPL are 

correlated with the presence of amyloid deposits within the entorhinal cortex of AD (Ceccom 

et al., 2014). Another study on SMS deficiency indicates that this deficiency may mitigate 
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the inflammatory response after ischemic stroke (Xue et al., 2019). Consequently, our 

finding may suggest that higher levels of C26 SM following exposure to Aβ(1-40) in neurones 

may indicate a reduced aggregation propensity compared to Aβ(1-42) and possessing anti-

inflammatory activity. These factors may ultimately influence the pro-survival or pro-

apoptotic dynamics within these cells, which could be a potential area of further research. It 

has been documented that Aβ(1-42) exhibits a higher tendency for aggregation, and its pre-

fibrillary forms demonstrated enhanced structural stability compared to Aβ(1-40) (Coalier et 

al., 2013; Masters & Selkoe, 2012). 

 

5.2.2.3. Alterations in lysoglycerophospholipids 

Treatment with Aβ(1-40) and Aβ(1-42) resulted in an early increase of specific phospholipid 

isoforms in hippocampal neurones as well as in lysophospholipids in glial cells and 

hippocampal neurones. We also confirmed that, after either a 3 h or 12 h Aβ treatment, 

(lyso-) glycerophospholipids (PC (38:0), LPC (20:0), all LPE, LPG, LPE (18:1), LPS (18:2), 

and Lyso-PAF) were specifically reduced or elevated in Aβ-treated hippocampal neurones 

and glial cells (Van Bulck et al., 2022). Additionally, we verified that extracellular lipid of Aβ-

treated hippocampal neurones and glial cells showed a specific reduction in (lyso-) 

glycerophospholipids (almost all PC, LPC (16:0), LPC (18:2), LPC (20:0), LPC (20:3), LPC 

(20:4), all LPE, all LPG, LPS (16:0), LPS (18:2) and Lyso-PAF) as well as a specific 

upregulation in (lyso-) glycerophospholipids (almost all PC, LPC (16:0), LPC (18:2), LPC 

(20:0), LPC (20:1), LPC (20:3), LPC (20:4), all LPE, all LPG, LPS (16:0), LPS (18:2) and 

Lyso-PAF) after either 3 h or 12 h Aβ treatment.  

 

The changes in glycerophospholipid have been linked to synapse-mediated Aβ toxicity and 

the hyperactivity of cPLA2 in neuro-inflammatory reactions (Moses et al., 2006; Sundaram 

et al., 2012). It has been demonstrated that inhibiting cPLA2 activity can significantly mitigate 

Aβ(1-42) toxicity (Sanchez-Mejia et al., 2008). Moreover, Aβ(1-42) is capable of activating 

cPLA2, which hydrolyses arachidonic acid from specific glycerophospholipids; this process 

is a critical step in Aβ(1-42) neurotoxicity (Kita et al., 2006; Sanchez-Mejia et al., 2008). 

Previous research has also highlighted the role of cPLA2 in both soluble oligomeric forms 

of Aβ(1-40) and Aβ(1-42) at similar concentrations (Kriem et al., 2005). While we initially 

presumed our Aβ species were monomeric from the onset of treatment, as noted in prior 

research (Klementieva et al., 2017; Willén et al., 2017). Further investigations should explore 

the Aβ aggregations associated with these lipid isoform changes. Additionally, the observed 

lipid alterations may relate to the impact of Aβ toxicity on LPLAT, an enzyme responsible for 
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converting lysophospholipids into phospholipids. The early alterations in PC (38:0) might be 

associated with increased LPLAT activity, driven by soluble oligomeric Aβ forms previously 

observed in AD (Ross et al., 1998). Furthermore, it has been shown that lyso-PAF can 

accumulate due to Aβ(1-42) (Ryan et al., 2009), and our data indicate a similar effect following 

Aβ(1-42)-induced toxicity. In conclusion, to our knowledge, we are the first to utilise both Aβ 

species to demonstrate their effect on various lipid isoforms changes in healthy brain cells 

from mice.  

 

5.3. Qualitative and quantitative analysis of N,N-Diethyltryptamine 
Previous studies and those conducted in Dr. Ana Perez Castillo's laboratory in Madrid, 

Spain, and by others have explored various psychedelic N,N-tryptamines, such as DMT, 

DET (Perez Castillo et al., 2018 (Patent No. US11723894B2)), DPT, and 5-MeO-DMT 

(Fontanilla et al., 2009; Lima da Cruz et al., 2018; Morales-Garcia et al., 2020; Szabo et al., 

2014; Szabo et al., 2016; Winter, 1969). These studies have demonstrated the capacity of 

N,N-tryptamines (such as DMT, DPT, 5-MeO-DMT and DET) to prevent neuroinflammatory 

responses and enhance adult neurogenesis in neurological and psychiatric disorders 

(Fontanilla et al., 2009; Lima da Cruz et al., 2018; Morales-Garcia et al., 2020; Szabo et al., 

2014; Szabo et al., 2016; Winter, 1969). Moreover, research from Dr. Ana Perez Castillo's 

laboratory has indicated, through experiments with neuroblastoma cell lines featuring WT 

APP or Swedish APP mutation, that DET could be a promising candidate for in vivo 

validation in AD (unpublished data). However, further research is needed to fully understand 

the potential of DET in AD. 

 

Despite the limited existing knowledge on DET, previous research conducted in the late 20th 

century primarily focussed on its psychotogenic effect and the retrieval of the 

pharmacological properties from tissue and plasma samples through various administration 

routes (Böszörményi et al., 1959; Cohen & Vogel, 1972; Szara & Hearst, 1962; Szara et al., 

1966). Nevertheless, a substantial amount of information has been documented based on 

observation, interviews, and the personal experiences of researchers within the field of 

psychedelics, as detailed in the book by Shulgin et al. (1997) (TIHKAL: The Continuation). 

To enhance our study, we utilised an MAO inhibitor (CLQ) to prevent the metabolisation of 

DET, thereby bypassing the MAO degradation pathway and ensuring the bioavailability of 

DET (Huszti & Borsy, 1964; Moriya et al., 2019; Tittarelli et al., 2015).  
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Due to the beneficial effects of these tryptamines and the inconsistencies found in the 

literature, we are the first to empirically describe the impact of DET on in vitro and in vivo 

models of AD pathology. We cannot make a definitive statement regarding the in vitro effect 

of DET due to a lack of statistical evaluations. Consequently, we can only suggest that DET 

may potentially influence the promotion of NSC differentiation into more mature neurones, 

even after Aβ treatment. Nonetheless, our in vivo experiment with DET in Tg mice could 

pave the way for further research into its potential applications in neurological disorders. 

 

5.3.1. Revealing the neurogenic effect of N,N-Diethyltryptamine in vivo 

In this study, we integrate MRI analysis with MRS to explore the effects of DET 

administration on metabolic and biochemical alterations in the brain of WT and Tg mice with 

AD for the first time. Our findings also indicate that DET does not affect the improvement of 

axonal damage and demyelination in various brain regions of WT and Tg mice. Furthermore, 

we demonstrate that DET had no initial effect on the accumulation of macromolecules, such 

as Aβ plaques, or on adult neurogenesis in vivo. This lack of impact may be attributed to the 

age of the mice used in the experiment design and the dosage of DET. Therefore, it is 

essential to investigate younger mice before the onset of cognitive impairment and to 

examine different dosages of DET. Research indicated that cognitive functions and 

behaviours decline occur between 6 and 10 months and deteriorate further with age 

(Minkeviciene et al., 2008). In the behavioural tests, Tg mice at 10 months cannot recall the 

location of an escape platform in the Morris water maze, and by 15 months, they struggle 

even to learn the platform’s location (Minkeviciene et al., 2008). Additionally, adult 

neurogenesis starts to decline at 2 months and is nearly abolished by 6 months in these Tg 

mice (Demars et al., 2010; Faure et al., 2011). Our findings may suggest the necessity for 

further research in this area, particularly concerning the effects of DET on younger mice and 

varying dosages. 

 

5.3.1.1. Exploring the neuroprotective potential of N,N-Diethyltryptamine: 

implication for brain atrophy and Aβ accumulation  

Our voxel-based morphometry analysis using T2-weighted imaging and MT analysis 

revealed no significant alteration in atrophy or accumulation of macromolecules, such as Aβ 

plaques, in various brain regions when comparing vehicle-treated controls to DET-treated 

mice. The MT value reflects the relative ratio of free water molecules to macromolecules 

bound to water molecules (Esteras et al., 2012). Alterations in the MT ratio can occur during 

neuroinflammation and may be associated with neuronal loss, the accumulation of Aβ 
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plaques, neurofibrillary tangles, and gliosis (Esteras et al., 2012; Ridha et al., 2007). These 

findings may suggest that DET does not induce any neuroinflammatory response at the 

dosage administered in vivo. Despite the positive effect of DET on the neuroblastoma cell 

lines featuring WT APP or Swedish APP mutation (unpublished data from Dr. Ana Perez 

Castillo's laboratory). However, further investigation is necessary to explore the effects of 

DET on the reduction of neuronal loss and Aβ aggregation, neurofibrillary tangles, and 

gliosis in these Tg mice. These alterations could be accomplished by employing microscopic 

and molecular techniques to assess the brain for signs of neuronal loss, Aβ aggregation, 

neurofibrillary tangles, and gliosis after DET treatment in WT and Tg mice. 

 

We propose a novel hypothesis that DET may stimulate the differentiation and proliferation 

of NSC and potentially influence Aβ aggregation in the subventricular areas of both WT and 

Tg mice. Research conducted at Dr. Ana Perez Castillo's laboratory has shown that DMT, 

a natural compound structurally similar to DET, positively affects neurogenesis by promoting 

the proliferation and differentiation of NSC. In vivo studies indicate that DMT enhances 

spatial learning and memory tasks (Morales-Garcia et al., 2020). Furthermore, in vitro 

investigations have demonstrated that DET can encourage adult neurogenesis by inducing 

the differentiation of NSC into neurones (Perez Castillo et al., 2018 (Patent No. 

US11723894B2). 

 

In our investigation of 12-month-old mice, histological analyses revealed prominent Aβ 

accumulation in the brain; however, we noted no significant alterations in the MT metric 

values when comparing WT and Tg groups. Prior findings by Esteras and colleagues 

(Esteras et al., 2012) have documented that MT values can indicate AD histopathological 

changes. Conversely, studies conducted by Delatour (Delatour et al., 2006) and Liang 

(Liang et al., 2017), using T2-weighted imaging alongside histopathological evaluations, 

identified atrophy changes across both whole brain and regional brain volumes in various 

age groups of mice exhibiting a similar APP/PSEN-1 mutation. This atrophy is hypothesised 

to correlate with Aβ burden (Delatour et al., 2006; Huang et al., 2016).  

 

Despite these precedents, our study did not reveal any significant correlations between 

structural changes in brain regions and Aβ accumulation. The absence of observed 

structural alterations may be attributable to factors such as the specific age of the mice, 

duration of treatment, and DET dosage. Moreover, it has been observed that astrocytic loss 

and hippocampal atrophy in AD mice occur in proximity to Aβ plaque formation (Huang et 
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al., 2016). Astrocytic loss, a common feature of AD, is believed to contribute to the 

progression of the disease, while hippocampal atrophy is associated with memory loss 

(Heneka et al., 2015; Ries & Sastre, 2016). In contrast, neuronal loss appears to be less 

pronounced in the hippocampus than alterations in synaptic integrity (Huang et al., 2016). 

In addition, a longitudinal study reported no brain atrophy, suggesting that the observed 

difference in anatomical structural volume may stem from the developmental status of the 

mouse brain rather than the neuropathological process associated with Aβ accumulation 

(Lau et al., 2008). These findings align with our data, which also failed to demonstrate 

notable structural volumetric changes. 

 

Additionally, a recent report indicated no brain atrophy in 12-month-old mice bearing the 

APP/PSEN-1 mutation; however, the noted decrease in neuronal density within the cortex 

was not reflected in the MRI morphometry analysis (Kuhla et al., 2017). The observed 

increase in glial activation associated with neuronal loss may elucidate the apparent 

discrepancy regarding the absence of detectable atrophy through MRI (Manaye et al., 2007). 

Although our assessment indicated elevated glial activation surrounding Aβ aggregation 

starting from 4 months of age. The implications of neuronal loss warrant further investigation 

to fully understand the results of our MRI data regarding undetectable brain atrophy.  

 

The duration and age of experimental mice may be critical factors contributing to the lack of 

significant volumetric changes observed in our MRI analyses. Furthermore, discrepancies 

in the current literature surrounding MRI volumetric alterations appear to be primarily 

influenced by specific mouse strains utilised and the age of the subjects in various 

experimental settings (Delatour et al., 2006; Lau et al., 2008; Liang et al., 2017). 

Consequently, we advocate for additional histopathological and biochemical examinations 

of WT and Tg brain regions subjected to either vehicle or DET treatment in further research 

endeavours. 

 

5.3.1.2. Exploring the neuroplasticity implications of N,N-Diethyltryptamine on 

the white matter integrity 

DTI scans are a powerful approach for examining the impairment of white matter integrity 

by assessing the direction of water diffusivity. This method is crucial in identifying anatomical 

changes before they become apparent in structural MRI (Shu et al., 2013; Zerbi et al., 2013). 

However, interpreting altered diffusivity in neurobiological mechanisms is not straightforward 

and highly depends on the local fibre architecture (Madden et al., 2009). Therefore, axialdiff 
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and radialdiff should not be interpreted separately without considering FA and MD. An 

increase in FA generally indicates a higher degree of white matter integrity, as regions of 

white matter with prominent structural integrity tend to impose greater directional restriction 

on the diffusion of water molecules in the brain (Madden et al., 2009).  

 

Our data did not demonstrate any influence of DET on white matter integrity across different 

brain regions in both WT and Tg mice. However, the hippocampus exhibited a significant 

decrease in axialdiff and MD, with radialdiff remaining unchanged between vehicle-treated 

WT and Tg mice. This suggests a notable increase in axonal damage while indicating no 

alterations in demyelination within the hippocampus of vehicle-treated Tg compared to 

vehicle-treated WT. Furthermore, a reduction in axialdiff may imply degeneration of axonal 

structural density, while the increase in radialdiff may lead to demyelination (Song et al., 

2004; Song et al., 2002). Our observation is consistent with this previous research. 

Contrarily, another study reported an opposite effect, with increases in axialdiff and FA in 

the hippocampus, cortex and corpus callosum (Qin et al., 2013). At the same time, the 

thalamus displayed a significant increase in FA. Additionally, a significant decrease in 

radialdiff was seen in the hippocampus (Qin et al., 2013).  

 

Moreover, research by Zerbi and his colleagues (Zerbi et al., 2013) indicated a decrease in 

all DTI parameters in the corpus callosum. However, the hippocampus showed an increase 

in MD and radialdiff, alongside a decrease in FA, whereas various other brain regions, 

including the cerebral cortex, exhibited a decline in axialdiff (Zerbi et al., 2013). In a recent 

study that aligns with our findings, it was reported that there was a decrease in axialdiff and 

FA, an increase in radialdiff, and no difference in MD was observed (Zhou et al., 2019). 

Therefore, relying solely on DTI measurements, without correlating them with other MRI and 

biochemical analyses, could lead to a limited understanding of the effects of DET on white 

matter integrity. Further research is necessary to investigate the brain regions after the post-

mortem of these treated mice through various biochemical analyses. 

 

5.3.2. Revealing the neurogenic effect of N,N-diethyltryptamine on brain metabolic 

changes in vivo   

We presented metabolic profiles for 7 out of 27 molecules in the hippocampus, providing a 

comprehensive overview of the brain metabolic landscape. Among the 7 analysed 

molecules, we identified 3 individual metabolites (inositol, NAA and taurine), 2 metabolite 

complexes (NAA + NAAG and Glu + Gln), and 2 lipids/macromolecules complexes (GPC + 
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PCh and MM09 + Lip09) in both vehicle-treated and DET-treated WT and Tg mice. Notably, 

we did not observe any significant changes in these molecules; however, we did find slight 

alterations in inositol, NAA, NAA + NAAG, Glu + Gln, and MM09 + Lip09 in WT and Tg mice 

after DET treatment. Previous studies have demonstrated that MRS can effectively 

characterise specific metabolic profiles after non-treatment and treatment in WT mice 

compared to Tg mice harbouring the APP/PSEN-1 mutation. In summary, these studies 

showed a reduction in NAA and Glu levels in Tg mice compared to WT (Chen et al., 2012; 

Esteras et al., 2012; Kuhla et al., 2017; Liang et al., 2017; Marjanska et al., 2005; Marjańska 

et al., 2014; Shen et al., 2018; Westman et al., 2009). Additionally, we will discuss our 

findings regarding each metabolite, lipid and macromolecule from MRS in the context of 

existing literature in Tg mice with a similar APP/PSEN-1 mutation and the relationship to 

neuroinflammation and Aβ aggregation in AD. 

 

Inositol, a naturally occurring sugar-like metabolite in the brain, regulates various 

biochemical pathways and can be altered in neurological pathologies (López-Gambero et 

al., 2020). Free-inositol acts as an osmolyte in astrocytes, providing essential cellular 

defence against external or metabolic stress and thereby modulating the neuronal and glial 

activity in the brain. In AD, inositol isomers have been shown to have a significant potential 

in reducing toxic Aβ aggregation and stabilising soluble forms of Aβ-induced toxicity 

(McLaurin et al., 1998; McLaurin et al., 2000). In vivo studies have shown that specific 

inositol isoforms may reduce astrogliosis, ameliorate synaptic regulation, decrease Aβ 

aggregation and mitigate neuronal damage, resulting in improved cognitive abilities in AD 

(Aytan et al., 2013; Dorr et al., 2012; McLaurin et al., 2006; Morrone et al., 2020). Thus, we 

might propose that DET acts as a neuromodulator, helping to diminish Aβ peptide 

aggregation and promoting an anti-inflammatory response. These mechanisms might play 

a vital role in alleviating cognitive deficits related to memory impairment. However, further 

investigations are necessary to clarify these effects, which could help understand better their 

implications in neurodegenerative disorders. Additionally, Dr. Ana Perez Castillo's laboratory 

in Spain has demonstrated that DET prevents neuronal cell death and reduces glial activity 

in a cellular model of Parkinson's disease (Perez Castillo et al., 2018 (Patent No. 

US11723894B2)). Further research is needed to elaborate on this in AD pathology. 

 

NAA is a potential inhibitor of protein aggregation and an important marker for neuronal 

viability and axonal density. Besides this, NAAG is synthesised in neurones and 

subsequently converted to NAA in astrocytes (Moffett et al., 2007). Previous studies 
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involving similar age groups of mice demonstrated a reduction in NAA levels in Tg 

harbouring a similar APP/PSEN-1 mutation compared to WT (Jansen et al., 2013; Kuhla et 

al., 2017). In contrast, our observations revealed a slight increase in both NAA and NAA + 

NAAG levels, alongside a decrease solely in DET-treated Tg mice, which was even lower 

than in vehicle- and DET-treated WT. This finding may indicate that DET treatment in Tg 

mice inhibits Aβ peptide aggregation.  

 

Furthermore, taurine, a well-known amino acid, has been shown to impact neuronal 

differentiation, arborization, and formation of synapses (Hernández-Benítez et al., 2013). 

Previous research has indicated that taurine administration may have an antidepressant 

effect (Song et al., 2024). Additionally, taurine has been associated with targeting Aβ while 

enhancing cognitive function in models of AD (Jang et al., 2017). However, it has been 

observed that taurine levels decline in ageing-related processes and after treatment with 

donepezil, an acetylcholinesterase inhibitor used to address the symptomatic effects of AD, 

such as memory loss and confusion (Barbiera et al., 2022; Westman et al., 2009). Moreover, 

depressive-like systems have been linked to AD pathology, as well as the treatment 

involving N,N-tryptamines (Amani et al., 2019; Bai et al., 2021; Borbély et al., 2022; Szabó 

et al., 2021). Unfortunately, our results indicated no significant upregulation or 

downregulation in taurine levels after DET treatment. Consequently, DET treatment may not 

affect neuronal plasticity, depressive-like symptoms, or cognitive functions. However, it is 

important to investigate how DET might influence neuronal plasticity and whether it could 

improve cognitive impairment, as this aspect was not clarified in this present research. 

 

Glu and Gln produce overlapping resonances called Glx, representing glutamatergic 

neurotransmission (Senaratne et al., 2009). The Glx signal combines glutamine and 

glutamate, with glutamate being the predominant component and the major excitatory 

neurotransmitter in the central nervous system (Fayed et al., 2011; Westman et al., 2009). 

We observed a slight decrease in Glx levels in vehicle-treated Tg compared to vehicle-

treated WT. However, after DET treatment, this decrease was abolished, resulting in 

neuronal activity levels comparable to those of WT. Other studies have reported a similar 

reduction in neuronal activity in the Glu peak of Tg mice compared to WT (Chen et al., 2012; 

Liang et al., 2017; Marjanska et al., 2005; Shen et al., 2018), while an increase was noted 

after donepezil treatment (Westman et al., 2009). Furthermore, research has indicated that 

Glx, Glu levels and NAA were decreased in AD patients compared to those with MCI, as 

well as compared to healthy individuals (Fayed et al., 2011). 
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GPC and PCh, which reflect the choline resonance signal, serve as markers for membrane 

density and integrity, linking them to the synthesis and degradation of phospholipids 

(Senaratne et al., 2009; Westman et al., 2009). Choline is a critical component of the 

phosphatidylcholine in cell membranes. Any alteration due to a deficiency in acetylcholine 

production, particularly in neurological disorders, can increase free choline (Mohan et al., 

2010; Wurtman et al., 1985). We showed no alteration in WT and Tg, even after DET 

treatment, indicating no impact on membrane density and integrity of phospholipids in the 

brain. However, our lipid study on cellular (Van Bulck et al., 2022) and extracellular lipids 

has implicated that specific phospholipids isoforms are dysregulated due to Aβ-induced 

toxicity. Contrarily, previous studies have indicated either an increase or no change in 

choline levels in Tg mice, which bear a similar APP/PSEN-1 mutation, compared to WT 

(Esteras et al., 2012; Marjanska et al., 2005). In 2009, Westman and his colleagues 

(Westman et al., 2009) reported an elevation in choline levels after donepezil treatment, 

while Marjańska in 2014 (Marjańska et al., 2014) found no significant difference in choline 

levels between Tg compared WT. Notably, we are the first to report no change in choline 

levels in this AD model after vehicle or DET treatment. 

 

Lip09 and MM09 were successfully quantified in our MRS analysis. However, the origin and 

biological relevance of the spectra peaks associated with macromolecules and lipid 

resonance remains poorly defined. Previous research suggests that the peaks 

corresponding to MM09 and Lip09 spectra peaks may indicate levels of thymosin β4 

(Kauppinen et al., 1992a; Kauppinen et al., 1992b). Thymosin β4 is a peptide expressed in 

microglia and has been implicated in neuroprotective and anti-inflammatory responses. 

Additionally, thymosin β4 plays a role in various biological processes, including cell 

proliferation and differentiation, axonal integrity, neurite outgrowth and autophagy. These 

processes often become dysregulated in neurological disorders (Kim et al., 2023; Paulussen 

et al., 2009; Xiong et al., 2012), and our findings could potentially lead to new insights and 

treatment possibilities.  

 

Our findings indicated an increase in both WT and Tg mice after DET treatment, suggesting 

that DET may exert a neurotrophic effect that could enhance neuronal cell differentiation, 

proliferation, neuronal outgrowth, and an anti-inflammatory effect. These observations might 

align with the previous work of Dr. Ana Perez Castillo's laboratory in Spain (Perez Castillo 

et al., 2018 (Patent No. US11723894B2)).  
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Furthermore, MM09 has been observed to be downregulated with ageing (Ryan et al., 

2018). In contrast, prior research has indicated a positive effect on the levels of Lip09 and 

MM09 after the immune stimulus in WT mice, while an adverse effect was noted in Tg mice, 

which harbour a similar APP/PSEN-1 mutation (Pardon et al., 2016). This finding is 

consistent with our observations; however, we noted a slight decline in vehicle-treated Tg 

compared to their WT littermates, which may be associated with the destruction of microglia 

surrounding the plaques in our 12-month-old Tg cohort. A key difference between our study 

and that conducted by Pardon and his colleagues (Pardon et al., 2016) is the absence of an 

external inflammatory stimulus in our experimental design and the differing age groups of 

the mice utilised. These factors are crucial for understanding their impact on microglial 

morphology and phenotypical activation, which are linked to Aβ aggregation in AD (Chen et 

al., 2012; Cherry et al., 2014; Guo et al., 2022). Nevertheless, MM09 and Lip09 show great 

potential to serve as functional markers for assessing microglia responses within in vivo 

studies, highlighting the practical implications of our research. Further investigation is 

necessary to understand better the neurobiological responses associated with these 

macromolecules and lipid resonances.  

 

The discrepancy observed in the literature concerning these metabolites primarily stems 

from the variation in the brain regions evaluated using MRI and MRS, as well as subtle 

differences in the genetic backgrounds, which can lead to significant phenotypical variability 

(Doetschman, 2009), as evidenced by our findings. Furthermore, it is essential to repeat the 

investigation with additional controls, such as DET alone and including mice that do not 

receive any vehicle treatment. Additionally, it would be beneficial to explore alternative 

routes of administration and various concentrations, which could lead to potential new 

insights and discoveries. The metabolic pathways of DET should also be examined more 

thoroughly due to the scarcity of information available in the literature and the earlier studies 

on DET from the 20th century (Böszörményi et al., 1959; Cohen & Vogel, 1972; Szara & 

Hearst, 1962; Szara et al., 1966). Moreover, increasing experimental sample sizes and 

conducting a more detailed examination of molecular effects concerning inflammation, lipid 

homeostasis, adult neurogenesis, and improvements in BPSD associated with AD would be 

advantageous. 
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5.4. Conclusion 
In this study, we uncovered for the first time that lipid dysfunction occurs as an early event 

before synaptic loss occurs in Aβ-induced toxicity, utilising various quantitative methods. 

While lipid alterations depend on the specific Aβ species, variations among human Aβ 

species do not influence synaptic loss. In addition to this novel finding, the limitations of our 

research have potential implications for characterising a new therapeutic agent. We 

employed an unique qualitative in vitro AD model alongside quantitative in vivo analysis 

using the AD-Tg model, which carries the APP/PSEN-1 mutation. Nonetheless, we observed 

no significant impact after DET treatment in our MRI and MRS spectra. Further exploration 

into the effects of DET and its pathways in both BPSD and AD-related disorders could 

provide valuable insights. Such research can enhance our understanding and provide 

valuable insights for innovative diagnostic and therapeutic strategies for those complex 

conditions. This pursuit not only aims to advance scientific knowledge but also seeks to 

improve the lives of those affected by these challenging disorders. 
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